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Bioluminescent assay for evaluating antimicrobial activity in insect haemolymph
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Abstract. We describe an antibacterial assay based on bioluminescence of two Gram negative bacteria, Photorhabdus luminescens
and transformed Escherichia coli, which can be used as a real-time measurement of antibacterial activity in insect haemolymph. This
method is based on the production of the bioluminescence signal depending on the viability of bacterial cells. We observed a significant
rapid dose-dependent decrease in bioluminescence using both bacterial species, and Bombyx mori or Galleria mellonella haemolymph,
which was confirmed by the decrease in bacterial viability determined by plating. The humoral origin of the antibacterial activity ob-
served in whole haemolymph was confirmed for haemolymph plasma without haemocytes. Antibacterial activity directed against Gram
negative bacteria was recorded in unaffected insect larvae as well as after septic injury; increased antibacterial activity of haemolymph
was detected in the latter case confirming the inducibility of antimicrobial agents. We think it is likely that this method could be widely

used for determining antibacterial activity in insects and other invertebrates.

INTRODUCTION

Bioluminescence is the production and emission of
light by living organisms; it is a naturally occurring form
of chemiluminescence in which energy is released in the
form of light by an enzymatic reaction. In bacteria the ex-
pression of genes related to bioluminescence is controlled
by lux operon encoding the enzyme luciferase. Although
luciferases differ among bacteria they all emit light with
a maximum at 490 nm and the emission requires both a
reduced flavin mononucleotide (FMNH,) and long-chain
aliphatic aldehyde (Poinar et al., 1980).

The genus Photorhabdus (previously known as Xenor-
habdus) was described by Boemare et al. (Boemare et al.,
1993) and includes terrestrial Gram negative bacteria of
the family Enterobacteriaceae, which are mainly found
in association with entomopathogenic nematodes Hetero-
rhabditis spp. (Nematoda: Heterorhabditidae). Upon enter-
ing an insect host nematodes release bacterial cells from
their intestinal tract, which quickly establish a lethal septi-
caemia in the host (ffrench-Constant et al., 2003). When an
insect is infected with Photorhabdus bacteria the carcass
becomes visibly bioluminescent (Poinar et al., 1980). In
addition to the species of Photorhabdus found in nema-
todes, P. asymbiotica was obtained from human clinical
specimens.

Similarly to naturally bioluminescent bacterium, P. [u-
minescens, transformed Escherichia coli K12 is capable of
light production. This transformed E. coli contains a plas-
mid with the complete luxABCDEamp operon originat-
ing from Photorhabdus, which results in the expression of

bacterial luciferase and its substrate long-chain aldehyde
(Atosuo et al., 2013). This Gram negative bacterium is
very sensitive to the vertebrate complement system but not
to lytic enzymes such as lysozyme.

Traditionally few methods are used for measuring bacte-
rial viability. The most frequently used method is a colony
counting assay carried out using agar plates and estimation
of cell number in liquid solutions measured in terms of op-
tical density (OD). To measure kinetic of killing by plating
is time-consuming and due to the long incubation time far
from real-time. On the other hand OD measurements bring
real-time based results, but cannot distinguish between live
and dead bacterial cells. Assays based on bacterial biolu-
minescence offer fast and accurate real-time kinetic vi-
ability observation if proven that bioluminescence equals
viability (Atosuo et al., 2013). Methods using biolumines-
cent E. coli are routinely used for determining bacteriolytic
complement activity (Virta et al., 1997; Nikoskelainen et
al., 2002; Kilpi et al., 2009).

Insect immunity in general involves both humoral and
cellular activities, which closely interact. Cellular activ-
ity of insect immune systems rely on different classes of
haemocytes, which phagocytose and form capsules around
larger intruders and defend organism against large num-
bers of bacteria by enclosing them in nodules. Humoral
factors are secreted by the fat body and haemocytes into
the haemolymph. They include especially highly potent
antimicrobial peptides (AMPs) and the enzyme phenoloxi-
dase, whose activity is accompanied by the production of
quinones that are both cytotoxic and involved in cross link-
ing of proteins. Activation of phenoloxidase, which leads
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to visible melanisation, also accompanies several cellular
reactions (clot and nodule formation as well as encapsula-
tion).

Since the discovery of insect cecropins by Hans Boman
in the early 80’s a large number of antimicrobial pep-
tides that defend them against microbial pathogens have
been described. These peptides are synthesized either by
haemocytes or the fat body. It was proven recently that the
lepidopteran immune system can react in different ways
because the different classes of microorganisms each in-
duce the synthesis of a particular subset of antimicrobial
peptides (Mak et al., 2010). In Lepidoptera, members of
linear o-helical (cecropins and moricins), cysteine-stabi-
lized (defensins), proline-rich and glycine-rich inducible
antimicrobial peptides have been identified (Brown et al.,
2009); moreover the peptides cooperate with lysozyme,
which occurs naturally in haemolymph.

The aim of this study was to develop a new method of
analyzing the antibacterial activity of insect haemolymph
based on a direct real-time measurement of changes in bio-
luminescence produced by P. luminescens or E. coli K12.

MATERIAL AND METHODS

P. luminescens batch culture preparation

Photorhabdus luminescens, subsp. kayaii was inoculated on
nutrient agar plates after isolation from surface sterilized cadav-
ers of Galleria mellonella infected with the entomopathogenic
nematode Heterorhabditis bacteriophora in Petri dishes lined
with filter paper. After overnight incubation colonies of P. lumi-
nescens were transferred to LB medium and gently shaken (GFL
3005, Germany) for one hour. The bacterial suspension was then
adjusted to an optical density 0.1 at 400 nm using a JENWAY
7300 spectrophotemeter (UK). Bacterial cells were separated by
centrifugation (2000 RPM for 10 min) using a JANETZKI K23
centrifuge (Germany), twice washed and finally re-suspended
in phosphate buffer (PB, pH 7). The bacterial suspensions were
stored at 4°C and used for up to seven days.

E. coli batch culture preparation

Bacteria E. coli K12 with luxABCDEamp genes and resistant
to ampicillin were cultivated overnight at 37°C in LB medium
and constantly shaken (Memmert WNB 22, Germany). This
suspension was diluted to an optical density 0.1 at 620 nm and
incubated until the optical density reached 0.45. The bacterial
suspension was then adjusted to an optical density 0.1 at 620 nm
and centrifuged (2000 RPM for 10 min) using a JANETZKI K23
centrifuge (Germany). Bacterial cells were washed twice in LB
and concentrated by re-suspending in 80 times less volume of LB
medium. Suspension was then mixed 1: 1 with 50% glycerol and
stored at —80°C. All E. coli media contained 100 pg/ml of ampi-
cillin in order to sustain the selection.

Bacterial working cultures

Both P luminescens and E. coli batch suspensions were in-
oculated on nutrient agar plates in 6 different dilutions (10°-10%
times) for bacterial cells quantity estimation. After overnight cul-
tivation the numbers of colonies (CFU) were counted on all the
agar plates. Bacterial working cultures were adjusted by adding
a certain volume of PB (pH 7) to give a concentration of 250 000
bacterial cells per 100 pl of suspension.
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Luminometry

Bioluminescence of bacterial suspensions mixed with insect
haemolymph was measured using microtitre plates on three sepa-
rate experiments. In each experiment luminescence was meas-
ured at 30°C over a period of one hour using plate luminometer
Chameleon V™ (Hidex, Finland). The light emitted during the
reaction is positively correlated with bacterial viability (Atosuo
et al., 2013). Luminescence signal was measured in counts per
second (CPS).

Bacterial viability measurements

CFU were counted in both E. coli and P. luminescens suspen-
sions at 0, 30 and 60 min after being mixed with haemolymph.
Both untreated suspensions of bacteria and those mixed with
haemolymph were diluted logarithmically and plated on dishes
containing nutrient agar. Number of colonies was determined af-
ter overnight incubation at 37°C for E. coli and 30°C P. lumine-
scens.

Haemolymph collection

Bombyx mori L. (Lepidoptera: Bombycidae, Greek mono-vol-
tine white hybrid) larvae (V™" instar, 5 days old) were reared on
mulberry leaves in a laboratory. G. mellonella L. (Lepidoptera:
Pyralidae) larvae (VII" instar, 3—4 days old) were obtained from
laboratory cultures maintained on an artificial diet (Haydak, 1936)
at 29+ 1°C in constant darkness. Haemolymph with haemocytes
was collected by proleg amputation and pooled in Eppendorf
tubes containing several crystals of phenylthiourea (PTU) as an
anticoagulant. A mixture of haemolymph from five larvae diluted
in PB (pH 7) was added directly to 120 ul of bacterial suspension
in microtitre plates to a total volume of 200 pl/well.
Fractionation and inactivation of haemolymph

Haemocyte-free Bombyx mori haemolymph was prepared by
centrifugation at 6000 RPM for 10 min using a Microspin 12
(BioSan, Latvia). Heat inactivated haemocyte-free haemolymph
was prepared by raising the temperature of freshly pooled haemo-
lymph up to 90°C for 5 min using a block heater SBH130D (Stu-
art, UK). Plasma was obtained by centrifugation of inactivated
haemolymph at 6000 RPM for 10 min using a Microspin 12.

Induction of antimicrobial peptides

Proleg of a B. mori larva was pricked with a needle previously
dipped in sterile insect saline or bacterial suspension (E. coli or P,
luminescens). Untreated larvae were used as a control. After five
hours of incubation haemolymph was collected for measuring an-
tibacterial activity as described above.

RESULTS

Dose dependence of antimicrobial activity

The antibacterial activity of insect haemolymph against
Gram negative bacteria recorded in the bioluminescence
assay was very high. The dose dependence of the anti-
bacterial activity was revealed by using different concen-
trations of B. mori haemolymph (Fig. 1). We observed a
significant decrease in the bioluminescence signal using
samples mixed with B. mori haemolymph over a period
of one hour. Concentrations of haemolymph ranging from
0.5% to 6% were tested against both E. coli (Fig. 1a) and
P. luminescens (Fig. 1b). In subsequent experiments, the
optimal dilution used was 1% haemolymph, a volume that
it is possible to obtain from small insect larvae, such as
those of G. mellonella, which can suppress approximately
40-70% of the bacteria in 30 min (Fig. 2).
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Fig. 1. Dependence of the bioluminence/antibacterial activity
on the concentration of B. mori haemolymph recorded against
bioluminescent E. coli (a) and P. luminescens (b) at 30°C. Biolu-
minescence of untreated bacteria (control; 3 x 10° bacterial cells
per well) and after exposure to B. mori haemolymph (0.5-6%) is
expressed on logarithmic scale in counts per second (CPS).

Bioluminescent signal corresponds to bacterial
viability

To confirm that the bioluminescence signal corresponds
to bacterial viability, 1% haemolymph was used in both
the luminometric and CFU counting experiments. Bacte-
rial suspension from bioluminescent assay was inoculated
on to agar plates 0, 30 or 60 min after mixing with 1%
haemolymph. Compared to the untreated bacterial suspen-
sions that produce maximal bioluminescence and maxi-
mum CFU both E. coli and P. luminescens suspensions
mixed with haemolymph produced less bioluminescence
and CFU. For both E. coli and P. luminescens the three
independent measurements were performed with no statis-
tical difference between plating and luminometry (Fig. 3).

Is the antimicrobial activity measured of humoral
origin?

To determine the source of antibacterial activity we
compared the antimicrobial effect of fresh haemolymph
with that of haemocyte-free haemolymph, haemolymph
stored at —80°C for 2 h and heat inactivated haemolymph
plasma; all at a final concentration 1%. The antibacte-
rial activity of fresh haemolymph was similar to that of
haemocyte-free and freeze-melted haemolymph. Biolumi-
nescence signal differed insignificantly (<5%) in measure-
ments using E. coli (Fig. 4a) and (<3% ) P. luminescens
(Fig. 4b) in all three haemolymph samples, which indicates
that the antibacterial activity measured was due to humoral
factors active against these Gram negative bacteria. This
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Fig. 2. Antibacterial activity of 1% B. mori haemolymph re-
corded against E. coli (a) and P. luminescens (b) at 30°C ex-
pressed as a decline in bioluminescence expressed in counts per
second (CPS). Each well contained 3 x 10° bacterial cells.

was confirmed by mixing bacterial suspensions with heat
inactivated haemolymph plasma, which resulted in no anti-
microbial activity (due to lack of any functional antimicro-
bial proteins). Moreover, inactivated haemolymph plasma
can serve as a source of nutrition for the bacteria, which
resulted in the bioluminescence signal of bacterial suspen-
sions mixed with inactivated haemolymph plasma being
even greater than that produced by the untreated control
suspension. Recorded bioluminescence was approximately
40% higher for the E. coli (Fig. 4a) and 15% for the P,
luminescens (Fig. 4b) suspensions mixed with 1% inacti-
vated cell-free haemolymph plasma.

Measured antibacterial activity is mediated by
inducible factors

To ensure that our assay is suitable for evaluating an-
tibacterial activity in all insects we carried out similar
experiments to those cited above using haemolymph of
G. mellonella, a widely used Lepidopteran model organ-
ism. As recorded for B. mori, 1% haemolymph from G.
mellonella had a strong antibacterial activity against both
E. coli and P. luminescens, resulted in an approximately
40-70% decrease in the bacterial bioluminescence signal
within 30 min.

Measured antibacterial activity is mediated by
inducible factors

Use of haemolymph from untreated insects indicated
that our method of assessing antibacterial activity works
and helped to elucidate the mechanisms that might operate
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Fig. 3. Decrease in bacterial viability recorded in bacterial
suspensions mixed with 1% haemolymph compared to untreat-
ed bacterial suspension (30°C, 3 x 10° bacterial cells per well).
Changes in viability of E. coli (a) or P. luminescens (b) were
measured using the bioluminescent assay and CFU counting.
Results are expressed as differences in survival of untreated and
haemolymph-treated bacterial suspensions in percentages + SD.

against Gram negative bacteria. To highlight the practical
use of the assay, untreated larvae were compared to larvae
pricked with a bacterial suspension to induce antibacterial
activity prior to the bioluminescent assay. B. mori larvae
infected with E. coli or P. luminescens showed a higher an-
tibacterial activity five hours after infection. The increase
in antibacterial activity was reflected in decreased E. coli
bioluminescence, which was significantly different from
that of the untreated control and larvae injected with insect
saline (46% decline in bioluminescence in 30 min). Insects
treated with bacterial suspensions had a stronger antibacte-
rial response, 31% and 18%, respectively, for E. coli and P.
luminescens, after 30 min, than larvae treated with insect
saline (Fig. 5).

DISCUSSION AND CONCLUSIONS

In this study we show that bioluminescent bacteria can
be used for determining antibacterial activity of samples
of insect haemolymph. P. luminescens, which is a natural
insect pathogen with a low temperature optimum, would
be an ideal bioluminescent bacterium for analyzing sam-
ples of haemolymph from invertebrates but for the fact it
is difficult to isolate and store, whereas bioluminescent E.
coli seems to be a more suitable system for carrying out an-
tibacterial assays. E. coli emits a greater bioluminescence
signal than P. luminescens, because the original lux genes
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Fig. 4. Antibacterial activity against E. coli (a) and P. lumine-
scens (b) recorded in 1% fresh (A), haemocyte-free (B), freeze-
melted (C) and heat inactivated (D) haemolymph of B. mori ex-
pressed as the decline in bioluminescence in counts per second
(CPS). Experiment was performed at 30°C with 3 x 10° bacterial
cells per well.

are located on a chromosome in P. luminescens whereas in
E. coli they are present in multicopy plasmids (Atosuo et
al., 2013).

The bioluminescence measurements are expressed in
terms of CPS, which are dependent on bacterial growth and
viability. Even when the same methods of preparation are
used bioluminescence can differ among individual stocks
of bacteria, thus the absolute values of CPS could have dif-
fered slightly between replicates in our experiments, but
the trend in bacterial growth assumed based on the biolu-
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Fig. 5. Influence of septic injury on antibacterial activity against
E. coli of 1% B. mori haemolymph at 30°C. B. mori larvae were
either pricked with a sterile needle (saline, A), needle dipped in a
suspension of E. coli (B) or P. luminescens (C). Decline in biolu-
minescence is expressed in counts per second (CPS). Each well
contained 3 x 10° bacterial cells.



minescence can still be compared, even that recorded in
different sets of experiments.

The decrease in bacterial viability recorded using our
assay was very rapid and occurred within 20 min after
mixing the bacteria with the haemolymph. Fast responses
similar to this are most likely to be mediated by constitu-
tively present immune factors rather than inducible effec-
tors, which are thought to be the primary protection against
bacteria within the body of an insect (Haine et al., 2008).
It is thought that most of the bacteria entering the body of
an insect are captured near the wound site and prior to that
we have shown that bacteria can be quickly destroyed, e.g.,
by entrapment of the bacteria in a clot (Wang et al., 2010).
In our assay we used haemolymph samples treated with
PTU, which acts as anticoagulant and inhibits the activa-
tion of the phenoloxidase system, but we did not record
any changes in bacterial survival when coagulation was
inhibited.

Futhermore, the minor role of haemocytes in the anti-
bacterial response measured by our method was confirmed
by comparing the result for whole heamolymph with that
of haemocyte-free samples from which immune cells were
eliminated by centrifugation, freeze-melting or even by
overall inactivation. When centrifuged or freeze-melted
haemolymph was used the same decrease in bacterial vi-
ability was recorded as when whole haemolymph and inac-
tivated haemolypmh plasma were used as indicated by the
increase in the bioluminescence signal. We suppose that
haemocyte-free and inactivated haemolymh plasma pro-
vided nutrition for bacterial growth. All these facts demon-
strate that the antibacterial activity measured is of humoral
origin. Insects do not have a complement system acting
against Gram negative bacteria as in vertebrates and thus
it is most likely that AMPs are responsible for the bacteri-
cidal effect. Most of the AMPs detectable in haemolymph
upon microbial infection are produced within a few hours
by the fat body, but haemocytes and other specific tissues
also produce AMPs and secrete them into the haemolymph
(Lemaitre & Hoffmann, 2007). Apart from the induced
synthesis of AMPs there is also a constitutive level of
AMPs present in haemolymph. Using the bioluminescence
assay we were able to measure the total antibacterial activ-
ity of haemolymph against Gram negative bacteria, which
is likely to involve synergistic activities of several different
AMPs belonging to several peptide groups.

In B. mori five families of AMPs are described, mostly
consisting of several forms of related peptides; namely lin-
ear o-helical cecropins and moricins (Kaneko et al., 2007;
Hara & Yamakawa, 1995b), cysteine-rich peptides (Kane-
ko et al., 2008), proline-rich lebocins (Hara & Yamakawa,
1995a) and glycine-rich attacins and gloverins (Sugiyama
et al., 1995; Kaneko et al., 2007). G. mellonella is also
known to produce several different AMPs, including lin-
ear a-helical cecropins and moricin-like peptides (Kim et
al., 2004; Brown et al., 2009), cysteine-rich defensins such
as galiomicin and gallerimycin (Schuhmann et al., 2003;
Lee et al., 2004), proline-rich peptides (Mak et al., 2001),
anionic peptide 1 and 2 (Cytrynska et al., 2007) and the

glycine-rich peptide gloverin (Seitz et al., 2003). Futher-
more, some proteins, including apolipophorin 11, gallysin
and inducible inhibitors of metalloproteinases are consid-
ered to have a role in antimicrobial protection (Wojda et
al., 2009). Members of the cecropin, moricin, attacin and
lebocin peptide family are active against Gram negative
bacteria and also have synergic functional relationship
with other AMPs specific for Gram positive bacteria and
even the fungi infecting both B. mori and G. mellonella.

It is known that bacterial cells became more suscepti-
ble to AMPs in the presence of lysozyme and there is a
synergistic action with cecropin B, attacin and defensin
against £. coli (Engstrom et al., 1984; Chalk et al., 1994).
We did not record any changes in antibacterial activity af-
ter treatment of haemolymph with the SDS, which inhibits
lysozyme activity. Moreover, recombinant £. coli was not
killed by pure lysozyme (unpubl. data) indicating that it
has an insignificant role in the antibacterial activity record-
ed by our assay.

Eleftherianos et al. (2006) show that previous infection
with non-pathogenic bacteria (E. coli) causes a subsequent
enhancement of the immunity to infection of insects by P,
luminescens. Our results confirmed that the bactericidal ef-
fect of insect haemolymph exposed to both E. coli and P,
luminescens is significantly greater than the antibacterial
activity of the haemolymph of larvae after aseptic injury.

In summary, we feel that the bioluminescence assay pro-
posed can be used as a innovative, fast, cheap and real-
time method for assessing haemolymph antibacterial ac-
tivity similar to the determination of complement activity
in vertebrates, such as that in fish serum (Buchtikova et
al., 2011). Other methods used for this, such as counting
CFUs, optical density measurements, zone diffusion as-
says, protein electrophoresis, HPLC and others are more
time consuming, more difficult to prepare and need large
samples for determining the level of antibacterial activity.
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