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Abstract: Understanding the dynamics of physiological changes involved in the acclimation responses
of plants after their exposure to repeated cycles of water stress is crucial to selecting resilient genotypes
for regions with recurrent drought episodes. Under such background, we tried to respond to questions
as: (1) Are there differences in the stomatal-related and non-stomatal responses during water stress
cycles in different clones of Coffea canephora Pierre ex A. Froehner? (2) Do these C. canephora clones
show a different response in each of the two sequential water stress events? (3) Is one previous
drought stress event sufficient to induce a kind of “memory” in C. canephora? Seven-month-old
plants of two clones (’3V’ and ‘A1’, previously characterized as deeper and lesser deep root growth,
respectively) were maintained well-watered (WW) or fully withholding the irrigation, inducing soil
water stress (WS) until the soil matric water potential (Ψmsoil) reached ∼= −0.5 MPa (−500 kPa) at
a soil depth of 500 mm. Two sequential drought events (drought-1 and drought-2) attained this
Ψmsoil after 19 days and were followed by soil rewatering until a complete recovery of leaf net
CO2 assimilation rate (Anet) during the recovery-1 and recovery-2 events. The leaf gas exchange,
chlorophyll a fluorescence, and leaf reflectance parameters were measured in six-day frequency, while
the leaf anatomy was examined only at the end of the second drought cycle. In both drought events,
the WS plants showed reduction in stomatal conductance and leaf transpiration. The reduction in
internal CO2 diffusion was observed in the second drought cycle, expressed by increased thickness
of spongy parenchyma in both clones. Those stomatal and anatomical traits impacted decreasing
the Anet in both drought events. The ‘3V’ was less influenced by water stress than the ‘A1’ genotype
in Anet, effective quantum yield in PSII photochemistry, photochemical quenching, linear electron
transport rate, and photochemical reflectance index during the drought-1, but during the drought-2
event such an advantage disappeared. Such physiological genotype differences were supported
by the medium xylem vessel area diminished only in ‘3V’ under WS. In both drought cycles, the
recovery of all observed stomatal and non-stomatal responses was usually complete after 12 days
of rewatering. The absence of photochemical impacts, namely in the maximum quantum yield of
primary photochemical reactions, photosynthetic performance index, and density of reaction centers
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capable of QA reduction during the drought-2 event, might result from an acclimation response of
the clones to WS. In the second drought cycle, the plants showed some improved responses to stress,
suggesting “memory” effects as drought acclimation at a recurrent drought.

Keywords: coffee; fluorescence; gas exchanges; memory effect; parenchyma; xylem vessel area

1. Introduction

Among 130 species in the genus Coffea spp. [1], only two are commonly used in
commercial coffee production, i.e., Coffea arabica L. and Coffea canephora Pierre ex A. Froehner.
Brazil is the second largest world producer of the latter [2,3], with the small Espírito Santo
State, Southeast Brazil, being alone responsible for ca. 15% of the world’s yield [4]. This
Brazilian state is characterized by dry winters, demanding irrigation to optimize crop
yields [5]. The limitation of water resources for irrigation has increased due to the increment
of cropped areas, accompanied by a decline in underground water resources [6], a reduction
in rainfall amounts, and their altered temporal distribution, which all have boosted the
frequency and severity of drought events sensed by plants in the field [2,7]. Under such
reality, the selection of drought-resilient coffee genotypes is of crucial importance to this
crop’s sustainability [8].

Plant drought resistance is generally related to four mechanisms [9]: (1) escape from
drought [10], (2) drought tolerance [11], (3) drought avoidance [12–17], and (4) drought
recovery [18]. It is common to observe a mix of drought tolerance and avoidance mech-
anisms [9,19] through a combination of morphological, physiological, and anatomical
modifications [20] that grant plants the ability to thrive under unfavorable environments.

The drought effects on coffee plants are often observed quickly, even under low to
moderate stress levels. Hydraulic conductance and stomatal conductance (gs) declines
prevent excessive water loss. The latter is usually one of the earliest triggered mechanisms
to preserve water levels, but it will concomitantly reduce the net CO2 assimilation rate
(Anet) [21], limiting biomass accumulation and yield [8]. In fact, mild drought stress can
already cause a decrease in photosynthesis in Coffea spp. induced by stomatal closure
associated with the expression of gene precursors of ABA synthesis [22]. Coffee plants
displayed a relatively low Anet compared to other C3 species, mainly related to limitations
to CO2 diffusion from the stomata and within mesophyll until carboxylation sites in the
chloroplasts, thus associated with low stomatal (gs) and mesophyll (gm) conductances [23].
In fact, gs is the major factor limiting coffee photosynthesis, and such influence is further
amplified under drought conditions [24–27]. Under drought, leaf anatomy modifications
can additionally occur in C. arabica, including the increase in stomatal density and reduc-
tions in the adaxial epidermis thickness and in the palisade parenchyma, with a parallel
reduction in stomata size [28]. The last can be viewed as a general response related to gas
exchange regulation in plants under stress, improving water-use efficiency [29].

Non-stomatal limitations can also occur under drought conditions in various species,
demanding acclimation responses at photochemical, biochemical [30–32], and molecular
levels. In Coffea spp., this includes a number of responses (commonly to several environ-
mental stresses), among them the triggering/reinforcement of protective and antioxidant
components associated with transcriptome, proteome, lipidome, and metabolome profiles
changes [22,33–37]. Environmental stress impacts can be accessed through in situ and
non-destructive measurements, as in the case of the parameters derived from chlorophyll a
fluorescence (non-stomatal indicators). These indicators can help in the evaluation of the
photochemical energy use associated with photosystem II (PSII) activity [38,39], contribut-
ing to characterizing the stress impact and the acclimation mechanisms [40–42]. Based on
the fast fluorescence kinetics of chlorophyll a fluorescence, the OJIP test allows measuring
several photochemically related parameters [43–45]. Additionally, chlorophyll a fluores-
cence quenching analysis helps to evaluate PSII photoinhibition and to better understand
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the use and dissipation of energy [39,46–49]. As a complementary approach, leaf spectral
reflectance is also known to be sensitive to stressor agents [50]. Under a slow-developing
drought, pigment contents and ratios will be modified, namely the decrease in chlorophyll
content and increase in carotenoid-to-chlorophyll ratio [51]. Those modifications promote
significant changes in leaf spectral reflectance in various wavelengths, from visible to
short-wavelength infrared regions, which are sensitive to both fast- and slow-developing
stresses [51,52].

In the last decade, the knowledge of the mechanisms associated with drought tolerance
has grown, although most works addressed the impact of single drought events [53]. The
same has been occurring with most stresses being studied as a single occurrence, despite
the fact that plants display much more complex impacts and responses to a combination of
stresses, not easily extrapolated from single stress events, as reported in Coffea spp. [33,37,54].
In a similar way, repeated drought and recovery events are more common than a single
sudden or prolonged drought event in natural conditions [55,56]. Thus, some care must be
taken to extrapolate information associated with drought responses obtained from a single
drought event [53], in particular as regards perennial crops.

Plants, especially under non-irrigated management, are subjected to cycles of drought
stress and rewatering across the globe [57]. The processes of the plant repairing the drought-
induced damages and restarting the growth are complex, involving the rearrangement
of a wide number of metabolic pathways [18]. Therefore, plants can develop some cross-
response acclimation when previously exposed to a stress agent, which can potentiate their
defense responses for the next stress events and prepare them for a subsequent exposure to
that stress agent [33,53,56,58–60]. Still, photosynthesis declines during drought, while the
velocity of drought recovery after rewatering and the potential acclimation to subsequent
drought cycles have been explored only in a few cases [55]. In C. arabica plants grown under
field conditions, Anet, gs, leaf transpiration (E), and carboxylation efficiency were similar
between irrigated and rainfed conditions only after four recurrent drought periods in all
four observed genotypes, suggesting acclimation of leaf gas exchanges at leaf scale [56] or
in some architectural traits, such as the individual leaf size [61].

A better understanding of physiological traits and the mechanisms involved in
drought acclimation responses provides insights and facilitates the selection of promising
C. canephora clones for future coffee cropping in drought-prone regions. In this context,
some questions were addressed as: (1) Are there differences in the stomatal-related and
non-stomatal responses during water stress and recovery events in different clones of
C. canephora? (2) Do these C. canephora clones show a different impact and acclimation
response in each of the two consecutive water stress events, expressing a kind of “memory”
to the previous event? (3) Is one previous drought stress event sufficient to induce drought
acclimation in C. canephora? We hypothesized genotype-dependent responses to drought
periods, and additionally, that stomatal-related parameters (as Anet, gs, and E) would be less
expressive than non-stomatal parameters (as chlorophyll a fluorescence, reflectance indexes,
and leaf anatomy) in C. canephora acclimation to drought during the second drought event.

2. Results
2.1. Soil and Leaf Water Potentials during Two Subsequent Water Stress Cycles

The soil matric water potential (Ψmsoil) gradually decreased in both clones upon
irrigation withholding in both drought events (drought-1 and drought-2), and quickly
recovered after rewatering (Figure 1). In the pots of ‘3V’ plants, the Ψmsoil at 500 mm depth
was lower than at 100 mm by the last, 19th day of drought in both cycles (Figure 2A),
contrasting with the soil of ‘A1’, where the lowest Ψmsoil was always found in the 100 mm
depth (Figure 2B). Both clones under well-watered (WW, control) conditions showed
Ψmsoil > −12 kPa (−0.012 MPa).
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Figure 1. Soil matric water potential (Ψmsoil) at 100 mm cm and 500 mm from the soil surface in the pots 
of the C. canephora var. Robusta genotypes of (A) ‘3V’ and (B) ‘A1’ under well-watered (WW) and water 
stressed (WS) conditions. The water restriction was imposed during the drought-1 and drought-2 
events, after which the soil was rewatered (and recovery-1 and recovery-2 events). 

Leaf water potential (Ψleaf) of plants grown under water stress differed among drought 
cycles only in the ‘3V’ clone, attaining more negative values in the drought-2 than drought-
1 cycle at predawn of the first day of recovery (Table S1). The Ψleaf had significantly lower 
values in WS than in WW plants of both genotypes, but no difference was observed between 
the genotypes within each type of water availability condition in none of the cycles. 

 
Figure 2. Leaf gas exchanges of two genotypes (Gen) of C. canephora var. Robusta (‘3V’ and ‘A1’) grown 
under two water availability conditions [Wat, well-watered (WW) and water stress (WS)], over 12 time-
points of six-day intervals (Day) during drought-1 and drought-2 and respective recovery events: (A) 
net CO2 assimilation rate (Anet), (B) stomatal conductance to water (gs), (C) transpiration rate (E), and 
(D) leaf-to-air vapor pressure deficit (VPDleaf-air). Inside the figures, the different lowercase letters 
indicate the significant difference among the time-points for each water regime (blue for WW and olive 
green for WS); different uppercase letters indicate the comparison between water availabilities for each 

Figure 1. Soil matric water potential (Ψmsoil) at 100 mm cm and 500 mm from the soil surface in the
pots of the C. canephora var. Robusta genotypes of (A) ‘3V’ and (B) ‘A1’ under well-watered (WW)
and water stressed (WS) conditions. The water restriction was imposed during the drought-1 and
drought-2 events, after which the soil was rewatered (and recovery-1 and recovery-2 events).
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Figure 2. Leaf gas exchanges of two genotypes (Gen) of C. canephora var. Robusta (‘3V’ and ‘A1’)
grown under two water availability conditions [Wat, well-watered (WW) and water stress (WS)], over
12 time-points of six-day intervals (Day) during drought-1 and drought-2 and respective recovery
events: (A) net CO2 assimilation rate (Anet), (B) stomatal conductance to water (gs), (C) transpiration
rate (E), and (D) leaf-to-air vapor pressure deficit (VPDleaf-air). Inside the figures, the different
lowercase letters indicate the significant difference among the time-points for each water regime (blue
for WW and olive green for WS); different uppercase letters indicate the comparison between water
availabilities for each time-point of observation (blue for WW and olive green for WS); and different
superscript black ■ signs indicate that ‘3V’ was statistically superior to ‘A1’ at that time-point.
Mean ± SE and ANOVA p-values (n = 7) for effects of three factors (water availability, genotype, and
day of observation) and their interactions are shown. The significant p-values were marked in bold in
the upper part of each graph.
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Leaf water potential (Ψleaf) of plants grown under water stress differed among drought
cycles only in the ‘3V’ clone, attaining more negative values in the drought-2 than drought-1
cycle at predawn of the first day of recovery (Table S1). The Ψleaf had significantly lower
values in WS than in WW plants of both genotypes, but no difference was observed between
the genotypes within each type of water availability condition in none of the cycles.

2.2. Leaf Gas Exchanges during Two Subsequent Water Stress Cycles

The Anet of WW plants kept certain stability over time, with values between 5 and
7 µmol m−2 s−1 and between 7 and 10 µmol m−2 s−1 in ‘3V’ and ‘A1’, respectively, during
the drought-1 and drought-2 events (Figure 2A). In sharp contrast, regardless of genotype,
the WS plants showed a drastic Anet reduction down to ~0 µmol m−2 s−1 by the end of both
drought events and a declining pattern similar in both cycles. A similar pattern was also
found in Anet recovery for both genotypes and drought cycles. The only difference between
the drought-1 and drought-2 events was observed in genotype sensitivity to drought,
approaching Anet values of ‘A1’ to ‘3V’ during the drought-2, while the Anet values of ‘3V’
were continuously superior to ‘A1’ during the drought-1 and recovery-1 events.

Stomatal conductance increased significantly after 12 days under control (WW) in both
drought events and in both clones (Figure 2B). In other time points, gs was near the initial
value, permitting maintaining the Anet at a similar level as the initial value in each drought
event (Figure 2A). Under the WS conditions, the drastic gs reduction occurred in both
drought events to similar values, as happened with gs recovery dynamics (Figure 2B). A
complete gs recovery was achieved after rewatering similarly for both cycles and genotypes.

Leaf transpiration rate (E) decreased significantly after 12 days under control (WW) in
the drought-1 event compared to the initial value in both clones (Figure 2C), contrary to the
mentioned gs variation (Figure 2B). Under the WS conditions, a drastic E reduction occurred
already by the seventh day and onwards, similar in both drought cycles, whereas a slighter
recuperation was observed at recovery-2 than at recovery-1, by comparing significant
differences between the values of the first time-point of each cycle in recovery dynamics
(Figure 2C). The complete E recovery was achieved after rewatering that followed both
drought events. The dynamics in E were similar between the two genotypes, but E was
higher in ‘3V’ than in ‘A1’ at the seventh day of both drought events.

The leaf-to-air vapor pressure deficit (VPDleaf-air) decreased drastically after 12 days
under both WW and WS conditions in the drought-1 event compared to the initial values
of both clones (Figure 2D), similar to what happened to E (Figure 2C), which seemed to be
induced by decreased air temperature (Figure S1B) and increased air RH (Figure S1C), due
to rains. Under the WS conditions, the significant VPDleaf-air increase was observed in both
drought events compared to WW conditions, but it was significantly higher during drought-
2 than during drought-1 event (Figure 2D), indicating either drought acclimatization or
consequence of external climate conditions (Figure S1). The complete VPDleaf-air recovery
was achieved by the end of each of the two cycles (Figure 2D). The VPDleaf-air attained
lower values at the end of recovery-2 than at the recovery-1 event, again indicating either
acclimatization to drought or external air condition impacts. The dynamics in VPDleaf-air
were similar between the two genotypes.

The highest values of water-use efficiency (WUE) were observed at the seventh day
of the drought-1 under WS, differing significantly when compared to WW conditions
(Figure 3). At the end of the drought-1 and drought-2 events, the WUE in plants grown
under WS fell to the lowest values, due to negligible Anet values (Figure 2A). The WUE
recovered at the end of each cycle, being the highest in the recovery-2 event (Figure 3). No
genotype-dependent effect was observed on WUE during the two drought cycles.
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Figure 3. Instantaneous water-use efficiency (WUE, Anet/E) of two genotypes (Gen) of C. canephora
var. Robusta (‘3V’ and ‘A1’) grown under two water availability conditions [Wat, well-watered (WW)
and water stress (WS)], over 12 time-points of six-day intervals (Day) during drought-1 and drought-2
and respective recovery events. Inside the figure, different lowercase letters indicate the significant
difference among the day-time points for each water regime (blue for WW and olive green for WS);
different uppercase letters indicate the comparison between water availabilities for each time-point
of observation (blue for WW and olive green for WS). Mean ± SE and ANOVA p-values (n = 7) for
effects of three factors (water availability, genotype, and day of observation) and their interactions
are shown. The significant p-values were marked in bold in the upper part of each graph.

2.3. Leaf Chlorophyll a Fluorescence during Two Subsequent Water Stress Cycles
2.3.1. Dynamics of Non-Modulated Fluorescence

The maximum quantum yield of primary photochemical reactions (ΦP0), probability of
electron transfer from the QA- to electron transport chain beyond QA (ΨE0), photosynthetic
performance index (PIABS), and density of reaction centers capable of QA reduction RC/CS0
of WW plants were moderately stable over the experimental period (Figure 4). Additionally,
ΦP0 did not significantly change in WS plants in the drought-1 event compared to the initial
value (Figure 4A). A significant decline of ΦP0 was observed at the end of the drought-2
event, although it displayed a similar value to one found at the comparable time-point
in the first cycle. The difference between WW counterparts was relatively small in the
second recovery event. Still in WS plants, the ΦP0 did not fully recover at the end of both
recovery events, as compared with their respective WW plants at the same time-points.
Significant differences in ΦP0 between the WW and WS plants were observed at the 13th,
19th (drought-1), 31st (recovery-1), 73rd, and 79th (recovery-2) days of the experiment,
while the genotype effect on ΦP0 was not observed. Notably, the ΦP0 parameter seems to
be less impacted by drought during the second than in the first drought event (except at
the harshest drought point, the 19th day of each cycle).

The ΨE0 fluctuated in WS plants of both clones and drought events (Figure 4B). The
significant decrease in ΨE0 was achieved at the 19th day of water withdrawal in both
drought events. The complete ΨE0 recovery in WS plants was achieved in recovery-1
but not in recovery-2 events in both genotypes. Curiously, something similar in ΨE0 also
happened with WW plants in the recovery-2 event. ΨE0 values were significantly higher in
drought-2 than in drought-1 event, comparing all time-points of drought-exposed plants,
occurring similarly in WS and WW plants, last indicating some kind of acclimation in the
second drought cycle. The ΨE0 of ‘A1’ was more impacted by drought than ‘3V’ at the end
of the drought-1 event. ‘3V’ also showed higher ΨE0 values than ‘A1’ at the beginning of
the drought-2 event.
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Figure 4. Variation of OJIP indexes of two genotypes (Gen) of C. canephora var. Robusta (‘3V’ and ‘A1’)
grown under two water availability conditions [Wat, well-watered (WW) and water stress (WS)] over
12 time-points of six-day intervals (Day) during drought-1 and drought-2 and respective recovery
events: (A) maximum quantum yield of primary photochemical reactions (ΦP0), (B) probability of
electron transfer from QA-to-electron transport chain beyond QA (ΨE0), (C) photosynthetic perfor-
mance index (PIABS), and (D) density of reaction centers capable of QA reduction (RC/CS0). Inside
the figures, the different lowercase letters indicate the significant difference among the time-points
for each water regime (blue for WW and olive green for WS); different uppercase letters indicate the
comparison between water availabilities for each day of observation (blue for WW and olive green for
WS); superscript black ■ signs indicate that ‘3V’ was statistically superior to ‘A1’, while superscript
black • signs indicate that ‘A1’ clone was statistically superior to ‘3V’ clone at that time-point. Mean
± SE and ANOVA P-values (n = 7) for effects of three factors (water availability, genotype, and day
of observation) and their interactions are shown. The significant P-values were marked in bold.

The photosynthetic performance index (PIABS) was generally higher during the drought-2
and at the end of recovery-2 as compared to corresponding points during the first cycle,
both for WW and WS plants (Figure 4C). At the 13th and 19th days of the drought-1 event,
the PIABS values were significantly higher in WW than in WS plants, while no difference
between the WW and WS plants was observed in the second cycle, indicating a drought
acclimation in the second drought event, although the WS plants denoted an incomplete
recovery by the end of the second cycle but not by the end of the first one.

2.3.2. Dynamics of Modulated Chlorophyll a Fluorescence

The absolute values of modulated leaf chlorophyll a fluorescence parameters: effec-
tive quantum yield in PSII photochemistry (ΦPSII), photochemical quenching (qP), non-
photochemical quenching (NPQ), and linear electron transport rate (ETR) in WW plants
showed a certain fluctuation over time, even in WW plants (Figure 5). The ΦPSII, qP, and
ETR decreased in the WS-exposed plants in both clones and cycles (Figure 5A,B,D). The
maximum decline of those parameters (ca. 70–80%) was observed by the harshest drought
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conditions just before rewatering (19th day and 67th day of the first and second cycles).
The drop in ΦPSII, qP, and ETR values was similar between the two drought cycles. Such
reduction in ΦPSII, qP, and ETR of WS plants was greater in ‘A1’ than ‘3V’ only in the
first cycle, while no difference between ‘3V’ and ‘A1’ was found during the second cycle,
indicating that ‘A1’ clone drought sensitivity diminished in cycle 2. The complete recovery
of those three Chl a fluorescence parameters was found by the end of both recovery events.
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Figure 5. Variation of modulated chlorophyll a fluorescence indexes of two genotypes (Gen) of
C. canephora var. Robusta (‘3V’ and ‘A1’) grown under two water availability conditions [Wat, well-
watered (WW) and water stress (WS)] over 12 time-points of six-day intervals (Day) during drought-1
and drought-2 and respective recovery events: (A) effective quantum yield in PSII photochemistry
(ΦPSII), (B) photochemical quenching (qP), (C) non-photochemical quenching (NPQ), and (D) linear
electron transport rate (ETR). Inside the figures, the different lowercase letters indicate the significant
difference among the time-points for each water regime (blue for WW and olive green for WS);
different uppercase letters indicate the comparison between water availabilities for each day of
observation (blue for WW and olive green for WS); different superscript black ■ signs indicate that
‘3V’ was statistically superior to ‘A1’, while superscript black • signs indicate that ‘A1’ clone was
statistically superior to ‘3V’ clone at that time-point. Mean ± SE and ANOVA p-values (n = 7) for
effects of three factors (water availability, genotype, and day of observation) and their interactions
are shown. The significant p-values were marked in bold.

The NPQ values dropped significantly in WW and WS plants during the first cycle,
denoting low values by the end of the recovery-1 event, close to WW and WS plants in both
genotypes (Figure 5C). Still, unexpectedly, NPQ tended to their lowest values in WS plants
of ‘A1’ in the first cycle and both genotypes in the second cycle, thus denoting a reduction
in thermal dissipation energy processes upon drought exposure.

2.4. Spectral Reflectance Indices of Leaf Adaxial Surface during Two Subsequent Water
Stress Cycles

The leaf green chlorophyll index (GCI) did not significantly change in WW plants
within each cycle (Figure 6A). During the drought-2 event, higher GCI values were observed
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in WW than in WS plants at 55th day, with inversion at 61st day (higher in WS than in WW
plants) indicating chlorophyll reduction under drought at those time-points, while during
the recovery-2 event, no water stress effect was observed in GCI. At the initial time-point
of drought-1, initial of recovery-1 and recovery-2 events, the GCI was higher in ‘3V’ than in
‘A1’ clone, indicating that ‘3V’ clone had more chlorophyll irrespective of water conditions.

There was no effect of drought on carotenoid reflectance index (CRI) in any of the
genotypes in the first and second drought cycles since the CRI variations occurred in parallel
(and with similar values) in WW and WS plants (Figure 6B). CRI varied significantly over
the time, being dependent only on genotype and being significantly lower in the second
than in the first drought cycle. It was higher in ‘3V’ than in ‘A1’ at the beginning and at
the end of both drought events, as a general genotype characteristic of higher carotenoid
content of ‘3V’ clone, irrespective of water conditions. The ‘A1’ showed higher CRI than
‘3V’ at the 19th day in the harshest moment of the drought-1 event, but not differing among
the WW and WS plants, while during the recovery-1, the CRI was recovered, being again
higher in ‘3V’ than in ’A1’ leaves.
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Figure 6. Variation of spectral reflectance indices of leaf adaxial surface of two genotypes (Gen)
of C. canephora var. Robusta (‘3V’ and ‘A1’) grown under two water availability conditions [Wat,
well-watered (WW) and water stress (WS)] over 12 time-points of six-day intervals (Day) dur-
ing drought-1 and drought-2 and respective recovery events: (A) green chlorophyll index (GCI),
(B) carotenoid reflectance index (CRI), (C) photochemical reflectance index (PRI), and (D) structure
intensive reflectance index (SIPI). Inside the figures, the different lowercase letters indicate the sig-
nificant difference among the time-points for each water regime (blue for WW and olive green for
WS); different uppercase letters indicate the comparison between water availabilities for each day
of observation (blue for WW and olive green for WS); different superscript black ■ signs indicate
that ‘3V’ was statistically superior to ‘A1’, while superscript black • signs indicate that ‘A1’ clone was
statistically superior to ‘3V’ clone at that time-point. Mean ± SE and ANOVA p-values (n = 7) for
effects of three factors (water availability, genotype, and day of observation) and their interactions
are shown. The significant p-values were marked in bold.

The photochemical reflectance index (PRI) maintained higher values in WW plants
than in WS counterparts in most parts of both cycles, but with a greater difference in the
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first cycle (Figure 6C). In the second drought cycle, the PRI values of WS plants were
significantly higher than in the first drought cycle, and the values of WS plants were closer
to those of WW plants (when they were in the first cycle), suggesting acclimation. By
the end of the recovery periods, no differences were observed between cycles. During
the drought-1 and recovery-1 events, the PRI values of ‘3V’ were superior to ‘A1’, while
no clonal difference was observed during the second cycle, indicating the loss of greater
‘A1’ sensitivity.

The structure-intensive reflectance index (SIPI) values varied over the time due to
genotype, irrespective of water stress (Figure 6D). The ‘3V’ showed higher SIPI than ‘A1’
at the beginning of drought-1, recovery-1, and drought-2 time-points, and at the end of
the drought-2 event, as an additional index of higher chlorophyll content of ‘3V’ than ‘A1’
clone (Figure 6A). The lowest SIPI values were observed at the seventh day of drought
imposition and the highest at the end of the drought-1 event (Figure 6D).

2.5. Leaf Anatomy after Two Drought Cycles

Stomatal density was genotype-dependent, showing greater values in ‘3V’ than in ‘A1’
clone, irrespective of water availability conditions (Table 1).

Table 1. Leaf anatomy parameters evaluated at the end of the second drought cycle of Coffea
canephora var. Robusta clones (‘3V’ and ‘A1’) are grown under well-watered (WW) and water stress
(WS) conditions.

Leaf Anatomy Parameter Well-Watered (WW) Water-Stress (WS) p-Value

‘3V’ ‘A1’ ‘3V’ ‘A1’ Clone Water Interaction

Stomatal density (number
stomata mm−2) 269.5 ± 8.7 aA 251.5 ± 6.9 bA 278.0 ± 18.2 aA 250.7 ± 7.5 bA 0.0370 0.8920 -

Leaf thickness (µm) 221.7 ± 3.0 bA 228.6 ± 3.6 aB 221.7 ± 3.7 bA 241.3 ± 2.6 aA <0.0001 0.0420 0.0500
Thickness of adaxial

epidermis (µm) 21.07 ± 0.6 aA 20.87 ± 0.5 aA 20.4 ± 0.4 aA 21.1 ± 0.6 aA 0.4810 0.6530 -

Thickness of abaxial
epidermis (µm) 14.0 ± 0.4 aA 13.7 ± 0.5 aA 13.4 ± 0.3 aA 13.9 ± 0.3 aA 0.6020 0.4930 -

Thickness of palisade
parenchyma (µm) 54.0 ± 1.6 aA 48.6 ± 0.9 bA 46.6 ± 1.4 aB 46.2 ± 3.0 aA 0.2980 0.0020 0.0191

Thickness of spongy
parenchyma (µm) 131.4 ± 3.4 bB 147.3 ± 3.8 aB 140.7 ± 3.5 bA 158.7 ± 3.7aA <0.0001 0.0070 -

Density of xylem vessels
(number * 10−5 µm−2) 172.1 ± 9.2 aA 190.2 ± 10.5 aA 188.4 ± 11.1 aA 182.5 ± 7.7 aA 0.2430 0.8570 -

Medium area of xylem
vessel (µm2) 234.1 ± 9.5 aA 203.6 ± 11.3 bA 190.0 ± 11.0 aB 200.0 ± 9.7 aA 0.2050 0.0370 0.0476

Mean ± SE and P-values (n = 7) for effects of genotype and water availability conditions are shown; p ≤ 0.05 is
highlighted in bold. Lower-case letters indicate significant differences between clones in each water condition;
different upper-case letters indicate significant differences between water conditions within each clone.

Leaf thickness changes were associated with genotype characteristics. The ‘A1’ clone
had higher leaf thickness than the ‘3V’ clone under both water conditions, and ‘A1’ leaf
thickness additionally increased under WS conditions (Table 1). The ‘3V’ clone did not
change the leaf thickness under the studied water stress conditions, indicating that it was
less sensitive to drought between the two studied genotypes, based on total leaf thickness.
The thickness of abaxial and adaxial epidermis was irresponsive to water conditions and
did not differ between the two clones. The palisade parenchyma thickness was significantly
higher in ‘3V’ than in ‘A1’ under the WW, but not in WS plants, due to a decline of their
value in ‘3V’-WS plants, whereas ‘A1’ value was irresponsive to water availability. The
increased leaf thickness in ‘A1’-WS plants compared to ‘A1’-WW was mostly related to an
increase in spongy parenchyma thickness. Spongy parenchyma thickness was also larger
in ‘A1’ than in ‘3V’ genotype under both water conditions and increased under the WS in
both clones.

The xylem vessel density did not differ between the two clones or water availabil-
ities (Table 1), but the medium area of a xylem vessel was larger in ‘3V’ than in ‘A1’ in
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WW condition (Figure 7), decreasing in ‘3V’-WS plants but not in ’A1’-WS ones, the last
irresponsive to water conditions (Table 1).
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(C) A1-WS, and (D) 3V-WS, evaluated at the end of the second drought cycle. A scale of 100 µm
is shown.

3. Discussion

The characterization of physiological responses to two subsequent water stress events
in C. canephora provided insights related to drought tolerance (and acclimation) in a second
cycle of drought. This acclimation was especially related to the loss of drought sensitivity
during the drought-2 event previously expressed in the ‘A1’ genotype during the drought-1.
Which were the physiological traits that supported such a statement? As expected, drought
stress reduced Anet (Figure 2A), which was associated with stomatal limitations to great
extent in both water stress events (Figure 2B), but stomatal-related responses did not show
acclimation in the second compared to the first drought cycle (Figure 2). On the other
hand, some non-stomatal responses, even after only one previous drought event, indicated
some fine-tunning genotype-specific acclimatation, as observed in some chlorophyll a
fluorescence parameters (Figures 4 and 5) and leaf anatomical regulations (Table 1). In both
drought cycles, both clones denoted a quick stomatal response (Figure 2B) to soil water
limitation (evaluated through the Ψmsoil, Figure 1) in order to control additional water
loss, avoiding/delaying excessive drop in a xylem pressure, as a mechanism involved in
protecting xylem from catastrophic hydraulic failure [62–65]. Under water stress conditions
occurred the reduction of gs (Figure 2B), which is limiting CO2 diffusion into the leaves [66].
Here, increased thickness of spongy parenchyma (Table 1), which can additionally reduce
carbon flow and reduce C-assimilation by RuBisCO by lowering CO2 availability at car-
boxylation sites [67], contributed to the observed decline of Anet (Figure 2A). Also, under
the WS, the medium xylem vessel area diminished only in ’3V’, as a kind of anatomical
response to these stress conditions, which is reported to contribute to preserving the water
column and avoiding cavitation [3,68].
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The Anet reduction under water stress was also accompanied by impacts in other
non-stomatal parameters. For example, the decline of ΦP0 during the drought-1 might
indicate a certain degree of photoinhibition under WS (Figure 4A), often associated with an
overproduction of reactive oxygen species, due to the excessive reduction in plastoquinone
QA or the charge recombination between the acceptor and donor sides of PSII [69,70]. To
better understand this response, we examined what happened to ΦPSII [71]. This parameter
(Figure 5A) reinforced the possibility of photoinhibition occurrence associated with a
parallel decrease of decrease in PRI (Figure 6C), which constantly maintained lower values
under WS than under WW conditions, during both drought and recovery events, indicating
reduced light use efficiency in WS plants, but without chlorophyll degradation, discerning
based on GCI and SIPI, which were stable over the time (Figure 6A and 6D, respectively).
The photoinhibition can also be related to decreases in ΦPSII and ETR (Figure 5A and 5D,
respectively) in both genotypes. Higher sensibility of ‘A1’ than in ‘3V’ expressed in ΦPSII,
ETR, and qP disappeared in the second cycle, indicating a kind of genotype-dependent
response to drought.

As expected, qP (Figure 5B) showed the same trend as ΦPSII and ETR in both clones
during the two water stress events. However, there was a non-significant trend towards
modifications of NPQ with the increase of the drought severity, contrary to what might
be expected (Figure 5C). In fact, NPQ is related to the thermal dissipation of the excess of
absorbed energy [71], usually linked to the xanthophyll cycle [72], and is usually found to
increase as the photochemical use of energy (through photosynthesis) is reduced, as was
the case here. Additionally, the PRI also declined. This index reflects the de-epoxidation
state of the xanthophyll cycle and is strongly correlated with NPQ, being a good indicator
of plant stress status in remote sensing [73]. The xanthophyll cycle is strongly related to
higher PRI and NPQ values, i.e., greater is the cycle activity, higher are NPQ and PRI values.
In our experiment, the xanthophyll cycle was not activated as a stress protection since NPQ
and PRI values declined, thus did not grant the plants an additional control of reactive
oxygen species [71]. In the xanthophyll cycle, violaxanthin is converted to zeaxanthin
when exposed to light excess [74–76]. Zeaxanthin is considered the last product in carotene
hydroxylases, integrally or peripherally associated with chloroplast membranes [77]. In
our experiment, the carotenoid reflectance index (CRI) was genotype dependent but did
not vary due to water stress events (Figure 6A). Carotenoid contents tend to decrease under
moderate drought but increase slightly under severe drought stress [78]. Therefore, our
results indicated that no production of carotenoids was triggered by our experimental
drought intensity and duration.

At the 19th day of water withdrawal in both drought events (short-term strong water
stress), the WUE was higher in WW than in WS plants in both genotypes, which was a
consequence of the negligible Anet values (more than the very low gs ones) (Figure 3). The
stomatal control of water loss (that also limits CO2 access to the carboxylation sites) is
one of the traits characterizing drought-tolerant coffee plants [8,79,80], here not differing
between the two studied genotypes. Such control was very quick, since by the second
time-point (seventh day of each cycle) in both cycles, gs values reached values close to
their minimum (found at the 19th day after suspending irrigation in both cycles). Notably,
by the seventh day of each cycle, the Anet was already significantly decreased compared
to the initial value, and these Anet values continued to decline despite the fact that gs
was not further significantly reduced, thus suggesting a gradual increase in non-stomatal
limitations to C-assimilation as drought becomes more severe, similarly in both genotypes
and in both cycles. Such growing non-stomatal limitations by the 19th day of each cycle
agree with (and are reflected by) the decline of several fluorescence parameters, as ΦP0,
ΨE0, RC/CS0 (clearer in the first cycle) and ΦPSII, qP, and ETR (in both cycles). However, it
is noteworthy that by the end of the recovery periods, all these stomatal and non-stomatal
parameters showed complete (or close to) recoveries as compared with their WW plants at
the same moment.



Stresses 2024, 4 587

Plant water status and photosynthetic performance are directly/indirectly associ-
ated with the whole plant hydraulic conductivity through the soil–root–shoot–leaf contin-
uum [81]. Therefore, the absence of photochemical impacts of ΦP0, PIABS, and RC/CS0
during the drought-2 event (as compared to WS and WW plants at each point of that cycle)
might have resulted from an acclimation response of the clones, promoted by the previous
drought exposure (first cycle) and modulated by hydraulic and anatomic adjustments, as
well as a medium area of xylem vessel and spongy parenchymal thickness (Table 1).

Stress “memory” depends on the intensity of the priming event as well as on genetic
characteristics that influence stress tolerance [82]. The recovery time of the water deficit
is fundamental and can be considered a major component of drought tolerance [9]. In
our experiment, this recovery differed between the two genotypes in the first drought
cycles but showed similar dynamics in the second drought cycle. When the plants of
drought-sensitive clones of C. canephora are exposed to multiple water deficit episodes
in greenhouses, they may trigger an oxidative stress response, while in tolerant plants,
the acclimation involves antioxidant secondary metabolism and the ABA response [83].
This indicates that both here studied genotypes developed acclimation responses and can
be considered drought-tolerant. A different situation is observed under field conditions,
where soil might buffer the negative impacts of water deficits together with a developed
root system of adult plants, impacting on time regarding acclimation responses, where the
acclimation in C. arabica is reported only after one year and a half, after passing through
four drought cycles [56].

The analyses of stomatal and non-stomatal physiological leaf responses indicated that two
repeated drought stress periods in glasshouse helped to segregate only the response in PIABS,
but still not attaining profoundly the chlorophyll content (PRI and GCI indexes), but eventually
promoting the protective systems, probably via reinforcement of the antioxidant system, as
observed in several single and combined stress conditions, including drought [33,37,39].

As concluding remarks, the soil water stress caused a negative impact on plant phys-
iological performance in both stomatal and non-stomatal parameters, observed in both
clones of C. canephora studied. Under the soil water stress, the reduction of gs (and E)
and of internal CO2 diffusion occurred, the last here expressed by increased thickness
of spongy parenchyma (evaluated at the end of the second cycle) in both clones. Those
stomatal and anatomical traits impacted decreased Anet. The ‘3V’ was less influenced by
water stress than ‘A1’ in some physiological parameters (Anet, ΦPSII, qP, ETR, and PRI)
during the drought-1, but this response of higher ‘3V’ drought tolerance was lost during
the drought-2 event. Physiological genotype differences were supported by the medium
xylem vessel area diminished only in ’3V’ plants grown under water stress. The absence
of photochemical impacts of ΦP0, PIABS, and RC/CS0 (non-stomatal responses) during
the drought-2 event might be a result of an acclimation response of the clones to water
stress conditions. These findings confirmed our initial hypothesis, i.e., some of the non-
stomatal-related parameters were associated with acclimation to drought in C. canephora
during the second drought event to a greater extent. In fact, photochemical and anatomic
adjustments were more determinant in the acclimation process to two repeated water stress
events than stomatal adjustments. Therefore, non-stomatal traits should be considered in
coffee breeding programs that aim to release new well-adapted cultivars for a changing
climate. Despite various indicators of acclimations to water stress in the second drought
cycle, it seems that more than two drought cycles could bring stronger acclimation of both
stomatal and non-stomatal parameters to drought, especially in the latter, as observed in
plant ”memory” of the field-cultivated coffee plants.

4. Materials and Methods
4.1. Experimental Conditions

The experiment was carried out in the greenhouse at the State University of Northern
Rio de Janeiro, Campos dos Goytacazes (21◦44′47′′ S and 41◦18′24′′ W, 10 m altitude), RJ,
Brazil, using plants from two clones of C. canephora Pierre ex Froehner variety Robusta with
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contrasting root growth, ‘3V’ and ‘A1’ (July 2020, ‘Instituto Capixaba de Pesquisa’, 20,271◦

S and 40,306◦ W, 9 m a.l., Vitória ES, Brazil), previously characterized as deeper and lesser
deep root growth, respectively, in 17-month-old plants grown under non-limited water
conditions [84]. The roots had grown without depth limitations, as verified by opening and
closing the ‘holes’ in the tubes during the experiment and by examining the substrate from
the tubes at the end of the experiment. In November 2020, five-month-old seedlings (14 of
each clone) produced from cuttings were transplanted to PVC tubes (1.0 m height × 0.2 m
diameter). Tubes were filled with substrate composed of red–yellow latosol and sand (4:1
proportion). Soil chemical analysis was performed to determine the soil fertility and ensure
adequate fertilization according to crop requirements [85]. Soil pH determined in H2O was
5.6, effective cation exchange capacity = 4.0 cmolc dm−3, basis saturation 78.3% (Table S2).
The concentration of P, K, Fe, Cu, Zn, Mn, S, and B was 25.5, 372, 25.5, 0.4, 6.4, 27.6, 429.4,
and 6.8 mg dm−3, respectively, while that of Ca, Mg, Al, H+Al, and Na was 1.1, 1.7, 0.0,
1.1, and 0.2 cmolc dm−3, respectively. The C and organic matter concentrations were 0.6
and 1%.

4.1.1. Micrometeorological Measurements

The micrometeorological variables, such as air temperature (Tair, ◦C), relative humidity
(RH, %), air vapor pressure deficit (VPDair, kPa), and photosynthetic photon flux density
(PPFD, µmol m−2 s−1), were recorded each 60 min from 7 a.m. to 6 p.m., every day, using a
Weather Station Watchdog 2000 (Spectrum Technologies, Plainfield, IL, USA), placed inside
the greenhouse, close to the plants used in the experiment.

The environmental parameters inside the greenhouse showed variation along the
experiment, with low and maximum values of photosynthetic active radiation (PPFD) and
Tair (and opposite of air relative humidity (RH) and air vapor pressure deficit (VPDair))
associated with cloudy and sunny days, respectively, but keeping in a general context a
similar condition from the beginning until the end of the experiment (Figure S1).

4.1.2. Plant Watering Conditions and Water Deficit Implementation

Soil was watered daily to maintain full water availability during the first 60 days
after transplanting. On the 60th day after transplanting, the plant roots were ca. 300 mm
deep (observed by ‘holes’ in the tubes). After this period, at the end of January 2021,
seven plants per clone were exposed to water stress (WS), while the remaining seven
plants were maintained under well-watered conditions (WW, control). Soil matric water
potential (Ψmsoil) was uninterruptedly recorded each 30 min until the end of the experiment
(20 April 2021), using a TEROS 21, Ψmsoil sensor together with a data logger (ZL6 PRO,
Meter Group, Pullman, WA, USA). One sensor was installed for each clone in control
treatments at 100 mm deep from the soil surface (3V-WW and A1-WW). Two sensors were
installed for each clone in water stress treatments (3V-WS and A1-WS), the first at 100 mm
and the second at 500 mm deep from the soil surface.

Full irrigation withholding was applied until the Ψmsoil achieved the value of ca.
−0.50 MPa (−500 kPa, medium to severe drought stress for coffee plants) at both soil
depths (100 and 500 mm) in two water-withdrawn cycles, entitled drought-1 and drought-
2 events (Figure 8). This Ψmsoil was reached after 19 days of irrigation absence, after
which the soil was fully rewatered until a complete recovery of Anet (recovery-1 and
recovery-2 events). Along the experimental period, the Anet was measured at a PPFD
of 1500 µmol m−2 s−1 with six-day intervals. Between the drought-1 and drought-2, one
period of 31 days was applied (12 days of recovery-1 followed by additional 19 days),
which was considered sufficient to complete the growth of a new leaf pair [86] between the
drought-1 and drought-2 events.



Stresses 2024, 4 589

Stresses 2024, 4, FOR PEER REVIEW    14 
 

mg dm−3, respectively, while that of Ca, Mg, Al, H+Al, and Na was 1.1, 1.7, 0.0, 1.1, and 0.2 

cmolc dm−3, respectively. The C and organic matter concentrations were 0.6 and 1%. 

4.1.1. Micrometeorological Measurements 

The micrometeorological variables, such as air temperature (Tair, °C), relative humidity 

(RH, %), air vapor pressure deficit  (VPDair, kPa), and photosynthetic photon  flux density 

(PPFD, μmol m−2 s−1), were recorded each 60 min from 7 a.m. to 6 p.m., every day, using a 

Weather Station Watchdog 2000 (Spectrum Technologies, Plainfield, IL, USA), placed inside 

the greenhouse, close to the plants used in the experiment. 

The environmental parameters inside the greenhouse showed variation along the ex‐

periment, with low and maximum values of photosynthetic active radiation (PPFD) and Tair 

(and opposite of air relative humidity (RH) and air vapor pressure deficit (VPDair)) associated 

with cloudy and sunny days, respectively, but keeping in a general context a similar condi‐

tion from the beginning until the end of the experiment (Figure S1). 

4.1.2. Plant Watering Conditions and Water Deficit Implementation 

Soil was watered daily to maintain full water availability during the first 60 days after 

transplanting. On  the 60th day after  transplanting,  the plant roots were ca. 300 mm deep 

(observed by ‘holes’ in the tubes). After this period, at the end of January 2021, seven plants 

per clone were exposed to water stress (WS), while the remaining seven plants were main‐

tained under well‐watered conditions (WW, control). Soil matric water potential (Ψmsoil) was 

uninterruptedly recorded each 30 min until the end of the experiment (April 20, 2021), using 

a TEROS 21, Ψmsoil sensor together with a data logger (ZL6 PRO, Meter Group, Pullman WA, 

USA). One sensor was installed for each clone in control treatments at 100 mm deep from the 

soil surface (3V‐WW and A1‐WW). Two sensors were installed for each clone in water stress 

treatments (3V‐WS and A1‐WS), the first at 100 mm and the second at 500 mm deep from the 

soil surface. 

Full irrigation withholding was applied until the Ψmsoil achieved the value of ca. −0.50 

MPa (−500 kPa, medium to severe drought stress for coffee plants) at both soil depths (100 

and 500 mm) in two water‐withdrawn cycles, entitled drought‐1 and drought‐2 events (Fig‐

ure 8). This Ψmsoil was reached after 19 days of irrigation absence, after which the soil was 

fully rewatered until a complete recovery of Anet (recovery‐1 and recovery‐2 events). Along 

the experimental period, the Anet was measured at a PPFD of 1500 μmol m−2 s−1 with six‐day 

intervals. Between the drought‐1 and drought‐2, one period of 31 days was applied (12 days 

of recovery‐1 followed by additional 19 days), which was considered sufficient to complete 

the growth of a new leaf pair [86] between the drought‐1 and drought‐2 events. 

 

Figure 8. Diagram of the two drought cycles. Transplant followed by drought‐1 event last for 19 days 

(until −500 kPa of Ψmsoil was reached), followed by a 31‐day period for a whole plant recovery (includ‐

ing 12‐day period of recovery‐1 event). The 2nd drought cycle was then applied, similarly to the 1st 

drought cycle, by withholding irrigation until the −500 kPa of Ψmsoil was reached (drought‐2 event) and 

followed by another 12 days of recovery‐2 event. 

Figure 8. Diagram of the two drought cycles. Transplant followed by drought-1 event last for 19 days
(until −500 kPa of Ψmsoil was reached), followed by a 31-day period for a whole plant recovery
(including 12-day period of recovery-1 event). The 2nd drought cycle was then applied, similarly to
the 1st drought cycle, by withholding irrigation until the −500 kPa of Ψmsoil was reached (drought-2
event) and followed by another 12 days of recovery-2 event.

4.2. Leaf Water Potential Measurements

Leaf water potential (Ψleaf) was measured at predawn of 20th and 68th days of experi-
ment, at the beginning of recovery-1 and recovery-2 events, respectively, corresponding
to the 1st day of rewatering. The Ψleaf measurements were made on the 3rd pair of leaves
from the apex of the 3rd plagiotropic branch formed from the top of the plant (n = 7). This
parameter was measured immediately after the leaf excision using a pressure chamber
(model 3000, Soil Moisture Corp., Santa Barbara CA, USA), according to [87].

4.3. Leaf Gas Exchange Measurements

Leaf net CO2 assimilation rate (Anet, µmol m−2 s−1), stomatal conductance (gs, mol
m−2 s−1), and leaf transpiration rate (E, mmol m−2 s−1), together with leaf-to-air vapor
pressure deficit (VPDleaf-air, kPa), were measured using a portable open-system IRGA (Li-
Cor 6400xt, LI-COR, Lincoln, NE, USA). The light source 6400-02B LED (LI-COR, Lincoln,
NE, USA) was set to 1500 µmol m−2 s−1 of PPFD, and external CO2 supply to 400 µL L−1.
The measurements were performed at midday (between 12 a.m. and 1 p.m.) in intervals of
six days in both drought events. Measurements were performed on recently fully expanded
leaves, different in the 1st and 2nd drought cycles, corresponding to the 3rd or 4th leaf
pair from the apex of the 2nd order plagiotropic (lateral) branches, from the upper part of
the plant (about coffee architecture, see [88]). Our intention was to see if the recently fully
expanded leaves would be able to respond in the next water stress event, in a time period
sufficient for such development [86]. The instantaneous leaf water-use efficiency (WUE,
mmol mol−1) was calculated as the Anet/E ratio.

4.4. Chlorophyll a Fluorescence Evaluation
4.4.1. Non-Modulated Chlorophyll a Fluorescence Evaluation

Non-modulated chlorophyll (Chl) a fluorescence was measured in the same leaves
used for the leaf gas exchange evaluations, in the same time intervals, using a Pocket
PEA fluorometer (Hansatech, Norfolk, UK). The sampled leaves were dark-adapted for
30–40 min using leaf clips (same producer) to turn the reaction centers into an “open”
(oxidized QA) state [47]. The Pocket PEA fluorometer provides the saturating light pulse of
actinic light of 3500 µmol m−2 s−1. From the kinetics of fluorescence emission over time,
some indices were obtained using the OJIP test, as: maximum quantum yield of primary
photochemical reactions (ΦP0); probability of electron transfer from the QA to electron
transport chain beyond QA (ΨE0); photosynthetic performance index (PIABS); and density
of reaction centers capable of QA reduction (RC/CS0) (Table 2).
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Table 2. The evaluated indexes of non-modulated and modulated chlorophyll a fluorescence, plus
leaf spectral indexes.

Index Formula Description References

Non-Modulated Fluorescence (Pocket PEA)

ΦP0 TRo/ABS = [1 − (Fo/Fm)] = Fv/Fm
Maximum quantum yield of primary

photochemical reactions [43,89,90]

ΨE0 ETo/TRo = (1 − VJ)
Probability of electron transfer from QA

− to electron
transport chain beyond QA

[43,89,90]

PIABS
(RC/ABS) · [ΦPo/(1 − ΦPo)] ·

[Ψo/(1 − Ψo)] Photosynthetic performance index [43,89,90]

RC/CS0 (Vj/M0) * (ABS/CS0) Density of reaction centers capable of QA reduction [43,89,90]

Modulated fluorescence (IRGA LI 6400 XT)

ΦPSII (Fm
′ − Fs)/Fm

′ Effective quantum yield in PSII photochemistry [39,91]
qP (Fm

′ − Fs)/(Fm
′ − Fo

′
) Photochemical quenching [92]

NPQ (Fm − Fm
′)/Fm

′

Photo-protective process that removes excess excitation
energy within chlorophyll-containing complexes and
prevents the likelihood of formation of damaging free

radicals. Process is considered adequate under stressful
conditions if it can retain an equal fraction of open PSII

reaction centers as of non-stress conditions.

[93–98]

ETR ΦPSII · PPFD · αlea
. f The linear electron transport rate was calculated using the

photochemical efficiency at electron transport of PSII. [99]

Reflectance indexes (CI-710)

GCI W554/W677 Green chlorophyll index [100]
CRI (1/W510) − (1/W550) Carotenoid reflectance index [100]
PRI (W531 − W570)/(W531 + W570) Photochemical reflectance index [101]
SIPI (W800 − W445)/(W800 + W680) Structure intensive pigment index [102]

4.4.2. Modulated Chlorophyll a Fluorescence Evaluation

Modulated Chl a fluorescence was recorded using a portable photosynthesis system
(LI6400XT, LI-COR, Lincoln, NE, USA) equipped with a fluorescence chamber (LI-6400-40),
simultaneously as leaf gas exchange measurements, in the same time intervals, at the same
leaves. The dark-adapted leaf was exposed to a weak red light (3 µmol m−2 s−1) with
a wavelength centered at 630 nm, and the leaf chamber fluorometer (LCF) detected the
initial minimum fluorescence, termed Fo. Then, after the leaf was exposed to saturation
flashlights (light intensity >7000 µmol m−2 s−1), there was an immediate rise in fluorescence
to an initial maximal level, termed Fm, representing that the PSII reaction centers were
completely closed and fluorescence maximized. With an actinic light provided by LCF
at the intensity that was adjusted equivalent to the ambient light to drive photosynthesis
(1500 µmol m−2 s−1), the fluorescence reached a stable state on 715 nm wavelength, termed
Fs. The actinic light was turned off, and a weak far-red light (the wavelength centered
at about 740 nm with the intensity of 30 µmol m−2 s−1) was emitted to measure the
minimal fluorescence of the light-adapted leaf, termed Fo

′. An illumination of actinic light
of 1500 µmol m−2 s−1 was used for a sufficient time to enable a photosynthetic steady-
state condition of gas exchange parameters and photochemical dissipation. Afterwards,
a saturating light pulse of 8000 µmol m−2 s−1 for 0.8 s was applied to record the light-
adapted maximum fluorescence (Fm

′). Immediately, the actinic light was turned off, and
far-red light was applied to determine Fo

′. Some indices were evaluated: ΦPSII represents
the effective quantum yield in PSII photochemistry; qP represents the photochemical
quenching; NPQ represents the photoprotective process that removes excess excitation
energy within chlorophyll-containing complexes and prevents the likelihood of formation
of damaging free radicals, which is considered adequate under stressful conditions if it can
retain an equal fraction of open PSII reaction centers (qP) as of non-stress conditions; and
ETR represents the linear electron transport rate (Table 2).
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4.5. Leaf Spectral Indices

The leaf spectral reflectance was measured on the same leaves used for the gas ex-
changes and fluorescence evaluations, considering the same days of the experiment period,
using a CI-710/720 miniature leaf spectrometer (CID–Bioscience, Camas, WA, USA). Mea-
surements were conducted at midday using wavelengths (W) from 400 nm to 950 nm
to obtain the following calculated indices: green chlorophyll index (GCI); carotenoid
reflectance index (CRI); photochemical reflectance index (PRI); and structure intensive
pigment index (SIPI) (Table 2).

4.6. Leaf Anatomy

Leaf imprints from the abaxial leaf surface (from the tagged leaves used for some of
the previously mentioned measurements) were taken at the end of the 2nd drought cycle
and observed under a light microscope to determine stomatal density as described by [103].
Three samples of each leaf (0.050 mm2 each) were observed from one field of view and
averaged per plant and treatment (n = 7).

For leaf anatomical analyses of thickness of epidermis (abaxial and adaxial), palisade
and spongy parenchyma, xylem vessel density, and medium vessel area, leaves were
collected at the end of the 2nd drought cycle. Transverse cuts were made in the median
portion of the central leaf vein. To make the cuts, leaves were stabilized in Styrofoam
blocks, and the cuts were made with a razor blade. The thinnest sections were clarified
with 50% sodium hypochlorite solution until they were completely translucent and washed
three times in distilled water. Subsequently, they were stained with astra blue solution (1%
aqueous solution) and safranin (1% alcoholic solution) in a 9:1 ratio, following methodology
described by [104]. The parameters were observed with three fields of view, averaging
values of each plant (n = 7) for further analyses. Photographs were taken with a Nikon
Eclipse E200 optical microscope (Nikon Corp., Tokyo, Japan), using a microscope objective
lens of 10× with the help of Capture 2.2.1. software (Meiji Techno, Saitama, Japan).

4.7. Statistical Analysis and Experimental Design

A completely random factorial experimental design was applied, including three
factors: genotypes (‘A1’ and ‘3V’), water conditions (WW and WS), and time-points
along the two drought cycles (measurements performed in six-day-frequency resulting in
12 time-points, four during each of the drought-1 and drought-2 events, and two time-
points during recovery periods), except for Ψleaf, which was assessed at only one time-point
per cycle, at the beginning of each of the two recovery events, while leaf anatomy was
analyzed at only one time-point. All statistical analyses were performed using the ‘R’
programing language [105]. Three and two-way ANOVAs were processed after the use of
mixed linear modeling (lme function and maximum likelihood from the ‘nlme’ package),
considering genotypes, water availability, and time-points as fixed factor effects, while
plant number (repetition) as a random effect. If no significant interaction (starting from
the most complex one, where three or two factors are interacting) was found, the model
reduction was applied (and fitted by using the lme function, considering again all factors
as fixed or random, as mentioned before). The Bartlett homogeneity test and the Shapiro
normality test were performed for each variable in each season. For comparing average val-
ues estimated by ANOVA(s), we used the Tukey HSD and ‘lsmeans’ and ‘multcompView’
packages. A significance level of 0.05 was used for all analyses. The estimated means and
standard errors (SE) are shown in charts.
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Abbreviations

ABA: Abscisic acid; Anet: Leaf net CO2 assimilation rate; Chl: Chlorophyll; CI-710/720: Minia-
ture leaf spectrometer; CRI: Carotenoid reflectance index; E: Leaf transpiration rate; ETR: Electron
transport rate; Fm: Maximum fluorescence in the dark-adapted state; Fm

′: Maximum fluorescence
of a light-adapted state; Fo: Minimum fluorescence in a dark-adapted state; Fo

′: Minimum fluo-
rescence of light-adapted state; Fs: Steady-state fluorescence; GCI: Leaf green chlorophyll index;
Gen: Genotypes; gm: Mesophyll conductance; gs: Stomatal conductance; NPQ: Non-photochemical
quenching; PIABS: Photosynthetic performance index; PPFD: Photosynthetic photon flux density; PRI:
Photochemical reflectance index; PSII: Photosystem II; PVC: Polyvinyl chloride; qP: Photochemical
quenching; RC/CS0: Density of reaction centers capable of QA reduction; RH: Relative humidity; SE:
Standard errors; SIPI: Structure intensive reflectance index; Tair: Air temperature; VPDair: Air vapor
pressure deficit; VPDleaf-air: Leaf-to-air vapor pressure deficit; WS: Water stressed; WUE (Anet/E):
Instantaneous water-use efficiency; WW: Well-watered; ΦP0: Maximum quantum yield of primary
photochemical reactions; ΦPSII: Effective quantum yield in PSII photochemistry; ΨE0: Probability of
electron transfer from QA

− to electron transport chain beyond QA; Ψleaf: Leaf water potential; Ψmsoil:
Soil matric water potential.
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