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ABSTRACT
Submergence stress in plants subjected to flooding is a significant issue in agriculture. Decades of
previous research have elucidated many molecular and physiological responses of plants to this
stress. Since Arabidopsis thaliana has been established as a model organism in this area of research,
in this study, we started by replicating published results of seven sensitive and tolerant ecotypes
of Arabidopsis to dark-submergence stress to assess its generalizability and consistency, adapted a
leaf-damage index to quantify the progression of stress over time, and measured the recalcitrance
of all those ecotypes to Agrobacterium transformation. By using photographic comparisons, median
lethal time (LT50), and leaf-damage index, we ascertained that the order of tolerance reported by
previous studies is robust enough to allow independent replications (Cvi-0 < Ita-0 < Bay-0 < Col-
0 < Kin-0 < Lp2-6 < C24), supporting their consistency. We continued by testing the transforma-
tion recalcitrance of all seven ecotypes to three different Agrobacterium strains and identified C24
and Cvi-0 as the most suitable ecotypes useful in a transformation platform despite their low trans-
formation frequencies (< 0.1%). The results from this study can be useful in developing transgenic
methodologies that enhance plant responses to stress and transitioning these methodologies from
the laboratory to the field.
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Introduction

The unpredictability and intensity of flooding increase
in close association with climate change (Bailey-Serres
et al., 2019). Flooding events cause submergence stress
in plants resulting in decreases in crop productivity;
this stress is rated along with drought-stress as the
two top causes of annual economic damage in the
United States (NAS, 2019). The seriousness of this
issue has led to a substantial amount of research being
generated in this field over the past three decades.
These efforts have led to the discovery of metabo-
lites and macromolecules now known to be involved
in plant signaling, transcription, biochemical home-
ostasis and stress recovery processes (Sasidharan et al.,
2018; Fukao et al., 2019).

Currently, large datasets of Quantitative Trait Loci
(QTLs), transcriptomes, translatomes, and
metabolomes are accessible for plant biotechnolo-
gists and breeders to develop methodologies that can
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enhance the response of crops to this stress (Mustroph,
2018; Fukao et al., 2019). This knowledge can be linked
to strategies aimed at accelerating the transition of lab-
oratory discoveries to real-world implementation in
the field, such as germplasm collections, near-isogenic
lines and transgenic testing in plants (Mickelbart et al.,
2015; Bailey-Serres et al., 2019).

Despite these advances, only two improved cultivars
– SUB1A rice and PRT6-RNAi barley – are currently
available for farmers looking for genetic resilience
in crops potentially vulnerable to submergence stress
(Singh et al., 2013; Mendiondo et al., 2016).

Arabidopsis thaliana is a model plant that has
been central in submergence stress research. How-
ever, most of what is currently known has been dis-
covered in the Col-0 ecotype, which is tolerant to
stress and can survive for up to seven days under
dark-submergence stress and up to two weeks under
illuminated-submergence stress (Vashisht et al., 2011).

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
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A consequence of this innate tolerance may be why
some studies have found little or no improvement
in submergence tolerance when testing transgenes or
knock-out genes in this ecotype (Lee et al., 2011; Peña-
Castro et al., 2011).

Almost a decade ago a seminal work on the sub-
mergence tolerance of 86Arabidopsis ecotypes demon-
strated the existence of genetic diversity in this species
(Vashisht et al 2011). This knowledge has been used
to contrast transcriptomes during stress (van Veen
et al., 2016), tolerance mechanisms related to post-
submergence survival (Yeung et al., 2018), mitochon-
drial signaling during submergence (Meng et al., 2020)
and sequential stress effects (Morales et al., 2022).
Here, we originally propose to use thework of Vashisht
et al. (2011) in the field of biotechnology by develop-
ing a transformation platform that uses diverse genetic
backgrounds with differential submergence tolerance
to test genes of interest, promoters, mutations, and
other mechanisms by transgenics.

For that goal, we considered that submergence
stress is a compound event with multiple and com-
plex variables in its experimental setting. The main
difficulties when applying submergence stress to plants
are the diffusion of gases like CO2, ethylene, and
specially O2, which is produced and consumed by
the plant and soil microorganisms (Sasidharan et al.,
2017). The absence of O2 is one of the main causes
of stress during submergence and related stresses like
hypoxia/anoxia and waterlogging (Fukao et al., 2019).
Recently, the National Academies recommended that
when researching complex systems with multiple vari-
ables of changing stability across time, it is important
to independently scrutinize and report replicabil-
ity of previously published results (NASEM, 2019).
In return for the replication effort, the community
receives increments in the confidence of discoveries
and helps to overcome the inherent uncertainty
of such complex systems (Nosek and Errington,
2020). This is the aim that led us in this work to
start the build-up of information for the proposed
transformation platform by testing and reporting
our independent replication of Arabidopsis ecotypes
tolerance.

Another shortcoming in this area of research has
been scoring the effects of submergence stress on Ara-
bidopsis by survival or dry weight, especially when
younger leaves tend to survive intermediate stresses
(Giuntoli et al., 2014; Tsai et al., 2016) and dead leaves

remain attached to the plant (Licausi et al., 2011; Peña-
Castro et al., 2011; Weits et al., 2014). In this study, we
tested the use of alternative stress-scoring systems.

Finally, we obtained information on the transforma-
tion recalcitrance of the tested ecotypes to contribute
to the development of transgenic platforms that can
lead to the development of submergence tolerance of
plant crops overall.

Materials andmethods

Plantmaterial and submergence stress

Seeds of ecotypes Cvi-0, Ita-0, Bay-0, Col-0, Kin-0,
Lp2-6, and C24 were obtained from ABRC (arabidop-
sis.org) and propagated. Seeds were then surface dis-
infected and stratified in water for six days at 4 °C,
germinated onMurashige & Skoog (MS) agarmedium
(0.5% w/v MS salts, pH 5.7, 1% w/v sucrose) in ver-
tically oriented plates in a growth room limited to
short-day conditions to prevent premature flowering
(23 °C, 8 h light/16 h dark, 150 μE m−2 sec−1 PAR,
60% humidity). After ten days of growth, the seedlings
were transferred to pots containing autoclaved soil
(Sunshine Mix #3, 1:4 v/v perlite:substrate, and 2%
w/wNitrofoskaNPK12-12-17 after 2 h of cooling) and
weighted down with gravel at the bottom. A fine sand
layer was added to the soil surface to prevent it from
floating away, causing water turbidity.

When plants were twenty-four days old (the 10-leaf
stage) they were subjected to submergence stress. This
consisted of submerging plants in 30 cm deep columns
of filtered water inside disinfected plastic tanks with
opaque walls where it was dark (dark-submergence).
All ecotypes were submerged simultaneously, side-by-
side in a randomized array (36 pots with 4–5 plants
each). Plants that were subjected to dark-only stress
without submergence (controls) were grown in the
same type of plastic tanks but without water. Submer-
gence stress was applied starting at Zeitgeber time 07
(ZT07; 1 h before night) and plants (both submerged
and controls) were carefully removed every 24 h from
the tanks at the indicated time points (Figure 1) under
green light in a predefined randomized array.

Stress damage quantification

A plant was recorded as surviving if it had remained
green six days after being removed from stress. These
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Figure 1. Photographic comparisons of sensitive and tolerant Arabidopsis ecotypes after submergence stress. Representative
34-day-old plants of each ecotype pictured six days after being removed from the indicated time of submergence stress. The tolerant
group consists of C24, Lp2-6 andKin-0while the sensitivegroup consists of Bay-0, Ita-0 andCvi-0. Col-0 is considered the standardecotype
with intermediate tolerance.

data were used to calculate the median lethal time
(LT50) using the online tools IC50 (http://ic50.tk)
and Quest Graph (AAT Bioquest). We also adapted
and recorded a damage index proposed by Tsai et al.
(2016), whereby leaves of each plant (dark-submerged

and control) are categorized as turgent, chlorotic,
or senescent immediately after being removed from
stress as well as six days after being removed. Data
were analyzed using Minitab 8.0 by one-way ANOVA
followed by Tukey’s HSD.

http://ic50.tk
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Floral dip transformation of ecotypes

To test the transformation frequencies of all eco-
types used, the plasmid pCAMBIA1105.1 – which
confers spectinomycin resistance in Agrobacterium –
and hygromycin in Arabidopsis was utilized.

Three strains of Agrobacterium tumefaciens
(GV3101, GV2260, and EHA105) were donated by
the group of Professor Alejandra Covarrubias (IBt-
UNAM). All three strains were electroporated with
pCAMBIA1105.1, selected in LBmedia with 50 μg/mL
spectinomycin (selection antibiotic), and used to
transform all ecotypes of Arabidopsis using the flo-
ral dip method as described by Zhang et al. (2006).
After transformation, approximately 3,000 seeds (cal-
culated by weight) from the T0 generation were placed
on MS plates with 25 μg/ml of hygromycin (selec-
tion antibiotic) and 50 μg/ml cefotaxime (Agrobac-
terium inhibitory concentration). Seedlings showing
resistance to hygromycin were counted as transfor-
mants and used to calculate transformation frequency
using the following formula: (number of hygromycin-
resistant plants/number of seeds tested)x100. The
results of six independent transformation experiments
were graphed as boxplots using the online tool Box-
PlotR (boxplot.tyerslab.com; Spitzer et al., 2014). Data
were analyzed using Minitab 8.0 by two-way ANOVA
followed by Tukey’s multiple comparison test.

Results and discussion

The submergence stress response ofArabidopsis plants
has been investigated under normal light cycles as
well as continuous darkness previously by Vashisht
et al. (2011). However, dark-submergence has been the
most commonly employed experimental condition for
plants such as Col-0 that can tolerate submergence for
multiple days. This is because the application of exper-
imental light cycles for six or more days necessitates
the use of additional implements (e.g. UV light fil-
ters) to control for variables such as microbial growth
or microalgae shading, which can impact experiments
requiring measurements over two or more weeks
(Sasidharan et al., 2017). To avoid this pitfall, we
employed the dark-submergence method because it
has been demonstrated to quickly separate sensitive
and tolerant ecotypes of Arabidopsis (Vashisht et al.,
2011).

Table 1. Median lethal time (LT50) of seven submergence tolerant
and sensitive Arabidopsis ecotypes tested in this work. The data
from Vashisht et al., (2011) are added for comparison purposes.

Ecotype LT50 (this work) LT50 (Vashisht et al., 2011)

C24 4.80 11.20
Lp2-6 5.00 10.73
Kin-0 4.34 10.51
Col-0 4.59 8.32
Bay-0 3.63 5.42
Ita-0 3.41 6.07
Cvi-0 3.02 4.03

Testing Arabidopsis ecotypes with contrasting
submergence sensitivity and tolerance

We used the findings of Vashisht et al. (2011) to
select our ecotypes for this experiment. Vashisht et al.
(2011) subjected eighty-six Arabidopsis ecotypes to
dark-submergence and detected tolerant, intermedi-
ate, and sensitive ecotypes, scored survival rates, and
calculated LT50. We selected the most extreme toler-
ant and sensitive ecotypes, aswell as the standardCol-0
ecotype and then replicated the experiment ofVashisht
et al. (2011).

Our results aligned with those of Vashisht et al.
(2011), with a visual examination of our plants result-
ing in the same order of tolerance with regard
to ecotype: Cvi-0 < Ita-0 < Bay-0 < Col-0 < Kin-
0 < Lp2-6 < C24 (Figure 1, Supplemental Figure 1).

Our LT50 results revealed shorter survival rates
than those reported by Vashisht et al. (2011) (Table 1,
Supplemental Figure 2). These differences could be
explained by divergent experimental conditions such
as water quality, the density of potted plants, or differ-
ent temperature controls. However, it is notable that
the order of tolerance –as measured both visually and
that scored using the LT50 measurement– were sim-
ilar. This points to the robustness of previous results
that have measured the responses of these ecotypes to
stress. Although the identicality of outcomes was not
achieved, as expected by the complexity of submer-
gence stress testing, we support its generalizability and
replicability.

Scoring submergence sensitivity and tolerance of
Arabidopsis ecotypes

Sasidharan et al. (2017) has suggested that submer-
gence related experiments in the laboratorymight have
more than twenty variables to control for. The impact
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Figure 2. Leaf damagemeasurements of sensitive and tolerant Arabidopsis ecotypes after submergence stress. Quantification
of damage was measured based on the number of turgent, chlorotic or senescent leaves per plant either: A) immediately after being
removed or; B) six days after being removed from the indicated time of submergence. The results are mean values (± S.E.) of three
independent experiments (n = 12-15, each). Letters denote significant differences (P < 0.05, ANOVA and paired Student’s t-test) for: A)
chlorotic/turgent or; B) senescent/turgent leaves on plants from the same rescue day.

of these variables can be exacerbated if results obtained
consist of a simple ‘yes/no’ survival measurement such
as LT50. The fact that some plants survive in spite of
being heavily damaged compromises the results fur-
ther (e.g. Bay-0, Figure 1). Additionally, it has recently
been documented that the response of Arabidopsis
to submergence is dependent on plant age and leaf
maturity (Guintoli et al., 2014; Bui et al., 2020).

To address these issues, we adapted a leaf-damage
index proposed by Tsai et al. (2016) to categorize leaves
as turgent, chlorotic, or senescent. We then quantified

the number of leaves in each category and calculated
the percentage distributions of leaf damage over the
entire recovered population. This method can charac-
terize seedlings ormature plants and allows for a quan-
titative treatment of stress complementary to the LT50
measurement which can overlook the impacts of leaf-
damage on the overall population’s stress response.

Applying the leaf-damage index to our dark-
submerged plants resulted in the same order of tol-
erance for all ecotypes. Additionally, we were able to
separate the effects of stress over time for the sensitive
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and tolerant groups, as well as identify Cvi-0 and
C24 as the extreme ecotypes (Figure 2). When scor-
ing was applied immediately after removal from stress,
chlorotic leaves were the predominant leaf-damage
category (Figure 2A, Supplemental Figure 1), whereas
six days after removal senescent leaves were the pre-
dominant leaf-damage category (Figure 1, Figure 2B).

We observed that the differences among ecotypes
were more significant from day 3 to day 5 (Figure 2).
For this time period, we recorded the percentage of
senescent leaves from each individual of the popula-
tion for each ecotype and used box-plots to analyze
these values. As reported by previous studies (Licausi
et al., 2011; Tsai et al., 2016; Yeung et al., 2018; Meng
et al., 2020), we confirmed that hypoxic and submer-
gence stress damage is not a discrete measurement but
rather a continuum in the tested population, even at
individual level (Figure 3). These ecotypes provide a
statistically verifiable platform that may be useful for
exploring different biotechnologies since they show a
robust response in the extremes of tolerance, partic-
ularly Cvi-0 and Ita-0 (sensitive) and Lp2-6 and C24
(tolerant).

Additionally, since originally reported (Vashisht
et al., 2011), these ecotypes have been used by vanVeen
et al. (2016) to study their transcriptomes (except Kin-
0) under dark-submergence stress and control condi-
tions. Yeung et al. (2018) performed transcriptomic
studies using the contrasting ecotypes Bay-0 and Lp2-6
in the recovery phase after submergence stress. Meng
et al. (2020) studied Bay-0 and Lp2-6 (in addition to
other ecotypes) to conduct different physiological and
molecular studies leading to the characterization of the
role of ROS under submergence. All this molecular
information is available for further use in biotechno-
logical screenings.

Transformation frequency of Arabidopsis ecotypes
with different Agrobacterium strains

The earliest attempts of transforming Arabidopsis
using the floral dip method noticed that not all eco-
types have the same susceptibility to transformation as
Col-0 (Clough and Bent, 1998). Furthermore, different
genotypes of the transformation vector Agrobacterium
can vary in their effectiveness by up to three orders of
magnitude (Oltmanns et al., 2010).

First, we tested if the ecotypes showed natural tol-
erance to hygromycin. All controls performed did not

Figure 3. Percent of senescent leaves of sensitive and tol-
erant Arabidopsis ecotypes after submergence stress. Quan-
tification of senescent leaves was measured six days after being
removed from stress at A) 3 d, B) 4 d and C) 5 d. Center lines show
the medians; box limits indicate the 25th and 75th percentiles;
whiskers extend 1.5 times the interquartile range from the 25th
and75thpercentiles; crosses represent samplemeans; data points
are plotted as open circles. The results are from three independent
experiments (n = 23-34). Letters indicate significant differences
(P < 0.05, one-way ANOVA followed by Tukey HSD).

show any hygromycin tolerant plant in the wild-type
population of all ecotypes before transformation (Sup-
plemental Figure 3). To ascertain which of these eco-
types were suitable for a transformation platform, we
tested the recalcitrance of each of them to genetic
transformation under three different Agrobacterium
genotypes (Figure 4). Within the sensitive ecotype
group, our results indicated that only Ita-0 was highly
recalcitrant to transformation, whereas Cvi-0 and Bay-
0 were transformable ecotypes. In the tolerant ecotype
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Figure 4. Transformation frequencies of submergence sensitive and tolerant Arabidopsis ecotypes with different Agrobac-
terium genotypes. Center lines show medians of the quantification of plants tolerant to hygromycin in MS media obtained after
transformation through the floral dip method of six independent experiments; box limits indicate the 25th and 75th percentiles and
whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles; data points are plotted as circles; letters indicate
significant differences (P < 0.05, two-way ANOVA followed by Tukey’s multiple comparison test).

group, C24 was the most recalcitrant ecotype, which is
consistent with the findings of Ghedira et al. (2013).
More transformants can be obtained for transgenic
studies through larger screenings of seeds or more
plants being subjected to floral dipping.

Regarding Agrobacterium, we observed that
EHA105 was an ineffective transformation vector for
theArabidopsis ecotypes tested in this study. The strain
GV3101 had the highest frequencies for transforma-
tion, followed by GV2260 (Figure 4). These results
match those of Oltmanns et al. (2010), whom also
discovered GV3101 to be the most effective of all
tested strains. EHA105, GV3101, and GV2260 are
considered similar in their genetic background (Non-
aka et al. 2019). Nevertheless, significant differences
in transformation frequencies were observed in this
study. Although GV3101 strain has been mainly used
for Arabidopsis transformation (Oltmanns et al. 2010;
Ghedira et al. 2013), GV2260 remains a candidate to
improve over transformation efficiency in other Ara-
bidopsis ecotypes.

The availability of both tolerant and sensitive
Arabidopsis ecotypes that can be transformed by
Agrobacterium may allow for the testing of different

promoters, genes or constructs and their effects in
genotypes that are increasingly being studied because
of their diverse molecular strategies of survival to
submergence stress.

Conclusion

In this study, we report on research aimed to develop
an originalArabidopsis-based transformation platform
with different genetic backgrounds that can be used in
the further development of transgenic submergence-
tolerant plants. To achieve this, we replicated previ-
ous research investigating the response of tolerant and
sensitive Arabidopsis ecotypes to dark-submergence
stress. We also demonstrated the utility of a scor-
ing system that quantifies the degree of leaf dam-
age across an entire population. Finally, we reported
the recalcitrance to transformation of these ecotypes
with three different Agrobacterium strains. The results
of our independent replication and scoring system
support the generalization and trans-laboratory con-
sistency of the reported order of tolerance of dif-
ferent Arabidopsis ecotypes to submergence stress.
We conclude that Cvi-0 and C24 were the most
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contrasting ecotypes with respect to submergence tol-
erance, could be differentiated using an individual leaf-
damage score, and could be effectively transformed by
the GV3101 strain of Agrobacterium.
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