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A B S T R A C T

Many studies have considered silver nanoparticles (AgNPs) cytotoxicity to mammalian and human cell lines and
plant growth. However, only few studies considered toxic effects of AgNPs on plant offspring, especially on
flowering. Arabidopsis thaliana was treated with 12.5 mg/kg AgNPs employing parental-(P-AgNPs) and offspring-
generation (O-AgNPs) exposure to study the effects of AgNPs on flowering and floral development. Exposure to
P-AgNPs was found to significantly decrease petal and pollen viability and subsequently reduced pod production.
The inhibition of A. thaliana vegetative growth caused by P-AgNPs exposure was transferred to offspring and
even became more severe in the O-AgNPs group. Further, the transcription of genes related to flowering and
floral organ development in P-AgNPs and O-Con plants was downregulated by approximately 10–40% compared
to the transcription in P-Con plants and showed a stronger decrease in the O-AgNPs group to 30–50% of that in
the P-AgNPs group. This resulted in a delay in flowering of 4, 3 and 8 days in P-AgNPs, O-Con and O-AgNPs
plants, respectively. Our research shows that the negative effects on floral development can be transferred to the
offspring in A. thaliana, which may have significant implications with regard to the risks posed by NPs to food
safety and security.
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1. Introduction

Nanoparticles (NPs) are three-dimensional particles with a diameter
of less than 100 nm in at least one dimension. NPs have a wide range of
commercial applications, amongst others due to their antimicrobial
properties (Dai et al., 2018; Lebedová et al., 2018; Zhang et al., 2018).
Silver nanoparticles (AgNPs), the nanomaterials with the highest de-
gree of commercialization, are estimated to be applied in more than
250 products including textiles, cosmetics, deodorants, bandages, con-
traceptives, sports items, food products and packaging, cleaning solu-
tions and sprays and have additional applications in the life sciences
and biotechnology worldwide (Hackenberg et al., 2011; Jiang et al.,
2012). Approximately 500 tons of AgNPs are produced each year
worldwide (Calderon-Jimenez et al., 2017), part of which is directly
disseminated into the environment during all stages of their life cycle,
including production, product use and disposal. These emissions raise
ecotoxicological concerns (Gottschalk and Nowack, 2011), amongst
others because these AgNPs exert cytotoxic and genotoxic effects on a
wide range of organisms including microorganisms, algae, fungi, plants,
invertebrates, vertebrates, and human cell lines (Chen et al., 2016;
Levard et al., 2012; Li et al., 2018; Liu et al., 2017; Qian et al., 2016;
Zhu et al., 2018; Lu et al., 2019).

Notably, AgNPs accumulated in sewage sludge or were deposited
into soil, with residual concentrations of Ag ranging from 1.94 to
856 mg kg–1, leading to a range of effects including inhibition or sti-
mulation of plant growth (Chae et al., 2009; Donner et al., 2015).
AgNPs in soil can accumulate in plant roots and translocate to the
shoots, leaves or fruits of edible plants (Ke et al., 2018; Qian et al.,
2013; Yang et al., 2018). Exposure to AgNPs at varying concentrations
(0−5 mg/kg sand) can cause a dose-dependent decrease in root elon-
gation and a reduction in shoot biomass in Triticum aestivum (Dimkpa
et al., 2013). Rui et al. (2017) reported that exposure to different doses
of AgNPs (50−2000 mg/kg) could affect peanut yield and quality based
on changes in the fatty acid contents in peanut grains. On the other
hand, a few studies reported positive effects of AgNPs on plant growth,
e.g. low doses of AgNPs (25–50 mg kg−1) have a beneficial impact on
leaf area index, leaf number, chlorophyll content, nitrate reductase
(NR) activity, and pod yield of Phaseolus vulgaris (Das et al., 2018).
However, the genotoxicity of AgNPs in plants remains unknown, and
most relevant studies have been performed with animals or with human
cells (AshaRani et al., 2009; Patlolla et al., 2015). Our previous studies
reported that exposure to 12.5 mg of AgNPs/kg of dry soil during the
bolting stage could delay flowering and reduce growth and yield at the
maturation stage (Ke et al., 2018). Importantly, based on our metabo-
lomics results, the transfer of elementary Ag released from AgNPs from
the soil to plant tissue may induce DNA injury in plant cells. Therefore,
we hypothesized that the exposure of Arabidopsis thaliana to AgNPs
could potentially alter the offspring physiology and development by
injuring the parental plant genetic material.

Flower development is a long and complex process and consists of
four stages: flowering transition, floral meristem identity, floral organ
identity, and floral organ morphogenesis (Smith and Zhao, 2016).
Transforming from the vegetative phase to the reproductive phase is
extremely important for all flowering plants (Lu et al., 2018a; Xie et al.,
2015b). Floral organ primordia initiate within the floral meristem and
later give rise to the formation of the sepal, petal, stamen and carpel,
which is controlled by homeotic genes (Bommert et al., 2005). Nu-
merous genes required for flower development have been identified by
extensive molecular genetic studies in the model species A. thaliana.
Several environmental stresses (drought, heavy metals and herbicides)
were reported to affect plant flowering development (Kitae et al., 2017;
Qian et al., 2014). However, little is known about the impact of AgNPs
on plant flowering, although Byczynska et al. (2019) found that tulips
treated with 100 mg L−1 AgNPs flowered earlier and their growth was
promoted. Therefore, in the present study, we examined the effect of
long-term (bolting time and reproduction time) parental- and offspring-

generation exposure to 12.5 mg/kg AgNPs. This concentration of AgNPs
was proven to cause parental toxicity on A. thaliana in our previous
report (Ke et al., 2018). The objective of this study is to compare the
phytotoxicity between two generations by assessing plant reproduction
(pod quality and seed production), flowering time, floral organ struc-
ture and transcription of key genes involved in flowering and pollen
development in the model dicotyledon plant A. thaliana. The findings of
this work will help gain insight into the parent-progeny transfer of NP
effects in plants and will provide critical data that can be used to inform
risk assessment efforts.

2. Materials and methods

2.1. AgNPs preparation

AgNPs (citrate-coated) were purchased from Shanghai Huzheng
Nano Technology Co. LTD (AGS-WMB1000C, Shanghai, China) and
suspended in Milli-Q water by sonication (20 kHz and 100 W bath at
25 °C) for 30 min using an ultrasonic cleaner. The actual size distribu-
tion was determined by means of transmission electron microscopy
(TEM, JEM-1200EX, Tokyo, Japan). The TEM micrographs and the
resulting size distribution showed a highly uniform dispersion and a
size distribution in between 10 and 12 nm (Fig. S1), which is close to
the reported value of 10 nm at purchase.

2.2. Plant culture and seeds collection

A. thaliana seeds (ecotype: Columbia (Col-0)) were sterilized with
75% ethanol for 1 min and 2.5% sodium hypochlorite (V/V) for 15 min
and then rinsed 6 times with sterilized water. The sterilized seeds were
vernalized at 4 °C for 2 days as reported previously (Sun et al., 2016)
and subsequently germinated in plates containing Murashige and Skoog
(MS) agar medium (containing 30 g/L sucrose and 0.8% agar) without
AgNPs. The chamber temperature was maintained at 25 ± 0.5 °C, and
the seedlings were grown under a 12 h light/12 h dark cycle at a light
intensity of 300 μmol/m2 under cool-white fluorescent lights. After two
weeks, the aseptic seedlings were transferred from the MS agar medium
to one pot containing potting soil consisting of peat soil and vermiculite
at a ratio of 3:1 (Sunshine garden, Canada) containing: N-1.92 g/kg, P-
0.155 g/kg, K-22.5 g/kg. The soil electrical conductivity ranged from
500 to 650 μs/cm, and the soil pH was at a constant value of 5.7 during
the whole exposure duration (Fig. S2). Each pot initially contained a
total of 60 g of dry soil (prior to watering). Then, 300 mL of MS nutrient
solution with 2.5 mg/L AgNPs was added to the potting soil, and the
final concentration of AgNPs was 12.5 mg/kg of dry soil at the begin-
ning of plant growth. This concentration is close to environmentally
realistic Ag concentrations as a recent study on biosolids produced at
various periods (from 1950 to 2009) in Australia, U.K. and U.S.A.
showed Ag concentrations to range from 4.3 to 332 mg kg–1 (Donner
et al., 2015). Eight replicates were used for each treatment along with a
control treatment (hereafter, the seedlings obtained after parental
AgNPs exposure are abbreviated as P-AgNPs, and the parental control
group (no AgNPs exposure) is abbreviated as P-Con). After approxi-
mately two months of exposure, when the plants reached the re-
productive stage, seeds were collected for the experiments described
below.

2.3. Parental and offspring-generation treatment

To further understand the genotoxicity of AgNPs, the seeds collected
from parental plants were prepared for parental- and offspring-gen-
eration exposure. Four treatments were set including parental and off-
spring plant exposure to an AgNPs concentration of 12.5 mg/kg of dry
soil (P-AgNPs and O-AgNPs plants) and exposure of parental and off-
spring plants to soil without AgNPs (P-Con and O-Con plants), with
eight replicates each. After approximately 30 days of parental- and
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offspring-generation exposure, A. thaliana seedlings vegetated into the
bolting stage and the flowering time was evaluated by using the bolting
rate that was calculated when floral buds were visible at the centre of
the rosette (Qian et al., 2014). Shoot fresh weight was determined, and
the flowering time was recorded.

2.4. Identification of A. thaliana pods, floral organs and seeds after
parental AgNPs exposure at the reproductive stage

The mature A. thaliana pods were harvested in the P-Con and P-
AgNPs treatments during the reproductive stage. To identify the quality
of pods after parental AgNPs exposure, each separated pod (the largest
pods were selected in every treatment) was placed into a tube con-
taining 50 mL of decolourizing solution (ethanol: acetic acid = 3:1).
The tube was heated in a water bath at 100 °C until the pod was
transparent. The pod was transferred to a clean glass slide with a few
drops of autoclaved distilled water and then observed and photo-
graphed under a stereoscopic microscope (SZ61-SET, Olympus, Japan).
In addition, the intact A. thaliana floral organs in the P-Con and P-
AgNPs treatments were observed under a stereoscopic microscope. The
seeds from the P-AgNPs treatment were germinated on MS agar
medium in plates as described above. The germination rates were re-
corded during the first 6 days. After 16 days of cultivation, the shoot
fresh weight, seedling taproot length and lateral root number were
measured.

2.5. Effect of parental and offspring soil AgNPs exposure on plant flowering
time and floral organs

During the exposure experiment, plant samples taken after parental-
and offspring- generation AgNPs exposure were harvested when the
bolting rates reached 50%. Quantitative real-time PCR (qRT-PCR) was
used to measure the transcription of flowering- and floral organ de-
velopment-related genes. Shoots of A. thaliana seedlings were ground
up with a ceramic mortar and pestle in liquid nitrogen. Total RNA was
isolated from the ground leaves and then reverse transcribed into cDNA
using a reverse transcriptase kit (Toyobo, Tokyo, Japan). qRT-PCR was
performed with an Eppendorf MasterCycler ep RealPlex thermal cycler
(Wesseling-Berzdorf, Germany) using the PCR protocol described in our
recent study (Chen et al., 2017; Qian et al., 2011). Note that the se-
quences of the primer pairs used in the qRT-PCR are listed in Table S1.

2.6. The content of elementary Ag and the antioxidant enzyme activity
(SOD and CAT) in parental and offspring plants

The details of the determination of the silver content and the anti-
oxidant enzyme activity (SOD and CAT) of plant tissue after harvesting
are provided in the SI1, SI2.

2.7. Statistical analysis

All experiments were conducted with eight replicates except for
experiment of quantitative real-time PCR (qRT-PCR), which was re-
plicated four times. We randomly collected one plant out of every re-
plicate for the experiments. The results are shown as mean ± standard
error of the mean (SEM) and the error bars were calculated by using
Origin 7.0 (Microcal Software, Northampton, MA). Univariate statis-
tical and correlation analyses were determined by one-way analysis of
variance (ANOVA) followed by a post hoc multiple comparison test at
the 95.0% significance level, using the StatView 5.0 software (Lu et al.,
2018b).

3. Results and discussion

3.1. The effect of parental AgNPs exposure on A. thaliana floral organ
structure and pod quality

The morphology of the floral organs of A. thaliana is presented in
Fig. 1. Compared with the morphologies in the P-Con group, both
flower size and calyx size decreased, the petals became loose and easily
separated from the plant. Besides, the anther size and the amount of
pollen decreased after P-AgNPs exposure, which indicated that both
stamen and pistil were adversely affected. Therefore, AgNPs exerted an
adverse, visually detectable effect on floral organs. In addition, pods in
the P-AgNPs group were thinner, shorter and produced small, appar-
ently unfilled seeds compared to those in the P- Con (Fig. 2a). More-
over, both pods weight and length in the P-AgNPs treatment were
significantly decreased (by approximately 25%) compared to those in
the P-Con treatment (Fig. 2b and c), suggesting that they were nega-
tively affected by P-AgNPs exposure.

Floral organ morphogenesis is one of the most important processes
in plant reproduction and is vulnerable to various abiotic stresses in-
cluding heat, cold, and drought (Smith and Zhao, 2016). Lee and Lee
(2003) found that pollen tube growth and seed production in A. thaliana
were reduced under cold stress. Drought or herbicide stress caused
shortened anther filaments, delayed anther development and reduced

Fig. 1. The effect of parental exposure of A. thaliana to 12.5 mg/kg AgNPs on the floral organ macroscopic structure (P-Con: no AgNPs added in the parental
generation, P-AgNPs: 12.5 mg/kg AgNPs added in the parental generation). Each treatment included four replicates.
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pollen viability in A. thaliana (Su et al., 2013; Tunc-Ozdemir et al.,
2013; Xie et al., 2015b; Qian et al., 2015). However, few studies have
investigated the effect of AgNPs on floral organs. Our results showed
that floral organs including flower size, calyx size, petals, anther and
pollen were adversely affected by AgNPs exposure. Floral organ de-
velopment is considered as one of the most important processes in plant
reproduction, as abnormal floral organs can dramatically decrease the
number of pods produced by a plant. Notably, the anther, a part of the
stamen, is responsible for the production of pollen and thus plays a
crucial role in plant reproduction (Qian et al., 2015). Thus, the ab-
normal floral organs may dramatically affect pod growth as well as
decrease the number of seeds produced by plants, as shown in our
study.

3.2. The effect of parental AgNPs exposure on A. thaliana offspring seed
germination and seedling growth

At the reproductive stage, AgNPs inhibited A. thaliana pod growth
and reduced the seed number in the pods. To test the quality of seeds
from the P-AgNPs plants, the seed germination rates and offspring
growth parameters including shoot fresh weight, taproot length and
lateral root number were measured. The germination rate of seeds from
P-AgNPs plants was significantly lower than the rate of the seeds col-
lected from unexposed plants (P-Con) after 6 days of cultivation
(Fig. 3a). For seedling growth, after 16 days of cultivation, the shoot
fresh weight of O-Con plants was significantly reduced to 89% of the
fresh weight of P-Con plants (Fig. 3b). Although the root elongation in
O-Con plants was not affected, the lateral root number in these plants
decreased by approximately 22% and 34% compared to the P-Con
plants after 10 days and 16 days of culture, respectively (Fig. 3c and d).
Accordingly, the morphology of A. thaliana was also affected, with a
decrease in lateral root number and seedling size in the O-Con group
compared to the P-Con group (Fig. 3e).

Previous studies have demonstrated that AgNPs can enter plant root
cells and inhibit root hair development and root length and that the
concentration of Ag ions released from AgNPs in roots is higher than the
Ag concentration in shoots (Ke et al., 2018). In this study, AgNPs sig-
nificantly inhibited seed germination and lateral root growth in off-
spring, indicating that the toxic effect of AgNPs can be transferred to
offspring. Moreover, Kumari et al. (2009) demonstrated that different
concentrations (25, 20, 75 and 100 ppm) of AgNPs can also penetrate
the plant system and may impair stages of cell division, causing

extensive damage to DNA and subsequently causing genotoxicity to the
root tip of offspring in Allium cepa. This may explain the genotoxicity to
roots observed in our experiment.

3.3. The effect of parental- and offspring-generation AgNPs exposure on A.
thaliana flowering time

To investigate the transgenerational effect of AgNPs on plant growth
and flowering in bolting time, shoot fresh weight and flowering time
(here, the flowering time is defined as the time needed to reach 50%
bolting) as well as flowering time-related genes in the P-AgNPs and O-
AgNPs exposure groups were measured. The shoot fresh weight in the
P-AgNPs, O-Con and O-AgNPs groups decreased to 55%, 58% and 48%
of the shoot fresh weight in the P-Con group (Fig. 4a), respectively,
which indicated that the adverse effect of AgNPs on A. thaliana vege-
tative growth could be transferred to offspring and that O-AgNPs ex-
posure exerted a stronger impact on A. thaliana growth than P-AgNPs
exposure. The flowering time in the P-AgNPs group was significantly
delayed by approximately 4 days, which is in line with the findings of
our previous study (Ke et al., 2018). Notably, flowering time was also
delayed by 3 days and 8 days in the O-Con and O-AgNPs groups, re-
spectively (Fig. 4b). The expression of floral integrators that affect
terminal flower development, such as AP1, SOC1 and FLY, was sig-
nificantly decreased to 70–90% in the P-AgNPs and O-Con groups and
to 50–70% in the O-AgNPs group, respectively, suggesting that off-
spring AgNPs exposure exerted a much greater impact on flowering
time than parental AgNPs exposure. Accordingly, four pathways,
namely, the photoperiod pathway, the autonomous pathway, the ver-
nalization pathway and the gibberellin (GA) pathway, were also regu-
lated (Fig. 4c). In the autonomous pathway, both FCA and FY in the O-
AgNPs group were significantly decreased by 35% and 41% compared
to the P-Con group, respectively, and AGL24 was significantly increased
by 50%. In contrast, only FLY was decreased (by 31% and 35%) in the
P-AgNPs and O-Con groups, respectively, suggesting that offspring
AgNPs exposure had a stronger effect on the flowering pathways than
parental AgNPs exposure. In the P-AgNPs, O-Con and O-AgNPs groups,
genes (VRN1, VRN2 and VIN3) in the vernalization pathway were
downregulated by 30–50%, and genes (CO, GI and TOC1) in the pho-
toperiod pathway were downregulated to 50–75% of those in the P-Con
group. The tested genes in the GA pathway were not significantly
regulated in the P-AgNPs and O-Con groups, while genes (SPY and
RGA) in the O-AgNPs group were down- or upregulated by approxi-
mately 10–20 % compared to those in the P-Con group. These data
showed that the delay in flowering time and changes in four genetic
pathways induced by O-AgNPs exposure were significantly greater than
those induced by P-AgNPs exposure.

AP1 is a crucial factor to orchestrate a gene network that affects
terminal flower development and early flowering phenotypes in
Arabidopsis. AP1 is directly activated by FT and LHY (Nilsson et al.,
1998; Benlloch et al., 2011). In this study, we demonstrated that par-
ental AgNPs exposure delayed the flowering time by down-regulating
AP1 transcription, and this same phenomenon was observed in off-
spring. It was even strengthened in offspring after AgNPs exposure.
Accordingly, the flowering pathways controlled by the integrated
flowering genes were affected by parental and offspring with AgNPs
exposure. AGL24, an intermediate between SOC1 and LFY, can be up-
regulated sharply by vernalization to induce floral transition (Michaels
et al., 2003). FLC is known to play a central role in regulating the re-
sponse to vernalization (Ratcliffe et al., 2001). We observed that the
transcription of AGL24 was up-regulated in both P- and O-AgNPs ex-
posure, while FLC was up-regulated only in the O-AgNPs group. This
indicates that an AgNPs-induced delay of flowering was regulated by
the vernalization pathway. Notably, after AgNPs exposure, the genes
transcriptional level was not significantly altered in the autonomous
and the gibberellin (GA) pathway in the parental generation, but it was
affected significantly in the offspring generation. This indicated that

Fig. 2. The effect of parental exposure of A. thaliana to 12.5 mg/kg AgNPs on
pod quality (P-Con: no AgNPs added in the parental generation, P-AgNPs:
12.5 mg/kg AgNPs added in the parental generation). (a) Pod macroscopic
structure. (b) Length of pods. (c) Average fresh weight of 100 pods. * represents
statistically significant differences (p < 0.05). The values shown are the
mean ± SEM.
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AgNPs can also utilize the autonomous and gibberellin (GA) pathway to
induce a delay in flowering when the elemental Ag concentration
reached a certain threshold in the plant seedlings (as more elemental Ag
was accumulated in offspring than in parental plants: this result is
shown below).

Flowering time, controlled by flowering-related networks, is af-
fected by many environmental stress factors such as drought, herbi-
cides, extreme temperature and pathogen infection as well as intrinsic
factors (Itoh and Izawa, 2013; Simpson and Dean, 2002; Qian et al.,
2014). Some articles have reported that early or late flowering is a
defensive mechanism that is driven by the need to adjust the life his-
tories to encounter suitable environmental conditions (Qian et al.,
2014; Ke et al., 2018). Compared with P-AgNPs exposure, O-AgNPs
exposure resulted in a greater plant fresh weight inhibition and delay in
flowering time in A. thaliana. AgNPs exerted genotoxicity via plant
growth inhibition, which may weaken the plant’s ability to respond to
stress, subsequently causing a greater delay in flowering time in A.
thaliana offspring than in parents. In general, our results indicated that
AgNPs exerted a heritable negative effect on plant growth, late

flowering as well as related pathways (floral integrators, the autono-
mous pathway and the GA pathway), and these negative effects were
transferable to offspring and were enhanced by offspring-generation
AgNPs exposure.

3.4. The effect of parental- and offspring-generation AgNPs exposure on A.
thaliana floral organs

The observed morphological changes (as shown in Fig. 1) indicated
potential damage caused by P-AgNPs exposure. Thus, we speculated
that AgNPs may regulate some floral organ-specification genes. Fig. 5
shows that the transcripts of DYT1, MS1 and MYB103 in the P-AgNPs
group were significantly reduced by approximately 19%, 10% and 39%
compared to those in the P-Con group, respectively. MS1 and MYB103
in the O-Con group were downregulated by approximately 20% com-
pared to those in the P-Con group, while almost all genes, including
DYT1, MS1, MS2, AMS and MYB103, in the O-AgNPs group were
downregulated to 55-65% of those in the P-Con group, indicating that
AgNPs exerted a transgenerational effect on floral organs and that

Fig. 3. The effect of parental exposure of A.
thaliana to 12.5 mg/kg AgNPs on offspring seed
germination and seedling growth (P-Con: no
AgNPs added in the parental generation, O-
Con: seeds from the parental Ag NPs exposure
plants were grown in AgNPs-free soil). (a)
Offspring seed germination after 6 days of
cultivation. (b) Offspring seedling fresh weight
after 16 days of cultivation. (c) Offspring tap-
root length after 16 days of cultivation. (d)
Offspring lateral root number after 16 days of
cultivation. (e) The morphology of offspring of
A. thaliana after 16 days of cultivation. * re-
presents statistically significant differences
(p < 0.05). The values shown are the
mean ± SEM.

Fig. 4. The effect of parental- and offspring-
generation exposure of A. thaliana to 12.5 mg/
kg AgNPs on the fresh weight, flowering time
and relative transcription of flowering time-re-
lated genes (P-Con: no AgNPs added in the
parental generation, P-AgNPs: 12.5 mg/kg
AgNPs added in the parental generation, O-Con:
seeds from the parental Ag NPs exposure plants
were grown in AgNPs-free soil, O-AgNPs: seeds
from the parental Ag NPs exposure plants were
grown in AgNPs-treated soil). (a) Fresh weight.
(b) Flowering time. (c) Relative transcription of
flowering time-related genes in A. thaliana *
and ** represent statistically significant differ-
ences (p < 0.05). The values shown are the
mean ± SEM.
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offspring exposure elicited a stronger reduction than parental exposure.
DYT1, a crucial component of a genetic network that is involved in

A. thaliana tapetum development, lies upstream of at least 22 genes
encoding transcription factors and thus regulates the expression of a
large number of genes, such as AMS, MYB103, MS1 and MS2 (Zhang
et al., 2006; Qian et al., 2014). In our work, the AgNPs-induced
downregulation of DYT1 caused a decrease in the transcription of MS1
and MYB103 in the P-AgNPs exposure group, which may have led to the
production of anthers that could not easily dehisce to allow pollen
dissemination. MS1, AMS and MYB103 are necessary for pollen for-
mation and development, and their suppression inhibits pollen grain
production or causes male sterility (Zhu et al., 2008). Therefore, the
inhibition of these key genes in A. thaliana exposed to AgNPs may well
explain the measured decrease in pollen viability, which finally led to a
decrease in the number of seeds per pod. Importantly, these gene al-
terations also occurred in response to offspring-generation AgNPs ex-
posure. Therefore, AgNPs strongly inhibited floral organ development,
primarily via transcriptional regulation, and these negative effects
caused by parental AgNPs exposure were transferred to plant offspring
and were even strengthened via offspring exposure.

3.5. The mechanism of AgNPs toxicity to offspring

To better understand the mechanism of AgNPs toxicity to offspring,
we measured the content of elementary Ag and the antioxidant enzyme
activity (SOD and CAT) in parental and offspring plants (Fig. 6). Our
results showed that AgNPs were not transferred directly from the first
generation to the second generation, but the silver content in the off-
spring AgNPs exposure group was significantly higher than the silver
content in the parental AgNPs exposure group, implying that offspring
plants were more sensitive to AgNPs. Furthermore, the activity of SOD

and CAT also exhibited a higher level in O-AgNPs than in P-AgNPs,
indicating a stronger oxidative injury caused by offspring AgNPs ex-
posure (Xie et al., 2015a). Many studies have proven that nanoparticles
can enter the root cell of plant and cause physiological and biochemical
impacts (negative or positive) on plants. Wang et al. (2016) found that
γ-Fe2O3 NPs could enter root cell and was capable of improving iron
deficiency and facilitating the growth of watermelon plants. However,
Mirzajani et al. (2013) and Mazumdar (2014) demonstrated that AgNPs
can penetrate plant cells and cause damage to the cell morphology,
vacuoles, cell wall integrity, and likely affect other organelles. Notably,
the root tip cells of plants (wheat and A. cepa) treated with AgNPs can
exhibit various types of chromosomal aberrations and a decrease in the
mitotic index, subsequently interfering with the cells’ normal func-
tioning (Kumari et al., 2009; Abdelsalam et al., 2018). This suggests
that AgNPs may cause cytotoxicity and genotoxicity to offspring and be
an explanation for our findings that AgNPs can affect the quality of pod
and floral organs, and even inhibit root development as well as growth
of offspring plants. Importantly, the damage to offspring caused by
parental AgNPs exposure can lead to an impairment of the plant’s
ability to respond to stress, and subsequently resulted in a higher ac-
cumulation of AgNPs in offspring plant tissue as shown in our work,
finally causing greater toxicity on flower development and plant growth
of offspring plants. This impact may exhibit a different degree of off-
spring toxicity due to different sizes of nanoparticles since small par-
ticles with larger surface areas may cause higher cellular uptake and
toxic responses than larger sized nanoparticles (Wang et al., 2013;
Kaveh et al., 2013; Xiang et al., 2019). Therefore, it is of great sig-
nificant to pay more attention on the impact of different size of AgNPs
on offspring plants.

Fig. 5. The effect of parental- and offspring-generation
exposure of A. thaliana to 12.5 mg/kg AgNPs on the re-
lative transcription of floral organ development-related
genes (P-Con: no AgNPs added in the parental generation,
P-AgNPs: 12.5 mg/kg AgNPs added in the parental gen-
eration, O-Con: seeds from the parental Ag NPs exposure
plants were grown in AgNPs-free soil, O-AgNPs: seeds from
the parental Ag NPs exposure plants were grown in AgNPs-
treated soil). Different letters represent statistically sig-
nificant differences. The values shown are the
mean ± SEM (n = 4).

Fig. 6. (a) Silver content in shoots of A. thaliana (μg/g dry weight); (b) CAT activity; (c) SOD activity. (P-Con: no AgNPs added in the parental generation, P-AgNPs:
12.5 mg/kg AgNPs added in the parental generation, O-Con: seeds from the parental Ag NPs exposure plants were grown in AgNPs-free soil, O-AgNPs: seeds from the
parental Ag NPs exposure plants were grown in AgNPs-treated soil). Different letters represent statistically significant differences between different treatments
(p < 0.05). The values shown are the mean ± SEM.
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4. Conclusion

Overall, parental AgNPs exposure caused a toxic effect on the floral
organs of A. thaliana and AgNPs exposure impacted pod quality as well
as offspring seed growth. In addition, AgNPs delayed the flowering time
by changing the related pathways (the photoperiod pathway, the au-
tonomous pathway and the vernalization pathway) and inhibited pollen
formation and pollen development by regulating the transcription of
related genes. We demonstrated that all these negative effects on floral
development can be transferred to the offspring, although AgNPs
themselves were not transferred from the parent to offspring plants.
Importantly, exposure of offspring to AgNPs affected plant growth and
flower development more strongly than did parental exposure. These
findings suggest the need for an integral assessment of the impact of
exposure of plants to nanoparticles as plants are a crucial component of
environmental and ecological systems.
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