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How to survive in the world’s
third poplar: Insights from the
genome of the highest altitude
woody plant, Hippophae
tibetana (Elaeagnaceae)
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and La Qiong1,4*

1Tibet University-Fudan University Joint Laboratory for Biodiversity and Global Change, School of
Life Sciences, Fudan University, Shanghai, China, 2Key Laboratory for Biodiversity Science and
Ecological Engineering, Institute of Biodiversity Science, School of Life Sciences, Fudan University,
Shanghai, China, 3BGI-Shenzhen, Shenzhen, China, 4Research Center for Ecology, College of
Science, Tibet University, Lhasa, China
Hippophae tibetana (Tibetan sea-buckthorn) is one of the highest distributed

woody plants in the world (3,000-5,200 meters a.s.l.). It is characterized by

adaptation to extreme environment and important economic values. Here, we

combined PacBio Hifi platform and Hi-C technology to assemble a 1,452.75 Mb

genome encoding 33,367 genes with a Contig N50 of 74.31 Mb, and inferred its

sexual chromosome. Two Hippophae-specific whole-genome duplication

events (18.7-21.2 million years ago, Ma; 28.6-32.4 Ma) and long terminal

repeats retroelements (LTR-RTs) amplifications were detected. Comparing

with related species at lower altitude, Ziziphus jujuba (<1, 700 meters a.s.l.),

H. tibetana had some significantly rapid evolving genes involved in adaptation

to high altitude habitats. However, comparing withHippophae rhamnoides (<3,

700 meters a.s.l.), no rapid evolving genes were found except microtubule and

microtubule-based process genes, H. tibetana has a larger genome, with extra

2, 503 genes (7.5%) and extra 680.46 Mb transposable elements (TEs) (46.84%).

These results suggest that the changes in the copy number and regulatory

pattern of genes play a more important role for H. tibetana adapting to more

extreme and variable environments at higher altitude by more TEs and more

genes increasing genome variability and expression plasticity. This suggestion

was supported by two findings: nitrogen-fixing genes of H. tibetana having

more copies, and intact TEs being significantly closer genes than fragmentary

TEs. This study provided new insights into the evolution of alpine plants.

KEYWORDS

genome sequencing, Hippophae tibetana, whole-genome duplication, high-altitude
adaptation, complete genome
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Introduction

The Qinghai-Tibet Plateau (QTP) is one of the most extreme

regions in the world, but it is also one of the regions with the

highest biodiversity (Myers et al., 2000; Sun, 2002; Wen et al.,

2014). For nearly 20 years, it has become a hot spot in the study

of adaptive evolution (Favre et al., 2015; Yang et al., 2019; Zhang

et al., 2019). Since 50 Ma (million years ago), this area has

undergone long-term and huge geological changes, forming the

highest and largest plateau in the world, with an average

elevation of more than 4,000 meters (Royden et al., 2008;

Deng and Ding, 2015). Especially, since the Quaternary, the

QTP and its surrounding areas have been directly affected by

drastic geology and climate changes (An et al., 2011; Liu and

Dong, 2013; Li et al., 2015; Ren et al., 2018). Although its habitat

is extreme and special, many unique taxa (Rhodiola,

Rhododendron, Berberis, Pedicularis, Hippophae, etc) have

evolved in the special environment. Organisms growing in the

QTP undergo multiple evolutionary pressures than low-altitude

species, including low temperature and oxygen, poor soils, and

strong ultraviolet (UV) radiation (Sun, 1996). How plants adapt

to extreme habitats at high altitudes has always been a

fascinating and challenging problem.

With the development of high-throughput sequencing

technology, some studies have tried to uncover the adaptation

mechanism of plants to high-altitude habitats on the basis of the

genome. Previous studies revealed some candidate genes related to

high-altitude adaptation, as well as specific whole-genome

duplication events (Zhang et al., 2016; Yang et al., 2020), LTR

retrotransposons proliferation (Zhang et al., 2019; Geng et al., 2021;

Feng et al., 2022), expanding gene families associated with DNA

damage repair (Chen et al., 2019; Wang et al., 2021) and mutation

of the flowering protein locus (Geng et al., 2021), which may

contribute to the high-altitude environment adaption.

However, complete genomes of woody plants are rarely

sequenced and published, especially for those at altitudes

above 4,000 meters. In addition, existing studies mainly

focused on the discovery of the adaptive evolution of specific

genes in response to extreme ecological factors (genes involved

in altitude adaptation: hypoxia response, eg: PKLR, SRF; DNA

damage repair, eg: DRT102, TFB1; UV-B tolerance, eg: SCC3,

XRCC4; abiotic stress resistance, eg: Hsp70, MYB; reproduction

pathways and cold tolerance, eg: FmHd3a, FmFT) (Zhang et al.,

2016; Geng et al., 2021; Mao et al., 2021). Although the role of

WGD and the proliferation of TE have also been concerned, how

they drive organisms to adapt to higher habitats remains unclear.

Especially, whether woody plants at higher altitudes have similar

or other adaptive mechanisms needs more works.

The genus Hippophae (Elaeagnaceae), commonly known as

sea-buckthorn, consists of dioecious shrubby or woody species

which are typical alpine plants mainly distributed in the

Qinghai-Tibet Plateau (Lian et al., 1998). Due to its high

drought-tolerance and wind-sand-tolerance, Hippophae species
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are wide ly used for so i l /water conserva t ion and

phytoremediation of mining wasteland. As an important

resource plant, large amounts of Hippophae plants are planted

in northwestern China for desert greening and food ingredients

(Lu et al., 2008). As one species of Hippophae, H. tibetana is a

pioneer plant that can live in extreme habitats owing to a

remarkable adaptability to cold, drought, extremely low

supplies of nitrogen, and powerful UV-B ultraviolet light stress

(280-315 nm; Körner, 2003), and is also one of woody plants

grown at highest altitude in the world (Figures 1A, B), reaching

to ~3,000-5,200 meters above sea level (a.s.l .). The

morphological characteristics and high altitude habitat of H.

tibetana are illustrated in Figures 1A, B. Nowadays, the genome

of Hippophae rhamnoides, a relative of H. tibetana, has been

published (Wu et al., 2022; Yu et al., 2022), H. rhamnoides is a

regular or small tree distributed at lower altitude ranged from

490-3,700 meters a.s.l. (Huang and Yu, 2006). It is possible to

reveal how plants adapt to more extreme habitats at higher

altitude by comparing the genomes of the two species. In this

study, we sequenced and assembled a high-quality genome of H.

tibetana, and performed a detailed analysis of the genome

evolution. The results could provide insights into evolution of

the alpine plants.
Materials and methods

Sample collection

One wild H. tibetana individual used for de novo assembly

was collected from Ganzi Tibetan Autonomous Prefecture,

Sichuan Province, China (N 100.1056, E 29.1806). Total

genomic DNA was isolated from the fresh leaves using the

modified cetyltrimethylammonium bromide (CTAB) method

(Doyle and Doyle, 1987), then dissolved in 50 mL of sterilized

water and kept at –30°C. Young leaves were collected from

another individual seedlings from the same population for Hi-C

sequencing. For RNA sequencing, seeds of the same plant used

for genome assembly were selected and cultured. After 4 weeks

of growth, young leaves, stems and roots were collected. All

samples were rinsed with Milli-Q water and immediately stored

in liquid nitrogen.
Library construction and sequencing

A 250 bp short insert libraries was constructed and sequenced

in 150 bp paired-end mode on the MGISEQ-2000 platform. The

adapters and low-quality reads (reads with N bases more than 1%

and the number of bases with Q-score ≤20 more than 10%) in raw

data were removed using SOAPnuke 1.5.6 software (Chen et al.,

2018) with the parameters set as follows: -n 0.01, -l 20, -q 0.1, -i, -Q

2, -G, -M 2, -A 0.5, -d. After filtration, 98.05 Gb high-quality data
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were retained, representing 68.47× genome coverage. Three 20 kb

insert circular consensus sequencing (CCS) libraries were

constructed and sequenced using a PacBio Sequal II platform for

HiFi (high-fidelity) sequencing. The Hi-C library was constructed

according to a published protocol (Durand et al., 2016). In brief, 2 g

of young leaves was cross-linked in situ in 1% formaldehyde

solution. Chromatin was extracted and digested with MboI (New

England Biolabs), and the DNA ends were labeled, biotinylated,

diluted, and randomly ligated. The DNA fragments were enriched

and quality-checked to ensure that they were suitable for library

preparation. Three sequencing libraries were constructed and

sequenced on the MGISEQ-2000 platform in 150 bp paired-end

mode. Transcriptome sequences were generated from a pool of

mixed tissues including roots, stems and spear leaves. Raw

polymerase reads were produced by PacBio Sequel platform, and

then processed by IsoSeq technology through SMRT method

(https://www.pacb.com/smrt-science/smrt-sequencing/) to obtain

full-length non-chimeric reads.
Genome assembly

Before de novo assembly, Jellyfish (Marçais and Kingsford,

2011) and Genomescope v.1.0 (Vurture et al., 2017) were

employed to calculate the frequency of K-mer (k = 17) based

on short reads data, and the genome size was estimated using a

method based on K-mer distribution (Marçais and Kingsford,
Frontiers in Plant Science 03
2011). Contigs from CCS clean reads were assembled by Hifiasm

(v0.15.1) (Cheng et al., 2021) with default parameters.

Furthermore, PurgeDups (v.1.2.3) (Guan et al., 2020; https://

github.com/dfguan/purge_dups) was used to filter redundancy

and generate the final haploid assembly. Scaffolding was

performed using Hi-C based information, in which Hi-C reads

were aligned to the assembled draft genome by Juicer v1.6

(Durand et al., 2016) and contigs were mapped onto

chromosome-level scaffolds by 3D-DNA (Dudchenko et al.,

2017) under default parameters. Manual checking and

refinement of the draft assembly were carried out via Juicebox

Assembly Tools (https://github.com/aidenlab/Juicebox, v1.1108).

Aligned with the embryophyta_odb10 database (n = 1614), the

completeness of the final assembly was evaluated using BUSCO

v5.1.2 (Simao et al., 2015) with default parameters.
Annotation of repetitive elements

Repetitive elements within the H. tibetana genome were

identified using a combination of homology-based and de novo-

based approaches. For homology-based annotation,

RepeatMasker v4.0.7 (-nolow -no_is -norna -engine ncbi

-parallel 1) (Chen, 2004) and RepeatProteinMask v4.0.7

(-engine ncbi -noLowSimple -pvalue 0.0001) (Bergman and

Quesneville, 2007) were used to align the genome sequences

against the Repbase database v21.12 (Jurka et al., 2005) to
FIGURE 1

Habitat, morphological characteristics, and genomic features of ”H. tibetana. (A) High altitude habitat of ”H. tibetana; (B) Mature ”H. tibetana
fruits on the tree; (C) Circos diagram of the chromosome-level ”H. tibetana (red inner circle on the left) and ”H. rhamnoides (green inner circle
on the right) genome feature. Chr: chromosome. Window size: 1 Mb with non-overlapping. From outside to inside: i, percent of total ”Gypsy (0-
100%); ii, percent of total ”Copia (0-100%); iii, intact ”Gypsy number (0-8); iv, intact ”Copia number (0-20); v, gene count (0-100); vi, GC content
(0-100%). The gray line in the circle is the collinearity area between species, and the color line represents the fragments of 4 copies within
species.
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identify and classify different repetitive elements. For de novo-

based prediction, RepeatModeler v1.0.8 (http://repeatmasker.

org/RepeatModeler/) and LTR Finder (v1.0.6) (Xu & Wang,

2007) with default parameters was firstly used to construct the

library and Repeatmasker was used for predicting repetitive

elements. In addition, tandem repeats were predicted using

Tandem Repeats Finder v4.09 (Price et al., 2005). The intact

LTR-RTs in the H. tibetana (m=7.06 × 10−9 per site per

generation), Hippophae rhamnoides (m=7.15 × 10−9 per site

per generation), and Ziziphus jujuba (m=6.20 × 10−9 per site

per generation) genome were identified by TEsorter and the

parameters are as follows: -db rexdb-plant -p 20 -cov 20 -eval

0.001. We used protein for the alignment and phylogenetic

analysis and the timing of their insertion was estimated using

LTR_retriever (Ou and Jiang, 2018). Phylogenetic analyses were

carried out focusing on proteins of the reverse transcriptase

domains of both Ty1-Copia and Ty3-Gypsy LTR-RTs for both

the Copia and Gypsy family, the three species reverse

transcriptase domains were merged and ~1000 paralogs were

randomly extracted. The ~1000 multiple sequences alignments

were carried out using MUSCLE v3.7 (Edgar, 2004). Phylogeny

construction based on the maximum-likelihood (ML) method

using IQ-TREE (v1.6.12) (Nguyen et al., 2015), with the best-fit

evolutionary substitution model was evaluated using

ModelFinder (Kalyaanamoorthy et al., 2017).
Gene annotation

Gene annotations were performed by integrating evidence

from homology-, De novo- and transcriptome-based

information. In the homology-based approach, homologous

proteins from Arabidopsis thaliana, Oryza sativa, Cannabis

sativa, Fragaria viridis, Z. jujuba, Pyrus pyrifolia, were aligned

against the H. tibetana genome using TBLASTN (Camacho

et al., 2009), and the gene structure was predicted from these

alignments by Exonerate v2.2.0 (Slater and Birney, 2005). De

novo gene prediction was performed using a combination of

AUGUSTUS (Stanke et al., 2006) and SNAP (Johnson et al.,

2008) with default settings. The transcriptome data was aligned

to the genome for predicting gene structure by BLAT. The tool

MAKER2 (Holt and Yandell, 2011) was used to integrate the

evidence for gene models.

Gene function annotation was done based on sequence

similarity and domains conservation. First, the protein coding

genes were annotated by homologous searches against public

databases using BLAST v2.2.31 (E-value< 1e-5), including

SwissProt (Boeckmann et al., 2003), KEGG (Kanehisa et al.,

2012), GO (Ashburner et al., 2000), TrEMBL (Bairoch and

Apweiler, 2000), InterPro (Zdobnov and Apweiler, 2001) and NR

(https://www.ncbi.nlm.nih.gov/protein/). Subsequently, the best
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match from the alignment was used to represent the gene

function by using some custom scripts. Second, we combined

with application of InterProScan (51.0-55.0) (Jones et al., 2014)

searching against the following databases to identify the motif and

domain: Pfam (Bateman et al., 2000), PANTHER (Mi et al., 2017),

SUPERFAMILY (Wilson et al., 2009), SMART (Schultz et al., 2000),

PRINTS (Attwood et al., 2000) and ProDom (Corpet et al., 1999).

The BUSCOwas used to assess the completeness of the coding gene

prediction for H. tibetana with default parameters. We mapped the

gene density, GC content, fragmentary/intact Gypsy density,

fragmentary/intact Copia density and chromosome synteny onto

12 chromosomes using the CIRCOS tool (http://www.circos.ca)

(Krzywinski et al., 2009).
Gene family evolution analysis

The protein-coding genes of H. tibetana and 12 additional

plants species were used to identify orthologous gene groups,

including Hippophae rhamnoides, Amborella trichopoda, A.

thaliana, C. sativa, F. viridis, M. notabilis, O. sativa, Populus

trichocarpa, Prunus persica, Rhamnella rubrinervis, Vitis vinifera,

and Z. jujuba were downloaded. To perform the gene family

analysis, orthogroups of the 13 species were identified using

OrthoFinder (v2.3.11) with default parameters (Emms and

Kelly, 2019). The single-copy genes were used for further

phylogenetic analysis. For a certain gene-family in one species

(paralog), it specially exists in this species. Other species have no

gene clustered in the gene-family. The single-copy orthologs

among the 13 species were aligned using MUSCLE v3.7 (Edgar,

2004) with default parameters and then the aligned protein

sequences were reversely translated into codon sequences. The

alignments were then joined into a super alignment matrix for

phylogeny construction based on the maximum-likelihood (ML)

method using IQ-TREE (v1.6.12) (Nguyen et al., 2015), with the

best-fit evolutionary substitution model was evaluated using

ModelFinder (Kalyaanamoorthy et al., 2017). Divergence time

for each node in the phylogenetic tree was estimated with using

MCMCtree implemented in PAML package v4.8a (Yang, 2007)

with the following parameters: -nsample 100000, -burnin 500000.

The time correction points were obtained from TimeTree

database (http://www.timetree.org) (Kumar et al., 2017): 56 ~ 93

million years ago (Ma) for R. rubrinervis and Z. jujuba, 107 ~ 135

million years ago for Z. jujuba and V. vinifera, 1.73 ~ 1.99 million

years ago for V. vinifera and A. trichopoda.

The time-calibrated phylogenetic tree was used for accessing

gene family expansions and contractions by the CAFÉ 4.2.1

program (Han et al., 2013), using a random birth-and-death

model with lambda potio. The corresponding P-value in each

lineage was calculated based on the conditional likelihood

method and filtered threshold of P-value is 0.05.
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Genome collinearity analysis and WGD
event identification

MCscan (Python version) (Tang et al., 2008) was used for the

genomic analysis between H. tibetana, H. rhamnoides, V. vinifera,

Z. jujuba, and A. trichopoda. The collinearity figure was drawn

based on the gene collinear pair information between species by

JCVI (https://github.com/tanghaibao/jcvi) or by Circos (Krzywinski

et al., 2009). We first characterized the synonymous nucleotide

substitutions on synonymous substitution sites (Ks) between the

collinear genes inferred above. The values of Ks was estimated for

each collinearity orthologous using the WGDI (Sun et al., 2021)

program with Nei-Gojobori method implemented in the YN00

program in the PAML (4.9h).

Divergent evolutionary rates among plants affect dating

ancestral events. Here, based on an approach that previous

report developed (Wang et al., 2015; Wang et al., 2018), we

performed evolutionary rate correction by aligning the peaks in

different genomes corresponding to the core-eudicot common

hexaploidization (ECH) event which was ~115–130 Ma (Jiao

et al., 2012; Vekemans et al., 2012) to the same locations.

For evolutionary rate correction, under the assumption that

the H. tibetana peak appears at kH and the V. vinifera peak

appears at kV, we can use the equation

r  =   kH −  kVð Þ=kV
to describe the relative evolutionary rate of H. tibetana.

Then, rate correction was performed to discover the corrected

rate kH correction of V. vinifera relative to kV:

For the Ks between duplicates in H. tibetana, we defined the

correction coefficient WH as

kHcorrection=kH =  kV=kH =  WH

thus, we obtained

kHcorrection =  kV=kH �  kH =  1= 1  +  rð Þ �  kHand WH

=  1= 1  +  rð Þ

(2) For the Ks between homologous genes from H. tibetana

and V. vinifera, if the peak was located at KH-V, supposing the

correction coefficient WH in H. tibetana, we then calculated a

corrected evolutionary rate

kH−V−correction =  WH �  kH−V

The different substitution rates of different species were

calculated by the Ks analyse above. The equation is:

r = K=2T

where r is the substitution rate; K is the original observation

value in Ks distribution reflecting the core-eudicot common
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hexaploidization; and T is the occurrence time of the core-

eudicot common hexaploidization even.
Adaptive selection in the genome

The values of Ka and Ks and the Ka/Ks ratio were estimated for

each collinearity orthologous genes using the WGDI (Sun et al.,

2021) program with Nei-Gojobori method implemented in the

YN00 program in the PAML (4.9h).We got the Ka/Ks result for the

two groups (group 1: H. tibetana vs R. rubrinervis and Z. jujuba vs

R. rubrinervis; group 2: H. tibetana vs Z. jujuba and H. rhamnoides

vs Z. jujuba). The GO functions of H. tibetana, H. rhamnoides and

Z. jujuba protein-coding genes were annotated by homologous

searches against GO (Ashburner et al., 2000) public databases using

BLAST v2.2.31 (E-value< 1e-5). The binomial test (Watanabe and

Hattori, 2006; Qiu et al., 2012) was used to identify GO categories

with more than 20 orthologs that had an excess of nonsynonymous

changes in either H. tibetana or Z. jujuba (or Hippophae

rhamnoides) lineages.

Positive selection is biologically important in adaptations to

the environment. To identify positive selections in the evolution of

H. tibetana, orthologous genes from H. tibetana, Hippophae

rhamnoides, R. rubrinervis, Z. jujuba and C. sativa were

identified using OrthoFinder (v2.3.11). The single-copy genes

(3,218 groups) were used for aligning by using MUSCLE v3.7

(Edgar, 2004) respectively. The genes under positive selection

were estimated using the branch-site model of Codeml program

(Codon Freq = 2) implemented in the PAML package v4.8a, with

H. tibetana as the foreground branch and the other four species as

background branches. Likelihood ratio test was used to identify

positively selected genes (PSGs) (Likelihood ratio test, P ≤ 0.05).
SVs identification

We detected the SVs of H. tibetana and H. rhamnoides by

using SyRI (Goel et al., 2019). Firstly, the genomes (in multi-

fasta format) are aligned using the NUCmer utility v 4.0.0 (-c

500 -l 40 -g 200 -t 10). Secondly, SyRI takes genome alignments

coordinates as input to identify SVs (-k –nc 20 -c cords.file -d

delta.file -q H. tibetana.fa -r H. rhamnoides.fa -s show-snps).
Nodule inception gene family
evolutionary analysis

NODULE INCEPTION (NIN) gene family members were

identified by BLAST searching homologous sequences in H.

tibetana, Z. jujuba and H. rhamnoides genomes by setting the
frontiersin.org
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Medicago NIN (MTR_5g099060) protein as the query sequence

(E-value: 1e−5). Full-length NIN were used to build a ML-based

phylogenetic tree using RAxML 7.0.4 software (Stamatakis,

2006) to construct the ML phylogenetic tree (ML-Tree).

To inspect the protein domain differences between NINs and

NLPs, NIN/NLP proteins from all species were subjected to

perform protein motif analysis with meme suit (Bailey et al.,

2009) using the following parameters: -nmotifs 20, -mod zoops,

-minw 6 and -maxw 50, and the results (.xml file) were visualized

using TBtools (Chen et al., 2020). For this analysis, only seed

plants were used to avoid the extreme sequence variation caused

by a long divergence time.
Aligning sex-specific regions to the
homogametic sex data sets

A total of 80 H. thibetana samples were sampled from the

four sites (Mt. Everest, Tibet; Datong, Qinghai; Maizhokunggar,

Tibet; Xiahe, Gansu), including 10 male and 10 female plants in

each site for RAD seq. The geographic distance between the four

sampling sites was between 273 and 1683 km. During the

flowering season (June in 2013), female and male individuals

were identified by gynoecium and staminate flowers.

A mean of 1.89 Gb raw data was generated for each

individual, the sequencing quality of Q20 and Q30 was 95%

and 87% respectively. GC content was a little vibrate because

of a small amount of chloroplast contamination. After quality

control, a total of 110,619 Mb clean sequence reads were

acquired from 150 bp paired-end sequencing (Insertsize: 500

bp) on the Illumina Hiseq 2000 platform (Illumina, San

Diego, CA, USA), with an average of 1,382 Mb for each

individual (minimum = 567,569; maximum = 15,706,831).

The SNPs with MAF ≥ 0.05 and missing rate ≤ 0.2 and

without imputation were used for GWAS. The Mixed linear

model (MLM) analysis was conducted for GWAS using

GAPIT software (Lipka et al., 2012). To avoid the false

positive, the population structure (Q) and a polygene (K)

were applied in GWAS. The total number of bi-allelic single

nucleotide polymorphism was 2,486,852, and 2,072,124 SNPs

were left after filtering. H. tibetana is known to have an XX/

XY sex-determining mechanism. All putative sex-specific

markers that passed this confirmation step were assembled

into Contigs (RAD loci) with paired-end reads using

Sequencher software (http://www.genecodes.com/). We

further validated putative sex-linked RAD loci. First, we

searched the female H. tibetana genome for putative male-

specific RAD loci using BLAT on the UCSC Genome Browser

(Kent, 2002; Meyer et al., 2013) and excluded any significant
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matches. Then, BLAST was used to search the NCBI

nucleotide database for matches to exclude contamination.
Results

Genome assembly and quality assessment

A H. tibetana (2n = 2x = 24) wild individual in Litang County,

Sichuan (China) was used for whole-genome sequencing. Totals of

152 Gb of clean Illumina short-read data (~100× coverage),

98.05 Gb of PacBio HiFi reads data (68.47× coverage), and

228 Gb of BGI-sequenced Hi-C data (~159× coverage) were

generated. A total of 531.5 million unique mapped Hi-C PE reads

was detected and the Hi-C effective data was accounted for 25.81%.

After obtained the assembly fromHifiasm (v0.15.1) and PurgeDups

(v.1.2.3), contigs were clustered, sorted, orientated, and finally

assembled onto 12 chromosomes with genome size of 1,452.75

Mb (96.04% of the final assembled 1,512.72Mb genome) and heat

maps are drawn accordingly (Figure S2). This genome assembly size

was comparable to the size estimated by a K-mer-based method

(1,432.13 Mb) (Figure S1). The assembly genome size is consisting

with the DNA content of its related species (2.32-3.88 pg/C) that

was previously determined with tissue using flow cytometry (Zhou

et al., 2012) and is much larger than other Elaeagnaceae species

(Mao et al., 2021; Wu et al., 2022; Yu et al., 2022). The Contig N50

and N90 of assembly genome reaches 74.31 Mb and 24.93 Mb and

the scaffold N50 and N90 reaches 123.42 Mb and 71 Mb

respectively (Table 1). Genome quality assessment was evaluated

by Benchmarking Universal Single-Copy Orthologs (BUSCO)

(Simao et al., 2015), and revealed that the genome completeness

reached 95.5%, a total of 1,542 expected embryophyta genes were

identified in H. tibetana genome (Table S1), suggesting that the

genome assembly is of high quality.

Combining De novo-, transcriptome- and homology-based

predictions, 33,367 protein-coding genes were predicted from

the genome overall. The number of gene models is comparable

to those of other Elaeagnaceae species (Mao et al., 2021; Wu

et al., 2022; Yu et al., 2022). Among all the predicted genes,

32,059 genes could be annotated to the functional database, see

Table S2. The intersection of functional annotations among the

five databases is shown in Figure S3. There are 21,081 genes with

functional annotations in these five databases. The BUSCO score

indicates that 95.0% of complete core orthologs were identified,

suggesting that the gene annotation is of high quality. Otherwise,

15,143 non-coding RNA genes were identified in the genome,

including 6,823 rRNAs, 5,221 tRNAs, 164 miRNAs, and 2,935

snRNAs (Table S3). An overview of the distribution of the

predicted gene models in the genome is shown in Figure 1C.
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Genome annotation and recent burst
of LTR-RT

After removing the overlapping regions between various

methods, the remaining nonredundant repeated sequences

accounted for 72.18% of the genome size (Table S4), and

transposable elements (TEs) were the dominant components

(69.52%, Table S5). The TEs including DNA transposon

elements (DNA, 2.77%), long interspersed nuclear elements

(LINEs, 0.54%), short interspersed nuclear elements (SINEs,

0.03%), long terminal repeats (LTRs, 64.85%), and elements of

unknown classifications (2.05%) (Table S5).

TE contents are highly variable within eukaryotes and generally

comprise the important part of plant genome, and the summation

of TE show a positive correlation with plant genome size (Wendel

et al., 2016). LTR-RTs possessed the most proportion (64.85%) of

repetitive elements in H. tibetana, and a total of 6,911 intact LTR-

RTs in H. thibetana, 4,601 in H. rhamnoides and 3,004 in Z. jujuba

genome were identified. Meanwhile, by using the substitution rate

values calculated by the Ks analyse, both insertion time of H.

rhamnoides (~1 Ma) and H. tibetana (~1 Ma) were more recent

compared with Z. jujuba (~1.5 Ma) (Figure 2C).

The Ty3/Gypsy and Ty1/Copia elements were the two main

types of LTR in H. tibetana, accounting for 25.39% and 19.33%,

respectively (Figure 2D; Table S5). Phylogenetic analysis of

intact Ty3/Gypsy and Ty1/Copia supergroups showed that the

branches of H. tibetana were short and clustered distribution,

suggesting that recent burst of Ty1/Copia and Ty3/Gypsy,

indicating that there was a recent TE amplification of H.

tibetana (Table S6; Figures 2D, S4). Intact Gypsy/Copia is

closer to genes than fragmentary Gypsy/Copia (Figure 2E; chi-

square test, P<0.05). Surprisingly, we identified a DNA

transposon gene family with as many as 141 members in the

H. tibetana genome (Figure S5). H. tibetana is almost twice the

genome size of H. rhamnoides (Table 1), but the number of gene

models and the total length of exons and introns are comparable

to H. thibetana (Figure S6). The primary cause is that the length
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of intergenic regions in H. thibetana genome was significantly

greater than that in H. rhamnoides genome and the majority of

TEs were located in those (Figure 2D).H. tibetana is consist with

this pattern, and possessed both large genome size and larger

proportion of TEs. The recent proliferation of LTR-RTs in the

genome of H. thibetana may promote its genome evolution and

play an important role in adapting to high-altitude habitats

alone after its differentiation with H. rhamnoides.
Gene family evolution and
phylogenetic analysis

After analysis of the gene family, 241,829 genes from the 13

species were grouped into 22,503 gene families (Figure S7). Venn

diagram depicting the number of shared and specific gene

families among H. tibetana and three representative plants (Z.

jujuba, V. vinifera and H. rhamnoides). We identify 10,044

homologous gene families shared by these 4 species, and 1,319

gene families were specific to H. tibetana and H. rhamnoides,

and 713 were found only in H. tibetana (Figure S8). H. tibetana

shows more genes in common with Z. jujuba, R. rubrinervis, and

C. sativa than with other species (Table S7). Among the

orthologous genes, 581 genes were identified as single-copy

genes in these species, which were used for inferring the

evolutionary relationships. As shown in the phylogenetic

(Figure 2A), A. thaliana, P. trichocarpa, V. vinifera, O. sativa,

and A. trichopoda diverged from one another earlier than M.

notabilis, C. sativa, P. persica, and F. viridis, diverged from each

other, and Z. jujuba, together with R. rubrinervis cluster as a

sister is most closely related to H. tibetana. According to the

fossil record information, H. tibetana separated from the

Rhamnaceae approximately 83.7 Ma (Figure 2A). The diverged

time of Elaeagnaceae and other Rosales species at the beginning

of the Cenozoic era. According to previous studies and reports,

the rapid diversification of species in this family only occurred in

the Miocene which was less than 23 Ma (Jia and Bartish, 2018).
TABLE 1 Statistics of the genome assembly and annotation.

Genome Features H. tibetana H. rhamnoides ssp. sinensis H. rhamnoides ssp. mongolia

Assembly strategy PacBio CCS +Hi-C PacBio CLR+ Hi-C PacBio CLR+ Hi-C

Estimated size (Mb) 1,432 749 978

Assembly size (Mb) 1,452.75 730.46 849.04

Number of Contigs 1,409 1,386 3,642

Maximum Contig length (Mb) 123.41 82.44 92.33

Contig N50 (Mb) 74.31 2.81 2.15

Contig N90 (Mb) 26.14 0.373 –

GC content (%) 29.37% 30.07% 30.07%

Repeat content (%) 72.18% 47.48% 67.81%

Number of protein-coding genes 33,367 30,812 30,864

Complete BUSCOs 95.54% 97.60% 89.65%
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Recent whole-genome duplication
and diploidization

To explore whole-genome duplication, we compared the H.

tibetana genome with that of three representative or related

plant species: Z. jujuba (2n=24), V. vinifera (2n=38) and H.

rhamnoides (2n=24) (Table S5). Synonymous substitution sites

rate (Ks) between the collinear genes were calculated paralogs in

Z. jujuba, V. vinifera and H. tibetana. There were three collinear

blocks peaks of H. tibetana were detected, and located at 0.329 ±

0.001, 0.502 ± 0.002 and 2.019 ± 0.021 after data fitting

(Figure 2B). Combining of our present analyses and the

research of H. rhamnoides genome (Yu et al., 2022), indicated

that there were two lineage-specific polyploidization events had

occurred in the genus Hippophae, and the two rounds of

polyploidization occurred within a relatively narrow timeframe

(Figure S9). In addition to the core-eudicot common

hexaploidization (whole genome triplication, WGT; g event,
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grey arrow, Figure 2A), two prominent peaks were identified

(Hippophae recent tetraploidization, HRT: 18.7-21.2 Ma, blue

arrow; Hippophae ancient tetraploidization, HAT: 28.6-32.4 Ma,

red arrow, Figure 2A) in the Ks profiles of the H. tibetana

genome, but unlike most other apricot, both HRT and HAT

occurred at a Ks value less than 1. We calculated the substitution

rates to 7.06E-09, 7.15E-09, 6.20E-09 and 5.16E-09 for H. tibetana,

H. rhamnoides, Z. jujuba, and V. vinifera respectively.

Even after two rounds of chromosomal breakage and fusion

events, the 1:1 syntenic blocks between H. rhamnoides (Figure

S10) and H. tibetana and the number of Hippophae chromosome

number remained to be 12. The H. tibetana specific WGD event

was also supported by the 1:4 syntenic blocks between Z. jujuba

andH. tibetana (Figure S11 and Figure 1C). This is also consistent

with previous observations that there was no WGD event

occurred in jujube (Liu et al., 2014).

Comparative analyses revealed conserved synthetic with part

of chromosomal rearrangements between the genomes of H.
A B
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FIGURE 2

(A) Phylogenetic tree constructed of ”H. tibetana and 12 other representative species. Divergence time estimation and gene family changes among 13
plant species. A. trichopoda was used as a basal species in the phylogenetic tree. The black number at each node denotes estimated divergence time
from present (million years ago). The number at the root (144,676) denotes the total number of gene families, and the green/red numbers around each
branch denote gene family gain/loss number. The red dot as the corrected time of the Timetree website; (B) Synonymous nucleotide substitutions (Ks)
distribution in syntenic blocks after correction. Syntenic blocks (involving ≥10 colinear genes) within a species or between two species were collected,
and the median Ks values for each block were obtained. Distribution of Ks between paralogs or orthologs of ”H. tibetana - ”H. tibetana showed HRT
(blue arrow) and HAT (red arrow) represent the two tetraploidization events, ECH (grey arrow) represents the core-eudicot common hexaploidization
(WGT, g event); (C) Distribution of LTR retrotransposon insertion time of ”H. tibetana, H. rhamnoides and Z. jujuba; (D) The proportions of TEs in ”H.
tibetana genome; (E) Distance between intact/fragmentary LTR (Gypsy/Copia) and gene, *** significant at < 0.001 level.
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rhamnoides and H. tibetana, a total of identified 1,713 structural

variants (SVs) was identified (Figure S12), and large

chromosomal inversion were detected on Chr1, Chr2, Chr6,

Chr11, and Chr12.
Genome evolution in adaptation
and survival

As sessile organisms live in high altitude area, H. tibetana

have to cope with recurring stress such as frequent low nocturnal

temperatures, intense solar ultraviolet, low carbon dioxide

concentration. To clarify the evolutionary adaptation of H.

tibetana, the time-calibrated phylogenetic tree was used for

accessing gene family expansions and contractions by the

CAFÉ 4.2.1 program (Han et al., 2013). There were 186 and

94 gene families (1,113 genes Gain and 870 genes loss) were

significantly expanded and contracted, respectively (P < 0.05;

Figures 2A, 3B), which indicated that there were more H.

tibetana gene families experienced expansion rather than

contraction during adaptive evolution. After GO enrichment

analyses, genes were enriched in “oxidoreductase activity (GO:

0016491),” “cellulose biosynthetic process (GO: 0030244),” and

“protein phosphorylation (GO: 0006468)”.
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After filtering out organelle genes, 3,101 genes of the H.

tibetana specific gene families were identified, and Gene

Ontology annotation terms mainly containing “response to

ultraviolet (UV) radiation,” “Plant-pathogen interaction,”

“MAPK signaling pathway – plant,” “Phenylpropanoid

biosynthesis,” “Flavonoid biosynthesis,” “Phenylalanine

metabolism,” and “Nitrogen metabolism”.

Ka/Ks ratios of nonsynonymous-to-synonymous

substitutions for different GO categories revealed an

enrichment of elevated pairwise Ka/Ks values in the high-

altitude adaptation (Qiu et al., 2012). Analysis of Ka/Ks ratios

in the lineages verified that genes with elevated Ka/Ks values in

H. tibetana were significantly (P< 0.05, binomial test) enriched

for high altitude adaptation functions (Table S8; Figures 3A, C).

Most of genes were enrich in “nucleotide-excision repair,” “cell

redox homeostasis,” and “ATP binding”. On the contrary, GO

categories with putatively accelerated nonsynonymous

divergence in Z. jujuba (blue) were enrichment in “recognition

of pollen” and “defense response”. After that, we detected genes

evolving under elevated Ka/Ks values in either H. tibetana or H.

rhamnoides. Only “microtubule-based process (GO: 0007017,

process)” and “microtubule (GO: 0005874, component)” were

identified as rapidly evolving (with elevated Ka/Ks values in H.

tibetana) genes.
A B
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FIGURE 3

Rapid evolution gene and specific gene sets (expansion-related genes and genes under positive selection) in ”H. tibetana. (A) GO categories with
putatively accelerated (”P< 0.05, binomial test) nonsynonymous divergence in ”H. thibetana (red) or Z. jujuba (blue) are highlighted. (B)
Functional enrichment of the expansion genes, the gene number and the signification of each GO term was indicated by size and color of dot;
(C) GO categories with putatively accelerated (P< 0.05, binomial test) nonsynonymous divergence in ”H. thibetana (red) or H. rhamnoides are
highlighted; (D) Maximum-likelihood phylogenetic tree of NODULE INCEPTION in Z. jujuba, ”H. rhamnoides and ”H. tibetana. The scale bar
shows the expected number of amino acid substitutions per residue.
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Furthermore, the positively selected genes compared with close

relatives in the plant genome are usually considered to be related to

adaptability (Fitch, 1970). To test the hypothesis that these rapidly

evolving genes inH. tibetana have been under positive selection, we

used the branch-site likelihood ratio test to identify positively

selected genes (PSGs) in the H. tibetana lineages. In H. tibetana,

a total of 249 genes were identified as positive selection genes by

comparative analysis (P < 0.05), after GO enrichment analyses

(Table S9; Figure S13), most of genes were enrichment in

“protein binding (GO: 0005515),” “cellular response to DNA

damage stimulus (GO: 0006974),” “negative regulation of defense

response (GO: 0031348),” “DNA repair (GO: 0006281),”

“carbohydrate metabolic process (GO: 0030246)”. These processes

are related to the adaptation to the extreme environmental

conditions of high ultraviolet and low temperature in the high-

altitude area of the Qinghai-Tibet Plateau.
Nodule inception gene family evolution
of H. tibetana

Symbiotic nitrogen fixation provides a large amount of

sustainable and environmentally friendly nitrogen for plants.

Comparative analysis of NIN-orthologous regions within related

species (Z. jujuba, H. rhamnoides, and H. tibetana). Three species

exhibited different copy numbers within these regions; Z. jujuba

exhibited 4, H. rhamnoides 6, and H. tibetana 7 (Figure 3D). Also,

because H. tibetana is a pioneer species, it can survive on the bare

ground where other plants cannot colonize. We deduced that this

additional nitrogen-fixation-related gene was helpful for H.

tibetana to colonize bare land first.
Identification of sex-linked regions

Screening of male-specific markers by comparative analysis

of RAD-seq sequencing of 40 male and 40 female samples of

known gender (distinguished according to morphology in

reproductive season (Figure 1B; Table S10). RAD-seq paired-

end reads was detected SNPs by Stacks1. 04 (Catchen et al.,

2013). Genome-Wide Association Studies (GWAS) among 40

males and 40 females was performed and showed that the

regions on Chr2 were related to sex (Figure 4A), which also

supported by correlation between the assembly lengths and

observed physical lengths of all chromosomes (Figure 4B)

(Xing et al., 1989).
Discussion

H. tibetana can live in extreme environments at 5,200 meters

a.s.l. and is one of the highest distributed woody plants. Here, a

chromosome-level genome of wild H. tibetana was assembled
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and annotated with contig N50 sizes of 74.31 Mb, which

possessed high completeness, accuracy, and complexity. This is

also the highest known woody plant genome (up to 5,200 meters

above sea level). Although it has the same chromosome number

with two related species (Z. jujuba and H. rhamnoides), the

genome size of H. tibetana is 1,452.75 Mb and 41.56% larger

than that of H. rhamnoides (Yu et al., 2022), and 69.87% larger

than that of Z. jujuba (Huang et al., 2016). The comparison ofH.

tibetana and these related species revealed some new findings.

Studies of high-altitude plant genomes have revealed that

some genes with special adaptive significances have been affected

by positive selection and undergone rapid evolution. Especially,

the genes involved with DNA damage repair, reproductive

processes, and UV-B tolerance (Mao et al., 2021). We also

found some interesting genes to undergo a rapid/slow

evolution by comparing H. tibetana with Z. jujuba, which

altitude is less than 1,700 meters (Chen and Chou, 1982). The

expansion or positively selected genes involved in cellular

response to DNA damage stimulus, Smc5-Smc6 complex,

SUMO ligase complex and nitrogen compound metabolic

process. These genes involved in adaptation to high altitude

habitats have also been identified in previous studies (Zhang

et al., 2016; Geng et al., 2021; Mao et al., 2021).

It is worth noting that compared with jujube, two rapidly

evolving genes in jujube were found, which were enrichment in

“recognition of pollen” and “defense response”. Since H.

tibetana is a pioneer species, it can survive on bare land where

few other plants survive. Compared with its relatives, it has fewer

pollens from other competitors, so “recognition of pollen” genes

rapidly evolving should be adaptive in jujube. In addition to the

above genes, there are some genes that evolve rapidly relative to

jujube were enrich in “nucleotide-excision repair,” “cell redox

homeostasis,” and “ATP binding” (Figure 3A), suggesting that

high-altitude habitats also have a significant impact on the basic

life activities of organisms.

However, when comparing H. tibetana with H. rhamnoides,

none of the genes were subject to significant positive or negative

selection except microtubule-based process (GO: 0007017,

process) and microtubule (GO: 0005874, component)

(Figure 3C). Microtubule and microtubule-based process genes

were considered to be related to plant growth and development

(Hashimoto, 2003). We guess that they are likely to be the key

genes that determine the evolution from tree to shrub to adapt to

higher altitudes. We notice that the average altitude of H.

tibetana is higher ~1,500 meters than that of H. rhamnoides

(Huang and Yu, 2006). The fact that only two GO categories

have undergone fast/slow evolution is interesting. These two

species live in such different environments that it is hard to

believe that only two GO categories are subject to significant

positive selection. This could mean that the forces of natural

selection may be acting more on other aspects of the genome

than changing the amino acid sequence of proteins, such as gene

number, gene regulatory regions, etc.
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The significant fluctuation of gene family copy number is

usually related to the adaptive evolution of species (Sudmant

et al., 2010). We noticed that the genome of H. tibetana contains

2503-2555 more genes than that ofH. rhamnoides. Some of these

genes were from single gene duplication, and most genes were

originated fromWGD. A special gene doubled in the former way

was found in H. tibetana (Figure 3D). It was related to nitrogen

fixation as the previous study found in the H. rhamnoides

(Soyano et al., 2013; Liu and Bisseling, 2020). We found that

in the H. tibetana, the key nitrogen fixation gene increased by

one copy through tandem duplication, and that at least at the

seedling stage, the transcript level these two genes in H. tibetana

was 2.43~2.53 times than that in H. rhamnoides (H. tibetana:

T1-T7, H. rhamnoides: R1-R6; Figure 3D). As described above,

the habitat of H. tibetana is very extreme and harsh, especially

prefers bare land after glaciers retreat, such habitats are deficient

in available nitrogen. We proposed that the genome evolved

nitrogen fixation adaptively by increasing the copy number

of genes.

Obviously, WGD is the source of gene increase (De Smet

and Van de Peer, 2012), and is considered to be an important
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way of speciation and adaptation to disturbed habitats (Soltis

and Soltis, 1999; Jiao et al., 2011). Plants with known genomes

on the Qinghai Tibet Plateau, eg: Lepidium meyenii and

Megacarpaea delavayi, have experienced independent WGD

(Zhang et al., 2016; Yang et al., 2020). In this study, we found

that the H. tibetana genome experienced two WGD events at

18.7-21.2 Ma (HRT) and 28.6-32.4 Ma (HAT), respectively.

Interestingly, after HAT and HRT, the genome of H. tibetana

went through the process of chromosome breakage and fusion,

and then the chromosome returned to its ancestral number

(2n=24). As can be seen from Figure 2A, B, these events occurred

before the differentiation of H. tibetana and H. rhamnoides, that

is, they experienced these important processes together, and then

went to different evolutionary paths respectively. We noted that

the former has 2,503-2,555 genes more than the latter, and the

genome size is 41.56%-49.72% larger than H. rhamnoides.

Through functional enrichment of genes generated by WGD,

it is found that these extra genes participate in the basic process

of life activities. We speculate that this may be related to the

drastic changes in the environment in a short time at a very high

altitude, for example, in the area of 5,000 meters a.s.l., the
A

B

FIGURE 4

Preliminary inference of sex-linked regions. (A) Manhattan depicting significant SNPs identified using MLM model that showed association with
gender. The red dotted line represents truncation criterion was set to - log10 P-value=7; (B) The correlation between the assembly lengths and
observed physical lengths of all chromosomes. The red dot represents chromosome 2 of H. tibetana.
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temperature difference in one day (24 hours) can reach 20°C

(Zhang and Yang, 2013), which means that cells need greater

biochemistry plasticity to respond. Studies have shown that

more gene redundancy can provide greater plasticity

(Mattenberger et al., 2017).

Compared with the H. rhamnoides genome, one the most

prominent characteristics of the H. tibetana genome is to

contain more TE elements (Figure 2D), which is the main

reason for the difference in size between the two genomes. TE

outbreaks have also been widely found in high-altitude plant

genomes, and it is believed that rapid proliferation of repetitive

elements in C. lasiocarpa may play an important role in

promoting its genome evolution (Feng et al., 2022). However,

the relationship between high-altitude extreme habitats and TE

still remains unclear. As a mobile element, the activity of

transposable elements increases the variation of genome and

can generate mutations rapidly (Kidwell and Lisch, 1997;

Wessler, 2006), which is of great significance for alpine

organisms to respond to environmental changes (Wos et al.,

2021). Compared with the lower altitude area, alpine habitats are

more susceptible to climate and other factors. On the Qinghai-

Tibet Plateau, the greater impact used to happen in habitats with

higher altitude, especially since the Quaternary, it has been

affected by the repeated fluctuations of the glacial and

interglacial periods (Shi, 2002; An et al., 2011; Yan et al.,

2021). More variation in genome often means higher genetic

diversity and therefore evolutionary potential. Although since

0.5 Ma, the effective population size ofH. tibetana has continued

to decline (Figure S14), this species has still widely distributed,

perhaps due to previously emerging genomic adaptations.

The transposon proliferation time of H. tibetana, H.

rhamnoides, and jujube is around 1~1.5 Ma (Figure 2C),

suggesting that this is a parallel response stimulated by the

environment, when the QTP enters freezing from this period

circumstances and times of environmental upheaval (Shi et al.,

1998; Zhou et al., 2011; Zhao et al., 2020). We noticed that the

transposon size in the H. tibetana genome is the largest, following

by H. rhamnoides, and then the species at the lowest altitude, Z.

jujuba, has the smallest transposon size (or is less removal and

more fragments remaining). How the activity of the TEs described

above is linked to more dramatic environmental variability needs

more works, and the activity of TEs can be induced by

environmental and population factors and in particular by

stresses in various organisms has been confirmed by many

studies (Capy et al., 2000; Wos et al., 2021). Also, we detected a

burst of DNA transposable elements that are only present within

the H. tibetana (Figure S6). These results suggest that the extreme

habitat of H. tibetana is the cause of it has more TEs.

By analyzing the distribution of transposons in the H.

tibetana genome, we found that the distribution of intact TEs

and fragmentary TEs is very different. On average, the former is

more significantly closer to the gene than the latter (Figure 2E),
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meaning that intact TE is more likely to insert genes or gene

regulatory regions, thereby affecting gene function (Niu et al.,

2022), which a way of rapid evolution, and may also be one of

the important ways for the H. tibetana genome to adapt to rapid

variation habitats. Furthermore, as mentioned above,

biochemical plasticity or gene expression is of extreme

importance for high altitude organisms (Nicotra et al., 2010),

and there are studies have shown that TEs can act as translators

of phenotypic plasticity (Pimpinelli and Piacentini, 2020). But

whether more TEs can result in higher plasticity is unclear. Thus,

more TEs in the H. tibetana genome were both a cause of it

adapting to extreme habitats and a consequence of it growing in

extreme habitats.

From the perspective of a longer evolutionary history, the

diploidization after tetraploidization is also a process through

chromosome breakage, rearrangement and fusion, and studies

have shown that these processes can change the expression and

function of genes (Shi et al., 2015; Wang et al., 2022). These

results suggest that the evolution of proteins is only a small part,

and the genome responds more in other ways, including

regulating the copy number of genes, changing regulatory

patterns, etc.
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Marçais, G., and Kingsford, C. (2011). A fast, lock-free approach for efficient
parallel counting of occurrences of k-mers. Bioinformatics. 27 (6), 764–770.
doi: 10.1093/bioinformatics/btr011

Mattenberger, F., Sabater-Munoz, B., Toft, C., and Fares, M. A. (2017). The
phenotypic plasticity of duplicated genes in saccharomyces cerevisiae and the origin
of adaptations. Genes. Genom. Genet. 7 (1), 63–75. doi: 10.1534/g3.116.035329

Meyer, L. R., Zweig, A. S., Hinrichs, A. S., Karolchik, D., Kuhn, R. M., Wong, M.,
et al. (2013). The UCSC genome browser database: extensions and updates 2013.
Nucleic. Acids Res. 41 (Database issue), D64–D69. doi: 10.1093/nar/gks1048
Frontiers in Plant Science 14
Mi, H., Huang, X., Muruganujan, A., Tang, H., Mills, C., Kang, D., et al. (2017).
PANTHER version 11: expanded annotation data from gene ontology and
reactome pathways, and data analysis tool enhancements. Nucleic. Acids Res. 45
(Database issue), D183–D189. doi: 10.1093/nar/gkw1138

Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A., and Kent, J.
(2000). Biodiversity hotspots for conservation priorities. Nature. 403 (6772), 853–
858. doi: 10.1038/35002501

Nguyen, L. T., Schmidt, H. A., von Haeseler, A., and Minh, B. Q. (2015). IQ-
TREE: a fast and effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol. Biol. Evol. 32 (1), 268–274. doi: 10.1093/molbev/msu300

Nicotra, A. B., Atkin, O. K., Bonser, S. P., Davidson, A. M., Finnegan, E. J.,
Mathesius, U., et al. (2010). Plant phenotypic plasticity in a changing climate.
Trends. Plant Sci. 15 (12), 684–692. doi: 10.1016/j.tplants.2010.09.008

Niu, S., Li, J., Bo, W., Yang, W., Zuccolo, A., Giacomello, S., et al. (2022). The
Chinese pine genome and methylome unveil key features of conifer evolution. Cell.
185 (1), 204–217 e214. doi: 10.1016/j.cell.2021.12.006

Ou, S., and Jiang, N. (2018). LTR_retriever: A highly accurate and sensitive
program for identification of long terminal repeat retrotransposons. Plant Physiol.
176 (2), 1410–1422. doi: 10.1104/pp.17.01310

Pimpinelli, S., and Piacentini, L. (2020). Environmental change and the
evolution of genomes: Transposable elements as translators of phenotypic
plasticity into genotypic variability. Funct. Ecol. 34 (2), 428–441. doi: 10.1111/
1365-2435.13497

Price, A. L., Jones, N. C., and Pevzner, P. A. (2005). De novo identification of
repeat families in large genomes. Bioinformatics 21 (Suppl. 1), i351–i358.
doi: 10.1093/bioinformatics/bti1018

Qiu, Q., Zhang, G., Ma, T., Qian, W., Wang, J., Ye, Z., et al. (2012). The yak
genome and adaptation to life at high altitude. Nat. Genet. 44 (8), 946–949.
doi: 10.1038/ng.2343

Ren, G., Mateo, R. G., Guisan, A., Conti, E., and Salamin, N. (2018). Species
divergence and maintenance of species cohesion of three closely related primula
species in the qinghai-Tibet plateau. J. Biogeogr. 45 (11), 2495–2507. doi: 10.1111/
jbi.13415

Royden, L. H., Burchfiel, B. C., and van der Hilst, R. D. (2008). The geological
evolution of the Tibetan plateau. Sci. 321 (5892), 1054–1058. doi: 10.1126/
science.1155371

Schultz, J., Copley, R. R., Doerks, T., Ponting, C. P., and Bork, P. (2000). SMART:
a web-based tool for the study of genetically mobile domains. Nucleic. Acids Res. 28
(1), 231–234. doi: 10.1093/nar/28.1.231

Shi, Y. (2002). Characteristics of late quaternary monsoonal glaciation on the
Tibetan plateau and in East Asia. Quat. Int. 97-98, 79–91. doi: 10.1016/S1040-6182
(02)00053-8

Shi, Y., Li, J., and Li, B. (Eds.). (1998). The uplift and environmental changes
during late cenozoic in the Qinghai-Tibet Plateau (Guangdong Science &
Technology Press).

Shi, F. X., Li, M. R., Li, Y. L., Jiang, P., Zhang, C., Pan, Y. Z., et al. (2015). The
impacts of polyploidy, geographic and ecological isolations on the diversification of
panax (Araliaceae). BMC. Plant Biol. 15, 297. doi: 10.1186/s12870-015-0669-0

Simao, F. A.,Waterhouse, R. M., Ioannidis, P., Kriventseva, E. V., and Zdobnov, E. M.
(2015). BUSCO: assessing genome assembly and annotation completeness with single-
copy orthologs. Bioinformatics. 31 (19), 3210–3212. doi: 10.1093/bioinformatics/btv351

Slater, G. S., and Birney, E. (2005). Automated generation of heuristics for
biological sequence comparison. BMC. Bioinf. 6, 31. doi: 10.1186/1471-2105-6-31

Soltis, D. E., and Soltis, P. S. (1999). Polyploidy: recurrent formation and genome
evolution. Trends. Ecol. Evol. 14 (9), 348–352. doi: 10.1016/S0169-5347(99)01638-9

Soyano, T., Kouchi, H., Hirota, A., and Hayashi, M. (2013). Nodule inception
directly targets NF-y subunit genes to regulate essential processes of root nodule
development in lotus japonicus. PloS Genet. 9 (3), e1003352. doi: 10.1371/
journal.pgen.1003352

Stamatakis, A. (2006). RAxML-VI-HPC: maximum likelihood-based
phylogenetic analyses with thousands of taxa and mixed models. Bioinformatics.
22 (21), 2688–2690. doi: 10.1093/bioinformatics/btl446

Stanke, M., Keller, O., Gunduz, I., Hayes, A., Waack, S., et al. (2006).
AUGUSTUS: ab initio prediction of alternative transcripts. Nucleic. Acids Res. 34
(Web Server issue), W435–W439. doi: 10.1093/nar/gkl200

Sudmant, P. H., Kitzman, J. O., Antonacci, F., Alkan, C., Malig, M., Tsalenko, A.,
et al. (2010). Diversity of human copy number variation and multicopy genes. Sci.
330 (6004), 641–646. doi: 10.1126/science.1197005

Sun, H. L. (1996). Formation and evolution of qinghai-xizang plateau (Shanghai:
Shanghai Scientific & Technical Publishers).

Sun, H. (2002). Tethys retreat and Himalayas-hengduanshan mountains uplift
and their significance on the origin and development of the sino-Himalayan
elements and alpine flora. Acta Botanica. Yunnanica. 03), 273–288.
frontiersin.org

https://doi.org/10.1371/journal.pgen.1006433
https://doi.org/10.1371/journal.pgen.1006433
https://doi.org/10.3389/fpls.2018.01400
https://doi.org/10.1186/gb-2012-13-1-r3
https://doi.org/10.1038/nature09916
https://doi.org/10.1093/bioinformatics/btn564
https://doi.org/10.1093/bioinformatics/btn564
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1159/000084979
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/nar/gkr988
https://doi.org/10.1101/gr.229202
https://doi.org/10.1073/pnas.94.15.7704
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1093/molbev/msx116
https://doi.org/10.1093/bioinformatics/bts444
https://doi.org/10.3390/genes11070777
https://doi.org/10.1007/s11434-013-5987-8
https://doi.org/10.1038/ncomms6315
https://doi.org/10.1007/s11430-015-5124-4
https://doi.org/10.1186/s13007-022-00915-w
https://doi.org/10.1111/jse.12809
https://doi.org/10.1111/jse.12809
https://doi.org/10.1093/bioinformatics/btr011
https://doi.org/10.1534/g3.116.035329
https://doi.org/10.1093/nar/gks1048
https://doi.org/10.1093/nar/gkw1138
https://doi.org/10.1038/35002501
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1016/j.tplants.2010.09.008
https://doi.org/10.1016/j.cell.2021.12.006
https://doi.org/10.1104/pp.17.01310
https://doi.org/10.1111/1365-2435.13497
https://doi.org/10.1111/1365-2435.13497
https://doi.org/10.1093/bioinformatics/bti1018
https://doi.org/10.1038/ng.2343
https://doi.org/10.1111/jbi.13415
https://doi.org/10.1111/jbi.13415
https://doi.org/10.1126/science.1155371
https://doi.org/10.1126/science.1155371
https://doi.org/10.1093/nar/28.1.231
https://doi.org/10.1016/S1040-6182(02)00053-8
https://doi.org/10.1016/S1040-6182(02)00053-8
https://doi.org/10.1186/s12870-015-0669-0
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1186/1471-2105-6-31
https://doi.org/10.1016/S0169-5347(99)01638-9
https://doi.org/10.1371/journal.pgen.1003352
https://doi.org/10.1371/journal.pgen.1003352
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.1093/nar/gkl200
https://doi.org/10.1126/science.1197005
https://doi.org/10.3389/fpls.2022.1051587
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2022.1051587
Sun, P., Jiao, B., Yang, Y., Shan, L., Li, T., Li, X., et al. (2021). WGDI: A user-
friendly toolkit for evolutionary analyses of whole-genome duplications and
ancestral karyotypes. doi: 10.1101/2021.04.29.441969

Tang, H., Bowers, J. E., Wang, X., Ming, R., Alam, M., Paterson, A. H., et al.
(2008). Synteny and collinearity in plant genomes. Sci. 320 (5875), 486–488.
doi: 10.1126/science.1153917

Vekemans, D., Proost, S., Vanneste, K., Coenen, H., Viaene, T., Ruelens, P., et al.
(2012). Gamma paleohexaploidy in the stem lineage of core eudicots: significance
for MADS-box gene and species diversification.Mol. Biol. Evol. 29 (12), 3793–3806.
doi: 10.1093/molbev/mss183

Vurture, G. W., Sedlazeck, F. J., Nattestad, M., Underwood, C. J., Fang, H.,
Gurtowski, J., et al. (2017). GenomeScope: fast reference-free genome profiling from
short reads. Bioinformatics. 33 (14), 2202–2204. doi: 10.1093/bioinformatics/btx153

Wang, X., Gao, Y., Wu, X., Wen, X., Li, D., et al. (2021). High-quality evergreen
azalea genome reveals tandem duplication-facilitated low-altitude adaptability and
floral scent evolution. Plant Biotechnol. J. 19 (12), 2544–2560. doi: 10.1111/
pbi.13680

Wang, X., Wang, J., Jin, D., Guo, H., Lee, T. H., et al. (2015). Genome alignment
spanning major poaceae lineages reveals heterogeneous evolutionary rates and
alters inferred dates for key evolutionary events. Mol. Plant 8 (6), 885–898.
doi: 10.1016/j.molp.2015.04.004

Wang, Z. H., Wang, X. F., Lu, T., Li, M. R., Jiang, P., et al. (2022). Reshuffling of the
ancestral core-eudicot genome shaped chromatin topology and epigenetic
modification in panax. Nat. Commu. 13 (1), 1902. doi: 10.1038/s41467-022-29561-5

Wang, J. P., Yu, J. G., Li, J., Sun, P. C., Wang, L., Yuan, J. Q., et al. (2018). Two
likely auto-tetraploidization events shaped kiwifruit genome and contributed to
establishment of the actinidiaceae family. iSci. 7, 230–240. doi: 10.1016/
j.isci.2018.08.003

Watanabe, H., and Hattori, M. (2006). Chimpanzee genome sequencing and
comparative analysis with the human genome. tanpakushitsu. kakusan. koso.
Protein. Nucleic. Acid. Enzyme. 51 (2), 178–187.

Wendel, J. F., Jackson, S. A., Meyers, B. C., and Wing, R. A. (2016). Evolution of
plant genome architecture. Genome. Biol. 17, 37. doi: 10.1186/s13059-016-0908-1

Wen, J., Zhang, J. Q., Nie, Z. L., Zhong, Y., and Sun, H. (2014). Evolutionary
diversifications of plants on the qinghai-Tibetan plateau. Front. Genet. 5.
doi: 10.3389/fgene.2014.00004

Wessler, S. R. (2006). Transposable elements and the evolution of eukaryotic
genomes. P. Natl. Acad. Sci. U.S.A. 103 (47), 17600–17601. doi: 10.1073/
pnas.0607612103

Wilson, D., Pethica, R., Zhou, Y., Talbot, C., Vogel, C., Madera, M., et al. (2009).
SUPERFAMILY– sophisticated comparative genomics, data mining, visualization
and phylogeny. Nucleic. Acids Res. 37 (Database issue), D380–D386. doi: 10.1093/
nar/gkn762

Wos, G., Choudhury, R. R., Kolar, F., and Parisod, C. (2021). Transcriptional
activity of transposable elements along an elevational gradient in arabidopsis
arenosa. Mobile. DNA. 12 (1), 7. doi: 10.1186/s13100-021-00236-0

Wu, Z., Chen, H., Pan, Y., Feng, H., Fang, D., Yang, J., et al. (2022). Genome of
hippophae rhamnoides provides insights into a conserved molecular mechanism in
Frontiers in Plant Science 15
actinorhizal and rhizobial symbioses. New. Phytol. 235 (1), 276–291. doi: 10.1111/
nph.18017

Xing, M., Xue, C., Li, R., and Tian, L. (1989). Karyotype analysis of sea
buckthorn. J. Shanxi. Univ. (Natural Sci. Edition). 12 (3), 323–330.

Xu, Z., and Wang, H. (2007). LTR_FINDER: an efficient tool for the prediction
of full-length LTR retrotransposons. Nucleic. Acids Res. 35 (Web Server issue),
W265–W268. doi: 10.1093/nar/gkm286

Yang, Z. (2007). PAML 4: phylogenetic analysis by maximum likelihood. Mol.
Biol. Evol. 24 (8), 1586–1591. doi: 10.1093/molbev/msm088

Yang, Q., Bi, H., Yang, W., Li, T., Jiang, J., Zhang, L., et al. (2020). The genome
sequence of alpine megacarpaea delavayi identifies species-specific whole-genome
duplication. Front. Genet. 11. doi: 10.3389/fgene.2020.00812

Yang, Y., Chen, J., Song, B., Niu, Y., Peng, D., Zhang, D., et al. (2019). Advances
in the studies of plant diversity and ecological adaptation in the subnival ecosystem
of the qinghai-Tibet plateau. Chinese. Sci. Bull. 64 (27), 2856–2864.

Yan, Q., Owen, L. A., Zhang, Z., Wang, H., Wei, T., Jiang, N. X., et al. (2021).
Divergent evolution of glaciation across high-mountain Asia during the last four
glacial-interglacial cycles. Geophys. Res. Lett. 48 (11), e2021GL092411. doi: 10.
1029/2021GL092411

Yu, L., Diao, S., Zhang, G., Yu, J., Zhang, T., Luo, H., et al. (2022). Genome
sequence and population genomics provide insights into chromosomal evolution
and phytochemical innovation of hippophae rhamnoides. Plant Biotechnol. J. 20
(7), 1257–1273. doi: 10.1111/pbi.13802

Zdobnov, E. M., and Apweiler, R. (2001). InterProScan - an integration platform
for the signature-recognition methods in InterPro. Bioinformatics. 17 (9), 847–848.
doi: 10.1093/bioinformatics/17.9.847

Zhang, T., Qiao, Q., Novikova, P. Y., Wang, Q., Yue, J., Guan, Y., et al. (2019).
Genome of crucihimalaya himalaica, a close relative of arabidopsis, shows
ecological adaptation to high altitude. P. Natl. Acad. Sci. U.S.A. 116 (14), 7137–
7146. doi: 10.1073/pnas.1817580116

Zhang, J., Tian, Y., Yan, L., Zhang, G., Wang, X., Zeng, Y., et al. (2016). Genome
of plant maca (Lepidium meyenii) illuminates genomic basis for high-altitude
adaptation in the central andes. Mol. Plant 9 (7), 1066–1077. doi: 10.1016/j.molp.
2016.04.016

Zhang, H. Z., and Yang, Z. G. (2013). Climate atlas of Tibet autonomous region
(Beijing: Meteorological Press).

Zhao, Y., Tzedakis, P. C., Li, Q., Qin, F., Cui, Q., Liang, C., et al. (2020).
Evolution of vegetation and climate variability on the Tibetan plateau over the past
1.74 million years. Sci. Adv. 6 (19), eaay6193. doi: 10.1126/sciadv.aay6193

Zhou, S., Li, J., Zhao, J., Wang, J., and Zheng, J. (2011). “Chapter 70 -
quaternary glaciations: Extent and chronology in China,” in Developments in
quaternary sciences, vol. Vol. 15 . Eds. J. Ehlers, P. L. Gibbard and P. D. Hughes
(Amsterdam, Netherlands: Elsevier), 981–1002. doi: 10.1016/B978-0-444-53447-
7.00070-2

Zhou, X., Zhang, N., Wang, W., Wang, C., and Wu, B. (2012). Comparison of
different nuclear isolation buffers for species of hippophae DNA flow cytometry. J.
Gansu. Agric. Univ. 47 (04), 155–160.
frontiersin.org

https://doi.org/10.1101/2021.04.29.441969
https://doi.org/10.1126/science.1153917
https://doi.org/10.1093/molbev/mss183
https://doi.org/10.1093/bioinformatics/btx153
https://doi.org/10.1111/pbi.13680
https://doi.org/10.1111/pbi.13680
https://doi.org/10.1016/j.molp.2015.04.004
https://doi.org/10.1038/s41467-022-29561-5
https://doi.org/10.1016/j.isci.2018.08.003
https://doi.org/10.1016/j.isci.2018.08.003
https://doi.org/10.1186/s13059-016-0908-1
https://doi.org/10.3389/fgene.2014.00004
https://doi.org/10.1073/pnas.0607612103
https://doi.org/10.1073/pnas.0607612103
https://doi.org/10.1093/nar/gkn762
https://doi.org/10.1093/nar/gkn762
https://doi.org/10.1186/s13100-021-00236-0
https://doi.org/10.1111/nph.18017
https://doi.org/10.1111/nph.18017
https://doi.org/10.1093/nar/gkm286
https://doi.org/10.1093/molbev/msm088
https://doi.org/10.3389/fgene.2020.00812
https://doi.org/10.1029/2021GL092411
https://doi.org/10.1029/2021GL092411
https://doi.org/10.1111/pbi.13802
https://doi.org/10.1093/bioinformatics/17.9.847
https://doi.org/10.1073/pnas.1817580116
https://doi.org/10.1016/j.molp.2016.04.016
https://doi.org/10.1016/j.molp.2016.04.016
https://doi.org/10.1126/sciadv.aay6193
https://doi.org/10.1016/B978-0-444-53447-7.00070-2
https://doi.org/10.1016/B978-0-444-53447-7.00070-2
https://doi.org/10.3389/fpls.2022.1051587
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	How to survive in the world’s third poplar: Insights from the genome of the highest altitude woody plant, Hippophae tibetana (Elaeagnaceae)
	Introduction
	Materials and methods
	Sample collection
	Library construction and sequencing
	Genome assembly
	Annotation of repetitive elements
	Gene annotation
	Gene family evolution analysis
	Genome collinearity analysis and WGD event identification
	Adaptive selection in the genome
	SVs identification
	Nodule inception gene family evolutionary analysis
	Aligning sex-specific regions to the homogametic sex data sets

	Results
	Genome assembly and quality assessment
	Genome annotation and recent burst of LTR-RT
	Gene family evolution and phylogenetic analysis
	Recent whole-genome duplication and diploidization
	Genome evolution in adaptation and survival
	Nodule inception gene family evolution of H. tibetana
	Identification of sex-linked regions

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


