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The Arabidopsis CHL1 (AtNRT1) gene confers sensitivity to the herbicide chlorate and encodes a nitrate-regulated ni-
trate transporter. However, how CHL1 participates in nitrate uptake in plants is not yet clear. In this study, we examined
the in vivo function of CHL1 with in vivo uptake measurements and in situ hybridization experiments. Under most condi-
tions tested, the amount of nitrate uptake by a ch/1 deletion mutant was found to be significantly less than that of the
wild type. This uptake deficiency was reversed when a CHL1 ¢DNA clone driven by the cauliflower mosaic virus 35S pro-
moter was expressed in transgenic chl/1 plants. Furthermore, tissue-specific expression patterns showed that near the
root tip, CHLT mRNA is found primarily in the epidermis, but further from the root tip, the mRNA is found in the cortex
or endodermis. These results are consistent with the involvement of CHL? in nitrate uptake at different stages of root
cell development. A functional analysis in Xenopus oocytes indicated that CHL1 is a low-affinity nitrate transporter with
a K, value of ~8.5 mM for nitrate. This finding is consistent with the chlorate resistance phenotype of ch/7 mutants.
However, these results do not fit the current model of a single, constitutive component for the low-affinity uptake system.
To reconcile this discrepancy and the complex uptake behavior observed, we propose a “two-gene” model for the low-

affinity nitrate uptake system of Arabidopsis.

INTRODUCTION

Most plants can satisfy their nitrogen requirements by assimilat-
ing nitrate. Therefore, nitrate uptake and transport are vital
processes in plant growth. However, soil nitrate concentrations
available to plants can vary by four orders of magnitude
(Crawford, 1995). To adapt to such environmental variation,
plants have evolved highly regulated and multiphasic nitrate
uptake systems. In several plant species, nitrate uptake has
been shown to be biphasic with a high-affinity transport sys-
tem (HATS; K, between 5 and 300 pM) and a low-affinity
transport system (LATS; showing linear kinetics or K, values
>0.5 mM) (Doddema and Telkamp, 1979; Goyal and Huffaker,
1986, Siddiqi et al., 1990; Glass et al., 1992). Both systems
employ electrogenic H*/NO;~ symporters (McClure et al.,
1990; Ullrich and Novacky, 1990; Ruiz-Cristin and Briskin, 1991;
Glass et al., 1992) and are subject to different modes of
regulation (Behl et al., 1988; Warner and Huffaker, 1989;
Siddiqi et al., 1990; Aslam et al., 1992; Glass et al., 1992;
Kronzucker et al., 1995). In several piant species, including
maize (Hole et al., 1990), barley (Aslam et al., 1992), and spruce
(Kronzucker et al., 1995), HATS has constitutive and nitrate-
inducible components (reviewed in Glass and Siddiqi, 1995).

' To whom correspondence should be addressed.

In contrast, LATS has thus far been shown to display only con-
stitutive activity (Siddiqi et al., 1990; Glass et al., 1992;
Kronzucker et al., 1995). Based on these results, the current
model for nitrate uptake in plants is that there are three com-
ponents, a constitutive high-affinity system, an inducible
high-affinity system, and a constitutive low-affinity system
(Glass and Siddiqi, 1995).

Structural genes can be identified and used to probe the
intricate process of nitrate uptake and transport to test this
madel. CHL1 (AtNRTT) is a nitrate transporter gene identified
in Arabidopsis (Tsay et al., 1993). It was isolated from a T-DNA-
tagged, chlorate-resistant mutant (Tsay et al., 1993). Chlorate
is a nitrate analog that can be taken up by plants and then
reduced by nitrate reductase to chlorite, which is toxic (Aberg,
1947). Most chlorate-resistant plants are defective in nitrate
reductase activity, but chl7 is an exception (Doddema et al.,
1978; Braaksma and Feenstra, 1982; Crawford and Arst, 1993;
Hoff et al., 1994; Crawford, 1995). ch/? mutants were shown
to be defective in nitrate/chlorate uptake in the low-affinity range
(concentrations >1 mM; Doddema and Telkamp, 1979). Clon-
ing of the CHL1? gene revealed that it encodes a hydrophobic
protein with 12 putative transmembrane segments, which is
a topology found in many cotransporters (Saier, 1994). Injection
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of CHLT mRNA into Xenopus oocytes resulted in a nitrate- and
pH-dependent current, indicating that CHL7 encodes an elec-
trogenic, proton-coupled nitrate transporter. CHLT mRNA is
found predominantly in roots, and interestingly, its level is tran-
siently induced by nitrate. Low levels of CHLT mRNA are found
in plants grown with ammonium as the sole nitrogen source,
but when the ammonium-grown plants are exposed to nitrate,
the level of CHL7 mRBNA begins to rise within 30 min and peaks
at 2 hr. After 4 hr of nitrate exposure, the level declines, sug-
gesting negative feedback regulation (Tsay et al., 1993).

Taken together, these data indicate that CHL1 is a nitrate-
inducible, proton-coupled nitrate transporter (Tsay et al., 1993).
However, in plants, the evidence for direct involvement of CHL1
in nitrate uptake comes from a single study by Doddema and
Telkamp (1979). In addition, if CHL7 indeed is a component
of the LATS system, as suggested from the phenotype of the
chl1 mutants, this finding seems to conflict with the current
model that the low-affinity transporter is constitutively ex-
pressed. To address these issues, we performed a more
detailed characterization of the biological function of CHL1.
Based on the results obtained, we propose a “two-gene” model
for the LATS nitrate uptake system for Arabidopsis.

RESULTS

Tissue-Specific Expression Pattern of the CHL1 Gene
Is Consistent with a Role in Uptake

Because RNA analysis had shown that CHL7 is predominantly
expressed in roots (Tsay et al., 1993), our study focuses on
the expression pattern of CHL1 in root tissues. Spatial distri-
bution patterns of CHL7 mRNA in different root tissues were
analyzed by in situ hybridization. Growth conditions to max-
imize CHL1 mRNA levels were used as established previously
(Tsay et al., 1993). Plants were cultivated on vertical agar plates
with ammonium as the sole nitrogen source for 10 days and
then shifted to a nitrate-containing medium for 2 hr. Roots of
the plants were then fixed and sectioned. These sections were
hybridized with 35S-labeled sense and antisense transcripts
of the CHL7 cDNA.

From the exterior to the core, Arabidopsis roots contain one
layer of epidermal cells, followed by one to two layers of corti-
cal cells, one layer of endodermal cells, and then the vascular
cylinder (Dolan et al., 1993). As shown in Figures 1A and 1B,
1E and 1F, and 1l and 1J, a high density of silver grains was
found in the epidermal cells close to the root tip and in both
cross (Figure 1B) and Jongitudinal (Figures 1F and 1J) sec-
tions. As a control, similar sections were hybridized with the
sense probe that showed only a background level of signal
in all layers of the root (Figures 1C and 1D, and 1G and 1H).
These results show that in newly differentiated cells (root di-
ameters of 0.13 mm), CHL? mRNA accumulation occurs
primarily in the epidermal tissue (Figures 1A and 1B, 1E and
1F, 1l and 1J, and 2A and 2B). However, in more mature sec-
tions of the root (with diameters between 0.17 and 0.22 mm),

Figure 1. CHL1 mRNA Accumulates to High Levels in Epidermal Cells
of Young Roots.

In situ hybridization of antisense ([A] and [B], [E] and [F], and [I] and
[J]) and sense ([C] and [D], and [G] and [H]) CHLT probes to cross-
sections ([A] to [D]) and longitudinal sections ([E] to [J]) of Arabidop-
sis root tissues close to the root tip is shown. Bright-field microscopy
is shown in (A), (C), (E), (G), and (I). Double exposures using a colored
filter for the dark-field exposure cause the CHL1 signals to appear yel-
low in (B), (D). (F), (H), and (J). c, cortical cells; e, epidermal cells;
en, endodermal cells.

(A) and (B) In the cross-section of the root tissue close to the root tip,
CHL1 mRNA accumulates in epidermal cells.

(C) and (L) As a control for (A) and (B), only a background leve! of
signal was found in similar sections hybridized with a sense probe.
(E) and (F) In the longitudinal section of the root tissue close to the
root tip, CHLT mRNA was found in epidermal cells.

(G) and (H) A sense probe was used as a control for (E) and (F).
(1) and (J) A lower magnification of (E) and (F) is shown. In the region
close to the root tip, CHL7 mRNA is expressed primarily in epidermial
cells

Bars in (A), (C), (E). (G). and () = 100 um.



CHL1 mRNA accumulation is seen primarily in the cortex
(Figures 2C and 2D) or endodermis (Figures 2E and 2F, and
2G and 2H) but not in the epidermis. Control experiments on
sections of similar diameters also showed only a background
level of signal in all layers of the cells (data not shown). There-
fore, the layer of cells in which CHL7T mRNA accumulates
appears to shift inward as one moves upward along the root
axis. In the sections that we examined, no CHL7 mRNA signal
was found within the root central cylinder. These results sup-
port the model that CHLT is directly involved in nitrate uptake.
Furthermore, the tissue-specific expression patterns of CHL1
depend on the developmental stage of the root section.

Nitrate Uptake of Wild-Type, chl/1-5, and Transgenic
Plants Containing 35S-CHL1

To elucidate the role of CHLT in nitrate uptake, both long-term
(Figure 3) and short-term (Figure 4) measurements of nitrate
uptake activity by the wild type, the ch/1-5 deletion mutant (Tsay
et al., 1993), and transgenic plants containing the cauliflower
mosaic virus (CaMV) 35S-CHL1 cDNA were compared under
different growth conditions. The CaMV 35S promoter drives
gene expression at high levels in plants (Odell et al., 1985).
The transgenic plants used here were constructed by introduc-
ing 35S-CHLT into chl1-5. For long-term measurements, 30
seeds for each of the three Arabidopsis plants were sown in
25 mL of a nutrient solution containing either KNO3 or
NH;NO; as the nitrogen source. After 18 days of growth in 16-
to 8-hr day-night cycles, the amount of nitrate depleted from
the medium was determined by HPLC (Thayer and Huffaker,
1980).

As shown in Figure 3, nitrate depletion by wild-type plants
is essentially the same in either solution. However, depletion
by the deletion mutant and transgenic plants was greater in
the medium with NA;NO3 than with KNOs. The amount of ni-
trate depletion by ch/7-5 mutants was only approximately
one-eighth that of the wild type when plants were grown in
KNOj, but when plants were grown in NH4NO3, the difference
was 40%. Expression of the CHL1 cDNA with the 35S pro-
moter reversed the uptake defect in the deletion mutant so that
in transgenic plants, higher depletion levels were observed.

For the short-term measurements, plants were grown in con-
tinuous light to avoid the effect of circadian rhythms.
Fourteen-day-old plants that had been grown in either 25 mM
KNO; (Figure 4A) or 25 mM NH4NO; (Figure 4B) were trans-
ferred to a medium containing 8 mM KNOg. In addition, some
of the cultures were given a pretreatment with 2 days of nitro-
gen starvation (Figures 4C and 4D) or 2 days of growth with
ammonium as sole nitrogen source (Figures 4E and 4F), be-
fore being shifted to the medium containing 8 mM KNOj. The
amount of nitrate depleted from the medium was then moni-
tored for 24 hr, and the results are shown in Figure 4.

Under all of the conditions tested, with the exception of one,
wild-type plants depleted significantly more nitrate from the
medium than did the ch/7-5 mutant, although the difference
between these two lines fluctuated depending on the nitrogen
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Figure 2. CHL7 mRNA Accumulation in Older Root Tissues.

In situ hybridization of CHL1 probes to cross-sections of different regions
of Arabidopsis root tissues is shown. The diameters of sections (A)
and (B), (C) and (D), and (E) and (F) are 0.13, 0.17, and 0.22 mm, respec-
tively. Bright-field microscopy is shown in (A), (C), (E), and (G). Double
exposures using a colored filter for the dark-field exposure cause the
CHL1 signals to appear yellow in (B), (D), (F), and (H). c, cortical cells;
e, epidermal cells; en, endodermal cells.

(A) and (B) In the cross-section with a diameter of 0.13 mm, CHL? mRNA
accumulates in epidermal cells.

(C) and (D) In the cross-section with a diameter of 0.17 mm, CHLT mRNA
accumulates in the cortex.

(E) and (F) In the cross-section with a diameter of 0.22 mm, CHL1 mRNA
accumulates in endodermal cells.

(G) and (H) A higher magnification of (E) and (F) is shown. CHLT mRNA
signals appear to cluster on the outer tangential side of the endoder-
mal cells.

Bars in (A), (C), (E), and (G) = 100 um.
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Figure 3. LongTerm (18 Day) Nitrate Uptake Studies of Wild-Type, ch/1-5,
and Transgenic Plants Containing 35S-CHLT.

Plants were germinated in a liquid medium with 25 mM potassium ni-
trate or 25 mM ammonia nitrate as the nitrogen source and grown in
16-hr-day and 8-hr-night cycles. Eighteen days after germination, the
amount of nitrate depleted from the medium was measured by HPLC
analysis. Values are in micromoles of nitrate per gram fresh weight
of plant tissues. When plants were grown in 25 mM potassium nitrate,
the fresh weights of ch/1-5 and transgenic plants were ~70 and 92%
that of the wild type. Plants grew much better in ammonia nitrate, and
there was no significant difference in the fresh weight among these
three plants. The average root/shoot ratio of the wild type, ch/1-5, and
transgenic plants was 0.48, 056, and 0.29, respectively, for plants grown
in potassium nitrate, and 0.23, 0.34, and 0.14 for plants grown in am-
monia nitrate, respectively. For plants grown in potassium nitrate, the
nitrate uptake rates of ch/1-5 and the transgenic plants were ~13 and
81%, respectively, that of the wild type. However, the same percent-
age increased to 59 and 153%, respectively, if plants were grown in
ammonia nitrate. WT., wild type.

status of the plant. The one exception was KNOs-grown plants
subjected to 2 days of nitrogen starvation; under this condi-
tion, the depletion rate of the wild type and mutants was similar
(Figure 4C). The 35S-CHL1 transgenic plants depleted as
much (Figures 4A, 4C, and 4D) or more (Figures 4B, 4E, and
4F) nitrate than did the wild-type plants and significantly more
than did the deletion mutants in al! cases (Figures 4A and 4B,
and 4D to 4F) except one (Figure 4C). Thus, expression of the
CHL1 cDNA in the chi1-5 mutants reversed the uptake defect.

Kinetic Studies Indicate that CHL1 is
a Low-Affinity Transporter

To determine the nitrate affinity of CHL1, we injected in
vitro~synthesized CHL7 complementary RNA into stage IV and

V Xenopus oocytes. Two to 3 days after injection, each whole
oocyte cell was bathed in a mannitol solution, pH 7.4, as de-
scribed previously (Tsay et al., 1993), voltage clamped at -60
mV, and then exposed to nitrate at pH 55. As shown in Figure
5 and Table 1, the amplitudes of the inward positive currents
elicited by nitrate at pH 5.5 are concentration dependent. For
most batches of oocytes, little or no current was elicited by
nitrate at pH 5.5 in the water-injected controls (Figure 5). How-
ever, for some batches, even in the absence of nitrate, elicitation
of a small inward current (<5 nA) was observed in both CHL1-
injected or water-injected oocytes when the solution was shifted
from pH 7.4 to pH 55. In these cases, this small current was
subtracted from that elicited by nitrate at the same pH value
of 55. The average K, value resulting from fitting these
nitrate-elicited currents into a Lineweaver-Burk plot is 85 mM
(Table 1). This result is consistent with the data obtained in
the experiments of Doddema and Telkamp (1979) in which the
chl1 mutant was found to be defective in low-affinity nitrate up-
take but typical in high-affinity uptake. Thus, CHL? serves as
a low-affinity nitrate transporter gene in Arabidopsis.
These measurements provide strong evidence that CHL1
is involved in low-atfinity nitrate uptake in vivo. Furthermore,
they reveal complex kinetics of nitrate uptake in Arabidopsis
that are influenced by the nutrition environment, as has been
shown for other plants (reviewed in Glass and Siddiqi, 1995).

DISCUSSION

Our in vivo uptake measurements show that under most of
the growth conditions tested, the amount of nitrate taken up
by chl1 mutants was less than that in wild-type plants and this
uptake deficiency was effectively corrected in 35S-CHLT trans-
genic plants of the ch/? mutant. Together with the functional
assay in Xenopus oocytes and the mRNA localization data,
the collective evidence strongly indicates that CHL7 (AtNRT1)
encodes a transporter involved in low-affinity nitrate uptake
in plants.

It is clear from the observed mRNA accumulation patterns
of CHL1 thatits mRNA levels change along the axis of the root.
In regions close to the root tip (at least 0.5 cm away from the
tip), CHLT mRNA is found primarily in the epidermal cells. How-
ever, in sections with more developed stele and xylem (thus
with a bigger section diameter), mRNA is found in cells be-
yond the epidermis but never reaching the vascular cylinder.

Enstone and Peterson (1992) had found that in mature roots
of several plant species, including broad bean, pea, corn, on-
ion, and sunflower, the walls of the epidermis and cortex up
to the Casparian band of the endodermis are permeable, but
the apoplastic permeability of regions near root tips is greatly
restricted. Therefore, it is possible that in young root sections
(such as regions close to the root tip), where horizontal trans-
port of nitrate into xylem stream may be mediated by the
symplastic pathway, nitrate is taken up by CHL1 in the epider-
mal cells, whereas in older root sections, CHLT is expressed
mainly in the cortex or endodermis, where the apoplastic

5
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Figure 4. ShortTerm (24 hr) Nitrate Uptake Studies of Wild-Type, ch/1-5, and Transgenic Plants Containing 35S~CHLT.

2187

KNO;-grown plants were grown in 25 mM KNOj3 with 24 hr of illumination. NH;NO;-grown plants were grown in 25 mM NH,NO; with 24 hr of
illumination. Uptake studies were done with 8 mM KNO; as the nitrogen source, and the amount of nitrate depleted from the medium was moni-
tored for 24 hr. Values are in micromoles of nitrate per gram fresh weight of root tissues. The experiments were performed in triplicate; their
average and standard deviation are shown. The asterisks indicate that the uptake leveling off is due to a nearly complete depletion of nitrate

in the medium. WXT., wild type.

(A) and (B) Fourteen-day-old plants were shifted directly from the growth medium to 8 mM KNQO; for nitrate uptake measurement.

(C) and (D) Twelve-day-old plants were nitrogen starved for 2 days before the uptake measurement.

(E) and (F) Twelve-day-old plants were shifted to 12.5 mM (NH,), succinate (i.e., ammonium is the sole nitrogen source) for 2 days before the

uptake measurement.
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Figure 5. Kinetics of Nitrate Uptake by CHL1 as a Function of
Concentration.

The currents (nA) elicited in a single CHLT mRNA-injected cocyte (@)
and a water-injected control oocyte (A ) were plotted as a function of
nitrate concentration (at 2.5, 5, 10, and 30 mM). The insert provides
a Linewear-Burk plot. The Linewear-Burk equation is 1/V = K,/V5,{S)
+ 1/Vnax, where [S] is the nitrate concentration in mM, and V
represents the current elicited in nanoamperes. The K., value calcu-
lated by using the Linewear-Burk plot for this particular experiment
is 74 mM.

pathway may be less restricted. Immunolocalization of CHL1
protein will be needed to substantiate this hypothesis.

Ancther interesting observation can be made from these
tissue-specific expression patterns. When moving basipetally,
cells in which CHLT mRNA accumulates at high levels are lo-
cated closer to the vascular cylinder: first, in the cortex alone;
then, in the cortex plus endodermis; and finally, in the en-
dodermis alone (Figure 2). A similar but not identical pattern

“of gene expression along the root axis has also been described
for an Arabidopsis potassium channel gene, AKT1. Using
B-glucuronidase (GUS) as a reporter gene fused to the AKT?
promoter, Lagarde et al. (1996) found that in young mature roots,
the epidermis, cortex, and endodermis were stained; however,
in older roots grown in soil, only inner cortical cells and en-
dodermal cells were stained. Therefore, it might be a general
phenomenon that the location of cells important for ion up-
take becomes more internal as root cells mature.

These in situ hybridization data also show that when CHL7?
is expressed in the epidermal or cortical cells, CHL? mRNA
is distributed throughout the whole cell; however, when it is
expressed in the endodermis, it is more localized in a portion
of the outer rim of the cell on the cortex side (Figures 2E and
2F, and 2G and 2H). These results may indicate an intracellu-
lar localization of CHLT mRNA, analogous to the several
examples reported in animal systems (reviewed in Johnston,
1995). More precise localization experiments are needed to
verify these findings.

The conclusion that CHLT is an inducible LATS deviates from
the current model for nitrate uptake that proposes that LATS
has only a constitutive component. However, the complex be-
havior of the low-affinity nitrate uptake observed in this study
argues for a more complicated model involving multiple trans-
porters. in an analogy to the HATS system (Hole et al., 1990;
Aslam et al., 1992; Glass and Siddiqi, 1995; Kronzucker et al.,
1995), we propose that the LATS system of Arabidopsis is also
comprised of both-inducible and constitutive elements. These
components of LATS may be encoded by multiple genes; how-
ever, for simplicity we propose a two-gene model for the
present. The two-gene model can explain the observed fluc-

.tuation in the nitrate uptake activity of ch/7 mutant and wild-type

plants, which appears to depend on the nitrogen status of the
plant. Namely, the expression levels of the two genes can vary,
depending on the growth condition. Thus, in addition to nitro-
gen source, pH is another factor that can affect the expression
of CHL1 (Tsay et al., 1993). With this hypothesis, it follows that
only when CHL1 gene expression dominates over the second
gene will a significant difference in the uptake activity between
the chi1 mutant and the wild type be evident. The two-
component model is consistent with the observation that chf?
mutants are resistant to 2 mM chiorate but sensitive to 8 mM
chlorate in the presence of 2 mM nitrate (N.-C. Huang and
Y-F. Tsay, unpublished data).

The use of chlorate as a valid tracer for measuring nitrate
uptake and selecting defective nitrate transporters in the low-
affinity range has been controversial. In tomato root, chlorate
has not been found to be a useful analog for high-affinity ni-
trate uptake experiments (Kosola and Bloom, 1996). In a
tobacco suspension cell study, Guy et al. (1988) showed that
chlorate uptake in the LATS range showed only minor inhibi-

Tabie 1. Currents Elicited by Nitrate Uptake and Resulting K,
Values Measured in CHL1-Injected Oocytes

Current Excited by Nitrate2
10mM 20mM 30 mM Kb

Experiment 2.5 mM 5 mM

No. (nA) (nA)  (nA) (nA) (nA) (mM)
Oocyte 1 15.0 22.0 36.5 45.0 7.4
Oocyte 2 17.0 18.5 255 58.5 7.7
Oocyte 3 8.0 13.0 24.3 36.5 15.6
Qocyte 4 13.6 16.5 21.5 245 2.4
Oocyte 5 15.0 37.0 53.3 9.3
Qocyte 6 55.0 80.0 8.8
Qocyte 7 30.0 39.0 8.6
Qocyte 8 17.0 22.0 8.3
Oocyte 8 22.0 31.0 6.9
Oocyte 10 12.0 18.0 10.0

2 Ten CHL1-injected oocytes from six independent donor frogs were
voltage clamped at — 60 mV and then perfused with different con-
centrations of nitrate. Blank areas indicate that the currents at those
nitrate concentrations were not recorded.

b Currents excited at different nitrate concentrations were recorded
and then fit by the Linewear-Burk plot for K, value calcutation. The
average K, value is 8.5 = 3.1 mM.




tion by external nitrate even at 15 mM. However, the tobacco
suspension cells used in that study were derived from pith cells,
which might not be relevant to nitrate uptake in root tissues.
In fact, in a study using plasma membrane vesicles of maize
roots, chlorate uptake activities were found to be inhibited by
external nitrate in both ranges of HATS and LATS (Ruiz-Cristin
and Briskin, 1991). The fact that one can obtain nitrate uptake
mutants using chlorate selections in Arabidopsis indicates that
chlorate can be useful at least in the initial identification of
mutants.

The two-gene model would be strengthened by the identifi-
cation of a second LATS gene involved in nitrate uptake. In
addition to two peptide transporter genes, AtPTR2-A and
AtPTR2-B (Steiner et al., 1994; Song et al., 1996), there are
at least nine homologs of CHL1T in the Arabidopsis expressed
sequence tag data base; some of these homologs may be in-
volved in nitrate uptake or long-distance transport. Indeed, we
have found that properties of a CHLT homolog, NT7L1, fit the
criteria of a second, constitutive LATS. For example, functional
analysis in Xenopus oocytes indicated that it also encodes a
nitrate transporter, and transgenic plants containing antisense
NTL1 in the chit deletion background are more resistant to chlo-
rate treatment than is the ch/7 mutant (N.-C. Huang and Y.-F.
Tsay, unpublished data).

Recently, two CHL? homologs from tomato, LeNrt1-1 and
LeNrt1-2, have been reported (Lauter et al., 1996). Like the
two Arabidopsis genes CHLT and NTL1, both LeNrti-1 and
LeNrt1-2 express in root tissues, and interestingly, the expres-
sion of LeNrt1-2 is regulated by nitrate but that of LeNrti1-1 is
not. However, it was not shown to which uptake system (LATS
or HATS) these genes belong. If LeNrt1-1 and LeNrt1-2 also
encode low-affinity nitrate transporters that are directly involved
in nitrate uptake, then our two-gene model may also apply to
tomato.

In conclusion, our studies as well as those of others have
revealed an elaborate mechanism of nitrate uptake in higher
plants. The complexity may have evolved to counter the harsh
environment in which plants have survived for millions of years.
Characterization of CHL? and CHL7 homologs by using both
classic and advanced molecular genetic approaches as well
as physiology should provide us with clues to determine the
versatile mechanism for nitrate uptake.

METHODS

In Situ Hybridization

Plants were grown vertically on agarose plates with 125 mM (NHg),
succinate for 12 days, as described by Tsay et al. (1993), and then shifted
to medium containing 25 mM KNO; for 2 hr before harvesting the root
tissue for fixation. We have tried several protocols to obtain intact sec-
tions of Arabidopsis thaliana roots and found the following procedure
to work best in our experiments. The fixative contained 0.05 M Pipes
buffer, pH 7.3, 4% paraformaldehyde, and 0.25% glutaraldehyde. im-
mediately before use, the fixative was mixed with an equal volume of
n-heptane for 1 min, after which the phases were allowed to separate.
The n-heptane phase was transferred to Petri dishes. Plant material

CHL1 and Nitrate Uptake 2189

was immersed in the n-heptane phase for 10 min at room temperature
and cut into pieces <5 mm long while in heptane. The 5-mm-long root
pieces were transferred to the fixative for 2 hr at room temperature.
The specimens were washed three times with 0.05 M Pipes buffer,
dehydrated, and embedded in paraplast through the following steps:
25% ethanol, three times for 30 min; 50% ethanoi, three times for
30 min; 70% ethanol, three times for 30 min (standing overnight was
optional); 95% ethanol, three times for 30 min; 100% ethanol, three
times for 30 min; 100% xylene, three times for 15 min; xylene/paraplast
(1:1 [viv]) at 42°C, overnight; paraplast at 60°C, three times for 1 hr.
After being embedded in paraplast in the desired orientation, the tis-
sue was cut into 8-um sections. Before hybridization, the sections were
treated as described by Gustafson-Brown et al. (1994) to reduce back-
ground with acetylation reaction using triethanolamine and acetic
anhydride and to increase tissue permeability by proteinase K digestion.

35S-iabeled CHL1 antisense (or sense) mRNA was synthesized
using T3 (or T7) RNA polymerase from Xbal- (or Hindlll)-linearized
pKS-1.8 RICHLT (pBluescript || KS+ [Stratagene, La Jolla, CA] con-
taining the 1.8-kb EcoRI fragment of the CHL7 cDNA without the 3’
untranslated region and poly[A] tail). Root sections were hybridized
with hydrolyzed RNA probes and washed as described previousty
(Jackson, 1991; McKhann and Hirsch, 1993). Slides were exposed for
2 months.

Plant Transformation

To overexpress CHL1 in Arabidopsis, we fused the CHLT cDNA to the
cauliflower mosaic virus (CaMV) 35S promoter. Then 35S-CHL1 was
inserted into binary vector pBIN19 (Bevan, 1984) and introduced into
Agrobacterium tumefaciens AGL1 (AGL1 was a gift of Dr. R. Ludwig,
University of California-Santa Cruz). To avoid cosuppression caused
by duplicated genes, we used this strain to infect root explants of ch/1-
5 plants (not the wild type) by the method of Valvekens et al. (1988).
Progeny from six independent transgenic plants were obtained and
tested for chlorate sensitivity. All six of the transgenic plants, like the
wild type, were chlorate sensitive. This indicates that the chimeric con-
struct does encode a functional CHL1 protein. The copy numbers of
insertion were determined by genomic DNA gel blot analysis and the
kanamycin segregation ratio. Two of the six transgenic plants have been
tested for their nitrate uptake activity, and both of them have restored
the uptake deficiency of chl1. The one with two copies of closely linked
inserts was used in this study for more detailed analysis.

Nitrate Uptake Assay of Arabidopsis Plants
Arabidopsis seed were surface sterilized and sown in 125-mL flasks
with 25 mL, pH 5.5, of a solution containing 10 mM K,HPO,-KH,PO,,
2 mM-MgS0,, 0.1 mM FeSO4-EDTA, 1 mM CaCl,, 50 pM H3BO;, 12
UM MnSO4'H,0, 1 uM ZnCl,, 1 pM CuSO,-5H,0, 0.2 uM Na,Mo0,:
2H,0, 1 g/L 2-(N-morpholinojethane-sulfonic acid, 1% sucrose, 1
mg/L thiamine, 100 mg/L inositol, 0.5 mg/L pyridoxine, 0.5 mg/L nico-
tinic acid, plus the nitrogen source (25 mM KNO; or 25 mM NH,NO,).
The flasks were exposed to 16-hr-light"and 8-hr-dark cycles and ro-
tated at 80 rpm at 24°C. After 18 days, the amount of nitrate left in
the medium was determined by injecting 25 pL of 1:20 diluted medium
into a PARTISIL 10 SAX (strong anion exchange) column (Whatman,
Clifton, NJ) and analyzed by HPLC (Thayer and Huffaker, 1980).
For short-term uptake measurements, plants were sown in 25 mL
of nutrient solution, as described above, and exposed to continuous
ilumination. For the nitrogen starvation pretreatment, plants were
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washed twice with 5 mM K,HPO,-KH,PO,, pH 55, and then shifted
to the 25-mL nutrient solution, as described above, but without any
nitrogen source for 2 days. For the ammonium pretreatment, plants
were washed twice with 5§ mM K;HPO,-KH,PO,, pH 55, and then
shifted to the 25-mL nutrient solution with 25 mM (NH,), succinate
as the sole nitrogen source. Twelve-day-old plants with or without
pretreatment were then washed again, as given above, and shifted
to the 25-mL nutrient solution with 8 mM KNO;. A solution (0.7 mL)
was taken out of the flask at different time points and subsequently
analyzed by HPLC.

Functional Expression of CHL1 in Xenopus Oocytes

Full-length cDNAs of CHL1 were subcloned into the transcription vec-
tor pBluescriptil KS+. Capped mRNA was transcribed from the
linearized plasmid in vitro using MMESSAGE mMACHINE kits (Am-
bion, Austin, Texas). Oocytes were isolated and injected with 50 ng
of complementary RNA, as described by Tsay et al. (1993). Measure-
ments were made in a solution containing 230 mM mannitol, 0.15 mM
CaCl,, and 10 mM Hepes (pH 7.4; the pH was adjusted with CsOH)
and then perfused with 220 mM mannitol, 0.15 mM CaCl,, 10 mM
Hepes (pH 55 or 74; the pH was adjusted with CsOH) plus CsNO,
at the concentration indicated. For the current measurements, oocytes
were voltage clamped to —60 mV, using two microelectrodes as de-
scribed by Cao et al. (1992). Measurements were recorded by a
486-based personal computer using the AXOTAPE or pCLAMPE6 pro-
gram (Axon Instruments, Foster City, CA).
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