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What drivers phenotypic
divergence in Leymus chinensis
(Poaceae) on large-scale gradient,
e climate or genetic differentiation?
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Elucidating the driving factors among-population divergence is an important task in evolutionary
biology, however the relative contribution from natural selection and neutral genetic differentiation
has been less debated. A manipulation experiment was conducted to examine whether the phenotypic
divergence of Leymus chinensis depended on climate variations or genetic differentiations at 18

wild sites along a longitudinal gradient from 114 to 124°E in northeast China and at common garden
condition of transplantation. Demographical, morphological and physiological phenotypes of 18

L. chinensis populations exhibited significant divergence along the gradient, but these divergent
variations narrowed significantly at the transplantation. Moreover, most of the phenotypes were
significantly correlated with mean annual precipitation and temperature in wild sites, suggesting

that climatic variables played vital roles in phenotypic divergence of the species. Relative greater
heterozygosity (Hg), genotype evenness (E) and Shannon-Wiener diversity (I) in western group

of populations suggested that genetic differentiation also drove phenotypic divergence of the

species. However, neutral genetic differentiation (Fs; = 0.041) was greatly lower than quantitative
differentiation (Qs; =0.199), indicating that divergent selection/climate variable was the main factor in
determining the phenotypic divergence of the species along the large-scale gradient.

It has long been recognized that geographic variation in phenotypes of an organism can include both envi-
ronmental and genetic components, thus determining the mechanisms that cause such variation is one of the
basic objectives of ecological and evolutionary studies!. Plant population responding to environmental changes
depends on the competition of divergent natural selections causing local adaptation versus gene flows leading

© to alleviation of quantitative differentiation®?. Divergent selections contribute to local adaptation and intraspe-
cific differentiation*"®. Moreover, the molecular genetic differentiation also attribute to the phenotypic diver-
gence at a species-wide scale’. In contrast, gene flows are generally considered to maintain genetic homogeneity
within a species by seed and pollen distributions®’. However, some studies have proposed that moderate levels of
migration could help purge deleterious mutations and replenish genetic variability, enhancing natural selection
and counteracting drift'®!!. Despite the fundamental importance of studying natural genetic variation and the
describing patterns of phenotypic divergence among different environments'*!?, few studies have jointly inves-
tigated the relative contributions of environmental and molecular genetic factors on quantitative differentiation
across a species range. This knowledge is essential for formulating generalization regarding mechanisms for plant
adaptation and evolution with global changes.

To determining the relative functions of environmental and genetic factors, the comparison of quantitative
differentiation in common garden experiments (Qgy) and neutral genetic differentiation (Fgr) among populations
could be effective''>!4, The quantitative differentiation in wild samplings (Pg;) was the analogue of Qgp, and
also informative to compare the relative influence of genetic adaptation, phenotypic plasticity and genetic drift
as causes of population differentiation'®. Three outcomes are possible in natural populations: If Pg/Qgr > Fgp,
phenotypic divergence exceeds neutral expectation and is likely to have been caused by directional selection for
environmental adaptability. For instance, the aridity gradient was demonstrated to be the main driving factor for
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ELE MAP MAT Soil | SoilN | SWC
Location No. Latitude Longitude Vegetation (m) (mm) (°C) pH (%) (%)
Wulantuga 01 44°28.722’ 124°13.671" Meadow 291 472 5.1 8.5 0.20 23
Chaganhua 02 44°35.475' 124°16.543' Meadow 202 467 5.1 8.5 0.20 24
Wulanaodu 03 44°35.999’ 123°48.219 Meadow 152 442 53 8.1 0.16 22
Yaojingzieast 04 44°35.604' 123°30.259 Meadow 165 433 5.4 8.4 0.23 23
Yaojingziwest 05 44°34.413’ 123°29.887" Meadow 159 434 5.4 7.8 0.16 17
Taipingchuan 06 44°21.323' 123°14.136/ Meadow 150 428 5.6 8.6 0.13 18
Jiamatu 07 44°01.654' 122°56.521" Meadow 149 422 6.0 8.2 0.17 14
Baolongshan 08 43°58.237' 122°43.677 Meadow 156 415 6.0 7.9 0.13 13
Molimiao 09 43°34.277' 121°55.444 Meadow 179 399 6.3 8.4 0.12 12
Shaogen 10 43°38.831" 120°47.316' Meadow 270 385 6.8 8.0 0.11 12
Tianshaneast 11 43°50.442’ 120°15.015 Typical steppe 413 388 5.8 8.2 0.19 9
Tianshanwest 12 43°50.277' 119°58.587" Typical steppe 513 386 5.8 83 0.19 8
Xingfuzhilu 13 43°42.818' 119°03.749 Typical steppe 735 386 4 8.4 0.11 8
Xinchengzi 14 43°14.175' 118°01.237" Typical steppe 919 397 35 7.7 0.15 10
Dalainuori 15 43°16.157' 117°09.659 Typical steppe 1309 385 1.3 8.1 0.14 8
Agiwula 16 43°33.691' 116°40.619’ Typical steppe 1239 340 13 8.8 0.15 7
Dabuxiletu 17 43°55.880’ 115°45.252/ Desert steppe 1158 276 1.4 7.8 0.10 5
Baogedawula 18 43°59.550" 114°51.607" Desert steppe 1092 237 1.7 7.7 0.12 3

Table 1. Sample locations, vegetation types, climate and soil properties. ELE: elevation, MAP: mean annual
precipitation, MAT: mean annual temperature, SWC: soil water content.

the population differentiation in molecular markers was much lower than in quantitative traits in wild barley!'.
In cases P/ Qg =~ Fgrp, the inference is that phenotypic divergence could have been achieved by molecular differ-
entiation among subpopulations. If Pg;/Qgr < Fgy, this pattern is suggestive of uniform selection across the pop-
ulations'®. Divergent selection for environmental variability usually drives significant quantitative differentiation
along the broad scale gradient!>!*,

Leymus chinensis (Trin.) Tzvel., a perennial rhizomatous C; cosmopolitan grass, is widely distributed at east-
ern end of Eurasian steppe zone, from western part of the Northeast Plain to eastern part of the Mongolian
Plateau, China. The xerophytic traits, e.g. thick rhizome systems and high plasticity in leaf traits, enable the spe-
cies to successfully tolerate and/or resist drought when soil moisture is less than 4% in dry seasons in desert
steppes'. Widely distributions of the cosmopolitan grass make it an ideal plant species for studying adaptation
under large-scale environmental changes. Responses of the species to climatic variations have been well docu-
mented on population density, anatomical, morphological and physiological plasticity'¢-'8. However, the driving
mechanism of the phenotypic divergence in the species along large-scale gradient has not yet been addressed,
this is essential for understanding the evolutionary trajectory of plant species under global climate change. We
hypothesize that both environmental changes and molecular genetic differentiation drove the phenotypic diver-
gence within the species. The objective of the present study was to compare the functions of environmental adap-
tation and neutral genetic differentiation in phenotypic divergence of L. chinensis, aiming to better understand the
driving mechanism of plant phenotypic variations and adaptive strategies to stress conditions under broad scale
climate change. Furthermore, our specific aims were to examine: (1) the obvious divergence of quantitative traits
in L. chinensis and their relationships with climate variables along the gradient; (2) the roles of neutral genetic
differentiation on phenotypic divergence.

Results

Demography and morphological phenotypes. Population demography and morphological phenotypes
in the species varied significantly along the gradient. Total shoot densities of L. chinensis at the east end (01 site,
903.4m2) were more than 3-fold of that at the west end (18 site, 283.4m~2) (P< 0.01, Table 1; Supplementary Fig. S1;
Supplementary Table S1) and significantly and positively correlated with mean annual precipitation (MAP)
(P<0.05), mean annual temperature (MAT) (P < 0.05) and soil water content (SWC) (P < 0.01), but negatively
correlated with elevation (P < 0.01). Vegetative shoot densities and reproductive shoot densities from eastern sites
(01-10 sites, 567.2 m~? and 123.5 m~2) were nearly 2-fold as those from western ones (11-18 sites, 306.6 m~2 and
63.6m™2, P<0.01, respectively). The vegetative shoot densities were significantly and positively correlated with
MAP (R*=0.42, P<0.05) and SWC (R*=0.59, P < 0.01). The reproductive shoot differentiation ratio (RSDR) in
desert steppes (17-18 sites, 0.077) was 57.9% lower than that in meadows (01-10 sites) and typical deserts (11-16
sites, 0.183) (Supplementary Table S1).

In wild sites, vegetative shoot heights dropped sharply from 50.5cm (07 site) to 25.1 cm at the west end
(Fig. 1a). Correspondingly, stem node numbers diminished from average 4.9 in meadows to 2.5 in desert steppes
(Fig. 1b). Vegetative shoot heights were significantly correlated with stem node numbers (R*=0.787, P < 0.01).
Both vegetative shoot heights and stem node numbers were significantly and positively correlated with MAP in
wild sites (P < 0.05) (Fig. 1¢,d), MAT (P < 0.05), but negatively with elevation (P < 0.01). Average reproductive
shoot height was 40.1 cm in desert steppes, reduced by 34.7% comparing to 61.4 cm in meadows (Supplementary
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Figure 1. Vegetative shoot height (a), stem node numbers (b) in wild sites and transplantation and their
regressions with mean annual precipitation (MAP) (c,d) in L. chinensis along the large-scale gradient.

Table S2). In transplantation, however, the corresponding 18 populations did not exhibit significant variation
in vegetative shoot heights, and that was on average (47.2 cm) 18.3% higher than those from wild sites (39.9 cm,
P<0.01) (Fig. 1).

Leaf lengths at meadows (20.7 cm) were 12.6% higher than that at typical steppes and desert steppes (18.6 cm)
in wild sites (P < 0.05) (Supplementary Table S2). On the contrary, the leaf lengths of corresponding populations
from eastern sites (26.4 cm) were not significantly different from the western ones (28.6 cm) at transplantation
(P>0.05). Average leaf length at transplantation (27.4 cm) was 31.1% higher than that of wild sites (20.9 cm,
P <0.05) (Supplementary Table S2). Leaf lengths in wild sites were significantly and positively correlated with
MAP and MAT (P < 0.05) (Supplementary Fig. S2a,b), but negatively correlated with elevation (P < 0.01)
(Supplementary Fig. S2c¢).

Unlike leaf length, leaf width in western sites (0.68 cm) was 18.8% higher than eastern ones (0.57 cm) in wild
samplings (P < 0.01), but there was no significant difference between corresponding eastern (0.65 cm) and west-
ern (0.68 cm) populations at transplantation (P> 0.05) (Supplementary Table S2). Leaf area significantly dropped
from east to west, with the maximum 9.4 cm? (07 site) and minimum 5.1 cm? (14 site) in wild sites. Average leaf
area at transplantation (11.4 cm?) was 59.5% higher than that from wild sites (7.2 cm? P < 0.01) (Supplementary
Table S2). Leaf mass per area (LMA) in wild samplings (11.09 mg cm™) was 22.4% higher than that of transplanta-
tion populations (9.06 mg cm™2, P< 0.01). LMA was significantly and negatively correlated with MAP and SWC,
but positively with elevation in wild sites (P < 0.05).

Average seed weight and spike length from meadow and typical steppe sites were 54.3% (P < 0.01) and 51.3%
(P<0.01) greater than that from the desert sites, respectively. Seed weights and spike lengths were significantly
and positively correlated with MAP and MAT in wild sites (P < 0.01) (Supplementary Fig. S2d-f; Supplementary
Table S2).

Physiological adjustments. Physiological adjustments/phenotypes of the species differed significantly
along the broad gradient (Fig. 2). Relative water content (RWC) maintained a relatively high level (average 80.5%)
in wild sites, dropped by 6.4% at transplantation (average 75.3%, P < 0.05) (Fig. 2a). RWC was significantly and
positively correlated with MAP and MAT in wild sites (P < 0.05).

Both proline and soluble sugar contents of the species increased from the east to the west along the gradient.
Proline contents from desert steppe sites (0.874 ug mg~'.DW) were about 2-fold of that in meadows and typical
steppes (0.444 ug mg~'.DW, P < 0.01) (Fig. 2b). However, soluble sugar contents showed different patterns, at first
increased, maximizing at 117°E (site 15, 12.363 ug mg~'.DW), then decreasing at the west end, and the average
value in typical steppes (11.320 ug mg~'.DW) were 46.4% higher than those in meadows and desert steppes
(7.731ug mg~L.DW, P < 0.01), respectively (Fig. 2c). At transplantation, there was no significant difference in pro-
line contents between the western and eastern populations (P > 0.05), whereas soluble sugar content of western
sites was 18.1% higher than that of eastern ones (P < 0.05). Proline and soluble sugar contents reduced by 33.7%
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Figure 2. Physiological phenotypes of relative water content (RWC) (a), proline (b), soluble sugar (c), leaf
nitrogen (d), chlorophyll (a+b) (e), and chlorophyll a/b (f) in wild sites and transplantation.

and 35.7% in transplantation compared with their wild populations (P < 0.01) (Fig. 2). Proline and soluble sugar
contents were significantly and negatively correlated with MAP (P < 0.01) (Fig. 2b,c) and SWC (P < 0.01) along
the gradient.

Leaf nitrogen (N) contents and Chlorophyll (Chl) (a + b) exhibited slight variation along the gradient
(Fig. 2d,e). Leaf N contents at transplantation (3.49%) was 60.8% higher than that of wild populations (2.17%)
(P<0.01). Average Chl (a+b) content in transplantation (5.388 mg g~!) was more than 3-fold compared with
the wild samples (1.511 mg g, P< 0.01) (Fig. 2e). Unlike Chl (a+b) contents, Chl a/b ratio increased from 1.543
at site 01 to 3.097 at site 18 (Fig. 2f) and significantly and negatively correlated with MAP (P < 0.05) along the
gradient. Average Chl a/b ratio (1.281) in transplantation dropped by 41.1%, compared with the wild populations
(2.176, P<0.01) (Fig. 21).

Molecular analysis.  Genetic diversities in eastern sites (expected heterozygosity (Hg): 0.628, genotype even-
ness (E): 0.098 and Shannon-Wiener diversity (I): 1.105) were significantly higher than that in western ones
(11-18 sites, Hg: 0.579, E: 0.085 and I: 0.972, P < 0.01), with average of 18 population Hg = 0.606, E=0.092,
I=1.046 (Supplementary Table S3). Analysis of molecular variance (AMOVA) revealed significant genetic dif-
ferentiation among inferred populations, accounting for 7.28% of the total molecular variation (P < 0.01). There
were 6.16% differentiation between eastern - western sites (P < 0.01) and 4.44% among three vegetation types
(meadow, typical steppe and desert steppe, P < 0.01), but not significant differentiation between soil pH groups
(nearly neutral and alkaline, P> 0.05, Table 2).

NJ clustering divided the 18 populations into two genetically differentiated groups with high bootstrap sup-
ports (Fig. 3), including group I: all of the meadow sites (01-10), group II: mixed with typical steppe and desert
steppe sites (11-18). Clusters based on 16 phenotypes (vegetative and reproductive shoot heights, leaf length, leaf
width, leaf fresh weight, leaf turgid weight, leaf dry weight, leaf area, node numbers, spike length, seed weight,
proline, soluble sugar, leaf N content, Chl (a+b) and Chl a/b) were slightly different from NJ tree, with group I
covering 9 sites (01-09 sites) and group II containing the other 9 sites (10-18 sites) (Fig. 3). STRUCTURE divided
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None All Among populations within groups | 17 0.274 7.28%%
Within populations 522 3.491 92.72%*
Clusters East vs. West Among groups 1 0.239 6.16**
Among populations within groups | 16 0.149 3.85%%
Within populations 552 3.491 89.99**
Vegetation | M-T-D Among groups 2 0.170 4.44**
Among populations within groups | 15 0.177 4.62°%
Within populations 552 3.491 90.94**
Soil pH Nearly neutral vs. Alkaline | Among groups 1 0.013 0.33™
Among populations within groups | 16 0.268 7.10%*
Within populations 552 3.491 92.57**

Table 2. Hierarchical analyses of molecular variance (AMOVA) for 18 L. chinensis populations. M: meadow,
T: typical steppe and D: desert steppe, East (01-10 sites), West (11-18 sites), Nearly neutral (7.0 < pH < 8.0),
Alkaline (pH > 8.0). **P < 0.01, ns: not significant in each hierarchical analysis.
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Figure 3. Clustering analyses of 15 microsatellite loci by neighbor-joining method and quantitative traits
of L. chinensis populations.

genetic variation into two main geographic groups (K=2) and this consistent with NJ tree: (1) eastern group (site
01-10) and (2) western group (site 11-18). (Supplementary Fig. S3; Supplementary Fig. S4). Pairwise genetic
distance!? ranged from 0.003 (16 and 17 site populations) to 0.382 (02 and 18 site populations) with average 0.166,
was significantly correlated with geographic distance (km) (P < 0.01) (Supplementary Table S4; Supplementary
Fig. S5). Low Fgr values were detected among pairs of populations: pairwise Fgp varied from 0.009 (16 and 17 site
populations) to 0.100 (02 and 11 site populations), with average 0.041 (Supplementary Table S5). Mean pair-wise
population gene flow (pairwise Nm) was 5.791 based on average Fg; (Supplementary Table S5).

Qg—Fsr comparison. There was a more pronounced level of differentiation in phenotypes (mean
Qgr=0.199 at transplantation) for the 13 statistic traits (vegetative shoot height, leaf length, leaf width, leaf fresh
weight, leaf turgid weight, leaf dry weight, leaf area, node numbers, proline, soluble sugar, leaf N content, Chl
(a+b) and Chl a/b) than that of neutral markers (Fs;=0.041 for 15 microsatellite loci) among the 18 populations
(Fig. 4). Average quantitative differentiation in wild populations (Pgy = 0.299) was 49.5% higher than Qg value
(0.199) in transplanted ones (P < 0.01).

Discussion

Widely distributed species often exhibit considerable variations in morphological, physiological and other
fitness-related characters in complex environments where climate conditions fluctuated*?°. For plants, ecolog-
ically important traits display clinal patterns of population divergence under environmental variations®?!. These
patterns can provide strong evidence for spatially varying selection across environmental gradients or result from

SCIENTIFICREPORTS | 6:26288 | DOI: 10.1038/srep26288 5



www.nature.com/scientificreports/

0.4 A
0.3
0.2

H P -Wild [] Qg-Transplantation

I

0.4

Mean

0.3

0.2

0.1

Quantitative differentiation

AN M S S ey VA ae® R
6“00\ NN \g;(i‘\‘: @g\‘f\)@é\“‘e oﬂ\ﬂe \/eé\"‘ N e (o8

Phenotypes

NN

Figure 4. Quantitative differentiations in wild samplings (Ps;) and transplantation (Qgr).

neutral genetic processes’. Therefore, evaluating the relative importance of environmental and genetic functions
in determining the quantitative differentiation among populations is essential for our ability to predict how plants
will respond and adapt to global climate change®?. Along the large-scale gradient in northeast China, drought
is one of the major environmental factors affecting plant survival, distribution, resource partitioning, growth
and reproduction'”!®. The significant decrease in shoot densities, shoot height, leaf area, seed weight and spike
length, and increase in leaf width and LMA (Fig. 1; Supplementary Table S1; Supplementary Table S2) among
L. chinensis populations from east to west exhibited more obvious xerophil-liked phenotypes, suggesting climate
variables are the critical driver factors for phenotypic divergence of the species along the large-scale gradient.
Relative less shoot densities, shoot heights and leaf area in dry conditions may reduce water loss by plant transpi-
ration'®"”, while higher LMA was proved to be a main adaptive strategy to droughts for higher LMA, which was
positively related with photosynthetic tissue per area and investment in structural tissues, contributing to higher
tolerance in unfavorable conditions'>'”. The significant correlations of phenotypes (e.g. shoot densities, shoot
heights and LMA) with MAP indicated that obvious divergence of quantitative traits in L. chinensis was strongly
related with moisture conditions along the longitudinal gradient (Fig. 1; Supplementary Fig. S2). This was also
supported by the less variation in morphological phenotypes of 18 populations with sufficient water supply and
non-saline-alkali soil at transplantation (Fig. 2; Supplementary Table S2). Moreover, relatively less correlation
between phenotypes and soil properties (soil pH and soil N contents) eliminated the soil alkaline and soil nutri-
ent as the main driven factor in L. chinensis divergence at large-scale gradient (Figs 1 and 2). Other studies on
Triticum dicoccoides®, Boechera holboellii**, Solanum lycopersicum® have demonstrated that ecologically impor-
tant phenotypes were significantly tied to the climate variations as well.

Physiological regulations in L. chinensis manifested its higher tolerance to drought stress. Increasing proline,
soluble sugar contents and RWC of the species from east to west suggested its capacity for dehydration tolerance
and the osmotic adjustments were enhanced with the aridity along the broad scale gradient (Fig. 2). Free pro-
line accumulation in plant leaves is one of the most common and direct biochemical responses to water deficit,
and enabled cell to maintain turgor and resulted in relative higher RWC for plants during drought and saline
stresses?®?. Relative higher RWC of the species in typical steppes and desert steppes demonstrated that proline
had taken part in osmotic adjustment (Fig. 2a). More soluble sugar contents in meadows and typical steppes
indicated the effective accumulation under moderate drought, while lower contents in desert steppes were likely
affected by severe water deficit (Fig. 2c). Through Chl (a+b) contents maintained high level along the gradient,
the dramatically reduced leaf area could decrease the photosynthetic materials, resulting in the less photosyn-
thetic productions, e.g. soluble sugar (Fig. 2e; Supplementary Table S2). The significantly negative correlations
between osmotic adjustment substance (proline and soluble sugar) contents and MAP and SWC (Fig. 2b,c), as
well as the positive correlation between Chl a/b and MAP in wild sites (Fig. 2f), showed that water deficit possibly
drove the physiological differentiation along the gradient. Relative less variation in drought-responsive physio-
logical adjustments (proline and soluble sugar contents) at transplantation also supported that the precipitation
was one of the major driving factors in these physiological phenotypes of L. chinensis (Fig. 2). Concostrina-Zubiri
et al.*® found a general increase of functional diversity with increasing precipitation of the lichen-dominated bio-
logical soil crusts in semiarid steppes. These findings (e.g. the decrease of shoot densities, shoot height, leaf size,
seed weight, the increase of RWC and proline from east to west, as well as the significant correlations between
these phenotypes and climate variables) supported our first hypothesis that the phenotypic divergence of L. chin-
ensis was strongly driven by climate forces along the large-scale gradient.

The significant molecular differentiation was detected in western-eastern sites by NJ clustering and Bayesian
assignment results among L. chinensis populations (Fig. 3; Supplementary Fig. S4). Relative greater genetic dif-
ferentiation in western group of populations suggested that genetic differentiation of L. chinensis was not only
related to the large-scale geographic distribution, but also to environmental heterogeneity, especially the strong
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droughts in the western sites (Table 2). Moreover, the eastern-western division of genetic diversities (Hg, E and
I values) and genetic differentiations were probably attributed to the uplift of Mongolian plateau at site 11: ele-
vation suddenly lifted from 276 m to 421 m, SWC dropped from 12% to 9% and vegetation types transformed
from meadows (site 10) to typical steppes (site 11) (Table 1). Both environmental and geographical selections
could contribute to the discrete genetic differentiation among natural populations of L. chinensis along the broad
gradient!”%.

Selection and drift can promote genetic differences if populations are sufficiently isolated, however, gene flow
prevents differentiation and local adaptation®”?!. Average pairwise Fgp (0.041) from SSR datasets (Supplementary
Table S5) in L. chinensis was significantly lower than that observation from random amplified polymorphic DNA
(RAPD, Fgr=0.146)* and also much lower than that of other plants (e.g. average Fg; = 0.25 for 13 widespread
species; Fgp = 0.22 for 23 outcrossing species®. On the contrary, the sufficient gene flows among 18 populations
(average Nm =5.791, calculated by pairwise Fg; values, Supplementary Table S5) suggested migrants per genera-
tion were possibly facilitated by wind pollination with light seeds and outcrossing system for self-incompatibility
in this species®**. Generally, gene exchange was considered to homogenize populations and counteract diver-
gence, however, gene flow from adjacent populations (e.g. in similar environment) via seeds had a positive effect
on the population fitness by bringing in already selected genotypes, thus exaggerated the genetic differentiation®.
Some previous studies have proposed that moderate levels of migrations may provide new genetic materials
for local selection to act upon and enhance natural selection®>*”. To some degree, the roles of gene flow are not
completely opponents to divergent natural selection in traditional view, but more like an “assistant” character for
L. chinensis population differentiation between adjacent populations under similar environments.

Qqr (0.199) estimated from L. chinensis quantitative traits at transplantation were more than 4-fold of the Fg;
values (0.041) from microsatellite loci (Fig. 4), suggesting that role of divergent climatic selection greatly exceeded
the neutral genetic differentiation on these phenotypes. The L. chinensis populations are locally adapted in their
wild habitats and their adaptability was strongly enhanced by the obvious xerophil-liked traits and biochemi-
cal strategies, which were stimulated by the precipitation and temperature reductions from east to west along
the gradient. Moreover, the Qgy in transplantation populations was about 1/3 less than the Pg; (0.299) in wild
populations, demonstrating that quantitative differentiation in L. chinensis was significantly affected by the envi-
ronmental changes (Fig. 4). There were both theoretical and empirical researches focusing on climatic gradients
in generating differentiation and even speciation through divergent selections*®°. For instance, the results of
Qqr—Fgr comparison on wild barley showed that population differentiation in molecular markers was much lower
than in quantitative traits, in agreement with adaptive selection along the aridity gradient!!. Higher level of popu-
lation differentiation for Qgy (0.535) than Fg; (0.003) were observed in maize, suggesting quantitative traits appear
to be under strong divergent selection*'. Furthermore, neutral genetic divergence increased with environmental
heterogeneity, which was positively correlated with geographic distance?. The results of Qg—Fg; comparison and
neutral molecular differentiation supported our second hypothesis that neutral genetic differentiation played an
important role in phenotypic divergence, but divergent selection/climate variables was the main factor in deter-
mining the phenotypic divergence of the species along the large-scale gradient.

Our findings suggested that climate changes (precipitation and temperature) and molecular genetic differ-
entiation both drove quantitative differentiations of L. chinensis across the longitudinal gradient. This research
highlighted the combination of phenotypes divergence and genetic differentiations and systematical analysis of
quantitative traits in both wild sites and transplantation, providing reliable information about the driving factors
for the phenotypic divergence which could not been addressed in wild (to detect the phenotypic plasticity in
broad scale field)** or common garden experiment (to identify differences in quantitative traits between different
genotypes)* alone.

Materials and Methods

Study sites. The experiment was conducted in natural L. chinensis grasslands and greenhouse from 2012 to
2014. Eighteen populations/sites were selected along a longitudinal gradient in northern China, ranging from
43°24' to 44°36' N, 114°34’ to 124°16’ E, with approximate 900 km west-to-east (Table 1). The MAT ranges from
1.7°C to 5.1 °C. Moisture gradient is very steep, with MAP varying from 237 mm in the west to 467 mm in the
east (Table 1). Due to the steep increase of precipitation from the west to the east, vegetation types transform
gradually from desert steppes and typical steppes in the west to meadows in the east**: meadows (sites 01-10),
typical steppes (sites 11-16) and desert steppes (sites 17-18). These sites had not been grazed, ploughed, fertilized
or burned for at least 5 years prior to 2012, although transient floods may have occurred in the eastern meadows.
A more detail description of the sampling locations, climate and soil properties can be found in Table 1.

Demographical and morphological phenotypes. At least two ha of typical native L. chinensis grass-
land was selected for plant sampling at each site. Samplings were carried out in eight randomly located 1 x 1 m?
quadrants at each site in 2012 and 2013, respectively. Within each quadrant, reproductive shoot and vegetative
shoot densities were counted (m~2). RSDR refers to the reproductive shoot density as a percentage of the total
population density'®. Forty shoot heights (vegetative and reproductive, respectively) and stem node numbers
were measured randomly in each site. Forty spikes per site were collected randomly to measure spike length and
seed weight in wild populations.

Twenty 2" fully expanded leaves (from the shoot top, hereafter) in each population were sampled randomly
from mature plants. Leaf traits (e.g. leaf length, width and area) were measured using a flatbed scanner connected
to a personal computer running image analysis software. Leaf samples were placed in perforated paper bags and
oven-dried at 80°C for 24 h and then weighed to measure dry leaf mass. LMA was expressed as leaf dry mass per
area (mg cm™2).
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Transplantation experiments. Underground rhizomes of each population were taken from 10 mono-
liths (25 x 25 x 30 cm?) from each site and transplanted into a greenhouse in Institute of Botany, the Chinese
Academy of Sciences (Beijing). Rhizomes were placed into pots (25 cm diameter) with near-neutral organic soil
(pH 7.3-7.5). The temperature and humidity in the greenhouse were controlled between 20-30°C and 50-60%,
respectively. Each pot was watered to maintain the soil water content above 20% with running water every other
day in the first month, then 100 ml twice a week. After 3 months of growth, leaves were collected for morpholog-
ical and physiological measurements.

Physiological phenotypes. Twenty 2" fully expanded leaves in each site were sampled randomly from
mature plants at about 9:00 am. Fresh weight (FW), turgid fresh weight (TW, overnight soaking) and dry weight
(DW) were measured. Relative water content*®

(RWC) = [(FW — DW)/(TW — DW)] x 100%. 1)

For proline, soluble sugar, leaf N and Chl content analyses, leaves from wild sites and transplantation were
oven-dried under 105 °C for 20 min, then at 80 °C for 24 hr to a constant weight and grounded to pass through
a 100-mesh screen. Proline content was estimated by the acid-ninhydrin method*. Soluble sugar content was
measured using the anthrone-sulfuric acid method?. Leaf N content was determined by Kieldahl method*. Chl
aand Chl b contents were extracted by 95% (v/v) ethanol and analyzed by conventional spectroscopic methods®.

Microsatellite analysis. Thirty leaves from independent patches were collected randomly at each site then
immediately dried in the silica gel and a total of 540 individuals were sampled. Genomic DNA was extracted and
the concentration was examined by agarose gel electrophoresis. For microsatellite analysis, 80 pairs of primers
were selected for candidates from previous publications®*-2. Fifteen pairs of primers were identified to be suitable
polymorphisms by the pre-experiment with 18 random individuals (Supplementary Table S6). The detail micro-
satellite protocol and analysis were according to the literature®.

Soil properties and climate data. The soil samples were taken with a cylindrical soil sampler (5cm inner
diameter, 15 cm length) for the 0-15 cm layer. Among 7 and 14 soil samples were collected randomly per site
(100 x 100 m) for determination of soil properties. Gravimetric soil water content was measured by oven-drying
samples at 105 °C for 24 h, and the equation for calculating the

SWC = (Fresh weight — Dry weight)/Dry weight x 100%. (2)

Soil pH was determined by a Model HS-3C pH meter (Shanghai Rex Instruments Factory, China). Soil N
contents were measured using Kieldahl method*. Climate data was provided by the National Meteorological
Information Center of China Meteorological Administration (http://www.worldclim.org/).

Statistical analyses. One-way analysis of variance (ANOVA) was performed to analyze the differences in
morphological and physiological phenotypes among the 18 populations. Linear regression analyses were per-
formed to evaluate the relationship of quantitative traits with environmental factors (MAP, MAT, SWC, soil N,
soil pH and elevation). All statistics for phenotypes were analyzed using SPSS 20.0 for windows>*.

Population genetic analyses were performed on microsatellite dataset scored by the program GeneMarker
v2.2.0°. Descriptive statistics including Hg, I, and E and population pairwise genetic distances were calculated
with Atetra program®. To assess the population genetic structure, following analyses were conducted: 1) Nei’s
genetic distance was used to generate the Neighbor-joining tree with Neighbor of Phylip v3.63”. 2) The Mantel
test was assessed on genetic distance and geographic distance (km) matrices by TFPGA 1.3%. 3) Population
genetic structure was inferred by a Bayesian method using STRUCTURE 2.3.4°>%. 4) AMOVA was performed
to quantify the genetic variance among populations with Arlequin 3.5%. 5) Pairwise Fg; values were evaluated
by Polysat package running on the R platform®'. Gene flow (the mean number of immigrants) was calculated by
following:

Nm = (1 — Fg)/4F; 3)

Quantitative differentiation was estimated by the formula described below®2.
Qs = 0y /(0 + 20, (4)

where 0’ and o are between- and within- population components of variance. The partitioning of phenotypic
variance within and between populations was appraised using ANOVA by SPSS 17.0. Py is a Qg analogous that
estimated from the wild sampling data!>!4,

References
1. Endler, J. A. Geographic variation, speciation, and clines Princeton Princeton University Press (1977).
2. Anderson, J. T., Wagner, M. R, Rushworth, C. A., Prasad, K. V. S. K. & Mitchell-Olds, T. The evolution of quantitative traits in
complex environments. Heredity 112, 4-12 (2014).

. Etterson, J. R. & Shaw, R. G. Constraint to adaptive evolution in response to global warming. Science 294, 151-154 (2001).

. Morgenstern, E. K. Geographic Variation in Forest Trees. UBC Press, Vancouver, British of Columbia, Canada (1996).

. Savolainen, O., Pyhajarvi, T. & Knurr, T. Gene flow and local adaptation in trees. Annu. Rev. Ecol. System. 38, 595-619 (2007).

. Olson, M. S. et al. The adaptive potential of Populus balsamifera L. to phenology requirements in a warmer global climate. Mol. Ecol.
22,1214-1230 (2013).

7. Zakharov, E. V. & Hellmann, J. ]. Genetic differentiation across a latitudinal gradient in two co-occurring butterfly species: revealing

population differences in a context of climate change. Mol. Ecol. 17(1), 189-208 (2008).

N U W

SCIENTIFICREPORTS | 6:26288 | DOI: 10.1038/srep26288 8


http://www.worldclim.org/

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.
36.

37.

38.
39.

40.
41.

42.
43.
44,
45.
46.
47.
48.
49.

50.
51.

52.

. Lenormand, T. Gene flow and the limits to natural selection. Trends Ecol. Evol. 17, 183-189 (2002).
. North, A., Pennanen, J., Ovaskainen, O. & Laine, A. L. Local adaptation in a changing world: the roles of gene-flow, mutation, and

sexual reproduction. Evolution 65,79-89 (2011).

Alleaume-Benharira, M., Pen, I. R. & Ronce, O. Geographical patterns of adaptation within a species’ range: interactions between
drift and gene-flow. J. Evol. Biol. 19, 203-215 (2006).

Volis, S. Adaptive genetic differentiation in a predominantly self-pollinating species analyzed by transplanting into natural
environment, crossbreeding and Qg;—Fg; test. New Phytol. 192, 237-248 (2011).

Cheng-Ruei, L. & Thomas, M. O. Quantifying effects of environmental and geographical factors on patterns of genetic
differentiation. Rev. Educat. Res. 20(22), 4631-4642 (2011).

Manel, S., Poncet, B. N., Legendre, P., Gugerli, F. & Holderegger, R. Common factors drive adaptive genetic variation at different
spatial scales in arabis alpina. Mol. Ecol. 19(17), 3824-3835 (2010).

Leinonen, T., McCairns, R. ]. S., O’'Hara, R. B. & Merild, J. Q¢r—Fg comparisons: evolutionary and ecological insights from genomic
heterogeneity. Nat. Rev. Genet. 14, 179-190 (2013).

Chen, L. & Wang, R. Z. Anatomical and physiological divergences and compensatory effects in two Leymus chinensis (Poaceae)
ecotypes in Northeast China. Agr. Ecosyst. Environ. 134, 46-52 (2009).

Wang, R. Z. & Gao, Q. Climate-driven changes in shoot density and shoot biomass in Leymus chinensis (Poaceae) on the North-east
China Transect (NECT). Global Ecol. Biogeogr. 12, 249-259 (2003).

Wang, R. Z. & Gao, Q. Morphological responses of Leymus chinensis (Poaceae) to the large-scale climatic gradient along the North-
east China Transect (NECT). Divers. Distrib. 10, 65-73 (2004).

Wang, R. Z. et al. Anatomical and physiological plasticity in Leymus chinensis (Poaceae) along large-scale longitudinal gradient in
Northeast China. PLoS ONE 6, 26209 (2011).

Nei, M. Estimation of average heterozygosity and genetic distance from a small number of individuals. Genetics 89(3), 583-590
(1978).

Via, S. & Lande, R. Genotype-environment interaction and the evolution of phenotypic plasticity. Evolution 3, 505-522 (1985).
Kawakami, T. et al. Natural selection drives clinal life history patterns in the perennial sunflower species, Helianthus maximiliani.
Mol. Ecol. 20, 2318-2328 (2011).

Whitlock, M. C. Evolutionary inference from Qgy. Mol. Ecol. 17, 1885-1896 (2008).

Li, Y. C. et al. Spatiotemporal allozyme divergence caused by aridity stress in a natural population of wild wheat, Triticum dicoccoides,
at the Ammiad microsite, Israel. Theor. Appl. Genet. 102, 853-864 (2001).

Knight, C., Vogel, H., Kroymann, J. A., Witsenboer, H. & Mitchell-Olds, T. Expression profiling and local adaptation of Boechera
holboellii populations for water use efficiency across a naturally occurring water stress gradient. Mol. Ecol. 15(5), 1229-1237 (2006).
Nakazato, T., Bogonovich, M. & Moyle, L. C. Environmental factors predict adaptive quantitative differentiation within and between
two wild andean tomatoes. Evolution 62(4), 774-792 (2008).

Hare, P. D. & Cress, W. A. Metabolic implications of stress-induced proline accumulation in plants. Plant Growth Regul. 21, 79-102
(1997).

Bandurska, H. Does proline accumulated in leaves of water deficit stressed barley plants confine cell membrane injury? I. Free
proline accumulation and membrane injury index in drought and osmotically stressed plants. Acta Physiol Plant 22, 409-415 (2000).
Concostrina-Zubiri, L., Pescador, D. S., Martinez, I. & Escudero, A. Climate and small scale factors determine functional diversity
shifts of biological soil crusts in Iberian drylands. Biodivers. Conserv. 23, 1757-1770 (2014).

Lee, C. R. & Mitchell-olds, T. Quantifying effects of environmental and geographical factors on patterns of genetic differentiation.
Mol. Ecol. 20, 4631-4642 (2011).

Bossart, J. T. & Prowell, D. P. Genetic estimates of population structure and gene flow: limitations, lessons and new directions. Trends
Ecol. Evol. 13, 202-206 (1998).

Crispo, E., Bentzen, P, Reznick, D. N., Kinnison, M. T. & Hendry, A. P. The relative influence of natural selection and geography on
gene flow in guppies. Mol. Ecol. 15, 49-62 (2006).

Liu, H. E et al. Genetic differentiation in eight populations of Leymus chinensis in Inner Mongolia Steppe. Acta Ecol. Sin. 24, 423-431
(2004).

Nybom, H. Comparison of different nuclear DNA markers for estimating intraspecific genetic diversity in plants. Mol. Ecol. 13,
1143-1155 (2004).

Corre, V. L. & Kremer, A. The genetic differentiation at quantitative trait loci under local adaptation. Mol. Ecol. 21, 1548-1566
(2012).

Zhang, W. D. et al. A preliminary study on self-incompatibility of Leymus chinensis. Acta Agrest. Sin. 10, 287-292 (2002).

Holt, R. D. & Gomulkiewicz, R. How does immigration influence local adaptation? A re-examination of a familiar paradigm. Am.
Nat. 149, 563-572 (1997).

Garant, D., Forde, S. E. & Hendry, A. P. The multifarious effects of dispersal and gene flow on contemporary adaptation. Funct. Ecol.
21, 434-443 (2007).

Whitlock, M. C. & Guillaume, E. Testing for spatially divergent selection: comparing Qg to Fsr. Genetics 183, 1055-1063 (2009).
Beltran, E., Valientebanuet, A. & Verdd, M. Trait divergence and indirect interactions allow facilitation of congeneric species. Ann.
Bot-london. 110(7), 1369-1376 (2012).

Doebeli, M. & Dieckmann, U. Speciation along environmental gradients. Nature 421, 259-264 (2003).

Pressoir, G. & Berthaud, J. Population structure and strong divergent selection shape phenotypic diversification in maize landraces.
Heredity 92, 95-101 (2004).

Leamy, L. J. et al. Large-scale adaptive divergence in Boechera fecunda, an endangered wild relative of Arabidopsis. Ecol. Evol. 4(16),
3175-3186 (2014).

Colautti, R. I., Maron, J. L. & Barrett, S. C. H. Common garden comparisons of native and introduced plant populations: latitudinal
clines can obscure evolutionary inferences. Evol. Appl. 2, 187-199 (2009).

Zhang, X. S. et al. A gradient analysis and prediction on the Northeast China Transect (NECT) for global change study. Acta. Bot.
Sin. 39, 785-799 (1997).

Barrs, H. & Weatherley, P. A re-examination of the relative turgidity technique for estimating water deficits in leaves. Aus. J. Biol. Sci.
15(3), 413-428 (1962).

Bates, L., Waldren, R. & Teare, L. Rapid determination of free proline for water-stress studies. Plant Soil 39, 205-207 (1973).

Ebell, L. E. Variation in total soluble sugars of conifer tissues with method of analysis. Phytochemistry 21, 227-233 (1969).
Bremner, J. M. & Mulvaney, C. S. Nitrogen total. In: PAGE AL. (ed.). Methods of soil analysis. Part 2. 2. ed. Madison, SSSA, 595-624
(1982).

Wellburn, A. R. & Lichtenthaler, H. K. Determination of total carotenoids and chlorophylls a and b of leaf extracts in different
solvents. Biochem. Soc. T. 11, 591-592 (1983).

Roder, M. S. et al. A microsatellite map of wheat. Genetics 149, 2007-2023 (1998).

Wu, X, Larson, S. R. & Hu, Z. Molecular genetic linkage maps for allotetraploid Leymus wildryes (Gramineae, Triticeae). Genome
46, 627-646 (2003).

Bushman, B. S., Larson, S. R. & Mott, I. W. Development and annotation of perennial Triticeae ESTs and SSR markers. Genome 51,
779-788 (2008).

SCIENTIFICREPORTS | 6:26288 | DOI: 10.1038/srep26288 9



www.nature.com/scientificreports/

53. Yuan, S., Guo, C. Y., Ma, L. N. & Wang, R. Z. Environmental conditions and genetic differentiation: what drives the divergence of
coexisting Leymus chinensis ecotypes in a large-scale longitudinal gradient? J. Plant Ecol, doi: 10.1093/jpe/rtv084 (2016).

54. IBM Corp. IBM SPSS Statistics for Windows. Version 20.0 Armonk, NY, IBM Corp (2011).

55. Mitchell, M., Holland & Parson, W. Genemarker " ; hid: a reliable software tool for the analysis of forensic str data. J. Forensic Sci.
56(1), 29-35 (2010).

56. Van Puyvelde, K., Van Geert, A. & Triest, L. ATETRA, a new software program to analyse tetraploid microsatellite data, comparison
with TETRA and TETRASAT. Mol. Ecol. Resour. 10, 331-334 (2010).

57. Felsenstein, J. Phylip (Phylogeny Inference Package) Version 3.6. Department of Genome Sciences, University of Washington,
Seattle, WA (2005).

58. Miller, M. P. Tools for Population Genetic Analyses (TFPGA), version 1.3. A Windows program for the analysis of allozyme and
molecular population genetic data and documentation distributed by the author (1997).

59. Pritchard, J. K., Stephens, M. & Donnelly, P. Inference of population structure using multilocus genotype data. Genetics 155, 945-959
(2000).

60. Excoffier, L. & Lischer, H. E. L. Arlequin suite ver 3.5, a new series of programs to perform population genetics analyses under Linux
and Windows. Mol. Ecol. Res. 10, 564-567 (2010).

61. Clark, L. V. & Jasieniuk, M. Polysat: an R package for polyploidy microsatellite analysis. Mol. Ecol. Resour. 11, 562-566 (2011).

62. Lynch, M. & Walsh, B. Genetics and Analysis of Quantitative Traits Sinauer Associates, Sunderland, MA (1998).

Acknowledgements

This research was supported by grants from National Scientific Foundation of China [31470404, 31070228
and 31272493]. We thank the help of National Meteorological Information Center of China Meteorological
Administration and WorldClim-Global Climate Data for the free climate data.

Author Contributions

R.Z.W. designed the study, organized wild sampling and helped to polish the manuscript. S.Y. conducted the
phenotypic and molecular experiments and wrote the main manuscript. L.N.M. performed soil experiments,
helped to data analysis and manuscript revision, C.Y.G. carried out the wild sampling and transplantation. All
authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Yuan, S. et al. What drivers phenotypic divergence in Leymus chinensis (Poaceae) on
large-scale gradient, climate or genetic differentiation? Sci. Rep. 6, 26288; doi: 10.1038/srep26288 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:26288 | DOI: 10.1038/srep26288 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	What drivers phenotypic divergence in Leymus chinensis (Poaceae) on large-scale gradient, climate or genetic differentiatio ...
	Results

	Demography and morphological phenotypes. 
	Physiological adjustments. 
	Molecular analysis. 
	QST–FST comparison. 

	Discussion

	Materials and Methods

	Study sites. 
	Demographical and morphological phenotypes. 
	Transplantation experiments. 
	Physiological phenotypes. 
	Microsatellite analysis. 
	Soil properties and climate data. 
	Statistical analyses. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Vegetative shoot height (a), stem node numbers (b) in wild sites and transplantation and their regressions with mean annual precipitation (MAP) (c,d) in L.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Physiological phenotypes of relative water content (RWC) (a), proline (b), soluble sugar (c), leaf nitrogen (d), chlorophyll (a +​ b) (e), and chlorophyll a/b (f) in wild sites and transplantation.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Clustering analyses of 15 microsatellite loci by neighbor-joining method and quantitative traits of L.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Quantitative differentiations in wild samplings (PST) and transplantation (QST).
	﻿Table 1﻿﻿. ﻿  Sample locations, vegetation types, climate and soil properties.
	﻿Table 2﻿﻿. ﻿  Hierarchical analyses of molecular variance (AMOVA) for 18 L.



 
    
       
          application/pdf
          
             
                What drivers phenotypic divergence in Leymus chinensis (Poaceae) on large-scale gradient, climate or genetic differentiation?
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26288
            
         
          
             
                Shan Yuan
                Linna Ma
                Chengyuan Guo
                Renzhong Wang
            
         
          doi:10.1038/srep26288
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep26288
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep26288
            
         
      
       
          
          
          
             
                doi:10.1038/srep26288
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26288
            
         
          
          
      
       
       
          True
      
   




