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ABSTRACT An artificial amphiploid from a cross between
salinity-sensitive bread wheat cultivar Chinese Spring and
highly tolerant Elytrigia elongata (Host) Nevski (= Agropyron
elongatum Host) shows enhanced salinity tolerance relative to
Chinese Spring. Poly(A)+ RNA was isolated from roots,
expanding leaves, and old leaves from amphiploid and Chinese
Spring plants prior to and after acclimation to high levels of
NaCl in solution cultures. Two-dimensional gel electrophoresis
of the in vitro translation products was used to compare these
mRNA populations. The amphiploid had 10 mRNA species
induced or enhanced and 8 species repressed in root tissue
during acclimation to saline growth conditions. These 18
transcripts affected by salt treatment were also detected in
wheat roots, but only 4 of these were similarly regulated. In
Chinese Spring the acclimation to saline stress resulted in a
marked change in the level of expression of 34 transcripts in
root tissue; of these, 26 were detected in the amphiploid and
only 6 were regulated as in the amphiploid. No differences were
seen in gene expression between salt-treated and control plants
in leaves and meristematic crowns and unexpanded leaves of
the amphiploid.

A number of species of the genus Elytrigia (= Agropyron
sensu lato) are known to be highly salt tolerant (1, 2). Some
naturally occur in the littoral zones and salt marshes of the
Mediterranean and Black Sea regions. Since they are related
to cultivated wheats, there has been interest in them as a
source of genes for the improvement of salinity tolerance of
these crops. An octoploid amphiploid has been derived from
a cross between Elytrigia elongata Host (2n = 2x = 14) and
hexaploid Triticum aestivum L. cv. Chinese Spring (2n = 6x
= 42). From this amphiploid extensive stocks of E. elongata
chromosome additions and substitution to T. aestivum have
been obtained (3-6). This amphiploid has been shown to be
highly tolerant to excessive levels ofNa+, Cl-, Mg2+, So42-,
and sea salt (7), and several of the chromosome addition and
substitution lines have been shown to be more salinity
tolerant than Chinese Spring (J.D., unpublished). The
expression of this tolerance in a T. aestivum background is
highly fortuitous, as many desirable traits of wheat relatives
are not expressed in artificial amphiploids, most likely
because of the hexaploidy of T. aestivum. The expression of
salinity tolerance of E. elongata and related Elytrigia pontica
(Pobp.) Holub in wheat backgrounds (7, 8) indicates that
tolerance is genetically dominant over sensitivity and that
Elytrigia genes could be useful for the improvement of
salinity tolerance not only of cultivated wheats but possibly
of other grasses, especially in light of the recent report of
successful transformation of monocotyledenous species (9).

The underlying physiological mechanisms of the salinity
tolerance of Elytrigia are poorly understood, but, in general,
even highly salt-tolerant species are observed to have re-
duced growth rates when cultured under saline stress (for
review, see ref. 10). It seems, therefore, reasonable to
assume that because this apparent metabolic cost of salt
affected growth, the genes controlling tolerance of salinity
stress may not be normally active unless the plant is stressed.
Our preliminary evidence suggested that that may be the case
for the Chinese Spring x E. elongata amphiploid (11). The
objective of the present study was to obtain more extensive
evidence on gene regulation by saline stress in the roots, the
meristematic crown, and unexpanded leaves, and in older
expanded leaves of the salt-tolerant amphiploid and the
salt-sensitive Chinese Spring.

MATERIALS AND METHODS
Seeds of the amphiploid T. aestivum cv. Chinese Spring x E.
elongata and of Chinese Spring wheat were germinated on
slant boards in water and transplanted to 150-liter solution
culture tanks (""60 plants per tank). Seedlings were grown for
4 weeks in a greenhouse in modified Hoagland (12) solution
containing 3 mM KNO3, 1 mM NH4H2PO4, 0.5 mM MgSO4,
5.5 mM Ca(NO3)2, 50 mg of FeEDTA per liter (10% iron), 25
,uM KCI, 12.5 puM H3BO3, 1 puM MnSO4, 1 ,uM ZnSO4, 0.25
,uM CuS04, and 2 ,uM H2MoO4. After 1 month amphiploid
plants were transferred to modified Hoagland solution con-
taining 50 mM NaCl. The NaCl concentration of the growth
solution was subsequently increased 50mM per day to a final
concentration of 250 mM, which was maintained for 2 days.
Chinese Spring wheat plants, which are less salt tolerant,
were transplanted to modified Hoagland solution containing
50mM NaCl and the NaCl concentration was increased to 75,
100, 125, 150, 175, and 180 mM during the following 6 days.
Control amphiploid and Chinese Spring wheat plants were
maintained in modified Hoagland solution without NaCl.

TotalRNA was extracted separately as described (13) from
roots, leaves, and the combined sample of the meristematic
crown and unexpanded leaves from inside the basal 2 cm of
the tiller, with the modification that the Tris buffer concen-
tration in the lysis buffer was increased to 200 mM. Poly(A)+
RNA was isolated with an oligo(dT)-cellulose column (P-L
Biochemicals) as described (14), using a loading buffer of 20
mM Tris, pH 7.6/0.5 M LiCl/1 mM Na2EDTA/0.1%
NaDodSO4; after the sample was loaded on the column, the
column was rinsed with 5 vol of loading buffer followed by 5
vol ofloading buffer containing 0.1M LiCl. The eluting buffer
was 10 mM Tris, pH 7.6/1 mM EDTA/0.05% NaDodSO4.
A wheatgerm (General Mills, Vallejo, CA) extract for in

vitro translation was prepared as described (15). Poly(A)Y
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RNAs were translated at 280C for 90 min with [35S]methio-
nine (Amersham; 15 ACi/,ug of mRNA; 1 Ci = 37 GBq).
Translation mixtures were subsequently digested with ribo-
nuclease A (Sigma) for 15 min at 370C and precipitated with
90% acetone in aqueous solution; they were then dried and
dissolved in a buffer described in ref. 16, which is 9.8 M
urea/2% Nonidet P-40/2% Ampholines, pH 3.5-10
(LKB)/1% 2-mercaptoethanol. Translation products were
separated by isolectric focusing (IEF)/NaDodSO4/polyacryl-
amide two-dimensional electrophoresis (17), with modifica-
tions (16). IEF gels were 4% polyacrylamide (94.6%
acrylamide/5.4% bisacrylamide)/9.8 M urea, with 7.3 Al of
pH 3.5-10 Ampholines per ml and 14.6 1tl of pH 5-7
Ampholines per ml (LKB); gels were 130 x 1 mm tube gels.
Samples were focused at 800 V for 12 hr. IEF gels were
extruded into equilibration buffer of 81 mM Tris/2.3%
NaDodSO4/5% 2-mercaptoethanol/10% glycerol and either
used directly or frozen in a dry ice/methanol bath and stored
at -70'C. In either case gels were equilibrated by gentle
shaking for 15 min in equilibration buffer before loading onto
the second-dimension gels. For electrophoresis in the second
dimension, a 170 x 250 x 1 mm slab gel of 11% polyacryl-
amide (97.3% acrylamide/2.7% bisacrylamide)/0.1%
NaDodSO4/0.37 M Tris, pH 8.8 used. The stacking gel was
5% polyacrylamide (with 2.7% bisacrylamide)/0.1%
NaDodSO4/0.163 M Tris, pH 6.8. IEF gels were attached to
NaDodSO4 slab gels with 1% agarose dissolved in equilibra-
tion buffer. NaDodSO4 tank buffer was 0.1% NaDodSO4/0.1
M glycine/0.025 M Tris. NaDodSO4 gels were run at room
temperature at 27 mA with maximum voltage of 400 V until
the bromphenol tracking dye reached the end of the gel,
usually about 7 hr. Gels were stained with Coomassie blue,
destained, transferred onto Whatman 3 MM paper, dried in
a vacuum dryer, and autoradiographed with Kodak XAR-5
film.
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RESULTS

The comparison of autoradiographs of the in vitro translation
products from the poly(A)+ RNA fractions isolated from the
roots of salt-treated and control amphiploid plants showed
altered expression of 18 transcripts (Figs. 1 and 2; Table 1).
Five transcripts that were not observed in the control plants
were induced by the salt treatment; 5 transcripts that were
expressed in salt-treated plants and in the controls were
expressed at an enhanced level in the salt-treated plants.
Eight transcripts were repressed in salt-treated plants. Of
these 18 salt-regulated transcripts, 16 were also readily
detected in Chinese Spring (Figs. 3 and 4; Table 2). Five
(spots 7-10 and 37) were observed to have similar regulation
in wheat to that observed in the amphiploid, and 10, though
present, were expressed constitutively with respect to salt
treatment (Table 2). One (spot 3) that was repressed by salt
treatment in the amphiploid was expressed at an enhanced
level in Chinese Spring. Two spots (13 and 14) from genes
repressed by salt treatment in the amphiploid that were not
observed in Chinese Spring wheat were minor spots in the
gels; because they were barely detectable, their absence in
Chinese Spring cannot be claimed with a high degree of
confidence.

In contrast to the gels from the amphiploid, the gels from
Chinese Spring showed 34 transcripts that were modified in
their expression by salt treatment (Table 2). Sixteen of these
transcripts were present in salt-treated plants but were absent
in the treated controls and were presumably transcripts of
genes induced by salt treatment. Seven additional spots were
enhanced, six were absent, and five were greatly reduced in
salt-treated plants relative to the control.
Comparison of autoradiograms derived from mRNA from

expanded leaves and from unexpanded leaves and the crown
meristem showed no differences in the mRNA pools isolated
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FIG. 1. Autoradiograph of
two-dimensional IEF/NaDod-
S04/polyacrylamide gel of in vitro
translation products from the
poly(A)+ RNA population isolat-
ed from the roots of salt-treated
amphiploid Chinese Spring x E.
elongata. Molecular weights are
given as Mr x 10-3. Arrows indi-
cate proteins transcribed from
mRNAs induced or whose abun-
dance was increased by salt treat-
ment. Arrows with circles indicate
proteins or the location of proteins
from mRNAs that were repressed
or whose abundance was de-

X creased by salt treatment. The
numbers correspond to proteins
listed in Table 1.
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from salt-treated and control amphiploid and Chinese Spring
plants.

DISCUSSION
The acclimation of Chinese Spring wheat and the Chinese
Spring x E. elongata amphiploid to growth under saline
stress elicits a modification ofgene expression in these plants
that is detected by changes in the relative abundances of

Table 1. In vitro translation products from salt-regulated mRNAs
in the Chinese Spring wheat x E. elongata amphiploid
Designation Presence

in Figs. Mr x Regulation in in Chinese Regulation in
1-4 1O-3 amphiploid Spring Chinese Spring

1 16 Increased Yes Not regulated
2 16 Increased Yes Not regulated
3 19 Repressed Yes Increased
4 25 Repressed Yes Not regulated
5 24 Increased Yes Not regulated
6 24 Repressed Yes Not regulated
7 27 Induced Yes Induced
8 27 Induced Yes Induced
9 27 Induced Yes Induced
10 28 Increased Yes Increased
11 31 Increased Yes Decreased
12 33 Repressed Yes Not regulated
13 28 Repressed ? ?
14 30 Repressed ? ?
15 31 Repressed Yes Not regulated
16 31 Repressed Yes Not regulated
17 42 Induced Yes Not regulated
18 42 Induced Yes Not regulated
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FIG. 2. Autoradiograph of
two-dimensional IEF/NaDod-
S04/polyacrylamide gel of in vitro
translation products from the
poly(A)+ RNA population isolat-
ed from the roots of amphiploid
Chinese Spring x E. elongata not
treated with salt. Molecular
weights are given as M, x 1l-3.
Arrows indicate proteins or the
location of proteins transcripted
from mRNAs induced or en-
hanced by salt treatment. Arrows
with circles indicate proteins from
mRNAs that were repressed or
whose abundance was decreased
by salt treatment. The numbers
correspond to those in Fig. 1 and
to the proteins listed in Table 1.

several mRNA species. Roots appear to be the major site of
change of gene expression in response to saline stress. This
is not unexpected since the roots are the organ in direct
contact with the saline environment. The failure to detect any
changes in the expression in the aboveground organs of both
genotypes agrees with the finding of other authors (18) that
these plants exclude salt from the shoot, but these findings
are nevertheless surprising in view of the numerous changes
found in root tissue. It is possible that mRNA species induced
in shoots are of low abundance that could escape detection in
the autoradiograms.
Although the amphiploid carries the genome of E.

elongata, which is not present in Chinese Spring, none of the
salt-affected gene products of the amphiploid appeared
unique to the amphiploid; all of the readily observable spots
whose expression was affected by salt stress were also
detected in Chinese Spring and differed from Chinese Spring
only in their regulation. Two minor salt-regulated spots that
were observed only in the amphiploid were too faint to claim
with confidence that they were not also present in Chinese
Spring. However, it cannot be concluded that the salt-
regulated spots found in the amphiploid are exclusive prod-
ucts of the T. aestivum genomes. There is ample evidence in
isozyme and DNA hybridization studies that Triticum and
Elytrigia are closely related molecularly (6, 19, 20). It is
possible that in vitro translation products from related genes
from wheat and E. elongata genomes comigrated in the gels.
In this context, it would be of interest to determine the
relationships of E. elongata translation products to those of
Chinese Spring wheat and the amphiploid under similar
salinity regimes.
The fact that twice as many genes are affected by salt stress

in Chinese Spring as in the amphiploid, although Chinese
Spring was exposed to slightly lower salinity than the
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FIG. 3. Autoradiograph of
two-dimensional IEF/NaDod-
S04/polyacrylamide gel of in vitro
translation products from the
poly(A)+ RNA populations isolat-
ed from the roots of salt-treated
Chinese Spring wheat. Molecular
weights are given as M, x lo-3.
Arrows indicate proteins tran-
scribed from mRNAs that were
induced or whose abundance was
increased by salt treatment. Ar-
rows with circles indicate proteins
or the location of proteins from
mRNAs repressed or whose abun-
dance was decreased by salt treat-
ment. Bars indicate proteins from
mRNAs whose abundance was
regulated by salt treatment in the
amphiploid and were evident in
Chinese Spring, though their
expression was not markedly af-
fected by salt treatment. Numbers
correspond to proteins listed in
Tables 1 and 2.
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FIG. 4. Control Chinese
Spring: autoradiograph of two-di-
mensional IEF/NaDodSO4/poly-
acrylamide gel of in vitro transla-
tion products from the poly(A)+
RNA population isolated from the
roots of Chinese Spring wheat not
treated with salt. Molecular
weights are given as M, x 1o-3.
Arrows indicate proteins or loca-
tion of proteins from mRNAs that
were induced or whose intensity
was increased by salt treatment.
Arrows with circles indicate pro-
teins from mRNAs that were re-
pressed or whose abundance was
decreased by salt treatment. Bars
indicate proteins from mRNAs
whose abundance was regulated
by salt treatment in the amphi-
ploid and were evident in Chinese
Spring, though their expression
was not markedly affected by salt
treatment. The numbers corre-
spond to those of Fig. 3 and to the
proteins listed in Tables 1 and 2.
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Table 2. In vitro translation products of salt-regulated mRNAs
from Chinese Spring wheat

Designation
in Figs. Mr x Regulation in
1-4 10-3 wheat

19 15 Induced
20 15 Increased
21 15 Increased
22 19 Increased
23 19 Decreased
24 19 Repressed
3 19 Increased

25 19 Repressed
26 17 Repressed
27 20 Repressed
28 25 Induced
29 22 Increased
30 22 Induced
31 24 Induced
32 23 Increased
33 22 Induced
34 31 Repressed
35 29 Decreased
36 30 Repressed
37 27 Induced
7 28 Induced

38 31 Decreased
11 31 Decreased
8 27 Induced
9 27 Induced
10 28 Increased
39 39 Decreased
40 40 Induced
41 40 Induced
42 45 Induced
43 47 Induced
44 60 Induced
45 65 Induced
46 65 Induced

Presence
in

amphiploid

No
Yes
Yes
Yes
Yes
No
Yes
No
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Y?

Yes
Yes

Regulation in
amphiploid

Not regulated
Not regulated
Not regulated
Not regulated

Repressed

Not regulated
Not regulated
Not regulated
Not regulated
Not regulated

Not regulated
Increased slightly
Not regulated

Induced
Induced
Increased slightly
Increased
Induced
Induced
Increased

Not regulated

Not regulated
Not regulated

amphiploid, suggests that a number of genes in Chinese
Spring are affected by the altered metabolism due to salt
stress that have little or nothing to do with the control of salt
tolerance. Because the amphiploid is more salt tolerant than
Chinese Spring, the most important question is whether any
of the genes shown to be regulated by salt stress in the
amphiploid are causally related to its superior salt stress
tolerance. Although the results of experiments reported here
cannot address that question, they do establish that a certain
limited number of genes are induced by salt stress and that
these genes are differentially expressed in the two genotypes.
This offers a strategy for selecting these genes from a cDNA
library by differential colony hybridization as has been
followed in many systems (e.g., heat shock proteins in plants,
see ref. 21). Such an isolation of these salt-regulated genes
would make it feasible to study the role that these genes might
play in saline stress tolerance ofwheat, E. elongata, and their
amphiploid.

Characterization of in vivo protein profiles in cultured
tobacco cell lines that were selected for adaptation to growth

in cultures with high levels of NaCl in the culture media (22)
showed altered abundances of several proteins. Whether any
of these proteins are homologous to the salt-regulated in vi-
tro translation products reported here cannot be deter-
mined, especially since in vitro translation products are not
subject to the same posttranslational processing as in vivo
proteins. Similarly, in vitro translation products are a better
reflection of immediate gene activity than in vivo protein
profiles since different protein species will likely have dif-
fering rates of degradation. This consideration is relevant not
only to the comparison of the wheat system to the tobacco
cell culture system but also to in vivo protein profiles of
salt-treated Chinese Spring and the amphiploid. In any case,
it is doubtfutl that the comparison of protein profiles of
tobacco and wheat could be conclusive; rather, the cloning of
induced genes appears to be the best strategy to determine
the molecular homology of the proteins induced in these two
systems.

Note Added in Proof. Ramagopal has reported on the molecular
biology of salinity stress in barley (23).

We thank B. C. Jenkins for his cooperation in providing us with
seed of the amphiploid T. aestivum cv. Chinese Spring x E.
elongata.
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