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Abstract

Sudden elevations in external sodium chloride (NaCl) accelerate potassium (K*) efflux across the plasma membrane of plant
root cells. It has been proposed that the extent of this acceleration can predict salt tolerance among contrasting cultivars.
However, this proposal has not been considered in the context of plant nutritional history, nor has it been explored in rice
(Oryza sativa L.), which stands among the world’s most important and salt-sensitive crop species. Using efflux analysis with
42K, coupled with growth and tissue K analyses, we examined the short- and long-term effects of NaCl exposure to plant
performance within a nutritional matrix that significantly altered tissue-K* set points in three rice cultivars that differ in salt
tolerance: IR29 (sensitive), IR72 (moderate), and Pokkali (tolerant). We show that total short-term K* release from roots in
response to NaCl stress is small (no more than 26% over 45 min) in rice. Despite strong varietal differences, the extent of
efflux is shown to be a poor predictor of plant performance on long-term NaCl stress. In fact, no measure of K* status was
found to correlate with plant performance among cultivars either in the presence or absence of NaCl stress. By contrast,
shoot Na* accumulation showed the strongest correlation (a negative one) with biomass, under long-term salinity.
Pharmacological evidence suggests that NaCl-induced K" efflux is a result of membrane disintegrity, possibly as result of
osmotic shock, and not due to ion-channel mediation. Taken together, we conclude that, in rice, K* status (including efflux)
is a poor predictor of salt tolerance and overall plant performance and, instead, shoot Na* accumulation is the key factor in
performance decline on NaCl stress.
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in the opening of voltage-gated, outward-rectifying K* channels
[13]. An alternative explanation is that high amounts of NaCl
compromises the integrity of the plasma membrane, due to ionic
and osmotic effects, resulting in release of cellular contents,
including K* [12,15,16]. Understanding this phenomenon would
provide important insight into uncovering the elusive nature of salt

Introduction

Soil salinity, predominantly in the form of NaCl, is a major
agricultural issue, particularly in irrigated areas [1,2], where as
much as one third of the world’s food production takes place and
nearly half of the land is afflicted ([3] and references therein). In

plants, one of the major consequences of salinity stress is a
disruption in cellular and whole-plant K* homeostasis [4-7].
Potassium is critical to the proper functioning of plant cells for
reasons that include charge balancing in the cytoplasm, enzyme
activation, and the maintenance of cell turgor [8,9]. Importantly,
Na* has been shown to disturb the transport processes of K* across
the plasma membrane, specifically in root epidermal and cortical
cells where Na™ is first encountered, by inhibiting the primary
uptake of K" as well as stimulating its cellular release [10-14].
The phenomenon of NaCl-stimulated K" efflux in roots has
been of much recent interest, and some controversy exists
regarding its underlying mechanism. Some reports have described
the effect as predominantly a channel-mediated phenomenon,
where it is postulated that membrane depolarization due to Na*
entry (possibly via non-selective cation channels (NSCCis)) results

PLOS ONE | www.plosone.org

toxicity [5,17], and would allow for critical assessment of the
relevance of stimulated K* efflux to other aspects of salt stress,
such as the inhibition of primary K* uptake, cytosolic K*:Na*
ratios, primary Na' uptake, and shoot Na® accumulation
[4,5,12,18,19].

The development of salt-tolerant genotypes to meet increasing
global food demands relies on effective and efficient screening
methods for salt tolerance among crops [20-22]. Recently, it has
been proposed that assaying NaCl-stimulated K™ efflux in seedling
roots can be one such method, as negative correlations in barley
and wheat were found between the magnitude of K* efflux and
physiological measures/yield data in mature plants used to identify
salt tolerance [20,23,24]. This proposal, however, has not been
explored in the chief crop species, rice (Oryza sativa L.), which ranks
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Figure 1. Nutritional and cultivar comparisons of NaCl-stimulated K" efflux. Cultivar differences in

K" Fluxes & Retention in Response to NaCl in Rice

42K+ efflux from roots of intact rice

(Oryza sativa L. cvs. 'IR29’, ‘IR72', and ‘Pokkali’) in response to sudden provision (at t = 15.5 min, see arrow) of 160 mM NaCl. Seedlings were grown
and tested in a full nutrient medium supplemented with either 0.1 (A - D) or 1.5 mM K" (E - H), and one of four N regimes: 0.1 mM NH," (A, E),
0.1 mM NO5;~ (B, F), 10 mM NH,* (C, G), and 10 mM NO;~ (D, H). Error bars indicate = SEM.

doi:10.1371/journal.pone.0057767.g001

among the most salt-sensitive crops [18,21,25-27]. Furthermore, it
has not been considered in the context of the nutritional conditions
under which the plants have been reared. Studies on the effects of
nitrogen (N) source (i.e., ammonium (NH,) vs. nitrate (NO3"))
have reported greater sensitivity of crops to salinity when NH,*
was the sole nitrogen form supplied [28-31]. By contrast, others
have shown salinity effects to be independent of N source [32], or
have reported greater sensitivity when NOs  was the sole N
source [33]. Moreover, it has been shown that K* fluxes and
cellular compartmentation can depend significantly on external N
source and strength [34,35]. Lastly, the application of exogenous
K" to alleviate plants from salinity stress is well documented [36—
39]. Thus, it is conceivable that the extent of NaCl-stimulated K*
efflux can differ significantly depending on growth history,
particularly with respect to K™ and N nutrition, and should be
critically considered before broader conclusions are drawn
regarding the utility of such a screening tool.

In the present study, we tested the hypothesis that the extent of
K" efflux upon short-term exposure to NaCl can predict plant
performance on long-term NaCl stress in three cultivars of rice
(Oryza sativa L.) that differ in salt sensitivity: IR29 (sensitive), IR72
(moderate), and Pokkali (tolerant). Plants were grown under eight
nutritional regimes varying in N source (NH " vs. NO3™), N
strength (0.1 vs. 10 mM), and K" strength (0.1 vs. 1.5 mM), to
investigate the effects of these two key macronutrients to K* status
and growth, in relation to performance on short- and long-term
NaCl stress. Responses to short-term NaCl stress that were
considered include: (1) peak NaCl-stimulated K* efflux, (2)
cytosolic K* release, and (3) total root K' loss. Measures of
long-term NaCl stress include: (1) survival, (2) biomass, (3) tissue
K" content, and (4) tissue Na* content. We show that, surprisingly,
no measure of K" fluxes or accumulation could predict plant
performance in the presence or absence of NaCl stress, and that
instead, shoot Na* content was the best indicator of performance
on high salinity, albeit after the fact.

Materials and Methods

Plant material and growth conditions

Rice seeds (Orza sativa L., cvs. IR29’, IR72’, and ‘Pokkali’)
were surface-sterilized with 1% (v/v) sodium hypochlorite for
10 min, germinated in aerated dH,O for 48 h, and placed into 14-
L plastic hydroponic vessels containing aerated, modified
Johnson’s solutions (2 mM MgSO,, 0.3 mM NaHy,PO,, 0.3 mM
CaCly, 0.1 mM Fe-EDTA, 20 uM H5BO3, 9 uM MnCly, 1.5 pM
CuSOy, 1.5uM ZnSO,, 0.5 pM NayMoO,), pH 6.30-6.35
(adjusted with 1 M NaOH). Potassium was supplied as KySO,
at either 0.1 or 1.5 mM. Nitrogen was supplied either as Ca(NOs),
or (NH4)9SOy, at either 0.1 or 10 mM N. Long-term salinity stress
treatments involved supplementation of the growth medium with
50 mM NaCl. To ensure plants were maintained at a nutritional
steady state, solutions were completely exchanged on days 9, 13,
16, 18, and 20 (post-sterilization), and were experimented with on
day 21. Plants were cultured in climate-controlled, walk-in growth
chambers under fluorescent lights with an irradiation of 425 umol
photons m™? 57" at plant height for 12 h d™" (Philips Silhouette
High Output F54T5/850HO; Philips Electronics Ltd, Markham,
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ON, Canada). Day/night temperature cycle was 30°C//20°C, and
relative humidity was 70%.

Tissue K™ and Na*™ content

The measurement of tissue K* and Na* content was performed
as previously described [12,19]. In brief, roots of intact 21-d-old
seedlings were desorbed in aerated 10 mM CaSO, for 5 min, to
release extracellular K* (steady-state conditions). For a subset of
seedlings grown without NaCl stress, roots were first immersed in
aerated growth solution supplemented with 160 mM NaCl for
45 min (to parallel efflux experiments, see below), followed by
desorption in 10 mM CaSO, for 5 min (short-term NaCl
treatment). From there, roots were detached from shoots and
spun in a low-speed centrifuge for 30 s, to remove surface water.
After weighing, tissue samples were oven-dried for three days at 85
—90°C, and then pulverized (VWR VDI12 homogenizer; VWR
International, Mississauga, ON, Canada) and digested for an
additional three days in 30% (v/v) HNOs;. K' and Na*
concentrations of the tissue digests were quantified using a dual-
channel flame photometer (Model 2655-10; Cole-Parmer Instru-
ment Company, Anjou, QC, Canada).
+2K* efflux

Two days prior to experimentation (day 19), seedlings were
bundled together in groups of five at the stem base by a 0.5-cm-
high plastic collar. Only plants grown without NaCl were used to
monitor changes in potassium efflux over time due to sudden NaCl
exposure. *?K* efflux from roots of intact seedlings was monitored
as described previously [12,34,40] and based on the method from
compartmental analysis [41-43]. In brief, roots were immersed for
1 h in a nutrient solution identical to growth conditions but
containing R (t772 = 12.36 h), received as *2K,CO; from the
McMaster University Nuclear Reactor (Hamilton, ON, Canada).
From there, seedlings were secured into glass efflux funnels and
roots were eluted of radioactivity with successive 20-mL aliquots
on non-radioactive growth solution. The desorption series was
timed as follows, from first to final eluate: 15 s (four times), 20 s
(three times), 30 s (twice), 40 s (once), 50 s (once), 1 min (23 times),
1.5 min (three times), 2 min (three times), 3 min (three times),
4 min (twice), and 5 min (once), for a total of 1 h of elution. The
first 22 eluates (15.5 min into the desorption series) were identical
to growth solution and the final 24 eluates contained growth
solution supplemented with 160 mM NaCl. A subset of experi-
ments involved the final 24 eluates with 160 mM NaCl co-
supplied with either 10 mM CaCl, or 10 mM CsCL

Immediately following the elution series, seedling bundles had
their roots detached from shoots and centrifuged, as described
above, before weighing. Radioactivity from eluates, roots, and
shoots, was counted, and corrected for isotopic decay, using a
gamma counter (PerkinElmer Wallac 1480 Wizard 3"; Turku,
Finland). For comparison charts of *K* efflux, the specific
activities of all replicates were normalized to an arbitrary value of
2%10° cpm pmol .

Estimation of cytosolic K™ release and K* efflux during
NaCl treatment

As previously observed in barley [12], sudden application of
high (160 mM) NaCl during a **K" efflux protocol resulted in

February 2013 | Volume 8 | Issue 2 | 57767



K" Fluxes & Retention in Response to NaCl in Rice

LO0¥£9/£500°3u0d feuinof/L Z€1°0L:10p
"JUSUOD L BN 100Y, JUSUOD BN JO0YS, JUUOD |3} 100y, :JUSIUOD Y 100YyS, qybram bn_m ‘lonuod, qybram ysaid,
"(2591-1 SAUSPNIS 1L00'0>d ‘xxx 'LO'0>d>1000
xx 'S0'0>d>>10°0 ix ‘JuedyIubIs 10U :su) sied JuswiIeal) pue [013U0D U3IMID] dURDHIUBIS JO S|AS| JUBISYIP S10USP SYSLISY "AlljelIoW JO sadURISUI d3LDIPUI S9Yseq ‘|DBN INW 0§ —/+ ‘SUoipuod YHN pue L) Moj Japun
UMOIB SIBAIYND (] DAIIDS DZAIQ) 9211 9311 JO SSN|EA JUSIUOD DNSSI) PUE SSRWOI] d1eIS-ApedlS

SEF86S 60768l — TEFLLE - 97F8'¢E rrL+89CL ILFGEL 0T LIL 607yl - €LFGSL (M4 ,_6 jownt) deNy
9VCF6ELT 0'LFESL = L9FEYE = LEF9LE 80L+8'LSC YLIFTEL S'€E9FIVLS 60F0SL = 60FLCL (M4, _6 jownt) j5eNs
0'9¢ - — €585 €969 - (11D %) dulPaP D)Y
LLOFE9 = = LLCTFSOp LLETFEES — (M4 ,_6 jowr) suipap DXy
90F6LL €0FTHT — ELFVIT — LEF8TY 80FL'8C L'TFT69 S0FTET YLFY9L — €0FVEL (M4, _B jouwnrt) Opy
0'LF00Y OLFLLL = LLFTY8 = L1T6S0L 670891 907868l 00LF+'88L SLFLS8L = 0TF669L (M4 ,_6 jowr) o5
€00'07290°0 20007800 — €00'0F£90°0 - 600076700 €000+890°0 ¥00'0¥0600  ¥000+990°0 €000+ €800 - ¥00'0+280°0 onel M4:Ma 100y
¥00'07961°0 €00'07891°0 = 200072610 = S0007661°0 200071810 200079510 900'0F€EET0 L00'0FZ8L0 = L00'0F061°0 onelr M4:cMa 100ys
209 - - €€°67 €TLS - (1D %) SulPSp M4 [eroL
890075590 = = LETLOF6SY0 .60L°0F89£°0 = (6) suipPap M4 [e20L
0S0°0F£9L°0 LYOOFLTY'L — 05004650 - TSO0FE9€0 L600F90L"L €800+595'L TS00F¥LS0 9600FTHE'L — 60L'07960'L (6) M4 e20L
090'0F61°0 710076870 = 810'0F691°0 = 910°0FZL10 0£0°0F09€°0 SE0'0FLLS0 0£0'0F9C0 6€0°0F£SS0 = 670°0FE6E0 (6) m4 100y
TYO0FELSO 9€0'0FEELL —  $€00F8TH0 — LEO'OFLSTO 190 0F9¥L0 LS0'0+886'0 €20'0F8ZE0 LS0'0F98L°0 — L90'0F€0L0 (B) ,m4 100ys
LeN+ JeN— LN+ JeN—  ,eN+ +eN— LeN+ JeN— +eN+ JeN—  ,eN+ JeN—
1epiod (4]} 6Tyl nexpjod zLYl 62yl
+YHN Ww oL +YHN Ww L0
A IWwW 1°0

"(suonipuod PHN ‘)

MOJ) JUJUOD pue Ssewolq aNssi} pue ainsodxa |[DeN wid-Huo | ajqel

February 2013 | Volume 8 | Issue 2 | 57767

PLOS ONE | www.plosone.org



K" Fluxes & Retention in Response to NaCl in Rice

T00Y'£9££500"3u0d [euInof/LZE1'0L:10Pp
"JUSIU0D L BN 100Y, ‘JUSIUOD BN JO0YS, JUSIUOD |y J00Y, JUSIU0D LY J00YsS, Iybiam Aiq, {oiuod, ybom ysai4,
"(3591-1 S,JUIPNIS {L000>d wxx 'LO'0>d>100°0 ixx ‘SO'0>d>L0'0 i JULIYIUBIS 10U :SU) Sied JUSWILSI) PUB [01IUOD USIMID] 3oURdYIUbIS
JO S|2A3] JUBIBYIP S10UBP $HSUIISY “AleLOW JO SIdURISUI 31LIIPUI S3Ysed ‘[DBN W OS—/+ ‘SUONIPUOD _EON PueB ,) MO| Japun umolb siean|nd (7 bAbs bzAIQ) 314 334Y) JO SSN|eA JUSIUOD BNSSI) pue SSewolq a1eis-Apesis

L8 YOFESL 0LF0V9 605TLL S1¥099 056 TT9L0L 05291 9LFYLLL SOFV YL — TLFE9L (M4 ,_6 jowr) ,oeny
08LF6VTL I'ST8SL  99LF98EC CET6OL  TLEFYTSE 0TSVl  €6TFSL6T VLTSVl 8'8ELFTESS €LFL9L — YSFLLT (M4 ,_6 jowrl) jJeNs
oLy 88vE sL'8s 5099 £0°19 — (43D %) 3uIP3P dHY
LLLFIET _8vTSIl LUSFLTE L 8YFLES LVETETS — (M4 ,_6 jowr) 3u1pap dxy
I'LT99C YLFT0S 7078°0¢ 0ETELY 80T L'ET 0STTSS TLT9LT [YFEL8 SEFVEE LTS8 — TLFLT6 (M4 ,_6 jowrl) O3y
09FL6TL 7’87808l SEFS6TL 9ZF09/L 6LFTSTL VIFTELL TEF00CL VEFL6LL  L'STFL8SL LIF6LLL = 7178661 (M4 ,_6 jowrl) ,oys
LOO'0FE£0°0 100077800  LOO'0FSL00 L00'0F6£00 LOOOFELOO0  ¥LOOF6600  200'0FO0L00 L00'0F00L'0  ¥00'0F8500  Z00'0F880°0 — L00'0F+80°0 onel M4:Ma 1004
£000F€6L0  €000F/SL'0  ZOO'0FOET0 LO0'0F6LL0  6000FE9Z0 LO0'0FS6L'0  €000F86L'0  COO0OFELLD 6000F6ZZ0  ZOO0FSLLO —  T000FLL10 onel M4:Ma 300ys
o£'sy 90°Ey £9°€S €809 6€9L — (1D %) duIP3p M4 (B3O
LPLLOFFLpLL . 1607075950 LV9L0F/89°0 L. 18L0F99Y'L ...060'0F9€7'L = (6) su1pPsp M4 [e30L
S60°0F752T'L €90'0FCLET  LYOOFLVLO  8LOOFTLEL TTOOFY6S0  LELOFLSTL  6£00FHH6'0  OLLOFOLY'Z  8S00FZ8E0  8900F8LY'L — 790079t (6) M4 1e30L
LEOCOFILY'O  TTO0FSLO0 TZOOFL6ZO  9Z00FHTyO LLOOFESTO  8600F6YY'0 ¥LOOFZIEO  SSOOFLKO'L  LZOOF8ILO  STOOFHSLO —  ¥£00F0L90 (6) M4 1004
000078080  €YOOFLSLL  9ZO0FISK'O  7SO0F8880 6LOOFLYED  LSO0OFZESO 9ZO0FC8S0  9ZLOFEVEL  LEOOFVLZO  HO'0FYI80 —  9£0'07998°0 (6) ,M4 100ys
LBeN+ LeN— LeN+ LBeN— LBeN+ LBN— LBeN+ LBN— LBeN+ LeN— BN+ LeN—
nexjod zLyl 6zl nexpjod zLyl 6zl
_EON Ww o1 _EON Ww L0
MWW Lo

‘(SUOIIPUOd _€ON ‘.Y MO|) JUSIUOD pue SSewolq aNnssi} pue ainsodxa [DeN w.sl-buo *z ajqel
p - I p q p 19

February 2013 | Volume 8 | Issue 2 | 57767

PLOS ONE | www.plosone.org



K" Fluxes & Retention in Response to NaCl in Rice

JO S|9AS| 1UDIDYYIP Dl0UBP SHYSLISY "ANjELIOW JO SIDURISUI DIeDIPUI SRYSe

€00Y'£9££500"duod"[ewinol/|zg1°01:10p
"JUSJUOD BN 100Y, ‘USIUOD BN JO0US, ‘JUSJUOD |} 100Y, JUSIU0D Y 100yS, Iybiam AiQg :|o13uoD, ybrom ysai4,
*(3591-1 SQUSPNIS (100°0>d xxx 'L0°0>d>100'0 ixx ‘SO'0>d>10'0 :x ‘IULIYIUBIS 10U :SU) Slied JUSWILI) PUe |0JIUOD USIMIDQ duedyiubis

‘IDEN W 0S—/+ ‘suonipuod ,PHN pue .y ybiy 1spun umoib sieAn|nd (-] baibs pzAiQ) 2d14 321y} JO SIN[EA 1USIUOD BNSSI) pue ssewolq aleis-Apesis

STFTL9 ¥0F00L 05779821 €TFY9L — 6€F6SL YLFL98 L0F8LL YoFYTLL OLFTLL — L'ZF8LL (M4 ,_6 jownl) DeNy
9SLF00EL 60F€LL YELFLT8E LEF6ET = 8'EF6'ST 69F8LL SLF6LL  VLELF8TYY ILFLEL = 9EFLLL (M4 ,_6 jown) joeNs
L9°€S €8'/5 — oL'vs 8€°09 — (143D %) dulP3p DY
LETF08E LSTFELE = LOrFL09 AR ) — (M4, _6 jown) suipap dyy
90+8TE ¥1¥80L 80FCLT SLFSP9 — ILFH'L9 60F5LS L'ZFTTLL YEFI LY SEF0S0L — 8LF'S0L (M4, _6 jown) Oxy
(&N 4d] 897570C 60LFETLL Y'EFS86L = 07+ 1991 STFY89L €EF8°S0C  VYEFIYC 0EFP 6L = L'SFE€T0C (M4 ,_6 jown) O3S
¥00'07¥90°0 200'0F8L0°0 0L00F 100 L00'0F¥90°0 — 600079500 L00'0F0L0'0 L00'0F1600  9L0'0F0S0°0 LO0'0FEL0'0 — €00°07990°0 ones M4:Ma 100y
L00'0FL9L'0 90005510 800074610 L00'0FS9L'0 = 200'0F69L°0 200078910 €00'0F0SL'0  6L00FSHTO 200'0F59L°0 = L00'0F+8L°0 onel M4:cMd 1004s
85°EY €879 — €191 ¥0'9L — (11D %) dulpPap M4 [e10)
ASLOFLLLL ,901'07999°0 = wlLT0FL8T0 w8L10F0TLL = (6) suipPap M4 (201
LLOOFLEY'L OPL'OFLYST 790'0F16£°0 S80°07090'L — YEL'07986'0 0L0'0FL6b'L SOT0FS8L'L  9L00FESED LOLOFELY'L — YZLOFYELO (6) M4 |e30)
8L0'0FS9E°0 LEO'0F0r9'0 9Z0'0F0kL'0 ¥ZO0FLLED = 750078620 LTO0FEBYO 180075990 #ZO'0F8ELD 650'0F9€5°0 = 870'0F8C°0 (6) m4 100y
L5007 LL0'L LLL'0F806'L 8€0'0F¥ST0 T90°0FEVLO — €80°0+889'0 YP00FSLO'L STL'0F0CL'L  TSO0FSLTO YOL'0FLE60 — 9/0'0+S87°0 (6) ,Mm4 100y5
LJeN+ LJeN— LN+ JeN— BN+ LeN— LJeN+ JeN— LeN+ JeN— _eN+ LJeN—
epjod [44%]} 6zl 1expjod (4211} 6zl
+THN ww oL +YHN Ww L0
A Ww gL

“(suonipuod LYHN ‘) Yb1y) 1Us1Uod pue ssewolq Snssi) pue ainsodxa [DeN Wia1-buo *g djqeL

February 2013 | Volume 8 | Issue 2 | 57767

PLOS ONE | www.plosone.org



K" Fluxes & Retention in Response to NaCl in Rice

#00¥'£9/£500"3uod [euInof/L£g1°0L:10p
“JUUOD BN J00Y, JUSUOD BN JOO0YS, ‘JUSIUOD |} 100y, ‘JUU0D L) 100yS, IYBIam Aidg ‘010D, yblom ysai4,
*(3591-1 SAUIPMIS (L00°0>d ‘xxx 'L0°0>d>100'0 xx ‘S0°0>d>10'0 :x uedIUbIS J0U :su) siled Jusw1eaI} pUe [0JIUOD UIMIDQ ddURdYIUBIS
JO S[9A3] JUBIBYIP SI0USP SYSLISY "AlljeIOW JO SIdURISUI 31LIIPUI S3YSeQ ‘[DBN IWW 0§ —/+ ‘suonipuod _€ON pue Ly ybiy Jspun umolb sieAnnd (] bAIDS DzAiQ) 30U 83y} JO SIN|BA JUSIUOD BNSSI PUR SSBWOI] d1els-Apesls

€LFL05 617+ 0L 0'SFS'SL €186 — ILFLTL €€708 90+5'9¢ — ¥'076'S — 70798 (M4 ,_6 jowni) ,deNy
ILLFGEEL TEFY YL §'S6F9°€SH 6TF56L = €LFE6L vLFgEYL L'TFLYL = ULFETL = 96F20C (M4, 6 jownd) j5eNs
¥8'SS SS'SY — LO'ES — — (143D %) du1Psp DY
LLOST8 LY rvFeee = ..8978TS = — (M4 ,_6 jown) suipap Dy
Y1F8LE I'€79°S8 SLFTTY LTFSLL — 9TF€EEs Y1IFL9Y TY+566 — TE7966 — 0r+6:00L (M4 ,_6 jownr) Oxy
SEFTLEL ¥'SFLL0T 97EF88LT TLFEVLL = 8'TF8¥8l LYF6LS1 6TF1T0C = 9v+£20C = S9FE0ET (M4, _6 jownd) O3S
200070400 L00'0F9L0°0 S00'0F6£0°0 200076900 — L00'0F0£0'0 800°0FL00 L00'0F 1600 — 20007 ¥£0°0 — 200'070L0°0 oner M4:Mmd 100y
L00'0F8LL'0 LO0'0FCSL0 LLO'0FEETO 200'0FELL0 = 200070410 L00'0F85L'0 L00'0F851°0 = €00°0F04L'0 = €00°0+799L°0 oner M4:Ma 100ys
[4:9a4 €€ — €6'LE — — (21D %) dulPap M4 [e10L
LLCLL0FO09Y L L LELOFSYO'L = LSLZT0F1SL0 = = (6) suipPap M4 (101
00L'0F€65L OrL'0FESO'E SL0'0F LOV0 LOL0F6bY L — ¥60°0F29L°L 9005 109'L L0Z0FTSET — 6600758 — SELOF6PLL (6) M4 er0L
STO0FELYO €C0'0FESD 820075510 €70'0F 0870 = 0£0°0F87€°0 €20°0FCLS0 860'07826'0 = Y7005 £87°0 = 690'0F29%'0 (6) md 300y
080°0F0Z1'L 671'0702TT LY0'0FI¥T0 £90'07696'0 — S90°0F Y180 LS0'0F670L ELLOFSTYL — 850°0786L°0 — S60°07£89°0 (6) ,m4 100Ys
LJeN+ JeN— LJeN+ JeN— LJeN+ JeN— JeN+ JeN— LeN+ LJeN— LJeN+ JeN—
epjod (4] 62yl 1epjod zLHl 6zl
_SON Ww 0oL _%ON Ww L0
A Ww gL

‘(suonipuod _€ON ‘M ybiy) us1u0d pue

ssewolq anssi} pue ainsodxa [DeN wual-buo *p ajqel

February 2013 | Volume 8 | Issue 2 | 57767

PLOS ONE | www.plosone.org



K" Fluxes & Retention in Response to NaCl in Rice

12
A 0.1 mM K*, 10 mM NH,*
IR72
~10
2
i
£
- 8 .
£
it
@ @ Control
- 6 .
8 ONa
8 é ANa'+Cs”
e ‘4 Ca2t
£ ANa"+ Ca
Sa4- %
: t
¢ : SN
¢ &
< 2 - M@%@ AA i %
DN g }
éééméﬁégéﬁggg * s o
0 S - ‘ ‘ ‘ ‘ ‘
0 10 I 20 30 40 50 60 70
Elution time (min)
25 ~
B 1.5 mM K*, 10 mM NH,*
IR72
&0
T
£
£
515 - %
@ @ Control
° +
% ONa
s “} ANa" +Cs”
E10 % ANa' +Ca?
5 % s %
E
e ¢ b, 148}
IS @ 25 %
¥ 5 2 4 %é 43
¥ By %;é é o & & x
(@]
M@@..“m ABx AL g N
T %®e00 o 56 5 & o
0 T T . T .
|

20 30 40 50 60 70
Elution time (min)

0 10

Figure 2. Inhibitor effects of NaCl-stimulated K" efflux. The effect of co-application of 10 mM CsCl or CaCl, with sudden provision (at t =
15.5 min, see arrow) of 160 mM NaCl on the response of 42K* efflux from roots of intact rice (Oryza sativa L.) in the cultivar IR72. External N source was
supplied as 10 mM NH," and K" at either 0.1 (A) or 1.5 mM (B). Error bars indicate = SEM.

doi:10.1371/journal.pone.0057767.g002

significant stimulations in radiotracer release from roots over the rate of vacuolar K* loading relative to the cytosol (eg., several
course of the treatment (see Results). To express this release in hours as compared to several minutes, respectively) [44-47], we
terms of pmol K* g~' (root fresh weight (FW)), an integration could assume that after 1 h of loading, the majority of tracer
procedure was employed similar to that previously described [40]. accumulation occurs within the cytosol. However, since phase
Based on literature precedence demonstrating the extremely slow testing yielded no evidence for physiological efflux in our model
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Figure 3. Root K" content and short-term NaCl stress. Root K" content, before and after short-term (45 min) exposure to 160 mM NaCl, in
three cultivars of rice (Oryza sativa L., cvs. ‘IR29’, ‘IR72, and ‘Pokkali’). Plants were grown and tested in a full nutrient medium supplemented with
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bars indicate = SEM.
doi:10.1371/journal.pone.0057767.g003
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Figure 4. Tissue K'/Na* content and biomass. Correlation analyses between shoot K™ content and fresh weight, in the absence (A) or presence
(B) of long-term NaCl stress, and shoot Na* content and fresh weight in the presence of long-term NaCl stress (C). Data was accumulated from three
cultivars of rice (Oryza sativa L.) grown under varying nutritional conditions. Inset: respective correlation analyses between ion content and fresh

weight for root tissues.
doi:10.1371/journal.pone.0057767.g004

system (data not shown; ¢f. [34,40]), no estimates of cytosolic
exchange kinetics were made [41-43], and specific activity of the
cytosol (SA.,) was estimated to be equal to external specific
activity (SAcy). Thus, to quantify the minimum amount of K*
released from the cytosol (in pmol K* g™ (root FW)) during NaCl
treatment, the radioactivity released (in cpm) during this period
was summed, divided by SAy, (in cpm pmol ", and corrected for
root FW. This protocol was conducted for each replicate within a
treatment and averaged for each individual treatment (* SEM).

Similarly, the peak magnitude of NaCl-stimulated K* efflux (in
pmol g~ ' (root FW) h™!) was estimated for each cultivar and
growth condition, by dividing the maximal rate of radioactivity
release (in cpm released g~ ' (root FW) min™'; this generally
occurred within the first 2 min of treatment - see Results) by SA-.y
and correcting for time. This protocol was used for each replicate
within a treatment and then averaged for each treatment (=

SEM).

Statistics

For efflux experiments, each bundle of five seedlings was
considered a single replicate, and each treatment was replicated a
minimum of three times. For growth and tissue content analyses,
each bundle of four seedlings was considered a single replicate,
with a minimum replication of four. Comparisons in cytosolic K*
release and peak K* efflux during NaCl treatment (as described
above) were analyzed within a single variant by use of one-way
ANOVA with Bonferroni post-hoc corrections. Student’s t-tests
were performed to determine significantly different means in K*
and Na* content between control and Na*-treated plants. Pearson
correlation analyses were performed using GraphPad Prism 5

(GraphPad Software; La Jolla, CA, USA).

Results

Fig. 1 shows the release kinetics of **K* from roots of intact,
pre-labeled, rice seedlings, and their response to sudden applica-
tion of 160 mM NaCl (at ¢ = 15.5 min, see arrow), in three
cultivars that differ in salt tolerance: IR29 (sensitive), IR72
(moderate), and Pokkali (tolerant). Seedlings were grown and
measured under eight nutritional conditions that varied in N
source (NH," or NO3™), N strength (0.1 or 10 mM, referred to as
‘low’ and ‘high’, respectively), and K* strength (0.1 or 1.5 mM,
also referred to as ‘low’ and high’), which had considerable effects
on plant biomass and tissue K* content (Tables 1, 2, 3, 4, also see
below).

As was previously shown in barley [12], sudden exposure of
roots to 160 mM NaCl caused an immediate stimulation of **K*
efflux in rice seedlings. This response was observed in all cultivars,
regardless of growth condition (Fig. 1). We should note, however,
that this response was not observed at lower [NaCl] (e, 25—
75 mM; Fig. S1), although 50 mM NaCl was effective at
suppressing growth in all three cultivars (see below). Salt-tolerant
Pokkali displayed lower NaCl-stimulated K* efflux, relative to the
other cultivars, in terms of both peak efflux and an integration of
all K" released during elution (Table 5), under all growth
conditions except for low K*, high NH,* (Fig. 1D). By contrast,
although IR72 displayed intermediate salt sensitivity (as measured
by survival, biomass decline, and shoot Na* content; Tables 1, 2,

PLOS ONE | www.plosone.org
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3, 4), this was not generally reflected in the extent of NaCl-
stimulated K* efflux. In fact, only under low nitrate conditions did
efflux in IR72 fall between that of IR29 and Pokkali (Fig. 1B & I).

Fig. 2 illustrates the sensitivity of NaCl-stimulated K* efflux in
IR72 to selected ion channel inhibitors. Under the conditions
tested, NaCl-stimulated K" efflux showed no sensitivity to Cs", a
potent inhibitor of K* channels, including outward-rectifying K*
channels [34,48]. By contrast, NaCl-stimulated K* efflux displayed
significant sensitivity to added Ca”*, which is known to both
inhibit NSCCs [49-51] and stabilize membranes [16,52,53]. This
was particularly noticeable under low-K* conditions (Fig. 2A).

Total K* content of roots before and after short-term NaCl
stress (45-min exposure to 160 mM NaCl) showed relatively little
decline (Fig. 3). No more than 20 pmol K* ¢~ ' FW were lost (sce
IR72 at high K*, high NO3™; Table 5), which amounted to a
maximal decline of 26% compared to control (~78 pmol g~ '; Fig.
3, Table 4). These losses were considerably smaller than the
differences in root K content among cultivars in the absence of
NaCl stress, where amounts ranged between 24 pmol g~ ' FW (at
low K*, high NH,") and 112 pumol g71 FW (high K*, low NH4")
(Fig. 3; Table 1 and Table 3, respectively). In the presence of long-
term NaCl stress, root K* content ranged from 18 to 52 pmol g~
FW, depending on growth history, amounting to a maximal
decline of 70% compared to control (see IR72 at low K*, low
NH,*; Table 1).

No measure of K* status could predict plant performance either
in the presence or absence of NaCl stress. When combining data
from all cultivars and conditions, neither root nor shoot K*
content showed a correlation with FW in the absence (Fig. 4A) or
presence (Fig. 4B) of long-term NaCl stress. Moreover, no general
relationship was found between plant performance under long-
term NaCl stress and the magnitudes of NaCl-stimulated peak K*
efflux, integrated K* efflux or root K* decline (Table S1). In fact,
in only one scenario could a strong negative correlation (R?>0.34)
be found between peak K efflux and tissue biomass under long-
term NaCl stress (Fig. 5B, inset: roots at high K*). No correlations
were found under low K* conditions for Pokkali (Fig. 5B), and
surprisingly, significant positive correlations were found for both
shoot and root tissue for IR72 at both K" levels (Fig. 5A).

In contrast to these findings with K*, shoot Na* content showed
a strong negative correlation (R? = 0.77) with shoot biomass
under long-term NaCl stress (Fig. 4C). This was not the case for
root tissue (Fig. 4C, inset).

Discussion

The present study is the first to examine NaCl-stimulated K*
efflux in rice and to relate this phenomenon to performance on
long-term NaCl stress. Consistent with studies on other plant
species (e.g., barley [12,20], wheat [23], bean [54], cotton [16],
Arabidopsis [13], pea [55], alfalfa [56], and sunflower (our
unpublished results)), we show that sudden exposure to high levels
of NaCl produce a significant and sustained stimulation of K*
efflux in three cultivars of rice that differ dramatically in salt
tolerance. We also show that this effect occurs regardless of
nutritional history (Fig. 1), albeit to varying extents (Table 5). We
should stress that this effect only occurs if NaCl concentrations are
sufficiently high (e.g. 160 mM), as it was not observed in a lower
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Figure 5. NaCl-stimulated K" efflux and biomass. Correlation analyses between NaCl-stimulated peak K* efflux from roots and total biomass (or
shoot and root biomass, separately; insets) on long-term NaCl stress in (A) IR72 and (B) Pokkali under low and high K™ growth conditions. Axes labels

for insets as in main figure. Error bars indicate + SEM.
doi:10.1371/journal.pone.0057767.g005

range (25-75 mM; Fig. S1). By contrast, long-term exposure to
50 mM NaCl was sufficient to bring about toxicity in all cultivars,
and in some cases even mortality (Tables 1, 2, 3, 4). These findings
question the universal relevance of NaCl-stimulated K* efflux to
NaCl toxicity.

Recently, we investigated the mechanism underlying the efflux
stimulation in barley roots, and concluded that membrane
disintegrity due to osmotic and ionic effects was the cause [12],
a conclusion that agreed with earlier explanations [15,16], but
opposed more recent explanations that attribute the effect to the
gating of outwardly rectifying K" channels by Na'-induced
membrane depolarization [13]. In the present study in rice, we
found that, as in barley, NaCl-stimulated K* efflux showed no
sensitivity to Cs* (Fig. 2), an especially potent inhibitor of K* fluxes
[34,57,58], which discounts the involvement of outward-rectifying
K* channels. Simultaneous application of 160 mM NaCl with
10 mM Ca®" showed significant suppressions of K'-efflux
stimulation (Fig. 2). While Ca®" is known to inhibit some ion
channels [49-51], it is also well documented that calcium is critical
to the stability of membranes including under NaCl stress
[52,59,60], which may explain the suppression observed in the
present study.

The agronomic importance of NaCl-stimulated K* efflux has
been suggested by the inverse relationship between the extent of
efflux and the salt tolerance of wheat and barley cultivars, which
thus may prove to be a valuable screening tool for some crops
[20,23,61]. In our study, the salt-tolerant cultivar, Pokkali, did
show significantly lower NaCl-stimulated K" efflux compared to
IR29 and IR72, under all conditions but one (Fig. 1). However,
the stimulation of K* efflux in IR72 did not fall between that of
IR29 and Pokkali under most conditions (Fig. 1), even though
IR72 clearly demonstrated intermediate sensitivity to long-term
NaCl stress, in terms of survival, biomass decline, and shoot Na™
content (Tables 1, 2, 3, 4).

Nor was there a strong negative relationship observed between
peak NaCl-stimulated K* efflux and plant growth on NaCl, within
the three cultivars of rice examined here, under varying nutritional
conditions (Fig. 5). Within cultivars, only when correlation
analyses were limited to a specific K* level were any relationships
observed. Even then, only one correlation was strongly negative
for Pokkali (roots at high K; Fig. 5B inset), while all correlations
were in fact strongly positive for IR72 (Fig. 5A).

Long-term NaCl stress showed no correlation between peak (or
integrated) efflux, and survival, biomass decline (both absolute and
relative), tissue K content and its decline (both absolute and
relative), and tissue Na® content and its accumulation (both
absolute and relative) (Table S1). Thus, it appears that in rice,
NaCl-stimulated K* efflux from the root system provides no utility
in screening for performance under salinity stress.

Perhaps of greater surprise was the more fundamental
observation that tissue K* content showed no relationship with
plant biomass in even the absence of salinity stress (Fig. 4; Table
S1). It has long been known that ‘luxury consumption’ of K*
occurs when it is not nutritionally limiting [62-64]. Because plants
can homeostatically maintain cytosolic [K*] at ~100 mM, at the
expense of vacuolar stores [65], they can maintain proper
functioning against a background of widely varying tissue K*
levels. As shown in Table 1, these levels can be extremely low, as in
the case of Pokkali at low K, high NH,", and 50 mM NaCl (18
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14

and 40 pmol K* g FW in root and shoot, respectively), but can
nevertheless be compatible with biomass that exceeds what is seen
in other cultivars with much higher tissue K* levels (¢,g., IR29 and
IR72 at low K*, high NH,", and without NaCl). Fig. 3
demonstrates that the loss of root K due to sudden NaCl
exposure is relatively minor compared to the vast fluctuations in
root K* levels achieved by alterations in growth history in the
absence of salt stress. Moreover, in some cases, it appears that
increased K* provision can in fact be detrimental to performance
on long-term NaCl exposure. Except in plants grown on high
NH,*, where it is clear that enhanced K" availability is beneficial
due to the alleviation of NH, " toxicity [66], biomass decline due to
long-term NaCl exposure was actually greater on high K* in IR72
under low NH,* and high NO3  conditions. Furthermore, IR72
and IR29 did not survive at high K* on low and high NOg,
respectively (Table 4). Thus, it becomes apparent that, at least in
rice, focus on K* status as a measure of plant performance under
saline and non-saline conditions, is perhaps misguided.

By contrast, shoot Na* content was a good predictor of biomass
on long-term NaCl stress (R> = 0.77; Fig. 4C). This is in good
agreement with previous reports on rice that demonstrate strong
negative correlations between shoot Na* content and performance
[67,68]. Moreover, this was the only measure that displayed clear
cultivar differences in the present work, based on salt tolerance,
independent of growth history (i.e., IR29>IR72>Pokkali; Tables
1, 2, 3, 4). Tt is believed that shoot Na* accumulation in rice occurs
preferentially via an apoplastic bypass pathway [69,70], but is
lower in salt-tolerant cultivars such as Pokkali [71]. It is also
believed that elevated Ca®* levels can reduce bypass flow of Na*
into the transpiration stream [72]. Indeed, under low-K*, high-
Ca®* (high-NO; ") conditions, all cultivars showed the lowest shoot
Na" content when grown on NaCl (Table 2). However, this was
not observed at high K*, which may be related to the poorer
performance on salinity with high K*, as mentioned above. Thus,
it appears that monitoring K" nutrition (including efflux and
retention) in hopes of screening for salt tolerance in rice is not a
promising strategy, and that focus should remain on shoot Na*
accumulation and the mechanisms by which it is brought about

[22].

Supporting Information

Table S1 Correlation analyses between biomass, tissue
content, and K" efflux. Pearson correlation matrix (R* values)
between measures of biomass, tissue K*/Na® content, and K*
efflux, accumulated from three cultivars of rice (Omza sativa L.)
grown under varying nutritional conditions+/—long-term NaCl
stress.

(PDF)

Figure S1 Concentration dependence of NaCl-induced
K" efflux. Response of K* efflux from roots of intact rice (Oryza
sativa L., cv. IR72) to sudden provision (at £=15.5 min; see arrow)
of varying concentrations of NaCl. Error bars indicate = SEM.

(TIF)
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