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Abstract: The adaptation of plants to biotic and abiotic stress depends on their abilities to sense their
surroundings and to generate and transmit corresponding signals to different parts of their body
that can evoke changes necessary for optimizing growth and defense. Light has been shown to be
one of the key environmental factors that modulate the physiology of both plants and animals via
the diverse photoreceptors found in them. Both plants and animals contain a large repertoire of
intra- and intercellular signals molecules that include organic and inorganic. One such molecule is
a neurotransmitter, y-aminobutyric acid (GABA), a non-protein amino acid, that rapidly
accumulates in plant tissues in response to biotic and abiotic stress and regulates plant growth. Lots
of research has been done on GABA in plants for slightly more than half a century now: Its discovery
in plant tissues was immediately followed by physiological and biochemical studies. Thereafter
molecular-genetics era of cloning the genes encoding the GABA shunt enzymes and transporters,
and recombinant expression and purification of the enzymes in vitro to elucidate their regulatory
properties and substrate specificity was established. Recently the discovery of the first bona fide
GABA target proteins in plants, the ALMTs suggest that GABA indeed could be one of the signaling
molecules in plants. All this research did not address in detail the relationship between light and
GABA. To better understand the role of GABA in relation to light we set up six light conditions to
investigate the changes in the hypocotyl and root growth in Arabidopsis thaliana under different light
conditions, including total light, total dark, light blocker, gradient light, shoot dark, shoot dark with
blocker. We treated the seedlings with 3-MPA, a GABA inhibitor, using different concentrations
grown under different light conditions between 24 to 96 h. Our results show that both the root and
hypocotyl are modulated by GABA when grown under different light conditions. These results
clearly suggest a link in the signaling pathway of GABA with photoreceptor signaling pathways.

Keywords: hypocotyl growth; neurotransmitter; root growth; skototropism; y-aminobutyric acid

1. Introduction

In order to adapt to a changing environment, all living organisms have to respond appropriately
to circumstances. Unlike animals, plants are unable to move away from extremes in their surrounding
environment or move toward a nutrition source. However, plants have a flexible pattern of
development that allows them to adjust their organ architecture to the changing environment. The
fundamental body plan of the mature plant is generated during the early stages of embryogenesis
(Jurgens et al., 1991). This process involves the production of shoot and root meristem, cotyledons,
radicle, and hypocotyl. Embryogenesis of Arabidopsis begins with the already heavily polarized
zygote, which divides into the upper apical and the lower basal cell respectively. The basal daughter
cell further differentiates into the suspensor and the hypophysis. The suspensor is needed to stabilize
the embryo in the seed and later enter apoptosis. The hypophysis divides asymmetrically and then

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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develops into the quiescent center of the root apical meristem and the columella the radicle (Kadereit
et al., 2014). In animals, most organs are already present by the time the embryo is fully formed. On
the contrary, most organs in plants are formed after embryogenesis is finished.

GABA is a four-carbon non-protein amino acid found in all life domains. It was discovered in
plants some years ago (Steward et al., 1949). In plants, it was shown to play a critical role in pollen-
tube guidance in the process of reproduction (Palanivelu et al. 2003). They reported that a gradient
of GABA is formed from the stigmatic surface toward the ovary, which is essential for successful
guidance of the pollen tube and fertilization (Palanivelu et al. 2003). One of the signaling roles of
GABA was reported to be stomatal regulation under water deficiency (Mekonnen et al., 2016). The
modulation of reactive oxygen species was also reported as one of the key functions of GABA (Bouché
et al., 2003), recently various developmental effects of GABA modulation both exogenous application
(Du et al.,, 2020) and genetic engineering (Xie et al., 2020) was reported. GABA was also suggested
to function in plant communication with bacterial (Lang et al., 2016) interactions. Furthermore,
GABA-binding sites have been detected on plant cell membranes (Yu et al., 2006, Wudick et al., 2018).
These discoveries further suggest that GABA functions as a signaling molecule in plants.

In addition, GABA has been found in all organs in plants, including the embryo, cotyledon,
roots, shoot, flowers, fruit, nodule, xylem, and phloem (Kinnersley and Turano, 2000; Hijaz and
Killiny, 2020). Its concentrations vary significantly in different organs, tissues, and compartments
(Ramesh et al., 2017), e.g., 100-150 uM in the xylem of soybean (Wallace et al., 1984) and up to 20 mM
in tomato fruit (Yin et al., 2010). This broad range in GABA concentrations, from low micro- to
millimolar, may indicate its function as a signaling molecule and primary metabolite, respectively.
However, none of these studies provided solid proof of the occurrence of a GABA signaling system
in plants. GABA also plays a role as a primary metabolite related to the balance between nitrogen
and carbon metabolism (Fait et al, 2011). Combined transcriptomics and metabolomics of
Arabidopsis seedlings exposed to exogenous GABA suggest its role in plants is predominantly
metabolic (Batushansky et al., 2014). Light cues of varied intensity and quality cause plants to change
their morphological traits (Yadav et al., 2020). Besides that, light also directs plant growth in a specific
direction, shoots, for example, bend towards the light, which is called phototropism. Our studies
show GABA’s effect on plants’ growth under different light conditions.

2. Results
2.1. Arabidopsis Thaliana in Different Light Conditions

2.1.1. Root-Shaded Light Conditions

Comparing the control group and the 3-MPA [25uM] treatment group, it was noticeable that the
root length of seedlings under the 3-MPA [25uM] treatment was longer than that of the control group,
and the difference between the two treatments was most apparent under light blocker (LB) conditions
(Figure 1). The hypocotyl development looked to be the same, with the 3-MPA treatment group
hypocotyl being longer than the control group under the same light conditions (Figure 2).
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Figure 1. The effect of 3-MPA on the root at two different concentrations. Note thata significant effect
on the root under light blocker conditions for both treatments. The x-axis shows the root growth, and
the y-axis shows the days under treatment. Total light (TL), gradient light (GL), light blocker (LB)
total dark (TD). The data refer to means (n>21); error lines indicate standard error.
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Figure 2. The effect of 3-MPA on the hypocotyl at different concentrations. Note, the hypocotyl
development looked to be the same, with the 3-MPA treatment group hypocotyl being slightly longer
than the control group under the same light conditions. The x-axis shows the root growth, and the y-
axis shows the days under treatment. Total light (TL), gradient light (GL), light blocker (LB) total dark
(TD). The data refer to means (n>21); error lines indicate standard error.

2.1.2. Shoot Shaded Light Conditions

After 24, 48, 72, and 96 hours, there was no significant difference in root development and
hypocotyl development between the lower concentration of 3-MPA [25uM] and the control group
(Figures 2 and 3B). However, it has been discovered that when light intensity decreases, the rate of
hypocotyl development increases (Figure 3B).
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The root length was longer than the control group under the same light when the 3-MPA
concentration increased to 50uM (Figure 3C). Comparing the four different light conditions, the root
length of the A. thaliana seedlings under light blocker (LB) condition varied the greatest under
influence of 3-MPA, whereas the root length of the seedlings under total dark (TD) condition
remained relatively constant. The length of the hypocotyl changes in the 3-MPA treatment group
under varied lighting settings, as seen in Figure 3D. Except in the total dark (TD) condition, hypocotyl
length rose significantly when 3-MPA was promoted, and hypocotyl length in the other three light
conditions did not alter remarkably in the control group or 3-MPA treatment.

With the increase of 3-MPA concentration to [S0puM], root development began to reduce under
the same light conditions. However, as the time was increased from 24 to 72 hours, the difference in
root growth between the control group and the 3-MPA treatment group becomes less noticeable
(Figure 4A), and when the duration was increased to 96 hours, there was no significant difference in
root growth in shoot dark (SD) and shoot dark with light blocker (SDB) conditions (Fig 4B).

The growth of hypocotyl, on the other hand, responds considerably to shoot dark (SD) and shoot
dark with light blocker (SDB) conditions when the 3-MPA concentration was 50uM. Furthermore,
the same phenomenon also occurred. With the increase of time, the effect of 3-MPA [50uM] on
seedling hypocotyl growth was gradually less obvious (Figure 4C).

As the 3-MPA concentration is increased to [100uM], the difference in seedling root development
became increasingly apparent under the same light conditions. 3-MPA [100uM] clearly suppressed
root development under the same light conditions. After 96 hours, the root length of the 3-MPA
[100puM] group reached 0.6cm under total light conditions, and the root length of the other two light
conditions was equally close to 0.4cm (Figure 4D).
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Figure 3. The effect of 3-MPA on the root at different concentrations over a longer period of time. The
x-axis shows the root growth, and the y-axis shows the days under treatment. Total light (TL),
gradient light (GL), light blocker (LB) total dark (TD). The data refer to means (n>21); error lines
indicate standard error.


https://doi.org/10.20944/preprints202308.0291.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 August 2023 doi:10.20944/preprints202308.0291.v1

5
Roots Control Roots 3-MPA [25uM]
085 1L 087 TL3-MPA
{1 = sD { -= SD3-MPA
et SDB e * SDB 3-MPA
E E |
8 &
£ 0.4 £ 0.4
o 2]
g 5
~ 0.2+ ~ 0.2+
[1X)]} T T T T 0.0 T T T T
2 3 4 1 2 3 4
Roots 3-MPA [50pM] Roots 3-MPA [100uM]
0.8 TL 3-MPA 0.8- TL3-MPA
1 = SD3-MPA { = SD3MPA
| -+ SDB3-MPA | -+ SDB 3-MPA

length {cm)
b=
T

&
“\

length {cm)
=2
T

00

T T
2 3

e
~ -
-
n
w2
-

Figure 4. The effect of 3-MPA on the root at different concentrations under a short period of time. The
x-axis shows the root growth, and the y-axis shows the days under treatment. Total light (TL),
gradient light (GL), light blocker (LB) total dark (TD). The data refer to means (n>21); error lines
indicate standard error.

3. Discussion

Arabidopsis is commonly used as a model plant to study plant physiology due to its unique traits
that made it ideal for laboratory research. Arabidopsis has been cultivated on Petri dishes since then,
and the vast majority of root biology research has been done with the root system exposed to light.
Some of these fail to point out the direct influence of light on root development and responses.
Recently these influences became more visible according to recent research (Yokawa et al., 2014;
Meng, 2015).

Our results have revealed a role for light in both root growth and hypocotyl growth. We set up
six different light conditions (total light, gradient light, light blocker, total dark, shoot dark, and shoot
dark with blocker) since the influence of light on seedling growth and differentiation can be divided
into direct and indirect aspects. The light conditions (shoot dark and shoot dark with blocker) are the
indirect ways to explore the influence of light on root growth via changing the light intensity on the
shoot. Our investigations have found that the total root length under shoot dark and shoot dark with
blocker circumstances were substantially less than under total light conditions. Within 24h and 48h,
there was no significant difference in root length across the three lighting conditions, but from 72h to
96h, the total light condition had a considerably longer root length than the other two illumination
conditions. This situation can be explained by the fact that photosynthesis mainly occurs in plant
shoots, and plants are unable to produce enough organic matter (sucrose) to fulfill their growth
requirements after a period of limited light.

Yokawa et al. (2011) discovered that the root-shoot ratio of Arabidopsis seedlings growing in the
soil (whose roots are almost completely dark) is 1:1. The exposure of roots to light causes stress in the
entire plant, and roots normally respond by increasing their growth. This indicates that illumination
of the roots disturbs the balance of the root-shoot ratio, which is approximately 1:1 in a normal
physiological situation. The analysis of our experimental data also supported this work. The gradient
light condition had a higher light intensity than the simulated natural condition (light blocker), and
the gradient light condition had a somewhat longer root length than the light blocker condition.
Meanwhile, in the gradient light condition, the hypocotyl length was less than in the light blocker
condition. Most Arabidopsis studies are conducted out in transparent Petri dishes, ignoring the extra
effects that the additional light may have on the roots, as explained in the introduction. Our results
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reported the root length under total light conditions was significantly shorter than that under
gradient light and simulated natural conditions (light blocker), confirming the shortcomings of the
traditional plant-growing (TPG) technique. Silva-Navas et al. (2015) demonstrated root illumination
shortens root length and increases the early development of lateral roots, promoting root system
expansion. They discovered that roots grown under full light produce shorter roots and more
emerged lateral roots than roots produced in nearly full darkness (simulated natural condition). This
is also in exact agreement with the results of our experiments. This situation can be explained by the
potential reasons: (1) light diminishes the accumulation of potassium, sodium, and molybdenum in
roots while dramatically increasing the absorption of iron in roots and shoots (Silva-Navas et al.,
2015). Because light photocatalyses reactive oxygen species (ROS) formation in roots (Yokawa et al.,
2011) and iron solubilization happens via redox processes, iron buildup in roots under light might be
due to ROS activation. All living organisms require iron, and it may be a growth-limiting resource
for plants since it is a fundamental component of redox reactions in photosynthesis and respiration
(Silva-Navas et al., 2015). (2) As root illumination induces the burst of ROS (Yokawa et al., 2011).
Higher levels of ROS in roots may break the equilibrium between root development and lateral root
emergence (Tsukagoshi et al., 2010; Passaia et al., 2014). Furthermore, ROS is a strong oxidant that
may react with a wide range of biomolecules, causing significant damage to plant tissues (Petrov and
Van Breusegem, 2012).

The hypocotyl is a highly plastic organ whose length is controlled by a network of interacting
elements including light and plant hormones. In continuous darkness, the process of hypocotyl
elongation differs significantly from that in uniform light. Figure 48 depicts an overview of the major
signals that contribute to hypocotyl development in Arabidopsis. GA, BR, and auxin may induce
hypocotyl elongation in etiolated plants via downstream actuators (Figure 48A).

It is well known that photoreceptors in light-grown plants suppress the biosynthesis of the
hormones GA, BR, and auxin. Cytokinin’s stimulate ethylene synthesis, and ethylene influences
actuators via regulation of the auxin or GA signal or directly on downstream actuators. Our results
demonstrated that the length of the hypocotyl under dark conditions (total dark, shoot dark, and
shoot dark with blocker) was considerably longer than the hypocotyl under light conditions (total
light, light blocker, and gradient light), and the root length of the total dark condition was
significantly shorter than other light conditions (total light, gradient light, and light blocker). Plants
that do not have access to light will develop a skotomorphogenesis pattern, which leads to etiolation
(Yokawa et al., 2011).

As described in the introduction, modulation of ALMT activity by GABA leads to altered root
development and tolerance to alkaline pH, acid pH, and aluminum ions. AtALMT1, the first
recognized Arabidopsis thaliana homologue of ALMTs, was likewise shown to be involved in Al-
resistance (Hoekenga et al., 2006). Aluminum ions in acid soils are toxic to plants and excessive
quantities of soluble aluminum in soil solutions result in poor plant growth (Matsumoto, 2000). Plants
that are resistant to higher soluble aluminum concentrations in soil release malate anions from their
root cells, which chelate the toxic Al** cations in the apoplast (Delhaize, Ryan and Randall, 1993).
Thus, the efflux modulation of organic acids from plant roots, such as malate, plays a significant role
in the aluminum resistance controlled by the ALMT1 gene (Ryan, Delhaize and Jones, 2001).
According to Ramesh et al. (2017), the application of 3-MPA may interact with the predicted GABA-
binding region in ALMTs, elucidating the molecular identity and basis of GABA control of ion fluxes
in plants. We set up treatment groups with different concentrations of 3-MPA (25uM, 50uM and
100uM). Our experimental results show that when the 3-MPA concentration is 25uM compared to
the control group, the development of Arabidopsis roots and hypocotyl under six distinct light
conditions is increased. This situation may be explained as follows: 3-MPA inhibits the biosynthesis
of GAD which catalyzes the formation of GABA, resulting in a negative regulating impact on ALMTs
on the membrane. Low concentrations of GABA increase inward currents, which in root and
hypocotyl growth used could have been malate efflux or cation influx. Interestingly, the promoting
tendency of root and hypocotyl development became less noticeable as 3-MPA concentration
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increased. The higher the 3-MPA concentration, the less GABA is produced and the more malate
effluxes. This excessive carbon loss pathway is damaging to plant growth and stress resistance.

4. Materials and Methods

The growth media was prepared by mixing the MS media salt (with vitamins), saccharose, and
dH:0. For 1L, 2.2g of MS medjia salt (with Vitamins) and 10g of Saccharose were added. After adding
each in a 3L container, the pH was constantly checked (when the pH was less than 5.8, KOH was
added, and when it was higher, HCIl was added). After determining the pH to be 5.8, 4g of Phytagel
was added to it. The media was autoclaved at 120°C. The media was placed in Petri dishes of different
sizes and prepared under a sterile bench, for further usage. For the growth experiment with A.
thaliana seedlings, media was added on round Petri dishes with 3-MPA 2.17uL/1L [25uM], 3-MPA
5.14uL/1L [50uM] and 3-MPA 8.68uL/1L [100puM].

Arabidopsis thaliana seeds were sterilized in a plastic tube for 3 minutes with 1 ml of 70% ethanol.
This was followed by a 5-minute treatment with 1ml hypochlorite solution. The plastic tube was
inverted many times in each phase. The seeds were washed five times in distilled water. Sterilized
seeds were sown on square Petri dishes with 2 MS medium under the sterile bench as further
described in (Njimona et al. 2021). The square Petri dishes with sterilized seeds were stored in the
fridge for stratification for 48h at 4°C and transferred to the growth chamber for 96h for seed
germination.

To investigate the influence of 3-MPA on A. thaliana root growth and hypocotyl growth. A.
thaliana seedlings were transferred to round Petri dishes of Phyto agar having different
concentrations of 3-MPA (2.17uL/1L of 3-MPA [25puM], 5.14uL/1L of 3-MPA [50uM] and 8.68uL/1L
of 3-MPA [100uM]). Control dishes for this experiment were treated in the same way but, only
containing Phyto agar. After placing the seedlings, all dishes were sealed with parafilm and then
transferred to different light conditions (Yan et al. 2022). Each treatment was repeated three times.
The treatment of 3-MPA [100uM] was only carried out under total light and two kinds of shoot-
shaded light conditions (SD and SDB). The six light conditions are as follows: Total light (TL): The
round Petri dishes with A. thaliana seedlings were placed under the light of the growth chamber with
the intensity of 100 umol s m2. Total dark (TD): the plants were kept in total darkness. Moreover,
shaded seedling roots create two forms of light: gradient light and light blocker. Shoot dark and shoot
dark with a light blocker were two types of light conditions created by shading seedling shoots.
Gradient light (GL): plants in the Petri dish were introduced in a black box resulting in a light gradient
with a value of 39.74 umol s m2. Light blocker (LB): a light blocker is placed on the plants in the
Petri dish and then they were introduced into a black box, resulting in light intensity of 7.27 pmol s
m2. Shoot dark (SD): The hypocotyls of A. thaliana were covered resulting in light intensity of 7.91
pumol s m2. Shoot dark with light blocker (SDB): a light blocker was placed on the seedlings in a
round Petri dish and then the hypocotyls of the seedlings were covered, resulting in light intensity
of 2.03 umol s' m2. Detail experimental set was described in our previous publication (Yan et al.
2022). After 24h, 48h, 72h, and 96h the round Petri dishes were scanned. On the basis of the digital
images, the root length and hypocotyl length were measured via Fiji software

Collected data for the experiment were evaluated with Fiji Image] software. Root length and
hypocotyl length were measured with ImageJ plugins The length standard for these measurements
was set with the help of a ruler which was calibrated with the respective samples. Statistical analysis
was performed using GraphPad Prism (version 9.1.1) for the light experiment.

5. Conclusions

Plant roots can sense light and assess spectrum and light intensity using various photoreceptors,
thus integrating the growth of aboveground and underground organs. The roots of laboratory-grown
Arabidopsis seedlings should be kept in darkened Petri plates (Yokawa et al., 2011, 2014; Xu et al.,
2013). The illumination of roots influences not only the roots but also the morphology and physiology
of the whole seedlings. Moreover, TOR has been shown to be involved in auxin signaling. However,
there is no evidence that the TOR complex is a major regulator of cell proliferation and expansion.
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Further studies are needed to understand the functions of ROP2 in TOR activation and to identify
other TOR effectors in plants (Schepetilnikov et al., 2017). Additionally, the recent discovery that
plant GABA can regulate ion channels (ALMTs) has promoted GABA research, although there are
still many gaps in the regulation of GABA on plant physiology and development. Meanwhile, further
research has revealed that plant hormones (ethylene, ABA) and ROS production can alter GABA
metabolism in plants (Ramesh et al., 2017), and some experimental evidence has shown that high
GABA concentrations inhibit root growth (Ramesh et al., 2015). In our work, we have provided
further clarity on this topic. However future experiments on which young plants shall be treated with
exogenous GABA will further provide more evidence of the role of GABA in plant growth

6. Summary

We set up six light conditions (TL, TD, GL, LB, SD, SDB) to investigate the changes in
Arabidopsis thaliana hypocotyl and root development. A. thaliana seedlings developed under
absolute darkness (TD) with shorter roots and longer hypocotyls. Shoots were shaded in SD and SDB
conditions, and seedlings were unable to carry out photosynthesis, resulting in insufficient stored
nutrients for root development. In the three groups of different light intensities on the root (TL, GL,
LB), light causes stress in the entire plant under total light, the length of the root and hypocotyl in TL
condition was shorter than GL and LB conditions. The stimulated natural condition, LB, had a shorter
root but a longer hypocotyl than the GL condition. Different light treatments did significantly affect
root growth and hypocotyl growth. We developed four treatment groups of 3-MPA [5uM], 3-MPA
[25pM], 3-MPA [50uM], and 3-MPA [100uM]). Root and hypocotyl growth was promoted at the
concentration of 3-MPA [25uM], and the development of root and hypocotyl was suppressed
gradually as the 3-MPA concentration increased.
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