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Summary

e The separation of toxic effects of sodium (Na*) and chloride (CI™) by the current methods
of mixed salts and subsequent determination of their relevance to breeding has been prob-
lematic.

e We report a novel method (Na* humate) to study the ionic effects of Na* toxicity without
interference from CI~, and ionic and osmotic effects when combined with salinity (NaCl).
Three cereal species (Hordeum vulgare, Triticum aestivum and Triticum turgidum ssp. durum
with and without the Na* exclusion gene Nax2) differing in Na* exclusion were grown in a
potting mix under sodicity (Na* humate) and salinity (NaCl), and water use, leaf nutrient
profiles and yield were determined.

e Under sodicity, Na*-excluding bread wheat and durum wheat with the Nax2 gene had
higher yield than Na*-accumulating barley and durum wheat without the Nax2 gene. How-
ever, under salinity, despite a 100-fold difference in leaf Na™, all species yielded similarly, indi-
cating that osmotic stress negated the benefits of Na* exclusion.

e In conclusion, Na* exclusion can be an effective mechanism for sodicity tolerance, while
osmoregulation and tissue tolerance to Na* and/or CI~ should be the main foci for further
improvement of salinity tolerance in cereals. This represents a paradigm shift for breeding

cereals with salinity tolerance.

Introduction

Global food requirements are expected to increase by c. 90%
by 2050, and as land degradation, urban spread and seawater
intrusion are increasing, gains in agricultural productivity must
come from marginal land, including saline soils (Munns ezal.,
2012). Of the 1.5 x 10” ha of cultivated land mass on Earth,
0.34 x 10° ha (23%) are saline (Shahid & ur Rahman, 2011).
In general, there are two complementary approaches to
improving crop production in saline soils: soil management
and plant breeding. The soil management option (i.e. leaching
salts below the root zone and gypsum application) for dryland
cropping systems is not always practical and rarely cost-
effective (Genc eral., 2013), while the breeding option holds
promise (Grewal eral, 2004; Genc etal, 2007; Munns etal.,
2012). With impressive intellectual and monetary investment
over the last few decades, our understanding of plant biology
under salinity stress has improved significantly, but progress in
breeding salinity-tolerant cereal varieties has been slow. At pre-
sent, there are a few salt-tolerant dryland cereal varieties devel-
oped via conventional breeding (Sharma, 2010), but no
varieties have ever been released based on physiological mecha-
nisms (Noble & Rogers, 1992; Colmer etal, 2005; Munns,
2005; Rozema & Flowers, 2008; Cuin et al, 2009). There are
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several possible reasons for this apparent slow progress, and
these are discussed below.

Although researchers acknowledge the complexity of salinity
tolerance and the need for combined mechanisms (Na* exclusion,
osmotic tolerance and tolerance to high internal Na" concentra-
tion) to achieve it (Apse eral., 1999; Munns, 2005; Genc et al.,
2007; Munns & Tester, 2008; Rozema & Flowers, 2008; Rajen-
dran etal., 2009), osmotic stress is the critical component of
salinity stress (Bernstein, 1975; Epstein ez al., 1980; Munns ez al.,
1995; Neumann, 1997; Husain eral, 2003; Munns & Tester,
2008; Rengasamy eral., 2010; Ul Haq eral., 2014; Munns &
Gilliham, 2015) and most plants are naturally efficient Na*
excluders (Munns, 2005), Na* exclusion theory has for around
two decades defined the salinity tolerance research paradigm.
Despite this, there has only been one case where an Na* exclusion
gene (Nax2, HKT1;5) resulted in improved grain yield: durum
wheat Tamaroi possessing the Nax2 gene (Tamaroi-Nax2)
yielded, on average, 20% more than Tamaroi durum wheat at
two high-salinity field sites in Australia from a total of 12 sites
(Munns et al., 2012). Although there was a gradient of salinity
stress at the field site where the most significant yield advantage
of the Nax2 gene was observed, the other field sites with varying
degrees of salinity did not show significant yield differences, and
a salinity rate trial in a controlled environment to verify effects of
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the Nax2 gene on grain yield in isolation has not been reported.
While recognizing the importance of this research, we believe
that in the absence of controlled environment rate studies, it is
difficult to conclude that the yield increase was the result solely of
the Nax2 gene. Tamaroi-Nax2 was produced from a conven-
tional cross between durum wheat Tamaroi and the diploid
ancestral wheat relative T7iticum monococcum (James et al.,
2006), and thus may have inherited other genes which could
influence grain yield.

The lack of rapid and reliable screening methods for assess-
ment of salinity tolerance has also contributed to slow progress in
breeding (Genc eral., 2007). To date, most studies have used
short-term hydroponics or soil-based vegetative trials, with find-
ings that tend to be poorly correlated with grain yield (Maas &
Hoffman, 1977; Munns & James, 2003; Genc etal., 2010a,
2013, 2014; Tavakkoli ez al., 2010). These recent studies suggest
that hydroponics is not a good model for dryland salinity as soil
moisture tension (i.e. the molecular attraction of the surface of
the soil particles for water) (Richards, 1954) and rhizosphere
ionic gradient (Vetterlein ezal., 2004) cannot be established in
hydroponics. In addition, in hydroponics, nutrients are generally
in excess, while in a farmer’s field, they usually become less avail-
able as the soil dries. Therefore, future studies should consider
soil-based pot assays where field testing is not possible if we are to
make good progress in this area.

The difficulty in separating ionic effects from osmotic effects
of salts has also impeded progress in breeding for salinity toler-
ance (Marx, 1979; Genc eral., 2007; Rengasamy ez al., 2010).
After half a century of experimenting, methods of using mixed
salts to separate ionic effects of Na* (CaCl, or KCl vs NaCl) and
Cl™ (NaNOj or Na,SO4 vs NaCl) have produced equivocal
results (Munns & Tester, 2008; Munns, 2011). Mixed salts can
produce Na* and CI™ dominant solutions and soils, buc it is diffi-
cult to alter the external concentration of one ion against another
without modifying the osmotic pressure of the external solution
or the rate of uptake of other ions (Richards, 1954; Bernstein &
Pearson, 1956; Wright & Rajper, 2000; Sheldon ez al, 2006;
Munns & Tester, 2008; Rengasamy ez al., 2010; Tavakkoli ez al.,
2010; Munns, 2011). Even at equivalent osmotic pressure, mixed
salts can generate high/toxic concentrations of other balancing
ions (Kingsbury & Epstein, 1986; Martin & Koebner, 1995;
Luo et al., 2005; Tavakkoli ez al., 2011), which in turn can affect
plant growth. Clearly, there is an urgent need for a novel method
that is able to separate Na” toxicity from Cl™ toxicity without
disturbing the balance of other ions. The following section gives
a brief history of discovery and application of such a method.

Humic substances are natural organic compounds that origi-
nate from various sources (plant, peat, soil and coals such as lig-
nite and leonardite), comprise 50-90% organic matter, and have
been reported to ameliorate the effects of contaminants, adverse
temperature, pH and also salinity (Kulikova ezal., 2005; Asik
etal., 2009; Katkat ezal, 2009). Of the humic substances, coal-
derived potassium (K*) and Na* humate are produced commer-
cially for agricultural and industrial use, but surprisingly there is
very little in the scientific literature on the effects of these types of
commercial humates on plant growth or yield. The limited
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studies to date have reported mixed results (Sharif ezal, 2002;
Van Tonder, 2008; Tahir et al, 2011; Turan etal., 2011; Leven-
toglu & Erdal, 2014). Our preliminary experiments investigating
ameliorative effects of Na" humate on salinity-stressed barley,
bread wheat and durum wheat showed that at all salinities, Na*
humate (2—4 gkgﬂ potting mix) reduced plant growth at head-
ing by 10-20% depending on cereal species and degree of salinity
stress (Supporting Information Fig. S1). Nutrient analysis of
penultimate leaves of durum wheat revealed that at all salinities,
Na" humate increased leaf Na significantly, while leaf CI™ con-
centrations remained low and similar to those of the control (data
not shown). This prompted analysis of Na* humate itself (acid
digest), which showed that it contained high concentrations of
Na" (6%) with negligible CI™ (0.15%) (Table S1), thus making
it an ideal candidate to study the effects of Na* toxicity without
interference from Cl™. Following this serendipitous discovery,
this study tested the hypotheses that Na* humate can be an ideal
substrate to determine the ionic effects of Na" without interfer-
ence from Cl; that ionic and osmotic effects can be studied
more effectively when Na" humate is used in conjunction with
NaCl; and that Na" exclusion is more effective under sodicity,
while osmortic stress tolerance is more relevant to salinity.

Materials and Methods

Plant material

A barley (Hordewm wvulgare L.) cv Clipper, a bread wheat
(Triticum aestivum L.) cv Krichauff, a durum wheat (77iticum
turgidum ssp. durum) cv Tamaroi and its sister line with Na*
exclusion gene Nax2 (Tamaroi-NNax2) were used in the present
study. The candidate gene for Nax2 (TmHKT1;4-A) was char-
acterized and used to produce durum wheat Tamaroi-Nax2
germplasm by James eral. (2006), and the actual gene was
later identified by Byrt eral. (2007). These cereal species vary
in their ability to exclude Na®, and are historically ranked for
salinity tolerance in the following order: barley > bread
wheat > durum wheat (Munns & Tester, 2008). However, the
cultivars used in this study do not necessarily represent the
respective species.

Growth medium, treatments and seedling establishment

Following preliminary experiments, two experiments were con-
ducted using University of California potting mix (UC mix). For
1000 kg of UC mix, 12001 of course river sand sterilized at
100°C for 90 min, 6601 of peatmoss, 1.2 kg hydrated lime,
2.0 kg agricultural lime, and 4.5 kg mini-osmocote were added
together and mixed thoroughly. A wide range of Na* humate (0,
0.1,0.5, 1,2, 4, 8 and 16 gkg ™' potting mix) and NaCl concen-
trations (0, 10, 25, 50, 75, 100, 150 and 200 mM) were used in
the experiments (Table 1). Once the potting mix was air-dried
and sieved, 4 kg of it was weighed into plastic bags. The potting
mix in the bags was mixed with either Na* humate (Poultry
Mate; Double Dragons Humic Acid Co. Ltd, Xinjiang, China)
or NaCl. Sodium humate was mixed thoroughly in 4 kg potting
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Table 1 Chemical properties of University of California potting mix supplied by varying degrees of salinity (NaCl) and sodicity (Na* humate) in the present

study

Saturation paste exchangeable cations (converted from
mEql~"tomgkg™")

pH ECe ESP% ca** K* Mg>* Na* cr-
Salinity (mM Nacl)
0 6.3+0.0 1.5+0.1 10.7+0.3 108 £6 101 +2 2141 2742 16+3
25 6.1+0.0 20+03 30.1+0.3 137 +£15 113 +£10 27 +3 119+ 10 170+ 20
50 6.0£0.0 22+0.2 43.3+0.6 134 +13 109+ 8 26+3 204 £15 310+£35
100 6.1+0.0 4.4+0.7 55.3+0.8 214 +£44 155 + 21 39+7 506 + 76 458 + 11
200 6.1+0.0 5.6+04 68.4+0.1 203 £10 132+5 35+2 818 £38 1062 +78
Sodicity (gkg™' Na* humate)
0 58+0.1 35+0.6 10.4+0.1 221 +£32 216 +£43 46+ 8 5448 28+7
1 6.0+0.1 3.8+05 254+15 195 +12 233 +39 43 +5 149+5 17+3
4 6.4+0.1 4.4+05 605+2.4 102 £ 11 213 £33 24+3 438 +24 21+2
8 7.0+0.2 44+04 82.1+£23 37+6 156 + 31 942 679 + 34 21+3
16 75+0.2 49+04 86.0+1.5 59 + 21 116+ 20 942 940 £ 48 30+2

Selected levels covering the ranges are presented. Means =+ SE are presented (n=3). ECe, electrical conductivity of paste extract; saline soils,
ECe >4.0dS m; exchangeable sodium percentage, ESP = (Na*)/[Na* + Ca®* + Mg>* + K*]%; nonsodic soils, ESP < 6; strongly sodic soils, ESP > 15. For meth-

ods of soil analyses, see Genc et al. (2013).

mix portions, after which the potting mix was incubated for 4 wk
at 18°C (Gaur & Bhardwaj, 1971). No supplemental Ca** was
added as this would have altered exchangeable sodium percent-
ages and possibly impacted on our ability to observe high-Na*-
associated responses in the present study. For salinity, 4 kg pot-
ting mix portions were divided into two halves. Sodium chloride
together with a supplemental dose of CaCl, (molar Na : Ca=30)
was applied to half the potting mix (2 kg) as a general practice,
mixed thoroughly and placed into the bottom half of the pot.
This was to mimic salts generally present in South Australian
subsoils (Genc ezal., 2013), and also to prevent NaCl-induced
calcium deficiency (Genc ez al., 2010b). However, as the potting
mix had a luxury supply of Ca®*, as evident by high leaf Ca®* in
all treatments under salinity and sodicity except for very high
sodicity (16 gkg71 Na* humate), it is unlikely that the addition
of a small amount of supplemental Ca** would have altered the
results and interpretation. The other half of the potting mix
(2kg) with no NaCl treatment was placed on top of NaCl-
treated potting mix in the pots. No incubation was conducted in
the salinity experiment. The potting mix in plastic bags with
respective treatments was placed into 8 inch plastic pots. Samples
of the potting mix were analysed by CSBP Limited, Bibra Lake,
Western Australia (for details of soil analytical methods, see Genc
etal., 2013). Salinity, sodicity, chloride and other chemical data
for the growth media are provided in Table 1. As exchangeable
sodium percentages (ESPs; a measure of sodicity) are all above 6,
all of the treatments represent sodicity (or at least its high-Na*
component), while NaCl treatments of 100 mM and above and
Na" humate treatments of 4 and above represent salinity, having
an electrical conductivity of paste extract (ECe) >4.0dS m
and hence these represent saline-sodic conditions (Table S2).
Seeds of similar size of each species were surface-sterilized in
70% ethanol for 1 min, followed by soaking in 3% sodium
hypochlorite for 5 min and three lots of rinsing with deionized
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water. Seeds were then germinated on filter paper in Petri dishes
at room temperature for 4 d before transplanting into pots (three
plants per pot). At 1 wk after transplanting, a 1 cm layer of white
plastic beads (washed, rinsed and dried) was added to the surface
of the potting mix to reduce evaporation. Additional pots with
no plants were also included to determine actual evaporation so
that daily plant water uptake (transpiration) could be accurately
estimated.

Growth conditions

The experiments were conducted in a growth room maintained
at 20 : 15°C with a 14 h photoperiod. The intensity of photosyn-
thetically active radiation, measured with an LI 190SA quantum
sensor (Li-Cor, Lincoln, NE, USA), was 250300 pmol m %5 *
at the plant level, and relative humidity varied from 30-50% to
60-80% during light and dark periods, respectively (measured
with a HOBO U12 data logger; http://www.onsetcomp.com).

Plant traits measured

The pots were weighed daily, and field capacity (7.4%) was
maintained by watering with milli-Q water. The maximum
daily water addition was 130 ml per pot under control at head-
ing and thereafter, which amounted to less than half the field
capacity (300 ml). However, as plants accumulated more mass
over time, maintaining field capacity daily meant that less water
was added to the pots, which somewhat mimicked field condi-
tions where water availability is reduced as the season progresses.
Daily watering ensured that plants were not water-stressed at
any stage, except for water stress induced by salinity. The pots
were shifted daily to minimize position effects. Plant daily water
uptake was calculated as the weight of a planted pot minus
evaporative water loss from an unplanted pot. The evaporative
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water loss (4 mld ™! per pot) was <2% of the potting mix water
content at field capacity. This type of daily plant water uptake
is a nondestructive measure of transpiration, which is closely
related to growth response (Harris ezal, 2010). Cumulative
water use (CWU), a surrogate for biomass accumulation, was
used to establish approximate growth curves nondestructively
throughout the growth period. Incremental water use at weekly
intervals up to heading (a well-defined growth stage beyond
which correlation between water use and grain yield did not
change) was used to calculate growth rates nondestructively.
The number of days to heading was recorded when the head on
the main culm was fully emerged. At heading, penultimate
leaves (leaves immediately below the flag leaves) were sampled
for elemental analysis. The leaf samples were oven-dried at
80°C, and ground before elemental analysis by inductively cou-
pled plasma optical emission spectrometry (ARL 3580 B; Appl.
Res Lab. SA, Ecublens, Switzerland) (Wheal & Palmer, 2010;
Wheal ez al., 2011). At maturity, grain yield, grain number per
plant, and grain weight were determined. For across-species
comparisons, relative grain yield (the ratio of yield at an indi-
vidual stress level to that under nil stress and expressed as a
percentage) was also calculated.

Experimental design and statistical analysis

Both salinity and sodicity experiments were repeated, with similar
results. Therefore, data from just one set are presented. The
experiments were both set up as a completely randomized block
design with four replicates of each species by treatment combina-
tion. To overcome the problem of nonhomogeneity of variances,
leaf Na* data were log-transformed before ANOVA. For each of
the traits, a least significant difference (LSD) at 2= 0.05 was used
in pairwise comparisons of means. All ANOVAs were conducted
using the GENSTAT statistical package (v.15, VSN International
Led).

There are statistical problems associated with the analysis of
CWU over time (Mandel, 1957), and therefore incremental
water use over time was chosen as a suitable candidate for assess-
ing plant water uptake. To determine differences in the incre-
mental water-use curves within the treatments of salinity or
sodicity across species, a regression analysis was conducted using
a linear mixed model. Specifically, the fixed component of the
linear mixed model contained terms to individually model the
intercept and slope of the linear regression for each of the species
by treatment combinations. Additional nonlinearity of each of
the curves was captured by including an appropriate random
smoothing spline term (Verbyla ez al., 1999). To account for the
increase in variation of the incremental water-use measurements
over time, the residual component of the model contained indi-
vidual variances for each day of measurement. Estimated linear
regression slopes were then extracted from the fixed component
of the fitted model, and an LSD at 2= 0.05 was used for compar-
ison of estimates. Linear mixed modelling was conducted using
the package ASREML-R (Butler ez /., 2009) available in the R sta-
tistical computing environment (R Development Core Team,
2015).
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Results

Given the inextricable link between plant transpiration and plant
biomass accumulation and yield (Sinclair ez 4/, 1984), CWU was
employed to nondestructively predict plant growth responses,
and it showed that growth reduction occurred with exposure
from 25 mM NaCl and continued in a linear dose-response
manner with increasing NaCl, with growth reduction evident
from as early as 2 wk after transplanting (Fig. 1). All species were
similar in their growth response to salinity. Cumulative water use
(CWU) under sodicity, however, showed less Na'-associated
growth reduction than under salinity (comparing equivalent ECe
values), especially in the most efficient Na*-excluders, the bread
wheat Krichauff and the durum wheat Tamaroi-Nax2 (Fig. 1).
Overall CWU provided an accurate measure of osmotic stress
and growth trends well before they appeared visually, and at
heading (Zadoks stage 55; Zadoks eral., 1974) it was strongly
correlated with grain yield in all three species (Table 2). A regres-
sion analysis of incremental water use over time indicated that
species had reduced water uptake and consequently reduced
growth rates under increasing salinity (Fig. S2; Table S3). By
contrast, at the highest sodicity (16 gkg_1 Na" humate), Na*-
excluding bread wheat Krichauff and durum wheat Tamaroi-
Nax2 had increased water uptake and consequently higher
growth rates than Na®-accumulating barley Clipper and durum
wheat Tamaroi (Fig. $2; Table S3).

Chlorotic symptoms became visible first on the oldest leaves of
bread and durum wheats (but were absent in barley) after 4 wk of
growth at moderate to high NaCl doses (100-200 mM) and later
on the second oldest leaves. No other leaf symptoms associated
with NaCl toxicity were observed in any of the species. Under
sodicity, foliar symptoms resembling those of Ca®* deficiency,
that is, emerging leaf blades tightly rolled and leaf tips severely
withered and often necrotic (Genc ez al., 2010b), were observed
first in young leaves after 2wk of growth at the highest Na*
humate dose (16 gkgfl) and later in middle-aged leaves. These
symptoms were severe in durum wheat Tamaroi, mild in barley
Clipper, slight in durum wheat Tamaroi-/Nax2, and not apparent
in bread wheat Krichauff. Magnesium deficiency-like symptoms,
that is, green-yellow plants with yellow interveinal chlorosis turn-
ing to brown necrosis on the middle leaves, became evident at
4wk growth, especially in barley Clipper and durum wheat
Tamaroi. Overall, while species looked visually similar in their
responses to salinity, there were clear differences in their appear-
ance under sodicity, with species being in reverse order (of
increasing leaf symptoms) to Na* exclusion ability: bread wheat
Krichauff > durum wheat Tamaroi- Nax2> barley Clipper>du-
rum wheat Tamaroi (Fig. S3).

At heading, indicator (penultimate) leaves were sampled to
determine the nutritional status of the plants. Salinity signifi-
cantly increased leaf Na, especially in durum wheat Tamaroi
and barley Clipper (Fig. 2; Tables S4, S5). At 100 mM NaCl,
there was a 100-fold difference in leaf Na* between the species:
bread wheat Krichauff <durum wheat Tamaroi-Nax2 <barley
Clipper <durum wheat Tamaroi (Fig. 2; Tables S4, S5). Leaf
ClI™ was also increased by NaCl salinity but with smaller
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Fig.1 Cumulative water use in barley (Hordeum vulgare) Clipper, bread
wheat (Triticum aestivum) Krichauff and durum wheats (Triticum
turgidum ssp. durum) Tamaroi and Tamaroi-Nax2 under different salinity
(mM NacCl; left panels) and sodicity (g kg~' Na* humate; right panels)
conditions applied to the potting mix. Owing to statistical problems
associated with the analysis of cumulative water use (see the Materials and
Methods section), only the means of four replications are presented.
Salinity and sodicity treatments of similar electrical conductivity values
(100 mM NaCl and 4 g kg™" Na humate) are given as dashed lines.

differences between species (Fig.2; Table S4): bread wheat
Krichauff <barley =~ Clipper <durum  wheat =~ Tamaroi-
Nax2<durum wheat Tamaroi. Increases in leaf Na* and CI™
were accompanied by significant reductions in K*, Ca** and
Mg™", especially in durum wheat Tamaroi and barley Clipper,
but reductions were less than those seen under sodicity (Fig. 3;
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Table S4). At 100 mM NaCl, K" and Mg2+ concentrations were
near adequacy in durum wheat Tamaroi, barley Clipper, bread
wheat Krichauff and durum wheat Tamaroi-Vax2 (Reuter &
Robinson, 1997). However, the highest salinity (200 mM NaCl)
caused further reductions in Mg>* concentration of, in particular,
durum wheat Tamaroi, indicating deficiency (Fig. 3; Table S4).
Although reduced, leaf Ca®* concentrations appeared adequate at
all salinities. Similar to salinity, sodicity increased leaf Na®, espe-
cially in durum wheat Tamaroi and barley Clipper, with much
higher Na" occurring at 8 g kg71 Na" humate (Fig. 2; Tables $4,
S5). Unlike salinity, CI™ concentrations under sodicity were low
and similar in all species (Fig. 2; Table S4). Compared with nil,
high sodicity (8 g kg{1 Na" humate) resulted in significant reduc-
tions in K*, Ca** and Mg2+ in indicator leaves, especially in
durum wheat Tamaroi and barley Clipper (Fig. 3; Table S4).
Much lower concentrations were observed at the highest sodicity
(16 gkg™" Na* humate) (Fig. 3; Table S4). These K* and Mg**
concentrations appear below the critical level for deficiency (cf.
Genc etal., 2010b). Na'-excluding bread wheat Krichauff and
durum wheat Tamaroi-Nax2 maintained higher K, Ca®* and
Mg2+ than Na'-accumulating (or less Na'-excluding) barley
Clipper and durum wheat Tamaroi (Fig. 3; Table S4).

As grain yield is the ultimate parameter, plants were grown to
maturity, and yield and yield components were recorded. Salinity
stress reduced grain yield with significant reductions occurring in
durum wheats Tamaroi and Tamaroi-Nax2 (10%) at 25 mM
NaCl, and in barley Clipper and bread wheat Krichauff (15%) at
50 mM NaCl (Table 3; Fig. 2). While under moderate salinity
(100 mM NaCl), irrespective of their Na* exclusion ability, all
three species suffered 50% reduction, and at the highest salinity
(200 mM NaCl), durum wheats Tamaroi and Tamaroi-Nax2
showed slightly higher reduction (80-85%) than barley Clipper
and bread wheat Krichauff (70-75%) (Table 3; Fig. 2). Sodium
exclusion gene Nax2 in durum wheat Tamaroi background was
associated with a 13% increase in relative grain yield at 150 mM
NaCl, but only 5% at 200 mM NaCl. Sodicity also reduced grain
yield of all three species, and significant reductions occurred even
at values as low as 1gkg ' Na® humate (14-17%; Table 3;
Fig. 2). At high and very high sodicities (8 and 16gkg™' Na*
humate, respectively), 30-70% and 40-90% reductions were
recorded, respectively (Table 3; Fig. 2). However, there was little
difference in yield reduction between the cereal species until the
8 gkg™' Na* humate was reached. At this rate and beyond, Na'-
accumulating barley Clipper and durum wheat Tamaroi showed
greater yield reduction than Na'-excluding bread wheat
Krichauff and durum wheat Tamaroi-Nax2. There was a clear
yield advantage of Tamaroi- Nax2 over Tamaroi (64 vs 29% and
50 vs 8% relative grain yield at 8 and 16 gkg ' Na™ humate,
respectively).

Examination of grain yield components to determine the pri-
mary cause of yield differences showed that although both grain
number per plant and grain weight were reduced by salinity and
sodicity, reduction was greater on grain number per plant and
under salinity; for example, 47% at 100 mM NaCl and 36% at
8gkg™' Na* humate (Table 3). However, reductions in grain
weight at these salinity and sodicity values were 5 and 15%,
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Table 2 Correlation coefficients (r) between grain yield per plant and cumulative water use over time in barley (Hordeum vulgare) Clipper, bread wheat
(Triticum aestivum) Krichauff, and durum wheats (Triticum turgidum ssp. durum) Tamaroi and Tamaroi-Nax2 under salinity and sodicity

Salinity (NaCl) Sodicity (Na* humate)
DAT Clipper Krichauff Tamaroi-Nax2 Tamaroi DAT Clipper Krichauff Tamaroi-Nax2 Tamaroi
14 0.8640 0.9183 0.8843 0.8849 14 0.0624 0.5543 0.6041 0.4718
21 0.9605 0.9808 0.9353 0.9437 21 0.6893 0.7658 0.7936 0.8829
28 0.9817 0.9844 0.9658 0.9664 28 0.8423 0.8354 0.8895 0.9406
35 0.9854 0.9861 0.9729 0.9724 35 0.8876 0.8810 0.9199 0.9544
42 0.9869 0.9884 0.9768 0.9758 42 0.9074 0.9045 0.9297 0.9625
49 0.9889 0.9914 0.9802 0.9792 49 0.9208 0.9179 0.9378 0.9669
56 0.9897 0.9926 0.9820 0.9821 56 0.9301 0.9323 0.9410 0.9709
63 0.9896 0.9935 0.9841 0.9842 63 0.9367 0.9389 0.9428 0.9738
70 0.9884 0.9944 0.9865 0.9855 70 0.9419 0.9428 0.9454 0.9767
77 0.9857 0.9952 0.9885 0.9851 77 0.9464 0.9440 0.9477 0.9798
84 0.9814 0.9952 0.9896 0.9881 84 0.9506 0.9446 0.9503 0.9826
91 0.9748 0.9952 0.9903 0.9887 91 0.9546 0.9431 0.9496 0.9844
98 0.9738 0.9945 0.9893 0.9894 98 0.9583 0.9374 0.9460 0.9863
100 0.9738 0.9941 0.9890 0.9895 103 0.9591 0.9334 0.9432 0.9866

Means of four replications were used in the analysis. DAT, d after transplanting. Heading times are indicated in bold. d.f. =6, P<0.01.

respectively. Much greater reduction occurred in both grain
number and grain weight at the highest salinity (200 mM NaCl)
and sodicity (16 g kg71 Na* humate) (Table 3).

Discussion

A novel screening method

This paper describes a novel application of Na* humate to study
ionic effects of Na* toxicity without interference from Cl™, thus
providing a model of the key determinant of sodicity. Before the
application of the method is discussed, a few words on the techni-
cal side of Na" humate itself may be useful. Briefly, Na* humate
is a humic acid salt obtained by sodium hydroxide extraction of
black or brown coal (lignite or leonardite) and is used as a soil
conditioner, as a stabilizer for ion exchange resins in water treat-
ment, as a drilling additive in the drilling of wells for hydrocar-
bon exploration/extraction and geothermal drilling, and in the
remediation of polluted environments (http://www.ahmadsaced.-
com/sodium_Humate.heml). Apart from its mainly industrial
use, limited studies have also tested its effects on plant growth,
with results ranging from none to stimulatory or negative effects
(Van De Venter etal, 1991; Sharif etal, 2002; Iakimenko,
2005; Tahir etal, 2011). However, the current use of Na"
humate described here has not, to our knowledge, been reported
in the literature. As mentioned in the introduction, mixed salts
have been used to separate Na* from CI™ for over 50 yr (Munns,
2011) but have produced ambiguous results (Munns & Tester,
2008; Munns, 2011). Sodium humate delivers high Na™ but very
lictle Cl™ in an inert, organic matrix, as shown by leaf and pot-
ting mix analyses (Fig. 2; Table 1), without altering the concen-
tration of balancing ions, which has been a problem with mixed
salts.

The leaf symptoms under sodicity demonstrate that Na* toxic-
ity manifests not as Na" toxicity per se but rather as deficiencies of

New Phytologist (2016) 210: 145-156
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other exchangeable cations (Ca**, K* and Mg2+) as a result of
high Na* competing with their uptake. Of these cations, Ca**
deficiency is frequently reported in pot/solution studies and sodic
soils, and gypsum (CaSQOy) application in the field has been effec-
tive in correcting it (Pearson & Bernstein, 1958; Bains & Fire-
man, 1964; Bernstein, 1975; Qadir ezal, 2001). While low K*
and Mg”" induced by high sodicity are generally limited to pot/
solution experiments (Pearson & Bernstein, 1958; Bains & Fire-
man, 1964; Sharma, 1991; Genc etal, 2010b), there is the
potential for K* and Mg”* deficiencies to develop in sodic soils,
and hence these elements should also be monitored. Given the
wide occurrence of sodic soils worldwide (Rengasamy & Olsson,
1991), this method offers a rapid, reliable and cost-effective
assessment of tolerance to high Na® for breeding programmes.
There is clearly a need to screen large numbers of genotypes/ac-
cessions to identify sodicity-tolerant and sodicity-sensitive lines
for genetic studies.

Unlike studies using NaCl alone, this method, when coupled
with NaCl, also enables researchers to distinguish between toxici-
ties of Na" and Cl™ and hence can assist in designing breeding
programmes around the most relevant parameter, Na* or Cl~, as
plant species differ in their tolerance to Na* and CI™. For exam-
ple, despite higher Na" in Na* humate-treated than in NaCl-
treated plants, chlorosis of old leaves was only evident in NaCl-
treated plants, indicating that the leaf chlorosis of old leaves was
caused by high CI™ but not high Na*, supported by Slabu ez al.
(2009). This effect of high CI™ can also be seen in grain yield.
For instance, when salinity and sodicity treatments that result in
similar soil osmotic potentials (measured as ECe) and exchange-
able sodium percentages were compared (100 mM NaCl vs
4 gkgf1 Na" humate; Table 1), across species there was an aver-
age of 33% lower grain yield at 100 mM NaCl than at 4 gkg ™'
Na" humate. This reduced grain yield is probably a result of
higher CI™ under salinity (15 400 mg kg71 DW) than under sod-
icity (3700 mg l<g71 DW), as these high CI™ concentrations
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Fig. 2 Relative grain yield (%) (salinity or sodicity tolerance), and leaf
sodium (Na*) and chloride (Cl™) concentrations in barley (Hordeum
vulgare) Clipper, bread wheat (Triticum aestivum) Krichauff and durum
wheats (Triticum turgidum ssp. durum) Tamaroi and Tamaroi-Nax2 under
different salinity (mM NaCl; left panels) and sodicity (g kg~" Na* humate;
right panels) conditions applied to the potting mix. As leaf Na* data
required transformation before ANOVA, to assist comparisons across
elements and other published data, only nontransformed data with SEM
(n=3) were presented here. See Supporting Information Table S4 for the
least significant differences at P=0.05 for species x treatment interaction
and Table S5 for nontransformed leaf Na* concentration.

under salinity were above the critical concentration range for tox-
icity for Cl -sensitive (4000-7000 mgkg ' DW) and Cl -
tolerant plant species (1500050 000 mgkg ™' DW) (White &
Broadley, 2001). Leaf Na*, K, Mg2+ and Ca®" concentrations
were similar between the salinity and sodicity treatments com-
pared (Figs 2, 3) (Ca®* was lower under sodicity but still within
the adequate range; Genc ez al., 2010b). Grain yield reduced by
high CI™ has also been reported for several crops under field con-
ditions (Dang ez al., 2010). These results suggest that although at
high concentration both Na" and CI™ can be toxic to the plant,
high ClI™ was more damaging than high Na'. These findings

agree with earlier mixed salt studies suggesting that CI™ was more
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Fig. 3 Leaf potassium (K*), calcium (Ca®*) and magnesium (Mg2+)
concentrations in barley (Hordeum vulgare) Clipper, bread wheat
(Triticum aestivum) Krichauff and durum wheats (Triticum turgidum ssp.
durum) Tamaroi and Tamaroi-Nax2 under different salinity (mM NaCl; left
panels) and sodicity (g kg~" Na* humate; right panels) conditions applied
to the potting mix. Data are means of three replicates and SEM. Refer to
Table S4 for least significant differences at P=0.05 for species x treatment
interaction.

toxic but that Na" and Cl~ together were even more toxic
(Martin & Koebner, 1995; Tavakkoli ezal, 2011), while dis-
agreeing with NaCl studies associating leaf injury with high Na*
where accompanying CI~ was not measured (Ul Haq eral,
2014).

Because of the strong correlation between CWU at heading
and grain yield (Table 2), the assay could be concluded at head-
ing rather than at maturity; the assay thus provides an inexpensive
prefield screening method, as called for by researchers (Marx,
1979; Gence eral., 2007; Rengasamy ez al., 2010). Ul Haq ez al.
(2014) found that biomarkers (leaf injury, tiller number and leaf
Na") at 42 d were better correlated with shoot growth than those
measured at 21 d. Effective, relatively inexpensive prefield trial
screening is important, especially in view of the expense and vari-
ability inherent in field trials. Apart from intersite and intrasite
variability in soil salinity, sodicity, pH and amounts of
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Table 3 Grain yield, grain number and grain weight in barley (Hordeum vulgare) Clipper, bread wheat (Triticum aestivum) Krichauff and durum wheats
(Triticum turgidum ssp. durum) Tamaroi and Tamaroi-Nax2 under different salinity and sodicity conditions

Grain yield per plant (g) Grain number per plant Grain weight (g)
Tamaroi- Tamaroi- Tamaroi-
Clipper  Krichauff Tamaroi Nax2 Clipper  Krichauff Tamaroi Nax2 Clipper Krichauff Tamaroi Nax2
Salinity (mM Nacl)
0 4766  7.128 7.455 6.891 85 199 136 138 0.056  0.036 0.055 0.050
10 4.890 6.727 7.522 6.665 85 188 154 133 0.057 0.036 0.049 0.051
25 4.939 6.535 6.624 6.152 86 178 121 125 0.057 0.037 0.055 0.050
50 4.030 5.993 5.938 5.137 71 165 104 101 0.056  0.036 0.057 0.051
75 3.404 4704 5.317 4.627 63 129 101 93 0.054  0.036 0.053 0.050
100 2.379 3.882 3.542 3.375 44 112 70 72 0.054 0.035 0.051 0.047
150 1.826 2.898 2.196 2.869 34 82 54 60 0.054  0.035 0.041 0.048
200 1.368 1.700 1.039 1.329 28 52 33 35 0.050 0.033 0.032 0.037
LSD species x 0.615 13 0.005
treatment
Sodicity (gkg™" Na* humate)
0 5.691 6.337 7.082 5.924 111 191 140 125 0.051 0.033 0.051 0.047
0.1 5.057 5.634 6.863 5.487 93 165 138 113 0.055 0.034 0.050 0.049
0.5 5.041 5.951 6.275 5.277 96 177 111 101 0.053 0.034 0.052 0.048
1.0 4.748 5.421 6.075 5.123 90 165 123 104 0.053 0.033 0.050 0.049
2.0 4.613 5.293 6.429 5.457 86 159 125 112 0.049 0.033 0.052 0.049
4.0 4.493 5.029 5.156 4.782 83 157 103 101 0.050 0.032 0.051 0.047
8.0 3436  4.327 2.069 3.793 73 132 69 87 0.047  0.033 0.030 0.044
16.0 1.227 3.638 0.577 2.935 37 112 30 78 0.033 0.033 0.017 0.038
LSD species x 0.656 18 0.005
treatment

LSD, least significant differences at P=0.05 for species x treatment interaction. Values for grain number per plant were rounded off to whole numbers.

potentially toxic trace elements such as boron, there are differ-
ences across seasons in temperature and drought, which, particu-
larly in dryland agriculture, will directly affect the build-up of
salts around the roots (Munns et al., 2006). But, of course, field
trials are ultimately essential (El-Hendawy ez 4l., 2009).

Importance of osmotic stress

Despite similar leaf cation concentrations in sodicity- and salin-
ity-stressed plants, greater reduction in yield under salinity than
under sodicity indicated the dominance of osmotic stress, most
probably driven by high CI™, under salinity (Fig.2). Osmotic
effects of salinity stress, manifested as reduced water uptake, tiller
number and leaf expansion (Munns & Tester, 2008), com-
menced soon after sprouting and continued throughout the life
of the plant (Fig. 1). This osmotic stress effect of salinity has been
known for some time (Husain eza/, 2003; James etal, 2012;
Wang ez al., 2013), and its importance is noted in a recent review
(Munns & Gilliham, 2015); however, it has not attracted the
research attention afforded to Na® exclusion (Bernstein, 1975;
Tavakkoli ezal., 2010; Genc ez al., 2014). The two-stage salinity
stress hypothesis (Munns, 1993) posited a lack of genetic varia-
tion in osmotic stress tolerance (phase I) but significant genetic
variation in ionic effects (phase II), thus suggesting that improv-
ing the ability of the plant to exclude specific ions such as Na*
would lead to salinity tolerance. Measurement of Na®
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concentration in leaf 3 after 10d growth and exposure to salt
stress in hydroponics has found wide acceptance in salinity stud-
ies (Munns ez al., 2006) and has been shown to correlate with
salinity tolerance in some studies (cf. Genc eral., 2013). How-
ever, the present and other studies (Genc eral., 2007; Ul Haq
etal., 2014) suggest that it is unlikely to correlate strongly with
grain yield.

In addition, in contrast to earlier reports of minimal genetic
variation in osmotic stress tolerance under salinity (Munns,
1993), several studies have found evidence of genetic variation in
osmotic stress tolerance (Neumann, 1997; Vetterlein ez al., 2004;
De Costa etal, 2007; James etal, 2008; Cuin eral, 2009;
Rajendran ezal, 2009; Rahnama eral.,, 2010; Tavakkoli et al,
2010). For example, a study of 25 bread and 25 durum wheat
cultivars found genotypic variation and different mechanisms to
counter osmotic stress: durum wheat fully adjusted its sap
osmotic potential with inorganic ions only (K*, Na*, Cl7), while
bread wheat used inorganic ions and organic osmolytes. The
overall impact of salinity was similar: yield reductions of 42 and
44% for bread and durum wheat, respectively, at 150 mM NaCl,
with wide genotypic variation within each wheat species (Cuin
etal., 2009). This finding, along with the documentation of
durum and bread wheats with similar salinity tolerance in other
studies (Munns ez al., 1995) and the current study, does not sup-
port the general assertion that durum wheat is more salt-sensitive
than bread wheat (Colmer et al., 2005; Munns & Tester, 2008).
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Moreover, barley’s greater salt tolerance in the field may be partly
attributed to its rapid growth and early maturity (Munns ezal.,
2006). The current study found it to be only marginally more
salt-tolerant than bread and durum wheat. In the light of these
recent developments, it is timely to focus more on the osmotic
component of salinity tolerance. A question to consider is
whether Na* could have a role as an osmoticum. But if Na*
exclusion per se is essential for salinity tolerance, as considered by
many researchers, presumably it has no role in osmoregulation
under salt stress. This will be explored later.

Na™ exclusion under salinity and sodicity

During the last two decades, reports on Na* exclusion and salin-
ity stress have dominated the literature, while litcle has been
reported on the role of Na* exclusion in sodicity tolerance (Pear-
son & Bernstein, 1958; Sharma, 1986, 1991; Rajpar eral,
2004). However, despite the extensive research on salinity toler-
ance, surprisingly few studies have investigated the relationships
between Na* exclusion and grain yield, with reports ranging from
moderate correlations in bread wheat and durum wheat
(r=0.43-0.49, n=25 for both bread and durum wheats; Cuin
etal, 2009; r=0.43-0.59, n=25 and n=24 for bread and
durum wheats, respectively; Zhu ez al., 2015) to no correlations
in the present study (Fig. 2) and other studies with bread wheat
(Genc etal, 2013, 2014). Even less is known about the effects of
Na" exclusion genes on grain yield. The salinity rate study pre-
sented here demonstrates that the presence of the Na” exclusion
gene Nax2 in durum wheat Tamaroi background (Munns ez al.,
2012) was associated with a 13% increase in relative grain yield
at 150 mM NaCl, and 5% at 200 mM NaCl. When different
cereal species are compared, at 100 mM NaCl, despite a 100-fold
variation in leaf Na*, they all had a relative grain yield of ¢. 50%,
indicating limitation of Na" exclusion under salinity stress. As
shown in this and previous studies (Genc et al., 2007; Shavrukov
etal., 2009), commercial Australian bread wheats are mostly effi-
cient Na" excluders, and hence it is unlikely that introgression of
Na" exclusion genes would improve their salt tolerance.

Contrary to salinity, under sodicity Na" exclusion in general
and the Nax2 gene specifically were associated with significant
yield increases. At high sodicity (8 gkg™' Na* humate), where
significant differences in yield occurred between species, the natu-
rally Na"-excluding bread wheat Krichauff had a relative grain
yield of 68% (Na" concentration in the penultimate leaf of
477 mgkg~' DW), while the durum wheat Tamaroi, a relatively
high Na" accumulator, had a relative grain yield of only 29%
(26333 mg kg71 Na" in the penultimate leaf) (Fig. 2). The Nax2
gene was effective in limiting Na* accumulation in durum wheat
Tamaroi- Nax2, with a relative yield of 64% (3800 mgkg ™' Na*
in penultimate leaf) (Fig.2). The barley Clipper, with an Na*
accumulation around halfway between that of bread wheat
Krichauff and durum wheat Tamaroi (14 600 mg kg{l DW in
penultimate leaf), had 60% relative grain yield at this sodicity
(Fig.2). The higher-yielding and Na'-excluding bread wheat
Krichauff and durum wheat Tamaroi-/Vax2 either maintained K*
or achieved higher Ca®* and Mg2+, indicating the importance of
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maintenance of these cations under sodicity (Fig. 3). As for the
yield reduction in Na'-excluding bread wheat and durum wheat
Tamaroi- Nax2 despite their excellent Na* exclusion, it is tempt-
ing to speculate that this was the result of energy expended on
Na" exclusion rather than of energy expended on osmoregulation
(Epstein et al., 1980), as by definition sodic soils contain low salts
(ECe<4dSm™") and should therefore not have low osmotic
potential. Taken together, these results clearly demonstrate that
Na" exclusion is more relevant to sodicity than salinity, and there
is scope for improving sodicity tolerance in durum wheat by
using the Nax2 gene.

A new paradigm for breeding salt-tolerant cereals

Is there scope for further improvement of salt tolerance in cereals
in view of the dominance of osmotic stress under salinity? Given
evidence of genetic variation in osmotic stress tolerance (Neu-
mann, 1997; Vetterlein et al., 2004; De Costa et al., 2007; James
etal., 2008; Cuin et al., 2009; Rajendran et al., 2009; Tavakkoli
et al., 2010), large-scale screening for genetic variation in osmotic
stress tolerance would provide a good start. As drought stress also
induces osmotic stress, knowledge gained from drought studies
can be utilized in salinity studies. As surprising as it sounds, Na®,
which is regarded as a problem by most authors, may in fact be
part of the solution. As demonstrated by Cuin ezal. (2009), cer-
tain cereal lines can employ Na® as a ‘cheap osmoticum’ to
achieve osmotic adjustment as seen in salt-loving halophytes
(Flowers etal., 1977), while others accumulate organic solutes,
which can be energetically expensive and result in reduced
growth/yield. It is proposed that there may be an optimal level of
Na" accumulation in plant tissue which may be much higher
than that in ‘Na" excluders’, such as most Australian bread
wheats, and this could improve osmotic adjustment and water
uptake under salinity. This notion that high tissue Na* can play
an important role in salinity tolerance is supported by other stud-
ies (Bower & Wadleigh, 1948; Greenway & Munns, 1980; Apse
etral., 1999; Rus eral., 2006; Yong et al., 2015) and by a recent
review (Munns & Gilliham, 2015). A mechanism for this effect
may involve the compartmentation of Na' into vacuoles via a
vacuolar antiport such as Na"/H" to avert the deleterious effects
of Na" in the cytosol and maintain osmotic balance by using Na*
accumulation in the vacuole to drive water into the cells (Apse
etal., 1999).

In conclusion, Na" humate provides a rapid and reliable assess-
ment of sodicity tolerance in cereals. Na" exclusion appears to be
effective in maintaining yield under sodicity, and therefore
improving the Na" exclusion ability of Na"-accumulating species
such as durum wheat and barley should have priority over bread
wheat, which is already an excellent Na" excluder (Genc eral,
2007). To this end, significant progress has already been made in
durum wheat with identification of the Nax2 gene (Munns ez al.,
2012). Contrary to sodicity, benefits of Na* exclusion are over-
come by the osmotic effect under salinity. In a recent review of
the costs associated with saline soils, the authors note that ‘A role
of prebreeding is to provide germplasm to breeders that produces
significant increases in yield in stressful environments’ (Munns &
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Gilliham, 2015). Imaginative crossing programmes (which
include germplasm with different mechanisms of osmotic adjust-
ment) combined with relevant prefield screening and whole-plant
evaluation, rather than reliance on biomarkers, is important in
order to exploit genotypic variation in osmoregulation and Na*
and/or Cl tissue tolerance to achieve progress in breeding salt-
tolerant cereals. Most recently, application by our group of this
strategy has revealed, in the form of an exciting new salt-tolerant
bread wheat line, the probable role of Na® as an efficient
osmoticum. Further research at physiological and molecular level
is needed to elucidate mechanisms of osmoregulation and Na*
and/or Cl ™ tissue tolerance.
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Fig. S1 Effects of salinity and sodicity on shoot growth of barley
(Hordeum wvulgare) Clipper, bread wheat (Triticum aestivum)
Krichauff and durum wheat (T7iticum turgidum ssp. durum)
Tamaroi at heading grown in a potting mix in a controlled envi-
ronment room.

Fig. 82 Predicted incremental water-use curves over time in bar-
ley (Hordeum vulgare) Clipper, bread wheat (17iticum aestivum)
Krichauff and durum wheats (7riticum turgidum ssp. durum)
Tamaroi and Tamaroi-/Nax2 under different conditions of salin-
ity and sodicity applied to the potting mix.
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Fig. S3 Plant growth in barley (Hordeum vulgare) Clipper, bread
wheat (77iticum  aestivum) Krichauff and durum wheats
(Triticum turgidum ssp. durum) Tamaroi and Tamaroi-Nax2 at
heading under control, sodicity and salinity in a potting mix in a

controlled environment.

Table S1 Elemental analyses of Na® humate by inductively cou-
pled plasma optical emission spectrophotometer
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for growth rate) derived from linear regressions up to heading
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sodicity conditions

Table S4 Leaf sodium (Na®), potassium (K"), calcium (Ca*"),
magnesium (Mg2+) and chloride (Cl™) concentrations in barley
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Tamaroi and Tamaroi-Nax2 under different salinity and sodicity
conditions
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