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ABSTRACT

We compared six Brassicaceae glycophytes and halophytes for salt tolerance and the expression levels
in roots and shoots of the candidate salt tolerance genes, NHX1, SOS1, and VATD, encoding the tono-
plast Na*/H* antiporter, the plasma-membrane-located Na*/H* antiporter, and subunitD of the tonoplast
H*-ATPase, respectively. Salt tolerance decreased in the order of Cochlearia x hollandica > Cochlearia
danica/Thellungiella botschantzevii > Brassica oleracea > Thlaspi arvense > Arabidopsis thaliana. The highest
expression levels of NHX1, SOS1, and VATD were consistently found in C. x hollandica, both in shoots and
roots, and both in control plants and salt-treated ones. Salt-imposed induction of NHX1 was observed in
C. danica (shoot and root) and B. oleracea (shoot). SOS1 was up-regulated by salt treatment in the shoots
of C. x hollandica and C. danica, and VATD in the shoot of T. arvense.

Expression of NHX1 genomic DNA under the C. x hollandica NHX1 promoter in the A.t.nhx1 mutant
background yielded, irrespective of the genomic DNA source, 20-fold and 2-fold enhanced expression
levels, in comparison with those in wild-type A. thaliana and C. x hollandica, respectively. This suggests
that the high expression level in C. x hollandica is completely explained by altered cis-regulation of this
gene. Promoter swap experiments showed that the C. x hollandica SOS1 and VATD promoters were five-
fold and two-fold more active than the corresponding A. thaliana promoters, respectively. However,
particularly in the case of VATD, this is not sufficient to explain the difference in the wild-type expression

levels between C. x hollandica and A. thaliana.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

On the basis of its level of salt tolerance, a species can be
classified as a halophyte or a glycophyte. Halophytes are defined as
plants that can complete their life cycle under continuous exposure
to high concentrations of salt (Flowers and Colmer, 2008). Halo-
phytes are widely but unevenly spread over higher plant families
and orders (Flowers et al., 1977). They exhibit, in a phylogeneti-
cally biased way, a broad variety of adaptations to salt, including
specific morphological structures, such as salt glands or bladder
cells. The physiological determinants of the superior salt tolerance
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in halophytes are poorly known and, most probably, also subject
to phylogenetic bias (Flowers and Colmer, 2008). There is strong
evidence that salt tolerance in halophytes within the Poales order
is associated with enhanced levels of selectivity for K* over Na*
(Flowers and Colmer, 2008), leading to Na* exclusion and the main-
tenance of high cellular K* levels under salt exposure (Colmer et al.,
2006). Dicotyledonous halophytes exhibit much lower degrees of
K*/Na* selectivity and accumulate Na* often to high levels in their
tissues, using it as a ‘cheap’ osmolyte (Flowers et al., 1977; Flowers
and Colmer, 2008). Since cytoplasmic Na* tolerance does not seem
to exist in halophytes, it is therefore often believed that at least salt
accumulating halophytes must have evolved enhanced capacities
for Na* compartmentalization at the levels of organs, tissues, cells
and organelles (Flowers and Colmer, 2008). All halophytes must
also be capable to synthesize and accumulate ‘compatible solutes’,
to achieve osmotic adjustment of the cytoplasm and organelles
other than the vacuole. There is a huge variation, even within plant
families, in the types of compatible solutes used by halophytes. It
has often been suggested that halophytes should exhibit enhanced
capacities for compatible solute accumulation, but there is no
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hard evidence either in favor or against this hypothesis. In general,
glycophytes tend to accumulate various compatible solutes under
exposure to a broad variety of stresses, including salt, drought,
frost, or even heavy metal toxicity (Munns and Tester, 2008).

Except for the recently proposed halophyte model species,
Thellungiella halophila (Inan et al., 2004; Gong et al., 2005), the
molecular mechanisms of salt tolerance have been investigated
almost exclusively in glycophytes thus far, in particular the plant
genetics model, Arabidopsis thaliana. These studies have revealed a
number of genes that appeared to be essential for wild-type-level
salt tolerance in A. thaliana, including those encoding the Na* trans-
porter SOS1, which is a Na* effluxing plasma membrane-located
Na*/H* antiporter (Shi et al.,, 2000), NHX1, a tonoplast Na*/H*
antiporter (Pardo et al., 2006), and HKT1, a plasma-membrane-
located Na* influxer, supposed to be a Na*(K*)/H* antiporter (Rubio
etal., 1995),oraNa*(K*) channel (Horie etal.,2009; Kronzucker and
Britto, 2011), and suggested to resorb Na* from the xylem. HKT1
is also supposed to promote Na* retranslocation to the root via
the phloem (Berthomieu et al., 2003). Other genes supposed to be
essential for normal salt tolerance in glycophytes are those encod-
ing the plasma-membrane H*-ATPase, the tonoplast H*-ATPase,
VAT, and the tonoplast H*-pyrophosphatase (V-PPA), because their
gene products are responsible for the maintenance of the electric
potential or pH gradient required for passive or secondary active
Na* transport by HKT1, or SOS1 and NHX1, respectively (Vera-
Estrella et al., 2005; Martinez-Atienza et al., 2007; Silva and Geros,
2009).

Many authors have assumed, often more or less implicitly, that
the high level of salt tolerance in halophytes would rely, at least
in part, on enhanced expression of one or more of these genes, as
appears from the high number of transgenic over-expression stud-
ies that have been performed with at least SOS1, NHX1, PPA and,
more recently, HKT1 (Oh et al., 2007; Zhang et al., 2008; Ashraf and
Akram, 2009; Baisakh et al., 2012). In virtually all of these studies, it
has been claimed that over-expression of any of these genes, usually
under the 35S CMV promoter, resulted in improved salt tolerance
in the glycophytic host (Ashraf and Akram, 2009). Evidently, apart
from the question of whether these claims are valid (Flowers and
Colmer, 2008), such transgenic experiments can never prove that
(enhanced expression levels of) these genes are also responsible for
the superior salt tolerance in halophytes, in comparison with gly-
cophytes. To resolve this issue, one should compare the expression
patterns of these genes in halophytes and glycophytes and, in case
of a difference, prove that this difference is responsible for at least
some part of the difference in salt tolerance between the halophyte
and the glycophyte under study, preferably through silencing the
gene in the halophyte down to the level prevailing in the glyco-
phyte reference species. To date this has only been done for SOS1
in T. halophila, in a study which used A. thaliana as a glycophyte ref-
erence (Oh et al., 2007). This study strongly suggested that altered
expression of SOS1 in the root is indeed a major determinant of the
superior salt tolerance of T. halophila.

There is no common opinion on the type of molecular changes,
which underly high-level salt tolerance in halophytes to date. In
attempts to genetically engineer improved salt tolerance in gly-
cophyte crops, many investigators have used cDNAs of halophytic
origin (Ashraf and Akram, 2009), which apparently reflects the
belief that structural changes at the protein level could be respon-
sible, at least in part, for the superior salt tolerance in halophytes.
The effects of transgenes from halophytic and glycophytic sources
have only seldomly been compared in a single experiment, but
the few studies available to date unequivocally suggest that the
transgene source is irrelevant for its effect in the host (Chang-Qing
et al., 2008; Li et al., 2008). This suggests that non-synonymous
mutations in the coding regions of particular genes may not be
primarily responsible for the superior salt tolerance in halophytes.

Indeed, it is more likely that halophytes and glycophytes basically
use the same set of genes to cope with salt, but express them in a
different way, most likely through altered cis-regulation (Wittkopp
et al., 2004) or, such as established for heavy metal tolerance in
metallophytes, a combination of altered cis-regulation and gene
copy number expansion (Hanikenne et al., 2008).

Reports on direct comparisons of gene expression patterns
between halophytes and glycophytes are remarkably scarce to date,
which hampers a deeper understanding of the salt tolerance mech-
anisms in halophytes. Extensive transcriptome comparisons are
only available for T. halophila and A. thaliana, which share sufficient
DNA identity to allow the use of A. thaliana-based cDNA micro-
arrays (Taji et al., 2004; Gong et al., 2005). However, there are
reasons to believe that T. halophila might not be the ultimate halo-
phyte model. First, it has the slow maximum growth rate typical of
a “stress tolerator” (Grime, 1979), which is not apparent in coastal
halophytes (Flowers and Colmer, 2008; Rozema and Schat, 2013).
Second, although it seems to survive at sea water salinity level for
a fairly long period, its growth rate is already severely inhibited
at relatively low salinity (Inan et al., 2004), which is also different
from coastal halophytes (Flowers and Colmer, 2008). Moreover, T.
halophila is also tolerant for several other stresses, like tempera-
ture extremes, or drought (Bressan et al., 2001; Inan et al., 2004),
which is, again, often not the case in coastal halophytes, and may
lead to difficulties in distinguishing specific ‘salt tolerance genes’
from (other) ‘stress tolerance genes’.

In view of the above, it would be interesting to gain much
more information on the expression patterns of candidate salt
tolerance genes in halophytes other than T. halophila, and in glyco-
phytes other than A. thaliana. In this study we address the question
whether enhanced expression of SOS1, NHX1, or the genes encod-
ing the D subunit of tonoplast H*-ATPase (VATD), could contribute
to the superior salt tolerance in halophytes in comparison with
various glycophytes. A second aim was to compare the concentra-
tions and root-to-shoot allocation patterns of Na* and K* among
and within the halophytes and glycophytes and, in so far pos-
sible, to infer possible correlations with salt tolerance and gene
expression patterns. To facilitate gene identification we confined
our selection of halophytes and glycophytes to the Brassicaceae
family. We selected a coastal halophyte, Cochlearia x hollandica
(Pegtel, 1999), which is the allohexaploid hybrid of C. anglica and
C. officinalis (Koch et al., 1998), a continental inland halophyte,
Thellungiella botschantzevii (German, 2008), the glycophytes Thlaspi
arvense and A. thaliana, as well as Cochlearia danica and Brassica
oleracea, which could be expected to be relatively salt-tolerant gly-
cophytes, in view of their more or less coastal distribution patterns.
We checked the supposed halophyte/glycophyte status of these
species by growing them with and without NaCl in the nutrient
solution. Finally, to assess the potential role of cis-regulatory alter-
ations in the evolution of differential candidate salt tolerance gene
expression between halophytes and glycophytes, we isolated and
cloned the upstream (partial) promoter sequences of SOS1, NHX1,
and VATD from the most salt tolerant species, C. x hollandica. We
expressed the gDNA coding regions or cDNA from C. x hollandica
and A. thaliana in the corresponding A. thaliana mutant background
or wild-type, both under the A. thaliana and the C. x hollandica sup-
posed promoter sequences and compared the expression levels of
the transgenes.

2. Materials and methods

2.1. Plant materials and growth conditions

Seeds of C. x hollandica were collected from a ‘green beach’ at
the island of Voorne, The Netherlands (51.91N, 4.05E). Seeds of C.
danica were collected from a foredune at the island of Texel, The
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