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Throughout the temperate zones, plants face combined drought and heat spells in increasing frequency and intensity. Here,
we compared periodic (intermittent, i.e., high-frequency) versus chronic (continuous, i.e., high-intensity) drought-heat stress
scenarios in gray poplar (Populus3 canescens) plants for phenotypic and transcriptomic effects during stress and after
recovery. Photosynthetic productivity after stress recovery exceeded the performance of poplar trees without stress
experience. We analyzed the molecular basis of this stress-related memory phenotype and investigated gene expression
responses across five major tree compartments including organs and wood tissues. For each of these tissue samples,
transcriptomic changes induced by the two stress scenarios were highly similar during the stress phase but strikingly
divergent after recovery. Characteristic molecular response patterns were found across tissues but involved different genes
in each tissue. Only a small fraction of genes showed similar stress and recovery expression profiles across all tissues,
including type 2C protein phosphatases, the LATE EMBRYOGENESIS ABUNDANT PROTEIN4-5 genes, and homologs of the
Arabidopsis (Arabidopsis thaliana) transcription factor HOMEOBOX7. Analysis of the predicted transcription factor regulatory
networks for these genes suggested that a complex interplay of common and tissue-specific components contributes to the
coordination of post-recovery responses to stress in woody plants.

INTRODUCTION

Climate change increases the frequency and intensity of extreme
events such as heat waves and drought (IPCC, 2014). Plants,
particularly long-living trees, have evolved flexiblemechanisms to

cope with environmental stresses (Harfouche et al., 2014). Poplar
(Populus spp) is a widely used model in tree research that com-
bines moderate genome size, a complete genome reference, fast
growth, rapid maturation, and wide geographic distribution with
economic relevance for wood and biomass production (Taylor,
2002; Tuskanet al., 2006). Poplar is alsosuitable for transcriptome
studies across a variety of tissues. For instance, co-expression
patterns underlying cambial growth and wood formation have
been investigated by sampling multiple sections across tree
trunks (Sundell et al., 2017). Various physiological changes have
been observed in plants in response to abiotic stresses. Drought
limits water uptake by roots and results in reduced transpiration
andphotosynthesis,whichcanhave severe effects ongrowth and
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yield (Aroca et al., 2012; Osakabe et al., 2014). These processes
are mediated by well-known molecular responses of cells to
drought, frequently triggered by the plant hormone abscisic acid
(ABA; Shinozaki and Yamaguchi-Shinozaki, 2007; Osakabe et al.,
2014). In addition to ABA-responsive elements binding factors
(ABF), members of the NOAPICAL MERISTEM, ARABIDOPSIS
ACTIVATING FACTOR and CUP-SHAPED COTYLEDON (NAC)
and of the dehydration-responsive element binding (DREB)
transcription factor families orchestrate pronounced gene ex-
pression changes upon drought stress, as demonstrated in
Arabidopsis (Arabidopsis thaliana) and crop species (Nakashima
et al., 2014).

Stress exposure also alters gene expression beyond the du-
ration of the stress phase, forming a molecular “memory” (Crisp
et al., 2016; Fleta-Soriano and Munné-Bosch, 2016). A well-
studied effect of stress-related memory is enhanced tolerance
toward subsequent stress events, as reflected by response dif-
ferencesbetween thefirst andsubsequentstresschallenges (Ding
et al., 2012, 2013; Liu et al., 2016). This “primed response” is
characterized by gene expression changes that induce damage
protection, growth regulation, osmotic readjustment, and the
coordination of hormonal crosstalk (Ding et al., 2013). Such
an expression memory can also involve chromatin remodeling
through histone modifications (Sani et al., 2013; Lämke et al.,
2016). Phenotypically, plants primed by drought stress have
shown a higher photosynthesis rate during subsequent stress
periods than nonprimed plants (Wang et al., 2014). Even in the
absenceof a further stress challenge, plant performance can have
signs of a stress-relatedmemory after successful stress recovery,
significantly differing fromuntreatedcontrol plants (Xuet al., 2010;

Hagedorn et al., 2016). The molecular basis of this post-recovery
phenotype is still largely unexplored.
In the present study, we focused on gene expression changes

during stress and after recovery in a woody plant species. In
particular, we investigated expression characteristics of stress-
related memory, which we define in the context of this work as
a post-recovery steady state in stress-treated trees that is distinct
from that of nontreated trees. Our analysis not only contrasts
stress scenarios that differ in frequency and intensity but also
compares responses in different tissues of poplar trees. We
simulated predicted regional climate conditions (IPCC, 2014) by
applying simultaneous drought and heat spells at the elevated
atmospheric carbon dioxide (CO2) concentrations expected in
2050 to explore how gray poplars (Populus 3 canescens) that
have recovered from drought-heat stress differ from nontreated
plants. We characterized the stress response and the stress-
related post-recovery memory regarding leaf photosynthesis
phenotypes and transcriptional responses of young (“sink”) and
mature (“source”) leaves (Vanzo et al., 2015), phloem-bark, de-
veloping xylem and roots. Two stress scenarios of equal total
duration were compared, contrasting periodic, intermittent stress
(PS) with chronic, continuous stress (CS).
The post-recovery effects of abiotic stress we observed at the

transcriptome level extend the established concept of amolecular
memory after stress exposure. While previous work has analyzed
gene expression changes in response to recurrent versus initial
stress challenges, our analysis also investigates stress-induced
shifts in steady state after recovery, i.e., before a new stress
challenge. Still, the aspect of recurrent versus one-time stress is
covered by the two stress scenarios, which are compared with
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control scenarios not only at the end of the stress phase but also
after recovery. The multifactorial study sheds light on the regu-
latory architecture of memory-related gene expression networks
after different climatic challenges and across multiple tree organs
and tissues.

RESULTS

Impact of Drought-Heat Stress Periods on Post-Recovery
Photosynthetic Performance

To obtain a systems-level view of the stress response and re-
covery in a woody plant species, we subjected groups of gray
poplar (Populus 3 canescens) trees to one of four climate sce-
narios and collected transcriptome samples from five tree com-
partments (organs and wood tissues) at two subsequent time
points (Figure 1). In addition, we took phenotypic measurements
of photosynthesis in attached leaves (Figure 1A). The experiment
was performed in climate chambers under highly controlled
conditions, includingachronicdroughtandheatstressscenarioat
elevated CO2 levels (CS scenario), a periodic drought and heat
stress scenario at elevated CO2 levels with two intermediate re-
covery periods (PS scenario), a control scenario at elevated CO2

levels (EC scenario) and a control scenario at ambient CO2 levels
(AC scenario) (Vanzo et al., 2015). AC represents the current
temperate climate as a reference point, which allowed us to es-
timate the effects of predicted future climate scenarios (EC, CS,
and PS). The stress phase of 22 d was followed by a recovery
periodof1weekunder irrigationand temperatureconditionsequal
to those for control plants (see Methods). Phenotypic photo-
synthetic performance of mature leaves was assessed using gas
exchange measurements (Vanzo et al., 2015; Jud et al., 2016).
During the stress phase, the net CO2 assimilation rate of leaves
was significantly reduced for CS-treated poplar trees compared
with the corresponding EC control trees (p.adj = 0.0347). PS-
treated trees showed intermediate levels (Figure 1B). The same
response pattern was found for the transpiration rate (Figure 1C)
and stomatal conductance (Figure 1D). For all three physiological
parameters, ACandECcontrolswerenot significantly different. At
the end of the recovery phase, the leaf transpiration rate and
stomatal conductance of stress-treated trees reached similar
levels to those of the control trees, suggesting that the trees in-
deed had recovered from the combined drought and heat spells
(Figures 1C and 1D). The recovery of the physiological phenotype
is also confirmed by the clear separation between stress phase
and recovery measurements for each stress treatment and
physiological parameter (Figures 1B to 1D). Remarkably, the leaf
net CO2 assimilation rates of PS- and CS-treated trees not only
recovered but were significantly higher than that of AC trees
(p.adj =0.0089andp.adj=0.0388, respectively),with intermediate
levels for EC trees (Figure 1B). Evaluation of continuous net
ecosystem exchange measurements throughout the entire
experiment (Vanzo et al., 2015) showed that both PS- and CS-
treatments led to a significant increase in the daily rates of canopy
level C gain from photosynthesis during the second half of the
recovery phase (d 26 to 29) compared with the control scenarios
(Figure 1E).

Shared Effects between Transcriptomic and
Phenotypic Data

We integrated the photosynthetic gas exchange data with RNA
sequencing (RNA-seq) data from mature leaves by regularized
canonical correlation analysis (see Methods; Lê Cao et al., 2009).
RNA-seq reads were mapped to the Populus trichocarpa refer-
ence genome (Tuskan et al., 2006; Sundell et al., 2017). Both data
typessharedmajor stress and recovery effects, as reflectedby the
first and second correlated component, respectively (Figure 1F).
For component one, the most representative phenotypic variable
is the ratio between net CO2 assimilation rate and stomatal
conductance (Pearson correlation 20.96). The leaf transpiration
rate showed a correlation of 0.95 with component one, which is
consistent with stomatal closure upon drought stress (Osakabe
et al., 2014). The dominating genes for component one also have
known stress response functions. Among the top ten genes up-
regulated during stress (correlation < 20.95), six genes were
annotated as encoding heat shock proteins (Potri.012G022400,
Potri.010G195700, Potri.013G089200, Potri.017G130700, Potri.
010G088600, Potri.010G053400), potentially acting as chaper-
ones in protein folding. This could indicate a response to ele-
vated leaf temperature caused by heat and a lack of transpi-
rational cooling (Kotak et al., 2007). Indeed, themean temperature
of mature leaves in the experiment increased to more than 35°C
during PS and CS, whereas it ranged from 27°C to 30°C after
recovery and for the controls (see Supplemental Figure 4 of Vanzo
et al., 2015). Considering all 589 genes that were upregulated
under PS and CS in mature leaves (log2[fold change] > 1, p.adj <
0.05; Supplemental Data Set 1), protein folding is also the
top enriched Gene Ontology (GO) category (p.adj = 5.64e-9;
Supplemental Data Set 2). At the same time, the top down-
regulated variables associated with component one included an
MYB (myeloblastosis) transcription factor (Potri.002G260000),
a peroxidase (Potri.016G132666), and a glutaredoxin gene (Potri.
014G134300), indicatingchanges in transcriptional regulationand
stress signaling. Oxidoreductase, peroxidase, and transcription
factor activity functions were also significantly enriched among
thegenesdownregulated inmature leavesbyboth stresses, along
withmanyother processes includingprotein phosphorylation, cell
wall modification, proteolysis, transmembrane transport, cell di-
vision, and defense response (Supplemental Data Set 3). The
recovery phase mature leaf samples were indistinguishable from
control samples with respect to component one, suggesting the
disappearanceofmajor stresscharacteristicsand thussuccessful
recovery.
The second component linking phenotypic and gene expres-

sion data reveals differences between recovery phase samples
and untreated samples (Figure 1F). Component two is charac-
terized by an increased mean net CO2 assimilation rate in the
recovery samples (Pearson correlation 0.77), which is consistent
with the results of phenotypic data analysis (Figure 1B). Individual
genes did not correlate significantly with component two, and the
upregulated genes shared by both stress treatments after re-
covery were not enriched for specific functions (Supplemental
Data Set 4). Nucleotide binding and ATPase activity for trans-
membrane movement were enriched among the downregulated
genes of both stress treatments but much more pronounced for
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Figure 1. Effect of Climatic Stress on the Post-Recovery Photosynthetic Performance of Poplar Trees.

(A) The 3D experimental design to investigate the climate response of P.3 canescens trees regarding memory aspects and systemic effects. Plants from
four environmental conditions including the ambient CO2 control (AC), enhancedCO2 control (EC), periodic drought-heat stress (PS), and chronic drought-
heat stress (CS)wereexaminedbothat theendof a22-dstressphase (S; d22) andafter oneweekof recovery (R;d29). At thestart of thestress treatment (d0),
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CS (Supplemental Data Set 5). PS-specific upregulation was
enriched for stress response genes (e.g., the heat shock protein
Potri.004G073600, Supplemental Data Set 4). Many genes were
upregulated only for one stress treatment type; for instance, the
putatively photosynthesis-associated plastocyanin-like domain
gene Potri.001G332200 was only upregulated for PS (Figure 2;
Supplemental Data Set 1). These results indicate that the post-
recovery transcriptomes of PS and CS in mature leaves share
more subtle, multivariate effects.

Systemic and Tissue-Specific Stress Responses

In addition to the mature leaf data described so far, we also
obtained RNA-seq measurements from young leaves, phloem-
bark, developing xylem, and fine roots. To simplify the figure keys
anddescriptions, the term “tissues” hereafter refers to exactly this
set of organs and tissues. The analysis across tissues provided
a comprehensive systems-level view on the transcriptional re-
sponses occurring during stress and after recovery (Figure 2). The
predominant gene expression variation across biological samples
was attributable to distinct tissue characteristics (Figure 2A).
Whole-tree gene expression profiles concatenating profiles of
tissue samples from the same tree clearly separate PS and CS
stress phase trees from controls and recovery phase trees
(Figure 2B). In all tissues, PS and CS led to very similar tran-
scriptomic responses relative to EC. For both up- and down-
regulated genes (abs[log2 fold change] > 1, p.adj < 0.05), the
observedoverlapbetween thestress typeswasalways larger than
one or both of the stress type-specific fractions, suggesting that
both scenarios evoke similar molecular stress responses in the
tree (Figure 2C, top). Among all tissues, the largest overlap be-
tween the two stress types was found in the developing xylem,
indicating pronouncedchanges in the upward transport systemof
theplant.Significantly enrichedGOfunctions (p.adj <0.05) among
the upregulated genes that overlap between PS and CS xylem
samples include oxidoreductase activity, transcription factor
activity, transporter activity, and response to stress. In the root,
genes encoding recognition proteins (e.g., lectins, glycoproteins)
and ATPases were activated by both stress types, whereas
common stress responses in phloem-bark and leaves were
dominated by protein folding processes (Supplemental Data Set
2). In total three genes were found to be upregulated for each
stress scenario in each tissue: Potri.T044100 (one of two co-
orthologs of the TCP [TEOSINTE BRANCHED1, CYCLOIDEA,

PROLIFERATING CELL FACTORS] family transcription factors
AT5G41030 and AT3G27010), Potri.008G133200 (one of two co-
orthologs of the O-glycosyl hydrolase AT2G01630), and Potri.
001G293000 (not annotated). The annotation of genes was taken
from the Phytozome portal (Tuskan et al., 2006; Goodstein et al.,
2012) throughout this work (see Methods).
Regarding the genes downregulated under both type of stress,

the developing xylem showedmany enriched processes, such as
translation, microtubule-based movement, DNA replication,
carbohydrate metabolic process, cell wall, electron transfer ac-
tivity, and transmembrane transport, suggesting a down-
regulation of cell division and growth (Supplemental Data Set 3).
Similarly, roots showed significant downregulation of nucle-
osome, cell wall, electron transfer activity, and carbohydrate
metabolic process genes. For phloem-bark, we also observed
a significant transcriptional decrease in genes involved in cell wall
modification, microtubule-based movement, and carbohydrate
metabolic process. In addition, a strong reduction in the ex-
pression of genes involved in proteolysis and response to oxi-
dative stress was found in this tissue. The samewas observed for
downregulated genes in young leaves, with an additional en-
richment in fatty acid biosynthetic process, transmembrane
transport, DNA replication, and response to auxin. These results,
alongwith the observations inmature leaves (see section "Shared
Effects between Transcriptomic and Phenotypic Data"), indicate
that both stress treatments (CS and PS) had similar effects,
leading to thedownregulationof growth-relatedprocessesacross
all tissues.
However, we also found differences betweenPS andCS. In leaf

and root tissues, PS inducedmore gene expression changes than
CS, whereas the CS response was more pronounced than the
PS response in xylem and phloem-bark tissues. The PS-specific
upregulated genes detected in root are enriched for ATPases
acting as transporters. This upregulationmight be at least partially
attributable to priming effects, because PS plants had experi-
enced their third stress phase, whereasCSplantswere still in their
first stress challenge at d 22 (d22; Figure 1A). CS-specific upre-
gulated genes in developing xylem are enriched for ATPase ac-
tivity and photosystem II functions. This pattern of upregulated
gene expression is consistent with the previous observation that
stem photosynthesis involving the use of internal CO2 from res-
piration may play a role in young poplar plants, especially during
drought stress (Bloemen et al., 2016), although light penetration
through the bark is limited (Pfanz et al., 2002). The CS-specific

Figure 1. (continued).

the plants were 8.5 weeks old and already under AC and EC control climates for 25 d. For fully developed leaves, both phenotypic and transcriptomic
measurements are available; for the four other tissues, only transcriptomic data are available.
(B) to (D) Comparison of leaf-level gas exchange rates (leaf No. 9 from the apex) across environmental conditions (center line, median; box limits, top and
bottomquartiles;whiskers,maximumandminimum).Foreachof the twophases (separatedby thevertical line), groups thatdonot share identical lowercase
letters are significantly different (Kruskal-Wallis test with post hoc Dunn’s test, Benjamini-Hochberg adjustment, p.adj < 0.05).
(E)Carbon gain determined by online gas exchange analysis for the gas-tight sub-chamber of each environmental condition. The slope (shown by circles)
was estimated from the last four measurements (d 26 to d 29). Different lowercase letters indicate a significant difference of slopes (Kruskal-Wallis test with
post hoc Dunn’s test, Benjamini-Hochberg adjustment, p.adj < 0.05).
(F) Projection on the top two components from canonical correlation analysis between gas exchange data and log2(TPM+1)-transformed per-gene RNA-
seq data of the 100 most varying genes in mature leaves across the four conditions and two treatment phases. Each data point represents the mean of
biological replicates for the given group; because of destructive harvesting, stress phase RNA-seqmeasurements were obtained from biological samples
that differed from those used for the continuous gas exchange measurements. Ellipses mark 0.75 confidence levels estimated from the replicates.
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upregulation of photosystem genes may reflect the slightly more
severe water deficiency during CS (shoot midday water potential
[cmd] 21.52 6 0.10 MPa) relative to PS (cmd 21.27 6 0.05 MPa)
and the controls (EC: cmd 20.97 6 0.07 MPa, AC: 20.97 6 0.04
MPa), increasing the need for C assimilation via a pathway that
does not lead to further dehydration promoted by open stomata.

CS-specific downregulated genes in developing xylem are en-
riched for endoplasmatic reticulum and intracellular protein trans-
port (Supplemental Data Set 3). The gene regulation patterns in
the developing xylem illustrate the tissue specificity of stress re-
sponses, with a high similarity between periodic and chronic stress
as well as stress-specific enhancement of various processes.

Figure 2. System-Wide Comparison of Poplar Gene Expression Under Stress, Recovery, and Control Conditions.

(A)Projectionon top twocomponents fromprincipal component analysisof log2(TPM+1)-transformedper-geneRNA-seqdata fromall samplesacross four
climate conditions, two treatment phases, five different tissues, and three biological replicates per group. The biological replicates are tissue samples from
different trees subjected to the same environmental condition and harvested at the same time. Data points are colored by tissue (LE1: young leaves, LE2:
mature leaves, PHL: phloem, XYL: xylem, ROO: root).
(B) Principal component analysis of poplar trees with complete RNA-seq measurements from all five tissues, concatenating all tissue measurements from
the same tree (see Methods). Ellipses mark the 0.75 confidence contour for stressed trees and all other trees (S: stress phase, R: recovery phase).
(C) Number of differentially expressed genes overlapping between PS and CS treatment or unique to each stress type. Differential expression was
determined relative tountreatedECcontrols for each tissueand treatmentphaseseparately (fold change>2,p.adj <0.05). Thedashedboxshowsazoom-in
for the three bottommost groups.
(D)Comparisonof antioxidant levels inmature leavesacross environmental conditions.Groups that donot share identical lowercase letters are significantly
different (Kruskal-Wallis test with post hoc Dunn’s test, Benjamini-Hochberg adjustment, p.adj < 0.05). The y axis gives the percentage of functional,
reduced ascorbate relative to total ascorbate (oxidized and reduced forms).
(E) Stress-recovery overlap of upregulated genes. For each tissue, the percentage of stress phase down- or upregulation of genes upregulated in the
recovery phase relative to EC control plants is given (fold change > 2, p.adj < 0.05).
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Post-Recovery Characteristics of Stress-Treated Trees

After 1 week of recovery from periodic or chronic stress, re-
spectively, the total number of differentially regulated genes rel-
ative to the EC control plants was lower than that at the end of the
stress phase across all poplar tissues (Figure 2C). This suggests
that the transcriptomes had left the stress state and again ap-
proached the state of control plants. The stress recovery was
physiologically confirmed by gas exchange (Figures 1C and 1D)
and shootwater potentialmeasurements, which had recovered to
20.72 6 0.10 MPa and 20.93 6 0.07 MPa in PS and CS, re-
spectively (compared with the stress phase levels given in the
previous paragraph; seeMethods). In contrast to the stress phase
observations, fewer differentially expressed genes were shared
betweenPSandCSthanwerespecificallyup-ordownregulated in
one of the two stress scenarios (Figure 2C, bottom). This di-
vergence between stress types during the recovery phase in-
dicates that most stress-activated genes are no longer induced
and that the recurrence or duration of drought-heat stress alters
thepost-recoveryprocessesofplants. In all tissuesexceptmature
leaves, PS induced more upregulated genes during the recovery
phase than CS.

The largestnumberofupregulatedgenesafter recovery fromPS
occurred in young (sink) leaves (Vanzo et al., 2015), followed by
mature (source) leaves. In young leaves, the upregulated genes
were dominated by oxidation-reduction, coenzyme binding,
hexosyl transferase, and carbohydrate metabolic process GO
terms (Supplemental Data Set 4). The re-induction of carbohy-
dratemetabolismgeneexpression after its decreaseduring stress
(see section "Systemic and Tissue-Specific Stress Responses")
indicates that growthprocesseswere reactivated in young leaves.
CS-specific expression patterns were characterized by the
downregulation of genes involved in unfolded protein binding,
protein folding, and response to stress for young leaves and the
downregulation of oxidoreductase activity for phloem, which are
indicative of stress recovery (Supplemental Data Set 5). By
contrast, for mature leaves of post-recovery trees, PS-specific
enrichment indicated the continued activity of several stress re-
sponse genes, e.g., with functions as heat shock protein (Potri.
004G073600) or drought-related late embryogenesis abundant
protein (Potri.010G012100). Also, transcription factor genes
showed PS-specific transcriptional upregulation in post-recovery
mature leaves, e.g., Potri.006G221500, one of six poplar co-
orthologs of Arabidopsis MYB123 involved in anthocyanin and
pro-anthocyanidin biosynthesis. In agreement with that finding,
anthocyanin levelsofpoplar leavesat thepost-recovery timepoint
were higher for PS than for EC and CS (Vanzo et al., 2015).
Transporter activity tended tobeenriched (p.adj=0.06)among the
genes that were upregulated in young leaves , including many
aquaporin genes (Potri.001G235300, Potri.009G005400, Potri.
009G013900, Potri.009G027200), some of which were also up-
regulated in other post-recovery tissues (phloem, mature leaves)
of PS or CS trees, which could be an indication of drought decline
(Supplemental Data Set 1).

Biochemical data that monitored the antioxidative system in
mature leaves also confirm the recovery from the stressed state
(Supplemental Data Set 6), matching the gene expression re-
sponse profiles (Figure 2C). Leaves of PS-treated trees exhibited

a significant decrease in relative reduced ascorbate content
during the stress phase (p.adj = 0.0347), indicating increased
scavenging of reactive oxygen species (AbdElgawad et al., 2016).
By contrast, all stress-treated and control trees displayed similar
leaf levels of relative reduced ascorbate at the end of the recovery
phase (Figure 2D). In addition,wecompared the treatment-related
expression responses between post-recovery and stress-phase
tissue samples to assess how much the molecular processes in
each tissue differ between the two phases. Interestingly, the
fraction of post-recovery upregulated genes that already showed
upregulationduring the stressphasevariedwidely among tissues,
ranging from 58% in xylem to 7% in young leaves for PS and from
69% in xylem to 6% in mature leaves for CS (Figure 2E). This
suggests that for some tissues, molecular processes after re-
covery resemble molecular processes during stress, whereas for
other tissues, post-recovery and stress responses are largely
different. For instance, ATPases and transport functions played
a major role in developing xylem during both phases, whereas for
young leaves, genes involved in carbohydrate metabolism were
downregulated during stress (both PS and CS) and upregulated
after recovery.
Among different tissues, the gene expression response pat-

terns showed only a slight overlap (Figure 3). During the recovery
phase, we did not find any differentially expressed gene that re-
sponded across all tissues in PS or CS. Nevertheless, the five
tissues shared similar characteristic stress and post-recovery
expression profiles involving distinct coexpression modules in
each tissue (see Methods: Figure 4; Supplemental Data Set 7).
Interestingly, more than half of these characteristic profiles ex-
hibited a pronounced difference between stress-exposed plants
and nontreated plants at the end of the recovery phase, which is
indicative of stress-related memory (Figure 4, bottom). For ex-
ample, young andmature leaf modules in thememory community
C12 included the glutathione-S-transferase gene Potri.
019G130566, which protects plants against oxidative damage,
and theesterasegenePotri.017G062300,withhighestsimilarity to
an Arabidopsis gene involved in maintaining the integrity of
photosynthetic membranes during abiotic stress (Lippold et al.,
2012). For only a small fraction of genes, PS and CS showed
similar cross-tissue memory response patterns (Figures 2C and
5A). Among thedifferent tissues, themost pronouncedagreement
was found for young andmature leaves. The observeddivergence
between PS andCSwas not caused by the fold change threshold
(abs[log2 fold change] >1); therewere very fewgenes that satisfied
the significance threshold (p.adj < 0.05) but not the fold change
threshold (Supplemental Figure 1). Differences between PS and
CS expression levels were consistent with the results of control-
based comparisons (Figure 5B).
The co-analysis of spatially separate tissues provided insights

into the complexity of coordinated whole-plant, long-term re-
sponses to periodically occurring stress. Strikingly, the stress and
recovery profiles of individual genes along the different trees were
not conserved across tissues (Figure 6). The expression patterns
of the samegenecorrelatedwell across all tissues for only 0.2%of
the genes (Figure 6A). The largest number of self-correlated genes
was found between young and mature leaves, reflecting the
functional similarity of these compartments (Figure 6B). Further-
more, 995geneswere self-correlatedbetweenphloemandxylem.
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Figure 3. Tissue overlap of differentially expressed poplar genes during the stress and recovery phases. Each Venn diagram gives the number of up- or
downregulated genes for a specific treatment type and a specific phase in comparison with EC controls (LE1: young leaves, LE2: mature leaves, PHL:
phloem, XYL: xylem, ROO: root; S: stress phase, R: recovery phase).
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Figure 4. Characteristic poplar gene expression profiles across stress, recovery, and control conditions shared by all tissues. Each network node
representsaco-expressionmoduleof aspecific tissue (seeMethods), as indicatedby the respectivenodecolor (identical code toFigure 2A) and theprefixof
the node label (LE1: young leaves, LE2: mature leaves, PHL: phloem, XYL: xylem, ROO: root). Subsequent numbers in the node label identify the module
within each tissue in decreasing order ofmodule size, which is indicated by node size. Eachmodule is represented by its eigengene profile, which is the first
principal component oriented according to average expression. The correlation of module eigengenes was used to cluster the modules into communities
(see Methods). The figure shows all communities that contain modules from all five tissues together with heatmaps of the corresponding eigengenes.
Communities are marked by gray polygons and C identifiers (decreasing shades of gray with increasing identifier numbers). For correlation values > 0.7,
edges are depicted between module nodes and the edge width represents the correlation strength. The heatmaps with background shading exhibit
a pronounced difference between stress-exposed plants and nontreated plants at the end of the recovery phase for at least one stress type, indicative of
stress-related memory (S: stress phase, R: recovery phase). Community C9 putatively represents age-related changes that only occur in nonstressed
plants.
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Figure 5. Gene Expression Memory After Recovery from Periodic vs. Chronic Stress.

(A)Poplar geneswith cross-tissuememory responses, i.e., transcriptional up-or downregulation inpost-recovery stress relative toECcontrol samples. The
heatmapshowsPSandCSexpression patterns of all geneswithPSmemory responses in at least two tissues (LE1: young leaves, LE2:mature leaves, PHL:
phloem, XYL: xylem, ROO: root, R: recovery phase, S: stress phase).
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Among these, functions in oxidation-reduction processes, car-
bohydrate, and protein metabolic processes as well as trans-
membrane transport and microtubule-based processes were
abundant. The geneswith the strongest self-correlation across all
tissues included a large proportion of genes that exhibited
a significant post-recovery memory pattern in PS (Figure 6A;
Supplemental Data Set 1). The top five of these genes were the
transcription factor genes HOMEOBOX7 (HB7) co-ortholog 1 (of
4; Potri.014G103000) and HB7 co-ortholog 3 (of 4; Potri.
001G083700), as well asGLUTAREDOXINC1 co-ortholog 2 (of 2;
Potri.012G082800) and two clade A protein phosphatases of the
2C family (PP2Cs), the HIGHLY ABA-INDUCED1 (HAI1) ortholog
(Potri.009G037300) and Potri.001G092100. In Arabidopsis, HB7
is transcriptionally induced by ABA and positively regulates PP2C
gene expression (Valdés et al., 2012).

Transcription Factors Associated with
Stress-Related Memory

Transcription factors (TFs) are key regulators at the top level of the
molecular hierarchy. Because several memory genes showed
similar stress and post-recovery responses across all tissues
(Figure 6A), we were interested in whether common regulatory
mechanisms exist among different tissues that may play a role in
stress-related memory. We used our gene expression data from
each tissue to infer regulatory relationships between known TFs
(Jin et al., 2014; Berardini et al., 2015) and these 17 self-correlated
memory genes, resulting in a gene regulatory network for each
tissue (see Methods; Figure 7). Each of these tissue-specific
networks has one main connected component or forms a sin-
gle connected component, indicating that the self-correlated
memory genes (Figure 7A, gray nodes) share common top can-
didates of regulatory TFs (whichwere computationally inferred for
each gene by choosing the top five expression predictors; see
Methods). The majority of candidate TFs were tissue-specific
(Figure 7A, white nodes), but a considerable fraction co-
occurred across two to four tissues. In particular, young and
mature leaves shared ten candidate TFs. Edges were also shared
across tissues, meaning that a specific TF was found in several
tissues among the top five candidate regulators for a specific
memorygene (Figure 7A, colored edges; Figure7B). A relationship
betweenHB7co-ortholog 1 (of 4;Potri.014G103000) andHB7co-
ortholog 3 (of 4; Potri.001G083700) was predicted in all tissues
except mature leaves. In the co-expression analysis, both genes
fell into the tissue-specific co-expression modules of community
C2, which was characterized by pronounced stress responses
during PS and CS (Figure 4; Supplemental Data Set 7). After re-
covery, a significant (20-fold) PS upregulation ofHB7 co-ortholog
3 (of 4) gene expression was observed for both xylem andmature
leaves aswell as a 200-fold PS upregulation ofHB7 co-ortholog 1

(of 4) for xylem. By contrast, CS trees did not show significant
changes in the expression of these genes relative to control trees
(Supplemental Data Set 1). The two HB7-related TF genes were
also central in the sense that together they covered all putative
targets (non-TF memory genes) of their subnetwork and their
removal would disconnect the network into several parts
(Figure 7B). The HB7 TFs are members of the homeodomain Leu
zipper family. In Arabidopsis, HB7 has been associated with
drought stress responses as well as reduced cell elongation in
leaves and inflorescence stems (Söderman et al., 1996;Hjellström
et al., 2003). HB7 has also been identified as a drought stress
memory gene that showed a stronger upregulation at the third
stress experience than after a single incidence (Ding et al., 2013).
Under nonstress conditions, HB7 overexpression has been re-
lated toan increase inchlorophyll contentandphotosynthesis rate
(Ré et al., 2014), which is consistent with our physiological ob-
servations at the recovery phase.
The expression of the HB7 co-ortholog 1 (of 4; Potri.

014G103000) gene itself is putatively related to the expression of
the TF genes Potri.006G138900, which was found to be a co-
predictorwithPotri.001G083700 forseveral putative targetgenes,
and Potri.002G125400 (Figure 7B). Potri.002G125400 is anno-
tated as ABSCISIC ACID RESPONSIVE ELEMENTS BINDING
FACTOR2 (ABF2) co-ortholog 1 (of 2). Arabidopsis ABF2 is known
to enhance drought tolerance (Nakashima et al., 2014). Potri.
006G138900 is a member of the ethylene response factor/
APETALA2 TF family. The closest Arabidopsis ortholog in its
evolutionary family, PTHR31985:SF77 (Mi et al., 2017), is
AT5G21960, which belongs to the DREB subfamily A-5, with
established functions in drought stress response (Singh and
Laxmi, 2015). In poplar, the Potri.006G138900 gene has been
reported to be induced by four different types of osmotic stresses
(Yao et al., 2017). In our data, significant upregulation of this gene
was only observed for PS and not for CS. In Arabidopsis, RE-
LATEDTOAP21 (RAP2.1), aprominentmemberof theDREBgene
subfamily A-5, is also more strongly induced after the repeated
application of dehydration stress (Ding et al., 2013). RAP2.1 is
a negative regulator of RD/COR (RESPONSIVE TO DESICCA-
TION/ COLD-REGULATED) genes (Dong and Liu, 2010). Poplar
RAP2.1 Potri.014G025200 and the other poplar DREB TF that
most closely matches Arabidopsis RAP2.1 were significantly
upregulated in xylem during both PS and CS. Consistently, the
COR413 gene Potri.007G033801 was significantly downregulated
under these conditions.
A relationship between two TCP family TFs was detected in

young and mature leaves (Figure 7B; Supplemental Data Set 8).
Both TFs, Potri.013G119400 and Potri.019G091300, are most
similar to the Arabidopsis TF TCP4. The expression of Potri.
013G119400was significantly downregulated after recovery from
PS in both young andmature leaves comparedwith the untreated

Figure 5. (continued).

(B) Direct PS (R) vs. CS (R) comparison of differentially expressed recovery genes determined relative to the EC control (see [A] and Figure 2C). For each
tissue, volcano plots show the distribution of overlapping and stress type-specific differential genes (left: downregulation, right: upregulation), taking
adjusted p-values and fold changes from the direct comparison. Volcano plots for the respective PS vs. EC and CS vs. EC comparisons are available in
Supplemental Figure 1.
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controls. During PS and CS, both TFs were transcriptionally
downregulated in young and mature leaves (Supplemental Data
Set 1). In the remaining tissues, the expression patterns of the two
TFs diverged from each other. For the developing xylem, Potri.
013G119400 was downregulated but Potri.019G091300 was
upregulated. Theputative leaf target, Potri.010G230366, doesnot
have a known function, but its expression was also strongly up-
regulated in developing xylem under both PS and CS, and after
recovery from PS, upregulation was more than 50-fold. Potri.
013G119400 expression was also downregulated in phloem and
roots, whereas there was no change in expression for Potri.
019G091300. TCP4 has been associated with cell elongation in
hypocotyls and leaf morphogenesis (Challa et al., 2016). The
differential regulation of these genes across tissues during stress
and recovery in gray poplar may reflect different cell growth dy-
namics.Althoughwaterdeficiencygenerally suppressesgrowth in
aboveground poplar tissues, xylem structure and secondary cell
wall formation play a central role in avoiding drought damage and
are highly regulated (Paul et al., 2017; Sun et al., 2017).

Common and Tissue-Specific Processes Involved in
Stress-Related Memory

To further elucidate and compare stress-related memory pro-
cesses that takeplace in individual poplar tissues,we investigated
the regulatory networks in mature leaves and developing xylem
(Figure 8). These were the two tissues where the HB7 TFs, the
top correlated genes within and across tissues (Figures 6A and
7B,), showed the strongest post-recovery memory response
(Supplemental Data Set 1). For each tissue network, we specifi-
cally focused on TFs that were computationally associated with
more than one putative target as predictors of gene expression
(Figure 8A). Among the targets that were included in the core
networks of both mature leaves and developing xylem, we found
two PP2Cs (the HAI1 ortholog [Potri.009G037300] and an HAI3-

related PP2C, Potri.001G092100), the two LATE EMBRYOGEN-
ESIS ABUNDANT PROTEIN4-5 (LEA4-5) co-orthologs, and
a gene of unknown function with almost 100-fold upregulation in
PS and more than 150-fold upregulation after PS recovery in
mature leaves (Potri.004G044300), whose closest Arabidopsis
match has been reported to be induced by ABA in guard cells
(Leonhardt et al., 2004). The twoPP2Csand theLEA4-5homologs
were also upregulated during PS and after PS recovery in mature
leaves (Figure 8A). LEA4-5 protein levels strongly increase in
poplar under drought stress conditions for osmoprotection
(Abraham et al., 2018). In Arabidopsis, LEA4-5 transcript and
protein levels showed the largest response to ABA and salt stress
within the LEA4 group (Olvera-Carrillo et al., 2010).
PP2Cs are negative regulators of ABA signaling and hamper

stomatal closure, as demonstrated by the protein interactions of
the PP2CHYPERSENSITIVE TO ABA1 in Populus euphratica and
the PP2C ABA-INSENSITIVE1 in P. trichocarpa, as well as the
analysis of transgenic Arabidopsis plants overexpressing these
genes (Chen et al., 2015; Yu et al., 2016). In Arabidopsis, thePP2C
HAI1 (SENESCENCE ASSOCIATED GENE113; AT5G59220)
prevents stomatal closure during leaf senescence, and its pro-
moter is directly targeted by a NAC TF (NAC029, AtNAP;
AT1G69490; Zhang and Gan, 2012). In the mature leaf regulatory
network inferred from our data, the expression of the HAI1 or-
tholog (Potri.009G037300) was not only associated with the
expression of the HB7-related TF genes (Potri.014G103000,
Potri.001G083700) but also with the expression of the NAC TF
gene Potri.011G123300 and the MYB family TF genes Potri.
010G193000 and Potri.003G100100, which belong to different
ortholog groups (Figure 8A). The association between the latter
three genes and theHAI1orthologwasnot detected in developing
xylem. In fact, the Pearson correlation coefficients in developing
xylem were 0.61, 0.30, and 0.26, respectively, in contrast with the
highly significant values in mature leaves (0.94, 0.91, and 0.93).
The gene Potri.011G123300 belongs to the NAC TF family

Figure 6. Expression Self-correlation of Genes Across Tissues Based on Fully Sampled Individual Trees.

(A)Thegeneswith the strongest self-correlation across all tissues. Among themaremanygeneswithperiodic stressmemory expressionpatterns in at least
one tissue, marked in black and annotated from top to bottom (letters a-q).
(B)Heatmap showing the number of genes (see scale at the bottom) with self-correlation > 0.8 between individual tissues (LE1: young leaves, LE2: mature
leaves, PHL: phloem, XYL: xylem, ROO: root).
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Figure 7. Gene Regulatory Networks of Stress-Related Multi-Tissue Memory Genes.

(A) Tissue-specific transcription factor networks around self-correlated genes (gray nodes, labeled by letter code from Figure 6A). For each tissue network,
colored nodes and edges indicate their co-occurrence across several tissue networks (see color key). If nodes or edges occur only in one additional tissue
(except the currently considered tissue indicated in the box at the top left of each network), they have the characteristic color of that additional tissue. For
example, ten transcription factors occur only in the networks of both young and mature leaves (dark green and light green nodes in the first and second
network, respectively). Likewise, nodesqandoareconnected to the same transcription factor in thesenetworks (darkgreenand light greenedges in thefirst
and second network, respectively).
(B) Regulatory relationships co-occurring across tissues. The edge width is proportional to the number of tissues where a specific regulatory relationship
was found. Transcription factor nodes are colored according to their transcription factor family. Homeodomain Leu zipper, HD-ZIP. Basic domain/leucine
zipper, bZIP. APETALA2, AP2. Ethylene response factor, ERF.
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Figure 8. Predicted Regulatory Stress-Related Memory Processes in Mature Leaves (LE2) and Developing Xylem (XYL).

(A)Core regulatory networks obtained by iteratively removing single-edge nodes from expression-based regulatory network predictions (Figure 7A). Node
label colors refer to periodic stress-related expression patterns. Function annotation is shown for selected nodes discussed in the main text.
Potri.010G193000 is a co-ortholog of the Arabidopsis thaliana MYB transcription factor AT5G05790, here abbreviated as MYB.
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because of its NAM (no apicalmeristem) domain; it is amember of
theNAC019-relatedsubfamilyoforthologs,PTHR31719:SF82 (Mi
et al., 2017). NACTFs, particularly the threeArabidopsismembers
of that subfamily, NAC019, NAC055, and NAC072, are of central
importance indrought signal transduction via theABA-dependent
pathway (Tran et al., 2004; Singh and Laxmi, 2015). Gene ex-
pressionof theMYBTFPotri.010G193000 isnegatively correlated
with the wood saccharification potential in poplar, which
decreases under drought conditions (Wildhagen et al., 2018).
Consistentwith thisobservation, our expressiondatashowed that
Potri.010G193000 was upregulated under stress. The same
patternwasobserved formature leavesand in thecaseofPS,even
persisted after recovery. Furthermore, Potri.010G193000 is in
general co-expressed with Potri.007G085700, the TF gene
TGACG SEQUENCE-SPECIFIC BINDING PROTEIN1 (TGA1)
(Wildhagen et al., 2018). Interestingly, several Arabidopsis or-
thologs of inferred regulators of HAI1 inmature poplar leaveswere
connected via experimental and literature-curatedprotein-protein
interaction data (Arabidopsis Interactome Mapping Consortium,
2011; Berardini et al., 2015; Yazaki et al., 2016), including TGA1
(Figure 8B). The TCP4 orthologs discussed above (Potri.
019G091300, Potri.013G119400) were strongly transcriptionally
anti-correlated with the HB7 co-ortholog Potri.001G083700,
which was found to be a central predictor for the two PP2Cs and
both LEA4-5 orthologs in mature leaves.

In developing xylem, the HB7 co-ortholog Potri.001G083700
was also associated with these PP2Cs and LEA4-5 orthologs,
which have known physiological functions related to drought
responses. In both tissues, Potri.001G083700 continued to be
upregulated after PS recovery. In addition, the core networks of
xylem and mature leaves shared the putative target GLUTA-
REDOXIN C1 (GRXC1) co-ortholog 2 (of 2; Potri.012G082800),
showing post-recovery PS upregulation in both tissues. With
respect to abiotic stress, GRXC1 plays roles in signaling and
oxidative stress tolerance (Li, 2014). Another shared puta-
tive target was Potri.002G117800, one of two NADH DE-
HYDROGENASE (UBIQUINONE )FE-SPROTEIN4genes involved
in the mitochondrial electron transfer chain that have been as-
sociated with thermotolerance in Arabidopsis (Kim et al., 2012).
With respect to additional TFs, the xylem network showed several
differences from the network from mature leaves (Figure 8A). The
ethylene response factor/APETALA2DREBTFPotri.006G138900
(also see section "Transcription Factors Associated with Stress-
Related Memory") was a large hub, in addition to the HB7 TF
Potri.001G083700, which formed a central hub in both tissues.
The BASIC HELIX-LOOP-HELIX18-related TF Potri.009G081400
was unique to the xylem network, associated withGRX1, LEA4-5,
and both PP2Cs, and still significantly upregulated after PS re-
covery. A xylem-specific, putative regulator of both HB7 TFs was
the BASIC HELIX-LOOP-HELIX TF Potri.014G111400, one of

three PHYTOCHROME-INTERACTING FACTOR3 genes. Arabi-
dopsis PHYTOCHROME-INTERACTING FACTOR3 promotes
hypocotyl elongation (Soy et al., 2012; Zhong et al., 2012). In
summary, our data suggest that common TFs such as the HB7
homologs, particularly the central hub gene Potri.001G083700,
work together with tissue-specific TFs to coordinate stress and
post-recovery processes in different tissues.

DISCUSSION

Althoughdroughtstress isoneof themajor threats toplantgrowth,
it is well-known that plants that have endured stress can show
better photosynthetic performance than nonexposed plants un-
der both subsequent stress (Wang et al., 2014) and well-watered
conditions (Hagedorn et al., 2016), which may even lead to
overcompensating plant growth (Xu et al., 2010). We investigated
gray poplar trees that had experienced three weeks of drought-
heat stress. After 1 week of recovery, we observed not only
a complete reconstitution of transpiration and photosynthetic
capacity along with a relaxation of water potentials but also an
increased rate of carbon gain compared with nonstressed con-
trols, for both a periodic and a chronic stress scenario. Tran-
scriptomic analyses across five different organs and tissues
revealed cellular processes occurring in response to combined
drought and heat stress and after recovery. Post-recovery ex-
pression patterns showed significant differences from nontreated
poplar trees and also between the two stress scenarios, although
the PS andCS responses had been highly similar at the end of the
stress phase. This observation substantiates the hypothesis that
stress exposure influences the physiological state of a plant even
after recovery and that this long-term response varies according
to the frequency or duration of the stress intervals. This memory
phenomenon in trees already occurs a few days after the stress
has ceased, which hints at powerful molecular mechanisms that
could potentially also make a difference in plant fitness across
multiple successive years. Such a life-cycle investigation was
outside the scope of this study. However, the results show that
such a long-term investigation might be highly valuable when
carefully designed.
Similar expression patterns in response to stress and after

recovery were found throughout the tree. However, they were
implementedbydistinctgenes ineach tissue.Onlyasmall number
of genes showed a consistent response profile across all tissues.
Apart from genes encoding signaling components and enzymes
suchasPP2CsandGRXC1or proteinswith structural function like
the LEA4-5 hydrophilins (Battaglia et al., 2008), this set of genes
with putatively ubiquitous function contained several TFs, most
prominently two HB7 homologs that also showed a PS-related
post-recovery upregulation. HB7 contains a homeodomain and
a Leu zipper motif. This protein architecture indicates that the TF

Figure 8. (continued).

(B)Model of possible transcription factor complex formation in stress-related memory derived from protein-protein interaction data in Arabidopsis. Gene
namesare taken from theorthology information inPhytozome. For someZHDorthologgroups, different Arabidopsis genes (markedbyanArabidopsis ZHD
identifier after the slash) constitute the best BLASTP matches of poplar genes.
(C) Model suggesting physiological roles of PP2Cs and regulatory transcription factors in mature leaves during and after periodic stress.
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formsdimers (Ariel et al., 2007). TFhomo-orheterodimerization as
well as multimerization allow for a high degree of regulatory fine-
tuning of gene expression. We therefore speculate that TF
complexes might play a role in shaping stress and post-recovery
regulation of gene expression in the tissue-specific context
(Figure 8B). Protein-protein interaction data from the model
system Arabidopsis suggest that HB7 and some TFs from the
NAC019 and MYB TF families with leaf-specific responses in
poplar (best Arabidopsis matches AT4G27410 and AT5G05790,
respectively) may all associate with TGA1 and a set of ZHD (zinc-
finger homeodomain) TFs, which were expressed in all poplar
tissues according to our data set. Another putative interactor of
TGA1, the only HEAT STRESS TRANSCRIPTION FACTOR C-1
(HSFC1) TF in poplar (Potri.T137400), was predicted to be
a regulator of theHB7 co-ortholog Potri.001G083700 and the two
PP2Cs inphloem-bark (SupplementalDataSet8).Membersof the
ZHD TF family form heterodimers that play a crucial role in floral
development (Tan and Irish, 2006) as well as ABA responses
(Wang et al., 2011) in Arabidopsis. Coexpression of the NAC019
family gene AT4G27410 and ZHD11 strongly induces the ex-
pression of EARLY RESPONSIVE TO DEHYDRATION STRESS1,
which is upregulated by drought through the ABA-independent
pathway (Tran et al., 2007).

Combined action of several TFs might regulate the expression
of target genes. The upregulation of PP2Cs in mature poplar
leaves observed in this study is consistent with the positive
regulatory role of HB7 in PP2C expression reported for Arabi-
dopsis (Valdés et al., 2012). Furthermore, NAC TFs regulate the
PP2C HAI1 (Zhang and Gan, 2012) and other drought tolerance
genes (Tran et al., 2004; SinghandLaxmi, 2015). PP2Cs inactivate
type-2 SUCROSE NONFERMENTING1-related protein kinases
(SnRK2s),whicharepositive regulatorsofABAsignaling, stomatal
closure, and chlorophyll degradation (Nakashima et al., 2009; Fujii
et al., 2011; Kulik et al., 2011; Valdés et al., 2012; Gao et al., 2016).
Consistently, HB7 overexpression leads to an increased chloro-
phyll content and a higher rate of photosynthesis (Ré et al., 2014).
Moreover, various PP2Cs interact with the photosynthetic ma-
chinery (Samoletal., 2012;Fuchsetal., 2013), andphotosynthesis
genes are upregulated in Arabidopsis snrk2 triple mutants
(Nakashimaetal., 2009),pointing toa relationshipbetweenPP2Cs
and photosynthesis. Translating these findings to poplar, the
model would explain the improved photosynthesis detected in
recovered poplar trees after periodic stress (Figure 8C). Chloro-
phyll content estimatesdid not showdifferences from thecontrols
(Vanzo et al., 2015) but were done noninvasively, in contrast with
the Arabidopsis studies (Ré et al., 2014; Gao et al., 2016). The
increase in ABA levels during drought stress inhibits the enzyme
activity of clade A PP2Cs like HAI1 and HAI3 via interacting ABA
receptors (Dupeux et al., 2011; Tischer et al., 2017). Because of
thismechanism, leaf stomata can close during drought to prevent
excessive water loss (Figure 8C). For poplar, stress-induced
stomatal closure was confirmed by our measurements of tran-
spiration and stomatal conductance. Protein-protein interactions
ofPP2Cswith aSnRK2kinaseandpyrabactin resistance-likeABA
receptors and their effect on leaf stomatal closure in transgenic
plants have been shown for several poplar species (Chen et al.,
2015; Yu et al., 2016), providing evidence for the potential roles of
PP2Cs in poplar leaves during and after stress. Apart from that,

PP2Cs may also be involved in chromatin remodeling and the
establishment of an epigenetic memory after stress (Asensi-
Fabado et al., 2017).
Thesystem-wide rearrangementofgeneexpressionafter stress

recovery might also contribute to the improved tolerance against
future stresses described previously (Wang et al., 2014; Crisp
et al., 2016; Hilker et al., 2016). In Arabidopsis, HB7 and LEA4-5,
prominent memory-related genes based on our study, are more
strongly induced during repeated dehydration stress challenges
than during the first stress challenge (Ding et al., 2013). Com-
plementing such studies on recurrence-dependent changes in
stress responses, our data provide a comprehensive view of
stress-relatedmolecular memory under nonstress, post-recovery
conditions. The increased base levels of HB7 and LEA4-5 gene
expression after stress recovery could potentially explain their
higher expression levels during subsequent stress challenges.
Consistent with such a model, the periodic stress response was
greater than the chronic stress response in leaves, and the in-
crease inpost-recoverybase levelwasonly significant for periodic
stress and not for chronic stress, suggesting a gradual base level
increase along with several stress experiences. The same trend
was observed in the photosynthesis data. A better understanding
of the molecular changes, their timing, and their impact on the
performance of plants is instrumental for providing guidelines for
resource-efficient agroforestry water management and in the
breeding of crop and tree cultivars that are genetically equipped
for climate change scenarios. The present evaluation indicates
that transcription factors function as central switchesofmolecular
memory and may be important mediators of plant fitness during
thepersistentadaptation to recurrentabiotic stress.Thebiological
hypotheses generated by our comprehensive data acquisition
and integration pave theway for detailedmechanistic studies that
will provide deeper insights into memory-related molecular pro-
cesses in plants.

METHODS

Plant Material

The experiments were performed with wild-type gray poplar (Populus 3

canescens [INRA clone 7171-B4]; syn. Populus tremula 3 Populus alba)
plants. Plantlets were amplified by micro-propagation under sterile con-
ditions (Leplé et al., 1992) and raised for five weeks in 2.2-liter pots on
asandysoil (1:1 [v/v] silicasandandFruhstorferEinheitserde, initiallymixed
with slow-release fertilizers: Triabon [Compo] and Osmocote [Scotts
Miracle-Gro], 1:1, 10 g L21 soil; fertilized every 2 weeks with 0.1% [w/v]
Hakaphos Grün [Compo]) in the greenhouse (16/8 h photoperiodicity with
supplemental lighting [high-pressure sodium vapor lamp, Philips Son-T
agro], 200-240 mmol photons m22 s21 at the canopy level, PAR; day/night
temperature 22°C/18°C; and an ambient mean CO2 concentration of
380mLL21). To simulate specific climate scenarios, theplantsweremoved
to phytotron chambers (see section "Simulated Climate Conditions and
Harvesting Schedule"). Within each chamber, 12 plants were cultivated
together in a gas-tight sub-chamber made of acrylic glass (;1 m3), which
enabled online analysis of canopy gas exchange (Vanzo et al., 2015).

Simulated Climate Conditions and Harvesting Schedule

The future climate scenarios simulated in our experiments comprised el-
evated CO2 (EC) and two abiotic stress scenarios under elevated CO2,
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periodic drought-heat stress (PS) and chronic drought-heat stress (CS).
Before starting the abiotic stress scenarios, plants were cultivated for
25 d in the phytotron chambers under control conditions (daily maximum
air temperature of 27°C, 50% relative air humidity) with either ambient
(380 mL L21) or elevated (500 mL L21) CO2. The CO2 concentrations in all
scenarios followednatural occurringdiurnal variations. The elevatedCO2

environment in the EC, PS, and CS scenarios was created by injection of
pure CO2 (+ 120mL L21) into the air stream of the ambient CO2. At the top
of the phytotron chambers, a combination of four lamp types (metal
halide lamps:OsramPowerstarHQI-TS400W/D [Osram], quartz halogen
lamps: Osram Haloline 500W, blue fluorescent tubes: Philips TL-D 36W/
BLUE, and UV-B fluorescent tubes: Philips TL 40W/12) was used to
obtain a natural balance of simulated global radiation throughout the
UV to infrared spectrum. The lamp typeswere arranged in several groups
to get the natural diurnal variations of solar irradiance by switching
appropriate groups of lamps on and off. The short-wave cutoff in the
UV-B range of the spectrum was achieved by selected soda-lime and
acrylic glass filters. A detailed description of the sun simulator facility is
given by Thiel et al. (1996). The PAR at canopy level was 750-800 mmol
photons m22 s21.

For chronic stress treatment, irrigation was gradually reduced for 22 d,
down to 70% reduction compared with the controls. The periodic stress
treatment included three cycles of reduced irrigation (50%, 60%, and 70%
reduction compared with controls), each one lasting for 6 d; between the
cycles, therewere recoveryperiods lasting2d. Inbothstressscenarios, the
daily maximum air temperature was set to 33°C during periods with re-
duced irrigation. Noninvasive gas exchange measurements were made
continuously; destructive harvests of six plants per chamber were per-
formed at the end of the stress phase and after 1 week of recovery (Vanzo
et al., 2015).Mid-day shootwater potentials (cmd) were determined at each
sampling date (n = 6 plants per treatment, mean6 SE) using a Scholander
pressure chamber (Scholander et al., 1965). In chronically and periodically
stress-treated plants, cmd was more negative (21.526 0.10 and21.276

0.05 MPa, respectively) compared with a cmd of 20.976 0.04 MPa in AC
and of 20.97 6 0.07 MPa in EC shoots. At recovery, cmd went back to
20.726 0.10 and20.936 0.07MPa in PS andCS, respectively, reaching
comparable values to the untreated controls in AC (20.7760.07MPa) and
EC (20.90 6 0.06 MPa).

Gas Exchange Measurements

Leaf-level gas exchange measurements were performed using two GFS-
3000 instruments (Walz) with an 8 cm2 clip-on-type cuvette on attached
leaves (No. 9 from the apex) of four biological replicates under standard
conditions (30°C, 1000 mmol photons m22 s21, and air humidity of 10,000
mL L21). The cuvette was flushed with synthetic air with the CO2 con-
centration of the respective growth condition. For each climate chamber,
CO2 and water concentrations in the ambient air were measured every
20 min with two infrared gas analyzers (Rosemount 100/4P; Walz) from
the outlet of the gas-tight sub-chamber containing the plants. Inlet air
was also measured every 20 min. The whole plant (canopy) net CO2

assimilation and evapotranspiration rates (A and E, respectively) were
calculated based on the difference between the outlet and inlet con-
centrationsof each sub-chamber (seeAppendix 2of vonCaemmerer and
Farquhar, 1981):

A ¼ ue
s

�
12we

12w0

�
ðce 2 c0Þ2E$ce and E ¼ ue

s

�
w0 2we

12w0

�
,

where we and w0 are the mole fractions of water vapor and ce and c0 the
mole fractions of CO2 in the incoming and outgoing airstreams, re-
spectively; ue is the molar flow of air entering the chamber; and s is the
canopy leafarea,whichwasestimated foreveryday (Vanzoetal., 2015; Jud
et al., 2016).

Organ and Tissue Sampling

Plants were harvested at noon on the last day of stress treatment and 7 d
later at the end of the recovery period. Leaves (young leaves No. 4-6,
mature leaves No. 9-12 counting from the apex, respectively) were im-
mediately frozen in liquid N2. A stem segment was cut 10 cm above the
stembaseand immediately frozen in liquidN2.The rootswerewashed three
times in water, carefully dabbedwith filter paper, and frozen in liquid N2. All
material was stored at 280°C until homogenization. Homogenization of
plantmaterialswasperformedunder liquidN2with amortar andpestle. The
bark containing thephloem tissuewas removed from the stemsectionwith
a scalpel. Young developing xylem tissuewas obtained by scraping off the
first 1–2 mm of the hardwood section. The homogenized mature leaf
material was used for both biochemical analysis and RNA extraction, and
all othermaterialswereusedonly forRNAextraction.Although leaf and root
samples were mixtures of several tissues, the different plant materials are
referred to as tissues throughout this work.

Biochemical Measurements of the Antioxidative System

Enzyme activities and molecular antioxidant levels from four biological
replicates were determined as previously described (AbdElgawad et al.,
2016). Molecular antioxidants were quantified by HPLC after frozen plant
materials were extracted in hexane (tocopherols) or ice-coldmeta-phosphoric
acid (ascorbate, glutathione). The enzyme activities of superoxide dismutase,
peroxidase, catalase, ascorbate peroxidase, glutathione peroxidase, gluta-
thione reductase, dehydroascorbate reductase, and monodehydroascorbate
reductase were determined using a micro-plate reader after extracting frozen
plant materials in potassium phosphate buffer supplemented with protease
inhibitors.

RNA-Seq Analysis

RNA extraction was performed as described in Bi et al. (2015). Total RNA
was extracted from 50mg frozen tissue using an Aurum Total RNAMini kit
(Bio-Rad) following the manufacturer’s instructions. The RNA concen-
tration was quantified using a NanoDrop 1000 spectrophotometer
(NanoDrop, Peqlab GmbH). The 260/230 and 260/280 ratios were in the
rangeof1.90 to2.67 (mean2.21) and1.94 to2.45 (mean2.12), respectively.
RNA integrity was confirmed using an Agilent Bioanalyzer 2100 (Agilent
Technologies). For each specific combination of environmental condition,
time point, and tissue, RNA samples from three biological replicates were
analyzed by Illumina sequencing (100 bp single reads, HiSeq 2500, Illu-
mina, Inc.) of messenger RNA libraries (NEBNext Ultra directional RNA
library prep Kit Illumina, New England Biolabs, Inc.), yielding RNA-seq
reads for 120 samples in total. The biological replicates are samples from
different individual trees grown under the same condition and harvested at
thesame time.For each tree, samples fromallfive tissueswere sequenced,
except for two cases where RNA extraction from the initial sample failed
(260/230 ratio0.42and1.4, respectively) andsamples fromadditional trees
had to be taken as replacement: AC recovery root sample replicate 1 and
PS stress xylem sample replicate 3 (Supplemental Data Set 9). RNA-seq
reads were aligned against the repeat-masked version of the Populus
trichocarpa reference genome (assembly version v3.0; Tuskan et al., 2006)
using TopHat2 (Kim et al., 2013). To account for the evolutionary distance
between gray poplar and the reference genome, different alignment
stringency levels were tested. For that purpose, three different sequencing
libraries were randomly selected and RNA-seq reads mapped against
the reference genome, allowing two to six mapping errors per read
(Supplemental Figure 2). Approximately 70% of the RNA-seq reads were
aligned when allowing a maximum of five errors in the read alignments,
which is relatively similar to RNA-seq analysis in other plants (Mayer et al.,
2012). Because of the relatively constant proportion of uniquely mapped
reads for the considered error levels (Supplemental Figure 2B), we
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continued the analysis with the maximum threshold of five errors
(Supplemental Figure 3).

Basedon the read alignments and theP. trichocarpa annotation version
v3.1at thePhytozomeplatform (Tuskanetal., 2006;Goodsteinetal., 2012),
transcripts per million (TPM) gene expression levels were calculated using
StringTie version 1.3.4 (Pertea et al., 2015). The biological replicates
showed high Pearson correlation coefficients (computed by the cor
function in R version 3.5.0 [R Core Team, 2018]) except for one single case
(Supplemental Figure 4), which was excluded from further analysis. Dif-
ferentially expressed genes between PS or CS and EC groups were
identified using the R package DESeq2 version 1.20.0 (Love et al., 2014)
using the script provided at http://ccb.jhu.edu/software/stringtie/dl/
prepDE.py. Gene annotation including functional description, InParanoid
orthology, and GO terms was retrieved from the P. trichocarpa reference
annotation version v3.1 at the Phytozome platform (Tuskan et al., 2006;
Goodstein et al., 2012). GO enrichment analysis for categories with at least
50 genes was performed in R version 3.5.0 (R Core Team, 2018) using
fisher.test and multiple testing correction by p.adjust using the false dis-
covery rate method.

Co-Expression Network Analysis

The co-expression network analysis focused on the environmental con-
ditions with elevated CO2 levels, omitting the AC (ambient CO2) condition.
For each tissue, log2(TPM+1)-transformed gene expression levels were
averaged for each condition and time point and genes were filtered for
aminimumcoefficient of variationof 0.3 (Supplemental Figure 5). Individual
co-expression modules for each tissue were determined using the R
packages WGCNA version 1.64-1, flashClust version 1.01-2 and dy-
namicTreeCut version 1.63-1 (Langfelder and Horvath, 2008, 2012;
Langfelder et al., 2008). The parameters were set to “hybrid signed”
network, “average” agglomeration, split sensitivity 1, and a minimum
cluster size of 50. Themodule eigengenes (Langfelder andHorvath, 2007),
characteristic expression profiles of modules, were clustered across all
tissues into communities according to their correlation. This step was
performed using flashClust and dynamicTreeCut (“average” agglomera-
tion, deep split set to true, and a minimum cluster size of 2). Communities
that contained modules from all five tissues were visualized with the tkplot
and plot functions in the R package igraph version 1.2.2 (Csardi and
Nepusz, 2006). The corresponding heatmaps were plotted using the R
packages pheatmap version 1.0.10, gridExtra version 2.3 and ggplot2
version 2.2.1 (Wickham, 2009; Auguie, 2017; Kolde, 2018).

Between-Tissue Correlations and Gene Regulatory
Network Analysis

To investigate tissue-specific regulation of universally responding genes,
we first determined individual genes that behaved similarly in all the tissues
and then predicted their regulation by TFs using the RNA-seq data. In the
first step, gene-gene correlations across individual trees from all treatment
groups were computed using the cor function in R version 3.5.0 on the
log2(TPM+1)-transformed gene expression data (R Core Team, 2018). In
particular, correlation values of the same gene across all pairs of tissues
were recorded, and the 17 genes with a median greater than 0.8 and
significant post-recovery difference to controls in at least one tissue (abs
[log2 fold change] > 1 and p.adj < 0.05 according to the DESeq2 analysis)
were selected as query genes for further analysis. Because observations
for these genes were quite complete (less than 20 values with expression
level zero in the whole data set with 119 samples), we focused the regu-
latory network analysis on genes with at most 20 zero values. TF family
annotation for P. trichocarpa and Arabidopsis (Arabidopsis thaliana) was
downloaded from PlantTFDB (Jin et al., 2014) on March 9, 2018. Poplar
geneswere included as candidate TFs in the analysis if they themselves as

well as their best Arabidopsis match according to the Phytozome anno-
tation v3.1 (Tuskan et al., 2006;Goodstein et al., 2012) were both classified
as TFs, resulting in 1346 candidates. For each query gene, the top reg-
ulatory candidatesweredetermined from thegeneexpressiondataof each
tissue separately using the R package GENIE3 version 1.2.1 (Huynh-Thu
et al., 2010; Aibar et al., 2017). Networks were drawn with the R package
igraph version1.2.2 (Csardi andNepusz, 2006). For visualizationpurposes,
the top five candidates are shown for each query gene.

Protein-Protein Interaction Analysis

Experimental and literature-curated protein-protein interaction data for
Arabidopsis were obtained from data sets of interactome publications and
from the TairProteinInteraction file (time stamp: 2011-08-23) at The Ara-
bidopsis Information Resource (Arabidopsis Interactome Mapping Con-
sortium, 2011; Berardini et al., 2015; Yazaki et al., 2016) and compiled into
a single network. The network was visualized with Graphviz version 2.36
(Gansner and North, 2000). Because of the prominent transcriptional
stress-related memory response observed for the HB7 TF Potri.
001G083700 and its predicted target, the HAI1 ortholog Potri.
009G037300, combined with the known physiological role of HAI1 in
Arabidopsis leaves and the dimerization motif of HB7, we investigated the
interactomes of Arabidopsis orthologs given in Phytozome (Tuskan et al.,
2006; Goodstein et al., 2012) for all TFs that were predicted to regulate
Potri.009G037300 in mature leaves and showed a significant differential
expression in PS vs. EC after recovery. The subnetwork connecting
AT2G46680 (HB7) and AT4G27410 (closest match from the NAC019 or-
thology group) was evident from visual inspection of the network, and the
connection to the MYB TF AT5G05790 was found computationally by
neighborhood intersection. All threeTFsdidnot haveany interactionsother
than the ones shown in the subnetwork (Figure 8B).

Further Statistical Analysis

Treatment group comparisons for the gas exchange and antioxidant data
wereperformedusing theRpackagedunn.testwith the falsediscovery rate
method “bh” as a post hoc Dunn's test after application of the Kruskal-
Wallis test using kruskal.test in R version 3.5.0 (R Core Team, 2018). Di-
mension reduction for data visualization was also done in R. To show
common variation between the gas exchange data (eight parameters) and
the log2(TPM+1)-transformed gene expression data in mature leaves, we
selected the 100 most varying genes and applied regularized canonical
correlation analysis using the rcc function from the mixOmics package
version 6.3.2 (Lê Cao et al., 2009; Gonzalez et al., 2011) and an analytical
estimate of the regularization parameter (Schäfer and Strimmer, 2005).
Principal component analysis of the whole gene expression data set was
performedwith theprcomp function inRversion3.5.0 (RCoreTeam,2018).
Ellipses for 75% confidence levels were constructed from the expression
data using the dataEllipse function of the R package car version 3.0-2 (Fox
and Weisberg, 2011). Venn diagrams for differentially expressed genes
(abs[log2 fold change] > 1 and p.adj < 0.05 according to the DESeq2
analysis) were created with the R package venn version 1.7 (Dusa, 2018),
and thegene-wise expression heatmapwasgeneratedwith the heatmap.2
function of the gplots R package version 3.0.1 (Warnes et al., 2016).

Accession Numbers

The RNA-seq data have been deposited in the ArrayExpress database at
EMBL-EBI (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-
6121). R scripts for the data analysis are available at https://github.com/
georgii-helmholtz/samm.

Systems Architecture of Molecular Memory 363

http://www.plantcell.org/cgi/content/full/tpc.18.00431/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00431/DC1
http://ccb.jhu.edu/software/stringtie/dl/prepDE.py
http://ccb.jhu.edu/software/stringtie/dl/prepDE.py
http://www.plantcell.org/cgi/content/full/tpc.18.00431/DC1
https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-6121
https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-6121
https://github.com/georgii-helmholtz/samm
https://github.com/georgii-helmholtz/samm


Supplemental Data

Supplemental Figure 1. Volcano plots for differential expression
analysis of stress-treated trees relative to control trees in tissues
harvested after recovery.

Supplemental Figure 2. Parameter selection for the alignment of
RNA-seq reads.

Supplemental Figure 3. RNA-seq read mapping statistics.

Supplemental Figure 4. Gene expression correlation between bi-
ological replicates.

Supplemental Figure 5. Selection of genes used for co-expression
network analysis.

Supplemental Data Set 1. Annotation and differential expression of
stress (PS, CS) vs. control (EC) samples for all genes found in the
RNA-seq analysis.

Supplemental Data Set 2. GO enrichment analysis of stress phase
up-regulated genes (log2 fold change > 1, p.adj < 0.05) shared
between PS and CS or specific to one of the stress scenarios.

Supplemental Data Set 3. GO enrichment analysis of stress phase
downregulated genes.

Supplemental Data Set 4. GO enrichment analysis of recovery phase
upregulated genes.

Supplemental Data Set 5. GO enrichment analysis of recovery phase
downregulated genes.

Supplemental Data Set 6. Biochemical parameters of the anti-
oxidative system (anti-oxidant levels and enzyme activities).

Supplemental Data Set 7. Co-expression modules identified from
phase- and condition-dependent gene expression profiles for each tissue.

Supplemental Data Set 8. Tissue-specific gene regulatory networks
for query genes that responded similarly across all tissues and showed
a significant stress-related memory effect.

Supplemental Data Set 9. Tree origin and RNA-seq alignment
statistics of tissue samples.
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