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ABSTRACT

Environmental conditions of a parent plant can influence the performance of their clonal offspring, and such clo-
nal transgenerational effects may help offspring adapt to different environments. However, it is still unclear how
many vegetative generations clonal transgenerational effects can transmit for and whether it depends on the
environmental conditions of the offspring. We grew the ancestor ramets of the floating clonal plant Spirodela
polyrhiza under a high and a low nutrient level and obtained the so-called 1*'-generation offspring ramets of
two types (from these two environments). Then we grew the 1%-generation offspring ramets of each type under
the high and the low nutrient level and obtained the so-called 2™*-generation offspring ramets of four types. We
repeated this procedure for another five times and analyzed clonal transgenerational effects on growth, morphology
and biomass allocation of the 1°- to the 6™-generation offspring ramets. We found positive, negative or neutral
(no) transgenerational effects of the ancestor nutrient condition on the offspring of S. polyrhiza, depending on
the number of vegetative generations, the nutrient condition of the offspring environment and the traits
considered. We observed significant clonal transgenerational effects on the 6™-generation offspring; such effects
occurred for all three types of traits (growth, morphology and allocation), but varied depending on the nutrient
condition of the offspring environment and the traits considered. Our results suggest that clonal transgenerational
effects can transmit for multiple vegetative generations and such impacts can vary depending on the environmental
conditions of offspring.

KEYWORDS

Clonal plant; clonal parental effect; maternal effect; transgenerational plasticity; multi-generation experiment

1 Introduction

Environmental fluctuations may induce phenotype changes of organisms [1,2]. While the genotype of an
individual and the environmental condition that the individual is currently experiencing can often determine
its phenotype, the environmental conditions that its elders (parent, grandparent, grand-grandparent and so on)
had experienced may also play an important role, a phenomenon termed as transgenerational effects,
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maternal effects or parental effects [3—5]. Transgenerational effects have been widely demonstrated in plant
species [6—10], and can influence the phenotype of an offspring via influencing e.g., vegetative propagule
size [11], seed quality [7], germination [12], flowering time [13], physiology [14], morphology [15], and
growth [16].

Many plant species can reproduce by clonal growth [17-22], and some clonal plants rely mainly on
clonal growth to sustain their populations [23-26]. Most of the epigenetic regulations on phenotype
changes are not inherited to sexually produced offspring because it is reset during meiosis [27], but
clonal growth has no meiotic process and thus bypasses epigenetic resetting [28—30]. In addition, as
short-distance clonal reproduction results in predictable conditions for offspring, passing information
across vegetative generations may confer benefits for the offspring of clonal plants [31]. In terms of
resource provision, even the smallest clonal fragments that function as clonal propagules may provide
significantly more resources than their sexual propagules [9]. Therefore, transgenerational effects may be
particularly important in clonal plants [5—7,32], and may have a profound impact on their life cycle and
population dynamics, which may further influence community structure and ecosystem function and
stability [33-35].

While an individual (ramet) of clonal plants may produce offspring ramets of a number of vegetative
generations within a single growing season [36,37], transgenerational effects on different generations of
clonal offspring have been rarely considered [38,39]. If resource provision is the main mechanism
underlying clonal transgenerational effects, as previously reported [40], then the magnitude of
transgenerational effects on the offspring performance should decrease within increasing generations of
clonal offspring. If epigenetic memory is the main mechanism underlying clonal transgenerational effects
[41], then their magnitude could vary with clonal generations depending on the stability of the epigenetic
memory [42]. Therefore, for a better understanding of clonal transgenerational effects, their roles in
regulating the performance of clonal offspring of different generations should be investigated. So far,
however, it is still unclear how many vegetative generations clonal transgenerational effects can transmit
for and whether these effects are transient.

Transgenerational effects on the performance of offspring may vary depending on the environment
where the offspring currently grow [8,31,40]. For instance, the offspring of Plantago lanceolata grown
under high nutrient availability produced more carbohydrates in roots when their parents were grown
under high than under low nutrient availability, but such transgenerational nutrient effects disappeared
when the offspring were grown under low nutrient availability [43]. Similarly, the offspring of
Polygonum persicaria grown under low light availability had larger leaf area, specific leaf area and
biomass when their parents were grown under low than under high light availability, but such
transgenerational light effects disappeared when the offspring were grown under high light availability
[8]. In addition, transgenerational nutrient effects on the performance the offspring population of
Alternanthera philoxeroides were stronger when the offspring were grown under high than under low
nutrient availability [40]. Thus, transgenerational effects on offspring of different generations may also
vary with the environmental conditions of the offspring. However, it is still unknown whether the number
of vegetative generations that clonal transgenerational effects can persist for varies depending on the
environmental conditions of the offspring.

To understand clonal transgenerational effects on offspring of different generations, we conducted a total
of seven consecutive experiments with ancestor ramets and their six generations of offspring of the fast-
growing clonal plant Spirodela polyrhiza. Thus, we could test whether clonal transgenerational effects
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regulate the performance of the 1°- to the 6™-generation offspring. An exponential increase of the number of
treatments prevented us to test those effects on the performance of more generations (e.g., on the 7-
generaiton offspring). Thus, we specifically addressed the following questions: (1) How many vegetative
generations can clonal transgenerational effects on the performance (i.e., growth, morphology and
biomass allocation) of offspring transmit for, and can they transmit to the offspring ramets of up to the 6™
generation? (2) Does the nutrient level of offspring influence the number of vegetative generations that
transgenerational effects can transmit for?

2 Materials and Methods

2.1 Species and Sampling

Spirodela polyrhiza (L.) Schleiden (Lemnaceae) is a perennial, floating, clonal plant, and occurs in many
temperate and tropical regions of the world [44]. Ramets (individuals) of S. polyrhiza are small with flat and
obovate leaves of 5-10 mm long and 3-8 mm wide and roots of 3—5 cm long. This species can propagate
through clonal growth, producing daughter fronds from parent fronds at the proximal end in two
meristematic pocket regions. A ramet of S. polyrhiza commonly consists of two fronds and some roots
[45—47]. The speed of clonal growth is very fast, and a parent ramet can produce an offspring ramet
within 1 to 3 days (X-M Zhang personal observation). This species prefers to live in quiet water bodies
such as slow-moving streams, ditches and pools. Due to its rapid clonal growth, this species can form a
dense mat, covering the surface of the whole water body and creating a dark and anoxic environment that
is hard for submerged plants and aquatic animals to survive [44]. Thus, the bloom of this species can
have negative impacts on fisheries [48].

On 1 June 2020, we collected ramets of S. polyrhiza from a small area (about 2 m?) in a slow-moving
stream in Taizhou (28°30" N; 121°210" E), Zhejiang Province, China. Because S. polyrhiza can
vegetatively propagate very quickly, the ramets that were collected were very likely from the same
clone. The collected ramets were vegetatively propagated in a greenhouse in the Jiaojiang campus of
Taizhou University, Zhejiang Province, China. The plants were washed several times with double
distilled water and then rinsed with 0.01 M NaClO for 30 s to reduce microbial and algal growth. The
sterilized plants were cultivated with 10% of the Hoagland solution in plastic tanks (64 cm long x
42 cm wide x 14 cm deep). The Hoagland solution contained 945 mg/L Ca(NO;),-4H,O, 506 mg/L
KNO;, 80 mg/L. NH4NO;, 136 mg/l. KH,PO,4, 493 mg/L MgSQO,, 13.9 mg/L FeSO4 7H,0, and
18.7 mg/L EDTA-2Na [45].

2.2 Experimental Design

A total of seven consecutive experiments were conducted with ramets of S. polyrhiza (Fig. 1). The 1
experiment started on 18 June 2020. A total of 192 similar-sized ramets (thereafter referred to as ancestor
ramets) of S. polyrhiza, each having two fronds and some roots, were selected and grown under two nutrient
levels (low vs. high, i.e., in 12.5% vs. 100% Hoagland solution). Each treatment had 12 replicates, yielding
24 pots. Every pot was initially grown with eight ramets of S. polyrhiza. The pots were each 17.5 cm in
diameter and 10 cm in depth, containing 600 mL of either 12.5% or 100% Hoagland solution. The pots
were randomly placed on a bench in the same greenhouse where the plants were cultivated. The nutrient
solution in each pot was replaced every four days. The 1% experiment lasted for 17 days and ended on
05 July 2020 when the water surface of the pots in the high nutrient level was fully covered by the
offspring ramets of S. polyrhiza. For simplicity, we named all offspring ramets produced during this
period as the 1%-generation offspring ramets, which actually included the offspring ramets of several
vegetative generations as the speed of clonal growth is rather fast in this species.
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Figure 1: Experimental design. A total of seven consecutive experiments were conducted with ramets of S.
polyrhiza. In the 1% experiment, ancestor ramets were subjected to two nutrient levels (high vs. low) and
produced the so-called 1%-generation offspring ramets. In the 2" experiment, the 1%-generation offspring
ramets of each of the two types (from the high and low nutrient level of the ancestor ramets) were
subjected to the same two nutrient levels, resulting in four treatments, and produced the so-called 2™-
generation offspring ramets. In the 3™ experiment, the 2™-generation offspring ramets of each of the four
types were subjected to the same two nutrient levels, resulting in eight treatments, and produced the 3™-
generation offspring ramets. A similar procedure was repeated for another four times

The 2™ experiment started on 05 July 2020. We selected 192 similar-sized, 1¥'-generation offspring
ramets from each of the low- and the high-nutrient treatment of the 1% experiment. Then we subjected
each type of the 1%-generation offspring ramets to the same two nutrient levels, i.e., placed eight ramets
in a pot (17.5 cm in diameter and 10 cm in depth) containing 600 mL of either 12.5% or 100% Hoagland
solution. Therefore, the ond experiment had four treatments, i.e., two nutrient treatments of the ancestor
ramets in the 1% experiment crossed with two nutrient treatments of the 1%-generation offspring ramets in
the 2™ experiment. Each treatment was replicated 12 times, resulting in 48 pots. All pots were randomly
placed on the bench in the greenhouse and the nutrient solution in each pot was replaced every four days.
The 2" experiment lasted for 12 days. We named all offspring ramets produced during this period as the
2"d_generation offspring ramets.

For the 3™ experiment, the 2"-generation offspring ramets of each of the four types were grown under
the same two nutrient levels. Thus, the 3 experiment had eight treatments, i.e., two nutrient treatments of the
ancestor ramets in the 1% experiment, two nutrient treatments of the 1°-generation offspring ramets in the 2
experiment and two nutrient treatments of the 2"%-generation offspring ramets in the 3™ experiment. Each
treatment was replicated 12 times, resulting in 96 pots. Similarly, we named all offspring ramets produced
during this period as the 3"-generation offspring ramets. The 3™ experiment was maintained for 10 days,
from 17 July to 27 July 2020.

A similar procedure was repeated for another four times (Fig. 1). Briefly, the 4™ experiment consisted of
16 treatments on the 3™-generation offspring ramets, the 5™ experiment consisted of 32 treatments on the 4™-
generation offspring ramets, the 6™ experiment consisted of 64 treatments on the 5™-generation offspring
ramets, and the 7™ experiment consisted of 128 treatments on the 6™-generation offspring ramets. For the
4™ experiment, each treatment was replicated six times, resulting in 96 pots; for the 5™ experiment, each
treatment was replicated four times, resulting in 128 pots; for the 6" experiment, each treatment was
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replicated four times, resulting in 256 pots; for the 7th experiment, each treatment was replicated three times,
resulting in 384 pots. The 4™ experiment was maintained for 9 days (from 27 July to 05 August 2020), the 5
experiment for 9 days (from 5 August to 14 August 2020), the 6™ experiment for 10 days (from 14 August to
24 August 2020) and the 7™ experiment for 10 days (from 24 August to 03 September 2020). During the
experiments, the mean air temperature and relative humidity in the greenhouse were 27°C and 87%,
respectively.

2.3 Measurements

At the end of each experiment, we first counted the ramets in each pot. Then, we randomly selected
15 ramets from each pot, and measured their frond length, frond width and the longest root length. The
remaining ramets were also harvested. All ramets were separated into fronds and roots, dried at 75°C for
24 h and weighed. For logistics reason, we did not measure physiological and biochemical traits because
these traits are not as easy to measure as the growth and morphological traits.

2.4 Data Analysis

We calculated total biomass and ramet number per initial ramet of S. polyrhiza in each pot, i.e., total
biomass and ramet number of the whole pot divided by eight. Root to shoot ratio was calculated as root
mass divided by frond mass, and mass per ramet as total biomass divided by total number of ramets.
Then we quantified clonal transgenerational effects of the ancestor ramets on each measure of growth
(total mass, frond mass, root mass and number of ramets), morphology (frond length, frond width,
longest root length and mass per ramet) and allocation (root to shoot ratio) of the 1%, 27, 3. 4. 5t
and 6™M-generation offspring ramets, respectively.

Using the data collected from the 2" experiment, we quantified clonal transgenerational effects of the
ancestor ramets on the 1¥-generation offspring ramets when they were grown under the nutrient level i (TE;)
as: TE; = (X; 7 — X;1)/X; 1, where X; ;; and X;; are the performance (e.g., biomass) of the 1%-generation
offspring ramets derived from the ancestor ramets grown under the high and the low nutrient level,
respectively, when the 1%-generation offspring ramets were grown under the nutrient level i, and i is
either the high or the low nutrient level (Fig. 1). To quantify the transgenerational effects of the ancestor
ramets on the 2"%-generation offspring ramets, we used the data collected from the 3™ experiment. We
first averaged the data across the two nutrient treatments of the 2"%-generation offspring ramets for each
of four treatment combinations, i.e., the two nutrient treatments of the ancestor ramets crossed with the
two nutrient treatments of the 1%-generation offspring ramets (Fig. 1). Then, we used the same formula to
calculate the transgenerational effects of the ancestor ramets on the 2"%-generation offspring ramets when
the 1%-generation offspring ramets were subjected to the high and the low nutrient level, respectively.
Using similar approaches with the same formula, we quantified the transgenerational effects of the
ancestor ramets on the 3™-, 4™-) 5™ and 6M-generation offspring ramets when the 1%'-genration offspring
ramets were subjected to the high and the low nutrient level, respectively. Significant positive and
negative values of the calculated clonal transgenerational effects mean that the high nutrient level of the
ancestor ramets promotes and suppresses the performance of their offspring ramets, respectively,
compared to the low nutrient level of the ancestor ramets.

One-sample #-test was used to examine whether the clonal transgenerational effects on each growth,
morphology and allocation measure of the offspring ramets of each of the six generations under each
nutrient level were significantly different from zero. We also used two-way ANOVA to test the effects of
offspring generation (from 1% to 6™ generation) and nutrient level of the 1¥-generation offspring ramets
(high vs. low) on the clonal transgenerational effects on each measure. When a significant effect was
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detected, Duncan test was used for multiple comparisons. All analyses were done using SPSS Statistics
22.0 software (IBM Corp., Armonk, NY, USA).

3 Results

3.1 Clonal Transgenerational Effects on Growth

Clonal transgenerational effects (TEs) of the nutrient condition of the ancestor ramets on all growth
measures varied significantly among offspring generations, and such effects also depended on the nutrient
level of the 1%-generation offspring ramets (significant effects of offspring generation and offspring
generation X nutrient level; Table 1A, Fig. 2). For the 1¥-generation offspring ramets of S. polyrhiza, we
observed significant positive TEs on all four growth measures, except root mass when the 1%-generation
offspring ramets were grown under high nutrients (Fig. 2). For the 2"%- and the 3rd-generati0n offspring
ramets, there were no significant TEs on any of the growth measures under either nutrient level (Fig. 2).
For the 4™-generation offspring, there were significant positive TEs on root mass and no significant TEs
on total mass, frond mass or number of ramets when the 1%-generation offspring were grown under high
nutrients, but there were significant negative TEs on all four growth measures when they were grown
under low nutrients (Fig. 2). For the 5™-generation offspring ramets, there were significant negative TEs
on total mass and frond mass, irrespective of the nutrient level of the 1%-generation offspring (Figs. 2A,
2B), but had no significant impacts on root mass or number of ramets (Fig. 2C). For the 6th—generation
offspring ramets, TEs significantly positively influenced total mass and frond mass when the 1°-
generation offspring were grown under low nutrients (Figs. 2A, 2B), positively influenced root mass
when they were grown under high nutrients (Fig. 2C), but had no significant effects on number of
offspring (Fig. 2D).

Table 1: ANOVA results for effects of offspring generation and offspring nutrient level on transgenerational
effects of S. polyrhiza

Variable Offspring generation (O) Nutrient level (N) O xN
Fs0 p Fi 70 p Fs 70 p

(A) Growth

Total mass 10.107 <0.001 0.602 0.440 3.671 0.005

Frond mass 10.449 <0.001 0.772 0.383 3.159 0.013

Root mass 3.053 0.015 0.409 0.525 4.739 0.001

No. of ramets 21.499 <0.001 3.751 0.057 11.212  <0.001

(B) Morphology

Frond length 2.362 0.049 17.459 <0.001 3.912 0.003

Frond width 4.552 0.001 12.461 0.001 2.398 0.046

Longest root length ~ 1.364 0.248 0.041 0.841 10.087 <0.001

Mass per ramet 7.704 <0.001 2.817 0.098 8.175 <0.001

(C) Allocation

Root to shoot ratio ~ 2.299 0.054 0.751 0.389 1.589 0.174

Note: Numbers are in bold when p < 0.05.
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Figure 2: Transgenerational effects (TEs) on (A—C) biomass and (D) number of ramets of the 15, 2" 3.,
4. 5™ and 6M-generation offspring ramets of S. polyrhiza when the 1%'-generation offspring ramets were
grown under the high and low nutrient level. Mean + SE are shown. Symbols (**p < 0.01; *p <0.05 and "p <
0.1) indicate significant or marginally significant difference from zero; significant positive and negative
values mean that the high nutrient level of the ancestor ramets promotes and suppresses the performance
of their offspring ramets, respectively, compared to the low nutrient level of the ancestor ramets. Different
lowercase letters indicate significant difference among the 12 treatment combinations of the six offspring
generations and two nutrient levels

3.2 Clonal Transgenerational Effects on Morphology

Offspring generation, nutrient level and their interaction significantly affected TEs on frond length and
frond width (all p <0.05; Table 1B, Figs. 3A, 3B). Offspring generation and its interaction with nutrient level
also significantly affected mass per ramet (Table 1B; Fig. 3D). TEs on length of the longest root were
significantly influenced by the interaction effect of offspring generation and nutrient level, but not by the
main effects (Table 1B; Fig. 3C).

When the 1%-generation offspring ramets were grown under high nutrients, we observed significant
negative TEs on frond length of the 1°- and 2"%-generation offspring ramets and on frond width of the
15, 2" and 5™-generation offspring ramets (Figs. 3A, 3B). However, when the 1%-generation offspring
ramets were grown under low nutrients, we found significant positive TEs on frond length of the 3™- and
5"_generation offspring and significant negative TEs on frond width of the 6™ generation offspring (Figs.
3A, 3B). When the 1%-generation offspring ramets were grown under high nutrients, TEs on length of the
longest root were significantly negative for the 1%-generation offspring and significantly positive for the
2m 4™ and 6th—generati0n offspring (Fig. 3C). By contrast, when the 1%-generation offspring were
grown under low nutrients, TEs on length of the longest root were significantly positive for the 1°-
generation offspring and significantly negative for the 5"- and 6™-generation offspring (Fig. 3C). TEs on
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mass per ramet were significantly negative for the 5™-generation offspring when the 1%-generation offspring
were grown under high nutrients, and were significantly negative for the 1®-generation offspring and
significantly positive for the 6"-generation offspring when the 1%-generation offspring were grown under
low nutrients (Fig. 3D).
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Figure 3: Transgenerational effects (TEs) on (A) frond length, (B) frond width, and (C) the longest root
length and (D) mass per ramet of the 15 2" 3™ 4™ 5™ and 6"™-generation offspring ramets of S.
polyrhiza when the 1%-generation offspring ramets were grown under the high and low nutrient level.
Mean + SE are shown. Symbols (**p < 0.01; *p < 0.05 and “p < 0.1) indicate significant or marginally
significant difference from zero; significant positive and negative values mean that the high nutrient level
of the ancestor ramets promotes and suppresses the performance of their offspring ramets, respectively,
compared to the low nutrient level of the ancestor ramets. Different lowercase letters indicate significant
difference among the 12 treatment combinations of the six offspring generations and two nutrient levels

3.3 Clonal Transgenerational Effects on Allocation

When the 1%'-generation offspring ramets were grown under high nutrients, TEs on root to shoot ratio
were significantly negative for the 3™-generation offspring ramets, significantly positive for the 4™- and
6M-generation offspring, and not significantly different from zero for the 1%, 2"%- and the 5™-
generation offspring (Fig. 4). However, when the 1%-generation offspring ramets were grown under low

nutrients, we found no significant TEs on root to shoot ratio for any of the six generations offspring
(Fig. 4).
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Figure 4: Transgenerational effects (TEs) on root to shoot ratio of the 15, 2™ 3™ 4™ 5™ apnd 6™-
generation offspring ramets of S. polyrhiza when the 1%-generation offspring ramets were grown under
the high and low nutrient level. Mean + SE are shown. Symbols (**p < 0.01; *p < 0.05 and "p < 0.1)
indicate significant or marginally significant difference from zero; significant positive and negative values
mean that the high nutrient level of the ancestor ramets promotes and suppresses the performance of their
offspring ramets, respectively, compared to the low nutrient level of the ancestor ramets. Multiple
comparison was not done as there was no significant effect of offspring generation, nutrient level or their
interaction

4 Discussion

While transgenerational effects on the performance of offspring have been widely reported in both
clonal and non-clonal plants [5,6,43,49,50], little is known about whether they can transmit for several
generations, particularly for clonal plants [38,39]. We found significant clonal transgenerational nutrient
effects of the ancestor ramets of S. polyrhiza on growth (Figs. 2A-2C), morphology (Figs. 3B, 3C) and
biomass allocation (Fig. 4) of their offspring ramets of up to the sixth generation. Because each
generation that we defined in this study included actually several vegetative generations due to the fast
clonal growth of this species, these results suggest that clonal transgenerational effects could be
transmitted for a number of vegetative generations in the floating plant S. polyrhiza.

In previous studies on animals, it was found that the temperature of grandparents of marine sticklebacks
(Gasterosteus aculeatus) significantly influenced the hatching success and body size of their offspring,
suggesting that transgenerational effects can transmit for two generations in this fish [51]. Similarly,
significant transgenerational salinity effects were observed on the net reproductive rate of the 2"-
genration offspring of Daphnia magna [52]. In a recent study, clonal fragmentation of grandparent ramets
of the stoloniferous floating plant Pistia stratiotes decreased biomass of their offspring ramets but
increased offspring number, suggesting that clonal transgenerational effects can also transmit for two
vegetative generations [38]. Limited by the experimental setting (due to the exponential increase of the
number of treatments with increasing vegetative generations; Fig. 1), we tested clonal transgenerational
effects on the performance of offspring ramets of only six generations. Given that we could manage to
test the effects for more generations, we may observe significant transgenerational effects on the offspring
performance of more generations. Thus, clonal transgenerational effects can potentially transmit for more
than six generations, which could have profound impacts on the dynamics and long-term persistence of
clonal plant populations [30,47].

However, the number of vegetative generations that clonal transgenerational effects of S. polyrhiza
could transmit for varied depending on the nutrient condition of the 1¥-generation offspring ramets. For
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instance, clonal transgenerational effects on frond mass were transmitted to up to the 6™-generation offspring
when the 1%'-generation offspring were grown under the low nutrient level, but to only the 5™-generation
offspring when they were grown under the high nutrient level (Fig. 2B). Transgenerational effects have
been commonly shown to vary with offspring environmental conditions such as nutrient availability
[40,43], light intensity [8], and soil water content [5], salinity [13], herbivory [14] and heavy metal
contamination [31]. Our findings proved for the first time that the number of vegetative generations that
clonal transgenerational effects can transmit for also depends on the environmental conditions of the
offspring.

In S. polyrhiza, the direction and magnitude of clonal transgenerational effects varied greatly with
vegetative offspring generations and also depended on the nutrient conditions where the 1%-generation
offspring ramets were grown. We observed significant positive, negative or neutral (no)
transgenerational effects on offspring growth, morphology and allocation of S. polyrhiza (Figs. 2—4).
Environmental changes may induce changes in epigenetic modification such as DNA methylation, and
these modifications still retain a degree of reversibility [2,5]. Thus, the possible explanation is that
transgenerational effects are limited by epigenetic stability, as some of epigenetic modifications are reset
across generations [53]. For instance, epigenetic changes of Arabidopsis thaliana induced by exposure
to heat and salt stress over multiple generations can lead to reversible, transgenerational phenotype
changes [13].

Transgenerational effects of plants to environmental stress can transmit across generations via different
mechanisms [54]. In addition to epigenetic modifications, environmental conditions are known to affect the
quantity and quality of resources provided by ancestors to their offspring, which may be critical for offspring
survival and growth [3,4,55]. We observed significant positive transgenerational nutrient effects on growth of
the 1%-generation offspring ramets, and such positive effects tended to decrease when the 1%-generaiton
offspring were grown under low nutrients (Fig. 2). These results suggest that resource provision should
have played a role in the clonal transgenerational effects of S. polyrhiza, as reported in other studies
[9,38,46]. Surprisingly, we also observed negative transgenerational effects, suggesting that mechanisms
other than resource provision should have also played an important role.

We conclude that clonal transgenerational effects can transmit for more than six vegetative generations
and such impacts can vary depending on the environmental conditions of offspring. Future studies that
integrate epigenetic and ecological approaches should be used to verify whether epigenetic modifications
(such as DNA methylation) and resource provision are the main mechanisms responsible for the
fluctuations in transgenerational effects across different generations and whether such fluctuations are
adaptive. Our findings highlight the importance to test the roles of transgenerational effects across
multiple generations. As S. polyrhiza is a tiny free-floating plant with very fast clonal regeneration
[44,45], future studies should also consider other types of clonal plants (e.g., with large size and
relatively slow regeneration rate) to test the generality of our findings.
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