


ABSTRACT

Differences in premating behavior patterns and timing, both within and between populations,
were observed among reciprocal crosses of five populations of the western predatory mite,
Metaseiulus occidentalis (Nesbitt). One population that was subjected to three selections for
enhanced premating isolation showed no selection response.

Postmating isolation in five of the eight pairs of reciprocal crosses of M. occidentalis colo- .
nies resulted in the deposition of shriveled eggs and reduced numbers of apparently normal
eggs. Reciprocal crosses usually exhibited different degrees of incompatibility; no apparent
pattern with regard to geographic origin of the colonies was found in the degree of postmating
isolation.

The potential impact of postmating isolation on population dynamics was evaluated in
reciprocal crosses of two populations using life table techniques. One colony was a strain that
had been artificially selected in the laboratory for resistance to permethrin (Immature Selec
tion-38), the other a population collected from a California pear orchard (McCall Pears). In
the Immature Selection female (IS) X McCall Pear (MP) male cross, IS females produced
fewer eggs than MP females in the reciprocal cross. Of the eggs deposited by the IS females
mated to MP males, substantially more eggs shriveled than in the reciprocal cross. In addi
tion, most of the surviving F1 progeny in the IS female X MP male cross were males. The net
reproductive rate (Ro) of the MP female X IS male cross was 10.58, but only 0.92 for the re
ciprocal cross. The intrinsic rate of increase (rm) of the MP female X IS male cross was 0.213
and zero for the reciprocal cross.

The wide geographic distribution of M. occidentalis throughout western North America
enhances the likelihood that genetically distinct populations have developed. The data pre-
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INTRODUCTION

Metaseiulus (= Typhlodromus or Galendromus) occidentalis (Nesbitt) is an effective native
biological control agent of spider mites in deciduous orchards and vineyards in western North
America (Hoyt 1969; Flaherty and Huffaker 1970; Huffaker, van de Vrie, and McMurtry
1969; Hoy 1985a). It has a wide geographic distribution and exhibits considerable variabil
ity in its biological, morphological, and ecological attributes. It is morphologically very
similar to Typhlodromus longipilus Nesbitt, and discrimination between the two species has
been difficult until recently. However, Hoying and Croft (1977) evaluated populations of"M.
occidentalis" from western North America and the Netherlands (where it has been introduced)
and found that complete reproductive isolation existed between a T. longipilus population
from New Jersey and each of two populations of M. occidentalis from central Washington
state and the Netherlands. Their morphological and breeding data indicated that M. occiden
talis is distributed from Colorado in the east to California, Oregon, Washington, and British
Columbia in the west, while T. longipilus is restricted to the eastern United States (Hoying and
Croft 1977).

Metaseiulus occidentalis populations vary in morphological structures (Davis 1970;
Hoying and Croft 1977; Schicha 1978). Davis (1970) found that specimens of M. occiden
talis from some orchards in Utah "have unusually long dorsal setae and thus resemble T.
longipilus Nesbitt rather than T. occidentalis," Females in some Utah orchards had four pairs
of ventrianal setae, while other populations had three. The prominence of the ventrianal pores
also appeared to vary between populations. Hoying and Croft (1977) found a population of
M. occidentalis from southern California to be notably smaller than the other populations
measured. Schicha (1978) found no qualitative morphological differences in three popula
tions of M. occidentalis collected from Australia (where it was introduced), but quantitative
differences were found within strains.

Ecological and physiological attributes vary among populations of M. occidentalis. Dia
pause attributes are variable; critical photoperiod differed between two populations of M. oc
cidentalisfrom California and Washington (Hoy and Flaherty 1970). Photoperiodic response
curves of four populations of M. occidentalis from California, Utah, and Washington were also
different (Croft 1971).

Populations of M. occidentalis vary in their responses to pesticides. Responses to organo
phosphates (Hoyt 1969; Croft and Jeppson 1970; Hoy and Knop 1979; Hoy 1985b) and sul
fur (Hoy and Standow 1982) have been found to differ between populations within a relatively
small geographic area, perhaps because dispersal is slow and rare. Studies of dispersal of a
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carbaryl-resistant strain of M. occidentalis out of California almond orchards suggest that this
predator may disperse only about 800 m within three years of release; trapping of predators
coming into the orchards indicated that dispersal may be rare (Hoy, Groot, and van de Baan
1985; Hoy 1982, 1985b). Populations within individual orchards or vineyards seem to respond
to local pesticide selection pressures as the level of resistance observed appears to be related
to the pesticide use history in the specific orchard or vineyard from which they were collected
and may vary between colonies collected from adjacent sites (Hoy and Knop 1979; Hoy 1982;
Hoy and Standow 1982; Hoy, Groot, and van de Baan 1985).

Whether these differences in morphological, behavioral, and toxicological attributes rep
resent a normal range of variation within a widely distributed species or indicate that subspe
cies have developed remains to be determined. Geographic races, subspecies, and sibling
species have been found in other phytoseiids. McMurtry, Mahr, and Johnson (1976) found
that a population of Amblyseius potentillae (Garman) from apple orchards in the Netherlands
was reproductively compatible with a colony collected from citrus in Italy. The two popula
tions differed, however, in their responses to photoperiod and relative humidity.
Typhlodromus citri Garman and McGregor and T. arboreus Chant were each shown to have
a reproductively incompatible sibling species through crossbreeding studies by Mahr and
McMurtry (1979). These authors found that normal eggs were produced in the control crosses,
but shriveled eggs were produced in some crosses between different strains.

Congdon and McMurtry (1985) clarified, for the first time, that Euseius hibisci (Chant)
is actually a complex of three species. Populations from citrus were primarily E. tularensis
(Congdon and McMurtry), and E. hibisci was found primarily on avocado. A third species
was not described. All three species were very similar morphologically, but reproductively
isolated; this identification of distinct species explained a number of anomalies observed in
biology and behavior.

Croft (1970) crossed four strains of M. occidentalis (from Washington, California, and
Utah) and found partial reproductive isolation in certain crosses, manifested as reduced ovi
position rates, increased production of shriveled eggs, increased mortality during develop
ment, and sex ratio changes.

Reproductive isolation subsequently has been found between other populations of M. oc

cidentalis. Hoy and Knop (1981) found partial reproductive incompatibility in crosses of base
colony (WA-O) males and laboratory-selected permethrin-resistant females (WA-18); the
reciprocal crosses were apparently normal. The incompatibility made mode-of-inheritance
tests difficult to conduct, because the females produced few eggs and some of the deposited
eggs shriveled shortly after deposition. The reproductive incompatibility between the base
colony (WA-O) and the permethrin-selected colony was first noted in preliminary crosses
between the WA-8 and base colonies; the eight rounds of selection required approximately one
year to accomplish. Crosses of the permethrin-selected colony with a permethrin-susceptible
strain from a California almond orchard were also incompatible, as were crosses between
females of the WA-O colony and permethrin-susceptible males from a colony from British
Columbia (BC) (Hoy and Knop 1981). A cross between BC males and females collected from
a California almond orchard was also incompatible. In all the above examples, reciprocal
crosses were compatible.

Hoy and Standow (1982) had difficulties conducting a mode-of-inheritance test of sulfur
resistance using two colonies of M. occidentalis collected from California. They found that
crosses between sulfur-resistant females (Raven colony, collected from a San Joaquin Valley
vineyard) and sulfur-susceptible males (Berkeley blackberries) were partially reproductively
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incompatible: only 16 of 36 crosses produced any F) larvae, and 10 of 36 crosses yielded at
least one shriveled egg. In the 10 crosses that yielded at least one shriveled egg, three produced
only one or two larvae.

Mueller-Beilschmidt and Hoy (1987) evaluated activity levels of a colony collected from
California almonds (Wild strain collected near Modesto in April 1985) and a laboratory-se
lected pennethrin-resistant strain (15-38) of M. occidentalis originally collected from a Wash
ington apple orchard. The initial cross between the two colonies was successful, but when the
cross was repeated one month later, reproductive incompatibility prevented an analysis of the
F) progeny. Why the incompatibility occurred in the second cross but not in the first is un
known.

Reproductive isolation is known to develop through either premating or postmating iso
lating mechanisms. We analyzed detailed observations of 15 pairs each of virgin males and
females of four colonies of M. occidentalis to determine if intraspecific variability exists in
premating behavior (Hoy and Cave 1985). Behavioral sequences were categorized using a
scheme adapted from Amano and Chant (1978).

While mating behavior proceeds continuously and divisions in it are somewhat arbitrary,
an outline is useful as a framework for comparison (fig. 1). During step I, the male encoun
ters the female. There are three possible encounter routes: male and female meet head to head,

SMITH TRACT

Fig. 1. Mating behavior sequence for 15 pairs of the Smith Tract colony of M. occidentalis.
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male encounters side of female, or male encounters posterior of female. The male repeatedly
touches the female with his forelegs and palps after encounter. This tapping may provide the
male and female with tactile or chemosensory recognition cues. As the female may run away
during the initial encounter, step I may be repeated. If the female does not run away, the male
proceeds to mount the female's dorsum. Sometimes the male may leave even if the female
does not run away.

During step II, the male mounts the female's dorsum, where he drums with his forelegs
and palps. Again, it is likely that chemical or tactile cues are exchanged. The female typi
cally remains quiet during this interval, but some females continue moving about the leaf and
may become very active. These agitated females run quickly and may use their fourth pair of
legs in an attempt to flick the male off. Step II thus appears to involve species-specific cues
by both sexes, and acceptance by the female in the cases where she does not displace the male.

In step III, the male may move to the venter of the female, by one of three routes, and
continue to use his palps and forelegs to tap or touch the female. In route a, the male touches
the female from the rear, flips over, and attempts to reach the venter-to-venter position. In
route b, the male crawls sideways under the female, and in route c the male turns, faces pos
teriorly, and crawls under the female. If the male remains with the female, he typically makes
small back-and-forth movements under the female.

In step IV, the female typically becomes quiescent. During this interval, the male trans
fers sperm via his spermatodactyI from his genital opening to one or both of the female's sperm
receptacles between coxae III and IV. The female typically accommodates the male in the
venter-to-venter position by slightly raising her body off the substrate, particularly in the rear.
About halfway through step IV, the male may change position slightly. This is probably as
sociated with the movements necessary for the male to transfer a new spermatophore into the
second spermatheca of the female on the opposite side. There is no apparent preference for
the process to begin on one side or the other.

Behavioral sequences were found to vary significantly within and between four colonies
of M. occidentalis (Hoy and Cave 1985). This variability generally contrasts with the highly
repetitive patterns previously reported for phytoseiid mites (Lee and Davis 1968; Putman
1962; Amano and Chant 1978; Overmeer, Doodeman, and van Zon 1982), although Amano
and Chant (1977) noted that more time was required for pairs to establish the venter-to-ven
ter position when males were old, and the percentage of males that crawled under or climbed
on females from the front also decreased as males aged.

The partial reproductive incompatibility observed in diverse crosses of M. occidentalis,
as well as the variability in other traits that have been examined (diapause attributes, mating
behavior, pesticide resistance, and anatomical characters), suggests that M. occidentalis ex
ists as discrete populations. It is not known, however, if any populations are completely re
productively isolated. If so, there are several potential practical implications. Pesticide-re
sistant strains of M. occidentalis are being mass-reared and released into deciduous orchards
and vineyards throughout western North America. The persistence of the pesticide-resistant
strains will depend on the degree of reproductive isolation achieved between them and the
native susceptible populations. Currently isolation is achieved by using pesticides selective
for the released strains. Exploiting genetically determined reproductive isolating mechanisms
could reduce the number of pesticide applications required for maintaining pure colonies.

In this paper we evaluate the degree of premating and postmating isolation between five
populations of M. occidentalis, report the results of artificial selection for premating isolation
in one colony, and evaluate, through life table statistics, the impact of postmating isolation
between two colonies.
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MATERIALS AND METHODS

Colony Sources and Culture Methods

5

Five colonies ofM. occidentalis were evaluated: Livingston Almonds (LA), initiated from
469 individuals collected from eight almond orchards near Livingston, California, during July
1983; Almont Almonds (AA), initiated with 54 mated females collected from an almond or
chard near Chico, California, in April 1984; McCall Pears (MP), initiated from 31 mated
females collected from a pear orchard in El Dorado County, California, in October 1982;
Smith Tract (ST), initiated from 180 diapausing mated females collected from an apple or
chard 19 km north of Wenatchee, Washington, in October 1984; and Immature Selection-38
(IS), which originated from an apple orchard in Wenatchee, Washington, in November 1977
and had undergone 38 selections in the laboratory for pennethrin resistance.

Colonies were maintained in the laboratory at 25° to 28°C under an 18-hour day length on
paraffin-coated paper disks placed on water-soaked cotton. Colonies were fed all stages of
two-spotted and Pacific spider mites (Tetranychus urticae Koch and T. pacificus McGregor)
brushed from pinto bean (Phaseolus vulgaris L.) foliage grown in a University of California
greenhouse in Berkeley.

Screening for Premating Incompatibility

Intra- and inter-strain variability in premating behavior had been reported previously for
four of the five colonies observed in the current evaluation (Hoy and Cave 1985); summaries
of these same strain (homogametic) crosses are included elsewhere in this report (tables 1 and
2) to facilitate comparisons. In addition, baseline mating behavior data were obtained for a
fifth colony (Smith Tract) before evaluating the reciprocal (heterogametic) crosses (fig. 1).

Virgins were obtained by rearing M. occidentalis larvae, one per disk, on bean leaf disks
infested with the two-spotted spider mite, which served as prey. A single virgin female and
male were placed on a clean bean leaf disk 1.27 em in diameter (1.3 ern") for behavioral ob
servations at 26° to 28°C and 40% to 60% ambient RH, under a stereoscopic dissecting mi
croscope. Single pairs of 1- to 2-day-old virgin females and males were observed continuously
on the bean leaf disks until mating occurred or 45 minutes had elapsed. A pair that terminated
a premating sequence before attaining quiescence was monitored for the full 45 minutes; pairs
thus could be observed for portions of more than one sequence.

A diagram of the variations of behavior patterns in the premating sequence developed in
earlier tests (Hoy and Cave 1985) served as a score sheet (fig. 1). The specific sequence and
time involved in each phase of the sequence was recorded for each pair during observations,
beginning when the male was introduced. Acceptance of the male was defined as point at
which the female showed no signs of agitation, characterized by running or kicking with the
rear legs, and settled quietly into place (= quiescence). After quiescence, the pair was checked
frequently to measure the duration of the apparent copulation. Fifteen pairs were observed
for each of the homogametic (intracolony) crosses and ten pairs were observed for each of the
reciprocal (heterogametic) crosses.

Times for the steps in the premating sequences for the five colonies were compared using
analysis of variance (ANOVA), and means were separated by Duncan's multiple range test
(LeClerg, Leonard, and Clark 1962). Pairs of reciprocal crosses were compared by group
comparison t-test. Analyses included time from start of observation to first contact, start to
contact in sequence leading to successful sperm transfer, contact to venter-to-venter position
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(1-1 to 111-3), and venter-to-venter to quiescence (111-3 to IV), and time spent in apparent
copulation. To evaluate the rate of successful sperm transfer, each female was slide-mounted
in Hoyer's mounting medium after the pair had separated. The number of spenn receptacles
that were inflated and the number of spennatophores in each were recorded. The mating was
termed "successful" if both receptacles had one (or more) apparently nonnal spermatophore.

Selection for Premating Isolation

Selection for enhanced premating isolation was conducted with colonies of M. occiden
talis that had demonstrated low mating success in preliminary screenings. These colonies,
McCall Pear (MP) and Smith Tract (ST), were collected from California and Washington,
respectively, and to the best of our knowledge were both native populations unrelated to any
release colony that may have come from our laboratory. Colonies were maintained as de
scribed above.

In observations of 10 pairs, 50% of the ST females rejected MP males the first time they
gained a venter-to-venter position during the observation period (fig. 2b). "Rejection" was
defined as the successful removal of the male from the venter of the female by the active,
agitated movements of the female. Therefore, we decided to attempt to select for ST females
that would reject males from the MP colony. Selection was conducted so that females that
rejected MP males during a 45-minute test interval also had to accept ST males within a 3-hour
interval. The selected colony was referred to as the Nonmating colony (NM).

To conduct a selection, we isolated virgin females of the ST colony with males of the MP
colony for a period of 45 minutes. A single pair was isolated on a bean leaf disk (1.27 cm
diameter or 1.3 ern"). At the end of 45 minutes, each female that was not in a venter-to-ven
ter position (suspected rejection of the MP strain) was transferred to another leaf disk. These
suspected nonmating females were held and checked after 48 hours to be sure they were not
gravid or had not deposited eggs. (Unmated M. occidentalis females do not deposit eggs [Hoy
and Cave 1986].) Same-strain crosses of the three colonies (NM, ST, and MP) were evalu
ated simultaneously as controls. All selections were conducted at 26° to 27°C under continu
ous fluorescent light; 275 to 350 females were selected each time.

In the second part of the selection, nonmating females were isolated with males of their
own strain, one pair per leaf disk, for a 3-hour period. Disks were checked every 20 to 30
minutes and mating status was recorded. Pairs in copula after 3 hours were allowed to finish
mating. All females were again isolated, one per disk, to determine whether mating was suc
cessful, as demonstrated by deposition of at least one egg. Once eggs were deposited, these
females were used to initiate the next generation of the NM colony. Selections were conducted
every other generation for a total of three selections.

Survey for Postmating Incompatibility

Initial screenings of eight pairs of reciprocal crosses were performed to determine the
extent and degree of postmating incompatibility between the five colonies. Fifty female
deutonymphs were isolated, five per bean leaf disk (2.06 em diameter), for each reciprocal
cross. Disks were infested with T. urticae as prey. After 48 hours (when all females were
adult), four males were added to each disk and left on the disks for the duration of the test.
Counts were made of apparently normal eggs and shriveled eggs 48 and 96 hours after males
were added. Calculations of eggs per female were adjusted for mortality and losses due to run
off by averaging the number of females at the start and end of each 48-hour scoring period.
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For each pair of reciprocal crosses, the numbers of normal eggs per female deposited during
the scoring interval were compared using a group comparison t-test.

A second set of each reciprocal cross was set up as described above, but 24 hours after
males were added, we removed and slide-mounted the females in Hoyer's medium to count
the number of spennatophores deposited in each female's sperm receptacle. Mating was
termed successful if both sperm receptacles held a spermatophore.

Effects of Postmating Isolation on Life Table Attributes

Based on the survey just described, reciprocal crosses of the McCall Pear and Immature
Selection-38 colonies were chosen for a detailed evaluation of the effects of postmating in
compatibility. Female deutonymphs of each colony were isolated, one per disk, on 1.27-cm
diameter bean leaf disks for 48 hours until adults had emerged. Each adult female was then
moved to a fresh disk, and a single young male was added. Leaf disks were prepared 1 to 2
days before the predator pairs were placed on them; disks were cut from uninfested bean leaves
and two or three adult female T. urticae and T. pacificus were added to each disk to deposit
eggs. When the predators were transferred to the leaf disks after 24 hours, the disks contained
young spider mite eggs (and only two or three females) as prey; this facilitated inspection of
the leaf disks for shriveled predator eggs. The predator pair was moved daily to new disks with
a fresh supply of spider mite eggs (0 to 24 hours old) until the female died. Males were not
replaced if they died or ran off the disk. The numbers of apparently normal and shriveled eggs
deposited by each predator female on the disk from which the predator pair had just been
moved were counted each day. Each disk was checked 6 days after egg deposition to deter
mine the number of progeny that reached maturity, their sex, the number of eggs that failed
to hatch, and the number of immatures that failed to develop. Twenty-four females were used
for each of the reciprocal crosses and same-strain controls. Data were analyzed by ANDY A
and means were separated by Duncan's multiple range test.

RESULTS

Screening for Premating Incompatibility

When mating behavior sequences of single pairs were observed (fig. 2), differences were
found in sequences I and III in both homogametic and heterogametic crosses (table 1). For
example, in the cross between the Immature Selection-38 colony (IS) and the Livingston
Almond (LA) colony, 40% of the pairs exhibited sequence c of step III, whereas 10% followed
this sequence in the reciprocal cross. Likewise, 20% versus 60% did "other" in step III(table
1). As shown in figures 1 and 2, M. occidentalis does not appear to have a highly stereotyped
mating behavior.

Mean durations of two mating behavior sequences were significantly different among the
five colonies tested (table 2). Mean time to first contact ranged from 5.6 to 12.7 minutes, with
the LA colony taking the least time for males to encounter females (table 2). Likewise, the
LA colony took the least time (mean = 62.3 minutes) from quiescence to separation. All other
mean times were not significantly different. The proportion of the 15 pairs that successfully
mated (had at least one spermatophore in each receptacle) ranged from 73% to 93% (table 2).
Two females (of 15) in the ST X ST cross had more than one spermatophore per receptacle.

Among the reciprocal crosses, a significant difference in time to contact in successful
sequences was found in crosses of the LA and ST colonies (table 3); 10.4 minutes elapsed
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Figure 2. Mating behavior for 10 pairs each of A) McCall Pear female X Smith Tract male,
B) Smith Tract female X McCall Pear male, C) Immature Selection female X McCall Pear male,
D) McCall Pear female X Immature Selection male.
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Table 1. PROPORTION OF MATING SEQUENCE TYPES IN CROSSES OF FIVE COLONIES OF
M. OCCIDENTALIS USING YOUNG VIRGIN MALES AND FEMALES

Pairs following sequence types in

Step I
steps I and III (% )

Step IIIColony"
Qxd a b a 6 c Other

AAxIS 20 40 40 0 80 10 10
ISxAA 20 50 20 0 40 60 0

AAxLA 40 30 20 0 30 70 0
LAxAA 30 40 20 0 10 70 10

AAxMP 20 20 40 0 10 70 0
MPxAA 30 50 20 0 20 80 0

ISxLA 20 50 20 10 30 40 20
LAxIS 20 60 10 0 30 10 60

ISxMP 30 30 40 20 10 70 0
MPxIS 30 50 0 10 20 40 20

LAxMP 60 30 10 10 20 70 0
MPxLA 10 50 20 20 10 60 10

LAxST 40 10 50 0 60 40 0
STxLA 30 20 50 20 20 60 0

MPxST 20 60 20 0 80 20 0
STxMP 30 20 40 0 50 50 0

AAxAA+ 27 53 20 0 40 60 0
IS xIS 40 40 13 0 27 53 20
LAxLA 40 40 20 7 33 60 0
MPxMP 40 40 13 0 27 67 0
STxST 33 47 13 7 20 40 33

*AA = Almont Almonds, IS = Immature Selection, LA = Livingston Almonds, MP = McCall Pears, ST = Smith
Tract.
+Data for all homogametic crosses except ST X ST taken from Hoy and Cave (1985).

Table 2. DURATION OF MATING SEQUENCES IN FIVE COLONIES OF M. OCCIDENTALIS USING YOUNG
VIRGIN MALES AND FEMALES

Colony"
Behavior sequence and Almont Immature Livingston McCall Smith F
mean time (SD) Almonds Selection Almonds Pears Tract value

Time to first 11.0a 12.7 a 5.6 b 8.3 ab 8.9ab 3.4+
contact (min) (4.9) (7.7) (4.9) (4.8) (5.2)

Time to contact 13.1 15.4 12.2 8.8 9.4 2.0
in successful (6.1) (8.1) (8.0) (3.8) (5.1)
mating sequence (min) ,
Time from contact to 35.8 47.9 43.1 40.6 48.1 1.1
venter-to-venter (s) (15.0) (20.7) (27.8) (16.4) (11.1)

Time from venter-to- 3.9 2.4 2.4 2.5 5.5 1.3
venter to (5.0) (4.4) (3.7) (3.1) (5.7)
quiescence (min)

Time from quiescence 75.3 a 76.7 a 62.3 b 75.2 a 66.7 ab 2.8+
to separation (min) (16.0) (10.8) (7.5) (8.1) (19.5)

Successful matings (%)§ 93 87 80 73 73

*Fifteen pairs of each colony were observed. Data for Almont Almonds, Immature Selection, Livingston Almonds,
and McCall Pears reported in Hoy and Cave (1985).
+ Times significantly different (P<0.05; one-way analysis of variance). Means in a row followed by different letters
are significantly different (Duncan's multiple range test; LeClerg, Leonard, and Clark 1962).
t Percentage of females with both spermathecae filled.
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between start of the test and contact in successful matings of LA females with ST males,
whereas 22.8 minutes elapsed for the reciprocal crosses. Significant differences in mean times
from quiescence to separation were found for the IS X LA and IS X MP reciprocal crosses
(table 3). IS females mated with LA males spent 83.6 (±8.1) minutes in the venter-to-venter
position, whereas pairs in the reciprocal cross spent only 64.7 (±11.2) minutes. Likewise, in
the MP female X IS male cross, the time spent in quiescence to separation was 87.8 (±4.6)
minutes versus 74.0 (±9.6) minutes for the reciprocal cross. No other mean sequence dura
tions were significantly different (table 3).

Mating success, defined as the transfer of at least one spermatophore to each of the two
sperm receptacles, ranged from 30% to 90%. The lowest success rate was found in the LA
female X IS male cross. Only 50% of the pairs were successful in each of the IS X MP recip
rocal crosses. Of the ST X MP reciprocal crosses, 70% were successful; selection for non
mating was subsequently conducted with the ST female X MP male cross, because not only
were few spennatophores transferred but 50% of the females rejected MP males after they had
achieved the venter-to-venter position during the observation interval (fig. 2b, step 111-3). In
contrast, ST females rejected ST males only once (fig. 1, step 111-3).

Selection for Nonmating Between Two Colonies

The percentage of ST females that failed to mate with males of the MP colony during the
test interval did not increase in three selections (table 4). In fact, the percentage not mating
declined from 32.9 to 26.5 to 22.0 during the three selections, whereas the percentage of ST
control females mating with ST males was 30.0, 26.7, and 50.0, respectively, for the three
selections.

Survey for Postmating Incompatibility in Eight Reciprocal Crosses

Postmating incompatibility, when present, was generally stronger in one reciprocal cross
than the other (table 5). Five of the eight reciprocal crosses between different colonies of M.
occidentalis yielded significantly different mean numbers of eggs per female (table 5). For
example, AA females mated to LA males produced only 0.86 (S.D.= 0.22) egg per female
compared to 4.63 (0.92) eggs per female in the reciprocal cross during the 48- to 96-hour in
terval after mating. In the AA female X LA male cross, 9 of 47 eggs (19%) deposited shriv
eled, whereas 2 of203 eggs «1 %) shriveled in the reciprocal cross. Mating success (96% and
100%) was nearly the same, however, if the number of females with both spermathecae con
taining at least one spermatophore is used as an indicator of mating success. In all five crosses
in which the reciprocal crosses yielded significantly different numbers of eggs per female,
mating success was better than 92%. These data suggest that copulation and spermatophore
transfer were successful but that reproductive incompatibility occurred at some subsequent
stage.

The AA and LA colonies, both collected from California almond orchards, were reproduc
tively incompatible in both directions, although to different degrees in the reciprocal crosses
(table 5). The AA X MP reciprocal crosses were incompatible in one direction (table 5), and
these colonies were also collected from California. The IS X LA and IS X MP reciprocal
crosses were incompatible in both directions, although to differing degrees. The IS colony is
a laboratory-selected colony originally collected from a Washington state apple orchard.
Unpredictably, however, the ST X LA reciprocal crosses were compatible, even though the
ST colony was from a Washington apple orchard and the LA colony was from a California



HILGARDIA • Vol. 56 • No.6. November 1988

Table 3. DURATION OF MATING SEQUENCES IN EIGHT SETS OF RECIPROCAL CROSSES BETWEEN
DIFFERENT COLONIES OF M. OCCIDENTALIS USING YOUNG VIRGIN MALES AND FEMALES

11

0 uiescence Mating
Colonies" first to separa- sue-
Oxd contact tion cess'

(min) (min) (%)

AAxIS 8.6(7.5) 10.6 (7.2) 40.0 (11.4) 2.3 (2.3) 72.1 (6.6) 70
ISxAA 7.7 (4.0) 9.5 (3.8) 44.2 (25.2) 2.1 (1.6) 75.1 (6.2) 80

AAxLA 11.0(7.3) 13.0 (7.6) 44.8 (16.6) 1.9(1.7) 68.3 (4.8) 70
LAxAA 10.2 (8.4) 16.5 (9.2) 51.3 (39.5) 3.3 (3.8) 65.6 (14.4) 70

AAxMP 8.1 (6.6) 11.1 (6.1) 48.6 (40.4) 2.5 (3.4) 68.4 (19.0) 80
MPxAA 12.7 (12.8) 13.1 (14.6) 37.0 (14.5) 1.7 (2.6) 75.6 (16.7) 90

ISxLA 12.1 (4.6) 19.3(11.7) 42.4 (14.9) 1.1 (0.9) 83.6 (8.1)~ 80
LAxIS 11.5 (6.1) 12.4 (3.4) 45.2 (13.0) 3.3 (3.0) 64.7 (11.2) 30

ISxMP 9.5 (4.5) 12.4 (3.4) 38.3 (13.3) 2.5 (2.2) 74.0 (9.6)~ 50
MPxIS 12.6(8.5) 13.4 (9.8) 46.8 (14.7) 1.8 (2.1) 87.8 (4.6) 50

LAxMP 10.3 (7.3) 13.9 (8.3) 52.5 (42.2) 1.8 (2.1) 71.6 (16.9) 70
MPxLA 6.4 (4.4) 12.0(9.9) 44.7 (18.5) 1.4 (0.8) 73.6 (13.3) 70

LAxST 8.6(6.6) 10.4 (6.3)§ 48.4 (21.4) 3.6(3.1) 69.7 (6.3) 90
STxLA 4.1 (2.2) 22.8 (15.2) 44.4 (21.4) 4.6(4.1) 68.0 (10.0) 60

MPxST 7.8 (5.8) 14.0(8.9) 43.0 (24.0) 4.9 (4.4) 70.0 (10.9) 70
STxMP 4.8 (2.6) 15.1 (11.0) 39.8 (12.4) 4.9(3.6) 55.0 (23.5) 70

*AA = Almont Almonds, IS = Immature Selection, LA = Livingston Almonds, MP= McCall Pears, ST = Smith Tract.
• Percent females with both spennathecae filled.
A Means of the reciprocal crosses differ significantly at P~0.05, group comparison t-test.

Table 4. NO SELECTION RESPONSE FOR NONMATING (NM) BETWEEN SMITH TRACT (ST) AND
McCALL PEAR (MP) STRAINS OF M. OCCIDENTALIS DURING THREE SELECTIONS

Controls"
Date No. females % non- % mating with % non-mating
1985 tested mating own strain' NM sf MP

6-8 May 325 32.9 58.9 30.0 26.0

27-28 May 275 26.5 75.3 33.3 26.7 30.0

18-20June 350 22.0 66.2 20.0 50.0 33.0

*Pairs were observed for 45 minutes, and if the female was not in copula, she was held for 48 hours to confirm that
she had not mated.
+ Females that did not mate with males of the MP colony were then provided males from their own colony for 48
hours; mating was confirmed by the deposition of at least one egg.

almond orchard. The MP X ST cross was compatible in one direction and marginally incom
patible in the other (table 5). No obvious pattern emerges with respect to geographic origin
of the colonies that would allow one to predict which crosses will be compatible.

The MP and IS colonies were among the most incompatible, as indicated by the number
of eggs produced combined with the number of eggs deposited that shriveled (table 5). The
IS female X MP male cross yielded 46 shriveled eggs of a total of 99 eggs (47%) deposited
and an average of 1.13 (±O.66) apparently normal eggs per female during the 48- to 96-hour
postmating interval. The reciprocal cross also produced fewer apparently normal eggs (3.31
[±1.3] per female), as well as 10 shriveled eggs of a total of 171 (6%) deposited (table 5).
However, mating success appeared normal, with 95.3% and 91.7% of females having both
sperm receptacles containing spermatophores.
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Table 5. SURVEY FOR POSTMATING INCOMPATIBILITY IN EIGHT RECIPROCAL CROSSES OF
M.OCCIDENTALIS COLONIES

Total Total Mean normal Geographic
Colonies* normal shriveled eggs/Q + Mating Compa- origin and
QXeJ eggs eggs (S.D.) success! tible! crop of female

AAxIS 112 3 3.02 (1.19)** 97.9 no CA almonds
ISxAA 265 1 5.41 (0.63) 98.0 yes WAapples

AAxLA 38 9 0.86 (0.22)** 95.9 no CA almonds
LAxAA 201 2 4.63 (0.92) 100.0 ? CA almonds

AAxMP 55 19 1.30 (0.72)** 91.7 no CA almonds
MPxAA 289 0 6.24 (0.82) 96.0 yes CA pears

ISxLA 90 39 1.84 (0.57)** 100.0 no WAapples
LAxIS 205 21 4.10(1.14) 95.9 no CA almonds

ISxMP 53 46 1.13 (0.66)** 95.3 no WAapples
MPxIS 161 10 3.31 (1.30) 91.7 no CA pears

LAxMP 292 0 6.78 (1.03) 100.0 yes CA almonds
MPxLA 325 0 6.64 (0.22) 100.0 yes CA pears

LAxST 258 0 5.44 (0.41) 100.0 yes WA apples
STxLA 267 0 5.34 (0.37) 100.0 yes CA almonds

MPxST 272 5 5.55 (0.91) 93.3 CA pears
STxMP 264 0 5.78 (0.60) 91.3 yes WA apples

* AA = Almont Almonds, IS = Immature Selection, LA = Livingston Almonds, MP = McCall Pears, ST = Smith
Tract; ten replicates of five females and four males were tested for each cross. Total eggs deposited was scored dur
ing a 48-hour interval beginning 48 hours after the experiment began.
+ Number of females adjusted for mortality by using midpoint of number alive at 48 and 96 hours.
§ Percentage females with both spermathecae filled'
~ Yes =more than 5 eggs per female and fewer than 3 shriveled eggs; ? =more than 3 shriveled eggs or fewer than 5
eggs per female; no = fewer than 5 eggs and more than 3 shriveled eggs per female.
**Means of the reciprocal crosses differ significantly at P ~ 0.01, group comparison t-test.

Effects of Postmating Isolation on Life Table Attributes

Comparisons of life table attributes of homogametic and reciprocal crosses of the MP and
IS colonies of M. occidentalis are given in table 6. There were no statistically significant dif
ferences in the total number of eggs per female produced by these four crosses because vari
ances were high, but there was a tendency for the IS female X MP male cross to deposit fewer
eggs. The mean total number of eggs each female deposited over her lifetime ranged from 16.6
(IS female X MP male cross) to 23.7 (MP colony). However, the mean numbers of eggs per
female per day alive were significantly different, with the IS female X MP male cross produc
ing the fewest eggs. The mean number of live eggs deposited (eggs that hatched) per female
also varied significantly, ranging from 10.8 (S.D. = 8.3) to 22.5 (15.0), with the fewest eggs
produced by the IS female X MP male cross. The mean number of shriveled eggs deposited
also varied significantly, ranging from 0.3 (1.0) per female for the MPcolony to 5.3 (4.7) for
the IS female X MP male cross. The mean numbers of apparently normal (unshriveled) eggs
that failed to hatch were not significantly different among these crosses, ranging from 0.5 to
2.0 per female (table 6).

Once eggs hatched, significant differences in the mean number of immature deaths were
found (table 6). The fewest immature deaths were found in the IS female X MP male cross
(1.5/female). Mean total mortality of progeny (mortality of eggs and immatures) was not
significantly different (table 6), but the mean numbers of adult progeny produced were sig
nificantly reduced for the IS female X MP male cross (8.6 progeny/female compared with 15.3
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Table 6. POSTMATING INCOMPATIBILITY BETWEEN THE McCALL PEAR (MP) AND IMMATURE
SELECTION (IS) STRAINS OF M. OCCIDENTALIS

Mean number/o (S.D.)
ISQ MP Is MP

x x x x x F
d IS MP MP IS ratio

Total eggs 20.2 16.6 23.7 23.5 1.16
(14.5) (12.8) (15.2) (17.7)

Eggs per day 1.9 a 1.3b 2.5 a 1.9 a 11.72*
(0.7) (0.5) (0.5) (1.0)

Live eggs 18.4 a 10.8 b 22.5 a 20.8 a 3.56*
(13.8) (8.3) (15.0) (15.3)

Shriveled eggs 1.3 b 5.3 a 0.3 b 0.7b 18.34*
(1.6) (4.7) (1.0) (1.5)

Dead (unhatched) 0.5 0.5 0.9 2.0 1.55
eggs (0.8) (1.1) (2.1) (4.7)

Immature deaths 1.8 be 1.5c 3.3 ab 3.9a 3.92*
(2.0) (2.1) (3.6) (3.4)

Total progeny 3.6 7.3 4.5 6.5 2.26
mortality' (2.9) (6.9) (4.6) (6.8)

Total adult 15.7 a 8.6 b 18.4 a 15.3 a 3.54*
progeny (12.0) (6.4) (12.7) (11.3)

Q progeny 10.6a 0.9b 12.0a 8.0a 11.96*
(8.8) (1.9) (8.3) (6.6)

cJ progeny 5.1 7.7 6.5 7.3 1.24
(3.6) (5.7) (4.7) (5.4)

Sex ratio 2.1 a 0.1 c 2.1 a 1.2 b 24.40*
(1.0) (0.2) (1.3) (0.5)

Last repro- 9.8 11.6 9.2 10.9 0.69
ductive day (5.6) (7.3) (5.8) (6.9)

*Values significantly different (P~0.05; one-way analysis of variance). Means in a row followed by different letters
are significantly different (Duncan's multiple range test; LeClerg, Leonard, and Clark 1962).
+ Total progeny mortality = shriveled eggs + dead eggs + immature mortality.
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Fig. 3. Productivity of 24 M. occidentalis females from the Immature Selection (IS) and McCall Pear
(MP) strains, and their reciprocal crosses, compared at 26° to 28° C under continuous light.
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to 18.4 progeny/female in the other three crosses). These adult progeny had a highly skewed
sex ratio: only 0.9 female was produced per female in the IS female X MP male cross com
pared with 8.0 to 12.0 females per female in the other three crosses (table 6). The mean num
bers of male progeny produced were not different: 5.1 to 7.7 produced per cross. The sex ra
tios, as expected, were significantly different: 0.1 female: 1.0 male was produced in the IS
female X MP male cross. The IS colony produced 1.2 females: 1.0 male, which is significantly
different from the MP colony and the MP female X IS male cross. Both the MP colony and
the MP female X IS male cross produced 2.1 females: 1.0 male.

The 24 females in each of these four crosses were monitored daily until they died. Females
deposited their last egg an average of 9.2 to 11.6 days after males were added; this was not
significantly different among the crosses (table 6). Some females in each cross lived an un
usually long time after they deposited their last egg. Thus, females died 0 to 63 days after
depositing their last egg. In the IS X IS crosses, 12 of 24 females had more than four postre
productive days; 11 of 24 females in the IS female X MP male cross had a postreproductive
interval longer than four days. Only five MP colony females had a postreproductive interval
longer than four days, and seven MP females mated with IS males exceeded four postrepro
ductive days.

Postreproductive intervals longer than approximately three days are unusual for M. oc

cidentalis. It is unclear whether there is any significance to the fact that the IS females appear
to have longer postreproductive intervals than MP females. Long postreproductive intervals
may be due to the fact that females were supplied with only one male during this experiment;
once that male died, he was not replaced. Since some M. occidentalis females need to mate
more than once to deposit a full complement of eggs, some females may have terminated egg
deposition prematurely (Hoy and Smilanick 1979; Hoy, unpublished). The postreproductive
females that lived up to 63 days probably would have deposited a few more eggs and died
within two to three days had a second male been added to the leaf disks shortly after they
stopped depositing eggs. Longevities of 63 days are unusual, except for females that are in a
photoperiodically induced reproductive diapause (Hoy and Flaherty 1970).

The cumulative number of female progeny per 24 females is shown in figure 3. The IS
female X MP male crosses produced the fewest female progeny, while the MP colony pro
duced the most. The MP female X IS male and the IS colony produced intermediate numbers
of female progeny.

The differences in reproductive compatibility of these different crosses had a profound
impact on life table statistics (table 7). The net reproductive rate (R

o
) of the IS female X MP

male cross was only 0.92, compared with 10.58 for the reciprocal cross and 11.96 and 8.04
for the MP and IS colonies, respectively. The mean generation time of the IS female X MP
male cross was 16.9 days compared with 11.1 for the reciprocal cross and 10.4 and 10.6 for
the MP and IS colonies, respectively. The intrinsic rate of natural increase (rm

) for the IS
female X MP male cross was zero. For the MP female X IS male cross, it was 0.213, and for
the MP and IS colonies, rm was 0.238 and 0.196, respectively.

DISCUSSION

Premating behavior patterns are highly variable in the five colonies of M. occidentalis
tested as well as among reciprocal crosses between these colonies (fig. 1, 2, table 1). The male
may approach the female from the front, side, or rear, and males may move under the female
by crawling down either the sides or posterior of the opisthosoma. There were no consistent
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Table 7. SUMMARY OF LIFE TABLE STATISTICS FOR SAME STRAIN AND RECIPROCAL CROSSES OF
THE McCALL PEAR (MP) AND IMMATURE SELECTION (IS) COLONIES OF M. OCCIDENTALIS AT 24° TO

26°C UNDER CONTINUOUS LIGHT

Q MP IS MP IS

x x x x

cJ IS MP MP IS

Net reproductive rate (R
o

) 10.58 0.92 11.96 8.04

Mean generation time (T) 11.07 16.90 10.44 10.61

Intrinsic rate of natural

increase (r
m

) 0.213 0 0.238 0.196

Days for population to double(D
T

) 3.25 2.92 3.53

Sex ratio (Q : cJ ) 2.07 0.12 1.85 1.10

differences in patterns among the different colonies, however, to suggest that significant pre
mating isolation might be present (Hoy and Cave 1985; this paper). Premating behavior in
M. occidentalis is thus much less stereotypical than the behavior patterns described for
Phytoseiulus persimilis Athias-Henriot and Amblyseius andersoni (Chant) by Amano and
Chant (1978).

Premating isolation could be due to preferences by males or females for individuals that
are different in size, exhibit different activity patterns, or produce different chemical cues, or
to combinations of these and other unknown characteristics. Adult virgin, mated, and deu
tonymphal females of M. occidentalis produce a contact sex pheromone (Hoy and Smilanick
1979). The chemical nature of the sex pheromone is currently unknown. It is also unknown
whether variability in sex pheromone quantity or quality occurs among different populations
and could thus influence mating success.

Selection to enhance premating isolation between ST females and MP males yielded no
apparent selection response. The reasons are unknown but could be a lack of genetic variabil
ity for premating behavioral isolating mechanisms, insufficient numbers of selections on traits
that are polygenically determined, selection of inappropriate colonies, or inappropriate selec
tion criteria.

Postmating isolation among different colonies of M. occidentalis was found in five of eight
pairs of reciprocal crosses, and these incompatibilities were generally more extensive in one
of the reciprocal crosses than the other (tables 5, 6, and 7). The incompatibilities resulted in
reduced numbers of eggs deposited, deposition of shriveled eggs that failed to hatch, reduced
numbers of female progeny, and a highly skewed sex ratio in favor of males (tables 6 and 7).
In the IS female X MP male cross, the net reproductive rate was dramatically reduced (to 0.92)
with an intrinsic rate of natural increase of zero (table 7). If the IS colony, which is pennethrin
resistant, were released into a pear orchard where native pennethrin-susceptible M. occiden
talis behaved like the MP colony, loss of pennethrin resistance would be unlikely, whether
or not pennethrin was applied. Unfortunately, it is difficult to predict which crosses will be
partially reproductively incompatible (table 5), because geographic proximity alone does not
provide a useful clue. However, it is clear that partial postmating isolation is widespread, al
though the degree exhibited among different reciprocal crosses is variable (tables 5, 6, and 7).

The causes of the postmating isolation are unknown. Females appear to have normal
spennatophores deposited within their sperm receptacles. Likewise, there is no obvious de
fonnity of the sperm receptacles in the females. The fact that homogametic crosses generally
produce nonnal numbers of progeny suggests that males deposit normal quantities and nor-
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mal quality of sperm, Reproductive incompatibility could be due to lack of penetration of eggs
by sperm, lack of syngamy, incompatible sperm and egg cytoplasm, or incompatible genomes.
Metaseiulus occidentalis is parahaploid, and all eggs must be fertilized if development is to
occur (Hoy 1979; Nelson-Rees, Hoy, and Roush 1980; Hoy and Cave 1986). Early in embryo
genesis of male progeny, half the chromosomes are heterochromatinized and extruded from
the nucleus (Hoy 1979; Nelson-Rees, Hoy, and Roush 1980). Based on pesticide resistances
as markers, it appears that the extruded chromosomes are paternal in origin (Hoy 1985b; Hoy
and Standow 1982). The fact that normal numbers of males are produced in the IS female X
MP male cross (table 6) suggests that sperm from the MP male is effective in initiating devel
opment of the eggs that eventually become males after the paternal genome has been elimi
nated.

The fact that few females develop successfully in these incompatible crosses could be due
to either chromosomal or cytoplasmic factors. Normal development of females requires the
functioning of both chromosome sets; in these incompatible crosses, the maternally and pa
ternally derived chromosomes may be unable to function together to produce normal adult
females. Because normal numbers of males are produced but very few females, the dead and
shriveled eggs are probably nearly all females. The deposition of shriveled eggs suggests that
female development may proceed for awhile before the female embryo dies, yielding shriv
eled eggs (table 6). However, reproductive incompatibility has often been found to be due to
cytoplasmic factors, and this could be true in M. occidentalis. Our data do not allow us to
discriminate among these hypotheses.

Reproductive incompatibility has been found in other species of mites. Incompatibility
between local populations of the spider mite, Tetranychus urticae Koch, is common; some
times populations from adjacent glasshouses are incompatible. Typically, a proportion of the
F1 females fails to deposit eggs or produces only a few eggs, and some of the eggs produced
are inviable. As a rule, this incompatibility is not complete, varying from slight to almost
complete, and if hybrids are propagated through inbreeding, the fertility usually improves in
later generations for unknown reasons (deBoer 1982). DeBoer (1982) speculated that both
chromosomal and extrachromosomal factors are involved in these incompatibilities. He sug
gested that, because many spider mite populations are founded by a single inseminated female
and remain isolated for many generations, the likelihood that the semi-incompatible popula
tions are maintained is enhanced.

Incompatibility between a number of arthropod species involves bacterial or viral sym
biotes. For example, Yen and Barr (1973) found that cytoplasmic incompatibility in the
mosquito Culex pipiens L. was due to the rickettsia-like symbiote Wolbachia pipientis. Like
wise, Kellen, Hoffmann, and Kwock (1981) found that a species of Wolbachia was the causal
agent of cytoplasmic incompatibility between strains of the almond moth Ephestia cautella
(Walker). Hess and Hoy (1982) found two morphologically distinct forms of rickettsia-like
organisms in the tissues of M. occidentalis; one, type A, was found in all the mites examined
and did not appear to be associated with a pathogenesis. The second, type B, was found in
approximately two-thirds of the mites examined, was both intracellular and extracellular, and
was found in all ovaries and eggs of infected individuals, suggesting that transovarial trans
mission might occur. Mites considered diseased had a rectal plug, deposited few eggs, and
were unable to walk normally; type B organisms were found throughout the body cavity and
tissues. Sutakova and Ruttgen (1978) also described a polymorphous rickettsia, Rickettsiella
phytoseiuli, in another phytoseiid mite Phytoseiulus persimilis. The relationship between
these microorganisms and reproductive incompatibilities in phytoseiid populations is cur-
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rently unknown; no experiments have been conducted with antibiotics or heat (which may
eliminate the microorganisms) to determine whether the "diseases" or reproductive incompati
bilities can be cured.

Single inseminated females of M. occidentalis, like T. urticae, can found new isolated
populations that could remain isolated for many generations. Furthermore, M. occidentalis
can tolerate the subsequent inbreeding with little apparent negative effect (Hoy 1977). Re
sults from surveys of organophosphate and sulfur resistances in M. occidentalis from pear and
almond orchards and vineyards in California, and the relatively slow dispersal of the carbaryl
resistant strain from release sites in almond orchards to adjacent orchards, support the hy
pothesis that M. occidentalis populations in California are genetically diverse and not panmic
tic (Hoy and Knop 1979; Hoy 1982, 1985; Hoy and Standow 1982; Hoy, Groot, and van de
Baan 1985). Whether these different populations also differ in their ability to control spider
mites is unknown; the efficiency of different predator colonies has not been compared.

Future efforts to enhance reproductive isolation between different populations of M. oc
cidentalis as a component of a genetic improvement project should probably focus on post
mating rather than premating isolating mechanisms. While mating behavior is variable within
and between colonies of M. occidentalis, there did not appear to be qualitative differences
among the colonies; the failure to obtain a selection response for premating isolation indicates
that exploiting premating isolating mechanisms would be more difficult. In contrast, the
degree of postmating reproductive isolation, in some crosses, resulted in dramatically reduced
numbers of progeny. The manipulation of postmating isolating mechanisms could possibly
have practical implications if we could identify the mechanisms.

ACKNOWLEDGMENTS

Support was provided by Regional Research Project W-84 "Establish, Improve, and
Evaluate Biological Control in Pest Management Systems," the California Agricultural
Experiment Station, and U.S.Department of Agriculture Competitive Grant 83-CRCR-l
1218.



18 Hoy and Cave: Premating and Postmating Isolation ...

LITERATURE CITED

AMANO, H., and D. A. CHANT
1977. Some factors affecting reproduction and sex ratios in two species of predacious mites,

Phytoseiulus persimilis Athias-Henriot and Amblyseius andersoni (Chant) (Acarina:
Phytoseiidae). Can. J. Zool. 56: 1593-1607.

1978. Mating behaviour and reproductive mechanisms of two species of predacious mites,
Phytoseiulus persimilis Athias-Henriot and Amblyseius andersoni (Chant):
Phytoseiidae. Acarologia 20: 196-213.

CONGDON, B. D., and J. A. McMURTRY
1985. Biosystematics of Euseius on California citrus and avocado with the description of a

new species (Acari: Phytoseiidae). International. J. Acarol. 11:23-30.
CROFT,B.A.

1970. Comparative studies on four strains of Typhlodromus occidentalis (Acarina:
Phytoseiidae). I. Hybridization and reproductive isolation studies. Ann. Entomol. Soc.
Amer. 63: 1558-63.

1971. Comparative studies on four strains of Typhlodromus occidentalis (Acarina:
Phytoseiidae). V. Photoperiodic induction of diapause. Ann. Entomol. Soc. Amer.
64:962-64.

CROFT, B. A., and L. R. JEPPSON
1970. Comparative studies on four strains of Typhlodromus occidentalis. II. Laboratory toxic

ity of ten compounds common to apple pest control. J. Econ. Entomol. 63: 1528-31.
DAVIS,D. W.

1970. Variations in the anatomy of Typhlodromus occidentalis. Ann. Entomol. Soc. Amer.
63:696-99.

deBOER, R.
1982. Laboratory hybridization between semi-incompatible races of the arrhenotokous spider

mite Tetranychus urticae Koch (Acari: Tetranychidae). Evolution 36:553-60.
FLAHERTY, D. L., and C. B. HUFFAKER

1970. Biological control of Pacific mites and Willamette mites in San Joaquin Valley vine
yards. Hilgardia 40( 10):267-330.

HESS, R. T., and M. A. HOY
1982. Microorganisms associated with the spider mite predator Metaseiulus (= Typhlodromus)

occidentalis: Electron microscope observations. J. Inverteb. Pathol. 40:98-106.

1982.

1979.

1986.

HOY,M.A.
1977. Inbreeding in the arrhenotokous predator Metaseiulus occidentalis (Nesbitt) (Acari:

Phytoseiidae). Internal. J. Acarol. 3:117-21.
Parahaploidy of the "arrhenotokous" predator, Metaseiulus occidentalis (Acarina:
Phytoseiidae) demonstrated by X-irradiation of males. Entomol. Exp. Appl. 26:97-104.
Aerial dispersal and field efficacy of a genetically improved strain of the spider mite
predator Metaseiulus occidentalis. Entomol. Exp. Appl. 32:205-12.

1985a. Almonds (California) 3.2.3. Integrated mite management for California almond
orchards. In: Spider Mites, Their Biology, Natural Enemies and Control (W. Helle and
M. W. Sabelis, eds.), vol. 1B. Amsterdam: Elsevier, 299-310.

1985b. Recent advances in genetics and genetic improvement of the Phytoseiidae. Ann. Rev.
Entomol. 30:345-70.

HOY, M. A., and F. E. CAVE
1985. Mating behavior in four strains of Metaseiulus occidentalis (Acari: Phytoseiidae). Ann.

Entomol. Soc. Amer. 78:588-93.
Screening for thelytoky in the parahaploid phytoseiid, Metaseiulus occidentalis (Nes
bitt). Exp. Appl. Acarol. 2:273-76.

HOY, M. A., and D. L. FLAHERTY
1970. Photoperiodic induction of diapause in a predaceous mite, Metaseiulus occidentalis.

Ann. Entomol. Soc. Amer. 63:960-63.



HILGARDIA • Vol. 56 • No.6. November 1988 19

HOY,M. A., J. J. R. GROOT, and H. E. van de BAAN
1985. Influence of aerial dispersal on persistence and spread of pesticide-resistant Metaseiulus

occidentalis in California almond orchards. Entomol. Exp. Appl. 37:17-31.
HOY, M. A., and N. F. KNOP

1979. Studies on pesticide resistance in the phytoseiid Metaseiulus occidentalis in California.
Recent Adv. Acarol. 1:89-94.

1981. Selection for and genetic analysis of permethrin resistance in Metaseiulus occidentalis:
Genetic improvement of a biological control agent. Entomol. Exp. Appl. 30: 10-18.

HOY, M..A., and J. M. SMILANICK
1979. A sex pheromone produced by immature and adult females of the predatory mite,

Metaseiulus occidentalis, Acarina: Phytoseiidae. Entomol. Exp. Appl. 26:291-300.
HOY, M. A., and K. A. STANDOW

1982. Inheritance of resistance to sulfur in the spider mite, Metaseiulus occidentalis. Entomol.
Exp. Appl. 31:16-31.

HOYING, S. A., and B. A. CROFT
1977. Comparisons between populations of Typhlodromus longipilus Nesbitt and T. occiden

talis Nesbitt: Taxonomy, distribution, and hybridization. Ann. Entomol. Soc. Amer.
70:150-59.

HOYT, S. C.
1969. Integrated chemical control of insects and biological control of mites on apple in Wash

ington. J. Econ. Entomol. 62:74-86.
HUFFAKER, C. B., M. van de VRIE, and J. A. McMURTRY

1969. The ecology of tetranychid mites and their natural control. Ann. Rev. Entomol. 14:125
74.

KELLEN, W. R., D. F. HOFFMANN, and R. A. KWOCK
1981. Wolbachia sp. (Rickettsiales: Rickettsiaceae) as a symbiont of the almond moth,

Ephestia cautella: Ultrastructure and influence on host fertility. J. Inverteb. Pathol.
37:273-83.

LeCLERG, E. L., W. H. LEONARD, and A. G. CLARK
1962. Field Plot Technique. Minneapolis: Burgess Publ. Co.

LEE, M. S., and D. W. DAVIS
1968. Life history and behavior of the predatory mite Typhlodromus occidentalis in Utah.

Ann. Entomol. Soc. Amer. 61 :251-55.
MAHR, D. L., and J. A. McMURTRY

1979. Cross-breeding studies involving populations of Typhlodromus citri Garman and
McGregor, T. arboreus Chant, and a sibling species of each (Mesostigmata:
Phytoseiidae). Internat. J. Acarol. 5: 155-61.

McMURTRY, J. A., D. L. MAHR, and H. G. JOHNSON
1976. Geographic races in the predaceous mite, Amblyseius potentillae (Acari: Phytoseiidae).

Internat. J. Acarol. 2:23-28.
MUELLER-BEILSCHMIDT, D., and M. A. HOY

1987. Activity levels of genetically manipulated and wild strains of Metaseiulus occidentalis
(Nesbitt) (Acarina: Phytoseiidae) compared as a method to assay quality. Hilgardia
55(6): 1-23.

NELSON-REES, W. A., M. A. HOY, and R. T. ROUSH
1980. Heterochromatinization, chromatin elimination and haploidization in the parahaploid

mite Metaseiulus occidentalis (Nesbitt) (Acarina: Phytoseiidae). Chromosoma 77:263
76.

OVERMEER, W. P. J., M. DOODEMAN, and A. G. van ZON.
1982. Copulation and egg production in Amblyseius potentillae and Typhlodromus pyri (Acari,

Phytoseiidae). Zeitsch. Angew. Entomol. 93:1-11.
PUTMAN, W. L.

1962. Life history and behaviour of the predaceous mite Typhlodromus (T.) caudiglans
Schuster (Acarina: Phytoseiidae) in Ontario, with notes on the prey of related species.
Can. Entomol. 94:163-177.



20 Hoy and Cave: Premating and Postmating Isolation ...

SCHICHA, E.
1978. The morphology of three Typhlodromus occidentalis Nesbitt populations in Australia

(Acarina: Phytoseiidae). Zeitsch. Angew. Entomol. 65:291-302.
SUTAKOVA, G., and F. RUTTGEN

1978. Rickettsiella phytoseiuli and viruslike particles in Phytoseiulus persimilis (Gamasoidea:
Phytoseiidae) mites. Acta Virol. 22:333-36.

YEN, J. H., and A. R. BARR
1973. The etiological agent of cytoplasmic incompatibility in Culex pipiens. J. Inverteb. Pa

thol. 22:242-50.

The University of California, in compliance with the Civil Rights Act of 1964, Title IX of the Education Amendments of 1972, and
the Rehabilitation Act of 1973, does not discriminate on the basis of race, creed, religion, color, national origin, sex, or mental
or physical handicap in any of its programs or activities, or with respect to any of its employment policies, practices, or proce
dures. The University of California does not discriminate on the basis of age, ancestry, sexual orientation, marital status, citi
zenship, medical condition (as defined in section 12926 of the California Government Code), nor because individuals are dis
abled or Vietnam era veterans. Inquiries regarding this policy may be directed to the Personnel Studies and Affirmative Action
Manager, University of California, Division of Agriculture and Natural Resources, 300 Lakeside Drive, Oakland, CA 94612-3560,

(415) 987-0095. 2.5 m - pr - 10/88 - BT/PF



Continuedfrom inside front cover

sented here and other data previously obtained on dispersal rates, discreteness of pesticide
resistant populations, and differences in diapause attributes of geographic strains indicate that
M.occidentalis is subdivided into distinct populations, some of which are partially reproduc
tively isolated from others through postmating isolating mechanisms. No clear pattern has
emerged, however, that would allow us to predict which populations are completely compat
ible. Populations that are geographically distant may show little reproductive isolation, while
others that are adjacent may be partially reproductively isolated, and differences may occur
between reciprocal crosses. In the case of the permethrin-resistant strain (IS), the degree of
reproductive isolation after release into orchards or vineyards that contain native M. occiden
talis cannot be predicted. It would be desirable to have such reproductive isolation, because
permethrin resistance is polygenically determined in this colony and outcrossing can result in
loss of resistance. Thus, IS (permethrin-resistant) populations released into North American
orchards or vineyards will have to be maintained as pure populations through selection with
permethrin rather than through reproductive incompatibility because of our inability to pre
dict whether postmating isolation will occur.
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