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Abstract 

Background  The genus Amorphophallus (Araceae) contains approximately 250 species, most of which have high 
ecological and economic significance. The chloroplast genome data and the comprehensive analysis of the chlo-
roplast genome structure of Amorphophallus is limited. In this study, four chloroplast genomes of Amorphophallus 
were sequenced and assembled. For the first time, comparative analyses of chloroplast genomes were conducted 
on the 13 Amorphophallus species in conjunction with nine published sequences.

Results  The Amorphophallus chloroplast genomes exhibited typical quadripartite structures with lengths ranging 
from 164,417 to 177,076 bp. These structures consisted of a large single copy (LSC, 90,705 − 98,561 bp), a small single 
copy (SSC, 14,172 − 21,575 bp), and a pair of inverted repeats (IRs, 26,225 − 35,204 bp). The genomes contain 108 − 113 
unique genes, including 76 − 79 protein-coding genes, 28 − 29 tRNA genes, and 4 rRNA genes. The molecular struc-
ture, gene order, content, codon usage, long repeats, and simple sequence repeats (SSRs) within Amorphophallus 
were generally conserved. However, several variations in intron loss and gene expansion on the IR-SSC boundary 
regions were found among these 13 genomes. Four mutational hotspot regions, including trnM-atpE, atpB, atpB-rbcL 
and ycf1 were identified. They could identify and phylogeny future species in the genus Amorphophallus. Positive 
selection was found for rpl36, ccsA, rpl16, rps4, rps8, rps11, rps12, rps14, clpP, rps3, ycf1, rpl20, rps2, rps18, rps19, atpA, atpF, 
rpl14, rpoA, rpoC1, rpoC2 and rps15 based on the analyses of Ka/Ks ratios. Phylogenetic inferences based on the com-
plete chloroplast genomes revealed a sister relationship between Amorphophallus and Caladieae. All Amorphophallus 
species formed a monophyletic evolutionary clade and were divided into three groups, including CA-II, SEA, and CA-I. 
Amorphophallus albus, A. krausei, A. kachinensis and A. konjac were clustered into the CA-II clade, A. paeoniifolius and A. 
titanum were clustered into the SEA clade, A. muelleri ‘zhuyajin1’, Amorphophallus sp, A. coaetaneus, A. tonkinensis 
and A. yunnanensis were clustered into CA- I clade.
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Conclusions  The genome structure and gene content of Amorphophallus chloroplast genomes are consistent 
across various species. In this study, the structural variation and comparative genome of chloroplast genomes 
of Amorphophallus were comprehensively analyzed for the first time. The results provide important genetic infor-
mation for species classification, identification, molecular breeding, and evolutionary exploration of the genus 
Amorphophallus.

Keywords  Amorphophallus, Chloroplast genome, Genome comparison, Phylogenetic analysis

Background
The Amorphophallus genus Blume ex Decne. (Araceae) 
consists of approximately 200–250 species [1, 2], among 
which 242 species are accepted by POWO. These spe-
cies are primarily distributed in tropical or subtropical 
areas of South Asia and West Africa, including China, 
Japan, Myanmar, Vietnam, and Indonesia [3]. South-
western China has been recognized as one of the cent-
ers of origin, and there are currently over 21 species 
recorded for China [3]. Multiple Amorphophallus spe-
cies have important medicinal, ornamental, edible, and 
economic values [4]. In China, nine of the 21 species 
that have been recorded are endemic [3]. Amorphophal-
lus has been cultivated and consumed in China for over 
2000  years as an agricultural crop due to its tuber’s 
abundance of konjac glucomannan (KGM) and starch 
[5, 6]. KGM is a water-soluble polysaccharide (dietary 
fiber) that is not only used in the industrial field, food 
science, nutrition, biotechnology, and pharmacology 
but also has beneficial health impacts, including weight 
loss, intestinal health, and the reduction of blood lipids, 
blood pressure, and blood sugar levels [3, 6–11]. The 
medicinal properties of Amorphophallus species have 
been extensively investigated in recent years, includ-
ing analgesic, neuroprotective, hepatoprotective, anti-
inflammatory, anticonvulsant, antibacterial, antioxidant, 
anticancer, antiobesity, and immunomodulatory effects 
[7, 11]. Therefore, numerous Amorphophallus species 
have significant research value due to the combination 
of industrial, dietary, and medicinal properties. However, 
research on Amorphophallus primarily focuses on its 
medical value [11–13], properties of KGM [14, 15], kar-
yotype analysis [5], genetic diversity [16, 17], phylogeny 
[1, 16, 18, 19], heat production [20, 21] and disease resist-
ance [22–24]. For phylogeny, several chloroplast genome 
markers (rbcL, matK, trnH, and psbA) and nuclear DNA 
markers (ribosomal DNA intratranscriptional spacer, 
ITS) were used to determine relationships and evaluate 
genetic variation in Amorphophallus genus [1, 19]. How-
ever, the current knowledge of genetic relationships and 
evolution among Amorphophallus species offers merely 
baseline information [25]. Infrageneric classification and 
evolution based on intricate morphological traits still 
have some disagreements [25, 26]. Therefore, developing 

more effective DNA barcodes is particularly important 
for Amorphophallus plants.

Chloroplasts are self-replicating organelles with their 
independent genetic material, playing pivotal roles in 
photosynthesis, transcription, and translation [27, 28]. 
The chloroplast genome typically spans a length of 107–
218  kb [28]. It maintains a highly conserved quadripar-
tite circular configuration featuring a pair of inverted 
repeats (IRs), flanking a large single-copy (LSC) region 
and a small single-copy (SSC) region [29, 30]. Despite the 
structural conservation of the chloroplast genome, mul-
tiple mutational events, including gene rearrangements, 
single-nucleotide substitutions (SNPs), gene losses, gene 
duplication, intron loss, and variations in the expansion/
contraction of the IR, frequently occur across species and 
even within individual organisms [27, 29]. These varia-
tions can be used for species identification and analysis 
to improve the current understanding of plant phyloge-
netic and evolutionary relationships. Compared with 
variable markers, the complete chloroplast genome 
sequence is rich in genetic variations, which are valu-
able tools utilized for various purposes, including phy-
logenetic analyses, evolutionary studies, comparative 
genomics, and the development of molecular markers 
in higher plants [31, 32]. Limited studies are available 
on the chloroplast genomes of the Amorphophallus, up 
to now, only nine chloroplast genomes of Amorphophal-
lus have been published [25, 33–41]. These studies indi-
cate that the chloroplasts of Amorphophallus contain 
126–131 genes. However, with one exception, Liu et  al. 
suggested that the genus of Amorphophallus contains 
fewer genes [35]. They reported a loss of some impor-
tant genes in four Amorphophallus species, including 
ycf1, accD, psbE, trnL-CAA​, and trnG-GCC​ genes. Dele-
tion of rpl23 and rpl2 was limited to only one IR region 
[35]. Recent studies have reported the conservation of 
chloroplast genome structures in Amorphophallus and 
do not support the gene deletion mentioned above [36, 
38]. Meanwhile, most studies on the chloroplast genome 
of Amorphophallus primarily focus on the basic informa-
tion description, while comparative studies on the chlo-
roplast genome of Amorphophallus are relatively limited. 
Additionally, although the chloroplast genome of A. 
krausei and A. albus have recently been published, there 
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are many local varieties of A. albus. The A. albus in this 
study is the Xiluodu A. albus, which is the most repre-
sentative local variety in Yunnan. In addition, A. krausei 
is a species with extremely rich intraspecific variation. 
It was collected in Wangya Village, Puer, China in 2019 
and has been planted in the Amorphophallus germplasm 
resource nursery of Kunming University ever since. To 
develop and utilize local Xiluodu A. albus resources, and 
to compare the chloroplast of A. albus and A. krausei 
from different distributed regions, we also sequenced the 
complete chloroplast genomes of these two species.

In this study, we sequenced and assembled the chlo-
roplast genomes of A. albus Yunnan, A. krausei Yunnan, 
A. muelleri ‘zhuyajin1’, and Amorphophallus sp (Fig.  1). 
Furthermore, we compared the chloroplast genome 
sequences of nine other published Amorphophallus spe-
cies. Our primary objectives were to (1) compare the 
genome structures and gene organization of chloroplast 
genomes within the Amorphophallus genus; (2) iden-
tify variations of long repeats, simple sequence repeats 

(SSRs), and codon usage patterns of these chloroplast 
genomes in Amorphophallus; (3) identify highly vari-
able regions (hotspots) as potential chloroplast markers 
for future phylogenetic analyses of the Amorphophal-
lus genus; (4) identify the protein-coding genes under 
positive selection within the seven plastomes of Amor-
phophallus and determine the phylogenetic relationships 
within the Araceae family. These findings can provide 
valuable genetic resources for further research on the 
phylogenetic position of Amorphophallus and contribute 
to the breeding improvement of Amorphophallus.

Results
Chloroplast genome features of Amorphophallus species
The current study analyzed 13 chloroplast genomes 
of Amorphophallus species, including four newly 
sequenced genomes and nine published ones. The four 
sequenced samples yielded 4.0 to 5.6  GB of raw data 
(Table  S1). After removing adapters and low-quality 
reads, these samples generated 3.3 to 4.7  GB of clean 

Fig. 1  Species reference image of Amorphophallus. A A. krausei; B A. albus Yunnan; C-G A. muelleri ‘zhuyajin1’, C petiole detail, D leaf detail, E flower 
bud details before flowering, F and G inflorescence; H–L Amorphophallus sp, H petiole detail, I leaf detail, J flower bud details before flowering, K 
and L inflorescence
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reads each. De novo assembled chloroplast genomes 
were deposited in GenBank with accession numbers 
(A. muelleri ‘zhuyajin1’ OR995733, A. albus Kun-
ming OR438676, A. krausei Kunming PP936071, and 
Amorphophallus sp. PP936070). Complete chloroplast 
genomes of 7 species ranged from 164,417 bp (A. yun-
nanensis) to 177,076  bp (A. muelleri ‘zhuyajin1’) in 
length, with an overall length variance of approximately 
12.66 kb (Table 1). All 13 Amorphophallus chloroplast 
genomes exhibited typical quadripartite structures with 
an LSC region (90,705–98,561  bp) and an SSC region 
(14,172–20,249  bp) separated by two inverted repeat 
(IR) regions (26,225–35,204  bp) (Fig.  2 and Table  1). 
The overall GC content in the Amorphophallus chloro-
plast genomes was 34.5%–36%. The complete chloro-
plast genomes of Amorphophallus consist of 126–131 
genes, including 81–86 protein-coding genes, 36–39 
tRNAs, and 8 rRNAs, which were classified into four 
categories based on their functions (Table 2, Table S2). 
After removing duplicates, 108–113 unique genes 
including 76–79 protein-coding, 28–29 tRNAs and 4 
rRNAs genes were remained for each genome (Table 1 
and Table S3). Specifically, there are 5–7 protein-coding 
genes, 7 tRNA genes (trnL-CAA​, trnV-GAC​, trnI-GAU​
, trnA-UGC​, trnR-ACG​ and trnN-GUU​) and 4 rRNA 
genes duplicate in the IR regions. In 13 of the species, 
except for A. coaetaneus, A. yunnanensis and A. tonki-
nensis, there were 7 duplicated protein-coding genes 
(rps12, ycf1, ndhB, rps7, ycf2, rpl2 and rpl23) in the IR 
region. Amorphophallus coaetaneus had one copy of 
rpl23, and A. albus, A. konja and A.yunnanensis had 
one copy of ycf1 each. Specifically, the rpl23 was anno-
tated within the IR (IRa and IRb) regions of the 10 chlo-
roplast genomes. Nevertheless, in A. coaetaneus, it was 
only detected in the IRb region and was missing in the 
IRa region. Additionally, the rpl23 was lost in the chlo-
roplast genomes of A. yunnanensis and A. tonkinensis. 
The infA gene was only present in A. titanium and was 
a non-functional gene. Furthermore, A. coaetaneus 
contained three trnQ-UUG​ genes, while the remaining 
six genomes contained one trnQ-UUG​.

Fourteen genes (rps16, atpF, rpoC1, petB, petD, rpl2, 
ndhB, ndhA, rps12, trnG-UCC​, trnL-UAA​, trnV-UAC​
, trnI-GAU, and trnA-UGC​) contained one intron in 
all genomes except in A. albus, A. konja and A. coae-
taneus (Table 2). In addition to the 14 genes mentioned 
above, the accD gene had a single intron in three spe-
cies (A. albus, A. konja, and A. coaetaneus), trnK-UUU​ 
had no intron only in chloroplast genome of A. tonkin-
ensis, rpl16 had no intron only in chloroplast genome of 
A.kachinensis, while ycf68 contained one in A. albus and 
A. konja. In all 13 species, two introns were found in ycf3 
and clpP. The rps12 gene was identified as a trans-splicing 

gene with 5’ exon located in the LSC region and the 3’ 
exon duplicated and located in the IR (IRa and IRb) 
regions in all species.

Codon usage
The codon usages of the protein-coding genes in the 
chloroplast genome from seven Amorphophallus species 
were analyzed. A total of 64 RSCU were presented in the 
Amorphophallus plastomes, and the number of codons 
ranged from 25,520 to 28,798 (Table  S4). Within these 
codons, leucine (Leu) was the most abundant amino acid, 
comprising 10.01%–10.35% of the total occurrences, fol-
lowed by isoleucine (Ile) with 8.50% (A. albus) and 8.84% 
(Amorphophallus sp.). However, cysteine (Cys) was the 
least prevalent amino acid, accounting for only 1.12% 
(A. albus OM037675) and 1. 33% (Amorphophallus sp.) 
(Table  S4). The codons ATG and TGG, which encode 
methionine (Met) and tryptophan (Trp), respectively, 
showed no codon bias with RSCU values of 1.00 in these 
Amorphophallus genomes (Fig. 3; Table S4). Thirty-three 
codons were identified with an RSCU value greater than 
1. Among them, except for UUG (Leu), all codons ended 
with A or U(T) nucleotides (Fig.  3 and Table  S4). This 
observation suggested a preference for A and T as the 
terminal bases in codons.

Repeat sequence and SSR analyses
In the chloroplast genomes of Amorphophallus, a com-
prehensive analysis revealed the presence of 4,446 tan-
dem repeats (Table  S5). Amorphophallus yunnanensis 
(252) had the lowest, and A. coaetaneus (442) had the 
highest number of tandem repeats (Fig.  4A; Table  S5). 
The length of tandem repeats varied among the 13 chlo-
roplast genomes; however, most tandem repeats existed 
in the 30–39 bp (Fig. 4B). The 13 Amorphophallus chlo-
roplast genomes had four categories of long repeats, 
including forward, reverse, complement, and palindromic 
repeats (Fig.  4A). The long repeats ranged from 48 (A. 
tonkinensis) to 599 (A. muelleri ‘zhuyajin1’) (Table  S6). 
The maximum number of long repeats were forward 
repeats, ranging from 21 (A. tonkinensis) to 262 (A. muel-
leri ‘zhuyajin1’), followed by palindromic repeats, var-
ied from 17 (A. albus) to 233 (A. muelleri ‘zhuyajin1’) 
(Fig.  4A). The reverse repeats and complement repeats 
ranged from 3 (A. kachinensis) to 61(A. muelleri 
‘zhuyajin1’), and 0 (A. kachinensis A. albus, A. konjac) 
to 43 (A. muelleri ‘zhuyajin1’), respectively (Fig.  4A-D). 
The repeat sequence length was 30–204 bp and primarily 
30–39 bp among Amorphophallus (Fig. 4B–D).

In the Amorphophallus chloroplast genomes, a total of 
170–315 SSRs were identified, with numbers of mononu-
cleotides, dinucleotides, trinucleotides, tetranucleotides, 
pentanucleotide, and hexanucleotide SSRs ranging from 
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74–120, 30–103, 19–38, 8–73, 3–16, and 2–19, respec-
tively (Fig. 4E; Table S7). It was observed that mononu-
cleotide and dinucleotide SSRs were very common in all 
sequenced genomes. Most mononucleotide repeats con-
sisted of A/T with minimal G/C content, and most of the 
dinucleotide repeats consisted of AT/TA sequences in all 
seven species (Table S7).

IR expansion and contraction
We compared the expansion and contraction of IRs 
regions at the LSC/IRs/SSC boundaries among seven 
Amorphophallus species (Fig.  5). The complete chloro-
plast genome structure of seven Amorphophallus spe-
cies was different and classified into five types based on 
gene positions at the LSC/IRs/SSC boundaries. Type I 

consisted of A. krausei, Amorphophallus sp, A. muelleri 
‘zhuyajin1’, A. titanum, A. albus OM037675, A. kachinen-
sis, A. krausei PPO72244 and A. tonkinensis. In this type, 
the JLA (IRa/LSC) and JLB (LSC/IRb) junctions were 
highly conserved.These boundaries were between rps19 
and rpl2 (JLA) or within rpl2 and trnH-GUG​ (JLB), with 
varying distances from the border in all species (Fig. 5). 
The distances between the ends of rpl2 and IRa/LSC bor-
ders ranged from 41—46 bp. trnH expanded into the IRa 
regions with distances ranging from 1—8  bp from the 
IRa/LSC borders (Fig.  5). At the junction of JLB (LSC/
IRb) regions, rps19 was justly located within the LSC 
region, and a total of 29–162 bp were found between the 
ends of rps19 and the LSC/IRb borders. rpl2 was present 
completely in the IR regions with distances ranging from 

Fig. 2  Chloroplast genome maps of Amorphophallus with annotated genes. Genes within the circle are clockwise, while those beyond the circle are 
counterclockwise. Different colors indicate functional gene groups. The darker and lighter shades of gray in the inner circle represent the content 
of GC and AT, respectively
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43–46 bp from the IRb/LSC borders. Regarding the SSC/
IRa boundaries regions, the rps15 and ycf1 genes were 
found in the SSC and IRa regions, respectively. The rps15 
expanded into the IRa regions ranging from 1–9  bp in 
Amorphophallus sp, A. muelleri ‘zhuyajin1’, A. titanum, 
A. kachinensis and A. albus OM037675 five genomes 
(Fig. 5). In contrast, the end of the rps15 gene was present 
completely in SSC region in A. krausei and A. tonkinensis 
genomes. ycf1 was located in the SSC region in these four 
genomes, with the lengths ranging from 501—1718  bp 
from the SSC/IRa boundaries. For IRb/SSC boundaries, 

the ycf1 and ndhF genes were located at the boundaries 
in these eight genomes, respectively. The start of ycf1 
and the SSC/IRa boundaries ranged from 256–1275  bp 
(Fig. 5). The ndhF expanded into the IRb regions 2 bp in 
A. muelleri ‘zhuyajin1’ and Amorphophallus sp. genomes. 
However, in the remaining species, the ndhF gene was 
justly located within the IRb/SSC boundaries, with the 
length ranging from 14–665  bp (Fig.  5). Type II, com-
prising A. albus (OR438676) Yunnan and A. konjac, 
was characterized by the presence of ycf1 and trnN at 
JSA, trnN and ndhF at JSB, and the complete existence 

Table 2  Gene contents of chloroplast genome in 13 Amorphophallus species

* genes containing one intron
** genes containing two introns; (×2) genes with two copies; (×3) genes with three copies
a ycf68 is only present in two chloroplast genomes of A. albus Kunming and A. konja
b gene was one in A. albus Kunming, A. konja and A. yunnanensis
c genes are two copies four chloroplast genomes of A. muelleri ‘zhuyajin1’, Amorphophallus SP., A. titanum and A. Krause Kunming; ①: ndhA has no intron in two 
chloroplast genomes of A. albus Kunming and A. konja; ②: rpl23 has only one copy in chloroplast genome of A. coaetaneus, and this gene is absent in the chloroplast 
genomes of A. yunnanensis and A.tonkinensis; ③: trnA-UGC​ has no intron in two chloroplast genomes of A. albus Kunming and A. konja; ④: trnK-UUU​ has no intron in 
chloroplast genome of A. tonkinensis; ⑤: trnL-UAA​ has no intron in chloroplast genome of A. coaetaneus; ⑥: rpl16 has no intron in chloroplast genome of A. krausei;⑦: 
trnQ-UUG​ has three copies only in chloroplast genome of A. coaetaneus; ⑧: infA is only present in chloroplast genome of A.titanum. ⑨ accD has one intron only in 
three chloroplast genomes of A. albus, A. konja and A. coaetaneus

Function Gene group Name of genes

Photosynthesis Subunits of ATP synthase atpA, atpB, atpE, atpF*, atpH, atpI

Subunits of NADH-dehydrogenase ndhA*, ndhB*(× 2), ndhC, ndhD, ndhE

ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK

Subunits of cytochrome b/f complex petA, petB*, petD*, petG, petN, petL

Subunits of photosystem I psaA, psaB, psaC, psaI, psaJ

Subunits of photosystem II psbA, psbB, psbC, psbD, psbE

psbF, psbH, psbI, psbJ, psbK,

psbL, psbM, psbN, psbT, psbZ

Subunits of rubisco rbcL

Self-replication Small subunit of ribosome rps11, rps12*(× 2), rps14, rps15, rps16*

rps18, rps19, rps2, rps3, rps4, rps7(× 2), rps8

Large subunit of ribosome rpl2* (× 2), rpl14, rpl16*, rpl20, rpl22,

rpl23(× 2), rpl32, rpl33, rpl36

DNA-dependent RNA polymerase rpoA, rpoB, rpoC1*, rpoC2

Ribosomal RNA genes rrn16(× 2), rrn23(× 2), rrn4.5(× 2), rrn5(× 2)

Transfer RNA genes trnA-UGC​(2)*, trnC-GCA​, trnD-GUC​, trnE-UUC​, trnF-GAA​

trnG-GCC​, trnG-UCC​*, trnH, trnI-GAU​(×2)*, trnM-CAU(× 3)

trnK-UUU​*, trnL-UAA​*, trnL-CAA​(× 2), trnL-UAG​, trnN-GUU​(× 2)

trnP-UGG​, trnQ-UUG​ (× 3), trnR-UCU​, trnR-ACG​(× 2), trnS-GCU​

trnS-UGA​, trnS-GGA​, trnT-UGU​, trnT-GGU​, trnV-UAC​*

trnV-GAC​(× 2), trnW-CCA​, trnY-GUA​, trnfM-CAU​

other genes Maturase matK

Protease clpP**

Envelope membrane protein cemA

Acetyl-CoA carboxylase accD*

c-type cytochrome synthesis ccsA

translation initiation factor infA

Genes of unknown function Conserved open reading frames ycf1b (c×2), ycf2(× 2), ycf3**, ycf4, ycf68*(× 2)a
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of the ycf1 gene in SSC regions. Additionally, the JLB 
(LSC/IRb) junction regions of this type were between 
rps19 and rpl2, and JLA (IRa/LSC) were between rpl2 
and trnH-GUG​, similar to species in type I. Our findings 
indicated that the IRs in type I were longer, ranging from 
32,708–35,204  bp, compared to type II, which had IRs 
ranging from 26,225–26,226 bp. This expansion of the IR 
regions may be associated with the replication and length 
increase of the ycf1 gene in tye I, whereas the ycf1 gene 
is absent from the IR regions of type II species. Type III, 
represented by A. coaetaneus, exhibited the IRa/LSC bor-
der within rpl2 and trnM, and the LSC/IRb border within 
rpl23 and trnM. In addition, its IRa/LSC and LSC/IRb 
boundary genes were similar to type I (Fig. 5). In A. coae-
taneus, at the junction of the LSC and IRb regions, rpl23 
existed in the LSC region instead of rps19, whereas trnM 
existed in the IRb region instead of rpl2. At the junction 
of LSC and IRa, trnM existed in the IRa, and rpl2 existed 
in the LSC instead of trnH-GUG​. Type IV, represented 
by A. paeoniifolius, the IRb/SSC border in this type was 
located within ndhB and ndhF, the SSC/IRa was located 
within rps15 and ndhB (Fig.  5).  Type  V, represented by 
A. yunnanensis, the IRb/SSC border in this type was 
locaed within ycf1, the SSC/IRa was located within rps15 
and trnN-GUU​.

Comparative chloroplast genomic analysis
We used the mVISTA tool to compare the divergences 
among the chloroplast genomes of 13  Amorphophal-
lus species with A. krausei as a reference. The results 
showed that the seven chloroplast genomes were highly 

conserved, and the sequences in coding regions were 
more conserved than in non-coding regions (Fig.  6). 
The intergenic regions of trnH-GUG​-psbA, trnS-GCU​
-trnG-UCC​, rpoB- trnC-GCA​, trnY-GUA​-trnT-GGU​, 
psbZ-trnG-GCC​, rps4-trnT-UGU​, trnT-GGU​-trnL-UAA​
, trnF-GAA​-ndhJ, rbcL-accD, trnL-CAA​-ndhB, ycf1-
ndhF, ndhF-rpl32, psaC-ndhE, ndhG-ndhI, rps15-ycf1 
and genes of rps16 and rpl16 exhibited high variation 
(Fig. 6A). They were located in the conserved non-cod-
ing regions (CNS) of the chloroplast genomes of these 
species. Of the exon regions, the greatest divergence 
was observed in ycf1, ycf2, and accD (Fig.  6A). Mauve 
collinearity analysis showed that among these seven 
Amorphophallus species, 6 large conserved regions 
were observed in the chloroplast genome sequences of 
13 species, and their arrangements were similar, indi-
cating that their chloroplast genomes were relatively 
conserved. However, Amorphophallus sp and A. muel-
leri  ’zhuyajin1’ exhibited gene inversions (Fig. 6B).

Divergence hotspot region
We used the DnaSP v6.0 to perform a sliding window 
analysis to identify mutation hotspot regions in the 
13 chloroplast genomes of Amorphophallus. This analy-
sis enabled us to calculate nucleotide variability (Pi) and 
identify sequence-level divergences (Fig. 7). The results 
showed that the Pi values of these 13 Amorphophallus 
species ranged from 0–0.164, with an average value of 
0.029 (Table  S8). The LSC region was more divergent 
than the IR and SSC regions. The trnM-atpE (0.16), 
atpB (0.155) and atpB-rbcL (0.15) regions were the 

Fig. 3  Heat map analysis for relative synonymous codon usage (RSCU) values of all protein-coding genes of 13 complete chloroplast genomes 
in Amorphophallus. Red and blue indicates higher and lower RSCU values, respectively. The species in bold are sequenced in this study
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Fig. 4  Analysis of repeats and SRRs in seven complete chloroplast genomes of the Amorphophallus. A Different types of repeats in each chloroplast 
genome. B Numbers of tandem repeats more than 30 bp long in each chloroplast genome. C Numbers of palindromic repeats more than 30 bp 
long in each chloroplast genome. D Numbers of forward repeats more than 30 bp long in each chloroplast genome. E Total numbers and different 
types of SSRs detected in each chloroplast genome. Mono: mononucleotide, Di: dinucleotide, Tri: trinucleotides, Tetra: tetranucleotide, Penta: 
pentanucleotide, Hexa: hexanucleotide. The species in bold are sequenced in this study
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highest variables among the LSC region (Fig.  7). The 
ycf1 (0.147) were the most variables in the IR regions. 
They could be used as specific molecular markers for 
identifying Amorphophallus species.

Selective pressure analyses
The non-synonymous (Ka)/synonymous (Ka) ratio 
(Ka/Ks) was calculated for 13 Amorphophallus species 

(Fig.  8), using the genome of A. krausei as a refer-
ence. We found most genes with Ka/Ks < 1 that were 
supposed to be negatively-selected genes (Table  S9). 
The highest Ka/Ks value was 12.3 for the rps3 gene in 
Amorphophallus  sp. and A. muelleri ‘zhuyajin1’. Fur-
thermore, four genes (rpl36, rps4, rps7, and rps14) with 
Ka/Ks > 1.00 were identified only in Amorphophal-
lus sp. and A. muelleri ‘zhuyajin1’. The Ka/Ks ratios of 

Fig. 5  Comparison of the LSC, SSC, and IR boundaries among 13 chloroplast genomes. The light blue, orange, and light green blocks indicate 
the LSC, IR, and SSC regions. JLB: junction of the LSC and the IRb; JSB: junction of the IRb and the SSC; JSA: connection of the IRa and the SSC; JLA: 
connection of the SSC and the IRb. The species in bold are sequenced in this study
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Fig. 6  Comparison of the chloroplast genome sequences of 13 Amorphophallus species. A Sequence variation analysis generated with mVISTA. 
Gray arrows indicated the position and direction of each gene. Purple, blue, pink, and gray bars represent exons, untranslated regions (UTRs), 
non-coding sequences (CNS), and mRNA, respectively. The scales on the Y-axis represent the average percent identity of sequence similarity ranging 
from 50 to 100%. B Collinear block analyses of Amorphophallus genome. The white, black, green and colours blue represent protein-coding genes, 
tRNA genes, intron containing tRNA genes, and rRNA genes, respectively. The species in bold are sequenced in this study
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ycf1 in Amorphophallus sp, A. muelleri ‘zhuyajin1’, A. 
titanium, A. coaetaneus, A. krausei, A. paeoniifolius, 
A. tonkinensis, and A. yunnanensis, rpl20 in Amor-
phophallus sp, A. muelleri ‘zhuyajin1’, A. titanum, 
A. paeoniifolius and A. tonkinensis, rps2, rps11, and 
rps19 in Amorphophallus sp, A. muelleri ‘zhuyajin1’, 
A. coaetaneus, A. tonkinensis, ccsA in A. kachinen-
sis and A. yunnanensis, and rps12 in Amorphophal-
lus sp, A. muelleri ‘zhuyajin1’ and A. tonkinensis were 
all > 1.00, indicating that these genes underwent posi-
tive selection in different species. Additionally, we also 
observed accD, atpA, atpF, clpP, rpl14, rpl16, rpl20, 
rpl22, rpoA, rpoC1, rpoC2, rps8, rps15,rps16, rps18 
and ycf4 exhibit Ka/Ks greater than 1 in some species. 
Overall, there was a more positive selection of genes in 
triploid Amorphophallus (Amorphophallus sp. and A. 
muelleri ‘zhuyajin1’).

Additionally, using the codon models for estimat-
ing gene selection pressure, a small number (34) of 
protein-coding genes were under positive selection 
with a posterior probability greater than 0.9 using the 
BUSTED (Table  S10), which was similar to the Ka/Ks 
method. All the positive—selection genes screened out 
by the Ka/Ks method were also detected in the codon 
models, except rpl22, ycf4, rps16 and accD, indicating 
that these shared genes underwent positive selection. 
Subsequently, we used FUBAR to detect rare sites that 
might be under positive selection. The results revealed 

that the gene ycf1 possesses most positive selective 
sites, followed by clpP (4) rpoC2 (3), rps11 (8), rps3 (8), 
rps12 (6) and rps18 (6), whereas one positive selective 
site was observed in the atpA, atpF, ccsA, rpl36 and 
rpoA (Table S10).

Phylogenetic relationship analysis
The gene content within chloroplast DNA exhibited high 
conservation across most land plants. To identify the 
phylogenetic positions of the A. krausei, Amorphophallus 
sp, A. muelleri ‘zhuyajin1’, and A. albus within the sub-
family Aroideae, we utilized the complete chloroplast 
genome of 49 species from the seven subfamilies within 
Araceae, including Aroideae, Lasioideae, Lemnoideae, 
Monsteroideae, Orontioideae, Pothoideae, and Zamio-
culcadoideae (Table  S11). We constructed a phyloge-
netic tree using Zea mays as the outgroup. Within the 
subfamily Aroideae, Amorphophallus species formed a 
distinct clade with robust bootstrapping values of 100%, 
constituting a well-supported monophyletic evolution-
ary branch. The phylogenetic tree indicated that these 
Amorphophallus species were divided into three clades, 
including continental Asia II (CA-II), continental Asia 
I (CA- I), and Southeast Asia clade (SEA) clade (Fig. 9). 
Within the CA-II clade, A. krausei, A. kachinensis, A. 
albus, and A. konjac clustered together, with a bootstrap 
value of 100%, indicating that these species had a close 
relationship. In terms of CA- I clade, Amorphophallus  

Fig. 7  Sliding window analysis for the nucleotide diversity (Pi) of the whole chloroplast genomes for Amorphophallus species. Window length 
and step size are 600 bp and 200 bp, respectively. The y-axis represents the nucleotide diversity of each window; the X-axis represents the position 
of the window’s midpoint. The species in bold are sequenced in this study
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sp  exhibited a particularly close relationship with A. 
muelleri ‘zhuyajin1’, both members of the same branch, 
with a bootstrap value of 100%, indicating that A. muel-
leri ‘zhuyajin1’ and Amorphophallus sp are the most 
closely related species. Nevertheless, A. coaetaneus and 
A. tonkinensis cluster into a subclade and form a sister 
relationship with the subclade of A. yunnanensis, sug-
gesting that they are more closely related. The SEA clade 
contains two species, A. paeoniifolius and A. titanium. 
Furthermore, the genus Amorphophallus was found to 
be a sister to the genera Caladium, Zomicarpella, Xan-
thosoma, and Syngonium (Fig. 9). The subfamily Aroideae 
was the crown group, exhibiting a sister relationship with 
the subfamily Zamioculcadoideae. The subfamily Mon-
steroideae revealed a sister relationship with the subfam-
ily Pothoideae. The subfamily Orontioideae was the basal 
group, followed by Lemnoideae.

Discussion
In this study, we characterized the complete chloroplast 
genomes of four Amorphophallus species and compared 
them with those of nine  available species within this 
genus. The results showed that the chloroplast genome 
structure in Amorphophallus is highly conserved, com-
prising IRa and IRb, which separate LSC and SSC regions. 
Interestingly, these seven species exhibited variation in 
chloroplast genome size (Table 1), with the largest chlo-
roplast genome size in A. muelleri’ ‘zhuyajin1’ and the 
smallest in A. yunnanensis, with a difference of 12,659 bp. 
This phenomenon may be due to IR expansion, con-
traction, and recombination of the chloroplast genome 
among these Amorphophallus species [42]. In addition, 
they shared similar GC content (34.5% − 36%), rRNAs, 
most of the protein-coding genes, and tRNAs, which 
also had been found in other plants [42, 43]. Our study 
identified 126 − 131functional genes, comprising 81 − 86 
protein-coding genes, 36 − 39 tRNA genes, and 8 rRNA 

Fig. 8  Comparison of non-synonymous (Ka)/synonymous (Ks) substitution ratios among 13 species of Amorphophallus. The species in bold are 
sequenced in this study
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genes, which are in agreement with previous reports of 
the species in Araceae, including A. konjac [33, 38], Alo-
casia fornicate [36], Colocasia gigantea, Caladium bicolor 
and Xanthosoma sagittifolium [42]. However, a recent 
study reported reduced gene content in four species of 
the genus Amorphophallus [35], which is an exception. In 
particular, A. albus, A. bulbifer, A. konjac, and A. muel-
leri were found to possess 113 (79 protein-coding genes, 
30 tRNAs, and 4 rRNAs), 111 (78 protein-coding genes, 
29 tRNAs, and 4 rRNAs), 111 (78 protein-coding genes, 
29 tRNAs, and four rRNAs), and 113 (80 protein-coding 
genes, 29 tRNAs, and 4 rRNAs) genes, respectively [35]. 
Although these  13 chloroplast genomes were highly 
conserved, intron loss, gene duplication, and gene loss 
were observed in this study. For example, the chloroplast 
genomes of all Amorphophallus species except A. coae-
taneus, A.yunnanensis and A. tonkinensis had two copies 
of rpl23. Amorphophallus coaetaneus had one copy of 
rpl23, while A.yunnanensis and A. tonkinensis lost rpl23. 
Moreover, accD had no intron in the genomes of A. krau-
sei, A. muelleri ‘zhuyajin1’, Amorphophallus sp, and A. 
titanum, while the other three genomes exhibited one 
intron in this protein-coding gene, indicating that intron 
loss had occurred during the evolutionary history of A. 
krausei, A. muelleri ‘zhuyajin1’, Amorphophallus sp and 
A. titanum. In contrast, Liu et al. [35] reported the dele-
tion of rpl23, rpl2, trnL-CCA​, trnG-GCC​, accD, and psbE 
in the genus Amorphophallus. In this study, we sequenced 

and de novo assembled the chloroplast genomes of A. 
krausei, A. muelleri ‘zhuyajin1’, Amorphophallus sp, and 
A. albus. The gene content of these genomes is similar to 
that of previous reports in aroids, as well as A. titanum 
[36], A. konjac [38] and other Monsteroideae (Araceae), 
including Spathiphyllum patulinervum, Stenosperma-
tion multiovulatum, Monstera adansonii, and Rhaphi-
dophora amplissima [43]. Nevertheless, the gene deletion 
mentioned above was not supported. Furthermore, cer-
tain events of intron loss, gene duplication, and gene loss 
were reported within other plants, including Aglaonema 
cultivars [44], Zingiberoideae species [45], Costaceae 
species [46]. The gene loss events involved ycf68, trnS-
CGA​, trnS-GGA, and trnT-GGU, and intron loss events 
involved trnG-UCC​ in the Aglaonema cultivars [44].

Previous studies have shown that IR contraction and 
expansion of the chloroplast genomes were considered 
significant evolutionary events. These events can result in 
chloroplast genome size variations, production of pseu-
dogenes, gene duplication, and reduced duplicate genes 
to one copy [47]. Our results also indicated that genome 
lengths and boundaries of IR expansion exhibited vari-
ations among these 13  genomes. Amorphophallus spe-
cies in type I and type III showed two functional copies 
of ycf1 gene due to duplication in IR regions, one each in 
IRa and IRb, while ycf1 is present completely in the SSC 
region and hence exists as single copy with in type II. The 
same phenomenon exists in some species of the family 

Fig. 9  Phylogenetic trees were constructed using the maximum likelihood (ML) based on the complete chloroplast genomes of 54 Araceae 
species. The numbers above the nodes indicate support values. The species in bold are sequenced in this study
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Araceae. For example, A. simorrhinum, C. glaucophyl-
lum, and T. blumei in the Dracunculus clade (Araceae) 
contained two functional copies of the ycf1 gene, one 
each in IRa and IRb [36]. In Colocasia gigantean [42], 
Anthurium huixtlense, Pothos scandens [47], P. pedati-
secta, C. esculenta, A. franchetianum, Alocasia fornicate, 
and Steudnera colocasiifolia [36], this gene existed com-
pletely as one functional copy in SSC regions. Moreo-
ver, in Caladium bicolor and Xanthosoma sagittifolium, 
this gene extended into IRa from SSC and existed as a 
single copy in the plastom genome [42]. However, in 
some Araceae species, including Anubias heterophylla, 
Aglaonema costatum, Syngonium angustatum, Xantho-
soma helleborifolium, and Zomicarpella amazonica, the 
functional copy of the ycf1 gene extended into IRa from 
SSC; however, a truncated copy also existed in IRb [36, 
48]. Previous studies of angiosperm chloroplast genomes 
revealed the complete existence of trnH-GUG​ in the LSC 
region or integration of trnH-GUG​ into the IRa region 
[42, 44, 48]. In this study, trnH-GUG​ was found to be at 
JLA in all 12 Amorphophallus except A. coaetaneus (type 
II), either starting inside the IRa (6 − 8 bp) in A. krausei, 
Amorphophallus sp, A. muelleri ‘zhuyajin1’ and A. tita-
num or starting up to 1 bp (A. albus) and 86 bp (A. kon-
jac) after the start of LSC region. In A. coaetaneus, at the 
junction of the JLA region, rpl2 exists in the LSC instead 
of trnH-GUG​. In Anchomanes hookeri, at the junction of 
JLA, psbK exists in the LSC instead of trnH-GUG​ [48]. 
As reported by Abdullah et al. the duplication events of 
ycf1 and/or other genes that present at the junction of 
single copy and inverted repeats in chloroplast genome 
are species-specific rather than cladistic synapomorphies 
[36]. Further genomic resources may provide a better 
understanding of the phylogenetic level of IR contraction 
and amplification in the Amorphophallus genus as well as 
Araceae family.

Chloroplast genomes are rich in SSRs, long repeats, 
and highly divergent regions, widely used to determine 
phylogenetic relationships between organisms and 
identify species and cultivars. Our study indicated that 
most SSRs were mononucleotide repeats and were short 
A/T repeats consistent with previous studies [42]. In 
current study, repeats detection results were the same 
as most other Araceae plants; for example, four types 
of oligonucleotide repeats were identified, and forward 
repeats were the most abundant types of repeats [42, 
47]. Previous studies have shown that these repeats may 
be associated with generating substitutions and InDels 
[49]. Furthermore, divergent analyses implemented by 
mVISTA revealed that the non-coding regions were 
more divergent and variable than the coding regions, 
indicating that non-coding regions are suitable for 
molecular marker identification in Amorphophallus, 

consistent with previous studies in Araceae chloroplast 
genomes [42, 50]. Twenty-two regions (trnH-GUG-
psbA, trnS-GCU-trnG-UCC​, rpoB-trnC-GCA​, trnY-
GUA-trnT-GGU​, psbZ-trnG-GCC​, rps4-trnT-UGU​
, trnT-GGU-trnL-UAA​, trnF-GAA-ndhJ, rbcL-accD, 
trnL-CAA-ndhB, ycf1-ndhF, ndhF-rpl32, psaC-ndhE, 
ndhG-ndhI, rps15-ycf1, ndhB-trnL-CAA​, atpB-rbcL, 
rbcL-accD, rps16, rpl16, ycf1, ycf2, and accD) with high 
variation were identified from Amorphophallus based 
on the mVISTA analysis. Similarly, trnH-psbA, rps4-
trnT-UGU​, trnL-ndhB, psaC-ndhE, rps15-ycf1, rpl16, 
ycf1, and ycf2 showed divergence in four Zantedeschia 
(Araceae) [51]. Additionally, divergent analyses imple-
mented by nucleotide diversity revealed 4 highly diver-
gent regions among 13 Amorphophallus chloroplast 
genomes, including trnM-atpE, atpB, atpB-rbcL and 
ycf1. In previous studies, 12 regions (trnH-GUG​-CDS1, 
trnH-GUG​-CDS1_psbA, trnS-GCU_trnS-CGA​-CDS1, 
psbC-trnS-UGA​, rps4-trnT-UGU​, trnF-GAA-ndhJ, 
psbF-psbE, petD-CDS2-rpoA, ycf1-ndhF, rps15-ycf1-D2, 
ccsA-ndhD, and trnY-GUA-trnE-UUC​) showed signifi-
cantly higher Pi values in seven Aglaonema species [44]. 
Besides, 8 highly divergent regions (rps16-trnQ-UUG​
, trnS-GCU-trnG-UCC​, atpH-atpI, petA-psbJ, psbE-
petL, ndhF, rpl32, and ndhE) were identified in seven 
Lemnoideae species [52]. Similarly, 14 highly divergent 
regions (trnS-trnA, psbI-trnS, ndhF, ycf1, trnQ-psbK, 
rpl32-trnL, trnC-petN, trnT-trnL, rps16-trnQ, trnT-
psbD, rpoB-trnC, trnL-ccsA, psbK-psbI, and petA-psbJ) 
were found in Symplocarpus [50]. Furthermore, 16 
regions (trnN-ndhF, trnS-trnG, rpl32-trnL, psaC-ndhE, 
ndhG-ndhI, accD-psaI, ccsA-ndhD, rps15-ycf1, trnL-
ccsA, psbI-trnS, petD-rpoA, rps19-rpl2, atpH-atpI, ccsA, 
ndhF, and ndhD) with high nucleotide diversity were 
identified in Aroideae [42]. Six highly divergent regions 
(trnH-GUG_psbA, rps4-trnT-UGU​, trnF-GAA-ndhJ, 
rps15-ycf1, ccsA-ndhD, and petD-rpoA) were used as 
DNA barcodes in Araceae species or were in the marker 
development of DNA barcodes [42, 44, 48]. When these 
hotspot regions based on the representative lineages 
within the family Araceae were compared to those from 
seven congeneric species of Amorphophallus, we found 
that highly variable regions on the family level were 
not the same as those within the genus Amorphophal-
lus. However, trnH-GUG-psbA, ndhB-trnL, psaC-ndhE, 
trnS-trnG, and rps4-trnT regions were consistent and 
highly variable in most Araceae species. The absence of 
hotspot regions in other Araceae species in the remain-
ing regions of Amorphophallus suggested that there was 
no universal "best" region. Additionally, these regions 
may evolve rapidly within the genus Amorphophallus 
and can be used as special DNA barcodes for Amor-
phophallu species. Claudel et al. reported that the rbcL 
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gene had significant potential as a DNA barcoding tool 
for specific Amorphophallu species [1]. Our results also 
support the high variability of the atpB-rbcL and rbcL-
accD regions in 13 Amorphophall chloroplast genomes. 
In summary, we identified several highly variable plas-
tid regions in the Amorphophall genus, which may help 
determine phylogenetic relationships and can serve 
as markers for barcoding and phylogenetic studies at 
higher taxonomic levels.

The Ka/Ks ratio is a vital tool for determining genome 
evolution. In this study, most genes displayed ratios of 
less than 1.00, which aligns with observations in other 
high plant chloroplast genomes [53]. However, certain 
Araceae species have reported higher Ka/Ks values, sig-
nifying a positive selection of genes [42, 47]. Our pre-
liminary results indicated the presence of 23 genes (atpA, 
atpF, rpl14, rpoA, rpoC1, rpoC2,rpl36, ccsA, rpl16, rps4, 
rps7, rps8, rps11, rps12, rps14, clpP, rps3, ycf1, rpl20, 
rps2, rps18, rps19 and rps15) undergoing positive selec-
tion in the chloroplast genomes of Amorphophallus. 
Among them, four genes (rpl36, rps4, rps7, rps8and 
rps14) exhibited positive selection in Amorphophallus sp 
and A. muelleri ‘zhuyajin1’. atpF and rpoC1 only showed 
positive selection in A. tonkinensis, atpA in A. paeonii-
folius, and ycf4 only in A. yunnanensis. The remaining 
genes showed positive selection in more than one spe-
cies of Amorphophallus species, indicating that these 
genes underwent adaptive evolution in different environ-
ments. Previous studies have shown that positive selec-
tion of rps3, ycf1, and ycf2 in angiosperms may be very 
common [44]. rps3, ycf1 and ycf2 showed positive selec-
tion in 16 Aglaonema species [44] and four Zingiber spe-
cies [45]. In addition, ycf exhibited positive selection in 
Alocasia fornicata, Colocasia esculenta, Steudnera colo-
casiifolia, Arisaema franchetianum, Arisarum simorrhi-
num, and Carlephyton Glaucophyllum [36], and ycf1 in 
four Pinellia [42]. Furthermore, other genes experienc-
ing positive selection have been identified, including rpl2 
in Epipremnum aureum [52], rps2 in 16 Araceae species 
[44] and ndhF, ndhK, rbcL, rpoC1, rpoC2, and matK in 
Colocasia gigantea, Caladium bicolor, and Xanthosoma 
sagittifolium [42], ccsA, matK, and ndhF in four Anubias 
(Araceae) [54], rpl33 in Typhonium blumei, rps8 in Xan-
thosoma helleborifolium, rps16 in Zomicarpella ama-
zonica [36], and clpP and rpl36 in Stylochaeton bogneri 
[55]. Aroideae species inhabit diverse habitats, including 
swamps, river margins, and damp sites [56]. Therefore, 
various types of positively selected genes in these species 
may be associated with distinct ecological pressures of 
their respective niches [47].

Chloroplast genomes containing sufficient variable loci 
are valuable for determining evolutionary and phylo-
genetic relationships [57]. In our study, we analyzed the 

chloroplast genomes of 54 species from seven subfamilies 
of Araceae, including Aroideae, Lasioideae, Lemnoideae, 
Monsteroideae, Orontioideae, Pothoideae, and Zamio-
culcadoideae to gain insights into their evolutionary 
relationships. The maximum likelihood (ML) phylogeny 
confirmed the phylogenetic position of Amorphophallus 
within the subfamily Aroideae, with the Amorphophallus 
species forming a single monophyletic group with a boot-
strap value of 100. Previously, the genus Amorphophallus 
was also identified as monophyletic. The phylogenetic 
tree also indicated that these Amorphophallus species 
were divided into three clades. Amorphophallus albus, 
A. krausei, A. kachinensis and A. konjac were clustered 
into the continental Asia II (CA-II) clade, A. coaetaneus, 
A. tonkinensis, A. yunnanensis, A. muelleri ‘zhuyajin1’ 
and Amorphophallus sp were clustered into continen-
tal Asia I (CA- I) clade, and A. titanium belongs to the 
Southeast Asia clade (SEA), which was in line with the 
previous study with nuclear (ITS1) and plastid (rbcL and 
matK) regions [1]. Moreover, the genus Amorphophal-
lus was most closely related to Caladium, Zomicarpell, 
Xanthosoma, and Syngonium, consistent with previous 
studies on the Araceae family [36]. Generally, the phylo-
genetic inference among the species of seven subfamilies 
of Araceae was in agreement with previous findings [42, 
44]. The subfamily Aroideae showed a sister relationship 
with the subfamily zamioculcadoideae, and the subfamily 
Pothoideae was closer to the subfamily Monsteroideae. 
The subfamily Orontioideae was the basal group, while 
the subfamily Aroideae was the crown group.

Conclusions
In the current study, we sequenced the chloroplast 
genomes of four Amorphophallus and compared them 
with three previously published chloroplast genomes. 
These seven genomes exhibited a typical quadripar-
tite structure, similar GC content, rRNAs, codon usage, 
long repeats, and SSRs. However, there were variations 
in genome lengths, tRNA gene contents, protein-coding 
genes introns, and IR borders. A previous study reported 
that ycf1, accD, psbE, trnL-CAA​, and trnG-GCC​ genes 
were absent in four Amorphophallus species; however, 
our study does not support the aforementioned gene 
loss. Comparative analyses of these chloroplast genomes 
identified 4 divergent hotspots (trnM-atpE, atpB, atpB-
rbcL and ycf1) with potential application as molecular 
markers for future population genetic studies within the 
Amorphophallus. The Ka/Ks, BUSTED and FUBAR anal-
yses of  13 Amorphophallus species showed that atpA, 
atpF, rpl14, rpoA, rpoC1, rpoC2, rpl36, ccsA, rpl16, rps4, 
rps7, rps8, rps11, rps12, rps14, clpP, rps3, ycf1, rpl20, 
rps2, rps18, rps19, and rps15 were under positive selec-
tion, which can be due to adaptation to the environment. 
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Phylogenetic trees based on whole chloroplast genomes 
revealed that Amorphophallus was a sister to Caladieae 
and had significant support. All Amorphophallus spe-
cies formed a monophyletic evolutionary clade and were 
divided into three groups: CA-II, SEA, and CA-I. These 
findings provide a valuable reference for studying the 
phylogeny and conservation of Amorphophallus and lay 
a solid foundation for conducting phylogenetic analyses, 
classification efforts, and the exploration of genetic diver-
sity within the broader Araceae family.

Methods
Plant material sampling, DNA extraction, and sequencing
The samples of cultivated plants, including A. albus, A. 
krausei and A. muelleri ‘zhuyajin1’ were collected from 
Konjac Genetic Resources Garden of Kunming Uni-
versity, Yunnan Province (24.97406°N, 102.79605°E). 
The sample of wild plant Amorphophallus sp was col-
lected by Li Yu on July 16, 2018, from Mansai Village 
(22.131258981521°N, 101.31695415018°E), Xiangming 
Township, Mengla County, Xishuangbanna, Yunnan 
province, China. The taxonomic identifcation is authen-
ticated by Professor Lei Yu (the head of Yunnan Key 
Laboratory of Konjac Biology, Kunming University), the 
author of the study of areas of the genus Amorphophal-
lus. Now, Amorphophallus sp has been introduced in 
the konjac germplasm resource garden of Kunming Uni-
versity, China and is growing well. Because the Amor-
phophallus species we collected from field were currently 
not protected species, no permission was required during 
the sampling process. Voucher specimens were placed in 
the deposited in the Herbarium of Yunnan Urban Agri-
cultural Engineering and Technological Research Center, 
Kunming University under voucher specimens numbers 
BMY001(A. albus), A. krausei (XMY001), A. muelleri 
‘zhuyajin1’(ZYJ01b) and Amorphophallus sp (ZY010). 
Total genomic DNA was extracted from each fresh leaf 
using the Qiagen DNeasy Plant Mini kit (Qiagen Co., 
Hilden, Germany). Subsequently, DNA quality and quan-
tity were determined using a Nanodrop 2000 spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, 
USA) and 1% (w/v) agarose gel (Fig. S1), respectively. 
Paired-end libraries were constructed using the NEB-
Next UltraTM DNA library prep kit and sequenced on 
an Illumina HiSeq 2500 platform, resulting in 2 × 150 bp 
paired-end reads. In addition, nine published plastids of 
Amorphophallus (Table 1) were also added to determine 
their inter—generic variation.

Chloroplast genome assembly and annotation
The quality of the raw paired-end reads was assessed 
using FastQC [58] and trimmed using Trimmomatic 
software [59]. Then, the trimmed reads were de novo 

assembled into contigs using SOAPdenovo v.2.04 with 
the default parameters [60] and GetOrganelle v1.7.8 [49]. 
To validate the contigs, they were aligned against a ref-
erence chloroplast genome of A. konjac (NC_046702) 
using the Blast program. The aligned contigs were then 
oriented according to the reference chloroplast genome. 
Complete chloroplast genomes with the default param-
eters were annotated using CPGAVAS2 [61] and GeSeq 
[62]. Subsequently, tRNAs were identified using tRNAs-
can-SE with the default parameters [63]. The circular 
map of the genomes was constructed using Organellar 
Genome DRAW (OGDRAW) version 1.3.1 [64].

Sequence analysis
The relative synonymous codon usage (RSCU) analysis 
in protein-coding genes was performed using Geneious 
R8.1 [65]. SSR was predicted using MISA [66] with mini-
mum repeat thresholds set at ten for mononucleotide 
repeats, five for dinucleotide repeats, four for trinucleo-
tide repeats, three for tetranucleotide repeats, three for 
pentanucleotide repeats, and three for hexanucleotide 
repeats. Tandem repeats with default parameters were 
determined using the tandem repeat finder (http://​tan-
dem.​bu.​edu/​trf/​trf.​submit.​optio​ns.​html).

Comparative genome and sequence divergence analyses
The mVISTA software [67] in Shuffle-LAGAN mode was 
used to compare the seven complete chloroplast genomes 
of Amorphophallus, using the A. krausei sequence as the 
reference. To visualize the contraction and expansion of 
the IR junction sites, IRScope [68] was used. For inter-
specific comparisons, MAFFT v.7 [69] was used to align 
the complete chloroplast genomes of the seven species. 
Subsequently, DnaSP version 6.0 [70] was employed 
to perform a sliding window analysis with a window 
length of 600 bp and a step size of 200 bp to determine 
the nucleotide diversity (Pi) of the plastome based on the 
alignment results.

Analysis of synonymous (Ks) and non‑synonymous (Ka) 
substitution rate
We used synonymous substitution rates (Ks) and non-
synonymous substitution rates (Ka), along with their 
ratio Ka/Ks, to determine the role of natural selection 
in shaping the molecular evolution of the A. albus chlo-
roplast genome. All protein-coding genes were aligned 
using MAFFT. The Ks, Ka, and Ka/Ks values were calcu-
lated using the KaKs_Calculator 2.0 software [71]. Values 
of Ka/Ks > 1, Ka/Ks = 1, and Ka/Ks < 1 indicate positive, 
neutral, and purifying selection, respectively.

http://tandem.bu.edu/trf/trf.submit.options.html
http://tandem.bu.edu/trf/trf.submit.options.html
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Phylogenetic analysis
To determine the phylogenetic relationships and verify 
the phylogenetic placement of Amorphophallus., 49 aroid 
taxa were considered, including 54 species obtained from 
NCBI (Table  S11) and four species introduced in this 
study. All chloroplast genome sequences were aligned 
using MAFFT V7, with Zea mays serving as outgroup. 
The phylogenetic tree was constructed using IQ-TREE v. 
1.4.2 [68]. A bootstrap test was performed with 1000 iter-
ations to calculate the maximum likelihood (ML) boot-
strap value. The best-fit model used for this analysis was 
TVM + F + R9.
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