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ARTICLE INFO ABSTRACT

Keywords: Low freezing tolerance threatens the survival and productivity of perennial ryegrass under northern climate. In

Lolium perenne this study, we aimed to identify transcriptional changes in plants subjected to low and freezing temperatures as

E\?g‘mlyte leakage well as to elucidate differences between tolerant and sensitive genotypes. Response to freezing stress was
-seq

evaluated in a panel of 160 perennial ryegrass genotypes by measuring electrolyte leakage after exposure to -12
°C and -14 °C for 24 h. Two tolerant and two sensitive genotypes were selected for the transcriptome analysis.
Crown tissue samples were collected at six treatments: before the start of cold acclimation (control point), at the
start of acclimation, after one week of acclimation, after three weeks of acclimation, after freezing at -5 °C and
freezing at -10 °C. A total of 11,125 differentially expressed genes (DEGs) were identified in the sensitive and
12,937 DEGs in the tolerant genotypes, when comparing the control vs. each of the acclimation and freezing
treatments, as well as the end of acclimation vs. freezing treatments. Among the identified DEGs 3323 were
unique to the sensitive genotypes, 5135 were unique to the tolerant genotypes and 7802 were shared. Genes
upregulated during cold acclimation and freezing stress were linked to the MAPK signalling pathway, circadian
rhythm, starch and sucrose metabolism, plant-pathogen interaction, carbon fixation, alpha-linoleic acid meta-
bolism, carotenoid metabolism, glyoxylate and dicarboxylate metabolism pathways. Downregulated genes were
linked to ATP-dependent chromatin remodelling, fatty acid elongation and DNA replication. The downregulation
of fatty acid elongation and glutathione metabolism DEGs could indicate that the studied genotypes respond to
cold stress in a novel or not yet well-characterized manner.

Cold acclimation
Freezing stress
Differentially expressed genes (DEGs)

Introduction negatively affect cold acclimation of perennial forage crops leading to

frost injuries or even crop loss (Dalmannsdottir et al., 2017; Kovi et al.,

In the Nordic-Baltic region and temperate latitudes in general, global
warming can have a positive aspect for agricultural production and
when coupled with proper adaptation management can encourage
adoption of new forage crop species as well as increase the productivity
(Kemesyte et al., 2023; Olesen et al., 2011; Wiréhn, 2018). On the other
hand, climatic fluctuations and weather anomalies may expose peren-
nial forage crops to new abiotic stress types, such as more frequent warm
spells in autumn causing unstable snow cover resulting in deacclimation
and reacclimation cycles (Jgrgensen et al., 2010). These changes
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20165 Uleberg et al., 2014). The unfavourable autumn and winter con-
ditions are the main factors limiting the geographical distribution of
species and yield stability. However, during evolution, temperate plants
have developed cold adaptation strategies when tolerance is gained
during autumn via cold acclimation (also known as hardening) process
temperatures (Ding et al., 2013; Thomashow, 1999). Low, non-freezing
temperatures ranging from +5 °C to 0 °C for at least a 4-week period,
increases the efficiency of plant acclimation leading to higher survival
rate and yield (Jaskune et al., 2022; Rapacz et al., 2014) by inducing
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changes at physiological level via modification of cell wall and mem-
brane fluidity as well as activation of signalling pathways (Tao et al.,
1998). Acclimation process starts with the detection of cool tempera-
tures stress followed by increased membrane rigidity, Ca®" influx,
initiation of signalling pathways, and the subsequent responses of
ICE-CBF-COR transcriptome reprogramming as well as post-
transcriptional regulation and posttranslational modification (reviewed
in Juurakko et al.,, 2021; Sustek-Sanchez et al., 2023). When plants
experience low-temperature stress, ICE1 can be released from JAZ pro-
teins that are bound by DELLAs, leading to the activation of CBF3
expression. In turn, CBF3 triggers the expression of genes responsive for
decreasing the levels of bioactive gibberellic acid (GA) and facilitates the
accumulation of DELLAs. C-repeat binding factors (CBFs), also known as
dehydration-responsive element-binding proteins (DREBs), are very
important in acclimation process as they are responsible for activating
the expression of COR genes via binding to cis-element in the promoter
of COR genes (Ritonga and Chen, 2020). Another cold response path-
ways are abscisic acid (ABA) signalling and mitogen-activated protein
kinase (MAPK) cascade pathways functioning as conveyors of stress
signals from receptors to effectors initiating adaptive processes (Hossain
etal., 2010; Moustafa et al., 2014). Most of the current knowledge about
gene regulatory networks involved in cold tolerance comes from studies
in Arabidopsis. Although many of these networks are evolutionarily
conserved, there are large differences between dicots and monocots and
between annual and perennial plant species. Thus, there is a need for
more research on crop plants, especially perennial crops exposed to the
effects of climate change.

Perennial ryegrass (Lolium perenne L.) is the most economically
important cool-season pasture and turf grass species. It has a large
biogeographical distribution, covering nearly whole Europe
(Blanco-Pastor et al., 2019), New Zealand and other temperate areas
(Chapman et al., 2023). Perennial ryegrass is valued for excellent forage
quality, grazing tolerance, rapid establishment and good seed produc-
tion. However, these superior properties are exhibited under optimal
growth conditions while under drought or low temperatures it performs
poorly (Alelitinas et al., 2015; Helgaddttir et al., 2018; Jaskuné et al.,
2020). Several studies have evaluated the mechanisms involved in cold
acclimation at physiological, proteomic and metabolomic levels.
Perennial ryegrass accessions of contrasting freezing tolerance were
studied for proline, water soluble carbohydrates (WSCs) and lipid con-
tent in crown tissue during 21 days of cold acclimation (Hoffman et al.,
2010). Freezing tolerant plants accumulated more WSCs, especially
sucrose, whereas proline level increased equally in both tolerant and
sensitive genotypes. Similar experiments were performed using leaf
tissue to evaluate the protein content and different metabolites
composition of freezing tolerant and sensitive plants (Bocian et al.,
2011, 2015). Freezing tolerant genotypes differed from sensitive ones by
higher levels of chloroplast proteins (Bocian et al., 2011) and earlier
accumulation of proline and asparagine (Bocian et al., 2015). Increased
fructan content was measured in the roots and above ground biomass of
a freezing tolerant genotype during cold acclimation (Abeynayake et al.,
2015b). Cold acclimation followed by freezing stress induces a complex
phytohormonal changes in perennial ryegrass; accumulation of
trans-zeatin in the crown and root tissue was recorded during cold
acclimation and exposure to freezing led to up-regulation of abscisic and
jasmonic acid (Prerostova et al., 2021).

Transcriptome analysis is one of the most effective approaches to
identify the genes involved in abiotic stress and to describe the regula-
tory pathways and mechanisms (Aleliunas et al., 2020; Dong et al.,
2020). However, studies on transcriptional level changes under cold
stress in perennial ryegrass is still scarce. Ice recrystallization inhibition
(IRI), dehydrin (DHN), and cold-regulated (COR) genes were upregu-
lated, and chlorophyll-binding protein genes were downregulated dur-
ing cold acclimation in a study that utilized Affymetrix Barleyl
GeneChip to study differences between cold acclimated and
non-acclimated perennial ryegrass plants (Zhang et al., 2017). Genes

Plant Stress 14 (2024) 100598

related to carbohydrate metabolism, photoperiod regulation and signal
transduction were differentially expressed in the leaves of freezing
tolerant and sensitive genotypes (Abeynayake et al., 2015a; Paina et al.,
2014).

In the present research, we utilized perennial ryegrass genotypes
with varying freezing tolerance to study transcriptome profiles, aiming
for a deeper understanding of the molecular mechanisms underlying the
response to cold (low positive temperature) and freezing (below zero
temperature) stress. Similar to previous research, we compared tran-
scriptomic responses before and during cold acclimation (at 7, 14, and
21 days). However, unlike prior studies, we also evaluated tran-
scriptomic responses after exposing plants to freezing temperatures (—5
and —10 °C). This study aims to (i) identify differentially expressed
genes during cold acclimation and freezing, and (ii) compare the profiles
of these genes between freezing-tolerant and freezing-sensitive geno-
types, thereby revealing the molecular pathways that differentiate their
stress responses.

Materials and methods
Plant material and electrolyte leakage measurement

A collection of 160 perennial ryegrass genotypes was screened for
freezing tolerance. The plant material was established by randomly
selecting five genotypes from each of the 32 experimental populations
and cultivars utilized in a Nordic/Baltic pre-breeding project (Rognli
et al., 2018). Each genotype was vegetatively propagated and planted in
cell packs filled with peat substrate, with 4 ramets per cell. They were
kept in the greenhouse for 21 days, 16/8 h photoperiod, until they were
fully established and then moved into growth chambers (Plant Master,
Germany), set at 12/12 h photoperiod and 200 pmol m™ s photosyn-
thetically active radiation (PAR), for cold acclimation. Acclimation was
performed in two steps, starting at 5 °C for 7 days, and continuing at 2 °C
for 14 days. At the end of the cold acclimation period, leaf samples of
each genotype from the 4 replicates were taken and placed in 25 ml
tubes, filled with 2 ml of distilled water. The tubes were randomly
placed in the test tube racks and moved into the climate chamber PE
2412 UY-LX (Angelantoni Industrie, Italy) set at 2 °C. Then the tem-
perature was reduced to —6 °C and held constant until it settled down to
—6 °C in all racks. The temperature was monitored by inserting tem-
perature probes into one test tube per rack and recording with a KD7
recorder (Lumel, Poland). After reaching the uniform temperature, it
was gradually lowered at a rate of 1.2 °C h! to a target temperature and
held for 24 h. The freezing test was repeated twice, with —14 °C as the
target temperature of the first experiment (Expl), while the second
(Exp2) had a target temperature of —12 °C. After the freezing test, tubes
with the leaves were moved to the growth chamber set to 2 °C and after
24 h, 10 ml of deionized water was added into each tube. The tubes were
shaken overnight at 120 rpm and then initial conductivity (Cjy;) was
measured with YSI 3100 conductivity meter with YSI 3253 Glass Dip
Cell (YSI Incorporated, USA). The total conductivity (C) was measured
after autoclaving the samples at 120 °C for 15 min. Electrolyte leakage
was estimated as EL = (Cip;)/(Ctot) X 100. Freezing tolerance was defined
as percentage of EL at the targeted temperatures of —14 °C and —12 °C.

RNA sampling, extraction and sequencing for transcriptome analysis

For the transcriptome analysis, a set of four perennial ryegrass ge-
notypes, consisting of two tolerant and two sensitive were selected based
on EL estimation results. Each selected genotype was vegetatively
propagated into 20 replicates, consisting of 2-3 ramets, planted in cell
packs filled with peat substrate. The established plants were cold
acclimated for 21 days as described above. Before exposure to freezing
temperatures, the plants were removed from the soil, the roots were
washed and trimmed to 5 cm. Each plant was placed into 50 ml test
tubes with 5 ml of water and left for adaptation in the freezing chamber



A.R. Pashapu et al.

for 10 h at 1 °C. Afterwards the temperature was lowered to - 5 °C at the
rate - 1 °C per hour, kept at - 5 °C for 3 h, then the temperature was
lowered to - 10 °C. Crown tissue samples were collected at six times
points in 3 replicates (Fig. 1) and immediately frozen in liquid nitrogen.
T2, T3, T5 and T6 samplings were made one hour after reaching the
target temperature. T1 was made a day prior to the start of cold accli-
mation, and T4 was made right before moving plants to the freezing
chamber. First four samplings (T1-T4) were made at 11 a.m. RNA
extraction along with DNA digestion was carried out using QIAGEN’s
RNeasy Plant Mini Kit and RNase-free DNase, according to the manu-
facturer guidelines. Library preparation and sequencing (20 million
paired reads/sample) were outsourced to Novogene Co Ltd (Cambridge,
UK).

Alignment, abundance estimation and functional annotation

To obtain high quality reads, the raw reads were inspected using
FastQC (0.11.9) (Ward et al., 2020) followed by trimming and adapter
removal using fastp (0.23.2) (Chen et al., 2018) with options
-length _required 100, —cut_window size 4, —cut_mean_quality 15. The
cleaned reads were then aligned to the reference genome of perennial
ryegrass (Ensembl release 59) using hisat2 (2.2.1). The binary align-
ment/map (bam) files generated from hisat2 were used to extract a
transcript level counts matrix with featureCounts from subread (2.0.6)
(Liao et al., 2014) by providing the gene transfer format (gtf) file
(ensembl release 59). The resulting counts matrix was used for differ-
ential expression analysis. For functional annotation, coding regions of
the genes (nucleotide sequences) extracted from the genome using
gffread (0.12.7) were blasted against protein sequences of perennial
ryegrass downloaded from NCBI using diamond (v2.0.15.153) (Buchfink
et al., 2021) with options —ultra-sensitive and —evalue 0.00001.

Differential gene expression analysis

The function filterByExpr from the edgeR package was used to filter
out genes with low expression. Principal component analysis based on
genes retained after filtering was performed using dudi.pca function
from R package ade4 (Dray and Dufour, 2007). The quasi-likelihood
approach (Lund et al., 2012) was employed to identify differentially
expressed genes. Genes involved in cold acclimation were identified by
performing contrasts between T1 vs T2, T1 vs T3 and T1 vs T4 followed
by contrasts between T1 vs T5, T1 vs T6, T4 vs T5, T4 vs T6, and T5 vs T6
to identify genes involved in freezing stress responses. The
above-mentioned contrasts were performed separately in sensitive and
tolerant genotypes (e.g. Sen Tl vs Sen T2, Tol T1 vs Tol T2).

A 1Al A
. \

A ANV AN AN

NN AN

NVAVAVAVEVAVIY,

Sl = = =l =l e

¥V
1 T2

Establishment

21 day, +20°C { 7 days, +5°C

Plant Stress 14 (2024) 100598

Furthermore, contrasts were performed at respective treatments be-
tween freezing tolerant and sensitive genotypes to identify differences in
gene expression between genotypes (e.g. Sen T2 vs Tol T2, Sen T4 vs Tol
T4). Only genes with p.adj <0.05 and log fold change > log2(1.5) were
considered as differentially expressed. To identify the genes responsible
for differences in cold acclimation and freezing tolerance between sen-
sitive and tolerant genotypes, DEGs from the direct comparisons be-
tween genotypes were retained only if they were differentially expressed
in at least one of the treatment contrasts (T1 vs T2, T1 vs T3, T1 vs T4, T1
vs T5, T1 vs T6, T4 vs T5, T4 vs T6, and T5 vs T6) in both sensitive and
tolerant genotypes. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis on sets of upregulated
and downregulated genes were performed by enrichGO and enrichKEGG
functions from R package clusterProfiler (4.10.1) (Wu et al., 2021).

Results
Freezing tolerance assessment

A substantial variation for freezing tolerance parameters was
observed among the tested genotypes especially at the target tempera-
ture —12 °C (Exp 1). The mean electrolyte leakage (EL%) at —14 °C
(Exp2) was higher than that of EL% at —12 °C (p < 0.0001, Student’s t-
test). The variation between repeats was very high (Fig. 2), and the
correlation between the results of Expl and Exp2 was very weak (r =
0.20, p < 0.05). Selection of the two most freezing tolerant (low EL%)
and sensitive (high EL%) genotypes for the subsequent transcriptome
analysis was carried out by identifying those genotypes, which were
consistently placed in the first quartile and in the fourth quartile in both
Expl (Figs. 2A, 3A) and Exp2 (Figs. 2B, 3A). The results obtained from
the EL experiments corresponded with the clustering observed when
performing the principal component analysis based on the DEGs of the
sampled plants.

Alignment, functional annotation, and explanatory data analysis

The alignment rate was > 72 % for all samples in the study with a
mean alignment rate of ~ 78 %. Homology-based search of coding re-
gions of the genes against the protein sequences of perennial ryegrass
retrieved from NCBI's database annotated 35,926 (92 %) genes. After
filtering genes with low counts, a total number of 28,535 genes were
retained for differential expression analysis and the mean library size
was around ~ 17.5 million reads per sample. Principal component
analysis (PCA) based on all the genes retained after filtering ordered
treatments T1 to T6 from left to right along PC1 (~31 % variation) and

3hours

14 days, +2°C 3 hours, -5°C | 3 hours, -10°

Fig. 1. The design of the cold acclimation and freezing tolerance experiment with indicated time points (red arrows) of RNA sampling, where T1 is control, T2 —
beginning of acclimation at +5 °C, T3 — beginning of acclimation at +2 °C, T4 — end of acclimation, T5 — freezing at —5 °C and T6 - freezing at —10 °C.



A.R. Pashapu et al.

A
-12°C, 24 h

80

60

40

Electrolyte leakage, %

Plant Stress 14 (2024) 100598

B

-14°C, 24 h

80

60

20 !||

Fig. 2. Electrolyte leakage (EL) variation among perennial ryegrass genotypes (n = 160) assessed for freezing tolerance at —12 °C (A) and —14 °C (B). Error bars
represent standard deviation (SD). The genotypes selected for the transcriptome analysis are indicated in red.
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Fig. 3. Electrolyte leakage (EL) and principal component analysis (PCA) of differentially expressed genes of perennial ryegrass genotypes with contrasting freezing
tolerance. (A) Variation of EL among freeze sensitive (red) and tolerant (blue) assessed after 24 h at —12 °C and —14 °C. (B) shows the clustering of freeze tolerant

and sensitive genotypes along principal component axes 1 and 2.

PC2 explaining 15 % of variation separated the tolerant and sensitive
genotypes (Fig. 3B). The first two principal components indicate that
experimental factors are the primary source of variation, thus validating
the experimental setup.

DEGs during cold acclimation and freezing stress

A total of 11,125 differentially expressed genes (DEGs) were iden-
tified in the sensitive and 12,937 DEGs in the tolerant genotype (Fig. 4),
when comparing a control (T1) versus each acclimation (T2, T3, T4) and
freezing (T5, T6) treatments, as well as the end of acclimation (T4)
versus freezing treatments (T5 and T6). Among the identified DEGs 3323
were unique to the sensitive genotype (sensitive specific cold-responsive
genes), 5135 were unique to the tolerant genotype (tolerant specific
cold-responsive genes) and 7802 were shared between both genotypes
(core cold-responsive genes). There were no differentially expressed
genes identified at contrast T5 vs T6 neither in the tolerant nor the
sensitive genotype. The tolerant genotype had more upregulated and

downregulated DEGs compared to the sensitive genotype during cold
acclimation (T1 vs T2, T1 vs T3, T1 vs T4) and at the onset of freezing
temperatures (T1 vs T5) (Fig. 4B). The number of DEGs was approxi-
mately identical at contrasts T4 vs T5, compared to T4 vs T6 in the
tolerant genotype, while it was higher at contrast T4 vs T6 compared to
T4 vs T5 in the sensitive genotype (Fig. 4B). Several genes encoding
proteins and transcription factors (TFs) were differentially expressed in
both genotypes and are known to be involved in cold acclimation and
freezing tolerance, such as DREB/CBF, cold-shock proteins, late
embryogenesis abundant proteins (LEA), heat shock proteins (HSP) and
others described in Table 1. KEGG pathway analysis of DEGs revealed
that genes upregulated during cold acclimation and freezing stress are
linked to the MAPK signalling pathway, circadian rhythm, starch and
sucrose metabolism, plant-pathogen interaction, carbon fixation in
photosynthetic organisms, alpha-linoleic acid metabolism, carotenoid
metabolism, glyoxylate and dicarboxylate metabolism pathways while
downregulated genes were linked to ATP-dependent chromatin
remodelling, fatty acid elongation and DNA replication (Figs. 5 and 6).
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Fig. 4. Differentially expressed genes (DEGs) in the freeze tolerant and sensitive genotypes, where contrasts between genotypes are shown in Figure A, while B)
shows number of upregulated and downregulated genes between treatment contrasts in genotypes.

DEGs responsible for differences in freezing tolerance between tolerant and
sensitive genotypes

Comparative transcriptomic analysis between sensitive (baseline)
and tolerant genotypes identified 4720 (2408 up, 2312 down), 3708
(1902 up, 1806 down), 3921 (1745 up, 2176 down), 4187 (2793 up,
1394 down), 3727 (1900 up, 1827 down) and 4057 (2149 up, 1908
down) differentially expressed genes at T1, T2, T3, T4, T5, and T6
respectively (Supplementary file 1). To identify the genes responsible for
the differences in freezing tolerant and sensitive genotypes, DEGs from
between genotype contrasts were filtered out based on the core cold-
responsive genes (7802 genes) (Fig. 4). After filtering, 926, 644, 752,
640, 682, and 810 genes were retained at contrast T1, T2, T3, T4, T5,
and T6 respectively (Supplementary file 2). Further inspection of the
filtered gene lists revealed several genes, known for their roles in cold
and abiotic stress responses in plants, were highly differentially
expressed between the genotypes during cold stress (Fig. 6, Table 1,
Supplementary Table 1, Supplementary Fig. 1). Genes coding for cold
shock protein CS120-like, cold-regulated 413 protein, dehydrin DHN3-
like, HSP, HSF A-2a-like, glycine-rich cell wall structural protein 1,
CBL-interacting protein kinase 21-like, LEA 1 subgroup, bHLH 6-like TF,
SCREAM 2 TF, MADS-box TF 14-like, MADS-box TF 50-like, common-
plant regulatory factor 1-like, b-ZIP TF 23-like, hydrophobic protein
OSR8-like and cysteine-rich receptor-like protein kinase 10 are among
the few DEGs with elevated expression in tolerant genotypes. In sensi-
tive genotypes, genes encoding DREB 1B-like, NDR1/HIN1-like protein,
36.4 kDa proline-rich protein-like, sucrose 1-fructosyltransferase-like,
MYB77-like TF, wall-associated receptor kinase 1-like, calcium-
dependent protein kinase (CDPK) 13-like, CDPK 26-like, calcium bind-
ing protein KIC-like were observed to have higher expression. Interest-
ingly, a gene coding for cold-responsive protein kinase (CRPK) 1-like is
downregulated with the onset of cold in tolerant genotypes but its
expression remained stable (not significantly DE) in sensitive genotypes.
GO analysis of filtered DEGs sets identified GO terms lipid oxidation
(G0:0,034,440) and dioxygenase activity (G0:0,051,213) were
enriched among genes with higher expression in sensitive genotypes at
T5 and T6 (Supplementary Fig. 2), while GO terms; response to water

(G0:0,009,415) and response to acid chemical (GO:0,001,101) were
enriched in genes with higher expression in tolerant genotypes at T4.

Discussion

Perennial ryegrass in Europe spans from the Iberian Peninsula to
Scandinavia (Blanco-Pastor et al., 2019) and thus is subjected to an array
of climatic stressors and their combinations. Though warmer winters
have led to less winter damage of forage crops in the Baltic region
(Kemesyte et al., 2020, 2023), low freezing tolerance is still an impor-
tant limiting factor for perennial ryegrass cultivation. Better under-
standing of the molecular mechanism behind perennial ryegrass cold
acclimation and freezing stress response remains an important research
field from both a practical and fundamental point of view.

Transcriptomic profile during cold acclimation

To better understand the different pathways that were enriched at
certain treatments, the DEGs at basal level (T1) were compared to those
of the rest of treatments. The analysis revealed that tolerant genotypes
consistently exhibited a higher number of differentially expressed genes
(DEGs) during cold acclimation (T1 vs T2, T1 vs T3 and T1 vs T4) than
sensitive genotypes (Fig. 4B). In the comparison between T1 and T2
(beginning of cold acclimation), both the sensitive and tolerant geno-
types upregulated genes involved in the MAPK signalling pathway. The
MAPK pathway plays a crucial role in signal transduction during stress
responses and is involved in the calcium signalling response to cold
acclimation in different plant species as shown by Jagodzik et al. (2018)
and Guo et al. (2018). The genes involved in the arginine and proline
metabolism were enriched in the sensitive genotypes, while genes
related to the circadian rhythm were enriched in tolerant genotypes. The
involvement of the circadian rhythm pathway aligns with findings by
Jang et al. (2024), indicating its role in regulating cold-responsive genes
like DREBL. Proline is known as an osmoprotectant accumulating during
cold acclimation and can be used for energy production under stress
conditions (Liang et al., 2013). In L. perenne, a previous study observed
higher levels of proline in the crown tissue of freezing tolerant plants
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Table 1
Genes identified as differentially expressed between the sensitive and tolerant genotypes during cold acclimation and freezing stress.
Gene ID Description Role Higher DE in Ref.
expression in contrasts
KYUSg_chr2.31927 bHLH 6-like transcription MYC2 has been shown to be involved in chilling  Tolerant T3, T4, T5, 10.3389/fpls.2022.868874
factor (TF) resistance. It positively regulates the expression T6
of CBFs.
KYUSg_chr2.47834 36.4 kDa proline-rich EARLI1 can improve membrane or cell wall Tolerant T3, T4, T5, 10.1111/
protein-like stability under cold stress. T6 j.1365-3040.2004.01198.x
KYUSg_chr2.47869 36.4 kDa proline-rich EARLI1 can improve membrane or cell wall Sensitive T1, T2, T3, 10.1111/
protein-like stability under cold stress. T4, T5, T6 j-1365-3040.2004.01198.x
KYUSg_chr2.50031 Calcium-dependent protein CDPK13 positively regulates cold response in Sensitive T3, T4, T5, 10.1007/
kinase 13-like rice. T6 500438-007-0220-6
KYUSg chr3.34 sucrose:sucrose 1- 1-SST is downregulated in cold tolerant wheat Sensitive TS5, T6 10.1271/bbb.66.2297
fructosyltransferase-like cultivars.
KYUSg_chr3.13649 LEA protein 14-A-like, Proteins belonging to the group II LEA proteins Tolerant T3, T4 10.1007/
subgroup 2 can provide protection against cold in different s10725-015-0113-3
plant species. 10.3390/biom11111662
KYUSg_chr3.42386 SCREAM2-like TF ICE2 positively regulates cold tolerance. Tolerant T1, T2, T3, 10.1016/j.gene.2008.10.016
T4, T5, T6
KYUSg_chr4.1396 cold-shock protein CS120- CS120 is involved in the COR signaling pathway.  Tolerant T2, T3, T4, 10.1371/journal.
like (dehydrin) T5, T6 pone.0249975
KYUSg_chr4.1433 cold-shock protein CS120- CS120 is involved in the COR signaling pathway.  Tolerant T4, TS5 10.1371/journal.
like (dehydrin) pone.0249975
KYUSg chr4.51811 MADS-box TF 50-like MADS50 is a floral regulator that could be Tolerant T4, T5, T6 10.1111/
involved in vernalization. j-1365-313X.2004.02082.x
KYUSg_chr4.8841 cold-regulated 413 protein COR413 genes positively regulate cold response. Tolerant T3, T4 10.1104/pp.102.015255
KYUSg_chr4.9742 MADS-box TF 14-like MADS14 is involved in the transition between Tolerant T1, T2, T3, 10.1105/tpc.112.097105
apical and inflorescence meristems. T4, T5, T6
KYUSg_chr5.18506 36.4 kDa proline-rich EARLI1 can improve membrane or cell wall Sensitive T1, T2, T3, 10.1111/
protein-like stability under cold stress. T4, T5, T6 j-1365-3040.2004.01198.x
KYUSg chr5.19513 LEA protein, subgroup 1 Proteins of this subgroup have been shown to be Tolerant T3, T4, TS5 10.1186/
involved in drought stress response. 512863-017-0596-1
KYUSg_chr5.33969 abscisic acid 8-hydroxylase CYP707A3 regulates degradation of ABA under Tolerant T2, T3, T4, 10.1111/
3-like drought stress response. T5, T6 j.1365-313X.2006.02683.x
KYUSg_chr5.39012 DREB 1B-like DREBIB positively regulates cold stress response.  Sensitive TS, T6 10.1007/
$12041-012-0201-3
KYUSg_chr5.39032 DREB 1B-like DREBIB positively regulates cold stress response.  Sensitive TS 10.1007/
512041-012-0201-3
KYUSg chr5.42448 hydrophobic protein OSR8-  The over expression of RCI2 has been shown to Tolerant T1, T2, T3, 10.1007/
like provide cold stress tolerance. T4, T5, T6 500425-015-2386-1
KYUSg_chr6.14911 glycine-rich cell wall LpGRP1 is related to cold tolerance after cold Tolerant T2, T3, T4, 10.1007/
structural protein 1 acclimation. T5, T6 s00438-005-0095-3
KYUSg_chr6.3990 Dehydrin DHN3-like High levels of DHN3 have been shown to provide ~ Tolerant T4, T6 10.4161/psb.6.10.17088
drought stress tolerance.
KYUSg_chr7.20811 cold-responsive protein CRPK1 promotes the degradation of CBF proteins  Sensitive T5, T6 10.1016/j.
kinase 1-like by phosphorylating 14-3-3 proteins. molcel.2017.02.016
KYUSg_chr7.28634 beta-1,2-xylosyltransferase XYXT1 is involved in the response to cold. Tolerant T1, T2, T3, 10.1093/pcp/pcy003
XYXT1-like T4, T5, T6 10.1016/j.
plantsci.2015.03.022
KYUSg_chr7.40936 sucrose:sucrose 1- 1-SST is downregulated in cold tolerant wheat Tolerant T1, T2, T3, 10.1271/bbb.66.2297
fructosyltransferase-like cultivars. T4, T5, T6
KYUSg_scaffold_6468.345  Calcium-dependent protein CPK26 has an unknown role. Sensitive T1, T2, T3, 10.1016/j.
kinase 26-like T5, T6 tplants.2012.08.008

after 14 days of cold acclimation but no statistically significant differ-
ences after the cold acclimation had finished (after 21 days) (Hoffman
et al., 2010). Similarly, other researchers showed that the leaf tissue of
freezing tolerant L. perenne plants exhibited a higher concentration of
proline throughout the cold acclimation process than non-freezing
tolerant plants (Bocian et al., 2015). It is therefore surprising that pro-
line metabolism genes were enriched in the sensitive genotypes but not
in the tolerant ones. During the last stages of cold acclimation (T3 and
T4 treatments) the genes upregulated in tolerant genotypes have been
demonstrated to belong to circadian rhythm, starch and sucrose meta-
bolism, ribosome biogenesis, and inositol phosphate metabolism path-
ways. Similar responses to cold have been reported in Arabidopsis
thaliana and Brassica napus (Cheong et al., 2021; Yan et al., 2022). In
these same stages of acclimation (T3 and T4), both the sensitive and
tolerant genotypes downregulated genes involved in fatty acid elonga-
tion. It has been observed that under cold stress, the roots of maize
plants display opposite responses, since they upregulate genes involved
in fatty acids synthesis and elongation (Guo et al., 2018). Moreover, in
tolerant genotypes, genes involved in glutathione metabolism were

enriched among DEGs at T1 vs T3 and T1 vs T4. The role of glutathione
in cold acclimation relates to its antioxidant ability to control the excess
of ROS molecules resultant from the stress response, and to its capability
to post-transcriptionally modify proteins involved in cold acclimation
(Dorion et al., 2021). The downregulation of fatty acid elongation and
glutathione metabolism DEGs could indicate different responses of
perennial ryegrass plants towards cold acclimation than the one re-
ported for other monocots like maize.

Transcriptomic profile during freezing

The comparison between the basal (T1) and freezing stress (T5 and
T6) conditions uncover similar responses of the genotypes to freezing
temperatures. Both genotypes, sensitive and tolerant, have upregulated
genes involved in carbon, sucrose and starch metabolism. Sensitive ge-
notypes have upregulated galactose metabolism genes both in T5 and
T6, and during the last stages of cold acclimation (T3 and T4), while in
tolerant genotypes the upregulation of this pathway is only present at
the lowest freezing temperature (T6). In the sensitive genotypes, the
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Fig. 5. Enriched KEGG pathways among upregulated genes (A) and downregulated genes (B) during cold acclimation and freezing stress in genotypes with con-
trasting freezing tolerance, where Sen is the sensitive and Tol is the tolerant perennial ryegrass genotypes. T1 to T6 indicate the treatment, where T1 is control, T2 —
beginning of acclimation at +5 °C, T3 - beginning of acclimation at +2 °C, T4 — end of acclimation, T5 - freezing at —5 °C and T6 - freezing at —10 °C.

downregulation of genes involved in cell division and replication,
namely the motor protein, ATP-dependent chromatin remodelling, DNA
replication and homologous recombination pathways (Kostyrko et al.,
2015; Titus and Wadsworth, 2012) is more noticeable in the sensitive
genotypes than in tolerant plants. The ATP-dependent chromatin
remodelling (in T5 and T6), the DNA replication pathway (in T6) and the
ribosome (T5 and T6) pathways are downregulated in the tolerant plants
suggesting a decreased cell division and protein synthesis activity in the
tolerant genotypes in response to freezing. Additionally, the tolerant
genotypes present upregulation of DEGs related to the circadian rhythm
in response to freezing stress, similarly to how they behave at the early
and mid-stage of cold acclimation. These findings show that tolerant
genotypes cease their growth under low-temperature stress during
acclimation, which may not be the case with sensitive genotypes. And
the opposite, sensitive genotypes have an inadequate cold acclimation
process that could undermine their ability to cope with freezing tem-
peratures. In addition, the fact that the tolerant genotypes down-
regulated DEGs related to pathways previously associated to cold
acclimation and freezing tolerance in other plant species, such as the
fatty acid elongation and glutathione metabolism pathways, suggests

that the studied genotypes of L. perenne cope with cold stress in a
different, novel or not well-characterized manner.

Functional role of genes identified as differentially expressed between
tolerant and sensitive genotypes

Comparative transcriptomic analysis has identified several genes
which might be responsible for the differences between the sensitive and
tolerant genotypes under low temperature and freezing stress (Fig. 6 and
Table 1). The genes coding for ICE2, cold shock protein CS120-like,
dehydrin DHN3-like, heat shock protein (HSP) HSF A-2a-like, gluta-
thione S-transferase 1-like, LEA proteins and glycine-rich cell wall
structural protein 1 were observed to have significantly higher expres-
sion in the tolerant genotypes. These genes are known to play key roles,
in the ICE-CBF-COR signalling pathway, protecting cellular structures
during stress, enhancing antioxidant capacity, and stabilizing proteins
and membranes during freezing stress (Fursova et al., 2009; Hundert-
mark and Hincha, 2008; Karlson and Imai, 2003; Sustek-Sanchez et al.,
2023). In the current study, the tolerant genotypes had significantly
lower electrolyte leakages (Fig. 3A) compared to the sensitive
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Fig. 6. Some of the genes identified as differentially expressed between the sensitive and tolerant genotypes during cold acclimation and freezing stress. Ticks on the
x axis denote treatments (T1 to T6 from left to right) and y axis denotes trimmed mean of M values (TMM) normalized counts per million (CPM).

genotypes, reflecting better cellular integrity under stress conditions.
This phenotypic resilience correlates with the robust expression of the
aforementioned genes in tolerant genotypes. In contrast, genes coding
for DREB 1B-like, beta-fructofuranosidase, and calcium-dependent
protein kinase (CDPK) were expressed at a higher level in sensitive ge-
notypes highlighting the contrasting strategies employed by tolerant
and sensitive genotypes in response to cold stress. Previous studies have
identified DREBI as a regulator of cold stress responses in Arabidopsis
and rice (Liu et al., 1998). When comparing transgenic lines of Arabi-
dopsis with impaired expression of DREB1B with wild-type plants, re-
searchers observed that the survivability of the plants was affected by
cold acclimation but that their constitutive freezing tolerance was in-
dependent of the DREB1B expression (Novillo et al., 2007). This could
be the reason why in our study we observe a higher expression of
DREBI1B in sensitive genotypes at the beginning of cold acclimation (T2,
Fig. 6) than in the tolerant ones, even though they are less resilient to-
wards freezing conditions in terms of their electrolyte leakage. More-
over, genes associated with lipid oxidation, such as acyl-coenzyme A
oxidase 4, lipoxygenase 2.3, chloroplastic-like and linoleate 9S-lipoxy-
genase 3 which upregulate with the onset of freezing temperatures in
both genotypes appear to have significant higher expression in sensitive
genotypes at T5 and T6 compared to tolerant genotypes (Supp Fig. 3).
Over expression of lipoxygenases is linked with increased lipid

peroxidation (Lim et al., 2015). Lipid oxidation, while serving as a sig-
nalling mechanism can also damage membranes (Alché, 2019; Niki
et al., 1991) suggesting us that higher electrolyte leakage in sensitive
genotypes could be due to membrane damage as a result of lipid per-
oxidation. At the beginning of cold acclimation (T2) and at -5 °C (T5),
an elevated level of expression was observed of transcription factor
MYC2, which is a positive regulator of the ICE-CBF-COR signaling
pathway and thus related to freezing tolerance (Song et al., 2022).
Higher expression of EARLI1, a lipid transfer protein improving mem-
brane stability under low temperature conditions (Bubier and Schlappi,
2004), was observed in the tolerant genotypes during cold acclimation
(T3 and T4) and freezing (T5 and T6), while the sensitive ones expressed
it at all stages. Presumably, it may be related to the flowering pattern of
sensitive genotypes, as EARLI1 has been reported to respond toward
vernalization (Wilkosz and Schlappi, 2000). The gene CDPK13 had
elevated expression in both tolerant and sensitive genotypes under
freezing temperatures (T5 and T6). Similar responses were shown in a
cold tolerant phenotype of rice (Abbasi et al., 2004) and transgenic rice
plants overexpressing CDPK13 with improved cold tolerance (Komatsu
et al., 2007). However, in our study the sensitive genotypes also had a
high expression of CDPK13, suggesting that it may not be related to the
different electrolyte leakage observed between the tolerant and sensitive
genotypes. 1-SST fructosyltransferase is involved in fructan metabolism.
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Its role in cold tolerance was described in perennial ryegrass by Abey-
nayake et al. (2015a, b) and it was also observed in our studied geno-
types. One transcript identified to be translated into 1-SST was
differentially expressed in the sensitive plants (KYUSg_chr3.34), while a
different transcript had an elevated expression in the tolerant genotypes
(KYUSg_chr7.40936). In freezing tolerant wheat plants, the expression
levels of this gene have been reported to be downregulated under
freezing conditions, suggesting the shift from the synthesis of fructans to
simpler sugars (Kawakami and Yoshida, 2002). In both tolerant and
sensitive genotypes, the transcript identified as 1-SST was highly
expressed at the late stages of cold acclimation (T3 and T4), but the
expression decreased with the onset of freezing temperature (T5).
Interestingly, expression was higher in the sensitive genotypes than in
the tolerant, suggesting they behave similarly to what was reported in
winter wheat. The COR413 genes encode both plasma and thylakoid
membrane-related proteins involved in cold stress response as part of the
ICE-CBF-COR signalling pathway (Breton et al., 2003). Expression of
COR413 has been shown to increase in response to cold in Arabidopsis
which in turn translates into an increased expression of other COR and
CBF genes such as COR15 and CBF2 (Hu et al., 2021; Hwarari et al.,
2022). This gene had a high expression in the tolerant genotypes during
T3 and T4 suggesting its involvement in the cold acclimation of these L.
perenne genotypes. In the tolerant genotypes, the GRP1 gene had an
elevated expression level in all treatments (T2, T3, T4, T5 and T6). This
gene has been suggested to be involved in the acquisition of freezing
tolerance in L. perenne after cold acclimation (Shinozuka et al., 2006)
and our results corroborate these findings. Similar results have also been
reported in transgenic Arabidopsis plants encoding different GRP genes
(including a rice homolog of GRP1) after cold acclimation treatments
(Kim et al., 2010). Finally, the CRPK1 gene was also identified to have
differential expression between genotypes. CRPK1 has been suggested to
be a negative regulator of freezing tolerance and is involved in the
degradation of CBF proteins by phosphorylating 14-3-3 proteins that
interact with them in the nucleus (Liu et al., 2017). In this study, the
expression levels of CRPK1 remained stable throughout the different
treatments in the sensitive genotypes, while its expression levels pro-
gressively diminished in the tolerant genotypes after the cold acclima-
tion began and continued to decrease in the following treatments. This
expression pattern suggests that the sensitive genotypes might have an
impaired cold acclimation process, which does not allow the plants to
inhibit the degradation of the CBF proteins to achieve freezing tolerance.

Conclusions

The aim of the transcriptomic analysis was to connect the phenotypic
response (electrolyte leakage) of freezing tolerant and sensitive peren-
nial ryegrass genotypes with gene expression. The results obtained
provide insight into the contrasting response during cold acclimation
and freezing stress of the studied genotypes. The phenotypic differences
in electrolyte leakage between the tolerant and sensitive genotypes
could be attributed to the differences in expression of cold shock protein
CS120-like, dehydrin DHN3-like, heat shock protein A-2a-like, LEA
proteins, glycine-rich cell wall structural protein 1 and genes associated
with lipid oxidation. The sensitive genotypes had in general fewer DEGs
compared to tolerant genotypes during cold acclimation and the
beginning of freezing stress. The findings imply that sensitive genotypes
respond to cold and freezing stress slower resulting into impaired cold
acclimation which finally turns into their inability to cope with freezing
temperatures. Further investigations should be conducted with the DEGs
identified in the study, to better elucidate the pathways responsible for
providing freezing tolerance in perennial ryegrass.
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