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A B S T R A C T

Seedling establishment in an extreme environment requires an integrated genomic and physiological response to
survive multiple abiotic stresses. The extremophyte, Haloxylon ammodendron is a pioneer species capable of
colonizing temperate desert sand dunes. We investigated the induced and basal transcriptomes in H. ammo-
dendron under water-deficit stress during early seedling establishment. We find that not only drought-responsive
genes, but multiple genes in pathways associated with salt, osmotic, cold, UV, and high-light stresses were
induced, suggesting an altered regulatory stress response system. Additionally, H. ammodendron exhibited en-
hanced biotic stress tolerance by down-regulation of genes that were generally up-regulated during pathogen
entry in susceptible plants. By comparing the H. ammodendron basal transcriptome to six closely related tran-
scriptomes in Amaranthaceae, we detected enriched basal level transcripts in H. ammodendron that shows
preadaptation to abiotic stress and pathogens. We found transcripts that were generally maintained at low levels
and some induced only under abiotic stress in the stress-sensitive model, Arabidopsis thaliana to be highly ex-
pressed under basal conditions in the Amaranthaceae transcriptomes including H. ammodendron. H. ammoden-
dron shows coordinated expression of genes that regulate stress tolerance and seedling development resource
allocation to support survival against multiple stresses in a sand dune dominated temperate desert environment.

1. Introduction

How plants establish and survive in extreme environments is a
question best explored using extremophile plants (extremophytes)
naturally adapted to such environments than stress-sensitive model
plants. The need to understand how plants survive in desert environ-
ments is imperative at a time desertification is increasingly threatening
human lifestyles (IPCC, 2014; FSIN, 2017). Psammophytes are ex-
tremophytes able to colonize sand dunes and present a genetic re-
pository for understanding naturally selected mechanisms for plant
survival in deserts. They play a vital ecosystem service by preventing
and reversing the process of desertification (Li et al., 2011; Liu et al.,
2016). Therefore, understanding the genetic mechanisms underlying
plant survival during water-deficit stress in extremophytes will have
far-reaching outcomes from improving crops adapted to drought stress
to developing effective land management practices that would limit the
expansion of deserts (Lai, 1985; Li et al., 2014).

Haloxylon ammodendron (black saxaul), is a pioneer tree psammo-
phyte widely distributed in temperate Afro-Asian deserts (Sheng et al.,
2005; Song et al., 2005, 2006; Zheng and Wang, 2015). It acts as
windbreakers, arrest sand movement, maintain microclimates, and fa-
cilitate growth of other plants (NRC, 1980; Aronson, 1985). H. ammo-
dendron serves a critical role in maintaining the structure and function
in its native ecosystem (Tang and Gavin, 2010; Shamsutdinov et al.,
2016). H. ammodendron seedlings are known to tolerate higher drought
conditions compared to xerophytes found in comparable environments
(Tobe et al., 2000a; Song et al., 2005; Xue et al., 2012). However, H.
ammodendron presents an underexplored genetic resource in our efforts
to understand genetic mechanisms governing complex abiotic stress
responses.

Exploring how H. ammodendron is adapted to drought stress in its
early development can provide insight into biological processes prior-
itized by plants naturally selected to tolerate drought. In this study, we
present a curated reference transcriptome for H. ammodendron early
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development, quantified transcript responses to water-deficit stress
with physiological data that support the inferences made at the tran-
scriptome-level, and the significance of the global transcriptomic re-
sponse to its survival in a temperate desert. We compared the H. am-
modendron basal transcriptome to six other closely related
transcriptomes in Amaranthaceae, to identify biological processes that
may exemplify shared responses in successful adaptations to abiotic
stresses and provide a set of transcripts highly enriched in the ex-
tremophytes that have orthologs uncharacterized and underrepresented
in model plants.

2. Materials and methods

2.1. Plant growth

H. ammodendron seeds collected from Minqin, China, were surface-
sterilized, stratified at 4 °C, and germinated for 3 days at 22 °C with a
16 h-light/8 h-dark photoperiod. Seedlings were transferred to
0.5×Hoagland's solution for control samples and to 5% PEG-6000
added to 0.5×Hoagland's solution for drought-induced samples.
Seedling growth was assessed for all samples collected on day 0, 1, 3, 5
and 7. The seven-day-old seedlings were used for RNA-seq. Three in-
dependent biological replicates were performed for the RNA-seq assay.

2.2. Physiological measurements

Root length, hypocotyl length and relative water content (RWC)
were measured every two days until seven days. RWC was determined
as (ma-md)/ma, where ma is seedling fresh weight, and md is the dry
weight for the same sample. The anthocyanin, and chlorophyll content
in shoots and the H2O2 content in whole seedlings were measured as
described by Rabino and Mancinelli (1986), Porra (2002), and Brennan
and Frenkel (1977), respectively. Six independent biological replicates
were used in the assay.

2.3. Sequencing, assembly, and annotation of the reference transcriptome

Total RNA was extracted using the Plant RNA Extraction Kit
(TaKaRa) from 100mg seedlings (entire seedlings including roots and
hypocotyls) for three biological replicates were processed into se-
quencing libraries using NEB Next® Ultra™ RNA Library PrepKit, fol-
lowed by paired-end sequencing on Illumina HiSeq2500 (sequencing
conducted by Novogene, China). 56–59 million 125nt long reads were
obtained for control and 5% PEG-treated samples, and were deposited
in the NCBI-SRA database with the following accessions: SRX1594867,
SRX1594866, SRX1594865, SRX1594864, SRX1594863, SRX1594851.

RNA-seq reads following quality checks were assembled using
Trinity v2.2.0 (Grabherr et al., 2011) with modified settings for
–min_kmer_cov 5 and –group_pairs_distance 300. After removing con-
taminants, artefacts, contigs with low read support, and redundancy
from each control and drought-treated assembly using a custom pipe-
line (Oh et al., 2015), the two assemblies were merged to get a re-
ference transcriptome. All assembled contigs in the merged assembly
showing>95% sequence identity over> 70% of the total length were
clustered using CD-HIT-ESTv4.6 (Li and Godzik, 2006). We selected a
representative transcript containing the longest continuous open
reading frame (ORF), when present predicted by TransDecoderv2.0.1
(https://transdecoder.github.io/) for each cluster to generate a non-
redundant transcriptome.

Annotation was based on a series of BLAST searches using
Araport11 (Cheng et al., 2017), NCBI-plant-refseq-rna, and the NCBI-nr
databases, with 10−5 as the e-value cut-off. Non-plant hits were re-
moved using NCBI non-plant-refseqRNA. The transcriptome was sub-
divided into coding (with ORFs) and non-coding transcriptomes. As-
sembly completeness of the coding transcriptome was assessed using
CEGMA and BUSCO databases (Parra et al., 2007; Simão et al., 2015).

2.4. RNA-seq analysis

RNA-seq reads from each sample was separately aligned to the
coding and non-coding transcriptomes using Bowtie (Langmead et al.,
2009). Transcripts with uniquely mapped reads between control and
drought-induced samples differently at a p-value<0.01 were anno-
tated as significantly differently expressed transcripts (DETs) using
NOISeq (Tarazona et al., 2015). We also calculated reads mapped per
kilobase per million reads (RPKM) for each transcript. Gene ontology
(GO) terms enriched in DETs were detected using a custom background
(Oh et al., 2015) via BINGO (Maere et al., 2005) and visualized using
Cytoscape v3.4.0 (Shannon et al., 2003). qRT-PCR was conducted for
11 randomly selected DETs to validate RNA-seq results, using 2× SYBR
Premix Ex Taq™ II (TaKaRa) on a BIO-RAD CFX96 Real-time Detection
System. The primers used are given in Table S1. The expression of actin
was used as an internal control to normalize the expression of selected
DETs. Three independent biological replicates were used in the assay.

2.5. Comparison of Amaranthaceae transcriptomes

Reference transcriptomes/genomes and RNA-seq data for Beta vul-
garis, Amaranthus hypochondriacus, Salicornia europeae¸ Spinachia oler-
aceae and Chenopodium quinoa were obtained for the comparison with
H. ammodendron (Table S11). The qualitative assessments for these
transcriptomes/genomes, annotation, and RNA-seq alignments were
performed as described earlier for H. ammodendron. Homologous clus-
ters were identified using OrthoMCL (Li et al., 2003). Principal com-
ponent analysis (PCA) for these species was performed based on RPKM
values using prcomp (https://stat.ethz.ch/R-manual/R-devel/library/
stats/html/prcomp.html) in R and visualized by ggfortify (https://
github.com/sinhrks/ggfortify). For the clustering of similarity in
abundance of expressed genes in different species, sum RPKM was used
to represent the total gene function for transcripts that shared the same
Arabidopsis homolog in a given species. Transcripts without an Arabi-
dopsis homolog was removed before hierarchical clustering using hclust
(https://stat.ethz.ch/R-manual/R-devel/library/stats/html/hclust.
html) in R. Each remaining gene model was ranked based on transcript
RPKM and divided into bins of 20 percentile values with a 5% interval.
Missing data for certain gene models in a given species was assigned a
zero rank. The one-to-one ortholog comparison excluding C. quinoa,
was performed using prcomp in R.

3. Results

3.1. Early seedling growth of H. ammodendron in response to water-deficit
stress

Our aim is to detect drought response in the transcriptome at a
critical life history stage of survival, as early as one-week-old seedlings.
Therefore, we examined the effect of drought stress on H. ammodendron
seedlings subjected to 5% PEG-6000 treated for 7 days after germina-
tion. PEG-6000 has been successfully used to study plant growth in
response to water-deficit stress under laboratory conditions specially in
seedlings (Chazen et al., 1995; Siefritz et al., 2002; Caruso et al., 2008;
Yang et al., 2011; Feller et al., 2015; Han et al., 2017; Meunier et al.,
2017). The drought-induced seedlings had reduced growth compared to
the control (Fig. 1). The difference in root growth was more apparent
than in the hypocotyl and the lateral root emergence was delayed in the
drought-induced seedlings. Additionally, RWC was significantly less in
the drought-induced seedlings compared to the control (Fig. 1D). These
results confirmed that the growth of H. ammodendron seedlings was
significantly affected by the induced drought treatment.

We selected 5% PEG for subsequent analysis, based on a growth
response comparison between 2.5 and 10% PEG treatments given for a
week to seedlings (Fig. S1). Stress induced by 2.5% PEG had significant
growth effects on the shoots, but was not statistically significant for
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roots (Fig. S1). A more severe effect induced by 10% PEG, had visibly
dried out roots that led to higher seedling mortality in subsequent days.
Therefore, selecting a 5% PEG treatment was optimal to investigate the
transcriptomic response to drought without overwhelming signals of
cell death.

3.2. De novo assembly and annotation of the H. ammodendron seedling
transcriptome

The assembled transcriptome was curated to yield coding and non-
coding reference transcriptomes. The protein coding transcriptome of
36,099 transcripts with a mean length of 1,388nt was used as a re-
ference for the downstream comparative transcriptome analyses. Fifty
percent of the transcriptome was composed of transcripts longer than
1889nt and included 15,894 complete transcript models (i.e. ORFs with
start and end) (Table 1; Fig. S2).

We used previously published RNA-seq datasets to examine whether
additional RNA-seq sampling from slightly different developmental

stages could further improve our current assembly. Long et al., had
generated RNA-seq data from soil grown four-week-old seedlings
drought stressed for a week and compared to control samples with two
replicates for each condition (Long et al., 2014). Li et al., generated
RNA-seq from 10-day-old seedling-leaves and 2-day-old seedling-coty-
ledons without replicates nor a reference assembly (Li et al., 2015)
(Table S3). Reads from our current study and previously published
datasets mapped at a higher percentage to our de novo assembly than to
the assembly published by Long et al. (Table S3), and the previous work
did not add novel contigs. This implied that we had sampled the H.
ammodendron seedling transcriptome to a depth for which previously
generated reads could not add novel transcripts to our reference tran-
scriptome. The reference transcriptome created for the current study is
available at NCBI Bioproject PRJNA312463.

We annotated 90% of our reference transcriptome using Araport11
(58%), NCBI plant-RefSeq (26%), or NCBI-nr (6%) databases (Fig. S3).
The completeness of our reference assembly is illustrated by the pre-
sence of 97.6% of core eukaryotic genes from CEGMA and 96.5% from
BUSCO (Fig. 2).

A total of 78,705 putative non-coding transcripts were identified in
our assembly with a mean length of 439 nt (Table S2; Fig. S3). Many of
these assembled sequences may represent true non-coding RNA. For
example, 42% of these could be matched with non-coding RNAs in
other plants. However, in the absence of additional functional in-
formation, we have separated all non-coding sequences from coding
sequences when assessing the significance of differential expression of
protein-coding transcripts, due to the possibility of some of them being
non-coding regions of mRNA that were not assembled together with the
coding regions of the respective transcripts.

Fig. 1. Growth response of H. ammodendron seedlings in control and PEG treated samples. (A) plant growth; (B) hypocotyl length; (C) Root length; and (D) relative
water content at 0, 3, 5, and 7 days after germination. Six independent biological replicates were used in the assay.

Table 1
Summary statistics of the H. ammodendron reference protein coding
de novo transcriptome.

Putative protein coding transcripts 36,099
Total size of contigs (Mb) 50.1
Shortest contig (nt) 297
Longest contig (nt) 16,746
Number of contigs > 1 K 19,893
Mean contig size (nt) 1388
Median contig size (nt) 1130
N50 contig length (nt) 1889
Mean ORF length (nt) 933
Median ORF length (nt) 660
Minimum ORF length (nt) 300
Maximum ORF length (nt) 16,014
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3.3. Global transcriptional response to water-deficit stress in early H.
ammodendron seedlings

The drought-responsive transcriptome compared to the control was
spatially well separated in a PCA (Fig. S4). We identified 319 up-
regulated and 198 down-regulated significantly differently expressed
transcripts (DETs) (Table S4; Fig. S5A), of which 19 were unknown
transcripts without any matches in public databases. Additionally, we
found 151 DETs among the putative non-coding transcripts (Table S5;
Fig. S5B). Randomly selected eleven DETs associated with diverse
functions confirmed the expression patterns established by RNA-seq
when tested independently with qRT-PCR (Fig. S6; Table S1).

Fig. 3 illustrates the enriched biological processes prioritized by H.
ammodendron early seedlings in response to water-deficit stress. Among
the coding DETs, 73% could be associated with a GO term (Tables S6
and S7). The H. ammodendron transcriptome gives a strong signal in
response to abiotic stresses, stress signaling via reactive oxygen species

(ROS), and mitigating ROS damage resulting from abiotic stresses by
increasing molecular chaperone activity, flavonoid, and glutathione
metabolism (Fig. 3A). Genes associated in response to water depriva-
tion, cold, heat, UV, osmotic, and heavy metal stresses were upregu-
lated synergistically, although, drought was the only applied stress in
our experiment. Contrasting to the up-regulated functions, the H. am-
modendron transcriptome shows down-regulation in energy metabolism
to match the reduced growth rate as well as other functions not directly
associated with abiotic stress tolerance. These down-regulated genes
were associated with photosynthesis, hormone-mediated pathogen re-
sponses, and nutrient uptake (Fig. 3B).

GO functional enrichment gives us a bird's eye view of enriched
functions but fail to highlight genes that are DETs that do not conform
to an enriched GO function despite their significant roles in stress re-
sponse mechanisms. Therefore, we developed an overview with DETs
functionally annotated and are likely to play major roles in trans-
forming the cellular environment from a stress neutral condition to a

Fig. 2. Assessment of completeness of the transcriptome of H. ammodendron compared to the transcriptomes and genomes from Amaranthaceae using the Core
Eukaryotic Genes Mapping Approach (CEGMA) (A) and Benchmarking Universal Single-Copy Orthologs (BUSCO) (B).
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stress responsive condition better adapted to abiotic stresses in H. am-
modendron early seedlings (Fig. 4; Table S8). This allows us to see the
overall responses of DETs in pathways that respond to stress synergis-
tically in the early seedlings.

3.4. Physiological response in H. ammodendron seedlings to water-deficit
stress corroborate transcriptomic signals

Anthocyanins and hydrogen peroxide accumulation are among the
hallmarks of plant stress (Neill et al., 2002; Winkel-Shirley, 2002). We
measured the total anthocyanin and H2O2 levels in the H. ammodendron
seedlings. Both metabolites increased significantly in the drought-

induced samples throughout the test period compared to the levels
observed in the control (Fig. 5). Mirroring the upregulated functions in
the transcriptome profile, H. ammodendron seedlings accumulate H2O2

and anthocyanins in drought-stressed seedlings more than the control
(Figs. 4 and 5). The significantly reduced chlorophyll content in
stressed seedlings (Fig. 5D) was in line with the down-regulation of
chlorophyll biosynthesis genes (Fig. 4), reduced photosynthesis
(Fig. 3B), and reduced growth (Fig. 1).

Fig. 3. Directed acyclic graphs representing gene ontology (GO) terms enriched among genes up-regulated (A) and down-regulated (B) in response to 5% PEG in H.
ammodendron early seedlings.
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3.5. Coordinated induction of abiotic stress response pathways in early
seedlings

Transcription factors regulating abiotic stress. An array of tran-
scription factors associated with drought, salt, cold, heat, high-light,
and oxidative stress (Fig. 4; Table S8) were concurrently upregulated in
H. ammodendron drought-stressed samples. Specially, notable is the
induction of several DREB (Dehydration Responsive Element Binding)
family transcription factors (Yamaguchi-Shinozaki, 1994; Lata and
Prasad, 2011). DREB2A, a positive marker for drought tolerance (Liu,
1998; Sakuma et al., 2006), was up-regulated in H. ammodendron
drought-stressed seedlings (Fig. 4).

Stress signaling and antioxidant defense. Several groups of up-
regulated co-expressed genes are noticeable in their putative role in
increasing the antioxidant capacity of the H. ammodendron drought-
stressed seedlings. (a) Transcripts involved in H2O2 metabolism were
induced (Figs. 3A and 4; Tables S6 and S8). H2O2 is an effective stress
priming metabolite (Savvides et al., 2016) that prepares tissues for
severe abiotic stress (Mittler, 2002), and confer drought and salt stress
tolerance in seedlings (Wahid et al., 2007; He et al., 2009). As predicted
by the transcriptomic profile, the H2O2 content increased in drought-
induced seedlings compared to the control (Fig. 5B). (b) Glutathione S-
transferase (GST) transcripts were up-regulated (Fig. 4). GSTs are
transcriptionally induced under drought and salt stress to reduce the
level of hydroperoxides that damage DNA and lipids, and participate in
stress signaling and flavonoid biosynthesis (Dixon et al., 2002; Thatcher
et al., 2007; Chen et al., 2012; Xu et al., 2015). (c) Transcripts coding
for phenylpropanoid biosynthesis (including flavonoids) were up-
regulated in the drought-stressed H. ammodendron seedlings. Among
them is the transcription factor HY5 (Brown and Jenkins, 2008) known
to induce anthocyanin levels (Figs. 3A and 4). In line with the tran-
scriptomic profile, the drought-induced seedlings showed significantly

higher levels of anthocyanins compared to the control (Fig. 5). (d)
Other ROS dissipating systems were also induced in the drought-
stressed seedlings as seen with transcripts encoding for mitochondrial
manganese superoxide dismutase (Morgan et al., 2008), chloroplast Fe
superoxide dismutase (Attia et al., 2008), monodehydroascorbate re-
ductase in ascorbate recycling (Urzica et al., 2012), catalase (Savouré
et al., 2002), peroxidase (Passaia et al., 2014), alternative oxidase
(Giraud et al., 2008), and SAT1 which leads to increased levels of thiol
metabolites that buildup the cellular reduction potential (Park et al.,
2013) (Fig. 4).

Heat shock proteins and molecular chaperones. In concert with the
increased antioxidant defenses, a suite of transcripts coding for cyto-
plasmic and chloroplast localized heat shock proteins known to facil-
itate basic metabolic functioning during oxidative stress were up-
regulated in the H. ammodendron drought-stressed seedlings (Figs. 3A
and 4). Among these were, HSP70, HSP90, and HSP20 family members
that serve as molecular chaperones (Sung et al., 2001; Cazalé et al.,
2009; Samakovli et al., 2014), HSP40/J3 which regulates plasma
membrane H+-ATPase under oxidative stress (Yang et al., 2010), BOB1
involved in protein folding required during seedling development and
also increase thermal stress tolerance (Perez et al., 2009).

Several chloroplast heat shock proteins upregulated in the H. am-
modendron drought-stressed seedlings are known for their functions in
minimizing damage to chloroplasts during abiotic stress (Fig. 4). These
include, HSP21 required for Chloroplast transcription and development
under heat stress (Zhong et al., 2013), CR88 required for chloroplast
protein import (Oh et al., 2014b; Feng et al., 2014), and HSP40/J8
required for stabilization of PSII under oxidative stress (Chen et al.,
2010). Additionally, transcripts coding for proteins like the Cu cha-
perone CCH which protects the PSII system from oxidative stress (Shin
et al., 2012), FIB involved in protection from photoinhibition (Youssef
et al., 2010), NPQ4 required for non-photochemical quenching (NPQ)

Fig. 4. Overview of differently expressed protein coding genes synergistically involved in cellular processes under drought stress in early H. ammodendron seedlings.
Genes denoted in red text (up-regulated responses) and blue text (down-regulated responses) are localized to the cellular components and processes based on
supportive literature given in Supplementary Table 5. Solid arrows indicate positive regulation, blocked arrows indicate negative regulation, and dashed arrows
represent indirect associations. The summarized sketch represent each gene product localized to only one location even though, some proteins are localized to
multiple cellular components. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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to protect PSII from excess excitation energy (Frenkel et al., 2009;
Kereïche et al., 2010), and SEP2 (Heddad and Adamska, 2000) that
interacts with thylakoid membranes showed up-regulated transcripts in
the H. ammodendron drought-stressed seedlings.

Transcripts associated with maintaining optimal primary metabo-
lism. The drought-stressed seedlings showed induced transcripts that
are involved in sustaining growth during abiotic stress (Fig. 4; Table
S8). These include, GLB1 known to regulate the C-N balance
(Chellamuthu et al., 2016), GAPC2 (Guo et al., 2014), CYSB, a cysteine
proteinase inhibitor induced under multiple stresses (Zhang et al.,
2008), and LTP3 (Guo et al., 2013) and FAD5 (Heilmann et al., 2004)
involved in lipid biosynthesis and transport.

Transcripts associated with maintaining optimal seedling develop-
ment. Lastly, several transcripts with known functions related to seed-
ling development minimizing adverse effects of irreversible growth
defects under abiotic stress were upregulated in the drought-stressed
samples (Fig. 4; Table S8). These include HYR1 that prevents etiolation
induced cell expansion (Zhao et al., 2007); FER1 (Ravet et al., 2012;
Reyt et al., 2015) and TH8 (Schnaubelt et al., 2015) that regulate lateral
root density resulting in higher plant fitness.

3.6. Coordinated down-regulation of abiotic stress response pathways in
early seedlings

Photosynthesis and associated processes. The immediate drought
response for all terrestrial plants is to close stomates upon water stress
resulting in limited intracellular CO2 availability followed by reduced
photosynthesis although the reduction in the rate of photosynthesis can
vary between species (Chaves et al., 2009). Consistent with the ex-
pected trend, we observed significant down-regulation of multiple H.
ammodendron transcripts associated with PSI, PSII, light harvesting
system, and chlorophyll biosynthesis (Figs. 3B, 4 and 5D). The down-
regulation of transcripts in the photosynthetic electron transport chain
(ETC) was in accord with the down-regulation of the respiratory ETC
(Figs. 3B and 4). Transcripts coding for Cox1, Cox2 and Cox3, the
catalytic subunits of Cytochrome c oxidase (Soto et al., 2012) were
significantly down-regulated confirming the previous findings, that
limiting the activity of cytochrome c oxidase would allow more alter-
native oxidase activity leading to reduced ROS generation by pre-
venting over reduction of the ubiquinone pool (Millar et al., 2011)
(Fig. 4). Down regulated RD22 serves a similar function by allowing

Fig. 5. Selected metabolites differently regulated under drought stress. Stress response markers, anthocyanins (A) and H2O2 (B) increase in water stressed seedlings of
H. ammodendron compared to control samples at 0, 3, 5, and 7 days after treatment. Anthocyanin accumulation is visible at 7 days after treatment (C). Total
chlorophyll content is significantly decreased in PEG treated one week old seedlings compared to the control seedlings (D), * indicates a p-value in t-test < 0.05. Six
independent biological replicates were used in the assay.
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upregulation of peroxidase genes, reduced chlorophyll content, and
inducing transcription of defense responses to make the plant more
primed for both drought and pathogen stress (Harshavardhan et al.,
2014). Transcripts involved in multiple nutrient acquisition pathways
were also down-regulated in line with the expectation that the in-
corporation of nutrients without toxic buildup cannot proceed in the
stressed seedlings at the same rate as in the control upon stress induced
reduction of photosynthates and ATP (Figs. 3B and 4).

Response to pathogen defense. We observed a reciprocal down-
regulation in multiple biotic defense pathways parallel to the upregu-
lation of abiotic stress responses in H. ammodendron drought-stressed
seedlings (Fig. 4). Two main strategies were apparent from the overall
transcriptome response in achieving optimum stress management re-
lated to pathogen stress. One set of down-regulated transcripts is re-
quired at elevated levels for successful pathogen invasion. Therefore,
down-regulation of such transcripts would provide direct protection
from pathogen attacks during a vulnerable developmental stage already
experiencing abiotic stress. Examples in H. ammodendron seedlings in-
clude CRK20 (Ederli et al., 2011), RDR1 (Cao et al., 2014), and ASK2
(Schrammeijer et al., 2001; Anand et al., 2012). The other set of down-
regulated transcripts associated with pathogen responses represent
proteins in resisting pathogens during pathogenesis. Since the primary
stress condition experienced by the seedlings in our experimental
conditions was abiotic stress, the allocation of resources for biotic stress
responses will be limited as a tradeoff necessitated by the current
condition. We saw significant down-regulation for RD21 (Shindo et al.,
2012), CNGC4 (Chin et al., 2013), ORA47 (Kerchev et al., 2011), WAT1
(Denancé et al., 2013), PEN2 (Lipka et al., 2005), BRH1 (Molnar et al.,
2002), GER3 (Membre et al., 2000), and GSTU7 (Liao et al., 2014).

3.7. Lineage specific H. ammodendron stress responsive and primed
transcripts

Most transcripts that were consistently drought responsive in early
and late seedlings (Table 2; Fig. 6B) are of unknown function without
any detectable homolog in Arabidopsis. These likely represent lineage
specific genes in H. ammodendron or Amaranthaceae species.

Previous transcriptomic studies on extremophytes have illustrated
that the basal transcriptome carries signatures of stress adaptations
than the induced transcriptome (Dassanayake et al., 2011; Oh et al.,
2014a; Zou et al., 2017). Many stress responsive genes are con-
stitutively highly expressed in the extremophytes (Talke et al., 2006;
Gao et al., 2013; Oh et al., 2014a; Velasco et al., 2016; Krämer, 2018).

Thus, an induced-drought stress may not change the abundance of
transcripts that were highly expressed at the basal level and were
primed to respond to common stresses naturally experienced by H.
ammodendron. To detect transcripts of interests in H. ammodendron that
may be critical for its survival in an environment defined by multiple
abiotic stresses, we compared its basal transcriptome to six other
Amaranthaceae basal transcriptomes which included Beta vulgaris,
Amaranthus hypochondriacus, Salicornia europaea¸ Spinacia oleraceae, and
Spinacia turkestanica (Fig. 7; Table 3 and Table S11). Amaranthaceae
species are adapted to higher abiotic stress levels than most plants
(Russell et al., 1998; Heusser et al., 2015; Santos et al., 2016; Liu et al.,
2016). This also allowed us to identify transcripts that were generally
highly expressed in Amaranthaceae species.

We tested all target transcriptomes with CEGMA and BUSCO data-
bases to check whether the additional transcriptomes had a comparable
level of completeness that would facilitate our comparative tran-
scriptome analysis. The highest number of complete and the lowest
number of missing transcripts were observed for the H. ammodendron
transcriptome and the Chenopodium quinoa genome (Fig. 2).

Amaranthaceae basal transcriptomes clustered using an Arabidopsis
ortholog. The orthologous relationships among the target
Amaranthaceae transcriptomes were first deduced from similarity to an
Arabidopsis thaliana ortholog to maximize the functionally annotated
transcripts included in the analysis. At the same time, it would mini-
mize inclusion of lineage-specific genes only present in these non-model
systems from obscuring the identification of candidate genes generally
present in most plants. This approach allowed the identification of
genes with a potential for broader applications in developing crop
systems better adapted to extreme climates.

We used 17,588 ortholog clusters based on 230,716 transcripts from
seven species. The separation of Amaranthus hypochondriacus from all
the other transcriptomes on PC1 (Fig. 7A) may be indicative of it being
a sister group to all other species included in the test (Fig. 7B). We then
conducted hierarchical clustering based on the normalized expression
values used for the PCA to identify transcript clusters that showed si-
milar abundance levels in two or more species (Fig. 7C; Table S12). We
included only one spinach species (Spinachia oleraceae), in our hier-
archical clustering to avoid a bias introduced by two species in a single
genus as our goal was to identify similarities of basal level transcripts
shared among diverse species.

We selected the C3 (1568 transcripts), C7 (1224 transcripts), and C4
(3423 transcripts) clusters for further analysis (Fig. 7C). Cluster C3 was
enriched in transcripts shared between Salicornia europaea and H.

Table 2
List of shared significantly differently regulated transcripts between current study and Long et al., 2014. Transcript annotations are based on Araport 11
(Krishnakumar et al., 2015) annotations linked to the putative Arabidopsis orthologs of the H. ammodendron transcripts.

Transcript ID Arabidopsis putative
ortholog

Gene short ID Putative function

Up Regulated HA61447 AT1G43710 SDC1 A serine decarboxylase involved in ethanolamine metabolism and is critical for plant
growth

HA61280 – –
HA51341 AT1G26390 – FAD-binding Berberine family protein
HA97782 – –
HA114453 – –
HA90445, HA73460 AT5G66400 RAB18 ABA- and drought-induced dehydrin protein.
HA92013 – –
HA109186 AT4G29890 – A choline monooxygenase
HA26132 – –
HA78051 AT3G15850 FAD5 Chloroplast fatty acid desaturase and contribute to cold stress tolerance
HA86030 –

Down Regulated HA96706 – –
HA3468 AT2G44490 PEN2 A glycosyl hydrolase in peroxisomes that acts in inducible preinvasion resistance against

bacterial pathogens
HA106465 – –
HA97855 – –
HA9747 AT4G31940 CYP824 A cytochrome P450 enzyme, CYP82C involved in the early Fe deficiency response
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ammodendron, the two most salt and drought tolerant species in the
group. Cluster C3 was representative of functions mostly associated
with stress responses. This cluster captures candidate genes abundant in
the extremophytes but not merely due to their lineage specificity in
Amaranthaceae or their functions as housekeeping genes common to
most plants.

Cluster C4 was enriched in transcripts generally highly expressed in
all six species. These mostly represented known genes in primary me-
tabolism. Cluster C4 is enriched for genes that may have got selected
repeatedly or maintained by purifying selection under abiotic stress in
multiple Amaranthaceae species.

Lastly, we looked into Cluster C7 to search for H. ammodendron
specific genes that may include uniquely evolved genes due to its
psammophytic lifestyle. This list largely included functionally un-
characterized genes. Even with the limited information, it was clear
that most of these genes have stress response roles and some were as-
sociated with biotic stress defense (Fig. 7C; Tables S3 and S13).

Amaranthaceae basal transcriptomes clustered independent from
Arabidopsis orthologs. Amaranthaceae species are very likely to carry
lineage-specific transcripts that would be absent in Arabidopsis.
Therefore, additionally, we searched for one-to-one orthologous re-
lationships among the six transcriptomes independent of their simi-
larity to A. thaliana genes. We excluded Chenopodium quinoa from this
search due to a large number of transposable elements annotated in the
genome as hypothetical proteins and also because of C. quinoa being a
tetraploid.

A PCA based on 1160 one-to-one ortholog clusters among the target
group places H. ammodendron closest to Salicornia europaea than to any

other species we included in the analysis (Fig. S7). This corresponds to
their shared adaptations to high salinity and drought than observed for
any other pair in the target group. The abiotic stress tolerance capacity
expected for H. ammodendron to survive in its native habitat would
place it at the extreme tolerant group even among Amaranthaceae
(Sheng et al., 2005). Salicornia europeae is one of the most salt tolerant
terrestrial species among all plants (Zhu, 2001).

3.8. Transcriptome signals consistent during H. ammodendron seedling
development

We compared the two-day, ten-day (Li et al., 2015), one-week
(current study), and five-week old seedling (Long et al., 2014) tran-
scriptomes to assess transcripts constitutively expressed throughout
these developmental stages. The RNA-seq datasets clustered to high-
light their different plant growth conditions further separated by stress
treatments and tissue conditions within each cluster (Fig. 6A). Early
seedlings were separated from the late seedlings on PC2. The drought
treatment effect on the transcriptome was spatially distinct for early
seedlings, but not for late seedlings (Fig. S4 and Fig. 6). Nevertheless,
we found 17 DETs shared between the two seedling stages of which ten
of those were not identified in other plants (Fig. 6B; Table 2). Up-reg-
ulation of drought responsive genes and down-regulation of chlorophyll
biosynthesis were consistent between the early and late seedlings de-
spite the differences in their drought stress treatment and the devel-
opment stage (Table 2). Table S9 lists DETs in the late seedlings in
response to drought.

The early-seedling transcriptome compared to the RNA-seq data

Fig. 6. Transcriptome profiles of H. ammodendron at different developmental stages and growth conditions. Principal component analysis for H. ammodendron
RNAseq data used in the current study compared to Long et al., 2014 and Li et al., 2015 (A). Shared and unique differently expressed transcripts between PEG treated
one week old early seedlings and soil grown drought stressed five-week-old seedlings (B). Overlapping transcripts found in leaves and cotyledons from Li et al. (2015)
with the total transcripts found in whole seedlings (C).
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from early seedling-leaves and cotyledons (Li et al., 2015) identified
8113 unique transcripts, most likely expressed specifically in seedling-
roots, of which 26 were drought-responsive DETs (Figs. 4 and 6C;
Tables S4 and S8). The shared 27,986 transcripts among whole seed-
lings, leaf, and cotyledon largely represents the shoot specific tran-
scripts, of which 467 were DETs (Tables S4 and S8; Fig. 4).

4. Discussion

4.1. H. ammodendron seedling transcriptome recounts its lifestyle defined
by multiple abiotic stresses

H. ammodendron has evolved to endure drought, high salinity, ex-
treme temperatures, and high light (Lai, 1985; Shamsutdinov et al.,
2016). Exemplifying its role as a pioneer keystone species, the total
organic carbon, nitrogen, and phosphorus were significantly enriched
creating a fertile zone ∼40 cm around the H. ammodendron roots while
pH and salinity were decreased (Li et al., 2011). This effect probably
cascades into larger fertile islands in the desert where plant community
structure is determined by sites that had the successful seedling estab-
lishment of H. ammodendron (Kebin, 1989; Wang et al., 2014).

Therefore, the establishment of an entire plant community in a fragile
ecosystem is dependent on the survival of H. ammodendron seedlings.

Understanding the transcriptome of H. ammodendron early seedlings
in response to drought adds perception to the genetic basis for plant
survival amid environmental stress. PEG-6000 has been widely used to
study drought stress in many plant systems (Chazen et al., 1995; Siefritz
et al., 2002; Caruso et al., 2008; Filichkin et al., 2010; Yang et al., 2011;
Li et al., 2013; Feller et al., 2015; Han et al., 2017; Meunier et al., 2017)
including psammophytes (Zhu et al., 2006; Gong et al., 2009; Taghvaei
and Ghaedi, 2014). Additionally, it allows minimum handling that
could be implemented at a very early seedling stage where soil grown
samples would not be practical to study without damaging the young
roots for our current study.

The early seedlings represent the most vulnerable development
stage in H. ammodendron survival (Huang et al., 2003; Tobe et al., 2004,
2005; Zou et al., 2010; Li et al., 2011) and drought is the main de-
terminant of seedling survival (Tobe et al., 2005; Yu et al., 2012; Tian
et al., 2014). In agreement with previous field studies, we observed a
clear growth setback in response to drought compared to control con-
ditions in H. ammodendron seedlings (Fig. 1 and Fig. S1). As a con-
sequence of persistent drought in its native habitat, most H.

Fig. 7. Basal transcriptomes of Amaranthaceae species compared to the H. ammodendron basal transcriptome. PCA plot for normalized basal expression of all
annotated transcripts with an ortholog identified in Arabidopsis thaliana (A). Heatmap based on hierarchical clustering of normalized orthologous basal expression
among the six Amaranthaceae species (B). Species tree of target species based on the APG IV classification system (Byng et al., 2016) (C). Ham: Haloxylon ammo-
dendron; Seu: Salicornia europaea; Sol: Spinachia oleraceae (cultivated spinach); Stu: Spinachia turkestanica (wild spinach); Bvu: Beta vulgaris; Ahy: Amaranthus hy-
pochondriacus; Cqu: Chenopodium quinoa. The scale for the heat map represents percentile ranking within each species of FPKM values of orthologs.
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ammodendron seeds germinate during spring when melting snow is
common (Tobe et al., 2005). It is also commonly found in highly saline
habitats (Tobe et al., 2000b). These environmental conditions com-
bined, create drought, cold, salt, and osmotic stresses. Being sessile in a
desert, H. ammodendron needs to tolerate high temperature, light, and
UV stress. The above stresses would lead to oxidative stress caused by
the generation of intracellular ROS above background levels. Therefore,
plants in these environments need basal or induced transcriptional re-
sponses to minimize the damage caused by multiple abiotic stresses to
sustain growth. The basal transcriptional levels as well as the induced
responses we observed for H. ammodendron seedlings indeed exemplify
adaptations to drought, salt, osmotic, cold, high temperature, UV, and
oxidative stresses (Figs. 3 and 4; Table 3).

Notably, only a few transcripts were identified as differentially ex-
pressed in response to drought stress in H. ammodendron. This is likely
because the basal transcriptome already had many of the drought re-
sponsive genes at a high expression level that reduced the necessity to
upregulate these stress responsive genes from a preadapted expression
level (Figs. 6 and 7). However, this is contrasting to drought sensitive
plants that show more than 10% of their transcriptome responding
significantly to drought stress (Clauw et al., 2015; Zong et al., 2013).

4.2. Modified stress response pathways in H. ammodendron compared to
Arabidopsis

Fig. 4 illustrates the overall response to water deficit stress in H.
ammodendron early seedlings in reference to genes with functional at-
tributes, but excludes species specific unknown genes. The individual
components in Fig. 4 are often associated with known stress related
functions, but the combination of these components creates a unique
transcriptomic signature previously not recognized in H. ammodendron
or in other psammophytes. This would allow us to hypothesize strate-
gies leading to coordinated gene expression in multiple biological

processes to achieve optimal growth under stress, exemplified by ex-
tremophytes differently than in stress sensitive plants. For example,
SEP2, stress-enhanced protein2 localized to the thylakoid membrane,
was up-regulated in the drought-induced H. ammodendron seedlings
(Fig. 4). However, it was previously thought to be induced only during
light stress and specifically reported as a gene where drought had no
influence on its induction in Arabidopsis. None of the stresses, cold,
heat, desiccation, salt, or oxidative stress showed any effect on SEP2
expression in Arabidopsis (Heddad and Adamska, 2000). Therefore, H.
ammodendron SEP2 presents an example of a stress responsive gene that
may have a modified regulatory circuit from a single-to a multi-stress
response that includes drought.

The existence of co-regulated multiple stress response pathways
upon a single abiotic stress implied by the induction of stress responsive
transcripts in H. ammodendron seedlings corroborate with physiological
studies previously published. For example, NPQ4 required for non-
photochemical quenching (NPQ) to protect PSII from excess excitation
energy is induced by light stress (Frenkel et al., 2009; Kereïche et al.,
2010). A previous study has shown that H. ammodendron seedlings ir-
rigated with salt had increased NPQ capacity (Han et al., 2010). In our
current study, the drought-induced H. ammodendron seedlings also
showed significantly up-regulated NPQ4 expression.

Multiple genes associated with single stresses not reported to be
affected by drought in previous studies have shown up-regulation in the
drought-induced H. ammodendron seedlings. It is possible that some of
these genes when functionally annotated in model plants were not
tested for their response to drought stress. Alternatively, it could be
indicative of co-regulated networks in H. ammodendron with up-stream
regulators governing the induction of such genes in response to any one
abiotic stress among multiple stresses that are persistent in the native
habitat of H. ammodendron. For example, FAD5 involved in plastidial
lipid biosynthesis (Heilmann et al., 2004) known to be up-regulated
under cold stress was induced in the drought-stressed H. ammodendron

Table 3
Representative transcripts highly expressed in both H. ammodendron and S. europaea (Cluster 3)a, transcripts generally highly expressed in all selected Amaranthaceae
(Cluster 4)b, and transcripts highly expressed only in H. ammodendron compared to the other species (Cluster 7)c.

CLUSTER 3 CLUSTER 4 CLUSTER 7

Transcript ID (A. thaliana
homolog)

Associated function Transcript ID (A.
thaliana homolog)

Associated function Transcript ID (A.
thaliana homolog)

Associated function

HA95461 (AT1G67910) Unknown HA6760 (AT5G19820) Unknown HA104108 (DI21) Unknown
HA43121 (AT2G18420) Unknown HA24745 (SKS5) Unknown HA73143 (AT1G10588) Unknown
HA51776 (MPK19) Unknown HA23507 (RAB6A) Intracellular trafficking HA89635 (AT1G58420) Unknown
HA42950 (eIF-3) Translation regulation HA41033 (UXS2) Cell wall biosynthesis HA113751

(AT4G10265)
Unknown

HA7208 (AT3G56060) Oxidoreductase HA19064 (GAE6) Pectin biosynthesis HA33367 (RIN4) Plant defense regulation
HA71089 (TRAPα) ER membrane protein HA68798 (SCE1) Respond to stress HA57220 (UPF0497) Casparian strip formation
HA60059 (STH) Seedling photomorphogenesis HA40168 (AT4G34450) Coatomer ϒ2, golgi

transport
HA112998 (chitIV) Plant defense

HA56711 (NRAMP3) Fe & Mn transport from vacuoles HA59654 (NIR1) Nitrate assimilation HA18310 (AT3G29410) Terpenoid biosynthesis
HA18160 (CKA2α2) Posttranslational regulation HA48436 (CAC3) Fatty acid biosynthesis HA111069 (LAC14) Oxidation of phenolics
HA86902 (GPX1) Detoxify H2O2 in chloroplasts HA103647

(AT4G19860)
α/β-hydrolase protein HA113099

(AT1G06030)
Fructose phosphorylation

HA46720 (VSR3) Stomatal closure via ABA
signaling

HA35611 (PEX13) Peroxisome biogenesis &
transport

HA83036 (MIRO2) ABA and salt stress response

HA16417 (AT5G47110) Chlorophyll and tocopherol
biosynthesis

HA59615 (PGD2) Oxidative pentose
phosphate pathway

HA44203 (AOX1B) Mitochondrial alternative
respiration

HA107723 (WDR26) Cross talk between light
acclimation and stress

HA97836 (OZI1) Response to oxidative,
pathogen & ozone stress

HA62187 (SMAX1) Karrikin and strigolactone
responses

HA107576
(AT5G21940)

UV, heavy metal & oxidative
stress

HA46590 (ACP5) Fatty acid biosynthesis
HA73460 (RAB18) Response to drought, cold &

ABA
HA90377 (AT1G33030) Lignin biosynthesis

a Expression level above 85th percentile in both H. ammodendron and S. europaea, and below 20th percentile or not detected in other species used in this study.
b Expression level above 75th percentile in all species used in this study.
c Expression level above 90th percentile in H. ammodendron, and below 15th percentile or not detected in other species used in this study.
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seedlings. The role of FAD5 in H. ammodendron seedlings may be con-
sistent with the known function of chloroplast membrane structural
integrity during cold stress, but how such a gene is induced in H. am-
modendron compared to stress-sensitive plants could be different. H.
ammodendron seedlings are found in the temperate deserts during early
spring when melting snow is a common feature in the environment
(Tobe et al., 2005). Therefore, shared stress signaling pathways that
trigger a response to cold or drought would minimize the need to evolve
or allocate energy on separately induced pathways.

4.3. Quality of transcriptome assemblies determine the extent of informative
data that can be mined

Harnessing candidate genes from naturally adapted species to en-
vironmental stresses is a popular concept for crop development
(Bressan et al., 2011; Dassanayake et al., 2012; Kissoudis et al., 2016;
Eshel et al., 2017; Krämer, 2018). However, even with the un-
precedented rate of increase in transcriptome resources for non-model
species, the promise of effectively mining such data has not been fully
realized (Hajjar and Hodgkin, 2007; Ford-Lloyd et al., 2011; Ambrosino
et al., 2017). A major bottleneck limiting our ability to search for in-
formative genetic variation is caused by releasing low-quality highly
fragmented and redundant transcriptome assemblies, sometimes,
without annotations. Many transcriptome analyses that stem from weak
assemblies also lack biological replicates, adequate statistical analyses
to identify convincing trends, and a reasonable effort to understand the
biological significance of the transcriptomic signals. Therefore, in the
current transcriptome study, we attempted to use all sequence data
generated for H. ammodendron to maximize discovery of meaningful
biological trends and identify promising candidate genes for future
functional studies.

Understanding the overall transcriptomic signature in H. ammo-
dendron seedlings first required a high-quality curated reference tran-
scriptome. After a series of quality checks, we separated the relatively
high-confidence coding transcriptome from the non-coding tran-
scriptome likely to be more fragmented as well as underrepresented
even in model systems. Our attempt to understand adaptations of a
psammophyte by reading its transcriptome had two main goals. One
was to understand the biological responses beyond GO functional en-
richment, as integrated biological responses as much as possible by
investigating all significantly regulated genes. We were able to detect
coordinated stress responses including tradeoffs in biotic stresses to
allow gene expression associated with multiple abiotic stresses (Fig. 4).
Results discussed earlier suggest the presence of novel transcriptional
regulation and co-option of homologs into general stress responsive
pathways in H. ammodendron absent in stress specific response path-
ways described for model plants. A future reference genome for H.
ammodendron would allow testing this further.

The second approach was to understand the uniqueness of the H.
ammodendron transcriptome in comparison to other related species in a
generally stress tolerant group. Transcriptome analyses of non-model
plants are challenged by lack of functional genetic research that allows
direct inferences of gene functions. Yet, we were able to identify can-
didate genes that may have evolved different regulatory mechanisms in
extremophytes, of which many have homologs in the model plant. The
presence of homologs in A. thaliana has a broader significance than
being able to delete or overexpress these candidate genes in Arabidopsis
to check for stress adaptive phenotypes. These candidates represent
genes shared by most plants and therefore the genetic variation in
regulation of such genes will provide evolutionary and mechanistic
insight on how these genes have been recruited differently in naturally
stress-adapted plants (Krämer, 2018). Because these are likely to be
found in most crops, engineering crops for stress adaptation using such
genes may be less daunting than attempting to introduce orphan genes
into crops.

The functionally unknown genes found in H. ammodendron at high

basal levels or induced under stress may be contributing to a cellular
environment not only optimized to respond to extreme multiple abiotic
stresses but is also optimized to protect the plant from pathogens. We
see a significant number of these genes in all three clusters with an
ortholog in Arabidopsis (Fig. 7). However, the Arabidopsis ortholog has
not been functionally characterized yet or have escaped attention from
researchers; perhaps because Arabidopsis does not carry the allele that
would result in a significant phenotype, or the regulatory network to
evaluate such homologs is absent in Arabidopsis. Future studies for
functional annotations and transcriptome comparisons with psammo-
phytes could give more insight into the functional value of such tran-
scripts, their regulation upon sensing stress, and their evolutionary
significance.

5. Conclusion

Drought is an inevitable stress typical to terrestrial plants. Desert
plants show extreme adaptations to drought but their genomes are
largely unexplored compared to drought sensitive models studied to
understand drought tolerance. Few attempts have been made to un-
derstand the coordinated expression of transcripts for growth optimized
survival using psammophytes. We have investigated the global tran-
scriptomes to identify prevailing basal and induced pathways in H.
ammodendron seedlings in response to drought stress. We found a stress
prepared transcriptome for multiple abiotic stresses during seedling
establishment. Additionally, transcripts that are generally maintained
at low levels and some induced only under abiotic stress in Arabidopsis
were highly expressed under basal conditions in the Amaranthaceae
transcriptomes including H. ammodendron. These provide novel candi-
dates to expand or initiate discovery of new stress adaptive gene net-
works and altered mechanisms naturally selected in extremophytes that
allow survival under multiple environmental stresses.
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