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Abstract
Strong allelopathic activities of etiolated seedlings of a leguminous plant, Vicia villosa Roth (hairy vetch), were confirmed by a
protoplast co-culture method. The combination of 1%Cellulase RS and 1%Driselase 20 in 0.4 Mmannitol solution was used for
protoplast isolation. The inhibitory effects of V. villosa protoplasts on the growth of recipient Lactuca sativa L. (lettuce)
protoplasts were determined using 96-well culture plates with 50 μL of liquid medium consisting of Murashige and Skoog’s
basal medium containing 1 μM2,4-dichlorophenoxyacetic acid, 0.1 μM6-benzyladenine, 3% (w/v) sucrose, and 0.4Mmannitol
in each well. The allelopathic activity of V. villosa epicotyl protoplasts (2 × 102 to 105 mL−1), on cell division of lettuce
protoplasts (6 × 103 to 5 × 104 mL−1), was stronger than that of roots and was stronger than on cell wall formation. Digital image
analysis of co-cultured protoplasts (DIA-PP method) showed the effect of V. villosa protoplasts on the accumulation of a yellow
color in lettuce protoplasts. Weaker inhibition was seen than at the cell wall formation and cell division stages. Effects of putative
allelochemical, canavanine at 10 μM strongly inhibited division of lettuce protoplasts, whereas putative allelochemical, cyana-
mide was stimulatory at 10 μM, but inhibitory at 1 mM. A high level of canavanine was found in epicotyl protoplasts using gas
chromatography-mass spectrometry. Canavanine was suggested to be the allelochemical in V. villosa epicotyl protoplasts of
etiolated seedlings, although its effect differed with the growth stages of lettuce protoplasts.
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Introduction

Allelopathy is a strategy by which plants release allelochemicals
into the environment to inhibit the growth of neighboring plants
that share the same habitat. Very strong allelopathic activities
were found in the leguminous plants, Vicia villosa Roth (hairy
vetch), and Mucuna pruriens (L.) DC. (velvet bean) using
in vitro bioassay methods such as the sandwich method, which
measures the activity of dried leaves (Fujii et al. 2004), and the
plant box method, which measures the activity of living roots
(Fujii et al. 2007), and field tests. Although the allelopathic
activities of test plants varied depending on the recipient plant
species, the sensitivity of recipient Lactuca sativa L. (lettuce)
seedlings was the highest among several plant species investi-
gated, including Oryza sativa L. (rice), when examined by the
sandwich method (Itani et al. 1998). Allelopathic activities of
large numbers of plants from different families have been inves-
tigated using lettuce as a recipient plant (Fujii et al. 2003, 2004;
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Ono et al. 2012). Vicia villosa andM. pruriens have been used
for weed control in environmentally-friendly agricultural prac-
tices (Fujii 2003).

Recently, allelopathic activities of M. pruriens and its pu-
tative amino acid allelochemical, L-DOPA, were confirmed
using a newly developed in vitro bioassay method of allelop-
athy, known as the protoplast co-culture method. The results
were in agreement with those obtained by the conventional
in vitro bioassay methods and field tests (Sasamoto et al.
2013). The protoplast co-culture method, which quantifies
the effects of protoplasts of a test plant on the cell division
of recipient protoplasts, is widely applicable for studying the
cellular mechanisms of allelopathy between various test plants
and recipient plants, and quantitative evaluations are possible
to simulate possible future environmental risks (Sasamoto
et al. 2013, 2015). For example, there was an inverse relation-
ship between allelopathic activities on lettuce protoplasts and
salt tolerance, using protoplasts from suspension-cultured
cells of three Sonneratia mangrove tree species (Hasegawa
et al. 2014). The effects of several plant species with moderate
to high allelopathic activities were investigated using the pro-
toplast co-culture method compared with the sandwich meth-
od. For example, studies have been conducted on a mangrove
tree species, Derris indica (Inoue et al. 2015), a leguminous
woody species, Mucuna gigantea, an invader tree species,
Leucaena leucocephala (Mori et al. 2015), four bamboo spe-
cies (Ogita and Sasamoto 2017), a flower tree, Prunus
yedoensis (Fujise et al. 2018), and a weed, Arabidopsis
thaliana (Sasamoto et al. 2017a, b). Several putative
allelochemicals and related metabolites, including rotenone
(Inoue et al. 2015), L-DOPA and mimosine (Mori et al.
2015), coumarin (Fujise et al. 2018), and purine and pyridine
alkaloids, have also been quantitatively investigated using the
same lettuce protoplast culture method (Sasamoto and
Ashihara 2014; Sasamoto et al. 2015).

A high-throughput bioassay method for allelopathy was
recently developed using digital image analysis in combina-
tion with the protoplast co-culture method (Sasamoto et al.
2015; Ogita and Sasamoto 2017; Sasamoto et al. 2017a, b),
which quantifies the effects of test plant protoplasts on yellow
carotenoid accumulation during growth of lettuce protoplasts
and contributed to the discovery of a new allelochemical in
red callus of Sonneratia ovata (Sasamoto et al. 2018).

Natural cyanamidewas the first putative allelochemical found
in leaves of V. villosa (Kamo et al. 2003, 2012). In a recent
study, leaves of germinated seedlings of V. villosa were found to
have a low level of cyanamide and showed rapid conversion
from the amino acid canavanine to cyanamide (Kamo et al.
2015).

In the present study, the protoplast co-culture method was
applied using digital image analysis on etiolated seedlings of
V. villosa, and two putative allelochemicals of plants of
V. villosa, cyanamide and canavanine, were evaluated. The

levels of canavanine in isolated protoplasts was measured
and the activities were compared to those previously reported
using the same method. The utility of the protoplast co-culture
method using the digital imaging analysis (DIA-PP method) to
clarify the cellular mechanisms of allelopathy was discussed.

Materials and Methods

Materials Seeds of V. villosa, ‘Kantaro’, were first treated with
diluted neutral detergent solution (Mama-lemon, Lion Corp.,
Tokyo Japan) for 1 min, washed with tap water, sterilized with
1% (v/v) NaClO solution (diluted from 5% solution; Wako
Pure Chemical Ind. Ltd., Osaka, Japan) for 30 min, and
washed with sterile autoclaved water three times. Seeds were
put on 5 mL of 0.8% (w/v) tissue culture grade agar (Wako
Pure Chemical Ind. Ltd.) medium in a 15-mL test tube
avoiding inserting into the medium. They were cultured in
the dark at 24 to 25°C for 5 to 6 d.

Seedlings of Lactuca sativa L. ‘Great Lakes 366’ were
obtained as described previously by Sasamoto et al. (2013).
Briefly, seeds of lettuce were sterilized with 1.5% (v/v) NaClO
solution for 15 min and washed with sterile autoclaved water
three times. They were cultured on agarmedium in continuous
light conditions of 60 μmol m−2 s−1 intensity provided by
Biotron FLI-160 Fluorescent lamps (EYELA, Tokyo, Japan)
at 24 to 25°C for 6 to 8 d.

Protoplast isolation The most appropriate enzyme combina-
tions for protoplast isolation from etiolated seedlings of
V. villosa were determined from 24 combinations using six
types of cell wall degrading enzymes dissolved in 0.4 Mman-
nitol solution (1% w/v each) of Cellulase R10 (Yakult
Pharmaceutical Industry Co. Ltd., Tokyo Japan), Cellulase
RS (Yakul t Pharmaceu t ica l Indus t ry Co. Ltd . ) ,
Hemicellulase (H-2125; Sigma Aldrich®, St. Louis, MO),
Driselase 20 (Kyowa Hakko Kogyo Co. Ltd., Tokyo, Japan),
Macerozyme R10 (Yakult Honsha Co. Ltd., Tokyo, Japan),
and 0.25% (w/v) Pectolyase Y-23 (Seishin Corp., Tokyo,
Japan, or Kyowa Chemical Products Co. Ltd., Osaka,
Japan), as described previously by Sasamoto et al. (1997)
and Azumi and Sasamoto (2017). Concentrated enzyme solu-
tions (4×) dissolved in autoclaved mannitol solution were
mixed in 0.4 mL in each well of a 24-well culture plate, using
a Nichipet EX plus II micropipette (1 mL type; Nichiryo Co.
Ltd., Koshigaya, Japan). Driselase 20 solution was pre-filtered
or centrifuged to remove residual carbohydrate precipitates.
Cut pieces of epicotyls or roots were incubated in each en-
zyme solution at room temperature (approximately 25°C) in
the dark and observed under an Olympus CK40 inverted mi-
croscope (Olympus Corp., Tokyo, Japan). The surveying step
was not necessarily conducted using sterile conditions and
was repeated twice.
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For protoplast cultures, the selected enzymatic condition
was 1% (w/v) Cellulase RS and 1% (w/v) Driselase 20 in a
0.4Mmannitol solution. A part of the epidermis of an epicotyl
was removed using tweezers, cut in round slices, and placed in
sterile autoclaved water in a 9-cm Petri dish. The ‘separate
wells method’ was employed, which was the same method
used for M. pruriens by Sasamoto et al. (2013). As reported
previously by Sasamoto et al. (2013), lettuce cotyledon pro-
toplasts were isolated using 1% (w/v) Cellulase RS and 1%
(w/v) Macerozyme R10 in a flask with 0.4 M mannitol solu-
tion for 20 to 24 h in the dark.

Protoplast purification Epicotyl protoplasts of V. villosa were
filtered through a 80-μm nylon mesh (NRK®, Tokyo, Japan).
Root protoplasts were filtered through a 63-μm mesh. They
were washed three times with a 0.4 M mannitol solution by
centrifugation at 190×g to 400×g for 5 min.

As reported previously by Sasamoto et al. (2013), proto-
plasts of lettuce were filtered through a 63-μm mesh and
washed three times with a mannitol solution by centrifugation
at 100×g for 5 min.

Protoplast co-culture Protoplast densities were counted using a
hemocytometer. Protoplast co-culture was performed as de-
scribed by Sasamoto et al. (2013). The medium was 50-μL
liquid Murashige and Skoog (MS) basal medium (Murashige
and Skoog 1962), containing 1 μM 2,4-dichlorophenoxyacetic
acid (2,4-D), 0.1 μM 6-benzyladenine (BA), 3% (w/v) sucrose,
and 0.4 M mannitol in each well of a 96-well Falcon number
3075 culture plate (Falcon®, Corning, NY). The medium pH
was adjusted to 5.8 with KOH before autoclaving at 121°C for
20 min. Five microliters of each protoplast suspension in a man-
nitol solution at ten times the density of the final density (lettuce
protoplasts were 6 × 103 to 105 mL−1; V. villosa protoplasts were
2 × 102 to 105 mL−1) was put in the medium. The putative
allelochemical, either canavanine or cyanamide, at concentra-
tions of 0.1 to 1000 μM, was included in the medium. One
hundred microliters of sterile autoclaved pure water was added
Bbetween^ the wells. The 96-well plate was then sealed with
two layers of Parafilm®M (Bemis Co. Inc., Oshkosh, WI). The
protoplasts were cultured in the dark at 28°C in a humid incu-
bator (CO2 incubator without the supply of CO2, APC-30DR;
ASTECCo. Ltd., Tokyo, Japan) and observed under an inverted
microscope.

The growth of recipient lettuce protoplasts was measured
as described previously by Sasamoto and Ashihara (2014) and
Sasamoto et al. (2013, 2015), by counting the numbers of
non-spherically enlarged protoplasts and divided protoplasts
after 4 to 5 d of culture, and by counting the numbers of
divided protoplasts including colonies composed of more than
four cells after 6 to 12 d of culture, under an inverted micro-
scope. Effects of the density of V. villosa protoplasts were
calculated and described as the percentage of the control

without V. villosa protoplasts or putative allelochemicals.
Data were averaged with standard error (SE), at different let-
tuce protoplast densities (6 × 103 to 5 × 104 mL−1). The proto-
plast co-culture experiments were repeated twice.

Protoplast co-culture with digital image analysis Image anal-
ysis of yellow color accumulation of lettuce protoplasts after
protoplast co-culture was performed as described previously by
Ogita and Sasamoto (2017), Sasamoto et al. (2017a, b), and
Sasamoto et al. (2018). Each 96-well culture plate was scanned
using a GTX-970 scanner (Seiko Epson Corp., Nagano, Japan)
after 35 d of co-culture. Image analysis by software Image J
(NIH, Rasband, 1997–2016) was performed. An image of blue
channel (jpg file) was selected. A horizontal straight line was
drawn at the center of the wells of a 96-well culture plate. The
plot profile of the line was analyzed. The data of the blue plot
values were saved as a Microsoft excel file (Microsoft
Corporation, Redmond, WA). In excel software, the average
of blue plot values was determined for each well. The yellow
value was converted by deduction of each averaged blue value
from the highest blue value (control). Finally, the percentages of
control withoutV. villosa protoplasts or putative allelochemicals
were averaged with SE at different protoplast densities of let-
tuce (6 × 103 mL−1 to 5 × 104 mL−1).

Analysis of canavanine in protoplasts of V. villosa Based on
the report of amino acid analysis in protoplasts (Tsuchiya et al.
2013), protoplasts of V. villosa (8 × 104 to 8 × 105) were ly-
ophilized with liquid nitrogen and extracted three times with
80% (v/v) ethanol at 60°C. Combined fractions were evapo-
rated to dryness using a CVE-3100 vacuum centrifugal evap-
orator (EYELA), equippedwith a Uni trapUT-1000 cold glass
trap (EYELA). The fractions obtained were kept in a freezer
(− 20°C) until use. For gas chromatography-mass spectrome-
try (GC-MS), the residues were dissolved in low pH pure
water (pH 3.0 adjusted with HCl). The EZ: faast GC-MS kit
(Phenomenex Inc., Torrence, CA), was used for the derivati-
zation of sample amino acids, and the standard l-canavanine
(M9P5344; Nacalai Tesque, Kyoto, Japan) with propyl
chloroformate, following the original protocol provided in
the kit. The GC-MS analysis was performed using a
Shimadzu QP2010 gas chromatograph coupled to a mass
spectrometer and supplied with helium as carrier gas (He,
purity 99.999%, Tanaka, Japan). The flow rate was kept at
1.1 mL min−1. The oven temperature program was designated
as follows: initial temperature 110°C raised to the final tem-
perature of 320°C at 30°C min−1. The injection port tempera-
ture was adjusted to 250°C. The temperatures of the ion
source were 240°C, quadrupole 180°C, and auxiliary at
310°C. A 1.5-μL sample was injected in split mode (1:15).
The MS scan range was adjusted to 45e450 m/z. The data of
two to three separately extracted samples were expressed as
averages with SD.
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Results and Discussion

Protoplast isolation As the protoplast co-culture method for
bioassay of allelopathy is based on successful isolation of viable
protoplasts, optimization of cell wall degrading enzyme combi-
nations in optimal osmotic conditions was a prerequisite. A sur-
veyingmethodwas applied, using 24 enzymatic combinations of
six kinds of cell wall degrading enzymes (Cellulase R10,
Cellulase RS, Hemicellulase, Driselase 20, Macerozyme R10,
and Pectolyase Y23), which was successful for recalcitrant man-
grove plants (Sasamoto et al. 1997; Kawana et al. 2004). After
several hours of incubation in enzyme solutions, protoplasts
were isolated in the Pectolyase-containing conditions under the
inverted microscope observation. However, the protoplasts were
almost disrupted after incubation overnight. The best combina-
tion for protoplast isolation from both epicotyls (Fig. 1a) and
roots (Fig. 1b) of V. villosa was 1% (w/v) each of Cellulase RS
and Driselase 20 and was selected after overnight incubation as
shown in Fig. 1. The best combination, Cellulase RS and
Driselase 20, has been used for recalcitrant cotyledons of
Avicennia mangroves (Hasegawa et al. 2011). Although
Hemicellulase-containing conditions showed the same proto-
plast isolation efficiency (Fig. 1), a simpler combination was
selected.

The ‘separate-wells method’ using a 24-well culture plate
instead of incubation in a flask was useful to avoid accumu-
lation of black melanin substances in etiolated leaves of
M. pruriens (Sasamoto et al. 2013), although no brown color
was observed in V. villosa.

Isolated epicotyl protoplasts of V. villosa (Fig. 2a) were
larger (40 to 70 μm diameter) than root protoplasts (15 to
40 μm diameter) (Fig. 2b).

Effects of V. villosa protoplasts on lettuce protoplasts, using
the DIA-PP method Etiolated seedlings of V. villosa rapidly

grew during 4 to 6 d of culture. The inhibitory effects of
epicotyl protoplasts (Fig. 3a) and those of root protoplasts
(Fig. 3b) of 5-d-old etiolated seedlings of V. villosa were seen
in the cell division of lettuce protoplasts after 6 and 12 d of co-
culture and in the yellow color accumulation of lettuce proto-
plasts after 35 d of co-culture. Without V. villosa epicotyl
protoplasts, the percentage of colony formation of lettuce at
6 d and 12 d of co-culture was 24% and 35%, respectively
(Fig. 3a). Without V. villosa root protoplasts, the percentage of
colony formation of lettuce at 6 d and 12 d of co-culture was
41% and 41%, respectively (Fig. 3b). All the data were de-
scribed as the percentage of control without V. villosa
protoplasts.

Almost no cell division of lettuce protoplasts was observed
at 6 d of co-culture by addition of 104 to 5 × 104 mL−1 of
V. villosa epicotyl protoplasts, which indicated strong inhibi-
tion compared with other allelopathic plant species reported
using the protoplast co-culture method. Similar values were
observed in a number of species such as mangrove tree
(Sonneratia caseolaris; Hasegawa et al. 2014); a leguminous
mangrove tree, Derris indica (Inoue et al. 2015); an invader
leguminous tree, Leucaena leucocephala (Mori et al. 2015); a
woody plant,Mucuna gigantea (Mori et al. 2015); a bamboo
species, Sasa kurilensis (Ogita and Sasamoto 2017); and
Prunus yedoensis (Fujise et al. 2018). The inhibitory activity
of root protoplasts was lower than the inhibitory activity of
epicotyl protoplasts.

Accumulation of yellow color in lettuce protoplasts was
inhibited by the addition of V. villosa protoplasts after 35 d
of co-culture (Fig. 3a, b). The inhibition percentage of both
epicotyl and root protoplasts, on yellow color formation, was
lower than on cell division of lettuce protoplasts. The inhibi-
tion was stronger from epicotyl protoplasts than root proto-
plasts. Yellow accumulation in lettuce protoplasts was due to
carotenoid synthesis (Sasamoto et al. 2017a).

Figure 1. Effects of 24 enzyme combinations of cell wall degrading
enzymes on the grade of protoplast isolated from epicotyl (a) and root
(b) of Vicia villosa after 27 h (a) and 26 h (b) incubation. Enzymes are 1%

(w/v) each of Cellulase R10 (R10), Cellulase RS (RS), Hemicellulase (H),
Driselase 20 (D), and Macerozyme R10 (M) and 0.25% (w/v) Pectolyase
Y23 (Y) in 0.4 M mannitol solution.
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The effects of lower densities of V. villosa epicotyl proto-
plasts on cell wall formation, cell division, and yellow color
accumulation growth stages of lettuce protoplasts are demon-
strated in Fig. 4. Without V. villosa protoplasts, the percentage
of non-spherically enlarged protoplasts at 4 d of co-culture
(cell wall formation stage) was 93%, and at 8 d of co-culture
(cell division stage) 34% were colonies. A stronger inhibitory
pattern was observed at the cell division stage compared to the
cell wall formation stage. Less but clear inhibition on yellow
color accumulation was also observed at 5 × 104 mL−1, similar
to that shown in Fig. 3a. A reduced inhibitory pattern of yel-
low accumulation compared to those on the cell wall forma-
tion and cell division stages was also seen in Arabidopsis
thaliana (Sasamoto et al. 2017b) and bamboo species (Ogita
and Sasamoto 2017). Yellow non-spherically enlarged or di-
vided lettuce protoplasts have been observed under an
inverted microscope (Sasamoto and Ashihara 2014;
Sasamoto et al. 2015). However, visible yellow accumulation
in the 96-well culture plate can be quantified only after 2 wk

and proceeds during 1 to 2 mo of culture, although the average
percentage of control did not vary much. The average percent-
age of lettuce protoplast densities of 6 to 50 × 103 mL−1 (Figs.
3 and 4) and up to 100 × 103 mL−1 was not different (data not
shown).

Effects of canavanine on lettuce protoplasts, using the DIA-PP
method The effects of canavanine at the cell wall formation,
cell division, and yellow color accumulation growth stages of
lettuce protoplasts can be seen in Fig. 5. Without canavanine,
the percentage of non-spherically enlarged protoplasts at 5 d
of co-culture was 73%, and the percentage of colonies was
46% at 12 d of co-culture. Inhibition on the cell division stage
was less than on the cell wall formation stage. Canavanine,
which inhibited cell division of lettuce protoplasts 100% at a
concentration of 10 μM and inhibited cell division 50% at
1 μM, was the strongest among the reported chemicals inves-
tigated using the same protoplast co-culture method. Total
inhibition of cell division was reported with L-DOPA at

Figure 3. Effects of protoplasts of epicotyl (a) and root (b) of Vicia
villosa on the growth of lettuce protoplasts on cell division after 6 d and
12 d of co-culture and on yellow color accumulation after 35 d of co-
culture. Data were averaged values with SE from the percentage of the
control (without Vicia protoplasts), at different lettuce protoplast densities

(6 to 50 × 103 mL−1). The medium was MS (Murashige and Skoog 1962)
basal medium containing 1 μM 2,4-dichlorophenoxyacetic acid (2,4-D)
and 0.1 μM 6-benzyladenine (BA), 3% (w/v) sucrose, and 0.4 M
mannitol.

Figure 2. Isolated protoplasts of epicotyls (a) and roots (b) of Vicia villosa. Bar = 100 μm.
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100 μM (Sasamoto et al. 2013) and with 100 μM rotenone
(Inoue et al. 2015), while there was slight inhibition with
10 μM of L-DOPA or coumarin (Fujise et al. 2018), and no
inhibition reported of cell division with 10 μM of mimosine
(Mori et al. 2015). Total inhibition was obtained with 1 mMof
purine alkaloid, caffeine (Sasamoto et al. 2015), with 1 mM of
mimosine (Mori et al. 2015), and with 1 mM of coumarin
(Fujise et al. 2018).

In the present study, yellow color accumulation was
inhibited less than cell division or cell wall formation, al-
though 100 μM of canavanine totally inhibited the color

accumulation (Fig. 5). A reduced inhibitory pattern on yellow
accumulation than on cell division was also reported in pro-
toplasts of V. villosa (Figs. 3 and 4), Sasa kurilensis (Ogita and
Sasamoto 2017), and Arabidopsis thaliana (Sasamoto et al.
2017b), using the DIA-PP method.

Effects of cyanamide on lettuce protoplasts, using the DIA-PP
method The effects of cyanamide at the cell wall formation,
cell division, and yellow color accumulation growth stages of
lettuce protoplasts are shown in Fig. 6. In contrast to the in-
hibitory effects of canavanine (Fig. 5), 10 μM cyanamide
stimulated the growth of lettuce protoplasts. Strong inhibition
by cyanamide was only observed with 1 mM, at which cell
division was totally inhibited. Non-spherical enlargement was
not stimulated, but strongly inhibited with 1 mM cyanamide.
Strong inhibition of cell division at a high concentration such
as 1 mM is similar to the effect of canavanine.

By contrast, the effects of cyanamide were unique because
cyanamide resulted in high stimulation of yellow color accu-
mulation at 10 μM (90% increase), and 100 μM (40% in-
crease) and less stimulation on cell division (40% increase)
at 10 μM. Such stimulatory patterns were not observed in
protoplasts of etiolated seedlings of V. villosa (Figs. 3 and 4).

A similar result of high stimulation of cell division (100%
increase) of lettuce protoplasts has been reported in three bam-
boo species, Bambusa multiplex (Lour.) Raeusch. ex Schult.,
Phyllostachys bambusoides Sieb. et Zucc., and Phyllostachys
nigra (Lodd. ex Lindl.)Munro, at low protoplast densities, with
inhibition at high protoplast densities. However, no stimulation
of yellow accumulation was reported in bamboo species (Ogita
and Sasamoto 2017). Putative allelochemical(s) in these bam-
boo species has not been investigated, although chemical con-
stituents in protoplasts were investigated using microscopy im-
age analysis of flavonoids and lipids (Ogita 2015).

Using the protoplast co-culture method, caffeine at low
concentrations stimulated cell division of lettuce protoplasts
(Sasamoto et al. 2015). Nicotinic acid, which is included in
MS basal medium at a concentration of 4 μM, showed a little
stimulatory activity with an additional 1 μM, but was totally
inhibitory at 1 mM using the lettuce protoplast co-culture
method (Sasamoto and Ashihara 2014).

Stimulation of plant growth at lower concentrations and
strong inhibition at higher concentrations of herbicides and
an invasive allelopathic weed is known as ‘hormesis’. One
physiological mechanism is through effects on plant hor-
mones (Duke et al. 2006).

Quantification of canavanine in protoplasts of etiolated seed-
lings of V. villosa The canavanine levels in epicotyl proto-
plasts were 0.20μmoles per 105 protoplasts (Table 1). A lower
level of 0.052 μmoles per 105 protoplasts was detected in root
protoplasts (Table 1). The methods of derivatization and GC-
MS analysis used in this report have recently been extensively

Figure 4. Effects of epicotyl protoplasts of Vicia villosa on the three
different stages of growth of lettuce protoplasts after 4, 8, and 35 d of
co-culture. Data were averaged values with SE from the percentage of the
control (without V. villosa protoplasts), at different Lactuca sativa L.
(lettuce) protoplast densities (6 to 50 × 103 mL−1). The medium was
MS (Murashige and Skoog 1962) basal medium containing 1 μM 2,4-
dichlorophenoxyacetic acid (2,4-D) and 0.1 μM 6-benzyladenine (BA),
3% (w/v) sucrose, and 0.4 M mannitol.

Figure 5. Effects of canavanine on the three different stages of growth of
Lactuca sativa L. (lettuce) protoplasts after 5, 12, and 33 d of co-culture.
Data were averaged values with SE from the percentage of the control
(without canavanine), at different lettuce protoplast densities (6 to 50 ×
103 mL−1). The medium was MS (Murashige and Skoog 1962) basal
medium containing 1 μM 2,4-dichlorophenoxyacetic acid (2,4-D) and
0.1 μM 6-benzyladenine (BA), 3% (w/v) sucrose, and 0.4 M mannitol.
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utilized for accurate quantification of free amino acids (Kaspar
et al. 2008; Azevedo et al. 2017). The calculated concentra-
tion of canavanine when homogeneously distributed in a
spherical epicotyl protoplast with a diameter of 70μm is about
30 mM.

Evaluation of canavanine and cyanamide in protoplasts of
etiolated seedlings of V. villosa, using the DIA-PP method
Very strong inhibitory effects of V. villosa protoplasts from
etiolated seedlings were found on cell division of lettuce proto-
plasts (Figs. 3 and 4). The allelochemical of V. villosa proto-
plasts from the etiolated seedlings was most likely canavanine
(Fig. 5) and not likely to be cyanamide (Fig. 6), in agreement
with a recent report at the plant level (Kamo et al. 2015). The
study showed the absence of cyanamide in leaves in the early
days of germination and rapid synthesis from canavanine. It
was also reported that the canavanine levels in the epicotyls
and roots of germinated seeds were 19 and 9 μmoles g−1 fresh
weight, respectively, in different subspecies of V. villosa. Very
recently, the levels of free amino acids were measured by GC-
MS in germinated seeds of V. villosa v. Kantaro, and
100 μmoles g−1 fresh weight of canavanine was found in the
epicotyl tissue (Mardani et al. 2018).

In the present report, 105 mL−1 epicotyl protoplasts totally
inhibited the cell division of lettuce protoplasts (Fig. 4). When
the total canavanine in 105 epicotyl protoplasts (0.20 μmoles,
Table 1) was released into 1 mL of co-culture medium, the
calculated concentration was 200 μM. This concentration was

much higher than the 10 μM, which totally inhibited the cell
divisions of lettuce protoplasts (Fig. 5). Inhibition of cell di-
vision by V. villosa root protoplasts was weaker than by epi-
cotyl protoplasts (Fig. 3), which might be explained by the
lower levels of canavanine in root protoplasts (Table 1), al-
though different allelochemical(s) could also be considered.

These results cannot exclude cyanamide as the possible
allelochemical in the developed leaves of V. villosa. The con-
centration of cyanamide was reported to be about 5 mM (fresh
weight basis) in the leaves of V. villosa (Kamo et al. 2015),
which is higher than 1 mM, the concentration in which cell
division of lettuce protoplasts was totally inhibited (Fig. 6).
Further research on leaf protoplasts of V. villosa might be
helpful to elucidate the mechanism of allelopathy during
whole plant growth.

Inhibition by V. villosa epicotyl protoplasts was stronger at
the cell division stage of lettuce protoplasts than at the cell
wall formation stage (Fig. 4), which is the same pattern ob-
served for caffeine and related metabolites (Sasamoto et al.
2015), and in callus of a mangrove species containing an
anthocyanin (Sasamoto et al. 2018). In contrast, a reverse
relationship between the cell wall formation stage and cell
division stage was obtained with canavanine (Fig. 5). The
same pattern of inhibition was seen at the cell wall formation
stage and the cell division stage in D. indica protoplasts, and
its allelochemical, rotenone (Inoue et al. 2015), and in
A. thaliana protoplasts (Sasamoto et al. 2017b).

The uptake efficiency of chemicals dissolved in the medi-
um and cell-cell interactions among protoplasts might have
different effects in the DIA-PP method. At present, there is
not enough data to determine the difference at the cell wall
formation stage caused by different allelochemical(s)
contained in Vicia protoplasts. The numbers of test plant spe-
cies and putative allelochemicals are increasing, which were
investigated using DIA-PP method for bioassay of allelopathy
(Kimura et al. 2015; Sasamoto et al. 2017c).

Figure 6. Effects of cyanamide
on the three different stages of
growth of Lactuca sativa L.
(lettuce) protoplasts after 5, 12,
and 33 d of co-culture. Data were
averaged values with SE from the
percentage of the control (without
cyanamide), at different lettuce
protoplast densities (6 to 50 ×
103 mL−1). The medium was MS
(Murashige and Skoog 1962)
basal medium containing 1 μM
2,4-dichlorophenoxyacetic acid
(2,4-D) and 0.1 μM 6-
benzyladenine (BA), 3% (w/v)
sucrose, and 0.4 M mannitol.

Table 1 The levels of canavanine in protoplasts of etiolated seedlings of
Vicia villosa

Origins of protoplasts μmoles per 105 protoplasts

Epicotyls 0.20 ± 0.07

Roots 0.052 ± 0.014
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Weaker inhibition of yellow accumulation than the cell divi-
sion stage of lettuce protoplasts was seen in protoplasts of
V. villosa, of a bamboo species, S. kurilensis (Ogita and
Sasamoto 2017), and of A. thaliana (Sasamoto et al. 2017b).
Putative allelochemicals of the latter two plant species have not
been investigated using the DIA-PP method. In recent studies,
there was no inhibition of yellow accumulation by an anthocy-
anin, cyanidin 3,5-di-O-glucoside, which was evaluated as a
new allelochemical in Sonneratia ovata (Sasamoto et al.
2018). These studies showed that inhibition patterns on cell
wall formation and cell division were similar to those of the
epicotyl protoplasts of V. villosa. Inhibitory and non-inhibitory
patterns at three stages of lettuce protoplasts were the same as
those in S. ovata callus protoplasts and their allelochemical.

Additional studies on the allelopathic activities of test plant
protoplasts and putative allelochemicals and related metabolites
(Ashihara et al. 2015, 2017), using the DIA-PP method, are
needed to better understand the cellular mechanism(s) of allelop-
athy during the three stages of lettuce protoplast growth.
Although the yellow carotenoid accumulation is restricted to
lettuce protoplasts, this DIA-PPmethod enabledmany test plants
to be screened for putative allelochemicals with strong inhibitory
allelopathic activities using less labor (Sasamoto et al. 2017a).
Therefore, bioassay by the DIA-PP method using lettuce proto-
plasts at three growth stages was considered to be useful to
evaluate the putative allelochemicals and to find new
allelochemicals.
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