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Summary

The pigment melanin is well known to protect against the damaging effects of UV radiation. In this
study, we show that thirty-five of thirty-seven tested Bacillus thuringiensis strains possess the potential to
produce melanin in the presence of L-tyrosin at elevated temperature (42 °C). These findings offer a
method of protecting insecticidal toxins produced by B. thuringiensis from UV degredation and may
therefore have important applications in the field of crop protection. Toxicity assays on Heliothis
armigera suggested that the insecticidal activity of B. thuringiensis that produced melanin was signifi-
cantly higher after UV irradiation than when melanin was not produced.
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Introduction

The most widely used microbial pesticides are those
based on preparations of the bacterium Bacillus thurin-
giensis [12, 15]. B. thuringiensis is a Gram-positive,
spore-forming bacterium that produces highly specific in-
secticidal proteins, the d-endotoxins. During sporulation,
d-endotoxin accumulates in an inactive protoxin form as
a crystalline inclusion within the bacterial cells. If ingest-
ed by a susceptible insect, the crystals of protoxin dis-
solved and the §-endotoxin is specifically cleaved by pro-
teases in the insect gut. The resulting activated toxins rec-
ognize a specific receptor on the surface of larval midgut
epithelial cells causing cell lysis and ultimately death of
the insect [8]. In contrast to chemical insecticides, this mi-
crobial pesticide is safe to non-target organisms, poses no
threat of pollution to the environment, and does not pro-
mote the development of a resistant insect population
[15]. However, B. thuringiensis products are typically un-
stable in the environment after spraying because they are
rapidly inactivated by exposure to sunlight [16]. Conse-
quently, the duration of pest control is often too short
and its use on many crops is not cost-effective because
too many applications are required in order to successful-
ly control insect population [1]. Therefore, the economic

viability and acceptability of B. thuringiensis biopesti-
cides depends on the potency of activity of the insecticidal
toxins of the crystals.

Melanin is a dark brown-black pigment formed by the
action of tyrosinase, a monoxygenase which catalyzes the
conversion of L-tyrosine, via L-DOPA to dopachrome,
which is subsequently polymerized to melanin via a series
of nonenzymatic reactions [11]. In the last few years,
there has been a growing interest in melanin research as
some important functions have been recognized. Many
reports focus on the ability of melanin to protect against
radiation damage. Melanin absorbs light at all wave-
lengths and reaches its maximum absorbance in the UV
range. In particular, melanin’s ability to increase UV resis-
tance and preserve the insecticidal activity of B. thurin-
giensis products has been reported [9, 13, 14, 18].

We first report here that the majority of the B. thurin-
glensis strains possess the potential to produce melanin
by high temperature (42 °C) induction. Our research
demonstrates that melanin increases the UV resistance of
B. thuringiensis, providing a new approach for more
effective use of B. thuringiensis preparations in crop
protection.
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Materials and Methods

Bacterial strains

All the B. thuringiensis strains except 94001 in Table 1 were
obtained from the China Center For Type Culture Collection.
B. thuringiensis subsp. kustaki 94001, which was kindly provid-
ed by Hubei B.t. Research and Development Center, was used
for bioassay.

Media

NCM media contains per liter: 5 g bactotryptone, 3 g bacto-
yeastextract, 0.7 mM CaCl,, 0.05 mM MnCl,, 1 mM MgCl,,
pH 7.2. The medium was sterilized by autoclaving for 30 min at
0.07 MPa in a liquid cycle. Upon cooling, 0.1% tyrosine was
added to promote melanin production and 1.5% agar for solid
medium.

Synthesis and quantification of L-DOPA

Vitamin C and L-tyrosine were added to cultures of B. thu-
ringiensis grown in LB medium for 14 hr at pH 5.5 at a rate of
three times every two hours until the final concentration of vita-
min C and L-tyrosine reached 5.5 mg ml! and 5 mg ml?, re-
spectively. The role of vitamin C is to inhibit the polymerization
of L-dopa to melanin via a series of non-enzymatic reactions.
The bacteria were cultured continuously for another 12 hr incu-
bation, the cell mass was pelleted by centrifugation at 3792 g for
10 min and the supernatant analyzed for L-DOPA [10].

Preparation of B. thuringiensis samples

The B. thuringiensis was cultured in NCM medium contain-
ing L-tyrosine at 42 °C to produce melanin and then transfered
to 30 °C till the crystalline toxin was released from the cells.
Parallel cultures of the same strain grown in NCM medium
without L-tyrosine with the same condition did not produce the
melanin.

UV irradiation of B. thuringiensis samples

B. thuringiensis samples were irradiated in a UV luminaire
box, which delivered a wavelength of 245 nm. Spore-crystal
preparations (2 ml) of B. thuringiensis samples were sprayed
onto petri dishes (radius = 3 cm) opened under the UV luminaire
at a distance of 20 cm from the source, and irradiated for 1 hr,
2 hr and 3 hr. The energy output of UV source is 14.83 J/cm?,
29.65 J/cm? and 44.48 J/cm?, respectively, Which was measured
with a uvx digital radiometer (UVP, Inc). The irradiated spores-
crystals were analyzed by using SDS-PAGE and assayed using a
Heliothis armigera bioassay as described below.

Preparation and electrophoresis of crystal protein

The irradiated spore-crystal suspension was lysed with 0.1 N
NaOH for 3 min, boiled at 100 °C in loading buffer for 5 min,
and loaded onto an 8% acrylamide gel.

Insecticidal activity bioassays

Insect bioassays were performed with first instar larvae of He-
liothis armigera. The Heliothis armigera larvae were fed with an
artificial diet [20] containing 5 to 6 successive dilutions of the
B. thuringiensis samples to be tested. A total of 48 larvae were
fed with each dilution. The larvae were placed in individual wells
and incubated at 30 °C. Mortality was scored after 72 hours.
The concentration of spore-crystal gave the 50% mortality
(LCs,) determined by log-probit analysis [4] The potency of each
sample against Heliothis armigera larvae was expressed as inter-
national units (IU) per milligram of B. thuringiensis samples and
calculated with the following formula: LCs, of the standard
(CS3ab-1991, Hubei B.t. Research and Development Center)/
LC;, of the sample]*potency of the standard (15000 IU/mg)[5].
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Table 1. Capacity and minimum time of B. thuringiensis strains
producing melanin following induction at 42 °C.

Strains Characteristics —'8
2 £
3 3L
& E%
E& 2E
=8 =3
4Q7 B. thuringiensis subsp. israelensis, Cry~ +++++ 16
171 B. thuringiensis subsp. kustaki, Cry~ ++ 30
AB91003  B. thuringiensis subsp. finitimus + 48
AB91004 B. thuringiensis subsp. alesti +++++ 16
AB91006 B. thuringiensis subsp. dendrolimus e+ 22
AB91007 B. thuringiensis subsp. sotto +++++ 35
AB91010 B. thuringiensis subsp. canadensis +++++ 16
AB91011 B. thuringiensis subsp. entomocidus ++++ 30
AB91012 B. thuringiensis subsp. subtoxicus + 48
AB91014 B. thuringiensis subsp. tolworthi — 40
AB91015 B. thuringiensis subsp. darmstadiensis  + 48
AB92029 B. thuringiensis subsp. toumanoffi + 48
AB 92030 B. thuringiensis subsp. kyushuensis + 48
AB92031 B. thuringiensis subsp. dakota ++++ 18
AB92032 B. thuringiensis subsp. indianae ++++ 20
AB92033  B. thuringiensis subsp. tokohuensis o 22
AB92034 B. thuringiensis subsp. humamotoensis ++++ 16
AB92035 B. thuringiensis subsp. tochigiensis + 48
AB92036 B. thuringiensis subsp. pondicheriensis — +++ 24
AB92038 B. thuringiensis subsp. shandongiensis ~ +++ 40
AB92039 B. thuringiensis subsp. noeleonensis + 36
AB92040 B. thuringiensis subsp. koreanensis + 48
AB92041 B. thuringiensis subsp. mexicanensis +++++ 16
AB92042 B. thuringiensis subsp. siloensis o 16
AB92043 B. thuringiensis subsp. morrisoni - 22
AB93062  B. thuringiensis snbsp. galleriae +++++ 16
AB91023 B. thuringiensis snbsp. galleriae +++++ 16
AB91024 B. thuringiensis subsp. galleriae ++ 24
AB91005 B. thuringiensis subsp. kurstaki + 48
AB90010 B. thuringiensis subsp. kurstaki ++++ 36
94001 B. thuringiensis subsp. kurstaki e+ 24
AB91008 B. thuringiensis subsp. kenyae o 48
AB91019 B. thuringiensis subsp. israelensis - 36
AB92027 B. thuringiensis subsp. nigerinsise - 48
AB91018 B. thuringiensis subsp. parkistani ++ 16
AB94047 B. thuringiensis subspecies o+ 20
did not identified
AB92079 B. thuringiensis subspecies +++ 20
did not identified
AB91022 B. thuringiensis subspecies - 48

did not identified

Note: Number of plus sign (+) represents the capacity of
B. thuringiensis strains to produce melanin. B. thuringiensis
strains cannot produce melanin is noted with subtraction sign ().
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Results

Melanin formation

Thirty-five of the thirty-seven B. thuringiensis strains
tested were all found to produce a dark-brown, diffusible
pigment following incubation at 42 °C for several hours.
In contrast, the same strains fail to produce melanin
when grown at 30 °C (Fig. 1). The formation of this pig-
ment depended on the presence of L-tyrosine in the cul-
ture medium. The capacity of B. thuringiensis strains to
produce melanin is shown in Table 1. The optimal pH for
melanin formation of B. thuringiensis is pH 7.0. The
black-brown pigment from B. thuringiensis was con-
firmed to be melanin through characterization by in-
frared (IR) and ultraviolet spectroscopic analyses (data
not shown). The characteristic absorbance peak of the
black-brown pigment produced by B. thuringiensis was
deduced to be melanin when compared to a commercially
available source sample (Sigma).

Production of L-DOPA by B. thuringiensis

Formation of melanin pigment by B. thuringiensis is a
new phenomenon. First, the biosynthetic pathway for
melanin must be determined. The formation of this pig-
ment depended on the presence of L-tyrosine in the cul-
ture medium. Therefore, we can deduce that melanin is
formed by the action of tyrosinase [17]. Furthermore, the
presence of L-DOPA in the supernatant of B. thuringien-
sis cultured at 42 °C was observed (see Materials and
Methods), confirming our hypothesis that the black pig-
ment produced by B. thuringiensis is synthesised via L-
DOPA. The maxium measured concentration of L-DOPA
in our study is 43.75 pg - ml™.

Effect of melanin on protecting crystals
from degradation after UV irradiation

B. thuringiensis produces crystalline protein inclusions
which are a key component of toxicity during sporulation.
However, the crystals are easily degraded by exposure to
UV irradiation. Protecting crystals from degradation is thus
a major factor in improving the efficacy and economics via-
bility of the bioinsecticide. In this research we have detect-
ed the ability of melanin to protect the crystalline toxin
from inactivation by UV irradiation. The B. thuringiensis
spore-crystal suspensions, in the presence and absence of
melanin, were irradiated by UV for different times and then
electrophoresed (see Materials and Methods). The samples
in which melanin was produced were found be less dam-
aged as compared to the control sample (Fig. 2).

Insecticidal activity of B. thuringiensis strains 94001
with or without melanin after UV irradiation

The insecticidal activity of B. thuringiensis strains
94001with and without melanin were assayed on Helio-
this armigera after irradiation. From the data in Table 2,
we observed that the LC, was significantly higher for
B. thuringiensis strain 94001 without melanin than for
the same strain with melanin. Accordingly, the potency of

Fig. 1. Pattern of melanin production for (a) B. thuringiensis
cultured on NCM plate containing 0.1% tyrosine at 30 °C.
(b) B. thuringiensis cultured on NCM plate containing 0.1%
tyrosine at 42 °C.
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Fig. 2. SDS-PAGE analysis of spore-crystal preparations from B.
thuringiensis subsp. kustaki strain with and without melanin.
Lanes 1, 10: protein marks (from top to bottom: 97, 66, 43, 31 and
20 kDa); Lanes 2, 4, 6, 8: B. thuringiensis spore-crystal suspensions
without melanin were irradiated by UV for 0, 1, 2 and 3 hours, re-
spectively. Lanes 3, 5, 7, 9: B. thuringiensis spore-crystal suspen-
sions with melanin were irradiated by UV for 0, 1, 2 and 3 hours,
respectively. Arrows indicate the 130-140 kDa crystal components.

Table 2. Insecticidal activity of B. thuringiensis strains 94001against Heliothis armigera larvae after UV irradiation.

Samples LC;s, pg/mlPotencylU/mg

0 hr 1 hr 2 hr 3hr 0 hr 1 hr 2 hr 3 hr
B. thuringiensis with melanin 29 30 66 53276 51500 23409 22391
B. thuringiensis without melanin 28 52 81 55179 29711 21164 19074




B. thuringiensis strains 94001without melanin were
lower after irradiation as compared to the same sample
with melanin. Therefore, we conclude that the melanin
produced by B. thuringiensis can improve the duration of
B. thuringiensis preparations after UV radiation.

Discussion

Studies have shown the wide presence of melanin in
fungi, plants, insects and mammalian cells. The role of
melanin is thought to improve the host’s survival and
competence [3].

In this paper we have described a new phenomenon in
which the majority of wide-type B. thuringiensis strains
can produce a dark-brown pigment after being cultured
in the presence of tyrosine at 42 °C for several hours. On
the basis of all our results, we conclude that
B. thuringiensis does have the potential to produce
melanin although it fails to do so in the normal state.

The sunlight-mediated degradation of B. thuringiensis
preparations drastically lowers the toxicity of these
biopesticides in the field. Various techniques have been
reported to protect B. thuringiensis preparations from
solar inactivation by encapsulation [19] and addition of a
variety of UV protectants [6, 7], these approaches all
have negative ecological impact [2]. In this research we
demonstrate an attractive alternative which utilizes the
UV-protective properties of melanin, which can be pro-
duced by B. thuringiensis in an efficient and safe manner.
This unique method of generating a UV protectant avoids
the addition of exogenous material to B. thuringiensis
preparations, making, it an ecologically safer and more
cost effective.
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