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Abstract Increasing the ability to store mass-reared

natural enemies during periods or seasons of low

demand is a critical need of the biocontrol industry.

We tested the hypothesis that chemicals can enhance

long-term cold storage of a predatory mite Phytosei-

ulus persimilis Athias-Henriot. The research objec-

tive was to determine the effect of cryoprotectant and

carbohydrate chemicals on in-storage survival of

predators. In-storage survival at 8�C was greater for

predators sprayed with glycerol (5%, v/v) or glucose

(10% and 20%, v/v) than with water spray controls.

After 74 days in the cryoprotectant experiment,

predator survival declined to 11.5% in the 5%

glycerol treatment and 7.8% in the water spray

control. After 88 days in the carbohydrate experi-

ment, predator survival declined to 22% in the 20%

glucose treatment and 2% in the water spray control.

Although many individuals expired within 50 days in

both experiments, a few females survived more than

200 days. This research suggests that select cryopro-

tectants and carbohydrates have a limited capacity to

facilitate long-term storage of P. persimilis.

Keywords Biological control � Rearing �
Phytoseiidae � Tetranychidae � Tetranychus urticae

Introduction

Increased expansion of the biological control industry

may depend, in part, on the development of efficient

techniques for storing natural enemies (Leopold

2007). Commercial producers often suffer economic

losses when there is low demand for a natural enemy

during periods of inclement weather or between

growing seasons. Long-term storage of natural ene-

mies is desirable because it (1) may allow economic

production of a limited quantity year-round rather

than a large quantity seasonally, (2) permit stockpil-

ing during periods of low production or unanticipated

periods of high demand, assuming that storage

facilities are available, and (3) allow rearing to occur

at a time of the year when conditions are best for

growing host plants (van Lenteren and Tommasini

2003). More research is necessary to demonstrate that

long-term cold storage is feasible and does not affect

the reproductive potential of natural enemies (see

Coudron et al. 2007).

Phytoseiulus persimilis Athias-Henriot (Mesostig-

mata: Phytoseiidae) is currently under commercial

production throughout the world. It is an effective

specialized predator of Tetranychus (Prostigmata:

Tetranychidae) spider mites and suppresses popula-

tions of Tetranychus urticae Koch on vegetables,
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small fruits, and other plants grown in greenhouses

and in the field (van Lenteren 2003). P. persimilis

was first discovered on various plants in nature in the

Republic of Algeria (Galazzi and Nicoli 1996).

Descendents from a population originating in Chile

were first used in biological control of spider mites in

greenhouses in several European countries (Zhang

2003). It presently occurs naturally in multiple

localities that have a Mediterranean climate.

Short-term cold storage of P. persimilis adults is

possible. For example, Morewood (1992) stored

P. persimilis adults of unknown age (from mass-

rearing cultures) for six weeks at 7.5�C, with a

survival rate of 80%, when storage containers held

water-moistened filter paper and spider mite eggs.

Nicoli and Galazzi (1998) and Luczynski et al. (2008)

suggest that young rather than old P. persimilis

females have a greater capacity to survive up to

2.5 weeks in cold storage. Long-term cold storage of

P. persimilis for several months presents more of a

challenge. Although, inducing a natural enemy to

transition into a state of diapause can lead to long-

term storage (Chang et al. 1996), P. persimilis does

not undergo diapause (Morewood 1993). Therefore,

diapause induction is not suitable for increasing long-

term cold storage of this predator.

Cryoprotectants, produced endogenously, permit

survival of insects at freezing temperatures (Storey

and Storey 1991; Leather et al. 1993). The possibility

that ingestion of cryoprotectants could enhance long-

term cold storage of predators, in a non-diapause

state, at temperatures above freezing has not been

determined previously. Similarly, ingestion of carbo-

hydrates to provide additional energy for predators,

even when prey is available, may enhance long-term

cold storage. The hypothesis that chemicals can

enhance long-term cold storage of P. persimilis was

tested. The objective of this study was to measure the

effects of chemicals on the survival of P. persimilis

adults. This research should determine the feasibility

of storing P. persimilis adults for several months at

cool temperatures.

Materials and methods

The source of P. persimilis adults used in our

experiments was Syngenta Bioline Inc. (Oxnard,

California, USA). Predators were removed from

shipping enclosures and placed in plastic shoe boxes

with spider mite-infested Lima bean Phaseolus

lunatus L. (Henderson variety) leaves for one day

to allow feeding and mating. Spider mites were

reared for multiple generations on Lima bean in a

greenhouse at USDA-Agricultural Research Service,

in Stoneville, Mississippi, USA. The original source

of spider mites was Syngenta Bioline Inc.

Distilled water-based solutions (5, 10, 20% v/v) of

the following chemicals were prepared and used in

our experiments. In experiment A, three concentra-

tions of glycerol and ethylene glycol along with a

water spray control resulted in seven treatment

groups. In experiment B, three concentrations of

glucose and sucrose along with a water spray control

resulted in seven treatment groups. Glycerol and

ethylene glycol were from Anachemia Canada Inc.

(Montreal, Quebec, Canada), sucrose from Fisher

Scientific (Fair Lawn, New Jersey, USA), and

glucose from Sigma–Aldrich (St. Louis, Missouri,

USA). In both experiments, distilled water was the

solvent in test solutions and the water spray control.

Using an AirbrushTM (Paasche Airbrush Co.,

Chicago, Illinois, USA), solutions were sprayed onto

groups of predators (adults received from Syngenta

Bioline Inc. the previous day) within a Petri dish

arena (15 9 60 mm, diam) containing one young

bean leaf infested with spider mite eggs at the base,

on the same day in a randomized design. Lids were

quickly removed (in 20–30 s) before spraying and

returned to cover the contents (at the base) within

30 s after spraying had ceased. The distance between

the AirbrushTM nozzle and the edge of the arena was

approximately 15 cm each time spraying occurred.

Predators often drank the test and control solutions,

which formed microscopic droplets on their legs and

body. Micro-droplet diameter averaged 17.4 lm (n =

82 droplets), as determined by using computer-based

imaging software (Image Pro� Plus, Media Cyber-

netics, Inc, Maryland, USA) with camera attached to

a stereo zoom microscope. Gaede (1992) indicated

that partially dehydrated P. persimilis females drink

liquid water when it is available. Ingestion occurred

when predators ‘‘cleaned’’ themselves of the droplets,

by threading the first legs (leg I) between the

pedipalps and chelicerae. Droplets were wiped off

the dorsal body surface by using the hind legs (leg

IV); then the first legs cleaned the hind legs of any

droplets. As before, the first legs were threaded
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through the pedipalps and chelicerae. Adding a dye

(i.e., food coloring used to provide color to human

food) to water prior to spraying and spraying

predators confirmed that molecules were in fact

ingested during this process. Within 1 h after spray-

ing, no droplets were present on the mites or on the

arena interior.

In experiments A and B, the average number of

predators per arena was 19 (range = 7–50) and 44

(range = 17–75) adults at the onset, respectively,

because some predators managed to escape from

arenas while spraying. Twenty-one arenas (three

replicate arenas in each of the seven treatment

groups) were used in both experiments. Predators

were held in the same arenas that they were sprayed

in and placed in a growth chamber (60% RH, 16 h

photophase) at 23�C until 24 h later (day 1), then

15�C until 72 h later (day 3), then 8�C for all

subsequent days of inspection. A water-soaked cotton

ball was placed at the base of each arena to maintain

high humidity. Although not measured, the relative

humidity inside each arena was probably 70–90%.

On inspection dates, the number of living and dead

predators in each arena was determined. Dead

predators were removed from arenas. Old bean leaf

pieces were replaced with fresh pieces infested with

spider mite eggs. Inspection to determine predator

survival required less than 10 min per arena and

occurred at room temperature (23�C) in the labora-

tory. All arenas were encased with Parafilm� as

another measure to maintain high humidity. Each

arena was returned to the growth chamber immedi-

ately after inspection.

Experiments A and B began on 9 August and 1

September 2006, respectively. In experiment A, the

percentage of predators alive in each replicate arena

was determined on 1, 3, 8, 17, 29, 44, 74, 106, 147,

163, 179, 200, 218 days after spraying. In experiment

B, the percentage of predators alive in each replicate

arena was determined on 1, 3, 12, 27, 88, 103, 126,

142, 157, 172, 187, 204, and 225 days after spraying.

Ninety-one observations (repeated measures) of

predator survival were made in both experiments.

The female predators capable of surviving until the

end of the storage experiments were transferred to

clean arenas containing fresh bean leaf pieces infested

with an excess of spider mites and held at room

temperature (23�C) in the laboratory. The oviposition

rates of these few predators were determined.

In-storage survival data were analyzed following a

completely randomized design. Data were arcsine

transformed prior to analysis. A Kaplan–Meier sur-

vival analysis (KMSA), followed by a Log-Rank test

of equality, determined if there was a difference

between survival curves in the treatment groups.

Repeated measures analysis of variance (RM-

ANOVA) tested the significance of cryoprotectants

or carbohydrates (and concentration) on the percent-

age of predators alive at each observation date during

the study. Means were considered significantly dif-

ferent if P B 0.05. The Holm–Sidak multiple

comparison method separated means after the

RM-ANOVA. SigmaStat 3.0.1 (Systat Software

Inc., Richmond, California, USA) and SAS 9.1.3

(SAS Institute Inc., Cary NC, USA) software assisted

with analysis of data. All data presented in this

manuscript represent non-transformed values. Data

on post-storage fecundity of the few remaining

predators did not necessitate statistical analysis.

Results

In experiment A, survival curves differed signifi-

cantly between some treatments when considering all

chemicals and concentrations in the same analysis

(KMSA; Log-Rank test, v2 = 30.7, df = 10, P \
0.001). Cryoprotectants affected the in-storage sur-

vival of P. persimilis (RM-ANOVA, F = 21.2;

df = 6, 72; P \ 0.001). Predators had a slightly

greater ability to survive long-term storage in the 5%

glycerol treatment than any other treatments, with the

exception of the water spray control (Fig. 1A,

Table 1). Survival was least for predators in the

20% ethylene glycol treatment group. The percentage

of predators still alive 29 days after the beginning of

the experiment was 46% in the 5% glycerol treatment

and 27% in the water spray control. At 74 days,

predator survival had dropped to 11.5% in the 5%

glycerol treatment and 7.8% in the water spray

control. On the last day of cold storage in experiment

A (day 218), one female was alive in one arena of the

5% glycerol treatment and the water spray control.

Predators in all other treatment groups had expired.

In experiment B, survival curves differed signif-

icantly between treatments (KMSA; Log-Rank test,

v2 = 31.02, df = 9, P \ 0.001). Carbohydrates

affected the in-storage survival of P. persimilis
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(RM-ANOVA; F = 20.7; df = 6, 72 P \ 0.001).

Predators had a slightly greater ability to survive

long-term storage in the 10% and 20% glucose

treatments (Fig. 1B, Table 1). The percentage of

predators alive at 27 days from the beginning of the

experiment was 60–72% in the 5–20% glucose

treatment groups, and 59% survived the water spray

control. At 88 days, predator survival had declined to

12% and 22% in the 10% and 20% glucose treatment

groups, respectively. Only 5% were alive in the 5%

glucose treatment and 2% were alive in the water

spray control. On the last day of cold storage in

experiment B (day 225), one female was still alive in

an arena which had been treated with 5% glucose.

Predators in all other treatment groups had expired.

The surviving female in the water spray control in

experiment A produced 56 eggs (95% hatched) over

an oviposition period of 21 days. The surviving

female in the 5% glycerol treatment produced only

one egg (that did not hatch) over an oviposition

period of one day. The surviving female in the 5%

glucose treatment in experiment B produced six eggs

(100% hatched) over an oviposition period of

two days.

Discussion

Several chemicals slightly enhanced the long-term

storage survival of P. persimilis adults in comparison

to controls. The observation that 46% of predators

treated with 5% glycerol were alive at approximately

one month after treatment, in comparison to 27%

alive in the water spray control, suggests a limited

role of low concentrations of glycerol on survival.

Glycerol might have been stored in the cells of

P. persimilis and provided some protection from

extended exposure to cold. The observation that

72% of predators treated with 20% glucose were alive

at approximately one month after treatment, in com-

parison to 59% alive in the water spray control,

suggests that moderate concentrations of glucose

have a limited role in survival. In addition, glucose

may have served as an additional source of energy

that circumvented starvation. A 1:1 glucose to

fructose solution was a food supplement that

increased the lifespan and fecundity of P. persimilis

in comparison to cohorts presented with water only at

room temperature (Rojas and Morales-Ramos 2008).

Fig. 1 Mean ± SE percentage of P. persimilis alive in cold

storage after treatment with 5, 10, and 20% concentrations of

select cryoprotectants (A) or carbohydrates (B) in separate

experiments. Sample size was 91 observations (repeated

measures). GLY, ETH, GLU, and SUC represent glycerol,

ethylene glycol, glucose, and sucrose, respectively

Table 1 Storage-long mean ± SE percentage of P. persimilis
adults surviving cold storage when treated with 5, 10, and 20%

concentrations of select cryoprotectants and carbohydrates as

illustrated in Fig. 1

Experiment A Experiment B

Treatment Mean (±SE) Treatment Mean (±SE)

Water spray 29.6 (±10.5)ab Water spray 25.1 (±10.9)d

GLY-5 34.6 (±10.5)a GLU-5 27.9 (±11.3)bc

GLY-10 29.3 (±10.7)b GLU-10 32.1 (±11.0)a

GLY-20 26.7 (±10.5)b GLU-20 32.0 (±10.9)ab

ETH-5 24.0 (±10.1)c SUC-5 25.4 (±10.8)d

ETH-10 25.0 (±9.8)bc SUC-10 27.0 (±10.8)cd

ETH-20 17.3 (±8.0)d SUC-20 26.3 (±11.1)d

Means followed by a different letter in a column are

significantly different (P \ 0.05, Holm–Sidak method).

Sample size was 91 observations in experiments A and B

642 E. W. Riddick, Z. Wu

123



P. persimilis obtain glucose and fructose from

extrafloral nectaries on Lima bean infested with

spider mites (Choh et al. 2006).

The quality of food that predators are given, prior

to cold storage, may influence survival rate during

storage (Coudron et al. 2009). In addition, storage of

predators in enclosures provisioned with food (live

prey, artificial food, or plant products) can have

beneficial effects on in-storage survival (Morewood

1992; Tauber et al. 1997; Thorpe and Aldrich 2004).

The observation that 50% of P. persimilis adults

(of unknown age) treated with water only survived

for approximately one month at 8�C was lower than

anticipated. Morewood (1992) showed that 80% of

untreated P. persimilis adults of unknown age, but

from a mass-rearing culture, survived 1.5 months at

7.5�C. Reasons for the differences in survival rate

between this study and the Morewood (1992) study

are unclear. Presumably, progeny rather than original

adults from a commercial producer were tested in the

Morewood (1992) study. This could explain, in part,

the differences in predator survival between the

studies.

Other factors might have affected the results of the

cold storage experiments in this study, including the

age and health of predators upon arrival in our

laboratory. The age of females in our experiments was

unknown, although we assume that they represented

young adults of the same generation. Luczynski

et al. (2008) showed that young rather than old

P. persimilis females (obtained directly from a

commercial producer) have a better capacity to

survive storage, for up to 2.5 weeks at 5�C or 10�C.

Shipping of predators over two days in crowded

enclosures, inside StyrofoamTM boxes, under variable

temperature and humidity conditions might have also

affected the health of the predators. Bjornson and

Raworth (2005) showed that internal temperature

within StyrofoamTM boxes varies in direct relation-

ship to ambient temperature. Finally, manipulating

predators during transfer to arenas, monitoring mor-

tality and removing dead individuals from arenas,

during this study, could have affected their health.

Gaede (1992) found that P. persimilis females

lived up to a maximum of 120 days, if they consumed

at least one spider mite every three days at 20�C

under very humid conditions. In light of the Gaede

(1992) study, the observation that a few P. persimilis

females survived over 200 days at 8�C in this study is

believable. The cooler temperatures would reduce

metabolic rate and therefore decrease the expenditure

of energy reserves. According to Morewood (1993),

P. persimilis does not undergo diapause under any

conditions. Therefore, the few adults surviving for so

long in the cold were probably not in a state of

diapause.

The ability of a predator in the water spray control

to produce more than 50 progeny after more than

200 days in cold storage is interesting. Note that a

non-sprayed P. persimilis female produced 50 eggs

(94% hatched) after more than 200 days at 8�C and

non-sprayed, non-stored females produced an average

of 69 eggs (100% hatched) within an average lifespan

of 32 days at 23�C (EWR and ZW, unpublished

data).

In conclusion, our hypothesis that cryoprotectant

and carbohydrate chemicals can enhance the long-

term storage of P. persimilis was partially true. This

research suggests that select cryoprotectants and

carbohydrates might have limited positive effects on

P. persimilis survival. Future research on cold storage

of this predator should consider the effect of shipping

conditions on the health of adults prior to experi-

mentation. Although testing predators (directly from

a commercial producer) of unknown age, gender, and

mating status gives a measure of reality, it introduces

a number of complications that can confound the

interpretation of results of laboratory tests. Lab-

culturing then testing first or second-generation adult

progeny should facilitate the obtainment of concise,

clear-cut results in future tests on long-term storage

of predatory mites. In future studies, P. persimilis

females should be removed at monthly intervals,

during long-term storage, to assess fecundity. This

procedure would provide a clear picture of the

interaction between storage time and fecundity of

P. persimilis.
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