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Summary

Caralluma quadrangula is an herbaceous plant distributed in Saudi
Arabia, India, Africa, and the Canary Islands. To assess the phylo-
genetic and evolutionary relationships among the Asclepiadoideae
subfamily in the Apocynaceae family, we carried out a compara-
tive chloroplast (cp) genome analysis of four species. The size of the
C. quadrangula chloroplast genome is 161,456 bp, while the large
single-copy (LSC) is 85,992 bp, the small single-copy (SSC) is
13,380 bp, and the two inverted repeats (IRs) are 31,042 bp each.
The genome has a total of 129 genes, among which 19 are located
at the inverted repeat region, 85 are protein coding genes, 36 are
tRNA genes, and eight are rRNA genes. Visualization of single-copy
and inverted repeat borders showed that expansion and contraction
have occurred in the cp genomes of the compared species of Ascle-
piadoideae. The genome comparative analysis shows that the coding
regions are more highly conserved than the non-coding region; thus,
the variable hotspot can serve as a barcode for species in the sub-
family. Phylogenetic analysis conducted based on cp sequences iden-
tifed Stapelia as sister to Caralluma, in agreement with previous
studies. The current study may facilitate the development of molecu-
lar markers to ease the identification and authentication of members
of the genus Caralluma in the Apocynaceae.
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Introduction

Caralluma quadrangula (Forssk) N. E.Br., is a medicinal succulent
xerophyte plant with small, caduceus leaves. They are perennial and
edible herbs (NAIK and KRISHNAMURTHY, 2012). Arabian folk medi-
cine has recorded several ethno-medicinal uses of C. quadrangula;
for example, to treat diabetes, cancer, snake venom, tuberculosis,
scorpion bite, fever, skin disorders, inflammation, and so on (LEO
et al., 2005). In many cultural communities, as it has no established
side effects, the plant is commonly used as a hunger food. It is dis-
tributed throughout the Arabian Peninsula, India, South Africa,
Europe, Sri Lanka, Iran, Africa, and the Canary Islands (MEVE and
LIEDE, 2004).

Several species have been reported to contain pregnane glycosides,
different esters, and megastigmane glycosides, confirming their me-
dicinal properties (WAHEED et al., 2011). Antioxidant, anticancer,
antidiabetic, anti-inflammatory, antimicrobial, antieczema, anti-
malarial, and antifungal properties of various Caralluma extracts
have also been reported (WAHEED et al., 2011; Rauf et al., 2013).
Caralluma is a genus of 23 species in the subfamily Asclepiadoideae
of Apocynaceae (formerly family Asclepiadaceae), known as the
milkweeds (BENSUZAN, 2009). Apocynaceae are among the ten
largest Angiosperm families with presently about 5,300 species in
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378 genera of which more than 3,000 species in 180 genera belong
to subfamily Asclepiadoideae (ENDRESS et al., 2018). Apocynaceae
is one of the five families in the order Gentianales, in the Lamiid
(Asterid I) clade of the Asterids (Magnoliopsida) (STEVENS, 2001
onwards).

The Asclepiadoideae subfamily is made up of five tribes: Fockeeae,
Eustegieae, Marsdenieae, Ceropegieae, and Asclepiadeae (ENDRESS
et al., 2018). In our study, however, we focus on the three major tribes:
Ceropegieae (C. quadrangula), Marsdenieae (Hoya pottsii J. Traill,
Gymnema sylvestre (Retz.) R. Br. ex Schult.)), and Asclepiadeae
(Calotropis gigantea (L.) R.Br. and Cynanchum wilfordii (Maxim.)
Hemsley.

In Saudi Arabia, C. quadrangula is included in the region’s endan-
gered species list. For proper species management and conservation,
characterizing the genetic profile of the species is important. To the
best of our knowledge, this is the first study recording its complete
chloroplast (cp) genome.

Although the cp genome is generally highly conserved, it has under-
gone serious evolutionary changes in most plants either of the same
generic group or those plants belonging to a different genus in terms
of intron loss, expansion and contraction of the inverted repeats, and
inversion of the DNA strand (JANSEN et al., 2002; SLOAN et al., 2014).
As such, cp genomic information might be very useful in molecu-
lar phylogenetic and evolutionary studies. This technique can also
unmask the degree of differences in cp genomes and investigate cp
nucleus gene transfer in the evolution of eukaryotic cells. In addi-
tion, a peculiar diversity of cp genomes and the absence of recom-
bination and heteroplasmy have allowed scientists to assess the role
of seed dispersal in gene flow evolution (MCCAULEY, 1995). Even
though whole cp genome studies can provide more genetic data, in
comparison to only one or few cpDNA fragments (JIN et al., 2011),
several historic phylogenetic problems relating to different angio-
sperms have been successfully resolved at various taxonomic grades
(WICKE et al., 2010; YANG et al., 2017). Further, cp genome provides
many advantages in analyzing cp transformation which are superior
to nuclear transformation, considering the enhanced trans-gene ex-
pression and a lack of pollen (DANEILL et al., 2016). Due to the cost-
effectiveness of sequencing technology, many plant genomes, espe-
cially of land plants, have become available in the NCBI Genbank
database, after the first published study (FERRARINI et al., 2013).
Our study involves comparative cp genome analysis of the four spe-
cies detailed above, from the same subfamily but different tribes, in
order to evaluate the variations in their cp genome architecture.
Sequencing technology has greatly increased the number of cp ge-
nomic sequences in recent years. Nevertheless, to date, a small num-
ber of plastid genomes of Apocynaceae species have been published
and, thus, it is crucial to evaluate additional complete cp genomes
in the Apocynaceae family, in order to further phylogenetic and ge-
nomic research studies.

The present study was conducted in order to assemble and character-
ize the cp genome of C. quadrangula by using Illumina sequencing,
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for the purposes of 1) evaluating common structural characteristics
and variable regions, 2) exploring comparative evolution in the cp
genomes (C. gigantea, H. pottsii, and C. wilfordii). We hope that our
research can provide useful genetic resources for further investiga-
tion of the subfamily Asclepiadoideae.

Materials and methods

Plant sample collection and extraction of DNA

Caralluma quadrangula plant material was collected from Taif in
the Al-Shafa mountains (23° 4.7°32” N. 40° 18.6°28’E), a town about
25 km from the holy city of Makkah (Fig. 1), and identified at the
King Abdulaziz University herbarium in Jeddah. Fresh material of
plants, both floral and vegetative parts, was collected from Al-Shafaa
Hills Taif, Makkah Province, Saudi Arabia, and identified using her-
barium specimens and morphological characters from literatures.
The voucher specimen was stored at the King Abdulaziz University’s
herbarium in Jeddah, Saudi Arabia. The specimen’s leaves were col-
lected for genomic DNA extraction in which Qiagen DNeasy plant
minikit (Qiagen, Korea) was used to extract genomic DNA according
to the manufacturer’s protocol. DNA was diluted to 30 ng/L and UV
absorption values at A260 were used.

Source:
Google Earth 2020

Fig.1: Map of Shafa Mountains showing the sampling locations.

Library preparation, sequencing, and assembly

A quantity of 1.0 pg of leaf sample was measured for DNA prepara-
tion, to serve as an input. An NEBNext DNA Library Kit was used
to generate the sequencing libraries, following the manufacturer’s
instructions, with indices included in each sample. The DNA was
fragmented erratically by shearing, obtaining 350 bp size; polished
strands of DNA were then ligated with NEBNext adapter for I1lumina
sequencing and tire indexed P7 and P5. This was followed by purifi-
cation for PCR then analysis for the effective magnitude of the DNA
by the Agilent 2100 kit and measured using real-time Polymerase
chain reaction (RT-PCR). Raw reads obtained from the illumine se-
quences were filtered to obtain a 5 GB file with PRINSEQ lite v0.20.4
(SCHMIEDER and EDWARDS, 2011). The FastQ files were assembled
using NOVOPlasty2.7.2 (DIERCKXSENS et al., 2016), (Kmer = 32), in
order to obtain a complete cp genome from the whole genome. The
ndhax1-ndhAx2 intergenic spacer from C. wilfordii (KX352467K)
served as a seed, while Calotropis procera (NC_041440) was the
reference in which a contig was generated.

Gene annotations

For annotation of the C. quadrangula cp genome, the DOGMA pro-
gram (University of Texas, Austin) (WYMAN et al., 2004) was em-
ployed, with manual adjustments for stop and start codons applied.

Annotation of tRNA genes was executed using the tRNAscan-
SE program; while the cp circular structure was drawn by the use
of OGDRAW (Organellar Genomes Draw) (LOHSE et al., 2007).
Sequences were deposited to Genbank with assigned accession num-
ber MT413385.

Analysis of the sequence and repeats

To analyze relative synonymous codon usage and base composi-
tions, MEGA version 6.0 (TAMURA et al., 2013) was used, while
the PREP-suite program (MOWER, 2009), was used in determining
the RNA editing sites, using a cutoff value of 0.8. The identifica-
tion of Simple sequence repeats of C. quadrangula was done using
the Microsatellite (MISA) program (THEIL et al., 2003). We carried
out simple sequence repeats (SSR) analyses in the cp genomes of
C. quadrangula, H. pottsii, Asclepias nivea, and C. gigantea, with
the parameters of 8, 5, 4, and 3 repeat units for mono-nucleotide,
di-nucleotide, tri-nucleotide, tetra-nucleotide, penta-nucleotide, and
hexa-nucleotide motifs, respectively. The Reputer software (KURTZ
et al., 2001) was used for the identification of tandem, complement,
reverse, palindromic, and forward repeats in the genome, following
the manual of >15 base pairs and a sequence identity of 90%.

Genome comparison and characterizations of substitution rates
(Ka/Ks)

The mVISTA (MAYOR et al., 2000) program was employed to com-
pare the four cp genomes of Asclepiadoideae species namely, C.
quadrangula, H. pottsii, G. sylvestre, and C. wilfordii using the an-
notation of C. quadrangula as reference with the Shuffle-LAGAN
method (FRAZER et al., 2004). Border junctions of SSC, LSC, and
IRs were all compared between the four species. DNAsp v5.10.01
(L1IBRADO and RozAS, 2009) was used for the analysis of the Ka/Ks
ratio between the sequence of C. quadrangular and sequences of
H. pottsii, G. sylvestre, and C. wilfordii, all of the Asclepiadoideae
subfamily (Apocynaceae). The protein encoding genes were individ-
ually aligned using the GeniousV8.1.3 program and then translated
to protein sequences.

Phylogenetic analysis

The complete cp genomes of C. quadrangula and 13 other species
(9 from the Asclepiadoideae subfamily) and 2 out group species of
the Rauvolfioideae subfamily were downloaded from Genbank and
aligned with the MAFFT program v.7 with (L-INS-i) option selected
(KATOH and STANDLEY, 2003), aligned sequences were further ana-
lyzed with Maximum Parsimony PAUP ver. 4.0b 10 (FELSENSTEIN,
1978), using heuristic searches with 1,000 replicate tree bisection-
reconnections, branch swapping, and random taxon addition; further,
MulTrees was kept on and tree saving of 100 as a peak value for all
replicates. Missing characters were considered as a gap, while sup-
port was determined using 1,000 replicates for the non-parametric
bootstrap method. Bayesian Inference (BI) analyses were carried out
using MrBayes v.3.2.6 (RONQUIST and HUELSENBECK, 2003), run-
ning four Markov chains (one cold and three heated) simultaneously
for 50 million generations. Sampling frequency was set to 1000 and
all other parameters were set as default. Model selection for the BI
analyses was conducted with MrModeltest v.3.06 (POSADA and
CRANDALL, 1998) under the Akaike information criterion. Mr-
Model-test selected the general time reversible (GTR) model of DNA
substitutions with gamma-distributed rate variation across invariant
sites.

Results

Our results include details regarding genes with introns, SSR identi-
fication, codon usage, RNA editing sites, comparative genomics with
Muvista, Ka/Ks ratio, IR border junction, and the Phylogenetic rela-
tionship of Asclepiadoideae.
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Genome characterization of C. quadrangula

The C. quadrangula cp genome isl61, 456 bp in length and com-
prises four sections, namely, the small single-copy (SSC) region, the
large single-copy (LSC) region, and a pair of inverted repeats. The
coding region has a length of 94,775 bp, thus making up 58.7% of
the genome. Annotation results of the genome show that there are
129 genes, of which 19 are duplicative genes, 85 are protein-coding
genes, 36 are tRNA genes, and eight are rfRNA genes (Fig. 2 and
Tab. 1). The genome has an overall GC content of 38%, while the
inverted repeat regions have high GC content of 44.36%, followed by
the LSC region (31.6%).

Tab. 2 shows the comparative genome features of C. quadrangula,
H. pottsii, C. wilfordii, and C. gigantea. The genome sizes indicate
that C. wilfordii (161,180 bp) has the smallest, followed by C. qua-
drangula (161,456 bp), H. pottsii (161,565 bp), and C. gigantea
(165,928 bp) is the largest. Among the four genomes, C. gigantea
has the largest LSC region (94,372 bp); while the smallest were
C. quadrangula (85,992 bp) and C. wilfordii (91,976 bp).

The largest SSC region was in C. gigantea (22,444 bp); similarly,
H. pottsii has the largest protein coding, tRNA, and rRNA region
sizes (75,455, 3170, and 9118 bp, respectively), while the smallest be-
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long to C. wilfordii, C. quadrangula, and C. gigantea (74,371, 3050,
and 9054 bp each); we also found that the genomes with the highest
number of genes belonged to H. pottsii and C. gigantea (133 genes
each), followed by C. wilfordii (131 genes);while the smallest genome
belongs to C. quadrangula (129 genes). All the genomes have the
same number of tRNA genes (36 each); while C. quadrangula and
H. pottsii have higher number of rRNA genes (8 each), followed by
C. gigantea and C. wilfordii (4 each) (Tab. 4).

Genes with introns

Introns are an important factor in determining gene expression. They
are not only in charge of gene structure and functions, but also in-
tracellular gene expression as well as transformation effectiveness
(Lretal., 2013; XU et al., 2002). There are some genes in the C. qua-
drangula cp genome which hold one or two introns in a number of
protein-coding and fRNA genes, as seen in the majority of angio-
sperms (RAMAN and PARK, 2016). There are 18 genes with introns out
of thel29 genes in its genome (Tab. 3); of which, 6 are tRNA genes
and the remaining 12 are protein-coding genes. The genes with the
longest introns are trnKUU (2480), accD (1194), and ndhA (1104).
The only genes with two introns are apF, accD, and ycf3; trnKUU

161,456 bp

Fig.2: Cp genome map of Caralluma quadrangula: Genes on the outside are pulling towards the counterclockwise direction, while the inner genes are pull-
ing in the clockwise direction. Functional groups are represented with colors. GC content represented by dark portion (slight grey), while AT content
is shown in light gray. The LSC, SSC, and IRs are all represented in the map.
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Tab. 1: Caralluma quadrangular cp genome base compositions.

T (U) (%) C (U) (%) A (U) (%) G U) (%) Total (bp)

cp genome 31.2915 19.19532 30.87405 18.63913 161.456
LSC 33.53284 16.2523 34.80663 15.40823 85.992
SSC 33.80058 16.75449 33.89778 15.54714 13.380
IRA 27.24265 20.22416 30.34451 22.18868 31.042
IRB 27.24265 20.22416 30.34451 22.18868 31.042

15t location 31.3681 18.90782 31.15443 18.56965 53.819

21d Jocation 31.5632 19.24042 30.52639 18.66999 53.819

31 Jocation 30.94318 19.43773 30.94132 18.67777 53.818
Tab. 2: Summary of the complete cp genome features of C. quadrangula, H. pottsii, C. wilfordii, and C. gigantea.

C. quadrangula H. pottsii C. wilfordii C. gigantea
Genome size (bp) 161.456 161.565 161.180 165.928
Overall GC content (%) 38 38 38 375
LSC (bp) 85.992 92.532 91.976 94.372
SSC (bp) 13.380 19.719 19.930 22.444
IR (bp) 31.042 24.657 24.637 74.383
Protein coding region (bp) 74.505 75.455 74.371 74.383
tRNA (bp) 3050 3212 3170 3168
rRNA (bp) 9062 9118 9064 9054
Total number of genes 129 133 131 133
Number of Protein coding genes 85 89 91 89
Number of genes in SSC 12 13 13 12
Number of genes in LSC 100 102 101 106
Number of genes in IR 17 18 17 15
No. of tRNA genes 36 36 36 36
No. of rRNA genes 8 8 4 8
Tab. 3: Genes with introns in the sequence of Caralluma quadrangula cp genome.
Gene Location Exon I Intron I Exon II Intron IT Exon III
(bp) (bp) (bp) (bp) (bp)

rpsl6 LSC 225 856 40
atp F LSC 410 706 143 751 51
rpoCl1 LSC 1609 751 450
yef3 LSC 154 799 225 743 125
clpP LSC 383 682 293
rpl2 IR 390 640 433
ndhB IR 755 685 776
ndhA SSC 544 1104 552
trnK-UU LSC 35 2480 36
trnG-UCC LSC 22 672 36
trnL-UAA LSC 36 490 49
trnV-UAC LSC 36 582 37
trnM-GAU IR 41 944 37
trnA-UGC IR 37 832 34
accD LSC 655 1194 194 628 08
rpoC2 IR 433 640 390
rpsl2 IR 09 545 235
yefl SSC 552 953 538

synthesis (RAMUNDO and ROCHAIX, 2014). In addition, introns are
valuable resources and promote the creation of new plant varieties
with high disease and insect pest resistance.

(2480) was the largest intron, as it contains the matK gene, as stated
previously (SAINA et al., 2016; KiMm and LEE, 2016; SHEN et al., 2017).
The rpsI2 gene feature has a 5” end trans-spliced gene in the LSC
region and 3’ ends in the IR regions. The ycf3 gene is very critical for
stable photosystem I accumulation (BOUDREAU et al., 2016; NAVER
etal., 2001). The c/pP gene is part of the gene responsible for protease

Codon usage analysis
Single-nucleotide substitution in protein-coding sequences results in
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the formation of synonymous or non-synonymous codons this occurs
in all 20 amino acids; except for Methionine and Tryptophan, where
they are encoded by at least two codon usage biases. Synonymous
codon usage bias is the consequence of genetic events overtime, such
as drift, mutation, and natural selection during evolutionary process
(AKASHI, 2001; WANG et al., 2014). Previous studies have shown that
synonymous codon usage bias is heterogeneous in the organellar
genomes of land plants and plays a major role in plant evolution (PAL,
2006). About 27,342 codons were identified, based on the protein
coding genes (except those with stop codons). All genes had the ATG
canonical starting codon, with the exception of ndh, which began
with ACG. The three most frequent amino acids were leucine (5265;
19.2%), isoleucine (2215; 8.55%), and serine (2063; 7.97%), com-
pared with the least amino acid of cysteine 1098 (4.02%) (Tab. 5).
For amino acids coded by several codons, codon use at synonymous
third-place sites was directed towards A and U (ALZAHRANI et al.,
2020b; ABBA et al., 2020), a similar bias was found in the genome of
C. quadrangula cp. Of the 28 favored codons (Relative synonymous
codon Usage, RSCU > 1), 9 finished in A or U. Of the less frequently
used 37 Codons (RSCU < 1), however, 13 terminated in a G or C.
Moreover, Methionine and Tryptophan do not have codon bias; this
is because their RSCU value is one (ABBA et al., 2021). The codon
usage analysis in Tab. 5 indicates mostly high variability in the possi-
ble coding of the amino acids leucine and arginine (six codons each);
meanwhile, valine, serine, proline, threonine, alanine, and glycine
each had four codons. The least of the amino acids only had two
codons each. The high number of codons in leucine is similar to that
observed in other Angiosperms, as reported previously (PARK et al.,
2018).

RNA editing sites

In this study, we recorded RNA editing in the cp genome of C. qua-
drangula for the first time. The 20 cp gene analysis using the PREP

Tab. 4: Genes present in the Caralluma quadrangula cp genome.

suite software (Tab. 6) revealed that 45 RNA editing sites were
authentic in 14 genes, all editing with C-to-U sort. U-to-A is the larg-
est editing setting reported in this species. Most of the editing took
place in the first and second codon bases, which resulted in changes
of amino acids. Changes in codons resulted in hydrophobicity and
expansion in protein regions; particularly ndhA, ndhB, ndhD, ndhG,
ndhl, and ndhK. For this purpose, amino acid modifications by RNA
editing of genera indicate that genes carrying these editing sites
can potentially use DNA sequences to determine evolutionary ties
(ALZAHRANI et al., 2020a; BROOKS et al., 2002). The ndhB and ndhD
genes are the largest in number of RNA editing (7), followed by psal
(6), atpl (5), matK, atpF,ndhF, and ndhA (3); accD and rpoB (2); and
ndhG, petB, rpl2, and rpl20 (1). Conversion from Proline to serine
(P-S) in accD and atpl genes, in which a polar amino acid group can
be transformed into a polar type, in an unusual phenomenon, which
has been confirmed previously (XU et al., 2015). Some genes, how-
ever, did not have editing sites in the genome, such as ccsA, ndhC,
ndhE, petL, petG, and cIpP.

Amino acid frequency

Amino acid composition analysis is a very important tool in the
study of evolution. It can be used to understand the composition of
proteins in ancestral genomes, based on the conserved residues in
evolutionary descendent species, along with knowledge about the
relative probability of conservation of various amino acids (BROOKS
et al., 2002). It has also been reported that the amino acid composi-
tion of a protein reflects its historical changes, when determining its
genetic code (BROOKS et al., 2002). The amino acid frequencies in
the genome of C. quadrangular (Fig. 2) feature a high proportion of
leucine (10.66%), followed by Serine (8.3%), and arginine and phe-
nylalanine (both 7.8%). The least present amino acids in the genome
were methionine (1.78%) and tryptophan, cysteine, tyrosine, valine,
alanine, and asparagine, which ranged from 2.11% to 3.78%.

Category Class of genes Gene identity

RNA genes ribosomal RNA genes (rRNA)

rrnS, rrn4.5, rrnl6, rrn23

trnH-GUG, trnK-UUU", trnQ-UUG, trnS-GCU, trnV-GAC%trnS-CGA*, trnR-UCU, trnC-GC;

Transfer RNA (tRNA)

trnD-GUC, trnY-GUA, trnE-UUC, trnT-GGU, trnS-UGA, trnfM-CAU, trnG-GCC, trnS-GGA,

trnL-UAAY, trnT-UGU, trnF-GAA, trnV-UAC; trnM-CAU, trnW-CCA, trnP-UGG, trnl-CAU?,
trnL-CAA4, trnA-UGC*4, trnR-ACGY, trnN-GUU?, trnL-UAG

Ribosome proteins ~ Small sub-unit of ribosome

rps2, rps3, rps4, rps7%, rps8, rpsll, rps12¢, rpsi4, rpsl5, rpsl6*, rpsl8, rpsl9

Large sub-unit of ribosome

Transcription genes
DNA-dependent RNA polymerase

rpl2*9, rplid, rpll6, rpl20, rpl22, rpl23%, rpl32, rpl33, rpl36
rpoA, rpoB, rpoCI*, rpoC2

Photosystem I
Photosystem II
) Sub-unit of cytochrome
Protein genes .
Sub-unit of synthase

Large sub-unit of rubisco rbcL

psaA, psaB, psaC, psal, psaJ, ycf3**

psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psbJ, psbK, psbL, psbM, psbN, psbTpsbZ
petA, petB, petD, petG, petL, petN

atpA, atpB, atpE, atpF*, atpH, atpl

ndhA*, ndhB*?, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH; ndhl; ndhJ; ndhK

NADH dehydrogenase

ATP-dependent protease subunit P clpP*™*

Cp envelope membrane protein cemA

Maturase matK
Other genes Sub-unit acetyl-CoA carboxylase accD

C-type cytochrome synthesis ccsA

Hypothetical proteins yef24, yef4

Component of TIC complex yefl¢
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Tab. 5: Codon-anti codon recognition and codon usage in the cp genome of Caralluma quadrangula.

Codon Amino Acid Count RSCU tRNA Codon Amino Acid Count RSCU tRNA
Uuu Phe 2318 1.18 trnF-GAA UAU Tyr 1443 1.35 trnY-GUA
uucC Phe 1606 0.82 UAC Tyr 688 0.65

UUA Leu 1141 1.3 trnL-UAA UAA Stop 1290 1.22

UuG Leu 1129 1.29 trnL-CAA UAG Stop 876 0.83

CuUU Leu 1067 1.22 trnL-UAG CAU His 878 1.39 trnH-GUG
CcucC Leu 675 0.77 CAC His 386 0.61

CUA Leu 800 0.91 CAA Gln 1077 1.4 trnQ-UUG
CUG Leu 453 0.52 CAG Gln 459 0.6

AUU Ile 1838 1.23 trnl-GAU AAU Asn 1805 1.4 trnG-GUU
AUC Ile 1094 0.73 AAC Asn 770 0.6

AUA Ile 1560 1.04 trnl-CAU AAA Lys 2302 1.37 trnK-UUU
AUG Met 847 1 trnM-CAU AAG Lys 1053 0.63

GUU Val 853 1.39 trnV-GAC GAU Asp 1034 1.4 trnD-GUC
GUC Val 453 0.74 GAC Asp 440 0.6

GUG Val 735 1.2 GAA Glu 1361 1.41 trnE-UUC
GUA Val 418 0.68 trnV-UAC GAG Glu 566 0.59

ucu Ser 1104 1.37 trnS-GGA uGU Cys 653 1.19 trnC-GCA
ucc Ser 912 1.13 UGC Cys 445 0.81

UCG Ser 900 1.12 UGA Stop 1016 0.96

UCA Ser 660 0.82 trnS-UGA UGG Trp 701 1 trnW-CCA
CCU Pro 709 1.1 trnP-UGG CGU Arg 426 0.71 trnR-ACG
CCC Pro 699 1.08 CGC Arg 290 0.48 trnR-UCU
CCA Pro 709 1.1 CGA Arg 632 1.05

CCG Pro 465 0.72 CGG Arg 451 0.75

ACU Thr 713 1.17 AGA Arg 715 0.89

ACC Thr 635 1.04 AGG Arg 538 0.67

ACG Thr 718 1.18 trnT-GGU AGU Ser 1144 1.9 trnS-GCU
ACA Thr 372 0.61 trnT-UGU AGC Ser 662 1.1

GCU Ala 543 1.23 trnA-UGC GGU Gly 554 0.93 trnG-GCC
GCC Ala 427 0.97 GGC Gly 403 0.68

GCA Ala 472 1.07 GGA Gly 795 1.34

GCG Ala 317 0.72 GGG Gly 623 1.05 trnG-UCC
Microsatellite analysis 12

The results show that mono-nucleotides (165-168) had the highest

number in all the four genomes. Di- and tetra-nucleotides (16 each) 10

were the second most frequent in H. posttsii, while hexa-nucleotides

(8) and tri-nucleotides (5) were the least present SSRs. In Asclepias 8

nivea, tetra-nucleotides (23) were the second highest, followed by s

di-nucleotides (15), tri-nucleotides (6), and penta-nucleotides (3). In §_ 6

C. gigantea, the SSRs were in the order of di-nucleotides (16), tetra- 2

nucleotides (15), hexa-nucleotides (8), and penta-nucleotides (3). For X .

C. quadrangula, tri-nucleotides (9) were followed by di- and tetra-

nucleotides (7 each) (Fig. 3, Fig. 4). 5

Long repeats analysis 0

The analysis of long repeat types in the four genomes (C. quadran- 2E3EL58253 g e f8EzEE
gula, A. niveae, C. gigantea, and C. wilfordii) indicated that C. qua-

drangula has a high number of palindromic and complement repeats
(25 each), followed by forward (3), with no reverse type identified
in the sequence of A. nivea also had high palindromic (17), forward
(13), complement (11), and reverse (8) repeats. Similarly, C. gigantea
had high palindromic (19) repeats, followed by forward (15), reverse
(4), and complement (3) repeats. In C. wilfordii, a high number of for-
ward repeat (33) sequences were recorded, followed by palindromic
(13), while reverse and complement repeats were not present in the
sequence (Fig. 5).

Fig.3: Amino acids frequencies in Caralluma quadrangula plastome.

Comparative cp genome analysis of C. quadrangula with related
species

The C. quadrangula plastome was compared with three genomes
from the Asclepiadoideae subfamily (C. wilfordii, A. nivea, and C.
gigantea). The smallest genome, in terms of size, was C. wilfordii
(161,180 bp), followed by C. quadrangula (161,456 bp), then H. pott-
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Tab. 6: Number of predicted RNA editing sites in the cp genome of Caralluma quadrangula.

Genes Nucleotide Position Amino Acid Position Codon conversion Amino Acid Conversion Score
accD 248 83 TCA=>TTA S=>L 1
607 203 CCG=>TCG P=>S 0.86
atpF 80 27 TCA=>TTA S=>L 1
914 305 TCA=>TTA S=>L 1
atpl 1511 504 ACG=>ATG =M 0.86
2287 763 CGG=>TGG R=>W 1
2815 939 CCA=>TCA P=>S 1
3035 1012 CCT=>CTT P=>L 0.86
3734 1245 TCA=>TTA S=>L 0.86
matK 533 178 TCC=>TTC S=>F 0.86
1195 399 CGG=>TGG R=>W 1
1520 507 CCG=>CTG P=>L 1
ndhA 341 114 TCA=>TTA S=>L 1
566 189 TCA=>TTA S=>L 1
1079 360 TCC=>TTC S=>F 1
ndhB 467 156 CCA=>TCA P=>L 1
586 196 CAT=>TAT H=>Y 1
611 204 TCA=>TTA S=>L 0.8
737 246 CCA=>CTA P=L 1
746 249 TCT=TTT S=>F 1
830 277 TCA=>TTA S=>L 1
1481 494 CCA=>CTA P=>L 1
ndhD 2 1 ACG=>ATG =M 1
47 16 TCC=>TTC S=>F 0.8
599 200 TCA=>TTA S=>L 1
674 225 TCG=>TTG S=>L 1
878 293 TCA=>TTA S=>L 1
1298 433 TCA=>TTA S=>L 0.8
1310 437 TCA=>TTA S=>L 0.8
ndhF 290 97 TCA=>TTA S=>L 1
365 122 CCG=>CTG P=>L 1
2221 750 CTT=>TTT L=>F 1
ndhG 314 105 ACA=>ATA T=>A 0.8
petB 611 204 CCA=>CTA P=>L 1
PsaB 473 158 TCA=>TTA S=>L 0.86
551 184 TCA=>TTA S=>L 1
566 189 TCG=>TTG S=>L 1
1360 454 CTT=>TTT L=>F 1
2000 667 TCT=>TTT S=>F 1
2426 809 TCA=>TTA S=>F 0.86
P 357
H. pottsii i 30 |
) ™ hexa § 25 1
A. nivea = penta g 20 ap
' mtetra % 57 mF
C. gigantea S 10 4 R
W tri z
5 mC
m DI
C. quadrangula H Mono ° C. quadrangula A. niveae C. gigantea C. wilfordii

0 50 100 150 200
SSR Numbers

Species

Fig.5: Long repeats in four plastome genomes of Asclepiadoideae, where
Fig.4: SSR types in C. quadrangula, H. pottsii, A. nivea, and C. gigantea (P) indicates palindromic, (F) forward, (R) reverse, and (C) comple-
cp genomes. ment repeats
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sii (161,565 bp), while C. gigantea was the largest genome (165,928
bp). The genome of C. quadrangula was conserved, as shown in
Fig. 6. Generally, coding regions are more conserved than genome
non-coding regions; at the same time, the non-coding region is gene-
rally much more diverse, compared to the coding region. The regions
of psbA and matK were more diverse in C. quadrangula than in
H. pottsii, A. nivea, and C. gigantea. Further, rpoB, rbcL, rpocl, and
rpoc2 were highly divergent in all of the genomes. Meanwhile, psaA,
ndhK, and accD also showed higher degrees of divergence, while
petB was less divergent across the genomes. A highly divergent re-
gion was observed between perB and petD.

A study of the expansion of the Inverted repeats in the genomes of
C. quadrangula, H. pottsii, C. wilfordii, and C. gigantea was carried
out, inorder to compare the cp genome border junctions; see (Fig. 7).
Variations between three genes (trnH-Gug, rps19 and ycfI) were in-
dicated, on the basis of their positions: trnH-Gug was located at the
LSC-IRa border region of C. quadrangula, H. pottsii, A. niveae, and
C. gigantea, varying in size (7, 63, 1, and 64 bp, respectively). Further,
rps19 was located at the LSC region in H. pottsii, C. wilfordii, and
C. gigantea; genomes while, in C. quadrangula, it extended into the
IRD region. This disparity was due to contraction and expansion of
the genome. Meanwhile, ycfIwas located at the extension SSC-IRa
border region in H. pottsii, C. wilfordii, and C. gigantea, thereby
creating pseudo genes between the regions; while, in C. quadran-
gula, it was located at the SSC region.

rpsi6  trng  psbi trng.1
— e Bh —
Caralluma quadrangula PR

Hoya pottsii

atpa

Calotropis gigantea

Protein-coding genes divergence (Ka/Ks)

In the study of molecular evolution, the Ka/Ks ratio is used to explain
the mechanism of DNA sequence evolution, for the reconstruction
of phylogenies, and for the identification of protein-coding genes. It
can be used as tool for estimation of the selective pressure of gene
evolution, with a Ka/Ks ratio of > 1 denoting positive selection and
a Ka/Ks ratio of <1 indicating negative selection; a value closer to
1 indicates neutral mutation (ABBA et al., 2021). Ka/Ks ratios were
evaluated for protein-coding genes, in order to estimate the level of
divergence and selective pressure within the genes. Positive selection
genes (Ka/Ks > 1) were the majority in the result (Fig. 8). Sequence
divergence and purifying selection in the protein-coding genes were
calculated using the synonymous (Ka) and non-synonymous (Ks)
substituted rates and the Ka/Ks ratio. The results suggest low se-
quence divergence in several genes (i.e., Ks <0.1). The Ka/Ks analy-
sis demonstrated that most protein-coding genes were already under
selective pressure, although a few genes (i.e., atpl, ndhA, petB, psbJ,
and rpsi6) had values close to 1(neutral mutation); similar results
have been reported previously (YARADUA et al., 2019).

Phylogenetic analysis

We used the complete cp genomes to reconstitute a phylogenetic tree
and to establish the phylogenetic relationships, as well as tribal po-
sitions, of the fourteen Apocynaceae species. Phylogenetic analysis
was performed using Bayesian inference (BI) and maximum pro-
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Fig: 6: Comparative analysis of cp genomes for C. quadrangula, H.pottsii, C. wilfordii, and C. gigantea, computed with VISTA program, in which the
sequence of C. quadrangula was used as a reference. The black-grayish arrows on top of the alignment show the orientations of genes and Inverted
repeat positions. Purple, pink, and gray color bars, as well as white peaks, denote exons. Similarly, untranslated Region (UTRs), mRNA, conserved
non-coding Sequence (CNSs), and the genome differences are all represented in (Fig. 6); a 70% identity value was used for the plot, while a 50-100%

percentage scale was used to measure the Y-axis.
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Fig.7: Cp genome border comparison of LSC, SSC, and IR regions in the four species C. quadrangula, C. gigantea, C. wilfordii, and H, pottsii. Gene fea-
tures are shown, as well as the distance between respective genes and the border points in H. pottsii and C. wilfordii. IRb and SSC borders extend into
ycfl while, in C. quadrangula, it does not extend. The number of base pairs in the border of trnH varied in C. quadrangula (6bp) while, in the genomes
of C. gigantea, H. pottsii, and C. wilfordii, one base pair was observed.
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Phylogenetic tree reconstruction of 14 taxa based on the complete chloroplast genome using Maximum Parsimony (MP) and Bayesian Inference (BI)

methods, showing relationship within the fourteen species of Apocynaceae. The numbers in the branch nodes represent bootstrap percentage (BP)/

posterior probability (PP).

bability with an out-group of Plumeria rubra and Rhazya stricta. All
12 species clustered with strong support in one clade, split into three
subclades. Subclade 1, which is monophyletic, comprises O. albida,
S. gigantea, and C. quadrangula (Ceropegicac); this was a sister sub-
clade to class 2, comprising H. pottsii, D. albida and G. sylvestre
(Marsdenieae). Class 3 was the main clade, including C. procera, C.
gigantea, V. shaanxiense, V. insigne, and C. wilfordii (Asclepiadeae)
(Fig. 9).

For the selected species, we focused on the closeness of the evolu-
tionary relationship of the species of Asclepiadoideae reflecting their
tribes (Asclepiadeae, Ceropegieae, and Marsdenieae) in the sub-
family.

Discussion

Cp DNA sequences have been frequently utilized in the study of
genetic and evolutionary relationship analyses for plant species
(OHNISHI and MATSUOKA, 1996; CUENOUD et al., 2002). Total cp ge-
nome sequences provide ample information to reproduce both cur-
rent and ancient diversification records (Cul et al., 2014). The solid,
flexible invention of Next Generation Sequencing (NGS) has affected
many areas of science, leading to the creation of a number of algo-
rithms, which have changed research designs, making researchers
able to detect the information of nearly every organism’s genome,
transcriptome, and epigenome (MCPHERSON, 2013). To the best of
our knowledge, we sequenced the complete cp genome of C. qua-
drangula for the first time in present study. Our findings show that
the C. quadrangula cp genome size aligns with the cp of flowering
plants, ranging from 154,841 bp to 164,213 bp in the Rhazya stricta
and Pergularia tomentosa genomes respectively (PARK et al., 2014;
ABBA et al., 2020). The GC content of C. quadrangula, H. pottsi,
C. wilfordii, was 38% (Tab. 1 and 2), slightly higher than that of
C. gigantea 37.5% (DONG et al., 2013).

The distribution and percentage rate of the AT and GC contents of
the genome showed that LSC AT (62.7%) and GC (37.3%), SSC AT
(66.3%) and GC (33.7%), IRa and IRb AT (51.8%) and (48.2%) for

each. The overall AT content was 62.2%. Moreover, the GC content
of the single-copy region was less than GC content of the IR, LSC,
and SSC regions.

In the IR region, the GC content was higher (42.6%) than in the LSC
and SSC regions. Due to the presence of GC-rich nucleotides in
rRNA genes (e.g. rrn5, rrn4.5, rrn23 and rrnl6) in the IR region, the
GC content was greater, consistent with data previously reported in
other cp genomes (PARK et al., 2014; YANG et al., 2013).

It is generally assumed that the gene(s) of the cp genome, as well as
their organization, are strongly conserved in the majority of angio-
sperms (JANSEN et al., 2008). A total of 129 genes (Fig. 2) were found
in the C. quadrangula cp genome, where additional studies have also
shown that many angiosperms have retained identical genes (JANSEN
et al.,, 2007; PARK et al., 2014; LU et al., 2018). Due to the large
amount of cp genome sequences, gene alteration and gene loss in
cp genomes have become more and more evident in the general or-
ganization of the cp genome; for example, anycf15 gene discovered
in most of angiosperm plastid genomes was lost in C. quadrangula.
Similar findings have also been observed in many cp genomes (WU
et al., 2015). In the C. quadrangula cp genome, here was a loss of
trnl-UGC, as previously reported by different researchers, in line
with other angiosperms; particularly, in most Rosids (GOULDING
et al., 1996; LECLERQ et al., 2007). Similarly, 12 protein coding genes
and 6 tRNA genes with introns were found in the C. quadrangula
cp genome (Tab. 3). Among the genes with introns, only atpF, ycf3,
and accD had two introns, while the rest had only one intron. Similar
findings have been documented in both the Pergularia tomentosa
cp genome (ABBA et al., 2020) and the cp genome of Razhya stricta
(PARK et al., 2014).

Genes such as cIpP, rps15, rpl22, and ycf] have been reported to have
high rates of evolution in cp genomes, according to (CUENOUD et al.,
2002). Similar results have recently been published among 17 plant
species and species of Panax (KiM et al., 2016).

The genes with the longest introns were trnKUU (2480), accD (1194),
and ndhA (1104). The Large single-copy (LSC) region had the high-
est number of genes with introns, 10 genes (rpsi6, atpF, rpoCl, ycf3,
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clpP, trnk-UUU, trnG-UCC, trnL-UAA, trnV-UAC, and accD), fol-
lowed by the inverted repeat (IR) region, with 6 genes (rpl2, ndhB,
trnM-GAU, trnA-UGC, rpoC2, and rpsi2), then the small single-
copy (SSC) region, with 2 genes (ndhA and ycf1) (Tab. 2). Meanwhile,
atpF, accD, and ycf3 are the only genes with two introns. The larg-
est intron was in trnKUU (2480), as it contains the matK gene, as
previously reported (SAINA et al., 2016; KiM et al., 2016; SHEN et al.,
2017).The rpsI2 gene is a 5° end trans-spliced gene in the LSC re-
gion with a duplicated 3’ end in the IR areas; ycf3 is very critical for
stable photo-system I accumulation (BOUDREU et al., 2016; NAVER
et al., 2001); and clpP also forms part of the protease synthesis gene
(RAMUNDO et al., 2014). Introns are useful instruments, which aid
in the development of new plant varieties with high resistance to
diseases and insect pests.

Codons were represented by 27,342 nucleotides, with the highest co-
don rate identified for Leucine 5265 (19.2%), while the lowest was
for Cysteine 1098 (4.02%). Similar findings have been reported by
RAMAN et al. (2017). The number and location of genes in the cp
genome of C. quadrangula were same as previously published cp
genomes of Angiosperms (ALZAHRAINI et al., 2020a; QIAN et al.,
2013). The IR region comprised six tRNAs, four rRNAs, and seven
protein-coding genes. The LSC region enclosed 63 protein genes
with 23 tRNA genes, whereas the remaining 13 protein genes and
the tRNA pair were located in the SSC region. Most protein-cod-
ing genes began with ATG (for Methionine), and some with GTG,
ATC, and ACG; this is commonly found throughout Angiosperms
(RAMAN and PARK, 2017; KUANG et al., 2011).

In this research, for the first time, we described RNA editing in the
cp of C. quadrangula. Analysis of 20 cp genes using the PREP suite
software (Tab. 6) revealed 45 RNA editing sites in 14 genes, with
the editing all of C-to-U type. U-to-A is the highest editing context
observed in this species. Most of the editing happened at the first
and second codon bases, resulting in changes in amino acids. Codon
modifications resulted in increased hydrophobicity and the expan-
sion of regions in a number of proteins, particularly ndhA, ndhB,
ndhD, ndhG, Ndhl, and ndhK. For this reason, changes in amino
acids from closely related organisms through RNA edits indicate the
potential use of DNA sequences of genes carrying these editing sites
for testing evolutionary relationships (PARK et al., 2018; XU et al.,
2015; ALZAHRANI et al., 2020a). The ndhB and ndhD genes hadthe
largest number of RNA edits (7 each), followed by psal (6); atpl
(5); matK, atpF, ndhF, and ndhA(3 each); accD, and rpoB (2 each);
and ndhG, petB, rpl2, and rpl20(1 each). Conversion of proline to
serine (P-S) was present in the accD, and atpl genes, where the apo-
lar amino acid group could potentially transition to polar type; this
is a very unusual occurrence, which has previously been recorded
(XU et al.,, 2015). However, certain genes did not have RNA editing
sites in the genome, such as ccsA, ndhC, ndhE, petL, petG, and clpP.
The amino acid composition of proteins reflects its historical changes
in deciding its genetic code (BROOKS et al., 2002). Amino acid fre-
quencies in the C. quadrangula genome (Fig. 3) displayed a high
amount of leucine (10.66%), accompanied by serine (8.3%) and argi-
nine and phenylalanine (both 7.8%). The least present amino acids in
the genome were methionine (1.78%); as well as tryptophan, cysteine,
tyrosine, valine, alanine, and asparagine (2.11-3.78%)).

Simple sequence repeats (SSRs) have a higher mutation rate than
the other neutral DNA regions, due to scraped strand mispairing.
Because of the haploid and non-parental ancestry features of cpSSRs,
the population structure is commonly determined in genetic studies
by molecular markers (ASAF et al., 2017; KHAN et al., 2019). Herein,
we examined proper SSRs amongst four species: C. quadrangula,
A. nivea, H. pottsii, and C. gigantea (Fig. 4). The largest propor-
tion of SSRs was discovered in H. pottsii, accompanied by C. qua-
drangula. Mononucleotide SSRs were the most frequent SSRs in all
four species; where mononucleotide repeats of A or T were the most

abundant SSR in C. quadrangular (Fig. 4), consistent with earlier
observations that cpSSRs generally comprise A or T repeats and in-
frequently repeats G or C (JANSEN et al., 2011). In our sequenced cp
genome, different recurrences (Palindromic, Forward, Reverse, and
Complement) showed heterogeneity in the number of repeats; similar
to the species previously studied (BROOKS et al., 2002). Palindromic
repeats, in all forms, were more numerous than forward, complement,
and reverse repeats, as observed in the four cp genomes (Fig. 5), con-
sistent with previous studies of Barleria prionitis (ALZAHRANI et al.,
2020b) and Pergularia tomentosa (ABBA et al., 2020).

The analysis of long repeat types in the genomes of C. quadrangula,
A. niveae, C. gigantea and C. wilfordii, as shown in (Fig. 5), indi-
cated that C. quadrangula had more palindromic repeats (25 each),
followed by forward (3), with no reverse form found in the sequence.
A. nivea also had high palindromic (17) repeats, as well as forward
(13), complement (11) and reverse (8) repeats. Likewise, C. gigantea
also had high palindromic (19) repeats, followed by forward (15), re-
verse (4), and complement (3) repeats. In C. wilfordii, a high number
of forward repeats (33) were observed, followed by palindromic (13)
repeats, while reverse and complement repeats were not present in
the sequence.

The cp genome is generally very well preserved in terrestrial plants
and, so, the large inverted repeat (IR) junctions are not necessary for
the cp genome function (JANSEN et al., 2011). It is assumed that the
IRs are the most conserved regions, as the rate of natural nucleo-
tide substitution in the IRs is lower than in the Single-copy regions.
The difference between the IR/LSC and IR/SSC borders is the main
reason for the variations in size between cp genomes of divergent
groups. The small expansion of the IRb (JLB) border in C. gua-
drangula suggested a difference in size between the four genomes,
compared to C. wilfordii (Fig. 7). These findings are consistent with
previous work, in which IRs have been used as successful tools for
assessing conformational reorganizations within the plastid genomes
and are frequently subject to expansion, contraction, or even com-
plete loss (YARADUA et al., 2019).

The sizes of the inverted repeats were 31,042 bp for C. quadrangula,
24,556 bp for C. gigantea, 24,637 bp for C. wilfordii, and 24,657 bp
for H. portsii. The IR borders of the four sequences were com-
pared, in which three types of junctions were recognized, based on
therps19, trnH, and ycfl-ndhF positioning. In the first border, there
was a similar orientation of the SSC, LSC, IRa, and IRb inC. wil-
fordii and H. pottsii. In the C. quadrangula sequence, there was a
clear variation in the orientations of the junctions. In the second posi-
tion, a uniform Border junction was observed in the four sequences
while, at the third position, ycfI in C. quadrangula and C. gigantean
was unique in its position due to its appearance at the forward strand
while, in C. wilfordii and H. pottsii, it appeared in both forward and
reverse strands.

Cp genomes have been reported to be much conserved, although
variation between species has been reported (ABBA et al., 2021).
Previous systemic phylogenies of Angiosperms, based on the ITS
region (nuclear) and plastid fragment sequences, have shown signifi-
cant variation from the phylogenetic tree (Kim et al., 2009).

To assess the phylogenetic relationship and tribal status of the 14
Apocynaceae species, we used the full cp genomes of the eight spe-
cies to reconstruct a phylogenetic tree. The phylogenetic analyses
were performed using Bayesian inference (BI) and Maximum like-
lihood, with Plumeria rubra and Rhazya stricta as outgroup. The
resulting tree was congruent, with strong support (PP = 1.0 and MP =
100) for all relationships and in agreement with previously published
phylogenies (e.g., FISHBEIN et al., 2018; SURVESWARAN et al., 2014).
All 12 species were clustered into one clade with strong support, and
further divided into three major sub-clades. Sub-clade 1, which was
monophyletic, included O. albida, S. gigantea, and C. quadrangular
(Ceropegieae), and was a sister to clade 2, containing H. pottsii, D.



Genome sequence of Caralluma quadrangula and comparison within the Asclepiadoideae subfamily 159

albida, and G. sylvestre (Marsdenieae). Clade 3 was the largest clade,
including C. procera, C. gigantea, V. shaanxiense, and V. insigne
(Asclepiadeae). The species were selected to comprise members of
the three main tribes (Asclepiadeae, Ceropegieae, and Marsdenieae)
of the subfamily Asclepiadoideae of Apocynaceae.

Conclusion

The results presented in this research elucidate the structure of the
chloroplast genome and its variability in Asclepiadoideae and may
help to identify molecular markers for the identification and authen-
tication in the subfamily. The availability of this comparative cp
genome sequence may serve as a reference for the advancement of
genomics studies in C. quadrangula, thus helping researchers to in-
vestigate genetic issues specific to this species.
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