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Summary
Here we report on a functional gene-mining method developed to isolate stress tolerance genes
without any prior knowledge of the genome or genetic mapping of the source germplasms. The
feasibility of this approach was demonstrated by isolating novel salt stress tolerance genes from
salt cress (Thellungiella halophila), an extremophile that is adapted to a harsh saline environment
and a close relative of the model plant Arabidopsis thaliana. This gene-mining method is based on
the expression of salt cress cDNA libraries in Arabidopsis. A cDNA expression library of the
source germplasm, salt cress, was constructed and used to transform Arabidopsis via
Agrobacterium-mediated gene transfer. A transgenic seed library consisting of >125 000
independent lines was generated and screened for salt-tolerant lines via a high-throughput genetic
screen. A number of salt-tolerant lines were isolated, and the salt cress cDNAs were identified by
PCR amplification and sequencing. Among the genes isolated, several novel small protein-
encoding genes were discovered. The homologs of these genes in Arabidopsis have not been
experimentally analyzed, and their functions remain unknown. The function of two genes isolated
by this method, ST6-66 and ST225, and their Arabidopsis homologs, were investigated in
Arabidopsis using gain- and loss-of-function analyses, and their importance in salt tolerance was
demonstrated. Thus, our functional gene-mining method was validated by these results. Our
method should be applicable for the functional mining of stress tolerance genes from various
germplasms. Future improvements of the method are also discussed.
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Introduction
Isolation of genes with agronomic importance has been one of the focal points in plant
biotechnology. With the genomic sequencing of model plants, comparative genomics and
the fine mapping and cloning of quantitative trait loci (QTLs) have become important means
to isolate these genes from crops. However, the approaches are not easily applicable to wild
extremophile germplasms that are rich sources of stress tolerance genes. Therefore, a fast,
economical, gene function-based approach is needed for isolating genes with specific
functions from wild germplasms, without prior knowledge of their the genome or without
the need for genetic mapping. Similar approaches have been exploited to isolate Arabidopsis
loss-of-function (LeClere and Bartel, 2001; Mou et al., 2002) and gain-of-function mutants
with morphological changes (Ichikawa et al., 2006). Despite the power of this functional
approach, it has not been applied for mining stress tolerance genes. Here, we report a proof
of concept for this functional gene-mining method by isolating salt-tolerance genes from salt
cress (Thellugiella halophila). The procedure and time frame of this method is illustrated in
Figure 1, in which the highly efficient transformation (Bent, 2000; Clough and Bent, 1998)
makes it possible to transform an entire cDNA library into Arabidopsis, and to generate a
large collection of transgenic lines in a relatively short period of time. The transgenic seed
library can then be screened for salt-tolerant transformants, and the genes conferring salt
tolerance are easily isolated. This approach emphasizes the functionality of the expressed
genes, and therefore the cloned genes are directly linked to their function in salt tolerance. In
addition, this approach is cost-effective and saves time.

Thellungiella halophila, a halophyte endemic to the highly saline coastal areas in eastern
China, is ideal for demonstrating the feasibility of this functional gene-mining method,
because it is closely related to Arabidopsis thaliana, and has nearly all of the same model
plant features of A. thaliana (Amtmann et al., 2005; Inan et al., 2004; Zhu, 2001).
Microarray analysis showed that a large number of known abiotic and biotic stress-inducible
genes were expressed in salt cress at high levels, even in the absence of stress (Gong et al.,
2005; Inan et al., 2004; Oh et al., 2007; Taji et al., 2004). Analysis of the expressed
sequence tags for salt cress indicated that the salt cress genome contains genes missing from
the Arabidopsis genome, implying that salt cress might have evolved novel salt-tolerance
genes and mechanisms (Inan et al., 2004; Wong et al., 2005). It is expected that the
expression of the salt-tolerance genes from salt cress in Arabidopsis may render the
transgenic plants more tolerant to salt stress.

Using the plant transformation-ready expression library of salt cress that we previously
constructed (Lei et al., 2007; Ni et al., 2007), a large-scale floral-dip transformation of
Arabidopsis was carried out (Bechtold et al., 1993; Clough and Bent, 1998), and a large
collection of 125 000 independent transgenic lines was generated. Using a high-throughput
genetic screen for salt-tolerant seedlings, the transgenic seed library was screened, and
hundreds of putative salt-tolerance lines were isolated in the primary screen. A secondary
screen was used to confirm the salt tolerance and a number of salt-tolerance lines were
isolated. Analysis of the cDNAs from the salt-tolerance lines revealed novel genes that
confer salt tolerance when overexpressed in Arabidopsis. To validate this approach, ST6-66
and ST225, two of the unknown genes identified by the screening, were functionally
analyzed and their importance in salt tolerance demonstrated. This functional gene-mining
method may be applicable to the isolation of other abiotic stress-tolerance genes, as well as
to biotic stress-resistance genes such as disease-resistance genes.
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Results
Generation of a large collection of Arabidopsis transgenic lines with the salt cress
destination cDNA expression library

The destination cDNA library we had constructed from salt cress (Ni et al., 2007) was
introduced into Agrobacterium tumefaciens strain GV3101 (pMP90) (Koncz and Schell,
1986) in order to transform wild-type Columbia Arabidopsis plants using the floral-dip
method (Bechtold et al., 1993; Clough and Bent, 1998) on a large scale, with the efficient
Basta herbicide resistance selection on soil. A collection of 125 000 independent herbicide
resistance transgenic lines was generated. The T1 seeds were harvested in pools of 200
individual lines. The transgenic Arabidopsis seed library consisted of 625 pools that could
be screened for salt-tolerant lines.

Isolation of salt-tolerance transgenic lines from the library via a high-throughput genetic
screen

To isolate transgenic lines that are tolerant to salt stress, a high-throughput genetic screen
was set up by germinating seeds in the library on half-strength MS medium containing 220
mM NaCl, as described by Saleki et al. (1993). Unlike other salt-tolerant germination
screens where the emergence of the radicle was defined as tolerance in germination
(Quesada et al., 2002), the emergence of green cotyledons and continued growth of the
seedling under salt stress were used as the criteria of salt-tolerant germination for our
genetic screen (Figure S1). We routinely screened up to 3000 seeds on a single 15-cm-
diameter plate. The primary screen of the whole library yielded >800 putative salt-tolerant
seedlings. These plants were rescued and grown in soil to maturity, and T2 seeds were
harvested from individual plants.

The T2 seeds from the individual putative salt-tolerant lines were subjected to a secondary
screen, as described in the Experimental procedures. Approximately 10% of the lines
showed salt tolerance in the next generation. Some of the lines showed salt tolerance only
during germination, whereas others also showed salt tolerance during later developmental
stages.

Novel genes discovered with the functional gene-mining method
After confirming salt tolerance by the secondary screen, the salt-tolerant lines were
subjected to molecular analysis. The salt cress cDNA transferred to Arabidopsis was isolated
by PCR amplification, as described in the Experimental procedures, and sequenced. Full-
length cDNA sequences are listed in Table 1. Truncated cDNA sequences missing the 5′ end
are listed in Table 2. Most of the cDNAs were isolated more than once from independent
salt-tolerant lines. Among the isolated genes, most of the sequences show high similarity to
their homologs in Arabidopsis, although there are also a few that do not have high similarity
to any Arabidopsis sequences. The predicted functions of the cDNAs include transcription
factors, photosynthesis-related proteins, chaperones and damage-protection proteins. About
30% of the isolated genes encode unknown proteins that do not have a known function or
known domain. The fact that truncated cDNA sequences apparently led to increased salt
tolerance suggests that these sequences might have caused the silencing of homologous
Arabidopsis sequences, which may play negative roles in salt tolerance. Among the
truncated cDNAs, five sequences (ST2-4, ST15-18-1, ST10, ST27-4 and ST37-9) have a
complete open reading frame, and encode small peptides of around 100 amino acids. The
possibility that the truncated peptides function in salt tolerance cannot be ruled out. The salt
tolerance associated with full-length cDNAs is likely to be caused by the overexpression of
the sequences in the transgenic lines. These results demonstrate that salt-tolerance genes can
be isolated by using this functional gene-mining approach.
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Functional analysis of the isolated ST6-66 cDNA
To further validate our functional gene-mining method, we characterized the salt cress
cDNA isolated from the salt-tolerant line ST6-66, which displayed salt tolerance in
germination, as shown in Figure 2a, b. The transgenic line showed a substantially higher
percentage of germination than the wild type (80% versus 20% under 165 mM NaCl stress,
and about 40% versus 0% under 180 mM NaCl stress). Soil-grown transgenic plants also
showed substantially higher tolerance to salt stress. Figure 2c, d show that the growth of the
wild-type plants was significantly more suppressed than that of the transgenic plants under
250 mM NaCl stress, as reflected in the sizes of the rosette plants.

Genetic analysis of ST6-66
To study the inheritance of salt tolerance in the ST6-66 line, a cross was made between the
mutant as the male parent and the wild-type plants as the female parent. F1 seeds were
assayed for salt tolerance during germination. A segregation ratio of 1:1 (salt-tolerant:salt-
sensitive) was observed (Table S1). The progeny of selfed F1 plants showed a segregation of
3:1 (salt-tolerant:salt-sensitive). Salt tolerance co-segregated with the herbicide resistance
bar gene on the same T-DNA (Table S1 and Figure S2a). The genetic analysis demonstrates
that the salt tolerance of ST6-66 was conferred by a single dominant nuclear gene that co-
segregated with the bar gene on the T-DNA.

Confirmation of ST6-66 cDNA-conferred salt tolerance by recapitulation
The cDNA of ST6-66 is 679 bp in length and encodes a protein of 177 amino acids. The
nucleotide sequence shares 79% similarity with its Arabidopsis homolog At1g13930,
encoding an expressed protein. At the amino acid level, ST6-66 was 59% identical and 67%
similar to At1g13930. The Arabidopsis gene has not been analyzed experimentally so far.

To confirm that the salt tolerance was conferred by the ST6-66 cDNA, the cDNA was
cloned into the binary expression vector pCB2004 for generating transgenic plants. The
cDNA is under the control of the 35S promoter, and the construct pCB2004-ST6-66 is
illustrated in Figure 3a. Homozygous lines (T2 generation) were assayed for the
overexpression of the transgene (Figure 3b) and for salt tolerance. Typical results from the
experiments are shown in Figures 3c–e. Under normal conditions, there was no significant
difference in germination between the pCB2004-ST6-66 transgenic line, the ST6-66 line and
the wild type. However, under the three different salt-stress conditions, the germination of
the transgenic seeds (both pCB2004-ST6-66 and ST6-66) was substantially higher than that
of the wild type (Figure 3c, e). Soil-grown transgenic plants expressing pCB2004-ST6-66
showed similar salt tolerance to the original line ST6-66 (data not shown). These results
confirm that ectopic overexpression of the ST6-66 cDNA of salt cress confers improved salt
tolerance in Arabidopsis.

Loss-of-function analysis of the ST6-66 homolog At1g13930, and complementation with
the ST6-66 cDNA

To further confirm the importance of this gene in salt tolerance, a loss-of-function analysis
was carried out in Arabidopsis. Since the Arabidopsis homolog with the highest similarity is
At1g13930, the T-DNA insertion line SALK_076125 was obtained. The T-DNA insertion is
in the 5′ regulatory sequence of At1g13930, as illustrated in Figure 4a. The homozygous
plants were screened by genomic PCR, and its null expression was confirmed by RT-PCR
analysis, as shown in Figure 4b. The knock-out line was subjected to the salt-tolerance
assay. The results in Figure 4c, d show that the germination of the knock-out mutant was
<5% under 50 mM NaCl treatment, in contrast with a more than 60% germination for the
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wild type, demonstrating that knock-out of At1g13930 renders the mutant hypersensitive to
salt stress. These results indicate that At1g13930 plays an important role in salt tolerance.

To functionally confirm that ST6-66 is a homolog of At1g13930, a complementation
experiment was conducted by transferring the pCB2004-ST6-66 construct into the
At1g13930 knock-out mutant (SALK_076125). The results in Figure 4e demonstrate that
ST6-66 was indeed able to restore the salt tolerance of SALK_076125 to the wild-type level
when ectopically overexpressed (Figure 4f). The germination of the complemented line
under 50 mM NaCl treatment was 72%, in contrast to 2% for the knock-out mutant.

Expression pattern of At1g13930 and ST6-66
RT-PCR and real-time RT-PCR were used to analyze the expression pattern of At1g13930
and ST6-66. It was found that At1g13930 was constitutively expressed in Arabidopsis, but
that its transcript level was much lower in seeds and siliques than in other organs, as shown
in Figure 5a. This gene was not responsive to salt stress, as demonstrated in Figures 5b, c. In
contrast, ST6-66 was responsive to salt stress in salt cress, as shown in Figure 5d. These
results indicate that the response of this gene to salt stress is different in Arabidopsis and salt
cress. It is interesting to speculate how the ability to induce ST6-66 might contribute to
increased salt tolerance in salt cress, as compared with Arabidopsis.

ST225 cDNA-conferred salt tolerance
The salt-tolerant line ST225 displayed salt tolerance during germination and later
developmental stages, as shown in Figure 6a. This line showed nearly 90% germination on
medium containing 180 mM NaCl, in contrast with 10% for the wild type, whereas no
significant difference was found between them under normal conditions without salt stress
(Figure 6a, b). When soil-grown plants were stressed with 200 and 250 mM NaCl,
respectively, the growth of the wild-type plants was significantly decreased, as reflected in
the rosette diameter, whereas the transgenic plants showed improved tolerance to salt stress,
as shown in Figure 6c, d.

Genetic analysis demonstrated that the salt tolerance of the ST225 line was conferred by a
single dominant nuclear gene that co-segregated with the bar gene on the T-DNA (Table S1;
Figure S2b). The result indicates that the transferred salt cress cDNA caused the salt
tolerance. Subsequently, the salt cress cDNA was isolated from the ST225 line. To confirm
that the ST225 cDNA confers salt tolerance, the cDNA was cloned into the expression
vector pCB2004 (Lei et al., 2007), and was transformed into wild-type Columbia plants. The
transgenic plants expressing the ST225 cDNA showed salt-tolerant salt tolerance in
germination (Figure 6e, f), and also improved the salt tolerance of the transgenic plants
grown in soil (Figure 2g, h). The germination of the transgenic seeds was 87%, as compared
with 11% for the wild type. When grown in soil, transgenic plants showed improved salt
tolerance, as reflected by less growth inhibition compared with wild-type plants (Figure 6g,
h). These results demonstrate that the salt cress gene in line ST225 confers elevated salt
tolerance in Arabidopsis, and further documents the feasibility of this functional gene-
mining approach to isolating salt-tolerance genes.

Discussion
We have developed a simple and straightforward method to functionally mine salt-tolerance
genes from a source germplasm by isolating genes conferring salt tolerance from salt cress.
This functional gene-mining method outlined in Figure 1 offers several advantages. First, it
does not require any genome sequence or expressed sequence tag (EST) database
information. Neither is genetic mapping required. Second, this functional gene-mining
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method saves time and is cost effective. Third, it does not require any expensive
experimental facilities or services. Fourth, it may be applicable to the isolation of other
genes of agronomic importance, such as disease resistance and drought tolerance genes.
Theoretically, any gene can be functionally isolated in this way, if such a gene can be
faithfully expressed and is functional in Arabidopsis, and if the function can be efficiently
screened. As the cDNA libraries are constructed in plant expression vectors, the cDNA
expression in Arabidopsis can be under the control of well-defined promoters. Therefore, the
source of germplasms is unlimited. This is advantageous over the BiBAC technology
(Hamilton et al., 1996), where genomic DNA is used for library construction, and where the
expression of the genes relies on their own regulatory sequences.

The inclusion of smaller cDNAs ranging from 500 to 1000 base pairs in size increases the
representation of these cDNAs in the library, and consequently increases the possibility of
their being isolated in the screen, thus increasing our chance of isolating novel salt-tolerance
genes. Usually, the small cDNAs are discriminated against because they are thought to result
from an incompletely synthesized cDNA fraction during library construction. As a result,
few such small cDNAs have been isolated, and their roles in salt tolerance have been
neglected. Using this method, we have isolated several novel small protein-encoding genes
involved in salt tolerance. These small genes have never been experimentally isolated or
studied before. Further gain-of-function analysis for ST225 and ST6-66, as well as gain- and
loss-of-function analyses of the Arabidopsis homolog of ST6-66, demonstrated the
importance of two such small genes in salt tolerance.

The trade-off for inclusion of small-sized cDNA is that the frequency of partial cDNA
sequences increases in the library. The average size of the cDNA inserts used in the library
was <1 kb (Ni et al., 2007). Because the initial library was not normalized, less abundant
and larger transcripts were biased against during PCR amplification, and thus they have a
much lower representativity in the library. This is perhaps why salt-tolerance genes such as
SOS1 (Shi et al., 2000, 2003) were not isolated in this study. Notwithstanding, the isolation
and functional analysis of ST6-66 and ST225 demonstrate the feasibility of this gene-mining
approach. In addition, the truncated cDNA of ST6-32 codes for eIF-5A, but lacks the
initiation codon and a short stretch of amino acids in the N terminus. It is90%identical at the
nucleic acid level to its Arabidopsis homolog At1G26630. As a result, overexpression of this
truncated cDNA might result in downregulation of the endogenous eIF-5A in Arabidopsis.
Hypusine modification by deoxyhypusine synthase (DHS) is required for eIF-5A activity.
Antisense downregulation of DHS suppression was shown to increase stress tolerance
(Wang et al., 2003). Another truncated cDNA, ST7-5-1, was independently isolated six
times. ST7-5-1 codes for an NAC domain-containing protein, but lacks the initiation codon
and a few amino acids in the N terminus. It is 91% identical at the nucleotide level to its
Arabidopsis homolog At1G73230. The overexpression of this truncated cDNA might
downregulate At1G73230. At1G73230 has not been experimentally analyzed thus far.
However, compiled microarray data show that this gene is downregulated by salt and
osmotic stresses (https://iii.genevestigator.ethz.ch/at/), indicating it may negatively regulate
salt tolerance.

One possible reason for the low frequency of confirmation of putative salt-tolerant lines
appearing in the secondary screen might be gene silencing, which is known to be associated
with the 35S promoter-driven expression of transgenes (Butaye et al., 2004; Mishiba et al.,
2005). The approximately 10% of confirmed salt tolerance in the second generation
observed in our study is similar to that observed for 35S-gusA (Butaye et al., 2004).

In the future, several aspects may be modified that will improve the overall efficiency of this
method. First, normalization of cDNA libraries would greatly even out the representation of
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low- and high-abundance cDNAs (Bonaldo et al., 1996; Fischer et al., 2003; Soares et al.,
1994), thereby significantly reducing the number of clones required to transform
Arabidopsis. Subsequently, a much-reduced number of transgenic plants would be required
to represent the whole cDNA library. This will also benefit cDNA isolation and
identification, as highly abundant cDNAs with salt-tolerance functions are over-represented,
thus producing more redundant salt-resistant transgenic plants from a cDNA library that is
not normalized. Second, the gene-silencing problem associated with the 35S promoter can
be minimized by using Arabidopsis mutants, such as sgs2 (Mourrain et al., 2000; Peragine et
al., 2004), as recipients of transformation (Butaye et al., 2004), and/or by choosing
promoters with fewer gene-silencing problems. Third, salt-sensitive ecotypes or mutants
may be used for the transformation, so that the sensitivity of salt-tolerance selection can be
improved. Fourth, the development of a high-throughput screen in soil would simplify the
screen procedure, and increase the chance of isolating genes important for salt tolerance at
the whole-plant level (as opposed to tolerance at germination only).

Experimental procedures
Plant materials and growth conditions

Arabidopsis Columbia ecotype was used throughout the study. Plants were grown in a
commercial soil mix of PeatMoss and perlite (9:1), and were kept in a growth room with a
12-h photoperiod with a light intensity of 200 μE m−2 sec−1, and a constant temperature was
maintained at 22°C, unless otherwise specified.

Mobilizing the destination library into Agrobacterium
To mobilize the destination library that we created (Ni et al., 2007) into Agrobacterium for
plant transformation, the destination library DNA was electroporated into A. tumefaciens
GV3101 (pMP90) (Koncz and Schell, 1986). The transformed agrobacteria were selected on
LB agar medium containing 100 mg L−1 kanamycin and 100 mg L−1 gentamycin. More
than 107 colonies were obtained, and all the agrobacterial colonies were washed off the agar
plates and completely resuspended. A fraction of the bacterial suspension was mixed with an
equal volume of 80% glycerol, and aliquots were frozen in liquid nitrogen and stored as
agrobacterial library stocks at −80°C, whereas the remaining suspension was diluted with
agrobacterial infiltration medium for Arabidopsis transformation (Bechtold et al., 1993;
Clough and Bent, 1998).

Generation of a large Arabidopsis transgenic seed library
The above prepared agrobacterial suspension was diluted with agrobacterial infiltration
medium to an OD600 of 0.7. Batches of flowering wild-type Columbia plants (when plants
were at the peak of flowering) were dipped in the agrobacterial solution as described
previously (Bechtold et al., 1993; Clough and Bent, 1998). After dipping, plants were
covered to maintain a high level of humidity for 24 h. The plants were then transferred to a
greenhouse to continue to grow to maturity. T1 seeds were harvested in bulk, dried in the air
and were then cleaned for transformant selection.

The bulk seeds were imbibed in water for 2 days at 4°C before being sown at high density in
soil, and were then kept in a glasshouse. When they were about 5 days old, seedlings were
sprayed with 0.2% of commercial herbicide (glufosinate ammonium; Aventis,
http://en.sanofi-aventis.com). The surviving transformants were grown to maturity, and
seeds were collected in pools of approximately 200 independent transgenic lines. These
pools constitute the transgenic seed library from which stress-tolerant lines were screened.
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A high-throughput genetic screen for salt-tolerant transgenic lines
To find the optimal NaCl concentration for the genetic screen, wild-type Columbia seeds
were surface sterilized with 15% commercial bleach for 15 min and then rinsed with sterile
water four times. The sterilized seeds were imbibed in sterile water for 2 days at 4°C before
being spread at high density (~3000 seeds per 15-cm-diameter plate) on half-strength MS
agar medium supplemented with 0, 100, 150, 200 and 250 mM NaCl. Seed germination was
inhibited at 150 mM NaCl. To screen the transgenic library for salt-tolerant lines, a higher
NaCl concentration of 220 mM was used to ensure the selection for the salt-tolerance
function. Approximately 800–1000 seeds for each pool (~200 lines) were germinated on
half-strength MS medium containing 25 mg L−1 glufosinate and 220 mM NaCl.
Theoretically, there should be three salt-tolerant seeds if one heterozygous salt-tolerant line
is present in one pool. Thus, 800–1000 seeds gave a high confidence of representation of
salt-tolerance lines during the primary screen.

Rescuing the salt-tolerance transgenic lines, and secondary screen for salt tolerance
In about 2 weeks, green seedlings on half-strength MS medium containing 220 mM NaCl
were selected as putative salt-tolerance lines, and were transferred to half-strength MS and
grown for 1 week before being transferred to soil to grow to maturity. Seeds were harvested
from individual plants and kept as salt-tolerance lines. To confirm the salt tolerance, the
secondary screen was conducted with T2 seeds. Briefly, the seeds were re-examined for salt-
tolerance germination on half-strength MS medium containing 220 mM NaCl, in
comparison with the wild type. In addition, salt-sensitive root elongation was examined on
vertically placed half-strength MS medium containing 150 mM NaCl for additional
confirmation of salt tolerance. Seeds were germinated on the herbicide-containing half-
strength MS medium to select transgenic seedlings, and to verify the segregation ratio.
When about 1-week old, herbicide-resistance seedlings were transferred to soil to grow for
about 2 weeks before salt stress was imposed.

PCR amplification of salt cress cDNA, and identification of the cDNAs by sequencing
To isolate the cDNA from the salt-tolerance transgenic lines, total DNA was prepared from
the leaves of the transgenic lines and then used as the template of PCR amplification with
the primers Omega, 5′-TTTTTACAACAATTACCAACAACAACAA-3′, and attB2T12, 5′-
TACAAGAAAGCTGGGTTTTTTTTTTTT-3′, that flank the inserted cDNA. The amplified
DNA products were gel purified and sequenced.

Genetic analysis of the salt-tolerant lines ST225 and ST6-66
Crosses were performed by transferring the pollen from mature ST225 and ST6-66 anthers to
the stigmas of previously emasculated wild-type flowers. F1 and F2 seeds were assayed for
salt tolerance and herbicide resistance, as described above in the secondary screen. The
germination frequency was recorded and the segregation was analyzed by a χ2 test. For co-
segregation of the transgene, DNA was isolated from individual plants of the F2 population,
and was then subjected to PCR analysis using ST225-specific (forward primer, 5′-
ATGGGTTCTCTAATGTCAGGAT-3′; reverse primer, 5′-
TTACTGGCCCACGCTTTTGGCGA-3′) or ST6-66-specific primers (forward primer, 5′-
ATGAACTTCATCTCTGATCAGGAA-3′; reverse primer, 5′-
TTATTTAATCTTATTATTACGCGCAT-3′).

Validation of the salt-tolerance function of the isolated salt cress cDNAs
To validate the salt-tolerance function conferred by a particular cDNA isolated from a salt-
tolerance transgenic line, the cDNA was inserted in the expression binary vector pCB2004
(Lei et al., 2007). The resultant construct was used to transform the wild-type Arabidopsis
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Columbia. The transgenic lines were examined for salt tolerance, as described for the
secondary screen.

Genomic PCR screen for the T-DNA insertion mutant, and RT-PCR verification of the
homozygous mutant for At1G13930

The SALK_076125 line was obtained from ABRC
(http://www.biosci.ohio-state.edu/pcmb/Facilities/abrc/abrchome.htm) and was screened
with genomic PCR using three primers: primer LP, 5′-
TCCCCATAAACATAAACGAAGC-3′; primer RP, 5′-
TCCATAAACTAAAGTGGTGCTGTC-3′; and primer LBb1, 5′-
GCGTGGACCGCTTGCTGCAACT-3′. The homozygous mutant was verified by RT-PCR
using primer pairs P1, 5′-CCGGAATTCATGAATTTCATCTCCGATCAG-3′, and P2, 5′-
ATATACTCGAGTTCAAGAAACCTTGAGCCATCT-3′.

RT-PCR and real-time RT-PCR analysis of the expression pattern of At1G13930 and
response to salt stress

For reverse-transcription PCR (RT-PCR) analysis, total RNA was extracted using Trizol
reagent (Invitrogen, http://www.invitrogen.com) from various organs of the wild-type
Columbia plants, and 10-day-old Arabidopsis and salt cress wild-type seedlings, under
normal growth conditions or after salt stress. RT-PCR was carried out with the
ThermoScript RT system (Invitrogen) using 1000 ng of RNA as the template and oligo
dT25. The RT reaction mixture (1 μl) was used as the template for RT-PCR analysis using
At1G13930- and ST6-66-specific primers. The PCR conditions were 1 min of denaturation at
95°C, 1 min of primer annealing at 58°C and 1 min primer extension at 72°C for 30 cycles,
or for 25 cycles for tubulin. Real-time RT-PCR was performed and statistically analyzed as
described by Livak and Schmittgen (2001). As an internal control, the tubulin transcript was
used to quantify the relative transcript abundance of each target gene in each tissue type.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Flow chart illustrating the functional gene-mining method with the power of Arabidopsis,
and the minimal time required for each step.
Starting from cDNA synthesis for the source germplasms (for example, salt cress), through
entry and destination expression library construction, large-scale transformation of
Arabidopsis to generate the T2 seed library, primary high-throughput screen of the T2 seed
library (T1 seeds can also be screened if the T2 library is not maintained) for salt tolerance,
for example, secondary screen to confirm the phenotype and isolation of cDNA, to the final
recapitulation and gene function analysis: the whole procedure requires a minimal time of 1
year. The broken arrow indicates an alternative route.
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Figure 2.
The Arabidopsis transgenic line expressing the salt cress cDNA ST6-66 shows improved salt
tolerance.
(a) Salt-tolerant germination assay. Seeds of the wild type (WT) and the transgenic line
ST6-66 were germinated on half-strength MS medium containing 0, 165 or 180 mM NaCl.
Photographs were taken for 0 and 165 mM NaCl treatment, when seedlings were 1-week
old. About 20 seeds each of the wild type and ST6-66 were sowed on each plate. Three
replication plates were used.
(b) Comparison of germination in the experiments shown in (a). Values are the mean of the
three replications. Error bars represents SEM. **Significant differences between WT and
ST6-66 plants at P < 0.001.
(c) Salt-tolerance assay in soil. ST6-66 transgenic and wild-type plants were grown under
identical soil and short day conditions, and were treated with 0 or 250 mM NaCl solutions
when seedlings were 2-weeks old. Growth continued for one more week under salt stress
before the rosette diameters were measured, as described in Figure 2c. Values are the mean
of three replication pots, each containing between nine and 12 plants. Error bars represents
SEM. **P < 0.001.
(d) Photograph of representative pots for control (0 mM NaCl) and 250 mM NaCl treatment
at the time of rosette-diameter measurement.
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Figure 3.
Confirmation of salt tolerance conferred by ST6-66 overexpression.
(a) The overexpression construct of ST6-66 cDNA, pCB2004-ST6-66, is illustrated (not
drawn to scale). This construct was used to generate transgenic plants, and homozygous
lines were used for the following salt-tolerance assay.
(b) Overexpression of ST6-66 in the wild type (WT) and transgenic lines by RT-PCR
analysis. RNA was isolated from WT and transgenic seedling (CB204/ST6-66 and ST6-66),
and ST6-66 transcript levels were analyzed using ST6-66-specific primers, as described in
the Experimental procedures.
(c) Salt-tolerant germination assay. Seeds of the WT and pCB2004-ST6-66, as well as
ST6-66, were germinated on the half-strength MS medium containing 0, 150, 180 or 200
mM NaCl. Photographs were taken for 0 and 150 mM NaCl treatment when seedlings were
1-week old. About 30 seeds each of the WT, pCB2004-ST6-66 and ST6-66 were sown on
each plate. Three replication plates were used.
(d) The key for the plates in (c).
(e) Comparison of germination for the experiments in (b). Values are the mean of three
replications. Error bars represent SEM. **Significant differences between WT and
transgenic plants at P < 0.001.
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Figure 4.
At1g13930 mutant and complementation analysis.
(a) Illustration of the At1g13930 locus with the T-DNA insertion in SALK_076125, and
primers used for identifying homozygous progeny.
(b) Confirmation of the knock-out of At1g13930 by RT-PCR. The transcript level of the
SALK-076125 homozygous line (KO) was not detectable, in contrast with that of the wild
type (WT). Tubulin was used for equal loading.
(c) Knock-out of At1g13930 renders the mutant more sensitive to salt stress. Seeds of the
WT and KO, as well as of ST6-66, were germinated on half-strength MS medium containing
0, 50 or 150 mM NaCl. Germination was counted when the seedlings were 1-week old.
Seeds (15–30 each) of WT, KO and ST6-66 were sown on each plate. Three replication
plates were used. Values are the mean of three replications. Error bars represent SEM.
**Significant differences between ST6-66 and WT and KO lines at P < 0.001.
(d) Photographs were taken for 0 and 50 mM NaCl treatment, and germination was counted
when seedlings were 1-week old. The key for the plates is shown on the right.
(e) Complementation analysis. The same pCB2004-ST6-66 line as described in Figure 4a
was used to transform SALK-076125 homozygous plants (KO), and the empty vector
pCB2004 was used to generate control plants. T1 seeds were assayed for salt sensitivity by
germinating seeds on MS medium containing 50 mg L−1 herbicide glufosinate and 0 or 50
mM NaCl. When seedlings were 1-week old, germination was counted and photographs
were taken. Between 30 and 50 seeds each of the control (KO/pCB2004) and the
complemented line (KO/pCB2004-ST6-66) were sown on each plate. Three replica plates
were used. Photos of representative treatments are shown.
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(f) Overexpression of ST6-66 in the transgenic line by RT-PCR analysis. RNA was isolated
from KO control (KO/pCB2004), and transgenic seedling (KO/pCB2004-ST6-66) and
ST6-66 transcript levels were analyzed using the ST6-66-specific primers, as described in the
Experimental procedures.
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Figure 5.
Expression analysis of ST6-66 and its Arabidopsis homolog At1g13930 with RT-PCR and
real-time RT-PCR.
(a) Analysis of the expression pattern of At1g13930 by RT-PCR (top) and real-time RT-PCR
(bottom). RNA was isolated from flower, seed, leaf, silique, root and inflorescence stem,
and was analyzed as described in the Experimental procedures. Tubulin was used as an equal
loading control. Real-time RT-PCR was performed using the same RNA samples and
primers. The relative abundance of the At1g13930 transcript was first normalized to the
internal tubulin level, and then to the At1g13930 transcript level in the leaves. Values are the
average of three repeats after normalization. Error bars represent SEM.
(b) Response of At1g13930 to salt stress. Columbia wild-type seedlings (10-days old) were
treated with NaCl solutions of the indicated concentrations for 5 h before RNA was isolated.
RT-PCR and analysis was conducted as described in (a). The relative abundance of the
At1g13930 transcript was first normalized to the internal tubulin level, and then to the
At1g13930 transcript level in the 0 mM NaCl control sample.
(c) Response of At1g13930 to salt stress. Columbia wild-type seedlings (10-days old) were
treated with 100 mM NaCl solution for the indicated time before RNA was isolated. RT-
PCR analysis was conducted as described in (a). The relative abundance of the At1g13930
transcript was first normalized to the internal tubulin level, and then to the At1g13930
transcript level in the 0-h control sample.
(d) Response of ST6-66 to salt stress in salt cress. Salt cress wild-type seedlings (10-days
old) were treated with 100 mM NaCl solution for the indicated times before RNA was
isolated. RT-PCR analysis was conducted as described in (a), except that ST6-66-specific
primers were used. The relative abundance of the At1g13930 transcript was first normalized
to the internal tubulin level, and then to the At1g13930 transcript level in the 0-h control
sample.
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Figure 6.
The Arabidopsis transgenic line expressing the salt cress cDNA ST225 shows improved salt
tolerance.
(a) Salt-tolerant germination assay. Seeds of the wildtype (WT) and the transgenic line
ST225 were germinated on half-strength MS medium containing 0 or 180 mM NaCl.
Photographs were taken when seedlings were 1-week old. About 20 seeds each of the WT
and ST225 were sown on each plate. Three replica plates were used.
(b) Comparison of germination for the experiments in (a). Values are the means of three
replications. Error bars represent SEM. **Significant differences between WT and ST225 at
P < 0.001.
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(c) Salt-tolerance assay in soil. ST225 transgenic and WT plants were grown in soil in the
same pot under short-day conditions (10-hour photoperiod), and were treated with NaCl
solutions of the indicated concentrations when seedlings were 2-weeks old. The plants were
grown for one further week under salt stress before rosette diameters were measured, where
the widest diameter was recorded. Values are the mean of three replication pots each
containing six plants. Error bar represents SEM. **Significant differences between WT and
ST225 at P < 0.001.
(d) Photograph of representative pots for control (0 mM NaCl) and 200 mM NaCl treatment
at the time of rosette-diameter measurement.
(e) Salt-tolerant germination assay of re-transformants. The ST225 cDNA was cloned into
pCB2004 as described in the Experimental procedures. T2 homozygous seeds were
germinated on MS medium containing 0 or 180 mM NaCl. Photographs were then taken
again when the seedlings were 1-week old.
(f) Comparison of germination for the experiments in (e). Values are the means of three
replications. Error bars represent SEM. **Significant differences between the WT and the
transgenic plants at P < 0.001.
(g) Salt-tolerance assay in the soil of re-transformants. T2 homozygous plants were grown in
soil, and were challenged with salt stress as described in (c). Values are the mean of three
replication pots, each containing six plants. Error bars represent SEM. **P < 0.001.
(h) The photographs of representative pots for control and 200 mM NaCl treatment were
taken after 1 week of salt stress.
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