
The Effects of a Naturally Produced Benzoquinone
on Microbes Common to Flour

Ann Yezerski & Carla Ciccone & Jill Rozitski &
Beth Volingavage

Received: 2 June 2006 /Revised: 12 March 2007 /Accepted: 28 March 2007 /
Published online: 1 May 2007
# Springer Science + Business Media, LLC 2007

Abstract Many species of insects are known to produce and secrete benzoquinone
derivatives. These compounds are usually defined as “defense chemicals.” However, in
many cases, it has not been determined what the chemicals are meant to defend against.
Tribolium beetles produce up to three benzoquinones, but their specific function is not
known. In this experiment, one of the derivatives, methyl-1,4-benzoquinone (MBQ) was
tested for its effectiveness for one of its purported functions as an antimicrobial. Methyl-
1,4-benzoquinone was added in three concentrations (0.3, 30, and 150 μg/ml) to the liquid
media of three species of Bacillus bacteria and eight species from four genera of yeasts, and
the effect on their growth was monitored. The presence of MBQ altered growth in all
species. The bacteria responded more negatively than the yeasts. All bacteria species
showed reduced growth at all levels of MBQ. Yeasts were more tolerant to the presence of
the chemical, and two species, Saccharomyces microellipsoides and Pichia burtonii,
actually showed increased growth at the lowest level of MBQ.

Keywords Benzoquinone . Bacillus . Yeast . Pichia .Cryptococcus . Rhodoturula .

Saccharomyces . Tribolium

Introduction

Over 100 species of arthropods synthesize benzoquinone derivatives (Blum 1981).
Tribolium flour beetles produce up to three benzoquinone derivatives: methyl-1,
4-benzoquinone (MBQ), ethyl-1,4-benzoquinone, and methoxybenzoquinone (Weatherston
1967; Blum 1981). Although often termed “defense chemicals,” it is not clear what these
compounds actually defend against. Based on potential organismal interactions in their
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stored grain environment, one theory has suggested that the compounds prevent rodents
from becoming potential predators on flour beetles (El-Mofty et al. 1992; Dettner 1993;
Bouchard et al. 1997). Other hypotheses suggest that the compounds act as antimicrobials
(Geiger 1946; Engelhardt et al. 1965; Prendeville and Stevens 2002; Yezerski et al. 2005).

Williams (1966) established a list of criteria for a trait to be considered adaptive. These
included widespread examples across species, complexity of the trait, cost of the trait to the
organisms, and a well-defined genetic basis. The production of benzoquinones by
Tribolium beetles fits these criteria. Benzoquinone derivatives are found in many genera
of insects (Blum 1981). There is great complexity in the creation and storage of the
compounds, as well as metabolic costs to the organisms. In flour beetles, the compounds
are derived from an ill defined, but apparently intricate, mechanism in specialized
prothoracic and postabdominal glands (Happ 1968). In addition to the metabolic costs, the
substances are known to be harmful to the beetles themselves and thus pose a survival cost
(Chapman 1926; Roth and Howland 1941). Further supporting the fact that benzoquinone
production is an adaptation, the storage of the benzoquinone derivatives has been shown to
have a strong and quantitative genetic background (Yezerski et al. 2000, 2004). However,
the exact functions of these chemicals for these beetles has not been clearly defined.

In this research, we explored the hypothesis that the benzoquinone trait is an adaptation
in the stored grain pest, Tribolium confusum, that controls microbial growth in their flour
environment. To this end, we obtained type species of bacteria and yeasts known to be
associated with stored flours, and we subjected them to an environment containing varying
levels of the benzoquinone derivative, MBQ. The effect of the compound on the growth of
the microbial species was monitored via turbidity.

Methods and Materials

Source of Microbial Specimens The three species of bacteria are known to inhabit flour and
other stored grain products (Norris et al. 1981). These species were provided in both type
strain and flour isolate forms by L. K. Nakamura of the USDA in lyophilized preparations.
The species included Bacillus circulans [NRRL B-380 (type) and B-393 (isolate)], Bacillus
subtilis [NRRL NRS-744 (type) and B-571 (isolate)], and Bacillus licheniformis [NRRL
NRS-1264 (type) and NRS-766 (isolate)]. Specimens were grown and maintained in TGY
media containing tryptone, glucose, and yeast extract.

Yeasts were provided in lyophilized form by C. P. Kurtzman of the USDA and included
the following species known to inhabit wheat flour (Kurtzman et al. 1970): Pichia
fermentans (NRRL Y-7138), Pichia anomala (NRRL Y-7081), Pichia burtonii (NRRL
Y-7082), Pichia farinosa (NRRLY-7084), Saccharomyces microellipsoides (NRRLY-6524),
Cryptococcus albidus (NRRL Y-7079), Cryptococcus laurentii (NRRL Y-7139), and Rhodo-
torula glutinis (NRRL Y-7140). Specimens were grown and maintained in YM-2 media
containing yeast extract, malt extract, peptone, and glucose.

Inoculation Procedure Measurement of the growth of each species began with inoculation of
1 ml of the microbe that had reached maximum turbidity for the species into 100 ml of the
appropriate media in a sidearm flask containing one of three concentrations of MBQ: 0.3, 30,
or 150 μg/ml. These values were based on the average amount of MBQ found to be on the
external surface of a typical beetle and equated to 1, 100, and 500 beetles, respectively
(Yezerski et al. 2000, 2004). A control was simultaneously inoculated similarly into a flask
containing no MBQ. All measurements were taken in triplicate. Prior testing by plating
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found no inherent microbial growth in the purchased MBQ. Methyl-1, 4-benzoquinone has
a strong orange to red color in microbial media, and therefore, “color blanks” were needed
that contained the same concentrations as the experimental flasks. However, the presence of
the microbes themselves also altered the color of the media as growth occurred and, thus,
interfered with the accuracy of the readings. Therefore, blanks were created identical to the
control, but cells were centrifuged to the bottom of the tube, removing turbidity, before
being used to zero the machine. These blank cultures were then resuspended until the next
measurement was taken to allow growth to continue as seen in the controls.

Growth Measurements Turbidity of the inoculations was determined by using a manostat
colorimeter. Readings began 6–8 hr after inoculation depending on the previously
determined lag time for each species. After the colorimeter was zeroed by using the
blanks, readings were taken on the experimental cultures to obtain turbidity in Klett units.
This procedure was repeated for each inoculation every hour until the control flasks
approached a stationary phase. Notable events between and within species and concen-
trations were compared via a repeated-measures analysis that used the JMP™ Statistical
Program (Sall et al. 2006).

Results

Growth curves for the bacteria species are shown in Fig. 1 and growth curves for the yeast
species in Figs. 2 and 3. A summary of a statistical comparison of growth in each condition
vs. the control flask is shown in Table 1. The control flasks for all species indicated
successful and consistent growth under these conditions. The yeasts tended to reach higher
turbidities (around 300 Klett units) than the bacteria, which tended to plateau at levels
around 200 Klett units. However, the bacteria reached their stationary phases much sooner
than the yeasts under the same conditions.

Compared to the controls, the MBQ-treated flasks showed significantly reduced growth
rates in most species (Table 1). The equivalent of the presence of 500 beetles, 150 μg/ml
MBQ, appears to have eliminated growth altogether in all of the bacterial species and in
three of the eight yeast species. However, considering that 30 μg/ml MBQ was not tolerated
by any bacterial species, it is notable that the majority of yeast species was somewhat
resistant to the effects of the presence of MBQ even at this highest level. Pichia anomali
demonstrated little reduction in growth with any level of MBQ, while B. circulans’ growth
was completely eliminated by even 0.3 μg/ml MBQ.

Several of the yeasts appeared unaffected by the compound at the two lowest levels, but
their growth was strongly suppressed at the highest level. This is not unexpected because
the dilutions were serial and not parallel in nature. However, there is a surprising result for
three yeasts, Rhodotorula glutinus, P. burtonii, and S. microellipsoides, where growth
increased at the lowest level of 0.3 μg/ml MBQ (Figs. 2 and 3). Saccharomyces
microellipsoides and P. burtonii have significantly higher turbidity than the controls in
the second half of their growth curves (Table 1; indicated by Xs rather than asterisks).

In general, the microbial growth was consistently decreased during the measurement
time, but bacterial species were more greatly affected than yeast species. There is some
indication that low levels of MBQ may actually encourage growth in certain species of
yeast.
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Discussion

Our results indicate that MBQ has an effect on microbial growth. However, the compound
is more of a deterrent to bacteria than yeast. From an evolutionary standpoint, these results
are expected. Bacteria species, especially members of the Bacillus genus, can be harmful to
insect species by causing numerous diseases and developmental difficulties (Faust 1974;
Kreig 1981; Kumari and Neelgund 1985; Abdel-Razek et al. 1999; Abdel-Razek 2002).

Microbes might also compete with beetles for nutritional resources. However, it has been
shown that yeast species associated with flour obtain distinct nutritional benefits for the
beetles. The beetles do poorly in flour that does not contain sufficient levels of yeast
(Offhaus 1952; Charbonneau and Lemonde 1962; Via and Conner 1995). In fact, a veritable
symbiosis has been noted (Dunkel 1988). Therefore, the complete elimination of yeast
species from the environment would be detrimental to beetle survival.
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Fig. 1 Growth of three Bacillus species in the presence of MBQ in Klett units + SEM. As indicated in the
legends, symbols represent growth in media without MBQ (circles) or with 0.3 μg/ml (triangles), 30 μg/ml
(squares), or 150 μg/ml of MBQ (diamonds) measured at the indicated minutes after initial inoculation
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The choice of the bacterial species for this study was based on data for species
commonly found in flour according to USDA experts. Species were selected based on
previous work specifically with flour isolates. Other sources, however, indicate that,
whereas the presence of Bacillus species is quite usual, other genera such as Salmonella and
Escherichia should also be considered for future investigation (Farmiloe et al. 1954; Rogers
1978; Okagbue 1990; Richter et al. 1993; Sorokulova et al. 2003). Additionally, our
selection of species did not include those that might have been already associated with the
beetles themselves because the flour isolates were not from stores containing insects.
Recent studies have suggested that insect flour pests introduce members of the
Enterococcidae and Enterobacter families into their flour environment, but Tribolium
species that produce high levels of benzoquinones generally lack these bacteria species in
their stocks (Yezerski et al. 2005). Therefore, although these bacterial species may be
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Fig. 2 Growth of four yeast species in the presence of MBQ in Klett units + SEM. As indicated in the
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present in the guts of flour pests, previous work, along with these present data, suggests that
the beetles are curtailing their presence.

It is well known that yeasts are associated with flour, but the species varies. The species
that we used based on the USDA’s flour isolates were not in complete congruence with
those suggested by the literature (Kurtzman et al. 1970; Okagbue 1990). However, the
species used represent common species. Regardless, the conclusion that yeast species
generally grow better in the presence of MBQ than bacterial species is supported.

The levels of MBQ chosen for this study were based on previously determined levels on
the external surface of a T. confusum beetle (about 0.3 μg per beetle at any given time)
(Yezerski et al. 2000, 2004). However, amounts of MBQ on the beetles themselves may
differ from amounts present in their flour environment. Other work has shown that beetles
secrete approximately 7 μg MBQ over 72 hr, but that much of this degrades into methyl-1,
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Fig. 3 Growth of four yeast species from the Pichia genus in the presence of MBQ in Klett units + SEM. As
indicated in the legends, symbols represent growth in media without MBQ (circles) or with 0.3 μg/ml
(triangles), 30 μg/ml (squares), or 150 μg/ml of MBQ (diamonds) measured at the indicated minutes after
initial inoculation
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4-hydroquinone (MHQ) (Yezerski, unpublished data). It can be assumed that the highly
reactive MBQ naturally degrades into MHQ in the flour environment. Therefore, by
introducing a reasonable amount of MBQ into the environment and allowing it to degrade
normally, one realistically replicates a natural situation. The reactivity of MBQ may be part
of the effectiveness of the antimicrobial activity, but this has not been tested directly here.

Table 1 Summary of the statistical comparison of turbidity between control and experimental cultures over
time using a repeated measures ANOVA

Species [MBQ] (μg/ml) Time Perioda

1 2 3 4 5 6 7 8 9 10

B. circulans 0.3 ** *** *** *** *** *** ***
30 ** *** *** *** *** *** ***

150 ** *** *** *** *** *** ***
Bacillus lichenformis 0.3 ** ** ** ND ND ND ND

30 *** *** *** *** *** *** ***
150 *** *** *** *** *** *** ***

Bacillus subtillis 0.3 ** *** *** ND ND ND ND
30 *** *** *** *** *** *** ***

150 *** *** *** *** *** *** ***
C. laurentii 0.3 ND ND ND ND ND ND ND ND ND ND

30 ND ND ND ND ND ND ND ND ND ND
150 ND ND ND ND *** *** *** *** *** ***

C. albidus 0.3 ND ND ND ND ND ND ND ND
30 ND ND ND ND ND ND ND ND

150 ND ND ** *** *** *** *** ***
R. glutinis 0.3 ND ND ND ND ND ND ND ND

30 ND ND ND ND ND ND ND ND
150 ND ND ND ** *** *** *** ***

S. microellipsoides 0.3 ND ND ND ND xxx xxx xxx xxx xxx ***
30 ND ND ND ** *** *** *** *** *** ***

150 ND ND ND ** *** *** *** *** *** ***
P. anomali 0.3 ND ND ND ND ND ND ND ND

30 ND ND ND ND ND ND ND ND
150 ND ND ND *** *** *** *** ***

P. burtonii 0.3 ND ND ND xx xxx xxx xxx ND ***
30 ND ND ND ND ND ND ND ND ND

150 ND ND ND ND *** *** *** *** ***
P. farinosa 0.3 ND ND ND ** * ND ND ND

30 ND * ** *** *** ** ** *
150 * ** *** *** *** *** *** ***

P. fermentans 0.3 ND ND *** *** *** *** ** ND
30 ND *** *** *** *** *** ND ND

150 ** *** *** *** *** *** *** ***

Blank cells indicate no measurement was taken in this time interval.

ND=no difference
aMeasurements were taken in 1-hr intervals. The first measurement time from inoculation (1) varied for each
species. Actual time in minutes from inoculation can be seen in detail in the accompanying figures. Statistical
significance of the comparison of the turbidity in Klett units between indicated culture and respective control.
Asterisks represent Klett units significantly lower than control (* P<0.05, ** P<0.01, and *** P<0.001). Xs
represent Klett units significantly higher than control (x P<0.05, xx P<0.01, and xxx P<0.001).
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In this study, we also did not test the chemically related ethyl-1,4-benzoquinone that is
also produced by many insect species (Weatherston 1967; Blum 1981). This compound is
actually the more abundant compound in the beetle excretion, being produced at a ratio of
almost 2:1 in T. confusum (Pappas and Morrison 1995; Pappas and Wardrop 1996; Yezerski
et al. 2000, 2004). This compound is not commercially available and is also extremely
susceptible to light and temperature, making work with it exceedingly difficult (Yamada
and Hosaka 1977). The slight structural difference in this substance vs. MBQ perhaps
suggests a similar result. The purpose of producing twice as much may be related to ease of
natural synthesis.

Although benzoquinone derivatives are a common part of many organisms’ physiology,
Tribolium beetles and several other insect species incur a metabolic cost that produces a
substance that may be harmful to their own survival and development. The results of this
experiment indicate that one of these compounds, MBQ, is an effective antimicrobial that is
selective to species that are potentially harmful or beneficial. It effectively reduces the
growth of bacterial species known to cause harm while controlling and even encouraging
the growth of yeast species that are an important food source. Another suggested function
may be an antipredatory defense against rats that cohabitate grain storage with flour beetles.
We are currently conducting research to determine the efficacy of this alternative
hypothesis.
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