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Equivalence of grain and forage composition in corn hybrid
(Zea mays L.) from genetically modified off-patent
(event TC1507) and non-genetically modified conventional corn

Equivalencia de la composicion del grano y del forraje en el hibrido de maiz
(Zea mays L.) modificado genéticamente off-patent (evento TC1507)
y en el maiz convencional no modificado genéticamente

Hernan Dario Suarez Rodriguez', Diego Andrés Benitez Duarte?, Alejandro Chaparro-Giraldo', and Orlando Acosta®*

Off-patent corn (event TC1507) contains genes coding for
CRYIF and PAT proteins, which confer resistance to lepi-
dopteran insects and tolerance to the herbicide glufosinate-am-
monium. We employed the substantial equivalence approach to
investigate the compositional safety of the corn off-patent event
(TC1507). The levels of the nutritional contents of proximate
analytes in grain and forage tissues of off-patent genotypes
of transgenic maize plants and conventional corn genotypes
were compared. The levels of the analytes evaluated in the
transgenic plants were found to be within the ranges published
in the literature for non-transgenic corn and were statistically
indistinguishable from the conventional corn from which they
are derived (elite corn lines), indicating substantial equivalence
between the off-patent (event TC1507) and its conventional
counterpart. These results constitute key evidence of the safety
evaluation of the world’s first transgenic corn developed from
technologies that are in the public domain.

Key words: transgenic corn, genetically modified off-patent
crops, substantial equivalence, food safety, compositional
analysis.

El maiz off-patent (evento TC1507) contiene los genes que
codifican para las proteinas CRY1F y PAT que le confieren
resistencia a insectos lepiddpteros y tolerancia al herbicida
glufosinato de amonio. Empleamos el enfoque de equivalencia
sustancial para investigar la seguridad composicional del maiz
off-patent (evento TC1507). Se realizaron comparaciones de
los contenidos nutricionales de los analitos proximales en los
tejidos de grano y forraje de los genotipos off-patent de plantas
de maiz transgénicas y de los genotipos de maiz convencional.
Los niveles de los analitos evaluados en las plantas transgénicas
se encontraron dentro de los rangos publicados en la literatura
para el maiz no transgénico y fueron estadisticamente indistin-
guibles del maiz convencional del cual derivan (lineas elite de
maiz), lo que indicala equivalencia sustancial entre el off-patent
(evento TC1507) y suhomdlogo convencional. Estos resultados
constituyen una evidencia clave de la evaluacién de seguridad
del primer maiz transgénico en el mundo desarrollado con base
en tecnologias que estan en dominio publico.

Palabras clave: maiz transgénico, cultivos transgénicos off-
patent, equivalencia sustancial, inocuidad de los alimentos,
analisis composicional.

Introduction

The genetic modification of plants originated in the early
1980s when new genes of interest were introduced into a
plant (i.e., Nicotiana tabacum) using Agrobacterium tu-
mefaciens as a vector (Bevan et al., 1983; Herrera-Estrella
et al., 1983; Basso et al., 2020). Since the mid-1990s, the
first genetically modified (GM) crops from numerous
public and private laboratories have been commercially

Received for publication: October 11, 2021. Accepted for publication: May 9, 2022.

introduced. In 2019, the area cultivated with GM crops
was estimated to be 190.4 million ha in the world, suc-
cessfully adopted in 29 countries (ISAAA, 2019), with
more than 50% of the world’s population. The majority of
the cultivated area is represented by the most important
domesticated species including corn, soybeans, cotton, and
canola (Duke & Cerdeira, 2010; Brookes & Barfoot, 2020).
According to Brookes (2020), a total of 1.07 million ha have
been planted with cotton and corn containing transgenic
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traits in Colombia since 2003, and farmers benefited from
an increase in income of US $301.7 million.

The first patents granted to GM crops have started to ex-
pire as these patents are valid for 20 years. These crops are
considered off-patent events. These off-patent events com-
pare to generics in the pharmaceutical and agrochemical
industry. However, in contrast to the development of the
generic industry in the pharmaceutical and agrochemical
fields, the lack of harmonization of the current regulatory
frameworks of the countries on the sowing, commercial
release and use as human and animal food of off-patent
crops presents challenges (Riidelsheim et al., 2018).

A GM event has been defined as the insertion of DNA into
the plant genome resulting from a single transformation
process (Pilacinski et al., 2011; Basso et al., 2020). However,
individual GM events may contain one or more transgenes.
In other words, a GM event refers to the precise location
of an expression cassette in the host genome that encodes
a trait of interest (Bell et al., 2018). GM events that confer
tolerance to herbicides and/or resistance to insects are
the most widely applied engineered traits. These genetic
modifications have benefited adopting farmers through
higher yields, reduced input costs and less environmental
pollution (Carpenter, 2010; Cerdeira et al., 2011; Brookes
& Barfoot, 2018).

The timeline for the commercialization of an event is
relatively long (the first commercial launch took around
14 years) (Fraley, 2015) and a large investment is needed
to comply with all regulatory requirements (McDougall,
2011). In addition, Proprietary Regulatory Property (PRP)
holders must obtain regulatory approvals in the countries
where they intend to commercially release or export events
(Rudelsheim et al., 2018).

Substantial equivalence of a GM crop has been defined
as a new product that must be the same as the non-GM
crop except for the traits that were enhanced, added, or
removed through genetic engineering (OECD, 2002; Par-
rott et al., 2010; ISAA A, 2018). The concept of substantial
equivalence has been used to investigate the compositional
safety of transgenic crops (Codex Alimentarius Commis-
sion, 2009; Privalle et al., 2013). This approach recognizes
that, although no crop or food can be shown to be 100%
safe, GM crops can be compared to crops that have a his-
tory of safe use (Cheng et al., 2008; Harrigan, Glenn et al.,
2010). The most common approach has been to compare the
transgenic line with its isogenic version without the trans-
gene, using compositional analysis to identify potential
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differences in the levels of each of the nutritional compo-
nents. If no significant differences are found, or are within
the expected natural variation, or within ranges previously
reported in the literature for each component, the results of
this evaluation are presented as a fundamental part of the
requirements of the regulatory authorities (OECD, 2003;
Harrigan et al., 2010).

Fall armyworm (Spodoptera frugiperda) is one of the most
common pests of corn and it has been responsible for
large economic losses in Colombia (Gémez et al., 2013;
Jaramillo-Barrios et al., 2019). The introduction of insect
resistance genes in Colombian maize genotypes is a poten-
tial alternative for the control of this harmful pest. For this
purpose, the Corn Genetic Improvement Program of the
National Cereal and Legume Research Center (CENICEL)
of the National Federation of Cereal and Legume Growers
(FENALCE), with the support of the research group of Ge-
netic Engineering of Plants of the Universidad Nacional de
Colombia (IGP-UN), obtained an off-patent maize hybrid
from the TC1507 event. This hybrid was obtained through
the backcrossing method using elite Colombian corn lines
crossed with Herculex® I corn (GM corn event TC1507),
followed by complementary field tests and immunostrip
assays (Jiménez et al., 2016). In this way, elite maize lines of
the Colombian genotypes with the TC1507 event (crylf and
pat) were obtained. Subsequently, these elite lines with the
introgressed event were hybridized to obtain an off-patent
maize hybrid with the TC1507 event resulting from the best
hybrid combinations of the breeding program (Jiménez et
al., 2016). The purpose of the present study was to evaluate
the substantial equivalence of this hybrid. The levels of the
nutritional components of the proximal analytes in the
grain and forage tissues involving the off-patent genotypes
(event TC1507) of GM corn plants were compared with
the conventional corn genotypes from which they were
derived; this hybrid has the same genetic background as
off-patent hybrid TC1507 but does not contain the genetic
modification.

Materials and methods

Field trial samples

A field trial to obtain grain and forage samples for com-
positional analysis was carried out. The corn was grown
in the CENICEL Paraguaicito experiment station, in the
municipality of Buenavista (Quindio), located in the natu-
ral subregion of the Colombian coffee zone. This crop had
normal pest control and maintenance practices (irrigation,
fertilization, herbicide and pesticide applications, etc.),
consistent with maize production and applied uniformly

Agron. Colomb. 40(2) 2022



to each entire trial area. The planting design consisted of
a random block design, with three replicates per block,
where six genotypes were distributed: two elite off-patent
lines, two conventional elite isolines, one off-patent hybrid
(conventional elite line X elite line off-patent), and a con-
ventional hybrid grown locally. From each of the genotypes,
three samples of two types of tissues were collected: 1) the
samples of the corn grain in its state of maturity (phase
R6) and 2) the leaf samples at the same stage. The lines
worked were Hybrid Transgenic line (HT), Transgenic
line I (T1) and Transgenic line II (T2) of off-patent maize
TC1507 event; the non-transgenic control samples lines
were Hybrid Conventional (HC), Conventional line I (C1)
and Conventional line II (C2).

Compositional analysis

The samples were kept on dry ice until they were transpor-
ted to the Nutrianalisis laboratory in Bogota (Colombia)
where each of the analytes was quantified. Humidity was
determined gravimetrically by placing the samples in a
hot-air drying oven at approximately 135°C for 2 h (AOAC
method 925.09). Total protein content was determined
as total nitrogen using digestion with H,SO, followed by
distillation and titration (Kjeldahl method - AOAC method
979.09). Fat from the corn kernel samples was determined
gravimetrically using a Soxhlet extraction with pentane as
solvent (AOAC method 922.06). The crude fat of the forage
samples was determined gravimetrically by means of an
acid hydrolysis procedure (AOAC method 945.02). Crude
fiber was estimated using a neutral detergent solution and a
thermostable amylase to dissolve easily digestible proteins,
lipids, sugars, starches, and pectins. A fibrous residue was
obtained which consisted mainly of cell wall components
including both nitrogen and indigestible nitrogenous
matter (NTC method 5122). Ashes were determined by
placing the samples in an electric oven at 550°C until they
were incinerated. The residual ash was quantified gravi-
metrically (AOAC method 923.03). Carbohydrate content
was estimated using the calculation previously described
by Herman et al. (2004) and Cong et al. (2015).

Statistical analysis

Statistical analysis of nutrient composition data was per-
formed using R software (R Core Team, 2021). To perform
the statistical analysis, four functions were written. The
first function, which was the basis for the other functions,
allowed the generation of a database for graphic analysis
and statistical tests of differences between groups. The
second function performed an exploratory data analysis
and obtained a box-and-whisker plot resulting from each
analyte per genotype. The third function established the

confidence intervals of each analyte according to the
Composition Database of the International Institute of
Life Sciences (Ridley et al., 2004; AFSI-CCDB, 2020). Fi-
nally, the fourth function performed the difference tests
between the genotypes according to each analyte analyzed.
The database includes data from the evaluation of conven-
tional crop samples using validated analytical methods,
providing a robust collection of high-quality non-gene
compositional data for various crops (Suit ef al., 2016). The
statistical tests performed included the Shapiro-Wilk test
for normality, the Levene test for homoscedasticity and
the Kruskal-Wallis test for differences between groups and
their respective Wilcoxson post hoc test (Bonferroni test).
Two separate statistical analyzes of the compositional data
were performed. The quantification of the analytes made
it possible to evaluate the data of the replicas of each of the
corn grain and forage analytes using the Kruskal-Wallis
test to identify statistically significant differences (a=0.05)
between the genotypes and their respective Wilcoxon post
hoc test. This evaluation allowed corrections on the level
of significance to avoid increasing the type 1 error and to
identify the significant differences between each of the
genotypes (a=0.05).

Results and discussion

Grain analytes

The results of the proximate analysis from the grain sam-
ples collected during the field trial did not show statistically
significant differences between the transgenic genotypes
[Hybrid Transgenic (HT), Transgenic line I (T1) and
Transgenic line II (T2)] of off-patent maize TC1507 event
and the non-transgenic control samples [Hybrid Conven-
tional (HC), Conventional line I (C1) and Conventional
line IT (C2)] (Fig. 1). For instance, the Kruskal-Wallis test
showed differences for grain components such as mois-
ture (P-value=0.0323), protein (P-value=0.0093), fat (P-
value=0.0237), and carbohydrates (P-value=0.0085) in at
least two of the genotypes in comparison. However, after
performing a post-hoc test, the Mann-Whitney test (Wil-
coxon rank sum test) did not show significant differences
between the genotypes for all analytes that initially seemed
to differ. The Wilcoxon rank sum test corrects the level of
significance to avoid increasing the type I error and shows
in which groups there are differences.

Figure 1 shows that, for each of the analytes correspond-
ing to each genotype, there are no differences with the
maximum and minimum ranges reported by the literature
(Ridley et al., 2004; AFSI-CCDB, 2020).

Suarez Rodriguez, Benitez Duarte, Chaparro-Giraldo', and Acosta: Equivalence of grain and forage composition in corn hybrid (Zea mays L.) from genetically 157
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FIGURE 1. Variability of percentage values for proximate analytes from corn grains. A) Moisture; B) Protein; C) Total fat; D) Crude fiber; E) Ash; and
F) Carbohydrates. [Hybrid Transgenic (HT), line Transgenic line | (T1) and line Transgenic line Il (T2)] of off-patent maize (TC1507 event) and the
non-transgenic control samples [Hybrid Conventional (HC), Conventional line I (C1) and Conventional line Il (C2)]. Values are expressed as medians
(x1QR, n=3) from three independent experiments. * indicated the P-value < 0.05 for Kruskal-Wallis test.

For each of the different analytes studied (Fig. 1A, D), the
variation for moisture and fiber is very similar for each
of the compared genotypes, although there are slight dif-
ferences for other analytes (Fig. 1B, C, E, F). For total fat,
the conventional hybrid tends to have higher levels than
the transgenic hybrid. The comparison of the lines shows
unexpected data: the transgenic line presents a variation
similar to that of the comparable non-transgenic line. For
protein, the transgenic hybrid presented the lowest values
together with the conventional hybrid, while the C1 had
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the highest values in contrast to its transgenic isoline and
the T2 and C2. For ash, only the C1 presented a great varia-
tion unlike the other genotypes analyzed that maintained a
similar variation. For carbohydrates, the transgenic hybrid
had higher levels, while the C1 showed lower values. The
remaining genotypes maintained similar variations. All
these apparent differences are within natural variations.
All the values for analytes examined were found within the
values reported in the literature (Watson, 1982; Lundry et
al., 2013; Cong et al., 2015; AFSI, 2020) (Tab. 1).
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TABLE 1. Medians, minimum and maximum values reported from the proximate grain analysis of off-patent maize hybrid TC1507 (transgenic),
off-patent maize lines TC1507 | and Il (transgenic), their respective conventional isolines | and I (non-transgenic) and a commercial maize hybrid
(non-transgenic) from the samples collected from the field trials in Colombia.

Hybrid Transgenic Transgenic Transgenic

Conventional Conventional Hybrid

Variable (TC1507) line | line I line | line Il Conventional Literature
(% dry weight) range*
(HT) (M) (T2) (C1) (C2) (HC)
3540355  256+015 3094018  276+012  340+0045 397 =015
Totalfat (3.41-384) (252-282)  (299-335)  (270-294)  (335-344)  (3.88-404) 5037188
ot 10342024 12072017 1210003 12840015 12062005 152021 o oo
(1005-1053)  (1199-1233)  (1207-1213)  (1283-1286)  (1206-1207)  (1105-1147)  >727 1"
Fiver 2.56 = 0185 2024013 248+ 0125  242+0165 225013 24120355 0
(2.25-2.62) (228-254)  (235-260)  (224-257)  (202-2.28)  (2.05-2.76) 495
105 + 007 1244005  138+0095  192+096  119=012  1.22=001
Ash (0.9 - 1.13) (123-133)  (124-143)  (134-326)  (117-141)  (121-123  0616-6282
Voisiue 113340105  1143+003 1144013 11870255 1192014 1168012 s
(1129-1150)  (140-1174)  (H25-1151)  (1158-1200)  (1179-1207)  (11.62-11.86)
Carboydres 8526043 8391026 8340026  8246+0835  8333x000 8365015 .. oo

(84.50 - 85.36) (83.68-84.20)  (83.15-83.67)

(81.21 - 82.88) (83.17 - 83.35) (83.44 - 83.69)

* Watson (1982), Lundry et al. (2013), Cong et al. (2015), Anderson et al. (2019), AFSI (2020).

Forage

The results of the proximate analysis for the forage samples
collected during the field trial did not show statistically
significant differences between the transgenic genotypes
(HT, line T1, and line T2) of off-patent maize event TC1507
and the non-transgenic control samples (HC, line C1, and
line C2). The Kruskal-Wallis test showed differences only
for the fat component (P-value=0.03), finding that at least
two of the genotypes in comparison exhibited differences.
However, after performing a post-hoc test, the Mann-Whit-
ney test (Wilcoxon rank sum test) showed no significant
differences between the genotypes (Tab. 2).

There were no cases in which the analyzed analytes showed
differences in their maximum and minimum ranges with
those reported in the literature (Fig. 2). For moisture,
protein, fiber, fat, ash, and carbohydrates, the observed
variations were very similar between each of the compared
genotypes, although at first glance there are slight differ-
ences. For moisture, only the HT presented lower values
than the other genotypes, which presented values slightly
above the maximum limit reported in the literature (Fig.
2A). For fat, the HT presented lower values and T1 higher
values compared to the other genotypes (Fig. 2C). For crude
fiber, only the hybrids showed slight differences, while the

TABLE 2. Medians, minimum and maximum values reported from forage proximate analysis of off-patent maize hybrid 1507 (transgenic), off-patent
maize lines 1507 | and Il (transgenic), their respective conventional isolines | and Il (non-transgenic) and a commercial maize hybrid (non-transge-

nic) from samples collected in field trials in Colombia.

. Hybrid transgenic Conventional Conventional Conventional Conventional Hybrid .
Variable (TC1507) transgenic line | transgenic line Il line | line Il Conventional Literature
(% dry weight) range
(HT) () (T2) (C1) (C2) (HC
1.28 + 0135 2.46 + 0.43 2.07 = 0.095 1.65 + 1.41 1.57 +0.19 1.81 = 0.225
Totalfat (111-1.38) (169 - 2.55) (190-209)  (149-197) (1.29-1567) (152-197)  104-6799
Protein 14.21 = 0.57 16.04 + 0.285 16.03 = 0.33 16.09 + 0.645 16.06 + 0.435 16.07 = 0.36 314-16.32
(13.88 - 15.02) (15.72 - 16.29) (15.42 - 16.08) (14.93-16.22) (15.23 - 16.10) (15.62 - 16.34) : ‘
Fiber 24.74 + 0.97 22.29 = 2.1 21.31 = 1.005 2012 +1.92 2237 09 19.54 + 1.985 125_42
(24.49 - 26.43) (19.79 - 24.01) (2113 -23.14) (19.52 - 23.36) (22.30 - 24.28) (18.15-22.12) :
Ash 12.06 = 0.41 10.85 = 0.305 10.87 = 1.295 10.50 = 2.045 11.28 + 1.375 12.32 + 0.47 0.66 132
(11.60 - 12.42) (10.78 - 11.39) (9.66 - 12.25) (9.99 - 14.08) (8.62 -11.37) (12.04 - 13.10) : ’
Moisture 73.81 = 4.93 7414 = 5725 71.79 = 0.295 72.66 = 1.405 72.33 £ 0.47 74.69 = 3.125 553 871
(68.93 - 78.79) (67.91 - 79.36) (71.29 - 71.88) (71.62 - 74.43) (72.31-73.25) (70.26 - 76.51) ’ ’
. 71.45 + 0.945 69.97 +1.25 69.98 + 0.895 69.31 + 3.545 71.75 = 1.67 67.54 = 0.685
Carbohydrates (1135-7324)  (68.38-70.88)  (69.43-71.22)  (66.34-7343)  (68.86-72.20)  (66.65-68.02) 000929
* Watson (1982), Lundry et al. (2013), Cong et al. (2015), Anderson et al. (2019), AFSI (2020).
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FIGURE 2. Variability of percentage values for proximate analytes from corn forage. The methods used for estimating the percentage values for each
genotype are described in the Material and methods section. A) Moisture; B) Protein; C) Total fat; D) Crude fiber; E) Ash; and F) Carbohydrates. [Hy-
brid Transgenic (HT), line Transgenic line | (T1) and line Transgenic line Il (T2)] of off-patent maize (TC1507) event and the non-transgenic control
samples [Hybrid Conventional (HC), Conventional line | (C1) and Conventional line Il (C2)]. Values are expressed as medians (= SD, n=IQR, n=3)
from three independent experiments. * indicated the P-value < 0.05 for Kruskal-Wallis -test.

conventional and the transgenic lines showed lower and
higher values, respectively (Fig. 2D). For moisture, dif-
ferences were not observed, although greater variations
were observed for both the HT and the T1. For ash, the
HC showed slightly higher values compared to the other
genotypes (Fig. 2A and E, respectively). For carbohydrates,
the conventional hybrid showed slightly lower values than
the other genotypes (Fig 2F). The conventional hybrid
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had a carbohydrate value lower than that reported in the
literature, while its other values (highlighting the median)
were found within the ranges reported. All these apparent
differences were found within natural variation. All the
values for the analytes examined were found within the
values reported in the literature (Watson, 1982; OECD,
2002; Lundry et al., 2013; Cong et al., 2015; Anderson et
al., 2019; AFSI, 2020) (Tab. 2).
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Analysis strategy of the substantial

equivalence of off-patent corn

The developers of different transgenic events, both simple
and stacked, have obtained authorizations in Colombia
for human and animal consumption using data porta-
bility, since the trials in most cases were not carried out
in Colombia but in northern agroecosystems (ICA, 2011,
2013; MPSP, 2012a, 2012b, 2012c¢, 2014; INVIMA, 2018).
These developers have performed substantial equivalency
assessments based on the compositional analysis of pro-
ximate analytes.

Based on the principle of equality, the strategy for off-patent
crops with transgenic events that have been previously
authorized in Colombia could be incorporated into con-
ventional breeding since it is in the public domain (its use
does not violate the rights of third parties). In addition, the
analysis of freedom of operation (Jiménez et al., 2016; Rojas
et al., 2017) makes it possible to carry out field trials with
a minimal design, where a limited number of proximate
analytes equal to the number examined by developers of
the specific event that allowed to support the substantial
equivalence of stacked events that contain the same event.

The case of stacked events (stacked traits or crop stacking)
originating from conventional plant breeding, where two
or more parents with a single transgenic event are crossed
to produce a progeny containing two or more transgenic
events that provide a useful grouping of traits would be the
closest issue to off-patent events. The discussion that has
arisen today could help resolve the regulatory gap and al-
low the authorization for human and animal consumption
of these derived crops, where substantial equivalence and
other safety assessments play a fundamental role (Kok et
al., 2014). From a regulatory point of view, stacked trait and
off-patent crops differ from single trait crops, since they
contain events that are not new to regulatory authorities
considering that they have been fully evaluated in the single
events that make them up. This distinction is crucial since
the concern for the safety of transgenic crops is centered
around the safety of the introduced trait and the possibility
of unintended adverse effects from its introduction (Acosta
& Chaparro, 2008; Codex Alimentarius, 2009; Herman &
Price, 2013).

Safety assessment approaches for stacked trait crops vary
globally. There are regulatory bodies that address a crop
of stacked traits as if it were a crop with a new event that
requires a de novo assessment, despite the existence of
evidence and safety evaluations demonstrating the safety
and substantial equivalence for each one of the individual

transgenic events that make up the crop with stacked
events. This approach is based on the concern about the
possible interactions between events that could give rise
to characteristics of the plant different from the expected
sum of the stacked events. Steiner et al. (2013) extensively
analyzed the overall potential for event interactions in
stacked event crops. The authors highlighted that since
the functional characteristics of the introduced expression
cassettes are known, it is possible to develop hypotheses as
to whether a specific combination of traits would interact to
affect plant metabolism in a novel way. It was also pointed
out that if a hypothetical interaction posed any risk, for
example as in the case of stacking of tolerance traits to
glyphosate and dicamba through conventional plant breed-
ing, the molecular mechanisms of the enzymes that medi-
ate these stacked tolerances would exclude any plausible
interactions. In fact, the substantial equivalence of a crop
with stacked traits that confers tolerance to glyphosate and
dicamba has been empirically demonstrated (Taylor et al.,
2017). Specifically, for corn containing traits of resistance to
insects and tolerance to glufosinate-ammonium, there is no
plausible hypothesis that their combined presence affects
the metabolism of the plant and leads to compositional
differences. Likewise, it is even less plausible that undesir-
able interactions occur in an off-patent obtained from the
crossing between a transgenic hybrid and a conventional
maize line.

In the global landscape of regulations on genetically
engineered crops, there are currently two general ap-
proaches to assess food and feed safety for stacked event
crops that could be applied for off-patent crops. In the first
approach, no additional data or evaluations are required
for a stacked trait crop generated by conventional plant
breeding whose constituent events have previously been
evaluated and approved. Regulatory agencies may require
written notification for the stacked event product to be
marketed. Examples of agencies that follow this approach
include the FDA and APHIS-USDA of United States, the
Canadian Food Inspection Agency, the Canadian Ministry
of Health, the Australian and New Zealand Food Standards
Agency, and the Food Safety Commission and the Ministry
of Agriculture, Forestry and Fisheries of Japan (Pilacinski
et al., 2011; Steiner et al., 2013; FSCJ, 2016; Goodwin et
al., 2021). In the second approach, a safety assessment is
required for any stacked trait crop, regardless of whether its
constituent events were previously assessed and approved.
Some examples of regulatory agencies that follow this ap-
proach are the European EFSA, the Ministry of Food and
Pharmaceutical Safety of the Republic of Korea, the Food
and Drug Administration of Taiwan, and the Federal
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Commission for the Protection against Sanitary Risks of
Mexico (Pilacinski et al., 2011; Steiner et al., 2013; FSCJ,
2016; Goodwin et al., 2021).

In rational and scientifically sustainable risk assessment
(Pilacinski et al., 2011; Steiner et al., 2013; FSC]J, 2016;
Goodwin et al., 2021), it is important to follow the case
of stacked trait crops that could contribute to solving the
regulatory challenge of off-patent crops. In this context, the
formulation and evaluation of a risk hypothesis for a crop in
question is central in determining whether further evalua-
tion of the safety of a product with stacked traits is needed.

Today there is a growing body of empirical data in reports
and/or in scientific articles evidencing the safety of ge-
netically modified crops of relevant single events as well
as the safe historical use of conventional plant breeding.
Therefore, there is valid scientific justification to eliminate
or make more flexible the mandatory requirements aimed
at presenting and evaluating characterization, safety, and
substantial equivalence data for each new crop of stacked
events (Goodwin et al., 2021) and, therefore, for off-patent
crops. Pragmatically, as proposed by Bell et al. (2018) and
Goodwin et al. (2021), a gradual approach could start with
flexibility and end with the elimination of the require-
ments for safety assessments for the crops of stacked events
(and therefore off-patent crops). Along these lines, the
first step could be to refine the approach towards a single
specific analysis of stacked events. This approach would
provide an empirical bridge to the previous evaluations
performed for the approved transgenic events that make
up the stacked events. In this way, a simplified evaluation
of the stacked event or of the off-patent crop would focus
on the composition, evaluating the substantial equivalence
from the proximate analytes of the grain (and from the
forage, in the case of resistance to insects) in the context
of known natural variability. Such an assessment could be
used to complement previously reached safety conclusions
for constitutive individual trait products (Bell et al., 2018;
Goodwin et al., 2021).

The comparative analysis of corn during field trials car-
ried out in Colombia showed no significant differences
between off-patent hybrids of lines 1507 I and II obtained
by conventional crossing with their non-genetically modi-
fied counterparts. Small exceptional variations were not
indicative of a general pattern of changes derived from
crossing with a genetically modified hybrid; these are
explained by the well-known natural variation (genotype-
environment interaction). These variations in composition
arise due to a wide range of factors specific to the biology
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of the species and, particularly, to the growing conditions
(location, irrigation, type of soil, etc.) that influence the
growth and biochemistry of plants. In the present study,
no significant biological differences were found between
off-patent TC1507 event corn and non-transgenic conven-
tional corn. Therefore, the off-patent hybrid is substantially
equivalent from a compositional point of view to its con-
ventional counterpart, except for the genetically engineered
characteristics. The composition of the off-patent TC1507
corn hybrid was found within the normal ranges of varia-
tion observed in non-genetically modified varieties with
recent biotechnological tools.
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Application of the BLUPe predictor in the selection of
potential soybean varieties for Orinoquia

Aplicacion del predictor BLUPe en la seleccion de variedades
potenciales de soya para la Orinoquia

Rubén Alfredo Valencia Ramirez' and Yuli Stephani Tibocha Ardila"

The Colombian Orinoquia and the Altillanura subregion show
comparative and competitive advantages for soybean produc-
tion (edaphoclimatic conditions, cost-benefit ratio, potential
area, and location) essential food with a high protein content
(~37%) and used mostly for poultry and pig nutrition. However,
this immense region has scarce varietal alternatives of high
grain yield and quality that are adapted to its climatic and
edaphic conditions. The current research is based on the selec-
tion of superior lines or potential varieties with high genetic
merit using the restricted maximum likelihood/standardized
best linear unbiased predictor (REML/BLUPe) procedure. Sixty
advanced lines and four commercial varieties were tested in an
8x8 alpha lattice design. Grain yield (GY) oscillated between
1,117 and 4,431 kg ha", the population average yield was 2,682
kg ha'', and BLUPe predictors ranged between 5.37 and -3.71.
With a t-test at a significance of 5% (1.67) and a predictor com-
parator of (t1-t2)>1.67 (V2), six outstanding lines were identified
with superior BLUPe values compared to the mean (P<0.05)
and GY>3,500 kg ha™. In descending order (kg ha), the GY
was: L-041 (4,431), L-019 (4,326), L-104 (3,923), L-149 (3,832),
L-202 (3,536), and L-201 (3,519 kg ha™). The BLUPe standard-
ized predictor allowed an effective selection (92%) of lines.

Key words: Altillanura, genetic breeding, mixed models,
REML.

La Orinoquia colombiana y en particular, la subregion de la
Altillanura presenta ventajas comparativas y competitivas para
la produccién de soya (condiciones edafoclimaticas, relacién
costo-beneficio, area potencial y ubicacion), alimento esencial
por su contenido proteico (~37%), especialmente para aves
y cerdos. Sin embargo, las alternativas varietales adaptadas
y de alto rendimiento de grano son escasas para esta vasta
region. Por ello, la presente investigacion fue orientada hacia
la seleccién de lineas mejoradas o variedades potenciales con
alto mérito genético mediante la aplicacion del mejor predictor
lineal insesgado estandarizado (REML/BLUPe). Se evaluaron
60 lineas avanzadas y cuatro variedades comerciales en un
disefio Alfa latice 8x8. El rendimiento de grano (RG) oscilé
entre 1117 y 4431 kg ha™, el promedio poblacional fue de 2682
kg ha ylos predictores BLUPe oscilaron entre 5.37 y -3.71. Con
una significancia t del 5% (1.67) y un comparador de predic-
tores (t1-t2)>1.67 (\2), se identificaron 6 lineas sobresalientes
con BLUPe superiores a la media (P<0.05) y RG>3500 kg ha™.
En orden descendente el RG fue: L-041 (4431), L-019 (4326),
L-104 (3923), L-149 (3832), L-202 (3536) y L-201 (3519 kg ha™).
El predictor estandarizado BLUPe permitié una seleccion
efectiva (92%) de lineas.

Palabras clave: Altillanura, mejoramiento genético, modelos
mixtos, REML.

Introduction

The Orinoco basin is shared by Colombia and Venezuela
and has an area of 981,446 km®. Thirty-five percent of this
vast region is located in the equatorial zone of Colombia
between 2°N and 10°N and 60°W and 75°W (Véasquez
Cerdn et al., 2019). In the savannah complex of the Orinoco
basin, the Colombian Altillanura includes 2.8 million ha
that, according to the CONPES document No. 3797 (DNP,
2014), has high agricultural potential with typical oxidic
soils, where soybean is projected to have comparative and
competitive advantages as a first-class raw material as
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balanced feed, especially for poultry, pigs, and the produc-
tion of vegetable oil.

In the Altillanura only 39,793 ha are planted per year, in-
cluding two sowing cycles, with a limited varietal offering
and a production of close to 119,412 t of grain (FENALCE,
2021). This supply, representing less than 7% of the na-
tional demand, has motivated agribusinesses to approach
national soybean production as an inclusive, economically
viable, and ecologically sustainable regional agricultural
development. Currently, the Corporacion Colombiana de
Investigacion Agropecuaria - Agrosavia is carrying out a
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soybean breeding program for Oxisols from the Orinoquia
region. This development aims to generate varieties adapted
to the low tropics with high yield potential, vegetative cycles
compatible to integrated crop rotation systems, tolerant
to adverse biotic and abiotic factors. The importance of
expanding the existing varietal genetic base for this vast
region and the need to close the grain yield gap with variet-
ies that exceed 3,400 kg ha™ is highlighted.

The process of genetic breeding is arduous and complex.
Its initial phase implies the introduction, characterization,
and evaluation of diverse germplasm, a crossing plan in
search of the best genetic combinations, and later a selec-
tion of superior individuals that will become advanced
lines or potential varieties. These lines, their components,
and sanitary behavior are evaluated in a first cycle through
preliminary yield trial (PYT). Then, the best lines are
subjected to multi-environment trials (MET) to determine
their level of phenotypic stability. The most outstanding
ones are subjected to regional (RT) or agronomic evalua-
tion trials (AET), regulated by the Colombian Agricultural
Institute (ICA, 2020), where the superior line or lines with
identity attributes, homogeneity, and stability are registered
as new cultivars.

Grain yield and other agronomic traits in genetic breeding
programs have traditionally been valued using the classical
generalized linear model (GLM). However, these models
do not satisfy the statistical assumptions, particularly
with unbalanced databases (Resende, 2007) nor through
the predominant application of fixed factors usually
analyzed through mean comparison tests such as DHS
Tukey, Schefté, and LSD, etc. There are statistical proce-
dures, such as restricted maximum likelihood/best linear
unbiased prediction (REML/BLUP), generically called
a mixed model methodology (Sturion & Resende, 2010;
Bandera-Fernandez & Pérez-Pelea, 2018) that improves
the estimation and prediction of genetic parameters and
the effectiveness of selection to reduce these biases. Mixed
models have provided valuable information for selecting
lines by genetic merit. According to Piepho et al. (2008),
BLUP is better in genetic breeding and variety evaluation
precision than the best linear unbiased estimator (BLUE).
The BLUP predictor has advantages over BLUE by reducing
the response due to environmental effects and efficiently
discriminating genotypes with high varietal potential (Pa-
checo et al., 2020). The mean associated with fixed-effects
in BLUE is an average performed over all the effect levels
in the population, while BLUP is a regression towards
the general mean based on the variance and covariance
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components associated with the random-effects model
(Casanoves & Balzarini, 2002). BLUP has a shrinkage
property, so the prediction values tend to be less separated
from the mean than the original values, increasing the
precision of the analysis (Baselga & Blasco, 2008). In this
sense, BLUP is a standard method for random effects and
requires the estimation of the genetic variance (6°g) and
residual (6°) components, preferably through REML (Mora
& Arnhold, 2006). The latter compensates for the loss of
degrees of freedom that results from the estimation of the
fixed effects and produces less biased estimates (Patterson
& Thompson, 1971). Overall, for authors such as Searle et
al. (1992), Robinson (1991), Piepho and Mdohring (2006),
Resende (2016), and Volpato et al. (2019), REML/BLUP has
become an effective procedure for estimating parameters
and predicting genetic values to optimize selection.

Resende and Duarte (2007) suggest subjecting experiments

with more than 10 cultivars or genotypes to a BLUP analy-
sis as a random source of the mixed model. The genotype
ranking could be similar for phenotypic selection and the
one performed by BLUP when data are balanced. Although
it is essential to link pedigree information in the genetic
merit analysis, for Piepho et al. (2008), it is easy to exploit
the information via BLUP through a simple mixed model
without explicit reference to the pedigree. BLUP maximizes
the correlation between the real and predicted genotypic
values, i.e., the main objective of the breeder. In this regard,
Panter and Allen (1995), evaluating highly related individu-
als, found that the kinship matrix link in the BLUP analysis
is not justified. However, if the data of the historical parents
are available in crosses that are not closely related, pedigree
data should be included because it can improve the predic-
tion accuracy of progeny performance.

Accordingly, the current research was carried out to select
advanced soybean lines or potential varieties with high ge-
netic merit and grain yield >3,500 kg ha™ in a preliminary
yield trial for Oxisols of the Colombian Orinoquean region,
using the REML/BLUP methodology and its standardized
BLUPe value.

Materials and methods

Study area

A preliminary yield trial (PYT) of 60 advanced soybean
lines of the Agrosavia genetic breeding program and four
commercial varieties (C. Superior 6, C. Achagua 8, C.
Primavera 11, and Soyica P-34) was carried out during the
second period of 2020 at the research center La Libertad,
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Villavicencio, Meta (Colombia). The study site is located
at 4°22’ N and 72°13’ W, in Oxisols with a pH of 4.9, 5.9
mg L of phosphorus, 2.4% of organic matter, and a base
saturation of 57.3%.

Plant material, trials, and variables

The soybean lines and varieties were planted in plots with
four rows of 5 m long, 0.45 m apart, with a distance between
plants of 0.07 m. Mineral and biological fertilization with
Bradyrhizobium japonicum was uniform according to soil
analysis and crop requirements. The experimental units
were distributed in an alpha lattice design proposed by
Patterson and Williams (1976) of 8x8 with two replicates.
Grain yield was evaluated as the response variable of in-
terest for the BLUP analysis, and the following phenotypic
variables that characterize the genotypes under study were
registered.

Grain yield (GY) included grain weight in kg ha™ per ex-
perimental unit and grain moisture contents of 14%; days
to flowering (DF) was the number of days between emer-
gence and flowering in the upper nodes of the plant; days
to physiological maturity (DM) was the number of days
from emergence to reaching 95% of mature pods in each
plot, at which point the average height (H) and the number
of nodes (NN) per plant were also recorded.

Additionally, the qualitative description of the lines was
made using flower color (FC), growth habit (GH), and
pubescence color (PC).

To determine water excess and deficits during the crop
cycle, the hydric balance model (Allen et al., 2006) and
the database of the meteorological station La Libertad
ascribed to IDEAM were used. Real evapotranspiration
was obtained using the tank coefficient (Kp) (Cruz Valder-
rama, 2015) and the FAO cultivation coefficients (Kc)
(FAO, 2000).

Statistical analysis

In the analysis of variance, the statistical model described
by Singh and Bhatia (2017) for incomplete blocks was
applied (Equation 1):

Yi=u+ Gty +pg + & (1)

Where Y ;; is the phenotype of i genotype in j* replica-
tion and k block; G, is the genotype effect i=1,2.......k; y;
is the replicate effect j=1,2,...... 150y 18 the block within
replicate effect k= 1,2....S; € 18 the random error. For the

statistical analysis, the matrix structure of the mixed linear
model (Piepho et al., 2008) was applied using the SAS 9.4
software (SAS Institute, 2014). The variance components
were estimated with the PROC MIXED/REML procedure
of the SAS System (Bueno Filho & Vencovsky, 2000). This
analysis considers lines and the block effects within the
repetition as random effects. The comparison of means was
carried out using the BLUP predictors (best linear unbi-
ased prediction) that represent the predicted value for each
genotype with respect to the general mean (Biasutti, 2012).
The comparison of the BLUPs between lines/varieties was
performed with the t statistic (Yan & Rajcan, 2002). This
statistical comparator called BLUPe (standardized BLUP)
was obtained from the relationship between the predicted
empirical BLUP value and the associated prediction er-
ror. The BLUPe (standardized BLUP) was obtained from
the BLUP predictor or predicted value for each genotype
concerning the general mean (Yan & Rajcan, 2002). For the
comparison analysis of the standardized predicted values,
the genotypes are considered different if the BLUPe values
met the following condition, with a t-test significance of
5%: (t1-t2)>1.67 (¥2) (Yan et al., 2002). Additionally, the
probabilistic values generated by SAS/Mixed for each
BLUPe were used to determine the superiority (P<0.05)
or inferiority (P>0.05) of the lines/varieties concerning the
general mean (Casanoves & Balzarini, 2002). The BLUPe
pair GY were ordered in descending order to identify the
genotypes or superior lines. This methodology allowed
comparing free genetic values of environmental effects
and not the phenotypic means to improve genetic gain in
the subsequent selection cycle.

The elevated kinship of the parents that gave rise to the
group of lines makes using the coefficient of coancestry in
the BLUP analysis unnecessary since it does not represent
a change in the results. Furthermore, when the purpose is
to estimate the total genotypic value, it is reasonable not
to use the coefficient of coancestry (Piepho et al., 2008).

The level of experimental precision in selecting superior
lines was measured based on the square root of broad-sense
heritability, calculated on a mean plot basis using the fol-
lowing equation (Hacker & Cuany, 1997):

Vg

Vg +\;'e) @

H=

Where Vg represents genetic variance, Ve is the environ-
mental variance, and r is the repetitions.
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Results and discussion

The descriptive analysis of the variables DF, DM, H, NN,
and GY (Tab. 1) allowed inferring a high variability as a
genetic source for varietal improvement. The wide ranges
of DF and DM (22 and 29 d, respectively) underlined the
differential behavior of the genotypes in precociousness,
together with the high variation of H, NN, and GY. In
general, the lines and varieties with indeterminate GH
showed higher H than those with semi-determined GH,
and these, in turn, were higher than those with determined
GH. Plants with indeterminate GH continue to grow for a
long time after flowering, while those with determinate GH
finish stem growth when or shortly after flowering begins,
often resulting in fewer nodes than the indeterminate GH
(Fehr & Caviness, 1977). These differences in H and GH
do not necessarily represent lower yields in those with
determined GH since agronomic-importance traits such
as GY are quantitative (Volpato et al., 2019), where the en-
vironmental effect represents a large part of the variation.
In the analysis of variance, highly significant differences
(P<0.01) between lines and varieties were ratified for the
case of GY by BLUPe predictor values ranging between 5.37
and -3.71. The GY range was between 1,117 and 4,431 kg
ha™. Itis noteworthy that, in the edaphoclimatic conditions
of the current study, there were no phytosanitary problems
that affected the GY response variable.

A highly significant positive Pearson correlation (P<0.01)
was found between GY and DM (r=0.32) that means that
the higher the DM, the higher the GY under the agrocli-
matic conditions of the preliminary yield trial. In contrast,
a shortening of the filling period is frequently associated
with decreasing grain weight (Kantolic et al., 2004).

BLUPe vs. grain yield

The BLUP and BLUPe predictors and the significance of
the random effects for GY are presented in Table 2. The
BLUPe (t1-t2)>1.67 (\2) comparator allowed an effective

differentiation of the genotypes; by ordering them in
descending order, a range with a maximum of 5.37 and a
minimum of -3.71 for lines L-019 and L-078 was reached.
Genotypes with positive BLUPe for GY were classified as
higher, and those with a negative value were considered
lower with respect to the general mean of 2,682 kg ha™. The
higher the BLUPe, the greater the probability of success in
selecting superior lines. The standardized BLUP (BLUPe) is
more discriminant than the empirical BLUP when selecting
outstanding lines because the prediction error adjusts it
(Casanoves & Balzarini, 2002). Therefore, a higher mean
does not necessarily represent a higher BLUPe, as occurs
between lines L-041 and L-104. The lines with GY>3,519
kg ha' showed statistical differences (P>| t |) concerning
the general mean and positive BLUPe > 2.52 (Fig. 1), and
they constituted promising lines or potential varieties. In
descending order, the GY (kg ha™') were: L-041 (4,431),
L-019 (4,326), L-104 (3,923), L-201 (3,832), L-149 (3,536),
and L-202 (3,519), with higher GY for the Colombian
Orinoco region.

The genetic base of these lines includes the varieties that
were developed for the Colombian Orinoco, such as Ori-
noquia 3, C. Libertad 4, and C. Taluma 5, sources of ad-
aptation to the low tropics, with prominent differences in
precocity and high yield potential that were crossed with
elite materials from the EMBRAPA variety bank (Brazil).

The only control variety that exceeded the general average
was C. Primavera 11, although with a BLUPe significantly
lower than L-019. The other controls did not differ statisti-
cally from the mean, where the C Achagua 8 variety had
a positive BLUPe (0.55), while in the Soyica P-34 and C.
Superior 6 varieties, the predictor was negative (-0.03 and
-1.71). The upper lines, representing a selection pressure of
10% with an estimated genetic gain of 37.2% concerning
the average, were subjected to multi-environment trials to
assess their behavior in different agroclimatic conditions
and establish their phenotypic stability.

TABLE 1. Descriptive analysis of agronomic and yield characteristics of lines evaluated.

Statistics DF DM (c':1) NN (kgﬁga_w
N 127 124 123 124 116
Minimum 31 80 43 11 1,117
Maximum 53 109 112 25 4431
Mean 40 93 77 17 2,682
sD 5 8 18 3 690
CV (%) 13 8 14 16 2

DF: days to flowering; DM: days to physiological maturity; H: average plant height at maturity; NN: average number of nodes; GY: grain yield; N: data number; SD: standard deviation; CV: coef-

ficient of variation.
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TABLE 2. Grain yield (GY, kg ha"), BLUP and BLUPe predictors, and significance level of soybean lines and varieties in the preliminary yield trial (PYT),

Research Center La Libertad, Orinoquia, 2020.

Line/Variety GY BLUP BLUPe Pr>|t| Line/Variety GY BLUP BLUPe P>|t|
L-019 4,326 1,377.76 5.37 <.0001 L-052 2,632 -30.02 -0.12 0.9076
L-104 3,923 1,042.97 4.06 0.0002 L-003 2,620 -40.06 -0.16 0.8769
L-041 4,431 1,253.49 3.81 0.0005 L-051 2,615 -43.94 -0.17 0.8651
C.Primaveral1 3,556 73177 2.87 0.0067 139 2,588 -66.87 -0.26 0.7960
L-149 3,536 721.54 2.81 0.0079 171 2,515 -127.22 -0.5 0.6232
L-202 3,519 706.98 2.75 0.0091 123 2,502 -137.68 -0.54 0.5951
L-201 3,832 827.67 2.52 0.0163 L-029 2,459 -173.67 -0.68 0.5031
L-058 3,371 584.31 2.28 0.0288 L-006 2,416 -209.55 -0.82 0.4197
L-085 3,292 518.88 2.02 0.0506 154 2,406 -217.57 -0.85 0.4023
-102 3,288 514.99 2.01 0.0523 L-071 2,277 -278.12 -0.85 0.4031
L-061 3,281 509.10 1.98 0.0549 143 2,396 -226.27 -0.88 0.3839
L-145 3,276 505.16 1.97 0.0567 174 2,231 -311.09 -0.95 0.3502
L-153 3,267 498.20 1.94 0.0600 L-022 2,193 -337.79 -1.03 0.3109
L-049 3,208 448.79 1.75 0.0888 124 2,034 -450.82 -1.37 0.1786
L-103 3,205 446.59 1.74 0.0903 -193 2,236 -359.24 -1.4 01702
136 3178 42416 1.65 0.1071 L-055 2,228 -365.60 -1.42 01629
L-090 3,150 400.47 1.56 0.1274 L-050 2,203 -386.95 -1.51 0.1404
L-140 3,090 350.37 1.36 0.1807 L-007 2,187 -399.55 -1.56 0.1282
L-068 3,076 339.00 1.32 0.1949 L-166 2,173 -411.66 -1.6 0.1174
L-016 2,971 251.41 0.98 0.3339 C.Superior 6 2,141 -438.31 -1.71 0.0962
L-115 2,946 230.62 0.9 0.3750 L-183 2,076 -492.40 -1.92 0.0629
L-167 2,924 212.71 0.83 0.4128 L-189 2,028 -531.79 -2.07 0.0454
L-204 3,032 259.02 0.79 0.4359 175 2,026 -533.44 -2.08 0.0448
L-048 2,910 20118 0.78 0.4384 L-047 2,011 -546.06 -2.13 0.0402
C. Achagua 8 2,837 140.08 0.55 0.5887 L-106 1,985 -567.57 -2.21 0.0334
L-217 2,875 147.07 0.45 0.6573 L-180 1,377 -918.42 -2.79 0.0082
L-150 2,789 100.82 0.39 0.6969 L-229 1,380 -916.17 -2.79 0.0084
L-215 2,811 101.94 0.31 0.7583 L-107 1,803 -719.40 -2.8 0.0080
L-082 2,141 60.20 0.23 0.8160 L-216 1,762 -753.15 -2.93 0.0057
L-056 2,695 22.11 0.09 0.9319 182 1,637 -856.78 -3.34 0.0019
Soyica P-34 2,658 -8.48 -0.03 0.9738 L-002 117 -1102.91 -3.35 0.0018
L-147 2,638 -24.94 -0.1 0.9232 L-078 1,523 -951.85 -3.71 0.0007

BLUP: best linear unbiased predictor; Standardized BLUP: BLUPe=BLUP/prediction error; P>| t |: t-value probability; GY: grain yield (kg ha™).

The correlation between grain yield (GY) and BLUP predic-
tors was 0.997, and the BLUPe value was 0.985, meaning
that phenotypic selection and predicted values are equally
effective for selection in the target population. However,
there is no doubt that BLUPe is very useful when deciding
about the upper lines, mainly when the data are unbal-
anced, while Tukey’s (5%) mean comparison test did not
allow the precise discrimination of the lines. Several re-
searchers have shown significant and positive correlations

between predicted genetic and observed yield values (Ca-
sanoves & Balzarini, 2002; Milla-Lewis & Isleib, 2005), a
highly dependent situation on trait heritability.

Grain yield showed a genetic variance of 381,356 (P<0.01),
an error variance of 137,426 (P<0.01), a heritability value of
84.7%, and 92% efficiency in selecting the best lines, consis-
tent with Falconer (1981), where the selection of lines for their
phenotypic values is effective when the heritability is high
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FIGURE 1. BLUPe vs. grain yield of various soybean lines/varieties, Orinoco region, 2020.

In this sense, Souza et al. (2000) finds that when heritability
is low or very low, the correlation between genetic values
predicted by BLUP and phenotypic values is also low. If
heritability is moderate, the genetic values obtained by
BLUP will allow a better classification of genotypes than
the phenotypic values for a more efficient selection.

Generally, the genotypic variance in its optimal environ-
ment in soybean is higher than in stress environments.
However, Ceccarelli (1989) states that even when the
heritability of a specific trait in a stressful environment
is always lower than in the optimal environment, this
is not clear evidence that selection should be conducted
only in optimal environments. Therefore, following the
criteria stated by Allen et al. (1978) concerning heritability
and how to conduct selection, promising lines should be
subjected to multi-environment trials to identify the more
stable and profitable ones for farmers in the Colombian
Orinoco region.

Hydric balance vs. grain yield

During the experimental crop cycle, precipitation was
variable in frequency and intensity, reaching a total volu-
me of 618 mm from sowing to harvest, close to the water
requirement of the crop in the Orinoco of 350 mm and
550 mm (Almansa, 2006). The hydric balance (Fig. 2)
diagram elaborated for soybean in the study site showed
a marked variability when excesses and deficits occurred.
Although the excesses in the Colombian Orinoco are more
noticeable in the first semester of the year and the deficits
in the second semester, it is frequent to observe marked
variations in the same semester. These variations in water
resource availability affect plants according to the moment
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of occurrence of the stress and the genotype. In general,
the lines similar to the early control C. Superior 6 with
DM between 81 and 84 and with a determined or semi-
determined GH were highly affected by a water deficit of
13.87 mm between September 15 and 21, and very marked
on September 17 and 18 (3.9 and 4.7 mm, respectively), with
temperatures above 31°C, coinciding with the reproductive
phase of the beginning of pod formation (R3). Almansa
(2006) determines that soybean cultivation consumes 4.5
mm of water per day, and an absence of rain for four days
makes irrigation necessary. According to Giménez (2014),
severe water deficiencies can produce very substantial yield
losses (40% or more), mainly when they occur in the critical
period of pod formation and filling (Fehr & Caviness, 1977,
Sawchik et al., 2013). If the water deficit occurs between
R3-R5, it significantly affects the number of grains, and if it
does so later, it affects the weight of the grains. Additionally,
high temperatures with water deficit during flowering and
grain filling cause physiological changes such as stomatal
closure that in turn causes premature leaf and flower drop,
embryonic abortions, pod drop, and reduced grain yield.

Water excesses in the filling phase and physiological ma-
turity were also decisive when selecting promising lines.
In this sense, the control variety C Primavera 11 with a
semi-determined GH and an intermediate cycle (102 DM),
although it reached a GY of 3,556 kg ha’, also showed
high foliar retention and a non-uniform population that
negatively affected harvest and grain quality. Carvajal et al.
(2017) find that alternate periods of wetting and drying the
grains inside the pods result in a marked grain or future
seed deterioration. In contrast, the selected lines used in
this research had uniform maturity and drying.

Agron. Colomb. 40(2) 2022
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It is indisputable that the significant differences in GY
between lines and varieties are due to the genetics and
physiology of the plants in response to local environmental
conditions, particularly associated with water and thermal
availability. These occur during plant development and
differentially influence cultivars according to their early,
intermediate, or late cycle, also dependent on the moment
of occurrence and intensity of the stress, the genotype, and
its photoperiodic sensitivity (Sawchik et al., 2013). There-
fore, a timely sowing date, adequate plant population, and
water and nutrient availability in the critical phases (R3-R6)
will maximize grain production.

It is essential to highlight that in the edaphoclimatic
conditions of Orinoquia the selection of very precocious

genotypes can reduce plant growth and final grain yield. In
contrast, in the very late genotypes, the maturity of the pods
is ostensibly delayed, favoring the incidence of diseases,
pests, weed competition, and poor seed quality due to the
variable occurrence of rainfall after maturity. The selected
lines have as a comparative advantage an intermediate rip-
ening period (88-105 d after emergence), uniform drying,
and good grain quality. Some morphoagronomic traits of
the promising lines are presented in Table 3.

The subsequent evaluation of these lines in MET should
guarantee the genotype-by-environment interaction (GxE)
assessment to select the future phenotypically stable variety
or varieties with a higher genetic potential to be cultivated
in Oxisols of the Orinoquia region. However, although

TABLE 3. Morphoagronomic traits of selected soybean lines from the Research Center La Libertad, Orinoquia, 2020.

Line/Variety FC PC GH DF DM H (cm) NN
-019 W B SD 53 105 64 16
L-041 P B I 36 88 103 18
L-104 W G D 39 89 60 13
L-149 P B I 38 88 92 18
L-201 P B I 37 97 109 22
L-202 W G I 37 97 100 20

FC: flower color [(white (W) and purple (P)]; PC: pubescence color [(brown (B) and gray (G)]; GH: growth habit: [determinate (D), semi-determinate (SD), and indeterminate (I)]; DF: days to
flowering; DM: days to physiological maturity; H: average plant height at maturity; NN: average number of nodes.
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there was broad variability in the population of soybean
lines/varieties under study, the genetic base of the genetic
breeding program remains narrow. Access to foreign germ-
plasm and the implementation of moderate genotyping
and high-performance phenotyping tools are necessary to
accelerate the genetic gain of future cultivars for current
and potential areas of Colombia through genomic selection.

Conclusions

The application of mixed models using the REML/BLUP
procedure allowed the generation of a standardized pre-
dictor (BLUPe) useful for the effective classification and
selection of potential lines or varieties due to the high
genetic merit obtained. With a heritability of 84.7% for
GY and a selection pressure of 10%, six lines with positive
BLUPe values > 2.52 and grain yields higher than 3,519 kg
ha! were identified: L-019, L-041, 1.-104, L-149, L-201, and
L-202. These lines have an intermediate period to physi-
ological maturation of 88-105 d after emergence, uniform
drying, and good grain quality. These lines will be sub-
jected to multi-environment yield trials to determine their
phenotypic stability and select the line or lines with the
highest genetic potential for ICA registration as a variety
or varieties for the Colombian Orinoco.
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Combining ability and selection of wheat populations
for a tropical environment

Aptitud combinatoria y seleccion de poblaciones de trigo para un medio ambiente tropical

Henrique Caletti Mezzomo"", Cleiton Renato Casagrande’, Caique Machado e Silva',
Gabriel Wolter Lima', Aluizio Borém', and Maicon Nardino'

The selection of segregating populations with the potential for
derived lines is essential for breeding programs. The present
work analyzes the potential of tropical F, wheat (Triticum aes-
tivum L.) populations originated from complete diallel cross
combinations. For this purpose, eight tropical wheat cultivars
were combined in a complete diallel design in 2019 after F,
seeds were multiplied in a greenhouse and the seeds of 56 F,
populations, plus the eight parents, were evaluated in the field
in Vigosa, MG, Brazil in the winter harvest of 2020 using a
simple lattice design (8x8). The trait scores of (1) severity of tan
spot (Pyrenophora tritici-repentis), (2) severity of wheat head
blast (WHB) (Magnaporthe oryzae pathotype Triticum), (3)
days to heading, (4) spike height, (5) and total grain weight of
the plot were evaluated. We performed a diallel analysis using
mixed models to obtain the effects of general combining abil-
ity (GCA), specific combining ability (SCA), and estimation of
population genotypic values. The additive effect predominated
for the control of all traits, except for spike height. There were
greater GCA effects for the set of parental maternal plants.
Heritability, in the narrow sense, ranged from 0.20 (blast) to
0.66 (heading). There was an effect of maternal GCA for all
variables, while for paternal GCA the effect was only for days
passed for head and total grain weight. Populations derived
from the cultivars TBIO Aton, TBIO Ponteiro, and TBIO Sos-
sego had lower disease severity, while the combinations from
BRS 254, BRS 264, and BRS 394 had earlier maturation time.
The most promising combinations to derive lines for the set of
traits were BRS 254 x CD 1303, BRS 394 x TBIO Aton, TBIO
Aton x BRS 254, CD 1303 x BRS 254, and CD 1303 x BRS 264.

Key words: additive effect, diallel analysis, mixed models,
segregating population, Triticum aestivum L.

La selecciéon de poblaciones segregantes con potencial para
derivar lineas es esencial para los programas de mejoramiento.
El presente trabajo presenta el potencial de las poblaciones
tropicales de trigo F, (Triticum aestivum L.) generadas a partir
de combinaciones de cruces dialélicos completos. Para ello,
se combinaron ocho cultivares de trigo tropical en un disefio
dialélico completo en 2019 después de multiplicar semillas
F, en invernadero y se evaluaron en campo las semillas de 56
poblaciones F,, mas los ocho progenitores, en la cosecha de
invierno de 2020 en un disefio reticular simple (8x8) en Vicosa,
MG, Brasil. Se evaluaron las variables: severidad de la mancha
amarilla (Pyrenophora tritici-repentis), severidad del tizon
(WHB) (Magnaporthe oryzae pathotype Triticum), nimero de
dias hasta embuchamiento, altura de la espiga y peso total de
grano en la parcela. El analisis dialélico se realizé utilizando
modelos mixtos para obtener los efectos de capacidad com-
binatoria general (GCA), capacidad combinatoria especifica
(SCA) y estimacion de valores genotipicos de la poblacion. El
efecto aditivo predomind para el control de todas las variables,
excepto para la altura de la espiga. Hubo mayores efectos de
GCA para el conjunto de plantas madres progenitoras. La he-
redabilidad, en sentido estricto, oscil6 entre 0.20 (tiz6n) y 0.66
(embuchamiento). Hubo efecto de la CGA materna para todas
las variables, mientras que para la CGA paterna solo para nu-
mero de dias hasta embuchamiento y peso total de grano en la
parcela. Las poblaciones derivadas de los cultivares TBIO Aton,
TBIO Ponteiro y TBIO Sossego presentaron menor severidad
dela enfermedad, mientras que las combinaciones de BRS 254,
BRS 264 y BRS 394 presentaron un tiempo de maduraciéon mas
temprano. Las combinaciones mds promisorias para derivar
lineas para el conjunto de variables evaluadas fueron BRS 254
x CD 1303, BRS 394 x TBIO Aton, TBIO Aton x BRS 254, CD
1303 x BRS 254 y CD 1303 x BRS 264.

Palabras clave: efecto aditivo, analisis dialélico, modelos
mixtos, segregacion de poblacidn, Triticum aestivum L.
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Introduction

Because of its amount of protein and the possibility of
derived products, wheat (Triticum aestivum L.) is an im-
portant part of the human diet. It is currently the main
source of protein and carbohydrates for humans (Shewry
et al., 2016). In this context, wheat corresponds to 30% of
world grain production (United States Department of Agri-
culture - USDA, 2018). In Brazil, wheat production occurs
mainly in the southern region that generated about 90% of
the 6.2 million t produced in 2020 (Companhia Nacional
de Abastecimento - CONAB, 2021). Even so, Brazil needs to
importabout 5.8 million t of wheat (Conab, 2021). Pasinato
et al. (2018) point out that despite the low participation in
the total wheat production, the Cerrado region of Brazil is
a potential for production of this crop, increasing national
production. However, the expansion of agricultural fron-
tiers depends on the generation of cultivars adapted to new
locations, like the Brazilian Cerrado. National expansion
is fostered especially by the participation of wheat in the
country’s food security, since it is an affordable source of
nutrition for a large part of the population, especially those
with low-middle income. In addition, wheat is essential in
sustainable agricultural systems (Hickey et al., 2019).

The plant breeding pipeline depends on the formation
of segregating populations with a potential for selection.
To this end, it is necessary that parental lines concentrate
favorable alleles for the traits of interest, allowing the
production of superior individuals after hybridization
(Fasahat et al., 2016). In breeding programs, several segre-
gating populations are produced and evaluated. However,
only a small portion of them has the potential to obtain
superior genotypes. This slows the progress, because of
unsatisfactory segregating populations requiring work and
resources. Methodologies capable of making the process
more efficient are used, such as genomic selection (Merrick
et al., 2022) or diallel analysis. The latter is more suitable
to the reality of Brazilian public research, since the imple-
mentation of genomic selection is the enormous cost of
genotyping, as well as the need to develop infrastructure
for genotyping thousands of progenies (Juliana et al., 2020).

Diallelic analysis allows studying and selecting the best
combinations of parents through the evaluation of the gen-
erated progenies. This evaluation seeks to identify parents
with a high allelic complementarity. In addition, it allows
the determination of the predominant gene action in the
expression of a trait (Cruz et al., 2014). Some previous stud-
ies describe diallel analysis on wheat (Pimentel et al., 2013;
Pagliosa et al., 2017; Akel et al., 2018; Pelegrin et al., 2020).

The difficulty in obtaining a satisfactory number of seeds
in the F, generation limits the use of robust statistical
designs or a greater number of repetitions. Thus, genera-
tions with a greater seed availability, such as F,, can be
used efficiently in the diallel analysis of wheat, resulting
in accurate predictions (Masood & Kronstad, 2000). There
is also the mixed model methodology, where the use of
the best linear unbiased predictor (BLUP) that considers
components of variance estimated by restricted maximum
likelihood (REML), allows breeders to select and predict
genetic values efficiently and accurately (Resende, 2016).

It is common in wheat breeding programs to evaluate sev-
eral genotypes and select promising ones according to the
main traits of interest. When talking into account a large
number of traits, truncated and indirect selection is limited,
since it becomes efficient only for traits with high genetic
association. With the use of selection indexes, we seek to
obtain simultaneous gains for several traits, facilitating
decision-making for the selection of populations (Céron-
Rojas & Crossa, 2020). In addition, the gains are better
distributed among the set of traits considered important
for selection in the breeding program.

Studies on improvement of tropical wheat in Brazil are still
scarce and contrast with the need to achieve self-sufficiency
in wheat. According to Pereira et al. (2019), the great poten-
tial of wheat in tropical regions requires the development
of genotypes that are adapted to local climatic conditions
and show a desirable agronomic level. Thus, the objective
of this work was to select promising tropical F, populations
of wheat based on estimations of combining ability of elite
parent plants using REML/BLUP.

Materials and methods

Cultivar combinations

For crosses, eight wheat cultivars recommended for culti-
vation in the Brazilian tropical region (Registro Nacional
de Cultivares - RNC, 2022) were selected based on agro-
nomic parameters and technological quality of the flour
(Tab. 1). The cultivars were combined in a complete diallel
design, resulting in 56 hybrid combinations. The crosses
were carried out between August and October 2019 in a
greenhouse belonging to the Departamento de Agronomia
da Universidade Federal de Vicosa, in the state of Minas
Gerais, Brazil.

Generation advance

The seeds from crossings were harvested at physiological
maturity, manually treshed, and stored in a cold chamber.
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TABLE 1. List of wheat parents combined in a complete diallel arrangement to obtain segregating populations.

Code’ Description of parents

? 3 Parents Provenance Release year Class Cycle

A 1 CD 1303 Coodetec 2016 Bread/ Improver Early

B 2 BRS 254 Embrapa 2005 Improver Early

C 3 BRS 264 Embrapa 2005 Bread Early

D 4 BRS 394 Embrapa 2014 Improver Early

E 5 TBIO Aton Biotrigo 2018 Bread Medium

F 6 TBIO Duque Biotrigo 2018 Bread/Bleacher Early

G 7 TBIO Ponteiro Biotrigo 2017 Bread Medium/Late
H 8 TBIO Sossego Biotrigo 2015 Bread Medium

Q: code for maternal parent; & code for paternal parent.

The F, seeds of each combination were sown in February
2020 in a greenhouse to advance the generation and pro-
duction of F, seeds. Harvesting was carried out in mid-May
2020. The spikes were trailed and the F, was sowed in a
field at the beginning of June 2020.

F, population evaluation

The field experiment was carried out during the 2020
winter at the Universidade Federal de Vigosa, Vicosa, MG,
Brazil experimental area (20°45°14”S; 42°52’55”W; 648 m
a.s.l.). The seeds harvested from F, plants (56 F, combina-
tions) and the eight parents comprised the 64 treatments.
These were sown in a simple lattice design (8x8), with 2
replicates. The experimental plots were composed of three
3 m long lines spaced 0.2 m apart, totaling plots of 0.6 m™.
The sowing density was ten seeds per linear meter, that is,
with spaced plants and following the pedigree conduction
method, as used by McVetty and Evans (1980).

Fertilization consisted of 300 kg ha™ of N-P-K (08-28-16)
plus a cover fertilization of 90 kg ha™ of N divided in two
phenological stages, 50% at the beginning of tillering and
50% in the heading phases 21 and 45, according to the scale
of Zadoks et al. (1974). The nitrogen source used urea (46%
N), totaling 200 kg ha"'. Chemical weed control was per-
formed using the active ingredient metsulfuron methyl at
adose of 5 gha™' of the commercial product approximately
20 d after plant emergence. For chemical control of aphids
(Metopolophium dirhodum and Sitobion avenae), the active

TABLE 2. Weather conditions during the growth season.

ingredient acetamiprid was used at a dose of 375 g ha of
commercial product at the post-anthesis phase. For dis-
eases, chemical control was not performed in order to verify
the natural reaction of the genotypes. The experiment was
carried out with sprinkler irrigation according to the water
needs of the genotypes. The climatic conditions of the field
assessment cycle are displayed in the Table 2.

Evaluated traits

The following traits were evaluated: severity of tan spot
(Pyrenophora tritici-repentis) following the scale proposed
by Lamari and Bernier (1989) (1 = resistant, 5 = susceptible),
wheat head blast (WHB) severity (Magnaporthe oryzae
pathotype Triticum) following an adapted scale, initially
proposed by Maciel et al. (2013) (1 = 0%, 12 = 100%). Days
to heading were evaluated in days began from the phase
10 (first leaf appearance after the coleoptile) to the phase
54 (half of inflorescences emerging from the sheath of the
flag leaf) following Zadoks et al. (1974). Spike height was
measured by a ruler graduated in cm from the base of the
plant to the spike insertion, and total weight of dry grains
of the plot was measured in grams using a precision scale.

Statistical analysis

Data were evaluated according to the methodology of
maximum restricted likelihood/best linear unbiased pre-
diction (REML/BLUP). To estimate the variance compo-
nents (REML), predict the genotypic values (BLUP), and
estimate the values of general combining ability (GCA)

Precipitation, Mean temperature,

Month

Maximum temperature,

Minimum temperature, Relative air humidity,

mm °c °c °c %
June 2.60 17.28 18.00 16.61 84.06
July 2.60 17.45 18.18 16.78 82.62
August 21.40 1717 17.97 16.40 78.53
September 30.20 20.64 21.50 19.84 71.67
October 184.40 21.54 22.16 20.97 78.45
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and specific combining ability (SCA), the model 192 of the
software Selegen-REML/BLUP was used (Resende, 2017).
It simultaneously fits one model for crosses and another
one for parents.

The following model was used to adjust intersections:
y=X+Z,+ W, +S;+ T, +e,

where y is the phenotypic vector, c is the fixed effect of the
general mean of crosses, p is the vector of effects of the
general combining ability of paternal (random) parents
(p~N(0, 0%)), m is the vector of effects of general combining
ability of maternal (random) parents (m~N(0,0m)), d is the
vector of effects of specific combining ability of (random)
crosses (d~N(0, 62,)), b is the vector of (random) block
effects (b~N(0, o)), and e is the vector of (random) error
effects and (e ~N(0, 63)). X, Z, W, S, and T are incidence
matrices for their respective effects.

The adjustment of effects of parents was performed using
the following model:

y=X,+H,+T,+e

where y is the phenotypic vector, u is the fixed effect of
the general mean of parents, p is the vector of additive
genetic effects of parents (random) (p~N(0, 0%)), b is the
vector of (random) block effects (b~N(0, ot)), and e is the
vector of (random) error effects (e~N(0, 0%)). X, H, and T
are incidence matrices.

The additive genetic variance (63) was estimated as follows:
62 ={[4/1 + F)] 62 +[4 (1 + F)] 64/2,

where o; is the genetic variance of paternal parents, 6z,
is the genetic variance of maternal parents, and F is the
inbreeding coefficient (F=1).

Variance due to dominance deviations (63) was estimated
according to the formula:

03 =[4/1+F)oZ,,

2 . . Py . o1
where 0y, is the variance of specific combining ability.

Heritability in the narrow sense (lAlﬁ) and dominance (}Alﬁ)
were estimated as follow:

A2 A2

A O3 04
2 2
hn = "y al‘ld hd = "y
OpFZ GpFZ

respectively, where (Aif,Fz is the phenotypic variance of the
populations evaluated.

The genotypic values (GV) of the F, populations were
expressed as:

VG =u+ GCA;+ GCA,,

where u is the general mean of the trait, GCA, is the value
of the general combining ability of parent i, GCA, is the
value of the general combining ability of parent j.

Simultaneous selection on genotype values (GV) of all the
evaluated traits was applied considering the selection of
20% of the superior populations. We calculated the mul-
tiplicative index (Subandi et al., 1973) according to the
following expression:

n
IS(i) = Hj:l Wi,

where I, is the multiplicative index for the populations
i; w;, = x;;— k;, where x;; the observed population value for
population i in trait j (VG), k;is the selection criterion for
the trait j assuming w; = 0, if x;; - k;> 0 for the traits tan
spot, blast, heading and spike height and if x; - k;< 0 for
the trait total weight. The k; is defined as the maximum
or minimum value established for each trait. In this study,
the criterion we adopted was the mean genotypic value of
the trait + genotypic standard deviation. For the traits that
satisfy the condition (k;), the value of the difference x; - k;
is used in productive (IT). Populations that do not meet the
criteria receive a value of zero, making I null, so it cannot
be selected. Statistical analyses were performed using the
software Selegen REML/BLUP (Resende, 2016) and the
graphs were plotted using the software R (R Development
Core Team, 2020).

Results and discussion

Estimates of genetic parameters by REML

Table 3 shows a significance of 5% for the variance between
maternal parents (6Zc.) or for the general combining ability
for maternal parents for all analyzed traits. In turn, consi-
dering the paternal parents, the general ability to combine
paternal parents (6Zcs,), the traits of days to heading, and
total grain weight were significant. The specific combining
ability (6%..) only for the trait spike height was significant.
In general, there is a greater participation of additive effects
in relation to the effects of dominance. This is because
most traits have a higher significance for the effects of
GCA, either by the paternal or maternal parent, than for
the effects of SCA.
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TABLE 3. Estimation of genetic parameters for the traits tan spot (scale), blast severity (scale), days to heading (d), spike height (cm), and total
weight of dry grains (g) in 64 tropical wheat genotypes and average genotypic values of maternal parents (¥) and paternal parents (3).

Parameter Tan spot WHB Days to heading Spike height Total grain weight
Olcam 0.28 0.17 15.03 4.27 1745.85
Occp 0.03 0.00 4,69 0.56 975.31
Oicn 0.01 0.01 2.05 10.51 100150
o 0.00 0.04 0.08 0.05 2746.58

o; 0.32 0.18 21.78 15.32 3722.66
o7 0.31 0.17 1973 482 272116
o7 0.01 0.01 2.05 10.51 1001.50
o; 0.00 0.01 0.18 0.01 16.93
o7 0.92 0.68 797 17.74 7125.84
O 1.24 0.86 29.93 33.08 10865.42
o 092 0.72 8.24 17.80 9889.34
i 0.23* 0.20* 0.50* 013 0.16*
2t 0.03" 0.00" 0.16° 0.02% 0.09*
oo 0.01 0.01" 0.07 0.32* 0.09
Crrens 0.00" 0.06 0.01" 0.00 0.28"
(o3 0.00" 0.01" 0.01™ 0.00" 0.00"
h2 0.25 0.20 0.66 0.15 0.25
h2 0.01 0.01 0.07 0.32 0.09
h? 0.26 0.20 0.73 0.46 0.34
f1a 0.51 0.45 0.85 0.68 0.59
Mean 1.86 1.57 65.91 75.33 48765

Genetic value

Parents Tan spot WHB Days to heading Spike height Total grain weight
? 3 e 3 @ ) ? 3 ? 3

A 210 1.93 1.77 1.57 68.34 66.74 75.33 75.33 54738  541.80
B 2.47 1.86 2.22 1.58 66.51 67.11 77.37 75.40 516.07  508.82
C 2.31 1.99 210 1.58 65.91 65.91 76.64 75.75 520.63  491.46
D 2.88 2.03 1.98 1.58 67.31 66.35 75.52 75.62 48765  487.65
E 2.01 1.90 1.63 1.58 69.60 68.43 75.74 75.46 528.08  521.73

F 218 1.95 1.85 1.58 68.96 67.66 75.94 75.54 502.97  501.63
G 1.86 1.89 1.69 1.58 71.81 67.85 76.24 75.73 508.31 493.98
H 1.94 1.91 1.57 1.57 70.52 68.04 79.23 75.66 49437 497.28
Mean 2.22 193 1.85 1.58 68.62 67.26 76.50 75.56 51318 505.54

* significant and ™ non-significant by the x? test at 5% probability; GGCAmf vamance}\of the GCA of the mateArnaI parents; OGLAP = variance (A)f the GCA of the paternal parents; 0% = vari-
eknzce of the SCA of the 52 populations; G,fm,: genotypic variance betweeg parents; ngf genetic variance; 037 additive genetic variance; 037 dominance variance; 01,27 block variance;
O, = error variance; Gpn phenotypic variance between F, populations; Op.....= phenotypic variance between parents; Cfu, = coefficient for determining the GCA effects of paternal parents
= = coefficient for determlnmg the GCA effects maternal parents C%.= coefficient for determining the SCA effects; Cr.= coefficient for determining the parents effects; G = coefﬂmem
for determining the block effects; h2= narrow-sense heritability; hi= heritability of values due to deviations in dominance; h broad-sense heritability; f..= accuracy; A= CD 1303; B= BRS
254; C= BRS 264; D= BRS 394; E= TBIO Aton; F= TBIO Duque; G TBIO Ponteiro; H= TBIO Sossego; WHB= wheat head blast.
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Both heritability in the narrow sense (ﬂﬁ) and in the broad
sense (h) obtained the highest values for the trait days to
heading. Such heritability, according to Resende (2002),
is considered moderate (0.15 < h® < 0.50) and high (h* >
0.50). According to the classification proposed by Resende
and Duarte (2007), the selective accuracy is classified as
moderate (0.40 < fi < 0.65) for tan spot, blast, and total
weight, and high (0.65 < fi. <0.85) for days to heading and
spike height.

The decomposition of the phenotypic variance component
of the F, populations (63,) (Tab. 3) into genetic variance
(0%), additive genetic variance (0z) and genetic variance due
to dominance deviations (07) allows verification of a greater
participation of additive effects in all traits with the excep-
tion of spike height, for which the variance of dominance
effects had the highest proportion. Ljubicic et al. (2017)
demonstrated predominant dominance effects when study-
ing productive variables in diallel analysis. When identify-
ing and selecting superior genotypes, oz is a fundamental
component to quantify the potential of populations (Cruz
et al., 2014). Its greater participation in the composition of
genetic variance allows using direct strategies to increase
the frequency of favorable alleles to a given trait. This also
happens with the presence of the significance of GCA ef-
fects in comparison with non-significant effects of SCA. In
this sense, it is noteworthy that 98.1% of variation effects
for the trait tan spot severity are due to GCA effects (6Zcan
+ Occsp), which is similar to blast severity (97.70%), as well as
days to heading (90.40%), and total grain weight (73.10%).
Spike height, in turn, differs from the others. There is a
greater share of effects of specific combining ability 0%, in
relation to GCA effects with ok, corresponding to 68.5%
of the variation. There are similar results when analyzing
wheat productivity (Pimentel et al., 2013; Pagliosa et al.,
2017), plant height, and days to heading (Akel et al., 2018).

Estimates of GCA and SCA

Figure 1 shows the estimates of the effects of general com-
bining ability (GCA) of each parent for each trait, whereas
Table 3 shows the means of each parent. Although with
different magnitudes, there was agreement between the
estimates of GCA effects for parents considering maternal
and considering paternal parents.

There were negative effects of GCA for the two disease se-
verity traits, tan spot and blast, for the parents CD 1303 (A),
TBIO Aton (E), TBIO Dugque (F), TBIO Ponteiro (G), and
TBIO Sossego (H). They ranged from -0.03 (TBIO Aton)
to -0.58 (TBIO Ponteiro) (Fig. 1A) and from -0.09 (TBIO
Dugque) to -0.39 (TBIO Sossego) (Fig. 1B) for tan spot and
blast. Still, among the traits in which negative GCA effects
are desired days to heading (Fig. 1C) the group of parents
belonging to the breeder company, Embrapa and Coodetec
showed negative GCA effects. These effects ranged from
-0.01 (CD 1303) to -4.23 (BRS 264). For spike height (Fig.
1D), only the parent TBIO Sossego had no negative GCA
effect considering both paternal and maternal parents. The
CD 1303, TBIO Aton, and TBIO Duque parents showed
negative GCA effects simultaneously for both maternal
and paternal parents.

In general, the effects of specific combining ability (SCA)
were of low magnitude (from -0.01 to 0.01) for both tan
spot severity (Fig. 2A) and WHB severity (Fig. 2B). Popu-
lations with negative SCA effects and the presence of at
least one parent with a negative GCA for these traits stood
out among ten F, populations for severity of tan spot and
five F, populations for severity of WHB (BI, C1, C8, D5,
and D7). For days to heading, 25 F, populations showed a
negative SCA effect (Fig. 2C) that varied from -0.03 (A3)
to -1.72 (G3). The total variation of the negative SCA ef-
fects for spike height was -7.99 (G2) to 4.39 (B5) (Fig. 2D).
However, when targeting populations with negative SCA
effects and at least one parent with a negative GCA, 24
populations stood out. The trait total grain weight (Fig.
2E), combining positive SCA and GCA effects, comprises a
group of 20 promising F, populations with a SCA variation
from 1.00 (F5) to 24.47 (A7).

The estimate of SCA of parents (A1, B2, C3, D4, E5, F6, G7,
and H8) (Fig 2A-E) showed an alternation of signals: for
tan spot and WHB, the SCA was zero. However, for days
to heading, the parents Al, D4, E5, and G7 had a positive
SCA, and the others had a negative SCA. For the trait spike
height, the parents who had positive SCA were D4, F6, G7,
and H8, while for total grain weight, the parents with posi-
tive SCA were Al, C3, E5, F6, and HS.

Mezzomo, Casagrande, Silva, Lima, Borém, and Nardino: Combining ability and selection of wheat populations for a tropical environment 179



A B

1.0
I:l 0.50
0.5
< 0.25
Suaat 1 ¥ |
-0.25

GCA
GC

-0.5
A B C D E F G H A B C D E F
Parents Parents
Gender Gender
[ Maternal [ Paternal [ Maternal [ Paternal
C D

F G H A B C D E F G H

Parents Parents
Gender Gender
[ Maternal [ Paternal [ Maternal [ Paternal
E
60 |
30 |

: Wm0 | ul

e
30
PG oM

A B C D E
Parents

Gender
[ Maternal [ Paternal

FIGURE 1. General combining ability (GCA) for tan spot severity (A), wheat head blast-WHB severity (B), days to heading (C), spike height (D), and
total grain weight (E) of eight tropical wheat parents by diallel analysis via REML/BLUP.

180 Agron. Colomb. 40(2) 2022



Maternal parent

> W O O m —m & I

Maternal parent

> W O O m T 4D T

Maternal parent

> W O O m T & I

0,01 Ho
0,01 001 001 G |
001001 002 i
<
S¢
g
001 £0
=
= ¢
B,
0.02 |01 A
12 3 4 5 6 1 8
Paternal parent Paternal parent
SCA SCA
0.02 0.01 0.000 0,01 0.02 0.01 0.000 001
- | -
c D
003 088 009 097 096 038 004 | 104 HI 12 2020 126 187 065 214 174
0.20 009 -018 -065 032 003 6 -103 [EEEY 26 344 119 79 1.96
044 033 03 012 028 084 TF{ 098 05 201 185 -038 151 0.71
138 082 101 053 018 026 064 el o061 025 077 224 809 003 099 -122
02 019 08 021 -06 -057 -031 045  §D| 832 017 288 056 i 032 282 017
0 072 008 024 -05 078 -009 -01  =C{ 03 -029 -138 -1.08 029 -181 234 125
084 013 105 08 037 039 013 059 B 235 019 103 109 12 072 | 389
083 043 003 076 047 08 064 -0.25 Al 24 157 038 -053 23 099 288
1 2 3 4 5 6 1 8 1 2 3 4 5 6 1 8
Paternal parent Paternal parent
SCA SCA
2 1 0 1 25 00 25 50 75
[ — = [ — =
E
854 349 598 1.48
20,76 X0 0.22
814 362 1132 1 86 -466 314
938 995 -109 473 352 921 1547
737 359 54 1041 598 568 -867 -3.21
565 228 1084 1167 -1446 306
102 -0.89 146 71 1243 -1253
1074 911 414 152 -832 (244 1322
1 2 3 4 5 6 1 8
Paternal parent
SCA
302 10 0 -0 20
[ =

FIGURE 2. Specific combining ability (SCA) for tan spot severity (A), whea head blast-WHB severity (B), days to heading (C), spike height (D), and
total grain weight (E) of eight tropical wheat parents by diallel analysis via REML/BLUP.

Mezzomo, Casagrande, Silva, Lima, Borém, and Nardino: Combining ability and selection of wheat populations for a tropical environment

181



Considering paternal parents, the lack of significance of
GCA effects for some traits (Tab. 3) showed that the mean
number of favorable alleles is similar between genotypes.
This may be because the parents used here were commercial
cultivars with already desirable agronomic traits; therefore,
they already shared a set of favorable alleles. The SCA was
expressed as a function of deviations in dominance and
genetic diversity between parents. Although there was
diversity between parents, the non-significance of SCA
effects for tan spot, WHB, days to heading, and total grain
weight could have been the result of a small contribution
of dominance effects on the expression of traits in the
evaluated generation (F,) in which heterosis was reduced
to half its initial value. Low contributions are stressed by
the low values of h by Pimentel et al. (2013), who also did
not observe a heterotic effect for productivity, although
other authors observe this in studies with durum wheat
(Akel et al., 2018).

In the improvement of self-pollinated species such as wheat,
the final selected progenie plants are homozygous lines,
which suggest the additive effects explained by the value
of heritability in the narrow sense }Alﬁ. Non-additive effects,
such as dominance deviation effects, make improvement
more complicated since their expression occurs in hetero-
zygous individuals. Along with the advance of generations,
heterozygosity reduces by half. Thus, the effects of additive
predominance reported in this work are satisfactory for
obtaining superior lines, confirmed by observing the values
of h2. Elias ef al. (1989) evaluate F, and F, populations of
wheat and observe a h2 mean of 0.73 for tan spot, a value
higher than that reported in the present study. However,
the generations considered in that study have a higher
degree of homozygosity, in which effects due to deviations
in dominance become insignificant, remaining only ad-
ditive effects. Juliana et al. (2020) find resistance to WHB
in 1.11 accessions of wheat from the germplasm bank of
the International Maize and Wheat Improvement Center
(CIMMYT) in different environments, and they report a h?
ranging from 0.49 to 0.87. Previous research analyze the h2
days to heading and plant height. The latter is correlated to
spike heightin F, poPulations of wheat (Afridi et al., 2017),
observing values of h of 0.35 for days to heading and 0.45
for plant height. Pimentel et al. (2014), in turn, studying the
h2of grain productivity in F, populations of tropical wheat
report a h2 of 0.01, lower than that of the present study.

Selection based on GCA and SCA

Considering that scales of tan spot and wheat head blast
(WHB) scores used in the study considered resistant
plants those with the lowest scores, we recommend the
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selection of parents with a negative GCA. Thus, the
maternal parents TBIO Aton, TBIO Ponteiro, and TBIO
Sossego (Fig. 1A-B) contributed more to reduce the mean
of severity scores of tan spot and WHB. When those
parents participated in crosses as pollen-donor parents,
there was a greater probability to give rise to superior-
health populations. In contrast, the genotypes from
Embrapa (BRS 254, BRS 264, and BRS 394) showed GCA
effects with greater negative magnitudes (Fig. 1C), for an
earlier maturation cycle. Casagrande et al. (2020) report
similar results when studying the genetic diversity of 32
tropical wheat genotypes. The cultivars from Embrapa
show earlier maturation when comparing to cultivars
from Biotrigo seed company, in contrast, those with a
long cycle showed greater health.

With respect to spike height and total grain weight (Fig.
1D), only the parents CD 1303 and TBIO Aton had the ef-
fects of paternal GCA and maternal GCA. It was negative
for spike height; however, a height reduction is desired for
these parents in order to avoid lodging, especially in irri-
gated areas of the Brazilian Cerrado (Richards et al., 2019).
The result was also a positive GCA for total grain weight
(Fig. 1E). GCA refers to the mean performance of the par-
ent present in hybrid combinations. Thus, it is associated
with genes with additive effects; in turn, SCA designates
cases in which hybrid combinations are superior or inferior
than expected based on the mean parents performance and
their gene complementarity, since SCA depends on genes
with dominant effects and on their interactions (Fasahat
et al., 2016).

The estimation of parent’s SCA effects is relevant because
it becomes an indicator of the existence or not of unidirec-
tional dominance. SCA values are negative when domi-
nance deviations are predominantly positive; otherwise,
they are positive (Cruz et al., 2014). The discrepancy in
the SCA values of parents observed in the present study
for the traits days to heading, spike height, and total
grain weight, (that is, positive and negative values of
SCA) points to the absence of unidirectional dominance
for these traits. Therefore, dominant and recessive genes
determine the traits.

The aim of breeding programs is based not only on the im-
provement of one trait but also the selection of progenies
that present the combination of desirable traits. However,
depending on the number of genes that control a trait, it
becomes difficult to find a homozygous genotype that in-
cludes all genes for all selected traits. Thus, it is necessary
to select segregating populations that have such desirable
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traits, such as populations that have desirable SCA effects
for each trait and that bring together at least one of the
parents with desirable GCA effects (Chagas et al., 2019).

In this sense, three combining populations have desirable
SCA effects (Fig. 2) for most selected traits, namely, Bl
(BRS 254 x CD 1303), D5 (BRS 394 x TBIO Aton), and
E2 (TBIO Aton x BRS 254). Bl and D5 combine the traits
WHB lower severity, days to heading, spike height, and
total weight, while the F,E2 population differs in relation
to the first trait: it is resistant to tan spot. Another six
F, populations stand out for combining SCA effects for
three other traits, as follow: A2 (CD 1303 x BRS 254), A4
(CD 1303 x BRS 394), A7 (CD 1303 x TBIO Ponteiro), F2
(TBIO Duque x BRS 254), F3 (TBIO Duque x BRS 264),
and G1 (TBIO Ponteiro x CD 1303). Different previous
studies report efficiency in the use of diallel analysis to
select promising wheat populations (Sharifi et al., 2019),
so it is worth recommending these populations.

Simultaneous selection

As a second criterion for selecting the most promising
populations, the genotypic value (GV) shown in Table 4
in which the simultaneous selection methodology used
is based on the method of Subandi et al. (1973). Adopting
a selection pressure of 20%, 13 best populations were se-
lected, the gain with selection was suitable for all traits:
6.84% for tan spot severity, -5.98% for WHB severity,

0.00% for days to heading, -1.37% for spike height, and
6.28% for total grain weight with a total gain of 20.57%.

The average of the selected populations (X;) was 2.13 tan
spot severity, 1.77 for blast severity, 76.988 cm for spike
height, and 561.86 g for total weight. Considering the sever-
ity scales proposed by Lamari and Bernier (1989) (tan spot)
and by Maciel et al. (2013) (WHB), these selected popula-
tions are considered resistant or moderately resistant. The
average of the populations selected for heading, 0of 69.573 d,
is inferior to commercial cultivars CD 1303, BRS 254, BRS
264, BRS 394 and TBIO Duque that are considered early
cycle (Tab. 1). The superior performance of these selected
F, populations, even in a state of segregation, demonstrates
the potential for derivation of superior lines since there are
of transgressive individuals.

When considering the simultaneous selection by Subandi
et al. (1973) and the selection based on the values of GCA
and SCA, the populations F, A2 (CD 1303 x BRS 254), A4
(CD 1303 x BRS 394), A7 (CD 1303 x TBIO Ponteiro) and
E2 (TBIO Aton x BRS 254) were selected on both ways.
These populations have desirable genetic values for all
traits, i.e., values of tan spot and WHB severity, days to
heading, and plant height below the general mean, and
total grain weight above the mean of the populations.
Therefore, the selection for the derivation of lines is
promising.

TABLE 4. Estimates of original average (X,) and average of selected populations (Xs), selection differential (SD), selection gain (SG), and selection
gain in % (SG%) in the simultaneous selection for 10 superior tropical wheat populations F, for the traits: tan spot severity (%), wheat head blast-

WHB severity (%), days to heading (d), spike height (cm), and total grain weight (g).

Trait X, X SD SG SG%
Tan spot 2.30 213 -0.16 -0.07 -6.89
WHB 1.88 1.78 -0.11 -0.06 -5.61
Days to heading 69.57 69.21 -0.36 -0.01 -0.52
Spike height 78.06 76.59 -1.47 -0.02 -1.88
Total weight 528.64 564.41 35.77 0.07 6.77
Total 2067
Population Tan spot WHB Days to heading Spike height Total grain weight
CD 1303 215 177 69.57 75.74 612.28
CD 1303 x BRS 254 2.02 1.84 68.93 75.98 565.11
CD 1303 x BRS 264 2.27 1.83 67.48 7744 549.47
CD 1303 x BRS 394 2.32 1.82 67.88 76.60 553.94
CD 1303 x TBIO Aton 213 1.79 7114 75.66 574.34
CD 1303 x TBIO Ponteiro 210 1.80 70.09 76.42 577.97
TBIO Aton x CD 1303 2.05 1.72 69.96 77.52 592.31
TBIO Aton x BRS 254 1.95 1.65 69.70 76.93 543.73
TBIO Aton x BRS 264 2.09 1.67 68.32 77.21 523.26
TBIO Dugue x BRS 254 2.23 1.91 69.06 76.36 551.68
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Conclusions

The additive effect predominates in the genetic control of
tan spot severity, blast severity, days to heading, and total
grain weight. The effect resulting from dominance devia-
tions predominates in the genetic control of the trait spike
height. There are greater GCA effects for the set of maternal
parents compared to GCA effects for the set of paternal
parents. Populations derived from the parents TBIO Aton,
TBIO Ponteiro and TBIO Sossego have a greater potential
for obtaining superior lines with lower disease infection,
while populations from the parents BRS 254, BRS 264, and
BRS 394 have a greater potential for showing early matura-
tion cycle lines. The most promising populations to derive
lines for the set of traits evaluated are BRS 254 x CD 1303,
BRS 394 x TBIO Aton, TBIO Aton x BRS 254, CD 1303 x
BRS 254 and CD 1303 x BRS 264.
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Genetic improvement of faba bean (Vicia faba L.) genotypes
selected for resistance to chocolate spot disease

Mejoramiento genético de genotipos de haba (Vicia faba L.) seleccionados
con resistencia a la enfermedad de la mancha chocolate

Hany Elsayed Heiba', Elsayed Mahgoub?, Ahmed Mahmoud?, Mostafa Ibrahim', and Ehab Mawad Badr Mahdy**

Inter-varietal hybridization is a powerful tool for genetic
improvement and production of new genotypes for a trait
of interest. Four parents of faba beans (Vicia faba L.) were
hybridized using agromorphological and molecular charac-
terization to obtain genotypes resistant to the chocolate spot
disease. The study was done at the Nubaria Research Station,
Giza, Egypt. Eight traits including resistance to chocolate spot,
days to flowering, plant height (cm), number of branches/
plant, number of pods/plant, number of seeds/plant, 100-seed
weight (g), and seed yield/plant were estimated during the three
growth seasons of 2016/2017, 2017/2018, and 2018/2019. Genetic
parameters revealed by RAPD and ISSR markers assessed the
genetic variation of genotypes with their generations. Crosses 1
(P, “Nubaria-1” x P, “Sakha-1”), 2 (P, “Nubaria-1” x P, “TW),
and 3 (P, “Nubaria-1” x P, “Camolina”) revealed high resistance
to disease with high yield. Markers patterned specific loci of
resistant parents at a length of 360, 470, 450, 660, and 140 bp
in RAPD and 1100, 810, 650, 700, 480 bp in ISSR. Inter-varietal
hybridization between the resistant and susceptible genotypes
is considered one of the most promising methods to obtain
germplasm with resistance and high yield.

Key words: hybridization, ISSR, genetic resistance, plant
breeding, RAPD, yield components.

Lahibridacion intervarietal es una herramienta poderosa para
el mejoramiento genético y la produccion de nuevos genotipos
prometedores para un rasgo de interés. Cuatro progenitores de
haba (Vicia faba L.) fueron cruzados para obtener genotipos
resistentes a la enfermedad de la mancha chocolate mediante
caracterizacion agromorfoldgica y molecular. El estudio de
campo sellevo a cabo en la Granja Experimental de la Estacion
de Investigacion de Nubaria, Giza, Egipto. Se estimaron ocho
caracteristicas, incluidas el grado de resistencia a la mancha
chocolate, los dias a floracidn, la altura de planta (cm), el nu-
mero de ramas/planta, el nimero de vainas/planta, el nimero
de semillas/planta, el peso de 100 semillas (g) y el rendimiento
de semillas/planta, durante las tres temporadas de crecimiento
de 2016/2017,2017/2018 y 2018/2019. Los parametros genéticos
se estimaron mediante marcadores RAPD e ISSR para evaluar
la variacion genética de los genotipos con sus generaciones. Los
cruces 1 (P, “Nubaria-1” x P, “Sakha-17), 2 (P, “Nubaria-1" x P,
“TW?”) y 3 (P, “Nubaria-1” x P, “Camolina”) revelaron alta
resistencia a la enfermedad de la mancha chocolate con alto
rendimiento. Los marcadores modelaron loci especificos de
padres resistentes a una longitud de 360, 470, 450, 660 y 140 pb
en RAPD y 1100, 810, 650, 700, 480 pb en ISSR. La hibridacién
intervarietal entre los genotipos resistentes y susceptibles es
considerada uno de los métodos mas promisorios para obtener
germoplasma con resistencia y alto rendimiento.

Palabras clave: hibridacién, ISSR, resistencia genética,
fitomejoramiento, RAPD, componentes de rendimiento.

Introduction

Faba beans (Vicia faba L.; 2n=12) are one of the most com-
mon field pulses in Egypt (Bakry et al., 2011; Mohamed et
al., 2012) and one of the oldest crops cultivated worldwide
(Link et al., 1995; Zong et al., 2009). They belong to the
Fabaceae family, the subfamily of Papilionoideae, and the

Received for publication: April 14, 2022. Accepted for publication: August 4, 2022.

tribe of Viceae (Duc, 1997). Faba beans are consumed for
their green pods and dried seeds (Duc et al., 2010). They
are considered a main source of cheap protein and energy
in Africa and some parts of Asia and Latin America, where
many people cannot afford a meat source of protein (Duc,
1997; Alghamdi, 2009).
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A fungal disease called chocolate spot, caused mainly by
Botrytis fabae (Sardina) and by B. cinerea (Pers.), is one of
the most damaging diseases to this plant (Harrison, 1988;
El-Komy et al., 2015; Haile et al., 2016; Aguilar-Luna et
al., 2021). Symptoms oscillate from some spots on leaves
to complete covering of the plant. Under severe condi-
tions, the disease spreads from affected leaves into stems,
flowers, and pods, causing damages (Bernier et al., 1993;
Rahman et al., 2002; Villegas-Fernandez et al., 2012; Haile
et al., 2016). Various approaches are employed to control
the disease, including genetic improvement (Wilson, 1937;
Sahile et al., 2008; Abou-Zeid & Hassanein, 2000; Aguilar-
Luna et al., 2021).

Quantitative trait loci (QTL) utilizes our knowledge of the
effect of genetic control tools for selection in crop breed-
ing programs. Various approaches are used for selecting
promising traits, especially those for adapting to the local
environment (Mahdy & El-Sharabasy, 2021). Phenotypic-
revealed markers assess genetic diversity and performance
of germplasm versus the attribute (Mahdy, 2012). These
markers are based on visual observations (El-Sharabasy
et al., 2021; Mahdy & El-Sharabasy, 2021) and screen the
quantitative traits to increase field crop production.

PCR (polymerase chain reaction) - based markers are
applied for genetic improvement and breeding, genetic
diversity, and genetic relationships (Chen et al., 2008;
Tomas et al., 2016). PCR is fast, reproducible, simple, and
low-cost procedure. PCR-based markers are very practical
in multi-disciplines, including genetic diversity and genetic
improvement programs (Gonzalez et al., 2005). Various
PCR-based markers were applied on crops, i.e., Random
Amplified Polymorphic DNA (RAPD) (Link et al., 1995),
Inter-simple Sequence Repeats (ISSR) (Terzopoulos & Be-
beli, 2008; Aguilera et al., 2011; Abdel-Razzak et al., 2012;
Mahdy, 2012; Asfaw et al., 2018) on jew’s mallow, Restric-
tion Fragment Length Polymorphism (RFLP) (Torres et
al., 1993), Start Codon Target (SCoT) (Mahdy et al., 2021)
on cowpea, and Conserved DNA-Derived Polymorphism
(CDDP) (Ghazzawy et al., 2021) on date palm.

We chose four faba bean parents for (1) improving genetic
resistance against the chocolate spot, (2) determining the

TABLE 1. Pedigree and origin of four parents.

genetic variations, (3) evaluating the performance under
the infection of chocolate spot, (4) measuring genetic
distance, and (5) generating a molecular profile using
agromorphological traits and RAPD markers.

Materials and methods

Faba bean materials, planting, and field experiment

Four parents, as shown in Table 1, were sown on the
experimental farm at the Nubaria Research Station,
Agricultural Research Center (ARC), Egypt, during the
seasons of 2016/2017, 2017/2018, 2018/2019, to evaluate
their performance via the measurement of agromorpho-
logical traits. There is a high incidence of chocolate spot
disease in Nubaria; moreover the disease is spread widely
in the northern region of the Nile Delta of Egypt, with
low temperatures and high relative humidity (Khalil et
al., 1993). Four parents were hybridized in 2016/2017 to
secure F, hybrid seeds in the 2016/2017 season. In the
2017/2018 season, parents were re-hybridized; their F1
hybrids were grown in a randomized complete block de-
sign with three replicates under insect-free cages. In the
2018/2019 season, parents with F, and F, generations were
artificially inoculated with Botrytis fabae fungus, under
insect-free cages, then purified and identified according
to Morgan (1971). Each plot comprised six rows 3 m long,
with 0.60 m distance between rows, and 0.2 m between
mounds with two seeds in each.

Measurement of agromorphological traits

Eight traits were measured: plant height (cm), number of
branches/plant, days to flowering, seed number per plant,
pod number per plant, seed yield per plant (g), 100-seed
weight (g), and reaction to chocolate spot disease. An
assessment scale of response to chocolate spot disease
was estimated using a quantitative scale of 0-5, where
0 (very highly resistance) indicates no visible chocolate
spot, 1 (high resistance) indicates a few chocolate spots,
2 (resistance) indicates increased and scattered spots, 3
(moderately resistance) indicates larger spots , 4 (suscep-
tible) indicates necrotic spots reaching half of the leaf, 5
(highly susceptible) indicates majority of necrotic spots
and leaf abscission (ICARDA, 2005). Homogeneity of the

D Parents Origin Pedigree Botanical group Foliar disease reaction
P1 Nubariat Egypt Single plant selection form Giza Blanka Large Resistant

P2 Sakhat Egypt 620/283/85x716/724/88 Medium Resistant

P3 W Sudan Sudan Medium Susceptible

P4 Camolina Spain Imported from Spain Small Susceptible
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variance across environments was tested according to the
Bartlett test (Steel & Torrie, 1980). Parents and their F, and
F, hybrids were evaluated for the experiment traits and
measurements without reciprocal.

Molecular analysis

DNA extraction

DNA was extracted from twenty samples of the faba beans
(4 parents + 6 hybrids F,+ 10 hybrids F,) using the DNeasy
Plant Kit (Qiagen, Germany). Nanodrop was used to de-
termine the DNA concentration and quality.

PCR analysis

Six RAPD primers and five ISSR primers were used to de-
tect the polymorphism among the twenty samples, which
were synthesized by Metabion Corp., Germany (Tab. 2).

The amplification reaction was done in 25 pl reaction vol-
ume containing 12.5 pl Master Mix (sigma), 2.5 pl primer
(10 pcmol), 3 pl template DNA (10 ng), and 7 pl dH,0, ac-
cording to Ibrahim et al. (2019). The PCR was processed
with a Perkin-Elmer/GeneAmp® PCR System 9700 (PE
Applied Biosystems, USA) adjusted to fulfill 40 cycles. The
initial denaturation cycle was for 5 min/94°C. Each was
at 94°C in 45 s for the denaturation step and 72°C in 60
s for the elongation step. The annealing temperature was
adjusted as in Table 2 for 50 s. The extension was adjusted
at 72°C in 7 min in the final cycle. The amplified prod-
ucts were run in a 1.5% agarose gel containing ethidium
bromide (0.5 pg ml") in 1X TBE buffer at 95 V. A 100 bp
DNA ladder (Promega, USA) was standardized to deter-
mine the PCR product sizes. Gel images were visualized
usinga UV transilluminator and photographed using a Gel

TABLE 2. List of primers and their nucleotide sequence.

No Name Sequence Temperature,°C
1 OPA-07 5'-GAAACGGGTG-3’ 36
2 0PA-10 5'-GTGATCGCAG-3’ 36
3 OPA-17 5-GACCGCTTGT-3' 36
4 OPB-05 5-TGCGCCCTTC-3' 36
5 0PG-19 5-GTCAGGGCAA-3’ 36
6 0PG-20 5-TCTCCCTCAG-3’ 45
7 ISSR-1 5-AGAGAGAGAGAGAGAGTC-3’ 45
8 ISSR-2 5-AGAGAGAGAGAGAGAGTG-3’ 45
9 ISSR-3 5'-ACACACACACACACACAT-3' 45
10 ISSR-4 5'-ACACACACACACACACTG-3' 45
11 ISSR-5 5-GTGTGTGTGTGTGTGTAG-3’ 45
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Documentation System (BIO-RAD 2000, USA). A binary
matrix as present (1) or absent (0) was scored for the PCR
products. The final data sets included both polymorphic
and monomorphic bands.

Statistical analysis

A randomized complete block design (RCBD) with three
replicates was used according to Gomez and Gémez (1984)
and analyzed using MSTATC computer software. Average
values and analysis of variance were conducted for all stu-
died traits of 20 faba bean genotypes (four parents: (1) P,,
(2) P,, 3) P,, (4) P,, six F, generation: (5) P,xP,, (6) P xP,,
(7) PxP,, (8) P,xP;, (9) P,xP,, (10) P,xP,, and ten F, gene-
ration: (11) P,xP,, (12) P,xP,(R), (13) P,xP,(S) (14) P,xP,(R),
(15) P,xP,(S) (16) P,xP;(R), (17) P,xP;(S), (18) P,xP,(R), (19)
P,xP,(S) and (20) P,xP, (SxS)) in each generation according
to Steel et al. (1997). The least significance difference (LSD)
test (P<0.05) was calculated (Steel & Torrie, 1980).

We calculated the number of total bands, unique bands,
polymorphic bands, and the percent of polymorphism. We
also estimated some genetic parameters. Shannon informa-
tion index was calculated {I=-1 x (p x Ln (p) + g x Ln(g))}
according to Shannon (1948). The observed number of
alleles (N,), effective number of alleles {N, = 1/ (p” + )},
Nei genetic diversity {h = 1 - £ (p* + ¢°)}, and Unbiased
Diversity {,h = (N / (N - 1)) x h)}; where p = band frequency
and g = 1 - p estimated according to Hartl and Clark (1997)
and Liu and Muse (2005). Nei’s genetic identity and dis-
tance used Nei (1972) and Nei (1978). Nei’s genetic identity
was calculated with the following formula: Neil = \/]]’% ,
A
where Jxy = XK, PixPiy, Jx = X5 Pix%, Jy = X5 Piy’.
Nei genetic distance was estimated with the formula
NeiD = —Inl, where I is the genetic identity. F-test was de-
termined trait-marker associations. Power marker software
V3.0 was fed. The association analysis selected markers
with a high P-value (P>0.01).

Results and discussion

Phenotype-based traits

The average values of the agromorphological traits were
calculated (Tab. 3). The results showed broad significance,
as evidenced by the characteristic ranges for chocolate spot
disease (1.30 to 5.63, resistant to susceptible, respectively),
days to flowering (40.80 to 63.66), plant height (93.30 to
131.66 cm), number of branches per plant (3.10 to 10.80),
number of pods per plant (25.46 to 111.36), number of seeds
per plant (83.13 to 295.83), 100 seed weight (47.30 to 137.20
g), and seed yield per plant (56.37 to 199.96).
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TABLE 3. Performance of growth and yield characteristics.

Genotypes Chocolate spot ﬂg:yesrit:g hei;:sr;::m) branyl:]é:/'planl poal:/.pl:fant seeh(li(;./glfam \:lg?glfte f;) vielsde/(:)‘liant
Parents
P 1.30 63.66 130.80 10.80 44.50 152.33 129.30 187.16
P, 1.87 42.93 112.20 4,50 42.33 131.73 100.36 132.70
Py 5.63 42.56 102.63 310 38.73 104.03 55.20 56.73
P, 5.40 40.80 102.17 510 46.56 137.80 47.30 64.93
F, generation
P,xP, 1.86 41.90 125.80 6.53 40.73 119.00 137.20 155.66
PxPy 2.73 51.83 127.47 5.63 4433 13213 93.26 129.00
P,xP, 2.20 44.96 126.10 7.56 82.46 250.86 78.10 199.96
P, %P, 2.30 46.63 119.13 5.90 67.46 205.20 71.83 147.96
P,xP, 2.86 44.63 111.90 6.96 98.50 295.83 62.53 181.20
P,sxP, 3.86 42.06 103.83 5.53 111.36 265.96 54.53 134.06
LSD s 118 3.33 5.35 1.03 9.27 35.34 7.61 30.35
F, generation
P,xP,(RxR) 1.73 50.20 131.66 6.90 47.40 147.30 13213 172.36
PxP5(R) 2.44 49.63 125.38 5.42 44.33 13213 93.26 129.00
P <Py (S) 3.53 47.00 122.20 4.20 25.46 83.13 76.40 62.60
P,;xP,(R) 2.22 49.43 136.18 7.56 73.58 242.08 78.16 169.88
PixP,(S) 3.53 48.63 132.43 6.56 53.86 175.73 76.40 123.06
P,xP;(R) 2.34 45.83 17.73 5.92 65.77 203.82 71.93 149.76
P, %P4 (S) 3.40 42.93 116.63 4.46 55.86 17313 70.46 119.80
P,xP,(R) 2.48 4513 113.82 5.87 91.73 276.91 61.84 171.68
P,xP,(S) 4.50 42.86 111.06 4.60 73.06 158.90 60.03 95.76
PyxP, (SXS) 5.20 43.33 93.30 5.36 61.40 181.70 51.90 93.50
LSDyg s 1.01 410 6.13 1.44 8.07 32.92 6.52 29.82

As shown in Table 3, Nubaria 1 recorded the highest mean
values of 100-seed weight, seed yield/plant, and plant height
(cm). Meanwhile, Camolina recorded a higher number of
pods/plant, seed/plant, and branches/plant than the other
parents. On the other hand, TW recorded the lowest mean
values of the number of pods and seeds per plant. The two
parents, Nubaria 1 and Sakha 1, gave the highest mean
values of plant height. The parents, Nubaria 1 and Sakha
1, were considered highly resistant; their estimated mean
values were (1.30 and 1.80) for chocolate spot infection.
The parents TW and Camolina had the highest susceptible
values (5.63 and 5.40) for the chocolate spot.

F, generation

The mean values of the sex-tested hybrids were calculated
(Tab. 3). Results indicated that the cross (P,xP,) had the
highest mean value of 100-seed weight (137.20 g). The two
crosses, P,xP, and P,xP,, produced the last cross. For plant
height, the crosses, P,xP, and P,xP,, had the highest mean
values (127.47 cm and 126.10 cm, respectively) of plant
height and the lowest value (103.83 cm) obtained from the
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cross (P,xP,). The genotypes Camolina, Sakhal, and TW
were the parents which flowered quickest. Also, cross P,;xP,
(41.90 d) was the cross which flowered quickest, followed by
the cross P,xP, with a mean value of 42.06 d. Concerning
the number of branches/plant, the results showed that three
crosses (P,xP,), (P,xP,), and (P,xP,) had the highest values.

Concerning the number of pods per plant, the parental
variety Camolina (P,) showed the highest mean value
(46.56), whereas cross (P xP,) gave the lowest number of
pods/plant. For the number of seeds per plant, the cross
P,xP, gave the highest mean value (295.83), followed by the
two crosses P,xP, (265.96) and P,xP, (250.86).

The two crosses (P,xP,) with 137.20 gand (P,xP,) with 93.26 g
had the highest mean of 100-seed weight and highest seed
yield per plant.

The highest seed yield per plant could be attributed to the
high number of seeds and seed weight/plant. The two men-
tioned crosses were the most promising for yielding ability
and tended to combine high seed yield and its components.
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F, generation

The cross (P,xP,) gave the highest mean values of the num-
ber of seeds per plant, seed yield per plant, and 100-seed
weight and gave the lowest infection value for chocolate
spot (1.73) (Tab. 3). The cross (P,xP;) had the lowest mean
values for number of pods per plant and number of seeds
per plant and the highest infection value of the cross P,xP,
(3.53). The cross (P;xP,) had alow mean value for 100-seed
weight, and the reaction for chocolate spot gave the highest
susceptible value (5.20).

Three crosses, P,xP,, P,xP,, and P,xP,, were the earliest
crosses for the flowering date. The cross (P,xP,) gave the
highest number of pods per plant, number of seeds per
plant, and the highest susceptible value for reaction choco-
late spot (4.50). The lowest values were scored by the two
crosses, P,xP, and P,xP,, which also gave the lowest value
for chocolate spot infection (3.53 and 3.40, respectively).
Those genotypes considered promising for chocolate spot
resistance and the best performing F1 crosses had mean
values slightly better than those of F, crosses in most of
the studied traits.

Significant differences among faba bean genotypes in all
studied traits were considerable evidence for the existence
of a suitable amount of genetic diversity valid for further as-
sessments (Ahmed et al., 2016; Abdalla et al., 2017; Hamza
& Khalifa, 2017; Abou-Zaid & El-Gendy, 2019; El-Abssi et
al., 2019).

TABLE 4. Polymorphism revealed by ISSR and RAPD markers.

The results suggest that these genotypes carry genes for
resistance to chocolate spot disease, coming from their
parents according to their pedigree (Tab. 1). Similar results
have been reported for faba bean yield traits and compo-
nents, as well as for disease resistance traits (Abid et al.,
2015; Zakaria et al., 2015; Beyene et al., 2016; Eldemery et
al., 2016; Belal et al., 2018; El-Rodeny et al., 2020).

Polymorphism revealed via RAPD markers

Performance among twenty faba bean genotypes was analy-
zed by PCR-based markers, RAPD and ISSR (Figs. 1-2).
Table 4 summarizes the data resulting from all analyzed
loci that resulted from 148 amplified fragments ranging
from 60 for ISSR and 88 for RAPD. The RAPD markers
ranged from 130-2000 bp while the ISSR markers oscillated
from 160-1500 bp. The polymorphism averaged a score of
74%, oscillating from 57% for ISSR to 74% for RAPD. RAPD
markers revealed a high percentage of polymorphism com-
pared with ISSR. The RAPD markers scored four positive
unique bands by the primer OPA-07. Unique bands were
at 1350 and 140 bp for P,xP, (F,), 920 and 130 bp for P,xP,
S and P,xP, S (F,), respectively. On the contrary, the ISSR
revealed negative unique bands across the F, generation.
The primer ISSR-1 scored a negative unique band at a dis-
tance of 160 bp (P,xP, R); ISSR-3 scored at 650 bp (P,xP,
R), 360 (P xP; S), and 250 bp (P,xP, R); and ISSR-5 scored
529 bp (P,xP, R).

Primers MW (bp) Total (AF) M, u,. U, P, P (%)
RAPD
0PA-07 130 -1350 19 5 4 0 14 74
0PA-10 160 - 1500 14 3 0 0 11 79
OPA-17 140 - 860 14 5 0 0 9 64
0PB-05 140 - 820 10 3 0 0 7 7
0PG-19 160 - 2000 15 2 0 0 13 87
0PG-20 180-1800 16 5 0 0 11 69
Total pupp 130-2000 88 23 4 0 65 74
ISSR
ISSR-1 1530 -1100 14 4 0 1 10 71
ISSR-2 170 - 800 12 6 0 0 6 5
ISSR-3 200 - 1500 14 4 0 3 10 71
ISSR-4 160 - 530 11 8 0 0 3 27
ISSR-5 239 - 950 9 4 0 1 56
Total 5 160 - 1500 60 26 0 5 34 57
Total 148 49 4 5 99 67

MW=molecular weight, AF=amplified fragment, M,=monomorphic bands, U,, =positive unique bands, U, =negative unique bands, P,=polymorphic bands, P=polymorphism percentage.
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FIGURE 1. Profiles of twenty faba bean genotypes revealed via RAPD.

Table 5 summarizes specific loci in parents segregated dur-
ing subsequent generations. These loci can be used directly
for the breeding program for resistance to chocolate spot
disease. RAPD markers patterned specific loci of resistant
parents at a length of 360 bp for OPA-07, 470 bp (P,), and
450 bp (P, and P,) for OPA-17, 660 and 140 bp (P, and
P,) for OPB-05. Primers, OPA-10, OPG-19, and OPG-20,
patterned specific loci of susceptible P, except the primer
OPA-17 owing to a specific locus for susceptible parent (P)
at a distance of 400 bp. ISSR patterned resistant specific
loci at alength of 1100 & 810 bp by ISSR-1, 650 bp by ISSR-
2, and 700 & 480 bp by ISSR-3 for parents 1 and 2. The
primers ISSR-2 and ISSR-5 patterned susceptible specific
loci at 800 & 170 bp for P, and P, and 390, 281 and 239 bp,
respectively. The primer ISSR-1 characterized P, only at a
length of 200 bp.

We found the RAPD markers showed higher polymor-
phism than the ISSR, in contrast to other results detected in
wheat (Nagaoka & Ogihara, 1997) and vigna beans (Ajibade
et al., 2000). Terzopoulos and Bebeli (2008) found 68%
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ISSR-5

FIGURE 2. Profiles of twenty faba bean genotypes revealed via ISSR.

polymorphism between the Greek faba bean populations
using eleven ISSR primers. Khalaf et al. (2015) found 73%
polymorphism between seven faba bean genotypes using
fifteen ISSR primers.

Genetic parameters, identity, and distance

Genetic parameters are vital for the efficiency of a mar-
ker technique used in discriminatory objects based on
polymorphism. The number of genetic parameters was
estimated to evaluate the informative and discriminatory
power during subsequent faba beans generation, as shown
in Table 6. Heterozygosity (h) averaged 0.18, oscillating
from 0.16 to 0.20 for RAPD, from 0.15 to 0.23 for ISSR,
and from 0.16 to 0.21 for both markers. h reveals impor-
tant polymorphism information content (PIC), with high
informative marker value.

The Shannon index (I) revealed an average 0f 0.271 for both
markers used. The RAPD markers ranged from 0.229 for
Parents to 0.304 for F1, with an average of 0.275. The ISSR
markers oscillated from 0.23 (F,) to 0.33 (F,), with an aver-
age of 0.266. The effective number of alleles (N,) of RAPD
markers ranged from 1.275 (Parents) to 1.311 (F)), while
ISSR revealed the range from 1.26 (F,) to 1.1 (F,), with a
grand average of 1.306.
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TABLE 5. Specific loci related to performance of resistance and susceptible genotypes.

Primer Mw Py Ps F, F,
OPA Q7 360  P,P, PP, PXP, PPy(R), PP, S, PP,
g 20— P, PP, PAP:S
810 P, PP, & PorP, PAPS & PP,S & PP.R & PP,
a0 P, - PP,S & PP,
OPA17 450  P,&P, - PP, & PXP, & PP, P.xP, & PXP,R & PxP.S & PxP R & PxP R
400 P, PP, PAP.S & PP & PP,
pgs 090 PER - PP, & PP, PP,S & PP,
140 P&P, - PP, & PP, PP, &P XP.R & PXP,S & PP,
2000 o - PPR
0PG-19 840 - P, X, & PP, PAP.R &PXP,S & PP & PP,
600 - P, PP, PAP.S
1500 P, PP, PP, & PP & PP,S
0P6-20 1050 - P, PP, PIPR & PP, & PP,
200 P, PAP&PXP,
1100 P,&P,  — PP, PPR
SR 810 P&P, PP, & PP, PP, & PXPR & PXP.S
200 P, PP, & PXP, & PP, & PP, & PP, PAPR &PXP,S & PXP.R & PR & PP,
PAPR & PXP:S & PXPR & PxP,S & PXPR & PXPsS & PPR &
800 P &P, PP, i
ISSR-2
650  P&P, PP, & PP, PP, & PPR & PXP,S
17— P&P, PP, PP,
. P.xP, & P.xP,R & P.xP,S & P.xP,R & P.xP,S & P,xP,R & P,xP,S &
ISSR-3 700 P, &P, PxP; & PxP, & P,xP; & P,xP, & P:xP, PXPR & PP,S
10 P, PxP, & P,xP, PAP, & PXP.R & PXP,R & PXP.R & PXP,S & PP,
PAPR&PXP.S & PXPR & PXP,S & PXP,R & PXP,S & P)XPR &
390 P, &P, PP, & PP, S P
SRS o1 pap, PP, & PP, PAPSS & PiP,S & PxPsS & PP R & PxP,S & PP,
289 - P,&P, PP, PAP.S & PXP,S & PXP.S & PiP,S & PP,

TABLE 6. Genetic parameters calculated among parents and their generations.

Generation Na Ne | He uHe %P
RAPD
p 1148 1.275 0.229 0.16 0.178 38
F, 1.568 1.311 0.304 0.20 0.213 64
F, 1.568 1.297 0.292 0.19 0.197 64
Total 1.428 1.294 0.275 0.18 0.196 56
ISSR
P 1.33 1.30 0.24 017 0.19 0.38
F, 1.38 1.26 0.23 0.15 017 0.42
F, 1.57 1.41 0.33 0.23 0.24 0.57
Total 1.428 1.324 0.266 0.18 0.199 4556
Grand markers
P 1.223 1.286 0.232 0.16 0183 39.19
F, 1.493 1.291 0.272 018 0194 5473
F, 1.568 1.342 0.309 0.21 0.216 60.81
Total 1.428 1.306 0.271 0.18 0.197 51.58

Na=number of alleles, Ne=effective number of alleles, I=Shannon index, He=expected heterozygosity, uHe=unbiased expected heterozygosity, and %P=percentage of polymorphism.
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Duc et al. (2010) reported an enormous genetic variability
for faba beans, useful for breeding purposes. The results
of h agree with those of Suresh et al. (2013), who recorded
PIC values of 0.45 in faba beans genotypes revealed by
developing 55 novel polymorphic cDNA-SSR markers.
Also, Oliveira et al. (2016) recorded PIC values from 0.07
to 0.66, with an average of 0.33. Hemeida (2008) used PIC
to evaluate the primer efficiency of ISSR and established
the relationships, and successfully discriminated among
the genotypes tested.

The difference between the mean diversity (4) of both
markers and between markers was undoubtedly due to mir-
ror inbreeding or selection method against heterozygotes.
The nature of used markers might be due to the level of
observed heterozygosity resulting in the non-detection of
homozygotes from heterozygotes because of the presence of
null alleles. The heterozygosity represents the direct count
of heterozygosity in the population and is estimated based
on the allele frequency of individuals in that population
according to the Hardy-Weinberg equilibrium. The PIC
evaluates the informative potential of markers in different
germplasm (Grativol et al., 2011; Mahdy, 2018). The h value
of a marker with many amplicons desirable for variation
splits into three main classes based on Botstein et al. (1980).
The PIC values are more than 0.5 for highly informative
markers, between 0.25-0.5 for reasonably informative
markers, and less than 0.25 for slightly informative mark-
ers. The Shannon information index (I) is one of the most
important genetic diversity measurements (Sherwin et al.,
2006). The effective number of alleles (N,) is a reciprocal of
gene homozygosity (Hartl & Clark, 1997). The N, is used as
a corollary to h; when h is high, N, will be the high.

Table 7 summarizes the estimates of genetic distance and
genetic identity between generations and their parents
according to the Nei coefficient (Nei, 1972; Nei, 1978). It
reflects the genetic relationships and the direction of the
genetic improvement process. Results show that the RAPD
markers revealed high genetic identity and distance values.
The highest genetic distance value scored by RAPD was
0.089 on parents versus F,, and the lowest value scored 0.028
on F, versus F,. Genetic identity oscillated from 0.914 (par-
ent versus F)) to 0.972 (F, versus F,), as revealed by RAPD.

Nei genetic identity ranges from 0 to 1. Consequently, Nei
genetic distance ranges from 0 to infinity (Nei 1972; Nei,
1978). ISSRs are more efficient markers for polymorphism
and potent for intra- and inter-genomic diversity than other
arbitrary markers like RAPDs (Zietkiewicz et al., 1994).
Both markers target different portions of the genome.

TABLE 7. Genetic and identity distance among generations and parents.

Parameter PversusF, PversusF, F,versusF,

RAPD

Nei genetic identity 0.924 0.914 0.972

Nei unbiased genetic identity 0.947 0.932 0.989

Nei genetic distance 0.079 0.089 0.028

Nei unbiased genetic distance 0.055 0.070 0.011
ISSR

Nei genetic identity 0.951 0.942 0.954

Nei unbiased genetic identity 0.973 0.964 0.969

Nei genetic distance 0.050 0.059 0.047

Nei unbiased genetic distance 0.028 0.037 0.031

All

Nei genetic identity 0.935 0.925 0.964

Nei unbiased genetic identity 0.957 0.945 0.981

Nei genetic distance 0.067 0.077 0.036

Nei unbiased genetic distance 0.044 0.057 0.020

Genetic variations in genotypes of interest may be more
directly due to polymorphism detected by technique rather
than which techniques are employed.

Cluster analysis and similarity between twenty genotypes
Cluster analysis derived from both markers based on UPG-
MA in accordance with Jaccard (1908; Fig. 3). The twenty
genotypes divided into two main groups at a distance of
0.65. Cluster I (right cluster) divided into two subgroups
at a distance of 0.668. The first subgroup (left subgroup)
consists of P, and P, in the sub-sub group and P xP, (F))
only in a sub-sub group. The second subgroup (right sub-
group) split further into sub-sub groups, which include the
genotypes of P,xP,(F,) and P,xP,(F,) grouped in a cluster,
PxP,(F)) only in a group, P,xP,(F)) only in a group, and
P,xP, S(F,) and P,xP,R(F,) together in a group.

Cluster IT (left cluster) separated into two subgroups at a
distance of 0.672. Each split further into sub-sub groups.
The first sub-sub group (right one) includes P xP,R(F,)
and P,xP, R(F,) together, P, and PxP,(F)) in a cluster,
and P,xP,R(F,) and P,xP, S(F,) in a group. The second
one consists of P,xP, S(F,), P,xP, S(F,), and P,xP,(F,) in a
separated cluster for each and P, and P,xP,(F,) in a cluster.

El-Ghadban et al. (2017) and Mahdy et al. (2021) reported
similar results. The differences in the clustering pattern of
genotypes may be due to marker sampling error, the level
of polymorphism, or the number of loci and their coverage
across the genome (Loarce et al., 1996).
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FIGURE 3. Dendrogram tree constructed using UPGMA according to
Jaccard similarity. Cluster analysis based on RAPD and ISSR markers;
(1)-P+,(2)-Py, (3)-Ps, (4)-Py, “six Fi" (5)-PxPy, (6)-PixPs, (7)-PxP,,
(8)-PxP,, (9)-PxP,, (10)-PyxP,, “ten F,” (11)-P,xP,, (12)-P.xP; (R),
(13)-P.xP, (S) (14)-P:xP4 (R), (15)-P.xP, (S) (16)-PxP; (R), (17)-P,xP,
(S), (18)-PxP, (R), (19)-P,xP, (S) and (20)-P;xP, (SxS)".

Association analysis

Trait-marker association was analyzed using a single locus
F-test module in Power maker software (Fig. 4). The results
show the property of one trait for one locus characteri-
zed. The characterized locus generated by OPG-20 was
associated uniquely with seed yield per plant. Moreover,
several traits were associated with one or more than one
locus. Amplified loci of OPA-07 were associated with the
different characterized chocolate spots, days to flowering,
the number of branches per plant, and seed yield per plant.

Previous results have suggested the high potential use of
molecular markers in search for genes affecting crop pro-
ductivity and resistance to chocolate spots. Also, defense
mechanisms against biotic and abiotic stress factors iden-
tified statistical associations between the genetic markers
and the traits of interest.

Marker-trait associations were generally diverse in the
amount of genetic variation valid for assessment. The
results exhibited that a greater number of primers was pos-
sibly involved in controlling traits at resistance to chocolate
spot disease. This variation described by identified associa-
tions for each trait may be attributed to the role of many
minor genes controlling the trait, performance, and reac-
tion of faba bean genotypes to chocolate spot disease, mark-
ers exhibiting minor quantitative effect, rare alleles, and
complex allelic interactions (Yang et al., 2010; Debibakas
et al., 2014). These results correspond with the findings of
Lou et al. (2015) and Sun et al. (2015). Association data can
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FIGURE 4. Association analysis. Trait-marker association was achieved
through F-test analysis. Power marker software V3.0 was used and
markers with high P-value (P>0.01) were selected in the association
analysis. X and Y axes refer to -Log P values and the name of primers
associated with certain traits.

be used for faba beans breeding, especially in terms of its
resistance to biotic and abiotic stresses.

Conclusion

The parents Nubarial, Sakhal, TW, and Camolina could
be considered good for crossing for resistance to foliar
chocolate spot disease. Crosses 1, 2, and 3 (P,xP, Nubaria-1
x Sakha-1, P,xP; Nubaria-1 x T.W, P,xP, Nubaria-1 x Camo-
lina, respectively) showed resistance to disease during
both generations, F, and F, with high values for yield and
its components, especially date of flowering and 100-seed
weight per plant. Both markers exhibited interest specific
loci relating to performance of chocolate spot that are 360
bp (OPA-07), 450 and 470 bp (OPA-17), 140 and 660 bp
(OPB-05), 810 and 1100 bp (ISSR-1), 650 bp (ISSR-2), and
480 and 700 bp (ISSR-3). The genetic distance valued by
RAPD was 0.089 on parents versus F,, and the lowest value
scored 0.028 on F, versus F,. Genetic identity oscillated
from 0.914 (parent versus F,) to 0.972 (F, versus F,), as
revealed by RAPD. Estimating genetic relationships and
differences generated by both markers could be moderately
clarified by the product number of PCR, the number of
bands, and coverage along the genome with the association
of agromorphological traits. The current research could
provide information on the morphological and molecular
characteristics of faba beans chocolate spot disease. Inter-
varietal hybridization (resistant and susceptible) is still
considered one of the most promising methods for obtain-
ing germplasm with resistance and high yield.

Agron. Colomb. 40(2) 2022



Acknowledgments

We deeply acknowledge Dr. Mohamed Hamdy Dawood,
professor of genetics, Faculty of Agriculture, Al-Azhar
University, for help in writing and completing this study.
We also express gratitude to Dr. Shafiq I. Darweesh, AGE-
RI, Assistant Professor of Genome mapping, Agricultural
Genetic Engineering Research Institute (AGERI), Agricul-
tural Research Center (ARC), for his help in conducting
the molecular section. We acknowledge and appreciate
the comments of the reviewers and technical editors of
the Journal.

Conflict of interest statement

The authors declare that there is no conflict of interest
regarding the publication of this article.

Author’s contributions

EM, M1, AM, and HEH designed the experiments. HEH,
EM, and MI carried out the formal analysis. MI and HEH
provided all resources. EM, MI, and AM oversaw and led
the research activity and execution. All authors wrote the
original draft. EM, HEH, and EMBM authorized, edited,
and reviewed the manuscript.

Literature cited

Abdalla, M. M. F,, Shafik, M. M., Attia, S. M., & Ghannam, H. A.
(2017). Combining ability, heterosis and inbreeding effects
in faba bean (Vicia faba L.). Journal Experimental Agri-
culture International, 15(5), 1-13. https://doi.org/10.9734/
JEAI/2017/31964

Abdel-Razzak, H.S., Alfrmawy, A. M., Ibrahim, H. M., & El-Hanafy,
A. A. (2012). Genetic diversity in faba bean (Vicia faba L.) us-
ing Inter-Simple Sequence Repeat (ISSR) markers and protein
analysis. Life Science Journal, 9(2), 497-503.

Abid, G., Mingeot, D., Udupa S. M., Muhovski, Y., Watillon, B.,
Sassi, K., M’hamdi, M., Souissi, F., Mannai, K., Barhoumi, F.,
& Jebara, M. (2015). Genetic relationship and diversity analy-
sis of faba bean (Vicia faba L. var. Minor) genetic resources
using morphological and microsatellite molecular markers.
Plant Molecular Biology Reporter, 33(6), 1755-1767. https://
doi.org/10.1007/s11105-015-0871-0

Abou-Zeid, M. N., & Hassanein, A. M. (2000). Biological control of
chocolate spot disease (Botrytis fabae Sard.) in faba bean in
Egypt. Phytophathology, 90, 1182.

Abou Zied, A. A., & El-Gendy, H. A. (2019). Estimation of gene
effect for yield, yield components and foliar diseases of two
faba bean hybrids at Nubaria region. Alexandria Journal of
Agricultural Sciences, 64(2), 87-96. https://doi.org/10.21608/
alexja.2019.48391

Aguilar-Luna, J. M. E., Lopez-Lépez, S., & Loeza-Corte, J. M. (2021).
Susceptibility of fungi, mainly chocolate spot (Botrytis fabae
SARD.), to gamma irradiation in the faba bean crop (Vicia

faba L.). Bioagro, 33(1), 29-40. http://www.doi.org/10.51372/
bioagro331.4

Aguilera, J. G., Pessoni, L. A, Rodrigues, G. B., Elsayed, A. Y., Silva,
D.J., & Barros, E. G. (2011). Genetic variability by ISSR mark-
ers in tomato (Solanum lycopersicon Mill). Revista Brasileira
de Ciéncias Agrdrias, 6(2), 243-252. https://doi.org/10.5039/
agraria.v6i2a998

Ahmed,]. O., Abdulla, A.R., & Mohammed, R. A. (2016). Compara-
tive on yield and its components performance and correlation
in some broad bean (Vicia faba L.) genotypes at Bakrajo,
Sulaimani. American-Eurasian Journal of Agricultural &
Environmental Science, 16(3), 635-640.

Ajibade, S. R., Weeden, N. F., & Chite, S. M. (2000). Inter
simple sequence repeat analysis of genetic relationships
in the genus Vigna. Euphytica, 111, 47-55. https://doi.
org/10.1023/A:1003763328768

Alghamdi, S. S. (2009). Chemical composition of faba bean (Vicia
faba L.) genotypes under various water regimes. Pakistan
Journal of Nutrition, 8(4), 477-482. https://doi.org/10.3923/
pjn.2009.477.482

Asfaw, B. M., Dagne, K., Wakayo, G. K., Kemal, S. A., & Muleta, K.
T. (2018). Genetic diversity study of Ethiopian faba bean (Vicia
faba L.) varieties based on phenotypic traits and inter simple
sequence repeat (ISSR) markers. African Journal of Biotechnol-
ogy, 17(13), 433-446.

Bakry, B. A, Elewa, T. A,, El Karamany, M. F.,, Zeidan, M. S., &
Tawfik, M. M. (2011). Effect of row and spacing on yield and
its components of some faba bean varieties under newly re-
claimed sandy soil condition. World Journal of Agricultural
Science, 7(1), 68-72.

Belal, M. A., Eldemery, S. M. M., Khidr, Y. A., & Abdellatif, K. F.
(2018). Morphological and biochemical diversity and response
of Egyptian faba bean to heat and drought stresses. Menoufia
Journal of Agricultural Biotechnology, 3(1), 1-18. https://doi.
0rg/10.21608/mjab.2018.175689

Bernier, C. C., Hanounik, S. B., Hussein, M. M., & Mohamed, H. A.
(1993). Field manual of common faba bean diseases in the Nile
Valley. [Information Bulletin No. 3] International Center for
Agricultural Research in Dry Areas (ICARDA).

Beyene, A. T., Derera, J., Sibiya, J., & Fikre, A. (2016). Gene action
determining grain yield and chocolate spot (Botrytis fabae)
resistance in faba bean. Euphytica, 207, 293-304. https://doi.
org/10.1007/s10681-015-1536-7

Botstein, D., White, R. L., Skolnick, M., & Davis, R. W. (1980).
Construction of a genetic linkage map in man using restriction
fragment length polymorphisms. American Journal of Human
Genetics, 32(3), 314-331.

Chen, Y., Zhou, R,, Lin, X., Wu, K,, Qian, X., & Huang, S. (2008).
ISSR analysis of genetic diversity in sacred lotus cultivars.
Aquatic Botany, 89(3), 311-316. https://doi.org/10.1016/j.
aquabot.2008.03.006

Debibakas, S., Rocher, S., Garsmeur, O., Toubi, L., Roques, D.,
D’Hont, A., Hoarau, J.-Y., & Daugrois, J. H. (2014). Prospect-
ing sugarcane resistance to Sugarcane yellow leaf virus by
genome-wide association. Theoretical and Applied Genetics,
127, 1719-1732. https://doi.org/10.1007/s00122-014-2334-7

Heiba, Mahgoub, Mahmoud, Ibrahim, and Badr Mahdy: Genetic improvement of faba bean (Vicia faba L.) genotypes selected for resistance to chocolate spot disease 195


https://doi.org/10.9734/JEAI/2017/31964
https://doi.org/10.9734/JEAI/2017/31964
https://doi.org/10.1007/s11105-015-0871-0
https://doi.org/10.1007/s11105-015-0871-0
https://doi.org/10.21608/alexja.2019.48391
https://doi.org/10.21608/alexja.2019.48391
http://www.doi.org/10.51372/bioagro331.4
http://www.doi.org/10.51372/bioagro331.4
https://doi.org/10.5039/agraria.v6i2a998
https://doi.org/10.5039/agraria.v6i2a998
https://doi.org/10.1023/A:1003763328768
https://doi.org/10.1023/A:1003763328768
https://doi.org/10.3923/pjn.2009.477.482
https://doi.org/10.3923/pjn.2009.477.482
https://doi.org/10.21608/mjab.2018.175689
https://doi.org/10.21608/mjab.2018.175689
https://doi.org/10.1007/s10681-015-1536-7
https://doi.org/10.1007/s10681-015-1536-7
https://doi.org/10.1016/j.aquabot.2008.03.006
https://doi.org/10.1016/j.aquabot.2008.03.006
https://doi.org/10.1007/s00122-014-2334-7

Duc, G. (1997). Faba bean (Vicia faba L.). Field Crops Research, 53(1-
3), 99-109. https://doi.org/10.1016/S0378-4290(97)00025-7

Dug, G. S., Bao, S., Baum, B. M., Redden, B., Sadiki, M., Suso, M. .,
Vishniakova, M., & Zong, X. (2010). Diversity maintenance
and use of Vicia faba L. genetic resources. Field Crops Research,
115(3), 270-278. https://doi.org/10.1016/j.fcr.2008.10.003

El-Abssi, M. G., Rabi, H. A., Awaad, H. A., & Qabil, N. (2019). Perfor-
mance and gene action for earliness, yield and chocolate spot
disease of faba bean. Zagazig Journal of Agricultural Research,
46(6), 1825-1834. https://doi.org/10.21608/zjar.2019.51882

Eldemery, S. M. M., Abdellatif, K. F., El-Absawy, E. A., Emara, H. A,,
El-Rodeny, W. M., & Zakaria, A. M. (2016). Gene expression
induced in faba bean (Vicia faba L.) by Orobanche crenata and
its impact on the field level. Egyptian Journal of Genetics and
Cytology, 45(2), 279-295.

El-Ghadban, E. A. E., Abou El-leel, O. F., & Mahdy, E. M. B. (2016).
Morphological, phytochemical and molecular characterization
on some jatropha species cultivated in Egypt. International
Journal of Pharma Sciences and Scientific Research, 3(1), 1-13.
https://doi.org/10.25141/2471-6782-2017-1.0001

El-Komy, M. H., Saleh, A. A., & Molan, Y. Y. (2015). Resistance/
susceptibility of faba bean to Botrytis fabae: The causal agent
of chocolate spot with respect to leaf position. International
Journal of Agriculture and Biology, 17(4), 691-701. https://doi.
org/10.17957/1JAB/14.0021

El-Rodeny, W. M., Eldemery, S. M. M., Soliman, A., & Abdellatif, K.
F. (2020). Investigation of chocolate spot and rust resistance
in Egyptian faba bean population using morphological traits
and molecular markers. Agrociencia, 54(2),15-30.

El-Sharabasy, S. F., Mahdy, E. M. B., & Ghazzawy, H. S. (2021).
Genome conformity of in vitro cultures of date palm. In J. M.
Al-Khayri, S. M. Jain, & D. V. Johnson (Eds.), The date palm ge-
nome (Vol. 1 Phylogeny, biodiversity and mapping, pp. 77-100),
Springer. https://doi.org/10.1007/978-3-030-73746-7_4

Ghazzawy, H. S., Mahdy, E. M., Ali-Dinar, H. M., & El-Beltagi,
H. S. (2021). Impact of geographical distribution on genetic
variation of two date palm cultivars in arid region. Fresenius
Environmental Bulletin, 30(10), 11513-11523.

Goémez, A. K., & Gomez, A. A. (1984). Statistical procedures for
agriculture research (2nd ed.). Wiley.

Gonzalez, A., Wong, A., Delgado-Salinas, A., Papa, R., & Gepts, P.
(2005). Assessment of inter simple sequence repeat markers
to differentiate sympatric wild and domesticated populations
of common bean. Crop Science, 45(2), 606-615. https://doi.
org/10.2135/cropsci2005.0606

Grativol, C., Lira-Medeiros, C. F., Hemerly, A. S., & Ferreira, P. C. G.
(2011). High efficiency and reliability of inter-simple sequence
repeats (ISSR) markers for evaluation of genetic diversity in
Brazilian cultivated Jatropha curcas L. accessions. Molecular
Biology Reports, 38(7), 4245-4256. https://doi.org/10.1007/
s11033-010-0547-7

Haile, M., Adugna, G., & Lemessa, F. (2016). Reactions of improved
faba bean varieties to chocolate spot (Botrytis fabae Sard.)
epidemics across contrasting altitudes in southwest Ethiopia.
African Journal of Agricultural Research, 11(10), 837-848.
https://doi.org/10.5897/AJAR2014.9316

|196

Hamza, F. E. A., & Khalifa, G. E. (2017). The correlation and path
coefficient analysis for yield and some yield components of
faba bean (Vicia faba L.) genotypes in Northern Sudan. Nile
Journal for Agricultural Sciences, 2(1), 52-63.

Harrison, J. G. (1988). The biology of Botrytis spp. on Vicia beans
and chocolate spot disease-a review. Plant Pathology, 37(2),
168-201. https://doi.org/10.1111/j.1365-3059.1988.tb02064.x

Hartl, D. L., & Clark, A. G. (1997). Principles of population genetics
(3rd ed.). Sinauer Associates.

Hemeida, A. A. (2008). The discriminating capacity of SSR, RAPD
and AFLP markers and their effectiveness in establishing ge-
netic relationships in olive (Olea europaea L.). Egyptian Journal
of Genetics and Cytology, 37, 249-264.

Ibrahim, S. D., Abd El-Hakim, A. F., Ali, H. E., & Abd El-Maksoud,
R. M. (2019). Genetic differentiation using ISSR, SCoT and
DNA barcoding for quinoa genotypes. Arab Journal of Bio-
technology, 22(2), 103-118.

ICARDA. (2005). Faba bean pathology progress report 2003/4. Food
Legume Improvement Program, ICARDA.

Jaccard, P. (1908). Nouvelles recherches sur la distribution florale.
Lausanne, Rouge. Bulletin de la Société Vaudoise des Sciences
Naturelles, 44, 223-270.

Khalaf, A. E. A., Afiah, S. A., Khalil, R. M. A. & Ahmed, A. 1. S.
(2015). Molecular markers for resistance of chocolate spot dis-
ease in faba bean (Vicia faba L.) using ISSR-PCR. Middle-East
Journal of Scientific Research, 23(4), 558-567.

Khalil, S. A., El-Hady, M. M., Dissouky, R. F., Amer, M. I., & Omer,
S. A. (1993). Breeding for high yielding ability with improved
level of resistance to chocolate spot (Botrytis faba) diseases
in faba bean (Vicia faba L.). Journal of Agricultural Sciences -
Mansoura Univirsity, 18(5), 1315-1328.

Link, W., Dixkens, C., Singh, M., Schwall, M., & Melchinger, A.
E. (1995). Genetic diversity in European and Mediterranean
faba bean germplasm revealed by RAPD markers. Theoreti-
cal and Applied Genetics, 90, 27-32. https://doi.org/10.1007/
BF00220992

Liu, K., & Muse, S. V. (2005). PowerMarker: An integrated analysis
environment for genetic marker analysis. Bioinformatics, 21(9),
2128-2129. https://doi.org/10.1093/bioinformatics/bti282

Loarce, Y., Gallego, R., & Ferrer, E. (1996). A comparative analysis
of genetic relationships between rye cultivars using RFLP
and RAPD markers. Euphytica, 88, 107-115. https://doi.
org/10.1007/BF00032441

Lou, Y., Hu, L., Chen, L., Sun, X,, Yang, Y., Liu, H., & Xu, Q. (2015).
Association analysis of Simple Sequence repeat (SSR) mark-
ers with agronomic traits in tall fescue (Festuca arundinacea
Schreb.). PLoS ONE, 10(7), Article e0133054. https://doi.
org/10.1371/journal.pone.0133054

Mahdy, E. M. B. (2012). Genetic studies on some vegetable crops (Cor-
chorus olitorius L. and Lactuca sativa L.) [MSc thesis, Faculty
of Agriculture, Zagazig University, Egypt].

Mahdy, E. M. B. (2018). Genetical studies on DNA storage and
preservation on some accessions of cowpea plant [Doctoral
dissertation, Faculty of Agriculture, Al-Azhar University],
Cairo, Egypt.

Agron. Colomb. 40(2) 2022


https://doi.org/10.1016/S0378-4290(97)00025-7
https://doi.org/10.1016/j.fcr.2008.10.003
https://doi.org/10.21608/zjar.2019.51882
https://doi.org/10.25141/2471-6782-2017-1.0001
https://doi.org/10.17957/IJAB/14.0021
https://doi.org/10.17957/IJAB/14.0021
https://doi.org/10.1007/978-3-030-73746-7_4
https://doi.org/10.2135/cropsci2005.0606
https://doi.org/10.2135/cropsci2005.0606
https://doi.org/10.1007/s11033-010-0547-7
https://doi.org/10.1007/s11033-010-0547-7
https://doi.org/10.5897/AJAR2014.9316
https://doi.org/10.1111/j.1365-3059.1988.tb02064.x
https://doi.org/10.1007/BF00220992
https://doi.org/10.1007/BF00220992
https://doi.org/10.1093/bioinformatics/bti282
https://doi.org/10.1007/BF00032441
https://doi.org/10.1007/BF00032441
https://doi.org/10.1371/journal.pone.0133054
https://doi.org/10.1371/journal.pone.0133054

Mahdy, E. M. B, & El-Sharabasy, S. F. (2021). Date palm genetic
identification and improvement utilizing molecular mark-
ers and DNA barcoding. In J. M. Al-Khayri, S. M. Jain, & D.
V. Johnson (Eds.), The date palm genome (Vol. 1 Phylogeny,
biodiversity and mapping, pp. 101-134). Springer. https://doi.
org/10.1007/978-3-030-73746-7_5

Mahdy, E. M. B., El-Shaer, H. F. A,, Sayed, A. 1. H., & El-Halwagi, A.
(2021). Genetic diversity of local cowpea (Vigna spp. (L.) Walp.)
accessions cultivated in some regions of Egypt. Jordan Journal
of Biological Sciences,14(4), 775-789. https://doi.org/10.54319/
jibs/140419

Mohamed, A. M., Al-Sohaibani, S. A., Al-Othman, M. R., & Abd
El-Aziz, A. R. M. (2012). Biochemical screening of chocolate
spot disease on faba bean caused by Botrytis fabae. African
Journal of Microbiology Research, 6(32), 6122-6129. https://
doi.org/10.5897/AJMR11.1412

Morgan, D. T. (1971). Numerical taxonomic studies of the genus
Botrytis: 1. The B. cinerea complex. Transactions of the British
Mycological Society, 6(3), 319-325. https://doi.org/10.1016/
$0007-1536(71)80126-2

Nagaoka, T., & Ogihara, Y. (1997). Applicability of inter-simple
sequence repeat polymorphisms in wheat for use as DNA
markers in comparison to RFLP and RAPD markers. Theoreti-
cal and Applied Genetics, 94, 597-602. https://doi.org/10.1007/
5001220050456

Nei, M. (1972). Genetic distance between populations. The American
Naturalist, 106(949), 283-392. http://doi.org/10.1086/282771

Nei, M. (1978). Estimation of average heterozygosity and genetic
distance from a small number of individuals. Genetics, 89(3),
583-590. https://doi.org/10.1093/genetics/89.3.583

Oliveira, H. R., Tomas, D., Silva, M., Lopes, S., Viegas, W., & Veloso,
M. M. (2016). Genetic diversity and population structure in
Vicia faba L. landraces and wild related species assessed by
nuclear SSRs. PLoS ONE, 11(5), Article e0154801. https://doi.
org/10.1371/journal.pone.0154801

Rahman, M. Z., Honda, Y., Islam, S. Z., & Arase, S. (2002). Ef-
fect of metabolic inhibitors on red light-induced resistance
of broad bean (Vicia faba L.) against Botrytis cinerea.
Journal of Phytophathology, 150(8-9). 463-468. https://doi.
org/10.1046/j.1439-0434.2002.00781.x

Sahile, S., Ahmed, S., Fininsa, C., Abang, M. M., & Sakhuja, P. K.
(2008). Survey of chocolate spot (Botrytis fabae) disease of
faba bean (Vicia faba L.) and assessment of factors influenc-
ing disease epidemics in northern Ethiopia. Crop Protection,
27(11), 1457-1463. https://doi.org/10.1016/j.cropro.2008.07.011

Shannon, C. E. (1948). A mathematical theory of communication.
The Bell System Technical Journal, 27(3), 379-423. https://doi.
Org/lO.1002/j.1538-7305.1948.tb01338.x

Sherwin, W. B,, Jabot, F., Rush, R., & Rossetto, M. (2006). Measure-
ment of biological information with applications from genes
to landscapes. Molecular Ecology, 15(10), 2857-2869. https://
doi.org/10.1111/j.1365-294X.2006.02992.x

Steel, R. G. D., & Torrie, J. H, (1980). Principles and procedures
of statistics: A biometrical approach (2nd ed.), McGraw-Hill
Book Company.

Steel, R. G. D., Torrie, J. H., & Dickey, D. A. (1997). Principles and
procedures of statistics: A biometrical approach (3rd ed., pp.
352-358), McGraw Hill, Inc. Book Co.

Sun, X.,Du, Z.,Ren, J., Amombo, E., Hu, T., & Fu, J. (2015). Associa-
tion of SSR markers with functional traits from heat stress in
diverse tall fescue accessions. BMC Plant Biology, 15, 116-149.
https://doi.org/lO.1186/812870-015-0494-5

Suresh, S., Park, J-H., Cho, G-T., Lee, H-S., Baek, H-J., Lee S-Y., &
Chung, J-W. (2013). Development and molecular character-
ization of 55 novel polymorphic cDNA-SSR markers in faba
bean (Vicia faba L.) using 454 pyrosequencing. Molecules,
18(2), 1844-1856. https://doi.org/10.3390/molecules18021844

Terzopoulos, P. J., & Bebeli, P. J. (2008). Genetic diversity analysis
of Mediterranean faba bean (Vicia faba L.) with ISSR markers.
Field Crops Research, 108(1), 39-44. https://doi.org/10.1016/j.
fcr.2008.02.015

Tomas, D., Dias, A. L., Silva, M., Oliveira, H. R., Suso, M. J., Viegas,
W., & Veloso, M. M. (2016). Genetic diversity assessment of
Portuguese cultivated Vicia faba L. through IRAP markers.
Diversity, 8(2), 8. https://doi.org/10.3390/d8020008

Torres, A. M., Weeden, N. F., & Martin, A. (1993). Linkage among
isozyme, RFLP and RAPD markers in Vicia faba. Theoretical
and Applied Genetics, 85(8), 937-945. https://doi.org/10.1007/
BF00215032

Villegas-Ferndndez, A. M., Sillero, J. C., and Rubiales, D. (2012).
Screening faba bean for chocolate spot resistance, evaluation
methods and effects of age of host tissue and temperature.
European Journal of Plant Pathology, 132, 443-453. https://
doi.org/10.1007/s10658-011-9889-9

Wilson, A. R. (1937). The chocolate spot disease of faba bean caused
by Botrytis cinerea Pers. Annals of Applied Biology, 24(2),
258-288. https://doi.org/10.1111/j.1744-7348.1937.tb05033.x

Yang, J., Benyamin, B., McEvoy, B. P., Gordon, S., Henders, A.
K., Nyholt, D. R., Madden, P. A, Heath, A.C., Martin N. G,,
Montgomery, G. W., Goddard, M. E., & Visscher, P. M. (2010).
Common SNPs explain a large proportion of the heritability
for human height. Nature Genetics, 42, 565-569. http://doi.
org/10.1038/ng.608

Zakaria, A. M., EI-Okkiah, S. A. F,, Eldemery, S. M. M., Emara, H. A,
El-Absawy, E. S. A., & Abdel-Latif, K. F. (2015). Morphological,
physiological, histological and biochemical characteristics of
faba bean (Vicia faba L.) infected by broomrape (Orobanche
crenata). Kafr El-Sheikh Journal of Agricultural Research,
41(4), 1073-1093.

Zietkiewicz, E., Rafalski, A., & Labuda, D. (1994), Genome finger-
printing by Simple Sequence Repeat (SSR)-anchored poly-
merase chain reaction amplification. Genomics, 20(2), 176-183.
https://doi.org/10.1006/geno.1994.1151

Zong,X., Liu, X., Guan, J., Wang, S., Liu, Q., Paull, ]. G., & Redden, R.
(2009). Molecular variation among Chinese and global winter
faba bean germplasm. Theoretical and Applied Genetics, 118(5),
971-978. https://doi.org/10.1007/s00122-008-0954-5

Heiba, Mahgoub, Mahmoud, Ibrahim, and Badr Mahdy: Genetic improvement of faba bean (Vicia faba L.) genotypes selected for resistance to chocolate spot disease 197


https://doi.org/10.1007/978-3-030-73746-7_5
https://doi.org/10.1007/978-3-030-73746-7_5
https://doi.org/10.54319/jjbs/140419
https://doi.org/10.54319/jjbs/140419
https://doi.org/10.5897/AJMR11.1412
https://doi.org/10.5897/AJMR11.1412
https://doi.org/10.1016/S0007-1536(71)80126-2
https://doi.org/10.1016/S0007-1536(71)80126-2
https://doi.org/10.1007/s001220050456
https://doi.org/10.1007/s001220050456
http://doi.org/10.1086/282771
https://doi.org/10.1093/genetics/89.3.583
https://doi.org/10.1371/journal.pone.0154801
https://doi.org/10.1371/journal.pone.0154801
https://doi.org/10.1046/j.1439-0434.2002.00781.x
https://doi.org/10.1046/j.1439-0434.2002.00781.x
https://doi.org/10.1016/j.cropro.2008.07.011
https://doi.org/10.1111/j.1365-294X.2006.02992.x
https://doi.org/10.1111/j.1365-294X.2006.02992.x
https://doi.org/10.1186/s12870-015-0494-5
https://doi.org/10.3390/molecules18021844
https://doi.org/10.1016/j.fcr.2008.02.015
https://doi.org/10.1016/j.fcr.2008.02.015
https://doi.org/10.3390/d8020008
https://doi.org/10.1007/BF00215032
https://doi.org/10.1007/BF00215032
https://doi.org/10.1007/s10658-011-9889-9
https://doi.org/10.1007/s10658-011-9889-9
https://doi.org/10.1111/j.1744-7348.1937.tb05033.x
http://doi.org/10.1038/ng.608
http://doi.org/10.1038/ng.608
https://doi.org/10.1006/geno.1994.1151
https://doi.org/10.1007/s00122-008-0954-5

Critical dilution curves for calcium, magnesium, and sulfur in potato
(Solanum tuberosum L. Group Andigenum) cultivars
Diacol Capiro and Pastusa Suprema

Curvas criticas de dilucion de calcio, magnesio y azufre en cultivares de papa
(Solanum tuberosum L. Grupo Andigenum) Diacol Capiro y Pastusa Suprema

Kristal Castellanos Ruiz', Manuel lvan Gémez Sanchez', and Luis Ernesto Rodriguez Molano'

Diagnostic tools must be developed to optimize the mana-
gement of calcium (Ca), magnesium (Mg), and sulfur (S)
in potato crops. This research aimed to develop the critical
dilution curves for Ca, Mg, and S in potato (Solanum tubero-
sum L. Group Andigenum), establishing harvest indices and
characterizing the nutrient relationships. Four field experi-
ments were established in two growth cycles in the localities
of Facatativa (high fertility soils) and Chocontd (low fertility
soils) in Colombia. Two cultivars (Diacol Capiro and Pastusa
Suprema) and two levels of fertilization (0 and 100% of macro
and micronutrients) were evaluated. The dry biomass and
Ca, Mg, and S concentration in tubers and aerial parts were
measured from the formation of main stems until tuber ma-
turation; this information was used to calculate the critical
concentrations (Cac, Mgc, Sc), harvest indices, and nutrient
correlations. The critical curves established were for Capiro:
Cac = 1.7326 W "*¢, Mgc = 0.7191W % Sc = 0.6461W "
and for Suprema: Cac = 1.523W***°, Mgc = 0.6507W***,
Sc=0.7669W **** Critical levels were established for five phe-
nological stages. Capiro had a higher accumulation of Ca, Mg,
and S in the tubers independently of locality, while Suprema
had better performance in Choconta. The accumulation of
mineral nutrients in the tubers followed the order Ca<Mg<S.
Capiro was a genotype with greater Ca-Mg-S uptake and better
adaptation to locations. The Cac, Mgc and Sc curves provided
a tool to carry out the nutritional diagnoses at critical stages
of development and they are the first ones reported for potato
of Group Andigenum.

Key words: nutrient concentration, nutrient diagnostics,
nutrient harvest index, secondary macronutrients.

Herramientas de diagnéstico deben ser desarrolladas para
optimizar el manejo de calcio (Ca), magnesio (Mg) y azufre
(S) en cultivos de papa. La investigacion tuvo como objetivos
desarrollar las curvas criticas de dilucién para Ca, Mgy S en
papa (Solanum tuberosum L. Grupo Andigenum), establecer sus
indices de cosecha y caracterizar la relacion entre nutrientes. Se
establecieron cuatro experimentos en campo en dos ciclos, en
las localidades de Facatativa (suelos de alta fertilidad) y Cho-
conta (suelos de baja fertilidad) en Colombia. Se evaluaron dos
cultivares (Diacol Capiro y Pastusa Suprema) y dos niveles de
fertilizacion (0 y 100% de macro y micronutrientes). Se midié
la biomasa seca y concentracién de Ca, Mgy S en tubérculos
y parte aérea, desde la formacién de tallos principales hasta
maduracién del tubérculo y se calcularon las concentraciones
criticas (Cac, Mgc, Sc), indices de cosecha y correlaciones entre
nutrientes. Las curvas criticas establecidas para Capiro fueron:
Cac = 1.7326 W*¢, Mgc = 0.7191W**%, Sc = 0.6461W "™
y para Suprema: Cac = 1.523W %>, Mgc = 0.6507W *>,
Sc = 0.7669W ***?_ Se establecieron niveles criticos para cinco
etapas fenologicas del cultivo. Capiro presenté mayor acumula-
cién de Ca, Mgy S en el tubérculo independiente delalocalidad,
mientras Suprema tuvo mejor desempeno en Choconta. La
acumulacién de nutrientes minerales en los tubérculos siguié
el orden Ca<Mg<S. Capiro mostro ser un genotipo de mayor
consumo de Ca-Mg-S y de mejor adaptacion alocalidades con
condiciones edafoclimaticas contrastantes. Las curvas de Cac,
Mgcy Sc proporcionan una herramienta para realizar el diag-
nodstico nutricional en etapas criticas del desarrollo y son las
primeras reportadas en cultivos de papa del Grupo Andigenum.

Palabras clave: concentracién de nutrientes, diagndstico
nutricional, indice de cosecha de nutrientes, macronutrientes
secundarios.
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Introduction

The potato (Solanum tuberosum L.), a species native to
South America, has wide adaptability to different eda-
phoclimatic conditions and is cultivated in countries in
temperate, tropical, and subtropical regions (Campos &
Ortiz, 2020). Potato tubers are rich in carbohydrates, low in
fat and have an adequate balance of vitamins and mineral
nutrients (Handayani et al., 2019; Gaj et al., 2020). Due to
its high nutritional quality and potential yield, the potato
is a species of great importance for food security in the
world (Raymundo et al., 2018). In recent years, there has
been a progressive world increase in potato cultivation;
currently 19 million ha are cultivated with an approximate
production of 378 million t (Campos & Ortiz, 2020). In
Colombia, the departments with the highest production
are Cundinamarca with 37%, Boyaca with 27%, and Narifio
with 20% (Minagricultura, 2019).

The cultivars Diacol Capiro and Pastusa Suprema from the
Andigenum Group are among the most widely consumed
in Colombia and are appreciated for their qualities for
industrial processing (chips or cane) and fresh consump-
tion (Barrientos & Nustez, 2014; Gémez et al., 2019a). Both
cultivars are tetraploid, produce tubers under short-day
conditions, have good frying behavior, and potentially yield
more than 40 t ha™ (Guerrero-Guio et al., 2019; Campos
& Ortiz, 2020).

The potato crop has a high demand for mineral nutrients
compared to other short-cycle crops (Helal & AbdElhady,
2015); fertilization can represent about 24% of the total
costs (Fedepapa, 2018). Nutritional research is extensive
for nitrogen (N), phosphorus (P), and potassium (K)
(Koch et al., 2020). However, the information on calcium
(Ca), magnesium (Mg), and sulfur (S) necessary to obtain
optimal tuber yield and quality is scarce (Hauer-Jakli &
Trankner, 2019; Koch et al., 2020; Naumann et al., 2020).
These elements play fundamental roles, for example in cell
walls and membranes, signaling, activation of enzymes,
energy metabolism, formation of amino acids, sulfolipids,
etc. (Koch et al., 2020).

The traditional management of crops with contributions
focused on NPK in continuous production cycles, added
to the natural processes of nutrient loss (leaching, erosion,
fixation, among others), decreases the natural contents of
secondary macronutrients in soil and generates imbal-
ances that limit the availability of Ca, Mg, and S (Aula et
al., 2019; Wang et al., 2020). The application of Ca-Mg-S is
frequently carried out following general recommendations,
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with over- or under-dosage of nutrients (Koch et al., 2019).
This problem is not necessarily detected during the pro-
duction cycle; its negative effects on the yield and quality
of the tuber are not evident until harvest. In this context,
a diagnostic tool must be developed that allows the nutri-
tional evaluation of Ca-Mg-S during the production cycle,
to detect and correct excesses or deficits opportunely.

An adequate supply of Ca-Mg-S has positive effects on yield
(Muthanna et al., 2017; Seifu & Deneke, 2017; Wang et al.,
2020) and tuber quality (Singh et al., 2018; Koch, Nau-
mann, et al., 2019; Assuncio et al., 2020). A deficit of these
nutrients leads to less translocation of photoassimilates to
the tubers, low mechanical resistance, low specific gravity,
and multiple physiological disorders, such as hollow heart
(Koch et al., 2019; Schabow & Palta, 2019). In contrast,
doses higher than the optimum can lead to negative effects
due to excess of other nutrients, loss of fertilizer, and cost
overruns (Wang et al., 2018; Barroso et al., 2021).

The critical dilution curve (CDC) of a mineral nutrient
is an allometric relationship between its concentration
in the plant and the biomass or leaf area (Lemaire et al.,
2019). This tool is based on the principle of the existence
of a minimum concentration required to achieve the
maximum growth of the crop, which varies with the age
of the plant and its biomass (Wang et al., 2018; Carciochi
et al., 2019). The CDC is a useful tool for carrying out a
quick nutrient diagnosis in situ at different stages of the
crop, allowing timely corrections in nutrition to reach
maximum development (Greenwood et al., 1990; Giletto
& Echeverria, 2015; Lemaire et al., 2019). The CDC ap-
proach has been successfully used for the management of
N in various crops in cereal research (Lemaire et al., 2019;
Chen et al., 2021). Likewise, the CDC of P, K, and S has
been calculated for crops such as corn, canola, and wheat
(Carciochi et al., 2019; Lemaire et al., 2019). In the potato,
the CDC has been established for N (Giletto & Echeverria,
2015), P (Zamuner et al., 2016; Gomez et al., 2019b) and K
(Cogo et al.,2006; Gémez et al., 2019b), however, we found
no reports for Ca-Mg-S.

In order to improve our knowledge of the nutrition of po-
tato with Ca-Mg-S, it is of interest to establish what type
of relationship exists between these nutrients as the crop
develops and to understand the accumulation dynamics
in the harvest organs (Duarte et al., 2019; Naumann et al.,
2020). The objectives of this research were to develop the
critical dilution curves and harvest indices of Ca, Mg, and
Sin the potato (Solanum tuberosum L. Group Andigenum)
and to analyze the relationships among these nutrients. The
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results will provide a new tool, useful to potato producers,
for the nutrient diagnosis and management of Ca-Mg-S
during the productive cycle of two potato cultivars of im-
portance in Colombia.

Materials and methods
Study site

The research was carried out at two localities in the
Cundinamarca-Boyaca highlands (Colombia): Facatativa
with Andic Eutrudepts (saturated bases, high fertility) and
Chocontd with Humic Dystrudepts, (desaturated bases,
acidic, low fertility) (Tab. 1). The localities were selected as
representative of potato production in Colombia, showing
high productive potential (> 50 t ha") with contrasting
edaphoclimatic conditions. Two production cycles were
evaluated at each locality (2013-2016), each one with a total
duration of 150-160 d after sowing (DAS). Soil analyses

were carried out for each cycle and each locality for the ara-
ble layer (0-30 cm), prior to the establishment of the crop.

Experiment design and crop management

For each location and production cycle, an experiment was
established in divided plots with four replicates distributed
in completely random blocks. The main plot corresponded
to the cultivars Capiro and Suprema and the subplots to
the fertilization levels (0 and 100% of macro and micro-
nutrients). Each experimental unit was 5 m x 10 m, with a
distance between rows of 1 m and between plants of 0.37
m. As plant material, tubers of 70 g on average were used
and sown manually. 135 plants were planted per plot with
a density of 27,000 plants ha™. The fertilization doses (100%
level) for each locality-cycle were established using the soil-
plant balance method (Castro & Gémez, 2013) (Tab. 2). The
0% level corresponded to treatment without fertilization
and represented the natural fertility conditions of the soil.

TABLE 1. Climatic variables and soil characteristics of the experiment locations.

Location Facatativa Choconta
Climatic Cycle 1 Cycle 2 Cycle 1 Cycle 2
variables * (2013-1) (2015-1) (2013-11) (2016-1)
Altitude (ma.s.1 2597 2597 2780 2710
Latitude 4°49'26.9" N 4°49'39.9" N 5°5'30.37" N 5°6'23.94" N
Longitude 74°22'29.7" W 74°22'49.3" W 73°43'2.04" W 73°40'48.53" W
Annual precipitation (mm) 951 850 1295 1058
Annual precipitation/cycle (mm) 397 415 712 803
Evapotranspiration per cycle (mm) 454 382 640 603
Max air temperature (°C) 18.1 18.5 16.2 16.5
Min air temperature (°C) 7 7.2 4.4 101
Mean temperature (°C) 12.7 12.5 10.6 12.9
Soil properties™* Andic Eutrudepts Humic Dystrudepts
Texture Loam Loam Clay loamy Clay loamy
Soil fertility High High Low Low
pH 6.4 58 5.5 53
Al (cmolc kg™) 0 <041 0.1 0.5
Organic matter (g kg™ 166.7 1271 67.7 85.9
CEC (cmolc kg™) 31.95 19.14 9.52 7.90
N (g kg™) 8.3 6.4 33 43
P (mgkg™) 39.64 70.16 18.18 41.50
K (cmolc kg™) 314 0.87 0.68 0.84
Ca (cmolc kg') 24.26 15.98 7.20 5.90
Mg (cmolc kg™) 4.36 214 1.57 1.40
S(mgkg™) 29.53 29.53 11.52 11.52

* Data on climatic variables obtained from IDEAM. ** The physical chemical analysis of the soil was carried out according to IGAC (2006). The methods used were as follows: Al: Yuan's method;
Organic matter: Walkley-Black; P: Bray Il-colorimetry; K, Ca, Mg: ammonium acetate-atomic absorption; S; monobasic phosphate-colorimetry. Soil classification was done according to the

USDA (Soil Survey Staff, 2014).

Adapted by permission from Springer Nature: Nutrient Cycling in Agroecosystems. Nitrogen, phosphorus and potassium accumulation and partitioning by the potato group Andigenum in Colombia,

Goémez Ml et al. Copyright 2019.
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TABLE 2. Nutrient contributions by location and growth cycle for 100% fertilization treatment.

Locality Cycle

Fertilization dose*

Mineral nutrient dose (kg ha™)

(kg ha™!) N P K Ca Mg s B n Mn Fe Cu
1 1582 71 13 149 232 70 74 34 56 7 28 056
Facatativa
2 1900 164 126 195 341 80 150 2.3 4.6 5.6 2.2 0.45
1 2175 192 148 289 463 56 120 12 24 3 12 0.4
Choconta
2 2000 191 165 262 463 40 38 44 48 54 22 043

*The fertilizer sources were diammonium phosphate ((NH,),HPO,), potassium chloride (KCI), potassium sulfate (K,S0,), calcium nitrate (Ca(NO,),), magnesium sulfate monohydrate (MgS0,H,0),
and Nutricomplet® (Ingeplant, Colombia. Source of B, Zn, Mn, Fe, and Cu). Adapted by permission from Springer Nature: Nutrient Cycling in Agroecosystems. Nitrogen, phosphorus and potassium
accumulation and partitioning by the potato group Andigenum in Colombia, Gémez Ml ef al. Copyright 2019.

Fractionation was carried out according to the historical
management of the study sites (yield history per harvest >
50 t ha™') as follows: N 55% at sowing and 45% at 45 DAS;
P 80% at sowing and 20% at 45 DAS; K 12% at sowing and
88% at 45 DAS; Ca, Mg, S and lower, 63% at sowing and
37% at 45 DAS. Phytosanitary management of the crop was
carried out according to local practices.

Sampling and measurements

Five destructive samplings were carried for the five phe-
nological stages (Roveda et al., 2010): stage I, 50 to 55 DAS
(formation of primary stems); stage II, 70 to 75 DAS (for-
mation of secondary stems and beginning of tuberization);
stage I1I, 90 to 100 DAS (flowering, maximum tuberization,
and beginning of tuber filling); stage IV, 120 to 125 DAS
(end of flowering, tuber filling); stage V, 150 to 160 DAS
(leaf senescence, maximum filling, and tuber maturation).
In each sampling, three (cycle 1 at both localities and cycle
2 in Facatativa) or four (cycle 2 in Chocontd) plants were
harvested per experimental unit and their organs were
sectioned (leaves, aerial + underground stems, and tubers).
For quantification of mineral nutrients, the plant material
was washed with deionized water, the same organs from
the four plants were mixed and a 200 g subsample was
oven-dried at 70°C until constant weight to determine the
dry weight (Gémez et al., 2019a). The concentration of Ca,
Mg, and S per organ was determined by chemical analysis
according to IGAC (2006). The total contents of Ca, Mg,
and S were estimated by multiplying the concentrations of
nutrients in the organ (g 100 g dry weight) by the amount
of dry biomass accumulated in each stage (Abdallah et al.,
2016).

Critical dilution curves

The critical dilution curve from dry matter (DW) for Ca
(Cac), Mg (Mgo), and S (Sc) was calculated according to
Equation 1, proposed by Greenwood et al. (1990),

Nut, = aW ™ €]

Castellanos Ruiz, Gomez Sanchez, and Rodriguez Molano: Critical dilution curves for calcium, magnesium, and sulfur in potato

(Solanum tuberosum L. Group Andigenum) cultivars Diacol Capiro and Pastusa Suprema

where Nut, corresponds to the critical concentration of the
nutrient in the biomass (g 100 g'), W is the total dry weight
of the biomass (t ha'), the coefficient a is the concentra-
tion of the nutrient when the biomass is <1 t ha”, and the
coefficient b (dimensionless) is a dilution coefficient that
describes the curvature or decrease of the nutrient as the
total biomass increases (Giletto & Echeverria, 2015).

For the calibration of the critical curves, the identifica-
tion and selection of data for which fertilization did not
significantly limit the growth of the crop (total dry bio-
mass) was carried out. The following steps were followed:
i) the principles of normality and homoscedasticity were
evaluated; ii) the analysis of variance (ANOVA) of the total
biomass under the different fertilization levels was carried
out for each combination of factors (cycle x locality x culti-
var x phenological stage); iii) means were compared using
the minimum test significant difference (LSD) (P<0.05);
iv) the data of the fertilization level with the highest biomass
production were selected. When there were no significant
differences, the lowest dose was chosen (Abdallah et al.,
2016; Wang et al., 2017). From the selected data, the dilution
curve for each nutrient was constructed by calculating the
coefficients a and b, their standard errors, and 95% con-
fidence intervals using the PROC NLIN procedure (SAS
Institute, 2017). The model’s coefficients were compared
based on the method of intervals of confidence described
by Cumming et al. (2007). Based on total biomass measured
and the critical dilution curves developed, critical dilution
values for each phenological stage were calculated.

Harvest indexes

Harvest (150 DAS) indexes for Ca (CaHI), Mg (MgHI), and
S (SHI) were calculated, dividing the amount of nutrients
accumulated in the tuber (Nut,,,, kg ha™) by the total accu-
mulation (leaves, aerial stems, stolons, tubers) in the plant
(Nut,,,, kg ha') as shown in Equation 2,

NHI = (Nut,,, / Nut,,,) )
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where NHI is the nutrient harvest index) (Giletto &
Echeverria, 2015). Roots were not considered in the analy-
sis. For the analysis, the PROC MIXED procedure (SAS
Institute, 2017) was used, taking the repetitions as a random
effect and the cultivar, location, cycle, and fertilization
level as fixed effects. For each level of interaction between
factors, the least square means were calculated; based on
these means, comparisons were made with the adjusted
Tukey statistic (P<0.05) for mixed models.

Correlation and linear regression

The correlations between variables were calculated from
the Spearman correlation coefficient using the PROC
CORR procedure (SAS Institute, 2017). A total of n=130
observations (measured plants: locality x cycle x cultivar
x phenological stage x plants measured) were used for each
cultivar and significance was established with a 95% con-
fidence limit. Linear models of the form “y=bx+a “ were
established by linear regression, where a is the intercept on
the y-axis and b is the slope of the line. For each model,
the coefficient of determination (R?) was calculated. The
models were compared by their coefficients based on the
method of intervals of confidence described by (Cumming
et al., 2007). The proportions of mineral nutrients in the
plant were determined from the equations established for
the linear model between the total contents of the nutrients,
dividing 1 by the coefficient b (slope of the curve).

For all variables, the principles of normality and homosce-
dasticity were evaluated using PROC UNIVARIATE; an
analysis of variance (ANOVA) was performed using PROC
GLM in SAS 9.4 software (SAS Institute, 2017). The graphs
were developed with ggplot2 (Wickham, 2016).

Results

Critical dilution curves

The dilution curves of Cac, Mgc, and Sc followed a po-
tential negative model in relation to the increase in total
dry biomass in the two cultivars (Fig. 1). The average dry
biomass during the evaluation cycle was in the range of 1.7
t0 22.6 t ha™. The coefficients a and b of the critical curves
of the three nutrients did not show significant differences
between cultivars (Tab. 3); however, a differential tendency
was seen between the two Sc models. Capiro on average
had 0.05 percentage unit lower concentration compared
to Suprema throughout the growth cycle (Fig. 1C). For
the biomass of 6 t ha”, the means averages of measured
concentrations of Ca, Mg, and S in Capiro were 0.3, 0.2
and 0.1, higher than those established by the model (Fig. 1).
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FIGURE 1. Critical dilution curves of A) Ca, B) Mg, and C) S for Diacol
Capiro and Pastusa Suprema of Solanum tuberosum L. Andigenum
Group under non-limiting nutrient conditions. The points constitute the
data from which the critical curves were developed. Each point repre-
sents the average of 13 values taken per cultivar and phenological sta-
ge. The dotted and solid lines represent the CDG for each cultivar for a
biomass greater than 1t ha™.
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TABLE 3. Coefficients of critical Ca, Mg and S dilution curves developed for Diacol Capiro and Pastusa Suprema from the total dry biomass (W) under

non-limiting mineral nutrition conditions.

Nutrient Cultivar o, o) RMSE o a0 SEa SEb
i Capiro 1.7326W-02556 02133 1.3862-20790ns  0.1797-0.4115ns 0.1733 0.058
Suprema 1.523W -0-25%¢ 0.1622 1.2172-1.8288 ns 0.1508- 0.3610 ns 0.153 0.0526
— Capiro 0.7191w 0203 05493 05812-0.8570ns 01731 0.3875ns 0.069 0.0536
Suprema 0.6507W 07 04199 05341-07673ns  01440-0.3280ns  0.0584 0.0460
S Capiro 0.6461W 03¢ 01480 05465-07458ns  0.2915-04893ns  0.0499 0.0495
Suprema 0.7669W 092 02152 06090-09249ns  0.2660-05204ns  0.0791 0.0636

CDC: critical dilution curve; Cl: confidence interval; SE: standard error; RMSE: root mean square error; ns: no significant differences found between the cultivars.

TABLE 4. Critical concentrations of Ca, Mg and S (%) by phenological stage under non-limiting conditions of mineral nutrition for Diacol Capiro and

Pastusa Suprema.

Capiro Suprema
Phenological stage
cac Mgc su cac Mgc sc

Vegetative growth 1.56 0.65 0.56 1.29 0.56 0.61
Initial tuberization 1.02 0.43 0.31 0.95 0.42 0.36
Flowering - maximum tuberization 0.85 0.36 0.25 0.80 0.36 0.28
End of flowering - tuber filling 0.76 0.33 0.22 0.74 0.33 0.25
Maximum filling - tuber maturation 0.69 0.30 0.19 0.68 0.31 0.22

The highest “dilution” of mineral nutrients was observed
when the total dry biomass was between 1 and 6 t ha™
(Fig. 1) in the tuberization initiation stage (Tab. 4). The
average concentration of Ca in the plants decreased from
a maximum of 1.6% (Capiro) and 1.3% (Suprema) in the
vegetative growth stage to a minimum of 0.7% in the tu-
ber maturation stage (Fig. 1A, Tab. 4). For Mg, the values
were from 0.7% (Capiro) and 0.6% (Suprema) to 0.3% (Fig.
1B, Tab. 4) and for S the values varied from 0.6% to 0.2%
(Fig. 1C, Tab. 4). The Cac and Sc curves had a greater fit
with root mean square error (RMSE) values in the range
of 0.1 to 0.2, while Mgc had an RMSE of 0.4 to 0.5 (Tab.
3). The Ca and Mg concentration of Capiro in the initial
stage (stage I: vegetative growth) was 17% and 14% higher
compared to Suprema, while that of S was 8% higher in
Suprema (Tab. 4).

Harvest indexes

The CaHI values were in the range of 0.01-0.11 with a mean
of 0.06. MgHI and SHI were in the range of 0.13-0.50 and
0.16-0.65 with means of 0.34 and 0.45, respectively (Fig.
2). The harvest indices showed differences among the lo-
calities, cycles, and cultivars (P<0.001). Capiro showed, on
average, higher CaHI, MgHI and SHI values of 37%, 44%,
and 57% compared to Suprema. The Mg and S indices of
Suprema showed high variation between localities with a

Castellanos Ruiz, Gomez Sanchez, and Rodriguez Molano: Critical dilution curves for calcium, magnesium, and sulfur in potato
(Solanum tuberosum L. Group Andigenum) cultivars Diacol Capiro and Pastusa Suprema

standard deviation (SD) of 0.14 and 0.20. The highest values
were observed in Choconta (CaHI: 0.05, MgHI: 0.39 and
SHI: 0.50). Capiro had similar MgHI and SHI values in both
locations with a SD of 0.08 and 0.06, respectively. Capiro
had the highest CaHI value in Choconta-1 and Suprema
had the lowest value in Facatativa-1.

Relationship between Ca, Mg, and § in plant organs

The MgHI-SHI relationship showed the highest correlation
(r=0.97) followed by CaHI-MgHI (r=0.94) and CaHI-SHI
(r=0.91). The models established that MgHI and SHI in-
creased by 4.38 and 4.92 units for each CaHI unit in Capiro
and by 3.84 and 5.42 in Suprema. For each unit of MgH]I,
the SHI increased by 1.33 and 1.22 units in Capiro and
Suprema, respectively. The determination coefficients (R?)
were greater than 0.7 except for the CaHI-SHI relationship.
The values obtained for Capiro had lower dispersion and
greater fit to the linear model with respect to Suprema.
Between harvest indices these showed a positive linear
behavior (Fig. 3, Tab. 6).

The correlations between the nutrient content in the aerial
part of the plant and the tuber were 0.46, 0.41 and 0.29
for Ca, Mg, and S, respectively. Among the total nutri-
ent contents, the highest correlation was between Ca-Mg
(r=0.95), followed by Mg-S (r=0.88) and Ca-S (r=0.85).
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FIGURE 2. Harvest indexes (HI) for A) Ca, B) Mg, and C) S for Diacol Ca-
piro and Pastusa Suprema in soils with low (Humic Dystrudepts, Cho-
contd) and high (Andic Eutrudepts, Facatativa) fertility, in two producti-
ve cycles (2013-2016). The first letter indicates significant differences
between cultivars within the same cycle and locality; the second letter
indicates significant differences between localities within the same cul-
tivar and cycle; the third letter indicates significant differences between
cycles within the same cultivar and locality. These were significant diffe-
rences according to the Tukey’s test (P<0.05). The error bars indicate
the standard error.
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FIGURE 3. Relationships between the harvest indices of A) magnesium
(MgHI) and calcium (CaHl), B) sulfur (SHI) and calcium (CaHl), and C)
sulfur (SHI) and magnesium (MgHI) for Diacol Capiro and Pastusa Su-
prema (n = 130 for each cultivar). The lines represent the fitted model
for each cv. R% coefficient of determination.

The models followed a positive linear behavior (Tab. 6)

with an adjustment level greater than 0.7 (R?) (Fig. 4).
There were significant differences between cultivars for
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the total Ca-S and total Mg-S ratio. For each unit of Mg,
there was an increase of 0.55 and 0.66 units of S in Capiro
and Suprema, respectively. Each unit of Ca increased 0.40
and 0.36 units of Mg and of S 0.29 and 0.20 for Capiro and
Suprema, respectively.
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FIGURE 4. Relationship between the total content of A) Ca, B) Mg, and
C) S for Diacol Capiro and Pastusa Suprema (n=130 for each cultivar).

The Ca:S ratio was the highest one, followed by Ca:Mg and
S:Mg, with Capiro having higher values than Suprema (Tab.
5). The correlation (r) between the yield (fresh weight of the
tubers) and the content of Ca, Mg and S in the tubers was
0.94,0.99 and 0.95, respectively (Tab. 6). The models had a
positive linear behavior and an R* greater than 0.6. All the
models showed significant differences between cultivars.
For each t ha” increase in yield, Ca, Mg, and S increased
0.08, 0.28, and 0.27 kg ha in the tubers for Capiro and
0.07, 0.25, and 0.29 kg ha™ in the tubers for Suprema (Fig.
5, Tab. 6).

TABLE 5. Proportion between the total contents of Ca, Mg, and S in po-
tato cultivars Diacol Capiro and Pastusa Suprema.

Relationship Capiro Suprema
Ca:Mg 2.8:1 2.5:1
Ca:S 5.0:1 3.4:1
Mg:S 1.8:1 1.5:1

TABLE 6. Confidence intervals for the linear models of the relationship
between Ca, Mg, and S in cultivars Diacol Capiro and Pastusa Suprema.

Correlation Cultivar Cl (m) 95% Cl (b) 95%
Capiro 3.98-4.78ns 0.02-0.06 ns
CaHI-MgHI
Suprema 3.43-4.25ns 0.01-0.04 ns
Capiro 4.22-561ns 0.05-012~
CaHI-SHI
Suprema 470-6.14ns 0.01-0.07"
Capiro 115-1.28ns 0.003-0.04ns
MgHI-SHI
Suprema 1.21-1.46ns (-0.01) - 0.04 ns
Capiro 0.34-0.38ns 2.68 - 6.44 ns
Ca total-Mg total
Suprema 0.36-0.44ns 0.81-9.35ns
Capiro 018-0.22** 6.90-11.16 ns
(Ca total-S total
Suprema 0.25-0.32 ** 4.66 -12.07 ns
Capiro 0.51-0.60 " 4.52 - 8.46 ns
Mg total-S total
Suprema 0.59-072~ 3.87-10.28 ns
Capiro 0.07-0.08 ns (-0.34)-0.12 **
FTubW-Catub
Suprema 0.06-0.08 ns 0.18-0.68 **
Capiro 0.26-0.29 ** (-2.12) - (-0.73) **
FTubW-Mgtub
Suprema 0.24-0.26 ** (-0.66) - 0.001 **
Capiro 0.27-0.30ns (-1.79) - (-0.53) *
FTubW-Stub
Suprema 0.24-0.31ns (-0.62) - 1.58 *

Cl: confidence interval; CaHI: calcium harvest index; MgHI: magnesium harvest index; SHI:
sulfur harvestindex; FTubW: fresh weight of tubers; Catub: calcium content in the tubers; Mgtub:
magnesium content in the tubers; Stub: sulfur content in the tubers.

The lines represent the fitted model of each cv. R% coefficient of deter-
mination.
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FIGURE 5. Relationship between the content of A) Ca, B) Mg, and C) S
in the tubers with the fresh weight of the tubers (yield) for Diacol Capiro
and Pastusa Suprema (n=130 for each cultivar). The lines represent the
fitted model of each cultivar. R coefficient of determination.

Discussion

The effect of “dilution” of Ca observed in potato agrees
with Addiscott (1974), who reports a possible effect of
dilution of a fixed amount of Ca in potato, contrasting
with Walworth and Muniz (1993) who argue that the
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concentration of Ca tends to increase with age in the
plants and to decrease in the tubers. The concentration
of Ca required in the cytoplasm is less than 1 uM and the
unused Ca stored in the vacuoles allows correct cellular
activity (Koch et al., 2020). In this case, the Ca stored in the
vacuole would not have a significant effect on the change
in its concentration in the plant when considering a stable
scenario for the availability of the nutrient. Although the
concentration of Ca could be expected to increase as the
plant grows due to its structural function, a greater and
faster accumulation of other nutrients, proteins, carbo-
hydrates, and other molecules explains the dilution effect
(Koch et al., 2020).

The concentration of Ca in tubers during tuber matura-
tion (0.68%) was lower than that reported by Jahanzad et
al. (2017) for tubers of S. tuberosum “Dark Red Norland”,
(0.8%) and “Superior” (1.4%) at harvest time. The Mg
concentration in tubers during the productive cycle (0.30-
0.65%) was higher than that reported by Hauer-Jakli and
Trankner (2019) in leaves (0.14%) and by Walworth and
Muniz (1993) in tubers (0.25%). This is because most studies
do not establish the concentration in the whole plant and
do not consider the variation of critical concentration dur-
ing the development of the crop, instead proposing a single
critical value. Likewise, the natural variation in nutrient
consumption between cultivars must be considered. The
concept of critical Mg concentration in plants has been
poorly studied, so the establishment of values by pheno-
logical stage was a new proposal that complements what
was previously published by Walworth and Muniz (1993).

The value of Sc for the flowering stage and maximum filling
(0.25% and 0.28%) agrees with that reported by Walworth
and Muniz (1993) in the potato. The Sc curve had a high
dilution coefficient (b=0.39), higher than that established
for other C3 crops such as wheat (b=0.17; Reussi et al., 2012),
rape (b=0.18; Ferreira & Ernst, 2014), and soybean (b=0.11;
Divito et al., 2016). The high coefficient a in potato (0.6-
0.7) could indicate that the crop has a high requirement of
S in the initial stages of development (<1 t ha™), explained
by the rapid and high generation of foliage where the S is
needed for the synthesis of proteins and sulfolipids.

The rapid decrease in the concentration of mineral nu-
trients observed for biomass of 1-6 t ha™ is caused by the
beginning of tuberization and filling of tubers. Where the
total biomass in potato increases significantly, demand
is high for photoassimilates and starch accumulates in
harvestable organs (Gémez et al., 2019b), diluting the
concentration of mineral nutrients. The nutrient with the
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highest dilution was S, possibly because the requirements
of Ca and Mg remain higher during growth and develop-
ment due to their structural functions in cell walls, chlo-
rophylls, and energy metabolism (Maathuis, 2009) and
during the end of the cycle due to its structural role and
the filling of tubers. On the other hand, S is mainly found
in amino acids, proteins, and as part of glutathione, whose
need and synthesis rate may be lower than the growth rate
(Moussa et al., 2018). The greater slope of Sc for Capiro may
indicate that this variety is more efficient in the use of S
than Suprema (Santana et al., 2020). The dilution in the
Sc curve was similar to that previously established for N
(Gémez et al., 2019b), confirming the interaction between
the assimilation of S and N in relation to their function in
protein formation (Kopriva & Rennenberg, 2004).

The higher Ca and Mg concentrations in Capiro through-
out the cycle are consistent with its higher quality for indus-
trial processing. The higher proportion and concentration
of S in Suprema is related to its indeterminate growth habit
which demands higher protein synthesis. The nutrient dif-
ferences in the potato seed between cultivars that directly
affect the concentration of nutrients in the early stages
must also be considered. For future research, it would be of
interest to establish the nutrient content of the potato seed.

The dilution curves of Cac, Mgc and Sc are a useful tool to
carry out the diagnosis of these nutrients in critical stages
of potato cultivation from a sample of plant tissue. Con-
centration values in the sampling of plants above or below
the dilution curve (in the corresponding phenological
stage) indicate that the plants are growing with an excess
or deficiency of the nutrient. Concentration values close
to or fitting the curve indicate sufficiency of the nutrient
(Marouani et al., 2014; Carciochi et al., 2019).

The low harvest indexes of Ca-Mg-S show that their mobil-
ity to the tuber is low and is lower than what was previously
reported for the N-P-K nutrients (CI greater than 0.6)
(Gomez et al., 2019a). The higher indexes for Capiro and ho-
mogeneity between localities indicate that this cultivar has
abetter accumulation capacity and phenotypic plasticity in
different environments, favoring its productive potential
and agreeing with the results in yield previously published
by Gomez et al. (2019a). The higher CaHI value of Capiro
in the first Choconta cycle could be related to the higher
recorded evapotranspiration, which favors the movement of
Ca. On the other hand, Suprema showed better adaptation
to the conditions of Choconta (acid soils and low fertility),
possibly because the environmental conditions of higher
precipitation and lower temperature favored the solubility

of nutrients in the soil and decreased the respiration rate
of the plants. In contrast, in Facatativd, with soils of high
fertility and higher temperatures, Suprema had a high
consumption of N (Gémez et al., 2019a), which affected
tuberization, translocation, and accumulation of Ca-Mg-S.

The greater translocation of Mg and S from Capiro in Fa-
catativa could have an indirect effect on their accumulation
in the tubers by favoring a greater formation of roots on the
tubers and stolons that participate in uptake of nutrients
directly from the soil for their later accumulation in these
organs (Kratzke & Palta, 1985; Palta, 1996), positively af-
fecting the harvest indices in the cultivar. These results are
related to the higher yield of this cultivar and its quality for
industrial uses (Gémez et al., 2018), because these nutrients
participate in the translocation of photoassimilates and
protein synthesis. Additionally, the positive effect of the
bearing of the Capiro plant must be considered, since its
leaves have larger leaflets and are parallel to the ground,
while Suprema has a more perpendicular arrangement.
This characteristic favors the incidence of radiation and,
therefore, the photosynthetic rate, yield, and nutrient
translocation in Capiro.

For the nutrients evaluated, the accumulation in the tuber
followed the order of Ca<Mg<S, a result consistent with
their mobility in the phloem in potato (Subramanian et al.,
2011). The mobility of Ca by transpiration stream affects its
translocation to organs of low transpiration rate, such as
tubers (Schabow & Palta, 2019). Compared to other crops,
the CaHI in potato (0.05) was lower than that reported for
wheat (0.09) (Shen et al., 2019) and similar for corn (0.05)
(Szczepaniak, 2016). The high harvest rates of Mg and S
(greater than 0.5 for S and 0.3-0.4 for Mg), confirm the
high mobility and accumulation in the tuber proposed
by Silva et al. (2020) and Subramanian et al. (2011). The
high accumulation of S in the tubers is due to its role in
the partition of photoassimilates towards the tubers and
as a structural element in amino acids (methionine and
cysteine) and proteins (Dhakad et al., 2019). On the other
hand, the MgHI of potato was lower compared to cereal
crops such as rice (0.52) (Sanchez et al., 2019) or wheat
(0.46) (Shen et al., 2019).

From these models, the value of SHI can be estimated with
a good level of reliability from the MgHI; it has greater
predictive confidence than CaHI. Likewise, the S content
in the entire plant can be established from the total Ca
or Mg content. The higher proportion between nutrients
(total contents) in Capiro could be related to the fact that
its growth is determined with respect to Suprema; with
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Capiro having a more rapid tuberization and accumulation
of reserves. Likewise, the lower Ca:S ratio in Suprema may
be related to a higher S requirement due to its indetermi-
nate growth habit. Future research should establish the
relationship between these results and qualities in terms
of mechanical resistance, disease incidence, and occur-
rence of pathophysiologies in both cultivars. Differences
between cultivars may indicate variation in the processes
of accumulation or utilization, confirming that Capiro
and Suprema present different requirements for Ca, Mg
and S. The models established for the interaction between
nutrients are valid for the experimental conditions evalu-
ated for Diacol Capiro cultivars and Pastusa Suprema from
the Andigenum Group.

The interaction between Ca, Mg, and S in their total content
and Ca-Mg in the tuber is explained by the participation
of these nutrients in linked processes during crop growth.
Magnesium participates in photosynthesis, energy me-
tabolism, synthesis of proteins, enzymatic activity, and
the transport of photoassimilates. Calcium participates in
signaling processes and structuring of cell membranes and
walls, and S is part of sulfolipids, proteins, and participates
in oxidation-reduction processes (Koch et al., 2020). The
results of the Mg-S interaction agree and those of Ca-S and
Ca-Mg contrast as reported by Subramanian et al. (2011).
The results of this research should not be confused with
nutrient interaction within the soil, where antagonism
between Ca-Mg, synergism between S-Mg and lack of cor-
relation between S-Ca can occur (Klikocka & Glowacka,
2013; Barczak & Nowak, 2015; Rietra et al., 2017; Rhodes
etal., 2018).

The low correlation between the content of nutrients in
the aerial part and in the tubers could indicate a low de-
pendence on the accumulation of nutrients in the aerial
parts with respect to the tuber growth, which agrees with
what was proposed by Gomez et al. (2019a). On the other
hand, the correlation between the fresh weight of the tubers
and the content of Ca-Mg-S confirms the importance of
these nutrients for crop yield (Hamdi et al., 2015; Helal &
AbdElhady, 2015; Muthanna et al., 2017; Seifu & Deneke,
2017; Wang et al., 2020). The models proposed for this
relationship are a first approach to estimating the content
of Ca-Mg-S in the tubers, according to the tuber growth.

Conclusions

The critical dilution curves of calcium, magnesium, and
sulfur established are the first reported for two potato cul-
tivars of the Andigenum Group. These are a first approach
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and provide a guide to improved nutritional diagnosis and
adjustments based on the growth and development of the
crop. The tool is valid for the evaluated genotypes. The
results in harvest indexes expand the information on the
Ca-Mg-S accumulation dynamics of the tubers. The study
confirms that Capiro has greater plasticity under contrast-
ing edaphoclimatic conditions, while Suprema shows great-
er adaptation to low fertility soils. The Ca-Mg-S nutrients
show a high correlation in the plant, making it possible to
estimate the total content or the tuber content. The pro-
posed linear models are a first step to make estimates; this
should be expanded in future research. As well, it would be
of interest to evaluate a range of fertilization doses ranging
from moderate deficiency to excess of Ca-Mg-S.
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Altitude as a determinant of fruit quality with emphasis
on the Andean tropics of Colombia. A review

La altitud como determinante de la calidad del fruto con énfasis
en el tropico andino de Colombia. Una revision

Gerhard Fischer', Alfonso Parra-Coronado?, and Helber Enrique Balaguera-Lopez"”

Due to global warming, the highlands of the tropics have
become more important for planting fruit trees. The climate
at high altitudes is mainly characterized by decreased tem-
peratures and increased solar radiation. A systematic literature
review using four bibliographic databases revealed 22 studies
that determined fruit quality at two altitudes. With increasing
altitude, duration of fruit development was prolonged, and, in
most cases, higher fresh weights and sizes were found; how-
ever, fruit firmness decreased. The intensity of the fruit color
increased because of greater radiation in high areas. Mostly,
the total soluble solids of the fleshy fruits augmented with
altitude, probably because of an increase in photosynthesis
with higher solar radiation. The total acidity did not show a
clear trend with increasing elevations. At higher altitudes, the
content of antioxidants (mainly phenolics) increased in the
fruits, especially in the epidermis as a reaction to the increas-
ing ultraviolet (UV) light. Physiological disorders in the fruits
included sunburn and damage caused by low temperatures.
Different species and varieties react differently to the conditions
of highlands, depending on their origin and whether climatic
conditions are optimal for a specific fruit tree. There are no
positive effects on fruit quality when altitude is at the limit or
above the recommended range for the fruit species.

Key words: UV radiation, temperature, fruit development,
physical quality, chemical quality, physiological disorder.

Debido al calentamiento global, las zonas altas de los trépicos
han ganado importancia para la siembra de los frutales. El clima
en estas areas se caracteriza principalmente por tener bajas
temperaturas y mayor radiacion solar. Mediante una revision
deliteratura sistematica en cuatro bases de datos bibliograficas
se encontraron 22 estudios que determinaron la calidad de los
frutos evaluada en minimo dos altitudes. A mayor altitud el
desarrollo del fruto se prolongé y en la mayoria de los casos,
se encontrd un mayor peso fresco y tamaio, sin embargo, la
firmeza del fruto disminuyd. La intensidad del color del fruto
aument6 debido a la mayor radiacién en zonas altas. En la
mayoria de los casos, los sélidos solubles totales de frutos ju-
gosos se incrementaron con la altitud, probablemente, por el
aumento de la fotosintesis debido a la mayor radiacion solar,
mientras que la acidez total no mostr6 una tendencia clara
con el incremento de la elevaciéon. Con la altitud ascendente
aument6 el contenido de los antioxidantes (principalmente
compuestos fendlicos) en los frutos y, especialmente, en su
epidermis, como reacciéon al aumento de luz ultravioleta (UV).
Dentro de los desordenes fisioldgicos en los frutos se destacan
los golpes de sol y los dafios por bajas temperaturas. Las especies
y variedades reaccionan de forma diferente a las condiciones de
las zonas altas, dependiendo de su origen, y si las condiciones
climéticas estdn dentro de las 6ptimas para este frutal. No se
detectan efectos positivos sobre la calidad del fruto cuando la
altitud esta en el limite o por encima del rango recomendado
para la especie frutal.

Palabras clave: radiacion UV, temperatura, desarrollo del fruto,
calidad fisica, calidad quimica, desorden fisioldgico.

Introduction

The tropics have thermal uniformity, without marked
temperature seasons. A reduction in temperature with in-
creasing altitudes means that these zones have altitudinal
thermal “floors” (Fischer & Orduz-Rodriguez, 2012). Since
plants can grow satisfactorily only in certain temperature
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ranges (Das, 2012), they can only grow in a certain altitude
range where the main component is temperature.

Under the colder conditions of the Andean highlands,
fruit development is prolonged, and the time to harvest is
increased (Mayorga et al., 2020), which is why larger and
better quality fruits can be generated, as compared to lower
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altitudes, as seen in feijoa (Parra-Coronado et al., 2015,
2016, 2017a), banana passion fruit (Mayorga et al., 2020),
and apples (Fischer et al., 2016; Gutiérrez-Villamil et al.,
2022). In the tropics, each fruit crop has its optimal altitude
range for meeting ecophysiological demands (Fischer &
Orduz-Rodriguez, 2012).

The phytochemical compounds of fruits are considerably
affected by climatic site conditions and the interaction
between environmental conditions and varieties (Zeng et
al., 2020). The environmental conditions of a particular
site are crucial for fruit quality and are the basis for the
development of commercial crops in a region or country
(Fischer & Orduz-Rodriguez, 2012). Fruits and vegetables,
which are key parts of a healthy diet, are highly exposed
to the magnitude of climate change, where increased tem-
peratures reduce production and quality, especially in the
tropics and subtropics (Shukla et al., 2019).

However, global warming may also increase fruit produc-
tion in some areas. Fischer and Melgarejo (2021) and Tito
et al. (2018) pointed out that an overly high increase in
temperature in the Andes, which would affect the growth
and development of fruit trees, could be avoided by planting
crops in higher altitude areas. In other parts of the world,
such as India, the optimum altitudes for apple cultivation
of 1,200-1,500 m a.s.l. in the 1980s shifted to 1,500-2,500
m a.s.l. in this century, with maximum elevations even
exceeding 3,500 m a.s.l. (Sahu et al., 2020). However, Van
Leeuven and Darriet (2016) stated that, in the case of wine
grapes, the movement of vineyards to higher altitudes as
the result of global warming has a high economic and social
cost. Of course, there are also the possibilities of choosing
species and varieties more adapted to the phenomenon
of climate change (Yohannes, 2016) without moving to
higher altitudes, apart from plant breeding programs such
as the combination of genetic modification of high yield
germplasm with proper crop management (Fischer et al.,
2022). But these topics were not the objective of this review.

Ecophysiological studies are very important for finding
adaptation strategies for fruit trees given changing envi-
ronmental conditions (Sanchez-Reinoso et al., 2019). Given
the fact that highlands over 1,500 m a.s.l. comprise almost
a quarter of the planet’s land surface (Mengist et al., 2020)
and those tropical altitudes can be “escape zones” for global
warming, the objective of this review was to characterize
the effect of increasing altitudes, with an emphasis on the
Andean tropics, on fruit quality to facilitate decisions for
future research and for more adaptive production.

Methods

Information from different databases was used follow-
ing the PRISMA guide (Preferred Reporting Items for
Systematic Reviews and Meta-Analysis), applying the
modified methodology of Page et al. (2021). The keywords
“altitude” and “fruit quality” were used, in English and
Spanish, which generated 500 article titles in the “Google
Academic” database, of which 74 were used (14.8%). The
SciELO database only had 19, with 3 (15.8%) used. Scien-
ceDirect listed 565 titles, of which 28 (15.8%) were used,
and the Redalyc had 4,268 articles, with 57 (1.3%) useful
for this review. To ensure better topicality, greater emphasis
was placed on publications from 2015 onwards; however,
some studies from previous years were included because
of their importance.

In a second filter, research conducted at only a single
altitude was excluded, with a final total of 22 studies that
compared fruit quality at least two different altitudes.

Tropical altitude and climatic characteristics

Since the tropics have thermal uniformity, the largest
fluctuation occurs in the highlands during the 24 h cycle
of a day, where daytime can be described as summer, and
night can be described as winter (Fischer, 2000).

Climatic changes with increasing tropical altitudes that
affect the growth, development, and quality of fruit trees
include a reduction in temperature, about 0.6 to 0.7°C per
100 m (Benavides et al., 2017), and partial pressure of gases
such as CO,, O,, and N, and water vapor (Fischer & Orduz-
Rodriguez, 2012). There is also reduced precipitation which
has an inverse relationship with radiation (Benavides et al.,
2017), while the visible UV, infrared radiation, and wind
increase with altitude (Fischer & Orduz-Rodriguez, 2012).
Since the atmospheric layer that filters solar rays is thinner
in high areas, UV radiation increases between 10 to 12%
with each increase of 1,000 m in altitude (Benavides et
al., 2017). This greater incidence of solar radiation at high
elevations increases soil temperature (Fischer et al., 2022),
favoring plant growth. In addition, the microclimate of a
particular site can vary because of other factors, e.g., the
gradient of decreasing temperature with altitude can be
modified by location, time of day (Benavides et al., 2017),
and cloudiness (Paull & Duarte, 2011).

This reduction in temperature with increasing altitude
leads to zones that are suitable for fruit cultivation, classi-
fied in altitudinal thermal floors as described by Paull and
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Duarte (2011) in the equatorial zone as: (1) the hot zone
(0-1,000 m a.s.l; “warm climate altitudinal zone”); (2) the
temperate zone (1,000-2,000 m a.s.l; “temperate climate
altitudinal zone”); and (3) the cold zone (>2,000 m a.s.l;
“cold climate altitudinal zone”). These authors pointed out
that, in these zones, the temperature depends on latitude,
wind pattern, and precipitation, among other factors.

For a specific area such as Colombia, there are recommend-
ed altitude ranges for fruit trees (Tab. 1). These ranges can
even be specific to the varieties of a certain fruit species, e.g,,
the optimal altitude ranges in the Department of Boyaca
in Colombia for the ‘Anna’ apple are 1,700 to 2,800 m a.s.l.
(Fig. 1) (Gutiérrez-Villamil et al., 2022), for the “Triunfo de
Viena’ pear 2,400 to 2,800 m a.s.L, for the Japanese plum
‘Beauty’ 2,600 to 2,800 m a.s.l. (Fischer, 2000), and for
feijoa 1,800 to 2,700 m a.s.l. (Parra-Coronado et al., 2019).

Likewise, there are recommendations for a narrower range,
such as those in Table 1, which may have better production
results, for example, cape gooseberry at 2,200 to 2,400 m
a.s.l. (Fischer & Orduz-Rodriguez, 2012), purple passion
fruit at 1,700 to 2,000 m a.s.l. (Ocampo et al., 2020), fig at
2,400 to 2,500 m a.s.l. (Fischer, Almanza-Merchan & Pie-
drahita, 2012), and feijoa at 2,100 to 2,600 m a.s.l. (Duarte
& Paull, 2015). On the other hand, at greater proximity to
the equator, temperatures increase, which is why fruit trees
grow at higher altitudes there. For example, in Ecuador,
there are cape gooseberry, tree tomato, and Andean black-
berry crops up to an altitude of 3,300; 3,000, and 3,200 m
a.s.l, respectively (Carrillo-Perdomo et al., 2015).

It is important that crops are located within altitude limits
because this guarantees good physiological and produc-
tive performance, e.g,, in an ecophysiological study on

TABLE 1. Recommended altitude ranges for Colombian Andean fruit cultivation.

Altitudinal range (m a.s.l.)

Plant family Species

500

vollow passonfit[FEia00,

Purple passionfruit'

1000

1500
2000
2500
3000
3500

Passifloraceae —
Sweet granadilla

Banana passionfruit'

Lulo?

Solanaceae  Tree tomato®

Cape gooseberry*
Guava®

Myrtaceae Feijoa®

Champa’
Blueberry®

Ericaceae
Andean blueberry®

Apple?

Pear?

Peach?

Rosaceae s
Japanese plum

Strawberry?

Andean blackberry?

Annonaceae  Cherimoya?

Avocado'
F'gﬁ
Pitaya'

Lauraceae

Moraceae
Cactaceae

"Fischer and Miranda (2021); 2Fischer and Orduz-Rodriguez (2012); ®Bonnet and Cérdenas (2012); “Fischer and Melgarejo (2020); *Fischer and Melgarejo (2021); ®Parra-Coronado et al. (2019);
"Balaguera-Lopez et al. (2022); ®Cleves (2021); *Medina et al. (2015); "°Carvalho et al. (2015); "'Fischer, Aimanza-Merchan and Piedrahita (2012); "2Corredor (2012).
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FIGURE 1. Apple orchards in the A) Boyaca highlands and B) citrus fields in the Valle department of Colombia.

passion fruit in the Department of Huila (Colombia)
grown at 2,060 and 2,270 m a.s.l, the predawn values of
the maximum photochemical efficiency of photosystem II
(Fv/Fm >0.86) confirmed that the plants were not exposed
to stress conditions and the two altitudes are suitable for
the cultivation of passion fruit in this region (Ferndndez
et al., 2014). Fruit cultivars outside their optimal altitude
range do not generate economic profitability, and plants
at a higher altitude grow too slowly, with lower yields and
qualities. At too low altitudes, they grow too fast, without
developing their typical and stable post-harvest quality
(Fischer & Parra-Coronado, 2020).

Adaptation of fruit trees to highland conditions

Cultivars originating from regions near the equator and/or
higher altitudes, as the case of Andean fruit crops, may have
developed a greater tolerance to UV-B radiation (Caldwell
et al., 1980). A good example of the adaptation of fruit trees
to higher altitudes is the study by Voronkov et al. (2019),
who found that the levels of phenolic substances and po-
lyunsaturated fatty acids increased in the skin of apples
with altitudes increasing from 300 to 1,200 m a.s.l. in the
Caucasus. This increase in phenols protects fruits against
high UV radiation because of their powerful antioxidant
effects, while unsaturated fatty acids retain the fluidity of
the fruit’s cell membranes within the physiological range
(Voronkov et al., 2019).

In cape gooseberry plants, Fischer et al. (2007) found that
plants formed a more superficial root system at a higher
altitude (2,690 m a.s.l.) in Boyacé (Colombia) than at 2,300
m a.s.l. to take better advantage of soil warming by the
midday sun. In addition, this species, which originated
in the Andean highlands, can increase the number of leaf
stomata at higher altitudes to compensate for the lower
concentrations of CO, and O, at these conditions (Fischer &

28

Melgarejo, 2020), along with dense pubescence in all aerial
organs to counteract the high UV radiation and nocturnal
cooling of the atmosphere (Fischer et al., 2021).

Plants at high elevations develop a lower height because
UV light decreases auxin production (Fischer & Melgarejo,
2014) and affects the synthesis of gibberellins in the
internodes (Buchanan et al., 2015). In addition, fruit
trees develop a smaller leaf area because of the greater
solar radiation and increased temperature resulting from
climate change (Fischer, Almanza-Merchian & Ramirez,
2012). Moreover, the cuticle as well as the leaves becomes
thicker because of the increased number of parenchyma
layers that better resist UV light (Fischer & Miranda, 2021).
Within this context, varieties with higher photosynthetic
performance and lower susceptibility to photoinhibition
are better adapted to high elevation belts (Fischer et al.,
2016).

For plant breeders, climatic adaptation is the requirement
that a new variety must meet, and fruit trees are continu-
ously modified through genetic selection to adapt to new
environments, such as light intensity, photoperiod, cold
and heat, type of soil, and moisture condition. Many of
these requirements change with altitude and latitude
(Sherman & Beckman, 2003). It is noteworthy to mention
the existence of a genotype-by-environment interaction,
as shown in the case of guava fruits, where a significant
genotype x environment interaction was found for sugar
and organic acid content in four genotypes at different
altitudes in the department of Santander in Colombia
(Solarte et al., 2014).

Effect of altitude on fruit quality

In general, for the comparison of different altitudes, the
intrinsic characteristics of each site must be considered, e.g,,
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slope, acidity, and organic matter content of the soil, among
others, along with the climatic factors (Brenes-Gamboa,
2017). Table 2 shows some studies (22) that compare the
effect of different altitudes on the physical and chemical
components of fruits. Pérez and Melgarejo (2015) confir-
med that the environmental conditions must be very close
to the optimum to achieve the highest possible yields and
qualities on fruit plantations, which are determined by the
genetic potential of the species.

The physical characteristics of fruits

Physical features, such as weight, size, shape, firmness,
and color, along with the duration of the reproductive
phenological phase, depend first of all on the genetics of
the species and variety; the potential is expressed to the
maximum under optimal climatic conditions of the crop
(Fischer, Ramirez & Almanza-Merchén, 2012), which favor
physiological processes, such as photosynthesis, transpi-
ration, translocation of photoassimilates, respiration, and
metabolism, which are crucial to the internal and external
quality and postharvest longevity (Ladaniya, 2008).

The duration of fruit development until physiological
maturity depends to a high degree on the temperature of
the cultivation site; the lower the temperature during the

High altitude T Radiation 1Temperature
\7

‘,’ - 4 / ‘_’; o 58 .

growing season, the later the fruit will ripen (Moretti et
al., 2010). Thus, feijoas at 1,800 m a.s.l. and an average
temperature of 18.3°C took 155 d, while at 2,580 m a.s.1.,
(12.3°C) they took 180 d (Parra-Coronado et al., 2015);
cape gooseberries took 66 and 75 d at 2,300 (17.4°C) and
2,690 m a.s.l. (12.5°C), respectively (Fischer et al., 2007).
Posnette (1980) reported that the growth cycle of ‘Lacatan’
banana fruits in Jamaica increased by 1 month with each
100 m increase in altitude. Temperature, as one of the
most important climate variables, affects the growth and
development of fruit trees by regulating the length of
the different phenological stages, i.e., fruit development
is prolonged at higher altitudes because of decreased
temperatures (Parra-Coronado et al., 2015; Mayorga et
al., 2020). Ramirez et al. (2018) stated that the length of
fruit development is highly dependent on climatic differ-
ences and particularly on the temperature. These authors
mentioned that higher mean temperatures enhance fruit
growth rates and decrease the time to maturity, whereas
lower average temperatures tend to extend time neces-
sary for fruit growth and maturity. Fischer, Ramirez and
Almanza-Merchan (2012) emphasized that carbohydrate
transport to the fruits and the rate of biochemical reac-
tions catalyzed by enzymes (Moretti et al., 2010) are highly
temperature-dependent.

- Size
T - Fresh weight
- Sucrose

-T8S

- Firmness
- Skin color (°Hue)
- Citric acid

- Days to harvest
-GDD

FIGURE 2. Representation of the effect of a higher altitude (2,580 vs. 1,800 m a.s.l.) on development and quality characteristics of feijoa (Acca
sellowiana) fruits (Parra-Coronado, Fischer & Camacho, 2015; Parra-Coronado et al., 2017a, 2019, 2022). GDD: growing degree days; TSS: total

soluble solids.
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Several researchers compared growing degree days (GDD)
during fruit development at different altitudes, with more
physiological data and better adaptation to the temperature
of the site, e.g., feijoa at 1,800 m a.s.l. requires 2,965+113
GDD (167.5 + 4.97 calendar days) from flower bud to har-
vestand, at 2,580 m a.s.l,, requires 2,337+124 GDD (210.25
+ 10.08 calendar days) (Parra-Coronado et al., 2015) (Fig.
2). Bugaud et al. (2006) found that for bananas, at higher
elevations (300 m a.s.l. vs. 50 m a.s.L.), the sum of tempera-
tures (measured in GDD) was higher, which is why fruit
fingers developed with greater thickness and density (Tab.
2), and the green life was shorter.

Of the 22 studies in Table 2, the fresh weight (FW) and
size of the fruit increased in 12 studies (e.g., feijoa, banana
passion fruit, Andean blackberry, lime, cactus pear) with
increasing altitude, while in five studies, these properties
decreased (e.g., cape gooseberry, guava, kiwi); the condi-
tions of the sites must be within the optimal range required
by these fruit species (Fischer et al., 2016), especially for
temperature, precipitation and solar radiation (Fischer,
Ramirez & Almanza-Merchdn, 2012). In this regard, Viera
et al. (2019) indicated that the effect of location on fruit
weight and blackberry production was due to climate and
soil characteristics.

Possibly, the development of fruits with a smaller size
and lower weight at lower elevations occurs because of
accelerated development driven by high temperatures,

as compared to higher elevations of the same species.
Therefore, there is a shorter time for accumulation of
photoassimilates, along with a smaller daylight integral, as
observed by Mayorga et al. (2020) in banana passion fruit.
The increase in fruit weight may be highly related to cooler
nights at high altitudes (Fischer et al., 2016) which reduce
maintenance respiration in fruits and energy costs, favor-
ing carbon balance and dry weight (DW) accumulation in
these organs (Gariglio et al., 2007).

Apart from temperature, precipitation and soil moisture
play the most important role in fruit filling because of their
direct effect on the rate of fruit growth and translocation
of carbohydrates to the fruit (Fischer, Ramirez & Almanza-
Merchdn, 2012). According to Mendoza et al. (2017),
precipitation and soil moisture promote the reproductive
phase of crops in the Andes to a greater degree (73.4%),
as compared to temperature (19.3%) and solar radiation
or photoperiod (3.2%). In cape gooseberries, a decrease in
precipitation (837 vs. 302 mm year™) with the increase of
altitude (2,300 vs. 2,690 m), could also have contributed
to smaller fruits, number of fruits, and yield per plant
(Tab. 2), although there was additional irrigation (Fischer
et al., 2007). In the case of feijoa, Parra-Coronado et al.
(2017a) found an opposite behavior for the size and qual-
ity of fruits, which were greater at higher altitudes (1,800
vs. 2,580 m a.s.l.) and with less rainfall (1,493 vs. 765 mm
year") although plants were near the upper recommended
altitude limit at 2,700 m (Tab. 1).

TABLE 2. Effect of increasing altitude on the physical and chemical properties of fruits grown in various countries at the time of harvest.

Common name / Country (region) / altitude

Species variety (mas.l) Physical property Chemical property Author
Increase of TSS and Parr_a—Coronado,
Increase of FW and size; sucrose; decrease of citric Fischer and
Acca Feijoa Colombia (Cundinamarca) . ’ P Camacho (2015);
. AR decrease of firmness and  acid; without effect on TTA,
sellowiana / clone ‘Quimba /1800, 2580. S Parra-Coronado ef
hue angle. malic acid, glucose and
fructose al. (2017a, 2019,

' 2022)
Actinidia Kiwi / ‘Hayward’ (Ardeseanuirsi?raiyct of Rize) Decrease of FW, diameter, Decrease of TSS and pH Zenginbal and
chinensis 120, 210, 446, 610. length and firmness. 0Ozcan (2018)

Colombia (Espinal Increase of size, color
Citrus . P S intensity and green Increase of TTA; decrease Garcia-Mufioz
L Lime / ‘Tahiti Villavicencio, Lebrija) o s
latifolia coloration; decrease of of juice content. etal. (2021)
/335, 336, 1038. i
irmness.
Citrus Mandarine / Indonesia (West Java) Increase of orange color; T'?Zre;iigg tvgf?gtno% aT”édS Susanto et al.
reticulata Fremont /500, 650, 800. without effect on firmness. and TSS/TTA ratio. (2013)
. - Increased peel thickness; Increase of vitamin G, but

Citrus . Nepal (Dadeldhura district) ' ' 1. Ayerand Shrestha
sinensis Orange / Mousambi /1400, 1700, 2000. decreased FW and TSSonlyat1,700 ma.s.l; (2018)

diameter.

decrease of juice content.
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Species

Common name /

Country (region) / altitude

Physical property

Chemical property

Author

variety (mas.l)
. . Increase of TSS, vitamin
) Venezuela (Lara, Trujillo Increase of size and dark . )
Fragaria x SFrawt.Jerr){/ and Aragua) / 1200, 1800, red color: decrease of C and anthocyanins; Pérez de Camacaro
ananassa Capitola . decrease of TTA and total etal (2017)
2800. firmness.
polyphenols.
Increase of TTA,
Increase of FW, length and glucosg, t_otal p“e.”(?'s,
Malus India (Himachal Pradesh) /  diameter; without effect on and antioxidant activity,
. Apple / ‘Red Gold’ o decrease of fructose, Kumar et al. (2019)
domestica 1400, 1800. firmness and color bi i
(=%, —a*, +b%) sucrose, ascorbic, malic
' ' ' and citric acids; without
effect of TSS.
Increase of diameter Increase TSS, citrate and
Musa Banana/ ‘Grande French West Indies firmness. % FW densft Zn; decrease of P; without Bugaud et a/.
acuminata Naine’ (Martinique) / 50, 300. AR y effect on K, Mg, Ca, Fe and (2006)
and peel hardness. M
Olea - . Jordan (Soum and Om Decree_lse of oil oil acidity, Freihat et al.
eUr0Daea QOlive/ ‘Nabali Al-Dananeer) / 400, 700 peroxide and unsaturated (2008)
p A fat/saturated fat ratio.
) Italy (Sicily) / 301-350, Increase of TSS; without
Opuntia Gaclus pear /. 351-450, 451-550, Increase of FW, effecton TTA pHand%  Moleseeral
ficus-indica Gialla, ‘Rossa (2010)
551-650 pulp.
Increase of FW, diameter,
. 0 H
Passiflora Bqnana . Colombia (Cundinamarca) Igngth, color: tone { l_.l)’ Increlas'e of TTA ascoric Mayorga et al.
S passion-fruit brightness and saturation  and citric acid; decrease of
tripartita .y /2006, 2498. - : A (2020)
/ var. mollissima (chroma); without effect on malic and oxalic acids.
firmness.
. - Increase of FW, length, Increase of % of oil, oleic
Persqa Avocado / ‘Hass Colombia (Antioquia) diameter and % DW: oil. % palmitoleic and Carvalho et al.
americana /1340-2420. o i S (2015)
decrease of % humidity. linoleic acids.
Decrease of sucrose and
Cape gooseberry Decrease of accumulated B-carotene; without effect
Physalis / ecotypes Colombia (Boyacd) DW, diameter, fruit number/ ' Fischer et al.
. . o ) , i on glucose, fructose, total
peruviana Colombia’, ‘Kenya, /2300, 2690. plant, and yield/plant; o (2000, 2007)
‘South-Africa’ without effect on fruit FW carbohydrates, citic and
’ ascorbic acids.
. : . Decrease of FW, diameter,
el AT gl ometss A0
genotyp ' effect on blush area.
Greece (Prefectures of Increase of total phenols
Prunus Cherry / “Tragana’ Pieria, Imathia, and Pella) Increase of FW and color at antioxidant capacity; Faniadis et al.
avium y/irag 150, 216, 490 216mas.l. (I 2%, b*).  decrease of TTA: without (2010)
Te effect on TSS.
Increase of anthocyanins
Increase of % red blush and in fruit epidermis:
Prunus Peach / June Gold’ Greece (Imathia and Kozani)  surface, redness (a*) and antioxidant capacity, total Karagiannis et al.
persica /72,495, lightness (L*); without phenols, flavonoids and (2016)
effect on firmness. carotenoids; without effect
onTSS and TTA.
Guava/ Reg. Decrease of FW, color Increase of glucose and
Psidium Blanca), ‘Guavata Colombia (Santander) change from réento orqanic acids: without Solarte et al.
quajava Victoria’, /1570, 1720, 1890. ge from g g ' (2014)
s , yellow. effects on sucrose.
Raquira Blanca
to be continued
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Common name / Country (region) / altitude

Species

Physical property

Chemical property Author

variety (mas.l)
Punica Pomegranate Oman (Al-Hajar Mountains) dligz:(é?gfa%f dFrVeV(‘j Isgl%trh(,)f Increase of TSS, SST/TTA  Al-Kalbani ef a/.
granatum / ‘Helow’ /1540, 1876, 2019. . ratio and juice volume. (2021)

aril and peel.
Increase of FW, DW,
Rubus Andean blackberr Colombia (Cundinamarca) firmness, humidity and Increase of TSS; decrease Vergara ef al.
glaucus y /1882, 2200, 2410, 2647. consistency; of TTA. (2016)
Decrease of L* and chroma.
( . . Increase of FW, length, Increase of total sugars and

Zz;l;z[/jss RE?SDS?WHQH?;'(;F“ MOBLJ?Q:[](;\)/EHJ%U%ZS diameter and L*; without TSS/TTA ratio; decrease of ~ Maro et al. (2014)

’ g ’ © effect on hue and humidity. TSS and TTA.

China (Provinces of Increase of TSS, TSS/ATT

Vaccinium Rabbiteye blueberry  Zhejiang, Jiangsu, Hubei, ratio, flavonoids, phenols
ashei / ‘Brightwell’ Guizhou, Yunnan) and anthocyanins; decrease Zeng et al. (2020)

/ 37-2010.

of TTA.

Brazil (Pernambuco and

Vitis viniféra Bahia) / 350, 1100,

Grape / ‘Syrah’

Increase of TSS, malic and
succinic acids; decrease
of glucose, fructose, citric
and tartaric acids; in peel
increase of anthocyanins
and tannins and decrease of
trans-resveratrol.

De Oliveira et al.
(2019)

FW: fresh weight; DW: dry weight; TSS: total soluble solids; TTA: total titratable acidity.

Anincrease in altitude only increased fruit firmness in two
studies, e.g., in blackberry (Vergara et al., 2016), while in
four studies, firmness decreased (e.g., in strawberry; Pérez
de Camacaro et al., 2017). Four authors observed no effect
on this property (e.g, in mandarin; Susanto et al., 2013).
This non-uniform effect of altitude on firmness could be
because this quality characteristic depends on various
factors, such as fruit morphology, cell wall composition,
Ca concentration, starch concentration, ethylene produc-
tion, respiratory intensity, and enzymatic activity related
to softening, among others (Yahia & Carillo-Lépez, 2019),
factors that can be differentially regulated depending on
altitude and crop management (fertilization, irrigation).

Two studies looked at the thickness of the epidermis, as in
the case of oranges (Ayer & Shrestha, 2018) and the hard-
ness of the epidermis in bananas (Bugaud et al., 2006),
which increased with higher altitude (Tab. 2), possibly
promoted by higher solar radiation in these sites, which
increases the number of parenchyma layers and cuticle for
greater resistance against UV light (Fischer & Miranda,
2021). Additionally, Osterloh et al. (1996) pointed out an
increase in the firmness of deciduous fruits growing in
mountainous regions, which shortens the ripening pro-
cesses and leads to a longer shelf-life and better aroma
than those from valleys. In the case of the ‘Kristal” guava
in Indonesia, fruits from altitude (550 m a.s.l.) stood out

as being “crispier”, while those from a valley (200 m a.s.L.)
were softer and heavier (Musyarofah et al., 2020).

These observations coincide with the increase in the quality
of the ‘Anna’ apple at 2,500 m a.s.l. vs. lower elevations in
Duitama (Colombia), with a thicker cuticle and epider-
mis, making the fruits less susceptible to pathogens and
insect pests, along with a better red coloration because of
increased anthocyanin synthesis (Fischer et al., 2016). This
reaction agrees with the report by Campos and Quintero
(2012) for banana passion fruit grown in the Colombian
highlands (Tab. 1), which developed a thicker epidermis
and was more resistant to anthracnose than fruits from
lower sites.

Fruit color changes with increases in solar radiation at
higher altitudes (Fischer & Orduz-Rodriguez, 2012); a
greater intensity of color and green coloration were found
in Lima Tahiti (Tab. 2) (Garcia-Mufoz et al., 2021), prob-
ably because of the role of light in the biosynthesis of
chlorophylls. In another citrus, mandarin cv. Fremont,
the orange color increased (Ayer & Shrestha, 2018) because
of the mentioned parameter. The higher altitude was also
responsible for a greater increase in the intensity of red
color in strawberries (Pérez de Camacaro et al., 2017)
and pomegranates (Al-Kalbani et al., 2021) because of the
increase in the concentrations of anthocyanins that, apart

Fischer, Parra-Coronado, and Balaguera-Lopez: Altitude as a determinant of fruit quality with emphasis on the Andean tropics of Colombia. A review. 219



from these two crops mentioned, have also been found in
peaches (Karagiannis et al., 2016), blueberries (Zeng et
al., 2020) and grapes (Oliveira et al., 2019) (Tab. 2). Light
is a determining factor in the accumulation of pigments
(carotenoids and anthocyanins) in fruits (Yahia & Carrillo-
Lépez, 2019). It has been shown that light is an important
component that affects the expression of genes related to the
synthesis of pigments and also regulates their accumulation
by controlling the light signaling apparatus (Azari et al.,
2010; Ruiz-Sola & Rodriguez-Concepcidn, 2012).

Apart from light, temperature is a key factor for the red
color of fruits; day temperatures around 18-24°C promote
fruit growth (Fischer & Orduz-Rodriguez, 2012), depend-
ing on the species and variety, while cool night tempera-
tures (e.g., 10°C) promote red coloration by anthocyanins
in the fruit epidermis, as reported by Musacchi and Serra
(2018) for the case of red apples, while Fischer et al. (2016)
mentioned that cool nights promote the coloration of wine
grape berries. These temperature contrasts can easily be
found at tropical altitudes.

Parra-Coronado et al. (2017a) measured color during the
growth of feijoa (cv. Quimba) fruits as a function of hue
angle (H®), which varies from 180° for the pure green color
to 0° for the pure red color, and found that feijoa remained a
green fruit, with small decreases in H° for the two altitudes
(1,800 and 2,580 m a.s.1.), with values at the time of harvest
0f122.9 +2.0and 125.0 + 2.1 He, respectively. Although an
increase in temperature with a decrease in altitude acceler-
ates the ripening process, degradation of chlorophyll and
reduction of He in the skin of feijoa fruits do not change its
color because of the genetics of the fruit, which only varies
within a color tonality.

Chemical characteristics of fruits

Total soluble solids (TSS), mainly soluble sugars, organic
acids, and vitamins, increased in nine fruit species (e.g,
feijoa, Andean blackberry, and cactus pear) at increased
altitudes, as seen in Table 2. In two fruit species, kiwi (Zen-
ginbal & Ozcan, 2018) and raspberry (Maro et al., 2014),
they decreased with increasing altitude. The increase in
TSS may be related to the increase in photosynthesis with
altitude because of the higher luminosity (Mayorga et al.,
2020) if the temperature is still in the optimal range of the
crop and/or with the lower respiratory carbohydrate loss
asaresult of the lower night temperature at high elevations
(Fischer et al., 2016). For the reduction of total soluble so-
lids (TSS) in kiwi, Zenginbal and Ozcan (2018) found that
the conversion of starch into sugar decreased due to lower
temperatures at altitude of 610 m a.s.1. Temperature can
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influence total sugar content in yellow and purple passion
fruit that are grown at different altitudes and temperature
conditions (Viera et al., 2022). In addition, low night tem-
peratures can limit the transport of carbohydrates to fruits
(Fischer, Almanza-Merchdn & Ramirez, 2012), as seen
by Tombesi et al. (2019) in grapevines exposed to a night
temperature of 15°C as compared to 25°C.

The total titratable acidity (T'TA), which is the quantifica-
tion of the organic acids contained in the cell juice, de-
creased in five species at increased altitude, especially in the
berries (blackberry, raspberry, blueberry) (Tab. 2). In four
species (lime, mandarine, apple, banana passionfruit), the
TTA increased with elevation, possibly because the lower
temperature limited the respiration rates of fruits that use
organic acids as a substrate (Batista-Silva et al., 2018). In
strawberries, blackberries, and blueberries, increases in TSS
were recorded in association with a decrease in TTA with
increased altitude, and the TSS/TTA ratio (maturity index)
increased (Tab. 2), which could be related to the conversion
of organic acids into sugars by the gluconeogenesis process
(Famiani et al., 2015).

In apple, cherry, peach, and blueberry, increases in phenols
were detect at higher altitude; in the latter three species, an
increase in flavonoids was also reported (Tab. 2), which is
avery important protection mechanism against UV radia-
tion (Cheynier et al., 2013). On the other hand, total phenol
contents decreased with higher altitude only in strawber-
ries (Pérez de Camacaro et al., 2017). These secondary
metabolites are essential phytochemical substances in the
plant, which are activated by the light spectrum, acting as
defense compounds and protectors against UV radiation
(Salazar-Garcia et al., 2016).

Likewise, the antioxidant capacity and activity increased
with increased altitude in peaches (Karagiannis et al.,
2016) and apples (Kumar et al., 2019), possibly generated
by the increase in phenols, flavonoids, and ascorbic acid
(especially in citrus fruits, strawberries, and banana passion
fruit) (Tab. 2). These secondary metabolism substances are
powerful antioxidants (Ouzounis et al., 2015).

In two (Tahiti lime and orange) of the three citrus species
studied (Tab. 2), a decrease in juice content was found with
increasing altitude, e.g, a 14.8% lower juice content was pro-
duced in Tahitilime fruits at 1,038 m as compared to 336 m
altitude (Garcia-Muioz et al., 2021). Possibly, this occurred
because the climatic conditions were not adequate for the
juiciness of the fruit, taking into account the multidimen-
sionality of climatic factors in a given site (Zandalinas et al.,
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2021). The volume of juice also increased in pomegranates,
according to the increase in weight and size of the fruits
with altitude (Al-Kalbani et al., 2021) (Tab. 2).

In fruits with high lipid content, such as the olive tree, the
oil content decreased (Freihat et al., 2008), while it increased
in avocados (Carvalho et al., 2015) with rising altitude (Tab.
2). In the latter fruits, the contents of oleic, palmitoleic,
and linoleic fatty acids increased at higher elevations.
Environmental factors at different altitudes influence the
respiration pattern of avocados during ripening on the tree,
affecting the metabolism of the fruit that is responsible for
the composition and quantity of fatty acids (Carvalho et
al., 2015). The increase in altitude to values above 2,300 m
a.s.l. was reported by Henao-Rojas et al. (2019) as a favorable
one for the fruit quality of this species, while Ramirez-Gil
et al. (2018) mentioned the altitude range for avocado is
between 1,400 and 2,600 m a.s.l.

There are very few studies that reported a lack of an effect
from increasing altitude on fruit quality; one on highbush
blueberries, comparing elevations of 217 and 636 ma.s.l. in
Portugal, found no statistical differences for the concentra-
tions of free sugars, organic acids and vitamin C (Correia
et al., 2016).

In the two studies that evaluated the content of antioxidants
in the epidermis of fruits, such as total phenols, flavonoids,
and carotenoids in peaches (Karagiannis et al., 2016) and
anthocyanin and tannins in grapes (Oliveira et al., 2019),
antioxidants increased with increasing altitude, confirming
the importance of these protective substances in the skin of
fruits that attenuate excessive UV radiation (Caldwell et al.,
1998). Interestingly, in bilberries (Vaccinium myrtillus), a
direct relationship was found between altitude and antioxi-
dant activity; in the range between 900 and 1,450 m a.s.1,
the relationship between altitude and total anthocyanins
was inversely proportional, while the dependence became
proportional from 1,500 m a.s.l. (Papanov et al., 2021).

In general, if the highest altitude of studied sites was very
close to or above that recommended for the crop (Tab. 1),
the physical and chemical components of the fruit quality
decreased or there were no differences between the sites, as
observed in the case of cape gooseberries at 2,690 vs. 2,300
m a.s.l. in Colombia (Tab. 2) (Fischer et al., 2000, 2007).

In feijoa, the accumulated solar radiation during fruit
growth (8,918 vs. 11,082 W m™) at the two altitudes (1,800
vs. 2,580 m a.s.l.) affected its size and quality at harvest
(Fig. 2) (Parra-Coronado et al., 2017a). At higher altitudes

(greater accumulated solar radiation), the feijoa fruits
presented a larger size, higher content of TSS and less
firmness of the epidermis. According to Parra-Coronado
et al. (2017a), the higher content of TSS, and greater FW
produced at higher altitudes could be explained by “the
higher rate of transpiration related to greater irradiance,
which would provide a prolonged entry of water and nu-
trients to the fruit”, indicating that the greater availability
of light increases and extends the transport stream from
the xylem to the fruits. Furthermore, photosynthesis in
adjacent and well-illuminated leaves near the fruit is pro-
moted by the attraction of photoassimilates from the fruit
(Fischer, Almanza-Merchan & Ramirez, 2012).

Physiological disorders of fruits at high altitudes

Fruit trees grown at altitudes above their optimal range
can suffer abiotic stress, especially from low temperatures
(chilling and freezing stress, Fig. 3A), and oxidative stress
from high UV radiation, which can cause large production
losses (Madani et al., 2019). On clear nights, the surface of
the outer tissues of plants and fruits cool below air tempe-
rature because of heat exchange, leading to damage to cell
membranes and intracellular compartments (Voronkov et
al., 2019). In addition, sudden changes in temperature bet-
ween day and night at altitudes can generate physiological
disorders, such as fruit cracking (Fischer, Balaguera-Loépez
& Alvarez-Herrera, 2021), as reported by Miranda (2020)
for sweet granadilla.

During recent decades, radiation has increased steadily,
especially UV-B (280-320 nm) (Van Leeuwen & Dariet,
2016). Fruit trees, growing at higher altitudes and especially
near the equator, suffer from prolonged solar radiation
affecting the epidermis of the fruit, as observed in crops
such as mango, kiwi, pineapple, avocado, sweet granadilla
(Fig. 3B) and deciduous fruit trees (Fischer, 2000; Fischer
& Orduz-Rodriguez, 2012), and from a higher concentra-
tion of potentially harmful UV-B (Benavides et al., 2017).

Fruit sunburns which are common at altitude sites are
further promoted by prolonged dry periods due to climate
change and the effect of “El Nifo” in northern South
America (Fischer et al., 2016). Damage caused by photo-
inhibition results when the chlorophylls in the thylakoid
membrane of the chloroplasts absorb more light energy
than the photosynthesis process can use and induce dam-
age to the photosystem II and degradation of DI protein
(Casierra-Posada, 2007).

Direct solar radiation increases not only the temperature
but also evapotranspiration through the fruit surface,
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FIGURE 3. A) Chilling injury in feijoa (Acca sellowiana) and B) sunburn in sweet granadilla (Passiflora ligularis) in Colombian highlands.

causing an accelerated loss of moisture and increasing
susceptibility to fruit cracking (Ikram et al., 2020; Fischer,
Balaguera-Lépez & Alvarez-Herrera, 2021). For example,
in the case of Japanese plums (Prunus salicina), excessive
radiation manifests itself as a brown to yellow discoloration
on the surface of the fruits, which, in severe cases, can re-
sult in necrotic spots and cracking of the fruit epidermis
(Makeredza et al., 2018).

In sensitive plants, prolonged UV-B radiation affects
photosynthetic activity and plant growth by damaging
DNA, membranes, proteins, and lipids (Hideg et al., 2013).
However, normal (natural) levels of UV-B radiation can
reduce abundant vegetative growth and the incidence of
pathogens, and favor secondary metabolism from greater
synthesis of anthocyanins, carotenoids, and flavonoids,
improving flavor, aroma and color in the case of grapes
(Fischer et al., 2016).

Fruits are capable of developing protection mechanisms
against high UV-B radiation, such as increased synthesis
of phenylpropanoids (flavonoids, e.g., anthocyanins) in
the epidermis that can absorb this radiation and serve as
antioxidants (Caldwell et al., 1998).

Conclusions

In this review of most information from Colombia, higher
altitudes are characterized by decreased temperatures and
increased solar radiation. Because of global warming, high-
lands will become important for planting fruit trees. The
effect of altitude on the quality components of fruit trees
depends, firstly, on the species and variety and, secondly
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on whether the climatic conditions are within the range of
optimal conditions for the fruit crop growth.

In the 22 studies found in the systematic review of four
bibliographic databases that compared fruit quality at least
two altitudes, increased altitudes showed prolonged fruit
development in most cases, and increased fresh weight
and size, while, in some fruit species, fruit firmness de-
creased. In general, the higher radiation in the upper zone
promoted the intensity of the fruit color. The total soluble
solids content of the fruits increased with altitude in most
cases, probably because of the increase in photosynthesis
resulting from higher solar radiation. For total titratable
acids, there was no clear trend for altitude, and it depended
more on the fruit species and the site conditions. In vari-
ous fruit species, increasing altitude means the content of
antioxidants (mainly phenolics) is increased in the fruit
flesh and epidermis as a reaction to increasing UV light.
Physiological disorders in the highlands include stress
caused by high UV radiation (oxidative stress) and too low
temperatures (chilling and freezing stress).

In general, if altitude is at or above the recommended range
for a fruit species, there are no positive effects on fruit qual-
ity. Varieties with higher photosynthetic performance and
lower susceptibility to photoinhibition are better adapted
to high altitudes.

The authors suggest undertaking more studies in different
altitudes of the Andean region with all fruit species and
varieties in correlation with the climatic conditions for
a better understanding of fruit production and quality.
These results, in the face of climate change, would serve as

Agron. Colomb. 40(2) 2022



an input for new plant breeding programs and improved
management of these crops.
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Soil, climate, and management practices associated
with the prevalence of clubroot in Colombia

Suelo, clima y practicas de manejo asociadas a la prevalencia
de la hernia de las cruciferas en Colombia

Andrea Botero Ramirez"2, Fabian Leonardo Padilla-Huertas', and Celsa Garcia'*

Clubroot disease caused by Plasmodiophora brassicae is a
major constraint for cruciferous crops in Colombia; however,
information regarding its spread and the relationship between
environmental and crop management practices with its occur-
rence in the country is scarce. This research established clubroot
prevalence in the main cruciferous productive areas in Colom-
bia and the relation of its occurrence with crop management
practices, soil, and climatic characteristics. In total, 127 fields
were visited along eight departments. Clubroot infestation was
determined either by direct inspection of roots of host plants

the disease symptoms by the farmers. Soil samples were col-
lected for physical and chemical analysis, climatic information
was obtained, and farmers were surveyed on the management
practices of the production systems. The survey confirmed the
presence of the disease in 53.6% of the visited fields. The only
department where the disease symptoms were not observed nor
reported was Narifo. A negative correlation was found between
the disease occurrence and the content of aluminum in the
soil, the number of days with rain per year, and the cultivation
of clubroot-resistant hybrids. Moreover, a positive correlation
was observed with the inclusion of cruciferous crops in the
rotation scheme, the effective cation exchange capacity of the
soil, soil pH, and the content of phosphorus, calcium, boron,
and copper in the soil.

Key words: pathogen spread, point biserial correlation,
soilborne disease, epidemiology, Plasmodiophora brassicae.

for clubroot symptoms or by report of previous observation of

La hernia de las cruciferas, causada por Plasmodiophora bras-
sicae, es una de las mayores limitantes para la produccion de
cruciferas en Colombia; no obstante, la informacién sobre su
prevalencia, y la relacion entre las condiciones ambientales y
practicas de manejo con su ocurrencia es escasa. Esta investi-
gacion establecié la prevalencia de la hernia de las cruciferas en
las principales zonas productoras de cruciferas en Colombia yla
relacion entre su ocurrencia, las practicas de manejo y algunas
condiciones edafo-climadticas. En total se visitaron 127 lotes en
ocho departamentos. La infestacion por hernia de las cruciferas
se determind por inspeccién directa de raices de hospederos
susceptibles y por reporte de observacion de sintomas por parte
del agricultor. Se colectaron muestras de suelo para analisis
fisicoquimicos; ademas se obtuvo informacion climética y se
encuesto a los agricultores con respecto a sus sistemas de pro-
duccidn. La investigacion determiné que el 53.6% de los lotes
visitados estaban infestados. El inico departamento donde no
se observaron ni reportaron sintomas de la enfermedad fue
Narifio. Se encontré una correlacion negativa entre la presencia
delaenfermedad y el contenido de aluminio en suelo, el nimero
de dias con lluvia al afo y el cultivo de hibridos resistentes a
la enfermedad. Ademas, se encontré una correlacion positiva
entre la presencia de la enfermedad y la inclusion de especies
cruciferas en el esquema de rotacion, la capacidad de intercam-
bio catiénico, el pH del suelo y el contenido de fésforo, calcio,
boro y cobre en el suelo.

Palabras clave: dispersién de patdgenos, correlacion biserial
puntual, patégeno de suelo, epidemiologia, Plasmodiophora
brassicae.

Introduction

Clubroot disease is caused by Plasmodiophora brassicae
Woronin, a soilborne protozoan. In Latin America, this
disease has been reported from Mexico, Costa Rica, Gua-
temala, Bolivia, Venezuela, Ecuador, Peru, Chile, Brazil,
and Colombia; however, studies reporting the disease

Received for publication: March 3, 2022. Accepted for publication: July 14, 2022.

severity and economic losses it causes are not available
(Botero et al., 2019). Clubroot reduces yield in vegetable
crops of the Brassicaceae family that, in 2017 occupied
2600 ha in Colombia (3.5% of the cultivation area in
vegetable crops in the country) (MADR, 2018). Disease
symptoms are observed as galls in the plant roots that im-
pede nutrients and water uptake and cause growth delay,
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wilting, chlorosis, and even plant death when symptoms
are severe (Dixon, 2009).

The disease cycle is divided into three main stages. Dur-
ing the primary infection, resting spores in soil detect root
exudates of a host plant and induces their germination into
a primary zoospore that swims towards the plant root hairs.
Once in the root hairs, penetration occurs; and a primary
plasmodium develops. This plasmodium will later cleave
into a zoosporangium that produces secondary zoospores
that are responsible for the secondary infection. During
the secondary stage, cells of the root cortex are infected;
and the disease symptoms become visible. The last stage
happens when resting spores are produced in the root galls
to be later released into the soil. Those resting spores will
serve as primary inoculum for future infections (Kageyama
& Asano, 2009).

Clubroot management is quite difficult, mainly because of
the production of resting spores that can survive in soil in
the absence of a host for up to 17 years (Wallenhammar,
1996). However, their average lifespan is around five to six
years (Hwang et al., 2015). This is one of the main features
that makes clubroot disease one of the major threats to
cruciferous crop production around the world, including
Colombia (Jaramillo & Diaz, 2006; Dixon, 2009).

Incidence and severity of diseases are modulated by the
disease triangle components (host, environment, and
pathogen) (Agrios, 2005). Among the environmental
conditions affecting clubroot development, the most
important are temperature, soil moisture, and soil prop-
erties. The most studied are soil pH, boron, and calcium
contents. The optimum pH range for clubroot develop-
ment has previously been determined to be between 5 and
6.5 (Webster & Dixon, 1991b; Narisawa et al., 2005; Niwa
et al., 2007, 2008; Gossen et al., 2013; Rashid et al., 2013).
An increase of concentration of both the nutrients calcium
and boron is related to a reduction in the primary infec-
tion of the pathogen and plasmodia dehiscence (Webster
& Dixon, 1991a, 1991b). Soil moisture is regarded as one
of the most important factors affecting clubroot devel-
opment, with disease incidence and severity increasing
together with moisture levels (Samuel & Garrett, 1945;
Hamilton & Créte, 1978; Dobson et al., 1982; Narisawa
et al., 2005). Finally, previous reports have found that
the optimal conditions for clubroot development include
a temperature between 20 and 25°C, a soil pH between
5and 5.6, and an inoculum density of 10° resting spores
per plant (Sharma et al., 2011; Gossen et al., 2012, 2013).

While the planting of resistant cultivars is the most ef-
ficient and convenient method for clubroot management,
intensive cropping of clubroot resistant cultivars (CR)
exerts significant selection pressure on the pathogen
(Holtz et al., 2018). This pressure can result in shifts
in the virulence of pathogen populations, favoring the
emergence of pathotypes that can break or overcome
resistance, as has already been observed in canola and
Chinese cabbage in Japan, Canada, and Europe (Kuginuki
et al., 1999; Diederichsen et al., 2014; Orgeur et al., 2016;
Strelkov et al., 2016).

Understanding the spatial patterns of pathogen popula-
tions or diseased plants is crucial to design disease man-
agement strategies (Madden et al., 2007). In Colombia,
clubroot research is scarce and has been focused mainly
on disease management (Velandia et al., 1998; Botero
et al., 2015; Botero-Ramirez et al., 2016). Furthermore,
currently, clubroot prevalence in Colombia and the
relationship of its occurrence in the main cruciferous
crops (cabbage (Brassica oleracea var. capitata), broccoli
(B. oleracea var. italica) and cauliflower (B. oleracea var.
botrytis)) with field management practices, soil properties
and climatic characteristics are unknown.

Given the lack of knowledge on clubroot prevalence in
Colombia and the relationship of the disease occurrence
with soil properties, climate, and crop management
strategies, this research sought to achieve two main objec-
tives: i) to determine the disease prevalence in the most
important regions where cruciferous crops are grown in
Colombia; ii) to evaluate the correlation between the soil
properties, climate characteristics, and crop management
strategies with the disease occurrence. This knowledge is
needed to understand the impact of production practices
of cruciferous crops on clubroot disease to outline more
accurate disease management strategies.

Materials and methods

In total, 127 fields were visited in February and March
of 2017 to establish the prevalence of clubroot through-
out the main productive regions of cruciferous crops in
Colombia. The fields were located in the departments
of Cundinamarca, Antioquia, Narifio, Boyacd, Valle del
Cauca, Norte de Santander, Caldas, and Cauca. Caldas
was included because it was the first department where
clubroot was reported in 1969 (Torres, 1969). The number
of samples collected in each department was defined based
on the cropped area in cabbage, broccoli, and cauliflower
in 2016 (MADR, 2016) (Tab. 1).

Botero Ramirez, Padilla-Huertas, and Garcia: Soil, climate, and management practices associated with the prevalence of clubroot in Colombia 229



TABLE 1. Cultivated area of cruciferous crops in the most productive
departments of Colombia and the number of fields visited in each de-
partment.

Area in cruciferous

Department crops in 2016* (ha) Number of fields visited
Cundinamarca 317 33

Antioquia 831.3 29

Narifio 522.4 28

Boyaca 117.2 10

Valle del Cauca 221.9 10

Norte de Santander 2334

Cauca 37.6

Caldas 51.9 3

*The data presented are based on statistics of production from the Ministry of Agriculture and
Rural Development (MADR, 2018).

Clubroot infestation

A field was determined as clubroot infested either by di-
rect observation of typical symptoms (galling on roots) in
cruciferous crops or weeds or after being reported by the
farmer. When the field was with cruciferous crops at the
time of the visit, plants were evaluated for the presence of
symptoms; when a different crop was grown, cruciferous
weeds were assessed.

When cruciferous crops were growing, twenty plants were
extracted and assessed for the presence of root galls, ten
were evaluated at the field entrance, and ten more follow-
ing the “W” pattern sampling. When a different crop was
growing, nine points were assessed following the “W”
pattern sampling for the presence of cruciferous weeds,
and when present, those were removed and evaluated for
the presence of typical clubroot symptoms. In either case,
once the disease symptoms were observed the sampling
was stopped, and the field was set as clubroot infested. In
those cases, were the farmer confirmed previous observa-
tions of the disease symptoms, plants were also evaluated
at the patches where clubroot had been observed before.

Soil samples

At each sampling site, a composite soil sample of 500 g
was collected from the top 20 cm of the soil profile. At the
central point of the “W” a metal cylinder with unperturbed
soil was collected for bulk and particle density estima-
tion. Chemical and physical analyzes of the samples were
performed at the Soil and Water Laboratory of the Faculty
of Agricultural Sciences at the Universidad Nacional de
Colombia.

Crop management information

Information regarding the management of the fields and
clubroot disease was obtained by surveying the farmers
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in the visited fields. The farmers were interviewed if they
were familiar with clubroot symptoms; if they were not
familiar with clubroot symptoms, photographs of typical
symptoms of the disease were shown, and they were asked
again if they had observed them before.

On management strategies, farmers were asked about the
period during which the farmer had been growing the field,
the cultivated area, the rotation scheme, the cruciferous
cultivars planted, the propagation strategy, the machin-
ery used and its provenance, the type and application
frequency of liming materials and compost, and harvest
residue management. In total, 98 farmers were surveyed,
since at some places it was impossible to contact the field
owner or worker.

Climatic information

Climatic information was obtained from the closest
IDEAM weather station to the sampling point. The dataset
consisted in the historical normalized data from 1982 to
2010 (IDEAM, 2014). Analysis included average, maximum
and minimum temperature, relative humidity, monthly
precipitation, and number of rainy days per year.

Statistical analysis

Data analysis was performed using the SAS software (Ver-
sion 9.4 for Windows, SAS Institute Inc., Cary, NC, USA).
Point biserial correlation analysis were done to correlate
continuous (climatic variables, soil properties) and dicho-
tomic variables (crop management practices and disease
infestation) (Kornbrot, 2014) using the CORR procedure.

Results

Description of cruciferous crops in Colombia

Cruciferous crops were grown in 80 of the 127 surveyed
fields. In those the main identified crops included green
cabbage (64 fields representing 80% of the fields grown in
cruciferous crops), red cabbage (5 fields representing 6.25%
of the fields grown in cruciferous crops), broccoli (6 fields
representing 7.5% of the fields grown in cruciferous crops),
and cauliflower (5 fields representing 6.25 % of the fields).

The most commonly grown green cabbage cultivars were
the susceptible hybrids ‘Delus’ (Semillas Arroyave, 2006),
and ‘Globe Master’ (Agroglobal S.A, 2022a), and the CR
hybrid “Tekila’ (Syngenta, 2016). Those hybrids were grown
in different regions, ‘Delus’ was cultivated mainly in Cun-
dinamarca and Boyacd, while ‘Globe Master’ was mostly
grown in Caldas and Norte de Santander. On the other
hand, the CR hybrid ‘Tekila’ predominated in Antioquia.
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In all other departments, farmers do not know the name
of the variety they were growing.

None of the other cruciferous species showed a clear pattern
in the department where they were grown. Of the 25% of
farmers cultivating red cabbage, 67% of the farmers grow-
ing broccoli, and 60% of those growing cauliflower did not
know the name of the variety they grew.

Half of the farmers cultivating red cabbage grew the hybrid
‘Ruby King’ (Agroglobal S.A, 2022b) and 25% of them
grew the hybrid ‘Sombrero’ (Bejo Eurosemillas, 2022). For
broccoli, 33% of the farmers cultivated the hybrid ‘Legacy’
(Bayer, 2022), and, for cauliflower, 40% of the farmers
employed the hybrid ‘Skywalker-F1" (Bejo, 2022). It must
be pointed out that none of the cropped varieties of red
cabbage, broccoli or cauliflower are clubroot resistant.

Cruciferous crops are grown in small areas; the national
average size of the fields was 3 ha. The size of the fields was
different among departments. Antioquia, Cundinamarca,
Valle del Cauca, and Narifio were the only departments
with fields larger than 1 ha with average sizes of 7.1, 3.3,
1.8 and 1.6 ha, respectively.

Production of cruciferous crops in the country had high
agroclimatic variability and these are allocated at altitudes
between 1600 and 3000 m a.s.l. From the surveyed field,
10% of the fields were at altitudes between 1600 and 2000
ma.s.l., 20% were between 2000 and 2500 m a.s.l., and the
remaining 30% were between 2500 and 3100 m a.s.l. In
Cundinamarca, Boyaca, Narifo, and Norte de Santander
(half of the visited crops) cruciferous crops were allocated
at altitudes between 2500 to 3600 m a.s.l. In Antioquia and
the Norte de Santander cruciferous crops were at altitudes
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between 2000 and 2500 m a.s.l. In Cauca, Valle del Cauca
and Caldas, the fields were at altitudes between 1674 and
2343 m a.s.l.

Clubroot prevalence in Colombia

The prevalence of clubroot was established within the de-
partments where most of the cruciferous crops are grown
in the country (Fig. 1). Those fields where the disease symp-
toms were observed in any host plant or where the farmer
reported its occurrence in previous cycles of cruciferous
crops were reported as clubroot infested. Clubroot was
present in 53.6% of the sampled fields; from these, 48.8%
were fields where the disease was observed by the research-
ers. The remaining 4.8% were assumed as positives as the
farmer reported to have observed the disease in previous
crop cycles. The disease was observed in all visited depart-
ments with the exception of Narifio (Figs. 1 and 2).

In Narifo, Boyacd, and Caldas, most of the farmers were
not familiar with the disease symptoms (data not shown).
In the municipalities of Sogamoso (Boyaca) and Popayan
(Cauca), plants with typical clubroot symptoms were ob-
served in fields of farmers who were not familiar with the
disease and could not recognize its symptoms. Further-
more, they attributed yield losses, and symptoms such as
wilting and reduction in the crop (caused by plant death)
to different stresses such as water deficit and nutritional
deficiencies. In Antioquia, the disease symptoms were not
observed in green cabbage.

According to the farmers, clubroot was observed the first
time around 2001 in Cundinamarca, 2011 in Boyacd, and
2013 in Norte de Santander. It was impossible to determine
the approximate year when the disease was observed for the
first time in Antioquia, Caldas, Valle del Cauca, and Cauca.

I

Total Cundinamarca  Boyacd Caldas

Norte de

Cauca Valle del Narifio Antioquia
Santander Cauca
Departaments

FIGURE 1. Clubroot prevalence in the main productive departments of cruciferous crops in Colombia. The graph shows the percentage of fields whe-
re clubroot symptoms were observed in any susceptible host (dark bars) or where farmers reported observation of clubroot symptoms in previous
cycles of cruciferous crops (white bars). Percentages were estimated using a total of 127 fields visited in 2017.
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FIGURE 2. Clubroot prevalence in the main productive areas of cruciferous crops in Colombia. The map presents the departments were a survey for
clubroot disease was conducted in 127 fields; the color cyan shows the only department where clubroot symptoms were not observed nor reported;
in red the departments where clubroot symptoms were observed and/or reported.

Relationship between the soil, environmental
characteristics, and clubroot infestation

A correlation between clubroot infestation, soil character-
istics, and environmental variables was established (Tab.
2). From the evaluated variables, calcium, phosphorus,
boron, copper, soil pH and the effective cation exchange
capacity (ECEC) were positively correlated with the disease
infestation (Tab. 2). Those results show that as levels in
these variables increase, the odds of observing the disease
in a field increases as well. However, aluminium content
in soil and the average of rainy days per year showed a
negative correlation with clubroot infestation. This implies
that the odds of finding the disease in a field are reduced
as the aluminium content in soil and the number of rainy
days per year increase.
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Relationship between crop management

and clubroot infestation

Analysis showed that the probability of finding a clubroot-
infested field is higher whenever cruciferous crops are
included in the rotation scheme, and these chances are

reduced when CR cultivars are included in the rotation
scheme (Tab. 3).

Soil and climatic characteristics and their

relationship with the clubroot infestation

Only the soil pH, the ECEC, the aluminium, phosphorous,
calcium, boron and copper contents in soil and the number
of rainy days per year correlated with clubroot infestation.
The pH of the sampled soils was between 4.45 and 7.75.
In Cundinamarca, soil pH was between 4.66 and 7.07, in
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TABLE 2. Point biserial correlation of clubroot infestation and soil pro-
perties or environmental characteristics in the main productive areas of
cruciferous crops in Colombia.

TABLE 3. Point biserial correlation of clubroot presence and crop ma-
nagement variables in the productive areas of cruciferous crops in
Colombia.

Point biserial

Point biserial correlation

Variable correlation coefficient  ©-Value Variable coefficient P-value

Soil chemical properties Use of seedlings instead of direct -0.069 0.535

oH 0.272 0.0037* sowing

ECEC? 0.259 0.0058* :gcrl(;Jtz|t(i>gno;Ccr::E:?rous crops 0.763 <0.0001

Organic carbon (%) 0056 0.556 Cruciferous cultivars included -0.489 0.0006*

Nitrogen (%) -0.057 0.550 in rotation scheme

Calcium (meq/100 g) 0.268 0.004* Property of the mechanisation -0.007 0.949

Potassium (meq/100 g) 0.084 0.375 equipment

Magnesium (meg/100 g) 0168 0.074 Application of liming materials -0.211 0.053

Sodium (meq/100 g) 0140 0139 Application of organic matter 0.042 0.701

Aluminum (meq/100 g) ~0.259 0.030* Application of fresh organic matter -0.031 0.823

Phosphorus (mg kg™) 0.413 <0.0001** Incorporation of harvest residues 0.110 0.311

Copper (mg kg™) 0.268 0.0042* The asterisks (*) show the variables that are correlated with clubroot infestation (P<0.05).

Iron (mg kg™") -0.141 0.137

Manganese (mg kg™ 0.129 0176 Discussion

Zinc (mg kg™) 0112 0.241

Boron (mg kg') 0.289 0.002" This research reports on the first clubroot survey conducted
Environmental characteristics in Colombia, and to our knowledge in Latin America. The

Altitude (m a.s.1) -0165 0.092 research allowed the estimation of the disease prevalence

Rainfall” (mm) -0188 0.060 in the main productive areas of cruciferous crops in Co-

Number of rainy days per year” -0.297 0.002" lombia. It also assessed the correlation between clubroot

Average temperature® (°C) 0.070 0.620 infestation and soil and climatic characteristics, and crop

Maximum temperature® (°C) 0.133 0.370 management strategies.

Minimum temperature ®(°C) 0.102 0.491

* Effective Cation Exchange Capacity.
® Annual average of the historical normalized data from 1981-2010.
The asterisks (*) show the variables which are correlated with clubroot infestation (P<0.05).

Boyaca it was between 5.11 and 7.7, between 4.75 and 6.93
in Caldas, between 6.12 and 7.75 in Norte de Santander,
between 4.68 and 7.72 in Valle del Cauca, between 4.45
and 6.47 in Cauca, between 4.85 and 7.33 in Narifio, and
between 4.85 and 7.33 in Antioquia. The ECEC was highly
variable, ranging from 1.03 to 85 meq 100 g, and Cundina-
marca and Boyaca had the highest averages (33 and 30 meq
100 g, respectively). Calcium, aluminium, phosphorus,
copper, and boron contents in soil had average values of
17.22 meq 100 g, 0.76 meq 100 g, 21.99 mg kg', 2.23 mg
kg',and 0.59 mg kg, respectively. The national average of
number of rainy days per year was 149, and departmental
averages were 135 d in Boyacd, 180 d in Caldas, 171 d in
Norte de Santander, 213 d in Cauca, 161 d in Valle del
Cauca, 195 d in Narifo, and 217 d in Antioquia.

This survey confirmed that clubroot is present in all depart-
ments where cruciferous crops are grown in Colombia with
the exception of Narifio. These results expand previous
reports from Torres (1969) and Jaramillo and Diaz (2006),
who confirmed the disease presence in Cundinamarca,
Antioquia and Caldas, therefore, confirming for the first
time clubroot infestation of fields in Norte de Santander,
Cauca, Valle del Cauca and Boyaca. Though in Narifio
disease symptoms were not observed, the department can-
not be declared ‘clubroot free’ yet; further confirmation is
required by the application of molecular techniques for
P. brassicae detection in soil such as endpoint PCR and/
or qPCR (Cao et al., 2007; Rennie et al., 2011). Given the
widespread presence of the pathogen in the country, it is
likely that some inoculum of P. brassicae is already present
in the fields of Narifo, but the inoculum densities are below
the required threshold to cause visible disease symptoms
under the predominant environmental conditions. Hwang
et al. (2011) reported that for consistent symptoms of devel-
opment under highly conductive conditions, a minimum
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inoculum density of 1x10° resting spores per gram of soil is
required. The department either has lower inoculum densi-
ties or the environmental conditions are not conducive for
symptom development.

Our results show that about half of the fields where crucifer-
ous crops are grown in Colombia are infested with clubroot
(national prevalence 53.6%). However, this estimation is
likely skewed, and the percentage of infested fields is even
higher. Such skewing might have been caused by Antioquia,
since in this department clubroot symptoms were not found
in fields grown with white cabbage since all of them were
grown with the cultivar “Tekila. Therefore, it is likely that
P. brassicae inoculum is already present in those fields, but
they were reported as non-infested since disease symptoms
were not observed by the researchers nor by the farmers in
that department. The fields where clubroot was reported
and/or observed were grown with red cabbage, broccoli,
or cauliflower, given that resistant cultivars with highly
commercial acceptance are not available.

A positive relationship was observed between the disease’s
presence and some edaphic conditions such as pH, ECEC,
and aluminium, phosphorus, calcium, boron, and copper
contents in soil. Calcium content in soil and pH are crucial
for clubroot development (Webster & Dixon, 1991b). Previ-
ous research shows a weak correlation between clubroot
and soil pH, where alkaline soils (with pH higher than
7.2) can reduce disease levels even under highly conduc-
tive scenarios (Wallenhammar, 1996; Gossen et al., 2013).
These results at first glance would indicate a disagreement
of previous reports with ours, since our results show that

as the pH increases so does the likelihood of finding an
infested field.

Conducive pH levels for clubroot development are between
5.0 and 6.5 (Webster & Dixon, 1991a; Narisawa et al., 2005;
Niwa et al., 2007, 2008; Ruaro et al., 2010; Gossen et al.,
2013; Rashid et al., 2013). From the collected soil samples
83.6% were acidic, from those, 76% were in the range be-
tween 5.0 and 6.5 the most favourable pH for the disease
development. This might indicate that the observed pH val-
ues in this research are below or very close to the optimum
required for disease development. For that reason, as the pH
levels are increased the conditions for the disease develop-
ment are improved, explaining the observed correlation.

As calcium and boron content in soil increased, the chance

of finding clubroot in a field increased. These results dif-
fer from previous research reporting that an increment
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in calcium and boron concentrations cause a reduction
in the number of infections and expression of the disease
symptoms (Webster & Dixon, 1991a, 1991b). The effect of
these nutrients over the disease symptoms is negatively
correlated with the inoculum levels; and thus, under high
inoculum pressure, disease reduction is diminished
(Webster & Dixon, 1991a, 1991b; Gossen et al., 2014). In
most of the infested fields, disease was very severe (data
not shown); as disease severity is positively corelated with
high inoculum densities (Murakami et al., 2002) we can
presume that inoculum levels in the infested fields is high,
hindering the calcium and boron effect on it.

Bhering et al. (2017) reported that low pH values and high
aluminium contents in soil are favourable for clubroot
development; however, our results show the opposite pat-
tern. The negative correlation between clubroot infestation
and aluminium contents in soil might be explained mainly
by the negative effect of aluminium over the reduction of
root branching in the host roots (Marschner, 1995); it can
lower the infection probability and along with it the chance
of finding the disease in a field. However, that hypothesis
needs to be proved by further research.

The largest correlation coefficient with disease occurrence
was for the inclusion of cruciferous crops in the rotation
scheme; that agrees with reports from Gossen et al. (2014)
and Dixon (2009), who state that clubroot incidence and
severity increases as cruciferous crops are intensified.

Finally, a negative correlation was found in the number
of rainy days per year and clubroot infestation. Bhering et
al. (2017) indicates a lower chance of observing clubroot
disease in areas with low precipitation and well drained
soils, but fluctuations in the amount of precipitation (rainy
seasons, with precipitation levels over the average, followed
by drought seasons) can cause epidemics. It is also impor-
tant to dig deeper into this observation, since it might be a
spurious result; the departments with more rainy days per
year were Antioquia and Narifio that also are the ones with
the lowest number of infested fields, the first one because
mostly CR cabbage is grown and the second because it
might be clubroot free or the inoculum densities are low.

This research confirmed the presence of clubroot in the
main productive departments of cruciferous crops in
Colombia with the exception of Narifio. Based in the cur-
rent methodology, Narifio appears to be clubroot-free;
however, further confirmation is required. This is the first
research that attempts to establish clubroot disease status

Agron. Colomb. 40(2) 2022



in Colombia, and it becomes a starting point for the design
and implementation of integrated management practices
for the disease.
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Fusarium species that cause corn stalk rot in the
Ubaté valley of Cundinamarca, Colombia

Especies de Fusarium que causan la pudricion del tallo del maiz
en el valle de Ubaté en Cundinamarca, Colombia

German Maldonado-Archila’, Gustavo Ligarreto-Moreno', and Sandra Gomez-Caro'

In recent years, corn (Zea mays L.) crops in the Colombian
cold tropics located in the Ubaté valley in Cundinamarca have
been affected by stalk rot with incidences up to 40%. Despite
the importance of this disease, accurate diagnosis has not
been conducted. The objectives of the study were to determine
the causal agents of corn lodging associated with stalk rot in
this corn-producing region and describe the symptoms of the
disease. Two plots with stalk rot reported in the municipality
of Simijaca in July 2016 were sown with the regional varieties
Simijaca and Sogamoso. Plants were randomly inspected on a
monthly basis for describing disease symptoms and isolating the
pathogen. The Fusarium species isolated were morphologically
and molecularly identified and pathogenicity tests were con-
ducted. The disease was detected at early plant developmental
stages with the combination of chlorosis, leaf anthocyanosis,
and dwarfism as the main symptoms in the two corn varieties
evaluated. Crown and node necrosis in longitudinal sections
of the stalk and purple colorations in the crown, nodes and
internodes of plants were observed 90 d after sowing. Finally,
lodging occurred at any phenological stage of the crop. Fusarium
spp. were isolated in all stages of plant development. Fusarium
species were identified as F. graminearum in the Fusarium gra-
minearum species complex and F. subglutinans in the Fusarium
fujikuroi species complex, which have cold-climate production
zones as their ecological niche. Pathogenicity tests confirmed F.
graminearum and F. subglutinans as the causal agents of stalk
rot in the regional corn variety Simijaca in the Ubate valley in
Cundinamarca.

Key words: Zea mays L., Fusarium graminearum species
complex (FGSC), Fusarium fujikuroi species complex (FFSC),
corn lodging, cold-climate corn.

En los altimos afos, los cultivos de maiz (Zea mays L.) en el
tropico frio colombiano localizados en el valle de Ubaté en
Cundinamarca han sido afectados por una pudricion del tallo
con incidencias hasta del 40%. A pesar de la importancia de
esta enfermedad, no se ha realizado un diagndstico preciso. El
objetivo de este estudio fue determinar los agentes causales del
volcamiento de maiz asociado a la pudricién del tallo en esta
region productora y describir los sintomas de la enfermedad.
Dos lotes con registro de pudricion de tallo en el municipio de
Simijaca en el valle de Ubaté en julio de 2016 fueron sembrados
con las variedades regionales Simijaca y Sogamoso. Las plantas
fueron inspeccionadas aleatoriamente de forma mensual para
describir los sintomas de la enfermedad y aislar el patégeno.
Las especies de Fusarium aisladas fueron morfolégicamente y
molecularmente identificadas y se realizaron las pruebas de
patogenicidad en maiz. La enfermedad fue detectada en estados
tempranos de desarrollo de la planta como la combinacién de
clorosis, antocianosis de las hojas y enanismo de la planta; estos
como los principales sintomas en las dos variedades de maiz
evaluadas. La necrosis de cuello y nudos fue observada en cortes
longitudinales del tallo y coloraciones ptrpura en cuello, nudos
y entrenudos de la planta fueron observados 90 d después de
la siembra. Finalmente, el volcamiento ocurrié en cualquier
estado fenoldgico del cultivo. Fusarium spp. fue aislado en todos
los estados de desarrollo de la planta. Las especies de Fusarium
fueron identificadas como F. graminearum perteneciente al
complejo de especies Fusarium graminearumy F. subglutinans
perteneciente al complejo de especies Fusarium fujikuroi, las
cuales tienen las zonas de produccién de clima frio como su
nicho ecolégico. Las pruebas de patogenicidad confirmaron a
F. graminearum y F. subglutinans como los agentes causales de
la pudricién del tallo en la variedad regional de maiz Simijaca
en el valle de Ubaté en Cundinamarca.

Palabras clave: Zea mays L., complejo de especies de Fusarium
graminearum (FGSC), complejo de especies de Fusarium
fujikuroi (FFSC), volcamiento del maiz, maiz de clima frio.
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Introduction

Corn is one of the bases of planetary food security. It is
the second most important crop after wheat (Paliwal,
2016). Colombia is the fourth largest corn producer in
South America, and this crop is the third most sown in the
country (CIAT & CIMMYT, 2019). Simijaca is a regional
corn variety of free pollination. It is adapted to cold climate
production zones in Colombia. This variety was widely
cultivated by the Muisca, the indigenous inhabitants of the
Ubaté valley region who selected it for its culinary quality.
Therefore, this corn variety has been highly accepted in
Andean cities (Ligarreto, 2017). In recent years, corn crops
in the municipality of Simijaca at the Ubaté valley have
been affected by stalk rot but without accurate diagnosis
(Gémez et al., 2017). This is a complex disease and its
cause is difficult to determine since many fungi, bacteria,
and oomycetes may appear in affected plants as secondary
invaders and saprophytes (Wicklow et al., 2005).

Stalk rot caused by Fusarium spp. typically reduces yield
by 10% or 30%-50% in severely affected areas (Gai et al.,
2018). Although Fusarium stalk rot (FSR) is among the most
economically important diseases of corn around the world
(Yanget al.,2010; Wang et al., 2017), it is not frequently seen
in Colombia and had not been reported in Cundinamarca
until now (Buritica, 1999). In production areas around the
world, at least 22 Fusarium species can be found in corn
causing diseases (Munkvold et al., 2018). Two species, Fu-
sarium graminearum in the Fusarium graminearum species
complex (FGSC) and Fusarium verticillioides within the
Fusarium fujikuroi species complex (FFSC) are the main
causes of FSR in corn. The first species is more common
in cold regions and is one of the most damaging causal
agents of stalk rot, while the second Fusarium species is
more common in hot, dry climates and is particularly
damaging if it attacks before flowering (CIMMYT, 2004).
In Colombia, the ancient F. fujikuroi has been reported
causing pink rot in seeds and ears in Antioquia, Cordoba,
Cundinamarca, Santander, Tolima, and Valle del Cauca,
whereas F. graminearum has been reported as associated
with stalk and ear rot in Antioquia, Cordoba, Narifio, and
Valle del Cauca (Buritica, 1999).

Fusarium sambucinum species complex (FSAMSC) in-
cludes the FGSC, F. cerealis, and F. culmorum (Laraba et al.,
2021). Several taxa have been identified within the FGSC,
and attempts have been made to divide this complex into
phylogenetically separated species. Some of them are pres-
entin particular continents. However, it is arguable whether
these taxa should all be defined as species, or if they re-
flect populations or lineages within a broader concept of
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F. graminearum sensu lato (Summerell, 2019). In the last
30 years, reviews of FFSC have reported 45 phylogenetic
species, 10 biological species and 34 morphospecies. This
complicates the identification of new isolates based only on
morphological characters, generating misclassification and
underestimation of species diversity (Leyva-Madrigal et
al., 2015). The taxonomy within FFSC and FGSC is mainly
based on DNA sequence analysis of calmodulin, elongation
factor 1-a (EFI), and B-tubulin genes identifying most of
the species in these complexes (Leyva-Madrigal et al., 2015).
Currently EF1 is the most widely used molecular marker in
phylogenetic and taxonomic studies within the Fusarium
genus (Stakheev et al., 2018).

Fusarium spp. produce different kinds of spores that may
be transported and disseminated by air, raindrops, insects
and seeds and that are infected through the pistils (Win-
dels et al., 1976; Ooka & Kommedahl, 1977; Munkvold et
al., 1997; Duncan & Howard, 2010). F. graminearum, F.
verticillioides, and Fusarium proliferatum (the last two in
the FFSC) enter the corn plant through trichomes, leaves,
xylem and stems (Nguyen et al., 2015; Nguyen et al., 2016).
There is evidence of Fusarium spp. endophytes in wild and
cultivated plants and the best example is F. verticillioides.
In this case, F. verticillioides is associated with corn plants
along the complete crop cycle, where plant responses to the
infection depend on several factors related to plants, fungi,
and the environment (Kuldau & Yates, 2000). This ancient
and evolutive relationship can promote plant growth,
protect the seed from infection by other 10 genera of fungi
while the plant serves as a source of carbon and a pathway
of vertical and horizontal transmission of the fungus (Van
Wyck et al., 1988; Wicklow, 1988; Yates et al., 1997; Schulz
et al., 1999; Kuldau & Yates, 2000).

The endophyte state is transient and F. verticillioides
switches from an asymptomatic and biotrophic lifestyle
to an hemibiotrophic one causing disease (Schulz et al.,
1999). Stress conditions promote the disease onset and a
range of virulence can be observed among different strains.
However, strains that can be pathogenic are known to be
asymptomatic under optimal plant growth conditions
(Kuldau & Yates, 2000). Thermal stress (cold and heat),
drought, high sowing density, shadow, pest attacks and
the use of fertilizers with high nitrogen and low potassium
content are examples of stress conditions that can promote
diseases on a very well-balanced association between the
plant and F. verticillioides (Dodd, 1980; Schulz et al., 1999;
Kuldau & Yates, 2000; Blandino et al., 2009).

Given the recent problem of corn lodging caused by stalk
rot in high-altitude corn-producing regions of the Ubaté
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valley of Colombia, the objectives of this study were to de-
termine the causal agents of corn lodging associated with
stalk rot in this corn-producing region and describe the
symptoms of the disease. Our research describes the symp-
toms and signs associated with stalk rot in corn plants of
the regional varieties Simijaca and Sogamoso (var. Simijca
and var. Sogamoso) under field conditions. The associated
causal agents were morphologically and molecularly identi-
fied, and their pathogenicity was determined in corn plants
of the regional variety Simijaca (var. Simijaca).

Materials and methods

Description of symptoms and signs

During 2016, corn seeds of the regional varieties Simijaca
and Sogamoso were sown (22000 plants ha™) in two plots
with stalk rot reports located in the municipality of Simi-
jaca (Cundinamarca, Colombia) (5°29'49"'N; 73°49'55""W
and 5°33'11"'N; 73° 47°29""W). These plots were selected
due to the fact that the disease has been reported since
2016 and symptoms of stalk rot have been observed in
corn crop cycles during recent epidemics in the region.
Plants were randomly inspected on a monthly basis from
sowing to tasseling to describe disease symptoms and
signs of the pathogen. The inspection dates matched the
developmental stages of three, six, nine true leaves, tasse-
ling, silking, and grain with 40% of dry weight (V3, V6,
V9, VT, R1, and R4, respectively) according to the scale
proposed by Hanway et al. (1966). Diseased and healthy
plants of both corn varieties in each development stage of
the crop were collected and transported to the laboratory
of plant pathology (Universidad Nacional de Colombia,
Bogota campus) for detailed inspection under stereoscope,
processing and pathogen isolation to identify the causal
agent of the disease. Data of precipitation (mm), relative
humidity (%), wind speed (m s"'), maximum, minimum
and average temperatures (°C) were registered using an
iMETOS® 300 climatic station (Pessl instruments, Weiz,
Austria) ata 10 min frequency. Data were registered in the
two experimental plots and inspected in real time. At the
end of the trials, the climatic data obtained were compared
with a 30-year database (1986-2016) for the municipality of
Simijaca provided by the Corporacion Auténoma Regional
de Cundinamarca (CAR).

Fusarium isolation from corn plants affected by stalk rot

Fusarium spp. was isolated from symptomatic plants fo-
llowing the Murillo-Williams and Munkvold (2008) pro-
tocol. For this purpose, tissue from roots, crown and stalk
was collected, disinfected, and sown in Petri dishes with
potato dextrose agar (PDA) medium (Oxo0id®) acidified at

0.1% (v/v) with lactic acid. The dishes were incubated under
dark conditions at 25°C for 10 d (Model FD 23, Binder®,
Germany). Afterwards, the frequency of Fusarium isola-
tion per corn variety and the plant’s explants origin were
recorded. The most representative Fusarium colonies were
purified in PDA and monosporic cultures were obtained in
3% agar (30 g L") (WA) (Ox0id®) amended with 12 ml L
chloramphenicol and 20 m1 L™ streptomycin sulfate (Leslie
& Summerell, 2006). These cultures were then incubated
on PDA at 25°C with a 12:12 h light/dark photoperiod for
15 d in growth chambers (MLR- 351H, Sanyo®, Japan). The
resulting pure isolates were stored at -70°C in 15% glycerol.
Fusarium frequencies, according to the corn variety and
part of the plant used for isolation of the pathogen, were
analyzed under a completely randomized design (n=24)
and subjected to normality and variance tests; means were
compared using the Tukey's test (P=0.05).

Morphological identification of Fusarium spp.

Morphological identification of the produced Fusarium
isolates was performed according to Leslie and Summerell
(2006). Carnation leaf piece agar (CLA), Spezieller Nahrs-
toffarmer Agar (SNA), WA and PDA media were used
and incubated in growth chambers (MLR- 351H, Sanyo®,
Japan) at 25°C with a 12:12 h light/dark photoperiod for 15
d. The color of sporodochia, shape and size of macroconidia
and microconidia, number of septa, type of conidiogenesis,
formation of chlamydospores and perithecia were deter-
mined by light microscopy (CX 31, Olympus®, Japan).
Additionally, pigmentation, appearance of the colony, and
rate of mycelial growth were evaluated in PDA medium
under the same incubation conditions previously described.

Molecular identification of Fusarium spp.

Molecular identification was performed by sequencing the
elongation factor 1-a (EF1) following the methodology of
Stakheev et al. (2018). For this purpose, 100 mg samples
of fresh mycelium per Fusarium isolate were taken from
seven-day-old colonies grown on PDA and mechanically
lysed with 3 mm diameter tungsten beads in a TissueLyser
(Qiagen®, Hilden, Germany) (30 Hz/5 min). DNA extrac-
tion was performed using the Plant/Fungi DNA Isolation
Kit (Norgen Biotek Corporation®, Canada) following the
manufacturer recommendations. Species were identified
using the polymerase chain reaction (PCR) of the elonga-
tion factor 1-a (EF1) using the oligonucleotides EF50Fw:
5 CGACTCTGGCAAGTCGACCAC 3’ and EF590R:
5 CTCGGCTTTGAGCTTGTCAAG 3’ following the
methodology of Stakheev et al. (2018). The phylogenetic
analysis was performed using the CLASSIFIER algorithm
from the package MEGA version 7.0 (MacOS), using the
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neighbor-joining methodology with 1000 bootstrap repli-
cates. The phylogenetic tree for EF1 was built using the
T92+G model described by Tamura (1992).

Pathogenicity test of Fusarium graminearum and
Fusarium subglutinans on corn regional variety

Simijaca and their effect on plant growth

For the pathogenicity test, F. graminearum (26B) was
multiplied following the chaff-grain methodology (Leslie
& Summerell, 2006) and F. subglutinans (45D) was multi-
plied in liquid Czapek medium while stirring (Inkubator
1000 - Unimax 1010, Heidolph, Germany) at 150 rpm for
15 d at room temperature (£ 20°C) (Leslie & Summerell,
2006). Conidia of each Fusarium species were harvested,
centrifuged at 2500 rpm for 15 min (MIKRO22R, Hettich®
UK), and the inoculum suspensions were adjusted to 1.0
x 10° conidia ml” by hemocytometer counting (Neubauer,
VWR, Darmstadt, Germany).

Seeds of the regional variety Simijaca were used and treated
with hot water at 52°C for 5 min in an evaporator (Water
B-480, BUCHI Labortechnik®, AG, Switzerland) following
the methodology of Daniels (1983). Seeds were then inocu-
lated with 100 ml of the previously prepared conidia sus-
pension of F. subglutinans and F. graminearum by shaking
the mixture vigorously (Wilke et al., 2007). Additionally,
the combined inoculation with both F. subglutinans and F.
graminearum was conducted using 50 ml of a suspension
of each species. The inoculation of the Fusarium species
obtained (F. subglutinans, F. graminearum, and the mix-
ture) was evaluated and considered as treatments (Reid et
al., 1999). Seeds without treatment and seeds treated with
heat were used as absolute control and thermal control,
respectively, and were mock inoculated with sterile distilled
water (SDW).

After inoculation, the seeds were placed on plastic trays
with a 5 cm layer of soil (Warham et al., 1997) from a non-
agricultural area from which the presence of Fusarium was
previously ruled out according to Leslie and Summerell
(2006). Once the seeds germinated, 40 seedlings were
selected per treatment. These seedlings were then indi-
vidually transferred to bags with 1.5 kg of soil of the same
origin and taken to a greenhouse (+ 25°C, ~75% relative
humidity). Three months after sowing (V9), longitudinal
cuts of plant stems were taken to evaluate the presence of
symptoms associated with stalk rot. Plants showing apical
chlorosis, leaf anthocyanosis, and dwarfism were consid-
ered diseased plants. Incidence of the disease and internal
rot stalk (I) were determined using Equation 1 according
to Madden et al. (2007).
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where Pd represents the number of plants showing the
characteristic, and Pt is the total number of plants per treat-
ment. Pathogen isolation was conducted 90 d after sowing
(DAS) on PDA medium at 25°C as described above. Plant
height (cm) from the stem base until the tip of the third
true leaf and stem diameter at the base (mm) were also
registered. Data analysis was conducted using a completely
randomized design (n=40) and subjected to normality and
variance tests; mean comparisons between treatments were
performed using the Tukey’s test (P= 0.05).

Results

Symptoms of stalk rot (FSR) and signs of the pathogen
The external symptoms of FSR in plant grown in the mu-
nicipality of Simijaca at the Ubaté valley corresponded to
apical chlorosis, leaf anthocyanosis, and plant dwarfism
(Fig. 1A-C). Intense necrosis of the crown and plant nodes
was detected in longitudinal stalk sections, and progressed
towards the internodes (Fig. 1G) causing basal disintegra-
tion (Fig. 1I).

In longitudinal sections of healthy plants, the pith was
cream-colored and the pith of diseased plants had oc-
casional purple coloration (Fig. 1H-I). Lodging, as the
final manifestation of corn stalk rot, occurred at any
phenological stages of the crop (Fig. 1D). Initial infection
was contained in the crown of the plant and then spread
to all the plant levels through the nodes colonized by the
pathogen at initial stages of plant development, causing a
systemic infection (Fig. 1F).

Fusarium isolation and morphological identification
Although there was no statistical difference of Fusarium
frequency of isolation between corn varieties (P=0.091)
or between the different plant organs analyzed (P=0.112),
isolation was 44%, 58%, 78%, and 87% for developmental
stages of three, six, and nine true leaves and tasseling, res-
pectively (V3, V6, V9, and VT). Progressive colonization
of the stem was observed, with Fusarium spp. detected at
low frequencies at V3 increasing at V6, V9, and VT. Similar
frequencies were observed on the crown and roots (data
not shown). Two representative morphotypes of Fusarium
were isolated from symptomatic plants, purified and mor-
phologically identified.

F. graminearum (isolate 26B) showed white colonies that
changed to ocher and reddish tones with a feathery ap-
pearance (Fig. 2A) on PDA medium. Brown sporodochia
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FIGURE 1. External and internal symptoms of stalk rot in corn plants of the regional variety Simijaca three to five months after planting (V6-R1) in
the municipality of Simijaca (Cundinamarca, Colombia). A) Apical chlorosis of leaves (V9), B) leaf anthocyanosis (V9), C) plant dwarfism (V9), D)
plant lodging (R1), E) healthy plant (V9), F) dissemination of the disease through nodes (V6), G) crown and node necrosis (VT), H) progress of the
lesion from nodes to internodes (VT), and I) rot and stalk base disintegration (R1).

were observed on CLA medium (Fig. 2B). Macroconidia
were slightly swollen in the middle, 40-50 pm x 4.5-5.5
um in size with five or six septa moderately curved, with
the ventral side straight and the dorsal side arched. The
basal cell was foot-shaped, and the apical cell straight with
a narrow hook or beak (Fig. 2C). Superficial perithecia of
F. graminearum were observed on the crop debris of the
regional corn varieties Simijaca and Sogamoso, mainly on

the stalk nodes of diseased plants. These structures were
red under lactophenol blue staining with asci containing
usually eight trisected-ascospores of approximately 38 um
in length (Fig. 2D-E).

Fusarium subglutinans (isolate 45D) showed white cottony
colonies with orange and purple colorations (Fig. 3A) on
PDA medium. On CLA medium, orange sporodochia

FIGURE 2. Morphological characteristics of Fusarium graminearum isolate 26B (in the Fusarium graminearum species complex FGSC), isolated from
corn plants with stalk rot. A) Characteristics of the colonies, right: appearance of the colony and left: pigmentation on the back of the Petri dish on
PDA medium 15 d after culture, B) brown sporodochia on CLA medium, C) macroconidia on CLA medium, slightly swollen in the middle, with five
or six septa, moderately curved, with the ventral side straight and the dorsal side arched. The basal cell was foot-shaped, and the apical cell straight
with a narrow hook or beak, D) /n situ perithecia on CLA medium, E) asci and ascospores. PDA - Potato Dextrose Agar; CLA - Carnation Leaf Agar.
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were formed (Fig. 2B) and macroconidia were typical of
the FFSC, 50-60 pm x 3-4 pum in size, three to four septa,
straight with curved apical cell and poorly developed
basal cell. Microconidia were predominantly oval, usually
without septa and (Fig. 3C) forming pseudo-heads over
polyphialids (Fig. 3D). Chlamydospores were not formed
on CLA, WA or SNA media. On PDA medium, the growth
rate of F. subglutinans was less than 1.0 cm per day, whereas
F. graminearum showed a growth rate over this value.

Molecular identification of Fusarium spp.

from corn plants with stalk rot

The phylogenetic trees of EFI is shown in Figures 4 and
5 in which isolate 26B (MT598159) was grouped with the
graminearum clade containing F. culmorum, F. cerealis
and two species belonging to the FGSC (F. graminearum
sensu stricto and F. ussurianum) (72%) within the FSAMSC
(Fig. 4). Isolate 45D (MT598158) was grouped with species
of the FFSC (98%) and the species F. subglutinans (100%)

FIGURE 3. Morphological characteristics of Fusarium subglutinans isolate 45D (in the Fusarium fujikuroi species complex FFSC), isolated from corn
plants with stalk rot. A) Characteristics of the colonies, appearance of the colony (right) and pigmentation on the back of the Petri dish on PDA
medium 15 d after culture (left), B) orange sporodochia on CLA medium, C) macroconidia typical of the fujikuroi complex with three to four septa,
straight with curved apical cell and poorly developed basal cell and microconidia predominantly oval, usually without septa, D) microconidia in situ
on CLA medium forming pseudoheads. PDA - Potato Dextrose Agar; CLA - Carnation Leaf Agar.
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FIGURE 4. Phylogenetic tree of fungal isolates 26B obtained from corn plants with stalk rot symptoms and obtained by the Elongation factor 1-«
(EF1). The evolutionary history was inferred using the neighbor-joining method. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) is shown next to the branches. The tree is drawn to scale, with branch lengths in the same
units as those of the evolutionary distances used (0.05) to infer the phylogenetic tree. The evolutionary distances were computed using the Tamura
3-parameter method and are in the units of the number of base substitutions per site. The rate variation among sites was modeled with a gamma
distribution (shape parameter=3).
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(Fig. 5). Finally, EFI sequences were annotated in the
National Center for Biotechnology Information (NCBI).

Pathogenicity of Fusarium graminearum and

Fusarium subglutinans on corn regional variety

Simijaca and their effect on plant growth

Isolates 26B of F. graminearum and 45D of F. subglutinans
were pathogenic in corn plants of the regional variety

Simijaca. At 90 d after sowing (DAS), the inoculated plants
showed necrosis and reddish to purple colorations in the
basal internal part of the stalk (Fig. 6). Incidence of internal
symptoms was observed in 40% of the plants inoculated
with F. graminearum and 25% of plants inoculated with
F. subglutinans, whereas these symptoms were observed
in 20% of plants inoculated with both species. Fusarium
graminearum showed a tendency to be located mainly in

Fusarium temperatum voucher KFI660 MT786309.1

99
9% 4|_‘Tr/um temperatum voucher KFI615 MT786308.1
isolate 450 @)

42
68 Fusarium subglutinans isolate YQHD3 MK192266.1

Fusarium subglutinans strain NRRL33016 AF60289.1
100 og | Fusarum subglutinans sirain MRC 2627 MHS82310.1
5@ | Fusarium subglutinans strain NRRL54158 HM347131.1
Fusarium subglutinans strain KACC 47733 KM213991.1
Fusarium verticillioides isolate GMGHO02 MW383503.1
4100|-_Fusarium verticilioides strain Fuv3 MW720602.1
Fusarium mangiferae strain UMAF 0924 KP753402.1
Fusarium fujikuroi voucher Mo309 JN695747.1
Fusarium proliferatum isolate TuPo1 LT 970768.1
Fusarium proliferatum isolate TuPo5 LT 970769.1
Fusarium oxysporum strain Mal43 LS479653.1

100 _|7 Fusarium oxysporum isolate OrSaAg1 LT970767.1
97 ! Fusarium oxysporum strain Indo202 LS479756.1

Fusarium sacchari strain NRRL13999 AF160278.1

Fusarium redolens isolate FOSC1 KU845257.1

43

58

98

30

r Fusarium solani strain NRRL 22659 DQ247641.1
100 | Fusarium solani strain FRC S1578 DQ247445.1

0.050

FIGURE 5. Phylogenetic tree of fungal isolates 45D obtained from corn plants with stalk rot symptoms and obtained by the Elongation factor 1-o.
(EF1). The evolutionary history was inferred using the neighbor-joining method. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) is shown next to the branches. The tree is drawn to scale, with branch lengths in the same
units as those of the evolutionary distances (0.05) used to infer the phylogenetic tree. The evolutionary distances were computed using the Tamura
3-parameter method and are in the units of the number of base substitutions per site. The rate variation among sites was modeled with a gamma
distribution (shape parameter=3).

FIGURE 6. Pathogenicity tests of Fusarium spp. in corn variety Simijaca three months after sowing (V9) under greenhouse conditions. A) Longitudinal
sections of plants inoculated with the mixture of £ subglutinans and F. graminearum, B) F. graminearum, C) F. subglutinans, D) absolute control
(seeds without treatment), and E) thermal control (seeds treated with hot water at 52°C).
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plant nodes (Fig. 6B), whereas F. subglutinans was located in
the internodes (Fig. 6C). Necrosis of nodes and internodes
occurred with the inoculation of the combination of both
Fusarium species (Fig. 6A). The thermal control did not
show symptoms (Fig. 6E), and absolute control showed
a low degree of affectation (Fig. 6D). From their respec-
tive treatment, F. subglutinans and F. graminearum were
isolated on PDA medium and morphologically identified
tulfilling Koch postulates. Fusarium was not isolated from
the thermal control.

Regarding plant height, the individual inoculation of F.
subglutinans and F. graminearum had a significant effect
generating the tallest plants (98 cm) (P<0.0001) at 90 DAS,
whereas the joint inoculation of Fusarium species and the
absolute control (seeds without thermal treatment) had
the shortest plants (90 cm), and intermediate values were
obtained on the thermal control (P<0.0001). Although
stem diameter data were not adjusted to normality, the
joint inoculation of F. subglutinans and F. graminearum
suggests a higher stem diameter compared to the other
evaluated treatments.

Discussion

Pathogenicity tests carried out in corn seeds of the re-
gional variety Simijaca developed symptoms similar to
those initially observed in the field after inoculation of
isolates 26B of F. graminearum and 45D of F. subgluti-
nans. Fusarium graminearum appears to cause necrosis
mainly in the nodes and crown of the plant, whereas F.
subglutinans caused necrosis in the pith and crown. In
this study, the joint inoculation of both Fusarium species
caused symptoms in the crown, nodes and internodes.
Therefore, the obtained results may be considered as the
first report of F. graminearum in the FGSC and F. sub-
glutinans within the FFSC causing corn stalk rot in corn
crops in Cundinamarca (Colombia), specifically in the
municipality of Simijaca. Internal symptoms observed
in the pathogenicity tests conducted with thermal treated
seeds showed the positive effect of the treatment on the
reduction of symptoms. The effect of the treatment was
clear in plants of thermal control (seeds treated with hot
water at 52°C) that showed the normal cream-white color
of the inner stem. In contrast, an internal purple color of
the pith of plants was observed in plants of the absolute
control (seeds without treatment). This is according to
the report for contaminated seeds, as natural source
of Fusarium spp. inoculum (Duncan & Howard, 2010).
These observations are also in contrast to the more severe
symptoms observed in the field study, that used untreated
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corn seeds. Similar positive results have been reported
for the thermal treatment of corn seeds and other cere-
als (Clear et al., 2002; Coutinho et al., 2007; Bennett &
Colyer, 2010; Pineros-Guerrero et al., 2019). The lack of
continuity of the necrotic area in nodes and internodes
can be explained by the morphology and development of
corn plants, which is used by Fusarium spp. for its plant
colonization and dissemination. The nodes formed by the
apical meristem are initially contained in the crown of the
plant (Nielsen, 2008). Once the stem elongation begins,
these nodes may cause a systemic infection of the plant if
infected by the pathogen, as observed in this study. This is
consistent with the histological observations conducted by
Lawrence et al. (1981), who find that the fungus initially
confined to the basal parts of the stalk had a rapid spread
along the plant at the time of flowering.

The symptoms and signs found in this study were similar
to those reported for stalk rot caused by Fusarium spp. in
corn (CIMMYT, 2004). Additionally, superficial perithecia
of F. graminearum were found in crop debris, mainly in
stalk nodes. Unlike F. graminearum which is a homothal-
lic fungus (Leslie & Summerell, 2006), F. subglutinans
and F. verticillioides are heterothallic. This characteristic
explains why perithecia of F. verticillioides are rarely ob-
served in nature, although they are easily inducted under
laboratory conditions. The same may occur with F. sub-
glutinans. Blacutt et al. (2018) stated that in contrast to F.
graminearum, where ascospores are the primary inoculum
source, sexual reproduction in F. verticillioides and other
species within FFSC contributes to their genetic diversity
without being essential for their life cycle.

The Fusarium species associated with Simijaca and
Sogamoso corn plants were morphologically and phyloge-
netically identified as F. graminearum in the FGSC and F.
subglutinans within the FFSC that are reported worldwide
as causal agents of stalk rot in corn (CIMMY'T, 2004; Leslie
& Summerell, 2006). The lineages defined as FGSC are
morphologically indistinguishable (Yli-Mattila et al., 2009;
Summerell, 2019). In this study, isolate 26B, morphologi-
cally and biologically identified as F. graminearum, was
phylogenetically grouped with F. culmorum, F. cerealis
and two species belonging to the FGSC (F. graminearum
s.s.and F. ussurianum) within the FSAMSC. The Fusarium
species described in this study, probably, belong to the ho-
mothallic species F. graminearum and not to F. cerealis or
F. culmorum. This is supported by the fact that superficial
perithecia were found on the nodes of the stalk of corn
plants, and the sexual stage of F. cerealis and F. culmorum
is unknown (Leslie & Summerell, 2006).
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Fusarium boothii (in the FGSC) with the 15-acetyldeoxyni-
valenol (15 ADON) chemotype and Fusarium meridionale
(in the FGSC) with the nivalenol (NIV) chemotypes are the
lineages/species/chemotypes endemic to South America.
However, F. asiaticum (in the FGSC) with its 3-acetylde-
oxynivalenol (3-ADON) and NIV chemotypes has been
introduced in the region. In general, F. graminearum
s.s. 15 ADON is the most common species in Brazil and
Argentina with some displacement by more aggressive 3
ADON populations (Van der Lee ef al., 2018). Determin-
ing the species/lineages and chemotypes to which isolate
26B belongs may contribute to the knowledge of species/
lineage distribution in the cold tropics of Colombia in South
America. Additionally, these results may help to predict
toxicological risks and aggressiveness according to the
species/lineages and chemotypes present.

Isolate 45D, identified in this study as F. subglutinans, may
represent two cryptic species distinguishable by amplified
fragment length polymorphism (AFLP): F. subglutinans
s.s.and F. temperatum in the FFSC (Czembor et al., 2015;
Fumero et al., 2016). Determining the species to which
this isolate belongs is important to predict its distribution
and toxicological profile since F. temperatum apparently
produces fumonisins (Wang et al., 2014), beauvericins and
fusaproliferin. Fusarium subglutinans does not produce
fumonisins, but it does produce other types of mycotoxins
such as moniloformines and fusaproliferin (Fumero et
al., 2016). F. subglutinans is frequent in cold areas of Peru,
Mexico, and Argentina (Logrieco et al., 1993; Figueroa-
Rivera et al., 2010; Reyes-Velazquez et al., 2011; Fumero et
al., 2016) and F. temperatum has been found in Argentina
and Southern Brazil (Fumero et al., 2016). Future studies
should be carried out to document the species occurrence
within the FFSC in the Colombian cold tropics of South
America, where F. verticillioides is the most common spe-
cies in warm parts of the continent (Chulze et al., 1996).

In this research, we found F. subglutinans in the FFSC
and F. graminearum within the FGSC associated with the
corn stalk rot disease on the regional varieties Simijaca
and Sogamoso, which are adapted to the cold and high
altitude production zones in Colombia. This result matches
the effect of latitude and altitude on the distribution of
Fusarium species reported by Munkvold et al. (2018) in
corn. These authors observe that F. verticillioides prevails
in warm and dry tropical and subtropical areas, whereas F.
graminearum and F. subglutinans are the dominant species
in cold-temperate regions as altitude increases, with reports
in Europe, Asia, Oceania, and North and South America.

Although Fusarium stalk rot is among the most economi-
cally important diseases of corn around the world, it had
not been reported in the country for at least 30 years. There-
fore, corn stalk rot may be considered an emergent disease
in Colombia according to our findings and the epidemics
occurring in corn plots in Simijaca at the Ubaté valley in
the last years. The climatic conditions observed during
the period of the study (2016 and 2017) were colder, with
average temperatures of 13°C (below the historical average
of 14°C). Additionally, dry conditions framed on a tropical
ElNifio episode with accumulated precipitation of 429 mm
(125 mm lower than the historical) were also registered for
this period of time in the Ubaté valley. Therefore, cold stress
and drought conditions could have contributed to a shift
in the biotrophic and symptomless association between
the Simijaca corn variety and the Fusarium spp. migrat-
ing toward a disease-causing condition (stalk rot) (Dodd,
1980; Schulz et al., 1999; Kuldau & Yates, 2000; Bacon et al.,
2008; Blandino et al., 2009). Because of their importance,
the findings of this study need to be expanded. Therefore,
further studies should be conducted with a higher number
of isolates and the potential of toxin production of the
species present in the field should be evaluated. Further
research regarding Fusarium species diversity in corn along
the Andean region in the Colombian cold tropic and a more
robust phylogenetic analysis must be conducted to deter-
mine the species/lineages present in the country. Evaluating
the toxicological profile and aggressiveness of these species/
lineages may also contribute to an understanding of FSR
in corn crops under cold climate conditions.

Conclusions

Fusarium graminearum within FGSC and Fusarium sub-
glutinans within the FFSC were found associated with corn
stalk rot in the Ubaté valley throughout the entire crop
cycle, and its pathogenicity was confirmed in the corn
variety Simijaca. The initial infection of the pathogen was
contained in the crown, but it spreads towards the upper
part of the plant through the nodes previously colonized
at initial stages of plant development, causing a systemic
infection. Necrosis of the crown, nodes and internodes
and the pith showing purple colors could be observed in
longitudinal stalk sections. These symptoms caused basal
disintegration and lodging, as the final manifestation of
the corn stalk rot that may occur at any phenological stage
of the crop. Although Fusarium stalk rot is well reported
as an economically important disease in corn, it could be
considered an emergent disease under conditions of the
Ubaté valley in Colombia.
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Efficiency of herbicides for weed control in chickpea
and effect of their residues on wheat growth

Eficacia de herbicidas para el control de malezas en garbanzo
y efecto de sus residuos en el crecimiento del trigo

Sirwan Babaei'", Sahar Lahooni', Sayed Karim Mousavi?, Iraj Tahmasebi', Payman Sabeti®, and Abdolvahab Abdulahi*

In order to determine the best time to use and the adequate
dose of four herbicides to control weeds in dryland chickpea
(Cicer arietinum L.) fields, we performed the present experi-
ment in 4 x 5 m plots. Fourteen treatments were carried out
that from 1 to 9 included trifluralin. Treatments 1, 2, and 3
were with increasing doses of trifluralin (480, 720, and 960
g ai ha') applied 30 d before planting. Treatments 4, 5, and
6 included increasing doses of trifluralin (480, 720, and 960
g ai ha™) applied 15 d before planting. Treatments 7, 8 and 9
consisted of increasing doses of trifluralin (480, 720, and 960
g ai ha') applied at the time of planting. Treatments 10, 11,
and 12 included pyroxasulfone (85 g ai ha™), flumioxazin (51
g ai ha') and imazethapyr (100 g ai ha™), respectively. These
last three treatments were carried out at the time of plant-
ing; treatments 13 and 14 were: weed-infested (without weed
control) and weed-free (manual weeding during the entire
season). Flumioxazin 66% and pyroxasulfone 57% (mean of
two samples) reduced weed dry weight compared to uncon-
trolled treatment. The results showed that the treatments were
significantly different for 100-seed weight, biological yield,
and seed yield of chickpea. Weed-infested and weed-free
plants had the lowest and highest grain yield, respectively.
Herbicide treatments of flumioxazin, trifluralin 960 gaiha’,
and pyroxasulfone at planting produced 55%, 44%, and 40%
higher grain yield, respectively, than the weed-infested plots.
Also, none of the herbicide treatments reduced chickpea yield
and biomass. The herbicide residues had no adverse effect on
wheat growth in the next crop season.

Key words: dryland conditions, flumioxazin, imazethapyr,
rotation, trifluralin.

Con el fin de identificar el mejor momento de uso y la dosis ade-
cuada de cuatro herbicidas para el control de malezas en campos
aridos de garbanzo (Cicer arietinum L.), el presente experimento
se realizo en parcelas de 4 x 5 m. Se realizaron 14 tratamientos
donde, del 1 al 9 incluyeron trifluralina; los tratamientos 1, 2
y 3 fueron con dosis crecientes de trifluralina (480, 720, and
960 g ia ha') aplicada 30 d antes de la siembra; los tratamientos
4, 5y 6 incluyeron dosis crecientes de trifluralina (480, 720, y
960 g ia ha™) 15 d antes de la siembra. Los tratamientos 7, 8 y 9
consistieron en dosis crecientes de trifluralina (480, 720, y 960
g ia ha') al momento de la siembra. Los tratamientos 10, 11 y
12, incluyeron piroxasulfona (85 g ia ha™), flumioxazina (51 g
ia ha') e imazetapir (100 g ia ha™) respectivamente. Estos tres
ultimos tratamientos se realizaron al momento de la siembra;
los tratamientos 13 y 14 fueron: infestado de maleza (sin control
de maleza) y libre de maleza (desmalezado manual durante toda
la temporada). La flumioxazina al 66% y la piroxasulfona al 57%
(media de dos muestras) redujeron el peso seco de las malezas en
comparacion con la parcela infestada de malezas. Los resultados
mostraron que los tratamientos fueron significativamente dife-
rentes para el peso de 100 semillas, el rendimiento bioldgico y
el rendimiento de semillas de garbanzo. Las plantas infestadas
de malezas y libres de malezas tuvieron el rendimiento de grano
mas bajo y alto respectivamente. Los tratamientos con herbicidas
flumioxazina, trifluralina 960 g ia ha’, y piroxasulfona en la
siembra, mostraron un rendimiento de grano 55%, 44% y 40%
mayor, respectivamente, que las parcelas infestadas de malezas.
Ademads, ninguno de los tratamientos con herbicida redujo el
rendimiento y la biomasa del garbanzo. Los residuos del herbicida
no tuvieron efecto adverso sobre el crecimiento del trigo en la
siguiente temporada de cultivo.

Palabras clave: condiciones éridas, flumioxazina, imazetapir,
rotacion, trifluralina.
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Introduction

According to FAO statistics, the primary producers of
chickpea worldwide are India, Turkey, and Russia, and
the chickpea grain yield average is 1,038 kg ha™ worldwide
(FAO, 2021). The area under cultivation of chickpea in
Iran is about 456 thousand ha, with an average grain yield
of 439 kg ha’', which is very low compared to the global
average yield.

Weeds are the biggest challenge to food production
worldwide and reduce crop yields due to high competi-
tiveness (Naghib et al., 2020). The competitive capacity
of chickpea is lower than other crops compared to weeds,
so productivity is seriously affected by weeds (Abdulahi
et al., 2012). There are different reports of weed damage
to chickpea fields under the free control of weeds. Some
studies reported a 92% reduction in performance and a
damage rate of up to 97% (Paolini et al., 2006; Mousavi et
al., 2007). In western Iran (Kurdistan), a 77.5% reduction
in yield because of weed interference is estimated (Fathi
et al., 2017). Another research estimates the amount of
damage in weed-free control as 48.3% in Kermanshah and
66.4% in Tabriz (Mohammadi et al., 2005). Due to the long
growing season and rainfall in autumn and winter, weeds
are a massive problem in winter cultivation of chickpeas
and sometimes heavy weed infestations can cause 88% crop
failure, while in spring cultivation with plowing before
planting, a large volume of weeds are controlled (Knott &
Halila, 1988). Important and dominant broadleaf weeds of
chickpea fields in Kermanshah were chicory (Cichorium
intybus L.), bindweed (Convolvulus arvensis L.), stickywilly
(Galium aparine L.), Jeweled distaff thistle (Carthamus
oxyacantha M. Bieb.), and cowcockle (Vaccaria pyramidata
Medik.). The narrow leaf weeds were wild barley (Hordeum
spontaneum Koch.), wild oat (Avena ludoviciana Durieu.),
and bermuda grass (Cynodon dactylon L. Pers.) (Chalechale
et al., 2015).

The dinitroaniline chemical group has the aniline con-
struction as a basis containing NO, molecules. Trifluralin
and pendimethalin belong to this group with more than ten
different herbicides. Trifluralin has been used in agriculture
since 1963 (Grover et al., 1997). This herbicide is registered
in various countries for controling weeds separately or in
mixtures, and it is used in the following crops: Glycine max,
citrus, Gossypium hirsutum, Arachis hypogaea, Phaseolus
vulgaris, and Allium sativum (Rodrigues & Almeida, 2018).
Its application at pre-planting mixed alone with soil or in
combination with the post-emergent herbicides is one of the
standard methods to control weeds in bean crops (Rouse
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et al., 2018). Pyroxasulfone is a herbicide that inhibits
the biosynthesis of very-long-chain fatty acids (VLCFAs)
(Tanetani et al., 2009). This herbicide is a pre-emergent
discovered amongst several herbicidal 3-sulfonylisoxa-
zoline derivatives (Ito et al., 2015). Another pre-emergent
herbicide imazethapyr belongs to the imidazolinone group,
aclass of herbicides that inhibits acetohydroxyacid synthase
in synthesizing branched-chain amino acids in plants
(Tan et al., 2005). Imazethapyr is used in weed control of
soybeans, alfalfa, corn, rice, and peanuts (Barnett & Brund-
age, 2010). The pre-emergent herbicide flumioxazin is an
herbicide that blocks protoporphyrinogen oxidase (PPO)
activity (Iwashita et al., 2022). Flumioxazin is used in the
Fabaceae family since it provides a wide range of protective
action against weeds (Norsworthy et al., 2012).

Providing available, effective, low-cost control solutions
for the presence of weeds has economic importance in
chickpea cultivation. The number of herbicides introduced
to control chickpea weeds in Iran and other countries is
not comparable to cereal products. Hence, this study was
conducted to estimate the appropriate dose and time of
application of trifluralin and evaluates the effect of three
other herbicides at planting: imazethapyr, pyroxasulfone,
and flumioxazin for weed control in chickpea under dry-
land conditions. Also, possible residual growth effects on
wheat growth and yield have been studied.

Materials and methods

The experiment was conducted in the dryland agricultural
research sub-institute-Sararood in Kermanshah, Iran
(34°20°N, 47°19’E, 1351 m a.s.l.) during the 2018-19 growth
season. The climate at the experimental site was semi-arid
and moderately cold with long-term total annual rainfall
and maximum and minimum rainfall of 449 and 171 mm.
The average annual temperature was 13.8°C, the abso-
lute minimum temperature was -24°C, and the absolute
maximum temperature was 44°C. Total rainfall during the
experimental conduction (2018-2019) was 783 mm. Figure
1 shows the monthly precipitation of Sararood station in
2018-2019.

The experiment was performed in a randomized complete
block design with four replicates. Treatments applied in 4
x 5 m plot size included trifluralin (48%) applications 30 d
before planting (DBP) (480, 720, and 960 g ai ha™ for treat-
ments 1, 2, and 3); trifluralin applied 15 DBP (480, 720, and
960 g ai ha™ for treatments 4, 5, and 6); trifluralin applied
at planting time (480, 720, and 960 g ai ha™ for treatments
7, 8, and 9); pyroxasulfone (85%) at planting time (85 ai g
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ha'' for treatment 10); flumioxazin (51%) at planting (51 g ai
ha'! for treatment 11); imazethapyr (10%) at planting time
(100 gai ha™ for treatment 12); weed-infested and weed-free
(treatment 13 and 14) (Tab. 1). A Matabi backpack sprayer
was used to spray herbicides with calibrated nozzles based
on 300 L ha' of water. At each stage, immediately after
applying the herbicide, a surface disking operation was
performed to mix the herbicide with the surface layer of
the soil.

Chickpea seeds (cv. Mansour) were planted mechanically
using an Aske 2200 (Sazeh Kesht Bukan Company, Iran)
on March 19, 2019. Each plot consisted of seven rows with
35 cm row-spacing. The distance between chickpea seeds
on planting rows was 8 cm, and the planting depth was 5
cm (35 plants/m®). During two stages, one at the beginning
of the growing season and another at the chickpea flower-
ing stage, weeds were manually removed from the plots
as weeding check treatment. No control operations were
performed in weed-infested (WT) plots. Chickpea harvest
was done manually, and seeds and straw were separated
and measured manually.

Chickpea growth traits

Measurements were taken at two different chickpea growth
stages, in the 8-10 leaf stage (May 8, 2019) and at the be-
ginning of pod formation (May 24, 2019), using a quadrat
(with dimensions of 70 x 50 cm) that included two rows
of planting with a length of 50 cm. Biologic yield (total
biomass + yield), grain yield, plant height, number of pods
m™, number of seeds per plant, 100-seed weight, plant dry
weight (stems+leaves) at two sampling stages, number of
seeds per pod, and plant density of chickpea were measured.
In order to measure weed density and dry weight, samples
were taken separately from each plot in each treatment.
After collecting the samples, weeds were counted per spe-
cies. Then, to determine the dry weight of the weeds, the
samples were dried separately in an oven at 75°C for 48 h.

Wheat traits

These consisted of the visual assessment of the effects of
herbicides on wheat growth. The assessment of possible
herbicidal effects on the plants was done using a scoring
method with a range of 0 to 100. A score of 0 indicated no
adverse effect, and a score of 100 indicated plant death.
At the end of the growth season, after the complete wheat
growth (growth stage 22 according to the Zadox method),
the number of tillers was measured in five randomly se-
lected plants in each plot. To measure the 100-seed weight
and grain yield, the plot area was harvested and weighed
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by considering the marginal plot effect at the time of full
ripening, and the data were registered in kg ha™.

Statistical analysis

To determine the richness, the Shannon-Wiener diversity
index and their relative frequency at two chickpea growth
stages (8-10 leaves) were used using a frame (70 x 50 cm)
contained two rows of crop. After collecting the samples,
weed plants were counted by species. The samples were
then placed in an oven with a temperature of 75°C for 48
h to determine the weed dry weight. Weed species rich-
ness, Shannon-Wiener diversity index, and their relative
frequency were calculated as follow:

A) Weed species richness indicates the number of weed
species present in each treatment (Poggio, 2005); B) Relative
frequency of weeds is the ratio of each weed in the sample
to the total number of weeds multiplied by 100 (Booth et al.,
2003); C) Shannon-Wiener Diversity Index was calculated
using the following equations:

H = -X[pi(Inpi)] and pi = ni/N

where ni is the number of weeds (i) in the sample, and N
is the total number of weeds in the sample.

One-way ANOVA procedure was applied using SAS
software (Version 8.1) to assess all effects. Significant dif-
ferences among treatment means were identified by least
significant differences test (LSD) (P<0.05) (SAS Institute,
1998).
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TABLE 1. List of herbicides and characteristics used in the experiment.

Common name Trade name Chemical group Recommended dose, g ha®  ai' and formulation Mode of action

Trifluralin Treflan Dinitroanilines 720 48% EC% Inhibitors of microtubule assembly
Imazethapyr Pursuit Imidazolinone 100 10% SL ALS, AHAS Inhibitor of biosynthesis of amino acids
Pyroxasulfone Sakura Pyrazole 85 85% WG Blocking heme and chlorophyll biosynthesis
Flumioxazin Chateau N-phenyl phthalimide 21 51% WDG PPO inhibition

1 Active ingredient.

x EC, emulsion concentrate; SL, soluble liquid; WG, wettable granule; WDG, water dispersible granule.

Results and discussion

Weeds

Hare’s ear (Bupleurum rotundifolium L.) had the highest re-
lative frequencies in all treatments (average 25%), followed
by bitter bean (Sophora alopecuroides L.) (average 11%),
field bindweed (Convolvulus arvensis L.) (average 10%),
syrian cephalaria (Cephalaria syriaca L.) (average 7%),
chicory (Cichorium intybus L.) (average 8%), and prickly
lettuce (Lactuca scariola L.) (average 7%). Moreover, other
weeds with relatively low frequencies were present in some
treatments (Tab. 2). Pyroxasulfone had the lowest relative
frequency for hare’s ear, although no significant difference
was generally observed in relative frequency in different
treatments. Researchers stated that the herbicide trifluralin
could control lemongrass properly (Mirkamali & Maddah,

1974); also, they reported better control of lemongrass by
trifluralin than imazethapyr (Moradi, 2009).

Results of analysis of variance in the first stage of weed sam-
pling showed that the effect of treatments on the richness of
weed species was insignificant (Tab. 3). Most species rich-
ness was related to weed-infested plants. On the other hand,
treatments 10 and 11 (pyroxasulfone and flumioxazin) had
the lowest species richness (Tab. 3). Analysis of weed species
richness variance in the second sampling stage showed a
significant difference (P<0.01) between treatments. The
herbicide treatment of trifluralin 960 g ai ha™ at planting
had the loweste species richness. The pyroxasulfone and
flumioxazin were in the next class, and other treatments
were not different from the weed-infested (WTI) plot (Tab.
4). Changes in the management of field activities may

TABLE 2. Relative frequencies of weed species in treatments 30 d after herbicide application. The data is the mean of four replicates.

Treatments
Weeds 1 2 3 4 5 6 7 8 9 10 11 12 13
Bupleurum rotundifolium 0.28 0.29 0.40 0.22 0.35 0.21 0.24 0.36 0.38 0.00 0.15 0.08 0.32
Sophora alopecuroides 0.08 018 0.09 0.05 0.04 0.23 0.07 0.15 0.10 0.08 0.15 0.18 0.05
Cichorium intybus 0.09 0.20 0.09 0.15 0.05 0.08 0.03 0.08 0.05 0.08 0.00 0.00 017
Convolvolus arvensis 0.10 0.02 0.05 0.00 0.20 0.07 0.00 0.00 0.32 019 0.06 018 0.08
Glycyrrhiza glabra 0.06 0.09 0.01 0.06 0.00 0.03 0.08 013 0.00 0.23 0.00 0.27 0.00
Lactuca scariola 0.05 0.08 0.02 0.06 0.07 0.06 012 0.07 0.00 0.20 0.00 0.09 010
Triticum aestivum 0.00 0.04 0.00 0.07 0.00 0.08 0.00 0.00 0.00 0.07 0.06 0.00 0.00
Anthemis cotula 0.02 0.04 0.06 0.04 0.00 0.00 0.00 0.08 0.00 0.00 0.08 0.00 0.04
Cephalaria syriaca 0.14 0.00 0.03 0.14 0.08 0.03 0.22 0.05 0.05 015 0.00 0.00 010
Erodium multifida 0.00 0.02 017 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00
Lathyrus sp. 0.02 0.00 0.00 0.01 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.04 0.00
Cynodon dactylon 0.00 0.00 0.07 01 0.00 0.00 0.00 0.00 0.08 0.00 0.38 0.04 0.00
Carthamus oxyacantha 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 013 0.00 0.00
Galium aparine 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
Cardaria draba 0.03 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00
Euphorbia helioscopia 0.00 0.00 0.00 0.00 0.20 015 0.14 0.00 0.00 0.00 0.00 0.00 0.02
Tragopogon major 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Vicia sp. 0.00 0.00 0.00 0.00 0.02 0.06 0.00 0.05 0.00 0.00 0.00 0.00 0.00
Neslia apiculata 0.03 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.07
Adonis aestivalis 0.05 0.03 0.00 0.06 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.05

1,2, and 3: trifluralin 30 d before planting (480, 720, and 960 g ai ha™), 4, 5, and 6: trifluralin 15 d before planting (480, 720, and 960 g ai ha™'), 7, 8 and 9: trifluralin applied at planting time (480,
720, and 960 g ai ha™), 10, 11 and 12: pyroxasulfone, flumioxazin, and imazethapyr at planting time, and 13: weed-infested (no weed control).
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change the species richness in the field. Field operations
may create the conditions for the invasion of one species
and make the conditions unfavorable for the presence of
other species (Liebman et al., 2001). Managing various fac-
tors, especially the chemical management of weeds causes
a change in the species richness of the field (Liebman et
al., 2001). The combination of various weeds in the field
indicates the presence of plants with different abilities in
the utilization of water and nutrients that makes it more
difficult for the crop to compete with the weeds and then
restricts the crop growth (Mousavi et al., 2005).

The effect of different treatments on the Shannon diversity
index at the first stage of sampling was insignificant, and
vice-versa was significant in the second stage of sampling.
Flumioxazin and trifluralin at 960 g ai ha™ had the lowest
effects at planting treatments, indicating that these treat-
ments effectively reduced weed diversity. An investigation

TABLE 3. ANOVA for weeds richness and Shannon’s index.

by examining the diversity index in imazethapyr, triflura-
lin, and control plots (without herbicide) reported that the
value of this index in different stages of chickpea growth in
check and imazethapyr was more than trifluralin herbicide
treatment (Abbasian, 2011).

Weed density in both sampling stages was affected by herbi-
cides (Tab. 5). In the first stage of sampling, pyroxasulfone,
flumioxazin, and trifluralin 960 g ai ha™ applications at
planting produced the lowest number of weeds. These
herbicides had 67, 51, and 48% reduction compared to the
WI. The other treatments with WI were in the same class.
Weed control in two sampling stages has no significant
difference in weed density by the chemical control method
(Nourbakhsh, 2013). Pyroxasulfone and flumioxazin fol-
lowed by trifluralin 960 g ai ha' at planting resulted in
the lowest weed dry weight (Fig. 2) and the lowest weed
density (Fig. 3).

Mean square

Source of variation Degree of freedom

Richness1} Richness2i Shannon1} Shannon2:
Replicate 3 1.25™ 0.173" 0.123™ 0.0037
Treatment 12 1.91 3.67* 013 0.288**
Residual 36 1.67 0.90 017 0.102
Total 51 1.70 1.51 0.15 0.140
CV% 34 23 38 26

1 First stage (8-10 leaf stage of chickpea).
x Second stage (the beginning of chickpea pod formation).
ns, no significant difference; ** significant difference at P<0.01.

TABLE 4. Mean comparison of Richness and Shannon’s index in different treatments at two sampling stages.

Treatments Treatment Richness 1% Richness 2% Shannon 1% Shannon 2
Trifluralin 480 g ai ha™ 30 DBPY 1 4.3 5.3 11 16
Trifluralin 720 g ai ha™ 30 DBP 2 3.8 5.0 11 1.4
Trifluralin 960 g ai ha™ 30 DBP 3 3.3 45 1.0 1.2
Trifluralin 480 g ai ha™ 15 DBP 4 4.3 5.5 12 1.6
Trifluralin 720 g ai ha™ 15 DBP 5 3.8 3.3 11 1.0
Trifluralin 960 g ai ha™ 15 DBP 6 3.8 43 13 1.3
Trifluralin 480 g ai ha™ at planting 7 4.5 3.8 1.2 1.2
Trifluralin 720 g ai ha™ at planting 8 3.3 3.8 0.9 11
Trifluralin 960 g ai ha™ at planting 9 35 2.8 11 0.9
Pyroxasulfone 85 g ai ha™ at planting 10 2.8 3.0 0.9 11
Flumioxazin 51 g ai ha™ at planting 1 2.5 3.3 0.7 0.8
Imazethapyr 100 g ai ha™ at planting 12 3.8 3.3 11 1.0
Weed-infested (WI) 13 5.0 5.3 13 1.6
LSD 0.05 19 14 0.6 0.5

t Days before planting.
1 First stage (8-10 leaf stage of chickpea).
# Second stage (the beginning of chickpea pod formation).
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TABLE 5. ANOVA of weeds density and weeds weight in 2 sampling stages.

Source of variation Degree of freedom Weed density 11 Weed dry weight 1% Weed density 2% Weed dry weight 2%
Replicate 3 0.538™ 0.739™ 0.974™ 10.392"
Treatment 12 23.840%* 3.290** 61.244** 58.547**

Error 36 6.18 0.975 6.363 9.277
CV% 27 26.7 251 26.4
1 First stage (8-0 leaf stage of chickpea).
# Second stage (the beginning of chickpea pod formation).
", no significant difference; ** significant difference at P<0.01.
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FIGURE 2. Weed dry weight (g m?) in treatments at two sampling sta-
ges (bars represent standard error). 1, 2, and 3: trifluralin 30 d before
planting (480, 720, and 960 g ai ha™), 4, 5, and 6: trifluralin 15 d before
planting (480, 720, and 960 g ai ha™), 7, 8 and 9: trifluralin applied at
planting time (480, 720, and 960 g ai ha™), 10, 11 and 12: pyroxa-
sulfone, flumioxazin, and imazethapyr at planting time, and 13: weed-
infested (no weed control).

TABLE 6. ANOVA for biologic yield (BioY), grain yield (GY), plant height (P

FIGURE 3. Weed density (weeds/m?) intreatments at two sampling sta-
ges (bars represent standard error). 1, 2, and 3: trifluralin 30 d before
planting (480, 720, and 960 g ai ha™"), 4, 5, and 6: trifluralin 15 d before
planting (480, 720, and 960 g ai ha™), 7, 8 and 9: trifluralin applied at
planting (480, 720, and 960 g ai ha™"), 10, 11 and 12: pyroxasulfone,
flumioxazin, and imazethapyr at planting time, and 13: weed-infested
(no weed control).

H), number of pods per m2 (NSM), number of seeds per plant (NSP),

100-seed weight (100-SW), plant weight at two sampling stages (PW1, PW2), number of seeds per pod (NSpod), plant density (PD) of chickpea

in different treatments.

Source of variation DF BioY GY PH NSM NSP 100-SW PWA1 PW2 NSpod PD
Replication 3 30628.2" 4600.75™  13.64* 502.97™ 3.089™ 4.755™ 0.260* 0.329" 0.010™ 1.93"™
Treatment 13 24811 749717**  1.683™ 300.72™ 2.572"™ 5.971* 0.0053" 0.173" 0.061* 1.8"™
Error 39 12536.1 1737 2.957 389.3 3.57 2.41 0.013 0.140 0.029 1.400
CV% 147 13.2 74 19.7 21.9 43 18.1 18.7 12.5 74

", no significant difference; * significant difference at P<0.05. ** significant difference at P<0.01

Chickpea

The effect of treatments was significant only for the 100-
seed weight, biologic yield, and grain yield (Tab. 6). The
one hundred seed weight is one of the characteristics
related to the quality of chickpea seeds and is essential in
terms of marketability and price, since the higher the seed
weight, the greater is the chickpea marketability (Abdu-
lahi et al., 2012). The lowest and the highest of 100-seed
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weight was related to WI and weed-free at 34.2 and 38.2
g. Pyroxasulfone and trifluralin 960 g ai ha” at planting
were also in this class (Tab. 7). Another study showed that
the highest amount of 100-seed weight of chickpea was
obtained under weed-free conditions followed by pyridate
herbicide, and the lowest 100-seed weight was related to
WI (Shahsavari, 2017). When increasing the number of
pods and consequently increasing the number of seeds
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TABLE 7. Mean comparisons of biologic yield (BioY), grain yield, and 100-SW of chickpea in different treatments.

Treatments Biologic yield (kg ha™) 100-SWx (g) Grain yield (kg ha™)
Trifluralin 480 g ai ha™ 30 DBP 745 abcdt 36.5 abc 278 de
Trifluralin 720 g ai ha™ 30 DBP 700 bed 35.6 abc 296 cde
Trifluralin 960 g ai ha™ 30 DBP 634 d 34.8 b 284 de
Trifluralin 480 g ai ha™ 15 DBP 749 abcd 35.9 abc 289 cde
Trifluralin 720 g ai ha™ 15 DBP 737 abcd 36.8 abc 286 cde
Trifluralin 960 g ai ha™ 15 DBP 750 abcd 36.5 abc 318 bed
Trifluralin 480 g ai ha™ at planting 818 abcd 349 Dbe 311 cde
Trifluralin 720 g ai ha™ at planting 798 abcd 359 abc 310 cde
Trifluralin 960 g ai ha™ at planting 784 abcd 376 a 354 abc
Pyroxasulfone 85 g ai ha™ at planting 837 abc 377 a 344 abcd
Flumioxazin 51 g ai ha™ at planting 861 ab 371 ab 380 ab
Imazethapyr 100 g ai ha™ at planting 674 Dbed 349 be 315 bed
Weed-infested 653 cd 342 ¢ 245 ¢
Weed-free 901 a 38.2 a 408 a

t Means with the same letter in the same column are not significantly different according to test LSD (P<0.05).

# Seed weight.

per plant, the 100-seed weight decreased (Samaei et al.,
2006). This may be due to the limitations of photosynthe-
tic compounds produced and stored. In this experiment,
probably due to drought stress (Tab. 1), the number of
seeds per plant was reduced in all treatments, but 100-seed
weight of chickpeas was normal and similar to average
climatic conditions, and this agrees with the results of
others that the sensitivity of this trait to the number of
seeds per plant and drought stress is lower (Samaei et al.,
2006; Yousefi et al., 2006).

The highest grain yield was found in the weed-free plots
with 408 kg ha', and the lowest yield was found in the W1
with 245 kg ha™. The flumioxazin, trifluralin 960 g ai ha
at planting, and pyroxasulfone produced 55%, 44%, and
40% higher grain yields than the WI. Many researchers
have reported the decreased yield of chickpea in weed
competition conditions (Nezami et al., 1997; Mousavi et al.,
2007; Nasari, 2010; Abdulahi et al., 2012; Mahmoudi et al.,
2012; Nourbakhsh, 2013; Shahsavari, 2017). Another study
stated that no herbicide alone can achieve the same grain
yield as a weed-free crop (Moradi, 2009); and, therefore,
the use of herbicides in this study alone was not sufficient
and could not be equivalent to grain yield in a weed-free
treatment. Consequently, including a weeding step in the
weed management program is necessary.

Wheat growth

Wheat plants in the tillering stage were examined by visual
evaluation for residual herbicide effect. None of the herbi-
cide treatments had any adverse effect on wheat growth.

Analysis of variance of wheat tiller number per plant, 1000
grain weight, number of plants per m?, and grain yield of
wheat showed that the effect of treatments on these traits
was not significant.

Conclusions

Several pre-emergent and pre-planting herbicides have
been applied in chickpea crops that helped to control many
broadleaf weeds. Even if pre-emergent herbicides control
the initial wave of weed growth at the beginning of the
growing season, the persistence period of the herbicide
may not be able to control the weeds later in the season;
late-emerging weeds make it especially difficult to harvest.
Therefore, control of broadleaf weeds in chickpea cultiva-
tion requires pre-planting herbicides and the subsequent
use of post-emergent herbicides or other management
methods to control the remaining weeds. Applications
of flumioxazin, trifluralin 960 g ai ha™ at planting, and
pyroxasulfone reduced weed number and subsequently
resulted in higher grain yields in chickpea. The study of
herbicide residual on wheat growth in the next cropping
seasons showed no adverse effect.
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The oil palm cadastre in Colombia

Catastro de la palma de aceite en Colombia

Victor Orlando Rincon-Romero™ *, Angie Molina-Villarreal', Andrea Zabala-Quimbayo’,
Osmar Ricardo Barrera-Agudelo’, and Jorge Luis Torres-Leon’

This article describes the process of constructing a model of
the geographic information management for the cultivation
of oil palm in Colombia. Due to the need to collect, store,
update, and analyze data from planted areas in the country, it
was necessary to rely on the soft systems model to propose an
information system structure that would respond to the needs
of accounting for planted areas and to be able to integrate such
information with other strategic data for the oil palm sector.
This research developed a database model on which the geo-
graphic data related to the Colombian planted area of palm oil
has been stored for over ten years. The geographic model has
allowed creating new information at various territorial scales,
integrated with phytosanitary data important for regional
crop management. The integration of a web-based platform
has positioned the oil palm cadastre as a consultation service
for users working in various roles in the oil palm industry, as
areliable geographical bank of information, available to other
oil palm project agribusinesses.

Key words: cadastral administration, land administration
domain model, monoculture, oil crops.

Este articulo describe el proceso de construccién de un modelo
de gestion dela informacion geogréfica para el cultivo de palma
de aceite en Colombia. Debido ala necesidad de capturar, alma-
cenar, actualizar y analizar datos de las dreas sembradas en el
pais, fue necesario soportarse en el modelo de sistemas blandos
para plantear una estructura de sistema de informacion que
respondiera a las necesidades de inventario de areas sembradas,
y que estuviera en capacidad de integrar dicha informacién
con otros datos estratégicos para el sector palmicultor. Esta
investigacion permitié construir un modelo de base de datos
sobre el cual, durante mas de diez afios, se han almacenado de
manera continua los datos geograficos relacionados con el area
sembrada en palma de aceite en el pais. El modelo geografico
ha permitido generar nueva informacién a diferentes escalas
territoriales y la integracién con datos de indole fitosanitaria,
de gran importancia para el manejo regional de los cultivos.
La integracién de una plataforma tecnoldgica web ha logrado
posicionar el Catastro Palmero como servicio de consulta para
usuarios de diversos roles dentro del gremio palmicultor y
como informacion geografica base de confianza para soportar
otros proyectos de agronegocio de la agroindustria palmera.

Palabras clave: administracién catastral, modelo para el
ambito administrativo del territorio, monocultivo, cultivos
oleaginosos.

Introduction

The oil palm crop in Colombia has achieved a significant
presence, accounting for approximately 10% of the coun-
try’s total planted area and 30% of the agro-industrial crops
(DANE, 2016; Fedepalma, 2019). This presence calls for
the development and permanent update of an inventory of
the country’s planted areas, since this information could
be the cornerstone for adequate planning and ordering of
the territories.

From its inception, the Federacién Nacional de Cultiva-
dores de Palma - Fedepalma has worked to consolidate
and develop a database that provides information on

Received for publication: October 1, 2021. Accepted for publication: August 9, 2022.

aspects relevant to Colombian agribusiness that includes
the delimitation, area, and spatial representation of planted
areas that can assist the palmiculture sector in adequate
decision-making. Therefore, as a first approach to achieving
these objectives, Fedepalma, through the Oil Palm Sector
Statistical Information System (SISPA), has periodically
compiled data of country wide seed sales as an alternative
to an estimation of the planted area. This method leads to
certain inaccuracies in the calculation determining the ef-
fectively planted area requiring corrections, mainly related
to discarded seeds.

Fully aware of this condition, in 2007, Fedepalma, in an
agreement with Corporacién Colombia Internacional
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(CCI), completed the first georeferencing study on the area
planted with oil palm in the country, creating polygons
for around 276,000 ha of the 301,000 ha estimated to be
planted. Additionally, in 2009 the Centro de Investigacion
en Palma de Aceite - Cenipalma, as part of a project funded
by the Servicio Nacional de Aprendizaje (SENA), made the
first adjustment to the cartographic base developed by the
CCI and georeferenced additional areas of the crop that
added up to a total 310,000 ha in comparison to the 350,000
ha estimated for that year.

Simultaneously, Cenipalma, as part of several regional phy-
tosanitary information management projects, developed
geographic databases that used polygons to represent the
planted areas in the areas of the Colombian eastern plains,
the Magdalena Medio (Central region), and San Andres
de Tumaco (Pacific coast). In 2012, this first stage of data
collection required focusing efforts on the planning and
design of an information management system that would
ensure the storage, administration, and consultation of
data from the crop plots, i.e., from a specific cadastre of the
areas with palm oil. The cadastre (a public register showing
the details of ownership and value of land) corresponds to
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a land inventory (Kaufmann & Steudler, 1998) and under
the new trends of the multipurpose cadastre, the inventory
transcends the delimitation of properties and is supported
by subsystems that carry out inventories of land uses (Wil-
liamson et al., 2014; Ponvert et al., 2015). So, the subsystem
called Oil Palm Cadastre (OPC) was conceived, its corner-
stone was the “land management paradigm” (Williamson
et al., 2014) in which high-quality territorial information
was an essential component, using the property cadastre
as a methodological framework.

According to Ponvert et al. (2015), most national cadastre
information systems store general data that often cannot
meet the particular needs of every user. For this reason,
it is convenient to propose and create specific subsystems
that allow managing information at a larger scale, leading
to the creation of cadastre subsystems mainly in rural areas
(which, by tradition in the countries, has been character-
ized for having less detailed sales). In the last decade this
need has been framed as Green Cadastres (Zysk et al., 2020).
Some examples include the land parcel information system
to record crops and manage agricultural subsidies in the
European Community (Inan et al., 2010), the Specialized
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FIGURE 1. Difference between minimum units of the property cadastre and crop cadastral subsystems.
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Sugar Cane Registry in Cuba (Samuel & Reyes, 2007;
Rojas-Martinez et al., 2014), the Forest Cadastre in Greece
(Drosos, 2014), the vineyards cadastre in Romania (Hutanu
& Moca, 2010; Hutanu et al., 2016), and the inventory of tea
areas in Turkey (Ozcelik & Nisanci, 2016), etc.

From these initiatives, and taking into account that the
cadastre of the property was historically proposed to deter-
mine the value of such properties for tax purposes and/or to
create a register for the legitimacy of the owners (Alcézar,
2000; Hopfer, 2003), the difference between these subsys-
tems and the cadastre of the property was defined as the
fact that the delimitation of the polygons specifically marks
the minimum constituent unit of the cadastral subsystem
(Samuel & Reyes, 2007; Ozcelik & Nisanci, 2016) and is not
carried out considering the property’s boundaries (Fig. 1).
Therefore, the cadastral subsystems are a complement to
this type of cadastre, with the spatial representation as an
integrating component (Ponvert et al., 2015).

Therefore, it was important to create a system to store the
georeferenced inventory of areas planted with oil palm ata
plot scale in Colombia. The primary purpose of this system
was to support decision-making in the oil palm industry
and to provide updated information about planted areas.
The system was developed as a technological tool under
the guidelines of a cadastre information system (Cagdas
& Stubkjeer, 2011); therefore, this paper describes the OPC
conceptualization and the development of a continuously
updated system. This tool was proposed as a benchmark
for consultation about oil palm plantations in Colombia.

Materials and methods

The system was planned based on “soft systems” theory
(Cagdas & Stubkjaer, 2011) to define the elements and actors
of the OPC and to define the technical aspects that allowed
implementing the OPC based on the system’s conceptual
framework.

System conceptualization

The OPC system is based on the uncertainty about the ac-
tual planted areas and their characteristics and geographic
distribution. Therefore, the purpose of elucidating them is

to create a theoretical framework through practice (Roux
& Barry, 2009).

For this reason, the OPC is conceived as a system and, as
such, it has the following characteristics (Wastell, 2012):
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o Purpose: to provide georeferenced information on areas
planted with oil palm as well as associated information
in order to make decisions related to the oil palm sector;

o Transformation: a collection of geographical data for
areas planted with oil palm and data related to the
characteristics and management of the crops in order
to create information for research, extension, and
decision-making;

o Feedback cycles: the purpose is to identify the entire
planted area of the country; therefore, measurements
ensure the fulfillment of its purpose.

However, this is understood as a soft system under systems
theory, considering that its purpose as a registry storage
system transcends the inclusion of the complexity of human
decision-making processes in all its components (Cagdas
& Stubkjeer, 2011).

From its inception, the OPC was conceived as a tool whose
main actors are Fedepalma, Cenipalma, and palm-growers,
interrelated through the collection, storage, and consulta-
tion of data on the areas planted with oil palm and the
information products generated from them.

A first activity carried out was the definition of the con-
stituent elements of OPC, to break down each of the ele-
ments that participate in the definition of the areas with
oil palm cultivation. Such a definition is considered a
hierarchy determined by spatial units mainly associated
with the functionalities and interests of the actors; each
unit was assigned characteristics and in turn topological
relationships.

Driving the conception of the system towards the opera-
tional component, the aspects in which the OPC is trans-
formed from an inventory of areas to functional data were
conceived that can be integrated with different sources to
consolidate multipurpose characteristics of the inventory.

Technical aspects

Geographical data sources were classified into three ca-
tegories: products of photointerpretation, a direct survey
with GPS devices, or third-party information available
at the plantations. Therefore, a data processing scheme
had to be defined to monitor the technical operation of
the geographical database construct (Fig. 2). These data
structuring aspects were designed considering a detailed
revision, correction, and adjustment for the geographical
information, based on the Colombian Technical Standard
NTC 5043 (ICONTEC, 2010):
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FIGURE 2. Data processing scheme.

« Totality

Thelist of plots per plantation provided at the beginning
of the project was used as a source, understanding that
the total polygons must be equal to the number of plots
reported for the plantation;

« Logical consistency

The following elements were evaluated:

» Domain consistency, for the name, area, palms, and
material attributes.

» Topological consistency that evaluates compliance
with topological rules such as overlapping, invalid
geometries, gaps, and non-repeating geometries;

« Position accuracy

The data provided by the plantations were reviewed
and the actual location of the polygons was validated
through satellite images.

Results and discussion

Elements of the oil palm cadastre

The oil palm crop in Colombia is distributed throughout
more than 120 municipalities. The geographic delimi-
tation of what is known in the palm-growing sector as
palm-growing areas from an administrative and logistics
perspective, were named as follow: north, central, east, and
southwest (Fedepalma, 2019) (Fig. 3). These were establis-
hed based on the surrounding regions that are part of the
same geographical region. Similarly, for operationality and
accessibility, a group of sub-zones was established within
each zone, defined mainly as plantation aggregates. The
boundaries of the sub-zones may or may not coincide with

&

; Storage
Processing publication
COLOMBIARA i oA
Microsofr
SQL Server
Elements )
Totality Geo-services

Logical consistency
Position accuracy
Thematic accuracy

the boundaries of municipalities. These sub-zones contai-
ned plantations in various rural properties used mainly to
grow oil palm, and they are legally owned by one or several
people/companies.

Depending on their size, these plantations cover one or
several plots (plot being the minimum spatial and adminis-
trative division within a plantation) that are usually defined
based on homogeneous characteristics of its constituent ele-
ments (cultivar, planting date, type of soil, etc.), geographi-
cal accidents, or infrastructure works developed inside the
plantation. Therefore, it was important to emphasize that
an oil palm plantation was a group of plots, which in turn
had diverse geographical elements and/or characteristics
inherent to them (palms, roads, channels, type of cover,
etc.). However, there is no absolute relationship between
the property and the plantation, or the property and the
plot, because the latter may conform to the entire property,
a fraction of it, or the sum of several properties (Sagris &
Devos, 2008).

Below are the definitions of the elements that comprise
the OPC.

o Plot: minimum spatial unit planted with oil palm within
a plantation that generally has similar characteristics
regarding the planting year and cultivar;

 Plantation: set of plots —not necessarily adjacent—
grouped under the property and administered by one
or several persons (natural or legal);

o Sub-zone: Geographical sub-division of the oil palm
zones that allow for adequately monitoring the logistics
and extension. The boundaries of one sub-zone may or
may not coincide with those of the municipalities;
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FIGURE 3. Distribution of oil palm zones in Colombia.

o Zone: Geographical division created by Fedepalma to
adequately manage the palm productive areas in Co-
lombia. It covers one or more municipalities in one or
more departments.

Features of the OPC

The cadastre of the property generally refers to the spatial
and legal features (Cagdas& Stubkjeer, 2011). In the case
of the OPC, the physical feature of the property refers
to identifying and representing geographical elements
(plots, plantations, sub-zones, and zones). The agronomic
feature refers explicitly to the specification of the cultivar,
species, age, phytosanitary status, etc., to describe crop’s
particularities found in the smallest mappable unit (plot).
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Topological relationships

Considering that the fundamental elements of the OPC
have geographical representation, topological relations-
hips that establish the hierarchical connections between
them had to be defined; i.e., the zone (the element with
the highest hierarchy) is formed by various sub-zones
that in turn are formed by a certain number of oil palm
plantations that cover one or several plots. Figure 4 is a
graphical representation of the hierarchical distribution
of the elements of the OPC.

Furthermore, defining the relationship of the elements of

the OPC with the cadastre of the property allowed inte-
grating new actors to the s ystem. The territorial entities
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FIGURE 4. Hierarchical distribution of elements of the OPC.

and institutions related to the ordering of the territories
considered the information products created by the OPC
as inputs. Integrated to the property, the inputs are funda-
mental for planning and proposing strategies and policies
in the territories.

Multi-purpose structure

In a first instance, the OPC was conceived as a solution
to quantify the total planted area in Colombia. However,
having the geographical conceptualization and represen-
tation of the spatial objects allowed integrating another
type of strategic information for representation. Therefore,
the OPC is currently conceived under a multi-purpose
approach that facilitates the integration of agronomic in-
formation derived fro crop activities that enhance decision-
making criteria.

Therefore, the OPC elements were redefined, considering
the possibility of representing phytosanitary and produc-
tive variables and the management of crops at a regional
scale.

Defining plot boundaries

Considering cadastres of property, an accuracy to the cen-
timeter is essential for urban areas. However, in Colombia,
rural cartography has been developed at a maximum scale
0f 1:10,000, substantially reducing accuracy requirements.
However, the material definition of property boundaries
in rural and urban spaces is indicative and accurate, e.g,
fences of rural properties. However, oil palm plots are ge-
nerally known for having no explicit physical delimitation.
Therefore, the conceptualization included a definition of
the plot boundaries, understood as the projection to the
ground of the canopies of the palms planted on the edge
of the plot.

In practice, under the above definition, the boundary would
change as the palm grows; hence, the above concept was
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Sub-zone

Zone

complemented with the projection to the ground of the
canopies of adult palms, which in practical terms can be
extrapolated to half the planting distance between palms.

After defining the concept of plot boundary, it was neces-
sary to specify the minimum accuracy for surveying it.
Hence, it was decided that the maximum tolerable error to
define the perimeter of a plot would be 10 m, thus tolerating
the variation found in the definition of the boundary based
on the canopy projection. This allowed including tools such
as low-accuracy GPS devices and satellite images with a
5-m resolution and optimized the area surveying works
without affecting data quality. As a result, and considering
the guidelines set by Tobler (1987), a scale of 1:20,000 was
established for the OPC.

Considering that the OPC development aims to provide
an approximate quantification of the country’s planted
area and coordination of the multi-purpose approach, two
fundamental components were defined that established the
system’s objectives and scope. First, approximation to the
physical aspect (quantification and geographical represen-
tation), and the second inclusion of the agronomic aspect
(crop characterization).

Physical aspect

With the first approach, the areas planted with oil palm
crops were identified via photointerpretation of satellite
images without leading to a definitive demarcation of
the plots and plantations (Kelly et al., 1999; Rodriguez et
al., 1999; Johansen et al., 2009). The sensors used as data
sources were Sentinel 2 and Landsat 8, considering the free
access to their data, the multi-temporality, and characte-
ristics for crop discrimination (Sarvia et al., 2020; Jayanth
et al., 2022). A future alternative would be support in the
delimitation of the plots from satellite image processing
techniques, such as fully convoluted networks (KC et al.,
2021; Taravat et al., 2021). However, these techniques are
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still in the research stage and in order to guarantee the
quality of the data, human photointerpretation was inclu-
ded in the processing.

The following properties of a plot were established to define
the rules of photointerpretation (Stone, 1955): shape, size,
structure, texture, and color.

 Shape: the plots planted with oil palm are generally
known for having regular shapes; however, there are
also irregular shapes or shapes defined by administra-
tive considerations that are not related to geographical
boundaries (Fig. 5);

o Size: generally, an area with oil palm may vary between
1 and 20 ha without identifiable discontinuity like roads
or water bodies. However, there may be unusual cases
where there are plantations with a larger area;

o Structure: the structure inside an oil palm plot must
include the presence of staggered formations or planting
patterns that form equilateral triangles between palms.
However, there may be cases where the plantations do
not meet this rule, such as terraced plantations. The
presence of irrigation channel infrastructure within the
crop may be an indicator of new or young plantations;

73.70°W

73.69°W

6.98°N

6.97°N

73.70°W

73.69°W

FIGURE 5. Definition of the shape of plots in il palm crops.
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73.70°W

o Texture and color: In this case, two closely related
properties were addressed, since both are mainly sub-
ject to variation in planting age. In high-resolution
spatial images, it is possible to distinguish the staggered
formation. However, images with a spatial resolution
equal to or higher than 5 m required defining a series
of keys that facilitate identifying the crops (Fig. 6).
However, the similarity between oil palm crops’ reflec-
tance with other crops like banana and forests implies
field verification.

To establish orderly photointerpretation, a grid of 5 x 5
km?*was defined to cover all the palm areas. Each grid was
assigned tracking information to develop the process This
series of data traced the area update process. A revision was
established for each square, manually employing lateral and
vertical displacement, where each of the areas identified as
oil palms were restored.

Since the process of updating areas planted with oil palm is
carried out every six months, management of the grid data
was established as an additional component in the OPC
database, making it possible to keep track of the revisions
made in the same quadrant over time and identify potential
areas for updating.
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FIGURE 6. Interpretation of palm age in combination with false color infrared in LandSat 8 image.

Agronomic feature

This corresponded to characterization of the minimum
agronomic administration unit of the plantations, com-
monly called a plot. In the absence of a standard for the
definition of plot limits, each plantation was autonomous
to define its plots, and it was necessary to define the plot
as the minimum grouping of palms to which production
data, phytosanitary, etc., were recorded. In most cases, plots
contained palms from the same planting year, the same
cultivar, and had physical limits. In this way, the agronomic
feature defined the geometry of the plots in accordance with
the administration of the plantation and complemented the
data on the following: number of palms, planting density,
cultivar(s), planting year and net area.

This feature required greater efforts and dedication, as it
demanded establishing direct contact with the owners,
managers, or directors of the plantation through palm
clusters (oil palm mills). The bonds of trust between clusters
and palm growers allowed access to the plantations and
access to truthful data.

The contact with the commercial liaison between the clus-
ters and the palm growers, the Technical, Environmental

and Social Assistance Units (UAATAS) adopted in 2008
(Fedepalma, 2009) enhanced the palm-grower contact
strategy because the clusters were receptive to consider-
ing the importance of georeferencing planted areas at a
plot scale. Below is the process scheme designed for the
correct management and collection of plantation cadastral
information (Fig. 7).

Finally, the National Oil Palm Cadastre Database is inte-
grated in two stages:

o Inclusion of geographical data (physical feature), with
semi-annual update;

o Association of the agronomic information with each
plot (agronomic features), which is a permanent process.

With the inclusion of technical considerations, a new ac-
tor became evident in the OPC system that had not been
contemplated in the initial formulation. Hence, the palm
tree clusters appeared as a determining factor in the process
of formation and as a consumer of the information. Thus,
finally, the formalization of the processes oriented to man-
agement and processing of the data finally consolidated the
model of the Oil Palm Cadastre System (Fig. 8).
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Information technologies artifacts

A spatial database was designed and implemented in Mi-
crosoft SQL Server Database Management System to store
spatial and alphanumeric data. This allowed elimination
of redundancy, allowing capability for data processing,
analysis, visualization and exchange (Dawidowicz et al.,
2020). The spatial database on the SQL Server was inte-
grated into the ArcServer platform to develop geoservices
aimed at publishing the OPC information on the internet:
https://geopalma.cenipalma.org

266

Planning, strategies and policies

Local government
Institutions

The main developed geoservice consolidates the values of
planted areas at a municipality scale and was an example
of the interaction between the OPC and territorial units
such as municipalities (Fig. 9).

Progress in the consolidation of information

As mentioned above, the work of the Corporacién Co-
lombia Internacional (CCI) in 2007 is considered the
foundation of the OPC. Throughout 10 years, about 100%
of the estimated area planted with oil palm in the country

Agron. Colomb. 40(2) 2022



geoportal.cenipalma.org/Médulos/Catastro-Palmero,/ Tablero-Catastro/geoserviciocatastrofisic

GeoPalma“

Distribucién de las sreas
sembradas por zona palmera

Catastro Pal
Colombia

Area (ha) sembrada con palma de aceite por
departamento.

FIGURE 9. Geoservice developed for consultation of data for the oil palm cadastre (in Spanish; https://geopalma.cenipalma.org/M%C3%B3dulos/

Catastro-Palmero/Tablero-Catastro/geoserviciocatastrofisico).

has been georeferenced. This physical feature has had
continuous revision (a review of the areas is carried out
every two years) parallel to the expansion of the crop,
beginning from about 276,000 ha georeferenced in 2007
to 625,066 ha in 2020, exceeding the area reported by the
SISPA. Regarding the progress of the agronomic feature,
though it is slower it increased from zero hectares in 2007
to 160,000 ha in 2017. Thus, the speed of this (agronomic)
feature increased during the last three years, mainly due to
the active participation and strong interest of palm growers
during OPC development (Fig. 10). As of 2020, there were
a total of 625,066 ha in physical terms, of which 345,600
ha are fully characterized physically and agronomically.

Progress in the above features depended on the conditions
of each region, with sub-zones such as South Cesar, South
Bolivar, Acacias or Fundaciéon mostly able to consolidate
their agronomic aspect due to the integration and partici-
pation of the oil palm clusters of the sub-zones.

The physical feature has enabled accurately identification
of the extent of oil palm trees in each of the palm-growing
areas (Fig. 11). To date, the eastern zone has about 46% of
the country’s total.

One of the most interesting results has been the possibil-
ity of consolidating data at a territorial unit scale, such as
departments (Fig. 12). This data was previously estimated
without the OPC. As of 2017, the department with the
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FIGURE 10. Evolution of the oil palm cadastre.
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FIGURE 11. Distribution of planted area of oil palm per zone.
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largest planted area of the country is Meta, followed by
Santander and Cesar, reiterating that the Eastern and Cen-
tral palm growing areas have the country’s most extensive
planted areas.

Narifio Vichada
4%

2% Others
Norte de Santander *
5%
Bolgvar
6% Meta
34%
Magdalena
9%
Casanare
11%
Santander
Cesar 16%

13%

FIGURE 12. Planted area of oil palm by department.

Conclusions

From a soft systems perspective, the OPC system model
allowed including the complex interactions between ac-
tors. This was translated into a significant advance in the
consolidation of the system’s information. Incorporating
the palm clusters and growers as active actors accelerated
data collection and guaranteed continuous feedback for
the project’s results.

The OPC’s conceptualization was made “along the way,”
allowing adjustments that were mainly due to the inclusion
of new actors in the process. With this, soft systems theory
is confirmed as an alternative to conceptualize cadastral
systems and subsystems.

The creation of a record of planted areas by delineating each
of their perimeters is an effort that has involved many years
and resources. However, this effort has been worthwhile,
due to the complexity of the crop and its setting. From this
experience, we highlight the integration of the system to the
pre-established processes of the extension program (UAA-
TAS), without which, it would not have been possible to
consolidate the agronomic features, and the system would
have been limited to only the physical features.

After several years of work, the OPC is considered to have
reached maturity, consolidating processes that guarantee
the quality of the data, which are increasingly closer to
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representing the country’s total planted areas. Therefore,
upcoming efforts should focus on the system’s communica-
tion phase. Although with some progress, this phase must
be mainly aimed at the use of the information produced,
in order to transcend the processes of the palm-sector and
to connect with the governmental territorial organizations.
It is worth mentioning that the oil palm agroindustry is
an essential part of the development of the regions where
it exists.
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Dual-purpose production of forage and seeds in
maize by detopping and defoliation

Produccion doble propdsito de forraje y semillas en maiz
mediante una poda apical y defoliacion

Hassan Heidari'* and Mozhgan Amiriani’

Maize is one of the most productive crops whose seeds are
used in the poultry sector as one of the main ingredients in
the diet; it is also important forage for ruminants as silage.
The aim of this research was to assess the effect of defoliation
and detopping on dual-purpose maize production in field
(Kermanshah, Iran, Mediterranean climate conditions) and
laboratory experiments. The study included a control (intact
plant), removal of leaves at the top of the ear, removal of leaves
under the ear, removal of all leaves, detopping (stem removal at
the top of the ear), and detopping including removal of leaves
under the ear. In the laboratory experiment, germination
traits were assessed in seeds obtained from the mother plants
in the field experiment. The field and laboratory experiments
were conducted with a randomized complete block design and
completely randomized design, respectively. The data were
analyzed using a general linear model. The removal of leaves
under the ear produced an increased seed number per row
compared to the removal of leaves at the top of the ear. Intact
plants (control) and the plants defoliated under the ear had a
higher 100-seed weight than other treatments. There was no
difference between detopping and control plants in seed yield.
Removal of leaves under the ear of mother plants produced a
lower seed germination percentage (83%), radicle length (11.3
cm), and seed vigor than in other treatments. The results show
that maize can be cultivated as a dual-purpose crop for forage
and seed production.

Key words: dual-purpose crop, germination, mother plant.

El maiz es uno de los cultivos mas productivos cuyas semillas
se utilizan en el sector avicola como uno de los principales
ingredientes de la dieta; ademas, es un forraje importante para
la alimentacién de rumiantes en forma de silo. El objetivo del
estudio fue evaluar el efecto de la defoliacion y poda apical en
la produccién de maiz de doble propédsito en campo (Kerman-
shah, Iran, condiciones de clima mediterrdneo) y laboratorio.
El estudio incluyé un control (planta intacta), eliminacién de
hojas en la parte superior de la mazorca, eliminacion de hojas
debajo de la mazorca, eliminacién de todas las hojas, poda
apical (eliminacion del tallo en la parte superior de la mazorca),
y poda apical mas eliminacién de hojas debajo de la mazorca.
En el experimento de laboratorio, se evaluaron parametros de
germinacion de las semillas producidas de plantas madre del
experimento en campo. El experimento de campo y de labora-
torio se llevaron a cabo con un disefio en bloques completos al
azar y un disefio completamente al azar, respectivamente. Los
datos se analizaron utilizando un modelo lineal generalizado.
La remocion de hojas debajo de la mazorca produjo un mayor
nimero de semillas por fila que la remocién de hojas en la
parte superior de la mazorca. Las plantas intactas (control) y
las plantas defoliadas debajo de la mazorca tuvieron un peso
de 100 semillas mads alto que otros tratamientos. No hubo
diferencia entre la poda apical y el control en el rendimiento
de semillas. La eliminacién de las hojas debajo de la mazorca
de las plantas madre produjo un porcentaje de germinacion de
semillas (83%), longitud de radicula (11.3 cm) y vigor de semilla
mas bajos que otros tratamientos. Los resultados muestran que
el maiz puede ser cultivado como un cultivo de doble propésito,
con produccién de forraje y de semillas.

Palabras clave: cultivo de doble propésito, germinacion, planta
madre.

Introduction

One of the major problems of agriculture is insufficient
nutrition of livestock and poultry. Maize is one of the
most productive crops whose seeds are used in the poultry

Received for publication: October 6, 2021. Accepted for publication: May 5, 2022.

industry as one of the main ingredients in the diet (Singh
& Ravindran, 2019). Also, it is an important fodder for
ruminant nutrition in the form of silage (Horst et al., 2020).
In maize for grain, plant residues are usually dried and are
not suitable for livestock. In maize crops, defoliation is a
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removal of plant leaves, and detopping is the removal of
the plant stem just above the maize ear.

Defoliation is the subject of much research (Rua et al., 2020;
Song et al., 2020; Donovan et al., 2021; Sanchez-Cuesta et
al.,2021; Wang et al., 2021; Yang et al., 2021). In maize with
increasing defoliation at the ear initiation stage, the grain
yield decreases (Iledun & Rufus, 2017). Removal of two
leaves from the top of maize plants increases the biomass
in maize and soybeans in a maize-soybean intercropping
system (Raza et al., 2019). In intercropping of maize and
legume forage as the following crops, the appropriate rate
of maize defoliation is 25% to 50% without a negative effect
on dry matter production of maize (Hassen & Chauhan,
2003). In a study on maize, the treatments consisted of
four stages of source restriction: including defoliation at
the middle of silking and three consecutive 10 d intervals
from the middle of the silking as well as three defoliation
intensities (zero, half, and total leaf removal) (Emam et al.,
2013). Delay in source restriction was found to be associ-
ated with reduced grain weight (Emam et al., 2013). The
highest mean grain weight was obtained by defoliation
at the middle of silking, which also resulted in the lowest
reduction in grain yield compared to the non-defoliation
treatment. Increased defoliation intensity was associated
with decreased grain yield. However, delay in defoliation
after the middle of silking had no significant effect on grain
yield (Emam et al., 2013). Defoliation reduces stem biomass,
grain yield, and the maize harvest index. Decreasing the
height of the maize plants increases the stability of grain
yield by reducing lodging and increasing stress tolerance
during the flowering stage (Edmeades & Lafitte, 1993).

Removal of the tassel increases maize yield by 11% to 32%
(Mashingaidze et al., 2010). Defoliation at the anthesis (50%
tasselling) increases yield by 16% to 28%, while defoliation
three to four weeks before or after anthesis has no signifi-
cant effect on yield. Removal of the tassel increases solar ra-
diation absorption by leaves below the tassel and ear leaves.
In addition, removal of the tassel may reduce the terminal
dominance that aids in grain filling (Mashingaidze et al.,
2010). Among detopping (removal of the upper ear stem)
of maize at 10, 20, and 30 d after silking, detopping at 20 d
after silking results in the higher grain yield (Amanullah,
2020). Detopping 30 d after silking, removal of the top 6
leaves after physiological maturity, removal of all leaves
above the ear, or detopping above the tenth internode pro-
duces the highest forage yield and net yield with partial or
no reduction in grain yield (Rajkumara et al., 2020). In a
study of three detopping levels including complete removal
of the shoot from above the ear, leaving one or two leaves

above the ear, and four detopping times (different times
after pollination) in maize, detopping reduces grain yield
by 18% and lowers the 1000-seed weight. Complete removal
of shoots from above the ear produces the highest forage
yield and leaving two leaves above the ear produces the
least forage. Detopping is not recommended if the purpose
of the crop is seed production, but if the purpose is forage
plus seed production, the best detopping time is at the end
of pollination or 10 d after pollination (Afarinesh, 2005).
In maize, detopping at different stages does not produce a
significant effect on the studied parameters; however, the
highest dry matter yield is with detopping 30 d after silk-
ing, and the lowest dry matter yield is 10 d after silking.
The highest plant height, leaf number, leaf area index, dry
matter, and yield are by detopping up to two upper leaves
and the lowest of these traits is found by detopping up to
six upper leaves (Bhargavi et al., 2017).

The environment of the mother plant affects the germi-
nation traits of the produced seeds. Different levels of
defoliation in vetch (Vicia sativa) produce seeds with the
same germination percentage and germination time (Kop-
tur et al., 1996). Artificial defoliation of wheat (Triticum
aestivum L.) has little effect on the germination traits of
produced seeds (Heidari et al., 2013). Defoliation caused
by Cameraria ohridella (Lepidoptera: Gracillariidae) in
Aesculus hippocastanum L. causes a decrease in shoot
weight, root weight, total biomass, root length, and root
diameter; the seeds from infested trees have higher germi-
nation than non-infested ones (Takos et al., 2008). We
studied the effect of defoliation and detopping (removal
of the upper ear stem) in the mother plant and their effect
on the germination traits of the produced seeds. Therefore,
this study was designed to determine the best defoliation
or detopping treatment for dual-purpose production of
maize as fresh forage and seeds in the field conditions of
Kermanshah, Iran.

Materials and methods

Site description

A field experiment was conducted in the arable lands of
the Chamchamal plain (34° N, 47° E, and altitude 1300 m
a.s.l.) with an average annual rainfall of 442 mm (IMO,
2012) located 47 km from Kermanshah, Iran. The Cham-
chamal plain has fertile agricultural lands and is one of the
production areas in the west of the country. The average
monthly temperature, relative humidity and rainfall of the
region are shown in Figure 1. Soil texture was silty clay
loam, and pH and electrical conductivity were 7.2, and 1.6
dS m’, respectively.
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To evaluate the effect of field treatments on germination
traits of produced seeds, a laboratory experiment was
conducted in the Crop Physiology Laboratory, Faculty of
Agricultural Science and Engineering, Razi University
(Iran).

Treatments and experimental design

We conducted a field experiment in a randomized complete
block design with three replicates. The plots were 3 m x 3
m. The distance between the plots was 2 m. Treatments
included the control (intact plants), removal of leaves
above the ear, removal of leaves below the ear, removal of
all leaves, detopping (removal of stem above the ear), and
detopping in addition to removal of leaves below the ear.
In the defoliation treatments, the leaf blade was cut with
a sharp cutter from the point where it was attached to the
stem. In the detopping treatment, the plant stem was cut
from the top of the ear. In order to evaluate the effect of field
treatments on germination of produced seeds, a laboratory
experiment was conducted in a completely randomized
design with three replicates.

Plant management in field and laboratory

At the beginning of March 2014, the land was plowed
using a moldboard plow. Triple superphosphate fertilizer
was mixed with soil at the rate of 333 kg ha™. On April
7, 2014, maize (cv. single cross 704) seeds were sown at
a rate of 27 kg ha” using a maize pneumatic machine.
Planting row spacing was 75 cm. The most important
weeds were Amaranthus retroflexus L., Chenopodium
album L., Setaria viridis L., Sorghum halepense L., Phrag-
mites australis Cav., and Cynodon dactylon L.. The 2,4-
D (2,4-dichlorophenoxyacetic acid) and nicosulfuron
(2-[(4,6-dimethoxypyrimidin-2-yl) carbamoylsulfamoyl]-
N,N-dimethylpyridine-3-carboxamide) herbicides were
used to control the weeds. The cultivator was used to earth
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—

up and open irrigation ditches. Urea fertilizer at the rate of
367 kg ha! was applied at two moments (May 31 and June
22). The plants were irrigated eight times by the surface
method until the end of the growth season.

After field measurements, a laboratory study was devel-
oped. The seeds of each treatment were first sterilized with
sodium hypochlorite (1% active chlorine) for 10 min and
then 10 seeds were placed on filter paper in sterile Petri
dishes. Eight ml of distilled water was added to each Petri
dish to prevent evaporation, and the Petri dishes were
placed in a plastic bag. The Petri dishes were stored in a
germination chamber at 25°C for one week.

Sampling and measurements

Due to the size of the plot, which was 3 x 3 m?, there were
four planting lines at a distance of 75 cm in each plot. At
the time of harvest (August 29, 2014), three plants were
randomly selected from the two middle lines of the plot
and the desired ears were harvested. The selection criteria
were plants that represented the plot. Sampling was not
performed from the two side lines of the plot to remove the
margin effect. After drying the ears, the ear husks were first
separated from the ears and the ear husks were weighed.
Each ear was then weighed without husk. Seed numbers
per column and row of ear, length and weight of cobs, seed
yield, and weights per 100 seeds were determined.

One week after the seed germination test, seed germination
percentages, coleoptile and radicle lengths, and seed vigor
were measured. Two millimeters of coleoptile growth was
the germination criterion. The seed vigor estimate was
calculated by multiplying the germination percentage by
the seedling length (coleoptile length plus radicle length)
(Heidari, 2013).

January ‘ February‘ March ‘ April ‘ May ‘ June

July August September‘ October ‘November‘December‘

— - — Temperature (C°) - Relative humidity (%)

— Rainfall (mm)

FIGURE 1. The average monthly temperature, relative air humidity, and rainfall of the region in 2014 (IMO, 2014).
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Data analysis

Before analyzing the data, normality was checked and the
data were analyzed by variance. Data were then compared
by Duncan’s multiple range test at a 5% probability level.
Correlation between traits was also calculated. SAS, MI-
NITAB, and SPSS statistical software were used (Soltani,
2007).

Results and discussion

Field experiment

Ear husk weight and ear weight

Analysis of variance showed that detopping and defoliation
did not affect maize ear husk weight (Tab. 1). A mean com-
parison with Duncan’s test also showed that there was no
difference between detopping and defoliation treatments in
ear husk weight (Tab. 2). The ear husk weight was, probably,
relatively complete by the beginning of the seed filling pe-
riod (milking stage). Maize ear husks contain chloroplasts
and can photosynthesize as leaves. The ear husk begins to
develop earlier than the seeds and due to its proximity to
the seeds has an effective role in seed filling (Koocheki &
Sarmadnia, 2011). Data analysis of variance showed that
detopping and defoliation had no significant effect on mai-
ze ear weight (Tab. 1). The mean comparison showed that
the detopping with the removal of the lower leaves of the ear
had alower ear weight than the control (no leaf removal and
no detopping) (Tab. 2). But there was no difference between

detopping and the control. These results indicated that the
upper leaves and stem of the ear could be harvested at the
seed milking stage for livestock use, without affecting the
ear weight. The lack of weight loss of the ear at the milking
stage is, probably, due to the compensatory properties of
other photosynthetic organs such as the lower leaves of
the ear (Sun et al., 2021). Because in these conditions the
lower leaves of the ear are not shaded by the upper leaves,
they receive more light and their photosynthesis increases
(Liu et al., 2020). The removal of all leaves from the plants
was no different from the control in terms of ear weight.
But detopping is easier than removing all leaves from the
plants because it can be mechanized. However, during the
milking stage the leaves and stems of the plants are still
green and palatable to livestock, while less residue remains
on the soil surface that interferes with the tillage operation
for the next crop. Ear weight had a positive and significant
correlation with all studied traits except the seed number
per column (Tab. 3).

Seed number per column and row of the ear

Analysis of variance showed that detopping and defolia-
tion did not affect seed number per ear column (Tab. 1).
The mean comparison revealed no differences between
the studied treatments in terms of seed number per ear
column (Tab. 2). Considering that the time of application
of treatments was at the seed milking stage, it is clear that
if the treatments were applied at the pollination stage, it
would have a greater effect on the seed number per column.

TABLE 1. Analysis of variance of the effect of detopping and defoliation on maize traits.

3::.;;‘?0(:‘; ot E‘:Lihguhﬁk Ear weight s::rdc':;;rnl:ﬁr Se:t:rn:l[:l‘:'ber Cob length Cob weight Seed yield 132};73"

MS Pr>F MS Pr>F MS Pr>F MS Pr>F MS Pr>F MS Pr>F MS Pr>F MS Pr>F
Block 2 082® 097 688" 089 179 064 0819® 010 0862 072 235° 028 398" 091 134™ 0138
Treatment 5 6.07° 049 12937° 015 163" 082 0659 012 0755" 090 187° 040 11647 009 539" 0.001
Error 9 6.39 610.4 379 0.286 2.577 16.2 444.6 5.5

and (") are non-significant and significant at the probability level of 1%, respectively. df= degree of freedom, MS= mean square, and Pr>F= the P-value to determine whether to reject the

null hypothesis.

TABLE 2. Mean comparison of effect of detopping and defoliation on maize traits.

Treatments Ear husk weight Ear weight Seed number Seed number Cob length Cob weight Seed yield 100-seed weight
(g/plant) (g/plant) per column per row (cm) (g m?) (g m?) (@)
T 8.0a 123.3a 36a 13ab 17.52 16.6a 105.9a 22.0a
T2 10.3a 87.9ab 3% 12b 17.3a 15.52 72.3ab 15.6b
T3 5.7a 99.5ab 42a 14a 17.8a 18.5a 84.9ab 21.0a
T4 9.52 83.1ab 43a 13ab 18.1a 19.92 65.2ab 12.3b
T5 9.52 98.9ab 40a 13ab 17.4a 17.4a 81.2ab 15.6b
T6 8.3a 60.6b 39.4a 12.8ab 16.6a 13.2a 47.3b 12.0b

T1,T2,T3, T4, T5, and T6 are control (intact plants), removal of leaves above the ear, removal of leaves below the ear, removal of all leaves, detopping (removal of stem above the ear), and detop-
ping plus removal of leaves below the ear, respectively. Means followed by a different lowercase letter in the column are different at a 5% probability level by the Duncan test.
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At this stage, the seed number is fixed and only the weight
of the seeds changes, i.e., the seeds remain small (Tollenaar
& Daynard, 1987). Analysis of variance showed that detop-
ping and defoliation did not affect seed number per ear
row (Tab. 1). The mean comparison showed that removal
of leaves below the ear produced more seeds per row than
removal of leaves above the ear and there was no differen-
ce between other treatments (Tab. 2). The importance of
upper leaves of the ear in grain filling is known (Xue et al.,
2017). Because the lower leaves of the ear are older and in
the shade, they may even act as a sink for photosynthetic
compounds. Therefore, removing the lower leaves of the ear
can eliminate the respiration of this part and provide the
plant with more photosynthetic substances for seed filling.

Weight and length of cob

Analysis of variance showed that detopping and defolia-
tion had no significant effect on weight and length of cob
(Tab. 1). The mean comparison showed that there was no
difference between defoliation and detopping treatments in
cob length and weight (Tab. 2). The cob, which is the neces-
sary element for seed growth, must be formed before seed
formation. Apparently, at the seed milking stage, the cob
reaches relatively full growth. Therefore, this trait should
have fewer changes than other studied traits. Defoliation
at the ear initiation stage reduced the weight and length of
maize cob so that the highest defoliation intensity provides
the lowest cob weight and length (Iledun & Rufus, 2017).
The difference between the results of the present study
and the results of Iledun and Rufus (2017) is related to the
time of defoliation.

One hundred seed weight and seed yield

Analysis of variance of data showed that detopping and
defoliation had a significant effect on the 100-seed weight
of maize (Tab. 1). The mean comparison showed that intact
plants (control) and plants with lower leaves removed had
higher 100-seed weight than other treatments (Tab. 2).
These results indicated the importance of the upper leaves
of the ear in production of coarse grains. The lower leaves
of the ear were of little importance in the production of
photosynthetic materials at the seed milking stage due to
their age and being in the shade, and even their removal
at this stage does not have an adverse effect on the seed
weight. But the upper leaves of the ear had a great effect
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on the seed filling because they are younger and exposed
to more light. Maize is a C4 plant and its light requirement
is high. The data of this study showed that the current
photosynthesis of the leaf at the seed milking stage was
still very important in seed filling. Grain weight loss due to
the removal of upper leaves of the ear is shown in previous
studies (Umashankara, 2007). Analysis of variance showed
that detopping and defoliation had no significant effect on
maize seed yield (Tab. 1). Mean comparisons showed that
the detopping treatment with removal of lower leaves of the
ear had lower seed yields than the control treatment and
no difference was obtained between the other treatments
(Tab. 2). These results showed that maize can be grown for
both seed and forage production. In other words, harves-
ting green forage of the upper stem and leaves of the ear
is possible without reducing the seed yield of maize. This
can also be mechanized because removing the stem along
with the upper leaves of the ear is easier than removing
the leaves alone and produces less damage to the plants.
Maize leaves and stems are green and palatable to livestock
during the milking stage. At the same time, less maize
residue remains on the field, which hinders tilling for the
next crop. Considering that the detopping treatment with
the removal of the lower leaves of the ear had lower seed
yield than the control, it can be inferred that in a situation
where only the upper leaves of the cob are removed during
detopping, photosynthesis of other photosynthetic organs
such as the lower leaves of the cob increases. On the other
hand, by removing the upper stem and leaves of the ear,
more light reaches the lower leaves of the ear, and these
leaves increase photosynthesis. Therefore, detopping with
removal of lower leaves of the ear had lower seed yield than
the control, but the removal of lower leaves alone was not
different from the control. The timing of the treatment is
very important: if these treatments were applied at the time
of pollination or earlier, detopping may also reduce the
seed yield of the plants. Therefore, in areas that are faced
with a shortage of forage at the milking stage, the upper
stem and leaves of the ear can be harvested for livestock;
and the dry seed can be harvested later with a combine.
Studies show a more severe decrease in grain yield with
defoliation at the early stages of plant growth than at the
late stages (Ibrahim et al., 2010). Seed yield had a positive
and significant correlation with all studied traits except
seed number per row and ear husk weight (Tab. 3).
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TABLE 3. Pearson correlation coefficients between studied traits in maize under detopping and defoliation.

Ear husk weight  Ear weight ~ Seed number per column  Seed number per row  Cob length  Cob weight  Seed yield  100-seed weight
(EHW) (EW) (SNC) (SNR) (cL) (cw) (SY) (100-SW)

EHW 1

EW 0.485* 1

SNC 0.677** 0.584* 1

SNR -0.150 0.295 0.021 1

CL 0.833** 0.726** 0.817** 0.006 1

Cw 0.774** 0.827** 0.745** 0.167 0.905** 1

SY 0.438 0.998** 0.548* 0.289 0.688** 0.792** 1

100-SW 0.164 0.886** 0.204 0.316 0.393 0.544* 0.91** 1

*and ** are significant correlations at the probability level of 5% and 1%, respectively.

Laboratory experiment

Analysis of variance showed that detopping and defoliation
had a significant effect on the germination percentage,
radicle length, and vigor of maize seeds (Tab. 4). Mean
comparisons showed that removal of leaves under the ear
of mother plants produced lower seed germination percen-
tages, radicle lengths, and seed vigor than other treatments
(Tab. 5). Analysis of variance showed that leaf removal and
detopping had no significant effect on coleoptile length
(Tab. 4). Mean comparisons also showed that there was no
difference between detopping and leaf removal treatments
in terms of coleoptile length (Tab. 5). The results of the
field experiment showed that the removal of the lower
leaves of the ear had a 100 seed weight equal to 100 seed
weight of control and more than other treatments. There-
fore, in proportion to seed weight, these large seeds may
not have received the nutrients or hormones necessary for

germination on the mother plant through the lower leaves
of the plant. The lower leaves usually mature earlier and
send their nutrients to the seeds through re-mobilization.
Because the only difference between removing the lower
leaves of the ear to complete removal of the leaves or remo-
ving the lower leaves of the ear with detopping is the same
difference in the 100 seed weight. The last two treatments
have lost their lower leaves, but their 100-seed weight is
less than that of removing the lower leaves of the plant.
Although the treatment of removing the lower leaves of
the ear had larger seeds than other treatments except for
the control, its radicle was shorter. Therefore, the seeds of
this treatment probably have dormancy, which may be due
to hormonal imbalance. Seed germination is influenced by
the relationship between stimulants and inhibitors of ger-
mination (Koocheki & Sarmadnia, 2011). Defoliation stress
may have increased the production of seed germination

TABLE 4. Analysis of variance of the effect of detopping and defoliation of the mother plants on maize seed traits.

Source of variation df Germination Coleoptile length Radicle length Seed vigor

MS Pr>F MS Pr>F MS Pr>F MS Pr>F
Treatment 5 133.3* 0.049 0.905™ 0.49 26.5* 0.02 61.04** 0.002
Error 12 44.4 0.981 6.8 7.61

", " and ™ are significant at the probability level of 5% and 1% and non-significant, respectively. df= degree of freedom, MS= mean square, and Pr>F= the P-value to determine whether to

reject the null hypothesis.

TABLE 5. Mean comparison of effect of detopping and defoliation of the mother plants on maize seed traits.

2 Treatments Germination (%) Coleoptile length (cm) Radicle length (cm) Seed vigor (% cm)
T 100a 1.2a 16.8a 2400a
T2 100 a 8.4a 19.9a 2830a
T3 83b 7.6a 11.3b 1540b
T4 100a 7.8a 16.1a 2390a
T5 100 a 8.4a 17.7a 2610a
T6 96 a 8.5a 18.7a 2630a

2T1,T2,T3, T4, T5, and T6 are control (intact plant), removal of leaves above the ear, removal of leaves below the ear, removal of all leaves, detopping (removal of stem above the ear), and detop-
ping plus removal of leaves below the ear, respectively. ® Means followed by a different lowercase letter in the column are different at a 5% probability level by the Duncan test.
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stimulants during seed development on the mother plant,
but because in most treatments the seed weight has also
decreased, the proportion of these substances decreased.
However, when removing the lower leaves of the ear, the
seed weight did not decrease, so the ratio of germination
stimulants to germination inhibitors decreased and seed
dormancy increased. Some studies indicate that the defo-
liation of the mother plant does not affect the germination
percentage of produced seeds (Koptur et al., 1996; Heidari
et al., 2013). Part of the difference between the results of
others and our results can be attributed to the application
time of the treatments. Maize seed vigor had a positive and
significant correlation with coleoptile and radicle length
and germination percentages (Tab. 6). Coleoptile length,
radicle length, and germination percentages could be re-
garded as the components of seed vigor.

TABLE 6. Pearson correlation coefficients between studied traits in maize
seeds after detopping and defoliation of the mother plants.

Germination percent Radicle length Coleoptile length Seed vigor

(GP) (RL) (CL) (Sv)
GP 1
RL 0.333 1
CL -0.068 0.489* 1
SV 0.616~ 0.925** 0.526™ 1

*and ** are significant correlations at the probability level of 5% and 1%, respectively.

Conclusion

Maize detopping at the milking stage of the seed formation
to produce green forage from the upper stem and leaves of
the ear was not different in seed yield from intact plants.
Therefore, the plants can be allowed to reach physiological
maturity and also produce seeds, and the farmer can ben-
efit from the seed production. Therefore, a suitable device
could be designed to harvest the upper parts of the maize
ear without damaging the plant. However, this could also
be done manually. This type of dual-purpose crop can be a
good way to feed livestock in times of critical need for fod-
der. At the same time, less maize residue remains on the soil
surface, hindering the tillage operation for the next crop.
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Taxonomic identification and diversity of effective soil microorganisms:
towards a better understanding of this microbiome

|dentificacion taxonomica y diversidad de microorganismos efectivos
del suelo: hacia un mejor entendimiento de este microbioma

Annerys Carabeo'’, Janet Jiménez', Zuleiqui Gil', Deborah Henderson?, Paul Adams?, and Alexander Calero-Hurtado®

Soil microorganisms found in agricultural residues and the
so-called efficient microorganisms (EM) are attractive for
their potential applications and benefits in the bioremediation
of complex ecosystems. However, the knowledge about Who is
doing what?, as well as the trophic interaction in those com-
munities that explain its benefits are limited; a better under-
standing of this microbiome is needed to explain its benefits.
The objective of this research was to characterize the microor-
ganisms isolated from two soil communities and the efficient
microorganisms obtained in laboratory (EM16 consortium),
taking into account physico-chemical characteristics, diversity,
quantification, and taxonomic identification through microbio-
logical and molecular techniques. A microbiological analysis
was performed according to the morphological characteristics
of the colonies as well as the study of the dynamics and taxo-
nomic identification of the microbial populations through the
TRFLP and Ion Torrent techniques. The diversity, dynamics,
and taxonomic identification achieved in these studies showed
the prospects for using these soil EM in bioremediation, con-
sidering the diverse metabolic pathways that these species have

lignocellulosic-resilient compounds. This study provides the
first molecular characterization of the EM (EM16 consortium)
and soil isolates from agricultural residues (sugarcane crop and
bamboo field). The results suggest that the use of microbio-
logical and molecular tools in a polyphasic approach allows the
complete characterization of non-cultivable microorganisms
that could contribute to sustainable environmental management
and crop production.

Key words: molecular methods, soil microorganisms,
agricultural residues, polyphasic approach.

and their symbiotic interactive potential for biodegradation of

Los microorganismos del suelo que se encuentran en los re-
siduos agricolas y los llamados microorganismos eficientes
(ME) son atractivos por su potencial aplicacion y beneficios
en la biorremediacion de ecosistemas complejos. Sin em-
bargo, el conocimiento sobre ;Quién hace qué?, asi como la
interaccion tréfica en esas comunidades que explican sus
beneficios son limitados; se necesita una mejor comprension
de este microbioma que explique sus beneficios. El objetivo
de esta investigacion fue caracterizar los microorganismos
aislados de dos comunidades de suelo y los ME obtenidos en
el laboratorio (consorcio EM16), teniendo en cuenta las carac-
teristicas fisico-quimicas, la diversidad, la cuantificacién y la
identificacion taxonémica mediante técnicas microbiologicas
y moleculares. Se realizé un analisis microbiologico segtn las
caracteristicas morfoldgicas de las colonias, asi como el estudio
de la dindmica e identificacion taxonémica de las poblaciones
microbianas mediante las técnicas TRFLP e Ion Torrent. La
diversidad, dindmica e identificacién taxondmica logradas en
este estudio mostraron las perspectivas para uso de estos ME
del suelo para la biorremediacion, considerando las posibles
rutas metabdlicas que tienen estas especies y su potencial de
interaccion simbiotica para la biodegradacion de compuestos
lignoceluldsicos resistentes. Este estudio proporcionala prime-
ra caracterizacion molecular de los ME (consorcio EM16) y de
aislados del suelo procedentes de residuos agricolas (cultivo de
cafa de azucar y campo de bambii). Los resultados sugieren
que el uso de herramientas microbioldgicas y moleculares en
un enfoque polifdsico permite la caracterizacién completa
de microorganismos no cultivables que podrian contribuir a
la gestion ambiental sostenible y a la produccion de cultivos.

Palabras clave: métodos moleculares, microorganismos del
suelo, residuos agricolas, enfoque polifasico.

Introduction

A wide diversity of microbial species interacts in natural
ecosystems, contributing to waste degradation (Sun et

Received for publication: March 1, 2022. Accepted for publication: August 17, 2022.

al., 2013; Azman et al., 2015; Raja et al., 2017). The use of
agricultural crop residues and agro-industrial waste would
be attractive alternatives as a source of renewable energy
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because they close production cycles in a circular economy
approach. However, despite the diversity of microorgan-
isms involved in the decomposition of organic matter, the
efficient biodegradation of these residues remains a chal-
lenge for bioethanol and biogas production due to the high
percentages of lignocellulosic material, whose polymers
are difficult to decompose (Cortés, 2016; Widjaja et al.,
2016; Amin et al., 2017). The search continues, therefore,
for microorganisms that naturally contain this lignocel-
lulolytic capacity that can be exploited biotechnologically.

Teuro Higa developed in 1986 the technology of so-called
efficient microorganisms (EM) (Allahverdiyev, Kirdar
et al., 2011; Higa & Parr, 2013) that are isolated from
undisturbed soils and ecosystems. EM technology has
been applied in agriculture and forestry in more than 80
countries worldwide (Calero Hurtado, Pérez Diaz et al.,
2019; Tanya & Leiva-Mora, 2019) with beneficial impacts.
Microbial community compositions related to anaerobic
EM consortia have not been characterized, but previous
studies have identified phylogenetic groups, including
Actinomycetales and fermenting fungi, photosynthetic
bacteria, yeasts, and lactic acid bacteria (Namasivayam et
al., 2014; Joshi et al., 2019).

Soil microorganisms, including EM consortia, play a cru-
cial role in agricultural production and environmental de-
contamination, as they allow the availability of assimilable
nutrients for plants during the biodegradation of organic
matter, where phytohormones and secondary metabolites
are released (Lopez-Davila, Gil Unday et al., 2017; Calero
Hurtado, Quintero Rodriguez et al., 2019; Joshi et al., 2019;
Tanya & Leiva-Mora, 2019; Castro et al., 2022). However,
physico-chemical characteristics and microbiological com-
position of EM consortia should be clarified in order to
understand their beneficial effects on agricultural produc-
tion (Calero Hurtado et al., 2020). The beneficial uses of
EM consortia include restoration of damaged soils after
application of chemical fertilizers and pesticides (Alvarez et
al., 2018), manufacturing of fermented fertilizers (biofertil-
izers) (Calero Hurtado, Quintero Rodriguez et al., 2019),
processing of organic waste, and wastewater treatment (Al-
lahverdiyev, Atilla et al., 2011). It has been widely reported
that Lactobacillus species are prevalent in the EM consortia
that is the basis for their use as a biofertilizer to enhance
agricultural production (Blainski et al., 2018; Daranas et
al., 2018; Quattrini et al., 2018; Naik et al., 2019; Abd EI-
Mageed et al., 2020; Muhialdin et al., 2020).

Therefore, an important strategy would be to determine
not only the main physico-chemical characteristics but
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also which of them contribute to the improvement of soil
properties, growth of plants, and other important environ-
mental processes (Higa & Parr, 2013). The EM consortia
works synergistically to release beneficial substances such
as vitamins, hormones, enzymes, organic acids, bioac-
tive minerals, and various antioxidants when they come
into contact with the soil organic matter (Allahverdiyev,
Kirdar et al., 2011). In addition, the EM consortia helped
to improve the soil pH and increase the action of mineral
nutrients, hormones, and other metabolites that accelerate
decomposition of organic wastes and increase formation of
biogas (Lopez-Davila, Gil Unday et al., 2017). Therefore, the
hydrolytic and fermentative activities of the EM consortia
could be potentially used as a pre-treatment or biostimu-
lant in the agricultural waste bioconversion processes into
bioenergy, for instance in bioethanol or biogas production.

The microbial dynamics of natural ecosystems (soils) as
well as artificial ecosystems (anaerobic reactors), can be
very complex due to the wide diversity of species and
metabolic interactions required to degrade the organic
matter. Microbiological characterization of these ecosys-
tems using culture-dependent techniques are insufficient
since only 0.1-10% of the bacteria in the environment
can be cultivated (Nobu et al., 2015; Saw et al., 2015;
Jiménez-Hernandez et al., 2021). Hence, it is necessary
to apply molecular methods that allow the analysis of
taxonomic diversity and spatial structure of complex
microbial communities to identify specific microbial
populations in their natural habitat as well as to predict
existing metabolic interactions.

Previous studies for microbiome monitoring employed
molecular techniques based on 16S rRNA gene analysis
such as denaturing gradient gel electrophoresis (DGGE),
terminal restriction fragment length polymorphisms
(TRFLP), single-strand conformation polymorphism
(SSCP) or capillary sequencing of selected genes by the
Sanger method (Zoetendal et al., 2008). In complex
microbial ecosystems, these methods provide an incom-
plete composition of the microbial community, showing
only the existence of certain groups. The development
of metagenomic approaches based on next-generation
sequencing (NGS) has been one of the great advances in
molecular biology (Zhou et al., 2015; Sanz & Kochling,
2019). The combination of different technologies seems
to be imperative to reach the goals. Techniques comple-
ment each other, being the weaknesses of some and the
strengths of others, especially when the study requires
the identification of species to elucidate predominant
metabolic pathways (Carabeo-Pérez et al., 2019).
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Since 2014, in the Microbiology Laboratory of the Uni-
versity of Sancti Spiritus (Universidad de Sancti Spiritus
“TJosé Marti Pérez” - UNISS, Cuba), EM consortia have
been developed, taking into account the methodology
proposed by Teuro Higa and modified by Olivera-Viciedo
et al. (2014). These studies were focused on the application
of EM as a biostimulant to soils and plants. However, a
detailed characterization of this microbial consortium has
not been performed.

Agricultural soils in Cuba are currently in unfavorable
conditions due to intensive cultivation and inadequate
management (Febles-Gonzalez et al., 2014). Most of the
agricultural soils in this overexploited condition are lo-
cated in the central region of the country that is a major
producer of sugarcane (ONEI, 2020). These are brown
carbonate soils with a pH between 5.0 and 8.5. In addition,
they have high N, P and K content due to fertirrigation with
wastewater from sugar factories and distilleries (Crespo
et al., 2018). However, the diversity and dynamics of the
microbial populations present in this soil and how they
contribute to the degradation of agricultural residues were
not found in previous studies.

There are also extensive areas of soil in Cuba that have
very little anthropogenic action and are of special interest.
These are generally forested areas covered by bamboo spe-
cies (Phyllostachys reticulata [Ruprecht] Koch) and marabu
(Dichrostachys cinerea [L.] Wight & Arnott). In the case of
bamboo, they are generally found in forested areas near
rivers or canals with alluvial soils (non-carbonate) (Oca-
Risco et al., 2014), and marabu species can germinate in
any type of soil. No further molecular characterization of
these virgin ecosystems was done in this study.

The objective of this research was to characterize the micro-
organisms isolated from two soil communities (sugar cane
crop and bamboo forest) and the efficient microorganisms
obtained in the laboratory (EM16 consortium), taking into
account physico-chemical characteristics, diversity, quan-
tification, and taxonomic identification through molecular
techniques.

Materials and methods

Obtaining isolates of EM consortium and agricultural soils

The EM consortium was produced in the Microbiology
Laboratory of the University of Sancti Spiritus (UNISS,
Cuba) pilot plant (20 L fermenter), following a methodology
similar to that proposed by Olivera-Viciedo et al. (2014).

|280

Production was carried out as follows: 5 L of whey was
mixed with 5 L of “C molasses” from a sugarcane factory.
This mixture was added in layers to 10 kg of decomposing
foliage and soil obtained from virgin forests undisturbed
by human activity in the vicinities of the Zaza River of the
Southern region of Sancti Spiritus province. Nine kg of corn
flour was added to the mixture which was homogenized,
compacted, and sealed in an anaerobic tank. The mixture
(solid EM material) was kept at 28°C in the dark for 21-25
d for fermentation. After this time, 2 kg of this solid EM
material was diluted in 18 L of distilled water containing 1
L of whey and 1 L of “C molasses” to obtain a total volume
of 20 L of liquid bioproduct. The culture was kept hermeti-
cally sealed for 7 d under the same conditions described
above, to avoid disturbing the fermentation process. The
consortium obtained was called EM16.

To obtain the culture of soil microorganisms, 10 samples
of 20 g were collected from two different agroecosystems:
i) 10 cm of soil beneath the leaf floor of sugarcane field 7
d after harvest and ii) 10 cm of soil beneath the leaf floor
of 5-year-old bamboo (Bambusa vulgaris Schrader) field
(brown soils with carbonates and alluvial). Each soil sample
was individually suspended in 350 ml of peptone cellulose
solution (PCS medium: 0.1% yeast extract, 0.5% peptone,
0.2% CaCO;, 0.5% NaCl, 0.5% cellulose, pH 7.0) for 7 d at
30°C in static culture flasks to isolate microbial strains
capable of degrading lignocellulosic substrates.

Physico-chemical characterization of EM

The EM16 consortium and the soil isolates grown for 7 d in
PCS were characterized by the following physico-chemical
parameters: dry matter (DM), volatile solids (VS), ash,
and pH, according to the 23" Standard Methods for the
Examination of Water and Wastewater (Baird et al., 2017).

Morphological analysis (growth in plates)

To identify the cultural bacteria, NA (nutrient agar) me-
dium was used, employing surface spreading plate techni-
que, with 0.1 ml of original samples and dilutions 10, 10
and 10~ as inoculum. Petri plates were incubated at 37°C
for 96 h, after which it was possible to differentiate the co-
lonies by their morphological characteristics in the culture.

DNA extraction

Genomic DNA was extracted from each sample (triplicate
aliquots of 200 mg) using the Fast DNA® SPIN Kit for Soil
and the FastPrep® Instrument (MP Biomedicals, USA)
according to the manufacturer’s guidelines. The quantity
and purity of DNA were determined photometrically
using a NanoDrop 2000/2000c (Thermo Scientific, USA)
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according to the manufacturer’s guidelines. Isolated DNA
was stored at -20°C until further processing.

Amplification of bacterial 16S rRNA gene sequences

Genes encoding for bacterial 16S rRNA (rrs) were amplified
using the PCR primers 27f (5~ AGAGT TTGATCMTGGCT-
CAG-3’) (Lane, 1991; Sipos et al., 2007) and 1492r (5- TAC-
GGYTACCTTGTTACGACTT-3") (Weisburg et al., 1991;
Despreés et al., 2007). The PCR reaction mix contained 1X
Tagq buffer,2 mM MgCl,, 0.2 mM of each deoxynucleoside
triphosphate, 0.4 uM of each primer, 1 pl (10 ng approxima-
tely) of template DNA and 1 U of Tag DNA polymerase for
a final volume of 25 pl. The amplification was performed
with an initial denaturation step for 1 min at 94°C, followed
by 34 cycles of denaturation at 94°C for 1 min, annealing
at 57°C for 1 min, extension at 72°C for 2 min and a final
extension stage at 72°C for 3 min.

Chemicals and enzymes were provided by Fermentas (St.
Leon-Rot, Germany), Promega (USA) Corporation and
Molecular Biology (Thermo Scientific, USA). The correct
length of the amplicons was verified by 1% agarose gel
electrophoresis, using the GeneRuler® 1kb Plus DNA Lad-
der (Thermo Scientific, USA). To minimize the risk of any
PCR bias, three parallel PCR reactions were performed for
each of the three parallel DNA extracts obtained from each
environmental sample. The concentration of the amplified
16S rRNA gene fragments was measured using the Qubit4®
fluorometer (Invitrogen, Thermo Scientific, USA).

Terminal Restriction Fragment Length

Polymorphism analysis (TRFLP)

For the bacteria diversity study, TRFLP analysis was carried
out following the protocol proposed before by Rademacher
et al. (2012). The primers 27f (5-AGAGTTTGATCMT-
GGCTCAG-3’) (Lane, 1991; Sipos et al., 2007), labeled at
the 5" terminal end with Indodicarbocianin (Cy5) and 926r
(5-CCGTCAATTCMTTTRAGTTT-3’) (Weisburg et al.,
1991; Després et al., 2007) were used. The three independent
amplification products, based on the same DNA template,
were pooled and purified by applying the PureLink® PCR
Purification Kit (Invitrogen, Thermo Scientific, USA). The
concentration of purified products was measured using the
Qubit4® fluorometer (Invitrogen, Thermo Scientific, USA).

After purification, the PCR products were digested with
Mspl and Hinél following the manufacturer guidelines
for each restriction enzyme. The digestion fragments were
electrophoretically separated and detected by fluorescence
using a GenomeLab® GeXP Genetic Analysis System

(Beckman Coulter, Krefeld, Germany). The data obtained
were analyzed using the DataConnect® software (Applied
Biosystems interface-Thermo Fisher) considering the size
calculation of the detected terminal restriction fragments
(TRFs) based on the migration time of the applied size
standard. All fragments with a sequence length between
60 and 640 bp were used for further analyses with the T-
Rex software package, available online (http://trex.biohpc.
org). The identification of “true” peaks by distinguishing
baseline “noise” from signals of fluorescently labeled frag-
ments, as well as the alignment of TRFs with a threshold
of 0.5, was based on the evaluation of the peak height. In
the last evaluation step, TRFs were visualized by their
relative distribution, considering that TRFs with a relative
abundance lower than 2% were removed from the analyses.

Bacterial 16S RNAr gene sequencing by lon Torrent

To amplify the 16S hypervariable regions, the Ion 16S®
Metagenomics Kit (Life Technologies, Thermo Scientific,
USA) was used, on the Ion Torrent Personal Genome
Machine® (PGM, Ion Torrent) platform, following the
manufacturer guidelines. The remaining PCR reaction
was purified using the PureLink PCR Purification Kit (Life
Technologies, Thermo Scientific), and the concentration
of the purified amplicons was assessed with the Qubit4
fluorometer and Qubit® dsDNA High Sensitivity Assay
Kit (Life Technologies, Thermo Scientific). The DNA li-
brary construction, quantification, template preparation,
and sequencing were developed according to the standard
protocol, well-described by Adamiak et al. (2018). Metage-
nomic data was evaluated using the Ion Reporter® software
(Invitrogen, Thermo Scientific, USA), showing the taxono-
mic distribution of the target microbial community, based
on the software database. The raw data of sequences have
been deposited in the Sequence Read Archive (SRA) of the
National Center for Biotechnology Information (NCBI)
under the Bioproject accession number PRINA764521
(http://www.ncbi.nlm.nih.gov/bioproject/764521).

Analysis of the diversity and organization

of the microbial communities

The bacteria richness (Rr) considering more than 1% of
abundance was calculated by the methodology proposed
by Marzorati et al. (2008), based on the number of OTUs
obtained in each electropherogram or cluster. The Shan-
non-Weaver diversity index (H) (Shannon & Weaver, 1963)
was used to evaluate and compare this diversity, and the
evenness index (Pielou index, H/Hmax) of the microbial
community in each sample was calculated as the quotient
of the Shannon index and the potential number of species
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in the sample (Hmax). This index describes the unifor-
mity of the distribution of individuals in the community
(Pielou, 1966).

Results and discussion

Physico-chemical characterization of EM16

The EM16 consortium presented low contents of dry matter
(DM), which ranged from 0.90% to 1.57% for fresh matter
(FM). Also, more than 50% of DM are volatile solids (VS)
(0.51-0.95 of VS (% EM)), and 56.8-60.67 VS (% DM) is
attributable to the biomass content. During the 7 d anae-
robic fermentation process, biomass production is limited
due to the anaerobic condition (Madigan et al., 2019). In
addition, the dilution during the EM preparation described
above (EM and agricultural soils isolates obtention) could
contribute to this measure. Dai et al. (2016) also described
a low organic matter content in EM bioproducts. The
EM16 consortium had acid properties (pH = 4.31-4.46),
agreeing with other reports where the pH ranged from 3.1
to 4.7 (Lépez-Davila, Calero Hurtado et al., 2017; Calero
Hurtado et al., 2020). In the EM16 consortium, the low
pH might be due to: i) the use of substrates with low pH
like whey and molasses (Nuiiez-Caraballo et al., 2019;
Gonzalez-Herrera et al., 2021) and ii) the volatile organic
acids formed during the fermentation processes (Xiong et
al., 2012; Dai et al., 2016). In addition, the low pH reported
by Calero et al. (2020) could be linked to the assimilation of
some important mineral nutrients, such as N, P, K, and Ca
that help to improve soil properties and plant growth. Also,
knowledge of this characterization could help to identify
substances important for use in agricultural production
and other environmental practices.

Morphological analysis

The EM16 sample did not showed colony formation on plate
growth (in aerobic condition). This result may be related to
the lower relative abundance of the bacterial species in this
sample with respect to the other isolated soil or that these
microorganisms were not capable of growing under these
conditions. EM consortium is frequently composed mainly
of Lactobacillus species (Tanya & Leiva-Mora, 2019) that
are facultative anaerobic bacteria difficult to grow in a Petri
dish. On this basis, Calero et al. (2020) reported that the EM
consortium is composed of some species of Lactobacillus
bulgaricum, Bacillus subtilis and Saccharomyces cerevisiae
that represent microbial diversity. Therefore, in the EM16
consortium, some of these species should also be identified.

In contrast, in the undiluted soil isolate samples, bacterial
growth exceeded 300 colonies after 24 h of incubation;

282

those plates are reported as uncountable. However, the
diluted samples (10 and 107) showed colony growth. After
the incubation period, it was possible to differentiate the
bacteria colonies according to the different morphological
characteristics in the culture.

In sugarcane soil isolates, bacterial colonies were observed
mostly in a circular, irregular, or rhizoid shape, with
rounded, wavy, or lobed edges and different surfaces such
as flat, convex, accumulated, and umbilical. Bamboo soil
isolated colonies with irregular or circular shapes with flat
surfaces and wavy edges predominated.

The observed morphological diversity demonstrated that
a great variety of metabolic pathways may also exist in
soil microorganisms. This physiological diversity allows
the microbial community to maintain the balance of
agroecosystems. To guarantee soil health, decomposition
of organic matter, crop yields, availability of the nutrients,
etc., the microorganisms establish a range of ecological in-
teractions that make the microbial populations develop or
not (Vilatuiia, 2019). These relationships are poorly studied
and should be considered in research on soil microbiota
(Goncharov & Tiunov, 2014; Jacoby et al., 2017; Erktan
et al., 2020). When the microbial culture is performed,
the growth of the entire community will not be observed
because, perhaps, the growth of some species depends on
others and once isolated in a different culture medium it
does not grow; perhaps the new culture medium does not
provide the necessary nutrients or perhaps the dilution
factor used affected growth.

Traditional phenotypic identification schemes based on
“observable” colony characteristics, such as morphology,
development, and biochemical and metabolic properties,
are essential as diagnostic methods for microbial com-
munity studies. However, these are insufficient since, from
these methodes, it is only possible to observe the growth of
those facultative anaerobic microorganisms; but when it
comes to environmental samples or samples taken from
anaerobic systems, the use of other molecular techniques
that contribute to quantification and microbial identifica-
tion is recommended. It is important to determine exactly
the relationship of the form and physiology of those mi-
croorganisms because it would help to understand their
importance and function within the processes and how
to manage them better.

Bacterial community structure and dynamics

In EM16 samples, 49 terminal fragments belonging to
the Bacteria Domain were detected by TRFLP analysis.

Agron. Colomb. 40(2) 2022



Terminal fragments (TFs) with 62, 181, 404, 476, 546, 571,
572, 575, 579, 582, 585, 597, 600, and 610 bp showed high
relative abundance of more than 2% (Fig. 1). From the su-
garcane straw soil isolated samples, 94 TFs were retrieved,
where the fragments of 192, 194, 204, 225, 276, 282, 451, 453,
472, 505, 508, 525, 546, 571, 575, 585, and 597 bp showed
more than 2% relative abundance. From the bamboo soil
isolated samples, 83 TFs were obtained, where the TFs of
152, 192, 194, 204, 225, 276, 281, 282, 451, 453, 472, 505,
508, 525, 546, and 579 bp showed a relative abundance more
than 2% (Fig. 1). When the total communities are explored,
including the TFs with a relative abundance below 2%, 13
TFs were found in both isolated soil samples (i.e., 192, 194,
204,225, 276,282,451, 453,472, 505, 508, 525, and 546 bp).
That is, probably, because they are endemic microbiota
from these niches (brown carbonate soils).

According to Ion Torrent identification results from the
Bacteria Domain (Tab. 1), five phyla were detected in the

100 4

Relative Abundance (%)

EM16 Sugarcane

Bamboo

152 505 181 M 508
W 546 W204 WO 225
W 281 MW579 282 M 582
W 451 W 600 M453 W 610

192 m525 M194
W 572 W276 575
W 585 404 597
W 472 476 M 62

FIGURE 1. Relative abundance of bacteria terminal restriction fragments
and their sizes (bp) in samples of EM16 and soil isolates (sugarcane
crop and bamboo field). The relative abundance of each fragment was
determined based on the height of its maximum of fluorescence in re-
lation to the total of the heights of all the peaks detected in the sample.

samples studied.

TABLE 1. Taxonomic distribution of the bacteria domain in samples of EM16 consortium and soil isolates identified by lon Torrent technique.

. % of mapped % of mapped reads % of mapped
Phylum Class Order Family reads in EM16 in sugarcane reads in bamboo
. . i i . Microbacteriaceae 0.09 0 0
Actinobacteria Actinobacteria Actinomycetales o )
Propionibacteriaceae 0.16 0 0
o ) Bacteroidaceae 0 0 0.36
Bacteroidia Bacteroidales
Porphyromonadaceae 0 0 15.53
Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae 0 1.86 0.42
) N ) ) Chitinophagaceae 0.11 0 0
Sphingobacteriia Sphingobacteriales ) _
Sphingobacteriaceae 0 0.2 1.68
Alicyclobacillaceae 0 0.38 0
) Bacillaceae 0 1.59 10.62
o Bacillales )
Bacilli Sporolactobacillaceae 92.25 0 0
Paenibacillaceae 0 2.98 2.75
Lactobacillales Lactobacillaceae 3.25 0 0
Christensenellaceae 0 0 0.21
Clostridiaceae 1.62 2213 16.22
Clostridiales Famlly XI. 0 436 317
Firmicutes Incertae Sedis
Eubacteriaceae 0 0.63 0
Clostridia Clostridiales Lachnospiraceae 0 1.68 0.78
Oscillospiraceae 0 0 0.1
Peptococcaceae 0 2.36 2.69
Peptostreptococcaceae 0 12.76 9.05
Ruminococcaceae 0.08 17.79 8.09
unclassified Clostridiales 0 0 0.91
Erysipelotrichia Erysipelotrichales Erysipelotrichaceae 0 0 0.33
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% of mapped % of mapped reads % of mapped

Phylum Class Order Family reads in EM16 in sugarcane reads in bamboo
Planctomycetes Planctomycetia Candidatus Brocadiales Candidatus Brocadiaceae 0.05 0 0
Caulobacterales Caulobacteraceae 0.08 9.41 0.47
) Rhizobiales Bradyrhizobiaceae 0.1 0 0
Alphaproteobacteria
Acetobacteraceae 0.32 0.45 0.92
Rhodospirillales B
Rhodospirillaceae 0 5.44 5.87
Alcaligenaceae 0 0 0
Betaproteobacteria Burkholderiales Burkholderiaceae 1.46 0 0
Proteobacteria Comamonadaceae 0.16 0.8 2.34
Epsilonproteobacteria Campylobacterales Campylobacteraceae 0.06 0 0
Aeromonadales Aeromonadaceae 0 0 0
Enterobacteriales Enterobacteriaceae 0.1 7.7 6.39
Gammaproteobacteria Moraxellaceae 0 0.93 1.5
Pseudomonadales
Pseudomonadaceae 0.04 4.39 8.3
Xanthomonadales Xanthomonadaceae 0.08 0.22 0
Total 100.00 98.13 98.7

Almost 97% of the microbial community in EM16 was
represented by the Firmicutes phylum. Other species were
detected belonging to the phyla Proteobacteria (2.4%),
Actinobacteria (0.25%), Bacteroidetes (0.11%), Planctomy-
cetes (0.05%) (Tab. 1 and Fig. 2). A similar composition of
microbial structure was identified in a thermoacidophilic
EM consortium with six predominant phyla (Proteobac-
teria, Firmicutes, Chloroflexi, Bacteroidetes, Actinobac-
teria, and Acidobacteria) (Henry et al., 2020). The result
of this study showed that the microbial community in
the EM16 consortium is favored by the formation of
Sporolactobacillus species (family Sporolactobacillaceae
92.25%) (Fig. 2).

The members of Sporolactobacillus genus are catalase-
negative, microaerophilic, spore-forming, homofermen-
tative, lactic acid-producing species and require mainly
carbohydrate for growth (Chang et al., 2008). Although
Sporolactobacillus species are typically isolated from soil,
they are occasionally isolated from fermented or spoiled
foods (Yanagida et al., 1987; Fujita et al., 2010). The presence
of these species was expected in the EM16 consortium due
to the composition of the substrate (made in part by whey)
considering that Sporolactobacillus, as well as Lactobacillus,
are common in all types of dairy products (Madigan et al.,
2019). The presence of lactic acid bacteria related to the
breakdown of cellulolytic and lignified organic materials
has also been reported in EM (Salminen & von Wright,
2004; Joshi et al., 2019).
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The families Lactobacillaceae (3.14%) and Clostridiaceae
(1.62%) were less abundant in this consortium (Fig. 2). The
presence of Clostridium species is essential for cellulose
degradation (Madigan et al., 2019), therefore they could be
used to improve the degradation of lignocellulosic residues.
On the other hand, Lactobacillus spp. have potential effects
for agricultural needs, so they can enhance soil properties
since they show an antagonistic effect against different
phytopathogenic agents in the soil, mainly due to the de-
crease in pH, production of peptides with antimicrobial
activity such as class I bacteriocins, and nisin that is very
active against gram-positive bacteria (Tanya & Leiva-Mora,
2019). In addition, Lactobacillus spp. can enhance the tro-
phic interactions (Quattrini et al., 2018; Naik et al., 2019),
biotic and abiotic responses (Tsuda et al., 2016; Blainski
et al., 2018; Abd El-Mageed et al., 2020; Muhialdin et al.,
2020), and plant growth and productivity (Daranas et al.,
2018; Quattrini ef al., 2018). The presence of these species
is, therefore, essential in the EM16 consortium to enrich
the soil microbiome and its functionality during the cycle
of assimilation and de-assimilation of nutrients.

The taxonomic groups identified in EM16 are similar to
other EM consortia (Alvarez et al., 2018; Naik et al., 2019);
however, the diversity and richness of species depend on
the environmental conditions and the substrate from which
they come. The EM16 consortium could be an efficient
alternative to use in sustainable agriculture since it can
promote microbial consortia interaction in the soil and
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FIGURE 2. Krona plot of identified bacteria in EM16 sample, through the lon Torrent technique, by using the lon Reporter® software. The Krona plot
shows the taxonomic distribution from phyllum to species level and the associated abundance based on the percentage of mapped reads taking into

acount the NGS repositories based on NCBI database.

degrades organic components at the same time it supports
a better micro or macronutrient assimilation by roots.

The sugarcane soil sample was represented by the Fir-
micutes (67.06%), Proteobacteria (29.64%), and Bacteroide-
tes (3.38%) phyla (Tab. 1). The most abundant families were
Clostridiaceae (22.13%), Ruminococcaceae (17.59%), and
Peptostreptococcaceae (12.76%) (Fig. 3).

A similar distribution of phyla was detected in bamboo soil
samples, represented by Firmicutes (55.52%), Proteobacte-
ria (26.28%), and Bacteroidetes (18.17%) (Tab. 1). The most
abundant families were Clostridiaceae (16.22%), Porphy-
romonadaceae (15.53%), and Bacillaceae (10.62%) (Fig. 4).

In the sugarcane and bamboo soil samples (Figs. 3-4),
where bacterial species belonging to the phylum Firmicutes
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FIGURE 3. Krona plot of identified bacteria in sugacane isolated soil sample, through the lon Torrent technique, by using the lon Reporter® software.
The Krona plot shows the taxonomic distribution from phyllum to species level and the associated abundance based on the percentage of mapped

reads taking into acount the NGS repositories based on the NCBI database.

predominated, more than 10 different species of the Clos-
tridium genus were identified to the species level. These
are fermentative bacteria, strictly anaerobic with great
metabolic diversity, gram-positive, endospore-forming,
generally fermenting sugars or amino acids usually found
in soil samples (Madigan et al., 2019). Besides, in the
Clostridiales order, with an abundance greater than 1.5%
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the genera Ruminococcus and Sedimentibacter have been
identified in both soil samples.

Ruminococcus species are defined as strictly anaerobic,
gram-positive, non-motile cocci that do not produce
endospores and require fermentable carbohydrates for
growth (Goodfellow et al., 2009). They have been detected
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FIGURE 4. Krona plot of identified bacteria in bamboo isolated soil samples using the lon Torrent technique, using the lon Reporter® software. The
Krona plot shows the taxonomic distribution from the phyllum to species level and the associated abundance based on the percentage of mapped

reads taking into acount the NGS repositories based on the NCBI database.

in greatest abundance in samples taken from herbivorous
and omnivorous animal hosts, but a few have been found
in environmental sources, generally in host-associated
samples (La Reau et al., 2016). Some species are cellulolytic,
playing an important role in the degradation of particulate
substrates (Flint et al., 2008). Other members of family
Ruminococcaceae are numerically abundant in the human
intestinal tract, like bacterial species capable of degrading
crystalline cellulose (Chassard et al., 2012; Morais et al.,
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2016). Others are non-cellulolytic and use polysaccharides
like resistant starches (Ze et al., 2012) or selectively use
various plant hemicelluloses (Wegmann et al., 2014).

Species of the genus Sedimentibacter have been commonly
isolated from anaerobic microbial communities (Breit-
enstein et al., 2002; Woo et al., 2004; Imachi et al., 2016).
Cells are slightly curved rods, motile, gram-positive and
spores might be formed. Growth is strictly anaerobic and
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requires yeast extract and is supported by the fermentation
of pyruvate or amino acids in a Stickland-type reaction.
Hydrogen is not produced and carbohydrates are not fer-
mented (Breitenstein et al., 2002).

Members of the genus Pseudomonas (class Gammapro-
teobacteria) were also identified in soil samples from
sugarcane and bamboo. These species show great meta-
bolic diversity and consequently are widely distributed in
nature. Some species are pathogenic for humans, animals,
or plants. The metabolism of Pseudomonas is typically
respiratory with oxygen as the terminal electron accep-
tor; but some species can also use nitrate as an alterna-
tive electron acceptor and carry out oxygen-repressible
denitrification (dissimilatory reduction of nitrate to N,O
or N,), allowing growth to occur anaerobically (Palleroni,
2015). They are typically oxidase and catalase-positive, do
not form spores, with no gas formation from glucose, and
perform catabolism of the carbohydrates by the alternative
Entner-Doudoroff pathway and the cycle of tricarboxylic
acids (Madigan et al., 2019).

The microbial diversity found in bamboo and sugarcane
soil isolates could be used to enrich the EM16 consortium
to achieve a more complete bioproduct (with a broader
metabolic capacity).

The phylogenetic analysis coincides with the results of the
TRFLP, where some fragments were detected in both soil
samples. In general, species richness, diversity and the
evenness index allows a comparison of isolated soil and
EM16 consortium samples as shown in Table 2, considering
the Ion Torrent and TRFLP analyses results. As expected,
the richness, diversity, and Pielou index were higher in
isolated soil samples compared to EM16 samples (Tab. 2)
due to the dynamic conditions and the diversity of nutrients
in these natural ecosystems. Despite the low diversity in
the EM16 samples, it is worth noting the uniformity of the
community with a coefficient of over 0.5.

TABLE 2. Richness, diversity, and evenness indexes calculated for each
sample considering the lon Torrent and TRFLP (in parenthesis) analysis
results. Species with a relative abundance more than 1% were consi-
dered.

Index EM16 Sugarcane Bamboo
Rr 4(8) 25(9) 22 (9)
H 0.73 (1.64) 2.89(2.01) 2.86 (1.96)
(H/Hmax) 0.52 (0.79) 0.90 (0.92) 0.92 (0.89)

Rr=species richness, H=diversity index, H/Hmax=evenness index.

Despite the differences among the indices with respect to
the richness, the tendency with respect to diversity and the
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evenness is similar for both techniques. That is why the
authors consider that TRFLP is more useful for diversity
and dynamic evaluation and Ion Torrent is used for deeper
identification until species level.

Conclusions

This study provides a comprehensive morphological and
molecular characterization of the efficient microorganisms
(EM16) and sugarcane and bamboo soil samples. The diver-
sity, dynamic and taxonomic identification achieved in this
study for the EM16 showed the perspective for using these
consortia for bioremediation, considering the wide meta-
bolic pathway including the presence of key species like
Lactobacillus sp. with high potentials for biodegradation of
lignocellulosic resilient compounds. Future studies may be
aimed at evaluating the mixture of these microorganisms
to obtain a microbial consortium with a higher metabolic
capacity and increased effectivity in its agricultural or en-
vironmental use compared to EM already studied. The use
of microbiological and molecular tools under polyphasic
approaches allows the completed characterization of non-
cultivable microorganisms reported for the first time from
an efficient microorganism consortium.
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Use of reduced Bokashi doses is similar to NPK
fertilization in iceberg lettuce production

El uso de dosis reducidas de Bocashi es similar a la fertilizacion
NPK en la produccion de lechuga iceberg

Danilo Pezzoto de Lima', Gustavo Adolfo de Freitas Fregonezi?, Fernando Teruhiko Hata®', Mauricio Ursi Ventura',
Juliano Tadeu Vilela de Resende', Christina da Silva Wanderley?, and Alex Figueiredo'

iceberg lettuce using two Bokashi compost doses, alone and in
combination, with the bioactivator Penergetic (Penergetic In-
ternational AG®) against standard mineral fertilization (NPK)
in three crop cycles. Experiments were conducted in a plastic
greenhouse at the Universidade Estadual de Londrina, Brazil
(548 m a.s.l.). The treatments were: negative control (water
only); positive control (NPK, 4-14-8); Penergetic alone; Bo-
kashi doses 5 g and 10 g/plant with or without a combination
with Penergetic. Lettuce plants were grown in pots filled with
soil. Commercial biomass (CM), head diameter (HD), plant
height (PH) and chlorophyll index (CI) were evaluated. In the
three cycles tested, the Bokashi 10 g/plant, Bokashi 10 g/plant
+ Penergetic, and NPK treatments surpassed the control. The
studied variables (CM, HD, PH and CI) in the lower Bokashi
dose treatment were also higher than controls but lower than
higher Bokashi doses and NPK. Penergetic increased the CM
in the lower Bokashi dose treatment just in the first production
cycle, probably due to the poor organic matter content in the
soil. The treatment Bokashi 10 g/plantimproved significantly
the lettuce horticultural variables vs. control treatments and
was similar to chemical fertilization in two of three crop cycles.

Key words: chemical fertilizer, Lactuca sativa, organic fertilizer,
Penergetic.

The aim of the study was to compare horticultural variables of

El objetivo de este trabajo fue comparar las variables horticolas
delalechuga iceberg utilizando dos dosis de compost Bokashi,
soloy en combinacién, con el bioactivador Penergetic (Penerge-
tic International AG®) frente a la fertilizacién mineral estandar
(NPK) en tres ciclos de cultivo. Los experimentos se realizaron
en un invernadero de plastico en la Universidade Estadual de
Londrina, Brasil (548 msnm). Los tratamientos fueron: control
negativo (agua solamente); control positivo (NPK, 4-14-8);
Penergetic solo; Bokashi en dosis de 5 y 10 g/planta con o sin
combinacion con Penergetic. Las plantas de lechuga se cultiva-
ron en macetas llenas de tierra. Se evaluaron biomasa comercial
(BC), diametro de cabeza (DC), altura de planta (AP) e indice
de clorofila (IC). En los tres ciclos evaluados, los tratamientos
Bokashi 10 g/planta, Bokashi 10 g/planta + Penergetic y NPK
superaron al testigo. En general, las variables estudiadas (BC,
DC, AP y CI) en el tratamiento de menor dosis de Bokashi
también fueron mas altas que el control pero menores que con la
dosis mas alta de Bokashi y NPK. Penergetic aumento la BC en
el tratamiento con dosis mds bajas de Bokashi solo en el primer
ciclo de produccidn, probablemente debido al bajo contenido de
materia organica en el suelo. El tratamiento Bokashi 10 g/planta
mejoré significativamente las variables horticolas de lalechuga
frente al tratamiento de control y fue similar a la fertilizaciéon
quimica en dos de los tres ciclos de cultivo.

Palabras clave: fertilizante quimico, Lactuca sativa, abono
organico, Penergetic.

Introduction

Leafy vegetables are important in the human diet, provid-
ing vitamins and mineral nutrients (Kumar et al., 2020).
In 2019, lettuce (Lactuca sativa L.) and chicory (Cichorium
intybus L.), another important leafy vegetable, reached 29
million t of production in 1.31 million ha worldwide; the
top five producers were China (16.3 million t), United States
(3.7 million t), India (1.3 million t), Spain (1.01 million t),
and Italy (0.76 million t) (Faostat, 2021).
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In high input agriculture, the risk of environmental con-
tamination by overuse of pesticides and fertilizers and soil
salinity is high. In greenhouses, the nitrogen losses are
mostly by leaching and nitrous oxide; the main cause is
the excessive use of nitrogen-based fertilizers (Qasim et al.,
2021). This previous meta-analysis suggests that fertiliza-
tion may be adjusted because the current proposed doses,
often over N 1,500 kg ha”, could be replaced by about N
762 kg ha” without reducing yields (Qasim et al., 2021).
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Studies regarding adjusting fertilizer use as well as apply-
ing integrated fertilization management are important for
increasing agriculture/horticulture sustainability.

Bokashi compost is a soil amendment that provides or-
ganic matter rich in microorganisms and mineral nutrients
(Scotton et al., 2017; Hata et al., 2020). The use of Bokashi
together with other amendments in organic agriculture
should be tested to verify possible additive and even syn-
ergetic effects (Quiroz & Céspedes, 2019). Several formulae
and inoculum sources have been proposed according to
local availability of the materials. These variations reflect
the results of the performance of the compost as a fertil-
izer and soil conditioner (Scotton et al., 2017). A variety
of studies demonstrated an increase of plant yield and
fresh or dry biomass by using Bokashi in vegetables such
as arugula (Eruca sativa L.), cabbage (Brassica oleracea L.
var. Capitata), lettuce, radish (Raphanus sativus L.), straw-
berry (Fragaria x ananassa Duch.), and tomato (Solanum
lycopersicum L.) (Goulart et al., 2018; Hata et al., 2019;
Sarmiento et al., 2019; Xavier et al., 2019; Hata, Paula et
al., 2021; Hata, Ventura et al., 2021). Approximately 20 g/
plant of Bokashi compost is suggested for lettuce and other
leafy vegetable production (Trani et al., 2014).

The combined use of organic fertilizers may reduce the
amount of fertilizer use by a synergistic effect between
the sources and an increase of microbial community
composition and, thus, increase plant development (Gao
et al., 2020). Instead of increasing the fertilizer dose, a
lower dose of mixed fertilizers might produce a similar
result of plant yields. The association of Bokashi with
rock phosphate increases chlorophyll index and dry mat-
ter in parsley (Petroselinum crispum [Mill.] Fuss) (Maass
et al., 2020). Penergetic-K and Penergetic-P activators
are produced based on bentonite and molasses that are
processed by a technology in which bentonite clays are
subjected to the application of electric and magnetic fields
(Artyszak & Gozdowski, 2020). The manufacturer states
that these products increase the photosynthetic efficiency
of plants (Penergetic-P) and improve the performance of
organic matter from the decomposing organisms of the soil
(Penergetic-K) (Artyszak & Gozdowski, 2020). A series of
experiments demonstrate an increase in the production of
snapbeans (Phaseolus vulgaris L.), soybean (Glycine max L.
Merr.), and tomato by Penergetic application (Brito et al.,
2012; Souza et al., 2017; Hata, Ventura et al., 2021).

To date, we have not found reports on the comparisons
of dosages and mixtures with other inputs for lettuce.
Hence, this research deals with the evaluation of reduced
Bokashi compost doses, alone or in association with the
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bioactivators Penergetic P and K, compared with the
standard NPK treatment on lettuce production variables
for three consecutive production cycles.

Materials and methods

The bioassay was carried out in a greenhouse at the
Universidade Estadual de Londrina, Brazil (23°20°28”S,
51°12’°34”W at 548 m a.s.l.) at an average temperature of
28°C. Three experiments were conducted in pots with a
capacity of 5 dm’, filled with soil classified as very clayey
Ferralsol (Santos et al., 2018), collected in the 0-20 cm soil
layer and mixed with sand in the proportion (v:v) of 3:1.
The chemical analysis of the soil obtained was pHy,o =
5.10, P = 6.00 mg dm”, K" = 0.75 cmol. dm™, Ca*™ = 1.35
cmol. dm?, Mg*™ = 1.20 cmol, dm?, AI” = 0.0, H'+AI” =
2.10 cmol. dm™, and organic matter (%) = 1.80. A dose of
10 g per pot of calcitic limestone (lime) was used to elevate
the base saturation percentage to 70% one month before
the experiments began.

The recommended dose of Bokashi previously suggested
was 20 g/plant (Trani et al., 2014). The treatments used in
the present experiments had a reduction of 50% and 75%
of the Bokashi recommended dose. Hence, the treatments
were as follow: control (water only); Penergetic (Pen); Bo-
kashi 5 g/plant (Bok 5 g); Bokashi 5 g/plant + Penergetic
(Bok 5 g+Pen); Bokashi 10 g/plant (Bok 10 g); Bokashi 10
g/plant + Penergetic (Bok 10 g+Pen), and NPK on formula
4-14-8 (Heringer, Paulinia, Brazil) at 6 g/plant (3 g applied
one week before and 3 g applied two weeks after transplant-
ing). Treatments were applied in the pot, before and after
transplanting.

We prepared Bokashi using maize, wheat, rice, and soybean
brans and the composting accelerator Embiotic® (Korin
Meio Ambiente e Agropecudria, Brazil) that contains a
mixture of Lactobacillus plantarum 104 UFC/mL and Sac-
charomyces cerevisiae (Korin, 2020). The previous materials
were mixed every day in the shade under ambient condi-
tions (25°C). When there was no odor and the appearance
of the mix was homogeneous, the Bokashi was ready to use.

After complete preparation, Bokashi chemical analyses
showed N as 37.67 g kg; P as 14.36 gkg'; K as 21.01 g kg™
Caas12.00 gkg';and Mgas 8.8 gkg. Bokashi was applied
over the soil one week before transplanting.

Penergetic-K and Penergetic-P (Penergetic International
AG Company) are produced from bentonite clays subjected
to the application of electric and magnetic fields (Artyszak
& Gozdowski, 2020). One week before transplanting,
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Penergetic K (1.5 g L) was applied over the soil by drench-
ing. Two weeks after transplanting, Penergetic P (1.5 g L")
was foliar sprayed.

Lettuce seedlings, cv. Amelia, were purchased from a com-
mercial nursery. Transplant and harvest were achieved on
March 02 and April 10, 2018 (39 d after transplanting -
DAT); April 25,2018 and June 07, 2018 (43 DAT); and June
20,2018 and August 21, 2018 (61 DAT) for first, second, and
third cycles. Phytosanitary measures were not necessary
during the three plant cycles. Irrigation was performed
with drippers for 10 min, three times a day.

All the experiments were conducted in accordance with the
organic vegetable production Rule 10.831/2003 with inputs
allowed by Normative proceeding 46/2011, regulated by
Normative proceeding 17/2014 (Brazil-Mapa, 2014). The
only exception was the NPK fertilizer that was used as a
positive control.

The measured variables included commercial mass (CM
in grams), head diameter (HD cm), plant height (PH cm),
and a chlorophyll index (CI = Falker Index). CM was deter-
mined by weighing fresh biomass after discarding external

Control Penergetic NPK Bokashi 5 ¢

leaves. HD and PH were also measured after discarding
external leaves. CI was determined by using an indirect
chlorophyll measure, Falker ClorofiLOG® 1030 by using
three records on the head of the plant 25 DAT.

The experimental design was completely randomized with
five replicates. One plant per pot was used as an experi-
mental unit.

Means obtained were submitted to the variance homoge-
neity test (Bartlett test) and normality test (Shapiro-Wilk
test). Once the assumptions were met, data were submitted
for analysis of variance and the means compared by the
Scott-Knott test (P<0.05) using the R software “package
Easyanova”. A Pearson correlation was performed between
the lettuce commercial mass and the Falker Index (P<0.05).

Results

The treatments Bok 5 g, Bok 5 g+Pen; Bok 10 g, Bok 10
g+Pen, and NPK, with the exception of Penergetic alone,
influenced at least one variable, when compared to the
control (Fig. 1A-B).

Bokashi 5 g
+ Penergetic

Bokashi 10 g
+ Penergetic

Bokashi 5 g
+ Penergetic

Bokashi 10 g Bokashi 10 g

+ Penergetic

FIGURE 1. Experiments of iceberg lettuce with reduced Bokashi compost doses, alone or in association to the bioactivators Penergetic, compared
with the standard NPK (4-14-8) treatment. A = first cycle of growth; B = second cycle of growth.
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In the first production cycle, higher values of CM were
obtained in the treatments Bok 5 g+Pen, Bok 10 g, Bok 10
g+Pen, and NPK than in Bok 5 g. The Bok 5 g values were
higher than those obtained in the control and Pen (Tab. 1).
For HC, H, and CI in the treatments Bok 5 g, Bok 5 g+Pen,
Bok 10 g, Bok 10 g+Pen, and NPK, higher values were
obtained than in the control and Pen. Penergetic, when
used alone, did not lead to significant increments in the
assessed variables. The Penergetic application associated
with Bokashi in the lower dose increased CM on 26.9%,
when compared to the Bokashi applied alone. CI was lower
in the control and in the Penergetic treatments than in the
other treatments.

In the second production cycle, higher CM means were
obtained for the Bok 10 g, Bok 10 g+Pen, and NPK treat-
ments (Tab. 2). Higher HD was obtained for Bok 5 g, Bok
5 g+Pen, Bok 10 g, Bok 10 g+Pen, and NPK than for the

control and Penergetic alone. Increments of 10.52% were
estimated in Bok 10 g+Pen (19 cm) when compared to NPK
(17 cm). Higher PH values were obtained for the treatments
Bok 10 g, Bok 10 g+Pen, and NPK than in the others. The
Bok 5 g and Bok 5 g+Pen treatments also produced higher
PH than the control and treatment with Penergetic but
lower than Bok 10 g, Bok 10 g+Pen and NPK. The lowest CI
values were obtained for control, Pen and NPK; intermedi-
ate values were found for Bok 5 gand Bok 5 g+Pen; and the
highest values were found for Bok 10 g and Bok 10 g+Pen.

For the third cultivation cycle, the CM from the NPK was
higher than in the other treatments and 35.68% higher
than the second-best treatment Bok 10 g+Pen (Tab. 3). The
Bok 10 g and Bok 10 g+Pen CM means were higher than
Bok 5 g and Bok 5 g+Pen. The lowest values were obtained
from the control and Penergetic alone. Higher PH means
were recorded for treatments Bok 10 g, Bok 10 g+Pen and

TABLE 1. Means (+ standard error of the mean) of commercial mass (CM), head diameter (HD), plant height (PH), and chlorophyll index (CI) in
iceberg lettuce fertilized with Bokashi, 4-14-8 NPK formulation, and Penergetic, for the first growth cycle. Londrina, Brazil.

Treatment CM (g) HD (cm) PH (cm) Cl
Control 25.33=5.03 ¢ 717=0.76 b 11.67=2.36 b 10.27+1.80 b
Pen 26.00+10.39 ¢ 9.00+1.73b 11.33+2.75b 8.73+0.56 b
Bok5g 70.67+8.33b 16.33+4.73 a 18.33+2.892a 1416+0.58 a
Bok 5 g+Pen 96.67+8.08 a 17.50+4.82 a 1917+161a 13.30+1.11a
Bok10 g 122.00+17.09 a 16.33+2.08 a 18.00+0.87 a 13.35+1.04 a
Bok 10 g+Pen 115.33=17.47 a 16.33+2.08 a 18.67+2.08 a 15.88+1.50 a
NPK 132.00+27.06 a 20.33+3.79a 20.67+0.76 a 13.83+2.61a
CV (%) 17.98 21.82 12.25 11.55

F 26.01 6.63 9.88 8.22

Pen: Penergetic; Bok 5 g = Bokashi (5 g/plant); Bok 5 g+Pen = Bokashi (5 g/plant) + Penergetic; Bok 10 g = Bokashi (10 g/plant); Bok 10 g+Pen = Bokashi (10 g/plant) + Penergetic; and

NPK (6 g/plant).

CV: coefficient of variation. Means followed by the same letter in the columns did not differ with the Scott-Knott test, P>0.05.

TABLE 2. Means (+ standard error of the mean) of commercial mass (CM), head diameter (HD), plant height (PH) and chlorophyll index (CI) in

iceberg lettuce fertilized with Bokashi, 4-14-8 NPK formulation and Penergetic, for the second growth cycle. Londrina, Brazil.

Treatment CM (g) HD (cm) PH (cm) Cl
Control 41.20+£5.59 ¢ 13.40+0.89 b 13.60+1.34 ¢ 13.58+1.55¢
Pen 40.80+£5.40 ¢ 13.20+1.64 b 13.60=1.14 ¢ 13.87+2.01¢
Bok5g 140.80=21.00 b 17.40+2.07 a 16.90+0.55b 25.161.48 b
Bok 5 g Pen 146.40+28.40 b 17.20+1.30a 17.60=0.55Db 27.07=211b
Bok10g 176.00+9.38 a 17.40+1.952 18.70+1.20a 31.42+3.42a
Bok 10 g+Pen 178.00+10.49 a 19.00+1.41a 19.60+1.52a 33.29+4.22a
NPK 174.80+12.46 a 17.00+1.87 a 19.20+1.30 a 1449+215¢
CV (%) 17.73 10.01 6.71 11.44

F 36.45 8.99 24.20 54.62

Pen: Penergetic; Bok 5 g = Bokashi (5 g/plant); Bok 5 g+Pen = Bokashi (5 g/plant) + Penergetic; Bok 10 g = Bokashi (10 g/plant); Bok 10 g+Pen = Bokashi (10 g/plant) + Penergetic; and

NPK (6 g per plant).

CV = coefficient of variation. Means followed by the same letter in the columns did not differ by Scott-Knott test, P>0.05.
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TABLE 3. Means (+ standard error of the mean) of commercial mass (CM), head diameter (HD), plant height (PH), and chlorophyll index (Cl) in

iceberg lettuce fertilized with Bokashi (4-14-8 NPK formulation and Penergetic) for the third growth cycle. Londrina, Parana, Brazil.

Treatment CM (g) HD (cm) PH (cm) cl
Control 35.60+6.07 d 6.84+2.19¢ 12.60=1.14 ¢ 18.88x4.55b
Pen 40.40+6.54 d 8.82+0.47 Db 13.42+0.68 ¢ 15.92+2.83 b
Bok5g 115.20=13.61 ¢ 9.80=0.91b 16.86=1.09b 26.94+4.092
Bok 5 g+Pen 110.80+23.22 ¢ 9.70+0.84b 16.50+1.32b 20.98+2.28 b
Bok 10 g 154.60+20.97 b 10.50=1.00 b 17.70+0.57 a 25.82+3.63a
Bok 10 g+Pen 164.00+29.93 b 10.50+0.79b 17.90+1.43a 20.98+2.92b
NPK 255.20+27.44 a 14.70+1.25a 18.90+0.74 a 24.32+518 a
CV (%) 16.25 11.66 6.42 16.88

F 70.16 20.35 25.69 5.64

Pen: Penergetic; Bok 5 g: Bokashi (5 g/plant); Bok 5 g + Pen: Bokashi (5 g/plant) + Pen; Bok 10 g: Bokashi (10 g/plant); Bok 10 g + Pen: Bokashi (10 g/plant) + Pen; and NPK (6 g/plant).

NPK and the lowest PH values were from control and Pen.
The HD mean from NPK was higher than the other ones
and the control showed the lowest mean compared to all
of other treatments. CI from Bok 5 g, Bok 10 g, and NPK
were higher than in other treatments.

Discussion

The Bok 10 g and Bok 10 g+Pen treatments (Bokashi higher
doses with or without Penergetic) showed similar results
when compared to NPK. The only exception was for CM
and HD in the third cycle, when NPK showed higher means
than Bok 10 g and Bok 10 g+Pen for this variable. Though
the higher dose of Bokashi provided greater amounts of
nitrogen (37 g/plant) compared to NPK (24 g/plant), in
general, the plants had similar means for the horticultural
variables. This can be explained by the other nutrients. The
phosphorus content of NPK was higher (84 g/plant) than
Bokashi (14.4 g/plant) and the potassium content of NPK
was also higher (47 g/plant) than Bokashi (21 g/plant). In
addition to the nutrient balance, the microorganisms found
in Bokashi may have solubilized nutrients for the plants,
as discussed below.

In a previous study realized in a greenhouse, higher doses
of Bokashi (about 45 g/plant) are needed to provide similar
lettuce cv. Elba yields to NPK (about 3 g/plant) (Souza et
al., 2016). In general, production in this previous study is
higher than what we obtained in the present study. Also,
the yield (290 g/plant of lettuce) found by Goulart et al.
(2018) was higher from those obtained by our study and
can be explained by the higher Bokashi dose used (31 g/
plant). For the present study, we used 5 L pots, and these
limited root development. The previous studies cited were

performed in the field providing a better condition for ideal
root development and consequently higher yields.

Bokashi is a suitable fertilizer for organic production. Be-
sides the relative richness in nutrients, the microorganisms
supplied by inoculum enable higher mineralization and
availability of nutrients from the organic matter (Quiroz
& Céspedes, 2019). Treatments with Bokashi show 50%
to 216% higher microbial carbon biomass than the con-
trol (water only) in microcosms experiments and lettuce
production (Scotton et al., 2017; Hata et al., 2020). This
indicates higher microorganism’s activity that may be re-
flected in a mean of 53% increase in the lettuce production
experiments (Hata et al., 2020). The Bokashi microorgan-
ism community depends on its raw materials and the in-
oculum used. The main fungi genera found in these treated
soils are Aspergillus, Dactylium, and Rhizopus (Magrini et
al., 2011). One of the inocula used for Bokashi preparation
is the “EM” that are effective microorganisms composed
mainly by photosynthetic bacteria (Rhodopseudomonas
palustris and Rhodobacter sphaeroides), lactobacilli (Lac-
tobacillus plantarum, Lactobacillus casei, and Streptococcus
lactis), yeasts (Saccharomyces spp.), and Actinomycetes
(Streptomyces spp.) (Javaid, 2010). Phytohormones such as
auxins, gibberellins, and cytokinins can be synthesized by
specific species of fungi (Aspergillus sp. and Rhizopus sp.),
heterotrophs and phototrophs Prokaryotes (Tsavkelova et
al., 2006). Inoculation with R. sphaeroides, L. plantarum,
and Saccharomyces cerevisiae (a similar composition of
microorganisms found in Bokashi) on cucumber (Cucumis
sativus L.) plants altered the plant metabolic pathways by
increasing the contents of amino acids, chlorophyll and
phytohormones (gibberellic acid and abscisic acid) (Kang
et al., 2015). Similarly, the increase of these substances and
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phytohormones may have increased lettuce development
observed in the present study.

In general, the Bokashi and NPK treatments increased the
chlorophyll indexes. Chlorophyll indirect measurements
with a hand-held device are an important tool for rapid
and real-time estimation of chlorophyll content. In lettuce,
the correlations between the device readings and the leaf
nitrogen concentration or chlorophyll content were highly
significant (Mendoza-Tafolla et al., 2019). That means that
using these devices can accurately predict the agronomic
variables tested. In the present study, there was a positive
and significant moderate correlation (P<0.01) between the
chlorophyll index and CM: r* 0f 0.36, 0.46 and 0.22, for first,
second and third growth cycles, respectively.

The Penergetic bioactivator was effective in improving
lettuce CM only with the 5 g of Bokashi per plant dose in
the first cycle. However, the lower organic matter content
(1.8%) in the soil did not enable the maximum effect of
Penergetic, as discussed below. Planting iceberg lettuce
with Penergetic that is used with no association provided
a yield increment in one out of two cycles in greenhouse
summer cultivation (Hata et al., 2020). In contrast to these
findings, tomato fruit production is improved in the two-
cycle experiment by using Penergetic (Hata, Ventura et al.,
2021). In general, effective bioactivators demand a suitable
threshold of organic matter (Franco et al., 2018). In a future
study, incorporation of additional organic matter between
production cycles could be evaluated to assess if Penergetic
effects maintain throughout the sequential cultivation.
Another combination that could be tested is the NPK and
Bokashi in field conditions or in hydroponics systems
adapted to the farmers’ reality.

Bokashi significantly improved lettuce horticultural
variables when compared with the control treatment. In
general, the higher dose (10 g) generated higher commercial
mass and head diameter and were similar to those in the
standard treatment (NPK).
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Total polyphenolics, antioxidants, and cytotoxic activity of infusions
from soursop (Annona muricata) leaves from two Mexican regions

Polifenoles totales, antioxidantes y actividad citotoxica de infusiones de
hojas de guanabana (Annona muricata) de dos regiones de México

Claudia Grijalva-Verdugo', Jestis Rubén Rodriguez-Niifiez* Carlos Alberto Nuiiez-Colin?, César Leobardo Aguirre-Mancilla',
Diana Montoya-Anaya', Juan Manuel Villareal-Fuentes®, Rosendo Balois-Morales*, and Maria Guadalupe Rodriguez-Carrillo?

Infusions of soursop or graviola (Annona muricata L.) leaves
have been used as alternative medicine for their phytochemical
composition, pharmacological and cytotoxic activity that are
related with antibacterial, antioxidant, and anticancer activities.
Infusions of soursop leaves were obtained at 5, 10, and 15 min
in samples collected from the Chiapas and Nayarit regions of
Mexico. Total soluble phenols (TSP), flavonoids (FC), condensed
tannins (CT), total anthocyanins (AC), antioxidant activity,
attenuated total reflectance - Fourier transform infrared spec-
troscopy analysis (FTIR-TRA), cytotoxic activity in MCF7 and
HT-29 cell lines were evaluated. The average contents of TSP,
FC, CT and AC were as follows: 0.229+0.006 mg gallic acid
equivalents ml”, 0.177£0.003 mg catechin equivalents ml’,
0.298+0.012 mg cyanidin 3-glucoside equivalents ml’, and
0.189+0.003 mg catechin equivalents ml”, respectively. The
FTIR-ATR analysis determined carbonyl, hydroxyl, ester, and
carboxylic acid groups. The antioxidant activity of 2,2-diphenyl-
1-picrylhydrazyl (DPPH) and 2,2’-azino-bis (3-ethylbenzothia-
zoline-6-sulfonic acid) (ABTS) were 0.446+0.014 and 3.53+0.515
mM Trolox equivalents ml”, respectively. The extraction yields
of TSP, FC, CT, and AC by infusion were 88.41, 66.12, 34.93,
and 56.09%, respectively. The antioxidant activity was 50.77%
for ABTS and 21.44% for DPPH. Cytotoxic activity was pres-
ent against the MCF7 (80%) cell line. The infusions had high
polyphenol contents, antioxidant and cytotoxic activities.

Key words: antioxidant capacity, cell viability, tannins,
flavonoids, anthocyanins.

Las infusiones de hojas de guandbana (Annona muricata L.) se
han utilizado como medicina alternativa por su composicién
fitoquimica, actividad farmacoldgica y citotdxica, que les con-
fieren actividad antibacteriana, antioxidante y anticancerigena.
Las infusiones de hojas de guanabana se obtuvieron a 5, 10 y
15 min en muestras colectadas de las regiones de Chiapas y
Nayarit en México; se evaluaron fenoles solubles totales (FST),
flavonoides (F), taninos condensados (TC), antocianinas totales
(AT), actividad antioxidante, reflectancia total atenuada por
analisis de espectroscopia infrarroja transformada de Fourier
(FTIR-ATR) y actividad citotdxica en lineas celulares MCF7
y HT-29. El contenido promedio de FST, F, TC y AT fue de
0.229+0.006 mg equivalentes de dcido galico ml’, 0.177+0.003
mg equivalentes de catequina ml”, 0.298+0.012 mg equivalentes
de cianidina 3-glucésido ml™ y 0.189+0.003 mg equivalentes de
catequina ml” respectivamente. El anélisis FTIR-ATR determi-
no grupos carbonilo, hidroxilo, éster y acidos carboxilicos. La
actividad antioxidante por 2,2-difenil-1-picrilhidracilo (DPPH)
y 2,2’-azino-bis-3-etilbenzotiazolina-6-acido sulfénico (ABTS)
fue de 0.446+0.014 y 3.53+0.515 mM equivalentes de Trolox
ml” respectivamente. Los rendimientos de extraccion de FST,
F, TCy AT mediante infusion fueron 88.41, 66.12, 34.93 y 56.09
respectivamente. La actividad antioxidante fue 50.77% de ABTS
y 21.44% de DPPH. Se present6 actividad citotoxica contra la
linea celular MCF7 (80%). Las infusiones presentaron un alto
contenido de polifenoles, actividad antioxidante y citotdxica.

Palabras clave: capacidad antioxidante, viabilidad celular,
taninos, flavonoides, antocianinas.

Introduction

Soursop belongs to the Annona genus, which contains more
than 160 species. The soursop tree is distributed in tropical
regions around the world, most of the year it tends to bloom
and is evergreen (Teran-Erazo et al., 2019). Nowadays,
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soursop is an important economic crop in Mexico, Vene-
zuela, Brazil, and Colombia because of the fruits. The main
growing regions in Mexico are the tropical areas, located in
Nayarit, Chiapas, Colima, Michoacdn, and Veracruz states
(Jiménez-Zurita et al., 2016; Escobedo-Lépez et al., 2018;
SADER, 2020). In 2019, the Mexican government reported
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a national production of 30,790 t of soursop, with a com-
mercial value of 248,170 million Mexican peso (SIAP, 2019).

Many plant species are rich sources of natural bioactive
compounds and could have a diverse variety of biologi-
cal effects; they have long been employed in alternative
medicine because of their therapeutic potential and health
advantages (Etheridge & Derbyshire, 2019). Due to the
pharmacological, phytochemical, and toxicological effects
as well as for their pharmacokinetics, most therapies in
Mexican folk medicine are administrated in the form of
infusions. These beverages are the first alternative usually
suggested by “yerberos” or traditional healers for health
care (Alonso-Castro et al., 2017). The infusions consist of
an aqueous extraction prepared by pouring boiling water
on the leaves and then letting them steep for 5-15 min
(Coz-Bolaios et al., 2018).

Several studies report the phenolic characterization of
methanolic (Saklar et al., 2015; Nam et al., 2017; Olugbuy-
iro et al., 2018) and ethanolic (Roduan et al., 2019) infu-
sions of the leaves of soursop; however, due to their easy
preparation, infusions are extensively used to treat various
diseases and this nutraceutical potential is associated with
their phenolic compounds including flavonoids, tannins,
and anthocyanins (Coria-Téllez et al., 2019; Balderrama-
Carmona et al., 2020; Nguyen et al., 2020). An analytical
method used to study important bioactive compounds,
such as phenols, is the Fourier transform infrared spec-
troscopy-attenuated total reflectance (FTIR-ATR) (Daud
et al., 2016; Hidalgo et al., 2019; Ibrahim et al., 2021) that
allows identifying functional groups that absorb in the
mid-infrared and produce particular signal vibrations of
the molecular bonds. The resulting spectrum is known
as the sample fingerprint (Grijalva-Verdugo et al., 2018).

Soursop leaf infusions show antibacterial (Iyanda-Joel et
al., 2019), antifungal (Folorunso et al., 2019), antiprotozoal
(Calzada et al., 2020), and antiviral activity (Balderrama-
Carmona et al., 2020); and they protect against oxidative
stress that could prevent hypertension (Ola-Davies et al.,
2019), diabetes (Rahayu et al., 2019), inflammation (Cercato
et al., 2021), obesity (Sasso et al., 2019), and cancer (Coria-
Téllez et al., 2019; Hassan et al., 2019).

Some cytotoxic studies of A. muricata extract have been
conducted against HeLa (Coria-Téllez et al., 2019), MDA,
and SKBR3 (Gavamukulya et al., 2014) cell lines. The an-
ticancer activity of A. muricata is attributed to acetogenin
content that are fatty acid metabolic derivatives of long
chains (35 to 37 carbon atoms). These compounds contain

a terminal a-B-unsaturated or saturated y-lactone group,
together with their central regions with one to three rings of
tetrahydrofuran or tetrahydropyran (Aguilar-Herndndez
et al., 2020; Grba et al., 2022).

The concentrations of phenolic compounds in leaves are
influenced by the time of harvest, the growth environment,
the soil type, the solar exposure, and the site of production
(Guzman-Maldonado et al., 2020). These factors influence
the content of phenolic compounds in the infusions; how-
ever, the main factor is the amount of leaves used and the
steeping time of the aqueous preparation (Pérez-Burillo
et al., 2018).

Many studies approached the relationship of steeping time
and migration of polyphenolic compounds into herbal
infusions (Rusak et al., 2008; Ramalho et al., 2013; Pérez-
Burillo et al., 2018). In this sense, Hardoko et al. (2015) and
Hardoko et al. (2018) assayed the effect of soursop leaves
processed as black and green tea with times of extraction
for 15, 30, and 45 min; and they characterized the content of
phenols, tannins, and flavonoids. Several studies report the
phenols and antioxidants in soursop leaf infusions using
10 min of steeping time and 90°C temperature (Innocent-
Ukachi & Onukwugha, 2019). Irawan and Mahmudiono
(2018) used 70°C water and a steeping time of 4 min, and
Cercato et al. (2021) used water at 100°C and 15 min of
steeping. But few studies have reported the polyphenolic
compounds and antioxidant activity of the aqueous ex-
tracts of soursop leaves in Mexico (Coria-Téllez et al., 2019;
Balderrama-Carmona et al., 2020).

However, there are limited reports about the relationship
between production site, phenolic content, antioxidant
capacity, and steeping time for soursop leaf infusions from
Mexico. The aim of this study was to evaluate the polyphe-
nolic composition, antioxidant activity, cytotoxic activity,
and the effect of steeping time of infusions from Mexican
soursop leaves collected from the regions of Chiapas and
Nayarit.

Materials and methods

Plant samples

Annona muricata leaves were collected from two Mexi-
can states, Nayarit (Tepic, 21°30°0” N, 104°54°0” W) and
Chiapas (Canton el Carmen, 14°46'24” N, 92°13'24” W), in
July-August 2020. The selection of the plant material was
made considering their healthy phytosanitary characteris-
tics. The leaves were freeze-dried (Labconco, LYPH Lock
4.5, USA), milled (electric mill, NutriBullet, Los Angeles,

Grijalva-Verdugo, Rodriguez-Nufiez, Nafiez-Colin, Aguirre-Mancilla, Montoya-Anaya, Villareal-Fuentes, Balois-Morales, and Rodriguez-Carrillo: 301
Total polyphenolics, antioxidants, and cytotoxic activity of infusions from soursop (Annona muricata) leaves from two Mexican regions



USA) and stored (two weeks) in closed plastic bags (Ziploc)
at room temperature in the absence of light until analyses.

Infusion preparation

Tea bags for herbal teas were used for the infusion pre-
parations. Each bag of tea, containing 3 g of lyophilized
soursop leaves, were infused in 240 ml of boiling water and
allowed to steep for 5 min, 10 min, and 15 min; afterwards
the infusions were allowed to cool to room temperature and
TSP, FC, CT, AC and antioxidant activity were determined
(Coz-Bolanos et al., 2018).

Methanolic extraction yields

The polyphenolic compounds from soursop leaves were
extracted using solutions of water/methanol (ME), ratio
70:30 and 40:60 (v:v) for total soluble phenols and flavo-
noids, and absolute methanol was used for tannins. The
mixtures were prepared in a ratio 10:1 (m:v), then stirred
for 10 min, centrifuged at 5000 rpm for 10 min, and the
supernatant were filtered using a Whatman filter paper and
the same analyses as for infusions were made (Deshpande &
Cheryan, 1985; Singleton et al., 1999; Dewanto et al., 2002).

Total soluble phenols

Total soluble phenols (TSP) were determined by spec-
trophotometric methods using Folin-Ciocalteu’s reagent
(Hycel), according to Singleton et al. (1999) with some
modifications as follow: an aliquot (60 pl) of soursop in-
fusion was mixed with 240 ul of distilled water and 60 pl
of Folin-Ciocalteu reagent were added. The samples were
then stirred and left to steep for 6 min. Finally, 600 pl of
7% (w/v) Na,CO, (Meyer) solution and 480 pl of distilled
water were added and maintained in dark conditions for 90
min at room temperature. Absorbance was read at 750 nm
using a Multiskan GO (Thermo Fisher Scientific, 51119200,
USA). A gallic acid (Fermont) standard curve (acid gallic
=0.2643(Abs,s,) - 0.006, R°=0.9898) was elaborated using
known concentrations (0.200 — 0.020 mg ml™). The results
were expressed as milligrams of gallic acid equivalents per
milliliter (mg GAE ml").

Flavonoid content

The flavonoid content (FC) was determined following the
procedure described by Dewanto et al. (2002) with some
modifications: 150 pl of soursop infusion was mixed with
45 ul of 5% (w/v) NaNO, (J. T. Baker) solution, 90 pl of re-
cent prepared 10% (w/v) AICI, (J. T. Baker) and 300 pl of 1 M
NaOH (]J. T. Baker) were added. The mixture was brought
to 1.5 ml with distilled water, mixed and left to repose for 5
min. Absorbance was measured against the blank at 510 nm
using a Multiskan GO. Catechin (Sigma-Aldrich®, USA)
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was used as a standard (catechin=0.5803(Abs,,,) + 0.0538,
R’=0.9817), and the solutions were prepared at 0.300-0.062
mg ml”. The results were expressed as milligrams of cate-
chin equivalents per milliliter (mg CE ml™).

Condensed tannins

The methodology reported by Deshpande and Cheryan
(1985) was used with some modifications to determine
condensed tannins (CT) in the infusions. A total of 200
ul of sample was reacted with 1 ml of a solution prepared
in proportion 1:1 (v/v) from 1% vanillin (Sigma-Aldrich®,
USA) (w/v, dissolved in methanol) and 8% HCI (J. T. Baker)
(v/v, dissolved in methanol) and incubated at a tempera-
ture of 30°C for 20 min. Absorbance was read at 500 nm
against the blank using a Multiskan GO. To estimate the
concentration of tannins, a calibration curve with catechin
(Sigma-Aldrich®, USA) (catechin=5.5325(Abs,,) - 0.1577,
R*=0.9866) was obtained using known concentrations of
catechin (0.750-0.031 mg ml"). Condensed tannin contents
were expressed as milligrams of catechin equivalents per
milliliter (mg CE ml™).

Total anthocyanins

The anthocyanin contents (AC) were studied according to
the Abdel-Aal and Hucl (1999) method with modifications.
The infusion was measured and adjusted to pH 1 with 4N
HCI. The sample was read in a Multiskan GO at 535 nm
against the blank. Total anthocyanin content per sample
(mg ml") was calculated as cyanidin 3-glucoside:

vol
1000

X

X 10°

cz(i

&

“
sample wt

where Cis the concentration of total anthocyanin (mg ml"),
A is the absorbance reading, ¢ is the molar absorptivity
(cyanidin 3-glucoside=25,965 cm™), vol is the total volume
of infusion, and MW is molecular weight of cyanidin
3-glucoside=449.

Antioxidant capacity (ABTS and DPPH)

The method of 2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid diammonium salt (ABTS) to evaluate the
antioxidant capacity was carried out according to Re et al.
(1999). The radical ABTS" was prepared dissolving 3.8 mg
of the reactive ABTS (Sigma-Aldrich®, USA) in 1 ml of 2.45
mM potassium persulphate (Fermont), and the mixture
was kept in the dark at 4°C for 12 h before use. Then 0.15
ml of the ABTS" solution was diluted in 14 ml of phosphate
buffer at pH 7.4 to obtain an absorbance of 0.7+0.020 at 734
nm using a spectrophotometer (Hach DR3900, USA). The
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phosphate buffer was prepared by adding 8 g NaCl, 0.2 g
KCl and 1.44 g KH,PO,in 1 L of distilled water. First, the
absorbance at initial time (t,) was measured in 990 pul of
the diluted radical ABTS" solution, and 10 pl of the soursop
infusion was immediately added. The mix was kept in the
dark at room temperature for 6 min; after that time the
absorbance was measured at 734 nm (t,). The antioxidant
capacity was calculated by comparing the absorbance
values of the infusion to a Trolox (Sigma-Aldrich®, USA)
standard curve (Trolox equivalent=0.0253(Abs.) +
0.3864, R?=0.9878). The curve was obtained using known
concentrations of Trolox (3000-500 mM). The result was
expressed as the equivalent Trolox per milliliter (mmol
TE ml?).

The DPPH antioxidant activity of infusions was deter-
mined using Brand-Williams et al. (1995) with some
modifications using 2,2-diphenyl-1-picrylhydrazyl
(DPPH) (Sigma—Aldrich®, USA) as a free radical. A 200
uM DPPH solution in methanol (Reasol) was prepared.
The solution was prepared on the same day of the analysis
and the mixture was kept in the dark. A 180 ul aliquot
of the DPPH radical solution was mixed with 20 pul of
the infusion in wells of a 96-well plate and kept in the
dark for 30 min. Absorbance was read at 515 nm in a
Multiskan GO. The antioxidant activity was calculated
using a Trolox calibration curve (Trolox equivalent=
0.0117(Abs . 50) - 0.0286, R’=0.9748). The antioxidant
capacity value was expressed as Trolox equivalents per
milliliter (mmol TE ml™).

FTIR-ATR spectroscopy analysis

Two g of milled leaves from each region were mixed with 40
ml of absolute methanol; the mix was sonicated for 10 min,
and was allowed to rest for 24 h, after which it was filtered.
This procedure was repeated twice, and the filtrates were
mixed, then evaporated using a rotary evaporator (Yamato
Scientific, RE201) until a dark brown syrup was obtained.
A small amount of ME syrup was analyzed using FTIR
(PerkinElmer, Dynascan® brand spectrum 100 model)
equipped with an attenuated total reflectance interfero-
meter (ATR) at a temperature of 25+2°C. The spectra were
obtained from 16 points with a resolution of 4 cm™ in a
region 0f 4000-500 cm™ (Ramirez-Hernandez et al., 2020).

Preparation of leaf extract for cytotoxic activity assay

The procedure of Coria-Téllez et al. (2019) was used with
some modifications; specifically, 630 mg of lyophilized and
crushed soursop leaves were mixed with 15 ml of boiling
water and the mixture was ground for 10 min, then allowed
to steep until reaching room temperature. The mixture was
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centrifuged at 10,000 rpm for 10 min, and the supernatant
was filtered through a 0.45 pm membrane.

Cytotoxic activity assay

The tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (MTT) assay was used to
measure the cytotoxic activity of the extracts against MCF?7,
and HT-29 cells line according to the procedure described
by Coria-Téllez et al. (2019). MCF7 cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM) (Sigma
Aldrich); and the HT-29 cells were cultured in McCoy’s
Medium (Gibco), both containing 10% (v/v) fetal bovine
serum, 1% penicillin-streptomycin antibiotic solution, and
5 ml trypsin. The cells were cultured in a CO, incubator
with 5% CO, at 37°C. The cells were seeded at a density
of 1x10* cells per well, incubated for 24 h in darkness and
exposed to various concentrations of aqueous concentra-
ted extract (21, 10.5, and 5.25 mg ml"). The cells were also
treated with 50 pl of dimethylsulfoxide (DMSO) (negative
control). At the end of the treatment, the supernatant was
removed in each well and replaced with 150 pl of MTT (3.33
mg ml") followed by incubation at the same conditions for
4 h. The reaction was stopped by adding 100 ul DMSO to
each well. The absorbance of each solution was read in a
microplate spectrophotometer at 595 nm.

Statistical analysis

All experiments were conducted in triplicate and data were
presented as the means + standard deviations. Statistical
analysis was performed using Minitab 17 for Windows
(Minitab Statistical Software, USA). Significant differences
between the samples were tested using analysis of variance
(ANOVA) followed by Tukey’s test comparison (P<0.05).

Results and discussion

Total soluble phenols (TSP)

TSP of samples ranged from 0.182 to 0.246 mg GAE ml’
(Tab. 1). TSP in the extracts from Nayarit region correlated
with extraction time, the longer infusion time the higher
the phenolic content, but not for the Chiapas region. In
leaves recollected in Chiapas, at 10 min of extraction the
phenolic content decreased; and it increased at 15 min of
extraction, even though the infusion from Chiapas reposed
for 15 min and had the highest TSP (0.246+0.009). Hardoko
et al. (2015) analyzed soursop leaf samples at different time
extractions and reported the highest concentration of TSP
at 45 min of extraction (0.321 mg GAE ml"), while the
lowest concentrations were at 15 min of extraction (0.200
mg GAE ml ). In accordance with the results obtained in
this study, Pérez-Burillo et al. (2018) reported for white tea
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that increasing the extraction time in the infusions also
improved the phenolic extraction (about 10 min).

The increase in TSP with respect to extraction time is
related to the polarity and hydrophilicity of the bioac-
tive compounds (Kelebek, 2016). In addition, the water
temperature used in the infusions (100°C) influences the
extraction efficiency, because the heating process opens the
vacuoles of the cells (Hardoko et al., 2015) facilitating the
migrations and solubility of polyphenols due to diffusion
coefficients of the components to be extracted (Saklar et
al., 2015).

Flavonoid content (FC)

For Chiapas, the FC of soursop leaf infusion increased
with time, reaching the highest content at 15 min, while
Nayarit had the highest concentration at 10 min (0.178
mg CE ml"). After this time the content decreased, but it
was not significant. Several authors found the same effect
for long infusion times. For example, Saklar et al. (2015)
report for green tea elevated catechin concentrations at the
beginning of the infusion using water at 75°C and after this
time the concentration increased. However, using water
at 95°C the catechin content did not change significantly
during steep time. Therefore, increasing the steeping time
of the infusion beyond 20 min would not result in a greater
extraction of flavonoids (Saklar et al., 2015). Ramalho et al.
(2013) report that the catechin flavonoid content decreased
after 10 and 15 min for Indian and British brands of black
teas, but the Brazilian brand tea continued increasing up
to 30 min. The levels of flavonoids in infusions are liable
to change depending on the sample preparation conditions
(Jin et al., 2019). For example, long infusion times suggest
that the flavonoids as catechins can suffer epimerization
(the flavonoids are converted to their corresponding non-
epiisomers) (Saklar et al., 2015); and the high temperatures

used in the extraction process could induce the flavonoid
oxidation resulting in damage to the flavonoid compounds
(Hardoko et al., 2015).

Anthocyanin content (AC)

The AC in Chiapas infusions increased with the infusion
time (Tab. 1), meanwhile, Nayarit infusions did not show
the same behavior because at 10 min of infusion the AC
decreased and increased at 15 min. The AC of infusions
for the two regions ranged from 0.148 to 0.330 mg C3GE
ml”, and Nayarit showed the highest content of AC at the
three-repose time. A wide range of AC values has been
reported for different infusion types, ranging from 0.126
to 1.645 mg C3GE ml" for Hibiscus sabdariffa infusion
(Salmeron-Ruiz et al., 2019), 0.119 mg C3GE ml" for Hi-
biscus sabdariffa mixed with bilberry tea that contained
berry fruits of aronia, black currant, rose hip, raspberry,
bilberry, and blueberry (Bratu et al., 2018). In this sense,
the variables that have the greatest impact on anthocya-
nin extraction are the number of leaves, volume of water,
water temperature, and repose time used in the infusion
preparation. Therefore, fewer leaves and a lower propor-
tion of water allow for greater extraction efficiency, but it
may take longer (Talib et al., 2020). In addition, the use of
high temperature water increases the extraction process
that improves both anthocyanin solubility and diffusion
coefficients (Paraiso et al., 2021). However, high tempe-
ratures may not be suitable for anthocyanins, since they
are susceptible to thermal degradations and could cause
them to break down and lose their antioxidant activity and,
consequently, their bioactivity (Salmeron-Ruiz et al., 2019).

Condensed tannins (CT)

The CT content was increased according to the infusion
time (Tab. 1) that ranged from 0.131 mg to 0.219 mg CE
ml". Previous research reports the concentrations ranging

TABLE 1. Phenolic contents and antioxidant activity of infusions from soursop leaves harvested in two Mexican states.

Region Time TSP . FC . | CT | ABTS | DPPH |
(min) (mg GAE ml") (mg CE ml™) (mg C3GE ml™) (mg CE ml”) (mM TE ml™) (mM TE ml™)
5 0.182+0.020° 0176+0.011% 0.318-0.028° 0.151+0.013% 1.21=0.065 0.405+0.042®
Nayarit 10 0.205+0.024% 0.178=0.002° 0.247+0.030% 0.199+0.006® 1.33+0.075% 0.440+0.0412
15 0.221+0.008% 0.175+0.019® 0.330+0.052* 0.2190.009* 1.24+0.073° 0.492=0.006*
Mean 0.2020.006° 0.177+0.003* 0.298+0.012" 0.189+0.003" 1.26+0.0314 0.446+0.014
5 0.235+0.012° 0.148+0.006" 0.148+0.022° 0.131+0.011° 1.19+0.007° 0.377=0.051°
Chiapas 10 0.207+0.012® 0.1680.005® 0.175+0.027" 0.166+0.011¢ 1.28+0.060° 0.381+0.018"
15 0.246+0.009° 0.171+0.007® 0.219+0.029" 0.185+0.003" 1.47+0.082° 0.357+0.043°
Mean 0.229+0.006* 0.162+0.003® 0.181=0.012® 0.161+0.003® 1.31+0.031* 0.372+0.0198

Total soluble phenols (TSP); Flavonoid content (FC); Anthocyanin content (AC); Condensed tannins (CT); Antioxidant capacity (ABTS and DPPH). Mean is the average of the three repose times for
each region for each phenolic and antioxidant activity. For each column, different lowercase letters indicate significant differences (P<0.05) between times measured by Tukey’s multiple range
test. For each column, different capital letters indicate significant differences (P<0.05) measured by Tukey’s multiple range test.
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from 0.199 to 0.519 mg CE ml"' (Hardoko ef al., 2015;
Hardoko et al., 2018). The variations in the concentrations
reported in the literature can be attributed to the maturity
and treatment of leaves and the temperature and time used
for drying (Jimenez-Garcia et al., 2020). The time, water
temperature, and type of extraction are also related to
extraction conditions. This may explain the prevention of
tannin oxidation by increasing the concentration of these
compounds in the extract (Castiglioni et al., 2015; Silva-
Ramirez et al., 2020).

Antioxidant activity

The results of ABTS assays show that the infusions of
Chiapas have the higher antioxidant activity (1.47 mmol
TE ml™?) (Tab. 1). The infusion time of 5 min has the lowest
antioxidant activity with a significant increase only after 15
min from Chiapas. This behavior is similar to that observed
for TSP, AC, and CT. The ABTS results obtained in this
study are lower than those obtained by Kelebek (2016) for
black tea (1.96 mmol TE ml™). Almajano et al. (2008) report
that the antioxidant activity of peppermint infusion and red
tea was equal to 0.315 and 0.825 mmol TE ml”, respectively.
This indicates that the antioxidant capacity of the soursop
infusion is similar to that of the commercial teas.

The DPPH assays found that Nayarit leaves infused for 15
min produce the highest DPPH values (0.492 mmol TE
ml"). There were significant statistical differences (P<0.05)
in antioxidant activity depending on infusion time for
Nayarit, but not for Chiapas. The behavior of antioxidant
activity with respect to time of extraction for Chiapas
and Nayarit was similar to TSP and CT behavior. Jin et
al. (2019) point out the influence of temperature and time
of extraction on the antioxidant activity through DPPH
method, and they report a maximum at 10 min and 95°C,
while after 30 min the activity decreased; however, at 65°C
after 10 min the value increased significantly.

It is important to note that no one method determines all
the antioxidant compounds of a sample. For this reason,
in this study, two methodologies were used to evaluate
the antioxidant activity of the infusions obtained. The
difference in the results between the ABTS and DPPH was

explained by the different compounds with antioxidant
activity in the samples. These compounds have different
reaction mechanisms and kinetics, due to their chemical
structure and functional groups. However, both methods
show a decrease in absorbance due to the reduction of
radicals. On the one hand, the cationic form of the ABTS
radical is reduced by the interaction with hydrogen or
electron donor species, while the DPPH radical is reduced
in the presence of hydrogen donor antioxidants (Brand-
Williams et al., 1995; Re et al., 1999; Grijalva-Verdugo et
al., 2018; Guzmén-Maldonado et al., 2020).

The high antioxidant activity of the infusions is due to
the presence of phenolic compounds and secondary me-
tabolites, such as alkaloids, vitamins, terpenoids, saponins,
and essential oils produced for the high metabolic activity
of the leaves; and all these compounds in the infusions of
soursop leaves play an important role over their antioxidant
activity (Kelebek et al., 2016; Menezes et al., 2019; Roduan
et al., 2019; Balderrama-Carmona et al., 2020; Mannino et
al., 2020; Silva-Ramirez et al., 2020).

The reports about the antioxidant activity shows variations
between the different authors, because the results are re-
ported using different units (mg L™ or umol L). However,
the use of these practices makes it difficult to understand
the real contribution in terms of consumption by portion
size (Urias et al., 2020). In this research, the consumption
of a portion (240 ml) of soursop leaf infusion contributes to
antioxidant activity of 229 mM TE per portion. The same
activity is proportioned by drinking the same portion of
apple juice. Meanwhile, the same portion of red wine gives
1.8 times more antioxidant activity than soursop leaf infu-
sion (Park et al., 2018).

Methanolic extraction yields

Table 2 shows the polyphenolic contents and antioxidant
activity of methanolic extract of soursop leaves. The results
of methanolic extracts did not show significant differen-
ces between regions in the variables tested. However, the
infusions showed significant differences (Tab. 1) for TSP,
FC, AC, CT and DPPH, where a higher content of FC,
AC, CT and DPPH in the infusions was also observed

TABLE 2. Phenolic contents and antioxidant activity of methanolic extracts from soursop leaves harvested in two Mexican states.

Region TSP FC AC CT ABTS DPPH
(mg GAE ml") (mg CE ml) (mg C3GE mI") (mg CE ml) (mM TE ml) (mM TE ml)

Nayarit 0.336+0.076° 0.290+0.0722 0.853+0.255? 0.423+0.266° 3.53+0.515° 2.08+0.256°

Chiapas 0.259+0.041° 0.245+.053¢ 1.077+0.065° 0.287+0.163* 2.58+0.540° 2.56+0.164

Total soluble phenols (TSP); Flavonoid content (FC); Anthocyanin content (AC); Condensed tannins (CT); Antioxidant capacity (ABTS and DPPH). The results are the mean = standard deviations
of n=3. For each column, different letters indicate significant differences at P<0.05 as measured by Tukey’s multiple range test.
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with Nayarit leaves, while TSP was higher for infusions
with Chiapas leaves. The ABTS assays of the infusions
did not show significant differences between Chiapas and
Nayarit. Chiapas and Nayarit have different climatic and
geographical conditions (temperatures, air humidity, and
soil composition), inducing differences in the biochemical
and physiological responses of the plants (Syed-Najmuddin
et al., 2017; Ovando-Dominguez et al., 2019).

The infusion extraction yields for Chiapas at 15 min
showed values of 91.7%, 70%, and 64.5% for ME, TSP,
FC and CT, respectively. The yield for the Nayarit region
showed results of 34.7% and 23.6% for AC and DPPH,
respectively. Coz-Bolaios et al. (2018) report yields of
62.4% and 40% for TSP and FC for moringa infusions.
Balderrama-Carmona et al. (2020) point out yields of
71.97% and 12.57% of antioxidant activity of ABTS and
DPPH in soursop leaf infusions, compared to the yield
of the extractions with acidified alcohol. Also, Nam et
al. (2007) report yields of 20% in extractions for TSP in
soursop leaves using water, in comparison to the methanol
extractions. An accurate comparison could be difficult
between the results previously reported by different au-
thors. Due to a lack of uniformity in the conditions of
infusion preparation and the properties of the leaves such
as leaf age, leaf size and harvesting season, it is difficult
to compare accurately the results obtained in the present
work with other studies (Saklar et al., 2015).

FTIR-ATR analysis of A. muricata extracts

The FTIR spectrometry is a physico-chemical analyti-
cal technique that reveals the functional groups of the
components separated based on their peak ratio. Figure
1 provides the functional groups present in A. muricata
leaves extract.

In the FTIR, the broad and strong band between 3700 and
3000 cm™ is due to overlapping stretches of vibrations of
functional -OH groups, showing the presence of phenolic
compounds and the methanol residual in the extracts
(Daud et al., 2016). The peak at 2,924 cm™ is due to the
carboxylic acid group (Ibrahim et al., 2021). The peaks
observed at 2,853 cm™ are assigned to asymmetric stretch-
ing of the - CH, groups of the lactone rings, meanwhile the
1,740 cm™ band is attributed to the -C=0 stretch vibrations
of the y-lactone ring of acetogenins (Hidalgo et al., 2019).
The absorptions at 1,656, 1,513, and 1,450 cm™ correspond
to the C=C stretch vibration characteristics of the flavonoid
bonds (Grijalva-Verdugo et al., 2018). The bands between
1,376-1,320 cm™ are assigned to the -CH, groups of the
alkanes and alkenes (Ibrahim et al., 2021). The peaks ob-
served at 1,286, 1,248, and 1,205 cm™ are attributed to the
functional group -OH out of plane torsion of carboxylic
acids, C-O stretching vibration and C-O-C asymmetric
stretching, respectively, belonging to the pyran ring struc-
ture of tannins (Daud et al., 2016; Grijalva-Verdugo et al.,
2018). The signals observed at 1,161, 1,071, and 1,027 cm™
correspond to the O=C-O ester functional group attributed
to coumarins (Ibrahim et al., 2021). Strong absorptions are
observed in the region 828-719 cm’, assigned to the C-O
stretching vibrations of a and  pyranose compounds pres-
ent in anthocyanins (Grijalva-Verdugo et al., 2018).

The FTIR spectra of the infusion from the two regions
showed slight differences in the intensity and width of the
bands and peaks; the differences may be due to the variation
in the number of functional groups that produce particu-
lar vibrational signals of molecular bonds corresponding
to that specific wavenumber. The resulting spectrum is
a fingerprint of the A. muricata leaf extract (Farooq &
Sehgal, 2019).
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FIGURE 1. FTIR spectra in the region of 4000-850 cm™ of A. muricata leaves extracts from Chiapas and Nayarit.
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Cytotoxic activity assays

Figure 2 shows the results of cytotoxic activity assays of
aqueous extract from Nayarit and Chiapas regions against
MCEF7 and HT-29 cells. The high cytotoxic activity was
found for MCF7 cells with aqueous extract from Chiapas.
Also, the results for HT-29 cells did not show statistical
differences.
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FIGURE 2. Cytotoxic effect of the aqueous extracts from Nayarit and
Chiapas against MCF7 and HT-29 cells. Vertical bars correspond to the
standard deviation.

Coria-Téllez et al. (2019) report that aqueous extracts of A.
muricata from Nayarit reached a viability of 50% against
HeLa cells with a dose extract of 2.42 mg ml". Hadisaputri
et al. (2021) mention a viability cell of 20% against MCF7
cell line using an aqueous fraction of A. muricata leaves at
250 pg ml’; the results show that the survival rate of the
cells decreased with increased concentration. In the same
way, Syed Najmuddin et al. (2016) evaluated the cytotoxic
activity of water extracts of leaves of A. muricata against
breast cells lines, MDA-MB231, MCF7, MCF-10A and 4T1
and reports a varied anti-breast cancer activity, around
50% for MCF-10A, 40% for MCF7, 30% for the cell lines
MDA-MB231 and 4T1. The cytotoxic activity has been at-
tributed to acetogenins in the leaves of A. muricata, from
which more than 45 have been identified (Hadisaputri et
al., 2021). These secondary metabolites are responsible for
the cytotoxicity activity because they inhibit the complex
I of the mitochondrial respiratory chain, reducing the
production of ATP, bringing on cellular apoptosis (Aguilar-
Hernandez et al., 2020; Grba et al., 2022).

Conclusions

The soursop leaves from the Chiapas region showed the
highest TSP at 15 min of infusion. The highest TF value

appeared in the leaves from Nayarit at 10 min of infusion.
For AC and CT, the leaves from Nayarit region at 15 min
had the highest values. The higher antioxidant activity of
ABTS was obtained for Chiapas and DPPH was highest
for the Nayarit region, both at 15 min. The comparative
analysis showed significate differences between the regions
for TSP, FC, AC, CT and DPPH, but not for ABTS and
methanolic extracts. The infusions had the best cytotox-
icity activity against MCF7 compared to HT-29 cells. The
FTIR-ATR analysis showed important functional groups
as carbonyl, hydroxyl, ester, and carboxylic acid, related to
the active compounds in the extracts. The use of soursop
leaves as infusions can be recommended as a source of
antioxidants due to their composition in polyphenolics;
furthermore, its secondary metabolites offer cytotoxic
activity against breast cancer cell lines. However, the pres-
ence and biological activity of its molecules from soursop
leaves must be analyzed more deeply.
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Assessment of physicochemical characteristics of biofertilizers
and their role in the rooting capacity of plants

Evaluacion de las caracteristicas fisicoquimicas de biofertilizantes y
su papel sobre la capacidad de enraizamiento de plantas

Astghik Karapetyan'

The concentration of supplied mineral nutrients is one of the
most important and limiting factors for enhancing the efficiency
of plant nutrition. Optimal concentration of nutrient solutions
(NS) provide plants with the necessary amount of nutrients.
From this point of view, research on several physicochemical
parameters that characterize concentrations of NS and uptake of
nutrients by the plants remains an actual problem. The changes
of electrical conductivity (EC) and total dissolved solids (TDS)
depending on the concentration of biofertilizer as well as the
role of biofertilizer solutions in the rooting capacity of cuttings
(lateral sprouts) of Callisia fragrans are presented here. The EC
and TDS of the biofertilizer-water mixture changed gradually
according to the biofertilizer concentration. The biofertilizer
solution was a good medium for the rooting of C. fragrans
cuttings. The results could help to provide the crops with the
necessary amount of mineral nutrients and regulate the suit-
ability of irrigation during the entire vegetation period.

Key words: electrical conductivity, total dissolved solids,
nutrient solution, sustainable agriculture, hydroponics, Callisia
fragrans.

La concentracion de los nutrientes minerales suministrados es
uno de los factores mds importantes y limitantes para mejorar
la eficiencia nutritiva de las plantas. La concentracién dptima
de la disolucién nutritiva (DN) proporciona a las plantas la
cantidad necesaria de nutrientes. Desde este punto de vista,
la investigacion sobre varios parametros fisicoquimicos que
caracterizan la concentracion de la DN y la absorcién de nu-
trientes por parte de las plantas sigue siendo un problema en
la actualidad. Se muestran aqui los cambios de conductividad
eléctrica (CE) y delos solidos disueltos totales (SDT) en funcion
de la concentracidn del biofertilizante, asi como el papel de la
disolucion del biofertilizante sobre la capacidad de enraiza-
miento de las estacas (brotes laterales) de Callisia fragrans.
Ambos parametros CE y SDT de la mezcla biofertilizante con
agua, cambian gradualmente dependiendo de la concentra-
cion del biofertilizante. La solucion del biofertilizante fue un
buen medio para el enraizamiento de estacas de C. fragrans.
Los resultados podrian ayudar a proporcionar a los cultivos
la cantidad necesaria de nutrientes y regular la idoneidad del
riego durante todo el periodo vegetativo.

Palabras clave: conductividad eléctrica, sdlidos disueltos
totales, solucion nutritiva, agricultura sustentable, hidroponia,
Callisia fragrans.

Introduction

Biofertilizers are formulations composed of living latent
cells of efficient strains of various microorganisms that
help plants take up nutrients during the interaction in the
rhizosphere. Due to the number of advantages these eco-
friendly products are very popular in modern agriculture.
Application of biofertilizers reduces and/or totally excludes
the amount not only of chemical fertilizers, but also pes-
ticides, insecticides, fungicides, and other chemicals and
decrease the dangerous impact of chemicals on the environ-
ment. Due to special compositions, biofertilizers improve
soil fertility and enhance crop productivity by providing

Received for publication: January 11, 2022. Accepted for publication: June 3, 2022.

healthy and ecologically safe bioproducts. Application of
biofertilizers is an effective approach to sustainable agri-
culture. Biofertilizers are actively used for rooting cuttings,
seed germination, and foliar nutrition (Wong et al., 2015;
Alori & Babalola, 2018; Gonzalez-Diaz et al., 2019). Nowa-
days, there are various biofertilizers in the global market
labeled under different trademarks. The microorganisms
of biofertilizers mostly include the N-fixing, P-solubilizing,
P-mobilizing, K-solubilizing, S-oxidizing, Zn-solubilizing
species, and plant growth promoting Rhizobacteria (PGPR)
(Antoun & Prevost, 2005; Fuentes-Ramirez & Caballero,
2005; Vessey, 2015; Anli et al., 2020; Fasusi et al., 2021).
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Agriculture in regions with a dry climate may benefit from
biofertilizers (Schiitz et al., 2018). Gonzalez-Diaz et al.
(2019) observe that biofertilizers inoculated with nitrogen
fixing bacteria of the genera Azotobacter and Azospiril-
lum contribute to the crop yield of Eucalyptus grandis.
In another study (Onyia et al., 2020), growth and yield of
maize significantly improve when treated with biofertilizer.
Moreover, the applied biofertilizer protect the plants from
pathogen/insect attack (Onyia et al., 2020).

Biofertilizers improve soil chemical and physical charac-
teristics including with long-term action (Demir, 2020;
Wang et al., 2021). Biofertilizers are effective for applica-
tion in both open and protected crops (Wu et al., 2005; El-
Ghandour et al., 2009; Gonzalez-Diaz et al., 2019; Demir,
2020; Bergstrand, 2022).

The concentration of supplied nutrients is one of the most
important and limiting factors for enhancing the effi-
ciency of plant nutrition. If the concentration of nutrients
is extremely low, plant growth is lowered. Extremely high
concentrations of nutrients lead to osmotic stress, ionic tox-
icity, and growth restrictions (Sakamoto & Suzuki, 2020).
Optimal concentrations of nutrient solutions (NS) will pro-
vide the plants with the necessary amount of nutrients. Two
main parameters that best characterize the concentration
of NS are electrical conductivity (EC) and total dissolved
solids (TDS). Optimization of the concentration of NS is
becoming an urgent issue, especially in hydroponics, as the
nutrients in the supplied solution remain the main source
for the plant nutrition. The EC of NS in hydroponics is in
the range 0.8-4.0 dS m™ (Sambo et al., 2019).

The requirement for a concentration of NS, and therefore
of an optimal EC and TDS of the NS, may be different for
each plant. For example, Ding et al. (2018) showed that,
for the hydroponic production of pakchoi, the optimal EC
treatment should be 1.8 or 2.4 dSm™.

In conventional hydroponic systems, inorganic fertilizers
are very common, as organic compounds in the NS inhibit
plant growth and have been regarded as phytotoxic (Shi-
nohara et al., 2011). On the other hand, the use of organic
fertilizers in hydroponics is important, as it will allow
recycling organic compounds. Therefore, the application
of biofertilizers in hydroponics remains the focus of the
active study (Lee & Lee, 2015; Mendes et al., 2017; Dewi
etal., 2021).

Research on several physicochemical parameters character-
izing concentrations of NS and uptake of nutrients by the
plants remains an actual problem.
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In the frame of this study, changes were considered for the
two most important parameters: EC and TDS in organic
solutions of biofertilizer, depending on the concentration,
as well as the role of the solution of the biofertilizer on the
rooting capacity of the valuable medicinal plant Callisia
fragrans.

Materials and methods

The experiments were carried out at the Laboratory of Plant
Nutrition and Productivity of the G.S. Davtyan Institute
of Hydroponic Problems (National Academy of Sciences,
Republic of Armenia).

In the study, a biofertilizer Ecobiofeed+® was used. It was
developed by the “Armbiotechnology” Scientific and Pro-
duction Center (National Academy of Sciences, Republic
of Armenia). This ecologically safe bioproduct, based on
natural raw material, contains zeolites and a complex of
nitrogen-fixing microorganisms: Azotobacter vinelandii
(strain AV1) (Avetisova et al., 2021) and Rhizobium pusense
(strain RP1). This biofertilizer provides plants with macro-
and microelements, vitamins, and protein amino acids.

Preparation of nutrient solution

The nutrient solution (NS) was prepared according to the
following steps:

A) Ten ml of the biofertilizer were added to the glass con-
tainer that contains 1000 ml of water (solution A). After
the measurements, 10 ml of the biofertilizer were added
to the solution A. This process was repeated by adding
10 ml of the biofertilizer each time, until content of the
biofertilizer in solution A became 100 ml (solution B). The
following ratios (v/v) of the biofertilizer and water were in
this prepared solution: 0.01:1, 0.02:1, 0.03:1, 0.04:1, 0.05:1,
0.06:1, 0.07:1, 0.08:1, 0.09:1, and 0.1:1.

B) One hundred ml of the biofertilizer were added to the
solution B. After the measurements, 100 ml of the biofer-
tilizer were added to the solution B. This process repeated
by adding for 100 ml of the biofertilizer each time, until
the volume of the biofertilizer in solution B became 1000
ml. The following ratios (v/v) of the biofertilizer and water
were in the obtained solution: 0.1:1, 0.2:1; 0.3:1, 0.4:1, 0.5:1,
0.6:1,0.7:1, 0.8:1, 0.9:1, and 1.0:1.

Electrical conductivity and total dissolved solids

Electrical conductivity (EC) and total dissolved solids
(TDS) of biofertilizer solution were measured depending
on the concentration. Measurements were done with the
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nutrient meter (Bluelab Truncheon Nutrient Meter, New
Zealand). Resolution of the equipment was 50 mg L, 0.1 m$S
cm’, and equipment accuracy: + 50 mg L, + 0.1 mS cm™.

Rooting capacity

The lateral sprouts (cuttings without leaf rosette) of va-
luable medicinal plant Callisia fragrans were used. The
plants were grown under open-air hydroponic conditions
of the Ararat Valley (Karapetyan, 2020). Standard (10-15
cm length) cuttings of lateral sprouts were taken from the
plants and immediately placed in plastic cups with a volume
of 150 ml (5 cuttings per cup). The cups were filled up with
a 120 ml solution of the biofertilizer-water and placed in
a laboratory-controlled condition (18-20°C). Rooting was
checked up daily. Along with the reduction of the volume
of the solution, fresh solution of the biofertilizer-water was
added, keeping the total volume at 120 ml. The solution of
biofertilizer-water was prepared according to the following
ratio: 10 ml of the biofertilizer was added to the 1000 ml
of water.

Data analysis

Data were presented as means * standard deviation SD (n=
4) that were calculated using GraphPad Prism 8 Software
Package. The graphs were created with Microsoft Excel
2016.

Results and discussion

Electrical conductivity

In nutrient solutions (NS) containing 100 ml of the biofer-
tilizer, electrical conductivity (EC) reached up to 1.05 mS
cm’. Moreover, each 20 ml of the biofertilizer increased
the value by 0.1 mS cm™ (Fig. 1A). Upon increasing the
concentration, the EC changed accordingly: the addition

1.20 4
1.00 1
0.80 -
0.60 1

EC (mS cm™)

0.40

0.20 A

0.02:1 0.04:1 0.06:1 0.08:1 0.1:1

Ratio of biofertilizer and water

of each 100 ml of biofertilizer increased EC from 0.1:1 to
0.2:1 ratio by 0.5 mS cm™, from 0.2:1 to 0.5:1 ratio by 0.3
mS cm™, from 0.5:1 to 0.7:1 by 0.2 mS cm™, 0.7:1 to 1.0:1 by
0.15 mS cm™ (Fig. 1B). EC of water was 0.5 mS cm™.

Total dissolved solids

In NS containing 100 ml of the biofertilizer, TDS reached
up to 525 mg L. Moreover, each 20 ml of the biofertilizer
increased the value by 50 mg L™ (Fig. 2A). Upon increasing
the concentration, TDS changed according in the following:
each 100 ml of biofertilizer added TDS: from 0.1:1 to 0.2:1
by 250 mg L, 0.2:1 to 0.5:1 by 150 mg L™, 0.5:1 to 0.7:1
by 100 mg L, 0.7:1 to 1.0:1 by 75 mg L™ (Fig. 2B). TDS of
water was 250 mg L.

The changes of the above values were faster in compara-
tively diluted solutions. Upon increases of the concentra-
tion the changes became less. This could be explained by
the fact that saturated solutions were created, and further
addition of the fertilizer did not play a significant role on
the strength level of the solution.

Rooting capacity

After 2-3 d from the beginning of the experiments the
cuttings of C. fragrans that were placed in the solution of
the biofertilizer-water developed green sprouts. Moreover,
within two weeks all cuttings developed roots. In other
studies, the efficiency of biofertilizers on the rooting of the
plants has also been confirmed. Gortari et al. (2019) prove
that mini-cuttings of yerba mate inoculated with Trichoder-
ma asperelloides is distinguished by high rooting capacity
as well as a great number and length of the roots. Efficiency
of plant growth promoting microorganisms (PGPM) on
rooting in plant tissue culture is also approved (Soumare
et al., 2021). The rooting percentage of Eucalyptus cuttings
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FIGURE 1. Electrical conductivity (EC) of biofertilizer solution depending on the ratio (v/v) of biofertilizer and water: A) from 0.01:1 to 0.1:1, B) from

0.1:1to 1.0:1. Data are the mean of four replicates + standard deviation.
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FIGURE 2. Total dissolved solids (TDS) of biofertilizer solution depending on the ratio (v/v) of biofertilizer and water: A) from 0.01:1 to 0.1:1, B) from

0.1:1 1o 1.0:1. Data are the mean of four replicates + standard deviation.

increases during interaction between indole-3-butyric acid
and biofertilizer (Rajabi et al., 2015).

Conclusion

The EC and TDS of the biofertilizer-water solution changed
gradually depending on the biofertilizer concentration.
Moreover, the changes were faster in comparatively diluted
solutions, upon increasing the concentration the changes
became less. Within two weeks all cuttings developed
roots. The measurement of EC and TDS of the applied NS
could be important for evaluating the suitability of irriga-
tion. The findings of the present paper are important for
the application of biofertilizers in agriculture and provide
valuable information.
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complete and exhaustive, emphasizing the highlights and
comparing them to the literature data.

This section should briefly and concisely summarize the
most important findings of the research.

Conclusion (optional)

A short conclusion section is useful for a long or complex
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of the main achievements from the results of the study. It
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