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Abstract

Stress can be remembered by plants in a form of stress legacy that can alter future phenotypes of previously stressed plants and
even phenotypes of their offspring. DNA methylation belongs among the mechanisms mediating the stress legacy. It is however
not known for how long the stress legacy is carried by plants. If the legacy is long lasting, it can become maladaptive in situations
when parental-offspring environments do not match. We investigated for how long after the last exposure of a parental plant to
drought can the phenotype of its clonal offspring be altered. We grew parental plants of three genotypes of Trifolium repens for
five months either in control conditions or in control conditions that were interrupted with intense drought periods applied for
two months in four different time-slots. We also treated half of the parental plants with a demethylating agent (5-azaC) to test
for the potential role of DNA methylation in the stress legacy. Then, we transplanted parental cuttings (ramets) individually to
control environment and allowed them to produce offspring ramets for two months. The drought stress experienced by parents
affected phenotypes of offspring ramets. The stress legacy resulted in enhanced number of offspring ramets originating from
parents that experienced drought stress even 8 weeks before their transplantation to the control environment. 5-azaC altered
transgenerational effects on offspring ramets. We confirmed that drought stress can trigger transgenerational effect in T. repens
that is very likely mediated by DNA methylation. Most importantly, the stress legacy in parental plants persisted for at least
8 weeks suggesting that the stress legacy can persist in a clonal plant Trifolium repens for relatively long period. We suggest
that the stress legacy should be considered in future ecological studies on clonal plants.
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Stress can be remembered by plants in a form of stress legacy that can alter future phenotypes of previously
stressed plants and even phenotypes of their offspring. DNA methylation belongs among the mechanisms
mediating the stress legacy. It is however not known for how long the stress legacy is carried by plants.
If the legacy is long lasting, it can become maladaptive in situations when parental-offspring environment
do not match. We investigated for how long after the last exposure of a parental plant to drought can the
phenotype of its clonal offspring be altered. We grew parental plants of three genotypes ofTrifolium repens for
five months either in control conditions or in control conditions that were interrupted with intense drought
periods applied for two months in four different time-slots. We also treated half of the parental plants with
a demethylating agent (5-azaC) to test for the potential role of DNA methylation in the stress memory.
Then, we transplanted parental cuttings (ramets) individually to control environment and allowed them to
produce offspring ramets for two months. The drought stress experienced by parents affected phenotypes
of offspring ramets. The stress legacy resulted in enhanced number of offspring ramets originating from
plants that experienced drought stress even 56 days before their transplantation to the control environment.
5-azaC altered transgenerational effects on offspring ramets. We confirmed that drought stress can trigger
transgenerational effects in T. repens that is very likely mediated by DNA methylation. Most importantly,
the stress legacy in parental plants persisted for at least 8 weeks suggesting that the stress legacy can persist
in a clonal plantTrifolium repens for relatively long period. We suggest that the stress legacy should be
considered in future ecological studies on clonal plants.

Keywords Epigenetic memory; Stress legacy persistence; DNA methylation; 5-azacytidine

Introduction

An increasing body of studies demonstrate that plants’ exposure to different kinds of stresses in the past
can affect their responses to the same and/or different stresses in the future and eventually prepare them
to respond rapidly and/or adaptively to forthcoming stressful events (Bruce et al., 2007; Ding et al., 2013;
Ramı́rez et al., 2015; Li et al., 2014, Iwasaki & Paszkowski, 2014, Li et al., 2019). Such a phenomenon is
commonly called “stress legacy”, ‘stress memory’ or “priming”. In some cases, the stress experience can be
passed to further generation(s) and affect thus offspring growth and response to the stress despite no direct
exposure to the stress (Cullins, 1973; Shock et al., 1998; Molinier et al., 2006; Monneveux et al., 2013;
Trewavas, 2014). Such transgenerational effects can allow for rapid adaptation to environmental condition
if offspring environment resembles parental conditions (Mirouze & Paszkowski, 2011; Latzel and Klimesova,
2010; Boyko & Kovalchuk, 2011; Latzel et al., 2014; González et al., 2017; Crisp et al., 2016; González et al.
2017, Baker et al. 2019, Puy et al. 2021).

One of the intriguing questions is for how long is the stress legacy affecting the phenotypes of offspring? If
the stress legacy has physiological and/or phenotypic consequences on the offspring and is maintained over
long period by the parental plant, it could easily become maladaptive in situations when stress events are
rare or even absent. On the other hand, if the stress legacy is kept only for a very short time it can have
limited if any transgenerational effects and thus potentially no role in transgenerational adaptation. In other
words, in order for memory to be advantageous to plants, plants must balance between creating and keeping
memory and being able to reset the memory (Crisp et al., 2016). Information on the experienced stress can
be stored in the form of epigenetic variation (Bruce et al., 2007; Pascual et al., 2014; McIntyre & Strauss,
2014; Richards et al., 2017). It has been shown that environmentally induced epigenetic variation can be
transmitted to offspring generations (e.g. Verhoeven et al., 2010; Verhoeven & van Gurp, 2012; González et
al., 2018) and can be gradually lost after several sexual or asexual generations in the absence of the triggering
environmental stress (Jiang et al., 2014; Shi et al., 2019). However, the knowledge of temporal dynamics of
the stress legacy on offspring phenotype remains limited.

The dynamic of environmental stress can be operating at time scales ranging from several days to few weeks.
For example, in the central European context, common situation is when a relatively wet spring is followed
by a drier summer period that can last up to several weeks. From the perspective of the clonal plant strategy,
it only makes sense to produce drought-ready clonal offspring when the offspring will experience drought
too. However, if the dry season is about to end it makes no sense to keep producing drought-ready offspring.
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Nonetheless, we still do not know whether such environmental dynamics is accounted for in the stress legacy
dynamics in clonal plants.

Drought is one of the main threats affecting plant growth, as water deficit affects plants at all levels from
molecular, cellular, organ to the whole body (Li et al., 2014; Avramova, 2015; Li & Liu, 2016; Tombesi
et al., 2018). Studies have shown that plants that experienced repeated cycles of drought stress exhibited
both transcriptional and physiological responses during a subsequent drought stress that were absent in
plants without previous drought experience (Ding et al., 2012, 2014; Virlouvet et al., 2018). It has been also
shown that the memory on drought can be passed to (a)sexual offspring in Oryza sativa, Trifolium repens,
Arabidopsis thaliana or Zea mays(González et al., 2016; Li et al., 2019; Ding et al., 2012, 2014; Virlouvet
et al., 2018) and can be even adaptive, i.e. offspring of stressed parents overcome the stress better, i.e. has
higher overall fitness, than a näıve offspring (González et al., 2017). Clonal plants usually prefer wet habitats
(Klimeš et al., 1997, van Groenendael et al., 1996) making them particularly vulnerable to drought events
that should increase in their frequency and severity in the near future (Dai, 2012; Sherwood & Fu, 2014).

Clonal plants may have greater ability to pass epigenetic information to asexual generations than non-clonal
plants to sexual generation because of the lack of meiosis during clonal reproduction (Latzel & Klimesova,
2010; Verhoeven & Preite, 2014; Douhovnikoff & Dodd, 2015; González et al., 2016; Paszkowski & Gross-
niklaus, 2011; Latzel & Münzbergová; 2018; Münzbergová et al., 2019). This makes clonal plants an ideal
system for studying various ecological and evolutionary aspects of transgenerational stress memory in plants.
Our previous studies on a clonal herb Trifolium repens have shown that it can develop genotype specific
drought stress legacy that is partly enabled by epigenetic mechanism, in this case by DNA methylation
(González et al., 2016, 2018). We have also shown that the stress legacy can be adaptive, i.e. offspring ra-
mets of parents that experienced drought responded to the drought better, produced more biomass, than
näıve offspring (González et al., 2017). The legacy is translated into altered growth of offspring ramets in
comparison to plants without the legacy (González et al., 2016, 2017).

Here, we built on our previous studies on T. repens and tested for how long from the last exposure of a
parental plant to the drought can phenotype of its clonal offspring be affected and whether the offspring
phenotype alteration is co-facilitated by DNA methylation. We tested the following hypotheses: (1) Drought
stress is altering growth of parental ramets. (2) This alternation triggers drought-stress legacy that affects
phenotype of offspring ramets but is time-limited and is lost after certain period since the last drought event.
(3) The drought stress legacy is facilitated by DNA methylation. Testing these hypotheses should enable us
to put the phenomenon of transgenerational effects into a time frame context, which should improve our
understanding of ecological and evolutionary consequences of transgenerational effects in clonal plants.

Materials and methods

Plant material

We usedTrifolium repens as the model in our study. It is a rapidly growing polycarpic perennial herb widely
distributed in a variety of grasslands and pastures differing in soil type, nutrient level, and soil humidity
(Burdon, 1983).

In most studies, each phytomer of T. repens that consists of a node, internode, leaf, axillary bud and two nodal
root initials is considered as a ramet (Hay et al., 2001, Goméz et al., 2007). However, similarly to our previous
studies on the species (González et al., 2016, 2017, 2018), we decided to apply more conservative approach
and consideroffspring ramets only the side branches produced by elongating main stolon, i.e. parental
ramet . The monopodial growth style of Trifolium repens means that every stolon elongates along its main
axis by producing new phytomers within which resource and information flow is not restricted. On the other
hand, the side branches that are produced by axillary buds of the main stolon are more independent from the
main stolon because their connection to the main stolon is limited and not permanent, which results in more
limited resources and information exchange among the main stolon and side branches. In other words, the
growth of side branches is more independent on the physiological state of the main stolon. Such a conservative
approach provides us confidence that we can consider potential observed environmental effects to be truly
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transgenerational and ecologically relevant. See also Fig. 1 for a description of parental and offspring clonal
generations considered in our study.

We collected three cuttings taken from at least 50 meters distance from a mesophilous meadow of the park
at the Institute of Botany, Pruhonice, Czech Republic to ensure that the three cuttings were of different
genotypes but had similar growing conditions as well as growing history. We vegetatively propagated them
for four months in the experimental garden prior the main experiment.

Study design

We conducted the experiment in a greenhouse at the Institute of Botany, Pruhonice, Czech Republic with
controlled temperature and light regime from October 7, 2019 to May 4, 2020 (210 days in total). The
greenhouse had controlled temperature (23/18 °C day/night) and light regime (12-/12-h light/night cycle).
The experiment was divided in two parts. The first consisted of stress legacy induction in parental generation,
the second was designed to test for how long the parental plant carries legacy on the drought stress that
affects clonal offspring generations.

First phase - d rought stress application

We created 120 standardized unbranched cuttings (parental ramets) from the pre-cultivated plant material
(three genotypes, 40 cuttings per genotype) of T. repens . Each cutting consisted of three nodes with apical
end and was planted individually into a tray 30 × 40 × 8 cm filled with standardized soil (Trávńıkový substrát,
AGRO CS a.s., Rikov, Czech Republic, mixture of sand, compost and peat, 75% mass water holding capacity).
After transplantation of parental ramets, we kept all plants in control conditions (regular watering) for two
weeks to allow recovery and successful rooting. Afterwards, we randomly assigned plants to five treatment
combinations: control (n=8 per genotype), plants were watered regularly to keep the soil constantly moist
during the whole cultivation period. and 4 drought-stress treatments. The plants were grown for 5 months in
selected conditions. Plants assigned to drought stress treatment experienced control conditions interrupted
with drought periods (watered only when leaves were wilting) that lasted for 10 weeks but in different time
slots (2 weeks difference among the slots, see Fig. 1). In the first group (n=8 per genotype), the drought
treatment ended 8 weeks before establishment of the Offspring generation part (further referred to as 8W
group, see also Fig. 1). In the second group (n=8 per genotype), drought ended 6 weeks before establishment
of the Offspring generation part (further referred to as6W group). In the third group (n=8 per genotype),
drought ended 4 weeks before establishment of the Offspring generation part (further referred to as 4W
group). Finally, in the fourth group (n=8 per genotype), drought ended 2 weeks before establishment of
the Offspring generation part (further referred to as 2W group). The drought stress was implemented by
watering a plant with 200 ml of water only when the plant showed significant drought stress response, i.e.,
most leaves wilting. The water volume that was determined by a pilot study to sufficiently moistened the
soil and ensured that the next drought pulse occurs within 4 to 7 days. During the 10-week drought period
plants were watered approximately 10 times. The control plants received 8 × more water than the drought
stressed plants during the drought period (watered 2 × more often with 4 × more water volume at each
watering occasion) The same level of watering as in controls was maintained in the drought stressed plants
outside the drought period. The first phase was terminated 140th day of the experiment.

5-azacytidine application

To test for the role of DNA methylation in the stress memory induced by drought, we applied 5-azacytidine
demethylating agent on half of the parental plants, the remaining plants were sprayed with the same volume
of pure water. 5-azacytidine (further referred to as 5-azaC) reduces the global cytosine methylation level
of treated plants, and it has been successfully applied to demonstrate the role of plant epigenetic memory
in plant adaptation to stress (e.g. Boyko et al., 2010; González et al., 2016). 5-azaC can be toxic to plants
and thus some growth responses of plants can be consequences of the toxicity rather than the alteration of
DNA methylation. The unwanted side effects of 5-azaC are, however, related almost exclusively to situations,
when plants are germinated in 5-azaC solution (Puy et al. 2018). Foliar applications of 5-azaC is bypassing
most of the negative effects on plant growth but keeps its demethylating efficiency at comparable levels

4
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to germination plants in 5-azaC solution (Puy et al., 2018). We subjected a half of the parental plants to
5-azaC treatment (4 plants per genotype and treatment) to alter their epigenetic memory. We regularly
sprayed plants with 100 μmol solution of 5-azaC (Sigma-Aldrich, Praha, Czech Republic) every fourth day,
which resulted in 32 spraying events. The first application was on October 21, 2019, i.e. 14 days after
setting the experiment (the day of start of the first drought treatment), and with the last application at
the time of the termination of the last drought treatment (February 10, 2020, 126th day of the experiment).
We sprayed the plants in early morning to ensure that plants had open stomata and the solution of 5-azaC
could therefore be easily absorbed by the leaves. We did not measure the level of demethylation achieved by
the 5-azaC treatment in this study. However, in our previous study on the same species, by spraying plants
eleven times with 50 μmol solution of 5-azaC (i.e. half concertation and a third of spraying events than used
in this study) resulted in overall reduction in methylation by 4.48% (González et al., 2016). Therefore, we
are confident that the application of 5-azaC was effective in this study and resulted in reduction of overall
DNA methylation level of treated plants. However, we cannot exclude the scenario that plants experiencing
drought can react to the 5-azaC differently than plants experiencing control conditions.

Second phase – testing of stress legacy dynamics

On day 140 of the experiment, we created a single standardized parental cutting consisting of four nodes
and apical end from each individual (40 cuttings per genotype, 120 cuttings in total) and transplanted them
individually to similar trays filled with the same substrate as in the first phase. The remaining above ground
biomass of parental plants (further referred to as “parental biomass”) was harvested, dried at 80°C for 48
hours and weighed. By creating a cutting, we ensured that the newly growing clone had no connection to
the original parental plant from the first phase. Thus, the new emerging clone could not receive any signals
from the parental plant that experienced the drought and all phenotypic differences potentially detected on
the newly emerging clone can be ascribed to stress legacy mechanisms carried by the transplanted cutting.

We cultivated the transplanted plants in a greenhouse under control condition for 10 weeks (from Day 140 to
Day 210 of the experiment). We labelled the apical end of each transplanted cutting to be able to identify the
end of parental (transplanted) ramet that had developed before transplantation and the new parts that have
developed after transplantation (see Fig. 1b). At the end of the experiment (Ten weeks after establishment
of the Offspring generation), we record the number of side branches (i.e. offspring ramets) produced by the
elongating transplanted parental ramet. All clones consisted by interconnected ramets at the end of the
study. We harvested above-ground biomass separated in parental ramet (main stolon was divided into parts
developed before and after transplantation) and offspring ramets (side branches) that had developed after
transplantation, dried them at 80°C for 48 hours and weighed. The mean offspring biomass was calculated
by offspring biomass divided by the number of side branches.

In a subset of randomly chosen plants we also checked the Rhizobia colonisation of roots. We did not find
any established relationship in the 10 plants, which confirmed our previous experienced with the species that
the Rhizobia colonisation is rare under our growing conditions.

Statistical analyses

We tested the effect of genotype (genotype A, B and C), time since the last drought (2W, 4W, 6W, 8W
where W means week, and Control), 5-azaC application and their interactions on parental biomass of the
first phase, mean offspring biomass developed in the second phase and number of branches using generalised
linear models with Poisson distribution for number of branches and Gaussian distribution for the other
two variables. The significances were assessed using marginal tests, i.e. the effect of each predictor was
assessed after accounting for all the other predictors in the model. We used duncan.test function in the
agricolae package in R to perform the post-hoc tests in case of significant effects. The parental cutting
biomass transplanted to the second phase of the study was used as a covariate to account for potential
initial size difference among transplanted ramets on the subsequent growth when testing mean offspring
biomass and number of ramets. In preliminary tests, we explored whether the effects of parental cutting size
interacted with 5-azaC application, drought treatment or genotype. As we did not detect any such significant
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interaction, we did not consider these interactions in the models presented here. To meet the assumptions of
homoscedasticity and normality, the biomass data were log transformed prior to analyses. All analyses were
done in R 3.5.1.

Results

Parental plants of the first phase

Parental biomass differed among the genotypes (mean±SE, genotype A: 24.50 g ± 3.87; genotype B: 17.87
g ± 2.83; genotype C: 24.21 g ± 3.83) and was affected by the time period since the last drought (Table 1).
Control plants were the biggest whereas the plants that received drought treatment were on average of half of
the size of control plants. Parental plants with the last drought treatment 8 weeks before transplantation were
the biggest and the parental plants that received last drought 14 days before transplantation the smallest
among the plants that received drought stress (Fig. 1S). There was also a significant interaction between
5-azaC and time since the last drought (Table 1). Application of 5-azaC only decreased the parental biomass
in 4 W (Table 1, Fig. S2).

Offspring plants of the second phase

The number of side branches (offspring ramets) significantly differed among genotypes (Table 1). The number
of side branches were also significantly affected by the time period since the last drought (Time since the
last drought, Table 1). Plants of parents that experienced drought before transplantation produced more
branches than control plants irrespectively on the drought timing (Table 2, Fig. 2).

The effect of 5-azacytidine on Offspring generation

Application of 5-azaC on parental plants in the first phase of the study consequently increased the mean
offspring biomass, reduced number of side branches in transplanted plants of the second phase (Table 1,
Fig.3a, b), but did not have a main effect on the other measured variables in transplanted plants. 5-azaC
significantly altered mean offspring biomass (Table 1, Fig. 4). The mean offspring biomass of parents that
experienced the last drought event 2 and 8 weeks before transplantation significantly increased compared
to offspring of control parents (Fig. 4). The effect of 5-azaC was strongly genotype dependent (Table 1).
In A genotype, the mean offspring biomass of parents that experienced the last drought event 4 weeks
before transplantation significantly increased after 5-azaC application. In genotype B, significant effect of
application of 5-azaC on parental plants was detected in plants that experienced last drought event two weeks
before transplantation. In genotype C, plants which experienced the last drought event 2 and 8 weeks before
transplantation were significantly bigger after 5-azaC application when compared to offspring of control
parents (Table 1, Fig. 5).

Discussion

Our study investigated whether drought stress in the parental generation triggers transgenerational effects
in a clonal plantTrifolium repens , and if so, for how long from the last drought event the stress legacy in
parental plant persists and affects the phenotype of its clonal offspring. We hypothesized that the phenotypic
consequences of transgenerational effects should be gradually erased with the increasing time since the last
drought event. This prediction assumes that the long-term phenotypic consequences of transgenerational
effects should be not beneficial in situation when the drought stress is infrequent, time-limited or even
absent for a long period (Jiang et al., 2014; Shi et al. 2019; Lukic et al., 2020).

Results of our study are not in agreement with our predictions. We found that drought stress was detectable
on the number of created offspring ramets even 8 weeks after the last drought experienced by parents in all
genotypes. Our results thus suggest that the legacy of drought stress in a parental plant can last for at least
8 weeks (we did not test longer period because drought events simulated in our study cannot be expected
to last more than few weeks in the Central European context) and trigger transgenerational effects that are
affecting offspring phenotypes ofT. repens . This contradicts our prediction that the role of transgenerational
effects should be gradually erased with the increasing time since the last drought event because they could

6



P
os

te
d

on
A

u
th

or
ea

9
D

ec
20

21
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
63

90
57

49
.9

58
33

40
9/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

easily become maladaptive in situations when stress events are rare or even absent. On the other hand, the
long-lasting transgenerational effects due to the drought resulted in increased number of offspring ramets
produced by parental ramets that experienced drought. This suggests that the negative effect of the drought
on parental biomass can be to some degree compensated in the offspring generation. In other words, the
stress legacy can provide plants with other advantage than only better coping with future stress. Hence, even
the long-lasting stress legacy may not be maladaptive as long as it provides offspring with other benefits.
These findings are to some degree in line with our previous study where we showed that particular intensity
of drought stress in parental generation can increase offspring growth and biomass whereas different levels
of drought result in reduced biomass of offspring ramets (González et al. 2016).

Some studies showed that the environmentally induced epigenetic variation can be heritable among several
(a)sexual generations in the absence of the triggering stress (Verhoeven et al., 2010; Xu et al., 2016). Shi et al.
(2019) found that the environmentally induced epigenetic variation is progressively degrading over 10 clonal
generations (10 offspring ramets created from the establishment of the study) in a plant Alternanthera philo-
xeroides when cultivated in a common environment. These studies however were focused only on molecular
mechanisms and did not test the phenotypic consequences of environmentally induced epigenetic variation in
plants. Despite that they provided important evidence that the environmentally induced epigenetic change
can be heritable in certain cases (and species) and is carried by several (a)sexual generations. In our study,
we tested the role of DNA methylation on transgenerational effects indirectly via alteration of DNA me-
thylation of half of the plants with 5-azacytidine (5-azaC). Our results outlined that DNA methylation was
likely involved in the observed transgenerational effects as the effect of parental drought on mean offspring
biomass was changed in plants treated with 5-azaC in comparison to plants of the same stress history but
not treated with 5-azaC. Interestingly, 5-azaC did not alter growth of control plants (see Fig. 4 and 5), which
supports our conclusion that the application of 5-azaC interacted with epigenetic memory on the drought
stress.

The genotype specificity of the role of 5-azaC on transgenerational effects observed in mean offspring biomass
(Fig. 5) is in line with other studies demonstrating that epigenetic variation can be highly genotype dependent
(Richards 2006, Bossdorf et al. 2008, Becker et al. 2011, Li et al. 2012). Alternatively, potential structural
and/or morphological differences among genotypes could led to different levels of absorption of the 5-azaC
and thus in different efficiency of demethylation of DNA. It should be also noted that the stress legacy can be
also ascribed to other than epigenetic mechanisms such as hormonal signalling or other metabolites involved
in stress signalling (Hilker and Schmülling 2019) that could be present in transplanted parental ramets.

In our study, we simulated an environment that was repeatedly desiccating during summer season, i.e. periods
with sufficient water supply were interrupted by periods of water shortage. This particular setting triggered
stress legacy that lasted at least for 8 weeks in the three genotypes of T. repens . Of course, it is intuitive
that other scenarios with different timing and/or severity of a stress could trigger different legacy effects that
can have even contrasting phenotypic consequences on the offspring generation. For instance, in our previous
research on the same species, we observed that the stress legacy is established only if the drought last for a
certain period. We found that the drought stress can trigger transgenerational effects if it lasted for 10 weeks
but not for 4 months (González et al., 2016). This phenomenon needs to be investigated in more detail to
get better idea about the role of environmental stress, its intensity and duration on induction and temporal
dynamics of transgenerational effects in plants.

Previous studies investigated the role of duration or intensity of environmental stress on induction of trans-
generational effects (e.g. Boyko, 2010; Verhoeven & van Gurp, 2012; Rahavi & Kovalchuk 2013a, b; González
et al. 2016; Racette et al., 2019) but did not consider the temporal dynamics of the stress legacy in plants.
Study by González et al. (2017) showed that the drought in parental generation can trigger adaptive trans-
generational effects in T. repens , i.e. offspring performed better in drought if their parents also experienced
drought in comparison to offspring of näıve parents. However, the adaptive transgenerational effects were
demonstrated on offspring of parents that experienced drought period very recently before transplantation
to new environment, which may be ecologically rather rare scenario. It is possible that documented pat-
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terns of transgenerational effects can be only snap shots in time, which can result in overestimation or
underestimation of ecological and evolutionary aspects of transgenerational effects in plants.

Conclusion

Based on our results of the actual as well as previous studies (i.e. González et al., 2016, 2017), we argue
that the next inevitable step in upcoming research should be involvement of the temporal dynamics of the
stress legacy from the perspective of stress duration and the time when the stress occurred in studies on
clonal transgenerational plasticity. This can help us not only better understand ecological and evolutionary
aspects of the transgenerational effects in clonal plants but could also improve our predictions of plant
responses to future climatic conditions. More detailed insights into molecular (epigenetic) and biochemical
mechanisms involved in the stress legacy would also considerably improve our understanding of the stress
legacy mechanisms in clonal plants. Although we focused on clonal generations, similar aspects of temporal
dynamics of stress legacy can be expected for sexually derived individuals.
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J., Gaspar, B., Gogol-Döring, A., Grosse, I., van Gurp, T. P., Heer, K., Kronholm, I., Lampei, C., Latzel, V.,
Mirouze, M., Opgenoorth, L., Paun, O., Prohaska, S. J., Rensing, S. A., Stadler, P. F., Trucchi, E., Ullrich,
K., & Verhoeven, K. J. F. (2017). Ecological plant epigenetics: evidence from model and non-model species,
and the way forward.Ecology Letters , 20 , 1576-1590.

Sherwood, S., & Fu, Q. (2014). Climate change. A drier future? Science ,343 , 737-739.

Shi, W., Chen, X., Gao, L., Xu, C. Y., Ou, X., Bossdorf, O., Yang, J. & Geng, Y. (2019). Transient stability
of epigenetic population differentiation in a clonal invader.Frontiers in Plant Science , 9 ,1851.

Shock, C. C., Feibert, E. B. G., & Saunders, L. D. (1998). Potato yield and quality response to deficit
irrigation.HortScience ,33 (4), 655-659.

Tombesi, S., Frioni, T., Poni, S., & Palliotti, A. (2018). Effect of water stress “memory” on plant behavior
during subsequent drought stress.Environmental and Experimental Botany , 150 , 106-114.

Trewavas, A. (2014) Plant Behaviour and Intelligence. Oxford: Oxford University Press.

Verhoeven, K. J. F, van Dijk, P. J., & Biere, A. (2010). Stress-induced DNA methylation changes and their
heritability in asexual dandelions . New Phytologist , 185 , 1108-1118.

Verhoeven, K. J. F., & van Gurp, T.P. (2012). Transgenerational effects of stress exposure on offspring
phenotypes in apomictic dandelion. PLoS ONE , 6 , e38605.

Verhoeven, K. J. F., & Preite, V. (2014). Epigenetic variation in asexually reproducing organisms.Evolution
,68 (3), 644-655.

Virlouvet, L., Avenson, T. J., Du, Q., Zhang, C., Liu, N., Fromm, M., Avramova, Z, & Russo, S. E. (2018).
Dehydration stress memory: gene networks linked to physiological responses during repeated stresses of Zea
mays . Frontiers in Plant Science , 9 .

Xu, J. H, Tanino, K. K., & Robinson, S. J. (2016). Stable epigenetic variants selected from an induced
hypomethylatedFragaria vesca population. Frontiers in Plant science ,7 .
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(control versus 5-azaC) on parental biomass and size of offspring. Values for P < 0.05 are in bold. Marginally
significant (P < 0.1) in italics. The parameter estimates are shown in Tables S1-S3.

Parental biomassa Parental biomassa Mean offspring biomassa Mean offspring biomassa Side branch no. Side branch no.

Df F P F P Dev. Pr(Chi)
Genotype 2 37.40 <0.001 0.45 0.639 7.91 0.019
Time since last drought (T) 4 160.92 <0.001 1.42 0.234 32.59 <0.001
5-azaC 1 2.45 0.121 23.38 < 0.001 14.43 <0.001
Genotype ×T 8 0.85 0.555 1.64 0.124 8.46 0.390
Genotype × 5-azaC 2 1.04 0.358 3.99 0.022 1.22 0.543
T × 5-azaC 4 2.62 0.040 2.95 0.025 7.28 0.121
Genotype × T × 5-azaC 8 1.44 0.192 2.23 0.032 2.92 0.939

Note: “a” represent log transformed

Table 2. Effects of time since last drought (2W, 4W, 6W, 8Wversus Control) on parental biomass, mean
offspring biomass and number of side branches of Trifolium repens across all three genotypes. Shown are

11



P
os

te
d

on
A

u
th

or
ea

9
D

ec
20

21
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
63

90
57

49
.9

58
33

40
9/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

means and SE.

Columns sharing the same letter are not significantly different from each other at p < 0.05.

2W 2W 4W 6W 8W Control

Parental biomass /g 12.36±0.66d 12.36±0.66d 14.50± 0.84cd 14.52±0.63c 18.60±1.24b 50.97±2.39a 50.97±2.39a
Mean offspring biomass/g Mean offspring biomass/g 0.16±0.01a 0.16±0.01a 0.14±0.01a 0.14±0.01a 0.15±0.01a 0.15±0.01a
Number of side branches Number of side branches 9.38±0.80b 11.83±0.67a 9.79±0.64ab 9.08±0.55b 6.88±0.54c 6.88±0.54c

Table S1. Effects of genotype, time since the last drought (2W, 4W, 6W, 8W and Control) and 5-azaC treat-
ment (control versus 5-azaC) onparental biomass . Significant values (P [?] 0.05) are in bold. Marginally
significant (P [?] 0.1) in italics.

Estimate Std. Error z value Pr(>|z|)
(Intercept) 2.438 0.126 19.329 <0.001
genotypeB 2.240 0.157 18.065 0.210
genotypeC 2.609 0.156 20.423 0.277
4W 2.637 0.155 20.609 0.204
6W 2.765 0.155 21.441 0.038
8W 3.224 0.155 24.403 <0.001
Control 4.088 0.156 29.893 <0.001
5-azaC 2.570 0.155 20.181 0.397
genotypeB×4W 2.326 0.219 18.817 0.610
genotypeC×4W 2.286 0.219 18.634 0.489
genotypeB×6W 2.267 0.219 18.547 0.437
genotypeC×6W 2.359 0.219 18.969 0.720
genotypeB×8W 1.870 0.219 16.735 0.011
genotypeC×8W 2.124 0.219 17.894 0.155
genotypeB×Control 2.315 0.221 18.772 0.579
genotypeC×Control 2.253 0.221 18.492 0.405
genotypeB×5-azaC 2.487 0.220 19.552 0.824
genotypeC×5-azaC 2.515 0.224 19.669 0.735
4W×5-azaC 2.755 0.219 20.778 0.151
6W×5-azaC 2.422 0.219 19.256 0.942
8W×5-azaC 1.993 0.219 17.294 0.045
Control×5-azaC 2.169 0.223 18.123 0.231
genotypeB×4W×5-azaC 2.093 0.310 18.217 0.269
genotypeC×4W×5-azaC 2.075 0.312 18.163 0.247
genotypeB×6W×5-azaC 2.354 0.310 19.056 0.785
genotypeC×6W×5-azaC 2.098 0.310 18.232 0.276
genotypeB×8W×5-azaC 3.027 0.310 21.226 0.061
genotypeC×8W×5-azaC 2.536 0.311 19.643 0.754
genotypeB×Control×5-azaC 2.462 0.311 19.405 0.939
genotypeC×Control×5-azaC 2.426 0.310 19.290 0.969

Table S2. Effects of genotype, time since the last drought (2W, 4W, 6W,8W and Control) and 5-azaC
treatment (control versus 5-azaC) on mean offspring biomass . Significant values (P [?] 0.05) are in bold.
Marginally significant (P [?] 0.1) in italics.
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. Estimate Std. Error z value Pr(>|z|)
(Intercept) -1.594 0.160 -9.939 <0.001
genotypeB -2.073 0.199 -12.348 0.018
genotypeC -2.183 0.198 -12.917 0.004
4W -1.979 0.197 -11.898 0.053
6W -1.845 0.197 -11.219 0.204
8W -2.054 0.197 -12.279 0.022
Control -2.034 0.198 -12.157 0.029
5-azaC -1.745 0.197 -10.711 0.442
genotypeB×4W -1.031 0.279 -7.923 0.047
genotypeC×4W -0.784 0.278 -7.030 0.005
genotypeB×6W -1.225 0.278 -8.615 0.189
genotypeC×6W -0.935 0.278 -7.574 0.020
genotypeB×8W -1.115 0.278 -8.220 0.089
genotypeC×8W -1.310 0.278 -8.920 0.311
genotypeB×Control -0.815 0.281 -7.166 0.007
genotypeC×Control -0.847 0.281 -7.285 0.009
genotypeB×5-azaC -0.738 0.279 -6.875 0.003
genotypeC×5-azaC -0.707 0.285 -6.831 0.003
4W×5-azaC -0.958 0.278 -7.654 0.025
6W×5-azaC -1.463 0.279 -9.470 0.640
8W×5-azaC -1.173 0.278 -8.427 0.134
Control×5-azaC -1.348 0.284 -9.072 0.388
genotypeB×4W×5-azaC -2.989 0.394 -13.477 <0.001
genotypeC×4W×5-azaC -2.769 0.396 -12.905 0.004
genotypeB×6W×5-azaC -2.548 0.394 -12.363 0.017
genotypeC×6W×5-azaC -2.197 0.394 -11.469 0.130
genotypeB×8W×5-azaC -2.436 0.394 -12.077 0.035
genotypeC×8W×5-azaC -1.873 0.396 -10.644 0.482
genotypeB×Control×5-azaC -2.711 0.396 -12.763 0.006
genotypeC×Control×5-azaC -2.290 0.394 -11.708 0.080

Table S3. Effects of genotype, time since last drought (2W, 4W, 6W,8W and Control) and 5-azaC treatment
(control versus 5-azaC) onside branches number . Significant values (P [?] 0.05) are in bold. Marginally
significant (P [?] 0.1) in italics.

Estimate Std. Error z value Pr(>|z|)
(Intercept) 2.595 0.171 15.170 <0.001
genotypeB 2.393 0.207 14.194 0.329
genotypeC 1.936 0.235 12.361 0.005
4W 2.596 0.193 15.174 0.997
6W 2.435 0.201 14.370 0.424
8W 2.413 0.202 14.266 0.366
Control 1.900 0.238 12.250 0.004
5-azaC 2.270 0.210 13.626 0.122
genotypeB×4W 2.870 0.279 16.154 0.325
genotypeC×4W 3.155 0.305 17.004 0.067
genotypeB×6W 2.842 0.290 16.023 0.394
genotypeC×6W 3.356 0.309 17.629 0.014
genotypeB×8W 2.657 0.299 15.378 0.835
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. Estimate Std. Error z value Pr(>|z|)
genotypeC×8W 2.813 0.333 15.823 0.514
genotypeB×Control 2.803 0.343 15.777 0.544
genotypeC×Control 3.292 0.360 17.104 0.053
genotypeB×5-azaC 2.745 0.308 15.657 0.626
genotypeC×5-azaC 2.718 0.361 15.510 0.734
4W×5-azaC 2.693 0.293 15.502 0.740
6W×5-azaC 2.426 0.320 14.641 0.596
8W×5-azaC 2.669 0.308 15.410 0.810
Control×5-azaC 2.962 0.349 16.220 0.294
genotypeB×4W×5-azaC 2.442 0.419 14.804 0.714
genotypeC×4W×5-azaC 2.333 0.468 14.610 0.576
genotypeB×6W×5-azaC 2.625 0.449 15.237 0.946
genotypeC×6W×5-azaC 2.329 0.488 14.626 0.586
genotypeB×8W×5-azaC 2.644 0.445 15.280 0.913
genotypeC×8W×5-azaC 2.851 0.492 15.690 0.603
genotypeB×Control×5-azaC 2.603 0.487 15.186 0.987
genotypeC×Control×5-azaC 2.189 0.527 14.398 0.440

Figure legends:

Figure. 1 (a) Time schedule of the experiment. (b) Idealized scheme ofT. repens plant developed after
transplantation of parental cutting to a control environment. Label: marked position of apical end of trans-
planted parental ramet. This enabled determination of parental ramet that developed prior transplantation
to the control environment.

Figure 2. Effect of time since the last drought event (2W, 4W, 6W, 8Wversus Control) experienced by
parental ramets on the production of side branches (clonal offspring) of Trifolium repens . Means and SE
are shown. Columns sharing the same letter are not significantly different from each other at p < 0.05.

Figure 3. Effect of 5-azaC on the mean offspring biomass(a) and number of side branches(b) (offspring) of
Trifolium repens . Means and SE are shown. Columns sharing the same letter are not significantly different
from each other at p < 0.05.

Figure 4. Effects of time since last drought (2W, 4W, 6W, 8Wversus Control) and 5-azaC treatment (control
versus5-azaC) on mean offspring biomass of Trifolium repens . Means and SE are shown. Columns sharing
the same letter are not significantly different from each other at p < 0.05.

Figure 5. Interactive effect of time since the last drought event (2W, 4W, 6W, 8W versus Control) and
5-azaC on mean offspring biomass of 3 genotypes (A genotype, B genotype and C genotype) ofTrifolium
repens . Means and SE are shown. Columns sharing the same letter are not significantly different from each
other at p < 0.05.

Figure S1. Effects of time since last drought (2W, 4W, 6W, 8Wversus Control) on parental biomass of
Trifolium repens . Shown are means and SE.

Columns sharing the same letter are not significantly different from each other at p < 0.05.

Figure S2. Effects of time since last drought (2W, 4W, 6W, 8Wversus Control) and 5-azaC treatment
(control versus5-azaC) on parental biomass of Trifolium repens . Shown are means and SE.

Columns sharing the same letter are not significantly different from each other at p < 0.05.
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