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unveiled genomic diversity and shed light
on phylogenetic relationships

Yunhui Jiang'", Hong Li'", Mei Wu', Xuemei Zhang', Shukherdorj Baasanmukh?, Hongzhe Li'"", Hang Sun®" and
Shaotian Chen'”

Abstract

Background Incarvillea Juss. is a small herbaceous genus within the Bignoniaceae family. It comprises 16 species,
which are subdivided into five subgenera. The species are distributed mainly in the Himalaya-Hengduan Mountains,
although there are exceptions, including 1. sinensis, I. algae, I. semiretschenskia, and I. potaninii. Phylogenetic analyses
based on trnl-F and nr ITS sequences provided support for the monophyly of the genus and its subgenera. However,
the interspecific relationships among subgenera remain unresolved, and further investigation is necessary to
elucidate these relationships. In this study, we sequenced and assembled 34 chloroplast genomes from 12 Incarvillea
species, representing all five subgenera, and explored the phylogeny of the genus based on the cp. genome data.

Results The results demonstrated that 34 newly assembled chloroplast genomes exhibited lengths between
159,132 and 169,244 bp, and encoded a total of 129-141 genes. These included 84-95 protein-coding genes, 37 or
38 tRNA genes, and eight rRNA genes. A comparative analysis of the chloroplast genomes revealed the structural
rearrangements and the expansions/contractions of the IR regions among the Incarvillea species. A total of 12
mutation hotspot regions were identified in the cp. genomes of the genus Incarvillea, encompassing six genes

(atpl, psal, rps18, trnQ-UUG, infA and ycf1) and six intergenic spacer regions (psbT-psbfl, rps11-rpl36, infA-rps8, trnN-
GUU-ycf1, ndhE-ndhG and ndhl-ndhA). The Pi values of all highly variable regions exceeded 0.06. The phylogenetic
analysis corroborated the monophyly of the genus and elucidated the relationships between five subgenere, namely
((Niedzwedzkia, Incarvillea), ((Amphicome, Olgaea),Pteroscleris)).
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Conclusion A comprehensive comparison of cp. genomic sequences revealed the diversity of the genus Incarvillea
in terms of size, gene content and gene order of cp. genomes. Based on the cp. genome data, a robust phylogenetic
tree of the genus Incarvillea was generated through phylogenetic analysis, with interspecific relationships well
resolved. The results of this study enhance the understanding of the evolutionary history of the genus, and will
facilitate further studies on the diversity and resource protection of the genus.
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Background

The genus Incarvillea Juss. is a small, herbaceous mem-
ber of the Bignoniaceae family, which is predominantly
tropical and woody in nature [1, 2]. It comprises 16
species classified into five subgenera: Niedzwedzkia
(B. Fedtsch.) Grierson, Amphicome (Royle) R. Rr. apud
Royle, Incarvillea Juss., Pteroscleris Baillon, and Olgaea
S.T. Chen, K.Y. Guan &Z.K. Zhou [1, 3]. These species
are primarily distributed across the Himalaya-Hengduan
Mountain range, with a few exceptions such as I. sinensis
Lamarck (extending from Western China to the Russian
Far East), I. algae Regel and 1. semiretschenskia Grierson
(native to Central Asia), and I. potaninii Batalin (native
to Mongolia) [2, 3]. Incarvillea species are widely recog-
nized for their ethnobotanical and horticultural impor-
tance. In southwestern China, Incarvillea species, such as
L arguta (Royle) Royle, I. younghusbandii Sprague, and I.
compacta Maxim are widely used in traditional medicine
for their anti-inflammatory, antibacterial, and antioxi-
dant properties [4—6]. Additionally, their large, colorful
flowers enhance their ornamental value. Despite their
significance, field surveys in China reveal that many spe-
cies face severe threats in their natural habitats. Notably,
two species, I forrestii Fletcher and I. altissima Forrest,
are considered extinct due to overgrazing [7], underscor-
ing the urgent need for phylogenetic and genetic diversity
studies to inform conservation strategies.

Previous phylogenetic and biogeographical studies
based on truL-F sequences and nrITS markers have con-
firmed the monophyly of Incarvillea and identified five
distinct subclades, corresponding to its subgenera. How-
ever, discrepancies between phylogenetic trees derived
from these markers highlight unresolved relationships
among subgenera [8, 9]. Furthermore, recent molecu-
lar analyses suggest rapid radiation within the subgenus
Pteroscleris, complicating efforts to resolve its interspe-
cific relationships [8]. The morphological distinctions
among the five subgenera, including variations in growth
habit, leaf morphology, stamen structure, capsule texture,
and seed characteristics, further challenge taxonomic
classification and phylogenetic inference [8, 9]. Therefore,
a more comprehensive approach integrating additional
molecular data is necessary to clarify the phylogenetic
relationships and taxonomic status of Incarvillea.

In contrast to short DNA markers, chloroplast (cp.)
genomes, which encompass a larger number of loci, have

become increasingly utilized for reconstructing phy-
logenetic relationships in angiosperms [10-13]. Most
angiosperm cp. genomes exhibit a stable quadripartite
structure with maternal inheritance [12, 14, 15]. These
genomes, typically ranging from 120 to 160 kb in length,
consist of two inverted repeats (IRs) separated by a large
single-copy region (LSC) and a small single-copy region
(SSC), and generally encode between 120 and 150 genes
[16]. Due to their slow mutation rates and lack of recom-
bination, cp. genomes have been extensively applied in
phylogenetic and evolutionary studies, as well as species
identification within angiosperms [11-13, 17-19]. Com-
parative analyses of cp. genomes from five Incarvillea
species have revealed significant differences in genome
size, structure, and gene content, along with notable
structural rearrangements among the subgenera [20]. In
light of these findings, we sequenced the cp. genomes
of Incarvillea species and conducted a comparative
genomic analysis to elucidate their genome structure,
composition, genetic diversity, and interspecific phyloge-
netic relationships. Furthermore, we integrated these cp.
genome data with previously reported plastomes from
other members of the Bignoniaceae family to clarify the
phylogenetic placement of Incarvillea within the family.

Results

Structure and characteristics of the Incarvillea chloroplast
genome

The assembled chloroplast genomes (cp. genomes)
of 34 individuals from 12 Incarvillea species ranged
in size from 159,132 bp (I. mairei3) to 169,244 bp (I
beresovskiil), with the GC content varying from 39.2%
(1. semiretschenskia) to 40.4% (I. mairei) (Table 1; Fig. 1,
Fig. S1). All cp. genomes exhibited a typical quadripar-
tite structure, consisting of a pair of inverted repeats
(IRs; 34,129-44,555 bp), separated by a large single-copy
region (LSC; 79,741-82,759 bp) and a small single-copy
region (SSC; 393-10,111 bp). Notably, the GC content
in the IR regions (40.8—-42.5%) was higher than in the
LSC (37.9-39.3%) and SSC regions (31.3-34.9%). The cp.
genomes of Incarvillea species contained between 129
and 141 genes, including 84—95 protein-coding genes, 37
or 38 tRNA genes, and 8 rRNA genes (Table 1, Table S1).
Of the total number of genes, 18—-29 were located in the
IR regions and exhibited two copies.
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IR contraction and expansion

Comparative analysis of the IR boundaries revealed con-
siderable variation in the expansion and contraction of
the IR regions across the 34 Incarvillea genomes (Fig. 2).
This variation contributed to differences in the total
cp. genome sizes and IR region lengths among species.
Within the subgenus Pteroscleris, a strong positive corre-
lation (* = 0.9841) was observed between the size of the
cp. genomes (159,132-169,244 bp) and the length of the
IR regions (35,145-44,555 bp) (Table 1, Fig. S2).

The LSC/IRb boundary was consistently located within
the rps19 gene, extending into IRb by 14 bp in all spe-
cies. The LSC/IRa boundary was positioned between
trnH and rpl2 across all sequenced species. However, the
SSC/IR boundary exhibited notable variability among
species. For the junction sites of SSC and IRb, three dis-
tinct configurations were identified: (1) In four species (L.
arguta, I. compacta, 1. mairei, and 1. younghusbandii), the
SSC/IRb boundary was located between the ndhA and
ndhF genes; (2) Seven species (I dissectifoliola, 1. lutea,
I zhongdianensis, 1. delavayi, I. sinensis, 1. semiretschen-
skia, and I olgae) had the SSC/IRb boundary within the
ndhF gene, with the gene extending into IRb by 51 to
571 bp; (3) In L beresovskii, the SSC/IRb boundary was
located 784 bp from ndhF, and no genes were present in
the SSC region. Furthermore, this species exhibited the
same junction structure for SSC/IRa as that for SSC/IRb.
For the SSC/IRa boundary, the remaining 11 Incarvillea
species (excluding I. beresovskii) exhibited three configu-
rations: (1) In five species (I. compacta, I. mairei, L. sinen-
sis, 1. semiretschenskia, and I olgae), the boundary was
situated between ndhL and ndhA; (2) In two species (L
arguta and 1. younghusbandii), the boundary was within
the ndhL gene, extending into IRa by 1-10 bp; (3) In four
species (I dissectifoliola, 1. lutea, I. zhongdianensis, and
L delavayi), the boundary was located within the rps32
gene, extending into IRa by 51-52 bp.

Repeat structure and SSR analysis of chloroplast genomes
The cp. genomes of Incarvillea species contained
between 192 and 696 long repetitive sequences, includ-
ing 85-358 palindromic (P) repeats and 107-338 forward
(F) repeats, but no reverse (R) or complementary (C)
repeats were identified (Fig. 3, Table S2). The majority of
long repeats were concentrated in the IR regions, with
fewer located in the SSC region. The longest palindromic
and forward repeats were 270 bp in length, detected in L.
delavayi, I dissectifoliola, and I. zhongdianensis.

A total of 1489 simple sequence repeats (SSRs) were
identified across the 12 Incarvillea species (Fig. 4, Table
S3). The majority of SSRs were located in the LSC
region, with mononucleotide SSRs comprising 60.11%
of the total. These monomeric SSRs were predomi-
nantly A/T repeats, indicating a base composition bias
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towards A/T. The number of SSRs per species ranged
from 34 (I arguta2) to 52 (1. sinensis2). Notably, six spe-
cies (I. beresovskii, I. compacta, 1. delavayi, I. dissectifo-
liola, I lutea, and I. mairei) lacked dinucleotide repeats,
while hexanucleotide SSRs were absent in I arguta, I
beresovskii, and 1. semiretschenskia.

Divergence in Incarvillea cp. genomes and hypervariable
regions

Synteny analysis using the Mauve software revealed con-
siderable rearrangements in the LSC regions of the cp.
genomes across Incarvillea species (Fig. 5). However,
nine species, including I arguta, I. compacta, 1. mairei,
L younghusbandii, 1. dissectifoliola, 1. lutea, 1. zhongdia-
nensis, 1. delavayi, and 1. beresovskii, exhibited relatively
conserved cp. genome structures. In contrast, notable
genomic rearrangements were observed between this
group and the remaining Incarvillea species.

Sequence identity analysis with mVISTA indicated a
higher degree of variation in non-coding regions com-
pared to coding regions (Fig. 6). The average nucleo-
tide diversity (Pi) was significantly higher in non-coding
regions (0.0276) than in coding regions (0.0187) (Fig. 7,
Table S2). Sliding window analysis identified 12 hyper-
variable regions with Pi values exceeding 0.06, including
six genes (atpl, psal, rpsl8, trnQ-UUG, infA, and ycfI)
and six intergenic spacer regions (psbI-psbfl, rpsll-
rpl36, infA-rps8, truN-GUU-ycf1, ndhE-ndhG, and ndhl-
ndhA) (Fig. 7). Eight mutation hotspots were located in
the LSC region, while three hypervariable regions (trnQ-
UUG, infA, ycfl) were in the IR region, and the final
region (ndhl-ndhA) was near the SSC/IRa boundary.

Phylogenetic relationships

Based on 69 common CDS, the trees constructed using
the maximum likellhood method and the Bayesian
method exhibited a high degree of similarity in topol-
ogy, with the exception of the position of Catalpa big-
nonioides Walter (Fig. 8, Fig. S3). Phylogenetic analysis
revealed strong support for the monophyly of Incar-
villea (BP=100, PP=1) and its close relationship with
Tecomaria capensis (Thunb.) Spach (BP=100, PP=1).
The subgenus Pteroscleris formed a distinct clade with
full support (BP=100, PP=1), and was sister to a clade
comprising I olgae and I arguta. I. semiretschenskia
and I sinensis were clustered into a clade with full sup-
port, forming a sister group to the remaining species in
the genus. A distinct phylogenetic clade was observed
within I sinensis, which clustered all six accessions into
a single group, with full support. This clade was further
divided into two sister groups: one containing two annual
individuals and the other comprising four perennial
individuals.



Jiang et al. BMC Plant Biology

Incarvillea beresovskii
169,244 bp

Incarvillea arguta
161,065 bp

Incarvillea compacta
159,635 bp

Incarvillea mairei
159,151 bp

Incarvillea younghusbandii
160,403 bp

Incarvillea sinensis
162,104 bp

Incarvillea semiretschenskia
163,962 bp

Incarvillea_olgae
163,464 bp

Incarvillea dissectifoliola
164,956 bp

Incarvillea lutea
164,558 bp

Incarvillea zhongdianensis
165,942 bp

Incarvillea delavayi
165,568 bp

(2025) 25:399 Page 6 of 16

It}

77 bp 784 bp

[Lsc //79.741 bo]

rps19

e

—H
265bp 14 bp

83 bp

[Lsc // 82.244 bp]

—H
271bp 14bp

77 bp
1482 bp

105 bp
ndhA

614 bp
674 bp

265bp 14 bp

85 bp 128 bp:

ndhA

ndhA

939 bp
1213 bp

507 bp
32 bp

231 bp

231 bp

ndhA

[Lsc // 80.400 bp]

rps19

——iH \’ ———H

265bp 14 bp 546 bp 401bp 10bp 0bp
81bp 1749 bp 1749 bp 81 bp.
1482 bp 2120 bp 2120 bp 1482 bp

ndhA

[Lsc // 82.489 bp]

rps19

507 bp
34 bp:

—H A
271bp 14 bp 571 bp 1655bp
81bp

1492 bp

1496 bp

[Lsc // 81.721 bp]

rps19

——H
265bp 14 bp

75 bp
1482 bp

1163 bp
2125 bp

ndhA ndhA

[Lsc // 82,507 bp]
rps19

—H H—A 507 bp
265bp 14 bp 55 bp 2168 bp

77 bp

887 bp
1482 bp g

[Lsc //80.700 bp]

265 bp 14 bp

ndhF
H—
77 bp 709 bp

77 bp
1482 bp

887 bp
80 b

H—
77bp 709 bp

886 bp+
80 b

—AH H—A H 75 bp
265 bp 14 bp S1bp 810bp 183bp S51bp 0 bp
77 bp 889 bp: 887 bp 77 bp

1482 bp 8 "

[Lsc // 80,560 bo]

rps19

—AH
176 bp 52 bp

H—
72bp 816 bp

—H
265 bp 14 bp

Fig. 2 Comparison of the junctions among LSC, SSC and IR regions within 12 cp. genomes of the Incarvillea species



Jiang et al. BMC Plant Biology

266 266 266

(2025) 25:399

268

Page 7 of 16

M Forward M Palindromic

33

285
264

262 258 zss 260
249
36 32 33 23; 235 52 P38
l %5519
0 32 58
126
|10107 [ I
> ) BRI T S S L I R & .9 I
@)@ &?@ «Q?@ ‘\‘}\ 4‘}-\ “‘\’P ”"(‘@ ZP@ ’Zg:b i‘z 5‘5\ 0\,\0\@ o\\cb c)*@’b\\’\?‘ \0@ & '°\& 3\& ’b\@ 0\9 z“‘} e,"\%\ e°‘1 e‘\‘,\ < a°" é‘%\ é\b\ é\b\ 0@\ e‘,\ é\c’ z‘\"\
T F L L LSS PIFETETVITIVTEESEEY FTTT TS S8 & &
& FEEEE NN E S N AT AT AT AT T Y S & &
I N & & &8 RIS IR I S
SUAIR - S & ¥ ©»° & \f@ \‘F
M (SC M IR M SSC
800
i 687
600
491
- 483 480 479 467 463 483 484 477
430
405
373 368 364
400 358 354 356 361
331 354346 7 5, 351350 B
300 52711 277
222
199 179
200 150
10 of] 102 10 .
100 38 39 3 B E i [ S E sy 54 6 5
13 1 1 1 B 2 B2 1 1 82 glls Pe 62' 1] 4 19 14
0 - - - - - - - - - L. . -
FIPIIRLI IS FIRFI AP EEE P PLLEE SRS P
T D T FFFTE I TFF LS TS EE S A S &S
S LTSI LI VIV EFE VY FESFFLFETE Y &F & o
S R O i . g - RN N NN NS S SN
NN RN R R U Y -t g NN N ASEN N Y
NIENINSA S R & 5 &S S NIRSIRIR R
O O O &) o
RN & PSS
N2 RIS IR RGN

Fig. 3 Statistics of tandem repeats in 34 cp. genome sequences of 12 Incarvillea species. (A) The type and number of tandem repeats; (B) Distribution of

tandem repeats

Phylogenetic relationships inferred from six coding
genes showed consistent results with the 69 CDS-based
phylogeny (Fig. S4). In contrast, the phylogeny based on
the IGS regions revealed significant divergence from the
69 CDS-based tree (Fig. S5).

Discussion

Diversity of Chloroplast genome characteristics

In this study, we obtained chloroplast genomes for 34
individuals from 12 species of Incarvillea, represent-
ing all five subgenera: the monotypic Niedzwedzkia and
Olgaea, the binary Amphicome and Incarvillea, and the

polytypic Pteroscleris. To ensure accuracy in the assembly
and annotation of the chloroplast genomes, we sampled 2
to 3 individuals per species, except for I. semiretschenskia
and I. olgae. Our findings showed a high level of concor-
dance in chloroplast genome architecture among intra-
specific individuals, despite minor insertions or deletions
between individuals within species.

The expansion and contraction of inverted repeat (IR)
regions are recognized as significant evolutionary phe-
nomena within chloroplast (cp.) genomes, influencing
the variations in chloroplast genome size [21-24]. We
observed substantial expansion and contraction of IR
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Fig. 4 Simple sequence repeats in 34 cp. genomes of 12 Incarvillea species. (A) Distribution of SSRs; (B) The type and number of SSR

regions in the cp. genomes of Incarvillea species. Addi-
tionally, we found a positive correlation between the
chloroplast genome size and the length of the IR regions
in the Pteroscleris subgenus. Previous studies have indi-
cated that closely related species tend to exhibit similar
responses to environmental changes, suggesting that the
observed shifts in IR boundaries may be non-critical [25,
26]. Interestingly, species in the Pteroscleris subgenus
showed little genetic variation and share high morpho-
logical similarity in previous studies [8, 9], yet they exhib-
ited notable expansion and contraction of the IR regions,
leading to significant variations in chloroplast genome

size and shifts in the IR boundary (Fig. 2; Table 1). In
contrast, the other four subgenera exhibited smaller
chloroplast genome size variations and more modest IR
boundary fluctuations. These four monotypic or binary
subgenera demonstrated pronounced genetic divergence
and distinct morphological traits [8, 9]. We hypothesize
that the observed discrepancies among subgenera may be
linked to significant lineage extinction events associated
with these four monotypic or binary subgenera.
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Phylogenetic relationships among subgenera of Incarvillea
The genus Incarvillea comprises 16 species, classified
into five subgenera [1, 3]. These subgenera are distin-
guished based on karyomorphological and morphologi-
cal characteristics, including chromosome size, growth
habit, anther texture, capsule shape, and seed wing struc-
ture [8, 9, 27]. This diversity complicates the intuitive
classification of these subgenera within the same genus.
Historically, the Amphicome subgenus was classified as a
distinct genus within Gesneriaceae or Bignoniaceae [28—
30]. Similarly, Niedzwedzkia was originally described
as a genus in the Pedaliaceae family and later assigned
to the Bignoniaceae as an independent genus [31, 32].

Molecular phylogenetic analyses using ITS and truL-F
fragments positioned the genus within Bignoniaceae,
but phylogenetic trees based on ITS or ¢trnL-F sequences
have often failed to provide strong support, leading to
occasional conflicts regarding the relationships among
subgenera [8, 9].

Chloroplast genome sequences have proven valuable
for elucidating phylogenetic relationships among angio-
sperms [33]. However, due to significant rearrangements
in gene order, complete cp. genomes was unsuitable for
direct phylogenetic reconstruction within Incarvillea. We
therefore conducted phylogenetic inference using shared
coding sequences (CDS) among Incarvillea species and
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Fig. 7 The graph of nucleotide diversity (Pi) values of intergenic spacer regions (A) and genes (B)

related taxa. Our analysis confirmed the monophyletic
status of Incarvillea, and further supported its place-
ment within the family Bignoniaceae. The phylogenetic
relationships among the five recognized subgenera were
well-supported, with Pteroscleris being sister to the
clade containing Olgae and Amphicome. The remain-
ing subgenera, Incarvillea and Niedzwedzkia, formed a
distinct clade, which was intriguing as it represented a
sister group to a large clade containing the other three
subgenera. The phylogenetic analysis based on the trnL-
F sequence fragment showed that the subgenus Niedz-
wedzkia was the sister group to the clade formed by the
subgenus Incarvillea and the subgenus Pteroscleris [9].
However, this relationship was supported very weakly,

and the relationship of this clade with other clades was
unresolved, which seemed to imply the instability in the
topological structure of the phylogenetic tree based on
the truL-F sequence. Our study presents a robust phylo-
genetic tree with high resolution and strong support for
the relationships among subgenera and species.

Lineage divergence in subgenus Pteroscleris

The Pteroscleris subgenus is geographically confined
to the Himalayan-Hengduan Mountain region. Within
this subgenus, divergences of interspecific morphologi-
cal traits are predominantly quantitative, and the con-
tinuous variation and overlap in these traits complicate
species delineation and identification [1, 2]. Molecular
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phylogenetic studies suggest that the Pteroscleris sub-
genus has undergone a recent radiation, with specia-
tion events closely associated with the rapid uplift of the
Himalayan Mountains, and interspecific relationships
are ambiguous [8]. Our chloroplast genome-based phy-
logenetic analysis provided compelling evidence for the
interspecific evolutionary relationships within this sub-
genus, supporting I. younghusbandii as the basal species,
followed by 1. compacta. This result is consistent with
previous ITS-based phylogenetic analyses [8, 9]. Geo-
graphically, these two species are located at the highest
altitudes in the subgenus, while other species found at
lower elevations occupy deeper nodes in the phylogeny
(Fig. 8). We propose that the dramatic uplift of the Hima-
layas may have induced spatial isolation between these
two species and other members of the subgenus, facilitat-
ing their evolutionary divergence.

Divergence of Incarvillea sinensis

Incarvillea sinensis is the most widely distributed species
in the genus, ranging from Western China to Northeast-
ern China and the Russian Far East [1, 2]. Populations
distributed in the Himalaya-Hengduan Mountains and
their adjacent areas are perennial, while populations in
other areas are annual. Phylogeographic studies indi-
cated potential genetic divergence between the annual
and perennial populations of I sinensis [34]. Further-
more, reproductive isolation between the two groups has
been observed, leading to the hypothesis that the annual
and perennial forms of I. sinensis may represent separate
species [35]. In this study, we sampled six individuals,
including two annual and four perennial specimens. Our
results of the phylogenetic analysis indicated that they
diverged into two distinct branches with full support,
indirectly supporting the hypothesis that these groups
may represent separate species. Thus, Incarvillea sinensis
presents an excellent model for investigating how geo-
graphic vicariance drives speciation.

Potential molecular markers for Incarvillea

The structure of chloroplast genomes is generally conser-
vative among angiosperm species, but mutation hotspots
can be identified even among closely related species [36,
37]. Therefore, the chloroplast genome provides a rich
source of molecular markers for phylogenetic studies,
species identification, and biodiversity assessments. A
sliding window analysis of 34 cp. genomes from Incarvil-
lea revealed 12 highly variable regions, characterized by
Pi values exceeding 0.06. These included six genes (atpl,
psal, rps18, trnQ-UUG, infA, and ycfI) and six intergenic
spacer (IGS) regions (psbT-psbfl, rps11-rpl36, infA-rps8,
truN-GUU-ycfl, ndhE-ndhG, and ndhl-ndhA). These

regions may serve as valuable molecular markers in
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future studies on the genetic diversity and species identi-
fication of Incarvillea.

The maximum likelihood tree constructed based on six
coding gene sequences with Pi values greater than 0.06
exhibited consistent topology with that derived from
69 shared CDS (Fig. S4). However, the sequence align-
ment showed considerable divergence among the six IGS
regions with Pi values above 0.06, leading to numerous
ambiguous or erroneous regions within the dataset. Con-
sequently, some clades were questionable and difficult to
interpret in the IGS-based tree (Fig. S5). We propose that
IGS regions evolve more rapidly than coding genes, mak-
ing them more suitable for intraspecific studies, and care
should be taken when IGS regions are used for highly.

Conclusion

This study provided a comprehensive analysis of the chlo-
roplast genomes of 34 individuals representing 12 Incar-
villea species, shedding light on the structural diversity,
genomic characteristics, and evolutionary patterns
within the genus. Through comparative genomic analy-
sis, we identified significant variability in chloroplast
genome sizes, inverted repeat (IR) region expansions and
contractions, and the genome arrangement among Incar-
villea species. These findings offer valuable insights into
the evolutionary processes shaping Incarvillea species.
Phylogenetic analysis based on shared coding sequences
revealed a robust monophyletic structure for the genus
Incarvillea, with well-resolved deep nodes, enhanc-
ing our understanding of the evolutionary relationships
within the group. Importantly, this study identified 12
hypervariable regions in the chloroplast genomes of
Incarvillea, including six genes (atpl, psal, rpsl8, trnQ-
UUG, infA, and ycfl) and six intergenic spacer regions
(psbT-psbfl, rpsli-rpl36, infA-rps8, truN-GUU-ycfl1,
ndhE-ndhG, and ndhi-ndhA). These regions exhibit high
nucleotide diversity and hold considerable potential as
molecular markers for future phylogenetic research, spe-
cies identification, and biodiversity assessments within
the genus. Overall, the findings of this study significantly
contribute to our understanding of the evolutionary his-
tory of Incarvillea, providing a foundation for further
investigations into speciation, evolutionary diversity, and
resource conservation within this genus.

Methods

Sampling, DNA extraction, and chloroplast genome
sequencing

A total of 34 individuals representing 12 species of Incar-
villea were sampled for this study (Table S4). Of these,
ten species were collected from the field, and fresh,
healthy leaves were subsequently dried using silica gel.
Two to three individuals were sampled for each species,
with the exception of I. sinensis, for which six specimens
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were collected, including two annual and four perennial
individuals. None of these species are endangered or
protected, and no specific permits are required for the
collection of specimens.Voucher specimens were iden-
tified by Shaotian Chen, and have been deposited at the
Museum of Ethnic Medicine, Yunnan University of Chi-
nese Medicine. Genomic DNA was extracted from leaf
tissue using a modified CTAB method [38]. DNA qual-
ity and concentration were assessed using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific,
USA). Libraries with an insert size of 300—500 bp were
constructed using the NEBNext Ultra II DNA PCR-free
Library Prep Kit according to the manufacturer’s instruc-
tions. The libraries were then sequenced on the Illumina
NovaSeq platform (Illumina Inc., USA) in PE 150 nt
mode by Personal Biotechnology Company (Shanghai,
China). For the two Incarvillea species endemic to Cen-
tral Asia, only single individuals were available, which
were obtained from the National Herbarium of Uzbeki-
stan (TASH). DNA extraction, library construction and
sequencing for these species followed the protocol out-
lined by Zeng et al. [39]. To reconstruct the phylogenetic
position of the genus Incarvillea, we retrieved the chlo-
roplast genome sequences of 15 species from other gen-
era within the Bignoniaceae family, as well as one species
from the Lamiaceae family, from GenBank (https://www.
ncbi.nlm.nih.gov/genbank/) (Table S5).

Chloroplast genome assembly and annotation

Raw sequencing data were adapter-trimmed and quality-
filtered using AdapterRemoval v2 (trimwindows=>5 and
minlength = 50) [40]. De novo assembly of the chloroplast
genomes was performed using GetOrganelle v1.7.4 [41],
with the chloroplast genome of I. sinensis (MT937254)
as the reference. The assembled genomes were anno-
tated using the online tool GeSeq (https://chlorobox.mp
imp-golm.mpg.de/geseq.html) [42] and manually curated
in Geneious [43] to correct potential annotation errors.
Physical maps of the cp. genomes were generated using
OGDRAW v1.3.1 (https://chlorobox.mpimp-golm.m
pg.de/OGDraw.html) [44]. The annotated chloroplast
genome sequences of the 12 Incarvillea species have been
deposited in the GenBank database (accession numbers
PQ553054 - PQ553087).

Analysis of SSRs and repeat sequences

Simple sequence repeats (SSRs) in the newly sequenced
chloroplast genomes were identified using the MISA
online tool (https://webblast.ipk-gatersleben.de/misa/)
[45]. The minimum number of repeats for each type of
SSR was set as follows: mononucleotides, 10; dinucleo-
tides, 5; trinucleotides, 4; tetranucleotides, 3; penta-
nucleotides, 3; and hexanucleotides, 3. Tandem repeat
sequences were detected using the REPuter program
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[46], identifying forward, reverse, palindrome, and com-
plementary sequences. Parameters for repeat detection
included a minimum repeat size of 30, a Hamming dis-
tance of 3, and a similarity threshold of 90%.

Comparative analysis of chloroplast genome

The IR/SC boundaries and adjacent genes of the chloro-
plast genomes of Incarvillea species were visualized using
the CPJSdraw v1.0.0 tool [47] to examine the expansion
and contraction of the IR region. The chloroplast genome
sizes, GC content, and lengths of the LSC, SSC, and IR
regions were calculated using Geneious v2022.0.1 [43].
To assess divergence among the chloroplast genomes of
Incarvillea species, 34 chloroplast genome sequences
were aligned using MAFFT v7.490 [48], and sequence
similarity profiles were visualized using the mVISTA tool
(https://genome.lbl.gov/vista/index.shtml) [49]. Addition
ally, a synteny analysis was performed using Mauve [50].
Nucleotide diversity (Pi) values were calculated using
CPStools [51], and a sliding window analysis was con-
ducted with a window size of 600 bp and a step size of
200 bp to identify regions of high sequence divergence.

Phylogenetic analysis

To investigate the taxonomic relationships and interspe-
cific relationships within the genus Incarvillea, phylo-
genetic analyses were performed using both maximum
likelihood (ML) and Bayesian inference (BI) meth-
ods. The analysis was based on the conserved coding
sequences (CDS) of chloroplast genomes from 27 spe-
cies in the Bignoniaceae family, with one species from
the Lamiaceae family used as the outgroup, which is the
closest related family to Bignoniaceae and is optimal to
root the phylogenetic tree. In total, 54 accessions from
32 species were included in the analysis. The common
CDS were extracted using PhyloSuite v1.2.3 [52], aligned
with MAFFT with default settings [44], and manually
adjusted. The ML tree was constructed using IQ-TREE
v2.2.0 with 1,000 bootstrap replicates [53] under the
automatically selected model. The Bayesian analysis was
performed using MrBayes v3.2.7 [54], employing the
same evolutionary model as used in the maximum likeli-
hood analysis, with Markov Chain Monte Carlo (MCMC)
simulations run for 10 million generations. Sampling
occurred every 1,000 generations to ensure adequate
exploration of the parameter space. A burn-in of 25%
was applied to discard the initial trees, and the remaining
trees were used to construct a majority-rule consensus
tree, calculating the posterior probability (PP) for each
branch.
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