Plant Growth Regulation (2023) 101:159-167
https://doi.org/10.1007/510725-023-01009-w

ORIGINAL PAPER q

Check for
updates

Glucosylation prevents autotoxicity of stress inducible DOPA in maize
seedlings

Takako Aboshi'® - Kohei Ittou’ - Ivan Galis? - Tomonori Shinya? - Tetsuya Murayama'

Received: 8 June 2022 / Accepted: 29 April 2023 / Published online: 16 May 2023
© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Abstract

L-3,4-Dihydroxyphenylalanine (L-DOPA) is a compound with strong allelopathic effects on Brassicaceae, Asteraceae,
Cucurbitaceae and Hydrophyllaceae species. Although Gramineae are less affected by L-DOPA with respect to their root
growth, metabolic routes that protect them from L-DOPA toxicity are poorly understood. We identified a DOPA glucoside
in maize (Zea mays L., Gramineae) roots and leaves, but DOPA aglycon was not detectable in maize. Accordingly, when
maize seedlings were exposed to L-DOPA solution, DOPA glucoside concentrations increased in maize leaves, suggesting
that absorbed L-DOPA is rapidly converted to glucoside conjugate. When DOPA glucoside solution was applied to lettuce
seeds (Lactuca sativa; Asteraceae), lettuce radicle growth was less inhibited compared to free L-DOPA. Considering that
maize radicle growth is less affected by free L-DOPA, it is likely that maize seedlings protect themselves from toxicity by
L-DOPA glucosylation. Interestingly, a developmental stage dependent variation in DOPA glucoside concentration was
observed with highest level of metabolite detected in L2 stage maize leaves. As DOPA glucoside also increased in maize
during herbivory by the bird cherry-oat aphid (Rhopalosiphum padi L.) and the Graminae generalist armyworm (Mythimna
loreyi), as well as in response to treatment with the plant hormones, we propose that DOPA glucoside might be involved in
various stress responses and/or defense in maize seedlings.
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Introduction

Plants release various secondary metabolites into the soil,
which can influence growth and development of neighbor-
ing plants, both positively and negatively. These chemical
compounds are known as allelochemicals and typically sup-
press seed germination, reduce growth of roots and other
meristems, and inhibit seedling growth. The allelochemi-
cals are chemically diverse, including phenolic compounds,
terpenoids, alkaloids and nitrogen-containing chemicals
(non-protein amino acids, benzoxazinoids, cyanogenic
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glycosides), and many other chemical families (Macias et al.
2019).

In gramineous species, including key cereals such as
maize, wheat and rye, benzoxazinoid are major secondary
metabolites that show both allelopathic and pest protection
properties (Niculaes et al. 2018). The key reported benzox-
azinoids are 2,4-dihydroxy-(2H)-1,4-benzoxazin-3(4H)-one
(DIBOA) and 2,4-dihydroxy-7-methoxy-(2H)-1,4-benzox-
azin-3(4H)-one (DIMBOA). Notably, high concentrations
of benzoxazinoids are produced in young tissues of roots
and shoots, where they are glucosylated and stored in vacu-
oles or exuded by roots (Schulz et al. 2019). It is generally
accepted that glucosylation is used to reduce the autotoxicity
of benzoxazinoids as the glucosides have reduced chemical
reactivity (Sicker et al. 2000).

Velvet bean [Mucuna pruriens (L.) var. utilis] is a tropical
legume, cultivated as a cover crop in the tropics (Tarawali
et al. 1999) and it was confirmed to exert allelopathic
effects (Fujii et al. 1991). The main phytotoxic compound
is the non-protein amino acid L-3,4-dihydroxyphenylalanine
(L-DOPA). L-DOPA content is as much as 1% and 4—7%
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in the leaves and seeds, respectively, and L-DOPA exuded
from the roots of Mucuna spp. showed strong allelochemi-
cal activity (Nishihara et al. 2005). A study on the effects
of L-DOPA on different plant species revealed a variety of
plant responses to L-DOPA (Nishihara et al. 2004). Accord-
ing to this study, Gramineae species were less affected than
Leguminosae, Brassicaceae, Asteraceae, Cucurbitaceae and
Hydrophyllaceae species in terms of inhibition of radicle
growth. Nishihara et al. (2004) reported that only peren-
nial grass of the tested gramineous plants can metabolize
L-DOPA to dopamine, therefore metabolism of L-DOPA
to dopamine was proposed as one possible detoxification
mechanisms of perennial grass. However, self-protection
mechanism against L-DOPA toxicity in other Gramineae
species are still poorly understood.

In order to gain more information about the L-DOPA
tolerance mechanisms in gramineous plants, such as glu-
cosylation that is known to reduce the autotoxicity of ben-
zoxizanoids, we searched for DOPA metabolites in maize
seedlings exposed to L-DOPA solution. DOPA glucoside
was identified in maize (Zea mays L.) roots and leaves, both
with or without exposure to L-DOPA. We further examine
the effect of DOPA glucoside on lettuce seeds, known to be
sensitive to L-DOPA, as well as report apparent changes in
maize DOPA glucoside concentration caused by plant hor-
mone treatments or insect feeding.

Methods
Plants and growth conditions

Maize seeds (Zea mays, cv. honey bantam 610, Sakata Seed
Co., Yokohama, Japan) were planted at 1 cm depth in plastic
pots (5.0 cm long, 5.0 cm wide, 5.6 cm high), containing
cultivation soil Naeichiban (Ranpoku Ltd., Niigata, Japan),
and the pots were placed in a Biotron LH-300 cabinet
(Nihon-ika Co. Ltd., Osaka, Japan) under the following con-
ditions: 18/6 h day/night cycle, 150 pmol photons m=2 s~
light intensity, 28 °C, and ambient humidity. Plants were
watered daily. We used the ‘leaf-over’ method (OMAFRA
Publication 75A, Guide to Weed Control) to distinguish
between different growth stages. A leaf was counted when
it had emerged from the whorl and started to arch over with
the next leaf visible in the whorl but standing up straight. For
example, at the two-leaf stage (L2), the plant had two leaves
with the third leaf standing up straight. Unless otherwise
noted, all plants used for experiments were at the L3 stage.

Insects

Mythimna loreyi were obtained from colonies maintained
at Okayama University, which had originally been collected
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in a paddy field in Kurashiki (Okayama prefecture, Japan).
M. loreyi larvae were kept on an artificial pinto bean diet
until experiments. Rhopalosiphum padi L. were provided by
the Zennoh Agricultural Research and Development Center
(Hiratsuka), which were maintained with continuous supply
of young wheat seedlings before the experiment.

Stable isotope labelling

A maize seedling at the L3 stage was cut at and the cut
surface was submerged in a test rube containing 2 mL of
200 mg/L L-DOPA (phenyl-d;) (Sigma-Aldrich, St. Louis,
MO, USA) solution for 3 days. The control plants were sub-
merged in water. DOPA glucoside in the maize seedlings
was analyzed by LC/MS.

DOPA and DOPA glucoside analysis

Approximately 100 mg of maize tissue was weighted in
2 mL tubes and ground in 200 pL of 50% methanol with
3 mm steel balls using a pT-12 beads crusher shaker (Taitec
Co., Saitama, Japan). The extracts were centrifuged at
10,000 x g for 5 min and the supernatants were derivatized
using 6-aminoquinolyl-N-hydroxysuccinimidyl (AQC) rea-
gent, a highly reactive amine derivatizing reagent. AQC was
synthesized as described by Cohen and Michaud (1993).
Plant extracts (10 pL) were mixed with 65 pL of 200 mM
borate buffer (pH 8.8) and 5 pL of 1 pmol/mL taurine (inter-
nal standard, Fujifilm Wako Pure Chemical, Osaka, Japan).
The reaction was initiated by adding of 20 pL of 3 mg/mL
AQC reagent in acetonitrile, followed by immediate mixing
and incubation for 10 min at 55 °C. Five microliters of each
sample was analyzed by LC/MS. The amounts of DOPA
glucoside and amino acids were calculated using calibration
curves obtained from purified DOPA glucoside and com-
mercially available standards. L-DOPA, tyrosine, and phe-
nylalanine standards were purchased from Tokyo Chemical
Industry Co. Ltd. (Tokyo, Japan).

LC/MS

Each sample was injected into a Mightysil RP-18 GP II
column (50 x 2.0 mm, Kanto Chemical, Tokyo, Japan), fol-
lowed by separation using a Waters Aquity system (Waters,
Milford, MA, USA). Solvent A was water containing 0.1%
formic acid and solvent B was acetonitrile containing 0.1%
formic acid. The gradient was 0-3 min, 1% B, 3—12 min,
linear gradient to 40% B, 12—13 min, linear gradient to
99% B, 13—17 min, 99% B, 17-18 min, linear gradient to
1% B, 18-22 min, 1% B. The flow rate was 0.2 mL/min,
and column temperature was 40 °C. Mass spectra were
recorded on a Synapt G2 HDMS instrument (Waters, Mil-
ford, MA, USA). Mass spectrometer (MS) data acquisition



Plant Growth Regulation (2023) 101:159-167

161

was performed using the following conditions: ESI-positive
ionization mode, 2.0 kV capillary voltage, 30 V cone volt-
age, 550 °C desolvation temperature, 90 L/h desolvation gas
flow, and 120 °C source temperature. Mass spectra were
scanned for m/z 150-800 in MS mode and m/z 100-800 in
MS/MS mode.

DOPA glucoside purification

Approximately 1.0 kg of fresh maize leaves were used for
extraction with 5 L of 50% methanol. The volume of the
extraction liquid was reduced to approximately 50 mL by
rotary evaporation. The viscous extract was suspended in
150 mL water and was extracted thrice using 150 mL of
ethyl acetate. The aqueous layer was reduced to approxi-
mately 20 mL through rotary evaporation and was loaded on
a DOWEX 50 column chromatography (H* type, 200-400
mesh, 4.7 X 17 cm, Wako Pure Chemical Industries, Osaka),
which was washed with 2 L of water. The amine fraction
eluted from the DOWEX 50 column using 2 L of 2 M
ammonium hydroxide was evaporated in vacuo, and dis-
solved in 75% acetonitrile/water. A portion of the amine
fraction (20 uL) was injected into an Asahipak NH,-50 4E
column (250X 4.6 mm, 5 pm, Shodex, Showa Denko K.K.,
Tokyo, Japan) and was separated using a PU715 pump (GL
Science, Tokyo, Japan) with an isocratic mobile phase of
acetonitrile/water containing 50 mM ammonium formate
(75/25) and a flow rate of 1 mL/min. The DOPA glucoside
was isolated at Rt=33.0 min. High performance liquid chro-
matography (HPLC) was performed at 40 °C and was moni-
tored using a UV702 UV/VIS detector (GL Science, Tokyo,
Japan). The target peaks were collected by hand and sam-
ples from multiple HPLC runs were pooled and dried under
vacuum. This process was repeated until approximately 5 mg
of the target compound was obtained. For nuclear magnetic
resonance (NMR) structural determination, 5 mg of the com-
pound purified from maize tissue was dissolved in 500 uL.
of deuterated methanol (CD;0D) and was analyzed using a
JEOL ECZ-600 spectrometer at 600 MHz (JEOL, Tokyo,
Japan). Chemical shifts are shown on a & (ppm) scale with
tetramethylsilane as an internal standard. DOPA glucoside:
"H-NMR (600 MHz, CD;0D) f-glucose: & 4.92 (1H, d,
J=6.6 Hz), 3.94 (1H, d, J=10.8), 3.72 (1H, m) 3.54 (3H,
m), 3.42 (1H, m), DOPA: 7.10 (1H, d, J=1.2 Hz), 6.88
(1H, dd, J=8.4,1.2), 6.85 (1H, d, ] =8.4 Hz), 3.80 (1H, dd,
1=7.28,4.8),3.17 (1H, dd, ] =15, 4.8), 2.99 (1H, dd, J =15,
7.8). 3C-NMR (125 MHz, CD;0D): § 168.7, 144.9, 144.5,
126.7, 123.7, 117.0, 115.7, 101.1, 76.0, 75.1, 72.6, 69.2,
60.2, 55.4, 35.3. These spectral data were consistent with
those reported by Sivakumar et al. (2009).

After NMR analysis, 1 mg of DOPA glucoside was
hydrolyzed with 5% hydrochloric acid/methanol (1 mL)
for 4 h at 80 °C. The solution was neutralized with sodium

carbonate and was separated by thin layer chromatography
(TLC, silica gel 60 F,5,, Merck, Darmstadt, Germany) using
butanol/acetic acid/water (4:1:5 upper layer) as the eluent.
The sugar moiety was identified as glucose by comparing
its Rf value with that of the reference sample. Spots were
detected by spraying with 10% vanillin in sulfuric acid fol-
lowed by heating.

Effect of L-DOPA and DOPA glucoside radicle growth
on maize and lettuce seeds

Five seeds of maize or lettuce (Lactuca sativa, cv. Mel-
bourne MT) were placed on a filter paper (No. 2, 90 mm,
Advantec, Tokyo, Japan) in 90-mm diameter Petri dishes
containing 4 mL of distilled water (control), L-DOPA solu-
tion (10, 50, or 200 mg/L) or DOPA glucoside solution (10,
50, or 200 mg/L). Each dish was placed in a Biotron LH-300
cabinet at 25°C under dark conditions for three days. Radi-
cle length of each plant was measured, and DOPA, DOPA
glucoside and other amino acids were extracted from the
roots of each plant using 50% methanol, followed by LC/
MS analyses.

Herbivory treatments

In the herbivory treatments, three second-instar larvae of
M. loreyi were starved for at least 3 h and then placed on
the leaves of a maize seedling at the L3 stage, which was
then maintained in a plastic container for two days. The area
within 0.5 cm around the feeding wounds were used for anal-
yses. The control plant was put in a container without larvae.
For aphid feeding treatments, ten wingless adult aphids (R.
padi) were placed on the leaves of a maize seedling at the
L3 stage, which was then maintained in a plastic container
for four days, and the leaves were subsequently collected
for analyses. The control plant was placed in a container
without aphids.

Plant hormone treatments

For the plant hormone treatments, leaves of a maize seedling
at the L3 stage were sprayed with 1 mM jasmonic acid (JA),
salicylic acid (SA), or 1-aminocyclopropane-1-carboxylic
acid (ACC, an ethylene metabolic precursor) in distilled
water four times during two days and the control plants
were treated with distilled water. Leaves were collected for
analysis 48 h after the first spraying. For the measurement
of DOPA glucoside at each growth stage, maize leaves at the
L2 to L5 stages were sprayed with 1 mM JA in water four
times during two days.
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Herbivore bioassays

To increase endogenous DOPA glucoside concentration,
a maize seedling at the L3 stage was cut at the stem and
the cut surface was submerged in a test tube containing
2 mL of 50 or 200 mg/L L-DOPA solution. The con-
trol plants were submerged in water. The concentrations
of L-DOPA and DOPA glucoside in the maize seed-
lings were analyzed using LC/MS on days 1, 2, 3, and
4 after the start of submergence. One day after the start
of submergence, three adult aphids were placed in a tube
containing a maize seedling in L-DOPA solution, which
was then covered with a nylon net. Aphid nymphs were
counted for three days.

An M. loreyi larva was placed in a 120-mL plastic cup
containing maize leaves. The leaves used for feeding were
submerged in 50 or 200 mg/L. DOPA glucoside solution
for one day before feeding. Larval weights were measured
on days 1, 3, and 5 after the start of feeding.

Statistical analysis

Statistical analyses were performed with Microsoft Excel
(for Student’s ¢ tests; Microsoft Corporation, Redmont,
WA, USA) or JMP statistical software (for Tukey—Kramer
tests; SAS Institute Inc., Cary, NC, USA).

Results

Identification of DOPA glucoside accumulation
in maize leaves and roots

We searched for DOPA and related metabolites, based on
selective derivatization of primary and secondary amino
groups by AQC, in maize leaves submerged in 200 mg/L
L-DOPA solution for 3 days. We found a previously
unknown peak of m/z 530 at Rt=6.6 min in positive ioni-
zation mode. This unknown peak was also detected in
untreated leaves (Fig. 1), however, it was more abundant
in L-DOPA-treated than in untreated leaves. The m/z value
was consistent with that of the [M +H]" ion of DOPA gly-
coside derivatized with AQC. The MS/MS spectrum of
the precursor ion at m/z 530 yielded a product ion at m/z
368 [(M +H)—162]*, corresponding to the loss of a hexose
group (Supplementary Fig. 1). To the best of our knowl-
edge, DOPA glycoside has not yet been reported in maize.
Therefore, we purified DOPA glycoside from maize leaves
for structural identification. 'H- and '*C-NMR spectral data
of the purified DOPA glycoside were similar to those of
DOPA-3- -0O-glucoside or DOPA-4-3-O-glucoside reported
by Sivakumar et al. (2009) (Supplementary Fig. 2). How-
ever, we were unable to determine whether the glycosidic
linkage position was O-3 or O-4 because of insufficient reso-
lution in the HMBC (Supplementary Fig. 3). Using TLC, the
sugar moiety of the purified DOPA glycoside was identified

Fig.1 a Total ion chromato- (@) 100
gram (TIC) of the untreated
maize leaf extracts derivatized ol
with AQC. b Extracted ion
chromatogram (EIC) of derivat- TIC
ized DOPA glucoside (m/z 0 4.00 6.00 8.00 10,00 12100 14100
530) in maize leaf extract and
structure of DOPA glucoside. (b) 100,70 o ’
¢ EIC of m/z 368 of untreated
maize leaf extract. d EIC of :
Maize &
derivatized L-DOPA standard HO
m/z 368 5 lucose
( ) (0] T T T T T T T T T i T EIC m/Z 530
4.00 6.00 8.00 10.00 12.00 14.00
(C) 10(}0(10 »
0 : ; . ‘ . ‘ ‘ ‘ ~ EIC m/z 368
4.00 6.00 8.00 10.00 12.00 14.00
(d) 100
DOPA ]
standard
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as glucose. LC/MS analysis showed that the purified DOPA
glucoside was identical to the natural maize metabolite.
DOPA in its free state was not detected in maize (Fig. 1).
Figure 2a shows the concentration of DOPA glucoside
in maize leaves and roots without L-DOPA treatment.
When maize leaves were submerged in L-DOPA solution,
the DOPA glucoside concentration increased (Fig. 2b). We
also analyzed maize leaves submerged in 200 mg/L L-DOPA
(phenyl-d5) solution for 3 days. LC/MS analysis showed the
accumulation of d;-labeled DOPA glucoside in response to
the uptake of isotope labeled L-DOPA solution (Supplemen-
tary Fig. 4). All evidence so far suggested that absorbed
L-DOPA is metabolized to a glucoside conjugate but physi-
ological function of this conversion was not yet clear.

Effects of L-DOPA and DOPA glucoside on maize
and lettuce radicle growth

To examine the effect of DOPA glucoside on radicle
growth, lettuce and maize seeds were treated with purified
DOPA glucoside (Fig. 3a). Susceptibility to phytotoxicity
of L-DOPA varies among plant species, with maize show-
ing resistance, but lettuce being more sensitive to L-DOPA
than maize (Hachinohe et al. 2004). In maize seeds, radicle
growth was not inhibited by L-DOPA treatment, but was
slightly promoted by treatment with 50 or 200 mg/L. DOPA
glucoside. In lettuce, L-DOPA or DOPA glucoside inhibited
radicle growth, however, the extent of suppression by DOPA
glucoside was lower than by L-DOPA. These results show
that the toxicity of L-DOPA can be reduced by glucosylation
that rapidly occurs in the maize plant (Fig. 3b).
Detoxification by glycosidation has been reported for
secondary metabolites including benzoxazinoids, but pro-
motion of root growth observed after application of DOPA
glucoside is more difficult to explain (Fig. 3a). To get a clue
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Fig.2 a Concentrations of DOPA glucoside in untreated maize
leaves and roots. The results are expressed as means + SEM (n=4).
b Concentrations of DOPA glucoside in maize leaves submerged
in 0, 50, or 200 mg/L. L-DOPA solution. Results are expressed as
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as to why maize radicle growth was slightly promoted by
DOPA glucoside, we analyzed DOPA and other amino acids
in maize radicles subjected to L-DOPA and DOPA glucoside
treatments (Fig. 3b). The concentration of DOPA glucoside
in maize radicles increased due to L-DOPA treatment but
did not change after DOPA glucoside treatment. As before,
DOPA in its free state was not detected in maize radicles
treated with L-DOPA or DOPA glucoside. We found the
concentration of phenylalanine and tyrosine increased in
maize radicles exposed to 50 or 200 mg/L DOPA glucoside
(Fig. 3b).

DOPA glucoside formation in maize leaves induced
by insect feeding and plant hormone treatment

As DOPA has been reported to be associated with insecti-
cidal properties of legume seeds (Rehr et al. 1973), and other
monocot metabolites such as benzoxazinoids function both
in allelopathy and pest protection, we investigated whether
DOPA glucoside accumulation would be induced by insect
feeding. The level of DOPA glucoside was increased by cat-
erpillars (M. loreyi; Fig. 4a) and aphids (R. padi; Fig. 4b) feed-
ing. Because many maize defense responses are regulated by
plant hormones, we also investigated whether DOPA glucoside
accumulation would be affected by treatment with plant hor-
mones related to stress and defense responses. DOPA gluco-
side levels increased after treatment with JA, SA, and ACC,
and there was no significant difference among the three hor-
mones (Fig. 5a). The concentration of DOPA glucoside was
the highest in L2 stage leaves and decreased with plant ages
(Fig. 5b). In order to know the amount of DOPA glucoside
induction at each growth stage, maize leaves at each stage were
treated with JA used as a representative hormone. The amount
of DOPA glucoside induced by 1 mM JA decreased with plant
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treated with M. loreyi feeding (a) and R. padi feeding (b). a Third
instar larvae of M. loreyi (n=3) were fed with maize leaves of L3
stage plants for two days. The control plant was placed in a container
without larvae. b Five adult aphids were applied to the maize plant
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coside, phenylalanine, and tyrosine in the maize seeds treated with
L-DOPA and DOPA glucoside for three days. Results are expressed
as means+SEM (n=5). Asterisks indicate statistically significant
differences compared to control (H,O) by Student's r-test (*P <0.05,
**P<0.01)
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of L3 stage for four days. A maize plant without aphid treatment was
used as a control. After each treatment, maize leaves were analyzed
by LC/MS. Results are expressed as means+SEM (n=35). Asterisks
indicate statistically significant differences to control according to
Student's #-test (*P < 0.05)
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days. Maize leaves were extracted two days after the first spraying.
(b) DOPA glucoside levels in maize leaves at different growth stages
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each treatment, maize leaves were analyzed by LC/MS. Results are
expressed as mean + SEM (n=15). Significant differences to control in
a Student's #-test are indicated by an asterisk (*P <0.05, **P <0.01)

age. In L5 stage leaves, DOPA glucoside was not detected even
after JA treatment.

DOPA glucoside effects on insects

To examine the effects of DOPA glucoside on insects, we pre-
pared maize leaves with higher DOPA glucoside accumulation
than what occurs naturally. Figure 2b shows that submergence
of cut maize seedlings in 50 or 200 mg/L L-DOPA solution
elevated the endogenous leaf levels of DOPA glucoside to
more than two-fold, compared to untreated maize leaves at
the L3 stage. These leaves were used to examine the direct
effects of DOPA glucoside on R. padi and M. loreyi. Despite
several efforts, reproduction of R. padi and growth of M. loreyi
larvae was not significantly affected by increased DOPA glu-
coside levels (Supplementary Fig. 5). No visual changes were
observed in aphids and caterpillars used in the DOPA gluco-
side experiment.

Discussion

We identified a DOPA glucoside in maize leaves and
roots. DOPA glucoside has been reported as a compound
involved in the browning of broad bean (Vicia faba)
(Nagasawa et al. 1961; Andrew and Pridham 1965), but
it was found here from maize for the first time. In our
experiments, radicle growth inhibition by purified DOPA
glucoside was weaker than that by L-DOPA. Therefore,
maize seedlings are thought to protect themselves from
the toxicity of L-DOPA by its glucosylation. In plants,
many secondary metabolites are stored as an inactive glu-
coside form in vacuoles to avoid toxicity to the plant itself
(Shitana and Yazaki 2020; Wari et al. 2022). Phytotoxic-
ity of L-DOPA is thought to occur due to oxidative dam-
age caused by reactive oxygen species generated in the
melanin synthesis pathway (Hachinohe and Matsumoto
2005, 2007; Matsumoto 2011). In the early stage of mel-
anogenesis, oxidation of L-DOPA to DOPA ortho-quinone
is catalyzed by cytosolic polyphenol oxidase (PPO) or
autooxidation. Offen et al. (2001) reported that methyla-
tion of the 3-OH group by catechol-O-methyltransferase
decreased L-DOPA toxicity to nerve cells in vitro. Gluco-
sylation of the catechol structure may inhibit the formation
of the toxic DOPA ortho-quinone. Matsumoto (2011) also
described that susceptibility of plants to phytotoxicity of
L-DOPA may differ between species due to differential
activity of PPOs. Plant species with high PPO activity
introduce more L-DOPA into melanin biosynthesis and
generate larger amounts of toxic reactive oxygen spe-
cies, whereas species with lower PPO activity metabolize
L-DOPA to other non-toxic metabolites and introduce
less L-DOPA to melanin synthesis. The former ones are
thus sensitive to L-DOPA toxicity and the latter are resist-
ant. We propose that glucosylation may also contribute to
reduction in L-DOPA toxicity.

In the present study, DOPA glucoside slightly promoted
maize radicle growth. L-DOPA incorporated in maize tis-
sues as a glucoside may be converted to aromatic amino
acids and promote root growth as a nitrogen source. Hachi-
nohe et al. (2004) confirmed the metabolism of L-DOPA
to tyrosine and phenylalanine in barnyard grass and let-
tuce by using “C-L-DOPA. However, the concentrations
of these aromatic amino acids did not increase during
exposure to L-DOPA. Whether these amino acids are
increased by L-DOPA exposure depends on the plant spe-
cies. In cucumber roots treated with L-DOPA, the amounts
of tyrosine and phenylalanine increase (Nakajima et al.
1999). Growth of cucumber seedlings were inhibited
immediately after L-DOPA treatment, but recovered rap-
idly thereafter, and the inhibition did not last. Nakajima
et al. (1999) speculated that L-DOPA absorbed in the
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cucumber seedlings was detoxified by being converted to
aromatic amino acids, and growth was recovered. Con-
sidering that growth of lettuce radicle is still inhibited by
L-DOPA, although L-DOPA is converted to tyrosine and
phenylalanine in lettuce (Hachinohe et al. 2004), L-DOPA
may not be detoxified enough because of low conversion
of L-DOPA to aromatic amino acids.

In the current study, the increase in tyrosine and pheny-
lalanine levels in maize after DOPA glucoside treatment
exceeded that after L-DOPA treatment. It is tempting to
speculate that glycosylation of L-DOPA may be promot-
ing its conversion to aromatic amino acids, although the
possible mechanisms remain elusive. Tyrosine and phe-
nylalanine are precursors of various compounds, such as
phenylpropanoids, flavonoids, lignin, and tannins, which
are involved in plant growth. For example, poplars ferti-
lized with phenylalanine show increased root growth (Jiao
et al. 2018).

L-DOPA is present in velvet bean (Mucuna pruriens)
seeds at high concentrations and it is proposed to serve as
a chemical barrier to insect attack (Rehr et al. 1973). Fur-
thermore, L-DOPA concentration was found to be highly
correlated with winter wheat resistance to grain aphids (Sito-
bion avenae) (Ciepiela and Sempruch 1999). In the current
study, DOPA glucoside levels in maize leaves increased by
caterpillar and aphid feeding, however, no effect of DOPA
glucoside on insect growth was observed. We assume that
DOPA glucoside may not be toxic to insects. For instance,
catecholamines that serve as precursors for quinone scle-
rotizing agents of insect cuticles or tanned structures are
often stored in the hemolymph as glucose conjugates (Bru-
net 1963; Hopkins et al. 1995). We also cannot exclude that
basal levels of DOPA glucoside in maize exert maximal
toxicity and elevated levels have no further impact on the
insects. DOPA glucoside-free maize will be necessary to
test this alternative hypothesis.

In addition to L-DOPA, catecholamines such as dopa-
mine, epinephrine, and norepinephrine have been found in
many plant species and their biosynthesis is regulated by
stress (Kulma and Szopa 2007). For example, dopamine
levels decrease during heat stress in the subantarctic cru-
cifer Pringlea antiscorbutica (Hennion and Martin-Tanguy
2000), and dopamine, epinephrine and norepinephrine levels
increase in potato leaves 5 min after wounding (Szopa et al.
2001). Other stressful conditions such as drought, abscisic
acid treatment and UV treatment, significantly increase
dopamine levels in potato plants (Swiedrych et al. 2004). In
the present study, DOPA glucoside concentrations in maize
leaves were also increased due to plant hormone treatments.
The physiological role of endogenous DOPA glucoside in
maize seedlings (not treated with L-DOPA) is currently
unknown, however, DOPA glucoside may be involved in the
early growth stress responses. Further research is required
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to elucidate potential correlations between stress protection
and DOPA glucoside.
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