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Abstract
To control agronomic N losses and reduce environmental pollution, biological nitrification inhibition (BNI) is a promising 
strategy. BNI is an ecological phenomenon by which certain plants release bioactive compounds that can suppress nitrify-
ing soil microbes. Herein, we report on two hydrophobic BNI compounds released from maize root exudation (1 and 2), 
together with two BNI compounds inside maize roots (3 and 4). On the basis of a bioassay-guided fractionation method 
using a recombinant nitrifying bacterium Nitrosomonas europaea, 2,7-dimethoxy-1,4-naphthoquinone (1, ED50 = 2 μM) 
was identified for the first time from dichloromethane (DCM) wash concentrate of maize root surface and named “zeanone.” 
The benzoxazinoid 2-hydroxy-4,7-dimethoxy-2H-1,4-benzoxazin-3(4H)-one (HDMBOA, 2, ED50 = 13 μM) was isolated 
from DCM extract of maize roots, and two analogs of compound 2, 2-hydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one 
(HMBOA, 3, ED50 = 91 μM) and HDMBOA-β-glucoside (4, ED50 = 94 μM), were isolated from methanol extract of maize 
roots. Their chemical structures (1–4) were determined by extensive spectroscopic methods. The contributions of these four 
isolated BNI compounds (1–4) to the hydrophobic BNI activity in maize roots were 19%, 20%, 2%, and 4%, respectively. A 
possible biosynthetic pathway for zeanone (1) is proposed. These results provide insights into the strength of hydrophobic 
BNI activity released from maize root systems, the chemical identities of the isolated BNIs, and their relative contribution 
to the BNI activity from maize root systems.
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Introduction

Nitrogen (N), a macronutrient required for crop plant 
growth, is an essential component of fertilizer for sustain-
ing food production in modern productive agriculture (White 
and Brown 2010). Urea, anhydrous NH3, (NH4)2SO4, and 
NH4NO3 are commonly used as ammonium-based fertilizer 
in global agricultural fields (Halvorson et al. 2014). Cur-
rently, total global consumption of N fertilizer accounts for 

50% among the world’s three highest-production cereals, 
rice (16%), wheat (18%), and maize (16%) (Coskun et al. 
2017; Ladha et al. 2016). Despite their benefits, approxi-
mately half of applied N fertilizers are leached from agri-
cultural fields, which results in economic loss because of 
excess fertilizer application and low N use efficiency of crop 
plants (Halvorson et al. 2014; Lassaletta et al. 2014; Muel-
ler et al. 2014). These major N losses from fertilized soil 
are caused by two microbial biochemical reactions: nitrifi-
cation and denitrification (Bock et al. 1995; Zumft 1997). 
Nitrification is a series of oxidation reactions from NH4

+ 
through hydroxylamine (NH2OH) and nitrite (NO2

−) to 
nitrate (NO3

−), where the first key step is catalyzed by the 
ammonia monooxygenase enzyme from ammonia-oxidizing 
bacteria (e.g., Nitrosomonas europaea and Nitrobacter sp.) 
and ammonia-oxidizing archaea (e.g., Nitrososphaera vien-
nensis and Nitrosopumilus maritimus) (Konneke et al. 2005; 
Kowalchuk and Stephen 2001; Morimoto et al. 2011; Tourna 
et al. 2011; Treusch et al. 2005). Because NH4

+ (electropo-
sitive) can be attracted to the negatively charged surface of 
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soil particles, the NH4
+ form of N can be retained in soil 

(Hommes et al. 1998; Meier and Kahr 1999). Upon nitri-
fication of NH4

+, highly mobile NO3
− (electronegative) is 

produced and leached through the soil particles (Oelmann 
et al. 2007). The leaching of mobile NO3

− out of agricultural 
fields can cause serious environmental pollution affecting 
groundwater and human health (Rivett et al. 2008; Ward 
et al. 2018). Meanwhile, NO3

− undergoes denitrification to 
form gaseous N2O that is released from soil into the air as 
a greenhouse gas that is 310 times more potent than CO2 
(Lubbers et al. 2013; Ravishankara et al. 2009). Thus, excess 
nitrification can directly or indirectly give rise to major N 
loss involving not only environmental problems but also 
economic damage. In other words, controlling nitrification 
to keep NH4

+ as an available N source can achieve effective 
N fertilization for crop plants along with the reduction of 
environmental pollution.

Biological nitrification inhibition (BNI) shows great 
potential as a component of sustainable agriculture because 
it uses the natural nitrification inhibitory potential of field 
crops (Coskun et al. 2017; Subbarao et al. 2013b; Subbarao 
and Searchinger 2021; Wendeborn 2020). BNI is a specific 
ecological phenomenon that occurs in the plant rhizos-
phere, where secondary metabolites emitted from plant 
roots inhibit nitrification of nitrifying microbes. Secondary 
metabolites, also known as plant specialized metabolites, 
have diverse biological activities that influence the growth, 
survival, germination, and reproduction of other organisms 
in nature, such as allelopathy, antibiotics, and innate immu-
nity (Bednarek 2012; Cheng and Cheng 2015; Morrissey 
and Osbourn 1999; Sirikantaramas et al. 2007).

Since Munro (1966) first reported the nitrification inhibi-
tion of tropical grass Hyparrhenia filipendula, many scien-
tists (Pancholy, Schmidt, Mccarty, and others) have investi-
gated the effects of phytochemicals on nitrification activity 
in soil over more than half a century (Bremner and Mcca-
rty 1988; Mccarty et al. 1991; Rice and Pancholy 1973). 
In 2009, BNI was first reported for signalgrass (Brachiaria 
humidicola) with inhibitory effects as well as the discov-
ery of a bioactive diterpenoid, brachialactone (Subbarao 
et al. 2009; Fig. S1). Furthermore, several BNI compounds 
have been identified from plant roots (Fig. S1): sorgoleone, 
sakuranetin, and methyl 3-(4-hydroxyphenyl)propionate 
from sorghum (Sorghum bicolor) (Subbarao et al. 2013a; 
Zakir et  al. 2008) and 1,9-decanediol from rice (Oryza 
sativa) (Sun et al. 2016).

We have previously categorized the BNI compounds of 
root exudate into “hydrophobic” and “hydrophilic” frac-
tions based on their interactions with water (Subbarao et al. 
2013a, b). In the rhizosphere, hydrophilic BNI compounds, 
having a strong affinity for water, can be easily diffused with 
water. In contrast, hydrophobic compounds will be retained 
around the root surface because of their water‐insolubility. 

Accordingly, it is important to select suitable extraction 
solvents depending on water-solubility of BNI compounds. 
Dichloromethane (DCM) has been used as an extraction 
solvent to obtain hydrophobic BNI compounds from root 
surface of sorghum, termed the “DCM-wash” extract (Sub-
barao et al. 2013a, b). In particular, the hydrophobic BNI 
compound sorgoleone was identified in root-DCM-wash, 
which was prepared by washing roots with acidified DCM 
for 30 s (Subbarao et al. 2013a, b).

In addition to root exudates, plants generally produce and 
accumulate abundant metabolites inside roots. We assumed 
that the BNI compounds inside roots act as precursors for the 
BNIs released from root surface; however, there have been 
no reports on BNI compounds inside maize roots. Then, 
we expected that identification of BNI compounds from not 
only root surface but also root inside might lead to the under-
standing of total BNI activities in maize roots.

Despite being the most widely produced crop in the 
world, not much is known about BNI function in maize, with 
almost no published knowledge on chemical identities of 
BNI compounds produced from maize root systems. Indeed, 
our preliminary investigations detected significant levels of 
BNI activity released from maize root systems—both hydro-
phobic and hydrophilic BNI activities were detected in suf-
ficient strength from maize root systems.

In this paper, we describe the isolation and identification 
of hydrophobic BNI compounds from the surface of maize 
roots which were recovered from the DCM-wash, together 
with BNI compounds inside maize roots using root tissue 
after the DCM-wash procedure and recovered by two differ-
ent extraction solvents: DCM extract and methanol (MeOH) 
extract. Furthermore, we propose a BNI mechanism in maize 
based on our findings.

Material and methods

Planting and collection of maize seeds

Sweetcorn (Zea mays L. cv Honey bantam) seeds pur-
chased from Sakata Seed Corp. (Kanagawa, Japan) were 
used. Ninety seeds were soaked in a plastic bottle contain-
ing 200 mL diluted water with bubble aeration under dark 
conditions at 25 °C for 24 h. The seeds were rinsed twice 
with fresh distilled water, then wrapped in a moistened paper 
towel and kept in a growth chamber in the dark at 25 °C for 
24 h. To grow roots, germinated seeds were held between a 
rectangular filter paper with a supporting hard-plastic plate, 
then stood up in a growth box containing 1.0 L 200 μM 
CaSO4 aqueous solution; the bottom part of each filter paper 
was soaked in the solution to continuously supply solution 
to seeds. The incubator boxes were set at 29 °C/25 °C (max/
min) with the photoperiod of 13 h/11 h (day/night) and 
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supplied daily with the 200 μM CaSO4 solution to keep filter 
papers moist. The grown seedlings were collected at 12 days 
after planting (Fig. S2). A total of 8579 plants were raised 
in six rounds of seed germination (collections No. 1–No. 6).

DCM washing and extraction of maize roots

To collect root surface metabolites, shoot and seed were 
cut off from the root section of maize (Fig. S2c). The fresh 
maize roots (approximately 106 g dried weight equivalent) 
were soaked and agitated in 1.0 L DCM [containing 1.0% 
acetic acid (AcOH) as a solubilizing agent] for 1 min. The 
wash solution was then filtered and evaporated in vacuo at 
40 °C, and the concentrate was named the “DCM-wash.” 
The residue of root tissue was soaked with another 1.0 L 
DCM (1.0% AcOH) for 48 h, filtered, and concentrated 
to obtain the “DCM extract.” After removal of DCM in a 
fume hood, the remaining tissue was lyophilized, pulverized, 
extracted with 500 mL MeOH for 48 h, and evaporated to 
give the “MeOH extract.” From 8579 maize roots, three con-
centrates of DCM-wash (220 mg), DCM extract (395 mg), 
and MeOH extract (10 g) were obtained.

Chemicals

Thin layer chromatography (TLC) and preparative TLC 
(PTLC) were carried out on 0.25-mm silica gel 60 F254 
plates (Merck Millipore, Bedford, MA, USA). Extraction 
solvents including DCM, MeOH, ethyl acetate (EtOAc), 
n-hexane, and AcOH were reagent grade. The standard 
6-methoxy-3H-1,3-benzoxazol-2-one (6-MBOA; MBOA) 
was purchased from FUJIFILM Wako Pure Chemical Corp. 
(Osaka, Japan). The β-glucosidase, α-glucosidase (from 
rice), and β-amylase were purchased from Toyobo Co., Ltd. 
(Osaka, Japan), Sigma-Aldrich Corp. (St. Louis, MO, USA), 
and FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan), 
respectively. If not specifically mentioned, water used was 
purified by a Milli-Q system (Merck Millipore, Bedford, 
MA, USA). Compounds and fractions isolated from maize 
roots were stored at 4 °C under dark conditions.

Instrumentation

One-dimensional (1D) and two-dimensional (2D) nuclear 
magnetic resonance (NMR) experiments were recorded 
on a Bruker AVANCE III HD 800  MHz spectrometer 
equipped with a cryoprobe unit, or a Bruker AVANCE III 
HD 500 MHz spectrometer. Chemical shifts δ (ppm) were 
referenced to the residual solvent signals of 1H- or 13C-
NMR: acetone-d6 (δH 2.05 ppm; δC 29.9 ppm), CD3OD (δH 
3.31 ppm; δC 49.0 ppm), CDCl3 (δH 7.24 ppm; δC 77.0 ppm), 
and pyridine-d5 (δH7.22, 7.58, 8.74; δC 123.9, 135.9, 150.3). 
High-resolution electrospray ionization Fourier transform 

ion cyclotron resonance mass spectra (HR-ESI FT-ICR MS) 
were obtained on a Thermo Fisher Orbitrap Velos Pro. Liq-
uid chromatography–ESI mass spectrometry (LC–ESI–MS) 
analyses were carried out on Shimadzu LCMS-2020 (Shi-
madzu Corp., Kyoto, Japan) using a TSKgel Super-ODS col-
umn (4.6 mm I.D. × 50 mm, 2.3 μm; Tosoh Corp., Tokyo, 
Japan) with a linear gradient of the binary solvent system 
consisting of H2O (0.1% formic acid) and acetonitrile at 
a flow rate of 0.4 mL/min. The analytical and preparative 
(prep.) reverse phase (RP-) HPLC were performed on a 
Shimadzu prominence LC-20AT instrument (Shimadzu 
Corp., Kyoto, Japan) with Shimadzu SPD-M20A photodi-
ode array (PDA) detector (Shimadzu Corp., Kyoto, Japan), 
accompanied by a TSKgel Super-ODS column (4.6 mm 
I.D. × 50 mm, 2.3 μm) or a Cosmosil πNAP column (4.6 mm 
I.D. × 250 mm, 5.0 μm; Nacalai Tesque Inc., Kyoto, Japan). 
Solid-phase extraction was performed on a Sep-Pak Plus 
C18 solid phase cartridge (360 mg sorbent per cartridge; 
Waters, Milford, MA, USA).

Separation and purification of BNI compounds

A DCM-wash concentrate (220 mg) was developed on a 
Sep-Pak Plus C18 solid phase cartridge eluting with H2O, 
50% MeOH/H2O, 70% MeOH/H2O, MeOH, EtOH, and 
50% DCM/MeOH, successively, where each eluent was 
collected as a fraction. After two high BNI active 50% and 
70% MeOH aqueous fractions were combined (162 mg dry 
weight), the resulting concentrate was further purified by 
RP-HPLC on a TSKgel Super-ODS column using a linear 
gradient [1% acetonitrile/H2O (0.1% formic acid) (start) 
to 30% acetonitrile/H2O (0.1% formic acid) (13 min) to 
100% acetonitrile (18 min), 1.5 mL min−1] to give five frac-
tions (DCMw-1–DCMw-5). Fraction DCMw-3 (27.5 mg, 
tR 7.6–10.5 min) was separated by TSKgel Super-ODS 
column [1% acetonitrile/H2O (0.1% formic acid) (start) 
to 30% acetonitrile/H2O (0.1% formic acid) (13  min), 
1.5 mL min−1], resulting in the isolation of compound 1 
(0.1 mg, tR 9.8–10.1 min). A part of fraction DCMw-2 
(15 mg/120 mg, tR 5.6–7.5 min) was purified by PTLC using 
DCM/MeOH = 10:1 as solvent system, giving compound 5 
(7.0 mg).

A part of the DCM extract (30 mg/395 mg) was sepa-
rated by a TSKgel Super-ODS column [1% acetonitrile/
H2O (0.1% formic acid) (start) to 30% acetonitrile/H2O 
(0.1% formic acid) (13  min), 1.0  mL  min−1], giving a 
target fraction containing only compound 2. The target 
solution (tR 7.8–8.5  min) was directly extracted thrice 
by EtOAc, followed by concentration of the EtOAc layer 
under vacuum at 25  °C to yield compound 2 (10  mg). 
The DCM extract (395  mg) was separated by TSKgel 
Super-ODS column [1% acetonitrile/H2O (0.1% formic 
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acid) (start) to 30% acetonitrile/H2O (0.1% formic acid) 
(13 min), 1.5 mL min−1], yielding compound 1 (0.05 mg, 
tR 9.8–10.1 min).

A part of the MeOH extract (2.3 g/10 g) was partitioned 
between EtOAc and 30% MeOH aqueous solution. The 
EtOAc layer was concentrated under reduced pressure to 
a brown syrup (415 mg) and further partitioned between 
n-hexane and 10% MeOH aqueous solution. The 10% MeOH 
fraction (Fr. 10 M) was separated by RP-HPLC on a TSK-
gel Super-ODS column [1% acetonitrile/H2O (0.1% formic 
acid) (start) to 30% acetonitrile/H2O (0.1% formic acid) 
(13 min) to 100% acetonitrile (18 min), 1.5 mL min−1], 
giving five fractions 10 M-1–10 M-5. Fraction 10 M-2 
(30 mg, tR 5–10 min) was separated using RP-HPLC on a 
πNAP column [20% acetonitrile/H2O (0.1% formic acid), 
1.0 mL min−1] to furnish five fractions 10 M-2–1–10 M-2–5. 
Fraction 10 M-2–4 (5.8 mg, tR 8–10 min) was divided into 
two fractions by a πNAP column [10% acetonitrile/H2O 
(0.1% formic acid), 1.0 mL min−1]. Compounds 3 (3.0 mg) 
and 4 (20  mg) were isolated as single components of 
fractions 10 M-2–4-1 (tR 8.2–9 min) and 10 M-2–4-2 (tR 
9.1–9.8 min), respectively.

HPLC analysis for degradation of compound 2 
in DCM‑wash

The dried DCM-wash sample (1.5 mg) was dissolved in 100 
μL MeOH. An aliquot of this solution (1 μL) was added to 
49 μL MeOH. Five microliters of sample solution was ana-
lyzed by Shimadzu LCMS-2020 on a TSKgel Super-ODS 
[1% acetonitrile/H2O (0.1% formic acid) (start) to 100% ace-
tonitrile/H2O (0.1% formic acid) (13 min), 0.4 mL min−1, 
ultraviolet (UV) absorption at 210 nm]. The degradation was 
monitored at 0 and 24 h after adding MeOH.

Preparation of calibration curves

To quantitate the amount of compound 2 present in samples, 
a standard curve for the conversion of the chromatogram 
peak area into the amount of sample was prepared. The puri-
fied compound 2 was dissolved in acetonitrile (1% acetone) 
at different concentrations (0–100 ppm). These samples 
were applied to the Shimadzu LCMS-2020 on a TSKgel 
Super-ODS column [1% acetonitrile/H2O (0.1% formic acid) 
(start) to 30% acetonitrile/H2O (0.1% formic acid) (13 min) 
to 100% acetonitrile (18 min), 0.4 mL min−1]. The peak 
area of 2 was determined from the resulting chromatogram 
monitoring at 210 nm. The obtained peak areas were plotted 
against the concentrations of compound 2 for all samples 
(Fig. S3). Similarly, compounds 1, 3, and 4 were dissolved 
in MeOH and quantified by HPLC analyses (Fig. S3).

HPLC analyses of extracts of maize

Each DCM-wash dried sample (one batch) was dissolved 
in 2.0 mL acetone. An aliquot of the solution (1 μL) was 
added to 49 μL acetonitrile. Then, 5 μL of each sample was 
analyzed by Shimadzu LCMS-2020 on a TSKgel Super-
ODS [1% acetonitrile (start) to 100% acetonitrile (13 min), 
0.4  mL  min−1, UV 210  nm]. Similarly, DCM extract 
(39.5 mg/395 mg) was prepared, and its sample solution (5 
μL) was analyzed. The 10% MeOH extract (15 mg/200 mg) 
was dissolved in 1.0 mL MeOH, and an aliquot of 1 μL was 
added to 49 μL MeOH. The following HPLC analysis of 
sample (5 μL) was carried out in the same manner as that 
for DCM-wash and DCM extract.

Nitrification inhibition bioassay

A detailed description of the method is described in pre-
vious work (Iizumi et al. 1998; Subbarao et al. 2006). In 
brief, the recombinant strain of N. europaea was used, which 
expresses luciferases of luxA and luxB genes from the marine 
bacterium Vibrio harveyi and produces a specific lumines-
cence pattern with two distinct peaks during a measurement 
period (30 s). The key functional relationship between bio-
luminescence emission and NO2

− production is linear when 
using the synthetic nitrification inhibitor, allylthiourea (AT), 
as a standard. The inhibition caused by AT of 0.22 μM, ED80 
in bioluminescence and NO2

− production, is defined as 1 
allylthiourea unit (ATU). The inhibitory activities of organ-
ism extracts and compounds are expressed in ATU based on 
dose–response standard curve of AT.

Results

Isolation of BNI compound from DCM‑wash

To collect hydrophobic compounds from the root surface 
of maize, “DCM-wash” was prepared based on a previous 
study of sorghum (Subbarao et al. 2013a, b). The total BNI 
activity of DCM-wash (220 mg) of maize roots was esti-
mated at 7700 ATU based on the bioassay. To isolate the 
BNI compounds while reducing loss of sample, we applied a 
specific activity strategy (biological activity per unit weight 
of the compounds or fractions) to a bioassay-guided frac-
tionation method. This method enabled us to focus on the 
target fraction by analysis of the bioassay result of each 
fraction.

Initially, we separated the DCM-wash concentrate 
(220 mg, 7700 ATU) by Sep-Pak C18 cartridge to obtain 
the most specific active BNI in 50% and 70% MeOH aque-
ous fractions (162 mg, 5000 ATU). Other fractions (H2O, 
MeOH, EtOH, and 50% DCM/MeOH) exhibited relatively 
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much weaker inhibition (2800 ATU by four fractions). The 
50–70% MeOH aqueous fraction was then separated by prep. 
HPLC into five fractions DCMw-1–DCMw-5 (Fig. 1).

Through purification of the most specific active fraction 
DCMw-3 by prep. HPLC, the target compound 1 (0.1 mg, 
2233 ATU) was isolated (27.5 mg, 2300 ATU; Fig. 2).

Structural elucidation of compound 1

The molecular formula of compound 1 was elucidated as 
C12H10O4 with eight degrees of unsaturation by HR-ESI FT-
ICR MS at m/z 219.0658 [M + H]+ (calculated 219.0652 for 

C12H11O4; Fig. S4a). The UV absorptions at 266 (π–π* tran-
sition), 293 (π–π* transition) nm, and the long tail band at 
358 nm reaching far into the visible band for the pale yellow 
color of compound 1 suggested an oxygenated 1,4-naph-
thoquinone system, such as 2-methoxy-1,4-naphthoquinone 
(Little et al. 1948; Fig. S4b). The 1H-NMR spectrum of com-
pound 1 showed six signals assignable to a dimethoxylated 
1,4-naphthoquinone, two methoxy singlets at δH 3.92 and 
3.87, a quinone proton at δH 6.08 (s), three aromatic pro-
tons at δH 8.00 (d, J = 8.6 Hz), 7.54 (d, J = 2.6 Hz), and 
7.19 (dd, J = 8.6 and 2.6 Hz), to which their corresponding 
six 13C signals (δC 128.5, 120.8, 110.0, 109.8, 56.3, and 
55.9) were attributed based on Heteronuclear Single Quan-
tum Correlation (HSQC) correlations (Fig. 3, Fig. S5a, and 
Table 1). The remaining six carbon signals in the 13C NMR 
spectrum of compound 1 were assigned as two carbonyl car-
bons on 1,4-benzoquinone (δC 184.2 and 180.3), two meth-
oxy groups attached carbons (δC 163.7 and 160.2), and two 

Fig. 1   RP-HPLC chromatogram of the combined fraction from 
50 and 70% MeOH aqueous fractions. The fraction was separated 
by preparative HPLC monitored at 210  nm to give five fractions 
(DCMw-1–DCMw-5). Each fraction is shown by a double-headed 
arrow in the HPLC chromatogram

Fig. 2   Purification scheme of compound 1 from DCM-wash. Each 
RP-HPLC chromatogram was monitored at 210 nm. The small quan-
tity compounds were unveiled through successive purification of the 
biological nitrification inhibition fraction, resulting in the discovery 
of compound 1 (0.1 mg, tR 9.5–9.8 min)

Fig. 3   The 1H-NMR (800  MHz, CDCl3) (a) and 13C-NMR 
(201  MHz, CDCl3) (b) spectra of compound 1. Chemical shifts are 
reported in parts per million (ppm) relative to the solvent residual 
peak of CDCl3 (δH 7.24 ppm, δC 77.0 ppm). a In 1H-NMR, a total of 
six signals of 1 were observed. A broad singlet peak at 1.56 ppm was 
caused by residual H2O. Enlarged view of split peaks of 1 was shown. 
b In 13C-NMR, a total of 12 signals of 1 were observed
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ring-condensation positional carbons (δC 132.9 and 125.4), 
respectively. The planar structure of compound 1 was eluci-
dated as 2,7-dimethoxy-1,4-naphthoquinone by Heteronu-
clear Multiple Bond Correlation (HMBC) correlations of 
2-OCH3/C-2; 7-OCH3/C-7; H-3/C-2, C-4, C-4a; H-5/C-4, 
C-7; H-6/C-4a; and H-8/C-1, C-8a (Fig. S5b and Fig. S5c). 
The 1H-NMR spectral data of compound 1 were in accord-
ance with those of reported data for a synthetic compound; 
however, 13C-NMR spectral data and 2D-NMR data were 
not reported for that compound (Table 1; Guay and Bras-
sard 1986). In the present study, we completely assigned the 
spectral data of compound 1 based on 2D-NMR correlations 
(HSQC and HMBC). Because this was the first isolation of 
naturally occurring 2,7-dimethoxy-1,4-naphthoquinone, we 
named this compound “zeanone” (Fig. 4a).

Zeanone (1) exhibited BNI activity with ED50 value of 
2 μM and ED80 value of 8 μM (Fig. 4b), which was higher 
than those of earlier reported compounds, methyl linoleate 

(ED80 = 27 μM), sorgoleone (ED80 = 13 μM), and brachialac-
tone (ED80 = 10.6 μM) (Subbarao et al., 2008, 2009, 2013a).

Isolation of BNI compound from DCM extract

Specific activity-based fractionation led to the isolation of 
zeanone (1) (0.1 mg, 2233 ATU) from DCM-wash (220 mg), 
but at low yield. Considering the remaining nearly 2700 
ATU in the residue fractions DCMw-1, DCMw-2, DCMw-
4, and DCMw-5, we inferred that high-content BNI com-
pounds might exist within those fractions. With this hypoth-
esis, we re-analyzed the HPLC data for DCM-wash (a stock 
sample before separation) and DCM extract. As a result, the 
dominant peak 2 was observed in both extracts (Fig. S6a and 
Fig. S6b). Furthermore, peak 2 had been fractionated in the 
fraction DCMw-2 (120 mg, 2300 ATU) from DCM-wash 
(Fig. 1); therefore, candidate compound 2 was expected to 
be a major BNI compound.

We then attempted to isolate compound 2 from frac-
tion DCMw-2 (Fig. 1). However, the dominant peak 2 was 
undetected in DCMw-2, while a new peak 5 was strongly 
observed. Compound 5, suspected to be a degradation 
product of compound 2, was tentatively isolated by PTLC, 
and then established as a known benzoxazole MBOA 
(6-methoxy-2(3H)-benzoxazolone) by comparing the TLC 
and LC/MS results with those of commercially available 
MBOA (FUJIFILM Wako Pure Chemical Corp., Osaka, 
Japan) (Fig. S7 and Fig. S8). A previous report described 
that labile benzoxazinoids chemically decompose to give 
MBOA (5) and formic acid in vitro (Atkinson et al. 1991; 
Kosemura et al. 1994). Additionally, the UV absorption 
of compound 2 at 262 and 290 nm showed the charac-
teristic pattern for benzoxazinoids (Fig. S9a). These data 
strongly suggested that compound 2 might be a degradable 
benzoxazinoid.

Next, we developed the isolation method for unsta-
ble compound 2 using a part of the DCM extract, which 
showed a similar HPLC chromatogram to that of DCM-wash 

Table 1   13C- (201 MHz) and 1H-NMR (800 MHz) data of compound 
1 in CDCl3. All peaks were assigned based on 2D-NMR (HSQC 
and HMBC) experiments. [a] 1H-NMR (200 MHz) literature data of 
2,7-dimethoxy-1,4-naphthoquinone in CDCl3 (Guay and Brassard 
1986)

Position δC δH, mult. (J in Hz) δH [a]

1 180.3 C
2 160.2 C
3 109.8 CH 6.08, s 6.11, s
4 184.2 C
5 128.5 CH 8.00, d (8.6) 8.03, d (8.6)
6 120.8 CH 7.19, dd (8.6, 2.6) 7.22, dd (8.6, 2.5)
7 163.7 C
8 110.0 CH 7.54, d (2.6) 7.57, d (2.5)
4a 125.4 C
8a 132.9 C
2-OCH3 56.3 CH3 3.87, s 3.90, s
7-OCH3 55.9 CH3 3.92, s 3.95, s

Fig. 4   Chemical structure (a) 
and dose–response curve (b) of 
zeanone (1). a Common name 
was listed in square brackets. 
Physiochemical data of com-
pound 1: pale-yellow powder, 
Rf = 0.33 (silica, hexane/
EtOAc = 2:1), HR-ESI-FT-ICR 
MS (positive) m/z 219.0658 
[M + H]+. b BNI activity of 
compound 1: ED50 = 2 μM, 
ED80 = 8 μM
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before purification (Fig. S6). A part of the DCM extract 
(30 mg/395 mg) was fractionated using RP-HPLC to obtain 
a fraction containing pure compound 2. Then, the aque-
ous solution of 2 was directly extracted by EtOAc followed 
immediately by concentration of the organic layer to provide 
purified compound 2 (10 mg). Comprehensive analyses of 
NMR and MS spectra determined the structure of com-
pound 2 as a known benzoxazinoid, 2-hydroxy-4,7-dimeth-
oxy-2H-1,4-benzoxazin-3(4H)-one (HDMBOA) (Fig. 5a, 
Fig. S9b, and Table S1) (Maresh et al. 2006).

HDMBOA (2) was assayed to determine the BNI activity, 
which resulted in ED50 = 13 μM and ED80 = 70 μM (Fig. 5b). 
The natural benzoxazinoids, which are mainly distributed 
in Poaceae families including maize and wheat, showed a 
wide range of biological activities (allelopathy, regulating 
immune immunity, antimicrobial activity, etc.) (Ahmad 
et al. 2011; de Bruijn et al. 2018; Neal et al. 2012; Niemeyer 
2009; Rice et al. 2012; Zhou et al. 2018). The biosynthetic 
pathway of benzoxazinoids has been extensively established 
and shares the same precursor indole-3-glycerol phosphate 
with primary metabolism in the biosynthesis of an essential 
amino acid tryptophan (Fig. S10) (Frey et al. 2009; Jonczyk 
et al. 2008; von Rad et al. 2001; Wright et al. 1992).

Following that, we confirmed the degradation of HDM-
BOA (2) into MBOA (5) in MeOH by HPLC analysis 
(Fig.  S11). This result was consistent with a previous 
observation, in which compound 5 was the only aromatic 
compound detected in a MeOH solution of compound 2 
after 12-h incubation (Escobar et al. 1997). Therefore, 
compound 2 in DCM-wash was confirmed to undergo deg-
radation into compound 5 during the separation procedures 
by a Sep-Pak C18 column and prep. HPLC, followed by 
concentration.

The total weight of HDMBOA (2) accounted for 50 wt% 
of the original DCM-wash sample (110 mg, 2541 ATU) by 
quantification experiments (Fig. S6c). This result confirmed 
that compound 2 was a major constituent of maize roots in 
accordance with a previous report (Zhang et al. 2000).

Isolation of BNI compounds from MeOH extract

Next, we confirmed BNI activity of the MeOH extract and 
attempted to isolate responsible compounds based on the 
bioassay-guided fractionation method. The MeOH extract 
was partitioned between EtOAc and 30% MeOH aqueous 
solution by liquid–liquid distribution. The BNI active 
compounds were then concentrated in the EtOAc layer, 
so the EtOAc portion was further partitioned between 
n-hexane and 10% MeOH aqueous solution. Because the 
BNI activity was condensed into the 10% MeOH frac-
tion (200 mg), this fraction was separated by prep. HPLC 
to yield two BNI compounds 3 (3.0 mg) and 4 (20 mg). 
Their structures were established as known benzoxazi-
noids, 2-hydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-
one (HMBOA, 3) (Fig. 6a, Fig. S12, and Table S2) and 
2-hydroxy-4,7-dimethoxy-2H-1,4-benzoxazin-3(4H)-one-
β-glucoside (HDMBOA-β-glucoside, 4) (Fig. 6c, Fig. S13, 
and Table S3), respectively. Both compounds were struc-
tural analogs of HDMBOA (2), namely, compound 3 car-
ries an amine instead of the N-OMe group of 2 and com-
pound 4 is the glucoside form of 2.

Compounds 3 and 4 showed BNI activities of 
ED50 = 91  μM, ED80 > 100  μM and ED50 = 94  μM, 
ED80 > 200 μM, respectively (Fig. 6b and d).

Quantification of BNI compounds in DCM‑wash, 
DCM extract, and MeOH extract

We quantified four BNI compounds 1–4 in three extracts: 
DCM-wash, DCM extract, and MeOH extract (Fig. 7). 
The most specific BNI active zeanone (1) isolated from 
DCM-wash (220 mg) was also detected in DCM extract 
(395 mg) by RP-HPLC analysis, which was quantified 
as 0.05 mg (Fig. 7a, b, and d). We eventually isolated 
0.05 mg of zeanone (1) from DCM extract by prep. HPLC. 
The amount of HDMBOA (2) in DCM-wash (220 mg) 

Fig. 5   Chemical structure (a) 
and dose–response curve (b) 
of HDMBOA (2). a Structure 
of compound 2. b BNI activity 
of compound 2: ED50 = 13 μM, 
ED80 = 70 μM
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and DCM extract (395 mg) was quantified as 110 mg (50 
wt%) and 132 mg (33 wt%), respectively. HMBOA (3) 
and HDMBOA-β-glucoside (4) identified in MeOH extract 
(10 g) were undetected in DCM-wash and DCM extract 
(Fig. 7c and d).

Discussion

Relative contribution of isolated BNI compounds 
to the BNI activities

The DCM-wash solution extracted hydrophobic compounds 
localized on the surface of maize roots. We also observed 
that maize accumulated abundant metabolites inside the 
root, and then recovered them in DCM extract and MeOH 
extract. Following these results, we calculated the BNI con-
tribution of each compound in three extracts based on spe-
cific BNI activities and the quantity of the four identified 
compounds: zeanone (1), HDMBOA (2), HMBOA (3), and 
HDMBOA-β-glucoside (4).

Compounds 1 and 2 were identified from DCM-wash. 
Their contributions to the BNI activity in DCM-wash (7700 
ATU) were 33% and 29%, respectively (Fig. 8a). Com-
pounds 1 (21% contribution) and 2 (22% contribution) were 
also identified from DCM extract (47,400 ATU) (Fig. 8b). 

Compounds 3 (13% contribution) and 4 (26% contribution) 
were identified as BNI compounds only from the MeOH 
extract (Fig. 8c).

In order to reveal the contribution of identified BNI 
compounds in maize roots (approximately 106 g dried 
weight equivalent), we combined the total BNI activities 
for three extracts (Fig. 8d). Because compounds 1 (12,187 
ATU) and 2 (12,969 ATU) accounted for 39% of total BNI 
activity in maize roots (65,100 ATU), we assigned both 
compounds 1 and 2 as major BNI components in maize 
roots (Fig. 8d). The contribution of compounds 3 (2%) 
and 4 (4%) to total BNI activity in maize roots was 6%; 
consequently, we revealed that 45% of total BNI activity in 
maize roots was due to compounds 1–4 (Fig. 8d).

Given that the total BNI activity in maize roots can 
be divided into the root surface part (12% BNI activity, 
DCM-wash) and the internal root part (88% BNI activ-
ity, DCM extract and MeOH extract), and hydrophobic 
compounds released from the root surface can be main-
tained in the rhizosphere because of their lack of affinity 
with water, we predict that zeanone (1) and HDMBOA 
(2) on the root surface act as the major hydrophobic 
BNI compounds in soil. In addition to this, BNI activi-
ties inside root might not be effective in soil unless they 
are released through decomposition or leached out from 
roots. In contrast, we predict that some of the BNI inactive 

Fig. 6   Chemical structure (a 
and c) and dose–response curve 
(b and d) of BNI compounds 
from MeOH extract. a Structure 
of compound 3. b BNI activity 
of compound 3: ED50 = 91 μM, 
ED80 > 100 μM. c Structure of 
compound 4. d BNI activity of 
compound 4: ED50 = 94 μM, 
ED80 > 200 μM
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metabolites inside the root might behave as precursors of 
BNI compounds until transportation to the root surface, 
regardless of whether they are hydrophobic or hydrophilic 
BNI compounds. Further research on the hydrophilic BNI 
compounds of maize roots will enhance our knowledge 
into the BNI function in maize as well as the chemical 
structure–BNI activity relationship.

Zeanone (1)—a possible biosynthetic pathway

Zeanone (1) as a naturally occurring new compound 
is categorized as a 1,4-naphthoquinone. Natural 

1,4-naphthoquinones have been found in numerous plants 
and serve as multifunctional bioactive compounds mainly 
because of their redox-active bicyclic structure (Wid-
halm and Rhodes 2016). Among well-known bioactive 
1,4-napthoquinones, 2-methoxy-1,4-naphthoquinone 
(MNQ) is a highly fungistatic substance from garden balsam 
(Impatiens balsamina) and 5-hydroxy-1,4-naphthoquinone 
(juglone) is an allelochemical of black walnut (Juglans 
nigra) (Little et al. 1948; Soderquist 1973). In contrast, the 
biosynthetic pathway of 1,4-naphthoquinones is still not 
completely understood (Foong et al. 2020; McCoy et al. 
2018; Widhalm and Rhodes 2016). Thus, the biosynthetic 

Fig. 7   RP-HPLC profiles for three extracts prepared from maize 
roots (a–c) and quantity of BNI compounds in the three extracts (d). 
Each HPLC chromatogram (a–c) was monitored at 210 nm. a HPLC 
chromatogram of DCM-wash, an enlarged view (tR 7.5–10 min), and 
UV spectra of peaks 1 and 2 were shown. b HPLC chromatogram of 
DCM extract, an enlarged view (tR 7.5–10 min), and UV spectra of 

peaks 1 and 2 were shown. c HPLC chromatogram of MeOH extract, 
an enlarged view (tR 7.5–10 min), and UV spectra of peaks 3 and 4 
were shown. d The amount of each compound was quantified based 
on the peak area in HPLC chromatogram monitored at 210  nm, or 
weighed after isolation
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Fig. 8   BNI activity breakdown 
for three extracts (a–c) and 
maize roots (d). a DCM-wash 
was composed of root surface 
hydrophobic compounds as 
depicted in right panel. Zeanone 
(1) and HDMBOA (2) were 
identified as major BNI com-
pounds in DCM-wash. b DCM 
extract contained DCM-soluble 
compounds inside the root. 
Two BNI compounds 1 and 2 
were identified in DCM extract. 
c MeOH extract contained 
MeOH-soluble compounds 
inside the root. Two BNI com-
pounds 3 and 4 were identified 
in MeOH extract. d Maize roots 
contained a combined total 
of BNI activities of the three 
extracts (a–c) as depicted in the 
right panel

Fig. 9   Possible biosynthetic pathway of zeanone (1). Reported and proposed pathways are encircled by solid and dotted lines, respectively
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pathway of compound 1 was proposed based on the struc-
tural similarity between compound 1 and MNQ (Fig. 9). 
Recent reports showed that the shikimate pathway and 
1,4-dihydroxy-2-naphthoic acid (DHNA) pathway con-
tributed to the biosynthesis of MNQ (Foong et al. 2020; 
Widhalm and Rhodes 2016). The naphthoquinone scaffold 
of DHNA is formed through a Dieckmann condensation 
of o-succinyl benzoic acid (OSB). An oxidation reaction 
for substitution of the C-2 carboxyl group of DHNA with 
a hydroxy group results in 2-hydroxy-naphthoquinone, a 
precursor of MNQ. After the production of MNQ through 
O-methylation at C-2 of 2-hydroxy-naphthoquinone, an 
additional hydroxylation and O-methylation at C-7 could 
generate compound 1.

Is HDMBOA‑β‑glucoside (4) a possible precursor 
for BNI active HDMBOA (2)?

Considering our identification of another major BNI com-
pound HDMBOA (2) and weak BNI compound HDMBOA-
β-glucoside (4) inside the root, it should be noted that endog-
enous BNI benzoxazinoid-glucoside can be hydrolyzed to 
form the more active BNI compound agricone regardless 
of auto-conversion or enzymatic reaction in nature. Specifi-
cally, once roots or root residues are wounded or cut open by 
external factors, the internal root compound 4 will be leached 
out (Fig. 8c). Then, compound 4 will be rapidly hydrolyzed 
to the more active BNI compound 2 in the rhizosphere by 
soil microbes or maize roots themselves. In fact, our enzy-
matic experiments showed that compound 2 was generated 

from compound 4, which was catalyzed by β-glucosidase 
and β-amylase, respectively (Fig. S14). Following Hiradate’s 
total activity concept, when 100 μM solution of compound 
4 (ED50 = 94 μM) was completely hydrolyzed to 100 μM 
compound 2 (ED50 = 13 μM) and glucose (no activity), 
the total activity of 2 [100 μM/13 μM = 7.7 (no unit)] was 
approximately 7.7-fold higher than 4 [100 μM/94 μM = 1.1 
(no unit)] (Hiradate 2006). Hence, the precursor compound 
4 inside maize roots (or root residues) might play a role as 
an effective driving force of BNI compound 2. At the same 
time, we need to consider that the biological and/or chemical 
fate of BNI compounds might affect the total BNI activities 
produced from maize root systems.

Proposed BNI mechanism in maize

From the results obtained in this study, we propose the fol-
lowing BNI mechanism in maize (Fig. 10). Initially, two 
major BNI compounds zeanone (1) and HDMBOA (2) are 
biosynthesized and accumulated on the surface of maize 
roots (Fig. 8a, Fig. 9, and Fig. S10). Because the surface of 
developing roots is first in contact with soil particles, BNI 
will inevitably occur in the rhizosphere. Because of the 
retention of N as NH4

+ in soil, primary metabolism in maize 
is stably activated, involving growth and development. Then, 
maize produces abundant bioactive secondary metabolites 
made from primary metabolites as substrate. Subsequently, 
usage of these secondary metabolites will allow maize to 
exhibit biological phenomena, including phytoalexins, 
antibiotics, and BNI. Ecologically, these phytochemical 

Fig. 10   Proposed BNI mecha-
nism in maize. Zeanone (1) and 
HDMBOA (2) are produced 
from the root surface, exhibiting 
BNI activity in the rhizos-
phere. When BNI compounds 
inside the root are leached out, 
they might show BNI activity. 
The precursor HDMBOA-β-
glucoside (4) might act as an 
effective driving force for pro-
duction of BNI compound 2 
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responses might provide an advantage for maize survival 
and improve the growth environment.

Natural products with BNI activity released from maize 
roots can reduce soil-NO3

− formation and have implica-
tions for NO3

− pollution of ground waters and N2O emis-
sions from maize farming. Hence, the efficient applica-
tion of BNI by maize and N fertilizer could help control 
agronomic N losses and reduce environmental pollution. 
Deeper understanding of BNI function and the chemical 
identification of BNI compounds produced by crops is 
expected to contribute to the construction of novel sus-
tainable agricultural systems.

Conclusion

We discovered zeanone (1, ED50 = 2 μM), a new naph-
thoquinone in nature, in maize root exudates as one of 
the major BNI components. Furthermore, we iden-
tified another major BNI compound HDMBOA (2, 
ED50 = 13 μM) from both the root surface and inside the 
root. From inside the root, we also obtained two BNI com-
pounds, HMBOA (3, ED50 = 91 μM) and HDMBOA-β-
glucoside (4, ED50 = 94 μM); the latter compound could 
act as a precursor for the more active BNI compound 2. 
We revealed that compounds 1–4 contributed 45% of the 
total BNI activity in maize roots. Our research led to the 
proposal of a possible biosynthetic pathway of compound 
1 and the BNI mechanism in maize. The study presented 
here highlights the novel bioactivity of naphthoquinones 
and benzoxazinoids. Identified BNI compounds from 
maize roots can lead to further characterization of genetic 
stocks for using the BNI function in maize production sys-
tems. Our findings on BNI in this study open the gates for 
developing modern productive agriculture systems with 
BNI.
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