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Shared Mechanistic Insights: Core Climate Adaptation
Mechanisms

1. Stress Response Integration: Drought and Cold

e ERD7 (EARLY RESPONSE TO DEHYDRATION 7) is a critical hub gene with roles in both
dehydration (drought) and cold stress responses [Barajas-Lopez et al., 2021 (PMID:
33165601); Wu et al., 2024 (PMID: 38279327)].

o Cold Acclimation: ERD7 mutants show increased susceptibility to cold, mediated via
altered membrane lipid composition and reduced membrane fluidity. This results in
impaired adaptation to low temperature.

o Dehydration and ABA Response: ERD7 is responsive to water deprivation and abscisic
acid (ABA), a key drought hormone. ABA-modulated genes are directly relevant to
periodic drought in the Pacific Northwest.

o Molecular Mechanism: ERD7 binds selectively to phospholipids and impacts
phosphoinositide (PIP2) levels during cold, suggesting it is crucial for membrane
remodeling under stress.

2. Regulation of Leaf Senescence and ROS Homeostasis

e Senescence as an Adaptive Response: ERD7 acts as a positive regulator of both age-
dependent and stress-induced leaf senescence, with phosphorylation states (Thr-225 and
Ser-262) modulating its activity [Wu et al., 2024 (PMID: 38279327)].

e ROS Management: ERD7 regulates accumulation of hydrogen peroxide via upregulation of
AtrbohD and AtrbohF (NADPH oxidases).

o Functional Relevance: Controlled leaf senescence and ROS detoxification provide a
mechanism for plastic resource allocation and cellular protection during climate stresses.

3. Secondary Metabolism and Glycosylation

e UDP-glycosyltransferase Activity (UGTs)



o GO Enrichment: Significant enrichment for UDP-glycosyltransferase activity (GO:MF;
p=0.0075) and UDP-glucosyltransferase activity (GO:MF; p=0.0306), indicating a core role
in glycosylation pathways [GO/InterPro: IPR004224; PMID:11846783, 19858195].

o Functional Outcomes: UGTs catalyze glycosylation of flavonoids (e.g., kaempferol,
quercetin, rutin) and hormonal metabolites (e.g., ABA glucosylation), enhancing
metabolite stability, transport, and stress signaling.

o Pathway Evidence: Mulfiple genes participate in kaempferol/quercetin/rutin
glycoside biosynthesis (KEGG), providing antioxidant capacity, UV protection, and
membrane stabilization under stress.

4. Specialized Metabolism and Natural Variation

¢ Functional Diversification: Specific UGTs (e.g., UGT89A2) show natural variation in sugar
donor specificity, affecting accumulation patterns of glycosylated metabolites across
Arabidopsis accessions [Chen & Li, 2017 (PMID: 27411741)].

o Implication: Polymorphisms influencing glycosylation patterns may underlie fine-scale
local adaptation to diverse climates, paralleling Populus adaptation across the Pacific
Northwest gradient.

5. Cell Wall & Lipid Remodeling

¢ Cellulose and VLCFA Biosynthesis: Genes in this set also map to cellulose biosynthesis and
very long chain fatty acid (VLCFA) biosynthesis pathways (KEGG), essential for fortifying
cell walls and modulating lipid composition under environmental stress.

o Relevance: Structural cell wall and membrane adaptations buffer cells against
desiccation, freezing, and mechanical stress, vital for perennial trees like Populus.

6. Transporter and Signal Functions

e Monosaccharide and Nitrate Transporters (AT5G61520, WR3): Support metabolic flexibility
and nutrient uptake during stress adaptation.

¢ Kinases and Signal Transduction (e.g., AT1G66920, RLP9): Enable rapid signal relay during
abiotic challenges.

7. Link to Populus trichocarpa Local Adaptation

e Conserved Toolkits: The involvement of UGTs, stress-response regulators (like ERD7), and
membrane/cell wall remodeling genes in Arabidopsis underscores the likelihood that Populus
uses similar mechanisms—membrane lipid modification, metabolic reconfiguration, regulated
senescence, and specialized metabolites—to adapt to gradients of drought, cold, and other
climate variables in the Pacific Northwest. This is supported by the original GEA study targeting



genetic associations with climate variables derived from 50-year regional TerraClimate records.

Unique or Distinctive Adaptive Mechanisms

Below are mechanisms identified in only one analysis—additional insights or points for future Populus
research:

A. Natural UGT Variation and Sugar Donor Specificity

e Summary: Chen & Li (2017) identified key amino acids controlling donor specificity in UGT89A2,
affecting dihydroxybenzoic acid (DHBA) glycoside accumulation patterns among Arabidopsis
accessions (PMID: 27411741).

¢ Relevance: Polymorphic variation in specialized metabolism could allow tree populations to
fine-tfune stress metabolite profiles fo heterogeneous microclimates of the Pacific Northwest.

¢ Experimental Suggestion: In Populus, GWAS or GEA approaches coupled with metabolic
profiling could test for similar correlations between UGT variation and adaptive metabolite
profiles.

B. Specific Role of Fatty Acid Elongation (KCS11)

e Pathway: Very long chain fatty acid (VLCFA) biosynthesis is only linked to a single gene
(AT2G26640/KCS11) in this set, with known functions in cuticular wax and membrane lipid
synthesis.

e Relevance: Enhanced cuticular waxes can improve water retention and freezing tolerance—key
for trees exposed to both summer drought and winter cold.

¢ Testing in Populus: Manipulating VLCFA pathway genes (CRISPR or overexpression) and
measuring cuticle properties, drought/cold tolerance phenotypes.

C. Nutrient/Resource Allocation (WR3)

e Summary: WR3 is annotated with nitrate transport and wound response—potentially unique
aspects of nutrient and stress connectivity not widely enriched in other analyses.

e Relevance: Variation in nitrate uptake could influence tree vigor and stress recovery in nutrient-
variable sites.

¢ Populus Applicability: Introduce labeled nitrate uptake assays in conjunction with climate
variables to test genotype x environment interaction effects.
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e Original Populus GEA Study Context: 14 climate variables, 50 years of TerraClimate data,
Pacific Northwest population.

Conclusion

The integrated analysis reveals a tightly coordinated set of stress response, metabolic, and structural
genes and pathways—conserved between Arabidopsis and Populus—that underpin adaptation to
climate variability. These include membrane and cell wall modification, ROS and senescence
regulation, and broad modulation of specialized metabolites via glycosylation—all likely critical for
local adaptation in forest trees across environmental gradients. Unique mechanisms such as natural
UGT variation or nitrate tfransport add additional layers for experimental validation in Populus,
advancing our understanding of forest tree climate adaptation.
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