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ABSTRACT

ONION FLY REPRODUCTIVE BEHAVIORS AS INFLUENCED BY MATING
AND PARAGONIAL GLAND EXTRACTS

By

Joseph Lee Spencer

Onion fly, Delia antiqua (Meigen) (Diptera: Anthomyiidae) males
produce sex peptide in their paragonial (accessory) sex glands. When
delivered via the ejaculate to virgin females, paragonial secretions caused
permanent mating inhibition and oviposition at ca. 14 eggs/female/d.
Dosages of aqueous paragonial extract at 21/20th male equiv/female caused
mated behavior, and those <1/20th male equiv/female stimulated
oviposition but did not always preclude mating.

Significant oviposition (8.0 + 2.3 eggs/virgin female/d) occured in virgin
females beginning at 24.7 + 1.5 d (mean * SE); mated female oviposition
begins at 6.4 + 0.2 d. Ovipositional lifespans of mated (34.4 + 1.8 d) and virgin
females (30.9 % 3.6 d) were not significantly different (P =0.30). Significantly
longer overall lifespans for virgins (59.0 vs 47.2 d) could be partially explained
by delayed ovipositional onset. Lifetime cumulative ovipositional patterns, if
corrected for differences in rate and age at oviposition, were similar for mated
and virgin females. Duration of egg depositional behaviors were not

different between mated and virgin females.
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Delia platura (seedcorn fly) and D. antiqua sex peptides were
symmetrically cross-active. Delia radicum (cabbage fly) sex peptide was fully
active in D. platura, but not vice versa. D. antiqua sex peptide stimulated
mating inhibition and partial ovipositional activation in D. radicum ; D.
radicum peptide was fully active in D. antiqua. Sex peptide cross-activity
patterns were consistent with published morphologically-based phylogenies
and genetic distance determinations. Though not thought to be initiators of
reproductive isolation, sex peptide cross-activity asymmetries may intensify
the consequences of occasional reproductive interactions between related
sympatric species.

D. antiqua sex peptide is a highly polar proteinaceous material.
Biological activity is lost if exposed to: lipophillic solvents, temperatures >
50°F, or pH <3.9. Biologically active material was recovered from
microcentrifuge sizing filters and electroeluted fractions of native-PAGE gels.
No activity was recovered using C4, C8, or C18 RP-HPLC, gel filtration or
anion exhange chromatography. Conventional protein separation techniques

were not successful in purifying onion fly sex peptide.
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used in each 1ane 2-6. ... 161

Figure 29. Thermal stability of D. antiqua sex peptide activity. (A) 10
ul samples of extract exposed to 40-100°C (n=2). (B) Thermal
stability of crude uncentrifuged extracts, plus pellet and supernatant
derived extracts exposed to 40°, 50°, or 60°C for 10 min. Extract-
crude, pellet, and supernatant treatments were samples of
untreated starting extracts (n=4). (A) and (B), were analyzed
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separately. Treatments accompanied by the same letter were not
significantly different at P<0.05 (Student-Newman-Keuls). ........................ 164

Figure 30. Ovipositional response of female D. antiqua injected with
male reproductive tract extracts filtered through Millipore™
Ultrafree-MC microcentrifuge filters. (Expt. 1) 98 male equiv
sequentially filtered through 300k, 100k and 30k microcentrifuge
filters to produce 4 fractions injected at 0.25 pl/individual. There
were three replicates. (Expt. 2) 138 male equiv sequentially filtered
through 300k and 5k microcentrifuge filters to produce 3 fractions
which were injected at 0.33 ul/individual. There were four
replicates. (Expt. 3) 50 ul aliquots of a 100 male equiv extract of
paragonial glands filtered through 30k or 5k microcentrifuge filters.
4 fractions, corresponding to the retentate and filtrate from each
microfilter, were collected and concentrated under nitrogen to 50 ul
and injected at 0.5 pl/female. There were three replicates.
Experiments were analyzed separately; treatments accompanied by
the same letter were not significantly different at P<0.05 (Student-
NeWMAN-KEUIS)......ccoviieiiriiiecireteneieetenstecstecseessseeseseseesssesessesssesssssessasssssssenses 166

Figure 31. Silver stained 12% SDS-PAGE of fractions collected by
passing reproductive tract extract sequentially through 300k, 100k,
and 30k MWCO microcentrifuge filters. Lanes 1, 2, and 8 are
molecular weight standards. Lane 3 is a saline extract of male
reproductive tracts. Lane 4 is material recovered from the top of the
300k MWCO microcentrifuge filter. Lane 5 is material recovered
from the top of the 100k MWCO filter. Lane 6 is material recovered
from the top of a 30k MWCO filter. Lane 7 is the filtrate from the
30k MWCO filter. Seven male equiv of extract were used in each
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Figure 32. Silver stained 12% SDS-PAGE of fractions collected by
passing reproductive tract extract sequentially through 300k and 5k
MWCO microcentrifuge filters. Lanes 1, 2, and 7 are molecular
weight standards. Lane 3 is material recovered from the top of the
300k MWCO microcentrifuge filter. Lane 4 is material recovered
from the top of the 5k MWCO microcentrifuge filter. Lane 5 is the
filtrate of the Sk MWCO microcentrifuge filter. Lane 6 is a saline
extract of male reproductive tracts. 10 male equiv of extract were
used in each lane 3-6. ...t 168

Figure 33. Silver stained 12% SDS-PAGE of retentates and filtrates
collected from 30k and 5k MWCO microcentrifuge filters. Lanes 1
and 7 are molecular weight standards. Lane 2 is the filtrate collected
from a 30k MWCO microcentrifuge filter. Lane 3 is the retentate
material from the top of a 30k MWCO microcentrifuge filter. Lane 4
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is a saline extract of male reproductive tracts. Lane 5 is the filtrate
collected from a 5k MWCO microcentrifuge filter. Lane 6 is the
retentate material from the top of a 5k MWCO microcentrifuge
filter. 7 male equiv were used in each lane 2-6. ........ccoueeemrerenenenenennnnnnes 169

Figure 34. Ovipositional response of female D. antiqua injected with
dialyzed male reproductive tract extracts. (Expt. 1) Three 50 male
equiv extracts collected into 45 ul of distilled water, phosphate
buffer, or 10x concentrated phosphate buffer were dialyzed against
distilled water across a 1000 MWCO dialysis membrane for 2.5 h.
The retentate was bioassayed. There were 5 replicates. (Expt. 2)
Two male reproductive tract extracts, containing 100 and 70 male
equivalents at a concentration of 1 male/pl of phosphate buffer
were dialyzed for 4 h against against distilled water across a 1000 or
500 MWCO dialysis membrane respectively. There were three
replicates. Experiments were analyzed separately, treatments
accompanied by the same letter were not significantly different at
P<0.05 (Student-Newman-Keuls). .....ccccceceeverrverrreernrrsennrnneceneeesneeseesernennes 172

Figure 35. Ovipositional response of female D. antiqua injected with
male reproductive tract extracts exposed to dialysis membrane. A 20
ul sample of male extract was held at 55°C in a microcentrifuge tube
with 1" of chopped 1000k MWCO Spectra/Por CE dialysis
membrane. The extract was injected at 0.25 pl/individual (0.5 male
equiv). There were three replicates. Treatments accompanied by
the same letter were not significantly different at P<0.05 (Student-
NeWmaN-KeUIS)......c.cccuriirrrrirreteeeerteseeseeeseesseeessnesseesessssasesseessesssessssesssessases 174

Figure 36. Oviposition by female D. antiqua injected with male
reproductive extract fractionated by Sephadex G-50 Gel Filtration.
Two fractions from a 100 male equiv starting extract, containing the
void volume and the elution peak were desalted and concentrated
to 50 ul, and injected at 0.5 pl/individual (equivalent to 0.5 male
equiv) into eight, 6-day-old virgin females along with starting
extract. There were eight replicates. Treatments accompanied by
the same letter were not significantly different at P<0.05 (Duncan
New Multiple Range Test)........ccooriiniiinincicnccniccssscescesessec e 176

Figure 37. Chromatograms generated by HPLC gel filtration of a 150
male equiv extract of male paragonial glands on a PolyLC
polyhydroxyethyl A 250 X 9.4 mm column viewed at 214, 254, and
280 nm. The run was made isocratically in pH 5.5 phosphate buffer.
17 fractions were collected, concentrated to ca. 100 pl under
nitrogen. Samples of each fraction were combined, further
concentrated and injected as pooled extracts. No activity was
recovered from any region of these chromatograms............ccccccoevrvenrnnnnnee. 178
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Figure 38. Oviposition by virgin female D. antiqua injected with male
reproductive tract extract fractionated by HPLC Gel Filtration. 17
fractions and 3 pooled fractions were collected and concentrated
under nitrogen to 100 pl and injected at 0.4 pl/individual (0.6 male
equiv) into two replicates of five females. Treatments accompanied
by the same letter were not significantly different at P<0.05 (Fishers
PLSD). oo e sesessssssssssssssssssssssssssmsssssmmesssssssssssss s s ssssaessssssssssesesennns 179

Figure 39. C4 RP-HPLC fractionation of D. antiqua paragonial gland
extract. 300 equiv of male paragonial gland extract were injected
onto a Vydac C4 analytical column and eluted at 1.5 ml/min with a
50 min linear gradient 0-25% buffer B (95:5 AcN:H20) in 0.04% TFA.
A Milton Roy Spectro Monitor 3100 detector was set at 220nm and
attenuation of 0.05 AUFS. Five Fractions A-E were collected,
lyophilized, resuspended and bioassayed for ovipositional
stimulating €ffects..........c.covueiimeiiriiiecrcecc e 181

Figure 40. Results of RP-HPLC fractionation of a 300 male equiv
extract of male D. antiqua paragonial glands separated on a Vydac C4
under conditions given in the caption of Figure 5.1. Each treatment
was replicated three times, with four females/replicate. Treatments
accompanied by the same letter were not significantly different at
P<0.05 (Student-Newman-Keuls).. .................cccccouuecurueummmmmeccrmmmmmsseereeseemsnnnnns 182

Figure 41. Chromatogram generated by RP microbore HPLC
fractionation of a 212 male equiv extract of D. antiqua male
paragonial glands on a 250 mm x 1 mm Cg8 column. A Brownlee
Microgradient Systems pump supplied a flow rate of 50 ul/min.
Solvent A was 90% AcN in 0.1% TFA, solvent B was 0.1% TFA in
H20. Gradient was 0-100% B in 90 min and began 8 min after
injection, with Spectroflow 783 detector set at 214nm. 63 fractions
were collected, twice lyophilized, and resuspended on physiological
saline at a concentration of 1 male equiv/ul. No activity was
recovered from any region of this chromatogram...........ccccoeuvuvueurucuvununnece. 184

Figure 42. Chromatogram generated by C18 RP microbore HPLC
fractionation of a 190 male equiv extract of D. antiqua male
paragonial glands collected in distilled water. A linear gradient of
0-100% buffer B (buffer A was 5 mM phosphate buffer @ pH 6.73,
buffer B was 475 mM ethanol, 150 mM isopropyl alcohol in 5 mM
phosphate buffer) in 90 min was used. Flow rate was 50ul/min
with UV detector set at 214 nm. Total run time was 110 min; the
gradient began 17 min into the run. Fractions 2 (2.5-10.3 min), 6
(35.5-38.3 min), 7 (38.3-40.1 min), 8 (40.1-42.2 min), 9 (42.2-44.3 min),
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10 (44.3-45.8 min), 11 (45.8-48.3 min), 12 (48.3-52.7 min) and 14 (54.4-
62.2 min) were tested for activity. Activity was associated with
Fractions 2 and 6 corresponding to labelled peaks 1 and 2

TESPECHIVElY...cuiriniieiteteeeeet e 185

Figure 43. Ovipositional response of female D. antiqua injected with
fractions from C18 RP microbore HPLC fractionation. A linear
gradient of 0-100% buffer B (buffer A was 5 mM phosphate buffer @
pH 6.73, buffer B was 475 mM ethanol, 150 mM isopropyl alcohol in
5 mM phosphate buffer) in 90 min was used to fractionate a 140
male equiv of paragonial glands collected in distilled water. Virgin
females were injected with ca. 0.5 male equiv in 0.5-0.75 pl.
Treatments were replicated 5 times, with 1 female/replicate.
Fractions 2 and 6 correspond to peaks 1 and 2 respectively in Figure
28. Treatments accompanied by the same letter were not
significantly different at P<0.05 (Student-Newman-Keuls,. ........................ 186

Figure 44. Ovipositional response of female D. antiqua injected with
fractions from three C18 RP microbore HPLC fractionations. A
linear gradient of 0-100% buffer B (buffer A was 5 mM phosphate
buffer @ pH 6.73, buffer B was 475 mM ethanol, 150 mM isopropyl
alcohol in 5 mM phosphate buffer) in 90 min was used to
fractionate three 170 male equiv extracts of paragonial glands
collected in distilled water. Fractions 2, 27, and 50 correspond to the
active Fraction 2 from the original microbore fractionation (Figure
5.3), and Fractions 9, 32, and 55 correspond to active Fraction 6.
Fraction 53 was a solvent blank. Treatments were replicated five
times, with one female/replicate. Treatments accompanied by the
same letter were not significantly different at P<0.05 (Student-
NeWMAN-KEUIS)......cc.ccourmiirieiieirieteeceterteetestesee e e ssees st esaessaessseasessesssessensan 188

Figure 45. Ovipositional response of female D. antiqua injected with
fractions exposed to components of a RP microbore HPLC solvent
system. Three 24 ul samples of active male paragonial gland extract
(concentration = 1 male equiv/ul) were mixed with 9 ul of
microbore buffer B (475 mM ethanol, 150 mM isopropyl alcohol in 5
mM phosphate buffer) and taken to near dryness in a speed vac or
with a stream of nitrogen or left untreated. Three additional 24 pl
samples were not exposed to solvent B, but, after 9 pl of distilled
water was added, were taken to near dryness as above. Dried
extracts were resuspended in 24 ul of distilled water. Treatments
were not significantly different at P<0.05 (Student-Newman-Keuls)........189

Figure 46. Ovipositional response of female D. antiqua to injection of
anion exchange fractions. A 260 male equiv extract of D. antiqua
male paragonial glands collected in 20 mM TRIS/HCI was
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fractionated by anion exchange using Sepharose™ CL-6B weak

anion exchange resin (equilibrated in 50 mM NaCl-20 mM

TRIS/HCI solution) and eluted in a 3-step gradient from 150 mM
NaCl-20 mM TRIS/HCI to 500 mM NaCl-20 mM TRIS/HCI.

Fractions were concentrated and desalted using Millipore™ 5k

MWCO Ultrafree-MC filters. Virgin females were injected with ca.

2.5 male equiv in 0.5 pl. There were four replicates. Treatments
accompanied by the same letter were not significantly different at
P<0.05 (Student-Newman-Keuls). ......cccccueerienienrnrrenrnrnernncesceeeeneeereeneennes

Figure 47. Capillary electrophoresis of D. antiqua extract of whole
reproductive tracts (A), paragonial glands only (B) and testes only
(C). AnISCO capillary electrophoresis system model 3850 with a CE-
100 moderately hydrophobic 75 cm x 75 pm column was used. The
running buffer was 10 mM sodium phosphate/0.01% Brij 35 at pH
7.0. Column rinsing buffer was 0.5% Brij. 2 second injections of 0.5
male equiv/pl extracts were run at 22.5kV with a current of 27 pA,
and detector set at 214 nm. Numbers indicate elution time. .......................

Figure 48. Ovipositional response of female D. antiqua injected with
electroeluted fractions from 12% SDS-PAGE under non-denaturing
conditions. Two fractions corresponding to the 4% stacking gel, and
the first 1 cm of the resolving gel were injected at 0.5 pl/individual
(1 male equiv). There were ten replicates/treatment. Treatments
accompanied by the same letter were not significantly different at
P<0.05 (Student-Newman-Keuls). ......cccccceeeverirnrrnresensenneenrerneeneeseeseesseennennns

Figure 49. Ovipositional response of virgin female D. antiqua injected
with 10 electroeluted fractions from an 8% native gel. A 320 male
equiv extract of male reproductive tracts fractionated on an 8%
native gel and protein in the gel slices electroeluted. There were
five replicates. Treatments accompanied by the same letter were not
significantly different at P<0.05 (Student-Newman-Keuls). .........cccceuc......

Figure 50. Ovipositional response of female D. antiqua injected with
fractions which were electroeluted or allowed to diffuse from an 8%
native gel. Protein was eluted from Fractions 1, 2, and 3,
corresponding to the stacking gel, the top 1 cm of the resolving gel,
and the resolving gel ahead of the bromphenol front. Fractions
were electroeluted for 6 h, with a sample removed at 3 h. Protein
was also collected by a 10 h diffusion from gel slices 2 and 3.

Fractions were injected at 0.5ul/individual (ca. 1 male equiv), there
were ten replicates. Treatments accompanied by the same letter
were not significantly different at P<0.05 (Student-Newman-Keuls)........
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Figure 51. Ovipositional response of female D. antiqua injected with
electroeluted fractions from a 10% native-PAGE gel. A 300 male
reproductive tract extract was fractionated on a 10% native-PAGE
gel. Fraction 1 was the 1.5% stacking gel, Fractions 2 through 5
corresponded to 1-1.5 cm horizontal slices of the resolving gel. Gel
slices were electroeluted before injection into virgin females at 0.5
ul/individual. 5x nitrogen concentrated (conc'd) samples of
Fraction 2 and a pooled sample of all 5 fractions were also prepared.
There were ten replicates. Treatments accompanied by the same
letter were not significantly different at P<0.05 (Student-Newman-
KEUIS). ettt et e s et st s s s e sse s sa e e s st e st e e sne e s nesaas 199

Figure 52. Ovipositional response of female D. antiqua injected with
5x concentrated electroelution fractions from a 10% native-PAGE
gel. A 300 male reproductive tract extract was fractionated on a 10%
native-page gel. Fractions 1 was the 1.5% stacking gel, Fractions 2
through 5 corresponded to 1-1.5 cm horizontal slices of the
resolving gel. All electroeluted fractions were concentrated 5x
under nitrogen before injection into virgin females at 0.5
pl/individual. There were ten replicates. Treatments accompanied
by the same letter were not significantly different at P<0.05 (Student-
NeWMAN-KEUIS).......cooiiriiereiirriecrienseeseeeraeesseeeseessneessesssssssssssseesssesseesssssnsenne 200

Figure 53. Ovipositional response of female D. antiqua injected with
electroeluted fractions from a 10% native-page gel. Fractions 1 was
the 1.5% stacking gel, Fractions 2 through 5 corresponded to 1-1.5
cm horizontal slices of the resolving gel. Fraction 2 was subdivided
into 4, 2.5mm wide slices; 2.1-2.4. Fractions were electroeluted and
concentrated 5x under nitrogen before injection into virgin females
at 0.5ul/individual. There were ten replicates. Treatments
accompanied by the same letter were not significantly different at
P<0.05 (Student-Newman-Keuls). .......cccceceeueverenerererreereneeiensenensesseseeseesennenns 201

Figure 54. 12% SDS-PAGE of fractions derived from 10% native-PAGE,
electroeluted and concentrated 5x before injection. Lane 1 is
molecular weight standard. Lane 2 is a saline extract of male
reproductive tracts. Lanes 3-10 are 5x concentrated Fractions 1, 2.1,
2.2,23,24,3,4, and 5 from native-PAGE. 7 male equiv were used
IN €ACK 1ANE 2-10. ..ottt ecreesteeseeesae e aeessaeesseesssessssesssassssesssesesneens 202
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"T have come to suspect that this long descent down the ladder of life,
beautiful and instructive as it may be, will not lead us to the final secret...it
is only that somewhere among these seeds and beetle shells and
abandoned grasshopper legs I find something that is not accounted for
very clearly in the dissections to the ultimate virus or crystal or protein
particle.”

Loren Eiseley, Biologist
From_The Immense Journey

GENERAL INTRODUCTION AND OVERVIEW
This thesis, emphasizing onion fly, Delia antiqua (Meigen), oviposition
as affected by mating, is part of a model-system study of factors and
mechanisms governing insect colonization of host plants. Before offering an
historical synopsis of major developments in this field of insect-plant
behavioral interactions, the basic biology and behavior of D. antiqua are

presented to facilitate interpretation of onion fly results in a larger context.

Onion Fly Biology and Behavior. D. antiqua is a muscid fly in the
family Anthomyiidae. Adults are similar in size and appearance to the
common house fly. As do a number of its congeners, D. antiqua females
probe and lay eggs in soil cracks and cervices around the base of host plants,
where the larvae feed on below-ground plant tissues. As the common name
suggests, onion fly specializes on the onion; Allium cepa, and a few closely
related species like shallot (A. ascolonicum), leek (A. porrum), and chive (A.
schoenoprasam) (Loosjes, 1976). All highly suitable hosts of D. antiqua
produce mainly propyl sulfides like n-dipropyl disulfide (Pr,S;) and
propanethiol (PrS;H) rather than allyl sulfides (Whitaker, 1976), and have a
similar onion-like anatomy (Loosjes, 1976). In the temperate regions of the

northern hemisphere, D. antiqua is a pest of commercially grown onions and

1



2
those in backyard gardens, and in many locations is thought to have no

sustainable non-domesticated hosts (Loosjes, 1976).

In Michigan, adults of the first of 3 yearly generations emerge around
the time of peak dandelion bloom from puparia having over-wintered in the
soil. Given current commercial production methods where crops are
infrequently rotated, encounters between emergin adult insects and host
plants are likely (Miller and Cowles, 1990). Adult flies are thought to feed on
pollen as well as to scavenge organic residues in and around the onion fields.
An exogenous source of protein is necessary for the maturation of eggs
(Niemczyk, 1964), which may take 7-15 days under field conditions. Each of a
female's two ovaries contains ca. 25 polytrophic ovarioles, that can produce a
flush of mature eggs every 2-3 days at room temperature (Weston et al., 1992).
On the complete diet of Ticheler (1971), mated females reared in the
laboratory can produce several hundred eggs over a lifespan ranging up to
eight weeks; in the field, lifetime fecundity is thought to be about 50-100 eggs
over a three to four week lifespan (Loosjes, 1976).

Males mature sexually within several days of emergence and for
several-hour periods in the afternoon perch atop onion foliage and defend ca.
2 m2 diam territories in onion fields (J.R. Miller, personal observation). The
polygynous males fly out from their perches to intercept flying fly-sized
objects. A male and a prospective mate usually fall to the ground (or floor of
their cage in the lab) after contact. Unreceptive females reject males by
buzzing their wings and flying away; receptive females remain quiet and
permit copulation which takes only 2-4 min. Because females are monocoitic
(Martin and McEwen, 1982) and copulation is so brief, matings are rarely

observed even in laboratory cultures (Loosjes, 1976). Following mating, the
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3
female becomes unreceptive to subsequent mating attempts and will begin to

engage in host-oriented behaviors before oviposition.

In the field, the larvae of first generation adults feed on seedling
onions and may destroy 10 or more seedlings during their development
(Workman, 1958). Later generations feed on the more mature bulbs which
can sﬁpport numerous larvae. First and second-generation larvae pupate in
the soil and emerge as adults ca. 2 weeks later. Following onion harvest in
September, mature 3rd generation larvae having fed on the leftover
unharvested onions pupate and overwinter in the upper layers of the soil.
Current controls for onion maggot infestation includes row application of
Lorsban™ (fonofos) during seeding and field sanitation which includes
burying piles of highly stimulatory and suitable culls (unmarketably small or

sprouting onions) (Cowles and Miller, 1992) and plowing under field waste.

Historical Synopsis of Major Developments in Insect-Plant Behavioral
Interactions. Due to their successful competition for human crops, the value
of their critical pollination services, and because they are a predominant life
form on earth, insect herbivores have long been considered important objects
of research. Mechanisms of insect host-finding, examining, and consuming
have been studied since at least 1888, and interest in the subject continues
(Table 1).

From the onset, thinking about host-plant acceptance by insects focused
on distinctive plant chemistry as the critical mediator of insect-plant
interactions (Table 1: Stahl, 1888; Verschaffelt, 1910). The early suggestion by
Brues (1920) that insects might exploit multiple plant attributes during their
interactions was soon supplanted by a chemocentric view following the

discovery of gustatory receptors specific to salts, sugars, and acids (Dethier,
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1. continued

Table
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