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Abstract
Timothy is the most important perennial forage grass species in northern Norway, a region that is predicted to experience 
variable winter weather conditions due to climate change. Knowledge about how timothy cultivars respond to a changing 
climate is crucial for safeguarding forage production at higher latitudes. In the current study, we investigated changes in gene 
expression under freezing and ice encasement stresses and SNP allele frequencies between temporal populations (seed genera-
tions) of the two northern-adapted timothy cultivars Engmo and Noreng. In general, there was a decrease in freezing tolerance 
(defined as LT50, the temperature lethal to 50% of the population) and an increase in ice encasement tolerance (defined as 
LD50, the duration lethal to 50% of the population) over time. Comparative transcriptome analyses identified several genes 
known to be involved in stress responses, such as ethylene-responsive transcription factors, dehydration-responsive element 
binding transcription factors, reversion to ethylene sensitivity 1, and abscisic acid repressor 1, as differentially expressed 
between the temporal populations of Noreng under freezing stress. Several loci with large allele frequency changes were 
observed to be in close proximity to the genes displaying patterns resembling shifts over time in Noreng. Very few gene 
expression differences between populations of both cultivars under ice encasement stress could be due to weak selection 
pressure during seed multiplication. There was a gradual decline in genetic diversity in populations of both cultivars over 
time. The results indicate that phytohormone-mediated transcriptional regulation might be one of the key mechanisms for 
adaptation to changing winter weather conditions at higher latitudes. These findings underscore the importance of monitor-
ing genetic shifts during seed multiplication to maintain cultivar stability and suggest that the identified stress-responsive 
genes could serve as valuable targets for breeding climate-resilient forage crops.

Introduction

Climate change is expected to cause more pronounced 
changes in temperature and precipitation patterns at higher 
northern latitudes than elsewhere, with greater variability 
and increase in temperatures during winter than in summer 
(Overland et al. 2011; IPCC 2014; Post et al. 2019). The 
agricultural land at these northern latitudes is predomi-
nantly used for the cultivation of perennial forage grasses. 

In Northern Norway, future climate changes are expected 
to extend the growing season by 1–4 weeks in the period 
2021–2050 relative to 1961–1990 (Uleberg et al. 2014). The 
development of plant material that is sufficiently robust and 
at the same time able to make use of a longer growing season 
is therefore an important strategy for adaptation to climate 
change. Though in general, the persistence and stable for-
age yield of these grasses are primarily determined by their 
ability to survive harsh winter conditions, the increase in the 
number of cuts per growing season in recent years, due to 
relatively longer growing seasons, is also suspected to affect 
the persistence of the timothy. Winter survival is a com-
plex trait determined by several winter stresses in the field, 
including tolerance to freezing temperatures, long-term ice 
encasement, waterlogging, winter desiccation, and snow 
mold infestation (Sandve et al. 2011; Rognli 2013). The 
increase in winter temperatures is likely to have a negative 
impact on winter survival of perennial forage grasses due to 
poor cold acclimation, reduced snow cover, and frequent ice 
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encasement events (Rapacz et al. 2014; Dalmannsdottir et al. 
2017; Jørgensen et al. 2020). To ensure their survival under a 
changing climate, perennial grasses at higher latitudes must 
respond simultaneously to greater variability within a winter 
season and an increase in mean winter temperatures over 
the years.

All living organisms must adapt and evolve to the changes 
in the local environment or evade unfavorable conditions 
to ensure their survival and successful reproduction. The 
ability of any given plant species to avoid extinction and 
persist under rapidly changing climatic conditions depends 
on the rate of migration (range shift), the extent of plastic-
ity, and the speed of adaptive evolution (Nicotra et al. 2010; 
Chen et al. 2011; Hoffmann and Sgrò, 2011; Anderson et al. 
2012b). While migration (range shift) and plasticity offer 
short-term survival by evading or buffering against unfa-
vorable conditions (Davis and Shaw 2001; Lenoir et al. 
2008; Anderson et al. 2012a; Stollewerk et al. 2025), they 
are often insufficient or may even hinder long-term adapta-
tion (DeWitt et al. 1998; Cunze et al. 2013; Oostra et al. 
2018). Therefore, the long-term persistence of a species is 
ultimately dependent on its capacity to evolve in response 
to macro climatic trends (Aitken et al. 2008; Chevin et al. 
2010; Franks et al. 2014; Becklin et al. 2016; Mitchell and 
Whitney 2018). Understanding the evolutionary responses 
of plant species under a changing climate is crucial for 
safeguarding sustainable forage production at higher north-
ern latitudes (Thorsen and Höglind 2010; Hart et al. 2022; 
Thivierge et al. 2023). This knowledge would be useful for 
breeding resilient plant varieties with stable yields under 
variable weather conditions, and/or to identify and prioritize 
the conservation practices for species at risk of extinction to 
mitigate biodiversity loss.

Studying genetic differentiation between ancestor and 
descendant populations is a powerful approach to identify 
contemporary evolution in natural populations (Franks et al. 
2008, 2018). Recently, some studies have resurrected the 
seeds from the past and compared their phenotypes, physi-
ology, gene expression, and allele frequencies to their con-
temporary descendant populations (Franks 2011; Nevo et al. 
2012; Franks et al. 2016; Rauschkolb et al. 2022). These 
studies provide evidence that natural plant populations can 
undergo rapid evolution in response to changing climate 
conditions.

As of 2024, two-thirds of the total agricultural land in 
Norway is under leys, meadows, or permanent grasslands 
(Statistisk sentralbyrå, 2025), signifying the importance 
of grasslands in Norwegian agriculture. Among the for-
age grasses, timothy (Phleum pratense L.) (2n = 6x = 42) 
is by far the most widely cultivated forage grass in Norway 
(Havstad and Aamlid 2013; Steinshamn et al. 2016). Sev-
eral reports from farmers in recent years have indicated 
increased winter kill and reduced persistence of timothy 

cultivars in northern Norway (Jørgensen 2017). This can 
be due to new management regimes (increasing number of 
cuts/season), genetic shifts due to seed multiplication of 
the northern timothy cultivars further south, and climate 
change. The synthetic cultivar ‘Noreng’ released in 2002 
replaced the old landrace ‘Engmo’ (released in 1953) on 
the market in Northern Norway, since it yielded as good 
or slightly better than ‘Engmo’ in official variety trials 
with more yield in the second cut and comparable winter 
survival. However, based on the reports from farmers, we 
suspected that the synthetic cultivar Noreng might have 
experienced genetic shifts over time since it was created.

The main objective of the present study was to inves-
tigate differences in allele frequencies and survival under 
key winter stresses by resurrecting three temporal popula-
tions of the timothy cultivars Engmo and Noreng. We aim 
to achieve the objective by studying (1) survival and gene 
expression differences under major winter stresses, i.e., 
freezing stress and ice encasement stress, (2) changes in 
allele frequencies and genetic differentiation between the 
temporal populations. The idea is that when the temporally 
separated populations, the ancestor and its descendant 
populations, were subjected to similar stress conditions, 
the gene expression differences between populations could 
be due to plasticity or adaptation, and the non-random 
changes in allele frequencies and gene expression could 
be indicative of adaptive responses.

Materials and methods

Plant material

The timothy cultivars used in the current study are Engmo 
(Eng), an old very winter hardy landrace originating from 
a farm in Troms County (68.93719 N, 18.05695 E) and 
released as a cultivar in 1953, and Noreng (Nor), a syn-
thetic cultivar based on ten clones of ‘Engmo’ and four 
clones of the south-Norwegian timothy landrace ‘Grind-
stad’ (59.42445  N, 11.34564  E). The three temporal 
populations of Engmo were seedlots from the years 1988 
(early), 2003 (mid), and 2020 (current), while the three 
populations from Noreng were from the years 1998 (early), 
2010 (mid), and 2020 (current). The early populations 
were from pre-basic seedlots, while the mid and current 
populations were obtained from certified seedlots. For the 
sake of brevity, the populations will be referred to as early, 
mid, and current from hereon. The seedlot of the Engmo 
Mid population was obtained from Iceland but originates 
from seeds produced in Canada, as seedlots from this 
period produced in Norway were unavailable.
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Freezing tests

The plants raised from the seedlots were initially grown 
for six weeks at 18 °C and 24 h light. Later, these six-
week-old plants were cold acclimated initially for 2 weeks 
at 9 °C, followed by 1 week at 6 °C, and finally for two 
weeks at 2 °C under 12 h light (55 PPFD). After cold 
acclimation, the plants were trimmed to 4 cm (3 cm shoot 
and 1 cm roots) and placed in plastic boxes with humid 
fine sand and temperature loggers. Thereafter, the boxes 
were transferred to the freezers. Temperature loggers were 
put in each box. To prevent supercooling, the temperature 
was lowered from 2 °C to − 3 °C by 1 °C  h−1 and the 
plants were kept at − 3 °C for ~ 12 h followed by lower-
ing by 1 °C h−1 from − 3 °C to − 10 °C and by 3 °C h−1 
until the pre-set temperatures (− 12, − 15, − 18, − 21, − 24, 
− 27 °C) were reached. At these temperatures, a subset of 
boxes was removed from the freezers and placed at 2 °C 
in the dark for thawing overnight. A set of replicates was 
kept unfrozen at 2 °C in the dark for control. Two repli-
cates of eight plants each were used per entry at a given 
freezing temperature for testing the freezing tolerance 
and regrowth. For transcriptomic studies, two replicates 
of two plants for each entry were placed in separate boxes, 
which were withdrawn from the freezers when the pre-set 
temperature was reached. After thawing, the plants were 
transplanted into trays and scored for survival after four 
weeks of regrowth in growth chambers at 18 °C, 24 h light 
(ca. 150 PPFD). The median lethal temperature (LT50) was 
estimated using a generalized linear model (glm) with a 
binomial distribution separately for each cultivar. Temper-
ature and population, and their interaction, were modeled 
as fixed effects. The emmeans function from the R pack-
age emmeans (Lenth 2017) was used to estimate marginal 
means of survival probability at − 21 °C for all popula-
tions. Pairwise comparisons between populations of each 
cultivar were performed using Tukey’s HSD method via 
the pairs() function of emmeans to determine if there were 
significant differences in survival rates at p < 0.05. For the 
transcriptomic study, we decided to use the plant material 
from − 18 (< LT50) and − 24 (> LT50) temperatures as T1 
and T2, respectively, while cold-acclimated (CA) plants 
were used as controls. The rationale was to capture the 
gene expression differences between populations and cul-
tivars below and above LT50. Due to limited biological rep-
licates (two replicates with two plants each), we chose to 
perform two RNA extractions (one from each plant) from 
one of the replicates, while the two plants from the other 
replicate were pooled and extracted as one. RNA extrac-
tions were carried out using Qiagen RNeasy Plant mini kit 
as per manufacturer guidelines. After inspecting the purity 
and integrity of the RNA extractions, the samples were 
shipped to Novogene Co Ltd (Cambridge, UK), where the 

paired-end sequencing at 150 base pair read length (~ 20 
million raw reads/sample) was performed using Illumina 
NovaSeq 6000 platform.

Ice encasement tests

Plants for ice encasement tests were prepared and acclimated 
in the same manner as described in freezing tests. The cold-
acclimated plants were placed into boxes, covered with ice, 
followed by adding ice water to fill the gaps. The boxes were 
covered (not sealed) with a lid and kept at − 2 °C in the dark. 
A subset of boxes was removed from the freezing room after 
22, 36, 54, 68, 75, and 82 days. After thawing the boxes at 
room temperature, the plants were then transplanted into 
trays, similarly to the plants in the freezing test, and scored 
for survival and regrowth. The median lethal number of days 
(LD50) was estimated in the same manner as LT50, by using 
days under ice encasement and populations as fixed effects. 
Plant material withdrawn at 36 (< LD50) and 68 (> LD50) 
days were used as T1 and T2, respectively, and CA plants 
were used as controls. Differences in survival rates were 
estimated at 54 days using marginal means. RNA extractions 
and sequencing were carried out as described above in the 
freezing tests.

Plant propagation, DNA extraction, and sequencing

For population genetic studies, approximately 80–100 seeds 
of each population were sown in two pots and cultivated at 
ambient room temperatures for 8 weeks. For DNA extrac-
tion, approximately an equal amount of tissue from 30 
randomly selected plants from each pot was collected and 
flash-frozen in liquid nitrogen. The collected plant tissue 
was ground, and DNA extractions were carried out using 
Promega wizard HMW DNA extraction kit according to 
the manufacturer’s guidelines. After inspecting the qual-
ity and the concentration of the DNA extractions, the DNA 
was shipped to BMKgene, Germany, for high-throughput 
sequencing using specific locus amplified fragment sequenc-
ing (SLAF-seq) (Sun et al. 2013). Based on the results of in 
silico pre-design, restriction enzymes RsaI and HaeIII were 
chosen for library preparation as they generated a uniform 
distribution of SLAF tags (400 k) across the genome. All 
samples were paired-end sequenced using Illumila NovaSeq 
X platform at 150 base pair read length and an average of 
30 × coverage, yielding ~ 16–20 million reads per sample.

RNAseq read alignment, abundance estimation, 
and functional annotation

Adapter removal and trimming low-quality bases from 
the raw reads were carried out using fastp (Chen et  al. 
2018) with options length_required 100, cut_front, and 
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cut_window_size 4. After inspecting with FastQC (Andrews 
2010), the trimmed reads were aligned to the draft genome 
of timothy (unpublished) using STAR (Dobin et al. 2013) 
with default options. The resulting BAM files were used to 
estimate abundance at the gene level using featurecounts 
from subread (Liao et al. 2014). For functional annotation, 
the CDS sequences of the genes extracted using gffread 
(Pertea and Pertea 2020) were blasted against the protein 
sequences of the Triticum aestivum downloaded from NCBI 
and Ensembl Plants using Diamond (Buchfink et al. 2021) 
with options–ultra-sensitive and e-value cutoff of 1e-6.

Differential expression analysis of freezing and ice 
encasement samples

One of the objectives of the study was to identify gene 
expression differences between temporal populations. Dif-
ferential expression and all further downstream analyses 
were carried out in R (4.3.3) (R Core Team 2022). Ini-
tially, genes with low read count were filtered out by the 
filterByExpr function from the edgeR package (Robinson 
et al. 2010) with options min.count = 20, and grouping at 
biological replicates. Principal component analysis (PCA) 
based on all genes retained after filtering was carried out 
to identify the main sources of variation. A glm with nega-
tive binomial distribution was used to identify DEGs. To 
identify genes with differential expression between popula-
tions of a cultivar, contrasts were performed at respective 
treatments between all possible combinations using DESeq2 
(Love et al. 2014). For example, contrasts were performed 
between Early_CA vs Mid_CA, Mid_CA vs Current_CA, 
Early_CA vs Current_CA, and similarly at T1 and T2. Fur-
thermore, contrasts were performed between cultivars of 
respective populations (Eng_Early_CA vs Nor_Early_CA, 
Eng_Mid_T1 vs Nor_Mid_T1) to identify genes with differ-
ential expression between cultivars. To account for biologi-
cal noise and reduce false positives, differential expression 
was tested against a minimum log-fold change thresh-
old ≥ log2(1.2), and only genes with a Benjamini–Hochberg 
adjusted p < 0.05 were considered differentially expressed. 
Gene ontology (GO) enrichment analyses were performed 
using clusterProfiler (Wu et al. 2021). The approach men-
tioned above was used to identify DEGs in both freezing and 
ice encasement tested samples.

Population genetic analysis

The quality of the clean reads (adapter removal and trim-
ming for base quality) received from the sequencing service 
provider was inspected using FastQC (Andrews 2010). After 
verifying their quality, the reads from biological replicates 
were concatenated before they were aligned to the draft 
genome of timothy using bwa mem (Li 2013) with default 

options, followed by sorting the BAM files by coordinates 
using samtools (Danecek et al. 2021). The BAM files were 
processed using grenedalf (v0.5.1) (Czech et al. 2024) with 
quality filters –sam-min-base-qual 25, –sam-min-map-qual 
20, –filter-sample-min-count 2, –filter-sample-min-read-
depth 60, –filter-sample-max-read-depth 500, -filter-total-
snp-min-frequency 0.05, and –pool-sizes 360 to estimate 
allele frequencies, genetic diversity. Nucleotide diversity 
(θπ), watterson’s θ (θw), Tajima’s D and genetic differentia-
tion (Fst) were estimated along 1 kilobase (kb) sliding win-
dows. Only windows with at least 5 valid single nucleotide 
polymorphisms (SNPs) across all populations were retained. 
The genome-wide genetic diversity is calculated as the mean 
of the retained windows. Genetic differentiation (Fst) was 
estimated using the unbiased Hudson method between all 
possible pairs (Early vs Mid, Mid vs Current, and Early vs 
Current). The statistical significance of the Fst windows is 
determined as described in Franks et al. (2016). To briefly 
explain, the test distribution was regressed on a null dis-
tribution created by bootstrap resampling with 1000 repli-
cates using the outlierTest function from the package CAR 
(Fox et al. 2001). The p values were corrected for multiple 
tests using fdrtool (Klaus and Strimmer 2006) with FDR 
q-values < 0.05. Further, the Fst windows were filtered based 
on criteria (1) the window has ≥ 5 SNPs in all three popula-
tions of a cultivar and (2) a Fst > 0.15 in at least two pairwise 
comparisons between populations of a cultivar. Genes over-
lapping with the Fst windows passing the above filters were 
identified using the function findOverlaps from the R pack-
age GenomicRanges (Lawrence et al. 2013). For functional 
annotation, CDS sequences of the genes overlapping with 
the Fst windows were blasted against the protein sequences 
of Triticum aestivum as described in the previous section. 
Absolute allele frequency difference (|ΔAF|) was estimated 
as |ΔAF| =|AF Early – AF Current|. After selecting SNPs 
whose AF in Mid population is intermediate to the AF of 
Early and Current populations, a custom R function was 
used to find genes displaying shifts near the SNPs among 
the 95th percentile of |ΔAF|.

Results

Freezing and ice encasement tolerance in temporal 
populations

The temporal populations of Engmo and Noreng differed 
in freezing tolerance (FT) and ice encasement tolerance 
(ICET), which are measured as LT50 and LD50, respectively. 
There was a gradual decrease in FT and an increase in 
ICET from early to current populations in Engmo (Table 1 
and Figure S1). A similar trend is observed in the Noreng 
populations, except for FT and ICET of the Mid population 
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(Table 1 and Figure S1). The freezing stress survival (at 
− 21 °C) was significantly lower in Mid and Current com-
pared to Early populations in Engmo, while there were no 
significant differences between populations of Noreng. 
Under ice encasement, only the survival rate (at 54 days) of 
Mid population was significantly higher than Early popula-
tion in Noreng (Table 1).

RNAseq read alignment and functional annotation

Trimming reads for base quality and adapters 
removed ~ 3–4% of reads in all samples. The alignment rate 
was > 85% for all samples except for the samples which were 
encased in ice (T1 and T2). In ice encased samples, the align-
ment rate decreased with an increase in duration under ice 
encasement in all populations of both cultivars. Taxonomic 
classification of clean RNAseq reads of ice encased samples 
by kraken2 (Wood et al. 2019) using PlusPF (v06/05/2024) 
revealed that the proportion of reads assigned to bacteria was 
T2 > T1 > CA, indicating an increase in relative abundance 
of bacterial sequences with duration under ice encasement. 
Homology-based blast search against protein sequences of 
Triticum aestivum downloaded from NCBI and Ensembl 
Plants annotated 107,945 (92%) and 108,766 (93%) genes, 
respectively.

Differential gene expression under freezing stress

PCA based on 70,526 genes retained after filtering for low 
expression separated CA and treatment samples (T1 and T2) 
of both cultivars along PC1 (13.5% variation) (Fig. 1A). 
PC2 (6% variation) appears to separate samples of Engmo 
and Noreng. Interestingly, the T1 and T2 samples of Early 
Noreng population appear to cluster closer to the Engmo 
populations than to the rest of the Noreng populations 
(Fig. 1A). Contrasts between temporal populations in both 
cultivars identified several genes with differential expres-
sion under freezing stress. The number of DEGs between 

populations of Noreng was higher than the number of DEGs 
between populations of Engmo (Fig. 1B, 1D). In particular, 
the number of DEGs between populations of Noreng appears 
to increase with the temporal (time) difference between the 
populations, i.e., Early vs Mid < Early vs Current > Mid vs 
Current (Fig. 1B). Furthermore, there was a gradual increase 
in the number of DEGs between the cultivars over time, i.e., 
Current > Mid > Early (Fig. 1D), suggesting divergence in 
freezing stress gene expression between the cultivars and 
many of the DEGs between populations of Noreng over-
lap with the DEGs between the populations of Engmo and 
Noreng.

GO analysis on sets of DEGs between populations of 
Engmo revealed that the majority of enriched terms were in 
DEGs between Mid vs Current (Fig. 1F). Further inspection 
of the expression of DEGs between Engmo did not reveal 
any interesting patterns. Among the GO terms identified as 
enriched between populations of Noreng, many were com-
mon between Early vs Mid and Early vs Current (Fig. 1G). 
Moreover, genes coding for dehydration-responsive ele-
ment binding 1 (DREB) transcription factors (TFs), fructan 
6-exohydrolase, beta-fructofuranosidase (invertase), flower-
ing locus T-like and zinc finger LSD1 appear to have lower 
expression under freezing stress in Mid and Current com-
pared to Early population of Noreng, while genes encod-
ing cold-responsive protein kinase (CRPK) 1, ethylene-
responsive transcription factors (ERF), DAHP synthetase, 
and NAC 6 TFs were among genes with higher expression 
in Mid and Current compared to Early population in Noreng. 
Boxplots of genes displaying shifts over time are attached as 
supplementary figures (Figure S2–S5).

Differential gene expression under ice encasement

The PC1 explaining 40% variation separated CA samples 
and ice encased samples (T1 and T2), and PC2 explaining 
9.6% variation separated T1 and T2 samples (Figure S6). 
The first four PC axes did not cluster the samples based on 
cultivars or populations. Similar to under freezing stress, 
the number of DEGs appears to increase with the temporal 
differences between the populations of Noreng (Early vs 
Mid < Early vs Current > Mid vs Current) (Fig. 1C). In the 
case of Engmo, the number of DEGs in Early vs Mid and 
Mid vs Current populations were higher than in Early vs 
Current (Fig. 1C). In addition, the number of DEGs between 
Engmo and Noreng was higher in Mid population compared 
to Early or Current populations (Fig. 1E). This suggests 
both of the previous observations could be due to the ori-
gin (adaptation background) of Engmo Mid population. A 
comprehensive inspection of DEGs lists did not identify any 
genes with expression patterns resembling shifts. Further-
more, there were no enriched GO terms among the DEGs 
between populations of either Engmo or Noreng. Given this, 

Table 1   Freezing tolerance (LT50) and ice encasement tolerance 
(LD50) in temporal populations of Engmo and Noreng. Statisti-
cal differences were determined using Tukey’s HSD method via the 
pairs() function of emmeans, with significance assessed at p < 0.05. 
Populations sharing the same superscript do not significantly differ in 
survival rates at − 21 °C under freezing stress and 54 days under ice 
encasement

Freezing tolerance (LT50) Ice encasement toler-
ance (LD50)

Engmo Noreng Engmo Noreng

Early − 22.7a − 21.8a 52.9a 49.3a

Mid − 20.1b − 21.8a 58.0a 59.9b

Current − 19.3b − 20.0a 59.3a 52.8ab
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we decided to emphasize the gene expression changes over 
time under freezing stress.

Allele frequency changes and genetic diversity 
estimates

The alignment rate of SLAF-seq reads was > 97% for all 
samples. PCA was performed based on allele frequencies 
at 93,338 SNPs (loci) common across all populations after 
filtering for low read depth, read support of minor allele, 
and minor allele frequency. The first four principal compo-
nents revealed interesting insights. PC1 (36.4% variance) 

separated the cultivars, PC2 (16.9% variance) separated the 
Engmo Mid from the rest of the populations of both culti-
vars, PC3 (16% variance) ordered the Early, Mid and Cur-
rent populations of both cultivars and lastly, PC4 (15.6% 
variance) ordered the Early, Mid and Current populations of 
the cultivars in opposite direction (Fig. 2). 2976 among the 
5148 SNPs (top 5%) selected based on |ΔAF|, were located 
within 10 kilobases (kb) flanking regions of protein-coding 
genes. Moreover, 81 genes identified as DE between popula-
tions or cultivars under freezing stress, which include DREB 
1B, ERF ABA repressor 1 (ABR1), bHLH 148-like, and 
galactinol synthase 2, were within the 10 kb flanking region 

Fig. 1   A PCA plot based on gene expression under freezing stress. 
CA = cold acclimation, T1 = − 18  °C (below LT50), T2 = − 24  °C 
(above LT50). Early = 1988–98, mid = 2003–10, current = 2020. B 
Differentially expressed genes (DEGs) between temporal populations 
of respective cultivars under freezing stress and C ice encasement 
stress. D DEGs between cultivars at a given temporal population 

under freezing stress and E ice encasement stress. F Highly enriched 
GO terms between populations of Engmo and G Noreng. The gene 
set for GO enrichment analysis is the union of DEGs identified across 
all comparisons between populations. For example, the gene set of 
Early vs Mid is a union of DEGs from Early CA vs Mid CA, Early T1 
vs Mid T1, and Early T2 vs Mid T2 of a given cultivar
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of those SNPs selected based on |ΔAF|. After filtering (at 
least five valid SNPs), a total of 27,808 windows common 
across all populations in both cultivars were used to calcu-
late the genome-wide nucleotide diversity (θπ), watterson’s 
θ (θw), and tajimas D (Table 2).

Nucleotide diversity (θπ) was consistently higher in the 
synthetic cultivar Noreng than in the landrace Engmo across 
all three temporal populations (Table 2) (Table 2). The 
genome-wide Fst between populations of Engmo were 0.031 
(Early vs Mid), 0.029 (Mid vs Current), and 0.026 (Early 
vs Current), while they were 0.027 (Early vs Mid), 0.026 
(Mid vs Current), and 0.028 (Early vs Current) between 
populations of Noreng. Fst analysis identified 303 and 268 
windows with Fst ≥ 0.15 (p.adj < 0.05) between populations 
of Engmo and Noreng, respectively. Furthermore, 14 of 529 
genes overlapping with Fst windows in Noreng were dif-
ferentially expressed between populations of Noreng under 
freezing stress, while only two of the 575 genes overlapping 
with Fst windows of Engmo were differentially expressed 
between populations of Engmo. Among the 14 DEGs 
overlapping with the Fst windows in Noreng, three genes 

(Ppra_g106057, Ppra_g106058, Ppra_g106059) coding for 
cortical cell-delineating protein were observed to be down-
regulated > twofold in Mid and Current compared to early 
population in Noreng. GO enrichment analysis of the genes 
overlapping with the Fst windows in either of the cultivars 
did not yield any enriched terms.

Discussion

Differences in gene expression under freezing stress

Based on the clustering of the samples along the first 
two principal component axes (Fig. 1A) coupled with an 
increase in the number of DEGs between populations of 
Noreng over time (Fig. 1B), it is evident that Noreng is 
experiencing shifts in freezing stress gene expression. 
We define gene expression shift as a non-random change 
in gene expression between temporal populations repre-
sented by expression patterns such as Early > Mid ≥ Cur-
rent or Early < Mid ≤ Current. Furthermore, the huge 

Fig. 2   PCA plot based on 93,338 common SNPs across all populations. PC1 is the x-axis in all plots, and PC2, PC3, and PC4 are the y-axis in 
the left, middle & right plots, respectively

Table 2   Genome-wide genetic diversity estimates in temporal popu-
lations of Engmo and Noreng. Values are the mean ± standard error 
(SE) of per-window estimates across the filtered genomic windows. 
Pairwise Welch’s t-tests were performed within each cultivar, with 

Benjamini–Hochberg FDR correction across all 18 pairwise compari-
sons. Populations sharing the same superscript do not differ signifi-
cantly at FDR-adjusted p < 0.05

Early Mid Current

Nucleotide diversity (θπ) Engmo 0.00955ab ± 4.81e−5 0.00965a ± 4.83e−5 0.00942b ± 4.75e−5
Noreng 0.00984a ± 4.87e−5 0.00980a ± 4.86e−5 0.00973a ± 4.86e−5

Watterson’s θ (θw) Engmo 0.00884ab ± 3.85e−5 0.00872a ± 3.79e−5 0.00886b ± 3.87e − 5
Noreng 0.00877a ± 3.82e−5 0.00879a ± 3.84e−5 0.00883a ± 3.85e−5

Tajima’s D Engmo 0.23a ± 7.04e−3 0.31b ± 7.15e−3 0.18c ± 7.02e−3
Noreng 0.37a ± 7.11e−3 0.34b ± 7.04e−3 0.30c ± 6.99e−3
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overlap of DEGs between populations of Noreng with the 
DEGs between populations of Engmo and Noreng sug-
gests that divergence in freezing stress gene expression 
between the cultivars is primarily due to shifts in Noreng. 
The cultivars appear to have a contrasting relationship in 
terms of gene expression differences and freezing stress 
survival rates over time (Fig. 1A, B, Table 1). Despite 
huge differences in freezing stress gene expression, there 
were no significant differences in survival rates among 
Noreng populations. Contrastingly, there was a significant 
decline in survival (Mid and Current compared to Early) in 
Engmo populations, which had relatively few differences 
in freezing stress gene expression. This observation raises 
an important question: Do the observed gene expression 
shifts in Noreng facilitate its adaptation to novel stressful 
conditions under changing climate? The answer to this 
question might lie in the functional role of genes identified 
as experiencing shifts in abiotic stress responses. We were 
particularly interested in genes that display non-random 
or directional changes in gene expression over time, as 
they may be indicative of adaptive responses to changing 
climatic conditions.

In plants, temperature and light stimuli are the key regu-
lators of the circadian clock (Hirschie Johnson et al. 2003; 
Harmer 2009; Avello et al. 2019; MacKinnon et al. 2020), 
which is known to play a crucial role in several biological 
processes and biotic and abiotic stress responses (Fowler 
et al. 2005; Covington et al. 2008; Dong et al. 2011; Seo and 
Mas 2015). Though photoperiod will remain constant, the 
increase in autumn and winter temperatures at higher north-
ern latitudes (Uleberg et al. 2014; Bjerke et al. 2015; Dyrrdal 
et al. 2020) is expected to subject the plants to different 
temperature x photoperiod regimes during cold acclimation 
in autumn and freezing conditions in winter, which could 
negatively affect their winter survival (Gray et al. 1997; 
Rapacz et al. 2014; Dalmannsdottir et al. 2017; Liu et al. 
2019; Ahres et al. 2020). Moreover, the induction of CBF1/
DREB1 is known to be gated by Circadian Clock-Associated 
1 (CCA1) and Late Elongated Hypocotyl (LHY), the core 
circadian clock components (Fowler et al. 2005; Dong et al. 
2011). In the current study, the expression of genes linked 
to the circadian rhythm, flowering and light perception such 
as LHY (Li et al. 2022), Flowering Locus T (Pin and Nils-
son 2012), ultraviolet-B receptor 8 (UVR8) (Fehér et al. 
2011), Light-regulated protein 1 (LIR1) (Ciannamea et al. 
2007; Yang et al. 2016) had significantly lower expression in 
Noreng Mid and Current populations, while the expression 
of MADS-box 51 (MADS51) (Kim et al. 2007) was higher 
in Mid and Current populations under freezing stress (Fig-
ure S2). Based on the gene expression shifts and freezing 
tolerance, we suspect genes linked to might play a role in 
fine-tuning cold acclimation and freezing stress responses 
under novel light x temperature regimes.

Transcription factors tune the physiological processes 
in response to changes in the surrounding environment and 
thus play a crucial role in adaptation to stressful conditions. 
Notably, genes which are known to (negatively) regulate eth-
ylene biosynthesis, abscisic acid (ABA) responses and ethyl-
ene responses i.e., ERF 109 TF, ethylene receptor 2 (ETR2), 
reversion to ethylene sensitivity 1 (RTE1), EIN3-binding 
F-box protein 1-like (EBF-1 like), and abscisic acid repres-
sor 1 (ABR1) (Gagne et al. 2004; Pandey et al. 2005; Zhou 
et al. 2007; Wuriyanghan et al. 2009; Yu et al. 2017) have 
higher expression in Mid and Current compared to Early 
population of Noreng under freezing conditions (Figure S3). 
Functional analysis identified the GO term hormone-medi-
ated signaling pathway (GO:0009755) and transcription 
regulator activity (GO:0140110) as highly enriched among 
DEGs between Early vs Mid and Early vs Current popula-
tions of Noreng, indicating the shifts in expression of tran-
scription factors associated with this term are not random. 
This observation suggests that phytohormone (ethylene and 
ABA) mediated transcriptional regulation might facilitate 
adaptation to highly variable winter weather conditions.

Moreover, the expression of cold-responsive protein 
kinase 1 (CRPK1), a negative regulator of freezing tolerance 
by modulating the expression of DREB1 post-translationally 
(Liu et al. 2017), was higher in Mid and Current populations 
compared to the Early population in Noreng. In line with the 
previous observation, genes coding for DREB 1B, DREB 
1H TFs have significantly lower expression at T1 and T2 in 
Mid and Current compared to Early populations of Noreng, 
while not significant, a similar pattern is observed between 
Current and Early populations of Engmo (Figure S4). The 
decline in freezing tolerance in populations of both culti-
vars could be partly explained by the lower expression of 
DREB1, whose overexpression is known to confer higher 
tolerance to drought and freezing stress (Jaglo-Ottosen et al. 
1998; Ito et al. 2006). However, the expression pattern of 
DREB1 does not explain the significant decline in survival 
(at − 21 °C) in the Engmo populations and relatively stable 
survival rates in Noreng populations.

Programmed cell death (PCD) is one of the adaptation 
strategies that plants use to mitigate the effects of stress-
ors on their fitness and survival (Locato and De Gara 2018; 
Burke et al. 2020). Studies from Hong et al. (2017), and 
Yang et al. (2024) reported that PCD under cold/freezing 
stress led to enhanced recovery and survival. In the cur-
rent study, the expression of zinc finger LSD1, a negative 
regulator of cell death (Dietrich et al. 1997) was lower in the 
Mid and Current compared to Early population of Noreng, 
while the expression of NAC6 transcription factor, a posi-
tive regulator of cell death (Faria et al. 2011) was higher in 
the Mid and Current compared to the Early population of 
Noreng at T1 and T2 (Figure S5). This observation indicates 
that programmed cell death (PCD) might be an important 
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strategy for survival by limiting the extent of winter injuries 
(Hong et al. 2017; Burke et al. 2020) under changing cli-
mate. Though the reduced persistence may require frequent 
resowing, leading to an increased cost of cultivation in the 
short run, it may be beneficial in the long run as it could aid 
in faster adaptation by reducing generation time and limiting 
generation overlap (Kuparinen et al. 2010; Anderson et al. 
2011; Yamamichi et al. 2019; Moran 2020).

Interestingly, the temporal populations of cultivar Engmo 
appear to have very little gene expression differences among 
them under freezing stress, despite a significant decline in 
freezing tolerance over time (Table 1), and the Canadian 
origin of the Engmo Mid population. The few DEGs identi-
fied between populations of Engmo did not exhibit patterns 
indicating shifts in gene expression, suggesting they might 
be random. After Engmo was reintroduced into the market 
in 2017, its certified seed production was based in the south-
east of Norway. The lack of shifts in gene expression over 
Engmo populations despite the differences in SNP allelic 
frequencies (Fig. 2) and the reduced freezing tolerance in the 
Mid and Current populations (Table 1) are hard to explain. 
The reduction in freezing tolerance could be an effect of 
the seed multiplication environment, with the Early genera-
tion being multiplied in the north (~ 69°N) while the Mid 
and Current populations were multiplied at lower latitudes 
(~ 46°N and 59°N, respectively) under quite different photo-
periods, temperatures, and winter climates. The maintenance 
of genetic polymorphism and the stable gene expression of 
selected candidate genes could be a result of balancing selec-
tion due to reproduction in spatially variable environments 
(Hedrick 2006). Another explanation might be that the large 
genetic variation and population buffering capacity in popu-
lations like these counteract any effects of selection.

Differences in gene expression under ice 
encasement

Among the genes identified as differentially expressed 
between populations within cultivars under ice encasement, 
none displayed expression patterns resembling shifts, indi-
cating that most of the differential expression could be sto-
chastic changes. Based on the number of DEGs between 
Engmo and Noreng in Early and Current populations 
(Fig. 1E), it appears that either the cultivars did not diverge 
in terms of gene expression under ice encasement or both 
experienced changes in the same direction. However, very 
few DEGs identified by contrasts between populations of a 
cultivar (Engmo Early vs Engmo Current or Noreng Early 
vs Noreng Current) overlap with the DEGs between Early 
or Current populations (Engmo Early vs Noreng Early and 
Engmo Current vs Noreng Current) of the cultivars. Moreo-
ver, these overlapping genes have very low expression and 
do not show any interesting expression pattern between 

temporal populations of a cultivar or between cultivars. 
This suggests that both cultivars experienced little to no 
changes in ice encasement gene expression over the years, 
and the DEGs identified could be due to random changes in 
gene expression. One explanation for the lack of shifts in ice 
encasement stress over time could be weak selection pres-
sure. Although the frequency of ice encasement has risen in 
recent years (Bjerke et al. 2015; Dyrrdal et al. 2020), they 
remain less prevalent than freezing stress conditions, which 
occur consistently every winter. The ice encasement stress 
under lab conditions is different from the natural field condi-
tions and much more severe (Gudleifsson 2010). Plants are 
selected for ice encasement under natural field conditions; 
thus, we suspect the differences in experimental conditions 
in the lab compared to the field may have hindered the detec-
tion of adaptive stress responses, if there were any.

Allele frequency changes in temporal populations

The allele frequency estimates separated the populations 
according to their genetic backgrounds along the first three 
principal component axes (Fig. 2, Figure S7). This suggests 
that SLAF-seq based on DNA pooled from multiple indi-
viduals of the populations is a reliable and cost-effective 
method for studying population structure, diversity, and 
allele frequency changes in species with large genomes. 
The ordination of Early, Mid, and Current populations 
along PC3 and PC4 (Fig. 2) indicates that timothy cultivars 
in the current study are experiencing directional as well as 
diverging allele frequency changes. In general, there was a 
decline in genome-wide θπ, θw, and tajimas D over time in 
both cultivars (Table 2), likely due to reduced allelic vari-
ation driven by purifying selection. Based on the known 
history of the cultivars, the landrace Engmo was expected 
to be more genetically diverse compared to the synthetic 
cultivar Noreng (based on 14 genotypes), but our genetic 
diversity estimates indicate otherwise (Table 2). There are 
very few studies comparing genetic variation in compara-
ble types of forage grass cultivars. However, a comparison 
of genetic variation in perennial ryegrass (Lolium perenne 
L.) ecotypes and cultivars using 2199 SNP markers found 
similar results. Within population variation was larger in 
commercially bred (synthetic) forage cultivars (72 to 82%) 
compared with ecotypes (70%) (Blackmore et al. 2016). The 
landrace Engmo in this context is comparable to ecotypes. 
Another explanation of the larger genetic variation in 
Noreng could be that it is a synthetic made from 10 Engmo 
and 4 Grindstad genotypes. The diverse adaptation and ori-
gin of Engmo (northern adapted and northern origin) and 
Grindstad (southern adapted, Scottish origin) could explain 
the larger genetic variation in Noreng. Interestingly, SNPs 
with the biggest |ΔAF| were observed in proximity (10 kb) 
to genes like DREB 1B, ABR1, and bHLH 148-like (Fig. 3). 
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Fig. 3   A Genes identified as differentially expressed under freez-
ing stress that are in the flanking region (10  kb) of SNPs among 
the 95th percentile of |ΔAF|. CA = cold acclimation, T1 = − 18  °C, 
T2 = − 24  °C. Early = 1988–98, mid = 2003–10, current = 2020. 
The genes are identified as differentially expressed between popula-

tions of a cultivar or between cultivars. The statistical significance in 
plot A is based on a t-test between populations at a given treatment. 
B Allele frequencies of the SNPs in the flanking region of genes. 
Strip text in plot B denotes SNP ID and distance to the gene. + dis-
tance = upstream of the gene, and − distance = downstream of the gene
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We suspect that these genetic changes may have contrib-
uted to the differential expression of these genes between 
populations of Noreng. The readers should note that our 
speculation is based on the observed correlation and does 
not imply a causal relationship between allele frequency and 
gene expression shifts.

Limitations

In the current study, two biological replicates (two plants/
replicate) were used to investigate gene expression differ-
ences, while at least three replicates are recommended for 
transcriptomic studies. To ensure robustness, a pseudo-repli-
cation and log-fold change threshold were used. In addition, 
the expression of the genes in the discussion section was rep-
licated at both freezing stress treatments (T1 and T2), ensur-
ing the shifts detected are statistically robust. In resurrection 
studies, plants from the refresher generation are commonly 
used to minimize the storage and maternal effects (Franks 
et al. 2018). In the current study, plants raised directly from 
seedlots were used to study gene expression differences 
between the populations. Although maternal or storage 
effects may have contributed to the observed gene expres-
sion patterns, it is highly unlikely that these effects alone 
were responsible for the observed directional shifts in the 
expression of genes discussed in the results and discussion.

Conclusion

The cultivars in the study appear to diverge in terms of freez-
ing stress gene expression, driven mainly by gene expression 
shifts in Noreng. Several genes displaying patterns indicat-
ing shifts between populations of Noreng are known to play 
an important role in signaling and stress responses. Weak 
selection pressure could be the reason behind the lack of 
gene expression shifts under ice encasement. The cultivars 
are experiencing directional as well as diverging allele fre-
quency changes. The resurrection approach combined with 
comparative transcriptomic analysis is a powerful approach 
to studying how plants tune their gene expression to adapt to 
changing climatic conditions. The results also demonstrate 
that pool-seq based SLAF-seq is a reliable and cost-effec-
tive approach to study genetic diversity in species with large 
genomes with high intrapopulation variation.
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