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37 Summary

38 e Climate change is reducing the boreal snowpack that insulates soils, exposing tree roots to
39 more frequent freezing. The molecular cold response of roots is poorly characterised, and its
40 conservation across the angiosperm-gymnosperm divide is unknown. We asked how much

41 of the root cold response is shared among divergent boreal trees.

42 « We profiled fine-root transcriptomes of four boreal trees (Picea abies, Pinus sylvestris,
43  Betula pendula and Populus tremula) and two Arabidopsis thaliana ecotypes during a ten-day
44 5 °Ctreatment by RNA sequencing, and used comparative co-expression to detect conserved

45 regulation independently of response timing.

46 e Expressed genes were largely shared, but the genes differentially expressed, and the timing
47 of their response, diverged between species. Despite this, a core of orthologues retained
48 conserved co-expression neighbourhoods across more than 300 million years, enriched for
49 growth regulation, metabolism and stress signalling, including a gibberellin-related

50 metabolic component of the growth response.

51 e Theroot cold response is therefore species specific in identity and timing, yet underlain by

52 aconserved co-expression core.

53
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Introduction

Anthropogenic warming is altering growth conditions for plants worldwide, and the boreal
zone is experiencing some of the most rapid and extreme change (Portner et al. 2022;
Rantanen et al. 2022). Rising mean temperatures are shortening the winter, and an
increasing fraction of boreal precipitation is falling as rain rather than snow (Bintanja &
Andry 2017; Douglas et al. 2020). Boreal plants cold acclimate, increasing their freezing
tolerance in the autumn in response to shortening days and falling temperatures (Sakai &
Larcher 1987; Korner 2016), but they also depend on stable winter conditions, in which
continuous snow cover insulates the soil and understorey against air-temperature
fluctuations (Vuosku et al. 2022). Warmer, wetter winters are expected to reduce the depth
and persistence of the annual snowpack (Mellander et al. 2007; Blume-Werry et al. 2016),
and reduced snow insulation is predicted to increase the severity and depth of soil frost and
to delay spring thawing (Eurola 1975; Richardson et al. 2024), all of which heighten the
vulnerability of root systems to freezing injury (Schwartz et al. 2006; Martz et al. 2016;

Domisch et al. 2018; Richardson et al. 2024).

Roots are generally more susceptible to freezing injury than above-ground tissues (Stier et
al. 2003), and fine roots, in particular, have limited capacity to acclimate relative to lignified
roots (Ryyppo et al. 1998). Declining soil temperatures during winter and spring are
therefore expected to damage fine roots and suppress root growth, impairing water and
nutrient uptake (Repo et al. 2014; Repo et al. 2021; Li & Hoch 2025) and ultimately reducing
whole-plant productivity (Mellander et al. 2006; Pan et al. 2011). Recent physiological work

shows that low root-zone temperature progressively restricts water uptake and transport in
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temperate and boreal trees, with the magnitude of this restriction varying among species (Li
& Hoch 2025). This vulnerability is of particular concern because boreal forests are a major
component of the global forest carbon sink (Pan et al. 2011). Understanding how the roots
of boreal trees respond to cold is therefore important for anticipating whether these forests

can maintain their role in carbon sequestration under a changing climate.

To date, the genomics of abiotic stress has focused overwhelmingly on herbaceous model
angiosperms, and it remains uncertain how well the underlying processes generalise across
the plant kingdom (Meng et al. 2021; Kim et al. 2024). Cold acclimation requires the
coordinated activation of multiple regulatory pathways that are initiated within minutes to
hours of low-temperature exposure and can continue for days to weeks (Moliterni et
al. 2015; Zhao et al. 2020; Zhao et al. 2021; Perez-Garcia et al. 2023; Ma et al. 2024). In
angiosperms, a central axis of this response is the ICE1-CBF-COR pathway, in which the
CBF/DREB1 transcription factors induce downstream cold-regulated genes (Cook et
al. 2004; Park et al. 2015; Qian et al. 2024). Comparative studies are increasingly revealing
the limits of this paradigm. Cross-species analyses in grasses (Schubert et al. 2019),
Brassicaceae (Birkeland et al. 2020; Birkeland et al.2022) and a broad sample of
angiosperms (Wang et al. 2023; Andrew et al. 2025) show that orthologous genes frequently
differ in their cold responses between species, although machine-learning classifiers trained
on one species can nonetheless predict which orthologues respond to cold in another (Meng
et al. 2021). At the same time, multi-omics analyses across deeply diverged rosids have
identified a conserved, hierarchically organised cold-responsive regulatory network,
indicating that conservation and divergence coexist within the same response (Guo et

al. 2023); comparative analyses across angiosperms have since defined sets of conserved
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99 cold-responsive transcription-factor orthogroups, including WRKY and NAC modules with

100 demonstrated function (Jia et al. 2026).

101 The growing availability of tree genome assemblies, including boreal species such as Norway
102 spruce (Picea abies) and Scots pine (Pinus sylvestris) (Nystedt et al. 2013; Ahlgren Kalman et
103 al. 2025), silver birch (Betula pendula) (Salojarvi et al. 2017) and aspen (Populus tremula)
104 (Robinson et al. 2024), now makes comparative transcriptomic analysis of stress responses
105 in trees feasible. Comparative genomics identifies conserved and lineage-specific gene
106 families; coupling this with comparative analysis of expression identifies orthologues with
107 conserved responses, and comparative co-expression analysis extends this to conserved
108 regulatory relationships. A key strength of the co-expression approach is that conservation
109 does not require that orthologues share the same expression level or dynamics, only that
110 they share co-expressed neighbourhoods, allowing conserved regulation to be detected even
111 when the timing of responses differs (Movahedi et al. 2011; Netotea et al. 2014; Ovens et
112 al. 2021; Crow et al. 2022). Established tools for such analyses, including ComPIEx (Netotea
113 et al. 2014) and PlaNet (Mutwil et al. 2011), integrate large-scale expression data with
114 orthology, but their application has been largely restricted to angiosperms, owing to data

115 availability and the fragmented annotation of ggmnosperm genomes.

116 Previous comparative work between Arabidopsis thaliana (Arabidopsis) and Norway spruce
117 established that the timing of the cold response differs between these species and that
118 responses are tissue specific, with roots and needles deploying distinct programmes
119 (Vergara et al. 2022); a comparable pattern of tissue-specific regulation has also been

120 reported for drought responses in the same species (Haas et al. 2021). However, that work
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121 was confined to two species, and roots in general remain far less studied than above-ground
122 tissues; no broad, multi-species comparative transcriptomic study of the cold response of
123 tree roots has yet been conducted, and none has included gymnosperms alongside
124 angiosperms in a common framework. Resolving the extent of shared versus divergent
125 regulation in roots is a prerequisite both for transferring mechanistic knowledge between

126 species and for designing targeted strategies to improve root performance under cold soils.

127 In this study we used one-year-old seedlings of four native boreal trees (the gymnosperms
128 Norway spruce and Scots pine and the angiosperms birch and aspen) together with the
129 Arabidopsis ecotypes Columbia (Col-0) and the northern Osthammar (Ost-0), chosen to span
130 the latitudinal variation in freezing tolerance and CBF-independent cold regulation
131 documented among Arabidopsis accessions (Zuther et al. 2012; Park et al. 2018), to assess
132 the core cold response of boreal tree roots. We profiled fine-root transcriptomes by RNA
133 sequencing over a ten-day exposure to 5 °C (a chilling treatment that elicits cold acclimation,
134 the process underlying freezing tolerance, rather than freezing injury itself), and asked three
135 questions: (i) how much of the differentially expressed cold response is shared among
136 species; (ii) are genes with shared temporal response dynamics orthologous, and therefore
137 represent conserved mechanisms; and (iii) can comparative co-expression recover
138 conserved regulatory relationships that are obscured by the divergence and differing timing
139 of differential expression. The comparative co-expression framework applied here was
140 previously used to compare cold responses between Norway spruce and Arabidopsis
141 (Vergara et al. 2022) and to reconstruct the regulation of wood formation across dicot and
142  conifer trees (Rodriguez et al. 2026). Here we apply it to the root cold response across a

143 broader sampling of six boreal species and ecotypes, extending the approach from a
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144 developmental programme to an environmental stress and, by including the herbaceous
145 annual Arabidopsis alongside the perennial trees, enabling a life-history contrast. This
146 addresses whether conserved co-expression is a property of developmental programmes

147 alone or also extends to stress responses.

148 Materials and methods

149 Plant material, experimental design and sampling

150 One-year-old seedlings of Scots pine (Pinus sylvestris L.; seed provenance Sonnersta, 63° 28’
151 N), birch (Betula pendula Roth; provenance Sivar, 63° 54’ N) and Norway spruce (Picea abies
152 (L.) H. Karst; provenance Lilla Istad, 56° 30° N) were grown in 1-l pots at 18 °C/15 °C
153 (light/dark) under an 18-h photoperiod. At the start of the experiment, seedlings were
154 transferred to 5 °C, two hours into the photoperiod. Fine roots (<2 mm) were sampled at 0
155 h, 6 h, 24 h, 3 days and 10 days, rinsed in MilliQ water, blotted dry, frozen in liquid nitrogen

156 and stored at -80 °C.

157 Aspen (Populus tremula L.; genotype SwAsp 76, central Sweden, Hilsingland, 61° 42’ N) was
158 clonally propagated from tissue culture. Plantlets were established in 1-1 boxes on Murashige
159 and Skoog medium with gelrite (Duchefa Biochemie, the Netherlands) and amplified for four
160 months at 22 °C/18 °C (light/dark) under an 18-h photoperiod. Plantlets were then
161 transplanted to 1-1 pots, allowed to acclimate and grow for 40 days, and subjected to the

162 same cold treatment and sampling scheme as the other trees.

163  Seeds of Arabidopsis (Arabidopsis thaliana (L.) Heynh.) Col-0 (52° 42’ N) and Ost-0 (60° 15’

164 N) were stratified for 48 h at 5 °C in darkness, sown into individual pots and grown under a
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165 16-h photoperiod at 23 °C. After 18 days, plants were transferred to 5 °C two hours into the
166 photoperiod, and roots were sampled at 0 h, 6 h, 24 h, 3 days and 10 days, rinsed in 5 °C

167 water, blotted dry and flash-frozen as above.

168 RNA extraction and sequencing

169 Total RNA was isolated using a combination of the Qiagen RNeasy Plant Mini Kit (Qiagen)
170 and the cetyltrimethylammonium bromide (CTAB) method of Chang et al. (1993) with minor
171 modifications. Frozen samples were ground twice for 30 s at 25 Hz in a TissueLyser II
172 (Qiagen), with cooling in liquid nitrogen between grinds. Warm (65 °C) extraction buffer
173 (700 pl) was added and the samples were extracted twice with chloroform:isoamyl alcohol
174 (24:1), with centrifugation at 10,000 rpm for 10 min. Nucleic acids were precipitated in
175 ethanol, pelleted by centrifugation, resuspended in RLT buffer and processed through the
176 RNeasy column protocol, including on-column DNase digestion (RNase-Free DNase Set,
177 Qiagen). RNA was quantified on a NanoDrop 1000 (Thermo Fisher Scientific) and assessed
178 for integrity on a Bioanalyzer 2100 with the RNA Nano 6000 kit (Agilent). Samples with an
179 RNA integrity number above 8 were sequenced on the Illumina HiSeq 2500 platform

180 (Novogene, UK).

181 Read processing and quantification

182 Raw reads were quality-assessed with FastQC v0.11.9 (Andrews 2010), depleted of
183 ribosomal RNA with SortMeRNA v4.3.4 (Kopylova et al. 2012) and adapter- and quality-
184 trimmed with Trimmomatic v0.39 (Bolger etal. 2014), followed by a second round of FastQC.
185 Reads from each species were quantified against the corresponding genome/transcriptome

186 assembly with Salmon v1.8.0 (Patro et al. 2017): A. thaliana (AtRTD3 v1.6.0; Zhang et


https://doi.org/10.64898/2026.08.15.745010
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.08.15.745010; this version posted August 17, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

187 al. 2022), P. tremula (v2.2; Robinson et al. 2024), B. pendula (v1.4; Salojarvi et al. 2017), P.
188 abies (v2.0) and P. sylvestris (v1.0) (both Ahlgren Kalman et al. 2025). Statistical analysis was
189 performed in R v4.3.1 (R Core Team 2024). Transcript-level estimates were imported and
190 summarised to the gene level with tximport v1.28.0 (Soneson et al. 2015). Counts were used
191 directly for differential-expression testing, whereas a variance-stabilising transformation
192 (VST; DESeq2 v1.40.2; Love et al. 2014) was applied to generate the normalised values used
193 for sample quality control, distance-based clustering and co-expression analysis. Biological
194 replicate quality was assessed by principal component analysis and hierarchical clustering

195 of VST values.

196 Differential expression and functional enrichment

197 Biological replication per species (control/6 h/24 h/3 d/10 d) was: Col-0 5/5/5/5/5; Ost-0
198 5/5/5/5/5; aspen 5/5/5/5/5; birch 5/5/5/5/5; Norway spruce 3/3/3/3/3; Scots pine
199 2/4/5/5/2 (25, 25, 25, 25, 15 and 18 samples per species, each forming that species' co-
200 expression network). Differential expression was tested in DESeq2 (Love etal. 2014), which
201 models counts with a negative-binomial generalised linear model; differential expression
202 used a single-factor design in which one factor (Condition) encoded the untreated control
203 and each cold timepoint (6 h, 24 h, 3 d and 10 d at 5 °C); the control formed a single common
204 reference group against which each cold timepoint was contrasted. Genes were considered
205 differentially expressed (DEGs) at an adjusted P < 0.05 and an absolute log2 fold change > 1
206 (atwo-fold change). The fold-change criterion was applied as a post-hocfilter to the standard
207 Wald test (whose null is no change) rather than through a fold-change-thresholded null, and

208 so does not itself provide formal false-discovery-rate control for the composite hypothesis
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209 of a two-fold change. Orthogroups were inferred as described in Rodriguez et al. (2026),
210 using OrthoFinder v2.5.2 (Emms & Kelly 2019) applied to the longest protein-coding
211 sequence per gene across 27 plant species with a species tree rooted using TimeTree (Kumar
212 et al. 2022); hierarchical orthogroups (HOGs) were used as the unit of cross-species
213 comparison. Because orthogroups can contain multiple genes and gene copy number can
214 vary among species, orthogroup counts do not correspond directly to gene counts. Gene
215 Ontology (GO) enrichment was performed with topGO using Fisher’s exact test (classic
216 algorithm) with Benjamini-Hochberg correction (Alexa et al. 2006), using annotation from

217 PlantGenlE (Sundell et al. 2015).

218 Cross-species superclusters

219 To identify groups of genes with shared temporal response dynamics across species, we
220 focused first on transcription factors (TFs) that were differentially expressed in response to
221 cold (TF-DEGs). We seeded the analysis with TFs, rather than with all DEGs, because as
222 upstream regulators their cold-responsive dynamics are expected to define the temporal
223 structure of the regulatory programme more sharply than the larger and noisier set of
224 downstream structural genes; correlated non-TF DEGs were added subsequently so that the
225 analysis captured both candidate regulators and their putative targets. For each species, TF-
226 DEG expression profiles were grouped by hierarchical agglomerative clustering (Ward’s
227 method) into six clusters with synchronised cold-responsive dynamics. Pairwise
228 correlations between all clusters across species were then used to group the clusters
229 manually (Pearson r = 0.7) into twelve cross-species superclusters (SCs), each representing

230 a distinct temporal response pattern (Fig. S1). Some SCs contained clusters from multiple
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231 species and others only single-species clusters. To capture co-regulated genes excluded by
232 theinitial clustering and to incorporate putative downstream targets, each SC was populated
233 with additional TF-DEGs and non-TF DEGs whose expression profiles correlated with the SC
234 mean (Pearson r = 0.7). Because genes are recruited by their correlation with the
235 supercluster mean, this step defines supercluster membership rather than testing it; we
236 therefore treat the superclusters as descriptive, and the conclusion drawn from them — that
237 co-timed genes are largely not orthologous — does not depend on this recruitment.
238 Subsequent analyses focused on the four SCs (SC_I-SC_IV) that contained TF-DEGs and more
239 than 20 correlated DEGs in all species. These four superclusters were renumbered SC_I-
240 SC_IV for presentation and correspond, respectively, to superclusters SC6, SC2, SC3 and SC1

241 of the twelve shown in Fig. S1.

242 Comparative co-expression analysis

243 Conserved co-expression relationships were identified with the Comparative analysis of
244  Plant co-Expression (ComPlEx) framework (Netotea et al. 2014), following Rodriguez et
245 al. (2026). For each species, genes were retained for network construction if they had non-
246 zero variance, non-zero expression in at least three samples, and a mean expression above
247 1.0 on the variance-stabilised scale (shifted so that each gene's minimum is zero); a co-
248 expression network was then constructed from Pearson correlations. Mutual ranking was
249 applied to improve robustness, and networks were trimmed to retain the strongest 3% of
250 possible edges (density = 0.03); this density was fixed a priori, consistent with the ComPIEx
251 framework (Netotea et al. 2014) as applied by Rodriguez et al. (2026), rather than tuned to

252 these data. For each orthologue pair, a hypergeometric test assessed in both directions
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253 whether co-expression neighbourhoods overlapped significantly between species, with
254 Benjamini-Hochberg correction for multiple testing; throughout, “bidirectional” denotes
255 that the larger of the two directional adjusted P values was required to fall below the
256 threshold. Orthologue pairs with a bidirectional adjusted P < 0.1 were termed co-
257 expressologs, and sets of orthologues (containing one gene per species) classified as co-
258 expressologs in all pairwise species comparisons were termed cliques, following the cross-
259 species comparative co-expression approach introduced by Rodriguez et al. 2026. Because
260 orthogroups can contain several genes per species, each species was represented within a
261 clique by a single gene; 110 of the 116 conserved-core orthogroups yielded more than one
262 complete clique (median of 26 complete cliques per orthogroup, across all 116), and a single
263 representative complete clique per orthogroup was used for the one-gene-per-species
264 visualisation (Figs 5 and 6). The bidirectional test was considered significant only when both
265 directions passed the threshold (equivalently, when the larger of the two adjusted P-values
266 was below 0.1); because a conserved-core clique requires this reciprocal co-expressolog
267 relationship to hold simultaneously across all 15 pairwise comparisons, the effective
268 stringency at the clique level substantially exceeds the per-comparison threshold. To test
269 whether the number of orthogroups conserved across all pairwise comparisons exceeded
270 chance, we performed a permutation test in which co-expressolog assignments were
271 randomised within each pairwise comparison, preserving the number of co-expressologs
272 per comparison, and the number of orthogroups recovered as co-expressologs across all

273 comparisons was recorded over 5,000 permutations.

274 Asanindependent check that the conserved-core clusters represent coherent co-regulation,

275 we asked whether the Arabidopsis genes of the conserved core were more co-expressed
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276  within clusters than between them. We took co-expression links between Arabidopsis genes
277 from the co-expression channel of STRING v12 (Szklarczyk et al. 2023; channel subscore >
278 400), mapping gene identifiers from TAIR loci with the STRING alias table. We then restricted
279 theselinks to the conserved-core genes and counted those falling within a clique cluster (Fig.
280 5). Finally, we compared this count against 5,000 permutations that randomly reassigned

281 the same genes to clusters of the observed sizes.

282 Results

283 Alargely shared transcriptome underlies a divergent cold response

284 The roots of the four boreal trees and the two Arabidopsis ecotypes expressed a broadly
285 similar set of genes under both control and cold conditions, sharing 6,502 orthogroups (Fig.
286 1A) that accounted for approximately half of the expressed transcriptome in each species
287 (Fig. 1B). The two conifers shared a large set of conifer-specific orthogroups and also had
288 many unique orthogroups, consistent with their higher total gene number, the extensive
289 lineage-specific gene-family expansion and gene duplication that characterise conifer
290 genomes (Ahlgren Kalman et al. 2025), and the deep divergence both between gymnosperm
291 and angiosperm lineages (more than 300 million years; Kumar et al. 2022) and between the

292  two conifers themselves (~130 million years; Ahlgren Kalman et al. 2025).

293 Against the backdrop of shared gene content, the cold response itself diverged substantially
294 Dbetween species. The largest category of cold-responsive DEGs had an orthologue that was
295 also differentially expressed in at least one other species (Fig. 1C), yet only 270 DEG-

296 containing orthogroups were shared across all six species/ecotypes. This common set
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297 represented only ~4-8% of the commonly expressed genes and ~12.7-18.3% of all DEGs in
298 each species (Fig. 1D). Resolved among orthogroup-mapped DEGs (a smaller denominator
299 than in panel D), 14-20% of DEGs had an orthologue that was differentially expressed in all
300 species, 56-78% had an orthologue differentially expressed in at least one other species, 4-
301 16% had an orthologue present in another species but differentially expressed only in the
302 focal species, and 1-13% were species-specific singletons (Fig. 1C). As the underlying gene
303 contentis largely shared, this divergence reflects differences in how a common repertoire of
304 genes is regulated rather than differences in gene usage, with gene duplication within some
305 orthogroups giving rise to copies that differ in their cold regulation. In addition to species-
306 specific responses, Col-0 and Ost-0 each had ecotype-specific DEGs, indicating that
307 divergence of the cold-stress transcriptome operates even between ecotypes of a single
308 species. Nonetheless, the 270 commonly responding orthogroups were significantly
309 enriched for GO terms including “response to oxygen-containing compound” and multiple
310 categories associated with abiotic stress and hormonal signalling (Table S1), identifying a
311 core of cold-responsive functions shared among species separated by hundreds of millions

312 ofyears.
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314 Fig. 1. Orthogroup overlap of expressed genes and differentially expressed genes. (A) UpSet
315 plot of orthogroups across all expressed genes. Horizontal bars give the total number of
316 orthogroups in each set; vertical bars give the size of each intersection. (B) Gene number
317 per species and the percentage of expressed genes lying in orthogroups expressed in
318 common across all species/ecotypes. (C) Composition of differentially expressed gene (DEG)
319 orthogroups: “DEG across all”, every species has a DEG in the orthogroup; “DEG in some”,
320 more than one but not all species; “species-specific DEG”, a DEG in a single species while
321 other species’ orthologues are not DEGs; “singletons”, a DEG with no orthologue in any other

322 species. (D) Proportion of each species’ DEGs lying within the common (“DEG across all”) set.
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323 Genes with shared response timing are largely not orthologous

324 Across species, roots differed markedly in the timing of differential expression over the ten-
325 day treatment (Fig. 2). The fastest responses occurred in the Arabidopsis ecotypes Col-0 and
326 Ost-0, whereas all tree species showed slower induction, and the two Arabidopsis ecotypes
327 themselves differed in timing. This raised the question of whether any temporally coherent
328 response was conserved at the level of orthologous genes. Clustering of cold-responsive TFs
329 across species yielded four superclusters with characteristic temporal profiles (Fig. 3A; Fig.
330 S2; Table S4). Three superclusters (SC_I, SC_II, SC_III) showed early induction with distinct
331 kinetics: a transient peak at 6 h (SC_I), induction to 24 h followed by decline (SC_II), and
332 induction within 24 h that was then sustained (SC_III). By contrast, SC_IV showed continuous
333 up-regulation and contained the most DEGs of any supercluster (Fig. 3A, 3B). SC_I was
334 dominated by Arabidopsis and contained a high proportion (62%) of Arabidopsis-unique
335 orthogroups (Fig. 3C), whereas SC_II and SC_III were more evenly distributed among species.
336 Critically, orthogroup overlap among species was low within every supercluster, for both
337 TFs and non-TF genes (Fig. 3C). Thus, although genes following common temporal
338 trajectories could be found in all species, those genes were generally not orthologous, so
339 shared response timing alone does not indicate conserved regulation of the same genes, and
340 low orthogroup overlap may also reflect the orthogroup-level analysis or incomplete conifer

341 annotation.
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343 Fig. 2. Numbers of up- and down-regulated differentially expressed genes (DEGs) during
344 cold treatment (5°C) at 6 h, 24 h, 3 d and 10 d in (A) Arabidopsis Col-0, (B) Arabidopsis Ost-

345 0, (C) aspen, (D) birch, (E) Norway spruce and (F) Scots pine fine roots.
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cold-response timing across species; points give the mean and shading the standard
deviation of Z-score-normalised expression across species. (B) SC composition in terms of
DEGs and transcription factors (TFs) per species. (C) Proportion of orthologous

relationships among SC members (TF-DEGs and DEGs) across species, shown as percentages.

Comparative co-expression recovers conserved and lineage-specific regulation

The divergent timing of cold responses across species (low overlap among superclusters),
indicates extensive divergence in the differential-expression response of roots to cold. As
conserved regulation can persist even when expression dynamics differ, we next applied

comparative co-expression analysis, which identifies orthologues with conserved co-


https://doi.org/10.64898/2026.08.15.745010
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.08.15.745010; this version posted August 17, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

357 expression neighbourhoods (co-expressologs) independently of their response timing
358 (Netoteaetal. 2014). This recovered a large set of co-expressologs shared across all pairwise
359 comparisons, irrespective of whether the genes were classified as differentially expressed

360 (Fig. S3).

361 Among pairwise comparisons (Fig. S4), the most co-expressologs were shared between the
362 two Arabidopsis ecotypes (1,404), followed by the two conifers (716) and the two broadleaf
363 trees (291). Guided by these within-lineage similarities, we grouped the comparisons into
364 three sets, Arabidopsis (A), broadleaf trees (B) and conifer trees (C), and examined their
365 overlaps (Fig. 4A). A substantial shared set of 1,277 orthogroups with conserved co-
366 expression was shared across all three sets (ABC), but the analysis also revealed
367 conservation that was specific to different sets of species: The largest single set represented
368 conserved co-expression within Arabidopsis ecotypes (A, 2,857 orthogroups), and a further
369 1,977 orthogroups were shared specifically between Arabidopsis and the broadleaf trees
370 (AB). By contrast, the raw Arabidopsis-conifer overlap (AC, 639) exceeded the broadleaf-
371 conifer overlap (BC, 133). This apparent phylogenetic paradox reverses once set size is taken
372 into account: 36% of the broadleaf set (BC + ABC = 1,410 of 3,924 orthogroups) was conifer-
373 conserved versus 28% of the Arabidopsis set (AC + ABC = 1,916 of 6,750), so the broadleaf
374 setwas 1.27-fold more conifer-conserved than the Arabidopsis set — consistent with shared
375 tree biology. The larger raw Arabidopsis-conifer overlap therefore reflects the larger
376 Arabidopsis co-expressolog set, itself likely a consequence of the more complete Arabidopsis
377 annotation, rather than greater conservation (annotation asymmetry is considered further
378 in the Limitations). The shared sets (ABC, AB and BC) were significantly enriched for GO

379 terms, whereas the species-exclusive sets (A, B and C) showed little or no enrichment (Fig.
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380 4B); the broadleaf- and conifer-exclusive sets (B and C) contained relatively few genes, which
381 mostlikely explains their limited enrichment, whereas the Arabidopsis-exclusive set (A) was
382 the largest region yet showed almost no enrichment. The shared core (ABC) was enriched
383 for “response to stress”, “response to hormone” and “response to endogenous stimulus”,
384 consistent with a deeply conserved component of the cold response (Table S2). The
385 broadleaf-conifer (BC) set was enriched for “response to abscisic acid”, “defense response”

386 and “gibberellin biosynthetic process” (Table S2), identifying responses shared among the

387 trees but not Arabidopsis.
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389 Fig. 4. (A) Venn diagram of orthogroup overlap among co-expressologs of the within-
390 Arabidopsis (A), within-broadleaf (B) and within-conifer (C) comparisons. (B) The ten most

391 significantly enriched biological-process GO terms for the shared sets (ABC, AB, BC); point
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392 position is -log10 P (topGO classic Fisher, Benjamini-Hochberg padj < 0.05) and point size
393 thenumber of genes. For sets including Arabidopsis the Col-0 annotation was used, otherwise
394 the aspen (broadleaf) annotation. The species-exclusive sets (A, B) and the conifer-only set

395 (C) showed little or no enrichment and are not shown.

396 A conserved regulatory core spanning angiosperms and gymnosperms

397 To define the most strongly conserved component of the response, we identified 256
398 orthogroups whose co-expressolog pairs were present across all pairwise comparisons; of
399 these, 116 formed fully interconnected cliques, containing one gene from each species,
400 where every pair was a co-expressolog. These cliques represent cold-responsive regulatory
401 relationships conserved across lineages separated by more than 300 million years (Kumar
402 et al. 2022). Across 5,000 permutations that randomised co-expressolog assignments
403 independently within each pairwise comparison, breaking the correspondence between
404 comparisons, no orthogroup was recovered as a co-expressolog in all 15 comparisons (P <
405 0.0002; Fig. S5a). Because each clique selects a single corresponding gene per species, it
406 provides a 1-to-1 mapping for clustering and visualising expression profiles directly across
407 species. Genes within the cliques fell into four expression clusters (Fig. 5). Cluster 1 (50
408 orthogroups) was enriched for cell-division processes (“cell population proliferation”,
409 “cytokinesis by cell plate formation”; enriched most strongly in the Arabidopsis ecotypes,
410 Table S3) and showed a striking directional contrast: these genes were induced by cold in
411 the two Arabidopsis ecotypes but down-regulated in birch, spruce and (by day 10) Scots
412 pine, with aspen intermediate. This opposing direction could indicate maintenance of root

413 growth in the herbaceous annual versus growth cessation in the perennial trees. Cluster 2
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414 (30 orthogroups) was enriched for metabolic processes (“protein metabolic process” across
415 most species and “RNA methylation” in the Arabidopsis ecotypes) and was induced in the
416 Arabidopsis ecotypes, aspen and the two conifers, with differing timing (by 24 h in
417 Arabidopsis, more diffusely in aspen, and only by day 10 in the conifers); birch was the
418 exception, where these genes were repressed throughout the time course.Cluster 3 (20
419 orthogroups) was enriched for signalling and stress terms (“intracellular signal

»n o« » «

420 transduction”, “response to stress”, “response to abiotic stimulus”) and showed enrichment
421 only in the two Arabidopsis ecotypes, with no significant terms in any tree species for this
422  cluster (Table S3); Cluster 4 (16 orthogroups) showed no significant enrichment. The largest
423 conserved component therefore concerns the regulation of root growth, indicating that

424 adjusting growth is a consistently important part of the root cold response, even though its

425 direction differs between the annual and the perennial species.

426 We also checked the conserved core against a dataset independent of the expression data
427 generated here, though itself derived in part from public stress-response experiments. If the
428 clique clusters reflect real co-regulation, the Arabidopsis genes within a cluster should also
429 Dbe co-expressed in other studies. Using STRING, a public co-expression database assembled
430 from data we did not use, we found that co-expression links fell within our clusters 3.4-fold
431 more often than expected by chance (P < 0.001; Fig. S5b). This indicates the clusters capture

432 genuine co-regulation rather than an artefact of our pipeline.
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Cell population proliferation
Cytokinesis

433

434 Fig. 5. Heatmap of Z-score-scaled, VST-normalised median expression of genes within
435 cliques. Each row is one orthogroup clique across all species; columns are ordered

436 chronologically through the cold experiment.

437

438 To identify candidate regulators of this conserved core, we examined eight cliques composed
439 of transcription factors (Fig. 6; in one, the bZIP61 clique, the birch member is not annotated
440 as a TF). These spanned seven families: LATERAL ORGAN BOUNDARIES DOMAIN (LBD),
441 Dasic leucine zipper (bZIP), MYB, NAC, WRKY, heat-shock factor (HSF) and GARP (here the
442 KANADI-family member KAN3). Several have established roles in cold-stress signalling
443 (Zhou et al. 2011; Dong et al. 2021; Mei et al. 2023). For two of the eight cliques (NAC and

444 WRKY), the member recovered in Ost-0 differed from that in Col-0, so in these cases the
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445 conserved relationship is carried by closely related paralogues within the orthogroup rather
446 than by a single identical gene in every species. Notably, these TFs shared co-expression
447 neighbourhoods across all species despite showing variable, and generally modest, changes
448 in their own expression, identifying a conserved co-expression core whose species-specific

449 fine-tuning may underlie the contrasting timing seen among the clique clusters.

Species expression profiles of transcription factors
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451 Fig. 6. Species expression profiles of transcription factors within each all-TF clique. Each
452 panel shows one clique of co-expressolog transcription factors, labelled by the Arabidopsis
453 (Col-0) member; for the NAC and WRKY cliques the Ost-0 member differed from Col-0
454 (ANACO18/ANAC00Z and WRKY48/WRKY23). Lines show mean VST-normalised
455 expression for each species across the cold time course (control, 6 h, 24 h, 3d, 10d);
456 individual replicates are shown as points and the shaded band denotes + 1 standard error
457 (n = 2-5replicates per species and timepoint). Asterisks mark genes differentially expressed

458 in that species during cold (DESeq2, adjusted P < 0.05).
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459 Discussion

460 Few comparative analyses of the root cold-stress transcriptome have spanned both
461 angiosperm and gymnosperm trees alongside an herbaceous reference, and fewer still have
462 used comparative co-expression to separate a conserved regulatory core from the largely
463 divergent, species-specific differential-expression response of roots. Conserved cold-
464 responsive transcription-factor orthogroups have recently been defined and, in some cases,
465 functionally validated in angiosperms (Jia et al. 2026), against a backdrop of repeated,
466 convergent evolution of cold adaptation across flowering plants (Wang et al. 2025b); our
467 contribution is to ask whether such conservation extends across the angiosperm-
468 gymnosperm divide and to recover it through co-expression rather than differential-
469 expression overlap, in roots. Our central result is that these two views of the same data are
470 not in conflict but are complementary: which genes are differentially expressed, and when,
471 is strongly species specific, yet beneath this divergence lies a core of conserved co-
472 expression relationships shared across more than 300 million years of evolution. This
473 reconciles the reported poor transferability of cold responses with the conserved cold-
474 acclimation programme: what is conserved over this depth of time is the coordination of
475 expression, consistent with shared regulation, rather than the timing or magnitude of
476 individual gene responses. Cold tolerance was, moreover, acquired largely independently in
477 the two lineages: conifer freezing resistance is ancient and long-established (Sakai 1983),
478 whereas many cold-adapted angiosperm lineages arose much more recently during
479 Cenozoic cooling (Hagen et al. 2019), and their common ancestor is unlikely to have been

480 under selection for cold. A cold-specific regulatory module would therefore not be expected
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481 to be shared across this divide, and the conserved core we recover is instead more general,
482 comprising growth, metabolism and stress-signalling genes that each lineage appears to

483 have recruited independently into its cold response.

484 The differential-expression response of roots is largely lineage specific

485 The molecular cold response of roots has been studied far less than that of shoots, and
486 existing work is dominated by herbaceous angiosperms (Moliterni et al. 2015; Zhao et
487 al. 2021; Vergara et al. 2022). We found extensive divergence in the set of cold-responsive
488 genes among species (Fig. 1), and because gene content was largely shared, this divergence
489 reflects differential regulation of a common repertoire rather than differences in gene
490 complement. Responses also differed markedly in timing, with Arabidopsis responding
491 fastest and the trees more slowly (Fig. 2), and genes with shared temporal trajectories were
492 generally not orthologous (Fig. 3). Divergence extended even to the two Arabidopsis
493 ecotypes, consistent with the proposal that genetic variation in stress-responsive expression
494  contributes to local climatic adaptation (Lasky et al. 2014); comparable among-population
495 divergence in the autumn cold-acclimation transcriptome has been documented within

496 conifers (Holliday et al. 2008).

497 These observations are congruent with a broad body of comparative work. The same pattern,
498 conserved gene sequences but largely species-specific cold-responsive expression, has been
499 reported for above-ground tissues of Norway spruce and Arabidopsis (Vergara et al. 2022),
500 for drought responses of Norway spruce and Arabidopsis (Haas et al. 2021), for the

501 temperate grass subfamily Pooideae (Schubert et al. 2019), for Arctic Brassicaceae
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502 (Birkeland et al. 2020; Birkeland et al. 2022).0ur data extend this conclusion to roots and,

503 importantly, across the ggmnosperm-angiosperm divide.

504 A recurring interpretive difficulty is that differential expression under stress conflates
505 regulated, acclimatory change with secondary or downstream change that need not be
506 functional, and a substantial fraction of stress-induced transcriptional change may represent
507 thelatter. Comparative co-expression offers a principled way to distinguish the two, because
508 the conservation of co-expression neighbourhoods depends on the persistence of functional
509 regulatory relationships rather than on the response magnitude of any individual gene. Co-
510 expression conservation has been shown to recover deeply conserved, functionally
511 constrained gene programmes across kingdoms (Crow et al. 2022), and the architecture of
512 regulatory networks itself shapes which genes vary and which are buffered (Chalancon et
513 al. 2012). In Populus, genes occupying central, highly connected positions within the co-
514 expression network experience stronger purifying selection on both coding and regulatory
515 sequence than peripheral genes (Mahler et al. 2017), directly linking network architecture
516 to selective constraint. Across more distantly related plants, the gene families most
517 repeatedly involved in local adaptation to climate likewise occupy more central and
518 pleiotropic positions in co-expression networks (Whiting et al. 2024), suggesting that
519 network position shapes not only selective constraint but also which orthologues are
520 repeatedly available for adaptation. This framework is consistent with the finding that genes
521 with consistent stress-responsive expression are under stronger purifying selection than
522 genes whose responses vary among genotypes, the latter being preferentially associated
523 with local adaptation (Lasky et al. 2014). A comparable decoupling is apparent within

524 conifers: in a comparison of lodgepole pine and interior spruce, genes diverging more rapidly
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525 in sequence also diverged more in expression, a relationship shaped primarily by negative
526 rather than positive selection (Hodgins et al. 2016). Furthermore, a parallel study of Norway
527 spruce and Scots pine roots and needles under cold and drought (reusing the conifer cold-
528 root samples analysed here) found that genes with broader co-expression conservation are
529 under stronger purifying selection on their coding sequences (a lower ratio of non-
530 synonymous to synonymous substitutions, dN/dS) and, within Norway spruce populations,
531 alower ratio of non-synonymous to synonymous polymorphisms (pN/pS) (van Zalen et al.
532 2026), providing orthogonal, sequence-level evidence that conserved co-expression marks
533 functional constraint. Viewed this way, the divergent differential-expression response we
534 observe is expected, and the conserved co-expressologs represent the regulated core most

535 likely to be functionally important.

536 A conserved core centred on growth regulation

537 The strength of comparative co-expression is that conservation does not require shared
538 expression dynamics, only shared co-expressed neighbourhoods (Netotea et al. 2014; Ovens
539 etal 2021; Crow et al. 2022), and this allowed us to recover a conserved core despite the
540 contrasting timing of responses among species. Within this conserved set, 256 orthogroups
541 had co-expressolog pairs present in every pairwise species comparison, of which 116 formed
542 fully interconnected cliques (Fig. 5), the most stringent class of conserved relationship. The
543 largest conserved cluster concerned the regulation of cell division and root growth, and
544 showed a clear directional contrast: cold induced these genes in Arabidopsis but repressed
545 them in the trees (Fig. 5, Cluster 1). One possible interpretation is that this reflects divergent

546 life-history strategies — an annual maintaining root growth to exploit transient resources,
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547 versus perennials curtailing growth in preparation for winter (Singh et al. 2017); however,
548 Arabidopsis differs from the trees not only in life history but also in growth form, in being
549 grown from seed rather than as an established plant, and in husbandry (see Limitations), so

550 life history cannot be isolated as the cause of this contrast here.

551 A gibberellin (GA)-related signature provides a concrete worked example of this conserved-
552  but-redirected growth response, and gibberellin-related GO terms were enriched among the
553 broadleaf-conifer (BC) co-expressologs in aspen and Norway spruce, and among the
554 conserved core in Arabidopsis (Table S2). In Norway spruce, genes encoding gibberellin-
555 biosynthetic enzymes that responded significantly to cold were predominantly down-
556 regulated, consistent with a reduced pool of bioactive gibberellin that would stabilise the
557 growth-repressing DELLA proteins and restrain growth; this trend was weaker and less
558 consistent in the broadleaf trees, and we did not observe a coordinated up-regulation of the
559 gibberellin-deactivating GA2-oxidases. Reduced GA signalling is an established route to
560 growth restriction under cold and other abiotic stresses (Colebrook et al. 2014; Shu et
561 al.2018), and the transcriptional control of GA metabolism is a recognised point of
562 regulation in this response; in Arabidopsis, the membrane-bound NAC factor GIBBERELLIN
563 SUPPRESSING FACTOR is processed and relocates to the nucleus under cold, where it
564 activates GAZ2ox genes and suppresses GA biosynthesis (Chen et al. 2019). In woody species,
565 inhibition of GA biosynthesis promotes growth cessation, bud set and cold acclimation
566 (Mglmann et al. 2005; Welling & Palva 2006; Chang et al. 2021). Our data indicate that this
567 GA-mediated growth restriction extends to the roots of boreal trees, contributing to the
568 growth cessation that distinguishes the perennial trees from the herbaceous annual. As the

569 GA-GID1-DELLA perception and growth-repression module was assembled in the ancestor
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570 of the vascular plants (Hernandez-Garcia et al. 2021) and is functional in conifers (Du et al.
571 2017), this shared growth-cessation signature is most parsimoniously interpreted as
572 independent redeployment of a deeply conserved pathway rather than convergent
573 evolution, with lineage-specific tuning of this ancestral module. A complementary
574 comparison of Norway spruce and Scots pine spanning cold and drought in both needles and
575 roots likewise places growth control within the conserved stress co-expression core (van
576 Zalen et al. 2026), consistent with the enrichment of gibberellin-related functions among the
577 conserved co-expressologs. Similarly, a comparable link between contrasting GA-mediated
578 transcriptional responses and divergent cold acclimation has recently been reported
579 Dbetween two diploid cotton species (Wang et al. 2025a), reinforcing GA as a recurring axis

580 of cold-response divergence.

581 Conserved transcription factors as candidate regulators

582 The TF cliques (Fig. 6) provide candidate regulators of the conserved core, several of which
583 have known roles in cold or abiotic stress. The NAC factor ATAF1 (ANAC002), a drought- and
584 abscisic-acid-induced regulator of stress-responsive genes (Lu et al. 2007) that is also
585 induced by jasmonate and mediates responses to both abiotic and biotic stress (Wu et
586 al. 2009), was up-regulated in aspen and Norway spruce but was down-regulated in both
587 Arabidopsis ecotypes, and the enrichment of abscisic-acid terms in the tree co-expressologs
588 (BC; Fig. 4) is consistent with a role for this factor in the root cold response. The RZR3-MYB
589 factor MYB87 (Dubos et al. 2010) showed no clear cold induction in Arabidopsis but was
590 constitutively high in aspen and birch. One of the conserved co-expressologs was a WRKY

591 transcription factor. Although WRKY factors are typically associated with abscisic-acid-
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592 mediated stress signalling (Zhang et al. 2016; Luo et al. 2017), the Arabidopsis member of
593 this clique, WRKYZ23, instead functions in auxin-dependent root development through local
594 control of flavonol biosynthesis (Grunewald et al. 2012), suggesting that this conserved
595 module could link developmental and environmental signalling under cold. Notably, this
596 clique was conserved across the angiosperm and conifer species, with the Scots pine
597 orthologue among the cold-induced members. The heat-shock factor HSFB2A4, a class B heat-
598 shock factor characterised in Arabidopsis gametophyte development and heat-stress
599 regulation (Wunderlich et al. 2014), was up-regulated in birch, Norway spruce and Scots
600 pine at 3 days. By contrast, the less well-characterised LBD factors LBD11 and LBD13 (Cho
601 etal. 2019; Dang et al. 2023), and bZIP61 and KAN3, showed variable and generally modest
602 responses without a consistent direction across species. That these regulators are recovered
603 as co-expressologs despite small expression changes is itself informative: it indicates a
604 conserved co-expression core whose outputs are tuned species-specifically, and it
605 underscores that the bulk of each species’ large-scale transcriptional response lies outside

606 this conserved core and is controlled by species-specific regulation.

607 The canonical ICE1-CBF-COR pathway is not part of the conserved root core

608 Studies of above-ground cold acclimation in herbaceous angiosperms have placed the ICE1-
609 CBF-COR module at the centre of the cold response (Stockinger et al. 1997; Liu et al. 1998;
610 Chinnusamy et al. 2003; Qian et al. 2024), yet neither ICE1 nor the CBFs were themselves
611 members of a conserved co-expressolog clique. This is consistent with the evolutionary
612 history of the pathway, but also with the limited power to detect small, lineage-specific gene

613 families and with uncertainty in CBF orthology assignment across gymnosperms (Fig. S6).
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614 The CBF/DREB1 factors arose by duplication in ancient angiosperms and expanded
615 independently in eudicots and monocots (Nie et al. 2022), consistent with the widespread
616 retention of duplicated regulatory genes in angiosperms following polyploidy (Wu et
617 al. 2020). Even among the trees studied here, CBF regulation is elaborate: birch carries
618 multiple cold-responsive CBF paralogues that are differentially regulated between growing
619 and dormant tissues, with their induction delayed in the dormant state (Welling &
620 Palva 2008). Consistent with this, the conifers had far fewer genes co-expressed with the
621 (CBFsthan the angiosperms (Fig. S6), and CBF expression was highly variable among species.
622 Reflecting this, Vergara et al. (2022) found only a single, weakly cold-induced CBF1/CBF3
623 orthologue, whose expression fell below the threshold for DEG/COR classification and was
624 detected in roots but not needles, indicating limited conservation of the CBF node
625 specifically. ICE1, by contrast, emerged in that same study as the most highly connected hub
626 of the Norway spruce cold-regulatory network, underscoring that its absence from our
627 conserved co-expressologs here does not reflect alack of regulatory importance in individual
628 species, but rather that its co-expression neighbourhood is not shared across the wider set
629 of species compared in this study. Thus, the lineage-restricted evolution of ICE1-CBF-COR
630 offers a plausible explanation for why a pathway so central to angiosperm cold acclimation
631 does not form part of the response conserved across all species in our study, and reinforces
632 the value of co-expression-based approaches that do not presuppose a particular regulatory

633 module.
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634 Limitations and future directions

635 Our analyses are based on expression and orthology and do not incorporate DNA-sequence-
636 level information; with the phylogenetic sampling used here we therefore cannot formally
637 exclude convergent evolution as an alternative to common descent for some conserved
638 responses, and we refer to conserved responses in this sense. Husbandry also necessarily
639 differed between the herbaceous reference and the trees (including plant age, pot size and
640 photoperiod), so absolute differences in the timing of the response between Arabidopsis and
641 the trees should be interpreted with corresponding caution; this does not, however, affect
642 the within-species co-expression relationships on which the conserved-core analysis
643 depends.Fine roots (under 2 mm) were used as the comparable unit across species, although
644 root-system architecture and developmental stage differed between the herbaceous
645 Arabidopsis and the woody seedlings, and exact tissue equivalence cannot be guaranteed.
646 Our comparisons are also framed at the level of orthogroups and do not capture intraspecific
647 presence-absence or copy-number variation in gene content, which can itself shape stress-
648 response repertoires; resolving its contribution will require pangenome-level sampling
649 within each species. The conifer-specific co-expressologs returned no functional enrichment
650 against the Norway spruce annotation used here; tested instead against the Scots pine
651 annotation, this set is enriched for ubiquitin-proteasome terms (led by SCF-dependent
652 proteasomal ubiquitin-dependent catabolism), so the apparent absence is annotation-
653 limited, and improved, harmonised conifer annotation would allow this lineage-specific
654 component to be interpreted more fully. Functional (GO) enrichment for cross-species sets
655 relied on the best-annotated genome in each comparison (Arabidopsis, or aspen or Norway

656 spruce where Arabidopsis was absent), which may bias the recovered terms towards
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657 functions already characterised in Arabidopsis. The dataset also contains extensive species-
658 and lineage-specific responses that we have not explored here, and these constitute a
659 resource for future work. Control samples were harvested at a single reference timepoint
660 rather than being time-matched to each cold timepoint; over the 10-day treatment,
661 ontogenetic drift is expected to be negligible in the perennial tree roots but may contribute
662 to the 10-day Arabidopsis contrast, and the later Arabidopsis timepoints should be
663 interpreted accordingly. Replication was also unequal across species (15-25 samples per co-
664 expression network) due to stochastic loss of some replicates at various stages of the study;
665 Dbecause a |log2FC| = 1 significance threshold is crossed more readily in species with more
666 replicates and lower dispersion, some of the apparent between-species differences in DEG
667 number may reflect this imbalance rather than biology. Annotation completeness also differs
668 among the genomes, and this asymmetry may inflate the Arabidopsis-containing pairwise
669 co-expressolog sets relative to the conifers; the conserved core, however, requires a co-
670 expressolog in all fifteen pairwise comparisons and is therefore bounded by the least-
671 completely-annotated (conifer) genomes, so it is relatively insulated from this effect. Natural
672 extensions include broadening the phylogenetic sampling, integrating population-genetic
673 signatures of selection to link regulatory divergence to local adaptation, and functionally
674 validating candidate regulators such as ATAF1 and the conserved MYB and WRKY factors in

675 tree systems.

676 Conclusion

677 We present evidence for a conserved set of genes regulated in response to cold in the roots

678 of boreal trees and a herbaceous reference, encompassing growth regulation, metabolism
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679 and stress signalling, in which a GA-associated growth-cessation signature is prominent in
680 the trees. The timing and, for growth-related genes, the direction of this conserved response
681 vary among species, and the bulk of each species’ transcriptional response lies outside the
682 conserved core and is species specific. Two conclusions follow. First, comparative co-
683 expression recovers conserved regulation that is invisible to differential-expression analysis
684 alone, and is therefore a powerful approach for cross-species comparison when response
685 dynamics differ. Second, and of practical importance, the set of genes differentially expressed
686 under cold in one species is a poor direct guide to that in another, including between
687 ecotypes of a single species, underscoring the need for species-level study when translating

688 cold-response biology among boreal trees.
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700 (Scots pine) and PRJEB26918 (Norway spruce, fine roots). The root cold-stress samples of
701 the two conifers are shared with the companion study of van Zalen et al. (2026), in which
702 theyare also analysed: the Scots pine samples are first reported here, and the Norway spruce
703 samples were originally generated by Vergara et al. (2022) and are reanalysed in both
704 studies. Processed gene-level expression matrices, co-expression networks and the analysis
705 scripts supporting the findings are available from FigShare
706 (DOI:10.17044/scilifelab.32747586) and GitHub
707  (https://github.com/natstreet/RootColdProject; DOI:10.5281/zenodo.21628010). The
708 genome and transcriptome assemblies used for read quantification are publicly available as

709 described in the Materials and methods.
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1067 The following Supporting Information is available for this article:

1068 Fig. S1 Correlation-based identification of conserved cold-responsive transcriptional
1069 profiles across species. Pairwise Pearson correlation matrix of mean expression profiles
1070 from TF-DEG clusters across six species (36 total cluster profiles: 6 species x 6 clusters per
1071 species). Colour intensity represents correlation strength and direction (blue: positive; red:
1072 negative; white: no correlation). Square size indicates absolute correlation magnitude, with
1073 larger squares denoting stronger correlations. Clusters showing high positive correlations
1074 (large blue squares, r > 0.7) were manually grouped into 12 superclusters (SC1-SC12),
1075 representing conserved cold-responsive expression patterns. superclusters vary in
1076 phylogenetic breadth, from broadly conserved patterns present across all species to lineage-

1077 specific responses.

1078 Fig. S2 Transcription factor (TF) family composition across plant species in superclusters.
1079 Each bar represents the relative contribution of five representative TF families (ERF, MYB,
1080 NAC, bHLH and WRKY), with all other families grouped as “Others”. Panels correspond to
1081 superclusters SC_I-SC_IV, and the number of transcription factors per species is shown

1082 above each bar.
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1083 Fig. S3 Bar chart of the number of genes per species classed as co-expressologs, and as

1084 differentially expressed (DE) co-expressologs.

1085 Fig. S4 UpSet plot of orthogroup overlaps between co-expressologs. Horizontal bars show
1086 the number of overlapping orthogroups within the co-expressologs of the pairwise
1087 comparisons. Vertical bars show the overlap of orthogroups within the co-expressologs

1088 across all comparisons. All co-expressologs within this plot are p < 0.1.

1089 Fig. S5 Robustness of the conserved co-expression core. (a) Permutation test: across 5,000
1090 permutations that randomised co-expressolog assignments within each pairwise
1091 comparison, no orthogroup was recovered as a co-expressolog across all 15 comparisons
1092 (null distribution), versus the observed conserved core (red line; P < 0.0002). (b) Cluster
1093 coherence in independent data: among the conserved-core Arabidopsis genes, co-expression
1094 edges in STRING fell within clique clusters (red line, observed = 692) 3.4-fold more often
1095 than when the same genes were randomly assigned to clusters (null mean approximately

1096 203; P<0.001).

1097 Fig. S6 Expression profile of co-expressologs (P-value < 0.1) directly linked to Arabidopsis
1098 CBFs (CBF1: AT4G25490; CBF2: AT4G25470; CBF3: AT4G25480). Expression is plotted as

1099 median VST values.

1100 Table S1 GO enrichment of the 270 commonly differentially expressed orthogroups (topGO

1101 classic Fisher, biological process).

1102 Table S2 GO enrichment of conserved co-expressolog sets (ABC core; AB and BC sets), per

1103 species.
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1104 Table S3 GO enrichment of the conserved-core clique clusters, per species (manuscript

1105 cluster numbering).

1106 Table S4 Gene membership of superclusters SC_I-SC_IV, per species/ecotype. One
1107 worksheet per supercluster; each column lists the differentially expressed genes assigned to
1108 that supercluster in the given species, with Col-0 and Ost-0 shown separately. A final
1109 worksheet (TF_families) lists the transcription factors among the members and the family to
1110 which each belongs (680 unique loci; because Col-0 and Ost-0 share Arabidopsis gene
1111 identifiers, ecotype-specific transcription-factor membership is resolved in the per-super-

1112  cluster worksheets).


https://doi.org/10.64898/2026.08.15.745010
http://creativecommons.org/licenses/by/4.0/

Number of DEGs

(A)

7]
[}

bioRxiv preprint doi: https://doi.org/10.64898/2026.08§5.
(which was not certified by peer review) is the author/f@der, who has grante
availablegunder a CC-BY 4.0 In

Orthogroup overlap of expresse

9760 memmmmssm—————  Col-0 treatment

9781 s Ost-0 treatment
10392 meeessssssm—————  Aspen treatment
9530 memsssssmm————— Birch treatment
12076 =eesssssssss——————  Spruce treatment

14341 e———————
15000 10000 5000 0

(C)

6502

Composition of expressed genes in common orthogroups

6000

745010; this versig

Birch
12856
(61%)

4000 -

2000 A

0-
Col-0 control
Ost-0 control
Aspen control
Birch control
Spruce control
Pine control

|

|

Composition of DEGs in common orthogroups

Pine treatment °

Birch
574
9000
(17.3%)
Category
6000 . DEG across all
. DEG in some
. Species-specific DEG
. Singletons
3000 . l
0

Col-0

Ost-0

Aspen Birch Spruce Pine


https://doi.org/10.64898/2026.08.15.745010
http://creativecommons.org/licenses/by/4.0/

Number of DEGs

Direction l up B Down

(A) Col-0 roots (B) Ost-0 roots (C) Aspen roots
5000 +
bloRxiv preprint doi: 10.64898/2026.08.15.745010; this version posted August 17, 2026. print
(which was not certifie ew) is the author/funder, who has granted bioRxiy a license to displa n made
available under a CC-BY 4{0 International license.
3000 4 4000 - 7500 -
3000 A
2000 A 5000 -
2000 -
1000 A 2500 A
1000 A
0+ 0 A 0- -
(D) Birch roots (E) Spruce roots (F) Pine roots
3000 -
1500 A
4000 +
2000 +
1000 -
2000 -
1000 +
500 A
01 IIIIII Q- — ||||||

6h 24h 3d 10d 6h 24h 3d 10d 6h 24h 3d 10d
Timepoint


https://doi.org/10.64898/2026.08.15.745010
http://creativecommons.org/licenses/by/4.0/

Mean z—-score

[
1

(A) Clustering patterns

|
=
"

SC_I
/\/
SC_ll
/\
SC_Ill
/\
SC_IV

& & N 3 3

Count

(B) Cluster composition

. DEGs . TFs

400 -

300

200

100+

0-

I OS

300

200+

1004

0-

I oS

1000

500

Il oS

1500 -

1000 -

500

Al OS

X/ "7
R

P o N

T
g g RS

R <

¥ e

sc_li

SC_lil

SC_IV

49%

(C) Conservation

TF-DEGs

Arabidopsis only
Coniferous only
Deciduous only
Arabidopsis & Coniferous
Arabidopsis & Deciduous

Coniferous & Deciduous

All three groups


https://doi.org/10.64898/2026.08.15.745010
http://creativecommons.org/licenses/by/4.0/

A Arabidopsis

Broadleaf

oA

878

Conifer

B ABC (Arabidopsis)

response to chitin 4

response to endogenous stimulus -
response to hormone -

response to stress -

response to lipid A

response to wounding

response to acid chemical 4
response to water deprivation 4
response to jasmonic acid 4
response to external biotic stimulus -

AB (Arabidopsis)

response to oxygen—containing compound A
response to nitrogen compound -

response to chemical 4

pyrimidine ribonucleotide metabolic process A
pyrimidine ribonucleotide biosynthetic process A
import into nucleus A

pyrimidine nucleotide metabolic process

pyrimidine nucleotide biosynthetic process A
pyrimidine—containing compound metabolic process -
response to chitin 4

abscisic acid—activated signaling pathway -

cellular response to abscisic acid stimulus o

cellular response to alcohol A

defense response -

cellular response to lipid -

response to abscisic acid

response to alcohol 4

cellular response to oxygen—containing compound -
dUMP biosynthetic process A

alternative respiration o

o
o
o
o
o
o
L
BC (aspen)
o
o
o
L J
o
o
o
o
°
°
0 10 20 30
—logio P


https://doi.org/10.64898/2026.08.15.745010
http://creativecommons.org/licenses/by/4.0/

15
1
0.5
0
-0.5
-1
-1.5

POT D. G

pPE Do G

Q
urg 0. &
o

U9 . §

Cluster 1
Cluster 2

3
3

Cluster 3&4

|0J1u0)

POT Do G
pE Do G

ure O.

Sprice

U9 2. §

|0U0D

POT O S
PE . &
ure Jo

Bitth

U9 0, §

|011U0D

i
A
=

POT D. G

PE D. S
ure Q.
— U9 0. §
|01u0D

POT Do G

Asffen

pe Do G
o

Uvz 0o g

®)
U9 20 §

|0U0D

POT D0 G

PE . &
o

Uz 2o %5

]
U9 O, §

Intracellular signal transduction

Cell population proliferation
Response to stress

Cytokinesis

|

Metabolic processes

Methylation

|011U0D

|
|
{%
i
i
§



https://doi.org/10.64898/2026.08.15.745010
http://creativecommons.org/licenses/by/4.0/

Expression (VST)

Species expression profiles of transcription factors

ANACO018 bZIP61 HSFB2A KAN3
1 * * *
o * * -
* | 64 % 5 p *
94 * * *
* *
*
4 -
4 -
6 -
3 -
2 -
31 3
1 2 :
H : ,/ °
| ] L 4
01 0 .
LBD11 LBD13 MYB87 WRKY48
* | 61 6 *
81 * , *
——— %
64 4 4 :
4 -
2 -
2 -
2 -
] 0- . !
> A\ QO > > AN 3 S > > > A\ QO S
S (\x@ o > ) S S Q\«O N 5 S S (\\«\0 Q> 5 S S Q\\O 9 N 2> S
(@) (@) (@) @)
Condition

* differentially expressed in that species (DEG, padj < 0.05)

Species

Col-0
Ost-0
Aspen
Birch
Spruce

Pine


https://doi.org/10.64898/2026.08.15.745010
http://creativecommons.org/licenses/by/4.0/

