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The population chloroplast genomes

of Populus reveal the phylogenetic
relationship between three new taxa of sect.
Leucoides and their parents
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Abstract

Background Poplars are important woody plants, which are widely distributed in the forests from the subtropics

to the north of the Northern Hemisphere. Poplars have high ecological and economic value. However, there are
frequent interspecific and intraspecific hybrids in Populus, resulting in a large number of intermediate taxa, which
makes the morphological identification of Populus very challenging. Plastid genome is an important tool to study the
evolutionary relationship of plants. Therefore, comparison and phylogenetic analysis were carried out based on the
population chloroplast genomes of 34 individuals from 7 taxa.

Results In this study, seven newly assembled and annotated chloroplast genomes of Populus were reported. They
all had typical quadripartite structures with the same GC content (37.6%), but there were differences within the
population, and the genome size ranged from 155,736 bp to 156,812 bp. In all Populus species, 134 genes were
identified, including 88 protein coding genes (PCGs), 37 tRNA and 8 rRNA genes. The gene sequences alignment

of different taxa showed that the gene sequences and content were relatively conservative, there was no gene
rearrangement, and only 3 highly variable regions (psbZ-trnG, ndhC-trnV and trnN-trnR) were identified, which can
be used as molecular markers. Most PCGs had high codon usage bias and 3 positive selection genes (rps7, rps12 and
rpl16) have been identified. The analysis of population genetic structure and phylogeny showed that the chloroplast
genomes supported that Populus was a monophyletic taxon, which could be divided into four sections (Abaso,
Turanga, Populus and ATL (Aigeiros, Tacamahaca and Leucoides)). Among them, P dafengensis, P butuoensis and P
szechuanica had the closest genetic relationship, P gonggaensis and P. cathayana had the closest genetic relationship,
it was speculated that the taxa of Sect. Tacamahaca may be the main female parent of the three new taxa from Sect.
Leucoides.
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Conclusion In general, this study provides valuable insights for new species identification, phylogenetic
relationships, breeding and resource development, and genetic diversity of Populus.

Keywords Populus, Population chloroplast genome, Leucoides, Comparative analysis, Phylogeny

Introduction

Poplar is an important woody plant belonging to the
genus Populus, which is widely distributed in the for-
ests from subtropics to the north of the Northern Hemi-
sphere, mainly in temperate forests [1]. Poplars are one
of the most important afforestation tree species in the
world, which play an important role in global wood pro-
duction and ecological environment construction [2].
Furthermore, poplars have the advantages of fast growth,
easy asexual reproduction, relatively small genome, mod-
erate number of species, easy to obtain several high-qual-
ity genomes, mature genetic operation system, and are
also recognized as a model forest tree species for molecu-
lar biology research [3, 4].

Although the genus has high ecological and economic
value and has been used as a model for the study of tree
diversity for a long time, the phylogenetic relationship
within the genus is still unclear. Frequent interspecific
hybridization and clonal reproduction haunt taxono-
mists of the genus, with recognized species, varieties
and hybrids ranging from 22 to 85 [5]. According to the
morphological characteristics, the international classifi-
cation system divides the genus Populus into 6 sections
(Sect. Abaso, Sect. Turanga, Sect. Populus, Sect. Leucoi-
des, Sect. Tacamahaca, Sect. Aigeiros) and 29 species [5],
while the Chinese classification system divides the genus
into 5 sections and 71 species [6]. Therefore, there are
great differences in species and intraspecific in the clas-
sification system of Populus (genus-sections-species),
especially in the taxa from Sect. Tacamahaca and Sect.
Leucoides.

There are 57 Populus species in China, of which 25
endemic species are distributed in southwest China,
which is the area with the most abundant and diverse
poplar resources, and is also considered to be one of the
centers of natural distribution and variation of poplars
in China [7-9]. This area is the main natural distribution
area of the taxa of Sect. Tucamahaca and Sect. Leucoides,
which is dominated by mountain and plateau landforms
and plays an important role in speciation [10]. More-
over, the unique and complex topographic conditions of
the region have also become a refuge for plants to cope
with climate change, providing opportunities for plant
hybridization [11]. There are many species in the genus
Populus, with few flower and fruit traits that can be used
for classification, and the morphological variation of veg-
etative organs is very complex. Moreover, interspecific
hybridization and even intraspecific hybridization are
quite common in the genus, and there are a large number

of taxa with hybrid origin. Therefore, the genus Populus
is recognized as one of the few most taxonomically diffi-
cult groups among plants [9, 12], and many problems still
need to be solved.

Chloroplast genome is one of the plant plastid genetic
systems, which is a circular double-stranded tetrad com-
posed of large single copy region (LSC), small single
copy region (SSC) and a pair of inverted repeats (IRs)
interspersed between them. It usually encodes about
130 genes mainly related to photosynthesis and chlo-
roplast replication [13]. Because of its small genome,
relatively conservative and slow nucleotide replacement
rate, it is used as a widespread tool for plant identifica-
tion, evolutionary biology and genetic diversity [14]. So
far, a large number of poplar chloroplast genomes have
been published one after another, such as Populus tri-
nervis [15], P maximowiczii [16], P. wilsonii [17] and P,
szechuanica [18], etc. Moreover, comparative chloroplast
genomes have become an effective method to solve many
biological and evolutionary problems at different lev-
els, especially for deeper phylogenetic analysis [19, 20].
Zong et al. conducted a comparative analysis based on
the chloroplast genomes of five Populus species from the
western Sichuan Plateau of China and found that their
chloroplasts were highly similar, and P. schneideri was a
sister group of P. kangdingensis and P. pseudoglauca, the
P. xiangchengensis was a sister to P. cathayana [21]. Then,
Phylogenetic studies based on the chloroplast genomes
of 24 poplar species were carried out. It was found that
Populus was a monophyletic group, and the 24 species
were divided into 5 clades, but the species of Sect. Taca-
mahaca and Sect. Leucoides were difficult to distinguish
[4]. Similar results were obtained by Zhou et al. phyloge-
netic tree constructed based on chloroplast genomes of
39 Populus species [22].

In recent years, with the rapid development of
sequencing technology, the chloroplast genomes of
the population have been widely studied to explore the
matrilineal genetic evolution and phylogeny of plants at
the population level. In this study, Populus dafengensis, P
gonggaensis and P. butuoensis were new taxa from Sect.
Leucoides of Populus which were identified by the com-
prehensive information of morphology, geography and
whole genome in the early stage of our research group
[10]. They all belong to hybrid origin, in which the par-
ents of P dafengensis are P. lasiocarpa and P. szechua-
nica, the parents of P. gonggaensis are P. lasiocarpa and
P cathayana, and the parents of P. butuoensis are P. wil-
sonii and P. szechuanica. However, there is still a lack of
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chloroplast genome research between them and their
parents. Therefore, based on the genome resequencing
data from 34 individuals of 7 taxa, we assembled com-
plete chloroplast genomes, and compared their sequence
differences, codon bias, simple repeat sequences, nucleo-
tide polymorphisms, genetic structure, and constructed
phylogenetic trees based on 58 other chloroplast genome
sequences of Salicaceae. This study provides an impor-
tant reference for molecular evolution and phylogenetic
reconstruction of Populus.

Results

Characteristics of chloroplast genomes from the seven
Populus species

The complete chloroplast genomes from 34 individu-
als of 7 poplars ranged from 155,736 bp (P wilsonii) to
156,812 bp (P cathayana). They were all divided into
typical quadripartite structures (Fig. 1), the LSC length
was distributed between 84,733 bp (P. szechuanica) and
85,058 bp (P. wilsonii), the SSC length was ranged from
16,447 bp (P. butuoensis) to 16,628 bp (P. wilsonii), the IR
length was between 27,034 bp (2. wilsonii) and 27,657 bp
(P. cathayana), and the overall GC content was relatively
consistent, which was 36.7% (Table S3). Furthermore,
there were also differences among different individuals of
the same species, in which P. lasiocarpa and P. szechua-
nica had rich intra-individual variations, and the length
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of their chloroplast genomes had 137 bp and 135 bp dif-
ferences, respectively. The intra-individual variations of
P, wilsonii, P. gonggaensis and P. dafengensis were small,
and there was almost no variation in P. butuoensis and P
cathayana (Table S3).

Although the length of chloroplast genome regions
of 7 poplars were different between species and within
species, the number of genes encoded by them was the
same. The all individuals encoded 134 functional genes,
of which 114 were single copy genes, including 79 protein
coding genes (PCGs), 30 tRNAs, 4 rRNAs and 1 pseudo-
gene (infA). They were divided into four categories (pho-
tosynthesis, self-replication, functionally unknown genes
and other genes). Most of these genes existed in the form
of single copy, but there were also 20 multi-copy genes,
including 9 PCGs, 7 tRNA and 4 rRNA genes. Moreover,
18 genes had 1 intron, 4 genes (rpsi2 (2), y¢f3 and clpP)
had 2 introns, and rps12 was trans-spliced with the dupli-
cated 3’ end in the IRs and the 5’ end located in the LSC
region (Fig. 1 and Table S4).

Codon usage bias

The relative synonymous codon usage (RSCU) val-
ues of PCGs in seven poplar chloroplast genomes were
analyzed. The results showed that all samples had the
same codon usage bias for each amino acid. There were
26,460 - 26,879 codons in all PCGs of the seven poplars,
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Fig. 1 Chloroplast genome maps of seven Populus species. The forward coding genes are located on the outside of the ring, while the inverted coding
genes are located on the inside of the ring. The gray circle inside represents the GC content and shows the corresponding regions and corresponding
lengths of the four blocks (LSC/SSC/IRs). Genes with different functions are given different colors. The center of the circle is the typical morphological
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of which the number of codons encoding leucine was
the largest, 2858—2881 (10.71-10.80%), and the number
of codons encoding cysteine was the least, only 304—309
(1.13-1.15%) (Fig. 2B). Among the 61 codons, RSCU val-
ues of 29 codons were greater than 1, among which the
RSCU values of AGA were the largest (1.90-1.93), 30
codons were less than 1, and 2 codons (AUG and UGQ)
were equal to 1. Furthermore, 97% of the codons with a
RSCU value greater than 1 end in A/U, indicating that
the end of A /U in their chloroplast genomes tends to
play a dominant role (Fig. 2A).

SSRs and long sequence repeats analysis

Simple sequence repeats (SSRs) were widely distributed
in chloroplast genomes. A total of 129-146 SSRs loci
were detected in 7 poplar chloroplast genomes, mainly
located in the LSC region, and 81 SSR loci were detected
in the PCGs (ycfl, rpoC2, rpoB, ndhD, ndhF and rps8),
the rest were located in intergenic spacer regions (IGS)
and introns (Table S5 and Fig. 3A). The types of SSRs
ranged from mononucleotide (Mono-) sequence repeats
to hexanucleotide (Hexa-) sequence repeats, although
not all six types existed in each species. Among them,
mono-sequence repeats were the most common (99—
116 loci), mainly A/T type repeats, and only 0-2 G/C
type repeats. The dinucleotide (Di-) sequence repeats
were composed of AG/GT and AT/AT, and each spe-
cies had only one AG/CT. There was only one type of
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trinucleotide (Tri-) sequence repeat (AAT/AAT), and
the number was 4—10. There were 10—11 tetranucleotide
(Tetra-) sequence repeats, including 6 types. The repeats
of pentanucleotide (Penta-) and hexa-sequence repeats
were specific, for example, AATAT/ATATT type only
existed in P cathayana, AAAAAT/ATTTTT type only
existed in P. dafengensis, AAATT/AATTT and AATATT/
AATATT types only existed in P. gonggaensis (Fig. 3B).

In addition, we also detected a total of 362 long
sequence repeats (39-70 loci) in 7 poplar chloroplast
genomes, mainly located in the LSC region (223 loci).
There were 69 repeats located in the PCGs (ccsA, psaA,
psaB, ycfl and ycf2), and the rest were located in IGS
and intron region, including four repeat types: forward
repeats (F-), reverse repeats (R-), palindromic repeats
(P-) and complementary repeats (C-) (Table S6). In all
species, the repetition frequency of F- and P- repeats
were higher, being detected 153 and 122 times, respec-
tively; while the repetition frequency of R- and C- repeats
were lower, being detected 65 and 22 times, respectively
(Fig. 3C). There were great differences in the number of
long sequence repeats among different species, in which
the total number of P wilsonii and P cathayana were
much more than that of other species, but their dis-
tribution trend was the same. The length of most long
sequence repeats varied from 30 bp to 40 bp (Fig. 3D).
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Fig. 2 Codon bias analysis of 7 Populus species. (A) RSCU analysis from 61 codons of 20 amino acids, each column represents a kind of poplar, from left
to right are P butuoensis, P. dafengensis, P. gonggaensis, P lasiocarpa, P. wilsonii, P cathayana and P. szechuanica, respectively. (B) The total number of codons
of the PCGs. The value of each species is the average of all repeating individuals of the population
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Fig. 3 SSRs and long sequence repeats analysis of 7 poplars. (A) The number of the different SSRs types. (B) The number of SSR motifs in different repeat
types. (C) The number of different long sequence repeat type. (D) The distribution of the length of long sequence repeats

IRs expansion and contraction, sequence difference and
nucleotide diversity

The junction boundaries of LSC, IRs and SSC regions
from 7 poplars were compared comprehensively. The
junction between IRs and SC region showed a high con-
servatism. Several key genes located at the junctions of
LSC/IRb (JLB), IRb/SSC (JSB), SSC/IRa (JSA) and IRa/
LSC (JLA) were found in the chloroplast genomes of
the seven poplars, namely rps22, rps19, ycfl, ndhF, truN
and trnH (Fig. 4). One copy of ycfI gene straddled the
boundary of IRs/SSC, mainly located in the IRb region,
only 33-158 bp located in the SSC region, while the other
copy spanned the IRa/SSC region, mostly in the SSC
region (3758-3774 bp), and only 1/3 fragment located
in the IRa region. In contrast, JLB and JLA region were
relatively stable, rps22 spanned LSC/IRb region; rpsi9
located in IRb and IRa regions, with 218 bp from bound-
ary; the trnH located in the LSC region, which was away
from the boundary 3 bp, and had the same distribution
pattern in 7 poplars.

Taking the chloroplast genome of P trichocarpa as
the reference sequence, the similarity of the chloro-
plast genome from 7 poplars was compared (Fig. 5). The
results showed that the interspecific differences were
small and the exons were highly conserved. The main dif-
ferences came from psbZ-trnG, trnL-ndhB, rps7, trnN-
trnR and ndhB-truL regions, most of which were located
in IGS. We also detected the rearrangement and rever-
sal among these sequences, and the results showed that
all sequences were highly conservative and there was no
gene rearrangement (Fig. 6A).

In addition, the nucleotide polymorphisms (Pi) val-
ues of 7 poplar chloroplast genomes were calculated,
and a total of 767 polymorphic sites were detected. The
Pi ranged from 0 to 0.0254, with an average of 0.00193.
Due to the high sequence similarity of these species, only
three highly variable sites (Pi>0.011) were found, which
were 2 I1GS (psbZ-trnG, ndhC-trnV) from LSC region and
truN-trnR from IRa region (Fig. 6B). To sum up, the non-
coding region showed more variation than the coding
region, and these highly variable region sequences can be
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and IRb; JSA: the junction of SSC and IRa; JLA: the junction of LSC and IRa. The boxes above and below the main line represent adjacent boundary genes.
The gap between the gene and the boundary is represented by base length (bp)

used as marker codes for species identification and phy-
logenetic study of Populus.

Synonymous (Ks) and nonsynonymous (Ka) substitution
rate analyses

Taking the chloroplast genome of P trichocarpa as the
reference, we calculated the Ka/Ks ratios of 79 PCGs in 7
poplars (Fig. 7). The results showed that the Ka/Ks values
of 29 PCGs in 7 poplars were less than 1, or could not be
determined because the Ka or Ks values were zero, which
also indicated that they were conservative. Moreover, the
Ka/Ks values of some genes were different among differ-
ent species, such as the Ka/Ks values of rpl16 gene from
P. gonggaensis, P. wilsonii, P. szechuanica and P. cathay-
ana were greater than 1; the Ka/Ks values of rpsi2 and
rps7 genes were greater than 1 in all species, while the
Ka/Ks values of rest genes were less than 1, which were
purifying selections.

Population genetic evolution analysis of chloroplast
genomes

The matrilineal genetic evolution was analyzed based on
the chloroplast genomes of 34 individuals from 7 popu-
lations. First of all, through the analysis of genetic struc-
ture, it was found that when K=4 or 5 (the lowest error
rate of cross-validation, CV=0.18), the 7 populations
were clearly divided into 4 groups (Fig. 8E). Among them,
5 individuals of P. cathayana were a group, and 5 indi-
viduals of P. gonggaensis were a group, and there was a
close relationship between them. The 5 individuals of P,
wilsonii were in a group, while the genetic components
of P. dafengensis, P. lasiocarpa and P. szechuanica were
mixed and clustered into a group, and they were closely
related to P. butuoensis. The results of phylogenetic tree
and principal component analysis (PCA) based on the
whole chloroplast genome were consistent with the
genetic structure analysis (Fig. 8A-B). Furthermore, on
the basis of complete chloroplast genomes alignment, we



Shi et al. BMC Genomics (2025) 26:156

Page 7 of 14

matkK rpoB
tmH-GUG Tmiauy MAUUG 1S -GCUIMRLCY L ool Cc2 C1 e
- s atpF af a po PO
(< oL = {4—4’3_ YV e 4 L4 tnC-GCA psbM psbD ( ti$-UGAmtinM-CAU| ). W%;Gf%”
psbA psbKtG-UCCatpA rps2 psal
' psbN petD _#nD-GUU trnG-UUC
P.butuoensis | i \agmma = v v v v v v 199%
P.cathayana 1 A ¥ ¥ VoY . 1995
P.dafengensis ! A — ¥ e il M T 1995
P.gonggaensis| i - il ¥ ¥ " o/l v 189%
P.lasiocarpa d el S—— = NE = Al 1993
P.szechuanica d A — = oL = 569"
. . ” 7 ) 7 7 3
P.wilsonii . . — . . : s i — EiEN
0k 4k 8k 12k 16k 20k 24k 28k 32k 36k
psaA atpB psbF
U_ ‘E IpsbesbN petB petD
psaB ycf3 tmT-UGU rps4 tmF-GAA ndhK trnV-UAC atpE rbclL accD psal cemA psbJ psbE trnW-CCA tmP-UGG psaJ rpl33 rpl20
- — ) o ( ->/{A =< -=) o — ) o (4 (P PP A (e e—) () m——
trnS-GGA trnL-U. ndhJ ndhC trnM-CAU ycf4 petA  psbL GGps18_ rpsi12 psbT pshH
v LAl "y v Wava L "l éBQ;
| Vw 2 v W e Y.y o 1693
o — Vvaavic v A v v A4 v 100%
\a} VW Al 2 Y ¥ g A Ll 1 0
uv woyY YW\ v YV v \J g 1
v Rp——— A~ 7 T 4 me 1
T iy V7 v i e o ' 58
a0k a4k agx 52k 56k 50k 64k 68Kk 72k 76k
pl23 ndhF
<
petD rps11rps8 rpl16 rps3rps19  trnl-CAU ycf2 trnL-CAA rps7 trnV-GAC  trnl-GAU 23S trnN-GUU rr5S trnL-UAG ndhD
Pt S —— | m— fR45S thiRACT yeft o -
rpoArpl36 rpl14 rpl22__rpl2 ndhB rps12 mn16S _trA-UGC - ¥ CcCSA
v v V11095
— _ o - ] D TN
T A} Y éBQ
- v A - Al S
Vv ] A v 1199
s 4 'S &Uw‘“
4 =1 \4 v > v =
80k 84k 88k 92k 96k 100% 104x 108% 112k 116k
rps7
-»
ndhD ndhE ndhl ndhA ndhH ycf1 trnN-GUU rn5S 1n4.58  trA-UGC  rm16S rps12 ndhB ycf2 tml-CAU  rps19
e - 4 ) A{ ¢ < [ . »
psaCndhG rps15, trnR-ACG_ rrn23S trnl-GAU _trV-GAC troL-CAA pl23  rpl2
A v A Y
— il ¥ —_—
| Y 2
. b ¥ ¥
5 s e v -
exon L ¥ v \J
tCR’\l‘\lSA/mRNA s - - -
mRNA y y N N y 152 5¢

140k 144k 148k
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constructed a median-joining network (Fig. 8C). The 34
individuals were divided into 16 haplotypes, which were
consistent with the results of phylogenetic tree, PCA
and structure analysis mentioned above. The 7 popu-
lations could be divided into 4 groups, among which P
dafengensis, P. lasiocarpa, P. szechuanica and P. butu-
oensis were closely related, and some individuals of P
szechuanica and P. dafengensis even shared the same
haplotype. In addition, we analyzed the nucleotide poly-
morphisms (Pi) and genetic differentiation coefficient
(Fst) of 7 populations (Fig. 8D), among which P. dafen-
gensis had the highest Pi (4.10x 10~2), P. gonggaensis had
the lowest Pi (4.22x107%), P gonggaensis-P. butuoensis
had the highest Fst (0.976), P lasiocarpa-P. dafengen-
sis had the smallest differentiation (Fst=0.171), and the
genetic diverseness among populations of P lasiocarpa,
P. dafengensis, P. szechuanica and P. butuoensis were all
low (Fst=0.371-0.171). To sum up, these results were in
good agreement.

In order to further explore the phylogenetic relation-
ship between these seven poplars and other sections
(Sect. Aigeiros, Turanga, Populus, Abaso, Leucoides and
Tacamahaca) of Populus, we constructed a phyloge-
netic tree based on the common PCGs in the chloro-
plast genomes from 62 species of Populus. The results
showed that the phylogenetic trees constructed by Maxi-
mum likelihood (ML) and Bayesian inference (BI) had
good support value, and the tree topology was similar
(Fig. 9A and B). Among them, the taxa of Sect. Populus,
Sect. Turangaand and Sect. Abaso were grouped into one
group respectively, while the genetic relationships of taxa
from Sect. Aigeiros, Sect. Tacamahaca, and Sect. Leucoi-
des were clustered into a large group (ATL). Moreover, P
dafengensis, P. butuoensis, P. lasiocarpa and P. szechua-
nica were closely related, while P. gonggaensis, P. wilsonii
and P, cathayana were close, and the intraspecific repeat-
ability was stable.
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Discussion

In this study, we compared the chloroplast genomes from
3 new taxa of Populus and 4 parents. They all showed
typical circular quadripartite structures, ranging in
length from 155,736 bp to 156,812 bp, similar to the chlo-
roplast genome size of most poplars [8, 23-25]. The GC
content was consistent among all species, but there were
some differences in the length of different regions among
different individuals from the same taxa. There were
137 bp and 135 bp differences in chloroplast sequence
length from population of P. lasiocarpa and P. szechua-
nica, respectively, and the differences were mainly in IRs

positions of the midpoints of each window, Y-axis represents Pi value in each

region (66 bp) of P. lasiocarpa and LSCs region (130 bp)
of P. szechuanica. However, there was almost no diversity
in the respective population of P wilsonii and P. cathay-
ana, which were very conservative. The chloroplast
genomes of 7 Populus species were annotated a total of
134 genes, including 88 PCGs, 37 tRNAs and 8 rRNAs
genes. The IR region of P wilsonii was much smaller than
that of other groups, which may be caused by the con-
traction of IR region and the main reason for the differ-
ence in chloroplast genome size [26, 27].

The sequence differences of chloroplast genomes from
7 poplars were compared. The results showed that they
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Fig. 7 The Ka/Ks ratios of 50 PCGs from 7 Populus species taking P. trichocarpa as a reference

were highly conservative, there was no gene rearrange-
ment and reversal, and only three regions (psbZ-trnG,
ndhC-trnV and truN-trnR) showed high variation. These
three intergenic regions can be used for phylogenetic
analysis of related taxa of Populus, or as potential molec-
ular markers for population genetics and phylogeny.

The sequence repeats affected gene transcriptional
regulation, protein translation, chromosome formation
and metabolism, reflecting the differences in mutation
frequency and evolution rate of species [28]. There were
39-70 long sequence repeats in the chloroplast genome
of Populus species, and there were four repeat types
(F/P/R/C) in 7 taxa, but the number of F- and P- repeats
were much more than that of R- and C- repeats. More-
over, SSRs loci were widely distributed in the genome of
species, which would lead to diversity due to the differ-
ent number of repeat loci [29]. At the same time, it had
the characteristics of genetic stability, high abundance
and wide distribution, which was often used to study
genetic structure, diversity, differentiation and related
taxa [30]. In this study, a total of 129-146 SSRs loci were
detected in Populus species, including 6 repeat types.
Among them, the mono-sequence repeats were the most
common, accounting for 76.74—80.00% of the total SSRs,
and the basic repetitive unit was the A/T. The individuals
of P lasiocarpa, P. szechuanica and P. wilsonii had high

genetic diversity (3.94x107%, 3.23x107%, 3.18x107?)
might be due to the large number of SSRs loci (146, 145,
145).

Ka and Ks nucleotide substitution patterns were very
important indicators in gene evolution [31]. The selec-
tion pressure of genes was reflected by the ratio of Ka/
Ks. When the value of Ka/ Ks<1, =1 and > 1, respectively,
it indicated the purified selection, neutral evolution and
positive selection of genes, and most of the PCGs were
in purified selection [8, 32, 33]. When we compared 79
PCGs in Populus species, only 3 genes (rps7, rps12 and
rpl16) had Ka/Ks greater than 1, and the others were less
than 1, indicating that these 3 genes were affected by
positive selection and were undergoing a period of rapid
evolution. Furthermore, codon usage bias can reflect
the evolutionary characteristics and influencing fac-
tors of chloroplast genome, and plays an important role
in genome expression [34]. The RSCU value reflects the
codon usage patterns of different genes, and the higher
the value, the higher the codon usage frequency [35]. In
the Populus species, the RSCU values of 29 codons were
greater than 1, and 97% of the high-frequency codons
end with A/U, indicating that the third base of the chlo-
roplast codon was asymmetrical and there was an A/U
bias, which was consistent with the chloroplast genome
codon bias of most plants [36].
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Fig. 9 Phylogenetic analysis of 62 species from 6 sections of Populus. (A) Phylogenetic tree based on ML method. (B) Phylogenetic tree based on BI
method. Different sections are given different colors, and three new species are highlighted in red fonts. The support values are displayed on the branches

of the tree

Due to the widespread interspecific and intraspecific
hybridization and gene introgression of Populus spe-
cies [37, 38], its taxonomic status was controversial in
academic circles. Some characters used for morpho-
logical classification were affected by environmental and
geographical factors, so it was difficult to establish an

accurate phylogenetic relationship. Chloroplast genome
was a highly conservative genome, which was widely used
in phylogenetic reconstruction and population genetic
evolution at low classification level [39]. The main pur-
pose of this study was to use the chloroplast genomes of
Populus species to explore the phylogenetic relationship
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between 3 new taxa and known parents and to identify
possible matrilineal genetic parent. The results showed
that all taxa of Populus were divided into 4 sections (Sect.
Turanga, Populus, Abaso and ATL). Among them, 3 new
taxa had close genetic relationship with 4 parents, P
gonggaensis and P. cathayana had the closest genetic rela-
tionship, P butuoensis, P. dafengensis and P. szechuanica
had the closest genetic relationship, and similar results
were also shown in the analysis of genetic structure.
Because the chloroplast genome was matrilineal inheri-
tance, it was inferred that P cathayana may be the female
parent of P gonggaensis, and P. szechuanica may be the
female parent of P butuoensis and P. dafengensis. More-
over, the genetic differentiation among P. butuoensis, P
dafengensis and P. szechuanica was small, which may be
caused by strong gene flows, which was consistent with
the inference of the whole genome [10].

Conclusions

In this study, we assembled, annotated, and compared
chloroplast genomes of three new Populus taxa from
Sect. Leucoides and four parents. The plastids of the
seven Populus species were highly conserved, only the
genome size, the number of repeats and the IR bound-
ary were slightly different. In addition, we identified three
highly variable regions that can provide genetic markers
for the identification and phylogenetic reconstruction of
related Populus species. Phylogenetic analysis showed
that Populus was a monophyletic group, which could be
divided into four sections. In summary, the taxa from
Sect. Tacamahaca might be the female parent of 3 new
species, while the taxa of Sect. Leucoides might be the
male parent. This study is not only helpful to the devel-
opment and utilization of Populus resources, but also
provides favorable data support for subsequent phylo-
genetic network reconstruction and population genetics
research.

Materials and methods

Sample collection, DNA extraction and sequencing

The branches or seedlings of 34 individuals from 7 taxa
(including 5 Populus wilsonii C. K. Schneider, 5 Populus
lasiocarpa Olivier, 5 Populus gonggaensis N. Chao & J. R.
He, 5 Populus dafengensis X. Q. Wan & Y. J. Shi, and 4
Populus butuoensis X. Q. Wan & Y. J. Shi) were collected
in the field (Table S1) and planted in the seeding base of
Sichuan Agricultural University (103°38'43” E, 30°33'24”
N). Among them, the morphological identification of P
szechuanica, P. cathayana, P. lasiocarpa and P. wilsonii
were based on the description from Flora of China [6],
and the morphological identification of P gonggaensis
was based on the literature published by Chao. P butu-
oensis and P. dafengensis were new species from Sect.
Leucoides of Populus discovered and identified by X. Q.
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Wan & Y. J. Shi [10]. The specimens of these 7 taxa were
kept in the herbarium of Sichuan Agricultural University,
Chengdu, China. After the fresh leaves of the plants were
collected, the leaves were frozen with liquid nitrogen, and
the whole genomic DNA were extracted by slightly modi-
fied CTAB method [40]. The purity, integrity and concen-
tration of DNA were analyzed by gel electrophoresis and
Nanodrop. The qualified DNA were selected and sent to
Novogene Biotechnology Co., Ltd. (Beijing, China), and
the library was constructed and sequenced through the
[lumina HiSeq 4000 platform, and the paired end reads
of 2x150 bp were produced. The raw reads were pre-
processed by Trimmomatic v0.39 software [41] to obtain
clean reads, including filtering out reads with adapters,
with a proportion of N more than 10% and of low-quality.
Clean reads were used for follow-up analysis after qual-
ity evaluation by FastQC v0.11.7 software [42], and the
basic indicator statistics of the clean reads were recorded
in Table S7.

Chloroplast genomes assembly and annotation

First of all, taking the complete chloroplast genome of
P trichocarpa (NC_009143.1) as a reference sequence,
the chloroplast genome from 34 individuals of 7 Popu-
lus taxa assembled by Getorganelle v1.7.7 software [43].
Clean reads mapping to chloroplast genome sequences
via Samtool v.0.1.19 tool to detect its integrity [44].
Then, the chloroplast genomes were annotated by online
tools CPGAVAS2 [45] and Geseq [46], and the annota-
tions information were further corrected manually by
Geneious Prime v11.0.18 software [47] according to the
reference genome. Finally, the annotated chloroplast
genome maps of poplars were visualized by CHLORO-
PLOT online software and submitted to NCBI database
to obtain the accession numbers.

Chloroplast genomes characteristics analysis

The basic characteristic information of seven poplar chlo-
roplast genomes were obtained by CPGView online tool,
including the length and GC content of total genome
sequences, the length of LSCs, SSCs and IRs sequences,
and the number of protein coding genes (PCGs), tRNA
genes and rRNA genes. The detailed information was
recorded in Table S3.

Codon usage bias analysis

As an important indicator of codon usage bias, the rela-
tive synonymous codon usage (RSCU) values of PCGs
were calculated by CodonW v1.4.2 software. A RSCU
value greater than 1 indicates usage preference, a RSCU
value equal to 1 indicates no codon preference, and a
RSCU value less than 1 indicates lower codon usage fre-
quency. Three stop codons (TAA, TAG and TGA) were
deleted due to lack of degeneracy. This codon usage bias
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was also considered to be the result of a combination of
natural selection, species mutation and genetic drift [35].

Simple sequence and long sequence repeats identification
The simple sequence repeats (SSRs) in 7 chloroplast
genomes of poplar were detected by microsatellite online
identification tool MISA-web [48]. The minimum repeat
numbers of mononucleotide (Mono-), dinucleotide (Di-
), trinucleotide (Tri-), tetranucleotide (Tetra-), pentanu-
cleotide (Penta-) and hexanucleotide (Hexa-) nucleotide
sequences were 10, 5, 4, 3, 3 and 3, respectively. Further-
more, we used REPuter online software to identify and
locate forward repeats (F-), reverse repeats (R-), comple-
mentary repeats (C-) and palindromic repeats (P-) [49].
The following settings for repeat identification were
used: Hamming distance equal to 3, minimal repeat size
was set to 30 bp, maximum computed repeat was set to
300 bp.

Chloroplast genomes comparison

In order to study the differences of chloroplast genomes
from seven species of poplar, taking the chloroplast
genome of P. trichocarpa as a reference, using mVISTA
online tool [50] with shuffle-LAGAN model to visualize
their identities.

The PhyloSuit v1.2.3 software [51] was used to extract
the PCGs from all chloroplast genomes of 7 poplars. The
extracted PCGs first carried on the multi-sequence align-
ment through the MAFFT v7.427 software [52], then
used the KaKs_Calculator 2.0 tool to calculate the non-
synonymous substitution (Ka), the synonymous substitu-
tion (Ks), and their ratio (Ka/Ks) with MLWL model [53].

In order to detect the expansion and contraction of the
boundary regions of IRs, SSCs and LSCs of chloroplast
genomes, we used the IRScope online tool to visualize
the junction sites in each region [54].

The structural variation from chloroplast genomes of
Populus species could be explored by rearranging and
comparing the structure of chloroplast genome using
Mauve v2.4.0 program in Geneious Prime software and
analyzing missing genes, repetition, rearrangement or
translocation. Moreover, in order to clarify the level of
sequence variation, we used the sliding window method
to evaluate chloroplast nucleotide polymorphism (Pi) in
DnaSP v6.12.03 software [55]. The window size and step
size were set to 600 bp and 200 bp, respectively.

Population evolution and phylogenetic analysis

Based on the complete chloroplast genomes from 34
individuals of 7 poplars, the genetic structure of all sam-
ples was inferred by using ADMIXTURE v.1.3.0 software
with default parameters [56], and K values were setting
between 1 and 7. The K values corresponding to the low-
est error rate of cross verification (CV) in the result of
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structure was interpreted as the best K value. The prin-
cipal component analysis (PCA) of the population was
carried out by Plink v2.0 software [57], and the genetic
differentiation coefficient (Fst) and nucleotide polymor-
phism (Pi) of the population were calculated by pixy pro-
gram [58].

In order to explore the phylogenetic relationship of 3
new species in Populus and their 4 parents, the complete
chloroplast genomes of 55 poplars were obtained from
NCBI database, and 3 Salix were taken as outgroups
(Table S2). Firstly, the common PCGs of all species
were extracted by PhyloSuit v1.2.3 software, and multi-
ple sequences were compared and trimmed by MAFFT
module and trimAl v1.2 software [59]. The sequences
after trimming were concatenated into a super sequence,
then the phylogenetic tree was constructed by the maxi-
mum likelihood (ML) method and Bayesian inference
(BI) method, respectively. The ML tree was constructed
via IQ-TREE v2.2.0.3 software with 5000 ultra-fast boot-
straps [60], and the optimal model (GTR+F+I1+G4)
was obtained by the ModelFinder program [61]. The
MrBayes v3.2.7a software was used to construct Bl tree
with GTR +I model. The number of chains and runs was
set to 4 and 3, respectively. Then, the MCMC was run for
5,000,000 generations, with sampling each 1,000 genera-
tions, and the top 25% of the trees aged to discard, then
the rest constructed as a 50% consistent tree; conver-
gence was determined by keeping the average standard
deviation of the crossover frequencies <0.01. Finally, the
online tool Chipplot was used to visualize the evolution-
ary trees [62].

We further constructed a haplotype network to explore
the genetic relationship among seven poplars. Firstly, the
chloroplast genomes of 34 individuals from 7 species
were aligned by MAFFT software. Then their haplotype
sequences were obtained by DnaSP software, and the
haplotype network map was visualized via Network v10.2
[63].
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