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Abstract. Subgenus Melanocrommyum of the genus Allium (Amaryllidaceae) comprises morphologically diverse and taxono-
mically complex species, many of which are endemic to Central Asia. In this study, we sequenced and analyzed the complete
chloroplast genomes of five species, A. alaicum, A. altissimum, A. giganteum, A. isakulii, and A. karataviense, representing
five distinct taxonomic sections. All plastomes exhibited a typical quadripartite structure with conserved gene content. Ge-
nome sizes ranged from 151,960 to 152,725 bp. Codon usage showed bias toward AGA (Arg) and UUG (Leu), and a total
of 79-90 SSRs and 423 long repeats were identified. Divergence hotspot regions included accD, ndhD, and rps4, while ycf2
was highly conserved but showed a high w value, suggesting its possible adaptive evolution. Phylogenetic analysis based on
protein-coding genes consistently resolved two major clades for the studied species, supporting the monophyly of the group
and existing sectional classifications. This study provides valuable genomic data for Allium, highlights plastome evolution in
Melanocrommyum, and identifies markers for future phylogenetic and evolutionary studies.

Keywords: Allium, chloroplast genome, codon usage, nucleotide diversity, phylogenetic analysis, repeat sequences, SSRs,
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Introduction monocotyledonous plants, comprising about 1000
) ) _ formally recognized species, which are taxonom-
The genus Allium L. is among the most di-  jcally subdivided into 15 subgenera and 85 sec-

verse and taxonomically challenging genera of  tions (Friesen et al., 2006; Yusupov et al., 2022;
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Khassanov et al., 2023; Ergashov et al., 2025a). Be-
ing native predominantly to the temperate zones of
the Northern Hemisphere, the genus extends from
arid subtropical landscapes to boreal regions, show-
casing remarkable ecological amplitudes (Wheeler
et al., 2013; Rakhmataliev et al., 2025; Kurbaniyazo-
va et al,, 2026). Members of Allium exhibit a com-
bination of key morphological traits, such as free
or nearly free tepals, tunicated bulbs enclosed in
membranous or occasionally fibrous sheaths, and
distinctive inflorescence structures (Friesen et al.,
2006; Ergashov et al., 2025b).

The genus is not only taxonomically rich but also
economically significant. Several Allium species are
cultivated globally as staple vegetables and spices,
including onion (A. cepa L.), garlic (A. sativum L.),
shallot (A. cepa var. aggregatum L.), leek (A. ampe-
loprasum L.), and chives (A. schoenoprasum L.), in
addition to their traditional roles in herbal medi-
cine and horticulture (Keusgen et al., 2006; Yusupov
et al., 2021). As exploration continues, new species
are frequently described, expanding the breadth of
the genus and introducing new complexities to its
classification (Khassanov et al., 2023; Eker et al.,
2025).

Despite advances in molecular systematics, the
precise phylogenetic relationships within Allium,
especially at subgeneric and sectional levels, re-
main unresolved. Early efforts using nuclear ribo-
somal internal transcribed spacer (ITS) sequenc-
es provided an initial framework for genus-wide
phylogenetic hypotheses (Friesen et al., 2006; Li et
al., 2010). Subsequent analyses incorporating chlo-
roplast DNA regions — such as matK, rps16, and
trnL-trnF — offered additional resolution but left
several clades poorly supported or unresolved (Li
et al., 2010). These limitations underscore the need
for complete chloroplast genome sequencing to en-
hance resolution and confidence in phylogenetic
inference.

Among the subgenera of Allium, the subgenus
Melanocrommyum (Webb & Berthel.) Rouy is of
particular interest due to its considerable species
richness and distinctive morphological features.
With over 180 accepted species and subspecies, it
is recognized as the second largest subgenus within
Allium (Fritsch, 2016; Ergashov et al., 2025b). Giv-
en the unresolved phylogenetic framework within
this subgenus, there is a compelling need for com-
prehensive genomic data. Chloroplast genome se-
quences, with their conserved structure and high
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resolution for phylogenetic studies, provide a pow-
erful tool for resolving evolutionary relationships
and identifying regions of variability useful for fu-
ture taxonomic and evolutionary research (Alieva
et al., 2025; Dekhkonov et al., 2025; Nikitina et al.,
2025; Tojiboeva et al., 2025; Ergashov et al., 2026).

In this study, we sequenced and analyzed the
complete chloroplast genomes of five represent-
ative species from five distinct sections of Allium
subg. Melanocrommyum: Allium alaicum Vved., A.
altissimum Regel, A. giganteum Regel, A. isakulii
R.M. Fritsch & EO. Khass., and A. karataviense Re-
gel. The primary objectives were to: (1) explore and
compare the structural organization and gene con-
tent of their chloroplast genomes; (2) elucidate phy-
logenetic relationships among the selected taxa and
their relatives using complete plastome sequences;
(3) identify hypervariable regions in the plastomes
that can serve as molecular markers for future phy-
logenetic and population-level studies in Allium
subg. Melanocrommyum.

By integrating complete plastome data with ex-
isting phylogenetic frameworks, this study aims to
provide refined insights into the evolutionary dy-
namics of Allium subg. Melanocrommyum and con-
tribute to resolving long-standing taxonomic ambi-
guities in the genus Allium.

Materials and Methods

Taxon sampling and DNA extraction

Plant material for this study was collected from the
native habitats of each taxon. The five Allium speci-
es newly sequenced in this work, Allium alaicum, A.
altissimum, A. giganteum, A. isakulii, and A. karata-
viense, were collected from various locations across
Uzbekistan, Tajikistan, and Kyrgyzstan between
2019 and 2023. Species identification was carried
out by Professor F. Khassanov at the Institute of
Botany, Uzbekistan. Detailed field collection data,
including locality information and collection co-
des, are provided in Table 1. Voucher specimens for
all taxa have been deposited in the herbaria of the
Kunming Institute of Botany (KUN) and the Insti-
tute of Botany in Tashkent (TASH). Fresh leaf tissu-
es were dried using silica gel in the field to preserve
DNA integrity. Total genomic DNA was extracted
from the dried leaf material using a modified cetyl-
trimethylammonium bromide (CTAB) protocol as
described by Doyle (1991), with modifications opti-
mized for high-quality chloroplast DNA extraction.
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Fig. 1. Species of Allium subg. Melanocrommyum in their natural habitats. A: Allium altissimum, Madzherumsay tract, Nurata
Reserve, Nuratau Ridge, Uzbekistan, 20 May 2017; B: A. karataviense, rubble-stony scree, Kurama pass, Uzbekistan, 31 May
2021; C: A. giganteum, Taldybulak tract, Besharcha, Babatag Ridge, Uzbekistan, 25 May 2019; D: A. isakulii, Madzherumsay
tract, Nurata Reserve, Nuratau Ridge, Uzbekistan, 20 May 2017 (photos by N. Beshko)

Chloroplast genome sequencing, assembling, and
annotation

Following quality assessment of the extracted ge-
nomic DNA, approximately 1.5 ug of high-quality
DNA per sample was used for library preparation.
Paired-end libraries with an average insert size of
~350 bp were constructed, and sequencing was
performed using the Illumina HiSeq 4000 platform
(150 bp paired-end reads) at Beijing Novogene Bio-
informatics Technology Co., Ltd., Beijing, China.
Raw sequencing data were processed us-
ing the Next Generation Sequencing (NGS)
QC Toolkit with default parameters to remove
low-quality reads and adapter contamina-
tion (Patel, Jain, 2012). Clean reads were sub-
sequently assembled into complete chloroplast
genomes using the GetOrganelle pipeline (Jin

et al., 2020), with optimized parameters set to:
-F plant_cp -w 0.6 -0 -R 20 -t 8 -k 75,95,115,127.
The resulting complete plastomes were aligned
using Mauve v.2.3.1 within Geneious v.10.0.2 (Dar-
ling et al, 2010) to evaluate genome collinearity.
Gene annotation was also performed in Geneious,
using the annotated chloroplast genome of Allium
fetisowii Regel (NC_049100) as a reference. Start
and stop codons, along with intron/exon junctions,
were manually verified against previously published
chloroplast genomes of Allium to ensure annota-
tion accuracy (Kearse et al., 2012). Gene names and
functional categories followed the standardized no-
menclature of the Chloroplast Genome Database
(Cui et al., 2006; http://chloroplast.cbio.psu.edu).
All annotated chloroplast genome sequenc-
es generated in this study were submitted to the
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National Center for Biotechnology Information
(NCBI). The physical maps illustrating the structure
of the plastomes, including major components such
as the large single-copy (LSC), small single-copy
(SSC), and inverted repeat (IR) regions, were gen-
erated using OrganellarGenomeDRAW (OGDraw)
v.1.3.1 (Lohse et al., 2013).

Identification of repeat sequences and simple
sequence repeats

Repetitive sequences and simple sequence repeats
(SSRs) within the chloroplast genomes were analy-
zed to better understand their structural variation
and potential utility in molecular marker develop-
ment. The identification of long repetitive sequen-
ces was carried out using the program REPuter
(Kurtz et al., 2001), which detects four types of re-
peats: forward, reverse, palindromic, and comple-
mentary matches. The search parameters were set
with a Hamming distance of 3, a minimum repe-
at length of 30 base pairs, and a sequence identity
threshold of at least 90%. To further investigate mi-
crosatellite variation, SSRs were identified using the
MicroSAtellite (MISA) web tool (Beier et al., 2017).
The SSR search was configured to detect perfect
mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide
motifs, with minimum repeat thresholds of 10, 5, 4,
3, 3, and 3, respectively. These analyses enabled the
comprehensive characterization of both large di-
spersed repeats and small tandem repeats across the
five Allium chloroplast genomes, offering insights
into genome evolution and providing a foundation
for future studies in phylogenetics, species identifi-
cation, and population genetics.

Genome comparison, polymorphism analysis,
and codon usage analysis

To assess structural variation and sequence diver-
gence, the complete chloroplast genome sequences
generated in this study were compared with one
another and with previously published genomes of
other Allium species belonging to the subgenus Me-
lanocrommyum available in GenBank (https://www.
ncbi.nlm.nih.gov/GenBank, accessed 25 May 2025).
The comparative analysis included examination of
GC content and codon usage, both of which were
calculated using MEGA version 11. To evaluate nu-
cleotide diversity (Pi) and sequence polymorphism
across the entire chloroplast genome and specifi-
cally within protein-coding regions, a sliding win-
dow analysis was performed using DnaSP v.6.12.03
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(Rozas et al., 2017), with a window length of 800 bp
and a step size of 200 bp. For detailed visualization
of genome-wide variation, the program mVISTA
(Frazer et al., 2004) was employed in Shuffle-LA-
GAN alignment mode (http://genome.lbl.gov/vista/
mvista/submit.shtml, accessed 30 May 2025), using
the chloroplast genome of Allium fetisowii as the
reference. In addition, the Relative Synonymous
Codon Usage (RSCU) values were computed using
MEGA 11, to examine codon usage bias among the
selected taxa. This comprehensive comparative ana-
lysis provided insights into conserved and variable
regions, aiding the identification of evolutionary
hotspots and species-specific genomic signatures
within Allium subg. Melanocrommyum.

Gene selective pressure analysis

To evaluate the selective pressures acting on pro-
tein-coding genes within the chloroplast genomes,
rates of synonymous (dS) and non-synonymous
(dN) substitutions, along with their ratio (w = dN/
dS), were calculated using DnaSP v.6.12.03. These
analyses were performed on protein-coding genes
that are commonly shared across the five newly
sequenced chloroplast genomes. The dN/dS ratio
serves as an indicator of the type and strength of
natural selection acting on each gene, where w < 1
suggests purifying selection, w = 1 indicates neutral
evolution, and w > 1 implies positive selection. This
approach allowed for the detection of functional
constraints or adaptive signals in chloroplast genes,
contributing to a deeper understanding of the evolu-
tionary dynamics shaping plastid genome evolution
within Allium subg. Melanocrommyum.

Phylogenetic analysis

Phylogenetic relationships were inferred based on
complete chloroplast genome sequences from five
newly sequenced Allium species: A. alaicum, A.
altissimum, A. giganteum, A. isakulii, and A. kara-
taviense, along with 69 additional Allium species
obtained from the NCBI GenBank database (see
Supplementary Table S1 for accession details). To
root the phylogenetic tree, four species from closely
related genera were used as outgroups: Gilliesia gra-
minea Lindl., Milla biflora Cav., Pancratium mariti-
mum L., and Tulbaghia violacea Harv.

Multiple sequence alignment of all 78 complete
chloroplast genome sequences was performed us-
ing MAFFT (Katoh, Standley, 2013) with default
settings to ensure accurate alignment of conserved
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and variable regions. Phylogenetic trees were re-
constructed using three different approaches: Max-
imum Parsimony (MP), Maximum Likelihood
(ML), and Bayesian Inference (BI), to provide ro-
bust evolutionary insights.

MP analysis was conducted using PAUP version
4.10* (Swofford, 2003). All characters were treated
with equal weight, gaps were considered as miss-
ing data, and character states were treated as un-
ordered. A heuristic search strategy was employed,
incorporating tree-bisection-reconnection (TBR)
branch swapping with the Multrees option enabled,
and random addition of taxa with 1000 replications.

For the likelihood-based methods, the most ap-
propriate nucleotide substitution model was select-
ed using jModelTest2 on XSEDE (www.phylo.org),
based on the Akaike Information Criterion (AIC).
The Maximum Likelihood (ML) analysis was then
performed using RAXML v.8.0 (Stamatakis, 2014)
under the GTR + G model, with 1000 bootstrap
replicates to assess node support.

For Bayesian Inference (BI), the analysis was con-
ducted using MrBayes v.3.2 (Ronquist et al., 2011).
Two independent runs were performed, each with
four Markov Chain Monte Carlo (MCMC) chains,

for 1,000,000 generations. Trees were sampled every
100 generations, and the first 25% of sampled trees
were discarded as burn-in. Posterior probabilities
were calculated from the remaining trees to esti-
mate clade credibility.

The combined use of parsimony and likeli-
hood-based approaches provided a comprehensive
and well-supported phylogenetic framework for as-
sessing relationships within the subgenus Melano-
crommyum and across the broader genus Allium.

Results

Chloroplast genome features of Allium species

The complete chloroplast genome sequences of the
five newly sequenced Allium species have been de-
posited in the NCBI GenBank database (Table 1).
All five plastomes exhibit identical structural orga-
nization, gene content, and gene arrangement (Fig.
2). Each genome displays the typical quadripartite
structure characteristic of angiosperm chloroplasts,
consisting of a large single-copy (LSC) region, a
small single-copy (SSC) region, and two inverted
repeat regions (IRa and IRb) that separate the LSC
and SSC.

Table 1. Comparison of chloroplast genome features of five sequenced Allium species

Species name A. alaicum A. altissimum A. giganteum A. isakulii A. karataviense
Region Imom-ota, Nuratau Bobotog Mountains, | Mogultog Jalalabad
Andijon Region, | Mountains, |Surkhandarya Mountains, Khujand | Region,
Uzbekistan Uzbekistan Region, Uzbekistan |Region, Tajikistan | Kyrgyzstan
Accession number PQ306043 PQ306040 PQ306042 PQ306035 PQ306048
Entire plastome size (bp) 152460 152464 152535 152725 151960
IR size (bp) 26815 26247 26185 26316 26366
LSC region size (bp) 81964 82752 82879 82895 81168
SSC region size (bp) 16865 17218 17283 17198 17260
Number of coding regions 267 267 267 267 267
Number of genes 134 134 134 134 134
Number of protein-coding 87 87 87 87 87
genes
Number of genes 22 21 20 21 21
duplicated in the IR
Number of tRNA genes 38 38 38 38 38
Number of rRNA genes 8 8 8 8 8
Number of genes with 25 25 25 25 25
intron(s)
GC content of whole 36.9 36.9 36.9 36.9 37
genome (%)
GC content (%) 34.7/42.4/30.1 | 34.7/42.7/30.1 34.7/42.7/30 34.7/42.7/30.1 34.7/42.6/30.2
LSC/IR/SSC
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Fig. 2. Map of the newly sequenced chloroplast genome of the five species of Allium subg. Melanocrommyum. Genes inside
the circle are transcribed clockwise, gene outside are transcribed counterclockwise. The dark grey inner circle indicates the

GC content and the light represents AT content

Genome sizes range from 151,960 bp in A. karat-
aviense to 152,725 bp in A. isakulii. The LSC regions
vary in length from 81,168 bp (A. karataviense) to
82,895 bp (A. isakulii), while SSC regions range
from 16,865 bp (A. alaicum) to 17,283 bp (A. gi-
ganteum). The length of the IR regions spans from
26,185 bp in A. giganteum to 26,815 bp in A. alai-
cum.

8

GC content varied across genome regions, with
the IR regions exhibiting the highest GC content
(42.4% to 42.7%), followed by the LSC regions
(34.7%), and the SSC regions showing the lowest
GC content (30.1% to 30.2%) (Table 1). A total of
134 genes were identified in each genome, includ-
ing 87 protein-coding genes (PCGs), 38 transfer
RNA (tRNA) genes, and 8 ribosomal RNA (rRNA)

ISSN 2415-8860. Ukrainian Botanical Journal. 2026. 83 (1)
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Fig. 3. Comparative analysis of the LSC, IR and SSC boundary regions in the seven chloroplast genomes of Allium subg.
Melanocrommyum. The JLB represents the junction of LSC and IRDb, JSB indicates the junction of SSC and IRb, JSA denotes
the junction of SSC and IRa, and JLA signifies the junction of LSC and IRa (Accession numbers for Allium macleanii and A.

fetisowii are given in Supplementary Table S1)

genes. Notably, one copy of the rps19 gene was ab-
sent in all five species.

Among the identified genes, 20 were duplicated
within the IR regions. These included 8 PCGs (rpl2,
rpl23, ycf2, ycf15, ndhB, rps7, rps12, ycfl), 8 tRNA
genes (trnH-GUG, trnl-CAU, trnL-CAA, trnV-GAC,
trnl-GAU, trnA-UGC, trnR-ACG, truN-GUU), and
2 rRNA genes (rrn4.5, rrn5). The functional genes
identified in the chloroplast genomes were catego-
rized into three major groups: genes involved in
self-replication, genes associated with photosynthe-
sis, and genes with other functions (see Supplemen-
tary Table S2 for gene classifications).

Boundaries of IR regions and codon usage

Comparative analysis of the inverted repeat (IR)
boundary regions across seven Allium species be-
longing to the subgenus Melanocrommyum revealed

ISSN 2415-8860. Y kpaircokuti 6omaniunuii scypran. 2026. 83 (1)

minor structural variations, despite the overall con-
servation in gene number and order (Fig. 3). The
rps19 gene was generally positioned at the LSC-IRa
junction in most genomes analyzed. However, in
two species (A. giganteum and A. macleanii Baker),
rps19 was fully contained within the IRa region. In
A. fetisowii, both rps19 and psbA were found near
the LSC-IRD junction. In contrast, in several other
species, the second duplicate of rps19 was absent,
indicating independent loss events.

The ycfl gene, which spans the SSC-IRb junc-
tion, showed considerable variation in length
among species. The longer ycfl copy (located pri-
marily in the IRb region) ranged from 5,241 bp to
5,277 bp, while the shorter copy ranged from 1,083
bp to 1,692 bp. The portion of ycfl present in the
SSC region varied from 3,568 bp to 4,243 bp, and its
overlap with the IRb region ranged from 1,037 bp
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Fig. 4. Relative synonymous codon usage (RSCU) value and codon content of protein-coding genes in the chloroplast

genomes of the five species of Allium subg. Melanocrommyum

to 1,690 bp. In A. alaicum, the ndhF gene was found
directly at the SSC-IRa boundary, whereas in the
other species, ndhF was located at distances ranging
from 0 to 744 bp away from the junction.

These structural differences at IR junctions are
important markers for understanding the evolu-
tionary dynamics of chloroplast genomes and offer
useful phylogenetic signals for resolving relation-
ships within Allium.

The total length of protein-coding genes across
the seven analyzed plastomes was 61,332 bp, com-
prising a total of 20,420 codons. Codon usage bias
and amino acid frequencies were evaluated to un-
derstand translational preferences (Fig. 4). Among
the 20 amino acids encoded, Leucine (Leu), Serine
(Ser), and Arginine (Arg) were the most abundant,
whereas Methionine (Met) and Tryptophan (Trp)
were the least frequent.

The codon AGA, encoding Arginine (Arg), was the
most commonly used codon with a Relative Synony-
mous Codon Usage (RSCU) value of 1.90, followed by
UUG, encoding Leucine (Leu), with an RSCU value
of 1.44. In total, 34 codons had RSCU values greater
than 1, indicating a strong codon usage bias favoring
these synonymous codons. The most frequently used
stop codon across the species was UAG.
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Repeat Sequences and SSRs Analysis

The chloroplast genomes of the five newly sequen-
ced Allium species were systematically screened for
simple sequence repeats (SSRs) using the Mlcro-
SAtellite (MISA) tool (Beier et al., 2017). The total
number of SSRs identified varied among species,
ranging from 79 in A. isakulii to 90 in A. karatavi-
ense (Fig. 5A-B). Mononucleotide repeats were the
most abundant category, with counts ranging from
49 (A. giganteum) to 60 (A. karataviense). Among
these, adenine (A) repeats dominated, representing
the most frequent SSR motif.

Dinucleotide SSRs, particularly the AT motif,
were the second most prevalent class, with counts
ranging from 12 in A. alaicum to 15 in A. altissi-
mum. Tetranucleotide repeats (e.g., AAAT) were
observed in several species, including A. giganteum
and A. karataviense (7 each), and A. alaicum (5).
Pentanucleotide repeats were detected in all spe-
cies except A. karataviense, while hexanucleotide
repeats were rare and found only in A. isakulii (3
repeats). These SSRs represent potential molecular
markers for population-level studies, species identi-
fication, and evolutionary inference.

In addition to SSRs, a total of 423 long repeat
sequences were identified across the five species,
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comprising forward, reverse, palindromic, and
complementary repeat types (Fig. 5C). Forward re-
peats were the most abundant (n = 118), followed
by palindromic repeats (n = 100), and tandem re-
peats (n = 158). Among the species, A. giganteum
exhibited the highest number of long repeats, with
37 forward and 21 palindromic repeats, whereas A.
isakulii had the lowest, with 21 forward and 20 pal-
indromic repeats. These dispersed repeats may play
roles in structural genome rearrangement, recom-
bination, and evolution of the plastome.

Comparative genomic divergence, hotspot
regions and selection on functional genes

To explore divergence patterns across the chlo-
roplast genomes of subgenus Melanocrommyum,
nucleotide diversity (Pi) was calculated across the
complete genome, as well as within the LSC, SSC,
IR regions, and across protein-coding genes (Fig.
6A-B). The most variable regions, with Pi values of
0.02338 and 0.02175, were located between positi-
ons 113,760-114,632 bp and 58,946-59,773 bp, cor-
responding primarily to the SSC and LSC regions,
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coding region

respectively (Fig. 6A). Among the protein-coding
genes, accD, ndhD, and rps4 exhibited the highest
levels of nucleotide diversity (Pi > 0.007), indicating
potential hotspots of variation. In contrast, the ycf2
gene was the most conserved, with a Pi value of only
0.00029. Notably, more than half (50.09%) of the
protein-coding genes showed Pi values greater than
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0.003, and 29.09% exceeded 0.004, signifying consi-
derable variability across coding regions (Fig. 6B).
Comparative visualization of genome diver-
gence was further performed using mVISTA, with
A. fetisowii as a reference. The analysis revealed
high conservation in IR regions and protein-cod-
ing genes, while intergenic spacers and non-coding
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regions — particularly within the LSC and SSC —
exhibited greater variability (Fig. 7). These findings
highlight several loci suitable for future studies in
population genetics and species delimitation within
Allium subg. Melanocrommyum.

To assess selection pressure on functional genes,
the ratio of non-synonymous (dN) to synonymous
(dS) substitution rates (w = dN/dS) was calculated.
Most genes displayed w ratios below 1, indicative of
purifying selection. Several genes (atpA, atpE, atpH,
ndhl, ndh], ndhK, petB, petD, psaA, psaB, psaC,
psbA, psbB, psbD, psbE, psbH, rpsll, rpsl8, ycf3)
had w values of 0.0000, suggesting strong functional
constraints. However, the gene ycf2 showed a nota-
bly elevated w value of 1.40, possibly indicating re-
laxed or positive selection. Genes such as rpsI5 and
accD also exhibited relatively high w values (>0.6),
supporting the hypothesis of functional diversifica-
tion or adaptive evolution in specific plastid-encod-
ed proteins.

Phylogenetic analysis

Phylogenetic trees were reconstructed using Ma-
ximum Likelihood (ML), Bayesian Inference (BI),

and Maximum Parsimony (MP) methods based on
concatenated protein-coding gene sequences. All
three methods produced congruent topologies with
robust support at nearly all nodes (Fig. 8). The ana-
lysis confirmed the monophyly of the genus Allium,
which was subdivided into three major clades.

The species of Allium subg. Melanocrommyum
analyzed in this study were grouped into two
strongly supported clades. The first clade comprised
A. altissimum, A. giganteum, A. macleanii, and A.
isakulii. The second clade included A. fetisowii, A.
karataviense, and A. alaicum. These groupings were
consistently supported by posterior probabilities
of 1.00 (BI), and bootstrap support values of 100%
(ML and MP), providing strong confidence in the
evolutionary relationships among the sampled spe-
cies.

Discussion

In this study, we sequenced and analyzed the com-
plete chloroplast genomes of five species of Alli-
um subg. Melanocrommyum, each representing
a distinct taxonomic section: A. alaicum (sect.
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Acmopetala RM. Fritsch), A. altissimum (sect. Pro-
cerallium R.M. Fritsch), A. giganteum (sect. Com-
pactoprason R.M. Fritsch), A. isakulii (sect. Re-
geloprason Wendelbo), and A. karataviense (sect.
Miniprason R.M. Fritsch). These genomes also were
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compared with two previously published plastomes
of closely related Melanocrommyum species (A. feti-
sowii, A. macleanii) to evaluate patterns of structu-
ral conservation (Fig. 3).
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All five newly sequenced plastomes exhibited the
canonical quadripartite structure, consisting of a
large single-copy (LSC) region, a small single-copy
(SSC) region, and two inverted repeats (IRs), con-
sistent with prior findings in the subgenus and
across Allium (Xie et al., 2019, 2020; Munavvarov et
al., 2022; Jin et al,, 2022; Fu et al., 2023). Sequence
identity across most regions of the chloroplast ge-
nomes was high, underscoring structural conser-
vation; however, subtle differences were observed,
some of which may represent lineage-specific char-
acteristics of subgenus Melanocrommyum (Fig. 9).

Genome size variation is a well-documented fea-
ture in Allium, previously reported to range from
145,819 bp to 157,735 bp across members of the
family Amaryllidaceae, subfamily Allioideae (Xie et
al., 2019, 2020; Munavvarov et al., 2022; Fu et al,,
2023). The sizes of the five newly analyzed chlo-
roplast genomes — ranging between 151,960 bp
and 152,725 bp — fall well within this established
range (Fig. 2). This variation is largely attributed to
multiple evolutionary mechanisms, including gene
loss, intergenic region variability, and expansion or
contraction of inverted repeat regions (Chen et al.,
2022).

When comparing the junctions between the
IR and single-copy regions (LSC/IR and SSC/IR),
a high degree of similarity was observed among
the examined species. However, minor differenc-
es were detected in the positioning of key genes
such as rpl22, rps19, ycfl, and ndhF, consistent
with patterns observed in earlier studies on Alli-
um plastomes (Huo et al., 2019; Xie et al., 2020;
Munavvarov et al., 2022; Fu et al., 2023). Notably,
the rpl22 gene was consistently located within the
LSC region and positioned 317 to 403 bp away from
the JLB (junction of LSC and IRb) boundary in all
species of Allium subg. Melanocrommyum. These
subtle variations may reflect fine-scale evolutionary
dynamics within plastid genomes and can serve as
useful markers for resolving phylogenetic relation-
ships at the subgeneric level.

The codon usage analysis revealed strong bias-
es across the five cp genomes. The most frequently
used codons included AGA (Arginine) and UUG
(Leucine), with Relative Synonymous Codon Us-
age (RSCU) values above 1.9 and 1.4, respectively
(Fig. 4). Similar codon preference patterns have
been previously observed in angiosperm cp ge-
nomes and likely reflect translational efficiency or
nucleotide composition bias (Morton, 1998; Wang

et al., 2018). Among amino acids, Leucine, Serine,
and Arginine were the most commonly encoded
ones, while Methionine and Tryptophan appeared
least frequently, reflecting their single-codon re-
dundancy.

Nucleotide diversity (Pi) across the genomes
highlighted two highly variable hotspot regions
located in the SSC and LSC regions (Fig. 6A), in
agreement with findings by Fu et al. (2023) and Mu-
navvarov et al. (2022), who reported elevated diver-
gence in noncoding intergenic spacers and certain
protein-coding genes. In our analysis, genes such as
accD, ndhD, and rps4 showed the highest variation,
suggesting their potential as molecular markers in
phylogeographic and evolutionary studies. The ycf2
gene remained one of the most conserved loci (Pi
=0.00029), corroborating its highly constrained na-
ture in plastid evolution (Dugas et al., 2015).

The analysis of selection pressure via dN/dS (w)
ratios revealed that most genes are under strong
purifying selection (w < 1), especially those related
to core photosynthetic complexes such as psa, psb,
and ndh families (Fig. 6C). However, elevated w val-
ues for accD and rps15 (> 0.6) and a notably high w
for ycf2 (1.40) suggest relaxed or positive selection.
Similar patterns were previously reported by Li et
al. (2022), who linked such signatures to adaptive
plastid genome evolution in harsh environments.

The SSR analysis identified 79 to 90 microsat-
ellites across the five cp genomes, with A. karata-
viense containing the highest number (Fig. 5A, B).
Mononucleotide A-repeats were the most frequent,
followed by AT dinucleotides. These patterns align
with previous observations in Allium przewalski-
anum and other species of Amaryllidaceae (Xie et
al., 2020). The presence of several tetranucleotide
(AAAT), pentanucleotide, and rare hexanucleo-
tide motifs (found only in A. isakulii) suggests spe-
cies-specific repeat dynamics that may be useful for
population-level marker development.

Longer repeat types — forward, palindromic,
reverse, and complement — were also abundant,
with a total of 423 repeats detected (Fig. 5C). For-
ward repeats were the most common, especially
in A. giganteum, which harbored the largest num-
ber of both forward (37) and palindromic repeats
(21). These long repeats may contribute to plastome
rearrangements, although the absence of large in-
versions suggests that Allium plastomes are largely
stable (Maréchal, Brisson, 2010; Wicke, Naumann,
2018).
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The mVISTA comparison of the cp genomes
(Fig. 7) confirmed a high degree of sequence con-
servation in coding regions across the six analyzed
species of Allium subg. Melanocrommyum. Diver-
gent regions were primarily found in noncoding in-
tergenic spacers, especially in the LSC and SSC re-
gions, consistent with previous comparative studies
in Allium and other monocots (Li et al., 2019; Wang
et al., 2023). Such hotspots — e.g., between accD-
psal and ndhF-rpl32 — could serve as candidate
loci for phylogenetic and barcoding applications.

Phylogenetic reconstruction based on concat-
enated protein-coding genes yielded consistent
topologies across Maximum Likelihood (ML),
Maximum Parsimony (MP), and Bayesian Inference
(BI) analyses, with strong statistical support at all
major nodes (Fig. 8). The genus Allium was resolved
as monophyletic, divided into three well-supported
evolutionary lineages (EL1, EL2, EL3). The species
of Allium subg. Melanocrommyum formed a clear-
ly defined group within EL2 and were subdivided
into two clades: one comprising A. altissimum, A.
giganteum, A. macleanii, and A. isakulii, and an-
other consisting of A. fetisowii, A. karataviense, and
A. alaicum. These clades correspond to taxonomic
sections and support previous morphological and
molecular hypotheses (Friesen et al., 2006; Munav-
varov et al., 2022, Yusupov et al., 2022).

Conclusion

This study provides new genomic insights into five
species of Allium subg. Melanocrommyum. The
plastomes show overall structural conservation but
also exhibit subtle variations in IR boundaries, co-
don usage, and repeat composition that reflect line-
age-specific evolution. Several highly variable genes
and regions — such as accD, ndhD, and intergenic
spacers in the LSC and SSC — were identified as
promising markers for phylogenetic and populati-
on-level studies. Selection analyses revealed mostly
strong purifying selection, with a few genes sho-
wing signals of adaptive evolution. Phylogenetic re-
construction strongly supported the monophyly of
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Allium subg. Melanocrommyum and clarified speci-
es relationships consistent with established taxono-
my. Overall, these results enhance our understan-
ding of plastid genome evolution in this subgenus
and provide valuable resources for future evolutio-
nary and systematic research.
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IToBHi XT0pOIUTACTHI TeHOMM I'ATH BU/IB HigpOXy
Melanocrommyum popny Allium (Amaryllidaceae)

L. EPTAIIIOB !, I. OPIHBOEB 2, T. IOKIPOBA 2, M. I0/ITALIIOBA 2,

M. KYPBOHOBA 3, M. AKBAPOBA 2, A. TOTAEB *, 3. OCYIIOB !

! TncturyT 6oraniku AkageMii Hayk PecriyGriku Y36exuctaH, TamkeHT, Y36exnucran
2 Qeprancpkuit sepxxaBHuii yHiBepcutet, Peprana, Yabekucran

* TypaHcbkmit Mi>kHapoguuii yHiBepcuteT, Kapmii, Y36ekucran

* TepmesbKuil yHiBEpCUTET eKOHOMIKM Ta cepBicy, Tepmes, Yabexucran

Pedepar. Ilifpin Melanocrommyum pony Allium (Amaryllidaceae) npencrasiennit MOp¢GOIOri4HO Pi3HOMAHITHUMI i TaK-
COHOMIYHO CK/IaJHVMI BUJaMI, IMMAJIO 3 IKUX € eHaeMiuHuMu ajist LleHTpanbpHol Asii. Y 1ipoMy JoCTimKeHH] 6Y/I0 cekBe-
HOBAHO 1 IIPOaHAII30BaHO MOBHI X/IOPOIUIACTHI TeHOMU I'siTu BUAIB — A. alaicum, A. altissimum, A. giganteum, A. isakulii
Ta A. karataviense — 3 II'ATY Pi3HUX TaKCOHOMIYHMX CeKILill. Yci IIACTOMU JeMOHCTPYBA/IM TUIIOBY YOTUPULONBHY CTPYK-
TYPY 3 KOHCEPBAaTUBHIM BMICTOM TeHiB. Posmipu renomy xonmusamucsa Bif 151 960 go 152 725 n.H. BuxopucTranns KooHiB
nokasaso 3mimenus B 6ik AGA (Arg) ta UUG (Leu), a 3araom 6yro inentudikoBano 79-90 mpocTux mosTopis (SSRs) i
423 posri mosropu. JinsHKM iHTeHCHBHOI AuBepreHuil BKmodam accD, ndhD ta rps4, Toxi sik reH ycf2 6YB BUCOKOKOHCEP-
BAaTUBHUM, IPOTe€ MaB 3HAYHUI MOKA3HUK W, IO CBiJYNTH PO MOXK/IMBY a[JalITUBHY eBomoNilo. DijoreHeTMYHNI aHai3
Ha OCHOBI TeHiB, 11J0 KOAYIOTb 011K, IOCTiIZOBHO BU3HAYMB [Bi OCHOBHI K/Tafy KOCIIKEHNX BU/IB, MiATBEPAKYIOUN MOHO-
dinio migpomy Ta cydacHy Knacudikariro Ha piBHi cexniit. Lle mocmikeHHA Hajlae BayK/IMBi TeHOMHI [JaHi 171 poxy Allium,
BUCBIT/IIOE €BOJIIOLIIO IIACTOMIB V mifponi Melanocrommyum i BU3Ha4a€ MapKepu AL IIOJA/IbIINX (PiITIOreHeTNYHNX Ta
€BOJTIOLIITHUX TOCITiIKeHb.

Kmrouosi cmoBa: Allium, SSR, BUKOpUCTaHHA KOJOHIB, HYK/ICOTU/IHA PiSHOMAaHITHICTb, miapin Melanocrommyum, HOBTOpPHI
HOCTZOBHOCTI, Bi/TOTeHeTUYHMIT aHai3, X/IOPOIIACTHIIT T€HOM
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