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Abstract

The specific function of 5-aminolevulinic acid (ALA), a new plant growth regulator, in modulating root growth of plants and
the mechanisms underlying ALA-regulated root growth are largely unknown. Here, Arabidopsis seedlings were photographed
and collected before and after ALA or 2,3,5-triiodobenzoic acid (TIBA) treatment for determination of root growth, fluo-
rescence intensities of PIN1, PIN2, PIN7, and DRS, and gene expression levels of auxin synthesis, signaling, and transport.
We first demonstrated that ALA significantly promoted Arabidopsis primary root elongation. We also found that TIBA, an
auxin polar transport inhibitor, inhibited ALA-promoted root elongation, indicating that auxin transport is involved in ALA-
regulated root growth. Then, the observations of PIN1, PIN2, and PIN7 at protein and transcript levels suggest that ALA
improves auxin transport mainly through regulating auxin efflux carriers. Furthermore, the expression patterns of auxin-
responsive reporter DR5rev:GFP were not correlated well with the expression of YUC2, a key biosynthetic gene of auxin,
but were consistent with changes of PIN1, PIN2, and PIN7. In addition, ALA did not affect the gene expression of auxin
receptor, TRANSPORT-INHIBITOR-RESISTANT1 (TIR1). Taken together, we conclude that ALA promotes primary root
elongation of young Arabidopsis seedlings mainly through improving auxin transport. Our data suggest the reciprocal inter-
action between ALA and auxin, providing new insights into the mechanisms underlying ALA-promoted plant root growth.
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Introduction

Root, an essential organ of higher plants, not only struc-
turally supports the plant anchoring in the soil, but also
uptakes nutrients and water for plants (Slovak et al. 2016).
Moreover, roots are also important for its ability of sens-
ing and responding to the changing environments (Tsuk-
agoshi 2016). In addition, roots can also be storage organs
for some plants and are the biosynthetic sites of essential
compounds for normal plant growth and development (Wei
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and Li 2016). Therefore, improving root growth to better
utilize nutrients and water in natural soil is important for the
whole plant growth, and thus will be a promising approach
to produce high yield crops. Understanding how to improve
root growth is not only an interesting question for research-
ers in basic biology, but also a key for producing better per-
forming plants.

5-Aminolevulinic acid (ALA), a key biosynthetic precur-
sor for tetrapyrrole compounds in all living animals, plants,
and microorganisms, has been proved as an environment-
friendly new plant growth regulator (Wu et al. 2019). It
regulates many physiological processes of plants, including
seed germination (Wang et al. 2005), guard cell movement
and photosynthesis (An et al. 2016a, c), pollen germination
and tube growth (An et al. 2016b), fruit coloration (Feng
et al. 2016), and resistance to almost all kinds of abiotic
stresses (Akram and Ashraf 2013). Increasing evidence
suggests a great application potential of ALA in agricul-
ture (Wang et al. 2003). ALA has been showed by numer-
ous studies to be widely involved in regulating plant root
growth. Hotta et al. (1997) found that ALA increased root
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growth of radish (Raphanus sativus var.) under normal con-
ditions. Wei et al. (2012) reported that ALA significantly
promoted root growth when nitrate supply was in shortage.
ALA also improved root growth of cucumber (Cucumis
sativus L.) (Zhen et al. 2012), Swiss chard (Beta vulgaris
L. subsp. cicla) (Liu et al. 2014), rice (Oryza sativa) (Nun-
kaew et al. 2014), and tomato (Solanum lycopersicum) (Zhao
et al. 2015) seedlings under NaCl stress. Moreover, ALA
enhanced root growth of spring wheat (Triticum aestivum
L.) (Kosar et al. 2015), oilseed rape (Brassica napus L.) (Liu
et al. 2016), and Arabidopsis (An et al. 2016c) under water
deficit condition. In addition, ALA also enhanced plant
root growth under lead (Ali et al. 2014), cadmium (Al et al.
2013a, b), cold (Fu et al. 2016), and waterlogging stress (An
et al. 2016d). Obviously, the positive role of ALA in improv-
ing plant root growth is observed not only under appropri-
ate condition, but also under various stressful environments.
However, the exact and specific role of ALA in regulating
root growth and the underlying mechanisms behind ALA-
regulated root growth are still largely unknown.

The root growth of plants can be regulated by various
phytohormones (Lewis et al. 2011; Li et al. 2015; Mao et al.
2016; Sun et al. 2014; Xu et al. 2013; Zheng et al. 2011),
most importantly auxin (Blilou et al. 2005; Petrasek et al.
2006). Auxin, which is widely and deeply investigated, is
known to be involved in almost all aspects of root growth
and development (Grieneisen et al. 2007). The tightly regu-
lated distribution of auxin is crucial for its action in plants
(Grieneisen et al. 2007; Petrasek et al. 2006; Sassi et al.
2012). The auxin gradients always result from local auxin
biosynthesis and intercellular auxin transport which are
mainly controlled by the coordination of AUX1 influx car-
riers and PIN efflux carriers (Ruzicka et al. 2009; Sassi et al.
2012; Zheng et al. 2011). In plants, auxin is synthesized at
the apices of root and shoot and then transported to its action
sites in a polar manner. Experiments using auxin transport
mutants or inhibitors (Grieneisen et al. 2007), such as
2,3,5-triiodobenzoic acid (TIBA), indicate that auxin trans-
port is crucial for generating the maximum auxin and auxin
gradient. Among the auxin transport carriers, PIN efflux car-
riers are rate-limiting factors for auxin transport throughout
the plant (Blilou et al. 2005). They localize differently in
plants. PIN1, PIN3, PIN4, and PIN7 distribute mainly at
the basal side of stele cells (PIN1, PIN3, and PIN7) or root
stem cells (PIN4), while PIN2 always at the lateral root cap
and the upper side of root epidermis (Ganguly et al. 2010).
This polar localization of the PINs contributes greatly to
the directional auxin flow in plants. Except the polar efflux
carriers, the nonpolar AUX1 influx carriers are also required
for the auxin distribution pattern at the root tips. It has been
revealed that the AUX1 carriers control the distribution
pattern of auxin among different tissues, whereas the PINs
mainly determine the distribution of auxin within each
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tissue (Band et al. 2014). After being transported to the
sites, where auxin functions, auxin is sensed by its receptor
TRANSPORT-INHIBITOR-RESISTANT1 (TIR1) (Dhar-
masiri et al. 2005), mediating the auxin-responsive gene
expressions through triggering the degradation of AUX/IAA
proteins which decrease the activity of AUXIN RESPONSE
FACTOR (ARF). Except TIR1, AUXIN BINDING PRO-
TEIN 1 (ABP1) had ever been proposed as another poten-
tial receptor of auxin (Scherer 2011). However, Gao et al.
(2015) and Enders et al. (2015) recently provided evidence
that auxin signaling does not require ABP1.

In 1998, in vitro studies demonstrated that ALA showed
similar characteristic to auxin in the induction of adven-
titious shoot and rhizogenesis (Bindu and Vivekanandan
1998). However, no further studies have been done to
elucidate the relationship between ALA and auxin. Here,
we hypothesized that ALA promoted root growth through
modulation of auxin transport, biosynthesis, and signaling.
To test our hypothesis, we first determined the specific func-
tion of ALA in regulating root growth of Arabidopsis. Then,
using TIBA and auxin-related marker lines, we explored the
relationship between ALA-regulated root growth and auxin
transport, biosynthesis, and signaling. Our findings suggest
a reciprocal interaction between ALA and auxin, provid-
ing new insights into the mechanisms underlying ALA-pro-
moted plant root growth.

Materials and methods
Plant materials and growth conditions

Arabidopsis thaliana of wild-type (Col-0), auxin transporter
reporter transgenic lines PIN1:PINI-GFP, PIN2:PIN2-GFP
(Li et al. 2015) and PIN7:PIN7-GFP (Wang et al. 2016),
and auxin-responsive reporter DR5rev: GFP (Col-0, Li et al.
2015) were used in this study. Seeds of these Arabidopsis
lines were sterilized by 75% (v/v) ethanol for 45 s and 1%
bleach for 10 min. After being washed with sterilized water
for three times, seeds were germinated and grown on 1/2
Murashige and Skoog medium (MS, pH 5.8) containing
3% (w/v) sucrose and 0.7% (w/v) agar. The plates with
seeds were placed in a culture room at 25 °C under light of
150 pmol m~2 s~! with light/dark cycles of 8 h/16 h.

Treatments and root assay

Three-day-old seedlings were transferred to the above
described 1/2 MS medium containing different concentra-
tions (5-20 mg/L) of ALA and 3 mg/L 2,3,5-triiodoben-
zoic acid (TIBA) for 4-7 days. Seedlings of each treatment
were then photographed and sampled separately for the
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determination of fresh weight, root length, fluorescence
intensity, and gene expression.

Confocal microscopy

The fluorescence intensities in root tips of seedlings that
express PINI:PINI-GFP, PIN2:PIN2-GFP, PIN7:PIN7-
GFP, and DR5rev:GFP were observed using a confocal
laser-scanning microscope (Zeiss LSM 710) according to Li
et al. (2015) and Su et al. (2016). The settings we used were
ex =488 nm, em =510~ 520 nm, mild scanning, and frame
512%512. The fluorescence images were digitized using the
Zeiss LSM image browser and processed in Adobe Photo-
shop. Images displayed in this study represented at least ten
individual plants of each treatment. To make them compa-
rable, we magnified all the fluorescence images same times
in each experiment. To measure the fluorescence intensi-
ties, we placed a region of interest (ROI) around the root
tips (200 pm from the root apex). Fluorescence intensities
of membrane-localized proteins within each ROI were then
quantified with the Zen software and averaged. Experiments
were repeated at least three times.

Quantitative real-time PCR analysis

When 3-day-old Arabidopsis seedlings were treated for
4 days, we selected root tips (section from root meristem to
the tip) of all treatments, and isolated their total RNA using
RNA Isolation and Purification Kit (Tiangen, China). For
cDNA synthesis, we used two micrograms of total RNA to
perform reverse transcription for each sample with Trans-
Script® One-Step gDNA Removal and cDNA Synthesis
SuperMix (Transgen Biotech).

To analyze the expressions of auxin-related genes in the
roots, we performed qRT-PCR in a 20 pL reaction volume
using chamQ SYBR qPCR Master Mix (Vazyme) accord-
ing to the advices from the manufacturer. Then, we used the
27A4CT method to estimate the relative expression levels of
the tested genes (Livak and Schmittgen 2001). We chose
AtUBQ gene as an internal control (Mao et al. 2016) and
listed all the primers that were used in the study in Table 1.

Statistical analysis

All data in this study were collected from at least three inde-
pendent biological replicates. Statistical analysis was carried
out using the SPSS 16.0 statistical program. Data were com-
pared with control or among treatments by analysis of vari-
ance (ANOVA) and least significant difference tests (LSD)
to discriminate significant differences at p <0.05 or p <0.01.

Results

ALA promotes root elongation of Arabidopsis
seedlings

To determine the relationship between ALA and plant root
growth, we grew 3-day-old Arabidopsis seedlings at increas-
ing concentrations of ALA for 4 days. We found that 5 mg/L
and 10 mg/L. ALA significantly promoted root length by
44.56% and 71.17%, respectively (Fig. 1a, b). Consequently,
5 mg/L and 10 mg/L. ALA increased root fresh weight sig-
nificantly, by 20.09% and 36.07%, respectively (Fig. 1¢). No
significant effect of 20 mg/L ALA was found on either root
length or fresh weight. These results indicate that 5—10 mg/L
ALA significantly promotes primary root elongation rate,
improving root growth of young Arabidopsis seedlings.
Since 10 mg/L. ALA showed the most promotive effect,
we chose it to carry out the following experiments. The
time course for root length illustrated that ALA-promoted
root elongation was initiated before the 2nd day (Fig. 1d).
Root elongation rate of the control and ALA-treated seed-
lings within the experimental period was 0.34 cm/day and
0.50 cm/day, respectively. ALA promoted root elongation
rate by 47.06%.

TIBA inhibits ALA-promoted root growth

Auxin is the most important phytohormone that regu-
lates plant root growth, and polar auxin transport is the
most important process that mediates auxin-regulated
physiological roles (Leyser 1999). To explore the relation
between ALA-promoted root growth and auxin transport,

Table 1 Primer sequences for Primer name

Froward primer

Reverse primer

qRT-PCR analysis

AtUBQ AGAAGATCAAGCACAAGCAT CAGATCAAGCTTCAACTCCT
AtYUC2 GGATGAGACAATGGAGTATG ATATTTCACCGCTCTTATAGG
AtTIR] CATTGTTGAGTCTTGGTCCATGTT GTGGCTGGTCCTCGATTTGA
AtAUX1 CCGAGCTGGACGGCGATGTACG CATGTGCGGCGGCTGCAGCT
AtPIN] TACTCCGAGACCTTCCAACTACG TCCACCGCCACCACTTCC
AtPIN2 GGCGAAGAAAGCAGGAAGA GGTGGGTACGACGGAACA
AtPIN7 ACTCCTCGTCCGTCTAATCTCAC GAAGCCATAGCACAACTCTCCTC
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Fig.1 ALA promotes primary root growth. Three-day-old wild-type
seedlings were transferred to 1/2 MS medium containing 0 (Control),
5, 10, and 20 mg/L ALA for another 4 (a—c) or 7 days (d). Digital
images (a), primary root length (b), and root fresh weight (c) of seed-
lings treated with different concentrations of ALA for 4 days. Scale
bar=1 cm. d Time courses of primary root length of seedlings treated

we inspected the influence of TIBA, an auxin transport
inhibitor, on root growth of seedlings. Results showed that
ALA alone significantly promoted root length, while TIBA
alone significantly inhibited root elongation, decreasing
root length by 62.53% (Fig. 2a, b). When ALA and TIBA
applied together, both ALA’s promotive effect and TIBA’s
suppressive effect on root length were inhibited significantly
(Fig. 2a, b). The effects of ALA and TIBA on root fresh
weight were accordant with those on root length (Fig. 1c).
These results strongly suggest that ALA-promoted root elon-
gation is strictly associated with auxin polar transport.

ALA modulates auxin transport components
Action of PIN proteins is rate-limiting for auxin transport,

specific to auxin, and sensitive to auxin transport inhibitors
(Petrasek et al. 2006). To gain more insights into the relation
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with or without 10 mg/L ALA. Values of root length or weight are
the means of 45 measurements from three independent experiments
(the same below). Different letters above the bars in b—c indicate sig-
nificant differences at p=0.05 level. Asterisk in d indicates signifi-
cant differences between treatments on the same timepoint at p=0.05
level

between ALA and auxin transport, we investigated ALA’s
effects on PIN proteins using auxin transporter reporter
transgenic lines PINI:PINI-GFP, PIN2:PIN2-GFP, and
PIN7:PIN7-GFP. Results showed that ALA significantly
enhanced signals of PIN1, PIN2, and PIN7 in root tips, by
59.02, 20.55, and 53.15%, respectively (Fig. 3a, b). These
results indicate that ALA upregulates the levels of these
proteins in root tip. The qRT-PCR analysis showed that the
relative transcript levels of these proteins were also signifi-
cantly increased in ALA-treated root tips (Fig. 3c), sug-
gesting that AL A enhances the expressions of PINI, PIN2,
and PIN7. Auxin influx carrier AUXIN RESISTANT/LIKE
AUXI1 is also crucial for auxin-mediated physiological pro-
cesses (Band et al. 2014). We found that ALA significantly
increased AUX1 expression as well (Fig. 3d). These results
indicate that ALA modulates several components of auxin
transport.
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Fig.2 TIBA inhibits ALA-promoted root growth. Three-day-old
wild-type seedlings were transferred to 1/2 MS medium alone
(control) or containing 10 mg/L ALA, 3 mg/L TIBA, or 10 mg/L
ALA +3 mg/L TIBA for another 4 days. Digital images (a), primary

To further confirm its role in regulating auxin transport
components, we investigated whether ALA could compen-
sate for the effects of TIBA on auxin transport components.
TIBA significantly decreased the signals of PIN1, PIN2, and
PIN7 in root tips (Fig. 4a, b), reducing the levels of these
proteins. The qRT-PCR analysis showed that TIBA also sig-
nificantly decreased the relative transcript levels of PINI,
PIN2, and PIN7 in root tips (Fig. 4c). However, when TIBA
was applied together with ALA, its effects on PIN1, PIN2,
and PIN7 were significantly inhibited both at protein and
transcriptional levels (Fig. 4a—c). ALA recovered PIN2 and
PIN7 to the corresponding control level, both at protein and
transcriptional levels (Fig. 4b, c). Moreover, ALA’s effects
on PIN2 and PIN7 proteins correlated well with its effects
on PIN2 and PIN7 transcription. While for PIN1, ALA’s
effects on the transcript and protein levels did not correlate
well with each other. ALA recovered PIN1 to the control
level at protein level but not at transcript level. TIBA also
significantly decreased AUX/ expression (Fig. 4d). Different
from its effects on auxin efflux carriers, ALA did not inhibit
TIBA-decreased AUXI expression. These results confirm the
regulation of ALA on anxin transport components, indicat-
ing that ALA may improve polar auxin transport through
modulation of auxin transport components, especially auxin
efflux carriers.
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ent treatments for 4 days. Scale bar=1 cm. Different letters above the
bars indicate significant differences at p =0.05 level

ALA improves auxin accumulation and response
in roots

Auxin gradients are crucial for many plant developmental
processes regulated by auxin, including primary root growth.
In Arabidopsis, DRS promoter is a reporter for auxin distri-
bution and auxin-signaling responses (Wang et al. 2016).
Therefore, we used DR5rev:GFP transgenic line to gain
more information on the role of ALA in auxin-signaling
responses. In control roots, DRS signal mainly focused on
the quiescent zones and the surrounding columella cells of
root cap. ALA treatment resulted in enhanced DRS signal
not only in the columella cells of root caps, but also in the
elongation zone (Fig. 5a, b). Moreover, ALA also increased
DRS5 signal in root stele (Fig. 5a). These data indicate that
ALA stimulates auxin accumulation in root tip and enhances
the response to auxin. Compared with the control, TIBA
alone significantly reduced DRS signal (Fig. 5c, d). How-
ever, when applied together with ALA, TIBA’s effect on
DRS signal was totally reversed (Fig. 5c, d), further confirm-
ing ALA’s positive role in auxin accumulation and response.

Besides auxin transport, auxin accumulation may also
result from the upregulation of its biosynthesis. To deter-
mine whether ALA-induced auxin accumulation is associ-
ated with auxin biosynthesis, we investigated how ALA
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Fig.3 ALA modulates auxin transport components. Three-day-
old seedlings expressing PINI:PINI-GFP, PIN2:PIN2-GFP, and
PIN7:PIN7-GFP were transferred to 1/2 MS medium with or without
10 mg/L ALA for another 4 days. Signals of PIN1, PIN2, and PIN7
were observed using a confocal laser-scanning microscope (CLSM).
a Fluorescence images representing the abundance of PIN proteins
in roots and the images in the lower right corners are in bright field.
Scale bar=50 pm. b GFP fluorescence intensity of PINI, PIN2,

and TIBA affect the expression of YUC2, one important
auxin biosynthetic genes. Results showed that ALA signif-
icantly enhanced the expression of YUC2 (Fig. 5e). TIBA
alone did not significantly affect, but slightly increased
YUC2 expression (Fig. 5f). This could be due to that
plants produce more auxin to counteract the inhibition of
auxin transport. ALA and TIBA together enhanced YUC2
expression to the same extent as TIBA alone (Fig. 5f), sug-
gesting that the inhibition of TIBA-decreased auxin accu-
mulation and response by ALA (Fig. 5c, d) may not mainly
result from ALA-regulated auxin biosynthesis.

ALA does not affect TIR1 expression

The above results proved that ALA affected auxin trans-
port and biosynthesis; next, we investigated whether ALA
modulated auxin signaling in the roots. Results showed
that ALA, with or without TIBA, did not affect the expres-
sion of TIRI (Fig. 6), indicating that ALA may not affect
root growth mainly through regulation of auxin receptor
at the transcript level.

@ Springer

and PIN7 as in a. The fluorescence intensity of the control was set
to 100%. Values are the means of 30 measurements + SE from three
independent experiments. ¢ qRT-PCR analysis of PINI, PIN2, and
PIN7 in root tips. d qRT-PCR analysis of AUX! in root tips. In ¢ and
d, the expression levels in control roots were set to 1. Values repre-
sent nine measurements from three independent experiments. Aster-
isk in b—d indicates significant differences between control and ALA
treatment at p =0.05 level

Discussion

ALA is not only an essential precursor in tetrapyrrole bio-
synthesis; increasing studies indicate that it is also a vital
new plant growth regulator (Wu et al. 2019). ALA regulates
many important physiological processes, such as improving
seed germination (Wang et al. 2005), improving plant pho-
tosynthesis and growth (Hotta et al. 1997), and increasing
plant tolerance to nearly all of the environmental stresses
(Akram and Ashraf 2013; Akram et al. 2018). Recently, we
showed evidence of ALA’s new physiological roles in regu-
lating pollen tube growth and stomatal movement (An et al.
20164, b, c). The multiple effects of ALA on the key agri-
cultural traits of plants suggest a great application potential
of ALA in agriculture (Wu et al. 2019). Due to its various
physiological roles and its natural, environmentally friend
characteristics, increasing attention has been drawn on ALA
and the mechanisms behind ALA’s functions. Previous stud-
ies have indicated that ALA promotes plant growth includ-
ing root biomass in both normal and stressful conditions
(Ali et al. 2013b, 2014; An et al. 2016d; Hotta et al. 1997,
Liu et al. 2014, 2016; Wei et al. 2012; Zhen et al. 2012;
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Fig.4 ALA inhibits TIBA-regulated auxin transport in roots. Three-
day-old seedlings expressing PINI:PINI-GFP, PIN2:PIN2-GFP,
and PIN7:PIN7-GFP were transferred to 1/2 MS medium alone, or
containing 3 mg/L TIBA with or without 10 mg/L ALA for another
4 days. a Fluorescence images representing the abundance of PIN
proteins in roots and the images in the lower right corners are in
bright field. Scale bar=50 pm. b GFP fluorescence intensity of PIN1,

Zhao et al. 2015). To date, however, little specific infor-
mation is available on ALA-regulated root growth and its
underlying mechanisms. In this study, we showed that ALA
at 5-10 mg/L significantly increased primary root length
of Arabidopsis seedlings (Fig. 1). Because the Arabidop-
sis seedlings in this study were not allowed to grow older
than 10 days, we did not observe the effects of ALA on the
initiation and growth of lateral roots. However, our another
study on strawberry showed that 10 mg/L. ALA improved
not only adventitious root, but also lateral root elongation,
while 20 mg/L ALA significantly inhibited adventitious root
elongation, but promoted the initiation of lateral roots (data
not published yet). These results indicate that ALA affects
root growth of plants in a concentration-dependent man-
ner. Low concentrations of ALA improve root elongation,
while higher concentrations may not improve root length,
but stimulate initiation of lateral roots.

Auxin, the most important plant hormone regulating
root growth, may also modulate root growth positively or
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PIN2, and PIN7 as in a. The fluorescence intensity of the control was
set to 100%. Values are the means of 30 measurements+SE from
three independent experiments. ¢ qRT-PCR analysis of PINI, PIN2,
and PIN7 in root tips. d gRT-PCR analysis of AUXI in root tips.
Different letters on the bars in b—d indicate significant differences
between treatments at p =0.05 level

negatively, depending on its concentration (Li et al. 2015).
Therefore, in regulating root growth, the effect of ALA is
mimic to that of auxin. Actually, Bindu and Vivekanandan
(1998) have reported that ALA showed similar characteris-
tic to auxin in the induction of callusing and rhizogenesis.
However, no more research has been performed to study the
relationship between auxin and ALA, and the link between
auxin and ALA-regulated root growth is entirely unknown.
Here, we showed that ALA regulated root growth probably
by modulating auxin transport (Figs. 2, 3, 4) and biosyn-
thesis (Fig. 5), indicating an interaction between ALA and
auxin in regulating plant root growth.

The function of auxin in regulating root growth of plants
is mostly dependent on its accumulation and distribution
in the root apex, which are mainly controlled by auxin bio-
synthesis and polar transport (Li et al. 2015; Wang et al.
2016). Directional auxin transport is especially important
for distribution of auxin in plant root tips (Grieneisen et al.
2007). In recent years, increasing molecular data have been
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Fig.5 ALA enhances auxin accumulation and response in roots.
Three-day-old seedlings expressing DR5rev:GFP were transferred to
1/2 MS medium with or without 10 mg/L. ALA for another 4 days.
Signals of DRS were observed using a CLSM. a Fluorescence images
representing the abundance of DRS proteins in roots and the images
in the lower right corners are in bright field. Scale bar=50 pm. b
GFP fluorescence intensity of DRS as in a. The fluorescence inten-
sity of the control was set to 100%. e qRT-PCR analysis of YUC2 in
root tips. Asterisk in b and e indicates significant differences between
control and ALA treatment at p=0.05 level. Three-day-old seed-
lings expressing DR5rev: GFP were transferred to 1/2 MS medium

generated on the mechanisms behind auxin transport and
its regulation (Vieten et al. 2007), providing many valuable
chemicals and plant materials for the following research.
In this study, TIBA, an auxin transport inhibitor, inhibited
ALA-induced root elongation (Fig. 2), indicating that a close
relationship between auxin transport and ALA-regulated
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alone, or containing 3 mg/L TIBA with or without 10 mg/L. ALA for
another 4 days. Signals of DR5 were observed using a CLSM. ¢ Fluo-
rescence images representing the abundance of DRS5 proteins in roots
and the images in the lower right corners are in bright field. Scale
bar=50 pm. d GFP fluorescence intensity of DR5 as in ¢. The fluo-
rescence intensity of the control was set to 100%. £ qRT-PCR analysis
of YUC?2 in root tips. In e and f, the expression levels in control roots
were set to 1. The same letters on the bars in d and f indicate no sig-
nificant differences between treatments at p=0.05 level. Values are
the means of n measurements from three independent experiments
(n=30inbandd,n=9 in e and f)

root growth. PIN proteins, the auxin efflux carriers, play cru-
cial roles in regulating the direction of auxin flow, thus they
are very important for auxin-regulated root growth (Blilou
et al. 2005). PIN1 and PIN7 mainly regulate acropetal auxin
transport, while PIN2 specifically influences the basipetal
transport of auxin (Blilou et al. 2005; Ruzicka et al. 2007).
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Fig.6 Effects of ALA on transcript levels of TIRI. a Three-day-
old wild-type seedlings were transferred to 1/2 MS medium with or
without 10 mg/L ALA for another 4 days. b Three-day-old wild-type
seedlings were transferred to 1/2 MS medium alone, or containing

Here, using the auxin transporter reporter transgenic lines
PINI:PINI-GFP, PIN2:PIN2-GFP, and PIN7:PIN7-GFP,
we found that ALA significantly increased the protein lev-
els of PIN1, PIN2, and PIN7 (Fig. 3a, b) and inhibited the
negative effects of TIBA on these PINs (Fig. 4a, b). These
results indicate that ALA not only improves acropetal auxin
transport, but also increases basipetal transport of auxin. The
PIN-mediated regulation of auxin transport and distribu-
tion controls not only cell division, but also cell elongation
(Blilou et al. 2005), two major processes determining root
growth. Therefore, the improved levels of PINs induced by
ALA may contribute largely to ALA-stimulated root growth.
The qRT-PCR experiment showed that ALA enhanced the
expression of PINI, PIN2, and PIN7 (Fig. 3c) and inhib-
ited TIBA-suppressed expression of PINI, PIN2, and PIN7
(Fig. 4c). The changes in transcript levels of PIN2 and PIN7
correlated very well with their protein levels in this study,
indicating that ALA enhances accumulation of PIN2 and
PIN7 proteins mainly through regulating their transcrip-
tion. ALA recovered PIN1 completely at protein level, but
partially at transcript level, indicating that ALA regulates
protein PINT1 at both transcriptional and post-transcription
levels. Except PINs, the influx carrier AUX1 also regulates
auxin distribution in the root (Band et al. 2014). We did
not analyze AUX1 distributions in the root. However, qRT-
PCR analysis showed that ALA enhanced AUX/ expression
under normal condition (Fig. 3d), but did not inhibit TIBA-
decreased AUX1 expression (Fig. 4d). These results indicate
that ALA regulates auxin transport mainly through influ-
encing PIN efflux auxin carriers instead of influx protein
AUX1. Whether ALA affects the members of the multidrug-
resistant P-glycoprotein, another kind of auxin transporters
(Ruzicka et al. 2009; Sassi et al. 2012; Zheng et al. 2011)
needs to be further studied.

0 1 1 1
Control TIBA TIBA+ALA

3 mg/L TIBA with or without 10 mg/L ALA for another 4 days. Total
RNA was isolated from root tips for gqRT-PCR analysis of TIRI. The
expression levels in control roots were set to 1. Values are the aver-
ages of nine measurements from three independent experiments

The process of root organogenesis is controlled by auxin
and maintaining root apical auxin maximum is important
for regulating primary root growth (Koprivova et al. 2010).
Using transgenic Arabidopsis lines that expressing GFP
under the control of auxin-responsive DR5 promoter (Li
et al. 2015), we observed that ALA strengthened auxin-
dependent reporter expression in roots (Fig. 5a—d). These
results indicate that ALA stimulates the auxin accumula-
tion in the root tip, resulting in the better maintenance of
the apical auxin maximum. The accumulation of auxin in
root tips may be caused by the activation of its synthesis
or transport (Koprivova et al. 2010). In the present study,
the improvement of auxin transport by ALA is consistent
with the expression pattern of DRS, suggesting that ALA-
improved auxin transport is a major cause of auxin accu-
mulation. YUC?2 is one of the key genes of auxin biosyn-
thesis (Wang et al. 2016). ALA significantly enhanced the
expression of YUC2. However, compared with TIBA alone,
TIBA and ALA together did not enhance YUC2 expression.
This result is not consistent with the changing expression
pattern of DRS (Fig. 5c, d). These data indicate that ALA-
induced auxin synthesis may not be the major reason for
auxin accumulation in root tips. However, YUCI, YUC2,
YUCS, YUC6, and TAR2 are also the key genes of auxin
biosynthesis (Wang et al. 2016), and we only determined
the expression of one of them. Therefore, the exact impact
of ALA on auxin biosynthesis needs to be further studied.

In plants, the changing auxin levels will be sensed by
auxin perception machinery and result in related changes in
gene expressions, which then contributes to the modulation
of elongation growth (Ljung 2013; Li et al. 2015). TIR1 is a
recognized auxin receptor (Dharmasiri et al. 2005; Scherer
2011). In this study, we found that ALA did not impact the
relative expression of TIRI in root tips (Fig. 6). This result
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indicates that ALA may not mediate auxin responses through
TIR1-mediated auxin signaling at the transcript level. ALA’s
effect on auxin signaling will be further studied at the pro-
tein level in the near future.

In summary, our data demonstrate the effects of ALA on
root growth, and indicate the involvement of auxin responses
in ALA-regulated root growth. Some evidence for ALA-
improved auxin transport and biosynthesis is presented,
providing new insights into the functional mechanisms of
ALA. The direct link between ALA-regulated root growth
and auxin will be further deeply studied in the future.
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