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Abstract: Coffea canephora genotypes adopt distinct strategies to cope with drought and
rehydration. We hypothesized that the greater drought tolerance of genotype ‘3V’ compared
to ‘A1’, previously reflected in physiological and anatomical leaf traits after two water-
stress (WS) cycles, could also be observed in P–V curve responses, root and branch anatomy,
leaf midrib elongation (CVL), and root distribution. The ‘3V’ and ‘A1’ plants were grown
under well-watered (WW) conditions and two cycles of water stress (WS). The ‘3V’ was
more sensitive to WS, with reduced branch xylem vessel density (BXVD), while ‘A1’
demonstrated increased BXVD. Root xylem vessel area (RXVA) decreased to a greater
extent in ‘3V’ than in ‘A1’, and both genotypes showed increased bulk elastic modulus.
Regardless of water conditions, ‘A1’ maintained a higher relative leaf water content at the
turgor loss point (RWCTLP). Morphological acclimation did not occur in the second WS
cycle. The ‘3V’ plants developed greater root mass in deeper soil layers than ‘A1’ under the
WS condition. These findings suggest that ‘A1’ follows a conservative drought-avoidance
strategy with lower physio-morphological plasticity, while ‘3V’ exhibits greater drought
tolerance. Such responses highlighted coordinated physiological, morphological, and
anatomical adaptations of the above- and below-ground organs for resource acquisition
and conservation under WS.

Keywords: biomass allocation; branch anatomy; coffee; pressure–volume curve; root
anatomy; root depth

1. Introduction
Drought is one of the most complex climatic hazards, affecting the world in meteoro-

logical, agricultural, hydrological, and socioeconomic dimensions [1]. Ecological drought is
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defined as episodic deficit in water availability that drives ecosystems beyond thresholds of
vulnerability, impacts ecosystem services, and triggers feedbacks in natural and/or human
systems [2]. In the climate change context, the frequency and severity of ecological drought
events are intensifying, leading to an increased dependence on supplementary irrigation to
meet crop demands [3]. This is particularly relevant for the species of interest in this study,
Coffea canephora Pierre ex A. Froehner (commonly known as Robusta coffee), which faces
numerous challenges spanning socio-economic and agricultural aspects.

The state of Espírito Santo, in Southeast Brazil, contributes to approximately 15% of the
world’s C. canephora production [4]. This region is characterized by a dry winter period [5],
with water resources that are not consistently available. Constructing sustainable irrigation
systems in such areas can be complex and expensive, similar to challenges faced in many
other semiarid regions worldwide [6]. Under these conditions, during long-term drought
‘spells’, drought tolerant coffee cultivars can maintain a better water status compared to
sensitive ones. This resilience is attributed to a combination of traits, including deep rooting
systems and effective stomatal regulation of transpiration [7].

At both leaf and plant scales, coffee species exhibit diverse stress response mechanisms,
namely to drought, operating simultaneously at molecular, biochemical, physiological,
morphological [8] and architectural levels [9]. Significant impacts can be observed even
during the earliest stages of drought in coffee plants, namely with impairments at growth
and photosynthesis levels, attributed to reduced cell turgor and stomatal closure, respec-
tively [10]. Gene expression profiles and the content of diverse molecules are greatly and
differentially modified among coffee species, namely those associated with protective
mechanisms against drought and other stress conditions, and these are even more complex
when plants are exposed to multiple stressors [11]. It has been reported that the homeobox
gene CaHB12 [12] enhances survival rates and regulates drought tolerance by modulating
stomatal conductance and antioxidant activity. The genes CcNCED3, CcPYL7, and CcPP2C-
1 are involved in ABA biosynthesis, perception, and signal transduction [13]. Additionally,
the accumulation of metabolites such as carbohydrates (maltose, glucose, galactose, and
lactose) and amino acids (tryptophan, L-cysteine, methionine, lysine, leucine, etc.) may
contribute to increased tolerance to water-stress conditions in coffee plants [14].

Drought resistance may involve a large number of mechanisms that, although not
strictly organized, are generally (and somewhat artificially) classified as promoting plant
avoidance, escape, and tolerance. Responses are species/genotype dependent, but their
extent is also associated with the intensification/duration of stress and the developmental
stage of the plant [15,16]. Among these mechanisms, (i) drought escape is frequently associ-
ated with plants showing early maturity and completing their life cycle rapidly, reproducing
before drought conditions become severe [17]; (ii) drought avoidance is often associated
with greater minimization of water loss through strategies such as rapid stomatal closure,
leaf rolling, and increasing wax accumulation on the leaf surface [18], but can also include
maintaining water uptake due to deep root systems [16]; (iii) drought tolerance is usually
associated with plants that withstand dry conditions through osmotic adjustment (accu-
mulation of solutes), cell elasticity, stomata regulation, number and activity of aquaporins,
calcium and phytohormone signaling, antioxidant defenses, photosynthetic adjustments
and root system shape—steep, cheap and deep [18,19]; (iv) mechanisms associated with
drought recovery, referring to the plant’s capacity to recover after a disturbance [20]. It is
common for plants to exhibit a mixture of these mechanisms and responses, highlighting
the complexity of drought resistance strategies [21,22].

In response to environmental challenges, two key approaches to plant morphology
and function can be identified, (i) the coordination of above- and below-ground traits along
a single axis of resource acquisition and conservation, where environmental conditions
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influencing leaf traits are expected to similarly impact root traits, and (ii) the orthogonal
relationships between root and leaf trait responses to stress within species, where root traits
play a crucial role in nutrient and water capture, independent of leaf function [23].

Various experiments on coffee genotype responses to drought evaluated indicators
based on a single mild to severe stress event [8,24]. Most of the studies focused on above-
ground plant parts due to their easier accessibility compared to below-ground measure-
ments, which are more challenging to evaluate [25]. Only a few avoidance and/or tolerance
responses are identified and a complementary analysis of above- and below-ground physi-
ological and morphological traits reveal that drought-tolerant C. canephora clones exhibit
greater rooting depth, hydraulic conductance and stomatal control of water use, but lack
osmotic and elastic adjustments [5,25]. Clones that can survive drought episodes through
a more conservative use of water may be of greater value than clones selected for inten-
sive coffee production, particularly under low-input conditions [26], which are typical of
many drought-prone regions across the world. Young C. canephora clonal plants present
reduced height, stem diameter and leaf number that is linearly associated with water-stress
severity [27]. However, clones with enhanced drought tolerance show leaf anatomical adap-
tations expressed in higher stomatal density, thicker leaf wax layers and thicker palisade
cell tissue [28]. Additionally, root surface area, root density, and root volume are examples
of global root metrics that can be evaluated in response to drought [29]. In the case of
root anatomy, a variation in root cortical aerenchyma has been suggested as a potentially
important trait under limited resource availability, because it may lower the carbon cost for
active root maintenance, in a concept of ‘cheaper’ roots, together with morphological root
strength and depth [19].

The capacity of coffee plants to express acclimation when previously exposed to a
stress agent has been observed, namely by enhancing their defense responses enabling
them to be better prepared to face subsequent exposure to different [30,31] or similar
stressors [32–35]. The repair of drought-induced damage and the resumption of growth
involve a complex rearrangement of many metabolic pathways, a phenomenon often
described as ‘plant memory’ [36]. The metabolic and transcriptional changes in response
to environmental stimuli are typically transient or exhibit short-term effects as part of the
acclimation process [37]. Unveiling the epigenetic and transcriptional memory of plants is
promising for the development of crops better adapted to challenging environments [38].
On the other hand, repetitive drought stress effects can be cumulative, with negative trends
along time, as found for the resilience index in some tree species [39].

Greater drought tolerance of the ‘3V’ C. canephora genotype when compared to the ‘A1’
genotype is manifested in certain leaf physiological and anatomical indexes [33]. Based
on the concept that leaves and roots coordinate along single axes of resource acquisition
and conservation, we hypothesized that, after two cycles of water stress: (i) the drought-
tolerant ‘3V’ genotype would exhibit greater resistance than the drought-sensitive genotype
‘A1’ in parameters of the P–V curve and anatomical traits of roots and branches; (ii) ‘3V’
would show lower variations in height, stem diameter and leaf number under drought
conditions over time than ‘A1’; and (iii) ‘3V’ would allocate a higher proportion of biomass
to roots, with a more pronounced root distribution across soil depth than ‘A1’. To test
these hypotheses, we monitored the morphological dynamics of both genotypes during
two consecutive drought cycles. At the end of the second cycle, we evaluated P–V curve
parameters, anatomy and biomass allocation in the ‘3V’ and ‘A1’clones.
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2. Results
2.1. Pressure–Volume Curve Parameters After Two Sequential Water-Stress Cycles

Among the parameters obtained from the pressure–volume (P–V) curve (Figure 1),
the water availability significantly affected the relative capacitance at zero turgor—C*FT

(Figure 1a), bulk hydraulic capacitance (at full turgor, a proxy for bulk-leaf capacitance)—CFT

(Figure 1c), and bulk modulus of elasticity (E, a measure of leaf tissue flexibility and
compression resistance, which helps in maintaining the leaf’s water balance and is linked to
photosynthetic capacity; Figure 1e). Under water-stress (WS) conditions, both ‘A1’ and ‘3V’
plants showed reductions of ~32% and 22% in C*FT and CFT, respectively, when compared
to WW conditions. A significant effect of both genotype and water availability was also
observed for relative leaf water content at the turgor loss point (RWCTLP, indicator of plant’s
ability to maintain water in its cells during dehydration; Figure 1f). RWCTLP increased by
ca. 4% under WS compared to WW conditions for both genotypes, although genotype ‘A1’
had an overall average approximately 2% higher than that of ‘3V’. Eincreased by ca. 42%
under WS in both genotypes, when compared to WW conditions (Figure 1e). In contrast,
parameters such as leaf capacitance at the turgor loss point (CTLP; Figure 1b), saturated
water content (SWC; Figure 1d), osmotic potential (Ψo; Figure 1g), and leaf potential of the
turgor loss point (ΨTLP, a proxy for leaf wilting point and stomatal closure; Figure 1h), did
not change under WS in either genotype.

2.2. Root and Branch Xylem Anatomy Traits After Two Water-Stress Cycles

Among the studied plagiotropic branch and root xylem anatomy traits (Figures 2 and 3),
after two sequential water-stress cycles, only the branch xylem vessel density, BXVD
(Figures 2 and 3a), and the root xylem vessel area, RXVA (Figures 2 and 3d), were modified
among the genotypes due to reduced water availability. Under the WS conditions, the ‘A1’
plants showed an increase of 14% in their branch xylem vessel density (BXVD), while a
reduction of 15% was observed in ‘3V’ plants, when compared to WW conditions (Figure 3a).
This points to a certain morpho-anatomical acclimation strategy in the ‘A1’ genotype to
drought conditions and on the other hand, a greater sensitivity of ‘3V’, although the branch
xylem area remained similar regardless of water availability or genotype (Figure 3b).

The RXVD was not modified by genotype or by water effects (Figure 3c). However,
the mean RXVA of ‘3V’ was 2.5-fold greater than that of the ‘A1’genotype under WW
(Figure 3d), suggesting that under the same RXVD (Figure 3c), ‘3V’ plants had greater
water flux in roots under non-limited water conditions. The situation was different under
WS conditions, where ‘A1’ and ‘3V’ plants showed reduced RXVA by 7% and 60%, respec-
tively, when compared to their respective WW conditions (Figure 3d), resulting in similar
anatomical structures (Figures 2f and 2h, respectively).

2.3. Growth Dynamics Along the Water-Stress Cycles

The evolution of central vein length (CVL) elongation was observed in the two water-
stress cycles (Figure 4). The interactions between the time and treatments were observed
during both drought stress events. In the first cycle (WS–1, Figure 4a), CVL was greatly
affected under WS conditions, since its values increased only under WW conditions in
both genotypes, with daily growth rates of approximately 0.36 (‘A1’) and 0.45 (‘3V’) cm
day−1. At the end of WS–1, the CVL differed both between genotypes in each water avail-
ability condition (always greater for ‘3V’) and between water availability conditions within
each genotype (always greater for WW), with values of 11.0 (‘3V’–WW), 8.6 (‘A1’–WW),
4.3 (‘3V’–WS) and 2.1 (A1’–WS) cm.
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stress (WS)], estimated at the end of the second drought cycle: (a) relative capacitance at zero tur-
gor—C*FT, (b) leaf capacitance at the turgor loss point—CTLP, (c) relative capacitance at full tur-
gor—CFT, (d) saturated water content at saturation—SWC, (e) bulk modulus of elasticity (Ɛ), (f) 
relative leaf water content at the turgor loss point—RWCTLP, (g) osmotic potential—Ψo, and (h) leaf 
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for effects of genotype, water availability, and their interactions are shown (significant when 
marked in bold). Inside the figures, the different lowercase letters indicate significant differences 

Figure 1. Pressure–volume (P–V) curve parameters in plants from C. canephora var. Robusta (‘3V’ and
‘A1’ clones) grown under two water availability conditions [well-watered (WW) and water stress
(WS)], estimated at the end of the second drought cycle: (a) relative capacitance at zero turgor—C*FT,
(b) leaf capacitance at the turgor loss point—CTLP, (c) relative capacitance at full turgor—CFT,
(d) saturated water content at saturation—SWC, (e) bulk modulus of elasticity (E), (f) relative leaf
water content at the turgor loss point—RWCTLP, (g) osmotic potential—Ψo, and (h) leaf water
potential at the turgor loss point—ΨTLP. Estimated mean ± SE (n = 7) and ANOVA p-values for
effects of genotype, water availability, and their interactions are shown (significant when marked
in bold). Inside the figures, the different lowercase letters indicate significant differences between
the two genotypes for each water regime, while the different uppercase letters indicate significant
differences between the two water regimes for each genotype.
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Figure 2. Representative branch and root xylem vessels measured in plants from C. canephora var.
Robusta (‘A1’ and ‘3V’ clones) under well-watered (WW) and water-stress (WS) conditions evaluated
at the end of second drought cycle. Branch xylem vessels in (a) ‘A1’-WW, (b) ‘A1’-WS, (c) ‘3V’-WW,
and (d) ‘3V’-WS. Root xylem vessels in (e) A1’-WW, (f) ‘A1’-WS, (g) ‘3V’-WW, and (h) ‘3V’-WS. Scale
bars of 100 µm are shown.
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Figure 3. Root and plagiotropic branch xylem anatomy traits of plants from C. canephora var. Robusta
(‘3V’ and ‘A1’ clones) grown under two water availability conditions [well-watered (WW) and water
stress (WS)], estimated at the end of second drought cycle: (a) plagiotropic branch xylem vessel
density, (b) mean xylem area per vessel in a plagiotropic branch, (c) root xylem vessel density, and
(d) mean xylem area per vessel in roots. Estimated mean ± SE (n = 7) and ANOVA p-values for
effects of genotype, water availability, and their interactions are shown (significant when marked
in bold). Inside the figures, different lowercase letters indicate significant differences between the
two genotypes for each water regime, while different uppercase letters indicate significant differences
between the two water regimes for each genotype.
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Figure 4. Linear regressions for the dynamics of central leaf vein length elongation in two genotypes
of C. canephora var. Robusta (‘3V’ and ‘A1’) grown under two water availability conditions [well-
watered (WW) and water stress (WS)], estimated at a frequency of six days during the two subsequent
water-stress events: (a) WS–1 event, (b) WS-2 event. Estimated mean ± SE (n = 7) and ANOVA
p-values (marked in bold when significant) for effects of time, treatments (two genotypes in the
two water regimes) and their interactions are shown. Inside the figures, different lowercase letters
indicate significant differences among the four treatments (two genotypes in the two water regimes)
for each time-point, while the upper-case letters indicate the time-point difference for each treatment.

Notably, during the second water-stress cycle (WS–2, Figure 4b), an increase in CVL
was observed in the WW plants of both genotypes, as well as in ‘3V’–WW plants, al-
though with growth rates of ca. 0.14 cm, somewhat below those of WW plants (ca.
0.35–0.36 cm day−1 in both genotypes). At the end of WS–2, no differences in CVL were
found between genotypes ‘A1’ and ‘3V’ for each water treatment, but larger vein lengths
were found in WW plants, with values of 8.7 (‘3V’–WW), 7.9 (A1’–WW), 4.5 (‘A1’–WS) and
3.7 (‘3V’–WS) cm.

The plant height (PH) evolution, reflecting the growth of the orthotropic axis, showed
greater values in ‘A1’ plants than in ‘3V’ ones, irrespective of water condition (Figure 5a).
For each genotype, the difference between the two water conditions gradually rose. The
increase in PH from the second to the fifth week of WS-1 was 14% and 3% for ‘A1’ for WW
and WS, respectively; and 12% and 1% for ‘3V’, for WW and WS, respectively. During
WS–2 (from the 8th to 11th week), the increase in PH was 8% and 3% for ‘A1’, in WW and
WS, respectively; and 9% and 4% for ‘3V’, in WW and WS, respectively. The increases in
PH maintained a similar pattern and variation intensity during both drought cycles in WW
plants in both genotypes. With regard to the WS conditions, the increase in PH in the plants
of both genotypes virtually stopped during the stress imposition of both WS-1 and WS-2
cycles, but the plants resumed their growth in the period between stress cycles.

Stem diameter (SD) was greater in ‘A1’ than in the ‘3V’ genotype under non-limited
water conditions, starting from the third week (Figure 5b, interaction genotype × water
and water × time), and followed a similar pattern of variation as PH. Under the WS
conditions, SD genotype difference was observed in WS–1, but not in WS–2 (interaction
genotype × water and water × time), with the genotypes showing similar values within
each water condition by the end of the experiment. The SD increase from the second to
fifth week of WS-1 was 11% and 4% for ‘A1’, and 8% and 2% for ‘3V’, under WW and WS
conditions, respectively. From the 8th to 11th week of WS–2, the SD increase was 10% and
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3% in ‘A1’ under WW and WS, respectively, and 12% and 6% in ‘3V’, always under WW
and WS, respectively. The recovery was more successful at the end of the WS-2 than at the
end of the WS-1 event in WS plants of both genotypes.
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Figure 5. Changes in the morphological traits (a) plant height, (b) stem diameter, and (c) leaf number
of two genotypes of C. canephora var. Robusta (‘3V’ and ‘A1’) grown under two water availability
conditions [well-watered (WW) and water stress (WS)], estimated during two subsequent water-stress
events [water-stress event 1 (WS–1) and water-stress event 2 (WS–2) indicated by red arrows at the
beginning of the event and by blues arrows when rewatering started], over 12 time-points. Estimated
mean ± SE (n = 7) and ANOVA p-values for effects of genotype, water conditions, time and their
interactions are shown (significant when marked in bold). Inside the figures, different lowercase
letters indicate significant differences between the two genotypes within each water regime at each
time-point, whereas different uppercase letters indicate significant differences between the two water
regimes within each genotype at each time-point. Additionally, the different superscript letters
indicate significant differences among the time-points within each genotype and water regime (blue
for WW and red for WS).
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The ‘A1’ plants consistently showed greater leaf number per plant (LN) than the ‘3V’
ones throughout the experimental period, under both WW and WS conditions (Figure 5c).
However, under WS, the LN was reduced compared to WW conditions in both genotypes.
During the WS–1 cycle, the LN increased by 26% in ‘A1’ from the second to fifth week
under WW, but decreased by 2% under WS, whereas there was an increase of 26% and 6%
for ‘3V’ under WW and WS, respectively. Throughout WS–2 (from the 8th to 11th week),
LN increased by 8% in both genotypes, while this was reduced by 8% and 3% under
the WS conditions in ‘A1’ and ‘3V’, respectively. Such a high decline in LN under WS
conditions during WS–2, especially for the genotype ‘3V’, suggested that no LN recovery
and acclimation had occurred.

2.4. Plant Leaf Area, Plant Biomass Accumulation and Allocation in Plant Organs After
Two Water-Stress Cycles

The plant leaf area (LA) by the end of the experiment was higher in the ‘A1’ than in
the ‘3V’ genotype, but a greater difference (ca. 40% lower) was seen in WS plants of both
genotypes when compared to their respective WW counterparts (Figure 6). This decline
under WS conditions was associated with the lower total number of leaves (Figure 5c).
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Figure 6. Final plant leaf area of two C. canephora var. Robusta genotypes (‘3V’ and ‘A1’) grown
under two water availability conditions [well-watered (WW) and water stress (WS)], estimated at the
end of the second drought cycle. Estimated mean ± SE and ANOVA p-values for effects of water
availability, genotype (significant when marked in bold) are shown (n = 7). The different lowercase
letters indicate significant differences between the two genotypes for each water regime, while the
different uppercase letters indicate the significant differences between the two water regimes for
each genotype.

Both genotype and water availability factors affected the total dry mass (TDM) accu-
mulation (Figure 7a). Under WW conditions, the ‘3V’ plants accumulated 21% less TDM
than the ‘A1’ ones, but no significant difference was observed between the two genotypes
under WS conditions. However, under WS conditions, TDM decreased by 44% and 57%
in ‘3V’ and ‘A1’, respectively, compared to the corresponding WW plants, indicating that
TDM in the ‘3V’ genotype was relatively less affected by drought.

The biomass allocation in leaves (leaf dry mass, LDM) was higher in the ‘A1’ than in
the ‘3V’ genotype under WW conditions, but no significant difference was found between
the two genotypes under WS conditions after the two drought cycles (Figure 7a), despite
the greater LA of ‘A1’ compared to ‘3V’ (Figure 6). Under WS conditions, the LDM
decreased by 51% in the ‘A1’ genotype and by 36% in the ‘3V’ genotype when compared
to WW conditions (Figure 7a), being responsible for changes in TDM. In fact, the biomass
allocation in plagiotropic branches (PBDM), orthotropic branches (OBDM), and roots
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(RDM) was only modified by the water availability, but at a similar level in both genotypes,
showing reductions of ca. 54% (PBDM), 50% (OBDM), and 61% (RDM) when compared to
WW plants.
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Figure 7. Biomass responses after the two subsequent water-stress events: (a) biomass allocation in
leaves, plagiotropic branches, orthotropic branches and roots; (b) root biomass distribution over the
vertical soil profile of two C. canephora var. Robusta genotypes (‘3V’ and ‘A1’) grown under two water
availability conditions [well-watered (WW) and water stress (WS)], estimated at the end of second
drought cycle. Estimated mean ± SE (n = 7) and ANOVA p-values for effects of genotype, water
availability, and their interactions (significant when marked in bold) are shown. Inside the figures,
the different lowercase letters indicate the significant difference between the two genotypes for each
water regime and for each depth. Different uppercase letters indicate significant differences between
the two water regimes for each genotype and for each depth, while the overwritten numbers indicate
differences between the four depth layers for each genotype and for each water regime.

The root dry mass distribution over the vertical soil profile was significantly impacted
by water availability in both clones by the end of the experiment at all depths evaluated
here (Figure 7b). Under adequate water supply (WW), ‘A1’ had higher root dry biomass
than ‘3V’ up to a depth of 0.50 m, being inverted thereafter (from 0.50 to 1.0 m deep),
although these two deeper layers represented only 6% (‘A1’) and 15% (‘3V’) of the total root
biomass. Under WS conditions, no difference between the two genotypes was observed in
the two upper layers, while 3V’ showed a greater root biomass when compared to ‘A1’ at
the third and fourth layers (from 0.5 to 1.0 m deep). In those two layers, roots represented
2% (‘A1’) and 13% (‘3V’) of the total root biomass. The ‘3V’ genotype was less affected at
any of the depths than ‘A1’. Although most of the roots were superficial in both genotypes,
the deeper ones were proportionally more preserved in ‘3V’ than in ‘A1’.

2.5. Correlations Among the Above-Ground and Below-Ground Traits After
Two Water-Stress Cycles

For the leaf gas exchanges, leaf net assimilation rate (Anet) was negatively correlated
with BXVA under WW (Figure 8a). Also, water use efficiency (WUE) was positively
correlated with RXVA under WS (Figure 8b). Positive correlations were observed between
the leaf xylem vessel density (LXVD) with RXVD or leaf xylem vessel area (LXVA) with
RXVA under WW (Figure 8a), but not under WS (Figure 8b). Under WW, LA, TDM,
LDM and PBDM were positively correlated with RDM or RDM_1 (where there was the
greatest root mass investment), while being negatively correlated with the deepest layer
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RDM_4 (Figure 8a). Under WS, TDM, LDM and OBDM were positively correlated with the
deepest layer RDM_4 (Figure 8b), suggesting that the above- and below-ground traits are
coordinated along single axes of resource acquisition/conservation.
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Figure 8. Graphical presentation of coefficients (values corresponding to circles and color intensities)
and p-values (significant at <0.05, not crossed circles, n = 14) for correlations among some of above-
ground plant parameters: leaf net assimilation rate (Anet, µmol m−2 s−1), leaf transpiration rate
(E, mmol m−2 s−1), water use efficiency (WUE, mmol CO2 mol−1 H2O), leaf xylem vessel density
(LXVD), leaf xylem vessel area (LXVA), leaf water potential (WatPot, MPa), Eta—bulk modulus of
elasticity (E), relative leaf water content at the turgor loss point (RWCTLP), branch xylem vessel
density (BXVD), branch xylem vessel area (BXVA), plant leaf area (LA), total, leaf, orthotropic branch
and plagiotropic branch dry mass (TDM, LDM, OBDM and PBDM), respectively. Correlations to
below-ground plant parameters include root dry mass (RDM), root xylem vessel density (RXVD),
root xylem vessel area (RXVA), and root dry mass over the four soil layers (RDM_1 to RDM_4)]. All
parameters obtained from C. canephora var. Robusta (clones ‘3V’ and ‘A1’) plants grown under two
water availability conditions: (a) well-watered (WW) and (b) water stress (WS), estimated at the end
of second drought cycle. Green flashes indicate above- and brown flashes indicate below-ground
parameters. Note that Anet, E, WUE, WatPot, LXVD, LXVA values used here for correlations, were
obtained in [30] under the same conditions as the results shown in this experiment by the end of the
second WS cycle.

3. Discussion
Our study related the interconnected physio-morphological and anatomical responses

from leaf to branch and root organs analyzed in two genotypes of Coffea canephora, allowing
us to unveil drought resistance strategies to two successive drought events. Non-stomatal
parameters, such as maximum quantum yield (ΦP0), photosynthetic performance index
(PIABS), and density of reaction centers capable of QA reduction (RC/CS0) were associated
with acclimation to drought in C. canephora during the WS-2 event to a greater extent, and
was interpreted as a ‘memory effect’ [33]. Such an effect was not observed in the dynam-
ics of leaf and branch morphological characteristics analyzed in the current experiment
(Figures 4 and 5).

Previous findings regarding various physiological and anatomical responses at the
leaf scale indicated that ‘3V’ plants are more drought tolerant than ’A1’ ones [33]. A lower
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impact of WS in ‘3V’ than in ‘A1’ plants during the WS-1 event was observed in Anet,
effective quantum yield in PSII photochemistry (ΦPSII), photochemical quenching (qP),
linear electron transport (ETR), and photochemical reflectance index (PRI), although such
an advantage in ‘3V’ plants seems to disappear during the WS-2 event [30]. The actual
analyses of the ‘3V’ genotype also showed higher CVL gains during the WS–1 (Figure 4a),
but not during WS–2, resulting in similar CVL gains as seen in the ‘A1’ genotype during
WS–2 under both water conditions (Figure 4b). This maintenance of CVL in ‘A1’ during
the two drought cycles could indicate that the ‘3V’ genotype was more sensitive than the
‘A1’ genotype.

LXVA decreased under WS in ‘3V’, whereas ’A1’ plants were unresponsive to water
shortage in this anatomical trait, being one of its strategies to cope with drought [33].
Anatomical plasticity influences hydraulic properties, which vary among the organs; stems
may increase xylem vessel diameter to increase hydraulic conductivity ability but may also
increase the occurrence of xylem embolism [40]. In this sense, BXVA was similar between
the WS and WW plants of both genotypes (Figure 3a), but the density of vessels decreased
under WS in ‘3V’ and increased in ’A1’ under WS (Figure 3a), indicating an increased water
transport efficiency and a lower embolism occurrence probability in ‘A1’ than in ‘3V’ stems.
In the roots, both genotypes maintained the RXVD under drought conditions (Figure 3c)
and diminished the mean vessel area (Figure 3d) to ensure security of water transport with
prolonged drought [40,41]. The decrease in soil water content is usually accompanied by a
decrease in the root xylem vessels area (RXVA), as observed in wheat roots [42]. Judging
from our results, the RXVA reduction can be considered as a common morpho-anatomical
acclimation of C. canephora to drought, segregating the genotype responses by significant
reduction in ‘3V’ plants and its higher sensitivity to drought stress when compared to ‘A1’
in this trait (Figure 3d). Additionally, our data support the finding that roots are more
sensitive than stems to prolonged drought in anatomical hydraulic traits [40].

When considering the leaf hydraulic parameters, drought-exposed clones show higher
Evalues, reflecting greater tissue rigidity, which results in increased RWC values in Coffea
sp. [27,43]. Here, the plants of both genotypes showed similar Eincreases under drought
conditions (Figure 1e), but in ‘A1’, a higher RWCTLP value was found than in ‘3V’, regard-
less of water conditions (Figure 1f). This indicated that the loss of turgor in WS plants was
followed by a higher RWCTLP value, while Ψo and ΨTLP did not change (Figure 1g,h). In
other cases, RWCTLP does not change even if there is osmotic adjustment [44], and here
the variation in leaf water potential did not correspond to such variation (no correlation
between the water potential and RWCTLP, Figure 8). Changes in relative symplast volume
(RWCTLP) under stress conditions have been associated with stomatal aperture [45], with
gs greatly reduced in WS plants, and no modification in stomatal density in both ‘A1’ and
‘3V’ [33]. Such responses could suggest a greater drought avoidance than dehydration
tolerance in both of the C. canephora genotypes, as previously observed in some genotypes
of this species [43].

In field trials examining the root distribution and volume, it was found that under
adequate water supply, most C. canephora genotypes had their roots concentrated in the
topsoil layers up to 20 cm [46] or 30 cm [43] deep. However, under severe drought
conditions, deeper root systems in C. canephora drought-tolerant clones permit them to have
greater access to water at the bottom of the soil profile to maintain more favorable internal
water status than drought-sensitive clones with shallower root systems [25]. Our RDM
distribution findings over the soil profile support such observations. Under WW conditions,
‘A1’ had the greatest part of the root system in the topsoil layer 1, more than ‘3V’ (Figure 7b).
As previously reported [47], and under drought conditions, no difference between the
two genotypes was observed up to a depth of 0.5 m. However, ‘3V’ showed a higher root
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biomass than ‘A1’ at a depth of 0.5–1.0 m, thus highlighting the ability to explore deeper
soil layers for water, increasing the drought tolerance potential of ‘3V’ plants.

Under WW conditions, a lower total biomass (TDM) was accumulated in ‘3V’ than
in ‘A1’ plants, although without any differences observed under drought conditions
(Figure 7a). These two genotypes showed similar allocation in LDM after the two cy-
cles of drought stress, despite the greater LA of ‘A1’ when compared to ‘3V’ (Figure 6).
For similar gs values, a greater leaf (transpiration) area, could support higher water con-
sumption [48], which is under stomatal regulation. Therefore, leaf number (Figure 5c), and
LA reductions (Figure 6) are frequently observed in coffee plants, being considered as a
response to drought [34]. Both genotypes had reduced LA by ~40% under WS conditions
when compared to WW, with no significant difference between them for this trait.

The maintenance of the physiological status of ‘3V’ between WS-1 and WS-2 [33]
did not result in similar trends in morphological responses, especially in the aerial parts
of the plant, therefore without a clear ‘stress memory’ of the last type of response. It
is possible that the energy investments of ‘3V’ in forming deeper roots under drought
conditions is a strategy for assimilating carbon with reduced investment in the aerial parts,
indicating a conservative plant drought resistance strategy. On the other hand, despite its
physiological sensitivity [33], ‘A1’ seems to use the preceding stress cycle to modify the
carbon distribution balance strategies that may be more efficient in accumulating above-
ground biomass (Figure 8), and consequently greater carbon fixation per leaf area [33],
permitting better maintenance of future fruit formation.

Our results suggest that combining useful morphological and physiological traits
allows a successful assessment of coffee clone performance in response to drought, but
drought avoidance and tolerance were not linearly connected in all the observed traits
(Figure 8), similarly as observed in [48]. Additionally, the above- and below-ground physi-
ological, morphological and anatomical traits seemed to be coordinated along single axes
of resource acquisition/conservation under environmental pressures (Figure 8b), meaning
that managing the environmental conditions that are known to influence leaf traits, would
also be expected to influence root traits. Leaf, stem and root economics and plant hy-
draulic traits are interrelated but vary independently, as also seen in some other tree species
under drought conditions [49]. However, we believe that under field conditions, these
responses may be significantly influenced by resource competition between above-ground
and below-ground plant components [50]. Additionally, the severity of water stress and the
frequency of drought events can be modulated by the physical soil characteristics [51] and
soil cover dynamics [52]. These factors may lead to varied stress responses, highlighting
the complexity of plant adaptation in natural environments.

4. Conclusions
The ‘3V’ genotype, which has been considered drought-tolerant, based on leaf physio-

logical responses, demonstrated lower sensitivity than the ‘A1’ genotype in parameters
of the P–V curve, or in root and branch anatomy under drought conditions. Opposite
to our hypothesis, ‘3V’ was shown to be more sensitive to drought in BXVD and RXVA
than ‘A1’, with both genotypes having increased Eunder WS (indicator of genotypes of low
drought tolerance), while ‘A1’ showed higher RWCTLP values than ‘3V’, independent of
water conditions. Such responses are better indicators of drought avoidance than toler-
ance. Considering the dynamics in morphological parameters, drought acclimation of the
two genotypes was not expressed. CVL rate was maintained in ‘A1’ and reduced in ‘3V in
the WS–2 cycle, indicating again that the 3V genotype was more sensitive and plastic in its
morphological responses. This suggested that the ‘A1’ can be considered more conservative,
and with lower morphological plasticity under drought conditions than the ‘3V’. Under WS
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conditions, no difference between the two genotypes was observed in the two upper layers,
while ‘3V’ showed a higher root mass when compared to ‘A1’ at the deepest layers of
0.50–1.0 m. Such root biomass distribution over the soil profile indicated greater potential
drought tolerance by ‘3V’ than by ‘A1’. Each genotype adopted one specific strategy to cope
with drought, one being more conservative, with lower plasticity and inclination to drought
avoidance (‘A1’), while the second was shown to be more drought tolerant (‘3V’). Our data
showed that Coffea canephora’s above- and below-ground physiological, morphological and
anatomical traits are coordinated along single axes of resource acquisition/conservation
under water stress.

5. Material and Methods
5.1. Plant Material, Experimental Conditions and Experimental Design

The experiment was conducted in a greenhouse in Campos dos Goytacazes (21◦44′47′′ S
and 41◦18′24′′ W, at 10 m altitude), Rio de Janeiro, Brazil, using two contrasting C. canephora
Pierre ex. Froehner, var. Robusta root-growth clones ‘3V’ and ‘A1’, previously character-
ized by deep and shallow root growth, respectively, in plants grown under non-limited
water conditions [47]. In November 2020, five-month-old seedlings (14 per clone, total-
ing twenty-eight seedlings) produced from cuttings were transplanted into PVC tubes
(1.0 m height × 0.2 m diameter). The tubes were filled with a substrate composed of red–
yellow latosol and sand at a 4:1 ratio. A soil chemical analysis was performed to assess
fertility and ensure adequate fertilization according to crop requirements [53]. Briefly, the
soil pH was 5.6, hydrogen + aluminum was 1.1 cmolc dm−3, organic matter 1%, sum of
bases at 4.0 cmolc dm−3, CEC at 5.1 cmolc dm−3, effective CEC at 4.0 cmolc dm−3, base
saturation at 78.3%. More nutritional details are shown in [33].

During the first 60 days after transplanting, all plants were watered daily to maintain
sufficient water availability. After this initial period, seven plants of each clone were
subjected to soil water stress (WS), while the remaining seven were kept in well-watered
(WW) conditions as controls. The WS treatment involved fully withholding water until
the soil water potential (ΨmSoil) attained values of <−500 kPa (−0.5 MPa) in two water
restriction cycles of 19 days, that was followed by a rewatering period of 12 days (Figure 9).
Both genotypes attained the same values for ΨmSoil. Between the two WS cycles, a period
of an additional 19 days was established, when all plants were maintained well-watered.
The irrigation system (flow rate ≈ 0.05 L min−1 plant−1) was automatically activated for
30 min twice a day (06:00 h and 18:00 h). ΨmSoil was recorded at 100 cm, with a 30 min
interval until the end of the experiment (20 April 2021), using a TEROS 21 (Meter Group,
Pullman WA, USA) ΨmSoil sensor together with a data logger. The ΨmSoil during WW
conditions was −10 to −20 kPa. The attained leaf predawn water potential was similar
between the two genotypes after soil drying of WS-1 in WS plants, but was more negative
in ‘3V’ (−2.97 MPa) than in ‘A1’ (−2.60 MPa) plants after soil drying during WS-2 [33].

5.2. Pressure–Volume (P–V) Curve Measurements After Two Water-Stress Cycles

The dynamics of leaf turgor and tissue water relations were assessed through pressure–
volume (P–V) curve analysis [54,55] using a Schölander-type [56] pressure chamber (model
3005; Soil Moisture Equipment Corporation, Santa Barbara, CA, USA) following a free
transpiration method [57,58], because it was simpler and allowed the simultaneous analysis
of a greater number of samples [59]. P–V curves were determined only at the end of the
2nd soil drying and recovery cycle (Figure 9). Measurements were performed on four
plants per day over a seven–day period. Ten hours before the measurements, 2nd order
plagiotropic branches with 5–8 leaf pairs were cut and submerged in distilled water until
fully rehydrated. Those leafy axes were kept covered with a dark plastic bag in the labo-
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ratory for approximately ten hours to ensure stomatal closure and complete rehydration.
Fully expanded leaves (developed during the two water-stress cycles) were collected from
the rehydrated branches and gradually dehydrated on the bench over a period of eight to
ten hours. During the dehydration process, leaf fresh mass and water potential (Ψw) were
measured at increasing intervals until Ψw reached approximately −3.0 MPa. Each leaf area
was measured using a leaf area meter LI–3100 (Li–Cor, Lincoln NE, USA), and the dry mass
of each leaf was determined after drying in a forced-air oven model 320/5 (Eletrolab, São
Paulo SP, Brazil) at 65 ◦C for 72 h.
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cycle was then applied, similar to the 1st one, by withholding irrigation until <−500 kPa of ΨmSoil

was reached, followed by another 12 days for the second recovery event.

To obtain the P–V curve parameters, we followed a protocol defined in [58]. The leaf
potential at the turgor loss point (ΨTLP) was estimated as the transition point between the
curvilinear and linear sections of the graph by plotting the inverse of Ψw against relative
leaf water content (RWC). Osmotic potential (Ψo) was estimated by extrapolating the linear
section to 100% RWC. The bulk modulus of elasticity (E, a measure of how much the cell
turgor changes relative to the change in cell volume) was estimated from the slope of the
pressure potential between the full turgor and turgor loss point (TLP). The leaf capacitance
(CTLP) was determined from the slopes of the pressure–volume relationship between full
turgor and TLP. Relative capacitance at full turgor (CFT) was calculated as the change in
total or symplastic RWC over the change in Ψw between full hydration and ΨTLP. Relative
capacitance at zero turgor (C*FT) was calculated as the change in total or symplastic RWC
over the change in Ψw after reaching ΨTLP. Symplastic RWC at turgor loss point (RWCTLP),
was visually estimated from ΨTLP. The saturated water content (SWC) was calculated as
the leaf water mass at saturation divided by the dry mass.

5.3. Measurmenents of Root and Branch Xylem Anatomy Traits After Two Water-Stress Cycles

To measure xylem vessel density and vessel area, samples of roots and plagiotropic
branches were collected at the end of the 2nd drought and recovery cycle. Transverse cuts
were made on sampled material by hand, using razor blades. The thin cuts were clarified
with a 50% sodium hypochlorite solution until completely translucent and rinsed three
times in distilled water. Sections were then stained with Safrablau, a combination of 1%
aqueous Astra Blue and 1% alcoholic Safranin solution at a 9:1 ratio [60]. Observations and
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image captures were performed using a Nikon Eclipse E200 optical microscope (Nikon
Corp., Tokyo, Japan) with a 10× objective lens, assisted by Capture 2.2.1 software (Meiji
Techno, Saitama, Japan). For each plant (n = 7), the averages were taken for branch and root
cuts, from six and eleven fields of view, respectively. Due to the resistance of the material
and the quality of the sections, fewer fields of view were obtained from the branches.

5.4. Measurements of Growth Dynamics and Final Plant Leaf Area

Growth dynamics were monitored through weekly measurements of plant height
(PH), stem diameter (SD), and leaf number (LN), from the 16th week to the end of the
experiment (27th week) at 12 time-points. After initiating soil water-stress cycles (WS–1
and WS–2), young leaves (CVL ≥ 1 cm) were selected to monitor the leaf expansion rate
based on measurements of central vein length (CVL) taken at six-day intervals at four
time-points for each of the two stress cycles. PH and CVL were measured (mm) with a
graduated ruler, while SD was measured using with digital vernier calipers (JOMARCA,
Guarulhos SP, Brazil).

The leaf area per plant (LA) was measured after two sequential water-stress cycles
with a leaf area meter (LI–3100, Li–Cor, Lincoln, NE, USA).

5.5. Measurements of Biomass Allocation Traits After Two Water-Stress Cycles

Separate plant parts (orthotropic and plagiotropic branches, leaves, and roots) were
dried in a forced-air oven model 320/5 (Eletrolab., São Paulo SP, Brazil) at 65 ◦C for 72 h
to determine the dry mass allocation in leaves (LDM), plagiotropic branches (PBDM),
orthotropic branches (OBDM), and roots (RDM). Branches and leaves were separated using
pruning shears. To divide the root layers, the pots were cut laterally and each soil layer
with its root portion was cut and washed separately.

Roots were evaluated considering four different layers of soil depth (0–0.25 m;
0.25–0.50 m; 0.50–0.75 m; and 0.75–1.0 m) to assess root distribution along the soil ver-
tical profile. Root separation was carefully performed, preserving the maximum number of
roots on a fine metal sieve. Total dry mass (TDM) was calculated as the sum of all partial
dry masses. All dry mass evaluations were performed using a precision balance with four
decimal places (Shimadzu AY220, Shimadzu Corporation, Kyoto, Japan).

5.6. Statistical Analysis

All statistical analyses were performed using ‘R’ [61]. A significance level of 0.05 was
used for all analyses. A completely random factorial experimental design was used, includ-
ing two factors: two genotypes (‘A1’ and ‘3V’), and two water conditions (WW and WS)
for P–V curve parameters, anatomy traits, LA and biomass allocation. Three-way ANOVAs
were processed for dynamics in morphological traits (including the 12 time-points with a
one-week interval as a third factor) and root distribution (including the four root-depth
levels as a third factor). For ANOVAs, mixed linear modeling was used (lme function and
maximum likelihood from the ‘nlme’ package), considering genotypes, water availability,
and timepoints as fixed factor effects, while plant number (repetition) was considered
as a random effect. The Bartlett homogeneity test and the Shapiro normality test were
performed for each variable and their values helped in model choice. If no significant
interaction (starting from the most complex where three or two factors were interacting)
was found, a reduction model was applied (and fitted using the lme function, considering
again all factors as fixed or random, as mentioned above). For comparing average val-
ues estimated by ANOVAs, we used the Tukey HSD and ‘lsmeans’ and ‘multcompView’
packages. The estimated means and standard errors (SE) are shown in the figures.

For the central vein elongation dynamics, four time-points (measurements performed
at a six-day frequency) separately for each of the two drought cycles were analyzed,
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performing a double factorial scheme (fat2.crd) and using the ‘ExpDes’ package [62], after
testing the hypothesis of variance homogeneity. Linear regression models were fitted,
considering four treatments (two genotypes × two water regimes) and four time-points.
A multiple comparison ‘Tukey’ test was used to compare treatment effects within each
time-point, and the time effects inside of each treatment.

The Pearson method was applied to correlate traits related above- to below-ground
traits of each plant, using the ‘corrplot’ package, while the ‘Hmisc’ package was used
for p-value inclusions. For correlations, additional above-ground data for each analyzed
plant related to leaf net assimilation rate (Anet, µmol m−2 s−1), leaf transpiration rate (E,
mmol m−2 s−1), water use efficiency (WUE, mmol CO2 mol−1 H2O), leaf water potential
(MPa) leaf xylem vessel density (LXVD), area of leaf xylem vessel (LXVA) were obtained un-
der the same conditions as the results shown in this experiment, with the values registered
at the end of the 2nd WS cycle, as described in [33].
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