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Leaf anatomy and physiology 
of garlic cultivars related to 
tolerance to environmental factors
Abstract ‒ The objective of this work was to evaluate the physiological and 
anatomical characteristics of garlic cultivar leaves that indicate tolerance or 
susceptibility to environmental factors. The experiment was conducted in a 
greenhouse in a completely randomized design, with eight treatments (cultivars). 
The evaluated cultivars were Amarantes, BRS Hozan, Caçador, Crespo, Chinês 
Folha Fina, Chonan, Gigante Roxo Escuro, and Ito. The following physiological 
variables were evaluated: net photosynthetic rate, stomatal conductance to water 
vapor, transpiration, internal and external carbon, and water use efficiency. 
The anatomical characteristics were analyzed with a microscope coupled to a 
camera. The Chinês Folha Fina, Chonan, Gigante Roxo Escuro, and Crespo 
cultivars showed higher mean photosynthetic rates and thicker photosynthetic 
tissues than the others. The Chonan and Crespo cultivars stood out for their 
higher photosynthetic rates, higher stomatal indices, thicker cuticle and 
epidermis, and larger mesophyll intercellular spaces, which are characteristics 
common to plants tolerant to water deficit. The characteristics of the Chonan 
and Crespo garlic cultivars are related to drought tolerance, and those of BRS 
Hozan, Ito, and Caçador to susceptibility.

Index terms: Allium sativum, chlorophyll parenchyma, photosynthesis, 
transpiration.

Anatomia e fisiologia foliar de cultivares de alho 
relacionadas à tolerância a fatores ambientais
Resumo ‒ O objetivo deste trabalho foi avaliar as características fisiológicas 
e anatômicas de folhas de cultivares de alho que indiquem tolerância ou 
susceptibilidade a fatores ambientais. O experimento foi conduzido em casa de 
vegetação, em delineamento inteiramente casualizado, com oito tratamentos 
(cultivares) e quatro repetições. As cultivares avaliadas foram Amarantes, 
BRS Hozan, Caçador, Crespo, Chinês Folha Fina, Chonan, Gigante 
Roxo Escuro e Ito. Avaliaram-se as seguintes variáveis fisiológicas: taxa 
fotossintética líquida, condutância estomática ao vapor d’água, transpiração, 
carbono interno e externo, e eficiência no uso da água. As características 
anatômicas foram analisadas com microscópio acoplado a uma câmera. 
As cultivares Chinês Folha Fina, Chonan, Gigante Roxo Escuro e Crespo 
apresentaram taxas fotossintéticas médias maiores e tecidos fotossintéticos 
mais espessos que as demais. As cultivares Chonan e Crespo destacaram-se 
por maiores taxas fotossintéticas, índices estomáticos, espessuras da cutícula 
e da epiderme, e espaços intercelulares do mesofilo, características comuns 
em plantas tolerantes ao deficit hídrico. As características das cultivares 
de alho Chonan e Crespo são relacionadas à tolerância à seca, e as de BRS 
Hozan, Ito e Caçador à suscetibilidade.

Termos para indexação: Allium sativum, parênquima clorofiliano, 
fotossíntese, transpiração.
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Introduction

Garlic (Allium sativum L.), from the Amaryllidaceae 
family and native of Central Asia, has a great economic 
and social importance, being the second most 
consumed plant of the genus Allium worldwide due to 
its characteristic flavor and medicinal properties (Sasi 
et al., 2021). In Brazil, garlic is grown under different 
technological levels, with the largest production in the 
Southeastern and Midwestern regions of the country 
(Maciel et al., 2021), which still depends on garlic 
imports to ensure the supply for domestic consumption 
(Buta & Silva Junior, 2021).

Although Brazil’s edaphoclimatic conditions 
are favorable for garlic cultivation, for it to achieve 
self-sufficiency, specific facilities are needed for 
the vernalization of garlic seeds and postharvest 
processing, which requires more investments than 
competing crops, such as corn (Zea mays L.) and 
soybean [Glycine max (L.) Merr.], to reach a good 
profitability, hindering the increase in cultivation 
areas (Buta & Silva Junior, 2021).

Among the abiotic factors that affect agricultural 
production, water deficit stands out (Fatima et al., 
2018) as it is directly related to photosynthesis, which is 
extremely important for a plant’s primary metabolism 
and, therefore, yield (Ouyang et al., 2017). In addition, 
plant growth and development are also affected by light, 
a source of energy for photosynthesis that can cause 
changes in the anatomy of leaves (Arrigoni-Blank et al., 
2022), which play a key role in controlling water loss 
during the process of photosynthesis (Oliveira et al., 
2022). Moreover, the anatomical characteristics of the 
leaves influence gas exchange, meaning that a greater 
development of photosynthetic tissues contributes to 
an increase in plant photosynthesis and, consequently, 
in yield (Silva et al., 2005). Therefore, to increase crop 
yield, it is fundamental to investigate the relationships 
between leaf anatomy and plant physiology (Ouyang 
et al., 2017).

In the literature, studies have associated garlic 
agronomic yield with morphology (Oliveira et al., 2018; 
Andrade Júnior et al., 2019), phenotypic characteristics 
(Santos et al., 2022), and bulb quality (Bessa et al., 2020; 
Marodin et al., 2020), highlighting the species’ high 
genetic diversity (Barboza et al., 2020; Bacelar et al., 
2023). However, researches focused on relating garlic 
anatomical leaf characteristics to the crop’s cultivation 
are still scarce, although associations between 

physiological characteristics, such as gas exchange, 
and biomass yield under water deficit conditions have 
been made (Sánchez-Virosta & Sánchez-Gómez, 2019; 
Sánchez-Virosta et al., 2021).

In this context, variations in the anatomical and 
physiological characteristics of garlic leaves can be 
used to characterize and identify different genotypes, 
indicating the best conditions for growing a specific 
cultivar and providing a basis for further studies with 
this crop.

The objective of this work was to evaluate the 
physiological and anatomical characteristics of garlic 
cultivar leaves that indicate tolerance or susceptibility 
to environmental factors.

Materials and Methods

The experiment was conducted at the Center for 
Technology Transfer and Development of Universidade 
Federal de Lavras, located in the municipality of 
Ijaci, in the south of the state of Minas Gerais, Brazil. 
According to Köppen-Geiger’s classification, the 
climate is Cwb, subtropical, with rainy summers 
and cold and dry winters. In the region, the average 
annual rainfall is 1,486 mm and the average annual 
temperature is 19.9°C.

Eight garlic cultivars from Embrapa Hortaliças 
were evaluated: BRS Hozan, Amarantes, and Gigante 
Roxo Escuro, from the semi-noble group; Ito, Chonan, 
and Caçador from the noble group; and Chinês Folha 
Fina and Crespo.

Sowing was performed from May 22 to October 
21, 2019, in a soil classified as a Latossolo Vermelho 
distroférrico típico, according to Brazilian Soil 
Classification System (Santos et al., 2013). The soil 
analysis showed the following chemical characteristics: 
pH H2O 6.2, 278.06 mg dm-3 K, 60.96 mg dm-3 P, 0.00 
cmolc dm-3 Al, 4.12 cmolc dm-3 Ca, 1.02 cmolc dm-3 Mg, 
3.20 cmolc dm-3 H+Al, 17.40 mg L-1 remaining P, 14.80 
mg dm-3 Zn, 34.10 mg dm-3 Fe, 17.90 mg dm-3 Mn, 3.83 
mg dm-3 Cu, 0.0 mg dm-3 B, 1.20 mg dm-3 S, sum of 
bases of 5.85 cmolc dm-3, cation exchange capacity of 
9.05 cmolc dm-3, effective cation exchange capacity of 
5.85 cmolc dm-3, aluminum saturation of 0.00%, base 
saturation of 64.67%, 2.34 dag kg-1 organic matter, 550 
g kg-1 clay, 110 g kg-1 silt, and 340 g kg-1 sand. 

Virus-free bulbils were sown in beds directly on the 
ground under a protected environment (greenhouse), 
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consisting of a prefabricated modular structure, with 
the top covered with polyethylene and one of the sides 
with an anti-aphid fabric, at ambient temperature and 
relative humidity. 

The cultivars were arranged in a completely 
randomized design, with eight treatments (cultivars) 
and four replicates, using 400 bulbils per plot (10 m2), 
spaced at 0.10 m from each other in four crop rows 
0.20 m apart. Irrigation was carried out using a drip 
system, keeping soil moisture close to field capacity. 
On the same day the bulbils were planted, a fertilizer, 
consisting of 150 g simple superphosphate, 10 g 
potassium chloride, and 15 g ammonium sulfate, was 
applied per linear meter. Topdressing fertilization 
(10 g per linear meter of a 2:1 ammonium sulfate: 
potassium chloride mixture) was applied at 30 and 
60 days after the bulbils were planted. Throughout 
the cycle, deltamethrin was applied once and copper 
oxychloride thrice to all plots to control Thrips tabaci 
and Alternaria porri, respectively. 

Gas exchange was analyzed at 100 days after 
planting during the maximum vegetative growth 
and intense bulbification of the crop. For this, the 
fourth fully-expanded leaf of four garlic plants per 
plot were evaluated between 8 and 11 a.m., using the 
LI-6400XT infrared gas analyzer equipped with a 
6.0 cm2 camera and the 6400-02B artificial red/blue 
LED light source (Li-COR Biosciences, Lincoln, NE, 
USA). The photosynthetic photon flux density was 
standardized at 1,000 μmol m-2 s-1. In addition, vapor 
pressure deficit in the leaf was 1.63 kPa, pump flow 
was 500 μmol s-1, and block temperature was 28.26°C, 
while the mixer function of the equipment was used 
to provide 380 ppm CO2 during the analyses. Net 
photosynthetic rate, leaf stomatal conductance to 
water vapor, transpiration, internal carbon, internal to 
external carbon (Ci/Ca) ratio, and water use efficiency 
(WUE, net photosynthetic rate/transpiration) were 
also evaluated.

For the anatomical analysis, the fourth fully-
expanded leaf of two plants per plot was collected at 
100 days after the bulbils were planted, following the 
gas exchange analysis. The collected leaves were fixed 
in FAA 70 (formaldehyde, acetic acid, and ethanol 70%) 
for 48 hours and subsequently stored in 70% ethanol 
(Johansen, 1940). The paradermal cuts were made 
manually in the median region of the leaves using a 
steel blade, cleaned with 50% sodium hypochlorite for 

20 min and, subsequently, washed in distilled water. 
The sections were stained with 1% safranin (m v-1) 
and then mounted on semipermanent slides with 50% 
glycerol (Kraus & Arduin, 1997), totaling four slides 
per treatment.

To obtain the cross sections, samples of the mid 
region of the leaf were processed and embedded in 
HistoResin (Leica Embedding Kit, Leica Biosystems, 
Nussloch, Germany), following the standard 
procedures. The samples were dehydrated with 
increasing concentrations of ethanol (70, 80, 90, 
and 100%) at 2 hour intervals, at room temperature, 
according to Johansen (1940), with modifications. 
Afterwards, the samples were immersed in a 
pre-infiltration solution containing 100% ethanol 
and a base resin at a 1:1 ratio for 24 hours, at 4°C, 
following the manufacturer’s instructions. After this 
period, the material was subjected to infiltration in the 
base resin for another 24 hours at 4°C. Polymerization 
was performed in an oven, at 50°C, for 12 hours, also 
according to the manufacturer’s instructions. The 
YD-335 semiautomatic rotary microtome (Jinhua 
Yidi Medical Equipment CO., LTD, Zheiang, China) 
was used to slice 8.0 µm thick cross sections, which 
were then stained in a 1% toluidine blue solution at 
pH 6.7 for 3 min (Feder & O’Brien, 1968), washed in 
distilled water, and then mounted on permanent slides 
with Entellan (Merck KGaA, Darmstadt, Germany), 
totaling four slides per treatment.

The slides were photographed with a camera coupled 
to the LED Eclipse E100 microscope (Nikon, Tokyo, 
Japan) and analyzed using the ImageJ image analysis 
software (Schneider et al., 2012). In the transversal 
section, the following leaf traits were evaluated 
due to their influence on photosynthetic efficiency 
and water loss control: thickness of the mesophyll, 
palisade parenchyma, aerenchyma chambers of the 
mesophyll, and central vein; average diameter of the 
metaxylem vessels; area of the vascular bundle of the 
central vein; epidermal thickness of the adaxial and 
abaxial surfaces; and cuticle thickness of the adaxial 
vein and abaxial surface. For the abaxial and adaxial 
paradermal sections, three measurements were taken 
per replicate of the following traits: stomatal density, 
using the equation (number of stomata × 106)/section 
area, in which the section area is equal to 408771.075 
µm2; stomatal length and width; stomatal index, 
through the equation ((number of stomata)/ (number 
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of stomata + number of epidermal cell)) × 100; and 
stomatal functionality, obtained by dividing the polar 
diameter by the equatorial diameter of the leaves. One 
plot was evaluated per replicate.

The gas exchange and anatomical data (cross sections 
and paradermal sections) were tested for normality 
and then subjected to the analysis of variance, and 
means were compared by the Scott-Knott test, at 5% 
probability. The statistical analyses were carried out 
using the Sisvar 5.0 software (Ferreira, 2019). The 
results were analyzed, and the cultivars were compared 
and grouped by the cluster analysis using the results of 
the anatomical evaluations. For the cluster analysis, the 
Ward method was performed with the PAST software 
(Hammer et al., 2001).

Results and Discussion

The eight evaluated garlic cultivars differed 
significantly regarding leaf gas exchange (Figure 1)
and anatomical structures (Figures 2, 3, 4, 5, and 
6). The Chonan cultivar stood out due to its high 
photosynthetic rate, low transpiration rate, low stomatal 
conductance, and high WUE, as well as to its high 
stomatal functionality, larger intercellular spaces in the 
mesophyll, and thicker palisade parenchyma, which 
are structures directly involved in the photosynthesis 
process, showing a leaf anatomy related to the plant’s 
physiological response.

Through the cluster analysis, the cultivars were 
divided into two groups: drought tolerant, with higher 
gas exchange values and anatomical characteristics 
favorable to water loss control; and susceptible to 
drought, with lower photosynthesis values and a 
reduced drought tolerance potential (Figure 7). The 
group of drought-tolerant cultivars included Chonan, 
Crespo, Chinês Folha Fina, and Gigante Roxo Escuro, 
with the last two showing more similar characteristics 
and the first the highest photosynthetic potential. The 
group of cultivars susceptible to drought included 
Amarantes, BRS Hozan, Ito, and Caçador. The last three 
presented lower gas exchange values and anatomical 
characteristics unfavorable to the water deficit 
environment, such as lower stomatal functionality 
values, lower stomatal density, and thicker palisade 
parenchyma and mesophyll, important structures 
for gas exchange; however, the first stood out for 
presenting more favorable anatomical characteristics, 

as a greater stomatal density and thicker cuticle, 
epidermis, palisade parenchyma, and mesophyll.

 The Chinês Folha Fina, Chonan, Gigante 
Roxo Escuro, and Crespo cultivars showed the highest 
photosynthetic rates and, with the exception of 
Chonan, the highest stomatal conductance (Figure 1). 
Since a lower stomatal conductance rate is interesting 
when associated with a high photosynthetic rate, a 
low transpiration rate, and a high WUE, the Chonan 
cultivar is more efficient in the photosynthetic process. 
In addition, the high stomatal functionality and larger 
intercellular spaces of the mesophyll observed for 
Chonan are an indicative that this cultivar has great 
potential for cultivation under a low water availability 
(Figures 2, 3, and 4). 

Another important behavior of the Chonan cultivar 
was its low Ci/Ca ratio, which resulted in a high 
photosynthetic rate and a low stomatal conductance. 
According to Leakey et al. (2019), this reduction in 
the Ci/Ca ratio may be related to the increase in the 
efficiency or carboxylation capacity by Rubisco or 
to a reduction in the losses by photorespiration since 
stomatal conductance was maintained, allowing of 
CO2 to flow through the mesophyll. These results 
were confirmed by the cluster analysis, highlighting 
the high efficiency of the Chonan cultivar (Figure 7). 

A lower transpiration rate and a higher 
photosynthetic rate, as those of the Chonan cultivar 
(Figure 1), i.e., the relationship between transpiration 
and CO2 assimilation, is an indication of WUE 
(Ribeiro et al., 2018). Plants with a low WUE are 
more susceptible to drought, and this susceptibility is 
related to high transpiration rates (Cruz et al., 2019). 
The Chinês Folha Fina cultivar showed a low WUE, a 
high transpiration rate, and a high photosynthetic rate, 
meaning that a higher transpiration may cause a greater 
water loss during stomatal opening since transpiration 
is directly related to this process (Oliveira et al., 2022). 
Therefore, although this cultivar has a high potential, 
the conditions for its cultivation must include a high 
water availability to avoid negative effects on the 
plants. Consequently, the Chinês Folha Fina cultivar 
requires more irrigation than Chonan, which is the 
most adaptable to water stress.

The size of the stomata varied between the studied 
cultivars. The Chonan and Ito cultivars presented 
the smallest equatorial diameter on the abaxial and 
adaxial surfaces of the epidermis (Figure 2), which was 
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Figure 1. Evaluated physiological characteristics of eight garlic (Allium sativum) cultivars: A, photosynthesis (A); B, 
stomatal conductance to water vapor (gsw); C, transpiration (E); D, concentration of intercellular CO2 (Ci); E, intercellular to 
atmospheric carbon (Ci/Ca) ratio; and F, water use efficiency (WUE). Different letters differ significantly by the Scott-Knott 
test, at 5% probability. N = 32. 
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possibly related to an environmental factor, causing 
the stomata to become more elliptical and functional 
during their opening and closing. The highest polar 

diameter was observed for the Caçador and BRS Hozan 
cultivars on the abaxial surface and for BRS Hozan 
and Amarantes, followed by Chonan and Caçador, on 

Figure 2. Evaluated anatomical characteristics of the leaves of eight garlic (Allium sativum) cultivars: abaxial equatorial 
diameter (A), adaxial equatorial diameter (B), abaxial polar diameter (C), adaxial polar diameter (D), abaxial stomatal 
functionality (E), adaxial stomatal functionality (F), stomatal density on the abaxial surface (G), stomatal density on the 
adaxial surface (H), stomatal index of the abaxial surface (I), and stomatal index of the adaxial surface (J). Different letters 
differ significantly by the Scott-Knott test, at 5% probability. N = 32.
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the adaxial surface. The highest averages of stomatal 
functionality were found for cultivar Chonan on the 
abaxial surface and for Chonan, Amarantes, Caçador, 
and BRS Hozan on the adaxial surface. The Chonan 
cultivar stood out because it presented the highest 
ratio between the polar and equatorial diameters of 
the stomata on both surfaces of the epidermis and the 
lowest transpiration rate. In this line, Chaves et al. 
(2022) found that, as stomata become more elliptical 

due to the polar:equatorial diameter ratio, stomatal 
functionality increases.

The Crespo cultivar showed the highest stomatal 
density on the abaxial surface of its epidermis 
(Figure 2) and, together with Amarantes, the highest 
averages on the adaxial surface, whereas BRS Hozan 
had the lowest stomatal density on both surfaces of 
the epidermis and the largest polar diameter, which 
may indicate a better adaptation of this cultivar to 
conditions of high-water availability. Contrastingly, 

Figure 3. Cross section of the leaf internerval region of eight garlic (Allium sativum) cultivars, showing: thickness of the 
cuticle of the abaxial surface (A), thickness of the cuticle of the adaxial surface (B), thickness of the epidermis of the abaxial 
surface (C), thickness of the epidermis of the adaxial surface (D), mesophyll thickness (E), palisade parenchyma thickness 
(F), and area of the mesophyll aerenchyma chambers (G). Different letters differ significantly by the Scott-Knott test, at 5% 
probability. N = 32.
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Figure 4. Cross sections from the median region of the leaf blade of the Chinês Folha Fina (A), Chonan (B), Gigante Roxo 
Escuro (C), Crespo (D), Amarantes (E), Ito (F), Caçador (G), and BRS Hozan (H) garlic (Allium sativum) cultivars, showing: 
stomata (ST), adaxial cuticle (ADC), abaxial cuticle (ABC), adaxial epidermis (ADE), abaxial epidermis (ABE), palisade 
parenchyma (PP), intercellular space (IS), and vascular bundle (VB). Images were obtained with a camera coupled to the 
LED Eclipse E100 microscope (Nikon, Tokyo, Japan).
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a greater stomatal density associated with a smaller 
polar diameter may indicate a better adaptation of the 
plant to water deficit (Ribeiro et al., 2012).

The stomatal index of the abaxial surface did not 
differ significantly between the cultivars (Figure 2). 
However, that of the adaxial surface was higher for 
cultivars Crespo, Gigante Roxo Escuro, and Chonan. 
The Chonan cultivar showed a high stomatal index, in 
addition to a low stomatal density and a high density 
of epidermal cells, as also observed by Ribeiro et al. 
(2012). Oliveira et al. (2022) related stomatal density 
to the control of water loss by the plant and of leaf 
gas exchange. In the present study, Chonan showed a 
low transpiration rate, a high WUE, and a high rate of 
stomatal functionality, which may be related to the low 
stomatal density of the cultivar, causing the stomata to 
be more functional.

Cuticle thickness was similar among most cultivars, 
except for Chonan and Ito, which showed the lowest 
values on both sides of the epidermis (Figures 3 and 4). 
Likewise, the epidermal thickness of the abaxial and 
adaxial surfaces did not differ among most cultivars, 
with lower means for Chinês Folha Fina and Crespo on 
the abaxial surface and for Chonan, Ito, and Caçador on 
the adaxial surface. In addition to a low transpiration 
rate (Figure 1), cultivar BRS Hozan presented a thick 
cuticle and epidermis, as well as a low stomatal 
density, on both leaf surfaces (Figures 2, 3, and 4). 
According to Khelil et al. (2016), the dense deposition 
of wax layers under the epidermal cells prevents tissue 
dehydration and reflects solar radiation, consequently 
reducing water transpiration by the cuticle, which will 
occur through the stomata, often reduced in number. 

In comparison with the other cultivars, Crespo had a 
thicker mesophyll, followed by Amarantes and Gigante 
Roxo Escuro (Figures 3 and 4); however, Crespo and 
Gigante Roxo Escuro had higher photosynthetic rates 
than Amarantes (Figure 1). Zheng & Van Labeke (2017) 
highlighted that leaf thickness directly influences light 
absorption and gas exchange due to larger intercellular 
spaces and a thicker palisade parenchyma, which 
increases the area of CO2 reception and dissolution 
in the leaf. Therefore, the higher photosynthetic 
efficiency of the Crespo, Gigante Roxo Escuro, and 
even Amarantes cultivars may also be related to the 
thickness of their mesophyll and parenchyma.

The Amarantes cultivar had the thickest palisade 
parenchyma and a moderate photosynthetic rate 

Figure 5. Evaluated anatomical characteristics of the leaf 
midrib of eight garlic (Allium sativum) cultivars: area of 
the vascular bundle (A); mean diameter of xylem vessels 
(B); and area of the intercellular space of the midrib (C). 
Different letters differ significantly by the Scott-Knott test, 
at 5% probability. N = 32.
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Figure 6. Cross sections from the median region of the central vein of the Chinês Folha Fina (A), Chonan (B), Gigante Roxo 
Escuro (C), Crespo (D), Amarantes (E), Ito (F), Caçador (G), and BRS Hozan (H) garlic (Allium sativum) cultivars, showing: 
stomata (ST), adaxial cuticle (ADC), abaxial cuticle (ABC), adaxial epidermis (ADE), abaxial epidermis (ABE), palisade 
parenchyma (PP), intercellular space (IS), vascular bundle (VB), xylem (XI), and phloem (FL). Images were obtained with 
a camera coupled to the LED Eclipse E100 microscope (Nikon, Tokyo, Japan).
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(Figures 3 and 4), whereas Crespo, Ito, Caçador, and 
BRS Hozan had the thinnest palisade parenchyma. 
Batista et al. (2010) concluded that elongated cells in 
the palisade parenchyma are associated with a reduced 
mesophyll resistance to CO2 and with an increase in 
the factors that potentially limit the photosynthetic 
process, such as enzymatic activity, electron transport, 
and stomatal conductance. By the cluster analysis, 
among the group of cultivars susceptible to drought, 
Amarantes stood out due to its interesting anatomical 
characteristics for future research under water-deficit 
conditions (Figure 7).

Another structure related to gas exchange in the 
most efficient cultivars (Chonan, Crespo, Chinês, and 
Gigante Roxo Escuro) is the aerenchyma chamber in 
the mesophyll, which facilitates gas exchange between 
the internal environment of the leaf and the external 
environment (Oliveira et al., 2022). The larger the 
intercellular spaces are, the greater the diffusion area of 
CO2 and mesophyll conductance in the leaf, increasing 
plant photosynthesis (Terashima et al., 2011; Oliveira 
et al., 2022). Of the evaluated cultivars, Chonan and 

Crespo showed the largest aerenchyma area (Figures 3 
and 4) and the highest photosynthetic rate (Figure 1), 
a result that may have been related to the aerenchyma 
of their leaves.

The Ito, Caçador, and BRS Hozan cultivars presented 
the lowest intercellular CO2 concentrations and the 
lowest photosynthetic rates (Figure 1). According to 
Ribeiro et al. (2018), stomatal closure decreases the 
intercellular concentration of CO2 in the leaf mesophyll 
due to the production of a diffusion barrier to CO2 and, 
consequently, reduces the photosynthetic rate. These 
three cultivars also had the smallest aerenchyma 
chambers (Figures 3 and 4), which may have reduced 
CO2 conductivity and diffusion in the mesophyll since 
intercellular spaces are important for these parameters 
(Terashima et al., 2011; Oliveira et al., 2022). The 
results of leaf gas exchange and anatomy confirmed 
the grouping of these cultivars as less efficient by the 
cluster analysis (Figure 7).

The evaluated cultivars presented similar values 
for the area of the central vein vascular bundle, with 
the exception of Ito and BRS Hozan, which presented 
lower averages (Figures 5 and 6). There was also 
no significant difference between the cultivars for 
xylem vessel diameter. However, for the area of the 
intercellular spaces of the midrib, cultivars Chonan, 
Crespo, and Caçador showed the highest averages. The 
results obtained in the present study for the evaluated 
garlic cultivars can be used as indicators for future 
research with the species.

Conclusions

1. The Chonan and Crespo garlic (Allium sativum) 
cultivars present characteristics related to drought 
tolerance, and BRS Hozan, Ito, and Caçador to drought 
susceptibility.

2. The Chonan cultivar shows the best traits for 
cultivation under water-deficit conditions. 

3. The Chonan, Crespo, Chinês Folha Fina, and 
Gigante Roxo Escuro cultivars stand out because they 
present anatomical characteristics favorable to the 
control of leaf gas exchanges.
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