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ABSTRACT 

  The stable fly (Stomoxys calcitrans) is an important insect pest of 

livestock because it causes annoyance and vector-borne diseases to livestock. Farmers 

deploy several methods to control stable flies. Entomopathogenic nematodes (EPNs) 

are used to control stable fly as they are soil-borne insect pathogens. In this study, eight 

substrates including 0–12 hours old fresh cow manure (FCM12), seven days old cow 

manure (CM7), seven days old cow bedding (CB7), manure (Man), seven days old 

fermented timothy hay (FT7), seven days old fermented cow manure (FCM7), seven 

days old cow manure and fermented timothy hay (CMFT7) and water-soaked cotton 

(WSC = control) were performed for the preference of larvae and gravid female of         

S. calcitrans. Stomoxys calcitrans larvae showed the highest preference for substrate 

CM7 with 26.70%. The highest preference of gravid female was FCM12 with 55.00%. 

The pathogenicity of six EPN isolates (Steinernema scarabaei EPNKU60, 

Heterorhabditis indica EPNKU64, H. indica EPNKU67, H. indica EPNKU82,               

H. bacteriophora, S. carpocapsae and S. siamkayai) at the rates of 0, 25, 50, 100, 200 

and 400 Infective Juveniles /cm2 were tested against second, third instar larvae and 

pupae of S. calcitrans in filter paper bioassays. Heterorhabditis bacteriophora killed 

100.00% of the second instar larvae at the rate of 200 IJs/cm2. Heterorhabditis 

bacteriophora and H. indica EPNKU82 showed 80.00% and 100.00% mortality of third 

instar larvae at the rate of 400 IJs/cm2 while mortality of insect larvae was less than 

30.00% for other EPNs. Low efficacy of EPN infection on pupae of S. calcitrans was 

observed and only 56.00% pupal mortality was found at the rate of 400 IJs/cm2. 

Persistence of three selected EPNs (H. indica EPNKU82, H. bacteriophora and                    

S. siamkayai) was estimated at 1, 3, 5, 7 and 9 days of exposure on eight substrates 
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where water-soaked cotton was replaced by 10% moist sand by baiting larvae at the last 

instar larvae of Galleria mellonella. Heterorhabditis indica EPNKU82 showed high 

persistence on SAN and FT7 causing 83.33–100.00% and 90.00–100.00% mortality at 

1–9 days of exposure. Similarly, H. bacteriophora showed high persistence of EPN on 

SAN and CB7 and the insect mortality ranged from 93.33–100.00% and 90.00–100.00% 

at 1–9 days of exposure. Only on the 1 day of exposure S. siamkayai still had 70.00% 

mortality of the last instar larvae of G. mellonella.
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บทคัดย่อ 

  แมลงวนัคอกสัตว ์(Stomoxys calcitrans) เป็นแมลงวนัท่ีมีความส าคญัทางปศุสัตว ์ เน่ืองจากสร้าง

ความร าคาญและเป็นพาหะน าโรคต่อปศุสัตว ์เกษตรกรจึงตอ้งใชวิ้ธีการท่ีหลากหลายในการควบคุมแมลงวนัคอกสัตว์ ไส้เดือนฝอย

ศตัรูแมลง เป็นวิธีการหน่ึงท่ีน ามาใชใ้นการควบคุมแมลงวนัคอกสัตวไ์ด้ เน่ืองจากไส้เดือนฝอยศตัรูแมลงเป็นชีวภณัฑ์ท่ีก่อโรคแก่

แมลงท่ีด ารงชีวิตอยู่ตามพ้ืนดิน การศึกษาน้ีไดน้ าวสัดุบริเวณคอกสัตวจ์ านวน 8 ชนิด ประกอบดว้ย มูลววัอายุไม่เกิน 12 ชัว่โมง 

(FCM12) มูลวัวอายุ 7 วัน (CM7) หญ้ารังนอนอายุ 7 วัน (CB7) ปุ๋ ยคอก (Man) หญ้าธิโมธีหมักอายุ 7 วัน 

(FT7) มูลววัหมกัอายุ 7 วนั (FCM7) มูลววัและหญา้ธิโมธีหมกัอายุ 7 วนั (CMFT7) และส าสีชุบน ้ า (ชุดควบคุม, 

WSC) มาทดสอบความชอบในการเขา้หาวสัดุของแมลงวนัคอกสัตวใ์นระยะหนอนและตวัเต็มวยัท่ีตั้งทอ้ง พบว่าแมลงวนัคอก

สัตวร์ะยะหนอนมีความช่ืนชอบต่อมูลววัอาย ุ7 วนัมากท่ีสุด คิดเป็น 26.70 เปอร์เซ็นต ์ตวัเต็มวยัเพศเมียท่ีตั้งทอ้งมีความช่ืนชอบ

ในการวางไข่ท่ีมูลววัอายุไม่เกิน 12 ชั่วโมง มากท่ีสุด คิดเป็น 55.00 เปอร์เซ็นต์ การทดสอบประสิทธิภาพการก่อโรคของ

ไส้ เ ดือนฝอยศัตรูแมลงจ านวน  6 สายพัน ธ์ุ  (Steinernema scarabaei EPNKU60, S. carpocapsae,          

S. siamkayai, Heterorhabditis indica EPNKU64, H. indica EPNKU67, H. indica 

EPNKU82 และ H. bacteriophora) ท่ีอัตรา 0, 25, 50, 100, 200 และ 400 infective juveniles 

(IJs) /cm2 ท่ีมีต่อระยะหนอนแมลงวนัคอกสัตว์วยั 2, 3 และระยะดักแด้ ด้วยวิธี filter paper bioassays พบว่า

ไส้เดือนฝอยศตัรูแมลงสายพนัธ์ุ H. bacteriophora เขา้ท าลายระยะหนอนของแมลงวนัคอกสัตว์วยั 2 ได้ถึง 100.00 

เปอร์เซ็นต์ ท่ีความเขม้ขน้ 200 IJs/cm2 นอกจากนั้นไส้เดือนฝอยศตัรูแมลงสายพนัธ์ุ H. bacteriophora และ H. 

indica EPNKU82 ท่ีอัตรา 400 IJs/cm2 เข้าท าลายระยะหนอนของแมลงวันคอกสัตว์วัย 3 เป็น 80.00 และ 

100.00 เปอร์เซ็นต์ ตามล าดบั ในขณะท่ีไส้เดือนฝอยศตัรูแมลงชนิดอ่ืนท าให้ระยะหนอนของแมลงวนัคอกสัตว์มีอตัราการตาย

น้อยกว่า 30.00 เปอร์เซ็นต์ ส าหรับระยะดกัแดข้องแมลงวนัคอกสัตว์ พบว่ามีอตัราการตายเพียง 56.00 เปอร์เซ็นต์ ท่ีความ

เขม้ขน้ 400 IJs/cm2 เท่านั้น นอกกจากนั้น การประเมินความคงคา้งของไส้เดือนฝอยศตัรูแมลง 3 สายพนัธ์ุ (H. indica 
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EPNKU82, H. bacteriophora และ S. siamkayai) ในวสัดุบริเวณคอกสัตวจ์ านวน 8 ชนิด ท่ีระยะเวลา 1, 3, 

5, 7 และ 9 วนัหลงัการใช ้โดยใชท้รายท่ีมีความช้ืน 10 เปอร์เซ็นต ์(SAN) เป็นชุดควบคุมทดแทนการใชส้ าสีชุบน ้ า และใช้

หนอนกินรังผ้ึง (Galleria mellonella) วัยสุดท้ายเป็นเหยื่อ พบว่าไส้เดือนฝอยศัตรูแมลงสายพันธ์ุ H. indica 

EPNKU82 มีอตัราการตายของหนอนกินรังผ้ึงสูงในทราย และหญา้ธิโมธีหมกัอายุ 7 วนั อยู่ระหว่าง 83.33–100.00 

และ 90.00–100.00 เปอร์เซ็นต์ ตามล าดบั ท่ีระยะเวลา 1–9 วนั หลงัการใช ้ในท านองเดียวกนัไส้เดือนฝอยศตัรูแมลงสาย

พนัธ์ุ H. bacteriophora มีอตัราการตายของหนอนกินรังผ้ึงในทราย และหญา้รังนอนอายุ 7 วนั อยู่ระหว่าง 93.33–

100.00 และ 90.00–100.00 เปอร์เซ็นต์ ท่ีระยะเวลา 1–9 วนัหลงัหลงัการใช้ ส าหรับไส้เดือนฝอยศตัรูแมลงสายพนัธ์ุ 

S. siamkayai พบว่า ท าให้หนอนกินรังผ้ึงตายมากกว่า 70.00% เพียงระยะเวลา 1 วนั หลงัการใช้
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INTRODUCTION 

 Nine percent of seven families of Diptera are known to be biting flies that 

feed on the blood of livestock (Wallace, 2009). Biting flies affect the liveliness of the 

animals that caused annoying, blood loss, animal pain and also reduces feed intake that 

affects on weight gain and milk production (Todd, 1964). Most the biting flies are 

cosmopolitan insects in the world except Antarctica (Wallace, 2009). The important 

biting flies are horn flies (Muscidae; genus Haematobia), deer and horse flies (family 

Tabanidae) and stable flies (family: Muscidae; genus: Stomoxys) (Cortinas and Jones, 

2006). Stomoxyinae flies (Diptera: Muscidae) are blood-sucking insects with some 

species considered critical economic pests of livestock. Among 51 described species in 

10 genera, five genera are of outstanding importance including Stomoxys, 

Haematobosca, Haematobia, Haematostoma, and Stygeromyia (Malaithong et al., 

2019; Pont and Dsouli, 2008; Pont and Mihok, 2000; Steelman, 1976; Zumpt, 1973). 

Among the 11 species of Stomoxyinae flies in Thailand, Stomoxys calcitrans (L.) or 

known as the stable fly is considered to be the most medically and veterinary important 

and also of economic concern (Malaithong et al., 2019). 

 The stable fly S. calcitrans is a serious insect pest of veterinary importance 

that is widely distributed worldwide. Adults of stable fly feed on the blood of livestock 

through piercing-sucking mouthparts that cause pain and annoyance to livestock. The 

economic impact and losses caused by S. calcitrans and other related species can be 

uncountable. The damage of their bite can decrease 60% production of milk and 19% 

weight gain of animal (Campbell et al., 2001). Severe biting activity by these flies 

reduces animal weights resulting in significant losses in meat and milk production 

(Greenberg and Povolny, 1971). Moreover, stable flies are considered insect vectors of 

livestock harboring the virus, bacteria, protozoa, parasites and helminthis (Baldacchino 

et al., 2013; Foil, 1989). 

 Farmers employ several methods to control stable flies such as sanitation 

method, trapping with or without chemical insecticides and direct application of 

chemical insecticides. However, insecticides have a broad-spectrum activity and can 

cause environmental contamination, chemical residues, insecticide resistance and 
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animal irritation. Although, insecticides can reduce stable fly populations, they are a 

poor substitute for manure, trash and straw disposal. Insecticides are a common method 

in fly control programs but are becoming less effective. Hence, the increasing of 

insecticide resistance in stable fly population led most research attending to find the 

other option. Biological control method is an important non-chemical method in stable 

fly control. Several ways of controlling stable fly using biological agents such as 

parasitic insects, bacteria, fungi and entomopathogenic nematodes have been studied 

elsewhere (Leal et al., 2017; Lysyk et al., 2012; Machtinger et al., 2016; Smith et al., 

1989). One of the effective biological agents for the control of insect pests, the stable 

fly on bedding substrates in stables is the entomopathogenic nematodes (Pierce, 2007). 

 Entomopathogenic nematode is being interested in stable fly control 

because they are soil-borne insect pathogens that can survive in soil. Entomopathogenic 

nematode can infect many important soil-borne insect pests worldwide, mainly in the 

immature stage of insect pests and they cause insect hosts to die within 24–48 hours by 

releasing symbiotic bacteria from their gut (Griffin et al., 2005). The immature stage of 

the stable fly lives and feeds on animal manure, organic matter, poultry litter, waste and 

moist straw bedding (Broce et al., 2005; Moon, 2002) therefore, the application of EPN 

is suitable for the control of this insect. EPN of the genera Steinernema and 

Heterorhabditis are also reported with infection with instar larvae of various flies, 

especially the stable fly under laboratory conditions (Leal et al., 2017; Mahmoud et al., 

2007; Taylor et al., 1998).  

 In, Thailand, control of stable fly with EPN has not been reported, therefore 

the use of Thai EPN to control stable fly is a major challenge. Numerous isolates of Thai 

EPN have been reported in Thailand and some of them are known to be excellently 

potential biological agents. The efficacy of Thai EPN against stable fly should be 

studied under laboratory conditions to provide guidance for field-scale application. In 

addition, the application of EPNs may replace the use of synthetic insecticides and lead 

to reduce the use of synthetic insecticides and increase animal welfare for sustainable 

livestock system in the country. Entomopathogenic nematodes also provide sustainable 

agriculture as they can survive in soil, are specific to their hosts, harmless to mammals 

and naturally maintain ecological balance.  
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OBJECTIVES 

 1. To investigate the preference of laboratory reared larvae, oviposition of 

wild-caught S. calcitrans adult on bedding substrates under laboratory conditions. 

 2. To evaluate the efficacy of EPN against larvae and pupae of S. calcitrans 

under laboratory conditions. 

 3.To investigate the persistence of EPN applied on bedding substrates under 

laboratory conditions. 
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LITERATURE REVIEW 

1.  Stable fly 

1.1  Classification of the stable fly 

        Kingdom:          Animalia 

        Phylum:                Arthropoda 

         Class:                 Insecta 

          Order:              Diptera 

     Suborder Brachycera           

           Family:           Muscidae 

                Subfamily:         Muscinae 

                  Genus:             Stomoxys 

                     Species:        calcitrans 

 Binomial name: Stomoxys calcitrans (L.) 

 

Figure  1 Stomoxys calcitrans, A: an adult of Stomoxys calcitrans; B: Stomoxys 

calcitrans is feeding on the cow. 

 Stomoxys calcitrans (L.) is generally called “stable fly” which originated in 

Africa (Zumpt, 1973) (Figure 1A). The stable fly is reported as a serious economic insect 

pest of livestock when it present in large numbers in the population (Rugg, 1982). Both 

male and female stable flies are hematophagous insect pests (Figure 1B) that cause 

painful bites by their piercing sucking mouthparts onto their host skin (Foil and 

Hogsette, 1994). They prefer to feed on host blood on legs, knees, or hocks, preferring 

the underside of various livestock (Dougherty et al., 1994; Hogsette et al., 1987; 

Lavoipierre, 1965; Moorhouse, 1972; Zumpt, 1973). Stable flies are more numerous in 

   

A B 
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the summer season than the other thus of the year (Dougherty et al., 1994; Hogsette and 

Farkas, 2000). They also suck blood meal with many domestic animals (Hogsette and 

Farkas, 2000; Skovgård and Nachman, 2017) and they can live on a sugar-based diet 

(Salem et al., 2012; Taylor and Berkebile, 2008). 

 1.2  Biology and behavior 

                   Adults of S. calcitrans are diurnal feeders from morning to the afternoon 

(10:00 am–4:00 pm) under favorable environmental conditions (Charlwood and Lopes, 

1980; Hoffmann, 1968). They are inactive at night, but they can be found in some resting 

places to avoid the wind such as on support beams, ceilings, near barns, shaded 

structures and trees (Broce, 1988). They feed on blood within 3–4 minutes until their 

stomachs are full (Foil and Hogsette, 1994). They rest on the undersides of plant leaves, 

trees, fences and other areas near the host. They must feed on blood more than 1 time 

before laying eggs (Bishopp, 1913; Kuzina, 1942; Lotmar, 1949; Moobola and Cupp, 

2008; Venkatesh and Morrison, 1980) Adult females require 3–5 times of blood from 

the host to complete their reproduction (Chia et al., 1982; Kuzina, 1942; Moobola and 

Cupp, 2008) and adult males also require at least one blood meal to complete their 

seminal fluid operation (Anderson, 1978; Jones et al., 1992).  

 Habitat: Normally, breeding sites of stable flies are located near animal 

manure, poultry litter, fermenting vegetables, kitchen waste, wet straw bedding, 

garbage, and poorly composted manure (Broce et al., 2005; Moon, 2002; Solórzano et 

al., 2015). They are found in tropical and subtropical regions and rely on overwintering 

in temperate regions (Moon, 2002) but distribution is cosmopolitan (Skidmore, 1985; 

Soós and Papp, 1984; Zumpt, 1973). 

 Adult females of the stable fly feed on the blood for egg production and lay 

their eggs within 5–8 days after mating (Hoffmann, 1968). The eggs disperse in varying 

amounts and patterns (Simmons and Dove, 1941; Skovgård and Nachman, 2017). 

Females lay clutches of approximately 25–50 eggs to 100–300 eggs on plant material, 

animal manure, silage with organic matter, rotting hay and bedding mixed with urine 

and feces (Axtell, 1986; Friesen and Johnson, 2012). Fecundity rate depends on various 

factors such as temperature, rearing conditions and reproductive rate (Gilles et al., 2005; 
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Lysyk, 1998). Eggs are white, 1 mm long and hatch to the first-instar larva within          

12–48 hours at 26°C (Foil and Hogsette, 1994; Showler and Osbrink, 2015; Skovgård 

and Nachman, 2017). 

 The larval stage is a vermiform shape with creamy color and is divided into 

three larval stages (Foil and Hogsette, 1994; Showler and Osbrink, 2015). The larvae 

live in decaying organic matter, hay residue, algae, spilled feed, dung, manure mounds, 

silage mounds, near trench, silos and feed troughs in cattle (Lysyk, 1993). Suitable 

temperatures for growing of this insect growing range from 10–30°C in temperate 

countries (Gilles et al., 2005). The prepupal stage is 10 mm in size and spends 12–26 

days (Larsen and Thomsen, 1940; Showler and Osbrink, 2015). The pupa is capsular 

with a reddish-brown color (Skovgård and Nachman, 2017) and it takes 5–26 days to 

pupate (Foil and Hogsette, 1994). 

 The appearance of both adult males and adult females of the stable fly 

resembles the house fly (Musca domestica L.) but they are slightly larger than the house 

fly (Foil and Hogsette, 1994; Todd, 1964). Adults are 4–7 mm long (Foil and Hogsette, 

1994). They usually have four black stripes on the thorax and a black checkerboard on 

the abdomen with a distinct pattern of black spots (Foil and Hogsette, 1994; Service, 

1980; Zumpt, 1973) and they have a slight upward bend on the M1+2 vein of the wing 

vein (Castro, 1967; Foil and Hogsette, 1994). 

 In general, female stable flies can produce an egg batch of about 60–130 

eggs and they can lay a large number of eggs on the same day (Foil and Hogsette, 1994). 

Adult life longevity is 30–35 days under laboratory conditions and 14 days under field 

conditions (Killough and Mckinstry, 1965). Under ideal conditions, the life cycle can 

be completed within an average of 20–25 days (Pugh et al., 2014) but under high 

temperatures and humidity, stable flies can complete within 15–27 days (Lysyk, 1998; 

Taylor and Berkebile, 2011). 

 1.3  Economic importance 

 Stable flies have a major impact on reducing production in livestock because 

they cause pain, dermal allergies, hoof damage, hazard the animal host and reduce 
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growth development of cattle (Krinsky, 1976; Muzari et al., 2010; Taylor et al., 2012). 

They are a blood feeder of cattle, sheep, goats, cows, camels, horses, primates, canids 

and felids (Hogsette and Farkas, 2000). For example, a ratio of one stable fly per cattle 

could reduce 0.7% of milk production in the United States (Bruce and Decker, 1958). 

The stable fly outbreak of 50 and 100 flies per cattle reduced the weight gain of cattle 

by 13.2% and 20.0%, respectively compared to healthy cattle (without stable flies) 

(Campbell et al., 1977).  

 Two flies per leg have been reported as an economic loss in heifer feeding 

(Campbell et al., 1987; Marcon et al., 1997). In 1981, (Campbell and McNeal) reported 

that 5 stable flies per cow foreleg was an economic threshold while in 1997 an economic 

threshold of 7 per cow per leg was reached (Catangui et al., 1997). Moreover, Campbell 

et al. (2001) reported that biting damage can cause a 40–60% reduction in milk 

production and 19% reduction in weight gain. In eastern Nebraska, infestation levels of 

50%, 25% and lower of the feedlots were found when stable fly numbers were 100, 50 

and <15 flies per animal, respectively. Taylor et al. (2012) reported that the impact of 

the stable fly outbreak is estimated to be up to $2,211 million per year. 

 In addition, stable flies are considered insect vectors of livestock containing 

a virus, bacteria, protozoa, parasites and helminths (Baldacchino et al., 2013; Foil, 

1989). Stable flies can cause digestive diseases consisting of Equine infectious anemia 

(EIA or swamp fever), Vesicular stomatitis (VS), African horse sickness (AHS), Pigeon 

fever, Anthrax and Habronemiasis (Krinsky, 1976; Littlewood, 1999; Pusterla et al., 

2003). They can transmit pathogenic nematodes to livestock when they feed on wounds 

or the genitalia, eyes, nasal cavity, lips and foreskin (Schuster et al., 2010). 

 The foraging time of stable flies has been reduced by promoting defensive 

behaviors such as foot treading, head throwing, jerky skinning and tail flapping 

(Dougherty et al., 1993; Mullens et al., 2006). These behaviors lead to impaired 

metabolism, reduction in animal feeding, fly-induced stress (fly fear), immunological 

responses to antigens (Schole et al., 2011), plasma cortisol increasing and also loss of 

productivity (Vitela-Mendoza et al., 2016). Nevertheless, stable fly outbreaks are 

associated with an increase in the sugarcane industry and sugarcane crops (Cançado et 
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al., 2013). The immature stage of the stable fly is located inside the sugarcane stalk after 

harvest, which is used as a breeding site for larval development because it is rich in 

nutrients and contains many quantities (Cançado et al., 2013; Rolim et al., 2013). 

 1.4 Management 

      Management of Stable flies is complicated and depends on the behavior of 

stable flies (Pitzer et al., 2011). Nowadays, the successful methodology to control a 

stable fly population in livestock, horse and poultry farms is an integrated pest 

management program (IPM). This program consists of mechanical methods, sanitation, 

insecticide treatments, natural products, physical controls and biological control agents 

(Isman, 2006; Kaufman and Rutz, 2002; Lazarus et al., 1989; Meyer et al., 1991; 

Schmidtmann, 1991). Several different IPM programs are effective methods for 

controlling this insect pest (Axtell, 1986). The goal of management is to reduce the 

density of the stable fly population. The monitoring system is important to assess the 

situation of stable fly before deciding on the use of natural enemies, beneficial 

organisms and insecticides (Skovgård and Nachman, 2017). 

 Sanitation is one of the management programs that are key to reduce the 

population of stable flies by controlling abiotic factors such as setting unsuitable 

temperature and humidity, changing unattractive conditions, drying out litter, removing 

of bedding site at least once a week, cleaning up spilled feed, rotating areas where 

animals are fed (Axtell, 1986). Bedding material made from wood chips is better than 

using straw or hay because it does not decompose or compact quickly when soiled.  

 Trapping is a mechanical control that uses color, host odor, light, heat and 

smell as attractants. This method has been used to control stable flies such as the 

Williams trap (sticky traps) which is an effective method of monitoring a stable fly 

population (Broce, 1988; Williams, 1973). Hoy (1970) found that the Malaise traps 

baited with CO2 were able to catch more stable flies than non-Malaise traps baited with 

CO2. Cilek (1999) found that alsynite cylindrical traps with CO2 and dry ice provided a 

very powerful attractant for stable flies. 
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 In addition, alsynite fiberglass traps (AFTs) are visible and attractive to 

stable flies (Agee and Patterson, 1983; Hogsette and Ruff, 1990). Broce’s cylindrical 

trap (Hogsette and Ruff, 1990) and blue‐black fabric targets are attracted to stable flies 

in the United States (Foil and Younger, 2006; Hogsette and Foil, 2018; Mihok et al., 

1995). Moreover, Gilles et al. (2005) collected adult stable flies up to 1,250 files per day 

in Vavoua traps. Ultraviolet light traps are also evaluated as stable fly placed around 

entrances 1–2 m on the ground.  

 Chemical control of the stable fly in the last decade has focused on 

controlling the adult population through the use of insecticides that induced resistance 

in the stable fly to DDT (dichloro-diphenyl-trichloroethane), lindane and chlordane 

(Drummond, 1977; Sömme, 1958). Later, the resistance of stable flies to dieldrin 

(Mount, 1965) was reported in the United States, while resistance to toxaphene and 

lindane was also reported in South Africa in 1972 (Harris et al., 1972). Cilek and Greene 

(1994) reported that stable flies in southeastern Kansas were tolerance to chlorvos 

(237.6–fold), stirofos (4.6–fold), and permethrin (1.8–fold) while Olafson et al. (2019) 

found first the kdr allele at position L1014F in stable flies from France and Thailand 

which was molecular indicators of pyrethroids resistance. 

 Many insecticides and repellents have been used in livestock to control fly 

populations (Herholz et al., 2016). Tainchum et al. (2018) reported wild S. calcitrans 

were caught at each study site in southwestern France showed knock-down effects of 

Phoxim. Permethrin in emulsifiable concentrate and wettable powder formulations was 

residue-free effective on unpainted wood in shaded locations where stable flies feed 

(Hogsette et al., 1987). Foil and Hogsette (1994) revealed that spraying permethrin on 

stable fly habitat or breeding sites such as building walls, bunks, and shelters affected 

fly control.  

 The product of permethrin or pyrethrin could control the central nervous 

system of stable fly systems (Debboun et al., 2007). Both insecticides as arousal 

stimulators that repel and cause biting behavior to disappear (Hogsette et al., 1987).       

In some cases ear tags and ear bands have been impregnated with insecticides to reduce 

stable fly populations (Hogsette and Ruff, 1986). The use of sprays or whips applied to 
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the abdomen and legs of horses have been shown to reduce stable fly bites (Pugh et al., 

2014). 

 Essential oils of camphor, peppermint, chamomile and onion were used to 

repel stable fly for 6 days (Khater et al., 2009). Zhu et al. (2010) found that catnip oil 

repelled stable flies for 3 hours when the farmer used it as a wax-based formulation. 

Stable fly population was reduced by leggings, leg bands, and the citronella spray in 

horse farms.  

 However, insecticide resistance in stable fly populations has been reported 

in the field for decades (Marcon et al., 1997; Pitzer et al., 2011; Pitzer et al., 2010; 

Weinzierl and Jones, 1998). Therefore, biological control methods are more useful for 

controlling stable flies. Many natural enemies such as beetles and predatory mites feed 

on the eggs and small larvae of the fly. Over 10 species of pteromalid wasps kill on 

stable fly pupae by penetrating a pupa with their ovipositor to lay their egg (Moon, 

2002). 

 A parasitic insect, Spalangia cameroni Perkins is the most common 

parasitic insect against stable fly pupae in Kansas, Nebraska and Florida (Meyer and 

Petersen, 1983; Petersen, 1989) while Muscidifurax raptorellus Kogan and Legner is a 

pupal ectoparasitoid of the stable fly in North American (Floate et al., 2000; Skovgård, 

2004). Nevertheless, some parasites (Hymenoptera, Muscidifurax, Pteromalidae, 

Spalangia cameroni Perkins) have been proved to be biological control agents in fly 

control programs (Jones and Weinzierl, 1997; Meyer et al., 1990). 

 Entomopathogens including bacteria, fungi and nematodes are presented as 

a method to control stable fly populations as non-chemical alternatives under laboratory 

and field conditions (Leal et al., 2017; López-Sánchez et al., 2012; Moraes et al., 2008; 

Moraes et al., 2010; Taylor et al., 1998; Watson et al., 1995). For example, the 

formulation of Metarhizium anisopliae (Metchnikoff) Ma134 could control S. calcitrans 

and reduce defensive behavior in cattle (Cruz-Vázquez et al., 2015). Stable fly 

populations are susceptible to entomopathogenic fungi when applied to cattle under 

confinement or grazing conditions (Moraes et al., 2008; Moraes et al., 2010; Watson et 

al., 1995). Especially, entomopathogenic nematodes from 5 species of the genus 
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Steinernema infected third instar larvae of stable flies at 100 IJs while 8 species of the 

genus Heterorhabditis killed larvae of stable flies at a low level (Taylor et al., 1998). 

Mahmoud et al. (2007) found that Steinernema feltiae (Filipjev) infected the second and 

third instar larvae of stable fly. Leal et al. (2017) reported that H. bacteriophora Poinar 

HP88 infected stable fly maggots in all treatments (25, 50, 100, 150, and 200 IJs/larva) 

in the laboratory experiment. 

2.  Entomopathogenic Nematode (EPN) 

 2.1  Classification of EPN 

 Kingdom:    Animalia 

    Phylum:    Nematoda (roundworms) 

       Class:               Chromadorea 

          Order:             Rhabditida 

             Family:               Steinernematidae 

                Genus:                 Steinernema 

              Family:               Heterorhabditidae  

                 Genus:                 Heterorhabditis 

 Entomopathogenic nematodes are insect pathogens which have been used 

as biological control agents of insects. They are non-segmented roundworms in the 

phylum Nematoda and are also known as eelworms or thread-worms (Shapiro et al., 

2017). Most of the 30 families of nematodes are found as parasites and some of them 

are an association with insects (Gaugler et al., 1997; Nickle, 1972; Poinar, 1990; Poinar 

and Nelson, 1973). However, only two genera of Steinernema and Heterorhabditis and 

their associated symbiotic bacteria (genus Xenorhabdus and Photorhabdus, 

respectively) are successfully used as for biological control agents of agricultural insect 

pests (Blaxter et al., 1998; Boemare et al., 1993; Dorris et al., 2002; Lewis and Clarke, 

2012; Poinar, 1990). Nowadays, EPN in the genera Steinernema and Heterorhabditid 

are described as over 100 species and some of these EPN are being developed for 

biological control (Shapiro et al., 2017). 
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 The entomopathogenic nematodes belonging to the family Steinernematidae and 

Heterorhabditidae are effective biological agents as these EPN can kill a wide range of 

insect pests. The first EPN, S. kraussei Steiner was discovered in 1986 (Poinar, 1990). 

Later, S. glaseri Glaser was the first to be successfully used against the Japanese beetle 

(Popillia japonica Newman) in New Jersey in May 1929. Heterorhabditis 

bacteriophora was the first EPN species in the family Heterorhabditidae in 1976 

(Poinar, 1975). However, only the infective juvenile stage or the third juvenile stage 

juvenile can be tolerated outside their host (Mullens et al., 2006; Poinar, 1990) and 

moves to find a suitable host (Gaugler et al., 1997; Griffin et al., 2005; Lortkipanidze 

et al., 2016). They can survive in the natural environment and can use for to the insect 

control method (Poinar, 1990). When EPNs approach the insect host they release their 

symbiotic bacteria into the insect’s hemocoel, the insects are killed by blood-bacterial 

infection within 24–48 hours by blood-bacterial infection (Adams and Nguyen, 2002; 

Gaugler et al., 1997; Li et al., 2017; Poinar, 1990). 

 2.2  Morphology 

 The third juvenile stage or infective juvenile (Mullens et al., 2006) or dauer 

juvenile of EPN is usually sheathed by the cuticle but thicker than the second juvenile 

stage juvenile with the lateral field shape (Adams and Nguyen, 2002). IJs have 4 

cephalic papillae on the head pharynx and intestine overlap and the excretory pore 

locates posterior to the basal bulb. The tail is short, conoid and taper to a small spike-

like tip (Poinar, 1990). Their symbiotic bacteria are located in a specific bacterial vesicle 

in the family Steinernematidae (Xenorhabdus spp.) or in the alimentary tract in the 

family Heterorhabditidae (Photorhabdus spp.). IJs develop into an adult when they enter 

the insect cavity (Poinar, 1990). 

 IJs present longitudinal ridges along the entire body length of the cuticle and 

a tessellated pattern in the most anterior regions (Adams and Nguyen, 2002). The lateral 

field consists of is two ridges. A distinct dorsal cuticular tooth is present. They also have 

a hook or spine located on the dorsal. The pharynx and intestine are overlapped and the 

excretory pore locates posterior to the nerve ring. The IJs of the genus Heterorhabditis 

break off the integument of the insect cuticle with their protruding teeth (Bedding and 
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Molyneux, 1982). The difference of cuticular ridges in each EPN and the number of 

ridges can be classified as characteristic of their species (Kozodoi and Spiridonov, 

1988). 

 Adult EPN of the family Steinernematidae is found only in insect cadavers. 

They have 6 points convex around the lips and non-stylet. There are 4 labial papillae on 

the lips. The stomata are short and wide. The esophagus is narrowed and swells to apex 

shape. A corpus is cylindrical and a metacorpus is not differentiated. An isthmus is a 

short and basal bulb pear shaped with the reduced valve. The excretory pore is usually 

located at the level of the basal knob. This genus becomes adult females and males in 

the first generation after infection. In the female, the vulva is located near the middle of 

body, with or without an epiptygma, with around end tail (Adams and Nguyen, 2002). 

They are ovoviviparous animal that their offspring consumed nourishment in the 

mother’s body. For Steinernematidae male morphology is very important they have an 

enlarged head or not with 4 cephalic papillae, blade shaped spicules with arrowhead 

shaped gubernaculum, no-bursa, with or without mucron and the tail contains 20 genital 

papillae (Adams and Nguyen, 2002). 

 Adult EPN of the family Heterorhabditidae is hermaphroditic females with 

an ovotestis that is normally present only inside the insect host in the first generation 

and is at least 1 generation. They have an amputated round head and non-stylet. Females 

of Heterorhabditidae present 6 separate lips (Adams and Nguyen, 2002) that fuse at their 

base and have a labial papilla in each lip. Moreover, they are also devoid of pro, meso 

and metarhabdions and the posterior portion of the stoma is overlapped (Poinar, 1990). 

The pharynx is broad and barrel-shaped with a narrow isthmus. The nerve ring is located 

at mid-isthmus in the female and near the basal bulb in the male (Poinar, 1990). 

Hermaphroditic females contain sperm in the proximal portion of the ovotestis and 

functional vulva. During mating, amphimictic females are functional. Conoid tail and 

post-anal swelling are present. Male spicules are paired, symmetry, straight or arcuate, 

with pointed tips and rectal glands present. The male is in the amphimictic stage. Only 

one testis and the gubernaculum are slender, about half as long as the spicules. The bursa 

is open, and the peloderan is accompanied by nine pairs of papillae (Adams and Nguyen, 

2002; Poinar, 1990). 
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 2.3  Life cycle 

 The life cycle of the genus Heterorhabditis and genus Steinernama is mostly 

similar. The IJ stages of both EPN do not consume food and can survive in the natural 

habitats where they are outside the insect cadaver in search of a new host (Gaugler et 

al., 1997; Silva et al., 2021) which depends on biotic and abiotic soil factors consisting 

of soil texture, temperature and moisture (Lawrence et al., 2006) as well as physical, 

chemical and biotic conditions (Hoy et al., 2008). They are usually found in soil, 

wetlands or organic matter all around the world. The IJ stage of the two EPN contains 

specific symbiotic bacteria in their intestines that infests the insect host. The IJ stage 

penetrates the insect host via the natural opening such as spiracles, mouth, anus (Griffin 

et al., 2005) or some Heterorhabditis species directly through their insect host by 

anterior tooth (Bedding and Molyneux, 1982). 

 A heat and protease-resistant, low-molecular-weight component from the 

insect hemocoel (Ciche et al., 2006) activate the development of IJ and the release of 

symbiotic bacteria (Ciche and Ensign, 2003). The number of symbiotic bacteria 

increases in the insect blood and the insect host dies within 24–48 hours (Griffin et al., 

2005). The infected cadaver killed by EPN of the family Heterorhabditidae and the 

family Steinernematidae turns to red and dark brown, respectively (Kaya and Gaugler, 

1993). After invading their host, EPN cooperates with symbiotic bacteria to overcome 

the host insect is immunity (Dowds and Peters, 2002). EPN grow in the insect body by 

obtaining food from bacteria, ingested cadaver tissue (Griffin et al., 2005) and the 

bacteria also release the antibiotic to protect the insect scavenger. (Zhou et al., 2002). 

 The infecting IJs feed on the insect’s tissues, then develop into the fourth 

juvenile stage and adult, respectively. Adults of the family Heterorhabditidae become 

hermaphrodite (self-fertile), but the next generation becomes males and females. Adults 

of the family Steinernematidae become male and female in all generations (Grewal et 

al., 2005). Therefore, in the family Heterorhabditidae only one EPN can reproduce in 

the host whereas the family Steinernematidae requires at least 2 EPNs to reproduce. 

Female EPN hatch in the uterus and grow with the mother’s tissue (Johnigk and Ehlers, 

1999) and obtain nourishment from the insect host in the juvenile stage consisting of 
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egg, juvenile 1 (J1), juvenile 2 (J2), juvenile 3 (J3), juvenile 4 (J4) to adult. EPN feed 

and develop inside the insect cadaver for 2–4 generations depending upon the 

availability of food (Adams and Nguyen, 2002). After the food is depleted, the pre-

infective juvenile stage (J2) containing some symbiotic bacteria in their anterior 

intestine develop themselves into the IJ stage (J3 with moisture sheathed) (Adams and 

Nguyen, 2002). When they get limited resources juveniles to become infectives juvenile 

and emerge from the insect cadaver to find a new host (Dix et al., 1992; Griffin et al., 

2005).  

 Although EPN attack insects and cause insects death, IJs can act as 

scavengers. For example, S. kraussei (Lewis et al., 1996) and H. megidis Poinar, 

Jackson and Klein can reproduce in freeze-killed Galleria mellonella L. larvae (Blanco-

Pérez et al., 2017). The relationship between EPNs and bacteria is associated with the 

severity of complex destruction (Bisch et al., 2015). The efficacy of EPN could be 

enhanced by the evaluation of complex bacterial nematodes that produce the proteins 

necessary to bypass the host or nematode immune systems and expel the bacterial 

symbionts with a short delays (Kenney and Eleftherianos, 2016). Steinernema species 

are axenic nematodes that cause host death by bacterial toxin containing high levels of 

proteases (serine carboxypeptidases, trypsins, eukaryotic aspartyl proteases, zinc 

carboxypeptidases) and release protease inhibitors into the insect hemocoel (Lu et al., 

2017; Peña et al., 2015). 

 2.4  Behavior  

 Infective juveniles emerge from an insect cadaver to find the new host and 

various factors such as specific EPN behavior, soil depth, soil moisture and host habitat, 

influence IJs demand (Lewis et al., 1996). EPN foraging behavior is classified into three 

groups as ambusher, cruiser and intermediate nematode (Gaugler et al., 1997). Some 

Steinernema spp. (e.g., S. carpocapsae (Weiser), S. scapterisci (Nguyen and Smart), S. 

siamkayai (Stock, Somsook and Reid (n. sp.)) belong to the ambusher as they like to 

wait for the prey to move into their area and then they attack the prey without chemical 

cues. It has also been noted that these ambusher can stand on their tails in a straight 

position (nictating behavior) (Campbell and Gaugler, 1993) and they can jump with their 
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bodies to attach to the insect hosts (jumping behavior) (Campbell and Gaugler, 1993). 

Cruiser nematodes such as H. bacteriophora (Poinar), S. glaseri (Glaser), S. cubanum 

(Mracek), S. longicaudum (Shen and Wang), S. oregonenses (Liu and Berry) move in 

different environments to find their hosts with long-range chemical cues (carbon 

dioxide, vibration and other chemical cues) to find the location of the host or they do 

not nictate but they do not nictate more than two seconds and slowed movement 

compared to movement on smooth agar for ambusher are an intermediate group such as S. 

ceratophorum (Jian, Reid and Hunt), S. feltiae (Filipjev), S. monticolum (Stock, Choo and 

Kaya), S. riobrave (Lewis et al., 1992). 

 2.5  EPN Applications  

 Normally, EPN sprayed on the soil surface are widely used commercial 

biological insecticides, especially against root weevils and soil insects (Gaugler et al., 

1997). Successful use of EPN to control many insect pests has been reported in 

commercial applications such as citrus (Diaprepes root weevil), greenhouses (black vine 

weevil, fungus gnats, thrips, and certain borers), turf (white grubs, billbugs, and mole 

crickets), and mushrooms (sciarid flies) (Georgis et al., 2006). Campos-Herrera et al. 

(2012) reported that more than 60 species of the genus Steinernema and 20 currently 

species of the genus Heterorhabditis have been recognized. Entomopathogenic nematodes 

are smaller than 1 mm in length and they can be applied with a sprayer (Gaugler et al., 

1997). They can attack a wide range important insect pests (Shapiro et al., 2002). Only 

a few species have been commercially produced in a biological control such as S. 

carpocapsae, S. feltiae and H. bacteriophora especially S. carpocapsae (Grewal et al., 

2005; Lacey et al., 2015). 

 EPNs can infect many soil-borne insects in various stages. The efficacy, 

survivability and infectivity of EPN depend on the nematode species (Molyneux et al., 

1983). A limiting factor for EPN application is temperature, which is normally 15–25°C 

depending on the species (Shapiro et al., 2017). Larval and pupa stage of insects are 

often more likely to be infected by EPN than adults (Lu et al., 2017; Ramos-Rodríguez 

et al., 2006; Williams et al., 2015). Environmental factors such as temperature, 

humidity, plant type, and soil properties. They can influence the survival and severity 
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of nematodes (Grewal, 2002). Normally, nematodes can live better in sandy-loam soil 

than in clay (Kaya, 1990). 

 In addition, EPNs can be used for horticultural equipment such as handheld 

sprayers, mist blowers, electrostatic sprayers and irrigation systems (Grewal, 2002). The 

choice of equipment depends on the cropping system. In general, it is advisable to use 

large nozzles (holes) and high volumes (up to 400 gallons per acre). The screen filter 

must be removed and rotary disc from the spray device line to prevent IJs from clogging 

and must be shaken continuously during use. High pressure (> 300 psi) must be avoided 

and it must be maintained at a cool temperature. Studies have shown that IJs can interact 

with many pesticides and herbicides. Fresh manure and fertilizers such as urea have an 

effect on the survival and performance of EPNs. In recent years, EPN formulas have 

been developed, especially for soil-based applications such as nematode surfactants and 

water-soluble polymers (Shapiro et al., 2010). 

 However, when EPN are applied in the field, abiotic and biotic factors, non-

target hosts and potential competitors can affect other nematodes (Kaya, 2002; Shapiro 

et al., 2017; Ulug et al., 2014) but the environmental risks of using EPN generally have 

little impact on non-target animals (Akhurst and Smith, 2002). EPN used for bio-control 

also tend to interact with other organisms, particularly those in the host food web. Within 

a few days of infection, they release decontamination inhibitor (Scavenger deterrent 

factor, SDF), a chemical produced by parasitic nematode bacteria that can act as a 

potential corrosion inhibitor and help prevent host fouling (Gulcu et al., 2012). 

 In Thailand EPN have been used with S. carpocapsae (Weiser) to control 

many insect pests of longkong tree (Lansium domesticum Correa.) including the bark 

eating caterpillar, Cossus sp. and Microchlora sp. and 80% mortality of the bark eating 

caterpillar was observed 24 hours of exposure at a rate of 200 IJs/ml (Somsook et al., 

1986). Then, EPN became popular, they were used to control Ostrinia furnacalis 

(Guenée), Phyllotreta sp. and also Microcerotermes sp. by S. carpocapsae, S. 

siamkayai, H. bacteriophora and H. indica (Maneesakorn et al., 2010; Somsook, 1991; 

Somsook et al., 1986). In 2003, Sasnarukkit (2003) reported that S. siamkayai killed 

Plutella xylostella (L.). Chongchitmate et al. (2005) reported that S. carpocapsae and S. 
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riobrave killed fourth-instar larvae of Spodoptera litura (F.), Spodoptera exigua 

(Hübner), Helicoverpa armigera (Hübner) Noosidum et al. (2010) found new Thai EPN 

that killed fourth-instar larvae of G. mellonella. Moreover Maketon et al. (2010) 

combined S. carpocapsae, S. glaseri, H. bacteriophora and some Thai EPN isolates (T1 

and T2) with baits to control German cockroach Blattella germanica L. and found that 

S. carpocapsae infected with German cockroach more than 86% at the rate of 1×106 IJs 

concentrate. Later, two EPN, S. carpocapsae and Steinernema sp. isolate K8 (Thai 

isolate) infected third-instar larva of S. litura and P. xylostella (Noosidum et al., 2016). 

           2.6  Culturing and handling 

 EPN can be produce in culture either in vivo or in vitro (solid and liquid) 

(Shapiro et al., 2012). In vivo production is a simple method for EPN rearing by using 

live larvae of G. mellonella in the modified White traps (White, 1927). This method is 

small and suitable for study or laboratory purposes (Shapiro et al., 2002). Normally, in 

vivo methods are used for maintenance of EPN under laboratory conditions in small 

scale production and require the rearing of host. In vitro culture is suitable for 

commercial purposes. In large scale production in vitro is better, EPN are cultured in 

media without need an insect host to grow but bacterial incorporation must be 

considered in this method (McMullen and Stock, 2014). IJs can collect with a sponge, 

polyurethane, water dispersion, vermiculite, gel, alginate and prey and they can keep in 

2–5 months depending on the type of EPN and environmental factor. The quality of 

EPN culture can be determined by detecting nematode toxicity and shelf-life, age and 

occurrence of non-digestible nematodes (Grewal et al., 2005). 

 The effectiveness of EPN is usually reduced by to improper handling, 

transportation and storage (Shapiro et al., 2002). Biotic and abiotic factors can be 

detrimental during application. Entomopathogenic nematode is used well in sandy soils. 

Suitable pH ranges from 4–8, but they are very weak at very low temperatures and hot 

temperatures, UV or even too dry. Steinernema riobrave (Cabanillus), S. glaseri 

(Glaser) and H. indica (Poinar, Karunakar and David) are resistant strains while H. 

megidis (Poinar, Jackson and Klein) and H. marelatus (Liu and Berry) can be adapted 

to cool temperatures (Grewal et al., 1994). The efficiency of EPN is increased by 
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matching the target species to the target pests. Proper rates and area must be at least 8 

hours after spraying and use in the morning or evening to reduce the ultraviolet 

radiation. It is important to check whether the EPN is alive or not by using a 20X hand 

lens or stereo microscopes. 

 Interestingly, most researchers reported that stable fly females prefer to lay 

their eggs on animal feces, straw and substrates moistened with urine, bedding 

substrates and organic matter. However, there is no study on the efficacy of 

entomopathogenic nematodes against stable flies. Therefore, the application of EPN 

may be an option to control stable fly larvae on ovulation substrate. 
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MATERIALS AND METHODS 

1.  Stable fly  

 1.1  Collection site 

 Adults of stable flies (S. calcitrans) were collected from a local cattle farm 

in Suan Kaew Temple Bang Yai District, Nonthaburi Province, Thailand (x: 13.862081, 

y: 100.442367) (Figure 2A). Suan Kaew Temple is 19.6 km away from Kasetsart 

University. The study site consisted of mixed herd of cattle and goats. 

 1.2  Vavoua trap 

 Vavoua trap is a blue fabric trap that can capture Dipteran with the visual 

cue of the blue and black colors of polyester (Lendzele et al., 2020). It has been used to 

assess the population of Stomoxys spp. (Gilles et al., 2007; Holloway and Phelps, 1991). 

Vavoua traps were obtained from Professor Dr. Theeraphap Chareonviriyaphap (the 

Department of Entomology, Kasetsart University, Thailand). The design of the Vavoua 

trap was consisted of different pieces of textile cutting with black polyester (76×28 cm) 

and trapezium shape blue polyester (76×48×27×4 cm). The mosquito net section was 

designed in the shape of a cone with a bottom diameter of 82 cm and a top diameter of 

4 cm, and a height of 76 cm. The mosquito net covered the collection cage has a size of 

6.5×8.5×14 cm and the other one covered the cone has a diameter of 15 cm, a top 

diameter of 2×2 cm and a length of 10 cm the center of the bottom. The cone can be 

inserted by a circular galvanized wire with a diameter of 80 cm and the whole trap was 

held by a vertical iron rod of 1.5 m in length. The trap was set at 40 cm above the ground. 

 1.3  Stable fly collections 

 Adults stable flies (S. calcitrans) were surveyed (Figures 2B–2D) and 

collected from a local cattle farm between 2 and 5 p.m. using 2 methods, Vavoua traps 

(Figure 2E) and mouth aspirator (Figure 2F) (Laveissiere and Grebaut, 1990). Stable 

flies collected from each trap were identified as S. calcitrans according to Zump (Zumpt, 

1973). Stable flies were transferred to a cage (6.5×8.5×14 cm) covered with a soaked 

cotton pad containing 10% sucrose syrup and maintained in a plastic container 

(30×35×20 cm) covered with a moist towel when transferring to the laboratory, 



21 

 

Department of Entomology, Faculty of Agriculture, Kasetsart University (Figures 3A–

3B). All insects were maintained under the laboratory conditions at 27±2°C, 50±10% 

relative humidity (RH) and 12:12 hours L:D photoperiod. 

 Gravid females fed on animal blood using a modified bovine blood feeder 

(Figure 3C) (Salem et al., 2012). A plastic glass feeder (16 oz) covered with two layers 

of pig intestine membrane was attached to the top of the cage and maintained with warm 

water (37±2°C) through an electronic boiler (YCowboys-TH, OEM, China) and a 

temperature controller (XK-W2001, SRUIS-33, Guangdong, China). During female 

feeding, warm water was passed through the glass feeder using a water pump (Sonic®, 

AP1600, Guangdong, China). Bovine blood was obtained from a fresh market in 

Nonthaburi Province (x: 13.844757, y: 100.490940). Then engorged gravid females of 

stable fly were used for the preferred bedding substrates of S. calcitrans larvae 

experiment. 

To induce egg laying, adult stable flies were caged and fed under the same 

conditions as previous described but in the plastic container (12.2×18.2×4.6 cm) 

containing 200 g of 0–12 hours (Figure 3D). After two days, the plastic container was 

removed from the cage and placed in the plastic container (15×21×7 cm) for larval 

residence and closed with a screen lid to prevent other insects. The larvae were reared 

by cow manure for developing. To perform the larval development, the study was 

monitored daily until they became to the pupal stage (one day old). The stage of larval 

development was characterized by posterior spiracles according to Parr (Parr, 1962) 

(Figures 4A–4F). 
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Figure  2 Collection of Stomoxys calcitrans (L.), A: a collection site; B: adults of 

Stomoxys calcitrans feeding; C: survey of Stomoxys calcitrans larvae in the barn; D: 

larvae of Stomoxys calcitrans on bedding substrate; E: Vavoua traps used to collect 

adults of Stomoxys calcitrans; F: collecting of adults of Stomoxys calcitrans by mouth 

aspirator 
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Figure  3 Stomoxys calcitrans (L.) rearing technique, A: an adult of Stomoxys calcitrans 

reared in a cage; B: a cage for rearing adults of Stomoxys calcitrans; C: adults of 

Stomoxys calcitrans feeding on modified bovine blood; D: a cow dropping tray for 

laying eggs of Stomoxys calcitrans 
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Figure  4 Stages of Stomoxys calcitrans (L.), A: eggs of Stomoxys calcitrans; B: first 

instar larva of Stomoxys calcitrans; C: second instar larva of Stomoxys calcitrans; D: 

third instar larva of Stomoxys calcitrans; E: posterior spiracle of Stomoxys calcitrans; 

F: pupae of Stomoxys calcitrans 
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2.  Substrates  

 Seven substrates related to fly oviposition or living on the cattle were 

selected to evaluate the preferences for stable fly oviposition and larval development 

compared to negative control substrate (Figures 5A–5H) (Table 1).  

Table  1 Substrate preparations  

Substrate (code) Description 

0–12 hours old fresh cow 

manure (FCM12) 

Cow manure was randomly collected after 

deposition at 0–12 hours. 

Seven days old cow manure  

(CM7) 

Fresh cow manure was randomly marked and 

held in the cattle for seven days before collected.  

Seven days old cow bedding  

(CB7) 

Seven days old of bamboo shaving and rice hay 

combined with urine and manure were randomly 

collected around the cow cattle. 

Manure (MAN) 100% dry natural cow manure (Super Cowboy®) 

was obtained from gardening store. 

Seven days old fermented 

timothy hay (FT7) 

100 g of dry Timothy grass (Phleum pretense L.) 

was incubated with 2,000 ml of distilled water at 

250°C for 30 minutes and held at room 

temperature for seven days (Salem et al., 2012). 

Seven days old fermented 

cow manure (FCM7) 

2,000 g of fresh cow dropping with 2,000 ml of 

distilled water was incubated at 250°C for 30 

minutes and held at room temperature for seven 

days.  

Seven days old cow manure 

and fermented timothy hay  

(CMFT7) 

100 g of dry Timothy grass and 2000 g of fresh 

cow dropping with 2000 ml of distilled water 

was incubated at 250°C for 30 minutes and 

placed at room temperature for seven days.  

Water-soaked cotton (WSC) 2 pieces of cotton pad were soaked with 10 ml of 

tap water as negative control. 
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Figure  5 Substrate preparations, A: a plate containing of 0–12 hours old fresh cow 

manure (FCM12); B: a plate containing seven days old cow manure (CM7); C: a plate 

containing seven days old fermented timothy hay (FT7); D: a plate containing seven 

days old cow bedding (CB7); E: a plate containing manure (Man); F: a plate containing 

seven days old fermented cow manure (FCM7); G: a plate containing seven days old 

cow manure and fermented timothy hay (CMFT7); H: a plate containing water-soaked 

cotton (WSC) as negative control  
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3.  Preferred bedding substrates of larvae and adults of Stomoxys calcitrans under 

laboratory conditions 

 3.1  Preferred bedding substrates of S. calcitrans larvae 

Fifty ml of 3% boiled liquid agar (Pearl Mermaid Agar Powder®, Patanasin 

Enterprise Ltd., Thailand) was poured into an aluminum disc (12 cm diameter, 2.5 cm 

high) and allowed to cool at room temperature (Figures 7A–7B). Then 8 holes with a 

diameter of 3 cm were punched using a cork. Holes were made close to the edge of disc 

and equally spaced apart (Figure 7C). Three grams of each substrate was randomly 

placed in one hole of the agar (Figure 7D). A second instar larva of S. calcitrans was 

carefully placed in the center of the disc. Experiments were designed with completely 

randomized design (CRD) with 30 replicates and 3 repeats were conducted for each 

treatment. Bedding substrate that had insect larvae was recorded for 10 minutes after 

allowed larva at the center of the dish (Figure 7D). 

3.2  Preferred bedding substrates of S. calcitrans adult  

 The experimental procedure was modified from the study of (Machtinger et 

al., 2014). Ten grams of each substrate in 5.5 cm diameter Petri dishes was randomly 

placed in a cage (17×27×13 cm) covered with 0.28 mm woven aluminum insect screen 

(Mesh No. 18×16) (Figures 8A–8B). Each Petri dish was approximately 2 cm apart. An 

engorged gravid female of stable fly was consequently transferred into the cage (Figure 

8C). The stable fly was provided with 10% sucrose syrup as an energy source. After 

three days, the stable fly was taken out by aspirator and number of egg deposition on 

each substrate was recorded under the microscope (Figure 8D). Experiments were 

designed using a CRD with and 20 replicates and 2 repeats were conducted for each 

treatment. 
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Figure  6 Preferred bedding substrate tests of Stomoxys calcitrans larvae under 

laboratory conditions, A: agar boiler; B: a dish containing cooled agar; C: 8 holes of 3 

cm diameter were punch in the agar; D: Releasing a second instar larva in the center of 

the agar plate 
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Figure  7 Preferred bedding substrate tests adult of Stomoxys calcitrans (L.) adult under 

laboratory conditions, A and B: Randomly placed substrates in 17×27×13 cm 

experimental cage; C: gravid female of Stomoxys calcitrans for the experiment; D: eggs 

of Stomoxys calcitrans on bedding substrate on day three after treatment 
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4.  Efficacy of EPN against larvae and pupae of Stomoxys calcitrans under 

laboratory conditions 

 4.1  Greater wax moth rearing for nematode colonization 

  Greater wax moth, Galleria mellonella L. (Lepidoptera: Pyralidae) rearing 

was modified by Mohamed and Coppel (Mohamed and Coppel, 1983) (Figure 9A). 

Adults of greater wax moth was placed in a plastic container (15×21×7 cm) and 10% 

sucrose syrup was provided as a food source on the container lid at 27±2°C, 50±10% 

relative humidity (RH) and 12:12 hours L:D photoperiod. Then, a 4×21 cm paper was 

inserted between the lid and the plastic container for egg laying female. A part of the 

paper containing eggs of wax moth were cut to small and placed onto 200 g of artificial 

diet located in another plastic container (15×21×7 cm) (Figures 9B–9C). The diet was 

added every two days for three weeks. Larval development was monitored every two 

days until they became the last instar larvae (three weeks old). The last instar larvae 

were used for nematode culture and for rearing the next colony (Figures 9D–9F). 

 4.2  Nematode culture  

Five EPN isolates are native to Thailand; Steinernema scarabaei 

EPNKU60, Heterorhabditis indica EPNKU64, H. indica EPNKU67, H. indica 

EPNKU82 and H. bacteriophora (obtained from the Department of Entomology, 

Kasetsart University, Thailand) and two commercial EPN isolates; S. carpocapsae 

DOA® and S. siamkayai DOA® (obtained from the Department of Agriculture, Ministry 

of Agriculture and Cooperatives, Thailand) were used in this study. All EPN isolates 

were maintained on the last instar larvae of greater wax moth (Kaya and Stock, 1997) 

in the Department of Entomology, Faculty of Agriculture, Kasetsart University, 

Thailand. EPN suspension (200 IJs/700 µl of H2O) was dropped onto a 5.5 cm diameter 

Petri dish lined with two discs of Whatman® No 1 filter paper (Figure 10A). Six last 

instar larvae of G. mellonella were added into the Petri dish and closed the lid. The Petri 

dish was kept in a dark area at 27±2°C and 50 ± 10% RH. 

Larva died, the body color of the insect cadaver was changed to red (Figure 

10C) or brown (Figure 10B) (Woodring and Kaya, 1988). The cadavers were soaked 
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with 0.01% hyamine solution for 1 minute to prevent contamination with other 

pathogens. The cadavers were transferred to a modified White trap (White, 1927) by 

placing them in a new 5.5 cm diameter Petri dish lined with a disc of moist Whatman® 

No 1 filter paper (Figure 10D). The Petri dish was placed in a new 9.0 cm diameter Petri 

dish containing eight ml of distilled water. After 4–7 days, the IJs emerged from the 

insect cadaver and migration into the water of a larger Petri dish (Figure 10E). The 

emerging IJs were cleaned with 0.01% formalin solution. Approximately 200 IJs/700 µl 

in 60 ml of tap water were collected in a culture flask (225 ml, Corning®) and stored in 

a refrigerator at 15±3°C for use in all experiments (Figure 10F). 

 4.3  Filter paper bioassays 

The efficacy of six EPN isolates was tested against second instar larvae of 

S. calcitrans using filter paper bioassays. An amount of 400 µL of EPN suspension at 

the rates of 0, 25, 50, 100, 200 and 400 IJs/cm2 was applied to a 3.5 cm diameter Petri 

dish containing two discs of No.1 Whatman® filter paper (Figures 11A–11B). A second 

instar larva of S. calcitrans was placed in a Petri dish (Figure 11C), the lid was closed 

and wrapped with 3 layers of parafilm (Parafilm M®). The dish was kept in the dark at 

27±2°C and 50±10% RH. Insect mortality was recorded every 24 hours until 72 hours. 

The same protocol was performed for the third instar larvae and pupae of S. calcitrans 

(Figures 11D–11F and Figures 12A–12D). The pupal experiment was specifically 

observed for 15 days to verify the emergence of the adult stable fly. Experiments were 

designed using a CRD with 10 replicates and 3 repeats for each treatment. 
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Figure  8 Galleria mellonella L. rearing technique, A: an adult of Galleria mellonella; 

B: eggs of Galleria mellonella (2X magnification of stereo microscope); C: Galleria 

mellonella egg masses on paper stripes on a diet container; D: Galleria mellonella 

rearing in an insect rearing room; E: Greater wax moth harvesting; F: last instar larva of 

Galleria mellonella for nematode culture 
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Figure  9 Nematode culture technique, A: nematode infection with 700 µl of EPN 

suspensions on two discs of Whatman® No 1 filter paper; B: infected larvae by 

Steinernema sp.; C: infected larvae by Heterorhabditis sp.; D: insect cadaver in a 

modified White trap; E: infective juveniles emerge from insect cadavers; F: nematode 

suspension stored at 14°C in a refrigerator 
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Figure  10 Efficacy of Thai EPNs against larva and pupa of Stomoxys calcitrans under 

laboratory conditions, A, B and C: filter paper bioassays; D: infected second instar larva 

of Stomoxys calcitrans; E: infected third instar larva of Stomoxys calcitrans; F: infected 

pupa of Stomoxys calcitrans 
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Figure  11 Nematode infection on larva and pupa of Stomoxys calcitrans, A: larva of 

Stomoxys calcitrans infected with Stienernema sp.; B: larva of Stomoxys calcitrans 

infected by Heterorhabditis sp.; C and D: infection of Stomoxys calcitrans pupa 
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5. Persistence of EPN isolates after applied on bedding substrate under laboratory 

condition 

 Three EPN isolates; H. bacteriophora, H. indica EPNKU82 and S. 

siamkayai DOA® which were selected from the previous experiment (experiment 4.3) 

were used in this experiment. A 5.5 cm diameter Petri dish containing 10 g of the 

bedding substrates was loaded with 0 and 600 IJs of each EPN in 50 µl of water (25 

IJs/cm2) (Table 1). The water-soaked cotton was replaced with 10% moist sand. 

Nematode persistence was measured at 1, 3, 5, 7 and 9 days after EPN application using 

insect baiting technique (Dutky et al., 1964; Kaya and Stock, 1997) (Figure 13A). The 

last instar larva of greater wax moth was held in a small PVC cage (3×3 cm) (Figure 

13B) and placed onto the substrate to bait the alive IJ at different days of exposure. The 

Petri dishes were transferred to the plastic container (19.2×28×5.6 cm) and kept in the 

dark at 27±2°C and 50±10% RH. The mortality rate of greater wax moth was recorded 

every 24 hours until 120 hours after exposure. The cadavers that were infected by H. 

bacteriophora and H. indica EPNKU82 presented in red color (Figures 13C–13D) while 

S. siamkayai showed brown color (Figure 13E). The cadaver was dissected (Figure 13F) 

and the number of adult EPN inside the cadaver was recorded under the microscope. 

Experiments were designed using 10 replicates and 3 repeats were conducted for each 

treatment. 
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Figure  12 Persistence of Thai EPN applied on bedding substrate under laboratory 

conditions. A: experimental dish contained 10 g of the bedding substrate; B: the last 

instar larva of greater wax moth in a small PVC cage was placed onto the bedding 

substrate; C: a last instar larva of Galleria mellonella infected by Heterorhabditis indica 

EPNKU82; D: a last instar larva of Galleria mellonella infected with Heterorhabditis 

bacteriophora; E: a last instar larva of Galleria mellonella infected with Steinernema 

siamkayai; F: insect cadaver dissection 
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6.  Data analysis 

  Analyses were performed on the data collected from each set of 

experiments. The preference of laboratory larvae and oviposition of adult wild-caught 

of S. calcitrans on bedding substrates under laboratory conditions (experiment 3.1 and 

3.2) were determined the relationship between the variables by using a two-dimensional 

crosstabulation and Chi-Square test. Numbers of egg of S. calcitrans after released a 

gravid female for three days was compared by Independent-Samples Kruskal-Wallis 

Test and asymptotic significances (2-sides tests) were displayed. The efficacy of EPN 

against larvae and pupae of S. calcitrans under laboratory conditions (experiment 4.3) 

were compared with a one-way analysis of variance (ANOVA) using the Tukey’s test. 

The log transformation of raw data was primality performed to followed normal 

distribution. Statistical significance was found when a P-value less than 0.05. Analysis 

of LC50 was performed by Probit analysis on mortality data, and obtained together with 

95% confidence upper and lower limits. The persistence of EPN isolates inside infected 

cadavers on bedding substrates (experiment 5) was subjected to one-way analysis of 

variance (ANOVA) and the Tukey’s test (R studio Version 1.2.5001 under the term of 

version 3).  
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RESULTS 

1.  Preferred bedding substrates of larvae and adults of Stomoxys calcitrans under 

laboratory conditions 

 In the larval experiment after 90 second of exposure, a significant 

percentage of larval preference was found (χ2 = 52.165, df = 7, 720; P<0.001) and the 

preference ranged from 1.10–26.70%. The CM7 treatment had the highest preference 

(26.70%) while the preference of the other treatments ranged from 1.10–20.00%, except 

that FCM12 was absent (Table 2). 

 For the adult experiments, a significant percentage of preference was also 

found (χ2 = 112.000, df = 7, 320, P<0.001) and the preference ranged from 2.50–

55.00%. The FCM12 treatment had the highest preference (55.00%) while the 

preference of the other treatments ranged from 2.50–35.00%. No preference was 

observed for FT7, CMFT7, MAN and WSC treatments (Table 3). In addition, eggs of 

S. calcitrans were found in FCM12, CM7, FCM7 and CB7 treatments with the total 

number of 1,283, 137, 38 and 469, respectively. The average number of eggs was 

significant difference (χ2 = 113.817, df = 7, 320, P<0.001) among the 4 treatments. The 

highest number of eggs was found on FCM12 (32.07 eggs per Petri dish), followed by 

CB7 (11.72 eggs per Petri dish) and the other two treatments were less than 3.42 eggs 

per Petri dish (Table 4). 
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Table  2 Crosstabulation results of preferred bedding substrates of Stomoxys calcitrans larvae under laboratory conditions 

 

1/ FT7= Seven days old fermented timothy hay, CMFT7= Seven days old cow manure and fermented timothy hay, FCM12= Less than 

twelve hours old fresh cow manure, CM7= Seven days old cow manure, FCM7= Seven days old fermented cow manure, MAN= Manure, 

CB7= Seven days old cow bedding, WSC= Water-soaked cotton 

 

 

 

  

Substrates1/ FT7 CMFT7 FCM12 CM7 FCM7 MAN CB7 WSC 

Number of Petri dish 6 12 0 24 18 11 18 1 

Preference of  

S. calcitrans 

6.7% 13.3% 0.0% 26.7% 20.0% 12.2% 20.0% 1.1% 

Number of Petri dish 84 78 90 66 72 79 72 89 

Disfavor of  

S. calcitrans 

13.3% 12.4% 14.3% 10.5% 11.4% 12.5% 11.4% 14.1% 
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Table  3 Crosstabulation results of preferred bedding substrates of Stomoxys calcitrans adults under laboratory conditions 

 
1/ FT7= Seven days old fermented timothy hay, CMFT7= Seven days old cow manure and fermented timothy hay, FCM12= 0–12 hours old 

fresh cow manure, CM7= Seven days old cow manure, FCM7= Seven days old fermented cow manure, MAN= Manure, CB7= Seven days 

old cow bedding, WSC= Water-soaked cotton 

  

Substrates1/ FT7 CMFT7 FCM12 CM7 FCM7 MAN CB7 WSC 

Number of Petri 

dish 

0 0 22 3 1 0 14 0 

Preference of  

S. calcitrans 

0.0% 0.0% 55.0% 7.5% 2.5% 0.0% 35.0% 0.0% 

Number of Petri 

dish 

40 40 18 37 39 40 26 40 

Disfavor of  

S. calcitrans 

14.3% 14.3% 6.4% 13.2% 13.9% 14.3% 9.3% 14.3% 
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Table  4 Numbers of egg of Stomoxys calcitrans after released a gravid female for three days 

 
1/ FT7= Seven days old fermented timothy hay, CMFT7= Seven days old cow manure and fermented timothy hay, FCM12= 0–12 hours old 

fresh cow manure, CM7= Seven days old cow manure, FCM7= Seven days old fermented cow manure, MAN= Manure, CB7= Seven days 

old cow bedding, WSC= Water-soaked cotton 

2/ Number of egg-laying (dish/40) ×100 

3/ Means followed by different letters in column differs statistically at P < 0.05, as determined by Independent-Samples Kruskal-

Wallis test. 

Bedding substrates1/ Number of egg laying (dish) Egg laying in the substrate (Percentage) Total  Average±SE  

FT7 0 02/ 0 0.00±0.00d3/ 

CDFT7 0 0 0 0.00±0.00cd 

FCD12 22 55 1283 32.07±5.30a 

CD7 3 7.5 137 3.42±1.94c 

FCD7 1 2.5 38 0.95±0.95cd 

MAN 0 0 0 0.00±0.00cd 

CB7 14 35 469 11.72±2.68b 

WSC 0 0 0 0.00±0.00cd 
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2. Efficacy of EPNs against larvae and pupae of Stomoxys calcitrans under 

laboratory conditions  

 Second instar larva test 

 Susceptibility of second instar larvae of S. calcitrans to different EPN 

isolates increased when increasing of nematode concentration and number of days after 

exposure. After 3-day exposure, the overall results showed that 50.00% mortality of S. 

calcitrans larvae was found when all EPN isolates reached to 200 IJs/cm2 (>56.66%). 

Heterorhabditis bacteriophora proved to be the most effective EPN for controlling 

second instar larvae of S. calcitrans. All EPN treatments at rates of 25 and 50 IJs/cm2 

killed less than 80.00% of S. calcitrans larvae. Only, H. indica EPNKU82 and S. 

siamkayai significantly expressed a high mortality (80.00 and 76.66%, respectively) to 

S. calcitrans larvae at 50 IJs/cm2 while other EPN treatments killed less than 63%            

(F = 117.700, df = 7,16; P<0.05). Heterorhabditis bacteriophora, H. indica EPNKU82 

and S. siamkayai (73.33%–86.66%) were significantly effective in killing S. calcitrans 

larvae at the rate of 100 IJs/cm2 compared to other EPN treatments (F = 117.00,                

df = 7,16; P<0.05). The high mortality of S. calcitrans larvae when applied EPNs at the 

rate of 200 IJs/cm2 was significantly observed in H. bacteriophora, H. indica 

EPNKU82 and S. siamkayai (73.33–83.33%) (F = 158.80, df = 7,16; P<0.05). All EPN 

treatments at the rate of 400 IJs/cm2 killed the second instar larvae of S. calcitrans from 

70.00% to 100.00% (Table 5). 

 The lethal concentration that caused 50% insect mortality was calculated 

by the Probit analysis using data set of the rates of 25, 50, 100, 200 and 400 IJs/cm2. 

All seven EPN isolates killed second-instar larvae of S. calcitrans. The LC50 values, 

calculated from the bioassay was shown in Table 6. The lowest LC50 values was obtained 

for S. siamkayai. Heterorhabditis indica EPNKU82, H. bacteriophora and H. indica 

EPNKU64 had slightly high values and followed by S. carpocapsae, H. indica 

EPNKU67 and S. scarabaei EPNKU60. 
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Table  5 Mean (±SE) mortality of second instar larvae of Stomoxys calcitrans infected with the infective juvenile stage of 

entomopathogenic nematodes (Steinernema scarabaei EPNKU60, Heterorhabditis indica EPNKU64, Heterorhabditis indica 

EPNKU67, Heterorhabditis indica EPNKU82, Heterorhabditis bacteriophora, Steinernema carpocapsae and Steinernema 

siamkayai) exposed to different concentrations [Control (0), 25, 50, 100, 200 and 400 IJs/cm2] after three days of exposure 

EPN species Mortality (%) 

25 IJ/cm2 50 IJ/cm2 100 IJ/cm2 200 IJ/cm2 400 IJ/cm2 

Steinernema scarabaei EPNKU60 26.66±3.33Ed1/ 40.00±0.00Cc 33.33±3.33Dd 56.66±3.33Db 80.00±0.00BCa 

Heterorhabditis indica EPNKU64 43.33±3.33CDd 56.66±3.33Bcd 60.00±0.00Cbc 73.33±3.33BCab 86.66±3.33Ba 

Heterorhabditis indica EPNKU67 30.00±0.00Ed 40.00±0.00Cd 50.00±0.00Cc 60.00±0.00Db 70.00±0.00Da 

Heterorhabditis indica EPNKU82 46.66±3.33BCb 80.00±0.00Aab 83.33±3.33ABab 83.33±3.33Bab 86.66±3.33Ba 

Heterorhabditis bacteriophora 56.66±3.33ABc 63.33±3.33Bc 86.66±3.33Ab 100.00±0.00Aa 100.00±0.00Aa 

Steinernema carpocapsae 33.33±3.33DEd 43.33±3.33Ccd 53.33±3.33Cbc 63.33±3.33CDab 70.00±0.00Da 

Steinernema siamkayai 60.00±0.00Ab 76.66±3.33Aab 73.33±3.33Bab 80.00±0.00Ba 76.66±3.33CDab 

Control 00.00±00.00Fa 00.00±00.00Da 00.00±00.00Ea 00.00±00.00Ea 00.00±00.00Ea 

 
1/ Means followed by the same letters are not significantly different at the 0.05% level as determined by Tukey’s test at 

P<0.05. Lowercase letters compare means in the same column and uppercase letters compare means in the same row. 
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Table  6 Median lethal concentration at 50% (LC50) of seven EPN isolates against second instar larvae of Stomoxys calcitrans 

tested on filter paper bioassays after three days of exposure 

EPN species No LC50 (IJ/cm2) 95% Confidence Limits 

for concentration 

χ2 Regression equations 

Steinernema scarabaei EPNKU60 180 116 1/ 32–969 13.2672/ y = -2.257+1.093x3/ 

Heterorhabditis indica EPNKU64 180 40 25–54 2.455 y = -1.556+0.973x 

Heterorhabditis indica EPNKU67 180 100 72–137 0.008 y = -1.30+0.865x 

Heterorhabditis indica EPNKU82 180 15 – 15.351 y = -1.076+0.917x 

Heterorhabditis bacteriophora 180 26 3–43 11.576 y = -3.028+2.140x 

Steinernema carpocapsae 180 82 56–113 0.130 y = -1.538+0.804x 

Steinernema siamkayai 180 2 0–11 5.065 y = -0.108+0.369x 

 
1/ LC50= lethal concentration that kills 50% of exposed larvae 

2/ Chi square value 

3/ Regression equations= Probit model = Intercept + Bx (Covariates x are transformed using the Log base 10) 
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 Third instar larvae test 

 Susceptibility of third instar larvae of S. calcitrans to different EPN isolates 

increased when increasing nematode concentration and day after exposure. After three 

days of exposure, all EPN treatments at a rate of 25 IJs/cm2 killed less than 40.00% of 

S. calcitrans larvae. The first 50.00% infection to S. calcitrans larvae was H. 

bacteriophora at the rate of 50 IJs/cm2, followed by H. indica EPNKU82 at a rate of 

100 IJs/cm2. Heterorhabditis bacteriophora tended to be the most effective EPN for 

controlling third instar larvae of S. calcitrans that killing up to 90.00% of larvae at a 

rate of 200 IJs/cm2. H. bacteriophora and H. indica EPNKU82 caused significantly 

high mortality (100.00 and 80.00%, respectively) to S. calcitrans larvae at a rate of 400 

IJs/cm2 while other EPN treatments killed the insect larvae at less than 33.33% (F = 

61.01, df = 7,16; P<0.05) (Table 6). 

 The lethal concentration that caused 50% insect mortality was calculated 

by the Probit analysis using a data set of the rates of 25, 50, 100, 200 and 400 IJs/cm2. 

All seven EPN isolates killed third-instar larvae of S. calcitrans. The LC50 values, 

calculated from the bioassay was shown in Table 8. The lowest LC50 values was 

obtained for H. bacteriophora. H. indica EPNKU82 and H. indica EPNKU64 had 

slightly high values at 26, 15 and 40 IJs/cm2, respectively. 
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Table  7 Mean (±SE) mortality of third instar larvae of Stomoxys calcitrans infected with the infective juvenile stage of 

entomopathogenic nematodes (Steinernema scarabaei EPNKU60, Heterorhabditis indica EPNKU64, Heterorhabditis indica 

EPNKU67, Heterorhabditis indica EPNKU82, Heterorhabditis bacteriophora, Steinernema carpocapsae and Steinernema 

siamkayai) exposed to different concentrations [Control (0), 25, 50, 100, 200 and 400 IJs/cm2] after three days of exposure 

EPN species Mortality (%) 

25 IJ/cm2 50 IJ/cm2 100 IJ/cm2 200 IJ/cm2 400 IJ/cm2 

Steinernema scarabaei EPNKU60 3.33±3.33BCb 6.66±3.33EFab 13.33±3.33Cab 20.00±0.00Cab 26.66±3.33BCa 

Heterorhabditis indica EPNKU64 3.33±3.33BCb 20.00±0.00CDab 33.33±3.33Ba 30.00±0.00Ca 33.33±3.33Ba 

Heterorhabditis indica EPNKU67 16.66±3.33Ba 16.66±3.33CDEa 26.66±3.33Ba 26.66±3.33BCa 30.00±0.00BCa 

Heterorhabditis indica EPNKU82 33.33±3.33Ab 33.33±3.33Bb 50.00±0.00Aab 73.33±3.33Ba 80.00±10.00Aa 

Heterorhabditis bacteriophora 40.00±0.00Ac 53.33±3.33Abc 56.66±3.33Abc 90.00±0.00Aab 100.00±0.00Aa 

Steinernema carpocapsae 13.33±3.33BCa 26.66±3.33BCa 30.00±0.00Ba 33.33±3.33Ca 33.33±3.33Ba 

Steinernema siamkayai 3.33±3.33BCa 10.00±0.00DEFa 13.33±3.33Ca 20.00±0.00Ca 16.66±3.33BCa 

Control 0.00±0.00Ca 0.00±0.00Fa 0.00±0.00Da 0.00±0.00Ca 0.00±0.00Ca 

 

1/ Means followed by the same letters are not significantly different at the 0.05% level as determined by Tukey’s test at 

P<0.05. Lowercase letters compare means in the same column and uppercase letters compare means in the same row. 
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Table  8 Median lethal concentration at 50% (LC50) of seven EPN isolates against third instar larvae of Stomoxys calcitrans 

tested on filter paper bioassays after three days of exposure 

EPN species No LC50 (IJ/cm2) 95% Confidence Limits 

for concentration 

χ2 Regression 

equations 

Steinernema scarabaei EPNKU60 180 1,5441/ 767–6,488 0.4242/ y = -

3.153+0.989x3/ 

Heterorhabditis indica EPNKU64 180 842 – 15.154 y = -2.372+0.811x 

Heterorhabditis indica EPNKU67 180 6,748 1,117–225,140,757 1.321 y = -1.546+0.404x 

Heterorhabditis indica EPNKU82 180 80 40–138 5.924 y = -2.275+1.195x 

Heterorhabditis bacteriophora 180 45 2–96 21.656 y = -2.938+1.776x 

Steinernema carpocapsae 180 1,915 604–126,735 3.933 y = -1.579+0.480x 

Steinernema siamkayai 180 7,657 1,657–1,489,517 4.044 y = -2.439+0.628x 

 

1/ LC50= lethal concentration that kills 50% of exposed larvae 

2/ Chi square value 

3/ Regression equations= Probit model = Intercept + Bx (Covariates x are transformed using the Log base 10) 
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 Pupae test 

 Low susceptibility of S. carpocapsae pupae to all EPN isolates was 

observed. After seven days of exposure, the results showed that 50.00% of pupae were 

killed at the rate of 400 IJs/cm2 (56.66%) for S. carpocapsae treatment, while other 

EPN treatments were killed less than 33.33% of S. calcitrans pupae (F = 102.10, df = 

7,16; P<0.05) (Table 9).  
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Table  9 Mean (±SE) mortality of pupa of Stomoxys calcitrans infected with the infective juvenile stage of entomopathogenic 

nematodes (Steinernema scarabaei EPNKU60, Heterorhabditis indica EPNKU64, Heterorhabditis indica EPNKU67, 

Heterorhabditis indica EPNKU82, Heterorhabditis bacteriophora, Steinernema carpocapsae and Steinernema siamkayai) 

exposed to different concentrations [Control (0), 25, 50, 100, 200 and 400 IJs/cm2] after seven days of exposure 

EPN species Mortality (%) 

25 IJ/cm2 50 IJ/cm2 100 IJ/cm2 200 IJ/cm2 400 IJ/cm2 

Steinernema scarabaei EPNKU60 0.00±0.00Aa1/ 3.33±3.33Ca 0.00±0.00Ca 0.00±0.00Ca 0.00±0.00Da 

Heterorhabditis indica EPNKU64 0.00±0.00Ab 0.00±0.00Cb 0.00±0.00Cb 23.33±3.33Ba 20.00±0.00Ca 

Heterorhabditis indica EPNKU67 0.00±0.00Aa 0.00±0.00Ca 6.66±3.33BCa 0.00±0.00Ca 0.00±0.00Da 

Heterorhabditis indica EPNKU82 0.00±0.00Aa 0.00±0.00Ca 0.00±0.00Ca 0.00±0.00Ca 6.66±3.33Da 

Heterorhabditis bacteriophora 0.00±0.00Ac 0.00±0.00Cc 13.33±3.33Bb 33.33±3.33ABa 33.33±3.33Ba 

Steinernema carpocapsae 0.00±0.00Ad 13.33±3.33Bc 0.00±0.00Cd 26.66±3.33Bb 56.66±3.33Aa 

Steinernema siamkayai 0.00±0.00Ac 23.33±3.33Ab 30.00±0.00Aab 43.33±6.66Aa 30.00±0.00Bab 

Control 0.00±0.00Aa 0.00±0.00Ca 0.00±0.00Ca 0.00±0.00Ca 0.00±0.00Da 

 

1/ Means followed by the same letters are not significantly different at the 0.05% level as determined by Tukey’s test at 

P<0.05. Lowercase letters compare means in the same column and uppercase letters compare means in the same row. 
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4.  Persistence of EPN isolates applied on bedding substrate under laboratory 

condition 

 Survival of three selected EPN isolates including 1. H. indica EPNKU82, 

2. H. bacteriophora and 3. S. siamkayai in different substrates was evaluated by 

measuring the infection and penetration of the three EPN isolates to the last instar larvae 

of G. mellonella after three days of exposure under laboratory conditions.  

 The EPN infection (mortality of G. mellonella larvae) was detected in all 

treatments from 1 day to 9 days of exposure, except all MAN treatments. Significant 

differences were observed in mortality of G. mellonella larvae in different substrates of 

H. indica EPNKU82 (F = 137.20, df = 40,82; P<0.001), H. bacteriophora (F = 189.60,          

df = 40,82; P<0.001) and S. siamkayai (F = 144.10, df = 40,82; P<0.001).  

 Heterorhabditis indica EPNKU82 applied in SAN and FT7 substrates 

persistently showed 83.00–100.00% mortality of G. mellonella larvae after 9 days of 

exposure. The similar result was found in FCM12, CB7 and CM7 substrates after 7 

days of exposure. The CMFT7 substrate showed over 90.00% mortality of G. 

mellonella larvae after 5 days of exposure, while the FCM7 substrate showed 66.66% 

mortality of G. mellonella larvae after 3 days of exposure.  

 The high mortality of G. mellonella larvae (93.33–100.00%) infected with          

H. bacteriophora were found on SAN and CB7 substrates after 9 days of exposure. 

FCM12 and CM7 substrates were effective to kill the insect larvae after 7 days of 

exposure whereas FT7, CMFT7 and FCM7 substrates killed the insect larvae at 70.00%, 

46.66% and 46.66% respectively, after 1 day of exposure. 

 Steinernema siamkayai was more effective when applied in FCM7 

substrate than others as the mortality of G. mellonella larvae reached to 100.00% after 

7 days of exposure. CMFT7 had high efficacy followed by CB7, CM7, SAN and 

FCM12 substrates with ranging from 90.00 to 100.00% mortality of G. mellonella 

larvae at 5, 3, 3, 1 and 1 day of exposure respectively. 

 The number of EPN found inside G. mellonella cadaver of three selected 

EPN isolates including H. indica EPNKU82, H. bacteriophora and S. siamkayai in 
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different substrates was evaluated by counting under dissecting microscope. The 

number of EPN was found in all treatments from 1 day to 9 days of exposure, except in 

all MAN treatments. Significant differences were observed in the number of EPN in 

different substrates of H. indica EPNKU82 (F = 53.50, df = 34,834; P<0.001), H. 

bacteriophora (F = 66.01, df = 34,683; P<0.001) and S. siamkayai (F = 66.01, df = 

34,683; P<0.001).  

 Overall results H. bacteriophora showed the most ability to penetrate and 

had a greater number of IJ inside G. mellonella larvae than the other two EPN isolates. 

H. indica EPNKU82, H. bacteriophora and S. siamkayai applied in SAN expressed 

high numbers of EPN inside the G. mellonella cadaver on the first day of exposure and 

the number of EPN were 59, 114 and 60 EPNs/insect cadaver, respectively. CB7 and 

FCM12 treatments showed over 67 and 52 EPNs/insect cadaver inside G. mellonella 

on the first day of exposure and consequently when decreased increasing day of 

exposure. All other substrates showed numbers of EPNs inside the cadaver between 

30–35 EPNs.  
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Table  10 Mortality rate of wax moth (mean±SE) treated with EPNs on difference 

substrate three days of exposure under laboratory condition. 

Substrates1/ Day Mortality rate (%) 

H. indica EPNKU82 H. bacteriophora S. siamkayai 

SAN 1 100.00±0.00Aa2/ 100.00±0.00Aa 100.00±0.00Aa 

3 100.00±0.00Aa 96.66±3.33Aa 60.00±30.55GHb 

5 100.00±0.00Aa 100.00±0.00Aa 70.00±30.00EFGb 

7 76.66±3.33BCDEa 96.66±3.33Ab 66.66±33.33FGb 

9 83.33±3.33ABCDa 93.33±6.66ABa 50.00±28.86HIb 

FCM12 1 100.00±0.00Aa 80.00±11.54BCb 96.66±3.33ABa 

3 90.00±10.00ABb 100.00±0.00Aa 76.66±12.01DEFc 

5 93.33±3.33ABa 80.00±10.00BCab 73.33±6.66EFGb 

7 96.66±3.33Aa 93.33±3.33ABa 66.66±3.33FGb 

9 50.00±5.77GHIab 70.00±10.00CDa 36.66±8.81IJb 

CB7 1 100.00±0.00Aa 90.00±5.77ABb 93.33±3.33ABCab 

3 100.00±0.00Aa 93.33±3.33ABab 90.00±5.77ABCDb 

5 100.00±0.00Aa 100.00±0.00Aa 80.00±5.77CDEFb 

7 86.66±8.81ABCab 93.33±6.66ABa 76.66±3.33DEFb 

9 46.66±8.81HIc 100.00±0.00Aa 70.00±5.77EFGb 

FT7 1 100.00±0.00Aa 70.00±25.16CDb 73.33±21.85EFGb 

3 90.00±10.00ABa 60.00±30.55DEb 46.66±21.85HIc 

5 96.66±3.33Aa 53.33±29.05EFb 46.66±8.81HIb 

7 100.00±0.00Aa 46.66±26.03EFGb 36.66±17.63IJb 

9 100.00±0.00Aa 33.33±17.63GHIb 36.66±20.27IJb 

CMFT7 1 90.00±0.00ABb 46.66±29.05EFGc 100.00±0.00Aa 

3 93.33±3.33ABa 26.66±14.52HIJb 90.00±10.00ABCDa 

5 93.33±6.66ABa 26.66±26.66HIJb 90.00±0.00ABCDa 

7 70.00±5.77CDEFa 20.00±20.00IJc 46.66±8.81HIb 

9 66.66±24.03DEFGa 20.00±20.00IJb 23.33±23.33Jb 
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Table  10 (Continued) 

Substrates1/ Day Mortality rate (%) 

H. indica EPNKU82 H. bacteriophora S. siamkayai 

FCM7 1 63.33±20.27EFGHb2/ 46.66±3.33EFGc 100.00±0.00Aa 

3 66.66±33.33DEFGb 46.66±12.01EFGc 96.66±3.33ABa 

5 46.66±23.33HIb 40.00±17.32FGHb 73.33±8.81EFGa 

7 56.66±28.48FGHIb 36.66±17.63GHc 100.00±0.00Aa 

9 46.66±24.03HIb 16.66±3.33Jc 70.00±15.27EFGa 

CM7 1 93.33±3.33ABa 100.00±0.00Aa 100.00±0.00Aa 

3 76.66±3.33BCDEb 86.66±3.33ABab 93.33±3.33ABCa 

5 96.66±3.33Aa 90.00±10.00ABab 83.33±3.33BCDEb 

7 83.33±3.33ABCDab 100.00±0.00Aa 80.00±5.77CDEFb 

9 43.33±13.33Ib 40.00±5.77FGHb 80.00±5.77CDEFa 

MAN 1 0.00±0.00Ja 0.00±0.00Ka 0.00±0.00Ka 

3 0.00±0.00Ja 0.00±0.00Ka 0.00±0.00Ka 

5 0.00±0.00Ja 0.00±0.00Ka 0.00±0.00Ka 

7 0.00±0.00Ja 0.00±0.00Ka 0.00±0.00Ka 

9 0.00±0.00Ja 0.00±0.00Ka 0.00±0.00Ka 

control  0.00±0.00Ja 0.00±0.00Ka 0.00±0.00Ka 

 

1/ SAN= 10% humidity sand, FCM12= 0–12 hours old fresh cow manure, CB7= Seven 

days old cow bedding, FT7= Seven days old fermented timothy hay, CMFT7= Seven 

days old cow manure and fermented timothy hay, FCM7= Seven days old fermented 

cow manure, CM7= Seven days old cow manure, MAN= Manure 

2/ Means followed by different uppercase letters in the same column and by different 

lowercase on the same line differs statistically at P<0.05, as determined by Tukey’s test 
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Table  11 Number of adult EPN inside wax moth cadavers (mean±SE) treated with 

EPNs on difference substrate three days of exposure under laboratory condition 

Substrates1/ Day Number of adult EPN inside wax moth cadavers (IJs/larva) 

H. indica EPNKU82 H. bacteriophora S. siamkayai 

SAN 1 59.23±2.77Ab2/ 114.90±5.32Aa 60.63±2.47Ab 

3 22.43±1.46GHIJb 59.34±5.51BCa 26.72±3.88BCDb 

5 13.76±0.86JKLMb 37.23±2.30EFGa 11.47±1.02FGHIb 

7 10.78±0.45KLMb 24.62±1.36GHIa 1.25±0.12Ic 

9 7.84±0.46KLMb 23.21±1.12GHIa 1.13±0.09Ic 

FCM12 1 35.96±2.21CDb 52.25±3.77CDa 31.34±1.21BCb 

3 25.25±1.21EFGHb 33.06±2.57EFGa 34.30±1.26Ba 

5 12.03±0.54KLMc 27.79±1.69FGHa 18.36±1.02DEFb 

7 11.93±0.48KLMb 21.28±1.17GHIa 20.05±0.79DEFa 

9 10.60±0.54KLMc 14.04±0.97HIb 18.18±0.92DEFGa 

CB7 1 32.53±1.20DEFa 67.51±3.24Ba 33.89±2.00Bb 

3 23.76±1.33FGHIb 44.57±1.75DEa 26.00±1.09BCDc 

5 14.70±1.24IJKLa 26.83±1.17FGHa 20.62±2.14DEFa 

7 17.65±0.78HIJKLa 17.92±0.86HIa 19.78±1.16DEFa 

9 8.28±0.60KLMb 7.43±0.44Ia 14.28±0.94EFGb 

FT7 1 31.86±3.20DEFGab 38.61±4.05DEFGa 26.50±1.38BCDb 

3 35.22±2.88CDEa 35.16±2.01EFGa 23.50±1.13CDEb 

5 13.51±1.60JKLMb 23.50±1.54GHIa 15.50±0.62DEFGb 

7 12.00±1.25KLMb 28.42±2.42FGHa 16.45±1.34DEFGb 

9 9.70±1.05KLMb 21.30±2.05GHIa 10.27±1.14FGHIb 

CMFT7 1 32.92±5.89DEFab 41.28±4.07DEFa 21.73±3.01DEb 

3 7.67±1.63LMb 39.12±5.42DEFGa 12.51±2.12FGHb 

5 4.50±0.82Mb 26.00±4.50FGHIa 8.70±1.35GHIb 

7 3.14±0.64Mc 21.66±2.92GHIa 11.07±1.86FGHIb 

9 2.45±0.55Mb 16.33±1.02HIa 3.85±1.42GHIb 
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Table  11 (Continued) 

Substrates1/ Day Number of adult EPN inside wax moth cadavers (IJs/larva) 

H. indica EPNKU82 H. bacteriophora S. siamkayai 

FCM7 1 47.57±1.98Ba2/ 19.92±1.35GHIb 24.36±2.64CDb 

3 45.55±2.27BCa 17.78±1.83HIb 14.82±1.78EFGb 

5 20.00±1.53GHIJKa 12.50±0.76HIa 16.40±2.35DEFGa 

7 13.94±1.48IJKLMa 12.36±0.43HIab 8.30±1.51GHIb 

9 11.21±1.44KLMa 10.60±1.07HIa 3.66±1.34HIb 

CM7 1 45.39±2.03BCa 50.03±2.12CDa 17.70±1.08DEFGb 

3 24.73±1.43FGHIb 33.92±1.16EFGa 19.78±0.75DEFc 

5 19.10±1.12HIJKa 18.07±1.50HIa 18.44±1.10DEFa 

7 14.92±0.68IJKLa 17.80±0.97HIa 15.37±0.91EFGa 

9 12.84±0.77JKLMb 15.91±1.35HIa 13.00±0.53EFGHb 

MAN 1 NA3/ NA NA 

3 NA NA NA 

5 NA NA NA 

7 NA NA NA 

9 NA NA NA 

control  NA NA NA 

 

1/ SAN= 10% humidity sand, FCM12= 0–12 hours old fresh cow manure, CB7= Seven 

days old cow bedding, FT7= Seven days old fermented timothy hay, CMFT7= Seven 

days old cow manure and fermented timothy hay, FCM7= Seven days old fermented 

cow manure, CM7= Seven days old cow manure, MAN= Manure 

2/ Means followed by different uppercase letters in the same column and by different 

lowercase on the same line differs statistically at P<0.05, as determined by Tukey’s test 

3/ NA= Not Available data 
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 DISCUSSION  

 The top three most preference substrates of stable fly larvae were shown on 

seven days old cow dropping (CM7), seven days old cow bedding (CB7) and seven 

days old fermented cow dropping (FCM7). This result could explained that these 

second instar larvae (5 days old) were reared in FCM12 prior to testing, which was 

consistent with previous work by Baleba et al. (2019), suggesting that third instar larvae 

of S. calcitrans rather preferred the substrate in which they had developed than another 

substrates. In this study, 10 minutes was set to allow the stable fly larvae to select the 

bedding substrate that may not be sufficient for the larvae. Likewise, other study 

showed that the preference was interrupted after 5 hours (Baleba et al., 2019). Larvae 

selected substrates for pupation and discriminated soil organic matter concentrations 

related to the amount of air available for insect respiration, as well as soil texture, 

structure, moisture and porosity (Edwards et al., 1973; McColloch and Hayes, 1922; 

Pietrantuono et al., 2015). 

 The results of this study showed that gravid females of S. calcitrans 

preferred to lay their eggs on less than twelve hours old fresh cow manure (FCM12), 7 

days old cow bedding (CB7), 7 days old cow manure (CM7) and 7 days old fermented 

cow manure (FCM7). This result exhibited their behavior by olfactory cues from odors 

of the substrates. This agreed with Birkett et al. (2004) who reported that the volatile 

odors associated with rumen compounds and cattle urine were attractive to gravid 

females of stable fly. Large numbers of stable fly larvae were also observed in the cow 

bedding and aged cow manure. These results were similar to Baleba et al. (2019) who 

reported that gravid females of S. calcitrans used vertebrate herbivore dung such as 

cattle, camels and horses for oviposition, as well as the material used on in the farm 

consists of decaying plant material, such as silage, hay, grass clippings, and garden 

compost (Cook et al., 2017). 
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 The observation of preference of gravid females stable fly on carboxylic 

acids suggested aged cow manure produces twice the concentration of volatiles than 

fresh manure (Broce and Haas, 1999; Miller and Varel, 2001). Other compounds were  

consisted of short-chain aliphatic alcohols, phenols, indoles, sulfides, terpenes and CO2  

(Jeanbourquin and Guerin, 2007). Moreover, Baleba et al. (2019) reported that stable 

fly used a single semiochemical to select an oviposition site. Because, the gravid female 

stable fly examined the quality of the substrate for their fitness progeny development 

(Baleba et al., 2020).  

 In this study, most of the substrates which founding eggs was consistent 

with the chemical legacy hypothesis. The relationship between larval chemosensory 

environment and adult chemosensory responsiveness were observed in relation to life 

stages of stable fly, accordingly found on the substrates that they lived during larvae 

development (Corbet, 1985). Moreover, the stable fly uses visual, olfactory, gustatory, 

and physical stimuli for host search (Zhu et al., 2008). Gravid females of the stable fly 

searched and preferentially selected an oviposition site based on microbial stimuli 

suitable for larval development (Romero et al., 2006), since gravid females preferred 

cow dropping compound. Moreover, several cow urine, manure and rumen-associated 

odorants attractive to stable flies were investigated (Jeanbourquin and Guerin, 2007; 

Logan and Birkett, 2007). 

 The increasing of mortality rate of second instar larvae were observed when 

increased with increasing in the nematode concentration and exposure time in all 

species tested. The previous research by Pierce (2007) found that S. feltiae, Steinernema 

spp. and Heterohabditis spp. caused stable fly larvae death in hay substrate at the rate 

of 7500 IJs/l were 55.59%, 38.25% and 20.35% mortality, mortality rate of 

respectively. In this study, Heterorhabditis nematode showed greater efficacy in killing 

second and third instar larvae of S. calcitrans than other strains due to its ability to use 

its dorsal tooth for cuticle penetration (Griffin et al., 2005). Steinernema scarabaei 

EPNKU60 was a new Thai EPN isolate that had never been used to control stable fly 

larvae before, resulting in S. scarabaei EPNKU60 exposed low efficacy in against to S. 
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calcitrans larvae at low concentrations. Other study indicated that S. scarabaei 

EPNKU60 was suitable for the control of Japanese beetle, (Popillia japonica Newman)  

as showed 80.00–100.00% mortality (Stock and Koppenhöfer, 2003). However, S. 

scarabaei EPNKU60 was be possible to control other insect pests in Thailand.  

 In this experiment, lower susceptibility of third instar larvae to 

entomopathogenic nematodes was observed than second instar larvae. The lowest rate 

of EPN showed only 6.66% and the highest mortality at 100.00%, which caused by H. 

bacteriophora. However, the efficacy of EPN in this study was low compared to other 

studies. For example, Leal et al. (2017) showed that H. bacteriophora, isolate HP88 

caused 90.00% mortality of third instar larvae of stable fly (eight days old) at the rate 

of 25 IJs/larva (2 IJs/cm2) after two days of exposure. In addition,(Mahmoud et al., 

2007) reported that S. feltiae caused mortality of third instar larvae of stable fly ranging 

from 33.33% at the rate of 50 IJs/ml (1.31 IJs/cm2) to 100.00% at the highest rate (500 

IJs/ml, 13 IJs/cm2) after 72 hours of exposure.  

 In another pest, the virulence of H. bacteriophora, H. indica, S. carpocapsae 

in third instar maggots of Bactrocera dorsalis at 100 IJs/ml (1.57 IJs/cm2) was 69.42%, 

37.15%, and 71.12%, respectively (Aatif et al., 2019). The LC50 of this experiment 

showed different mortality rate that could be characteristic of nematode foraging 

strategy. Heterorhabditis indica and H. bacteriophora showed low LC50 as they are 

cruiser foraging strategy (Lortkipanidze et al., 2016) whereas S. siamkayai belongs to 

ambush predators foraging strategy (Campbell and Kaya, 2002). 

 These experiments showed that EPNs were less effective in controlling S. 

calcitrans pupae than second and third instar larvae. The mortality rate of S. calcitrans 

pupae showed low efficacy of EPN after seven days of exposure. The low mortality 

rate of pupae could be due to the hardness of the puparium which made it difficult for 

the nematode to penetrate through the pupal spiracles (Beavers and Calkins, 1984; 

Toledo et al., 2005). Compared to other recent studies, low mortality ranging from 

3.33%–56.66% was observed in this experiment when pupae were exported for seven 

days. Batalla-Carrera et al. (2010) reported that S. feltiae, S. carpocapsae and H. 
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bacteriophora showed low efficacy (<10% mortality) to tomato leaf miner pupae in 

Petri dishes with filter paper bioassay at two rates (25 and 50 IJs/cm2) after 72 h of 

nematode application. Mahmoud et al. (2007) tested the efficacy of S. feltiae to pupae  

of four fly species and found that 5.00%–52.50% mortality was caused in soil bioassays 

at the rates of 500–3000 IJs/ml (7.87–47.20 IJs/cm2) and 22.50% mortality was caused 

in manure bioassays at the rate of 5000 IJs/ml (78.70 IJs/cm2). Petri dishes with filter 

paper bioassay at two rates (25 and 50 IJs/cm2) after 72 h of nematode application. 

Mahmoud et al. (2007) tested the efficacy of S. feltiae to pupae of four fly species and 

found that 5.00%–52.50% mortality was caused in soil bioassays at the rates of 500–

3000 IJs/ml (7.87–47.20 IJs/cm2) and 22.50% mortality was caused in manure 

bioassays at the rate of 5000 IJs/ml (78.70 IJs/cm2).  

 As the size of insects, larval and pupal stage was probably not large enough 

to be parasitized that produced the low efficacy of EPNs. This agrees with previous 

findings by Jess and Bingham (2004); (Jess et al., 2005) who reported that a longer 

period between nematode (S. feltiae) application would help the nematode to find larger 

larvae (third and fourth stage of sciarid flies). Steinernema carpocapsae showed lower 

susceptibility to control first instars compared to second and third instars of western 

corn rootworm (Diabrotica virgifera virgifera LeConte) (Jackson and Brooks, 1995; 

Journey and Ostlie, 2000).  

 Entomopathogenic nematode were tested to investigate nematode 

persistence in different substrates using the EPNs recommended rate (25 IJs/cm2) in the 

field (Duncan et al., 2003). Persistence of EPNs was exhibited by the mortality of 

greater wax moth, the color of an insect cadaver, and cadaver dissection. Three days 

after exposure of all EPN isolates and all the day of exposure showed a significant 

decreasing with the day after treatment. The difference in nematode persistence was 

depended on many abiotic environmental factors, including soil moisture, light (Fujiie 

and Yokoyama, 1998) temperature (Grewal et al., 1994; Kung et al., 1991) soil texture 

and bulk density (Barbercheck and Kaya, 1991) and relative humidity (Smits, 1996). 
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Moreover, the nematode requires high relative humidity and a film of free water for its 

movement to survive (Grant and Villani, 2003; Wallace, 1958). 

 Thai EPN has high persistence in sand (SAN) substrate at 1 day of 

exposure. This result was similar to Barbercheck and Kaya (1991) who reported that H. 

bacteriophora was more mobile than S. carpocapsae in organic and fine sandy loam 

soils. In addition, some EPN species are not effective in soil texture and the 

pathogenicity of nematodes increased with soil sand content (Choo and Kaya, 1991; 

Koppenhöfer and Fuzy, 2006; Kung et al., 1990; Molyneux and Bedding, 1984) These 

results correspond to previous works which reported that nematodes applied on sandy 

soil showed high nematode mobility and oxygen level (Kaya, 1990; Kung et al., 1990; 

Molyneux and Bedding, 1984). 

 The application of nematodes on substrates in cattle farm in this study 

showed the difference in survival of nematodes. Belton et al. (1987) found that H. 

heliothidis Poinar and Steinernema spp. survived only a few days in moist manure, 

giving these nematodes had low potential for controlling M. domestica and H. 

heliothidis that found in chicken manure than Steinernema spp. In addition, Shapiro et 

al. (1996) reported that the addition of manure to soil as fertilizer reduced the 

pathogenicity of nematodes. However, (Bednarek and Gaugler, 1997) reported that 

after the addition of manure to soil, the population of S. feltiae increased and reproduced 

successfully within all the fly species. In the same way as Taylor et al. (1998) 

suggesting that the mortality of M. domestica caused by S. feltiae was as high as in a 

filter paper bioassay. 

 This study showed the low number of EPN inside the insect cadaver (10.00–

19.00%). However, low number of nematodes can lead to mortality. Similar to Ehlers 

et al. (1997) who reported that 1 monoxenic IJ/insect resulted in 80.00% mortality after 

two days injection. 

 In addition, Archana et al. (2017) reported that mortality of M. domestica 

in the second instar larvae by H. indica was 60.00% after 3 days treatment at the rate 

of 50 IJs/maggot (2.5 IJs/cm2). Converse and Miller (1999); (Grewal et al., 2002) 
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reported that one or few IJs of S. carpocapsae, S. feltiae and S. riobrave killed 50.00% 

of greater wax moth larvae. The previous finding by Raja et al. (2011) showed that the 

number of penetrated EPN on sand was 22.6±1.7 IJs per larva when 50 IJs/60 µl were 

delivered and caused 100.00% mortality. H. bacteriophora established 23.00% of 

infective juveniles (100 IJs per insect) while S. carpocapsae established less than 5.00% 

of infective juveniles in cadaver on the bottom of the sand column bioassays 

(Lortkipanidze et al., 2016). Heterorhabditis indica and H. bacteriophora showed high 

persistence rate (>80.00%) which supported previous experiment by H. bacteriophora  

nematodes. This nematode species survived almost four months of exposure in sandy 

loam soil and almost five months of exposure in silty loam soil (Babendreier et al., 

2015; Kurtz et al., 2007; Toepfer et al., 2010). 
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CONCLUSION AND RECOMMENDATION 

  The substrates most preferred by the larvae of S. calcitrans was CM7, 

followed by CB7 and FCM7 while gravid females of S. calcitrans preferred oviposition 

on FCM12. The number of eggs was found on 4 substrates consisting of FCM12, CM7, 

FCM7 and CB7. The highest number of eggs was found on FCM12. 

 The susceptibility of second instar larvae and third instar larvae of S. 

calcitrans to the different EPN isolates increased with the increase in nematode 

concentration and day exposure. The second instar larvae of S. calcitrans were highly 

susceptible to S. siamkayai followed by H. indica EPNKU82, H. bacteriophora, H. 

indica EPNKU64, S. carpocapsae, H. indica EPNKU67 and S. scarabaei EPNKU60. 

Third instar larvae of S. calcitrans were highly susceptible to H. bacteriophora and H. 

indica EPNKU82. All EPN isolates caused very low efficacy to pupae of S. calcitrans. 

These studies confirmed that EPN are natural enemies of stable fly larvae. 

 Persistence of three selected EPN isolates showed that H. indica EPNKU82 

expressed high persistence on SAN and FT7 up to nine days after EPN application. 

Similarly, H. bacteriophora showed high survival of EPN on SAN and CB7 up to nine 

days after EPN application. In contrast, S. siankayai can persist only on one day of 

exposure.  

 In conclusion, this study demonstrated the susceptibility of second and third 

instar larvae of S. calcitrans to the commercial and indigenous EPN isolates (H. 

bacteriophora and H. indica EPNKU82). Also, the two EPN isolates were able to 

persist well on the substrates associated with S. calcitrans larvae up to nine days after 

EPN application.  

  Therefore, control of S. calcitrans larvae would be possible with EPN 

application in the field. However, EPN application in the field must consider the stage 

of the stable fly, substrate, EPN species and environmental factors. Field application 

should survey the information before application



 
 

 

64 

LITERATURE CITES 
 

Aatif, H. M., Hanif, M. S., Ferhan, M., Raheel, D., Shakeel, Q., Ashraf, W., Ullah, M. 

I., and Ali, S. (2019). Assessment of the entomopathogenic nematodes against 

maggots and pupae of the oriental fruit fly, Bactrocera dorsalis (Hendel) 

(Diptera: Tephritidae), under laboratory conditions. Egyptian Journal of 

Biological Pest Control, 29, 1–5. 

Adams, B. J., and Nguyen, K. B. (2002). Taxonomy and systematics. In R. Gaugler 

(Ed.), Entomopathogenic Nematology (pp. 1–33). Wallingford, United 

Kingdom: CABI Publishing. 

Agee, H. R., and Patterson, R. S. (1983). Spectral sensitivity of stable, face and horn 

flies and behavioral responses of stable flies to visual traps (Diptera: Muscidae). 

Environmental Entomology, 12, 1823–1828. 

Akhurst, R., and Smith, K. (2002). Regulation and safety. In R. Gaugler (Ed.), 

Entomopathogenic Nematology (pp. 311–332). Wallingford, United Kingdom: 

CABI Publishing. 

Anderson, J. R. (1978). Mating behavior of Stomoxys calcitrans: Effects of a blood 

meal on the mating drive of males and its necessity as a prerequisite for proper 

insemination of females. Journal of Economic Entomology, 71, 379–386. 

Archana, M., D'Souza, P. E., and Patil, J. (2017). Efficacy of entomopathogenic 

nematodes (Rhabditida: Steinernematidae and Heterorhabditidae) on 

developmental stages of house fly, Musca domestica. Journal of Parasitic 

Diseases, 41, 782–794. 

Axtell, R. C. (1986). Fly control in confined livestock and poultry production 

(Technical monograph) (Vol. 4). Greensboro, North Carolina: Ciba-Geigy 

Corporation. 

Babendreier, D., Jeanneret, P., Pilz, C., and Toepfer, S. (2015). Non-target effects of 

insecticides, entomopathogenic fungi and nematodes applied against western 

corn rootworm larvae in maize. J. Appl. Entomol., 139, 457–467. 

Baldacchino, F., Tramut, C., Salem, A., Lienard, E., Deletre, E., Franc, M., Martin, T., 

Duvallet, G., and Jay-Robert, P. (2013). The repellency of lemongrass oil 

against stable flies, tested using video tracking. Parasite, 20, 1–7. 



 
 

 

65 

Baleba, S. B. S., Torto, B., Masiga, D., Getahun, M. N., and Weldon, C. W. (2020). 

Stable flies, Stomoxys calcitrans L. (Diptera: Muscidae), Improve offspring 

fitness by avoiding oviposition substrates with competitors or parasites. 

Frontiers in Ecology and Evolution, 8, 1–12. 

Baleba, S. B. S., Torto, B., Masiga, D., Weldon, C. W., and Getahun, M. N. (2019). 

Egg-laying decisions based on olfactory cues enhance offspring fitness in 

Stomoxys calcitrans L. (Diptera: Muscidae). Scientific Reports, 9, 1–14. 

Baleba, S. B. S., Weldon, C. W., Masiga, D., Torto, B., and Getahun, M. N. (2019). 

Larval experience of stable fly, Stomoxys calcitrans Linneaus, 1758 (Diptera: 

Muscidae) does not influence oviposition preference in gravid females. 

Ecological Entomology, 44, 690–701. 

Barbercheck, M. E., and Kaya, H. K. (1991). Effect of host condition and soil texture 

on host finding by the entomogenous nematodes Heterorhabditis bacteriophora 

(Rhabditida: Heterorhabditidae) and Steinernema carpocapsae (Rhabditida: 

Steinernematidae). Environmental Entomology Applied Soil Ecology, 20, 582–

589. 

Batalla-Carrera, L., Morton, A., and Garcia del Pino, F. (2010). Efficacy of 

entomopathogenic nematodes against the tomato leafminer Tuta absoluta in 

laboratory and greenhouse conditions. BioControl, 55, 523–530. 

Beavers, J. B., and Calkins, C. O. (1984). Susceptibility of Anastrepha suspensa 

(Diptera: Tephritidae) to Steinernematid and Heterorhahditid nematodes in 

laboratory studies. Environmental Entomology, 13, 137–139. 

Bedding, R. A., and Molyneux, A. S. (1982). Penetration of insect cuticle by infective 

juveniles of Heterorhabditis spp. (Heterorhabditidae: Nematoda). 

Nematologica, 28, 354–359. 

Bednarek, A., and Gaugler, R. (1997). Compatibility of soil amendments with 

entomopathogenic nematodes. Journal of Nematology, 29, 220–227. 

Belton, P., Rutherford, T. A., Trotter, D. B., and Webster, J. M. (1987). Heterorhabditis 

heliothidis: A potential biological control agent of house flies in caged-layer 

poultry barns. Journal of Nematology, 19, 263–266. 

Birkett, M. A., Agelopoulos, N., Jensen, K. M., Jespersen, J. B., Pickett, J. A., Prijs, H. 

J., Thomas, G., Trapman, J. J., Wadhams, L. J., and Woodcock, C. M. (2004). 



 
 

 

66 

The role of volatile semiochemicals in mediating host location and selection by 

nuisance and disease-transmitting cattle flies. Medical and Veterinary 

Entomology, 18, 313–322. 

Bisch, G., Pages, S., McMullen, J. G., Stock, S. P., Duvic, B., Givaudan, A., and 

Gaudriault, S. (2015). Xenorhabdus bovienii CS03, the bacterial symbiont of 

the entomopathogenic nematode Steinernema weiseri, is a non-virulent strain 

against lepidopteran insects. Journal of Invertebrate Pathology, 124, 15–22. 

Bishopp, F. C. (1913). The stable fly (Stomoxys calcitrans, L.), an important live-stock 

pest. Journal of Economic Entomology, 6, 112–126. 

Blanco-Pérez, R., Bueno-Pallero, F., Neto, L., and Campos-Herrera, R. (2017). 

Reproductive efficiency of entomopathogenic nematodes as scavengers. Are 

they able to fight for insect’s cadavers? Journal of Invertebrate Pathology, 148, 

1–9. 

Blaxter, M. L., De Ley, P., Garey, J. R., Liu, L. X., Scheldeman, P., A., V., R., V. J., 

Y., M. L., M., D., M., F. L., T., V. J., and K., T. W. (1998). A molecular 

evolutionary framework for the phylum Nematoda. Nature, 392 71–75. 

Boemare, N. E., Akhurst, R. J., and Mourant, R. G. (1993). DNA relatedness between 

Xenorhabdus spp.(Enterobacteriaceae), symbiotic bacteria of 

entomopathogenic nematodes and a proposal to transfer Xenorhabdus 

luminescens to a new genus, Photorhabdus gen. nov. International Journal of 

Systematic Evolutionary Microbiology, 43, 249–255. 

Broce, A. B. (1988). An improved alsynite trap for stable flies, Stomoxys calcitrans 

(Diptera: Muscidae). Journal of Medical Entomology, 25, 406–409. 

Broce, A. B., and Haas, M. S. (1999). Relation of cattle manure age to colonization by 

stable fly and house fly (Diptera: Muscidae). Journal of the Kansas 

Entomological Society, 72, 60–72. 

Broce, A. B., Hogsette, J., and Paisley, S. (2005). Winter feeding sites of hay in round 

bales as major developmental sites of Stomoxys calcitrans (Diptera: Muscidae) 

in pastures in spring and summer. Journal of Economic Entomology, 98, 2307–

2312. 

Bruce, W. N., and Decker, G. C. (1958). The relationship of stable fly abundance to 

milk production in dairy cattle. Veterinary Entomology, 51, 269–274. 



 
 

 

67 

Campbell, J. B., Berry, I. L., Boxler, D. J., Davis, R. L., Clanton, D. C., and Deutscher, 

G. H. (1987). Effects of stable flies (Diptera: Muscidae) on weight gain and feed 

efficiency of feedlot cattle. Journal of Economic Entomology, 80, 117–119. 

Campbell, J. B., and Gaugler, R. R. (1993). Nictation behaviour and its ecological 

implications in the host search strategies of entomopathogenic nematodes 

(Heterorhabditidae and Steinernematidae). Behaviour, 126, 155–169. 

Campbell, J. B., and McNeal, C. D. (1980). A guide to integrated pest management at 

feedlots and dairies. University of Nebraska North Platte Station, North Platte, 

NE Historical Materials from University of Nebraska-Lincoln Extension. 

Nebraska 

Campbell, J. B., Skoda, S. R., Berkebile, D. R., Boxler, D. J., Thomas, D. G., Adams, 

C. D., and Davis, R. (2001). Effects of stable flies (Diptera: Muscidae) on 

weight gains of grazing yearling cattle. Journal of Economic Entomology, 94, 

780–783. 

Campbell, J. B., White, R. G., Wright, J. E., Crookshank, R., and Clanton, D. C. (1977). 

Effects of stable slies on weight gains and feed efficiency of calves on growing 

or finishing rations. Veterinary Entomology, 70, 592–594. 

Campbell, J. F., and Kaya, H. K. (2002). Variation in entomopathogenic nematode 

(Steinernematidae and Heterorhabditidae) infective-stage jumping behaviour. 

Nematology, 4, 471–482. 

Campos-Herrera, R., El-Borai, F. E., and Duncan, L. W. (2012). Wide interguild 

relationships among entomopathogenic and free-living nematodes in soil as 

measured by real time qPCR. Journal of Invertebrate Pathology, 111, 126–135. 

Cançado, P. H. D., Ferreira, T., Piranda, E. M., and Soares, C. O. (2013). Sugarcane 

stems as larval habitat for the stable fly (Stomoxys calcitrans) in sugarcane 

plantations Pesquisa Veterinária Brasileira, 33, 741–744. 

Castro, J. D. (1967). Chemical sterilization of the stable fly, Stomoxys calcitrans 

(Linneus), with Metepa and Hempa. (Doctor of Philosophy), University of 

Florida, Gainesville, Florida.  

Catangui, M. A., Campbell, J. B., Thomas, G. D., and Boxler, D. J. (1997). Calculating 

economic injury levels for stable flies (Diptera:Muscidae) on feeder heifers. 

Journal of Economic Entomology, 90, 6–10. 



 
 

 

68 

Charlwood, J. D., and Lopes, J. (1980). The age-structure and biting behaviour of 

Stomoxys calcitrans (L.) (Diptera: Muscidae) from Manaus, Brazil. Bulletin of 

Entomological Research, 70, 549–555. 

Chia, L. S., Baxter, J. A., and Morrison, P. E. (1982). Quantitative relationship between 

ingested blood and follicular growth in the stable fly, Stomoxys calcitrant. 

Canadian Journal of Zoology, 60, 1917–1921. 

Chongchitmate, P., Somsook, V., Hormchan, P., and Visarathanonth, N. (2005). 

Bionomic of entomopathogenicnematode Steinernema siamkayai Stock, 

Somsook and Reid and its efficacy against Helicoverpa armigera Hübner 

(Lepidoptera: Noctuidae). Kasetsart Journal, 39, 431–439. 

Choo, H. Y., and Kaya, H. K. (1991). Influence of soil texture and presence of roots on 

host finding by Heterorhabditis bacteriophora. Journal of Invertebrate 

Pathology 58, 279–280. 

Ciche, T. A., Darby, C., Ehlers, R. U., Forst, S., and Goodrich-Blair, H. (2006). 

Dangerous liaisons: The symbiosis of entomopathogenic nematodes and 

bacteria. Biological Control, 38, 22–46. 

Ciche, T. A., and Ensign, J. C. (2003). For the insect pathogen Photorhabdus 

luminescens, which end of a nematode is out? Applied and Environmental 

Microbiology, 69, 1890–1897. 

Cilek, J. E. (1999). Evaluation of various substances to increase adult Stomoxys 

calcitrans. (Diptera: Muscidae) collections on alsynite cylinder traps in north 

Florida Journal of Medical Entomology, 36, 605–609. 

Cilek, J. E., and Greene, G. L. (1994). Stable fly (Diptera: Muscidae) insecticide 

resistance in Kansas cattle feedlots. Journal of Economic Entomology, 87, 275–

279. 

Converse, V., and Miller, R. W. (1999). Development of the one-on-one quality 

assessment assay for entomopathogenic nematodes. Journal of Invertebrate 

Pathology, 74, 143–148. 

Cook, D. F., Telfer, D. V., Lindsey, J. B., and Deyl, R. A. (2017). Substrates across 

horticultural and livestock industries that support the development of stable fly, 

Stomoxys calcitrans (Diptera: Muscidae). Austral Entomology, 57, 1–5. 



 
 

 

69 

Corbet, S. A. (1985). Insect chemosensory responses: a chemical legacy hypothesis. 

Ecological Entomology, 10, 143–153. 

Cortinas, R., and Jones, C. J. (2006). Ectoparasites of cattle and small ruminants. 

Veterinary Clinics Food Animal Practice, 22, 673–693. 

Cruz-Vázquez, C., Márquez, J. C., Lezama-Gutiérrez, R., Vitela-Mendoza, I., and 

Ramos-Parra, M. (2015). Efficacy of the entomopathogenic fungi Metarhizium 

anisopliae in the control of infestation by stable flies Stomoxys calcitrans (L.), 

under natural infestation conditions. Veterinary Parasitology, 212, 350–355. 

Debboun, M., Frances, S. P., and Strickman, D. (2007). Insect repellents : principles, 

methods and uses (1st Edition ed.). Boca Raton, Florida: CRC Press. 

Dix, I., Burnell, A. M., Griffin, C. T., Joyce, S. A., Nugent, M. J., and Downes, M. J. 

(1992). The identification of biological species in the genus Heterorhabditis 

(Nematoda: Heterorhabditidae) by cross-breeding second-generation 

amphimictic adults. Parasitology, 104, 509–518. 

Dorris, M., Viney, M. E., and Blaxter, M. L. (2002). Molecular phylogenetic analysis 

of the genus Strongyloides and related nematodes. International Journal for 

Parasitology, 32, 1507–1517. 

Dougherty, C. T., Knapp, F. W., Burrus, P. B., Willis, D. C., Cornelius, P. L., and 

Bradley, N. W. (1993). Multiple releases of stable flies (Stomoxys calcitrans L.) 

and behaviour of grazing beef cattle. Applied Animal Behaviour Science, 38, 

191–212. 

Dougherty, C. T., Knapp, F. W., Burrus, P. B., Willis, D. C., Cornelius, P. L., and 

Bradley, N. W. (1994). Multiple releases of stable flies (Stomoxys calcitrans L.) 

and behaviour of grazing beef cattle. Applied Animal Behaviour Science, 38, 

191-212. 

Dowds, B. C. A., and Peters, A. R. N. E. (2002). Virulence mechanisms. In R. Gaugler 

(Ed.), Entomopathogenic Nematology (pp. 79–98). Wallingford, United 

Kingdom: CABI Publisher. 

Drummond, R. O. (1977). Resistance in Ticks and Insects of Veterinary Importance. In 

D. L. Watson and A. W. A. Brown (Eds.), Pesticide Management and 

Insecticide Resistance (pp. 303–319). New York: Academic Press. 



 
 

 

70 

Duncan, L. W., Graham, J. H., Dunn, D. C., Zellers, J., McCoy, C. W., and Nguyen, K. 

(2003). Incidence of endemic entomopathogenic nematodes following 

application of Steinernema riobrave for control of Diaprepes abbreviatus. 

Journal of nematology, 35, 178–186. 

Dutky, S. R., Thompson, J. V., and Cantwell, G. E. (1964). A technique for the mass 

propagation of the DD-136 nematode. Journal of Insect Physiology, 6, 417–

422. 

Edwards, C. A., Reichle, D. E., and Crossley, D. A. J. (1973). The role of soil 

invertebrates in turnover of organic matter and nutrients. In D. E. Reichle (Ed.), 

Analysis of temperate forest ecosystems (Vol. 1, pp. 147–172). Berlin, 

Heidelberg, Germany: Springer. 

Ehlers, R., Wulff, A., and Peters, A. (1997). Pathogenicity of axenic Steinernema 

feltiae, Xenorhabdus bovienii, and the Bacto–Helminthic Complex to Larvae of 

Tipula oleracea (Diptera) and Galleria mellonella (Lepidoptera). Journal of 

Invertebrate Pathology, 69, 212–217. 

Floate, K. D., Coghlin, P., and Gibson, G. A. P. (2000). Dispersal of the Filth Fly 

Parasitoid Muscidifurax raptorellus (Hymenoptera: Pteromalidae) following 

mass releases in cattle confinements. Biological Control, 18, 172–178. 

Foil, L. D. (1989). Tabanids as vectors of disease agents. Parasitol Today, 5, 88–96. 

Foil, L. D., and Hogsette, J. A. (1994). Biology and control of tabanids, stable flies and 

horn flies. Revue Scientifique et Technique, 13, 1125–1158. 

Foil, L. D., and Younger, C. D. (2006). Development of treated targets for controlling 

stable flies (Diptera: Muscidae). Veterinary Parasitology, 137, 311–315. 

Friesen, K. M., and Johnson, G. D. (2012). Reproductive potential of stable flies 

(Diptera: Muscidae) fed cattle, chicken, or horse blood. Journal of Medical 

Entomology, 49, 461–466. 

Fujiie, A., and Yokoyama, T. (1998). Effects of ultraviolet light on the 

entomopathogenic nematode, Steinernema kushidai and its symbiotic 

bacterium, Xenorhabdus japonicus. Applied Entomology Zoology, 33, 263–269. 

Gaugler, R. R., Lewis, E. E., and Stuart, R. J. (1997). Ecology in the service of 

biological control: the case of entomopathogenic nematodes. Oecologia, 109, 

483–489. 



 
 

 

71 

Georgis, R., Koppenhöfer, A. M., Lacey, L. A., Bélair, G., Duncan, L. W., Grewal, P. 

S., Samish, M., Tan, L., Torr, P., and Van Tol, R. W. H. M. (2006). Successes 

and failures in the use of parasitic nematodes for pest control. Biological 

Control, 38, 103–123. 

Gilles, J., David, J. F., and Duvallet, G. (2005). Temperature effects on development 

and survival of two stable flies, Stomoxys calcitrans and Stomoxys niger 

(Diptera: muscidae), in La Reunion Island. Journal of Medical Entomology, 42, 

260–265. 

Gilles, J., David, J. F., Duvallet, G., De La Rocque, S., and Tillard, E. (2007). Efficiency 

of traps for Stomoxys calcitrans and Stomoxys niger niger on Reunion Island. 

Medical and Veterinary Entomology 21, 65–69. 

Grant, J. A., and Villani, M. G. (2003). Soil moisture effects on entomopathogenic 

nematodes. Environmental Entomology, 32, 80–87. 

Greenberg, B., and Povolny, D. (1971). Ecology Classification and Biotic Associations. 

In B. Greenberg (Ed.), Flies and Disease (Vol. 1, pp. 856 pp). Princeton, New 

Jersey: Princeton University Press. 

Grewal, P. S. (2002). Formulation and application technology. In R. Gaugler (Ed.), 

Entomopathogenic Nematology (pp. 265-287). Wallingford, UK: CABI 

Publishing. 

Grewal, P. S., Ehlers, R. U., and Shapiro, D. I. (2005). Nematodes as biocontrol agents. 

Wallingford, United Kingdom: CABI Publishing. 

Grewal, P. S., Selvan, S., and Gaugler, R. (1994). Thermal adaptation of 

entomopathogenic nematodes: Niche breadth for infection, establishment, and 

reproduction. Journal of Thermal Biology, 19, 245–253. 

Grewal, P. S., Wang, X., and Taylor, R. A. (2002). Dauer juvenile longevity and stress 

tolerance in natural populations of entomopathogenic nematodes: is there a 

relationship? International Journal for Parasitology, 32, 717–725. 

Griffin, C. T., Boemare, N. E., and Lewis, E. E. (2005). Biology and Behaviour. In P. 

S. Grewal, R. Ehlers, and D. I. Shapiro-Ilan (Eds.), Nematodes as Biocontrol 

Agents (pp. 47–64). Wallingford, United Kingdom: CABI Publishing. 



 
 

 

72 

Gulcu, B., Hazir, S., and Kaya, H. K. (2012). Scavenger deterrent factor (SDF) from 

symbiotic bacteria of entomopathogenic nematodes. Journal of Invertebrate 

Pathology, 110, 326-333. 

Harris, R. L., Graham, O. H., and Frazar, E. D. (1972). Susceptibility of five strains of 

stable flies to certain insecticides. Journal of Economic Entomology, 65, 915–

916. 

Herholz, C., Kopp, C., Wenger, M., Mathis, A., Wageli, S., and Roth, N. (2016). 

Efficacy of the repellent N,N-diethyl-3-methyl-benzamide (DEET) against 

tabanid flies on horses evaluated in a field test in Switzerland. Veterinary 

Parasitology, 221, 64–67. 

Hoffmann, R. A. (1968). The stable fly, Stomoxys calcitrans (L.): biology and behavior 

studies. (Doctoral dissertation), Oklahoma State University, Stillwater.  

Hogsette, J. A., and Farkas, R. (2000). Secretophagous and hematophagous higher 

Diptera. In L. Papp and B. Darvas (Eds.), Contributions to a manual of 

Palearctic Diptera, Volume 1 General and Applied Dipterology (Vol. 1, pp. 

769–792). Budapest, Hungary: Science Herald. 

Hogsette, J. A., and Foil, L. D. (2018). Blue and black cloth targets: effects of size, 

shape, and color on stable fly (Diptera: Muscidae) attraction. Journal of 

Economic Entomology, 111, 974–979. 

Hogsette, J. A., and Ruff, J. P. (1986). Evaluation of flucythrinate- and fenvalerate-

impregnated ear tags and permethrin ear tapes for fly (Diptera: Muscidae) 

control on beef and dairy cattle in northwest Florida. Journal of Economic 

Entomology, 79, 152–157. 

Hogsette, J. A., and Ruff, J. P. (1990). Comparative attraction of four different 

fiberglass traps to various age and sex classes of stable fly (Diptera: Muscidae) 

adults. Journal of Economic Entomology, 83, 883–886. 

Hogsette, J. A., Ruff, J. P., and Jones, C. J. (1987). Stable fly biology and control in 

Northwest Florida. Journal of Agricultural Entomology, 4, 1–11. 

Holloway, M. T. P., and Phelps, R. J. (1991). The responses of Stomoxys spp. (Diptera: 

Muscidae) to traps and artificial host odours in the field. Bulletin of 

Entomological Research, 81, 51-56. 



 
 

 

73 

Hoy, C. W., Grewal, P. S., Lawrence, J. L., Jagdale, G., and Acosta, N. (2008). 

Canonical correspondence analysis demonstrates unique soil conditions for 

entomopathogenic nematode species compared with other free-living nematode 

species. Biological Control, 46, 371–379. 

Hoy, J. B. (1970). Trapping the stable fly by using CO2 or CO as attractants. Journal 

of Economic Entomology, 63, 792–795. 

Isman, M. B. (2006). Botanical insecticides, deterrents and repellents in modern 

agriculture and an increasingly regulated world. Annual Review of Entomology, 

51, 45–66. 

Jackson, J. J., and Brooks, M. A. (1995). Parasitism of Western Corn Rootworm Larvae 

and Pupae by Steinernema carpocapsae. Journal of Nematology, 27, 15–20. 

Jeanbourquin, P., and Guerin, P. (2007). Chemostimuli implicated in selection of 

oviposition substrates by the stable fly Stomoxys calcitrans. Medical and 

Veterinary Entomology, 21, 209–216. 

Jess, S., and Bingham, J. F. W. (2004). Biological control of sciarid and phorid pests of 

mushroom with predatory mites from the genus Hypoaspis (Acari: 

Hypoaspidae) and the entomopathogenic nematode Steinernema feltiae. 

Bulletin of Entomological Research, 94, 159–167. 

Jess, S., Schweizer, H., and Kilpatrick, M. (2005). Mushroom applications. In P. S. 

Grewal, R. U. Ehlers, and D. I. Shapiro (Eds.), Nematodes as biocontrol agents 

(pp. 191–214). Newforge Lane, Belfast BT9 5PX, United Kingdom CABI 

publishing. 

Johnigk, S. A., and Ehlers, R. U. (1999). Endotokia matricida in hermaphrodites of 

Heterorhabditis spp. and the effect of the food supply. Nematology, 1, 717–726. 

Jones, C. J., Milne, D. E., Schreiber, E. T., Milio, J. A., and Patterson, R. S. (1992). 

Nectar feeding by Stomoxys calcitrans (Diptera: Muscidae): Effects on 

reproduction and survival. Environmental Entomology, 21, 141–147. 

Jones, C. J., and Weinzierl, R. A. (1997). Geographical and temporal variation in 

pteromalid (Hymenoptera: Pteromalidae) parasitism of stable fly and house fly 

(Diptera: Muscidae) pupae collected from Illinois cattle feedlots. 

Environmental Entomology, 26, 421–432. 



 
 

 

74 

Journey, A. M., and Ostlie, K. R. (2000). Biological control of the western corn 

rootworm (Coleoptera: Chrysomelidae) using the entomopathogenic nematode, 

Steinernema carpocapsae. Environmental Entomology, 29, 822–831. 

Kaufman, P. E., and Rutz, D. A. (2002). Susceptibility of house flies (Diptera: 

Muscidae) exposed to commercial insecticides on painted and unpainted 

plywood panels. Pest Management Science, 58, 174–178. 

Kaya, H. K. (1990). Soil ecology. In R. R. Gaugler and H. K. Kaya (Eds.), 

Entomopathogenic Nematodes in Biological Control (pp. 92–115). Boca Raton, 

Florida: CRC Press. 

Kaya, H. K. (2002). Natural enemies and other antagonists. In G. R. R. (Ed.), 

Entomopathogenic Nematology (pp. 189–203). Wallingford, United Kingdom: 

CABI Publishing. 

Kaya, H. K., and Gaugler, R. R. (1993). Entomopathogenic nematodes. Annual Review 

of Entomology, 38, 181–206. 

Kaya, H. K., and Stock, S. P. (1997). Techniques in insect nematology. In L. A. Lacey 

(Ed.), Manual of Techniques in Insect Pathology (pp. 281–324). London, 

United Kingdom: Academic Press. 

Kenney, E., and Eleftherianos, I. (2016). Entomopathogenic and plant pathogenic 

nematodes as opposing forces in agriculture. International Journal for 

Parasitology, 46, 13–19. 

Khater, H. F., Ramadan, M. Y., and El-Madawy, R. S. (2009). Lousicidal, ovicidal and 

repellent efficacy of some essential oils against lice and flies infesting water 

buffaloes in Egypt. Veterinary Parasitology, 164, 257–266. 

Killough, R. A., and Mckinstry, D. M. (1965). Mating and oviposition studies of the 

stable fly. Journal of Economic Entomology, 58, 489–491. 

Koppenhöfer, A. M., and Fuzy, E. M. (2006). Effect of soil type on infectivity and 

persistence of the entomopathogenic nematodes Steinernema scarabaei, 

Steinernema glaseri, Heterorhabditis zealandica, and Heterorhabditis 

bacteriophora. Journal of Invertebrate Pathology, 92, 11–22. 

Kozodoi, E. M., and Spiridonov, S. E. (1988). Cuticular ridges on lateral fields of 

invasive larvae of Neoaplectana (Nematoda: Steinernematidae). Folia 

Parasitologica, 35, 359–362. 



 
 

 

75 

Krinsky, W. L. (1976). Animal disease agents transmitted by horse flies and deer flies 

(Diptera: Tabanidae). Journal of Medical Entomology, 13, 225–275. 

Kung, S. P., Gaugler, R. R., and Kaya, H. K. (1990). Influence of Soil pH and Oxygen 

on Persistence of Steinernema spp. Journal of Nematology, 22, 440–445. 

Kung, S. P., Gaugler, R. R., and Kaya, H. K. (1991). Effects of soil temperature, 

moisture, and relative humidity on entomopathogenic nematode persistence. 

Journal of Invertebrate Pathology, 57, 242–249. 

Kurtz, B., Toepfer, S., Ehlers, R. U., and Kuhlmann, U. (2007). Assessment of 

establishment and persistence of entomopathogenic nematodes for biological 

control of western corn rootworm. 131, 420–425. 

Kuzina, O. S. (1942). On the gonotrophic relationships in Stomoxys calcitrans L. and 

Haematobia stimulans L. Medical Parasitology, 11, 70–78  

Lacey, L. A., Grzywacz, D., Shapiro, D. I., Frutos, R., Brownbridge, M., and Goettel, 

M. S. (2015). Insect pathogens as biological control agents: back to the future. 

Journal of Medical Entomology, 132, 1–41. 

Larsen, E. B., and Thomsen, M. (1940). The influence of temperature on the 

development of some species of Diptera. Videnskabelige Meddelelser fra dansk 

Naturhistoriske Forening, 104, 1–75. 

Laveissiere, C., and Grebaut, P. (1990). The trapping of tsetse flies (Diptera: 

Glossinidae). Improvement of a model: the Vavoua trap. Trop Med Parasitol, 

41, 185–192. 

Lavoipierre, M. M. (1965). Feeding mechanism of blood-sucking arthropods. Nature, 

208, 302–303. 

Lawrence, J. L., Hoy, C. W., and Grewal, P. S. (2006). Spatial and temporal distribution 

of endemic entomopathogenic nematodes in a heterogeneous vegetable 

production landscape. Biological Control, 37, 247–255. 

Lazarus, W. F., Rutz, D. A., Miller, R. W., and Brown, D. A. (1989). Costs of existing 

and recommended manure management practices for house fly and stable fly 

(Diptera: Muscidae) control on dairy farms. Journal of Economic Entomology, 

82, 1145–1151. 

Leal, L. C. S. R., Monteiro, C. M. O., Mendonca, A. E., Bittencourt, V. R. E. P., and 

Bittencourt, A. J. (2017). Potential of entomopathogenic nematodes of the genus 



 
 

 

76 

Heterorhabditis for the control of Stomoxys calcitrans (Diptera: Muscidae). 

Revista Brasileira de Parasitologia Veterinária, 26, 451–456. 

Lendzele, S. S., Roland, Z. K. C., Armel, K. A., Rodrigue, M. N., Abdoulmoumini, M., 

Lydie, A. G., Bertrand, M., and Mavoungou, J. F. (2020). Efficacy of modified 

Vavoua and Nzi traps in the capture of stable flies: A preliminary field trial in 

cameroon. Entomology, Ornithology and Herpetology, 9, 1–7. 

Lewis, E. E., and Clarke, D. J. (2012). Nematode parasites and Entomopathogens. In F. 

E. Vega and H. K. Kaya (Eds.), Insect Pathology (2 ed., pp. 395–424). 

Amsterdam, Netherlands: Elsevier. 

Lewis, E. E., Gaugler, R. R., and Harrison, R. (1992). Entomopathogenic nematode 

host finding: Response to host contact cues by cruise and ambush foragers. 

Parasitology, 105, 309–315. 

Lewis, E. E., Ricci, M., and Gaugler, R. R. (1996). Host recognition behaviour predicts 

host suitability in the entomopathogenic nematode Steinernema carpocapsae 

(Rhabditida:Steinernematidae). Parasitology, 113, 573–579. 

Li, W., Nguyen, K. H., Chu, H. D., Ha, C. V., Watanabe, Y., Osakabe, Y., Leyva-

Gonzalez, M. A., Sato, M., Toyooka, K., Voges, L., Tanaka, M., Mostofa, M. 

G., Seki, M., Seo, M., Yamaguchi, S., Nelson, D. C., Tian, C., Herrera-Estrella, 

L., and Tran, L. P. (2017). The karrikin receptor KAI2 promotes drought 

resistance in Arabidopsis thaliana. PLOS Genetics, 13, 1–23. 

Littlewood, J. (1999). Control of ectoparasites in horses. In Practice, 21, 418–424. 

Logan, J. G., and Birkett, M. A. (2007). Semiochemicals for biting fly control: their 

identification and exploitation. Pest Management Science, 63, 647–657. 

López-Sánchez, J., Cruz-Vázquez, C., Lezama-Gutiérrez, R., and Ramos-Parra, M. 

(2012). Effect of entomopathogenic fungi upon adults of Stomoxys calcitrans 

and Musca domestica (Diptera: Muscidae). Biocontrol Science and Technology, 

22, 969–973. 

Lortkipanidze, M., Gorgadze, O., Kajaia, S. G., Gratiashvili, G. N., and Kuchava, M. 

(2016). Foraging behavior and virulence of some entomopathogenic nematodes. 

Annals of Agrarian Science, 14, 99–103. 



 
 

 

77 

Lotmar, R. (1949). Beobachtungen uber nahrungsaufnahmeund verdauung bei 

Stomoxys calcitruns (Dipt.). . Mitteilungen der Schweizerischen 

Entomologischen Gesellschaft, 22, 97–115. 

Lu, D., Macchietto, M., Chang, D., Barros, M. M., Baldwin, J., Mortazavi, A., and 

Dillman, A. R. (2017). Activated entomopathogenic nematode infective 

juveniles release lethal venom proteins. PLOS Pathogens, 13, 1–31. 

Lysyk, T. J. (1993). Adult resting and larval developmental sites of stable flies and 

house flies (Diptera: Muscidae) on dairies in Alberta. Journal of Economic 

Entomology, 86, 1746–1753. 

Lysyk, T. J. (1998). Relationships between temperature and life-history parameters of 

Stomoxys calcitrans (Diptera: Muscidae). Journal of Medical Entomology, 35, 

107–119. 

Lysyk, T. J., Kalischuk-Tymensen, L. D., and Selinger, L. B. (2012). Mortality of adult 

Stomoxys calcitrans fed isolates of Bacillus thuringiensis. Journal of Economic 

Entomology, 105, 1863–1870. 

Machtinger, E. T., Geden, C. J., Hogsette, J. A., and Leppla, N. C. (2014). Development 

and oviposition preference of house flies and stable flies (Diptera: Muscidae) in 

six substrates from Florida equine facilities. Journal of Medical Entomology, 

51, 1144–1150. 

Machtinger, E. T., Weeks, E. N. I., and Geden, C. J. (2016). Oviposition deterrence and 

immature survival of filth flies (Diptera: Muscidae) when exposed to 

commercial fungal products. Journal of Insect Science, 16, 1–6. 

Mahmoud, F. M., Mandour, N. S., and Pomazkov, Y. I. (2007). Efficacy of the 

entomopathogenic nematode Steinernema feltiae Cross N 33 against larvae and 

pupae of four fly species in the laboratory. Nematologia Mediterranea, 35, 221–

226. 

Maketon, M., Hominchan, A., and Hotaka, D. (2010). Control of American cockroach 

(Periplaneta americana) and German cockroach (Blattella germanica) by 

entomopathogenic nematodes. Revista Colombiana De Entomología, 36, 249–

253. 



 
 

 

78 

Malaithong, N., Duvallet, G., Ngoen-Klan, R., Bangs, M. J., and Chareonviriyaphap, 

T. (2019). Stomoxyinae flies in Thailand: A Précis, with abridged taxonomic 

key to the adult species. Vector-Borne Zoonotic Diseases, 1–10. 

Maneesakorn, P., An, R., Grewal, P. S., and Chandrapatya, A. (2010). Virulence of four 

new strains of entomopathogenic nematodes from Thailand against second 

instar larva of the Japanese beetle, Popillia japonica (Coleoptera: 

Scarabaeidae). Thai Journal of Agricultural Science, 43, 61–66. 

Marcon, P. C., Thomas, G. D., Siegfried, B. D., and Campbell, J. B. (1997). 

Susceptibility of stable flies (Diptera:Muscidae) from Southeastern Nebraska 

beef cattle feedlots to selected insecticides and comparison of 3 bioassay 

techniques. Journal of Economic Entomology, 90, 293–298. 

McColloch, J. W., and Hayes, W. P. (1922). The reciprocal relation of soil and insects. 

Ecology, 3, 288–301. 

McMullen, G. J., and Stock, S. P. (2014). In vivo and In vitro rearing of 

entomopathogenic nematodes (Steinernematidae and Heterorhabditidae). 

Journal of Visualized Experiments, 91, 1–7. 

Meyer, J. A., Mullens, B. A., Cyr, T. L., and Stokes, C. (1990). Commercial and 

naturally occurring fly parasitoids (Hymenoptera: Pteromalidae) as biological 

control agents of stable flies and house flies (Diptera: Muscidae) on California 

dairies. Journal of Economic Entomology, 83, 799–806. 

Meyer, J. A., and Petersen, J. J. (1983). Characterization and seasonal distribution of 

breeding sites of stable flies and house flies (Diptera: Muscidae) on eastern 

Nebraska feedlots and dairies. Journal of Economic Entomology, 76, 103–108. 

Meyer, J. A., Shultz, T. A., Collar, C., and Mullens, B. A. (1991). Relative abundance 

of stable fly and house fly (Diptera: Muscidae) pupal parasites (Hymenoptera: 

Pteromalidae; Coleoptera: Staphylinidae) on confinement dairies in California. 

Environmental Entomology, 20, 915–921. 

Mihok, S., Kang'ethe, E. K., and Kamau, G. K. (1995). Trials of traps and attractants 

for Stomoxys spp. (Diptera: Muscidae). Journal of Medical Entomology, 32, 

283–289. 



 
 

 

79 

Miller, D., and Varel, V. (2001). In vitro study of the biochemical origin and production 

limits of odorous compounds in cattle feedlots. Journal of Animal Science, 79, 

2949–2956. 

Mohamed, M. A., and Coppel, H. C. (1983). Mass rearing of the greater wax moth, 

Galleria mellonella (Lepidoptera: Pyralidae), for small-scale laboratory studies. 

The Great Lakes Entomologist, 16, 139–141. 

Molyneux, A. S., and Bedding, R. A. (1984). Influence of soil texture and moisture on 

the infectivity of Heterorhabditis Sp. D1 and Steinernema glaseri for larvae of 

the sheep blowfly, Lucilia Cuprina. Nematologica, 30, 358–365. 

Molyneux, A. S., Bedding, R. A., and Akhurst, R. J. (1983). Susceptibility of larvae of 

the sheep blowfly Lucilia cuprina to various Heterorhabditis spp., 

Neoaplectana spp., and an undescribed steinernematid (Nematoda). Journal of 

Invertebrate Pathology, 42, 1–7. 

Moobola, M. S., and Cupp, E. (2008). Ovarian development in the stable fly, Stomoxys 

calcitrans, in relation to diet and juvenile hormone control. Parasitological 

Entomology, 3, 317-321. 

Moon, R. D. (2002). Muscid Flies (Muscidae). In L. A. Durden and G. A. Mullen 

(Eds.), Medical and Veterinary Entomology (pp. 279–301). San Diego, CA: 

Academic Press. 

Moorhouse, D. E. (1972). Cutaneous lesions on cattle caused by stable fly. Australian 

Veterinary Journal, 48, 643–644. 

Moraes, A. P., Angelo Ida, C., Fernandes, E. K., Bittencourt, V. R., and Bittencourt, A. 

J. (2008). Virulence of Metarhizium anisopliae to eggs and immature stages of 

Stomoxys calcitrans. Animal Biodiversity and Emerging Diseases, 1149, 384–

387. 

Moraes, A. P., Bittencourt, V. R., and Bittencourt, A. J. (2010). Pathogenicity of 

Beauveria bassiana on immature stages of Stomoxys calcitrans. Ciencia Rural, 

40, 1802–1807. 

Mount, G. A. (1965). Use of WHO tsetse fly kit for determining resistance in the stable 

fly. Journal of Economic Entomology, 58, 794–796. 

Mullens, B. A., Lii, K. S., Mao, Y., Meyer, J. A., Peterson, N. G., and Szijj, C. E. 

(2006). Behavioural responses of dairy cattle to the stable fly, Stomoxys 



 
 

 

80 

calcitrans, in an open field environment  Medical and Veterinary Entomology, 

20, 122–137. 

Muzari, M. O., Skerratt, L. F., Jones, R. E., and Duran, T. L. (2010). Alighting and 

feeding behaviour of tabanid flies on horses, kangaroos and pigs. Veterinary 

Parasitology, 170, 104–111. 

Nickle, W. R. (1972). A contribution to our knowledge of the Mermithidae (Nematoda). 

Journal of Nematology, 4, 113–146. 

Noosidum, A., Hodson, A. K., Lewis, E., and Chandrapatya, A. (2010). 

Characterization of new entomopathogenic nematodes from Thailand: foraging 

behavior and virulence to the greater wax moth, Galleria mellonella 

L.(Lepidoptera: Pyralidae). Journal of Nematology, 42, 281–291. 

Noosidum, A., Satwong, P., Chandrapatya, A., and Lewis, E. E. (2016). Efficacy of 

Steinernema spp. plus anti-desiccants to control two serious foliage pests of 

vegetable crops, Spodoptera litura F. and Plutella xylostella L. Biological 

Control, 97, 48–56. 

Olafson, P. U., Kaufman, P. E., Duvallet, G., Solórzano, J. A., Taylor, D. B., and 

Fryxell, R. T. (2019). Frequency of kdr and kdr-his alleles in stable fly (Diptera: 

Muscidae) populations from the United States, Costa Rica, France, and 

Thailand. Journal of Medical Entomology, 56, 1145–1149. 

Parr, H. C. M. (1962). Studies on Stomoxys calcitrans (L.) In Uganda (Diptera). Journal 

of the Entomological Society of Southern Africa, 25, 73–81. 

Peña, J. M., Carrillo, M. A., and Hallem, E. A. (2015). Variation in the susceptibility 

of Drosophila to different entomopathogenic nematodes. Infection Immunity, 

83, 1130–1138. 

Petersen, J. J. (1989). Miscellaneous publications of the Entomological Society of 

America. Annals of the Entomological Society of America, 74, 41–45. 

Pierce, L. R. (2007). Efficacy of entomopathogenic nematodes utilized for control of 

stable flies (Stomoxys calcitrans) at round bale feeding sites. (Master of 

Science), Oklahoma State University, Stillwater, Oklahoma.  

Pietrantuono, A. L., Enriquez, A. S., Fernández-Arhex, V., and Bruzzone, O. A. (2015). 

Substrates preference for pupation on sawfly Notofenusa surosa (Hymenoptera: 

Tenthredinidae). Journal of Insect Behavior, 28, 257–267. 



 
 

 

81 

Pitzer, J. B., Kaufman, P. E., Hogsette, J. A., Geden, C. J., and Tenbroeck, S. H. (2011). 

Seasonal abundance of stable flies and filth fly pupal parasitoids (Hymenoptera: 

Pteromalidae) at Florida equine facilities. Veterinary Entomology, 104, 1108-

1115. 

Pitzer, J. B., Kaufman, P. E., and Tenbroeck, S. H. (2010). Assessing permethrin 

resistance in the stable fly (Diptera: Muscidae) in Florida by using laboratory 

selections and field evaluations. Journal of Economic Entomology, 103, 2258–

2263. 

Poinar, G. O. (1975). Entomogenous nematodes. A manual and host list of 

insectnematode associations. Leiden: Netherlands: Brill. 

Poinar, G. O. (1990). Taxonomy and biology of Steinernematidae and 

Heterorhabditidae. In R. Gaugler and H. K. Kaya (Eds.), Entomopathogenic 

Nematodes in Biological control (pp. 23–61). Boca Raton, FL: CRC Press. 

Poinar, G. O., and Nelson, B. C. (1973). Psyllotylenchus viviparus, n. gen., n. 

sp.(Nematodea: Tylenchida: Allantonematidae) parasitizing fleas 

(Siphonaptera) in California. Journal of Medical Entomology, 10, 349–354. 

Pont, A. C., and Dsouli, N. (2008). A new species of Haematobosca Bezzi from Gabon 

(Diptera, Muscidae). Journal of Taxonomy, Systematics, Ecology and 

Faunistics of Diptera, 15, 259–266. 

Pont, A. C., and Mihok, S. (2000). A new species of Haematobosca Bezzi from Kenya 

(Diptera, Muscidae). Studia Dipterologica, 7, 25–32. 

Pugh, D. G., Hu, X. P., and Blagburn, B. (2014). Habronemiasis: biology, signs, and 

diagnosis, and treatment and prevention of the nematodes and vector flies. 

Journal of Equine Veterinary Science, 34, 241–248. 

Pusterla, N., Watson, J. L., Wilson, W. D., Affolter, V. K., and Spier, S. J. (2003). 

Cutaneous and ocular habronemiasis in horses: 63 cases (1988–2002). Journal 

of the American Veterinary Medical Association, 222, 978–982. 

Raja, R. K., Sivaramakrishnan, S., and Hazir, S. (2011). Ecological characterisation of 

Steinernema siamkayai (Rhabditida: Steinernematidae), a warm-adapted 

entomopathogenic nematode isolate from India. BioControl, 56, 789–798. 



 
 

 

82 

Ramos-Rodríguez, O., Campbell, J. F., and Ramaswamy, B. S. (2006). Pathogenicity 

of three species of entomopathogenic nematodes to some major stored-product 

insect pests. Journal of Stored Products Research, 42, 241–252. 

Rolim, M. M., Lyra, M. R. C. C., Duarte, A. S., Medeiros, P. R. F., Silva, Ê. F. F., and 

Pedrosa, E. M. R. (2013). Influência de uma lagoa de distribuição de vinhaça 

na qualidade da água freática. Revista Ambiente & Água, 8, 155–171. 

Romero, A., Broce, A., and Zurek, L. (2006). Role of bacteria in the oviposition 

behaviour and larval development of stable flies. Medical and Veterinary 

Entomology 20, 115–121. 

Rugg, D. (1982). Effectiveness of Williams traps in reducing the numbers of stable flies 

(Diptera: Muscidae). Journal of Economic Entomology, 75, 857–859. 

Salem, A., Franc, M., Jacquiet, P., Bouhsira, E., and Liénard, E. (2012). Feeding and 

breeding aspects of Stomoxys calcitrans (Diptera: Muscidae) under laboratory 

conditions. Parasite, 19, 309–317. 

Sasnarukkit, A. (2003). Efficacy of an entomopathogenic nematode, Steinernema 

siamkayai Stock, Somsook and Reid on controlling diamondbak moth, Plutella 

xylostella (Linnaeus) (Doctoral dissertation), Kasetsart University, Bangkok.  

Schmidtmann, E. T. (1991). Suppressing immature house and stable flies in outdoor 

calf hutches with sand, gravel, and sawdust bedding. Journal of Dairy Science, 

74, 3956–3960. 

Schole, L. A., Taylor, D. B., Brink, D. R., and Hanford, K. J. (2011). Use of modified 

cages attached to growing calves to measure the effect of stable flies on dry 

matter intake and digestibility, and defensive movements. The Professional 

Animal Scientist, 27, 133–140. 

Schuster, R. K., Sivakumar, S., Kinne, J., Babiker, H., Traversa, D., and Buzzell, G. R. 

(2010). Cutaneous and pulmonal habronemosis transmitted by Musca 

domestica in a stable in the United Arab Emirates. Veterinary Parasitology, 

174, 170–174. 

Service, M. W. (1980). House flies, related flies and stable flies (Order Diptera: Family 

Muscidae). In S. M. W. (Ed.), A Guide to Medical Entomology (pp. 102–112). 

London, United Kingdom: Macmillan Press.: Macmillan Press. 



 
 

 

83 

Shapiro, D. I., Cottrell, T. E., Mizell, R. F., Horton, D. L., Behle, R. W., and Dunlap, 

C. A. (2010). Efficacy of Steinernema carpocapsae for control of the lesser 

peachtree borer, Synanthedon pictipes: Improved aboveground suppression 

with a novel gel application. Biological Control, 54, 23–28. 

Shapiro, D. I., Gouge, D. H., and Koppenhöfer, A. M. (2002). Factors affecting 

commercial success: case studies in cotton, turf and citrus. In R. Gaugler (Ed.), 

Entomopathogenic Nematology (pp. 333–355). Wallingford, United Kingdom: 

CABI Publishing. 

Shapiro, D. I., Han, R., and Dolinksi, C. (2012). Entomopathogenic nematode 

production and application technology. Journal of Nematology, 44, 206–217. 

Shapiro, D. I., Hazir, S., and Glazer, I. (2017). Basic and applied research: 

entomopathogenic nematodes. In L. A. Lacey (Ed.), Microbial Control of Insect 

and Mite Pests: From Theory to Practice (pp. 91–105). San Diego, California: 

Academic Press. 

Shapiro, D. I., Tylka, G. L., and Lewis, L. C. (1996). Effects of fertilizers on virulence 

of Steinernema carpocapsae. Applied Soil Ecology, 3, 27–34. 

Showler, A. T., and Osbrink, W. L. A. (2015). Stable fly, Stomoxys calcitrans (L.), 

dispersal and governing factors. International Journal of Insect Science, 7, 19–

25. 

Silva, M. S. O., Cardoso, J. F. M., Ferreira, M. E. P., Baldo, F. B., Silva, R. S. A., 

Chacon-Orozco, J. G., Shapiro-Ilan, D. I., Hazir, S., Bueno, C. J., and Leite, L. 

G. (2021). An assessment of Steinernema rarum as a biocontrol agent in 

sugarcane with focus on Sphenophorus levis, host-finding ability, compatibility 

with vinasse and field efficacy. Agriculture 11, 1–16. 

Simmons, S. V., and Dove, V. E. (1941). Breeding places of the stable fly or "dog 

fly,"Stomoxys calcitrans (L.) in North Western Florida. Journal of Economic 

Entomology, 34, 457–462. 

Skidmore, P. (1985). The biology of the Muscidae of the world. Dordrect, Netherlands: 

Dr. W. Junk. 

Skovgård, H. (2004). Sustained releases of the pupal parasitoid Spalangia cameroni 

(Hymenoptera: Pteromalidae) for control of house flies, Musca domestica and 



 
 

 

84 

stable flies Stomoxys calcitrans (Diptera: Muscidae) on dairy farms in 

Denmark. Biological Control, 30, 288–297. 

Skovgård, H., and Nachman, G. (2017). Modeling the temperature- and age-dependent 

survival, development, and oviposition rates of stable flies (Stomoxys 

calcitrans) (Diptera: Muscidae). Environmental Entomology, 46, 1130–1142. 

Smith, J. P., Hall, R. D., and Thomas, G. D. (1989). A review of natural mortality and 

enemies of the stable fly (Diptera: Muscidae) in Missouri. The Florida 

Entomologist, 72, 351–360. 

Smits, P. H. (1996). Post-application persistence of entomopathogenic nematodes. 

Biocontrol Science and Technology, 6, 379–388. 

Solórzano, J. A., Gilles, J., Bravo, O., Vargas, C., Gomez-Bonilla, Y., Bingham, G. V., 

and Taylor, D. B. (2015). Biology and trapping of stable flies (Diptera: 

Muscidae) developing in pineapple residues (Ananas comosus) in Costa Rica. 

Journal of insect science, 15, 1–5  

Sömme, L. (1958). The number of stable flies in Norwegian barns, and their resistance 

to DDT   Journal of Economic Entomology, 51, 599–601. 

Somsook, V. (1991). Entomopathogenic nematodes for agricultural pests control. 

Bangkok, Thailand 

Somsook, V., Tantichodok, A., and Katenud, U. (1986). Control of Cossus sp. with 

entomopathogenic nematode, Steinernema carpocapsae Journal of Entomology 

and Zoology Studies, 8, 115–119. 

Soós, A., and Papp, L. (1984). Catalogue of Palaearctic Diptera: Scathophagidae (Vol. 

11): Elsevier. 

Steelman, C. D. (1976). Effects of external and internal arthropod parasites on domestic 

livestock production. Annual Review of Entomology, 21, 155–178. 

Stock, S. P., and Koppenhöfer, A. M. (2003). Steinernema scarabaei n. sp. (Rhabditida: 

Steinernematidae), a natural pathogen of scarab beetle larvae (Coleoptera: 

Scarabaeidae) from New Jersey, USA. Nematology, 5, 191–204. 

Tainchum, K., Shukri, S., Duvallet, G., Etienne, L., and Jacquiet, P. (2018). Phenotypic 

susceptibility to pyrethroids and organophosphate of wild Stomoxys calcitrans 

(Diptera: Muscidae) populations in southwestern France. Parasitology 

Research, 117, 4027–4032. 



 
 

 

85 

Taylor, D. B., and Berkebile, D. R. (2008). Sugar feeding in adult stable flies. 

Environmental Entomology, 37, 625–629. 

Taylor, D. B., and Berkebile, D. R. (2011). Phenology of stable fly (Diptera: Muscidae) 

larvae in round bale hay feeding sites in eastern Nebraska. Environmental 

Entomology, 40, 184–193. 

Taylor, D. B., Moon, R. D., and Mark, D. R. (2012). Economic impact of stable flies 

(Diptera: Muscidae) on dairy and beef cattle production. Journal of Medical 

Entomology, 49, 198–209. 

Taylor, D. B., Szalanski, A. L., Adams, B. J., and Peterson, R. D. (1998). Susceptibility 

of house fly (Diptera: Muscidae) larvae to entomopathogenic nematodes 

(Rhabditida: Heterorhabditidae, Steinernematidae). Environmental 

Entomology, 27, 1514–1519. 

Todd, D. H. (1964). The biting fly Stomoxys calcitrans (L.) in dairy herds in New 

Zealand. New Zealand Journal of Agricultural Research, 7, 60–79. 

Toepfer, S., Kurtz, B., and Kuhlmann, U. (2010). Influence of soil on the efficacy of 

entomopathogenic nematodes in reducing Diabrotica virgifera virgifera in 

maize. Journal of Pest Science, 83, 257–264. 

Toledo, J., Ibarra, J. E., Liedo, P., Gómez, A., Rasgado, M. A., and Williams, T. (2005). 

Infection of Anastrepha ludens (Diptera: Tephritidae) larvae by Heterorhabditis 

bacteriophora (Rhabditida: Heterorhabditidae) under laboratory and field 

conditions. Biocontrol Science and Technology, 15, 627–634. 

Ulug, D., Hazir, S., Kaya, H. K., and Lewis, E. E. (2014). Natural enemies of natural 

enemies: The potential top‐down impact of predators on entomopathogenic 

nematode populations. Ecological Entomology, 39, 462–469. 

Venkatesh, K., and Morrison, P. E. (1980). Some aspects of oögenesis in the stable fly 

Stomoxys calcitrans (Diptera: Muscidae). Journal of Insect Physiology, 26, 

711–715. 

Vitela-Mendoza, I., Cruz-Vazquez, C., Solano-Vergara, J., and Orihuela-Trujillo, A. 

(2016). Short communication: Relationship between serum cortisol 

concentration and defensive behavioral responses of dairy cows exposed to 

natural infestation by stable fly, Stomoxys calcitrans. Journal of Dairy Science, 

99, 9912–9916. 



 
 

 

86 

Wallace, H. R. (1958). Movement of eelworms. Annals of Applied Biology, 46, 74–85. 

Wallace, J. R. (2009). Diptera (Biting Flies). In G. E. Likens (Ed.), Encyclopedia of 

Inland Waters (pp. 280–287). Oxford, UK: Academic Press, London, United 

Kingdom. 

Watson, D. W., Geden, C. J., Long, S. J., and Rutz, D. A. (1995). Efficacy of Beauveria 

bassiana for controlling the house fly and stable fly (Diptera: Muscidae). 

Biological Control, 5, 405–411. 

Weinzierl, R. A., and Jones, C. J. (1998). Releases of Spalangia nigroaenea and 

Muscidifurax zaraptor (Hymenoptera: Pteromalidae) increase rates of 

parasitism and total mortality of stable fly and house fly (Diptera: Muscidae) 

pupae in Illinois cattle feedlots. Journal of Economic Entomology, 91, 1114–

1121. 

White, G. F. (1927). A method for obtaining infective nematode larvae from cultures. 

Science, 66, 302–303. 

Williams, C. D., Dillon, A. B., Ennis, D., Hennessy, R., and Griffin, C. T. (2015). 

Differential susceptibility of pine weevil, Hylobius abietis (Coleoptera: 

Curculionidae), larvae and pupae to entomopathogenic nematodes and death of 

adults infected as pupae. Biological Control 60, 537–546. 

Williams, D. F. (1973). Sticky traps for sampling population of Stomoxys calcitrans. 

Journal of Economic Entomology, 66, 1279–1280. 

Woodring, J. L., and Kaya, H. K. (1988). Steinernematid and Heterorhabditid 

nematodes: a handbook of biology and techniques. The agricultural experiment 

stations of various Southern states, Arkansas: Arkansas Agricultural 

Experiment Station, Arkansas. 

Zhou, X., Kaya, H. K., Heungens, K., and Goodrich-Blair, H. (2002). Response of ants 

to a deterrent factor(s) produced by the symbiotic bacteria of entomopathogenic 

nematodes. Applied and Environmental Microbiology, 68, 6202–6209. 

Zhu, J. J., Berkebile, D. R., Albuquerque, T., and Zurek, L. (2008, June 15-18, 2008). 

Novel approaches using Push-Pull strategy for stable fly control. Paper 

presented at the Livestock Insect Workers Conference, Kansas City, Missouri. 



 
 

 

87 

Zhu, J. J., Dunlap, C. A., Behle, R. W., Berkebile, D. R., and Wienhold, B. (2010). 

Repellency of a wax-based catnip-oil formulation against stable flies. Journal 

of Agricultural and Food Chemistry, 58, 12320–12326. 

Zumpt, F. K. E. (1973). The Stomoxyine biting flies of the world. Diptera: Muscidae. 

Taxonomy, biology, economic importance and control measures. Stuttgart, 

Germany: Gustav Fischer Verlag. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

88 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDICES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

89 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX A 

Memorandum Of Understanding (MOU) 

between Thai partners for Double Degree Master’s program 



 
 

 

90 



 
 

 

91 



 
 

 

92 

 

 

 

 

 

 



 
 

 

93 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX B 

Memorandum Of Agreement (MOA)  

Bilateral Agreement between 

Kasetsart University and Price of Songkla University 

 

 



 
 

 

94 

 



 
 

 

95 



 
 

 

96 



 
 

 

97 



 
 

 

98 

 
 

 

 



 
 

 

99 

VITAE 

 

Name Niyaporn Khwanket 

Student ID 6210620008 

Educational Attainment 

Degree Name of Institution Year of Graduation 

Bachelor of Science 

(Pest Management) 

Kasetsart University 2017 

 

Scholarship Awards during Enrolment 

PISAI Project and Co-funded by the ERASMUS + Programmed of the European Union 

2017–2020 

List of Publication and Proceeding  

Khwanket, N. and A. Noosidum. 2018. Interaction between entomopathogenic 

nematodes and the ring-legged earwig, Euborellia annulipes (Lucas) against the rice 

moth larva, Corcyra cephalonica (Stainton). Khon Kaen Agr. J. 46(2): 321–332. (In Thai) 

Khwanket, N., A. Nitjarunkul, S. Mangtub and A. Noosidum. 2017. Preliminary Survey 

of Insects at Pak Choi Organic Farm Using.  The 27th Thaksin University Annual 

Conference:  Thailand 4.0 "Research to Mobilize Society". 397–402. Thaksin 

University. May 3–6, 2017, Songkhla, Thailand (Poster presentation- online). (In Thai) 

Khwanket, N., A. Noosidum, and K. Tainchum. 2021. Resting and oviposition behavior 

of stable fly, Stomoxys calcitrans (L.) (Diptera: Muscidae) on bedding substrates under 

laboratory conditions. The 31st Thaksin University Annual Conference: (Research and 

Social Innovations in the Post COVID-19 Era). 1098–1105. Thaksin University. May 

20–21, 2021, Songkhla, Thailand (Poster presentation-online). (In Thai) 

Khwanket, N., A. Noosidum, and K. Tainchum. 2021. Efficacy of entomopathogenic 

nematodes against stable fly larvae under laboratory condition. The First International 

Conference on Sustainable Agriculture and Aquaculture: BCG for Well Being and 

Food Security. Prince of Songkla University. January 11–12, 2021, Songkhla, Thailand 

(Oral presentation-online) 


