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Regulation of root architecture is essential for maintaining plant growth under adverse
environment. A synthetic abscisic acid (ABA)/stress-inducible promoter was designed to control
the expression of a late embryogenesis abundant protein (HVA1) in transgenic rice. The
background of HVAT1 is low but highly inducible by ABA, salt, dehydration and cold. HVA1 was
highly accumulated in root apical meristem (RAM) and lateral root primordia (LRP) after ABA/
stress treatments, leading to enhanced root system expansion. Water-use efficiency (WUE) and
biomass also increased in transgenic rice, likely due to the maintenance of normal cell functions
and metabolic activities conferred by HVA1 which is capable of stabilizing proteins, under
osmotic stress. HVA1 promotes lateral root (LR) initiation, elongation and emergence and
primary root (PR) elongation via an auxin-dependent process, particularly by intensifying
asymmetrical accumulation of auxin in LRP founder cells and RAM, even under ABA/stress-
suppressive conditions. We demonstrate a successful application of an inducible promoter in
regulating the spatial and temporal expression of HVA1 for improving root architecture and
multiple stress tolerance without yield penalty.

Introduction

Plant root architecture is essential for water and nutrient uptake,
anchorage and interactions with microbes in the soil, functions
that impact growth rate, yield and abiotic stress tolerance. Root
branching is enhanced by both water and nutrient deficiencies,
and such root developmental plasticity offers one of the major
acclimation strategies for plants to adapt to limited supplies of
water and nutrients in the soil (Lopez-Bucio et al., 2003; Potters
et al., 2007). Understanding the mechanism regulating root
architecture is of great agronomic importance; for example, the
majority of drought-resistant rice varieties have a deeper and
more highly branched root system than drought-sensitive varie-
ties (Price et al., 1997; Uga et al, 2013). However, detailed
mechanisms underlying how environmental cues regulate root
architecture remain mostly unclear.

Studies in Arabidopsis have significantly advanced our knowl-
edge of mechanisms controlling root development (Lavenus
et al.,, 2013; Malamy, 2005; Peret et al.,, 2009; Potters et al.,
2007); however, similar studies in cereals are relatively limited
(Coudert et al.,, 2010). Unlike Arabidopsis, in which the PR
iteratively branches to generate several orders of lateral roots, the

cereals have several types of branched roots including shoot-born
crown roots and root-born lateral roots. Although several
homologous genes that play similar roles regulating root forma-
tion between Arabidopsis and cereals have been identified,
distinct hormonal and developmental pathways have also been
identified in cereals (Orman-Ligeza et al., 2013). Auxin acts as a
common integrator for many endogenous and environmental
signals regulating LR development in both dicots and monocots
(Lavenus et al., 2013; Orman-Ligeza et al., 2013). In Arabidopsis,
ABA stimulates main root elongation in response to drought and
osmotic stresses, yet ABA and auxin signals seem to act
antagonistically during LR initiation, with ABA acting as a
repressor while auxin as a promoting agent (De Smet et al.,
2006). However, low ABA concentrations have also been shown
to be promotive in root development in rice and Arabidopsis (Xu
et al., 2013). Both auxin and ABA play essential roles regulating
root development, but how they interplay to regulate root
development in response to abiotic stress is unclear neither.

The current global climate changes tend to shift weather to
more extreme variations, which aggravate the world crop
productivity that has already plateaued (Lucas, 2003). Rice is
the major dietary staple for nearly half of humanity. However, of
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the 130 million hectares of rice lands, close to 30% is affected by
drought (Tuong and Bouman, 2003), 20% by salinity (Negrao
etal, 2011) and 10% by low temperature (Sthapit and
Witcombe, 1998). The development of new strategies for
breeding rice with tolerance to multiple stresses that still maintain
high productivity remains an important subject of research.
Over-accumulation of osmoprotectants or proteins has been
widely pursued as effective strategies in improving plant stress
tolerances (Ahuja et al., 2010; Bartels, 2001; Ho and Wu, 2004;
Yamaguchi-Shinozaki and Shinozaki, 2006). However, under
normal environmental conditions, constitutive overproduction of
these compounds or proteins consumes extra energy and often
results in plant growth retardation and yield penalty (Dubouzet
et al., 2003; Hsieh et al., 2002; Kasuga et al., 1999). To minimize
such negative effect while still improving stress tolerance of
plants, there is promise in inducible promoters that control the
accumulation of an osmoprotectant or a protein, ensuring that
stress tolerance mechanisms are initiated only under stress
conditions (Garg et al.,, 2002; Kasuga et al., 1999; Lee et al.,
2003; Morran et al., 2011).

Late embryogenesis abundant (LEA) proteins are highly accu-
mulated in seeds at the onset of desiccation and in plant vegetative
tissues in response to water deficit (Dure, 1992). HVAT is a group 3
small LEA protein specifically expressed in barley seeds during late
stages of seed development undergoing desiccation and is rapidly
induced in young barley seedlings, especially in roots, by abiotic
stresses (Hong et al., 1992). Expression of the rice HVAT homo-
logue, LEA3, is also highly induced in roots of rice seedlings in
response to ABA and salt (Moons et al., 1997). HVA1 contains an
11-amino acid consensus motif that is repeated nine times,
potentially forming an amphipathic a-helical dimer suitable for
accommodating positively and negatively charged ions, and has
therefore been proposed to function in sequestering ions (Dure,
1993). Most LEA proteins belong to a class of proteins called
hydrophilins that are proposed to exist as unstructured proteins in
aqueous solutions and thus function in protecting cells from
damages caused by water limitation (Olvera-Carrillo et al., 2011).
Many in vitro experiments have demonstrated that LEA could
prevent the inactivation of enzymes and aggregation of proteins or
maintain the functional membrane structure under dehydration
and freeze-thaw conditions (Battaglia and Covarrubias, 2013).
Overexpression of a soybean LEA3 confers high salt and extreme
temperature tolerance in E. coli (Liu et al., 2010). A shrimp LEA3-
like protein confers enhanced viability in Drosophila melanogaster
cells after desiccation and hyperosmotic stress (Marunde et al.,
2013). Ectopic expression of HVA1 also protects plants against
drought, salt and osmotic stresses in various monocot and dicot
plant species (Baena-Gonzalez et al., 2007; Battaglia and Cova-
rrubias, 2013; Nguyen and Sticklen, 2013; Xu et al., 1996);
however, the mechanism related to HVA1 conferring stress
tolerance in transgenic plants is unknown.

Many ABA-inducible promoters contain a conserved ABA
response element (ABRE) with an ACGT core and a coupling
element (CE) forming an ABA response complex (ABRC) (Shen
et al.,, 1993). Single and multiple copies of ABRC1 from the
HVA22 promoter have been used to manipulate stress-inducible
gene expression and stress tolerance in transgenic rice and
tomato (Garg et al., 2002; Lee et al., 2003), but high background
of transgene expression is present under nonstress conditions
(Garg et al., 2002).

In this study, an ABRC-based synthetic composite promoter
3XABRC321 was designed with minimal background activity but

capable of conferring spatial and temporal activation of trans-
gene expression under stress conditions. Ectopic expression of
3xABRC321:HVAT led to a significant increase in the expansion of
primary and branch root systems in response to ABA/stress and
thus enhanced tolerance to drought, salt and cold stresses and
WUE in transgenic rice. HVA1 was found to promote auxin
accumulation in meristematic tissues that initiate LR and PR
growth through an auxin-dependent process despite the pres-
ence of ABA, indicating that the ABA-mediated environmental
signal crosstalks with the auxin-mediated developmental signal to
regulate root architecture.

Results

The synthetic promoter ABRC321 has low
background activity but is highly inducible by
ABA and abiotic stresses in transgenic rice

ABRC321 was generated by fusion of CE and ABRE from HVAT
and HVA22 promoters (Shen et al., 1996) (Figure 1a). The
reporter GUS was fused downstream of 1-3 tandem repeats of
ABRC321 promoter (Figure S1a) and used for rice stable
transformation. The GUS activity in leaves and roots controlled
by 3xABRC321 had relatively low background but was highly
inducible by ABA (Figure S1c).

The 3xABRC321 promoter was then used to control the
expression of HVA1 (Figure S1b) in transgenic rice. The expression
of 3xABRC321:HVA1 was induced in leaves and roots of
transgenic seedlings, with levels generally higher in roots, and
the expression of endogenous LEA3 was also induced in roots of
wild-type (WT) rice (Figure 1b). The accumulation of HVAT1 in
seedlings was induced and increased with time up to 20 h under
ABA, NaCl, cold and dehydration treatments (Figure 1c), but
decreased gradually after relief from these stresses (Figure 1d).
The half-life of HVA1 was estimated to be 78.7 and 157.8 h, in
contrast to that of tubulin to be 60.1 and 46.3 h, in the absence
and presence of ABA, respectively (Figure 1e). These studies
indicate that both enhanced mRNA transcription and protein
stability of HVA1 may account for the high-level accumulation of
HVAT1 in response to ABA and abiotic stresses.

3xABRC321:HVA1 enhances root growth in
transgenic rice under low ABA concentrations
and osmotic stress

Rice contains seminal, crown and LRs (Figure S2). Crown roots of
transgenic rice were longer, and LR numbers were greater in
transgenic lines than in WT even without ABA and were further
increased by 0.1 pm ABA in transgenic lines (Figure 2a,b). Although
LRs became shorter and thicker and LR density decreased with ABA
concentrations exceeding 0.5 pwv, all roots in transgenic plants
were still longer and LR number and density greater than WT at all
ABA concentrations (Figure 2a,b).

Transgenic seedlings were also treated with 400 mwm sorbitol,
which mimics osmotic stress. LR number and density of crown
and seminal root in transgenic lines were increased with sorbitol
(Figure 3a). All roots in transgenic lines were longer and had
higher LR density than those of WT with sorbitol and in transgenic
lines were all longer and LR density higher with sorbitol
(Figure 3b). Transgenic lines also have higher dry and
fresh weights in shoots and roots than WT with sorbitol
(Figure 30).

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 13, 105-116



(a) ABRGSZ1 CE3—|— A2 ] — CE1 . |

ggtaccGCAACGCGTGTCCTCCCTACGTGGCGGetcgagATTGCCACCGGEtctaga
ccatggCGTTGCGCACAGGAGGGATGCACCGCCgagectcTAACGGTGGCCagatet

Kpn | Xho | Xba
(b) WT  T27 T-32 T-33
ABA — + — + — % — +
Lane 1 2 3 4 5 6 7 8
Leaf e e .:
Root . - - .:
(©_ (d)
Time(th) 0 1 2 4 8 20 Time (h) +24 +48 +72
ain ABA W, -
ABA - ABQ Water | am- wne
NaCl Wat . -
NaCl - - g = | .
Cold (4" 28‘_c| ;
Cold - CdEQ -
Dehydration | Dehydration Water -

(8) +aBA __ABA +cCHX +ABA _ +ABA + CHX

100 M~ e .

100

L Y

Sp———

50

ol ol
24 48 T2 24 48 72

O rHVA1 protein half life: 78.7 h 0 rHVA1 protein half life: 157.8 h
M Tubulin protein half life: 60.1 h M Tubulin protein half life: 46.3 h

Figure 1 3xABRC321-HVAT is highly inducible by abiotic stress, and the
half-life of HVA1 is enhanced by ABA in transgenic rice. Ten-day-old
seedlings of Tainung 67 transgenic lines were treated with various abiotic
stresses. Total proteins were extracted from leaves and subjected to
protein gel blot analysis using the antibarley HVA1 and anti-a-tubulin
antibodies. (a) Nucleotide sequence of ABRC321. (b) Seedlings were
treated with or without 10 um ABA for 24 h. Triangle indicates the 27-kD
HVA1, and dot indicates a smaller protein of 22 kD which was likely the
degradation form of HVA1. (c) Seedlings were treated with 10 um ABA,
200 mm NaCl or dehydration (slow air dry) at 28 °C or with cold (4 °C) for
various lengths of time. (d) Seedlings were treated with various stresses for
20 h and then transferred to water at 28 °C for indicated time. Five
seedlings were used for each treatment at each time point in (b)—(d).

(e) Seedlings were incubated with 10 um ABA for 20 h to allow the
accumulation of HVAT1, and then, seedlings were transferred to freshwater
containing 200 pm cycloheximide (in 100% EtOH) with or without 10 um
ABA for up to 72 h. Levels of HVA1 shown in the protein gel blot were
quantified densitometrically. The relative HVA1 and a-tubulin levels were
then determined by a linear regression analysis, and the graph was plotted
using a linear regression algorithm in Excel. The half-life of HVA1 and
tubulin was estimated using equations derived from the linear regression
analysis.

To determine whether HVA1 promotes LR initiation and/or
elongation, roots of seedlings treated with 0.2 pm ABA were
examined. The number of LRPs was reduced but that of LRs
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increased in root regions 5.5-7.0 cm and 3.0-4.5 cm from root
tips in transgenic lines as compared with WT, indicating that the
majority of LRPs initiated were elongated in transgenic lines
(Figure 4a,b). The number of LRPs and elongated LRs were both
greater in region 0-1.5 cm from the root tip in transgenic lines
than in WT (Figure 4a,b).

3xABRC321:HVAT1 confers abiotic stress
tolerance and promotes WUE in transgenic rice
without apparent yield penalty

The tolerance to various abiotic stresses in transgenic rice was
tested. With prior acclimation with 150 mm NaCl for 1 week,
Tainung 67 transgenic lines displayed higher tolerance to 250 mm
NaCl than WT, with survival rates 65-100% for five transgenic
lines and only 5% for WT (Figure 5a). Kitaake was more sensitive
to drought than Tainung 67 and used in the drought experiment.
Although all plants displayed symptoms of leaf rolling and drying
under drought, transgenic leaves recovered better than WT after
rewatering, with survival rates 58-100% for six transgenic lines
and only 25% for WT (Figure 5b). At 4 °C for 3 days, leaves of all
plants rolled and dried, but leaves of Tainung 67 and Kitaake
transgenic lines opened rapidly and continued to grow at 28 °C
(Figure 50).

Transgenic Tainung 67 and Kitaake expressing HVA1 were
treated with sorbitol to induce root growth, and WUEs were
determined. Although transgenic lines consumed higher amounts
of water, they produced even more biomass compared with WT
and thus had higher WUEs (Figure 6a). The performance of
transgenic plants was further evaluated in fields. For three
separate growing seasons, grain yields in transgenic lines were
virtually the same as WT in irrigated fields (Figures 6b and S3).
Kitaake was more sensitive to drought than Tainung 67, and
therefore, only Kitaake was evaluated in nonirrigated fields. The
result indicates that the grain yield in transgenic Kitaake was
generally higher than WT in nonirrigated fields (Figures 6b and
S3).

3xABRC321:HVAT has similar tissue-specific and
ABA-inducible expression patterns to the
endogenous LEA3 in transgenic rice roots

The expression pattern of HVA1 and the rice LEA3 in WT and
transgenic roots was examined by immunocytochemistry assays
using antibodies that recognize HVA1 and LEA3. The accumula-
tion of LEA3 in WT and HVAT in transgenic rice was barely
detectable in roots without ABA, but was significantly increased
in endodermis and pericycle (En/P) with ABA induction (Figure 7a
and Figure S4a). LEA3 and HVA1 were also detected in LRP and in
stele and RAM, and levels enhanced by ABA (Figure 7a and Figure
S4a). The similarity in expression patterns between HVA1 and
LEA3 is likely due to sharing of three cis-acting elements in
promoters (Figure S4b). HVAT was also detected in the cortex and
exodermis overlaying the developing LRP in WT and transgenic
lines treated with ABA if the antibody fluorescence signals were
enhanced (Figure 7b and Figure S5).

The expression pattern of 3xABRC321:GUS was examined in
transgenic  roots. GUS was barely detectable without
ABA, but was detected at high levels mainly in En/P, founder cells
of LRP and RAM after ABA induction (Figure 7c,d). GUS was
also detected in the cortex and exodermis overlaying the
developing LRP, and LR growth emerged through the
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Figure 2 3xABRC321:HVAT enhances root growth in transgenic rice under low ABA concentrations. Three-day-old seedlings of three Tainung 67 (T)
transgenic lines expressing 3xABRC321:HVAT were transferred to MS medium containing various concentrations of ABA for 14 days. (a) Root morphology.
(b) Relative root length, LR number and LR density of seminal root (right panel) and crown root (left panel) were determined. Error bars represent SD (n=9).
Significance levels with the t-test: *P < 0.05, **P < 0.01, ***P < 0.001. Relative root length and LR number of seminal roots mean length of roots
elongated and root developed, respectively, after transfer to medium containing various concentrations of ABA.

centre of the GUS-expressing cortex—exodermis region (Figure 7c,
d).

3xABRC321:HVA1 and ABA promote root
growth in transgenic rice through an auxin-
dependent process

The amount and direction of auxin flow in the root determine
both the positioning and frequency of LR initiation (Himanen
et al., 2002; Orman-Ligeza et al., 2013). As HVA1 and low
concentrations of ABA promote the initiation of LRP (Figure 4),
we first determined whether auxin is necessary for the HVA1- and
ABA-induced root growth. Seedlings were treated with ABA plus
or minus the polar auxin transport inhibitor N-(1-naphthyl)
phthalamic acid (NPA) (Reed et al., 1998). As compared with
the WT, without any treatment, crown roots and LRs were more
abundant in transgenic lines (Figure 8a), and with 0.2 uv ABA,
seminal and crown roots were significantly longer and LRs were
more abundant in transgenic lines (Figure 8b). With NPA, the
growth of all types of roots was inhibited (Figure 8c). With both
ABA and NPA, the growth of crown roots and LRs was still
inhibited, but that of seminal roots continued to extend, with
length twice longer than that with NPA alone in transgenic lines
(Figure 8d).

PIN-FORMED (PIN) proteins are auxin efflux transporters, and
auxin gradient in roots, which depends on the PIN-driven polar
auxin transport, is required for the establishment of LRP in both
dicots and monocots (Benkova et al., 2003; Petrasek and Friml,
2009). The expression of PINs and a few other proteins that
are known to be related to root growth was then examined.
The accumulation of PINTb, PIN2 and PIN9 mRNAs was higher
in transgenic roots than in WT and was all further enhanced by
ABA (Figure 8e). Levels of mRNA of three cell cycle regulatory
genes, CY(CBI1.1, CYCB2.1 and CYCB2.2, and the auxin-
inducible Crown Rootless 1 (CRL1) essential for crown root
and LR growth in rice (Inukai et al., 2005) were also higher and
further enhanced by ABA in roots of transgenic lines
(Figure 8e).

3xABRC321:HVA1 and ABA enhance
asymmetrical localization of auxin in LRP
founder cells and auxin accumulation in RAM in
transgenic rice

DR5:GUS is a widely used marker for estimating endogenous
auxin levels (Ulmasov et al., 1997). To determine whether the
local distribution of auxin is affected by ectopic expression of
HVA1 or by ABA, WT rice and transgenic rice carrying 3XA-
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Figure 3 3xABRC321:HVAT enhances root growth in transgenic rice
under osmotic stress. Three-day-old seedlings of three Tainung 67 (T)
transgenic lines expressing 3xABRC321:HVAT were transferred to MS
medium containing 400 mm sorbitol for 11 days. (a) Root morphology.
(b) Root length, LR number and LR density of crown roots (left panel) and
seminal roots (right panel) were determined. The white dashed line
indicates the position of root tips of most plants in WT. (c) Dry and fresh
weights of shoots and roots of seedlings in (b) were determined. Error bars
represent SD (n = 12). Significance levels with the t-test: *P < 0.05,

**p < 0.01, ***P < 0.001.

BRC321:HVAT were further transformed with the DR5:GUS
construct, generating transgenic lines DR5:GUS and HVA1 DR5:
GUS. In crown roots without ABA, GUS expression in both lines
was visible along the En/P and at the founder cells of LRP and LR
and in RAM (Figures 9a,b, S6a and S7). With ABA, GUS
expression in line DR5:GUS was reduced or became hardly
detectable, but was enhanced in line HVA1 DR5:GUS (Figures 9a,
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Figure 4 3xABRC321:HVAT enhances root initiation and elongation in
transgenic rice treated with ABA. Three-day-old seedlings of three Tainung
67 (T) transgenic lines expressing 3xABRC321:HVAT were transferred to
MS medium containing 0.2 uM ABA. (a) Crown roots were treated with
75% ethanol, and LRP and extended LR in three segments (0-1.5 cm, 3.0—
4.5 cm and 5.5-7.0 cm from the root tip) were examined. Upper panel:
wild type. Lower panel: transgenic line T-36. Arrowhead indicates LRP.
(b) The number of LRP and extended LR in (a) was quantified. Error bars
represent SD (n = 12). Significance levels with the t-test: *P < 0.05,

**p < 0.01, ***P < 0.001.

b, S6b and S7). The asymmetrical accumulation of GUS in LR
founder cells was significantly reduced in line DR5:GUS, but was
particularly high in line HVAT DR5:GUS with ABA (Figure 9c and
Figure S8).

Discussion

A major challenge in modern agricultural biotechnology is
designing a transformation cassette enabling the precise tem-
poral and spatial expression of transgene expression at appro-
priate levels to facilitate growth and enhance abiotic stress
tolerance in crops. In this study, we demonstrated that
3XxABRC321 functions as a molecular switch to keep low basal
level of HVA1 under normal growth conditions, but confers a
high level of expression upon induction by ABA, drought, salt
and cold stresses in transgenic rice. Moreover, the expression of
3XABRC321:HVAT successfully improves root architecture and
enhances tolerance to various abiotic stresses and WUE in
transgenic rice with no vyield penalty in irrigated fields and
higher yield in nonirrigated field as compared with the WT
(Figure 6b).
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Transgenic rice and bent grass overexpressing HVA1 maintain
higher leaf relative water content (RWC) and exhibit significantly
less leaf wilting than WT and bent grass under drought stress
(Babu et al., 2004; Fu et al., 2007). Transgenic mulberry overex-
pressing HVA1 also shows higher plasma membrane stability than
wild type under salinity or water stress (Lal et al., 2008). We
observed enhanced expression of three cell cycle regulatory genes
by ABA in roots of HVA1 transgenic lines (Figure 8e). These
studies suggest that HVAT transgenic rice may have greater
water-holding capacity and RWC, thus be able to maintain
photosynthesis and/or metabolic functions under drought condi-
tions. All these metabolic activities eventually led to more active
transpiration and growth, contributing to increased total biomass
under water stress conditions.

The increase in root growth in HVA1 transgenic rice treated
with ABA was resulted from the enhancement of LR initiation and
elongation (Figure 4), and the process was auxin dependent
based on two observations. First, the HVA1- and ABA-promoted

' A
& &P
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Survival (%) - - - - - - - 75 5 84 25 5 84

250 mM NaCl for 2 weeks

Figure 5 3xABRC321:HVAT confers abiotic

100 stress tolerance. (a) Ten-day-old seedlings of

Tainung 67 transgenic lines grown in soil were
treated with 150 mm NaCl for 1 week and then
250 mm NaCl for 3 weeks. (b) Ten-day-old
seedlings of Kitaake transgenic lines grown in soil
were subjected to four cycles of complete dry
(dehydration) and rewatering (wetting)
treatments. Twenty seedlings per line were used
for each treatment, and survival rates were
determined by counting number of plants that
grew when experiments were terminated in

(@) and (b). (c) Ten-day-old seedlings of Tainung
67 (left panel) and Kitaake (right panel) transgenic
lines grown in hydroponic solution at 28 °C were
transferred to 4 °C incubator for 3 days and then
shifted back to 28 °C for another 5 days. Survival
rates were determined by counting number of
plants that grew when experiments were
terminated. Twenty seedlings per line were used
for each treatment.

root elongation and LR growth in transgenic rice were inhibited
by the auxin transport inhibitor NPA (Figure 8a,b,c,d). Second,
the expression of genes encoding several auxin transporters,
auxin-dependent cell cycle regulators and positive regulator of
crown and LR growth in rice was all increased in transgenic rice
and levels further enhanced by ABA (Figure 8e). In the presence
of ABA, seminal roots overexpressing HVA1 were less sensitive to
NPA inhibition (Figure 8d), suggesting that HVA1 promotes
seminal root elongation even with reduced endogenous auxin
levels.

In Arabidopsis, auxin is considered a key inducer, while ABA
acts as an repressor of LR development (Peret et al., 2009).
However, physiological concentrations of ABA seem to induce
LRP, as an ABA-insensitive mutant, abi3, has a reduced LRP
formation in the presence of auxin (Brady et al., 2003). In maize,
ABA accumulates rapidly in roots under water stress, and an
increase in ABA levels at the root tip is necessary for maintaining
PR elongation at low water potentials (Yamaguchi and Sharp,
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Figure 6 3xABRC321:HVAT promotes WUE in transgenic rice without
apparent yield penalty. (a) Three-day-old seedlings of Tainung 67 (T) and
Kitaake (K) transgenic plants were treated with two cycles of 250 mm
sorbitol (3 days) and water (5 days) to induce root growth. Seedlings were
then grown in Yoshida solution and transferred to the same amount of
fresh solution every 2 days. Total water consumption was measured up to
19 days. Whole-plant dry weights, with two sets of same numbers

(n = 12) of plants, before and after 19 days were measured. Upper panel:
increased plant dry weights. Middle panel: total water use. Lower panel:
WUE determined by dividing total increased plant dry weight by total
water use. Error bars represent SD. (b) Tainung 67 (T) and Kitaake
transgenic lines were grown in nonirrigated fields in the fall (August to
December) of 2011 and in irrigated fields in the spring (March to July) of
2012 and 2013. Grain yield was determined after harvest. Error bars
represent SD (n = 10). Significance levels with the t-test: *P < 0.05,

**p < 0.01, ***P < 0.001, ****P < 0.0001.

2010). In rice, the effect of ABA on root growth appears to be
concentration dependent. A low concentration of ABA, 0.1 um,
has been shown to induce root development with enhanced PR
elongation and higher root hair density in rice and Arabidopsis
(Xu et al., 2013). We also found that 0.1 um ABA enhanced PR
elongation and LR growth in both WT and HVA1 transgenic line
(Figure 2). Interestingly, 0.2 pum ABA repressed PR elongation and
LR growth in WT but enhanced those in HVA1 transgenic line

Inducible expression of HVA1 promotes root growth 111

(Figure 4 and compare Figure 8a with Figure 8b). ABA concen-
trations higher than 0.5 pm inhibited crown root and LR growth,
but less inhibitory to seminal root elongation, and enhanced root
thickness in both WT and HVA1 transgenic rice (Figure 2). Hence,
ABA treatment may mimic low water potentials or osmotic stress
in dehydrated soils, with low concentrations inducing entire root
system for increasing root surface for more efficient water
uptake, while high concentrations repressing branched roots and
promoting root thickness and thus facilitating downwards root
growth.

The growth of LRs and PRs was increased in transgenic rice
without any hormone or stress treatment (Figure 2). Neither
typical auxin response element is found in ABRC327 nor
treatment of 2,4-D or IAA activates 3xABRC321:GUS expression
in transgenic rice. It is likely that the endogenous ABA activates
3XxABRC321 to confer low level of HVA1 expression in roots to
initiate LRP and PR growth. Exogenous application of low
concentrations of ABA or sorbitol elevated the expression of
3XABRC321:HVAT, leading to more significant increases in root
growth.

For a long time, LEAs have represented an enigma in plant
biology. The lack of similarity to other proteins of known
functions and their high structural flexibility has hampered the
research progress regarding the mechanism by which LEAs
impact plant growth under abiotic stresses. LEA3 has been
shown to be necessary for lateral root growth in Arabidopsis
(Salleh et al., 2012). In the present study, we observed that HVA1
promotes the accumulation of auxin in LRP and RAM in the
presence of low concentrations of ABA. The auxin-responsive
reporter DR5:GUS revealed that the asymmetrical accumulation
of the auxin maxima at the founder cells of LRP and in RAM was
suppressed by 0.2 um ABA in transgenic line DR5:GUS but
enhanced in line HVAT DR5:GUS (Figure 9). This result is
consistent with the induction of PR and LR growth by 0.2 pm
ABA in HVA1 transgenic lines but repression in WT (Figure 8b).
The expression of 3xABRC321:GUS and DR5:GUS was partially
co-localized in tissues essential for LR and PR growth (Figures 7
and 9), indicating that the ABA-induced 3xABRC321:HVAT
expression plays a positive role in determining the positioning
and frequency of LR initiation by altering the amount and/or
transport direction of auxin.

The asymmetric accumulation of auxin during plant develop-
ment could be regulated at the level of biosynthesis, degradation,
metabolism or transport (Petrasek and Friml, 2009). PINs are
localized in the plasma membrane (Benkova et al., 2003). As
aforementioned, HVA1/LEA3 may stabilize proteins or maintain
the functional membrane structure under abiotic stresses. Con-
sequently, HVA1 may stabilize PINs in the presence of ABA or
under abiotic stress. Alternatively, HYA1 may modulate the auxin
homeostasis, for example biosynthesis, metabolism and transport,
by stabling important proteins involved in these processes. This
notion is supported by the result showing that the accumulation
of PINTb, PIN2 and PIN9 mRNAs was higher in transgenic roots
than in WT, and levels of all of these mRNAs were further
enhanced by ABA (Figure 8e).

It is interesting to note that LEA3, 3xABRC321:HVAT and
3XABRC321:GUS were all expressed in cortical and exodermal
cells overlaying the developing LRP (Figure 7b,c,d), indicating that
a local inductive signal was transmitted to cells involved in the
early commitment stage of LR development. These cells seem to
precisely guide and facilitate the LR to push through several cell
layers and emerge out of the root surface. These studies
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3xABRC321:HVA1 (D)

FORT  F  FT

Figure 7 3xABRC321:HVAT has similar tissue-specific and ABA-inducible expression patterns to the endogenous Lea3 in transgenic rice roots. (a) Ten-day-
old seedlings of 3xABRC321:HVAT transgenic line (T-33) were treated with or without 10 pm ABA for 16 h, and roots were sectioned for
immunohistological fluorescence assay of LEA3 and HVA1. F: image of fluorescence field. F+T: composite images of fluorescence and transmission fields.
For quantitative data of image intensity, see also Figure S4a. (b) Fluorescence images of root longitudinal and cross sections of WT and transgenic lines as
prepared in (a) showing expression of LEA3 and HVA1 in cortex and exodermal cells overlaying the LRP as indicated by the asterisk. The image of
fluorescence has been enhanced. For original images, please see also Figure S5. (c) Three-day-old seedlings of transgenic lines were treated with 0.2 um
ABA for 11 days, and roots were stained for GUS expression. (d) Roots in (c) were sectioned and stained for GUS expression. Asterisk indicates that GUS
was also expressed in cortex and exodermal cells overlaying the LRP in (c) and (d). Arrows indicate LRP. Scale bars: 100 um. Abbreviation: C: cortex; En:

endodermis; Ex: exodermis; P, pericycle.

demonstrated the multiple roles of HVAT and ABA in promoting
LR initiation, elongation and emergence, likely through distinct
regulatory pathways.

In summary, our studies demonstrate that 3xABRC3217 is an
ideal promoter for introducing HVA1 into breeding programs to
improve cereals and possibly dicot crops for improvement of
tolerance to a wide array of abiotic stresses without an apparent
yield penalty. Future studies on mechanisms that regulate the
crosstalk between ABA and auxin signals and the function of
HVA1/LEA3 in regulating auxin accumulation and/or transport
and root growth should facilitate engineering of root architecture
for sustainable crop production under stressful environments.

Experimental procedures
Plant materials

Rice cultivars Oryza sativa L. cv Tainung 67 and Oryza sativa L. cv
Kitaake were used for all experiments. Plasmid was introduced
into Agrobacerium tumefaciens strain EHA101, and rice trans-
formation was performed as described (Chen et al., 2002).
Homozygous transgenic lines were used in all experiments. For
observation of root growth, transgenic rice seeds were germi-
nated on the surface of half-strength MS medium without sugar
but with or without ABA or sorbitol. For stress treatment,
transgenic seeds were germinated in water for 5 days and
transferred to soil unless otherwise indicated. For hydroponic
culture, Yoshida solution was used. Seedlings were normally
grown in 28 °C incubator with 12-h daily light.

Plasmids

Plasmid pAHC18 contains the luciferase (Luc) cDNA fused
between the Ubi promoter and the Nos terminator (Bruce
et al., 1989). Plasmid MP64 contains the barley Amy64 minimal
promoter (—60 relative to the transcription start site) and its 5
untranslated region (+57 relative to the transcription start site),
HVA22 intron1-exon2-intron2, the GUS coding region and the
HVA22 3' untranslated region (Shen and Ho, 1995). Plasmid
QS115 contains a copy of HV/A22 ABRC1 fused upstream of the
Amy64 minimal promoter in plasmid MP64 (Shen and Ho,
1995).

Plasmid construction

Two 56-bp complementary oligonucleotides containing the CE3
and A2 elements from the HVAT promoter and the CE1 element
from the HVA22 promoter (Shen et al., 1996) and restriction sites
Kpnl, Xhol and Xbal were synthesized, annealed and designated
as ABRC321 (Figure 1a). ABRC321 was self-ligated in two or
three copies in correct orientations. For expression of GUS under
the control of ABRC321, 1-3 copies of ABRC321 were inserted
into the Xbal site in MP64, so that the ABRC327 was fused
upstream of the barley Amy64 minimal promoter, generating
constructs 7xABRC321-GUS, 2xABRC321-GUS and 3xABRC321-
GUS (Figure S1a). For expression of HVAT under the control of
3xABRC321, GUS <DNA in construct 3xABRC321-GUS was
replaced with HVAT cDNA, generating construct 3xABRC321-
HVAT (Figure S1b).
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Figure 8 3xABRC321:HVAT and ABA promote (e)
root growth in transgenic rice through an auxin-
dependent process. Three-day-old seedlings of
3XABRC321:HVAT transgenic line (T-33) were
transferred to MS medium containing ABA and/or
NPA for 11 days, and root morphology was
examined. (a) Medium only, (b) 0.2 pum ABA only,
() 1 um NPA only and (d) 0.2 pm ABA plus 1 pv
NPA. Red dots indicate starting points of root
growth after transferring to medium containing
ABA and/or NPA. (e) mRNAs from roots of
seedlings prepared in (b) were subjected to
quantitative real-time RT-PCR analysis of indicated
genes.
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GUS activity staining

Sections of leaf and root from 10-day-old seedlings were cut
with Microslicers DTK-1000 (TED PELLA, Inc., Redding, CA),
incubated in water containing or lacking 10 um ABA at 28 °C
for 24 h and subjected to histochemical staining with a buffer
(0.1 m NaPQO4, pH 7.0, 10 mm EDTA, 0.1% Triton X-100,
0.5 mm potassium ferricyanide, pH 7.0, and 1 mm X-glucuro-
nide) at 37 °C as described (Jefferson, 1987). After GUS
staining, leave samples were incubated in 70% ethanol at
65 °C for 1 h to remove chlorophyll.

Immunohistological fluorescence staining

Tissue localization of HVA1 was examined by modification of a
described method (Long et al., 2006). Rice roots were fixed with
2% paraformaldehyde (w/v) in 0.1 m NaPO4 buffer, pH 7.0, and
then embedded in 5% agar. Sections were sliced to 30 um
thickness using Microslicers DTK-1000 and incubated in PBS
buffer containing 0.3% (v/v) Triton X-100 (PBS-T). The nonspecific
reaction was blocked with 5% (w/v) bovine serum albumin in
PBS-T. Samples were then incubated with purified rabbit
antibarley HVA1 polyclonal antibodies and subsequently with
secondary antibodies (Alexa Fluor 555 goat anti-rabbit IgG;
Molecular Probes). Samples were examined with a laser scanning
confocal microscope (LSM510 META,; Zeiss).
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Measurement of roots

Rice branched roots could be classified into three types (Supple-
mentary Fig. 3a): seminal roots, also called radical, are the first
root emerging during germination; crown roots emerge from the
node of coleoptile; and lateral roots branch from the above two
types of roots and can bear additional large or small lateral roots
until the fifth order of branching. The number of each type of
roots was measured by simple counting. Root length was
measured, the number of roots was counted, and lateral root
density was determined by dividing lateral root number by root
length. Error bars represent SD (n = 12). Significance levels with
the t-test are as follows: * P < 0.05, ** P < 0.01, *** P < 0.001.

Dehydration of seedlings

For dehydration tests, 10-day-old seedlings were planted in small
pots containing 330 g of soil, grown in a 28 °C chamber and
slowly air-dried for 6 days. Pots were then transferred to a bigger
container and rewater until soil was completely submerged in
water.

Field trial

To evaluate grain yield and biomass production in the field, 25-
day-old seedlings were transplanted to a field with 25 x 25 cm
of space between each plant. The irrigated field was flooded with
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DR5:GUS

()  DR5:GUS HVA1 DR5:GUS
ARA + AR

Figure 9 3xABRC321:HVAT and ABA enhance asymmetrical localization
of auxin in LRP founder cells and auxin accumulation in RAM in transgenic
rice. Three-day-old seedlings of transgenic lines DR5:GUS and HVAT DR5:
GUS were transferred to MS medium with (+) or without (=) 0.2 um ABA
for 11 days, and roots were stained for GUS expression in LR founder cells
and RAM, treated with ethanol and examined under a microscope.

(a) GUS expression in line DR5:GUS was suppressed by ABA. (b) GUS
expression in line HYA1 DR5:GUS was enhanced or maintained with ABA
treatment. For more images of LR founder cells and RAM stained with
GUS, see also Figures S6 and S7. (c) Asymmetrical localization of GUS was
suppressed in line DR5:GUS but enhanced or maintained in line HVAT
DR5:GUS with ABA treatment. Scale bar: 100 um. For images of entire
root cross sections, see also Figure S8. Abbreviation: C: cortex;

Cc: companion cells; En: endodermis; Ex: exodermis; P, pericycle.

1-5 cm of water (soil water content 37%, v/v) until the end of
active tillering stage (30-40 days after transplanting). Water was
then drained (soil water content 27%, v/v) for 10-15 days at late
tillering stage and flooded again with 3—10 cm of water until the
milky stage. Soil in the nonirrigated field was kept moist (soil
water content 20~25%, v/v) by intermittent irrigation during the
entire planting period. Soil water content was measured using a
Theta probe and meter (models ML2x and HH1, Delta-T devices,
Cambridge, UK) (Ji et al., 2012). Seeds were harvested, dried and
yield determined.

Primer

Nucleotide sequences of primers are listed in Table S1.
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Supporting information

Additional Supporting information may be found in the online
version of this article:

Figure S1 The synthetic promoter 3xABRC327 has low-
background but is highly inducible by ABA in transgenic rice.
Figure S2 Morphology of various branch roots in rice.
A 10-day-old seeding of rice cultivar Tainung 67.

Figure S3 3xABRC321:HVAT transgenic lines grown in fields.
Figure S4 3xABRC321:HVAT has similar tissue-specific and
ABA-inducible expression patterns to the endogenous LEA3 in
transgenic rice roots.

Figure S5 LEA3 and 3xABRC321:HVAT are expressed in cortical
and exodermal cells overlaying the developing LRP in transgenic
rice.
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Figure S6 3xABRC321:HVAT and ABA enhances asymmetrical Figure S8 3xABRC321:HVAT and ABA enhances asymmetrical
localization of auxin maxima in LRP founder cells and in RAM in localization of auxin in LRP founder cells.

transgenic rice. Table S1 Primer list.

Figure S7 3xABRC321:HVAT and ABA enhance asymmetrical

localization of auxin in LRP founder cells and auxin accumulation

in RAM in transgenic rice.
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