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Staphylococcus microbes in the
bovine skin microbiome attract
blood-feeding stable flies

Saif A. Nayani *, Sanam Meraj , Emerson Mohr,
Regine Gries, Emma Kovacs , Anand Devireddy
and Gerhard Gries

Department of Biological Sciences, Simon Fraser University, Burnaby, BC, Canada
The human skin microbiome reportedly contributes to the attraction of

mosquitoes to human hosts. We tested the hypothesis that bovine skin

microbes affect the attraction of blood-feeding stable flies, Stomoxys

calcitrans, to their bovine hosts. Microbes were collected from a calf and adult

cow, and subsequently isolated and identified by mass spectrometry and genetic

sequencing. Separate groups of (i) four Staphylococcus congeners (S.

chromogenes, S. sciuri, S. simulans, S. succinus) and (ii) three bacterial

heterogeners (Glutamicibacter protophormiae, Corynebacterium stationis,

Wautersiella sp.) grown on agar, each attracted flies in still-air olfactometers,

as did each Staphylococcus congener singly. The four Staphylococcusmicrobes

also attracted flies in room bioassays. In greenhouse bioassays with paired black

barrels as visual (surrogate host) stimuli, the treatment barrel baited with S. sciuri

on agar induced significantly more fly alighting responses than the control barrel

with sterile agar. This treatment effect could not be demonstrated on a cattle

farm, possibly because of chemically and visually complex surroundings.

Ammonia emitted by Staphylococcus microbes attracted flies, and a synthetic

blend of microbe odorants enhanced the attractiveness of ammonia. Optimal

attraction of stable flies to bovine microbes likely requires the integration of

multimodal host cues.

KEYWORDS
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1 Introduction

To locate vertebrate hosts, hematophagous insects exploit multiple host cues (Marzal

et al., 2022), including carbon dioxide (CO2) (Takken, 1991; Anderson et al., 2009; Milne

et al., 2009; Indacochea et al., 2017), breath volatiles (Warnes and Finlayson, 1985), body-

derived odor (Ortiz and Molina, 2010), moisture and heat (Cribellier et al., 2020), infrared

(IR) radiation (Schmitz et al., 2000), as well as visual cues such polarized light reflections

from dark-coloured fur (Horvath et al., 2017; Meglic et al., 2019). The relative importance
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of host cues depends on the insect taxon and the spatial scale. For

stable flies, Stomoxys calcitrans, visual host cues seem particularly

important (Murchie et al., 2018; Onju et al., 2020; Sharif et al., 2020;

Blake et al., 2023), and are likely sensed over a long range. For

mosquitoes, host cues such as body heat, skin odor and moisture are

most important at close to intermediate ranges (Marzal et al., 2022).

Female mosquitoes respond to host chemical and physical cues in

sequential and interactive processes. Exhaled in the breath of a

potential host, CO2 context-specifically elicits host-seeking behavior

(Gillies, 1980), induces upwind flight toward the CO2 source (Healy

and Copland, 1995), and enhances attraction to warmth (Liu and

Vosshall, 2019). In addition to exhaled CO2 and breath volatiles,

odorants emanating from bacteria on human skin guide host-

foraging mosquitoes (Showering et al., 2022).

The common human skin bacteria Staphylococcus epidermidis,

Corynebacterium minutissimum, and Bacillus subtilis emit odorants

that attract Anopheles gambiae mosquitoes (Verhulst et al., 2010).

Skin microbiota differ among humans and thus affect their relative

attractiveness to mosquitoes (Showering et al., 2022). Humans most

attractive to A. gambiae have high densities of skin microbes and

great abundance of Staphylococcus spp., suggesting that

Staphylococcus spp. contribute to the attractiveness of humans to

mosquitoes (Verhulst et al., 2011). As microbes produce species- or

strain-specific odor blends (Green et al., 2014; Peach et al., 2021), it

follows that the species composition of skin microbiomes also

affects its odor profile and thus the attractiveness of humans to

host-seeking insects. With the human skin microbiome known to

affect mosquito attraction and host recognition (Verhulst et al.,

2011), it is conceivable that the skin microbiomes of other

vertebrates, such as cattle (Zinicola et al., 2015a), may also affect

their attractiveness to blood-feeding insects including stable flies,

which are major pests of cattle in livestock production industries.

Repeated biting by flies reduces weight gain and milk production

(Bruce and Decker, 1958; Campbell et al., 1977; Campbell et al.,

2001), causing billions of dollars in economic losses per year (Taylor

et al., 2012).

Skin microbiota of cattle have been extensively investigated

(Winther et al., 2022), particularly within the context of bacterial

infections that cause diseases such as mastitis (Andrews et al., 2019;

De Buck et al., 2021) and bovine digital dermatitis (Zinicola et al.,

2015a; Zinicola et al., 2015b; Nielsen et al., 2016; Espiritu et al.,

2020; Caddey and De Buck, 2021; Caddey et al., 2021). Bacteria and

their volatile odorant and gas emissions have also been shown to

attract stable flies to oviposition sites and to induce oviposition

(Romero et al., 2006; Albuquerque and Zurek, 2014; Scully et al.,

2017). However, whether cattle skin microbes attract stables flies to

their cattle hosts has not yet been investigated.

Here, we tested the hypothesis that skin-dwelling microbes of

cattle contribute to the attraction of stable flies to cattle hosts. To

this end, we (1) identified skin-dwelling microbes of cattle,

(2) tested select microbes for their attractiveness to flies, and

(3) investigated mechanisms underlying the attraction of flies to

bioactive microbes.
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2 Material and methods

2.1 Rearing of experimental flies

Flies were housed in a hyperbolic growth chamber

(BioChambers Inc., Winnipeg, MB, CA) on the Burnaby campus

of Simon Fraser University. They were fed citrated bovine blood

twice a day and provided cloth oviposition sites at least 3 times per

week. Eggs were transferred to a larval rearing medium, containing

wood chips (200 g; Hyon Bedding, Prince George, BC, CA), wheat

bran (500 g; Rogers Foods, Armstrong, BC, CA), staple fish food

(115 g; Nutrafin, Montreal, QC, CA), and a solution of ammonium

bicarbonate (50 g) dissolved in 1600–2000 mL of water (Friesen

et al., 2018). Reared flies were separated by sex based on

morphological and sex-specific characteristics, with males having

a visually larger dark spot at the base of their abdomen than females,

and females protruding their ovipositor when abdomens are gently

squeezed with a pair of forceps. Only female flies, 7–11 days old,

were tested in laboratory bioassays because females – proportionally

– responded better than males in pre-screening bioassays.
2.2 Identification of microbes on cattle skin

2.2.1 Collection and isolation of microbes
Microbes were collected from a live cow calf (with consent and

in the presence of the animal’s owner), and from the hide of a

recently slaughtered adult cow. Samples were obtained from a front

leg, back leg, and the back of both the live calf and the cow hide,

because these areas are most frequented by stable flies. For microbe

collections, cotton swabs (Puritan, Guilford, ME, USA) were dipped

in sterile distilled water and then were firmly rubbed for 30 s against

an approximately 6.5-cm2 patch of cow skin/hide before being

streaked for 30 s over the entire surface of Mueller Hinton, Yeast

Extract, or Potato Dextrose agars in separate Petri dishes (d = 8.5

cm). These different agar types were meant to enable growth of as

many bacterial species as possible. One sample was obtained from

each body region per agar type, yielding nine samples each from the

live calf and the cow hide. Morphologically distinct microbes

growing on agar were isolated by continuous re-streaking. All

microbial work was done in a biosafety cabinet (BSC; NUAIRE

Biological Safety Cabinets, Class II type A2) using aseptic

techniques. Microbe stock-samples were kept at −80°C in a

solution of glycerol, distilled water, and liquid microbe

culture (1:1:2).

2.2.2 Identification of microbes
Isolated microbes were identified using either Matrix Assisted

Laser Desorption/Ionization Time of Flight Mass Spectrometry

(MALDI-TOF MS) or genetic sequencing.

MALDI-TOF MS (Bruker Corp., Billerica, MA, USA) (Jimenez

et al., 2017) was conducted using an extended Direct Transfer

method. For each bacterial strain, two preparations were processed.
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Briefly, after growing unknown bacteria on agar overnight, single

colonies were transferred to a well on a MALDI plate via a sterile

toothpick, producing a heavy smear on the well. The same

toothpick was then used to produce a lighter smear on the next

well. Subsequently, 1 µL of 70% formic acid was applied to all

microbe-treated wells and allowed to evaporate. Finally, each well

received 1 µL of 2-cyano-3-(4-hydroxyphenyl) acrylic acid (HCCA

matrix). After wells had dried, MALDI Biotyper measurements

were taken. We used a Bruker bacterial test standard (Bruker Corp.)

for calibration in accordance with manufacturer instructions. We

analyzed all spectra using Biotyper software (Bruker Corp.). This

Biotyper software calculates an arbitrary score for each sample

between 0 and 3 by comparing sample mass spectra to reference

mass spectra; we accepted species assignments at scores of >2.0 in

accordance with the manufacturer’s recommended protocol.

In preparation for genetic sequencing of distinct bacterial

colonies, Kodaq PCR Master Mix (Applied Biological Materials,

Richmond, BC, CA) was used to amplify the V3-V4 loop of the 16S

rRNA gene with the Universal Forward Primer (UniF) – 5’-

CCTACGGGRBGCASCAG-3’ and the Universal Reverse Primer

(UniR) – 5’-GGACTACNNGGGTATCTAAT-3’ (Takai and

Horikoshi, 2000) by Polymerase Chain Reactions (PCR). Briefly,

for a single colony of any unknown bacterium, a PCR mix (25 µL)

was prepared using (i) 12.5 µL of Kodaq PCR Master Mix, (ii) 1 µL

of UniF, (iii) 1 µL of UniR, and (iv) 10.5 µL of molecular grade

water. The mix was then deposited in a PCR strip tube and a single

colony of the unknown bacterium was added. A PTC-200 Peltier

Thermal Cycler (MJ Research, Saint-Bruno-de-Montarville, QC,

CA) was deployed to run PCR cycles on all samples. The program

was set to 94°C for 2 min, followed by thirty 30-s cycles each at 94°

C, 55°C, and 72°C, and a final extension step at 72°C for 5 min.

The presence of the expected band size at 466 base pairs (bps)

and the success of the PCR amplification was checked on a 0.7%

agarose gel with a 1 kb Plus Opti DNA Marker (ladder) (Applied

Biological Materials). PCR amplicons were pooled and

concentrated using the QIAquick Gel Extraction Kit and the QIA

PCR & Gel Cleanup Kit (Qiagen, Venlo, NL). Amplicons were

sequenced (Genewiz, South Plainfield, NJ, USA) and the Basic Local

Alignment Search Tool (BLAST) (Altschul et al., 1990) was used to

compare the sequenced region of individual isolates with known

sequences. A species or genus was determined to be a match, if there

was at least 95% coverage and 99% identity between a known

sequence and the sequenced isolate.
2.3 Testing of select microbes for their
attractiveness to flies

2.3.1 Still-air olfactometer bioassays – general
experimental design

Bioassays were run in still-air olfactometers, each with a central

and two lateral chambers (Figure 1A), where treatment and control

stimuli were placed. For each experimental replicate, 20 female flies

that had been blood- and water-deprived for 24 h were released into

the central chamber from which they could enter, but not exit,

lateral chambers through mesh funnels. Experimental replicates
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were terminated and scored after 24 h by placing olfactometers in a

freezer (−15°C) and counting the cold-euthanized flies in

each chamber.

2.3.2 Still-air olfactometer bioassays – specific
experiments (Exps. 1–12)

Of the 38 microbes collected from cattle skin and identified to

genus and/or species (see Results; Table 1), those previously

reported on vertebrate skin were tested for their attractiveness to

stable flies. These microbes included four Staphylococcus congeners

[S. sciuri, S. succinus, S. simulans, S. chromogenes (Group 1)] and

three he terogeners [Glutamic ibac ter pro tophormiae ,

Corynebacterium stationis, Wautersiella sp. (Group 2)]. For

Experiment 1 (n = 12) (Table 2), each of the four Group-1

Staphylococcus species was grown overnight on agar in a petri

dish (d = 8.5 cm), and then one quarter slice of the agar from each

species was placed in a new sterile petri dish serving as the

treatment stimulus, whereas four slices of sterile agar served as

the control stimulus. Agar was sliced, and slices were transferred,

using sterile (autoclaved) popsicle sticks. Test stimuli involving Risk

Group 2 microbes (Government of Canada) were prepared either

near a flame or in a biosafety cabinet. For Experiment 2 (n = 12), the

same procedure was applied with the three Group-2 microbes

except that only three quarter slices were used for the treatment

stimulus and three corresponding sterile slices for the

control stimulus.

Drawing on results that treatment stimuli in both experiments 1

and 2 attracted significantly more flies than corresponding control

stimuli (see Results; 3.2.1), but that Group-1 microbes seemed more

attractive (mean treatment to control response ratios: Group 1: 9.5

to 1; Group 2: 4.4 to 1), follow-up experiments were designed to

determine the key microbe(s) in Group 1 that mediated attraction

of flies. To this end, parallel experiments 3–7 (n = 10 each) tested all

four Group-1 microbes (Exp. 3; positive control), and Group-1

microbes without S. chromogenes (Exp. 4), S. sciuri (Exp. 5), S.

simulans (Exp. 6), or S. succinus (Exp. 7), all versus sterile agar

controls. With evidence that the deletion of any one Staphylococcus

species from Group 1 did not reduce the Group’s attractiveness (see

Results; 3.2.1), experiments 8–12 (n = 10 each) then tested the four

Group-1 Staphylococcus microbes in combination (Exp. 8; positive

control) and singly (Exps. 9–12), again all versus sterile

agar controls.

2.3.3 Room bioassay (Exp. 13)
To determine whether Group-1 Staphylococcusmicrobes attract

stable flies not only in small scale olfactometers but also over a long

range, experiment 13 (n = 20) was set up in a laboratory room (230

× 230 × 225 cm high), with the treatment stimulus (one quarter agar

slice of each of the four Staphylococcus microbes) and the control

stimulus (sterile agar) prepared as described for experiment 1 (see

2.3.2). The room was kept at a temperature of approximately 26°C

and lit by a combination of plant illumination lights (Standard

Products Inc., Saint-Laurent, QC, CA) and day lights (Philips,

Amsterdam, NL), set to maintain a photoperiod of 15 h L: 9 h D.

The treatment and control plates were then placed on the room

floor and surrounded by vertical black cardstock cylinders (9.5 × 28
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cm high) (Figure 1B), which were coated on the inside with adhesive

Tanglefoot® (Tanglefoot, Marysville, USA). For each experimental

replicate, 20 flies were released into the room, and fly captures in the

cardboard cylinder traps were recorded 24 h later.

2.3.4 Greenhouse bioassay (Exp. 14)
To test whether a Group-1microbe affects the responses offlies not

only in a room setting (see Results; 3.2.2) but also on an even larger

scale, experiment 14 (n = 10) was set up in a greenhouse compartment

(600 × 600 × 360 cm high) on the Burnaby campus of Simon Fraser

University. Staphylococcus sciuri was selected for greenhouse bioassays,

and subsequent field bioassays (see below), because it was as attractive

as either one, and all four, of the Group-1 microbes (see Results; 3.2.1),

and because it was the safest microbe (Risk Group 1 microbe;

Government of Canada) for deployment in large-scale settings, being

deemed unlikely to cause human or animal diseases.
Frontiers in Ecology and Evolution 04
In the greenhouse bioassay, the paired test stimuli consisted of

barrels (38 × 64 cm high) covered in black cloth and placed on

metal platforms 71 cm above ground, and 200 cm apart from each

other (Figure 1C). In each replicate, three agar plates were secured

with double-sided tape to each platform, with two plates at the front

and one plate at the back of the barrels’ curved surface. Treatment

and control plates were covered in S. sciuri (grown overnight) and

kept sterile, respectively. To record alighting by flies on barrels and

agar plates, video cameras (Akaso, Frederick, MD, USA) were

mounted on stands 83 cm above ground and 100 cm away from

both the front and the back of each barrel. To initiate a bioassay

replicate, the cameras were turned on, and 100 blood- and water-

deprived female flies were released into the compartment, 300 cm

away from treatment and control stimuli. Ten minutes later, video

recordings were stopped and flies were sweep-netted and released

outside. Videos were subsequently examined to determine the
B

C D

E F

A

FIGURE 1

Graphic and photographic illustrations of experimental designs. (A) Three-chamber still-air olfactometer with one central (1) and two lateral
chambers (2). Flies were released from a petri dish (3) and entered lateral chambers via mesh funnels (4) in response to treatment or control stimuli
(5a, 5b). Treatment stimuli consisted of agar slices inoculated, or not (control), with various bacteria (Exps. 1–12; Table 2). (B) Trap design and
placement in a bioassay room (225 × 230 × 230 cm). Flies were released from a petri dish (3) and captured on cardstock cylinders with an adhesive-
coated inner surface (6). The treatment stimulus (7a) consisted of four agar slices each inoculated with Staphylococcus chromogenes, S. sciuri, S.
simulans or S. succinus, whereas the control stimulus (7b) consisted of corresponding sterile agar slices (Exp. 13). (C) Experimental design employed
in a greenhouse compartment (600 × 600 × 360 cm). Alightings of flies on paired black barrels (8) residing on metal stands (9) were recorded by
four cameras (10; two shown) mounted on laboratory stands (11). Barrels were baited with three agar plates inoculated, or not (control), with S. sciuri
(12a, 12b) (Exp. 14), with two and one plate, respectively, secured at the barrels’ curved front and back sides. (D) Experimental design in a field
setting. Treatment stimuli consisted of agar plates (12, 4, 2 or 1) inoculated, or not (control), with S. sciuri (Exps. 15–18). (E) Three-chambered still-air
olfactometer, with test stimuli consisting of a jar filled three-quarters with water (13) in which a black cloth (14) was submerged, secured with a
rubber band, and wrapped around the jar top carrying an inverted bottle cap (15a, 15b) filled with a treatment or a control stimulus (Exps. 19–21;
Table 2). In experiments 22-24, both bottle caps (15a, 15b) contained the same stimulus (see Table 2), and both lateral chambers were fitted with
three vials containing mineral oil, with treatment vials (16a), but not control vials (16b), releasing a synthetic Staphylococcus volatile blend (Table S1).
(F) Trap design and placement as in subpanel (B) with test stimuli similar to those in subpanel (E) except that a synthetic S. sciuri volatile blend was
tested (Table 2, Exp. 23; Table S1).
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number of times flies landed on each of the two barrels over the

bioassay period.

2.3.5 Field bioassays (Exps. 15–18)
With evidence that S. sciuri affected alighting responses by flies

in the greenhouse compartment (see Results; 3.2.3), experiments

15–18 (n = 10 each) then tested the effect of S. sciuri on fly attraction

at a livestock farm (Eagle Acres Dairy; Langley, BC, CA). A near-

identical experimental design (Figure 1D) as in the greenhouse

experiment was used, except that the platform of each paired barrel

was fitted with 12 plates (Exp. 15), 4 plates (Exp. 16), 2 plates (Exp.

17), and 1 plate (Exp. 18). Barrels were placed approximately

300 cm away from the barn in all experiments. Experimental

replicates were terminated after 5 min, and positions of treatment

and control barrels were alternated between replicates.
2.4 Investigation of mechanisms underlying
attraction of flies to Staphylococcus spp.

2.4.1 Evidence for ammonia emission from
Staphylococcus microbes

Having shown that ammonia serves as an oviposition resource

cue to stable flies (Nayani et al., unpubl.), here we tested whether
Frontiers in Ecology and Evolution 05
ammonia also functions as a host-foraging cue for flies. To this end,

we tested whether Staphylococcus microbes collected from cattle

skin emit ammonia, and whether ammonia attracts host-foraging

flies in bioassays. To test for ammonia emission, we grew microbes

on agar overnight and measured ammonia emission, using a

MultiRAE Wireless Portable Six-Gas Monitor (Honeywell,

Charlotte, NC, USA). Three plates of each microbe were grown

for measurement of gas emissions. Measurements were taken by

placing the probe of the gas meter 0.5–1.0 cm above an agar plate,

waiting 1 min for readings to stabilize, and then recording the ppm

of ammonia. Between replicates, the gas meter was kept in regular

laboratory air for 1 min, thus allowing readings to return to baseline

ammonia levels in the atmosphere.

2.4.2 Ammonia bioassays in still-air
olfactometers (Exps. 19–21)

With evidence that microbes attractive to flies emit ammonia

(see Results; Table 3), parallel still-air olfactometer experiments 19–

21 (n = 20 each) then tested whether ammonia on its own is

attractive to host-foraging flies. For both the treatment and the

control stimulus in these experiments, sodium chloride solutions

(50 g NaCl in 50 mL water) were prepared, with treatment solutions

also containing ammonium bicarbonate (NH4HCO3) at 0.1 g (Exp.

19), 1 g (Exp. 20), or 10 g (Exp. 21). Aliquots (3 mL) of treatment

solutions were pipetted into inverted bottle caps (2.5 × 1 cm; total

volume: 4.9 mL), and ammonia ppm for each NH4HCO3 dose

(0.1 g, 1.0 g or 10 g in 50 mL water) was measured 0.5 cm above the

liquid surface. The mean ammonia ppm measured at 0.1 g, 1.0 g,

and 10 g in seven replicates each was 0.42 ppm, 5.6 ppm, and

>25 ppm (sensor overload), respectively, well within the ppm range

of Staphylococcus microbes growing on agar (Table 3). Carbon

dioxide ppm was not measured.

Aliquots (2.5 mL) of treatment and control solutions were

transferred to inverted bottle caps (see above), placed on jars (5.5

× 7 cm; total volume = 166 mL) filled two-thirds with water, and

covered with a piece of wet black cloth (Figure 1E) (Nayani et al.,

unpubl.; Friesen et al., 2018). After treatment and control jars were

randomly assigned to the lateral chambers of olfactometers,

experimental replicates were initiated by releasing 20 blood- and

water-deprived female flies into the central chamber of

olfactometers, allowing them to enter, but not to exit, lateral

chambers through mesh funnels. Replicates were terminated 24 h

later by counting the number of flies in lateral treatment and

control chambers.
2.4.3 Collection of microbe-derived
headspace volatiles

Headspace volatiles were collected from the four strains of

Staphylococcus bacteria that elicited significant behavioral

responses from flies in olfactometer experiments. To this end, 10

agar plates were plated with a microbe of interest and incubated

overnight. These plates, with open lids, were then placed into a glass

chamber (diameter = 19 cm, height = 29.5 cm) connected to a

vacuum pump (Neptune Dyna-pump). Charcoal-filtered air was
TABLE 1 List of microbes isolated from the skin of a live calf and/or the
hide of a recently slaughtered adult cow and identified to the genus
and/or species level.

Species Species

Acinetobacter baumanni Klebsiella aerogenes

Acinetobacter gerneri Klebsiella pneumonia

Acinetobacter johnsonii Kurthia gibsonii

Acinetobacter proteolyticus Kurthia populi

Acinetobacter sp. Lampropedia aestuarii

Acinetobacter variabilis Pantoea agglomerans

Alcaligenes faecalis Proteus mirabilis

Bacillus pumilis Pseudochrobactrum asaccharolyticum

Bacillus subtilis Pseudomonas aeruginosa

Burkholderia multivorans Serratia marcescens

Candida catenulata Staphylococcus chromogenes

Citrobacter koseri Staphylococcus sciuri

Corynebacterium glutamicum Staphylococcus simulans

Corynebacterium stationis Staphylococcus succinus

Enterobacter cloacae Stenotrophomonas maltophilia

Enterobacter hormaechei Stenotrophomonas pavanii

Enterobacter kobei Stenotrophomonas sp.

Escherichia coli Wautersiella sp.

Glutamicibacter protophormiae Wickerhamomyces anomalus
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drawn at a flow rate of 1 L · min−1 for 24 h through the chamber and

subsequently through a glass column (6 mm outer diameter ×

150 mm) containing 200 mg of manufacturer-preconditioned

Porapak-Q™ adsorbent (50–80 mesh; Waters Associates, Milford,
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MA, USA). Volatiles were desorbed from Porapak-Q with one rinse

of pentane and ether (1:1; 2 mL), and volatile extracts were

concentrated to 0.5 mL and kept at 4°C prior to analyses. All

glassware was cleaned with Sparkleen (Thermo Fisher Scientific,
TABLE 2 Summary of experiments (Exp.) and number of replicates (n) run, numbers of flies tested per replicate (flies/n), the bioassay scale (still-air 2-
choice olfactometer, room, greenhouse, field; see Figure 1), and the stimuli tested.

Exp. # (n) Flies/n Bioassay scale Stimulus 1 Stimulus 2

Testing of select microbes for their attractiveness to flies

1 (12) 20 Olfactometer1 Agar control Staphylococcus congeners (Group 1)5

2 (12) 20 Olfactometer1 Agar control Microbe heterogeners (Group 2)6

3 (10) 20 Olfactometer1 Agar control Group 1

4 (10) 20 Olfactometer1 Agar control Group 1 minus S. chromogenes

5 (10) 20 Olfactometer1 Agar control Group 1 minus S. scirui

6 (10) 20 Olfactometer1 Agar control Group 1 minus S. simulans

7 (10) 20 Olfactometer1 Agar control Group 1 minus S. succinus

8 (10) 20 Olfactometer1 Agar control Group 1

9 (10) 20 Olfactometer1 Agar control S. chromogenes

10 (10) 20 Olfactometer1 Agar control S. sciuri

11 (10) 20 Olfactometer1 Agar control S. simulans

12 (10) 20 Olfactometer1 Agar control S. succinus

13 (20) 20 Room2 Agar control Group 1

14 (10) 100 Greenhouse3,4 Agar control (×3) S. sciuri (×3)

15 (10) N/A Field4 Agar control (×12) S. sciuri (×12)

16 (10) N/A Field4 Agar control (×4) S. sciuri (×4)

17 (10) N/A Field4 Agar control (×2) S. sciuri (×2)

18 (10) N/A Field4 Agar control (×1) S. sciuri (×1)

Investigation of mechanisms underlying attraction of flies to Staphylococcus spp.

19 (20) 10 Olfactometer NaCl solution7 NaCl solution7 & 0.1 g NH4HCO3

20 (20) 10 Olfactometer NaCl solution7 NaCl solution7 & 1 g NH4HCO3

21 (20) 10 Olfactometer NaCl solution7 NaCl solution7 & 10 g NH4HCO3

22 (12) 20 Olfactometer NaCl & NH4HCO3 solution
8 & mineral oil NaCl & NH4HCO3 solution

8 &
synthetic Staphylococcus blend9

23 (12) 20 Olfactometer NaCl & NH4HCO3 solution
8 & mineral oil NaCl & NH4HCO3 solution

8 & synthetic
Staphylococcus blend9 (10× dilution)

24 (12) 20 Olfactometer NaCl & NH4HCO3 solution
8 & mineral oil NaCl & NH4HCO3 solution

8 & synthetic
Staphylococcus blend9 (100× dilution)

25 (10) 20 Room NaCl & NH4HCO3 solution
8 & mineral oil NaCl & NH4HCO3 solution

8 & synthetic S.sciuri
blend9
1olfactometer dimension: 46 × 21.5 × 15.5 cm (Figure 1A).
2room dimension: 225 × 230 × 230 cm.
3greenhouse dimension: 600 × 600 × 360 cm (Figure 1C).
4test stimuli were presented with paired black barrels as surrogate host objects.
5Group 1: S. sciuri, S. succinus, S. simulans, S. chromogenes.
6Group 2: Glutamicibacter protophormiae, Corynebacterium stationis, Wautersiella sp.
72.5 mL of NaCl solution (50 g NaCl dissolved in 50 mL water).
82.5 mL of solution prepared by dissolving 50 g NaCl and 0.1 g NH4HCO3 in 50 mL water.
9Table S1.
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MA, U.S.A), rinsed with distilled water, and oven-dried at 130°C

prior to starting a new aeration.

2.4.4 Analyses of microbe headspace volatiles
by GC-MS

Aliquots of Porapak-Q headspace volatile extracts were

analyzed by gas chromatography-mass spectroscopy (GC-MS),

using an Agilent 5977 Series 96MDS coupled to an Agilent 7890B

GC (Agilent Technologies Inc., Santa Clara, CA, USA). The

instrument was operated in full-scan electron ionization mode

and fitted with a DB-5 GC-MS column (30 m × 0.25 mm ID, film

thickness 0.25 µm; Agilent Technologies). The injector port, MS

source, and MS quadrupole were set to 250, 230, and 150°C,

respectively. Helium was used as a carrier gas (35 cm s−1; 5:1 split

ratio), with the following temperature program: 40°C (held 5 min),

10°C · min−1 to 280°C (held 10 min). Compounds were identified by

comparing their mass spectra and retention indices [relative to

aliphatic alkanes (Van Den Dool and Kratz, 1963)] with those of

authentic standards that were purchased or synthesized in our

laboratory (Table 3). Each compound was quantified by

comparing its area count with that of an external standard run at

1, 10 and 100 ng/µL.
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2.4.5 Behavioral experiments with synthetic
microbe headspace volatiles (Exps. 22–25)

With evidence that microbe-derived ammonia attracts flies (see

Results; 3.3.2), and that microbes also emit complex volatile blends

(see Results, Table 3), experiments 22–25 were designed to test

whether blends of synthetic microbial volatiles enhance the

attractiveness of ammonia. Blend 1 consisted of all constituents

common in the headspace of the four bioactive Staphylococcus

species (Table 3, Table S1), whereas blend 2 consisted of all

volatiles emitted by S. sciuri (Table 3, Table S1). Blends 1 and 2

were formulated separately in mineral oil to achieve sustained release

of volatiles during the 24-h experimental period. Sustained release

was tracked through capture and analyses of headspace volatiles

from mineral oil formulations (as described in 2.4.4). Formulations

were adjusted until their headspace blends matched those produced

by bacteria. Both treatment and control stimuli consisted of

ammonium bicarbonate solutions prepared and presented as in

experiment 19 described above (see 2.4.2), whereas treatment

stimuli also presented blend 1 or 2 in mineral oil (Table 3, Table

S1), with plain mineral oil being the corresponding control stimulus.

To address potential effects of 3-dimensional scale on

responses of flies (Nayani et al., unpubl.), experiments 22–24 (n
TABLE 3 List of volatiles identified, and ppm ammonia measured, in the headspace of four Staphylococcus microbes attractive to stable flies.

Compounds (% purity) & ammonia S. chromogenes S. sciuri S. simulans S. succinus

3-methyl-1-butenol (97)1 ✔ ✔

isoamyl alcohol (95)2 ✔ ✔ ✔ ✔

3-methyl-butanoic acid (99)1 ✔ ✔ ✔

2-methyl-butanoic acid (98)1 ✔ ✔ ✔

isoamyl acetate (95)3 ✔ ✔ ✔ ✔

2,5-dimethyl pyrazine (98)1 ✔ ✔ ✔ ✔

3-methylbutyl-2-methylpropionate (99)4 ✔ ✔

trimethyl pyrazine (99)1 ✔ ✔ ✔ ✔

2-isopropyl-5-methyl-pyrazine (95)5 ✔ ✔ ✔ ✔

3-methylbutyl-2-methylbutyrate (95)6 ✔

3-methylbutyl-3-methylbutyrate (95)7 ✔ ✔

2-ethyl-3,5(6)-dimethylpyrazine (99)8,9 ✔ ✔ ✔ ✔

2-phenylethyl acohol (99)10 ✔ ✔ ✔ ✔

benzene acetonitrile (98)1 ✔ ✔

2-phenylethyl-iso-butyrate (95)11 ✔ ✔

ammonia (NH3) 8.0 ± 1.6 ppm 14.3 ± 2.6 ppm 13.0 ± 0.0 ppm 9.3 ± 0.9 ppm
1Sigma-Aldrich.
2Fischer.
3acetylated from the alcohol using acetic anhydride.
4esterified (Neises and Steglich, 1978) from isoamyl alcohol1 and isobutyric acid1.
5synthesized as previously described (Masuda et al., 1981; Mihara and Masuda, 1990).
6esterified (Neises and Steglich, 1978) from isoamyl alcohol1 and 2-methyl butyric acid1.
7esterified (Neises and Steglich, 1978) from isoamyl alcohol1 and 3-methyl butyric acid1.
8Acros.
9composed of 50% 2-ethyl-3,5-dimethylpyrazine and 50% 2-ethyl-3,6-dimethylpyrazine.
10Fluka.
11esterified (Neises and Steglich, 1978) from phenylethyl alcohol1 and isobutyric acid1.
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= 12 each) were run in still-air olfactometers (Figure 1E), and

experiment 25 (n = 10) was run in bioassay rooms (230 cm × 230

cm × 225 cm high) (Figure 1F), using experimental designs and

protocols described in sections 2.3.1 and 2.3.3. As the bioactivity

of synthetic volatile blends can be dose-dependent (Nyasembe

et al., 2012; Wondwosen et al., 2021), we tested the synthetic

“Staphylococcus blend” (Table S1) formulated in mineral oil at

three doses in parallel experiments 22–24: the dose described in

Table S1 (Exp. 22), diluted 10× (Exp. 23), and diluted 100× (Exp.

24). By the time we tested the synthetic “S. sciuri blend” (Table S1)

in experiment 25, we did not know the results of experiments 22–

24 (see Results 3.3.4), which would have prompted us to test the

“S. sciuri blend” at a lower dose. However, re-running the S. sciuri

blend at a lower dose was not possible due to logistic constraints.

2.5 Statistical analyses

Data of all experiments were analyzed with binomial generalized

linear models (BGLMs), using quasibinomial errors to account for

overdispersion (RStudio v4.1.1) (Crawley, 2007; R Studio Team, 2023;

Nayani et al., unpubl.). These analyses compared an intercept-only

model to a null model with a likelihood ratio test to determine whether

the proportions of flies responding to treatment stimuli differed from a

hypothetical 0.5 proportion. To test for differences in proportions

among experiments sharing a common stimulus (Experiments 3–7,

8–12, 19–21 and 22–24), similar generalized linear models with data

from multiple experiments were created. Models with an individual

intercept for each experiment were compared to a model with a single

intercept, again with a likelihood ratio test.When a significant difference

between experiments was observed, the data of these experiments were

compared using a post-hoc Tukey test for honestly significant differences

in proportions of flies attracted to various treatment stimuli (Hothorn

et al., 2008; Nayani et al., 2023). A p-value of < 0.05 was considered

significant in all experiments. Details of all statistical analyses are

reported in “Summary of statistics.xlsx” (Nayani et al., 2023).

3 Results

3.1 Identification of microbes collected
from cattle skin/hide

Thirty-eight microbial species in 22 genera were isolated and

identified (Table 1). These genera included Acinetobacter, Alcaligenes,

Bacillus, Burkholderia, Candida, Citrobacter, Corynebacterium,

Enterobacter, Escherichia, Glutamicibacter, Klebsiella, Kurthia,

Lampropedia, Pantoea, Proteus, Pseudochrobactrum, Pseudomonas,

Serratia, Staphylococcus, Stenotrophomonas, Wautersiella,

and Wickerhamomyces.
3.2 Attractiveness of select microbes
to flies

3.2.1 Still-air olfactometer bioassays (Exps. 1–12)
Proportionally, more stable flies were attracted to Staphylococcus

Group-1 bacteria and to heterogeneric Group-2 bacteria than to
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corresponding sterile agar controls (Figure 2, Exps. 1, 2; p < 0.05

each). As Group-1 microbes seemed more attractive to flies than

Group-2 microbes (mean treatment to control response ratio of flies:

Group 1: 9.5 to 1; Group 2: 4.4 to 1), all follow-up experiments were

designed to determine the key microbe(s) in Group 1 that mediated

fly attraction.

In parallel experiments 3–7 (Figure 3), the four Group-1 microbes

in combination (positive control) attracted, proportionally, more flies

than sterile agar controls (Exp. 3; p < 0.05), as did Group-1 microbes

without S. chromogenes (Exp. 4; p < 0.05), S. sciuri (Exp. 5; p < 0.05), S.

simulans (Exp. 6; p < 0.05), or S. succinus (Exp. 7; p < 0.05). In parallel

experiments 8–12 (Figure 4), the four Group-1 microbes in

combination attracted, proportionally, more flies than sterile agar

controls (Exp. 8; p < 0.05), as did each of the four microbes singly

(Exps. 9–12; p < 0.05 each).

All data combined indicate that single Staphylococcus species

attract stable flies as effectively as all four Staphylococcus species

in combination.

3.2.2 Room bioassay (Exp. 13)
In a large laboratory bioassay room, adhesive-coated cardboard

cylinder traps baited with the four Group-1 Staphylococcus

microbes on agar captured, proportionally, more flies than

cylinder traps baited with sterile agar controls (Figure 5, Exp. 13;

p < 0.05), indicating that microbes affected the responses offlies also

in a large bioassay room setting.

3.2.3 Greenhouse bioassay (Exp. 14)
In a large greenhouse compartment, black barrels baited with S.

sciuri on three agar plates prompted, proportionally, more alighting

responses by flies than the black barrels baited with three sterile agar

control plates (Figure 6, Exp. 14; p < 0.05), indicating that S. sciuri

as a single microbe species modulated the responses of flies in a

large-scale setting.

3.2.4 Field bioassays (Exps. 15–18)
On a cattle farm, black barrels baited with S. sciuri on twelve

agar plates (Exp. 15), four plates (Exp. 16), two plates (Exp. 17), and

on one plate (Exp. 18), all did not prompt proportionally more

alighting responses by flies than black barrels baited with the

corresponding number of sterile agar control plates (Figure 7; p >

0.05 for all experiments).

3.3 Mechanisms underlying fly attraction to
Staphylococcus spp.

3.3.1 Ammonia emission from
Staphylococcus microbes

Each of the four Group-1 Staphylococcus species emitted ammonia,

as follows: S. chromogenes: 8.0 ± 1.6 ppm; S. sciuri: 14.3 ± 2.6 ppm; S.

simulans: 13.0 ± 0.0 ppm; S. succinus: 9.3 ± 0.9 ppm (Table 3).

3.3.2 Effect of ammonia on fly attraction
(Exps. 19–21)

In still-air olfactometers (Figure 1E), all test stimuli containing

ammonium bicarbonate, and thus emitting ammonia, attracted
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proportionately more flies than control stimuli lacking ammonium

bicarbonate (Figure 8; Exps. 19–21; p < 0.05 each). The amount of

ammonium bicarbonate in test stimuli did not affect the

proportional response level of flies (p > 0.05), suggesting that the

emission of ammonia, rather than its concentration, affected

behavioral responses of flies, at least in this experimental context.
3.3.3 Analyses of microbe headspace volatiles
by GC-MS

Each of the four Group-1 Staphylococcus species emitted a complex

volatile blend (Table 3). Volatiles shared by all four species included

two alcohols (isoamyl alcohol, phenylethyl alcohol), four pyrazines

(2,5-dimethyl pyrazine, trimethyl pyrazine, 2-isopropyl-5-methyl-

pyrazine, 2-ethyl-3,5(6)-dimethylpyrazine [composed of 50% 2-ethyl-

3,5-dimethylpyrazine and 50% 2-ethyl-3,6-dimethylpyrazine]), and

isoamyl acetate (Table 3).
3.3.4 Effect of synthetic microbe headspace
volatiles on fly attraction (Exps. 22–25)

The “synthetic Staphylococcus blend” (Table S1) – at a 100×

dilution – enhanced attraction of flies to ammonia (Figure 9; Exp.

24, p < 0.05), but the blend was not effective at a 10× dilution or

without dilution (Exps. 22–23, p > 0.05 each), with either of these

higher-dose blends being less attractive than the 100× diluted

synthetic Staphylococcus blend (Figure 9).

The “synthetic S. sciuri blend” (Table S1) did not enhance

attraction of flies to ammonia (mean ± SE number of flies

responding to treatment and control stimuli: 1.6 ± 0.56 vs 1.0 ±

0.49; Exp. 25, p > 0.05), but in retrospect should also have been

tested at lower doses (see above).
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4 Discussion

Our data support three conclusions: (1) the cattle skin

microbiome is diverse; (2) Staphylococcus spp. as members of the

cattle skin microbiome are attractive to stable flies; and

(3) attraction of stable flies to Staphylococcus microbes is

mediated by microbe-derived gases and odorants.

To test the hypothesis that skin-dwelling microbes of cattle

contribute to the attraction of stable flies to cattle hosts, we could –

logistically – bioassay only some of the 38 microbes that we had

isolated from cattle skin and identified to the genus and/or species

level (Table 1). To narrow down the list of the most promising

candidate microbes for testing, we focused on those four microbe

genera that had previously been reported to be present on animal

skin: Corynebacterium, Glutamicibacter, Wautersiella, and

Staphylococcus. As evident from the literature, there are many

skin-dwelling or skin commensal microbes in the genera

Corynebacterium (Corynebacteriaceae) (Cogen et al., 2008; Kong

and Segre, 2012; Oh et al., 2012; Belkaid and Segre, 2014; Ross et al.,

2017; Byrd et al., 2018), Glutamicibacter (Micrococcaceae) (Noble,

1969; Holland et al., 1977; Holland et al., 1979; Rennie et al., 1991;

Bernadsky and Rosenberg, 1992; Ashbee et al., 1993; Bojar et al.,

1995; Harvey and Lloyd, 1995; Messiaen et al., 2019), Wautersiella

(Weeksellaceae) (Ross et al., 2019; Boxberger et al., 2020; Ma et al.,

2021; Wang et al., 2021), and Staphylococcus (Staphylococcaceae)

(Verhulst et al., 2011; Oh et al., 2014; Ahle et al., 2020). To further

streamline behavioral procedures, we established two microbe

bioassay groups. We assigned the four identified Staphylococcus

congeners (S. sciuri, S. succinus, S. simulans, S. chromogenes) to

Group 1, and the three identified heterogeners (Glutamicibacter

protophormiae, Corynebacterium stationis, and Wautersiella sp.) to
FIGURE 2

Mean (± SE) proportions of female stable flies captured in lateral chambers of still-air olfactometers (Figure 1A). Control chambers were baited with a
plate of four (Exp. 1) or three (Exp. 2) sterile agar slices (Stimulus 1), whereas treatment chambers were baited with a plate of four (Exp. 1) or three
(Exp. 2) agar slices, each slice growing (i) Staphylococcus chromogenes, S. sciuri, S. simulans or S. succinus (Stimulus 2; Group 1; Exp. 1), or
(ii) Corynebacterium stationis, Glutamicibacter protophormiae or Wautersiella sp. (Stimulus 2; Group 2; Exp. 2). For each experimental replicate, 20
blood- and water-deprived female flies were released into the central chamber of the olfactometer and given 24 h to enter lateral chambers. Grey
symbols show the proportion of flies captured in individual replicates in response to stimulus 2, whereas the black symbol shows the mean. Mean
numbers of flies captured in response to test stimuli in experiments 1 and 2 are listed at the bottom of each graph; **P < 0.01, ***P < 0.001, as
determined by a likelihood ratio test.
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Group 2. As expected, each group was attractive to stable flies

(Figure 2), but Group-1 Staphylococcus microbes seemed

comparatively more attractive (mean treatment to control

response ratio by flies: Group 1: 9.5 to 1; Group 2: 4.4 to 1),

prompting us to focus on Group-1 microbes in follow-

up experiments.

To determine the key microbe(s) in Group 1 that mediated

attraction of flies, we tested the Group-1 microbes in their

quaternary and all possible ternary combinations, all versus sterile

agar controls. As the deletion of any one Staphylococcus species

from Group 1 did not reduce the group’s attractiveness (Figure 3),

we proceeded to test each of the four Group-1 Staphylococcus

microbes singly. Our findings that each of S. chromogenes, S.

sciuri, S. simulans, and S. succinus, on their own attracted stable

flies as effectively as all four species combined (Figure 4), suggested

significant overlap in their headspace volatile blends and gas

emissions. Volatile and gas analyses then indeed revealed that

isoamyl alcohol, isoamyl acetate, 2,5-dimethyl pyrazine, trimethyl

pyrazine, 2-isopropyl-5-methyl-pyrazine, 2-ethyl-3,5(6)-

dimethylpyrazine, and phenylethyl alcohol were all common

volatiles in the headspace of these Staphylococcus congeners, and
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that each of the four species emitted considerable amounts of

ammonia (Table 3).

Staphylococcus bacteria are already known to be attractive to

dipterans. Humans with a skin flora rich in Staphylococcus bacteria

are more attractive to African malaria mosquitoes, Anopheles

gambiae, than humans with a skin flora poor in Staphylococcus

bacteria or with a greater skin bacterial diversity (Verhulst et al.,

2011). Interestingly, the attractiveness of bacteria to mosquitoes is

dependent upon the bacterial growth phase. Staphylococcus

epidermidis in its exponential growth phase (when the rate of

increase in bacterial cell numbers is greater than the death rate)

was not attractive to A. gambiae but became attractive in its

stationary growth phase (when the growth rate is equal to the

death rate) (Verhulst et al., 2010), suggesting that the concentration

or relative composition of bacterial odor and gas profiles affects

foraging decisions by host-seeking mosquitoes. In combination, the

data indicate that Staphylococcus bacteria contribute to the

attractiveness of vertebrate hosts to blood-feeding mosquitoes. A

Staphylococcus species has also been shown to attract Mexican fruit

flies, Anastrepha ludens, as do several chemicals in the headspace of

S. aureus cultures (Robacker et al., 1991; Robacker et al., 1993;
FIGURE 3

Mean (± SE) proportions of female stable flies captured in lateral chambers of still-air olfactometers (Figure 1A). Control chambers were fitted with a
plate of four sterile agar slices (Stimulus 1, Exps. 3–7), whereas treatment chambers were baited with a plate of four agar slices, each slice growing
(i) one of four Staphylococcus congeners (S. chromogenes, S. sciuri, S. simulans, or S. succinus) (Stimulus 2; Group 1; Exp. 3), or (ii) one of three
Staphylococcus congeners, with one congener missing from Group 1 and one slice of sterile agar added (Stimulus 2; Exps. 4–7). For each
experimental replicate, 20 blood- and water-deprived female flies were released into the central chamber of the olfactometer and given 24 h to
enter lateral chambers. Grey symbols show the proportion of flies captured in stimulus-2 chambers in each replicate, whereas black symbols show
the mean. Mean numbers of flies captured in response to test stimuli in each experiment are listed at the bottom of each graph; **P < 0.01, ***P <
0.001, as determined by a likelihood ratio test; mean proportions in different experiments labelled with the same letter do not differ statistically,
post-hoc Tukey tests, P > 0.05.
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Robacker and Flath, 1995). Finally, Staphylococcus bacteria,

particularly S. aureus, have been implicated in causing bovine

mastitis (Taponen and Pyörälä, 2009). It would be of interest to

investigate whether S. aureus attracts stable flies and whether stable

flies play a role in vectoring S. aureus between bovine hosts.
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Staphylococcus microbes were attractive to stable flies at three

separate scales: a small-scale 3-chamber olfactometer (46 × 21.5 ×

15.5 cm) (Figure 2; Exp. 1, Figure 3; Exp. 3; Figure 4; Exp. 8), a

medium-scale bioassay room (225 × 230 × 230 cm) (Figure 5; Exp.

13), and a large-scale greenhouse compartment (600 × 600 × 360
FIGURE 4

Mean (± SE) proportions of female stable flies captured in lateral chambers of still-air olfactometers (Figure 1A). Control chambers were fitted with a
plate of four sterile agar slices (Stimulus 1, Exps. 8–12), whereas treatment chambers were baited with a plate of four agar slices, each slice growing
(i) one of four Staphylococcus congeners (S. chromogenes, S. sciuri, S. simulans, or S. succinus) (Stimulus 2; Group 1; Exp. 8), or (ii) one
Staphylococcus congener, with three slices of sterile agar added (Stimulus 2; Exps. 9–12). For each experimental replicate, 20 blood- and water-
deprived female flies were released into the central chamber of the olfactometer and given 24 h to enter lateral chambers. Grey symbols show the
proportion of flies captured in stimulus-2 chambers in each replicate, whereas black symbols show the mean (± SE). Mean numbers of flies captured
in response to test stimuli in each experiment are listed at the bottom of each graph; **P < 0.01, ***P < 0.001, as determined by a likelihood ratio
test; mean proportions in different experiments labelled with the same letter do not differ statistically, post-hoc Tukey tests, P > 0.05.
FIGURE 5

Mean (± SE) proportion of female stable flies captured on paired adhesive-coated cylindrical traps (Figure 1B) in a bioassay room. Control traps were
fitted with a plate of four sterile agar slices (Stimulus 1), whereas treatment traps were baited with a plate of four agar slices, each slice growing
separately one of four Staphylococcus congeners (S. chromogenes, S. sciuri, S. simulans, or S. succinus) (Group 1; Stimulus 2). For each experimental
replicate, 20 blood- and water-deprived female flies were released into the room and given 24 h to respond. Grey symbols show the proportion of
flies captured in individual replicates on stimulus-2 traps, whereas the black symbol shows the mean (± SE). Mean numbers of flies captured are
listed at the bottom of the graph; **P < 0.01, as determined by a likelihood ratio test.
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cm) (Figure 6; Exp. 14). Combined, these data suggest that host-

foraging stable flies may follow a concentration gradient of

microbe-emitted volatile odorants and gases. Similarly, gravid

female stable flies responded to volatile odorants and gases

(ammonia and carbon dioxide) emanating from prospective

oviposition sites, with odorants and gases in combination being

most attractive to gravid female flies (Nayani et al., unpubl.). In light

of all these positive bioassay data, it was perplexing that S. sciuri, as

a representative of the Staphylococcus group, failed to enhance

attraction of stable flies to visual targets in field experiments

(Figure 7). Irrespective of the S. sciuri dose (1, 2, 4 or 12
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microbe-inoculated agar plates) that was tested, the visual target

baited with S. sciuri was no more attractive to flies than the paired

unbaited control target (Figure 7). There are multiple potential

explanations for the failure of S. sciuri to attract flies in the

chemically and visually “noisy” field setting, as follows: (1) any of

the microbe doses tested may still have been suboptimal for fly

attraction; (2) growing on agar, S. sciurimay have produced an odor

and gas profile different from what it typically produces on cattle

skin; (3) the odor and gas profile of S. sciuri as a single microbe

species may have inadequately represented the odor and gas profile

of the entire cattle microbiome; (4) in the presence of complex
FIGURE 6

Mean (± SE) proportion of female stable flies alighting on black barrels inside a greenhouse compartment (Figure 1C). Treatment barrels were baited
with 3 agar plates growing Staphylococcus sciuri (Stimulus 2), whereas control barrels were fitted with 3 sterile agar plates (Stimulus 1). For each
experimental replicate, 100 blood- and water-deprived female flies were released into the greenhouse compartment and given 10 min to respond.
Grey symbols show the proportion of flies in each replicate alighting on stimulus-2 barrels, whereas the black symbol shows the mean (± SE). Mean
numbers of alightings in response to test stimuli are listed at the bottom of the graph; **P < 0.01, as determined by a likelihood ratio test.
FIGURE 7

Mean (± SE) proportional alighting responses by wild stable flies on black barrels set up on a cattle farm (Figure 1D). Treatment barrels (Stimulus 2)
were baited with 12 agar plates (Exp. 15), 4 plates (Exp. 16), 2 plates (Exp. 17) or 1 plate (Exp. 18) all inoculated with Staphylococcus sciuri, whereas
control barrels (Stimulus 1) were fitted with corresponding numbers of sterile agar plates. For each experimental replicate, alighting responses by
flies were video recorded for 5 min. Grey symbols show the proportion of alighting responses in each replicate and black symbols show the mean
(± SE). Mean numbers of alightings in response to test stimuli are listed at the bottom of each graph. There was no preference for Stimulus 2 in any
experiment; n.s., not significant.
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foraging cues originating from nearby live cattle, a more complex

odor profile may have been needed, possibly including odorants and

gases emanating not only from the microbiome of cattle but also

from their exhale and anus; and (5) for S. sciuri to be competitively

attractive to flies, further integration of multimodal host foraging
Frontiers in Ecology and Evolution 13
cues may be necessary, including visual (Schofield, 1998; Cilek,

2002; Zhu et al., 2016; Murchie et al., 2018), semiochemical

(Jeanbourquin and Guerin, 2007a; Jeanbourquin and Guerin,

2007b; Baleba et al., 2019), thermal, infrared, and aural host

foraging cues.
FIGURE 8

Mean (± SE) proportions of female stable flies captured in lateral chambers of still-air olfactometers (Figure 1E) baited with a sodium chloride
solution (50 g NaCl in 50 mL water) (Stimulus 1; Exps. 19–21), or a sodium chloride solution also containing ammonium bicarbonate (NH4HCO3) at
0.1 g (Exp. 19, low dose), 1 g (Exp. 20, medium dose) or 10 g (Exp. 21, high dose), all emitting ammonia (NH3). For each experimental replicate, 20
blood- and water-deprived female flies were released into the central chamber of the olfactometer and given 24 h to approach stimuli in lateral
chambers. Grey symbols show the proportion of flies captured in individual replicates in response to stimulus 2, whereas the black symbols show
the mean (± SE). Mean numbers of flies captured in response to test stimuli in each experiment are listed at the bottom of each graph; *P < 0.05,
***P < 0.001, as determined by a likelihood ratio test. Mean proportions in different experiments labelled with the same letter do not differ
statistically; post-hoc Tukey tests; P > 0.05.
FIGURE 9

Mean (± SE) proportions of female stable flies captured in lateral chambers of still-air olfactometers (Figure 1E) baited with (i) the synthetic
Staphylococcus blend (“Synth. Staph.”) (Table S1) (Exp. 22), (ii) the blend 10× diluted (“Synth Staph. 10× diluted”) (Exp. 23), or (iii) the blend 100×
diluted (“Synth. Staph. 100× diluted”) (Exp. 24). All three Stimulus 2 blends were formulated in mineral oil, whereas plain mineral oil served as the
corresponding control stimulus. Present in both treatment and control chambers of all experiments was a sodium chloride (NaCl) and ammonium
bicarbonate (NH4HCO3) solution (50 g NaCl and 0.1 g NH4HCO3 in 50 mL water) emitting ammonia (NH3) and carbon dioxide (CO2). For each
experimental replicate, 20 blood- and water-deprived female flies were released into the central chamber of the olfactometer and given 24 h to
approach stimuli in lateral chambers. Grey symbols show the proportion of flies captured in individual replicates in response to stimulus 2, whereas
the black symbols show the mean (± SE). Mean numbers of flies captured in response to test stimuli in each experiment are listed at the bottom of
each graph; *P < 0.05, n.s., not significant, as determined by a likelihood ratio test. Mean proportions in different experiments labelled with the same
letter do not differ statistically; post-hoc Tukey tests; P > 0.05.
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The mechanisms underling attraction of stable flies to

Staphylococcus microbes involves microbe-produced gases and

odorants. All four Staphylococcus species identified in our study

emitted ammonia (Table 3), and ammonia and carbon dioxide

emanating from a watery dilution of ammonium bicarbonate

attracted stable flies irrespective of the dose tested (Figure 8),

indicating that ammonia and/or carbon dioxide contribute to the

attraction of flies. We predicted that synthetic blends of microbe-

derived odorants would also attract stable flies, or would enhance

the attractiveness of microbe-produced gases. This prediction was

inspired by reports that synthetic odorants attracted tsetse flies

(Saini, 1990; Vale, 1991), horse flies (Mihok and Lange, 2012;

Baldacchino et al., 2014), house flies (Cosse and Baker, 1996),

fruit flies (Robacker et al., 2000; Hanssen et al., 2019), blow flies

(Chaudhury et al., 2015; Brodie et al., 2016), and stable flies (Cilek,

1999; Jeanbourquin and Guerin, 2007a; Jeanbourquin and Guerin,

2007b; Mihok et al., 2007; Tangtrakulwanich et al., 2015; Serra et al.,

2017). In our study, a synthetic blend of odorants shared between

the four Staphylococcus species (Table 3) enhanced the

attractiveness of ammonia and carbon dioxide, revealing an

interaction between microbe-produced gases and odorants for fly

attraction. Similarly, CO2 and odorants from deer-associated

microbes synergistically attracted Western black-legged ticks,

Ixodes pacificus (Long et al., 2023). It is remarkable, however, that

the bioactivity of odorant blends on attraction of dipterans is

contingent upon blend dose (Nyasembe et al., 2012; Wondwosen

et al., 2018; this study). In our study, only the 100× dilution of the

“synthetic Staphylococcus blend” (Table S1) was attractive to stable

flies, and synthetic plant volatile blends at low doses were most

attractive to Anopheles mosquitoes (Nyasembe et al., 2012;

Wondwosen et al., 2018). Based on these results there is incentive

to re-test the “synthetic S. sciuri blend” (Table S1) at a dose lower

than previously tested (Figure 9).

In conclusion, Staphylococcus microbes in the cattle skin

microbiome attract stable flies in a manner similar to

Staphylococcus microbes in the human skin microbiome attracting

Malaria mosquitoes. The mechanisms underlying stable fly attraction

to cattle skin Staphylococcus microbes entail both microbe-derived

odorants and gases such as ammonia and/or carbon dioxide. The

effect of microbes on fly attraction may be augmented when

presented with other cues of the cattle host “Gestalt”.
Data availability statement

The original contributions presented in the study are publicly

available. This data can be found here: https://data.mendeley.com/

datasets/rwdt4dbpzm/1.
Author contributions

SN, SM, RG, GG conceptualization. SN, SM, EM, RG, GG

methodology. SN experimental data visualization and analysis. SN,
Frontiers in Ecology and Evolution 14
SM, EM molecular data analysis. SN, SM, EM, RG, EK data

curation. RG, AD chemical synthesis. SN, GG original draft

preparation. SN, SM, EM, RG, EK, AD, GG review and editing of

submitted manuscript. GG resources, funding acquisition and

supervision. All authors contributed to the article and approved

the submitted version.
Funding

SN was supported by the Thelma Finlayson Graduate Entrance

Scholarship, the Mutual Fire Insurance Company of British

Columbia Graduate Scholarship, the Dr. John Yorston Memorial

Graduate Scholarship in Biological Sciences and by a Simon Fraser

University Graduate Fellowship. Further funding for this project

was provided by a Natural Sciences and Engineering Council of

Canada (NSERC) – Industrial Research Chair to GG, with BASF

Canada Inc., and Scotts Canada Ltd. as the industrial sponsors.
Acknowledgments
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Takken, W., et al. (2010). Differential attraction of malaria mosquitoes to volatile blends
produced by human skin bacteria. PloS One 5, e15829. doi: 10.1371/journal.pone.0015829

Verhulst, N. O., Qiu, Y. T., Beijleveld, H., Maliepaard, C., Knights, D., Schulz, S.,
et al. (2011). Composition of human skin microbiota affects attractiveness to malaria
mosquitoes. PloS One 6. doi: 10.1371/journal.pone.0028991

Wang, Y., Yu, Q., Zhou, R., Feng, T., Hilal, M. G., and Li, H. (2021). Nationality and
body location alter human skin microbiome. Appl. Microbiol. Biotechnol. 105, 5241–
5256. doi: 10.1007/s00253-021-11387-8

Warnes, M. L., and Finlayson, L. H. (1985). Responses of the stable fly, Stomoxys
calcitrans (L) (Diptera: Muscidae), to carbon-dioxide and host odors. 1. activation. Bull.
Entomol. Res. 75, 519–527. doi: 10.1017/S0007485300014619

Winther, A. R., Narvhus, J. A., Smistad, M., Duarte, V., da, S., Bombelli, A., et al.
(2022). Longitudinal dynamics of the bovine udder microbiota. Anim. Microbiome 4.
doi: 10.1186/s42523-022-00177-w

Wondwosen, B., Dawit, M., Debebe, Y., Tekie, H., Hill, S. R., and Ignell, R. (2021).
Development of a chimeric odour blend for attracting gravid malaria vectors. Malar J.
20. doi: 10.1186/s12936-021-03797-w

Wondwosen, B., Birgersson, G., Tekie, H., Torto, B., Ignell, R., and Hill, S. R. (2018).
Sweet attraction: sugarcane pollen-associated volatiles attract gravid Anopheles
arabiensis. Malar J. 17. doi: 10.1186/s12936-018-2245-1

Zhu, J. J., Zhang, Q., Taylor, D. B., and Friesen, K. A. (2016). Visual and olfactory
enhancement of stable fly trapping. Pest Manage. Sci. 72, 1765–1771. doi: 10.1002/ps.4207

Zinicola, M., Higgins, H., Lima, S., Machado, V., Guard, C., and Bicalho, R. (2015a).
Shotgun metagenomic sequencing reveals functional genes and microbiome associated
with bovine digital dermatitis. PloS One 10. doi: 10.1371/journal.pone.0133674

Zinicola, M., Lima, F., Lima, S., Machado, V., Gomez, M., Doepfer, D., et al. (2015b).
Altered microbiomes in bovine digital dermatitis lesions, and the gut as a pathogen
reservoir. PloS One 10. doi: 10.1371/journal.pone.0120504
frontiersin.org

https://doi.org/10.1021/jf00107a014
https://doi.org/10.1073/pnas.1910807116
https://doi.org/10.2460/ajvr.80.9.862
https://doi.org/10.1021/jf00094a025
https://doi.org/10.1111/j.1365-2915.2007.00665.x
https://doi.org/10.1111/j.1365-2915.2011.00999.x
https://doi.org/10.1603/033.046.0513
https://doi.org/10.1603/033.046.0513
https://doi.org/10.3390/insects9010013
https://doi.org/10.3390/insects9010013
https://doi.org/10.17632/rwdt4dbpzm.1
https://doi.org/10.1016/j.vetmic.2016.03.003
https://doi.org/10.1002/anie.197805221
https://doi.org/10.1136/jcp.22.3.249
https://doi.org/10.1186/1756-3305-5-234
https://doi.org/10.1038/nature13786
https://doi.org/10.1186/gm378
https://doi.org/10.1186/gm378
https://doi.org/10.1111/jvec.12397
https://doi.org/10.1016/j.actatropica.2009.10.014
https://doi.org/10.1186/s12862-021-01761-5
https://doi.org/10.1111/j.1365-2133.1991.tb04958.x
https://doi.org/10.1007/BF02033682
https://doi.org/10.1023/A:1005544723521
https://doi.org/10.1023/A:1005544723521
https://doi.org/10.1093/aesa/84.5.555
https://doi.org/10.1007/BF00994324
https://doi.org/10.1007/BF00994324
https://doi.org/10.1111/j.1365-2915.2006.00602.x
https://doi.org/10.1128/mSystems.00043-17
https://doi.org/10.1134/S0026261719020103
https://doi.org/10.1134/S0026261719020103
http://www.rstudio.com/
https://doi.org/10.1017/S1742758400012790
https://doi.org/10.1017/S1742758400012790
https://doi.org/10.1016/S0022-1910(99)00163-8
https://doi.org/10.1017/S0007485300054298
https://doi.org/10.1017/S0007485300054298
https://doi.org/10.1093/aesa/saw087
https://doi.org/10.1111/mve.12246
https://doi.org/10.3390/insects11090575
https://doi.org/10.1186/s12866-022-02502-4
https://doi.org/10.1128/AEM.66.11.5066-5072.2000
https://doi.org/10.1017/S1742758400020816
https://doi.org/10.1111/mve.12103
https://doi.org/10.1016/j.vetmic.2008.09.011
https://doi.org/10.1603/ME10050
https://doi.org/10.1017/S0007485300033605
https://doi.org/10.1016/S0021-9673(01)80947-X
https://doi.org/10.1371/journal.pone.0015829
https://doi.org/10.1371/journal.pone.0028991
https://doi.org/10.1007/s00253-021-11387-8
https://doi.org/10.1017/S0007485300014619
https://doi.org/10.1186/s42523-022-00177-w
https://doi.org/10.1186/s12936-021-03797-w
https://doi.org/10.1186/s12936-018-2245-1
https://doi.org/10.1002/ps.4207
https://doi.org/10.1371/journal.pone.0133674
https://doi.org/10.1371/journal.pone.0120504
https://doi.org/10.3389/fevo.2023.1212222
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

	Staphylococcus microbes in the bovine skin microbiome attract blood-feeding stable flies
	1 Introduction
	2 Material and methods
	2.1 Rearing of experimental flies
	2.2 Identification of microbes on cattle skin
	2.2.1 Collection and isolation of microbes
	2.2.2 Identification of microbes

	2.3 Testing of select microbes for their attractiveness to flies
	2.3.1 Still-air olfactometer bioassays – general experimental design
	2.3.2 Still-air olfactometer bioassays – specific experiments (Exps. 1–12)
	2.3.3 Room bioassay (Exp. 13)
	2.3.4 Greenhouse bioassay (Exp. 14)
	2.3.5 Field bioassays (Exps. 15–18)

	2.4 Investigation of mechanisms underlying attraction of flies to Staphylococcus spp.
	2.4.1 Evidence for ammonia emission from Staphylococcus microbes
	2.4.2 Ammonia bioassays in still-air olfactometers (Exps. 19–21)
	2.4.3 Collection of microbe-derived headspace volatiles
	2.4.4 Analyses of microbe headspace volatiles by GC-MS
	2.4.5 Behavioral experiments with synthetic microbe headspace volatiles (Exps. 22–25)

	2.5 Statistical analyses

	3 Results
	3.1 Identification of microbes collected from cattle skin/hide
	3.2 Attractiveness of select microbes to flies
	3.2.1 Still-air olfactometer bioassays (Exps. 1–12)
	3.2.2 Room bioassay (Exp. 13)
	3.2.3 Greenhouse bioassay (Exp. 14)
	3.2.4 Field bioassays (Exps. 15–18)

	3.3 Mechanisms underlying fly attraction to Staphylococcus spp.
	3.3.1 Ammonia emission from Staphylococcus microbes
	3.3.2 Effect of ammonia on fly attraction (Exps. 19–21)
	3.3.3 Analyses of microbe headspace volatiles by GC-MS
	3.3.4 Effect of synthetic microbe headspace volatiles on fly attraction (Exps. 22–25)


	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


