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Abstract

The subgenus Rhizirideum in genus Allium consists of 38 species across the world. Previous studies on this subgenus
mainly focused on separate sections. To investigate the adaptive evolution and phylogenetic relationships of this subgenus,
we selected eleven species of subgen. Rhiziridem to conduct the comparative plastome analysis. As a result, the Rhizirideum
plastomes were relatively conservative in terms of structure, IR/SC borders, codon usage, and repeat sequence. Unlike the
previous reports, A. polyrhizum, representing section Caespitosoprason, was resolved as the basal taxon of subgen.
Rhizirideum. Most of the single-copy CDSs were under purifying selection, while eleven genes presented relaxed selection,
such as atpB, psbD and rbcL, which were mainly involved in the photosynthesis and respiration processes. The
pseudogenization and relaxed selection of genes, the introns, the slight shift of IR/SC borders and the low GC content can be
ragarded as the adaptation of plants to the environment. Our study highlighted the advantage of plastid genomes in
reconstructing phylogenetic relationships. Also, we considered that section Caespitosoprason needed to be separated from
section Rhizomatosa. In summary, our research provided new insights into the phylogeny, adaptive evolution, and taxonomy
of subgen. Rhizirideum.

1. Introduction

Allium (Allioideae, Amaryllidaceae), one of the largest genera of monocots, has more than 900 verified species on the Earth
(Herden et al., 2016). Many species in this genus have been used for edible (e.g., A. sativum, A. tuberosum, A. porrum),
medicinal (e.g., A. sativum, A. victorialis, A. cepa) and ornamental (e.g., A. giganteum, A. wallichii, A. moly). Actually, genus
Allium was originally established by Linnaeus in Species plantarum (Linnaeus, 1753), which initially contained only 30
Allium species sorted into 3 alliances. Subsequently, many scientists published a large quantity of new Allium taxa, and
analyses on the taxonomy and phylogeny of Allium also emerged because of the complicated relationship within this genus.
Then, Regel's monograph included 263 species and distributed them into 6 sections (Regel, 1875, 1887). Afterwards, Traub
(1968) sorted 600 Allium species into 3 subgenera, including 36 sections and subsections. And Wendelbo (1969) first
proposed the subgenus Rhizirideun. After that, Kamelin (1973) revised the phylogeny of Allium and classified it into 6
subgenera (44 sections & subsections). In Kamelin's taxonomy, the subgenus Rhizirideum contained 150 species, such as A.
cepa, A. senescens, and A. ramosum and further sorted them into 12 sections and subsections as Sect. cepa, Sect.
Butomissa, Sect. Rhizirideum. Later, Friesen et al. (2006) reconstructed the phylogeny of Allium based on ITS data and
divided it into three main evolutionary lineages. Friesen et al. (2006) put the new subgenus Rhizirideum forward (Subgen.
Rhizirideun in the following) and distributed approximately 780 Allium species into 15 genera (72 sections). At the same
time, the previous subgenus Rhizirideum was disproved and found to be nonmonophyletic. Sixteen species (e.g., A.
senescens) in the previous subgenus Rhizirideum were still assorted into the new one while the others were assorted into
other subgenera such as Anguinum (e.g., A. victorialis), Cepa (e.g., A. cepa), and Butomissa (e.g., A. ramosum). And subgen.
Rhizirideum included five sections: Rhizirideum, Rhizomatosa, Tenuissima, Eduardii, and Caespitosoprason. Recently, Li et al.
(2016) provided adequate evidence for the monophyly of subgen. Rhizirideum based on chloroplast DNA fragments data.
Friesen et al. (2020) then merged section Caespitosoprason into section Rhizomatosa under subgen. Rhizirideum.

At present, subgen. Rhizirideum consists of four sections (Rhizirideum, Rhizomatosa, Tenuissima, Eduardii) and thirty-eight
species in total (Friesen et al., 2006; Jang et al., 2021). It was located in the third lineage of the Allium phylogeny. Species in
this subgenus were characterized by obvious rhizome, leaves subcylindrical to flat, perianth white to purple, ovary with 2
ovules per locule, and inner filaments broadened at the base (Fig. 1, Figure S1).

Studies of species in subgen. Rhizirideum have been conducted frequently in the past century (Shopova, 1966; Friesen, 1992;

Dubouzet et al., 1997; Do and Seo, 2000; Raamsdonk et al., 2000; Kim et al., 2007; Lee, 2001; Raamsdonk et al., 2003; Ricroch

et al,, 2005; Friesen et al., 2006; Ozler and Pehlivan, 2010; Rola, 2014; Li et al., 2016; Friesen et al., 2020). It was found that

the chromosome base number of this subgenus was eight and the ploidy was mainly 2x or 4x. And Species in this subgenus

spread over the Eurasian steppe. Sinitsyna et al. (2016) divided section Rhizirideum into two geographical groups, the Asiatic

and European groups. The diversification and speciation of this section coincide with the history of the modern Eurasian
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steppe. Meanwhile, the latest study of section Rhizomatosa on biogeography indicated that species in this section were
distributed in the Central Asian steppe and the distribution was in accordance with the history of the landscape and climate
(Friesen et al., 2020). However, some of the phylogenetic studies were focused on the previous subgenus Rhizirideum and
the others were focused on section Rhizirideum and section Rhizomatosa. Phylogenetic analysis on section Tenuissima and
section Eduardii were lacking so that more fieldwork and further analysis should be undertaken.

In recent years, the complete chloroplast genome has been popular for its conservative structure, low recombination rate, and
enormous genetic information. It has been widely used in the field of phylogenetic reconstruction and adaptive evolution (Li
etal, 2021; Tang et al., 2021; Wen et al., 2021). Several Allium taxa have also been studied on their plastomes, for instance,
section Cepa, Daghestanica, and subgenus Cyathophora (Xie et al.,, 2019; Yang et al., 2020; Zyab et al., 2021). Xie et al.
(2020) reconstructed the phylogenetic relationship of the genus Allium with thirty-nine complete chloroplast genomes and
revealed the evolutionary features of Allium. However, similar studies on the subgen. Rhizirideum have not yet been reported.
Previous phylogenetic studies of subgen. Rhizirideum were mostly based on ITS or plastid DNA fragments, which provided
limited information for infrageneric relationships. Furthermore, analysis of adaptive evolution was also inadequate. Thus it is
necessary to further investigate the composition, structure, and evolution of subgen. Rhizirideum plastomes. We collected
eleven species in Subgen. Rhizirideum and combined twenty-two related species to conduct comparative chloroplast
genome analyses. Our aims are as follows: (1) to compare the structures and genetic compositions of plastomes of 11
Rhizirideun species and (2) to reconstruct the phylogeny of subgen. Rhizirideurn; (3) to analyze the adaptive evolution of
subgen. Rhizirideumn species.

2. Results
2.1 Plastome structure of subgen. Rhizirideum species

The subgen. Rhizirideumn plastomes shared a quadripartite circular structure with two inverted repeats (IRa & IRb), one large
single copy (LSC), and one small single copy (SSC) (Fig. 2, Table 1). The sizes of eleven Rhizirideum plastomes ranged from
153,667 bp to 153,257 bp, and the overall GC content of them ranged from 36.8-36.9%. Each plastome contained 141
genes, among which there were 87 or 89 protein-coding sequences (9 or 10 in IRs), 30 tRNA-coding genes (8 in IRs), and 4
rRNA-coding genes (4 in IRs). Moreover, 26 genes were found to be interpreted by introns (Table 2). The gene clpP, rps12, and
yef3had two introns inserted into their sequences. And the trnK-UUU gene had the longest intron, where the matK gene was
located. The rps72is a trans-spliced gene with the 5-end in the LSC region and the duplicated 3'-ends in the IR regions.
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Table 1

Summary of the subgenus Rhizirideum plastomes

Taxon

Allium spirale

Allium
senescens

Allium nutans

Allium
mongolicum

Allium
polyrhizum

Allium
bidentatum

Allium
caespitosum

Allium
tenuissimum

Allium
anisopodium

Allium eduardii

Allium
przewalskianum

Total
genome

length(bp)
153,549
153,516

153,456
153,667

153,614
153,443
153,667
153,459
153,407

153,497
153,257

GC
content(%)

36.8
36.8

36.9
36.8

36.8
36.8
36.8
36.8
36.8

36.9
36.9

IR
length
(bp

26,493
26,491

26,487
26,490

26,450
26,459
26,490
26,491
26,491

26,732
26,437

*Numbers in brackets note the number of genes in IRs.

LSC
length

(bp

82,576
82,548

82,531
82,645

82,624
82,504
82,643
82,484
82,426

82,296
82,410

SSC
length

(bp

17,987
17,986

17,951
18,042

18,090
18,021
18,044
17,993
17,999

17,737
17,973

Gene
Number

141

141

141
141

141

141

141

141

141

141
141

Protein-
coding

genes
89(10)
89(10)

87(9)
87(9)

87(9)
89(10)
87(9)
87(9)
87(9)

89(10)
89(10)

tRNAs

38(8)
38(8)

38(8)
38(8)

38(8)
38(8)
38(8)
38(8)
38(8)

38(8)
38(8)

rRNAs

8(4)
8(4)

8(4)
8(4)

8(4)
8(4)
8(4)
8(4)
8(4)

8(4)
8(4)
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Table 2
Summary of genes interrupted by introns in Rhizirideum plastomes

No. Gene Region Exonl(bp) Introni(bp) Exonli(bp) Intronli(bp) Exon lil (bp)
1 atpF LSC 144* 789 411*

2 clpP LSC 69+ 1094 294+ 879 252+
3 ndhA SSC 558+ 1128 540%

4 ndhB IRb 777+ 701 756%

5 ndhB IRa 777" 701 756"

6 petB LSC 6" 920 642"

7 petD LSC 8- 746 514~

8 ml16 LSC 9+ 1042 399*

9 ml2 IRb 387+ 659 432%

10 pl2 IRa 387 659 432

11 rpoC1T LSC 432+ 759 1623*

12 rpsiZa LSC,IRa 114+ 69984 232" 542 26~
13 rpsizb LSCIRb 114+ 28994 232+ 542 26%
14 rps16 LSC 40* 846 197*

15  tmA-UGC IRb 38" 815 35+

16  tmA-UGC IRa 3g+ 815 35*

17  tmG-TCC LSC 23~ 692 49

18 tml-GAU IRb 37- 934 35

19  tml-GAU IRa 37+ 934 35*

20  tmL-UAA LSC 35" 305 50°

21 tmV-UAC LSC 37+ 598 37*

22 ycf3 LSC 129* 722 228* 738

23 ycf68 IRb 42- 31 411 153%
24 ycf68 IRa 42+F 31 411*

25  tmK-UUU LSC 37+ 2564 35*

*The data in this table is from Allium senescens plastome.

Multiple alignments of Rhizirideum plastomes showed similar structural features. Equivalent distribution patterns of GC

islands were displayed among eleven Rhizirideun plastomes (Fig. 2, rings a-b). LSC and SSC regions, especially the former,

showed lower sequence identities than those of IR regions. In the single copy (SC) regions, Rhizirideum species share several
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divergent sequence sites. For instance, A. anisopodium and A. tenuissimum from Sect. Tenuissima (Fig. 2, rings g-h), as well
as A. eduardii and A. przewalskianum from Sect. Eduardia (Fig. 2, rings I-m) shared five highly divergent sites with A.
senescens in the LSC region (psbK ~ trnS-GCU, trnT-GGU ~ psbD, trnP-UGG ~ psad, clpP~ psbB, rps8 ~ rpl14) and one in the
SSC region (rpl32 ~ trnL-UAG). Besides, diagram drawn by mVISTA (Fig. 3) showed sequence identities of different regions in
Rhizirideurn plastomes straightforward regarding A. senescens as a reference. As indicated, exon regions had higher identity
values than UTR and CNS regions. IR regions also had higher sequence identities than SC regions.

We selected 112 genes (Fig. 4A) and 100 intergenetic regions (Fig. 4B) to compute their nucleotide diversity (Pi) values by
using DNasp software. As the results indicated, the average Pi value of the genes (0.0191) was smaller than that of the
intergenetic regions (0.0421). In terms of Pi values, the top three genes were rp/32 (0.0859), rps76 (0.0406), and ndhF
(0.03934), while the top three intergenetic regions were rps75-ycf1(0.0775), ndhF-rpl32 (0.0757) and ccsA-ndhD (0.0717).

2.2 IR/SC borders

Lengths of the IR and SC regions of the eleven subgen. Rhizirideun plastomes were compared (Fig. 5). In the results,
A.eduardii had the longest IR sequence (26,732 bp) while the last three IRs in terms of size belonged to A. przewalskianum
(26,437 bp), A. polyrhizum (26,450 bp), and A. bidentatum (26,459 bp). For SSC regions, A. polyrhizum had the largest one
(18,090 bp) while A. eduardii (17,737 bp) and A. przewalskianum (17,973 bp) got the two smallest ones. The longest LSC
region belonged to A. mongolicum and the shortest three belonged to A. eduardii (82,296 bp), A. anisopodium (82,426 bp),
and A. przewalskianum (82,410 bp).

Then, the position of the IR/SC borders was examined (Fig. 5). The gene content on both sides of the IR/SC borders of eleven
Rhizirideurn plastomes were conserved by and large. The LSC/IRb border was rps79/ rpl22. Mostly, rp/l22 was interrupted by
LSC/IRb borders, and rps79 was no less than 63 bp away from IRa/LSC borders. There were exceptions anyway. The rp/22
gene of A. bidentatum plastome was completely located in the LSC region (18 bp from the LSC/IRb border) and the rps79
gene of A. polyrhizum was just 47 bp away from the IRb/LSC border. In addition to IRb/LSC borders, rps79/ psbA genes were
30bp/146bp away from the IRa/LSC border in the A. bidentatum plastome, varying from those in another ten Rhizirideum
plastomes (63 ~ 82 bp and 67 ~ 85 bp, respectively).

For SSC bounderies, two SSC/IR borders crossed two ycf7 genes in most of the Rhizirideum plastomes. On the subject of
IRb/SSC borders, a large part of ycf1b sequence was mostly located in the IRb region, while gene ndhF was completely
located in the SSC region. Nevertheless, there were still several exceptions. The whole ycf1b gene of the A. eduardii plastome
was located in the IRb region (away from the IRb/SSC border by 208 bp). In plastomes of A. anisopodium and A.
tenuissimum, IRb/SSC borders overlapped ndhF genes by 7 bp and 8 bp, respectively. Gene ycfTa of Rhizirideum was 5,295
bp in length, except for A. anisopodium and A. tenuissimum (5,313 bp). Concerning SSC/IRa borders, gene ycf7a was divided
into two fragments, and its IRa side ranged from 679 bp (A. eduardii) to 1,309 bp (A. przewalskianum).

2.3 Codon usage bias analysis

The codon usage bias of eleven subgen. Rhizirideum plastomes was analyzed by using program condonW (Fig. 6). The total
number of codons in the protein-coding regions of each plastome ranged from 16,566 (A. przewalskianum) to 16,617 (A.
spirale), with relative synonymous codon usage (RSCU) ranging from 2.29 (UUA) to 0.27 (CUC). In terms of the codons of
eleven plastomes, six synonymous codons coding leucine (Leu) held the largest proportion (10.5%), and two for cysteine
(Cys) held the smallest proportion (1.09%) except for stop codons (0.41%). Methionine (Met, AUG) and tryptophan (Trp, UGG)
showed no codon bias and were encoded by only one codon. Thirty-one frequently used codons with RSCU > 1 encoded all
kinds of amino acids except for Trp and Met. Of the codons used frequently, only 25.8% were ended by G/C. The GC content
for the first, second, and third codon positions averaged 47.3%, 39.3%, and 27.2%, respectively.

2.4 Repeat sequence analysis
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We detected 879 simple sequence repeats (SSRs) in the eleven Rhizirideum plastomes (Fig. 7B). A. mongolicum and A.
caespitosum contained the most SSRs (88) whereas A. spirale and A. polyrhizum (74) contained the least. SSRs with 1 bp ~
5 bp could be witnessed across the eleven plastomes, but those with 6 bp (i.e., the hexanucleotides) were scarce. Among all
kinds of SSRs, mononucleotides (55.97%) were the most abundant, followed by compound microsatellites (15.70%),
dinucleotides (11.95%), tetranucleotides (11.04%), and pentanucleotides (1.99%). Most of the SSRs were composed of A/T
as G/C rarely occurred. They were distributed more in LSC regions than in IR or SSC regions. In addition to SSRs, repeats
were also detected that were 30 bp ~ 60 bp in length (Fig. 7, (A)). Four types of them were summed up to 448, including
forward, reverse, palindromic and complementary repeats. The proportion of palindromic repeats (52.23%) was the highest
while that of the complementary repeats (0.45%) was the lowest in all the repeats. A. przewalskianum contained the most
repeats (49) and A. anisopodium contained the least repeats (31).

2.5 Phylogenetic analysis in subgen. Rhizirideum

Seventy-one plastome single-copy genes were extracted and concatenated to reconstruct the phylogenetic tree, which
possessed a quite high bootstrap and posterior probability in the subgen. Rhizirideum branch (Fig. 8). A. anisopodium and A.
tenuissimum formed a clade and belonged to section Tenuissima. A. caespitosum, A. mongolicum and A. bidentatum
formed a clade and belonged to section Rhizomatosa. A. senescens, A. spirale and A. nutans clustered to form section
Rhizirideun Clade, and A. eduardii and A. przewalskianum formed Clade Eduardia. Interestingly, A. polyrhizum, previously
belonging to section caespitosoprason, was resolved as sister to Clade Tenuissima+ Rhizomatosa+ Rhizirideum+ Eduardia.

2.6 Gene selective pressure

We calculated the Ka/Ks ratio (w) of sixty-eight common protein-coding genes in eleven subgen. Rhizirideum plastomes and
then estimated the selective pressure (Additional file 8: Table S9). Most of the genes were under purifying selection with w <
0.5. Despite this, eleven genes were found under relaxed selection with 0.5 < w < 1.0 (Fig. 9). Unexpectedly, there was no gene
significant (P< 0.05) after the likelihood ratio test (LRT). We examined the functions and relative biochemical pathways of
the eleven genes mentioned above (Table 3), almost all of which were involved in the process of photosynthesis and
respiration.
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Table 3
Eleven genes under relaxed selection and the pathways involved in Rhizirideum plastomes

CDS Ka/Ks Gene Gene description Pathway
ratio ID

atpB  0.60 844757  ATP synthase CF1 beta subunit Photosynthesis (Light-Dependent
Reactions)

psaB  0.51 844770  photosystem | P700 chlorophyll a apoprotein A2 Photosynthesis (Light-Dependent
Reactions)

psaC  0.60 844750  photosystem | subunit VI Photosynthesis (Light-Dependent
Reactions)

psbB  0.60 844733  photosystem Il 47 kDa protein Photosynthesis (Light-Dependent
Reactions)

psbD  0.64 844775  photosystem Il protein D2 Photosynthesis (Light-Dependent
Reactions)

psbK  0.53 844795  photosystem Il protein K Photosynthesis (Light-Dependent
Reactions)

rbecl.  0.62 844754  ribulose-1,5-bisphosphate carboxylase/oxygenase  Calvin-Benson Cycle

large subunit

ccsA  0.71 844769  cytochrome c biogenesis protein cellular respiration

petB  0.78 844729  cytochrome b6 cellular respiration

pl32  0.53 6161 ribosomal protein L32 protein synthesis

oA 0.56 844727 RNA polymerase alpha subunit RNA synthesis

3. Discussion
3.1 Plastome structure analysis of subgen. Rhizirideum

Although events of evolution such as genome rearrangement, gene loss, IR expansion, and contraction, have been detected
for many times, plastomes are generally highly conserved in genome size, structure, and gene content generally (Palmer et
al., 1987; Tsudzuki et al., 1992; Lee et al., 2007; Wicke et al., 2011; Park et al., 2015; Zhu et al., 2016; Huang et al., 2017; Zhai
etal, 2019; Ren et al., 2020). In this study, the subgen. Rhizirideun plastomes are of high conservation by large. The quantity
of genes, CDSs, rRNA-coding genes, and tRNA-coding genes is 141, 87 ( or 89), 8, and 38, respectively, which follows most
angiosperms (Jin et al., 2014; Park et al.,, 2015; Huang et al., 2017; Liu et al., 2020; Ren et al., 2020; Yang et al., 2020).

At least 4 of 141 genes were pseudogenized (orf56, ycf15, rps2, infA), while ycf68 was pseudogenized only in some species,
such as A. polyrhizum, A. nutans, and A. mongolicum (Table 4). Plastome genes ycf15, ycf68, and infA are also
pseudogenized in many other species such as Malus pumila, Morus alba, Cynodon dactylon (Ravi et al., 2006; Jin et al.,
2014; McKain et al., 2016; Huang et al., 2017). The rps2 gene, coding ribosomal protein S2, is lost in Daghestanica (Allium)
plastomes but is pseudogenized in Chlorophytum rhizopendulum (McKain et al., 2016; Xie et al., 2019). In addition, rps2
production is of great significance to the defense signal transduction process (Bent et al., 1994). Thus, in terms of genes
coding confirmed products (infA & rps2), their pseudogenization can be used to adjust the transcription and signal
transduction of Rhizirideum plants in response to the changing environment.
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Table 4
Summary of pseudogenes and their productions in Rhizirideun plastomes

Pseudogene Position Species Production

ycf68 IR A. polyrhizum, A. nutans, A. mongolicum,  Putative protein RF68
A. caespitosum, A. tenuissimum,

A. anisopodium

orf56 IR All Putative protein RF56
ycfls IR All Putative protein RF15
ps2 LSC All Ribosomal protein S2
infA LSC All Trnaslation initiation factor 1

The SC/IR borders of angiosperm plastomes are generally conservative, lying mostly beside rps79 and ycf7 (Downie and
Jansen, 2015). Genes trnH-GUG and trnN-ACG are believed to be located at the IR/LSC and IR/SSC borders of the ancestor of
monocots, respectively (Zhu et al., 2016). This indicates an expansion of IR regions according to the relative position of
rps19 and trmH-GUG, as well as ycfT and tmN-ACG (Fig. 2). Generally speaking, the expansion of IRs can lead to the
movement of SC/IR borders. Most terrestrial plants as subgen. Rhizirideum species present movements to a tiny extent,
which can make a few genes into or out of IRs (Goulding et al., 1996; Wang et al., 2008; Wu and Chaw, 2015). Nonetheless,
some plants do have their IRs expanding in a large scale. This can contribute to large increase or loss of IR genes, such as
species in Pelargonium, Psilotum, Leguminosae, and Erodium (Palmer et al., 1987; Raubeson and Jansen, 1992; Tsudzuki et
al., 1992; Chumley et al., 2006; Guisinger et al., 2010; Grewe et al., 2013; Sun et al., 2013; Guo et al., 2014). In Rhizirideum
plastomes, the duplicated rps79 moved into the IRs from the LSC, while the incompletely duplicated ycf7 moved to cover the
IR/SSC borders from the SSC (Fig. 5). In addition, the LSC/IRb boundaries also present a slight shift to the rp/22 gene. The
movements of IR/SC borders of subgen. Rhizirideum plastomes are tiny compared to the species mentioned above. Despite
this, the IR expansion of our taxa is somewhat significant for the evolution. It is known that IR regions possess the nature of
self-duplication, which has been proven to reduce the synonymous mutation rate (Ks) of genes, resulting in the Ks of IR
genes being generally lower than that of SC genes [36]. It can be inferred that in the Rhizirideum plastomes, the Ks value of
the rps79 gene decreased after the movement from the LSC to the IRs. That is, the rps79 gene has been more conserved, as
well as its product, ribosomal protein S19, which is a component of the 40S ribosomal subunit. Therefore, it may contribute
to the increace of stability of the ribosomal structure when rps79 moved to IRs. This is also true of the gene rp/22 coding
ribosomal protein L22, a component of the 60S ribosomal subunit. The moving trend of rp/22 may also influence the
ribosomal structure. As is known, the structure of ribosomes can influence the expression pattern of genes, which are often
relative with the environment (Ishihama, 2000). Consequently, the shift of IR/SC boundaries may be regarded as the adaptive
evolution of plastomes. However, the product of ycf7 and its functions should be studied further in the future.

There are twenty-six genes with introns in the plastome of A. senescens, three more than Anena sativa in the family
Gramineae (single-copy gene clp, rpoC1 and double-copy gene ycf68). The transpliced gene rps72 has three exons with one
in the LSC and two in IRs. In eukaryotes, intron-splicing enhances gene expression by reducing transcription-associated
mutagenesis (Niu and Yang, 2011). Meanwhile, this process imposes some selection pressure on genes (Petersen et al.,
2011). Therefore, the intron-existing genes in Rhizirideun plastomes indicate that they are also under this kind of pressure.

The GC contents of Rhizirideum plastomes range from 36.8—36.9%, which is in accordance with those of many other
monocots, approximately 37% (Huotari and Korpelainen, 2012; Liu et al., 2012; Peredo et al., 2013). Additionally, the GC
content of Allioideae plastomes is below that of other taxa, such as Asparagaceae, Iridaceae, Agapanthaceae, etc. (Xie et al.,
2020). This decrease can be attributed to the selective pressure caused by either neutral mutation (Ogata et al., 2001; Lane et
al., 2007; Smith and Lee, 2008) or high transcription efficiency (Manen et al., 1998; And and Voelker, 2003). This is the same
as the low GC content of the Rhizirideum plastomes.
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3.2 Phylogenetic analysis

Phylogenetic analysis results demonstrate that subgen. Rhizirideum is a strongly supported monophyletic group, which
corresponds with previous reports (Friesen et al., 2006). Species in section Eduardii (A. przwalskianum & A. eduardii) and
section Tenuissima (A. anisopodium & A. tenuissimum) cluster into two individual branches, which is the same as the
phylogenetic analysis of Li et al. (2016) based on ITS-rps16 data. Nevertheless, the interspecific relationships of the other
two sections, Rhizirideum and Rhizomatosa, are somewhat different. The section Rhizirideum was divided into Asiatic and
European geographical groups by Sinitsyna et al. (2016) and the species A. senescens, A. spiraleand A. nutans were in the
former group. However, the relationships among the A. senescens, A. spirale and A. nutans were not so clearly shown. Our
results show that A. senescens and A. spirale form a sister branch and then cluster with A. nutans with a 100% support rate.
Then Friesen et al. (2020) conducted a phylogenetic analysis for species in three Rhizirideum sections (Caespitosoprason,
Rhizomatosa, and Caespitosoprason) based on chloroplast DNA fragments, where section Caespitosoprason, including A.
polyrhizum, was merged into section Rhizomatosa, whereas our plastome tree indicates that A. polyrhizum is not clustered
with Rhizomatosa species but with the remaining eleven species in subgenus Rhizirideum. In other words, A. polyrhizum
should be separated from Rhizimatosa and placed into Caespitosoprason, which is believed to be a basal taxon of this
subgenus here. Despite this, three species in section Rhizomatosa (A. caespitosum, A. bidentatum and A. mongolicum) are
rather similar in morphology (leaf semiterete to terete and shorter than scape, perianth light red to purple, inner filament
enlarged at base, bulbs densely clustered and the outer skin fibrous or striped broken). Disagreements between molecular
and morphological analyses have also been frequently reported in other taxa, for instance, section Daghestanica and
subgenus Cyathophora in genus Allium (Huang et al., 2014; Xie et al., 2019).

3.3 Subgen. Rhizirideum adaptability to the environment

The selective pressure analysis indicates that most of the common single-copy genes of subgen. Rhizirideumn plastomes are
under purifying selection, which also shows the conservation of the evolution of the plastome genes. There were eleven
genes under relaxed selection (0< w < 0.5), including atpB, psbD, and rbcL (Fig. 9, Table 3). Nine of those genes are involved
in the phososystem | (e.g. psaB), photosystem Il (e.g. psbB), and the electron transfer chain (e.g. rbcL). It is known that
photosynthesis provides nutrients for plants and the electron transfer chain produces the energy substance, ATP (Weiss et
al., 1991; Cramer et al., 2011; Xiao et al., 2012). And the PS Il photoreaction center complex is mainly composed of proteins
D1 and D2, among which D2 is coded by the psbD gene (Marder et al., 1987). Protein D2 plays an important role in both
electron transfer and regulation of D1's expression (Diner and Rappaport, 2002). It has been found that Rhizirideum species
are distributed mostly in the Eurasian stipa steppe with a temperate continental climate, which means very drought (Li et al.,
2016; Sinitsyna et al., 2016). Therefore, most of the species of this subgenus prefer habitats of water enrichment such as
pasture and shrub slopes, where there is greater sunlight competition pressure among all kinds of shrubs and herbs. The
psbD gene in most fern lineages bears strong negative selection, while branches of tree-ferns obtain a high w value, which
may be related to the competition pressure of sunlight in the habitat (Page, 2002; Wang et al., 2012; Ke et al., 2013). This can
also explain the relaxed selection of psbDin Rhizirideurn plastomes. RuBisCo, encoded by the rbcL gene, is a major enzyme
in photosynthesis. RuBisCo tends to evolve to enhance the affinity for CO, if the environment becomes hotter and drier (Liu
et al., 2010). Thus, the rbcL gene of the subgenus Rhizirideum may bear the relaxed selection to affect the efficiency of
photosynthesis. In addition, rp/32 codes the ribosomal protein L32, and rpoA codes the RNA polymerase alpha subunit. RNA
polymerase can regulate the pattern of gene expression under varying environments (Liu et al., 2010). Therefore, rp/32 and
rpoA may assist plants in adapting to extreme environments by influencing gene transcription and translation.

4. Methods
4.1 DNA isolation and sequencing

The fresh leaves of ten species were sampled from public areas and dried with silica gel afterward (locality see Additional
file 4: Table S3). Total genomic DNA was isolated from silica-dried leaf tissues with a modified CTAB method. The voucher
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specimens were deposited at the herbarium of Sichuan University (Chengdu, China)(voucher specimens: H11072607 (SZ),
De-ging Huang; ZCJ20210821 (SZ), Chun-jing Zhou; FX2020081001 (SZ), Xiao Fu; FX2020080902 (SZ), Xiao Fu; H11072807
(S2), De-ging Huang; H11070501 (SZ), De-ging Huang; FX2020081401 (SZ), Xiao Fu; FX2020081501 (SZ), Xiao Fu;
FX2020081901 (SZ), Xiao Fu; ZCJ2012081910 (SZ), Chun-jing Zhou). DNA libraries were prepared and sequenced with the
Illumina HiSeq 2500 platform with PE150 bp reads.

4.2 Synonymous codon usage bias

Complete chloroplast genomes were reconstructed by NOVOPIasty v2.6.2 (Dierckxsens et al., 2016) using A. cepa
(MK335926) and A. sativum (MK335928) as references. Then the annotation of the plastid genomes was conducted with
PGA (Qu et al,, 2019) and manually adjusted with GENEIOUS R11 (Biomatters, Ltd., Auckland, New Zealand). Finally, the
plastome circus map was drawn with OGDRAW (Greiner et al., 2019) and Gview (Petkau et al., 2010).

4.3 Sequence divergence

The program mVISTA (Frazer et al., 2004) was used to generate the whole-genome alignment of the eleven plastomes with A.
senescens as a reference. Within GENEIOUS R11 all plastomes were aligned with MAFFT. The nucleotide diversity (Pi) of
genes and intergenic regions was calculated by DNASP v.6 (Rozas et al., 2017).

4.4 repeat structure

REPuter (Stefan et al., 2001) was used to examine plastome repeat sequences. There were four matches of repeats
classified: forward, palindromic, reverse, and complimentary matches. The parameters were as follows: repeat size of (1) >
30 bp; (2) > 90% sequence identity between the two repeats; and (3) Hamming distance = 3. Simple sequence repeats (SSRs)
were identified by Perlscript MicroSAtellite (MISA). The setting motif sizes were one to six nucleotides, and the minimum
repeat units were defined as 10, 5, 5, 4, 3 and 3 for mono-, di-, tri-, tetra-, penta- and hexa-nuleotides, respectively.

4.5 Phylogenetic analysis

In addition to ten plastomes newly sequenced, another twenty-three species were selected (including twelve Allium species
from our team) (Additional file 3: Table S2) to infer the phylogenetic relationships. Seventy-one common single-copy genes
were extracted from thirty-three taxa and were aligned. The alignments were trimmed and then concatenated in series for the
phylogenetic analysis. The ML analysis was performed by RAXML v8.2.8 (Stamatakis, 2014) with the GTR + G model and
1000 bootstrap replicates. The Bl analysis was performed by MrBayes v3.2.7 (Ronquist et al., 2012) with the substitution
model GTR +1+T. The Markov chain Monte Carlo (MCMC) algorithm was run for one million generations, and one tree was
sampled every 1000 generations. We then determined the MCMC convergence according to the average standard deviation
of split frequencies (ASDSF) below 0.01. The first 20% of the trees were discarded as burn-in and the remaining trees were
used to generate consensus trees. The non-coding sequences and the CDS sequences were also utilized to infer the
phylogenetic relationships of the studied taxa.

4.6 Selective pressure analysis

We used an optimized branch-site model and Bayesian Emprical Bayes (BEB) methods (Yang et al., 2005) to identify genes
under positive selection in species of our subgenus compared to those of other Allium taxa. Sixty-eight single-copy CDSs of
thirty-three taxa were extracted and aligned with the software MUSCLE v5 (Edgar, 2021) aligned by codons. The positive
selection analyses, measured by the ratio (w) of the non-synonymous substitution rate (Ka) to the synonymous substitution
rate (Ks), were performed using the branch-site model in the PAML v4.8 package (Yang, 2007), and our subgenus lineage
was designated. Positive, neutral, and negative selection are demonstrated when the ratio w>1, w=1, and w < 1, respectively
(Yang and Nielson, 2002). The log-likelihood values were tested (LRT) in accordance with (Lan et al., 2017). The BEB method
was applied to compute the posterior probabilities of amino acid sites and those with a higher posterior probability were
determined to be under positive selection. Sixty-eight single-copy sequences of 11 studied species were also used to
calculate pairwise Ka/Ks ratios with KaKs Calculator v2.0 (Wang et al., 2010).
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5. Conclusions

Our work revealed that (1) section Caespitosoprason including Allium polyrhizum should be separated from section
Rhizomatosa, (2) section Caespitosoprason is a basal taxon of subgenus Rhizirideum and (3) plastome genes under relaxed
selection contribute to the adaptability to the environment. Much still remains to be investigated on the phylogenetic
relationships of species in subgenus Rhizirideum, notably improving the sampling of other species of this genus.
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Figure 1

Inflorescenes of eight species in subgenus Rhizirideum. (A), A.bidentatum;, (B), A. mongolicum; (C), A. anisopodium; (D), A.
tenuissimum;, (E), A. senescens; (F), A. eduardii, (G), A. przewalskianum;, (H) & (1), A. polyrhizum.
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Figure 2

Chloroplast map of Allium senescens (the outermost circle and rings o-p) and GView comparison of eleven Rhizirideum
plastomes (rings d-n). Genes are shown in different colors based on the functional groups they belong to. genes on the
inside of the outer circle are transcribed clockwise and on the outside counter-clockwise. LSC, large single-copy region; SSC,
small single-copy region; IR, inverted repeat. Rings a-b: GC skews and GC content deviations from A. senescens plastome GC
content, respectively. Ring c: reference of multiple alignment (A. senescens plastome). Ring d-n denote the plastome
sequence comparison by BLAST between A. senescens and other species plastomes outwards in turn: A. bidentatum, A.
caespitosum, A. mongolicum, A. anisopodium, A. tenuissimum, A. senescens, A. spirale, A. nutans, A. eduardii, A.
przewalskianum, A. polyrhizum. Rings o & p: AT and GC content of A. senescens plastome by OGDRAW.
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mVISTA comparison of eleven subgenus Rhizirideum plastomes (A. senescens as reference). Sequence regions of different
types are shown in different colors.

Page 20/26



DA
sl
s

s

s
Firda

AU R
MADNE-D0V-HLR
DOV Hun-un
e ]

C gpuangruns

FT v

APV
s ey
A
(LB LR
e

DAY 0
varau-ned
ouad-yied

meed-gqsd

Fged-gqud

4qud-1qed

Ak

pasi-yasd

visdymas

Vg

e

1esd-gaae

PPy

e
ELTRURE T

I NSOV (A
IV ARnONpE

AAEE L Al L
VVIPTSIEL
A pmarpeds
iy o-ga
voprgmagal

HELY O
VIR
20n-paged
v o-sun
venpsua- s
Qe -1y
AnD-LE-O-ge
ARV
VAR
Samaus-pad
-yl
sasyCproR

Adve-ydi
Rt B L
J ]

i s
apsdiype

(A) 006

......
zoz323I58
EEREERERER]
2 @ @ @ o o o o

(1) Snssamp apyoapny

sye-yad

— (1) nssanp spnoapny

Figure 4

Page 21/26



A. bidentatum

A. caespitosum

A. mongolicum

A. anisopodium

A. tenuissimum

A. senescens

A. spirale

A. nutans

A. eduardii

A. przewalskianum

A. polyrhizum

Figure 5

33bp

@
3

$2643bp

o]
£ g

IRb

26490bp

&

|

82426bp

el s
TR 58

-]
8

R

82531bp

82296bp

]
g =
-

e

pl22

82410bp
63bp
34bp

y

§2624bp
47bp

-
ag%
Bl T s
—»

26490bp

26491bp
psl9

26491bp

Igi

o
-
1

26491bp

g
L]

SSC
JBObp

18021bp

17bp

lw
&
=

18042bp

120+

=
=

.|

17999bp

=1
=4
i

g

: |
i

! 17993bp

12bp

L.

17986bp

4bp

| =
&
<3

17987bp

g
\
III

=

rpr

17951bp

17737bp

i

rs
=
o
=
2
=2
Lo

g2
L]

17973bp

- |

2

i 18090bp

4224bp

4242bp

4224bp

.
]
3
=

5

4224bp 1 1071bp

s
=
%
&

g

-
&
I
3

i

1071bp

1065bp

1064bp

1070bp

1069bp

1071bp

1071bp

1309bp

1058bp

IRa
300p

26450bp

S1bp

r's
Ny,

<

26490bp

i
&
L=

I's
N

N N
i f

26490bp

v

26491bp

4

26491

-3

P

68bp

»

26491

76bp.

<
J

264931

69bp

J

264871

3

P

81bp

i

o

26732bp

63bp

U

26437bp

o0
||| 2
=

¥

26450bp

IR/SC boundaries of eleven subgenus Rhizirideum plastomes.

Page 22/26

LSC
146bp

N

68bp

-3
56
=

=

72bp

Ilin

~
=
=

IIi\\

\q
g

\o.
-§

=
A
-

=

4

)
£




124

J ||‘|||l|||h|”l“ |I|I I“I || |I TI'F
TER

Leu lle Gly Ser Ala Val Arg Phe Thr Glu Lys Pro Asn Tyr Asp GIn His Met Trp Cys

codon usage(%) & RSCU values
w

e e Ao Aet 606 &ac

Figure 6

Codon usage in percentages (the left column) and RSCU values (the right column) of twenty-one amino acids. Each codon
for an amino acid is shown with different colors.
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Phylogenetic tree reconstruction of 33 species inferred from Maximum likelihood (ML) and Bayesian inference (BI) analyses
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Ka/Ks ratios of 48 single-copy genes. The top eleven genes are noted with red triangles.
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