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Abstract — The objective of this work was to evaluate phosphorus forms in grape leaves and their relationships
with must composition and yield in grapevines grown in a Typic Hapludalf with different available P contents.
Two experiments were carried out with Vitis vinifera cultivars, one with 'Tannat' and the other with 'Cabernet
Franc' grapes. Experiment 1 consisted of two vineyards of 'Tannat', with the following P content in the soil:
V1, 11.8 mg kg' P; and V2, 34.6 mg kg' P. Experiment 2 consisted of two vineyards of 'Cabernet Franc',
with the following P content in the soil: V1, 16.0 mg kg' P; and V2, 37.0 mg kg' P. Leaves were collected
at flowering (FL) and veraison (V), and, after their preparation, P forms were evaluated. Yield and must
composition were assessed. The highest yield was observed in V2 of experiment 1 and in V2 of experiment 2.
Total P content and P forms in leaves at FL and V have no relationship with yield parameters; however, total
P content in leaves has a relationship with anthocyanin content in the must of 'Tannat' grapevines. Therefore,
P fractionation in leaves predicts neither grapevine yield nor must composition.

Index terms: Vitis vinifera, chemical fractionation of P in the tissue, grape production, must analysis,
phosphorus fertilization.

Formas de fésforo em folhas e suas relagées com a composig¢ao
do mosto e a produgcao em videiras

Resumo — O objetivo deste trabalho foi avaliar as formas de fosforo em folhas e suas relagdes com a
composi¢do do mosto e a produgdo em videiras cultivadas em um Argissolo Vermelho distrofico tipico, com
diferentes teores de P disponivel. Dois experimentos foram realizados com cultivares de Vitis vinifera, um
com uvas 'Tannat' e outro com 'Cabernet Franc'. O experimento 1 consistiu de dois vinhedos de '"Tannat', com
os seguintes teores de fosforo no solo: V1, 11,8 mg kg de P; e V2, 34,6 mg kg' de P. O experimento 2 consistiu
de dois vinhedos de 'Cabernet Franc', com os seguintes teores de fosforo no solo: V1, 16,0 mg kg' de P; e
V2, 37,0 mg kg! de P. Coletaram-se as folhas ao florescimento (FL) € ao inicio da maturagdo (IM), e, apds a
preparagdo delas, analisaram-se as formas de P. A produtividade e a composi¢do do mosto foram avaliadas.
A maior produtividade foi observada no V2 do experimento 1 ¢ no V2 do experimento 2. O teor total de P e
suas formas nas folhas ao FL e IM ndo apresentam relacdo com os pardmetros produtivos; no entanto, o teor
de P total nas folhas apresenta relagdo com o teor de antocianinas no mosto de videiras 'Tannat'. Portanto, o
fracionamento de P nas folhas ndo prediz a produtividade da videira nem a composi¢dao do mosto.

Termos para indexacao: Vitis vinifera, fracionamento quimico de P no tecido, producao de uva, analise do
mosto, adubagao fosfatada.

Introduction low natural nutrient availability (Brunetto et al., 2013).

Therefore, nutrient application, such as phosphorus (P),

The region of Campanha Gaucha — located in the  is required in the pre-planting and in the production
Pampa Biome, in Rio Grande do Sul (RS) state —, is  fertilization. Sandy soils have low P buffering capacity
incorporated to the grape production system, and  (Brunetto et al., 2013), and as the P doses established
shows sandy soils with low organic matter content,and by the recommendation systems cover broad classes of
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clay content, they are not suitable for soils with low P
sorption capacity (Schmitt et al., 2014).

In grapevine fertilization, P requirements and
doses are established based on the total P content of
leaves collected at veraison and on yield expectation
(Brunetto et al., 2015). This procedure comes from
the belief that increased P content available in the soil
indicates an increase of P content within the plant,
which is diagnosed by analyzing leaves, since it is
an annual organ, with intense cellular division, and
increased dry matter production during the vegetative
growth and production stages (Lorensini et al., 2015).

However, total P content in grapevine leaves
does not always have a relationship with grape yield
(Tecchio et al., 2006; Brunetto et al., 2009), or even
with must composition. This may occur because leaves
used for total P analysis are collected at the veraison,
which is a period of small emission of young roots
that are more active in absorbing water and nutrients,
including P. At the same time, grapevine leaves show
little cell division and increased dry matter production
in this period, thus, not acting as P sinks (Tecchio
et al.,, 2007). Furthermore, P dilution may happen in
leaves, due to the redistribution to other organs such
as the clusters, which at this time have an increased
dry matter production and are therefore nutrient sinks
(Zambrosi et al., 2012).

Therefore, the collection of leaves at flowering seems
to be more appropriate, as at this stage the grapevines
have an intense emission of young roots. This may
increase the absorption of soil P and P accumulation in
the leaves, which may help the diagnosis and analysis
of P content in the leaves, and its relationships with
yield and must composition (Tecchio et al., 2007).
Additionally, the lack of relationship between P
content in leaves and yield and must composition may
be attributed to the analysis of total nutrient content in
the tissue. This occurs because plants can absorb and
accumulate P above the required amounts in growth
organs (Veneklaas et al., 2012; Noack et al., 2014).
Consequently, it would be more appropriate to analyze
the biochemical P forms in the tissues (Veneklaas et
al., 2012), from which we could further infer about the
use of the nutrient. Still, the accumulation of P forms
in the diagnostic tissue of organs, such as leaves, can
be changed according to the soil-P availability, and to
the time of tissue collection; however, no similar work
was found on vines in the literature.
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The objective of this work was to evaluate P forms
in grape leaves and their relationship with yield and
must composition, in grapevines grown in a Typic
Hapludalf with different contents of available P.

Materials and Methods

The experiments were carried out from August
2014 to March 2015, in vineyards located in the
Campanha Gaucha region, in Santana do Livramento,
RS (30°48'51"S, 55°27'22"W). The soil is a Argissolo
Vermelho distrofico arénico (Santos et al.,, 2013)
— Typic Hapludalf (Soil Survey Staff, 2010). The
relief in the vineyards is slightly undulated with a
12% slope approximately. Physical and chemical
characteristics of the four vineyard soils are shown
in the Table 1. The climate is humid subtropical Cfa,
according to the Koppen-Geiger classification, which
is characterized by mild temperatures, and rain with
little variation throughout the year. The average
annual rainfall is approximately 1,600 mm. Paspalum
notatum, Desmodium affine, and Lolium multiflorum
predominated between the rows of grapevines.
These plants were mowed every 21 days, during the
production period, and residues deposited on the soil
surface. The vineyards were irrigated using drippers
twice a week, from November trough January, totaling
the addition of 22 mm water per week.

The study consisted of two experiments. Experiment
1 was conducted in two vineyards (V1 and V2) of
Tannat cultivar (Vitis vinifera L. with different
contents of available P in the soil (extracted by Mehlich
1, HCI 0.05 mol L' H,SO, + 0.0125 mol L). The V1
soil, cultivated with 'Tannat', contained 11.8 mg kg P,
and the V2 soil had 34.6 mg kg' P. Experiment 2 was
conducted in two vineyards (V1 and V2) cultivated
with Cabernet Franc cultivar (Vitis vinifera L.). The
V1 soil with 'Cabernet Franc' consisted of 16.0 mg kg™
P, and the V2 soil had 37.0 mg kg P. In the experiment
1, V1 was installed in 2004, and V2 in 2003. In the
experiment 2, V1 was installed in 1996, and V2 in
1999. Grapevines of the two experiments were grafted
on SO4 rootstock (Vitis berlandieri x Vitis riparia),
on a spur pruned cordon system, at a density of 2,525
plants per hectare (1.20 x 3.30 m). Winter pruning was
mixed; two sticks were left per plant, with eight buds
per stick, and eight spurs per plant, with three buds
per spur, totaling 40 buds per plant. Both experiments
were carried out in randomized block designs with
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three replicates. Each replicate consisted of five plants,
and the three central grapevines were evaluated.
During the experiments, the plants were subjected to
fertilizer applications (except for P) of 40 kg N ha’
(urea source), and 20 kg K,O ha' (KCl source). Before
the experiments, 20 kg N ha™! (urea source), 40 kg P,O;
ha' (triple superphosphate source), and 40 kg K,O ha!
(KCl source) were applied every two years. The nutrient
doses were defined based on parameters established
for grapevine cultivation, according to Tedesco et al.
(2004).

Ten full leaves opposite to the first cluster were
collected from each plant, at flowering (FL) in October
2014, when 50% of the flowers were open. The same
procedure was carried out at veraison (V) in December
2014, when 50% of berries changed color, which is a
stage equivalent to color change of the berries (Baillod
& Baggiolini, 1993). Leaves were dried and ground in
a Willey type mill. The tissue was passed through a
2 mm mesh sieve and reserved. One part of the tissue
was used to determine total P (Prorar), and the other
part, to analyze P forms in the tissue, according to
the methodology proposed by Casali et al. (2011).
The obtained forms of P were: total soluble P in acid
(Psr); inorganic soluble P in acid (Pg;); organic soluble
P in acid (Pso), by the difference between Ps; and
Pg;; lipid P (Prp); P associated with RNA (Prya); P

Table 1. Chemical and physical properties at the 0—0.20 m
soil depth of a Typic Hapludalf, in the vineyards 1 and 2,
in experiments 1 (‘"Tannat' grapes) and 2 ('Cabernet Franc'

grapes).

Soil property Experiment 1 Experiment 2

Vo V2 N CER
Clay, pipette method (g kg™) 10 15 10 13
Silt, pipette method (g kg') 12 17 19 14
Sand, pipette method (g kg™) 78 68 71 73
Organic matter® (g kg™) 14 9 8 14
pH in water (1:1 ratio)® 5.3 6.5 6.4 6.2
Exchangeable Ca® (cmol. dm) 1.4 1.9 1.3 3.2
Exchangeable Mg® (cmol, dm™) 0.8 0.6 0.4 1.0
Exchangeable A1® (cmol, dm?) 0 0 0 0
Available P® (mg dm™) 11.8 34.6 16 37
Exchangeable K® (mg dm?) 100 84 60 124
Cation exchange capacity at 7.0 pH 4.4 3.7 3 5.9
Base saturation (%) 68.1 73.6 62.3 76.4

(Determined according to Tedesco et al. (1995). ®Extracted by KCI 1 mol
L (Tedesco et al., 1995). ®Extracted by Mehlich-1 (Tedesco et al., 1995).
@V1, vineyard 1 of 'Tannat' grapes (11.8 mg P kg'). ®V2, vineyard 2 of
'Tannat' grapes (34.6 mg P kg'). ©V1, vineyard 1 of 'Cabernet Franc' grapes
(16 mg P kg'). ™V2, vineyard 2 of 'Cabernet Franc' grapes (37 mg P kg™).

associated with DNA (Ppna); and residual P (Pggs). The
determination and quantification of all P forms was
done according to Murphy & Riley (1962), in a UV-
visible spectrophotometer.

The number of clusters per plant was counted at
harvest in January 2015. All clusters were harvested and
weighed using a digital scale to determine yield (Y).
Eight clusters per plant were reserved. Subsequently, the
number of berries counted in each cluster to determine
the number of berries (NB). Five hundred berries,
from the top, middle, and bottom of eight clusters,
were collected and weighed to determine the weight of
100 berries (WB). Berries of each treatment reserved
at harvest were separated into two parts, stored, and
refrigerated. Part of the berries were crushed by hand,
and the following procedures were carried out: analysis
of total soluble solids (TSS) (°Brix), using a manual
refractometer; pH analysis, using bench top pH meter
at 20°C; titratable acidity (TA), by chemical titration
with sodium hydroxide at 0. mol L' solution, and
bromothymol blue as an indicator; total polyphenols
(PP), by reaction with Folin Ciocalteu, and absorbance
reading in a UV-VIS spectrophotometer, using 765 nm
wavelength (Singleton & Rossi, 1965); total anthocyanin
(AC), using 80 mL ethanol-water (70:30) as extractor,
and subsequent addition of 1 mol L' HCI to adjust the
pH to 2.0; and absorbance, which was measured in a
spectrophotometer at 540 nm (Teixeira et al., 2009).
The content of P in the must (PM) was determined by
sulfuric digestion and hydrogen peroxide.

Data were subjected to analysis of variance using
the Sisvar software (Universidade Federal de Lavras,
Lavras, MG, Brazil), the means were compared by the
Scott-Knott test, based on significance levels lower than
5% (p<0.05). The proportional value of each P form
in leaves, in each experiment, and at both collection
times, as well as yield and composition of must, were
compared by multivariate principal component analysis
(PCA), based on the correlation between the variables.

Results and Discussion

In the experiment 1, with 'Tannat' grapes, the largest
values of yield, WB, PP, and AC were found in V2,
which contained high available P content (Table 2)
and, also, higher pH than that of V1 (Table 1). The
parameters NB and pH, TSS, PM, and TA in the must
did not differ statistically between the two vineyards.
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In the experiment 2, with 'Cabernet Franc' grapes,
the largest values of yield, NB, pH, and PM in the must
were found in V2, with high P content available in the
soil (Table 2). However, the highest value of TA was
found in the must of V1, which had lower P content
available in the soil. PP and AC values did not differ
between V1 and V2, which is opposite to that observed
in experiment 1.

The highest yields (in both experiments) in
grapevines of the vineyards with high P content
available in soil, as well as WB in experiment 1, and
NB in experiment 2, can be attributed, at least in
part, to the greater P supply to the roots of plants and,
consequently, to the greater P absorption (Ozdemir et
al., 2010) because the contents of most other nutrients
in the soil tended to be similar among the vineyards
(Table 1). As a consequence of a higher P absorption,
the maintenance of P content within plants is expected,
as well as a decrease of assimilate translocations and
energy for the formation of lateral roots and root hairs
(Vance et al.,, 2003). Thus, the energy and carbon
skeletons that would be used for root formation are used
for fruit production (Batista et al., 2011). This occurs
because P has a structural function, participating in
various metabolic processes, such as energy transfer,
nucleic acid synthesis, glucose, respiration, membrane
synthesis and stability, activation and deactivation
of enzymes, redox reactions and carbohydrate
metabolism (Vance et al., 2003).

The highest TA values found in the must of VI
grapevines, with medium P content available in soil
of the experiment 2, can be attributed to a greater

accumulation of malic acid and tartaric acid in the
must (Tecchio et al., 2006; Teixeira et al., 2009). The
pH and TA values observed in the must of V1 and V2
of the experiment 1 fall between 3.3 and 3.6 for pH, and
between 0.9 and 1.1 g 100 mL ! of tartaric acid for total
acidity (TA), which corroborates the results reported
by Sato et al. (2011). The pH and TA values found in
the present work favor the qualitative wine composition
because they provide a beneficial antimicrobial effect,
as they reduce the bacteria proliferation in the wine,
and improve the organoleptic characteristics of the
wines (Teixeira et al., 2009).

The contents of TSS were not affected by P content
available in the soil, in the two experiments, although
yield was higher in V2 of the experiment 1, and in V2 of
the experiment 2. TSS is important for the preparation
of wine, since it provides precursors for the synthesis
of organic acids, phenolic compounds, and aroma
compounds. It also determines the concentration
of alcohol after fermentation because for 1 ABV of
alcohol, 1,8° Brix is necessary (Sato et al., 2011).

The contents of PP and AC in the must of 'Tannat'
grapevines were higher in V2 of the experiment
1, unlike what was expected, because high values
of available P in the soil, and later in plant organs,
can inhibit the enzyme activities, such as chalcone
synthase and phenylalanine ammonia-lyase (Hilbert et
al., 2003). Besides controlling the color of the wine, AC
also play an important role for protection protection of
the berry, due to its antioxidant activity.

In the experiment 1, Prorar content and Pg; Py ip Prya,
and Ppya forms in leaves did not statistically differ

Table 2. Yield, number of berries (NB) per cluster, weight of 100 berries (WB), pH, and values of total soluble solids (TSS),
titratable acidity (TA), total polyphenols (PP), anthocyanins (AC), and P in the must (PM) of grapevines of experiments 1

and 2.
Must parameter Experiment 1 Experiment 2
Vi@ V20 CV (%) i V26 CV (%)

Yield (kg ha) 5,420.33b 9,847.50a 16.30 6,767.00b 13,275.53a 14.48
Number of berries per cluster (NB) 108.67a 114.83a 20.72 54.67b 91.50a 16.96
WB (g) 140.32b 172.13a 11.57 151.05a 138.48a 12.67
pH 3.56a 3.58a 2.41 3.77b 3.95a 2.81
TSS (°Brix) 18.40a 18.73a 3.46 17.80a 18.03a 3.81
TA (g 100 mL"! in tartaric acid) 1.07a 1.04a 4.49 0.76a 0.53b 373
PP (mg L' in gallic acid) 8,861.72b 12,592.18a 17.40 6,056.57a 6,193.47a 19.52
AC (mg L in malvidin) 2,419.07b 3,257.35a 16.94 781.19a 787.60a 15.70
PM (mg kg™") 1,453.33a 1,801.83a 10.68 1,633.88b 2,077.69a 11.56

(MMeans followed by equal letters, lowercase in the lines for the same experiment, did not differ by the Scott-Knott test, at 5% probability. ®V1, vineyard
1 of 'Tannat' grapes (11.8 mg P kg'). ®V2, vineyard 2 of 'Tannat' grapes (34.6 mg P kg'). ®V1, vineyard 1 of 'Cabernet Franc' grapes (16 mg P kg™). ©®V2,
vineyard 2 of 'Cabernet Franc' grapes (37 mg P kg'). CV, coefficient of variation.
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between V1 and V2, at FL of 'Tannat' grapevines,
unlike Pso and Prgs, which were higher in plant leaves
of V2 (Table 3). At V, ProraL content and Pg;, Pso, Py,
Prna, Pona, and Pres forms in leaves did not statistically
differ between V1 and V2. Considering only Prorar,
the 'Tannat' grapevines were efficient in absorbing the
necessary P from the soil, even in the vineyard with
lower P content, unlike that observed for 'Cabernet
Franc' grapevines. Prora. content and Pg;, Pso, Ppp,
Prna, and Prgs forms were higher, at FL, in leaves of V1
and V2 grapevines, in comparison to values observed
at the veraison. At FL, 'Cabernet Franc' grapevines in
the experiment 2 showed higher levels of Prorar, Psr,
and P, in the leaves of plants of V2 (Table 3). Values
of Prip, Prna. Pona, and Pres did not differ statistically
between the vineyards. At V, only Pg; was higher in
leaves of grapevines of V2. In V1 and V2, the levels
of Prjp and Prgs were higher in leaves collected at FL,
in comparison to V. The contents of Prorar and Pgo
were higher only in leaves collected in V2 at FL, in
comparison to those of the veraison.

The highest Pg; content in leaves of the grapevines
grown in soil with high available P, at FL, in both
experiments, can be attributed to a higher P supply to
the roots and, thus, greater P absorption. The absorbed
P may have been transported to the leaves, which have
intensive cell division, where it is preferably stored in
the vacuole (Veneklaas et al., 2012).

The reduction of Prorar, Psi. Pso, Prip, Prna and Prgs
levels in leaves of 'Tannat' grapevines both in V1
and V2 of the experiment 1, collected at V, may have
occurred because of the production increase of green
shoot mass, which promotes the dilution of P forms
(Zambrosi et al., 2012). However, the highest content
of Prna in leaves of V1 and V2 of the experiment 1,
collected at FL, in comparison to V, possibly occurred
because part of the absorbed P was rapidly used for
protein synthesis. Ppna content is correlated with
organ growth rate, due to increased protein production
in response to a greater availability of P in the soil.
Protein content can also be regarded as a storage form
of P in cells, since P contained in Py, form can be

Table 3. Phosphorus forms in grapevine leaves of V1 and V2 of experiment 1, and V1 and V2 of experiment 2, grown at
different P contents available in the soil, and collected at flowering (FL) and veraison (V).

Phenological P form Experiment 1 Experiment 2
stage Vi® V20 cvV V19 V26 cvV
(mg kg") (%) (mg kg™ (%)
Flowering Soluble inorganic P (Ps)) 2,861.0aA 2,584.5aA 7.2 1,705.7bA 2,302.0aA 14.0
Veraison Soluble inorganic P (Pg;) 1,732.1aB 1,832.7aB 8.5 1,517.7bA 1,955.2aA 15.1
CV (%) 9.1 10.2 - 10.3 9.7 -
Flowering Soluble organic P (Pso) 619.6bA 970.8aA 9.3 375.9bA 585.6aA 7.0
Veraison Soluble organic P (Psp) 291.3aB 331.7aB 8.2 478.9aA 332.3aB 8.1
CV (%) 7.7 8.3 - 15.2 10.3 -
Flowering Lipid P (Pypp) 625.7aA 591.0aA 11.0 608.6aA 612.1aA 11.4
Veraison Lipid P (Py;p) 389.0aB 389.0aB 11.2 402.2aB 355.4aB 9.3
CV (%) 10.5 13.2 - 8.6 12.4 -
Flowering P associated with RNA (Prna) 547.2aA 658.6aA 14.6 617.8aA 676.2aA 15.2
Veraison P associated with RNA (Prna) 416.1aB 467.6aB 19.0 494.7aA 483.8aA 16.4
CV (%) 14.3 11.9 - 10.2 11.5 -
Flowering P associated with RNA (Ppxa) 31.4aA 48.4aA 12.6 40.2aA 42.4aA 49
Veraison P associated with RNA (Ppna) 52.4aA 49.7aA 13.1 47.7aA 477aA 6.2
CV (%) 8.5 9.2 - 5.4 7.1 -
Flowering Residual P (Pggs) 181.6bA 250.3aA 8.7 164.2aA 159.1aA 14.9
Veraison Residual P (Pggs) 75.1aB 89.8aB 11.4 71.9aB 86.0aB 10.7
CV (%) 12.1 12.9 - 9.4 8.2 -
Flowering Total P (ProraL) 4,866.5aA 5,103.6aA 10.2 3,512.3bA 4,377.5aA 14.4
Veraison Total P (Prorar) 2,956.0aB 3,160.5aB 8.4 3,013.1aA 3,260.4aB 16.1
CV (%) 10.8 11.3 - 12.6 13.9 -

(OMeans followed by equal letters, lowercase in the lines of the same experiment and uppercase in the columns of the same P form, did not differ by the
Scott-Knott test, at 5% probability. ®V1, vineyard 1 of 'Tannat' grapes (11.8 mg P kg). ®V2, vineyard 2 of 'Tannat' grapes (34.6 mg P kg). ®V1, vineyard
1 of 'Cabernet Franc' grapes (16 mg P kg'). ©®V2, vineyard 2 of 'Cabernet Franc' grapes (37 mg P kg'). CV, coefficient of variation.
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degraded and used as an energy source, supplying the
plant requirements for this nutrient.

In the experiment 1, the principal component analysis
(PCA) conducted between P forms in leaves collected
at FL, and yield and must composition, was able to
show 76.7% of the total variation of the results, in the
first two ordination axes (Figure 1 A). PCA showed
that no P form was related to yield. The Prora; content
and Pso, Prip, Ppna, and Prgs forms showed a positive
correlation with the values of PP, AC, pH and TSS in
the must. A negative correlation was observed between
pH and TA in the must, and a positive correlation was
verified between TA and Pg,. In the experiment 2, PCA
conducted with the values of P forms obtained from
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leaves collected at FL, with yield and must composition,
was able to show 64.4% of the total variation of the
results in the first two ordination axes (Figure 1 B).
PCA showed a positive correlation between Pg;, NB, and
yield. A positive correlation was found between Pgso and
TSS, between Prna and PP, and between Prorar, content
and AC content in the must. A negative correlation was
found between pH and TA in the must.

In the experiment 1, PCA conducted between P forms
in leaves collected at V, and yield and must composition,
was able to show 64.51% of the total variation of the
results in the first two ordination axes (Figure 1C).
A positive correlation was observed between Prorap
content and Pg; with TA in the must; and between Ppya
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Figure 1. Projection of the principal components of the contents of available P in the soil, for the P forms in leaves, and
yield and must composition of experiment 1 ('Tannat' grapes) and experiment 2 ('Cabernet Franc' grapes): A, experiment 1 at
flowering; B, experiment 2 at flowering; C, experiment 1 at veraison; and D, experiment 2 at veraison. Pg;, inorganic soluble
P; Pso, organic soluble P; Py, lipid P; Prna, P associated with RNA; Ppya, P associated with DNA; Pggs, residual P; Prorar,
total P; NB, number of berries per cluster; WB, weight of 100 berries; Y, yield; pH; TSS, total soluble solids; TA, titratable
acidity; PP, total polyphenols; and AC, anthocyanins.

Pesq. agropec. bras., Brasilia, v.52, n.5, p.319-327, maio 2017
DOI: 10.1590/S0100-204X2017000500005


http://dx.doi.org/10.1590/S0100-204X2017000500005

Phosphorus forms in leaves and their relationships with yield and must 325

and yield. Other must parameters and P forms were
not correlated. In the experiment 2, PCA conducted
between P forms in leaves collected at V, and yield and
must composition was able to show 60.31% of the total
variation, in the first two ordination axes (Figure 1 D).
Principal component 1 (36.66%) was able to separate
the two vineyards as for P content in the soil. There was
a positive correlation between Pso and Prya forms with
TA in the must; and between Ppya with yield and NB.
Other must parameters and P forms were not correlated.

The lack of a positive correlation between yield of
the V1 and V2 grapevines of the experiment 1, with the
Prorar content in leaves collected at FL. and V may have
occurred because there was no significant difference
between Prorar content in leaves of grapevines grown
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with low and high P content available in the soil
(Table 3). These results show that regardless of the
P content available in the soil and the phenological
stage (FL or V), Prorar content in full leaves cannot
always be used to diagnose P content available in
soil and, therefore, cannot be a good indicator of the
nutritional status of grapevines (Brunetto et al., 2009).
Furthermore, the lack of response can be attributed
to the accumulation of P in storage organs, such as
roots, which can be redistributed in periods of greater
demand (Lima et al., 2011).

The principal compoment analysis of the experiment
1, conducted between P forms in leaves collected at FL
and V, in the V1 (low in soil available P), and yield
and must composition, was able to show 76.19% of the
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Figure 2. Projection of the main components of P forms in leaves collected during flowering and veraison, and yield and
must composition of two vineayards with 'Tannat' grapes (V1 and V2, experiment 1), and two vineyards of 'Cabernet Franc'
grapes (V1 and V2, experiment 2): A, experiment 1, V1; B, experiment 1, V2; C, experiment 2, V1; and D, experiment 2, V2.
Py, inorganic soluble P; P, organic soluble P; Py p, lipid P; Prya, P associated with RNA; Ppya, P associated with DNA; Pyes,
residual P; Prorar, total P; NB, number of berries per cluster; WB, weight of 100 berries; Y, yield; pH; TSS, total soluble
solids; TA, titratable acidity; PP, total polyphenols; and AC, anthocyanins.
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total variation of the results, in the first two ordination
axes (Figure 2A). However, we noted that neither P
forms in leaves nor Prora. content showed any positive
correlation with yield and must composition. The PCA
of the experiment 1, conducted between P forms in
leaves collected at FL and V, in the V2 (high content
of soil available P), and yield and must composition,
was able to show 72.96% of the total variation of the
results, in the first two ordination axes (Figure 2 B). A
positive correlation between Prgs and NB, as well as
contents of PP, AC, and pH in the must was observed.

The principal componente analysis of the
experiment 2, conducted between P forms in leaves
collected at FL and V, with yield and must composition,
was able to show 69.34% and 76.04% of the total
variation of the results, in the first two ordination axes,
in V1 and V2, respectively (Figures 2 C and D). In the
V1, there was a relationship between Py ;p and TA in the
must; however, Prorar, content and Pg;, Pso, Prna and
Ppna in the leaves were not correlated with yield and
must composition (Figure 2 C). In the V2, there was a
positive relationship between the following parameters:
Prorar content and Ppy, with PP content in the must;
Pso, Prip, and Praa with TSS; and Py with PM, WB,
and AC (Figure 2 D). The correlation between Prorar
content in leaves and AC in the must can be explained
by the fact that high P content in the soil and later in
plant organs can inhibit enzyme activities, such as
chalcone synthase and phenylalanine ammonia-lyase
(Hilbert et al., 2003). The negative correlation observed
between pH and TA in the must of grapevines of both
vineyards, in both experiments, can be explained
by the decrease of the concentration of organic acid
(such as tartaric acid), since its concentration can be
decreased because of precipitation of K tartrate and Ca
tartrate (Silva et al., 2015).

Conclusions

1. Total P content and biochemical P forms in
leaves, collected during flowering and veraison, have
no relationship with yield of 'Tannat' and 'Cabernet
Franc' grapevines.

2. The increase of P content available in sandy soil
increased the yield of 'Tannat' and 'Cabernet Franc'
grapevines, as well as the total polyphenols and
anthocyanins in 'Tannat' grapevines.
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3. Leaves of 'Cabernet Franc' grapevines, grown in
soil with high available P content, accumulated a higher
content of total P, as well as organic and inorganic
soluble P, during the flowering, and inorganic soluble
P, during the veraison.

4. Total P content and biochemical P forms, in
leaves collected during flowering and veraison, have
no relationship with yield of 'Tannat' and 'Cabernet
Franc' grapevines.
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