
Vol.:(0123456789)1 3

Plant Molecular Biology (2018) 96:305–314 
https://doi.org/10.1007/s11103-017-0696-3

Salt tolerance of two perennial grass Brachypodium sylvaticum 
accessions

Nir Sade1 · Maria del Mar Rubio Wilhelmi1 · Xiaojuan Ke1 · Yariv Brotman2 · Matthew Wright1 · Imran Khan1,5 · 
Wagner De Souza1 · Elias Bassil1 · Christian M. Tobias3 · Roger Thilmony3 · John P. Vogel4 · Eduardo Blumwald1

Received: 19 October 2017 / Accepted: 27 December 2017 / Published online: 10 January 2018 
© Springer Science+Business Media B.V., part of Springer Nature 2018

Abstract
Key message We studied the salt stress tolerance of two accessions isolated from different areas of the world (Norway 
and Tunisia) and characterized the mechanism(s) regulating salt stress in Brachypodium sylvaticum Osl1 and Ain1.
Abstract Perennial grasses are widely grown in different parts of the world as an important feedstock for renewable energy. 
Their perennial nature that reduces management practices and use of energy and agrochemicals give these biomass crops 
advantages when dealing with modern agriculture challenges such as soil erosion, increase in salinized marginal lands and 
the runoff of nutrients. Brachypodium sylvaticum is a perennial grass that was recently suggested as a suitable model for the 
study of biomass plant production and renewable energy. However, its plasticity to abiotic stress is not yet clear. We studied 
the salt stress tolerance of two accessions isolated from different areas of the world and characterized the mechanism(s) 
regulating salt stress in B. sylvaticum Osl1, originated from Oslo, Norway and Ain1, originated from Ain-Durham, Tunisia. 
Osl1 limited sodium transport from root to shoot, maintaining a better K/Na homeostasis and preventing toxicity damage 
in the shoot. This was accompanied by higher expression of HKT8 and SOS1 transporters in Osl1 as compared to Ain1. In 
addition, Osl1 salt tolerance was accompanied by higher abundance of the vacuolar proton pump pyrophosphatase and  Na+/
H+ antiporters (NHXs) leading to a better vacuolar pH homeostasis, efficient compartmentation of  Na+ in the root vacuoles 
and salt tolerance. Although preliminary, our results further support previous results highlighting the role of  Na+ transport 
systems in plant salt tolerance. The identification of salt tolerant and sensitive B. sylvaticum accessions can provide an experi-
mental system for the study of the mechanisms and regulatory networks associated with stress tolerance in perennials grass.
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Introduction

Perennial grasses had been used traditionally as forage, 
turf and feedstock crops and during the last 20 years, they 
became a valuable source of renewable energy (McLaughlin 
and Kszos 2005). Perennial grasses hold great potential and 
some advantages over annual crops (Glover et al. 2010). Per-
ennials can accumulate more biomass than annuals because 
of their longer growing seasons and their deeper rooting 
depths that allow them to retain and use more precipitation 
(Glover and Reganold 2010). In addition, due to their longer 
photosynthetic seasons, perennials have higher light inter-
ception efficiency that results in higher plant productivity. 
Because of their deep and extended root system, perennials 
maintain an efficient root water homeostasis and accumulate 
higher nutrients in their roots, thus reducing the need of 
frequent fertilization (Glover and Reganold 2010). Finally, 
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perennials contribute to a decreased soil erosion and an 
increased soil organic matter content. All these advantages 
have made perennial grasses as switchgrass and Miscanthus 
leading candidates for biomass and biofuel production and 
they are predicted to account for approximately 16 billion 
gallons of renewable fuels by the year 2022 (Carroll and 
Somerville 2009; Dohleman and Long 2009).

In general, the perennial grasses species targeted for 
biomass production are difficult experimentally because 
of their large size, slow generation time, complex genet-
ics and difficulties in their genetic transformation (Lu et al. 
2013; Yan et al. 2012). Thus, the development of a model 
perennial grass that could be easily grown and is amena-
ble to genetic transformation would be most useful for the 
development of transgenic methodologies for crop biomass 
improvement. Brachypodium sylvaticum, a perennial grass 
from the Poaceae family, has been recently proposed as a 
suitable model for perennial grasses (Steinwand et al. 2013; 
Gordon et al. 2016). B. sylvaticum possesses all the traits 
necessary in a model system; it is mostly self-fertile and 
relatively small, with mature plants ranging from 35 to 
70 cm. Despite its perennial nature; some accessions can 
go from seed to seed in approximately 3–4 months with no 
need of vernalization. It is a diploid with a relatively small 
genome with simple growth requirements. A transforma-
tion protocol for B. sylvaticum accession Ain1 has been 
established (Steinwand et al. 2013) and the full genome and 
transcriptome gene atlas is being developed (John Vogel, 
personal communication). Moreover, the close relationship 
between B. sylvaticum and the annual grass Brachypodium 
distachyon (used as a model plant for annual grasses) will 
facilitate to leverage the resources developed for the annual 
B. distachyon (Brkljacic et al. 2011).

The increasing production of second generation non-food 
bioenergy crops has raised concerns about the competition 
for cropland use between bioenergy production and food 
crops production. A viable solution to this problem is the 
development of stress-tolerant bioenergy crops, able to 
growth with low inputs in marginal and/or agriculturally 
degraded lands (Quinn et al. 2015; Tilman et al. 2006). Water 
deficit stress and salinity are most serious factors limiting 
the crop productivity. During the onset and development of 
salt stress within a plant, major biosynthetic processes such 
as photosynthesis, protein synthesis and lipid metabolism 
are affected. Plants have evolved a number of mechanisms 
to deal with excess cations, such as sodium exclusion from 
their cells and sodium compartmentation (Blumwald 2000; 
Deinlein et al. 2014). Vacuolar  Na+/H+ antiporters (NHXs) 
play significant roles in the removal of excess sodium from 
the cytoplasm by compartmentalization into the vacuoles 
(Apse et al. 1999). NHXs activities are regulated by cel-
lular pH and are dependent on tonoplast  H+ fluxes (Bassil 
et al. 2011b). Two electrogenic vacuolar  H+ pumps, the 

V-type  H+-ATPase (V-ATPase) and the pyrophosphatase 
(V-PPiase) generate the electrochemical  H+ gradient that 
drive the antiporters’ activity (Apse and Blumwald 2007). 
The vacuolar  H+ pumps play paramount roles in growth and 
development, adjusting their activity and maintaining cellu-
lar solute homeostasis under both normal and salinity condi-
tions (Queiros et al. 2009). A relationship between NHXs 
and V-PPiase, contributing to salt tolerance was suggested 
(Queiros et al. 2009; Undurraga et al. 2012) and the expres-
sion of both NHX and V-PPiase resulted in a higher toler-
ance than that achieved by the expression of the individual 
genes (Bao et al. 2016; Bhaskaran and Savithramma 2011; 
Zhao et al. 2006). At the tissue level, excess of  Na+ ions can 
be avoided by the removal of  Na+ from the xylem sap into 
the surrounding xylem parenchyma cells, thereby decreasing 
the  Na+ toxicity at the leaves, with the concomitant higher 
 K+/Na+ ratio in the xylem and shoots (Deinlein et al. 2014). 
Class I HKT8 (OsHKT1;5, AtHKT1;1) transporter, which 
is mainly  Na+ specific, was shown to play a significant role 
in the xylem  Na+ removal (Byrt et al. 2007; Davenport et al. 
2007; Kobayashi et al. 2017; Plett et al. 2010; Ren et al. 
2005; Sunarpi et al. 2005).

Here, we investigated the physiological and molecular 
responses to salinity of two B. sylvaticum natural acces-
sions inhabiting two regions of the world with contrasting 
climates (B. sylvaticum Osl 1, Norway and B. sylvaticum 
Ain 1, Tunisia). Our results indicated that Osl 1 accession 
displayed higher salt tolerance than Ain 1 and the enhanced 
salt tolerance was characterized by a better ion homeostasis 
with higher  Na+ compartmentalization and lower tissue  Na+ 
allocation.

Results

The responses of Osl1 and Ain1 mature plants 
to salinity

In order to characterize the effect of salinity on the bio-
mass of both B. sylvaticum accessions (Fig. 1a), plants were 
gradually exposed to 25, 50, 100 and 150 mM NaCl. Salt 
treatments generally lead to a concentration-dependent 
inhibition of growth, which was quantified by the relative 
reduction of the DW of the plant aerial parts, as compared 
to the non-stressed control. Ain1, but not Osl1, displayed a 
strong decrease in biomass upon exposure to salt (Fig. 1b). 
Measurements of the shoot  Na+ and  K+ contents revealed a 
higher contents of  Na+ and lower contents of  K+ in Ain1 as 
compared to Osl1 under salinity (Fig. 1c), leading to a higher 
 K+/Na+ ratio in Osl1 (Fig. 1c). To estimate whether the dif-
ferences in biomass were accompanied by physiological and 
biochemical changes, we measured leaf photosynthesis, tran-
spiration, chlorophyll and protein contents (Fig. 2). Under 
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normal growth conditions, Osl1 exhibited lower photosyn-
thesis and transpiration than Ain1 (Fig. 2a, b). In contrast, 
under stress conditions, Osl1 showed higher photosynthesis, 
transpiration, chlorophyll and protein contents than Ain 1 
(Fig. 2a–d). We also quantified changes in the leaf primary 
metabolites in response to salt (Table S1). Overall, most 
of the changes detected were showing higher metabolite 
accumulation in Osl1 than Ain1 with emphasis mostly in 
amino acids contents. In addition, some metabolites associ-
ated with salt stress response (e.g. ornithine, hydroxyproline, 
arginine, spermidine, 4-hydroxycinnamic acid, sinapic acid) 
were constitutively higher in Osl1 (Table S1). The expres-
sion analysis of genes encoding enzymes associated with 

proline and polyamine biosynthesis pathways confirmed 
the metabolomics data (Table S2). When the plants were 
exposed to 300 mM NaCl for a prolonged period of time, 
both accessions displayed significant declines in DW, tran-
spiration and photosynthesis (Fig. S1).

Response of shoots and roots to short-term salt 
stress

We evaluated the response of roots and shoots to short-
term salt stress in hydroponically-grown plants exposed to 
100 mM NaCl (Fig. 3a). Similar to the response of mature 
plants to salt, a significant decrease in DW was seen in Ain 

Fig. 1  Effects of salinity on 
biomass,  Na+ and  K+ contents 
of two B. sylvaticum acces-
sions. a Geographical habitat 
of the B. sylvaticum accessions; 
b shoot biomass. Values are 
the mean ± SE (n = 7–13); c 
shoot  Na+ and  K+ contents. 
Values represent a bulk of three 
independent plants. Plants were 
grown in the presence and 
absence of 150 mM NaCl. The 
data were analyzed using Stu-
dent’s t test. Asterisks indicate 
significant differences within 
a genotype for each treatment 
(P ≤ 0.05)

0

0.2

0.4

0.6

0.8

1

Ain1 Osl1

Sh
oo

tD
W

(g
)

shoot (%) K+ Na+ K+/Na+

Ain1 - Control 3.2 0.03 107
Osl1 - Control 3.2 0.01 320
Ain1 - Salt 1.82 1.92 0.94
Osl1 - Salt 3.01 1.35 2.22

*

(A) (B)

Osl1

Ain1

320Km

(C)

Control
Salt

Fig. 2  Effects of salt-stress 
on shoot parameters of two B. 
sylvaticum accessions. Analysis 
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1 plants while no NaCl-induced changes in DW were seen 
in Osl1 plants (Fig. 3b). In the shoots, both Ain 1 and Osl1 
displayed a decrease in  K+ contents, while the increase in 
 Na+ contents was five times higher in Ain1 shoots (Fig. 3c), 
leading to a higher  K+/Na+ in Osl1 shoots. In order to assess 
whether differences in shoot  Na+ contents were due to a pos-
sible difference in the  Na+ permeability of the shoot cells, 
we isolated shoot protoplasts and quantified  Na+ contents of 
protoplasts exposed to NaCl using the fluorescent indicator 
CoroNa Green. Our results indicated that the permeability of 
the shoot cell plasma membranes to  Na+ was similar in Ain1 
and Osl1 (Fig. S2). The exclusion of  Na+ from leaf blades 
has been shown to be mediated by the action of HKT-type 
of transporters that mediate the unloading of  Na+ from the 
xylem, a process where  Na+ ions are retrieved from the apo-
plastic space resulting in a reduced transfer of  Na+ into the 
xylem vessels (Horie et al. 2009; Kobayashi et al. 2017). We 
tested whether differences in the  Na+ transport from roots 
to shoots led to the lower shoot  Na+ contents of Osl1, by 
measuring xylem  Na+ and  K+ contents of de-topped plants. 

Osl1 xylem contained lower  Na+ and higher  K+ than Ain1, 
leading to higher  K+/Na+ ratio than Ain1 (Fig. 4). The differ-
ences in root to shoot  Na+ transport were highly correlated 
with the expression levels of BsHKT8 and BsSOS1 in both, 
root and shoot (Fig. 5f, g and Fig. S3).

We characterized the root response of both accessions to 
salt stress. Interestingly, the quantification of  Na+ contents in 
the root revealed that in contrast with shoot tissues (Fig. 3c), 
under salinity, Osl1 roots contained higher amounts of  Na+ 
than Ain1 (Fig. 5a), suggesting increased root vacuolar  Na+ 
compartmentation. Given the role of NHX-type antiport-
ers in vacuolar sodium accumulation (Blumwald 2000), 
we assessed the expression of the most abundant vacuolar 
NHX1 and NHX2 (Bassil et al. 2011b). Both BsNHX1 and 
BsNHX2 root expression was higher in Osl1 than in Ain1 
(Fig. 5b, c). Since the vacuolar cation/proton exchange is 
energized by the operation of vacuolar  H+ translocating 
enzymes (V-ATPase and V-PPiase); (Rea and Sanders 1987; 
Queiros et al. 2009), we evaluated the expression and pro-
tein levels of V-PPase (BsAVP1) in Osl1 and Ain1 exposed 

shoot (%) K+ Na+ K+/Na+

Ain1 – salt 1.88± 0.08 1.5 ± 0.06 1.2 ± 0.09 

Osl1 – salt 2.4± 0.09 * 0.34 ± 0.06* 7.5 ± 1.1 *

Ain1 – control 3.62± 0.14 0.03 ± 0.003 125 ± 23 

Osl1 – control 3.12± 0.05* 0.01* 312 ± 5*
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Fig. 3  Effect of salinity on shoot biomass,  Na+ and  K+ content of 
two B. sylvaticum accessions grown hydroponically. a Hydroponics 
system, b shoot biomass; c shoot  Na+ and  K+. Values are mean ± SE 
(n = 3–5). Plants were grown hydroponically in the presence of 

100 mM NaCl. The data were analyzed using Student’s t test. Aster-
isks indicate significant differences within a treatment for each geno-
type (b) or within genotype for each treatment (c) (P ≤ 0.05)

Fig. 4  Cation concentrations in the xylem sap of Ain1 and Osl1 in response to salinity. a  K+; b  Na+ and c  K+/Na+ ratio. Values are the 
mean ± SE (n = 3–5). Data were analyzed using Student’s t test. Asterisks indicate significant differences (P ≤ 0.05)
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to salinity. BsAVP1 expression and protein abundance was 
higher in Osl1 than in Ain1 roots (Fig. 5d) and it increased 
in both accessions during the exposure of the plants to NaCl, 
although the expression and protein abundance remained 
higher in Osl1 roots and leaves (Fig. 5d, Fig. S3). Using the 
fluorescent dye BCECF, we measured the vacuolar pH in 
root cells of Osl1 and Ain1 (Fig. 5e). Under control condi-
tions, the vacuolar pH of both accessions was similar. Salin-
ity induced the alkalinization of Ain1 root vacuoles while 
the pH in Ain1 vacuoles remained constant (Fig. 5e).

Discussion

Here, we characterized the responses of two B. sylvati-
cum accessions, isolated from two geographical areas with 
contrasting climates (i.e. Osl1 from Norway and Ain1 
from Tunisia). Our aim was to characterize stress toler-
ance mechanism(s) in this model perennial grass specie 
that could contribute to shed light on similar mechanisms 
in leading candidates for dedicated biomass crops such as 

switchgrass and Miscanthus (Carroll and Somerville 2009; 
Dohleman and Long 2009). When exposed to salinity, Osl1 
plants displayed higher tolerance to salinity than the Ain1 
accession, as indicated by increased growth, higher photo-
synthesis, protein and chlorophyll contents. Notably, Osl1 
protein and chlorophyll contents were not affected by the 
stress treatment. These results were consistent with the 
reported response of plants to mild stress conditions (Agha-
leh et al. 2009; Ayala-Astorga and Alcaraz-Meléndez 2010). 
Interestingly, transpiration and photosynthesis were lower 
in Osl1 than in Ain1 grown under well-watered conditions. 
Since photosynthesis is positively correlated with biomass 
accumulation, these physiological differences might explain 
some of the morphological differences between the two spe-
cies (e.g. Ain1 displayed bigger size than Osl1 when grown 
under low salinity), (Steinwand et al. 2013). We also ana-
lyzed the overall metabolic response to salinity of leaves 
from both accessions. Osl1 displayed higher amounts of 
Ornithine and Proline, amino acids known as osmopro-
tectans (Kaur and Asthir 2015), polyamines (e.g. Ornith-
ine, Spermidine) (Kaur and Asthir 2015; Liu et al. 2015; 

Fig. 5  Effects of salinity on root  Na+ and  K+ contents of Ain1 and 
Osl1, expression of root BsNHXs, BsAVP1, BsHKT8, BsSOS1 
and root vacuolar pH. a Root  Na+ and  K+ contents; b–d qRT-PCR 
expression analysis of b BsNHX1, c BsNHX2 and d BsAVP1 and pro-
tein abundance in roots under control and salinity conditions. Silver 
stained PAGE of microsomal pellets isolated from Ain1 and Osl1 
grown in the presence and absence of 100 mM NaCl (lower panel). 
Anti-AVP1 (81  kDa) western blots of PAGE of microsomal pellets 

isolated from Ain1 and Osl1 grown in the presence and absence of 
100 mM NaCl (upper panel). e Root vacuolar pH of seedlings grown 
in the presence and absence of 50 mM NaCl. f, g qRT-PCR analysis 
of f BsHKT8 and g BsSOS1. Values are the mean ± SE (n = 3–4). Data 
were analyzed using Student’s t test. Asterisks indicate significant dif-
ferences within a treatment for each genotype (a–d, f, g) or within 
genotype for each treatment (e) (P ≤ 0.05)
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Vogt 2010) and phenylpropanoids (e.g. Sinapic Acid) (Vogt 
2010). This response indicated significant roles of osmotic 
adjustment and polyamine synthesis in Osl1 shoots under 
mild stress conditions, as shown by the increased expres-
sion of delta-1-pyrroline-5-carboxylate synthetase (P5CS) 
and Spermine synthase (SMS) encoding enzymes associated 
with the synthesis of proline and polyamines, respectively. 
Interestingly, when the two accessions were grown for pro-
longed periods of time in the presence of 300 mM NaCl, 
their growth was severely inhibited and did not display any 
differential response, indicating that Osl1 is only tolerant 
to moderate salinity. The analysis of xylem sap, obtained 
from plants grown in the presence of NaCl revealed that 
Osl1 maintained lower  Na+ contents than Ain1 and a higher 
 K+/Na+ ratio. Although many salt tolerant plant species 
displayed a relatively lower permeability to  Na+ (Volkov 
2015), shoot protoplasts from both Osl1 and Ain1 displayed 
similar membrane permeability to  Na+. Moreover, analy-
sis of root ion contents revealed that Osl1 roots contained 
higher  Na+ than Ain1 roots. These results suggested that the 
increased tolerance displayed by Osl1 plants was associated 
with two mechanisms for  Na+ homeostasis; the maintenance 
of elevated  Na+ concentrations, albeit not deleterious, in the 
root cells and the exclusion of  Na+ ions from the xylem that 
limited the amount of  Na+ reaching the shoots.

The compartmentation of  Na+ in the root vacuoles was 
indicated by the increased expression of the more abundant 
vacuolar  Na+/H+ antiporters BsNHX1 and BsNHX2 and 
by the increased expression of the BsV-PPiase and higher 
BsV-PPiase protein content of Osl1. Interestingly, although 
NHXs expression was constitutively higher in Osl1 than in 
Ain1, NHXs expression remained unchanged during salt 
treatments in both accessions (Fig. 5a, b). Mechanism(s) 
of post-translational regulation regulating the NHXs activ-
ity might take place under salt treatments. Yamaguchi et al. 
(2005) showed that the AtNHX1 activity was regulated by 
the interaction of the antiporter with AtCaM15, a Calmodu-
lin isoform, and that this interaction was dependent on the 
vacuolar pH (Yamaguchi et al. 2005). The salt-dependent 
alkalinization of the root vacuolar pH in Ain 1, but not in 
Osl1, correlated well with the reported salinity-induced 
vacuolar alkalinization (Gruwel et  al. 2001; Katsuhara 
et al. 1989). The increased V-PPiase in the Osl1 root vacu-
oles, contributed to maintain the relatively lower vacuolar 
pH in the Osl1 roots and energized the vacuolar BsNHXs, 
contributing to the increased  Na+ compartmentation in 
the root vacuoles. In addition to the role of vacuolar  Na+ 
compartmentation in plant tolerance to salinity, the exclu-
sion of  Na+ ions from the xylem through the activity of the 
HKT-type transporters has been shown to be an important 
mechanism contributing to the salt tolerance of many plant 
species (Deinlein et al. 2014; Byrt et al. 2007; Davenport 
et al. 2007; Kobayashi et al. 2017; Plett et al. 2010; Ren 

et al. 2005; Sunarpi et al. 2005). The higher expression of 
BsHKT8 and BsSOS1 supported the notion of lower  Na+ 
concentrations and the high  K+/Na+ ratio in the shoots of 
Osl1. Interestingly, in Osl1, the expression of BsHKT8 was 
higher in roots than in leaves (Fig S3), emphasizing the 
essential role of BsHKT8 in the regulation of the unloading 
of  Na+ ions from the xylem to the xylem parenchyma, limit-
ing the amounts of  Na+ translocating from the roots to the 
shoots. Our results further highlight the role of  Na+ trans-
port systems in plant salt tolerance. The concerted action 
of NHX-type transporters, compartmentalizing  Na+ in the 
vacuoles, SOS1-type antiporters further decreasing cytosolic 
 Na+ and HKT-type transporters reducing the  Na+ concentra-
tions exported to the leaves, contributed to diminishing the 
deleterious effects on photosynthesis (Deinlein et al. 2014). 
The relationship between Osl1 salt tolerance and its natural 
growth environment (i.e. Norway) is not yet clear and need 
further investigation. However, some of the salt tolerance 
mechanism(s) described here (i.e. ion homeostasis and leaf 
osmotic adjustment) might contribute to the extreme freez-
ing tolerance of Osl1 (Sade et al. unpublished results).

Materials and methods

Plant material and growth conditions

Seeds from B. sylvaticum Ain1 and Osl1 accessions were 
obtained from the USDA National Plant Germplasm Sys-
tem. Ain1 and Osl1 seeds were germinated on moist ger-
mination paper for 14 days at 24 °C 16-h/8-h day/night 
and 24 °C/18 °C and 150 µmol m−2 s−1 light intensity. For 
greenhouse experiments, seedlings were transplanted into 
1-L pots filled with moist agronomy mix (equal parts of 
redwood compost, sand and peat moss) and fertilized with 
a nutrient solution containing: N 77 ppm, P 20 ppm, K 
75 ppm, Ca 27 ppm, Mg 17 ppm, S 65 ppm, Fe 1.50 ppm, 
Mn 0.50 ppm, Zn 0.05 ppm, Mo 0.01 ppm, Cu 0.02 ppm 
and pH 5.6. Greenhouse conditions were kept at 16-h/8-h 
day/night and 24 °C/18 °C. Salt stress was imposed at week 
4 by 25, 50, 100 and 150 mM NaCl, incrementing weekly. 
Leaf samples were collected before harvesting. For experi-
ments with high salinity, salt stress was imposed at week 4 
by gradually adding solutions supplemented with 25, 50, 
100 mM of NaCl for 1 week followed by 150 mM for 3 
weeks and 300 mM of NaCl for 1 week. For hydroponics 
experiments, seedlings were placed into plastic containers, 
filled with fertilized solution (as described above) and air 
was bubbled constantly into the containers using air pumps. 
At 4 weeks, plants were treated with 100 mM NaCl for 
3 days and harvested. Root vacuoles and shoot protoplasts 
were extracted from 2 week-old seedlings grown on moist 
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germination paper at 16-h/8-h day/night and 24 °C/18 °C 
150 µmol m−2 s−1 light intensity.

Gas-exchange measurements

The measurements of photosynthesis were recorded in 
plants using a Li-6400 portable gas-exchange system (LI-
COR). Photosynthesis was induced by saturating light 
(1200 μmol m−2 s−1) with 400 μmol mol−1  CO2 surround-
ing the leaf  (Ca). The amount of blue light was set to 10% 
photosynthetically active photon flux density to optimize 
stomatal aperture. Temperature was set to 25 °C.

Protein quantification

The Bradford (1976) assay was used for protein quantifica-
tion using bovine serum albumin as a standard.

Quantitative PCR analysis

RNA was extracted from tissue of Ain1 and Osl1 plants 
grown under well-watered and salt stress conditions. First-
strand complementary DNA synthesis, primer design, and 
quantitative PCR were performed as described before (Peleg 
et al. 2011). The genes IDs, sequences and the different sets 
of primers used for the amplification of the different target 
genes are listed in Table S3. Analysis of the gene expression 
was calibrated relative to the endogenous Brachypodium 
gene Ubiquitin-conjugating enzyme 18 (Hong et al. 2008).

Chlorophyll measurements

For chlorophyll measurements, the leaves were weighed 
and ground in liquid  N2. Chlorophyll was extracted in 80% 
acetone, and the absorbance at 663 and 645 nm was meas-
ured using spectrophotometry (Synergy™ Mx Microplate 
Reader; BioTek, USA). Total chlorophyll contents were cal-
culated as described elsewhere (Porra 2002).

Xylem sap collection and analysis

Plants grown hydroponically were treated with or without 
25 mM NaCl for 24 h (higher NaCl concentrations did not 
yield sufficient sap for analysis). After 24 h, shoots were 
carefully excised 1 cm above the crown and the roots were 
left to freely exudate for 5 min followed by carefully clean-
ing with Kim wipes. Exudates, were then collected for 1 h 
for all plants and were kept in ice. Twenty µL of xylem sap 
samples were sent for digestion and analysis at the Inter-
disciplinary Center for Plasma Mass Spectrometry at the 
University of California at Davis (http://www.ICPMS.
UCDavis.edu) using an Agilent 7500ce ICP-MS (Agilent 
Technologies, Palo Alto, CA). Samples, a method blank, and 

digestion quality control standards were digested by add-
ing 30 µL concentrated Trace Metals Grade  HNO3 (Fisher 
Scientific) at room temperature and allowing the samples to 
react for 1 h. The samples were then transferred to 2.0 mL 
microcentrifuge tubes using 50 µL 18.2 MΩ-cm water, and 
introduced to a hot block that was ramped up to 95 °C over 
approximately 1 h. The samples were allowed to cool and 
then, brought to a final volume of 1 mL with 18.2 MΩ-cm 
water prior to analysis.

Immunoblot analyses

Plant tissues were frozen in liquid  N2 and grinded in extrac-
tion buffer [HEPES 50 mM; NaCl 100 mM; KCl 10 mM; 
0, 4 M sucrose; PMSF 1 mM; Protease inhibitor 1% (v/v)] 
followed by 20,000×g for 10 min. Supernatants were col-
lected and a 2nd centrifugation was done at 126,000×g for 
45 min. Supernatants were discarded and pellets were resus-
pended in extraction buffer + 1% TX-100 and incubated for 
30 min at 4 °C under constant shaking, followed by a 3rd 
centrifugation at 88,000×g for 45 min. Supernatants were 
collected and contained the microsomal proteins.Proteins 
(10–20 µg) were separated by SDS-PAGE, transferred to 
a polyvinylidene difluoride membrane (Bio-Rad, Hercules, 
CA), and probed as described previously (Wang et al. 2011). 
Antibody (dilution 1:1000 in 5% blotting grade blocker; Bio-
Rad, Hercules, CA) raised against AVP1 were a kind gift 
from Dr. Phil A. Rea, University of Philadelphia. Horserad-
ish peroxidase-conjugated secondary antibodies were pur-
chased from Santa Cruz Biotechnology (Dallas, TX). Silver 
staining was done as described (Chevallet et al. 2006).

Measurement of  Na+ in isolated protoplasts

Protoplasts were isolated from 0.3 g shoots of 16 days-old 
plants grown on moist germination paper. The enzyme solu-
tion contained 1% cellulase (w/v) (Onozuka R-10), 1.33% 
macerozyme R-10, 0.1% bovine serum albumin, 1 mM 
 CaCl2, 10 mM KCl and 10 mM MES/KOH, pH 5.7. The 
osmolality of the enzyme solution was adjusted to 300 mOs-
mol kg−1 using D-sorbitol. Shoots were cut and pieces were 
incubated in 15 mL enzyme solution at 25 °C for 6 h with 
gently shaking. The released protoplasts were filtered 
through Miracloth (Millipore, Billerica, MA) and diluted 
with two volumes of buffer containing 2 mM  CaCl2, 1 mM 
 MgCl2, 5 mM KCl, 10 mM Sucrose, and 10 mM MES/KOH 
buffer pH 5.7 (osmolality, 400 mOsmol kg−1). The diluted 
protoplasts were centrifuged for 12 min at 400 g at 4 °C. 
The pellets, containing the protoplasts were resuspended 
in 1.2 mL containing: 4 mM KCl, 0.1 mM  CaCl2, 1 mM 
 MgCl2, and 10 mMMES/KOH, pH 5.7. The osmolality of 
the suspension buffer was adjusted to 400 mOsmol kg−1 
using D-sorbitol. The protoplast suspension was stored on 

http://www.ICPMS.UCDavis.edu
http://www.ICPMS.UCDavis.edu
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ice and aliquots used for sodium dye recording. CoroNa™ 
Green, AM (Molecular Probes, Invitrogen, Carlsbad, CA) at 
10 µM was loaded into B. sylvaticum protoplasts suspended 
in dye loading buffer. Dye loading was carried out in the 
dark at 37 °C for 30 min in the presence of 600 µM Eser-
ine. Unincorporated dye was washed off with 2 mM  CaCl2, 
1 mM  MgCl2, 5 mM KCl, 10 mM Sucrose, and 10 mM 
MES/KOH buffer (osmolality, 400 mOsmol kg−1, pH 5.7) 
and the dye loaded protoplasts were re-suspended in the 
same buffer. Twenty µL dye-loaded protoplasts were settled 
on coverslips coated with poly-D-lysine for microscopy. Dye 
fluorescence images were collected using a Leica DMRE 
microscope equipped with a × 20 objective after excita-
tion with 488 nm wavelength. CoroNa™ Green intensities 
were determined before and after 3 min exposure to various 
NaCl concentration in individual protoplasts with ImageJ 
(http://imagej.nih.gov/ij/download/). A curve representing 
B. sylvaticum protoplast response to different concertation 
of NaCl in the presence of the dye is shown in Fig. S5.

Primary metabolite profiling by gas 
chromatography‒mass spectrometry

Metabolites were extracted from 8 week-old leaves as 
described by Giavalisco et al. (2011). Vacuum-dried polar 
phase samples (150 µL) were derivatized and subjected to 
GC‒MS analysis as described by Lisec et al. (2015). The 
GC‒MS data were obtained using an Agilent 7683 series 
auto-sample (Agilent Technologies, http://www.home.agi-
lent.com), coupled to an Agilent 6890 gas-chromatograph‒
Leco Pegasus two time-of-flight mass spectrometer (Leco; 
http://www.leco.com/). Chromatogram acquisition param-
eters were as described previously (Caldana et al. 2011). 
Chromatograms were exported from LECO CHROMATOF 
software (version 3.34) to R software. Ion extraction, peak 
detection, retention time alignment and library searching 
were obtained using the TargetSearch package from Bio-
conductor (Cuadros-Inostroza et al. 2009); the resulting data 
matrix was used for further analysis.

Measurement of vacuolar pH

Vacuolar pH from root cells was measured using the pH-sen-
sitive dye BCECF-AM as previously described (Bassil et al. 
2011a, 2013; Krebs et al. 2010). Briefly, 10 day-old seed-
lings were grown on moist germination paper with or with-
out 50 mM NaCl for 36 h. For dye loading, seedlings were 
incubated in 10 μM BCECF-AM with 0.02% pluronic F-127 
(Molecular Probes, Carlsbad, CA) in water for 1 h in dark-
ness at 22 °C, and washed twice before imaging. Fluores-
cence images were collected using a Leica DMRE equipped 
with a × 20 objective, running Metamorph v7.7 (Molecular 
Devices, Sunnyvale CA) and a Sutter Lamda2 filter wheel 

control (Sutter Instruments, Novato CA). Single emission 
between 525 and 550 nm was collected after sequential exci-
tation with 458 and 488 nm. After background correction, 
the integrated pixel intensity was measured for both the 458 
and 488 nm-excited images, and ratios were calculated using 
ImageJ (http://imagej.nih.gov/ij/download/). Fluorescence 
ratio values were used to calculate the pH from a calibration 
curve generated by imaging seedlings that were equilibrated 
15 min before observation in buffer containing 50 mM BTP-
HEPES or (pH 5.0–7.4) and 50 mM ammonium acetate.

Tissue  Na+ and  K+ contents

Roots and shoots were harvested and oven dried for 3 days 
at 70 °C. Tissue was scaled, grinded, digested with nitric 
acid and hydrogen peroxide as described by Sah and Miller 
(1992) and analyzed using Inductively Coupled Plasma 
Atomic Emission Spectrometry (ICP¬AES).

Statistical analysis

The JMP statistical package (SAS Institute) was used for sta-
tistical analyses. The experiments were based on a complete 
randomized design.
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