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 32 

Abstract 33 

Connecting the characterisation of juvenile (pre-anthesis) plant stress responses in 34 
controlled environments to field agronomic performance is a challenge. The oilseed crop 35 
Camelina sativa (camelina), with its innate resilience and plasticity, presents an opportunity 36 
to understand both the underlying mechanisms of juvenile resilience and identify the 37 
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implications for yield in diverse pedoclimates. A better understanding of camelina’s abiotic 1 
stress resilience is important in the context of climate change and the development of 2 
breeding programmes for climate-tolerant crops. In this study, 54 accessions representing 3 
the genetic diversity observed in the wider publicly available population were used to 4 
investigate the plasticity of camelina’s early-stage response to drought and heat stress, 5 
combined with an evaluation of field performance in multi-location field trials. A 6 
combinatorial phenotyping approach of early-stage drought and heat stress identified 7 
stress-responsive signatures within the diversity panel. The substantial variation in the 8 
morphophysiological line-specific responses to stress, indicated that juvenile and mature 9 
camelina plants have significant plasticity and access different stress response strategies. 10 
In response to stress, we observed significant molecular metabolic adjustment alongside 11 
significant lipid remodelling and physiological compensation. Camelina was resilient to 12 
drought stress, and certain metabolites were identified as indicators of abiotic stress 13 
response. Applying an integrated approach, early-stage phenotyping and multi-location field 14 
trials provided a complete assessment of the camelina stress response and facilitated a 15 
connection to crop productivity. This approach facilitates improved breeding programmes, 16 
addresses the restrictions of limited genetic diversity in camelina, and supports the 17 
development of local varieties optimised for climate resilience.  18 

 19 

Introduction 20 

Agriculture faces increasing threats from extreme weather events associated with 21 
anthropogenic climate change (Ray et al. 2015; Lesk et al. 2016). Fluctuating hot and dry 22 
conditions associated with elevated temperatures and irregular precipitation pose a 23 
particular risk to major staple crops (Lesk et al. 2021) and often result in significant yield 24 
reduction. Heat and drought stress restrict germination, and impair development, growth, 25 
and reproduction. Temperate Brassica oilseeds, like oilseed rape (Brassica napus), are 26 
particularly sensitive to increasing temperatures and water limitation (Secchi et al. 2023). 27 
Research has established a negative relationship between abiotic (heat and drought) stress 28 
and agronomic performance e.g., seed yield and quality (Jensen et al. 1996; Yu et al. 2014), 29 
although the impact of abiotic stress on seed oil biosynthesis and regulation is still 30 
uncertain.  31 

Diversifying cropping systems with better-adapted oilseeds could potentially stabilise 32 
productivity under changing environments associated with climate change. Growers are 33 
returning to traditional oilseeds like Camelina sativa L. Crantz (camelina), a Brassicaceae 34 
crop with a recognised commercial value that results from its seed oil quality i.e., elevated 35 
levels of omega-3 α-linolenic acid, which is nutritionally important. Beyond nutrition,  36 
camelina seed oil is widely used, e.g., food, biofuel, and feed stock for biobased industries. 37 
Moreover, camelina has resilience to challenging environments and can be utilised in 38 
different cropping systems. Its two crop biotypes, spring and winter (Zubr, 1997), and 39 
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suitability for different pedoclimates further expand its cultivation area and utilisation. 1 
Furthermore, the low agricultural input requirement (fertilisation), and short growing cycle 2 
make camelina a good candidate for expansion into marginal land not commercially 3 
cultivated (Zanetti et al. 2021). As an ancestral crop, camelina genetic diversity is only now 4 
receiving attention (Luo et al. 2019, Decker et al. 2025). Studies have focused on genomic 5 
and seed traits among natural accessions and breeding lines, to understand the genetic 6 
mechanisms underlying productivity (Li et al. 2021; Hotton et al. 2020; King et al. 2019; 7 
Vollmann et al. 2007). Recognised for its tolerance to biotic and abiotic stresses, camelina 8 
is a good model to study plasticity (Großkinsky et al. 2023). In comparison with oilseed rape, 9 
Gao et al. (2018) reported that camelina showed more tolerance to drought stress. However, 10 
the ability of camelina to tolerate extreme drought stress varies with genotype (Čanak et al. 11 
2020) indicating untapped potential. Camelina accessions and cultivars grow in varying 12 
climatic niches throughout the globe, and temperature was found to elicit plasticity in 13 
camelina seed oil (Brock et al. 2020). The impact of post-anthesis heat stress on oil yield and 14 
fatty acid composition in camelina has been established, reducing seed yield, weight, oil 15 
content and altering fatty acid composition (Nadakuduti et al. 2023; Smith and Lu 2024). 16 
Several approaches, such as quantitative trait locus (QTL) mapping, genome wide 17 
association, and comparative transcriptome profiling have also begun to characterise the 18 
pathways controlling heat tolerance during reproduction (Smith et al. 2024). In the field, 19 
abiotic stress can affect plants at any point during development. In young tissues under 20 
abiotic stress, there is evidence for higher plasticity in traits associated with growth 21 
responses (reviewed in Rankenberg et al. 2021). However, experimental evidence and 22 
understanding of early-stage abiotic stress responses are limited. Despite the recognised 23 
abiotic stress tolerance and plasticity of camelina, no studies have investigated how it 24 
responds to heat and drought in early growth stages. To address this complexity, 25 
metabolomic and biochemical profiling can now tell us about the biology of the plant 26 
response to abiotic stress and support genomic selection, by identifying traits of interest 27 
(Fernandez et al. 2021; Alwood et al. 2021).  28 

Effective solutions to develop stress-tolerant crops require the inclusion of realistic 29 
agricultural field studies in fundamental research (Prado et al. 2025). To address this 30 
challenge, we investigated the physiological and molecular mechanisms underlying stress 31 
resilience using a combinatorial approach in multiple settings. Improving tolerance to 32 
elevated temperatures and drought is essential for camelina agronomic sustainability in 33 
growing seasons with increasing meteorological instability. The objectives of this study were 34 
to increase our understanding of the camelina multilevel abiotic stress response, 35 
characterise the plasticity of this response in different lines and establish how the diversity 36 
of stress responses translates into improved agronomic performance in the field. To achieve 37 
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this, a combinatorial approach was used to monitor dynamic changes in morphological, 1 
physiological, and metabolic responses of a camelina diversity collection to early-stage heat 2 
and drought stress. In parallel, the collection was grown in multi-location field trials (UK, Italy 3 
and France) with diverse environments providing real-world heat and drought conditions, 4 
enabling a fully integrated evaluation of the stress response in camelina, plasticity and 5 
connection to agronomic performance. These results offer diagnostic markers and a 6 
framework to assess crop stress resilience, advancing the development of climate-resilient 7 
oilseeds and facilitating the integration of genetic diversity into cropping systems.  8 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiag052/8472949 by R

otham
sted R

esearch user on 19 February 2026
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Results 1 

Genetic diversity and population structure in the camelina study panel  2 

A total of 54 spring-type camelina accessions were selected to represent commercial and 3 
local varieties spanning diverse pedoclimates. To determine how representative the 54 4 
accessions in the study panel (henceforth, UNT lines, Supplementary Table S1) were of the 5 
available public accessions, a total of 200 camelina accessions (Li et al. 2021) were 6 
analysed using two approaches. Firstly, sequencing reads were aligned to the camelina 7 
DH55 reference genome (Kagale et al. 2014) to identify a single nucleotide polymorphism 8 
(SNP) variant matrix of 340,696 high-confidence SNPs. A Principal Component Analysis 9 
(PCA) of this matrix (Fig. 1A) indicated that the study panel was representative of the wider 10 
population, with PC 1 and 2 explaining 21% and 12% of the genetic variance, respectively, 11 
indicating a good representation of the total genomic diversity space. Secondly, to elucidate 12 
the pairwise genomic similarity in detail, a hierarchical clustering based on Identity-By-State 13 
distances was generated aligning the resulting dendrogram tree with the results from an 14 
ADMIXTURE population genetics analysis (Fig. 1B). In this analysis, the public (Li et al. 2021) 15 
and study panel camelina accessions were grouped by their genomic relatedness to infer 16 
which fractions of their genomes, based on SNP data, belong to which ancestral population. 17 
The ADMIXTURE analysis performed most effectively with eight assumed subpopulations 18 
(Fig. 1B). Collectively this indicated that the study panel captured most of the genetic 19 
diversity observed in the larger public population and provided a representative resource to 20 
phenotype camelina morphophysiological responses to abiotic stress.  21 

Metabolic plasticity of the camelina panel to abiotic stress 22 

To assess the response to abiotic stress, early-stage drought and heat were imposed 23 
separately on 18-day-old plantlets for up to ten days (Supplementary Fig. S1). Drought was 24 
imposed by water withdrawal to 20% soil water content (SWC) and monitored thereafter 25 
(Supplementary Fig. S1 A). High temperature (32/25°C day/night) was tracked using growing 26 
degree days (GDD, Supplementary Fig. S1 B). Plant development and growth were assessed 27 
by development stage 1 of BBCH scale (Martinelli and Galasso 2011), leaf length, and width 28 
(Supplementary Fig. S2). All three traits demonstrated highly significant differences with 29 
treatment and line (Supplementary Table S2 A, B, C). Overall, heat stress advanced 30 
development, whereas drought stress had the opposite effect, together with significantly 31 
reduced leaf length and width. These results suggested that the imposed conditions caused 32 
a significant change in camelina development and merited further investigation of the 33 
plant’s metabolism. 34 
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To do this, an (un)targeted metabolomics approach using complementary techniques was 1 
employed to profile both primary and secondary leaf metabolites in response to the applied 2 
stresses. A PCA of the targeted (ten major) biomass compounds evaluated the global impact 3 
of drought and heat on camelina biomass (Fig. 2A). The PC1 vs PC2 score plot explained 4 
70.4% of the total variance, showing that while ambient and heat stress conditions partially 5 
overlapped, drought stress was more scattered and had a more substantial impact, 6 
corresponding to separation along PC 1. This indicated that camelina's central metabolism 7 
responded differently to each stress, with drought having a more substantial effect at early-8 
stage than heat. The heatmap clustering analysis (Fig. 2B) visualised relationships between 9 
samples and major compounds: all ten biomass compound variables were statistically 10 
significant with respect to growth conditions (ANOVA, P < 0.01, FDR). Consistent with the 11 
PCA plot in Fig. 2A, drought stress clustered separately from ambient and heat stress 12 
conditions. Most of the major compounds analysed accumulated under drought, except 13 
citrate and starch. Heat stress generally decreased compound content, except for starch, 14 
which increased, and soluble sugars (e.g., glucose, sucrose), which remained stable.  15 

Untargeted metabolomics further revealed clear shifts in the camelina metabolome 16 
between drought and heat stress (Fig. 2C; Supplementary Fig. S3). The analysis identified 17 
3016 metabolomic features, of which 1350 were unknowns, 1446 had suggested annotated 18 
metabolites and 220 matched with identified metabolites (Supplementary Fig. S3 A). Among 19 
these 3016 features, which were normalised prior to statistical analyses, 2545 were 20 
statistically significant regarding growth conditions (ANOVA P < 0.01, FDR, Supplementary 21 
Fig. S3), indicating the robustness of the metabolomic dataset and the level of 22 
phytochemical diversity shifts. The global impact of drought and heat on camelina 23 
phytochemical diversity was assessed by PCA (Fig. 2C), where PC1 vs PC2 separated 24 
control, drought and heat stress with a total variance of 30.3%. This indicated that the global 25 
metabolic profiles of camelina responded differentially to the type of stress. Since this 26 
metabolomic profile is mostly composed of secondary plant molecules, it further identified 27 
that stress-responsive, secondary metabolism is a better integrator to distinguish drought 28 
and heat impact than major compounds (Fig. 2A). In response to drought, 308 metabolic 29 
markers accumulated and 283 decreased, while in response to heat stress, 327 increased 30 
and 271 were depleted (Fig. 2 D, E; Supplementary Fig. S3 B, FC = 2, t-test P < 0.01, FDR, 31 
between control and stress). For each stress, a balanced number of specific (128 and 147 32 
for drought and heat respectively) and common (180) accumulated markers and specific 33 
(164 and 152 for drought and heat respectively) and common (119) depleted markers were 34 
observed. The accumulated and depleted markers for drought and heat stress were then 35 
stacked for each camelina line in the diversity panel (Fig. 3). This approach uncovered clear 36 
differences in the metabolic response of the different camelina  lines to drought and heat 37 
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stress. Some lines showed no or very low numbers of responding metabolic markers (e.g., 1 
UNT7, 44, and 45 under drought - Fig. 3A; UNT10, 14 and 29 under heat - Fig. 3B). Other lines 2 
showed a pronounced overall metabolic response with high number of 3 
accumulated/depleted markers, e.g., UNT16, 33, 57, and 59 in drought (Fig. 3A), and UNT5, 4 
18, 32, 38 and 50 in heat (Fig. 3B). Furthermore, some camelina lines had a strong response 5 
to drought but much less to heat (e.g., UNT16) and conversely individual lines had a strong 6 
response to heat and much less to drought (e.g., UNT5), whereas other lines (e.g., UNT33) 7 
had a large metabolic response to both drought and heat. Thus, adjustment of metabolism 8 
appeared to be an important part of the response of camelina to drought and heat stress, 9 
and there was substantial variation among lines suggesting plasticity in the camelina 10 
metabolic response to specific stresses.  11 

To gain further metabolic insight, metabolic markers were putatively annotated using 12 
ClassyFire ontologies (Djoumbou Feunang et al. 2016). Common markers (Table 1) included 13 
some increased phenylpropanoids (cinnamic and coumaric acids, flavonoids), 14 
carbohydrates (pentoses and phenolic glycosides), and benzenoids, along with several 15 
phenylpropanoids (phenolic acids and flavonoids) and organic acids (citric acid). Under 16 
drought, responses were diverse, with increased phenylpropanoids, phenolic acids and 17 
anthocyanins, amino acids (proline, histidine, and tyrosine derivatives), carbohydrates 18 
(phenolic glycosides), and lipids (terpene glycosides), as well as some decreased 19 
phenylpropanoids (chalcones and flavonoid glycosides), organic acids (succinic acid), 20 
benzenoids (benzoic acid derivatives), nucleotides, and lipids (fatty acids). Heat stress 21 
positively impacted phenylpropanoids (chalcones, flavans, and flavonoid glycosides), 22 
terpenes, benzenoids, and carbohydrates (O-glycosyl compounds), while negatively 23 
affecting some other phenylpropanoids (flavonoids, stilbenes, and phenolic acids), organic 24 
acids (TCA derivatives), lignans, and benzenoids (benzoic acids). Overall, metabolomics 25 
revealed a profound modification of primary (i.e. amino and organic acids, lipids) and 26 
secondary (i.e. phenylpropanoids, terpenes) metabolisms in responses to stress, with well-27 
established markers. 28 

Camelina fatty acid desaturation and remodelling in response to abiotic 29 

stress 30 

Leaf fatty acids (FA) from the camelina early-stage drought and heat stress experiment 31 
showed a significant impact of stress on total FA, relative polyunsaturated FA content (PUFA 32 
index) and C18:3 content (linolenic acid, Fig. 4 A, C, D; Supplementary Table S2 D, E, F). 33 
C18:0 demonstrated a highly significant line effect and marginally significant effect of the 34 
stress (Supplementary Table S2 G), whilst C18:3 exhibited significant effects due to 35 
environmental stress and only marginal line differences. Lipid remodelling clearly 36 
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8 

demonstrated an impact of abiotic stress, and a response was observed across all 1 
accessions. The PUFA index reflected FA desaturation adjustment with heat as camelina 2 
remodelled membrane FA composition to maintain its fluidity. Heat decreased the 3 
calculated PUFA index to 2.2 compared to 2.8 under ambient conditions, whilst drought had 4 
the largest effect on total FA content, increasing the average amount to 182.4 µg/mg 5 
compared to 98.8 µg/mg under ambient. Plotting total FA and PUFA index (Fig. 4 A) for each 6 
line clearly separated the two stress treatments and ambient. Oleic acid (C18:1) significantly 7 
declined with drought and increased with heat in all lines (Fig. 4 C) and was the best indicator 8 
of environmental stress response in camelina. Within the population there was a line-9 
specific response, with some lines showing significant changes with both treatments e.g., 10 
UNT 5, 21, 31, 33, 38 and 58, whilst others had a stress-specific response e.g., UNT22 and 11 
37 – responding to heat but not drought (Fig. 4 C). Camelina remodelled its FA composition 12 
and content in response to environmental stress, and the extent of this remodelling was 13 
accession specific within the panel. 14 

To further establish if leaf FA remodelling in response to abiotic stress reflected the response 15 
of mature plants in agronomic field trials, FA were analysed in mature seeds collected from 16 
the diversity collection grown in multi-location field trials (Fig. 4 B, E; Table 2; Supplementary 17 
Table S3). The three trials (France, Italy and UK; see supplementary methods) represented 18 
different pedoclimates and environmental challenges, namely climate during seed 19 
maturation i.e., from 50% flowering to harvest and summarised as: Italy – drought (GDD 828, 20 
precipitation 51.8mm); France - heat (GDD 1235, precipitation 224mm); and UK - temperate 21 
(GDD 721, precipitation 137mm). For reference, long term annual averages for precipitation 22 
and temperature at the trial locations are: UK precipitation 702mm, temperature 10.3°C; 23 
France precipitation 772mm, temperature 11.1°C; and Italy 613mm precipitation, 13.2°C 24 
(details in Supplementary Methods). Camelina seed lipid metabolism responded to 25 
environmental stress by remodelling FA, as indicated by the separation of Italy (drought) and 26 
France (heat) from the UK in the plot of total fatty acids and relative PUFA content (Fig. 4 B); 27 
changing the levels of desaturation (Fig 4 E) at each trial location. Collectively, the controlled 28 
environment and multilocation field trials showed how camelina effectively utilised lipid 29 
metabolism and remodelling to respond to abiotic stress, and therefore, how FA 30 
composition can be used to identify stress responsive lines. 31 

Integrative analysis of the morphophysiological and metabolic response 32 

of camelina to abiotic stress  33 

The impact of early-stage abiotic stress in leaves was comprehensively assessed by 34 
measuring plant water content (PWC), ∆15N and ∆13C isotope discrimination, total 35 
antioxidant capacity (TAC), and relative chlorophyll content (SPAD, Supplementary Fig. S4, 36 
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9 

S5). On average, TAC decreased under both stress conditions, suggesting oxidative stress, 1 
with heat resulting in a stronger effect. Significant differences in PWC, ∆13C isotope 2 
discrimination and TAC were observed with respect to both treatment and line 3 
(Supplementary Table S2 H, I, J). Furthermore, leaf ∆15N significantly responded to heat 4 
treatment (Supplementary Fig. S4 B; Supplementary Table S2 K).  5 

Overall, heat stress advanced development whereas drought stress had the opposite effect, 6 
significantly reducing leaf length and width. Individual lines showed differing responses to 7 
abiotic stress (Supplementary Fig. S2), for example lines UNT11, 12, 18, 21, 32, 55 showed 8 
only a limited developmental response to stress, whilst others (e.g., UNT6, 8, 34, 56) had a 9 
much greater response. Drought stress had a significant impact on plant water content 10 
(PWC, Supplementary Table S2 H, Supplementary Fig. S4 C). Individual lines lowered their 11 
PWC to less than 80% e.g., UNT10, 11, 15, 57, whereas others maintained PWC at control 12 
levels (87%) despite the drought treatment e.g., UNT35, 44, 53, 54 (Supplementary Fig. S4 13 
C). PWC was maintained in heat stress plants, indicating that combined heat and drought 14 
stress did not occur in this experiment. As a further proxy measure of water availability, the 15 
degree of ∆13C isotope discrimination was determined in leaf samples (Supplementary Fig. 16 
S4 A). Drought resulted in a reduction in ∆¹³C in the study panel, which was significant for 17 
both treatment and line (P <0.0001; Supplementary Table S2 I). Both the measurement of 18 
PWC and ∆¹³C indicated that the camelina study panel contained lines with variability in 19 
drought tolerance (Supplementary Fig. S4). Resistance to environmental stress was also 20 
evaluated by measuring leaf chlorophyll content (SPAD) as an indicator of stress tolerance. 21 
The average SPAD measurements for the diversity panel grown in ambient conditions was 22 
35.7 Chlorophyll index (CI) units, heat 36.65 CI units, and drought 44.09 CI units 23 
(Supplementary Fig. S5). These measurements indicated an increase in chlorophyll content 24 
following drought. However, not all the lines responded in the same way. For example, at the 25 
end of the experiment, UNT5 and 12 had the highest CI values under ambient conditions, but 26 
UNT7 and 29 ranked highest following drought, whilst UNT12 and 25 ranked higher after heat. 27 
UNT31 consistently had the lowest CI value in ambient, but under drought, UNT46 was 28 
lowest, and in heat UNT55. These results identified that chlorophyll content was 29 
differentially modulated in camelina lines to maintain photosynthetic performance under 30 
abiotic stress. 31 

Cellular redox balance is crucial for abiotic stress response and acclimation. Metabolomics 32 
identified genotype-specific differences in antioxidants, and estimations of the redox 33 
balancing capacity of the studied camelina lines were made, determined as TAC in leaves 34 
(Supplementary Fig. S4 D). On average, TAC decreased under both stress conditions in the 35 
diversity panel suggesting oxidative stress, with heat resulting in lower TAC. Line-specific 36 
responses were highly significant effect (P<0.0001, Supplementary Table S2 J). Under 37 
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10 

ambient conditions UNT28 exhibited the highest capacity and UNT45 the lowest, however 1 
UNT8 and 25 showed a higher overall TAC under drought. Some of the lines showed reduced 2 
TAC under both stresses, e.g., UNT11, 40, and 58; whilst others e.g., UNT13, 56, 39, and 22 3 
only responded significantly to drought; and some e.g., UNT4, 14, 16, 54 only to heat, 4 
indicating that the study panel had significant variability, in terms of cellular redox response, 5 
to abiotic stress. 6 

The collected data traits, i.e. morphophysiological markers comprising, TAC, leaf FA, SPAD, 7 
stable isotope discrimination, phenology (BBCH), plant development (stem thickness, leaf 8 
width, number and length, SWC, PWC, and plant fresh and dry weight), were combined with 9 
FA and targeted metabolites for an integrated analysis by PCA for drought and heat stress 10 
(Fig. 5). Camelina showed a clear developmental, physiological, and biochemical response 11 
to abiotic stress. In response to heat and drought, plant development and FA contributed 12 
strongly to this analysis (Fig. 5B and D, illustrated by red and orange arrows). It was 13 
interesting to note that ∆¹³C discrimination had a larger impact in heat than drought, despite 14 
SWC and PWC being maintained at ambient levels in heat stress. However, the line 15 
distributions were different in response to each stress (Fig. 5A and C). Metabolic, 16 
biochemical and physiological parameters (e.g., citrate, malate, polyphenols, chlorophyll, 17 
TAC, stable isotope discrimination and plant water status) identified ‘responsive’ lines e.g., 18 
UNT5, 18, 22, 28, 31, 35, 59 (red) and ‘unresponsive’ e.g., UNT lines 1, 8, 13, 34, 50, 52 (blue; 19 
Fig. 5A; Supplementary Table S4 A) to drought. The distribution of lines in heat showed 20 
responsive, e.g., UNT18, 31, 50, 56 (red/orange) and unresponsive lines e.g., UNT3, 8, 9, 13, 21 
38, 52 (blue Fig. 5C; Supplementary Table S4 B). Abiotic stress-responsive lines common to 22 
heat and drought included UNT18 and 31, whilst common unresponsive lines were UNT8, 23 
13, and 52. However, there was little commonality in these lines in terms of 24 
accumulation/depletion of metabolic markers in response to stress (Fig. 3) or genetics (Fig. 25 
1).  26 

Connecting plasticity in camelina stress responses to agronomic 27 

performance 28 

Multi-location field trials in diverse pedoclimates were used to assess the response of 29 
mature plants to challenging environments and assess the agronomic performance of the 30 
camelina panel. Yield, plant density, stand height, thousand grain weight (TGW), and seed 31 
oil content/composition were measured (Table 2, Supplementary Fig. S6, S7; 32 
Supplementary Table S3, S5) in the diversity panel at the three locations: Italy – drought; 33 
France - heat; and UK - temperate. Seed oil content and composition, together with TGW 34 
across lines remained relatively consistent in all three field trial locations, whereas other 35 
phenotypic traits (yield, height, density) were clearly different (Supplementary Fig. S6, S7). 36 
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11 

Overall, the diversity panel had the highest yield in Italy; the camelina lines responding well 1 
to drought, whereas in France (heat) the lines grew taller, accumulating biomass with the 2 
increase in temperature and sufficient precipitation. In response to the different 3 
environments the coefficient of variation (CV; Supplementary Table S6) estimated for TGW, 4 
oil content and yield at the three locations indicated limited variation for oil content (4.4 to 5 
5.1) and TGW (12.5 to 13.9), whilst the panel CV for yield was high and more variable (22.4 to 6 
57.2). Most notably, yield in Italy (drought) appeared to be much more robust amongst the 7 
lines and demonstrated a different relationship to other traits when compared to France 8 
(heat) and UK (temperate) (Supplementary Fig. S6 F). Assessment of agronomic 9 
performance distinguished individual lines in their response to the local climates 10 
(Supplementary Table S4, Supplementary Fig. S6). UNT57 had the highest TGW at all three 11 
trial locations, whereas UNT33, 21, and 59 had the lowest. As indicated by the CV 12 
(Supplementary Table S6), TGW was stable across environments, while yield and seed oil 13 
content were more variable and sensitive to genotypic x environment (G x E) interactions at 14 
all locations. Analysis of mature seed FA content showed a strong correlation in composition 15 
across the three trial locations (Supplementary Fig. S7). Genotypic trends in FA composition 16 
were relatively consistent across the three trials. In particular, the panel lines aligned 17 
similarly in the first two PC projections across the trial locations. PCA analysis of seed FA 18 
(Supplementary Fig. S7 B) identified responsive (e.g., UNT12 15, 19, 21, 22, and 55) and 19 
unresponsive (e.g., UNT46, and 54) lines consistently across the three locations. Location-20 
specific differences in PC1 appeared to be driven by C20:1 (UK – temperate different to 21 
France and Italy – abiotic stress) and C20:0 (France (heat) in contrast to the UK (temperate) 22 
and Italy (heat)). 23 

As discussed above, the studied lines showed significant differences in their metabolic, 24 
physiological and developmental responses to heat and drought. Supplementary Table S4 25 
illustrates the different stress-responsive strategies deployed by these lines, e.g., in drought 26 
UNT31 was highly responsive in the combined PCA analysis but had a low ranking in 27 
accumulated/depleted markers, whereas UNT22 was also responsive but 28 
accumulated/depleted substantial numbers (~600) of metabolic markers (Supplementary 29 
Table S4 A). The distribution for unresponsive (Fig.6) lines was similar, with individual lines 30 
e.g., UNT50 and 31, showing a range of accumulated/depleted metabolic markers. The 31 
pattern was repeated for heat stress (Supplementary Table S4 B). PCA analysis identified 32 
unresponsive e.g., UNT8 and 13, and responsive lines e.g., UNT56 and 18 with divergent 33 
metabolic marker responses. Our approaches provided a unique opportunity to evaluate 34 
how these differing response patterns could be related to agronomic performance. Looking 35 
closely at the stress (un)responsive subset, lines UNT22 and 59 were responsive to drought 36 
(PCA) with large numbers of accumulated/depleted metabolic markers and had a very low 37 
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TGW across all three trials. In this case, UNT22 and 59 showed a strong stress response 1 
which did not translate into good field performance. In contrast, UNT5 and 28 were also 2 
responsive to drought (PCA) but did not accumulate/deplete large numbers of metabolic 3 
markers and yet performed well in the field. This case illustrates how lines UNT5 and 28 4 
maintained field performance via physiological adaptation rather than metabolic 5 
adjustment (as determined by metabolic profiling). Field performance (TGW) differentiated 6 
lines unresponsive to drought (PCA), and with a similar metabolic marker responsiveness 7 
e.g., UNT34 and 13. Indeed, UNT8 performed very well in the field (TGW and oil content), was 8 
unresponsive (Fig 6) and had a moderate metabolic marker drought response. Metabolic 9 
responses in UNT8 might have enabled the plant to prosper in response to both drought and 10 
heat. Heat stress produced a similar plasticity of responses across the measured 11 
parameters for early-stage stress (PCA and metabolic markers; Supplementary Table S4 B). 12 
Some lines performed well in the field (TGW) e.g., UNT8 and 13, and were unresponsive to 13 
heat (PCA), whereas others were responsive to heat and performed badly in the field e.g., 14 
UNT31 and 50. These results indicate that crop agronomic performance was not necessarily 15 
associated with robust metabolism and therefore low plasticity. On the contrary, high plant 16 
plasticity with dynamic metabolism could therefore be coupled with improved agronomic 17 
performance, identifying metabolic plasticity as an indicator of resilience to abiotic stress 18 
and field crop performance in changing climates. Further analysis was performed to 19 
establish a relationship between the metabolic clustering presented in each of the early-20 
stage conditions applied, control, drought stress and heat stress, and three main measures 21 
of agronomic performance, TGW, seed yield and oil content (Fig. 6). However, global 22 
metabolomic performance in each of the conditions applied did not correlate with 23 
agronomic performance (Fig. 6 A). To evaluate the concordance between genotype and 24 
phenotype-related data, Baker’s Gamma correlation coefficients were computed between 25 
the dendrograms obtained from genomic, agronomic, and condition-specific metabolomic 26 
data (Fig. 6 B). The highest correlation was observed between the genomic dendrogram and 27 
the metabolomic clustering under drought stress (0.52), indicating a moderate structural 28 
similarity and the possibility that camelina is inherently adapted to drought. A weaker, but 29 
still positive, correlation was also found between genomic and agronomic clustering (0.23). 30 
The other comparisons showed lower correlations: between metabolomics under drought 31 
and heat stress (0.17), between heat stress metabolomics and genomics (0.15), between 32 
agronomic and drought metabolomics (0.12), and finally between metabolomics under heat 33 
and control conditions (0.08). 34 
ACCEPTED M

ANUSCRIP
T

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiag052/8472949 by R

otham
sted R

esearch user on 19 February 2026



13 

Discussion 1 

Camelina genetic diversity and the potential for crop improvement 2 

An understanding of how available genetic diversity in camelina underpins its stress 3 
resilience is vital for developing a location-specific breeding strategy for further crop 4 
improvement and to understand the plasticity of abiotic stress responses. Camelina 5 
(Brassicaceae) has a hexaploid genome structure generated by the merger of three diploid 6 
genomes (Mandáková et al. 2019; Mandáková and Lysak 2022; Bird et al. 2024). Reports in 7 
the literature have generally suggested low levels of genetic diversity in camelina compared 8 
to other oilseed crops (Chaudhary et al. 2020). This genetic paucity has been recognised 9 
with approaches developed to address the diversity challenge (Blume et al. 2023). However, 10 
it is noteworthy that detailed explorations of large camelina populations (see Luo et al. 2019) 11 
have demonstrated enough genetic diversity for developing new cultivars with desirable 12 
agronomic traits. Moreover, abiotic stress studies (Čanak et al. 2020; Smith and Lu 2024) 13 
have shown diverse responses of different camelina genotypes. However, much of 14 
camelina’s varietal diversity has been lost, particularly when European farmers shifted their 15 
interest from camelina to rapeseed and sunflower. Therefore, current publicly available 16 
germplasm collections are almost entirely composed of previous cultivated varieties and 17 
have a low genetic diversity and a high proportion of admixture. Many camelina breeding 18 
lines and cultivars were collected from the Russia-Ukraine region (Vollmann et al. 2007), the 19 
common origin area of camelina (Brock et al. 2018). In this study, we demonstrated that the 20 
collected camelina panel adequately represented the publicly available camelina 21 
germplasm. Furthermore, sequencing analysis identified the presence of eight sub -22 
populations, and PCA based on SNPs revealed that the study panel provided a good 23 
representation of the global camelina genomic diversity space. Knowledge of population 24 
structure and genetic diversity within this panel enabled a detailed investigation of camelina 25 
genotype-specific abiotic stress responses. 26 

Camelina abiotic stress metabolic response 27 

The imposition of heat and drought stress on the camelina panel at a juvenile stage of 28 
development had a significant impact on development and growth (Fig. 7). Plants were 29 
smaller and grew slowly with drought, whilst heat accelerated the developmental stages. 30 
These responses significantly differed between lines, indicating that the existing genetic 31 
diversity of camelina supports a portfolio of morphophysiological adaptation strategies. 32 
Although responses of this type might be anticipated to heat and drought stress (Čanak et 33 
al. 2020; Nadakuduti et al. 2023; Smith et al. 2024), this study demonstrated the impact of 34 
abiotic stress at the juvenile stage across a diversity panel and the translation of this 35 
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robustness to different field environments. Developmental age is a strong determinant of 1 
stress responses in plants (Rankenberg et al. 2021). With aging, plants alter their organ 2 
morphology, sink–source balance, and chemical composition, including changes in redox 3 
status, which collectively influence how abiotic stress signals are perceived and processed. 4 
In this study, initial investigations focused on the physiological and metabolic response to 5 
drought and heat stress in young leaves before the initiation of inflorescences to understand 6 
the plasticity of stress resilience early in juvenile development. Drought had a significant 7 
impact on plant water relations and gas exchange. The reduced level of carbon isotope 8 
fractionation (∆13C) discrimination was consistent with crop drought responses (Avramova 9 
et al. 2019). Plant ∆15N reflects the values of external N sources and 15N/14N fractionations 10 
which occur during assimilation, transport and loss of N (Robinson et al. 2001). ∆13C and 11 
∆15N are often used to determine drought responses in crops, and as expected, ∆13C was a 12 
good indicator of drought stress (reflecting changes in stomatal opening), whilst ∆15N 13 
separated ambient and heat stressed plants. Heat stress impacted growth and 14 
development, leaf nutrient status, uptake and translocation (Mishra et al. 2023). Likewise, 15 
TAC in young camelina leaves varied significantly and was typically reduced by heat and 16 
drought. Juvenile camelina plants demonstrated significant plasticity in response to abiotic 17 
stress. A significant part of this response relied on metabolic adjustment, likely triggered by 18 
a network of signalling cascades, mediated by ROS (Choudhury et al. 2017) and lipid signals 19 
(Sharma et al. 2023). 20 

Metabolic adjustment was central to the abiotic stress tolerance and plasticity observed.  21 
Targeted leaf metabolite analysis of juvenile leaves identified an asymmetric response to 22 
heat and drought. For example, citrate, malate, sucrose, glucose, proteins and amino acids 23 
declined with heat and increased with drought, whereas starch increased with heat and 24 
declined with drought. Typically, abiotic stress impacts growth earlier than photosynthesis, 25 
which leads to energy imbalance and favours the accumulation of ROS. Plants respond by 26 
shifting to protective mechanisms, which include the accumulation of various metabolites 27 
(Zandalinas et al. 2022), including antioxidants (Decros et al. 2019). Major carbohydrates 28 
such as glucose, fructose, and sucrose have been shown to accumulate and starch to 29 
decrease in many species in response to drought (reviewed in Zandalinas et al. 2022), 30 
reflecting reduced plant growth (decreasing the demand for primary metabolites) combined 31 
with a shift towards soluble compounds contributing to osmotic adjustment (Hummel et al. 32 
2010; Hildebrandt 2018, Heinemann and Hildebrandt 2021). Heat led to a reduction in levels 33 
of primary metabolites in camelina, a response that reflected the effect of heat on carbon 34 
utilization and distribution in plants. Together, photosynthesis and respiration underpin the 35 
plant metabolic response to heat. Photosynthetic thermotolerance typically results from 36 
genotypic variation in several essential processes e.g., leaf net photosynthesis, transpiration 37 
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stomatal conductance, and the thermostability of photosystems and electron transport. 1 
Other processes impacted include cell membrane thermostability (lipid remodelling), non-2 
photochemical quenching protection, heat shock protein production, and the thermal 3 
liability of Rubisco activase. Heat typically modifies sucrose metabolism and increases 4 
rates of respiration. Whereas phloem sucrose export by sucrose exporters and/or import by 5 
sucrose transporters are inhibited in heat-stressed leaves, which further results in starch 6 
accumulation (Braun et al. 2014). The opposing rearrangements of starch metabolism with 7 
heat stress highlight the plasticity of starch metabolism, and reflects other factors e.g., 8 
tissue type developmental stage and growth (Thalman and Santelia 2017).  9 

For the initial exploration of metabolic plasticity in the camelina panel, CVs were calculated 10 
for ten targeted leaf biomass compounds in response to heat and drought (Supplementary 11 
Table S5). CV is a measure of dispersion around the mean within a dataset which allows the 12 
exploration of phenotypic variability. In control conditions, the highest CV values (indicating 13 
a large dispersion among replicates and perhaps, plasticity within the study panel) were 14 
found for glucose, chlorophyll b, and starch, while the lowest CV values (low variability) were 15 
found for malate, polyphenols, and amino acids. Under abiotic stress, CV values of several 16 
major leaf compounds changed. CV of starch increased with drought and declined with 17 
heat; chlorophyll b and sucrose declined with both stresses; and glucose declined with heat. 18 
In contrast, CV values for polyphenols, amino acids, and chlorophyll a remained constant 19 
regardless of the treatment. The camelina panel thus displayed substantial variation in 20 
metabolic plasticity, which was modulated by abiotic stress. 21 

Secondary metabolite multifunctionality can provide a better understanding of plant stress 22 
responses. The metabolomic analyses presented here identified the integral accumulation 23 
of plant secondary metabolites in the response of camelina to challenging environments. 24 
Metabolomic profiling showed that central metabolism of camelina responded differentially 25 
to the type of stress, with a more substantial effect of drought than heat. Untargeted analysis 26 
further confirmed the differential response to the different types of stress and showed that 27 
stress-responsive secondary metabolism distinguishes drought and heat treatments better 28 
than major compounds of plant biomass. In line with our results, seed metabolomic 29 
characterisation of six field-grown camelina genotypes showed high levels of plasticity 30 
depending on year and genotype (Boutet et al. 2022). Furthermore, high levels of plasticity in 31 
primary metabolites, including some sugars and major storage compounds such as fatty 32 
acids, proteins, and most lipid classes were found in two genotypes (Boutet et al. 2022). 33 
Classically stress compounds such as proline, γ-amino butyrate, polyamines, and 34 
branched-chain amino acid metabolism underpin the response of camelina to stress 35 
conditions. The biosynthesis of polyphenols (e.g., phenolic acids, flavonoids, stilbenoids 36 
and lignans) by camelina might alleviate the impact of stress-induced oxidative stress and 37 
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the overproduction of ROS associated with environmental perturbation. Excess levels of 1 
ROS are a significant challenge, and camelina has multiple strategies to mitigate their 2 
impact. For example, estimates have indicated that camelina seeds have oxidative pentose 3 
phosphate pathway fluxes that exceed the demand for NAD(P)H for biosynthesis and are 4 
larger than those measured in other systems (Carey et al. 2020). It is possible that high levels 5 
of NAD(P)H in camelina could contribute to its antioxidative capacity.  6 

Plant cells further respond to stress by undertaking remodelling of cellular lipid species to 7 
maintain cell integrity and functionality, exchanging FA (e.g., C18:1, C18:2 and C18:3) in 8 
membranes to maintain fluidity (Upchurch 2008). Camelina responded to heat and drought 9 
stress by significantly changing leaf FA composition; oleic acid showed a striking line -10 
specific increase in response to heat, and decrease in drought, whilst linolenic acid declined 11 
with heat, indicating reduced membrane desaturation. These responses, mediated by FA 12 
desaturases (e.g., FAD2, FAD3) that are directly regulated by temperature, are typical of the 13 
cells’ strategies to cope with abiotic stress (Gishini et al. 2025). However, the response of 14 
lipids to drought is less well characterized. FA are often remodelled in response to drought 15 
with levels of C18:3, C18:2 and C18:1 responding to maintain membrane fluidity. The decline 16 
in membrane fluidity is a disadvantage to crop growth under drought stress, because 17 
membrane fluidity plays an important role in stabilizing cellular metabolism and function. 18 
This study identified C18:1, along with C18:3 in seeds, as diagnostic markers for stress. This 19 
is consistent with recent camelina QTL mapping results in which markers associated with 20 
C18:1 were persistently detected in a diversity panel grown in multiple environmentally 21 
diverse locations. Furthermore, variation in C18:3 was associated with environmental 22 
temperature at the locations (Decker et al. 2025).The temperature response of 23 
monounsaturated fatty acids (C18:1), is often species and tissue specific, reflecting the 24 
regulatory control of Stearoyl-Acyl carrier protein Desaturase (SAD), which catalyses the first 25 
desaturation step leading to C18:1. Responses of C18:1 to stress e.g., heat and drought, 26 
likely reflect the combined regulatory control of Acyl-ACP thioesterase genes FATB and FATA 27 
(Byfield and Upchurch 2007). Remodeling fatty acids in molecular lipids is also achieved via 28 
the activity of lipases e.g., monoacylglycerol lipase (MAGL), involved in triacylglycerol 29 
breakdown. Expression of MAGL gene candidates has been correlated with the response to 30 
abiotic stress and oil assembly pathways (Kumar et al. 2025). Other lipase candidates 31 
responsive to heat include HEAT INDUCIBLE LIPASE1 (HIL1) which digests 32 
Monogalactosyldiacylglycerol (MGDG) to produce 18:3-free fatty acid. Like many crops 33 
(Higashi and Sato 2024), camelina has multiple remodelling activities to re-orientate the 34 
cellular lipidome and maintain cellular functionality and integrity. Lipid remodelling is a 35 
complex process of interacting activities, and a greater understanding of climate-related 36 
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lipid remodelling will guide the development of lipid markers for resilient germplasm 1 
selection. 2 

The efficiency with which camelina can reconfigure metabolic networks, resume active 3 
growth and establish a stress-tolerant state varied across the panel. The application of 4 
correlative approaches within metabolomics enabled the identification of metabolites 5 
(biomarkers) associated with stress-responsive states. Biomarkers of this type are often 6 
referred to as metabolic markers when derived from metabolite concentrations and have 7 
been recognised and used for the selection of optimised germplasm (Lamari et al. 2018; Xu 8 
et al. 2024). Camelina lines within the panel displayed a variety of response mechanisms, 9 
which included physiological adaptation and integrated cellular or molecular responses. For 10 
example, lines displaying a large range of metabolic strategies: some lines (e.g., UNT33, 32) 11 
had a significant metabolic stress response, whilst the lines with specific metabolic 12 
responses to drought and heat (e.g., UNT16, 5, 44, 45, 10) had only small amounts of 13 
adjustment. Drought was clearly associated with the broadest range of 14 
accumulated/depleted metabolic markers (1400 for UNT33 and zero for UNT26, 46, 56, 45, 15 
7 and 44), which was nonetheless not correlated with field performance. Combinatorial 16 
assessment of the impact of stress on juvenile plants could identify responsive lines with 17 
large metabolic plasticity and good field agronomic performance e.g., UNT28, 18, but also 18 
lines categorised as unresponsive (e.g., UNT8) that also performed well in field 19 
environments. The moderate correlation observed between metabolomic profiles under 20 
drought stress (but not heat) and genomic structure (0.52, Fig. 6 B) suggested that genetic 21 
background only partly explained the metabolic response to drought. This indicated that 22 
some pathways or metabolites involved in drought tolerance were under genetic control and 23 
shared among related genotypes. This might also indicate that camelina is particularly well 24 
adapted to drought rather than heat, as indicated by the performance of the diversity panel 25 
in field trial located in France. The lower correlation between genomic and agronomic 26 
clustering (0.23) highlighted the fact that agronomic traits were probably influenced by more 27 
complex factors, such as plasticity or G x E interactions, which were not fully captured by 28 
genomic variation alone. Similarly, relatively low correlations between metabolomic profiles 29 
under different stress conditions (drought vs heat) showed that metabolic responses were 30 
quite specific to each environment, with different pathways activated depending on the 31 
stress, once again showing the plasticity of camelina to stress. The metabolic signatures 32 
thus provided a method to characterise this variation and identify specific camelina lines 33 
(Fernandez et al. 2016; Stasnik et al. 2024), thereby underscoring the crucial role of 34 
metabolomic studies in advancing research on orphan crops such as camelina. Despite its 35 
perceived lack of genetic diversity, camelina was nonetheless able to display remarkable 36 
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plasticity in response to stress, providing an interesting leverage in crop improvement 1 
programs to identify improved ideotypes for specific pedoclimatic conditions.  2 

Over recent years, research efforts have been dedicated to improving seed yield and 3 
agronomic traits in camelina (Blume et al. 2022; Blume et al. 2023). One approach was to 4 
tap into previously unexploited germplasm and characterise the population for traits e.g., 5 
juvenile abiotic stress tolerance, that will future-proof camelina for extreme climates, as 6 
shown in this study. After first examining and demonstrating the line-specific stress 7 
response in the diversity panel, we assessed how the measured diversity translated into 8 
agronomic performance in replicated multi-location field trials with different environmental 9 
challenges. Trait analysis of the diversity panel grown across the three trial locations 10 
demonstrated that the population contained lines capable of performing in different 11 
climates. The study confirmed the need to identify abiotic stress plasticity in camelina in 12 
combination with field testing. To capture both these approaches, scaled performance 13 
parameters were established e.g., TGW scaled by Tmin (°C, at 50% flowering) linking 14 
environment measures that reflect heat or drought stress and crop traits. This approach 15 
could be deployed within a breeding strategy to develop climate resilient location-specific 16 
varieties. Furthermore, it could also be adopted for other ancestral crops as they become 17 
increasingly adopted by growers seeking to improve the climate resilience and diversity of 18 
their cropping systems.   19 
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Materials and Methods 1 

Plant material 2 

The 54 camelina lines were assembled from public collections (Supplementary Table S1). 3 
The panel was selected based on specific distinguishing features, namely genetic diversity, 4 
growth cycle length, performance under different climatic conditions, yield, and lipid profile. 5 
Prior to glasshouse experimentation and distribution for field trials, the panel was 6 
propagated in field trials of replicated plots at INRAe Versailles, France (Spring/Summer 7 
2020).  8 

Diversity panel population structure analysis 9 

Leaf DNA was extracted using the Nucleospin Kit (Machery-Nagel, Düren, Germany) 10 
according to manufacturer. DNA was sequenced using paired end short read sequencing 11 
and analysed alongside whole genome re-sequencing data of publicly available camelina 12 
accessions (Luo et al. 2019, Li et al. 2021). The resulting data were trimmed with 13 
trimmomatic (Bolger et al. 2014) and mapped to camelina reference genome (PRJA264159). 14 
Alignment of sequencing reads was done with Burrows-Wheeler Aligner software (version 15 
0.7.17). Genomic variants were identified through the characterisation of single nucleotide 16 
polymorphisms (SNPs) (GATK software tool version 0.7.44.1.4.0; Poplin et al. 2018). PLINK 17 
(Purcell et al. 2007) was used to carry out the principal component analysis (PCA) of 18 
camelina genetic diversity. ADMIXTURE was used to infer each accession’s genome’s 19 
fractional composition (Alexander et al. 2009), represented by bar plots where each 20 
accession was represented by a single bar sub-divided into coloured sections. Within 21 
ADMIXTURE a cross-validation assay to infer the error bias imposed by assuming the 22 
respective number of ancestral populations was performed. By comparison of this cross-23 
validation error with runs using different numbers of ancestral populations the best fitting 24 
number of populations is then found as the one producing the lowest cross-validation-error 25 
(CVE). Eight populations were found to be optimal with an CVE of 0.47. Each section 26 
represents the fraction of a genome coming from ancestry belonging to the subpopulation 27 
represented by that colour. All code and plots used to carry out these analyses and a detailed 28 
description of the procedures are hosted on GitHub (https://github.com/usadellab/untwist). 29 
These files are also stored in the supplementary archive 30 
“Untwist_Population_Structure_Analysis.zip”. 31 

Trait measurements in early-stage drought and heat experiments 32 

Three treatments were tested in the glasshouse: ambient temperature (20/18°C day/night) 33 
and well-watered (50% soil water content, SWC); ambient temperature (20/18°C day/night) 34 
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and drought; and high temperature (32/25°C day/night) under well-watered conditions. SWC 1 
(each individual pot weighed) and BBCH scale (Biologische Bundesantalt, Bundessortenamt 2 
and Chemische Industrie; Martinelli and Galasso 2011) were monitored every day in all pots. 3 
Leaf length/width (cm) and leaf chlorophyll index (CI) measured using a portable self-4 
calibrating chlorophyll meter SPAD (Chlorophyll Meter SPAD-502 Plus®, Konica Minolta 5 
Optics, Inc.), monitored every other day in all pots. Ambient and heat stress pots were kept 6 
at approx. 50% SWC. Drought was imposed by water withdrawal until each pot reached 15-7 
20% SWC which maintained thereafter (Supplementary Fig. S1 A). Main stem width was 8 
measured with a calliper at the base of the shoot, and BBCH scale was derived from leaf 9 
number. BBCH and leaf length were used to monitor growth and stress impact, as it was 10 
considered that morphological changes (e.g., slower growth rate) were an indicator of stress. 11 
Leaf samples collected for analysis as detailed in Supplementary Methods.  12 

Metabolomic analysis  13 

Targeted and untargeted metabolomic techniques were used to cover primary and 14 
secondary leaf metabolites (Luna et al. 2020; Dussarrat et al. 2022). Robotised high-15 
throughput ethanol extraction was used to obtain semi-polar metabolites from 20 mg of 16 
freshly frozen ground leaves (Luna et al. 2020). Quantitative profiling of major compounds of 17 
central metabolism included starch, sucrose, glucose, total proteins, total amino acids, 18 
malate, citrate, total polyphenols and chlorophylls a and b, using targeted assays (Poucet et 19 
al. 2021). Methods for untargeted metabolic profiling and analysis are detailed in the 20 
Supplementary Methods.  21 

Total antioxidant capacity (TAC) 22 

TAC was colourimetrically determined in a 96-well microplate format by using a commercial 23 
kit (Abbexa Ltd., Cambridge, UK; (Stasnik et al. 2022). Results were normalised as units (U) 24 
per mg protein in leaf extracts. Quadruplicate aliquots were used to quantify protein content 25 
using commercial ROTI®Quant Bradford solution (Carl Roth GmbH + Co. KG, Karlsruhe, 26 
Germany) according to the supplier’s instructions.  27 

Fatty acid analysis 28 

Field grown seed fatty acid (FA) analysis was performed at INRAe AgroParisTech, France, and 29 
at Rothamsted Research (RRes), UK; and leaf FA analysis of the glasshouse trials was 30 
performed at RRes. Both labs used FA methylation protocols analysed by gas 31 
chromatography detailed in Supplementary Methods. A reference camelina line was 32 
analysed by both labs, from which a linear equation was derived using the quantified 33 
amounts (µg/mg) of each FA. The linear equation was applied as a correction factor to the 34 
datasets, from which FA total content and relative composition were calculated.  35 
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Stable isotope determination 1 

Carbon (C) and Nitrogen (N) content and their isotopic ratios were measured by an elemental 2 
analyser (EA, Flash 2000 Thermo Fisher Scientific) coupled with an isotopic ratio mass 3 
spectrometer (IRMS, Delta V Advantage Thermo Fisher Scientific), additional details are 4 
provided in the Supplementary Methods.  5 

Camelina diversity panel multi-location field trials 6 

Field trials were conducted in three different locations across Europe: Bologna (Italy), 7 
Versailles (France), and Harpenden (United Kingdom, UK). In Italy the diversity panel was 8 
sown on 29/11/2020 using a precision plot-drill at a rate of 500 seeds/m2. The experimental 9 
layout was a completely randomized block with four replicates. In France, the diversity panel 10 
was sown on 26/03/2021 with a Wintersteiger Rowseed 1R single row seeder at a rate of 500 11 
seeds/m2. In both locations the experimental layout was a completely randomized block 12 
with four replicates. In UK, the diversity panel was sown on 19/04/2021 by shallow drilling 13 
the camelina seeds with a Haldrup S-25 drill, which followed a non-resolvable block design 14 
with four blocks of 56 plots each allowing for a total of up to five plot replicates per line. 15 
Further details, and a summary of the main dates and meteorological data by location can 16 
be found in Supplementary Methods and Table S7. Harvest was done at full maturity, all yield 17 
values were reported on a dry matter (DM) basis. Sub-samples of seed from each plot were 18 
collected and cleaned for further analysis. 19 

Crop cycle and meteorological data 20 

Location, sowing date, harvest date and meteorological data of the trials can be found in 21 
Supplementary Materials and Methods. Temperature (T) and precipitation data were 22 
collected by a weather station located onsite. Growing Degree Days (GDD) were calculated 23 
as GDD=Σ[(Tmax-Tmin)/2 – Tbase], base temperature used was 4°C (Gesch and Cermak 2011).  24 

Seed oil content 25 

Seed oil content was measured by low-resolution time domain NMR spectroscopy using a 26 
Minispec MQ20 (Bruker) fitted with a robotic sample-handling system (Rohasys). The oil and 27 
moisture calibration were constructed according to the manufacturer’s instructions using 28 
nine approximately 0.5 g oilseed seed samples ranging between 5% and 10% moisture 29 
content and between 30% and 55% oil content (r2 > 0.99). Camelina seed with known oil and 30 
moisture content were supplied by Camelina Company España (CCE, Spain) for method 31 
verification. Approximately 1g of seed was used, seeds were kept in the room alongside the 32 
instrument for 24 hours prior to analysis to ensure equilibration with room temperature and 33 
humidity. 34 
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Thousand grain weight analysis 1 

In Italy, TGW was determined using the Seed Counter S-25 machine by Data Technologies 2 
(DATA Detection Technologies Ltd., IL) at the Seed Research and Testing Laboratory (LaRAS) 3 
of the University of Bologna. In UK, TGW was determined using the MARVIN Digital Seed 4 
Analyser (MARViTECH GmbHGermany) to count the number of seeds in ~ 1g seed sample. 5 
In France, TGW was determined using the elmor C3 High Sensitive Seed Counter (Elmor, 6 
Switzerland). 7 

Statistical analysis 8 

The early-stage drought and heat stress experiment layout was a resolvable block design 9 
spreading the 54 panel lines over six blocks (trays); nine pots per tray. This was replicated 10 
five times and three independent randomisations done, one for each stress. Linear mixed 11 
models were fitted using REML to each variable with random structure accounting for the 12 
blocking imposed in the design (Compartment/Tray/Pot) and treatment structure Line * 13 
Stress. Approximate F-tests were calculated using the Satterthwaite approximation. All 14 
models were fitted in R using the lme4 and lmerTest packages. PCA of the effect of stress on 15 
measured traits, biomass components and parameters from the camelina diversity panel 16 
glasshouse early-stage study were implemented in R v.4.1 (R Core Team 2018) using 17 
BioStatFlow tools (v2.9). Multivariate analyses (PCA, Volcano plots) of metabolomic data 18 
were performed using MetaboAnalyst v5.0 (Pang et al. 2021) with normalised data (median 19 
normalisation, cube root transformation and Pareto scaling). 20 

Accession Numbers 21 

Further information related to the enzymes mentioned in this manuscript can be found in 22 
https://fatplants.net/home_. 23 

Data availability 24 

The data relating to the experiments described in this manuscript can be found in the 25 
Camelina Plant Adaptation Hub (https://www.camelina-hub.org/). Metabolomics raw data 26 
is available at https://www.ebi.ac.uk/metabolights/MTBLS9839, and the processed data 27 
can be found in https://doi.org/10.57745/ZAFPL9. 28 
ACCEPTED M

ANUSCRIP
T

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiag052/8472949 by R

otham
sted R

esearch user on 19 February 2026



23 

Acknowledgements 1 

We acknowledge Lawes Agricultural Trust and Rothamsted Research for the meteorological 2 
data extracted from e-RA data. We acknowledge Max Schmidt and Achraf Jemmat 3 
contribution with DNA extractions and data preparation; Miriana Vicino and Paola 4 
Gioacchini contributed to the stable isotope measurements; Angela Vecchi and Pietro 5 
Peroni contribution to field work in Italy; Barbara Hönigsberger for supporting TAC analysis.  6 

Funding 7 

This study (all authors) received funding support from the European Union’s Horizon 2020 8 
Research and Innovation Action programme under grant agreement number 862524. RPH is 9 
further supported by the BBSRC (UK) funded Institute Programme Grant (Green Engineering, 10 
BB/X010988/1). BU is supported by the DFG (TRR341, 456082119, EXC2048 - 390686111). 11 
The authors are grateful for financial support from MetaboHUB (ANR-11-INBS-0010) and 12 
PHENOME (ANR-11-INBS-0012) projects. 13 

Author contributions 14 

RPH, YY, FZ, AM, BU, YG, JDF, CJ secured funding, conceived and designed the study. JP, PL, 15 
JDF provided the seeds for all trials. SS, EA, RPH performed all measurements, sampling, 16 
and data acquisition for the early-stage stress experiment. Field trials, sampling and data 17 
acquisition were completed by SS, EA, RPH in the UK; by BA, FZ in Italy; and by ADC, JDF in 18 
France. Lipid analysis was completed by SS, FT, EA, RPH, JDF. Sequencing and genotyping 19 
were performed by JDF, AH, BU; metabolomic analysis was completed by CC, PP, MLB, YG; 20 
stable isotope analysis by BA, FZ. TAC measured by DKG, CJ. Data handling and statistical 21 
analysis was completed by KH, SP, PP, AH, BU. SS, RPH produced the draft manuscript with 22 
edits from all authors.  23 

Conflict of Interest 24 

There was no conflict of interest with this work.  25 ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiag052/8472949 by R

otham
sted R

esearch user on 19 February 2026



24 

References 1 

Alexander, D.H., Novembre, J., Lange, K. Fast model-based estimation of ancestry in 2 
unrelated individuals. Genome Res. 2009:19(9):1655-64. 3 
https://doi.org/10.1101/gr.094052.109 4 

Alwood, J.W., Williams, A., Uthe, H., van Dam, N.M., Mur, L.A.J., Grant, M.R., Pétriacq, P. 5 
Unravelling Plant Responses To Stress – The Importance of Targeted and Untargeted 6 
Metabolics. Metabolites. 2021:11(8):558. https://doi.org/10.3390/metabo11080558 7 

Avramova, V., Meziane, A., Bauer, E., Blankenagel, S., Eggels, S., Gresset, S., Grill, E., 8 
Niculaes, C., Ouzunova, M., Poppenberger, B., Presterl, T., Rozhon, R., Welcker, C., 9 
Yand, Z., Tardieu, F., Schon, C-C. Carbon Isotope Composition, Water Use Efficiency, and 10 
Drought Sensitivity are Controlled by a Common Genomic Segment In Maize. Theor. Appl. 11 
Genet. 2019:132:53–63. https://doi.org/10.1007/s00122-018-3193-4 12 

Bird, K.A., Brock, J.R., Grabowski, P.P., Harder, A.M., Healy, A.L., Shu, A., Barry, K., 13 
Boston, L., Daum, C., Guo, J., Lipzen, A., Walstead, R., Grimwood, J., Schmutz, J., Lu, C., 14 
Comai, L., McKay, J.K., Pires, J.C., Edger, P.P., Lovell, J.T., Kliebenstein, D.J. Allopolyploidy 15 
expanded gene content but not pangenomic variation in the hexaploid oilseed Camelina 16 
sativa. Genetics. 2024:229(1):1-44. https://doi.org/10.1093/genetics/iyae183 17 

Blume, R.Y., Rakhmetov, D.B., Blume, Y.B. Evaluation of Ukrainian Camelina sativa 18 
germplasm productivity and analysis of its amenability for efficient biodiesel production. 19 
Ind. Crops Prod. 2022:187:115477. https://doi.org/10.1016/j.indcrop.2022.115477  20 

Blume, R.Y., Kalendar, R., Guo, L., Cahoon, E.B., Blume, Y.B. Overcoming genetic paucity 21 
of Camelina sativa: possibilities for interspecific hybridization conditioned by the genus 22 
evolution pathway. Front. Plant Sci. 2023:14:1259431. 23 
https://doi.org/10.3389/fpls.2023.1259431 24 

Bolger, A.M., Lohse, M., Usadel, B. Trimmomatic: a flexible trimmer for Illumina sequence 25 
data. Bioinformatics. 2014:30(15):2114-2120. 26 
https://doi.org/10.1093/bioinformatics/btu170 27 

Boutet, S., Barreda, L., Perreau, F., Totozafy, J.C., Mauve, C., Gakiere, B., Delannoy, E., 28 
Martin-Magniette, M.L., Monti, A.M., Lepiniec, L., Zanetti, F., Corso, M. Untargeted 29 
metabolomic analyses reveal the diversity and plasticity of the specialized metabolome in 30 
seeds of different Camelina sativa genotypes. Plant J. 2022:110:147-165. 31 
https://doi.org/10.1111/tpj.15662 32 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiag052/8472949 by R

otham
sted R

esearch user on 19 February 2026



25 

Braun, D.M., Wang, L., Ruan, Y.-L. Understanding and manipulating sucrose phloem 1 
loading, unloading, metabolism, and signalling to enhance crop yield and food security. J. 2 
Exp. Bot. 2014:65:1713–1735. https://doi.org/10.1093/jxb/ert416 3 

Broadhurst, D., Goodacre, R., Reinke, S.N., Kuligowski, J., Wilson, I.D., Lewis, M.R., 4 
Dunn, W.B. Guidelines and considerations for the use of system suitability and quality 5 
control samples in mass spectrometry assays applied in untargeted clinical metabolomic 6 
studies. Metabolomics. 2018:14:72. https://doi.org/10.1007/s11306-018-1367-3 7 

Brock, J.R., Dönmez, A.A., Beilstein, M.A., Olsen, K.M. Phylogenetics of Camelina Crantz. 8 
(Brassicaceae) and insights on the origin of gold-of-pleasure (Camelina sativa). Mol. 9 
Phylogenet. Evol. 2018:127:834-842. https://doi.org/10.1016/j.ympev.2018.06.031  10 

Brock, J.R., Scott, T., Lee, A.Y., Mosyakin, S.L., Olsen, K.M. Interactions between genetics 11 
and environment shape Camelina seed oil composition. BMC Plant Biol. 2020:20:1–15. 12 
https://doi.org/10.1186/s12870-020-02641-8 13 

Byfield, G.E., Upchurch, R.G. Effect of Temperature on Delta-0 Stearoyl-ACP and 14 
Microsomal Omega-6 Desaturase Gene Expression and Fatty Acid Content in Developing 15 
Soybean Seeds. Crop Sci. 2007:47(4):1698-1704. 16 
https://doi.org/10.2135/cropsci2006.04.0213 17 

Carey, L.M., Clark, T.J., Deshpande, R.R., Cocuron, J.C., Rustad, E.K., Shachar-Hill, Y. 18 
High Flux Through the Oxidative Pentose Phosphate Pathway Lowers Efficiency in 19 
Developing Camelina Seeds. Plant Physiol. 2020:182(1):493-506. 20 
https://doi.org/10.1104/pp.19.00740 21 

Čanak, P., Jeromela, A.M., Vujošević, B., Kiprovski, B., Mitrović, B., Alberghini, B., 22 
Facciolla, E., Monti, A., Zanetti, F. Is Drought Stress Tolerance Affected by Genotypes and 23 
Seed Size in the Emerging Oilseed Crop Camelina? Agronomy. 2020:10(12):1856. 24 
https://doi.org/10.3390/agronomy10121856 25 

Chaudhary, R., Koh, C.S., Kagale, S., Tang, L., Wu, S.W., Lv, Z., Mason, A.S., Sharpe, A.G., 26 
Diederichsen, A., Parkin, I.A.P. Assessing Diversity in the Camelina Genus Provides 27 
Insights into the Genome Structure of Camelina sativa. G3 (Bethesda). 2020:10(4):1297-28 
1308. https://doi.org/10.1534/g3.119.400957 29 

Choudhury, F.K., Rivero, R.M., Blumwald, E., Mittler, R. Reactive oxygen species, abiotic 30 
stress and stress combination. Plant J. 2017:90(5):856-867. 31 
https://doi.org/10.1111/tpj.13299 32 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiag052/8472949 by R

otham
sted R

esearch user on 19 February 2026



26 

Decker, S., Craine, W., Paulitz, T., Chen, C.C., Lu, C.F. Genomic Analysis of the Natural 1 
Variation of Fatty Acid Composition in Seed Oils of Camelina sativa. Biology. 2 
2025:14(9):1199. https://doi.org/10.3390/biology14091199 3 

Decros, G., Baldet, P., Beauvoit, B., Stevens, R., Flandin, A., Colombié, S., Gibon, Y., 4 
Pétriacq, P. Get the Balance Right: ROS Homeostasis and Redox Signalling in Fruit. Front. 5 
Plant Sci. 2019:10:1091. https://doi.org/10.3389/fpls.2019.01091 6 

Djoumbou Feunang, Y., Eisner, R., Knox, C., Chepelev, L., Hastings, J., Owen, G., Fahy, 7 
E., Steinbeck, C., Subramanian, S., Bolton, E., Greiner, R., Wishart, D.S. ClassyFire: 8 
automated chemical classification with a comprehensive, computable taxonomy. J. 9 
Cheminform. 2016:8:61. https://doi.org/10.1186/s13321-016-0174-y 10 

Dussarrat, T., Decros, G., Díaz, F.P., Gibon, Y., Latorre, C., Rolin, D., Gutiérrez, R.A., 11 
Pétriacq, P. Another Tale from the Harsh World: How Plants Adapt to Extreme Environments. 12 
Annu. Plant Rev. online. 2021:4(2):551–603. 13 
https://doi.org/10.1002/9781119312994.apr0758  14 

Dussarrat, T., Prigent, S., Latorre, C., Bernillon, S, Flandin, A., Díaz, FP., Cassan, C., Van 15 
Delft, P., Jacob, D., Varala, K., Joubes, J., Gibon, Y., Rolin, D., Gutiérrez, RA., Pétriacq, P.  16 
Predictive metabolomics of multiple Atacama plant species unveils a core set of generic 17 
metabolites for extreme climate resilience. 2022. New Phytologist 234(5):1614-1628. 18 
https://doi.org/10.1111/nph.18095 19 

Fernandez, O., Urrutia, M., Bernillon, S., Giauffret, C., Tardieu, F., Le Gouis, J., Langlade, 20 
N., Charcosset, A., Moing, A., Gibon, Y. Fortune telling: metabolic markers of plant 21 
performance. Metabolomics. 2016:12:158. https://doi.org/10.1007/s11306-016-1099-1 22 

Fernandez, O., Millet, E.J., Rincent, R., Prigent, S., Pétriacq, P., Gibon Y. Plant 23 
metabolomics and breeding. Adv. Bot. Res. 2021:98:207-235. 24 
https://doi.org/10.1016/bs.abr.2020.09.020  25 

Gao, L., Caldwell, C.D., Jiang, Y. Photosynthesis and growth of Camelina and canola in 26 
response to water deficit and applied nitrogen. Crop Sci. 2018:58:393–401. 27 
https://doi.org/10.2135/cropsci2017.07.0406 28 

Gesch, R.W., Cermak, S.C. Sowing date and tillage effects on fall-seeded camelina in the 29 
Northern corn belt. Agron. J. 2011:103:980–987. https://doi.org/10.2134/agronj2010.0485  30 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiag052/8472949 by R

otham
sted R

esearch user on 19 February 2026



27 

Gishini, M.F.S., Kachroo, P., Hildebrand, D. Fatty acid desaturase 3-mediated α-linolenic 1 
acid biosynthesis in plants. Plant Physiol. 2025:kiaf012. 2 
https://doi.org/10.1093/plphys/kiaf012 3 

Großkinsky, D., Faure, J.D., Gibon, Y., Haslam, R.P., Usadel, B., Zanetti, F., Jonak, C. The 4 
potential of integrative phenomics to harness underutilized crops for improving stress 5 
resilience. Front. Plant Sci. 2023:14:1216337. https://doi.org/10.3389/fpls.2023.1216337  6 

Hartigan, J.A. Clustering Algorithms. New York: Wiley. 1975. 7 

Hartigan, J.A., Wong, M.A. Algorithm AS 136: A K-means clustering algorithm. Appl. Stat.. 8 
1979:28:100–108. https://doi.org/10.2307/2346830 9 

Heinemann, B., Hildebrandt, T.M. The role of amino acid metabolism in signalling and 10 
metabolic adaptation to stress-induced energy deficiency in plants. J. Exp. Bot. 11 
2021:72:4634–4645. https://doi.org/10.1093/jxb/erab182 12 

Higashi, Y., Sato, K. Lipidomic studies of membrane glycerolipids in plants leaves under 13 
heat stress. Prog. Lipid Res. 2024:75:100990. https://doi.org/10.1016/j.plipres.2019.100990 14 

Hildebrandt, T.M. Synthesis versus degradation: directions of amino acid metabolism. Plant 15 
Mol. Biol. 2018:98:121-135. https://doi.org/10.1007/s11103-018-0767-0 16 

Hotton, S.K., Kammerzell, M., Chan, R., Hernandez, B.T., Young, H.A., Tobias, C., 17 
McKeon, T., Brichta, J., Thomson, N.J., Thomson, J.G. Phenotypic examination of 18 
Camelina sativa (L.) Crantz accessions from the USDA-ARS national genetics resource 19 
program. Plants. 2020:9:642. https://doi.org/10.3390/plants9050642 20 

Hummel, I., Pantin, F., Sulpice, R., Piques, M., Rolland, G., Dauzat, M., Christophe, A., 21 
Pervent, M., Bouteillé, M., Stitt, M., Gibon,Y., Muller, B. Arabidopsis Plants Acclimate to 22 
Water Deficit at Low Cost through Changes of Carbon Usage: An Integrated Perspective 23 
Using Growth, Metabolite, Enzyme, and Gene Expression Analysis.  Plant Physiology, 2010 24 
154(1), 357–372, https://doi.org/10.1104/pp.110.157008 25 

Jensen, C.R., Mogensen, V.O., Mortensen, G., Fieldsend, J.K., Milford, G.F.J., Andersen, 26 
M.N., Thage, J.H. Seed glucosinolate, oil and protein contents of field-grown rape (Brassica 27 
napus L.) affected by soil drying and evaporative demand. Field Crop Res. 1996:47:93–105. 28 
https://doi.org/10.1016/0378-4290(96)00026-3 29 

Kagale, S., Koh, C., Nixon, J., Bollina, V., Clarke, W.E., Tuteja, R., Spillane, C., Robinson, 30 
S.J., Links, M.G., Clarke, C., Higgins, E.E., Huebert, T., Sharpe, A.G., Parkin, I.A.  The 31 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiag052/8472949 by R

otham
sted R

esearch user on 19 February 2026



28 

emerging biofuel crop Camelina sativa retains a highly undifferentiated hexaploid genome 1 
structure. Nat. Commun. 2014:5:3706. https://doi.org/10.1038/ncomms4706 2 

King, K., Li, H., Kang, J., Lu, C. Mapping quantitative trait loci for seed traits in Camelina 3 
sativa. Theor. Appl. Genet. 2019:132(9):2567-2577. https://doi.org/10.1007/s00122-019-4 
03371-8 5 

Kumar, V., Mandlik, R., Kumawat, S., Mahakalkar, B., Rana, N., Sharma, Y., Rajora, N., 6 
Sudhakaran, S., Vats, S., Deshmukh, R., Nguyen, H.T., Sharma, T.R., Sonah, H. 7 
Deciphering the Role of Monoacylglycerol Lipases under Abiotic Stress and Lipid 8 
Metabolism in Soybean (Glycine max L.). Plant Biotechnol. J. 2025:23:4318-4335. 9 
https://doi.org/10.1111/pbi.70088 10 

Lamari, N., Zhendre, V., Urrutia, M., Bernilon, S., Maucourt, M., Deborde, C., 11 
Prodhomme, D., Jacob, D., Ballias, P., Rolin, D., Sellier, H., Rabier, D., Gibon, Y., 12 
Giauffret, C., Moing, A. Metabotyping of 30 maize hybrids under early-sowing conditions 13 
reveals potential marker-metabolites for breeding. Metabolomics. 2018:14:132. 14 
https://doi.org/10.1007/s11306-018-1427-8 15 

Lengyel, A., Botta-Dukát, Z. Silhouette width using generalized mean – A flexible method 16 
for assessing clustering efficiency. Ecol. Evo. 2019:9:13231–13243. 17 
https://doi.org/10.1002/ece3.5774 18 

Lesk, C., Rowhani, P., Ramankutty, N. Influence of extreme weather disasters on global 19 
crop production. Nature. 2016:529:84–87. https://doi.org/10.1038/nature16467 20 

Lesk, C., Coffel, E., Winter, J., Ray, D., Zscheischler, J., Seneviratne, S.I., Horton, R.  21 
Stronger temperature–moisture couplings exacerbate the impact of climate warming on 22 
global crop yields. Nat. Food. 2021:2:683–691. https://doi.org/10.1038/s43016-021-00341-23 
6 24 

Li, H., Hu, X., Lovell, J.T., Grabowski, P.P., Mamidi, S., Chen, C., Amirebrahimi, M., 25 
Kahanda, I., Mumey, B., Barry, K., Kudrna, D., Schmutz, J., Lachowiec, J., Lu, C. Genetic 26 
dissection of natural variation in oilseed traits of camelina by whole-genome resequencing 27 
and QTL mapping. Plant Genome. 2021:14(2):e20110. https://doi.org/10.1002/tpg2.20110 28 

Luna, E., Flandin, A., Cassan, C., Prigent, S., Chevanne, C., Kadiri, C.F., Gibon, Y., 29 
Pétriacq, P. Metabolomics to Exploit the Primed Immune System of Tomato Fruit. 30 
Metabolites. 2020:10(3):96. https://doi.org/10.3390/metabo10030096 31 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiag052/8472949 by R

otham
sted R

esearch user on 19 February 2026



29 

Luo, Z., Brock, J., Dyer, J., Kutchan, T., Schachtman, D., Augustin, M., Ge, Y., Fahlgren, 1 
N., Abdel-Haleem, H. Genetic diversity and population structure of a Camelina sativa 2 
spring panel. Front. Plant Sci. 2019:10:184. https://doi.org/10.3389/fpls.2019.00184 3 

Mandáková, T., Pouch, M., Brock, J.R., Al-Shehbaz, I.A., Lysak, M.A. Origin and evolution 4 
of diploid and allopolyploid Camelina genomes were accompanied by chromosome 5 
shattering. Plant Cell. 2019:31(11):2596-2612. https://doi.org/10.1105/tpc.19.00366 6 

Mandáková, T., Lysak, M.A. The identification of the missing maternal genome of the 7 
allohexaploid camelina (Camelina sativa). Plant J. 2022:112:622-629. 8 
https://doi.org/10.1111/tpj.15931 9 

Martinelli, T., Galasso, I. Phenological growth stages of Camelina sativa according to the 10 
extended BBCH scale. Annals App. Biol. 2011:158:87-94. https://doi.org/10.1111/j.1744-11 
7348.2010.00444.x 12 

Martins, J., Pétriacq, P., Flandin, A., Gómez-Cadenas, A., Monteiro, P., Pinto, G., 13 
Canhoto, J. Genotype determines Arbutus unedo L. physiological and metabolic responses 14 
to drought and recovery. Front. Plant Sci. 2022:13:1011542. 15 
https://doi.org/10.3389/fpls.2022.1011542 16 

Miles, A., pyup.io bot, Rodrigues, M.F., Ralph, P., Kelleher, J., Schelker, M., Pisupati, R., 17 
Rae, S., Millar, T. cggh/scikit-allel: v1.3.8 (v1.3.8). Zenodo. 2024. 18 
https://doi.org/10.5281/zenodo.10876220 19 

Mishra, S., Spaccarotella, K., Gido, J., Samanta, I., Chowdhary, G. Effects of heat stress 20 
in plant-nutrient relations: an update on nutrient uptake, transport, and assimilation. Int. J. 21 
Mol. Sci. 2023:24(21):15670. https://doi.org/10.3390/ijms242115670 22 

Nadakuduti, S.S., Laforest, L.C., Tachev, M., Decker, A.N., Egesa, A.O., Shirazi, A.S., 23 
Begcy, K., Sarnoski, P.J., Buell, C.R. Heat stress during seed development leads to impaired 24 
physiological function and plasticity in seed oil accumulation in Camelina sativa. Front. 25 
Plant Sci. 2023:14:1284573. https://doi.org/10.3389/fpls.2023.1284573 26 

Pang, Z., Chong, J., Zhou, G., de Lima Morais, D.A., Chang, L., Barrette, M., Gauthier, C., 27 
Jacques, P.-É., Li, S., Xia, J. MetaboAnalyst 5.0: narrowing the gap between raw spectra and 28 
functional insights. Nucl. Acids Res. 2021:49:W388–W396. 29 
https://doi.org/10.1093/nar/gkab382 30 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiag052/8472949 by R

otham
sted R

esearch user on 19 February 2026



30 

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O., Blondel, M., 1 
Prettenhofer, P., Weiss, R., Dubourg, V., Vanderplas, J., Passos, A., Cournapeau, D., 2 
Brucher, M., Perrot, M., Duchesnay, E. Scikit-learn: Machine Learning in Python. J. Machine 3 
Learning Res. 2011:12(85):2825−2830.  4 
https://jmlr.csail.mit.edu/papers/v12/pedregosa11a.html 5 

Poplin, R., Ruano-Rubio, V., DePristo, M.A., Fennell, T.J., Carneiro, M.O., Van der 6 
Auwera, G.A., Kling, D.E., Gauthier, L.D., Levy-Moonshine, A., Roazen, D., Shakir, K., 7 
Thibault, J., Chandran, S., Whelan, C., Lek, M., Gabriel, S., Daly, M.J., Neale, B., 8 
MacArthur, D.G., Banks, E. Scaling accurate genetic variant discovery to tens of thousands 9 
of samples. bioRxiv 201178 [preprint]. 2018. https://doi.org/10.1101/201178 10 

Poucet, T., González-Moro, M., Cabasson, C., Beauvoit, B., Gibon, Y., Dieuaide-11 
Noubhani, M., Marino, D. Ammonium supply induces differential metabolic adaptive 12 
responses in tomato according to leaf phenological stage.  J. Exp. Bot. 2021:72(8):3185–13 
3199. https://doi.org/10.1093/jxb/erab057 14 

Prado, K., Holland, B.L., McSpadden Gardener, B., Lundquist, P.K., Santiago, J.P., 15 
VanBuren, R., Rhee, S.Y. Building climate-resilient crops: genetic, environmental, and 16 
technological strategies for heat and drought stress tolerance.  J. Exp. Bot. 2025:761(6): 17 
4395–4413. https://doi.org/10.1093/jxb/eraf111 18 

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M.A.R., Bender, D., Maller, J., 19 
Sklar, P., de Bakker, P.I. W., Daly, M.J., Sham, P.C. PLINK: A Tool Set for Whole-Genome 20 
Association and Population-Based Linkage Analyses. AJHG. 2007:81(3):559–575. 21 
https://doi.org/10.1086/519795 22 

Rankenberg, T., Geldhof, B., van Veen, H., Holsteens, K., Van de Poel, B., Sasidharan, R.  23 
Age-Dependent Abiotic Stress Resilience in Plants. Trends Plant Sci. 2021:26(7):692-705. 24 
https://doi.org/10.1016/j.tplants.2020.12.016  25 

Ray, D.K., Gerber, J.S., MacDonald, G.K., West, P.C. Climate variation explains a third of 26 
global crop yield variability. Nat. Commun. 2015:6 :1–9. 27 
https://doi.org/10.1038/ncomms6989 28 

Robinson, D. δ15N as an integrator on the nitrogen cycle. Trends Ecol. Evol. 2001  :16(3):153-29 
162. https://doi.org/10.1016/S0169-5347(00)02098-X 30 

Secchi, M.A., Fernandez, J.A., Stamm, M.J., Durrett, T., Prasad Vara, P.V., Messina, C.D., 31 
Ciampitti I.A. Effects of heat and drought on canola (Brassica napus L.) yield, oil and 32 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiag052/8472949 by R

otham
sted R

esearch user on 19 February 2026



31 

protein: A meta-analysis. Field Crops Res. 2023:292:108848. 1 
https://doi.org/10.1016/j.fcr.2023.108848 2 

Sharma P., Lakra N., Goyal A., Ahlawat Y.K., Zaid A., Siddique K.H.M. Drought and heat 3 
stress mediated activation of lipid signaling in plants: A critical review. Front. Plant Sci. 4 
2023:14:1216835. https://doi.org/10.3389/fpls.2023.1216835  5 

Smith, B.E., Lu, C. Heat stress during reproductive stages reduces camelina seed 6 
productivity and changes seed composition. Heliyon. 2024:10(4):e26678. 7 
https://doi.org/10.1016/j.heliyon.2024.e26678  8 

Smith, B.E., Kemmer, S., Decker, S., Lu, C. Quantitative trait locus (QTL) mapping and 9 
transcriptome profiling identify QTLs and candidate genes associated with heat stress 10 
response during reproductive development in Camelina sativa. Food Energy Secur. 11 
2024:13:e531. https://doi.org/10.1002/fes3.531 12 

Stasnik, P., Großkinsky, D.K., Jonak, C. Physiological and phenotypic characterization of 13 
diverse Camelina sativa lines in response to waterlogging. Plant Physiol. Biochem. 14 
2022:183:120-127. https://doi.org/10.1016/j.plaphy.2022.05.007  15 

Stasnik, P., Vollmann, J., Großkinsky, D.K., Jonak, C. Leaf carbohydrate metabolic enzyme 16 
activities are associated with salt tolerance and yield stability in the climate-resilient crop 17 
Camelina sativa. Plant Stress. 2024:14:100629. 18 
https://doi.org/10.1016/j.stress.2024.100629  19 

Thalman, M., Santelia, D. Starch as a determinant of plant fitness under abiotic stress. New 20 
Phytol. 2017:214: 943–951. https://doi.org/10.1111/nph.14491 21 

Tsugawa, H., Cajka, T., Kind, T., Ma, Y., Higgins, B., Ikeda, K., Kanazawa, M., 22 
VanderGheynst, J., Fiehn, O., Arita, M. MS-DIAL: data-independent MS/MS deconvolution 23 
for comprehensive metabolome analysis. Nat. Methods 2015:12:523–526. 24 
https://doi.org/10.1038/nmeth.3393 25 

Upchurch, R.G. Fatty acid unsaturation, mobilization and regulation in the response of 26 
plants to stress. Biotechnol. Lett. 2008:30:967-977. https://doi.org/10.1007/s10529-008-27 
9639-z 28 

Vollmann, J., Moritz, T., Kargl, C., Baumgartner, S., Wagentristl, H. Agronomic evaluation 29 
of camelina genotypes selected for seed quality characteristics. Ind. Crop Prod. 30 
2007:26:270–277. https://doi.org/10.1016/j.indcrop.2007.03.017  31 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiag052/8472949 by R

otham
sted R

esearch user on 19 February 2026



32 

Xu, Y., Yang, W., Qiu, J., Zhou, K., Yu, G., Zhang, Y., Wang, X., Jiao, Y., Wang, X., Hu, S., 1 
Zhang, X., Li, P., Lu, Y., Chen, R., Tao, T., Yang, Z., Xu, Y., Xu, C. Metabolic marker-assisted 2 
genomic prediction improves hybrid breeding. Plant Commun. 2024:101199. 3 
https://doi.org/10.1016/j.xplc.2024.101199  4 

Yu, E., Fan, C., Yang, Q., Li, X., Wan, B., Dong, Y., Wang, X., Zhou, Y. Identification of heat 5 
responsive genes in Brassica napus siliques at the seed-filling stage through transcriptional 6 
profiling. PLoS One. 2014:9(7):e101914. https://doi.org/10.1371/journal.pone.0101914  7 

Zandalinas, S.I., Balfagón, D., Gómez-Cadenas, A., Mittler, R. Plant responses to climate 8 
change: metabolic changes under combined abiotic stresses. J. Exp. Bot. 2022:73(11):3339–9 
3354. https://doi.org/10.1093/jxb/erac073 10 

Zanetti, F., Alberghini, B., Marjanović Jeromela, A., Grahovac, N., Rajković, D., Kiprovski, 11 
B., Monti, A. Camelina, an ancient oilseed crop actively contributing to the rural renaissance 12 
in Europe. Agron. Sustain. Dev. 2021:41:2. https://doi.org/10.1007/s13593-020-00663-y 13 

Zubr, J. Oil-seed crop: Camelina sativa. Ind. Crop Prod. 1997:6(2):113-119. 14 
https://doi.org/10.1016/S0926-6690(96)00203-8  15 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiag052/8472949 by R

otham
sted R

esearch user on 19 February 2026



33 

Figure Legends 1 

Figure 1. Genetic diversity in the study panel and publicly available camelina lines. (A) 2 
Scatterplot of the principal component analysis of publicly available (blue) and the study 3 
panel (red) camelina lines. Lines were abbreviated with a “C_” (public) or a “U_” (study panel) 4 
prefix followed by their accession number. (B) Admixture population genetic analysis 5 
(bottom) aligned with the hierarchical clustering dendrogram (top). Dendrogram generated 6 
from Identity-By-State distances; public camelina lines represented by their accession 7 
identifier (blue dendrogram leaves), study panel accessions with the “UNT” suffix (red 8 
dendrogram leaves). Admixture population genetics presented as a bar plot visualizing 9 
inferred genomic admixture for each camelina accession. Eight ancestral sub -populations 10 
were represented by eight different colors, each colored section in the bars represented the 11 
proportion of the accession’s genome being inherited from the ancestral population 12 
indicated by color. 13 

Figure 2. Metabolic changes in the camelina study panel in response to early-stage drought 14 
and heat stress. (A) Principal Component analysis (PCA) of ten major compounds using 15 
normalized targeted data (median normalization, cube root transformation and Pareto 16 
scaling). (B) Heatmap clustering analysis (Pearson’s correlation, Ward clustering). All 17 
markers presented statistically significant variations (ANOVA, P < 0.01 with adjusted FDR 18 
correction). Each column represents the conditions (ambient, drought, heat) averaged for 19 
all samples. Each row indicates the major compounds with relative intensity shown as a 20 
heatmap (blue, depleted; red, accumulated). (C) PCA of normalized untargeted data 21 
(median normalization, cube root transformation and Pareto scaling) showing PC1 vs PC2 vs 22 
PC3. (A, C) Ambient, green triangle (Δ); Drought, blue plus sign (+); Heat, red circle (Ο). (D-E) 23 
Venn diagrams show specific and common metabolic markers identified by volcano plots 24 
(FC > 2; t-test P < 0.01, FDR corrected) that accumulated (D) or decreased (E) in response to 25 
drought or heat. 26 

Figure 3. Response of metabolic markers to early-stage abiotic stress. (A) Drought, and (B) 27 
heat stress markers for each line in the camelina diversity panel plotted in the same order 28 
and color coded as determined by hierarchical clustering and admixture population genetics 29 
analysis shown in Fig. 1. Metabolic variables were qualified as markers if they were 30 
significantly accumulated or depleted when compared to ambient condition for a given 31 
camelina line (t-test, p-value < 0.05 FDR corrected; log2FC > 1 or log2FC < 1 respectively). 32 

Figure 4. Leaf and seed fatty acid responses of the camelina diversity panel to early-stage 33 
environment ambient (red), drought (green), and heat (blue) treatments and field trials in 34 
diverse pedoclimates (France - yellow, heat; Italy - purple, drought & UK - orange, temperate). 35 
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Relationship between total fatty acids and relative polyunsaturated fatty acids (PUFA) ratio 1 
for individual lines/replicates leaves for each treatment (A) and field grown seeds (B). Leaf 2 
C18:1 (C) and C18:3 (D – leaf; E- field seed) response to treatment for individual lines (x axis) 3 
plotted and color coded based on the distributions determined hierarchical clustering and 4 
admixture population genetics analysis shown in Fig. 1. Data was transformed to ensure 5 
assumptions of homogeneous variance hold and in the case of D) original scale shown on 6 
the right-hand side. Error bars illustrate least significant difference (LSD) between lines 7 
(solid black) and between stresses (dashed black). Interaction between stress and line was 8 
non-significant for leaf C18:3 (D). (E) line mean ±standard error shown, ITA and FR N=4, UK 9 
N≤15. 10 

Figure 5. Principal component analysis (PCA) on measured traits from the camelina diversity 11 
panel early-stage abiotic stress study. Drought over ambient (A, B) and heat over ambient (C, 12 
D) for the individual lines (A and C, colors represent cos2 values, a proxy for the quality of the 13 
representation in the 2D space, ratios were scale-normalized before performing the PCA, 14 
blue shading highlights ‘unresponsive’ lines) and the measured variables (B and D, colors 15 
represent the contribution of the variables to the PCA: leaf fatty acids, chlorophyll content 16 
(SPAD), stable isotope (Δ15N, Δ13C), phenology (BBCH scale, stem thickness, leaf number, 17 
width, length), soil water content (SWC), fresh and dry weight, plant water content and major 18 
biomass components: glucose, sucrose, starch, malate, citrate, total polyphenol content, 19 
free amino-acid, total protein content, chlorophyl a and b). 20 

Figure 6. (A) Relationship between metabolomic clustering and agronomic performance 21 
under different environmental conditions. For each of the three glasshouse conditions 22 
tested (control, drought and heat stress), genotypes (color coded after Fig 1.) were clustered 23 
based on their metabolomic profiles using hierarchical clustering. Agronomic parameters 24 
(seed yield (g/m²), thousand grain weight (TGW, g), and seed oil content (% of seed weight) 25 
were represented as color gradients aligned with the dendrogram tips. (B) Comparison of 26 
dendrogram similarity between phylogenetic, agronomic and metabolomic data. 27 
Correlation plot showing pairwise Baker’s Gamma correlation coefficients between 28 
dendrograms derived from phylogenetic, agronomic, and metabolomic data (from early-29 
stage experiments: control, drought and heat stress). Each coefficient quantified the 30 
structural similarity between two dendrograms, with values ranging from –1 (complete 31 
discordance) to 1 (perfect agreement). Numerical values of the coefficients are shown in the 32 
lower triangle. The upper triangle displays a graphical representation of the correlation 33 
strength. 34 

Figure 7. Summary of the multilevel stress responses Camelina sativa deploys to abiotic 35 
stress (heat and drought). Selected variables are shown to indicate the overall 36 
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morphophysiological (phenology, physiology and metabolic) response shown by juvenile 1 
leaves to treatment, as indicated in earlier figures (Fig 2-5, Supplementary Fig. S2, S4). These 2 
responses may vary between lines. Red arrow, increase; blue arrow, decrease; grey dot, non-3 
significant change. BBCH, scale of phenological growth stages; Δ13C, and Δ15N leaf stable 4 
isotope analysis; TAC, total antioxidant capacity; PUFA, polyunsaturated fatty acids. Scale 5 
bar = 5 cm. 6 
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Tables 1 

Table 1. Summary of the metabolic response of the camelina diversity 2 

panel to early-stage abiotic stress (drought and heat) measured in 3 

juvenile leaves. Stress responsive markers (common and stress specific) 4 

for individual metabolic pathways are shown, alongside the total 5 

annotated. Orange- and blue-colored numbers show highest increased 6 

and depleted markers respectively. 7 

 Common markers Drought-specific 
markers 

Heat-specific 
markers 

Metabolic pathways 
Increase

d 
Deplete

d Increased Depleted 
Increase

d Depleted 

Alcohols and polyols 1 5 2 2 0 3 

Alkaloids 0 2 0 0 4 2 

Amino acids and derivatives 3 7 16 6 4 3 

Benzenoids 17 5 5 17 13 12 

Carbohydrates and derivatives 28 3 14 9 12 9 

Hydrocarbon derivatives 1 2 0 2 0 0 

Indoles 2 0 0 0 0 0 

Lignans 1 2 3 0 1 12 

Lipids and derivatives 3 7 11 11 8 3 

Nucleotides and derivatives 2 3 2 11 2 2 

Organic acids and derivatives 4 16 0 17 2 17 

Organoheterocyclic 
compounds 5 10 14 6 4 8 

Phenylpropanoids and 
polyketides 26 36 34 17 35 28 

Terpenes 6 2 0 4 15 2 

Total annotated 94 58 64 54 85 65 ACCEPTED M
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Table 2. Seed fatty acid composition for the camelina grown in multi-1 

location field trials. Fatty acids as number of carbons:desaturations (% of 2 

total FAMES); FR, France (N=216); ITA, Italy (N=216); UK, United 3 

Kingdom (N=672); results show average for all lines, ± standard error).  4 

Tri
al C16:0 C18:0 C18:1 C18:2 C18:3 C20:0 C20:1 C20:2 C20:3 C22:1 

FR 6.46 
±0.020 

2.59 
±0.012 

15.26 
±0.095 

18.08 
±0.077 

31.75 
±0.092 

1.72 
±0.010 

15.85 
±0.041 

2.01 
±0.016 

1.36 
±0.011 

3.23 
±0.025 

IT
A 

6.02 
±0.019 

2.65 
±0.012 

15.45 
±0.077 

17.23 
±0.076 

32.97 
±0.074 

1.62 
±0.011 

15.94 
±0.044 

1.91 
±0.014 

1.40 
±0.008 

3.16 
±0.024 

U
K 

5.91 
±0.042 

2.53 
±0.012 

15.03 
±0.104 

18.59 
±0.091 

34.70 
±0.098 

1.35 
±0.008 

14.12 
±0.061 

1.91 
±0.012 

1.39 
±0.009 

2.62 
±0.020 

 5 

  6 
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