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The cell wall-associated receptor kinase (WAK) and WAK-like kinase (WAKL) gene family members are good candidates for
physical linkers that signal between the cell wall and the cytoplasmic compartment. Previous studies have suggested that
while some WAK/WAKL members play a role in bacterial pathogen and heavy-metal aluminum responses, others are
involved in cell elongation and plant development. Here, we report a functional role for the WAKL4 gene in Arabidopsis
(Arabidopsis thaliana) mineral responses. Confocal microscopic studies localized WAKL4-green fluorescent protein fusion
proteins on the cell surfaces suggesting that, like other WAK/WAKL proteins, WAKL4 protein is associated with the cell wall.
Histochemical analyses of the WAKL4 promoter fused with the b-glucuronidase reporter gene have shown that WAKL4
expression is induced by Na1, K1, Cu21, Ni21, and Zn21. A transgenic line with a T-DNA insertion at 40-bp upstream of the
WAKL4 start codon was characterized. While the T-DNA insertion had little effect on the WAKL4 transcript levels under
normal growth conditions, it significantly altered the expression patterns of WAKL4 under various conditions of mineral
nutrients. Semiquantitative and quantitative reverse transcription-PCR analyses showed that the promoter impairment
abolished WAKL4-induced expression by Na1, K1, Cu21, and Zn21, but not by Ni21. Whereas the WAKL4 promoter
impairment resulted in hypersensitivity to K1, Na1, Cu21, and Zn21, it conferred a better tolerance to toxic levels of the Ni21

heavy metal. WAKL4 was required for the up-regulation of zinc transporter genes during zinc deficiency, and the WAKL4
T-DNA insertion resulted in a reduction of Zn21 accumulation in shoots. A WAKL4-green fluorescent protein fusion gene
driven by either the WAKL4 native promoter or the 35S constitutive promoter complemented the phenotypes. Our results
suggest versatile roles for WAKL4 in Arabidopsis mineral nutrition responses.

Understanding the cellular and molecular mecha-
nisms of how plant cells monitor and respond to
external signals is fundamentally important. Members
of the receptor-like kinase (RLK) superfamily are
transmembrane proteins that perceive stimuli by their
extracellular domains and transmit the signals via
their cytoplasmic kinase domains (Shiu and Bleecker,
2001; Morris and Walker, 2003). More than 600 RLKs
were identified in Arabidopsis (Arabidopsis thaliana),
and recent studies have suggested that RLKs are
ubiquitous throughout the plant kingdom (Verica
and He, 2002; Shiu et al., 2004). While the precise
functional roles for most of the RLKs are currently not
quite defined, researchers have been able to assign
specific signaling functions to several extensively

studied members (Torii, 2004). Known functions for
these RLKs include phytohormone responses (Chang
et al., 1993; Li and Chory, 1997; Clark et al., 1998;
Gamble et al., 1998), developmental controls (Becraft
et al., 1996; Clark et al., 1997; Yokoyama et al., 1998;
Jinn et al., 2000), reproduction regulations (Stein et al.,
1991; Mu et al., 1994; Takasaki et al., 2000), nodulations
(Endre et al., 2002; Nishimura et al., 2002; Stracke
et al., 2002), and pathogen resistance responses (Loh
and Martin, 1995; Song et al., 1995). The cell wall-
associated kinase (WAK) and the WAK-like kinase
(WAKL) represent a unique RLK subfamily whose 26
members are excellent candidates for signaling mole-
cules that directly link and communicate between the
cell wall and the cytoplasm (He et al., 1996; Kohorn,
2000; Verica et al., 2003). Prominent unique features
for WAK/WAKL members include their epidermal
growth factor-like repeats in their extracellular do-
mains and their tight associations with the cell wall
(He et al., 1996; Verica et al., 2003). Previous studies
have shown that various WAK/WAKL members are
involved in biotic and abiotic stress responses and are
required for cell elongation and development (He et al.,
1996; Lally et al., 2001; Wagner and Kohorn, 2001).
Expression of WAK1 can be induced by bacterial
pathogens and the induced expression is required for
Arabidopsis to survive during pathogenesis (He et al.,
1998). WAK1 is an aluminum early responsive gene
and its overexpression results in aluminum tolerance
(Sivaguru et al., 2003).
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Despite the suggested broad involvement of WAK/
WAKL members in plant functions, very little is
known about the nature of their ligand binding and
the mechanism of their intracellular signal propa-
gation. Biochemical analyses have shown that the
extracellular domain of WAK1 binds to cell wall car-
bohydrate components such as pectins (Wagner and
Kohorn, 2001; Decreux and Messiaen, 2005) and cell
wall proteins such as the Gly-rich protein, AtGRP-3
(Park et al., 2001). The cytoplasmic domain of WAK1
physically interacts with a type 2C protein phospha-
tase, KAPP (Anderson et al., 2001). Together with the
cytoplasmic KAPP and the extracellular AtGRP3,
WAK1 can form a 500-kD protein complex (Park
et al., 2001). Recent detailed in vitro studies suggested
that the WAK1 extracellular domain (amino acids
67–254), excluding the epidermal growth factor-like
repeats, is able to interact with cell wall pectins and
the interactions were completely dependent on cal-
cium and ionic conditions that favor the formations
of calcium bridges between the pectin oligos and
polymers (Decreux and Messiaen, 2005). Cell surface
localization and cell wall association for a WAKL
member, WAKL6, was also recently confirmed (Verica
et al., 2003). Whether and how these associations play
roles in signaling between the cell wall and the in-
tracellular compartment are yet to be determined.
Little is known about the functional roles of RLKs

in plant root signaling, although various RLKs, includ-
ing some WAK/WAKL members, are known to be
expressed in root tissues (He et al., 1999; Verica et al.,
2003, Torii, 2004). Soil abiotic factors, such as avail-
ability of mineral nutrients and water, are fundamen-
tally important to plant development and survival
(López-Bucio et al., 2003). For example, mineral nu-
trients, essential elements absorbed by plant root
systems in the form of inorganic ions, and their avail-

able levels can serve as signals that must be perceived
by plants (Clemens, 2001). For most of the mineral
nutrients, however, the molecular mechanisms of how
exactly the signals are perceived and transduced are
currently not well understood. Gene expression stud-
ies have suggested that expression of WAKL1-7 is
developmentally regulated and tissue specific (Verica
et al., 2003). While WAK1-5 genes are largely ex-
pressed in green tissues (He et al., 1999), WAKL1-7
genes are highly expressed in roots (Verica et al., 2003).
To gain further insight into how WAKL root expres-
sion profiles are coupled with their functional roles
during plant growth and development, we have fur-
ther analyzed WAKL4 expression under various min-
eral nutrient conditions. We report here that WAKL4
expression is highly responsive to various mineral
nutrients, including Na1, K1, Cu21, Ni21, and Zn21. A
WAKL4 T-DNA insertional mutant was isolated and
characterized and its phenotypic analysis confirmed
an important involvement for WAKL4 in root mineral
nutrient responses. This study reports on RLK func-
tion in root mineral responses.

RESULTS

WAKL4 Is Localized on the Cell Surface

Previous cellular and biochemical studies have
shown that several WAK/WAKL members are local-
ized on the cell surface and tightly associated with the
cell wall (He et al., 1996; Verica et al., 2003). The
predicted structural features for WAKL4 protein sug-
gest it may also be associated with the cell wall. To test
this possibility, we generated transgenic plants that
express WAKL4-green fluorescent protein (GFP) fu-
sion proteins. As shown in Figure 1, protein gel-blot

Figure 1. Detection of WAKL4-GFP protein in
transgenic plants (in wakl4-1 background) ex-
pressing 35S::WAKL4-GFP. A and C, Confocal
microscopic images of GFP fluorescence of the
WAKL4-GFP fusion protein in the root epidermal
cells of 35S:WALK4-GFP transgenic plants before
(A) and after (C) plasmolysis. Arrows indicate
plasmolysis occurrence after 0.5 M NaCl treat-
ment. E, Wild-type control. B, D, and F, Bright-
field images of the cells shown in A, C, and E,
respectively. Bars, 20 mm. G, Closer view
of patch-like distribution of WAKL4-GFP fusion
proteins on the cell surfaces. Arrows indicate
the patch-like patterns. Bar, 20 mm. H, Protein
gel-blot analysis of the WAKL4-GFP fusion
protein. Total soluble (S) and insoluble (P)
proteins were prepared from seedlings of
both 35S::WAKL4-GFP (WAKL4-GFP) and
BRI1::BRI1-GFP (BRI1-GFP; Nam and Li, 2002)
and analyzed with a GFP antibody.
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analysis detected high levels of the GFP fusion pro-
teins in the transgenic plants (Fig. 1H). Confocal
microscopic analyses of the root cells of the transgenic
plants confirmed that GFP fluorescence is localized
in the cell surface region overlapping the cell wall and
the plasma membrane (Fig. 1A). Closer examination of
the root cell expressing WAKL4-GFP revealed that the
fusion proteins are forming patch-like structures on
the cell surface (Fig. 1G). To further verify the nature of
the cell wall association of the WAKL4-GFP proteins,
roots cells were plasmolyzed in a 0.5 M NaCl solution
(Fig. 1D) and the GFP fluorescence was examined.
While the majority of the green fluorescence remained
in the cell wall region, a small amount migrated to-
gether to the plasma membrane. To biochemically con-
firm the nature of WAKL4-GFP cell wall association,
soluble and insoluble proteins were fractionated from
the WAKL4-GFP transgenic plants and analyzed by
protein gel blotting using a GFP antibody. WAKL4-
GFP, shown as a band of 102 kD, was highly enriched
in the insoluble pellet (Fig. 1H). Extraction of WAKL4-
GFP from the insoluble fraction, like that of WAK1 (He
et al., 1996), required boiling in 50 mM dithiothreitol
(DTT) and 4% (w/v) SDS. BRI1-GFP, a known plasma
membrane protein, was used as a control (Nam and Li,
2002). As expected, BRI1-GFP, shown as a band of
158 kD, was highly enriched in the soluble protein
fraction (Fig. 1H). These results suggest WAKL4, like
other studied WAK/WAKL members, is a plasma
membrane RLK tightly associated with the cell wall.

WAKL4 Expression in Responding to Mineral Nutrients

Prior analyses showed WAKL4 was slightly ex-
pressed in the leaf hydathode, stipule, hypocotyl-root
junction, and lateral root initiation site (Verica et al.,
2003). To gain further insight into the expression
profile of the WAKL4 gene in responding to environ-
mental stresses, transgenic plants carrying a construct
of the WAKL4 promoter fused to the b-glucuronidase
(GUS) reporter gene were analyzed. Seedlings were
grown in either 0.13 Murashige and Skoog (MS)
medium, as a control, or 0.13 MS medium supple-
mented with various additional mineral nutrients. As
shown in Figure 2, WAKL4::GUS activities strongly re-
sponded to elevated levels of Na1, K1, Cu21, Ni21,
and Zn21. Under the 0.13 MS growth condition, the
WAKL4 promoter is slightly active in the vasculature
of the leaf petiole and hypocotyl (Fig. 2A, a–d) and
little GUS activity was observed in roots (Fig. 2A, e–g).
WAKL4::GUS activity in the vasculature was greatly
enhanced by all five added mineral nutrients. High
levels of GUS activity were observed in vascular
tissues of seedlings grown in media with 100 mM

NaCl (Fig. 2B, a and c), 40 mM NiSO4 (Fig. 2E, a, c,
and d), and 150 mM ZnSO4 (Fig. 2F, a, c, and d). In
particular, heavy GUS staining was observed in the
vascular tissues of hypocotyls in seedlings grown in
media with either nickel or zinc (Fig. 2E, d, and F, d).
WAKL4 promoter activity was also greatly induced in
hypocotyl-root junctions by all five added mineral
nutrients (Fig. 2, B–F, e). In addition, all nutrients, but

Figure 2. WAKL4 expression in responding to
various inorganic minerals and heavy metals.
Histochemical staining for transgenic WAKL4::
GUS seedlings treated without (A) or with (B–F)
various inorganic elements is shown. Eight-day-
old seedlings were transferred to MS medium
alone (A) or MS medium containing 100 mM

NaCl (B), 100 mM KCl (C), 20 mM CuSO4 (D),
40 mM NiSO4 (E), and 150 mM ZnSO4 (F),
respectively. After the transfer, seedlings were
allowed to grow for an additional 3 d on the
designated medium before being harvested for
assays. 5-Bromo-4-chloro-3-indolyl b-D-glucu-
ronide staining for the apical meristem/cotyle-
don (a), leaf petiole (b), leaf vasculature (c),
hypocotyl (d), shoot-root junction (e), lateral
root initiation (f), and primary roots (g) is shown.

Hou et al.

1706 Plant Physiol. Vol. 139, 2005



copper, significantly enhanced WAKL4::GUS activity
at the lateral root initiation sites (Fig. 2, B–F, f). Similar
to that in the hypocotyls (Fig. 2E, d, and F, d), nickel or
zinc treatment resulted in a higher GUS expression in
the vasculature of the roots (Fig. 2E, f, and F, f).
A comprehensive analysis of publicly available

microarray data was carried out. WAKL4 (At1g16150)
expression profiles were obtained through GENEVES-
TIGATOR (Zimmermann et al., 2004) by analyzing
data from experiments of more than 1,800 microarray
chips and were compared to our GUS expression
results. WAKL4 expression patterns in different or-
gans and under various biotic and abiotic stresses
revealed by the microarray data were consistent with
our GUS results (Fig. 1; Supplemental Fig. 3). Micro-
array results confirmed that the highest expression of
WAKL4 was found in roots and that salt (NaCl) stress
significantly induced WAKL4 expression. As much as
a 5-fold increase of theWAKL4 transcript was found in
salt-treated seedlings (Supplemental Fig. 3). Consis-
tent with our observations, the salt-induced expres-
sion seems to be related to elevated minerals and not
to general water deprivation as various drought and
osmotic stress conditions failed to induce WAKL4 ex-
pression (Supplemental Fig. 3).

Impairment of the WAKL4 Promoter by a

T-DNA Insertion

To genetically analyze the functions of WAKL4, we
attempted to isolate WAKL4 knockout mutants from
a number of available collections of T-DNA transgenic
plants. Using a primer 1,490-bp upstream of WAKL4
and a T-DNA left-border primer, a PCR screening in
a DNA superpool (Arabidopsis Biological Resource
Center [ABRC] stock no. CS6503) identified a line with
a T-DNA inserted in the promoter region proximal to
the beginning of the WAKL4 gene. Sequencing anal-
ysis confirmed a T-DNA insertion at 40-bp upstream of
the ATG start codon, as illustrated in Figure 3A. This
insertional line is hereafter designated as wakl4-1.
Genomic DNA gel-blot and genetic segregation anal-
yses suggested that the obtained line carried a homo-
zygous mutation for WAKL4. DNA isolated from
either the wild type (Wassilewskija [Ws]) or the
wakl4-1 were digested with EcoRI and fractionated.
A WAKL4-specific fragment used to probe the geno-
mic DNA blot identified one fragment (5.6 kb) in the
wild-type lane and two fragments (4.7 and 5.7 kb) in
the wakl4-1 lane (Fig. 3B), suggesting that the T-DNA
insertion resulted in homozygous WAKL4 interrup-
tion. WAKL4 is part of the WAKL1-7 gene cluster
(Verica et al., 2003). Specific reverse transcription (RT)-
PCR analyses of WAKL1-7 showed that the T-DNA
insertion had little effect on the expression of other
clustered WAKL genes (data not shown).
To understand the regulatory mechanisms of

WAKL4 gene expression and to verify the functional
roles for WAKL4 protein, two transformation con-
structs, WAKL4::WAKL4-GFP and 35S::WAKL4-GFP,

were generated and utilized to transform wakl4-1
plants. More than 30 independent transgenic lines
were obtained for each construct and representative
lines were used for detailed molecular characteriza-
tions. Seeds for wild-type, wakl4-1, WAKL4::WAKL4-
GFP, and 35S::WAKL4-GFP transgenic plants were
plated in either 0.13 MSmedium or 0.13 MSmedium
supplemented with 50 mM NaCl, 50 mM KCl, 150 mM

ZnSO4, 18 mM CuSO4, and 26 mM NiSO4, respectively.
Fourteen-day-old seedlings were harvested for total
RNA extraction and, subsequently, for RT-PCR anal-
yses. A pair of gene-specific primers was designed in a
unique region spanning the two introns of the WAKL4
gene and their WAKL4 specificity was confirmed by
sequencing their RT-PCR products (Verica et al., 2003).
As shown in Figure 4, consistent with our previously
established GUS expression profile (Fig. 2), WAKL4
expression was significantly up-regulated by 50 mM

NaCl, 50 mM KCl, and 150 mM ZnSO4. A constitutive
actin gene was used to normalize the WAKL4 tran-
script levels in each sample and the WAKL4 transcript
changes were calculated based on that of the wild type
grown on MS medium (designated as 1; Fig. 4,
bottom). Compared to the wild-type control, both the
35S::WAKL4-GFP and theWAKL4::WAKL4-GFP trans-
genic plants gave more than 9-fold higher WAKL4
transcripts. While the WAKL4 transcript level in
wakl4-1 slightly dropped in MS medium, it was sig-
nificantly reduced in medium containing either 50 mM

NaCl or 50 mM KCl.

Figure 3. Characterization of a WAKL4 T-DNA insertional line. A,
Diagram showing the position of the T-DNA insertion. Sequence
analysis confirmed a T-DNA insertion at 40-bp (240) upstream of the
ATG start codon (11) of the WAKL4 gene. B, Genomic Southern
analysis of the WAKL4 T-DNA line. Fifty micrograms of genomic DNA
from either the wild-type (lane 2) or the T-DNA line (lane 3) were
digested with EcoRI and probed with a WAKL4 probe. The DNA Mr

ladder is shown in lane 1.
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In contrast to other nutrients, nickel has an opposite
effect on WAKL4 expression in wakl4-1. RT-PCR anal-
ysis detected a noticeable increase of the WAKL4
transcript in wakl4-1 grown in MS medium with nickel
(Fig. 4). This observation was confirmed by several
independently repeated RT-PCR experiments. To fur-
ther verify this unexpected result, quantitative real-
time RT-PCR analyses were used to determineWAKL4
transcript abundance in samples grown in MS me-
dium with nickel. A constitutive actin gene was in-
cluded in the same tube real-time RT-PCR assay for
normalization purposes and changes of the WAKL4
transcript abundance were calculated based on the
level of that in the wild type (Ws) as 1. As shown in
Figure 5, the WAKL4 transcript level in the wakl4-1
mutant grown in the presence of nickel showed a 100%
increase when compared to that in the wild type. It
also confirmed high levels of WAKL4 transcripts of as
much as a 20-fold increase in the 35S overexpression
lines (OX; Fig. 5), consistent with the results from the
previous semiquantitative RT-PCR experiment (Fig. 4).
As a positive control, Na1 was shown to notably en-
hance WAKL4 transcript abundance in the wild type
(Fig. 5).

wakl4-1 Is Hypersensitive to Various Mineral Nutrients

The results of WAKL4 expression studies strongly
suggest a functional role for WAKL4 in mineral
nutrient responses. We initially observed that wakl4-1
seedlings consistently showed retarded root growth
when grown in full- or one-half-strength MS nutrients.
As shown in Figure 6, while little root length differ-
ences between the wild type and wakl4-1 were ob-
served on 0.13 MS medium, wakl4-1 root lengths on
0.53 MSwere reduced bymore than 30% as compared
to the wild type.The root length reduction phenotype
was complemented when a wild-type copy of the

WAKL4 gene in the form of either WAKL4::WAKL4-
GFP (complementation line [Compl]) or 35S::WAKL4-
GFP (OX) was introduced back into the wakl4-1 plants
(Fig. 6).

To further determine which mineral nutrient in MS
medium caused wakl4-1 root sensitivity, various nu-
trients were added into 0.13 MS medium and tested
for wakl4-1 growth. As shown in Figure 7, both 50 mM

KCl and 50 mM NaCl had a dramatic effect on wakl4-1
root growth. Root lengths of wakl4-1 seedlings were
reduced by more than 50% by both salts. Both Compl
and OX showed restoration of root growth, although
the latter was less effective (Fig. 7).

Figure 4. RT-PCR analyses of WAKL4 expression in responding to various mineral nutrients. A gene-specific primer pair was
used to analyze WAKL4 transcript levels in seedlings treated without (MS) or with (50 mM NaCl, 50 mM KCl, 150 mM ZnSO4,
18 mM CuSO4, and 26 mM NiSO4) various inorganic ions as indicated on the top. Analyzed plant samples include a T-DNA line
(wakl4-1), wild type (Ws), WAKL4::WAKL4-GFP (Compl), and a 35S::WAKL4-GFP (OX). The Actin gene was used as a control.
Relative WAKL4 transcript levels under various treatments were first normalized against their corresponding actin levels and the
calculated changes of WAKL4 transcripts as compared to that of the wild type grown on MS medium (set as 1) are shown at the
bottom.

Figure 5. Quantitative real-time RT-PCR analyses of WAKL4 expres-
sion. Wild type (Ws), wakl4-1 (wakl4), and WAKL4 (OX) were grown
on regular MSmedium (MS), MS supplemented with 50mM NaCl (MS1
Na), or MS supplemented with 26 mM NiSO4 (MS 1 Ni), respectively.
Shown on the top of each vertical bar is the relative WAKL4 transcript
level of the indicated sample. All samples were normalized against an
actin internal control and calculated based on the value of the wild type
(on MS medium) as 1. Values are the average of three independent
measurements.
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Seedlings of wakl4-1 were also tested on 0.13 MS
medium supplemented with either 150 mM ZnSO4
or 18 mM CuSO4. As shown in Figure 8, both Zn21

and Cu21 significantly affected root lengths of wakl4-1
seedlings. Zn21 and Cu21 reduced wakl4-1 root length
by more than 50% and 30%, respectively (Fig. 8). The

root length reductions were recovered in both the
Compl and the OX lines (Fig. 8).

The Arabidopsis zinc transporter (ZIP) genes were
known to be regulated by zinc availability (Grotz et al.,
1998). To gain further insight into a possible role for
WAKL4 in zinc response, we analyzed ZIP expressions
in both root and shoot tissues of wild type, wakl4-1,
Compl, and OX lines. Seedlings were grown in either
0.13 MS or 0.13 MS medium supplemented with
150 mM ZnSO4 and used for total RNA extraction. Pairs
of ZIP gene-specific primers were used for RT-PCR
analyses. Figure 9A shows that all four ZIP genes were
expressed in roots of the wild-type plant, and their ex-
pression responded to Zn21 deficiency. Little expression
of all ZIP genes but ZIP2 was found in roots when the
growth medium was supplemented with 150 mM Zn21

(Fig. 9A). In wild-type shoots, while ZIP1 and ZIP4
were suppressed in the 150 mM Zn21 medium, ZIP2 was
slightly induced under the same condition (Fig. 9).
The Zn21 deficiency-induced expression for all four ZIP
genes appeared to be abolished in wakl4-1. When
wakl4-1 seedlings were grown on MS medium, tran-
scripts for ZIP1, ZIP3, and ZIP4 became undetectable
and the transcript of ZIP2 was dramatically reduced.
Transcript levels for all four ZIP genes were completely
recovered in both the WAKL4 Compl and the WAKL4
OX line in both roots and shoots (Fig. 9A).

Zinc content was measured in wild type, wakl4-1,
Compl, and OX lines. Seedlings were grown on
0.13 MS medium supplemented with 150 mM ZnSO4,
and their shoots and roots were separated for
Zn21 determination. There was no significant differ-
ence in Zn21 levels in roots of the four samples (Fig.
9B). In contrast, Zn21 levels were dramatically reduced
in wakl4-1 shoots (Fig. 9B). This reduction was fully

Figure 6. Effect of mineral nutrients on wakl4-1 root elongation. Seeds
were plated on media containing either one-tenth (0.13 MS) or one-
half (0.53 MS) strength of the MS salt. A, Images of 20-d-old seedlings
of wild type (Ws),wakl4-1 (wakl4), WAKL4::WAKL4-GFP (Compl), and
35S::WAKL4-GFP (OX). Bars, 1 cm. B, Root length comparison of
seedlings growing in either 0.13 or 0.53 MS medium as shown in A.
Each value plotted represents the mean of three independent experi-
ments, with each experiment involving 25 seedlings. Error bars 5 SD.

Figure 7. Hypersensitivity of wakl4-1 to Na1

and K1. Seeds were plated on 0.13 MS
medium containing either 50 mM KCl or
50 mM NaCl. A, Images of 20-d-old seedlings
of wild type (Ws), wakl4-1 (wakl4), WAKL4::
WAKL4-GFP (Compl), and 35S::WAKL4-GFP
(OX). Bars, 1 cm. B, Root length measurements
of seedlings growing in either 50 mM KCl or
50 mM NaCl, as shown in A. Each value
represents the mean of three independent ex-
periments, with each experiment involving 25
seedlings. Error bars 5 SD.
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recovered in both the Compl and OX lines (Fig. 9B). In
addition, the OX line contained a higher level of Zn21

in both shoots and roots (Fig. 9B). On 0.13 MS
medium supplemented with 150 mM ZnSO4, wild-
type roots accumulated twice the amount of Zn21 as
wild-type shoots (Fig. 9C). The calculated ratios of
Zn21 content in shoots versus in roots of the wild type
indicated an average value of 0.5, whereas that of
wakl4-1 decreased to about 0.3 (Fig. 9C). These results

suggest a likely role for WAKL4 in Zn21 accumulation
in shoots.

WAKL4 and Nickel Tolerance

A slightly increased WAKL4 expression level was
detected in wakl4-1 when treated with Ni21, and a
constitutively enhanced WAKL4 expression was ob-
served in the Compl plants (Figs. 4 and 5). To test

Figure 8. Hypersensitivity of thewakl4-1mutant to Zn21 and Cu21. A and B, Seeds were plated on 0.13 MSmedium containing
either 150 mM ZnSO4 (A) or 18 mM CuSO4 (B). Top, Images of 20-d-old seedlings of wild type (Ws), wakl4-1 (wakl4),
WAKL4::WAKL4-GFP (Compl), and 35S::WAKL4-GFP (OX) are shown. Bars, 1 cm. Bottom, Root length measurements of
seedlings growing on either 150 mM ZnSO4 or 18 mM CuSO4, as indicated. Each value plotted represents the mean of three
independent experiments, with each experiment involving 25 seedlings. Error bars 5 SD.

Figure 9. Nickel tolerance ofwakl4-1.
Seeds were plated on 0.13 MSmedia
containing various concentrations of
NiSO4 (28, 32, and 36 mM) as indi-
cated. A, Images of 20-d-old seedlings
of wild type (Ws), wakl4-1 (wakl4),
WAKL4::WAKL4-GFP (Compl), and
35S::WAKL4-GFP (OX). Bars, 1 cm. B,
Root length measurements of seed-
lings growing under three different
NiSO4 concentrations, as shown in
A. Each value plotted represents the
mean of three independent experi-
ments, with each experiment involv-
ing 25 seedlings. Error bars 5 SD.
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whether the elevated expression in Ni21 had any
physiological effects on Arabidopsis growth, we plated
wild type,wakl4-1, Compl, andOX onmedia containing
various levels of Ni21. In general, Arabidopsis is con-
sidered to be nontolerant to Ni21 (Clemens, 2001;
Freeman et al., 2005). As shown in Figure 10, in the
wild type, as little as 28 mM of Ni21 caused a dramatic
inhibition of root growth and 36 mM Ni21 resulted in
lethality. In contrast, seedlings of wakl4-1, Compl, and
OX gave much better root growth than the wild type
(Fig. 10A). Both the wakl4-1 and the Compl plants
survived well at 36 mM Ni21. OX plants consistently
showed robust growth at the three Ni21 concentrations.
At 28 mM Ni21, root lengths of wild-type seedlings were
about 50% of that of OX. Increased Ni21 concentration
had a dramatic effect on wild-type root length but not
on OX. At 36 mM Ni21, root lengths of the wild type
dropped to less than 20% of that of OX. These results
established a good correlation between WAKL4 ex-
pression and the Ni21 tolerance. Measurements of
plant Ni21 content showed no significant differences
of Ni21 levels in either shoot or root among wild-type,
wakl4-1, Compl, and OX plants (data not shown),
suggesting a possible role of WAKL4 in Ni21 cellular
detoxification rather than Ni21 transportation or accu-
mulation.

DISCUSSION

Understanding how plants acquire and useminerals
has been fundamentally important to agricultural
production and environmental protection. Plants

have to constantly monitor and properly respond to
the availability of mineral nutrients in soil. While too
few minerals in soil hinder plant growth and pro-
ductivity, excess levels of mineral nutrients can cause
toxicity and even lethality to plants. The availability of
the mineral nutrients can fundamentally change root
architecture (López-Bucio et al., 2003). Minerals and
their levels can serve as signals that can be perceived
by plants. Due to extensive studies in plant nutrition in
the last century, the physiological and biochemical
roles for most of the mineral nutrients have been very
well defined. For most of the mineral nutrients,
however, the molecular mechanisms of how these
signals are perceived and transduced are currently
not well understood. This study provided evidence
suggesting an important involvement of WAKL4 in
plant mineral response. Expression of WAKL4 was
induced by a number of mineral nutrients, including
Na1, K1, Cu21, Ni21, and Zn21. While reducedWAKL4
expression resulted in hypersensitivity to Na1, K1,
Cu21, and Zn21, WAKL4 overexpression provided
Ni21 tolerance.

WAKL4 Cell Wall Association

TheWAKL4 gene is a member of the WAKL1-7 gene
cluster (Verica et al., 2003). Previously, another mem-
ber of the WAKL1-7 cluster, WAKL6, was shown to be
localized to the cell wall (Verica et al., 2003). In this
study, we have used aWAKL4-GFP fusion gene driven
by either the WAKL4 native promoter or the 35S con-
stitutive promoter to complement the wakl4-1 mu-
tant. Both constructs successfully complemented the

Figure 10. Differences in zinc transporter gene expression and zinc levels in wakl4-1. A, RT-PCR analyses of expression
comparisons of four zinc transporter genes (ZIP1, ZIP2, ZIP3, and ZIP4) under low or high Zn21 concentrations. Seedlings of
wakl4-1 (wakl4), wild type (Ws), WAKL4::WAKL4-GFP (Compl), and 35S::WAKL4-GFP (OX) were grown on either 0.13 MS or
0.13 MS supplemented with 150 mM ZnSO4 (MS1 150 mM Zn21) and their roots and shoots were separated for RT-PCR analyses.
Actin was used as a constitutive control. B, Measurements of Zn21 levels in shoots and roots of wild type, wakl4-1, Compl,
and OX, as indicated. Error bars 5 SD. C, Calculated Zn21 content ratios of shoot versus root in the four indicated plant
samples.
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wakl4-1 mutant, suggesting that the WAKL4-GFP fu-
sion protein is functionally compatible to WAKL4.
Confocal microscopic analysis revealed that WAKL4
was localized to the cell surface areas. Under higher
magnifications, WAKL4-GFP fluorescence can be ob-
served as patch-like structures in the cell surface area.
The mechanism and significance of this patch-like
pattern formation on the cell surface is yet to be
determined. Further plasmolysis observations con-
firmed localizations for WAKL4-GFP to both the
plasma membrane and the cell wall. After plasmolysis
treatment, while the majority of the GFP fluorescence
was retained in the cell wall region, a visible amount of
fluorescence was detected in the plasma membrane
area. Predicted structural features of WAKL4 protein
suggested WAKL4, like WAK1 and WAKL6, is likely
localized on the cell surface (Verica et al., 2003). Like
other typical WAK/WAKL members, WAKL4 has an
N-terminal hydrophobic segment of about 24 amino
acids predicted to be signal sequences that direct
the protein to the endoplasmic reticulum and a trans-
membrane region characteristic of plasma membrane
proteins. GFP fluorescence results in this study
are consistent with the localization of WAKL4 in the
cell wall.

Protein gel-blot experiments further confirmed the
tight association of WAKL4 with the cell wall. Like
WAK1 (He et al., 1996), WAKL4 could be efficiently
extracted from the insoluble pellet by boiling for
10 min in a buffer containing 50 mM DTT and 4% SDS.
The majority of WAKL4-GFP was found in the in-
soluble fraction (Fig. 1A). A small amount of WAKL4-
GFP still remained in the soluble fraction, consistent
with the confocal observation in plasmolysis. BRI1-
GFP, a known plasma membrane receptor kinase, was
largely fractionated with the soluble fraction. The
dramatic differences between the fractionations of
the two RLKs strongly support that WAKL4 is associ-
ated with the cell wall. While the majority ofWAKL4 is
tightly associated with the cell wall, a fraction of it
could become relatively loosely associated, suggest-
ing the association of WAKL4 with the cell wall could
be dynamic. Other WAK/WAKL members, such as
WAK1, are less tightly associated with the cell wall in
young and developing organs when compared to that
in older tissues (He et al., 1996; Anderson et al., 2001).
The significance of the dynamic nature of cell wall
association for the WAK/WAKL members is yet to be
determined.

Tissue- and Mineral-Specific WAKL4 Expression

Our analyses suggested WAKL4 expression was
mostly in roots and was responding to elevated levels
of multiple mineral elements. Previous promoter-GUS
analyses suggested WAKL1-7 genes were highly ex-
pressed in roots, whereas WAK1-5 genes were mainly
expressed in green tissues (Verica et al., 2003). In
analyzingWAKL4 promoter-GUS activities under var-
ious abiotic conditions, we further determined that the

WAKL4 expression in roots strongly responds to
mineral strength in the growth media. In our previous
report, we used full-strength MS medium that gave
among others about 100 mM Na1, 20 mM K1, 30 mM

Zn21, and 160 nM Cu21. Under the full-strength MS,
the WAKL4 promoter was active in root-shoot junc-
tions and lateral root initiation sites (Verica et al., 2003).
When 0.13 (one-tenth) strength of MS medium was
used, the GUS staining in those areas was barely
detectable (Fig. 1A, e–g). The 0.13 MS medium be-
came a convenient condition to test WAKL4 responses
to various minerals. Various minerals were added to
0.13 MS medium and tested for their effect on the
WAKL4 promoter-GUS activity. TheWAKL4 promoter
can be strongly induced by five minerals, Na1, K1,
Cu21, Ni21, and Zn21 (Fig. 2, B–F). These inductions
were mineral specific as a number of other minerals
and heavy metals failed to induce WAKL4-GUS ex-
pression. For example, while both 100 mM NaCl and
100 mM KCl greatly enhanced WAKL4 promoter
activities (Fig. 2, B and C), 100 mM LiCl had little
effect (data not shown). Likewise, both 20 mM CuSO4
and 40 mM NiSO4 resulted in strong GUS staining
while 40 mM CdSO4 showed no effect. Furthermore,
little GUS activity was detected when seedlings were
grown on 0.13 MS medium supplemented with
100 mM mannitol. The mineral-specific expression pro-
file strongly suggests WAKL4 may play a role in
Arabidopsis mineral nutrient responses.

Analysis of publicly available microarray data pro-
vided further support for our discoveredWAKL4 gene
expression patterns. Experimental data from more
than 1,800 microarray chips were carefully examined
through GENEVESTIGATOR (Zimmermann et al.,
2004). Consistent with our GUS data, WAKL4 was
mostly expressed in root tissue (Supplemental Fig. 1).
During development, the highest WAKL4 expression
was found in 14- to 18-d-old seedlings (Supplemental
Fig. 2). In addition, WAKL4 responded to a number of
abiotic factors, including, most notably, salt stress. Salt
stress-treated seedlings gave more than 5-fold of
WAKL4 transcripts when compared to control (Sup-
plemental Fig. 3). Interestingly, the microarray data
from the osmotic and drought experiments confirmed
the results derived from our WALK4 promoter-GUS
studies (Fig. 2). Neither the osmotic treatments nor
drought stresses had any noticeable effect on WAKL4
expression (Supplemental Fig. 3). The drought and salt
stress share some common physiological responses,
yet their cellular processes can be distinguished into
specific pathways (Hasegawa et al., 2000). OurWAKL4
data suggest two processes may be uncoupled from
each other.

WAKL4 Promoter Impairment

The isolated T-DNA line carried a T-DNA insertion
in the WAKL4 promoter 40-bp upstream (240) of the
ATG start codon. Within the WAKL1-7 gene cluster,
there are 1,159 bp between the TGA stop codon of

Hou et al.

1712 Plant Physiol. Vol. 139, 2005



WAKL3 and the beginning ofWAKL4 ATG start codon
(Verica et al., 2003). The WAKL4 promoter region is
predicted to be about 1 kb after excluding the 3#
untranslated region ofWAKL3 and the 5# untranslated
region ofWAKL4. Surprisingly the T-DNA insertion in
the proximal region of the WAKL4 promoter failed to
completely abolish WAKL4 transcription. In fact, un-
der normal growth conditions, such as 0.13 MS
medium, wakl4-1 could still yield as much as 90% of
the WAKL4 transcripts in the wild type (Figs. 4 and 5).
As previously noted, WAKL4 expression can be
strongly induced by minerals such as Na1, K1, and
Zn21 (Figs. 4 and 5). For example, our quantitative
real-time RT-PCR assays determined an 8-fold increase
forWAKL4 transcripts when seedlings were treated by
NaCl (Fig. 5). This induced expression was completely
suppressed in wakl4-1, indicating the T-DNA interrup-
tion eliminated the responsiveness of the WAKL4
promoter to these minerals (Figs. 4 and 5). In contrast,
the same T-DNA insertion enabled wakl4-1 to posi-
tively respond to elevated levels of Ni21 (Fig. 4). RT-
PCR experiments showed there was twice as much
WAKL4 transcript in wakl4-1 seedlings grown in
medium containing 26 mM NiSO4 when compared to
that in regular medium (Fig. 4). The opposite effects of
T-DNA insertion at 240 on WAKL4 expression were
not expected. We thus further confirmed the surpris-
ingly elevated level of the WAKL4 transcript by real-
time quantitative PCR analyses (Fig. 5). Consistent
with the semiquantitative RT-PCR results, almost
twice as many WAKL4 transcripts were detected in
wakl4-1 mutants when compared to that of the wild
type (Fig. 5). Although multiple copies of the W-box
(TTGAC), an element required for pathogenesis-
related gene inductions, were discovered in the
WAKL4 promoter (Verica et al., 2003), close examina-
tion of the 240 region of the WAKL4 promoter in
wakl4-1 did not find any known cis-elements involved
in abiotic stress responses. It is possible that there are
mineral-responsive cis-acting elements located around
the 240 WAKL4 promoter region, and these elements
may have overlapping or opposite roles in respond-
ing to various mineral nutrients and in maintaining
cellular mineral homeostasis. Further detailed pro-
moter structure-function studies will help define such
elements.

WAKL4 and Mineral Responses

Hypersensitivity of wakl4-1 to Na1, K1, Cu21, and
Zn21 strongly suggests a functional role for WAKL4
in mineral signaling. The lengths of primary roots in
wakl4-1 were significantly reduced when grown in
medium containing elevated Na1, K1, Cu21, and Zn21

(Figs. 7 and 8). As much as more than 50% root length
reduction was observed when treated with these
minerals. The roles of WAKL4 in response to these
minerals were established when a WAKL4-GFP fusion
gene was introduced back into wakl4-1 and proved to
be sufficient to restore the primary root lengths (Figs. 7

and 8). WAKL4-GFP expression driven by either the
WAKL4 native promoter or the 35S constitutive pro-
moter complemented the phenotypes (Figs. 7 and 8).
Semiquantitative and quantitative RT-PCR analyses
revealed that the complemented plants produced
higher levels of WAKL4 transcripts than the wild
type. Protein gel-blot analysis with a GFP antibody
verified a high accumulation of the WAKL4-GFP
fusion protein. It is not unusual that the complemen-
tation by the WAKL4 native promoter-driven WAKL4-
GFP resulted in WAKL4-GFP overexpression, which
could be due to the specific chromosomal landed
positions and possibly multiple copies of the inserted
transgene (Nam and Li, 2002). Under standard growth
conditions, there appear to be little detectable growth
and developmental differences between the OX lines
and the wild type.

The five minerals shown to cause phenotypes in
wakl4-1 belong to two biochemically functional
groups. Both K1 and Na1 are placed in the group of
nutrients that remain in ionic forms. They may func-
tion in establishing cell turgor and maintaining cell
electroneutrality. Cu21, Ni21, and Zn21 are micronu-
trients that belong to the group involved in redox
reactions. The mechanism of how WAKL4 is involved
in these mineral responses is not known. Plant roots
havemechanisms to respond tomineral alternations in
the soil environment. All plants have a basic metal
tolerance mechanism (Clemens, 2001). Within a tolera-
ble range of mineral concentrations in soil, plants
regulate the uptake to maintain mineral homeostasis.
Our data suggested that wild-type seedlings could still
achieve as much as 70% of the root length when K1

concentration was increased by 25-fold. Wild-type
tolerance on Na1 is even more dramatic. The Na1

concentration in regular 0.13 MS medium is about
10 mM (Murashige and Skoog, 1962; Figs. 6 and 7).
Wild-type seedlings grown on medium with 50 mM

NaCl (a 5,000-fold increase) could reach 60% of the
root length when compared to a 0.13 MS medium
control (Figs. 6 and 7). Likewise, when Zn21 was
increased by 50-fold, wild-type root length was re-
duced only by about 30% (Figs. 6 and 8). Cu21 has
a more dramatic effect on wild-type root length. A
6-fold Cu21 increase resulted in as much as 80% root
length reduction for wild type (Figs. 6 and 8). These
findings are consistent with the notion that plants
have ubiquitous mechanisms for mineral tolerance
(Clemens, 2001). WAKL4 expression is mineral regu-
lated and wakl4-1 is hypersensitive to elevated miner-
als, suggesting that WAKL4 is required for tolerance
responses. However, it is interesting to note that,
among all the essential minerals, only the macronutri-
ent K1 and the subset of the micronutrients (Na1,
Cu21, Zn21, and Ni21) had an impact on WAKL4
expression and caused hypersensitive phenotypes on
wakl4-1, suggesting that WAKL4 may play specific
roles in tolerance responses for these minerals.

The main targets of regulation in mineral uptake
processes are usually the mineral transporters. The
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measurement of mineral content in wild-type, wakl4-1,
Compl, and OX plants indicated there were no signif-
icant differences among these plants for levels of Na1,
K1, Cu21, and Ni21 in both root and shoot tissues (data
not shown). The constant steady-state levels of these
minerals in the four different plants highly suggest
neither suppression nor overexpression of WAKL4
might influence the activity changes of the transport-
ers for these minerals. However, a different scenario
for Zn21 content was observed in the four different
plants. While Zn21 levels remained relatively the same
in the roots, they significantly dropped in wakl4-1
shoots when compared to that of other plants (Fig. 9B).
In general, the OX line showed a consistently higher
Zn21 level. Zn21 transport from root to shoot is
significantly affected as shown by the calculated
Zn21 content ratio of shoot versus root (Fig. 9C). The
shoot-to-root Zn21 ratio for the wild type was about
50%, whereas that of wakl4-1 was about 30%. Consis-
tent with this observation, our analyses indicate that
WAKL4 was required for the expression of the Zn21

transporter genes in responding to Zn21 deficiency
(Fig. 9A). The Zn21 deficiency-induced expression for
the four Arabidopsis zinc transporter genes was abol-
ished in wakl4-1. While it has been proposed that
specific Zn21 transporters are involved in Zn21 trans-
port between tissues (root to shoot) and between cells,
such specific transporters are yet to be assigned (Grotz
et al., 1998). The observation that WAKL4 expression is
induced by Zn21 at the shoot-root junction is very
intriguing (Fig. 2F). Further studies will be needed to
dissect the mechanisms of whyWAKL4 is required for
zinc transporter gene expression and how WAKL4
plays a role in Zn21 uptake, especially in transport
between roots and shoots.

Nickel is a micronutrient that is known to be re-
quired as a cofactor for urease (Eskew et al., 1983;
Zonia et al., 1995). As an essential heavy metal, it can
be toxic at excess levels. At 28 mM, Ni21 had a dramatic
effect on wild-type growth. The wild type had more
than 90% root length reduction (Fig. 10A). A slight
increase of Ni21 to 36 mM resulted in extremely stunted
wild-type growth. Both the Compl and theWAKL4 OX
seedlings can well survive Ni21 at various toxic levels
(Fig. 10A). For example, when Ni21 was increased
from 28 to 36 mM, the root length of theWAKL4 OX line
was just slightly reduced. Similarly, the WAKL4::
WAKL4-GFP Compl lines were also growing much
better than the wild type. At toxic levels of Ni21, like
both the WAKL4 Compl line and the WAKL4 OX line,
wakl4-1 seedlings also survived better than the wild
type. We further tested more than 10 transgenic lines
that gave higher levels of the WAKL4 transcript for
Ni21 tolerance. Ni21 tolerance phenotypes were in
a good correlation with WAKL4 transcript levels. The
molecular mechanism of Ni21 tolerance that resulted
from WAKL4 overexpression is currently not known.
Studies have suggested Ni21 hypertolerance is corre-
lated with His responses in at least some species
(Kerkeb and Krämer, 2003; Wycisk et al., 2004). In

addition, Ni21 sequestration in the vacuole appears to
play a role in the detoxification process (Krämer et al.,
2000). Recently, analyses of Ni21 hyperaccumulation in
six diverse Thlaspi hyperaccumulators suggested
a role of salicylic acid in a glutathione-mediated Ni21

tolerance (Freeman et al., 2005). Whether and how
WAKL4 expression affects cellular levels of His, sali-
cylic acid, and glutathione, or regulates Ni21 vacuole
sequestration, are to be determined. Further biochem-
ical and genetic studies on the relationship between
Ni21 hypertolerance and WAKL4 overexpression will
provide valuable insights into how plants use RLKs to
respond to mineral and heavy-metal toxicity.

MATERIALS AND METHODS

Plant Material and Mineral Nutrients

Arabidopsis (Arabidopsis thaliana) ecotype Ws and transgenic plants were

grown as described before (Verica et al., 2003). Surface-sterilized seedswere cold

treatedat 4�C for at least 48h andplatedonpetri disheswithvariousmedia. Both

the full-strength 13 MS medium (Murashige and Skoog, 1962) and different

diluted solutionswere used for various tests. Formineral tests, differentmineral

solutions were added to 0.13 MS to generate the required medium. Seedlings

were grown vertically on square plates (1003 1003 15 mm; Fisher Scientific)

containing either 0.13 MS medium alone (control) or 0.13 MS medium

supplemented with additional mineral nutrients as indicated.

Identification of the WAKL4 T-DNA Insertion Line

Screening for the WAKL4 T-DNA insertion line was carried out by using

publicly available T-DNA pools from the ABRC (Ohio State University). DNA

pools of various T-DNA collections were used for PCR-based screening

(Krysan et al., 1996). T-DNA insertion in WAKL4 was identified in one

subpool (pool no. 58, CS2691) of the superpool (ABRC stock no. CS6502; K.

Feldmann T-DNA collection containing 6,300 lines) by using a left-border

primer (KF-LB, 5#-GCGCAATATTTACACATAGACACACACAT-3#) and a

WAKL4 upstream primer (WAKL3-1300R, 5#-ACAGTGCCTTGACCGCCTT-

GCCCAAG-3#). A positive WAKL4 T-DNA line was identified by PCR

screening individual seedlings in the subpool (CS2691; pool of 100 T-DNA

lines). T-DNA localization in the WAKL4 T-DNA line was confirmed by

sequencing the PCR products (ABI377; Applied Biosystems) using a sequenc-

ing primer (KF-LB102, 5#-GATGCAATCGATATCAGCCAATTTAGAC-3#).
Genomic DNA was isolated from the wild type (Ws) and wakl4-1 as

described before (He et al., 1996). Isolated DNAwas digested by EcoRI before

fractionation. A DNA Southern blot was performed as described before

(He et al., 1996). A WAKL4-specific probe was generated from the WAKL4

promoter regionbyusing adigoxigenin (DIG) PCRDNA-labeling kit according

to the manufacturer’s suggested protocol (Roche Diagnostics). Two primers

(WAKL4-promotor-500F, 5#-GTGTTGCTGCTACAAAAGTAATAC-3# and

WAKL4-promotor-Bgl2-R 5#-AGATCTTTGTTTCTCAACTCGTCAAGTCG-

GTCTT-3#) were used to amplify the DIG-labeled WAKL4 probe. DIG signals

were detected by using a DIG-labeling detection kit (Roche Diagnostics).

WAKL4 Promoter-GUS Assay

The intergenic sequence between the start site of theWAKL4 gene sequence

and the end site of the preceding gene was used as the WAKL4. A primer pair

was used to clone the WAKL4 promoter (1,159 bp) from genomic DNA using

PCR (Verica et al., 2003): 5#-GTCGACCGTCGTAAATCAGACTTTGCTTTA-

ATA-3# (Sal1) and 5#-AGATCTTGTTTCTCAACTCGTCAAGTCGGTCTT-3#
(Bgl2). The Sal1 andBgl2 sites indicated at the end of the primer sequenceswere

the introduced restriction sites used for cloning. The PCR products were

inserted into the promoterless GUS transformation vector pBI101.2 (Verica

et al., 2003) and the resulting construct was sequenced for confirmation and

introduced into Arabidopsis Columbia (Col-0) wild type via Agrobacterium

GV-3101-mediated transformation as described before (Lally et al., 2001). More

than 30 independent homozygous lines were generated from the construct. To
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assay for GUS activity, eight independent T3-T4 homozygous lines were first

germinated and grown on 0.13 MS medium for 10 d. Seedlings were then

transferred to a new 0.13 MS medium with or without 100 mM NaCl, 100 mM

KCl, 20 mM CuSO4, 150 mM ZnSO4, and 40 mM NiSO4, respectively. Seedlings

were grown for 3 d on this new medium until assay. GUS assays were

performed as described before (Verica et al., 2003). Photomicrographs were

taken by a Nikon 600 fluorescence microscope (Nikon) and arranged by using

Adobe Photoshop version 8.0 (Adobe Systems).

Complementation of wakl4-1

The WAKL4-GFP fusion gene was created to complement wakl4-1. Two

complementation constructs were generated. The expression of the WAKL4-

GFP fusion gene was driven either by the WAKL4 native promoter or by the

constitutive 35S promoter. For generating theWAKL4-promoter::WAKL4-GFP

construct, the entire WAKL4 genomic fragment, including the WAKL4 pro-

moter, was PCR amplified using two pair of primers (pair one: WAKL4

promotor-Kpn1-F, 5#-TCTCTCGGTACCGATCTGTTCAAGCGGCTTCATGA-

TGAAT-3# andWAKL4promotor-Bgl2-R, 5#-AGATCTTTGTTTCTCAACTCG-

TCAAGTCGGTCTT-3#; and pair two: WAKL4 promotor-Sal1-F, 5#-GTC-
GACCGTCGTAAATCAGACTTTGCTTTAATA-3# andWAKL4-Bgl2-R, 5#-TCT-
CTCAGATCTGCCATGTTCGTAGAGGAACCAGAGGCTC-3#). The introduced
restriction sites used for cloning are indicated in the primer names. The

PCR products were purified by a PCR purification kit (Qiagen) and ligated to a

pGEMT-easy vector (Promega). Positive cloneswere selected and sequenced to

verify sequence accuracy. Fragments of WAKL4-promotor-Kpn1-F/WAKL4-

promotor-Bgl2-R (1.8 kb) and WAKL4-promotor-Sal1-F/WAKL4-Bgl2-R

(2.9 kb)weredropped off from the pGEMvector by cuttingwith corresponding

restriction enzymes and subsequently ligated into the binary pPZP222-GFP

vector (opened by Kpn1 and Bgl2; Nam and Li, 2002). To generate the

35S::WAKL4-GFP construct, a primer pair (WAKL4 coding-Kpn1-F, 5#-TTG-

AGAAGGTACCATGAAGAAAGAAACTC-3# and WAKL4-2904R, 5#-TAA-

TCATCACATTCATCTCGAAGA-3#) was used for PCR to generate the first

part (215 bp) of theWAKL4 gene from the pPZP222-WAKL4promoter-WAKL4-

GFP construct. pPZP222-WAKL4 promoter-WAKL4-GFP was cut by Xho1 and

Bgl2 to get the rest of the WAKL4 gene. The two parts were ligated into the

pCHF1-35S-GFPvector cut byKpn1 andBamH1. Positive cloneswere identified

in Escherichia coli XL-1 blue cells and sequenced for sequence confirmation. The

two confirmed transformation constructswereused to transformbothwild type

(Ws) and wakl4-1 via Agrobacterium-mediated transformation as described

before (Lally et al., 2001). More than 30 independent T1 transformants for each

construct were identified on MS plates containing 100 mg/L gentamycin.

Homozygous T3/T4 lines were used for various assays.

GFP Detection by Protein Gel Blotting and Confocal

Laser Scanning Microscopy

Whole protein extraction and protein gel-blot analysis were essentially

performed as described before (He et al., 1996; Verica et al., 2003). Soluble

proteins were prepared using an extraction buffer (25 mM Tris-HCl, pH 7.5,

50 mM KCl, 5 mM MgCl2, and 5 mM DTT) supplemented with a mixture of

protease inhibitor (protease inhibitor cocktail, P 9599; Sigma). After extensive

washing and extraction, the pellet was used for insoluble protein preparation.

Insoluble proteins were extracted by boiling the pellet for 10 min in the

extraction buffer (50 mM Tris-HCl, pH 6.8, 50 mM DTT, 4% SDS, 10% glycerol,

and 0.05% bromphenol blue). The total GFP was detected by using a horse-

radish peroxidase-conjugated GFP polyclonal antibody (Vector Laboratories;

1:200 dilution) and developed with enhanced chemiluminescence detection

reagents (Amersham-Pharmacia Biotech).

Ten-day-old seedlings were used for GFP detection. GFP fluorescence was

excited by a blue argon laser (10 mW, 488-nm blue excitation) and detected at

515- to 530-nm wavelengths in a Nikon C1 confocal E600FN microscope

(Nikon). Whole roots were directly mounted in water and observed with

water objectives (203 and 603 ). Wild-type (Ws) seedlings were used as

negative controls. For plasmolysis, roots were treated in a 500 mM NaCl

solution for 5 min before observation. Images were processed and arranged by

Adobe Photoshop version 8.0.

RNA Extraction and RT-PCR Analysis

Total RNAwas extracted from various tissues using the RNeasy plant mini

kit (Qiagen) according to the manufacturer’s instructions. RT-PCR analysis

was performed on 0.2 mg total RNA by using the One-Step RT-PCR kit

(Qiagen). All RNA samples were treated with a ribonuclease-free deoxyribo-

nuclease to eliminate DNA contamination. In addition, all RT-PCR primers

were designed to spin introns to assure gene specificity and to differentiate

any potential genomic DNA contamination.

The following primers were used for RT-PCR analyses of gene expression:

ZIP1 (At3G12750.1): ZIP1-cDNA-381F 5#-TGCTGGTTTTGTAGCGATGC-

TGTCGG-3#, ZIP1-cDNA-880R 5#-CCTCTTTGCTCTCTTTCCTGTAGCC-3#;
ZIP2 (At5G59520.1): ZIP2-cDNA-447F 5#-GTTTGTAGCGGCTGGGAGTAA-

TAAC-3#, ZIP2-cDNA-801R 5#-GGAGTAGACGACAGTGAGGAAGAATG-

3#; ZIP3 (At2G32270.1): ZIP3-cDNA-478F 5#-TCTAAGAGGGTCAGTGATG-

GAGAAACC-3#, ZIP3-cDNA-916R 5#-AATCTGCTGCGAGAAGGTCAAC-

CAAAG-3#; ZIP4 (At1G10970.1): ZIP4-cDNA-518F 5#-AAGCCGCTGCTG-

GTAGTGAAGAGATTGC-3#, ZIP4-cDNA-820R 5#-GGGATAAACCGATGAT-

GATTGAGTGC-3#; WAKL4 (At1G16150): WAKL4-cDNA-810F 5#-AAG-

ATGGCGGGTATGGTTCCGAGAC-3#, WAKL4-cDNA-1140R 5#-AGAACAC-

TCTCATTCGACTGCTCCT-3#; and Actin (At3G46520): Actin-cDNA-200F

5#-AACCAATCGTGTGTGACAATGGT-3#, Actin-cDNA-620R 5#-TACGAC-

CACTGGCGTACAAGGA-3#.
For quantitative real-time RT-PCR analyses, purified total RNA was

transcribed using a Bio-Rad iScript cDNA synthesis kit (Bio-Rad) according

to the manufacturer’s recommended protocol. The generated cDNAwas then

used for a TaqMan-based quantitative real-time PCR assay. TaqMan primers

were designed using Primer Express version 2.0 (Applied Biosystems). For

WAKL4 gene expression analysis, the following primers were used: WAKL4-

274-F (5#-CAATCCTGAATACGTTGAATGGACTA-3#), WAKL4-354R (5#-CAG-

CTAATGGCAAGCAGAATGA-3#), and WAKL4-TaqMan-301 (5#-AATTG-

TTCTTG^GAACCACTATCGGCTTCTTG-3#). The WAKL4-TaqMan-301 probe

was designed to spin the second intron (position indicated as ^ in the listed

sequence) of the WAKL4 gene. The following primers were designed for the

Actin2 (ACT2) gene used as an endogenous control: ACT2-F (5#-ATC-
GGTGGTTCCATTCTTGCT-3#), ACT2-R (5#-GCTTTTTAAGCTTTTGATCTT-

GAGAG-3#), and ACT2-TaqMan probe (5#-AGCACATTCCAGCAG^ATG-

TGGATCTCCAA-3#). Similarly, the ACT2-TaqMan probe was designed to

spin an intron (position indicated as ^ in the listed sequence) of the ACT2

gene. The WAKL4-TaqMan-301 probe was carboxytetramethylrhodamine

labeled and the ACT2-TaqMan probe was carboxyfluorescein labeled (Ap-

plied Biosystems). Fluorescence dye reactive oxygen was added in the master

PCR mix to normalize pipetting errors. Multiplex real-time PCR assays

(mixing WAKL4-TaqMan probe and ACT2-TaqMan probe) were performed

in an ABI 7300 real-time PCR system (Applied Biosystems). Relative quanti-

tations of WAKL4 gene expression were calculated using the comparative

threshold cycle method.

Zn21, Cu21, Ni21, K1, and Na1 Content in
Shoots and Roots

Seedlings of wild-type (Ws), Wakl4-1, WAKL4::WAKL4-GFP, and 35S::

WAKL4-GFP transgenic lines were grown on 0.13 MS supplemented with

50 mM NaCl, 50 mM KCl, 18 mM CuSO4, 26 mM NiSO4, and 150 mM ZnSO4,

respectively. Fourteen-day-old seedlings were carefully washed in distilled

water and their shoots and roots were separated. The harvested tissues were

blotted dry by Kimwipes and weighed. Shoot tissues were added in an acid

solution (10:1 nitric acid:perchloric acid). For every 1 mg of shoot tissue, 10 mL

of acid were added. Tissues were digested in a boiling water bath until all solid

material dissolved. The same procedures were used for root tissue digestion,

except 20 mL of acid solution were added for each 1 mg of root tissue. Mineral

levels were assayed using an atomic absorption spectrometer (ATI Unicam

Solaar 929) with various standards. The graphite furnace mode was used for

Cu21, Ni21, and Zn21 assays and the flame mode for K1 and Na1 assays.
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