





Regulation of Nitrate Transport in Citrus Rootstocks

Figure 1. Kinetics of NOg™ net uptake into Cleopatra mandarine (A and B) and Troyer
citrange (C and D) roots in the low [[A-C) ® cHATS+iHATS; + iHATS; & cHATS] and high
NOj concentration range (B-D) ® LATS of pretreated seedlings; ¢ LATS of uninduced
seedlings). iHATS is estimated by subtracting cHATS from cHATS+HATS. NO; net
uptake measured above 1 mM external NO; concentration is considered to be the
combined contributions of HATS+LATS. LATS is estimated by subtracting cHATS V,_
from HATS+LATS. Each data point is the mean of 24 replicates with SE values shown as
vertical bars.

between 0.01 and 10 mM). Solutions were aerated
vigorously. Water losses by transpiration and evapora-
tion were compensated by frequent additions of water,
maintaining the solution volume approximately constant.
Aliquots (0.25-1 mL) were taken at 30 min intervals up
to 3-6 h depending on the external NO;" concentration.
Uptake rates were determined by measuring the disap-
pearance of NO;™ from the uptake solutions as a function
of time, calculated by linear regression. Nitrate was
determined spectrophotometrically by measuring absor-
bance at 212 nm.“*8 The nitrate uptake rate was expressed
as umol NO; g’! root fresh weight h'l. Based on our
previous results> NO;™ uptake above 1 mM [NO;7,
measured NOj;™ uptake appeared to result from the
participation of two transportsystems (HATS + LATS).
Thus, The NO;™ mediated by LATS was calculated by
subtracting the measured NO;™ uptake at concentrations
>1 mM [NOy]; and the calculated V_ for the HATS.
External NOj™ concentrations of 0.2 mM and 3 mM
were selected to assay the activities of both HATS and
HATS+LATS, respectively, in the following studies.>®

Kinetics of NO;- uptake. The kinetics of
NOj uptake as a function of [NO, ], were measured in
uninduced seedlings with [NO;]; ranging from 10 uM
to 10 mM, in induced seedlings with [NO;] ranging
from 10-800 UM and in pre-treated seedlings with
[NO;],, ranging from 1-10 mM. The double reciprocal
plots of the uptake rates versus substrate concentra-
tions were subjected to linear regression analysis. The
Michaelis-Menten kinetic constants K, and V.. in
both uninduced and induced seedlings, were calculated
from these regression equtions in the concentration
range of 0.01-1 mM NO3-.49

Regulation of NO;- uptake. Re-supply experiments
were performed to investigate the regulation of NOj-
uptake after NOj starvation. Uninduced seedlings were
transferred for eight days into N-free Hoagland solutions
supplemented with 0.2 or 3 mM KNOj. These solutions
were renewed daily to prevent depletion. Nitrate uptake
was measured daily after re-supply at both 0.2 and 3 mM
[NO;], in seedlings transferred into solutions 0.2 or 3
mM KNO;, to estimate the activities of both HATS and
LATS, respectively.

Metabolic inhibitor studies. The effect of 2,4-DNP
(metabolic inhibitor) and DCCD and DES (plasmal-
emma H*-ATPase inhibitors) was studied in both unin-
duced and induced seedlings. The compound 2,4-DNP
was added to the uptake solutions at a concentration
of 20 uM. For the plasmlemma H*-ATPase assays, the
seedlings were preincubated with 0.1 mM of either
DCCD or DES for 1 h and were added in the same

Figure 2. Time course of NOy" net uptake in roots of uninduced
seedlings of Cleopatra mandarine and Troyer citrange after
re-supply of NO5 at 0.2 mM (A and C, respectively) or 3 mM
(B and D, respectively). NOj™ net uptake was measured at both
0.2 (iHATS) and 3 mM NOj (cHATS+LATS). The value calcu-
lated of LATS only in Cleopatra mandarine and Troyer citrange
(B and D, respectively) was obtained by subtracting the values
of Vo of each rootstock from HATS+LATS (data not shown).
Each data point is the average of 18 replicates with SE values
shown as vertical bars.
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concentration to the uptake solutions. Nitrate concentration
for the uptake solutions was 0.2 mM in both uninduced and
induced seedlings or 3 mM in uninduced seedlings. For experi-
ments with DES or DCCD, all solutions (including control
solutions) contained 0.25% (v/v) ethanol.

External pH effect. The effect of pH on NO;™ uptake was studied
in uninduced seedlings grown hydroponically as described above.
Uptake solutions contained 1 mM MES-TRIS (pH 4, 5, 6, 7,
8 or 9) and 0.2 or 3 mM NaNOj. The uptake measurements were
carried out as mentioned above.

RESULTS

Kinetics of NO;- uptake. When external NO; concentrations are
below 1 mM, nitrate uptake fits a typical Michaelis-Menten curve,
reaching saturation at 0.5 mM external NO; concentration, typical
of the activity of a saturable HATS (Fig. 1A and C), similar nitrate
uptake patterns were described previously in uninduced Cleopatra
mandarin and Troyer citrange seedlings.>

When seedlings were exposed to a temporary deprivation of
NOy’, they exhibited lower NO;™ uptake rates than seedlings induced
by exposure to NO;™ after the starvation period (Fig. 1A and C).
NO;" uptake was mediated by cHATS when seedlings were exposed
to a temporary lack of NOj (uninduced seedlings) and NO;™ uptake
was mediated by iHATS + cHATS when seedlings were induced by
NOj" (induced seedlings). iHATS is estimated by subtracting cHATS
from cHATS+iHATS.

The apparent K values of the low concentration saturable
systems for NO;™ uptake in uninduced (cHATS) and induced
(iHATS) in Cleopatra mandarin seedlings were 281 = 8 and
225 + 10 UM and the corresponding V . values were 0.25 + 0.01
and 0.32 + 0.02 umol g!' root FW h'l, respectively (Fig. 1A).
Figure 1C shows similar kinetics constant to Troyer citrange in
both cHATS and iHATS transport systems when compared with
Cleopatra mandarin. These values were 0.26 + 0.01 umol g
root FW h'! for V__and 315 + 12 uM for K in the cHATS and
0.33 + 0.01 pmol g'! root FW h'! for V__and 204 + 15 uM for
K in the iHATS. Kinetic constant values for HATS to uninduced
seedlings for both rootstocks were similar to those shown previously
by Cerezo et al.3¢

In the high concentration range (1-10 mM), NO;™ net uptake
increased almost linearly with external NO;~ concentration in both
Cleopatra mandarin and Troyer citrange seedlings (Fig. 1B and D),
indicating the action of a non-saturable LATS as it was described by
Cerezo et al.3¢

In this study, after 24 h of exposure with a 3 mM NO;~ solu-
tion, the uptake rate constants in pre-treated seedlings were 0.040
and 0.044 pmolg™! root FW h' mM™! for Cleopatra mandarin and
Troyer citrange, respectively, which represented a reduction of 77%
and 82% with respect to uninduced seedlings. Average value of
NOj;" uptake (0.25 + 0.03 pmolg™ root FW h!) was near to V,__in
cHATS (Fig. 1B and D), which represents 20% of NO,™ net uptake
measured at 3 mM external NO;~ concentration.

Regulation of NO;- uptake by NO;- resupplies. To study the
regulation of NO; uptake by NO; resupplies, Cleopatra mandarin or
Troyer citrange uninduced seedlings were transferred to 0.2 mM NO -
solution for 8 days resulted an increased activity of the HATS, where
maximum stimulation was reached after 3 days (0.312+£0.012 and
0.305+0.010 wmolg™! root FW h! for Cleopatra mandarin and Troyer
citrange, respectively). Stimulation then decreased to a minimum of
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Figure 3. Effect of the pH of the absorption solution on NOj™ net uptake into
roots of Cleopatra mandarine seedlings. For the cHATS (A), NO4 net uptake
was measured at 0.2 mM NOy™ in uninduced seedlings. For the HATS+LATS,
NOj net uptake was measured at 3 mM NOjy in uninduced seedlings. The
value of LATS only (B) was obtained by subtracting the values of HATS from
HATS+LATS (data not shown) for each treatment. Each data point is the aver-
age of 18 replicates with SE values shown as vertical bars.

NOj" uptake equal at NO;™ uptake in uninduced seedlings (0.103 +
0.002 and 0.155 + 0.022 pmol g! root FW h'!) for Cleopatra
mandarin and Troyer citrange, respectively (Fig. 2A and C).

The opposite response was observed for the calculated
LATS-mediated NO;™ uptake in both Cleopatra mandarin and
Troyer citrange seedlings, which decreased upon transfer of the unin-
duced seedlings to N-free Hoagland solutions supplemented with
3 mM KNO; (Fig. 2B and D). The inhibition of the LATS activity
by NOj;™ re-supply was 30% in both rootstocks after one day.
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After three days, NO;™ uptake was similar to V__ in both
rootstocks, 0.25 + 0.01 to Cleopatra mandarin (Fig. 1A) and 0.26 +
0.01 pwmol g! root FW h! to Troyer citrange (Fig. 1C).

LATS values (Fig. 2B and D) were calculated by subtracting the
values of cHATS V_of each rootstock from HATS + LATS. The
NOj uptake observed to [NOs], 3 mM after three days of re-
supply of 3 mM KNO; were reduced in both rootstocks. The values
were lower than 0.12 and 0.30 pmol g ! root FW h! to Cleopatra
mandarin and Troyer citrange, observed to 0.2 mM [NO,], after
three days of resupply of 0.2 mM KNOj (Fig. 2A and C), which
indicates that iHATS is actively inhibited in the presence of NO;™ to
3 mM.

Effect of metabolic inhibitors on NO;- uptake. To study the
effect of metabolic inhibitors on NO;™ uptake, an ATP-synthesis
inhibitor (2,4-DNP) and two plasmalemma ATPase inhibitors
(DCCD and DES) were used. The effect of these compounds was
tested in uninduced and induced Cleopatra mandarin and citrange
Troyer seedlings. The presence of 2,4-DNP prevented the uptake
of NO; by cHATS, iHATS and LATS from 50-98%. In the same
conditions, treatment of roots with either DCCD or DES, which
have been shown to inhibit the plasmalemma H*-ATPase, also inhib-
ited root nitrate absorption on all transport systems from 48%-85%
(Tables 1 and 2).

Effect of external pH on NO;- uptake. Both the HATS-mediated
and the LATS-mediated NO; uptake in uninduced Cleopatra
mandarin seedlings displayed a strong dependence upon external
pH, with a marked optimum in the acidic range. The NO; uptake
at both 0.2 mM and 3 mM [NO;]; were markedly inhibited (by
more than 75%) when the solution pH was raised from pH 4 to 7
(Fig. 3A and B). Similar results were found in Troyer citrange (24).
These results showed that the uptake rate was reduced approximately
by 70% in both HATS and LATS transport systems, when the solu-
tion pH was raised from pH 4 to 7.

DISCUSSION

Nitrate uptake in Troyer citrange and Cleopatra mandarin is
controlled by three transport systems. Two of them are HATS,
cHATS and iHATS, that show Michaelis-Menten kinetics, the third
is a LATS that is a linear non-saturable system. cHATS is constitu-
tive and independent of N-status. In Citrus, the role of cHATS is
probably to enable the cytoplasmic concentration of nitrate to rise to
a level sufficient for the induction of the higher capacity iHATS as
described before in barley by Behl et al.>°

For the regulation of iHATS, this system is under feedback regula-
tion by the N-status of the plant, being upregulated after 1-3 d of
NOj" exposure, and downregulated between 3-8 d of NO;™ expo-
sure. Moreover, our data provide evidence that in both rootstocks,
the LATS is repressed by NO;™.

Odur results show that the activities of the three transport systems
(cHATS, iHATS and LATS) are differently affected either by
the N-status of the seedlings or by NO;™ itself (Fig. 2). In other
plants,>31-93 a period of induction of several hours was usually
required before the effect of resupplying NO;™ became apparent on
cHATS. However, in both Cleopatra mandarin and Troyer citrange,
the time of exposure to NO;™ required for induction was unusually
long, since up to three days were necessary for maximal response.
This is coincidental with the slow induction observed in other woody
species such as spruce.” Moreover, the inductive enhancement factor
for V___was lower than that observed in other plants in which flux
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increases at least 5 to 30 times.>”” These results suggest that in Citrus,
the iHATS activity is NO;™ upregulated and N-downregulated,
whereas cHATS is not affected by NO;~ exposure.

Very little information exists about the LATS. Several reports
indicate that different LATS are regulated differently by N present
in plants.**>> Different authors have shown that the LATS is consti-
tutive and does not require induction by nitrate, as it is shown by
both kinetic> and electrophysiological'® studies, but this does not
mean that the LATS is not under-regulation, because it is influ-
enced by N demand.?> We found that after resupply, NO;™ uptake
mediated by LATS decreased in Cleopatra mandarin and Troyer
citrange seedlings, indicating that LATS is repressed in plants under
high N status. These results suggest that LATS is N-repressive and
does not work in plants pre-treated with 3 mM NOj™ according
to results shown previously by Cerezo et al.?? This effect could be
explained by a N-downregulation of the LATS by NO;" itself or by
amino acids,!456-58

In some species HATS for NO;™ uptake is sensitive to metabolic
inhibitors and appears to be an active transport system>* based on
electrophysiological studies.!%43-44 These studies are consistent with
a mechanism for NO;™ uptake by the HATS involving a 2H*:1NO;
symport moved by the energy derived from the proton gradient
generated by the plasma membrane H*-ATPase.!043-45

Results in both Cleopatra mandarin and Troyer citrange seedlings
support this proposal since both cHATS and iHATS were inhib-
ited by a metabolic uncoupler (2,4-DNP) and by inhibitors of H*
translocation ATPases (DCCD and DES) (Tables 1 and 2). This is
further supported by the pH response of the NOj" transport system,
which was inhibited at alkaline pH values (Fig. 3A). The observation
of an acidic pH optimum coincides with previous studies of the pH
dependence of nitrate uptake.*4

The LATS was characterized as constitutive>'® and relatively
insensitive to metabolic inhibition. However, considering the deter-
minations of root cytoplasmic NO;  concentrations® and the
transmembrane electrical potential differences measured by
Glass et al.!0 in barley root cells, it is very unlikely that passive
influx of NO;™ occurs via the LATS. Glass et al.! suggested that
this system is thermodynamically active and capable of transporting
NO; against its electrochemical potential gradient. These authors
also presented evidence indicating that the LATS for NO;™ uptake
is probably mediated by an electrogenic proton cotransport system.
Our results are consistent with this hypothesis, we found that LATS
for NO;™ uptake in Cleopatra mandarin and Troyer citrange seed-
lings roots was also inhibited by alkaline external pH (Fig. 3B) and
appeared to be very sensitive to metabolic uncouplers (2,4-DNP)
and inhibitors of H* translocation ATPases (DCCD and DES).
These results support the possibility that LATS is an active transport
system, linked to the H*-ATPase. All systems are carrier-mediated,
probably by an electrogenic proton cotransport system.

In unfertilised soil, cultivated areas usually maintain a concentra-
tion of NO;™ in soil below 1 mM depending on soil moisture and
other factors. Taking all together we propose that under these field
conditions, the HATS would play a major role in NO;™ nutrition and
the induction of a nitrate uptake system. Under low rising nitrate
concentrations, nitrate uptake takes place through a cHATS, which
seems to function as a sensing mechanism for nitrate in the environ-
ment of the roots that activates a system with increased inducible
capacity (IHATS). After fertilization, when the NO; level in soil
is considerably raised, the LATS enables the plant to absorb large
amounts of NO; in a limited period of time, which are probably

5,10
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accumulated through different reserve N chemical forms in leaves or
other N-storage organs.

A major challenge for the future will be to discover the function
of the regulatory mechanism by which the plant monitors its internal
status and transduces the signals to modulate the expression and/or
activity of the net nitrate transports.
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