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Abstract

Main conclusion 1In this study, we show that ectopic expression of either HtNHX1 or HtNHX2, from Helianthus
tuberosus plant (located at vacuolar and endosome membranes, respectively), in rice plants could enhance its toler-
ance to aluminum (AI’*) stress and soil acidity.

Abstract Plant sodium (potassium)/proton (Nat(K*)/H* antiporters of the NHX family have been extensively characterized
as they are related to the enhancement of salt tolerance. However, no previous study has reported NHX transporter func-
tions in plant tolerance to AI** toxicity. In this study, we demonstrate their role as a component of the AI** stress tolerance
mechanism. We show that the ectopic expression of either HtNHX1 or HINHX2 , from Helianthus tuberosus plant, in rice
(located at vacuole and endosome, respectively) could also enhance rice tolerance to AI** stress and soil acidity. Expression
of either HINHX1 or HINHX2 reduced the inhibitory effect of AI** on the rice root elongation rate; both genes were reported
to be equally effective in improvement of stress conditions. Expression of HINHX enhanced AI**-trigged-secretion of citrate
acids, rhizosphere acidification, and also reduced K* efflux from root tissues. In contrast, expression of HtNHX2 prevented
AP*-trigged-decrease of H' influx into root tissues. Al**-induced damage of the cell wall extensibility at the root tips was
impaired by either H¥INHX1 or HtNHX2. Co-expression of HINHX1 and HtNHX?2 further improved rice growth, particularly
under the AI’* stress conditions. The results demonstrate that HNHX1 and HtNHX?2 improved rice tolerance to AI** via
different mechanisms by altering the K* and H* fluxes and the cell wall structure.

Keywords Aluminum stress - Endosome - K*(H*) fluxes - Na*(K*)/H" antiporters - Rice - Vacuole

Abbreviations Introduction
MIFE Microelectrode Jon Flux Estimation
FDC  Freeze-disrupt coefficient World-wide acidic soils account for nearly 30% of current

potential arable lands where soluble AI** is the major obsta-

cle for crop production (Kochian et al. 2015). The phyto-
toxic effects of AI** include reducing cell wall extensibility
(Ma et al. 2004), damaging plasma membrane (Panda et al.
2009; Ma et al. 2014), triggering oxidation of mitochon-
dria and inhibiting uptake of water and nutrients (Kichigina
et al. 2017). The primary phytotoxic effect of AI** toxicity
is confined at the root apex, where A" inhibits cell division
and elongation within hours at micromolar concentrations
(Ryan and Kochian 1993; Jones and Kochian 1995). To cope
Key Laboratory of Crop Genetics and Germplasm with this toxicity, plants have developed multiple strategies
Enhancement, Nanjing Agricultural University, for detoxifying AI**. Sequestration of AI** into the vacuole
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by ABC transporters and aquaporins are the components of
the internal detoxification mechanism (Zhang et al. 2001;
Yang et al. 2008; Huang et al. 2009, 2012). During binding
of AI** to the extracellular matrix, secretion of organic acids
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including citrate, oxalate and malate by the roots to chelate
AIP* at the root surface is the dominant strategy for external
detoxification (Ma et al. 2001; Kochian et al. 2004; Zheng
et al. 2005).

Massive K* uptake and sequestration from the vacuole
are essential for cell expansion and, therefore, root elonga-
tion. K* uptake at the plasma membrane is mediated by K*
channels transporting K* down the electro-chemical gradient
and/or by HAK/KT/KUP H*/K* co-transporters facilitat-
ing transmembrane H*-gradient to transport K* against the
electro-chemical gradient (Li et al. 2018). Given that the pH
in the lumen of the vacuole is about 2 units lower than the
pH in the cytosol (Martiniére et al. 2013; Bassil and Blum-
wald 2014; Zhu et al. 2018), the potential of the vacuole is
about 30 mV which is relatively positive compared to the
cytosol (Sze and Chanroj 2018), compartmentation of K*
into the vacuole requires the involvement of H*-gradient
driven antiporters, specifically those from cation proton anti-
porter (CPA) family (Blumwald and Poole 1985; Apse et al.
1999; Zhang and Blumwald 2001; Bassil and Blumwald
2014). CPAs are Na*(K*)/H" antiporters that are divided
into two subfamilies (CPA1 and CPA2, respectively). The
former includes intracellularly located NHXs and plasma
membrane-located SOS antiporters. The members of CPA2
(also named as CHXs; Chanroj et al. 2012) are commonly
located at the plasma membrane and endomembrane sys-
tems, but not at the vacuole, while intracellular located
type-I NHXs and type-1I NHXs transporters are locates at
vacuolar membranes and endosome/trans Golgi/prevacuolar
system, respectively (Bassil et al. 2011a, b; Barragan et al.
2012; Chanroj et al. 2012; Andrés et al. 2014; McCubbin
et al. 2014). Many studies showed that type-I NHXSs are the
major players in sequestering K*(Na™) from the vacuole.
The functions of type-II NHXs and intracellular located
CHXs have been characterized very less and are generally
assumed as being essential for regulating luminal ion and pH
homeostasis of endomembrane system (Bassil et al. 2012).
However, to the best of our knowledge, no previous study
has implied the role of NHX transporters in plant tolerance
to AI** and/or acidic stresses.

Initially, the vacuolar located NHXs (type-1 NHXs) were
regarded as Nat/H™ antiporters, which may enhance plant
salt tolerance by sequestering Na™ in the vacuole (Blumwald
and Poole 1985; Apse et al. 1999; Gaxiola et al. 1999; Bassil
and Blumwald 2014). However, in vitro ion selectivity assay
and physiological studies have demonstrated that they oper-
ate as Na*/K* non-selective transporters (Jiang et al. 2010;
Leidi et al. 2010; Bassil et al. 2011b; Barragéan et al. 2012;
Andrés et al. 2014; Reguera et al. 2014). The type-I NHXs
transport K™ mainly in the absence of excessive Nat (Bassil
et al. 2011b). In Arabidopsis, double mutation of AtNHX1
and AtNHX2 reduced the K* content in the vacuole and
impaired turgor generated cell expansion (Barragan et al.
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2012). Given that the vacuole occupies about 90% volume
of a mature cell, it is easy to understand the critical func-
tion of type-I NHXs in the cell volume regulation. Inter-
estingly, mutation of endosome associated type-II NHXs
resulted in salt-sensitive phenotypes and impaired turgor-
dependent plant growth. Arabidopsis AtNHXS and AtINHX6
are located at early endosome/trans Golgi network/prevacu-
olar membranes (TNG/EE/PVC); knock out of both genes
resulted in a compromised plant growth associated with
decrease of cell size and number, and extreme sensitivity
to high salts (Bassil et al. 2011a). Also, increasing bodies
of evidences suggest that the luminal pH of endomembrane
systems which is associated with the activity of CPAs is
critical for delivery or trafficking of materials (including pro-
teins, lipids and the substances for cell walls synthesized in
ER and Golgi) in plant cells (Bassil et al. 2012).

Rice (Oryza sativa) is a major food crop and shows a
relatively strong tolerance to AI** but a sensitivity to salinity
in comparison to other food crops (Ma et al. 2002; Munns
and Tester 2008). Previously, we have shown that a pair of
NHXs, HINHX1 and HINHX?2, cloned from a salt toler-
ant cultivar of Jerusalem artichoke (Helianthus tuberosus
L.), functioned in improving rice salt tolerance (Zeng et al.
2018). In addition, HINHX2 improved tolerance to limited
supply of nutrients, particularly K* (Zeng et al. 2018). We
also showed that HINHX1 was located at the tonoplast,
while HINHX?2 (which is identical to HINHX1 except a
patch of 114 amino acids missing in the middle of the trans-
porter) was associated with endomembrane systems (Zeng
et al. 2018). In this study, we compared the functions of this
pair of genes in rice tolerance to the stresses of AI** and
acidic soil. We show that both transporters could enhance
the stress resistance with different mechanisms.

Materials and methods
Plant materials and growth condition

The wild type of rice (Oryza sativa L. ssp. Japonica cv.
Nipponbare) and four transgenic lines expressing either
HtNHXI or HtNHX2 cloned from Helianthus tuberosus
(cv. Nanyu No. 1) were the same as those generated and
used by Zeng et al. (2018). The double expression lines of
HtNHX1 and HtNHX?2 were developed by a cross between
the homozygous HtNHX1 line and HtNHX?2 line (designated
H:NHX1/HtNHX2) and verified by genotyping along with
detecting the simultaneous expression of both genes.

The seeds were sterilized with 30% (v/v) sodium
hypochlorite solution for 30 min, rinsed with deionized
water, and cultured in a 28 °C culture chamber for 3 d. The
germinated seeds were transferred to a 0.5 mM CaCl, (pH
4.5) solution for 3 days. For further growth, seedlings of
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the same size were selected and transferred to the inter-
national rice research institute (IRRI) nutrient solution
on day 7. The nutrient concentration in the nutrient solu-
tion is: 1.25 mM NH,NO;, 0.3 mM KH,PO,, 0.35 mM
K,S0,, 1 mM CaCl,, 1 mM MgSO,, 0.5 mM Na,SiO;,
20 pM NaFeEDTA, 20 uM H;BO;, 9 pM MnCl,, 0.32 pM
CuSOy, 0.77 pM ZnSO,, and 0.38 pM Na,MoO,, pH 5.5.
All plants were grown in a greenhouse with a photoperiod
of 16 h of light (30 °C)/8 h of darkness (22 °C) and relative
humidity of 60-70%.

In soil cultivation experiments, we carried out pot exper-
iments using one acidic red soil at pH 4.5 (soil-A) from
Jiangxi Province, China, and one near neutral paddy soil at
pH 6.5 (soil-B) from Jiangsu Province, China. The ten-day-
old seedlings of WT and the transgenic lines were grown
in soil for 30 days, then the biomass of root and shoot was
weighted.

Quantifying the root relative growth rate

The three-day-old seedlings were transferred to a 0.5 mM
CaCl, (pH 4.5) solution containing 0, 50 or 100 pM AICl;
for further growth. The root length was measured daily
during the treatment for the total three days. The relative
growth rate of the root=(root length measured after the
treatment — initial root length). Ten replicates were measured
for each WT and transgenic lines.

Measurement of net K*- and H*-flux rate

and direction of root elongation zone using
non-invasive microelectrode ion flux estimation
(MIFE)

Net fluxes of H" and K* were measured 45 pm away from
root elongation zone (180-300 pm from the root cap) using
the non-invasive MIFE® system (University of Tasmania,
Hobart, Australia) as described by Newman (2001). The
details pertinent to microelectrode fabrication, condition-
ing, and calibration were described in previous publications
(Bose et al. 2010; Jayakannan et al. 2013). Prior to the MIFE
measurement, the roots were immobilized and conditioned
in a petri dish containing 30 ml IRRI solution (1 mM K* or
0.1 mM K*, pH 4.5) for 30 min. After that, the Petri dish
was placed on the microscope stage of the MIFE system.
Ton fluxes were measured under control conditions for 5 min
before treatment application. Treatment solutions (the IRRI
solution mentioned above with 100 pM AICl;, pH 4.5) were
then added to the petri dishes and thoroughly mixed. The
net ion flux was recorded by MIFE Chart software and cal-
culated by the MIFEFLUX program. For each treatment, at
least 10 replicates were measured.

Visualization of rhizosphere pH changes

Phytagel (0.4%, w/v) containing 0.05% (w/v) bromocresol
purple was used to indicate rhizosphere acidification via
color changes (Pacheco-Villalobos et al. 2016). The rela-
tively uniform four-day-old rice seedlings of the wild type
and the transgenic lines expressing HtNHXI or HINHX2
were selected and transferred to dishes filled with the
phytagel. Roots were imbedded into a dish filled with 25 ml
gel containing pH indicator, 0.5 mM CaCl, (pH 6) and with-
out or with 100 uM AICl,. The roots and gel were photo-
graphed before and after 6 h and 12 h treatment using a digi-
tal camera. The rhizosphere acidified area of each line was
obtained by the semi quantified size of yellow areas using
ImageJ software (National Institutes of Health, Bethesda,
MD, USA). Four replicates were measured for each WT and
transgenic lines.

Collection and measurement of root exudates

The wild type and the transgenic lines were first grown in
IRRI solution as described by Yang et al. (2014) for 2 weeks.
Then, the roots were washed six times with sterile water and
the seedlings were transferred to a sterile 0.5 mM CaCl, (pH
4.5) solution overnight. Root exudates were collected 24 h
after exposing without or with 100 pM AICl,. After remov-
ing the seedlings, the solution was placed in a vacuum freeze
dryer (LGJ-18S, Beijing Songyuanhuaxing Biotechnology
Co., Ltd, Beijing, China) and lyophilized for 3—-5 days until
the solution was completely evaporated. The freeze-dried
sample was then dissolved in 1 ml of double distilled water.
The sample was passed through a 0.45 pm aqueous phase
filter and transferred to a 1.5 ml brown liquid bottle. An
ultra-high-performance-liquid-chromatography (UPLC)
(ACQUITY UPLC system; Waters, Milford, MA, USA) was
used to determine the organic acid content of the solution
according to the method described by Violeta et al. (2010).

Freeze-thawing experiment for quantifying
the mechanical changes in the root apex

The Al-stress trigged mechanical changes in the root apex
which has been described as a freeze disruption coefficient
which was determined according to Wu et al. (2014), with
slight modifications. Three-day-old seedlings of both wild
type and transgenic lines were bathed in a 0.5 mM CacCl,
(pH 4.5) solution containing 0 or 100 pM AICl; for 24 h.
The root tip (0-5 mm) was first cut and embedded in a 5%
low temperature melting agar. The slices of 80 pm thick-
ness were transversely sectioned 3 mm from the apexes by a
vibratome (Leica VT1200 S, Germany). The sections were
placed on glass slides with 50% glycerol, the coverslips were
covered and sealed with the neutral balsam. These slices
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were photographed as “section before treating” (SBT).
After placing at —20 °C overnight, thawed samples were
photographed again as “section after treating” (SAT). The
cross-sectional areas were analyzed using ImageJ and the
freeze-disrupt coefficient (FDC) was calculated according
to Wu et al. (2014).

Quantification of aluminum content in root tip

Four-day-old seedlings of the wild type and the transgenic
lines were treated with 0.5 mM CaCl, (pH 4.5) solution con-
taining 0 or 100 pM AICl; for 24 h. For extraction of the
total AI’* content from 1 cm of the root tips, four tips were
pooled in a tube containing 1 ml of 2 M HCI for two days.
For quantifying the total AI** in the sap, a pool of 10 tips
was quickly frozen at — 80 °C, the samples were centrifu-
gated at 14,000xg for 10 min after being completely thawed.
For quantifying the total AI** content in cell walls, the col-
lection methods were performed as described by Ma et al.
(2004). The extracted soluble AI** was measured by induc-
tive coupled plasma (ICP)-emission spectrometer (Agilent
Technologies, 700 series ICP-OES).

Statistical analysis

Data were analyzed by ONE WAY ANOVA using the SPSS
10 program (SPSS Inc., Chicago, IL, USA) and represented
as mean =+ standard error (SE). P <0.05 is considered as sig-
nificant difference between the treatments.

Results

Expression of HtNHX1 and HtNHX2 improved rice
root growth under APP* stress

Four transgenic lines namely NHX1-1, NHX1-2 and NHX2-
1, NHX2-2, representing the phenotypes of rice (Nipponbare
cultivar) expressing either HtNHXI or HINHX?2,, were used
to examine the function of these two genes in rice AI** toler-
ance. The growth rate of NHX/ and NHX?2 lines was nearly
the same as that in the wild type (WT, Nipponbare) at no
external AI’* treatment (Fig. 1a, b), which was consistent
with our previous data (Zeng et al. 2018). The presence of
50 uM AI** in the culture solution impaired root growth rate
to a relatively larger extent in WT than in all the transgenic
lines, however, expression of either NHX1 or NHX?2 did not
significantly relieve the impairment of root growth (Fig. le).
Increasing A’ to 100 uM in the solution suppressed root
growth rate remarkably, while the growth rate of NHXI- or
NHX2-expressing lines was similar and much less inhibited
than that of the WT (Fig. Ic, d, ), indicating the functions
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Fig. 1 Ectopic expression of HtNHXI or HtNHX2 in rice alleviated
root growth inhibition during aluminum stress conditions. The seed-
lings of WT and the transgenic lines of rice were transferred to a
0.5 mM CaCl, (pH 4.5) solution containing O (a, b), 50 (e) or 100 pM
AICl; (¢, d, f) for 3 days. The total root length of each line was meas-
ured before and after the treatment. The relative root elongation rate
of each line was calculated (see “Materials and methods”) and shown
in e and f, respectively. The values in e and f represent mean+SE
(n=10). Means with ** represent significant differences (P <0.01 by
Tukey’s test). WT wild type (Nipponbare), NHX1-1, NHX1-2, NHX2-
1 and NHX2-1, the transgenic lines of ectopic expression of HINHX1
and HtNHX2, same as the lines used by Zeng et al. (2018). Bar=5 cm

of both HEINHX1 and HtINHX?2 in improving rice tolerance
to AIP* stress.

HtNHX expression alters the rate and direction
of net K* and H* fluxes in the elongation zone of AP*
stress roots

As both HEINHX1 and HINHX2 could enhance K* uptake
and retention in rice roots under salt stress conditions
(Zeng et al. 2018), we examined whether this function
could still be maintained under AI** stress. We measured
net K* flux from the root elongation zone by non-invasive
MIFE technique. Under low pH stress (pH 4.5), net K*
efflux was measured from the root cells (Fig. 2a). Addition
of 100 uM AI’* to the bulk solution gradually reduced net
K* efflux in all the roots, showing responses similar to that
of Arabidopsis roots to the acidic stress (Bose et al. 2010).
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Fig.2 Ectopic expression of HINHX1 or HtNHX?2 in rice altered the
aluminum effect on net K*- and H*-flux rate and direction of root
elongation zone. The seedlings were first grown in normal IRRI solu-
tion containing 1 mM K* (a, ¢) or 0.1 mM K* (b, d) for 6 days. Tran-

In the NHX1-expressing line, the reduction of K* efflux
was much faster than that in the WT and the net K*-flux
turned from efflux to influx in 25-30 min after exposure
to AI’*. In contrast, NHX2-expressing line was much less
sensitive to Al** treatment (Fig. 2a). At low K* (0.1 mM)
solution, addition of AI’* inhibited net K*-flux of roots,
but there was much less difference among WT and trans-
genic lines (Fig. 2b). Net H* flux across the root surface
was also measured concurrently with potassium (Fig. 2c,
d). In the solution containing 1 mM K*, net H-uptake was
only slightly reduced in NHX2-expressing lines, while it
reduced and turned into net H*-efflux in NHXI lines and
WT after exposure to AI>* for 20-30 min. At the same
time, AI’* inhibition of H*-influx was much lesser and
similar among WT and transgenic lines when they were
recorded in 0.1 mM K% solution (Fig. 2d). These data
imply that the effect of HINHX1 and HINHX2 on K* and
H™* transport on the plasma membrane is determined by
external K* level.
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sient K* and H* fluxes measured at the root elongation zone exposed
to 100 pM AICl; at pH 4.5 in 1 mM (a, ¢) or 0.1 mM K* (b, d) solu-
tion, respectively. The values represent mean+SE (n=10). The WT
and the transgenic lines were the same as those shown in Fig. 1

Expression of HtNHX1, but not HtNHX2, enhanced
rhizosphere acidification and root citrate secretion
under A" stress

Since short exposure to Al** had different impacts on net
H*-flux rate and direction between HtNHXI and HINHX?2
lines, we further examined the pH change in the rhizos-
phere of these rice lines after prolonged AI** treatment by
in situ visualization with pH indicator bromocresol purple.
The medium color turns from red to yellow, indicating the
acidification (Fig. 3). The pH at the rhizosphere showed only
slight acidification when no AI** was added in the medium
(Fig. 3a, d). Remarkably, the acidification surrounding the
roots of NHX1-expressing lines was intensified 6 h after
exposure to AI’* and was further enhanced during 12 h
exposure (Fig. 3b, e). In contrast, pH surrounding the roots
of both WT and NHX2-expressing lines showed much less
change and a similar degree of acidification (Fig. 3b, e). The
difference in rhizosphere acidification was semi quantified
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Fig.3 Ectopic expression of either H{NHXI or HtNHX2 in rice
altered the aluminum-stress-induced rhizosphere acidification.
AP induces acidification of the medium caused by the secretion
of organic acids from the seminal roots. The four-day-old seedlings
of WT and the transgenic lines were transferred to a dish filled with
25 ml pH indicator gel in 0.5 mM CaCl, solution (pH 6) contain-
ing O (a, d) or 100 (b, e) uM AICIl;. The roots and gel were photo-
graphed a before and b after AI’* treatment for 6 h and another set

5] mmwt
. NHXT-1 a
4| EmNHX1-2

EENHX2-1 ab
VX 2-2

Citrate secretion
(mmol g'' root dry wt.24 h'")

0 uM Al

100 pM Al

Fig.4 Ectopic expression of HINHXI, but not HtNHX?2 in rice altered
the aluminum-stress-induced citrate secretion of roots. The two-week-
old seedlings were treated with sterile 0.5 mM CaCl, (pH 4.5) solu-
tion containing 0 or 100 pM AICI; for 24 h and the root exudates
were collected during the AI** treatment. The citric acid content was
determined by UPLC (see “Materials and methods”). The values rep-
resent mean+SE (n=6). Means with different letters represent sig-
nificant differences (P <0.05 by Tukey’s test). The WT and the trans-
genic lines were the same as those used in Figs. 1, 2

by measuring the size of yellow area and plotted as relative
to WT (Fig. 3c, f).

Citric acid is the most abundant organic acid secreted
by rice roots (Ma et al. 2002, 2014). In the absence of APt
treatment, the secretion rate of all these rice lines was similar
(Fig. 4). Addition of 100 uM AI** to the bath medium for
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of the treatment d before and e after AI’* treatment for 12 h using a
digital camera. ¢, f are the rhizosphere acidified areas relative to WT.
The values represent mean+ SE (n=4). Means with different letters
represent significant differences (P <0.05 by Tukey’s test). WT wild
type (Nipponbare); 1-1, 1-2, 2-1, 2-2, the transgenic lines expressing
HtNHXI-1, HtNHX1-2, HtINHX2-1, HINHX2-2, the same as those
used in Figs. 1, 2

24 h had little influenced on the secretion of citric acid in
both WT and NHX2-expressing lines. However, the pres-
ence of AI*" significantly increased the citrate secretion in
the NHX1-expressing lines (Fig. 4). We also examined the
concentration of malate and oxalate in the exudates, but both
were present in extremely low levels.

Expression of HtNHX1 and HtNHX2 alters the cell
wall plasticity of the rice root apex

The extracellular pH regulates the cell wall flexibility and
low pH at the cell wall compartment favors the enzyme
activity to increase the cell wall extensibility (Hager 2003).
To examine whether the amelioration of AI** inhibitory
effects on root growth in lines expressing HtNHX1 and
HtNHX?2 originated from the changes in the cell wall plastic-
ity, we analyzed the resistance of AI** treated root apical cell
wall to freeze—thawing disruption, as described by Wu et al.
(2014). The freeze—thawing treatment itself had little effect
on the integrity of root epidermis (Fig. 5a). In comparison
to non-AI** presence, AI’* treatment caused the shrinking
of epidermis and outer cortex cells of the root apex, and the
shrinking was further enhanced after freeze—thawing treat-
ment, particularly in the roots of WT (Fig. 5b). For quanti-
fying this change, the FDC, the value correlated positively
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Fig.5 Ectopic expression of HtNHXI, particularly HtNHX2, in rice
reserved the aluminum-stress-induced plasticity of root apex cells.
The change in the sections of the root tips in a the absence or b pres-
ence of 100 uM AICI; was observed before (SBT) and after (SAT)
the treatment. ¢ The freeze-disrupt coefficient was calculated as
described in “Materials and methods”. The values in C represent
mean +SE (n=10). Means with different letters represent significant
differences (P <0.05 by Tukey’s test)

with the extent of the root damage (Wu et al. 2014), was cal-
culated. The freeze—thawing treatment disruption of the cell
wall integration of the root apex was slight and no significant
difference was observed between non-Al** stressed WT and
transgenic lines (Fig. 5a, ¢). The AI** treatment increased
the FDC of WT roots by 4.3-fold, while this increase of FDC
in the NHX1- and NHX2-expressing lines was only about
two-fold and 0.5-fold, respectively (Fig. 5b, ¢). Expression
of HtNHX?2 remarkably prevented the Al**-induced damage
of root apical cell walls. Apparently, the HINHX?2 enhance-
ment of root apical cell wall flexibility was independent of
the extracellular acidification (Fig. 3).

Preventing cytosolic AI** accumulation by binding it to
the extracellular matrix or secretion of organic acid as a
chelator is also an important strategy of plant AI** toler-
ance (Miyasaka et al. 1991; Delhaize et al. 1993; Pellet et al.
1995; Ma et al. 1997, 2014). Therefore, we measured and
quantified total AI** accumulation at the root tips of these
transgenic lines and WT after exposure of 50 or 100 uM
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Fig.6 Ectopic expression of HtNHX1, but notHtNHX2in rice altered
the aluminum content in cell wall and entire root apex. The four-day-
old seedlings were cultured for 24 h in 0.5 mM CaCl, (pH 4.5) nutri-
ent solution containing 0, 50, 100 pM AICl; , respectively. Then the
root tips (0-10 mm) were excised for APP* determination. Total A"
content in root tips with 0, 50, 100 pM AICl; (a ) and AP content in
the cell wall of root tips (b ) and in the cell sap of root tips (c ) treated
with 100 pM AICl;. The values represent mean+SE (n =5). Means
with different letters represent significant differences (P <0.05 by
Tukey’s test)

AP* for 24 h. AI** content in the NHXI-expressing line was
slightly higher than that in WT and NHX2-expressing line
(Fig. 6a). Both the intracellular and extracellular distribution
of AI** was also assayed after treatment with 100 uM AI**.
In comparison to WT and NHX2-expressing lines, the NHX1
line had a lower AI’* content at the cell matrix, but signifi-
cantly higher AI** content in the sap of root tips (Fig. 6b, c).

Expression of HtNHX1 and HtNHX2 enhanced rice
tolerance to acid soil

In addition to the response of the transgenic lines expressing
HiNHXI and HINHX? to AI’* stress, we also examined the
effects of expressing them on rice growth in acidic soil. The
WT and transgenic lines were grown in an acidic red soil
with pH 4 and an adequate amount of nitrogen (N), phospho-
rus (P) and K™ fertilizers was applied. A control experiment
was conducted by planting the rice plants in a near neutral
paddy soil (pH at 6.5).

There was no significant difference in the growth and bio-
mass accumulation between WT and the transgenic lines
grown in the neutral soil (Fig. 7a, c), while both H{INHX1-
and HtNHX2-expressing lines showed much less inhibition
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Fig.7 Ectopic expression of either HINHXI or HtNHX2 improved
rice tolerance to soil acidity. The ten-day-old seedlings of WT and
the transgenic lines were grown a in soils-A (pH 6.5) and b soil-B
(pH 4.5) for 30 days. The rulers in a and b are the same (50 cm).
Bar=20 cm (a, b). The biomass of root and shoot was weighted in
¢ soil-A and d soil-B. The values represent mean =+ SE (n=8). Means
with different letters represent significant differences (P<0.05 by
Tukey’s test)

to biomass accumulation in the acidic soil (Fig. 7b, d). This
result confirmed that NHX genes function in improving rice
tolerance to acidic soil environment.

We assumed that the different responses of the rice
expressing HINHX1 and HtINHX2 to AI** stress or acidic
soil may be linked to their different subcellular locations
(Zeng et al. 2018) and joint expressions may further improve
rice tolerance to the stress. Expressing tonoplast located
HtNHX1 could drive more cytosolic K* into the vacuole
in exchange of H* for cytosol K* and H" homeostasis,
which may reduce extracellular pH, thus making the cell
wall more flexible under AI** stress. Expressing endosome
located HINHX?2 could enhance luminal pH homeostasis
of the endomembrane system, resulting in stimulation of
secretion and delivery of the membrane and cell wall mate-
rial to the cell surface and apoplast, thus increasing AlI**
stress tolerance. To examine this hypothesis, we reciprocally
crossed the single gene expressing lines and generated four
lines of HtNHXI and HtNHX?2 co-expressing rice plants.
Notably, unlike their function in acidic soil, single expres-
sion of either HtNHX1 or HtNHX?2 did not significantly
increase rice biomass accumulation at 200 uM AI** in cul-
ture solution (Fig. 8). This inconsistency between solution
and soil culture may be caused due to the difference in time
of the stress and the level of AI** in the nutrition solution
(Fig. 8) and in the soil (Fig. 7), in addition to other unknown
soil factors. The duration of the AI** stress in the culture
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solution was only two weeks, while the rice was grown in the
acid soil for 30 days. The stress effect on plant growth (par-
ticularly shoot biomass accumulation) gradually enhanced
as the time extended that is why no significant difference
between the single expression of either HtNHX1 or HINHX2
was observed in short time. In addition, the concentration
of AI** was 200 mM in the solution culture (Fig. 8), which
could not be directly compared with the acidity of the soil
(Fig. 7). Nevertheless, single expression of either HINHX1
or HtINHX?2 could improve the root growth at relatively lower
levels of AI** (50-100 mM) (Fig. 1). The co-overexpress-
ing lines showed significant improvement of rice growth at
both non- and 200 uM AI** treatment. Their co-expression
increased total biomass by 39 +2.8% when grown in solution
without AI** presence (Fig. 8a, c, ). High AI** treatment
reduced the biomass of WT and the single gene expressing
lines, while the biomass of two gene co-expression lines
was increased by 51.6+3.9% in comparison to that of WT
and single gene expression lines (Fig. 8b, d, e). This result
further indicated that HINHX1 and HtNHX2 have different
functions in enhancing the plant tolerance to AI** stress or
acidic environment.

Discussion

Plant NHX-type cation/H™ antiporters expressed in the
membranes of vacuole and vesicles have been shown to
mediate Nat(K*)/H* exchange for salinity tolerance and
K* homoeostasis (Brett et al. 2005; Rodriguez-Rosales et al.
2009; Chanroj et al. 2012). Even though NHX transport-
ers are involved in maintaining the cellular pH homeostasis
(Sze and Chanroj 2018), it is not known if these transporters
contribute to plant tolerance to AI** stress and to low pH
soil. We have shown that ectopic expression of Helianthus
tuberosus HtNHX1 or HtNHX2 improved rice tolerance to
salinity (Zeng et al. 2018). Also, expression of HtNHX2, but
not HtNHX1, improves rice growth under K*-limited, salt
stress or general nutrient deficienct conditions (Zeng et al.
2018). The possible explanation for this functional differ-
ence may be a difference in the subcellular localization, e.g.
the fact that HINHX2 is located at the endomembrane while
HtNHXI1 is confined to the tonoplast (Zeng et al. 2018).

In this study, we demonstrated that ectopic expression
of HtNHX1 or HINHX2 improved the rice tolerance to Al**
stress and acidic soil as indicated by alleviating the root
growth inhibition (Fig. 1), diminishing the plasticity injury
of root apex cells (Fig. 5), and increasing both root and shoot
growth (Figs. 7, 8). However, it is notable these two genes
show different mechanisms in altering K* and HT transport
as well as cell wall structure.

Expressing HINHX]1 alleviated AI** stress in rice (Fig. 1),
which is at least in part due to its enhanced K* uptake of rice
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Fig.8 Ectopic double expression of HtNHXI and HtNHX2 improved
rice growth and particularly aluminum stress tolerance. The seven-
day-old seedlings of WT and single or double expression of HtINHX1
and HtNHX2 genes were supplied with IRRI nutrient solution
(pH 4.5) containing 0 pM AICl; (a, ¢) or 200 pM AICl; (b, d) for
2 weeks. The value of the fresh weight of single gene expression
lines and double expression lines relative to the WT fresh weight (e).

and/or retention in the roots under normal K™ supply levels
(Fig. 2a). Given that the vacuole occupies about 90% vol-
ume of a mature plant cell, the enhanced Na*(K*)/H" trans-
porter activity in the tonoplast has been shown to change
cytosolic K* in both tomato and Arabidopsis (Leidi et al.
2010; Barragéan et al. 2012). The activity of HINHX1 una-
voidably changes the cytosolic K* and H" homeostasis, and
thus in turn alters the activities of the respective transport-
ers in the plasma membrane. The activities of both plasma
membrane H-ATPase and K* transporters are modified
by external pH and the presence of AI** (Ahn et al. 2002;
Wherrett et al. 2005). Low pH in the culture solution can
stimulate H* influx into the root tissue (Shabala et al. 1997)
and depolarize membrane potential, thus activating outward
rectifying K* channels (Babourina et al. 2001). Non- inva-
sive MIFE measurements, Bose et al. (2010) showed that
APt quickly inhibited low pH-induced H* influx in the dis-
tal elongation zone, concomitantly reducing low pH-induced
K* efflux or even favoring K influx into the root tissue in

Bar=10 cm. The values represent mean + SE (n=8). Means with dif-
ferent letters represent significant differences (P <0.05 by Tukey’s
test). WT, NHXI-1, NHX1-2, NHX2-1 and NHX2-2 were the same
rice lines as those used in previous figures, 19 %231, 19 %232,
29x%x131, and 29 %132 were the transgenic lines with double
expression of both HtNHX1 and HtNHX2 genes which were gener-
ated by screening of hybridization of single gene expression lines

Arabidopsis. We also detected the low pH-induced K* efflux
and H* influx currents recorded at the elongation zone of
rice root tips (Fig. 2, the initial current). Adding AI** to the
bath medium impaired the net K efflux and net H* influx
from all these roots (Fig. 2) showing nearly the same effect
as in Arabidopsis roots (Bose et al. 2010). Notably, only
HtNHX]I expression could prevent AI** -induced root K*
efflux when K* supply was at the normal level (1 mM), but
not at 0.1 mM. It is likely that the activity of HINHX1 at
the tonoplast (Zeng et al. 2018) drives more cytosolic K*
into the vacuole in exchange of H*, and the changed K* and
H* homeostasis in the cytosol in turn induced change in
the K* channel as well as in the H*-ATPase activity in the
plasma membrane (Figs. 2a, 3b, ). K channels are able to
mediate K* uptake at low external K* conditions at extreme
membrane hyperpolarization conditions (Hirsch et al. 1998;
Hampton et al. 2004). However, the recording bath of low
pH (the leak of H* into the cell) in this study prevented
extreme hyperpolarization of the membrane potential, and
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thus the inward K™ channels were not likely to be activated
when the bath K* concentration was as low as 0.1 mM.
Therefore, the HINHX contribution to reduce AI**-induced
K* efflux was much less significant at low external K* con-
ditions (Fig. 2b). The HINHX1 transgenic lines were cou-
pled with quick K" uptake but not with increased H* efflux
at the plasma membrane (Fig. 2a, c). Nevertheless, the rhizo-
sphere pH of HtNHX rice was much lower after prolonged
A" exposure (Fig. 3b, e).

Another important feature of HINHX1 enhancing rice
tolerance to AI’* stress is the stimulation of root secretion
of citric acid (Fig. 4). Secretion of organic acids such as
citrate, oxalate and malate for chelating A" in the exterior
has long been recognized as a major mechanism of AI**
detoxification (Ma et al. 2001; Kochian et al. 2004). Some
plant species secrete predominantly one type of organic acid,
such as oxalate by buckwheat, citrate by rice and bean (Ma
et al. 1997; Ma 2000; Liu et al. 2018). We detected only
citrate in the rice exudations (Fig. 4), which is consistent
with a previous report (Ma et al. 2002).

HtNHX2-located endomembrane systems take a small
fraction of the cell volume; therefore, the activity of
HtNHX2 would change K* and H* homeostasis of cyto-
sol much less than the HINHX1. As expected, the K* flux
in HINHX?2-expressing lines was similar to that in WT
(Fig. 2a). It is intriguing that external AI** only inhibited
H* influx slightly in the root of HtNHX2 lines in comparison
to the rapid inhibition in WT and HtNHXI lines when K*
supply was sufficient (Fig. 2c), which may relate to HINHX2
change of the luminal pH and ion-homeostasis of the endo-
membrane system, and this change affects endosome secre-
tion, thus causing H*-ATPase delivery to plasma membrane
(Sze and Chanroj 2018).

The initial phase of AI*" toxicity is associated with accu-
mulation of AI** in the root apex, which binds mostly to the
negatively charged pectin of the cell wall and reduces cell
wall extensibility (Tabuchi and Matsumoto 2001; Ma et al.
2004; Jones et al. 2006; Yang et al. 2008). We found that the
value of FDC that can be used as a proxy for the cell wall
extensibility or deformation was small and nearly the same
for WT and the transgenic lines under control conditions
(Fig. 5a, c). This indicates that the freeze—thaw treatment
did not significantly change cell wall structure. However, the
transgenic lines showed much more tolerance to freeze—thaw
disruption after AI** treatment (Fig. 5b, ¢). After examining
the total amount of AI** accumulated at the root apex and its
apoplastic or intracellular distribution (Fig. 6), it was obvi-
ous that enhancement of cell wall extensibility by these two
genes was not due to the less AI** accumulation in the apo-
plast. Yet the increase of root tip AI** content by HINHX1
expression is difficult to be explained, and may need to be
further characterized in future. The enhancement of the cell
wall extensibility by HINHX1 may be explained by the acid
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growth theory (Rayle and Cleland 1970), HtNHXI expres-
sion could reduce extracellular pH, making cell wall more
flexible. However, the similar phenomenon of HtNHX?2 on
root FDC is not fulfilled with this theory (Fig. 5). It is easy
to understand HEINHX1 enhanced cell wall flexibility, since
this gene enhanced extracellular acidification after A1’*
treatment (Fig. 3b, e).

The improved mechanical resistance in H{NHX2 overex-
pressing plants most likely occurred via a different mecha-
nism. HINHX?2 at early endosome/trans Golgi network/pre-
vacuolar membranes certainly contributes little to cytosolic
K* and H" homeostasis, but accumulated evidences show
that the effect of endosome located NHXs on luminal pH of
endomembrane system is critical for endosome trafficking
(Pardo et al. 2006; Rodriguez-Rosales et al. 2009; Bassil
et al. 2012; Reguera et al. 2014). The cell expansion requires
the recruitment of membranes and cell wall. In Arabidopsis,
mutation of AtNHX5 and AtNHX6 impaired the endosome
secretion pathway (Bassil et al. 2011a). In contrast, HtNHX?2
expression in rice likely enhanced endosome secretion and,
therefore, more membrane and cell wall would be delivered
to cell surface and apoplast.

Impairing nutrients uptake is a major consequence of
AIP* toxicity. In our previous studies, we have noticed that
HtNHX2 not only enhanced N, P and K* uptake, but also
improved their translocation from root to shoot at low K*
or limited nutrient supplies, thus largely increasing rice
yield in comparison to WT and HtNHX] lines (Zeng et al.
2018). These results indirectly suggest that HINHX?2 may
enhance the delivery of transporter proteins to plasma mem-
brane under Al** stress conditions, and thus benefit nutrient
uptake. Moreover, phosphorus (P) is an important counter-
ion of AI** toxicity. Al and P can form insoluble complexes
like AIPO, in cell wall, cytosol and vacuoles (Zheng et al.
2005; Magalhaes et al. 2018). The elevated P content in
HtNHX2-expressing rice also likely contributes to its AI’*
tolerance.

In conclusion, both HINHX1 and HINHX?2 play a signifi-
cant role in improving rice tolerance to AI** and acidic soil
by different means. Due to their different subcellular loca-
tions, they show a non-redundant function in improving the
plant tolerance to salinity (Zeng et al. 2018) and acidic stress
(Fig. 7). Their co-expression resulted in additive capacity to
stimulate rice growth and tolerate the stresses (Fig. 8). We
suggest that such a biotechnological strategy to combine the
use of type-I and type-II NHX transporters may be adapted
to enhance crop tolerance to other abiotic stresses.
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