Journal Pre-proof

Impact of the diet

Maryam Salehi Pourani, Kamran Mahdian, Hamzeh Izadi, Mehdi Basirat, Seyyed
Rasoul Sahhafi

PII: S0011-2240(19)30118-X
DOI: https://doi.org/10.1016/j.cryobiol.2019.10.197
Reference: YCRYO 4137

To appearin:  Cryobiology

Received Date: 15 April 2019
Revised Date: 29 September 2019
Accepted Date: 23 October 2019

Please cite this article as: M.S. Pourani, K. Mahdian, H. Izadi, M. Basirat, S.R. Sahhafi, Cold tolerance
and supercooling points of two ladybird beetles (Col.: Coccinellidae): Impact of the diet, Cryobiology
(2019), doi: https://doi.org/10.1016/j.cryobiol.2019.10.197.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier Inc.


https://doi.org/10.1016/j.cryobiol.2019.10.197
https://doi.org/10.1016/j.cryobiol.2019.10.197

10

11

12

13

14

15

Cold tolerance and super cooling points of two ladybird beetles (Col.: Coccinellidae):
impact of the diet
Maryam Salehi PourahiKamran Mahdiah Hamzeh Izad#, Mehdi Basirat and Seyyed
Rasoul Sahhdfi
®Department of Plant Protection, Faculty of Agriculture, Vali-e-Asr University of Rafsanjan,
Rafsanjan, Iran.
PMember of Scientific Board, Pistachio Research Center, Horticultural Sciences Research
Institute, Agricultural Research, Education and Extension Organization (AREEQO), Rafsanjan,
Iran.
“Department of Genetics and Plant Productions, Faculty of Agriculture, Vali-e-Asr University of
Rafsanjan, Rafsanjan, Iran.
"Corresponding author. Department of Plant Protactiaculty of Agriculture, Vali-e-Asr
University, Rafsanjan, 518, Iran. Tel: +9839132@0Fax: +983913202046. E-mail address:

izadi@vru.ac.ir




16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

ABSTRACT

Ladybird beetles have successfully been used totralordifferent pests.Cheilomenes
sexmaculata (Fabricius) and Oenopia conglobata contaminata (Menetrie3 (Coleoptera:
Coccinellidae) are two dominant and efficient pteda of the common pistachio psylla,
Agonoscena pistaciae (Hem.: Psyllidae) in Iran. In the current studye tmpact of two diets, i.e.,
nymphs of A. pistaciae and eggs ofEphestia kuehniella Zeller (Lep.: Pyralidae), were
investigated on the cold hardiness, supercoolingt@8CP), and lethal temperature of different
life stages of the coccinellids. The results sutggethat the eggs d&. kuehniella are a suitable
diet for both predators. In general, beetle®ofonglobata contaminata were more cold tolerant
than those o€C. sexmaculata. The SCP of the adults &f. sexmaculata, feeding on psyllid was
about -15 °C, whereas the SCP of bleetles, feeding on the eggs of flour moth, wasiabl®

°C. However, the diets had no significant effectglee SCP oD. conglobata contaminata. For
both ladybird beetles, eggs were the most sensitage, and adulthood was the most tolerant
developmental stage. No eggs survived at zero abdeso temperatures. The survival @f
sexmaculata increased from 6.25% for adults fed on psyllidsl875% for those fed on flour
moth eggs after 24 h exposure to cold at -4 °C.sTimeival ofO. conglobata contaminata adults
after exposure to cold at -4 °C for 24 h raisethf@8.75% for adults fed on psyllids to 42.50%
for those fed on flour moth eggs. Regardless ofitee both beetles were considered to be chill-
intolerant insects as the most mortality occurrieova the SCP.

Keywords: Coccinellids, Supercooling point, Cold hardindssthal temperature, Factitious food.
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1. Introduction

The ladybird beetleCheilomenes sexmaculata (Fabricius) (Coleoptera: Coccinellidae), is one
of the most important aphidophagous predators efcdmmon pistachio psylladgonoscena
pistaciae (Hem.: Psyllidae) in the pistachio-growing regiafsiran. This coccinellid has also
been reported to be an efficient natural enemypdiids coming from other Asian countries
[11,35]. The coccinellid beetl@enopia conglobata contaminata Menetries (Col.:
Coccinellidae) is another dominant and efficiergdator ofA. pistaciae in Iran [18]. Different
developmental stages of both of these predatoes] : different insect species, especially
aphids, scales, and psyllids [8]. Therefore, caltas have been considered as efficient
biological control agents in integrated pest managd (IPM) programs in several
agroecosystems, including fields, gardens, andngaeses [9]C. sexmaculata is a potential
biocontrol agent of aphids and psyllids in foremtsl field crops in various parts of the world,
especially in East AsiaD. conglobata contaminata is another polyphagous coccinellid that has
been recorded to mainly prey on psyllids and aptadgh predatory beetles are associated with
the common pistachio psyllAgonoscena pistaciae, the major pistachio pest in Iran. Besides, as
C. sexmaculata and O. conglobata contaminata reared for consecutive generations in our
laboratory, therefore, eggs Bf kuehniella could support the reproduction and development of
these natural enemies. Subsequently, egs kiehniella were considered as a suitable diet for
mass-rearing of the coccinellid predators.

Winter may be cold enough for pistachio trees tmglete their dormancy. Different cultivars
of pistachio treesRjstacia vera L.) need about 750 to 1400 accumulated hoursropégatures
below or at 7°C to break their dormancy. In additithe regular development of this plant is

substantially enhanced in cold months of winter].[2Boreover, in temperate and cold regions,
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survival against harsh winter conditions is crucfat the reproduction, abundance and
distribution of insects. Cold hardiness or coldetahce is an insect’'s ability to prevent cold
injuries during unfavorable winter conditions. Cdidrdiness in insects can be achieved by
maintaining a supercooled condition colligativelyg., synthesis and accumulation of
cryoprotectants [1,7,13,29,32], or non-colligatiwdle., enhancement of the supercooling point
(SCP) without any further changes in cryoprotecteanicentrations. In the latter group, the
changes in SCP values do not follow a particulasseal trend, and the limit of cold tolerance is
regulated by the SCP [20,23]. When the ambient &atpre is lower than the freezing point of
insects, supercooling is said to occur, where thayHfluids still remain unfrozen in a liquid
state. This phenomenon is usually adopted to etelcald tolerance strategies [15,30].
Measuring SCP is a prerequisite for determining ghven strategies [20,27]. Based on these
strategies, Sinclair et al. [27] divided insectfoithree major categories: 1- freeze-intolerant
(insects whose mortality mostly occurs at SCP);freeze-tolerant (insects whose mortality
mostly occurs below SCP), and 3- chill-intolerainsécts whose mortality mostly occurs above
SCP).

The lethal temperature has been defined as the pbiwhich x% of individuals die after a
specific period of exposure. Therefore,sb ¥ a temperature where 50% of a population dies
after a specific exposure time. The lower lethahgerature (LLT) is the point where the
identified percentage of individuals of a populatis killed after a certain exposure time [27].
However, this temperature normally correlates vatelimation. Thus, both upper and lower
lethal temperatures may decrease under low-temperatclimation [33].

In natural conditions, predators and parasitoidslygoely on their prey as a source of energy

for reproduction and development, but the availghdaf suitable non-prey food can impact their
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efficiency as biological control agents of pestheiefore, in mass rearing of these biological
control agents, the availability of suitable nomyprfood, as a part of their diet, must be
considered [34]. Beside, several biotic or abifdictors can hamper or limit the action of these
powerful control agents. Some understanding ofeli@stors is fundamental to design biological
control strategies. In this regard, in the cursdy, cold hardiness and SCPs of two ladybird
beetle species, i.€. sexmaculata and O. conglobata contaminata, were compared at different
developmental stages using two diets: a natural(dignphs and adults @ pistaciae) and a
factitious diet (eggs OE. kuehniella). Results of this study can help to predict theetlgpment
of the coccinellids in the field and offer valualidasic information for the use of these native
predators in mass release biological control progra
2. Materials and methods
2.1. Laboratory culture and rearing conditions

The laboratory colonies @. sexmaculata andO. conglobata contaminata were established
in 2015 with individuals previously collected fropistachio gardens near Rafsanjan, Iran. The
stock colonies were maintained on the common psya pistaciae, and eggs of the
Mediterranean flour mottk. kuehniella. The insects were reared in a growth chamber & 26
°C, in 65 £ 5 % RH, for a photoperiod of 16:8 (L:B) The predators used in the experiments
were in the third generation of laboratory reariag our facilities. One-day old of each
developmental stage, without starvation prior tcaswugement of the SCPs and cold hardiness,
were used.
2.2. Measurement of the supercooling point (SCP)

The SCPs of both predators at different developalestages were measured using a

thermocouple (testo, model 177-T4, German). Thedngn= 6) was fixed to the end of the
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sensor (Nickel-Worm) of the thermocouple by a stop adhesive tape and moved to a
programmable chamber device (GT-7005, Geotech, argiwl he temperature dropped from 25
°C to the desired temperature with a rate of 0.6ni@ The data were read using Comsoft 3
Software. Any decrease in the temperature was dedorThe temperature at which the latent
heat of freezing released was shown as an abropt jo the diagram and was considered to be
the SCP.

2.3. Cold tolerance assay and assessment of lethal temperatures (LTzo50,90)

Different developmental stages of both predatorseviransferred (n=20) to a programmable
chamber. The temperature was lowered from 20 “fhdalesired temperature with a rate of 0.5
°C/min. The eggs, larvae, pupae, and adults obémtles were held at each temperature for 24 h,
and were then heated slowly (0.5 °C/min) to 25TFRe survival of the eggs, larvae, pupae, and
adults of both predators were counted after 24 he Tethal temperatures of different
developmental stages @. sexmaculata and O. conglobata contaminata, including immature
and adult stages, were assessed after 24 h exgossuwbzero temperatures. This was performed
in the same way as was done for the cold tolerassessment.

2.4. Satistical analysis

The effects of the different diets on the SCPsCofsexmaculata and O. conglobata
contaminata were evaluated in a factorial experiment based hen dompletely randomized
design with six replications. The first factor cmted of two kinds of diets (eggs Bf kuehniella
and feeding stages oA. pistaciae). The second factor included the predatory ladigiC.
sexmaculata andO. conglobata contaminata) and the third factor was the developmental stdge
the predators. Moreover, the effects of the diaetsald tolerance of the predators were evaluated

in factorial experiments based on the completehdoanized design with four replications for
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each predator, separately. In the experiment tleet elesigned fo€. sexmaculatus the first,
second and third factors were two kinds of di&sk(ehniella andA. pistaciae), developmental
stages (egg, larva, pupa, and adult) and diffetenmperatures (0. -1, -2, -3 and -4°C),
respectively. In another experiment that was desidior O. conglobata contaminata the first,
second and third factors were two kinds of dieteyetbpmental stages and different
temperatures (0. -3, -5, and -7°C), respectively.

3. Results

3.1. Effects of the diets on the SCPs of C. sexmaculata and O. conglobata contaminata

Analysis of variance showed a significant interactibetween the diets, predators and
developmental stages (F=34.24; df= 5, 180; p<0f6L)SCPs. Therefore, the results of the
means comparison using slicing interactions weesgmted in Figures 1-4.

The SCP ofC. sexmaculata ranged from -14.5 to -19.3 °C when fadpistaciae. The highest
and the lowest SCPs were recorded in the fourtiaridarvae and pupae, respectivafr14.20;
df=5,30; p<0.05). The mean SCP of the larvae (feeding stage)-16.6 °C. For the ladybird
beetleO. conglobata contaminata, the SCPs were a little bit lower than thos&€osexmaculata,
but the differences were not significant in mosth# cases, following the same trec:9.42;
df=5,30;p<0.05). The mean SCP of the larvae (feeding stags)-17.4 °C.

When the ladybird beetl€. sexmaculata was fed on the eggs & kuehniella, the SCPs of
the second instar larvae and pupae were at thestdeeels (ca. -21 °C), while the SCP of the
fourth instar larvae (ca. -14 °C) was at the highegel F=14.93; df=5,30p<0.05). The mean
SCP of the larvae (feeding stage) was -17.08 °€OFconglobata contaminata the SCPs were
significantly higher than those @f. sexmaculata. In this coccinellid, the lowest SCP (ca. -19 °C)

was recorded in pupae. The mean SCP of the festigg (all larval instars) was -17.4 °C.
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The data indicate that the type of diet signifibamtfluenced the SCP of. sexmaculata.
When this coccinellid fed oA. pistaciae, the SCPs of the second instar larvae, pupaeaduids
were about -18, -19, and -15 °C, respectively. &magpercooling temperatures significantly
decreased and reached about -21, -21, and -18$gxatively for the beetles feeding on the eggs
of E. kuehniella. For O. conglobata contaminata, the changes in the SCPs, under different food
regimes, were not significant. The effects of tietdon the SCPs of two ladybird species were
shown in Figures 1-4. For species feedingfomistaciae, the SCPs of the fourth instar larvae
and adult females oD. conglobata contaminata were significantly lower than those @f.
sexmaculata. When these coccinellids, were fed on the eggE. duehniella, the SCPs of all
developmental stages @i. conglobata contaminata were significantly lower than those Gf
sexmacul ata.

3.2. The effects of the diets on cold tolerance of C. sexmaculata and O. conglobata contaminata

The effects of two different diet#\(pistaciae andE. kuehniella), were evaluated on the cold
hardiness of different developmental stage€.odexmaculata. Analysis of variance indicated a
significant interaction among the diets, tempeegand developmental stages (F=34.19; df= 24,
210; p<0.01) for survival of. sexmaculata. The results of the means comparison using slicing
interactions were presented in Table 1. When fe@atexmaculata was fed orA. pistaciae, the
survival of their eggs was negligible even at 0Qi24nd at temperatures below 0C/24 h no eggs
hatched. For other developmental stages, the caldiress significantly decreased as the
temperature lowered and reached the lowest leveB &C/24 h. However, among different
instars of the larvae, the cold tolerance of th&tfoinstar was substantially lower than that of
the others. In immature stages, the cold toleraricthe pupa was at the lowest level, but in

general, the adults of the beetle showed the highekl tolerance (Table 1). Whe@.
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sexmaculata was fed on the eggs d&. kuehniella, the cold tolerance of different developmental
stages other than the eggs significantly increas¢éavever, the changes in the cold tolerance of
the beetle generally followed the same trend whqpistaciae was used as food (Table 1). Also,
the effects of two different diets, consistingfofpistaciae andE. kuehniella, were studied on the
cold hardiness of different developmental stage©.otonglobata contaminata. Analysis of
variance showed a significant interaction betwd®sn diets, temperatures and developmental
stages (F=7.03; df= 18, 168; p<0.01) for survivialDo conglobata contaminata. The results of
the means comparison using slicing interactionsevpeesented in Table 2. Whén pistaciae
was provided as food for this beetle, the egg ahdt astages of development were found to be
the most sensitive and cold-tolerant ones, respagtiNo egg hatch was observed even after 24
hours of exposure to 0 °C, but the survival of p#tages was at the highest levels. Nonetheless,
the survival of the larvae, pupa, and adults desa@é®y decreasing the exposure temperature and
reached the lowest levels at -7 °C/24 h (TabléA®)enO. conglobata contaminata was fed on
E. kuehnidlla eggs, the changes in the cold hardiness followiedsame trend as those in the
beetles feeding on psyllids, but the cold hardirsegsificantly enhanced (Table 2). For example,
at -7 °C/24 h, the cold hardiness of the adultlbedteding on psyllids was 28.8%, while it
reached 42.5% in the beetles feeding on the flaathraggs.
3.3. Effects of food on lower |ethal temperatures of the ladybird beetles

The data in Figures 5 and 6 indicate that, for lteetles ofC. sexmaculata feeding on
psyllids, the LTs of the non-feeding stage (pupaede higher than those of the feeding stages
(larvae and adults). The lower lethal temperatutel gg.4r) Of the pupae, i.e. the temperature at
which 99% of the insects die after 24 hours of expe, was -1.6 °C, whereas this temperature

was found to be -3.5 and -4.7°C for the larvae addlt, respectively. For the beetles @f
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sexmaculata feeding on moth eggs, the Lbgl4n0f the first instar larva was similar to that bét
beetles fed on the psyllids, while for other depetental stages, the Lkd,4,decreased and
reached the lowest level of -6.1°C in the feeditagas. The LLTs of different developmental
stages ofD. conglobata contaminata in both diets were lower than thosefsexmaculata. For
both beetles of this species, regardless of psyitid flour moth eggs as a diet, the lowest
LLTsg9-24n Were recorded for the adults, i.e. -1.2 and -2@.8&espectively.
4. Discussion

The results of the current study indicated theofeihg findings. Regardless of the diet, the
eggs ofC. sexmaculata and O. conglobata contaminata were found to be the most sensitive
developmental stage to cold. No eggs hatched wihereggs were exposed to zero and subzero
temperatures for 24 h. In the feeding stages (@re&dC. sexmaculata feeding on psyllids, the
cold tolerance of the fourth instar larvae was i$icgmtly lower than that of the first, second, and
third instar larvae, whereas, for the larvae of@heexmaculata feeding on flour moth eggs, the
cold tolerance increased as larvae grew up to rdaelhighest level in the fourth instar larvae.
When the larvae were fed on eggs of the Meditemarflour moth, the survival of the fourth
instar larvae increased up to 4.8 times. For tHé&rdnt larval instars ofO. conglobata
contaminata, the cold hardiness was similar, but the coldrésiee of the larvae feeding on flour
moth eggs was significantly higher than that ofldrgae feeding on psyllids. The larval survival
of O. conglobata contaminata feeding onA. pistaciae at -5 °C/24 h, was lower than that of
conspecifics feeding on eggsBfkuehniella (15% onA. pistaciae vs. 40% on flour moth eggs).
In the non-feeding stage (pupa)®©@fsexmaculata fed on psyllids, the cold tolerance was at the
lowest level, but irC. sexmaculata feeding on eggs, the cold tolerance increased 4pasttimes.

When the larvae oD. conglobata contaminata were fed on the eggs of flour moth, the cold

10
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tolerance of the pupa, at -7 °C/24 h, was 11 timgiser than that of the pupa of the larvae fed on
psyllids. InC. sexmaculata, the cold tolerance in the adulthood stage wasifgigntly higher
than that in other developmental stages in bottsdie addition, the cold tolerance of the adults
was affected by the diets and increased 1.14 tinie the beetles were fed on the eggs of the
flour moth.

In O. conglobata contaminata at 0 °C/24 h, no significant differences were diete between
the adult, the larval and the pupal stages, buh &itdecrease in the temperature, the cold
tolerance in the adult stage decreased less tlamtithe pupa and larvae. Sex had no effect on
the SCPs o€. sexmaculata andO. conglobata contaminata adults. This finding was in line with
those found by Koch et al. [14] regardiHgaxyridis. However, the findings of the current study
did not support the previous research done by Hgftgl. [6] who found that, iRityophthorus
juglandis (Col.: Scolytidae), the SCP of the male was lothian that of the female. It is worth
mentioning that, in these coccinellids, similar nwst other insects [14, 20], the SCP was
affected by the developmental stage of the beetles.

A limiting factor in the augmentation programs islatively unaffordable mass-rearing
operations of natural enemies. In these operatimastenance necessity of three trophic levels
(i.e., biological control agent, its host, and fodbod plant) may raise the rearing costs.
Factitious diets are unnatural foods that fac#itatass-production of insect’s natural enemies by
reducing these expenditures. Hence, determinafitimovalue of natural and factitious diets is a
prerequisite for mass-rearing of natural enemiekaso, planning a biological control program
[2, 4, 10]. Nevertheless, the result of this sthdyhlighted the substantial effects of diet on the
cold tolerance and the survival of the coccinelli@ven the cold tolerance of the ladybird

beetles, the eggs of the Mediterranean flour mo#newfound to be the most efficient and

11



244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

suitable diet in comparison with the common pisiagsylla. This finding strongly suggests that
the nutrition requirements of the ladybird beeties different, and the two diets had different
nutritional values. Several studies have documethiedmpacts of diets on biological parameters
of different insects. Soares et al. [28] studiegitifluences of two aphid species on the fitness of
H. axyridis adults and demonstrated the effects of the diffeeiin the suitability of the prey on
the growth and development of the predator. OmhkdrJames [24] demonstrated the influences
of six aphid species on some biological parameiéKSoccinella transversalis Fabricius (Col.,
Coccinellidae) and found that the prey significantffected the required time for the
development of immature species, wet weight, andtddngevity. Significant effects of five
different diets on the developmental time of thedatory pentatomid$licromerus bidens L.,

and Podisus maculiventris (Say) (Heteroptera: Pentatomidae) were reportetlalgdian et al.
[17]. Facon et al. [5] reported that mating androepction decreased the cold tolerance of the
ladybird beetleH. axyridis. The present findings seem to be consistent witbrostudies [16, 5,
21] finding that several factors, such as food typmting, and reproduction, could greatly
influence the physiological status of the insead might subsequently affect the cold hardiness.
Our results corroborate the findings of Maes eflél] who showed that the cold tolerance of the
predatory bugMacrolophus pygmaeus Rambur (Hemiptera: Miridae), was affected by thet.d
The cold hardiness of those bugs feeding on aficatidiet, based on egg yolk, was less than
that of those feeding on the eggsokuehniella. Mohammadzadeh and Izadi [21] indicated that
the quality of food might affect the SCPs and tloéd chardiness offrogoderma granarium
Everts (Coleoptera: Dermestidae). Santacruz §2@).found no significant difference between
the cold tolerance of two geographical populatiohthe predatory waspEissolcus japonicus,

and T. cultratus (Hym.: Scelionidae). However, between the two pters, different stages
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(except for eggs) oD. conglobata contaminata were found to be more cold-tolerant than those
of C. sexmaculata.

According to Sinclair et al. [27], as for both digthe rate of mortality of. sexmaculata and
O. conglobata contaminata mostly increased above the SCP, these coccineliile considered
as chill-intolerant insects. These findings werasistent with those obtained by Koch et al. [14]
who found the multicolored Asian ladybird beetlelarmonia axyridis (Pallas) (Col.:
Coccinellidae), to be a freeze-intolerant insetiede findings further support the idea proposed
by Tian et al. [31] who indicated that freeze avoidaneas the primary strategy used by the
Japanese pine sawy&tpnochamus alternatus (Col.: Cerambycidae). However, it is noteworthy
that the beetles were reared at 26 °C and longpblobd. Under these conditions most insects,
even those that are very cold tolerant at otheeginare likely to be chill-intolerant. If the
predators cold acclimated or collected from theurstoverwintering sites the results could be
quite different.

Although the lowest SCP was recorded in the seawstdr larva and pupa &. sexmaculata
feeding on both psyllids and flour moth eggs, tlPSf the beetle fed on flour moth eggs was
significantly lower than that of the beetle fedmsyllids. In contrast t&€. sexmaculata, however,
no evidence was found indicating the significarfeef of diet on the SCP &. conglobata
contaminata. Few literatures are available concerning thectsfef diets on SCPs of coccinellid
in various developmental stages. The mean SCHeedfupae, larvae, and adultskofaxyridis
were reported to be -21.3,-14.2, and -11.9 °C ewspely [14]. However, it is notable that most
freeze avoiding insects cease feeding prior toewvinbld exposure. So, that ingested food (that
often contains ice nucleators) is not present éngiit to induce lethal freezing. Since the beetles

in this study were not starved for a few days ptiotesting, this leaves open the possibility that
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the resulting SCPs were due to nucleators in thd fogested. The non-feeding pupae typically
had the lowest SCPs. Therefore, while the SCPtsesaluld be due to endogenous variations in
the beetles resulting from the diet, it is alsogilde that SCP differences could result from
exogenous ice nucleators in the food. Further tatale and/or quantitative investigations on
enzymatic differences may exist between the varidergelopmental stages or between the
species could uncover this ambiguity.

The mean LLT of th€. sexmaculata feeding on psyllids was -3.4 °C, whereas the ni¢dn
of the O. conglobata contaminata feeding on psyllids was -7.4 °C. The mean LLT of th@
sexmaculata feeding on the flour moth eggs was about -5.3W8ereas the LLT of th®©.
conglobata contaminata feeding on the flour moth eggs was about -9.3 °C. However, it is
possible that some of the mortality in the LLT sésdresulted from the freezing of the insects.
Although LLTs were higher than the SCPs, it shdaddemembered that supercooled water is in
a metastable state. As such, the time has an effethe likelihood of freezing. While mean
SCPs measured with a cooling rate of 0.2C/min nmbght15C it is possible that an insect held in
a supercooled state at a higher temperature (-Z@oin these experiments) above its actual
freezing point (probably ~ -0.5 to -0.8C) for 24un® might freeze. The potential effects of ice
nucleators in the food ingested, as mentioned ghuds here as well. Another possibility that
could result in the freezing of an insect abovenisasured SCP, especially over a 24 hour
period, is that as the temperature in the chambetoging the insect is decreased water
condenses out onto the surface of the insect, fitemzes and inoculates the insect across the
cuticle. While this is possible during the shomiei frame over which the usual SCP is measured,

it is more probable over a 24-hour period. Of ceulg higher the relative humidity is during the
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measurements, the more likely the probability afculative freezing. However, this does not
affect the lethal effects of lower lethal temperagu

In general, our data indicate that fleair moth eggs are the more suitable diet forléokybird
beetles compared with the psyllid nymphs, and csulobsequently be considered as a factitious
food for the larvae and adults Gf sexmaculata andO. conglobata contaminata. Several studies
introduced the eggs @&. kuehniella to be a factitious food for the larvae and adoft®\dalia
bipunctata (Coleoptera: Coccinellidae) [4,10,12]H. axyridis (Pallas) (Coleoptera:
Coccinellidae) [2], nymphs and adults ésidiocoris tenuis (Reuter) M. pygmaeus Rambur
(Hemiptera: Miridae) [22], and the anthocorid predsOrius thripoborus (Hesse) an@rius
naivashae (Poppius) (Hemiptera: Anthocoridg@)]. Mirhosseini et al. [19] found that the eggs
of E. kuehniella were more suitable for the development of the bedtian for the reproduction
of C. sexmaculata andO. conglobata contaminata.

In conclusion, the results of our study suggest tha eggs of the predators were the most
sensitive stage to cold, and adulthood was the pwidtresistant stage @f. sexmaculata andO.
conglobata contaminata. Both of the species were found to be chill-intale, and the eggs of
theE. kuehniella were proven to be suitable for the ladybird besetll a practical point of view,
mass-rearing is a fundamental stage in classiodbdical control and providing natural enemies
with a suitable diet is a prerequisite in massingaprograms. Therefore, with emphasis on our
results, eggs oE. kuehniella can be used as a reliable diet in mass-rearintpefpredatory
beetles. Besides, our results provided a relialdkl dolerance strategy for rearing and
management of the predatory beetles.

Funding: This work was supported by the Vali-e-Asr Unsigr of Rafsanjan (grant to Dr.

Mahdian).
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Fig1l

Mean comparison of the supercooling point of défégrdevelopmental stages@fsexmaculata andO.
conglobata contaminate fed onA. pistaciae (Means in each column fallowed by similar lettars not
significantly different (Tukey's test, P > 0.05)

Fig2

Mean comparison of the supercooling point of défgrdevelopmental stages@fsexmaculata andO.
conglobata contaminate fed onE. kuehniella (Means in each column fallowed by similar letters not
significantly different (Tukey's test, P > 0.05)

Fig3

Mean comparison of the supercooling point of défdérdevelopmental stages@fsexmaculata fed on
different diets A. pistaciae andE. kuehniella) (Means in each column fallowed by similar lettars not
significantly different (Tukey’s test, P > 0.05)

Fig4

Mean comparison of the supercooling point of défdérdevelopmental stages@fconglobata
contaminate fed ondifferent diets A. pistaciae andE. kuehniella) (Means in each column fallowed by
similar letters are not significantly different ([{ay’s test, P > 0.05)

Fig5
Effect of diet on lethal temperatures of eachdifege ofCheilomenes sexmaculata

For each diet lethal temperatures with differetietein a column are considered significantly diffet if
their 95% confidence interval (Cl) did not overlap.

Fig 6
Effect of diet on lethal temperatures of eachdifgge ofO. conglobata contaminate

For each diet lethal temperatures with differetietein a column are considered significantly diffet if
their 95% confidence interval (Cl) did not overlap.
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Table 1. Mean comparison of survival (%) of diffsredevelopmental stages dI.
sexmaculata fed ondifferent diets under different temperatures

Diet
Developmental stages Temperature A. pistaciae E. kuehniella
o°C 0.0+0.0k 0.0+00¢q
-1°C 0.0+0.0k 0.0+0.0¢q
Egg -2°C 0.0+0.0k 0.0+0.0¢q
-3°C 0.0+0.0k 0.0+0.0¢q
-4 °C 0.0+0.0k 0.0+0.0q
o°C 45.0+4.1 bc 40.0+2.9hi
-1°C 8.8 +2.4 g-k 28.7+2.4
First instar -2°C 75+1.49-k 13.7 2.4 m-0
-3°C 5.0+ 0.0i-k 0.0+0.0¢q
-4 °C 0.0+0.0k 0.0+0.0q
o°C 40.0 +3.5cd 31.2+3.7ik
-1°C 33.7+24d 275225
Second instar -2°C 10.0+2.0 g4 18.7+2.41In
-3°C 0.0+0.0k 8.7+1.2n-q
-4 °C 0.0+0.0k 3.7+1.20-q
o°C 525+4.3Db 61.2 + 3.7 ef
-1°C 325+1.4de 28.7+24
Third instar -2°C 16.2+1.2fg 225+ 1.4 k-m
-3°C 0.0+0.0k 18.7+1.21-n
-4 °C 0.0 +0.0k 11.2+1.2n-p
o°C 15.0+£ 2.0 f-h 725+1.4cd
-1°C 13.7 £ 2.4 g-i 53.7+2.7fg
Fourth instar -2°C 8.7+1.2gk 43.7£2.4 gh
-3°C 0.0+0.0k 25.0+ 2.0kl
-4 °C 0.0+0.0k 11.2+1.2n-p
o°C 125+ 2.5 g-i 67.5+1.4de
-1°C 1.2+1.2jk 36.2+3.1 h+
Pupa -2°C 1.2+1.2jk 18.7+1.21n
-3°C 0.0+0.0k 6.2+1.2 0-q
-4 °C 0.0+0.0k 25+ 1.4 pq
o°C 78.7+24a 100.0+ 0.0 a
-1°C 712+31a 81.2+2.4bc
Adult -2°C 23.7+1.2¢f 83.7x12b
-3°C 125+ 1.4 g-i 63.7 £ 2.4 d-f
-4 °C 6.2+ 1.2 h-k 13.7+1.2m-0

Means in each column not fallowed by the samerketee significantly different (Tukey’s

test, P > 0.05)
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Table 2. Mean comparison of survival (%) of difisrelevelopmental stages ©f conglobata
contaminate fed ondifferent diets under different temperatures

Diet
Developmental stages Temperature A. pistaciae E. kuehniella

o°C 0.0+0.0i 0.0+0.0i
Egg -3°C 0.0+0.0i 0.0+0.0i

-5°C 0.0+0.0i 0.0+0.0i

-7°C 0.0+0.0i 0.0+0.0i

o°C 100.0+0.0a 100.0+0.0a
First instar -3°C 48.7 £ 2.4 de 70.0+4.1c-e

-5°C 16.2+3.79g 425+4.8h

-7°C 0.0+0.0i 3724

o°C 100.0+0.0a 100.0+0.0a
Second instar -3°C 38.7+ 3.7 ef 58.7+3.1e-g

-5°C 15.0+£3.5gh 35.0£2.0h

-7°C 0.0+0.0i 0.0+0.0i

0°C 100.0+0.0a 100.0+0.0a
Third instar -3°C 46.2 £ 3.7 de 67.5+1.4df

-5°C 16.2+3.1g 35.0+£35h

-7°C 0.0+0.0i 25+14i

o°C 100.0+0.0a 100.0+0.0a
Fourth instar -3°C 43.7 +3.1 de 60.0£29e-g

-5°C 13.7+2.4 gh 475+ 4.3 gh

-7°C 0.0+0.0i 6.2+2.4i

0°C 875+25b 100.0+0.0a
Pupa -3°C 53.7+3.7d 82.5+4.3 bc

-5°C 3.7+ 2.4 hi 56.2+2.4f1g

-7°C 0.0+0.0i 11.2+£3.7i

0°C 100.0+0.0a 100.0+0.0a
Adult -3°C 98.7+1.2ab 88.7+2.4ab

-5°C 68.7x5.1c 80.0£2.0 b-d

-7°C 28.7+24f 425+43h

Means in each column not fallowed by the samerketiee significantly different (Tukey’s test, P

> 0.05)
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