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Abstract

Background: In Arabidopsis thaliana, the family of cyclic nucleotide-gated channels (CNGCs) is
composed of 20 members. Previous studies indicate that plant CNGCs are involved in the control
of growth processes and responses to abiotic and biotic stresses. According to their proposed
function as cation entry pathways these channels contribute to cellular cation homeostasis,
including calcium and sodium, as well as to stress-related signal transduction. Here, we studied the
expression patterns and regulation of CNGCI9 and CNGC20, which constitute one of the five
CNGC subfamilies.

Results: GUS, GFP and luciferase reporter assays were used to study the expression of CNGC/9
and CNGC20 genes from Arabidopsis thadliana in response to developmental cues and salt stress.
CNGCI9 and CNGC20 were differentially expressed in roots and shoots. The CNGC/9 gene was
predominantly active in roots already at early growth stages. Major expression was observed in the
phloem. CNGC20 showed highest promoter activity in mesophyll cells surrounding the veins. Its
expression increased during development and was maximal in mature and senescent leaves. Both
genes were upregulated in the shoot in response to elevated NaCl but not mannitol
concentrations. While in the root, CNGC/9 did not respond to changes in the salt concentration,
in the shoot it was strongly upregulated in the observed time frame (6-72 hours). Salt-induction of
CNGC20 was also observed in the shoot, starting already one hour after stress treatment. It
occurred with similar kinetics, irrespective of whether NaCl was applied to roots of intact plants
or to the petiole of detached leaves. No differences in K and Na contents of the shoots were
measured in homozygous T-DNA insertion lines for CNGCI/9 and CNGC20, respectively, which
developed a growth phenotype in the presence of up to 75 mM NaCl similar to that of the wild
type.

Conclusion: Together, the results strongly suggest that both channels are involved in the salinity
response of different cell types in the shoot. Upon salinity both genes are upregulated within hours.
CNGCI9 and CNGC20 could assist the plant to cope with toxic effects caused by salt stress,
probably by contributing to a re-allocation of sodium within the plant.
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Background

Salinity has become a major constraint in crop produc-
tion. Understanding the mechanisms, which enable
growth under saline conditions is of high scientific and
agricultural interest [1,2]. Sodium uptake and distribution
within the plant is a major determinant for the salt sensi-
tivity of a plant. Sustained exposure to elevated salt con-
centrations leads to the transfer and accumulation of
NaCl in the shoot tissue, where it can inhibit leaf growth.
Prevention of Na* entry into the root, transport to and
allocation within the leaf, and sequestration into the vac-
uole are strategies with which plants cope with high salt
environment. Accordingly, the overexpression of the vac-
uolar Na+/H+ antiporter NHX1, for instance, improves
salt-tolerance in Arabidopsis [3]. Within the shoot, ion
allocation can vary between cell types as found in meso-
phyll and epidermis of barley and wheat, where differ-
ences for K* and Cl-were measured [4,5]. Na* can either be
retained in older leaves reducing transport to young
organs or translocated to petioles and leaf margins to pro-
tect the lamina from excessive entry of salt as described for
Medicago citrine and Ricinus communis [6,7]. Hence, con-
trol of Na+and K+ fluxes on the whole plant level guaran-
tees the maintenance of a high cytosolic K*/Na+-ratio,
which is crucial for growth in saline soils. In Arabidopsis,
transporters contributing to Na+ homeostasis include
plasma membrane (SOS1) and vacuolar Na+*/H+* antiport-
ers (e.g. NHX1), and the plasma membrane uniporter
HKT1 [2].

AtSOST1 is expressed in epidermal cells at the root tip and
in xylem parenchyma cells of roots and shoots [8]. Alto-
gether, data showed that SOS1 controls Na+ extrusion out
of the root and long-distance transport, limiting Na+accu-
mulation in plant cells. The ability of tomato (Solanum lyc-
opersicum) plants to retain Na+ in the stems, and thus to
prevent Na+ from reaching the photosynthetic tissues, is
largely dependent on the function of SISOS1, the func-
tional homolog of AtSOS1 [9].

While NHX1 and SOS1 export Na+* from the cytosol on the
expense of the proton gradient, Na+ entry follows its elec-
trochemical gradient. Members of two gene families, the
high affinity K* transporter family HKT, and the cyclic
nucleotide-gated ion channel family, CNGC, have been
shown to mediate Na+ uptake and regulation of long dis-
tance transport. Proteins belonging to the HKT family
control Na+ unloading in the xylem of Arabidopsis, rice
and wheat [1], and therefore control the long-distance
transport of Na+ to the leaf. The Arabidopsis genome con-
tains a single HKT homolog, AtHKT1, which belongs to
the subfamily of HKT transporters that encode low affinity
Na+ uniporters. Loss-of-function mutations in AtHKT1
render plants Na+ hypersensitive and disturb the distribu-
tion of Na* between roots and shoots.
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Members of the cyclic nucleotide-gated channel (CNGC)
family belong to the group of nonselective cation chan-
nels and enable the uptake of Na+, K*, and Ca2+[10]. CNG
channels are assumed to activate upon binding of cellular
cAMP or cGMP to the ligand-binding site. Within the C-
terminus of the channel, a partially overlapping binding
domain for calmodulin allows CaZ+-calmodulin binding
and is proposed to destabilize the open state. Functional
expression of plant CNG channels in Xenopus oocytes or
animal cell lines has not been reproducibly successful;
hence a detailed biophysical characterization of these
channels including their gating and permeation character-
istics still remains to be performed. The Arabidopsis
CNGC gene family comprises 20 members [11]. Pheno-
typical analysis of loss-of-function mutants showed that
members play a role in plant growth and the response to
pathogen attack [10]. CNGC10 is involved in Arabidopsis'
tolerance towards salt. Mature plants of CNGC10 anti-
sense lines were more sensitive to salt stress and contained
higher Na+* concentrations in shoots compared with wild-
type [12]. In contrast, salt-grown seedlings of the anti-
sense lines developed longer roots compared to the wild
type. Likewise, cngc3 mutant seedlings showed slightly
enhanced growth in the presence of elevated NaCl or KCI
concentrations compared to wild type plants [13]. So far,
members tested have been localized in the plasma mem-
brane [13-16], suggesting a direct function in cation entry
into the cell.

In this study, we show that both CNGC19 and CNGC20
respond to salinity with increased gene activity and accu-
mulation of transcripts in the shoot. Salt treatment of
roots or cut leaves induced the shoot regulation of
CNGC20, suggesting that NaCl itself is the root-to-shoot
signal. Although the loss of either channel did not lead to
a salt-related growth phenotype, the strong upregulation
by NaCl underlines their role in the salinity response,
which is discussed on the basis of their distinct expression
pattern.

Results and Discussion

We investigated the expression pattern and regulation by
salt stress of the group IVA of Arabidopsis CNG channels
[11], consisting of CNGC19 and CNGC20. Both genes are
arranged in tandem on chromosome 3. On the amino
acid level, the two proteins share 73% identity.

Distinct expression patterns of CNGCI19 and CNGC20

The age- and tissue-dependent expression pattern was vis-
ualized in plants expressing B-glucuronidase under the
control of the CNG channel promoter. In case of
CNGC19, blue staining was visible starting one day after
the radicle's emergence from the seedling. Promoter activ-
ity was detected mainly in roots and to a lesser extent in
shoots of plants of different developmental stages (Fig.
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1A-E). CNGC19 showed expression only in the vascula-
ture, and was observed during the development of lateral
roots, as soon as the stelar long-distance transport system
develops. It was not detected in root meristematic tissue
(Fig. 1F-H). The staining of two strands within the stele
indicated that the expression is located in phloem tissue
(Fig. 1I-K). This was supported by the staining of root
cross sections (Fig. 1L). In the shoot, CNGC19 promoter
activity was observed in the vasculature, too (Fig. 1C, M).

GUS staining in plants expressing the B-glucuronidase
gene under control of the CNGC20 promoter was visible
in the roots of young seedlings (Fig. 2A), but was more
pronounced in shoot tissue of mature plants (Fig. 2B), as
well as in the carpel (Fig. 2C) and crown leaves of flowers
(not shown). While within the root, cortex tissue was
stained, in the shoot CNGC20 gene expression was mainly
observed in the mesophyll tissue surrounding the veins
and in the petioles (Fig. 2B, E). Expression in guard cells
could also be observed (Fig. 2F). Staining of epidermal
cells, however, was weak. To test this, tobacco leaves were

Figure |
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transiently transformed with a CNGC20 promoter-GFP
fusion construct. Indeed, promoter activity was evident in
epidermal cells (Fig. 2G).

Data in this study indicate specific expression patterns for
both genes. Interestingly, CNGC19 is found in the vascu-
lature, which is surrounded by CNGC20 expressing cells.
Thus, the two genes may fulfil similar functions in differ-
ent but adjacent tissues.

CNGCI19 and CNGC20 expression is regulated by salinity
Previous publications reported on the participation of
nonselective cation channels in the plant's response to salt
stress [17,18]. To investigate possible effects of salinity on
CNGC19 and CNGC20, we monitored gene activities
using reporter genes and quantitative RT-PCR. When
plants transformed with CNGC19p:GUS were grown for
one week on half-strength MS-agar in the absence or pres-
ence of 150 mM NaCl, GUS-staining of seedlings and
whole plants revealed strong promoter activity in root tis-
sue under both control and salt stress conditions (Fig. 3D,

= i

CNGCI9 expression in vascular tissues. GUS staining of plants at different ages carrying the CNGC/ 9p:GUS construct: 2
(A), 4 (B), 18 (C), 39 (D, E) days after stratification. (F-H) Pictures of developing lateral roots where blue staining is not
detected before vasculature formation. (I-K) GUS staining visible in the phloem strands of the root. (L) Cross section of the
root with GUS staining in the phloem but not in xylem cells of the stele. The bar represents 20 um. (M) Part of an adult leaf
showing GUS staining in the vasculature. Note, that the plant shown in (M) has been grown on salt-containing agar (see Fig. 3).
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Figure 2

CNGC20 expression in roots and shoots. GUS staining of plants carrying the CNGC20p:GUS construct was observed in

roots of young seedlings (A), in petioles and tissue surrounding the veins of adult leaves (B), and carpels (C). On the cellular
level, GUS staining was detected in the root cortex (D), mesophyll surrounding the veins (E), and in guard cells (F). (G) GFP
fluorescence in epidermal cells after Agrobacterium-mediated transformation of Nicotiana benthamiana leaves with the

CNGC20p:GFP construct. The bars represent 50 um.

E). In the aerial parts of the plant, the staining intensity
was increased in 65% (13 out of 20) of the plants tested
after the salt stress period compared to controls (Fig. 3A,
B).

Transgenic plants expressing the luciferase gene under the
control of the CNGC19 promoter were used to determine
the gene activity as the luciferase luminescence intensity
normalized to the protein content of tissue extracts (rela-
tive luciferase luminescence). The relative luciferase lumi-
nescence in 12-day old plants was higher in root than in
shoot tissue (Fig. 3C, F). The same approach was used to
monitor gene regulation by NaCl treatment. After applica-
tion of 200 mM NaCl to the root, CNGC19 gene activity

increased only in the shoot (Fig. 3C) but not in the root
(Fig. 3F). The increase continued during 72 hours of salt
stress, corresponding to a steady upregulation of CNGC19
gene activity. In the presence of 300 mM mannitol,
CNGC19 was not affected in the same manner, indicating
that the response was specific and mainly due to the ionic
rather than the osmotic component of the stress. These
results are well in agreement with whole genome array
data on cDNA isolated from 13-day old plants, which
show a time-dependent accumulation of CNGC19 tran-
scripts in the shoot [19]. In the root, transcript levels rose
transiently within the first hour after salt treatment, but
returned to control levels within 6 hours.
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Salt regulation of CNGCI9. (A-E) GUS staining of 18-day old plants carrying the CNGC/ 9p:GUS construct, which were

grown in the absence (A, D) or presence (B, E) of 150 mM NaCl for 7 days. (C, F) Luciferase activity in CNGC/I 9p:LUC trans-
formed plants. Promoter activity was determined as relative luciferase luminescence units (RLU) in shoots (C) and roots (F)
normalized to the respective protein content. Roots of 12-day old plants were either untreated (black bars), or treated with
200 mM NaCl (blue bars) or 300 mM mannitol (white bars). Luciferase activities were determined after stress application at

time points indicated. Data represent mean £ SEM (n = 3).

Kilian and colleagues [19] did not detect a salt-dependent
regulation of CNGC20. We therefore decided to test the
salt-sensitivity at developmental stages, where CNGC20 is
predominantly expressed. 6-week old plants expressing
luciferase under control of the CNGC20 promoter
reported indeed a salt-dependent increase in CNGC20
expression (Fig. 4A, B). Application of 200 mM NaCl to
roots led to a significant increase of luciferase in the leaves
already within one hour, which then remained elevated
during two days of constant salt stress (Fig. 4A). CNGC20
was not upregulated in control conditions or in the pres-
ence of 300 mM mannitol. Kinetics of the salt response of
CNGC20 indicated that tissue not directly in contact with
the stress responded rapidly. To test, whether this could be
due to the uptake and translocation of salt to the shoot tis-
sue, the stress was applied directly to the leaves by putting
the petioles of detached leaves into the NaCl solution. As
in the root treatment, CNGC20 in the shoot responded
within one hour as indicated by the increase in relative
luminescence, while control treatments had no effect (Fig.
4B). Salt-dependent regulation of CNGC20 was supported
by quantitative RT-PCR experiments. Transcript abun-
dance was assessed in detached leaves, revealing a salt-
dependent increase of CNGC20 transcript in the shoot
(Fig. 4C), which was significantly different from controls.

Together, promoter activities assessed by reporter genes
and transcript levels determined by quantitative RT-PCR
reported qualitatively similar results on the salt-depend-

ent upregulation of CNGC19 and CNGC20 in leaves of
mature plants. Our data point to a physiological response
to the accumulation of NaCl itself rather than to an
osmotic shock response. The results show that salt treat-
ment of the root triggers a response of CNGC20 in the leaf.
Such long-distance signaling from root to shoot might be
mediated by hormones, such as abscisic acid (ABA)
[20,21]. However, the response of isolated leaves demon-
strated that salt perception and signal transduction can
take place in the aerial parts of the plant. Thus, it appears
likely that the regulation of CNGC20 depends on the
direct transfer of NaCl to the shoot. It remains unclear in
which cell types the signal perception takes place and
whether this is the same for both genes. Since CNGC19 is
expressed in phloem tissue and CNGC20 in mesophyll
cells nearby the phloem, it is interesting to note that the
CNGC20 induction kinetics saturates much earlier com-
pared to that of CNGC19. Whether or not this is related to
the time-dependent distribution of NaCl within the shoot
remains to be clarified.

Salt stress, like many other abiotic stresses, can elicit a
transient increase in cytosolic Ca2+ [22]. In Arabidopsis
seedlings, cGMP levels increased rapidly (<5 s) and to dif-
ferent degrees after salt and osmotic stress [23]. Interest-
ingly, Donaldson and colleagues provided evidence that
salt stress activates two cGMP signaling pathways - an
osmotic, calcium-independent pathway and an ionic, cal-
cium-dependent pathway. It is tempting to suggest that
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Salt regulation of CNGC20. CNGC20 promoter activity
was monitored in 6-week old plants, using the luciferase
reporter (A, B) or quantitative RT-PCR (C). (A) Luciferase
activity in leaves from plants carrying the CNGC20p:LUC con-
struct, at indicated time points after treatment of the roots
with 200 mM NaCl (blue bars), 300 mM mannitol (white
bars), tap water (yellow bars) or in untreated material (black
bars). Data represent mean £ SEM (n = 3). (B) Petioles of
detached leaves were put into Hoagland Medium (black
bars), 200 mM NaCl-, 300 mM mannitol-, or tap water-con-
taining solution and luciferase activity was quantified at time
points indicated. Data represent mean + SEM (n = 3). (C)
CNGC20 transcript levels in detached leaves after treatment
with 200 mM NaCl or tap water. Transcript levels are
expressed relative to the respective actin control. Data rep-
resent mean + SEM (n = 7-8). Color code in (B) and (C) as in
(A).

CNGC19 and CNGC20 might be suitable candidates tak-
ing part in these early responses, possibly linking cGMP-
and Ca?+*-signaling.

Increased expression of CNGC20 was detected quickly
within one hour. CNGC19 responded a bit slower within
24 hours. The strong induction of the expression by NaCl

http://www.biomedcentral.com/1471-2229/9/140

implies a function in the adaptation to salinity. In this
respect it is interesting that salt stress affects both genes
mainly in the shoot, where most dramatic changes occur
[1]. Control of Na+accumulation in the shoot is of major
importance for the adaptation to salt stress. As most sen-
sitive plants display poor ability to sequester Na+ in leaf
vacuoles, they have to rely on other mechanisms to cope
with the Na+ delivered to leaf cells. Both CNGC19 and
CNGC20 represent possible Na+* entry pathways into cells,
and could participate in the Na+ distribution within the
leaf. For instance, CNGC19 could participate in Na*
sequestration into phloem parenchyma cells and
CNGC20 in Na+ sequestration into the mesophyll of peti-
oles. A translocation of Na+ to petioles is known from spe-
cies that tolerate salt [6,7], but might occur to a certain
extent also in Arabidopsis. Since Na+ is preferentially
deposited in older leaves, a role in compartmentation is
supported by the fact that CNGC20 is mainly expressed in
older leaves.

Expression of CNGC19 was detected in the phloem,
strengthening the hypothesis about a function in phloem
loading and unloading. CNGC19 could be involved in
Na+ recirculation from shoots to roots, where Na* might
be extruded, or at least in Na+ redistribution between tis-
sues. In the upper parts of the roots and in the stem, a
direct transfer of sodium ions from xylem to phloem tis-
sues is thought to play a role in the control of Na+ translo-
cation towards the shoot [24-27]. This would require Na+
uptake into the phloem. Na+ assays of the phloem sap
revealed high concentrations up to 80 mM in some spe-
cies [28], but the physiological significance of such data
was interpreted contradictorily [29,30]. According to the
expression pattern and expected ion channel characteris-
tics, it is tempting to hypothesize that CNGC19, similar to
AKT?2/3 [31], might play a role in membrane potential sta-
bilization and therewith might indirectly affect phloem
(re)loading of metabolites.

Phenotypical analysis of cngcl9 and cngc20 mutants
Arabidopsis T-DNA insertion lines from the Salk collec-
tion [32] were investigated with T-DNA insertions in the
first (Salk 027306, «¢ngc19-1) and fourth exon
(Salk_129133, c¢ngc20-1), respectively (Fig. 5A). PCR
using cDNA isolated from wild type and mutants con-
firmed that CNGC19 and CNGC20 expression was virtu-
ally absent from the respective homozygous T-DNA
mutants (Fig. 5B, C).

We analyzed the CNG channel mutants in conditions
mimicking high salinity and in the presence of abscisic
acid (ABA), which plays a crucial role in root-to-shoot and
cellular signaling in response to salt stress [1]. Although
CNGCI19 is expressed in the root tissue of young seed-
lings, cngc19-1 displayed no root growth phenotype under
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control or saline (50 mM NaCl) conditions. The growth
was also not affected by 10 uM ABA compared to the wild
type (Fig. 5D). Similarly, the germination was indistin-
guishable from wild type in the presence of 50 mM NaCl
or 10 uM ABA (data not shown). However, root growth is
usually less affected than leaf growth during Na+ toxicity,
and the root elongation rate recovers remarkably well
after exposure to NaCl or other osmotica [30]. Regarding
the whole plant, it is primarily the mature leaf where Na+
toxicity is manifested. As both CNGC19 and CNGC20 are
upregulated in shoot tissue of salt-stressed plants, we
compared the shoot growth of mutants and wild type.
After a 5 day growth period on half-strength MS-agar,
seedlings were transferred to agar plates containing 0, 25,
50, or 75 mM NaCl and grown for another twelve days.
No salt-dependent phenotype could be observed for
cngc19-1 and cngc20-1 mutants compared to the wild type
(Fig. 5E, F).

To test if Na+ or K+ accumulation is affected in the
mutants, contents were determined with ICP. Although
the plants displayed a reduction of fresh weights with
increasing NaCl content in the media (Fig. 5F), the K:Na
content ratio of wild type and mutant shoots of plants
grown for twelve days on plates containing 0, 25, 50 or 75
mM NacCl did not differ (Fig. 5G). These findings suggest
that both uptake of sodium/potassium and extrusion of
Na+ are unaltered in the mutants.

Phenotypic characterization of loss-of-channel mutants
does not allow deducing an explicit role of CNGC19 and
CNGC20 during the nonselective uptake of Na+ during
salt stress. Due to their expression pattern, they could be
involved in salt stress-dependent signal transduction or
distribution of sodium throughout the plant. In the mes-
ophyll and the root cortex, the specific role of CNGC20
might be masked by the activity of other nonselective cat-
ion channels having partially redundant functions.
CNGC20 and CNGC3, for instance, are both expressed in
the root cortex. Cngc3 loss-of-function mutants grew
slightly better in the presence of 40 to 80 mM NaCl [13].
This together with short and long-term Na+ influx experi-
ments led to the conclusion that CNGC3 is functioning in
sodium (and potassium) influx. Only during initial stages
of salt stress, CNGC3 contributed considerably to Na*
influx. Its participation in ion uptake in salinity-adapted
plants seems to be limited [13].

In leaves, CNGC10 was located in the plasma membrane
of mesophyll, palisade parenchyma and epidermal cells
[14]. Mature plants of CNGC10 antisense lines were more
sensitive towards salt stress and their shoots contained
higher Na+ concentrations compared with wild type [12].
GUS staining showed that CNGC10 expression in leaves is
patchy; it comprised vascular tissue and mesophyll (B.

http://www.biomedcentral.com/1471-2229/9/140

Kohler, unpublished results). Thus, at least a partially
redundant function to CNGC20 appears possible.

Apart from pollen-specific CNGCs, the CNGCs investi-
gated so far show a broad expression pattern
[13,14,16,33]. By comparison, expression of CNGC19 is
relatively confined. Thus, further cell-type specific func-
tional assays are required to assess its physiological role in
planta.

Conclusion

CNGC19 is expressed in the phloem and CNGC20 in the
epidermis and the mesophyll, mainly in petioles. Upon
salinity, both genes are upregulated within hours in the
shoot, where most dramatic changes happen [1]. Salt-
dependent regulation of CNGC20 occurred in the shoot,
irrespective of whether NaCl was applied to the roots of
intact plants or to the petioles of detached leaves. At first
glance, it seems puzzling that a cell promotes the upregu-
lation of genes encoding proteins that provide Na* entry
pathways and therefore would contribute to increase the
cytosolic sodium levels. However, under severe salt stress,
CNG channels represent a fast and effective way to redis-
tribute sodium throughout the whole plant. The fact that
both CNGC19 and CNGC20 were upregulated by salt
rather than by osmolytes indicates a role in salt adapta-
tion. Therefore we propose a distributive role for CNGC19
and CNGC20 enabling the plant to cope with toxic effects
caused by salt stress.

Methods

Plant material and growth conditions

Arabidopsis thaliana Col-0 ecotype and transgenic plants in
Col-0 background were used. Plants were grown on soil in
a growth chamber at a photoperiod of either 16 h (long
day LD) or 8 h (short day SD). For sterile cultivation, seeds
were sown on half-strength MS agar pH 5.8 containing
1% sucrose and 0.8% phytagar (Duchefa). For culture on
sand (1-2 mm aquarium grit), nutrients were supplied by
modified Hoagland medium [34], containing 1.25 mM
KNO;, 1.5 mM Ca(NOj;),, 0.75 mM MgSO,, 0.5 mM
KH,PO,, 50 uM KCl, 50 uM HBOj, 10 uM MnSO,, 2 uM
ZnSO,, 1.5 uM CuSO,, 0.075 uM (NH,);Mo,0,,, 72 uM
FeSO,, 89.28 uM EDTA, pH 6. In all conditions, plants
grew at 22°C and about 80-100 pmol/m2sec light inten-

sity.

Generation of transgenic plants

For reporter gene studies, a 1.15-kb promoter region of
the CNGC20 gene was introduced into the binary vector
pVKH-35S-pA1 [35], where it replaced the 35S promoter
in front of the uidA gene, resulting in the binary vector,
pVKH-CNGC20p:GUS. Additionally, the promoter region
was inserted into the destination vector pMDC206 [36],
using gateway technology (Invitrogen). In case of
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Figure 5

Analysis of cngcl9 and cngc20 T-DNA insertion lines. (A) Genomic organization of CNGC/ 9 and CNGC20 and the
respective T-DNA insertions for cngc!9-1 (SALK line 027306) and cngc20-1 (SALK line 129133). Exons are shown in bold. (B)
Absence of CNGC19 mRNA from cngcl 9-1 plants (lane 2), but presence in Col-0 (lane |) and a backcrossed CNGCI 9 wild type
(WT, lane 3). Upper traces: PCR result using CNGC| 9 gene-specific primers, which amplified a 348 bp fragment downstream of
the T-DNA insertion, lower traces: Actin2 primers were used as a control. (C) Corresponding PCR analysis of the T-DNA inser-
tion line cngc20-1 with cDNA from Col-0 (lane ), cngc20-1 (lane 2) and a backcrossed CNGC20 wild type (WT, lane 3).
CNGC20 gene-specific primers, which span a 310 bp fragment downstream of the T-DNA insertion, were used. No PCR frag-
ment was amplified from cDNA from homozygous cngc20-1 (lane 2). (D) Unchanged root growth of cngcl 9-1 plants. Root
length increase of ¢cngcl 9-1 and wild type seedlings were measured during a 7-day growth period, starting 4 days after stratifi-
cation. Mutant (orange bars) and wild type (black bars) plants grew vertically on half-strength MS agar plates in the absence
(control) or presence of 10 pM ABA or 50 mM NaCl. Data represent mean * SEM (n = 30). (E) Absence of a salt-dependent
growth phenotype in cngcl 9-1 and cngc20-1. Photographs show representative plants from wild type, cngcl 9-1, and cngc20-1
after a |12-day growth period in the absence or presence of 75 mM NacCl. (F) Fresh weight of wild type (black circles), cngc!9-1
(orange circles), and cngc20-1 (green circles) shoots after a 12-day growth period in the presence of 0, 25, 50, or 75 mM NaCl.
Data represent mean + SEM (n = 6). The dry weight did also not differ significantly between wild type and mutants (not
shown). (G) K/Na content in shoots of plants shown in (E) and (F) as a function of the applied salt-concentration. Data repre-
sent mean = SEM (n = 6). Color code as in (F).
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CNGC19, a 1.82-kb promoter region was amplified by
PCR using the primers PC19 for (5'-CCGCTCGAGAG-
CAACATGACAAACTTCTTC) and PC19rev (5'-CTAGCT
AGCTTTITATITCAGAAACCCAAAATCTAGGGC). PCR
fragments and the binary vector pGPTV-HPT [37] were cut
with Xhol and Nhel, and Sall and Xbal, respectively, and
ligated. The resulting plasmid was named pGPTV-
CNGC19p:GUS. For luciferase studies, the luciferase* gene
was introduced in pMDC206, where it replaced the GFP
coding region, resulting in the new destination vector
pMDC206-luc. A 1.26-kb promoter fragment of the
CNGC19 gene and the CNGC20 promoter region were
inserted into pMDC206-luc via gateway cloning. Agrobac-
terium tumefaciens strain GV3101 carrying the binary plas-
mids was used to transform A. thaliana Col-0 [38].
Transgenic plants were tested for reporter gene activities.
Homozygous lines were produced for each construct.

GUS histochemical assay

GUS staining followed the method of Jefferson et al. [39].
The plant tissue was cleared in 70% ethanol for 1-2 days.
For vibratome sectioning, the tissue was embedded
directly after staining into 5% agarose in PBS (0.8% NacCl,
0.02% KCl, 0.144% Na,HPO,, 0.024% KH,PO,, pH 7.4
HCI) and then cut into 30 um-sections with a vibratome
(Model 1500; The Vibratome Company, St. Louis, USA).

Agrobacterium-mediated transient expression in
Nicotiana benthamiana

Overnight cultures of Agrobacterium tumefaciens strain
C58C1 transformed with the CNGC20p:GFP construct,
and Agrobacterium strain p19 featuring a viral-encoded
suppressor of gene-silencing were used for coinfiltration
into the abaxial side of Nicotiana benthamiana leaves [40].
Confocal images were taken 4 days after infiltration using
a Leica confocal microscope (TCS SP II; Leica Microsys-
tems, Wetzlar, Germany). Fluorescence was excited with a
UV argon laser at 488 nm, and emission of GFP was
detected in the range from 497-547 nm. Emission of chlo-
rophyll was collected at 644-731 nm and transmitted light
was detected at 779-840 nm.

Luciferase activity assay

Seedlings of a homozygous CNGC19p:LUC line were
grown vertically on half-strength MS agar plates in LD
conditions for 12 days. For stress application, 3 ml of
solution containing either 200 mM NaCl, 300 mM man-
nitol, or tap water was applied to the root tissue. 50 mg
samples of root and shoot tissue were harvested at differ-
ent time points after treatment, homogenized and sus-
pended in CCLR buffer (Promega Corp. Madison, USA).
After 30 min incubation on ice, extracts were cleared by 30
min centrifugation at 4°C at 10.000 g and the supernatant
was stored at -80°C.

http://www.biomedcentral.com/1471-2229/9/140

CNGC20p:LUC transformed plants were grown for 6
weeks either on sand or on soil. Sand-cultured plants were
salt-treated by replacing the modified Hoagland medium
with medium supplemented with 200 mM NaCl or 300
mM mannitol. For direct stress treatment of the shoot,
leaves of soil-grown plants were cut and petioles placed in
200 mM NaCl or 300 mM mannitol solution. Leaf extracts
were prepared after the indicated incubation times.

The frozen luciferase extracts were thawed on ice and luci-
ferase luminescence was determined in a 50 pl aliquot
after addition of 150 ul LAR buffer (Promega), using an
Orion II 96 microplate luminometer (Berthold Detection
Systems GmbH, Pforzheim, Germany). Protein contents
of the samples were determined using the Roti-Nano-
quant kit (Carl Roth GmbH, Karlsruhe, Germany). After
background subtraction, the relative luminescence (RLU)
was determined by normalization to the total protein con-
tent.

Quantitative RT-PCR

Total RNA of shoots of 9-week old plants was isolated
using TRIZOL reagent [41]. First strand cDNA was pre-
pared from 7.5 pg of RNA in a total volume of 10 pl using
the RevertAid H Minus first-strand cDNA synthesis kit
(Fermentas, St. Leon-Rot, Germany) and diluted for RT-
PCR 20-fold in water. PCR was performed in a Rotogene
2000 (Corbett, Concorde, USA) with the LightCycler-Fast-
Start Quanti Tect SYBR Green PCR Kit (Qiagen, Hilden,
Germany), using the CNGC20 gene-specific primers (5'-
CCTCGAACGCTCITCTGTAAA  and  5'-CTAGTTAT-
AGCCTITAGTTTGTA). Actin2 primers (5'-ATTTCAGAT-
GCCCAGAAGTCTITGTT and 5'-GAAACATTTTCTGTGA
ACGATTCCT) were used to normalize the CNGC20
mRNA level to that of actin.

Isolation of T-DNA insertion lines

Seeds of T-DNA insertion lines for CNGC19
(Salk_027306, named c¢ngcl19-1) and CNGC20
(Salk_129133, named cngc20-1) were obtained from the
SALK institute (http://signal.salk edu/cgi-bin/tdnaex
press, [32]). Homozygous mutants were genotypically
identified through PCR using a gene-specific primer
(CNGC19: 5-TGCACATCCCTAATGTCCA; CNGC20: 5'-
GATGGCCGATGACTAAAGC) in combination with a T-
DNA border primer (5'-CTGGCGTAATAGCGAAGACG)
and a PCR using a gene-specific primer pair (CNGC19: 5'-
TGCCCTAGATTITGGGTTTC and 5'-AAATACTCTTGTGT-
CAGCTGCTATG; CNGC20: 5'-TCCCCTCTTCITCITCCT-
CATAAA and 5'-AACCAGTAGGAGCTCTAACGTAAC).
For determination of CNGC19 transcript levels, total RNA
isolated from root tissue of 200 Arabidopsis thaliana plants
vertically grown for 12 days on half-strength MS medium
was transcribed into cDNA as described above. CNGC19
gene-specific primers binding downstream of the T-DNA
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insertion (5'-GAAACTTGGAACTTTGGAGC and 5'-CTAC-
CAAACCAAACATCATCAT) were used to verify the lack of
CNGC19 mRNA in ¢ngc19-1 plants. CNGC20 transcript
levels were assayed in total RNA isolated from leaves of 5-
week old plants. PCR was carried out on transcribed
cDNA with a CNGC20 gene-specific primer set binding
downstream of the T-DNA insertion in cngc20-1 (5'-
CCTCGAACGCTCITCTGTAAA-3' and 5'-CTAGITAT-
AGCCTITAGTTTGTA). Transcript levels in the mutants
were compared to the ones in Col-0 wild type as well as in
a backcrossed wild type line. Actin2-specific primers were
used as controls in all reactions. No CNGCI19 and
CNGC20 transcripts were detected in cngc19-1 and cngc20-
1 mutants, respectively.

ICP Analysis

Shoot dry weights of wild type, cngc19-1 and cngc20-1
plants grown for 12 days in MS-agar containing 0, 25, 50
or 75 mM NaCl were determined after 72 h incubation at
60°C. Kand Na content analysis was performed in an ICP
emission spectrometer JY 70 Plus (Division d'Instruments
S.A./Jobin, France) after solubilization of the plant mate-
rial in 1 ml conc. HNO; for 10 h at 170° C under pressure
(10 bar) followed by a dilution step (1:10) in deionized
water.
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