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Background
The cactus family (Cactaceae) contains charismatic orna-
mental horticultural plants, which belong to the order 
Caryophyllales, with approximately 174 genera and 
nearly 2,000 species [1, 2]. Cactaceae are mostly native to 
tropical or subtropical deserts or arid areas of America 
except for epiphytic species, such as Rhipsalis baccifera 
(J.S.Muell.) Stearn, which is also found naturally in East 
Africa, Madagascar, and Sri Lanka [3, 4]. They exhibit a 
range of life forms from geophytes and cushion plants to 
dwarf shrubs, shrubs, or small trees [5]. To adapt to the 
unique climatic environment, cacti have evolved mor-
phological and anatomical characteristics that are dif-
ferent from those of most angiosperms, such as highly 
specialized leaves, succulent tissues, and even aerial roots 
[6–8], which are of general interest to plant biologists. 
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Abstract
Background The cactus family (Cactaceae) has been reported to have evolved a minimal photosynthetic plastome 
size, with the loss of inverted-repeat (IR) regions and NDH gene suites. However, there are very limited genomic data 
on the family, especially Cereoideae, the largest subfamily of cacti.

Results In the present study, we assembled and annotated 35 plastomes, 33 of which were representatives of 
Cereoideae, alongside 2 previously published plastomes. We analyzed the organelle genomes of 35 genera in the 
subfamily. These plastomes have variations rarely observed in those of other angiosperms, including size differences 
(with ~ 30 kb between the shortest and longest), dramatic dynamic changes in IR boundaries, frequent plastome 
inversions, and rearrangements. These results suggested that cacti have the most complex plastome evolution 
among angiosperms.

Conclusion These results provide unique insight into the dynamic evolutionary history of Cereoideae plastomes and 
refine current knowledge of the relationships within the subfamily.
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Physiologically, crassulacean acid metabolism (CAM) in 
cacti is a feature uncommon to most angiosperms and 
considered an adaptation to allow survival in arid and 
water-deficient environments [9, 10]. In recent stud-
ies, significant expansion of stress adaptation-related 
genes and more restrictive gene duplication events have 
been reported in harsh environment-adapted lineages of 
Caryophyllales, including cacti [11]. The chromosome-
level genomes of Selenicereus undatus (Haw.) D. R. 
Hunt and Carnegiea gigantea (Engelm.) Britton & Rose 
confirmed the presence of whole-genome duplication 
(WGD) events in cacti [12, 13], which are typically con-
sidered to be associated with shifts in climatic niches.

As the site of photosynthesis, the chloroplast is an 
essential organelle of all autotrophic plants. It con-
tains a semiautonomous genetic system, which is called 
the chloroplast genome (cpDNA) or plastid genome/
plastome. In cacti, as a group of plants with the CAM 
pathway, plastome-level changes can be expected. 
Although the plastomes of most terrestrial angiosperms 
are thought to be extremely conserved, several excep-
tions have been reported in some clades. In addition 
to large plastome losses in some nonphotosynthetic 
plants, such as Cuscuta [14] and Gastrodia [15], inde-
pendent losses of the inverted repeat region have been 
identified across disparate clades, such as Fabaceae [16], 
Geraniaceae [17], Orobanchaceae [18], and Cactaceae 
[19]. Most plastid genomes of Caryophyllales range in 
size from 151 kb to 155 kb [20]. Structurally, two single-
copy regions (SC) are separated by a pair of inverted 
repeats (IRb and IRa, ~ 25  kb), forming a typical tetrad 
structure. However, as a special case of Caryophyllales, 
large losses of the IR regions have been observed in all 
reported cactus plastomes to date [4, 19]. In addition, a 
conserved inversion of ~ 6 kb in the large single-copy unit 
comprising the trnM-rbcL genes has been reported in 
some Caryophyllales plants [21]. In addition, the loss of 
ndh genes in Cactaceae was described for the first time 
in Carnegiea gigantea[19]. Thus, the plastomes of the 
cactus family seem to be different from those of other 
Caryophyllales. A recent report on the plastomes of 
Opuntioideae addresses the phylogenetic relationships of 
all genera in this subfamily [22]. However, the plastome 
assembly contained many degenerate bases. Therefore, a 
broad sampling of data is needed, especially for Cereoi-
deae lineages, to provide new insights into plastome evo-
lution across the (sub)family.

Taxonomic studies of Cactaceae have identified five 
major lineages based on morphological characteris-
tics combined with molecular phylogenies, includ-
ing two widespread and species-rich subfamilies: 
Cactoideae and Opuntioideae [23]; the monogeneric sub-
family Maihuenioideae [24]; and the traditional “Pereski-
oideae”, which has been divided into two leafy lineages, 

Leuenbergerioideae [25] and Pereskioideae. The two 
leafy lineages have been recognized as subsequent sis-
ters to all the other lineages of Cactaceae. Recently, the 
relationships of all genera in Opuntioideae have been 
determined [22]. Cactoideae is the largest subfamily of 
Cactaceae, with more than 100 generally accepted gen-
era [26]. The monospecific genus Blossfeldia (Blossfeldia 
liliputana Werderm. ) was considered the basal clade 
of Cactoideae and later recognized as a separate tribe 
(Blossfeldieae) [27]. Tribe Cacteae is the earliest-diverg-
ing clade in Cactoideae except for Blossfeldieae and has 
traditionally been recognized as a monophyletic group 
[28]. Furthermore, multiple tribes previously reported, 
i.e., Pachycereeae, Hylocereeae, Browningieae, Tricho-
cereeae, Cereeae, Rhipsalideae, and Notocacteae, were 
found to be para- or polyphyletic [29, 30]. With the aid 
of molecular phylogenies, several clades were succes-
sively identified as monophyletic groups and recognized 
as monophyletic tribes [26, 31]. The positions of several 
genera, such as Calymmanthium and Frailea, which were 
weakly supported and unresolved within Cactoideae, are 
uncertain [26, 28]. Although recent studies have greatly 
improved knowledge of the phylogenetic relationships of 
Cactoideae, information on weakly supported clades still 
needs to be strengthened. Plastid genomes, with their 
conserved structure and abundant phylogenetic informa-
tion sites, have been proven to be efficient in the study 
of phylogenomics [20] and have previously played an 
important role in solving the phylogenetic relationships 
of the subfamily Opuntioideae [22]. However, they have 
not been widely used in Cactoideae, and only a few Cac-
toideae plastomes are available in the GenBank database. 
This lack of genomic data limits our understanding of 
biodiversity in the largest subfamily of Cactaceae.

We previously assembled the complete plastomes of 
four Selenicereus species [32] and found the unusual 
boundary of inverted repeats. We hypothesized that the 
plastomes of Cactoideae species display unusual varia-
tions. To further study this less-reported group of plants, 
we newly assembled 35 cactus plastomes, including 
those of 33 species from the subfamily Cactoideae that 
we are interested in. Our collections covered almost all 
tribes and disputed clades, representing the most exten-
sive sampling to date. Two additional species were used 
as outgroups: Pereskia aculeata Mill. from Pereskioideae 
and Opuntia microdasys (Lehm.) Pfeiff. from Opunti-
oideae. This enables us to fully analyze the evolution of 
Cereoideae plastomes and to understand the phyloge-
netic relationships of the main tribe.

Results
Structural characteristics of the cactus plastomes
The deciphered Cactaceae plastome sizes ranged from 
110,388 bp to 143,783 bp (Table 1), and the GC content 
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ranged from 35.80 to 37.53%. We found that not all these 
plastomes have a typical tetrad structure. Some of them 
contained a pair of typical inverted repeat (IRs) regions 
that mediate two single-copy (SC) regions, while others 
exhibited significant losses of IRs. The IR regions were 
found to have a wide range of lengths, with the shortest 
at 358  bp (Thelocactus setispinus (Engelm.) E.F. Ander-
son) and the longest at 37,186 bp (Acanthocereus Tetrago-
nus (L.) Hummelinck), indicating that the IR regions 
had undergone large-scale expansion/contraction. It is 
important to note that for the two previously reported 
species (Ca. gigantea and Lo. schottii), no IR region was 
found, and we could not determine whether there was 

a problem with the previous assembly, as it might have 
been short enough to be overlooked. Furthermore, the 
large single-copy (LSC) region and the small single-copy 
(SSC) region differed greatly in length, ranging from 
48,479 bp ~ 88,758 bp and 10,467 bp ~ 34,726 bp, respec-
tively. The length variation of the single-copy region was 
closely related to the dynamic changes in IR regions.

Gene annotation
The results of gene annotation showed that the total 
number of unique protein-coding genes (PCGs) in our 
assembled plastomes differed greatly. To analyze differ-
ences in the number of PCGs, the plastome of a closely 

Table 1 Characteristics of the 37 Cactaceae plastomes
Species NCBI Acces-

sion No.
Genome 
Size (bp)

LSC (bp) SSC (bp) IR (bp) Total 
GC (%)

No. total 
Genes

No. PCGs No. No.
tRNAs rRNAs

Cereus jamacaru / 143,493 53,377 23,778 33,169 36.64 95 (25) 64 (12) 27 (13) 4

Acanthocereus tetragonus MW553073 142,663 53,494 23,777 32,696 36.64 95 (25) 64 (12) 27 (13) 4

Praecereus euchlorus / 135,580 51,279 10,467 36,917 36.67 95 (28) 64 (14) 27 (14) 4

Pilosocereus pachycladus MW553065 133,372 52,759 19,329 30,642 36.56 94 (25) 63 (12) 27 (13) 4

Coleocephalocereus fluminensis / 128,523 52,445 21,314 27,382 36.31 95 (25) 64 (12) 27 (13) 4

Gymnocalycium saglionis MW553054 124,390 50,666 16,326 28,699 37.09 92 (25) 61 (12) 27 (13) 4

Espostoa lanata MW553052 127,175 50,979 19,440 28,378 37.01 96 (25) 64 (12) 28 (13) 4

Matucana haynei MW553051 126,870 51,077 19,219 28,287 37.08 96 (25) 64 (12) 28 (13) 4

Cleistocactus winteri MW553046 128,809 50,944 18,855 29,505 37.02 96 (25) 63 (12) 29 (13) 4

Echinopsis mirabilis / 126,622 52,505 18,915 27,601 37.18 92 (25) 61 (12) 27 (13) 4

Rebutia pygmaea / 124,473 53,272 18,843 26,179 37.53 94 (21) 62 (11) 28 (10) 4

Parodia scopa MW553045 126,253 48,479 18,092 29,841 36.84 96 (26) 64 (13) 28 (13) 4

Yavia cryptocarpa / 143,783 53,677 15,734 37,186 36.35 96 (26) 64 (15) 28 (11) 4

Rhipsalis cereuscula MW553066 123,009 79,737 22,890 10,191 36.59 99 (4) 66 (2) 29 (2) 4

Schlumbergera truncata MW553067 121,718 79,780 21,978 9,980 36.33 99 (4) 67 (2) 28 (2) 4

Frailea castanea var. nitens MW553053 110,388 81,002 28,512 437 36.31 94 (2) 62 (0) 28 (2) 4

Cephalocereus senilis / 120,812 81,561 21,267 8,992 36.59 95 (4) 63 (2) 28 (2) 4

Neobuxbaumia polylopha MW553061 128,889 80,969 13,942 16,989 36.39 94 (7) 62 (3) 28 (4) 4

Carnegiea gigantea NC_027618.1 113,064 / / No IR 36.68 96 (0) 64 (0) 28 (0) 4

Lophocereus schottii NC_041727.1 113,204 / / No IR 36.5 96 (0) 64 (0) 28 (0) 4

Deamia testudo / 121,008 81,371 21,909 8,864 36.59 95 (2) 63 (0) 28 (2) 4

Myrtillocactus geometrizans MW553060 133,639 81,748 15,835 18,028 35.97 97 (8) 65 (5) 28 (3) 4

Echinocereus pentalophus MW553049 128,011 81,452 18,873 13,843 36.28 97 (6) 65 (2) 28 (4) 4

Selenicereus undatus MW553056 133,407 68,516 21,773 21,559 36.38 98 (16) 65 (8) 29 (8) 4

Epiphyllum oxypetalum MW553050 120,360 81,611 21,043 8,853 36.56 96 (3) 64 (1) 28 (2) 4

Copiapoa hypogaea MW553047 132,285 82,845 20,600 14,420 35.8 100 (6) 67 (4) 29 (2) 4

Calymmanthium substerile / 120,777 81,982 24,061 7,367 36.59 100 (3) 67 (1) 29 (2) 4

Leuchtenbergia principis MW553057 116,863 81,621 32,158 1,542 36.18 96 (2) 63 (1) 29 (1) 4

Thelocactus setispinus MW553071 110,524 78,924 30,884 358 36.17 94 (0) 61 (0) 29 (0) 4

Ferocactus latispinus MW553072 116,692 82,072 31,682 1,469 36.25 96 (2) 63 (1) 29 (1) 4

Echinocactus grusonii MW553048 119,201 82,732 32,771 1,849 36.13 100 (2) 67 (1) 29 (1) 4

Mammillaria gracilis MW553059 110,855 77,223 30,246 1,693 36.46 95 (2) 63 (1) 28 (1) 4

Obregonia denegrii MW553062 118,438 74,449 31,769 6,110 36.67 94 (6) 62 (3) 28 (3) 4

Ariocarpus retusus MW553043 117,264 81,642 32,170 1,726 36.12 98 (2) 66 (1) 28 (1) 4

Astrophytum myriostigma MW553044 119,769 83,710 32,131 1,964 35.92 102 (4) 69 (3) 29 (1) 4

Opuntia microdasys MW553063 123,169 88,758 31,493 1,459 36.09 111 (3) 77 (0) 30 (3) 4

Pereskia aculeata MW553064 141,752 88,214 34,726 9,406 35.8 113 (5) 79 (3) 30 (2) 4
Note. The number of genes with two copies was given in parentheses
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related species, Portulaca oleracea L., was compared 
with the 37 plastomes of the present study. In purslane 
(Po. oleracea), the number of unique PCGs was 80, clos-
est to that in Pe. aculeata (79), which is a kind of cactus 
with leaves from the subfamily Pereskioideae, followed by 
Op. microdasys from the subfamily Opuntioideae with 77 
annotations (Fig. 1; Table 1). For the other 35 Cereoideae 
plastomes, the number of unique PCGs ranged from 61 
to 69, indicating that gene gain/loss events occurred in 
the subfamily Cereoideae. Figure S1 shows the circular 
genome map of these 35 plastomes.

We further used the Basic Local Alignment Search 
Tool (BLAST) to identify the homologous sequences of 
PCGs, and several gene gains/losses and pseudogeniza-
tion events were identified. For the PCGs, first, the wide-
spread loss/pseudogenization of the ndh gene suite in 
subfamily Cereoideae, as described earlier in Ca. gigan-
tea [19], was most striking. Only a few ndh genes were 
retained in a few plastomes (Fig. 1). Furthermore, several 
genes (rpl23, rpl33, rps16, and ycf2) were also observed 
to be lost in some plastomes. For example, the ycf2 gene, 
as a large open reading frame of the plastome, was absent 
in Op. microdasys. Moreover, some genes were detected 
in plastomes as only a remnant fragment, including accD, 
clpP, rpl23, rpl32, rpl33, rpl36, rps18, and ycf15 (Fig. 1). 

Another type of gene pseudogenization showed prema-
ture termination codons, such as ycf1 and ycf4. The clpP 
genes exist as pseudogenes in most species, mainly due to 
the loss of the first exon.

All species had the same four unique ribosome RNA 
(rRNA) genes, namely, 4.5 S rRNA, 5 S rRNA, 16 S rRNA, 
and 23  S rRNA, which were present as single copies in 
all 37 plastomes. However, the number of unique tRNA 
genes was different and ranged from 27 to 30 (Table 1). 
The trnA-UGC and trnV-GAC genes were completely or 
partially lost in some plastomes. Furthermore, the trnV-
UAC gene was completely or partially lost in all 35 Cere-
oideae plastomes (Fig.  1). The trnI-GAU gene was lost 
only in Echinopsis mirabilis Speg.

As reported by Yao [20], intron loss events were unique 
to some lineages of Caryophyllales. For example, rpl2 
intron losses were a common feature of the order Caryo-
phyllales, and rpoC1 intron losses were unique to the 
lineage of Cereoideae. These findings were further con-
firmed in the present study.

Repeat elements
We analyzed the repeat elements of the 35 newly assem-
bled plastomes. ROUSFinder was used to identify the 
nonredundant repeat units. The results showed that the 

Fig. 1 Gene comparisons among the 37 Cactaceae plastomes. Each red square indicates two copies of the gene, the yellow square indicates that the 
gene has one copy, the gray square indicates a gene fragment or pseudogene, and the white indicates that the gene was absent
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number of these repeating elements varied greatly in 
different plastomes. The plastome with the largest num-
ber was that of Myrtillocactus geometrizans (Mart. ex 
Pfeiff.) Console, with 73 different repeat units, and the 
total number of repeat units was more than 400, while 
the plastome with the fewest repeat elements was that of 
Matucana haynei (Otto ex Salm-Dyck) Britton & Rose, 
with only 7 different repeat units, and the total number 
of repeat units was only 19 (Table S1). Details of each 
identified repeat element are shown in Table S2. We also 
analyzed the location of these repeats in the plastomes. 
Most of the repeats were located near the accD gene of 
the plastome. Among 4,931 repeat units in 35 plastomes, 
1,013 appeared in the internal or upstream regions of 
accD, accounting for 20.54% of the total number of repeat 
units (Tables S2-S3. Next were the ycf1, ycf3, rps19, rps18, 
rps15-psaC and trnT-CGU genes. The repeat units in 
these regions accounted for nearly half of the total num-
ber of repeats, which were the hotspot regions of repeat 
elements in the cactus plastome.

It is noteworthy that these repeat elements are closely 
related to the generation of a new pattern of the accD 
gene. By analyzing the sequence similarity between 
the accD genes of cactus species and those Arabidop-
sis thaliana (L.) Heynh., Solanum tuberosum L. and Po. 
oleracea, we found that the internal/upstream accD gene 
of the cactus family was full of short repeat sequences, 
and these repeats near accD of different cacti lacked 
homology with each other (data not shown). Although 
cactus species have lost many sequences of accD genes, 
the functional domains of the accD gene, including the 
conserved motifs, remained complete (Fig.  2). These 
upstream repeats of accD genes lacked homology in dif-
ferent cactus species, forming extremely nonconserved 
open regions.

Phylogenomic studies
Phylogenomic analyses were performed based on 57 con-
served PCGs of 37 Cactaceae species. In this study, two 
species (Pe. aculeata and Op. microdasys) were used 
as outgroups to obtain a rooted phylogenetic tree. The 

Fig. 2  A potential new pattern of accD genes in cactus plastomes. We performed multiple alignments of amino acid sequences of accD genes from 
Solanum tuberosum (NC_008096.2), Arabidopsis thaliana (NC_000932.1), Portulaca oleracea (NC_036236.1) and cactus plastomes. The downstream region 
of the accD gene is highly conserved in these species and contains five conserved motifs, of which motifI contains the carboxyl-biotin binding sites and 
motifII contains the potential catalytic site. In the figure, 5 conserved motifs are shown at the top, while the multisequence alignment diagram is shown at 
the bottom. The gray ribbon represents homologous sequences, among which 5 conserved motifs are highlighted with different colors. The downstream 
domain of the accD gene is conserved, but in cactus species, the upstream region has more repeats and is extremely nonconserved between species
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two methods of maximum likelihood (ML) and Bayes-
ian inference (BI) yielded trees with the same topology 
(Fig.  3). The accuracy of the inferred species phylogeny 
was strongly supported by the stability of the main clades 
generated and high bootstrap values.

BI and ML analyses revealed nine highly supported 
clades in the subfamily Cactoideae, which were also sis-
ter groups. The first clade closest to the root of the tree is 
the tribe Blossfeldieae, which contains only one species, 
namely, B. liliputana. The second clade is the tribe Cac-
teae, which is an early-diverging clade in Cactoideae, with 
high support values in the plastid gene phylogenetic tree. 
The third clade is the tribe Lymanbensonieae, and only 
one species in our sample (Calymmanthium substerile F. 

Ritter) belongs to this tribe. The fourth clade consists of 
one species (Copiapoa hypogaea F. Ritter), which is not 
grouped into a clade with all the other tribes. The fifth 
clade is the tribe Hylocereeae, containing 9 species here. 
The sixth clade also has only one species (Frailea casta-
nea var. nitens), which does not belong to other tribes. 
The last three clades are tribes Rhipsalideae, Notocac-
teae, and Cereeae, respectively.

Plastome inversions and rearrangements
The Cereoideae plastomes experienced multiple genome 
recombination events during the evolutionary process, 
especially in several clades of Cereoideae (Fig.  4). Most 
strikingly, among the most recently evolved clades, tribe 

Fig. 3 Phylogenetic tree reconstructed by maximum likelihood (ML) and Bayesian inference (BI) analysis based on the 57 shared plastid protein-coding 
genes of 38 cactus species. The 57 shared plastid protein-coding genes included atpA, atpB, atpE, atpF, atpH, atpI, ccsA, cemA, infA, petA, matK, petB, petD, 
petG, petL, petN, psaA, psaB, psaC, psaI, psaJ, psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL, psbM, psbN, psbT, psbZ, rbcL, rpl14, rpl16, rpl20, 
rpl22, rpl2, rpoA, rpoB, rpoC1, rpoC2, rps11, rps12, rps14, rps15, rps19, rps2, rps3, rps4, rps7, rps8 and ycf3. All nodes were fully resolved based on BI methods, 
and we highlighted the nine nodes that have not been fully resolved based on ML methods. The number at the bottom of the scale, 0.01, means that 
the length of the branch represents the replacement frequency of bases at each site of the genome at 0.01. We identified seven clades in the subfamily 
Cereoideae, and two genera (Frailea and Copiapoa) were separate taxa that do not belong to any of the above clades
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Notocacteae and Cereeae have a widely varied order 
of locally collinear blocks (LCBs), showing extensive 
plastome rearrangement. Furthermore, all 11 species in 
tribe Cereeae shared the same plastome recombination 
event, whereas the two species in tribe Notocacteae dif-
fered from each other and tribe Cereeae. Notably, one of 
the plastomes from tribe Cacteae, i.e., Thelocactus setispi-
nus (Engelm.) E.F. Anderson, was also found to be differ-
ent from that of all other plastomes in configuration. We 
reassembled and checked the short reads multiple times, 
all of which confirmed the abnormal plastome configu-
ration. We described these differences in five different 
types (i.e., types A-E). Collinearity analysis showed that 
this recombination involved multiple independent rear-
rangements combined with inversions of LCBs (Fig. 5a). 
In addition, in some plastomes, we also found a difference 
in the order of LCBs due to IR expansion and a series of 
small inversions. They were generally local and regular, 
and we think of them as occurring under a basic frame-
work configuration. Attention should be given to two 
relatively large 60 kb inversions (Fig. 5b). A self-dot plot 

for the assembled plastomes showed that this inversion 
was probably associated with a pair of inverted repeats. 
We did not find this inversion in the 14 plastomes that 
underwent significant recombination (i.e., those of Thelo-
cactus Setispinus, tribe Cereeae, and Notocacteae). How-
ever, this type of inverted repeat was detected in 20 of the 
remaining 23 plastomes, showing its common presence 
and implying the possibility of isomeric plastomes (Table 
S4 and Fig. S2).

The other small rearrangements are commonly but 
irregularly found in cactus plants (Figs. S3-S5). The only 
certainty was that fragment losses in the SSC region were 
widespread. Using Po. oleracea as a reference, the SSC 
region of Pe. aculeata had a rearrangement event, and 
this event remained in Op. microdasys (Fig. S3). Subse-
quently, another rearrangement occurred in the subfam-
ily Cereoideae. This rearrangement was accompanied 
by the deletion of multiple fragments in the SSC region, 
resulting in the loss of the ndh gene suite (Fig. S6). This 
deletion event was a common feature in the subfamily 
Cereoideae.

Fig. 4 Plastomic locally collinear blocks (LCBs). We identified the LCBs of the plastid genomes based on the progressiveMauve module of Mauve software 
(v2.3.1) with default parameters. The last IR region was removed before calculation. Each LCB was drawn on the right side of the phylogenetic tree with 
different colors. According to the arrangement order of LCBs, these plastid genomes are divided into five different types (type A - type E). For the expan-
sion of the IR region and the 60 kb inversion observed in Opuntia microdasys and Ariocarpus retusus, we mark ‘IR expansion’ and ‘large inversion’ on the far 
right, respectively. These results show that the cactus plastomes have undergone extensive rearrangement
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Contraction and expansion analysis of IR regions
The difference in IR length suggested several expansion/
contraction events. To better understand the dynamic 
changes in IRs, we analyzed the IR boundaries of the 37 
Cactaceae plastomes. First, compared with other Caryo-
phyllales plants, all cactus species, including the rela-
tively primitive leafy cactus (Pe. aculeata), underwent a 
contraction event that changed copies of the four-ribo-
some operon (from two copies to one). This contraction 
event was a basic feature retained in all other Cactaceae 
plastomes.

Subsequently, the IR boundaries further fluctuated in 
the subfamily Cereoideae. First, in tribe Cacteae, the IRb/
SSC border was further contracted into the intergenic 

region of rpl2-trnM or trnM-ycf2. In this case, the IR 
region was depleted to less than 2 kb and contained only 
one or two gene(s) (i.e., rpl2 and/or trnM). Obregonia 
denegrii Frič was an exception. After the IRb contracted 
to trnM-ycf2, an expansion occurred in IRa, extending 
to the intergenic region of trnK-trnS. Four new genes 
were included in the IRs, i.e., trnH, psbA, matK, and trnK 
(Fig.  6). On the other hand, T. setispinus was affected 
by plastome rearrangement, with genes showing differ-
ences at several borders. Moreover, dynamic changes in 
IR boundaries were observed around ycf1-rps15-psaC-
ccsA in Co. hypogaea, Ca. substerile and tribe Hylocer-
eeae. However, an expansion of IRa/LSC was observed in 
Selenicereus, and the IRs included the new PCGs psbA, 

Fig. 5 Pairwise comparisons of the plastid genomes. We use gray and red ribbons to represent highly homologous regions, where the gray ribbon repre-
sents the same direction and the red ribbon represents the opposite direction, that is, the inverted region of the genome. (a) Pairwise comparison of the 
five different plastid genome types. (b) A 60 kb inversion was observed in Opuntia microdasys and Ariocarpus retusus by comparison with related species. 
We marked the absence of ycf2 in Opuntia microdasys
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Fig. 6 Comparison of the borders among the LSC, SSC, and IR regions of the 37 analyzed plastomes. LSC represents the large single-copy region of the 
plastome, and SSC represents the small single-copy region of the plastome. IRb and IRa represent the first unit and the last unit of the inverted region, 
respectively. We highlighted the two IR regions with a pink background color. Different functional groups of genes are drawn in different colors, and their 
legends are shown in the lower right corner. We use small red arrows to mark the direction of IR region expansion/contraction, and each expansion/
contraction is compared from the bottom to the top. A blue five-pointed star on the left side of the Latin name marks the recombination event in the 
plastome
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matK, rps16, psbK, psbI, clpP, and atpA and the first exon 
of atpF. Surprisingly, 437 bp remained in the IR region of 
Fr. castanea var. nitens, containing only one gene, trnM, 
which was similar to that of tribe Cacteae. Finally, dif-
ferent IR expansions were observed in tribes Notocac-
teae and Cereeae. The IR regions were even extended to 
~ 30  kb in length, and multiple PCGs were captured by 
IR regions. In most cases, these genes were in the LSC 
region, and such large IR expansion events were com-
bined with inversions and rearrangements, resulting in 
the two copies of several PCGs (Fig. 1).

Isomeric plastomes
To address the problematic isomers encountered dur-
ing the assembly process, we selected one species (Pe. 
aculeata) for ONT sequencing. With long reads, we 
confirmed that a pair of inverted repeats with a length 
of 679  bp were involved in mediating the 60  kb inver-
sion mentioned above, and the two isomers coexisted 
(Fig. 7a). The repeats contained partial sequences of the 
clpP gene, and this homologous repeat was found in 
many of our sequenced species (Table S4 and Fig. S2). 
We also found that the Illumina short reads supported 
both configurations in these species, which explains why 
we could assemble plastomes with different configura-
tions (Fig. 7b). In our long-read mapping results, a total 

Fig. 7 A 60 kb inversion mediated by a pair of short inverted repeats generated isomeric plastomes. (a) Diagram of the 60 kb inversion. Isomers 1 and 2 
represent preinversion and postinversion plastomes, respectively. In the case of Pereskia aculeata, a pair of 679 bp repeats mediated genome inversion. 
We designed two pairs of primers on both sides of the repeats for F1 + R1 and F2 + R2 to perform PCR expansion experiments. (b) Graphic assembly of 
plastid genomes using GetOrganelle (v1.7.3). In addition to the classic IR region, a pair of short repeat sequences was detected during assembly, which 
may have mediated a 60 kb inversion of the plastome. (c) The two isomers were verified by PCR. We conducted experiments according to the primer pairs 
designed as shown in Fig. 7a and verified the alternative configuration of the plastome by exchanging primer pairs
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of 4,490 and 4,658 long reads supported the classical 
configuration (i.e., the number of long reads covering the 
repeat unit and its 1,000 bp flanking region), and only 40 
and 67 long reads supported the inverted configuration 
(isomer 2), suggesting that the frequency of such isomers 
might be as low as 1%. We also designed primers for PCR 
amplification experiments. A schematic diagram of the 
designed primers is shown in Fig.  7a, and the gel elec-
trophoresis diagram is shown in Fig. 7c. Sanger sequenc-
ing was performed on the PCR products, and the Sanger 
reads also supported the existence of the two configura-
tions (Fig. S7). However, for two species (Op. microdasys 
and Ariocarpus retusus Scheidw.), we did not detect any 
evidence of this inverted repeat. It was probably lost after 
mediating this inversion, and the unusual isomer 2 in the 
other species was their only configuration.

Discussion
Changes in genomic characteristics and gene content
Previous studies have shown that the plastome length 
of most Caryophyllales except cacti ranges from 151 to 
155  kb, and the IR length is generally ~ 25  kb, which is 
highly consistent with that in other angiosperms [20]. In 
this study, the 37 Cactaceae plastomes analyzed ranged 
in size from 110,388 bp to 143,783 bp, which was signifi-
cantly shorter than other Caryophyllales plastomes. In 
addition, the IR regions showed multiple intense con-
traction/expansion events in different cactus lineages 
compared to other Caryophyllales, and these dynamic 
changes ultimately affected plastome size. The IR regions 
were almost completely lost in most lineages of cacti, 
such as Opuntioideae [22] and the tribe Cacteae assem-
bled here. This phenomenon was also observed in some 
gymnosperm lineages, such as Taxaceae, Cupressaceae 
[33, 34], Fabaceae, Geraniaceae, and Orobanchaceae 
[16–19]. With the evolution of cactus plastomes, the IR 
region recovered to varying degrees in several clades 
except for Fr. castanea var. nitens, but this recovery was 
mainly achieved by occupying the LSC region rather 
than by incorporating the four ribosomal operons again. 
Therefore, each plastome still had only four rRNAs, but 
some of the PCGs and tRNA genes obtained two copies 
as a result.

Gene annotation indicated common losses or pseu-
dogenization of ndh genes in the subfamily Cereoideae, 
including the ndh gene suite (ndhA to ndhK). Only 
some plastomes retained a small number of ndh genes. 
Whether ndh genes were lost as a whole suite or indi-
vidually is controversial [35, 36]. Although remnants of 
genes such as ndhD, ndhB, and ndhF were still recog-
nized in the plastid genome, they were probably non-
functional genes, which need experimental validation in 
future studies. In contrast, Op. microdasys and Pe. acu-
leata both retained the 11 intact ndh genes, suggesting 

that the losses of ndh genes in the cactus family might 
be specific to Cereoideae lineages. The ndh genes encode 
the thylakoid NADH complex [37, 38], which is closely 
related to photosynthesis. Meanwhile, ndh gene losses/
pseudogenization are common in angiosperms [39–42]. 
These genes may have been transferred horizontally 
since ndh translocations from the plastid to the nuclear 
genome and mitochondrial genome have been confirmed 
in Picea abies L. Karsch [36].

Compared with the mitochondrial genome, the plas-
tid genome of most angiosperms usually has a complete 
tRNA transport system containing 30 different tRNA 
genes [43, 44]. Massive loss of tRNA genes has previ-
ously been reported in some parasitic plants [14]; how-
ever, this loss is rare in nonparasitic plants. In the cactus 
family, the loss of trnV-UAC has been reported recently 
in species of the subfamily Cactoideae [45]. Additionally, 
abnormal loss of three essential tRNA genes (trnA-UGC, 
trnV-UAC, and trnV-GAC) has previously been found in 
Melocactus glaucescens Buining & Brederoo [46]. This is 
consistent with the results we report here. Furthermore, 
we also found that the trnI-GAU gene was also lost in one 
of the 37 cactus species. Based on our richer sampling, 
trnV-GAC was completely lost only in tribe Cereeae. In 
contrast, the trnV-UAC gene is present only in Pereskia 
aculeata. Surprisingly, the loss of trnA-UGC was not 
associated with phylogenetic lineage.

Silva [45] reports that cactus species can import tRNA 
from the cytosol. Despite the lack of further experimen-
tal evidence, this could explain why these cactus species 
could allow the loss of these essential tRNA genes. This 
hypothesis has been confirmed in the plant mitochon-
drial genome [47], where the import of (nuclear-encoded) 
tRNA genes from the cytosol may gradually replace the 
tRNA of the organelle itself. According to this hypoth-
esis, the tRNA system of cactus plastomes may still be 
actively evolving. For example, in the subfamily Cactoi-
deae, the trnV-UAC gene is likely entirely dependent on 
cytosol import, while cytosol import of trnV-GAC is spe-
cific to the Cereeae tribe. For trnA-UGC, the replacement 
process may still be underway. These results reveal a rap-
idly evolving tRNA system in the cactus family, which is 
rare in the rest of the plant kingdom.

The encoded product of the plastidial accD gene is a 
component of the acetyl coenzyme A carboxylase com-
plex [48]. Its product contains a functional carboxyltrans-
ferase domain and is highly conserved in most plants, 
animals and even E. coli. Lee [48] reported the exis-
tence of five conserved motifs in the accD gene, includ-
ing a potential catalytic site. Despite the loss of upstream 
sequences of the accD gene observed in the cactus 
plastome, the downstream conserved functional domain 
is still intact, including all five conserved motifs (Fig. 2). 
These conserved motifs contain carboxyl-biotin binding 
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sites and putative carboxyltransferase catalytic sites. The 
retention of these core motifs after extensive rearrange-
ment and sequence loss suggests that accD genes in cacti 
may still be functional. The functional loss of accD genes 
has been reported in the family Campanulaceae, such as 
in Platycodon grandiflorum (Jacq.) A. DC [49] and Trach-
elium caeruleum L. [50]. The plastid-encoded accD gene 
has recently been transferred to its nucleus. However, the 
nucleus-encoded accD transcript is considerably smaller 
than the plastidic version, consisting of little more than 
the carboxylase domain of the plastidic accD gene fused 
to a coding region encoding a plastid targeting peptide 
[50]. In cactus species, the plastid genome also retains 
a complete carboxylase domain of the accD gene, so we 
speculate that it may still be functional, similarly to the 
nuclear-encoded accD gene above. However, it is not 
known whether the accD gene can be transcribed in the 
absence of a partial sequence, as the upstream promoter 
region of the gene is likely to have been lost. In short, 
there are still many unanswered questions about the 
accD gene in cactus species, and further experiments will 
be needed to confirm whether it is still functional.

Phylogenetic relationships in Cactoideae
B. liliputana is a poikilohydric plant that has morpho-
logical and ecological features rarely found in other 
cacti and was once considered a distinct genus in the 
tribe Notocacteae. Nyffeler [28, 51, 52] reported the 
intriguing early-diverging position of Blossfeldia within 
Cactoideae based on molecular phylogeny and thereby 
initiated a controversial discussion. Crozier established 
its monophyly and suggested that it should be consid-
ered the monogeneric subfamily Blossfeldioideae [53]. As 
previously reported, B. liliputana was the basal clade of 
Cereoideae with high support in our phylogenetic tree. 
Previous molecular phylogenies indicated the monophyly 
of Cacteae [28, 54] as an early-divergent clade in Cactoi-
deae. This view is supported by the present results.

The classification of the genus Frailea is controversial. 
Previously, a morphology-based study placed Frailea in 
the tribe Notocacteae because anatomical studies showed 
that Notocactus and Frailea share common features [55]. 
Nyffeler [28] addressed relationships within Cereoideae 
using trnK/matK and trnL-trnF sequence data, but the 
phylogenetic position of Frailea was still not determined. 
Hernández-Hernández [26] added two other chloroplast 
sequences (matK and rpl16), combined trnK/matK and 
trnL-trnF and suggested the topology {(Blossfeldieae + 
(Cacteae + (Calymmanthium + (Copiapoa + (Frailea + 
(Hylocereeae + (Rhipsalideae + (Notocacteae + (Cac-
teae)))))))))}, which is inconsistent with the phylogenetic 
tree derived from the present study. The present cpDNA-
based phylogenetic tree supports the topology {(Bloss-
feldieae + (Cacteae + (Calymmanthium + (Copiapoa + 

(Hylocereeae + (Frailea + (Rhipsalideae + (Notocacteae + 
(Cacteae))))))))))}. The genus Frailea does not appear to 
be closely related to Parodia, with the latter recognized 
as a core Notocacteae taxon. However, as our study is 
based on one sample of Frailea, future studies including 
wider sampling should be carried out across the tribe 
Notocacteae and the genus Frailea to further test the 
relationships reported in the present study.

Plastomic structural changes concomitant with Cactoideae 
evolution
In cacti, plastome rearrangement is ubiquitous. Small-
fragment rearrangements in the LSC region of the 
plastome have previously been observed in several genera 
of the order Caryophyllales, such as Chenopodium [56]. 
This rearrangement includes an ~ 6 kb inversion involv-
ing four genes, i.e., rbcL-atpB-atpE-trnM, which has 
been observed in most cactus species with a few excep-
tions. Furthermore, many unique inversions and rear-
rangements have been observed in cacti. For example, 
rearrangements of the SSC region have been observed, 
concomitant with fragment deletions involving the ndh 
gene suite in the subfamily Cereoideae.

However, the most striking is a large inversion of 
approximately 60  kb that seems to be associated with a 
pair of short-inverted repeats. Although this structure 
has not been detected in all plastomes studied, it is pres-
ent in most species (20 out of 23) except those whose 
plastomes that have undergone major recombination. It 
has been confirmed to be an important mechanism [57] 
for mediating intramolecular recombination in Pe. acu-
leata. The mechanism that affects the generation of rear-
rangements is not unique to cacti. The intramolecular 
recombination mediated by these repeated structures 
has been confirmed in other lineages, e.g., Cupressoideae 
[58] and Asteraceae [59].

Surprisingly, as the cactus evolved, the plastomes con-
tinued to undergo rearrangement. The most complex 
rearrangements in Caryophyllales have been observed in 
tribe Notocacteae and Cereeae species, involving several 
large inversions and rearrangements, highly complicated 
by the expansion of the IR region. These genome rear-
rangement events involved almost the entire plastome 
and completely changed the gene order compared to that 
in the original genomes. This atypical plastome configu-
ration has not been observed in Caryophyllales before 
and is also rare in other angiosperms. Several small frag-
ments were exchanged among the plastomes and were 
fixed as the species diverged. These results suggest that 
the Cereoideae plastomes, especially for Pa. scopa and 
Cereeae, might have undergone more mutational events 
during evolution than those of other Caryophyllales 
plants.
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Dynamic changes in the IR region have been observed 
in many plant lineages, including extreme IR losses, IR 
expansions, and even complete disappearance (e.g., the 
IRLC legumes) [60]. These changes had significant effects 
on plastome size and the number of plastid genes. We 
observed multiple IR expansion/contraction events in 
the subfamily Cereoideae, which seem to have originated 
independently. These include extreme losses in the tribe 
Cacteae and a large IRa/LSC expansion event observed in 
the genus Selenicereus, Pa. scopa, and the Cereeae tribe. 
The Cacteae plastomes shared the same contraction 
event; however, the expansions in Selenicereus did not 
share a common ancestor with those in tribe Notocac-
teae and Cereeae. Fr. castanea var. nitens had the char-
acteristics of an IR boundary similar to that in Cacteae, 
including only one gene (trnM) captured by IRs without 
any IR expansion. However, phylogenetic analysis based 
on plastome data unambiguously suggested that they are 
two different taxa.

Conclusion
In the present study, we systematically show the unique 
evolution of Cactaceae plastomes, including frequent 
plastome inversions and rearrangements, as well as other 
evolutionary features such as IR expansions/losses and 
gene losses, which greatly promoted the formation of 
plastome variations. These complex evolutionary phe-
nomena might be related to adaptation to extreme envi-
ronments and suggest that the Cereoideae lineages have 
undergone more mutation events than other cactus lin-
eages. Although these results are limited by material 
sampling, our results provide new insights into the evolu-
tionary history of the plastome in Cereoideae compared 
to other angiosperms.

Materials and methods
Plant material
To avoid resource waste caused by repeated sampling, 
we accessed the European Nucleotide Archive (ENA) 
(https://www.ncbi.nlm.nih.gov/sra) database and 
obtained WGS (whole-genome sequencing) data for 
9 species with a complete plastome assembly. They all 
come from the Kew Tree of Life project [61], which is 
freely available for use. Furthermore, we collected fresh 
stem samples of 26 cactuses from flower markets in 
Chongqing, Guangxi, and Fujian in September 2020. All 
specimens were deposited in the Herbarium of South-
west University, Chongqing. Two previously reported 
species (Carnegiea gigantea, NC_027618.1; Lophocereus 
schottii, NC_041727.1) were also included in our analysis. 
The details of the plant samples used for plastome assem-
bly are given in Table S5.

DNA extraction and plastome assembly
Total genomic DNA was extracted by using the CTAB 
method [62]. The DNA library with an insert size of 
350 bp was constructed using an NEBNext® library con-
struction kit (supplier, city country) and sequenced by 
using the HiSeq XTen PE150 sequencing platform (sup-
plier, city country). See Table S6 for detailed information 
on Illumina sequencing data quality. Furthermore, clean 
data were obtained by using Trimmomatic (v0.32) [63] 
as follows: we removed low-quality sequences, including 
sequences with a quality value of Q < 19 that accounted 
for more than 50% of the total bases and sequences in 
which more than 5% of the bases were “N”. To assemble 
cactus plastomes, de novo genome assembly from the 
clean data was accomplished utilizing GetOrganelle 
(v1.7.3) [64] with the default setting. For linear contigs, 
NOVOPlasty (v3.8.1) [65] was used for further contig 
extensions. The correctness of the assembly was con-
firmed by using Bowtie2 (v2. 0.1) [66] to manually edit 
and map all the raw reads to the assembled genome 
sequence under the default settings. Detailed assembly 
information is shown in Table S7. Pereskia aculeata was 
also sequenced using the Oxford Nanopore promethION 
platform.

We assembled the draft mitochondrial genome using 
Illumina reads with the ‘embplant_mt’ option in GetOr-
ganelle (v1.7.3). Then, we visualized the raw GFA file pro-
duced by GetOrganelle (v1.7.3) in Bandage (v0.8.1) [67]. 
The plastid/nuclear-derived contigs were removed manu-
ally based on the coverage and BLASTn results retrieved 
from the NCBI database. Only the mitogenomes that 
consisted of a network of closed and connected contigs 
were thought to be complete. Although the extensive 
repeats could not be resolved without long reads, the 
draft mitogenome assembled here was considered com-
plete, and it represents all mitochondrial DNA sequences 
of the species.

Genome annotation
The plastomes were initially annotated by using GeSeq 
[68] with two reference genomes (Carnegiea gigantea, 
GenBank: NC_027618.1 and Lophocereus schottii, Gen-
Bank: NC_041727.1). Subsequently, annotations with 
problems were manually edited by using Apollo [69]. To 
further confirm the presence or absence of genes, we 
used the 80 unique protein-coding genes (PCGs) and the 
30 unique tRNA genes annotated in Portulaca oleracea 
as query sequences to search for homologous sequences 
using the BLASTn program [70]. The parameters were 
as follows: -evalue 1e-5, -word_size 9, -gapopen 5, - 
gapextend 2, -reward 2, -penalty − 3, and -dust no. If 
only a partial sequence of the gene was identified in each 
genome, this gene was considered a pseudogene. How-
ever, for genes whose conserved functional domains still 

https://www.ncbi.nlm.nih.gov/sra
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exist, such as accD, further experiments are still needed 
for confirmation. If a premature termination codon was 
encountered in the coding sequence, we also considered 
it to be a pseudogene, although we cannot rule out the 
possibility of an RNA editing event for correction.

Repeat element analysis
We used ROUSFinder [71] to analyze the repeating ele-
ments of each plastome. The minimum repeat unit length 
was set to 30  bp, with the remaining parameters set to 
the default. ROUSFinder was originally developed for the 
identification of nontandem repeats in plant mitochon-
drial genomes. This program could also be used to elimi-
nate redundant and overlapping repeat units in highly 
repetitive plastomes.

Alignment and phylogenetic inference
In addition to our 37 plastomes, one additional related-
species dataset (i.e., Blossfeldia liliputana, accession 
numbers listed in Table S8) was downloaded from the 
NCBI and used for the construction of phylogenetic 
trees. Considering the rearrangement of plastomes, we 
used conserved PCGs to construct phylogenetic trees. 
A total of 57 orthologous genes among the species ana-
lyzed were identified and extracted by using PhyloSuite 
(v1.2.1) [72]. The corresponding nucleotide sequences 
were aligned by using MAFFT (v7.450) [73] implemented 
in PhyloSuite. These aligned nucleotide sequences were 
concatenated (the alignment of consensus sequences 
included 43,470 nucleotide sites) and used to construct 
the phylogenetic trees by the maximum likelihood 
(ML) method implemented in IQ-TREE (v2.0) [74]. The 
parameters were “iqtree2 -s example.phy --alrt 1000 -B 
1000”. Bootstrap analysis was performed with 1,000 rep-
licates. Bayesian inference (BI) analysis was performed 
in MrBayes (v3.2.6) [75] using the Markov Chain Monte 
Carlo method with 200,000 generations and sampling of 
trees every 100 generations. The first 20% of trees were 
discarded as burn-in, with the remaining trees used to 
generate a consensus tree.

Comparative analysis of plastomes
Whole-genome alignments were performed to exam-
ine the arrangement of locally colinear blocks (LCBs) 
of different cactus plastome structural types using pro-
gressiveMauve (v2.3.1) [76] with default parameters. 
Before this, we manually removed the last IR region of 
plastomes. The plastome syntenies were plotted using 
Mcscan (v.2) [77] implemented in TBtools (v.1.106) [78]. 
Specifically, we first obtained BLASTn results between 
the pairs of plastomes (IR removed), and the e-value was 
set as 1e-5. Then, the alignments were split into 10  bp 
fragments, which were forced to be used as a ‘gene’ in 
TBtools (v.1.106). The dot plots of plastomes were drawn 

using MAFFT online version [79] or Gepard (v1.40) 
[80]. Boundary changes in the IR regions were drawn 
manually.

Identification of isomeric plastomes
To address the challenges posed by repeat sequences in 
Illumina-based data assembly, we selected a species with 
a pair of typical short repeat sequences, Pereskia acu-
leata, for ONT sequencing. Then, repeat regions were 
solved based on long-read sequences. To put it simply, 
we treated the assembled genome as the reference con-
figuration and the inverted genome mediated by repeated 
sequences as potential isomers. A schematic diagram 
of the two different isomers is shown in Fig. 7a. For the 
two isomers, we extracted the repeat sequence and its 
1,000 bp flanking regions (shown as a blue dashed arrow 
in Fig.  7a) and mapped the long reads to the extracted 
sequences. There were two repeating units for each iso-
mer, and the average number of long reads was calcu-
lated. Only long reads spanning the repeats and their 
flanking regions of at least 1,000  bp were considered to 
support this isomer.

The primer sequences for PCRs were designed (Fig. 7a) 
and are listed in Table S9. PCRs were performed in a 
25 µl mixture, including 1 µl total DNA (20 ng/µl), 0.5 µl 
each of the forward and reverse primers (10 µmol/l), 
13 µl Tiangen 2× Taq PCR MasterMix, and 10 µl ddH2O. 
After an initial denaturation step at 94 °C for 2 min, PCRs 
were conducted for 35 cycles. Each cycle included dena-
turation at 94 °C for 30 s, annealing at 55 °C for 30 s, and 
elongation at 72 °C for 1 min.
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