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Abstract 
Climate change affects crop productivity, with forecasts for the coming years 
pointing to increased temperatures and changes in rainfall distribution. This paper 
aimed to identify genotypes of Coffea arabica that are potentially drought-tolerant. 
Seven germplasm genotypes of Timor Hybrid were evaluated in comparison to two 
cultivars considered as sensitive and drought-tolerant. These were submitted to 
two water treatments, the first maintaining water availability and the second with 
complete suspension of irrigation. The physiological characteristics analyzed were 
gas exchange and predawn leaf water potential. For leaf anatomy, characteristics 
of the leaf lamina, conductive vessels and stomata were evaluated. It was found 
that some genotypes were able to maintain gas exchange even under low water 
availability. For these genotypes, the analysis of leaf anatomy presented an increase in 
cuticle thickness on the adaxial face, in the relationship between polar and equatorial 
diameters of stomata, in addition to a lower vulnerability index. A positive 
relationship was observed between adaxial phase cuticle thickness and water use 
efficiency. The Timor Hybrid UFV 377-21, UFV 376-31 and the cultivar IPR100 
were the highlights among the genotypes analyzed, which presented adaptations 
that allowed the maintenance of the hydric status in the initial development phase.

Palavras-chave: 
• Estresse abiótico
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Resumo 
As mudanças climáticas afetam a produtividade das culturas, as previsões para 
os próximos anos indicam o aumento de temperatura e alterações na distribuição 
pluviométrica. Este trabalho objetivou identificar genótipos de Coffea arabica 
potencialmente tolerantes à seca. Foram avaliados sete genótipos do germoplasma 
de Híbrido de Timor em comparação a duas cultivares consideradas como sensível 
e tolerante à seca. Estes foram submetidos a dois tratamentos hídricos, o primeiro 
mantendo a disponibilidade de água e o segundo com suspensão total da irrigação. 
As características fisiológicas avaliadas foram as trocas gasosas e o potencial hídrico 
foliar de antemanhã. Para anatomia foliar avaliou-se características do limbo foliar, 
vasos condutores e dos estômatos. Verificou-se que alguns genótipos foram capazes 
de manter as trocas gasosas mesmo sob baixa disponibilidade hídrica. Para esses 
genótipos, a análise da anatomia foliar evidenciou o incremento na espessura da 
cutícula da face adaxial, na relação entre diâmetro polar e equatorial dos estômatos, 
além de menor índice de vulnerabilidade. Encontramos relação positiva entre a 
espessura da cutícula da fase adaxial com a eficiência do uso da água. Destacaram-
se entre os genótipos avaliados os Híbridos de Timor UFV 377-21, UFV 376-31 e a 
cultivar IPR100, que apresentaram adaptações que permitiram a manutenção do 
status hídrico em fase de desenvolvimento inicial.
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Introduction
Climate change has caused an increase in 

temperature and changes in rainfall distribution 
with prolonged dry periods. Projections indicate 
that the frequency and severity of adverse conditions 
are expected to increase in the coming years (Moat 
et al. 2017; Dubberstein et al. 2020; Thioune et al. 
2020; Hassan et al. 2021). Water deficit is the main 
abiotic stress, impairing crop growth, development 
and productivity (Kapoor et al. 2020; Canales et 
al. 2021). In Coffea, water scarcity affects the entire 
phenological phase, impairs initial development, 
root formation, and vegetative growth, resulting in 
reduced productivity (Camargo & Camargo 2001; 
Ruiz-Cárdenas 2015).

Plants, however, have the ability to adapt 
to adverse conditions by inducing physiological, 
biochemical and anatomical mechanisms, 
allowing them to maintain their vital functions. 
Adaptations have been observed in the leaves to 
avoid dehydration, such as premature senescence. 
Changes in leaf anatomical characteristics may also 
occur. Some studies have observed greater cuticle 
thickness, which can increase radiation reflection 
and isolate internal tissues (Kumar & Tieszen 
1980; Silva et al. 2004). Furthermore, stomata may 
undergo changes in location and shape (Batista 
et al. 2010; Baliza et al. 2012; Queiroz-Voltan et al. 
2014). In addition, water stress leads to loss of 
turgor and ceased leaf expansion, reducing leaf 
area. These are ways to decrease the area exposed to 
perspiration (Bangar et al. 2019). Studies report that 
leaf anatomical characteristics may vary between 
genotypes of the same species and help in the 
selection of drought-tolerant materials (Canales et 
al. 2021; Reis et al. 2022; Santos et al. 2022).

The selection of tolerant genotypes can be 
an alternative to reduce the impacts caused by 
drought, with germplasm banks being important 
sources of genetic variability for coffee species. In 
Brazil, about 20% of species of the genus Coffea are 
preserved in germplasm banks, in addition to inter 
and intraspecific hybrids (Eira et al. 2007). 

The Active Germplasm Bank, within the 
Experimental Field of EPAMIG, located in Patrocínio, 
Minas Gerais state, has approximately 1,500 
accessions (Carvalho et al. 1991), which have been 
used in the genetic improvement of Coffea as a source 
of variability for tolerance to pests and diseases 
affecting the culture. However, few papers have 
studied these accessions regarding tolerance to abiotic 
stresses. Given the above, the purpose of this paper 
was to identify genotypes of Coffea arabica L. with 
potential for drought tolerance through physiological 
characteristics associated with leaf anatomy.

Material and Methods
Plant material
The Active Germplasm Bank (BAG) was 

installed in 2005, in the Experimental Field of 
EPAMIG, located in Patrocínio, state of Minas Gerais, 
Alto Paranaíba region, located at 18°59’26” South 
latitude, 48°58’95” longitude West and local altitude 
of approximately one thousand meters. The soil is 
of the Red-Yellow Latosol type and the topography 
is flat, with a slight slope (Santos et al. 2013). The 
climate of the municipality of Patrocínio is classified 
as humid subtropical climate, with dry winters and a 
rainy season in summer (Cwb), according to Koppen 
(Alvares et al. 2013). 

In order to identify the leaf anatomical 
mechanisms that involve tolerance to water deficiency, 

Genotype Identification in BAG-EPAMIG Genealogy

1 MG 2701 Timor Hybrid UFV 377-21

2 MG 2702 Timor Hybrid UFV 377-21 

3 MG 364 Timor Hybrid UFV 442-42

4 MG 534 BE 5 Wush-Wush × Timor Hybrid UFV 366-08

5 MG 311 Timor Hybrid UFV 428-02

6 MG 279 Timor Hybrid UFV 376-31

7 MG 308 Timor Hybrid UFV 427- 55

8 Rubi MG1192 Catuaí and Mundo Novo

9 IPR 100 “Catuaí” x Coffea (“Catuaí” × coffee genotype of the 
“BA-10” series) carrying genes from C. liberica.

Table 1 – Identification and genealogy of genotypes from the Active Germplasm Bank of EPAMIG in Patrocínio, 
state of Minas Gerais.

1 = MG 270 block 1; 2 = Selection of plants (1, 3 and 6) of access MG 270 in block 2.
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for this study, seven accessions of Coffea arabica L. 
were used, belonging to the germplasm of Timor 
Hybrid, using previously selected accessions with 
disease resistance (Tassone 2020), good productivity 
(Santos et al. 2022) and beverage quality (Santos 2021). 
The accessions were compared with the cultivars 
Rubi MG1192 and IPR 100, which are considered 
standards of susceptibility and tolerance to drought 
(Carvalho et al. 2017; Freire et al. 2013) (Tab. 1).

Experimental design
The experimental design used was in 

randomized blocks and the trial consisted of 18 
treatments, in a 9 × 2 factorial scheme (genotypes 
x water treatments [G × WT]). For the physiological 
and anatomical analyses of the leaves, four 
replications were considered, with one plant per 
experimental plot.

Formation of seedlings
and water treatment
For the formation of seedlings, the seeds of 

the selected accessions were harvested in 2017, and 
germinated in sand until they reached the stage 
of emitting cotyledonary leaves, when they were 
transplanted into 120 ml tubes containing substrate 
of bark-based pine, peat, expanded vermiculite, 
and enriched with macro and micronutrients by 
the brand Tropstrato HT. Subsequently, they were 
kept in a nursery until achieving four pairs of true 
and acclimatized leaves.

After this period, the seedlings were 
transferred to polyethylene pots of 20 liters, 
containing the substrate of a mixture of three 
parts subsoil, one part sand and one part bovine 
manure (3:1:1). The seedlings were kept in a 
greenhouse for eleven months at the Experimental 
Station of EPAMIG, in Lavras, Minas Gerais state, 
a municipality located at latitude 21º14’30’’ South 
and longitude 45º00’10’’ West, at an altitude of 
918.84 m (coordinates of the Main Climatological 
Station of Lavras, linked to INMET - National 
Institute of Meteorology).

Fertilization was performed according to 
substrate analysis, following the recommendations 
by Guimarães et al. (1999). Phytosanitary treatments 
were carried out preventively to control the main 
pests and diseases of the crop in the region. 

The plants were irrigated aiming to maintain 
the soil with 100% of available water for eleven 
months, and in April 2019 they were subjected to 
water treatment. In the first water treatment, the 
plants were maintained with the soil at 100% of 
the available water from April 2019 until the end 
of the experimental period (Irrigated - I) and, in 
the second treatment there was a total suspension 
of irrigation (Non-irrigated - NI) until the majority 

of the non-irrigated plants reached the predawn 
water potential of -3MPa (Brum et al. 2013).

Collecting microclimate data
Temperature monitoring and relative 

humidity inside the greenhouse was carried out 
daily during the experimental period with the aid 
of a device by the brand ACU-RITE.

Physiological assessments
Physiological assessments were carried out 33 

days after the imposition of water deficit (DAIDH), 
when the majority of the genotypes submitted to 
water deficit (non-irrigated treatment) reached the 
predawn potential of -3 MPa.

For all evaluations, fully expanded leaves of 
the third or fourth pair of the plagiotropic branch, 
in the middle part of the plant, were used. 

The gas exchange evaluation was carried out 
between 8 and 11 a.m., under artificial light (1,000 
µmol m-2 s-1), with the aid of a portable infrared gas 
analysis system (IRGA LICOR - 6400XT), where we 
obtained the net photosynthetic rate (A - µmol CO2 
m-2 s-1), stomatal conductance (gs - mol H2O m-1 
s-1), transpiration rate (E - mmol H2O m-2 s-1) and 
instantaneous water use efficiency (WUE - µmol 
CO2/ mmol H2O m-2 s-1), (A/E).

To  de termine  the  water  potent ia l , 
a Scholander-type pressure chamber (PMS 
Instruments Plant Moisture - Model 1000) was 
used, and the evaluations were carried out before 
dawn (predawn water potential).

Leaf anatomy
For the analysis of leaf anatomy, the leaves 

were collected at the end of the experimental 
period, later fixed in 70% alcohol (v v-1) (Johansen 
1940) and, after 72 hours, placed in a new 70% 
alcohol solution (v v-1), aiming at the conservation 
of the material at room temperature until the date 
of analysis.

The plant material was dehydrated in an 
increasing ethylic series (80%, 90% and 100% - v 
v-1), and after dehydration it underwent infiltration 
and polymerization processes in methacrylate-
based historesin, according to the manufacturer’s 
methodology (Leica Microsystems, Wetzlar, 
Germany). Subsequently, it was sectioned into 
approximately 8 μm-thick transverse sections of 
leaves with the aid of a semi-automated rotary 
microtome model MRP 2015 from the brand 
Lupetec Tecnologia Aplicada (Lupe Indústria 
Tecnológica de Equipamentos para Laboratório, 
Brazil). The sections were stained with 1% toluidine 
blue (m v-1), (O’Brien et al. 1964) and the laminas 
were prepared using stained glass varnish (Acrilex 
Tintas Especiais SA) as mounting medium.
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Leaf paradermal sections were obtained 
by printing the epidermis using the printing 
method with universal instant adhesive (ethyl 
cyanoacrylate), (Super Bonder®), (Segatto et al. 
2004).

The leaf laminas were observed and 
photographed in an optical microscope, Red 200 
model by Kasvi/Motic, coupled to a Moticam 5MP 
digital camera by Motic. For each repetition of the 
treatments, twelve photographs were taken-nine 
of laminae containing transverse sections (three 
images of the main vein, three of the leaf lamina 
and three of the cuticle of the epidermis of the 
adaxial surface) and three of lamina in paradermal 
sections. Subsequently, the images were analyzed 
with the specific software for image analysis, 
UTHSCSA-ImageTool, version 3.0 (UTHSCSA 
2021).

The characteristics evaluated in transverse 
sections were: adaxial cuticle thickness (CUT- µm), 
leaf lamina thickness (LIM- µm), (Fig. 1), number 
of xylem vessels (XVN), diameter of metaxylem 

Figure 1 – a-b. Representative micrograph of the adaxial 
cuticle (CUT) and leaf blade (LIM) of Coffea arabica leaves, 
indicating the measured areas – a. cuticle of the adaxial 
surface, arrow indicates the measured area; b. leaf blade; 
dotted lines indicate the measured area.

Figure 2 – a-b. Representative micrograph of the midrib 
of Coffea arabica leaves with indications of the measured 
areas – a. midrib, dotted line indicates measured areas (XA 
= xylem area; PA = phloem area); b. central vein; arrow 
and dotted line indicate the measurement of the diameter 
of the xylem vessels (XVD).

a

b

20 µm

100 µm

20
0 

µm

20
0 

µm

a

b

Figure 3 – Representative micrograph of the stomata of 
Coffea arabica leaves with indications of the measured polar 
(PD) and equatorial (ED) diameters.

100 µm

Figure 4 – Temperature (T ºC) and relative humidity 
(RH %) of the air inside the greenhouse during the 
experimental period.
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vessels (XVD- µm), total area of the xylem region 
(XA - μm2), total area of the phloem region (PA - 
μm2), (Fig. 2), frequency of xylem vessels (XVF 
= XVN/XA*1000000, mm2), and vulnerability 
index of xylem vessels xylem (VI = XVD/XVF) 
as proposed by Carlquist (1988). The relative 
hydraulic conductivity (RHC) was estimated using 
the Hagen-Poiseuille equation modified by Fahn et 
al. (1986), where: RHC = r4*XVF, μ4m4106), where r is 
the individual radius of the xylem vessels (Oliveira 
et al. 2018).

For the paradermal sections, the following 
were analyzed: stomatal density (SD - number 
of stomata/mm2) and the polar and equatorial 
diameters of the stomata, where the polar 
diameter/equatorial diameter of the stomata 
(SPDED) relationship was obtained (Fig. 3).

Statistical analyses
Data analysis was performed using the Genes 

program (Cruz 2013) and the means obtained 
were compared using the Scott-Knott test, and 
significance was observed using the F test (p ≤ 
0.05). 

To verify the distinction between the 
genotypes, in addition to the correlation between 
the characteristics evaluated during water stress, 
principal component analysis was used. Mean 
values were standardized to have zero mean and 
unitary variance, using the FactoMineR library and 
R software (R CORE TEAM 2019).

Results
Microclimate data
The climatic condition inside the greenhouse 

during the experimental period is represented in 
Figure 1. At the beginning of the experimental 
period (01/04), the average temperature and 
relative humidity were 31 ºC and 56%, respectively 
(Fig. 4).

At 33 DAIDH (03/05), when most of the 
genotypes subjected to deficit (non-irrigated 
treatment) reached the predawn potential of -3 
MPa, the mean temperature was 29 ºC and the 
relative humidity was 64%. It is worth mentioning 
that the maximum temperature recorded in the 
experimental period ranged around 42 ºC (Fig. 4).

Figure 5 – a-e. Mean values of – a. net photosynthetic rate (A); b. stomatal conductance (gs); c. transpiration rate (E); d. 
water use efficiency (WUE); e. predawn water potential (MPa) of genotypes of Coffea arabica at 33 days after the imposition 
of water deficit. Means followed by the same lowercase letter compare the genotypes within the water treatment and * 
compares water treatments within each genotype, according to the Scott-Knott test at the 5% probability level.

a b c

ed
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Genotype LIM CUT

I NI I NI

1 284.57 a A 264.27 b B 4.25 b B 4.33 b A

2 261.25 b A 243.26 c A 4.16 b B 4.36 b A

3 275.58 a A 290.63 a A 4.30 a B 4.54 a A

4 254.78 b A 256.68 c A 4.17 b B 4.39 b A

5 292.56 a A 273.21 b A 4.23 b B 4.36 b A

6 250.98 b A 266.60 b A 4.29 a B 4.49 a A

7 284.00 a A 234.64 c B 4.31 b B 4.40 a A

8 268.39 b A 252.09 c A 4.34 a B 4.49 a A

9 257.48 b A 267.60 b A 4.29 a B 4.49 a A

Table 2 – Mean values of leaf lamina (LIM - µm) and adaxial surface cuticle thickness (CUT - µm) analyzed 
in genotypes of Coffea arabica subjected to water deficit.

I = Irrigated; NI = Non-irrigated. Means followed by the same lowercase letter in the column and uppercase letter in the line belong to 
the same group, according to the Scott-Knott grouping criterion, at the 5% probability level.

Figure 6 – a-i. Images of the leaf blade of Coffea arabica genotypes kept irrigated – a. Hybrid Timor UFV 377-21 Block 
1 (genotype 1); b. Hybrid Timor UFV 377-21 (selection of plants 1, 3 and 6), (genotype 2); c. Hybrid Timor UFV 442-42 
(genotype 3); d. BE 5 Wush-Wush x Timor Hybrid UFV 366-08 (genotype 4); e. Timor Hybrid UFV 428-02 (genotype 5); f. 
Timor Hybrid UFV 376-31 (genotype 6); g. Timor Hybrid UFV 427-55 (genotype 7); h. Rubi MG1192 (genotype 8); i. IPR100 
(genotype 9). Images are at 10x magnification under optical microscopy. Bars = 100 µm.

a b

c

e f

g h

i

d
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Genotype SD SPDED

 I NI I NI

1 145.84 b A 169.54 a A 1.66 d A 1.62 d A

2 221.21 a A 146.98 a B 1.57 e B 1.68 d A

3 137.06 b A 134.23 a A 1.81 b A 1.82 b A

4 253.25 a A 149.76 a B 1.62 d A 1.47 e B

5 249.65 a A 163.33 a B 1.57 e B 1.76 c A

6 148.94 b A 150.82 a A 1.74 c B 1.85 b A

7 125.56 b A 134.39 a A 1.57 e B 1.81 b A

8 146.78 b A 132.92 a A 1.89 a A 1.93 a A

9 122.13 b A 146.65 a A 1.83 b A 1.76 c B

Table 3 – Mean values of stomatal density (SD = number of stomata/mm2) and relationship between polar 
and equatorial diameter (SPDED) of stomata evaluated in Coffea arabica genotypes subjected to water deficit.

I = Irrigated; NI = Non-irrigated. Means followed by the same lowercase letter in the column and uppercase letter in the line belong to 
the same group, according to the Scott-Knott grouping criterion, at the 5% probability level.

Figure 7 – a-i. Images of the leaf blade of Coffea arabica genotypes maintained under water deficit – a. Hybrid Timor UFV 
377-21 Block 1 (genotype 1); b. Hybrid Timor UFV 377-21 (selection of plants 1, 3 and 6), (genotype 2); c. Hybrid Timor UFV 
442-42 (genotype 3); d. BE 5 Wush-Wush x Timor Hybrid UFV 366-08 (genotype 4); e. Timor Hybrid UFV 428-02 (genotype 
5); f. Timor Hybrid UFV 376-31 (genotype 6); g. Timor Hybrid UFV 427-55 (genotype 7); h. Rubi MG1192 (genotype 8); i. 
IPR100 (genotype 9). Images are at 10x magnification under optical microscopy. Bars = 100 µm.

a b

c

e f

g h

i

d
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Physiological characteristics
After 33 days of imposition of water deficit a 

significant difference was generally observed among 

Figure 8 – a-b. Images of the leaf blade of Timor Hybrid 
UFV 377-21 (genotype 1) showing the difference as a 
function of water availability – a. kept irrigated; b. 
under water deficit. Arrows indicate the difference 
in intercellular spaces in relation of water availability. 
I = irrigated; WD = water deficit. The images are at 
10x magnification under optical microscopy. Bars = 
100 µm.

a

b

Figure 9 – a-i. Images of the cuticle of the adaxial epidermis of Coffea arabica genotypes kept irrigated – a. Hybrid Timor 
UFV 377-21 Block 1 (genotype 1); b. Hybrid Timor UFV 377-21 (selection of plants 1, 3 and 6), (genotype 2); c. Hybrid 
Timor UFV 442-42 (genotype 3); d. BE 5 Wush-Wush x Timor Hybrid UFV 366-08 (genotype 4); e. Timor Hybrid UFV 
428-02 (genotype 5); f. Timor Hybrid UFV 376-31 (genotype 6); g. Timor Hybrid UFV 427-55 (genotype 7); h. Rubi MG1192 
(genotype 8); i. IPR100 (genotype 9). Images are at 40x magnification under optical microscopy. Bars = 20 µm.

a b c

e f

g h i

d

all physiological characteristics in relation to water 
treatment. A reduction of 48.22% was observed in the 
photosynthetic rate of the non-irrigated genotypes 
in relation to the irrigated ones. Since the plants of 
genotype 1 were the most affected-with a reduction 
of 79% in A when compared to the irrigated control-
they remained isolated in the group with the lowest 
A. Plants of genotypes 2, 3, 5, 7, 8 and 9 remained 
in the second group, with smaller A, with variation 
between 4.00 and 4.86 µmol CO2 m-2 s-1. The highest 
net photosynthetic rate values were observed in 
genotypes 4 and 6 (Fig. 5a). For stomatal conductance 
and transpiration, no differences were observed 
between genotypes under water deficit, but only 
between water treatments (Fig. 5b-c).

For water use efficiency, higher average values 
were observed for plants of genotypes 1, 6 and 7 for 
non-irrigated treatment. Genotype 9 plants showed 
a lower average value regarding this characteristic 
(Fig. 5d).

With regard to predawn leaf water potential, 
values below -3 MPa were found in most genotypes 
maintained without irrigation. For the non-irrigated 
treatment, higher average values were observed in 
plants of genotypes 5 and 7, followed by plants of 
genotypes 6 and 8 with intermediate values. The 
other genotypes were most affected by water deficit 
and remained with values between -4.35 and -5.13 
MPa (Fig. 5e).

I
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Genotype PA XA XVD

 I NI I NI I NI

1 51875.96 c B 66535.36 b A 83092.85 b A 81809.89 c A 20.81 b A 18.55 a B

2 74331.77 a A 46505.81 c B 89211.08 b A 75982.88 c B 22.44 a A 18.91 a B

3 65331.60 b A 64711.45 b A 100853.65 a A 108319.15 a A 21.01 b A 19.40 a B

4 61073.10 b A 45441.96 c B 88089.04 b A 67863.15 d B 18.97 c A 16.97 b B

5 73908.88 a A 78604.87 a A 108687.52 a A 114681.79 a A 20.76 b A 18.44 a B

6 61998.12 b A 49730.23 c B 76511.01 c A 54944.85 e B 18.90 c A 16.77 b B

7 41257.48 d A 44772.87 c A 63531.22 d A 61310.92 e A 16.64 d A 15.76 b A

8 77484.30 a A 77080.59 a A 89641.63 b A 94602.96 b A 19.64 c A 16.44 b B

9 74632.88 a A 66253.69 b B 62938.12 d B 93127.56 b A 17.72 d A 17.79 a A

Table 4 – Mean values of phloem and xylem area (PA, XA - μm2), diameter (XVD - μm), frequency of xylem 
vessels (XVF - vessels/mm2), vulnerability index (VI) and relative hydraulic conductivity (RHC - μm4 106) 
analyzed in Coffea arabica genotypes after water deficit.

I = Irrigated; NI = Non-irrigated. Means followed by the same lowercase letter in the column and uppercase letter in the line belong to 
the same group, according to the Scott-Knott grouping criterion, at the 5% probability level.

Genotype XVF VI RHC

  I NI I NI

1 1045.73 b 0.020 b A 0.022 a A 9.46 b A 6.53 b B

2 795.17 d 0.034 a A 0.021 a B 10.72 a A 8.15 a B

3 949.48 c 0.019 b A 0.023 a A 8.99 b A 8.15 a A

4 1110.96 b 0.017 c A 0.017 b A 8.63 b A 7.10 b B

5 783.68 d 0.024 b A 0.025 a A 7.10 c A 5.98 c B

6 977.11 c 0.019 b A 0.018 b A 7.03 c A 6.52 b A

7 949.78 c 0.016 c A 0.019 b A 5.38 d A 3.89 d B

8 998.31 c 0.021 b A 0.016 b B 8.63 b A 5.43 c B

9 1274.44 a 0.015 c A 0.017 b A 7.56 c A 6.73 b A

Figure 10 – a-i. Images of the cuticle of the adaxial epidermis of Coffea arabica genotypes maintained under water deficit – a. 
Hybrid Timor UFV 377-21 Block 1 (genotype 1); b. Hybrid Timor UFV 377-21 (selection of plants 1, 3 and 6), (genotype 2); c. 
Hybrid Timor UFV 442-42 (genotype 3); d. BE 5 Wush-Wush x Timor Hybrid UFV 366-08 (genotype 4); e. Timor Hybrid UFV 
428-02 (genotype 5); f. Timor Hybrid UFV 376-31 (genotype 6); g. Timor Hybrid UFV 427-55 (genotype 7); h. Rubi MG1192 
(genotype 8); i. IPR100 (genotype 9). Images are at 40x magnification under optical microscopy. Bars = 20 µm.
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Figure 11 – a-i. Images of stomata of Coffea arabica genotypes kept irrigated – a. Hybrid Timor UFV 377-21 Block 1 (genotype 
1); b. Hybrid Timor UFV 377-21 (selection of plants 1, 3 and 6) (genotype 2); c. Hybrid Timor UFV 442-42 (genotype 3); d. 
BE 5 Wush-Wush x Timor Hybrid UFV 366-08 (genotype 4); e. Timor Hybrid UFV 428-02 (genotype 5); f. Timor Hybrid 
UFV 376-31 (genotype 6); g. Timor Hybrid UFV 427-55 (genotype 7); h. Rubi MG1192 (genotype 8); i. IPR100 (genotype 9). 
Images are at 20x magnification under optical microscopy. Bars = 100 µm.
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Figure 12 – a-i. Images of stomata of Coffea arabica genotypes maintained under water deficit – a. Hybrid Timor UFV 377-
21 Block 1 (genotype 1); b. Hybrid Timor UFV 377-21 (selection of plants 1, 3 and 6), (genotype 2); c. Hybrid Timor UFV 
442-42 (genotype 3); d. BE 5 Wush-Wush x Timor Hybrid UFV 366-08 (genotype 4); e. Timor Hybrid UFV 428-02 (genotype 
5); f. Timor Hybrid UFV 376-31 (genotype 6); g. Timor Hybrid UFV 427-55 (genotype 7); h. Rubi MG1192 (genotype 8); i. 
IPR100 (genotype 9). Images are at 20x magnification under optical microscopy. Bars = 100 µm.
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Leaf anatomical characteristics
The data referring to the leaf lamina (LIM) 

and cuticle thickness of the adaxial face (CUT) are 
presented in Table 2. Under conditions of water 
deficit, there was a reduction in the thickness of the 
leaf lamina in plants of genotypes 1 and 7 at 7% and 
17%, respectively, in relation to the irrigated control 
(Tab. 2; Figs. 6a-i; 7a-i). 

Figure 8 shows the reduction in the leaf 
blade of genotype 1 subjected to the non-irrigated 
treatment (Fig. 8b) in relation to the plants of the 
same genotype that were maintained irrigated. In the 
figures, a reduction in the spaces between the cells 
of the spongy parenchyma is observed (Fig. 8a-b).

There was an increase in the thickness of 
the cuticle of all genotypes kept under water 
deficit (average 0.16 µm or 3.8%), where plants of 
genotypes 3, 6, 7, 8 and 9 stood out with greater 
cuticle thickness after the non-irrigated water 
treatment (Tab. 2; Figs. 9a-i; 10a-i). Regarding 
stomatal density, an average reduction of 36.3% was 

observed in plants of genotypes 2, 4 and 5, being 
more pronounced in genotype 4 (40.7%) under 
conditions of water deficit. For the relationship 
between polar and equatorial diameter (SPDED) 
of stomata, an increase of 10.6% was observed in 
plants of genotypes 2, 5, 6 and 7 for the NI treatment 
compared to the irrigated control. On the other 
hand, there was a reduction in this characteristic 
in plants of genotypes 4 (9.3%) and 9 (3.8%), (NI), 
(Tab. 3; Figs. 11a-i; 12a-i).

In Figure 13 we   observe the reduction in the 
number of stomata (genotype 5) in relation to water 
availability, as well as changes in the format of the 
stomata when not irrigated.

With regard to the conducting vessels, there 
was an average reduction of 23.56% in the phloem 
(PA) and xylem (XA) areas in plants of genotypes 
2, 4, 6 and 9 due to water deficit. However, greater 
development in xylem vessel elements was 
observed in plants under water restriction, where 
there was a predominance of mature vessels or 

Figure 13 – a-b. Images of stomata of Timor Hybrid UFV 
428-02 (genotype 5) showing the difference as a function 
of water availability – a. kept irrigated; b. under water 
deficit. Arrows indicate the difference in the shape of the 
stomata in relation to water availability. I = irrigated; WD 
= water deficit. The images are at 20x magnification under 
optical microscopy. 

Figure 14 – a-b. Images of the midrib of Timor Hybrid 
UFV 376-31 (genotype 6) showing the difference in xylem 
vessel elements as a function of water availability – a. 
kept irrigated; b. under water deficit. Arrows indicate the 
difference in xylem vessels in relation to water availability. 
I = irrigated; WD = water deficit. The images are at 10x 
magnification under optical microscopy.
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metaxylem (Fig. 14a-b). Concerning the diameter 
of xylem vessels (XVD), there was a reduction in 
most non-irrigated genotypes (Fig. 14a-b). Lower 
values of XVD were verified in plants of genotypes 
4, 6, 7 and 8 (Tab. 4; Figs. 15a-i; 16a-i). No difference 
was observed between water treatments regarding 
the characteristic of xylem vessel frequency (XVF). 
However, there was variability between the 
evaluated genotypes, where the highest XVF was 
observed in genotype 9 plants and the lowest XVF in 
plants of genotypes 2 and 5 (Tab. 4; Figs. 15a-i; 16a-i).

With regard to the vulnerability index of 
the xylem vessels (VI), under conditions of water 
deficit, a reduction of 32.7% was observed in plants 
of genotypes 2 and 8, compared to the irrigated 
control. Among non-irrigated genotypes, higher VI 
values were observed in plants of genotypes 1, 2, 
3 and 5. In turn, lower VI values were observed in 
plants of genotypes 4, 6, 7, 8 and 9 (Tab. 4).

Under water deficit conditions, there was a 
reduction of 25.7% in relative hydraulic conductivity 

(RHC) in most of the evaluated genotypes, with 
the exception of the genotypes 3, 6 and 9, which 
maintained RHC similar to the irrigated control. 
Considering only non-irrigated genotypes, higher 
mean values were observed in plants of genotypes 
2 and 3, and lower values in plants of genotype 7 
(Tab. 4).

Figure 17 shows the projection of the vectors 
and the dispersion of the genotypes subjected 
to water deficit. The characteristics of cuticle 
thickness of the adaxial face (CUT), water use 
efficiency (WUE) and frequency of xylem vessels 
(XVF) differentiated the genotypes kept under 
water deficit of the irrigated treatment. Likewise, 
net photosynthetic (A) and transpiration (E) rates, 
relative hydraulic conductivity (RHC), xylem vessel 
diameter (XVD) and vulnerability index (VI) were 
related to irrigated treatment.

Positive correlations were observed between 
adaxial face cuticle thickness (CUT) and water 
use efficiency (WUE). Negative correlations were 

Figure 15 – a-i. Images of the midrib of Coffea arabica genotypes kept irrigated – a. Hybrid Timor UFV 377-21 Block 1 (genotype 
1); b. Hybrid Timor UFV 377-21 (selection of plants 1, 3 and 6) (genotype 2); c. Hybrid Timor UFV 442-42 (genotype 3); d. 
BE 5 Wush-Wush x Timor Hybrid UFV 366-08 (genotype 4); e. Timor Hybrid UFV 428-02 (genotype 5); f. Timor Hybrid 
UFV 376-31 (genotype 6); g. Timor Hybrid UFV 427-55 (genotype 7); h. Rubi MG1192 (genotype 8); i. IPR100 (genotype 9). 
Images are at 10x magnification under optical microscopy.
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found between the vulnerability index of xylem 
vessels with gas exchange and the frequency of 
xylem vessels (Fig. 17).

Discussion
Water deficit is considered the main abiotic 

stress, impairing crop growth, development and 
productivity (Kapoor et al. 2020). The responses 
of genotypes to drought are controlled by several 
mechanisms (Nalina et al. 2021). To verify the 
mechanisms related to water deficit tolerance in Coffea 
arabica L. genotypes, the present study evaluated leaf 
physiological and anatomical characteristics. 

Photosynthetic performance has been related 
to crop productivity (Toniutti et al. 2019). When there 
is water limitation, however, stomatal closure is one 
of the first responses in order to avoid excessive 
sweating. This mechanism restricts the CO2 influx 
and impairs photosynthesis (Blankenagel et al. 
2018; Torre et al. 2021). In this paper, 33 days after 

the imposition of water deficit, the maximum 
temperature recorded was 39 ºC and the minimum 
relative humidity was 35% (Fig. 4), conditions that, 
together with water stress, affected the evaluated 
genotypes. These presented a reduction of 48% 
in the net photosynthetic rate in relation to the 
genotypes that were irrigated (Fig. 5a), whereupon 
the leaf water potential in the predawn reached 
values lower than -3 MPa (Fig. 5e). Genotype 1 
was the most affected in terms of photosynthetic 
rate, reaching 1.99 µmol CO2 m-2 s-1 and water 
potential of -4.98 MPa under water deficit (Fig. 5a). 
Genotype 2, in turn, which has the same genealogy 
as genotype 1, but made up of another selection of 
plants (Tab. 1), showed different behavior in the face 
of water stress. Even under conditions of low water 
potential in the predawn (-5,15 MPa), Genotype 2 
maintained the photosynthetic rate in the second 
group, reaching the highest mean values of said rate 
at 33 days without irrigation (Fig. 5). This may be an 

Figure 16 – a-i. Images of the midrib of Coffea arabica genotypes maintained under water deficit – a. Hybrid Timor UFV 
377-21 Block 1 (genotype 1); b. Hybrid Timor UFV 377-21 (selection of plants 1, 3 and 6) (genotype 2); c. Hybrid Timor UFV 
442-42 (genotype 3); d. BE 5 Wush-Wush x Timor Hybrid UFV 366-08 (genotype 4); e. Timor Hybrid UFV 428-02 (genotype 
5); f. Timor Hybrid UFV 376-31 (genotype 6); g. Timor Hybrid UFV 427-55 (genotype 7); h. Rubi MG1192 (genotype 8); i. 
IPR100 (genotype 9). Images are at 10x magnification under optical microscopy.
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adaptation mechanism for plants of this genotype 
in the face of water stress (Baccari et al. 2020).

The ability to maintain the photosynthetic 
rate even under conditions of low water availability 
has been associated with plants with greater water 
use efficiency (Baccari et al. 2020), and this behavior 
was observed in plants of genotypes 4 and 6 (Fig. 
5a,d-e).

The stress caused changes in the evaluated 
genotypes in terms of physiological aspects, but 
structural adaptations also occurred in the leaves 
as ways to avoid sweating and survive stress 
(Hasanagic et al. 2020). Cuticular conductance and 
permeability can play a large role in how vegetation 
responds to drought (Lanning et al. 2020). Although 
cuticular sweating represents about 5 to 10% of the 
sweating rate (Ferri & Lamberti 1960), non-stomatal 
sweating in this case is not beneficial, as no fixation 
of CO2 occurs (Blum 2009). Thus, a thicker layer of 
the cuticle benefits plants that undergo a period of 
water deficit (Kane et al. 2020). This characteristic 
is associated with delayed desiccation-a drought 
tolerance strategy (Kursar et al. 2009). In this 
study, there was an increase in the cuticle layer of 
the epidermis of the adaxial face in non-irrigated 
genotypes. Plants of genotypes 3, 6, 7, 8 and 9 stood 
out, presenting greater cuticle thickness when not 
irrigated (Tab. 2; Figs. 9a-i; 10a-i). Furthermore, this 
characteristic may have benefited the maintenance 

of higher values of predawn water potential and 
photosynthetic rate during the stress phase in plants 
of genotypes 6 and 7 (Fig. 5a,e). Similar results 
were observed in other studies that found lower 
water potential in coffee genotypes with greater 
cuticle thickness (Grisi et al. 2008; Batista et al. 2010; 
Taratima et al. 2020).

Under adverse climatic conditions, such as 
radiation, high temperature and water stress, there 
is usually an increase in leaf lamina thickness. This 
occurs due to the development of palisade and 
spongy parenchyma tissues, which can favor the 
storage and fixation of CO2 and enable the survival 
of plants under water stress (Alderotti et al. 2020; 
Castanheira et al. 2016). In this paper, however, there 
was no increase in the thickness of the leaf lamina 
of the non-irrigated genotypes in relation to the 
irrigated control (Tab. 2). Among the non-irrigated 
genotypes, greater thickness of the leaf lamina was 
observed in plants of genotype 3, followed by 1, 
5, 6 and 9, according to the Scott-Knott grouping 
(Tab. 2; Figs. 6a-i; 7a-i). Conversely, there was a 
reduction in the thickness of the leaf lamina in 
the plants of genotypes 1 and 7, compared to the 
irrigated control (Tab. 2; Figs. 6a-i; 7a-i), likely 
due to the reduction of intercellular spaces in the 
spongy parenchyma (Fig. 8a-b). Similar results 
were observed by Hasanagic et al. (2020) in plants 
subjected to water deficit. 

Figure 17 – Projection of vectors and dispersion of genotypes of Coffea arabica submitted to water deficit, in relation to the 
first two principal components. I = irrigated; NI = non-irrigated. Physiological variables: A= net photosynthetic rate; gs = 
stomatal conductance; E = transpiration rate; WUE = water use efficiency; MPa = predawn water potential. Leaf anatomical 
variables: LIM = leaf lamina thickness; CUT = adaxial face cuticle thickness; SD = stomatal density; SPDED = relationship 
between polar and equatorial diameter; PA = phloem area; XA = xylem area; XVD = xylem vessel diameter; XVF = xylem 
vessel frequency; VI = vulnerability index; RHC = relative hydraulic conductivity.
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Water limitation also induces adaptations in 
stomata in terms of location, density and shape 
(Queiroz-Voltan et al. 2014). Reduction in stomatal 
density was observed in plants of genotypes 2, 4 
and 5 in relation to the irrigated control (Tab. 3; Figs. 
11a-i; 12a-i; 13a-b). The lower number of stomata 
per area can reduce the transpiration rate (Nóia 
Júnior et al. 2018) and this characteristic has been 
related to drought-tolerant genotypes (Oliveira et 
al. 2018). In addition, an increase was observed 
in the relationship between polar and equatorial 
diameter of stomata in plants of genotypes 2, 5, 
6 and 7 in relation to the irrigated control (Tab. 3; 
Figs. 11a-i; 12a-i; 13a-b). This is indicated by the 
ellipsoidal shape of the stomata, which reduces 
transpiration due to a smaller stomatal opening, 
optimizing gas exchange under water restriction 
(Grisi et al. 2008; Batista et al. 2010; Nóia Júnior et 
al. 2018).

Adaptations to water deficiency are also 
observed in vascular tissues that present different 
responses due to such stress (Queiroz-Voltan et 
al. 2014; Hasanagic et al. 2020). It was observed in 
this study a reduction in the xylem and phloem 
area in plants of genotypes 2, 4 and 6, in relation 
to the irrigated control (Tab. 4; Figs. 14a-b; 15a-i; 
16a-i). Water limitation reduces cell division and, 
consequently, there is less expansion of the leaf 
area (Bangar et al. 2019). The hydraulic properties 
of the xylem vessels seem to be related to the size 
of the leaf, with smaller leaves presenting a smaller 
diameter of the xylem vessels (Mauri et al. 2020). In 
this paper, plants of genotypes 4, 6, 7 and 8 showed 
smaller diameter of xylem vessels under water 
deficit (Tab. 2; Figs. 14a-i; 15a-b; 16a-i). Furthermore, 
these genotypes had a lower vulnerability index of 
the xylem vessels when not irrigated (Tab. 4). Xylem 
vessels with these characteristics can withstand 
greater stresses, prevent embolism and cavitation, 
maintaining the hydraulic function of the leaf in dry 
periods (Oliveira et al. 2018; Yao et al. 2020).

On the other hand, larger areas in the 
vascular system may favor the transport of water, 
mineral salts and photoassimilates, optimizing 
photosynthesis, growth and development of the 
plant (Queiroz-Voltan et al. 2014). This behavior 
was observed in genotype 1, which was the only 
one that presented an increase in the phloem area, 
in relation to the irrigated control. Among non-
irrigated genotypes, genotype 5 plants remained in 
the group with the largest xylem and phloem area 
(Tab. 4; Figs. 15a-i; 16a-i). 

Under conditions of water restriction, 
stomatal closure reduces the water transport 
capacity of the leaves and limits hydraulic 
conductance in the xylem vessels (Taratima et al. 
2020; Torre et al. 2021). This behavior was verified in 

most of the evaluated genotypes subjected to water 
deficit, which showed a reduction of 32.7% in the 
relative hydraulic conductivity of the xylem vessels 
(RHC). Plants of genotypes 1, 7 and 8 were the most 
affected by water deficit (Tab. 4), which may have 
impaired the photosynthesis of plants of genotype 
1 (Fig. 5a). Additionally, plants of genotypes 3, 6 
and 9 stood out by maintaining RHC similar to 
the irrigated control, which may have favored the 
transport of water and mineral salts during the 
stress period.

In the analysis of principal components, it 
was possible to observe a distinction between the 
genotypes in terms of water treatment (Fig. 17). In 
the irrigated treatment, it was observed that gas 
exchange was benefited by water availability, as 
well as higher mean values of water potential in 
the morning (Fig. 17). The conductivity and the 
diameter of the xylem vessels were higher in this 
treatment, as well as the vulnerability index of the 
xylem vessels (Tab. 4), since it is calculated by the 
ratio between diameter and frequency of vessels 
(Carlquist 1988). 

In the non-irrigated treatment, adaptations 
were observed in the genotypes due to the stress 
caused. Principal component analysis showed 
the importance of cuticle thickness of the adaxial 
face, water use efficiency, as well as the frequency 
of xylem vessels for distinguishing this water 
treatment (Fig. 17). Positive correlations were 
observed between adaxial face cuticle thickness 
(CUT) and water use efficiency (WUE), (Fig. 17). 
Furthermore, negative correlations were found 
between the vulnerability index of xylem vessels 
with gas exchange and the frequency of xylem 
vessels (Fig. 17). Similar results were observed 
by Reis et al. (2022), who observed greater cuticle 
thickness among the genotypes with greater water 
use efficiency, emphasizing the importance of this 
anatomical characteristic for plants during the dry 
period.

The drought tolerance of genotype 9 (cultivar 
IPR100), as reported by other authors (Carvalho 
et al. 2017), seems to be governed by a series of 
physiological and structural mechanisms, which 
combined confer drought tolerance, as observed 
herein. The main characteristics observed in this 
analysis were an increase in cuticle thickness on the 
adaxial face, according to the frequency of xylem 
vessels, as well as low values of VI and maintenance 
of relative hydraulic conductivity (Figs. 9i; 10i; 15i; 
16i; 17; Tabs. 2; 4). These characteristics may have 
favored gas exchanges, even under low predawn 
water potential during water stress (Fig. 5a,e).
These are attributes that delayed the desiccation 
of the plant and contribute to its survival (Kursar 
et al. 2009).
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Plants of genotypes 6 and 8 showed greater 
cuticle thickness associated with lower values of VI 
(Figs. 9a-i; 10a-i; Tabs. 2; 4). Genotype 6 stood out 
for maintaining the net photosynthetic rate with 
intermediate values even under low water potential 
in the predawn, providing greater efficiency of 
water use (Fig. 5a,d-e). 

The results showed that, in general, the 
genotypes showed adaptations to water stress. 
The genotypes that had adaptations that prevented 
excessive sweating, such as increased cuticle 
thickness, higher SPDED ratio and maintenance 
of hydraulic conductivity, stood out. These 
anatomical characteristics found in the leaf may 
play a functional role in the regulation of leaf 
water potential. This information can help genetic 
improvement programs for coffee in the early 
selection of genotypes with potential for drought 
tolerance, since, in other studies, high heritability 
values for these characteristics were observed, 
which allows gains in selection advancement 
(Santos et al. 2022). Additionally, genotypes 6 and 
2 can be used in future hybridizations aiming 
to incorporate such drought tolerance traits as 
described here. Likewise, the cultivar IPR100 can 
be used in areas prone to water deficit.

The genotypes of Coffea arabica L. presented 
variability regarding responses in the physiological 
and anatomical leaf characteristics, indicating 
different adaptation strategies to water deficit.

Among the analyzed genotypes, the Timor 
Hybrid UFV 377-21, UFV 376-31 and the cultivar 
IPR100 stood out, presenting adaptations that 
allowed the maintenance of the hydric status in the 
initial development phase. These materials can be 
used in future hybridizations aiming to incorporate 
tolerance to water deficit.

Leaf anatomical characteristics associated 
with physiological ones have potential for use in 
the early selection of Coffea for drought tolerance.
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