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ABSTRACT. Many important crops have cultivars with different ploidy and provide a diverse choice of
materials for breeding programs. Therefore, it is essential to accurately assess the ploidy of all breeding
materials. Increased DNA content is known to have various effects on external and internal morphology,
an effect known as the “nucleotypic effect”. Thus, anatomical assessment can be used as a tool for
determining ploidy in plants, making the chromosome counting technique or flow cytometry unnecessary.
This study aimed to evaluate the leaf anatomical characteristics of banana cultivars and understand the
relationship between these features and ploidy levels. Thirteen accessions were evaluated, including
diploid, triploid, and tetraploid genotypes, and cultivars, resulting from in vitro propagation after 90 days
of acclimatization. Five fully expanded young leaves were collected from each cultivar, fixed in FAA70
(formaldehyde-acetic acid—ethanol) and preserved in 70% alcohol. Transverse and paradermal sections of
the abaxial and adaxial regions were taken, and variables such as size and stomatal density, leaf thickness
in the midrib and fourth vascular bundle region, and thickness of the epidermis, hypodermis, and
parenchyma were measured. Results for leaf thickness, stomatal size, and density proved to be appropriate
parameters for characterizing banana ploidy levels.
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Introduction

Plant anatomy has long been recognized for its importance in the field of taxonomy. The variations that occur
within cultivars, species, genera, and families are reflected in the histology of plants (Ahmad et al., 2011).

More recently, quantitative anatomy has gained strength in the field of taxonomy and is especially useful
for confirming the differences that simple anatomical descriptions are unable to distinguish. This technique
has important applications, particularly in the characterization of crop cultivars that have different ploidy
levels (Silva et al., 2019, Zeng, Liu, Du, & Kang, 2019). This field is of great interest for understanding the
adaptive characteristics resulting from DNA content changes in plants. The widespread occurrence of
polyploids suggests some adaptive advantage for these materials relative to their diploid progenitors (Hull-
Sanders, Johnson, Owen, & Meyer, 2009), and it is extremely important that the ploidies of plant accessions
are assessed early and accurately in breeding programs (Moon et al., 2013). In addition, plant anatomy
knowledge is essential when asexual propagation is used to disseminate a species, which will thereby help in
identifying the structural features necessary for successful propagation (Nassar, Graciano-Ribeiro, Fernandes,
& Aratijo, 2008).

It has long been observed that an increased DNA content leads to an increased cell volume, which is clearly
observable in some plant structures, such as the size of the pollen grains and seeds, and the size and density
of the stomata and chloroplasts (Beaulieu, Leitch, Patel, Pendharkar, & Knight, 2008).

Thus, ploidy has traditionally been designated by morphological and anatomical characteristics, and this
process has provided good results. Phenotypic changes derived from variations in DNA content are known as
the nucleotypic effect. Cavalier-Smith (2005) proposed that this phenomenon is balanced by cell growth,
which maintains a constant ratio between the volume of the core, which is dedicated to transcription, and the
volume of the cytoplasm, which is dedicated to protein synthesis.

Little information is available in the literature regarding the anatomy of the genus Musa, especially in
terms of cultivar characterization and the effects of different ploidy levels (Vandehout, Ortiz, Vuylsteke,
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Swennen, & Bai, 1995; Sumardi & Wulandari, 2010). Neither of these anatomical characteristics are included
among those recommended by the International Plant Genetic Resources Institute (IPGRI, INIBAP, & CIRAD,
1996) as descriptors for banana cultivars. Therefore, this study aimed to contribute to the knowledge of
banana leaf anatomy, characterization of its cultivars, and comprehension of histological modifications
related to the ploidy level.

Material and methods

The plants used in the experiment consisted of the apexes of 13 banana genotypes and cultivars with
different ploidy levels from EMBRAPA Mandioca e Fruticultura Tropical active germplasm collection. These
explants were cultured in vitro on MS medium and kept in a growth chamber with a light intensity of 36 pMol
m2 s! with a photoperiod of 16h and a temperature of 25 * 2°C (Braga, S4, & Mustafa, 2001). The materials
were multiplied on MS medium for two generations, with each generation lasting for 30 days. The plants were
subsequently transferred to a greenhouse and placed in 0.5 L pots in a substrate composed of 1 part soil: 1
part sand: 1 part manure and maintained under an intermittent mist system with 50% shading. Weekly
watering was performed with liquid MS medium without sugar.

After 90 days of acclimatization, five of the youngest fully expanded leaves were collected from each
banana accession. The materials were fixed in FAA70 (formaldehyde—-acetic acid—ethanol) and then stored in
70% ethanol.

The samples collected were sectioned between the edge and midrib of the leaves in transverse and
paradermal (abaxial and adaxial) directions, clarified in sodium hypochlorite (1% active chlorine) and triple
washed in distilled water. The transverse sections were stained with safrabau solution (1% safranin and 0.1%
astra blue in 7:3 ratio) and paradermal sections were stained with 0.1% safranin and then mounted on
semipermanent slides with water and glycerin. The materials were observed under a Ken-a-vision microscope
(Kansas City, MO, USA) and photographed. Measurements were performed using the Image Tool program
(UTHSCSA Image Tool version 3.0). Sixteen transverse sections and twenty paradermal sections were
evaluated for each banana accession.

The thickness of the leaf blade in the midrib and the fourth vascular bundle region, the thickness of the
upper and lower epidermis, the upper and lower hypodermis, and the palisade and spongy parenchyma were
measured in the transverse sections. The lengths, polar and equatorial diameters of the stomatal guard cells
and the stomatal density (number of stomata per mm? of leaf surface) were measured in the paradermal
sections. Quantitative data were subjected to an analysis of variance, and the mean values were compared
using the Scott-Knott test at 5% probability.

Results and discussion

Most publications on the relationship between anatomy and ploidy level in plant species are limited to the
analyses of stomatal characteristics, with some exceptions exploring the inner structure of the leaf blade. It
is important to use all the possible anatomical information not only to understand its relationship with ploidy
levels, but also to characterize the anatomy of species and cultivars to assist in providing adequate choices
for breeding programs.

Figure 1 shows images of the leaf blade: adaxial and abaxial epidermis of diploid (Malbut), triploid (Prata
ana), and tetraploid (Princesa) cultivars to provide an anatomical overview. This image shows that the diploid
accession has the thinnest leaf blade, the triploid accession is intermediate, and the tetraploid accession has
the thickest leaf blade. The stomatal density is lower, and there are larger stomata on the adaxial surface of
the tetraploid cultivar. The size of the adaxial stomata increased with increased ploidy.

Table 1 shows the results of blade thickness measured at the midrib and the fourth vascular bundle regions.
Despite showing significant differences (p < 0.0001), the blade thickness in the central vein region was not a
suitable parameter for distinguishing between the banana plant cultivars according to ploidy. The tetraploid
cultivar FHIA 02 had the highest midrib blade thickness, with a value of 258.19 um, and the value was higher
than that observed for all the remaining cultivars. The rest of the tetraploid cultivars showed great variations
in this parameter, with values between 218.09 um for BRS Platinum and 165.18 ym for genotype 102.

These values overlapped with the values observed in triploid and even diploid cultivars, such as Malbut, in
which the blade thickness at the midrib was 168.38 ym.
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Figure 1. Photomicrographs of banana cultivars with different ploidy levels. A, B, and C — Diploid Malbut cultivar (leaf blade. adaxial.
and abaxial surfaces). D, E, and F - Triploid Prata Ana cultivar (leaf blade. adaxial and abaxial surfaces). G, H, and I — Tetraploid
Princesa cultivar (leaf blade adaxial and abaxial surfaces). Bars in A, D, and G were 150 um and the other bars were 100 um.

Table 1. Measurements of the leaf blade thicknesses (um) in the midrib region and the fourth vascular bundle for banana accessions
with different ploidy levels.

Acessions Genome Midrib Region Fourth Vascular Bundle
Malbut AA 168.38 D 137.18D
NBA AA 142.39F 142.20D
Caipira AAA 15544 E 150.80 C
ThapMaeo AAB 210.66 B 192.59 A
Prata Ana AAB 163.16 D 170.45C
Maca AAB 170.71 C 151.59C
FHIA 02 AAAB 258.19A 197.88 A
Bucanero AAAA 192.50 C 205.47 A
Princesa AAAB 202.37C 177.02 B
Garantida AAAB 198.00 C 202.35 A
Tropical AAAB 176.44D 201.06 A
102 AAAB 165.18 D 155.89C
BRS Platina AAAB 218.09B 178.96 B

C.V.(%) 4.90 6.48

Means followed by the same letter within the column belong to the same group according to the Scott-Knott test at 5% probability.

Sun et al. (2015), while working on polyploidization in pears, found that thicker leaves occurred in
neopolyploids when compared to their diploid parents. However, the authors reported that these results
varied depending on the evaluated polyploid.

Jellings and Leech (1984) evaluated different wheat cultivars and found that leaf thickness and tissue
values did not always correlate for all plant materials. The authors proposed that the combination of
nucleotypic and genetic effects creates an anatomical “identity” for each genotype; in other words, the
imposition of genetic effects over genome size-related effects modulates the inner leaf structure.

Statistical analysis of blade measurements in the fourth vascular bundle region showed significant
differences (p < 0.0001). The cultivars were separated into four different groups, of which the first two groups
with the largest leaf thickness measurements were formed by tetraploid cultivars, an intermediate group was
formed by triploid cultivars and the last group was formed by diploid cultivars that had lower leaf blade
thickness values (Table 1).

Table 2 shows the results obtained for the thickness of abaxial (Ab. E.), and adaxial (Ad. E.) epidermis,
thickness of abaxial (Ab. H.), and adaxial (Ad. H.) hypodermis, and thickness of palisade (P.P.) and spongy
(S.P.) parenchyma.
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Table 2. Measurements (um) of leaf tissues from banana accessions with different ploidy levels!.

Leaf tissues?

Accessions Genome Ab. E. Ad. E. Ab. H. Ad. H. P.P. S.P.
Malbut AA 6.42 C 7.10C 20.85D 21.05C 26.37D 21.44 B
NBA AA 6.94C 8.07B 19.22D 24.17C 28.99D 22.04 B
Caipira AAA 6.31C 6.69 C 26.05C 26.03 B 29.31D 20.90 B
ThapMaeo AAB 7.23C 8.60B 37.55A 23.79 C 36.90 B 28.04 A
Prata Ana AAB 7.33C 9.44 A 24.71C 31.08 B 45.18 A 24.64 A
Maga AAB 7.74 B 8.13B 22.10D 23.39C 31.68C 21.06 B
FHIA 02 AAAB 7.75B 9.69 A 23.17D 23.89C 43.57 A 25.33 A
Bucanero AAAA 8.37B 9.97 A 31.85B 27.05B 37.51B 22.39B
Princesa AAAB 7.34C 9.89 A 23.87D 27.36 B 33.43C 17.57B
Garantida AAAB 7.88B 10.61 A 25.88C 42.01 A 40.20 B 23.21B
Tropical AAAB 9.42 A 10.79 A 27.25C 28.57B 4337 A 26.94 A
102 AAAB 7.07C 8.38 B 27.98 C 28.38 B 33.62C 19.03B
BRS Platina AAAB 6.58 C 7.75B 23.88 D 29.71B 40.40 B 21.87 B

C.V.(%) 15.46 14.31 17.64 12.66 13.04 17.68

'Means followed by the same letter within the column belong to the same group according to the Scott-Knott test at 5% probability. ? Ab. E. — Abaxial
epidermis. Ad. E. - Adaxial epidermis. Ab. H. — Abaxial hypodermis. Ad. H. - Adaxial hypodermis. P.P. - Palisade parenchyma. S. P. — Spongy parenchyma

The thickness of the adaxial and abaxial epidermis correlated with the ploidy level for some of the cultivars.
Regarding the thickness of the lower epidermis, the tetraploid cultivar Tropical stood out from the other
cultivars for having the greatest value; however, the other tetraploid cultivars FHIA 02, Bucanero, and
Garantida had greater epidermal thickness than the other diploid and triploid cultivars, apart from the triploid
Maca. For the rest of the cultivars, there were overlaps regarding ploidy levels. For example, the diploid
genotype NBA had a thicker epidermis (6.94 ym) than the tetraploid cultivar BRS Platinum (6.58 um). For the
variable thickness of the adaxial epidermis, it was possible to characterize some cultivars according to ploidy: the
tetraploid FHIA 02, Bucanero, Princesa, Tropical, and Garantida showed greater epidermal thickness. The triploids
Maca and Thap Maeo had intermediate values and diploid Malbut had a lower value. The other cultivars showed
overlapping values, which cannot be used to infer the ploidy in relation to the epidermal thickness.

According to Ahmad et al. (2011), leaf epidermis is one of the most important anatomical characteristics
for taxonomic studies, and its contribution clarifies questions about the systematics of many botanical
families. Thus, the epidermis can also be an important tool for characterizing cultivars, especially in those
with different ploidy levels, as observed by Baker, Yarkhunova, Vidal, Ewers, and Weinig (2017), Cao, Zhang,
Gao, Wang, and Jia (2018), Van Laere et al. (2011), and Wang et al. (2017).

One hypothesis for explaining the fact that in this study, some cultivars showed no epidermal thickness
values compatible with ploidy levels is that cultivation in tropical regions can subject plants to high irradiance
levels. Leaf epidermis thickening is a well-known strategy used by plants to filter excessive environmental
radiation, which can increase reactive oxygen species formation and lead to photodamage (Reyes-Diaz et al.,
2016). Thus, one of the important adaptive characteristics of the species in tropical high-radiance regions is
a thick epidermis. Sumardi and Wulandari (2010) also did not find a relationship between ploidy and
epidermal thickness in their study of banana cultivars from Indonesia.

The thickness of the abaxial and adaxial hypodermis did not correlate with the ploidy level of the cultivars.
Both the adaxial and abaxial hypodermis showed overlapping mean values for most cultivars at all ploidy
levels. In relation to the thickness of the lower hypodermis, the diploid Malbut and NBA showed lower values
for hypodermal thickness, which were suitable for determining the ploidy level. However, the triploid Maca
and tetraploids FHIA 02, Princesa, and BRS Platina also showed low values for the same variable. About the
variable thickness of the adaxial hypodermis, it was possible to distinguish the tetraploid Garantida, with
increased thickness (42.01 ym) from the triploids Prata Ana (31.08 um) and Caipira (26.03 uym) and from the
diploids Malbut (21.05 pum) and NBA (24.17 um).

Hypodermis is a common feature in xerophytic species because of its capacity to store water in dry
environments, although this is not the only function of the structure (Mascarenhas, Harley, & Scatena, 2020).
It can be a mechanical support system to maintain the leaf architecture in windy places and, most importantly,
it can act as an extra filter system to remove excess environmental irradiance, thereby protecting the
photosystems from damage (Retamales & Scharschkin, 2015). Thus, it is expected that the hypodermis and
epidermis will show similar results in its relationship with the ploidy level because it is a highly ecologically
influenced trait.
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The palisade parenchyma thickness was effective in differentiating diploids Malbut (26.37 pm) and NBA
(28.99 um) from the other cultivars. Tetraploid cultivars with the highest values were FHIA 02 (43.57 um) and
Tropical (43.37 um), and the triploids Thap Maeo (36.90 pm) and Maca (31.68 um) had intermediate values.
However, two triploid cultivars presented notable differences, with Prata Ana having a high value (45.18 pm),
a pattern that was observed for both the parenchyma measurements, and Caipira (29.31 um) showing no
significant difference from diploid cultivars, a trend that was observed in other measured variables such as
the thickness of the epidermis, hypodermis, and midrib region.

The thickness of the spongy parenchyma also showed no correlation with the ploidy levels of cultivars, and the
tetraploids Tropical and FHIA 02, along with the triploids Thap Maeo and Prata Ana had the highest values.

The proportion of the chlorenchyma (palisade + spongy parenchyma) thickness relative to the blade
thickness was 33.91% on average. The Princesa and Bucanero tetraploid cultivars showed lower values, with
an average of 28.81 and 29.15%, respectively, and the triploid cultivar Prata Ana had the highest value, with
an average of 40.96% of the blade thickness formed by the chlorenchyma.

One interesting feature that could be observed was the increase in the ratio of palisade parenchyma (PP) /
spongy parenchyma (SP) related to the increase in ploidy. Diploid cultivars had an average PP/SP ratio of 1.27,
while the average value was 1.75 for tetraploid cultivars. The investment in biomass is regulated by water and
carbon economy needs driven by environmental features. Thus, plants from places where water and irradiance
are not limiting factors can invest in carbon gain by increasing the PP/SP ratio.

Aspinwall et al. (2013) reported that genotypic variations that could be linked to climate were
independent of the ploidy effect. Genome duplication creates an impact that leads to initial
instabilities (Comai, 2005) that, according to Butterfield and Wood (2015) will be mitigated by the
plants’ need to “maintain homeostasis through plastic control of traits that affect physiology.” Since
most cultivars in this study are well established, it is possible that the initial effects of genome increase
in the polyploids were “modulated” by environmental factors, leading to a lack of direct
correspondence between some anatomical traits and ploidy level.

With respect to the stomata, banana leaves are characterized as amphy-hypostomatic, meaning that they
have stomata on both sides but in a greater quantity on the abaxial surface.

Table 3 shows the stomatal characteristics of the banana cultivars. For the abaxial stomatal density variable,
diploid Malbut had the highest density (119.57 stomata mm), triploids Caipira (73.29 stomata mm2), and Prata
Ana (73.43 stomata mm2) had intermediate values, and tetraploids Bucanero, Princesa, Tropical, and Garantida
had the lowest values, ranging from 54.43 to 65.14 stomata mm™2. A similar behavior was observed for the adaxial
stomatal density. The diploid genotype Malbut had a higher value (31.57 stomata mm™), similar to that of the
triploid Prata Ana (29.57 stomata mm?). Triploid Thap Maeo (24.00 stomata mm2) had an intermediate value and
the tetraploids Garantida, Tropical, and 102 yielded lower values, ranging from 18.43 to 19.86 stomata mm-2.

Table 3. Stomatal density (stomata mm2), polar and equatorial diameters (um) in abaxial and adaxial surfaces from banana accessions
with different ploidy levels!.

Stomatal characteristics?

Accessions Genome Ab. D. Ad.D. Ab. P. Ab. E. Ad.P. Ad. E.
Malbut AA 119.57 A 31.57 A 21.52E 12.36 D 23.74D 11.23E
NBA AA 82.43 B 23.57B 22.37E 14.63 C 23.74D 12.78 D
Caipira AAA 73.29C 15.86 D 25.01D 15.07C 31.34C 15.04 C
ThapMaeo AAB 60.57 D 24.00 B 29.80C 15.64 C 32.06 C 17.63 B
Prata Ana AAB 73.43C 29.57 A 30.63 C 15.36 C 32.08 C 16.74 B
Maga AAB 88.86 B 15.57D 28.25D 16.11 C 31.65C 16.05 B
FHIA 02 AAAB 73.43C 22.14B 32.38B 1948 A 37.36 A 19.69 A
Bucanero AAAA 64.71 D 22.29B 35.27 A 17.89 B 39.08 A 18.81 A
Princesa AAAB 58.00D 15.86 D 33.81 A 17.67B 37.48 A 17.60 B
Garantida AAAB 65.14D 19.43C 30.95C 18.44 B 33.84B 17.23 B
Tropical AAAB 54.43D 19.86 C 34.34 A 19.50 A 37.74 A 18.74 A
102 AAAB 69.43C 18.43 C 30.79C 17.54 B 3495B 17.36 B
BRS Platina AAAB 75.86 C 23.14B 32.67B 19.33 A 37.10 A 19.65 A

C.V.(%) 15.44 19.78 7.60 11.69 7.84 10.13

"Means followed by the same letter within the column belong to the same group according to the Scott-Knott test at 5% probability. *Ab. D. — Abaxial
stomatal density, Ad. D. - Adaxial stomatal density, Ab. P. — Abaxial polar diameter Ad. P. — Adaxial polar diameter, Ab. E. — Abaxial equatorial diameter,
Ad. E. - Adaxial equatorial diameter.
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In relation to the size of the stomata, the variable polar diameter of the abaxial side was lower in diploids
Malbut (21.52 pm) and NBA (22.37 ym) and the triploid values were greater than or equal to that of the
tetraploids. The equatorial diameter of the abaxial surface was lower only for the diploid Malbut (12.36 pm).
The NBA diploid and all the triploid cultivars had intermediate values, and the tetraploid cultivars showed
higher values that could be divided into two groups: one group was formed by Bucanero, Princesa, Garantida,
and 102, with values ranging from 17.54 to 18.44 ym, and another group was formed by FHIA 02, Tropical,
and BRS Platina, with values ranging from 19.33 to 19.50 ym.

A similar behavior was observed in the adaxial stomata, where the diameter was lower in the diploids
(Malbut and NBA with 23.74 um), and the triploids had intermediate values ranging from 31.34 to 32.08 um.
The tetraploids had higher values that could be divided into two groups: one group formed by Garantida (33.84
pm) and 102 (34.95 pm) and the other group formed by the other cultivars, ranging from 37.10 to 39.08 um.
For the variable polar diameter, the diploids Malbut (11.23 pym) and NBA (12.78 um) showed lower values, and
the triploid Caipira had an intermediate value (15.04 um). However, the other triploids along with tetraploids
Princesa, Garantida, and 102 had similar values ranging from 16.05 to 17.63 um. Finally, the tetraploids FHIA
02, Bucanero, Tropical, and BRS Platina showed higher values ranging from 18.74 to 19.69 um.

As expected, the stomatal density was inversely proportional to the ploidy level. This relationship is
explained by the fact that one of the nucleotypic effects associated with increased ploidy is increased stomatal
size and therefore, reduced stomatal density. The stomata of the abaxial surface showed good results in
relation to the recorded ploidy, revealing a tendency in which higher stomatal densities were found in
cultivars with lower ploidy, with reference to the Malbut cultivar, and the lowest densities were observed in
the tetraploid cultivars (Figure 1).

Hodgson et al. (2010) stated that the stomatal length and genome size are positively correlated and that it
appears to be a general feature of eudicots and monocots. According to them, polyploidy in closely related
lineages appears to cause genome size doubling and concomitant increase in guard-cell length.

According to Butterfield and Wood (2015), the increase in stomatal size due to genome duplication will be
compensated by environmental pressure that leads to a reduction in stomatal number. This is fundamental
to maintaining gas exchange at rates similar to those of diploid plants.

Simmonds (1948) and Vandehout et al. (1995) evaluated the relationship between ploidy and anatomical
characteristics of banana accessions, and suggested that the stomatal measurements be performed on the
adaxial side for easy measurement because this surface has fewer stomata. However, Vandehout et al. (1995)
found no clear relationship between ploidy and stomatal density. In the present study, the results obtained
for the adaxial surface were also not found to be a suitable parameter for ploidy evaluation. The small number
of stomata on the adaxial surface of the evaluated samples did not yield good results; thus, it is recommended
to evaluate the stomatal density on both the surfaces to achieve proper results.

Simmonds (1948) believed that stomatal evaluation is a valuable tool for the determination of ploidy in
banana cultivars. The author suggests that stomatal evaluation should be performed before laborious
chromosomal counting. After that, chromosomal evaluation should be performed within groups with different
ploidy levels, preferably in materials that present dubious information. This approach would provide reliable
results in less time, use fewer resources, and avoid excess workload.

Conclusion

Some of the evaluated traits showed results different from those expected for its ploidy level. This can
result from the effect of environmental factors on the genome, thereby “modulating” the ploidy effect to
physiological adjustments. The blade thickness in the fourth vascular bundle region of the leaf and
stomatal size and density are suitable parameters for characterizing banana cultivars according to their
ploidy level.
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