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Abstract

Aims and background The ability to suppress soil
nitrification through the release of nitrification inhib-
itors from plant roots is termed ‘biological nitrification
inhibition’ (BNI). Earlier, we reported that sorghum
roots release higher BNI-activity when grown with
NH,", but not with NO;™ as N source. Also for BNI
release, rhizosphere pH of <5.0 is needed; beyond this,
a negative effect on BNI release was observed with
nearly 80% loss of BNI activity at pH >7.0. This study
is aimed at understanding the inter-functional relation-
ships associated with NH," uptake, rhizosphere-pH
and plasma membrane H'-ATPase (PM H'-ATPase)
activity in regulating the release of BNIs (biological
nitrification inhibitors) from sorghum roots.
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Methods Sorghum was grown hydroponically and
root exudates were collected from intact plants using
a pH-stat system to separate the secondary acidifica-
tion effects by NH," uptake on BNIs release. A re-
combinant luminescent Nitrosomonas europaea
bioassay was used to determine BNI-activity. Root
plasma membrane was isolated using a two-phase
partitioning system. Hydrolytic H"-ATPase activity
was determined. Split-root system setup was deployed
to understand the localized responses to NH, ", H'-
ATPase-stimulator (fusicoccin) or H'-ATPase-inhibi-
tor (vanadates) on BNI release by sorghum.

Results Presence of NH,4" in the rhizosphere stimulat-
ed the expression of H'-ATPase activity and enhanced
the release of BNIs from sorghum roots. Fusicoccin,
which stimulates H'-ATPase activity, also stimulated
BNIs release in the absence of NH,'; vanadate, which
suppresses H'-ATPase activity, also suppressed the
release of BNIs. NH, " levels (in rhizosphere) positively
influenced BNIs release and root H-ATPase activity in
the concentration range of 0-1.0 mM, indicating a close
relationship between BNI release and root H'-ATPase
activity with a possible involvement of carrier-mediated
transport for the release of BNIs in sorghum.
Conclusion Our results suggest that NH, " uptake, PM
H'-ATPase activity, and rhizosphere acidification are
functionally inter-connected with BNI release in sor-
ghum. Such knowledge is critical to gain insights into
why BNI function is more effective in light-textured,
mildly acidic soils compared to other soil types.
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Introduction

Nitrification is an important soil biological process in
nitrogen (N) cycling, whereby ammonium is oxidized
to nitrite, and subsequently to nitrate by nitrifying bacte-
ria (Nitrosomonas and Nitrobacter, respectively). Nitro-
gen use efficiency (NUE) for global cereal production is
about 33%. The unaccounted 67% represents a SUS16.7
billion annual loss, assuming fertilizer—soil equilibrium
(Raun and Johnson 1999). Nitrification is one of the main
causes of N loss and associated environmental pollution
as a result of NO;™ leaching and denitrification. Nitrifica-
tion and the subsequent denitrification, are the primary
drivers of N,O production from agricultural systems
(Subbarao et al. 2009, 2012a). N,O is the third most
important greenhouse gas contributing to global warming
(Parker 1972; Meinshausen et al. 2009). If the nitrifica-
tion process is depressed, N recovery by crop uptake can
be improved, and NO3” leaching and N,O emission can
be reduced (Slangen and Kerkhoff 1984; Subbarao et al.
2006a; 2012a).

Nitrification can be reduced by the release of inhib-
itors from plant roots or by the application of synthetic
nitrification inhibitors (Smart and Bloom 2001; Weiske et
al. 2001). Application of synthetic nitrification inhibitors
is currently the only method used to reduce soil nitrifica-
tion in agricultural systems (Slangen and Kerkhoft 1984;
Amberger 1989; Zerulla et al. 2001). Plant-derived nitri-
fication inhibitors have been known for several decades
(Moore and Waid 1971; Lata et al. 1999, 2004). In situ
production of nitrification inhibitors, either by plant roots
or microorganisms within the rhizosphere of growing
crops or pastures, is an appealing low-cost alternative to
synthetic nitrification inhibitors (Fillery 2007; Subbarao
et al. 2009). Recently, a bioassay system was developed
that enabled quantification of the inhibitory effects from
roots. The phenomenon is termed biological nitrification
inhibition (BNI) (lizumi and Nakamura 1997; lizumi et
al. 1998; Subbarao et al. 2006b).

Cultivated sorghum was found to have significant
BNI capacity (Hossain et al. 2008; Subbarao et al.
2012b), while other important cereals such as wheat
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(Triticum aestivum), barley (Hordeum vulgare), rice
(Oryza sativa) and maize (Zea mays) did not show
BNI capacity (Subbarao et al. 2007a). Our earlier
results indicated that the release of BNIs is not depen-
dent on the BNI concentration gradient across the
plant cell membrane, but is rather regulated by an
unknown transport process (Subbarao et al. 2007a).
BNIs release is stimulated by NH," in the rhizosphere
(Hossain et al. 2008; Subbarao et al. 2007b, c).

NH," uptake is known to depolarize the electri-
cal membrane potential, and thereby increases net
proton release (Wang et al. 1993; Schubert and
Yan 1997). In contrast, the uptake of NOj™ results
in H" uptake by a plasmalemma H' co-transport
system (Mistrik and Ullrich 1996), leading to alkaliza-
tion of the rhizosphere (Marschner and Rémheld 1983;
Moorby et al. 1985). In addition, the assimilation of
NH," is a proton-generating process, whereas NO5
assimilation is a proton-consuming process (Mengel et
al. 1983; Pearson and Stewart 1993).

The PM H'-ATPase is a universal electrogenic H"
pump, which hydrolyzes ATP to pump H" outside the
plant cells. The key function of this enzyme is to
generate an H' electrochemical gradient, thereby pro-
viding the driving force for the active transport, i.e.
influx and efflux of ions and metabolites across the
plasma membrane (Palmgren and Harper 1999). In
addition, PM H'-ATPase may significantly contribute
to pH homeostasis of plant cells (Serrano 1989;
Palmgren and Harper 1999). Accordingly, it was con-
cluded that the enhanced activity of PM H'-ATPase
could be responsible for the pumping of H" against a
higher H' electrochemical gradient at low root medi-
um pH in association with NH," uptake (Zhu et al.
2009). It is possible that such a mechanism in relation
to NH," uptake may contribute to the release of BNIs
from sorghum roots (Fig. 1). The present study is an
attempt to understand the inter-functional relationships
associated with NH," uptake, rhizosphere-pH and
plasma membrane H'-ATPase activity in regulating
the release of BNIs from sorghum roots.

Materials and methods

Cultivation of sorghum plants

Seeds of sorghum (Sorghum bicolor L. Moench var.
hybrid sorgo) were germinated in trays containing
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Fig. 1 Hypothesis on the
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vermiculite. Plants were grown in a growth cham-
ber with a day : night temperature regime of 30 :
28°C, a photosynthetic photon flux, averaging at
300 umol m % s~ ' and a 14 : 10 h light : dark
photoperiod. One-week-old seedlings were transferred
to continuously aerated nutrient solution in 70 1 tanks
on styrofoam blocks with 45 holes and 4 plants per hole,
supported with sponge. The composition of the nutrient
solution (mg 171) was as follows: KH,POy4, 38.31;
K,S04, 31.02; CaCl,-2H,0, 10.5; MgS04-7H;0,
36.93; Fe-EDTA, 15.1; H3BO3, 0.57; CuSO45H,0,
0.078; MnSO,4-6H,0, 2.35; Na,Mo0O,42H,0, 0.126;
ZnS0O47H,0, 0.220. Nitrogen at 1 mM was added as
(NH4)>SO4 or KNOs to the nutrient solution; nutrient
solutions were replaced at 3 d interval. The pH of the
nutrient solution was adjusted to 5.0 with 1.0 M NaOH
or0.5M H2$O4A

Root exudate collection

Root exudate is collected from intact plants at 14 DAT
(days after transplantation). Intact plant roots (12
plants for each sample and replicated three times) were
removed from the nutrient solution, rinsed with dis-
tilled water, then immersed for 4 h (from 10:00 am to
14:00 pm) in one L aerated collection solution (with
0.5 mM KCI, 1 mM CaCl, and 1 mm NH4CI or 1 mM
KNO;). The solution pH was kept at 5 by pH-stat
(NPH-660 NDE, Nissin, Japan) (Fig. 2). A pH-stat

system (NPH-660 NDE, Nissin, Japan) was used in
selected experiments where the pH of the root exudate
collection solution is maintained at a constant pH of
either 3.0 or 7.0 as per the treatment (Fig. 2). Long-
term effects (i.e. 2 weeks) of N forms (NH, " vs NO3")
in nutrient solutions on the BNI release, were investi-
gated at a constant nutrient solution pH of either 3 or 7
(using pH-stat systems) to eliminate the secondary
effects of pH changes associated with the uptake of
NH," or NO5". Also, short-term effects (i.e. 4 h col-
lection period) of N forms (NH," vs NOj3") in root
exudate collection solutions on BNI release was in-

Fig. 2 pH-stat system experimental setup used to maintain
constant pH of the exudate collection solutions
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vestigated using sorghum plants raised with NH," or
NO;™ as N source at a constant pH of 3 or 7. For the
investigation of pharmacological agents, fusicoccin
(stimulator of PM-ATPase) or vanadate (inhibitor of
PM-ATPase) was added for root-treatment solutions.
For fusicoccin root-treatment, fusicoccin was dis-
solved in ethanol and diluted to a concentration of
0.5 uM and 1.0 uM in the treatment solution; for
vanadate root-treatment, sodium vanadate was added
to the solution to a concentration of 0.1 mM and
0.5 mM, while the standard 1 mM NH,CI solution
was used as control solution. After keeping the roots
for 4 h in these treatment solutions, root exudates are
collected using standard root exudate collection solu-
tion (i.e. 1 mM NH4CI) for a 4 h period to determine
BNI release. After root exudate collection, roots were
separated and weighted. The fresh roots are used di-
rectly for plasma membrane isolation. For the split-
root experiment, sorghum plants were raised in nutri-
ent solution with both NH," and NO;™ (i.e. NH,NO;
as N source) and then the roots were separated into
two root compartments as shown in the Fig. 3. The
fusicoccin root-treatment and vanadate-root treatment
for the split-root system was similar to that described
above for the whole plant system experiments.

Nitrification inhibition determination

For extraction of BNI compounds, root exudates were
evaporated to dryness using a rotary evaporator (Buchi,
V-850, Flawil, Switzerland) under vacuum at 45°C,
followed by extraction with 20 ml of methanol. The
methanol extract was further evaporated to dryness us-
ing a rotary evaporator at 40°C and the residue was

f \\ / "\\
{ :

Fig. 3 Split-root experimental system used for collecting root
exudates from sorghum
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extracted with 50 pl of dimethyl sulphoxide (DMSO).
The DMSO extract was then used to determine the BNI
activity using bioassay (Subbarao et al. 2006b).

The nitrification inhibition (NI) activity of the sam-
ples was determined using a modified bioassay that
employs recombinant luminescent N. europaea
(Tizumi et al. 1998; Subbarao et al. 2006b). The BNI
activity of the samples is expressed in units defined in
terms of the action of a standard inhibitor, allylth-
iourea (AT); the inhibitory effect of 0.22 um AT in
an assay containing 18.9 mM of NH," is defined as
one ATU (AT unit) of activity (Subbarao et al. 2006D).

Plasma membrane isolation and determination
of H*-ATPase activity

Root plasma membrane from sorghum was isolated
according to Yan et al. (2002). Roots were cut and
washed with de-ionized water and ground in ice-cold
homogenization buffer. The homogenization buffer
contained 250 mM sucrose, 250 mM KI, 2 mM EGTA,
10% (v/v) glycerol, 0.5% (w/v) bovine serum albumin,
2 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluo-
ride, 5 mM 2-mercaptoethanol, 50 mM 1,3-bis (tris
[hydroxymethyl] methylamino) propane (BTP), and
was adjusted to pH 7.8 with MES. The homogenate
(adjusted to a grinding medium/tissue ratio of 4 mL g’
fresh weight) was filtered through two layers of Mira-
cloth (Calbiochem-Novabiochem, San Diego, USA)
and centrifuged in a fixed rotor at 11,700g (RP42A
rotor, 94 mL*6, HITACHI Koki; Himac CP100WX
Hitachi Ultra Centrifuge) and 0°C for 10 min. The
supernatant was centrifuged at 106,000g for 35 min.
The microsomal pellets were re-suspended in BTP
buffer, which contained 250 mM sucrose, 3 mM
KCI and 5 mM BTP (pH 7.8).

The microsomal membrane preparation was fraction-
ated by two-phase partitioning in aqueous dextran T-500
(Sigma) and polyethylene glycol (Sigma) according to
the method of Larsson (1985). Phase separations were
carried out in a series of 12-g phase systems that
contained: 6.1% (w/w) dextran T-500, 6.1% (W/w)
PEG 3350, 250 mM sucrose, 3 mM KCl, 5 mM BTP
(pH 7.8). Stock solutions of polymers were prepared
with concentrations of 20% and 40% (w/w) for dextran
and polyethylene glycol, respectively. The concentration
of dextran stock solution was determined by optical
rotation (Larsson 1985). The phase stock was weighed
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and diluted to 6.1% (w/w, each polymer) with phase
buffer to a final weight of 10 g. Polymers in "start tubes"
were diluted to 26 g. Six g. microsomal re-suspension (in
phase buffer) was added to the upper phase of each start
tube. The tubes were sealed with Parafilm (American
National Can, Greenwich, CT) and mixed by inversion
(30 times). Phase separation was achieved at 4°C
by centrifugation at 720 g (RPS40T swing rotor,
13 ml*6) for 23 min followed by two washing
steps in identical phases. Centrifugation times for
the second through fourth phases were 15, 10, and
5 min, respectively. The upper phases obtained
after four separations were diluted with BTP buffer
(see above) and centrifuged at 188,000g (RP42A
rotor, 94 mL*6) for 40 min. The pellets were re-
suspended with BTP buffer, divided into aliquots
and immediately stored in liquid nitrogen.

ATPase activity was determined by measuring the
Pi amount after a 30 min hydrolysis reaction. The
0.5 mL reaction mixtures were composed of 30 mM
BTP/MES, 5 mM MgSO4, 50 mM KCI, 50 mM
KNO;, 1 mM Na,MoO,, 1 mM NaNj3, 0.02% (w/v)
Brij 58, and 5 mM disodium-ATP. Each reaction was
initiated by the addition of 1 to 2 pg membrane
protein, then allowed to proceed for 30 min at 30°C,
before stopping the reaction with 1 mL of stopping
reagent [2% (v/v) concentrated H,SOy, 5% (w/v) SDS,
and 0.7% (w/v) (NH4),MoO,)] followed immediately
by 50 uL of 10% (w/v) ascorbic acid. After 10 min,
1.45 mL of arsenite-citrate reagent (2% [w/v] sodium
citrate, 2% [w/v] sodium m-arsenite, and 2% [w/v]
glacial acetic acid] was added to prevent the measure-
ment of phosphate liberated because of ATPase activ-
ity from ATP hydrolysis under acidic conditions
(Baginski et al. 1967). Color development was com-
pleted after 30 min and A;,, was measured by means
of a spectrophotometer. ATPase activity was calculat-
ed as the phosphate liberated in excess of a boiled-
membrane control.

Statistical analysis of data

Variation is indicated by+standard error (SE) (if bars
exceed symbols in figures in figures). All experiments
were repeated three times. Data from experiments
were pooled for calculations of means and standard
deviation (SD) and analyzed by one-way ANOVA

followed by the LSD test at P<(0.05 to determine the
statistical significance of the difference between indi-
vidual treatments. All statistical evaluations were
made with the SPSS (version 13.0) statistical software
(SPSS Inc., Chicago, IL).

Results

Long-term effect of NH, " vs. NO53™ on the release
of BNIs and root PM H'-ATPase activity

Long-term effect of N-forms (i.e. 2 week growing
period) significantly affected the pH of the nutrient
solution. The NH," -fed sorghum plants strongly acid-
ified the root medium close to pH 3.0, whereas the
NO;™ -fed sorghum plants alkalized the medium to
nearly pH 7.0 (data not shown). Based on these pre-
liminary observations, the pH of the nutrient solutions
for NH," treatment was set at 7.0 and that for the NO5
treatment, at 3.0 using pH-stat systems during the
plant growing period; this was done to separate the
pH effects from N form influence on BNI release in
sorghum roots.

After 2 weeks of plant growth in treatment
solutions, root exudate was collected in collection
solution pH of either 3.0 or 7.0. NH4" cultivated
plants released more BNIs than NOj  cultivated
plants at identical pH of the exudate collection
solutions. In addition, both NH," and NO;~ culti-
vated sorghum plants released more BNI activity
at pH 3 than at pH 7 (Fig. 4a). N-forms and pH
of the root exudate collection solutions also affect-
ed PM H'-ATPase activity in a similar way
(Fig. 4b). The simultaneous change in the BNIs
release and PM H'-ATPase activity under NH," vs
NOj™ at different medium pH, indicated that BNIs
release is likely to be functionally linked to PM
H'-ATPase.

Short-term treatment of NH," vs NO;™ on BNIs
release and root PM H'-ATPase activity

Sorghum plants were cultivated with NH," or NO3
at a nutrient solution pH 5 for 2 weeks. These
plants were used for root exudate collection using
treatment solutions (1 mM NH, " or NOj3") for 4 h.
Addition of NH," in the root exudate solutions
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Fig. 4 Influence of N-forms 16
(i.e. 1 mM N as NH4" vs.
NO5") and root exudate col-
lection solution pH (solution
pH 3.0 vs. 7.0) on BNI re-
lease and root PM H'- 2

ATPase in sorghum grown
b
s |
a
| I I
0 ‘ ‘

Error bars indicate+SE
(standard error) of 3 repli-
cations. Means with the
same letter are not signifi-
cantly different at P<0.05,
according to one-way
ANOVA followed by the
LSD test
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hydroponically for 14 d with
NH, " or NO;5™ as N source.

Nitrate
pH3.0

Nitrate
pH7.0

enhanced the release of BNIs from NO;  -raised
plants, which is nearly two-times higher than the
addition of NOj;™ (Fig. 5a) However, the BNI activ-
ity in the root exudate of NH4" raised plants did
not show a significant difference due the presence
of NH," or NO;™ in the collection solution in this
study (Fig. 5a). The PM H'-ATPase activity of
NOj3™ cultivated plant roots has increased after 4 h
incubation with NH,", as compared that in roots
fed with NO5™. In addition, PM H'™-ATPase activity
of NH," cultivated plant roots did not change sig-
nificantly after incubation with NOs  (Fig. 5b). It
indicated that NH,", rather than NO5", had a strong
effect on the BNI release.

Ammonium Ammonium

Ammonium Ammonium
pH3.0 pH7.0

Nitrate
pH7.0

Nitrate

pH3.0 pHT.0 PH3.0

Short-term treatment of different concentration
of NH, on the release of BNIs and PM H'-ATPase

For this experiment, sorghum plants were raised for 13 d
with 1 mM N as NH," in the nutrient solution, and
plants were shifted to N-free solutions for 24 h (i.e.
14™ d) before using them for collecting root exudates
in 0.0, 0.1, 0.5, and 1.0 mM NH,4CI solutions for a 4 h
period, followed by extraction of the root tissue for PM
H"-ATPase activity. The BNI release from sorghum
roots increased with NH," concentration in the root
exudate collection solution (Fig. 6a). Similarly, PM
H'-ATPase activity increased with NH," concentration
(0.0 to 1.0 mM) in the collection solution (Fig. 6b). The

Fig. 5 Short-term treatment a
effects of N-forms on BNI
release PM H'-ATPase s

.. .. W Nitrate-incubated
activity. Error bars indicate+

SE of 3 replications. Means
with the same letter are not
significantly different at
P<0.05, according to one-
way ANOVA followed by
the LSD test

O Ammoniunrincubated

BNI activity (ATU ¢' oot DWh™")

o

W Nitrate-incubated
O Ammoniunrincubated

H" ATPase activity (umol Pi mg] Protein min')

Nitrate-raised
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relationship between BNI release by roots and root PM
H" ATPase showed a linear relationship (Fig. 7).

Modification of PM H"-ATPase on BNIs release

To understand further the role of PM H'-ATPase on
BNIs release, we modified the root PM H™-ATPase
activity by keeping the intact plant roots in solutions
of fusicoccin and vanadate before the collection of
root exudates. Fusicoccin, a phytotoxin produced by
Fusicoccum amygdali, is a known stimulator of PM
H'-ATPase activity in plant cells (Reid et al. 1985).
Vanadate is an inhibitor of P-type ATPases, an analog
of phosphate, which binds to the enzyme and thus
blocks the reaction cycle (Palmgren and Harper
1999). In the earlier studies, we used NH, " cultivated
plants to test the effect of PM H'-ATPase on the
release of BNIs. Fusicoccin at 1 uM significantly
increased the BNIs exudation (Fig. 8). In contrast,
BNI release was significantly suppressed by 0.5 mM
vanadate (Fig. 8). Our results indicated that modification
of PM H'-ATPase had a direct impact on the release of
BNIs. Based on the above result, we selected 1 pM
fusicoccin and 0.5 mM vanadate as treatments for the
following split root system experiment.

For the split root experiment, we cultivated sor-
ghum with both NH," and NO5 to eliminate the effect
of N-forms on plant metabolism during plant growing
period. Root exudate was collected using the follow-
ing treatment solutions; 1 mM NH,", 1 mM NO5,
1 uM fussicoccin or 0.5 mM vanadate. Release of
the BNIs was significantly higher in the part of roots
supplied with 1 mM NH," compared with 1 mM NO5

Fig. 6 BNIs release in the

(Fig. 9a). In addition, without NH,", fusicoccin alone
stimulated the BNI release, while vanadate completely
inhibited the BNI release (Fig. 9b). These results fur-
ther established a functional link between PM H'-
ATPase activity and BNI release in sorghum. .

Discussion

Earlier reports indicated an inhibitory effect on nitrifi-
cation by sorghum root exudates (Alsaadawi et al. 1986;
19888). Our previous work also confirmed a direct
inhibitory effect of sorghum root exudates on Nitroso-
monas bacteria (Subbarao et al. 2007a, 2008, 2012a; b).
In addition, our results demonstrated that the release of
inhibitory compounds from sorghum roots is stimulated
by the presence of NH," in root zone at low pH. How-
ever, the mechanism of the phenomenon is still not clear.
In this study, we provided substantial evidence indicat-
ing a functional link between PM H'-ATPase activity
and BNI release in sorghum.

NH," stimulated the PM H'-ATPase activity and BNI
release in sorghum

Our results also indicate the role of NH4" in stimulating
PM H'-ATPase activity and release of BNI in both
NH," and NO; fed sorghum. Unlike earlier studies
(Subbarao et al. 2007b, c; 2009), we have separated
the primary effects of NH," uptake and assimilation
from the secondary effects of rhizosphere acidification
on BNI release using pH-stat systems. Our results show
that NH, " as compared to NOj3’, stimulated the release

roots of sorghum (intact a
plants) and PM H'-ATPase 1k
activity in plants grown
with NH," as the sole N
source. Root exudates were
collected with NH4CI solu-
tions ranging from 0.1, 1.0
and 5.0 mM. Error bars in-
dicate£SE of 3 replications.
Means with the same letter
are not significantly differ-
ent at P<0.05, according to
one-way ANOVA followed
by the LSD test

BNI activity (ATU ¢' root DWh'™")
o]

: s |
2t
10 ‘_ 6 L
6 : 4
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2
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b 10
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Fig. 7 The relationship 16
between BNI release from
sorghum roots and root PM 14 4

H" ATPase activity at vari-
ous concentrations of NH,"
(0 to 1.0 mM) in the root

exudate collection solutions

BNI activity released
(ATU g‘1 root DW h'l)
o)

]
6
4
2 [
0 T T T T
4.20 5.28 6.01 8.71

of BNIs at all pH levels. Even NO5” cultivated sorghum
released BNIs in the presence of NH4" (in exudate
collection solutions), suggesting the critical role of
NH," in the release of BNIs.

Uptake of NH4 " and NOjs™ results in the depolariza-
tion of plasma membrane (Ullrich and Novacky 1990;
Wang et al. 1994), which needs to be regenerated by
PM H'-ATPase to maintain the uptake of nutrients for
plant growth (Yamashita et al. 1995; Santi et al. 2003).
Uptake of NH4" by root cells does not consume H”,
resulting in net H' release from roots, hence the

Fig. 8 Exposure of intact
plant roots to treatment sol-
utions of Fusicoccin and
Vanadate on BNIs release in
sorghum. Plants were grown
with NH," as the sole N
source before used for the
collection of root exudates.
Error bars indicate£+SE of 3
replications. Means with the
same letter are not signifi-
cantly different at P<0.05,
according to one-way
ANOVA followed by the
LSD test
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rhizosphere acidification. In contrast, NO3;~ co-
transport with H' across the PM and its assimilation
in root cells consume part of the H" extruded by the
PM'-ATPase, resulting in rhizosphere alkalization. In
addition, NH, " causes a stronger depolarization of PM
than done by NOj5; thus, a higher membrane depolar-
ization from NH," nutrition may further benefit PM
H'-ATPase activity (Wang et al. 1993; Schubert and
Yan 1997). From the results presented in this study, it
is evident that PM H'-ATPase levels were substantial-
ly higher under NH," than in NO5™. Also, the release

35
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Fig. 9 Influence of N-forms 25

[

(1 mM N as NH," vs. NO3")
and H"-ATPase stimulator,
fusicoccin (1 uM) or H'-
ATPase inhibitor, vanadate
(0.5 mM) on BNI release in
sorghum in a split-root sys-
tem setup. Error bars indi-
cate£SE of 3 replications.
Means with the same letter
are not significantly differ-
ent at P<(0.05, according to
one-way ANOVA followed
by the LSD test

20

10

BNI activity (ATU g' root DWh™")

1 mM NO3

of BNIs was stimulated by NH4" (compared to NO3")
in the exudate collection solutions, irrespective of the
rhizosphere pH. These results demonstrated the role of
NH," in stimulating PM H'-ATPase activity and BNI
release in sorghum. The simultaneous changes ob-
served in PM H'-ATPase activity and BNI release
from a series of experiments indicate the probability
of a functional link.

Modification of PM H"-ATPase had a direct influence
on BNIs release

It is generally agreed that in plant cells H™ is pumped
out by the PM H'-ATPase activity. According to the
hypothesis of ‘tissue-specific expression model’
(Palmgren and Harper 1999), the higher demands on
H' pumping activity in plant cells grown with NH,"
would cause a high regulation of the PM H'-ATPase
activity. This implies that root cells pump more net H"
under NH," than under NO5™ nutrition. In our previous
study, the BNIs were confirmed as anionic substances
(Subbarao et al. 2006b). In plant cells, various anion
channels were identified in plasma membrane, which
are in general membrane potential dependent (Santi et
al. 2003). ATP is a power house for most of the
transport processes (Palmgren 2001). If the BNIs are
transported through some voltage dependent anion
channels, their release will be closely related to the
regulation of PM H'-ATPase. This way, our approach
of deploying pharmacological agents (i.e. fusicossin or
vanadite) to alter H'-ATPase activity to understand its

1 mM NHs"
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role in BNI release provided the direct evidence for
our hypothesis (Fig. 1).

Fusicoccin, a fungal toxin, can bind to the phos-
phorylation site of plasma membrane H'-ATPase and
release the auto-inhibitor domain in the C terminal.
The phosphorylated PM H'-ATPase has a higher ac-
tivity. In this study, the addition of 1 uM fusicoccin
significantly increased the BNI release, either in the
presence- or absence of NH,". Vanadate is a P-type
ATPase inhibitor and competes with phosphate of ATP
at the phosphorylation site, which blocks the reaction
cycle of PM H'-ATPase. At 0.5 mM concentration,
vanadate strongly inhibited the BNI release irrespec-
tive of NH," status in the rhizosphere, providing the
first direct evidence for the functional significance of
H'-ATPase in BNI release.

Conclusions and possible implications

The functional link between PM H'-ATPase and BNI
release is further evident from studies where PM H'-
ATPase and BNI release linearly responded to NH,"
concentration (0 to 1.0 mM range) in exudate collec-
tion solutions, providing a strong linear relationship
with a probable involvement of carrier-mediated trans-
port in BNI release. Our results suggest that NH,"
uptake, PM H'-ATPase activity and rhizosphere
acidification are functionally inter-connected with
BNI release in sorghum. Such knowledge is criti-
cal to gain insights on as to why BNI function can
be more effective in light-textured slightly acidic
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soils compared to other soil types (Gopalakrishnan
et al. 2009; Subbarao et al. 2012a, b).
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