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Increase in soil salinity levels is becoming a major cause of crop yield losses
worldwide. Rice (Oryza sativa) is the most salt-sensitive cereal crop, and many
studies have focused on rice salinity tolerance, but a global understanding of
this crop’s response to salinity is still lacking. We systematically analyzed phe-
notypic data previously collected for 56 rice genotypes to assess the extent to
which rice uses three known salinity tolerance mechanisms: shoot-ion inde-
pendent tolerance (or osmotic tolerance), ion exclusion, and tissue tolerance.
In general, our analyses of different phenotypic traits agree with results of
previous rice salinity tolerance studies. However, we also established that
the three salinity tolerance mechanisms mentioned earlier appear among rice
genotypes and that none of them is predominant. Against the pervasive view
in the literature that the K+/Na+ ratio is the most important trait in salinity toler-
ance, we found that the K+ concentration was not significantly affected by salt
stress in rice, which puts in question the importance of K+/Na+ when analyz-
ing rice salt stress response. Not only do our results contribute to improve our
global understanding of salt stress response in an important crop, but we also
use our results together with an extensive literature research to highlight some
issues commonly observed in salinity stress tolerance studies and to propose
solutions for future experiments.

Introduction

Almost 20 years ago, Ghassemi et al. (1995) verified that
more than 20% of irrigated land was affected by salinity
levels due to unsustainable farming practices. Since then,
the amount of salt-affected land has increased, and will
continue to increase, due to continued unsustainable
cultivation practices and climate change (Wassmann
et al. 2009, Qadir et al. 2014). A recent estimate claims

Abbreviations – 3leafK, potassium content in third leaf; 3leafNa, sodium content in third leaf; ChlA and ChlB, chlorophyll
a and b content, respectively; OP, osmotic potential; RDW, root dry weight; RFW, root fresh weight; RL, root length; rootK,
potassium content in roots; rootNa, sodium content in roots; SDW, shoot dry weight; SeedW, average weight of 10 seeds;
SES, Standard Evaluation System; SFW, shoot fresh weight; SL, shoot length; ST, Salinity Tolerance index; TDW, total dry
weight; tRDW, transformed root dry weight; tRFW, transformed root fresh weight; tRL, transformed root length.

that the annual cost of salt-induced land degradation in
irrigated areas due to loss of crop production could be
as high as US$ 27 billion (Qadir et al. 2014). Hence,
it has become increasingly important to find ways to
understand tolerance mechanisms and to develop more
tolerant crop varieties.

Munns and Tester (2008) categorized salinity toler-
ance mechanisms, which were later detailed in Roy
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et al. (2014), and which we also employ here. They
described three salinity response mechanisms used by
plants. In this paper we call trait a specific characteris-
tic in the plant, such as sodium concentration or shoot
biomass, and we call mechanism a group of traits that
characterize a type of response to the salinity stress.
A trait might be associated with one or more salin-
ity tolerance mechanisms, and one tolerance mecha-
nism might involve several different traits. For example,
one mechanism is the shoot-ion independent tolerance
mechanism, which may involve traits such as signal-
ing cascades and biomass/growth reduction. However,
biomass/growth reduction as a trait contributing to salin-
ity tolerance can be affected by both shoot-ion indepen-
dent response and the accumulation of salt in the shoot.

The early response mechanism activated immedi-
ately after salt stress exposure is shoot-ion independent
tolerance, also known as osmotic tolerance. This fast
response, which is independent from the accumulation
of sodium in shoots, is related to Na+ sensing and sig-
naling in the root, and ends up in shoot growth reduction
and stomata closure under saline conditions (Munns and
Tester 2008, Roy et al. 2014). Shoot-ion independent tol-
erance is active with exposure to salinity stress and over-
laps with two other response mechanisms, ion exclusion
and tissue tolerance, which are both ion-dependent and
related to the build-up of Na+ in the shoot.

In our opinion, shoot-ion independent tolerance is a
more accurate name than osmotic tolerance. The rea-
son is that the designation ‘osmotic tolerance mecha-
nism’ could lead readers to think that the plant response
is triggered by differences in osmotic pressure, due to
the presence of salt (NaCl) around the root. However,
thirty years ago Termaat et al. (1985) showed, by apply-
ing pressure to the pots where plants were growing,
that the presence of NaCl on its own is enough to pro-
mote growth reduction. Plants under the same osmotic
pressure caused by the presence of Na+ and Cl− ions,
but not in the presence of either ion, did not exhibit
growth reduction as plants that where in the presence
of NaCl, which lead the authors to hypothesize the exis-
tence of a signaling cascade from the root to the shoot
being activated when NaCl is present around the roots.
Much more recently, Choi et al. (2014) showed in Ara-
bidopsis thaliana that NaCl around the roots elicits a
calcium (Ca2+) wave signal that propagates throughout
the plant that might be responsible for the initial and
fast plant responses to salinity. Choi et al. (2014) also
showed that exposing Arabidopsis root tips to sorbitol,
an osmotic control for NaCl, did not elicit the same type
of long-distance Ca2+ signaling as NaCl did. This agrees
with the hypothesis proposed earlier by Termaat et al.
(1985) and explains why we preferred to use the term

‘shoot-ion independent tolerance’ rather than ‘osmotic
tolerance’. On the other hand, Yeo et al. (1991) observed
rice growth reduction after the application of NaCl, KCl
or mannitol to the growth medium and concluded that
the initial growth reduction was due to a limitation in
water supply caused by a variation in osmotic pressure.
However, in light of the results obtained by Termaat et al.
(1985) and, especially by Choi et al. (2014), we hypoth-
esize that the growth reduction seems to be a specific
signaling and sensing response to NaCl stress which is
independent of osmotic pressure and also independent
from other agents such as KCl or mannitol.

The second mechanism is ion exclusion, which is
important in reducing shoot Na content, and is proba-
bly the most studied mechanism due to the simplicity in
its phenotyping (Roy et al. 2014). The third mechanism,
tissue tolerance, is achieved by Na+ compartmentaliza-
tion in vacuoles, or in different tissues/organs of the plant,
and by the accumulation of compatible solutes such as
proline, sucrose or glycine betaine. Most salinity toler-
ance studies focus on the second tolerance mechanism
(Hauser and Horie 2010, Munns et al. 2012, Platten et al.
2013) or in a general response to salinity that does not
discriminate between the three tolerance mechanisms
(Bhowmik et al. 2007, Theerakulpisut et al. 2011). For
this reason, it is still unclear if a specific mechanism is
preferred by some species or if a plant can shift toler-
ance strategies depending on salt concentrations (Roy
et al. 2014).

Rice (Oryza sativa) feeds the human population more
than any other crop (Wassmann et al. 2009), but it is
a moderately salt sensitive crop in risk of greater expo-
sure to brackish water due to the elevation of sea level,
especially in the delta regions where rice is mainly pro-
duced (Wassmann et al. 2009). Efforts have been made
to use naturally tolerant genotypes, such as NonaBokra
and Pokkali, to introduce salinity tolerance quantitative
trait loci (QTLs) into high yielding rice genotypes (Thom-
son et al. 2010). However, the main QTLs identified and
used by breeders, Saltol (Gregorio 1997) and SNC-7 (Lin
et al. 2004, Ren et al. 2005), have been related to ion
transport, specifically ion exclusion from the plant or K+

homeostasis maintenance.
Rice salinity stress tolerance has been extensively

studied (Kanawapee et al. 2012, Coskun et al. 2013,
Negrão et al. 2013, Platten et al. 2013, Ueda et al. 2013,
Ali et al. 2014, Hairmansis et al. 2014), but there is still
a need to assess if rice uses all three salinity tolerance
mechanisms previously described by Munns and Tester
(2008), and if there is a predominant salinity mechanism
used by the majority of rice cultivars.

To address these issues, we analyzed phenotypic data
available for 56 rice genotypes selected from a target
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gene study conducted on 392 accessions representative
of rice genetic diversity (5 rice-variety groups) (Negrão
et al. 2013). Our aim with the present work was to assess
if rice exhibits the three salinity tolerance mechanisms
and if one mechanism is preferentially used. Finally, in
light of our results and previous reports we identify some
issues commonly observed in salinity stress tolerance
studies and propose ways of addressing those issues for
future experiments.

Materials and methods

Plant material and salinity experiment

For this paper, we analyzed phenotypic data collected
by Negrão et al. (2013), in which 59 phenotypes were
chosen from among 392 rice accessions as representa-
tive of the different haplotype groups found by EcoTILL-
ING in 5 genes relevant for salinity tolerance, OsNHX1,
OsHKT1;5, OsCPK17, OsRMC and OsSalT. OsNHX1
and OsHKT1;5 are Na+ and K+ transporters, OsCPK17
and OsRMC seem to be involved in salt stress sig-
nal perception and transduction pathways, and OsSalT
is possibly associated with the production of compat-
ible solutes (Negrão et al. 2013). Only 56 genotypes,
out of the 59 phenotyped by Negrão et al. (2013),
were included in our analyses. This was because we
eliminated two genotypes (TOS7564 – IRGC47017, and
Issamo – IRGC63494) that we believe are from another
species, the African rice Oryza glaberrima (Pires et al.,
unpublished data). We also excluded IR52724 – IRTP
22005, as no viable seeds were available at the time of
this study.

The phenotyping experiment was conducted in a
greenhouse maintained approximately at 29∘C/22∘C
day/night with 70% relative humidity, and was designed
as a split plot experiment with 11 genotypes per tray
and 16 plants per genotype. Ten days after sowing,
control plants were kept at 0 dS m−1 of electrical con-
ductivity (EC) and salt stressed plants had 6 g L−1 of NaCl
(EC= 12 dS m−1) added to the Yoshida medium (Yoshida
et al. 1976) in which they were growing. Ten days after
salinization of salt stressed plants’ trays, different traits
were measured for both control and salt stressed plants
(see Phenotypic traits evaluated below for a list of traits
analyzed and see Negrão et al. (2013) for a complete
description of how the different traits were measured).

While in the paper by Negrão et al. (2013) we used
phenotypic traits for candidate gene association, here
we intend to have a broader view of rice’s phenotypic
response to salinity by using statistics to base our con-
clusions (see section Statistical analysis below) and by
trying to follow a coherent conceptualization of salinity

tolerance mechanisms as explained in the section Intro-
duction.

Phenotypic traits evaluated

The traits analyzed here were Na and K content in
roots (rootNa and rootK); Na and K content in third
fully expanded leaf (3leafNa and 3leafK); leaf osmotic
potential (OP); content of chlorophyll a (ChlA) and b
(ChlB) in the fourth fully expanded leaf; shoot length
(SL), fresh weight (SFW) and dry weight (SDW); and
root length (RL), fresh weight (RFW) and dry weight
(RDW) (see Negrão et al. (2013) for details on how the
traits were measured). Also from Negrão et al. (2013)
we obtained the visual scoring of response to salt stress,
which was adapted from Gregorio et al. (1997) and it
is named Standard Evaluation System (SES). SES varies
from 1 to 9 with one corresponding to the most salt
tolerant genotypes. To the previous 14 traits we added
average weight of 10 seeds for each genotype (SeedW)
and determined Salinity Tolerance index (ST) using total
dry weight (TDW) according to TDWsalt/TDWcontrol.

All 13 continuous traits obtained by Negrão et al.
(2013) were used in our analyses as averages of replicates
per genotype (see the list of 56 genotypes in Appendix
S1, Supporting Information). There were three replicates
per genotype except for biomass traits, which had five
replicates.

Statistical analysis

We used fBasic R package (http://CRAN.R-project.org/
package=fBasics) to determine the mean, standard devi-
ation, skewness and kurtosis of each trait (Appendix
S2). We also used the built-in shapiro.test R function,
which performs the Shapiro-Wilk normality test (Royston
1982a, 1982b), to determine the probability of each trait
not exhibiting a normal distribution both in control and
in salt stress conditions (Appendix S2). When needed,
the traits were transformed following the indications in
Fink (2009) (see Appendix S3 for details on the performed
transformations). Both transformed and the original aver-
aged traits were used for all analyses since models with
original traits are easier to interpret, but models with nor-
malized traits are more reliable statistically. The results
obtained using transformed and original traits were eval-
uated for discrepancy and are presented and discussed
when relevant.

We generated box plots for each trait in control and
salt stress conditions and determined if the mean of
the trait distribution was significantly different between
the two conditions using R’s t-test function. Correla-
tions between traits were determined using Kendall’s tau
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method (Hollander and Wolfe 1973) available through
the built-in cor.test function in R. We chose Kendall’s
tau to look for correlations between traits because it is
a non-parametric test that does not assume a particular
distribution of the original data and already corrects for
the existence of tied data, as opposed to Spearman’s rho
[see Newson (2002) for an argument on the superiority
of Kendall’s tau over Spearman’s rho].

Finally, we used nlme R package (http://CRAN.R-proje
ct.org/package=nlme) to fit linear mixed models to the
traits and check for significance of the effect of condition
(control vs salt stress) and genotype. The following mixed
linear models were fitted to each trait:

model a) trait ∼ condition
model b) trait ∼ condition+ (1|genotype)*
model c) trait ∼ condition

(1+ condition|genotype)#

*random intercepts per genotype; #random intercepts
and slopes per genotype

Fixed effect was the same in all three models, which
allowed us to use restricted maximum likelihood (REML)
to estimate the models and still use an analysis of vari-
ance (ANOVA) to select the model that best fitted the
data. Residual plots and normality of residuals were eval-
uated to confirm if the models were reliable for explain-
ing the data.

Fitness modeling

We modeled fitness using the measured traits and the
lm function available in R. Since in the experiment of
Negrão et al. (2013) rice genotypes were only studied
during seedling stage, we used total dry weight in salt
as a proxy for fitness. And, because we observed a tight
correlation between plant size in control and plant size
in salt, we used models with and without total dry weight
in control as a predictor. The models used were:

model d) TDWsalt = rootNasalt + rootKsalt
+ 3leafNasalt + 3leafKsalt +OPsalt
+ChlAsalt + SeedW+ TDWcontrol

model e) TDWsalt = rootNasalt + rootKsalt
+ 3leafNasalt + 3leafKsalt +OPsalt
+ChlAsalt + SeedW

Only chlorophyll a content was included in the mod-
els because we previously saw that chlorophyll a and
b content are not independent variables, being actually
highly correlated both in salt and control conditions.

To narrow down to the most important predictors in
the two models above, we used an R script provided
by Anne Plessis (NYU, Purugganan Lab, unpublished
data), where every combination of 8 or less predictors
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Fig. 1. Salinity Tolerance index (ST) calculated on the basis of total
dry weights (TDWsalt/TDWcontrol) does not correlate with the Standard
Evaluation System (SES) of salinity tolerance.

was tested and the best and simplest model was selected
based on Bayesian Information Criterion (Schwarz 1978).

Results

SES and ST comparison

Rice plants were exposed to 12 dS m−1 of NaCl for 10
days (approximately 110 mM of NaCl). After this period,
visual scores from the SES varied between 3 and 6.5,
with 11% and 14% of genotypes falling in the tolerant
(SES≤ 3) and sensitive (SES≥ 6) categories, respectively.
ST varied between 0.4 and 1 with an average of 0.7,
which is compatible with a growth reduction of 30%
of the same genotype in saline conditions. We also
observed that there was no correlation between ST and
SES measures of tolerance (Fig. 1).

Trait variation with salinity and genotype

Fig. 2 depicts the distribution of each trait values in
control and salt stress conditions (see also Appendix
S2). Na content in roots and leaves and biomass mea-
surements changed substantially with salt stress (Fig. 2),
with Na content in roots and the 3rd leaf increasing
and biomass traits (especially shoot biomass) decreas-
ing under saline conditions. The means of trait values in
each condition were compared using a two sided t-test
and all traits, except for K content in roots (P-value=0.1)
and 3rd leaves (P-value= 1.0), showed a significant dif-
ference (P-value<0.002) between the mean of the trait
under control conditions and the mean of the trait under
salt stress conditions. These observations clearly show
that 10 days after salinization differences in Na content,
chlorophyll content and biomass between control plants
and salt stressed plants are detectable and significant.

46 Physiol. Plant. 155, 2015



0.0

0.1

0.2

0.3

0.4

0.5

0.6

Control Salt

ro
o
tK

 (
m

M
 g

–
1
 D

W
)

0.0

0.5

1.0

1.5

2.0

Control Salt

3
le

a
fK

 (
m

M
 g

–
1
 D

W
)

0

20

40

60

80

Control Salt

S
L
 (

c
m

)

*

0.0

0.5

1.0

1.5

2.0

Control Salt

S
F

W
 (

g
)

*

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Control Salt

S
D

W
 (

g
)

*

0

10

20

30

40

Control Salt

R
L
 (

c
m

)

*

0.0

0.2

0.4

0.6

0.8

Control Salt

R
F

W
 (

g
)

*

0.00

0.02

0.04

0.06

0.08

0.10

Control Salt

R
D

W
 (

g
)

*

–3300

–2800

–2300

–1800

–1300
Control Salt

O
P

 (
k
P

a
)

*

0.0

0.5

1.0

1.5

2.0

Control Salt

C
h
lA

 (
%

)

*

0.0

0.1

0.2

0.3

0.4

0.5

Control Salt
C

h
lB

 (
%

)

*

0.0

0.5

1.0

1.5

2.0

Control Salt

ro
o
tN

a
 (

m
M

 g
–

1
 D

W
) *

0.0

0.5

1.0

1.5

2.0

Control Salt

3
le

a
fN

a
 (

m
M

 g
–

1
 D

W
) *

Fig. 2. Box plots for each trait in control and salinity stress conditions. An asterisk (*) in the upper right corner of the trait square means that the trait
mean in control is significantly different (P-value < 0.002) from the trait mean in salt stress conditions according to a two sided t-test. Among all traits
analyzed, only potassium content in roots and 3rd leaves did not change significantly with the presence of salt stress.

Na content in leaves and roots were below detection
levels for most plants in control conditions. Moreover, Na
content exhibited a large change under salt conditions
(Fig. 2), which made this variable appear almost binary

and also made it harder to model the contribution of
condition and genotype to Na content, even with trans-
formed variables. Despite these limitations, we could
observe that condition (salinity) had a strong effect on
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Fig. 3. The reaction norms of each of the 56 genotypes for Na content
in 3rd leaf (3leafNa) clearly show that Na content in 3rd leaf increases with
exposure to salt stress, but different genotypes exhibit different levels of
increase (different slopes of the reaction norms).

Na content (Fig. 2). Additionally, although salinity always
increased Na content in the 3rd leaf, there was great vari-
ation in how much Na+ the different genotypes could
accumulate, as seen in differences in the slopes in Fig. 3.

For all shoot biomass traits [length (SL), fresh weight
(SFW) and dry weight (SDW)] both the condition (as
a fixed effect) and the genotype (as a random effect)
were significant, as well as the interaction between con-
dition and genotype (Table 1). However, root biomass
traits [length (RL), fresh weight (RFW) and dry weight
(RDW)] did not follow a normal distribution and had to
be transformed (see Appendix S3 for details on transfor-
mation). Our analyses suggest that condition and geno-
type are also very important in modeling root biomass
traits (Table 1).

Interestingly, K content in root and the 3rd leaf did not
change significantly between control and salt stressed

plants (Fig. 2 and Appendix S2). In contrast, chlorophyll
a (ChlA) and b (ChlB) content decreased slightly with the
presence of salt stress (Fig. 2 and Appendix S2) and these
changes were dependent on genotype (Table 1).

Correlations between traits

Biomass traits exhibit a significant and strong correlation
between different conditions (see diagonal in Table 2).
The same is true for chlorophyll a and b content and
OP, but with weaker correlation coefficients (diagonal in
Table 2). Finally, Na and K content in control conditions
are not at all correlated with themselves under salt stress
(diagonal in Table 2).

As for correlations between different traits in both con-
ditions, it can be seen in Table 2 that, as expected,
biomass traits tend to have significant and strong posi-
tive correlations with each other, both under control and
salt stress conditions. The exception is root length, which
tends to be less correlated with other biomass traits. This
may be due to the hydroponic conditions in which the
rice roots grow, where growth of rice roots is accom-
plished by increasing the number of lateral roots and
not by growing deeper (with the number of lateral roots
being not directly quantified but indirectly accounted for
in root weight measures). Another explanation might be
that pots in growth chambers are not sufficiently high for
root length to be a reliable trait similar to field conditions.

Chlorophyll a and b content are highly and signifi-
cantly correlated with each other, both in control and
salt stress conditions (Table 2). More importantly, chloro-
phyll a and b levels exhibit significant correlations with
biomass traits only in control conditions (Table 2).

Na content in 3rd leaf was only significantly and pos-
itively correlated with Na content in roots when under
salt stress conditions (Table 2). OP did not seem to have
strong correlations with Na and K content (Table 2). This
may be due to OP being the result of the combination

Table 1. Each trait was modeled using condition as fixed effect and genotype as random effect (models a) trait ∼ condition, b)
trait ∼ condition+ (1|genotype) and c) trait ∼ condition (1+ condition|genotype)). For the traits that could be reliably explained by this type of model
we determined the model that best fitted the trait using an ANOVA and present here its statistics. SL, shoot length; SFW, shoot fresh weight; SDW, shoot
dry weight; tRL, transformed root length; tRFW, transformed root fresh weight; tRDW, transformed root dry weight respectively; ChlA, chlorophyll a
content; ChlB, chlorophyll b content.

Trait Best model 𝝌
2 (df ) P-value F-value of condition effect on trait (df1, df2) P-value of condition effect on trait

SL c) 18.4 (2) 0.0001 558.2 (1, 55) <0.0001
SFW c) 29.8 (2) < 0.0001 268.6 (1, 55) < 0.0001
SDW c) 13.1 (2) 0.002 108.9 (1, 55) < 0.0001
tRL b) 18.9 (1) < 0.0001 32.2 (1, 55) < 0.0001
tRFW b) 21.4 (1) < 0.0001 23.6 (1, 55) < 0.0001
tRDW b) 20.6 (1) < 0.0001 128.3 (1, 55) < 0.0001
ChlA b) 13.9 (1) 0.0002 39.7 (1, 55) < 0.0001
ChlB b) 14.3 (1) 0.0002 128.3 (1, 55) < 0.0001
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Table 2. Kendall’s tau correlation matrix. Upper part (white background) presents correlation coefficients for traits under control conditions. Lower
part (grey background) presents correlation coefficients for traits under salt stress conditions. And the diagonal (in bold) presents correlation coefficients
between control and salt stress conditions for the same trait. *P-value ≤ 0.05; **P-value <0.01

Rootna Rootk 3leafNa 3leafK OP ChlA ChlB SL SFW SDW RL RFW RDW SeedW

rootNa 0.1 −0.1 −0.04 0.1 0.04 0.2* 0.2* −0.04 −0.1 −0.2 −0.1 −0.1 −0.2* −0.2*
rootK 0.003 0.1 0.2 −0.2* 0.1 −0.1 −0.1 0.1 −0.1 0.0 −0.03 0.1 −0.02 −0.03
3leafNa 0.3** −0.2* 0.1 −0.3** 0.2* −0.2* −0.2 −0.01 −0.1 −0.2 0.1 −0.01 −0.1 −0.1
3leafK 0.03 −0.03 −0.1 0.2 −0.1 0.2** 0.3** −0.1 −0.04 −0.005 −0.1 −0.2 −0.1 −0.05
OP −0.04 0.1 −0.2 −0.2* −0.2* −0.2 −0.1 0.01 0.02 −0.03 0.1 0.05 0.1 −0.01
ChlA −0.1 0.2 −0.1 0.03 0.2* 0.3** 0.9** −0.2* −0.2** −0.2 −0.1 −0.3** −0.3* −0.2*
ChlB −0.03 0.2 −0.1 −0.01 0.2* 0.9** 0.3** −0.2* −0.2* −0.2* −0.1 −0.3** −0.3** −0.3**
SL −0.04 0.1 −0.4** 0.1 −0.02 −0.1 −0.1 0.6** 0.5** 0.5** 0.2 0.3** 0.4** 0.5**
SFW 0.1 0.1 −0.2* 0.1 0.1 −0.1 −0.1 0.5** 0.6** 0.8** 0.2* 0.6** 0.6** 0.8**
SDW 0.05 0.1 −0.2* 0.1 0.1 0.0 −0.04 0.5** 0.9** 0.5** 0.2 0.5** 0.6** 0.9**
RL −0.2 0.1 −0.001 −0.1 −0.1 −0.1 −0.1 0.1 0.1 0.1 0.4** 0.3** 0.4** 0.2*
RFW 0.05 0.2* −0.1 0.1 −0.001 0.1 0.04 0.4** 0.6** 0.6** 0.2* 0.4** 0.6** 0.6**
RDW −0.03 0.2 −0.1 0.05 0.1 −0.03 −0.1 0.4** 0.6** 0.6** 0.2* 0.7** 0.4** 0.7**
SeedW 0.05 0.1 −0.2* 0.1 0.1 −0.03 −0.04 0.5** 0.8** 1.0** 0.1 0.6** 0.7** -

of multiple ions and solutes in the plant. Chlorophyll a
and b levels had some significant correlations with ion
concentrations in control conditions and with OP in salt
stress conditions (Table 2).

Most importantly, in salt stress conditions Na content
in the 3rd leaf was significantly and negatively correlated
with shoot biomass traits (Table 2). Plants that accumu-
late more Na+ in leaves tend to arrest shoot growth more
strongly than plants with lower levels of Na+ in leaves.

We also weighed 10 seeds from each genotype and
used this value as seed weight (SeedW). Seed weight is
highly and strongly correlated with biomass traits both
in control and salt stress conditions (Table 2). Heavier
seeds tend to generate bigger plants independently of the
conditions in which the plants are growing (a linear cor-
relation between SeedW and TDW is shown in Fig. 4).
Seed weight is also significantly, but negatively, corre-
lated with Na content in the 3rd leaf under salt stress
(Table 2). This indicates that plants with more biomass
tend to accumulate less Na+ in the shoot.

Fitness modeling

The best and simplest model describing a key fitness
component (total dry weight, TDW) in salt was obtained
with and without considering total dry weight in control
as a predictor. We decided to test both cases, because
our previous analyses indicated that plant size even
under control conditions may be an important factor
in determining plant size in stress conditions. However,
because TDWcontrol and TDWsalt are highly correlated
variables (Table 2), the inclusion of TDWcontrol in the
model could bias the results. Hence, we decided to
model fitness with and without TDWcontrol as a predictor.
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Fig. 4. Total dry weight (TDW) increases with increased average
weight of ten seeds (SeedW) both in control (grey regression line:
TDW= 0.58× SeedW+0.03, R2 =0.21) and in salt stress (black regres-
sion line: TDW=0.48× SeedW+0.00, R2 =0.29) conditions.

As expected, when including TDWcontrol as a predictor
the best and simplest model for TDWsalt corresponded
to TDWsalt = 0.02+ 2−5 OPsalt +0.20 SeedW+ 0.48
TDWcontrol (F(3,52) =41.2, P - value= 9×10−14), which
reinforces the effect of general plant size, independent
from the stress, in determining overall plant size under
salinity stress conditions.

The best and simplest model, without including
TDWcontrol as a predictor, corresponded to TDWsalt =
− 0.06+ 0.08 rootNasalt −0.03 3leafNasalt + 0.46 SeedW
(F(3,52) = 12.0, P - value=4× 10−6). This result again
shows the importance of Na content in roots and shoots,
in addition to plant size, in determining the biomass
of the plant under salinity stress conditions. Plants that
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Fig. 5. Plants that differ in total dry weight (TDW) can present the
same level of growth reduction (measured as ST= TDWsalt/TDWcontrol),
but present different scores in Standard Evaluation System (SES).

accumulate Na+ in leaves arrest growth more strongly
than plants that are able to exclude this deleterious ion
from their aerial parts.

Combined analysis of traits and salinity
tolerance indices

We verified that plants arrest growth when under salt
stress (Fig. 2), but the level of growth reduction is not
directly associated with salinity tolerance as measured
by the SES score (Fig. 5). Growth reduction can be the
same in plants with differing biomass, but the plant with
more biomass will, in general, be able to tolerate salt
much better (Fig. 5).

We also observed that higher Na content in leaves
has deleterious effects in the plants (e.g. by promoting a
stronger growth reduction, Table 2). Although in general
the higher the Na+ levels in the 3rd leaf, the higher the SES
score, genotypes with similar levels of Na+ accumulated
in leaves can exhibit differences in their physiologic
response to salt stress (Fig. 6).

Discussion

Indices of salinity tolerance, chlorophyll content
and K content in rice salinity

Salt tolerance indices, such as the visual score of dam-
age given by the SES and the ST given as a proxy for
biomass reduction under salt stress, are often used to
assess plant salinity tolerance. However, these indices
are not strongly correlated with each other (Fig. 1). This
was not unexpected since ST at seedling stage only
accounts for the effect of salt stress on biomass, while SES
considers survival/death of plants, level of leaf chlorosis
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Fig. 6. Na content in 3rd leaf (3leafNa) tends to increase with an increase
in Standard Evaluation System (SES) scoring, which corresponds to plants
which are performing worse under elevated salinity conditions. However,
it is still possible for two genotypes to accumulate the same level of Na+

in 3rd leaves and exhibit very different tolerance levels.

and curving, and visual difference in biomass between
plants in control and salt stress conditions (Gregorio et al.
1997).

We observed a slight decrease in chlorophyll a (ChlA)
and b (ChlB) content after salt stress imposition (Fig. 2).
Kanawapee et al. (2012) also observed, in 106 rice
genotypes grown hydroponically, a significant change in
chlorophyll a and b content under salinity, but while
chlorophyll a increased with salt stress, chlorophyll b
showed a decrease. It is possible that a consistent and
strong change in chlorophyll content is only observed
with extended exposure to salt stress, which causes
extensive leaf chlorosis.

Also relevant is the correlation between chlorophyll
content and biomass in control conditions (Table 2).
This is not unexpected since it is known that the growth
of heterotrophic tissues depends on photosynthetic tis-
sues and that disrupting chlorophyll biosynthesis results
in impaired growth of the plant, especially the root
(Ferrández et al. 2012, Kirchsteiger et al. 2012). When
exposed to salt stress, rice plants seem to lose the correla-
tion between chlorophyll content and biomass. Possibly,
biomass in salt stress conditions is the result of more
complex interactions.

In a previous study (Kanawapee et al. 2012) observed
a decrease in K content combined with an increase in
Na content with growth in saline conditions. Hence,
the authors suggested that the K+/Na+ ratio is the most
important mechanism controlling salinity tolerance in
rice. In our conditions, however, we observed that K con-
tent was not significantly affected by salt stress (Fig. 2).
In fact, almost 20 years ago Garcia et al. (1997) con-
cluded that in rice K+/Na+ is less relevant as a trait than
the individual content of Na+ and K+, contrary to what
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might happen in wheat. Their conclusions where based
on the fact that in rice Na+ uptake is mechanistically
different from K+ uptake (Garcia et al. 1997). This obser-
vation is particularly important because several studies
assume that a low K+/Na+ ratio is the most important
goal in terms of ion concentrations in rice salinity tol-
erance and emphasize this value (Theerakulpisut et al.
2011, Kanawapee et al. 2012). Also, the content of Na+

and K+, independently assessed, is less affected by mea-
surement errors, since a ratio always combines the errors
associated with the measurement of the variable in the
denominator and with the measurement of the variable
in the numerator.

Na content and biomass are important but not
sufficient traits to assess rice salinity tolerance

An increase of Na content in leaves was correlated with
decreased plant biomass under salinity (Figs 2 and 3,
Table 2). In fact, an increase in Na content in the plant
accompanied by growth reduction has been recurrently
observed [see Parida and Das (2005) for a review],
and it is known that growth reduction occurs both as
consequence of the deleterious effect of Na+ in the cells
and as a general stress response [see Roy et al. (2014) for
a review]. There is also a negative correlation between
seed weight and Na content in the 3rd leaf (Table 2).
This correlation suggests that plants with more biomass
tend to accumulate less Na+ in leaves, eventually due to
a dilution effect. These two factors probably contribute
to the observation that rice plants with heavier seeds
generate plants with more biomass both in control and in
salt stress conditions (Table 2, Fig. 4). These conclusions
indicate that plants with more biomass have an inherent
vigor that allows them to tolerate salinity better than
smaller plants, an observation previously noted in rice
(Yeo and Flowers 1986), as well as in other plant species,
such as Medicago truncatula (Veatch et al. 2004). It is
important to note that plant size and seed weight have
been largely ignored in studies that examine rice salt
tolerance, and this may be relevant especially when
comparing two or three genotypes with very different
plant sizes.

Additionally, the Na content that negatively affects one
genotype may be different from that affecting another
genotype. In fact, Yeo and Flowers (1983) showed that
the Na content that resulted in a chlorophyll content loss
of 50% differed between nine rice genotypes, and that
leaf chlorosis occurred at different levels of Na content in
leaves. We also observed a high variability of physiologic
response to salt stress between genotypes with similar
levels of Na+ accumulated in leaves (Fig. 6), and this is
probably caused by the existence of other mechanisms

for salt tolerance (Munns and Tester 2008, Wang et al.
2012).

In conclusion, plant biomass as well as Na content
in roots and shoots, are key traits when studying salinity
response in plants. However, neither of these traits is
sufficient to define the level of tolerance of the plant.

Rice genotypes do not present a predominant
mechanism of salinity tolerance

Taken together, the results of this study confirm that rice
exhibits all three mechanisms of response to salinity
stress previously described by Munns and Tester (2008),
and no one mechanism is preferentially used. This sug-
gests that different genotypes may be needed to study
each of the different mechanisms of plant salinity toler-
ance. Our study also demonstrates that in order to have
a complete understanding of salinity tolerance in plants
we should focus on studying each tolerance mechanism
independently by selecting an appropriate species or
specific genotype that best exemplifies a specific mech-
anism.

Common issues when studying salinity tolerance
in general

In light of the conclusions reached in our study regarding
rice salinity stress response, although our aim is not to
perform an exhaustive evaluation [as Flowers (2004) did
over 10 years ago] of the most common issues showing
up in published reports (Xu et al. 2013, Zhang et al.
2013), we may point out some of those issues.

One very important aspect to consider in the assess-
ment of salinity tolerance is the appropriate experimental
and analytical design. This is true when comparing geno-
types, or assessing the impact of a particular gene in the
stress response. For this we propose five aspects to con-
sider in future experiments, namely:

First, proper controls have to be analyzed, which also
means evaluating the biomass of plants both in control
and salt stress conditions, and controlling for the biomass
in control conditions when necessary. It is common to
use rice cultivar Pokkali as a salt-tolerant reference in
salinity stress experiments (Bhowmik et al. 2007, Jiang
et al. 2013, Jain et al. 2014). However Pokkali was one of
the biggest plants, among the 56 different rice genotypes
we analyzed under control conditions.

Second, when there is a priori information on the
function of a certain gene under study, experiments
should be designed to look into the specific salinity
tolerance mechanism in which the modified function
might be relevant. If the gene under study appears to be
involved in the production of a compatible solute, then
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the plants being compared should have similar biomass
under control conditions and similar Na+ uptake rates
and accumulation levels, or at least these traits should
be accounted for when analyzing the data.

Third, quantitative data on the trait of interest should
be presented. When proposing that a certain gene is
involved in salinity stress tolerance, photographs of a
transgenic plant next to a control plant (Kalamaki et al.
2009, Zhang et al. 2013) and germination tests are not
enough. Germination in salinity can be uncorrelated
with salinity tolerance later in the life cycle of rice and
tomato plants (Flowers 2004).

Fourth, tolerance scores measure a combination of
several tolerance mechanisms each with an unknown
percentage of contribution to the final phenotype of the
plant/genotype under study. Nevertheless, salinity toler-
ance scores are informative as long as they are treated
with the proper statistical tools. It is common to see
tolerance scores being treated as quantitative variables
(Kanawapee et al. 2012, Ali et al. 2014, Ul Haq et al.
2014) when in fact, they are ordinal interval variables.
The impact of this treatment might be negligible, but
until it is properly tested it should not be ignored and
interpretations from such analyses should be considered
carefully.

Finally, we would like to point out that genome-wide
analysis (GWA) where the trait being associated is a tol-
erance score (Bandillo et al. 2013) are hard to interpret.
Because a tolerance score is the end result of a com-
bination of salinity stress tolerance mechanisms, genes
implicated in each of those mechanisms can associate
with phenotype, which makes it hard to identify the
candidate gene(s) for each peak and its (their) function.
Furthermore, if two genes that are close to each other
in the genome (are in high linkage disequilibrium) but
act in opposite directions in terms of affecting salinity
tolerance through different tolerance mechanisms (e.g.
one increasing inherent vigor of the plant and the other
decreasing tissue tolerance), each time a GWA is per-
formed with a different population a different result may
be achieved.
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