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Abstract
Uniform germination among crops produces greater yields at harvest. Understanding the
mechanisms underlying seed performance could provide strategies to maximize agricultural
efficiency and mitigate the effects of adverse climatic conditions. Seeds produced by
Arabidopsis thaliana plants that have undergone drought stress have been previously shown to
exhibit delayed germination. It has been posited that epigenetic inhibition of growth-promoting
genes during gametophyte development could be the cause of this phenomenon. Such inhibition
is likely mediated by methylation, a common epigenetic modification. In prior studies, seeds
produced by drought-stressed plants have been shown to contain increased genome-wide
methylation levels. This study aimed to determine if germination delay is associated with
hypermethylation of genes expressed in seeds, and if either the male or female parent plant is
disproportionately associated with these transgenerational effects. Reciprocal crosses were
performed between drought stressed and control plants and within each treatment groups to
create seeds with varying levels of parental stress. Germination delay was found in offspring of
drought-stressed plants compared to control. Interestingly, germination occurred more quickly in
offspring of a drought-stressed male parent with a control female parent compared to offspring of
two control parents. Expression of Tryptophan Aminotransferase 1 (TAA1) was found to be
lower in the offspring of drought-stressed plants, suggesting that TAA1 could be a possible target
of epigenetic modification. There was no statistical difference in Early Responsive to
Dehydration 10 (ERD10) expression between treatment and control offspring. Bisulfite
converted DNA was produced for TAA1 and ERD10 for future studies into specific methylation
sites in these gene.
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Introduction
Uniform germination among crops has been shown to produce greater agricultural yields at
harvest (Finch-Savage and Bassel 2016). It is beneficial to understand the mechanisms
underlying seed performance to maximize agricultural efficiency and output, and to mitigate the
effects of adverse climatic conditions including soil dehydration. Increase in earth’s surface
temperature has been shown to increase evaporation and decrease soil moisture content
(Simonneaux et al. 2015). Germination variability has been associated with drought-stress
induced epigenetic modifications during gametophyte development. Epigenetic modifications
may be an important mechanism affecting seed performance (Ganguly et al. 2017). Seed
performance denotes the qualities associated with a seed’s growth rate and nutrient acquisition.
Epigenetic modifications cause changes in gene expression without changing DNA sequence.
The most prominent modification responsible for gene silencing is methylation, which is a
reaction catalyzed by several types of DNA methyltransferase enzymes (Moore et al. 2013).
Methylation is the addition of a methyl group (-CH3) to the DNA base cytosine. This chemical
modification inhibits gene transcription by preventing the binding of transcription factors (Jin et
al. 2011). In general, hypomethylation correlates with increased gene expression and
hypermethylation blocks transcription resulting in decreased gene expression; however, gene
interactions are highly complex and hypomethylation may result in increased transcription in
some genes as a secondary effect of decreased transcription in others. Methylation is not
inherently pathogenic in nature, and it occurs among most living organisms and mediates
fundamental cellular events such as cellular differentiation (Greenberg and Bourc’his 2019).
Methylation may result in epialleles which are alleles that are differentially expressed in
genetically identical organisms (Dolinoy et al. 2007). Epialleles can result from epigenetic allelic
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modification during a period of stress and are shown to alter gene expression (Weigel and Colot
2012). Epialleles are heritable, and one or more parents may contribute an epiallele to their
offspring, but the differential effects of each parental contribution on the offspring’s phenotype
are unclear (Lauria et al. 2014). Further investigation is required to understand how particular
epialleles are inherited and affect offspring.
The concept of epigenetic inheritance was famously exemplified in the Dutch Famine (Ordovás
and Smith 2010). During WWII, German Soldiers cut off supplies to the Netherlands for several
months causing malnutrition for millions of people. Women who were pregnant during the
famine had children who exhibited higher lipid levels throughout their lives and had a higher
incidence of other diseases. Siblings of these children who were not developing in utero during
the famine did not exhibit these same altered lipid levels. An investigation into the molecular
basis of this phenomenon revealed that famine babies had decreased methylation of the Insulin
Like Growth Factor 2 (IGF2) gene when compared to their healthy siblings. This difference in
methylation altered IGF2 expression and led to enduring phenotypic differences for affected
individuals (Heijmans et al. 2008).
Epigenetic inheritance is not limited to humans. Seeds from Arabidopsis thaliana plants that
have undergone drought stress have been observed to exhibit increased dormancy before
germination compared to seeds from plants that were grown under optimal conditions (Ganguly
et al. 2017). It is suspected that this effect is related to epigenetic modification in parental plants.
Ganguly et al. (2017) observed global methylation increase in stressed parent plants, but no
specific modified genes have been identified in connection with increased dormancy time.
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Plants are particularly useful for studying epigenetic phenomena because they are sessile, and
their growth conditions can be highly regulated. Furthermore, unlike mammals, plants maintain
undifferentiated meristem cells facilitating post-embryonic epigenetic phenotypic plasticity. This
makes plants highly receptive to epigenetic modifications throughout their life because they have
cells that are constantly differentiating during the growth of the plant (Pikaard and Mittelsten
Scheid 2014). Arabidopsis thaliana is a model organism for plant studies and is easy to grow,
has a short life cycle, and is relatively easy to self-pollinate. As a model organism its genome has
been fully sequenced, and mechanisms of plant growth have been well characterized (Koornneef
and Meinke 2010). Due to these benefits, Arabidopsis thaliana is the organism selected for this
study.
This study seeks to confirm delayed germination in Arabidopsis thaliana seeds by subjecting one
or more parent plants to drought stress. Examining the seeds with delayed germination will allow
the relative parental contribution to germination delay to be determined. In addition, gene
expression will be measured in several genes thought to be targets of methylation immediately
after germination. Genes of interest include Variant in Methylation 5 (VIM5), Homeodomain
Glabrous (HDG3), Tryptophan Aminotransferase 1 (TAA1), CDC27A, Lysine-specific Histone
Demethylase (LDL1), Gibberellin Methyltransferase (GAMT1), Early Responsive to Dehydration
10 (ERD10). These genes were selected for analysis due to their association with drought,
methylation, and germination (Table 1).
Generally abiotic stress is a trigger for deactivation of genes via methylation (Hahn et al. 2013).
Germination delay is the only apparent inherited phenotype related to stress induced methylation
in Arabidopsis thaliana (Ganguly et al. 2017). The genes of interest are associated with
germination, and a delay in germination may be attributable to a modification of one or more of
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the genes. Any differences in expression for these genes between treatment groups would
suggest a potential target for methylation analysis.
VIM5 encodes a methyl-cytosine binding protein. Such a protein catalyzes the reaction resulting
in methylation of certain genes (Woo et al. 2008). Under drought conditions, there may be an
increase in VIM5 expression due to increased demands for methylation. VIM5 is a gene whose
active allele is associated with the paternal plant, therefore variations in offspring phenotype may
be due to modifications to the paternal genotype (Hsieh et al. 2011). HDG3 is another paternally
expressed gene that acts as transcriptional regulator for many aspects of plant development
(Pignatta et al. 2018). TAA1 encodes a protein in the auxin biosynthesis pathway. Auxin is a
plant hormone that regulates the fate of undifferentiated cells, and its local concentrations are
highly regulated by plants (Wang et al. 2020). Inhibitory modifications of TAA1 could be a
potential cause of germination delay in the offspring of drought-stressed plants. CDC27a plays
an important role in cellular replication. Overexpression of CDC27a has been shown to increase
growth rate and organ size (Rojas et al. 2009). Inhibition of CDC27a could contribute to delayed
germination in offspring of stressed plants. LDL1 encodes a demethylase protein which has been
shown to regulate the timing of events such as germination and flowering (Zhao et al. 2015).
Inhibition of LDL1 could lead to germination delay by preventing demethylation of other
germination-associated genes. GAMT1 encodes a protein that is involved in regulating growth
and development in plants. Expression of GAMT1 is heightened during seed development and
inhibition of the gene could affect the growth and viability of a seed (Varbanova et al. 2007).
ERD10 is a gene that is expressed in response to abiotic stress, which helps to facilitate chemical
reactions in suboptimal conditions. It has also been shown to play a role in seed development and
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germination (Kim and Nam 2010). It is possible that expression of ERD10 will be higher in
offspring of drought-stressed plants as a form of inherited drought tolerance.
Table 1. List of target genes and their reason for inclusion in the study.
Gene

Reason for Inclusion

VIM5




Paternally imprinted gene
Involved in maintenance of DNA
methylation
(Hsieh et al. 2011)

HDG3



Expressed during seedling
development stage
Involved in cotyledon development
(Pignatta et al. 2018)


TAA1




CDC27a




LDL1




Involved in many aspects of plant
growth and development
Involved in seed dormancy
(Wang et al. 2020)
Expressed in mature gametes and
embryo
Involved in gamete generation
(Rojas et al. 2009)
Expressed in seedling development
stage
Involved in histone deacetylation
(Zhao et al. 2015)

GAMT1




Involved in methylation
Involved in seed germination
(Varbanova et al. 2007)

ERD10




Produced in response to drought
Regulates seed germination
(Kim and Nam 2010)
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Materials and Methods
Growth Protocol
Wildtype (Col-0) Arabidopsis thaliana seeds were grown in six 96 well tray in a 2:1 mixture of
soil and vermiculite. The seeds were stratified in a dark room for 3 days at 4°C to simulate
winter conditions. Stratification is a process that activates germination in seeds. The seeds were
then moved to a Percival Arabidopsis growth chamber AR-41L2 that maintained a temperature
of 23°C and a 16-hour light/ 8-hour dark diurnal cycle. Plants were bottom watered 3 days a
week by the addition of 1400mL DI water. Excess water was removed after 120 minutes. The
plants were fertilized with Miracle Grow once a week (3.7mL/L). Each treatment group received
equivalent watering until bolting occurred after about 26 days.
A total of 1152 wildtype Arabidopsis thaliana plants were grown over the course of this study,
including 288 that were grown under optimal conditions to control for potential epigenetic
modifications of earlier generations. Including the plants that were used to obtain control seeds, a
total of four generations of plants were used in the study.

Drought Treatment
Drought treatments were initiated after 26 days (when the plant began to bolt). Drought
treatment was delayed until this point to ensure that the young plants had a chance to establish
and would grow at similar rates to control plants (Skirycz et al. 2011). Similar stages of
development necessary for performing cross fertilizations since both parent plants needed to be
reproductively viable. Plants in the drought treatment group received 50% field capacity three
days a week for 14 days. Field capacity was determined by adding 1400mL of DI water to a
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control tray of plants at matched stages, measuring the amount of unabsorbed water after 120
minutes using a beaker, and subtracting the difference. After 14 days, normal watering resumed
to ensure the survival of drought-stressed plants. At this point, both the male and female
gametophytes had already been produced under drought conditions (Boyes et al.).

Crosses
Crosses were performed 7-14 days after the initiation of drought protocol. Reciprocal crosses
between and within treatment groups were performed. Stamens were removed from crossed
flowers with the aid of 5-micron forceps and a dissection microscope. After 1 day the stamens
from another flower were used to paint pollen onto the carpel of initial flower. Seeds were
collected from the crosses after senescence was complete and the siliques had dried.
Additionally, seeds from self-fertilized flowers were collected from each treatment group. A total
of 30 crosses were performed, approximately 50% were successful. Each successful cross
generated about 40 to 70 seeds.

Germination Plating
Seeds from different crosses and treatment groups were sterilized with ethanol and bleach and
placed on ½ MS agar (complete media) in 100mm x 15mm plates. Each dish was divided into
halves and contained four rows of four seeds on each half (Fig. 1). The plates were discretely
marked with their contents on the side to prevent bias when observing results. The plates were
stratified for three days at 4°C and then placed into a growth chamber that maintained a

8
temperature of 23°C and a16-hour light/ 8-hour dark diurnal cycle. The plates were observed,
and germination scored after 48 and 72 hours to monitor germination. Germination was
determined by the presence of an unfolded cotyledon with two distinct leaves visible (Fig. 2). A
Chi-squared test was used to compare germination rates of treatment groups to the control group.

Fig 1. Col-0 seeds were plated on ½ MS media that had been
divided into octants. Each octant contained four seeds.
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Fig 2. Plate showing germination (left) with two distinct leaves
visible and non-germination (right) without visible cotyledons,
but some radical projection visible.

Gene Expression
Both cross- and self-fertilized plants were intended targets for gene expression analysis, but time
constraints limited analysis exclusively to self-fertilized plants. Self-fertilized seedlings were
prioritized because results were expected to be more decisive compared to crossed seedlings.
Obtaining data for self-fertilized seedlings helped to narrow the focus for future analysis of
cross-fertilized seedlings. This was beneficial because cross-fertilized seeds were limited by the
number of crosses performed and honing more specific targets for analysis minimized the waste
of these limited seeds. RNA was extracted from cross-fertilized plants for future analysis.
Gene expression was measured for self-fertilized offspring of drought-stressed plants and nondrought-stressed controls. Whole plants were taken from germination plates 3 days after 50% of
a treatment group had germinated. One whole seedling from each row of seeds (selected
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randomly) that was placed into a 1.5mL Eppendorf tube with glass beads and stored at -80°C for
at least 24 hours. RNA was extracted using a Thermo Scientific™ GeneJET Plant RNA
Purification Kit and cDNA was synthesized using a Thermo Scientific™ Maxima First Strand
cDNA Synthesis Kit. The gene expression for ERD10, HDG3, GAMT1, LDL1, CDC27a, VIM5
and TAA1 was analyzed using a Quant Studio 3 RT-qPCR machine and SYBR Green fluorescent
dye. Gene expression was normalized to housekeeping gene Adenine Phosphoribosyl
Transferase 1 (APT1) because it has been shown to be stable under drought treatments (Li et al.
2017). Each plate assessed expression of a single target gene and consisted of eight biological
replicates each with three technical replicates for both treatments. Data was not used cases where
standard deviation among technical replicates exceeded 0.5.
ΔCT Expression values were calculated from ΔCT by using the formula 2-(ΔCT) to produce
graphs where a higher value represents increased expression. Statistical significance was
assessed using a t-test for ΔCT values of the treatment and control groups.

Bisulfite Conversion
Bisulfite conversion was to be performed on DNA from three randomly selected seedlings for
each treatment of self- and cross-fertilized plants. Due to time limitations, bisulfite conversion
was only performed on DNA from self-fertilized plants. Self-fertilized plants were selected for
conversion because gene expression had already been assessed in those plant groups.
Additionally, bisulfite conversion of self-fertilized seedlings helped to hone future targets for
analysis in the limited crossed seedlings.
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Whole plant samples were taken from germination plates 3 days after 50% of a treatment group
had germinated. Three seedlings from both treatment and control groups (selected randomly)
were placed into a 1.5mL Eppendorf tube with glass beads and stored at -80°C for at least 24
hours. DNA was extracted using a GeneJET™ Genomic DNA Purification Kit. This DNA was
then bisulfite converted using the MethylEdge™ Bisulfite Conversion System.
Genes of interest were then amplified in the bisulfite converted DNA using T100™ Thermal
Cycler. The genes that were selected for amplification were ERD10 and TAA1 due to their prior
amplification in gene expression analysis. Primers for bisulfite analysis were designed using the
MethPrimer web tool (https://www.urogene.org/methprimer). MethPrimer allows primers to be
designed with CpG islands in the amplification region (Li and Dahiya 2002).

Results
Germination
In self-fertilized seeds there was an observable delay of germination after 48 hours in seeds taken
from drought-stressed parents in comparison to non-drought-stressed controls (Figure 3). A Chisquared test was used to determine statistical significance between the control and treatment
groups. After 48 hours, 26% of control plants (n=51) and 11% of drought treated seeds (n=51,
p<0.05) had germinated. After 72 hours, 78% of control plants and 58% of drought treated seeds
had germinated (n=51, p<0.01).
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Fig 3. Percent Germination in Self-fertilized Seeds. Fewer seeds from
drought stressed parents germinated after 48 and 72 hours. Error bars
show 95% CI. After 48 hours, 26% of control plants and 11% of drought
treated seeds (Chi-squared test: n=51, p<0.05) had germinated. After 72
hours, 78% of control plants and 58% of drought treated seeds had
germinated (Chi-squared test: n=51, p<0.01).

Among crossed seeds, similar initial trends were seen between control and drought seeds. Seeds
who had one drought-stressed parent showed different levels of germination compared to seeds
from non-drought-stressed controls (Figure 4). A Chi-squared test was used to determine
statistical significance between control and treatment groups. After 48 hours, 14% of control
seeds (n=64), 0% of both drought parent seeds (n=48, p<0.01), and 28% of male drought parent
seeds (n=60, p<0.01) had germinated. Of female drought parent seeds, 7% germinated, but the
result was not statistically significantly different than the control (p>0.05). By 72 hours, 67% of
control seeds (n=64), 96% of both parent drought seeds (p<0.001) and 95% of male drought
parent seeds (p<0.001) had germinated. Of female drought parent plants, 76% had germinated,
but the result was not statistically different than control parent plants (p>0.05).
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Fig 4. Percent Germination in Crossed Seeds. No seeds from drought stressed parents
germinated after 48 hours. After 72 hours, the percent of seeds from drought stressed parents
exceeded that of control seeds. Error bars show 95% CI. After 48 hours, 14% of control seeds
(n=64), 0% of both drought parent seeds (Chi-squared test: n=48, p<0.01), and 28% of male
drought parent seeds (Chi-squared test: n=60, p<0.01) had germinated. By 72 hours, 67% of
control seeds (n=64), 96% of drought seeds (Chi-squared test: n=48, p<0.001) and 95% of male
drought parent seeds (Chi-squared test: n=60, p<0.001) had germinated. There was no statistical
difference between female drought parent plants and control plants.

Gene Expression
Gene expression data was collected for HDG3, GAMT1, LDL1, CDC27, VIM5, and ERD10.
Gene expression in offspring of self-fertilized drought-stressed parents was compared to gene
expression in offspring of self-fertilized non-drought-stressed controls. mRNA levels of HDG3,
GAMT1, LDL1, CDC27a, and VIM5 concentrations were too low for amplification when run
through qRT PCR. ERD10 and TAA1 samples were successfully amplified. ERD10 gene
expression (Figure 5) was not statistically different between treatment seeds and control seeds (t
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test: n=7, p=0.056). However, TAA1 gene expression (Figure 6) was greater in control seeds than
in drought stressed seeds (t test: n=3, p=0.045).

Fig 5. Average ΔCT Expression of ERD10. There was no significant
difference in average ΔCT expression of ERD10 in control and treatment
seeds (t test: n=7, p=0.056). Error bars show standard deviation.

Fig 6. Average ΔCT Expression of TAA1. The average ΔCT expression
was slightly higher in control seeds than in drought seeds. Error bars show
standard deviation (t test: n=3, p=0.045).
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Bisulfite Conversion
Six bisulfite converted samples were amplified for each ERD10 and TAA1 to be sent to a lab for
sequencing. Three samples were control seedlings, and three samples were drought-parent
seedlings. Methylation will be assessed in these samples by comparing the DNA sequence of
control and treatment plants.

Discussion

This study aimed to assess epigenetic inheritance of drought stress in Arabidopsis thaliana in
terms of germination time, gene expression, and epigenetic modification among offspring.
Additionally, this study hoped to identify the relative parental contribution to the phenomenon.

Germination
Germination time in offspring of self-fertilized stressed plants did differ from offspring of
control plants as expected. After 48 hours, only 11% of stressed offspring had germinated
compared to 26% of control offspring. This trend held true after 72 hours where 58% of stressed
offspring had germinated compared to 78% of control offspring. This data reflected findings of
Ganguly et al. 2017.
Germination time for offspring of cross-fertilized stressed plants, like self-fertilized stressed
plants, differed from control. Plants with two drought-stressed parents showed 0% germination
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after 48 hours, compared to 14% germination in control plants. This supports the predictions that
drought-stressed plants produce offspring with delayed germination. Surprisingly, after 72 hours,
96% of plants with two drought-stressed parents had germinated compared to only 67% in
control plants. This could be explained by a decreased viability in control seeds due to damage
during seed sterilization. Still, an initial germination delay was observed for cross-fertilized
offspring with two drought-stressed parents. Further investigation into the length of the delay in
germination should be examined. There could be an early delay, with recovery by the 72-hour
period.
After 48 hours, 28% of cross-fertilized plants with a male drought parent had germinated. This
was substantially higher than the 14% of control plants. This highlighted seeds with a male
drought parent and a female control parent as targets for downstream analysis. It is possible that
there was some type of epigenetic modification in the drought-stressed male gamete that resulted
in faster germination. It is also possible that mechanical stress placed on the plants during crosses
affected seed development which could have altered results. Handling the plants during crosses
produced significant stress and the flower often remain wilted for several days. This effect was
pronounced in drought-stressed plants with already compromised structural integrity.

Gene expression
The lack of amplification of HDG3, GAMT1, LDL1, CDC27a, and VIM5 suggests that
transcription for all these genes is very low in seedlings. This could have been a primer issue,
however the primers used were from pervious publications and designed specifically for qRT
PCR. Therefore, these genes can be ruled out for bisulfite conversion analysis in seedlings.
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However, future studies could look at the epigenetic status of these genes at different stages of
the parent and offspring lifecycle.
There was no significant difference in ERD10 gene expression in seedlings with drought-stressed
or control parents. Currently there is no evidence that ERD10 is associated with drought-induced
transgenerational epigenetic modifications. More samples should be tested to determine if there
really is no statistical difference between treatment groups. ERD10 was still selected for bisulfite
analysis in this study because of its expression in seedlings. This will be the first known
examination of methylation of the ERD10 in Arabidopsis.
TAA1 showed significantly more expression in offspring of control plants compared to droughtstressed plants. This is evidence that TAA1 may be a target of transgenerational epigenetic
modification. It is possible that methylation exists on the TAA1 which could be assessed with
bisulfite conversion. Gene expression for TAA1 should also be measured for crossed plants. This
could potentially isolate the factor inhibiting TAA1 expression to a single parent.

Bisulfite Conversion
The bisulfite converted samples will be sequenced to assess the methylation status of the genes
ERD10 and TAA1 in offspring of control and two drought-stressed parents. It is expected that no
difference in ERD10 methylation exists because there was no difference in ERD10 gene
expression between treatment groups. However, ERD10 expression should be reevaluated to
confirm a lack of association between parental stress and offspring expression. It is suspected
that there may be methylation on TAA1 because there is decreased expression of TAA1 among
seedlings with drought-stressed parents.
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The next steps for potential research involve further analysis of TAA1 gene expression, and
analysis of similar genes that are involved in hormone biosynthesis. Bisulfite conversion could
be used to determine if TAA1 or a regulatory region affecting TAA1 expression is inhibited by
methylation as a result of drought stress. It is possible that methylation or imprinting of TAA1
regulators plays a role in decreased TAA1 expression. If methylation is found to alter expression
of TAA1 transgenerationally, it would be beneficial to better understand this mechanism more
fully.

Summary
This study confirmed the association between parental drought stress and delayed germination,
and found new evidence suggesting that paternal-only drought stress could actually lead to an
increased germination rate. Gene expression was analyzed for both seedlings from droughtstressed and control plants. HDG3, GAMT1, LDL1, CDC27a, and VIM5 could not be amplified,
probably due to low expression in seedlings. ERD10 was successfully amplified but no association
between parental drought stress and expression could be established. TAA1 was successfully
amplified and showed decreased expression in seedlings from drought-stressed parents compared
to seedlings from control parents.. More samples should be analyzed for ERD10 and TAA1
expression to confirm the results of the study. Bisulfite conversion was performed on seedlings to
assess methylation of ERD10 and TAA1.
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