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Numerous studies have revealed that past geological events and climatic
fluctuations had profoundly affected the genetic structure and demographic
patterns of species. However, related species with overlapping ranges may have
responded to such environmental changes in different ways. In this study, we
compared the genetic structure and population dynamics of two typical desert
shrubs with overlapping distributions in northern China, Nitraria tangutorum and
Nitraria sphaerocarpa, based on chloroplast DNA (cpDNA) variations and species
distribution models. We sequenced two cpDNA fragments (trnH-trnA and atpH-
atpl) in 633 individuals sampled from 52 natural populations. Twenty-four
chlorotypes, including eight rare chlorotypes, were identified, and a single
dominant haplotype (H4) widely occurred in the entire geographical ranges of
the two species. There were also a few distinctive chlorotypes fixed in different
geographical regions. Population structure analyses suggested that the two
species had significantly different levels of total genetic diversity and
interpopulation differentiation, which was highly likely correlated with the
special habitat preferences of the two species. A clear phylogeographic
structure was identified to exist among populations of N. sphaerocarpa, but
not exist for N. tangutorum. The neutral tests, together with the distribution of
pairwise differences revealed that N. tangutorum experienced a sudden
demographic expansion, and its expansion approximately occurred between
21 and 7 Kya before present, while a rapid range expansion was not identified for
N. sphaerocarpa. The ecological niche modeling (ENM) analysis indicated that
the potential ranges of two species apparently fluctuated during the past and
present periods, with obvious contraction in the Last Glacial Maximum (LGM) and
recolonization in the present, respectively, comparing to the Last Interglacial
(LIG). These findings suggest that the two species extensively occurred in the
Northwest of China before the Quaternary, and the current populations of them
originated from a few separated glacial refugia following their habitat
fragmentation in the Quarternary. Our results provide new insights on the
impact of past geological and climatic fluctuations on the population dynamics
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of desert plants in northwestern China, and further enforce the hypothesis that
there were several independent glacial refugia for these species during the
Quaternary glaciations.

KEYWORDS

population dynamics, regional expansion, multiple refugia, Nitraria tangutorum,

Nitraria sphaerocarpa

1 Introduction

It is believed that past geological events and climate oscillations
have played important roles in promoting geographical distribution
and population structure of species (Bennett, 1997; Abbott et al.,
2000; Hewitt, 2000; 2004; Avise, 2004; Wu et al., 2010). The uplift of
the Qinghai-Tibet Plateau (QTP) accelerated the aridification and
desert expansion in the Northwest of China (Sun et al., 1998; Guo
etal, 2002; Sun and Liu, 2006). Some studies showed that deserts in
North China began to form in the Pliocene (Sun et al., 1998; Yang
et al,, 2006), and further expanded considerably in the Quaternary
glacial periods (Bush et al., 2004). The formation and subsequent
expansion/contraction fluctuations of these deserts corresponding
to climate fluctuations seemed to have resulted in the range
fragmentation, subdivision and diversification of some desert
plants in North China (Li et al., 2012; Yu et al., 2013; Meng et al.,
2015; Qian et al, 2016; Zhang et al,, 2017; Hu et al, 2022).
Furthermore, the glacial and interglacial cycles in the Quaternary
also probably accelerated range fragmentation, vicariance, and
regional-scale differentiation of the desert plants in this area
(Meng et al.,, 2015; Zhang et al., 2017). Actually, how these desert
plants in North China responded to past environmental changes
remains still unclear.

Numerous studies revealed that past geological events usually
caused concordant demographic patterns in sympatric species (e.g.
Hewitt, 2000; 2004; Haring et al., 2007; Kirchman and Franklin,
2007). However, a few studies found that some species with
overlapping distribution might respond differently to similar
historical events, resulting in species-specific population structure
and demographic patterns (e.g. Taberlet et al., 1998; Zink et al,
2001; Polihronakis and Caterino, 2010; Zhang et al., 2012). The
different responses of sympatric plants to the similar historical
events may be induced by different factors. First, the more recent
range expansion usually results in shallow differentiation among
populations, because the accumulation of genetic variations and
lineage sorting in different ranges require a long historical process in
nature (Zink, 1996; Conroy and Cook, 2000; Hewitt, 2000; 2004;
Polihronakis and Caterino, 2010). Second, habitat preferences
might affect gene flow between populations/species of plants with
similar dispersal ability, and further contribute to genetic
divergence (Michaux et al., 2005; Hamer and McDonnell, 2010;
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Lange et al., 2010; Morris-Pocock et al., 2010; Yu et al., 2013). Third,
plants with high ecological plasticity and broad ranges have more
opportunities to survive and disperse when in unfavorable
conditions than other plants with limited niches and narrow
ranges (Zhang et al, 2012). For the desert plants with high
drought-tolerance and different habitat preferences in North
China, it is desirable to know how their phylogeographical
structures and population dynamics responded to climatic
oscillations, and whether they had multiple ice age refugia in
the Quaternary.

Nitraria L. (Zygophyllaceae), known as a ‘living fossil’ of
historical flora, is a genus of Tertiary relic shrubs widely
distributed in Central Asia, Southeast of Europe, Mongolia and
China, North Africa, and Australia (Liu, 1999; Pan et al., 2003;
Temirbayeva and Zhang, 2015). It consists of 13 species or so,
including some primitive diploid species and a few evolved
tetraploid taxa (Pan et al., 2003). Out of these related desert
species, eight occurs in arid or semi-arid area of Northwest
China, including Xinjiang, northern Qinhai, Hexi corridor in
Gansu, Ningxia, northern Shanxi, central and western Inner
Mongolia, and a narrow distribution in western Sichuan (Pan
et al., 2003; Yang, 2006; Temirbayeva and Zhang, 2015). These
species play important roles in maintaining the local ecosymtem
balance and fixing flowing sand, and their fruits are edible for eating
(Pan et al., 1999). A few studies revealed that the genus originated
from eastern Central Asia, including northern China and Mongolia,
and subsequently dispersed to Africa, western Central Asia, and
Australia (Temirbayeva and Zhang, 2015; Zhang et al., 2015).
Actually, the eastern Central Asia contains some endemic species
and ancient diploid species (N. sphaerocarpa) as well as young
evolved tetraploid species (Cain, 1994), indicating that the region is
an indisputable hotspot and/or diversification center of this genus
(Pan et al,, 1999, 2003; Yang, 2006; Temirbayeva and Zhang, 2015).
As ancient plants in this hotspot region, there are some attractive
and unclear issues that how these species responded to the past
geological and climatic changes, and the current populations of
these species originated from several independent glacial refugia or
the same refugium. Especially, we are interested to know that if
these sympatric related species differently responded to the past
climatic oscillations, particularly aridification and desert
expansion/contraction.
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Among the eight Nitraria species distributed in Northwestern
China, three species, i.e. N. pamirica, N. sinesis, and N. schoberi,
only occur in some independent or narrow geographical regions, for
example, N. pamirica occurs independently in Pamirs in Xinjiang,
N. schoberi is only limited to the Junggar Basin in northern
Xinjiang, and N. sinesis only grows on the sands along the sea of
the Liaodong Peninsula which is far from the core distribution area
of other Nitraria species in China (Xu et al., 1998; Pan et al., 1999;
Pan et al, 2003; Temirbayeva and Zhang, 2015). The other five
species, i.e. N. praevisa, N. sphaerocarpa, N. sibirica, N. tangutorum,
and N. roborowskii, share the overlapping distributions in Northern
China. However, we have not observed any different habitat
preferences among these species. Actually, N. praevisa is a
disputable species in classification (Xu et al., 1998; Pan et al,
1999; Pan et al., 2003). In addition, these species differentiated
lately and their interspecific delimitation based on morphological
differentiation is relatively blurred. Therefore, the two species, N.
tangutorum and N. sphaerocarpa, provide us with ideal materials
for comparatively studying demographic history of sympatric desert
species in response to past climate changes.

N. tangutorum and N. sphaerocarpa widely grow on gravel Gobi
or sandy land in northern China (Pan et al., 2003), and have strong
resistance to drought, soil salinization and flowing sand. The two
species constantly play vital roles in maintaining local ecosystem
stability in desert regions (Li et al., 2005; Shi et al., 2014). The fruits of
N. tangutorum are rich in various vitamins and amino acids as well as
essential mineral elements, and therefore have high nutritional and
health benefits (Liu et al., 2016; Wang et al., 2018). The two species
can reproduce through clonal ramets under natural conditions and
form nebkhas like small islands in desert. N. sphaerocarpa is the most
primitive diploid species of this genus, and probably differentiated
from other Nitraria species in Paleocene (Zhang et al., 2015). It is
characterized by vesicular drupes with dry and membranous exocarp,
blade linear to oblanceolate-linear leaves (Xu et al., 1998), which is
significantly different from other Nitraria species. However, N.
tangutorum, endemic to northern China (eastern Central Asia), is a
relatively evolved tetraploid taxon, and diverged from other Nitraria
species in late Miocene approximately (Zhang et al., 2015). It has wide
distributional ranges in northern China, including Xinjiang, northern
Qinghai, Hexi corridor in Gansu, Ningxia, and the central and
western regions of Inner Mongolia. This species is significantly
different from N. sphaerocarpa due to having fleshy drupes and
broader leaves (Xu et al., 1998). The two species mainly disperse
through seeds which are probably carried by different animals (e.g.
mice, birds). However, the berry-like fruits of N. tangutorum are
more favored by animals for consumption than N. sphaerocarpa,
which may have caused longer distance dispersal of N. tangutorum
seeds than N. sphaerocarpa (Zhang et al, 2015). In addition, the
breeding system of the two species is dominantly xenogamous, but
depends on pollinators (Li et al., 2013), indicating that the pollen
dispersal ability of them is extremely limited. Although the two
species shared a few locations in their geographical ranges, we found
that they have contrasting habitat preferences: N. sphaerocarpa prefer
to grow on gravel sandy land or Gobi land in western Inner
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Mongolia, Hexi corridor of Gansu province, and Xinjiang, while N.
tangutorum mainly grows on shifting sandy land or semi-fixed sandy
land in North China.

Chloroplast DNA (cpDNA) is generally maternally inherited in
angiosperms (Palme et al, 2003) and has been widely used to
revealing glacial refugia and postglacial recolonization patterns of
plant species (e.g., Liu et al., 2009; Wu et al,, 2010; Zhang et al.,
2017). The ecological niche modeling (ENM) on the basis of
maximum entropy modeling (Phillips et al., 2004, 2006) is also a
good method for predicting species geographic distributions and
historical dynamics with presence-only data (Yin et al., 2015; Qian
et al,, 2016; Zhang et al., 2017). In this study, we used two cpDNA
fragments (trnH-psbA and atpH-atpl) and the ENM method to
compare genetic structure and demographic patterns of the two
sympatric desert shrubs. We aimed to address the following
questions: (1) how did past geological and climatic fluctuations
affect the genetic structure and lineage differentiation of the two
species? (2) Did the two species experience apparent range
expansion/contraction during the different historical periods (e.g.
LIG, LGM), and were there several independent glacial refugia
(multiple refugia hypothesis) for Nitraria species in northern China
during the Quaternary glaciations? And (3) are there any differences
of population structure and lineage differentiation between the two
species? This study would further shed light on the geographical
subdivision, demographic patterns of desert species in northern
China in response to past geological and climatic changes, i.e.
aridification, desert formation and expansion.

2 Materials and methods
2.1 Population sampling

A total of 633 individuals were sampled from 52 natural
populations of N. sphaerocarpa and N. tangutorum in the study,
including 119 individuals from 14 populations of N. sphaerocarpa,
and 514 individuals from 38 populations of N. tangutorum. These
populations almost cover the whole geographical ranges of the two
species except a few populations of N. sphaerocarpa occurring in
Mongolia (Table 1; Figure 1A). However, this will not bring a
significant influence on the inference of the population structure of
the two species, since these populations in Mongolia just occur on the
fringe of the whole distribution of N. sphaerocarpa and represent only
a small part of the gene pool in this study. In the sampled
populations, five population sites are overlapped for the two
species, for example populations 11 of N. sphaerocarpa and 12 of
N. tangutorum share the same site, and 15 and 16 share another site
(Table 1; Figure 1A). In each population, fresh leaves were collected
from 5-30 individuals at least 100 meters apart and rapidly dried with
silica gel in the field. The site information of each population,
including latitude, longitude and altitude, were recorded using an
Etrex GIS monitor (Table 1). In addition, we collected a voucher
specimen for each population, and some seeds and flowers for further
studies on morphology and germination.
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TABLE 1 Sampling sites, sample size, genetic diversity estimates, and haplotype distribution for 52 populations of Nitraria tangutorum and
Nitraria sphaerocarpa.

Latitude Longitude Elevation Specimen Haplotypes
(°N) (°E) (30)] code* (Number)
1 T Wulan, QH | 36°46' 177 98° 56’ 26” 3069 19072901 15 HI(14); H2(1) 0.133
Luomuhong,
2 T Q‘;{Omu N 36022157 | 96° 05 347 2768 19073002 15 H3(11); H4(4) 0419
3 T Germu, QH | 36°22°23”  95°36 17" 2816 19073101 10 H4(10) 0.000
HI1(3); H4(5); H5(6);
4 T Jinaigou, QH | 36°08’ 027 | 94° 48 26” 3162 22072301 16 Hég (%) H(6) 0.758
HI(1); H3(1); H4(14);
5 T GermuX, QH | 36°24’45” | 94°27 33" 2796 19073001 20 HSE4§ (1); FA(14) 0.490
Xiaochaidan, . N H1(2); H3(21); H4(3);
6 T 37°35 42”7 95°32 44 3198 19080201 29 0.466
QH H5(3)
Dachaidan, ' -
7 T Q: aidan 38008167 | 94° 50" 07 3161 19080202 10 H3(1); H5(9) 0.200
Dunhuang, N s oy
8 S o 39°40° 147 | 94° 43’ 20 1870 19080303 10 H19(10) 0.000
9 T Subei,GS 30°34237 | 94° 45 36 2079 19080302 10 H4(10) 0.000
10 S Akesai, GS 39°37 037 | 94° 19’ 357 1700 19080301 5 H19(5) 0.000
DunhuangB,
11 S G;m uang 40°15°25” | 95° 16 417 1093 19080501 6 H19(6) 0.000
DunhuangB,
12 T G;‘n uang 40°15' 25" 95° 16’ 417 1093 19080502 10 H4(10) 0.000
13 S Yumen, GS 40° 4645”7 | 96° 40" 117 1549 19080503 10 H4(10) 0.000
14 S Yinaoxia, GS | 41°16' 347  96° 56’ 53” 1948 19080504 10 H20(10) 0.000
15 T Majiadi, GS | 40°00° 03" | 97° 30’ 27” 1699 19080601 20 H4(16); H5(1); H6(3) 0.353
16 S Majiadi, GS | 40°00° 03" | 97° 30" 27” 1699 19080602 8 HI9(8) 0.000
17 S Jinta, GS 39°52 207 | 98° 43 227 1363 19080603 10 H19(10) 0.000
18 T Gaotai, GS 39°48 56" | 99° 01’ 53” 1336 19080701 10 H4(10) 0.000
19 S Gaotai, GS 39°48 56" | 99° 01’ 53” 1336 19080702 4 HI19(4) 0.000
20 T Zhangye, GS | 38°44°18”  100° 46 427 1705 19072701 10 H4(8); H7(2) 0.356
21 S Jinchang, GS | 38°34°03”  102° 16 047 1456 19080801 8 H20(4); H21(2); H22(2) | 0.714
2 T Gulang, GS 37°39° 147 | 103° 11’ 05" 1741 19091601 10 H6(3); H8(7) 0.467
23 T Jingtai, GS 37027427 104°26' 117 1730 19093001 10 H4(8); H6(2) 0356
MinqinHSG, R > 2o
24 T s 38°59'317  102°28’ 32 1438 19091801 12 H6(12) 0.000
MinginHSG, - .
25 S s 38059317 | 102° 28 32 1438 19091802 8 H20(8) 0.000
MinginXSW,
26 T p qum SWoo S35 127 10258 317 1372 19091701 19 H6(19) 0.000
27 T YougiSM, IM | 39°22°35” | 102° 13’ 33” 1583 21062501 10 H6(10) 0.000
28 S YougiSM, IM  39°22°35” | 102° 13’ 33” 1583 21062502 10 H20(10) 0.000
YouqiYBL,
29 T m‘j{“q' 30°18° 117 102° 43° 367 1240 19091803 15 H6(15) 0.000
30 T ZuogiBY, IM | 40° 04’507 | 103° 56 05 1378 19091805 20 H6(19); HY(1) 0.100
31 T YougiAB, IM | 40° 10°28” | 104° 02’ 39” 1415 21062503 10 H6(10) 0.000
(Continued)
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TABLE 1 Continued
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Pop Species Latitude Longitude Elevation Specimen Haplotypes
code (°N) (°E) (m) code* (Number)
32 S ZuogiXJZ, IM | 38° 54’44 | 105° 41 01 1531 19091901 10 H4(7); H19(3) 0.467
33 T ZuogiLT, IM | 39° 24’ 59” | 105° 40 51 1133 19091902 10 H4(10) 0.000
H4(11); H9(1); H10(7);
34 T ZuogiND, IM | 40° 07 19”7 | 105° 42 13” 1078 19091903 20 Hl(l (1; (1): HIO@) 0.600
35 T Balagong, IM | 39° 53 42” | 108° 28 01” 1246 19092101 10 H4(10) 0.000
36 T Jixiang, IM 40°48 59”7 108° 07’ 38” 1038 19092002 10 H4(8); H10(2) 0356
Huhemudu, N N
37 T I 40°30°35”  107° 16 14 1039 19092001 10 H4(10) 0.000
38 T Dengkou, IM  40°29° 177 | 106° 43’ 24” 1034 19091904 10 H4(8); H10(2) 0.356
39 T Balikun, XJ 43°37 087 | 93° 01 42” 1604 21072701 20 Ha(16); H12(1); HI3(3) | 0353
40 T Qitai, XJ 44°25 167 | 90° 06’ 05” 673 21080101 10 H4(10) 0.000
41 T Changji, XJ 440110187 | 89° 34’ 137 653 21073102 20 H4(11); H6(9) 0.521
H4(2); H13(2); H14(2);
) T Jiaosate, XJ 47°15 187 | 88° 117 117 564 21080203 13 (2); HI3(2); H14(2) 0.692
HI5(7)
43 T WoyimaK, XJ | 47° 44’ 347 87°32° 117 513 21080301 10 H4(3); H15(7) 0.467
44 T Jimunai, XJ 47°45 48" | 86° 06’ 55” 541 21080401 10 H4(9); H15(1) 0.200
45 S Yangi, XJ 42°00° 10"  86° 16 19 1072 22071701 10 H23(10) 0.000
46 T Baicheng, XJ | 41°51'00”  82° 46 58” 1312 22071601 10 H4(10) 0.000
AtushiHLJ, s e .
47 S Xlus i) 40°15 03" | 77°09’ 44 1618 22071408 10 H14(9); H24(1) 0.200
AtushiSTK,
48 T X]us ! 39°46° 147 76° 17 39” 1254 22071407 10 H4(8); H16(2) 0356
49 T Wugia, XJ 39°44° 297 | 75°29° 147 2299 22071402 10 H4(9); H14(1) 0.200
H4(11); H16(8); H17(9);
50 T Yecheng, X] | 37°18° 43" | 77°08 40” 2156 22071101 30 H1; (2; ®:HIZOR o0y
51 T Hetian, XJ 36°38 44”7 | 79°52° 057 1824 22071001 10 H4(6); H18(4) 0.533
52 T Ruogiang, XJ | 38°29° 147 | 90° 06 51” 3123 22070601 10 H4(10) 0.000
Total 633 0.208

T, N. tangutorum; S, N. sphaerocarpa; GS, Gansu; IM, Inner Mongolia, XJ, Xinjiang; QH, Qinghai; Hy, haplotype diversity. * Voucher specimens have been deposited in herbarium of Gansu

Desert Control Research Institute (Lanzhou, China).

2.2 DNA extraction, amplification
and sequencing

Total genomic DNA was extracted using DNeasy Plant Mini
Kits (Qiangen, Valencia, CA, USA). Ten samples from 10
geographically distant populations were selected for primer
scanning with primer pairs of six cpDNA fragments, i.e. trnL-
trnF, rpl32-trnL (Taberlet et al., 1991), rpS-trnK (Shaw et al., 2007),
trnH-psbA, atpH-atpl, and ndhC-trnV (Dong et al., 2012; Qian
et al,, 2016). Two cpDNA fragments, trnH-psbA and atpH-atpl,
were found to contain useful and appropriate polymorphic loci, and
further used for surveying genetic variations of the two species in
the present study. Polymerase chain reaction (PCR) amplification
was performed in a Bio-Rad PCR system S1000 Thermal Cycler
(USA). The reaction volume was 25 pL, containing 1.0 pL genomic
DNA extract (about 20-40 ng DNA), 2.5 pL 10xPCR buffer, 0.2pL
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Taq DNA polymerase (5U/uL, TakaRa Biotech Co., Dalian, China),
0.5 mmol/L dNTPs, 1.5 mmol/L MgCl,, and 2umol/L each primer.
The thermal profile for trnH-psbA included the following phases:
94°C for 5 min, followed by 30 cycles at 94°C for 45 s, 56°C for 45 s,
and 72°C for 105 s, then a final extension phase of 7 min at 72°C.
The thermal profile for atpH-atpl was as follows: 94°C for 3 min,
followed by 30 cycles at 94°C for 30 s, 58°C for 30 s, and 72°C for 60
s, then ended with an extension step of 5 min at 72°C. The PCR
products were directly used for sequencing on an ABI 3130xl
Genetic Analyzer platform (Applied Biosystems, USA), with
forward and/or reverse primers. The obtained DNA sequences
were aligned with Clustal X (Thompson et al, 1997), and
carefully revised manually. All the newly obtained sequences of N.
sphaerocarpa and N. tangutorum were deposited in EMBL GenBank
(https://www.ncbinlm.nih.gov/) under the accession numbers of
OR801339-OR801365.
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T T T T T g T oo
A 70 s 80 8 90 93 100 1057 e e w7 S I
41 [ H2 W HS Hi4 W H20
145 N 44 O Nitraria sphaerocarpa | W H3 H9 M HIS W H21
. 0 I H4 I H10 MM H16 H22
7" . B HS M H1T O H17 I H23
S H6 W HI2 W HIS 0 H24
@ Vitraria tangutorum
@ Nitraria sphaerocarpa Nitraria tangutorum
FIGURE 1

Sampling locations, geographic distribution of the chlorotypes, the phylogenetic network, and genetic barriers among populations of Nitraria
tangutorum and Nitraria sphaerocarpa. (A) Sampling locations and chlorotype frequencies in surveyed populations. Populations with green circle
belong to N. sphaerocarpa, while other populations without green circle belong to N. tangutorum. (B) Phylogenetic network of the twenty-four
chlorotypes detected in the study. Circle size is proportional to the frequency of a chlorotype over all populations, with the largest circle
representing the most abundant chlorotype. The small red dots represent median vectors (i.e. unsampled or extinct chlorotypes). (C, D) Genetic
barriers to chlorotypes between different surveyed populations for N. tangutorum and N. sphaerocarpa, respectively.

2.3 Haplotype diversity and population
structure analysis

Nucleotide diversity parameters, including number of
haplotypes, nucleotide diversity (Pi), number of polymorphic
sites, were calculated using DnaSP 5.10 software (Librado and
Rozas, 2009). We used NETWORK version 4.2.0.1 (Bandelt et al.,
1999; available at http://www.fluxus-engineering.com) to construct
Median-joining network of cpDNA haplotypes based on the data
generated through DnaSP. We also reconstructed the phylogenetic
tree among these haplotypes, using one individual of Zygophyllum
xanthoxylum as outgroup. The neighbor-joining (NJ) tree,
maximum-parsimony (MP) tree and maximum-likelihood (ML)
tree, with bootstrap values of 1000 replicates (Felsenstein, 1985),
were obtained respectively through MEGA 4 software (Tamura
et al., 2007).

Unbiased genetic diversity (Hg) was estimated for each
population based on ¢pDNA haplotype composition (Nei, 1987).
According to the methods described by Pons and Petit (1996),
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average gene diversity within populations (Hs), total gene diversity
(Hr) and population differentiation between populations (Gsr and
Ngr) were calculated for the two species using the PERMUT
program (available at http://www.pierroton.inra.fr/genetics/labo/
Software/Permut/). Gsr depends only on the frequencies of the
haplotypes while Ngr takes into account the similarity between
haplotypes as well as haplotype frequencies (Pons and Petit, 1996).
Gst and Nt were compared using the u-statistic to determine the
presence of phylogeographic structure. A higher Ngr than Ggr
denotes a significant phylogeographic structure, indicating that
some closely related haplotypes usually occur in the same or
nearby geographical regions (Pons and Petit, 1996). Analyses of
AMOVA were carried out with Arlequin version 3.0 to estimate
genetic differentiation within populations, between populations
within groups and between groups, with significant tests of 1000
permutations (Excoffier et al., 2005). The correlation between
geographic distance and genetic differentiation among
populations was tested using the Mantel test through TFPGA
version 1.3 (Mantel, 1967).
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To further reveal spatial genetic structure of the two species, we
performed a spatial analysis of molecular variance using SAMOVA
version 1.0 (Dupanloup et al., 2002, http://web.unife.It/progetti/
genetica/Isabelle/samova.html) based on the cpDNA haplotypes
and geographical localities of all populations sampled in the
study. In the analysis, the number of population groups (K) was
defined using a simulated annealing approach, and K values were
set between 2 and 12 with each simulation starting from 100
random initial conditions. A genetic differentiation index (Fcr)
among groups was calculated, and the optimal configuration of
groups was determined using an iterative simulated annealing
process (Wright, 1978). In addition, biogeographical boundaries
or potential gene flow barriers among populations were examined
with Monmonier’s maximum-difference algorithm in BARRIER
v2.2 (Manni et al, 2004). The robustness of these barriers was
evaluated through running BARRIER program on the basis of 100
replicates of population average pairwise difference matrices. The
difference matrices in the test were obtained through bootstrapping
of haplotype sequences in SEQBOOT (Felsenstein, 2005).

2.4 Population demographic analyses

Firstly, we carried out mismatch distribution analyses
(Schneider and Excoffier, 1999) in DnaSP 5.10 version (Librado
and Rozas, 2009) to test sudden demographic expansions of the two
species. In general, populations with a sudden demographic
expansion in the past should display a smooth and unimodal
distribution (Slatkin and Hudson, 1991; Rogers and Harpending,
1992). Secondly, we performed Tajima’s D (Tajima, 1989) and Fu’s
Fs (Fu, 1997) statistical tests using Arlequin version 3.0 (Excoffier
et al., 2005) to infer historical demographic expansions of N.
sphaerocarpa and N. tangutorum respectively. The validity of the
expansion model was determined with the sum of squared deviation
(8SD) between the observed and expected mismatches. The
significance of expansion model (Harpending, 1994) was tested
using Harpending’s raggedness index and associated P values. We
used the formula T = 2ut (Rogers and Harpending, 1992) to estimate
the expansion time (). In the formula, T is the mode of mismatch
distribution defined with units of evolutionary time, and u is the
mutation rate per generation, which was estimated through the
relationship u = 2 ukg. Here p refers to the substitution rate per
nucleotide site per year (s/s/y), k is the sequence length, and g
represents the generation time in years. The average sequence
mutation rates of chloroplast DNA in angiosperms (1.0-3.0x10°
%s/sly) were used to estimate the expansion time of the species
(Wolfe et al., 1987), since there was no fossil to calibrate cpDNA
mutation rates of Nitraria species. According to our field
observations and some cultivation experiments, the generation
time of the two species was about 3 years. Thirdly, we performed
ecological niche modeling (ENM) on the basis of maximum entropy
approach to infer the potential distribution ranges of the two species
in the LIG (ca. ~140Kya), the LGM (ca. ~21 Kya), the present, and
the future (2050), using the MAXENT version 3.3.3k (Phillips et al.,
20045 20065 Peterson and Soberon, 2012). In the simulating analysis,
a “maximum training sensitivity plus specificity” threshold was
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used to determine suitable/unsuitable habitat (Liu et al., 2010). A
jackknife test was carried out to estimate the contributions of
different bioclimatic variables to the prediction of the
distributional models. The goodness of models was evaluated with
the area under the receiver operating characteristic (ROC) curve
(AUC scores) (Fawcett, 2006). In order to reduce effects of spatial
autocorrelation, we deleted duplicates of records. A total of 128
distribution sites, including 84 sites for N. tangutorum and 44 sites
for N. sphaerocarpa, were used in the ENM analyses. These sites
consist of 52 sampling sites in the study and 76 specimen records
from the Chinese Virtual Herbarium (CVH, http://www.cvh.org.cn/).
All bioclimatic layers with 19 bioclimatic variables at a resolution of
30 arc seconds were obtained from the WorldClim database
(available at http://www.worldclim.org/; Hijmans et al., 2005). In
order to avoid multivariate collinearity of environmental variables,
which could lead to model over-fitting, we only retained distinct sets
of variables that contributed most to models, and eliminated one
variable per pair with correlations of r > 0.8 according to Pearson
correlation value (Wan et al., 2016). Seven bioclimatic variables, i.e.
precipitation of warmest quarter (Biol8), temperature seasonality
(Bio4), precipitation of driest quarter (Biol7), annual mean
temperature (Biol), mean temperature of coldest quarter (Bioll),
annual precipitation (Biol2), and precipitation seasonality (Biol5),
were selected for modeling the potential range of the two Nitraria
species. We used 30 replicates with 80% of the geographical sites for
training and 20% for testing. Graphics for distribution models in
different periods of the two species were drawn using DIVA-
GIS 7.5.

3 Results

3.1 Chloroplast DNA variation and
geographic distribution

A total of 23 single nucleotide substitutions and 2 indels of 3 or
6 nucleotides within trnH-trnA sequence were detected in 633
individuals sampled from 52 populations and the length of the
cpDNA fragment was 834 bp. However, only 8 nucleotide
substitutions were detected in the atpH-atpl cpDNA fragment.
The total length of combined the two chloroplast DNA sequences
was 1794 bp, comprising 24 parsimony informative sites. Haplotype
diversity (Hy) and nucleotide diversity (Pi) calculated with DnaSP
5.10 software were 0.7819 and 0.00094, respectively. A total of
twenty-four different chlorotypes (H1-H24) were identified among
all individuals sampled in the study (Supplementary Table SI).
However, the relationships among these chlorotypes have not been
resolved by phylogenic analysis (Supplementary Figure S1). Half of
the populations sampled in this study were fixed for a single
chlorotype, and the other half of the populations were
polymorphic (Table 1, Figure 1A). The most common
chlorotypes were H4, H6 and 19 (Figures 1A, B). H4 widely
occurred in most populations of N. tangutorum at high frequency
and a few populations of N. sphareocarpa (13 and 32). H6 only
occurred in some populations of N. tangutorum as a single
chlorotype (24, 26, 27, 29 and 31) or at different frequencies (4,
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15, 22, 23, 30 and 41). However, H19 was only fixed for most
populations of N. sphaerocarpa as a single chlorotype (8, 10, 11, 16,
17, and 19), and for one population (32) at lower frequency. The
other haplotypes occurred in a few populations at different
frequencies. Especially, there were eight rare haplotypes (H2, H7,
H9, H11, H12, H21, H22 and H24) which occurred only in one or
two individuals of the two species, and the other two rare
haplotypes, H13 and H18, were present only in two populations
of N. tangutorum at low frequencies, respectively (H13: 39, 42; H18:
50, 51). In addition, H4 and H14 were shared by two species while
all the other haplotypes identified in this study were fixed by only
one of the two species (Figure 1B). The haplotype diversity (Hg)
calculated for each population ranged from 0 to 0.758, with a mean
value of 0.208 (Table 1). Population 4, which had the greatest
haplotype diversity (Hg = 0.758), was polymorphic for chlorotypes
H1, H4, H5, and H6. Furthermore, the other four populations (21,
34, 42 and 50) had high haplotype diversities (Hg = 0.714, 0.600,
0.692 and 0.724, respectively) for three or four haplotypes.
Although the two populations (5 and 6) contained high haplotype
numbers, their values of Hg were low (Hg = 0.490, and 0.466,
respectively) because of low frequencies of some chlorotypes
occurring in these populations (e.g., H1, H3). Notably, population
pairs of N. tangutorum and N. sphareocarpa at the same sampling
site contained completely different chlorotype composition
(Figure 1A; population pairs 11/12, 15/16, 18/19, 24/25, and 27/
28), implying that a complete reproductive isolation has been
established between the two related species.

3.2 Population structure and
phylogeographical differentiation

The SAMOV A analysis revealed that the differentiation among
groups (Fcr) of N. tangutorum reached a plateau when the value of
K was 6 (Supplementary Tables S2, Supplementary S3;
Supplementary Figure S2), and all populations sampled for this
plant clustered into six groups. The group 6 included most of these
populations (25 populations) which occurred everywhere in the
whole distribution area of this species, while the group 5 consisted

10.3389/fpls.2024.1345624

of 7 populations (22, 24, 26, 27, and 29-31) which occupied almost
the same geographical region (Figure 1A). However, all the other
groups (group 1-4) only included one or two populations. For the
species N. sphaerocarpa, the SAMOVA divided all sampled
populations into five groups (K = 5) (Supplementary Tables S2,
Supplementary S3; Supplementary Figure S2). Except for groups 4
and 5 which contained most populations of the species (10
populations), the other groups only consisted of one or two
populations. The populations of group 4 or 5 also occupied
approximately the same geographical region (Figure 1A). The
group structures based on the SAMOVA analysis were not
congruent with geographical distributions of all populations of
the two species. However, most populations in each close
geographical region obviously contained homologous or unique
chlorotype, for example, populations 33-38 in the eastern region of
sampled area (Inner Mongolia) fixed unique H10, and populations
42-44 in North Xinjiang region fixed unique HI5 (Figure 1A).
Especially, almost all the populations of N. sphaerocarpa in the
western range of Gansu province fixed the same chlorotype (H19).
To further reveal genetic structure of these populations both in
the whole range and in different geographical regions, therefore, all
the populations of N. tangutorum in this study were divided into six
geographical groups (Ggl-Gg6) according to different geographical
regions and climatic habitats (Table 2). Ggl consisted of populations
1-7 which mainly occurred in the Qinhai-Tibet Plateau (QTP) with
an average altitude of more than 4000m. Gg2 included populations 9,
12, 15, 18, and 20, which were distributed in the west of Gansu
province where belongs to extreme arid area with little rainfall of less
than 100 mm. The range of Gg3 (22-24, 26, 27, and 29-31) lied in arid
area where the rainfall is more than 100mm but less than 200mm.
Gg4 populations (33-38) are largely distributed near the Yellow River
where belongs to semi-arid regions. Gg5 and Gg6 populations mainly
occurred in the northern and western regions of Xinjiang,
respectively, which are geographically far from the populations of
other geographical groups. However, the populations of N.
sphaerocarpa were not divided according to geographical regions,
because most populations of the species in a close geographical rang
(in the west of Gansu province) fixed a single chlorotype and other
geographical regions contained only a few sampled populations.

TABLE 2 Estimates of average gene diversity within populations (Hs), total gene diversity (Hy), interpopulation differentiation (Gst), and the number of
substitution types (Ns7) (mean + SE in parentheses) for chlorotypes calculated with PERMUT, using a permutation test with 1000 permutations.

Species/Geographical region Hs

N. tangutorum 0.249 (0.040)

Ggl (1-7) 0.352 (0.097)

Ht Gst

0.620 (0.059)

Nst

0.654 (0.059) 0.624 (0.076)™

0.818 (0.043) 0.570 (0.134) 0.662 (0.156)*

Gg2 (9,12,15,18,20) 0.142 (0.087)

Gg3 (22-24,26,27,29-31) 0.115 (0.066)
Gg4 (33-38) 0.219 (0.104)
Ggb5 (39-44) 0.372 (0.100)

Gg6 (46,48-52) 0.302 (0.119)

0.156 (0.087) 0.092 (NC) 0.095 (NC)™
0365 (0.173) 0.684 (NC) 0.678 (NC)™
0.257 (0.111) 0.149 (NC) 0.136 (NC)™
0.603 (0.123) 0.383 (NC) 0373 (0.035)™
0.400 (0.145) 0.245 (NC) 0211 (NC)™

N. sphaerocarpa 0.099 (0.059)

0.758 (0.084) 0.870 (0.073) 0.932 (0.053)*

Gg, geographical group; *indicates that Ny is significantly different from Ggr (P < 0.01); ns, not significantly different; NC, not computed due to small sample size.
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The PERMUT analysis indicated that the two species, N.
tangutorum and N. sphaerocarpa, have low average gene
diversities within populations (Hs = 0.249 and 0.099,
respectively), while the total gene diversities across all populations
were high (Hr = 0.654 and 0.758, respectively) (Table 2). The two
species also showed high level of differentiation among all the
populations (Gst = 0.620 and 0.870, Nsr = 0.624 and 0.932,
respectively). The total gene diversity (Hy) and interpopulation
differentiation (Gsr and Ngr) of N. sphaerocarpa were obviously
higher than that of N. tangutorum. A permutation test detected a
significant phylogeographic structure (Ngr > Ggys P < 0.01) among
populations of N. sphaerocarpa (Table 2), while no clear
phylogeographic structure was detected among populations of N.
tangutorum. For the six geographical groups of N. tangutorum
(Table 2: Ggl-Ggb), the total gene diversity of Ggl in QTP (Hy =
0.818) was apparently higher than that of the other geographical
groups, and only this geographical group showed a clear
phylogeographic structure. The Mantel test also identified an
obvious correlation between genetic distance and geographical
distance for N. tangutorum (R = - 0.103, P = 0.063), while the
correlation between the two distance matrixes was not clear for N.
sphaerocarpa (R = 0.406, P = 0.019) (Figure 2).

AMOVA analyses showed that approximately 58% of the total
chloroplast DNA variations occurred among populations of N.
tangutorum whereas about 87% of variation occurred among
populations of N. sphaerocarpa, also indicating that the level of
genetic differentiation among populations of N. sphaerocarpa was
higher than that of N. tangutorum (Table 3). For N. tangutorum and
its six geographical groups, about 33% of variation occurred among
groups (Fcr = 0.3287), revealing that there was a significant
differentiation among these geographical groups. Actually, the
BARRIER analysis also detected a few potential biogeographical
boundaries among the populations of the two species. Two robust
boundaries with high bootstrap values (> 95%) were identified
among populations of N. tangutorum and N. sphaerocarpa,
respectively (Figures 1C, D). AMOVA analysis also revealed that
the molecular variation within populations of the four geographical
groups (Gg2, 93.98%; Gg4, 85.76%; Gg5, 64.90%; and Gg6, 76.61%)
were notably higher than that of among population within groups
of N. tangutorum (Table 3).

3.3 Demographic history of N. tangutorum
and N. sphaerocarpa

The mismatch distribution analysis using DnaSP 5.10 revealed
that the distribution of pairwise differences for N. tangutorum
populations displayed a smooth and unimodal curve (Figure 3A),
implying this species experienced a sudden demographic expansion
in the past. However, the distribution of pairwise differences of N.
sphaerocarpa was a bimodal curve (Figure 3B). The higher P-values
of Harpending’s raggedness index (RAG) and the sum of squared
deviation (SSD) for N. tangutorum (Table 4) further revealed that
the species experienced a rapid range expansion in its whole
geographical distribution. Furthermore, the obviously negative
values of Tajima’s D and Fu’s Fs in the whole populations of N.
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FIGURE 2

Analysis of isolation by distance for chloroplast DNA of Nitraria
tangutorum and Nitraria sphaerocarpa based on Mantel test. The
pairwise Fst value is plotted against the geographical distance
between populations.

tangutorum also supported the sudden demographic expansion of
the species (Table 4). The demographic expansion of N. tangutorum
approximately happened between 7 and 21 Kya, according to the
average mutation rates of cpDNA sequences in angiosperms (Wolfe
et al,, 1987), the two chloroplast DNA sequences length of 1794bp,
and the generation time of 3 years. However, a rapid demographic
expansion was not identified in the whole geographical distribution
of the species N. sphaerocarpa according to statistics for neutrality
tests and mismatch distribution analysis (Table 4).

The distribution models of the two species in ENM obtained the
high average AUC scores (0.875 and 0.953 for N. tangutorum and
N. sphaerocarpa, respectively), based on the 30 replicates of the
MAXENT runs (Supplementary Figure S3). Estimates of relative
contributions of the environmental variables according to the
jackknife tests showed that seven environmental variables,
including Biol, Bio4, Bioll, Biol2, Biol5, Biol7, and Biol8,
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TABLE 3 Analyses of molecular variance (AMOVA) for populations and population groups of Nitraria tangutorum and Nitraria sphaerocarpa.

Source of variation

Species/Geographical region

\/e Variation (%) Fixation index

N. tangutorum Among populations 37 107.077 0.2038 57.75 Fsp = 0.577*
Within populations 476 70.975 0.1491 4225

N. sphaerocarpa Among populations 13 38.794 0.3464 86.87 Fgr = 0.8687*
Within populations 105 5.500 0.0524 13.13

N. tangutorum (Whole distribution) Among groups 5 60.107 0.1220 32.87 Fer = 0.3287%

Among populations within groups 32 46.971 0.1000 26.95 Fsc = 0.4015*

Within populations 476 70.975 0.1491 40.18 Fsr = 0.5982%

Ggl (1-7) Among populations 6 21.353 0.2092 51.10 Fsr = 0.5110%
Within populations 108 21.621 0.2002 48.90

Gg2 (9,12,15,18,20) Among populations 4 0.633 0.0059 6.11 Fgp = 0.0611
Within populations 55 4.950 0.090 93.89

Gg3 (22-24,26,27,29-31) Among populations 7 9.605 0.1013 68.09 Fgr = 0.6809*
Within populations 98 4.650 0.0474 3191

Gg4 (33-38) Among populations 5 2.014 0.0231 14.24 Fsp = 0.1424
Within populations 64 8.900 0.1391 85.76

Gg5 (39-44) Among populations 5 8.353 0.1086 35.10 Fsr = 0.3510*
Within populations 77 15.454 0.2007 64.90

Gg6 (46,48-52) Among populations 5 5.012 0.0636 23.39 Fsr = 0.2339%
Within populations 74 15.400 0.2081 76.61

df, degrees of freedom; SS, sum of squares; VC, variance components; Fsr, variance among populations; Fsc, variance among populations within groups; Fer, variance among groups relative to

total variance. *P < 0.001.

principally influenced the geographical ranges of N. tangutorum
and N. sphaerocarpa (Supplementary Table S4). However,
contribution rates of these seven environmental factors to the
distribution ranges were slightly different between the two species.
Among these environmental variables used in the study, four
variables, i.e. Biol, Bio4, Biol7, and Biol8, played a primary role
in determining the potential ranges of the two species, and their
total contribution rate accounted for over 85% (Supplementary
Table S4). Based on the 128 sites dataset and the seven
environmental factors above, the potential distribution ranges of
the two species were modeled for the LIG, the LGM, the present
day, and the future, respectively (Figures 4A-F). The results showed
that the potential ranges of the two species on the basis of a high
habitat suitability index (>0.50) obviously fluctuated during the LIG
and LGM (Figures 4A-D; Supplementary Table S5), comparing to
the present and future ranges (Figures 4E, ). Especially, their
potential ranges contracted significantly during the LGM period
(Figures 4C, Dj; Supplementary Table S5), and subsequently,
expanded or recolonized during the present day (Figures 4E, F;
Supplementary Table S5). Furthermore, the two species will
experience different degrees of range contraction under the future
climate scenario, and the range contraction of N. sphaerocarpa is
significantly greater than that of N. tangutorum based on a higher
habitat suitability index (>0.74) (Figures 4G, H; Supplementary
Table S5). Notably, the potential niche maps based on the ENM
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showed that the two species occupied distinct fragmented habitats
in different periods, implying that the two species had multiple
geographically isolated refugia in northern China. In addition, N.
tangutorum occupied a significantly broader potential distribution
range than N. sphaerocarpa, indicating that N. tangutorum had a
higher ecological plasticity or adaptability to difterent habitats than
N. sphaerocarpa.

4 Discussion
4.1 Genetic diversity of chloroplast DNA

In the present study, we examined high total haplotype diversity
(Hq = 0.7819) and nucleotide diversity (Pi=0.00094) of the two
cpDNA sequences (trnH-psbA and atpH-atpl). A total of twenty
four chlorotypes were identified from 52 populations of N.
tangutorum and N. sphaerocarpa. Out of these haplotypes, there
was a single dominant haplotype (H4) which widely occurred in the
entire geographical distribution of the two species (Figures 1A, B),
and a lot of rare haplotypes which were fixed by only one or two
individuals of them (Table 1; Figure 1A). However, the bootstrap
values of most clads in the phylogenetic tree were very low (<50%,
Supplementary Figure S1), indicating that the relationships among
these chlorotypes were not clear. The PERMUT analysis indicated
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Mismatch distribution analyses for the whole distribution of Nitraria tangutorum (A) and Nitraria sphaerocarpa (B).

that the two species had high levels of total genetic diversity
(Table 2: N. tangutorum: Hy = 0.654; N. sphaerocarpa: Hr =
0.758). In addition, we also found that four N. tangutorum
populations (4, 34, 42, and 50) and one N. sphaerocarpa
population (21) had obviously higher haplotype diversities than
other populations (Table 1; Figure 1A), and these populations
scattered different geographical regions. For example, population
4 occurs on the QTP with a series of mountains and valleys,
population 42 lies in northern Xinjiang, while population 34 is
distributed in central Inner Mongolia. Notably, these populations
with higher haplotype diversities are geographically far from each
other, and occupy different geographical regions. These results
together imply that the ancestor populations of the two species
were widely distributed in northwestern China before the
Quaternary (Hewitt, 2000). These ancient populations have been

gradually isolated into different geographical or ecological groups
owing to the habitat fragmentation and formation of geographical
barriers caused by past geological events and/or climate oscillations
(Abbott et al., 2000; Hewitt, 2004), and subsequently formed the
current genetic diversity pattern (Li et al., 2018; Jia and Zhang, 2019;
Hu et al,, 2022). The aridification and desert expansion in
northwestern China induced by uplifting of the QTP (Sun et al,
1998; Guo et al., 2002; Sun and Liu, 2006) probably accelerated the
range fragmentation, geographical subdivision and diversification
of these desert species in this region (Li et al., 2012; Meng et al,
2015; Zhang et al, 2017; Hu et al, 2022). The rare haplotypes
identified in this study were highly likely to be randomly retained in
fragmented populations due to genetic drift during the population
contraction/expansion process of the two species (e.g. Avise, 2004;
Chen et al., 2008).

TABLE 4 Statistics for neutrality tests and mismatch distribution analysis for the two species Nitraria sphaerocarpa and Nitraria tangutorum.

Group T SSD (P-value) RAG (P-value)
N. tangutorum 0.462 0.0010 (0.8300) 0.0244 (0.9500)
N. sphaerocarpa 1.688 0.0471 (0.0000) 0.1395 (0.0000)

Parameters were estimated under the sudden expansion model.

Tajima’s D (P-value) Fu's Fs (P-value) t (Kya)
-1.3026 (0.0876) -5.5773 (0.0680) 7.15-21.46
-0.2105 (0.4399) 0.8639 (0.7180) 26.14-78.41

T, time in number of generations elapsed since the sudden expansion episode; SSD, sum of squared deviations; RAG, Harpending’s raggedness index; ¢, expansion time.
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Predicted ranges of Nitraria tangutorum and Nitraria sphaerocarpa during the LIG, the LGM, the present day, and the future based on ecological
niche modeling. (A, C, E, G) Predicted ranges of N. tangutorum during the LIG, the LGM, the present day, and the future, respectively.

(B, D, F, H) Predicted ranges of N. sphaerocarpa during the LIG, the LGM, the present day and the future, respectively. The black plots represent
the 128 sites (84 for N. tangutorum and 44 for N. sphaerocarpa), including 52 our own sampling sites and 76 specimen records from the Chinese

Virtual Herbarium.

Although the total gene diversity of N. sphaerocarpa was
significantly higher than that of N. tangutorum, most populations
of N. sphaerocarpa were only fixed for a single haplotype (e.g.
populations 8, 10, 11, 16, 17, 19, 25; Figure 1A). The higher Ggr
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value of P. sphaerocarpa than N. tangutorum indicated that the
genetic differentiation among populations of N. sphaerocarpa was
more severe than that of N. tangutorum (Table 2). AMOVA analysis
also showed that approximately 87% of the total genetic variations
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occurred among populations of N. sphaerocarpa, while only about
57% variations occurred among populations of N. tangutorum
(Table 3). This different genetic structure between the two related
species with co-distributed ranges was probably triggered by gene
flow between populations (e.g. Zink et al., 2001; Polihronakis and
Caterino, 2010; Zhang et al., 2012). Habitat dependence/preference
of species with similar dispersal ability probably affects the gene
flow among their populations. Species with high ecological plasticity
and wide ranges have more opportunities to survive and spread in
adverse conditions than other species with narrow niches and small
ranges (Michaux et al., 2005; Hamer and McDonnell, 2010; Lange
et al., 2010; Morris-Pocock et al., 2010). N. tangutorum is widely
distributed across large parts of northern China, covering almost all
desert areas in northwestern China. Its habitats include shifting or
semi-fixed sandy land, and gravel or salinized sandy land. However,
N. sphaerocarpa is scattered in desert areas discontinuously, and
only occupies some narrow desert regions in northwestern China,
including Midwest of Inner Mongolia, Hexi corridor of Gansu
province, and a few areas of Xinjiang. This specie prefers to grow on
fixed or gravel sandy land. This habitat preferences and habitat
fragmentation probably affected the gene flow between populations
of N. sphaerocarpa, and subsequently further contribute to the
genetic divergence of the species.

Notably, among the twenty-four chlorotypes detected in this
study, only two chlorotypes (H4 and H14) were shared by N.
tangutorum and N. sphaerocarpa (Figure 1B). According to
species-specific chlorotype composition of two populations in the
same site (e.g. population pairs: 11 and 12, 18 and 19), we inferred
that the two related plants were reproductively isolated by some
biological mechanisms. Therefore, these shared chlorotypes
between the two species were probably derived from retention of
ancestor polymorphisms, but not from hybridization or
introgression. These retained ancestor haplotypes had probably
experienced an incomplete lineage sorting before a complete
reproductive barrier was established between the two species
(Wendel and Doyle, 1998).

4.2 Population structure and
regional differentiation

The climate change induced by uplift of the QTP since the
Pliocene accelerated the desert formation and expansion in
northwestern China (Guo et al, 2002), and further caused range
fragmentation and subsequent diversification of plants in this
region (Sun and Li, 2003; Al-Shehbaz et al., 2006). Nitraria is an
ancient Tertiray relic taxon, and its ancestor populations were
highly likely to widely occur in northern China before these
geological events (Temirbayeva and Zhang, 2015; Zhang et al,
2015). Our results revealed that the two species, N. tangutorum and
N. sphaerocarpa, probably experienced habitat fragmentation
caused by geological and climatic changes (aridification, desert
formation and expansion/contraction) (Li et al., 2012; Meng et al.,
2015). The hypothesis was supported by no clear phylogenic
relationship among haplotypes and geographical distributions of
populations with high haplotype diversity (e.g. populations 4, 21,
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34, 42, 50). These populations with high diversity were likely to be
the putative glacial refugia for the species (Abbott et al., 2000). We
also did not detect any significant phylogeographical structure in
the entire range of N. tangutorum (Table 2), implying that all these
populations of the species probably originated from different
ancestor populations. The Mantel test also showed that there is
no significant correlation between population genetic
differentiation (Fst) and geographical distance of N. tangutorum
in its whole distributional ranges (Figure 1A; 2). Therefore, it is
highly likely that the climatic oscillations and associated
environmental changes (e.g. desert formation and expansion/
contraction) in the Quaternary accelerated the range
fragmentation and population isolation, and subsequently
providing chances for allopatric differentiation within species
induced by selection and/or genetic drift (Meng et al., 2015). This
inference has been further confirmed by a large number of rare
haplotypes identified in the study. Actually, we also found some
distinctive chlorotypes in different geographical regions, e.g. HI5 in
northern Xinjiang region, H16, H17 and H18 in western Xinjiang
region, and H3 in Qinghai (QTP region) (Figure 1A; Table 1). These
unique chlorotypes were also likely to result from genetic drift and
randomly retained in fragmented geographical distributions.

The population groups divided by SAMOVA were not
congruent with geographical subareas of the two species, for
example, the group 6 of N. tangutorum included 25 populations
which occurred everywhere in the entire ranges of this species
(Figure 1A; Supplementary Table S3). However, we did find some
geographically close populations which obviously contained some
homologous or unique chlorotypes, such as populations 33-38 and
22-31, indicating that phylogeographical structure existed among
populations in a few subareas of N. tangutorum (Table 2). In the
whole ranges of N. sphaerocarpa, we examined the significant
phylogeographical structure (Ngr > Gsr, P < 0.01) and high
interpopulation differentiation (Gsr = 0.870), which may be
caused by limited gene flow among populations affected by
habitat preference to narrow gravel sandy land. Actually, in the
subarea of Hexi corridor both in Gansu and central Inner Mongolia,
we discovered obvious lineage genetic differentiation among
geographical populations of N. tangutorum and N. sphaerocarpa
(21-38). A few genetic barriers based on Monmonier’s maximum-
difference algorithm have also been detected among these
populations in the subarea of the two species (Figures 1C, D).
This genetic pattern of the two Nitraria species is partly congruent
with the other two typical desert taxa we surveyed using cpDNA
variations (Yu et al,, 2013; Zhang et al, 2017). In addition, the
geographical region Gg7 (populations 1-7) of N. tangutorum
distributed in the fringe of QTP contained three distinctive
chlorotypes (H1, H3, and H5) and one rare chlorotype (H2), and
had the highest total gene diversity (Hy = 0.818) and
interpopulation differentiation (Gsr = 0.570), compared to other
geograpihical groups (Table 2). A significant phylogeographical
structure was also identified in this subarea group. All these
results implied that a series of high mountains and deep valleys
in this region played an important role in accelerating the formation
of regional genetic differentiation and phylogeographical structure
of the species (Dutech et al., 2004; Meng et al., 2015).
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4.3 Population contraction/expansion and
multiple refugia

A few studies have revealed that recent population expansion
probably results in shallow genetic divergence (Conroy and Cook,
2000; Hewitt, 2000; 2004; Polihronakis and Caterino, 2010). The
results obtained by PERMUT revealed that genetic differentiation
among populations in some subareas of N. tangutorum (e.g. Gg2,
Gg4, Gg6; Table 2) were very low, and most of variations occurred
within populations (Table 3), implying that these populations in the
subareas probably experienced recent regional expansion in their
limited geographical regions. This scenario was further supported
by mismatch analysis results (Table 4; Figure 3A). For N.
sphaerocarpa species, we did not find a rapid demographic
expansion in its whole geographical distribution (Table 4;
Figure 3B), which was probably related to its habitat preference to
narrow gravel sandy land. However, the ENM results revealed that
the two species experienced apparent expansion and contraction
during the LIG and LGM, respectively (Figures 4A-Dj;
Supplementary Table S5), and their ranges have obviously
expanded again in the present (Figures 4E, F; Supplementary
Table S5). The mismatch analysis based on a range of possible
cpDNA mutation rates indicated that the demographic expansion
of N. tangutorum occurred approximately between 21 and 7 Kya
before present, which was partly congruent with the ages of LGM
(ca. 21 - 18 Kya before present). Numerous studies revealed that the
deserts in central Asia, involving northwestern China, obviously
enlarged during the Quaternary glacial ages (e.g. Bush et al., 2004;
Sun and Liu, 2006; Qian et al,, 2016). The range expansion of N.
tangutorum probably followed the enlargement of the deserts
during the ice ages, especially the LGM. Therefore, the
recolonization of the species may have occurred after the LGM
(ca. 18 - 7 Kya). This inference is basically consistent with the results
of ENM and mismatch analysis. In addition, the jackknife tests in
ENM revealed that two environmental variables, i.e. Biol8 and
Bio4, played vital roles in modeling the potential ranges of the two
species (Supplementary Table S4), indicating that precipitation and
temperature are the two key factors for the population survival and
expansion of the two species. Some studies showed that
anthropogenically induced climate change within the last decade
is causing shifts in the distribution ranges of many species (Walther
et al., 2002; Parmesan and Yohe, 2003; Parmesan, 2006), and these
range shifts are likely to continue because of carbon emissions and
global climate warming. Therefore, the global warming and
aridification induced by human activities will also probably
produce significant effects on potential distributions of N.
tangutorum and N. sphaerocarpa. The ENM results in this study
indicated that the suitable ranges of the two species will contract
substantially in the future climate scenario (Figures 4G, H;
Supplementary Table S5), when comparing to the present
(Figures 4E, F). Moreover, the contraction degrees of distribution
ranges are obviously different between the two species.

These different demographic patterns of the two species in
responses to past climate changes are probably correlated with their
contrasting habitat preferences and ecological plasticity (Michaux
et al., 2005; Hamer and McDonnell, 2010; Lange et al., 2010;
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Morris-Pocock et al., 2010). In general, phenotypic plasticity can
produce morphologies adapted to local conditions, and is very
beneficial for the survival of plants in heterogeneous environments
(Puijalon et al., 2008). Morphogenetic differences ensure resilience
of species to new and changing ecological conditions (Schoelynck
et al,, 2015). N. tangutorum and N. sphaerocarpa had contrasting
habitat preferences and different phenotypic plasticity (Pan et al,
1999). Furthermore, N. tangutorum had higher average gene
diversity within populations (H,) than N. sphaerocarpa (Table 2),
implying that the former had higher adaptability to heterogeneous
environments than the latter.

Providing that the two species extensively occurred in the
Northwest of China before the Quaternary, their current
populations might have originated from a few separated glacial
refugia following their habitat fragmentation induced by climate
oscillations in the Quaternary (Chen et al., 2008; Li et al,, 2012).
Firstly, the range fluctuation of one species generally remains two
evident genetic imprints: a wide distribution of a dominant
haplotype, and multiple rare haplotypes (Hewitt, 1996, 2000;
Comes and Kadereit, 1998). In the present study, we identified a
single dominant haplotype (H4) which widely occurred in the entire
geographical ranges of the two species (Figures 1A, B), and a lot of
rare haplotypes which were fixed by only one or two individuals of
them (Table 1; Figure 1A). Furthermore, we also found that some
different geographical regions fixed a few distinctive chlorotypes, e.
g. Ggl fixed H3, Gg3 fixed H6, Gg5 fixed H15, and Ggé6 fixed H16,
H17 and H18, indicating that the species have experienced regional-
scale range expansion/contraction in these geographical regions.
Secondly, glacial refugium areas generally contained most of
haplotypes and have high levels of genetic diversity (Abbott et al,
2000), while new recolonized areas usually have low haplotype
diversities owing to founder effects (e.g., Petit et al., 2003; Stewart
et al., 2010), and haplotypes should be decreased gradually from
refugium (Hewitt, 2000; Heuertz et al., 2004). In the present study,
we found four N. tangutorum core populations (4, 34, 42, and 50)
and one N. sphaerocarpa core population (21) which had obviously
high levels of genetic diversity (Table 1; Figure 1A), and these core
populations are scattered across different geographical regions
(Figure 1A). Moreover, we also found that other populations near
these core populations had lower levels of genetic diversity and a
few chlorotypes originated from their core populations. This genetic
structure implies that the two species are highly likely to have
independent refugia in these separated geographical regions, and
they have experienced regional demographical expansion within
different geographical regions.

Topographically heterogeneous areas are likely to act as refugia
for species because they facilitate survival during regional climatic
stress due to availability of a range of microenvironments (Byrne
et al., 2022). Generally, mountainous regions can provide a few
microhabitats for species survival when they facing adverse
conditions or environments, while flat regions with few major
geomorphologic features usually have a poorer refugial capacity
(Trew and Maclean, 2021). Therefore, topographically complex
regions usually retained higher levels of genetic diversity (Garrick,
2011; Byrne et al, 2017). In the present study, the four putative
refugia (populations 4, 34, 42, 50) for N. tangutorum had high

frontiersin.org


https://doi.org/10.3389/fpls.2024.1345624
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yu et al.

haplotype diversities, and Hy, ranged from 0.600 to 0.758 (Table 1).
Apart from population 34 with a relatively lower level of haplotype
diversity (0.600), the other three populations harbored diversity
values with no significant difference among them, implying that
these putative refugia had similar ecological capacities for
preserving genetic diversity of the species. Furthermore, these
populations with high haplotype diversities (putative refugia) are
all located near some mountains (Figure 1A), for example,
populations 34, 42 and 50, are located near the Helan Mountain,
Altai Mountains, and Kunlun Mountains, respectively, although the
species prefers to grow on flat sandy land in deserts.

Our results together suggest that these current populations of N.
tangutorum and N. sphaerocarpa originated from a few separated
glacial refugia following their habitat fragmentation in the
Quarternary, and these populations have experienced regional
range expansion after the LGM. Interestingly, we also found that
these putative refugia in the study are mostly located near some
rivers. For example, population 21 is located near the Shiyang river
originating from the Qilian Mountain, 34 is located near the Yellow
River, 42 is located near the Ertiz river originating from the Altai
Mountains, and 50 is located near the Yarkant river originating
from Kunlun Mountain. The jackknife test of the ENM revealed
that Precipitation of Warmest Quarter (Biol8) is the most
important factor which influenced the geographical ranges of the
two species (Supplementary Table S4). Therefore, these seasonal or
permanent rivers probably provided the possibility for the survival
of the two species in different refugia when the glacial climate
became dry and cold (Xu et al, 2010; Ge et al,, 2011; Meng and
Zhang, 2013; Meng et al., 2015).

In the present study, we only used two maternally inherited
chloroplast DNA fragments to highlight the demographic history
and genetic structure of closely related species with overlapping
ranges in response to past geological events and climatic
oscillations. Our results together suggest that the two typical
desert species, N. tanguotorum and N. sphaerocarpa, responded to
the past climate fluctuations in different ways due to special habitat
preferences. However, phylogenetic relationships among
populations in the whole geographical distribution have not been
well resolved. Intraspecific gene flow among and within sub-
geographical regions are not clear. Further studies using more
plastid DNA fragments and nuclear genes (e. g. unlinked low-
copy nuclear genes) are needed to reveal the demographic history of
these desert plants with overlapping ranges.
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