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Abstract

Drought is considered as the major environmental stress affecting coffee production, and high phosphorus
(P) supply may alleviate the drought effects on crop metabolism. Here, we hypothesized that high P supply
would mitigate the impacts of drought on Arabica coffee physiology, morphology, and biomass accumu-
lation. Potted Arabica coffee plants were grown under two P levels: the recommended P fertilization (P),
and twice the recommended fertilization (4P), and two water regimes: well-watered and water withholding for
32 days. Leaf, stem, and root P concentrations were increased under +P, with plants showing higher photo-
synthesis and growth than the ones receiving the recommended P dose. Higher plant growth under high P
supply seems to upregulate leaf photosynthesis through the source-sink relationship. Under the water deficit,
the reduction of leaf photosynthesis, stomatal conductance, transpiration, water use efficiency, carboxylation
efficiency, chlorophyll content, number of plagiotropic branches, plant leaf area, and vegetative biomass pro-
duction was similar comparing plants fertilized with the recommended P to those supplied with +P. However,
Arabica coffee trees under high P supply and water deficit presented morphological and physiological traits
similar to plants under well-watered and recommended P fertilization.
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Introduction

The inter- and intra-annual precipitation patterns have changed in many regions of the world
during the last decades (Sousounis and Little, 2017), and drought is considered as the major
environmental stress affecting coffee production in several coffee-growing countries, includ-
ing Brazil (Venancio et al., 2020). In fact, coffee yield has been reduced up to 80% in very dry
years in some marginal regions (DaMatta et al., 2010), and such yield reduction is a conse-
quence of drought impact on metabolism and growth of coffee trees (DaMatta et al., 2019).
The physiological cascade of responses to drought is often related to reduced water uptake and
transport (Chaves et al., 2002), stomatal closure (Cornic, 2000), and non-stomatal limitations
to photosynthesis (Zhou et al., 2013), leading to the inhibition of CO, uptake under prolonged
drought period. However, alleviation of drought effects on plant metabolism by phosphorus
(P) supply has been reported in annual crops such as common bean (Santos et al., 2004) and
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soybean (Jin et al., 2006), in C4 grasses (Kuwahara et al., 2016), and in tree species, as Alnus
cremastogyne (Tariq et al., 2018).

Phosphorus is a plant macronutrient with major impact on crop productivity and carbon
metabolism (Niinemets et al., 2001) as four molecules of inorganic P (P;) must enter the chloro-
plast for every molecule of sucrose synthesized in the cytosol (Sivak and Walker, 1986). In fact, the
cytosolic P; concentration controls the rate of photosynthesis and partitioning of photoassimilates
between starch and sucrose (Rychter and Rao, 2005). While the scientific literature is rich when
considering how low P supply affects plants (Partelli et al., 2009; Meena et al., 2021), little is
known about how extra P supply may benefit plants under stressful conditions. Under non-
limiting conditions, coffee plants receiving extra P supply (twice the recommended) presented
enhanced plant hydraulic conductance, leaf carbohydrate, and chlorophyll contents, resulting
in improved growth as compared with trees supplied with the recommended P fertilization
(Silva et al., 2010). Under field conditions, elevated P doses caused an increase in branch length
and leaf area, number of fruits, and yield of coffee plants (Mera et al., 2011), but the underlying
physiological processes leading to improved performance remain unknown.

Coffee trees, as perennial, naturally experience seasonal water deficit, especially before flowering,
which leads to impaired growth (Rakocevic and Matsunaga, 2018; Silva et al., 2004) and low photo-
synthetic activity (Rakocevic et al., 2018). A meta-analysis of drought impacts on various plant species
revealed decreases in N and P uptake and impaired plant growth (He and Dijkstra, 2014). Herein, we
hypothesized that young Arabica coffee plants supplied with high P doses would improve the photo-
synthetic performance and growth under drought conditions, partially mitigating the impacts of
drought on coffee physiology and biomass accumulation. For testing that hypothesis, we evaluated
how high P supply affected leaf gas exchange, photochemical activity, photosynthetic pigments, leaf
carbohydrate availability, and morphological characteristics of young Arabica coffee plants exposed to
long-term water deficit, which were additionally evaluated after a recovery period.

Material and Methods
Plant material and experimental conditions

Young plants of Arabica coffee (Coffea arabica L.) cv. Ouro Verde, obtained from self-pollination,
were used in this study. Uniform 8-month-old seedlings with three pairs of leaves and around
0.12 m height were transplanted to plastic pots (9.1 dm?). Just before seedling transplantation,
soil adhered to roots was carefully removed to reduce nutrient availability. Plant recovery from
transplantation was confirmed by vegetative growth and appearance of one new pair of leaves after
15 days. Then, these young coffee plants were grown under greenhouse conditions, where the
maximum photosynthetic photon flux density (PPFD) was 1,600 pmol m™2 s™! and air tempera-
ture ranged between 26.4 and 36.2 °C. These two environmental variables were monitored with a
quantum sensor model Li-190SB (Licor, Lincoln NE, USA) and an Onset Hobo datalogger model
U12 (Onset, Bourne MA, USA).

The soil used in the experiment was collected from 0.0 to 0.2 m layer (bulk soil density of 1.2 kg
dm™®) with the following chemical composition: organic matter content (OM) 25 g dm~>; pH
(CaCly) 4.2; 2.0 mg P dm™% 1.1 mmol. K dm™ 7.0 mmol. Ca dm™% 3.2 mmol. Mg dm™;
0.26 mg B dm™%; 2.0 mg Cu dm~3; 55 mg Fe dm~; 3.0 mg Mn dm™3; 0.6 mg Zn dm~%; 5.0 mmol,
Al dm™; sum of bases (SB) 11.0 mmol, dm™>; cation exchange capacity (CEC, at pH 7) 50.7
mmol. dm™; and base saturation (V) 25% which was evaluated according to van Raij et al.
(2001). Before planting, dolomitic lime (1.2 g dm™ soil) was applied to increase V to 50%.
Soil was fertilized as recommended for coffee plants, with pots receiving 72 mg N dm™ (as urea)
and 120 mg K dm™ (as potassium chloride). The post-planting fertilization was performed with 3
g pot™ of N and K in 30-day intervals. Fertilization with micronutrients was done with 0.6 mg B
dm™, 5.7 mg Zn dm™, 6 mg Mn dm™, and 1.2 mg Cu dm™ at 45 days after transplanting.
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Phosphorus supply and water regimes

After transplantation, Arabica coffee plants were grown under two P levels: the recommended P
fertilization (P), with 345 mg P,O5 dm™2 soil (Malavolta et al., 1981), and twice the recommended
fertilization (+P), with 690 mg P,Os dm™ soil, using monoammonium phosphate (MAP) as
source. All plants were maintained well-watered (80% of soil water-holding capacity, SWC)
for 3 months when the average leaf P concentration was 1.23 +0.15 and 1.87 £0.06 g kg! in
P and +P plants, respectively (Silva et al., 2010). Plants from both treatments were well supplied
with phosphorus, but P plants reached intermediate P concentration in leaves (from 1.3 to
1.5 g kg™!), while +P plants presented high P status (> 1.5 g kg™!). Then, one group of plants from
each P treatment was subjected to water withholding (D), while the other was maintained under 80%
SWC (W). Thus, four conditions (treatments) were established: P under 80% SWC (PW); P under
drought (PD); +P under 80% SWC (+PW); and +P under drought (+PD). The maximum water
deficit occurred when the plants presented significant leaf wilting at early morning, which happened
after 32 days of water withholding. Then, soil was rehydrated for 4 days, and the recovery capacity of
plants based on leaf gas exchange was evaluated. At the end of the experiment, soil samples were
collected, and chemical analyses performed as described earlier.

Leaf water status

The leaf water potential (\W,,) was evaluated at predawn (5h00-6h00) with a pressure chamber
model 3005 (Soilmoisture Equipment Corp., Santa Barbara CA, USA). In leaves close to ones used
for evaluating gas exchange, the W,, was measured at the 1%, 16, 27, and 32"¢ day of water
withholding and at the 1*t and 4™ day of recovery, that is, the 33'¢ and 36" day of experiment,
respectively.

The relative water content (RWC) was determined at the 32" day of water withholding (maxi-
mum water deficit), using leaf disks with 1 cm diameter. RWC was defined as: RWC(%)=[(FM-
DM)/(TM-DM)]*100, where FM, DM, and TM are the fresh, dry, and turgid (after 24 h immersed
in pure water under PPFD of 50 pmol m™2 s™!) mass of leaf disks, respectively (Weatherley, 1950).

Leaf gas exchange and chlorophyll fluorescence

While leaf gas exchange was measured whenever W,, was evaluated, the chlorophyll fluorescence
measurements were taken only at the maximum water deficit. Gas exchange and chlorophyll fluo-
rescence were measured in the newest fully expanded leaves, using an infrared gas analyzer
Li-6400 (Licor, Lincoln NE, USA) and a modulated fluorometer 6400-40 LCF (Licor, Lincoln
NE, USA), respectively. We evaluated the net photosynthetic rate (A), stomatal conductance
(gs), transpiration (E), and intercellular CO, concentration (C;). The intrinsic water use efficiency
(iWUE = A/g,) and the instantaneous carboxylation efficiency (iCE = A/C;) were then estimated. The
effective quantum efficiency of PSII (¢psy) and the photochemical (qp) and non-photochemical
(NPQ) quenching of fluorescence were also evaluated in light-adapted leaves, as done previously
(Silva et al., 2010). Measurements were taken under PPFD of 1,200 pmol m™ s7! and air CO, partial
pressure of 38 Pa, between 9h00 and 11h00, after data reaching temporal stability and low total
coefficient of variation (<2.5%). Along the experimental period and during measurements, the average
leaf-to-air vapor pressure deficit (VPDy) varied between 0.95 and 2.43 kPa and leaf temperature
between 25.9 and 34.8°C, both measured with the Li-6400.

Pigments

Leaf chlorophyll (Chl) a and b and total carotenoid (Car, given by carotenes and xanthophylls)
were evaluated at the maximum water deficit and 4 days after rewatering (recovery). Pigment
extraction was performed in leaf disks (1 cm diameter) with acetone solution (80%, v/v), using
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a mortar and pestle, under dark conditions. The extract was centrifuged, and the absorbance of
supernatant was measured at 470, 646, and 663 nm with a spectrophotometer. Pigment concen-
trations were calculated according to Lichtenthaler and Wellburn (1983), and the total Chl content
was estimated as the sum of Chl a and Chl b contents.

Leaf carbohydrates

Leaves nearby to those ones used in gas exchange measurements were collected at the maximum
water deficit and 4 days after rewatering (recovery). The leaf samples were lyophilized (Freezone
4.5, Labconco, Kansas City MO, USA) and then ground. The soluble carbohydrate extraction was
done with a solution of methanol:chloroform:water (15:5:3 v/v) for 72 h at 4 °C (Bieleski and
Turner, 1966). The supernatant was used for determining the content of soluble sugars and
sucrose, which were evaluated by the phenol-sulfuric acid method following Dubois et al.
(1956) and van Handel (1968), respectively. Starch content was determined in the precipitate
(insoluble fraction) after extraction of soluble carbohydrates, following the enzymatic method
proposed by Amaral et al. (2007).

Plant growth and biomass

Morphological evaluations were performed at the end of the recovery period. Plant height was
measured from the stem basis to the top apex with a graduated ruler. Stem diameter was measured
near the soil surface with a digital caliper rule (model 100.179G, Digimess, Sio Paulo SP, Brazil). The
number of leaves and plagiotropic branches were counted in each plant. The leaf area (LA, m? plant™)
was determined with a digital planimeter (Li-3000C, Licor Inc., Lincoln NE, USA). All plants were
fractioned in leaves, stem (including the main stem), and roots, and the fractions were dried in an
oven (65 °C) until constant weight. Then, leaf, stem, and root dry mass (DM) were determined,
and the leaf mass per area (LMA, mg cm™2) was calculated as the ratio between leaf DM and LA.

Nutritional analysis

After the recovery period, that is, at the 37 day of experiment, leaf, stem, and root dry samples
were ground and passed through a sieve with a mesh diameter of 1 mm. After a previous wet
digestion with nitric acid and/or percloric acid, the concentration of N was determined by distil-
lation and the other nutrients (P, K, S, Ca, Mg, B, Cu, Fe, Mn, and Zn) by inductively coupled
plasma optical emission spectrometry, as described by Bataglia et al. (1983).

Experimental design and data analyses

The experimental design was completely randomized with four treatments resulting from the
combination of two factors: phosphorus availability (P and +P) and water conditions (W and
D), referred to as PW, +PW, PD, and +PD. The number of replications varied from 3 to 5,
depending on the variable evaluated. The experimental unit was a pot with one plant. Data were
subjected to the analysis of variance (ANOVA), after testing the hypothesis of variance homoge-
neity among treatments by Levene’s test (Levene, 1960). Whenever variances were heterogeneous,
Welch’s correction was applied (Welch, 1951). Differences among treatment means or factor
level means were evaluated by using F-tests for contrasts at 0.05 significance level (Box
et al., 2005). For variables measured at more than one time, analyses were done by time.
ANOVA was performed using SAS/STAT (SAS Institute Inc., 2003) procedures, GLM or
MIXED, for cases with homogeneous or heterogeneous variances, respectively.
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Figure 1. Phosphorus concentration in leaves (A), branches (B), and roots (C) of young Arabica coffee plants receiving
recommended P fertilization (P) or high P supply (+P) and grown under well-watered (W) or water-deficit (D) conditions.
Samples were taken at the end of the experiment. Vertical lines correspond to standard errors of mean estimates (n = 4).
Small letters compare water regimes for a given phosphorus level, and capital letters compare phosphorus levels for a
given water regime.

Results
Soil conditions

Some soil characteristics differed at the end of experiment compared to the initial conditions,
as shown in Supplementary Material Table S1 available online at https://doi.org/10.1017/
S0014479722000266. While pH (CaCl,) ranged from 4.1 to 4.2 and was not changed, levels of
K, Ca, Cu, Mn, Al, CEC, and V increased as compared with sampling done before the fertilization.
Among treatments, soil P, Fe, and Zn contents were increased while OM, Mg, and SB were
reduced under high P supply as compared with P treatment, regardless of water regime (Table S1).
When considering water regimes under high P supply, soil B and Fe contents were higher under
well-watered conditions as compared with water-deficit treatment. When pots faced water deficit,
soil Zn and P contents were increased under high P supply (Table SI).

Plant nutritional status

At the end of experimental period, leaf, stem, and root P concentrations were affected by P supply
and water conditions (Figure 1; Supplementary Material Table S2). Leaf P concentration had not
been impacted by water availability but increased significantly with high P supply (Figure 1A). The
average P values were reduced over the experimental period - likely due to a dilution effect caused
by plant growth, that is, from 1.87 to 1.50 g kg™* in +P plants and from 1.23 to 0.75 g kg™" in P
plants (Figure 1A). High P supply increased stem P concentration under drought (Figure 1B),
while root P concentration was increased under high P supply, regardless of water regime.
However, drought increased root P concentration only under recommended P supply (Figure 1C).

High P supply reduced stem concentrations of Ca, Mg, S, B, Cu, Fe, and Mn and leaf concen-
trations of N, Ca, and Cu (Supplementary Material Table S3). Only leaf S concentration increased
due to high P supply as compared with recommended P fertilization. In roots, the opposite trend
in relation to P supply was noticed, with increases in concentrations of N, K, Ca, S, and Zn. Water
deficit increased stem N concentration and reduced leaf N, S, and Cu under high P supply, while
increasing leaf Ca concentrations when plants received the recommended P doses (Table S3).
Water deficit also increased root K, Ca, Mg, and S concentrations under recommended P fertili-
zation, and S and Mn under high P supply.
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Figure 2. Temporal dynamics of leaf water potential (¥, in A), stomatal conductance (gs, in B), leaf CO, assimilation (A, in
C), and transpiration (E, in D) of young Arabica coffee plants receiving recommended P fertilization (P) or high P supply (+P)
and grown under well-watered (W) or water-deficit (D) conditions. The maximum water deficit was reached after 32 days of
water withholding and then plants were rehydrated for 4 days, that is, recovery period (gray area). Vertical lines correspond
to standard errors of mean estimates (n = 3-4). In each evaluation time, small letters compare water regimes for a given
phosphorus level and capital letters compare phosphorus levels for a given water regime.

Plant water status

W, was reduced after 16 days of water withholding, regardless of P supply (Figure 2A). The lowest W,
values were reached after 32 days of water deficit, and there was no mitigation effect of high P supply
on leaf water potential. At the maximum water deficit, leaf RWC was reduced from 95 to 73% (PD)
and 80% (4PD) due to low water availability, and again P supply did not induce differential response
(Supplementary Material Figure S1). W,, was increased in plants previously exposed to drought just
after 1 day of soil rewatering, and full recovery W,, was noticed after 4 days (Figure 2A).

Leaf gas exchange, photochemistry, and pigments

The highest values of g, A, and E along the experimental period were found in coffee plants under
high P supply (Figure 2B-D). When plants were subjected to water deficit, decreases in leaf gas
exchange were noticed and the lowest values of A, g, and E were recorded after 27-32 days of
water withholding. However, plants under high P supply exhibited higher A, g;, and E than ones
receiving the recommended P amount during the water-deficit period (Figure 2B-D). One day
after soil rewatering was not enough for total recovery of A and E, which occurred after 4 days
of rewatering and remained higher in plants under high P supply (Figure 2C,D). Stomatal aperture
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Figure 3. Water use efficiency (iWUE, in A), instantaneous carboxylation efficiency (iCE, in B), effective quantum efficiency of
PSII (¢psu, in C), photochemical quenching (gp, in D) and non-photochemical quenching (NPQ, in E) of young Arabica coffee
plants receiving recommended P fertilization (P) or high P supply (+P) and grown under well-watered (W) or water-deficit
(D) conditions. Measurements were taken at the maximum water deficit. Vertical lines correspond to standard errors of
mean estimates (n = 3). Small letters compare water regimes for a given phosphorus level and capital letters compare
phosphorus levels for a given water regime.

was also recovered after 4 days of rewatering, with plants from all treatments exhibiting similar
values (Figure 2B).

At the maximum water deficit, iWUE was increased due to low water availability only under
high P supply (Figure 3A, Table S2). Water deficit reduced iCE, ¢psyr, and gp in both P treatments,
but plants under high P supply always presented higher iCE, ¢ppsy;, and gp than ones supplied with
the recommended P doses, regardless of water condition (Figure 3B-D). NPQ was not changed
either by water conditions or P supply (Figure 3E).

Chl g, b, and a 4 b concentrations were reduced under drought in both P treatments at the
maximum water deficit (Figure 4A-C). High P supply increased Chl b and then Chl a + b con-
centrations as compared to ones under recommended P fertilization, regardless of water regime
(Figure 4B-C). On the other hand, high P supply reduced leaf carotenoid concentrations, espe-
cially under water deficit (Figure 4D). After 4 days of rehydration, only plants under high P supply
recovered leaf Chl a concentration (Figure 4E). Chl b, Chl a + b, and carotenoid contents were
also recovered and were similar between water regimes (Figure 4F-H). However, high P supply
caused higher concentrations of Chl a, Chl b, and Chl a + b after rehydration than the treatment
with recommended P fertilization, regardless of water regime (Figure 4E-G).
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Figure 4. Leaf concentrations of chlorophyll a (Chl a, in A, E), chlorophyll b (Chl b, in B, F), Chl a + b (in C, G), xanthophylls
and carotenes (X + C, in D, H) of young Arabica coffee plants receiving recommended P fertilization (P) or high P supply
(+P) and grown under well-watered (W) or water-deficit (D) conditions. Measurements were taken at the maximum water
deficit (A-D) and after 4 days of rehydration (E-H). Vertical lines correspond to standard errors of mean estimates (n = 4).
Small letters compare water regimes for a given phosphorus level and capital letters compare phosphorus levels for a given
water regime.

Leaf carbohydrates

At the maximum water deficit, concentrations of starch, sucrose, and soluble sugars were reduced
in leaves of coffee plants supplied with the recommended P fertilization (Figure 5A-C). Such
reductions were also found for sucrose and soluble sugars in plants under high P supply
(Figure 5B-C). Overall, the amount of total non-structural carbohydrates (NSCs) was reduced
by water deficit, regardless of P fertilization (Figure 5D). However, coffee plants under high P
supply presented lower NSC than ones under recommended P fertilization at the maximum water
deficit (Figure 5D). After 4 days of rewatering, the leaf starch content remained lower in plants
previously exposed to drought, and the lowest values were found in plants under high P fertiliza-
tion (Figure 5E). Leaf concentrations of sucrose, soluble sugars, and NSC were recovered only in
plants under high P supply, while the opposite was found for plants receiving the recommended P
amount (Figure 5F-H).

Plant growth

Water deficit reduced plant growth and negatively affected all morphological variables, regardless
of P supply (Figure 6). However, high P supply increased plant height (data not shown), trunk
diameter, number of plagiotropic branches, number of leaves, and leaf area, resulting in increased
leaf, stem, and root biomass and reduced root/shoot ratio (Figure 6). Coffee plants allocated more
biomass to roots under drought, whereas allocation to leaves was prioritized under high P supply
(Figure 6D). LMA was not modified by either P supply or water availability, varying between 5.11

and 5.39 mg cm™2.
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Figure 5. Leaf concentrations of starch (A, E), sucrose (B, F), soluble sugars (C, G), and non-structural carbohydrates
(NSC, in D, H) of young Arabica coffee plants receiving recommended P fertilization (P) or high P supply (+P) and grown
under well-watered (W) or water-deficit (D) conditions. Measurements were taken at the maximum water deficit (A-D) and
after 4 days of rehydration (E-H). Vertical lines correspond to standard errors of mean estimates (n=3). Small letters
compare water regimes for a given phosphorus level and capital letters compare phosphorus levels for a given water
regime.

Discussion

The overall effects of water deficit on coffee physiology have been explored elegantly during the
last decades, and our results about drought effects agree with the current literature (DaMatta et al.,
2010, 2019; Menezes-Silva et al., 2017; Silva et al., 2004). Precisely, this paper was dedicated to
understanding how high P supply would benefit young Arabica coffee plants under water deficit.
Despite plant morphology being more conservationist than rapid leaf gas exchange responses,
there is a general close dependence between plant structure and function (Vos et al., 2010), as
noticed herein. As a key outcome from our research, we found that high P supply improved
Arabica coffee growth and leaf gas exchange, but contrary to what we expected, such positive
effects were noticed regardless of water availability (Figures 2, 3 and 6). The leaf, stem, and root
nutritional status changed under drought conditions (Figure 1), and plants facing water deficit
and supplied with the recommended P doses invested more P in roots, while plants under high
P supply invested more P into stems (Figure 1). The role of arbuscular mycorrhizal fungi on plant
nutrition (Begum et al., 2020) would explain such differential P partitioning in coffee trees under
varying P fertilization, a subject to be further explored in future research.

While at the beginning of the experimental period, the Arabica coffee plants receiving the rec-
ommended P dose had leaf P status indicating sufficiency (Malavolta, 1981; Reis et al., 2011), they
ended the experiment with leaf P concentration lower than 1.0 g kg™'. Besides the dilution effect
previously commented (Results section), one cannot rule out any influence of water deficit on P
uptake when water was unavailable. Even with plants under recommended P fertilization showing
low P status, our physiological indices and the visual aspect of plants did not suggest any P
deficiency.
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Figure 6. Leaf (A), branch (including trunk, B) and root (C) dry matter, root/shoot ratio (D), number of leaves (E), leaf area
(F), number of plagiotropic branches (G), and trunk diameter (H) of young Arabica coffee plants receiving recommended P
fertilization (P) or high P supply (+P) and grown under well-watered (W) or water-deficit (D) conditions. Measurements were
taken at the end of the experiment. Vertical lines correspond to standard errors of mean estimates (n = 5). Small letters compare
water regimes for a given phosphorus level and capital letters compare phosphorus levels for a given water regime.

Overall, the responses of Arabica coffee plants to water deficit were similar for most morpho-
physiological variables when comparing plants supplied with the recommended P amount to those
supplied with high P (Figures 2 to 6). Even with water deficit reducing significantly plant performance,
coffee plants under high P supply and water deficit exhibited growth similar or higher than plants
under recommended P fertilization and well-watered conditions (Figure 6). This was the main novelty
of this paper, and additional questions about coffee nutrition can be formulated: has phosphorus
demand by coffee trees increased with breeding? While it is reasonable to assume that more productive
coffee cultivars would need more nutrients to compensate the dilution effect caused by increased bio-
mass production and yield, one should consider that cultivars differ in coffee yield and growth and then
their demand for nutrients would differ as well. As an example, Teixeira et al. (2015) reported a large
variation in crop yield when comparing coffee cultivars, with green Arabica coffee production varying
from 23.1 (cv. Bourbon Amarelo UFV 535) to 43.5 bags ha™! (cv. Catuai Vermelho IAC 15). Changes
in coffee fertilization through decades were clearly shown by Malavolta (1981), with P,Os fertilization
moving from 35 g/plant/year in early 1890s to 100 g/plant/year in 1970s. Even with coffee breeding
programs launching cultivars adapted to soils with low P content and with high P use efficiency (Neto
et al., 2016), we found a positive response to high P supply, regardless of water availability.

About our initial hypothesis, high P supply alleviated the impact of water deficit on leaf car-
bohydrate status during the recovery period. In plants previously exposed to water deficit, the
availabilities of sucrose, soluble sugars, and then NSC in leaves were increased under high P sup-
ply. Such increases in soluble carbohydrates were a likely consequence of enhanced starch degra-
dation in plants receiving high P supply (Figure 5E-H). In wheat, P supply has been reported to
induce genes linked to starch degradation, increasing the transcript abundance of amylases
(Zhang et al., 2018). If such phenomenon occurs in coffee plants, it seemed to be enhanced during
the recovery of water deficit, when plants need to reestablish the pool of soluble sugars to resume
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growth. Further experimentation would reveal the molecular bases of such differential perfor-
mance induced by high P supply during plant rehydration.

High P supply increased the water use efficiency of Arabica coffee plants at the maximum water
deficit, and this was caused by high leaf photosynthetic rates rather than decreases in leaf tran-
spiration (Figures 2 and 3A). In fact, stomatal closure due to low leaf water status is a common and
initial response to water deficit, affecting both leaf transpiration and photosynthesis (Chaves et al.,
2002), as found herein (Figure 2A,B). However, higher g; in Arabica coffee plants under high P
supply would be a consequence of higher water uptake by a larger root system, as compared with
plants under recommended fertilization (Figures 2 and 6). In this way, lower W,, of plants under
high P fertilization is likely caused by high leaf transpiration (Figure 2A,D).

A progressive inhibition of carboxylation becomes dominant under severe drought (Bota et al.,
2004), and our data revealed that carboxylation rate was higher in Arabica coffee plants under high
P supply, regardless of water availability. When facing water deficit, plants under high P availability
presented iCE about four times higher than ones receiving the recommended P fertilization
(Figure 3B). The higher carboxylation efficiency would be a consequence of changes in source-sink
relationship under high P supply and their effects on expression of genes related to C; photosynthetic
pathway (Paul and Pellny, 2003). In fact, citrus photosynthesis is stimulated by vegetative growth,
which demands energy carbon skeletons for new shoot formation (Ribeiro et al., 2012). Similarly,
one would argue that enhanced coffee plant growth (Figure 6) under high P supply would upregulate
leaf photosynthesis (Figures 2C and 3B-D) through the source-sink relationship. Evidence supporting
this assumption was the low level of soluble sugars during the maximum water deficit, that is, active
sink caused decreases in available carbohydrates even when coffee plants showed high source activity
under high P supply compared to recommended P fertilization (Figure 5B-D). During the recovery
period, the higher P availability favored sucrose synthesis, using either recent photoassimilates or hexo-
ses from starch degradation - as indicated by leaf carbohydrate dynamics (Figure 6E,F).

In common beans, leaf P spraying increased photosynthesis of plants under water deficit when
nutrient uptake is impaired (Santos et al., 2004). Here, we found enhanced plant growth and physio-
logical responses due to increasing soil P availability, with Arabica coffee trees showing higher pho-
tosynthetic rates supported by higher stomatal conductance, photochemical activity, and carboxylation
efficiency (Figures 2, 3 and 6). From a practical perspective, high P supply increased the number of
plagiotropic branches - the productive ones in adult plants, and this would justify increased Arabica
coffee production when field-grown trees were supplied with high P doses (Mera et al., 2011).

Conclusions

Our initial hypothesis was partly confirmed, as the high P supply improved not only the perfor-
mance of young Arabica coffee trees under water deficit but also of those maintained under well-
watered conditions. The responsiveness of Arabica coffee trees to water deficit was not changed by
P supply. However, coffee trees were favored by high P supply, presenting higher biomass accu-
mulation as compared to plants receiving the recommended P doses. Coffee plants under high P
supply and drought presented morphological and physiological performance like well-watered
ones under recommended P fertilization, indicating that extra P supply is a way to reduce the
impact of drought on Arabica coffee trees.
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50014479722000266

Acknowledgements. MR was supported by the National Council for Scientific and Technological Development (CNPq,
Brazil) as a Visiting Researcher (Proc. 312959/2019-2 and 350509/2020-4), while PERM received MSc and PhD scholarships
(135731/2008-9; 141675/2014-4). ECM and RVR also acknowledge the CNPq fellowships (Proc. 311345/2019-0; 302460/
2018-7). This work was funded by the Siao Paulo Research Foundation (FAPESP, Brazil, Proc. 2008/52411-6, 2009/15226-
9 and 2009/00196-7). The authors acknowledge and are grateful to Mr. Leandro da Silva for carrying out the experiment.

Competing Interests. The authors declare none.

https://doi.org/10.1017/50014479722000266 Published online by Cambridge University Press


https://doi.org/10.1017/S0014479722000266
https://doi.org/10.1017/S0014479722000266
https://doi.org/10.1017/S0014479722000266

12 Miroslava Rakocevic et al.

References

Amaral L1V, Costa P.M.F., Aidar M.P.M., Gaspar M. and Buckeridge M.S. (2007). A new rapid and sensitive enzymatic
method for extraction and quantification of starch in plant material. Hoehnea 34, 425-431. https://doi.org/10.1590/52236-
89062007000400001

Bataglia O.C., Furlani A.M.C., Teixeira J.P.F., Furlani P.R. andGallo J.R. (1983). Métodos de andlise quimica de plantas.
Boletim Técnico 78. IAC: Campinas. 41p.

Begum N., Ahanger M.A. and Zhang L. (2020). AMF inoculation and phosphorus supplementation alleviates drought
induced growth and photosynthetic decline in Nicotiana tabacum by upregulating antioxidant metabolism and osmolyte
accumulation. Environmental and Experimental Botany 176, 104088. https://doi.org/10.1016/j.envexpbot.2020.104088

Bieleski R.L. and Turner A. (1966). Separation and estimation of amino acids in crude plant extracts by thin-layer electro-
phoresis and chromatography. Analytical Biochemistry 17, 278-293. https://doi.org/10.1016/0003-2697(66)90206-5.

Bota J., Medrano H. and Flexas J. (2004). Is photosynthesis limited by decreased Rubisco activity and RuBP content under
progressive water stress? New Phytologist 162, 671-681. https://doi.org/10.1111/j.1469-8137.2004.01056.x

Box G.E.P., Hunter S. and Hunter W.G. (2005). Statistics for Experimenters. Design, Innovation, and Discovery. 2nd Edn.
Hoboken, New Jersey: John Wiley and Sons, 672 p.

Chaves M.M., Pereira J.S., Maroco J., Rodrigues M.L., Ricardo C.P.P., Osério M.L., Carvalho I., Faria T. and Pinheiro C.
(2002). How plants cope with water stress in the field. Photosynthesis and growth. Annals of Botany 89, 907-916. https://
doi.org/10.1093/aob/mcf105

Cornic G. (2000). Drought stress inhibits photosynthesis by decreasing stomatal aperture — not by affecting ATP synthesis.
Trends in Plant Science 5, 187-188. https://doi.org/10.1016/S1360-1385(00)01625-3

DaMatta F.M., Ronchi C.P., Maestri M. and Barros R.S. (2010). Coffee: Environment and crop physiology. In DaMatta F.M.
(ed), Ecophysiology of Tropical Tree Crops. New York: Nova Science Publishers, pp. 181-216.

DaMatta F.M., Rahn E., Liderach P., Ghini R. and Ramalho J.C. (2019). Why could the coffee crop endure climate change
and global warming to a greater extent than previously estimated? Climatic Change 152, 167-178. https://doi.org/10.1007/
$10584-018-2346-4

Dubois M., Gilles K.A., Hamilton ].K., Rebers P.A. and Smith F. (1956). Colorimetric method for determination of sugars
and related substances. Analytical Chemistry 28. https://doi.org/350-356.10.1021/ac60111a017

He M. and Dijkstra F.A. (2014). Drought effect on plant nitrogen and phosphorus: a meta-analysis. New Phytologist 204,
924-931. https://doi.org/10.1111/nph.12952

Jin J., Wang G., Liu X,, Pan X., Herbert S.J. and Tang C. (2006). Interact interaction between phosphorus nutrition and
drought on grain yield, and assimilation of phosphorus and nitrogen in two soybean cultivars differing in protein concen-
tration in grains. Journal of Plant Nutrition 29, 1433-1449. https://doi.org/10.1080/01904160600837089

Kuwahara F.A., Souza G.M., Guidorizi K.A., Costa C. and Meirelles P.R.L. (2016). Phosphorus as a mitigator of the effects
of water stress on the growth and photosynthetic capacity of tropical C4 grass. Acta Scientiarum Agronomy 38, 363-370.
https://doi.org/10.4025/actasciagron.v38i3.28454

Levene H. (1960). Robust tests for the equality of variance. In Olkin L. et al. (eds) Contributions to Probability and Statistics, 1st
Edn. Palo Alto, CA: Stanford University Press, pp. 278-292.

Lichtenthaler H.K. and Wellburn A.R. (1983). Determinations of total carotenoids and chlorophylls a and b of leaf extracts
in different solvents. Biochemistry Society Transactions 11, 591-592. http://dx.doi.org/10.1042/bst0110591

Malavolta E. (1981). Nutrigdo mineral e adubagao do cafeeiro - passado, presente e perspectivas. In Malavolta E., Yamada T.
and Guidolin J.A. (eds), Nutrigdo e adubagdo do cafeeiro. Piracicaba: Instituto da Potassa e Fosfato, pp. 138-178.

Meena S.K., Pandey R., Sharma S., Gayacharan G., Kumar T., Singh M.P. and Dikshit H.K. (2021). Physiological basis of
combined stress tolerance to low phosphorus and drought in a diverse set of mungbean germplasm. Agronomy 11, 99.
http://dx.doi.org/10.3390/agronomy11010099

Menezes-Silva P.E., Sanglard L.M.V.P., Avila R.T., Morais L.E., Martins S.C.V., Nobres P., Patreze C.M., Ferreira M.A.,
Araujo W.L,, Fernie A.R. and DaMatta F.M. (2017). Photosynthetic and metabolic acclimation to repeated drought events
play key roles in drought tolerance in coffee. Journal of Experimental Botany 68, 4309-4322. https://doi.org/10.1093/jxb/
erx211

Mera A.C,, da Oliveira C.A.S., Guerra A.F. and Rodrigues G.C. (2011). Regimes hidricos e doses de fésforo em cafeeiro.
Bragantia 70, 302-311. https://doi.org/10.1590/S0006-87052011000200008

Neto A.P., Favarin J.L., Hammond J.P., Tezotto T. and Couto H.T. (2016). Analysis of phosphorus use efficiency traits in
Coffea genotypes reveals Coffea arabica and Coffea canephora have contrasting phosphorus uptake and utilization efficien-
cies. Frontiers in Plant Science 7, 408. https://doi.org/10.3389/fpls.2016.00408

Niinemets U., Ellsworth D.S., Lukjanova A. and Tobias M. (2001). Site fertility and the morphological and photosynthetic
acclimation of Pinus sylvestris needles to light. Tree Physiology 21, 1231-1244. https://doi.org/10.1093/treephys/21.17.1231

Partelli F.L., Vieira H.D., Viana A.P., Batista-Santos P., Rodrigues A.P., Leitio A.E. and Ramalho J.C. (2009). Low tem-
perature impact on photosynthetic parameters of coffee genotypes. Pesquisa Agropecudria Brasileira 44, 1404-1415. https://
doi.org/10.1590/50100-204X2009001100006

https://doi.org/10.1017/50014479722000266 Published online by Cambridge University Press


https://doi.org/10.1590/S2236-89062007000400001
https://doi.org/10.1590/S2236-89062007000400001
https://doi.org/10.1016/j.envexpbot.2020.104088
https://doi.org/10.1016/0003-2697(66)90206-5
https://doi.org/10.1111/j.1469-8137.2004.01056.x
https://doi.org/10.1093/aob/mcf105
https://doi.org/10.1093/aob/mcf105
https://doi.org/10.1016/S1360-1385(00)01625-3
https://doi.org/10.1007/s10584-018-2346-4
https://doi.org/10.1007/s10584-018-2346-4
https://doi.org/350-356.10.1021/ac60111a017
https://doi.org/10.1111/nph.12952
https://doi.org/10.1080/01904160600837089
https://doi.org/10.4025/actasciagron.v38i3.28454
http://www.http://dx.doi.org/10.1042/bst0110591
http://www.http://dx.doi.org/10.3390/agronomy11010099
https://doi.org/10.1093/jxb/erx211
https://doi.org/10.1093/jxb/erx211
https://doi.org/https://doi.org/10.1590/S0006-87052011000200008
https://doi.org/10.3389/fpls.2016.00408
https://doi.org/10.1093/treephys/21.17.1231
https://doi.org/10.1590/S0100-204X2009001100006
https://doi.org/10.1590/S0100-204X2009001100006
https://doi.org/10.1017/S0014479722000266

Experimental Agriculture 13

Paul M.J. and Pellny T.K. (2003). Carbon metabolite feedback regulation of leaf photosynthesis and development. Journal of
Experimental Botany 54, 539-547. https://doi.org/10.1093/jxb/erg052

Rakocevic M. and Matsunaga F.T. (2018). Variations in leaf growth parameters within the tree structure of adult Coffea
arabica in relation to seasonal growth, water availability and air carbon dioxide concentration. Annals of Botany 122,
117-131. https://doi.org/10.1093/a0b/mcy042

Rakocevic M., Ribeiro R.V., Marchiori P.E.R., Filizola H.F. and Batista E.R. (2018). Structural and functional changes in
coffee trees after 4 years under free air CO, enrichment. Annals of Botany 21, 1065-1078. https://doi.org/10.1093/aob/
mcy011

Reis T.H.P., Guimaraes P.T.G., Furtini Neto A.E., Guerra A.F. and Curi N. (2011). Soil phosphorus dynamics and avail-
ability and irrigated coffee yield. Revista Brasileira de Ciéncia do Solo 35, 503-512. https://doi.org/10.1590/S0100-
06832011000200019

Ribeiro R.V., Machado E.C., Habermann G., Santos M.G. and Oliveira R.F. (2012). Seasonal effects on the relationship
between photosynthesis and leaf carbohydrates in orange trees. Functional Plant Biology 39, 471-480. https://doi.org/10.
1071/FP11277

Rychter A.M. and Rao I.M. (2005). Role of phosphorus in photosynthetic carbon metabolism. In Pessarakli M. (ed).
Handbook of Photosynthesis. Boca Raton: CRC Press. pp. 123-148.

Santos M.G., Ribeiro R.V., Oliveira R.F. and Pimentel C. (2004). Gas exchange and yield response to foliar phosphorus
supplying in Phaseolus vulgaris under drought. Brazilian Journal of Plant Physiology 16, 171-179. https://doi.org/10.1590/
$1677-04202004000300007

SAS Institute Inc. (2003). SAS/STAT Software, Version 9.1. Cary, NC. http://www.sas.com/

Silva E.A., DaMatta F.M., Ducatti C., Regazzi A.J. and Barros R.S. (2004). Seasonal changes in vegetative growth and pho-
tosynthesis of Arabica coffee trees. Field Crops Research 89, 349-357. http://dx.doi.org/10.1016/j.fcr.2004.02.010

Silva L., Marchiori P.E.R., Maciel C.P., Machado E.C. and Ribeiro R.V. (2010). Fotossintese, relagdes hidricas e crescimento
de cafeeiros jovens em relagio a disponibilidade de fésforo. Pesquisa Agropecudria Brasileira 45, 965-972. https://doi.org/
10.1590/50100-204X2010000900005

Sivak M.N. and Walker D.A. (1986). Photosynthesis in vivo can be limited by phosphate supply. New Phytologist 102,
499-512. https://doi.org/10.1111/j.1469-8137.1986.tb00826.x

Sousounis P.]J. and Little C.M. (2017). Climate change impacts on extreme weather. AIR Worldwide Corporation: Boston, 70p.

Tariq A., Pan K,, Olatunji O.A., Graciano C., Li Z., Sun F., Zhang L., Wu X., Chen W, Song D., Huang D., Xue T. and
Zhang A. (2018). Phosphorous fertilization alleviates drought effects on Alnus cremastogyne by regulating its antioxidant
and osmotic potential. Scientific Reports 8, 5644. https://doi.org/10.1038/s41598-018-24038-2

Teixeira A.L., Souza F.F., Pereira A.A., Oliveira A.C.B. and Rocha R.B. (2015). Selection of arabica coffee progenies tolerant
to heat stress. Ciéncia Rural 45, 1228-1234. https://doi.org/10.1590/0103-8478cr20130317

van Handel E. (1968). Direct microdetermination of sucrose. Analytical Biochemistry 22, 280-283. https://doi.org/10.1016/
0003-2697(68)90317-5

van Raij B., Andrade J.C., Cantarella H. and Quaggio J.A. (2001). Andlise quimica para avaliagio da fertilidade de solos
tropicais. Campinas: IAC, 284p.

Venancio L.P., Filgueiras R., Mantovani E.C., Amaral C.H., Cunha F.F., Silva F.C.S., Althoff D., Santos R.A. and Cavatte
P.C. (2020). Impact of drought associated with high temperatures on Coffea canephora plantations: a case study in Espirito
Santo State, Brazil. Scientific Reports 10, 19719. https://doi.org/10.1038/s41598-020-76713-y

VosJ., Evers ].B., Buck-Sorlin G.H., Andrieu B., Chelle M. and de Visser P.H.B. (2010). Functional-structural plant model-
ling: a new versatile tool in crop science. Journal of Experimental Botany 61, 2101-2115. https://doi.org/10.1093/jxb/erp345

Welch B.L. (1951). On the comparison of several mean values: an alternative approach. Biometrika 38, 330-336. https://doi.
org/10.1093/biomet/38.3-4.330

Weatherley P.E. (1950). Studies in the water relations of cotton plant. I - The field measurement of water deficits in leaves.
New Phytologist 49, 81-97. https://doi.org/10.1111/j.1469-8137.1950.tb05146.x

Zhang R,, Li C,, Fu K,, Li C. and Li C. (2018). Phosphorus alters starch morphology and gene expression related to starch
biosynthesis and degradation in wheat grain. Frontiers in Plant Science 8, 2252. https://doi.org/10.3389/fpls.2017.02252

Zhou S., Duursma R.A., Medlyn B.E., Kelly J.W.G. and Prentice I.C. (2013). How should we model plant responses to
drought? An analysis of stomatal and non-stomatal responses to water stress. Agricultural and Forest Meteorology
182-183, 204-214. https://doi.org/10.1016/j.agrformet.2013.05.009

Cite this article: Rakocevic M, Marchiori PER, Zambrosi FCB, Machado EC, Maia AHN, and Ribeiro RV. High phosphorus
supply enhances leaf gas exchange and growth of young Arabica coffee plants under water deficit. Experimental Agriculture.
https://doi.org/10.1017/S0014479722000266

https://doi.org/10.1017/50014479722000266 Published online by Cambridge University Press


https://doi.org/10.1093/jxb/erg052
https://doi.org/10.1093/aob/mcy042
https://doi.org/10.1093/aob/mcy011
https://doi.org/10.1093/aob/mcy011
https://doi.org/10.1590/S0100-06832011000200019
https://doi.org/10.1590/S0100-06832011000200019
https://doi.org/10.1071/FP11277
https://doi.org/10.1071/FP11277
https://doi.org/10.1590/S1677-04202004000300007
https://doi.org/10.1590/S1677-04202004000300007
http://www.sas.com/
http://www.http://dx.doi.org/10.1016/j.fcr.2004.02.010
https://doi.org/10.1590/S0100-204X2010000900005
https://doi.org/10.1590/S0100-204X2010000900005
https://doi.org/10.1111/j.1469-8137.1986.tb00826.x
https://doi.org/10.1038/s41598-018-24038-2
https://doi.org/10.1590/0103-8478cr20130317
https://doi.org/10.1016/0003-2697(68)90317-5
https://doi.org/10.1016/0003-2697(68)90317-5
https://doi.org/10.1038/s41598-020-76713-y
https://doi.org/10.1093/jxb/erp345
https://doi.org/10.1093/biomet/38.3-4.330
https://doi.org/10.1093/biomet/38.3-4.330
https://doi.org/10.1111/j.1469-8137.1950.tb05146.x
https://doi.org/10.3389/fpls.2017.02252
https://doi.org/10.1016/j.agrformet.2013.05.009
https://doi.org/10.1017/S0014479722000266
https://doi.org/10.1017/S0014479722000266

	High phosphorus supply enhances leaf gas exchange and growth of young Arabica coffee plants under water deficit
	Introduction
	Material and Methods
	Plant material and experimental conditions
	Phosphorus supply and water regimes
	Leaf water status
	Leaf gas exchange and chlorophyll fluorescence

	Pigments
	Leaf carbohydrates
	Plant growth and biomass
	Nutritional analysis
	Experimental design and data analyses

	Results
	Soil conditions
	Plant nutritional status
	Plant water status
	Leaf gas exchange, photochemistry, and pigments
	Leaf carbohydrates
	Plant growth

	Discussion
	Conclusions
	References


