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Abstract: Understanding the cytological pattern of genome size and ploidy level of the bermudagrass
(Cynodon dactylon) is vital to explore the evolution pattern and breeding of the species. To study the
diversification of the cytological pattern of bermudagrass along the longitudinal gradient, the genome
size and ploidy level were measured and explored with the relationship to climate factors. The corre-
sponding ploidy level was verified through the mitotic chromosome counts method. Bermudagrass
accessions ploidy level included diploids, triploid, tetraploid, pentaploid and hexaploid with a basic
chromosome number of x = 9. The major ploidy level was tetraploid (45%) and aneuploidy was
commonly discovered in collected regions. Mean genome size of bermudagrasswas was estimated
to be 1.31 pg/1Cx along longitudinal gradient. The 1Cx values of diploid were higher than that of
triploid and tetraploid, while the tetraploid had minimum basic genome size. In the current study,
we observed that genome downsizing exists in tetraploids of Cynodon dactylon. Tetraploids have
a wider distribution than other ploidy levels, especially in arid areas, occupying a relatively high
proportion. In addition, at the same ploidy level, genome size was remarkably variable in the current
study. The coefficient of determination analysis showed that longitude and mean annual rainfall
were significantly correlated to genome size rather than ploidy level. This cytological study will
be helpful for further genetic mechanisms and molecular characteristics to landscape adaptation of
bermudagrass.

Keywords: Cynodon dactylon; flow cytometry; genome size; polyploidy; genome downsizing; longitude;
climate

1. Introduction

The grass family (Gramineae or Poaceae) includes about 789 genera and 11,738 species;
the genus Cynodon belongs to one of them [1]. Cynodon genera include nine species and sev-
eral varieties [2], widely used for turfgrass, forage, soil stabilization and remediation, and
phytoremediation [3]. Bermudagrass (Cynodon dactylon (L.) Pers.) is native to Africa and
widely distributed in tropical and subtropical regions worldwide [4,5]. In China, bermuda-
grass is distributed in the reaches of the Yellow River and its south and also sparsely
distributed in Xingjiang, Tibet, and Yunnan province [6,7]. The extensive geographic
distribution indicated that huge genetic variation potential existed in the bermudagrass
resource [8]. Bermudagrass accessions were considered autoploid and included diploids,
triploids, tetraploids, pentaploids, and hexaploids, with a basic chromosome number of
x=91[9,10].
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Studies of plant genome size and ploidy level play an important role in the progress
of genomics. The Feulgen microspectrophotometry of root tip or shoot tip mitotic cells
and the primordial digestion maceration technique have been applied for estimating the
genome size and ploidy level [11-13]. Flow cytometry is used to analyze cells and any
estimated change in ploidy level and genome size that has been applied to determine it in
several turfgrasses [14-17]. The method of measuring the genome size and ploidy level of
bermudagrass was first observed in the late 20th century [18]. The ploidy determination
provides a cytological basis for genetic diversity studies [16].

Bermudagrass is worldwide in distribution and has huge genetic variation. There are
quite a large number of research on the genus Cynodon. There are relevant experimental
studies on variation in ploidy level and genome size of Cynodon dactylon along a latitudinal
gradient [10]. However, latitude and longitude have different climates, such as temperature,
rainfall, and precipitation, that affect plant traits and evolution differently. The mean annual
precipitation decreases along longitude from east to west with the increase in altitude. Lon-
gitude is the main factor for studying the distribution of species. The distribution of Carex
physodes was controlled by longitude. Carex physodes is basically distributed in the longitude
range of 84° E~91° E of the Gurbantunggut Desert. [19]. Genetic isolation of longitude
gradient induced by mountain environment has also been found in other widespread
Eurasian plants [20]. In addition, studies have found that the number of species decreases
with increasing latitude. Before 86° E, richness decreased sharply with the increase of
longitude, but after 86°E, the number of species increased with elevation (from west to east)
in the Gurbantunggut Desert [19]. Meanwhile, the phenomenon of genome decreasing
and increasing ploidy levels is often observed in polyploids [21]. Genome downsizing
is defined as the mean DNA amount per basic genome decreased along with increasing
ploidy level. This phenomenon is common in angiosperms. For example, it occurs in six
monophyletic subdivisions of angiosperms (i.e., monocots, all eudicots, Caryophyllales, all
core eudicots, asterids, and rosids [21-23]. A considerable change in nuclear DNA amount
could be induced by environmental stress such as sudden heat, frost, and drought [24,25].
In many polyploids, natural selection on smaller c-values may simply be the main evo-
lutionary force driving genome downsizing. Genome downsizing may result from the
elimination of some specific DNA sequences and loss of chromosomal fragments in some
species following polyploid formation. The occurrence of this phenomenon was observed
after the formation of polyploid triticale [26-28]. It is also possible that genome downsizing
is associated with the activation of retrotransposons. The extent to which polyploids lose
DNA through this mechanism may depend on the species, as the degree of homologous
recombination may vary among different polyploids [22]. The examples provided by the
wheat model showed that genome downsizing may be a mechanism facilitating the success
of polyploid speciation events. Such genetic modifications may favor polyploids to gain
stability at the cytological and genetic levels [29].

There are several pieces of research on Cynodon dactylon (L.). However, the longitudinal
factors driving the evolution of genome size and the genome downsizing phenomenon in
Cynodon dactylon (L.) have never been investigated before. Here, we propose the hypothesis
that the genome downsizing phenomenon exists in Cynodon dactylon (L.), and it would have
a characteristic of adaptation to the mean annual rainfall by changing not ploidy level but
only genome size at the cellular level. Therefore, this study has two objectives: (1) Evaluate
the cytological pattern (ploidy level and genome size) of bermudagrass collected from
different longitudes. (2) Explore the relationship between ploidy level, genome size, climate,
and longitude in contrast with the latitude. Moreover, this cytological study could be
beneficial to enhance our knowledge of the evolutionary biology of bermudagrass and will
provide further development of more genetic resources for the breeding of bermudagrass.
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2. Materials and Methods
2.1. Plant Materials Collection

During the season of vigorous growth in July 2016, 260 bermudagrass individuals were
collected from the east to the west in 13 different regions along a continuous longitude gra-
dient in China. Bermudagrass was collected in the regions from 105 to 119° E of longitude
and 34° N of latitude (Figure 1). The experimental fields were in the range of 7 °C to 13 °C
for mean annual temperature (MAT). Meteorological data from about 30 years (1981-2010),
including mean average rainfall (MAR) and MAT, were recorded for the 13 sampled regions
(Table 1). Mean annual precipitation and temperature at the collection sites were provided
by the China Meteorological Administration. These sampled individuals were taken from
each region, and the distance between each individual was about 5 m. All bermudagrass
individuals were sampled and transplanted to the experimental field on Zhoukou farm.
However, some of them did not survive because of weather or other environmental factors.
Finally, 227 plants were analyzed with 15-19 individuals per population by flow cytometry
at the Henan Academy of Agricultural Sciences soon afterward (Table 1).
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Figure 1. Distribution of sampling sites. A, Lianyungang; B, Tancheng; C, Zaozhuang; D, Shanxian;
E, Lankao; F, Zhengzhou; G, Luoyang; H, Sanmenxia; I, Tongguan; J, Jingyang; K, Fufeng; L, Baoji; M,
Tianshui.

Table 1. Geography and climate information of bermudagrass populations collected from 13 different
longitude regions. Formatting of mathematical components.

Population Codes Regions Longitude (E) Latitude (N) Elevation (m) MAT (°C) MAR (mm)
A Lianyungang 119°27'06" 34°46'09" 50 10.6 883.9
B Tancheng 118°16'08" 34°38'37" 30 9.5 832.9
C Zaozhuang 117°49'20" 34°38/48" 89 10 820.3
D Shanxian 116°09'11” 34°46'31" 30 9.8 621.4
E Lankao 114°44’55" 34°49'32" 60 9.7 631.1
F Zhengzhou 113°38'20" 34°54'04" 90 9.9 640.8
G Luoyang 112°19'30" 34°43'20" 210 9.5 673.2
H Sanmenxia 111°03'49" 34°42'29" 340 94 558.1
I Tongguan 110°13'18" 34°33'41" 540 8.8 602.9
J Jingyang 108°50'07" 34°32/32" 410 13.5 504.1
K Fufeng 107°52'41" 34°20/35" 570 8 569.9
L Baoji 107°41'03" 34°21'54" 630 9.5 645.9
M Tianshui 105°57'34" 34°32/43" 1050 6.9 500.7
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2.2. Flow Cytometry Analysis

Flow cytometry (Cube8, Partec, Miinster, Germany) was used to estimate genome size
and ploidy level of bermudagrass at the China Henan Academy of Agricultural Sciences.
Fresh leaf samples were taken from the experimental field to the lab for flow cytometry
analysis. Preparation for samples was followed using a reagent kit of CyStain® PI to
determine genome size (Sysmex Partec gmbH, Goerlitz, Germany), as mentioned below.
Firstly, approximately 0.5 cm? (or less) of fresh and tender leaves were put in a plastic petri
dish. Secondly, a 500 uL nuclei extraction buffer was added. Thirdly, a sharp razor blade
was used to cut up the leaf tissues for 30-60 s, and then incubated for 30-90 s and filtered
through a 50 uM CellTrics® filter into a sample tube. Moreover, 2 mL of propidium iodide
was added. Finally, the solution was incubated for 30-60 min, protected from light at room
temperature, and then filtered through a 30 uM nylon mesh into a 5 mL test tube for the
next analyses. In this study, we selected leaves of Pisum sativum L. as the internal standard
because the genome size of Pisum sativum L. 4.397 pg/1Cx was reported in a previous
study and suitable for the investigation of bermudagrass or grass family (Plant DNA C-
values database accessed on 18 March 2017 http:/ /www.kew.org/cval/) [30,31]. At least
5000-10,000 cell nuclei were analyzed per sample. We analyzed the data of genome size by
CyFlow Cube 13 software. Three measurements (three replications) were obtained for each
sample, and the sample genome size was calculated by using the formula: sample genome
size (pg/1Cx) = [(mean value of the sample peak)/(mean value of the internal standard)] x
known genome size of internal standard. The genome size values: base-pair numbers was
1 pg: 978 Mbp [31]. Ploidy levels of bermudagrass were assessed by comparing genome
size with thresholds reported in [18]. The coefficient of variation (CV) of the GO/G1 peak
for all samples was measured, which can be used to assess the integrity of nuclei and
the variability of the DNA staining (Supplementary Table S1). The CV < 4 indicates the
reliability of the experimental trial to show the ploidy level [30].

2.3. Root Fixation and Chromosome Preparation

In order to confirm the results of ploidy level based on the flow cytometry estimation,
root tip samples of bermudagrass were used for chromosome counting. The sandy soil
was used to cultivate the stolon for further production of adventitious roots. Roots were
sampled in the early morning and counted by chromosome tablet method when growing
up to 0.5-0.8 cm. First, apical tissues were incubated with 0.05% colchicine for 4 h. Next,
apical tissues were rinsed with water for 10 min. After that, apexes were fixed for 24 h
using Carnoy’s fixative (anhydrous alcohol: glacial acetic acid = 3:1), and then samples
were washed three times using sterile water. Finally, apexes were put into 70% ethanol for
about 10 min. If longer storage was required, then soaked samples would need to stay at a
constant temperature of 4 °C. For chromosome preparation, we first dissociated the cell
walls of the apical root in HCL (1 mol/L) for 9 min at 60 °C and then flushed for 30 min
with flowing water. The slides were counter-stained with modified carbonate fuchsin and
examined under a Zeiss Scope.Al fluorescence microscope (made in Germany). More than
10 cells at metaphase were observed per operation using an optical microscope. There were
representative figures of chromosome counts for each ploidy level.

2.4. Data Analysis

Maximum, minimum, mean standard deviation (SD), and coefficient of variation (CV)
for genome size at each longitude site were estimated by using SPSS 22.0. ANOVA was
used to calculate the significant differences among populations and within populations
for genome size and ploidy level of bermudagrass. Pearson’s correlation coefficients were
used to analyze genome size, ploidy level, longitude, and climate shown by heat map
using Heml 1.0.3.3 software. Moreover, regression analysis was applied to estimate the
relationship between genome size, longitude, and environmental factors and the optimal
fitted standard regression equation. All statistical analyses were conducted using Excel and
SPSS 22.0 for Windows (SPSS Inc. Chicago, IL, USA).
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Genome size (pg/1Cx)

3. Results
3.1. Genome Size of Bermudagrass along Longitude Gradient

Genome size estimations of bermudagrass individuals ranged from 0.68 pg/1Cx in
Baoji to 2.24 pg/1 Cx in Tancheng (Figure 2). The mean genome size of all bermuda-
grass individuals was 1.31 pg/1Cx (Table 2). Genome size was significantly correlated
to longitude. The genome size would be smaller in regions at lower longitude, which
indicated that longitude was an extremely important factor in genome size variation. The
relationship between longitude and genome size was interpreted well by a quadratic curve
(r=0.267, p = 0.000) (Figure 3). In addition, genome size was significantly influenced by
MAR (mean average rainfall). Bermudagrass individuals with a smaller genome size are
more frequent in dry habitats. Regression analysis showed that the quadratic could explain
the relationship between genome size and MAR (r = 0.350, p = 0.000) (Figure 4).
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Figure 2. Maximum, minimum, median, and interquartile range of genome size of bermudagrass
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3.2. Ploidy Level of Bermudagrass in Different Sites

The method of chromosome counts was applied to confirm the accuracy of the ploidy
level of bermudagrass. The reliable ploidy of bermudagrass was determined by flow
cytometry in this study. The observed chromosome in bermudagrass was x = 9. The
number of chromosomes observed under light microscopy is consistent with the ploidy
level inferred by previous flow cytometry (Figure 5). Based on the position of referred
Pisum sativum L. as the internal standard and the value of genome size, six different ploidy
levels of bermudagrass were detected such as diploid, triploid, tetraploid, pentaploid,
hexaploid, and aneuploid (Figure 5). Tetraploids (45%) were the most common cytotype
across all the bermudagrass individuals. The second was pentaploid (18.3%), followed by
hexaploid (17.1%), while the aneuploid was ubiquitous in most regions (9.2%). The ploidy
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level with the least number of individuals was diploid (5%), which was slightly lower than
that of triploid (5.4%) (Table 3 and Figure 6). As regards the distribution pattern of ploidy
levels along the longitudinal gradient, tetraploids have a wider distribution than other
ploidy levels, especially in arid areas, occupying a relatively high proportion (40.7%). There
are also many tetraploid individualities distributed in low elevations (Table 3). Unlike
genome size, ploidy level was not highly correlated with longitude, although ploidy level
was significantly associated with genome size. The same phenomenon was also found
between MAR and ploidy level along the longitude gradient.

Table 2. Genome size of bermudagrass populations along longitudinal gradient.

Population . Number of Genome Size
Codes Longitude (E) Individuals 1 CxMean [pgl (Mbp)
A 119°27'06" 16 1.41 +£0.20 1378.98
B 118°16'08” 19 1.65 + 0.22 1613.70
C 117°49'20” 16 1.27 £0.19 1242.06
D 116°09'11” 18 1.12 £ 0.20 1095.36
E 114°44/55" 17 1.27 £0.23 1242.06
F 113°38'20” 15 1.56 + 0.20 1525.68
G 112°19/30” 19 1.17 £0.12 1144.26
H 111°03'49” 17 1.33 £ 0.20 1300.74
I 110°13'18” 19 1.06 + 0.07 1036.68
] 108°50'07" 18 1.43 +0.32 1398.54
K 107°52/41" 19 1.29 +0.22 1261.62
L 107°41'03" 19 1.17 £ 0.23 1144.26
M 105°57'34" 15 1.39 +0.25 1359.42
Total - 227 1.31 £ 0.26 1281.18
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Figure 3. Regression analysis between genome size and longitude.
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Figure 5. Mioic metaphase chromosomes of bermudagrass individuals with different ploidy levels as
follows: (a) diploid (2n = 18); (b) triploid (21 = 27); (c) tetraploid (2n = 36); (d) pentaploid (2n = 45);
(e) hexaploid (21 = 54); (f) aneuploidy (21 = 14); (g) aneuploidy(2n = 23); (h) aneuploidy (21 = 43).
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Table 3. The distribution of polyploids of bermudagrass in different longitudes.
Diploid Triploid Tetraploid Pentaploid Hexaploid .
Codes 0, 08 @ue2)  (ne36) (uo435 @uosy Aneuploid
A 11.11 5.56 22.22 50.00 11.11 -
B 5 - 20.00 25.00 45.00 5.00
C - - 70.59 5.88 5.88 17.65
D 11.11 5.56 50.00 22.22 5.56 5.56
E - 5.00 45.00 20.00 15.00 15.00
F 11.76 5.88 29.41 17.65 2941 5.88
G - 5.00 60.00 10.00 - 25.00
H - 6.67 20.00 33.33 33.33 6.67
I 10.00 15.00 65.00 - 5.00 5.00
] - - 40.00 5.00 40.00 15.00
K 10.00 15.00 40.00 20.00 10.00 5.00
L - - 78.95 15.79 5.26 -
M 6.25 6.25 25.00 31.25 18.75 12.50
Mean 5.00 5.40 45.00 18.30 17.10 9.20

The distribution of ploidy of bermudagrass is represented by percentage (%). The *-" indicates that the population
has no corresponding ploidy level.

Diploid C}

ynodon accessiol

W

ﬁL ~pisunT gaviin L.

Triploid Cynodon accessiol

3007
n

Tetraploid:‘Cynodon accession

i/ Pisum sativum L

i
UL

/Hexaploi:i Cynodon accession

 Pisum sativum L.

Figure 6. Flow cytometric histogram of representative ploidy levels of bermudagrass individuals:
(a) diploid; (b) triploid; (c) tetraploid; (d) pentaploid; (e) hexaploid.

3.3. Relationship between Ploidy and Genome Size

At the same ploidy level, the genome size of bermudagrass individuals was remarkably
variable. In the meantime, the mean 1Cx genome size of different ploidy levels showed
that hexaploid had a maximum value of genome size, while aneuploid had higher genome
size than diploid, triploid, and tetraploid (Table 4). In addition, 1Cx values of triploid
and tetraploid were lower than that of diploid, while the minimum 1Cx values existed
in tetraploid. ANOVA analysis showed that significant statistical differences existed in
genome size and ploidy level along the longitude gradient (Table 5).
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Table 4. The variation of genome size in different ploidy levels.

Ploidy Level 1 Cx Mean [pg] SD Range of Genome Size
Diploid 1.32 0.27 0.95-1.62
Triploid 1.21 0.22 0.91-1.68

Tetraploid 1.19 0.21 0.94-1.80
Pentaploid 1.45 0.23 1.03-1.97
Hexaploid 1.51 0.23 1.00-2.00
Aneuploid 1.33 0.28 0.99-2.03

Table 5. ANOVA analysis of genome size and ploidy level for each population.

Source of Variation Sum of Squares Df F p-Value
Among populations 6.236 12 11.858 <0.001
Genome size ~ Within populations 9.379 214
Total 15.615 226
Among populations 61.338 12 2.162 <0.05
Ploidy level ~ Within populations 506.028 214
Total 567.336 226

p < 0.05, p < 0.01: significant differences at probabilities of 0.05 and 0.01, respectively.

4. Discussion
4.1. Genome Size Variation of Bermudagrass along the Longitudinal Gradient

In plants, the change in genome size was considered to be correlated with some
geographical and environmental factors [32-34]. It was clearly indicated that significant dif-
ferences in genome size existed in different longitude sites. The coefficient of determination
analysis indicated that genome size was significantly associated with longitude. Previous
reports have confirmed this conclusion [35,36], while genome size was not significantly
correlated to the geographical distance matrix along the latitude gradient by Mantel tests.
The quadratic curve can properly highlight the relationship between genome size and
latitude, which was consistent with the tendency between genome size and longitude [10].
In addition, genome size was also significantly correlated with MAR and genome size as
well. The areas with less rainfall have smaller genome sizes, but their variation could not
be interpreted by MAR because the rainfall gradient is usually deemed to be the proxy for
a significant correlation between genome size and longitude [37]. The large genome con-
straint hypothesis predicts that populations with large genomes are restricted to narrower
environmental ranges because they do not thrive in extreme environments. The result of
this research revealed that smaller genome sizes appeared at the low longitude regions,
which supports the large genome constraint hypothesis that species with small genome
sizes are able to adapt to environmental variations owing to being short of evolutionary
limitations linked with a great deal of repetitive DNA [34,38]. Plants of smaller genome
sizes usually have shorter cell cycles in order to enable rapid plant growth during the period
of harsh climates. There was a temporary link between higher genome size and reduced
capability of adaption for the extreme and swift environment [39,40]. Bermudagrass with a
smaller genome size was believed to be more successful under stressful conditions such
as drought at lower longitudes in the current study. Survival and reproduction of species
with higher genome size could demand more energy supply and longer growth cycles,
which may put it at a selective disadvantage in source shortage environments [41]. Species
with large genomes tend to be excluded from extreme environments with a short growing
season [32]. Environment (altitude, temperature, and drought) appears to play a key role in
shaping genome size by imposing selective pressure on physiological and life-history traits
associated with genome size. In different environments, plants may control gene dosage by
changing genome size so that their gene expression, adaptation mechanism, physiological
mechanism, and traits change to adapt to different environments [37,38].
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4.2. Polyploidy of Bermudagrass along a Longitudinal Gradient

Polyploidy is necessary for the speciation process in plants and is mainly energy-
driving to biodiversity in angiosperms [42,43]. Comparative genomics is a further step to
confirm that one or more polyploidization events are experienced for their ancestry [44,45].
A certain percentage of diploid, triploid, tetraploid, pentaploid, and hexaploid was ob-
served, and the most common ploidy level was tetraploid. The probability of polyploidy
was as high as 85% in this study. The ploidy levels of bermudagrass have a similar
distribution in latitude [10]. After polyploidization, a series of changes in genome struc-
ture and gene expression will cause the polyploid to exhibit a new phenotype different
from its diploid ancestor. This change will facilitate the polyploid to enter a new eco-
logical niche [46,47]. Therefore, polyploids may be an evolutionary mechanism to adapt
to various environments, and tetraploids could be one of the most adaptable ecotypes
in bermudagrass. Tetraploids have a wider distribution than other ploidy levels in our
study. In addition, due to intergenomic recombination and multi-genome inheritance, plant
polyploidy can accelerate epigenetic inheritance and thus rapidly adapt to the ecological
environment [48-50]. In latitude, ploidy levels of mid-latitudes are lower than that of high
and low latitudes [10]. Longitude has no regular effect on ploidy level, which supports pre-
vious studies showing that plant ploidy level did nothing to their geographical conditions,
such as little bluestem and buffalograss [51,52]. The complex ploidy level composition of
each site and narrow range of temperature may be contributed to the unnoticeable effect
between ploidy level and longitude variation in this study. Temperature appears to be
the most important factor affecting the polyploid distribution [53]. It has been shown to
produce changes in cell division, cell expansion, and DNA endoreduplication, with effects
on cell size and the number of cells as well [54]. In the study of cabbage flowers, it is
found that there is a correlation between ploidy levels and cell size. The formation of large
differentiated cells is accompanied by increased ploidy levels [55]. At the sampling point
involved in our experiment, MAT ranged from 6.9 °C in Tianshui to 10.6 °C in Lianyungang,.
The temperature variation amplitude is too small. Ploidy level was not highly correlated
with longitude in our study. It seems that the latitude significantly affected the change of
ploidy level rather than the longitude in bermudagrass. By comparing the temperature of
longitude and latitude, it is clear that the range of temperature in latitude is wider than
in longitude. Cold weather at higher latitudes can increase percentages of polyploidiza-
tion [56]. A warm environment at low latitude would be more suitable for survival and
growth. The environmental pressure is smaller than other collected regions, which can
cause the phenomenon that higher ploidy levels happen in bermudagrass. Polyploids have
the ability to grow faster and produce more seeds than diploids [57,58]. From the above
facts, C. dactylon in different latitudes and longitudes suggested that polyploidization might
be an adaptation mechanism.

4.3. The Relationship between Genome Size and Ploidy Level in Bermudagrass along the
Longitudinal Gradient

At the same ploidy level, genome size was remarkably variable in this study, possibly
owing to the variation of chromosomal rearrangements and the occurrence of supernumer-
ary chromosomes [41,59,60]. For example, the amplification and insertion of transposable
elements or the evolution and amplification of satellite repeats [61,62]. Changes in genome
size play an important role in speciation [21]. On the distribution pattern of ploidy levels
along the longitude gradient, we found that tetraploids had lower 1Cx values than diploids.
The phenomenon is called genome downsizing [22]. Genome downsizing is widespread
in angiosperms [21-23]. Some studies have shown that this phenomenon can occur by
various recombinational mechanisms, such as unequal homologous recombination between
homologous chromosomes, sister chromatids, interchromatin [63-66], and illegitimate re-
combination [66]. Species with smaller genomes have more small stomata and higher
leaf vein densities [67]. A high density of small stomata can better absorb CO, while also
effectively improving water use efficiency [68,69]. In a nutrient-poor environment, natural
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selection may put pressure on the organism to eliminate unnecessary repetitive DNA
sequences, thus reducing DNA amount and reducing the biochemical costs associated with
this extra DNA [22]. Under these circumstances, individuals with smaller genome sizes
may be more dominant when competing with individuals with larger genome sizes [69]. In
the distribution pattern of ploidy levels along the longitudinal gradient, tetraploids have
a wider distribution than other ploidy levels. Especially in arid areas, tetraploids occupy
a relatively high proportion. Genome downsizing expands the range of final cell size.
Tetraploids may reduce the minimum cell size by shrinking the genome size to optimize
the trade-off between photosynthesis and water use efficiency to adapt to a wider range of
habitats [32,67,69,70]. Such genetic modification may be beneficial for polyploids to gain
stability at the cytological and genetic levels [65]. The findings of this study will provide
further knowledge of more genetic resources for bermudagrass breeding.

4.4. Aneuploidy of Bermudagrass Is Ubiquitous

Aneuploidy is put down to segregation errors and non-disjunction during cell division
via meiosis or mitosis. Aneuploidy was not only found in bermudagrass [71] but also
in many plant species discovered, such as sugarcane and wild switchgrass [72,73]. The
appearance of a fragile site could further interpret the occurrence of aneuploidy in plants,
which leads to an increase in the number of chromosomes. In plants, the existence of fragile
sites has been first studied in Lolium spp. Studies have found that the 455 rDNA regions
are chromosome-fragile sites in Lolium spp., expressed as gaps in vitro on metaphase
chromosomes of Root-Tip meristematic cells [74]. Bermudagrass may have fragile sites
with chromosome numbers that may be lower than the aneuploidy numbers. There may
also be other reasons to cause the phenomenon of aneuploidy in the bermudagrass, which
needs further research. It is a stable genome that plants need in order to live, and higher
instability than polyploidy existence in aneuploidy because of adding or subtracting the
number of chromosomes [75,76]. The presence of aneuploidy is harmful to species in most
circumstances, but it can enhance phenotypes sometimes when it occurs without serious
harm to growth [74,77,78]. Mostly bermudagrass is persistent by vegetative propagation,
which allows bermudagrass to bypass the “meiotic filter” and keep growing, just like the
growth pattern of sugarcane [79].

5. Conclusions

The mean genome sizes of different ploidy levels showed that hexaploids had a
maximum value of genome size, while the minimum genome size existed in tetraploids.
Genome downsizing was found in tetraploids of bermudagrass. Tetraploids are widely
distributed in arid regions. The individuals of bermudagrass with smaller genome sizes
could have the ability to adapt to dry and complex geographic conditions. In cytological
patterns, bermudagrass transformed the genome size rather than the ploidy level to adapt
to the longitudinal environment variation. Polyploidization and existing aneuploidy of
bermudagrass were specific phenomena to respond to the different geographic regions.
Longitude had little effect on the ploidy level; no regular pattern was observed in the
bermudagrass. It was observed that the plant ploidy level had no link to their geographical
conditions. The results of the cytological landscape study will provide a base for further
understanding of the genetic mechanism and molecular characteristics for the landscape
adaptation of bermudagrass.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy13081984 /s1, Table S1: The values of particles, mean,
median and CV of each sample in Cynodon dactylon and Pisum sativum L. were measured by
flow cytometry.
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