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ABSTRACT

Most species of the family Cupressaceae are widely distributed throughout China, but Sabina przewalskii f. pendula and
Juniperus przewalskii are endemic to the Qinghai-Tibet Plateau region. Therefore, they are of great significance to the
plateau ecosystem. Sabina przewalskii and J. przewalskii have similar characteristics, but they be distinguished by the
presence or absence of drooping branchlets. However, this feature can be difficult to distinguish with the naked eye. In
this study, the complete chloroplast (CP) genomes of S. przewalskii and J. przewalskii were determined by high-
throughput sequencing, aiming to unveil their differences at the molecular level. The sizes of the CP genomes of J.
przewalskii and S. przewalskii are 128,748 bp and 127,315 bp, respectively, sharing the typical structure of conifer
species. The GC content of the S. przewalskii plastome is 35.08%, encoding 84 proteins, 32 tRNAs and 4 rRNAs. The
GC content of the J. przewalskii CP genome is 34.98%, and one additional p/32 gene was detected. Phylogenetic
analysis proved that J. przewalskii showed a close relationship to Juniperus tibetica and S. przewalskii, both of which
belong to the family Cupressaceae. Our results of the plastome of J. przewalskii and S. przewalskii further clarify the
evolution of Cupressaceae species. The divergent regions and the repetitive sequences identified could be developed as
molecular markers that would benefit breeding and species discrimination.
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INTRODUCTION as wood formation (Hollender and Dardick, 2015), alleles
(Hollender et al., 2018) or plant hormones (Mao et al.,

Sabina przewalskii f. pendula W.C.Cheng & 2020).

L.K.Fu.and Juniperus przewalskii Kom. are evergreen Photosynthesis occurs in the chloroplasts (CPs)
trees in the family Cupressaceae and are similar in of green plapts. CP genomes are non-meiotic with mostly
phenotype (http://www.theplantlist.org/; Editorial uniparental inheritance (Drouin ef al., 2008; Redwan et
Committee of Woody Flora of Qinghai Province, 1987). al., 2015). In most angiosperms, the CP gene is a circular
These two tree species are increasingly endangered, due §tmcture composed Of_ four regions, including two
to logging and deforestation (Yang and Liao, 2013). 1nv§rted repeat (IR) regions, a large smg}e-copy (LSC)
Juniperus przewalskii is endemic to the Qinghai-Tibet region and a small single-copy (SSC) region (Kerstin ez

Plateau (Zhang et al., 2005), and is mainly distributed in al., 2009): Generally, CPs are approximately 120-160 kb
the northeast region from 2,900 to 3,760 m in altitude and contain 120-130 genes (Lei et al., 2016). Therefore,

(Editorial Committee of Woody Flora of Qinghai CP genomes haye been used as essential resources for
Province, 1987). Previously, S. przewalskii f. pendula phylogenic studies (Song et al., 2019). The emergence
were classified as S. przewalskii and then was renamed as and advancement of high-throughput sequencing
J. przewalskii, but there was no basis for this change. technology has promoted development in plant genetics
Morphologically, the main difference between . and genomics (Daniell et al., 2016). Since the first CP
przewalskii f. pendula and J. przewalskii is that J. genome f.rom tobacco  (Nicotiana  tabacum) was
przewalskii has no drooping branchlets. This difference in sequenced in 1'986, a number of CP genomes have been
morphology could be caused by complicated factors, such sequenced (Shinozaki et al., 1986), which is beneficial to
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the study of taxonomy and evolution. Plastome-based
phylogenies have been used for the exploration of
evolutionary relationships among various species
(Daniell et al., 2016; Xu et al., 2020).

In the present study, we sequence and assemble
the complete CP genomes of J. przewalskii and S.
przewalskii f. pendula, and construct a plastome-based
phylogeny to infer their relationship. Our results provide
plastome references needed for species discrimination
and phylogenic inference of Juniperus species.

MATERIALS AND METHODS

Material sampling and DNA extraction: In this study,
genomic DNA was extracted from fresh leaves of J.
przewalskii and S. przewalskii f. pendula, both of which
were collected from Hush Beishan National Forest Park
in Qinghai Province, China (36° 5’ 26.48" N, 102° 20’
49.31" E) in December 2020. The fresh leaves were
washed and kept in liquid nitrogen and were brought
back to the lab in College of Agriculture and Animal
Husbandry, Qinghai University, China. Extractions of
genomic DNA were performed by using the Plant
Genomic DNA Prep Kit (Takara, Dalian, China).

Chloroplast genome sequencing, assembly and
annotation: Genomic DNA was subjected to library
construction following the manufacture's protocol
(Illumina Inc. San Diego, CA, USA), and the paired-end
reads (150 bp) were sequenced using the Illumina
NovaSeq platform (Borgstrom et al., 2011). Filtering of
the sequencing data was performed with the SOAPnuke
v1.3.0 (Chen et al., 2018). Clean reads were then mapped
to the reference [Jumiperus recurva (accession no.
NC _042763.1)] to extract CP-like reads, using the
BLASTN software (v. BLAST 2.2; Parameter: E-value
le”). The CP-like reads were then subjected to de novo
assembling using SPAdes v3.6.1 (Bankevich et al., 2012).
Drafts of the chloroplast genomes of J. przewalskii and S.
przewalskii f. pendula were constructed with Unicycler
v0.4.8 (Wick et al., 2017). Gene annotation was
performed using GeSeq (Tillich et al., 2017). All
annotations were checked manually by BLAST.
Chloroplot software (Zheng et al., 2020) was used to
draw circular maps of the S. przewalskii f. pendula and J.
przewalskii chloroplast genomes.

Long repeats, SSRs and genome comparison: MISA
software (v. 1.0; default parameters; the minimum
repetition of each repeating unit was 1-8, 2—4, 3-4, 4-3,
5-3 and 6-3; 1-8 represents a mononucleotide repeating
unit in which at least eight repeats were detected) was
used to detect SSRs in the CP genomes of S. przewalskii f.
pendula and J. przewalskii (Thiel et al., 2003; Beier et
al., 2017). Long-repeat fragments in the CP genome were
distinguished by using Vmatch (http://www.vmatch.de/;
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parameter: minimal repeat size 30 bp). To visualize the
structural variation, CP genomes of J. przewalskii, S.
przewalskii f. pendula, J. communis (MH121052.1), J.
squamata (NC 044076.1), J. tibetica (NC 041523.1) and
Pinus tabuliformis (NC 028531.1) were compared using
the mVISTA (Mayor et al., 2000) program in the Shuffle-
LAGAN mode (Frazer et al., 2004).

Phylogenetic analysis: The chloroplast genome
sequences of J. przewalskii and S. przewalskii f. pendula,
together with sequences from 16 other species (the
accession numbers of the sequences were shown on the
figure in Fig 4) the, were used for phylogenic inference.
Sequence alignments were performed using the MAFFT
software (Katoh et al., 2002) with the FFT-NS-1 strategy.
The aligned sequences were then subjected to MEGA X
for phylogeny construction (Kumar et al., 2018).

RESULTS

Sequencing and plastome assembly: A total of 4.65 and
4.24 GB of raw data were generated for the sequencing
libraries of QLYB (J. przewalskii) and CZYB (S.
przewalskii f. pendula), respectively. After filtering, 4.62
Gb and 4.21 Gb clean data were used for CP-like read
extraction. The complete assemblies of QLYB and CZYB
were 128,748 bp and 127,315 bp in length, with GC
contents of 34.98% and 35.08%, respectively (Fig. 1;
Table 1). Similar to most conifer species, no canonical
inverted repeats (IRs) were detected in the CP genome of
QLYB and CZYB, but two short repeats of 224 bp were
identified in the plastomes of both species. The large
single-copy (LSC) regions were close in size, having
lengths of 92,257 bp and 90,986 bp for QLYB and CZYB,
respectively. The sizes of the small single-copy (SSC)
regions were also slightly different (36,043 and 35,881
for QLYB and CZYB, respectively), showing the typical
structure of Juniperus species (Table 1). The complete
CP genome sequences of QLYB and CZYB have been
submitted to GenBank and deposited under the accession
numbers of OL470654.1 and OL470655.1, respectively.

Plastome features of QLYB (J. przewalskii) and CZYB
(S. przewalskii f. pendula): A total of 121 genes were
identified in the QLYB plastome, including 85 protein-
coding genes, 32 tRNAs and 4 rRNAs (Table 2). A rpl32
gene was found missing in the CZYB cp genome,
resulting in a total of 120 annotated genes. In sum,
introns were detected in 11 genes (rpsi2, rpoCl, trnl-
GAU, trnK-UUU, trnA-UGC, trnG-UCC, trnV-UAC,
ndhA, ndhB, atpF and ycf3) of the QLYB plastome. In
the CP genome of CZYB, 14 genes (rpsi2, rpl2, rpll6,
rpoCl, trnl-GAU, trnK-UUU, trnA-UGC, trnV-UAC,
ndhA, ndhB, petD, petB, atpF and ycf3) were identified as
intron-containing genes.

Codon usage in QLYB (J. przewalskii) and CZYB (S.
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przewalskii f. pendula) CP genomes: According to the
results of the codon usage analysis, there were no
substantial differences in codon usage between the
QLYB and CZYB CP genomes, but the codon usage of
different amino acids varied significantly. Sixty-one
codons that encode 20 amino acids were identified in
both species (Table 3). The leucine codons showed the
highest usage frequency, while cysteine showed the
lowest. In sum, 30 codons have a higher usage rate
(RSCU > 1; Table 3) and 29 codons are used less
frequently (RSCU < 1; Table 3). The usage of the AUG
codon was unbiased (RSCU = 1; Table 3).

Repeat sequences and SSR analysis: Repeats of 30-50
bp were found to be the most abundant in the CZYB and
QLYB CP genomes (Fig. 2A). A total of 38 repeat
sequences were detected in the CZYB plastome, which
were classified into three categories: forward (28),
palindromic (4) and tandem repeats (6) (Fig. 2B). A
larger number of repeats were identified in the CP
genome of QLYB (85 in sum), including 72 forward, 5
palindromic and 8 tandem repeats (Fig. 2B).

Simple sequence repeats (SSRs) are 1-6
nucleotides repeated multiple times. In this study, the
composition of SSRs was similar in the CP genomes of
QLYB and CZYB. As shown in Fig. 2C, D and E,
mononucleotide SSRs were the most frequently identified
type, among which A/T SSRs were the most abundant.

464

J. Anim. Plant Sci., 33 (2) 2023

Statistics of the SSRs revealed that QLYB and CZYB
shared similar composition features.

Genome sequence divergence among QLYB, CZYB
and Juniperus chinensis: Overall, the structure
Juniperus species plastomes are relatively conserved.
However, by comparing the structural features of six
species, divergent regions were also identified, especially
in noncoding regions such as rpl23 (Fig. 3). Strong
variation was also detected in regions of some coding
genes, such as aceD (Fig. 3).

Phylogenetic analysis: A large proportion of the
gymnosperms belong to the Cupressaceae and the
Pinaceae family, and Juniperus is one of the most
important genera of the Cupressoideae subfamily
(Eckenwalder, 1976). Studying the phylogenetic
relationship of J. Przewalskii, S. przewalskii f. pendula
and other Cupressaceae species can offer better guidance
for studying related gymnosperms. Hence, plastome
sequences of 18 gymnosperm plants, including species
from Juniperus and Thuja, were used for phylogenetic
exploration. As shown in Fig. 4, J. przewalskii (QLYB) is
more closely related to J. Tibetica, whereas and S.
przewalskii f. pendula (CZYB) is more closely related to
J. recurve, J. communis and J. squamata. Juniperus
plants form a mainly monophyletic group except J.

formosana, which has a closer relationship to Thuja

species (Fig. 4).
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1. Chloroplast map of QLYB (Juniperus przewalskii) and CZYB (Sabina przewalskii . pendula). Genes drawn
inside the circle are transcribed clockwise; genes outside the circle are transcribed counterclockwise. The
different color boxes represent different conservative genes. The darker gray of the inner circle revels the
GC content, whereas the blue lines show two gene copies in the IR region.
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Fig. 2. Repeated sequences in the chloroplast genomes of QLYB (Juniperus przewalskii) and CZYB (Sabina
przewalskii f. pendula). A: Lengths of repeats in QLYB and CZYB; B: Types of repeat genomes in QLYB
and CZYB; C: Frequency of diversified SSR motifs in CZYB; D: Frequency of diversified identified SSR
motifs in QLYB; E: Total number of the six repeat types in the chloroplast genomes of CZYB and QLYB.
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Fig. 3. Comparative plots based on sequence identity of the chloroplast genome of three species using Juniperus
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Fig. 4. The chloroplast-genome-based phylogenetic tree of CZYB (Sabina przewalskii f. pendula), QLYB

(Juniperus przewalskii) and 16 related species. The bootstrap values were based on 1,000 resamplings,
which are shown next to the branches.
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Table 1. Summary of QLYB and CZYB chloroplast genome features

Category QLYB CZYB
Genome size (bp) 128748 127315
LSC size (bp) 92257 90986
SSC size (bp) 36043 35881
IRa/IRD size (bp) 224/224 224/224
Total GC content (%) 34.98 35.08
Gene (total /different) 121/113 120/114
Protein-coding gene 85 84
tRNAs 32 32
rRNAs 4 4
Genes duplicated in IR 2 2

CZYB: Sabina przewalskii f. pendula; IR, inverted repeat; LSC, large single-copy region; SSC, small single-copy region; QLYB:

Juniperus przewalskii

Table 2. Genes in QLYB and CZYB chloroplast genomes

Groups of genes

Names of genes

Ribosomal proteins (SSU)
Ribosomal proteins (LSU)
RNA polymerase
Ribosomal RNAs
Transfer RNAs

Photosystem |
Photosystem |1

NADH dehydrogenase
Cytochrome b/f complex
ATP synthase

Rubisco large subunit
Maturase
ATP-dependent protease

Hypothetical chloroplast reading frames

Translational initiation factor

Other genes

rps14, tps3, rps7, rps18, rps8, rps11, rps122, rpsl35, rps19, rps4, rps2

1pl36, rpl33, rpl2®, 1pl32 (x2)(D), rpl16®, 1pl20, rpl14, rpl22, rpl23 (x2)
rpoC2, rpoA, rpoB, rpoC1%

4.5, rrn 16, rrn5, rr23

trnL-UAG, trnl-GAU®, trnT-GGU, trmK-UUU?, trnY-GUA, trnP-GGG,
trnR-UCU, trnV-GAC, trnA-UGC®, trnl-CAU (x2), trnL-CAA, trnfM-
CAU, trnM-CAU, trnG-GCC, trnD-GUC, trnE-UUC, trnC-GCA, trnQ-
UUG (x2), trnL-UAA, trnW-CCA, trnN-GUU, trnG-UCC?, trnH-GUG,
trnS-GCU, trnS-UGA, trnP-UGG, trnR-ACG, trnS-GGA, trnT-UGU, trnV-
UAC®, trnF-GAA

psaM, psaC, psaB, psaA, psal, psal

psbD, psbB, psbK, psbM, psbZ, psbH, psbL, psbF, psblJ, psbl, psbA, psbE,
psbT, psbC

ndhA®, ndhG, ndhD, ndhJ, ndhC, ndhH, ndhF, ndhK, ndhE, ndhl, ndhB#
petL, petG, petA, petDP, petN, petB®

atpA, atpH, atpE, atpB, atpF®®, atpl

rbcL

matK

clpP1

ycf2, yefd, yefl, yef3®

infA

pbfl, chiIN, chlL, cemA, chlB, accD, ccsA

CZYB: Sabina przewalskii f. pendula; QLYB: Juniperus przewalskii
Note: (x2): two gene copies; * intron containing genes of QLYB; : intron containing genes of CZYB; (1): two gene copies existing in

the QLYB plastome only

Table 3. Codon usage in QLYB and CZYB chloroplast genomes.

Amino Condon Number RSCU Amino Condon Number RSCU
Acids (QLYB/CZYB) (QLYB/CZYB) Acids (QLYB/CZYB) (QLYB/CZYB)
Ala GCU 626/626 1.93/1.93 Pro CCU 406/404 1.77/1.76
GCC 155/154 0.48/0.47 CcCccC 155/154 0.68/0.67
GCA 404/403 1.24/1.24 CCA 242/242 1.06/1.05
GCG 114/114 0.35/0.35 CCG 114/118 0.5/0.51
Cys UGU 186/189 1.43/1.44 GIn CAA 644/651 1.57/1.57
UGC 75/74 0.57/0.56 CAG 179/180 0.43/0.43
Asp GAU 811/809 1.62/1.61 Arg CGU 316/313 1.47/1.46
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GAC 193/193 0.38/0.39
Glu GAA 1120/1129 1.6/1.6
GAG 280/279 0.4/0.4
Phe uuu 934/937 1.43/1.44
uucC 374/368 0.57/0.56
Gly GGU 487/487 1.41/1.41
GGC 131/131 0.38/0.38
GGA 594/594 1.71/1.72
GGG 174/173 0.5/0.49
His CAU 386/388 1.59/1.6
CAC 99/98 0.41/0.4
Ile AUU 971/974 1.48/1.48
AUC 321/323 0.49/0.49
AUA 675/672 1.03/1.02
Lys AAA 1143/1133 1.52/1.52
AAG 358/362 0.48/0.48
Leu UUA 822/827 1.99/1.99
uuG 517/516 1.25/1.24
CuUU 496/499 1.2/1.2
cucC 159/166 0.38/0.4
CUA 350/347 0.85/0.84
CUG 136/138 0.33/0.33
Met AUG 515/514 1/1
Asn AAU 834/834 1.56/1.55
AAC 237/240 0.44/0.45

CGC 98/98 0.45/0.46
CGA 268/265 1.24/1.23
CGG 68/69 0.32/0.32
AGA 432/431 2/2
AGG 112/114 0.52/0.53
Ser UCu 506/506 1.94/1.95
ucc 208/204 0.8/0.78
UCA 319/321 1.23/1.23
UCG 121/119 0.47/0.46
AGU 308/311 1.18/1.2
AGC 99/99 0.38/0.38
Thr ACU 461/462 1.77/1.77
ACC 160/161 0.61/0.62
ACA 305/307 1.17/1.18
ACG 116/113 0.45/0.43
Val GUU 420/415 1.44/1.43
GUC 133/136 0.46/0.47
GUA 410/406 1.41/1.4
GUG 203/203 0.7/0.7
Trp UGG 409/408 1/1
Tyr UAU 675/675 1.58/1.57
UAC 182/185 0.42/0.43
Ter UAG 10/10 0.58/0.59
UGA 8/8 0.46/0.47

CZYB: Sabina przewalskii f. pendula; QLYB: Juniperus przewalskii; Ter: stop codon

DISCUSSION

In this study, the chloroplast genomes of two
Juniperus species were first sequenced using the Illumina
NovaSeq system. Although the size of the CP genome of
J. przewalskii (128,748 bp) differed slightly from that of
S. przewalskii f. pendula (127,315 bp), plastomes of both
species had two small IRs of 224 bp. No canonical IRs
were identified. The GC content of the S. przewalskii
plastome is 35.08%, encoding 84 proteins, 32 tRNAs and
4 rRNAs. And the GC content of the J. przewalskii CP
genome is 34.98%, and one additional rpl32 gene was
detected. The results revealed that the plastomes of these
two species had similar structure characteristics to
Juniperus species (Lu et al., 2018). However, the IR
sequences are absent in the CP genome of Juniperus
microsperma (Tso et al., 2019), as well as some other
pinaceae and cypsaceae species (Hao et al., 2016).
Gymnosperm land plants have CP genomes that consist
of a relatively conserved quadripartite structure that
contains a pair of IR (IRA and IRB) regions, an LSC
region and an SSC region (Yang et al., 2021). The length
of the CP genome of J. przewalskii (128,748 bp) differed
slightly from that of S. przewalskii f. pendula (127,315
bp), but two Juniperus species had the same IR lengths of
224 bp.

The IR regions are the most conserved regions
in the CP genome (Daniell et al., 2016), and contraction
or expansion of the IR regions is considered the main
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cause of size changes of CP genomes (Kode et al., 2005;
Khakhlova and Bock, 2006; Yao et al, 2015).
Comparison of angiosperm plastomes reveals that the
length of IRs varies substantially among taxa, and
plastome rearrangements of gymnosperm species are also
found to be tightly related to IRs (Guisinger et al., 2011,
Jansen and Ruhlman, 2012). An additional rp/32 gene
was detected in the CP genome of J. przewalskii, which
could be gained by transferring from the nuclear genome.
The transfer of rpl32 has been observed in Populus
(Steane, 2005; Okumura et al., 2006), but whether this
additional »p/32 is originated from the nuclear genome
still needs confirmation.

Owing to their high variability, SSRs and other
repetitive sequences have been utilized as markers for
species discrimination (Ebert and Peakall, 2009; Dong et
al., 2013; Dong et al., 2016). In this study, the CP
genomes of J. przewalskii and S. przewalskii f. pendula
were rich in SSRs (287 SSRs in S. przewalskii f. pendula
and 305 SSRs in J. przewalskii). These SSRs will provide
a useful reference in future research on the identification,
genetic diversity and evolutionary process of Juniperus
species.

We also compared variations among the CP
genomes of six species using mVISTA. This facilitated
the identification of highly variable regions, especially
non-coding regions and the coding region of the accD
gene. These sequences, together with the identified SSRs
and long repeats, could be used as potential markers for
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species discrimination.

The phylogenetic tree revealed that J.
przewalskii is more closely related to J. tibetica, whereas
S. przewalskii f. pendula is more closely related to J.
recurva, J. communis and J. squamata. Using sequenced
plastomes, we further confirmed the phylogenetic
relationship of Juniperus species, including J. przewalskii
and S. przewalskii f. pendula. Discriminating between J.
przewalskii and S. przewalskii f. pendula can be
challenging using only morphological traits. However,
using the plastome sequences generated in the present
study, a molecular approach could be developed and
adopted in further studies.

Conclusions: Herein, the complete CP genomes of S.
przewalskii f. pendula and J. przewalskii were generated
by Illumina sequencing. The structures of the plastomes
of these two species are highly similar to those of other
Juniperus species. The results of this study provided
detailed information on the CP genomes of S. przewalskii
f. pendula and J. przewalskii. The divergent regions and
the repetitive sequences identified could be developed as
molecular markers that would benefit breeding and
species discrimination.
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