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ABSTRACT

• Environments experienced by parent ramets of clonal plants can potentially influence
fitness of clonal offspring ramets. Such clonal parental effects may result from herita-
ble epigenetic changes, such as DNA methylation, which can be removed by applica-
tion of DNA de-methylation agents such as 5-azacytidine.

• To test whether parental shading effects occur via clonal generation and whether DNA
methylation plays a role in such effects, parent plants of the clonal herb Alternanthera
philoxeroides were first subjected to two levels of light intensity (high versus low)
crossed with two levels of DNA de-methylation (no or with de-methylation by appli-
cation of 5-azacytidine), and then clonal offspring taken from each of these four types
of parent plant were subjected to the same two light levels.

• Parental shading effects transmitted via clonal generation decreased growth and modified
morphology of clonal offspring. Offspring responses were also influenced by DNA methy-
lation level of parent plants. For clonal offspring growing under low light, parental shad-
ing effects on growth and morphology were always negative, irrespective of the parental
de-methylation treatment. For clonal offspring growing under high light, parental shad-
ing effects on offspring growth and morphology were negative when the parents were not
treated with 5-azacytidine, but neutral when they were treated with 5-azacytidine.

• Overall, parental shading effects on clonal offspring performance of A. philoxeroides
were found, and DNA methylation is likely to be involved in such effects. However, par-
ental shading effects contributed little to the tolerance of clonal offspring to shading.

INTRODUCTION

Light availability is an essential environmental factor influenc-
ing survival, growth and reproduction of plant species (Kilk-
enny & Galloway 2008; Lambers et al. 2008; Valladares &
Niinemets 2008). Plants need to capture sufficient light to meet
the photosynthetic demand for inorganic carbon fixation
(Lambers et al. 2008; Valladares & Niinemets 2008). To cope
with spatial and temporal variations in light, plants often dis-
play a broad spectrum of phenotypic plasticity (Alpert &
Simms 2002; Valladares & Niinemets 2008; Nicotra et al.
2010). Under shade, for instance, to intercept light efficiently
and thus to improve potential carbon gain, plants generally
increase biomass allocation to aboveground organs (leaves and
stems) and adjust leaf and stem morphology by e.g. producing
thinner and larger leaves and longer internodes (Seidlova et al.
2009; Valladares et al. 2011; Dlugos et al. 2015; Huang et al.
2017). Therefore, phenotypic plasticity can be a key strategy
promoting plant fitness under changing light conditions (Dela-
grange et al. 2004; Valladares et al. 2007).

The effects of light environments experienced by parent plants
may persist across offspring generations (Galloway 2005; Gal-
loway & Etterson 2007; Heger 2016). Such parental environmen-
tal effects are considered to be of great importance for offspring
performance, via regulating their early survival and

development, and subsequent growth (Galloway 2005; Galloway
& Etterson 2007; Verhoeven & Preite 2014; Heger 2016). This is
especially the case if parental effects allow offspring to pre-adapt
to environments similar to those that parent plants have
encountered via the persistence (or inheritance) of specific phe-
notypic traits that match parental conditions (Galloway & Etter-
son 2007; Herman & Sultan 2011; McIntyre & Strauss 2014).
For instance, offspring of Polygonum persicaria produced by
their parent plants growing under shade produced significantly
higher leaf area and specific leaf area to optimise photosynthetic
potential compared to offspring produced by their parent plants
growing in sunlight (Baker et al. 2018). Also, such parent effects
are context-dependent: they were highly significant for seedlings
growing under shade, but generally not significant for seedling
growing in sunlight (Baker et al. 2018).
One possible mechanism that drives parental effects is the

modification of DNA methylation in plants, which regulates
gene expression by the addition of a methyl group to nucleo-
tides, without changes in the DNA sequence (Bossdorf et al.
2008; Ho & Burggren 2010; Herman & Sultan 2011; Verhoeven
& Preite 2014). According to findings on the model species
Arabidopsis thaliana and a few other wild species, a consider-
able proportion of environment-induced DNA methylation is
heritable and independent of genetic variation, thereby trigger-
ing the adaptation of offspring to stressful environmental
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conditions such as drought (Gonz�alez et al. 2016; Herman &
Sultan 2016), nutrient deficiency (Bossdorf et al. 2010; Kou
et al. 2011), salinity (Boyko et al. 2010; Bilichak et al. 2012)
and shading (Tatra et al. 2000).
Parental effects can transmit not only via sexual generation

(Bossdorf et al. 2010; Gonz�alez et al. 2016; Herman & Sultan
2016; Baker et al. 2018), but also via clonal generation
(Gonz�alez et al. 2016, 2017, 2018; Dong et al. 2017, 2018;
Wibowo et al. 2018). However, the underlying mechanism of
parental effects has rarely been tested in clonal plant species
(Latzel & Klime�sov�a 2010). Clonal parental effects may also
result from heritable epigenetic modifications such as DNA
methylation, which can be removed by application of DNA
demethylation agents such as 5-azacytidine (hereafter 5-azaC)
and zebularine (Bossdorf et al. 2008; Gonz�alez et al. 2016,
2017). Thus, it is predicted that application of DNA demethy-
lation agents can decrease parental effects on clonal offspring
performance if DNA methylation is involved in such effects.
Using a well-studied clonal species, Alternanthera philoxe-

roides, we conducted an experiment to examine the parental
effects of light environment on growth, morphology and bio-
mass allocation of clonal offspring. We also examined the
potential role of DNA methylation in parental effects by
employing the de-methylating agent 5-azaC. Specifically, we
tested the following hypotheses. (i) Parental shading effects can
be adaptive for A. philoxeroides, which can pre-adapt the off-
spring ramets produced by the parent plants under shade to
similar shading conditions. One specific prediction is that the
growth performance of offspring ramets of A. philoxeroides
produced by shaded parents is better than that of offspring
ramets produced by parents under sunlight when the offspring
ramets grow in shade. Similarly, the growth performance of
offspring ramets of A. philoxeroides produced by parents under
sunlight is predicted to be better than the growth performance
of offspring ramets produced by shaded parents when the off-
spring ramets grow under sunlight. (ii) Parental shading effects
of A. philoxeroides on the performance of the offspring genera-
tion can be mediated by DNA methylation. Our specific pre-
diction is that parental shading effects of A. philoxeroides can
be removed or weakened by application of the DNA de-methy-
lation agent (i.e. 5-azaC) to the parent plants. Thus, parental
effects are likely to occur in offspring ramets produced by par-
ent plants not treated with 5-azaC, but unlikely to occur in off-
spring ramets produced by parent plants treated with 5-azaC.

MATERIAL AND METHODS

Plant species

Alternanthera philoxeroides (Mart.) Griseb., native to South
America, is a creeping perennial herb of Amaranthaceae (Julien
et al. 1995; Holm et al. 1997). The species is considered a
highly invasive weed in many countries including China, Aus-
tralia and the USA (Julien et al. 1995; Wang et al. 2009). In
China, A. philoxeroides rarely produces viable seed, but instead
forms offspring via stem and/or root fragments (Dong et al.
2010, 2012). This species is widespread across habitats ranging
from terrestrial to aquatic (Sainty et al. 1998; Pan et al. 2006),
and it frequently experiences abiotic stress such as flooding
(Schooler et al. 2010; Luo et al. 2014) and herbivory (Wei et al.
2016; Dong et al. 2017). Severe ecological and environmental

problems are caused by the invasion of A. philoxeroides. For
example, aquatic populations can block waterways and restrict
the survival and development of fish, and terrestrial popula-
tions can colonise pastoral and agricultural lands, displacing
native plant species (Sainty et al. 1998; Ma & Wang 2005).

Recent studies have shown that epigenetic variation is abun-
dant in populations of A. philoxeroides, despite genetic varia-
tion being extremely low in China (Gao et al. 2010; Shi et al.
2018, 2019). Also, in the recent decade this species has been fre-
quently used as a model clonal plant species (e.g. Wang et al.
2009; Yu et al. 2009; Dong et al. 2010, 2011, 2012, 2017, 2018)
to examine ecological questions. Thus, here we also used
A. philoxeroides as a model to test the role of epigenetics in par-
ent shading effects. A. philoxeroides plants were collected from
three separate populations in a riparian agricultural area in
May 2011 in Taizhou, Zhejiang Province, China (28.87°N,
121.01°E). The collected plants were then mixed and cultivated
in a greenhouse at the Forest Science Co., Ltd. of Beijing For-
estry University, Beijing, China.

Experimental design

The overall design of the experiment included two vegetative
generations of A. philoxeroides. For simplicity, we defined the
first vegetative generation as the parental generation and the
subsequent vegetative generation as the offspring generation.
Parent plants were first subjected to two levels of light (high ver-
sus low) crossed with two levels of DNA methylation (no or with
application of the DNA demethylation agent, 5-azaC). The off-
spring taken from each of the four types of parent plant were
then subjected to the same two light levels (high versus low).

On 25 July 2012, 320 similar-sized stem fragments, each con-
sisting of one node with 2-cm proximal and distal internodes and
two opposite leaves, were cut off the stock plants. The clonal frag-
ments were individually planted in plastic pots (14-cm diameter
and 12-cm deep) filled with a 1:1 (v:v) mixture of quartz sand
(0.5–1.0 mm particle size) and peat (Pindstrup Seedling; Pind-
strup Mosebrug, Pindstrup, Denmark), plus 1 g�l�1 slow-release
fertiliser (16 N:9 P:12 K:2 Mg; Osmocote Standard; Scotts, Marys-
ville, OH, USA). The sand–soil mixture itself contained about
2.17 mg N�l�1, 1.07 mg P�l�1, 3.56 mg K�l�1.

On 13 August 2012, 96 plants that were approximately 10-
cm long were selected for the experiment and treated as the
parental generation. For light treatments of the parental gener-
ation, half of the parental plants (48) were grown under high
light (full light in the greenhouse) and the other half (48) were
grown under low light, receiving 63% of full light. The low-
light treatment was achieved by covering the target plants with
black, neutral shading net, which did not change the red to far-
red light ratio. Within the initial 6 days after the parental gen-
eration light treatments began, half of the plants (24) at each
light level were treated with 100 lmol�l�1 solution of 5-azaC
(Sigma, St. Louis, MO, USA). The concentration of 5-azaC
used here was considered to be appropriate to inhibit DNA
methylation in plant species but did not cause strong and
direct toxicity to plant performance (e.g. Tatra et al. 2000;
Gonz�alez et al. 2016). The other half (24) was treated with dis-
tilled water as a control treatment. The leaf surface and stem
nodes of each treated plant were sprayed with 20 ll 5-azaC
solution or 20 ll distilled water once every 2 h (from 09:00 to
17:00 h). In total, each of four combined parental generation
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light 9 5-azaC treatments had 24 replicates. The parental gen-
eration treatments lasted for 3 weeks, from 13 August to 3
September 2012. The photosynthetically active radiation mea-
sured at noon during the entire experiment averaged
136.9 lmol photons m�2�s�1.

On 3 and 4 September 2012, eight randomly chosen repli-
cates (i.e. 32 plants in total for the four treatments) were har-
vested to measure growth (total mass, leaf mass, stem mass,
root mass, number of nodes, number of leaves and stem
length), biomass allocation (root:shoot ratio) and morphologi-
cal traits [area of the fourth youngest leaf on the main stem,
mass of the fourth youngest leaf, mean length of the four
youngest internodes of the main stem, mean mass of the four
youngest internodes of the main stem, specific leaf area
(SLA = area of the fourth youngest leaf/mass of the fourth
youngest leaf; cm�g�1) and specific internode length
(SIL = mean length of the four youngest internodes/mean mass
of the four youngest internodes; cm�g�1)]. To measure mass,
plant parts were dried at 70 °C for 48 h then weighed. Leaf area
was measured using WinFOLIA pro 2004a (Regent Instru-
ments, Quebec, Canada).

The remaining 16 replicates (64 plants in total for the four
treatments) were used to test the effects of light levels and 5-
azaC treatment in the parental generation on the performance of
clonal offspring. One new stem fragment was taken from each of
the remaining parent plants and grown in a pot as described
above. Each stem fragment consisted of only the fifth youngest
ramet node along the main stem, which had two opposite leaves
and two internodes (proximal and distal) of half length. The 16
new stem fragments taken from each of the four types of parent
plant were then randomly assigned to either of the two light
levels experienced by plants of the parent generation. Therefore,
there were eight treatments in the offspring experiment and
eight replicates for each offspring treatment. The offspring treat-
ments started on 5 September 2012 and ended on 24 and 25
October 2012, lasting for 7 weeks. Growth, allocation and mor-
phological traits were measured as described above.

During the whole experiments (13 August to 25 October
2012), pots were randomly arranged and periodically reposi-
tioned to minimise possible effects of the microenvironment in
the greenhouse. Tap water was supplied daily to maintain soil
moisture. The air temperature and relative humidity in the
greenhouse were 21.6 � 0.4 °C and 77.2 � 0.7%
(mean � 1SE), respectively, as measured with HOBO Temp/
RH loggers (Onset Computer, Bourne, MA, USA).

Data analysis

Two-way ANOVAS were used to test the effects of light levels
(high versus low) and DNA de-methylation (control versus 5-
azaC) on growth (total mass, leaf mass, stem mass, root mass,
number of nodes, number of leaves and stem length), alloca-
tion (root:shoot ratio) and morphology (area of fourth young-
est leaf, mass of fourth youngest leaf, mean internode length,
mean internode mass, SLA and SIL) of parent plants. Three-
way ANOVAS were used to test the effects of parental light levels
(high versus low), parental DNA de-methylation (control versus
5-azaC) and offspring light levels (high versus low) on growth,
allocation and morphological traits of clonal offspring. Data
were transformed when needed to natural logarithm to meet
the assumptions of homoscedasticity and normality (for details

see Tables 1 and 2). All analyses were conducted using SPSS
22.0 (SPSS, Chicago, IL, USA).

RESULTS

Effects of light and 5-azaC application on parent plants

For parent plants of A. philoxeroides, the growth measures and
biomass allocation were all significantly affected by light levels,
whereas only number of nodes, number of leaves and total
stem length were negatively affected by the 5-azaC treatment
(Table 1). All growth traits (total mass, leaf mass, stem mass,
root mass, number of nodes, number of leaves, stem length)
and the root:shoot ratio were significantly lower under low
light than under high light (Table 1, Fig. 1). Number of nodes,
number of leaves and stem length were lower in the 5-azaC
treatment than in the control treatment (Fig. 1e–g).
Among the six morphological traits measured, only the area

of the fourth youngest leaf was significantly affected by light
levels, and SLA was affected by both light level and the 5-azaC
treatment (Table 1). The area of the fourth leaf and SLA were
significantly higher under low light than under high light, and
SLA was also higher in the 5-azaC treatment than in the control
treatment (Fig. 2a and c). There were no significant interactions
between light levels and 5-azaC treatments on any of the growth,
biomass allocation or morphological traits (Table 1).

Parental and offspring generation effects on clonal offspring

There were significant or marginally significant (P < 0.1) three-
way interaction effects of parental light levels, parental 5-azaC

Table 1. ANOVA results for effects of light level (high versus low) and de-

methylation agent treatment (control versus 5-azaC) on growth, biomass

allocation and morphological traits of parent plants of Alternanthera

philoxeroides.

effect

light (L) agent (A) L 9 A

F1,28 P F1,28 P F1,28 P

growth traits

total massa 15.1 0.001 3.9 0.058 0.3 0.566

leaf massa 12.1 0.002 4.1 0.051 1.1 0.305

stem massa 12.6 0.001 4.0 0.054 <0.1 0.765

root massa 21.9 <0.001 0.4 0.520 <0.1 0.870

number of nodesa 11.7 0.002 7.1 0.013 0.3 0.596

number of leaves 21.5 <0.001 7.3 0.012 1.6 0.218

stem length 5.0 0.034 5.9 0.022 0.8 0.387

allocation

root:shoot ratio 5.8 0.023 2.2 0.147 0.2 0.633

morphological traits

4th leaf area 5.1 0.032 0.3 0.561 1.7 0.197

4th leaf massa 2.3 0.142 1.9 0.185 0.7 0.412

specific leaf area 63.3 <0.001 4.8 0.037 0.3 0.577

mean internode length <0.1 0.902 0.1 0.738 <0.1 0.982

mean internode mass 1.7 0.201 1.5 0.237 0.3 0.577

specific internode length 4.0 0.054 1.8 0.188 0.3 0.615

Degrees of freedom (df), F and P values are given. Values for P < 0.05 are in

bold.
aNatural log transformation.
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treatments and offspring light levels on all growth measures
and on five of the six morphological traits (SLA being the
exception) of the offspring (Table 2). When the offspring grew
under high light, parental shading effects were significantly
negative on all growth measures and four of the six

morphological traits (fourth leaf area, fourth leaf mass, fourth
internode length, fourth internode mass) of the offspring taken
from parents not treated with 5-azaC, but neutral on those of
offspring taken from parents treated with 5-azaC (Figs 3 and
4). When the offspring grew under low light, parental shading
effects were significantly negative on growth and morphology
of the offspring, irrespective of the parental 5-azaC treatments
(Figs 3 and 4). When the offspring grew under high light, par-
ental shading effects were significantly positive on SIL of off-
spring taken from the parents not treated with 5-azaC, but
neutral on SIL of offspring taken from the parents treated with
5-azaC (Fig. 4f). When the offspring were under low light, par-
ental shading effects were always positive on SIL of the off-
spring, irrespective of parental 5-azaC treatments (Fig. 4f).

There was a two-way interaction effect of parental and off-
spring light levels on root:shoot ratio of the offspring (Table 2).
When the offspring grew under high light, offspring taken from
the unshaded parents had lower root:shoot ratio than offspring
taken from the shaded parents (Fig. 3h). The opposite pattern
for parental shading effects was detected under low light
(Fig. 3h). There were only main effects of parental and off-
spring light levels on SLA of the offspring (Table 2). The off-
spring taken from the shaded parents had higher SLA than
those taken from unshaded parents, and offspring growing
under low light had higher SLA than those growing under high
light (Fig. 4c).

DISCUSSION

Effects of light and de-methylation on parent plants

The growth performance of parent A. philoxeroides plants was
reduced when they were grown under the shaded conditions,
as shown by lower biomass accumulation, ramet production
and creeping stem expansion. However, in response to the

Table 2. ANOVA results for effects of light level (high versus low) and de-methylation agent treatment (control versus 5-azaC) in parental generation, and light

level (high versus low) in offspring generation on growth, biomass allocation and morphological traits of clonal offspring of Alternanthera philoxeroides.

effects

parental (Pa) agent (A) offspring (Off) Pa 9 A Pa 9 Off A 9 Off Pa 9 A 9 Off

F1,48 P F1,48 P F1,48 P F1,48 P F1,48 P F1,48 P F1,48 P

growth traits

total massa 31.7 <0.001 0.4 0.525 176.9 <0.001 0.1 0.751 0.9 0.338 1.0 0.324 4.2 0.045

Leaf massa 28.3 <0.001 0.3 0.574 136.6 <0.001 <0.1 0.795 0.5 0.484 1.5 0.232 4.2 0.045

stem massa 33.6 <0.001 0.8 0.380 201.6 <0.001 <0.1 0.787 0.5 0.486 1.3 0.268 4.5 0.040

root massa 23.4 <0.001 <0.1 0.947 130.3 <0.001 0.1 0.735 4.4 0.042 <0.1 0.763 2.9 0.093

number of nodesa 16.6 <0.001 1.5 0.228 212.3 <0.001 <0.1 0.902 0.3 0.605 2.0 0.168 4.1 0.048

number of leavesa 15.7 <0.001 2.4 0.127 164.8 <0.001 0.1 0.710 0.3 0.607 0.2 0.622 3.8 0.057

stem lengtha 21.0 <0.001 1.2 0.278 187.4 <0.001 <0.1 0.974 0.6 0.425 3.1 0.083 6.0 0.018

allocation

root:shoot ratio 0.1 0.708 1.2 0.284 6.8 0.012 0.2 0.635 9.5 0.003 2.7 0.107 <0.1 0.769

morphological traits

4th leaf area 23.8 <0.001 <0.1 0.888 56.1 <0.001 0.7 0.401 7.1 0.011 0.4 0.531 4.9 0.031

4th leaf mass 20.3 <0.001 0.2 0.650 88.3 <0.001 1.5 0.229 2.6 0.117 <0.1 0.970 4.2 0.046

specific leaf areaa 7.8 0.008 0.2 0.687 51.3 <0.001 <0.1 0.766 3.5 0.069 <0.1 0.926 <0.1 0.763

mean internode length 11.4 0.001 <0.1 0.952 37.4 <0.001 0.3 0.618 5.8 0.02 0.1 0.725 4.7 0.035

mean internode mass 10.6 0.002 0.9 0.361 148.7 <0.001 6.3 0.016 <0.1 0.773 1.7 0.203 9.9 0.003

specific internode lengtha 17.7 <0.001 0.2 0.689 205.7 <0.001 1.6 0.218 0.9 0.342 2.5 0.117 5.6 0.022

Degrees of freedom (df), F and P values are given. Values for P < 0.05 are in bold.
aNatural log transformation.

Fig. 1. Effects of light level (high versus low) and de-methylation agent treat-

ment (control versus 5-azaC) on growth (a–g) and biomass allocation (h) of

parent plants of Alternanthera philoxeroides. Bars indicate mean � 1 SE.
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shading, parent plants of A. philoxeroides utilised at least two
strategies to improve light harvesting and potential carbon
gain, namely, increasing biomass allocation to shoots and

producing thinner, larger leaves. These potentially adaptive
strategies of A. philoxeroides are similar to the shading-induced
responses of many other clonal plants and can act as a buffer
against the reduced capacity for photosynthesis (Weijsched�e
et al. 2006; Valladares & Niinemets 2008; Baker et al. 2018;
Wang et al. 2018).
We employed 5-azaC, a de-methylation agent (Bossdorf

et al. 2010; Gonz�alez et al. 2016, 2017), to reduce DNA methy-
lation levels of parent plants. While the application of 5-azaC
had no significant effect on biomass, root:shoot ratio or the
majority of morphological traits (excluding SLA) of parent
plants, it negatively affected the development of aboveground
organs, including ramet number, leaf number and creeping
stem length. The restriction to aboveground clonal spread and
leaf production may be mainly attributed to the potential
toxicity of 5-azaC, because the chemically induced DNA de-
methylation in parent plants was often followed by generalised/
non-directed gene expression that is considered maladaptive
for plant development (Tatra et al. 2000).

Parental and ongoing effects of shading on offspring plants

Previous studies have reported that parental shading effects
could be adaptive for the shaded offspring of sexually produced
species such as P. persicaria and Claytonia perfoliata (McIntyre
& Strauss 2014; Baker et al. 2018). However, our results did
not support our first hypothesis, i.e. parental shading effects
could contribute to the pre-adaptation of clonal offspring pro-
duced by shaded parents to similar shading conditions. In the
present study, parental shading effects severely inhibited the
early growth and development of clonal offspring produced by
shaded parents, and induced potentially maladaptive changes
in leaf and stem morphological traits (e.g. decrease in the mean
leaf and stem size as indicated in Fig. 4). Moreover, the changes
in DNA methylation status of parent plants did not mediate

Fig. 2. Effects of light level (high versus low) and

de-methylation agent treatment (control versus 5-azaC) on morphological

traits (a-f) of parent plants of Alternanthera philoxeroides. Bars indicate

mean � 1 SE.

Fig. 3. Effects of light level (high versus low) and

de-methylation agent treatment (control versus 5-azaC) in parental genera-

tion, and light level (high versus low) in offspring generation on growth (a–

g) and biomass allocation (h) of clonal offspring of Alternanthera philoxe-

roides. Bars indicate mean � 1 SE.

Fig. 4. Effects of light level (high versus low) and de-methylation agent

treatment (control versus 5-azaC) in parental generation, and light level

(high versus low) in offspring generation on morphological traits (a-f) of clo-

nal offspring of Alternanthera philoxeroides. Bars indicate mean � 1 SE.
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parental effects on the shaded offspring of A. philoxeroides.
Therefore, we speculate that, only across one or a few genera-
tions, clonal reproduction may not allow vegetative offspring of
A. philoxeroides to obtain an adaptive shading-induced pheno-
type from parent plants in response to the similar stressful envi-
ronment. In other words, the majority of adaptive morphological
traits of parent plants (e.g. larger leaf area and higher SLA under
shading) may not be heritable by next clonal generations.
DNA de-methylation counteracted the negative parental

shading effects on offspring growing under the unshaded con-
dition, so that chemically de-methylated offspring of shaded
parents developed similar growth and morphological features
as the offspring of unshaded parents. These results were not
fully consistent with the second hypothesis, and imply that the
process of DNA methylation may be maladaptive for clonal off-
spring of A. philoxeroides, since it contained the negative conse-
quence caused by parental shading (Boyko et al. 2010; Baker
et al. 2018). Similarly, DNA methylation was also found to
impede the occurrence of adaptive parental effects on offspring
development, e.g. under drought (Herman & Sultan 2016) or
salt stress (Boyko et al. 2010; Boyko & Kovalchuk 2011). These
results together suggest that the effects of parental stressful
environments and the modification of DNA methylation in
such environments may not always be adaptive (Baker et al.
2018). This is because DNA methylation generally reduces
transcriptional activity, and the ecological consequence caused
by DNA methylation is often unpredictable in the next genera-
tions (Baker et al. 2018).
Apart from the modification of DNA methylation, parental

shading effects may be partly attributed to changes in quality of
propagule provisioning induced by parental environments
(Herman & Sultan 2011; Dong et al. 2018). In the present
study, shaded parent plants produced smaller offspring ramets
compared to unshaded parent plants (ramets weight average of
26.5 mg under high light versus 23.5 mg under low light), indi-
cating a possible lower investment in storage resources contain-
ing carbohydrate compounds and N for the early growth of

clonal offspring. The decrease in propagule size further resulted
in a prolonged regeneration time of clonal offspring (average
regeneration time of 11.9 days under high light versus 13.8 days
under low light) and delayed individual development (see also
Song et al. 2013 for similar results in other species). However,
in some other sexually produced species, such as P. persicaria,
parental shading effects could inhibit the accumulation of seed
provisioning but could did not influence seedling performance
(Sultan 1996; Lundgren & Sultan 2005). Therefore, the varia-
tion in parental effects triggered by propagule provisioning
between clonal and sexually produced plants should be taken
into account in future studies.

CONCLUSIONS

Parental shading effects can persist between vegetative genera-
tions of A. philoxeroides, negatively influencing the responses of
clonal offspring to shade conditions. Such parental effects in
clonal plants were partly attributed to variation in the quality
of propagule provisioning and to changes in the DNA methyla-
tion status of parent plants. Parental shading effects are mal-
adaptive for clonal offspring of A. philoxeroides, possibly
because the offspring cannot inherit any potentially adaptive
changes from their parent plants. Our work suggests that only
across one clonal generation, parental shading effects may not
offer a potential means of rapid adaptation for A. philoxeroides
under predictable shaded environments.
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