Physicochemical characterization of ‘Pinot Noir’ grapevine (Vitis vinifera L.)
fruit during its growth and development under high altitude tropical conditions
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ABSTRACT

Although native of temperate climates, grapevines are grown
in Colombia in the department of Boyaca, between 2,200 and
2,560 m a.s.l. Under these specific conditions, both the physi-
cochemical behavior of the fruit and its optimum harvest time
as measured in growing degree days (GDD) had remained unk-
nown so far. On these grounds, in the municipality of Nobsa
(Boyaca, Colombia), grapevines of the variety Pinot Noir were
physico-chemically characterized during their growth and
development. Since day 21 after anthesis (DAA) until overri-
pening, the physicochemical characteristics of 20 berries from
each of three clusters we collected every week were carefully
assessed. A total of 826.2 GDD accumulated during fruit growth
and development, thus completing 126 DA A. The accumulation
of both fresh and dry mass followed double sigmoid curves.
During early growth there was a decrease in pH, total soluble
solids (TSS) and technological maturity index (TMI=TSS/
TTA), coupled to an increase in total titratable acidity (TTA).
After this period and until harvest, pH, TSS and TMI increased
while TTA declined. Based on fresh mass, SST and TMI it was
possible to set optimum harvest time at 800.6 GDD.

Key words: tropical viniculture, temperature accumulation,
phenological stages.

A pesar de ser originaria de climas templados, la uva para vino
se cultiva en Colombia en el departamento de Boyaca, entre los
2.200 y 2.560 msnm, condiciones en las cuales el comporta-
miento fisicoquimico del fruto, asi como el momento dptimo
de su cosecha en funcién de la acumulacién de grados dia de
crecimiento (GDC), eran hasta ahora desconocidos. Por ello, a
través de la presente investigacion -realizada en el municipio de
Nobsa (Boyaca, Colombia)- se llev a cabo la caracterizacion
fisicoquimica del fruto de la variedad Pinot Noir durante su
crecimiento y desarrollo. Desde el dia 21 después de la antesis
(DDA) hasta la sobremaduracidn, se recolectaron semanal-
mente tres racimos, de cada uno de los cuales se tomaron 20
bayas para la evaluacién de sus parametros fisico-quimicos.
Durante el crecimiento y desarrollo del fruto se acumularon
826,2 GDC (126 DDA). Tanto la acumulacién de masa seca
como la de masa fresca siguieron una curva doble sigmoide.
Durante el inicio del crecimiento se observé una disminucion
de pH, solidos solubles totales (SST) e indice de madurez tec-
noldgica (IMT=SST/ATT), acompaiiada de un aumento en la
acidez total titulable (ATT). Pasado este momento, y hasta la
cosecha, se observé un aumento de pH, SST e IMT, mientras
quela ATT disminuyd. Con base enlos registros de masa fresca,
SST e IMT, fue posible establecer el punto éptimo de cosecha
en 800,6 GDC.

Palabras clave: viticultura tropical, acamulacion de tempera-
tura, estados fenoldgicos.

Introduction

Originated in the temperate zone of western Asia, where it
produces one yearly crop, the grapevine (Vitis vinifera L.)
is grown in the five continents, among which the largest
cultivated area (4,900,000 ha) corresponds to Europe. In
America, countries such as Chile, Argentina, Brazil, Peru
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and Uruguay stand out both for their production records
and planted areas (OIV, 2005). In Colombia, under cold
tropical climate conditions, the main wine grape producers
are located in the department of Boyaca, between 2,200 and
2,560 m a.s.l., where they have been obtaining two yearly
crops during the last 24 years due to local agroclimatic con-
ditions and adequate crop management (Quijano, 2004).
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Good wines depend on good grape quality, which in turn
results from a series of factors such as cultivar, environ-
ment, climate and crop management practices, all of which
interact for the necessary sugars and aromatic compounds
to reach optimum levels during fruit ripening. A wine’s
main chemical features, which determine its sensorial
attributes, result from the complex interaction between
territory, variety and man, as summarized by the French
term ‘terroir’ (Quijano, 2006).

The choice of grapevine varieties for a specific region,
insofar as it implies assessing the genotype - environment
dynamics, requires investigating the crop’s phenological
stage timing and behavior, which are in turn related to re-
gional climate (Mullins et al., 1992; Chavarria et al., 2009).

In this respect, Jones and Davis (2000) and Tesic et al.
(2002) assert that phenological stage span varies with cli-
mate, cultivar, and geographical location. Such analysis is
also important for interpreting the interaction of the crop
with the local microclimate (Terra et al., 1998). In addi-
tion, the physicochemical and thermal characterization
of the grapevine during fruit growth and development is
necessary to program crop management practices such as
fertilization, irrigation, phytosanitary control and harvest
(Mullins et al., 1992).

Three stages can be observed during grape growth and
ripening:

During the herbaceous period the grape starts its evolution
featured by its hard consistency, green color and high pho-
tosynthetic capacity. This stage goes from fruit set to the
beginning of veraison, and is characterized by rapid fruit
growth resulting from active cell division (Reynier, 1995;
Agusti, 2000; Hidalgo, 2002). Taking place at the end of this
phase, veraison consists in a brief growth delay accompa-
nied by a color change in the fruit’s epidermis. In the case of
variety ‘Pinot Noir’, said change goes from green to light red
due to chlorophyll loss and anthocyanin synthesis. During
this stage, the beginning of pectin synthesis resulting from
the development of the seed competes with that of the fruit,
which, nevertheless, finally attains physiological maturity
(Ribéreau-Gayon et al., 1998; Winkler et al., 1974).

During the ripening period the grape changes its color,
resumes growth and behaves as a transformation and
mostly a storage organ. A swift physicochemical evolu-
tion characterizes the fruit during this stage (Salazar and
Melgarejo, 2005).
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Along the overripening period the grape loses water due
to transpiration. No sugar accumulation is registered,
but an acidity decline due to low supply from the sour-
ce, and possibly to a respiration increase. According to
Reynier (1995), low acidity determines low wine quality;
and De Rosa (1998) mentions that great wines depend on
overripening.

Grape development stage assessment can be done through
evaluating physicochemical parameters such as fresh
and dry mass, pH, total acidity and soluble solid content
(Salisbury and Ross, 1994). In the case of grapes all these
parameters follow double sigmoid curves (Agusti, 2000;
Winkler et al., 1974).

The presence of grape quality indicating compounds is
assessed through bioclimatic indexes, among which physio-
logical time, expressed in units known as Growing Degree
Days (GDD), indicates the accumulated heat that, affecting
the development rate of many organisms, is required by
them to shift to a further stage in their life cycle (Rodriguez
and Florez, 2006). Stenzel et al. (2006) assert that thermal
sum, also defined as accumulated GDD, is one of the most
frequently used methods to ponder the relation between
plant development and temperature. It is defined as the sum
of the daily temperature records scoring above a specific
minimum base level and below a maximum threshold one.
This specific heat accumulation is needed by the plant to
complete either its whole life cycle or a specific phenological
stage (Souza, 1990). According to Champagnol (1984) and
Hidalgo (2002), grapevine progressive budding is promoted
by temperatures above 10°C, which is thus considered its
base temperature.

In warm tropical zones the temperature remains steady
within a 20 to 30°C range, which stimulates faster phe-
nological phenomena than temperate and subtropical
climate temperatures (Valor and Sanchez, 2003). High
Andean valleys allow the successful growing of an ample
variety of fruit crops including V. vinifera, to which the
genotype — climate interaction facilitates bearing products
with favorable physicochemical features. Thus, the present
study focused on the grapes of the variety ‘Pinot Noir’,
which is abundantly grown in the ‘Loma de Puntalarga’
region (Boyaca, Colombia) to prepare high quality wines
(Quijano, 2001). The physicochemical behavior of said fruits
along their growth and development as a function of GDD
accumulation under the high altitude tropical conditions
of the studied site was unknown until the present study,
and thus was defined as its central objective.
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Materials and methods

The work was conducted in ‘Loma de Puntalarga’ vineyard,
in the municipality of Nobsa, Boyaca (Colombia), located
at 5°46'47.1” N; 72°58'36.5” W; 2,560 m a.s.l. During the
research, an average temperature of 16.5°C was recorded
for the region, as well as a bimodal precipitation regime
of 830 mm year”, with peaks in April-May and October-
November. It is covered with sandy loam, light-textured
soils which are low in fertility and cemented by iron ox-
ides (Quijano, 2006). Cloudiness is scarce, and irradiation
reaches 476 cal cm™along 6.5 h d. Sprinkling irrigation is
applied according to phenology and crop needs. Trained to
a simple Guyot system with a three wire trellis, the 23 year
old plants were cultivated at a 1.2 x 2.0 m distance. Fifty
one inflorescences were chosen to be treated according to
protocol established by Bautista and Vargas (1981), making
sure they had all reached anthesis. Three bunches were
randomly chosen every week since day 21 after anthesis
(DAA) until fruit development was completed. Twenty
grapes were obtained from each bunch (10 for chemical
analysis, and 10 for physical testing), for a total of 1,020
evaluated fruits, according to methodology specified by
Bordeu and Scarpa (1998).

A Tecpel data logger 322 was placed inside the vineyard to
register the temperature records involved in GDD accumu-
lation; which was calculated through equation 1, according
to methodology by Rodriguez and Flérez (2006).

GDC = ((Tmax + Tmin)/2) - Tbase, o)

where Tmax and Tmin are, respectively, maximum and
minimum daily air temperatures, and Tbase is the tem-
perature at which the metabolic process of the grape is at
its lowest point, which corresponds to 10°C (Reynier, 1995;
Champagnol, 1984; Hidalgo, 2002; Winkler et al., 1974).

The evaluated fruit response variables and their respective
determination methods were: fresh mass as measured di-
rectly with a 0.01 g precision scale; dry mass, as obtained
after dehydration in a muftle furnace at 75°C for 48 h;
pH, determined with a potentiometer; total soluble solids
(TSS), with an Atago manual refractometer, for them to be
expressed in Brix degrees; total titratable acidity (TTA),
through titration with 0.1 N NaOH until reaching pH 8.2,
and expressed as tartaric acid (AOAC, 1990); technical
maturity index, calculated as (TMI = TSS/TTA); and
finally absolute and relative growth rates (AGR and RGR,
respectively), according to the methodology of Carranza
et al. (2009).
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The obtained data were analyzed by descriptive statistics
ina SAS®v. 8e. solver (Cary, NC), which determined mean
and standard error values. Statistical models were used to
adjust the different variables for GDD.

Results and discussion

Physical characteristics

Fresh and dry mass were observed to increase following
a double sigmoid curve. Such behavior is explained here
by means of two logistic growth models in each case. The
first model explains growth from 195.8 to 565.8 GDD,
which is when veraison takes place. The second model re-
produces growth from 565.8 to 826.2 GDD regarding dry
mass, and to 800.6 GDD with regards to fresh mass. After
this moment, the fruits dehydrated and lost fresh mass
considerably, which is the reason why such data were not
taken into account to adjust the model (Fig. 1A and 4). The
double sigmoid growth curve found here for variety ‘Pinot
Noir’ was also reported for grapes by Almanza-Merchan
and Balaguera-Lopez (2009), as well as by Opara (2000),
and is featured by two periods of fast growth separated by
a slow or nil growth one (Opara, 2000).

During the herbaceous period, growth has been found to
be more the result of cell division than of cell elongation
(Hidalgo, 2002; Salazar and Melgarejo, 2005). According
to our results, a total of 486.2 GDD accumulated during
this stage, which went until 63 DAA. Fresh and dry mass
increments were slow. Thus, at 195.8 GDD (21 DAA), these
parameters exhibited respective values of 0.048+0.00057 g
and 0.0056+0.00088 g; which, by the end of the period, had
shifted to 0.85+0.041 g and 0.064+0.0034 g (Fig. 1A and 4).

During veraison, which went from 486.2 to 565.8 GDD
(Fig. 1 and Tab.1), the fruit accumulated 79.6 GDD (14 d).
Both fresh and dry mass were observed to increase slowly,
even reaching a slight interruption, as reported by Salazar
and Melgarejo (2005) and by Ribéreau-Gayon et al. (1998).
This period was featured by a fruit color change from green
through light red to wine red.

The ripening stage started at 565.8 GDD (77 DAA), and fi-
nished at 800.6 GDD (112 DA A) (Fig. 1), after accumulating
234.8 GDD along a period of 35 d (Tab. 1). According to
Hidalgo (2002), it is featured by rapid mass increase, conco-
mitant cell growth and biochemical component evolution.

Accompanying the practice observed among vine growers
to obtain higher prices, the present assessment kept their
14 day overripening period, which accumulated a total of
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25.6 GDD. A slight fruit dry mass increase (Fig. 1A) was
accompanied by a significant fresh mass reduction (Fig.
4) due to water loss resulting from transpiration. This is
in agreement with a report by During et al. (1987), who
pointed out that the fruits undergo a fresh mass loss since
day 95 after flowering.
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FIGURE 1. Dry mass behavior (A), absolute growth rate (AGR), relative
growth rate (RGR) (B), in ‘Pinot Noir’ grapes during their growth and
development. Y,: equation of the logistic model that explains dry mass
accumulation from 195.8 to 565.8 GDD and Y,: from 565.8 to 826.2
GDD; RMSE: root mean square error.

TABLE 1. Duration of the phenological stages of ‘Pinot Noir’ grapes du-
ring their growth and development in ‘Puntalarga’ (Boyaca, Colombia)

Phenological Length of Accumulated  Accumulated Length of
stage time (GDD) (GDD) (DAA) time (d)
Herbaceous 486.2 0-486.2 0-63 63
Veraison 79.6 486.2 - 565.8 63-77 14
Ripening 234.8 565.8 - 800.6 77-112 35
QOverripening 25.6 800.6 - 826.2 12 -126 14

GDD, Growth degree days; DAA, days after anthesis.

Absolute growth rate (AGR), which expresses fruit size in-
crement over time (Opara, 2000), was found to increase con-
tinuously since fruit set until 458.5 GDD (0.0003 g/GDD).
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Then, by 565.8 GDD, it had dropped rapidly to 0.00021398
g/GDD, just to increase again and reach its peak
(0.00060528 g/GDD) at 595.4 GDD, which was followed by
anew drastic reduction that went on until harvest (Fig. 1B).
These peaks define the double sigmoid curve that featured
dry mass behavior, which contrasts with that of fruit crops
that follow a simple sigmoid curve, whose AGR is charac-
terized by showing only one peak found approximately at
the middle of the growth process (Opara, 2000).

The first AGR peak (first sigmoid phase) corresponded to a
considerable dry mass accumulation during the herbaceous
period; and the second one (second sigmoid phase) is ex-
plained by the highest dry mass increase of the whole fruit
growth. The first AGR valley corresponds to veraison, and
the final one to the ripening - overripening transition. Both
moments were featured by low dry mass increments (Fig.
1). Regarding this process, DeJong and Goudriaan (1989)
assert that the first peak is determined by cell division
and differentiation, and the second one by cell elongation
and maturation. Similar AGR results have been found for
Vaccinium corymbosum L., a fruit that also exhibits double
sigmoid curve behavior (Godoy et al., 2008).

According to Carranza et al. (2009), relative growth rate
(RGR) expresses the plant’s dry mass increase (in the pre-
sent case applied restrictively to the fruit) along a given
time interval, taking as a reference the initial value of
accumulated dry mass. For this reason, RGR tends to de-
crease as growth proceeds. In the present case, it reached
a 0.0106 g/g per GDD peak at 195.8 GDD, and decreased
drastically until the end of veraison (0.0026 g/g per GDD).
At the beginning of ripening it went through a slight in-
crease, which lasted until 595.4 GDD, and coincided with
the highest AGR score. Then it dropped again until the end
of overripening, when it showed its lowest value (0.0009
g/g per GDD) (Fig. 1B). The behavior of AGR found in the
current research coincides with those reported by Staud
et al. (1986) for grapes of cv. Bacchus, and by Godoy et al.
(2008) for fruits of V. corymbosum.

Chemical features

The observed pH behavior fits a quadratic model, featured
in this case by a reduction that went from 2.69+0.0088 at
195.8 GDD to0 2.13+0.028 at 437.2 GDD. During this stage,
the fruit exhibits active respiration and great capacity to
synthesize malic and tartaric acids (Salazar and Melga-
rejo, 2005). At the end of the fruit growth, pH went up to
3.58+0.066 as a result of the degradation of organic acids
and larger sugar accumulation (Fig. 2B and 3A). Plane et al.
(1980) mention that grape pH for wine preparation should
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FIGURE 2. Behavior of pH (A) and total titratable acidity (B), in ‘Pinot
Noir’ grapes during their growth and development. Vertical bars indicate
the standard error of each mean value (n = 3).

be fixed between 3.1 and 3.7 because higher or lower values
affect wine color. In the current research, such range was
reached after having accumulated 751.3 GDD (105 DAA)
(Fig. 2A). In studying this same variety, Almanza-Merchdn
and Balaguera-Lopez (2009) reported that pH started to
increase after veraison, which constitutes a similar behavior
to the one found in the present work.

Cell pH is very important in regulating metabolism. In
fruits, more than 90% of a cell’s volume is occupied by the
vacuole, which is usually very acid, thus exhibiting lower
than 5 pH values (Nanos and Kader, 1993). In the case of
grapes, values below 2 are prone to affect wine microbio-
logical stability (Plane et al., 1980).

Also in extracting wine aromas, the most important fac-
tor is pH. For this reason, this parameter must be closely
assessed during grape ripening. According to Vine (1997),
the taste of unripe grapes between pH 3.2 and 3.3 accuses
elevated total acidity. But, as higher levels promote the
growth of undesirable bacteria, the limiting factor in
preserving wine aromas is the ability of the winemaker.
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FIGURE 3. Behavior of total soluble solids (A), and technical maturity
index (SST/ATT) (B) in ‘Pinot Noir’ grapes during their growth and de-
velopment. Vertical bars indicate the standard error of each mean value
(n=23).

The observed TSS variation during grape growth and
development fits a third grade polynomial featured by a
slight decrease up to 351.8 GDD, followed by a considerable
increase until harvest. However, with a record 0f 9.76+0.65
°Brix at 486.8 GDD, TSS increase was slow during the
herbaceous period. A clear TSS gain started with veraison,
at the end of which (664.2 GDD) this parameter reached
20.1+0.59°Brix. After that moment, accumulation was
slower, until reaching harvest maturity with 23.3+0.24°Brix
at 800.6 GDD. Anyway, during overripening there was
another considerable TSS increment because the fruits,
as it was already mentioned, experimented a fresh mass
loss that increased TSS concentration up to 28.4+0.8°Brix
(Fig 3A). The TSS values found here are consistent with
those reported by Almanza-Merchan and Balaguera-Lopez
(2009) and by Williams et al. (1985).

Wine quality can be improved by delaying grape harvest
until the fruit reaches higher TSS levels and lower weight.
Diminishing acidity can even lead to better acceptability,
insofar as certain consumers prefer such lower levels. It
should be highlighted that during the present work, the
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region where it was carried out presented elevated tem-
peratures, which contributed to speeding up overripening.

TTA followed a cubic polynomial model. From 195.8 to
437.2 GDD, it was found to increase steeply until reaching
avalue 0f4.068+0.0043%. This is explained by the fact that
during this stage, which corresponds to the herbaceous
period, organic acids such as malic and tartaric ones are
actively synthesized (Reynier, 1995). After this point, TTA
declined drastically up to 751.3 GDD, and then slowly until
harvest (826.2 GDD), with respective values of 0.93+0.041%
and 0.81+0.03% (Fig. 2B). Grapes are reported to present
an acidity decrease not only due to the transformation of
malic acid into other compounds, but also to respiration, to
dilution resulting from water accumulation, and to migra-
tion of bases from the roots, which increases ash alkalinity
(Reynier, 1995).

Bluske (2008) reports that in high altitudes, malic acid
levels are relatively high as compared to those of tartaric
acid, because the latter is consumed by respiration in larger
amounts, thus misbalancing these acids in the resulting
wine. This implies that malolactic fermentation must be
handled carefully; otherwise, excessively light wines could
be obtained. This same author states that red grape titrat-
able acidity ranges between 7 and 10 g L (0.7 to 1.0%) as
expressed in tartaric acid, which is in agreement with the
results of the present work, in which this parameter reached
0.94% at 803.8 GDD, 112 DAA (Fig. 2B).

A simple way to determine the optimum harvest moment
is to complement the traditional methods applied by vine
growers through monitoring grape fresh mass evolution.
During the herbaceous stage, dry mass increment is rel-
atively slow, and very slow during veraison, when growth
takes place mainly in the seed. After this stage, fresh mass
increases considerably until it starts to decline due to de-
hydration, which appears as a rise in Brix degrees (Fig. 4).

The largest fresh mass record (1.55 g) was attained 105
DAA, at 751.3 GDD. After this point, it started to decline
due to transpirational fruit dehydration (Coombe and Mc
Carthy, 2000). The fresh mass curve crossed the TSS one
between 800.6 and 818.3 GDD (Fig. 4). This could be a
good harvest moment as far as a considerable fresh mass
accumulation coincides with the recommended TSS level
(23 to 24°Brix) for quality wine grape (Reynier, 1995).

Several criteria are applied in determining grapevine har-
vest. Among them, technological maturity index (TMI)
corresponds to the most commonly used ones.
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models that explain fresh mass accumulation from 195.8 to 565.8 and
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In our results, this parameter’s behavior shows a quadratic
curve that goes down from 195.8 to 351.8 GDD, coinciding
with an acidity increase during this period. Since then
(351.8 GDD), a considerable, steady increment was observed
until reaching 826.2 GDD, when a value of 34.88+0.34 (Fig.
3B) was observed as a result of the degradation of organic
acids and TSS increase.

High TSS and low TTA levels are likely to determine
microbiological stability problems, which in turn might
affect wine color. According to Paoletti (2003), sensorial
assessment is critical to confirm analytical evaluation data.

The observed TMI behavior is in agreement with that re-
ported by Almanza-Merchdn and Balaguera-Lépez (2009),
who hold that in the agroecological conditions of ‘Loma
de Puntalarga’ vineyard, the Pinot Noir variety can be
harvested at 126 DA A, when TMI is 21.43, TSS 24.4°Brix,
TTA 1.14% and pH 3.33, corresponding to the beginning
of overripening. Notwithstanding, in the present study the
moment marked by these parameter values corresponded
to the end of such period. This can be explained by the fact
that the environmental conditions, especially temperature,
were different in the two experiments. This manifests the
importance of a more objective measure such as GDD. In
this regard, and corroborating what we mentioned above
about the relationship between fresh mass and TSS, the
present research study indicates that this cultivar can be
harvested after it has reached 800.6 GDD, when TMI is
24.87+£1.47, TSS = 23.33 £ 0.24°Brix, TTA = 0.94+0.06%,
pH = 3.18%0.03, dry mass = 0.21£0.0057 g and fresh mass
= 1.51+0.01 g.
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Conclusions

Fresh and dry mass behavior of the studied ‘Pinot Noir’
grapes followed a double sigmoid curve with two fast gro-
wing periods separated by a slow one that corresponded
to veraison. Such behavior was explained by means of two
subsequent logistic models.

During the beginning of the herbaceous period, the studied
fruits revealed reductions in pH, TSS and TMI coupled to
an increase in TTA. After this moment and until harvest,
the opposite behavior was observed, that is, pH, TSS and
TMI increased while TTA diminished.

The variety Pinot Noir can be harvested at the beginning
of the overripening period (800.6 GDD), which guarantees
sufficient fresh mass and TSS accumulation to favor both
the farmer and the wine maker. At this point, fruit para-
meters were: TMI = 24.87+1.47; TSS = 23.33+0.24°Brix;
TTA =0.94+0.06%; pH = 3.184+0.03; dry mass = 0.21+0.0057
g and fresh mass = 1.51+0.01 g.
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