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Abstract
Aims Sorghum (Sorghum bicolor) roots release biolog-
ical nitrification inhibitors (BNIs) to suppress soil nitri-
fication. Presence of NH4

+ in the rhizosphere stimulates
BNIs release and it is hypothesized to be functionally
associated with plasma membrane (PM) H+-ATPase
activity. However, whether the H+-ATPase is regulated
at the transcriptional level, and if so, which isoforms of
the H+-ATPases are involved in BNIs release are not
known. Also, it is not clear whether the stimulation on
BNIs release from roots is due to NH4

+ uptake or its
assimilation, which are addressed in this study.
Methods Root exudates from intact sorghum plants
were collected using aerated solutions of NH4

+ or
methyl-ammonium (MeA); and the BNI-activity release
was determined. PM vesicles were isolated from fresh
roots using a two-phase partitioning system; and the

hydrolytic H+-ATPase activity was determined. All
genes encoding PM H+-ATPases were searched in sor-
ghum genome, and their expression in response to NH4

+

or MeA were analyzed by quantitative RT-PCR in sor-
ghum roots.
Results BNIs release and PM H+-ATPase activity in-
creased with NH4

+ concentration (≤1.0 mM) in the root-
exudate collection solutions, but at higher concentra-
tions, it did not respond further or declined in case of
the PM H+-ATPase activity. Twelve PM H+-ATPase
genes were identified in sorghum genome; and these
isoforms were designated SbA1 to SbA12. Five H+-
ATPase genes were stimulated by NH4

+ in the rhizo-
sphere, and have similar expression pattern, which is
consistent with the variation in H+-ATPase activity.
MeA, a non-metabolizable analogue of NH4

+, had no
significant effects on BNIs release, H+-ATPase activity,
or expression of the H+-ATPase genes.
Conclusions Our results suggest that the functional
link between PM H+-ATPase activity and BNIs
release is evident only at NH4

+ levels of ≤1.0 mM
in the rhizosphere. The variation in PM H+-ATPase
activity by NH4

+ is due to transcriptional regulation
of five isoforms of the H+-ATPases. The stimulatory
effect of NH4

+ on BNIs release is functionally asso-
ciated with NH4

+ assimilation and not just with
NH4

+ uptake alone.
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Introduction

Plasma membrane (PM) H+-ATPase is the universal
electrogenic H+ pump, a functional monomer and has
N- and C-terminal segments protruding into cytoplasm
(Palmgren and Harper 1999; Palmgren 2001). The C-
terminal region of the H+-ATPase contains a penulti-
mate Thr known as autoinhibitory domain to keep the
H+-ATPase in a low-activity state (Palmgren 2001). The
phosphorylation of the penultimate Thr and subsequent
binding of the 14-3-3 protein to the phosphorylated
penultimate Thr results in the activation of the H+-
ATPase (Olsson et al. 1998). Plant PM H+-ATPases
are encoded by a multi-gene family. There are 12 mem-
bers in Arabidopsis (Arabidopsis thaliana) (AHA1-
AHA12) and 10 members in rice (Oryza sativa)
(OSA1-OSA10) classified into five sub-families
(Arango et al. 2003). PM H+-ATPases are involved in
generating H+ electrochemical gradient to provide driv-
ing force for the active influx, efflux of ions and metab-
olites across the PM (Portillo 2000; Palmgren 2001;
Arango et al. 2003; Duby and Boutry 2009).

Ammonium (NH4
+) is oxidized to nitrite (NO2

−) and
subsequently to nitrate (NO3

−), by nitrifying bacteria
(Nitrosomonas and Nitrobacter, respectively) in the soil.
This biological process termed nitrification, however, is
one of the major causes of nitrogen loss and associated
environmental pollution due to NO3

− leaching and deni-
trification. If the nitrification process is repressed, NO3

−

leaching and N2O emission are reduced, then, nitrogen
recovery in agricultural system can be improved
(Subbarao et al. 2015). The existence of plant-derived
nitrification inhibitors are known (Moore andWaid 1971;
Lata et al. 1999, 2004). The phenomenon of nitrification
inhibitors (BNIs) produced and released from plant roots
is termed Bbiological nitrification inhibition^ (BNI)
(Subbarao et al. 2006, 2015). Several BNIs have been
isolated and characterized; e.g., brachialactone is isolated
from root exudates of pasture grass Brachiaria
humidicola; methyl 3-(4-hydroxyphenyl) propionate
(MHPP), sakuranetin and sorgoleone are isolated from
root exudates of sorghum (Sorghum bicolor) (Subbarao
et al. 2006, 2009, 2012a, b, 2013; Zakir et al. 2008;
Tesfamariam et al. 2014). Presence of NH4

+ in the
growth media or root exudate collection solution is
reported to stimulate BNIs release from sorghum roots
(Subbarao et al. 2007b, 2009; Zakir et al. 2008).

The stimulation of BNIs release by NH4
+ is reported

to be related to the PM H+-ATPase activity in sorghum

(Zhu et al. 2012). The PM H+-ATPase activity was
stimulated by NH4

+ nutrition, and the BNIs release was
repressed by pharmacological inhibitor, vanadate or stim-
ulated by fusicossin, a known stimulant of PM H+-
ATPase (Zhu et al. 2012). The release of BNIs is a tightly
regulated physiological process where an interplay
among NH4

+ uptake, rhizosphere pH, and PM H+-
ATPase regulate BNIs release in sorghum roots (Zhu
et al. 2012). Whether the PM H+-ATPase genes respond
to NH4

+ presence in the rhizosphere and which isoforms
are involved in BNIs release is not known; but such
information is needed to understand the role of NH4

+

nutrition on BNIs release. In this study, we investigated
the effect of NH4

+ nutrition on expression of PM H+-
ATPase genes from sorghum genome. Also, it is not
known whether NH4

+ uptake alone or its assimilation is
responsible for stimulating BNIs release; this is addressed
by comparing the influence ofmethyl-ammonium (MeA)
(a non-metabolizable analogue of NH4

+) (Ermilova et al.
2007; Kosola and Bloom 1994) and NH4

+ on BNIs
release, PM H+-ATPase activities and expression of PM
H+-ATPase genes in sorghum roots.

Materials and methods

Plant cultivation

Sorghum seeds (Sorghum bicolor L. Moench var. hybrid
sorgo) were germinated in trays containing vermiculite.
After 1 week, the seedlings were transferred to aerated
nutrient solution of 70 L tanks covered by a styrofoam
board with 4 plants grown in each of the 45 holes. The
seedlings were grown in a growth chamber under con-
trolled conditions (photoperiod 14-h-light/10-h-dark at 30/
28 °C, light intensity 300 μmol m−2 s−1). The composition
of the nutrient solution is as follows: (NH4)2SO4 0.5 mM;
KH2PO4 0.3 mM; K2SO4 0.2 mM; CaCl2 0.1 mM;
MgSO4 0.15 mM; Fe-EDTA 0.2 mM; H3BO3 20 μM;
CuSO4 0.3 μM; MnSO4 9.0 μM; Na2MoO4 0.5 μM;
ZnSO4 0.8μM.The nutrient solutionswere replaced every
3 days. At the end of every day, the pH of the nutrient
solution was adjusted to 5.0 using 1 N NaOH or H2SO4.

Root exudates collection

Two weeks after transplanting, the intact roots of sorghum
seedlings (a sample size of 12 plants with three replica-
tions) were removed from the nutrient solution and rinsed
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with distilled water, then immersed for 4 h (from
10:00 AM to 14:00 PM) in 1 L aerated root exudates
collection solution (200 μM CaCl2) containing NH4Cl or
methyl-ammonium (tetra methyl-ammonium chloride);
using a pH-stat system (NPH-660 NDE, Nissin, Japan),
the pH of the root exudate solution was maintained at 5.0
during the 4 h collection period, as described earlier (Zhu
et al. 2012). For vanadate experiment, 0.5 mM vanadate
was used in the root exudates collection solution. After
collection of root exudates, roots were separated from
shoots, dried at 70 °C for 2 days in a forced air-
circulating oven before determining the dry weight. For
PM isolation, fresh roots were rinsed with distilled water
and then ground immediately. For RNA isolation and gene
expression analysis, fresh roots were frozen in liquid ni-
trogen for 4 h and then stored at −80 °C.

Nitrification inhibition determination

The inhibition of nitrification was determined following
the methods described previously (Subbarao et al. 2006;
Zhu et al. 2012). For the extraction of biological nitrifica-
tion inhibition (BNI) compounds, root exudates were evap-
orated 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 then further evaporated to dryness using a rotary
evaporator at 40 °C; and the residue was extracted with
50 μL of dimethyl sulphoxide (DMSO). The DMSO
extract was then used to determine the BNI activity using
amodified bioassay that employs recombinant luminescent
N. europaea (Iizumi et al. 1998; Subbarao et al. 2006). The
BNI activity of samples is expressed in units defined in
terms of the action of a standard inhibitor, allylthiourea
(AT); the inhibitory effect of 0.22 μM AT in an assay
containing 18.9 mM of NH4

+ is defined as one ATU (AT
unit) of activity (Subbarao et al. 2006).

PM isolation and H+ ATPase activity analysis

PM isolation and H+-ATPase activity analysis were
conducted using the methods as described previously
(Yan et al. 2002; Zhu et al. 2012; Zeng et al. 2013).

Identification of PM H+-ATPase genes in sorghum

To identify novel PMH+-ATPase genes of sorghum in a
genome-wide level, the amino acid sequence of
Arabidopsis AHA2 (a well-characterized PM H+-

ATPase member) was used to blast against the sorghum
genome database (version 2.1) (http://www.phytozome.
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Fig. 1 Effects of ammonium (AM) on the BNI release and the PM
H+-ATPase activity. After growing in nutrient solution for 2weeks,
sorghum seedling roots were incubation with 1 L aerated root
exudate collection solution containing NH4Cl of different concen-
trations (0, 0.1, 0.5, 1.0, 2.0, 4.0 mM) for 4 h, and then root
exudates were collected for BNI determination (a), and PM vesi-
cles were isolated from fresh roots for analysis of the activity of
PM H+-ATPases (b). c To investigate the effect of vanadate (VA)
onBNIs releases from sorghum roots, root exudates were collected
after incubation for 4 h in 1 L aerated root exudate collection
solution with 0.5 mM or 4.0 mM NH4Cl, and with or without
0.5 mM VA. The data of the BNI activity and the PM H+-ATPase
activity at 0–1.0 mMNH4

+ is adopted from Zhu et al. (2012). The
bars represent means±SE of three replications. Different letters
indicate that the values are significantly different at P<0.05 (based
on one-way ANOVA)
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net/search.php?org=Org_Sbicolor_v2.1). In addition,
sorghum genes containing a functional annotation of
KOG0205 (PM H+-transporting ATPase) were also
collected. The nucleotide and amino acid sequences, as
well as other information of these putative PM H+-
ATPase genes were obtained.

Phylogenetic tree construction and sequence analysis

Protein sequences of PM H+-ATPases of Arabidopsis,
rice and sorghum were obtained from TAIR (http://
www.arabidopsis.org/), NCBI (http://www.ncbi.nlm.
nih.gov/) and Phytozome (http://www.phytozome.net/
sorghum.php), respectively. The amino acid sequences
of PMH+-ATPase proteins were aligned using ClustalW
(BLOSUM series was used for Protein Weight Matrix),

and a phylogenetic tree was constructed by the
neighbor-joining method using the software MEGA4.0
(Tamura et al. 2007). Gene structure feature was ana-
lyzed by Gene Structure Display Server (http://gsds.cbi.
pku.edu.cn/index.php).

RNA extraction and gene expression analysis

Total RNAs were extracted with the RNeasy Plant Mini
Kit (QIAGEN) and digested with DNase I (QIAGEN) to
eliminate DNA contamination, and then 1 μg RNAwas
used for reverse transcription in a 20 μL reaction system
with PrimeScript RT reagent kit (TAKARA).
Quantitative real-time RT-PCR (qRT-PCR) was per-
formed with SYBR Premix EX Taq (TAKARA), and
amplification was real-time monitored on a miniOpticon

Table 1 Characteristics of sorghum PM H+-ATPase genes

Locus name
(version 2.1)

Gene name Chromosome Gene length (bp) Number
of introns

Number of
amino acid (aa)

Amino acid
identity to
AHA2 (%)

Sobic006g247100 SbA1 6 7024 13 951 83.9

Sobic008g190500 SbA2 8 7049 20 956 79.2

Sobic004g331500 SbA3 4 3705 1 951 79.2

Sobic010g207800 SbA4 10 4738 10 953 78.9

Sobic007g087700 SbA5 7 5269 10 953 77.5

Sobic001g132400 SbA6 1 9919 20 954 77.5

Sobic002g065000 SbA7 2 6193 20 956 77.4

Sobic001g519300 SbA8 1 4865 10 959 75.3

Sobic003g436400 SbA9 3 4367 11 952 74.9

Sobic001g543900 SbA10 1 8293 18 1004 71.8

Sobic001g480700 SbA11 1 5894 19 958 67.0

Sobic010g063700 SbA12 10 3184 2 874 78.0

SbA1
SbA2
SbA3
SbA4
SbA5
SbA6
SbA7
SbA8
SbA9
SbA10
SbA11
SbA12

CDS UTR Intron

0 kb                1 kb                  2 kb                 3 kb                 4 kb                  5 kb               6 kb                 7 kb                 8 kb                  9 kb

Fig. 2 Gene structures of 12 sorghum PM H+-ATPase genes, SbA1-12. A dark gray box indicates 5′- and 3′- untranslated regions; a light
gray box indicates exons; a black line indicates introns
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real-time PCR system (Bio-Rad). Briefly, 2 μL of a 1/10
dilution of cDNA, 10 μL of the 2×SYBR Premix Ex
Taq (TaKaRa), 1 μL each primer of 5, and 6 μL water
was mixed in a final volume of 20 μL. The reaction was
amplified for 30s at 95 °C, followed by for 5 s at 95 °C
and 30 s at 60 °C for 40 cycles. All reactions were run in
triplicate and included no template or reverse transcrip-
tion controls for each gene. PCR efficiency was deter-
mined by a series of 2-fold dilutions of cDNAs, and the
calculated efficiency of all primers varied from 0.8 to
1.0. The primers used for amplification of sorghum H+-
ATPase genes were as follows: 5′ CGCCTTATTGC
GACGGA 3′ and 5′ CGCTTTACAACTAGGGCT
GCT 3′ for SbA1; 5′ CCACATTCACCACCGAGC 3′
and 5′ CCCTTGCAGTTCCAGATTTATA 3′ for SbA2;
5′ TCAGGTTTCTTTTGGATTAGACA 3′ and 5′
AACTTACAAGGAGGGAGGAGG 3′ for SbA3;; 5′
TCACCACCAAGAAGGACTACG 3 ′ and 5 ′
GGTGCGGTCGTTGAGGAT 3 ′ for SbA5 ; 5 ′
G C C T C C GA C C C T T C T T C T 3 ′ a n d 5 ′
GACGGTTTCGTTGGTGATG 3′ for SbA10; 5′
AGCAGCACAACACCATCTTC 3 ′ and 5 ′
CGCTTCAGCCTCATCACA 3′ for SbA11. Gene

relative expression levels were normalized to one
ACTIN gene (Sobic005g047100) and presented as
2-△△CT to simply the presentation of data. The specific
p r im e r s f o r ACT IN we r e 5 ′CATCCCCA
CTTCGGCTCC 3 ′ and 5 ′ CCTCAATAGG
CTGGCAATCTC 3′.

Results

Presence of NH4
+ in the root exudate solution on BNIs

release and PM H+-ATPase activity in sorghum roots

The release of BNI activity from sorghum roots increased
by the presence of NH4

+ in the concentration range of 0 to
1.0 mM, but no further increase was observed at concen-
tration >1.0 mM (1.0 to 4.0 mM) (Fig. 1a). Root PM H+-
ATPase activity also increased in the concentration range
of 0 to 1.0 mM NH4

+ in the root exudate solutions, but it
declined subsequently at concentration >1.0 (1.0 to
4.0 mM) (Fig. 1b). Vanadate is a known inhibitor of PM
H+-ATPases. After incubationwith 0.5mMvanadate, BNI
release from intact sorghum plants was significantly

SbA2   756 SWSFVERPGFLLVFAFLVAQLIATLIAVYADWAFTSIKGIGWGWAGIVWLYNIIFYFPLDIIKFLIRYALSGKAWDLVIEQRIAFTRKKD
SbA6   756 SWSFVERPGFLLVFAFLVAQLIATLIVVYANWGFTSIKGIGWGWAGVVWLYNLVFYFPLDILKFLIRYAMSGKAWDLVVEQRIAFTRKKN
SbA7   756 SWSFVERPGFLLVFAFLVAQLIATLIAVYANWAFASIKGIGWGWAGVIWLYNLVFYFPLDIIKFLIRYALSGRAWNLVLEQRIAFTSKKN
AHA2 785 SWSFVERPGALLMIAFLIAQLIATLIAVYANWEFAKIRGIGWGWAGVIWLYSIVTYFPLDVFKFAIRYILSGKAWLNLFENKTAFTMKKD
SbA1   752 SWSFVERPGLLLVTAFLLAQLVATFLAVYANWGFARIKGIGWGWAGVVWLYSIVFYFPLDLIKFFIRFVLSGRAWDNLLENKTAFTTKKD
SbA8   753 SWCFTERPGFWLCAAFVIAQIVATLIAVLANFGFAHIRGIGWGWAGVIWLYSLVTFVPLDLFKFAIRYVLSGRAWNNLLQNKTAFTTKKN
SbA9   753 SWCFTERPGFWLCAAFVIAQIVATLIAVLANFGFAHIRGIGWGWAGVIWLYSVVTFVPLDVFKFGIRYVLSGRAWNNLLQNKTAFTTKKD
SbA5   753 GLCFTERPGFLLCVAFVVAQIIATLVAVIPTIGFAHIRGIGWGWAGVIWLYSVVTFLPLDAFKLAIRYALSGKAWDTVFDHKVAFTTKKD
SbA3   752 SWSFVERPGALLVIAFLAAQLVATCIAVYANWEFCKMQGIGWGWGGAIWAFSVVTYFPLDVLKFAIRYALSGKAWN-NINNKTAFTNRTD
SbA12  751 SWSFVERPGFLLLFAFFAAQLVATCIAVYANWDFCRMQGIGWAWGGAIWIFSIVTYIPLDVLKFMIRAALRGKAAG-SNVQNKASFLPTL
SbA4   749 SWFFVERPGLLLVAAFLAAQLVATLIAVYAQWPFAKIKGIGWGWGAVIWLFSIVTFFPLDVFKFAIRYFLSGKQWNNVFDNKTAFANELD
SbA10  770 GWSFMERPGLLLMGAFVIAQLIASVLAAMVSWELAGIKGIGWGWTGVIWLYNLVVYLLLDPIKFAVRYGLSGKAWNLVIDHKVAFTNRKD
SbA11  754 GLSFLERPGALLICAFVVAQLVATLVAVYATIGFASISAIGWRWAGAIWLYSLVFYVPLDLIKIAARYILSGKAWNLLFDRKTAFTRKND

SbA2   846 FGREERELKWAHAQRTLHGLQAPD----AKMFPEKAGYNELNQMAEEAKRRAEIARLRELHTLKGHVESVVKLKGLDIETIQQS-YTV
SbA6   846 FGKEERALKWAHAQRTLHGLQPPD----AKLFPERV--HELNQMAEEAKRRAEIARLRELHTLKGHVESVVKLKGLDIDTIQQS-YTV
SbA7   846 FGTEERERKWAHAQRTLHGLQPPE----ASIFENKTTFNELNQLAEEARRRAEMARLREVSTLKGKMESVVKQKGLDIETIQQS-YTV
AHA2 875 YGKEEREAQWALAQRTLHGLQPKE-AVN--IFPEKGSYRELSEIAEQAKRRAEIARLRELHTLKGHVESVVKLKGLDIETPSH--YTV
SbA1   842 YGREEREAQWATAQRTLHGLQPPE-AATNTLFNDKSSYRELSEIAEQAKRRAEIARLRELNTLKGHVESVVKLKGLDIDTIQQN-YTV
SbA8   843 YGGEERKAQWATTQRSLHGLPTTTEAEAAGAGGGGNHAAELSEIAEQAKRRAEFARLCQRNTLRGQLESSARRRGIDINAVRTPYYSV
SbA9   843 YGREERAAQWATTQRSLHGLDIE------SGGGDRSYAEEVPEIAEQARRRAEFARLREKKTLRGHLESAAKLRGIDINAVRPPFYSM
SbA5   843 YGREEREAQWATAQRTLHGLQTPELAAGGIILNDRTSYRELSEIAEQAKRRAEVARLRELSTLKGQMESVVKLKGLDMEGVQQH-YTV
SbA3   841 YGKGEREAQWATAQRTLHGLNQATAT-SDLFGDNQG-YRELSELADQAAKRAEVARLRELHTLKGHVESVVKLKGLDIDTINQS-YTV
SbA12  840 TQQTAPLLLS------------------------------------------------------------------------------
SbA4   839 YGKSKREAQWAIAQRSLHGLQQPEASGLFNTDNSND-FIELSEIAEQAKRRAEIARLRELHTLKGHVESVVKLKGLDIDTIQHN-YTV
SbA10  860 FGKEAREAAWAHQQRTLHGLESAG---APGSSREKAASVELGQMAEDARRRAEITRLRELHTLKGKVESVVKLKGLDLEDINNQHYTV
SbA11  844 IWKEDRGARWALSRRDVQRRAFSD------HLLSSTTPSSRSRISDQARWRAEIARLGERHALRASVESVMRLKRVDSHVIRTAQ-TV

Region I                                            Region II                                    14-3-3

M9                                    M10

Fig. 3 Alignment of the C-terminal regions of AHA2 and 12
sorghum PM H+-ATPases with ClustalW (http://www.genome.jp/
tools/clustalw/) and BoxShade (http://www.ch.embnet.org/
software/BOX_form.html). Black blocks indicate highly
conserved residues. Dashes indicate gaps introduced to allow for

optimal alignment of the sequences. The 9th and 10th
transmembrane segments (M9 and M10), the region I, the region
II and the 14-3-3 protein binding site within the C-terminal regions
are indicated by lines. SbA12 is a probable pseudogene which lacks
C-terminal auto-inhibitory domain
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suppressed at 0.5 mM and 4.0 mMNH4
+ (Fig. 1c). These

results suggest that PM H+-ATPase is functionally in-
volved in the stimulation of BNIs release by NH4

+ in the
concentration range of ≤1.0 mM.

Genome-wide identification of sorghum PM
H+-ATPase genes

To investigate whether the transcriptional levels of the H+-
ATPase genes are affected by NH4

+, we first identified
novel PM H+-ATPase genes by blasting against sorghum
genome database using the amino acid sequences of
Arabidopsis AHA2 as query. A total of 12 homologous
genes encoding putative PM H+-ATPases were found in
sorghumgenome, and they showed high sequence identity
with AHA2, arranged between 67 and 84 %. These genes
were sequentially named SbA1-SbA12, based on their
amino acid identity to AHA2 (Table 1). Similar to their
counterparts in other plants, sorghum H+-ATPase are rel-
atively big proteins with lengths ranging from 874 to 1004
aa. The coding region of sorghum H+-ATPase genes is
interrupted by 1–20 introns (Table 1, Fig. 2), which is
similar to that in Arabidopsis and rice (Arango et al. 2003).
With the exception of SbA12, all the other 11 isoforms
possess a penultimate Thr or Ser, and conserved region I
and region II in the C-terminal regions (Fig. 3). Because of
the lack of C-terminal auto-inhibitory domain, SbA12was
considered to be a probable pseudogene. Region I and
region II in the C-terminal region have been identified to
be important for the auto-inhibitory effects on the H+-
ATPase (Palmgren et al. 1991; Axelsen et al. 1999). The
phosphorylation of penultimate Thr or Ser is required for
14-3-3 protein binding, which results in the activation of
H+-ATPases (Olsson et al. 1998; Maudoux et al. 2000;
Kinoshita and Shimazaki 2002). Phylogenetic analysis
using full-length amino acid sequences indicated that sor-
ghum PM H+-ATPase genes are localized in each of the
five subfamilies (Fig. 4), similar to PM H+-ATPase genes
in Arabidopsis and rice (Arango et al. 2003).

Expression of PM H+-ATPase genes in response
to NH4

+ in sorghum roots

Expression levels of sorghum H+-ATPase genes in
response to NH4

+ were analyzed by qRT-PCR using
specific primers. At least six of these 12 H+-ATPase
genes were successfully detected in sorghum roots, but
no expression was detected for the other eight isoforms,
which could be expressed in specific tissue or under

specific conditions. Among the six genes, SbA3 was
only marginally affected by NH4

+, whereas the other

I

V

III

IV

II

Fig. 4 Phylogenetic tree of PM H+-ATPase proteins from
Arabidopsis, rice and sorghum. The full-length amino acid se-
quences of the H+-ATPase proteins were aligned using ClustalW,
and a phylogenetic tree was constructed by the neighbor-joining
method using the software MEGA4.0. Sorghum PM H+-ATPase
proteins are marked with a blue circle before the protein names. The
bar indicates the relative divergence of the sequences examined and
bootstrap values are displayed next to the branch. Roman numerals
designate the subfamilies. The locus names of SbA1-SbA12 are
listed in Table 1. The AGI (Arabidopsis Genome Initiative) number
of AtAHA1-AtAHA12 is At2g18960, At4g30190, At5g57350,
At3g47950, At2g24520, At2g07560, At3g60330, At3g42640,
At1g80660, At1g17260, At5g62670, and At4g11730, respectively.
The NCBI gene accession numbers of OsA1-OsA10 are AJ439999,
AJ440000, AJ440001, AJ440002, AJ440216, AJ440217,
AJ440218, AJ440219, AJ440220, and AJ440221, respectively.
AHA12, OsA10 and SbA12 are probable pseudogenes which lack
C-terminal auto-inhibitory domains (Axelsen and Palmgren 2001;
Arango et al. 2003)
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five genes (SbA1, SbA2, SbA5, SbA10 and SbA11) were
found to respond to NH4

+ nutrition and their expression
patterns were similar (Fig. 5). The expression of the five
H+-ATPase genes was increased by NH4

+, and the
highest expression occurred at concentration of
0.5 mM or 1.0 mM. But their expression levels were
decreased by high NH4

+ concentration (4.0 mM). The
expression patterns of H+-ATPase genes were largely
consistent with the response of PMH+-ATPase activities
(Fig. 1b), although post-translational regulation could
not be excluded.

Influence of methyl ammonium (MeA) on BNIs release
and PM H+-ATPase activity in sorghum roots

To investigate whether the effect of NH4
+ nutrition on

PM H+-ATPase activity of sorghum roots is related to
NH4

+ uptake or assimilation, we applied MeA, a non-
metabolizable analogue of NH4

+ to the root exudate
collection solution (Kosola and Bloom 1994; Ermilova
et al. 2007), and examined the influence ofMeA on BNIs
release and PMH+-ATPase activity in sorghum roots. No
significant change was observed for either of these pro-
cesses following MeA treatment (Fig. 6a, b). But the H+-
ATPase activity decreased slightly at 4.0 mM of MeA,
which may be caused by its toxicity at higher concentra-
tion. Consistent with the H+-ATPase activity, the expres-
sion of most PMH+-ATPase genes were not activated by
MeA treatment (Fig. 6b). But the expression of some
SbA5 and SbA10 were repressed by MeA at higher

concentration and SbA11 was marginally increased by
MeA. Thus, unlike NH4

+, MeA has little or no stimula-
tory effect on PM H+-ATPase activity and BNIs release.

Discussion

Root exudates from sorghum plants were reported to
inhibit nitrification (Alsaadawi et al. 1986), and their
direct suppressive effect on Nitrosomonas bacteria has
been validated recently (Subbarao et al. 2007a, 2013,
2015; Zakir et al. 2008; Tesfamariam et al. 2014). The
presence of NH4

+ in the rhizosphere has been shown to
stimulate BNIs release in sorghum roots (Subbarao et al.
2007b, 2009, 2012a). It is hypothesized that PM H+-
ATPase is functionally linked to BNIs release and is
stimulated by the presence of NH4

+ (≤1.0 mM in the
rhizosphere; the concentration range where high affinity
AMT1-type ammonium-transporters operate in PM)
(Yuan et al. 2007). At concentrations of >1.0 mM, an
apparent disconnect was observed between the BNIs
release and the PM H+-ATPase activity, indicating alter-
native BNIs release mechanisms associated with mass-
flow of NH4

+, which is open to future research.
Vanadate, a known inhibitor of PM H+-ATPase

(O’Neill and Spanswick 1984), suppressed the release
of BNIs in the presence of NH4

+ in rhizosphere
(Fig. 1c), providing further evidence to the functional
link of PM H+-ATPase to BNIs release. Such functional
link between PM H+-ATPase and BNI release was
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Fig. 5 Expression of six sorghum PM H+-ATPase genes in re-
sponse to NH4

+ nutrition. After growing in nutrient solution for
2 weeks, sorghum seedling roots were incubated with 1 L aerated
root exudate collection solution containing NH4Cl of different
concentrations (0, 0.1, 0.5, 1.0, 2.0, 4.0 mM) for 4 h, and then total

RNA was isolated from roots for expression analysis. Relative
expression level of each individual PM H+-ATPase gene was
normalized to that of SbACTIN (Sobic005g047100). The relative
expression levels were normalized to 1 in control (without ammo-
nium). The bars represent means±SE of three replicates
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however disrupted at >2.0 mMNH4
+ concentration, sug-

gesting that other BNIs release mechanisms that do not
require PM H+-ATPase activity may be operational. The
BNI compounds are suggested to be anionic substances
(Subbarao et al. 2007b). It is thus assumed that BNIs
release mechanisms may be akin to mechanisms associ-
ated with the release of other organic anions, such as
citrate and malate. For example, the aluminum-activated
root citrate exudation is mediated by a PM-localized
citrate transporter belonging to the multi-drug and toxic
compound extrusion (MATE) family (Furukawa et al.
2007); and this physiological process is linked to the
activity of PM H+-ATPase (Shen et al. 2005). During
the release of organic compounds, the PM H+-ATPase
activity seem crucial for providing the driving force and
maintaining the charge balance in plant cells.

In the present study, we identified 12 PM H+-ATPase
genes from sorghumgenome (Table 1, Fig. 1); andmost of
the encoded H+-ATPases possess a conserved C-terminal
region, with the exception of SbA12 (Fig. 3). Arabidopsis
AHA12 and rice OsA10 also lack such C-terminal re-
gions, and they are considered to be probable pseudogenes
(Axelsen and Palmgren 2001; Arango et al. 2003). All the
12 sorghum H+-ATPases show high identity to AHA2,
which is a well-characterized PM H+-ATPase member in
Arabidopsis (Palmgren 2001); and they are closely related
to the H+-ATPases fromArabidopsis and rice based on the
phylogenetic analysis (Fig. 4), suggesting their functions
are similar in plant species.

NH4
+ nutrition acidifies the rhizosphere in higher plants

(Schubert and Yan 1997; Zhu et al. 2009, 2012); the
induction of PM H+-ATPase activity by NH4

+ nutrition
could partly be due to acidification of rhizosphere (Yan
et al. 1998; Zhu et al. 2009). In the present study, the pH of
root exudate collection solutions (containing varying levels
of NH4

+) were kept at 5.0 using pH-stat system, thereby
removing the secondary effects of rhizosphere-acidification
from ammonium uptake and assimilation on BNI release.
The stimulatory effect from NH4

+ on BNI release thus
seems the direct effect from its assimilation and not from
the secondary effects (i.e., rhizosphere-acidification) asso-
ciated with its uptake.

Consistent with the activation of the PM H+-ATPase
activity in sorghum roots, at least five PM H+-ATPase
genes responded to moderate concentration of NH4

+

similarly in expression pattern (Figs. 1b and 5). Thus,
variation in the H+-ATPase activity with NH4

+ nutrition
is at least partly due to transcriptional regulation of H+-
ATPase genes. The H+-ATPase activity was also

activated by NH4
+ nutrition in the roots of barley and

rice (Yamashita et al. 1995; Zhu et al. 2009; Zeng et al.
2012). Recently, it was shown that the H+-ATPase activ-
ity is stimulated by NH4

+ treatment in potassium (K)-
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in sorghum roots. After growing in nutrient solution for 2 weeks,
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exudate collection solution containing MeA of different concen-
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fresh roots for analysis of the activity of H+-ATPases (b), and then
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Relative expression level of each individual PM H+-ATPase gene
was normalized to that of SbACTIN (Sobic005g047100). The
relative expression levels were normalized to 1 in control (without
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deficient sorghum roots, where two H+-ATPase genes
SbA1 and SbA2 were induced by NH4

+ compared to
NO3

− (Alvarez-Pizarro et al. 2014). In the present study,
we have extended the members of NH4

+-responsive H+-
ATPase genes of sorghum to five (SbA1, SbA2, SbA5,
SbA10 and SbA11) (Fig. 5). In addition to transcriptional
regulation, the rapid activation of the H+-ATPase activity
in sorghum roots byNH4

+ nutrition could be related to
post-transcriptional regulation, such as phosphorylation of
penultimate Thr and subsequent binding of 14-3-3 regu-
latory protein. Most sorghum isoforms of H+-ATPase
possess penultimate Thr or Ser in the C-terminal region
(Fig. 3). The phosphorylation of penultimate Thr or Ser
enables the binding of 14-3-3 protein, which is needed for
the activation of PM H+-ATPase in plants (Olsson et al.
1998; Maudoux et al. 2000; Kinoshita and Shimazaki
2002). The H+-ATPase activity can be modulated at
transcriptional- and post-translational level under alumi-
num stress in soybean roots (Shen et al. 2005). Further
research is thus needed to determine whether H+-ATPase
activity is also modulated at the post-translational level
when sorghum roots are fed with NH4

+.
Methyl ammonium (MeA) is a non-metabolizable

analogue to NH4
+ (Kosola and Bloom 1994; Ermilova

et al. 2007) and is taken up by plant roots through NH4
+

transporters (Kosola and Bloom 1994; Ninnemann et al.

1994). However, unlike in NH4
+ treatment, there was no

significant variation in PM H+-ATPase activity and in
BNIs release following MeA treatment (Fig. 6a). In
addition, a lack of transcriptional response for the
NH4

+-responsive H+-ATPase genes under MeA
(Fig. 6b) suggests that variation in PM H+-ATPase and
BNIs release from NH4

+ nutrition is not just due to
NH4

+ uptake, but from NH4
+ assimilation (Fig. 7).

Although the uptake of NH4
+ or MeA can lead to

depolarization of cell membrane potential because of
positive inward currents across PM (Walker et al. 1979;
Ullrich et al. 1984), themembrane potential change or the
depolarization of cell membrane potential caused by
NH4

+ or MeA uptake is not sufficient to activate PM
H+-ATPase activity. It has been suggested that the uptake
and assimilation of NH4

+ are closely synchronized in
plant roots (Ishiyama et al. 2003; Loqué and von Wirén
2004); and the assimilation of NH4

+ is a proton-
generating process (Van Beusichem et al. 1988; Xu
et al. 2012). In order to pump additional H+ out of
cytoplasm and maintain the electrochemical potential
gradient necessary for ion uptake, the H+-ATPase activity
is thus stimulated to further BNIs release.With the results
presented in this study, we propose a hypothesis that
NH4

+ assimilation and not just uptake alone sustains H+

supply for the continued functioning of PM-H+-pumps,

NH4
+

NH4
+ NH4

+

H+

H+
ATP

ADP+ Pi

BNIn-

BNIn-

BNI

Glutamine + H+

glutamate

Fig. 7 A hypothesis involving schematic description of ammoni-
um (NH4

+)-induced BNIs release in relation to the PM H+-ATPase
in sorghum roots. After NH4

+ is taken up by high affinity ammo-
nium transporters located on PM of the cell (in the concentration
range of ≤1.0 mM), NH4

+ is incorporated into glutamate to produce

glutamine and other amino acids, which facilitates the generation of
H+ in cytoplasm; to pump these additional H+ out of the cell, the
PMH+-ATPase activity is activated and this facilitates the release of
anionic BNIs possibly through anionic channels on the cell PM
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which is critical for BNIs release; and that is probably
mediated through anion-channels when rhizosphere
NH4

+ concentration is ≤1.0 mM (Fig. 7).

Significance

Physiological understanding of themechanisms governing
BNIs release has implications to practical agriculture, as
this helps in determining suitable niches in agro-ecological
regions where BNI expression is likely favored. For ex-
ample, light-soils that have low-buffering capacity such as
Alfisols of the SAT (Semi-arid Tropics, where sorghum is
predominantly grown as a rainy-season crop) India or
sandy-loams of West Africa, where sorghum is grown as
a major staple crop, seem better suited to develop acidic-
rhizosphere (pH <6.0) compared to Vertisols, which are of
heavy-clay type and have an alkaline pH of >7.5
(Subbarao et al. 2013). Alfisols with a natural soil pH of
<6.5, are better suited for the expression of BNI function in
sorghum asNH4

+ uptake and assimilation (results from the
present study) further reduces the rhizosphere pH in the
acidic range (i.e., pH <6.0), critical to sustain operations of
PM H+-pumps for BNIs release (Zhu et al. 2012;
Subbarao et al. 2013). In contrast, Vertisols, where sor-
ghum is grown as a post-rainy season crop in parts of Asia
may not allowBNI expression due to resistance to changes
in rhizosphere pH; thus NH4

+ uptake and assimilation will
not result in rhizosphere pH reaching <6.0, a level that is
conducive for BNIs release in sorghum (Zhu et al. 2012;
Subbarao et al. 2013, 2015). Knowledge of the underlying
physiological mechanisms governing BNIs release thus
helps in choosing suitable agro-ecological niche produc-
tion systemswhere BNI function is expressed to its genetic
potential for controlling nitrification.

The results from the present study improve our un-
derstanding of the physiological processes operating in
sorghum roots for the BNIs release, thus a step forward
to deploy sorghum BNI function in practical agriculture
for the benefit of small-holder farmers in dry areas of
tropical regions. In addition, the use of slow-release
fertilizers can facilitate keeping soil ammonium levels
<1.0 mM, this coupled with the development of genet-
ically modified crops with high PM H+-ATPase activity
can accelerate BNI release to make production systems
low-nitrifying that is beneficial to the environment.
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