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ABSTRACT 17 

Plant stress responses can extend into the following generations, a phenomenon called 18 

transgenerational effects. Heat stress, in particular, is known to affect plant offspring, but we 19 

do not know to what extent these effects depend on the temporal patterns of the stress, and 20 

whether transgenerational responses are adaptive and genetically variable within species. To 21 

address these questions, we carried out a two-generation experiment with nine Arabidopsis 22 

thaliana genotypes. We subjected the plants to heat stress regimes that varied in timing and 23 

frequency, but not in mean temperature, and we then grew the offspring of these plants under 24 

controlled conditions as well as under renewed heat stress. The stress treatments significantly 25 

carried over to the offspring generation, with timing having stronger effects on plant 26 

phenotypes than stress frequency. However, there was no evidence that transgenerational 27 

effects were adaptive. The magnitudes of transgenerational effects differed substantially 28 

among genotypes, and for some traits the strength of plant responses was significantly 29 

associated with the climatic variability at the sites of origin. In summary, timing of heat stress 30 

not only directly affects plants, but it can also cause transgenerational effects on offspring 31 

phenotypes. Genetic variation in transgenerational effects, as well as correlations between 32 

transgenerational effects and climatic variability, indicate that transgenerational effects can 33 

evolve, and have probably already done so in the past. 34 

 35 

  36 
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INTRODUCTION 37 

Plants encounter various environmental challenges in nature, such as episodes of stressful 38 

temperatures or low water availability. Many previous studies have investigated how plants 39 

respond to contrasting environmental conditions in terms of their fitness and functional traits 40 

(e.g. Sultan et al. 1998; Callahan and Pigliucci 2002; Ibañez et al. 2017; Marais et al. 2017). 41 

Although plants generally show reduced fitness under stressful environments, different 42 

genotypes often vary in their fitness responses and thus their ability to maintain fitness under 43 

adverse environmental conditions (Sultan 1987, 2000; Ghalambor et al. 2007). This variation 44 

in fitness responses is often related to underlying variation in the plasticity of functional 45 

traits. For instance, decreased fitness under warmer temperatures may be caused by advanced 46 

flowering in the annual Arabidopsis thaliana (Ibañez et al. 2017). More generally, there is 47 

usually intraspecific variation in plant responses to environmental treatments (i.e. genotype-48 

by-environment interactions, G × E; Sultan 2000; Pigliucci 2001). If such variation exists 49 

within populations, then natural selection can act on it, and the trait plasticity can evolve and 50 

adapt to local environmental conditions (Sultan 2000; Groot et al. 2017). If past 51 

environments have influenced the evolution of plasticity, we should be able to detect 52 

plasticity-environment correlations to identify agents of selection shaping plasticity (Groot et 53 

al. 2017; Marais et al. 2017). 54 

Organisms may not only respond directly to their current environments, but their 55 

phenotypes may also be influenced by the environmental conditions that their ancestors were 56 

exposed to (Uller 2008; Latzel et al. 2014; Groot et al. 2016, 2017; Alvarez et al. 2020; Liu et 57 

al. 2020) – a phenomenon called ‘transgenerational plasticity’ or ‘transgenerational effects’. 58 

In plants, such transgenerational effects can be physiological and controlled by the mother 59 

plant (Herman and Sultan 2011), for instance through endosperm or seed coat modifications. 60 

Transgenerational effects can also be epigenetic (Whittle et al. 2009; Rasmann et al. 2012; 61 
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Suter and Widmer 2013) and therefore potentially transferable across even more than one 62 

generation (Suter and Widmer 2013; Groot et al. 2016, 2017). Through transgenerational 63 

effects, plants could prepare (or ‘prime’) their phenotypes for particular environmental 64 

conditions, particularly when offspring are likely to experience similar conditions as their 65 

parents, thereby increasing local adaptation (i.e. adaptive transgenerational plasticity; Roach 66 

and Wulff 1987; Mousseau and Fox 1998 a, b; Agrawal 2001; Galloway 2005; Galloway and 67 

Etterson 2007; Uller 2008; Mousseau et al. 2009; Latzel et al. 2014; Yin et al. 2019; Puy et 68 

al. 2020). However, as with regular (within-generation) phenotypic plasticity, 69 

transgenerational effects can only evolve as an adaptation when there is genotypic variation 70 

in transgenerational effects and when offspring environmental conditions correlate with 71 

parental environmental conditions (Uller 2008). 72 

An increasing number of empirical studies with plants investigated how 73 

transgenerational effects may confer adaptation particularly under temperature stress (Sultan 74 

et al. 2009; Herman and Sultan 2011; Latzel et al. 2014; Groot et al. 2017). For instance, in a 75 

single genotype of the model plant Arabidopsis thaliana, transgenerational effects of heat 76 

stress were observed even in the third offspring generations (Whittle et al. 2009). 77 

Interestingly, the third offspring generations which experienced the same heat stress in the 78 

parental generation and first offspring generations had a fitness advantage. More recently, 79 

Groot and co-workers (2017) showed strong genotypic variation in parental and 80 

grandparental effects of heat stress in 14 A. thaliana genotypes. 81 

So far most studies investigating plant responses to altered and/or stressful 82 

environmental conditions – including those studies investigating transgenerational effects –83 

were performed under controlled conditions. However, studies usually applied stable 84 

treatments that did not consider the temporal variability of environmental stress, which 85 
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however plays an important role in natural ecosystems (Knapp et al. 2002; Schwinning et al. 86 

2004; Shea et al. 2004). For instance, while global warming is expected to continue (Giorgi et 87 

al. 2004; Barros and Field 2014), climate anomalies will increase too (e.g. European heat 88 

waves in 2003 and 2010), resulting in increasing temporal variability of temperature and, 89 

presumably, heat stress (Schär et al. 2004; Fischer and Schär 2008; Barriopedro et al. 2011). 90 

During climatic extreme events, the variability aspect itself is often thought to be more 91 

important than the involved changes in means (Katz and Brown 1992), and some ecosystems 92 

have even been found to be more sensitive to changes in environmental variability than to 93 

changes in environmental means (Knapp et al. 2002). 94 

To date, only few studies have examined plant responses to changes in environmental 95 

variability, or genetic variation therein (Parepa et al. 2013, Scheepens et al. 2018), 96 

specifically with respect to the timing (Stone and Nicolas 1995, 1996; Prasad et al. 1999; 97 

Wang et al. 2016) or frequency (Walter et al. 2009) of stress. To our knowledge, only one 98 

previous study tested for transgenerational effects of stress timing (Reza Rahavi and 99 

Kovalchuk 2013) and none tested transgenerational effects of stress frequency.  100 

To address these questions and to better understand the complexity of plant responses to 101 

climatic variability (Knapp et al. 2002; Reyer et al. 2013), we carried out a two-generation 102 

experimental study with Arabidopsis thaliana (L.) Heynh. that tested plant responses to 103 

altered timing and frequency of heat stress. To explore intraspecific variation and 104 

evolutionary potential, our study included multiple genotypes from different geographic and 105 

climatic origins. In the first generation (published in Scheepens et al. 2018), we found (i) that 106 

the timing of heat stress had a much stronger effect on the plants than its frequency, (ii) that 107 

A. thaliana genotypes significantly differed in their responses to stress timing, and (iii) that 108 

this intraspecific variation correlated with the precipitation variability at the geographic 109 
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origins. The latter two findings together indicate a possible adaptive evolution of this type of 110 

phenotypic plasticity in more variable environments. 111 

Here, we report on the results from the offspring generation where we grew plants 112 

from 9 of the 11 genotypes included in the parental-generation experiment in two 113 

experiments: On the one hand we tested for transgenerational effects of parental stress 114 

treatments in a simple common-garden experiment, and on the other hand we subjected a 115 

subset of the offspring plants to renewed stress to test the adaptive value of transgenerational 116 

effects (reciprocal experiment). As in the parental-generation experiment, we also tested for 117 

intraspecific variation in plant responses, correlated this variation with climates of origin, and 118 

tested whether increased trait plasticity correlates with fitness robustness, i.e. more stable 119 

fitness across treatments. Specifically, we asked the following questions: (1) Are there 120 

transgenerational effects of heat stress timing or frequency on the phenotypes of the 121 

offspring? (2) If yes, do transgenerational effects affect responses to current stress in an 122 

adaptive way? (3) Are there differences among A. thaliana genotypes in the magnitudes 123 

and/or direction of transgenerational effects? (4) If yes, does this intraspecific variation 124 

correlate with environmental conditions at the geographic origins and/or with fitness 125 

robustness? 126 

 127 

MATERIALS AND METHODS 128 

Parental generation experiment 129 

The plant material used here came from a previous study (Scheepens et al. 2018) in which we 130 

tested for the direct effects of different temperature stress scenarios, varying in timing and 131 

frequency (Figure 1), on 11 Arabidopsis thaliana genotypes. The 11 genotypes were selected 132 
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to maximize genetic diversity and came from the “core collection” of the Versailles 133 

Arabidopsis Stock Center (McKhann et al. 2004). After one week of cold-moist (4 °C) 134 

stratification, all seeds were planted into 5 × 5 × 4.5 cm pots with a 9:9:2 mixture of low-135 

nutrient soil, regular potting soil and sterilized sand and placed in a growth chamber with 136 

20/15 °C and a 16/8 h light/dark cycle until one week after germination. For the experimental 137 

treatments, we used two identical climate chambers, one set to 20/15 °C (‘control chamber’), 138 

the other set to 30/25 °C (‘stress chamber’), both with a 16/8 h light/dark cycle. A day 139 

temperature of 30 °C is known to be stressful for A. thaliana and to reduce its fitness (Groot 140 

et al. 2017; Scheepens et al. 2018). Light conditions (230 μmol⋅m-2⋅s-1) and air humidity (40-141 

60%) were identical in both chambers. The experimental treatments were created by moving 142 

different subsets of plants to the stress chamber at different times and intervals. Specifically, 143 

we varied the timing and frequency of heat stress periods experienced by the plants (Figure 144 

1). To vary timing, we stressed plants either early in their life cycle (plants moved to stress 145 

chamber on day 8, right after the first week of seedling establishment), in the middle of most 146 

genotypes’ life cycle (starting on day 26) or late in the life cycle (starting on day 44). The 147 

timing treatment was crossed with a frequency/duration treatment, where heat stress was 148 

either applied at low frequency (2 times 6 days of stress, with 6 days in between) or high 149 

frequency (4 times 3 days of stress, each time with 2 days in between). Important to note is 150 

that in all stress scenarios the plants experienced the same total time in the stress chamber and 151 

therefore also the same mean temperature during the experiment (Figure 1). In each chamber, 152 

the spatial positions of all pots were completely randomized, and were re-randomized every 153 

week. We had eight replicate plants of each genotype in each treatment. Altogether, our 154 

parental-generation experiment included 11 genotypes × 6 treatments × 8 replicates = 528 155 

plant individuals. The experiment ran for approximately 10 weeks. When plants began 156 

flowering, we placed their inflorescences into ARACON tubes (Betatech bvba, Gent, 157 
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Belgium) to prevent cross-fertilization and collect the seeds for the next experimental 158 

generation. 159 

 Offspring generation experiments 160 

We tested for transgenerational effects in two separate experiments, (1) a simple common-161 

environment comparison of offspring from the six parental treatments under control condition 162 

(16/8 h light/dark at 20/15 °C), and (2) a reciprocal transplant where we used offspring from 163 

only two of the parental treatments, the early and mid-term stress at low stress frequency 164 

(Figure 1), re-created these two treatments and grew both types of offspring in both 165 

environments. We restricted the second experiment to these two treatments because they had 166 

the strongest effects in the parental generation (Scheepens et al. 2018). Since in the reciprocal 167 

experiment there were ‘local’ (same conditions as parents) versus ‘foreign’ (different 168 

conditions from parents) plants in each environment, this experiment allowed to test for 169 

adaptive transgenerational effects. In both offspring experiments, we used nine of the 11 170 

genotypes from the previous generation, because of limited numbers of seeds in the 171 

remaining two genotypes (Table 1; Scheepens et al. 2018), and we stratified and germinated 172 

seeds as in the parental experiment. In the first experiment, we had seven replicates per 173 

genotype and parental treatment, for a total of 9 genotypes × 6 parental environments × 7 174 

replicates = 378 plants. In the second experiment, there were eight replicates per genotype by 175 

treatment combination, with a total of 9 genotypes × 2 parental environments × 2 offspring 176 

environments × 8 replicates = 288 plants. In both experiments, we watered all plants 177 

regularly, and re-randomized their spatial positions every week. On day 44, right after the 178 

intermediate stress treatment in the reciprocal experiment, we took leaf samples for molecular 179 

analyses (not reported here) from 3-4 randomly selected plants from each genotype by 180 

treatment combination in each of the two experiments (i.e. from roughly half of the plants). 181 
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Throughout the experiment, we recorded flowering time as the number of days from 182 

germination to when the white petals of the first flower became visible. As in the parental 183 

experiment, we placed ARACON tubes over the flowering stems to prevent outcrossing and 184 

collect seeds. Each plant was harvested one week after its fruits had started to turn yellow. We 185 

estimated plant fecundity as the number of fruits >2 mm. We then counted the number of 186 

basal shoots and lateral shoots and calculated the ratio of lateral to basal shoot number as 187 

index of plant architecture, with lower values indicating more ‘shrubby’ plants. After that, we 188 

separated inflorescences and rosettes, dried them at 60 °C for 72 h and weighed them, and 189 

then calculated total aboveground biomass, as well as reproductive allocation as the ratio of 190 

reproductive to total aboveground biomass. 191 

 Statistical analysis 192 

We used linear models to test for the effects of experimental treatments, plant genotypes, and 193 

their interactions, on each of the five measured traits: flowering time, plant architecture, 194 

aboveground biomass, reproductive allocation and fecundity, where fecundity is interpreted 195 

as a fitness proxy. For the simple common-environment experiment, the models included 196 

plant genotype, timing of parental stress, frequency of parental stress, and all possible 197 

interactions, as fixed factors. For the reciprocal experiment, the models included plant 198 

genotype, timing of parental stress, timing of offspring stress, and their interactions. 199 

Additionally, to account for possible influences of the leaf sampling, all models also included 200 

leaf sampling (yes/no) as a fixed factor. To improve the normality of residuals and 201 

homogeneity of variance, the flowering time and aboveground biomass data were log-202 

transformed prior to the analyses. Despite these transformations, Levene’s tests showed that 203 

the assumption of homogeneity of variance was violated for significant interactions that 204 

included genotype, possibly due to low sample sizes at this interaction level. However, linear 205 
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models are fairly robust to heteroscedasticity when sample sizes are equal, which is the case 206 

in our study. 207 

In those cases where we discovered a significant genotype by treatment interaction, i.e. 208 

genetic variation in plasticity, in either of the two experiments, we additionally tested whether 209 

trait plasticities of genotypes were associated with (1) their climates of origin and (2) their 210 

fitness robustness. As measure of trait plasticity, we used the coefficient of variation (CV) of 211 

a trait (Valladares et al. 2006) across all treatments in an experiment (common environment: 212 

six parental environments; reciprocal experiment: four combinations of parental and offspring 213 

environments). For the climate-plasticity test, we extracted climate data for each genotype 214 

origin from the WorldClim database (Hijmans et al. 2005), and we used on the one hand 215 

several existing bioclimatic variables that describe annual climatic variability [BIO2 = Annual 216 

Mean Diurnal Temperature Range, BIO3 = Isothermality, BIO4 = Temperature Seasonality 217 

(standard deviation, SD), BIO7 = Annual Temperature Range, BIO15 = Precipitation 218 

Seasonality (CV)], and on the other hand we calculated several climate variabilities for the 219 

specific growing season (see Table 1) of each genotype: the SDs of temperature, and the CVs 220 

of precipitation, evapotranspiration and climatological water deficit. Additionally, we 221 

included latitude from each genotype’s origin. To test for relationships between climate 222 

variability of origin and the plasticity of Arabidopsis genotypes, we calculated Pearson 223 

correlations between trait plasticity and the bioclimatic variables, growing-season 224 

variabilities and latitude, respectively. For the plasticity-fitness test, we calculated the fitness 225 

robustness of each genotype by taking the mean of the average fitness values (in terms of 226 

number of fruits) per treatment and by dividing this mean by the maximum average fitness 227 

achieved in one of the treatments. Fitness robustness thus indicates how treatments 228 

diminished fitness compared to maximum average fitness achieved among the treatments and 229 
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allows for comparisons among genotypes (Scheepens et al. 2018). We then calculated 230 

Pearson correlations between trait plasticity and fitness robustness. 231 

All statistical analyses were done in JMP 12 (SAS Institute, Heidelberg). 232 

 233 

RESULTS 234 

Common-environment experiment 235 

In the simple common-environment experiment, we found strong genotype differences in all 236 

measured traits (Table 2), confirming that there was substantial genetic diversity in the 237 

studied A. thaliana genotypes. The effects of parental stress treatments were much more 238 

moderate, and were largely confined to the timing of parental heat stress (Tables 2, S4): 239 

Offspring from parents which experienced early stress generally showed an increased ratio of 240 

lateral to basal shoots compared to intermediate and late stress (Figure 2). For flowering 241 

time, the effect of stress timing depended on stress frequency (PT × PF interaction in Table 2; 242 

Figure S1). We found significant genotype by stress timing interactions for flowering time 243 

and plant architecture (G × PT interactions in Table 2; Figure 3), indicating genetic variation 244 

in these transgenerational responses. There were no main effects of stress frequency in any of 245 

the studied traits, and no genotype by stress frequency interactions. Only for aboveground 246 

biomass, there was a significant three-way interaction between plant genotype, parental stress 247 

timing and parental stress frequency (G × PT × PF interaction in Table 2), indicating 248 

complex relationships between these three factors. The removal of leaves from around half of 249 

the plants, which we accounted for by including it in our models, had strong effects on three 250 

out of five analyzed traits (aboveground biomass, reproductive allocation, fecundity; Table 251 

2). 252 
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Reciprocal experiment 253 

When offspring from early and intermediate (low-frequency) stress parents were reciprocally 254 

subjected to the same treatments, there were strong effects of offspring environment on all 255 

measured traits except for flowering time (OT main effects in Table 3; Table S5). The 256 

parental heat stress timing affected only the flowering time of the plants (PT main effect in 257 

Table 3; Table S5), with offspring from early-stress parents flowering earlier (Figure 4). 258 

However, a significant interaction between parental and offspring environment (PT × OT in 259 

Tables 3, S5) indicated that the expression of transgenerational effects on flowering time 260 

depended on the offspring environment: the differences between parental treatments were 261 

expressed only if the offspring was subjected to early heat stress, but not if heat stress 262 

occurred later (Figure 4).  263 

As in the common-environment experiment, leaf removal had significant effects on 264 

three out of five traits (aboveground biomass, reproductive allocation, fecundity), and there 265 

were significant genotype differences in all of the studied traits (Table 3). There were also 266 

significant genotype by offspring environment interactions (G × OT in Table 3) in four out of 267 

the five measured traits, indicating genetic variation in (within-generation) phenotypic 268 

plasticity. In addition, we found a genotype by parental environment interaction (G × PT in 269 

Table 3), indicating genotype-specific transgenerational effects, for flowering time.  270 

We did not find a significant parental by offspring environment interaction for plant 271 

fecundity (PT × OT in Table 3; Table S5), as would have been predicted for adaptive 272 

transgenerational effects. However, there was a significant G × PT × OT interaction, 273 

indicating that these interactions are genotype-specific. We therefore tested for a significant 274 

PT × OT interaction separately for each genotype. Only in Mt-0 this interaction was 275 

significant (F = 10.38, P = 0.003; Figure S2), but the results did not confirm our hypothesis. 276 
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In each offspring environment the plants from the respective other parental environment 277 

produced more fruits than the ones from the same parental environment, indicating a 278 

maladaptive transgenerational effect. 279 

Plasticity, climates of origin, and fitness robustness 280 

We found no correlations between climates of origin and trait plasticity in the common-281 

environment experiment (Table S1), but in the reciprocal experiment there were several 282 

significant climate-plasticity correlations (Table S2). The CV of fecundity (representing 283 

variation in fitness) was negatively correlated with temperature seasonality and annual 284 

temperature range, and positively correlated with isothermality (Table S2). Thus, genotypes 285 

from geographic origins with higher temperature seasonality displayed lower variation in 286 

fecundity - and therefore greater fitness homeostasis - in response to different stress 287 

treatments (Figure 5A). The CV of fecundity was also positively correlated with the seasonal 288 

CV of evapotranspiration variability (Table S2). Moreover, we also found that the CV of 289 

aboveground biomass was positively correlated with isothermality and precipitation 290 

seasonality (Figure 5B), and negatively correlated with latitude and with the seasonal CV of 291 

climatological water deficit. Finally, the CV of plant architecture correlated negatively with 292 

the annual mean diurnal temperature range. Despite significant genotypic variation in the 293 

response of flowering time to parental or offspring stress timing, this variation in plasticity 294 

did not correlate with any of the climate variables. In both experiments, we found that the 295 

plasticity of aboveground biomass, but not that of the other traits, was significantly 296 

negatively correlated with fitness robustness (Table S3; Figure 6). 297 

 298 

DISCUSSION 299 
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Changes in the temporal variability of environmental stresses are an important aspect of 300 

climate change, but we so far know little about the evolutionary consequences for plants: (i) 301 

whether plant responses can be transgenerational, (ii) if plants harbour intraspecific variation 302 

(and thus evolutionary potential) in this respect, and (iii) how such transgenerational 303 

responses relate to environmental adaptation and fitness. While previous studies usually 304 

compared stressed and non-stressed plants (e.g. Galloway and Etterson 2007; Herman et al 305 

2012; Groot et al. 2017), we manipulated the temporal patterns of heat stress, i.e. when the 306 

stress occurred and how it was apportioned across time, whereas the total amount of stress 307 

(i.e. temperature sums) was identical in all parental environments. Our study demonstrates 308 

that changes in the temporal patterns of heat stress can carry over to the next generation in 309 

Arabidopsis thaliana, and that there is substantial genotypic variation in the magnitude and 310 

direction of these transgenerational effects. Reza Rahavi and Kovalchuk (2013) also 311 

manipulated heat stress timing in A. thaliana and found transgenerational effects: offspring 312 

from parents that were stressed at day 7 after germination increased stem length and fresh 313 

weight compared to control plants after renewed heat stress, while offspring from parents that 314 

were stressed at day 21 decreased stem length. Whereas they investigated a single genotype, 315 

our study reveals significant genotypic variation in transgenerational effects for some traits. 316 

Thus, changes in heat stress patterns not only affect plants directly (Scheepens et al. 2018), 317 

but also across generations, and these effects vary among genotypes. Still, in terms of 318 

variance explained the genotype main effects in our study were approximately one order of 319 

magnitude larger than the main effects and interactions of our experimental treatments, 320 

highlighting the substantial phenotypic variation among the studied Arabidopsis genotypes.  321 

Transgenerational effects of stress timing versus frequency 322 
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Overall, the timing of heat stress had much stronger transgenerational effects than its 323 

frequency, consistent with our observations in the parental plants (Scheepens et al. 2018). 324 

Variation in parental stress timing consistently affected the architecture, and, depending on 325 

the genotype and/or stress frequency, also the flowering time and biomass of offspring plants, 326 

whereas the transgenerational effects of stress frequency were only minor.  327 

One possibility why stress frequency may play such a little role within and across 328 

generations is that plant physiological responses to heat stress may be triggered by the initial 329 

stress event, and simply remain ‘switched on’ afterwards, so that the number or duration of 330 

stress events does not matter, at least on the short time-scales of our experiment. A candidate 331 

mechanism for this would be heat shock proteins that plants produce to stabilize protein 332 

function (Vierling 1991; Sung et al. 2003), and that may protect plants and their offspring 333 

against subsequent heat stress events. However, heat shock proteins are generally only 334 

activated when temperatures exceed 32 °C (Vierling 1991), whereas the maximum 335 

temperature in our experiments was 30 °C. An alternative explanation is that many 336 

physiological pathways that induce plastic responses may rely on integration over time, 337 

which, in our design with a constant total amount of stress, would lead to similar responses 338 

between frequency treatments. 339 

In contrast to stress frequency, the timing of parental heat stress influenced several 340 

traits of the plant offspring. It is generally well-established that the susceptibility of many 341 

plant traits to environmentally-induced developmental changes depends on the life stage. For 342 

instance, heat stress during floral bud development determines peg number in peanut (Prasad 343 

et al. 1999), in wheat the maximum sensitivity to heat stress for protein accumulation is 344 

during the grain filling period (Stone and Nicolas 1996), and in the herbaceous plants 345 

Andropogon gerardii and Solidago canadensis late-season heat stress causes the greatest 346 
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reduction in photosynthetic productivity (Wang et al. 2016). The usual explanation for such 347 

results is that signaling pathways determining trait changes may be more sensitive during 348 

certain developmental phases (e.g. early in plant or organ development) than during other 349 

phases (e.g. late in plant or organ development). In our experiment, early heat stress occurred 350 

at a small seedling stage of A. thaliana, whereas in the intermediate treatment the plants were 351 

already much larger and well-established. In fact, some were already bolting and/or close to 352 

flowering. It is not surprising that heat stress effects differed between these plants. However, 353 

all arguments so far, as well as the empirical studies mentioned above, are about within-354 

generation responses to heat stress, whereas in our study we examined transgenerational 355 

effects of the timing of heat stress (see also Reza Rahavi and Kovalchuk 2013).  Thus, 356 

signaling and developmental regulation alone cannot explain our results, and there must be 357 

additional, so far unknown, physiological (Herman and Sultan 2011) and/or epigenetic 358 

(Whittle et al. 2009; Rasmann et al. 2012), mechanisms involved. 359 

No evidence for adaptive transgenerational plasticity 360 

In the reciprocal experiment, we applied stress treatments to offspring plants to test if 361 

transgenerational effects can be adaptive. An adaptive transgenerational effect would 362 

generally be indicated by higher fitness in offspring that experienced the same environment 363 

as their parents compared to offspring that did not. We found that responses in plant fecundity 364 

(i.e. variation in fitness) to current stress timing depended on parental stress timing, but in a 365 

highly genotype-specific manner. In fact, the majority of the parent-offspring interactions for 366 

separate genotypes were non-significant and only the genotype Mt-0 showed a significant 367 

interaction to parental and offspring heat stress timing. However, the pattern was 368 

maladaptive, i.e. in contrast to our expectation offspring from parents with the same stress 369 

timing had a lower fitness. This contrasts with observations of adaptive transgenerational 370 
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plasticity from previous studies (Galloway and Etterson 2007; Latzel et al. 2014). The virtual 371 

absence of significant interactions across genotypes in our study may have various 372 

explanations, such as limited within-population genetic variation in parental effects for the 373 

environment to select on, or a lack of selective pressure for adaptive responses under 374 

unpredictable temperature stress events. 375 

Offspring plants that received early stress showed accelerated flowering when their 376 

parents had also experienced early stress compared to plants whose parents had experienced 377 

intermediate stress. Such advanced flowering may reflect an escape strategy (Franks 2011), 378 

which could enhance the possibility of lineage survival under continuing high temperature 379 

conditions (Wahid et al. 2007). Although the induction of earlier flowering by environmental 380 

stress treatments is known from previous studies (Balasubramanian et al. 2006; Franks 2011; 381 

Ibañez et al. 2017), its transgenerational aspect has so far been rarely studied. Suter and 382 

Widmer (2013) found phenotypic trait changes indicating accelerated flowering of 383 

Arabidopsis thaliana in the fourth generation after three generations of heat exposure, but this 384 

effect disappeared after the second generation without heat exposure. Groot and co-workers 385 

(2017) observed earlier flowering in response to grandparental heat stress, but only in late-386 

flowering genotypes, and these responses fell within the same range (grandparental: ca. -12 to 387 

+2 days; parental: ca. -4 to +2 days) as in our experiment. Our own results confirm that stress 388 

exposure can induce earlier flowering also transgenerationally, and thereby contribute to an 389 

escape strategy, but that such effects may be restricted to situations with early stress 390 

exposure, where plants are still in sensitive developmental stages. Transgenerational variation 391 

in flowering time could in principle also be caused by transgenerational variation in 392 

germination time (cf. Liu et al. 2020). We did not record germination time, but we generally 393 

observed very rapid germination after sowing (i.e. cotyledons visible within 1-2 days; 394 
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personal observation) and are therefore confident that the observed transgenerational effects 395 

on flowering time are indeed largely due to variation in developmental rate after germination. 396 

Genotypic variation in transgenerational plasticity 397 

So far, few studies have investigated intraspecific variation in transgenerational plasticity 398 

under stress conditions (Gaudet et al 2011; Suter and Widmer 2013; Nolf et al. 2016; Groot et 399 

al. 2017), and our study provides novel evidence for it. Using nine genetically and 400 

morphologically diverse genotypes, we found significant genotype × parental treatment 401 

interactions both under control conditions and under renewed stress treatments in the 402 

offspring generation. Thus, intraspecific variation in environmentally-induced 403 

transgenerational responses exists in A. thaliana. This genotypic variation among widespread 404 

origins suggests evolutionary divergence among populations, which could result from 405 

adaptation, genetic drift, or both. We used only a single genotype per population, precluding 406 

assessment of within-population variation (or constancy) of responses to experimental 407 

treatments. However, the genetic diversity within populations of A. thaliana is likely very 408 

restricted (Bomblies et al. 2009) whereas genetic diversity is large among the selected 409 

populations (McKhann et al. 2004). Therefore, we are confident that the observed patterns 410 

reflect evolutionary divergence among populations. 411 

Relationships with climates of origin and fitness robustness  412 

We found that plasticity in response to heat stress correlated with a range of climate variables 413 

from the genotypes’ geographic origins, suggesting that environmental variability at sites of 414 

origin might be an important selective factor (Endler 1986) for the evolution not only of 415 

within-generation plasticity (Scheepens et al. 2018) but also of transgenerational plasticity. 416 

Interestingly, these relationships were only found under stressful conditions in the reciprocal 417 

experiment but not under stress-free conditions in the common-environment experiment. 418 
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One of the observed plasticity-climate relationships was a negative correlation between 419 

variation in fecundity and temperature seasonality at sites of origin. Variation in the same trait 420 

was also correlated to two other, closely related, climate variables: isothermality, which is the 421 

proportion of the diurnal range over the annual temperature range (positive correlation) and 422 

annual temperature range (negative correlation). Genotypes from origins with higher 423 

temperature seasonality showed a reduced variation in fecundity and thus appear to have 424 

evolved a stronger fitness homeostasis in the face of fluctuating temperature conditions, 425 

whereas genotypes from origins with more stable temperature regimes evolved to respond 426 

more strongly to temperature stress, leading to reduced fitness in our experiments. However, 427 

it should be noted that these three correlating climatic variables are year-based, whereas the 428 

nine A. thaliana genotypes differ in growing season length and period (see Table 1) and 429 

therefore experience only part of the temperature variation captured in these variables, which 430 

may not reflect the year-based values. The CV of evapotranspiration was the only growing 431 

season-based variable (positively) affecting variation in fecundity, suggesting the opposite, 432 

that genotypes from more variable environments have reduced fitness stability. 433 

We also observed a positive relationship between plasticity in biomass and 434 

precipitation seasonality, i.e. plants from unpredictable precipitation environments responded 435 

more strongly to temperature stress. Since biomass and fecundity are strongly positively 436 

correlated in A. thaliana (Clauss and Aarssen 1994), this plasticity-climate relationship seems 437 

to contrast with the above-mentioned negative correlation between variation in fecundity and 438 

temperature seasonality. However, precipitation seasonality and temperature seasonality are 439 

not correlated in the studied plant origins, so these plasticity-environment correlations may 440 

reflect independent evolutionary responses to different aspects of climate variability. 441 
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The strongest plasticity-environment correlation was between plasticity in 442 

aboveground biomass and latitude: plants from higher latitudes responded less to variation in 443 

temperature stress. Since increasing latitude is associated with decreasing precipitation 444 

seasonality, the latter may be the underlying driver of this relationship. High precipitation 445 

seasonality at low latitudes may have selected for strong biomass responses to temperature 446 

stress, possibly because heat and drought are the main drivers terminating growth there and 447 

plant size strongly affects evapotranspiration and thus survival. Along the same line, we had 448 

expected that flowering time would correlate with latitude or climatic variables, potentially 449 

reflecting escape mechanisms under periods of drought (Franks 2011), but no relationships 450 

with flowering time were observed.  451 

Population genetic structure could potentially also explain the relationship between 452 

plasticity in aboveground biomass and latitude. However, when we included a genetic 453 

distance matrix (based on 250k SNPs; Horton et al. 2012) in regressions of plasticity in 454 

aboveground biomass with latitude as explanatory factor (using the R package lme4qtl; 455 

Ziyatdinov et al. 2018), population genetic structure did not explain variation (P = 0.55) 456 

whereas latitude remained significant (F = 44.11, P < 0.001). 457 

In the parental experiment (Scheepens et al. 2018), we had previously found positive 458 

correlations between plasticity and precipitation variability at sites of origin in four out of 459 

five traits. We did not find the same relationship in the offspring generation in the current 460 

study, even though transgenerational effects were still present in three out of five traits. One 461 

possible explanation for this is that the plant responses in the parental generation were 462 

passive and/or maladaptive (cf. fitness robustness), and that transgenerational effects caused 463 

the offspring generation to respond less in order to retain fitness. We did find correlations 464 

between plasticity in plant architecture, aboveground biomass and fecundity and several other 465 
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climate variables in the reciprocal experiment, indicating a possible adaptive function of 466 

these plant responses, and highlighting the general relevance of studying environmental 467 

variability for understanding transgenerational plant responses to temperature stress. 468 

We found negative correlations between fitness robustness and plasticity in 469 

aboveground biomass, but not in other traits, in both experiments. This is similar to our 470 

results from the parental plants (Scheepens et al. 2018) and implies that more plastic 471 

genotypes show stronger fitness variation in response to (parental and/or offspring) 472 

treatments. However, the slopes of these relationships are flatter in offspring compared to 473 

parental plants, with fitness robustness values of 0.69-0.95 in the common-environment 474 

experiment and 0.72-0.97 in the reciprocal experiment, compared to values of 0.50-0.90 in 475 

the parental generation (Scheepens et al. 2018). Therefore, the offspring generation, even 476 

when under identical stress, shows an overall improved fitness robustness, which may reflect 477 

a transgenerational adaptive response to temperature stress. 478 

Conclusions 479 

Given that changes in temporal environmental variability are an important aspect of climate 480 

change, it is important to understand their effects on plants, both in terms of phenotypic 481 

plastic responses and of intraspecific evolutionary divergence. To our knowledge, no previous 482 

study has tested for transgenerational responses of plants to temporal variability of 483 

environmental stresses, rather than their mean changes. We found ample genotypic variation 484 

in transgenerational responses to temporal variation in heat stress, suggesting that selection 485 

can act on it. Furthermore, plasticity-environment correlations suggest possible adaptations to 486 

the environmental variability of plant origins. These findings therefore indicate potential of 487 

natural populations as well as of crop varieties to adapt to increasingly variable climates in 488 

the future. 489 



22 

 490 

DATA 491 

The datasets generated for this study are available on request to the corresponding author. 492 

 493 

SOURCES OF FUNDING 494 

This work was supported through a CSC (China Scholarship Council) scholarship to YD and 495 

an Alexander von Humboldt Research Fellowship to JFS. 496 

 497 

CONTRIBUTIONS BY THE AUTHORS 498 

JFS and OB designed the study. YD and JFS performed the experiment. YD, JFS and OB 499 

analyzed the data. YD drafted the manuscript, and JFS and OB helped to improve it. 500 

 501 

CONFLICT OF INTEREST 502 

None declared. 503 

 504 

ACKNOWLEDGMENTS 505 

We are grateful to Christiane Karasch-Wittmann, Ingrid Astfalk, Pauline Eichenseer and 506 

Zhiyong Liao for their help with the set-up, maintenance and harvest of the experiment, and 507 

to Dario Galanti for help with the SNP data. 508 



23 

 509 

SUPPORTING INFORMATION 510 

The Supporting Information for this article can be found online at: [WEBLINK] 511 

 512 

REFERENCES 513 

Agrawal AA. 2001. Transgenerational consequences of plant responses to herbivory: An 514 

adaptive maternal effect? American Naturalist 157:555-569. DOI: 10.1086/319932 515 

Alvarez M, Bleich A, Donohue K. 2020. Genotypic variation in the persistence of 516 

transgenerational responses to seasonal cues. Evolution 74:2265-2280. DOI: 517 

10.1111/evo.14096 518 

Balasubramanian S, Sureshkumar S, Lempe J, Weigel D. 2006. Potent induction of 519 

Arabidopsis thaliana flowering by elevated growth temperature. PLoS Genetics 2:980-520 

989. DOI: 10.1371/journal.pgen.0020106 521 

Barriopedro D, Fischer EM, Luterbacher J, Trigo RM, García-Herrera R. 2011. The hot 522 

summer of 2010: redrawing the temperature record map of Europe. Science 332:220-224. 523 

DOI: 10.1126/science.1201224 524 

Barros VR, Field CB (eds.). 2014. Climate Change 2014 Impacts, Adaptation, and 525 

Vulnerability Part A: Global and Sectoral Aspects Working Group II Contribution to the 526 

Fifth Assessment Report of the Intergovernmental Panel on Climate Change Preface. 527 

Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA. 528 



24 

Bomblies K, Yant L, Laitinen RA, Kim ST, Hollister JD, Warthmann N, Fitz J, Weigel D. 529 

2009. Local-scale patterns of genetic variability, outcrossing, and spatial structure in 530 

natural stands of Arabidopsis thaliana. PLoS Genetics 6:e1000890. DOI: 531 

10.1371/journal.pgen.1000890 532 

Callahan HS, Pigliucci M. 2002. Shade-induced plasticity and its ecological significance in 533 

wild populations of Arabidopsis Thaliana. Ecology 83:1965-80. DOI: 10.1890/0012-534 

9658(2002)083[1965:SIPAIE]2.0.CO;2 535 

Clauss MJ, Aarssen LW. 1994. Phenotypic plasticity of size-fecundity relationships in 536 

Arabidopsis thaliana. Journal of Ecology 82:447-455. DOI: 10.2307/2261254 537 

Endler JA. 1986. Natural selection in the wild. Princeton University Press, Princeton, NJ. 538 

Fischer EM, Schär C. 2008. Future changes in daily summer temperature variability: driving 539 

processes and role for temperature extremes. Climate Dynamics 33:917. DOI: 540 

10.1007/s00382-008-0473-8 541 

Franks SJ. 2011. Plasticity and evolution in drought avoidance and escape in the annual plant 542 

Brassica rapa. New Phytologist 190:249-257. DOI: 10.1111/j.1469-8137.2010.03603.x 543 

Galloway LF. 2005. Maternal effects provide phenotypic adaptation to local environmental 544 

conditions. New Phytologist 166:93-99. DOI: 10.1111/j.1469-8137.2004.01314.x 545 

Galloway LF, Etterson JR. 2007. Transgenerational plasticity is adaptive in the wild. Science 546 

318:1134-1136. DOI: 10.1126/science.1148766 547 

Gaudet M, Pietrini F, Beritognolo I, Iori V, Zacchini M, Massacci A, Mugnozza GS, Sabatti 548 

M. 2011. Intraspecific variation of physiological and molecular response to cadmium 549 

stress in Populus nigra L. Tree Physiology 31:1309-1318. DOI: 10.1093/treephys/tpr088 550 



25 

Ghalambor CK, McKay JK, Carroll SP, Reznick DN. 2007. Adaptive versus non-adaptive 551 

phenotypic plasticity and the potential for contemporary adaptation in new environments. 552 

Functional Ecology 21:394-407. DOI: 10.1111/j.1365-2435.2007.01283.x 553 

Giorgi F, Bi XQ, Pal J. 2004. Mean, interannual variability and trends in a regional climate 554 

change experiment over Europe. II: climate change scenarios (2071-2100). Climate 555 

Dynamics 23:839-858. DOI: 10.1007/s00382-004-0467-0 556 

Groot MP, Kooke R, Knoben N, Vergeer P, Keurentjes JJB, Ouborg NJ, Verhoeven KJF. 557 

2016. Effects of multi-generational stress exposure and offspring environment on the 558 

expression and persistence of transgenerational effects in Arabidopsis thaliana. PLOS 559 

ONE 11:e0151566. DOI: 10.1371/journal.pone.0151566 560 

Groot MP, Kubisch A, Ouborg NJ, Pagel J, Schmid KJ, Vergeer P, Lampei C. 2017. 561 

Transgenerational effects of mild heat in Arabidopsis thaliana show strong genotype 562 

specificity that is explained by climate at origin. New Phytologist 215:1221-1234. DOI: 563 

10.1111/nph.14642 564 

Herman JJ, Sultan SE. 2011. Adaptive transgenerational plasticity in plants: case studies, 565 

mechanisms, and implications for natural populations. Frontiers in Plant Science 2:102. 566 

DOI: 10.3389/fpls.2011.00102 567 

Herman JJ, Sultan SE, Horgan-Kobelski T, Riggs C. 2012. Adaptive transgenerational 568 

plasticity in an annual plant: grandparental and parental drought stress enhance 569 

performance of seedlings in dry soil. Integrative and Comparative Biology 52:77-88. DOI: 570 

10.1093/icb/ics041 571 



26 

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. 2005. Very high resolution 572 

interpolated climate surfaces for global land areas. International Journal of Climatology 573 

25:1965-1978. DOI: 10.1002/joc.1276 574 

Horton MW, Hancock AM, Huang YS, Toomajian C, Atwell S, Auton A, Muliyati NW, Platt 575 

A, Sperone FG, Vilhjálmsson BJ, Nordborg M, Borevitz JO, Bergelson J. 2012. Genome-576 

wide patterns of genetic variation in worldwide Arabidopsis thaliana accessions from the 577 

RegMap panel. Nature Genetics 44:212-216. DOI: 10.1038/ng.1042 578 

Ibañez C, Poeschl Y, Peterson T, Bellstädt J, Denk K, Gogol-Döring A, Quint M, Delker C. 579 

2017. Ambient temperature and genotype differentially affect developmental and 580 

phenotypic plasticity in Arabidopsis thaliana. BMC Plant Biology 17:114. DOI: 581 

10.1186/s12870-017-1068-5 582 

Katz RW, Brown BG. 1992. Extreme events in a changing climate: Variability is more 583 

important than averages. Climatic Change 21:289-302. DOI: 10.1007/BF00139728 584 

Knapp AK, Fay PA, Blair JM, Collins SL, Smith MD, Carlisle JD, Harper CW, Danner BT, 585 

Lett MS, McCarron JK. 2002. Rainfall variability, carbon cycling, and plant species 586 

diversity in a mesic grassland. Science 298:2202-2205. DOI: 10.1126/science.1076347 587 

Latzel V, Janecek S, Dolezal J, Klimesova J, Bossdorf O. 2014. Adaptive transgenerational 588 

plasticity in the perennial Plantago lanceolata. Oikos 123:41-46. DOI: 10.1111/j.1600-589 

0706.2013.00537.x 590 

Liu H, Able AJ, Able JA. 2020. Transgenerational effects of water-deficit and heat stress on 591 

germination and seedling vigour – New insights from durum wheat microRNAs. Plants 592 

9:189. DOI: 10.3390/plants9020189 593 



27 

Marais DLD, Lasky JR, Verslues PE, Chang TZ, Juenger TE. 2017. Interactive effects of 594 

water limitation and elevated temperature on the physiology, development and fitness of 595 

diverse accessions of Brachypodium distachyon. New Phytologist 214:132–44. DOI: 596 

10.1111/nph.14316 597 

McKhann HI, Camilleri C, Bérard A, Bataillon T, David JL, Reboud X, Le Corre V, 598 

Caloustian C, Gut IG, Brunel D. 2004. Nested core collections maximizing genetic 599 

diversity in Arabidopsis thaliana. Plant Journal 38:193-202. DOI: 10.1111/j.1365-600 

313X.2004.02034.x 601 

Mousseau TA, Fox CW. 1998 a. The adaptive significance of maternal effects. Trends in 602 

Ecology & Evolution 13:403-407. DOI: 10.1016/S0169-5347(98)01472-4 603 

Mousseau TA, Fox CW (eds.). 1998 b. Maternal effects as adaptations. Oxford University 604 

Press, New York. 605 

Mousseau TA, Uller T, Wapstra E, Badyaev AV. 2009. Evolution of maternal effects: past and 606 

present. Philosophical Transactions of the Royal Society B: Biological Sciences 364:1035-607 

1038. DOI: 10.1098/rstb.2008.0303 608 

Nolf M, Rosani A, Ganthaler A, Beikircher B, Mayr S. 2016. Herb hydraulics: inter- and 609 

intraspecific variation in three Ranunculus species. Plant Physiology 170:2085-2094. DOI: 610 

10.1104/pp.15.01664 611 

Parepa M, Fischer M, Bossdorf O. 2013. Environmental variability promotes plant invasion. 612 

Nature Communications 4:1604. DOI: 10.1038/ncomms2632 613 

Pigliucci M. 2001. Phenotypic plasticity: beyond nature and nurture. Johns Hopkins 614 

University Press, Baltimore. 615 



28 

Prasad PVV, Craufurd PQ, Summerfield RJ. 1999. Sensitivity of peanut to timing of heat 616 

stress during reproductive development. Crop Science 39:1352-1357. DOI: 617 

10.2135/cropsci1999.3951352x 618 

Puy J, De Bello F, Dvořáková H, Medina NG, Latzel V, Carmona CP. 2021. Competition-619 

induced transgenerational plasticity influences competitive interactions and leaf 620 

decomposition of offspring. New Phytologist 229:3497-3507. DOI: 10.1111/nph.17037 621 

Rasmann S, De Vos M, Casteel CL, Tian D, Halitschke R, Sun JY, Agrawal AA, Felton GW, 622 

Jander G. 2012. Herbivory in the previous generation primes plants for enhanced insect 623 

resistance. Plant Physiology 158:854–863. DOI: 10.1104/pp.111.187831 624 

Reyer CPO, Leuzinger S, Rammig A, Wolf A, Bartholomeus RP, Bonfante A, de Lorenzi F, 625 

Dury M, Gloning P, Jaoudé RA, Klein T, Kuster TM, Martins M, Niedrist G, Riccardi M, 626 

Wohlfahrt G, de Angelis P, de Dato G, François L, Menzel A, Pereira M. 2013. A plant's 627 

perspective of extremes: terrestrial plant responses to changing climatic variability. Global 628 

Change Biology 19:75-89. DOI: 10.1111/gcb.12023 629 

Reza Rahavi SM, Kovalchuk I. 2013. Transgenerational changes in Arabidopsis thaliana in 630 

response to UV-C, heat and cold. Biocatalysis and Agricultural Biotechnology 2:226-233. 631 

DOI: 10.1016/j.bcab.2013.05.001 632 

Roach DA, Wulff RD. 1987. Maternal effects in plants. Annual Review of Ecology and 633 

Systematics 18:209-235. DOI: 10.1146/annurev.es.18.110187.001233 634 

Schär C, Vidale PL, Luthi D, Frei C, Haberli C, Liniger MA, Appenzeller C. 2004. The role 635 

of increasing temperature variability in European summer heatwaves. Nature 427:332-336. 636 

DOI: 10.1038/nature02300 637 



29 

Scheepens JF, Deng Y, Bossdorf O. 2018. Phenotypic plasticity in response to temperature 638 

fluctuations is genetically variable, and relates to climatic variability of origin, in 639 

Arabidopsis thaliana. AoB Plants 10:ply043. DOI: 10.1093/aobpla/ply043 640 

Schwinning S, Sala OE, Loik ME, Ehleringer JR. 2004. Thresholds, memory, and 641 

seasonality: understanding pulse dynamics in arid/semi-arid ecosystems. Oecologia 642 

141:191-193. DOI: 10.1007/s00442-004-1683-3 643 

Shea K, Roxburgh SH, Rauschert ESJ. 2004. Moving from pattern to process: coexistence 644 

mechanisms under intermediate disturbance regimes. Ecology Letters 7:491-508. DOI: 645 

10.1111/j.1461-0248.2004.00600.x 646 

Stone PJ, Nicolas ME. 1995. Effect of timing of heat stress during grain filling on two wheat 647 

varieties differing in heat tolerance. 1. Grain growth. Australian Journal of Plant 648 

Physiology 22:927-934. DOI: 10.1071/PP9950927 649 

Stone PJ, Nicolas ME. 1996. Effect of timing of heat stress during grain filling on two wheat 650 

varieties differing in heat tolerance. 2. Fractional protein accumulation. Australian Journal 651 

of Plant Physiology 23:739-749. DOI: 10.1071/PP9960739 652 

Sultan SE. 1987. Evolutionary implications of phenotypic plasticity in plants. Evolutionary 653 

Biology 21:127-178. DOI: 10.1007/978-1-4615-6986-2_7 654 

Sultan SE, Wilczek AM, Bell DL, Hand G. 1998. Physiological response to complex 655 

environments in annual Polygonum species of contrasting ecological breadth. Oecologia 656 

115:564-78. DOI: 10.1007/s004420050554 657 

Sultan SE. 2000. Phenotypic plasticity for plant development, function and life history. 658 

Trends in Plant Science 5:537-542. DOI: 10.1016/S1360-1385(00)01797-0 659 



30 

Sultan SE, Barton K, Wilczek AM. 2009. Contrasting patterns of transgenerational plasticity 660 

in ecologically distinct congeners. Ecology 90:1831-1839. DOI: 10.1890/08-1064.1 661 

Sung DY, Kaplan F, Lee KJ, Guy CL. 2003. Acquired tolerance to temperature extremes. 662 

Trends in Plant Science 8:179-187. DOI: 10.1016/S1360-1385(03)00047-5 663 

Suter L, Widmer A. 2013. Environmental heat and salt stress induce transgenerational 664 

phenotypic changes in Arabidopsis thaliana. PLoS ONE 8:e60364. DOI: 665 

10.1371/journal.pone.0060364 666 

Uller T. 2008. Developmental plasticity and the evolution of parental effects. Trends in 667 

Ecology and Evolution 23:432-438. DOI: 10.1016/j.tree.2008.04.005 668 

Valladares F, Sanchez-Gomez D, Zavala MA. 2006. Quantitative estimation of phenotypic 669 

plasticity: bridging the gap between the evolutionary concept and its ecological 670 

applications. Journal of Ecology 94:1103-1116. DOI: 10.1111/j.1365-2745.2006.01176.x 671 

Van Kleunen M, Fischer M. 2005. Constraints on the evolution of adaptive phenotypic 672 

plasticity in plants. New Phytologist 166:48-60. DOI: 10.1111/j.1469-8137.2004.01296.x 673 

Vierling E. 1991. The roles of heat shock proteins in plants. Annual Reviews in Plant 674 

Physiology and Plant Molecular Biology 42:579-620. DOI: 675 

10.1146/annurev.pp.42.060191.003051 676 

Wahid A, Gelani S, Ashraf M, Foolad MR. 2007. Heat tolerance in plants: An overview. 677 

Environmental and Experimental Botany 61:199-223. DOI: 678 

10.1016/j.envexpbot.2007.05.011 679 



31 

Walter J, Jentsch A, Beierkuhnlein C, Kreyling J. 2009. Ecological stress memory and cross 680 

stress tolerance in plants in the face of climate extremes. Environmental and Experimental 681 

Botany 94:3-8. DOI: 10.1016/j.envexpbot.2012.02.009 682 

Wang D, Heckathorn SA, Mainali K, Tripathee R. 2016. Timing effects of heat-stress on plant 683 

ecophysiological characteristics and growth. Frontiers in Plant Science 7:1629. DOI: 684 

10.3389/fpls.2016.01629 685 

Whittle CA, Otto SP, Johnston MO, Krochko JE. 2009. Adaptive epigenetic memory of 686 

ancestral temperature regime in Arabidopsis thaliana. Botany 87:650-657. DOI: 687 

10.1139/B09-030 688 

Yin J, Zhou M, Lin Z, Li QQ, Zhang Y-Y. 2019. Transgenerational effects benefit offspring 689 

across diverse environments: a meta-analysis in plants and animals. Ecology Letters 690 

22:1976-1986. DOI: 10.1111/ele.13373 691 

Ziyatdinov A, Vázquez-Santiago M, Brunel H, Martinez-Perez A, Aschard H, Soria JM. 692 

2018. lme4qtl: linear mixed models with flexible covariance structure for genetic studies 693 

of related individuals. BMC Bioinformatics 19, 68. DOI: 10.1186/s12859-018-2057-x 694 

  695 



32 

Tables 696 

Table 1. Arabidopsis thaliana genotypes used in this study, and their geographical 697 

coordinates and natural growing season (in months; from Scheepens et al. 2018). 698 

Name Country Latitude Longitude Growing season 

Bur-0 Ireland 54.1 -6.2 5-8 

Can-0 Spain 29.21 -13.48 11-2 

Ct-1 Italy 37.51 15.09 12-3 

JEA France 43.68 7.33 3-6 

Mt-0 Libya 32.34 22.46 11-2 

N13 Russia 61.36 34.15 6-9 

Oy-0 Norway 60.39 6.19 5-8 

Sha Tajikistan 38.59 68.79 2-5 

St-0 Sweden 59.34 18.06 5-8 

 699 
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Table 2. Results of the common-environment experiment, testing the effects of leaf sampling, parental stress timing, parental stress frequency, 700 

genotype, and their interactions, on the flowering time, plant architecture, aboveground biomass, reproductive allocation and fecundity of 701 

Arabidopsis thaliana offspring. Significant effects (P < 0.05) are in bold; df = degrees of freedom. 702 

  Flowering time Plant architecture Aboveground 

biomass 

Reproductive 

allocation 

Fecundity 

  df F-ratio P-value F-ratio P-value F-ratio P-value F-ratio P-value F-ratio P-value 

Leaf sampling 1 1.03 0.311 1.41 0.236 52.88 <0.001 20.54 <0.001 32.43 <0.001 

Parental timing (PT) 2 0.85 0.429 5.96 0.003 0.25 0.777 1.35 0.261 1.33 0.267 

Parental frequency (PF) 1 0.95 0.331 2.82 0.094 0.33 0.567 0.25 0.615 1.06 0.305 

PT × PF 2 5.92 0.003 0.12 0.891 0.19 0.831 0.55 0.577 0.16 0.852 

Genotype (G) 8 260.23 <0.001 99.12 <0.001 35.65 <0.001 174.37 <0.001 79.23 <0.001 
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G × PT 16 2.19 0.006 2.15 0.007 1.30 0.193 1.29 0.202 1.19 0.275 

G × PF 8 0.40 0.920 0.54 0.829 1.22 0.287 0.88 0.536 1.30 0.242 

G × PT × PF 16 0.97 0.494 1.01 0.441 1.99 0.013 1.47 0.109 1.10 0.353 

 703 

704 
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Table 3. Results of the reciprocal experiment, testing the effects of leaf sampling, parental stress timing, offspring stress timing, genotype, and 705 

their interactions, on the flowering time, plant architecture, aboveground biomass, reproductive allocation and fecundity of Arabidopsis thaliana 706 

offspring. Significant effects (P < 0.05) are in bold; df = degrees of freedom.  707 

 708 

  Flowering time Plant architecture Aboveground biomass Reproductive 

allocation 

Fecundity 

  df F-ratio P-value F-ratio P-value F-ratio P-value F-ratio P-value F-ratio P-value 

Leaf sampling 1 0.00 0.960 0.14 0.707 18.38 <0.001 7.90 0.005 11.88 0.001 

Parental timing (PT) 1 9.92 0.002 0.00 0.970 0.21 0.651 0.14 0.708 2.07 0.152 

Offspring timing (OT) 1 0.76 0.385 8.08 0.005 41.77 <0.001 114.43 <0.001 17.48 <0.001 

PT × OT 1 4.74 0.030 0.01 0.914 0.23 0.630 0.84 0.360 0.21 0.643 
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Genotype (G) 8 184.29 <0.001 14.67 <0.001 12.13 <0.001 158.91 <0.001 57.10 <0.001 

G × PT 8 3.50 0.001 0.50 0.856 0.90 0.517 1.17 0.317 0.86 0.549 

G × OT 8 2.07 0.039 2.91 0.004 5.49 <0.001 1.59 0.128 3.97 <0.001 

G × PT × OT 8 1.82 0.074 0.37 0.937 0.43 0.905 1.28 0.253 2.39 0.017 

709 
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Figures 710 

Figure 1. Experimental design of the parental-generation experiment (left) and the two 711 

offspring experiments (right) with Arabidopsis thaliana, with periods of 30 °C heat stress 712 

indicated in grey. In the offspring generation, plants from all parental treatments are grown in 713 

a constant control environment (common-environment experiment), and plants from two 714 

parental stress treatments are subjected to the same two treatments again (reciprocal 715 

experiment). 716 

 717 

  718 
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Figure 2. Effects of parental stress timing on plant architecture (number of lateral shoots / 719 

number of basal shoots) of Arabidopsis thaliana in the common-environment experiment. 720 

Error bars indicate SE. PT – Parental stress timing 721 

 722 

  723 
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Figure 3. Genotypic variation in the transgenerational responses of flowering time (days 724 

since germination; A) and plant architecture (number of lateral shoots / number of basal 725 

shoots; B) of nine Arabidopsis thaliana genotypes to different timing of parental heat stress 726 

in the common-environment experiment. G × PT – Genotype by Parental stress timing 727 

interaction. 728 

 729 

  730 
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Figure 4. Effects of parental and offspring heat stress timing on flowering time (days since 731 

germination) in Arabidopsis thaliana in the reciprocal experiment. Error bars indicate SE. PT 732 

× OT – Parental stress timing by Offspring stress timing interaction. 733 

 734 

 735 
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Figure 5. Relationships between trait plasticities and climates of origins for nine Arabidopsis 737 

thaliana genotypes in the reciprocal experiment. (A) Correlation between temperature 738 

seasonality (SD) and CV of fecundity. (B) Correlation between precipitation seasonality (CV) 739 

and CV in aboveground biomass. The coefficients of variation are calculated across 740 

experimental treatments. The grey areas indicate the 90% confidence intervals of the 741 

correlations. 742 
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Figure 6. Relationships between fitness robustness across environments (see main text) and 745 

CV in aboveground biomass for nine genotypes of Arabidopsis thaliana in the common-746 

environment experiment (A) and in the reciprocal experiment (B). The grey areas indicate the 747 

90% confidence intervals of the correlations. 748 
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