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Abstract

Saccharum spontaneum L., commonly known as wild sugarcane or kans grass, is a close wild relative of
sugarcane, representing the majority of terrestrial environments from the open ground to the shoreline.
Due to its diverse applications as food, fodder, food ingredients, medicine, household products, pulp
material, and even religious offerings, understanding the genetic relationships among populations is
crucial. The present study attempted to understand the phylogenetic and evolutionary relationships of six
field samples and two commercial samples from the chosen population of S. spontaneum in Tamil Nadu.
The genomic material was extracted and amplified using nuclear ribosomal DNA internal transcribed
spacer (nrDNA-ITS) and ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL)
sequences and compared with those obtained from the NCBI database. The evolutionary history was
inferred using MEGA11 software. The results showed that the presence of highly conserved sites in the
rbcL region led to a close phylogenetic relationship falling under a common clade, which could be useful
for molecular identification of this species. On the other hand, ITS markers were found to be useful for
determining the phylogeny of S. spontaneum via both phenetic and cladistic approaches. The ITS region
in this wild sugarcane has better discrimination ability despite the highly conserved sites with few rapidly
evolving sites. Four of the collected specimens showed a close relationship, along with two commercial
specimens, suggesting shared adaptations or a common geographic origin. Additionally, two other
populations were found to have diverged from the rest of the specimens, exhibiting low genetic distance,
indicating recent evolutionary divergence.

Introduction

The Saccharum (sugarcane) genus belongs to the Poaceae or Gramineae. Currently, the genus includes
sixteen taxonomically accepted species. Among these, Saccharum spontaneum L., classified as ‘wild
sugarcane’ along with S. robustum, boasts impressive resilience against cold, drought, barren land,
insects, and diseases (Bhuiyan et al. 2019; Dharshini et al. 2020; Kasirajan et al. 2021; Lai et al. 2022; Luo
et al. 2023). The term 'spontaneum' in the species epithet denotes 'spontaneous), likely indicating the
plant's rapid growth and its capacity to easily establish itself in widespread environments. Itis a
rhizomatous geophyte, and in cultivation, asexual propagation through stem cuttings is the preferred
mode of reproduction (Sreenivasan 1975).

In ancient Indian scriptures, S. spontaneum was mentioned as ‘Kasha’ grass used for weaving mats (Rig
Vedha verse 10.100.10) and for making whips (Rig Veda verses 1.22.3, 1.37.3 and 8.33.11). In Satapatha-
Brahmana, it has been mentioned as ‘Ashvavala’ (horse-tail) grass and is often identified as S.
bengalense, Desmostachya bipinnata, Eragrostris ciliaris and Imperata cylindrica and is collectively
named “Dharpa”, which are used for mats and sacrificial offerings during the Hindu rituals, such as
agnihotra, in various parts of India (Sheshadri 2013).

Economically, it is often used in the production of biofuels (Vaid et al. 2022; Dhungana et al. 2023), co-
digesters in biogas production (Mahardhika et al. 2022), pulp production (Ferdous et al. 2020), the
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preparation of biosorbents (Prens et al. 2022; Bharadwaj et al. 2023) and supercapacitors (Samantray et
al. 2021). Although the sugar content in this plant is lower than that in domesticated sugarcanes, this
plant has other potential traits that are important for plant breeding. It is a potential C-4 plant that offers
superior photosynthetic and water-use efficiency, which is vital for ecosystem resilience (Bhattacharya
2019). In addition, the species has traits such as increased tillering, ratoonability, vigour and hardiness
(Paterson et al. 2012).

As the germplasm contains important resistance traits, superior varieties in the modern day have been
developed using this species as a predecessor for interspecific hybridization. Thus, S. spontaneum is still
an important parental species (10-20% modern cultivar chromosomes; 80—-90% from S. officinarum) in
sugarcane breeding (Moore et al. 2013; Li et al. 2022). As early as 1921, sugarcane breeders employed
the disease resistance characteristics of S. spontaneum, crossing tropical species with Java S.
spontaneum (2n = 112) and developing a superior variety exhibiting strong resistance due to inheritance
(Aitken et al. 2018). Its valuable traits have made it a crucial resource for enhancing cultivated sugarcane
varieties. Notably, its hybridization with the noble cane S. officinarum led to the development of
economically important cultivars (Paterson et al. 2012). The plant exhibits polyploidy, and the
chromosome numbers of wild S. spontaneum varieties vary widely (2n=40-128,
euploidy/aneuploidy/polyploidy). In India, the tropical species S. spontaneum (2n = 64) is used to
produce innovative parental species with three consanguinities, Co281, Co290 and Co213; this
represented a second breakthrough in sugarcane breeding in the 20th century. In China, a series of new
lines were bred using Yacheng S. spontaneum (2n = 80) and Yunnan S. spontaneum 75-2-11 (2n = 64),
which are important parental species for sugarcane breeding (Yu et al. 2019). A chromosomal diversity
study revealed increased allelic and genetic variation in addition to increased gene flow among different
ploidy levels of S. spontaneum in India (Sobhakumari 2020; Dinesh Babu et al. 2022).

To date, only a few karyotypes of S. spontaneum have been successfully identified and utilized. Due to its
advantages over conventional phenotypic classification, molecular marker technology, including RAPD,
ISSR, TRAR, SSR, and AFLP, has been established as a valuable tool for sugarcane progeny identification
and genetic diversity evaluation in wild sugarcane germplasm resources (Mary et al. 2006; Alwala et al.
2006; Tew and Pan 2010; Aitken et al. 2018; Govindaraj et al. 2021; Shahzad et al. 2022). Understanding
the taxonomic evolution, interspecific diversity and intraspecific divergence is important for the future
prospects of this important wild sugarcane. With this background, the current study was designed to
evaluate the evolutionary taxonomy of selected populations of S. spontaneum present at major
harvesting sites in Tamil Nadu, India.

Materials and Methods

Sample Collection and DNA Isolation

A total of eight plant samples were collected; among these, six were from the banks of three major rivers
in Tamil Nadu: the Vaigai River (Manamadurai, Paramakudi), the Thamirabarani River (Papanasam,
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Srivaikundam) and the Cauvery River (Aaduthurai, Kallanai). The locations of sample collection were
chosen where the population was found to be abundant and often harvested for commercial utility

purposes. Additionally, two samples were obtained from commercial vendors located in Kamuthi and
Salem (Fig. 1; Table 1).

Table 1
Details of S. spontaneum sample collection
Specimen Ild  Location Latitude (Decimal Longitude (Decimal Elevation
Name Degrees) Degrees) (m)
PTMTMC Manamadurai  9.69827500 78.44971111 91
002
PTMTMC Paramakudi 9.55898611 78.57350278 63
102
PTMTMC Aaduthurai 11.02028333 79.48852778 42
005
PTMTMC Kallanai 10.83386944 78.82637778 79
103
PTMTMC Papanasam 8.71195556 77.36778056 98
008
PTMTMC Srivaikundam  8.63154444 77.90851111 45
105
Kamuthi Kamuthi 9.41140833 78.36702778 61
001*
Salem 001* Salem 11.63971111 78.15591667 305
*- Commercial sample

Approximately 200 g of fresh plant material from six field samples and predried material from two
commercial samples were used for DNA extraction using CTAB method (Doyle and Doyle 1987). The

extracted DNA was purified using a spin column kit to ensure high-quality genomic material. The genomic
regions selected for the present study included the nuclear ribosomal DNA internal transcribed spacer
(nrDNA-ITS) region (White et al. 1990) and the ribulose-1,5-bisphosphate carboxylase/oxygenase large
subunit (rbcL) region (Bafeel et al. 2011) and were amplified with suitable primers (Table 2).
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Table 2
Primers used in the genomic profiling of S. spontaneum

Genomic Target Primers Primer Sequence 5-3’ Reference
Internal Transcribed Spacer ITS1 TCCGTAGGTGAACCTGCGG White et al.
Region 1990
ITS4 TCCTCCGCTTATTGATATGC
Barcoding Regions rbcLa-F  ATGTCACCACAAACAGAGACTAAAGC Bafeel etal.
2011

rbcLa-R  GTAAAATCAAGTCCACCRCG

The amplification process was performed using a PCR Thermal Cycler Program (Eppendorf ProS,
Hamburg, Germany). The PCR thermal cycle for the ITS and rbcL markers consisted of one cycle of 5 min
at 94°C; 35 cycles of 30 sec at 94°C, 30 sec at 58°C, and 60 sec at 72°C; and a final cycle of 10 min at
72°C. Each PCR mixture contained 10 pl of Taq premix, 4 ul of water, 1.5 pl of forward primer, 1.5 pl of
reverse primer and 3 pl of DNA. The amplicons were visualized in agarose gel-separated (1X TAE buffer;
60 V for 1.30 h) bands previously stained with ethidium bromide under UV illumination.

Genomic Sequencing and Analyses

The extracted DNA was quantified using a Qubit4 Fluorometer (Thermo Fisher Scientific) with an
Invitrogen standard kit, and the amplified products were sequenced with a MinlON Mk1C (Oxford
Nanopore Technologies) Nanopore Sequencer. A sequence similarity search was performed with the
basic local alignment search tool (BLAST) from the NCBI database (Altschul et al. 1990), resulting in 100
sequences related to the ITS and rbcL regions. The eight genomic sequences from each ITS and rbcL
region were aligned with 100 BLAST sequences using the minimum evolution method and evolutionary
analyses (MEGA v11) software (Tamura et al. 2021).

Phenetic analysis was performed to calculate the evolutionary distance between the sequences. The
similarity of sequences was evaluated with 1000 bootstrap replications with gamma distribution rates
(G). Pairwise deletions were performed to remove the ambiguous positions in each sequence pair. The
unweighted pair group method with arithmetic mean (UPGMA) method was employed as a simple
clustering algorithm using the Tamura et al. (2004) substitution model. The transition/transversion ratio
(R) was calculated, where R tends to be 0.5 when there is no bias towards either substitution. To evaluate
the clustering further, the neighbour-joining (NJ) method was also employed using the K2P model
substitution according to Kimura 1980.

The cladistic approach involves a maximum likelihood (ML) method to construct the most probable
phylogenetic tree, which helps in understanding taxonomic evolution (Tamura et al. 2004). With an
automatically constructed initial tree, the most probable ML tree was constructed using the nearest-
neighbour-interchange (NNI) heuristic method with 1000 bootstraps.

The evolutionary relationships of taxa (ERT) were inferred using the minimum evolution (ME) method
(Rzhetsky and Nei 1992). The evolutionary distances in terms of the number of base substitutions per
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site were computed using the maximum composite likelihood method (Tamura et al. 2004). The ME tree
was searched using the close-neighbour-interchange (CNI) algorithm at a search level of 1 (Nei and
Kumar 2000).

Results

Phenetic and Cladistic analyses of the ITS region of S. spontaneum

The sequence lengths of the ITS region in the collected samples ranged between 516 and 652 bp. A total
of 108 sequences of S. spontaneum were aligned in MEGA11, resulting in 657 positions after pairwise
deletion. The phenetic approach modelled with a gamma distribution to estimate the rate variation
among sites resulted in an overall pairwise distance (d) of 0.2030. This shows that there is a moderate
level of diversity among the species analysed.

The simple clustering algorithm UPGMA was used for the calculated sequence pairs via the Tamura-Nei
model with a gamma distribution shape parameter of one. The UPGMA tree showed closely related
clusters of two commercial specimens and four collected specimens, Kamuthi 001, Salem 001, and
PTMTMC 005, 102, 103 and 104. However, PTMTMC 002 was grouped in another cluster with a relatively
close distance of 0.0209, and PTMTMC 108 was grouped in another cluster with a distance of 0.0443
from the six-taxon clade. The NJ clustering algorithm resulted in an optimal tree after 1000 bootstrap
replications (Fig. 2). The evolutionary distances in this NJ tree were calculated using the K2P model in
units of the number of base substitutions per site. In the NJ clustering tree, six specimens, Kamuthi 001,
Salem 001, PTMTMC 005, 102, 103 and 104, were grouped in a single clade with a close relationship.
However, PTMTMC 002 was grouped in a close clade with a distance of 0.0039. Similarly, PTMTMC 008
was also grouped in another clade at a distance of 0.0164 from the six-taxon clade.

The cladistic approach was also employed for constructing a maximum likelihood tree with a gamma
distribution and was scaled with the number of substitutions per site. The Tamura-Nei statistical model
was used to construct ML tree with superior topology, where nearest-neighbour-interchange (NNI) was
used as a heuristic search method. The tree had a maximum log likelihood of -2778.37 with a gamma
distribution (+ G) of 5 categories of 0.5778, indicating good fitness of the model.

The evolutionary relationships of taxa (ERT) were inferred using the minimum evolution (ME) method
(Rzhetsky and Nei 1992). The optimal tree was drawn to scale, where the Tamura-Nei statistical model
with the NJ method was used to compute the evolutionary distances in units of the number of base
substitutions per site (Fig. 3). The ME tree was searched using the close-neighbour-interchange (CNI)
algorithm. Seven of the collected specimens fell into a single clade of ERT with a close relationship;
among these, PTMTMC 104 seemed to have evolved most recently (collected from the Srivaikundam,
Thamirabarani River). This finding suggested a common ancestor for all these specimens and a distinct
evolutionary history from that of other subpopulations. As in the phenetic analyses, PTMTMC 008
(collected from Papanasam, Thamirabarani River) diverged and clustered in a closely related

neighbouring clade.
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The transition-transversion bias (R) was estimated, where the substitution pattern and rates were
modelled under the Tamura-Nei method (+ G). Previously, the initial tree for this tv/tr bias was constructed
with the gamma-distributed ML statistical method. The discrete gamma distribution was used to model
the evolutionary rate among the top 5 categories of sites (0.03, 0.20, 0.52, 1.15, 3.10 substitutions per
site), resulting in a + G value of 0.5787. The maximum log likelihood for this computation was -
2777.390. The ITS nucleotide composition used in this study was more biased towards C and G, as the
composition was A=19.27%, T=16.72%, C=32.41%, and G = 31.60%. An NJ tree constructed via the ML
method was used to estimate the substitution matrix. The substitution pattern and rates showed that
transitions (78.24%) were more likely than transversions (21.76%) in this dataset, as a result of the ML
substitute matrix estimation (Table 3).

Table 3
Maximum Likelihood Estimate of Substitution Matrix for the
ITS region

A T C G
A - 1.82% 3.52# 13.93"
T 2.10% - 36.82" 3.44%
C 2.10% 19.00" - 3.44%
G 8.49" 1.82% 3.52% -
Substitutions marked with *=transitional; #=transversional

In summary, these results align with expectations for plant ITS regions, and the genomic region is
suitable for exploring the genetic diversity, phylogenetic relationships, and evolutionary adaptations of S.
spontaneum.

Phenetic and Cladistic analyses of the rbcL region of S. spontaneum

rbcL was chosen as the barcoding region for the evolutionary and divergence studies. There were 85
nucleotide sequences with a total of 590 positions, including the 1st, 2nd, 3rd and noncoding regions of
rbcL. The phenetic approach involved a maximum likelihood estimate of the gamma parameter for site
rates, and the resulting shape parameter for the discrete gamma distribution was 0.1. Substitution
patterns and rates were estimated under the Jukes—Cantor model (+ G) (Jukes and Cantor 1969). The
overall pairwise distance (d) was 0.00004, which infers poor divergence and intraspecific diversity.

This was further confirmed by the UPGMA and NJ phylogenetic trees constructed using the Jukes-Cantor
Model to identify the evolutionary distances among the tested sequences. According to both clustering
algorithms, all the tested specimens were inclusively clustered in a single clade with an absolute absence
of diversification (Fig. 4). Similarly, the cladistic approach using the same JC model resulted in a
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phylogenetic tree with the highest log likelihood (-826.86) that also did not reveal any significant
diversification among the tested sequences.

The average nucleotide composition of the tested sequences was more balanced, with T=29.09, C=
21.57, A=26.20, and G = 23.14. Substitution patterns and rates were estimated under the Kimura-2-
parameter model (+ G). The estimated transition/transformation bias (R) for the rbcL region was 2819.98.
This revealed a strong bias towards transitions over transversions and was supported by the substitution
matrix of transition and transitional substitutions in a 1:3 ratio (Table 4).

Table 4

Maximum Likelihood Estimate of the Substitution Matrix for
the rbcL Region

A T c G
A - 8.33# 8.33# 8.33"
T 8.33% - 8.33" 8.33#
c 8.33% 8.33" - 8.33%
G 8.33" 8.33% 8.33% -
Substitutions marked with *=transitional; #=transversional

Discussion

Internal transcribed spacer (ITS) is the spacer DNA situated between the small- and large-subunit rRNA
genes either in the chromosome or in the transcript. The superior properties of this small nrDNA region
make it a more reliable molecular marker in angiosperm systematics (Baldwin et al. 1995; Yang et al.
2016; Packia Lekshmi et al. 2024). Previously, the ITS region alone or in combination with other
molecular markers was found to be a reliable indicator of phylogenetic relationships in Saccharum
species, including S. spontaneum and S. officinarum (Yang et al. 2016). The gamma distribution values
suggested that some sites in this ITS region are more conserved, while some are rapidly evolving with
high substitution rates. It is often recommended that regions with higher evolutionary rates are suitable
for better phylogenetic inference (Bacci et al. 2001). Some sites in the ITS region showing a high rate of
evolutionary change ensure the suitability of this region for phylogenetic studies of S. spontaneum, along
with other subtribes (Hodkinson et al. 2002).

Both the NJ and UPGMA clustering algorithms showed a similar grouping of six specimens (two
commercial and four collected) in the present study, with a close relationship evidenced by the
evolutionary distances. This close relationship may be attributed to potentially shared adaptations or
geographic origins of the riverine ecosystems on the plains. However, in both clustering analyses of the
ITS region, specimen PTMTMC 008 was found to have distinctly diverged from its common ancestor.
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This is possibly due to specific mutations or selection pressures unique to this specimen collected from
Papanasam (the Thamirabarani River) and recent diversification within the studied specimens. This
recent diversification of PTMTMC 008 (Srivaikundam) possibly features interspecific diversity despite its
collection from the same riverine sites (the Thamirabarani River) as PTMTMC 104. The evolutionary
distance between these two specimens was 0.038, which might be attributed to several factors.
Microenvironmental differences among these collection sites could drive genetic drift—evidenced by a
high rate of evolution at a single site—leading to a specific evolutionary trajectory.

The ITS region along with rbcL was chosen for molecular barcoding to understand the taxonomic
evolution and intraspecific diversification of S. spontaneum. Barcoding analyses with a combined
approach involving coding and noncoding regions were found to be more effective than those involving
separate methods (Kress 2017; Algarni 2022). Earlier, the rbcL region was found to undergo varying rates
of evolutionary change; thus, the selection of rbcL for phylogenetic studies requires exploratory studies,
especially in Saccharum species (Bousquet et al. 1992; Yun-Wu et al. 2002). In the present study, the
evolutionary rate of the rbcL region of S. spontaneum was very slow, and the sites were highly conserved.
Moreover, rbcL barcoding cannot efficiently discriminate the interspecific diversity of S. spontaneum,
whereas it can serve as a valuable candidate marker for the molecular identification of S. spontaneum.

Conclusion

These results show the distinction between ITS and rbcL as a combined approach of using coding and
noncoding regions as molecular markers; their utility can vary greatly depending on the research
objective, whether it is species identification, understanding evolutionary relationships, or exploring
genetic diversity. Although some regions, such as the ITS region, can provide detailed insights into
evolutionary relationships and species differentiation, rbcL, despite its limited phylogenetic resolution, is
valuable for species identification due to its conserved nature. These findings emphasize the importance
of marker selection in genetic studies, tailored to the specific objectives of understanding evolutionary
dynamics or achieving accurate species identification. However, the phylogeny of the rbcL region
identified in the present study cannot be utilized for molecular taxonomy or molecular evolution studies
but can be used for molecular identification because of the highly conserved sites of this region in S.
spontaneum.
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Figure 1

S. spontaneumsamplingsites: *field samples; »- commercial sample

Sub Population1 (36 taxa)

Sub Population2 (6 taxa)

—— PP106515 Saccharum spontaneum PTMTMC 104

—— PP106516 Saccharum spontaneum Kamuthi 001

PP106511 Saccharum spontaneum PTMTMC 102

PP106517 Saccharum spontaneum Salem 001

—— PP106512 Saccharum spontaneum PTMTMC 005

—— PP106513 Saccharum spontaneum PTMTMC 103

—— ONG692525.1 Saccharum spontaneum voucher PTMTMC 002

—— AB281146.1 Saccharum spontaneum genotype Bazpur-2

—— PP106514 Saccharum spontaneum PTMTMC 008

—— AB281140.1 Saccharum spontaneum genotype KansLocal

—— AB281145.1 Saccharum spontaneum genotype 1S-76-164

—— AB281144.1 Saccharum spontaneum genotype BG-20

Sub Population3 (16 taxa)

Sub Population4 (28 taxa)

Sub Population5 (3 taxa)

Sub Population6 (3 taxa)

KJ934346.1 Saccharum spontaneum clone Yunnan75-2-35

Sub Population7 (3 taxa)

Figure 2
Neighbour joining (NJ) tree of thelTS region obtained via phenetic analysis

Page 15/17



— Sub Pepulation] (38 taxa)

PP106515 Saccharum spontaneum PTMTMC 104

PP106516 Saccharum spontaneum Kamuthi 001

PP106511 Saccharum spontaneum PTMTMC 102

PP106517 Saccharum spontaneum Salem 001

PP106512 Saccharum spontaneum PTMTMC 005

PP106513 Saccharum spontaneum PTMTMC 103
ONB92525.1 Saccharum spontaneum voucher FTMTMC 002

— L AB281146.1 Saccharum spontaneum genotype Bazpur-2

PP106514 Saccharum spontaneum PTMTMC 008

AB281140.1 Saccharum spontaneum genotype KansLocal

AB281145.1 Saccharum spontaneum genotype IS-T6-164

ABZ281144 1 Saccharum spontaneum genotype BG-20

L Sub Population2 (15 taxa)

Sub Poulatien3 (36 taxa)

‘ Sub Populationd (4 taxa)
4-“ Sub Populations (3 taxs)
Jr——

om

Figure 3

Cladistic analysis of the evolutionary relationships of taxa (ERT) in the ITS region
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Figure 4
Neighbour joining (NJ) tree of the geneticanalysis of the rbcL region
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