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Abstract
Subtropical soils are generally characterized by phosphorus (P), calcium (Ca) and magnesium (Mg) deficiency; extreme P-rich 
soils develop on phosphate rocks. How such contrasting geological-derived soils influence genetic diversity and structure of 
local plant populations have not been well documented, hindering our understanding of plant adaptive evolution in subtropi-
cal areas. In this study, we applied double digest restriction-site-associated DNA sequencing (ddRAD-seq) to investigate the 
genetic variation and differentiation of natural Quercus variabilis populations growing at geologically derived soil P-rich and 
P-deficient sites in subtropical China. Results showed that Q. variabilis populations had lower genetic diversity at P-rich sites 
than those at P-deficient sites, and genetic diversity was negatively correlated only with soil P content (p < 0.05) across these 
sites. The genetic variation mainly occurred within populations (95.76%) with a much smaller amount among populations 
(2.27%) and between the two P-type sites (1.97%). Moreover, significant genetic divergence (p < 0.0001) occurred between 
the two site-type populations. Among genes embedded in the selective sweep areas in genome for populations at P-rich sites 
and P-deficient sites, some were annotated as transcription factors, and some were involved in protein synthesis and deg-
radation, involved in regulatory responses to P availability and other environmental stresses. These results suggest that the 
availability of soil P could be a key selective force driving adaptive genetic differentiation among Q. variabilis populations 
across variable P content soils in subtropical areas.

Keywords Adaptation · DdRAD-seq · Genetic variation and differentiation · Phosphate rocks · Quercus variabilis · Soil P 
content

Introduction

Phosphorus (P) is an essential macronutrient, and effi-
cient acquisition of phosphate (Pi) is an important fac-
tor for plant growth and development (Raghothama and 
Karthikeyan 2005). Consequently, plants have evolved a 
wide range of morphological and molecular adaptations 
to increase remobilization, uptake and efficient use of Pi 
when availability is low (Raghothama and Karthikeyan 
2005). These adaptations require the plants to sense the 
level of Pi and change the expression of a number of genes 
accordingly (Müller et al. 2007). The induction of high 
affinity phosphate transporters and the secretion of acid 
phosphatase and organic acids contribute to the mobiliza-
tion and uptake of P from the rhizosphere (Wasaki et al. 
2003, 2006; Fang et al. 2009). Wu et al. (2003) and Ham-
mond et al. (2003) reported that the expression of vari-
ous genes in Arabidopsis, such as the bypass pathways of 
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carbon (C) metabolism and signal transduction, changes 
when plants are grown under low P conditions. Com-
prehensive examination of global gene expression in 
response to P deficiency revealed coordinated induction 
of 612 genes and suppression of 254 genes (Misson et al. 
2005). Moreover, the regulated genes were involved in a 
wide range of functional groups related to metabolism, ion 
transport, signal transduction, transcriptional regulation, 
and growth and development (Misson et al. 2005).

Subtropical ecosystems are typically characterized as hav-
ing P-, Ca- and Mg-deficient soils, while they are enriched 
with Fe and Al due to strong weathering and leaching under 
high temperatures and moisture levels (Walker and Syers 
1976; Tiessen 2008; Cleveland et al. 2011). This could 
result in the low P stoichiometry in plants (Han et al. 2005). 
Despite the low supply of P in soils, good plant function-
ality might be maintained due to P conservation and uti-
lization mechanisms in subtropical ecosystems (Vitousek 
1982; Attiwill and Adams 1993). In terms of ecology, plants 
might have evolved and formed ecotypic populations that 
are adapted to P-deficient habitats (Snaydon and Bradshaw 
1962; Silberbush et al. 1981; Yan et al. 1995; Xiao et al. 
2009). In the Central Yunnan Plateau, located in subtropical 
China, some P-rich sites formed on P-rich ores (Yan et al. 
2017), where soil resident P concentration is six-fold higher 
(> 1.2 mg  g−1) than those at P-deficient sites. The content 
of other chemical elements, such as N, S, Mg and Fe, is 
also significantly higher (Tao 2005; Yan et al. 2011; Zhou 
et al. 2015; Ji et al. 2017). At these P-rich sites, there were 
significantly P-rich based stoichiometry in plants (Xiao et al. 
2009; Zhou et al. 2015) and in herbivorous insects due to 
the up-cascading transfer of the effects of P-rich soils (Ji 
et al. 2017). This likely meant that there were several P-rich 
ecosystems distributed across P-limiting subtropics, which 
resulted in P-rich ecotype populations.

Many studies show that differences in micro-habitat, such 
as slope (Owuor et al. 1997), soil fertility (Huff et al. 1998) 
and elevation (Owuor et al. 1997), can influence population 
genetic diversity and genetic differentiation among popu-
lations. Cao et al. (2014) suggested that the adaptation of 
dominant plants in phosphorus-enriched areas to local heter-
ogeneous environments was characterized by certain genetic 
differentiation, and that edaphic factors, such as total nitro-
gen and available phosphorus, have had a significant impact 
on population differentiation of the dominant plants. Genetic 
differentiation is an important mechanism for the adaptation 
of biological populations to heterogeneous habitat condi-
tions (Linhart and Grant 1996). The nutrient and metabolite 
compositions of Quercus variabilis significantly differed at 
P-rich and P-deficient sites in central Yunnan, suggesting 
that Q. variabilis might have formed ecotypes adapted to 
different local soil P supply (Ji et al. 2019). However, it is 
unclear how the patterns of population genetic variation and 

genetic differentiation of woody plants are related to soil P 
content.

Several types of molecular markers have been used to 
investigate population genetic variation in tree species 
(Catchen et al. 2013a). The emergence of next-generation 
sequencing (NGS) technologies has revolutionized genetic 
studies, providing a framework for detecting genome-wide 
highly informative markers in natural populations, including 
both model and non-model species (Allendorf et al. 2010; 
Zhang et al. 2016). For example, restriction-site-associated 
DNA tags sequencing (RAD-seq) uses Illumina next-gen-
eration sequencing platform to simultaneously discover and 
score tens to hundreds of thousands of SNP markers in hun-
dreds of individuals (Miller et al. 2007; Etter et al. 2011). 
To date, RAD-seq approaches have been successfully used 
to identify SNPs of many species, such as temperate bam-
boo (Wang et al. 2013), American oak (Hipp et al. 2014) 
and threespine stickleback (Catchen et al. 2013a), opening 
the possibility for ecological, phylogenetic and population 
genetic studies at a genome-wide scale. RAD series mainly 
includes 2b-RAD (Wang et al. 2012), ddRAD (Peterson 
et al. 2012), and ezRAD (Toonen et al. 2013), of which, 
ddRAD can tune fragments number by employing two dif-
ferent enzymes and size selection, and the process of con-
structing a library is quite simple. Thus, ddRAD has become 
a more economical method to genotype thousands of indi-
viduals and has been proved to be suitable for population 
genetic and genomic studies in plants (Peterson et al. 2012; 
Yang et al. 2016). Selective sweep deals with the theory 
and practice of detection of recent adaptive evolution at the 
genomic level from the patterns of DNA polymorphism, 
and a selective sweep describes the reduction of diversity 
due to strong positive selection (Dmitry 2005). Therefore, 
in this study, the selective sweep method can be used to 
obtain possible selective site and candidate genes related to 
soil P variation.

The Central Yunnan Plateau of China is one of the richest 
phosphate rock regions in the world, resulting in many soil 
P-rich sites in subtropical areas where the soils are gener-
ally characterized by P, Ca and Mg deficiency (Zhou et al. 
2015). Q. variabilis is one pan-Eastern-Asian distributed 
deciduous oak with high ecological, economic and cultural 
importance (Chen et al. 2012). It is also the dominant tree 
species in the natural forest communities at both P-rich and 
P-deficient sites in the Central Yunnan Plateau (Chen et al. 
2012). Generally, genetic variation in Q. variabilis popula-
tions is high, with the majority of genetic variation within 
populations (Xu et al. 2004). Han (2004) reported that nitro-
gen, organic matters, soil thickness and rainfall played an 
important role in regulating genetic diversity of Q. variabilis 
populations. However, the distribution of Q. variabilis has 
greatly declined due to serious disturbances, such as cut-
ting, grazing and agricultural activity, which have left the 
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stands highly fragmented (Chen et al. 2012). In this study, 
we employ the ddRAD-seq approaches to investigate the 
level of genetic diversity and differentiation of Q. variabilis 
populations growing at contrasting phosphorous levels in 
subtropical areas. The aim of this study was to investigate 
the extent to which soil P variation influences the genetic 
structure and variation of Q. variabilis populations in P-defi-
cient subtropical areas.

Materials and methods

Study sites

The study area is in central Yunnan, subtropical China, 
where P-rich sites are surrounded by dominant P-deficient 
sites. P-rich sites (developed on P-rich phosphate rocks) (LT 
(Heilongtan), ZW (Zhiwuyuan), LKY (Linkeyuan) and AN 
(Anning)) are located near Kunming City where P-rich ores 
are distributed, and P-deficient sites (developed on non-
phosphate rocks) (QR (Qingrengu), JB (Jiuba), ZT (Zhong-
tunshuiku) and FL (Fulongcun)) are located near Chuxiong 
City (Fig. 1). The chemical compositions of phosphate 
rocks on P-rich sites (Tao 2005) and non-phosphate rocks 
on P-deficient sites (Shi et al. 2011) can be seen in Online 

Resource 1. Climate is similar between the two site types, 
with a mean annual temperature of 15.4 °C and mean annual 
precipitation of 936.5 mm. In the study area, Q. variabilis 
occur in pure or mixed stands with other tree species, such 
as Pinus yunnanensis French.

Sampling

Four Q. variabilis sampling locations were selected for each 
of the P-rich and P-deficient site types (Fig. 1). Within each 
natural Q. variabilis sampling location, about ten well-grow-
ing trees were selected (distance from each tree was at least 
30 m). Five of the youngest and well-developed leaves were 
collected from each tree and immediately frozen in situ in 
liquid nitrogen, and stored at −80° C pending analysis. Sur-
face soil cores (0–10 cm, 3 cm Ø) collected from each stand 
were air-dried and sieved through a 60 mesh sieve (0.25 mm 
diameter) for chemical analysis. In this study, a total of 80 
Q. variabilis individuals were used.

DdRAD sequencing

The DNA was extracted with a modified CTAB method 
(Doyle 1991). Library for ddRAD sequencing was prepared 
according to the double digest RAD-seq method described 

Fig. 1  The locations of sampling sites including 4 P-rich sites (LT, ZW, LKY and AN) and 4 P-deficient sites (QR, JB, ZT and FL) in Yunnan 
province. Circles represent P-deficient sites and triangles represent P-rich sites
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by Peterson et al. (2012). Briefly, for each individual 500 ng 
of genomic DNA was digested with HindIII and BfaI restric-
tion enzymes (New England Biolabs). Then, 22.5 μL of 0.5X 
and 13.5 μL of 0.3X VAHTS™ DNA Clean Beads were 
used to get rid of big and small fragments, respectively, and 
we aimed at selecting the 220–450 bp fragments. After frag-
ment selection, adapters, one with 7 bp barcode, were then 
ligated using Quick Ligase (NEB) in 50 μL reactions under 
room temperature. After ligation, purified adapter-ligated 
restriction fragments were used as templates of the PCR 
reaction. The PCR reactions (25 μL) contained: 5 μL of 5X 
Reaction buffer, 5 μL of 5X High GC enhancer, 2 μL of 
dNTP, 0.25 μL of Q5 polymerase, 1 μL of Index primer, 1 
μL of Universal primer, 1/2/4 μL of adapter-ligated DNA 
fragments and 9.75/8.75/6.75 μL of  ddH2O. The PCR 
profile was as follows: 98 °C-30 s, 14 cycles: 98 °C-15 s, 
65 °C-30 s, 72 °C-30 s and final extension 72 °C-5 min. The 
amplified samples were purified by 20 μL of 0.8X VAHTS™ 
DNA Clean Beads and followed quantification with ELISA 
and then were pooled, resulting in the library. The purified 
library was loaded on a 2.0% agarose gel for electrophores-
ing and we selected 350–600 bp gel as the target fragments. 
The library quality was detected by Agilent 2100 Bioana-
lyzer and concentration of the library was estimated by TBS-
380 Mini-Fluorometer, and then, the library was sent for 
Illumina HiSeq 2500 sequencing (paired end, 2 × 150 bp) at 
Shanghai Personal Biotechnology Corporation.

Raw Illumina data (raw reads) of Q. variabilis can be 
seen in Online Resource 2. FastQC (http:// www. bioin forma 
tics. babra ham. ac. uk/ proje cts/ fastqc/) was used to compute 
the per-base sequence quality. To avoid low-quality reads, 
data were filtered (Online Resource 3) according to the fol-
lowing criteria: (i) for paired raw sequencing reads, if the 
5′-end of read1 (front 6 bp) did not match the HindIII rec-
ognition site sequence (AAG CTT T) or if the 5′-end of read2 
(front 4 bp) did not match the BfaI recognition site sequence 
(CTAG), the reads were removed; (ii) adapter contamination 
of 3′-end of reads was removed by AdapterRemoval (version 
2) (Schubert et al. 2016); (iii) quality filtering was achieved 
by using a sliding window (average quality per base within 
5 bp windows met a minimum quality score of ≥ 20); (iv) 
paired raw sequencing reads were discarded when one of 
them was ≤ 50 bp in length.

Assembly of the reference genome

Due to the unavailability of the presently existing genomic 
information of the Q. variabilis, we specified one indi-
vidual from the sampled populations for de novo genome 
sequencing, assembly and annotation. Then, the resulted 
assemblage reference genome was used as a reference for 
downstream alignment and variant calling. Two paired-end 
(PE) libraries with 250 bp and 500 bp inserts, respectively, 

and one 8 kb large insert mate-pair (MP) library were con-
structed. These libraries were sequenced on an Illumina 
HiSeq 2500 system using 2 × 150 bp, paired-end settings. 
After quality control of raw reads, total bases generated 
were 32.9 Gb and 38.0 Gb for the 250 bp and 500 bp PE 
libraries, respectively, and 3.3 Gb for the 8 kb MP library. 
Sequence coverage was determined using an estimated 
genome size of 0.9 Gb. Sequencing depth was approxi-
mately 36.6 × and 42.2 × for the 250 bp and 500 bp PE 
libraries, respectively, and 3.7 × for the 8 kb MP library. 
The assembly was performed using the SPAdes software 
(version 3.9.0), and assembly metrics are detailed in 
Online Resource 4. The SPAdes assembly generated scaf-
folds totaling 837.0 Mb with an N content of 20.72%. The 
GC content of the scaffolds was 35.7%. The assembled 
genome contained 169,545 scaffolds greater than 1,000 bp. 
The longest scaffold generated was 355.2 kb. The scaffold 
N50 and N90 was 19.3 Kb and 7.0 Kb, respectively.

Then, completeness of the assembled genome was 
assessed using BUSCO software (version 3.0.2), based 
on a set of 1440 conserved genes of 30 species in plant 
database. BUSCOs were classified as complete (C), com-
plete and single-copy (S), complete and duplicated (D), 
fragmented (F) or missing (M). Assessment results of 
completeness of the assembled reference genome can be 
seen in Online Resource 5. In order to improve the accu-
racy of gene prediction, the following process was used 
to predict the gene model: (1) a combination of ab ini-
tio gene prediction methods with the software Augustus 
(version 3.03), glimmerHMM (version 3.0.1) and SNAP 
(version 2006-07-28) was used to obtain the ab initio pre-
diction results of gene models; (2) gene prediction results 
including ab initio prediction results, homologous predic-
tion results of related species and RNA-Seq prediction 
results were integrated in the software EvidenceModeler 
(EVM, version r2012-06-25) to predict all genes of the 
genome. The predicted results of the protein-coding genes 
in the assembled reference genome can be seen in Online 
Resource 6. The total gene number was 61,292 and average 
gene length was 2.1 Kb; average CDS (coding sequence) 
was 761.4 bp; average exon number per gene was 3.1 
and average exon length was 241.3 bp; average intron 
length was 605.1 bp. All predicted protein-coding genes 
were annotated compared with various databases. Gene 
ontology (GO) annotation was completed by Blast2GO 
software. Kyoto Encyclopedia of Genes and Genomes 
(KEGG) ortholog and Pathway annotation was mainly 
completed by KEGG’s automated annotation system and 
bidirectional best hit (BBH) method was used. The anno-
tation of protein-coding genes based on the GO database 
and KEGG database can be seen in Online Resource 7 and 
Online Resource 8.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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SNP calling

After generating a comprehensive reliable reference, all 
quality-filtered reads were then aligned to the de novo ref-
erence assembly using the BWA-MEM (Burrows–Wheeler 
aligner-maximum exact matches) algorithm [BWA (Bur-
rows-Wheeler Alignment tool); Li and Durbin (2009)] and 
outputted as SAM files. BAM (Binary Alignment/Map 
format) files were generated from SAM (Sequence Align-
ment/Map format) files using the SAMtools toolkit (Li et al. 
2009). The mapping ratios of sampled reads to the reference 
genome can be seen in Online Resource 9. Reads of all indi-
viduals were clustered with pstacks in Stacks software pack-
age (Catchen et al. 2013b) to obtain the number of loci. The 
major parameter m was set as 4. The loci number of each 
sample and the average sequencing depth of loci can be seen 
in Online Resource 10. Following the alignment, we per-
formed SNP calling by using the Stacks software package. 
Several quality controls were considered for SNP calling: 
(i) a catalog across all individuals was constructed allowing 
two mismatches between catalog loci (n 2); (ii) loci present 
in all eight populations and genotyped in at least 75% of the 
individuals of each population (populations p 8, r 0.75) was 
used; (iii) minor allele frequencies (MAF) was set as 0.05. 
In this study, a total of 458,310 SNPs were detected in all 
individuals, and SNPs counts for each individual can be seen 
in Online Resource 11.

Statistical analysis

DdRAD-seq data were analyzed with the population genet-
ics program Stacks. Population genetic statistics including 
observed heterozygosity, expected heterozygosity, number 
of haplotypes, haplotype diversity and nucleotide diversity 
were estimated, and the pairwise differentiation between 
populations (FST) also was estimated. Analysis of the molec-
ular variance (AMOVA) was implemented in Arlequin (ver-
sion 3.5.2.2) to measure the proportions of genetic variation 
within and among populations. The association between 
genetic distance (FST between populations) and geographic 
distance was assessed using Mantel’s test with 10,000 ran-
dom permutations implemented in the software package 
Vegan in R 3.2.0 (The R Foundation for Statistical Com-
puting, 2015). Correlation analysis was performed by using 
SigmaPlot 10.0 (Systat Software, Inc., 2006). Phylogenetic 
trees were constructed with the software MEGA (available 
from www. megas oftwa re. net) using neighbor-joining (NJ) 
with p-distance model. A total of 7495 homozygous SNP 
loci (SNPs with MAF value less than 0.05 were removed) 
were used. Bootstrap (1,000 repetitions) was performed to 
assess tree reliability. Principle component analysis (PCA) 
was performed based on all genotyped SNPs using GCTA 

(Genome-wide Complex Trait Analysis) (http:// cnsge nom-
ics. com/ softw are/ gcta/).

In order to obtain independent loci with linkage disequi-
librium, one SNP was selected for each tag, with a total of 
68,625 SNP loci obtained for analysis of population genetic 
structure. The extent of population structuring was examined 
using a Bayesian clustering method implemented in software 
Structure (https:// web. stanf ord. edu/ group/ pritc hardl ab/ struc 
ture. html) (Pritchard et al. 2000). The number of clusters (K) 
was set from 2 to 10, and each value of K was determined 
over 8 runs with an admixture model using a burn-in length 
of 100,000 iterations and 1,000,000 Markov Chain Monte 
Carlo (MCMC) iterations. The optimal value of K was deter-
mined by examination of the Evanno’s ΔK statistics (Evanno 
et al. 2005).

A sliding-window approach (20 kb windows sliding in 
1 kb steps) was applied to quantify polymorphism levels 
(θπ, pairwise nucleotide variation as a measure of variabil-
ity) and genetic differentiation (FST) between Q. variabilis 
populations at P-rich sites (PR) and at P-deficient sites (PD) 
(Li et al. 2013). To detect regions with significant signatures 
of selective sweep (Li et al. 2013), we considered the dis-
tribution of the θπ ratios (θπ, PR/θπ, PD) and FST values. We 
used an empirical procedure and selected windows simul-
taneously with significant low and high θπ ratios (the 5% 
left and right tails) and significant high FST values (the 5% 
right tail) of the empirical distribution as regions with strong 
selective sweep signals along the genome, which should har-
bor genes that underwent a selective sweep. Then, genes in 
regions with strong selective sweep signals were annotated 
using the GO and KEGG databases, and each gene was clas-
sified according to GO categories and the KEGG pathways 
and KEGG Brite function databases.

Results

Genetic diversity and genetic structure of Quercus 
variabilis populations at P‑rich and P‑deficient sites

Among all the populations, soil P content of the four popu-
lations (LT, ZW, LKY and AN) at P-rich sites was signifi-
cantly higher than that of the four populations (FL, ZT, QR 
and JB) at P-deficient sites; AN population had the high-
est soil P content, while JB and QR populations had much 
lower soil P content (Table 1). Genetic diversity (expected 
heterozygosity, nucleotide diversity and haplotype diversity) 
in the four Q. variabilis populations growing at P-rich sites 
was generally lower than those four Q. variabilis populations 
growing at P-deficient sites (Table 1). Among the eight Q. 
variabilis populations, AN population showed the lowest 
observed heterozygosity, expected heterozygosity, nucleo-
tide diversity and haplotype diversity, while JB and QR 

http://www.megasoftware.net
http://cnsgenomics.com/software/gcta/
http://cnsgenomics.com/software/gcta/
https://web.stanford.edu/group/pritchardlab/structure.html
https://web.stanford.edu/group/pritchardlab/structure.html
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populations showed the highest observed heterozygosity, 
expected heterozygosity, nucleotide diversity and haplotype 
diversity (Table 1). Among all the measured chemical ele-
ments present in the soil, only P’s concentration was sig-
nificantly and negatively related to the expected heterozygo-
sity, nucleotide diversity and haplotype diversity (p < 0.05) 
(Table 2; Online Resource 12).

Pairwise FST analyses indicated relatively low dif-
ferentiation for the eight Q. variabilis populations 
(FST = 0.028–0.073) (Wright 1978); the greatest genetic 
differentiation was detected between the AN and JB popu-
lations (FST = 0.073); while the LT and LKY populations 
showed the smallest pairwise FST (0.028) (Table 3). FST 
values indicated very low levels (FST < 0.05) of genetic 
differentiation among ZW, LT and LKY populations and 
between FL and all other populations and indicated certain 
levels (FST = 0.05–0.15) of genetic differentiation between 
JB or QR and the four Q. variabilis populations growing 
at P-rich sites (AN, ZW, LT and LKY). Moreover, certain 
levels of genetic differentiation also were detected between 
AN and ZW or LT population (Table 3). Applying Mantel’s 
test showed the significant positive relationship (r = 0.46, 
p < 0.001) between the genetic distance (FST) and geographi-
cal distance of Q. variabilis populations at P-rich and P-defi-
cient sites (Online Resource 13).

When geographical population was not considered, 
AMOVA was used to measure the proportions of genetic 
variation within and among two groups, one including indi-
viduals from sampling locations occurring on P-rich soils 
and the other including individuals from sampling locations 
occurring on P-deficient soils (Table 4). AMOVA revealed 
that the majority of genetic variation occurred within popu-
lations (97.5%) and that genetic variation among populations 
constituted 2.5%. Moreover, significant genetic divergence 
(p < 0.0001) was found between the two P-type groups 
(P-rich and P-deficient), although the degree of genetic dif-
ferentiation was rather low (FST = 0.025) (Table 4). When 
geographical population was taken into account, hierarchical 
AMOVA was used to measure the proportions of genetic 
variation within and among two groups, with one including 
individuals occurring at P-rich sampling locations separated 
by each of the four populations and another including indi-
viduals occurring at P-deficient sampling locations sepa-
rated by each of the four populations. Hierarchical AMOVA 
revealed that the majority of genetic variation occurred 
within populations (95.76%, p < 0.0001), and that genetic 
variation among populations constituted 2.27% (p < 0.05), 
among two P-type groups constituted 1.97% (p < 0.05) 
(Table 4).

Based on the filtered 7495 homozygous SNP loci among 
individuals, 80 phylogenetic trees of Q. variabilis indi-
viduals from eight populations were obtained by merging 
branches with bootstrap value less than 50 (Fig. 2). The Ta
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results showed that 80 individuals of Q. variabilis did not 
aggregate strictly according to the location of geographical 
populations, nor did they aggregate separately according 
to P-type of soil (-deficient vs -rich) (Fig. 2). There was a 
mixing phenomenon between individuals at P-deficient and 
P-rich sites. The four P-rich populations and FL population, 
occurring on a P-deficient sampling location, were basically 
mixed, but most individuals of JB, QR and ZT populations 
(all occurring on P-deficient sampling locations) were aggre-
gated. Genetic distances between almost all individuals in 
the 8 populations of Q. variabilis indicate clustering, and 

only some individuals of P-deficient populations JB and QR 
are more isolated from the others (Fig. 2).

Principle component analysis for 80 Q. variabilis indi-
viduals from the eight populations was performed based on 
all genotyped 458,310 SNPs. The plot of the first and second 
component accounted for 10.09% and 3.51% of the variation, 
respectively, giving a cumulative variation of 13.6% (Fig. 3). 
JB and QR appeared obviously differentiated from the other 
6 populations along the first principle component axis; AN 
was obviously distinguished from ZW and LT populations 
along the second principle component axis (Fig. 3).

Table 2  Pearson correlations 
of expected heterozygosity, 
nucleotide diversity and 
haplotype diversity for Quercus 
variabilis populations sampled 
at different field sites with 
concentrations of soil elements

Pearson correla-
tion

Expected heterozygosity Nucleotide diversity Haplotype diversity

r p r p r p

N −0.553 0.156 −0.554 0.154 −0.538 0.169
P −0.823 0.012 −0.807 0.015 −0.809 0.015
K 0.008 0.986 0.031 0.942 0.066 0.876
Ca −0.474 0.235 −0.469 0.241 −0.450 0.263
Mg −0.210 0.618 −0.204 0.629 −0.144 0.734
Fe −0.487 0.221 −0.487 0.221 −0.488 0.220
Mn −0.545 0.162 −0.547 0.160 −0.537 0.170
Zn −0.363 0.377 −0.351 0.394 −0.331 0.423
Cu −0.287 0.491 −0.287 0.491 −0.274 0.511
Al −0.702 0.052 −0.691 0.058 −0.689 0.059
Na −0.305 0.462 −0.304 0.465 −0.289 0.487

Table 3  Pairwise genetic 
differentiation between 8 
Quercus variabilis populations 
from P-rich and P-deficient sites 
in central Yunnan

ZT QR JB LT ZW LKY AN

FL 0.0335 0.0456 0.0480 0.0360 0.0391 0.0346 0.0450
ZT 0.0532 0.0581 0.0379 0.0401 0.0358 0.0487
QR 0.0407 0.0529 0.0556 0.0533 0.0649
JB 0.0584 0.0614 0.0582 0.0731
LT 0.0283 0.0280 0.0504
ZW 0.0305 0.0519
LKY 0.0479

Table 4  Results of AMOVA 
(analysis of molecular variance) 
with respect to Quercus 
variabilis populations within 
and among two groups, i.e., 
P-rich sites and P-deficient sites 
based on SNPs (with or without 
populations according to sites)

Source of variation df Sum of squares Variance components Percentage of 
variation (%)

p value

a. Without populations
Among groups 1 99.75 1.26285 2.5
Within groups 78 3840.4 49.2359 97.5
Total 79 3940.15 50.49875
FST 0.02501 0.00000
b. With populations
Among groups 1 99.75 0.99289 1.97 0.02639
Among populations 

within groups
6 358.6 1.14752 2.27 0.01662

Within populations 72 3481.8 48.35834 95.76 0.00000
Total 79 3940.15 50.49875
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Structure model clustering analysis based on the filtered 
68,625 SNPs was used for detection of genetic relationships 

among the eight Q. variabilis populations (Fig. 4). From 
K = 2 to K = 10, LKY, LT and ZW populations consistently 

Fig. 2  The neighbor-joining 
phylogenetic tree of 80 Quercus 
variabilis individuals in 8 popu-
lations from P-rich (LT, ZW, 
LKY and AN) and P-deficient 
(QR, JB, ZT and FL) sites in 
central Yunnan. Numbers are 
percentage values over 1000 
bootstrap replicates and only 
bootstrap values over 50% are 
shown

Fig. 3  Principle component 
analysis for 8 Quercus vari-
abilis populations based on all 
genotyped SNPs
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showed similar genetic composition proportion; ZT and 
FL also consistently showed similar genetic composition 
proportion; however, JB and QR populations showed simi-
lar genetic composition which differed considerably from 
other populations; and genetic composition of AN popu-
lation was consistently distinct from all other populations 
(Fig. 4). Moreover, according to the ΔK statistics, the most 
likely K value was 3 (Online Resource 14), which meant 
that the Q. variabilis populations were structured into three 
genetic clusters; one cluster was composed of AN popula-
tions, a second cluster involved JB and QR populations, and 

a third cluster involved LKY, LT, ZW, FL and ZT popula-
tions (Fig. 4).

Selection signal analysis of Quercus variabilis 
populations at P‑rich and P‑deficient sites

First, we grouped the four populations at P-rich sampling 
locations into a single population (PR) and grouped the four 
populations at P-deficient sampling locations into another 
population (PD). For the PR and PD populations, the selec-
tion signal analysis combined by FST and θπ ratios (θπ, PR/θπ, 
PD) showed that the threshold of regions with strong selec-
tive sweep signals along the genome was FST > 0.089 and 
θπ ≤ 0.497/θπ ≥ 1.254 (Fig. 5). Genomic regions with strong 
selective sweep signals in PR population were 888 Kb, or 
0.11% of the genome and containing 38 genes, and that in 
PD population were 234 Kb, or 0.03% of the genome and 
containing eight genes.

Gene ontology database analysis showed that genes in 
regions with strong selective sweep signals in PR popula-
tion were mainly involved in biological process and molecu-
lar function such as signal transduction, translation, phos-
phatase activity, DNA binding, structural molecule activity, 
kinase activity and so on (Table 5). GO analysis showed 
that genes contained in selected regions in PD population 
were mainly involved in biological process such as protein 
maturation, transport, small molecule metabolic process and 
so on (Table 5). KEGG analysis showed that genes contained 
in selected regions in PR population were mainly involved in 
metabolism and genetic information processing such as pro-
tein phosphatase and associated proteins, transcription fac-
tors and ubiquitin system (Table 6). KEGG analysis showed 
that genes contained in selected regions in PD population 
were involved in oxidative phosphorylation, pantothenate 
and CoA biosynthesis, terpenoid backbone biosynthesis and 
so on (Table 6).

Second, we found that the degree of genetic differen-
tiation among all the populations was the highest between 
the AN and JB populations, respectively, occurring at 
P-rich and P-deficient sampling locations, and the soil P 
content between the two populations was very different. 
Thus, we also selected AN and JB populations for selec-
tion signal analysis, and through the FST and θπ (θπ,AN/θπ, 
JB) testing, the threshold of regions with strong selective 
sweep signals along the genome was FST > 0.1919 and 
θπ ≤ 0.297/θπ ≥ 1.333 (Fig. 6). Genomic regions with strong 
selective sweep signals in AN population were 2.464 Mb, or 
0.29% of the genome and containing 91 genes, and that in 
JB population were 353 Kb, or 0.042% of the genome and 
containing 12 genes.

GO analysis showed that genes contained in selected 
regions in AN population were mainly involved in biologi-
cal process and molecular function such as small molecule 

Fig. 4  Structure clustering of 8 Quercus variabilis populations
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metabolic process, signal transduction, carbohydrate meta-
bolic process, transport, transferase activity, RNA binding, 
kinase activity and so on (Table 7). GO analysis showed 
that genes contained in selected regions in JB population 
were involved in biosynthetic process, DNA binding, and so 
on (Table 7). KEGG analysis showed that genes contained 
in selected regions in AN population were mainly involved 
in metabolism and genetic information processing such as 
lysine degradation, transcription factors, ubiquitin mediated 
proteolysis, ubiquitin system and so on (Table 8). KEGG 
analysis showed that genes contained in selected regions in 
JB population were involved in transcription factors, RNA 
transport, ubiquitin system and so on (Table 8).

Discussion

The present study is the first effort to characterize the effects 
of available P at geological P-rich and P-deficient sites on 
genetics of plants using deciduous Q. variabilis in subtropi-
cal areas, showing novel insights into how plants adapt to 
variable nutrient sites in subtropical areas.

Lower genetic diversity of Quercus variabilis 
populations at P‑rich sites

Our results showed that the haplotype diversity (Hd) 
of Q. variabilis across P-rich and P-deficient sites was 
0.533–0.765, suggesting that Q. variabilis populations had 
a high level of genetic diversity. These results were in agree-
ment with the previous studies. Chen et al. (2012) studied the 
genetic diversity and genetic structure of 528 samples from 
50 populations of Q. variabilis across East Asia (including 
Mainland China, Zhoushan Islands, Taiwan Island as well 
as Korean Peninsula and Japan Islands) (Hd = 0.888). Xu 
et al. (2004) showed average expected heterozygosity (He) 
of 0.8059 using SSR markers for five Q. variabilis popu-
lations in central China. In the present study, ddRAD-seq 
analysis showed 0.1042–0.1458 of He and 0.1147–0.1482 
of Ho (average observed heterozygosity) for 8 Q. variabilis 
populations across P variable content sites; these values are 
significantly lower than those measured using microsatellite 
markers (Xu et al. 2004; Wei 2015).

Furthermore, interestingly, our results showed that there 
was lower genetic diversity for Q. varaibilis populations at 
P-rich sites compared with those at P-deficient sites, and 
the genetic diversity was correlated with P, but not with 
other elements. It has been shown that genetic diversity 
is related to habitat complexity (Abeysinghe et al. 2000), 
rainfall (Jin et al. 1998), climate change (Pauls et al. 2013), 

Fig. 5  Genomic regions with 
strong selective sweep signals 
in PR and PD populations of 
Quercus variabilis. Horizontal 
axis and vertical axis indicated 
θπ ratio (θπ, PR∕θπ, PD) and FST, 
respectively. Data points located 
to the left and right of the left 
and right vertical dashed lines, 
respectively (corresponding to 
the 5% left and right tails of the 
empirical θπ ratio distribution, 
where the θπ ratios are 0.497 
and 1.254, respectively), and 
above the horizontal dashed 
line (the 5% right tail of the 
empirical FST distribution, 
where FST is 0.089) were identi-
fied as selected regions for PR 
populations (blue points) and 
PD populations (green points), 
respectively
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artificial disturbance (Farwig et al. 2008; Epps et al. 2010), 
slope direction (Jin et al. 1998) and soils (Li and Peng 
2001; Xu et al. 2003). Chen and Song (1997) found that 
the clonal diversity of Cyclobalanopsis glauca populations 
was negatively correlated with soil total nitrogen (N). Li 
and Peng (2001) found that the genetic diversity of Pinus 
massoniana population was negatively correlated with the 
total N content in soils. Xu et al. (2003) observed that for 
Reaumuria soongorica populations in Fuliang desert, Xin-
jiang, the genetic diversity was negatively correlated with 

total P and  Cl−1 content in the soils, and positively cor-
related with CO2−

3
 content. In our study, P content in soils 

of JB and QR populations which located in P-deficient 
site was much lower compared with other populations, 
while the genetic diversity level of JB and QR population 
was much higher. Therefore, this might be due to the fact 
that Q. variabilis used restrictive nutrients (e.g., P) in the 
soil more fully (Raghothama and Karthikeyan 2005; Vance 
et al. 2003; Hammond et al. 2004; Zhang et al. 2013).

Table 5  Annotation of genes 
contained in selected regions 
in PR and PD populations of 
Quercus variabilis on the basis 
of the GO database

GO ID Gene function Gene number Gene classification

PR population
GO:0000003 Reproduction 1 Biological_process
GO:0007165 Signal transduction 1
GO:0006412 Translation 1
GO:0009058 Biosynthetic process 2
GO:0034641 Cellular nitrogen compound metabolic process 2
GO:0006457 Protein folding 2
GO:0006464 Cellular protein modification process 3
GO:0005576 Extracellular region 1 Cellular_component
GO:0005886 Plasma membrane 1
GO:0005623 Cell 2
GO:0005737 Cytoplasm 2
GO:0005622 Intracellular 2
GO:0043226 Organelle 2
GO:0016853 Isomerase activity 1 Molecular_function
GO:0016791 Phosphatase activity 1
GO:0003677 DNA binding 1
GO:0019899 Enzyme binding 1
GO:0030234 Enzyme regulator activity 1
GO:0005198 Structural molecule activity 1
GO:0051082 Unfolded protein binding 1
GO:0016301 Kinase activity 2
GO:0043167 Ion binding 5
PD population
GO:0009056 Catabolic process 1 Biological_process
GO:0051186 Cofactor metabolic process 1
GO:0006091 Generation of precursor metabolites and energy 1
GO:0051604 Protein maturation 1
GO:0006950 Response to stress 1
GO:0006810 Transport 1
GO:0009058 Biosynthetic process 3
GO:0034641 Cellular nitrogen compound metabolic process 3
GO:0044281 Small molecule metabolic process 3
GO:0005623 Cell 1 Cellular_component
GO:0005622 Intracellular 1
GO:0004386 Helicase activity 1 Molecular_function
GO:0016301 Kinase activity 1
GO:0016491 Oxidoreductase activity 1
GO:0043167 Ion binding 2
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Moreover, the AN population was located in P-rich site 
developed from P-rich phosphorus ores, and the P content 
in soil was the highest compared with other populations, 
while the genetic diversity level of AN population was the 
lowest. This seemed consistent with other findings, such 
as the reduced level of genetic diversity of plants grown in 
metal-contaminated soils in mining areas (Mengoni et al. 
2001; Deng et al. 2007; Nkongolo et al. 2007). At the same 
time, it also indicated that Q. variabilis might be selected 
by the enrichment effect of geological P, which might 
affect the genetic structure of Q. variabilis populations.

Genetic structure and variation of Quercus variabilis 
populations across P‑deficient and P‑rich sites

It has been shown that there is higher genetic variation 
within populations rather than among populations for some 

oak species, e.g., Q. petraea (Bruschi et al. 2003), Q. macro-
carpa (Craft and Ashley 2007) and Q. aquifolioides (Cheng 
et al. 2017). Similar results were obtained on Q. variabilis 
and Q. acutissima populations by both the means of allelic 
enzyme markers (Chung et al. 2002; Zhou et al. 2008) and 
DNA molecular marker techniques (such as SSR, ISSR 
and AFLP) (Lefort et al. 1998; Xu et al. 2004; Wang et al. 
2005; Löpez-Aljorna et al. 2007). Consistent with the above 
results, our SNP marker study showed that the majority of 
genetic variation (95.76%) occurred within the eight Q. vari-
abilis populations.

At the genome level, the overall genetic differentiation 
among eight populations of Q. variabilis was low: the aver-
age FST value was 0.047 (ranging from 0.028 to 0.073). 
Based on the island model hypothesis of Wright (1931) 
(FST = 1/(1 + 4Nm)), for Q. variabilis populations in the pre-
sent study, the inter-population genetic flow (Nm, migration 

Table 6  Annotation of genes contained in selected regions in PR and PD populations of Quercus variabilis on the basis of the KEGG database

Gene definition Gene function Ko_ID Gene classification

PR population
tRNA dimethylallyltransferase Prenyltransferases ko01006 Protein families: metabolism
tRNA dimethylallyltransferase Zeatin biosynthesis ko00908 Metabolism of terpenoids and polyketides
Protein phosphatase inhibitor 2 Protein phosphatase and associated proteins ko01009 Protein families: metabolism
Homeobox-leucine zipper protein Transcription factors ko03000 Protein families: genetic information 

processing
Large subunit ribosomal protein L17e Ribosome ko03010 Translation
tRNA dimethylallyltransferase Transfer RNA biogenesis ko03016 Protein families: genetic information 

processing
Calnexin Chaperones and folding catalysts ko03110 Protein families: genetic information 

processing
Calnexin Protein processing in endoplasmic reticu-

lum
ko04141 Folding, sorting and degradation

Calnexin Membrane trafficking ko04131 Protein families: genetic information 
processing

E3 ubiquitin-protein ligase CCNP1IP1 Ubiquitin system ko04121 Protein families: genetic information 
processing

Protein phosphatase inhibitor 2 Chromosome and associated proteins ko03036 Protein families: genetic information 
processing

WD repeat-containing protein 48 DNA repair and recombination proteins ko03400 Protein families: genetic information 
processing

DNA cross-link repair 1B protein DNA repair and recombination proteins ko03400 Protein families: genetic information 
processing

Calnexin Lectins ko04091 Protein families: signaling and cellular 
processes

Calnexin Phagosome ko04145 Transport and catabolism
PD population
NADH-ubiquinone oxidoreductase chain 5 Oxidative phosphorylation ko00190 Energy metabolism
Type II pantothenate kinase Pantothenate and CoA biosynthesis ko00770 Metabolism of cofactors and vitamins
STE24 endopeptidase Terpenoid backbone biosynthesis ko00900 Metabolism of terpenoids and polyketides
STE24 endopeptidase Peptidases ko01002 Protein families: metabolism
NADH-ubiquinone oxidoreductase chain 5 Mitochondrial biogenesis ko03029 Protein families: genetic information 

processing
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number per generation) was 5.089 (ranging from 3.170 to 
8.679), which was similar in size to the general wind-pol-
linated plant gene flow (Nm = 5.24) (Hamrick et al. 1995). 
Although estimating Nm from FST should be carefully con-
sidered (Whitlock and Mccauley 1999), our calculation only 
shows that the migration rate between populations of Q. var-
iabilis is higher than one effective migration per generation, 
and gene exchange is frequent. With the biological features 
of Q. variabilis, such as wide continuous distribution, long 
generation cycle, outcrossing, wind pollination and peren-
nial woody plants (Hamrick and Godt 1989; Hamrick et al. 
1992), as well as the frequent gene exchange among popula-
tions due to smaller pollen and longer transmission distance, 
may be the reason for the high genetic diversity and low 
genetic differentiation of Q. variabilis (Xu 2002).

Although the degree of inter-population differentiation 
of Q. variabilis was low, the analysis of molecular variance 
showed that the inter-population differentiation was signifi-
cant, and the inter-population differentiation between P-rich 
and P-deficient sites was also significant. Mantel test showed 
that the genetic variation between Q. variabilis populations 
might be caused by geographical isolation, and there was a 

geographical isolation effect between populations. The clus-
ter analysis of NJ phylogenetic tree, principal component 
analysis and genetic structure model based on SNP mark-
ers showed that eight populations of Q. variabilis could be 
divided into three clusters, one group of AN population, 
one group of JB and QR population, and one group of FL, 
ZT, LKY, LT and ZW population. According to Pairwise 
FST statistics of Wright (1978), the same results were found. 
The genetic divergence among the three clusters was large, 
but the genetic divergence within each cluster was small. 
Therefore, the population of Q. variabilis does not seem 
to be clustered strictly according to geographical location.

Moreover, in our study, the soil P content of AN popu-
lation at P-rich site was the highest, while that of QR and 
JB population in P-deficient site was the lowest (Table 1). 
The soil P content of FL, ZT, LKY, LT and ZW popula-
tions was in the middle (Table 1). Therefore, the popula-
tions of Q. variabilis seemed to cluster into three clusters 
strictly according to the difference of soil P content, and the 
genetic differentiation level among the site populations with 
the greatest difference of soil P content was also the high-
est (Table 3). The difference of soil P content might be an 

Fig. 6  Genomic regions with 
strong selective sweep signals 
in AN and JB populations of 
Quercus variabilis. Horizontal 
axis and vertical axis indicated 
θπ ratio (θπ, AN∕θπ, JB) and FST, 
respectively. Data points located 
to the left and right of the left 
and right vertical dashed lines, 
respectively (corresponding to 
the 5% left and right tails of the 
empirical θπ ratio distribution, 
where the θπ ratios are 0.297 
and 1.333, respectively), and 
above the horizontal dashed 
line (the 5% right tail of the 
empirical FST distribution, 
where FST is 0.1919) were 
identified as selected regions for 
AN populations (red points) and 
JB populations (green points), 
respectively
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important factor in shaping the genetic structure of Q. vari-
abilis population, and this might be related to the adaptive 
selection of Q. variabilis to P-rich and P-deficient habitats. 
In addition, the principal component analysis of Q. variabi-
lis population also showed that soil P content was closely 
related to the genetic structure of Q. variabilis population.

Han (2004) reported that nitrogen, organic matters, soil 
thickness and rainfall played an important role in regulat-
ing genetic diversity of Q. variabilis populations. Artificial 
addition experiments also showed the effects of element 
enrichment on the genetic structure of population. Huff et al. 
(1998) found that fertilization had a significant effect on the 
genetic differentiation of little bluestem populations. Deng 
et al. (2007) also considered that metal pollution seemed 
to have a stronger effect on the genetic structure of Sedum 
alfredii populations than geographical distance. The plants 

growing in serpentine-developed soils (Brady et al. 2005), 
saline soils (Lowry et al. 2008; Baxter et al. 2010) and 
mine-affected soils (Macnair 1993) have formed a variety of 
life-history characteristics clines that are driven by genetic 
variation. Therefore, although there was geographic isola-
tion effect, the genetic structure of Q. variabilis populations 
might show a certain spatial differentiation pattern along the 
P gradient in soils. Some studies suggested that the genetic 
basis and breeding system of plants themselves influenced 
the genetic structure of their populations, but natural selec-
tion, genetic drift and gene flow also affected the genetic 
structure of plant populations (Peterson et al. 2013). There-
fore, habitat-based genetic differentiation, distance isolation 
and reproductive characteristics of Q. variabilis populations 
might together shape the genetic structure of Q. variabilis 
populations.

Table 7  Annotation of genes 
contained in selected regions 
in AN and JB populations of 
Quercus variabilis on the basis 
of the GO database

GO ID Gene function Gene number Gene classification

AN population
GO:0009056 Catabolic process 1 Biological_process
GO:0051276 Chromosome organization 1
GO:0051604 Protein maturation 1
GO:0044281 Small molecule metabolic process 1
GO:0034641 Cellular nitrogen compound metabolic process 2
GO:0007165 Signal transduction 2
GO:0009058 Biosynthetic process 3
GO:0005975 Carbohydrate metabolic process 3
GO:0006810 Transport 3
GO:0006464 Cellular protein modification process 4

GO:0005654 Nucleoplasm 1 Cellular_component
GO:0043234 Protein complex 1
GO:0005623 Cell 3
GO:0005622 Intracellular 3
GO:0043226 Organelle 3

GO:0016798 Hydrolase activity, acting on glycosyl bonds 1 Molecular_function
GO:0016829 Lyase activity 1
GO:0008168 Methyltransferase activity 1
GO:0001071 Nucleic acid binding transcription factor activity 1
GO:0016746 Transferase activity, transferring acyl groups 1
GO:0016757 Transferase activity, transferring glycosyl groups 1
GO:0003723 RNA binding 1
GO:0016301 Kinase activity 3
GO:0016491 Oxidoreductase activity 4
GO:0003677 DNA binding 7
GO:0043167 Ion binding 7
JB population
GO:0009058 Biosynthetic process 1 Biological_process
GO:0034641 Cellular nitrogen compound metabolic process 1

GO:0001071 Nucleic acid binding transcription factor activity 1 Molecular_function
GO:0003677 DNA binding 2
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Population selection signals of Quercus variabilis 
at P‑rich and P‑deficient sites

Our results clearly showed that the size of selective sweep 
areas in the genome of PR population was more than three 
times larger than that of PD population. Meanwhile, the size 
of selective sweep areas in the genome of AN population 
was almost seven times larger than that of JB population. 
Compared with the typical P-deficient Q. variabilis pop-
ulations in subtropical zone which are subjected to natu-
ral selection, the P-rich AN population with the highest P 
content in soil might also be artificially selected by factors 
such as phosphate mining; therefore, it seemed that artifi-
cial selection was more powerful than natural selection in 
shaping the genome of Q. variabilis, and this seemed to be 

consistent with the previous results, for instance, nucleotide 
diversity of P-rich AN population (0.1102) was significantly 
lower than the P-deficient JB population (0.1576) (Table 1).

According to GO gene function annotation, there were 
obvious differences in the selective sweep areas in the 
genome between PR and PD populations, and this was true 
for differences between AN and JB populations. Compared 
with the PD population, the genes in the selective sweep 
areas of PR population involve phosphatase activity, which 
was related to P activation and the separation of Pi from 
P-containing compounds (Müller et al. 2007). Moreover, 
the functions of the genes induced in the selective sweep 
areas of PR population were similar to the functions of 
the genes expressed in Arabidopsis leaves in response to 
carbohydrates sufficient, especially P sufficient (Müller 

Table 8  Annotation of genes contained in selected regions in AN and JB populations of Quercus variabilis on the basis of the KEGG database

Gene definition Gene function Ko_ID Gene classification

AN population
Omega-hydroxypalmitate O-feruloyltransferase Cutin, suberine and wax biosynthesis Ko00073 Lipid metabolism
Sphinganine-1-phosphate aldolase Sphingolipid metabolism Ko00600 Lipid metabolism
Euchromatic histone-lysine N-methyltransferase Lysine degradation Ko00310 Amino acid metabolism
Histone-lysine N-methyltransferase SETD2 Lysine degradation Ko00310 Amino acid metabolism
Cytochrome P450 family 714 subfamily A polypeptide 1 Cytochrome P450 Ko00199 Protein families: metabolism
Transcriptional activator Myb Transcription factors Ko03000 Protein families:

genetic information processing
EREBP-like factor Transcription factors Ko03000 Protein families:

genetic information processing
Translation initiation factor 4G RNA transport Ko03013 Translation
Translation initiation factor 4G Messenger RNA biogenesis Ko03019 Protein families:

genetic information processing
Translation initiation factor 4G Translation factors Ko03012 Protein families:

genetic information processing
Ubiquitin-conjugating enzyme E2 N Ubiquitin mediated proteolysis Ko04120 Folding, sorting and degradation
Ubiquitin-conjugating enzyme E2 N Ubiquitin system Ko04121 Protein families:

genetic information processing
Euchromatic histone-lysine N-methyltransferase Chromosome and associated proteins Ko03036 Protein families:

genetic information processing
Histone-lysine N-methyltransferase SETD2 Chromosome and associated proteins Ko03036 Protein families:

genetic information processing
Ubiquitin-conjugating enzyme E2 N DNA repair and recombination proteins Ko03400 Protein families:

genetic information processing
JB population
Homeobox-leucine zipper protein Transcription factors Ko03000 Protein families:

genetic information processing
Small ubiquitin-related modifier RNA transport Ko03013 Translation
Small ubiquitin-related modifier Messenger RNA biogenesis Ko03019 Protein families:

genetic information processing
Small ubiquitin-related modifier Mitochondrial biogenesis Ko03029 Protein families:

genetic information processing
Small ubiquitin-related modifier Ubiquitin system Ko04121 Protein families:

genetic information processing
Small ubiquitin-related modifier Cytoskeleton proteins Ko04812 Protein families:

signaling and cellular processes
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et al. 2007). The genes in the selective sweep areas of PR 
population also involved structural and molecular activi-
ties. Compared with JB population, genes in the selective 
sweep areas of AN population involved kinase, hydrolase, 
transferase and reductase activity, signal transduction, 
transport and carbohydrate metabolism, which were con-
sistent with the functions of significant genes involved in 
P stress response regulation in Müller et al. (2007) and 
Hammond et al. (2011). Therefore, P-rich site populations 
might be selected by P content in P-rich site soils, form-
ing the functional characteristics of genes related to the 
adaptation of P content in soils.

Many studies have shown that a series of transcription 
factors (TF) play a role in regulating plant response to 
environmental stress. For instance, the expression of tran-
scription factors in Arabidopsis thaliana had tissue speci-
ficity (Chen et al. 2002), and the expression of transcrip-
tion factors was induced in leaves of A. thaliana under P 
stress (Müller et al. 2007). Wu et al. (2003) found that seven 
homeobox genes were regulated in P-stressed leaves of A. 
thaliana (5 were induced and 2 were inhibited), of which the 
homeobox-leucine zipper protein HAT5 was significantly 
regulated, and four AP2/EREBP transcription factors were 
induced in P-stressed leaves. In addition, many EREBP and 
homeobox-leucine zipper protein transcription factors also 
responded to other environmental stresses (Dezar et al. 2005; 
Zhu et al. 2010). Many transcription factors belong to MYB 
family. MYB transcription factor genes were induced by 
different abiotic stresses (Chen et al. 2002), including low 
P stress (Müller et al. 2007). Wu et al. (2003) also found 
that Arabidopsis MYB-related protein CCA1 gene was sig-
nificantly induced 24 h under low Pi stress. We found that 
both P-rich and P-deficient site populations contained tran-
scription factors (e.g., EREBP and homeobox-leucine zipper 
protein transcription factors) in the selective sweep areas. 
Therefore, these genes might be related to the response of 
Q. variabilis to P availability or other stress factors in P-rich 
and P-deficient site soils.

Wu et al. (2003) and Qin et al. (2011) found that a con-
siderable portion of plant regulatory genes responding to Pi 
stress showed distinct or even opposite expressions between 
roots and leaves. Based on the leaves of Q. variabilis, we 
found that the genes in the selective sweep areas of P-rich 
and P-deficient site populations also involved in protein syn-
thesis and degradation. Morcuende et al. (2007) found that 
some potential regulatory genes responded to P availability 
had predictive functions of post-translational protein modi-
fication (e.g., protein kinase and phosphatase) and protein 
degradation (e.g., E3 ligase). For example, two tyrosine-
specific protein phosphatase transcripts increased strongly 
during P deficiency and decreased significantly after 3 h of 
P resupply; four genes encoding E3 ubiquitin ligase-cyclic 
finger protein were induced and two were inhibited during 

P stress; and two E3 ubiquitin ligase U-box genes showed 
6–10 times higher signal under P stress, and reversed rap-
idly after P resupply (Morcuende et al. 2007). Müller et al. 
(2007) also found that genes encoding tyrosine-specific pro-
tein phosphatase family proteins were induced by P stress. In 
our study, the genes in the selective sweep areas of PR popu-
lation involved protein phosphatase and E3 ubiquitin-protein 
ligase, which might be related to the regulation of Q. vari-
abilis in responding to P availability. In addition, similar to 
Müller et al. (2007), ribosomal protein genes were included 
in the selective sweep areas of PR population, which might 
be related to plant growth and development under P-rich 
nutrient conditions.

UBC encodes an ubiquitin-binding enzyme, which plays 
a role in the ubiquitination of proteins. UBC24-encoded 
ubiquitin-binding enzyme E2 has been proved to be the 
target gene of microRNA 399 (Kuo and Chiou 2011). The 
expression of microRNA399 was negatively correlated with 
UBC24. MicroRNA399 was induced by P starvation, and 
the expression of E2 binding enzyme gene UBC24 was 
inhibited, which promoted the expression of P transporter 
and promoted P uptake. Under P-sufficient conditions, the 
expression of microRNA399 decreased sharply, but UBC24 
was highly abundant, which inhibited the expression of P 
transporter, thus avoiding P poisoning in plants (Chiou 
et al. 2006; Kuo and Chiou 2011). It has been observed that 
Fe deficiency response is mediated by ubiquitin-binding 
enzyme E2. For example, heterotopic expression of cucum-
ber UBC13 gene in Arabidopsis thaliana resulted in the for-
mation of lateral root hairs responded to Fe (Li and Schmidt 
2010). Therefore, the genes in the selective sweep areas of 
AN population include E2 ubiquitin-binding enzyme gene, 
which may be related to the adaptation of Q. variabilis in 
AN population to nutrient availability (e.g., P or Fe). In Wu 
et al. (2003), a key cytoplasmic translation initiation factor, 
eIF2, which is related to protein synthesis, was down-regu-
lated during Pi stress, suggesting that the mechanism of pro-
tein synthesis under Pi stress is usually inhibited. Therefore, 
the regulation of protein synthesis genes may be related to 
the adaptation of Q. variabilis to P-rich habitats.

Peptide modification has been proved to be a broad 
mechanism of biochemical pathways in plants and animals. 
Small ubiquitin-related modifier (SUMO) is an important 
member of the ubiquitin family (Kerscher et al. 2006). It 
has different effects compared with ubiquitination (Johnson 
2004). SIZ1 is a SUMO E3 ligase in Arabidopsis thaliana. 
SIZ1 has been proved to be a key factor in regulating Pi 
stress response, and also involved in other stress responses 
(Miura et al. 2005, 2013; Colby et al. 2006; Yoo et al. 2006). 
Therefore, compared with AN population, the genes in the 
selective sweep areas of JB population include small ubiqui-
tin-related modifier genes, which may be related to P stress 
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and other stress adaptation of Q. variabilis in JB population. 
Morcuende et al. (2007) found that most of the major amino 
acid contents of Arabidopsis seedlings remained unchanged 
or slightly increased under P deficiency. After 8 h of P resup-
ply, some amino acid contents decreased, such as lysine, 
even lower than that of P-sufficient seedlings. The genes in 
the selective sweep areas of AN population involved lysine 
degradation function, so lysine content in leaves of Q. varia-
bilis in P-rich sites may also be lower than that in P-deficient 
sites. Cytochrome P450 superfamily is the largest family of 
enzymes and proteins in plants. It closely participates in the 
regulation of plant hormone metabolism and directly acts on 
plant growth and development. Cytochrome P450 in some 
plants is involved in the pathway of gibberellin metabolism, 
such as CYP88A and CYP714A (Zhang et al. 2011; Jun 
et al. 2015). At the same time, some studies have found that 
Pi availability affects the expression of cytochrome P450-
related genes (Misson et  al. 2005; Wasaki et  al. 2006). 
Compared with the JB population, the genes in the selective 
sweep areas of AN population include CYP714A1, suggest-
ing that under P-rich conditions, the effect of gibberellin 
metabolic pathway may have a functional impact on the sur-
vival of Q. variabilis in AN population.

Conclusions

We examined the genetic characteristics of Q. variablis 
populations at P-rich and P-deficient sites, to demonstrate 
how plants have adapted to geological-derived variable P 
soils in subtropical areas. First, Q. variabilis populations 
had the high genetic diversity across geological-derived 
variable P sites, but the genetic diversity was higher for 
the populations at P-deficient sites compared with those 
at P-rich sites. Furthermore, the level of genetic diversity 
was only negatively correlated with soil P content. The 
degree of genetic differentiation is lower among Q. vari-
abilis populations compared with that among individuals 
within the population, indicating that the gene exchange 
between populations of Q. variabilis is frequent. Second, 
Q. variabilis populations could be divided into three clus-
ters according to soil P content at sites, and the genetic dif-
ferentiation degree was the greatest between Q. variabilis 
populations at the richest P sites and the most deficient 
P sites. Third, there are differences in gene functions in 
the selective sweep areas between P-rich and P-deficient 
sites. Of genes in the selective sweep areas, some candi-
date genes involved transcription factors, protein synthesis 
and degradation, and might play a predominant role in 
regulating P availability and other stress factors of Q. vari-
abilis. These results indicate that the availability of P in 

soils could be a key selection pressure leading to adaptive 
genetic differentiation among Q. variabilis populations.
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