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Poa crymophila Keng is highly adaptable to long-term low temperature and drought

conditions, making it a desirable foraging grass of the Qinghai-Tibet Plateau. Here, the

widely targeted metabolomics and comparative transcriptome analyses were utilized

for the discovery of metabolites and genes in P. crymophila in response to cold and

drought stresses. P. crymophila were exposed to −5◦C for 24 h and recovered to

22◦C for 48 h, as well as drought for 10 days followed by re-watering for 1 day. In

total, 779 metabolic features were assigned to metabolites and 167,845 unigenes

were generated. Seventeen compounds showed significant up-regulation (variable

importance in project>1) under both stresses in themetabolic profiling, mainly annotated

as carbohydrates, flavones, and phenylpropanoids. The genes which were positively

correlated with these metabolites were assigned to pathways (sucrose-starch, raffinose,

phenylpropanoid, and flavone metabolism) using the Mapman software package.

Alpha-amylase, beta-fructofuranosidase, and sugar transport genes degraded the

glucose and starch to small molecule sugars for the purpose of osmotic adjustment

and to provide more energy for the growth of P. crymophila in an adverse environment.

The induction of cinnamoyl-CoA reductase (CCR) and the MYB gene as well as the sharp

increase in schizandrin, a kind of lignan, showed that this likely has the closest connection

with the tolerance to both stresses. Four significantly induced flavone compounds are

probably involved in reducing oxidative damage. Our results indicated that activation

of the phenlypropanoid pathway plays the primary role in P. crymophila adapting to

harsh environments. This study showed the mechanism of P. crymophila responding to

both cold and drought stresses and showed the discovery of a new biological regulator

against stresses.

Keywords: Poa crymophila Keng, cold and drought, transcriptome, widely targetedmetabolomics, carbohydrates,
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FIGURE 5 | The established networks between metabolites and their correlated genes. (A) The network graph of primary metabolism. (B) The network graph of

secondary metabolism.

TABLE 3 | The candidate genes in response to both cold and drought stimulations in Poa crymophila Keng cv. Qinghai (Probability >0.8).

TR-id log2(Cold/CK) Probability log2(Drought/CK) Probability KEGG-Annot

Secondary metabolism TR57051|c0_g1 10.35 0.99 9.38 0.97 Rhamnosyltransferase

TR57502|c0_g1 10.06 0.98 8.45 0.91 Flavonol synthase

TR72858|c0_g1 9.54 0.97 11.10 0.99 Cinnamoyl-coa reductase

TR68491|c2_g1 9.41 0.96 10.99 0.99 Myb proto-oncogene protein, plant

TR72119|c0_g3 9.08 0.95 10.84 0.99 Cinnamoyl-coa reductase

TR75364|c1_g1 6.66 0.92 7.172 0.92 2′-deoxymugineic-acid

TR78771|c0_g3 8.60 0.90 8.61 0.91 Cinnamoyl-coa reductase

TR64512|c0_g3 8.50 0.90 8.23 0.88 FLS1, FLS4; flavonol synthase

Primary metabolism TR82581|c0_g30 8.61 0.90 10.90 0.99 Sugar porter family MFS transporter

TR78987|c1_g11 8.01 0.85 9.92 0.98 Alpha-amylase

TR79121|c0_g4 8.37 0.90 9.42 0.97 Solute carrier family 35

TR70111|c0_g4 8.04 0.97 8.19 0.97 3-hydroxyacyl-dehydratase

TR67217|c1_g2 10.35 0.99 8.78 0.94 Wax-ester synthase

TR67628|c0_g2 7.77 0.85 8.28 0.91 Beta-fructofuranosidase

TR47006|c0_g2 8.25 0.90 7.98 0.86 –

and LEAs. A considerable number of genes encoding these
proteins have recently been identified in many plant species in
response to cold stress (Miura and Furumoto, 2013). Under
drought stress, only amino acids and their derivatives showed
more up-regulation, which may connect to LEA because LEA
genes have been reported to enhance the drought tolerance of
transgenic maize, tobacco, and upland cotton (Magwanga et al.,
2018; Minh et al., 2019).

Once the two stresses were withdrawn, growth of Poa rapidly
resumed and most metabolites showed a concentration callback.
This suggested that Poa can withstand repeated harm from
freezing and long periods of drought.

The Metabolites Induced by Both Cold and
Drought Stresses
In this study, 17 metabolites were significantly induced by both
stresses. Among them, the abundance of schizandrin (pmf0166)

increased over 100,000 times and was far higher than the other
16 metabolites (Figure 2). Schisandrin, a kind of lignan, has been
studied as a plant-based medicine (Sowndhararajan et al., 2018)
and has been shown to protect from neurotoxicity and enhance
cognitive functions in the cell line and animal models (Egashira
et al., 2008; Xu et al., 2012). However, there is a dearth of research
in terms of its function in the plant itself. Both lignan and lignin

are synthesized by monolignols via the phenylalanine pathway.
Monolignols are divided into p-coumaryl alcohol, coniferyl
alcohol, and sinapyl alcohol, resulting in the formation of H-

hydroxyphenyl, G-guaiacyl, and S-syringyl lignin, respectively
(Gray et al., 2012). Lignan is thought to come from G- and S-
lignin. Schizandrin is a kind of dibenzocyclooctene lignan and
three oxygen atoms are attached to every benzene ring via a C-
O bond (Sowndhararajan et al., 2018). Comparing the molecular
structures of schizandrin and the three monolignols, it was
inferred that schizandrin is formed by sinapyl alcohol because
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FIGURE 6 | qRT-PCR verifying the accuracy of RNA-seq. Sixteen unigenes were selected for the qRT-PCR assay and results are from three biological replicates.

Beta-actin gene from Poa crymophila Keng transcriptome was served as reference gene. The fold change (FC) of gene expression between treated samples and

control sample was calculated using 2−11Ct, and LogFC2 = –11Ct. the LogFC2 of each unigene in qRT-PCR and transcriptome was compared to verify the stability and

accuracy of the RNA sequencing. (A) The fitting line of LogFC2 of each unigene in qRT-PCR and transcriptome. (B) The expression change of each unigene in qRT-PCR

(–11Ct) and transcriptome (LogFC2 ).

there are also three C-O bonds in sinapyl alcohol (Figure 7).
Lignin-like polymers have been referred to as stress-lignin or
defense-lignin, and they can be induced by external biotic and
abiotic stresses such as pathogen attacks, water deficits, high light,
ozone, heavy metals, and mechanical stress (Gray et al., 2012).
Schizandrin in P. crymophila should be regarded as a “stress-
lignin” which warrants exploration in terms of its function and
regulatory mechanism.

Additionally, four flavones were also accumulated in response
to both stresses. Flavones are a kind of flavonoid which are

also derived from the phenylpropanoid metabolic pathway.
All flavonoid compounds are composed of two benzene rings
connected by a 3-carbon linking chain (Nabavi et al., 2018).
Ring A is synthesized from three malonyl-CoA molecules
generated via the transformations of glucose while ring
B is synthesized from 4-coumaroyl-CoA produced from
phenylalanine (Figure 8). Rings A and B condense to generate
chalcone, and then transform to flavanone via isomerase-
catalyzed cyclization. Flavanone is the starting compound for the
synthesis of other flavonoids (Nabavi et al., 2018). Flavones are
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FIGURE 7 | Molecular structures of p-coumaryl alcohol, coniferyl alcohol, sinapyl alcohol, and schizandrin.

converted from flavanones through flavone synthase. Flavones,
flavonols, and anthocyanins accumulating in leaf epidermal cells,
waxes, and trichomes can act as UV-B filters and form DNA
crosslinking to protect DNA from oxidative damage (Dixon,
2005; Aron and Kennedy, 2008; Albert et al., 2009; Hichri
et al., 2011). In plateau environments, the high UV and harsh
abiotic stresses probably cause over-production of ROS. The four
flavones are likely to be involved in anti-oxidation protection of
plants. Thus, it can be seen that phenylpropanoid metabolism is
a vital reason why Poa acquired multi-tolerance in our study.

In addition, four carbohydrates, such as D-Fructose
6-phosphate-disodium salt, D-Glucose 6-phosphate, Glucose-
1-phosphate, and D-(+)-Glucono-1,5-lactone, which are
intermediate products in the glycolysis pathway and two
unsaturated lipids, were amongst the 17 significantly induced
metabolites (Figure 2). Glycolysis and FA degradation
participating in the tricarboxylic acid cycle is the main
source of amino acids, which is inseparable from the synthesis of
metabolites in the phenylpropanoids pathway (Figure 9).

The Correlated Genes and Their Pathways
The genes which were positively correlated with the 17
metabolites (PCC >0.9) were identified and filtered on the
basis of the gene length exceeding 750 bp. Because the genes
correlated with each metabolite overlapped, we analyzed them
together by mapping them in Mapman to reveal their main
pathways. Sucrose-starch and raffinosemetabolismwere the chief
pathways in primary metabolism, while the phenlypropanoid
pathway functioned most notably in secondary metabolism

(Figures 3, 4). According to the expression level of each gene and
the expression differences between the two groups, the key genes
were identified.

In primary metabolism, the key genes were mainly alpha-
amylase, beta-fructofuranosidase, raffinose synthase, and sugar
porter familyMFS transporter (Table 3). Glucose and starch were
degraded to accelerated glycolysis to cope with drought and cold
stress (Bhargava and Sawant, 2013, Morkunas and Ratajczak,
2014). The status and allocation of carbohydrates enabled more
energy to be available for dealing with environmental stresses
rather than for growth. This may also explain why plants on the
plateau tend to be dwarfed.

In secondary metabolism, CCR (EC 1.2.1.44) showed

significant up-regulation in plants in response to both stresses.
CCR catalyzed the first reaction of monolignol synthesis in a

pivotal position of the phenylpropanoid pathway and directed

metabolic flux toward a different direction of monolignols
or flavonoids (Sattler et al., 2017). In Poa, significantly
induced CCR and the substantial enrichment of schizandrin
indicated that metabolic flux was more oriented to monolignols
synthesis (Figure 8).

On the other hand, the remainder of the metabolic flux in
the phenylpropanoid pathway flowed into the biosynthesis of
flavones (Figure 8). In dicots, O-glycosylated flavonols are the
major type of flavonoids, while monocot species predominantly
produce flavone C-glycosides, including chrysin, apigenin,
luteolin, and tricin, which have been detected in wheat, rice,
and maize (Tohge et al., 2017). In Poa, four flavones, including
luteolin, tricin, and apigenin, were significantly upregulated
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FIGURE 8 | Phenylpropanoid pathway. PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate-CoA ligase. The monolignol

biosynthetic branch: CCR, cinnamoyl-CoA reductase; CAD, cinnamyl alcohol dehydrogenase; HCT, hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl

transferase; C3H, 4-coumarate 3-hydroxylase; COMT, caffeic acid o-methyltransferase; CCoAOMT, caffeoyl-CoA o-methyltransferase; F5H, ferulate-5-hydroxylase.

The flavonoids biosynthetic branch: CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3′H, flavonoid 3′-hydroxylase; FLS, flavonol

synthase. Dash arrows refer to unspecified steps of a particular metabolic pathway. The colored boxes indicate metabolites that are significantly induced by both

types of stress.

under both stresses (Figure 2), which suggested that Poa accords
with monocot species. However, we only detected flavonol
synthase (FLS) and did not find flavone synthase in the
Poa transcriptome. There may be other pathways to induce
flavone synthesis.

Many transcription factors, such as MYB, WRKY, and
NAC, can regulate the synthesis of many compounds in
phenylpropanoid pathways (Gray et al., 2012; Mierziak et al.,
2014; Nabavi et al., 2018). In the 4,286 associated genes (>750
bp), there were nine MYB, three WEKY, and one NAC identified
in our study, and only one MYB was remarkably upregulated
by both cold and drought stresses. The direct targets of many
of these TFs remain unknown, and cross regulation between
TFs may also exist. Although it has been proved that biotic and
abiotic stresses can trigger lignin and flavonoids in many plants
(Gray et al., 2012), the factors and pathways of regulation require
further study. In addition, in the data concerning all DEGs and
the correlated genes, there were more unigenes in response to
drought than cold. Thus, we inferred that drought is probably
the main stress factor affecting the survival of Poa in cold and
arid areas.

CONCLUSION

In this study, we focused on P. crymophila Keng, an excellent
forage grass, and identified 779 metabolite features and 167,845
unigenes. There were 17 metabolites which were significantly
induced by both stresses, mainly carbohydrates, flavones,
and phenylpropanoids. Among them, schizandrin (pmf0166),
a kind of lignan, likely has the closest connection to the
tolerance of the plant because it showed the highest fold
change (over 10,000 times). A total of 4,286 upregulated
genes (>750 bp) were positively related to the 17 metabolites
with PCC >0.9. The key genes included alpha-amylase, beta-
fructofuranosidase, and genes related to sugar transport in
primary metabolism; and cinnamoyl-CoA reductase, flavonol
synthase, andMYB in secondary metabolism. Glucose and starch
were degraded to small molecule sugars to support the growth
of P. crymophila under adverse environmental conditions.
Phenylpropanoid metabolism appears to be a vital reason why
Poa has acquired multi-tolerance capabilities because of the
accumulation of schizandrin and flavones in phenylpropanoid
pathways. This study presented the mechanism of Poa adapting

Frontiers in Plant Science | www.frontiersin.org 12 April 2021 | Volume 12 | Article 631117

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Wang et al. Adaptations of Poa to Stresses

FIGURE 9 | The response of Poa crymophila Keng to cold and drought stresses. TAC, tricarboxylic acid cycle; CCR, cinnamoyl-CoA reductase; TF, transcription

factor; MAPK, mitogen-activated protein kinase.

to multi-stresses and provided a new anti-stress substance
that can be used to improve the tolerance of crops in
adverse environments.
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