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The plant root system is important for plant anchorage and nutrition. Among the different characteristics of the root
system, root branching is a major factor of plasticity and adaptation to changing environments. Indeed, many biotic
and abiotic stresses, such as drought or symbiotic interactions, influence root branching. Many studies concerning root
development and root branching were performed on the model plant Arabidopsis thaliana, but this model plant has a
very simplified root structure and is not able to establish any symbiotic interactions. We have recently described 7
stages for lateral root development in the model legume Medicago truncatula and found significant differences in the
tissular contribution of root cell layers to the formation of new lateral roots (LR). We have also described 2 transgenic
lines expressing the DR5:GUS and DR5:VENUS-N7 reporter genes that are useful to follow LR formation at early
developmental stages. Here, we describe the use of these transgenic lines to monitor LR developmental responses of
M. truncatula to the phytohormone abscisic acid (ABA) which is a major actor of stress and symbiotic interactions. We
show that ABA promotes the formation of new lateral root primordia and their development, mostly at the late,
pre-emergence stage.

Introduction

Plant root system development is a major ecological and agro-
nomical issue, as it is the major site of plant anchorage and nutri-
tion but is also a place for biotic and abiotic interactions. Among
the different parameters of the root system development is root
branching, i.e the formation of new lateral roots (LR) that is an
extraordinary source of plasticity to increase the root surface.
Thus, many biotic and abiotic interactions are known to interfere
with LR development, among which drought and symbiotic
interactions.1 Abscisic acid (ABA) is a phytohormone involved in
both abiotic and biotic interactions, such as drought tolerance
and pathogen or symbiosis interactions.2-4 Although ABA is
involved in these different types of interaction, its action on LR
development is different in legume species where it stimulates LR
formation (LRF), in contrast to non legumes, such as Arabidopsis
thaliana, where it inhibits LRF.5 For instance, ABA at a concen-
tration of 1 mM reduces LR density in Arabidopsis whereas it
increases LR density in M. truncatula.5Although the action of
ABA on LRF has been quite well described in Arabidopsis 6, little
is known about its stimulatory effect on LRF in legumes. Liang
and co-workers have shown that ABA can rescue the elongation
of emerged LR in the latd mutant of Medicago truncatula 7, thus
acting on post-emergence growth of LR but nothing is described

on ABA action during LRF, i.e prior to emergence. Especially, it
is not known on which developmental stage of LRF ABA is
active. We have recently described 7 stages for LRF in Medicago
truncatula and shown that it involved different root tissues con-
tributions than in Arabidopsis thaliana. We have also developed
DR5:GUS and DR5:VENUS-N7 M. truncatula transgenic lines
to monitor stages of LRF in planta.8 Here, we have taken advan-
tage of these lines to monitor the effect of ABA on LRF in M.
truncatula, and to address at which developmental stage ABA was
the most active.

Results and Discussion

In order to test the effect of ABA on the development of LR in
M. truncatula, we grew DR5:VENUS-N7 M. truncatula seed-
lings for 7 days (d) on a M medium containing 0.1 mM ABA, as
this was in our system the optimum concentration to stimulate
the formation of LR (data not shown). As shown on Figure 1A,
we could see a significant increase in emerged LR at 6 and 7 d in
the presence of ABA (with a mean of 3.61 in the ABA condition
versus 2.41 in control condition at 6 d and 5.64 vs 3.69 at 7 d of
treatment), as previously described in other studies.5 However,
we did not see any significant difference in the primary root
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length of the plants grown for 3 or 7 d in the presence of 0.1 mM
ABA compared to control conditions (Fig. 1B). In order to fur-
ther investigate if the action of ABA could take place at early
stages of LR development, we used the VENUS fluorescence to
look for developing lateral root primordia (LRP) (Fig. 1C). As
shown in Fig. 1A, we could detect an increase in LR primordia
(LRP) visible at 6 and 7 d (with 8.36 LRP in the presence of
0.1 mM of ABA vs 6.59 in control condition at 6 d, and 9.19
LRP in the presence of ABA vs 6.73 in control conditions at 7 d,
Fig. 1A). The number of LRP observed through the VENUS
fluorescence was less different at 3 d post treatment (4.1 in ABA
treated vs 3.64 in control, Fig. 1A).

Thus, we decided to focus on 6 d of treat-
ment to further investigate the effect of ABA
on specific LR developmental stages. To do
this, we used the DR5:GUS expression pat-
terns to roughly discriminate between differ-
ent developmental stages. DR5:GUS
expression patterns were separated in 3 differ-
ent stages (Fig. 2A, B, and C). These stages
were not as well defined as the ones described
at the cellular level in Herrbach et al.,8 but
were grouping LRF stages as follows: stage A
(Fig. 2A) encompassed Stages I to III from
our former description,8 stage B (Fig. 2B)
corresponded to both stages IV and V, finally
stage C (Fig. 2C) corresponded to stage VI,
just prior emergence. As shown on Fig. 2D,
we observed after 6 d LRP mostly at develop-
mental stages B and C in the control condi-
tion, with stage C being the most represented
with a mean number of 1.66/plant (Fig. 2D).
We observed 0.375/plant stage B primordia
(Fig. 2D) and very few stage A primordia (3
primordia/56 observed roots) in control con-
dition. In contrast, we mostly observed LRP
at stage C on ABA containing medium (4.39/
plants, Fig. 2B) and one single stage A LRP
in this condition.

Taken together, our data indicate that the
effect of ABA on LRF in Medicago truncatula
is an increased number of LRP with a stronger
effect at the later stages of LRF, namely from
stage B to C (corresponding to V to VI in the
description by Herrbach et al., 2014). We
can notice that fewer LRP were detected after
GUS staining of the DR5:GUS lines than
through observation of the fluorescence of
VENUS (DR5:VENUS-N7 lines) at 6 d. We
can speculate that the fluorescence is more
efficient to detect early events of LR initiation
than GUS staining. Unfortunately, fine
description of LRF stages was not possible on
DR5:VENUS-N7 lines without sections.

Interestingly, the effect of ABA on LR
emergence in M. truncatula is dose dependent

with high concentrations of ABA (> D 50 mM) having an inhib-
itory effect and lower doses a stimulatory effect.5,9 Ariel et al.
have shown that high concentrations of ABA inhibit the auxin
induction of LDB1, a transcription factor possibly involved in
LRF in M. truncatula.9 Thus ABA could crosstalk with auxin
responsive pathways. Moreover, the higher number of total LRP
we observed suggests also an early action of ABA on the stimula-
tion on LRP formation in M. truncatula, namely on stage A pri-
mordia that were too rare to address in our experimental set-up.
In Arabidopsis, it was shown that ABA signaling could interfere
with auxin transport or sensitivity, notably for LR formation.6,10

Thus, ABA stimulatory effect in M. truncatula could be related

Figure 1. Effect of abscisic acid (ABA) on emerged lateral roots, lateral root primordia and pri-
mary root length followed using the DR5:VENUS-N7 reporter line. (A) Number of Lateral Roots
(LR) and Lateral Root Primordia (LRP) observed using the DR5:VENUS-N7 marker line. Plants
were grown in the absence (control, dark gray bars) or presence of 0.1 mM ABA (light gray
bars) for 3, 6 or 7 d. Data is from 81 plants in 2 independent experiments. (B) Mean root length
of plants grown for 3 or 7 d in the presence (light gray) or absence (dark gray) of 0.1 mM ABA,
data is from 30 to 50 plants. Bars D standard error of the mean (sem). Statistically different
means following a standard pair wise t-test is shown (*, P-value < 0.05; ***, P-value < 0.001).
(C) Developing LRP (white arrows) detected in the DR5:VENUS-N7 transgenic roots by fluores-
cence. Scale bar is 500 mm.
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to a difference in the level of auxin sensitivity required for LRF in
legumes. In that case, low doses of ABA may lower the auxin con-
centration threshold required for LR initiation inM. truncatula.

Materials and Methods

Plants were grown is square petri dishes on
a M medium.11 ABA powder (C/- enantiom-
ers mix, Sigma) was diluted in methanol for
10¡2 M stock solution. ABA was used at
10¡7 M and the corresponding amount of
solvent was used for control conditions. GUS
staining and microscopic observations were as
described.8 Statistical analysis was performed
in Excel software using the standard t-test
comparison. Root length was measured using
the ImageJ software.
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Figure 2. Effect of abscisic acid (ABA) on lateral
root primordia (LRP) development inM. truncatula
followed using the DR5:GUS reporter line. (A)
Stage A LRP DR5:GUS expression pattern. (B)
Stage B LRP DR5:GUS expression pattern. (C)
Stage C LRP DR5:GUS expression pattern. Scale
bar D 50 mm. (D) Developmental stages of LRP
observed using the DR5:GUS marker line on
6 day-old plants grown with or without ABA.
Developmental stages (stage B, dark gray, and
stage C, light gray) are as described in Figure 2B
and C. Data is from 56 plants in 2 independent
experiments. Bars D standard error of the mean
(sem). Statistically different means following a
standard pair wise t-test is shown (***, P-value <

0.001).
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