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Abstract

Successful germination and establishment of invasive plants is a key early step in the invasive process
which influences the invasive potential. Previous studies have focused on differences in traits between
native and invasive plants, but few studies have explored the evolutionary changes in seeds when
invasive plants were reintroduced into their homeland.

We planted seeds (F1) of 13 Triadica sebifera populations that invaded the United States into their native
habitat (31°45'N, 114°39'E, Dawu, China) in 2014. After F1 seeds matured (2019), we collected their seeds
(F2) and the seeds of 30 native populations. We tested the differences in physical and chemical
properties, seed hormones, and germination traits between the seeds of reintroduced and native Triadica
sebifera populations.

Although we did not find significant differences in physical and chemical properties and germination
traits between the seeds of reintroduced and native Triadica sebifera populations, generally the various
contents in reintroduced Triadica sebifera populations were higher than native Triadica sebifera
populations. Besides, we found that the seeds of reintroduced populations had significantly higher levels
of abscisic acid (ABA) and three gibberellins (GAs) but significantly lower l-aminocyclopropane-I-
carboxylic acid (ACC) and the ratios of total GA (TGA) to ABA than the seeds of native populations.
Dewaxed seed masses and TGA were positively correlated with germination traits, while ACC and ABA
were negatively correlated with germination traits.

These results suggested that the seeds of invasive plant Triadica sebifera never changed when they from
the United States return to its provenance for five years, which could enrich our poor cognition about seed
properties changes after experiencing different environments and were beneficial to control invasive
plants.

Introduction

The invasive process of alien plants is generally divided into four stages: introduction, colonization,
adaptation, and spread (Blackburn et al., 2011). Successful germination and establishment of invasive
plants is a key early step in the invasive process that influences invasive potential (Ferreras and Galetto,
2010; Gioria and PysSek, 2017). Differences in resource allocation within seeds may cause plant growth
differences in their invasive and native ranges (Widmer et al., 2007). Therefore, studying plant seed
material changes about the allocation and performance after experiencing different environments will
help to explain invasive mechanisms (Zhang, 2019). For example, comparing the seed biomass of co-
occurring native and invasive species from different families, Daws et al. (2007) found that increasing
seed biomass is conducive to plant invasion. The variations in seed size (mass or volume) among
species, and even among individuals within the same populations may be affected by genetic factors,
maternal investments, and environmental conditions (Bhatt et al., 1989;Suarez et al., 2017). Seeds
typically contain stored soluble proteins, lipids, and carbohydrates. The content levels of these materials
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can significantly affect germination (Adawy et al., 2003; Suda and Giorgin, 2000) and seedling survival
rate (Elamrani et al., 1992; Mtambalika et al., 2014). Similarly, hormones can regulate seed dormancy and
germination (William and Gerhard, 2006). For instance, the abscisic acid (ABA) can induce dormancy in
many species but the gibberellins (GAs) and ethylene often break dormancy (Nonogaki, 2014).

Non-native invasive plants and organisms introduced for biological control are ideal systems for studying
whether and how organisms quickly adapt to changing environments (Sun and George, 2019). Plants can
respond to changing environments through adaptive evolution (Colautti and Barrett, 2013; Agrawal et al.,
2015), phenotypic plasticity (Castillo et al., 2014; Liu et al., 2016) and differential resource allocation
(Alexander et al., 2009; Xiao et al., 2018). There's a big environmental gap between native and invasive
areas, so invasive plants have various strategies in different areas (Huberty et al., 2014; Sakata et al.,
2017). The evolution of the increased competitive ability (EICA) hypothesis predicts that reduced
herbivory from native specialist herbivores allows invasive plants to shift their resource allocations from
defense to growth or reproduction contributing to enhanced competitiveness (Blossey and Né6tzold,
1995). However, these adaptations may make plants from non-native ranges more susceptible to
herbivores and pathogens in their native ranges (Blossey and Notzold, 1995). Thus, reintroducing they to
the native ranges may result in the poor overall performance of the invasive plant.

However, the consequences of such evolutionary responses in native ranges of invasive species are
poorly understood (Pal, et al., 2020). This begs the question of what changes in seed properties when the
invasive plant returns to its native area. We hypothesize that the physical and chemical properties, related
hormones, and the germination traits of seeds of reintroduced populations would be significantly
different from those of native populations. To test this hypothesis, we take the Chinese tallow as
experimental subject. The Chinese tallow (Triadica sebifera, hereafter ‘T. sebifera’) is native to China and
it was introduced to the United States in 1772 because of its great economic value (Bruce et al., 1997). In
the United States, 7. sebifera had no herbivory pressure from specialist insects and faced almost no
herbivory from generalists. So it spread rapidly in southern coastal areas (Nijjer et al., 2002) and currently
is listed as one of the most invasive plants in the United States. Here we compared the seeds of native
populations in China to those which are collected from reintroduced populations re-exposed to herbivory
for 5 years to elucidate the changes in seed traits.

Materials And Methods
Seed collection

The Chinese tallow (7riadica sebifera, Euphorbiaceae) is a perennial tree grown for its oil and ornamental
value in China, and there are more than 200 herbivorous insects depending on it (Zhang et al., 2015). In
2014, we collected seeds from 13 T. sebifera populations (Supplementary Table 1, Fig. 1b) across seven
states in the United States and planted them in a natural environment in China (Yangjiafan Village, Sigu
Town, Dawu County, Hubei province, 31°45'N, 114°39'E), which had subtropical monsoon climate,
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uniform rainfall all year around, and annual average temperature between 14.9°C-15.7°C. We selected10
trees per population and grew them freely under natural levels of herbivory at the site before collecting.

Between October 2019 and January 2020, we collected seeds from 30 native populations (Supplementary
Table 1, Fig. 1a) across 10 provinces in China. Spanning most of the species’ ranges, these populations
often occurred in farmlands, roadsides and wastelands and they were at least 10 m apart from each
other. During the same period, mature seeds were collected from the 13 populations reintroduced into
China.

Seed Physical And Chemical Properties Test

T. sebifera seeds have a waxy coating, and seed masses were determined both with and without wax.
Dewaxing simulates seeds condition that be fed and then be excreted to the outside of the body. Masses
were obtained by 50 randomly selected seeds from all reintroduced and native populations. Seeds were
soaked in laundry detergent to dissolve the wax on the surface, then air-dried for about 3 hours at room
temperature prior to weighing. The dried seeds were deeply buried in fine sands and then placed in a
refrigerator at 4°C for low temperature stratification for subsequent germination experiments.

We assayed compounds in seeds related to germination, including soluble protein, crude fat and
hormones. We randomly selected one native population in each province (ten populations in total) and
ten reintroduced populations of dewaxed seeds. After mixing, they were randomly divided into three parts
as three replicates (2 origins * 10 populations * 3 index *3 replicates = 180 samples), and then forzen
them with liquid nitrogen. The frozen dewaxed seeds were pulverized using a mixer mill (MM400, Retsch,
Laichi, Germany) with zirconia beads for 1.5 min at 30 Hz and stored at -80°C until needed. We used the
Bradford method (Bradford, 1976) to determine soluble protein content and used the Soxhlet extraction
method (Anderson, 2004) to detect crude fat.

According to seed hormones, we assayed 15 hormones from four hormone classes, including two
abscisic acids, one ethylene precursor, ten kinds of gibberellins and two kinds of strigol (Supplementary
Table 2). Using ultra-high performance liquid chromatography (UPLC, ExionLC™ AD) and Tandem Mass
spectrometry (Tandem Mass L /MS /MS) (QTRAP® 6500+) to determine seed hormone types and
content. Linear equations and correlation coefficients of the standard curves of the tested substances in
this experiment are shown in Supplementary Table 4. Phytohormone contents were detected by MetWare
(http://www.metware.cn/) based on the AB Sciex QTRAP 6500 LC-MS/MS platform.

Seed Germination Test

In August 2020, after 60 days of low temperature stratification, seeds were sown in a greenhouse
(24°50'N, 102°52'E, Kunming, China) with 50—80% relative humidity, 13/11 h light/dark cycle, 30°C days,
and 18°C nights. We sowed one seed per cell in 72-cell seedling trays for each of 36 populations (72
seeds * 36 populations = 2592 seeds). Each seedling tray was randomly placed on a greenhouse bed, and
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the position of each seedling tray was randomly adjusted weekly. To water the seeds twice a day and
record the germinational parameters every day which include the days to first germination, days to the
first true leaf, days to 50% germination per population, the germinative force (calculated as n/N, this n is
the total number of germinated seeds on the day when the number of newly germinated seeds reach its
peak, with N being 72) and final germination rate. In addition, we conducted a separate germination
experiment in a laboratory climate box (MGC-350BP, Shanghai TENSUC; relative humidity 50%-60%,
12/12h light/dark cycle, 28°C days, and 25°C nights).

Statistical analysis

We used one-way analysis of variance (ANOVA) when data were normally distributed and homoscedastic,
and Wilcoxon rank sum tests to analyze differences between reintroduced and native populations in
physical (with-wax and dewaxed seed masses) and chemical properties (soluble protein and crude fat),
seed hormones levels (ABA, ACC, GA1, GA15, GA19, GA24, GA53, 5DS, GA:ABA), and germination
parameters (days to first germination, days to the first true leaf, days to 50% germination, germinative
force, and final germination rate). We also calculated the fold change (representing the ratio of the two
groups) for each hormone, and selected those with fold change = 2 and < 0.5 as the final differential
metabolites. We carried out Pearson correlation analyses between seed physical and chemical properties
and germination traits of all 7. sebifera populations.

All data were analyzed with R version 3.6.2 (R Core Team, 2020).

Results
Seed physical and chemical properties

There were no significant differences in physical and chemical properties mass of the with-wax (F1, 39 =
2.873,P =0.098) and dewaxed seeds (F1, 37 =0.045, P = 0.833) between reintroduced and native
populations (Supplementary Table 3). Similarly, nor were their significant differences in crude fat content
(F1,18=0.189, P =0.669) or soluble protein content (F1, 18 =0.13, P = 0.722) (Supplementary Table 3).

Among the 15 hormones analyzed, seven were not detected in any population samples (Supplementary
Table 2). Seeds from reintroduced populations had significantly higher levels of ABA (P <0.001), GA53 (P
<0.001), GA24 (P<0.001), and GA19 (P <0.01), while native populations had higher levels of ACC (P <
0.05), GA1 (P<0.01) (Fig. 2a), and TGA : ABA (Fig. 2b). Levels of GA15 and 5DS were no significant
differences. Reintroduced populations had = 2-fold more GA19, GA24, and GA53 contents than native
populations.

Seed Germination Traits
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There were no significant differences between reintroduced and native populations in final germination
rate (F1, 28 = 0.003, P = 0.958), days to first germination (F1, 28 = 0.045, P = 0.834), days to 50%
germination (W =40.5, P = 0.4752), days to first true leaves (F1, 32 =0.168, P = 0.684), or germinative
force (W=77,P=0.7508) (Supplementary Table 3). The germination results in the climate box were was
consistent with the greenhouse germination experiment. There was no significant difference between the
germination rate of the reintroduced and native populations (W = 67.5, P =0.9137) (Supplementary

Table 3).

Seed Mass And Germination Correlation Analysis

There were significant positive correlations between seed mass and germination in germination rate (R =
0.6, P=0.00065) (Fig. 3a) and germinative force (R =0.41, P =0.028) (Fig. 3b). In addition, there was
significant negative correlation between seed mass and days to 50% germination (R=-0.47, P = 0.0094)
(Fig. 3c). But there was no significant correlation between seed mass and days to first germination
(R=-0.34, P =0.072) (Fig. 3d).

The Principal Component Analysis

The first PC axis explained 24.91% of the variation and the second PC axis explained 18.07%, resulting in
42.98% of the total variation explained in the dataset by the first two principal components
(Supplementary Table 4). The first axis was influenced predominantly by germination traits (days to first
true leaves, days to 50% germination, germination rate, and germinative force), whereas the second axis
was influenced primarily by ACC, crude fat, and 5DS (Fig. 4). The dewaxed mass and total gibberellins of
seeds were positively correlated with germination rate and germinative force, and negatively correlated
with the days to first germination, days to 50% germination, and days to first true leaves. The correlation
between abscisic acid and germination traits was opposite to dewaxed mass and total gibberellins, and
abscisic acid was negatively correlated with total gibberellins. TGA : ABA and 5-Deoxystrigol were
negatively correlated with the days to first germination, days to 50% germination, and days to first true
leaves. ACC were negatively correlated with germination rate and germination force. Crude fat was
negatively correlated with soluble protein.

Discussion

In this experiment, we found that there were significant correlations between seed mass and germination.
The more mass, the better germination. This accorded with our common sense that more mass could
offer more energy and nutrition to support for the seed germination process. In addition, the results
showed that the levels of abscisic acid (ABA) and three gibberellins (GAs) of Chinese tallow seeds were
significantly higher in reintroduced populations than native populations, while the levels of 1-aminocyclic
propanecarboxylic acid (ACC) and GA (TGA) : ABA were significantly lower than those of native
populations. The ABA typically inhibits seed germination (Nonogaki, 2014) and the TGA : ABA ratio also

Page 6/14



affects seed dormancy (William and Gerhard, 2006), but generally there were no significant differences in
germination between reintroduced and native populations in this experiment. Similarly, there were no
significant differences in physical and chemical properties of seeds between reintroduced and native
populations. Consequently, we found that no significant differences in seeds of reintroduced 7. sebifera
populations when they from US returns to their provenance for five years than native T. sebifera
populations. Our results were contrary to our original hypothesis.

The naturalized populations for five years were that reintroduced populations. In terms of the seed levels,
after a period of time, their physical, chemical characteristics and germination characteristics will not be
significantly different from the native populations, because they diverted part of their growth or
reproductive resources to defense resource, reducing the germination advantages enhanced by invasion.
According to the evolution of increased competitive ability (EICA) hypothesis suggests that T. sebifera
populations invaded the United States were able to allocate large amounts of resources to growth or
reproduction because they faced less feeding pressure (Blossey and Notzold, 1995). When the invasive T.
sebifera populations were reintroduced to China, they will again be predated by a large number of
specialist and general insects, and they will take some time for the defensive resource allocation to
recover to a defense level similar to that of the native populations. This explains that the seed
germination performance has no longer advantage.

Many studies have shown that the seeds of invasive populations germinate faster than native
populations, or that they can germinate under broader conditions (Leiblein et al., 2014; Udo et al., 2017;
Hirsch et al., 2012). In contrast, native populations of T. sebifera germinate at higher rates than invasive
populations, in both native and invasive common gardens (Zhang, et al., 2020). Our research is
consistent with Zhang and provides evidence on resource allocation strategies and reproductive changes
of invasive plants that have experienced ecological release for multiple generations following successful
invasion of another environment, which may help us understand invasion mechanisms and plan
management of T. sebifera and other invasive plants that reproduce by seeds.

Conclusion

In this experiment, we found that the more mass, the better germination. In addition, the results showed
that the levels of abscisic acid (ABA) and three gibberellins (GAs) of Chinese tallow seeds were
significantly higher in reintroduced populations than native populations. But there were no significant
differences in physical and chemical properties of seeds and germination performance between
reintroduced and native populations. Hence, these results suggested that no significant differences in
seeds of reintroduced Triadica sebifera populations when they from the United States return to
provenance for five years, which could enrich our poor cognition about seed properties changes after
experiencing different environments and were beneficial to control invasive plants.
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Figure 1: Triadica sebifera seed collection locations in the native (a, filled circle) and invasive

(b, green area) ranges.
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Triadica sebiferaseed collection locations in the native (a, filled circle) and invasive (b, green area) ranges.
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Figure 2: (a) Phytohormone and (b) TGA : ABA of Triadica sebifera seeds collected from

reintroduced (US, white) and native (China, black) ranges. Populations

selected for

phytohormone testing are given in Supplementary Table 1. Means + 1 SE are shown. Differences

between the reintroduced and native ranges were determined by one-way ANOVO or Wilcoxon

rank sum test (P<0.05, - P<0.01, i i P<0.001,
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First two principal components and the loadings of seed physical properties, chemical properties, and
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