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Abstract

Aims The ability to suppress soil nitrification through
the release of nitrification inhibitors from plant roots is
termed ‘biological nitrification inhibition” (BNI).
Here, we aimed at the quantification and characteriza-
tion of the BNI function in sorghum that included
inhibitor production, their chemical identity, function-
ality and factors regulating their release.

Methods Sorghum was grown in solution culture and
root exudate was collected using aerated NH,4Cl solu-
tions. A bioluminescence assay using recombinant
Nitrosomonas europaea was employed to determine
the BNI activity. Activity-guided chromatographic frac-
tionation was used to isolate biological nitrification
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inhibitors (BNIs). The chemical structure was analyzed
using NMR and mass spectrometry; pH-stat systems
were deployed to analyze the role of rhizosphere pH
on BNIs release.

Results Sorghum roots released two categories of
BNIs: hydrophilic- and hydrophobic-BNIs. The re-
lease rates for hydrophilic- and hydrophobic- BNIs
ranged from 10 to 25 ATUg ' root dwt. d"'. Addition
of hydrophilic BNIs (10 ATUg ' soil) significantly
inhibited soil nitrification (40 % inhibition) during a
30-d incubation test. Two BNI compounds isolated
were: sakuranetin (EDgy 0.6 uM; isolated from
hydrophilic-BNIs fraction) and sorgoleone (EDgq
13.0 uM; isolated from hydrophobic-BNIs fraction),
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which inhibited Nitrosomonas by blocking AMO and
HAO enzymatic pathways. The BNIs release required
the presence of NH," in the root environment and the
stimulatory effect of NH," lasted 24 h. Unlike the
hydrophobic-BNIs, the release of hydrophilic-BNIs
declined at a rhizosphere pH >5.0; nearly 80 % of
hydrophilic-BNI release was suppressed at pH >7.0.
The released hydrophilic-BNIs were functionally sta-
ble within a pH range of 5.0 to 9.0. Sakuranetin
showed a stronger inhibitory activity (EDsq 0.2 uM)
than methyl 3-(4-hydroxyphenyl) propionate (MHPP)
(EDsg 100 uM) (isolated from hydrophilic-BNIs frac-
tion) in the in vitro culture-bioassay, but the activity
was non-functional and ineffective in the soil-assay.
Conclusions There is an urgent need to identify sor-
ghum genetic stocks with high potential to release
functional-BNIs for suppressing nitrification and to
improve nitrogen use efficiency in sorghum-based
production systems.

Keywords Activity-guided isolation - Ammonia
monooxygenase (AMO) - Biological nitrification
inhibition (BNI) - BNI compounds - HAO
(hydroxylamine oxidoreductase) - Hydrophilic
and hydrophobic nitrification inhibitors -
Sakuranetin - Sorghum - Sorgoleone

Introduction

Nitrification results in the transformation of relatively
immobile ammonium (NH4") to highly mobile nitrate
(NOy3"), which is susceptible to loss through leaching of
NOj;™ and/or gaseous N emissions with potential adverse
effects on the environment and human health (Galloway
et al. 2008; Schlesinger 2009). The low agronomic N-
use efficiency (NUE) reported in agricultural systems is
largely the result of N loss associated with nitrification-
denitrification (Sahrawat and Keeney 1985; Raun and
Johnson 1999; Galloway et al. 2008; Schlesinger 2009).
Blocking the function of nitrifying bacteria or slowing
down soil nitrification can significantly reduce N loss
associated with nitrification in situations where loss of N
by leaching and denitrification is high following nitrifi-
cation (Sahrawat and Keeney 1985; Subbarao et al.
2006a, 2012). Extending the time that ammonium
remains in the soil, provides more opportunity for its
uptake by plants which can improve N-recovery and -
use efficiency in agricultural systems (Slangen and
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Kerkhoff 1984; Fillery 2007; Subbarao et al. 2012).
We have used a sensitive recombinant luminescent
Nitrosomonas europaea bioassay to detect biological
nitrification inhibitors (BNIs) in plant-soil systems;
and expressed the inhibitory activity in allylthiourea
units (ATU) (Subbarao et al. 2006b). Using this
methodology, we earlier established that certain plants
release nitrification inhibitors or BNIs from their roots
(Subbarao et al. 2006b, 2007a, b). The BNI capacity
appears relatively widespread among tropical pastures.
For example, the Brachiaria spp. had the highest capac-
ity among the pasture grasses evaluated; and among
field crops, sorghum showed a significant BNI capacity
(Subbarao et al. 2007b). One of the nitrification inhib-
itors released from sorghum roots was identified as
methyl 3-(4-hydroxyphenyl) propionate (MHPP)
(Hossain et al. 2008). In addition, NH," was shown to
stimulate BNIs synthesis and release in pasture grasses,
sorghum and wheat (Subbarao et al. 2007a, b, c;
Hossain et al. 2008). The present study aimed at the
characterization of BNI function in sorghum that
includes production of inhibitors, their identity,
functionality and factors regulating the release.

Materials and methods

A number of experiments were conducted to charac-
terize various aspects of BNI activity in sorghum.

Experiment 1

Assessment of BNIs release at various growth stages
in sorghum

Sorghum [Sorghum bicolor (L.) Moench cv. Hybrid-
sorgo] seeds were germinated in trays containing
moistened sand, watered with distilled water. Plants
were grown in a growth chamber with a day:night
temperature regime of 30:28 °C, average photosyn-
thetic photon flux of 300 umolm ?s ™' and a 14:10 h
light:dark photoperiod. Ten-day old seedlings were
transferred to continuously aerated nutrient solution
in 75 1 tanks, and the plants were held in Styrofoam
blocks with ten holes; three plants per hole were held
in position supported with a sponge. The experiment
consisted of four tanks (70 1 volume; 70x90x60 cm).
The composition of the nutrient solution is given in
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Subbarao et al. (2006b). Nitrogen at 1 mMN was
added as (NH4),SO4 to the nutrient solution. The pH
of the nutrient solution was adjusted daily with 1 N
NaOH to maintain a range of 5.0 to 5.5. The nutrient
solution was replaced every 7 days.

Root exudate collection and determination of BNI
activity of hydrophilic fraction of root exudate

In a first series of sequential sampling, root exudate
was collected from intact plants at 24, 31, 38 and 45
DAS (days after sowing) to determine the BNI activity
in the hydrophilic fraction. In the second series, root
exudate was collected from plants at 40, 70, 100 and
130 DAS to determine and characterize the BNI-
activity in hydrophilic and hydrophobic fractions of
the root exudate and in the root tissue at various
sorghum growth stages. For collecting root exudate,
intact plants (a sample size of three plants with four
replications) were removed from nutrient solution
tanks, sequentially rinsed with deionized and distilled
water, and immersed for 24 h in 2 | aerated solutions
of 1 mM NH4Cl with 200 uM CaCl, (pH 6.0).
The BNIs released into water is referred to as
hydrophilic-BNIs. For extracting BNIs in the hy-
drophilic fraction, root exudate was evaporated
under vacuum at 40 °C to dryness using a
rotary-evaporator (Buchi, V-850, Flawil, Switzer-
land); and this was followed by extraction of the
residue with 20 ml methanol. The methanol extract
was evaporated and the residue was extracted with
200 ul dimethyl sulphoxide (DMSO). The DMSO
extract was used to determine the BNI-activity
using a bioassay as described in the following
section (Subbarao et al. 2006b).

Determination of BNI activity in the hydrophobic
fraction with DCM (dichloromethane) root wash

Following collection of root exudate, roots were sep-
arated from shoots, and dipped in acidified DCM (v/v
DCM: acetic acid 99:1) for 30 s to remove the hydro-
phobic compounds from the root surface. The DCM-
root wash was then filtered and evaporated to dryness
using a rotary-evaporator at 40 °C; the residue was
extracted with 20 ml methanol, evaporated and re-
extracted with 200 pul of DMSO, and this extract was
used to determine the BNI activity in the hydrophobic
fraction of the root exudate.

Extraction of BNIs from root tissue

After washing of root tissue with DCM, half of the fresh
root tissue was used for the extraction of BNIs; the other
half of root tissue was oven-dried at 70 °C for the deter-
mination of dry matter. To extract BNIs, the fresh root
tissue was macerated with methanol using a blender,
followed by filtration. Methanol extract from the root
tissue was evaporated to dryness using a rotary-
evaporator at 40 °C; the residue was extracted with meth-
anol, evaporated to dryness and the residue dissolved in
200 pl DMSO for the determination of BNI activity.

Nitrification inhibition bioassay

A bioluminescence assay using a recombinant strain of
Nitrosomonas europaea was adopted to detect nitrifica-
tion inhibitors released from plant roots (i.e. BNI activ-
ity) (Subbarao et al. 2006b). The recombinant strain of V.
europaea carries an expression vector for the FVibrio
harveyi luxAB genes, and produces a distinct two-peak
luminescence pattern during a 30-s measurement period
(Subbarao et al. 2006b). The functional relationship be-
tween bioluminescence emission and nitrite production
in the assay has been shown to be linear using a synthetic
nitrification inhibitor, allylthiourea (AT) (Subbarao et al.
2006b). The inhibition caused by 0.22 uM AT in this
assay, about 80 % inhibition in bioluminescence and
NO, production, is defined as 1 ATU (allylthiourea unit)
(Subbarao et al. 2006b). Using the response to a concen-
tration gradient of AT (i.e. dose—response standard
curve), the inhibitory effect of test samples (e.g. root
exudates or plant tissue extracts) are expressed and com-
pared in ATU units. The detailed methodology is de-
scribed in Subbarao et al. (2006b).

Experiment 2a

Isolation of BNIs from the hydrophilic fraction
of the exudate

Seedlings of sorghum cv. Hybridsorgo were raised and
plants were grown for 50 d in a growth chamber as
described in Experiment 1. Root exudate was collected
in aerated 1 mM NH4CI solution with 200 uM
CaCl,'2H,0 and BNI activity was extracted from root
exudate and determined using the bioassay as described
earlier. Sorghum plants release hydrophilic-BNI of about
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40 ATU plant™'; about 500 plants were used to collect
sufficient amount of BNI activity for the purification
work. Based on our earlier experience, about 5,000 to
10,000 ATU activity is needed to support purification
efforts to purify a minimum of 200 pg of purified inhib-
itor to determine the chemical structure and properties.

The crude methanol extract having BNI activity was
diluted with water to achieve 5 % methanol concentration
before loading on to a reverse-phase column (25 cmx
2.8 cm, Wakosil 40C18, Wako). The column was eluted
with 210 ml each of 5, 10, 20, 30, 40, 50, 75 and 100 %
MeOH in 30 fractions of 7 ml. All the fractions were
dried under vacuum at 35 °C and the residues were
dissolved in MeOH (1 ml); aliquots of these fractions
(50 wl) were dried under vacuum at 35 °C and dissolved
in 10 ul DMSO; and a 2 pl aliquot was used to determine
BNI activity. The active fractions were further purified by
HPLC on a Jasco Gulliver HPLC system consisting of a
PU-1580 pump, UV-1570/1575 UV detector, and 807-IT
integrator equipped with TSKgel Super-ODS (4.6 mmx
100 mm or 10 mmx 100 mm) column (Tosoh, Tokyo,
Japan) monitored at 280 nm. The column was eluted
stepwise with aqueous acetonitrile (10 to 50 %) and all
peaks and troughs were checked for BNI-activity in the
bioassay. The active component from the 50 % methanol
fraction was purified using an isocratic HPLC using 20 %
acetonitrile as mobile phase.

Experiment 2b

Isolation of BNI-activity constituents from root-DCM
wash, hereafter referred to as hydrophobic-BNIs

Sorghum seeds cv. Hybridsorgo soaked in water for
4 h were germinated in the dark at 28 °C on moistened
filter paper discs placed in petri-plates. Root tissue
was excised from 8-d old seedlings and immediately
dipped in dichloromethane (DCM) with 1 % acetic
acid (v/v DCM:acetic acid 99:1) for 30 s. The DCM
root-wash was then filtered and stored at 5 °C.

Isolation of a BNI compound from hydrophobic-BNIs
in the root-DCM wash

The root-DCM wash was evaporated to dryness using a
rotary-evaporator at 40 °C. The residue was dissolved in
acetonitrile; preliminary tests suggest that samples dis-
solved in acetonitrile produced chromatogram with a
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sharp major peak where the activity was detected; meth-
anol is a broad-based organic solvent, solubilize several
non-BNI compounds and interfere with the HPLC anal-
ysis and was the reason to choose acetonitrile as the
solvent to dissolve the final sample for HPLC analysis.
About 5000 ATU hydrophobic-BNIs were obtained by
washing 200 g of fresh roots with acidified DCM. The
BNIs were purified using activity-guided HPLC frac-
tionation. A major active constituent with absorption at
280 nm was eluted at 10 min with isocratic HPLC
conditions of 63 % acetonitrile and 37 % of 0.5 %
formic acid.

Instrumental analysis

Mass spectra (MS) of the isolated compounds were
recorded on a GCMS-QP2010 spectrometer (Shi-
madzu, Kyoto, Japan) by direct electron ionization
(EI) at ionization energy of 70 eV. The NMR was
recorded at 298 K on spectrometer (Bruker, Avance
500). For NMR analysis, the active constituents from
root exudate were dissolved in CD;0D or CDCls.

Experiment 3

Evaluation of BNI-constituents — methyl
3-(4-hydroxyphenyl) propionate (MHPP), sakuranetin
and sorgoleone for their inhibitory effects

on Nitrosomonas

Authentic sakuranetin was obtained from ©Extrasynth-
ese and MHPP from ©Aldrich. Sorgoleone was purified
from root-DCM wash using HPLC. The purified com-
pound was subjected to EI-MS and/or NMR analysis.
The EI-MS spectral data matched with that published
for sorgoleone (Erikson et al. 2001). Sakuranetin,
MHPP and sorgoleone were dissolved in DMSO to
determine their inhibitory effects on Nitrosomonas us-
ing the bioassay described earlier.

Experiment 4

Mode of inhibitory action of MHPP, sakuranetin
and sorgoleone on Nitrosomonas

Purified sorgoleone and two authentic BNI com-
pounds (MHPP and sakuranetin) along with synthetic
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nitrification inhibitors [allylthiourea (AT), nitrapyrin
and dicyandiamide (DCD)] were evaluated to deter-
mine their modes of inhibitory action on Nitrosomo-
nas. The mode of action was determined by incubating
a pure culture of N. europaea in the presence or
absence of hydroxylamine in the assay medium using
a previously reported protocol (Subbarao et al. 2006b).
Ammonia is first oxidized to hydroxylamine by am-
monia monooxygenase (AMO), a copper containing
enzyme that is a membrane-bound protein. Hydroxyl-
amine is oxidized to nitrite by hydroxylamine oxido-
reductase (HAO) (a cytosolic enzyme); this oxidation
releases four electrons—two of which are returned to
AMO to sustain ammonia oxidation and the remaining
two are available for generation of NADPH or this
reductive power is routed through luciferase protein
for luminescence during the assay. Most commercially
available nitrification inhibitors (such as nitrapyrin
and DCD) target the AMO enzymatic pathway to in-
hibit Nitrosomonas function, but have no effect on HAO
enzymatic pathway. This could be tested using the bio-
assay by incubating the Nitrosomonas culture with the
inhibitor in the presence and absence of hydroxylamine
to determine the inhibitor’s effect on AMO pathway. If
the inhibitor only affects the AMO pathway, then the
inhibitory effect can be removed in the presence of
hydroxylamine (i.e. byproduct of AMO activity) in the
assay medium where Nifrosomonas can oxidize hydrox-
ylamine and generate energy; i.e. the culture will regain
its luminescence to support the metabolic functions of
Nitrosomonas. 1f the inhibitor affects HAO enzyme,
then Nitrosomonas can’t regain its luminescence (i.e.
biological activity) even in the presence of hydroxyl-
amine in the assay. This is how the mode of inhibition of
the BNIs are evaluated based on this principle. The
present method assumes that if HAO is inhibited, then
AMO is most likely also inhibited. However, if the
inhibitor blocks only the HAO pathway without affect-
ing the AMO pathway, then our assay method can’t
resolve such a situation; only way to resolve such cases
are to analyze the sample mixture (i.e. culture incubated
with inhibitor) for hydroxylamine levels, which is
beyond the scope of this study.

Solutions of (200 pl) of water-soluble inhibitors,
AT, DCD and nitrapyrin were added to 250 ul of
bacterial culture; and the contents were incubated for
10 min, followed by addition of 200 pul of 1 mM
hydroxylamine (to give 307 uM). The total volume
of the assay was 650 pl. The mean of the 10

bioluminescence measurements made during the 10-
min incubation period was taken as the activity level.
All measurements were repeated three times and trea-
ted as replications for statistical analysis of the data.
The effect of the addition of the AMO enzyme product
(i.e. hydroxylamine) to the reaction mixture was eval-
uated. The inhibitory effects of purified sorgoleone,
authentic MHPP and sakuranetin, and synthetic inhib-
itors—AT, nitrapyrin and DCD on Nitrosomonas ac-
tivity were determined in the presence (i.e. inhibition
of the HAO enzymatic pathway) or absence of hy-
droxylamine (i.e. inhibition of the AMO enzymatic
pathway) as described earlier (Subbarao et al. 2006b).

Experiment 5

Determining longevity of the stimulatory effect
of NH," on the BNIs release from sorghum

Our earlier research showed that sorghum plants re-
leased BNIs from roots mostly in the presence of
NH," (i.e. root exudate collection solutions contained
NH,") (Hossain et al. 2008). However, the longevity
of the stimulatory effect of NH4" on the BNIs release
in sorghum is not known. As a continued availability
of NH," in the rhizosphere is unlikely in agricultural
systems in the field, this experiment was conducted to
obtain information on the longevity of the NH4" influ-
ence on the BNIs release in sorghum. Sorghum plants
were raised hydroponically with (NH4),SO4 (0.5 mM)
as N source for 30 d and the growing conditions were
similar to those in Experiment 1. Root exudate was
collected from six plants (sample size) using aerated
solutions of 1 mM NH4Cl with 200 uM CaCl, for 8 h
(9.00 am to 5.00 pm); plants were then returned to N-
free nutrient solution tanks; root exudate was collected
from the same plants on the following day (i.e. 2nd
day of the root exudate collection) using NH, " -free
aerated 200 uM CaCl, solution for 8 h, and this
process was repeated for the third day (i.e. root exu-
date was collected in NH, -free solution); the fourth
day root exudate was collected using 1 mM NH4CI
with 200 uM CaCl,; the experiment was replicated
three times. After the fourth-day of root exudate col-
lection, roots were separated from shoots and dried at
70 °C and dry weights recorded. Root exudate was
evaporated to dryness and BNIs were extracted and
the activity was measured as described earlier.
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Experiment 6

Influence of rhizosphere pH on the synthesis
and release of BNIs

Our results previously showed that BNIs release was
higher in sorghum plants raised with NH;" as N source
and when root exudate was collected using NH4ClI in-
stead of KNOj; solution (Hossain et al. 2008). In this
experiment, we further analyzed the influence of rhizo-
sphere pH on BNIs release using a pH-stat system to
decouple the pH change associated with NH," uptake/
assimilation. Sorghum plants (cv. Hybridsorgo) were
hydroponically grown for 10 d (17 DAS) under plant
growing conditions and nutrient management described
in Experiment 1; (NH4),SO, is the sole N source at
0.5 mM for growing plants; pH of the nutrient solution
was adjusted to 5.0 twice a day. Plants were allowed to
grow in hydroponic systems for 10 d, and then used in
this experiment. For collecting root exudate, 21 plants
were used as the sample size for each of the pH treatment
using aerated NH4Cl (1 mM) solution for a 24 h period;
root exudate collection solution pH was maintained using
a pH-stat system (NPH-660 NDE, Nissin, Japan). There
were 3 pH treatments of 3.0, 5.0, and 7.0 used for the
collection of root exudate; the experiment was replicated
thrice; root exudate was evaporated to dryness and the
activity of hydrophilic-BNIs was determined as described
earlier. After the collection of root exudate, roots were
separated from shoots and fresh root tissue was immersed
for 30 s in acidified DCM to remove the hydrophobic-
BNIs from the root surface as described earlier. The root-
DCM wash was filtered and evaporated to dryness, re-
extracted with methanol and evaporated; the residue was
dissolved in 200 pul DMSO for determination of the
activity of hydrophobic-BNIs. After the roots were
washed with DCM, half of the root tissue was used to
extract BNIs from the root tissue following the protocol
described in Experiment 1. The remaining half of the root
tissue was oven-dried to determine dry weight.

Experiment 7

Determining pH stability of the BNI activity
in the hydrophilic fraction

This experiment was conducted to evaluate the pH
stability of the BNI activity exudate from sorghum
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roots. Sorghum plants (cv. Hybridsorgo) were grown
hydroponically and root exudate was collected 30
DAS using aerated solutions of NH4CI (1 mM) for
24 h. The pH of the root exudate was recorded (which
is about 3.1) and adjusted to the treatment pH of 3.0,
5.0, 7.0 or 9.0 with 1 N HCI or NaOH. For each of
these pH treatments, a 500-mL sample of root exudate
was used as the sample size for pH adjustment treat-
ment; there were two samples (replications) for each
pH treatment. One hour after pH adjustment at room
temperature of 25 °C, the root exudate was evaporated
to dryness, and BNI-activity in the sample was deter-
mined as described earlier.

Experiment 8

Inhibitory effects of BNIs (crude extract of BNIs
from root exudate) and purified BNI compounds
on soil nitrification

Several incubation experiments were conducted to
characterize the inhibitory function of hydrophilic-
BNIs released from sorghum roots and the isolated
BNIs, MHPP and sakuranetin on soil nitrification.

8a. Inhibitory effects of released BNIs on soil
nitrification

Root exudate was evaporated to dryness and extracted
with methanol (i.e. RE-methanol extract) as described
earlier. The inorganic salts in the RE-methanol extract
were removed as described (Subbarao et al. 2006b;
Gopalakrishnan et al. 2009). The methanol in the
desalted RE-methanol extract was removed using
rotary-evaporator, and the BNI activity in the water-
based medium was quantified for use in the soil-
incubation experiments. The soil used in the incuba-
tion experiments was a volcanic ash, Typic Haplu-
dands [pH (H,0) 6.0; clay 54.8 %, silt 26.3 %, sand
18.9 %, total carbon=29.2 mgg ' soil; total N=
2.5 mgg ' soil; and C/N ratio 11.7] collected from
the JIRCAS (Japan International Research Center for
Agricultural Sciences, Tsukuba, Japan) experimental
farm. The soil was air dried and passed through a 2-
mm sieve before use. Two g soil was weighed into a
10-ml glass bottle with 0.72 ml of (NH4),SO4 solution
providing 200 mgNkg ' of soil, and this treatment
was termed the control. The soil water status was
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maintained at 60 % WFPS (i.e. 60 % of the pore space
was water filled; 0.36 mL water g ' soil in this case)
considered optimum for soil nitrification (Mosier et al.
1996). There were 7 BNI-activity treatments (0, 5.0,
10.0, 15.0, 20.0, 25.0 or 30.0 ATUg ' soil) along with
3 DCD synthetic nitrification inhibitor treatments (10,
20 or 50 pgg ' soil), and the samples were incubated
at 20 °C or 30 °C; the experiment was replicated four
times.

For the soil-BNI activity treatments, aliquots of root
exudate with treatment level BNI-activity was added
to the soil along with NH,"-N and the experiment was
replicated four times; for DCD treatments, DCD (dis-
solved in water) was added according to the treatment
along with NH4"-N. The bottle mouth was sealed
using parafilm; a pinhole was made in the parafilm
using a needle with 0.35 mm diameter to facilitate
aeration. Each bottle along with the soil and treatment
solution was weighed. The samples were placed in a
temperature- and humidity-controlled incubator
(bench-top type temperature and humidity chamber,
ESPEC Corp., Osaka, Japan) and the treatment tem-
perature set at 20 °C or 30 °C depending on the
treatment; humidity was maintained at 95 %. Bottles
were weighed every 15 d and water status adjusted
with distilled water. After 55 d of incubation, soil
samples were extracted by shaking with 20 mL of
2 M KCl for 30 min, and the contents filtered through
Whatman No. 1 filter paper. The filtrate was analyzed for
NH," with an indophenol colorimetric method and NO5
was determined with sulfanilamide-a-naphthylamine
method using an Auto lon analyzer (model AAII, Brant
+Luebbe, Germany) (Litchfield 1967). The inhibition of
nitrification by a treatment was calculated as described
earlier (Subbarao et al. 2006b):

8b. Inhibitory effects of BNI-compounds, MHPP
and sakuranetin on soil nitrification

BNI activity in sorghum root exudates is likely due to
a mixture of inhibitory compounds whose identity is
yet to be established and remains to be characterized,
thus can only be expressed as inhibitory activity in
ATU; this applies to soil incubation studies when BNI
activity is added to the soil. For pure compounds such
as MHPP, the inhibitory effect in the assay was very
weak, 60—70 % inhibition in the assay concentration
range of 100 to 1,000 uM, making it difficult to
express in ATU for soil incubation studies. Also,

dicyandiamide is ineffective in the assay system
(EDgp=2,200 uM) as the secondary compounds re-
leased from dicyandiamide hydrolysis are the main
potent inhibitors of Nitrosomonas in the soil. These
are the reasons for adding the pure BNI comounds
(including dicyandiamide) to the soil on a concentra-
tion basis than on inhibitory activity basis. Pure com-
pounds: MHPP (©Aldrich) and sakuranetin
(©Extrasynthase) were added to the soil, and thor-
oughly mixed to prepare a stock soil with a concen-
tration of 10,000 ugg ' soil for each of these two BNI
compounds. This stock soil was used to prepare treat-
ment concentrations of 50, 100, 200, 400, 600, 800,
1,000 and 2,000 pg of MHPP or sakuranetin g ' soil;
DCD was used as a standard synthetic nitrification
inhibitor at a concentration of 25 pgg™" soil. The soils
were incubated at 20 °C and 85 % humidity for 60 d;
the experiment was replicated four times. The other
details of this soil incubation study were the same as
described in Subbarao et al. (2008).

Statistical analysis of data

The data were subjected to two-way ANOVA using
SPSS 3.5 statistical software (SPSS Inc., Chicago, IL).

Results

Release of BNIs at various growth stages of sorghum
(Experiment 1)

Sorghum roots released two categories of nitrifica-
tion inhibitors: the first category of inhibitors were
those released into water-based collection medium,
hereafter referred to as hydrophilic-BNIs; the sec-
ond category of nitrification inhibitors were those
released by washing roots for 30 s with dichloro-
methane (DCM), which has high-affinity for hy-
drophobic compounds, hereafter referred to as
hydrophobic-BNIs (Fig. 1). We are introducing this
terminology for the first time to separate these two
kinds of nitrification inhibitors released from sor-
ghum roots, and the concept is not just confined to
sorghum roots, but covers other crops as well
(unpublished preliminary observations).

Release of Hydrophilic-BNIs (monitored during 24
to 45 DAS) increased significantly (P<0.05) from
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Fig. 1 Hydrophobic- and
hydrophilic- nitrification
inhibitors (BNIs) released
from sorghum roots and its
significance to BNI function

BNI acti rity released from
so ‘ghum roots

Hydrophilic BNIs

May be confined to rhizosphere—
' movement is mostly due to diffusion

about 40 ATU to about 100 ATU per 3 plants;
during this period, the specific hydrophilic-BNI
activity (i.e. ATU g ' root dry wt.) declined sig-
nificantly (P<0.05) from about 71 to 15 (data not
presented). Thereafter, the total hydrophilic-BNI
activity produced per plant declined significantly
(P<0.05) despite an 8-fold increase in root (from
0.62 to 5.5 g plant ') and shoot dry matter (from
3.95 to 30.5 g plant ') at 130 DAS (Fig. 2). There
was no significant (P<0.05) change in the
hydrophobic-BNI production (per plant) during 40
to 130 DAS (Fig. 2). It appears that amounts of
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hydrophobic- and hydrophilic-BNIs released from
sorghum roots are similar (Fig. 2); the only excep-
tion was that the hydrophilic BNIs release declined
substantially at 130 DAS. The BNI activity in the
root tissue increased significantly (P<0.05) with
plant age until physiological maturity (i.e. 130
DAS) (Fig. 2). The specific BNI-activities (i.e.
ATU g ! root dry matter) of roots declined signif-
icantly (P<0.05) with plant age (Fig. 3). The root
tissue-BNI activity was only 50 to 60 % higher
than the activities of BNIs released from sorghum
roots at any growth stage (Figs. 2 and 3).
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Fig. 2 Total BNI activity released in sorghum 40 to 130 DAS;
vertical bars represent standard error of means (n=4)

Isolation and characterization of active constituent
from hydrophilic-BNIs in root exudate (Experiment 2a)

Crude extract having BNI activity was fractionated by
reverse-phase column chromatography. Activity-guided
fractionations indicated that 10, 30 and 50 % methanol
effluents represent most inhibitory activity; presently the
10 % methanol effluent is not purified; in an earlier
study, we purified a BNI constituent from 30 % metha-
nol effluent, which was identified as methyl 3-(4-
hydroxyphenyl) propionate (MHPP) (Hossain et al.
2008). During this study, we purified the active constit-
uent from 50 % methanol effluent using an activity-
guided approach; this led to the isolation of another of
the active components. The purified compound was
subjected to EI-MS and NMR analyses and the spectral
data revealed the identity of the isolated compound as
sakuranetin (5,4’-dihydroxy-7-methoxyflavanone), a

70

—@— Hydrophilic-BNI
—O— Hydrophobic-BNI
—¥— Root tissue-BNI

60

50

40

30

20

Specific BNI activity
(ATU g'1 root dry wt.)

20 40 60 80 100 120 140
DAS (days after sowing)

Fig. 3 Specific BNI activity released in sorghum at different
growth stages; vertical bars represent standard error of means (n=4)

methoxy flavanone, classified as a pimarane-type diter-
pene phytoalexin (Fig. 4). The BNI activity of the au-
thentic (standard) sakuranetin (obtained from
@Extrasynthase) was confirmed by the bioassay, and
the inhibitory effect on Nitrosomonas activity was linear
in a concentration range from 0 to 2.0 puM.

Isolation and characterization of active constituent
from DCM-root wash, i.e. hydrophobic-BNIs
(Experiments, 2b; 3)

The HPLC chromatogram of crude DCM-root wash
indicated a major peak and several minor peaks; how-
ever, only the major peak showed BNI activity in the
bioassay. The constituent of this peak was purified
repeatedly using HPLC, and the purified compound
was subjected to NMR analysis. The NMR spectral
data matched with that published for sorgoleone and
its chemical structure is presented (Fig. 4) (Erikson et
al. 2001). The molecular weight of the compound was
confirmed by EI-MS data. Purified sorgoleone showed
inhibitory effects on Nitrosomonas activity in the bio-
assay, and the strength of the inhibitory effect was
linear in the concentration range from 0 to 13 uM
(Fig. 5). The EDg (effective dose for 80 % inhibition
on Nitrosomonas function) for the isolated BNIs
(MHPP, sakuranetin and sorgoleone) released from
sorghum roots suggested that sakuranetin has the
strongest inhibitory effect on Nitrosomonas function,
followed by sorgoleone and MHPP (Table. 1; Fig. 5).

Mode of inhibitory action of BNI-activity
on Nitrosomonas (Experiment 4)

Both the hydrophilic- and hydrophobic-BNIs (crude
extracts) blocked the AMO (ammonia monooxygenase)
and HAO (hydroxylamine oxidoreductase) enzymatic
pathways in Nifrosomonas with similar effectiveness,
as the addition of hydroxylamine to the assay medium
did not alleviate the inhibitory effects (Table 2). How-
ever, this is based on the assumption that if an inhibitor
blocks HAO, then most likely the AMO enzymatic
pathway has also been blocked. Among the isolated
BNIs, MHPP has inhibitory effect only on the AMO
pathway, but did not affect the HAO enzymatic path-
way. Sakuranetin and sorgoleone blocked both the
AMO and HAO enzymatic pathways (Table 2). The
three synthetic nitrification inhibitors (allylthiourea,
nitrapyrin and dicyandiamide) blocked only the AMO
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Fig. 4 Chemical structures
of sakuranetin (MW 286.3)
and sorgoleone (2-hydroxy-
5-methoxy-3[(Z,2)-
8',11',14'-pentadecatriene]-p-
benzoquinone; MW 358.0)

Sakuranetin

enzymatic pathway in Nitrosomonas (Table 2), confirm-
ing our earlier results (Subbarao et al. 2008). These
results are also in agreement with those published for
synthetic nitrification inhibitors (McCarty 1999).

Longevity of the stimulatory effect of NH, " on BNIs
release in sorghum (Experiment 5)

We earlier showed that BNIs synthesis and release in
sorghum was stimulated by the presence of NH," in
the rhizosphere (Hossain et al. 2008). In this study, we
monitored the activity of BNIs released after the re-
moval of NH," during a subsequent 48 h period to
understand the longevity of the stimulatory effect of
NH," on BNIs release from sorghum. In the absence
of NH,", the BNI activity declined significantly (P<
0.05) (by nearly 50 %) within the first 24 h and by the
next day (i.e. the 3rd day of the experiment, expressed
as 3rd day in Fig. 6), the activity of BNIs released
from sorghum roots was negligible (Fig. 6), indicating
that the stimulatory effect from NH4 lasted for
about 24 h, although at a reduced rate of BNIs
release; when NH,' is reintroduced into root exu-
date collection solutions on 4th day, BNI activity
of the root exudate has been restored to some
extent (Fig. 6).
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Fig. 5 Relative effectiveness of sakuranetin, sorgoleone and
MHPP in inhibiting Nitrosomonas activity in an in vitro assay
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Rhizosphere pH influence on BNIs synthesis, release,
and stability of the released BNI activity
(Experiments, 6; 7)

By using a pH-stat system, we separated the pH effects
associated with NH," uptake and assimilation in the
rhizosphere on BNIs synthesis and release in sorghum.
When root exudate is collected using aerated solutions
of 1 mM NH,Cl for a 24 h period, the initial solution pH
0f 6.2 declined to about 3.1 within a 6 h period (based on
our observations). With the pH-stat system, we could
evaluate under identical conditions of NH, " availability,
the effects of a range of rhizosphere pH on BNIs release.
The release of hydrophilic-BNI was significantly
(P<0.05) suppressed (>80 %) only at pH of 7.0;
however, hydrophobic-BNI release and root tissue-
BNI levels were not significantly (P<0.05) affect-
ed by the pH treatments of the exudate solutions
(i.e. 3 to 7) (Fig. 7). Hydrophilic-BNIs, once
released from roots were stable to rhizosphere
pH changes. Released hydrophilic-BNI activity
retained its inhibitory function when subjected to
pH treatments ranging from 3.0 to 9.0 (data not
presented).

Table 1 Relative effectiveness of isolated BNIs from sorghum
root exudate as compared with standard chemical nitrification
inhibitors on Nifrosomonas in an in vitro bioassay

Compound EDg [effective dose (uM) for
80 % inhibition on Nitrosomonas
function (i.e. bioluminescence) in

an in vitro bioassay system]

Synthetic nitrification inhibitors
©Allylthiourea 0.22
©Nitrapyrin 17.32

2200.00

Isolated BNIs released from sorghum roots

©Dicyandiamide

Sakuranetin 0.6
Sorgoleone 12.0
MHPP >120.0
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Table 2 Nitrification inhibitory
capacity of BNIs released from
sorghum roots as compared with
synthetic chemical inhibitors on
the AMO and HAO enzymatic
pathways of Nitrosomonas

Compound

Concentration (M)

Inhibition (%)

in in vitro assay

BNI activity/BNIs from sorghum root exudate

AMO pathway

HAO pathway

Hydrophilic BNI activity 84.1+0.44 87.7+1.45
Hydrophobic BNI activity 71.7£1.20 75.7+0.88
MHPP 90.0 57.7€1.45 7.3+£1.45
Sakuranetin 1.30 76.0+0.58 71.0£0.58
Sorgoleone 9.2 73.7+£0.88 76.2+0.93
Synthetic nitrification inhibitors

Allylthiourea 0.2 81.0+0.58 -0.3£2.73
Nitrapyrin 3.0 76.0+0.58 9.0£0.58
Dicyandiamide 2000 84.0+0.58 6.7+0.88

Nitrification inhibitory effects from released BNIs (i.e.
crude extract of BNIs in root exudate) and purified
BNIs (Experiments, 8a; 8b)

The BNIs added to the soil showed significant (P<0.05)
inhibitory effects on soil nitrification during 30 d of
incubation (Fig. 8). Nearly 40 % inhibition of soil nitri-
fication was observed when BNIs added to the soil reach
10 ATUg ' soil, but subsequent increases in BNI activity
added to the soil (up to 30 ATUg ' soil) led to only a
marginal increase in the inhibitory effect on nitrification;
the inhibitory effects on soil nitrification were similar at
20 °C and 30 °C (Fig. 8). The synthetic nitrification
inhibitor, DCD was most effective (>80 %) in suppress-
ing soil nitrification in the concentration range of 10 to

Fig. 6 Influence of NH," in 40

50 ugg ' soil at 20 °C incubation temperature; however,
at 30 °C, DCD was relatively less effective at 10 and
20 ugg . At 50 pgg ! soil, DCD gave >80 % inhibition
on soil nitrification at both the incubation temperatures
(data not shown). The isolated BNIs, MHPP and sakur-
anetin showed a contrasting response in suppressing soil
nitrification, different from their suppressing effect in the
Nitrosomonas culture-assay. Sakuranetin showed a
stronger inhibitory effect than MHPP in the culture-
assay, but has no inhibitory effect on soil nitrification
(Fig. 9); MHPP showed significant (P< 0.05) inhibitory
effects on soil nitrification; nearly 50 % inhibition on
nitrification was observed at 200 pugg ' soil and
>1,000 uggfl soil is required to suppress nitrification
up to 80 % (Fig. 9).

the root exudate collection
solutions on BNI activity
release from sorghum roots;
vertical bars represent stan-
dard error of means (n=3)
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Fig. 7 Influence root exu- 220
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Discussion been observed in the root tissue, suggesting that most of

BNIs release during various growth stages of sorghum

Sorghum roots released substantial amounts of BNIs and
the release rates observed for the hydrophilic-BNIs
(ranged from 10 to 25 ATUg ' root dwt. d ') were
similar to those observed earlier in Brachiaria sp.
(Subbarao et al. 2006b, 2007b, 2009a, b). On a per plant
basis, BNIs release reached a peak at about 50 DAS, and
did not increase further despite an 8-fold increase in root
growth during 50 to 130 DAS (physiological maturity).
The combined activity of hydrophilic- plus hydrophobic-
BNIs released on a daily basis is nearly equal to that has

the released BNI activity is synthesized from current
photosynthesis; BNIs release thus could fluctuate
depending on growing conditions. This is in contrast to
the large reserve capacity (nearly 10-times) found in
tropical grasses of the Brachiaria sp. where only 10 %
of the BNIs found in the root tissue is released on a daily
basis (Subbarao et al. 2007a, b).

We developed a methodology to measure BNI activ-
ities of the hydrophilic- and hydrophobic- fractions from
sorghum roots. Based on the data presented, BNI activ-
ities of the two fractions released are similar. Due to their
differential mobility and solubility in water, it is expected
that hydrophobic BNIs may remain close to the root as

Fig. 8 Relationship be- 50
tween BNI activity

(hydrophilic) added to the

soil and inhibition on nitri- 40

fication during a 30 d incu- s
bation period; vertical bars g
represent standard error of 5 30 1
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they could be strongly sorbed on the soil particles, in-
creasing their persistence; their movement in soil is likely
to be via diffusion across the concentration gradient and
are likely to be confined to the rhizosphere (Dayan et al.
2010). In contrast, the hydrophilic-BNIs may move
further from the point of release due to their solubility
in water, and this may improve their capacity to control
nitrification beyond the rhizosphere. The distribution of
hydrophobic- and hydrophilic-BNIs in the rhizosphere,
however, likely differ and may have a complementary
functional roles, such as differential inhibitory effects on
AOB (ammonia oxidizing bacteria, Nitrosomonas) vs.
AOA (ammonia oxidizing archea). This could be an
important topic for future research. Production of
hydrophilic- and hydrophobic-BNIs are not just

BNI compound concentration in soil (1g g’l soil)

confined to sorghum roots, but are produced by other
crops as well (unpublished observations).

The production and release of hydrophilic- and
hydrophobic- BNIs appears to be of similar magnitude
across the growth phases of sorghum. Based on the
BNI activity observed (Figs. 2 and 3), we estimated
the amounts of BNIs (hydrophilic plus hydrophobic)
released from sorghum during a 130 d growing period
(i.e. nearly physiological maturity) expressed as the
equivalent of ©nitrapyrin (the commercial nitrification
inhibitor) application (Table 3). BNI activity of the
root exudate is expressed in ATU as allylthiourea is a
salt and very stable at room temperature thus conve-
nient to use as a standard (nitrapyrin which is volatile
at room temperature thus difficult to use it as a

Table 3 Estimates of the BNI (hydrophilic and hydrophobic) activity release in sorghum cv. Hybridsorgo from 25 to 130 DAS (close to

grain filling stage)

DAS “BNI activity
release d ™' plant™
(hydrophilic + hydrophobic)

Total BNI activity
released during this
period (ATU plant ")

*Inhibitory effect
equivalent to

nitrapyrin (pg)

“Amount of soil (g)
where nitrification can
be reduced up to 40 %

25 to 40 10+10 300

40 to 70 40+30 2100
70 to 100 30+30 1800
100 to 130 18+30 1440
Total (25 to 130) 5640

180 30
1260 240
1080 420
864 564
3384

?Based on the data presented in Fig. 2

°One ATU in bioassay is equivalent to the inhibitory effect from 0.60 ug nitrapyrin

© About 10 ATUg " soil is needed to have about 40 % inhibition on soil nitrification based on the data presented in Fig. 8
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standard for bioassay; allylthiourea standard solution
once prepared can be used for several years and the
inhibitory effect is very stable). Nitrification inhibitory
effect from sorghum roots is quantified as equivalent
to nitrapyrin application (Table 3) as nitrapyrin is
extensively used in production agriculture as nitrifica-
tion inhibitor; this makes it easy for researchers to
comprehend the significance of BNI function when
expressed as nitrapyrin equivalent. Similar approach
was adopted when Brachiaria sp. were characterized
for BNI function (Subbarao et al. 2009a). The amount
of'soil (in g) in which the released BNIs (based on data
presented in Fig. 8) can potentially suppress nitrifica-
tion, assuming that the released activity is stable and
functionally effective, is presented (Table 3). Based on
these estimates, it is evident that the nitrification inhib-
itors released per plant during a 130 d growth period
could possibly reduce nitrification to <40 % in about
500 g soil (Table 3).

Isolation and identification of new BNIs

During this study, one of the components of hydrophilic-
BNIs was isolated and identified as sakuranetin. Earlier
we isolated MHPP, which contributes to BNI as a com-
ponent of hydrophilic- BNIs in sorghum (Hossain et al.
2008). The inhibitory strength of sakuranetin is higher
than that of MHPP (EDs for sakuranetin is 1.5 pM vs.
100 uM for MHPP). Sakuranetin, a flavanone com-
pound, is a phytoalexin synthesized in rice leaves for
defense against rice blast and other fungal diseases
(Atkinson and Blakeman 1982; Kodama et al. 1992).
This is the first report of sakuranetin release from sor-
ghum roots. Also, during this study we showed that
sorghum roots release substantial amounts of hydropho-
bic BNI-compounds that contribute to the BNI-capacity
in sorghum. Sorgoleone is the major constituent (>85 %)
of the hydrophobic root exudate in sorghum (Einhellig
and Souza 1992; Czarnota et al. 2001; Dayan et al. 2009),
identified by the only major peak that has inhibitory
function in the bioassay. With an EDs, of 8.0 uM and
EDg( of 13.0 uM, sorgoleone is much stronger than
MHPP, but weaker than sakuranetin in inhibiting nitrifi-
cation (Fig. 7). Sorgoleone release from sorghum roots
has been studied for its herbicidal and weeds suppressing
functions (Netzly and Butler 1986; Czarnota et al. 2001;
Dayan et al. 2009, 2010). Initially, sorgoleone was
thought to be the major germination stimulant for seeds
of parasitic weeds (Striga sp.) and hypothesized to be a
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key compound for the mechanistic basis for resistance to
Striga infection (Netzly et al. 1988). Subsequently, it was
discovered that dihydrosorgoleone, one of the analogues
of sorgoleone has this function (Chang et al. 1986; Netzly
et al. 1988; Erikson et al. 2001), while sorgolactones
functions in stimulating Striga seed germination
(Bouwmeester et al. 2007). Indeed five sorgoleone ana-
logues are reported to be released from sorghum roots at
various stages of growth (Barbosa et al. 2001), but no
information is available on their BNI function.

Mode of inhibitory action

Ammonia monooxygenase (AMO) and hydroxylamine
oxidoreductase (HAO) play critical role in the oxidation
of NH4" to NO,™ in Nitrosomonas spp. (Bock et al.
1991). Crude extracts with hydrophobic- and
hydrophilic- BNIs inhibited Nitrosomonas function by
blocking both AMO and HAO enzymatic pathways.
One of the hydrophilic-BNIs, MHPP blocked only the
AMO pathway, but another constituent, sakuranetin
blocked both AMO and HAO pathways in Nitrosomo-
nas. Sorgoleone, the major constituent of hydrophobic-
BNIs, blocked both AMO and HAO pathways. The
unique chemical structure of sorgoleone, which has a
hydroquinone head and a fatty acid tail with a terminal
double bond, has the potential to disrupt the electron
flow in Nitrosomonas and hence its biological activity
(Rottenberg and Hashimoto 1986). The reducing power
generated from the oxidation of hydroxylamine by HAO
is thought to pass through cytochrome c¢-554 to both
cytochrome aa; oxidase and ubiquinone (McTavish et
al. 1995), which is subsequently used for the reduction of
NHD(P)", and for the maintenance of the AMO reaction
(Hooper et al. 1997). Sorgoleone is known to interfere
with the photosynthetic electron transport in chloroplasts
(Dayan et al. 2009) and thus there is a likelihood of
interference from sorgoleone with the electron transfer
pathways of the cytochrome chain in the inner mem-
brane of Nitrosomonas, disrupt the generation of NHD
(P)H, and loss of light emission; this is independent of
the direct effect on enzymatic pathways (i.e., AMO and
HAO). Recently, linoleic acid, a major BNI compound
present in the leaf tissue of B. humidicola, and brachia-
lactone, a powerful nitrification inhibitor (EDgy=10.6
mM) released from its roots, were shown to block both
AMO and HAO enzymatic pathways in a similar manner
to that done by the BNIs of crude sorghum root exudate
(both hydrophilic- and hydrophobic-), suggesting that a
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single inhibitor can influence both the enzymatic path-
ways in Nitrosomonas (Subbarao et al. 2008, 2009a).
High concentrations of monoterpenes in conifer for-
est systems have been reported to suppress nitrifier
activity by blocking the AMO pathway (Ward et al.
1997). A few compounds such as phenyl, methyl, or
hydroxyethyl hydrazine and hydrogen peroxide are
known to inhibit the HAO enzymatic pathway in
Nitrosomonas (Logan and Hooper 1995). Commer-
cial nitrification inhibitors such as ©nitrapyrin and
dicyandiamide suppress nitrifier activity by targeting
primarily the AMO pathway (Hyman et al. 1988;
McCarty 1999), which could be vulnerable to genetic
changes in nitrifier populations or to natural genetic
diversity in ammonia-oxidizers (AOs) (Norton et al.
2002; Belser 1979). It is thus likely that BNIs
released from sorghum roots that comprise a cocktail
of nitrification inhibitors with diverse modes of in-
hibitory action might indeed provide more durable
inhibitory effects on nitrifier population to restrict
soil nitrification.

Longevity of the stimulatory effect of NH, " on BNIs
release and the role of rhizosphere pH in the release
of BNIs and their stability

Since the availability of NH4" in the rhizosphere from
fertilizer application or organic matter mineralization
fluctuates over time, it is important that stimulatory
effect of NH," in the rhizosphere lasts sufficiently
long to ensure a continuing release of BNIs from
sorghum roots. It appears that the stimulatory effect
of NH," on the BNIs release lasts for about 24 h at a
declining rate of release. The availability or presence
of NH," in the rhizosphere is thus, critical for the
sustained release of BNIs from sorghum roots. The
molecular mechanisms involved and the functional
links of NH," uptake, H" pumping activity with BNIs
release are discussed in another paper (Zhu et al.
2012). Identification of sorghum cultivars/genetic-
stocks that can release substantial amounts of BNIs
in the presence of NH, " for a short period or that retain
the stimulatory effect long after the removal of NH4"
from the rhizosphere, would be desirable to ensure a
sustained release of BNIs and facilitate reaching the
critical BNI level (i.e. >10 ATUg ' soil) in the rhizo-
sphere. Preliminary results indicate the existence of
such variability among sorghum germplasm lines and
cultivars (G.V. Subbarao, unpublished results).

Rhizosphere pH appears to have a major effect on
the release of hydrophilic-BNIs from sorghum roots.
Threshold rhizosphere pH appeared to be <5.0, and at
higher pH (i.e. >5.0), hydrophilic-BNIs release was
severely affected; there was 80 % decline in the re-
lease of hydrophilic-BNIs at rhizosphere pH of 7.0 or
higher. Hydrophobic-BNIs release appeared to be rel-
atively less severely affected by the changes in rhizo-
sphere pH. Also, once the BNIs are released from
roots, their nitrification inhibitory function appears to
be relatively stable over a pH range of 3.0 to 9.0. This
is in contrast to BNIs released from B. humidicola,
reported to be sensitive to rhizosphere pH >4.6, with a
total loss of inhibitory function at pH >8.0 (Subbarao
et al. 2007a). Hydrophilic-BNIs release from sorghum
is highly sensitive to rhizosphere pH of 5.0 or higher.
The heavy black soils (Vertisols), which generally
have soil pH of >7.0, have a large buffering capacity
(Burford and Sahrawat 1989) that resists changes in
rhizosphere pH. Sorghum grown on soils with pH in
the alkaline range might not release BNIs and hence
such soil types might not be suitable for the expres-
sion of BNI function in sorghum. Perhaps, light-
textured soils with a low-buffering capacity and
moderate acidity (pH 5.0) might be better suited for
the expression and exploitation of the BNI function
in sorghum.

Contribution of the isolated compounds with BNI
activity to inhibition of soil nitrification

The hydrophilic-BNIs in sorghum root exudate con-
tributes moderately (<40 % inhibition) to suppression
of soil nitrification. A minimum inhibitory activity of
about 10 ATUg " soil or higher is needed to suppress
soil nitrification and further increase of BNI activity
did not improve inhibitory effects on soil nitrification.
These results suggest that compared with the BNI
activity from Brachiaria sp., which suppressed nitrifi-
cation by >70 % at >15 ATUg ' soil (Subbarao et al.
2006b), the BNI activity from sorghum appears to
have a moderate inhibitory effect on soil nitrification.
The inhibitory effect on soil nitrification appears to be
stable in the temperature range of 20 to 30 °C. In
contrast, dicyandiamide, the commonly used synthetic
nitrification inhibitor, is more effective at 20 °C than at
30 °C.

Soil -physical, -chemical and -biological processes
can modulate the effectiveness of BNIs (Goring 1962a,
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b; Sahrawat 1996; Subbarao et al. 2012). The isolated
BNI compounds, MHPP and sakuranetin had distinctly
different trends in inhibiting nitrification in soil as com-
pared to their performance in the culture-bioassay.
MHPP showed a relatively weak inhibitory activity in
the culture-bioassay, but showed a moderate and stable
inhibitory effect on soil nitrification. In contrast, sakur-
anetin showed strong inhibitory activity in the culture-
assay, but its inhibitory function was lost in the soil-
assay. Sakuranetin released from sorghum roots thus
may not contribute to its potential BNI capacity, show-
ing that not all compounds with BNI activity detected in
an in vitro culture-bioassay are effective in the soil.
Determination of BNI activity in the root exudate thus,
provides an initial assessment of the BNI-potential of a
cultivar/genetic stock or plant species. We suggest that
BNI activity effectiveness should be confirmed using a
soil system as part of the characterization of BNI -
function and -capacity of sorghum genetic-stock/culti-
var. It is likely that the amount of functional:non-
functional components with BNI activity may vary
among sorghum germplasm lines. It is thus prudent to
select genetic stocks that not only have high potential to
release BNIs, but the released BNIs should be effective
and functionally stable in controlling the soil nitrifier
activity.

Conclusions

Two categories of nitrification inhibitors are released
from sorghum roots: hydrophilic- and hydrophobic-
BNIs. Sakuranetin and sorgoleone are two newly iden-
tified nitrification inhibitors with BNI activity of multi-
mode action on Nitrosomonas. Unlike hydrophobic-
BNIs, the release of hydrophilic-BNIs are highly sensi-
tive to rhizosphere pH >5.0. Apart from MHPP and
sakuranetin, the hydrophilic-BNIs may consist of a
cocktail of nitrification inhibitors, whose chemical iden-
tities are yet to be established. Though the BNIs release
rates in sorghum were similar to that observed from
Brachiaria pastures, the potential impact on soil nitrifi-
cation could be limited due to the short growth duration
of sorghum (120—150 d) compared to that of perennial
Brachiaria pastures (5 to 10 y), and the presence of non-
functional components of BNIs. There is thus an urgent
need to identify sorghum genetic stocks with high po-
tential to release functional BNIs, perhaps orders of
magnitude higher than that detected in the current

@ Springer

cultivars, in order to suppress nitrifier activity and
nitrification in sorghum-based production systems.

Acknowledgments We acknowledge the technical assistance
of Ms. N. Kudo and Ms. Notazawa in the conduct of various
experiments described in this manuscript. We acknowledge the
cooperation and funding support from Natural Science Founda-
tion of China (NSFC 31172035) to one of the co-authors Yiyong
Zhu. We thank Dr. Wade Berry, Univ. of California, LA, USA
who read an earlier version of this manuscript and offered
suggestions to help with the interpretation of results presented.

References

Atkinson P, Blakeman JP (1982) Seasonal occurrence of an
antimicrobial flavanone, sakuranetin, associated with
glands on leaves of Ribes Nigrum. New Phytol 92:63-74

Barbosa LCA, Ferreira ML, Demuner AJ, Alberto da Silva A,
Pereira RC (2001) Preparation and phytotoxicity of sorgo-
leone analogues. Quim Nova 24:751-755

Belser LW (1979) Population ecology of nitrifying bacteria.
Annu Rev Microbiol 33:309-333

Bock E, Koops HP, Harms H, Ahlers B (1991) The biochemistry of
nitrifying organisms. In: Shivly JM, Barton LL (eds) Varia-
tions in autotrophic life. Academic, San Diego, pp 171-200

Bouwmeester HJ, Roux C, Lopez-Raez JA, Becard G (2007)
Rhizosphere communication of plants, parasitic plants and
AM fungi. Trends Plant Sci 12:224-230

Burford JR, Sahrawat KL (eds) (1989) Management of Vertisols
for improved agricultural production: proceedings of an
IBSRAM inaugural workshop, 18-22 February 1985,
ICRISAT Center, Patancheru, India. ICRISAT, Patancheru
502 324, Andhra Pradesh, India, pp 278

Chang M, Netzly DH, Butler LG, Lynn DG (1986) Chemical
regulation of distance: characterization of the first natural
host germination stimulant for Striga asiatica. ] Am Chem
Soc 108:7858-7860

Czamota MA, Paul RN, Dayan FE, Nimbal CI, Weston LA (2001)
Mode of action, localization and production, chemical nature,
and activity of sorgoleone: a potent PSII inhibitor in Sorghum
spp. root exudates. Weed Technol 15:813-825

Dayan FE, Howell J, Weidenhamer JD (2009) Dynamic root
exudation of sorgoleone and its in Planta mechanism of
action. J Exp Bot 60:2107-2117

Dayan FE, Rimando AM, Pan Z, Baerson SR, Gimsing AL, Duke
SO (2010) Sorgoleone. Phytochemistry 71:1032—-1039

Einhellig FA, Souza IF (1992) Phytotoxicity of sorgoleone found
in grain sorghum root exudates. ] Chem Ecol 18:1-11

Erikson J, Schott D, Reverri T, Muhsin W, Ruttledge T (2001)
GC-MS analysis of hydrophobic root exudates of sorghum
and implication on the parasitic plant Striga asiatica. J
Agric Food Chem 49:5537-5542

Fillery IRP (2007) Plant-based manipulation of nitrification in soil:
a new approach to managing N loss? Plant Soil 294:1-4

Galloway JN, Townsend AR, Erisman JW, Bekunda M, Cai Z,
Freney JR, Martinelli LA, Seitzinger SP, Sutton MA (2008)
Transformation of the nitrogen cycle: recent trends, ques-
tions and potential solutions. Science 320:889-892



Plant Soil (2013) 366:243-259

259

Gopalakrishnan S, Watanabe T, Pearse SJ, Ito O, Hossain
ZAKM, Subbarao GV (2009) Biological nitrification inhi-
bition by Brachiaria humidicola roots varies with soil type
and inhibits nitrifying bacteria, but not other major soil
microorganisms. Soil Sci Plant Nutr 55:725-733

Goring CAI (1962a) Control of nitrification of ammonium fer-
tilizers and urea by 2-chloro-6-(trichloromethyl)-pyridine.
Soil Sci 93:211-218

Goring CAI (1962b) Control of nitrification by 2-chloro-6-(tri-
chloromethyl)-pyridine. Soil Sci 93:431-439

Hooper AB, Vannelli T, Bergmann DJ, Arciero DM (1997)
Enzymology of the oxidation of ammonia to nitrite by
bacteria. Anton Leeuw 71:59-67

Hossain AKMZ, Subbarao GV, Pearse SJ, Gopalakrishnan S, Ito
O, Ishikawa T, Kawano N, Nakahara K, Yoshihashi T, Ono
H, Yoshida M (2008) Detection, isolation and characteriza-
tion of a root-exuded compound, methyl 3-(4-hydroxy-
phenyl) propionate, responsible for biological nitrification
inhibition by sorghum (Sorghum biolor). New Phytol
180:442-451

Hyman MR, Murton IB, Arp DJ (1988) Interaction of ammonia
monooxygenase from Nitrosomonas europaea with alka-
nes, alkenes and alkynes. Appl Environ Microbiol
54:3187-3190

Kodama O, Miyakawa J, Akatsuka T, Kiyosawa S (1992)
Sakuranetin, a flavanone phytoalexin from ultraviolet-
irradiated rice leaves. Phytochemistry 31:3807-3809

Litchfield MD (1967) The automated analysis of nitrite and
nitrate in blood. Analyst (Lond) 92:132—136

Logan MSP, Hooper AB (1995) Suicide inactivation of hydrox-
ylamine oxidoreductase of Nitrosomonas europaea by
organohydrazines. Biochemistry 34:9257-9264

McCarty GW (1999) Modes of action of nitrification inhibitors.
Biol Fertil Soils 29:1-9

McTavish H, Arciero DM, Hooper AB (1995) Interaction with
membranes of cytochrome ¢554 from Nitrosomonas euro-
paea. Arch Biochem Biophys 324:53-58

Mosier AR, Duxbury JM, Freney JR, Heinemeyer O, Minami K
(1996) Nitrous oxide emissions from agricultural fields:
assessment, measurement, and mitigation. Plant Soil
181:95-108

Netzly DH, Butler LG (1986) Roots of sorghum exudates hy-
drophobic droplets containing biologically active compo-
nents. Crop Sci 26:775-778

Netzly DH, Riopel JL, Ejeta G, Butler LG (1988) Germination
stimulants of witchweed (Striga asiatica) from hydropho-
bic root exudates of sorghum (Sorghum bicolor). Weed Sci
36:441-446

Norton JM, Alzerreca JJ, Suwa Y, Klotz MG (2002) Diversity of
ammonia monooxygenase operon in autotrophic ammonia
oxidizing bacteria. Arch Microbiol 177:139-149

Raun WR, Johnson GV (1999) Improving nitrogen use efficien-
cy for cereal production. Agron J 91:357-363

Rottenberg H, Hashimoto K (1986) Fatty acid uncoupling of
oxidative phosphorylation in rat liver mitochondria. Bio-
chem 25:1747-1755

Sahrawat KL (1996) Nitrification inhibitors, with emphasis on
natural products, and the persistence of fertilizer nitrogen in
the soil. In: Ahmad N (ed) Nitrogen economy in tropical
soils. Kluwer Academic Publishers, Dordrecht, pp 379-388

Sahrawat KL, Keeney DR (1985) Perspectives for research on
development of nitrification inhibitors. Commun Soil Sci
Plant Anal 16:517-524

Schlesinger WH (2009) On the fate of anthropogenic nitrogen.
Proc Natl Acad Sci (USA) 106:203-208

Slangen J, Kerkhoff P (1984) Nitrification inhibitors in agricul-
ture and horticulture: a literature review. Fert Res 5:1-76

Subbarao GV, Ito O, Sahrawat KL, Berry WL, Nakahara K,
Ishikawa T, Watanabe T, Suenaga K, Rondon M, Rao IM
(2006a) Scope and strategies for regulation of nitrification
in agricultural systems — Challenges and opportunities. Crit
Rev Plant Sci 25:303-335

Subbarao GV, Ishikawa T, Ito O, Nakahara K, Wang HY, Berry
WL (2006b) A bioluminescence assay to detect nitrifica-
tion inhibitors released from plant roots: a case study with
Brachiaria humidicola. Plant Soil 288:101-112

Subbarao GV, Wang HY, Ito O, Nakahara K, Berry WL (2007a)
NH,," triggers the synthesis and release of biological nitri-
fication inhibition compounds in Brachiaria humidicola
roots. Plant Soil 290:245-257

Subbarao GV, Rondon M, Ito O, Ishikawa T, Rao IM, Nakahara
K, Lascano C, Berry WL (2007b) Biological nitrification
inhibition (BNI) — Is it a widespread phenomenon? Plant
Soil 294:5-18

Subbarao GV, Ban T, Masahiro K, Ito O, Samejima H, Wang
HY, Pearse SJ, Gopalakrishnan S, Nakahara K, Hossain
AKMZ, Tsujimoto H, Berry WL (2007c) Can biological
nitrification inhibition (BNI) genes from perennial Leymus
racemosus (Triticeae) combat nitrification in wheat farm-
ing? Plant Soil 299:55-64

Subbarao GV, Nakahara K, Ishikawa T, Yoshihashi T, Ito O,
Ono H, Ohnishi-Kameyama M, Yoshida M, Kawano N,
Berry WL (2008) Free fatty acids from the pasture grass
Brachiaria humidicola and one of their methyl esters as
inhibitors of nitrification. Plant Soil 313:89-99

Subbarao GV, Nakahara K, Hurtado MP, Ono H, Moreta DE,
Salcedo AF, Yoshihashi AT, Ishikawa T, Ishitani M,
Ohnishi-Kameyama M, Yoshida M, Rondon M, Rao IM,
Lascano CE, Berry WL, Ito O (2009a) Evidence for bio-
logical nitrification inhibition in Brachiaria pastures. Proc
Nat Acad Sci (USA) 106:17302-17307

Subbarao GV, Kishii M, Nakahara K, Ishikawa T, Ban T,
Tsujimoto H, George TS, Berry WL, Hash CT, Ito O
(2009b) Biological nitrification inhibition (BNI) — Is there
potential for genetic interventions in the Triticeae? Breed
Sci 59:529-545

Subbarao GV, Sahrawat KL, Nakahara K, Ishikawa T, Kishii M,
Rao IM, Hash CT, George TS, Srinivasa rao P, Nardi P,
Bonnett D, Berry W, Suenaga K, Lata JC (2012) Biological
nitrification inhibition (BNI) — A novel strategy to regulate
nitrification in agricultural systems. Adv Agron 114:249-302

Ward BB, Courtney KJ, Langerheim JH (1997) Inhibition of
Nitrosomonas europaea by monoterpenes from coastal
redwood (Sequoia sempervirens) in whole-cell studies. J
Chem Ecol 23:2583-2598

Zhu Y, Zeng H, Shen Q, Ishikawa T, Subbarao GV (2012)
Interplay among NH, " uptake, rhizosphere pH and plasma
membrane H'-ATPase determine the release of BNIs in
sorghum roots — possible mechanisms and underlying hy-
pothesis. Plant Soil. doi:10.1007/s11104-012-1151-5

@ Springer


http://dx.doi.org/10.1007/s11104-012-1151-5

	Biological nitrification inhibition (BNI) activity in sorghum and its characterization
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Experiment 1
	Assessment of BNIs release at various growth stages in sorghum
	Root exudate collection and determination of BNI activity of hydrophilic fraction of root exudate
	Determination of BNI activity in the hydrophobic fraction with DCM (dichloromethane) root wash
	Extraction of BNIs from root tissue
	Nitrification inhibition bioassay

	Experiment 2a
	Isolation of BNIs from the hydrophilic fraction of the exudate

	Experiment 2b
	Isolation of BNI-activity constituents from root-DCM wash, hereafter referred to as hydrophobic-BNIs
	Isolation of a BNI compound from hydrophobic-BNIs in the root-DCM wash
	Instrumental analysis

	Experiment 3
	Evaluation of BNI-constituents – methyl 3-(4-hydroxyphenyl) propionate (MHPP), sakuranetin and sorgoleone for their inhibitory effects on Nitrosomonas

	Experiment 4
	Mode of inhibitory action of MHPP, sakuranetin and sorgoleone on Nitrosomonas

	Experiment 5
	Determining longevity of the stimulatory effect of NH4+ on the BNIs release from sorghum

	Experiment 6
	Influence of rhizosphere pH on the synthesis and release of BNIs

	Experiment 7
	Determining pH stability of the BNI activity in the hydrophilic fraction

	Experiment 8
	Inhibitory effects of BNIs (crude extract of BNIs from root exudate) and purified BNI compounds on soil nitrification
	8a. Inhibitory effects of released BNIs on soil nitrification
	8b. Inhibitory effects of BNI-compounds, MHPP and sakuranetin on soil nitrification

	Statistical analysis of data
	Results
	Release of BNIs at various growth stages of sorghum (Experiment 1)
	Isolation and characterization of active constituent from hydrophilic-BNIs in root exudate (Experiment 2a)
	Isolation and characterization of active constituent from DCM-root wash, i.e. hydrophobic-BNIs (Experiments, 2b; 3)
	Mode of inhibitory action of BNI-activity on Nitrosomonas (Experiment 4)
	Longevity of the stimulatory effect of NH4+ on BNIs release in sorghum (Experiment 5)
	Rhizosphere pH influence on BNIs synthesis, release, and stability of the released BNI activity (Experiments, 6; 7)
	Nitrification inhibitory effects from released BNIs (i.e. crude extract of BNIs in root exudate) and purified BNIs (Experiments, 8a; 8b)

	Discussion
	BNIs release during various growth stages of sorghum
	Isolation and identification of new BNIs
	Mode of inhibitory action
	Longevity of the stimulatory effect of NH4+ on BNIs release and the role of rhizosphere pH in the release of BNIs and their stability
	Contribution of the isolated compounds with BNI activity to inhibition of soil nitrification

	Conclusions
	References


