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Abstract 

The most reliable methods to confirm the ploidy level in plants are to count the chromosomes or to measure the DNA in the cells 

by flow cytometry. However, these methods are laborious, time consuming, and require special equipment. In this study, the 

reliability of stomatal characteristics in confirming the ploidy level was investigated in haploid and spontaneous double haploid 

(SDH) pepper and eggplant plants. Stomatal characteristics were measured using a digital camera and related software from light 

microscope images in 100 samples at each ploidy level. Stomatal density, guard cell width and length were measured in random 

fields of view, and chloroplasts were counted. Mean stomatal lengths were determined as 28.34 µm and 40.39 µm, and mean 

stomatal widths were determined as 22.52 µm and 29.50 µm respectively for haploid and SDH plants in pepper. The stomatal 

density was 10.71 in haploid and 27.07 in SDH. Average stomatal lengths were determined as 22.32 µm and 32.00 µm, and 

mean stomatal widths were determined as 17.36 µm and 22.32 µm, respectively, in haploid and SDH eggplant. The stomatal 

density of eggplants were found to be 29.20 in haploid plants and 12.61 in SDHs. Chloroplast numbers in guard cells of SDH 

plants were determined to be 2 fold more than haploids. In haploid and SDH peppers 9.93 and 18.66 chloroplasts were counted, 

respectively, and 6.39 and 11.19 chloroplasts were counted in eggplants, respectively. There were positive relationships between 

stomatal size and chloroplast number and ploidy level, and negative relationships between stomatal density and ploidy level, 

which can be presented as an early marker to determination ploidy levels in both species.  
Keywords: chloroplast, ploidy level, stomata, anther culture 

 

Introduction 

Haploid plants have very important place in plant breeding 

because they contain only one series of alleles at each locus 

allows to reveal recessive mutations and to obtain 100% 

homozygous pure lines in one generation by doubling the 

chromosome numbers. Since haploid plants cannot form 

gametes, they are unfertile and do not produce seeds. In order 

to be used in breeding programs, they must be transformed into 

productive double haploid (DH). Plants obtained by doubled 

haploid techniques can be haploid or spontaneous double 

haploid (SDH) (Gyulai et al., 2000, Alremi et al., 2014, Keleş 

et al., 2015, Ari et al., 2016, Çömlekçioğlu & Ellialtıoğlu, 

2018). Spontaneous genome doubling is largely dependent on 

plant species, and it has been reported that spontaneous 

genome doubling is greater than 90% in some species, while 

some species are reported to be resistant to spontaneous 

genome doubling (Mir et al., 2021). Grozeva et al. (2021), 

obtained 100% haploid in some genotypes and 100% SDH in 

some genotypes by anther culture. As the average of 17 

genotypes, 59.9% of the plants were haploid and 40.1% were 

diploid.  In previous studies on eggplant, SDH rate reported as 

15.4% by Dumas de Vaulx & Chambonnet (1982), 25.6% by 

Rotino (1996) and 46.4% by Salas et al (2011).  
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In eggplant anther culture stimulated microspores develop into 

callus. The most of the callus tissues were found to be 

mixoploid with different ploidy types ranging from haploid to 

tetraploid. However, 60%-70% of the regenerated plants 

(Corral-Martinez & Segui-Simarro, 2012; Rivas-Sendra et al., 

2015) were confirmed to be SDH by flow cytometry. For this 

reason, ploidy levels of plants must be verified quickly before 

chromosome doubling is performed. The most reliable method 

is to count the chromosomes or to measure the DNA in the 

cells by flow cytometry. However, these methods are difficult, 

time consuming and require special equipment. Therefore 

methods to determine ploidy in a large number of plants in a 

short time gain importance. 

It has been shown by many researchers that haploid plants 

have smaller stomata and lower stomatal density than diploids 

(Omidbaigi et al., 2010; Głowacka et al., 2010; Hannweg et 

al., 2013; Xie, 2015; Widoretno, 2016; Comlekcioğlu & 

Ozden, 2019). Chloroplast count, DNA content, stomatal size 

and morphological observation were compared for haploid and 

diploid pepper (Abak et al., 1998), haploid and diploid 

watermelon (Sarı et al 1999), diploid and tetraploid 

watermelon (Şimşek et al., 2013) plants. It has been reported 

that the ploidy level in plants can be selected quite practically 

as a result of using the obtained morphological and cytological 

data together. The chloroplast numbers in stomatal guard cells 

show significant differences according to species (Lawson, 

2009). While most researchers reported that different ploidies 

have similar chloroplast numbers, Jacobs & Yoder (1989) 

reported no similarity between genetically similar diploid and 

tetraploid tomato chloroplast numbers. On the other hand, 

stomata size is not controlled only by genome size. Stomata 

size shows significant variation according to leaves, plants and 

ecological factors (McGoey et al., 2014, Tekin & Yılmaz, 

2018). It has been reported that neither stomatal density nor 

stomatal size can be used to determine the ploidy level of 

diploid and tetraploid watermelon (Jaskani et al., 2005), and 

mixoploid and tetraploid ginger (Soonthornkalump et al., 

2017). 

The rapid increasing of the use of doubled haploid methods in 

plant breeding has also increased the need for rapid ploidy 

screening of the obtained plants. In this study, the relationship 

between stomatal densities, stomatal size, number of 

chloroplasts in guard cells and ploidy level in plants obtained 

by anther culture method in pepper and eggplant were re-

examined. 

 

Material and Method 

This study was carried out in the greenhouse and tissue culture 

laboratories of United Genetics Vegetable Seeds Company 

(Mustafakemalpaşa, Bursa, Turkey). The pepper (Capsicum 

annuum L.) and eggplant (Solanum melongena) genotypes 

tested in the study are the breeding lines of the company.  

Morphological traits such as leaves size, plant height, vigor, 

internodes height, and fertility, presence of pollen and seeded 

fruit of regenerated androgenic plants were compared with the 

donor plants. Regenerates were grouped as haploid or SDH 

based on morphological observation. In both species, 100 

plants were studied in each ploidy group. Stomata were 

visualized using a Leica DMLB light microscope. Images were 

captured and measured using a digital camera and related 

software. 

 

Stomata Count  
Young leaves that have completed their development at the 

shoot tip (usually 4-5 leaves from top to bottom) were used. 

The leaf membranes taken from the lower epidermis (middle 

part of the leaf) of the leaves were placed on the slide and a 

drop of AgNO3 (silver nitrate) solution was dropped on it 

(AgNO3 makes stomata and chloroplasts appear brighter). 

Stomata in 1 random microscopic field of view were counted 

at 10X40 magnification. 

 

Stoma sizes 
The width and length of 100 stomata, from each ploidy level, 

were measured as µm. 

 

Number of chloroplasts 
Chloroplasts in guard cells of 100 stomata counted at each 

ploidy level were counted. 

The experiment was carried out in a randomized block design 

with 100 replications (plants). The data were subjected to 

analysis of variance (ANOVA) using Tarist (Açıkgöz et al., 

2004) and biplot (principal component method) by Minitab 17 

Statistical Software (Anderson, 1998).. Mean separation was 

performed by Fisher's Least Significance Difference (LSD) (p 

<0.01).  
 

Results and Discussions 
It was determined that there were significant differences 

according to ploidy levels in terms of all traits examined in 

both plant species (P < 0.001). The summary of analysis of 

variance (ANOVA) of pepper and eggplant for stomatal 

characteristics were presented in Table 1 and Table 2, 

respectively.  

The highest F value was calculated in chloroplast number for 

pepper (Table 1). It is understood that there is a very high 

difference in the number of chloroplasts according to ploidy 

levels. Likewise, it was determined that there was a more 

significant difference between the haploid and SDH plants in 

terms of both the number of stomata and the stomatal length 

compared to the stomatal width, and they were more reliable 

traits to confirm of ploidy level than the stomatal width.  

In eggplant, the highest F value was determined in the number 

of stomata according to ploidy levels. This is followed by 

stomatal length and chloroplast number. In eggplant, the 

lowest F value was calculated in stomatal width as in pepper. 

Higher stomata density was found in haploid plants compared 

to diploids. Haploid plants had 2.5 times more stomata in 

pepper than diploid ones and 2.3 times more in eggplant. 

Similar stomatal numbers were determined in pepper and 

eggplant at the same ploidy levels. The average number of 

stomata per unit area was 27.07 in haploid pepper, 29.20 in 

eggplant, 10.71 in diploid pepper and 12.61 in eggplant. 

Haploid and SDH plants also showed significant differences in 

stomatal sizes. It was determined that the mean stomatal width 

was 22.52 µm in haploid pepper, 17.36 µm in eggplant, and 

29.50 µm and 22.32 µm in diploid pepper and eggplant, 

respectively, and the difference between ploidy levels was 

significant. The width of stomata was 1.3 times wider than 

haploids in DH plants in both species. 
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Table 1.  Summary of ANOVA for pepper stomatal characteristics 

Source of 

Variation 

Degrees 

of 

Freedom 

Number of Stomata 

 

Stomata Width 

 

Stomata Length 

 

Number of 

Chloroplasts 

Mean 

Square 

F –Value Mean 

Square 

F –Value Mean 

Square 

F –Value Mean 

Square 

F –Value 

Replication 99 23.16 0.85 ns 7.51 0.85 ns 15.07 0.84 ns 6.35 1.29 ns 

Ploidy Level 1 13382.48 488.43** 2436.30 275.66** 7258.80 404.45** 3810.65 773.29 ** 

Error 99 27.40  8.84  17.95  4.93  

Total 199 92.40  20.37  52.90  24.76  

** Significant at alfa level 1% ns; non-significant  

 

Tablo 2. Summary of ANOVA for pepper stomatal characteristics 

Source of 

Variation 

 

Degrees 

of 

Freedom 

Number of Stomata 

Stoma Sayısı 

Stomata Width 

Stoma Eni 

Stomata Length 

Stoma Uzunluğu 

Number of 

Chloroplasts 

Mean 

Square 

F –Value Mean 

Square 

F –Value Mean 

Square 

F –Value Mean 

Square 

F –Value 

Replication 99 17.88 0.91 ns 6.98 1.30 ns 12.58 1.13 ns 3.08 1.10 ns 

Ploidy Level 1 13761.41 702.22** 1234.30 229.73** 4681.06 419.10** 1152.00 410.25** 

Error 99 19.60  5.37  11.17  2.81  

Total 199 87.80  12.36  35.34  8.72  

** Significant at alfa level 1%   ns; non-significant  

 

The mean stomatal length was 28.34 µm in haploid pepper plants and 40.39 µm in diploids, and 22.32 µm and 32.00 µm in 

eggplant haploid and diploid plants, respectively. DH plants were found to be 1.4 times longer than haploids in both pepper and 

eggplant in stomatal length as well as in stomatal width. However, 252% more stomata were found in pepper and 231% more in 

eggplant compared to DH plants in haploid plants (Table 3).  

The stomatal dimensions and chloroplast images of haploid and SDH plants of pepper and eggplant are presented in Figure 1 

and Figure 2. 

 

Tablo 3. Certain stomatal characteristics of haploid and SDH plants of pepper and eggplant 

Plant Species Ploidy Level Number of 

Stomata 

Stomata Width 

µm 

Stomata Length 

µm 

Number of 

Chloroplasts 

Capsicum 

annuum 

Haploid 27.07 a 22.52 b 28.34 b 9.93 b 

Double Haploid 10.71 b 29.50 a 40.39 a 18.66 a 

LSD %1 1.94 1.10 1.57 0.83 

      

Solanum 

melongena 

Haploid 29.20 a 17.36 b 22.32 b 6.39 b 

Double Haploid 12.61 b 22.32 a 32.00 a 11.19 a 

LSD %1 1.64 0.86 1.24 0.62 

 

Means followed by the same letter in column do not differ 

according to least significance difference (LSD) test (P≤ 0.01). 

Similarly, Abak et al (1998) reported that stomatal density and 

especially the number of chloroplasts in guard cells, in 

androgenic pepper plants determined to be haploid and SDH 

by root tip chromosome count, are reliable traits for the 

estimation of ploidy level from a particular genotype. 

Significant differences have been detected in stomatal cell 

density, size and number of chloroplasts of diploid and 

tetraploid plants of Solanum aethiopicum (PI 636107), known 

as Ethiopian eggplant. In plants whose ploidy level was 

confirmed by flow cytometry, stomatal length and diameter 

were positively correlated with ploidy level, and the number 

of stomata negatively correlated (Sakhanokho & Islam-Faridi 

2014).  Soonthornkalump et al. (2017) reported that the 

stomatal length and the number of chloroplasts per stomata 

were higher in tetraploid ginger plants than diploid plants, 

whereas the highest stomatal density was found in diploid 

plants. It has been reported that the stomatal diameter of 

diploid plants is significantly lower than that of tetraploid 

plants. The stomatal length increased and stomatal density 

decreased with the increase of ploidy level in also Arabidopsis 

thaliana plants (Robinson et al. 2018). Comlekcioglu & Ozden 

(2019) determined that the stomatal density of gooseberry 

plants, which were determined to be diploid and tetraploid by 

flow cytometry, showed significant differences according to 

the ploidy level, and that diploid plants had more than twice 

stomata density (175.53 and 77.73, respectively) compared to 

tetraploids. Diploid and tetraploid plants showed clear 

differences in stomatal sizes. 

It should be kept in mind that the stomatal width may differ 

significantly depending on whether the stoma is open or closed 
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during the taking of the leaf epidermis layer for measurement. 

While measuring, care should be taken to measure in closed 

stomata or to take samples from leaves incubated for a certain 

period of time in a controlled environment for CO2, humidity, 

and light (Monda et al., 2011). If the stoma is open or closed, 

the stoma length remains the same, making it a reliable (stable) 

traits (Beaulieu et al., 2008). 

While the average number of chloroplasts in guard cells was 

very similar between the same ploidy plants in both species, 

increase of the number of chloroplasts in SDH plants was 

significant. It was determined that the chloroplast numbers in 

the haploid and DH plant guard cells were significantly 

different according to the ploidy levels in both pepper and 

eggplant. On average, 9.93 chloroplasts were counted in guard 

cells in haploid peppers, while 18.66 chloroplasts were 

counted with an increase of 87.91% in diploid plants. The 

number of chloroplasts in eggplant was determined as 6.39 in 

haploid plants, and 11.19 (75.11% more) chloroplasts were 

counted in DH plants (Table 3). This shows that chloroplast 

number is the most reliable marker among the investigated 

traits in determining the ploidy level.  

 

 
Figure 1. Stomata sizes and chloroplasts in haploid (left) and SDH (right) peppers. 

 

 
Figure 2. Stomata sizes and chloroplasts in haploid (left) and SDH (right) eggplant. 

 

Our results were fully consistent with the results of Qin & 

Rotino (1995) for pepper with an average of 9.93 chloroplasts 

per stoma in haploid and with an average of 18.66 chloroplasts 

in diploid. The researchers measured the number of 

chloroplasts per stoma and the length of the stomata in 17 

androgenic plants (whose ploidy level have been confirmed by 

chromosome count) obtained by anther culture from three 

pepper genotypes. It was found that the plants grouped 

according to the chloroplast number were the same as the 

ploidy level defined by the root tip chromosome count. The 

number of chloroplasts in haploid plants varied between 8.3-

11.0 and the average was 9.3 chloroplasts. Garcia-Arias et al. 

(2018) reported that there is a significant correlation between 

chromosome number and chloroplast number, which can be an 

indirect and effective indicator of ploidy in gooseberry plants. 

While there were 5.2 chloroplasts on average in haploid 

(2x=24) plants, it ranged from 7 to 10 (mean 9.3) in tetraploid 

(4x=48) donor plants and 4-32 in mixoploid plants.  Mixoploid 

plants with 48 chromosomes presented more than 7 

chloroplasts as did tetraploid plants. It has been reported that 

if a flow cytometer is not available, stomatal size and density 

will allow a quick evaluation, especially when working with 

large numbers of plants.  Matteij et al., (1992) reported that 

genetically similar 2x, 4x, 6x and 8x potato plants were able to 

distinguish accurately by their chloroplast numbers in guard 

cells. Tepe et al., (2002) reported that there is a high 

correlation between ploidy level and the number of stomata in 

the leaf unit area in mint plants. When stomata counts and 

chromosome counts were evaluated together, it was concluded 

that there was a high correlation between these two traits. They 

found that as the number of chromosomes increased, the cell 

size increased and the number of stomatal cells per leaf unit 

area decreased.  
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In Brassica species, the number of chloroplasts in guard cells 

have been reported to be 4.2-7.8 and 7.9-13.6 for B. rapa 

haploids and diploids, respectively, 7.5-12.4 and 14.1-20.3 for 

B. napus amphihaploids and amphidiploids, respectively  and 

7.7-9.9, 11.7- 7.9 and 18.0-26.5 for B. oleracea haploids, 

diploids and tetraploids, respectively.  No significant effect of 

plant vegetative or generative developmental stage or growth 

temperature on chloroplast number was determined 

(Monakhos et al., 2014). The size of the stomata and the 

number of chloroplasts were significantly increased in the 

polyploid plants when compared to the diploids of ginger for 

which ploidy confirm by flow cytometry. With the help of 

stomata size and chloroplast numbers, tetraploid and diploid 

plants were determined, but tetraploid and mixoploid plants 

could not be confirmed (Soonthornkalump et al., 2017). 

Alsahlany et al. (2019) compared the chloroplast count, 

genome-wide Single Nucleotide Polymorphism genotyping 

and flow cytometry methods to determine ploidy in diploid and 

tetraploid potato genotypes. It has been reported that three 

ploidy determination methods give the same results for all 

evaluated plants and that chloroplast count can be used as a 

reliable and inexpensive method for determining the ploidy 

level. 

While Kramer & Bamberg (2019) suggested chloroplast 

counting using iodine-based staining for potato, they found 

that different traits could be fast and reliable for estimating 

ploidy with different methods and stomatal length was as 

accurate as chloroplast counts, and scoring faster. They 

observed that the number of stomata per unit leaf area indicates 

the ploidy level, with tetraploids having more than diploids, 

but suggested that the length of guard cells is easier to 

measure. 

When the correlation of ploidy level and stomatal 

characteristics was evaluated in both species, a significant 

positive correlation was determined between stomatal size and 

chloroplast number, and a significant negative correlation was 

determined between ploidy level and stomatal density (Table 

4 and Table 5). 

 

 

Table 4. Correlation between ploidy level and stomatal characteristics in pepper 

 Ploidy level Stomata number Stomata width Stomata length 

Ploidi level     

Stomata number -0.853**    

Stomata width 0.775** -0.667**   

Stomata length 0.830** -0.728** 0.792**  

Choloroplast number 0.879** -0.741** 0.788** 0.817** 

** Significant at alfa level 1% 

 

 

Table 5. Correlation between ploidy level and stomatal characteristics in eggplant 

 Ploidy level Stomata number Stomata width Stomata length 

Ploidi level     

Stomata number -0.888**    

Stomata width 0.708** -0.670**   

Stomata length 0.816** -0.787** 0.790**  

Choloroplast number 0.815** -0.742** 0.710** 0.807** 

** Significant at alfa level 1% 

 

In both species, a negative relationship was found between the 

number of stomata and the size of stomata and the number of 

chloroplasts. It was determined that there was a positive 

relationship between stomatal sizes and the number of 

chloroplasts in guard cells, and these properties were stable 

and reliable parameters. It has been confirmed once again that 

ploidy is an important factor in stoma characteristics. PC1 

(principal component) 82.9%, and PC2 8.5% constituted 

91.4% of the total variation between stomatal characteristics 

and ploidy level in pepper and PC1 81.3%, and PC2 8.3% 

constituted 89.6% of the total variation in eggplant (Figure 3 

and Figure 4). 
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Figure 3. The relationships between ploidy level and stomatal characteristics according to biplot analysis of principal 

components in pepper 
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Figure 4. The relationships between ploidy level and stomatal characteristics according to biplot analysis of principal 

components in eggplant 

 

Conclusions 
Haploid plant needs to undergo chromosome duplication to 

obtain a fertile plant. For successful use of DH plants in plant 

breeding, it is important to confirm the status of the ploidy 

level. The chromosome doubling can be spontaneous or 

induced. There are advantages and disadvantages to using any 

method to determine ploidy. Chromosome counting is 

undoubtedly the most reliable method for determining the 

ploidy level in plants.  

However, it was concluded that stomatal characteristics, 

especially chloroplast numbers, can be used safely in making 

the first groupings in case of a large number of plants. Pre-

ploidy screening based on stomatal characteristics of 

androgenic plants is useful for reducing population size and 

can accelerate breeding programs. In the absence of a flow 

cytometer, stomatal features other than mixoploids can be used 

to successfully confirm haploid and DH plants. Allows a quick 

and reliable evaluation when working with a large number of 

plants. Identifying haploid and diploid plants with epidermal 

stoma characteristics is faster and cheaper than chromosome 

counting or flow cytometry, and is an important alternative 

that does not require expensive equipment.  
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