-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by Aberystwyth Research Portal

PRIFYSGOL

@ BERYSTWYTH

—=—_ UNIVERSITY

Aberystwyth University

Expression of FIHMAS3, a vacuolar P1B2-ATPase from Festulolium loliaceum,
correlates with response to cadmium stress
Guo, Qiang; Meng, Lin; Humphreys, Mike W.; Scullion, John; Mur, Luis A.J.

Published in:
Plant Physiology and Biochemistry

DOI:
10.1016/j.plaphy.2017.01.013

Publication date:
2017

Citation for published version (APA):

Guo, Q., Meng, L., Humphreys, M. W., Scullion, J., & Mur, L. A. J. (2017). Expression of FIHMAS3, a vacuolar
P1B2-ATPase from Festulolium loliaceum, correlates with response to cadmium stress. Plant Physiology and
Biochemistry, 112, 270-277. https://doi.org/10.1016/j.plaphy.2017.01.013

Document License
CC BY-NC-ND

General rights

Copyright and moral rights for the publications made accessible in the Aberystwyth Research Portal (the Institutional Repository) are
retained by the authors and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

« Users may download and print one copy of any publication from the Aberystwyth Research Portal for the purpose of private study or
research.

« You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the Aberystwyth Research Portal

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

tel: +44 1970 62 2400
email: is@aber.ac.uk

Download date: 09. Jul. 2020


https://core.ac.uk/display/326672136?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1016/j.plaphy.2017.01.013
https://pure.aber.ac.uk/portal/en/persons/mike-humphreys(cc4d9f88-d2f3-4551-98ee-b3f08a4decff).html
https://pure.aber.ac.uk/portal/en/persons/john-scullion(57e3c0f1-1069-4167-88b5-4462a58d3b2c).html
https://pure.aber.ac.uk/portal/en/persons/luis-mur(ce928ed6-e131-4536-8c04-9a75a7bc7cc9).html
https://pure.aber.ac.uk/portal/en/publications/expression-of-flhma3-a-vacuolar-p1b2atpase-from-festulolium-loliaceum-correlates-with-response-to-cadmium-stress(d594c6e6-efa5-441f-bc60-f0c0b31af0d4).html
https://pure.aber.ac.uk/portal/en/publications/expression-of-flhma3-a-vacuolar-p1b2atpase-from-festulolium-loliaceum-correlates-with-response-to-cadmium-stress(d594c6e6-efa5-441f-bc60-f0c0b31af0d4).html
https://doi.org/10.1016/j.plaphy.2017.01.013

Accepted Manuscript

Expression of FIHMAS3, a vacuolar Pqg2-ATPase from Festulolium loliaceum,
correlates with response to cadmium stress

Qiang Guo, Lin Meng, Mike W. Humphreys, John Scullion, Luis A.J. Mur

Pll: S0981-9428(17)30021-9
DOI: 10.1016/j.plaphy.2017.01.013
Reference: PLAPHY 4781

To appear in:  Plant Physiology and Biochemistry

Received Date: 18 October 2016
Revised Date: 12 January 2017
Accepted Date: 12 January 2017

Please cite this article as: Q. Guo, L. Meng, M.W. Humphreys, J. Scullion, L.A.J. Mur, Expression of
FIHMAS3, a vacuolar P1g2-ATPase from Festulolium loliaceum, correlates with response to cadmium

stress, Plant Physiology et Biochemistry (2017), doi: 10.1016/j.plaphy.2017.01.013.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.plaphy.2017.01.013

10

11

12

13

14

15

16

17

18

19

20

21

22

Title: Expression offFIHMAS3, a vacuolar i-ATPase fromFestulolium loliaceum,
correlates with response to cadmium stress

Authors: Qiang Gud, Lin Mend*, Mike W. Humphrey& John Sculliof, Luis A. J.
Mur®

Institutional addresses: ? Beijing Research and Development Center for Gamsbs
Environment, Beijing Academy of Agriculture and Esiry Science, Beijing 100097, P.
R. China;” Institute of Biological, Environmental and Rurati&nces, Aberystwyth
University, Aberystwyth SY23 3DA, UK

"Corresponding author: Lin Meng; E-mail: menglin9599@sina.com

Tel: +86-10-51503345

Fax: +86-10-51503297



10

11

12

13

14

15

16

17

18

19

20

21

22

Abstract

Heavy metal ATPase 3 (HMA3), ad2-ATPase, is a key tonoplast transporter
involved in mediating the vacuolar sequestrationcafimium (Cd) to detoxify the
intake of this element by plants. HMA3 expressioreésponse to Cd stress has not
been previously examined in the grass hybrid spé@stulolium loliaceum (Huds.) P.
Fourn. In this study-IHMAS isolated fromF. loliaceum was found to comprise 833
amino acid residues with 77% homology to the @seIMA3. Transient expression of
FIHMA3 fused to enhanced green fluorescent protein in idogsis protoplasts
suggested its localization to vacuolar membranasan@ative real-time RT-PCR
analysis ofF. loliaceum revealed thaFIHMA3 is expressed predominantly within
roots and up-regulated by excess Cd. Over the 1@&@diment, Cd content df
loliaceum roots was significantly higher than that of shootgjardless of external
CdCk concentrations. A significant positive correlatiaas found betweeRIHMAS3
expression and Cd accumulation in roots Fofloliaceum seedlings subjected to
10-100 mg [* CdCh for 168 h or, in a separate experiment, to 25G tg L*
CdCl for the same duration. These findings provide evod thaFIHMA3 encodes a
vacuolar Rs-ATPase that may play an important role ir"Csequestration into root
cell vacuoles, thereby limiting the entry of Cihto the cytoplasm and reducing Cd
toxicity.
Keywords. cadmium, Festulolium loliaceum, FIHMAS, phytomediation, vacuole

sequestration
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1. Introduction

An expanding global population and the limited &fality of agriculturally
suitable land have stimulated interest in the agfucal potential of more marginal
areas and contaminated “brown-field” locations omfer industrial sites. Of the
estimated 30,000 t of Cd released annually intoetingronment, 13,000 t are due to
human activity (Gallego et al., 2012). A non-esggiiteavy metal with high toxicity
to plants, Cd interferes with the homeostasis a&leeial elements such as zinc,
calcium, and iron and initiates their displacemiatn proteins (Verbruggen et al.,
2009; Guo et al., 2014). Cd contamination of sag become a serious environmental
concern and also threatens human health via itsnagdation in the food chain
(Satoh-Nagasawa et al., 2012). Crops and prodwertsed from livestock raised on
plant-based diets are important sources of heavyalmebsorbed by humans
(Peralta-Videa et al., 2009). Understanding the haeism of Cd accumulation in
plants and the factors affecting its depositionaeial to reduce entry of Cd into the
human food chain.

Plants have evolved alternative adaptation stresegi cope with Cd stress. One
such mechanism involves production of phytochetatiPCs), which are
glutathione-derived peptides. PCs are synthesimethe cytosol, where they form
PC-Cd complexes that are subsequently sequestatedvacuoles to reduce the
deleterious effects of Cd accumulation in the cytdMendoza-Cozatl et al., 2005;
Clemens, 2006). This process plays an importartimoheavy metal homeostasis and
detoxification (Colangelo and Guerinot, 2006; Hamke and Nouet, 2011).

Generally, vacuolar sequestration of ?Cdcan be mediated by heavy metal
3
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transporters in plants (Hirschi et al., 2000; Seh@l., 2003; Korenkov et al., 2007,
Wojas et al.,, 2009). Among these transporters argAPPases (heavy metal
Pig-ATPases, HMAS), a large group of ATP-driven purpplicated in the transport
of monovalent CUAg" (Pisi-ATPases) and divalent ZWCd*'/Co™/PK*
(Pig-ATPases) heavy metal cations across plant membr@vdliams and Mills,
2005). As is well known, HMAs are involved in renabof heavy metal ions from the
cytosol into either the apoplast, the vacuole,nbo iother organelles (Hussain et al.,
2004; Andrés-Colas et al., 2006; Kim et al., 2008). Arabidopsis thaliana,
AtHMA1-AtHMA4 and AtHMA5-AtHMAS transport divalent and monovalent cations,
respectively (Cobbett et al., 2003; Williams andI$/i2005).AtHMA3 belongs to the
Zn**/Cd*/Co™/P* subgroup; localized in the tonoplast, it helps Eifjoessential
biological (Zrf") and non-essential (4 Cc’*, and PB) heavy metals by
participating in their vacuolar sequestration (Maeal., 2009) AtHMAS3 is a major
locus inA. thaliana responsible for the regulation of Cd accumulatiGhgo et al.,
2012). AhHMA3 has high-level constitutive expression . halleri, a Zn
hyperaccumulator and relative @&. thaliana, which suggests that this gene is
involved in high Zn accumulation (Becher et al.02p Similarly, TCHMAS3 from
Thlaspi caerulescens, a Cd hyperaccumulator, is highly expressed indsait plays
an important role in the detoxification of Cd bygsestering Cd into leaf vacuoles,
thereby contributing to Cd hyperaccumulation anpemtolerance (Ueno et al., 2011).
Among the nineHMA genes identified in rice iOsHMA3, a member of the

Zn**/C*/C™ /P subgroup (Miyadate et al., 2011; Takahashi et 2012).
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OsHMAS, a tonoplast-localized transporter of Cd withiotroells, plays a role in the
sequestration of Gdlinto root cell vacuoles (Ueno et al., 2010sHMA3 has been
identified as the locus responsible for regulatbdiCd accumulation in shoots of rice
cultivars Anjana Dhan and Cho-Ko-Koku. When thection of this protein is lost,
Cd?* passage through the xylem is increased, theretnjrlg to C4" accumulation in
the shoots (Ueno et al., 2010; Miyadate et al.,120%asaki et al. (2014) recently
found that overexpression @sHMA3 contributed to reduced &daccumulation in
the grain and to enhanced Cd tolerance in riceeTaggether, the available evidence
implies that HMA3-mediated vacuolar sequestration of heavy metads/splan
important role in metal detoxification.

Festulolium grass hybrids combine many of the attributesLofium species
(ryegrasses), such as high growth rates that peevitigh yields of nutritious,
palatable fodder for livestock, and thoseFestuca species (fescues) which provide
resilience against different climatic and edaphiresses (Humphreys et al., 2014).
Natural Festulolium species hybrids exist, especially in undisturbedrgmal
grassland locations frequently exposed to streasdittons where productiveolium
species would be more disadvantageous (Humphreyal.etl995). A range of
syntheticFestulolium species hybrids are also being generated by ¢wasslers to
achieve productive, stress-adapted varieties daifabagriculture, with safeguards to
assist withstanding various climatic conditions.eThatural grass species hybrid
Festulolium loliaceum survives in waterlogged soils prone to flooding aitsl

synthetic varieties developed combat freezing teatpees or to mitigate incidents of
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flooding (Macleod et al., 2013}estulolium loliaceum was developed following the
hybridisation ofLolium perenne (perennial ryegrass) witRestuca pratensis (meadow
fescue). Eventhougk. loliaceum has been broadly recognized for its resilience to
stress conditions, studies in this regard have peemarily confined to climatic rather
than edaphic stresses; consequently, the potents# of this species for
bioremediation and its tolerance to Cd-contaminaigitk have not been previously
explored. In this context, we isolated and charasd FIHMA3 from F. loliaceum
and verified its subcellular localization. We alanalyzedFIHMA3 expression in
plants exposed to high Cd concentrations, whicleakad patterns consistent with a
role in the conferral of heavy metal tolerance. @uodings provide useful initial
information on the potential future agriculturalpipation of this grass hybrid on

Cd-contaminated soils.
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2. Materials and M ethods

2.1 Plant growth conditions and treatments

Seeds ofestulolium loliaceum variety Prior (2 = 4x = 28) were provided by the
Institute of Biological, Environmental, and Ruratiéhces (IBERS), Aberystwyth
University. Seeds were sterilized with 5% sodiunpdohlorite solution for 5 min,
rinsed thoroughly with distilled water, and thenrgmated on moistened filter paper
for 168 h at 25°C in dark. After emergence of pllesu uniform seedlings were
selected and transferred into plastic containdedfivith 0.6 L modified Hoagland’s
solution containing 2 mM KNg) 1 mM NHH,PQO,, 0.5 mM Ca(NQ)-4H.0, 0.5
mM MgSQ,7H,0, 60 uM Fe-citrate, 92 uM 4BO;, 18 uM MnCh-4H,0O, 1.6 uM
ZnSQy7H,0, 0.6 uM CuS®5H,0, and 0.7 uM (NEsM070.44H,0 for 5 weeks.
The nutrient solution was renewed every 2 d. Akdimgs were grown in a CE
growth chamber under a 16 h/8 h day/night cyc58€C/18°C, a relative humidity of
50% to 60%, and a light intensity of 200 pmol“rs *. Five-week-old plants were
used for all treatments, with each treatment rafdid eight times and each replicate
comprising five individual plants. Containers fdt theatments were arranged in a
completely randomized block design. Two treatmeppreaches were used: (i)
Hoagland’s nutrient solution supplemented with @, 25, 50, and 100 mg't.CdCh
for 168 h; and (ii) Hoagland’s nutrient solutionntaining 25 or 100 mg T*CdCb,
with plants removed following 0, 3, 6, 12, 24, 48, 96, 120, 144, and 168 h
exposure. These exposure concentrations were nrettes® to simulate field
conditions. Rather they were determined to obs€deiptake and stress of the plants

over a short period of exposure in order to betiederstand plant mitigation
7
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responses.
2.2. Calculation of relative growth rate

The relative growth rate (RGR) of whole plants wakulated using the formula
RGR = (InWj- InWi)At, where Wi and Wj are dry weights before and atté8 h
treatment, respectively, andt is elapsed time between the two measurements
(Martinez et al., 2005).
2.3. Cloning of FIHMA3

Total RNA was extracted according to Guo et al.1@0from roots ofF.
loliaceum seedlings exposed to 100 mg'ICdCh for 24 h. First-strand cDNA was
synthesized from 2 pg total RNA using an oligo(ghfimer and PrimeScriptRTase
(Takara). The partial cDNA fragment ¢lHMA3 was amplified by PCR using
degenerate primers P1 and P2 (Table S1) desigrssdl mn the gene sequences of
BdHMA3 (Brachypodium distachyon, XM _003561234)HvVHMA3 (Hordeum vulgare,
KU212808),0sHMA3 (Oryza sativa, XM_015791882)TaHMA3 (Triticum aestivum,
KF683298), andZmHMA3 (Zea mays, XM_008671782). PCR cycling conditions
were as follows: 94°C for 2 min, followed by 30 & of 94°C for 30 s, 55°C for 30
s, and 72°C for 40 s, with a final extension atZ#r 10 min. The PCR product was
purified from agarose gels, ligated into a pMD-MgLtor (Takara), and sequenced by
Sangon Biotech (China). Theé-&and 3-ends ofFIHMAS3 were obtained with'5 and
3'- Rapid Amplification of cDNA Ends kits (SMARTer RZE, Clontech) according
to the manufacturer’s instructions and specifiengris P3 and P4, respectively (Table

S1). These fragments were assembled to obtainutheeiguence oFIHMA3 cDNA.
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2.4. Sequence analysis
A BLAST search was performed using the NCBI platfor

(http://www.ncbi.nlm.nih.gov/BLAST). Sequence argaty of cDNA and multiple

alignments were performed with DNAMAN 8.0 softwarklolecular mass and
isoelectric point of the deduced protein encodedrit¥MA3 was predicted using the

ExXPASy proteomics server_(http://www.expasy.orgydibphobicity values were

calculated using the program TMPRED available _dp:tvww.ch.embnet.org/.

Phylogenetic relationship ofFIHMA3 with other plantHMAs multiple sequence
alignment was analyzed by multiple alignments ugdhgstal X software (Thompson
et al., 1997). Then a phylogenetic tree was cootduby MEGAG6.0 software using
the neighbor-joining method with 1,000 bootstraplicates (Tamura et al., 2011).
2.5. Subcellular localization of FIHMA3

The open reading frame (ORF) &1HMA3 excluding the stop codon was
amplified using PrimeSTAR HS DNA polymerase witlinpegrs P5 (Table S1, EcoRl
restriction site underlined) and P6 (Table S1, Kystkriction site underlined), cloned
into a pMD-19T vector, and sequenced by SangoneBiotThe amplified fragment
was cut from the pMD-19T plasmid using EcoRI andchKpestriction enzymes and
cloned into a pBSHES-NL vector to generate a fuswith enhanced green
fluorescent protein (EGFP) under the control of @aMV35S promoter. The
FIHMA3-GFP fusion construct or a non-GFP-tagged vectaositoct was transiently
expressed in protoplasts isolated frémthaliana Col-0 cell suspensions using the

polyethylene glycol-mediated method (Yoo et al.020 Protoplasts containing the
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plasmids were incubated at 23°C for 2-3 d in daknd-or FM4-64 staining,
protoplasts were transferred into 50 uM FM4-64 iurdshige-Skoog medium
containing 0.4 M mannitol for 10 min at 4°C accoglito the method of Ueda et al.
(2001). Fluorescent signals from both GFP and FKI4n6the protoplasts were then
observed using an inverted Carl Zeiss LSM 710 amaiftaser scanning microscope.
GFP and FM4-64 were excited at 488 nm and 543 mspectively, with their
corresponding fluorescence emission signals detebetween 498-539 nm and
580—-650 nm, respectively.
2.6. Expression analysis of FIHMA3

Total RNA was extracted with Trizol kit (Takara)lltaing the manufacturer’s
instructions. First-strand cDNA was synthesizednfra pg of total RNA using an
oligo(dT) primer and PrimeScriptRTase (Takara). Qitative real-time RT-PCR
(qQRT-PCR) was performed using SYBR PremixTag Il (Perfect Real Time) (Takara)
on a StepOnePlus Real-Time PCR system (ABI) to tootihe amplification of each
cDNA fragment. gRT-PCR amplification 61HMA3 was carried out with the primer
pair P7 and P8 (Table S1), which yielded a 225 fdgalyct. For use as a reference in
the gRT-PCR, a 130 bp region of thein gene was amplified using primers Al and
A2, which were designed according to the partiaNéDsequence o#ctin from F.
loliaceum (Table S1). Primer sequences were designed withePrb.0 software. The
amplification protocol consisted of an initial démation step of 95°C for 10 min,
followed by 40 cycles of 95°C for 30 s, 60°C for 80and 72°C for 30 s. Gene
expression data were normalized and relative egjmesvas calculated by thé*2“

10
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method (Livak and Schmittgen, 2001). Each experimeduded three biological
replicates.
2.7. Determination of Cd content

Harvested plants were thoroughly washed with deemhiwater, divided into
shoots and roots, and oven dried at 80°C to a aohsteight. Dried shoots and roots
were ground and digested in a mixture of IO, (5/1, v/v) for 24 h and then
heated at 150-200°C to near dryness. After cooling, residue was dissolved in
distilled deionized water to a total volume of 2Q.nCd content was determined
using an atomic absorption spectrophotometer (ABO&3 Shimadza, Kyoto, Japan).
2.8. Satistical analysis

All data were calculated as means plus standardatimv (SD). Statistical
analyses, one-way analysis of variance, and Duscanltiple range tests comparing
treatment means were performed using SPSSv13.i8tistt software (SPSS Inc.,

Chicago, IL, USA).

11
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3. Results
3.1. Characterization of FIHMA3

The full-length cDNA ofFIHMA3 isolated from roots was obtained by RT-PCR
and rapid amplification of cDNA ends. The sequengkich comprised 2,957 bp,
contained a 2,502 bp ORF encoding 833 amino agdlues with an estimated
molecular mass of 87.58 kDa and a theoretical eapet point of 5.33. As shown in
Fig. 1, multiple sequence alignment revealed #H&MA3 shares high homology
with amino acid sequences of ortholofHMAS from wheat (83%) an@@sHMA3
from rice (77%) and, to a lesser exteAtHMA3 from A. thaliana (54%). This
similarity indicates thaF1HMA3 is a Rg>-ATPase. A previous study has shown that
OsHMA3 encodes a divalent metal ion dtransporter R-ATPase involved in
mediating the sequestration of Cd into vacuolesy@date et al., 2011). Our
phylogenetic analysis placdelHMA3 into a clade with otheHMA3 genes from
closely related monocotyledonous species such asatwifaHMA3) and rice
(OsHMA3) (Fig. S1). These results suggest tREHIMA3 encodes a g-ATPase
transporter.

Hydrophobicity plot analysis of the deduced polyjmg showed thaFIHMA3
has eight transmembrane domains (Fig. 1, TM1 to )TM&e all P-type ATPases, it
contains the characteristic motifs for an ATP bimgd{GDGxNDx), a phosphorylation
(DKTGTLT), and an HP locus forming a large cytophés loop. MoreoverFIHMAS
possesses a CPC ion transduction motif in TM5,aahelavy-metal-associated domain
containing the motif GXCCxXE was located at theeNntinus ofFIHMAS3.

3.2. Transient expression of FIHMAS3 in mesophyll protoplasts of Arabidopsis
12



10

11

12

13

14

15

16

17

18

19

20

21

22

To determine the subcellular localization I HMAS3, a GFP reporter construct
was developed to express a fusion protein congistirGFP fused to the C terminus
of FIHMA3 (FIHMA3:GFP) under the control of the CaMV35S puasr. This
construct was then transfected into mesophyll ad#llé. thaliana protoplasts using
the polyethylene glycol method. Expression of tleatml (35S:GFP) resulted in
distribution of GFP signals throughout the cytopiaand the nucleus of mesophyll
protoplasts (Fig. 2A). When FIHMA3:GFP was trangdelcinto the protoplasts of
mesophyll cells, however, the GFP signals wererlgleseparated, with FM 4-64
signals in the area of the plasma membrane anglastoFig. 2B). This observation
suggests thaElHMAS3, in line with its presumed function, is localizegecifically on
the vacuolar membrane.

3.3. Expression patterns of FIHMA3 in F. loliaceum exposed to Cd

To investigate the effect of Cd on transcriptionFbHMAS3, plants were treated
with different concentrations of CdClior 168 h. As shown in Fig. 3A, mRNA levels
of FIHMA3 were 2.2-6.6 folds higher in roots than in shoatsexternal CdGl
concentrations of 10~100 mg'L Compared with the control, exposure to 10-100 mg
L™ CdC} led to significantly increase6lHMA3 transcription in roots, with the
highest transcription levels observed with the noostcentrated solution (100 mg'L
CdCh). The expression dFIHMA3 was significantly lower in shoots and did not
change in response to the increase in gd@hcentration.

To further determine the kinetics for €dinduced activation oFIHMA3 in
tissuesFIHMAS3 transcript levels were examined in plants expose2btand 100 mg

13
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L™ CdCh over a 168 h period. When exposed to 25 mgodCh, FIHMAS transcript
levels increased gradually in both roots and shivota 3 to 168 h, but the magnitude
was higher in roots than in shoots (Fig. 3B). le ttase of 100 mg £ CdCh
treatmentFIHMAS transcript levels increased rapidly in both shatd roots from 3
to 72 h; after peaking at 96 h, levels declined amchained constant following
exposure for 120-168 h. Under this treatmEHMAS3 expression was always higher
in roots than in shoots (Fig. 3C). Taken togettiese results provide strong evidence
to suggest thaFIHMA3 at least within the 168 h timeframe used in thisdgtis
expressed primarily in roots, with the extent &f titanscription determined by the
level of CdC}exposure.
3.4. Cd accumulation in tissues and its relationship with the expression levels of
FIHMA3

As external CdGlconcentrations were increased, Cd contents oftstaoml roots
increased progressively after 168 h of growth; haxeCd contents of roots were
significantly higher than those of shoots at comegions of 10-100 mg T CdCb
(Fig. 4A). Moreover, an increase in Cd€bncentration from 50 to 100 mgLhad
no impact on Cd contents of shoots (Fig. 4A). Wehier observed a significant
positive correlation between Cd content &BHMA3 expression level in roots ¢t
loliaceum exposed to 25—-100 mg tCdCh for 168 h (Fig. 4B). Despite the increased
FIHMA3 expression, however, the increase in Cd had a iwegmhpact on plant
growth rate even though roots did not appear tomdx@otic or changed in overall
length or branching and were therefore considecettet functional. A 14%—-38%

14
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reduction in relative growth rate compared with tlatrol was recorded between the
treatment extremes (10-100 mg*ICdCL) (Fig. S2). Despite this effect the
loliaceum plants survived following the treatments withouttlier evidence of
toxicity symptoms such as chlorosis or necrosigsistent with our presumption that
root functionality was maintained.

To monitor the differences in Cd accumulation intrand shoot tissue over time,
we recorded changes in plants exposed to 25 omtp0* CdCh over a 168 h period.
The addition of either 25 or 100 mg*LCdC}, significantly increased Cd content in
both shoots and roots, but the content was alwaysehin roots than in shoots (Fig.
5A). In plants undergone 100 mg*'LCdCh treatment, the concentration of Cd in both
shoots and roots was significantly greater thatissues exposed to 25 mg*LCdCb
from 3 to 168 h (Fig. 6A). In addition, we observea significant difference in Cd
accumulation by shoots in the presence of eithesr2B00 mg L* CdCh between 48
and 168 h (Figs. 5A—-6A). A significant positive mgation was found between Cd
content and expression levelsFdHMAS in roots off. loliaceum exposed to either 25
or 100 mg L' CdCh concentrations within the 3—168 h time frame (Fi§B-—6B).
This result provides supporting evidence to suggestassociation between Cd

tolerance an#IHMAGS expression it loliaceum.

15
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4. Discussion

Pig-ATPases are involved in heavy metal transportufindbiological membranes
via an ATP-dependent processsPATPases, which are unique to plants and have
attracted much attention, play a critical role émtolling the translocation of Zhor
Cd?* from roots to shoots and in sequestration of'Gm the cytoplasm into the
vacuole (Cobbett et al.,, 2003; Morel et al., 20808ndoza-Cézatl et al., 2011).
However, studies of similar proteins in non-modknps have been lacking. In this
paper, we have presented the first characterizafiarhomologous B>-ATPase from
a synthetic hybrid of the forage grass speé€iekliaceum, an amphiploid species
hybrid of the agricultural grasséslium perenne andFestuca pratensis. FIHMAS3 has
amino acid homologies of 54% and 77%, respectiweityy AtHMA3 of A. thaliana
and OsHMA3 of rice, both belonging to ZfCd?*/Co?*/PK* transporting group of
Pig-ATPases (Gravot et al., 2004; Miyadate et al., 120The FIHMAS3 polypeptide
sequence was found to possess the expected feafwgight transmembrane domains
and a CPC motif. The motifs DKTGTLT, HP, and GDGxXNBhown in Fig. 1 are
considered to be the domains of ion transductitwsphorylation, and translocation
of metal ions in the large cytoplasmic loop andA®P binding. Similar motifs have
been reported for AtHMAS fronA\. thaliana (Gravot et al., 2004), GmHMAS8 from
soybean (Bernal et al., 2007), OsHMA3 from rice \{({Mlate et al., 2011), TcCHMA3
from T. caerulescens (Ueno et al., 2011), HYHMA2 from barley (Mills at., 2012),
and CsHMAS3/4 from cucumber (Migocka et al., 20IH)e GxCCxxE motif, which
occurs in the N or C terminus of all planislPATPases, is generally thought to be
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associated with a heavy-metal-binding domain (\filis and Mills, 2005; Mills et al.,
2010). In this study, a GXCCxxE motif was locatadthe N terminus of FIHMAS,
thereby implying the presence of a heavy-metal@ated domain in this region (Fig.
1). Overexpression ddsHMAS in a yeast mutant has been shown to affect selgitiv
to Cd™* and the ability to transport €dinto vacuoles, which indicates tHdMA3 is
responsible for sequestration ofCéhto vacuoles (Ueno et al., 2010; Miyadate et al.,
2011). The methodologies we employed to demonstitaée FIHMA3 similarly
encodes a f8,-ATPases transporter involved in sequestrationdsf @ito the vacuole.
First, we fused GFP to FIHMAS to visualize the selhdar localization of the
protein in wild-typeA. thaliana cells. Confocal imaging revealed that FIHMAS is
specifically located on the vacuolar membrane (Bjg.Previous studies have found
that AtHMA3 and OsHMAZ3 are localized on vacuolarmieanes and are involved in
transporting heavy metal ions from the cytoplasto wacuoles (Gravot et al., 2004;
Ueno et al., 2010). The consistency observed ialiation of FIHMA3 to vacuolar
membranes suggests a possible role for the proteine transfer of Cd from the
cytoplasm into the vacuole across the vacuolar mangb Furthermore, gene
expression analysis indicated tHatHMA3 was mainly expressed in roots Bf
loliaceum exposed to CdGlstress (Fig. 3) as in the case of @EHMA3 (Miyadate
et al., 2011). An equivalent functional role magaabe anticipated fdFlIHMA3 as a
determinant factor in the root in Cd toleranE#HMAS3 expression patterns iR.
loliaceum do reflect a possible adaptation response to £st€ss. Ueno et al. (2010)
reported that OsHMA3 from a low Edaccumulating cultivar (Nipponbare) functions
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as a firewall by sequestrating €dnto the vacuoles of roots, thereby separating Cd
from areal parts. A subsequent study confirmed BatiMA3 overexpression
enhances tolerance to €dtoxicity by increasing sequestration of Cdnto the
vacuoles of root cells and then decreasing theslwaation of toxic C8 into shoots
(Sasaki et al., 2014). One likely explanation iattbnly a limited amount of Gtis
loaded into the xylem from the root cells and sgbsatly translocated to the shoots
(Miyadate et al., 2011). We note that a significpositive correlation was found
betweenFIHMA3 expression levels and Cd accumulation in root$-.ofoliaceum
exposed to different concentrations of (T6—100 mg L% for 168 h or to 25 or 100
mg L over the same time period (Figs. 4B—6B). This slates thatFIHMA3 was
detoxification of C3" in F. loliaceum cells by enhancing the sequestration of‘Cd
into the vacuole.

Both shoots and roots &f loliaceum plants reached their highest Cd contents at
the highest applied Cdglconcentration (100 mg t). The effect of this high
concentration was morphologically reflected by gn#icant reduction in plant
growth compared with the other Cudeatments (Figs. S2 and 4A). Most
heavy-metal-accumulating plants generally exhilmivsgrowth rates, low biomass
accumulation, and a tendency for altered root mugujies and necrosis (Clemens,
2006). Although the use &f. loliaceum for bioremediation of polluted soils requires
further scrutiny, the pilot study described hersuggests that this grass hybrid has
potential in such an application. One limitationtbé current study is that our Cd
treatments, although extremely concentrated andhhigxic to plant growth, were
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only applied over 168 h. Future research usingstimaeF. loliaceum cultivar should
include much longer exposures to Cd stress. Assyithie promising results reported
here are observed over a longer time period, ttassgmay be used simultaneously
for two functions: bioremediation of Cd-contamirchtend and provision of fodder
for livestock (its original agricultural role). ithe latter case, the uptake of’Céhto
the shoots would have to be negligible to prevamnthto animals or subsequent entry
into the food chain. An additional consideratiorthat other heavy metals are likely
to be present in Cd-contaminated soils; the impathese orf. loliaceum has yet to
be assessed.
5. Conclusion

Our results demonstrate thetHMA3 encoding a B>-ATPase is a tonoplast
transporter that may play important roles in thepomse of. loliaceum to Cd stress.
Further research should focus on understandingrtéehanism in detail by using

methods like mutation or gene silencing.
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Figure Legends
Fig. 1. Sequence alignment of FIHMAS3 with other HMA3s fromgher plants.

Sources of -ATPases and their GenBank accession numbers arellaws:
AtHMA3 (Arabidopsis thaliana, NM_119158), OsHMA3 Q@ryza sativa,
XM_015791882), and TaHMAJZT¢iticum aestivum, KF683298). The sequences were
aligned using DNAMAN 8.0 software. Amino acid rasgs highlighted in black are
conserved in the three transporters. Identical diffdrent amino acid residues are
indicated with white and blue, respectively. Eighitative transmembrane domains
(TM 1-TM 8) and several motifs are boxed.

Fig. 2. Subcellular localization of an FIHMA3-GFP fusionopgin transiently
expressed irArabidopsis thaliana mesophyll cells. (A) Images obtained using GFP
alone as the control. The red dye FM 4-64 was tséudicate the plasma membrane
location. (B) Images obtained when GFP was fusdtieédC terminus of FIHMA3. In
panels A and B from left to right, GFP signals, BM4 signals, merged images of
GFP and FM 4-64 signals, and bright-field differehinterference contrast (DIC)
images are shown. Bar =5 um.

Fig. 3. FIHMAS3 expression irf. loliaceum exposed to (A) different concentrations of
CdCh (0, 10, 25, 50, and 100 mg™). for 168 h or to 25 mg1* CdCh (B) or 100 mg
L™ CdCh (C) over a 168-h period. The relative expressamel of FIHMA3 in shoots
and roots was analyzed by quantitative real-timePRR. Actin was used as an
internal control. Experiments were repeated thiraed. Data are means + SO 3)
and bars indicate SD. Different letters indicatgngicant differences aP < 0.05

(Duncan’s test).
27



10

11

12

13

14

15

16

17

18

19

20

21

22

Fig. 4. Cd content of tissues df. loliaceum exposed to 10, 25, 50, and 100 mg L
CdCk for 168 h. (A) Cd content of shoots and roots.eFplants were pooled per
replicate @ = 8). (B) Relationship between relatilHMA3 expression and Cd
content of roots subjected to 16),(25 (A), 50 @), and 100 ¢) mg L™* CdCb
treatment for 168 hn(= 3—-8). Data are means + SD and bars indicate $fferént
letters indicate significant differencesRak 0.05 (Duncan'’s test).

Fig. 5. Time course of Cd content Bf loliaceum exposed to 25 mg£CdCl for 3 to
168 h. (A) Cd content of shoots and roots. Fiveglavere pooled per replicate £

8). (B) Relationship between relati'dHMAS3 expression and Cd content of roots
subjected to 25 mgt CdCh treatment for 3—-168 h. Data are means + B 8—8)
and bars indicate SD.

Fig. 6. Time courses of Cd content Bfloliaceum exposed to 100 mg ECdC} for 3

to 168 h. (A) Cd content of shoots and roots. Filkats were pooled per replicate (
= 8). (B) Relationship between relatii®HMA3 expression and Cd content of roots
subjected to 100 mgt CdCh treatment for 3-168 h. Data are means + $B 8-8)
and bars indicate SD.

Supplementary Figure L egends

Supplementary Fig. 1. Phylogenetic tree diMAs. The tree was constructed by the
neighbor-joining method. Genes and GenBank acaessionbers are as follows:
AdHMA3 (Arachis duranensis, XM_016078710), AIHNA3 (Arachis ipaensis,
XM_016346129) AhHHMA3 (Arabidopsis halleri, AJ556182) AhHMA4 (Arabidopsis
halleri, AY960757), AtHMA2 (Arabidopsis thaliana, NM_119157), AtHMA3
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(Arabidopsis thaliana, NM_119158), AtHMA4 (Arabidopsis thaliana, AF412407),
BdHMA3 (Brachypodium distachyon, XM_003561234) BnHMA3 (Brassica napus,

XM_013849300), BrHMA3 (Brassica rapa, XM_009139644), CaHMA3 (Cicer

arietinum, XM_012717947),CsHMA3 (Camelina sativa, JX402100), CmHMA3

(Cucumis melo, XM_008455480),EgHMAS3 (Elaeis guineensis, XM_010928912),
EugHMAS (Eucalyptus grandis, XM_010048654),ErgHMA3 (Erythranthe guttata,

XM_012995791), eFIHMA3 (Festulolium loliaceum), FYHMA3 (Fragaria vesca,

XM_011464053),GmHMA3 (Glycine max, XM_006593460)GrHMA3 (Gossypium

raimondii, XM_012589041),HVHMA2 (Hordeum vulgare, GU177852),HVHMAS

(Hordeum wulgare, KU212808), JcCHMA3 Jatropha curcas, XM_012211439),
MaHMA3 (Musa acuminata, XM_009417251), MnHM3 (Morus notabilis,

XM_010112413), NbHMA3 (Nicotiana tabacum, XM_016654239), NcHMA4

(Noccaea caerulescens, JQ904704)ObHMA3 (Oryza brachyantha, XM_006658354),
OsHMA2 (O. sativa, HQ646362),0sHMA3 (O. sativa, XM_015791882), PdHMA3
(Phoenix  dactylifera, XM_008803179), PeHMA3 (Populus euphratica,

XM_011021683),PmHMASI (Prunus mume, XM_008225567), RcHMAS3 (Ricinus

communis, XM_015727254), SSHMA2 (Sedum alfredii, JQ012929), SbOHMA3

(Sorghum bicolor, XM_002459533), 9HMA3 (Setaria italica, XM_012843843),
SHMA3 (Solanum lycopersicum, XM_004242795), TaHMA2 (Triticum aestivum,

HM021132), TaHMA3 (Triticum aestivum, KF683298), ThHHMA3 (Tarenaya

hassleriana, XM_010550291), TtHMA3 (Triticum turgidum, KF683295),VWHMAS

(Vitisvinifera, XM_010658478), andmHMA3 (Zea mays, XM_008671782).
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Supplementary Fig. 2. Relative growth rate (RGR) &t loliaceum exposed to 0, 10,
25, 50, or 100 mg 1> CdCh for 168 h. Five plants were pooled per replicate @).
Data are means + SBnd bars indicate SD. Different letters indicatgngicant

differences aP < 0.05 (Duncan’s test).
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Supplementary Table 1

Primer sequences used in the experiments

Primer Sequence (5'-3)
P1 ATCAACRTYCTSATGCTYATCGC
P2 GGTGATSGTSCCGGTCTTGTCGA
P3 GGTTACATTGCCGTGAGGACGAC
P4 TCGACAAGACCGGCACCATCACC
P5 GGGGAATTCATGACGGACGGTGGCGAGAAC
P6 GGGGGTACCGTTTCACCAGAGCAGCATCCT
P7 GCTCAACCTGGACGGTTACA
P8 AACCATCGCTCCAGATCACC
Al TCGAGACTGCGAAGAGTAGC

A2 TCCATGCCGATGATGGAAGG
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Highlights
e FIHMA3 was mainly expressed in roots and up-regulated by excess Cd.
e FIHMAS3 was |ocalized at the vacuolar membrane.
e A significant positive correlation was found between expression levels of FIHMAS3
and Cd accumulations in roots of F. loliaceum under Cd stress.
oCd** taken up by root cells may be sequestered into the vacuole via a pathway

mediated by FIHMA3 to reduce the concentration of this toxic metal in the cytoplasm.
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