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A new stackable modular system was developed for continuous in vivo production of phytoseiid mites. 	e system consists of
cage units that are 
lled with lima beans, Phaseolus lunatus, or red beans, P. vulgaris, leaves infested with high levels of the two-
spotted spider mites, Tetranychus urticae. 	e cage units connect with each other through a connection cup, which also serves for
monitoring and collection. Predatory mites migrate upwards to new cage units as prey is depleted. 	e system was evaluated for
production of Phytoseiulus persimilis. During a 6-month experimental period, 20,894.9 ± 10,482.5 (mean ± standard deviation)
predators were produced per week. 	e production consisted of 4.1 ± 4.6% nymphs and 95.9 ± 4.6% adults. A mean of 554.5 ±
59.8 predatory mites were collected per harvested cage and the mean interval length between harvests was 6.57 ± 6.76 days. 	e
potential for commercial and experimental applications is discussed.

1. Introduction

Phytoseiid mites are very e�ective predators used mainly
in biological control of spider mites, Tetranychus urticae
(Koch); however, phytoseiids are known to provide e�ective
control of other mite species and some insects like thrips and
white �ies [1]. Zhang [2] reported that at least 20 species of
phytoseiids have been made commercially available and have
been applied mainly on greenhouse plants. 	e phytoseiid
that has been most widely mass-produced and sold commer-
cially is Phytoseiulus persimilis Athias-Henriot. Phytoseiulus
persimilis is an e�ective biological control agent of spider
mites on vegetables in glasshouses [3–5] and growers around
the world use P. persimilis to control T. urticae and other
tetranychid mites on crops grown in greenhouses and in the

eld [6, 7]. Other phytoseiid species produced commercially
and used in augmentative biological control of greenhouse
pests include Neoseiulus cucumeris (Oudemans), N. barkeri
Hughes, N. californicus (McGregor), N. fallacis (German),
Iphiseius degenerans (Berlese), and Galendromus occidentalis
(Nesbitt) [2].

Current methods of mass production of phytoseiid mites
such as P. persimilis rely on greenhouse growth of bean plants
for spider mite production and later inoculation with the
predatory mite. A pure spider mite culture, free of predators,
is also required for rearing. Infested leaves from the pure cul-
ture are used to infest bean plants in a di�erent greenhouse.
A series of greenhouse benches are inoculated at weekly
intervals to provide continuous supply of prey. Predators are
later introduced to bean plants heavily infested with spider
mites and grown for 2-3 weeks. A section of the bench
is harvested when it has reached the maximum predator
density [8]. Introduction of P. persimilis into the infested
beans requires perfect timing to allow maximum spider mite
reproduction without losing the plants to the mite infestation
[8]. Predator harvesting o�en exposes the predators to stress-
ful conditions of starvation and many are lost to ine�cient
collection methods.

Enclosed rearing systems o�er the potential of greater
control of environmental conditions and better containment
preventing excessive losses. Several methods for rearing
phytoseiid mites in enclosed systems or cages by introducing
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prey have been proposed consisting of dishes with a central
area limited by a channel 
lled with machine oil or other
liquids [9–11].

	eaker and Tonks [12] reared P. persimilis in �oating
plastic leads positioned by magnets in the middle of a water-

lled container to prevent mites from escaping. A similar
method based on a plastic foam block or sponge positioned
in the middle of a tray 
lled with water was described by
Overmeer [13] to rear several species including P. persimilis,
P. macropilis (Banks), Typhlodromus occidentalis Nesbitt, T.
pyri Scheuten, Amblyseius (Neoseiulus) fallacis (German),
A. potentillae (German), and N. cucumeris (Oudemans). A
barrier is formed by placingwet tissue paper around the block
with one side touching the water to maintain a continuous
saturation [13]. McMurtry et al. [14] describe a method of
mass rearing of phytoseiid mites by washing eggs and other
spider mite stages from infested leaves. 	e washed spider
mites are then fed to predatory mites reared using the paper-
lined block in a water tray method as described by Overmeer
[13]. Series of these trays are stacked inside shelved wood
boxes. Shih [15] developed a method to separate the prey
mites (T. urticae) from plant leaves and an apparatus which
used pneumatic pressure to dispense a mix of the prey and
corn pollen to rear Amblyseius womersleyi Schicha using the
same lined semisubmerged block method.

Fournier et al. [16] proposed a cage system for rearing
P. persimilis consisting of series of superimposing cylinders

lled with bean leaves heavily infested by spider mites. New
cylinders with infested leaves are added to the top of the series
to supply new prey. 	e cylinders at the bottom are retired as
predators move into cylinders with fresh prey [16]. Another
cage systemwas described byOvermeer [13] consisting of two
cardboard ice cream containers glued together and separated
by a screen. Infested leaves are placed in the lower side
and predators are introduced. New leaves are placed in the
upper side where predators tend to move to 
nd new prey.
	e whole system is �ipped over to place new leaves while
removing the old material [13].

While many enclosed rearing systems have been e�ective
to mass-produce phytoseiid mites commercially, none of the
existing enclosed systems can match the production capabil-
ities of the open greenhouse rearing methods. An increas-
ing level of sophisticationwill be required to reach a compara-
ble level of production using enclosed systems. 	e objective
of this studywas to develop and test a re
ned enclosed rearing
system based on the Fournier et al. [16] cage series.

2. Materials and Methods

2.1. Rearing of the Prey. Spider mites, Tetranychus urticae
Koch, were used as prey to feed the phytoseiidmites. Colonies
of T. urticae were established from commercial stocks pro-
vided by Syngenta Bioline, Oxnard, CA, and were reared on
red kidney beans, Phaseolus vulgaris L., and lima beans,
Phaseolus lunatus L., cultivars Fordhook 242 and Henderson
in a greenhouse. 	e greenhouse was divided into two areas
by using a clear polyethylene curtain. Lima beans were grown
in one-half of the greenhouse using 60 × 20 × 20 cm

Figure 1: Materials used to construct the cage system. (A)
Polypropylene 50mL centrifuge tube with screwed cover, (B)
polypropylene 250mL lab funnel, (C) polypropylene Ziploc storage
containers, and (D) high density polyethylene 120mL specimen
containers.

polyethylene planters. 	e bottom of each planter was lined
with 2.5 L perlite (Coarse, Sunshine, SunGro Horticulture,
Bellevue, WA) to support and maintain humidity. A mixture
of 2 : 1 potting soil (Moist control, Miracle-Gro Marysville,
OH), vermiculite (Coarse, Sunshine, SunGro Horticulture,
Bellevue, WA), and 5 g slow release fertilizer (N : P : K =
14 : 14 : 14) (vegetable and bedding, Osmocote, Marysville,
OH) was mixed and then combined with an equal volume of
a mixture of 20 g TeraGel (T-400, 	e Terawet Corporation,
San Diego, CA), 0.5 g water soluble fertilizer (N : P : K =
24 : 8 : 16) (All-purpose plant food, Miracle-Gro, Marysville,
OH), and 2.5 L tap water. 	e aqueous solution was allowed
to equilibrate for 24 h until the water was fully absorbed by
the TeraGel crystals and then it was homogeneously incor-
porated into the potting soil and vermiculite mixture using
a gardening trowel. Seventy seeds were planted and kept for
10 days in each planter for germination. Ten days a�er ger-
mination, planters with young bean plants were transferred
to the second half of the divided greenhouse and plants were
then massively infested with T. urticae by placing leaves from
heavily infested plants on top of them.

Spider mite infestation levels were allowed to increase
for 5 days a�er their introduction. Fully infested plants
were monitored daily to determine optimal infestation levels.
Extreme infestation levels kill the bean plants inducing mas-
sive migration of spider mites. Infested bean leaves were col-
lectedwhen theywere still alive (leaves still green) and sustain
a high density of spider mites. Infested leaves were collected
daily by cutting them manually using garden scissors and
placing them in plastic boxes. Boxes with infested bean leaves
were stored at 15∘C for 1 to 7 days.

2.2. Predatory Mite Rearing and Cage Design. Although the
rearing system presented herein is suitable for any phytoseiid
predator of spider mites, P. persimilis was used as the basis
to test the system. 	e rearing system is based on the same
principles of Fournier et al.’s [16] stacked cage method, but



Psyche 3

(a) (b)

(c) (d)

Figure 2: Basic cage system modular components. (a) Cage bottom, (b) cage cover, (c) connection cup, and (d) cage series stand.

we designed a unique modular structure of identical cage
units. Stackablemodular units were constructed from473mL
Ziploc storage containers (Ziploc Twist’n Loc, S.C. Johnson
& Son, Inc., Racine, WI), 250mL plastic laboratory fun-
nels (Fisherbrand 10-500-2, 10.5 cmdia. × 10.3 cmH), plastic
50mL centrifuge tubes (Corning No. 430897), and 120mL
specimen containers (LSS number 9BC-135972) (Figure 1).
Materials for cage construction were chosen based on the
quality of a water-tight screwed cover closure. Snap closures
tend to fail with continuous use andmites quickly 
nd escape
openings. 	e cage system consisted of 4 basic parts that
were modi
ed to 
t together: a cage bottom (Figure 2(a)),
a cage cover with funnel connection (Figure 2(b)), a con-
nection cup (Figure 2(c)), and a multiuse funnel to serve
as stand (Figure 2(d)). 	e covers of the Ziploc containers
(Figure 1(c)) were cut to allow the insertion of the lab funnels
to the cage covers (Figure 1(b)).	e tips (narrow ends) of the
funnels were cut to install “male” screw sections of centrifuge
tubes to allow closure when required (Figures 2(b) and 2(d)).
“Female” screw sections of the covers of specimen containers

(Figure 1(d)) were cut and glued to the funnels and bottoms
of the cage to allow connection with other cage units (Figures
2(a) and 2(b)). “Male” screw sections of centrifuge plastic
tubes (Figure 1(a)) were also glued to the bottom of the
connection cups (Figure 2(c)) to allow closure during mite
collection and movement when connected to new cage units.
Connection cups were also 
tted with a second “male” screw
section in the bottom allowing connection to both ends
(Figure 3(c)). A cage unit consisted of bottom, top, and
connection cup (Figure 3(a)). 	e system stand was used
only in the starting cage (Figure 3(b)) and was 
tted with
a “male” instead of a “female” screw section from specimen
containers (Figure 2(d)) to allow connection to the bot-
toms (Figure 2(a)) of the cages. Four circular windows
(22mmdia.) were cut on the sides of the cages bottom and
four more (17mmdia.) were cut on the sides of the funnels
for ventilation. Only one circular window (10mmdia.) was
cut on one side of the connection cups to reduce excessive
loss of moisture. Nylon screen 85 �mmesh (Small Parts Inc.,
U-CMN-85) was used to seal the windows preventing mites



4 Psyche

(a)

(b) (c) (d)

Figure 3: Cage system assembly. (a) Cage unit components, (b) cage unit assembled, (c) connection cup with second cage unit 
tted, and (d)
cage series assembly of two cage units.

from escaping. Cage units were designed to 
t together in a
modularway by connecting the bottom to the connection cup
(Figures 3(c) and 3(d)).

Bean leaves heavily infested with T. urticae were placed
inside each cage unit stacked vertically to allowmites tomove
up (Figures 4(a) and 4(c)). A cage series can be started by
introducing a few adult predatory mites (10–100) into a cage
unit newly 
lled with infested bean leaves. To start a cage
series, a connection cup with mites is 
tted to the bottom of
a new cage unit (Figure 4(a) arrow and Figure 4(b)).	is cup
can later be replaced by the stand described in Figure 2(d) to
provide better stability.

A�er preymites had been depleted, a new unit is attached
to the top of the old unit by removing the cover of the
connection cup (Figure 4(d)) to allow predators to move into
the new unit.	e cover (full of predators) is placed inside the
new unit (Figures 4(e) and 4(f)) and the cage is closed with
a new funnel (Figures 4(g) and 4(h)). A new connection cup
is attached to the top of the funnel (Figure 4(i)) to complete
the system (Figure 4(j)). Nymph and adult predators tend to
migrate to the upper end of the cage series and accumulate in

the uppermost connection cup feeding on migrating spider
mites.

2.3. Evaluation. 	e cage system was evaluated using P.
persimilis as model. Evaluation started on 1 January 2007
by establishing 21 cage series. Each cage series started with
approximately 100 adult predators. New cage series were
created using predatory mites produced by the initial series.
Some cage series had to be terminated and replaced due to
contamination by other predatory mite species (Neoseiulus
sp.) from the greenhouse spider mite production. Series
increased in number to a maximum of 48 at the end of the
study on 1 July 2007. 	e study was conducted in an envi-
ronmentally controlled room at 26 ± 1∘C, 80 ± 5% RH, 14 h
photophase, and 10 h scotophase.

Cage units were added to the top of each cage series
as described above. Prey mites consisting of T. urticae were
reared as described above using P. lunatusHenderson variety.
When the connection cup contained a visibly high density of
predatory mites, the cup was quickly disconnected from the



Psyche 5

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Figure 4: Cage system operation. (a) A cage series starts with a connection cup with predators connected to a cage bottom 
led with spider
mite-infested bean leaves. (b) 	e starting cage unit is closed and a connection cup is 
tted. (c) When spider mites have been depleted by
the predators, a new cage unit is prepared. (d) 	e cover of the connection cup is removed to allow predators to move to the new cage. (e) A
new cage bottom is 
tted to the connection cup. (f) 	e connection cup cover is placed inside the new cage. (g) 	e new cage is covered and
(h) sealed, and (i) a new connection cup is 
tted to the cover. (j) 	e process can be repeated by adding a third cage unit when prey has been
depleted. At this point, the bottom connection cup can be replaced by the stand piece.

series, inverted, taped to make predator fall to the bottom,
and 
lled with 70% ethanol to kill and preserve the predatory
mites. Mites were counted and the numbers were recorded.
Data consisting of days between harvest, collection date, cage
series, and number of P. persimilis collected were recorded.
Data were analyzed using single-variable statistics to deter-
minemeans ofmite production per week,mites produced per
cage, and mean time from initiation to collection.

In this study, predatory mites were collected and killed
with 70% ethanol in order to obtain precise numbers. How-
ever, live predators can be quanti
ed while alive using less
precise methods. One method is based on weight: 
rst, a
mean of individual weight is determined by weighing groups
of mites in a precision balance; second, an empty collection
cup (with cover) is weighed and used to collect predatory
mites by attaching it to the top of the cage system. 	e cup
full ofmites can be closed (with the previouslyweighed cover)
andweighed a second time.	eweight of the livemites can be

determined by subtracting the weight of the empty cup from
the weight of the full cup. Another method consists of
determining the number of mites 
tting in a given volume.
Mites can be forced by gentle vacuum into receptacles with
known volume. When 
lled, the receptacle can be emptied
by reversing the air�ow.

3. Results and Discussion

During the six-month evaluation period, the mean weekly
production was 20, 894.9 ± 10, 482.5 (mean ± standard devi-
ation) P. persimilis. Production consisted of 4.1 ± 4.6% deu-
tonymphs and 95.9 ± 4.6% adults. Overall production mean
was 554.5±59.8mites per harvested cage and amean of 36.7±
17.0 cages were harvested per week. 	e mean interval of
time between harvests was 6.57 ± 6.76 days; however, the
length of the harvest intervals did not have a normal dis-
tribution and the median was 4 days and the 75% quartile
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was 5 days (Figure 6). 	e top quartile consisted of intervals
ranging from 6 to 62 days in length and the 90% percentile
was 14 days. Based on this analysis, the time interval between
harvests should not exceed 14 days. If by 14 days the pop-
ulation of predators is still too low to justify harvest, the
cage series should be terminated and a new series should be
generated from predator production of a healthy series.

	e connection cup usually contains large quantities of
spider mites, which constantly migrate when they are in
high densities. As predatory mites increase in numbers, they
consume all the prey in the connection cup. Juvenile preda-
tory mites (young adults and deutonymphs) tend to rapidly
migrate upwards to the new cage unit. Gravid adult females
usually remain in the bottom cage unit until they oviposit.
As the last eggs are oviposited and prey is depleted, females
move upwards to the new cage unit. As the population of
predatory mites increases, it becomes necessary to add new
cage units within increasingly shorter periods of time. Empty
cage units at the bottom can be removed a�er all the eggs
have hatched and the juveniles have moved to new cage
units. 	e connection cup at the top of the series serves
as an indicator of predatory mite population. 	e predators
in the connection cup may be recycled by 
tting a new
cage unit or harvested by removing the connection cup and
closing it with an unmodi
ed cover of a specimen container.
Decision to harvest the predatory mites depends on the
density of juveniles in the connection cup (Figure 5). Once
the predatory mite population is well established in a cage
series, it becomes necessary to harvest the predatory mites
every 2 to 4 days depending on the quality of prey provided.
Harvested mites can be used to start new cage series, for

eld releases, or for use in experiments. A cage series can be
continuously producing predatory mites inde
nitely as long
as new cage units are added to the top of the series.

Peak weekly production occurred during the week
between March 11 and 18 with a total of 38,097 adults and
nymphs harvested (Figure 7(a)). During this period, 41 cage
series were in operation (Figure 7(b)). Mean production per
harvested cage was more or less consistent during the exper-
imental period (Figure 7(c)). 	e total weekly production
dropped sharply by the end of the experiment even as the
number of series increased; however, the number ofmites per
harvested cage was increasingly consistent evidenced by the
decrease of the standard deviation (Figure 7(c)).

A study of three-trophic-level impact of secondary chem-
icals present in lima beans showed that high levels of
linamarin present in Henderson lima beans tend to accu-
mulate in the predatory mites a�er several generations [17].
Accumulation of linamarin may have been the reason the
production dropped by the end of the study even as the
number of cage series increased. 	e use of this variety is
not recommended for continuous production of phytoseiid
mites. Fordhook 242 lima beans provide a better alternative
because they contain only trace amounts of linamarin (M. G.
Rojas unpublished). Henderson lima beans were selected for
this experiment because they are easy to grow and the size
of their leaves is optimal to 
t inside the cages described in
this study. Fordhook 242 lima beans have larger leaves, which
must be folded or cut to 
t in the cages. Another good choice

Figure 5: Connection cup with P. persimilis a�er prey had been
depleted. A piece of paper can be introduced to the connection cup
to increase the surface area.
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Figure 6: Frequency distribution of predator harvest intervals. Box
plot (top): bars represent 25% and 75% quartiles, line between bars
represents the median, dashed line represents the mean, bracket
represents the 90% percentile, and dots represent outliers. Bar plot
(bottom): bars represent 2-unit classes.

of host plant is red beans, which have similar leaf sizes to
those in Henderson lima beans. However, a system could be
constructed with larger cage units providing more space to
accommodate larger leaves.

	e size limits for the system have not been determined,
but 8 liter (2-gallon) size units have been constructed and
tested successfully (Figure 8). In theory, the system can be
scaled up to accommodate production levels of millions of
mites per week. Potential size limits include the structural
integrity of currently available materials taking into account
the weight of the leaves that must be held by the cage units.
	e tightness of the closures between cage unit connections
can be more di�cult as cage size increases. 	e tolerance of
closures between cage units cannot exceed 100 �m to contain
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Figure 7: Production of P. persimilis. (a) Total weekly production.
(b) Number of cage units in production. (c) Means of predators
produced per harvested cage; brackets represent standard deviation.

the mites within the cages, and this becomes increasingly
di�cult as the size of the screw cups increases.

4. Conclusions

	e modular cage system presented in this study has been
shown to be a consistent and robust method to produce phy-
toseiid mites. 	e system is particularly suitable for medium
to large scale rearing of P. persimilis. 	is system provides a
good alternative for phytoseiid mites rearing and potentially
can be scaled up for mass production.
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