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Exploring the phylogenetic framework G

and trait evolution of Impatiens
through chloroplast genome analysis
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Hai-Quan Huang'" and Mei-Juan Huang'"

Abstract

Background The genus Impatiens, which includes both annual and perennial herbs, holds considerable ornamental,
economic, and medicinal value. However, it posed significant challenges for taxonomic and systematic reconstruc-
tion. This was largely attributed to its high intraspecific diversity and low interspecific variation in morphological
characteristics. In this study, we sequenced samples from 12 Impatiens species native to China and assessed their phy-
logenetic resolution using the complete chloroplast genome, in conjunction with published samples of Impatiens. In
addition, a comparative analysis of chloroplast genomes were conducted to explore the evolution of the chloroplast
genome in Impatiens.

Results The chloroplast genomes of 12 Impatiens species exhibited high similarity to previously published sam-
ples in terms of genome size, gene content, and sequence. The chloroplast genome of Impatiens exhibited a typical
four-part structure, with lengths ranging from 146,987 bp(l. morsei)- 152,872 bp(l. jinpingensis). Our results identi-
fied 10 mutant hotspot regions (rps16, rps16-trnG, trnS-trnR, and rpoB-trnC) that could serve as effective molecular
markers for phylogenetic analyses and species identification within the Impatiens. Phylogenetic analyses supported
the classification of Impatiens as a monophyletic taxon. The identified affinities supported the taxonomic classifica-
tion of the subgenus Clavicarpa within the Impatiens, with subgenus Clavicarpa being the first taxon to diverge. In
phylogenetic treethe Impatiens was divided into eight distinct clades. The results of ancestral trait reconstruction
suggested that the ancestral traits of Impatiens included a perennial life cycle, four sepals and three pollen grooves.
However, the ancestral morphology regarding fruit shape, flower colour, and spacing length remained ambiguous.

Conclude Our study largely supported the family-level taxonomic treatment of Impatiens species in China and dem-
onstrated the utility of whole chloroplast genome sequences for phylogenetic resolution. Comparative analysis

of the chloroplast genomes of Impatiens facilitated the development of molecular markers.The results of ancestral
trait reconstruction showed that the ancestor type of habit was perennial, the number of sepals was 4, and morphol-
ogy and number of aperture was 3 colpus. The traits of capsule shape, flower colour, and spur length underwent
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a complex evolutionary process. Our results provided data support for further studies and some important new

insights into the evolution of the Impatiens.

Keywords Impatiens, Phylogeny, Chloroplast genome, Comparative analysis, Adaptive evolution

Backgrounds

Impatiens is a genus of annual or perennial herbs, which
can be sparsely epiphytic or subshrubs, comprising over
1,000 species worldwide. Phylogenetic studies demon-
strated that the Impatiens can be divided into two sub-
genera: Subgenus Impatiens and Subgenus Clavicarpa
[1]. The classification of the Impatiens is particularly
challenging due to the high intrageneric diversity of mor-
phological characters. Hooker declared that the Impa-
tiens is a very difficult taxon in plant taxonomy [2]. In
recent years, numerous scholars identified new species of
Impatiens in China, particularly in karst regions, which
are recognized as biodiversity hotspots [3-6].

Fujihashi analyzed the phylogenetic relationships of
Impatiens using combined chloroplast rbcL and truL-
trnF spacer regions [7]. However, the small sample size
and the considerable distance of the outgroups resulted
in a phylogenetic tree that did not adequately resolve
the relationships within the genus. Yuan selected 112
plant species to establish a phylogenetic framework for
the family Balsaminaceae, and demonstrated that both
the family and the Impatiens are monophyletic [8]. This
work addressed the issue of infrageneric classification.
Additionally, Yu Shengxiang constructed a phylogenetic
tree that integrated traits such as inflorescence type, fruit
type, sepal number and carpel number, along with molec-
ular data from ITS, atpB-rbcL and trnL-F regions. This
analysis resulted in the division of Impatiens into two
subgenera: Subgen. Impatiens and Subgen. Clavicarpa.
Within Subgen. Impatiens, seven distinct groups were
identified. Furthermore, the study found that Impatiens
and Hydrocera formed a sister group, constituting a
monophyletic clade [9].

Chloroplasts are semi-autonomous organelles respon-
sible for photosynthesis and energy conversion in plants
[10]. They contain their own DNA, which is inherited
matrilineally in most angiosperms [11]. The chloroplast
genome remained structurally stable throughout evolu-
tion, with mutation rates that are intermediate compared
to those of mitochondrial and nuclear genomes [12, 13],
suggesting a unique evolutionary trajectory [14]. Chloro-
plast genomic data was instrumental in resolving the phy-
logeny of Delphinium [15], elucidating the intergeneric
relationships and the spatiotemporal evolutionary history
of Eriocaulon (Eriocaulaceae) [16]. Liu discovered five
hypervariable regions by using the chloroplast genome,
which could serve as potential molecular markers for

Caragana [17]. RAN sequenced and compared Tuber-
culata and found that six mutation hot spot regions
could serve as potential molecular markers. Tuberculata
formed a monophyletic group and was divided into two
evolutionarily independent branches, which confirmed
the independence of this part [18]. Li identified five com-
bined DNA regions that could serve as potential markers
for future phylogenetic analysis and species identification
of Costaceae plants [19]. QIU analyzed the chloroplast
genome characteristics of seven Impatiens species and
explored the affinities among 27 species of Impatiens.
The results effectively clarified the relationship between
Subgen. Impatiens and Subgen. Clavicarpa [20]. LUO
examined the structure of chloroplast genomes in three
ornamental Impatiens species, identified differentia-
tion hotspots, and determined their phylogenetic posi-
tions [21]. Thus, the chloroplast genome served as an
ideal model for studying genome evolution and provides
molecular markers for resolving systematic affinities [22,
23]. Chloroplast sequences were among the first to be
utilized for molecular evolution studies [24], and the dif-
ferences in evolutionary rates among genes or lineages
within chloroplast genomes garnered considerable atten-
tion [25].

In recent years, an increasing number of studies dem-
onstrated that variations in the chloroplast genome pro-
vide valuable information for resolving phylogenetic
relationships across multiple taxonomic levels, particu-
larly in taxonomically complex groups [24, 26]. In this
study, we assembled the complete chloroplast genomes
of 12 samples of Impatiens and combined them with
published samples available in GenBank. Additionally,
we analyzed a majority of the chloroplast gene sequences
present in GenBank. Our specific objectives were: (a) to
compare the chloroplast genome structures within the
Impatiens; (b) to identify mutational hotspot regions as
potential chloroplast markers for species identification
and phylogenetic analysis; (c) to utilize the complete
chloroplast genome to infer and test phylogenetic rela-
tionships and trait evolution among Impatiens genera;
(d) to incorporate chloroplast gene sequences from Gen-
Bank to elucidate deep relationships among Impatiens
species worldwide. We revealed phylogenetic relation-
ships among these species. 10 mutational hotspot regions
were identified, which can be used as potential molecular
markers. We found Some ancestral traits of Impatiens in
this study. Impatiens undergone a complex evolution in
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the course of its history, and this was linked to its adapta-
tion to ecological environment.

Results

General features of Impatiens chloroplast genomes

The chloroplast genome of the Impatiens exhibited
characteristics similar to those of other angiosperms.
It was structured as a double-stranded circular tetrad,
comprising a large single-copy region (LSC), a pair of
inverted repeat regions (IRa and IRb), and a small sin-
gle-copy region (SSC) (Fig. 1). The lengths of the chlo-
roplast genomes across the 12 species analyzed ranged
from 146,987 bp (I morsei) to 152,872 bp (L. jinpingen-
sis). The IR regions varied in length, measuring from
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Fig. 1 Structural and gene map of the Impatiens chloroplast genomes
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52,472 bp (1. morsei) to 51,044 bp (I. duclouxii var.), while
the LSC region spaned from 83,611 bp (I. gasterocheila)
to 81,527 bp (I. morsei). The SSC region showed a range
from 17,991 bp (I gasterocheila) to 12,988 bp (I. morsei).
The GC content of the chloroplast genomes within the
Impatiens was consistently around 37% (Table 1).

SSR polymorphisms and long repeat structure

A total of 1,020 simple sequence repeats (SSRs) were
identified in the chloroplast genomes of 12 Impatiens
species (Fig. 2a). The number of SSRs in these species
ranged from 75 to 106, with an average of 93 (Fig. 2b).
Mononucleotide repeats were the most prevalent,
accounting for 92.16% of the total SSRs, followed by
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Table 1 Summary of the chloroplast genomes for 12 Impatiens samples

Species Total length (bp) LSC(bp) IR(bp) SSC(bp) Total GC Total Genes Number of Number of Number
content Total Genes tRNA Genes of rRNA
(%) Genes

I bodiniei 151,363 82,252 51,520 17,591 37% 116 82 30 4

I. maculifea 152,756 83,419 51,488 17,849 37% 115 81 30 4

I. jinpingensis 152,872 83,946 52062 17,279 37% 114 80 30 4

I. niamniamensis 152,602 83,544 51,940 17,568 37% 109 76 29 4

|. lemeei 151,643 82,728 51,532 17,843 37% 121 88 29 4

I. duclouxii var 151,607 83,081 51,044 17,482 37% 118 84 30 4

I.undulate 152,040 82,995 51,534 17,511 37% 119 85 30 4

I. soulieana 152,067 83,042 51,514 17,511 37% 119 85 30 4

I. pingxiangensis 152,689 83,375 51,514 17,800 37% 112 72 36 4

|. gasterocheila 152,664 83,611 51,062 17,991 37% 1M 79 28 4

. morsei 146,987 81,527 52472 12,988 37% 115 80 30 4

I longialata 151,568 82,593 51476 17,499 37% 118 84 30 4
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Fig. 2 Numbers and types of SSRs in the 12 Impatiens chloroplast genomes. a Total number of the four repeat typesgenomes b Number of repeat

dinucleotide repeats at 9.22%, tetranucleotide repeats
at 4.41%, and trinucleotide repeats at 2.84%. Pentanu-
cleotide repeats were detected only twice in I macu-
lifera, while hexanucleotide repeats were not observed
at all. Additionally, four types of long repeat sequences
were detected: direct, inverted, complementary, and
palindromic. We identified four types of long repeat
sequences: direct repeats, inverted repeats, complemen-
tary repeats, and palindromic repeats (Fig. 3). The num-
ber of direct repeat sequences ranged from 7-11, while
inverted repeat sequences were found in quantities of
0-2. Complementary repeat sequences were observed in
0-1 instance, and palindromic repeat sequences varied
from 7-16. Among the species studied, I. niamniamensis
exhibited the fewest occurrences of these sequences, with
a total of 16, whereas I. morsei had the highest occur-
rence, totaling 28.

Impatiens chloroplast genome variation

A comparison of the boundaries of the inverted repeat
(IR) and small single-copy (SSC) regions was conducted
for 19 species of the Impatiens(Fig. 4). The rps19 gene is
typically located at the junction between the large single-
copy (LSC) and inverted repeat b (IRb) regions (JLB),
except in the case of I. morsei. In the chloroplast genomes
of the 19 Impatiens species, these extensions lead to
a reduction in the size of the LSC, which includes the
N-terminal portion of rpsI9.

The mVISTA results showed the chloroplast genomes
of the 19 species within the Balsaminaceae exhibited
strong conservation, high collinearity, (Fig. 5)and sig-
nificant homology, reflecting a high degree of similarity.
However, certain differences were noted, particularly
with varying mutation rates in the inverted repeat (IR),
small single-copy (SSC), and large single-copy (LSC)
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Fig. 3 Long-repeat sequences in the Impatiens chloroplast genomes

regions, with the IR region demonstrating greater con-
servation. Additionally, the coding regions were found to
be more conserved than the non-coding regions. None-
theless, a number of highly differentiated regions were
identified in the intergenic spacers and coding genes,
including matK, psbK, petN, psbM, atpE, rbcL, accD,
psalL, rpl16, rpoB, ndhB, ndhF, ycfl, and, ndhH.

Using nucleotide polymorphism analysis, we found
that the single-copy regions of the Large Single-Copy
(LSC) and Small Single-Copy (SSC) sequences are highly
differentiated, while the inverted repeat (IR) regions
exhibit relatively low nucleotide polymorphism (Fig. 6a).
The nucleotide diversity (Pi) values for the coding and
intergenic regions within the Impatiens indicated that
the intergenic regions have higher values than the cod-
ing regions, suggesting a greater degree of differen-
tiation in the intergenic regions. The average nucleotide
diversity (Pi) value across 19 species of Impatiens was
0.021057682. Specifically, the Pi values for the LSC region
range from 0 to 91,785 bp, with values between 0.00063
and 0.0185; for the IR region, the Pi values range from
91,786 bp to 118,364 bp, with values between 0.00059
and 0.13189; and for the SSC region, the Pi values range
from 118,365 bp to 137,534 bp, with values between
0.00465 and 0.12854 (Fig. 6b).

Molecular evolution of the Impatiens chloroplast genomes
The average Ka/Ks ratio (w) of 19 protein-coding genes
was calculated. Overall, 45 genes exhibited w values less
than 1 (Fig. 7a). In contrast, 34 genes had Ka/Ks values
greater than 1 in at least one species, indicating the action
of strong selective constraints or purifying selection. The
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Complement ™ Total dispersed repeats

expression levels of photosynthesis-related genes, such as
accD, atpB, atpF, clpP, ndhC, ndh], psaA-B, psal, psbB,
and psbl, were consistent across most tested species.
The evolutionary rates of 11 genes related to transcrip-
tion and translation (rpl14, rpsll, rpll6, rpl20, rpl33,
rpoA, rpoB, rpoCl, rpsl9, rps3, and rps8) were found
to be lower than those of photosynthesis-related genes,
suggesting that these genes were under relaxed selective
constraints and may be experiencing weak positive selec-
tion (Fig. 7b-e).

Phylogenetic relationships

Phylogenetic trees were constructed using both maxi-
mum likelihood and maximum parsimony methods,
based on a comprehensive chloroplast genome data-
set that included 46 chloroplast genomes of the Impa-
tiens, along with a single representative from the genus
Hydrocera, specifically Hydrocera triflora, which served
as the outgroup in our phylogenetic analysis. Phy-
logenetic trees constructed on the basis of different
approaches had very high similarity across branches.
The relationships among all major clades within the
Balsaminaceae family are strongly supported, as illus-
trated in (Fig. 8). In the phylogenetic tree, the family
Balsaminaceae was clearly differentiated into two pri-
mary clades: one representing the Impatiens and the
other representing the Hydrocera. The monophyly of
the two genera is further illustrated. Within the Impa-
tiens, there was a further differentiation into two major
clades. The first taxon to diverge within Impatiens was
Subgenus Clavicarpa, which encompassed five distinct
species: I. maculifera, I. guizhouensis, 1. pritzelii, and
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1. omeiana. Following this, the second clade to diverge
was Subgenus Impatiens, which subsequently differen-
tiated into seven separate clades.

Ancestral trait reconstruction

In this study, we utilized the chloroplast genome to
reconstruct the phylogenetic relationships within the
Balsaminaceae family. To analyze the ancestral mor-
phology and evolutionary trends of Impatiens, we
mapped six morphological characters—habit, capsule
shape, flower colour, spur length, morphology and
number of apertures on the constructed phylogenetic
trees.

Page 9 of 18

Habit

Perennial was considered to be the ancestral state. And
perennial were inferred as a synapomorphy for branch
II, IV and VIII. Branch I and VII evolved annual traits.
Subgen. Clavicarpa (VIII) were all perennial in this study
(Fig. 9a).

Capsule shape

The ancestral character state of the capsule shape was
ambiguous in the last common ancestor of the Impa-
tiens. The fusiform capsule shape was more conservative
and was inferred to be the synapomorphy of branch IV
and V. The fusiform fruit shape of branch VIII (Subgen.
Clavicarpa) were almost clavate (Fig. 9b).
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Fig. 9 a Ancestral reconstruction of the Habit in Impatiens using maximum parsimony (MP). b Ancestral reconstruction of the Capsule shape

in Impatiens usingmaximum parsimony (MP)
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Flower colour

The ancestral character state of flower colour were also
ambiguous. Flower colour were found to have evolved so
many times independently. The synapomorphies of the
various branches were ambiguous.The different flower
colours were scattered in different branches, and no clear
regularity was found (Fig. 10a).

Spur length

We can found that the Spur length that less than or equal
to 1 cm has undergone three independent evolutions,
which appeared in branch I, IV and VI respectively. The
evolution of spur from long to short was observed in the
results (Fig. 10b).
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Sepal number

Four sepals were recognized as the ancestral character
state in the results of the character evolution. Two sepals
acted as a synapomorphy in branch I, IV and V (Fig. 11a).

Morphology and number of aperture

A pollen Aperture number of 3 was considered to
be the ancestral character state. All of branch VIII
(Subgen.Clavicarpa) had 3-colpus pollen in the this
study. Branch VIII was in a primitive state (Fig. 11b).

Discussion

The evolution of chloroplast genomes in the Impatiens

In this study, we utilized high-throughput sequenc-
ing technology to assemble the chloroplast genome
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Fig. 10 a Ancestral reconstruction of the flower colour in Impatiens using maximum parsimony (MP). b Ancestral reconstruction of the spur length
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Morphology and Number of Aperture
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Fig. 11 a Ancestral reconstruction of the sepal number in Impatiens using maximum parsimony (MP). b Ancestral reconstruction
of the Morphology and Number of Aperture in Impatiens using maximum parsimony (MP)

sequences of 12 species within the Impatiens. All chlo-
roplast genomes of the Impatiens species exhibited a
typical circular tetrad structure, consisting of a pair of
inverted repeat regions along with large and small single-
copy (SSC) regions (Fig. 1). In the Balsaminaceae, this
structure was similar to the chloroplast genomes of other
species [20, 21]. The tetrad structure of the chloroplast
genome represented an adaptive feature that evolved
over the long term in plants, contributing to genome sta-
bility, replication efficiency, and genetic diversity [27].
Notably, I morsei exhibited a reduced total gene length,
with no significant differences observed in the LSC
and IR regions compared to other species in the Impa-
tiens, primarily due to the contraction of the SSC region.
While similar genomic contraction phenomena was
documented in other plant species [28], no related stud-
ies were reported within the Impatiens. In the context of

plant genomic evolution, changes in genome size were
often closely associated with environmental adaptation,
gene duplication, gene loss, and other factors. For I mor-
sei, the contraction of the SSC region may be linked to its
specific ecological adaptation strategies [29].

Through the comparison of genomes among different
species within the Impatiens, we found that the genomes
exhibit a relative conservativeness overall, but significant
variations existed in specific regions. Firstly, the differ-
ences in genome size primarily arised from variations
in the Large Single Copy (LSC) region of the chloroplast
genome, as well as the contraction and expansion of the
Inverted Repeat (IR) regions. These variations not only
affected the size of the genome, but also may have sig-
nificant impacts on the plant’s adaptability and evolution
[30, 31]. For instance, variations in the LSC region may
be related to environmental adaptability, while changes in
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the IR region could influence gene expression and func-
tion [32, 33]. Secondly, the chloroplast genomes of the
Impatiens showed a preference for A/T bases, which was
consistent with other species within the order Ericales.
Relevant studies indicated that the A/T base preference
of Actinidia chinensis is 62.8% [34], suggesting that the
genomes of the Impatiens may be subjected to similar
evolutionary pressures regarding base composition. This
A/T preference may be closely related to factors such as
ecological adaptability, genome stability, and genetic vari-
ation [35].

The mVISTA visualization analysis indicated that the
non-coding region sequences of the chloroplast genomes
in the Impatiens exhibited moderate differentiation. This
suggested that the variation rate in non-coding regions
was higher than that in coding regions, inferring that
coding regions were more conserved. Specifically, there
were higher variations in non-coding regions compared
to coding regions, and higher variations in the LSC and
SSC regions compared to the IR region. This was specu-
lated to be related to the selection pressures experienced;
lower selection pressure was associated with structural
variations, while higher selection pressure contributed
to the relative stability of the structure. In the Impatiens
genome, the ka/Ks ratios of several coding genes, such
as rps2, rpsi4, rpl23, psbl, and psbK, were greater than
1, reflecting evolutionary selection and indicating that
these genes have undergone positive selection. Nota-
bly, most species in the Impatiens exhibited significant
positive selection for the rpsi23 gene. The rpl32 gene,
which played a key role in protein synthesis as a riboso-
mal protein, shown to be important under abiotic stress
conditions in rice [36]. Additionally, studies in the fam-
ily Euphorbiaceae found that the rpl32 gene transferred
from the chloroplast to the nuclear genome, acquir-
ing new transport peptides in the process [37]. In sum-
mary, the significantly higher variation in the noncoding
regions than in the coding regions, the significantly
higher variation in the LSC and SSC regions than in the
IR regions, and the synergistic evolution of several genes
with plant nuclear genes in Impatiens may have contrib-
uted to the occurrence of positive selection.

Chloroplast markers for Impatiens

DNA sliding and mismatches, as well as unequal
exchanges between sister chromatids during mitosis and
meiosis, could lead to the formation of simple sequence
repeats (SSRs) or tandem repeat sequences [38]. The
number of SSR repeat sequences could influence gene
regulation, transcription, and protein function, provid-
ing a source of both quantitative and qualitative varia-
tion [39]. In a study of 12 species within the Impatiens,
Tetranucleotide repeat sequences were detected in seven
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species, including 1. bodinieri, 1. maculifera, 1. duclouxii
var.,, I. undulata, and I soulieana, among others. Addi-
tionally, pentanucleotide sequences were identified in
I maculifera. These tetranucleotide and pentanucleo-
tide repeat sequences may play a role in the identifica-
tion of these species. In fact, many studies employed
this method for species identification [40], and related
molecular markers were currently being developed. The
diversity and distribution of SSRs were of significant
importance for species adaptation and evolution, serving
as genetic markers for studying the genetic structure and
intraspecific variation within species [41, 42].

The classification, evolution and genetic development
of plants were based on high mutation regions, simple
sequence repeats (SSRs), and single nucleotide polymor-
phisms (SNPs) as molecular markers [43]. Chloroplast
gene fragments such as rbcL, rps16, atpB, ndhF, matk,
and atpB-rbcL were widely used as universal barcodes
in classification and molecular systematics research [44,
45]. Currently, in the phylogenetic study of the Impa-
tiens, a limited number of gene fragments, including
atpB-rbcL, were insufficient to resolve the relationships
among closely related species within the genus [46, 47].
By exploring the highly variable regions of the com-
plete chloroplast genomes of 19 Impatiens species, we
identified 10 gene fragments with a high degree of dif-
ferentiation: rpsl6, rpsl6-trnG, truS-trnR, rpoB-trnC,
truN-psbM, ycf3-truS, petD-rps3, ndhF-rpl32, rps15-ycf1,
and ycfl. These fragments were effectively utilized in
phylogenetic analyses among wild Impatiens species. The
diversity of germplasm resources in Impatiens and the
complex evolutionary issues within the genus presented
significant challenges for the systematic evolution and
classification of these plants. This was particularly true
for the morphological classification and identification
of wild Impatiens, as well as for elucidating the phyloge-
netic relationships among species. Therefore, the highly
mutated regions screened in this study to serve as poten-
tial molecular markers of Impatiens can help to provide
certain scientific evidence for the identification of new
species of Impatiens, molecular evolution, and phyloge-
netic studies.

Phylogenetic relationships in Impatiens

The results of the chloroplast genome phylogenetic tree
derived from this study, based on different methods were
highly similar. The Balsaminaceae family was identified as
a monophyletic taxon. The outgroup, Hydrocera triflora,
was positioned at the base of the branch and exhibits a
sister-group relationship with the Impatiens. This was the
same finding as in the study by Luo [5]. Most branches
received high support, with 100% bootstrap values. All
species of Impatiens formed a distinct monophyletic
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clade. This was consistent with the findings of previous
researchers [9, 20, 21, 48]. A total of forty-six species of
Impatiens were classified into eight clades, and the phylo-
genetic tree exhibited very high self-expansion values and
resolution. Impatiens and Hydrocera could be clearly dif-
ferentiated, which clarified the interspecies phylogenetic
relationships within the Impatiens.

In this study, all species of Subgen. Clavicarpa exhib-
ited a pollen colpus count of three and a sepal count of
four. It was observed that the morphological characteris-
tics of these species align well with the phylogenetic tree.
This taxon represented the original lineage of Impatiens
[49] and was positioned at the base of the evolutionary
tree. The majority of species within Subgen. Impatiens
were endemic to China, particularly concentrated in the
southwestern and southern regions [50]. Furthermore,
the distribution of Subgen. Clavicarpa was geographi-
cally specific [51].

In the subgenus Impatiens, the present study revealed
complex morphological variation, accompanied by strong
support values in its molecular phylogenetic tree. The
subgenus Impatiens was primarily concentrated in south-
western China, particularly in Yunnan, Guizhou, and
Sichuan, with a few species extending into central and
northern China, Thailand, and other regions [52]. Nota-
bly, we found that the phylogenetic trees constructed
using different methods clustered the following three cul-
tivars—I hawkeri, I. walleriana, and I. balsamina—into a
distinct clade. These three cultivars occupied a relatively
unique evolutionary position, which was consistent with
the findings of Luo [53]. Furthermore, cultivated species
exhibited a clear evolutionary trend compared to wild
species, demonstrating significant genetic divergence
and high levels of internal resolution. In this research,
compelling molecular evidence was provided that the
chloroplast genome could be effectively utilized for phy-
logenetic and taxonomic studies within or among spe-
cies of Impatiens. Due to the large number of species
in the Impatiens, relatively few chloroplast genomes of
Impatiens were available. Although our phylogenetic
tree resolved the major branching relationships within
Impatiens, future studies will require more chloroplast
genome data from Impatiens to adequately address the
phylogenetic problem of Impatiens.

Ancestral trait reconstruction and ecological adaptation

This study was the first to trace six traits of Impatiens
using chloroplast genomic data to investigate the ances-
tral character state. The results indicated that the traits
of Impatiens were highly differentiated and exhibited
significant diversity. However, there was a strong consist-
ency of traits among species within the same clade. Our
findings suggested that the traits of Impatiens may have
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undergone a complex and variable evolutionary history,
which was closely related to their wide distribution and
ability to adapt to a variety of environments. Notably, the
subgenus Clavicarpa may be diverged from the Impa-
tiens lineage earlier, and formed a separate clade.

In this study, most of the species were perennials, while
fewer evolved into annuals, such as those in branches I,
V, and VII. Research was shown that perennials are bet-
ter equipped to survive in resource-poor environments,
whereas annuals tend to grow and reproduce more rap-
idly [54]. The ancestral character state of capsule shape
remained ambiguous and exhibited significant homoge-
neity. Clavate and fusiform capsule shapes may represent
more primitive forms. However, Song demonstrated that
the ellipsoidal capsule shape was the ancestral state for
the Impatiens [55]. This conclusion required further anal-
ysis based on a larger sample size.

Flower colour played a crucial role in the propagation
of insectivorous plants and holds significant ecological
value [56—58]. Ancestral trait reconstruction results sug-
gested that the evolution of flower colour was a complex
process and no clear pattern was found in this evolution-
ary process(Fig. 10a). In this study, we found that the
majority of Impatiens species exhibited yellow flowers.
The yellow petals’ UV absorption pattern enhances vis-
ibility to many flower visitors [58—60], thereby facilitating
pollination [61]. Through extensive experimental obser-
vations, we discovered that most Impatiens species pos-
sess floral spots on the petals near the pistil. This sharp
colour contrast effectively serveed as a nectar guide for
flower visitors [58, 62]. In Turnera, a similar phenome-
non was observed [63].We concluded that flower colour
evolution was related to selection pressures on Impatiens
during their evolutionary journey.

In Impatiens, the spur is a nectar-storing structure [64].
Spur lengths were predominantly greater than 1 cm, as
indicated by the results of the ancestral character state
analysis (Fig. 10b). Xiao’s research suggested that the evo-
lution of floral structures in Impatiens was influenced by
the selection pressures exerted by pollinators. Pollinators
play an irreplaceable role in the evolutionary history of
floral structures [65]. The length of the spur is correlated
with the mouthparts and body size of pollinators. Bees
and moths with longer mouthparts are the primary pol-
linators of Impatiens in subtropical and tropical regions
[66, 67]. Notably, 71% of the studied species exhibited
bee pollination syndrome [68]. Interestingly, some spe-
cies with very short or even absent spurs also were iden-
tified within Impatiens, leading researchers to speculate
that their pollinators may be flies [69]. Furthermore,
some studies shown that the spur (which stores nectar)
in I uliginosa did not significantly reduce the frequency
of pollinator visits [70]. We speculated that the presence
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or absence of a spur may not directly influence the fre-
quency of pollinator visits.

In this study, the ancestral state of 4 sepals was con-
sidered, which was consistent with the findings of Yu
[3]. The VIII branch (Subgen. Clavicarpa) all possessed
4 sepals and exhibited 3-colpus pollen. In the Impatiens,
the number of pollen colpus has evolved from three to
four [71]. Notably, the presence of three pollen colpus
and four sepals was regarded as a relatively primitive
state within Impatiens [72]. This all provides further data
to support the idea that the Subgen. Clavicarpa is more
primitive than the Subgen. Impatiens.

The results of ancestral trait reconstruction indicated
that the individual traits of Impatiens exhibited different
evolutionary rates. Song also demonstrated that mosaic
evolution occurs within Impatiens [69]. The more rapid
evolution observed in the subgenus Impatiens is associ-
ated with its wide distribution and strong adaptability.
The subgenus Clavicarpa represented an early differenti-
ated clade of Impatiens [49]. The subgenus Clavicarpa
was discussed as the more primitive subgenus. At the
same time, the subgenus Clavicarpa was primarily dis-
tributed in southwestern China Geographically. And this
region was situated at one of the five major centers of
Impatiens distribution worldwide [50, 73, 74]. So it was
likely that southwestern China was one of the original
centers of diversification for the Impatiens. The develop-
ment of traits resulted from a combination of intrinsic
plant characteristics and environmental factors. There
was a clear evolutionary relationship between plants and
their pollinators. Further analyses regarding the evolu-
tion of traits in Impatiens should incorporate additional
samples and molecular datasets.

Conclusion

In this study, we sequenced and assembled the complete
chloroplast genome sequences of 12 samples represent-
ing eight sections of species in the Impatiens. Com-
parative genomics studies by adding published samples
indicated that the chloroplast genome of the Impatiens
was relatively conserved, with the emergence of 10 muta-
tional hotspot regions that could serve as potentially
variable molecular markers for inferring physiologi-
cal ontogenetic relationships and species identification.
Phylogenetic analyses based on chloroplast genomes
supported some of our previous results in taxonomic
treatment studies using morphological characters. The
world’s Impatiens species were divided into two subge-
nus, and the Impatiens was further differentiated into
eight sections. By mapping six morphological traits of
the Impatiens into the phylogenetic tree, the life type of
perennial, the number four sepals, and threes pollen col-
pus were probably the primitive traits of the Impatiens,
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whereas the ancestral morphology of capsule shape,
flower colour, and length of the flower spur were ambigu-
ous. Overall, this study showed that the entire chloro-
plast genome sequence provided another perspectives
on Impatiens’s genetic diversity and evolutionary history,
which can contribute to resolve the phylogenetic rela-
tionships of this difficult-to-describe genus.

Methods
Sample collection and sequencing
In this study, we collected nine species of Impatiens from
natural habitats in accordance with local and national
regulations, and the collected samples were identified by
Prof. Haiquan Huang of the College of Horticulture and
Landscape Architecture, Southwest Forestry University,
and preserved in the laboratory of the College of Hor-
ticulture and Landscape Architecture of the Southwest
Forestry University (25°06'N, 102°76’E); the remaining
three materials were obtained from the Laboratory of the
College of Horticulture and Landscape Architecture of
the Southwest Forestry University (25°06'N, 102°76’E).
The materials utilized in this study consisted of fresh
leaves collected from Yunnan, Sichuan, and other regions.
To better reflect the systematic position of the Impatiens,
we selected eight groups of species based on their dis-
tribution locations and existing classifications from the
"Flora of China" [73]. Additionally, we downloaded 31
published species of the Impatiens from the GenBank
database, resulting in a total of 43 samples. Genomic
DNA was extracted from 12 different samples of Impa-
tiens using the CTAB method [75]. After confirming the
quality of the genomic DNA, we performed sequencing
on the chloroplast genomes of these 12 Impatiens species
using the Illumina NovaSeq 6000 platform. The raw data
were processed to remove adapter sequences and paired-
end reads containing more than 10% of their length as N,
as well as single-end reads with low-quality bases (Q <5)
exceeding 50% of their length. Ultimately, clean sequenc-
ing data were obtained.

Chloroplast genome assembly and annotation

Using GetOrganelle (version 1.7.5.0) [76], we assembled
the chloroplast genomes of 13 species within the Impa-
tiens, applying the default parameters to obtain complete
circular chloroplast genome sequences. The assembled
fasta format files were subsequently submitted to the
online annotation tool Cpgavas2 (https://www.herba
lgenomics.org/cpgavas2) [77], and manual corrections to
the annotations were performed using Geneious (R9.0.2)
[78]. The physical maps of the chloroplast genomes
were generated using OGDRAW (v1.3.1) [79]. All newly
sequenced and annotated complete chloroplast genomes
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have been deposited in GenBank, with the corresponding
accession numbers listed in Table S1.

Repetitive sequences in chloroplast genomes analysis
Using the online software MISA (https://webblast.ipk-
gatersleben.de/misa/index.php) [80], we analyzed simple
repeat sequences in the chloroplast genomes of 18 spe-
cies of Impatiens. The parameters for the repeat units,
ranging from one to six nucleotides, were set as follows:
10, 6, 4, 3, 3, and 3, with a minimum distance of 100 bp
between two SSRs. Additionally, we utilized the online
software REPuter (https://bibiserv.cebitec.uni-bielefeld.
de/reputer) [81] to analyze dispersed repeat sequences
in the cpDNA of the same 18 species of Impatiens. The
parameters for this analysis included a minimum repeat
sequence length of 30 bp, a Hamming distance of 3, and a
sequence identity threshold of 90%.

Complete chloroplast analysis

Using H. triflora as a reference, we studied the genomic
sequence specificity differences among 19 species of
Impatiens. We employed the online tool mVISTA (http://
genome.lbl.gov/vista/mvista/submit.shtml) [82] with
the Shuffle-LAGAN model to compare variations in the
coding regions, non-coding regions, introns, and exons
of the chloroplast genomes within the Impatiens. This
approach allowed us to visually reflect the similarities
and differences among the species To calculate the nucle-
otide diversity (Pi) values for the 19 species, we utilized
DnaSP V6 [83] with a sliding window of 600 bp and a step
size of 200 bp. The results were visualized using Excel,
and diversity hotspots corresponding to specific genes
were annotated. Additionally, we employed IRScope
[84] to illustrate the contraction and expansion of the IR/
SC region boundaries.

Selective pressure analysis

Coding sequences (CDS) and protein sequences were
extracted from the chloroplast genomes of 19 species
within the Impatiens. Using BLASTN (v2.14.0+), the
protein sequences were compared to reference protein
sequences to identify the best matches, thereby obtain-
ing homologous protein sequences. Subsequently, the
homologous protein sequences were automatically
aligned using MAFFT (v7.310) [85]. The aligned pro-
tein sequences were then mapped back to the cod-
ing sequences to obtain the aligned CDS. Based on the
MLWL method, the Ka and Ks values were calculated
using Ka/Ks-Calculator3.

For data analysis, Python (v3.9.6) and the pandas library
(v2.2.2) were utilized to read the Ka/Ks values of multiple
genes from Excel files. The normality of the Ka/Ks values
for each gene was assessed using the Shapiro—Wilk test
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(scipy.stats.shapiro, v1.9.1). A p-value greater than the
significance level («=0.05) indicated that the data fol-
lowed a normal distribution. For normally distributed
data, a one-sample t-test (scipy.stats.ttest_lsamp) was
conducted to determine whether the average Ka/Ks value
significantly differed from 1. In contrast, for non-nor-
mally distributed data, the Mann—Whitney U test (scipy.
stats.mannwhitneyu) was employed to evaluate whether
the Ka/Ks values significantly differed from 1.To estimate
confidence intervals, the t-distribution (scipy.stats.t.ppf)
was used to calculate the 95% confidence interval for nor-
mally distributed data, while the interquartile range (25th
and 75th percentiles) served as a non-parametric confi-
dence interval for non-normally distributed data. In the
results analysis, a p-value less than the significance level
(a=0.05) was considered significant. If the t-test statistic
was greater than zero and the result was significant, or if
the Mann—Whitney U test indicated that the average Ka/
Ks value was greater than 1 and the result was significant,
it was inferred that there was positive selection pres-
sure. Conversely, if the t-test statistic was less than zero
and the result was significant, or if the Mann—Whitney U
test indicated that the average Ka/Ks value was less than
1 and the result was significant, it was inferred that there
was purifying selection pressure. If no significance was
found, no inference regarding selection pressure could be
made.

Phylogeny and ancestral trait reconstruction analysis

This study employed two methods for constructing the
phylogenetic tree: Maximum Likelihood (ML) and Maxi-
mum Parsimony (MP). A total of 12 chloroplast genomes
were assembled, and an additional 34 sequences were
retrieved from the NCBI database, resulting in a total
of 46 sequences used for phylogenetic tree construc-
tion. The CPGANA-toolkit was employed to standard-
ize the orientation of the sequence regions by adjusting
the SSC direction and starting point. Multiple sequence
alignment was conducted using the MAFFT (v7.310) [85]
software, and TBtools [86] was utilized to trim the align-
ment results. For the Maximum Likelihood analysis, the
IQ-TREE [87] software was utilized to identify the best-
fitting DNA/protein model, which was determined to
be GTR+F+R3. The Maximum Parsimony analysis was
performed using MEG [88] software, employing the Sub-
tree-Pruning-Regrafting (SPR) search method, with an
initial tree of 20 and a search level set to 2. Bootstrap val-
ues were calculated based on 1000 iterations.

Select six morphological traits used in the lower clas-
sification of the Impatiens from different classification
systems to trace their evolutionary history [50] Habit,
Capsule shape, Flower colour, Spur length, Sepal number,
Morphology and Number of Aperture. Relevant literature
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was reviewed to determine the character states for each
species (references). Detailed coding for each species can
be found in Table S3. We tracked the evolution of the six
traits using the threshold model in maximum parsimony
in Mesquite v3.61.
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