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Abstract. The effect of alkane-growth induction of the entomopathogenic fungus Beauveria
bassiana (Balsamo) Vuillemin (Deuteromycotina: Hyphomycetes), on the ability to kill the
bean weevil Acanthoscelides obtectus Say (Coleoptera: Bruchidae), was tested. Adult insects
were sprayed with an 0.01% Tween 20 aqueous suspension of 4 x 10% conidia/ml. The
performance of fungi grown in complete agar medium containing glucose as carbon source
(FSp) was compared to that of alkane-grown fungi (FS;) with n-hexadecane as the only
carbon source. Mortality increased (p < 0.05) from 22 £ 4.5% to 44 + 11.4% at day 7,
and from 26 £ 5.5% to 60 £ 7.1% 14 days after treatment with FS( or FS| respectively.
The insect epicuticular hydrocarbons were analysed by capillary gas chromatography (CGC);
major components were saturated hydrocarbons, 27 to 29 carbons in length. A variety of
methyl-branched isomers of C27 were the prevailing structures, and nC27 was the major
straight chain component. Whole insect hydrocarbons were qualitatively identical to those
of the epicuticular surface. Oleic, linoleic and palmitic acids accounted for almost 88% of
the fungal fatty acids, irrespective of the carbon source used for growth; however, the unsatur-
ated/saturated ratio diminished markedly from 4.32 (FSg) to 2.47 (FSy). These results indicate
that alkane supplementation of culture media might be a tool to improve the virulence of some
mycoinsecticides.

Key words: alkane-growth, Bruchidae, Coleoptera, Deuteromycotina, entomopathogenic
fungi, fatty acids, hydrocarbons, insect epicuticle, storage bruchid

Abbreviations: CGC — capillary gas chromatography; CMA — complete media agar; DMA —
defficient media agar; FAME — fatty acid methyl ester; FID — flame ionization detector; FS
— fungal strain grown on CMA; FS| — fungal strain grown on hydrocarbon-enriched DMA;
HPTLC - high performance thin layer chromatography; KI — Kovats indices; TLC — thin layer
chromatography
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Introduction

Storage of grains requires continuous protection against insects, mites and
fungi, which can cause hydrolysis, oxidation and hence a general decreased
level of certain nutrients. The common bean, Phaseolus vulgaris L. is one
of the most widely cultivated grain legumes (Kapeya et al., 1993). A wide
range of insect pests cause significant damage to beans both in the field
and during storage. Among bruchid species that infest beans, one of the
most important is the bean weevil Acanthoscelides obtectus Say (Coleoptera:
Bruchidae), producing both quantitative and qualitative damage to grain
(Giga et al., 1990). Quantitative damage is due to grain weight loss caused
by insect feeding (Steffan, 1963; Golebiowska, 1969). Qualitative damage
is due to product alterations such as reduction of nutritional and aesthetic
value, and alteration of industrial (baking) characteristics. In Brazil and
Colombia, losses due to bruchids have been estimated to be about 13% and
7.4%, respectively, whereas in Africa, post-harvest losses of 73% have been
reported in Kenya, 30% in Tanzania, and 23% in Uganda (Karel and Autrique,
1989). The use of chemical pesticides for storage pest control is very limited
because of the strict requirements imposed for their safe use on or near food.
Prolonged exposure to chemical pesticides can lead to serious problems such
as insecticide resistance (Pacheco et al., 1990; Sartori et al., 1990). Non-
chemical methods are attractive since they do not leave chemical residues in
the commodity nor do they cause resistance in insects. A promising strategy
to minimize the adverse effects of regularly used insecticides is the use of
entomopathogenic fungi and other microbial control agents. The potential of
using fungal pathogens to control insects is well documented (Roberts and
Hajek, 1992), and the use of fungi as control agents against storage pests has
been recently reviewed (Adane, 1994; Adane et al., 1996; Padin et al., 1997,
Hidalgo et al., 1998; Moino et al., 1998).

The mode of action of entomopathogenic fungi involves attachment of
fungal spores to the cuticle, followed by spore germination and appres-
sorium formation. Penetration is then initiated, involving both mechanical
and enzymatic mechanisms (Fargues, 1984). The ability of the fungus to fully
degrade the epicuticular hydrocarbon components of its insect host, utiliz-
ing them as exogenous carbon source, was recently shown (Napolitano and
Judrez, 1997). When fungi were grown on a hydrocarbon-enriched medium
as the sole carbon source, the hydrocarbon degrading activity was noticeably
increased (Crespo et al., 2000).

The aim of this study was to determine the relevance of inducible
hydrocarbon-degrading pathways in relation to virulence of mycoinsec-
ticides and alterations in lipid composition of the fungus when grown on
alkane-enriched media.
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Materials and methods

Fungal strain culture and development conditions

The B. bassiana strain used in this study (USDA-ARS culture collection,
Ithaca, New York, ARSEF 5500 (Humber, 1998) was initially isolated in
1993 from dead larva of Diatraea saccharalis Fab. (Lepidoptera: Pyralidae)
collected in a corn field near Oliveros, Santa Fe, Argentina. The fungus was
cultured on complete media agar (CMA)' plates containing 0.4 g KH,P0,, 1.4
g Na,HPO,4, 0.6 g mgS0,4-7H,0, 1.0 g KCl, 0.7 g NH4NO03-7H,0, 10 g glucose,
5 g yeast extract, 15 g agar in 1 1 of distilled water. Plates were incubated
at 27 £ 2 °C for 14 days with alternating light (3500 lux) under a 12 h/12
h-light:dark cycle plus the addition of NUV light (365 nm) to induce sporu-
lation) (FSy). Fungal suspensions were prepared by adding 0.01% Tween 20
aqueous solution into the plates and rubbing the sporulating colonies with a
sterile bent needle. After filtering through a nylon sieve, the suspension was
adjusted to 4 x 10° spores ml~! with sterile water.

Fungal growth on synthetic hydrocarbon-enriched media

Media agar plates with the same composition as the CMA, but deficient in
glucose and yeast extract (DMA) and containing n-hexadecane (500 ul of a
10% hexane solution, w/v), were employed. The hydrocarbon was layered
onto the surface media and evaporated. The fungal cultures maintained on
CMA (FSj) were inoculated on the DMA plates, and incubated at 27 + 2 °C
for 12-14 days (FS).

Insect rearing

Adults of A. obtectus were mass produced in glass jars (250 ml) covered
with a piece of fine cloth, starting with insects found in grains pre-tested
to be free of pesticides. Insects were reared on a diet of wheat flour, wheat
kernels or bean grains, successively. Grains belonging to commercial varieties
of durum wheat and butter bean were used. The cultures were maintained in
an environmental chamber under a 12 h/12 h light: dark photoperiod at 27
4 2 °C and 70 & 5% r.h. All experiments were carried out under the same
environmental conditions used to maintain the cultures. Adult insects, two
weeks after eclosion, were used for bioassays.
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Chemicals

Solvents were obtained from Carlo Erba (Milan, Italy) and Merck Ltd.
(Darmstadt, Germany). Silica gel and other chemicals were from Aldrich
(Milwaukee, Wisconsin, USA). Hydrocarbons and fatty acid standards were
purchased from Sigma Chemical Company (St. Louis, Missouri, USA).
Solvents were redistilled prior to use. High performance thin layer chroma-
tography (HPTLC) silica plates were from Merck Ltd.

Bioassays

Laboratory — reared adult insects (15 days old), randomly collected from
rearing jars, were used for this study. To test the virulence of each fungal
culture, three Petri dishes containing filter paper (9 cm diameter) were
assembled and twenty insects were placed in each Petri dish. Using a perfume
sprayer each of five replicates of A. obtectus were sprayed directly with 1 ml
of fungal suspension (in 0.01% Tween 20 in distilled water) containing 4 X
10° spores ml~! of B. bassiana. Controls were sprayed with 0.01% Tween 20
in distilled water. Each treated replicate was kept for 24 hours without food
at 27 £ 2 °C and 70% =+ 5% r.h. After 24 h, insects from each replicate were
transferred to a 100 ml-plastic cup containing 50 g undamaged bean grains.
Each cup was sealed using muslin cloth and a perforated lid. Before starting
the assay, the beans were stored at —15 °C for 10 days to ensure all treatments
were initially insect-free. All the insects were maintained under controlled
conditions as described above. Observations of each of the flasks were done
at 7 and 14 days after exposure to the fungus, by emptying the contents of
each flask onto a white paper to identify dead individuals. Dead adults were
submerged in 95% ethanol for 1 min, washed in sterile distilled water for
5 min, dried, and then placed in plates on moistened filter paper. Cadavers
were kept at 27 £ 2 °C for 3-5 days in the dark, and those that showed
hyphal growth characteristic of the entomopathogenic fungi were recorded as
infected.

Insect hydrocarbon analysis

After several washes with re-distilled water, epicuticular hydrocarbons from
A. obtectus were extracted by immersion in hexane (5 min, 6 ml/gr) and
partitioned against distilled water (5:1, v/v) (Judrez et al., 2000). Total hydro-
carbons were similarly extracted after a 24 hr-immersion period in hexane.
Solvent was concentrated under vacuum and the extract was passed through
a minicolumn (2.5 cm x 0.5 cm) of Biosil (Bio-Rad Lab, Richmond, CA);
hydrocarbons were eluted with n-hexane, as previously described (Napolitano
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and Judrez, 1997). The eluent was concentrated and analysed on a Hewlett-
Packard 6890 gas chromatograph with a flame ionization detector (FID). A
30 m x 0.32 mm L.D. 0.5 mm stationary phase DB-5 (J & W Scientific,
Folson, CA, USA) capillary column was used in splitless mode, with an initial
temperature of 50 °C for 1 min, and a temperature program from 50 to 200 °C
at a rate of 50 °C/min, then at 3 °C/min up to 300 °C, and a final holding time
of 15 min at 300 °C. To check for the presence of unsaturated components,
the hydrocarbon extract was spotted on a silica gel TLC plate impregnated
with 20% AgNOs, using hexane: diethyl ether (80:20, v/v) as the developing
solvent. Appropriate saturated and unsaturated hydrocarbon standards were
spotted on separate lanes for comparison. Each hydrocarbon fraction was
scraped from the TLC plate and analysed by capillary gas chromatography
(CGC) as described above. Hydrocarbon chain lengths were estimated by
calculating their Kovats indices (KI) (Kovats, 1965), and by comparison of
their retention time with that of appropriate standards.

Analysis of fungal lipids and fatty acids

For the analysis of lipids, whole fungal cells from FSy and FS; cultures were
extracted with chloroform: methanol (2:1, v/v) and partitioned with distilled
water (5:1 v/v) according to Folch method (Folch et al., 1957). Afterwards,
organic layers were reduced in volume under vacuum or N, stream and stored
at —18 °C. In order to determine the total amount of lipids, the chloroform
layer was dried to constant dried weight. Analysis by HPTLC was performed
on silica gel plates developed in petroleum ether:diethyl ether:acetic acid
(80:20:1, v/v). Plates were charred after immersion in H,SO4 (10% in
ethanol). For individual fatty acid analyses, fungal lipids were extracted as
described above. The chloroform extract was evaporated under N, and resus-
pended in 1 ml toluene. Transesterification was performed at 100 °C with
BF;-methanol for 1 hour. The resulting fatty acid methyl esters (FAME) were
extracted with chloroform and partitioned against distilled water (3:2 v/v).
CGC analyses of the FAME were performed on a Hewlett-Packard 6890 gas
chromatograph. Samples were analysed on a 30 m x 0.32 mm LD. 0.5 mm
stationary phase Omega Wax 250 (Alltech Associates, Arlington Heights, Il,
USA) capillary column. The temperature of the oven was programmed from
175 to 220 °C at a rate of 3 °C/min, then held at 220 °C for 15 min.
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Table 1. Mean percentage mortality of A. obtectus adults treated with B. bassiana
(ARSEF 5500)

Fungal incuba- Percentage mortality®

tion condition® Day 7 Day 14
FSo 22+ 45 26 £5.5
FS; 44+ 114 60+7.1

3Values are means of 5 replicates + standard deviation (SD). Means differed signifi-
cantly by one-tailed r-test, p < 0.05, within each column. FS| values were also
significantly different when compared at day 7 and day 14, whereas FSq values
showed no significant difference for the same period.

bFungal suspensions containing 4 X 10° conidia/ml of Bb5500 grown in complete
agar medium (FSgp), and in hexadecane-enriched medium (FS1), as described in
Materials and methods. Mortality was not observed for control insects (sprayed with
0.01% Tween 20 in water).

Results

Bioassays

Observations of cadavers indicated that the mycelium appears externally
within 24-48 h after placement on damp filter paper. Dead insects were
collected at 7 and 14 days after exposure to the fungus, as described in Mate-
rials and Methods. Post-mortem mycelial and conidial growth demonstrated
that the insects had died due to pathogen infection. Large differences in bioin-
secticide efficacy were evident for fungi grown on CMA (FSy) as compared
to that grown on hydrocarbon-enriched-DMA agar media (FS;). Higher kill
was obtained from fungi grown on hydrocarbon-enriched media. FSy and
FS, differed significantly (by one-tailed #-test, p < 0.05) when cultures were
compared at 7 or 14 days post-treatment, percentage mortality ranged from 22
+4.5% to 44 + 11.4%, and from 26 £ 5.5% to 60 £ 7.1% respectively (Table
1). Significant temporal differences in mortality were detected for the alkane-
grown culture FS; (p < 0.05, in Table 1), whereas percentage mortality for
FSy did not change significantly between 7 and 14 days post-treatment.

Hydrocarbon analysis of Acanthoscelides obtectus

A series of saturated n-alkanes ranging from 25 to 30 carbons in length was
detected by gas chromatographic analysis of the epicuticular hydrocarbons of
A. obtectus (Table 2). Absence of unsaturated components was determined
after AgNO;-TLC fractionation, as described in Materials and Methods,
and confirmed by mass spectrometric analysis (Judrez and Cafferata, unpub-
lished). The major components were methyl-branched hydrocarbons with 27



IMPROVED BIOCONTROL OF BRUCHIDS

691

Table 2. Percentage composition of the hydrocarbons from the bean weevil A. obtectus

Hydrocarbon percentage®

CGC Kovats Epicuticle = Whole insect
peak?® Hydrocarbonb indices X SD X SD

1 n-C25 2500 1.54 039 1.20 0.02
2 Monomethylbranched-C25 2529 1.07 0.06 1.83 0.08
3 Monomethyl- plus dimethylbranched-C25 2539 333 0.23 5.86 0.18
4 n-C27 2700 14.65 0.28 9.42 0.44
5 Monomethyl- plus dimethylbranched-C27 2741  16.24 0.83 16.19 0.39
6 (Sub)terminally branched monomethyl-C27 2751 1.62 0.53 3.17 0.06
7 Dimethylbranched-C27 2770 2430 1.73 22776 0.08
8 Dimethyl- plus trimethylbranched-C27 2780 12.28 1.66 14.82 0.37
9 Trimethylbranched-C27 2790 375 0.15 4.34 0.04
10 n-C28 2800 1.09 0.16 0.79 0.06
11 Terminally branched dimethyl-C27 2808 297 0.16 3.85 0.05
12 Internally branched monomethyl-C28 2834 223 0.09 226 0.02
13 Dimethylbranched-C28 2859 1.61 0.10 1.45 0.04
14 n-C29 2900 529 0.51 3.65 0.31
15 Internally branched monomethyl-C29 2928 4.18 0.18 4.57 0.08
16 Monomethylbranched-C29 2955 266 0.11 4.17 0.83
17 Monomethyl- plus dimethylbranched-C29 2964 1.20 0.21 1.16 0.53

Branched/normal 3.43 5.65

4Numbers correspond to peaks from Figure 2.

bStraight chain hydrocarbons were identified by comparison of their retention times with
that of the corresponding standards. Metehylbranching was estimated based on its elution

pattern, according to Carolson et al. (1998).

and 29 carbons in the straight chain backbone, according to their retention
indices (KI values). Branching patterns were estimated following the protocol
described by Carlson et al. (1998) to assign methyl-branched structures based
on their elution pattern (Table 2). The relative amounts of major hydrocarbon
components both of the epicuticle and whole insect (mostly from hemolymph
and integument) are detailed in Table 2. No qualitative differences were
detected, as evidenced by identical KI values. The major quantitative change
is observed in the branched to straight chain ratio increasing from 3.43 in
the epicuticle to 5.65 for whole insect extracts, probably due to a significant
percentage of branched hydrocarbons in the hemolymph.
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Table 3. Fatty acid composition of B. bassiana (Bb 5500) grown
on CMA (FSp) and on n-hexadecane-enriched DMA (FS1)

Fatty FSo FS;

acid X2 SD XP SD
14:0 tr - 0.5 0.13
15:0 tr - 0.5 0.04
16:0 12.4 1.67 21.8 4.35
17:0 0.8 0.34 2.1 0.18
17:1 0.5 0.07 0.5 0.02
18:0 5.5 3.18 5.2 1.02
18:1 60.6 5.18 39.1 2.01
18:2 14.6 1.15 26.2 3.65
18:3 1.1 1.02 1.6 0.10
20:1 2.2 1.17 1.5 0.37
Unsaturated/ 4.32 2.47

saturated

Lipid content is 24.7 &£ 3.2 mg/gr Bb (w/w).
4Numbers represents the mean value of n = 4.
bNumbers represents the mean value of n = 3.
tr = traces.

Beauveria bassiana lipids and fatty acids

HPTLC analysis of the total fungal lipids showed that for Bb5500 grown
in FSy culture conditions, the major components were sterols; they also
contained phospholipids, free fatty acids, diacylglycerols, monoacylglycerols
and hydrocarbons (data not shown). The amount of lipids was 24.7 4+ 3.2
mg/gr of spores (w/w) (Table 3). The lipid pattern remained essentially
unchanged for FS; cultures. The analysis of B. bassiana fatty acids in FSg
cultures showed a rather simple profile with three major fatty acids: oleic
acid (60.6%), followed by linoleic acid (14.69%) and palmitic acid (12.40%);
minor components ranged from 14 to 20 carbons (Table 3). This pattern was
modified for FS; cultures, and although oleic acid (39.19%) remained the
major component, there was a significant increase in the relative amount of
linoleic acid (26.28%), and also of palmitic acid (21.8%). Thus, the unsatur-
ated/saturated ratio varied from 4.32 for FSq to 2.47 for FS; (Table 3). Trace
amounts of fatty acids with chain lengths over 20 carbons were also detected.
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Discussion

Increased use of mycoinsecticides will depend on the development of more
virulent strains with the capacity to kill their hosts quickly. Evidence is herein
presented correlating hydrocarbon utilization as the sole carbon source for
fungal growth and increased virulence. The aggressiveness of a fungal strain
is controlled by numerous genes (Taborsky, 1992). Nevertheless, the genes
responsible for the expression of cuticular degrading enzymes that might be
accounting for the increased host mortality here reported, or for an enhanced
speed of kill (Judrez M.P. and Crespo R, unpublished), could be cloned and
their reinsertion into genome of another strain or species has the potential to
increase the efficiency of a mycoinsecticide. A similar approach has been
claimed for oil spill removal employing microorganisms having plasmids
expressing hydrocarbon-degrading pathways (Chakrabarty, 1981).

Results reported here show that the virulence of a fungal strain can
be increased by a 14-day incubation period in a hydrocarbon-enriched
medium (Table 1). A second subculture on alkane-supplemented media did
not enhance virulence any more (data not shown). Strains of B. bassiana
and Metarhizium anisopliae were shown to be able to utilize hydrocar-
bons as the only carbon source for their growth, the preferred substrates
being the cuticular hydrocarbons of their host (Napolitano and Judrez,
1997). n-Heptacosane, n-pentacosane, n-octacosane, and methyl-branched
nonacosane, with chain lengths similar to the major hydrocarbon compo-
nents of A. obtectus, were easily degraded and incorporated into the fungal
lipids and were also released as B-oxidation products (Crespo et al., 2000;
Napolitano and Juarez, 1997). A shorter chain length hydrocarbon, hexa-
decane, which has the advantage of easier handling, lower cost, and is
similarly degraded by fungi, was selected for this study.

The surface of insects is covered by a waxy layer which plays a key
role in survival of the insect by providing protection from dessication, as
well as serving as a barrier against microorganisms, abrasion and chemicals
(Blomquist et al., 1987). Epicuticular hydrocarbons of A. obtectus comprise a
mixture of 17 saturated components ranging between 25 and 31 total carbons
(Table 2). Major components are methyl-branched, providing the necessary
fluidity to the surface coating. The cuticle of other storage pests, such as Sifo-
philus sp. weevils, have more complex structures, with the presence of large
amounts of olefins, alkenes, alkadienes and alkatrienes, which, in addition,
had higher molecular weight (Baker et al., 1984). In the cuticle of the red
flour beetle Tribolium castaneum, two groups of hydrocarbons were reported;
one, unsaturated and of low molecular weight, was associated with defensive
secretions; the other, associated with the cuticular lipids, comprised a mixture
of normal and branched chains, quite similar to those here reported for the
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bean weevil (Baker et al., 1978). The alkane-grown fungal strain (FS;) did not
show an enhanced ability to kill either Tribolium sp. or Sithophilus sp. insects
(Padin S. and G.M. Dal Bello, unpublished). Among a variety of factors
involved in the specificity of entomopathogenic fungi-host cuticle interaction,
the composition of the host cuticular components might stimulate or inhibit
fungal growth.

Deuteromycetes are known to require an external carbon source for their
growth, which is usually supplied as glucose and yeast extract in standard
culture media (Smith and Grula, 1981). Utilization of n-hexadecane as carbon
source for fungal growth did not alter the lipid profile of Bb5500 after a
period of growth induction (data not shown). Fungal lipids accounted for
24.7 (£ 3.2) mg per gram of cells (w/w),with a quite simple fatty acid profile
(Table 3), similar to that reported for other entomopathogenic fungi (Boucias
et al., 1984; Judrez et al., 2000). The most significant change in fatty acid
composition between alkane-grown and glucose-grown cultures is a decrease
in the unsaturated/saturated ratio from 4.32 to 2.47, mainly due to a 60% gain
in the relative amount of palmitic acid (Table 3). This increase is probably
due to the sixteen carbon fatty acid produced by hexadecane oxidation, and
its direct incorporation into fungal cells, rather than complete B-oxidation
steps as proposed for very long chains (Crespo et al., 2000).

A high increase of host mortality by hydrocarbon degrading fungal
enzyme induction, obtained by a simple modification in the culture condi-
tions of this microorganism, suggests a possible approach for mycoinsecticide
improvement.
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