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promising criterion for drought tolerance selection in Robusta coffee.

Objectives: To investigate the effect of water deficit on chlorophyll stability and
photosynthesis in Robusta coffee, as well as to assess the drought tolerance of Robusta
coffee genotypes and the relationship between chlorophyll stability and drought tolerance
in Robusta coffee.

Materials & Methods: In hydroponics experiments, six Robusta genotypes were
evaluated to compare control and water deficit conditions. Total dry matter, chlorophyll
density (chlorophyll content per unit leaf area), chlorophyll content (chlorophyll content
per plant) and the soil plant analysis development (SPAD) index were all measured. In
addition, the net photosynthetic rate (P,), transpiration rate (E) and maximum quantum
efficiency (F,/F,,) were determined.

Results: Water deficit stress significantly reduced all chlorophyll parameters, photosynthesis

and total dry weight parameters. The total dry weight and chlorophyll parameters differed
significantly between genotypes. Significant relationships between chlorophyll parameters
and P, E and F /F,, were found in water stress conditions (Pearson’s correlation
coefficient, r = 0.49* to 0.68** where * = significant at p < 0.05 and ** = significant
at p < 0.01). The total dry weight of Robusta coffee was related to the chlorophyll
content, chlorophyll density and the SPAD index (r = 0.51* to 0.90**). Furthermore, the
chlorophyll density had a strong positive relationship with the SPAD index (r = 0.85**).
Main finding: Chlorophyll stability was an important mechanism of drought tolerance
in Robusta coffee. The SPAD chlorophyll meter could be used to rapidly assess relative
chlorophyll status in coffee genotypes and to select drought tolerance in Robusta coffee.
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Introduction

Coffee is a beverage crop with a high value on the global
market and is one of the most important agricultural products
in international agricultural trade (DaMatta et al., 2010, 2018).
More than 100 coffee species are widely grown in tropical regions
around the world; two of the most popular or economically
important coffee species are Arabica (Coffea arabica) and
Robusta (Coffea canephora), which together account for 99% of
all coffee in the world (Silva et al., 2013). Robusta coffee is an
economically significant coffee species around the world, with
small-scale family farms producing more than 70% of the world’s
Robusta coffee, which is mostly grown under rainfed conditions
with irrigation as an exception (Rossing et al., 2014; DaMatta
et al., 2018). Consequently, changes in annual rainfall patterns
and quantity could have a significant impact on such activities.
Drought has resulted in significant reductions in Robusta coffee
yields by around 50% in coffee production areas in Brazil but
particularly in Vietnam, the world’s second-largest producer
(Nguyen and Nguyen, 2018; Semedo et al., 2018). In Thailand,
Robusta coffee is an important economic crop. Robusta coffee is
most widely grown in the country’s south, accounting for 75% of
total coffee production; however, the majority of coffee-growing
areas are not irrigated (Kiattisin et al., 2016), so farmers must
rely on seasonal rainwater for irrigation.

Droughts and climate change are becoming more common
and severe and have had a significant influence on the growth
and yield of Robusta coffee (DaMatta et al., 2010, 2018;
Byrareddy et al., 2021). Selecting and improving drought-
tolerant coffee genotypes capable of producing acceptable
yields under water deficit is one of the most effective ways to
relieve drought stress and improve Robusta coffee yield and
quality when water is limited. Coffee breeding for drought
tolerance was based on the biomass weight and yield of coffee
genotypes tested under water-stress conditions (Silva et al.,
2013; Cheserek et al., 2015). However, genotype selection
is a critical and difficult process because biomass and yield
are quantitative characteristics controlled by multiple genes
(Oliveira et al., 2020). Furthermore, environmental effects
are frequently involved, particularly genotype x environment
interactions (Sixto et al., 2016; Oliveira et al., 2020). This has
posed a major barrier to the breeding of coffee (Cheng et al.,
2016; Marie et al., 2020). Therefore, the relationship should
be investigated between the traits of interest and the drought
tolerance of coffee. Thus, the breeding of Robusta coffee to be
drought tolerant could use these traits as a supplementary tool.

In water deficit conditions, the coffee plant’s leaf water
potential decreased and abscisic acid production increased,
signaling the closure of stomata and lowering of the transpiration
rate of the coffee plant (Menezes-Silva et al., 2015; Silva et al.,
2018). Subsequently, intercellular CO, concentrations decreased
and mesophyll resistance increased, resulting in lower
photosynthesis rates (DaMatta and Ramalho, 2006; Menezes-
Silvaetal.,2017; Wang etal., 2018). Consequently, coffee plant
growth was affected and yields were reduced (Dias et al., 2007;
Farooq et al., 2009). Thus, the high photosynthetic capacity of
coffee genotypes under water deficit conditions is an important
mechanism of drought tolerance in coffee (Menezes-Silva
et al., 2017; Santos et al., 2021; Arunyanark et al., 2022).
Therefore, identifying drought-tolerant genotypes of Robusta
coffee might be aided by research into the physiological
characteristics associated with the photosynthetic efficiency
of plants. Plant photosynthetic capacity is closely related to
chlorophyll content in the leaves (Banks, 2018). In many
crop plants, chlorophyll stability in leaves is closely related to
photosynthetic capacity and the ability of plants to maintain
chlorophyll density and chlorophyll content under water deficit
conditions has been proposed as a drought-tolerant mechanism
(Arunyanark et al., 2008; Aryal et al., 2015; Monteoliva et al.,
2021). However, there has been little published research on
the relationship between leaf chlorophyll status and drought
tolerance in Robusta coffee. Furthermore, the leaf chlorophyll
content can be measured easily and quickly using the SPAD
chlorophyll meter reading (Arunyanark et al., 2009; Dong
et al., 2019), making it suitable as an effective, indirect tool
in the selection of plant genotypes, where a large number of
samples needs to be assessed non-destructively.

Chlorophyll stability in the leaves might be related to
drought tolerance in coffee and so could be used in Robusta
coffee breeding for drought tolerance. Thus, the objectives of
the current study were to investigate the effect of water deficit
on chlorophyll stability and photosynthesis in Robusta coffee,
as well as to assess the drought tolerance of Robusta coffee
genotypes and the relationship between chlorophyll stability
and drought tolerance in Robusta coffee.

Materials and Methods

Experimental design and treatments

From September to October 2018, the experiment was
carried out at the Tropical Vegetable Research Development
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Center (TVRDC) at Kasetsart University, Kamphaeng Saen
Campus, Nakhon Pathom, Thailand, under greenhouse
conditions with a natural photoperiod. The experiment
was set up as a split plot in a randomized complete block
design with four replications. The main plot had two water
regimes: the control condition and the water deficit condition.
The subplots consisted of six Robusta coffee genotypes: SCO5,
PPO1, PP05, SKE06 and TPO17 (which are all widely grown
in Thailand, particularly in Southern Thailand, but have not
yet been tested for drought tolerance) and FRT141 (a drought-
tolerant genotype evaluated by Nestlé Agricultural Services in
Chumphon Province, Thailand).

All coffee seedlings were grown from rooted stem cuttings
in polyethylene bags with 2 kg of soil mixed with coir, rice husk
and cow manure (2:1:1:1). The seedlings were transplanted to
a hydroponic system with half-strength Hoagland solution
at pH 5.8 and an air pump when they were aged 6 mth. In
this experiment, each genotype and treatment had 16 plants.
The nutrient solution and pH levels were maintained daily
by adding nutrient solution and adjusting the pH with HCI.
The plants were given 2 wk to adjust to the hydroponic
conditions before the water deficit treatments began (0 days
after the trial began). Throughout the experiment, the control
condition was a half-strength Hoagland nutrient solution
(osmotic potential, ¥ ,,= -0.035 MPa). To generate two
levels of water deficit stress, water deficit conditions were
imposed using polyethylene glycol (PEG6000; BASF Co.
Ltd.; Germany). The solution was 5% PEG (¥, = -0.07 MPa)
for the first week and then increased to 9% PEG (¥, = -0.14
MPa) in stepwise succession for the second week (14 d after
the trial began). Similar PEG solutions have been used to
induce drought stress in Eucalyptus, as expressed in a variety
of plant responses, including osmotic adjustment (Utkhao and
Yingjajaval, 2015). After the water stress ended, stressed coffee
plants were evaluated for recovery by removing the coffee
plant from the solution and thoroughly rinsing the roots to
remove the polyethylene glycol solution before transplanting it
into a nutrient solution under control conditions for 20 d (34 d
after the trial began).

Meteorological conditions and measurement of plant water status

Data loggers (WatchDog data-logger 1000 series Micro
Stations; Spectrum Technologies Inc.; USA) installed inside
the greenhouse were used to record the maximum and average
photosynthetic photon flux density (PPFD), maximum, average
and minimum air temperature and relative humidity (RH)

every 15 min after the seedlings had been transplanted to the
hydroponic conditions until the end of the stress period.

The plant water status was determined at two different times
in the control and stress treatments: predawn (pd; 0400-0600
hours) and midday (md; 1100-1300 hours), using the first fully
expanded leaves of four different plants per genotype. The
relative water content (RWC) of the leaf samples was determined.
The leaf fresh weight (FW), turgid weight (TW) and dry weight
(DW) were measured and calculated using the equation (Barrs
and Weatherley, 1962): RWC = (FW - DW) / (TW - DW). RWC
was recorded at 0, 14 and 34 d after the trial began.

Measurement of leaf gas exchange

Throughout the experiment, one coffee plant from each
replication was randomly assigned to measure the leaf gas
exchange rate of the same coffee plant. Data were collected
at 0 d, 14 d, 24 d and 34 d after the trial began. Leaf gas
exchange measurements were performed on fully expanded
leaves (the third and fourth leaves from the top of the plant).
During 0830—-1030 hours, leaf samples were evaluated using
a portable infrared gas analyzer (LI-6400; Licor Inc.; USA)
equipped with a broadleaf 2.0 ¢cm? fluorometer chamber
(LI-6400-40, Licor Inc.; USA). The net photosynthetic rate (P,)
was determined under the following conditions: photosynthetic
photon flux density (PPFD) of 1,000 mol/m?%/s (with 10% blue
light), reference CO, concentration of 400 mol CO,/m?/s, leaf
chamber temperature of 28-33 °C; and RH of 75%—85%.
In addition to providing P, data, the instrument recorded the
transpiration rate (E). Using a pulse amplitude-modulated
fluorometer (PAM-2100; Heinz Walz; Germany), the maximum
quantum efficiency (F,/F,,) was determined on the same leaf.
The measurements were taken in the dark during 0400-0530
hours. F /F, was calculated using the equation: F /F =
(F, - F,)/F,, where F_ is the minimum variable fluorescence
and F, is the maximum variable fluorescence.

Measurement of chlorophyll stability and soil plant analysis

development index

One coffee plant from each treatment was chosen at random
for each replicate to measure chlorophyll stability, the soil plant
analysis development SPAD index and the total dry weight.
The SPAD index and chlorophyll content were measured at 0 d,
14 d and 34 d after the trial began. The fully expanded leaves
were sampled at the third and fourth leaves at the top of the
plant. A chlorophyll meter (model SPAD-502; Minolta Camera;
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Japan) was used to measure the SPAD index that was calculated
by averaging the results of three measurements on the leaf sheet.
One leaf disc was taken from the same leaf sample using a cork
borer with a diameter of 0.028 cm?. Leaf discs were soaked
in 4 ml of N, N-dimethylformamide and kept in the dark for
24-48 h before determining the chlorophyll content using light
absorption with a spectrophotometer. The chlorophyll content
per unit leaf area (chlorophyll density) was analyzed following
the procedures described by Moran (1981). The chlorophyll
density and total leaf area per plant were used to calculate the
chlorophyll content (chlorophyll content per plant).

Measurement of total dry weight

The total dry weight of each sampled Robusta coffee plant
was collected at 0 d, 14 d and 34 d after the trial began. The
same sample was used to get the chlorophyll measurements. In
the plant samples, the leaves were removed from the plant. The
total leaf area per plant was measured using a leaf area meter
(LI-3100, Licor Inc., USA) from a leaf sample. The leaves,
stems, branches and roots were separated and dried for 72 hr
at 75 °C in a hot air oven. Once the plant had dried, it was
weighed and the total dry weight was recorded.

Statistical analysis

Analysis of variance on all parameters was calculated
using a split-plot in a randomized complete block design
to evaluate the effect of water deficit stress and genotype
variability. For each water condition, the mean + SE for
Robusta coffee plant were calculated separately. In addition,
the response of Robusta coffee genotypes to drought stress was
assessed using an analysis of variance for each water condition
independently. The least significant difference was used in
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mean comparisons. Simple correlations between chlorophyll
parameters, photosynthetic efficiency and the total dry weight
of Robusta coffee were calculated. Data from three ages (0 d,
14 d and 34 d after the trial began; n = 18) in both control and
water deficit conditions were used to calculate the correlation
coefficients.

Results and Discussion
Meteorological conditions and plant water status

The average RH during the experiment was 82.9%
(maximum and minimum average values were 95.9% and
64.2%, respectively, data not shown), the average air temperature
was 29.2 °C (maximum and minimum average temperatures
were 37.0 °C and 24.9 °C, respectively) and the maximum
photosynthetic photon flux density was 434-867 mol/m?/s.

The relative water content of Robusta coffee leaves was
investigated at two different times. The results showed no
significant difference between the relative water content in
the predawn (RWC,,) of 96.5% and 96% for Robusta coffee
under control and water deficit conditions at 0 d (Fig. 1A).
However, coffee plants in the water deficit condition had
lowered RWC,, to 67.2% after 14 d, compared to 95.3 % in the
control condition. After 34 d of recovery, the water deficit plant
had an RWC,, increase of 93.9%, which was not significantly
different from the control condition of 95.9%. Similar results
were found in relative water content at midday (RWC,,). At
0 d, there was no significant difference in RWC,, between
Robusta coffee under the control and water deficit conditions,
with values of 83.8% and 84.7 %, respectively (Fig. 1B).
However, after 14 d, the water deficit coffee plants had reduced
RWC,, to 61.2 %, compared to 84.2 % in control conditions.
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Fig. 1 Effect of water deficit stress on relative water content (RWC) at: (A) predawn (pd); (B) midday (md) of Robusta coffee grown under control and

water deficit conditions, where error bars represent + SE
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Water-stressed coffee plants had an RWC,, increase of
75.2 % after 34 d, but it remained below the control at 87.6%.
According to the findings, water deficit simulations using
a PEG solution resulted in Robusta coffee water stress,
with a significant reduction in RWC after the water deficit.
The findings corroborated another study that demonstrated that
a lack of water affected the RWC of Robusta coffee grown in
soil, with the RWC responses of Coffea arabica and Coffea
liberica to water deficit being similar (Vu et al., 2018). Due to
a prolonged water deficit, water deficit stress was detected in
the Robusta coffee plants throughout both predawn and midday:.
The current study found that RWC,, of water-deficit Robusta
coffee could recover after returning to normal conditions;
however, RWC,; decreased more than RWC,,, suggesting that
RWC,, recovery might take longer for water-deficit plants.

Effect of water deficit stress on photosynthetic efficiency of
Robusta coffee

In water deficit stress, Robusta coffee quickly closed the
stomata to control the water loss of the plant, resulting in
a reduced transpiration rate (E) by the Robusta coffee leaves.
The Robusta coffee was grown in a normal nutrient solution
in both water conditions at 0 d. The E values were the same
under the control and water deficit conditions (Fig. 2A).
The Robusta coffee under water deficit conditions was reduced
to 0.30 and 0.26 mmol H,O/m?/s after being stressed for 7 d and
14 d, respectively. Although the E values increased to 0.64 and
0.40 mmol H,O/m?%/s after recovery at 24 d and 34 d, they were
still lower than the control condition, which had E values in the
range 0.98-2.55 mmol H,0/m?/s throughout the experiment.
The results revealed that the water deficit reduced the rate
of transpiration in the Robusta coffee due to the response of
stomata to maintain the water balance within the plant by
controlling water loss (DaMatta et al., 2018; Roonprapant
et al., 2021). However, closing the stomata to reduce the
transpiration rate also affected the photosynthesis rate of coffee
leaves. Under control and water deficit conditions, there was no
significant difference in P, values at 0 d (Fig. 2B). The P, values
of water deficit plants were lowered to 0.75 umol CO,/m?*/s
and 0.39 pmol CO,/m?/s when the Robusta coffee was stressed
for 7 d and 14 d, respectively, increased to 2.57 pumol CO,/
m?/s and 1.88 pmol CO,/m?%s after recovery at 24 d and 34 d,
respectively, but remained lower than the control condition,
which had P, values in the range 4.37-6.60 umol CO,/m?/s.

In coffee photosynthesis, stomatal inhibition constitutes
a major limiting factor (DaMatta et al., 2019; Martins et al.,

2019; Dubberstein et al., 2020). The initial mechanism in
response to a lack of water is for plants to close their stomata,
which limits the passage of CO, and water, decreasing the
net photosynthetic rate of plants as a result (Cornic, 2000;
Roonprapant et al., 2021; Arunyanark et al., 2022). In the
current study, during a water deficit period, the Robusta coffee
had a reduced net photosynthetic rate. As the severity of the
water deficit increased, the rate of photosynthesis declined,
with the lowest values near zero or nearly no photosynthesis.
Furthermore, even after the Robusta coffee returned to its
normal water level, the water deficit continued to impact
photosynthesis.

The study at maximum quantum efficiency (Fv/Fm) also
found that longer and more severe water deficit stresses tended
to decrease Fv/Fm. The Fv/Fm values of the Robusta coffee
were 0.78 and 0.75 at 0 d and 7 d, respectively, in a water deficit
condition (Fig. 2C), which was similar to the control condition.
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Fig. 2 Effect of water deficit stress on: (A) transpiration rate (E); (B)
net photosynthetic rate (P,); (C) maximum quantum efficiency (F/F,)) of
Robusta coffee grown under control and water deficit conditions, where
error bars represent = SE
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The Fv/Fm value reduced to 0.72 when the water deficit
reached 14 d, which was different from the control condition.
The reduction in Fv/Fm persisted through the recovery period
of 24 d and 34 d when the Fv/Fm values of 0.69 and 0.70
differed from the control condition of 0.75 and 0.79. Fv/
Fm was a sensitive indicator of coffee plant photosynthetic
performance, representing the potential quantum efficiency
of PSII and is a key indicator of the physiological status
of the photosynthetic apparatus. As a result, both stomatal
and nonstomatal mechanisms may have played a role in the
water stress-induced reduction in the net photosynthetic rate
(Maxwell and Johnson, 2000; Farooq et al., 2009; Tounekti et
al., 2018). Even after restoring normal watering to the coffee
plants, the effects of the water deficit lasted for some time
before returning to normal. The effect of water deficit on the
Fv/Fm values for Robusta coffee have been reported in other
coffee species, such as Coffea arabica and Coffea liberica
(Vuetal., 2018).

Effect of water deficit stress on chlorophyll stability of Robusta
coffee

There was no significant difference in chlorophyll density
between the Robusta coffee grown under the control and
the water deficit conditions at 0 d and 14 d (Fig. 3A).
The Robusta coffee had chlorophyll densities of 3.64 g/m?
and 3.53 g/m? in the water deficit condition, respectively.
The chlorophyll density of the stressed coffee was lowered to
3.01 g/m? at 34 d, which was lower than the control condition,
which had chlorophyll densities of 3.40 g/m? 3.53 g/m? and
3.80 g/m?at the three ages, respectively. At 0 d, the chlorophyll
contents of the Robusta coffee under control and water deficit
conditions were 0.24 g/plant and 0.29 g/plant, respectively,
(Fig. 3B) and not significantly different. On the other hand,
the water deficit plants had a reduced chlorophyll content to
0.09 g/plant at 14 d, compared to 0.31 g/plant in the control
conditions. After 34 d of recovery, the stressed coffee had
a minor increase in chlorophyll content to 0.13 g/plant;
however, it was still lower than the control at 0.53 g/plant.
Furthermore, the SPAD index was affected by a water deficit.
The SPAD index did not differ between the control and water
deficit conditions at 0 d and 14 d (Fig. 3C) for these two days,
the Robusta coffee had a SPAD index of 44.50 and 44.40 in
water deficit, respectively. The SPAD index of the stressed
coffee was lowered to 39.38 at 34 d, which was lower than
the control, which had SPAD index values of 45.11, 47.12 and
46.49 at the three ages, respectively.

C. Chutteang et al. / Agr. Nat. Resour. 57 (2023) 331-342

Water deficit affected Robusta coffee chlorophyll stability,
including the chlorophyll density and total chlorophyll content,
as well as the SPAD index. The reductions in chlorophyll
density and the SPAD index were almost similar and was
lower than the control at 34 d, while the total chlorophyll
content per plant decreased to lower than the control at 14 d.
In addition, water deficit has been shown to reduce chlorophyll
content and density in a variety of plants (Falqueto et al.,
2017; Mihaljevi¢ et al., 2021). Several studies have found an
association between the chlorophyll content, photosynthesis
and PSII response in water-stressed plants (Banks, 2018; Wang
et al., 2018; Liang et al., 2019). Furthermore, Santos et al.
(2021) found a relationship between photosynthetic efficiency
and genes linked to drought tolerance in Robusta and Arabica
coffee.
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Fig. 3 Effect of water deficit stress on: (A) chlorophyll density;
(B); total chlorophyll content per plant; (C) SPAD index of Robusta
coffee grown under control and water deficit conditions, where error
bars represent + SE
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Drought tolerance of Robusta coffee genotypes

Water deficit had a significant effect on chlorophyll
stability and the total dry weight of the Robusta coffee at
34 d (Table 1). Compared to the Robusta coffee in the control
condition, Robusta coffee in the water deficit condition had
a 24.13% decrease in chlorophyll density, a 75.79% decrease
in chlorophyll content, a 14.40% decrease in SPAD index
and a 46.06% decrease in total dry weight. In addition,
in both control and water deficit conditions, there were
significant differences in the values for chlorophyll stability
and the total dry weight among the Robusta coffee genotypes.
The FRT141 genotypes had the highest chlorophyll density,
chlorophyll content and total dry weight under control
conditions, with values of 5.95 g/m? 1.03 g/plant and 17.50 g/
plant, respectively. However, under control conditions, there
was no significant difference between the genotypes in the
SPAD index, which was in the range 43.47-56.18. In water
deficit conditions, with 3.70 g/m?, 3.42 g/m?and 3.04 g/m?,
the SCO5, PPO1 and FRT141 genotypes, respectively had the
highest chlorophyll densities. The highest total chlorophyll
concentration was in the FRT141, PPO1 and SCO5 genotypes,
with 0.23 g/plant, 0.22 g/plant and 0.16 g/plant, respectively.
The highest SPAD index values were 48.57, 43.98 and 41.80
for the SCO05, PPO1 and FRT141 genotypes, respectively. The
FRT141, PPO1 and SCO5 genotypes, with total dry weights of
10.07 g/plant, 8.45 g/plant and 8.12 g/plant, respectively, had
the highest total dry weights. The ability of coffee to produce
dry weight under limited water exposure was used to determine
its drought tolerance (Silva et al., 2013; Chemura et al., 2014).
The biomass weight of Arabica coffee under water deficit

conditions was used in another study to identify drought-
tolerant genotypes (Cheserek et al., 2015; Mohammed et al.,
2021). According to the current findings, the FRT141, PP0O1
and SCO5 genotypes showed drought tolerance. Furthermore,
in water deficit conditions, these Robusta coffee genotypes had
high chlorophyll stability.

Relationship between chlorophyll stability and drought tolerance
of Robusta coffee

Correlation analysis at the three ages (0 d, 14 d and
34 days; n = 18) revealed a strong positive correlation
between chlorophyll density and the SPAD index under
both control and water deficit conditions, with correlation
coefficients (r) of 0.85** and 0.85** (Figs. 4A and 4B),
respectively. A similar correlation was obtained when both
water levels were included in the calculation of the correlation
(n =36), r = 0.83**; data not shown). Additionally, a high
positive correlation was established between the chlorophyll
content and chlorophyll density in both the control and
water deficit circumstances, including when calculating
the pooled correlation of both water levels, (r = 0.85%*,
0.55* and 0.83**, respectively), as shown in Table 2.
A significant positive correlation was discovered between
the chlorophyll content and the SPAD index in both the control
and water deficit conditions, including when calculating
the pooled correlation of both water levels (r = 0.60%**,
0.50* and 0.57**, respectively). Furthermore, in water deficit
conditions, r = 0.60**, 0.58* and 0.49* were significant
positive correlations between the chlorophyll content and
F./F,, P, and E, respectively.

Table 1 Chlorophyll density, total chlorophyll content per plant, SPAD index and total dry weight of Robusta coffee genotypes under control and water

deficit conditions at 34 d of experiment

Genotype Chlorophyll density (g/m?) Chlorophyll content (g/plant) SPAD index Total dry weight (g/plant)
Control Water deficit Control Water deficit Control Water deficit Control Water deficit
FRT141 5.95+2.01* 3.04+0.42® 1.03+0.39° 0.23+0.05° 56.1843.92  41.80+0.50° 17.50+3.34*  10.07+1.74°
SC05 3.59+0.41° 3.70£1.17° 0.4440.15% 0.16+0.09® 46.68+3.84  48.57+1.70° 12.15+2.19° 8.12+1.77%
PPO1 3.65+0.90° 3.4240.21® 0.52+0.15° 0.22+0.17° 46.48+8.16  43.98+1.10° 13.89+1.60° 8.45+4.29°
PPO5 2.89+0.54° 2.9240.12¢¢ 0.18+0.07¢ 0.06+0.03% 43.47+5.58  35.87+4.97° 7.77+1.70¢ 5.2940.95"
SKE06 4.01+0.59° 2.7940.43% 0.58+0.21° 0.0740.03% 47.50+5.10  37.58+3.41¢ 12.1143.39°  4.9440.35°
TPO17 3.69+0.98" 2.16+0.12¢ 0.41+0.10" 0.04+0.03¢ 46.20+8.33  37.45+1.18° 11.81+2.99° 3.71x1.47¢
F test £ % sk sk ns % ek sk
Mean 3.96+1.34* 3.0140.69° 0.53+0.32* 0.13+0.11" 47.75+6.75*  40.87+5.09" 12.5443.76*  6.76+2.99"
CV (%) 19.50 18.28 27.29 28.37 13.86 6.64 15.05 28.35

CV = coefficient of variation; ns = non-significant (p > 0.05); * = significant (p < 0.05); ** = highly significant (p <0.01);
Mean (+ SE) superscripted with different capital letters are significantly (p < 0.05) different within each parameter; means (+ SE) in each column

superscripted with different lowercase letters are significantly (p < 0.05) different among coffee genotypes under same conditions.
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Fig. 4 Relationship between chlorophyll density and SPAD index of Robusta coffee genotypes pooled for three sampling dates (z = 18) under: (A) control
conditions; (B) water deficit conditions, where r = correlation coefficient and ** = highly significant (p < 0.01)

Table 2 Correlation coefficients (r) between total chlorophyll content per plant with chlorophyll density, SPAD index, maximum quantum efficiency
(Fv/Fm), net photosynthetic rate (Pn) and transpiration (E) of Robusta coffee genotypes pooled for three sampling dates under control and water deficit

conditions
Chlorophyll content Chlorophyll density SPAD index F/F, P, E
Control (n=18) 0.85%* 0.60%** -0.41 -0.28 -0.47*
Water deficit (n = 18) 0.55% 0.50%* 0.60** 0.58%* 0.49%*
Pooled (n = 36) 0.73%* 0.57** 0.36* 0.32% 0.12

* %% = significant (p < 0.05) and highly significant (p < 0.01), respectively

The chlorophyll content per leaf area (chlorophyll density)
was related to the chlorophyll content per plant of Robusta
coffee. Because Robusta coffee has a high chlorophyll
density, it also has a high chlorophyll content per plant.
Furthermore, both the chlorophyll content and the chlorophyll
density are related to the SPAD index. Thus, the SPAD
chlorophyll meter reading could be utilized as an indirect tool
for assessing the chlorophyll content and chlorophyll density
in Robusta coffee leaves as it allows for the easy, rapid and
non-destructive measurement of plant samples. Several studies
have demonstrated that the SPAD chlorophyll meter could be
used to estimate the chlorophyll content in the leaves of a wide
range of plants, including peanut, soybean, rice, corn, wheat,
sorghum, potato, papaya, canola and jatropha (Arunyanark et
al.,2008; Nyi et al., 2012; Parry et al., 2014; Dong et al., 2019).
However, in the current investigation, the relationship between
the SPAD index and chlorophyll density was greater than the
relationship between the SPAD index and chlorophyll content
per plant. It was demonstrated that using the SPAD index to

estimate chlorophyll density was more accurate than using the
SPAD index to estimate chlorophyll content per plant. This was
similar to the findings of Netto et al. (2005), who discovered a
relationship between the SPAD index and the chlorophyll and
nitrogen densities per leaf area of Robusta coffee. In addition,
Reis et al. (2009) found a relationship between the SPAD index
and the chlorophyll and nitrogen densities per unit leaf area of
Arabica coffee. However, the SPAD index might be applied
to estimate the chlorophyll content per plant by multiplying
the SPAD index value by the leaf area. In addition, the current
study discovered that total chlorophyll content per plant
was related to F /F,, P, and E in the water deficit condition,
suggesting that the chlorophyll content in the leaves was
important for maintaining the rate of photosynthesis in Robusta
coffee under drought conditions.

The maximum quantum efficiency (F,/F,,) of Robusta coffee
was significantly positively correlated with the chlorophyll
density and SPAD index in the water deficit condition, with
r=0.66** and 0.68** (Table 3), respectively. The corresponding

Table 3 Correlation coefficients (r) between maximum quantum efficiency (F,/F ) with chlorophyll density, SPAD index, net photosynthetic rate (P,) and

transpiration (E) of Robusta coffee genotypes pooled for three sampling dates under control and water deficit conditions

F/F, Chlorophyll density SPAD index P, E

Control (n = 18) -0.30 -0.05 0.69%* 0.77%*
Water deficit (n = 18) 0.66** 0.68%** 0.63%** 0.60%**
Pooled (n = 36) 0.37* 0.58%** 0.71%** 0.65%**

* % = significant (p < 0.05) and highly significant (p < 0.01), respectively



C. Chutteang et al. / Agr. Nat. Resour. 57 (2023) 331-342 339

r values were 0.37* and 0.58** when the correlation combining
both water levels was calculated; however, no such relationship
was observed under the control condition. A high positive
correlation was also established between F /F, and Pn in
both the control and water deficit conditions, including when
calculating the pooled correlation of both water levels (r =
0.69%*  0.63** and 0.71**, respectively). F/F, and E had
a high positive correlation in both control and water deficit
conditions, including when the pooled correlation of both
water levels was calculated (r = 0.77*%*, 0.60** and 0.75%*,
respectively). Furthermore, a very strong positive correlation
was established between E and Pn in both the control and water
deficit conditions (r = 0.82** and 0.95**, data not shown),
respectively and when the pooled correlation of both water
levels was calculated (r=0.90**), as shown in Figure 5. The results
showed a strong relationship between F /F , P, and E under
both the control and water deficit conditions, demonstrating
that the ability of photosynthesis was dependent on the rate of
water deficit in Robusta coffee. If the stomata were generally
open to allow for a high rate of transpiration, this would also
result in a high rate of photosynthesis. Transpiration is the
evaporation of water from plants that occurs at the leaves while
their stomata are open to allow CO, and O, to pass through
during photosynthesis. However, although the number of

4.50
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Fig. 5 Relationship between transpiration (E) and net photosynthetic rate
(P,) of Robusta coffee genotypes pooled for three sampling dates and two
water levels (n = 36), where ** = highly significant (p <0.01)

stomata opening was reduced in the water deficit condition,
the transpiration rate remained related to the photosynthesis
rate of Robusta coffee. In the current study, the water deficit
condition, Fv/Fm was only correlated with chlorophyll density
and the SPAD index. It was demonstrated that in water deficit
stress, plant photosynthesis was restricted by stomatal closure.
Chlorophyll stability in the leaves is an important factor for the
photosynthetic efficiency of Robusta coffee under water deficit
stress.

The total dry weight of Robusta coffee was significantly
positively correlated with chlorophyll density in both
the control and water deficit conditions, including when
calculating the pooled correlation of both water levels
(r =0.68*%* 0.52* and 0.62**, respectively), as shown in
Table 4. A positive correlation was found between total dry
weight and SPAD index in both the control and water deficit
conditions, including when calculating the pooled correlation
of both water levels (r=0.51%, 0.54* and 0.56**, respectively).
Furthermore, a significant strongly positive correlation was
established between the dry weight and chlorophyll content
in both the control and water deficit conditions, including
when calculating the pooled correlation of both water levels
(r=0.90**, 0.76** and 0.89**, respectively). Additionally,
a significant positive correlation was observed between total
dry weight and F,/F, in the water deficit condition and when the
pooled correlation was computed at both water levels (r=0.51*
and 0.38*, respectively), while no correlation was observed in
the control condition. The chlorophyll content in the leaves is
an important characteristic of photosynthesis and dry weight
accumulation in plants (Banks, 2018). Previous studies have
shown that the chlorophyll content in the leaves could be used
to indicate drought tolerance in several crops, including peanut,
soybean, wheat, barley, potato and oil palm (Arunyanark et al.,
2008; Aryal et al., 2015; Monteoliva et al., 2021). The current
study revealed that the dry weight capacity of Robusta coffee
was related to the chlorophyll density and the total chlorophyll
content per plant, as well as the SPAD index in both control
and water deficit conditions. The finding that Robusta coffee’s
drought tolerance was based on its ability to build dry weight
under water-stressed conditions suggested that chlorophyll

Table 4 Correlation coefficients (r) between total dry weight with chlorophyll density, SPAD index, total chlorophyll content per plant and maximum

quantum efficiency (F,/F,,) of Robusta coffee genotypes pooled for three sampling dates under control and water deficit conditions

Total dry weight Chlorophyll density SPAD index Chlorophyll content F./F,
Control (n =18) 0.68** 0.51* 0.90%** -0.32

Water deficit (n = 18) 0.52* 0.54* 0.76%* 0.51*
Pooled (n = 36) 0.62%** 0.56%** 0.89%** 0.38*

**% = significant (p < 0.05) and highly significant (p < 0.01), respectively



340 C. Chutteang et al. / Agr: Nat. Resour: 57 (2023) 331-342

stability was an important mechanism that could be used to
determine the drought tolerance of Robusta coffee genotypes
and in the analysis of the relationship between the SPAD index
and the chlorophyll stability and total dry weight of Robusta
coffee under water deficit conditions. Consequently, it was
proposed that the SPAD index might be used as an indirect
trait in the effective selection of drought-tolerant genotypes of
Robusta coffee.

In conclusion, water deficit stress affected the chlorophyll
stability, rate of photosynthesis and the biomass of Robusta
coffee. Water deficit stress reduced the values for the chlorophyll
content, chlorophyll density, SPAD index, F/F,, P,, E and
total dry weight of Robusta coffee. The chlorophyll stability
and total dry weight of Robusta coffee differed between
genotypes. The Robusta coffee genotypes with the highest
chlorophyll content and chlorophyll density were also
the genotypes with the highest total dry weight under
water deficit conditions, such as FRT141, PPO1 and SCO5.
Furthermore, the chlorophyll content and chlorophyll
density were related to Robusta coffee photosynthesis
under water deficit conditions. The chlorophyll content
and chlorophyll density were also related to the total dry
weight of Robusta coffee. Therefore, chlorophyll stability in
leaves can be utilized to identify drought-tolerant genotypes
in Robusta coffee. Furthermore, chlorophyll content and
chlorophyll density were related to the SPAD index, as was
the relationship between the SPAD index and the total dry
weight of Robusta coffee under water deficit conditions. Thus,
the SPAD chlorophyll meter can be used quickly to select for
drought tolerance of Robusta coffee genotypes in a practical
manner.

Conflict of Interest

The authors declare that there are no conflicts of interest.

Acknowledgments

This research was supported in part by the Graduate Program
Scholarship from The Graduate School, Kasetsart University,
Bangkok, Thailand. The authors gratefully acknowledge
the Department of Agronomy, Faculty of Agriculture at
Kamphaeng Saen, Kasetsart University for support and
thank Nestlé Agricultural Services, Chumphon, Thailand, for
providing the coffee seedlings.

References

Arunyanark, A., Jogloy, S., Akkasaeng, C., Vorasoot, N., Kesmala, T.,
Nageswara, R.C., Wright, G.C., Patanothai, A. 2008. Chlorophyll
stability is an indicator of drought tolerance in peanut. J. Agron. Crop
Sci. 194: 113-125. doi.org/10.1111/j.1439-037X.2008.00299.x

Arunyanark, A., Jogloy, S., Vorasoot, N., Akkasaeng, C., Kesmala, T.,
Patanothai, A. 2009. Stability of relationship between chlorophyll
density and soil plant analysis development chlorophyll meter readings
in peanut across different drought stress conditions. Asian J. Plant Sci.
8:102-110. doi: 10.3923/ajps.2009.102.110

Arunyanark, A., Roonprapant, P., Sridokchana, W., Pakoktoma, T.,
Chutteang, C. 2022. Effect of water deficit and propagation methods
on physiological responses of Robusta coffee (Coffea canephora)
varieties. Agr. Nat. Resour. 56: 1123—1134. doi.org/10.34044/].
anres.2022.56.6.07

Aryal, L., Shrestha, S.M., Khatri-Chhetri, G.B., Bhandari, D. 2015.
Chlorophyll content measurement of drought tolerant wheat genotypes
sown at normal and late conditions as an indicator of spot blotch
resistance. J. Inst. Agric. Anim. Sci. 33-34: 65-72. doi.org/10.3126/
jiaas.v33i0.20687

Banks, J.M. 2018. Chlorophyll fluorescence as a tool to identify drought
stress in Acer genotypes. Environ. Exp. Bot. 155: 118-127. doi.org/
10.1016/j.envexpbot.2018.06.022

Barrs, H.D., Weatherley, P.E. 1962. A re-examination of the relative
turgidity technique for estimating water deficits in leaves. Aust. J. Biol.
Sci. 15: 413-428.

Byrareddy, V., Kouadio, L., Mushtaq, S., Kath, J., Stone, R. 2021. Coping
with drought: Lessons learned from robusta coffee growers in Vietnam.
Clim. Serv. 22: 100229. doi.org/10.1016/j.cliser.2021.100229

Chemura, A., Mahoya, C., Chidoko, P., Kutywayo, D. 2014. Effect of soil
moisture deficit stress on biomass accumulation of four coffee (Coffea
arabica) varieties in Zimbabwe. Int. Sch. Res. Notices. 2014: 767312.
doi.org/10.1155/2014/767312

Cheng, B., Furtado, A., Smyth, H.E., Henry, R.J. 2016. Influence of
genotype and environment on coffee quality. Trends Food Sci. Technol.
57:20-30. doi.org/10.1016/j.tifs.2016.09.003

Cheserek. J.J., Omondi, C.O., Ithiru, J.M. 2015. Screening for drought
tolerance among Coffea arabica cultivars in Kenya. Int. J. Res. Agric.
Sci. 2: 2348-3997.

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

DaMatta, F.M., Avila, R.T., Cardoso, A.A., Martins, S.C.V., Ramalho, J.C.
2018. Physiological and agronomic performance of the coffee crop in
the context of climate change and global warming: A review. J. Agric.
Food Chem. 66: 5264—5274. doi.org/10.1021/acs.jafc.7b04537

DaMatta, F.M., Rahn, E., Laderach, P., Ghini, R., Ramalho, J.C. 2019.
Why could the coffee crop endure climate change and global warming
to a greater extent than previously estimated? Clim. Change. 152:
167-178. doi.org/10.1007/s10584-018-2346-4

DaMatta, F.M., Ramalho, J.D.C. 2006. Impacts of drought and temperature
stress on coffee physiology and production: A review. Braz. J. Plant
Physiol. 18: 55-81. doi.org/10.1590/S1677-04202006000100006



C. Chutteang et al. / Agr: Nat. Resour: 57 (2023) 331-342 341

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

Dias, P.C., Araujo, W.L., Moraes, G.A.B.K., Barros, R.S., DaMatta,
F.M. 2007. Morphological and physiological responses of two coffee
progenies to soil water availability. J. Plant Physiol. 164: 1639-1647.
doi.org/10.1016/j.jplph.2006.12.004

Dong, T., Shang, J., Chen, J.M., et al. 2019. Assessment of portable
chlorophyll meters for measuring crop leaf chlorophyll concentration.
Remote Sens. 11: 2706. doi.org/10.3390/rs11222706

Dubberstein, D., Lidon, F.C., Rodrigues, A.P., et al. 2020. Resilient
and sensitive key points of the photosynthetic machinery of
Coffea spp. to the single and superimposed exposure to severe drought
and heat stresses. Front. Plant Sci. 11: 1049. doi.org/10.3389/fpls.
2020.01049

Falqueto, A.R., da Silva Junior, R.A., Gomes, M.T.G., Martins, J.P.R.,
Silva, D.M., Partelli, F.L. 2017. Effects of drought stress on chlorophyll
a fluorescence in two rubber tree clones. Sci. Hortic. 224: 238-243.
doi.org/10.1016/j.scienta.2017.06.019

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., Basra, S.M.A. 2009.
Plant drought stress: Effects, mechanisms and management. Agron.
Sustain. Dev. 29: 185-212. doi.org/10.1051/agro:2008021

Kiattisin, K., Nantarat, T., Leelapornpisid, P. 2016. Evaluation of
antioxidant and anti-tyrosinase activities as well as stability of green
and roasted coffee bean extracts from Coffea arabica and Coffea
canephora grown in Thailand. J. Pharmacogn. Phytotherapy 8: 182—
192. doi: 10.5897/JPP2016.0413

Liang, G., Bu, J., Zhang, S., Jing, G., Zhang, G., Liu, X. 2019. Effects
of drought stress on the photosynthetic physiological parameters
of Populus % euramericana “Neva”. J. For. Res. 30: 409-416. doi.
org/10.1007/s11676-018-0667-9

Marie, L., Abdallah, C., Campa, C., et al. 2020. G x E interactions on yield
and quality in Coffea arabica: New F1 hybrids outperform American
cultivars. Euphytica 216: 78. doi.org/10.1007/s10681-020-02608-8

Martins, S.C.V., Sanglard, M.L., Morais, L.E., et al. 2019. How do coffee
trees deal with severe natural droughts? An analysis of hydraulic,
diffusive and biochemical components at the leaf level. Trees 33:
1679-1693. doi.org/10.1007/s00468-019-01889-4

Maxwell, K., Johnson, G.N., 2000. Chlorophyll fluorescence a practical
guide. J. Exp. Bot. 51: 659-668. doi.org/10.1093/jexbot/51.345.659

Menezes-Silva, P.E., Cavatte, P.C., Martins, S.C.V,, et al. 2015. Wood
density, but not leaf hydraulic architecture, is associated with drought
tolerance in clones of Coffea canephora. Trees 29: 1687-1697. doi.
org/10.1007/s00468-015-1249-5

Menezes-Silva, P.E., Sanglard, L.M.P.V., Avila, R.T., et al. 2017.
Photosynthetic and metabolic acclimation to repeated drought events
play key roles in drought tolerance in coffee. J. Exp. Bot. 68: 4309—
4322. doi.org/10.1093/jxb/erx211

Mihaljevi¢, 1., Vuleti¢, M.V, Simi¢, D., et al. 2021. Comparative study of
drought stress effects on traditional and modern apple cultivars. Plants
10: 561. doi.org/10.3390/plants10030561

Mohammed, M., Shimbir, T., Meskelu, E. 2021. Evaluation of coffee
genotypes for drought tolerance in South Ethiopia. Irrigat. Drainage.
Sys. Eng. 10: 268.

Monteoliva, M.I., Guzzo, M.C., Posada, G.A. 2021. Breeding for drought
tolerance by monitoring chlorophyll content. Gene Technol. 10: 165.

Moran, R., 1981. Formulae for determination of chlorophyll pigments
extracted with N, N — Dimethyl formide. Plant Physiol. 69: 1376-1381.
doi.org/10.1104/pp.69.6.1376

Netto, A.T., Campostrini, E., de Oliveira, J.G., Bressan-Smith, R.E. 2005.
Photosynthetic pigments, nitrogen, chlorophyll a fluorescence and
SPAD-502 readings in coffee leaves. Sci. Hortic. 104: 199-209. doi.
org/10.1016/j.scienta.2004.08.013

Nguyen, P.L., Nguyen, M.D. 2018. Drought adaptation and coping
strategies among coffee farmers in the central highlands of Vietnam. J.
Agric. Environ. Sci. 8: 52—66.

Nyi, N., Sridokchan, W., Chai-arree, W., Srinives, P. 2012. Nondestructive
measurement of photosynthetic pigments and nitrogen status in
Jatropha (Jatropha curcas L.) by chlorophyll meter. Philipp. Agric.
Sci. 95: 83-89.

Oliveira, I.C.M., Guilhen, J.H.S., de Oliveira Ribeiro, P.C., Gezan, S.A.,
Schaffert, R.E., Simeone, M.L.F., Pastina, M.M. 2020. Genotype-by-
environment interaction and yield stability analysis of biomass sorghum
hybrids using factor analytic models and environmental covariates.
Field Crops Res. 257: 107929. doi.org/10.1016/j.fcr.2020.107929

Parry, C., Blonquist, J.M., Bugbee, B. 2014. In situ measurement of leaf
chlorophyll concentration: analysis of the optical/absolute relationship.
Plant Cell Environ. 37: 2508-2520. doi.org/10.1111/pce.12324

Reis, A.R., Favarin, J.L., Malavolta, E., Junior, J.L., Moraes, M.F. 2009.
Photosynthesis, chlorophylls and SPAD readings in coffee leaves in
relation to nitrogen supply. Commun. Soil Sci. Plant Anal. 40: 1512—
1528. doi.org/10.1080/00103620902820373

Roonprapant, P., Arunyanark, A., Chutteang, C. 2021. Morphological and
physiological responses to water deficit stress conditions of robusta
coffee (Coffea canephora) genotypes in Thailand. Agr. Nat. Resour.
55:473-484. doi.org/10.34044/j.anres.2021.55.3.18

Rossing, W.A.H., Modernel, P., Tittonell, P.A. 2014. Diversity in organic
and agro-ecological farming systems for mitigation of climate change
impact, with examples from Latin America. In: Fuhrer, J., Gregory, P.J.
(Eds.). Climate Change Impact and Adaptation in Agricultural Systems,
CABI Climate Change Series 5. CAB International. Wallingford, UK,
pp- 69-87.

Santos, M.O., Coelho, L.S., Carvalho, G.R., Botelho, C.E., Torres,
L.F., Vilela, D.J.M. Andrade, A.C., Silva, V.A. 2021. Photochemical
efficiency correlated with candidate gene expression promote coffee
drought tolerance. Sci. Rep. 11: 7436. doi.org/10.1038/s41598-021-
86689-y

Semedo, J.N., Rodrigues, W.P., Martins, M.Q., et al. 2018. Coffee
responses to drought, warming and high (CO,) in the context of
future climate change scenarios. In: Alves, F., Leal, W., Azeiteiro,
U. (Eds.). Theory and Practice of Climate Adaptation, Chapter 26,
Climate Change Management Series. Springer. Cham, Switzerland,
pp. 465-477.

Silva, P.E.M., Cavatte, P.C., Morais, L.E., Medina, E.F., DaMatta,
F.M. 2013. The functional divergence of biomass partitioning,
carbon gain and water use in Coffea canephora in response to
the water supply: Implications for breeding aimed at improving
drought tolerance. Environ. Exp. Bot. 87: 49-57. doi.org/10.1016/j.
envexpbot.2012.09.005



342 C. Chutteang et al. / Agr: Nat. Resour: 57 (2023) 331-342

Silva, V.A., Prado, F.M., Antunes, W.C., et al. 2018. Reciprocal grafting
between clones with contrasting drought tolerance suggests a key role
of abscisic acid in coffee acclimation to drought stress. Plant Growth
Regul. 85:221-229. doi.org/10.1007/s10725-018-0385-5

Sixto, H., Gil, P., Ciria, P., Camps, F., Caifiellas, 1., Voltas, J. 2016.
Interpreting genotype-by-environment interaction for biomass
production in hybrid poplars under short-rotation coppice in
Mediterranean environments. Glob. Change Biol. Bioenergy 8: 1124—
1135. doi.org/10.1111/gcbb.12313

Tounekti, T, Mahdhi, M., Al-Turki, T.A., Khemira, H. 2018. Water
relations and photo-protection mechanisms during drought stress
in four coffee (Coffea arabica) cultivars from south-western Saudi
Arabia. S. Afr. J. Bot. 117: 17-25. doi.org/10.1016/j.sajb.2018.04.022

Utkhao, W., Yingjajaval, S. 2015. Changes in leaf gas exchange and
biomass of Eucalyptus camaldulensis in response to increasing drought
stress induced by polyethylene glycol. Trees 29: 1581-1592. doi.
org/10.1007/s00468-015-1240-1

Vu, N.T., Park, J.M., Tran, A.T., Bui, T.K., Vu, D.C., Jang, D.C., Kim, L.S.
2018. Effect of water stress on the growth and physiology of coffee
plants. J. Agri. Life Environ. Sci. 30: 121-130.

Wang, Z., Li, G., Sun, H., Ma, L., Guo, Y., Zhao, Z., Gao, H., Mei, L. 2018.
Effects of drought stress on photosynthesis and photosynthetic electron
transport chain in young apple tree leaves. Biol. Open. 7: bio035279.
doi.org/10.1242/bi0.035279



	Association between chlorophyll stability and drought tolerance in Robusta coffee
	Abstract
	Introduction
	Materials and Methods
	Experimental design and treatments
	Meteorological conditions and measurement of plant water status
	Measurement of leaf gas exchange
	Measurement of chlorophyll stability and soil plant analysis development index
	Measurement of total dry weight
	Statistical analysis

	Results and Discussion
	Meteorological conditions and plant water status
	Effect of water deficit stress on photosynthetic efficiency of Robusta coffee
	Effect of water deficit stress on chlorophyll stability of Robusta coffee
	Drought tolerance of Robusta coffee genotypes
	Relationship between chlorophyll stability and drought tolerance of Robusta coffee

	Conflict of Interest
	Acknowledgments
	References




