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Synthesis of Key Findings: Mechanisms of Climate Adaptation

1. Conserved Stress Response Mechanisms Across Analyses
A. Abiotic Stress Tolerance: Drought, Cold, and Salt Stress

e Drought and Cold Stress Response:
o ATL78 (RING E3 ubiquitin ligase):

= Dual, antagonistic roles: Suppression increases cold tolerance but decreases
drought tolerance in Arabidopsis.

= Acts as a negative regulator of cold response and positive regulator of drought
resilience (Kim SJ & Kim WT, 2013; PMID:23831064; DOI:
[10.1016/].febslet.2013.06.038]).

= Duplicated gene contributing to adaptive plasticity via regulatory evolution
(Jiménez-Morales et al., 2020; PMID:33164265; DOI:[10.1111/1pj.14938]7).

= Relevance to Populus: Such regulatory toggling could underlie population-
environment associations with variables like precipitation seasonality and
temperature extremes in black cottonwood.

¢ Salt Stress Response & Cell Wall Integrity:
o MIK2/LRR-KISS (Leucine-rich repeat receptor kinase):

= Mediates salt tolerance, connects cell wall integrity sensing with root growth and
immunity (Julkowska et al., 2016; PMID:26873976; DOI:[10.1093/jxb/erw015]; Van
der Does et al., 2017; PMID:28604776; DOI:[10.1371/journal.pgen.1006832]).

= Natural allelic variation links larger rosette size under salt stress to enhanced
tolerance, via coupling of developmental programming and stress pathways.

= Shared insight: Adaptive plasticity of root and shoot growth under salt stress is
relevant to coping with altered precipitation and soil salinity gradients seen in the
Pacific Northwest.

= Populus context: Cell wall integrity sensing is critical for trees responding to wind,
drought, and pathogen attack.



B. Xenobiotic Detoxification and Transport

¢ GO Enrichment Analyses:

(¢]

Significant enrichment for xenobiotic transport/export processes (GO:BP "xenobiotic
export from cell”, GO:BP "xenobiotic detoxification by transmembrane export across
plasma membrane”; lowest p = 0.0087; recall up to 0.06).

Genes (e.g., ALF5, AT1G71140, AT3G26590) facilitate removal of harmful or foreign
substances, reducing internal stress loads.

Broader significance: This capacity can be extrapolated to natural Populus populations
regularly exposed to heavy metals, variable soil chemistry, and anthropogenic pollutants,
as well as root pathogens.

Relevance to climate variables: Detoxification supports resilience to drought-induced
oxidative stress, which potentiates uptake of environmental toxins.

C. Core Metabolic and Biosynthetic Pathways

¢ Pathways identified:
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Fatty Acid Biosynthesis (AT2G26640): Long-chain fatty acids are important for
membrane stability under temperature and drought stress.

Cell wall (xyloglucan) biosynthesis (AT2G03220, FT1): Reinforces structural integrity
under physical and abiotic stresses.

Triacylglycerol degradation (AT1G71691): Mobilizes energy reserves during stress.

Glycolysis (AT2G24270), Saponin biosynthesis (AT2G22590): Conftribute to energy
homeostasis and defense.

Populus context: These pathways provide membranes and metabolite pools critical for
stress acclimation, relevant to both rapid and long-term adaptation in trees.

2. Shared Mechanistic Insights

e Integration of Cell Wall, Hormonal, and Immune Networks

(@]
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LRR-KISS/MIK2 integrates signals from cell wall status, jasmonic acid synthesis (defense
hormone), and environmental cues, coordinating developmental (growth, root skewing)
and stress responses.

Drought and cold tolerance responses are modulated partly by E3 ubiquitin ligase activity,
affecting transcriptome reprogramming, especially in roots (Jiménez-Morales et al., 2020).

¢ Gene Family Expansion and Duplication



o The expansion of E3 ubiquitin ligases (ATL family) via tandem/segmental duplication
(Aguilar-Herndndez & Guzman, 2014; PMID:24135966; DOI:[10.1007/s11103-013-0143-z2])
contributes to adaptive flexibility by providing a reservoir for new or stress-inducible
regulatory functions.

o Populus context: Similar gene family expansions are seen in perennial free genomes,
potentially supporting adaptation to local abiotic variation.

¢ Multilayered Stress Response

o Genes function at the intersection of signaling/transport (e.g., xenobiotic exporters),
cellular architecture (cell wall and cytoskeleton), and transcriptional regulation, enabling a
flexible, systems-level response to environmental fluctuations.

o Hormonal and redox signaling contribute to integrating external and internal stress
signals to optimize adaptation.

3. Unique or Analysis-Specific Mechanisms
A. Redox Signaling and Sulfate Starvation (miR395)

e Source: Jagadeeswaran et al., 2014 (PMID:24164591; DOI:[10.1111/1pj.12364])

e Mechanism: Redox signaling controls the induction of miR395 under sulfate deprivation and
oxidative stress in Arabidopsis.

o Suppressed by glutathione, induced by oxidative agents.
o Tied to regulation of sulfur metabolism and cross-protection to abiotic stress.

¢ Pacific Northwest Relevance: Acidic, poorly-drained, or eroded soils often show micronutrient
and sulfate limitation; redox signaling may adjust sulfur uptake and assimilation, enhancing
stress resistance in fluctuating environments.

e Poplar validation: Sulfate starvation and associated redox responses could be experimentally
explored in poplar seedlings under differing precipitation and soil regimes, measuring miR395
homolog expression, sulfur transporter activity, and oxidative stress markers.

B. Pattern Recognition Receptors for Pathogen Sensing (ReMAX/RLP1)

e Source: Jehle et al., 2013 (PMID:23898033; DOI:[10.1105/1pc.113.110833])

¢ Mechanism: ReMAX (RLP1) mediates recognition of bacterial MAMPs, enabling population-
specific immune perception.



¢ Relevance: While defense against pathogens is a universal traif, the direct climate link is less
explicit here, but immune perception likely buffers fitness impacts when abiotic and biotic stress
coincide (e.g., wetter, pathogen-favoring years).

e Poplar validation: Testing PRR homolog function in differing environmental and pathogen
pressures, possibly via transgenic approaches or natural populations with divergent pathogen
loads, would clarify adaptive contributions.

4. Data Sources, Citations, and Statistics

e GO Enrichments (xenobiotic export/transport):

o p-values: 0.0087-0.0271; precision: up to 0.13; recall: up to 0.06 (GO:BP, GO:MF).
o Sources: Gene Ontology Consortium; PMID:28355133.

e Literature-derived functional insights:

o Kim & Kim 2013; Jiménez-Morales et al. 2020; Aguilar-Hernadndez & Guzman 2014,
Julkowska et al. 2016; Van der Does et al. 2017; Jagadeeswaran et al. 2014; Jehle et al.
2013.

e Pathway analysis (KEGG):

o Seven unique stress- or development-related pathways identified, e.g., fatty acid
biosynthesis, triacylglycerol degradation, xyloglucan biosynthesis.

Broader Implications for Populus and Tree Climate
Adaptation

e This Arabidopsis gene set, as Populus orthologs, highlights the intricate web of stress signaling,
transport, and metabolic maintenance enabling adaptation to the Pacific Northwest's variable
climate.

e Emphasis on xenobiotic and root-specific stress resilience, cell wall-environment cross-talk, and
gene family flexibility suggests convergent solutions for perennial tree survival.

e Futfure work in Populus should experimentally validate these candidate genes’ roles in local
adaptation, through functional genomics, expression profiling under simulated climate regimes,
and linkage to population fitness and survival.
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Data are derived from TerraClimate/GEA methods, functional genomics, and literature
curation as detailed above.
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