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 The potato/tomato psyllid, Bactericera cockerelli (Sulc) (Hemiptera: Triozidae) is 

a major pest of solanaceous crops. This pest causes yield loss by direct feeding on crop 

plants and by transmitting a bacterial pathogen known as Candidatus Liberibacter 

psyllaurous (a. k. a. Ca. L. solanacearum). The goal of my research is to improve pest 

management against this pest in potatoes by integrating sampling, insecticides, use of 

resistant varieties, and biological control. 

 Sampling plans are essential part of integrated pest management (IPM). From my 

research on potatoes, I determined the most efficient sampling unit, and that this pest has 

an aggregated distribution in the field. Binomial sequential sampling plans were 

developed for the potato psyllid. Current pest management practices in the USA rely on 

the intensive use of broad-spectrum insecticides to control the potato psyllid to lower 

disease incidences and increase yields. I evaluated five insecticides in the laboratory. All 

insecticides tested significantly reduced probing durations and increased the amount of 

time adult psyllids spent off the leaflets compared to untreated controls suggesting that 
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these chemicals may be deterrents to feeding as well as repellents. Additionally, I further 

tested the effects of imidacloprid on potato psyllid feeding behavior using a direct current 

electrical penetration graph technique. 

 Host plant resistance can be an integral component of an integrated approach for 

the management of arthropod pests. I tested the effects of potato germplasm from 22 

genotypes on adult potato psyllid behavioral responses for possible antixenosis and 

determined if specific breeding clones or varieties can decrease transmission of Ca. L. 

psyllaurous. Another assessment that should be made in an IPM program is the potential 

role of natural enemies in controlling pests. Through two years of field studies (2009-

2010) at four different sites and laboratory feeding tests, I have identified Orius 

tristicolor (White) (Hemiptera: Anthocoridae), Geocoris pallens Stal (Hemiptera: 

Geocoridae), Hippodamia convergens Guerin-Meneville (Coleoptera: Coccinellidae), and 

the parasitoid Tamarixia triozae (Burks) (Hymenoptera: Eulophidae) as key natural 

enemies of the potato psyllid in southern California potatoes, tomatoes, and bell peppers. 

I discuss how this information can be used in an integrated pest management program for 

the potato psyllid. 
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CHAPTER 1 

Introduction and literature review 
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When Karel Sulc first described Bactericera cockerelli (Sulc) (Hemiptera: 

Triozidae) in 1909 from individuals collected on peppers (Capsicum sp.) in Boulder, CO, 

USA, he inferred that due to the large number of nymphs observed on plants, this insect 

may become a destructive pest (Sulc 1909). In 1915, B. cockerelli was recognized as a 

plant pest for the first time by damaging the ornamental False Jerusalem Cherry 

(Solanum capsicastrum) in San Francisco and Sacramento, CA, USA, to the point where 

control measures were necessary (Compere 1915). In 1927, the full potential of how 

destructive B. cockerelli could be was realized when many state-wide outbreaks of 

‘psyllid yellows’ (PY) occurred on potatoes (Solanum tuberosum L.) starting in Utah and 

then spread to many other Rocky Mountain states (Richards et al. 1927, Richards 1928). 

This new disease was ascribed to the feeding behavior of B. cockerelli and caused the 

heaviest yield losses yet recorded for potatoes in the USA, often leading to the complete 

destruction of the crop in psyllid-infested areas (Linford 1928). A more devastating 

outbreak of B. cockerelli and PY than the 1927 epidemic occurred in 1938 (Anonymous 

1929, Jensen 1939, Morris 1939). In the years after the 1938 outbreak, B. cockerelli was 

managed almost exclusively by insecticides (Pletsch 1947, Wallis 1955, Cranshaw 1994).  

In 1994, a new potato defect was discovered in Mexico and later named ‘zebra 

chip’ (ZC) (Munyaneza et al. 2007a). This disease was later found to be transmitted by B. 

cockerelli (Munyaneza et al. 2007a, 2007b) and is associated with the bacterium 

Candidatus Liberibacter psyllaurous (a.k.a. Ca. L. solanacearum) (Hansen et al. 2008; 

Liefting et al. 2009). ZC became a serious problem for the potato industry as it was more 

insidious than PY due to rendering tubers unmarketable and causing the quick death to 
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potato plants. Thus, B. cockerelli regained prominence as a key, serious pest of 

solanaceous crops such as potato, tomato (Solanum lycopersicum L.), peppers, and 

eggplant (Solanum melongena L.) in North and Central America (Cranshaw 1994, 

Crosslin et al. 2010). In recent years, B. cockerelli has also invaded New Zealand as pest 

of solanaceous greenhouse crops, and outdoor potatoes and tomatoes (Gill 2006, 

Davidson et al. 2008). Currently B. cockerelli appears to be causing substantial economic 

losses across a wide geographic range. 

In this dissertation, I report management strategies that are important for the 

development of an integrated pest management program for B. cockerelli. This 

dissertation is divided into seven chapters. This chapter includes a literature review and 

objectives. Chapter Two involves the development of a binomial sequential sampling 

plan for B. cockerelli. Chapter Three examines the effects of insecticides on B. cockerelli 

behavior and disease transmission. Chapter Four describes the effects of imidacloprid on 

B. cockerelli feeding behavior using the electrical penetration graph technique. Chapter 

Five reports the effects of potentially resistant potato germplasm on B. cockerelli 

behavior and disease transmission. Chapter Six investigates the potential for biological 

control against B. cockerelli by surveying natural enemies and determining the impact of 

natural enemies on B. cockerelli population dynamics. Chapter Seven discusses the 

conclusions of my research. 
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Bactericera cockerelli (Sulc) 

 

 

 

Taxonomy and Distribution 

Bactericera cockerelli has two common names: the potato psyllid and the tomato 

psyllid (ESA 2011). Bactericera cockerelli was originally described as Trioza cockerelli 

by Sulc (1909). In 1910, Crawford erected a new psyllid genus Paratrioza, and in 1911 

Trioza cockerelli was assigned to Paratrioza. In 1997, when the genus Paratrioza was 

synonyomyzed with the genus Bactericera as defined by combinations of adult, nymphal 

and egg characters, B. cockerelli also changed families from Psyllidae to Triozidae 

(Burckhardt and Lauterer 1997, Hodkinson 2009). Morphological descriptions of B. 

cockerelli can be found in Crawford (1911, 1914), Essig (1917), Ferris (1925), and 

Tuthill (1945). Tuthill (1945) and Burckhardt and Lauterer (1997) list the synonyms for 

B. cockerelli as well. 

Bactericera cockerelli is endemic to North America with the distribution of this 

insect in the USA including Arizona, California, Colorado, Idaho, Kansas, Minnesota, 

Montana, Nebraska, Nevada, New Mexico, North and South Dakota, Oklahoma, Oregon, 

Texas, Utah, Washington, and Wyoming (Pletsch 1947, Cranshaw 1994, Munyaneza et 

al. 2009, 2010). Additionally, B. cockerelli can be found in the Canadian Provinces of 

Alberta, British Columbia, Ontario, and Saskatchewan (Pletsch 1947, Wallis 1955, 

Ferguson et al. 2002), as well as Mexico, and into countries in Central America (Tuthill 
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1945, Pletsch 1947, Jackson et al. 2009). In the early-2000s, B. cockerelli invaded New 

Zealand and has spread throughout this country (Gill 2006, Davidson et al. 2008, Teulon 

et al. 2009). 

 

Life History 

Bactericera cockerelli is a polyphagous insect with a wide host range exceeding 

20 plant families and is able to oviposit and complete development on more than 40 host 

species (Knowlton and Thomas 1934, Wallis 1951). The relative importance of host 

plants for B. cockerelli relates to the abundance, preference and proximity to agricultural 

areas (Wallis 1955). Bactericera cockerelli can survive well on, and appears to prefer, 

plant species in the family Solanaceae (Wallis 1955). In the North Platte Valley of 

Wyoming and Nebraska, important non-economic hosts are matrimony-vine (Lycium 

barbarum L.) (Wallis 1946, 1955). In a scientific note by Knowlton (1933), adult B. 

cockerelli were reported to be able to survive for a considerable length of time (i.e., 17-96 

days) on various plant species in which nymphs were not able to successfully complete 

development. This host feeding may contribute to the successful survival of adult psyllids 

during the winter months.  

However, despite these observations by Knowlton (1933), most researchers 

hypothesize that migrations of the adults is the way B. cockerelli arrive in agricultural 

crops. Glick (1939) collected B. cockerelli by airplane in Mexico at altitudes up to 1200 

m suggesting that this species can migrate via air currents. Evidence of this is also noted 
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by Papp and Johnson (1979) as B. cockerelli have been found on the alpine snowfields in 

the Sierra Nevada Mountains in California. 

Romney (1939) found spring breeding populations of B. cockerelli on Lycium 

andersonii Gray and Lycium macrodon Gray in southern Arizona, and on Lycium spp. in 

southern Texas. Breeding on these plants occurs from January to May with peak 

populations building in April and early May after several generations have been produced 

(Romney 1939). By the middle of June, adults move out of these habitats, and are not 

seen again until a large influx of adults move back to these habitats in late October to 

early November (Romney 1939). Observations by Romney (1939) and using information 

regarding the migration patterns of other insect species such as the beet leafhopper, 

Circulifer tenellus (Baker) and the psyllid Heteropsylla mexicana (Crawford) suggests 

that B. cockerelli from breeding populations in southern Arizona migrate north and west 

of the Continental Divide, while B. cockerelli populations in southern Texas migrate 

north and east of the Continental Divide. However, populations of B. cockerelli can occur 

much further south such as the east coast area of Mexico (Pletsch 1947). In Wyoming and 

Nebraska, Wallis (1946) found that B. cockerelli does not overwinter in these areas, and 

the arrival of psyllids observed during the early potato crop in May and June provides 

circumstantial evidence of B. cockerelli migration. Recent genetic data based on ISSR 

markers by Liu et al. (2006) support that B. cockerelli populations were of two groups, 

one from western North America and the other from central USA and eastern Mexico. 

However, Liu et al (2006) also found that there was genetic transfer between these 

populations. 
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There is often great variation from year to year regarding the numbers of B. 

cockerelli found on economic and non-economic host plants (Wallis 1946). Bactericera 

cockerelli is considered to be a ‘temperature-zone’ species (Knowlton 1933, List 1939), 

meaning this species life history characteristics are severely impacted with extremely hot 

or cold conditions. In the laboratory, the optimum range for B. cockerelli development is 

rather narrow (Wallis 1946). Individuals reared at 26.7°C exhibit the best survival, 

development, and oviposition, with reductions in these life history characteristics at 

32.2°C (List 1939). Temperatures at 38.8°C for one or two hours are lethal to eggs and 

nymphs, and adult stop laying eggs (List 1939); however, the data provided by List 

(1939) were not statistically analyzed. Romney (1939) believes the combination of high 

temperatures and/or the decline in the quality of host plants contribute to B. cockerelli 

leaving spring breeding sites. The temperature results agree with observation in 

agricultural fields (Wallis 1946). Further research suggests that factors playing a role in 

B. cockerelli numbers in the field are related to temperature, size of the spring migration, 

and the size of crop plants. Larger plant canopies may shade B. cockerelli from the hot 

summer temperatures above 32.2°C as the temperature within the plant canopy is several 

degrees cooler, which can allow optimal development of populations (Wallis 1946).  

Essig (1917) described the life cycle of B. cockerelli in California. In California, 

B. cockerelli now appears to consistently overwinter (Liu et al. 2006). Essig (1917) found 

that winters were passed on evergreen host plants or sheltered places. Adults begin to lay 

eggs and could be found in southern California on wild host species in April (Essig 1917, 

Jensen 1954). Generations can vary from three or more in California with all life stages 
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found from May until the end of November (Essig 1917). Jensen (1954) provides further 

evidence of B. cockerelli populations increasing on wild host species in southern 

California and then moving northward in the spring, as well as the return of B. cockerelli 

to Lycium spp. host plants in November.  

 

Description of Life Stages 

Egg 

Bactericera cockerelli eggs are yellow, oblong in shape and attached to the leaves 

of the host plant with short stalks (Johnson 1911, Pletsch 1947). The average length and 

width of a B. cockerelli egg is 0.3 mm and 0.1 mm, respectively, with the length of the 

stalk being 0.2 mm (Compere 1916, Lehman 1930, Pletsch 1947). Eggs that are not 

fertilized do not hatch (Lehman 1930). Eggs are deposited on the upper and lower 

surfaces of leaves, and most abundantly on the young apical leaves (Knowlton and Janes 

1930). Eggs can take from 3-15 days to hatch, and exhibit a 1:1 sex ratio of females to 

males (Pack 1930, Knowlton and Janes 1930). 

Nymph 

Development in the Hemiptera is of the hemimetabolous type, in which the adult 

stage is preceded by stages that resemble it, but without wings. Bactericera cockerelli has 

five nymphal instars, and completion of development can vary from 12-44 days with an 

average of 15.4 days (Knowlton and Janes 1930, Pack 1930, Yang and Liu 2009). The 

first four instars require an average of 2.4-2.8 days to complete development, but the fifth 

instar averages 4.9 days to complete (Knowlton and Janes 1930). The range of the size of 
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each instar can be found in Pletsch (1947). The nymphal stage is often where the greatest 

mortality occurs (Abdullah 2008). Host plant and geographic origin can have an impact 

on nymphal growth and development of B. cockerelli (Liu and Trumble 2007, Yang and 

Liu 2009). First instar nymphs are pale yellow with an orange-colored head and 

abdomen, and as development occurs the color changes to a pale yellowish-green or can 

still remain yellowish-orange (Essig 1917, personal observation). Nymphs prefer the 

abaxial leaf surface and seldom move (Lehman 1930).  

Adult 

After the last nymphal molt, adults are initially pale green or light amber, but soon 

become darker with considerable variation in the degree and intensity of colors (Essig 

1917, Lehman 1930, Knowlton and Janes 1930). The length of the adult body can vary 

from 1.3-1.9 mm (Essig 1917, Lehman 1930, Liu and Trumble 2007). The adult life span 

can range from 16-97 days, however like all insects; developmental rates vary with 

temperature (Knowlton and Janes 1930, Lehman 1930, Davis 1937, List 1939, Yang and 

Liu 2009, Yang et al. 2010). The following conditions can also impact adult life history 

characteristics: 1) host plant, 2) geographic origin of populations, 3) sex and, 4) whether 

the measurement were conducted under field or laboratory conditions (Liu and Trumble 

2007, Yang and Liu 2009, Yang et al. 2010).  

Odorant sex attraction has been studied by Guedot et al. (2010) and found that 

females and males of B. cockerelli emit odors that attract males; this was the first study to 

document male-male attraction within the Psylloidea. Adult females can lay eggs three 

days after emergence with a preoviposition period that can vary from 3-25 days 
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(Knowlton and Janes 1930, Abdullah 2008). The ovipositon period lasts an average of 

21.5-27.8 days (Knowlton and Janes 1930, Davis 1937), and ovipositing females can 

usually deposit 5-50 eggs during 24 hours. After a single mating, which lasts on average 

6 minutes, B. cockerelli females produce fertile eggs for up to 27.8 days (Knowlton and 

Janes 1930). Adult females can lay on average up to 330 eggs over her lifetime 

(Knowlton and Janes 1930).  

Adult B. cockerelli feed primarily of the underside of leaves of host plants (Eyer 

and Crawford 1933). However, some individuals have been observed to feed on the upper 

surface of leaves as well as stems and petioles (Knowlton and Janes 1931, Eyer and 

Crawford 1933, personal observation). Based on the histology of feeding punctures of B. 

cockerelli, this insect, like aphids, are phloem-feeders (Eyer and Crawford 1933). When 

B. cockerelli probes a plant, penetration through the leaf epidermis and into the leaf is 

intercellular through the spongy mesophyll until the stylets reach the phloem parenchyma 

cells, which is the region of the leaf where the most extensive feeding occurs (Eyer and 

Crawford 1933). Penetration of the xylem occurs only occasionally (Eyer and Crawford 

1933). 

Endosymbionts 

Mutualistic associations between psyllids and intracellular bacteria or 

endosymbionts are common (Baumann 2005). Endosymbionts are localized 

intracellularly in specialized host cells called bacteriocytes or mycetocytes that may 

constitute a larger structure called a bacteriome or mycetome (Buchner 1965, Nachappa 

et al. 2011). The mycetome of B. cockerelli was described by Rowe and Knowlton 
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(1935). Psyllid endosymbionts fall within two categories: primary (P) (obligatory and 

those that aid in psyllid nutrition) and secondary (S) (facultative and those with functions 

less clear than P endosymbionts, and those that vary among populations) (Hodkinson 

2009). Within the mycetomes of B. cockerelli can be found the P endosymbionts 

Candidatus Carsonella ruddii and two strains of Wolbachia (Liu et al. 2006, Nachappa et 

al. 2011); and the S endosymbiont Candidatus Liberibacter psyllaurous (Hansen et al. 

2008) (to be discussed later).  

 

Psyllid Yellows 

 In 1927, a destructive outbreak of a potato disease severely affected the potato 

crops in Colorado, Idaho, Montana, Utah and Wyoming with some fields exhibiting 

100% infection of plants (Richards et al. 1927, Richards 1928). The early potato crop and 

home garden plots were described as ‘complete failures’ due to the affected plants 

producing few if any marketable tubers, and the late planted potato crops were also not 

free from the disease either (Richards et al. 1927). Ensuing research found feeding by the 

nymphs of B. cockerelli associated with the diseased plants and suggested the name for 

this new disease as ‘psyllid yellows’ (PY) (Richards 1928). Economic estimates in Utah 

alone in 1927 suggest that 25-30% of the total potato crop valued at ca. $750,000 was lost 

due to PY. In the growing season after 1927, additional outbreaks of PY were noted in 

various section of the USA with varying degrees of severity (Richards 1929, Richards et 

al. 1933). However, in 1938, one of the worst outbreaks of PY occurred in Colorado, 

Montana, Nebraska, and Wyoming as well as several reports of infection in California 
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(Anonymous 1929, Jensen 1939, Morris 1939). Even with insecticide applications, end of 

the year losses attributed to PY for potatoes ranged from 25-75% in the states affected 

(Anonymous 1939). In western Nebraska alone, a 25% yield loss of potatoes equaled 

27,200 metric tons (Hill 1947). Other infestations that occurred after 1939 appeared to 

have been managed by new insecticides that were developed, including DDT, and the 

elimination of alternative breeding hosts such as matrimony-vine (Hill 1947, Pletsch 

1947, Wallis 1955, Cranshaw 1994). 

PY disease is systemic, and the entire plant becomes infected (Carter 1939). Plant 

symptoms of PY include a reduction in growth, erectness of new foliage, chlorosis or 

reddening/purpling of leaves, basal cupping of leaves, shortened and thickened 

internodes, enlarged nodes, aerial tubers, premature senescence and plant death (Pletsch 

1947, Cranshaw 1994). The marginal yellowing and upward rolling or cupping of 

younger leaves is a diagnostic character of PY (Richards et al. 1933). Histology of the 

diseased plants by Eyer and Crawford (1933) and Eyer and Miller (1938) found large 

deposits of starch granules in the cortex and pith of the stems and petioles as well as 

phloem necrosis in stems, stolons, and roots. Other reports found decreased 

nitrates/nitrogen, chlorophyll, and carotene contents, and decreased starch contents in 

tubers of PY diseased plants (Eyer 1937, Schaal 1938, Carter 1973).  

PY diseased potatoes and tomatoes exhibit significant decreases in yields. Tubers 

from potato plants infected with PY are tiny, misshapen, flabby, and have a rough skin 

(Lindford 1928, Cranshaw 1994). These tubers often have associated with them various 

defects such as early sprouting, weak sprouts, and significantly smaller plants (Metzger 
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1936, Cranshaw 1994). In tomatoes, foliar symptoms are similar to those of potatoes and 

fruit set, size, texture and yield can be significantly decreased due to PY (Cranshaw 

1994).  

 In general, the nymphal stages of B. cockerelli are the life stage to produce the PY 

disease, and it appears they are inherently toxigenic (Cranshaw 1994). Through repeated 

tests, Richards (1931) and Richards et al. (1933), found that densities as high as 1,000 B. 

cockerelli adults per potato plant, failed to produce PY symptoms. However, Daniels 

(1954) found that adults were able to produce disease symptoms on tomato seedlings. 

Richards (1931) found that fewer than 15 nymphs did not induce uniform disease 

symptoms in potatoes, but with higher infestations, symptoms appear in 4-6 days. Potato 

plants may resume a healthy, normal appearance if nymphs are removed 5-10 days after 

the appearance of first symptoms, but this does not always happen (Richards 1931, 

Arslan et al. 1985). For tomatoes, relationships regarding the number of nymphs per plant 

and the resulting damage threshold can vary among cultivars; however symptoms of PY 

will appear when at least 8 nymphs feed on 2 week old tomato plants (Liu and Trumble 

2006). Additional studies by Liu et al. (2006) found that the tested tomato cultivars also 

exhibit differing recovery potentials, and as a conservative measure recommend treating 

tomato cultivars when the number of psyllids approach 10 nymphs per plant for a period 

of 5 days. 

Through grafting experiments, PY has been capable of being transmitted to 

healthy plants; however, succeeding grafts result in a gradual recovery of plants (Daniels 

1954, Cranshaw 1994), which suggest that a pathogenic microorganism is not involved 
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with PY and supports the ‘toxin’ hypothesis. The identification of this ‘toxin’ still 

remains unknown (Abernathy 1991). 

 

Zebra Chip Disease 

 ‘Zebra chip’ (ZC) disease was first documented in potato fields near Saltillo, 

Mexico, in 1994 (Munyaneza et al. 2007a). ZC-affected potatoes exhibit the following 

above-ground symptoms: stunting, chlorosis, swollen internodes of the upper growth, 

proliferation of axillary buds, aerial tubers, browning of the vascular system, leaf 

scorching, and early plant death (Munyaneza et al. 2007b). Symptoms of the tubers affect 

the entire tuber from the stem end to the bud end and include enlarged lenticels of the 

underground stem, collapsed stolons, brown lesions of the vascular ring, necrotic flecking 

of internal tissues, and occasionally streaking of the medullary ray tissues (Munyaneza et 

al. 2007a). Chips that are processed from infected tubers exhibit severe dark brown 

streaking, thus the name ‘zebra chip’, which causes the rejection of fresh and processing 

potatoes for market (Munyaneza et al. 2007a). Additionally, ZC-infected tubers sprout 

significantly less than ZC-free tubers or do not sprout at all; if they do sprout, hair sprouts 

or weak plants are produced that have significantly decreased survival (Henne et al. 2010, 

Munyaneza et al. 2007a). Furthermore, the physiological effects of ZC infection on the 

potato tuber include significantly increased levels of tyrosine, phenolic compounds, 

salicyclic acid and ion leakage as well as altered mineral content in ZC-affected tubers 

compared to ZC-free tubers (Navarre et al. 2009, Miles et al. 2009, 2010). 
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In the USA, ZC was first identified in commercial fields in Pearsall and the lower 

Rio Grande Valley in Texas in 2000 and since that time ZC has been recorded in 

Arizona, California, Colorado, Kansas, Nebraska, Nevada, and New Mexico (Secor and 

Rivera-Varas 2004, Munyaneza et al. 2007a). In the 2004-2006 potato growing seasons, 

economic losses due to ZC to both potato producers and processors in numerous 

locations in the USA and Mexico often led to the abandonment of fields resulting in 

losses exceeding millions of dollars (Munyaneza et al. 2007a). In Texas alone, ZC has 

been responsible for a reduction in potato hectarage by >20%, and is estimated to be 

responsible for a loss of $25 million during the 2004-2006 outbreaks (CNAS 2006, Wen 

et al. 2009). ZC disease has also been documented in potato fields in Guatemala and 

Honduras with field incidences as high as 80% and total losses because of unmarketable 

tubers (Secor and Rivera-Varas 2004, Crosslin et al. 2010).  

 Munyaneza et al. (2007a) were the first to elucidate the association between B. 

cockerelli feeding and ZC expression on potato. In a greenhouse and a Washington field 

study by Munyaneza et al. (2007a), potato plants not exposed to B. cockerelli did not 

exhibit ZC symptoms, but potato plants exposed to B. cockerelli exhibited symptoms 

three weeks after the initial B. cockerelli release. Furthermore, psyllid exposed plants 

exhibited initial plant symptoms which included upward rolling of the leaves and 

yellowish-reddish discolorations with later symptoms of plants and tubers that exhibited 

typical ZC symptoms (Munyaneza et al. 2007a). Comparable results were documented by 

Munyaneza et al. (2007b) in Texas too, whereby potato plants not exposed to B. 

cockerelli did not show ZC symptoms and plants exposed to psyllids showed ZC 
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symptoms. In these field locations, the most predominant insect collected where ZC was 

prevalent was B. cockerelli (Munyaneza et al. 2007a, Goolsby et al. 2007a). Later 

research found that B. cockerelli populations from different geographic localities varied 

in their ability to infect potato with ZC (Munyaneza et al. 2008). Additionally, B. 

cockerelli reared upon the agricultural host plants of potato, tomato, bell pepper and 

eggplant can infect potato with ZC, although B. cockerelli reared on bell pepper and 

eggplant can cause relatively more severe ZC infections compared to psyllids reared on 

tomato and potato (Gao et al. 2009). 

 Hansen et al. (2008) were the first to identify a new bacterial species of 

Candidatus Liberibacter that was vectored by B. cockerelli. The bacterium was named 

Candidatus Liberibacter psyllaurous and is an unculturable Gram-negative α-

proteobacterium that is associated with the phloem tissue of plants (Hansen et al. 2008, 

Lin et al. 2009). Results indicated that Ca. L. psyllaurous infection can occur throughout 

B. cockerelli life stages but can vary with eggs exhibiting a 15-47 percent infection 

frequency, which suggests transovarial transmission of Ca. L. psyllaurous (Hansen et al. 

2008). For B. cockerelli reared on potato, Ca. L. psyllaurous infection from the first instar 

to adults appeared to be fixed at 100%, while B. cockerelli reared on tomato exhibited 

100% infection of Ca. L. psyllaurous at the third instar (Hansen et al. 2008). This 

research also revealed transmission of Ca. L. psyllaurous by B. cockerelli after one week 

of exposure to a potato or tomato plant and subsequently displayed of symptoms, which 

were consistent with Munyaneza et al. (2007a) description of ZC (Hansen et al. 2008). 
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Later research by Munyaneza (2010) has reported that as few as one B. cockerelli can 

transmit Ca. L. psyllaurous within two hours of colonizing the plant. 

Related research was conducted in New Zealand regarding the invasion of B. 

cockerelli and the discovery of a bacterium-like organism in the phloem of symptomatic 

plants (Liefting et al. 2009). Various polymerase chain reaction (PCR) primers were used 

to amplify putative prokaryotic DNA extracted from healthy and symptomatic tomato 

and pepper; the result was the detection of what the authors named Ca. L. solanacearum 

(Liefting et al. 2008). Recent research has suggested haplotypes of Ca. L. solanacearum 

exist as described by single-nucleotide polymorphisms and rplJ and rplL ribosomal 

protein genes and the publication of the complete genome sequence of Ca. L. 

solanacearum is currently available (Nelson et al. 2010, Lin et al. 2010).  

Since publication of the primers by Hansen et al. (2008) and Liefting et al. (2009), 

multiple laboratories in the USA, Mexico, and New Zealand have documented Ca. L. 

psyllaurous and Ca. L. solanacearum infection in solanaceous agricultural crops and 

additional solanaceous hosts such as L. barbarum, tamarillo (Solanum betaceum), cape 

gooseberry (Physalis peruviana), silverleaf nightshade (Solanum elaeagnifolium), and 

black nightshade (Solanum ptychanthum) (Abad et al. 2009; Brown et al. 2010; Crosslin 

and Bester 2009; French-Monar 2010; Li et al. 2009; Liefting et al. 2008a, 2008b; 

McKenzie and Shatters 2009; Munyaneza et al. 2009a, 2009b, 2009c; Rehman et al. 

2010; Wen et al. 2009). Sequence analysis of the 16S and 23S rRNA suggests that Ca. L. 

psyllaurous and Ca. L. solanacearum are the same bacterium as a number of BLAST 

analyses of consensus sequences often show 99-100% identity of Ca. L. solanacearum 
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with Ca. L. psyllaurous (Crosslin and Bester 2009; French-Monar 2010; Munyaneza et 

al. 2009a, 2009b, 2009c; Secor et al. 2009; Wen et al. 2009; Crosslin et al. 2010). DNA 

sequence divergence data of bacteria, particularly divergence in 16S rRNA, are widely 

used for defining bacterial species, and bacteria with >3% divergence in 16S rRNA gene 

sequence are nearly always members of a different species, thus the <3% demarcation 

between Ca. L. psyllaurous and Ca. L. solanacearum provide support of these two as the 

same bacterium (Cohan 2002, Stackebrandt and Goebel 1994). 

 

Management Strategies 

Detection and Monitoring 

Surveys for the purpose of population detection and monitoring of B. cockerelli 

have been conducted by various authors in cultivated and non-cultivated host plants 

(Pletsch 1947; Wallis 1955; Cranshaw 1994; Al-Jabr 1999, 2007; Goolsby et al. 2007a, 

2007b). These methods have involved suction traps, vacuum sampling of plants, sweep 

net sampling, examination of plant material, and colored sticky traps. Suction traps and 

vacuum samplers were found to be ineffective at detecting and sampling B. cockerelli, 

respectively (Cranshaw 1994, Goolsby et al. 2007). The use of sweep nets to obtain a 

relative estimate of B. cockerelli has been used extensively (Pletsch 1947 and reference 

therein). Pletsch (1947) used these data to calculate a “psyllid index” based on the 

number of B. cockerelli captured per 100 sweeps, and found the index correlated with the 

amount of PY observed in agricultural fields (Cranshaw 1994). Information from the 

sweep net sampling of B. cockerelli have revealed patterns regarding the infestation and 
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disease spread within agricultural fields. Within agricultural fields, B. cockerelli were 

first detected on the edges and as the number of psyllids build in the field they progress 

toward the center (Jensen 1939, Wallis 1955, Cranshaw 1994).  

Examinations of leaf samples have often been described as ‘tedious and time 

consuming’ for B. cockerelli, but have provided detailed information regarding the 

population density of this pest (Pletsch 1947, Goolsby et al. 2007). These data have also 

revealed that relative to other parts of the plants, B. cockerelli prefer to inhabit leaves on 

the abaxial surface (Knowlton and Janes 1931, List 1939, Pletsch 1947). Despite this 

information, a sampling plan for B. cockerelli has yet to be developed in agricultural 

fields. 

 Sticky card traps have been used as monitoring tools in the greenhouse and the 

field (Al-Jabr 1999, Goolsby et al. 2007). Al-Jabr (1999) was the first to study the 

effective detection and monitoring of B. cockerelli in greenhouse tomato. The results of 

his study indicated that B. cockerelli were most attracted to neon-green, neon-orange, and 

standard yellow sticky traps that were placed above the crop canopy and in the shade (Al-

Jabr 1999). Goolsby et al. (2007a,b) used yellow sticky cards to monitor adult B. 

cockerelli in potato fields in Texas, and suggested they could be an effective tool to 

detect B. cockerelli in cultivated and non-cultivated host plants at low densities. 

However, an evaluation of sticky traps compared to other sampling techniques has yet to 

be conducted. Also, there has been no publication that has reported a predictive 

relationship between the numbers of adults on traps and the numbers of nymphs in the 
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foliage. Thus, this technique probably has the most utility for determining when adults 

are migrating into an area. 

Insecticidal Control 

Insecticidal control of B. cockerelli has been the subject of extensive research. 

Compounds used for B. cockerelli control included oils, nicotine, pyrethrum, zinc 

arsenite sprays and calcium cyanide dusts (Knowlton 1931, 1933b; Pletsch 1942, 1947). 

One of the first and most broadly used insecticides in the 1930’s and 1940’s for B. 

cockerelli control was lime-sulfur, which gave good control of this pest in tomatoes and 

potatoes with increases in yields for both of these crops (Johnson 1911; List 1918, 

1935,1938; List and Daniels 1934). Lime-sulfur was effective in killing the immature and 

adult stages of B.cockerelli as well as being repellent to the adults. However, lime-sulfur 

had the problem of being phytotoxic to crops (List 1935, Pletsch 1942). In the 

greenhouse, the residual toxicity of lime-sulfur lasted for up to five weeks (Tate and Hill 

1944). In 1945, DDT was used against B. cockerelli for the first time in Nebraska and 

was described as providing more effective control for a longer period of time compared 

to the other compounds available at the time (Hill 1945, Pletsch 1947).  

In the 1960’s, organophosphates such as phorate, parathion, disulfoton, and 

demeton, and the carbamate aldicarb were used for control of B. cockerelli (Gerhardt and 

Turley 1961, Harding 1962, Gerhardt 1966). In the 1980’s Cranshaw conducted extensive 

tests on insecticides for B. cockerelli management (Cranshaw 1985a, 1985b, 1985c, 

1989a, 1989b, 1989c, 1993). Foliar sprays of diazinon, endosulfan, permethrin, acephate 

and many pyrethroid insecticides were among the better compounds for B. cockerelli 
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control; and the systemic soil applied applications of phorate and disulfoton still provided 

control of B. cockerelli early in the growing season (Cranshaw 1985a, 1985c, 1989a, 

1989b, 1989c). The carbamates such as aldicarb, carbofuran, cloetiocarb, carbaryl, and 

the organochlorine methoxylchlor were ineffective treatments at controlling B. cockerelli 

(Cranshaw 1985a, 1985c). Al-Jabr (1999) found for greenhouse tomatoes neem-derived 

compounds, spinosad and acetamiprid were effective in killing B. cockerelli 24 h post-

application, and other compounds such as horticultural spray oil and pymetrozine were 

effective in killing B. cockerelli 5 days post-application.  

Further research on tomatoes by Liu and Trumble (2004, 2005), found complex 

interactions between tomato cultivars and insecticides tested for the behaviors of B. 

cockerelli and life history characteristics measured. The compounds tested included 

imidacloprid, kaolin particle film, pymetrozine, pyriproxyfen, and spinosad. While B. 

cockerelli on insecticide-treated plants exhibited significant decreases in the duration of 

probing behavior and reduced egg-adult survivorship (Liu and Trumble 2004, 2005), 

non-feeding behaviors and other life history characteristics often exhibited unexpected 

interactions between the insecticide and tomato cultivar. Also, Liu and Trumble (2007) 

found resistance to imidacloprid and spinosad in populations of B. cockerelli in 

California compared to psyllids from the central USA.  

Since the association was made between B. cockerelli feeding and ZC, 

management practices for potatoes in the USA have relied on insecticides to control B. 

cockerelli to lower ZC incidences and increase yields. In Texas, in-furrow applications of 

phorate followed by several in-season applications of foliar insecticides including 
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imidacloprid+cyfluthrin, endosulfan, and methamidophos reduced ZC incidence in tubers 

to 12.9-20.4% (Goolsby et al. 2007a). Insecticides also were used as a management tool 

to further lower ZC incidence in tubers to 0.4-2.3% in a pest management plan that 

included an in-furrow application of imidacloprid, and weekly applications of dinotefuran 

and spiromesifen used in rotation applied at weekly intervals until the two week pre-

harvest interval (Goolsby et al. 2007b). 

In California, existing UC Pest Management Guidelines recommend treating 

potato plants with imidacloprid at planting, and additional treatments with abamectin, 

spiromesifen, or spinosad if monitoring indicates that psyllid populations are at one to 

two per leaf or ten per plant during the growing season (UC IPM Online 2008). Further 

research by Gharalari et al. (2009) evaluated the knockdown effect for a variety of 

insecticides on B. cockerelli adults with thiamethoxam and abamectin being the most 

effective. The dosage and exposure time of abamectin can also significantly increase the 

mortality rates of B. cockerelli adults; however, after 24 h under field conditions the 

mortality rates on abamectin-treated potato plants are not significantly different from 

controls (Gharalari et al. 2009). Similar work has been conducted in Mexico and New 

Zealand, which examined several compounds at the recommended fields and the 

subsequent impact on mortality of B. cockerelli nymphs (Vega-Gutierrez et al. 2008, 

Berry et al. 2009). In recent years, evaluations of selected biorational insecticides and 

kaolin particle film for the repellency of B. cockerelli have been examined in the 

laboratory and the field (Yang et al. 2010, Peng et al. 2011). 

 



	   23	  

Cultural Control 

 Cultural control refers to the purposeful manipulation of a cropping environment 

to reduce rates of pest increase and damage (Pedigo and Rice 2006). For B. cockerelli 

management, this area of research has occasionally been investigated. These areas of 

research and observations have included the timing of crop planting, fertilization, trap 

crops, destruction of breeding sites, colored pesticide sprays, and mulches.  

 One of the first observations regarding timing of planting and damage by B. 

cockerelli was given by Eyer and Enzie (1939) with the observations that late-planted 

tomatoes and potatoes in New Mexico do not developed PY as severely as those planted 

earlier. Similar observations were noted by Starr (1939) and Hartman (1947) who noted 

that fields planted in Wyoming in early June appeared to be damaged less than fields 

planted before that time (Starr 1939, Hartman 1947). Wallis (1948) found that B. 

cockerelli populations were significantly higher in early plantings of potatoes in 

Wyoming and Nebraska compared to middle and late season plantings. 

 Eyer and Enzie (1939) also pointed out the possible value of fertilizers to correct 

the lack of chlorophyll and nitrates/nitrogen on B. cockerelli plant afflicted with PY, 

although no research studies regarding this have been formally conducted. In Colorado, 

pepper plants were recommended as an alternate trap crop for B. cockerelli to attract this 

pest from potatoes (Cranshaw 1994). Starting in the 1930’s, local practices recommended 

the removal of potential spring and early summer breeding places through the elimination 

of early potato plantings, non-economic solanaceous host plants such as L. barbarum, 

and volunteer potatoes in cull dumps to curtail B. cockerelli population buildups 
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(Knowlton 1934, Hill 1947, Cranshaw 1994). A single study regarding colored sprays has 

been investigated as a method to impact the number of B. cockerelli colonizing 

agricultural fields (Cranshaw and Liewehr 1990). The study used the following 

compounds, which were sprayed on potatoes: yellow-colored maneb (Dithane-M45, 

Maneb 80), white-colored cholorathalonil (Bravo 500), and a white-colored inorganic 

insecticide sodium fluoaluminate (Kryocide 96W); however results showed no significant 

differences in the captures of B. cockerelli in fields (Cranshaw and Liewehr 1990). 

Colored mulches have offered promise as a cultural control method for B. cockerelli 

management in home garden tomato plants in Colorado as aluminum and white plastic 

mulches can be used to significantly decrease the population density of B. cockerelli on 

tomato (Demirel and Cranshaw 2006). 

Host Plant Resistance 

Similar to cultural control, studies regarding host plant resistance have seldom 

been investigated as a management technique for B. cockerelli. Host plant resistance 

refers to genetic resistance of plants to insects as categorized as antixenosis (inability of a 

plant to serve as a host for an arthropod), antibiosis (negative effects of a resistant plant 

that affect the biology an arthropod attempting to use that plant as a host) and tolerance 

(possessing the ability to withstand or recover from damage caused by arthropod 

populations equal to those on susceptible genotypes) (Smith 2005). One of the first 

studies regarding host plant resistance involved examining potato varieties for tolerance 

to PY (Babb and Kraus 1937). Results from the study by Babb and Kraus (1937) 

indicated that none of the thirty-nine varieties tested were immune to PY, and due to a 
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lack of statistical analyses there was difficulty determining if the varieties were 

significantly more or less tolerant compared to each other. In field studies, Linford (1928) 

and Starr (1939) found that none of the commercial potato varieties tested exhibited 

enough resistance to B. cockerelli to provide a substantial benefit. Cranshaw (1989) 

found that for various varieties of potato, tomato, and pepper tested in Colorado fields 

that some varieties had increased numbers of B. cockerelli, but there was often an unclear 

relationship between the varieties preferred by B. cockerelli and the damage to the crop, 

suggesting that different varieties may need different thresholds. 

 The use of resistant varieties has been investigated as a management option 

against B. cockerelli in tomatoes (Liu and Trumble 2004, 2005, 2006; Casteel et al. 2006, 

2007). Some resistance by the Mi-1.2 gene has been documented in tomatoes showing 

antixenosis (decreased host selection by B. cockerelli on plants with the resistant 

genotype) and antibiosis (significant decreases in survival of B. cockerelli reared on the 

resistant genotype) (Casteel et al. 2006). In addition, antixenosis (reported as decreased 

feeding and oviposition) and antibiosis (described as increased developmental time and 

decreases in survival) were observed for a wild-type accession tomato (PI 134417) when 

compared to the tomato varieties ‘7718 VFN’, ‘Yellow Pear’, ‘QualiT 21’, and ‘Shady 

Lady’ (Liu and Trumble 2004, 2005, 2006).  

Biological Control 

In North America, a number of natural enemies attack B. cockerelli. Generalist 

predators that attack B. cockerelli include chrysopid larvae (Chrysoperla spp.), various 

coccinellids (i.e., Hippodamia convergens Guerin-Meneville, Hippodamia 
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quinquesignata (Kirby), Hippodamia tredecimpunctata (L.), and Hippodamia americana 

Crotch), syrphid fly larvae, and Hemiptera such as Geocoris decoratus Uhler, Orius 

tristicolor (White), Anthocoris tomentosus Pericart, Deraeocoris brevis (Uhler) and 

Nabis ferus (L.) (Knowlton 1933a, 1933b, 1933c; Knowlton 1934a, 1934b; Knowlton 

and Allen 1936; Romney 1939; Pletsch 1947). However, most of the observations of 

predators attacking B. cockerelli have been performed under artificial laboratory 

conditions, with the exception of chrysopid larvae observed attacking B. cockerelli 

nymphs in Utah potato fields (Knowlton 1933a). In addition, field observations by 

Romney (1939) indicated that coccinellids and chrysopids reduced the number of eggs 

and nymphs of B. cockerelli on Lycium spp. to varying degrees from year to year. 

In the laboratory and in the field unknown species of Chrysoperla spp., 

Chrysoperla carnea (Stephens) and Chrysoperla rufilabris (Burmeister) have been 

further assessed as B. cockerelli predators (Pletsch 1947, Al-Jabr 1999). In laboratory 

experiments, Chrysoperla larvae can attack all life stages of B. cockerelli (Pletsch 1947, 

Knowlton 1933, Al-Jabr 1999). Al-Jabr (1999) evaluated C. carnea and C. rufilabris as 

potential biological control agents of B. cockerelli and found they are capable of 

completing their entire life cycle on B. cockerelli. However, a field trial involving 

applications of C. carnea eggs to psyllid infested potatoes did not produce significant 

reductions in B. cockerelli numbers (Al-Jabr 1999). 

Natural enemies of B. cockerelli also include two primary parasitoids: 

Metaphycus psyllidis Compere (Hymenoptera: Encyrtidae), and Tamarixia triozae 

(Burks) (Hymenoptera: Eulophidae). Parasitism of B. cockerelli nymphs by T. triozae 
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was noted for the first time by Romney (1939) on Lycium spp. in southern Arizona. 

Metaphycus psyllidis was described as a new B. cockerelli parasitoid species by Compere 

(1943). No follow-up work on M. psyllidis regarding its impact on B. cockerelli has been 

attempted since.  

Tamarixia triozae has been found in the USA (Arizona, California, Colorado, 

Idaho, Kansas, Montana, New Mexico, and Washington) and recently in Mexico 

(Romney 1939, Pletsch 1947, Jensen 1957, Lomeli-Flores and Bueno Partida 2002). In a 

tomato field in Montana in 1939, 23% of the B. cockerelli nymphs were parasitized by T. 

triozae; although no parasitism was noted in the surrounding areas despite high B. 

cockerelli populations. Details regarding the life history of this parasitoid can be found in 

Pletsch (1947), and a list of additional psyllid species that T. triozae parasitizes can be 

found in Jensen (1957). In general, T. triozae attacks the fourth and fifth instars of B. 

cockerelli (Pletsch 1947), and this parasitoid’s dispersal can be rapid at a distance limited 

to less than 1.5 m (Johnson 1971). In the field, T. triozae is poorly synchronized with B. 

cockerelli populations and suffers high pupal mortality ranging from 38-100% (Johnson 

1971). In the laboratory, levels of parasitism were low averaging 13.2-26.5%, which is 

similar to parasitism rates found for other psyllid parasitoids (Jensen 1957). Thus, 

Johnson (1971) finds control of B. cockerelli in agricultural settings with T. triozae 

unfeasible, but leaves the possibility of using this species as a biological control agent in 

the natural, overwintering areas of B. cockerelli. Despite this information, in New 

Zealand in 2006, T. triozae was imported from Mexico into quarantine for assessment as 

a potential biological control agent of B. cockerelli (Workman and Whiteman 2009). 
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The entomopathogenic fungi Beauvaria bassiana (Balsamo) Vuillemin, Isaria 

fumosorosea (Wize), Verticillium lecanii (Zimmerman) and Metarhizium anisopliae 

(Metschnikoff) are known to attack B. cockerelli (Al-Jabr 1999, Strand 2006, Sanchez-

Pena et al. 2007, Lacey et al. 2009, 2010). One of the first studies to document the effect 

of entomopathogenic fungi on B. cockerelli was conducted by Al-Jabr (1999). Under 

laboratory conditions, B. bassiana caused significant mortality (>82%) on B. cockerelli 

nymphs. Mixed results were obtained in the greenhouse with B. bassiana, V. lecanii, and 

M. anisopliae in terms of mortality on B. cockerelli nymphs on tomato (Al-Jabr 1999). 

Studies by Sanchez-Pena (2007) testing B. bassiana and M. anisopliae, and Lacey et al. 

(2009) testing B. bassiana, M. anisopliae, and I. fumosorosea likewise demonstrated 

significant mortality on B. cockerelli in the laboratory compared to untreated controls. In 

field trials, Lacey et al. (2010) found fungal treatments of M. anisopliae and I. 

fumosorosea alone or in combination with insecticides caused significant reductions in B. 

cockerelli in southern Texas. 
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Bactericera cockerelli places over 450 thousand ha of potatoes, tomatoes, 

peppers, and eggplants at risk for yield loss in the USA (NASS 2011). Current pest 

management strategies rely on the use of insecticides to control B. cockerelli to lower 

disease incidences and increase yields. However, the strict reliance of insecticides is 

associated with various problems including cost, environmental contamination, 

destruction of natural enemies, and resistance (van Driesche et al. 2008). Clearly, an 

integrated pest management strategy needs to be developed for sustainable control of this 

pest. Thus, the objectives of my study are: 

 

1) Determine the most efficient sampling unit and spatial dispersion of B. cockerelli 

in potato fields, and develop a binomial sequential sampling plan. 

2) Evaluate the effects of insecticides on adult B. cockerelli behaviors and Ca. L. 

psyllaurous transmission. 

3) Examine the effect of imidacloprid on B. cockerelli feeding behavior using the 

electrical penetration graph technique. 

4) Evaluate the effects of potentially resistant genotypes on adult B. cockerelli 

behaviors and Ca. L. psyllaurous transmission. 

5) Identify potential natural enemies and determine the impact of natural enemies on 

B. cockerelli population dynamics. 

 

These data will further aid in the development of an integrated pest management 

program for B. cockerelli and ZC management for a more sustainable agricultural system. 
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Abstract 

The potato psyllid is a serious pest of potatoes. Sampling plans on potatoes for the 

potato psyllid have yet to be developed, thus our objectives were to 1) determine the most 

efficient within-plant sampling unit, 2) determine the spatial dispersion of potato psyllids 

in potato fields, and 3) develop a binomial sequential sampling plan for this pest. 

Significantly more potato plants were infested with potato psyllids on the edges of the 

field, and significantly more plants were infested with psyllids on the ‘top’ and ‘middle’ 

of the potato plant. Significantly more psyllids were also found on the undersides of 

leaves. The potato psyllid has an aggregated distribution in potato fields. Binomial 

sequential sampling plans were developed for three action thresholds representing 0.5, 1, 

and 5 psyllids per plant. Average sample number for these action thresholds were 

between 12-16 samples depending on the action thresholds. However, the 0.5 and 1 

sampling plans represented more reliable plans based on the shape of the operating 

characteristic curve compared to the 5 psyllids per plant plan. The binomial sequential 

sampling plans are useful for detecting potato psyllids at low levels of infestation, which 

will be useful for pest management purposes. 
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Introduction 

The potato psyllid, Bactericera cockerelli (Sulc) (Hemiptera: Triozidae), is a 

serious pest of potatoes (Solanum tuberosum L.) in Central and North America, and New 

Zealand (Cranshaw 1994, Liu and Trumble 2006, Teulon et al. 2009, Crosslin et al. 

2010). The potato psyllid causes damage on potato plants by direct feeding, which can 

result in significant reductions in crop quality and longevity (Richards and Blood 1933). 

More importantly, the potato psyllid can transmit a bacterial pathogen Candidatus 

Liberibacter psyllaurous (a.k.a. Ca. L. solanacearum) to potatoes, which is associated 

with “zebra chip” (ZC) disease (Munyaneza et al. 2007, Hansen et al. 2008, Crosslin et 

al. 2010). Complete yield losses in potatoes can occur when plants are exposed to psyllids 

carrying the pathogen (Munyaneza et al. 2007, 2008). ZC is a relatively new disease of 

potato that was first documented near Saltillo, Mexico in 1994 (Munyaneza et al. 2007). 

ZC causes the decline of the potato plants to the point of plant death and production of 

unacceptable tubers for commercial purposes (Munyaneza et al. 2007). Consequently, the 

potato psyllid and ZC has caused economic losses in the millions of dollars to both potato 

producers and processors (Munyaneza et al. 2007). 

 The development of a sampling program to monitor insect populations is a 

fundamental tool for integrated pest management (IPM) (Shelton and Trumble 1991). As 

IPM is an ecologically based approach of pest management that relies on current 

information about the status of the pest and the crop, a sampling program is critical for 

decision-making tactics (Pedigo 1994). No studies to date have developed a sampling 

program for the potato psyllid. Information so far has been largely anecdotal regarding 
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the dispersion and location of potato psyllids in agricultural fields. Thus, the objectives of 

this study were to describe the spatial dispersion of the potato psyllid in agricultural 

fields, determine the most efficient sampling unit, and develop and validate a binomial 

sequential sampling plan for the potato psyllid. These data will be a necessary first step in 

the development of an IPM program against the potato psyllid where there is a need to 

quickly estimate the population density of this pest.  

 

Materials and Methods 

Field locations and sampling. Bi-weekly sampling of potato psyllids began 7 

May 2009 and ended 3 December 2010. Commercial potato fields that planted the 

varieties ‘Cal White’, ‘Red LaSoda’, and ‘Santina’ were located in Riverside County 

(Lakeview, CA, USA) and were subjected to proprietary commercial pesticide 

applications and ranged from 26-59 ha. Insecticide-free potato plantings with the varieties 

‘Atlantic’ and ‘Cal White’ were planted in 2009 and 2010, respectively, at the University 

of California's South Coast Research and Extension Center	  in Orange County (Irvine, 

CA, USA), and these potato plantings were each 0.002 ha in size. By sampling in both 

insecticide-treated and untreated fields, the sampling plan is not subject to the common 

problem caused by change in arthropod distribution following pesticide application 

(Trumble 1985). In the insecticide-treated fields in Lakeview, visual counts were 

conducted using a systematic sampling design where samples were taken at fixed spatial 

intervals in order to determine the pattern of infestation in the fields (Shelton and 

Trumble 1991). A total of 15-25 plants from three to five transects were sampled within a 
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field every 20 m for up to 80 m on each sample date. These transects started at the edge 

of the field and then went into the field. In the untreated fields in Irvine, visual counts 

were conducted using a stratified random sampling design where the plantings were 

divided into four plots and two potato plants were sampled per strata per sample date. For 

the purposes of finding the most efficient sampling unit, 1) the number of plants infested 

with potato psyllids were compared from the Lakeview fields on the field margins versus 

within the field to determine if there were ‘edge effects’ and analyzed with a chi-square 

test (PROC FREQ, SAS Institute 2008), 2) the within-plant distribution of potato psyllids 

were determined by dividing the plant into: ‘top’, ‘middle’, and ‘bottom’ sections and 

were also analyzed with a chi-square test (PROC FREQ, SAS Institute 2008), and 3) the 

number potato psyllids found on the ‘top’ or ‘bottom’ of leaves were recorded and 

compared using t-tests (PROC TTEST, SAS Institute 2008). 

Potato psyllid distributions. Numbers of potato psyllids per plant were counted 

on potato plants in Riverside and Orange counties in 2009 and 2010 using the sampling 

designs described above. Three commonly used indices for classifying dispersion 

patterns were calculated including Green’s index (Cx), Iwao’s patchiness or mean 

crowding regression and Taylor’s Power Law (Taylor 1965, Green 1966, Iwao 1968). 

Three such indices were chosen in an attempt to get a consensus on dispersion because 

use of a single index can be misleading (Myers 1978, Trumble et al. 1995). 

 Green’s index (Cx) was calculated using the following equation: 

Cx = (s2 / m) – 1 / (n – 1) 
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where s2 = variance of the mean, m = mean number of potato psyllids in i sampling units, 

n = total number of potato psyllids sampled in i sampling units.  

 Iwao’s mean crowding regression was determined by solving the equation: 

m’ = α + βm 

where α (estimated by a) = intercept of the ordinate, and β (estimated by b) = slope of the 

regression line when m is regressed on the mean. Mean crowding, m’, was derived from 

the following equation: 

m’ = m + (s2 / m) – 1 

and substituted the mean and variance from the count data (Lloyd 1967). Regressions and 

parameters were generated using SAS (PROC REG, SAS Institute 2008). 

 For Taylor’s Power Law the relationship between the mean and variance, s2 = amb, was 

used to solve for the coefficients a and b with linear regression when a log transformation 

was used: 

log (s2) = log (a) + (b) log (m) 

where a = the intercept and b = slope (Davis 1994). Regressions and parameters were 

generated using SAS (PROC REG, SAS Institute 2008). 

Development and validation of binomial sequential sampling plans. Nineteen 

field data sets were used to develop and validate binomial sequential sampling plans for 

the potato psyllid. Steps used to develop the binomial sampling plan were followed by 

those listed in Galvan et al. (2007). First, the empirical relationship relating the 

proportion of potato plants infested with at least one potato psyllid (PT) was related to the 

mean density of potato psyllids per plant (m) using the equation: 
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ln (m) = α + β ln [ - ln (1 - PT )]  

where α and β are parameters estimated from the data, and ln signifies the natural 

logarithm (Kono and Sugino 1958, Jones 1994). Because the potato industry does not 

have an economic action threshold for the potato psyllid, we used action thresholds of 7, 

23, and 58% the infestation rate to represent the mean density of 0.5, 1, and 5 potato 

psyllids per plant, respectively (Fig. 2.1). Munyaneza (2010) noted that as few as one 

infective psyllid per potato plant can infect a potato plant with Ca. L. psyllaurous. 

However, not all psyllid populations from different geographic areas are equally infective 

(Munyaneza et al. 2008). Thus, the action thresholds represent the range of densities 

growers are likely to encounter in the field. Second, the stop lines were created for each 

action threshold using Wald’s sequential probability ratio test (SPRT) using the 

Resampling for Validation of Sample Plans (RVSP) software (Wald 1947, Naranjo and 

Hutchinson 1997). Parameters in SPRT include θ1 (lower boundary for the decision 

action threshold), θ2 (upper boundary for the decision action threshold), α (type I error or 

treat when actual pest density was below the action threshold) and, β (type II error or not 

treat when actual pest density was above the action threshold) (Jones 1994, Galvan et al. 

2007). The lower and upper boundaries of the action threshold were both held at 0.10 

above and below the action threshold, and the type I and II error rates were held constant 

at 0.10 (Jones 1994, Naranjo and Hutchinson 1997, Galvan et al. 2007). The tally 

threshold was held constant at one potato psyllid per plant, which means that potato 

plants with ≥ 1 potato psyllid per plant were considered infested. Third, to validate the 

precision and efficiency of the sequential binomial sampling plans, operating  
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Fig. 2.1. Empirical relationship between the proportion of potato plants infested with at least one potato psyllid and the 

mean number of potato psyllids per plant. 
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characteristic (OC) functions were calculated for each threshold and average sample 

number functions were calculated, respectively (Binns and Nyrop 1992). 

 

Results 

Determination of the sampling unit. For within-field sampling of the potato 

psyllid, significantly more plants were infested with potato psyllids on the edge of the 

fields compared to plants within fields (χ2 = 15.56; df = 1; P < 0.0001). Out of 203 plants 

examined in Riverside County during the dates when psyllids were present in 2009 and 

2010, 40 plants were infested with potato psyllids. Thirty-three (82.5%) of the potato 

psyllid infested plants were located on the edge of the field and only seven (17.5%) of the 

potato psyllid infested plants were located within the field.  

  For the within plant distribution of the potato psyllid, significantly more plants 

had potato psyllids located on the top (χ2 = 15.64; df = 1; P < 0.0001) and middle (χ2 = 

11.93; df = 1; P = 0.0006) of potato plants compared to the bottom of the plant. There 

was no significant difference between the number of plants that were infested with potato 

psyllids on the top and middle of potato plants (χ2 = 0.28; df = 1; P = 0.5979). Out of 283 

potato plants examined in Orange and Riverside counties during the sampling dates in 

2009 and 2010, 43 (15.2%) plants were infested with psyllids on the top of the plant, 40 

(14.1%) plants were infested with psyllids on the middle of the plant, and 20 (7.1%) 

plants were infested with psyllids on the bottom of the plant.  

Potato psyllids preferred the leaves to any other plant structure. More than 99% of 

the potato psyllids found were on the leaves of the potato plants in Riverside and Orange 
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counties in 2009 and 2010. Out of 131 leaves examined with potato psyllids present, 

significantly more potato psyllids were found on the abaxial surface of leaves (4.1 ± 0.50, 

109) (mean ± SE, N) versus the adaxial surface of leaves (1.8 ± 0.5, 22) (t = 3.48; df = 

80.39; P = 0.0008).  

Potato psyllid distributions. Mean potato psyllid densities per plant ranged from 

0.08-13.50 per plant (Table 2.1). Most of the indices were in agreement that the potato 

psyllid populations were aggregated with the exception of Green’s index for the psyllid 

population in Orange County in 2009 (Table 2.1). Green’s coefficient was > 0 indicating 

that psyllid populations were aggregated in Orange County in 2010, and Riverside 

County in 2009 and 2010. However, Green’s coefficient was < 0 for psyllid populations 

in Orange County in 2009, which indicated a regular dispersion pattern. The slopes of the 

regression lines for Iwao’s mean crowding regression were significantly > 1 indicating 

aggregated psyllid populations for Orange and Riverside counties in 2010 (Orange 

County, 2010: t = 32.28; df = 1; P < 0.0001; Riverside County, 2010: t = 10.50; df = 1; P 

= 0.0413). While the slope was numerically > 1 for Iwao’s regression for psyllid 

populations in Riverside county in 2009, it was not significantly different from 1 (t = 

2.72; df = 1; P = 0.1125). 

 Taylor’s Power Law provided a better fit of the regression models (Table 2.1). All 

of the slopes of the regression lines for Taylor’s power law were quite similar and all 

were significantly > 1 indicating that psyllid populations were aggregated (Riverside 

County, 2009: t = 11.86; df = 1; P = 0.0070; Riverside County, 2010: t = 3.89; df = 1; P = 

0.0301; Orange County, 2010: t = 13.85; df = 1; P < 0.0001). 
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Table 2.1. Dispersion indices for the potato psyllid in Riverside and Orange Co. in 2009 and 2010 

Iwao’s mean crowding regression Taylor’s power law Year County Range of 

meansa 

Green’s 

index a b r2 a b r2 

2009 Riverside 0.08-7.20 1.16 4.83 2.35 0.79 0.89 1.46 0.99 

 Orange 0.13-0.50 -0.16 .b . . . . . 

2010 Riverside 0.80-2.32 0.84 1.11 10.50 0.80 1.06 1.80 0.83 

 Orange 0.13-13.50 6.85 -0.53 3.14 0.99 0.50 1.63 0.97 

a Mean number of potato psyllid per plant for the year and location. 

b Not tested due to only two sampling dates when potato psyllids were present. 
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Binomial sequential sampling plans. Three sequential binomial sampling plans 

with different action thresholds using the presence-absence of the potato psyllid are 

presented in Fig. 2.2. As sampling proceeds, if the cumulative number of infested plants 

is less than the lower decision threshold line, then sampling can be stopped and no 

treatment is required. If the cumulative number of infested plants is above the upper 

decision threshold line, then management action is required. If the cumulative number of 

infested plants falls between the lower and upper thresholds, additional plants need to be 

sampled but we recommend not sampling more than 50 plants. If after 50 plants a 

decision is not made, the potato field must be resampled at a later date. The average 

sample number based on these action thresholds is between 12-16 samples and represents 

the average number of samples needed to reach a treatment decision (Fig. 2.2). The OC 

curves with the three different action thresholds are shown in Fig. 2.3. Generally, the 

steeper the slope around the OC value of 0.5 indicates better quality control (Binns 1994). 

Based on the shape of the OC curves, the sampling plans using the action thresholds of 

0.07 and 0.23 had steeper slopes around the OC value of 0.5 and may represent better 

more reliable plans than the plan proposed for the 0.58 action threshold. 

 

Discussion 

 For the development of a sampling plan, choosing an appropriate sample unit is 

important (Shelton and Trumble 1991). In this study, the most efficient sampling unit for 

the potato psyllid in potatoes involved examining the edges of the fields and sampling the 

underside of leaves in the middle or top of the plant. Previous studies have noted that 
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Fig. 2.2. Decision stop lines for the binomial sequential sampling plans of A) 0.07, B) 

0.23, and C) 0.58 proportion infested with at least one potato psyllid obtained from 

the resampling software. 
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Fig. 2.3. Operating characteristic curves for the binomial sequential sampling plans 

for the potato psyllid on potatoes based on the action thresholds of A) 0.07, B) 0.23, 

and C) 0.58 proportion infested with at least one potato psyllid. 

 



57 
	  

potato psyllids can be captured more frequently on the edges of fields and the preference 

of potato psyllids to situate on the lower surfaces of leaves (Pletsch 1947, Cranshaw 

1994). However, the data presented here are the first to document the within plant 

distribution of the potato psyllid. Additionally, the dispersion indices generally agree that 

the potato psyllid has an aggregated distribution in potatoes. Dispersion data allows a 

better understanding of the relationship between an insect and its environment, and 

provides basic knowledge for interpreting spatial dynamics and designing efficient 

sampling programs (Sevacherian and Stern 1972, Tsai et al. 2000). Other psyllid species 

such as Diaphorina citri Kuwayama and Trioza erytreae (Del Guercio) also exhibit 

aggregated spatial patterns (Samways and Manicom 1983, Tsai et al. 2000). Collectively, 

our data can aid in the pest management of the potato psyllid by maximizing efficiency	  

and thereby reducing the costs of sampling.	  

The motivation for the development of binomial sampling plans has arisen from 

the need to quickly estimate or classify a pest’s population density (Jones 1994). While 

binomial sampling is usually less precise than complete enumerative sampling, the 

binomial approach can be completed with minimal cost and time (Binns and Nyrop 1992, 

Jones 1994). In this study, we developed binomial sequential sampling plans for the 

potato psyllid at three action thresholds representing 0.5, 1, and 5 potato psyllids per 

plant. There is a critical research need to determine the economic threshold of the potato 

for the potato psyllid, as this will impact the action threshold and subsequent decision 

whether to spray an insecticide or not. Also critical is an assay to rapidly determine the 

level of infection of potato psyllid populations for Ca. L. psyllaurous. As stated earlier, 
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Munyaneza (2010) noted that as few as one infective psyllid per potato plant can infect a 

potato plant with the ZC pathogen. Levels of infection in potato psyllid populations 

combined with an economic threshold can help determine if populations of the potato 

psyllid warrant control or not. These sampling plans are the first for the potato psyllid and 

should contribute to the continued development of an integrated pest management 

program for this pest. 
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Effects of insecticides on behavior of adult Bactericera cockerelli (Hemiptera: 

Triozidae) and transmission of Candidatus Liberibacter psyllaurous 
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Abstract 

The potato psyllid, Bactericera cockerelli (Sulc) (Hemiptera: Triozidae), is a 

serious pest of potatoes that can cause yield loss by direct feeding on crop plants and by 

vectoring a bacterial pathogen, Candidatus Liberibacer psyllaurous. Current pest 

management practices rely on the use of insecticides to control the potato psyllid to lower 

disease incidences and increase yields. While many studies have focused on the mortality 

that insecticides can cause on potato psyllid populations, little is known regarding the 

behavioral responses of the potato psyllid to insecticides or if insecticides can decrease 

pathogen transmission. Thus, the objectives of this study were to determine the effects of 

insecticides on adult potato psyllid behaviors, the residual effects of insecticides on 

potato psyllid behaviors over time, and effects of these insecticides on Ca. L. psyllaurous 

transmission. Insecticides tested included imidacloprid, kaolin particle film, horticultural 

spray oil, abamectin, and pymetrozine. All insecticides significantly reduced probing 

durations and increased the amount of time adult psyllids spent off the leaflets suggesting 

that these chemicals may be deterrents to feeding as well as repellents. Nonfeeding 

behaviors such as tasting, resting, and cleaning showed variable relationships with the 

different insecticide treatments over time. The insecticides imidacloprid and abamectin 

significantly lowered transmission of Ca. L. psyllaurous compared to untreated controls. 

The implications of our results for the selection of insecticides useful for an integrated 

pest management program for potato psyllid control are discussed. 
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Introduction 

The potato psyllid, Bactericera cockerelli (Sulc) (Hemiptera: Triozidae) is a 

major pest of solanaceous crops in Central and North America (Cranshaw 1994, Jackson 

et al. 2009). Damaging outbreaks of this pest have been reported across vast geographic 

areas such as California, Texas, Washington State, the Central USA, Ontario Canada, and 

Baja Mexico (Cranshaw 1994, Zink 1998, Al-Jabr 1999, Ferguson et al. 2002, McGuire 

2002, Liu 2006, Munyaneza et al. 2007). Additionally, the potato psyllid has recently 

become established in New Zealand as a pest of solanaceous greenhouse crops, and 

outdoor potatoes and tomatoes (Gill 2006, Davidson et al. 2008). The potato psyllid 

causes significant reduction in quality and crop longevity by feeding on crop plants 

(Richards and Blood 1933). Yield losses in potatoes of up to 93% can occur when plants 

are exposed to potato psyllids (Munyaneza et al. 2008). Thus, the potato psyllid appears 

to be causing greater economic losses and is occurring across a wider geographic range. 

There are at least three factors that contribute to making the potato psyllid a 

severe pest. First, this psyllid has a wide host range of over 20 plant families and is able 

to oviposit and complete development on over 40 host species (Knowlton and Thomas 

1934). Second, this pest can develop and reproduce rapidly, allowing populations to build 

quickly. Each of the first four instars takes an average of two days to complete, and the 

fifth instar is completed in four days (Knowlton and Janes 1931). The average total 

number of eggs a female may oviposit in her lifetime varies from 75-406 eggs (Lehman 

1930, Knowlton and Janes 1931, Davis 1937, Abdullah 2008), while the average number 

of eggs laid per day can vary from 6.4-14.1 (Davis 1937, Casteel et al. 2006). Third, this 
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pest plays an important role in plant disease transmission. The potato psyllid can transmit 

Ca. L. psyllaurous (a.k.a. Candidatus Liberibacter solanacearum) to potatoes, which is 

associated with “zebra chip” (ZC) disease (Hansen et al. 2008, Crosslin et al. 2010). This 

disease results in lower yields and decreased quality, and is characterized by a distinctive 

pattern of necrosis that is evident when infected tubers are fried (Munyaneza et al. 2007, 

Hansen et al. 2008, Crosslin et al. 2010).  

In recent years, much research has been done on ZC, because of its economic 

impact on the potato industry. ZC has been documented in commercial potato fields in 

the USA. (e.g., Texas, Nebraska, Colorado, Kansas, New Mexico, Arizona, Nevada, and 

California), New Zealand, Mexico, Guatemala, and Honduras (Munyaneza et al. 2007a, 

Crosslin et al. 2010, http://www.biosecurity.govt.nz/pests/potato-tomato-psyllid). ZC was 

sporadic until the 2004-2006 growing seasons when it caused economic losses to both 

potato producers and processors in numerous locations in the U.S.A. and Mexico, often 

causing the abandonment of entire potato fields and losses in the millions of dollars 

(Munyaneza et al. 2007). ZC not only lowers yields of the potato crop, but also increases 

the rejection of chips processed from infected tubers (Goolsby et al. 2007b). Thus, there 

is a need for effective control methods to reduce ZC incidence in potato fields through 

the development of efficient control of the potato psyllid (Gharalari et al. 2009). 

 Insecticidal control of the potato psyllid has been the subject of extensive research 

(List 1917, 1935, 1938; List and Daniels 1934; Pletsch 1942; Tate and Hill 1944; 

Gerhardt and Turley 1961; Harding 1962; Gerhardt 1966; Cranshaw 1985a, 1985b, 

1985c, 1989a, 1989b, 1989c; Liu and Trumble 2004, 2005; Goolsby 2007b; Vega-
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Gutierrez et al. 2008; Gharalari et al. 2009). Current pest management practices for 

potatoes in the U.S.A. use insecticides to control the potato psyllid to lower ZC 

incidences and increase yields. In Texas, in-furrow applications of phorate followed by 

several in-season applications of foliar insecticides including imidacloprid+cyfluthrin, 

endosulfan, and methamidophos reduced ZC incidence in fried tubers to 12.9-20.4% 

(Goolsby et al. 2007a). Insecticides also were used as a management tool to further lower 

ZC incidence in tubers to 0.4-2.3% in a pest management plan that included an in-furrow 

application of imidacloprid, and weekly applications of dinotefuran and spiromesifen 

used in rotation applied at weekly intervals until the two week pre-harvest interval 

(Goolsby et al. 2007b). This pest management plan kept potato psyllid nymphal densities 

below one per leaf, which is a threshold level that Goolsby et al. (2007b) reported as “a 

benchmark for further refinement”.  

 In California, existing UC Pest Management Guidelines recommend treating 

potato plants with imidacloprid at planting, and additional treatments with either 

abamectin, spiromesifen, or spinosad if monitoring indicates that psyllid populations are 

at one to two per leaf or ten per plant during the growing season (UC IPM Online 2008). 

Further research by Gharalari et al. (2009) evaluated the knockdown effect for a variety 

of insecticides on potato psyllid adults with thiamethoxam and abamectin being the most 

effective. The dosage and exposure time of abamectin can also significantly increase the 

mortality rates of potato psyllid adults; however, after 24 h under field conditions the 

mortality rates on abamectin-treated potato plants are not significantly different from 

controls (Gharalari et al. 2009). While these studies focused on the mortality caused by 
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insecticides on the potato psyllid, little is known regarding the behavioral responses of 

the potato psyllid to insecticides, or if insecticides can prevent or lower transmission of 

pathogens. This information would be useful for the selection of insecticides for potato 

psyllid control (Liu and Trumble 2004).  

 Behavioral responses of insects to insecticides often provide important 

contributions to chemical control efforts because insecticides can interfere with the 

normal behavior patterns and might therefore contribute to management of populations 

(Pluthero and Singh 1984, Haynes 1988). Previous research by Liu and Trumble (2004) 

documented the behavioral responses of the potato psyllid to insecticides and tomato 

plant lines. Their results indicated that there can be interactions between potato psyllid 

behavioral responses to insecticides and tomato lines (Liu and Trumble 2004). Behavioral 

assays on potato plants are now needed to assess the impact of insecticides, given the 

significance of the potato psyllid both as a pest of potatoes as well as the vector of the ZC 

associated pathogen. Thus, the objectives of this study were to: 1) determine the effects 

of insecticides on adult potato psyllid behaviors, 2) determine the residual effects of 

insecticides on potato psyllid behaviors over time on potato plants, and 3) determine if 

these insecticides can decrease transmission of Ca. L. psyllaurous. Analysis of behavioral 

responses can be used to evaluate insecticides that have the potential to impact psyllid 

population development and decrease the incidence of ZC. The long-term goal of this 

research is to maximize the effectiveness and use of insecticide selection, and to increase 

options for future management of potato psyllid both as a pest and a vector. 
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Materials and Methods 

 Insects. Bactericera cockerelli were originally obtained from field collections in 

Texas. The colony was maintained at ambient conditions of 21-26°C and 40-60% RH in a 

greenhouse on tomatoes (Solanum lycopersicum L. cv. ‘Yellow Pear’) at the University 

of California, Riverside, Agricultural Operations facility. A host plant other than potato 

was chosen as the rearing host to avoid having the insects develop a preference for their 

natal host plant (Tavormina 1982). Selections of adults used in all tests were based on the 

protocols of Liu and Trumble (2004). Briefly, unsexed adults were standardized by the 

selection of insects with teneral coloration (light or pale green), indicative of emergence 

within the previous 2-3 d (Knowlton and Janes 1931).  

 Plants. Potato (Solanum tuberosum L. cv. ‘Atlantic’) plants used in all tests were 

grown in 4.9-l pots with UC mix (Matkin and Chandler 1957) and fertilized three times 

per week with the label rate of Miracle Gro® nutrient solution (Scotts Company, 

Marysville, OH). All plants used were between 3 and 6 wks of age. Plants were treated 

with insecticides once the potato reached the ‘vegetative growth’ stage (Growth Stage II), 

which is marked by the plant producing 8-12 leaves (Strand 2006). Plant leaves used as 

substrates for the behavioral assays were standardized by selecting the uppermost fully 

expanded leaf. 

 Insecticides. We evaluated five insecticides: one soil-applied systemic material 

and four that were applied to foliage. Chemicals and rates included in this study were 

imidacloprid (Admire Pro®, Bayer Corporation, Kansas City, MO; 0.54 ml Admire/liter, 

100 ml applied to the soil), kaolin clay particle film (Surround WP®, Engelhard 
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Corporation, Iselin, NJ; 50 g/liter, 15 ml applied with a pressurized sprayer), horticultural 

spray oil (Pure Spray Oil®, Petro-Canada, Mississauga, Ontario, CA; 10 ml/liter, 15 ml 

applied with a pressurized sprayer), abamectin (Agri-Mek® 0.15 EC, Syngenta 

Corporation, Greensboro, NC; 1.25 ml/liter, 15 ml applied with a pressurized sprayer), 

and pymetrozine (Fulfill®, Syngenta Corporation, Greensboro, NC; 0.42 g/liter, 15 ml 

applied with a pressurized sprayer). Controls were treated with distilled water. Plants 

treated with imidacloprid were tested weekly for 6 wks post-application. With foliar-

applied insecticides, leaves were used 24 h after treatment and were further examined 1 

wk and 2 wks post-application.  

 Behavioral Bioassays. All assays were based on the protocols of Liu and 

Trumble (2004). Assays were monitored in arenas made by layering the following 

components: a Plexiglass rectangle (9 by 11.5 cm) serving as the base, a 9-cm-diameter 

Whatman® filter paper on the Plexiglass, the test leaflet (psyllid was placed on abaxial 

surface), foam (0.5 x 8 x 9 cm) with a 2.5 cm2 hole, and an additional 12.5-cm-diameter 

glass plate that covered the arena. A newly emerged adult was placed into the arena and 

allowed to adjust for 5 min before initiating behavioral recording. An observation period 

lasted 15 min. Preliminary studies (Liu and Trumble, unpublished data) indicated that the 

15-min observation period was sufficient for the psyllids to exhibit most of the behaviors. 

The observations were recorded using the Noldus Observer program (Noldus, 

Wageningen, The Netherlands).  

 Specific behaviors recorded included cleaning (using legs to cleanse or wipe 

antennae, appendages or abdomen), probing (stylets inserting into the leaflet, based on 
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electrical penetration graphs, Butler et al. unpublished), jumping (leaping from one point 

to another on the leaflet), off-leaflet (exiting or abandoning the leaf surface), tasting 

(tapping the mouthparts on the leaf surface sporadically), resting (no activity on the 

leaflet and mouthparts not in contact with the leaflet), and walking (walking on the leaf 

surface). Jumping occurs so rapidly that accurately recording duration time was not 

possible, so only numbers of occurrences were recorded. The behavioral observations 

were replicated 20 times with different psyllids for each of the insecticides and for each 

of the time periods.  

 Imidacloprid Analysis in Potato Leaves. Imidacloprid residues in potato leaf 

tissue were measured by ELISA (QuantiPlate® kit for imidacloprid available from 

EnviroLogix, 500 Riverside Industrial Parkway, Portland, ME). At 3 and 6 wks after 

treatments, leaves were sampled (N = 12) from the plants. A disc was cut from each leaf 

using a 0.39 cm2 cork borer. Individual discs were placed in vials containing 200 µl of 

100% methanol, macerated using a Teflon® pestle and then shaken for 12 h at 25oC. An 

aliquot of each extract was dried completely in a TurboVap® LV evaporator (Caliper Life 

Sciences, Hopkinton, MA, USA) and then reconstituted in a 0.05% aqueous solution of 

Triton X-100 prior to analysis by ELISA. 

 Purification of imidacloprid was conducted to determine whether there was any 

contamination of extracts with imidacloprid metabolites (Nauen et al. 1998b, 1999) that 

could potentially cross-react with the ELISA kit antibody (Byrne et al. 2005). Aliquots 

from composite samples for each sampling date were spotted directly on the 

concentrating zone of LK6DF silica gel 60 TLC plates (Whatman Inc., Florham Park, NJ, 
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USA) and then chromatographed in a mobile phase of methylene 

chloride:methanol:ammonium hydroxide (45:5:1) (after Byrne et al. 2005). The position 

of imidacloprid was determined by co-chromatographing an imidacloprid standard with 

the potato extracts. The imidacloprid bands were cut from the plate, washed from the 

silica with 100% methanol and then quantified by ELISA.  

Transmission Assays. Ten psyllids (subsequently determined to be infected, see 

below) were caged on a 7 x 7.5 cm cage on the terminal leaflet of one of the fully 

expanded potato leaves on ten replicated plants for a 24-h inoculation access period for 

each of the foliar-applied insecticides treatments 24 h post-application, and for the plants 

treated with imidacloprid 1 wk and 4 wks post-application. After 24 h, the psyllids were 

removed from the leaflet and placed in 100% ethanol and stored at -20°C until real-time 

PCR analysis. The plants were held for 2 wk after potato psyllid exposure to allow 

disease development. The potato leaf was then removed from the plant and placed in a 

Ziploc® bag and stored at -80°C until real-time polymerase chain reaction (PCR) 

analysis. 

Real-time-PCR Analysis. Psyllids were tested in aliquots of 3 adults per 

extraction using a procedure modified from Manjunath et al. (2008) for the presence of 

Ca. L. psyllaurous. Psyllids were placed on Whatman filter paper #1 using disposable 

Pasteur pipets, air-dried for about 10 min and further processed using a Fast DNA spin kit 

(MP Biomedicals Ltd., Solon, OH). The air-dried psyllids were homogenized in 1 ml of 

extraction buffer in lysing matrix A using a beadbeater (Bispec Inc. Bartlesville, OK) at 

maximum speed for 4 min. Final elution of DNA was done in a volume of 100 µl of 
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elution buffer per extraction. Possible cross contamination during the extraction process 

was monitored by using at least on negative extraction control for a batch of 12 samples. 

A Taqman-based real time PCR assay was employed in the detection of LPS by using a 

protocol modified from Li et al. (2006) and Manjunath et al. (2008). DNA concentrations 

were estimated using NanoDrop spectrophotometer. The forward primer HLBf was 

replaced by LPSf (5’- TCGAGCGCTTATTTTTAATAGG - 3’) and used along with 

HLBp and HLBr primers. The primer concentrations and the reaction conditions were 

same as before (Manjunath et al. 2008). Samples with a cycle threshold (ct) value of 32 

and below for the bacterial probe were considered positive for Ca. L. psyllaurous. A ct 

value of 33-34 was counted as a “suspect” and a ct value of 35 and above indicated the 

absence of Ca. L. psyllaurous.  

Potato leaflets were tested for the presence of Ca. L. psyllaurous as follows. Leaf 

samples were collected from test plants and stored frozen at -80°C in Ziploc® bags. DNA 

extraction was conducted using Qiagen Plant DNeasy kit (Qiagen Inc., Valencia, CA) 

according to manufacturer’s recommendations. Individual 100 mg samples of leaf midrib 

were finely chopped and extracted in 600 µl of extraction buffer and one 2.5 mm steel 

bead in a 2 ml screw-cap tubes using beadbeater as above. The final elution of DNA was 

done in a volume of 100 µl per extraction. Real time PCR assay was conducted 

essentially as described by Li et al. (2006) except for the forward primer (LPSf) as 

described above. The primer-probe set for mitochondrial cytochrome oxidase gene 

(COX) served as internal control for detection of potato DNA. The results of the PCR 

tests for Ca. L. psyllaurous were analyzed as described above.  
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Statistical Analysis. The soil-applied imidacloprid experiment was conducted as 

a randomized complete block design with four blocks. Each block consisted of five 

replicates of the six time treatments. The foliar-applied insecticide experiment was 

conducted as randomized complete block design with five blocks. Each block consisted 

of four replicates of the five treatments. For each insecticide post-application period, the 

treatments were re-randomized within each block before observations. Treatment 

differences in the number of occurrences of each behavior exhibited over each time 

period for both experiments were analyzed using Χ2 analysis with a Fisher’s exact test 

(PROC FREQ, SAS Institute 2008). For the soil-applied imidacloprid experiment, the 

durations of the probing and resting behaviors were log transformed to homogenize 

variances. Durations of behaviors were analyzed using analysis of variance (ANOVA) in 

a general linear models procedure of SAS version 9.2 (PROC GLM, SAS Institute, 

2008). When effects were significant (P < 0.05), multiple comparisons tests using the 

LSMEANS/PDIFF option were accomplished to discriminate differences among 

treatment means. A nonparametric Kruskal-Wallis Test (PROC NPAR1WAY, SAS 

Institute 2008) was used to test the differences between the mean amounts of 

imidacloprid in the potato leaf disc samples because these data were not normally 

distributed and showed non-constant variance. Post hoc separations used the Mann-

Whitney U-test with a Bonferroni adjustment (α = 0.01). For the foliar-applied insecticide 

experiments, various transformations were used to homogenize variances. For the 24 h 

post-application time period, durations of the probing behavior were reciprocal square 

root transformed and times spent off the potato leaflet were log transformed. For 1 and 2 
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wk post-application time periods, durations of the probing behavior were log 

transformed. Durations of behaviors were analyzed separately for each time period using 

ANOVA in a general linear models procedure of SAS version 9.2 (PROC GLM, SAS 

Institute, 2008). When treatment effect was significant (P < 0.05) a least significant-

difference (LSD) test was used to discriminate significant differences among treatment 

means. Treatment differences in the number of potato plants infected with Ca. L. 

psyllaurous were compared using Χ2 analysis with a Fisher’s exact test (PROC FREQ, 

SAS Institute 2008). 

 

Results 

Behavioral Responses to Imidacloprid. There were significant differences in the 

number of occurrences for probing, cleaning, resting, and walking (Table 3.1). 

Imidacloprid significantly reduced the number of psyllids that fed during the first (Χ2 = 

18.03; df = 1; P = <0.0001), second (Χ2 = 17.29; df = 1; P <0.0001), third (Χ2 = 17.29; df 

= 1; P <0.0001), fifth (Χ2 = 10.99; df = 1; P = 0.0022) and sixth (Χ2 = 10.99; df = 1; P = 

0.0022) wks post application. After the first week of the imidacloprid application only 

one of the 20 psyllids fed, while 70% of the psyllids fed on the control potatoes during 

the first week. For wks two, three, five and six, 25%, 25%, 40%, and 40% of the psyllids 

exhibited probing behavior in the imidacloprid treatments, respectively, while in the 

control 90% of the psyllids exhibited probing behavior for wks two, three, five, and six. 

Psyllids rested significantly more in the imidacloprid treatments in the first (Χ2 = 7.62; df 

= 1; P = 0.0138), second (Χ2 = 10.10; df = 1; P = 0.0036), third (Χ2 = 8.12; df = 



	  

Table 3.1. Number of occurrences (N = 20 adults) of selected behaviors of the potato psyllid in response to imidacloprid  

Time 

(wks) 

Treatment Tasting P Probing P Cleaning P Jumping P Resting P Walking P Off-leaflet P 

  N Y  N Y  N Y  N Y  N Y  N Y  N Y  

1 Imidacloprid 18 2 1.0000 19 1 <0.0001 17 3 1.0000 20 0 - 2 18 0.0138 7 13 0.0240 10 10 0.0958 

 Control 19 1  6 14  18 2  20 0  10 10  15 5  16 4  

2 Imidacloprid 14 6 0.7164 15 5 <0.0001 15 5 0.1818 20 0 - 6 14 0.0036 12 8 1.0000 9 11 0.2003 

 Control 16 4  2 18  19 1  20 0  16 4  12 8  14 6  

3 Imidacloprid 19 1 0.3416 15 5 <0.0001 17 3 0.2308 18 2 0.4872 5 15 0.0104 11 9 0.7475 11 9 0.5145 

 Control 16 4  2 18  20 0  20 0  14 6  13 7  14 6  

4 Imidacloprid 20 0 1.0000 13 7 0.0562 15 5 0.4075 18 2 0.4872 7 13 0.5231 13 7 0.7311 11 9 0.1760 

 Control 19 1  6 14  18 2  20 0  10 10  15 5  16 4  

5 Imidacloprid 18 2 0.6614 12 8 0.0022 18 2 1.0000 19 1 1.0000 6 14 0.0036 14 6 0.7411 14 6 1.0000 

 Control 16 4  2 18  19 1  20 0  16 4  12 8  14 6  

6 Imidacloprid 16 4 1.0000 12 8 0.0022 15 5 0.0471 19 1 1.0000 10 10 0.3332 13 7 1.0000 10 10 0.3332 

 Control 16 4  2 18  20 0  20 0  14 6  13 7  14 6  

 

 

75 



	   76	  

1; P = 0.0104) and fifth (Χ2 = 10.10; df = 1; P = 0.0036) wks compared to controls. 

Eighteen of the 20 psyllids rested during the first week in the imidacloprid treatment and 

only ten of the 20 (50%) in the controls. For wks two, three, and five, 70%, 75%, and 

70% of the psyllids rested in the imidacloprid treatments, respectively, even as 20%, 

30%, and 20% exhibited resting behavior in the controls during wks two, three, and five. 

Less consistent were the cleaning and walking behaviors. Significantly more psyllids 

exhibited cleaning behavior in the imidacloprid treatment only during the sixth wk (Χ2 = 

5.71; df = 1; P = 0.0471), whereas significantly more psyllids displayed walking behavior 

in the imidacloprid treatment only during the first wk (Χ2 = 6.46; df = 1; P = 0.0240). 

Five of the 20 (25%) psyllids exhibited cleaning at wk six in the imidacloprid treatment 

whereas none (0%, 0/20) in the controls. Thirteen of the 20 (65%) psyllids walked in the 

imidacloprid treatments during the first wk but only five of the 20 (25%) in the controls.

 Psyllids spent significantly less time probing on potato plants treated with 

imidacloprid compared to the controls (F = 131.60; df = 1, 225; P <0.0001) and there 

were significant differences in probing durations of psyllids over the six wk experimental 

period (F = 2.40; df = 5, 225; P = 0.0383) (Table 3.2). Durations of time probing 

averaged 5.39 ± 5.39 s for psyllids probing on imidacloprid-treated plants 1 wk post-

application which was significantly less than the time spent probing for psyllids exposed 

to plants four (198.92 ± 75.92 s), five (258.92 ± 85.78 s), and six (201.29 ± 76.31 s) wks 

post-application. Psyllids spent more time cleaning (except for wk 1) when exposed to 

plants treated with imidacloprid compared to controls (F = 4.69; df = 1, 225; P = 0.0314) 

(Table 3.2). On average psyllids spent 32.07 ± 10.83 s cleaning on plants treated with 



	  

Table 3.2. Duration (in seconds) ± SE (N = 20 adults) of selected behaviors of the potato psyllid in response to 

imidacloprid  

Time (wks) Treatment Tastinga Probing Cleaning Resting Walking Off-leaflet 

1 Imidacloprid 0.57 ± 0.41a 5.39 ± 5.39a 2.67 ± 1.81a 611.28 ± 78.40a 27.15 ± 9.29a 252.95 ± 74.86a 

 Control 0.13 ± 0.13a 549.37 ± 87.30c 17.32 ± 13.66b 173.94 ± 69.67b 4.02 ± 2.11a 155.23 ± 73.78b 

2 Imidacloprid 1.82 ± 0.93a 67.88 ± 34.76ab 44.64 ± 31.51a 422.44 ± 87.05a 43.03 ± 25.51a 320.19 ± 96.92a 

 Control 0.41 ± 0.19a 664.80 ± 70.51c 4.85 ± 4.85b 96.35 ± 53.39b 14.00 ± 6.87a 119.58 ± 55.98b 

3 Imidacloprid 0.34 ± 0.34a 168.20 ± 72.69ab 46.69 ± 38.52a 428.38 ± 81.25a 16.14 ± 5.67a 240.26 ± 76.00a 

 Control 0.66 ± 0.33a 654.62 ± 76.83c 0.00 ± 0.00b 99.56 ± 51.16b 11.99 ± 6.13a 133.16 ± 59.26b 

4 Imidacloprid 0.00 ± 0.00a 198.92 ± 75.92b 28.32 ± 21.40a 386.31 ± 87.24a 12.20 ± 4.40a 274.26 ± 86.22a 

 Control 0.13 ± 0.13a 549.37 ± 87.30c 17.32 ± 13.66b 173.94 ± 69.67b 4.02 ± 2.11a 155.23 ± 73.78b 

5 Imidacloprid 0.37 ± 0.26a 258.92 ± 85.78b 8.80 ± 6.06a 476.65 ± 91.41a 8.54 ± 3.89a 146.71 ± 72.98a 

 Control 0.41 ± 0.19a 664.80 ± 70.51c 4.85 ± 4.85b 96.35 ± 53.39b 14.00 ± 6.87a 119.58 ± 55.98b 

6 Imidacloprid 0.67 ± 0.35a 201.29 ± 76.31b 61.32 ± 35.94a 338.60 ± 85.57a 12.14 ± 4.25a 285.99 ± 86.15a 

 Control 0.66 ± 0.33a 654.62 ± 76.83c 0.00 ± 0.00b 99.56 ± 51.16b 11.99 ± 6.13a 133.16 ± 59.26b 

a Means within a column for the respective time periods followed by different letters are significantly different using the 

LSMEANS/PDIFF option. 
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imidacloprid versus 7.39 ± 3.41 s on control plants. Psyllids consistently spent 

significantly more time resting (F = 54.47; df = 1, 225; P = <0.0001) and more time off 

the potato leaflet (F = 7.81; df = 1, 225; P = 0.0056) on potato plants treated with 

imidacloprid compared to controls (Table 3.2). On average psyllids spent 443.94 ± 34.96 

s resting on plants treated with imidacloprid versus 123.28 ± 23.67 s resting on control 

plants. Psyllids spent on average 253.39 ± 33.38 s off the potato leaflet on plants treated 

with imidacloprid whereas psyllids spent 135.99 ± 25.40 s off the potato leaflet on 

control plants. 

 There were significant differences in the mean amounts of imidacloprid in the 

potato leaf disc samples (Χ2 = 32.33; df = 2; P <0.0001). The average amount of 

imidacloprid in the controls (0.00 ± 0.00 µg/g, N = 12) was significantly less than the 

amounts in the plant sampled three (129.65 ± 6.44 µg/g, N = 12) and six (78.26 ± 4.60 

µg/g, N = 12) wks after application. The average amounts in the plants at wks three and 

six also differed significantly from each other with the amount in wk 3 significantly 

greater than wk 6. 

 Behavioral Responses to Foliar-applied Insecticides. There were significant 

differences in the number of occurrences for tasting and probing (Table 3.3). The foliar-

applied insecticides significantly reduced the number of psyllids that exhibited tasting 

behavior 24 h after application (Χ2 = 11.25; df = 4; P = 0.0239). Nine of the 20 (45%) 

psyllids exhibited tasting behavior in the controls while only one (5%), three (15%), three 

(15%), and four (20%) psyllids exhibited tasting behavior for the treatments of kaolin 

clay particle film, horticultural spray oil, abamectin, and pymetrozine, respectively, 24 h 



	  

	  

	  

Table 3.3. Number of occurrences (N = 20 adults) of selected behaviors of the potato psyllid in response to insecticide 

treatment  

Time Treatment Tasting P Probing P Cleaning P Jumping P Resting P Walking P Off-leaflet P 

  N Y  N Y  N Y  N Y  N Y  N Y  N Y  

24 hr Surround WP 19 1 0.0229 14 6 0.1444 16 4 0.7153 19 1 0.1621 9 11 0.0951 12 8 0.0556 9 11 0.0640 

 Pure Spray Oil 17 3  17 3  16 4  19 1  9 11  15 5  8 12  

 Abamectin 17 3  16 4  17 3  19 1  7 13  12 8  9 11  

 Pymetrozine 16 4  13 7  13 7  15 5  5 15  9 11  8 12  

 Control 11 9  10 10  15 5  18 2  2 18  6 14  16 4  

1 wk Surround WP 15 5 0.7262 12 8 0.0101 13 7 0.7153 17 3 0.6719 7 13 0.6486 12 8 0.9895 12 8 0.0579 

 Pure Spray Oil 15 5  12 8  17 3  19 1  6 14  11 9  8 12  

 Abamectin 14 6  11 9  16 4  17 3  6 14  11 9  12 8  

 Pymetrozine 17 3  13 7  15 5  19 1  6 14  13 7  10 10  

 Control 13 7  3 17  16 4  19 1  10 10  12 8  17 3  

2 wk Surround WP 15 5 0.1054 13 7 0.0004 17 3 0.2572 19 1 1.0000 10 10 0.3328 16 4 0.2487 11 9 0.1681 

 Pure Spray Oil 19 1  14 6  18 2  19 1  9 11  16 4  11 9  

 Abamectin 18 2  12 8  18 2  19 1  11 9  13 7  8 12  

 Pymetrozine 17 3  13 7  16 4  20 0  5 15  11 9  12 8  

 Control 13 7  2 18  13 7  19 1  7 13  11 9  16 4  
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after application. The foliar-applied insecticides significantly reduced the number of 

psyllids that fed 1 wk (Χ2 = 13.37; df = 4; P = 0.0096) and 2 wks (Χ2 = 19.89; df = 4; P = 

0.0005) after application. Seventeen of the 20 (85.0%) psyllids fed in the controls while 

eight (40%), eight (40%), nine (45%), and seven (35%) exhibited probing behavior for 

the treatments of kaolin clay particle film, horticultural spray oil, abamectin, and 

pymetrozine, respectively, 1 wk after application. For psyllids in the 2 wk post-

application treatments, seven (35%), six (30%), eight (40%), and seven (35%) fed in the 

treatments of kaolin clay particle film, horticultural spray oil, abamectin, and 

pymetrozine, respectively. In contrast, eighteen of the 20 (90%) psyllids in the control 

treatment during the 2 wk time period exhibited probing behavior. 

 The durations of probing and abandonment of leaflets were significantly different 

by treatment (Table 3.4). Durations of probing were significantly less for psyllids 

exposed to insecticides 24 h (F = 2.60; df = 4, 91; P = 0.0414), 1 wk (F = 5.08; df = 4, 

91; P = 0.0010), and 2 wks (F = 5.27; df = 4, 91; P = 0.0007) after application as 

compared to controls. Durations of time probing averaged 243.33 ± 72.71 s for psyllids 

probing on control plants which was significantly more than the time spent probing for 

psyllids treated with horticultural spray oil (83.45 ± 52.36 s) and abamectin (41.49 ± 

23.97 s) 24 h post-application. Probing time durations were all significantly less for all 

insecticides tested 1 wk and 2 wks after application when compared to the controls (Table 

4). Time spent off the potato leaflet was significantly greater for psyllids exposed to 

insecticides 24 h (F = 2.47; df = 4, 91; P = 0.0499) and 2 wk (F = 2.93; df = 4, 91; P = 

0.0250) post-application when compared to controls (Table 3.4).  



	  

	  

	  

Table 3.4. Duration (in seconds) ± SE (N = 20 adults) of selected behaviors of the potato psyllid in response to 

insecticide treatment over time 

Time Treatment Tastinga Probing Cleaning Resting Walking Off-leaflet 

24 hr Surround WP 0.18 ± 0.18a 210.75 ± 82.76ab 52.87 ± 37.00a 230.50 ± 80.37a 48.93 ± 31.32a 356.77 ± 95.92a 

 Pure Spray Oil 1.94 ± 1.14a 83.45 ± 52.36a 12.19 ± 6.37a 389.61 ± 90.20a 16.54 ± 9.46a 396.27 ± 95.64a 

 Abamectin 6.38 ± 4.57a 41.49 ± 23.97a 5.11 ± 3.36a 426.23 ± 88.10a 15.60 ± 8.16a 405.19 ± 96.87a 

 Pymetrozine 1.02 ± 0.58a 205.35 ± 73.37ab 64.10 ± 38.44a 270.00 ± 68.72a 37.27 ± 9.36a 322.26 ± 76.91a 

 Control 7.36 ± 3.04a 243.33 ± 72.71b 27.20 ± 13.82a 493.36 ± 84.99a 28.40 ± 10.45a 100.36 ± 60.31b 

1 wk Surround WP 1.65 ± 0.86a 231.38 ± 75.27a 39.09 ± 23.70a 358.55 ± 82.59a 21.55 ± 12.08a 247.79 ± 82.80a 

 Pure Spray Oil 3.93 ± 2.44a 234.15 ± 78.30a 46.18 ± 34.15a 286.22 ± 75.17a 29.18 ± 17.49a 300.33 ± 84.70a 

 Abamectin 1.71 ± 0.77a 230.30 ± 76.85a 31.94 ± 26.03a 339.25 ± 83.47a 13.56 ± 6.74a 283.24 ± 87.18a 

 Pymetrozine 2.27 ± 1.44a 167.46 ± 70.04a 24.51 ± 15.39a 349.00 ± 86.16a 17.44 ± 7.60a 339.32 ± 92.10a 

 Control 1.75 ± 0.84a 597.03 ± 77.94b 19.98 ± 11.21a 190.97 ± 67.89a 13.73 ± 6.20a 76.54 ± 51.41a 

2 wk Surround WP 1.03 ± 0.55a 260.66 ± 85.77a 32.81 ± 24.42a 256.71 ± 82.26a 6.68 ± 4.09a 342.11 ± 96.05a 

 Pure Spray Oil 0.14 ± 0.14a 166.50 ± 70.67a 13.45 ± 12.36a 358.56 ± 91.08a 9.46 ± 5.10a 351.89 ± 99.03a 

 Abamectin 0.46 ± 0.36a 262.36 ± 82.47a 5.96 ± 4.77a 231.18 ± 75.10a 6.48 ± 3.09a 393.56 ± 90.26a 

 Pymetrozine 0.81 ± 0.52a 202.81 ± 74.13a 19.32 ± 10.41a 391.90 ± 81.31a 8.60 ± 3.64a 276.56 ± 87.46a 

 Control 2.33 ± 1.05a 504.18 ± 81.17b 37.14 ± 24.20a 302.90 ± 76.69a 22.59 ± 13.55a 30.86 ± 25.99b 

a Means within a column for the respective time periods followed by different letters are significantly different using the LSD 
test. 
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 Transmission Assays. The mean percentage and number of psyllids and potato 

plants that were infected with Ca. L. psyllaurous are shown in Table 3.5. All of the 

psyllids tested were infected with Ca. L. psyllaurous. There were significant decreases in 

the number of potato plants that were infected with Ca. L. psyllaurous based on treatment 

compared to controls (imidacloprid, 1 wk post-treatment: Χ2 = 4.46; df = 1; P = 0.0412; 

imidacloprid, 4 wk post-treatment: Χ2 = 4.89; df = 1; P = 0.0341; abamectin, 24 h post-

treatment: Χ2 = 4.29; df = 1; P = 0.0433). None of the other foliar-applied insecticides 

were significantly different from the control. The insecticide treatments of imidacloprid 

at 1 wk and 4 wks post-application, and abamectin at 24 h post-application decreased 

infection by 59%, 64%, and 64%, respectively. 

 

Discussion 

 The occurrences and durations of potato psyllid behavioral responses to 

insecticides varied by compound and over time, which impacted transmission of Ca. L. 

psyllaurous. Specifically, our results indicate that the use of these insecticides reduced 

probing times, increased abandonment of potato leaflets, and applications of imidacloprid 

and abamectin decreased disease transmission of Ca. L. psyllaurous as compared to 

controls. Psyllid adults infected with Ca. L. psyllaurous can inoculate a potato plant after 

1 h of feeding (Munyaneza 2010). Thus, for imidacloprid and abamectin, the behavioral 

modifications resulting from antifeedant effects, repellency, toxicity, or a combination of 

these activities on psyllid adults are sufficient to lower disease transmission. 



	  

	  

	  

Table 3.5. Mean percentage ± SE, and number of infected/inoculated potato psyllids and potato plants infected with Ca. 

L. psyllaurous by insecticide treatmentsa 

Experiment Treatment Potato Psyllid Potatob 

Soil-Applied    

 Imidacloprid, 1 wk PAc 100 ± 0.00 % (18/18) 28.57 ± 12.53 % (4/14) a 

 Imidacloprid, 4 wk PA 100 ± 0.00 % (21/21) 25.00 ± 13.06 % (3/12) a 

 Control 100 ± 0.00 % (20/20) 69.23 ± 13.32 % (9/13) b 

Foliar-Applied    

 Abamectin 100 ± 0.00 % (15/15) 20.00 ± 10.69 % (3/15)  a 

 Pymetrozine 100 ± 0.00 % (17/17) 52.94 ± 12.48 % (9/17)  b 

 Surround WP 100 ± 0.00 % (16/16) 61.54 ± 14.04 % (8/13)  b 

 Horticultural spray oil 100 ± 0.00 % (16/16) 62.50 ± 12.50 % (10/16) b 

 Control 100 ± 0.00 % (13/13) 56.25 ± 12.81 % (9/16)  b 

a Range of ct values: Potato psyllids [19.85 – 30.42], Potato [23.51 – 40.00] 

b Within columns, frequencies followed by different letters differ significantly (Χ2 paired comparisons with the control of their 

respective experiments). 

c PA = post-application 
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Systemic imidacloprid application can significantly lower the number of adults 

that feed, reduce the durations of probing times, and increase the amount of time off the 

potato leaflet for up to 6 wks post-treatment. This effect was most profound 1 wk after 

treatment in which the duration of probing averaged 5.39 s, a 99% decrease compared to 

the control. These results are in accordance with studies on other piercing-sucking insects 

such as the aphids Myzus persicae (Sulzer), Myzus nicotianae (Blackman), the leafhopper 

Nephotettix cincticeps (Uhler), the whitefly Bemisia tabaci (Gennadius), and the psyllid 

Diaphorina citri Kuwayama that have documented the antifeedant effects of imidacloprid 

at lethal and sublethal dosages (Nauen 1995, 1998a; Devine et al. 1996; Nauen and Elbert 

1997; Widiarta et al. 1997; Boina et al. 2009). In addition, our experiments documented 

that imidacloprid significantly increased the time spent resting as well as number of 

psyllid adults that rested. This result was also found for M. persicae in which this aphid 

rested significantly more when fed sucrose solutions containing 10 mg/L of imidacloprid 

(Nauen 1995). Imidacloprid consistently increased the amount of time adults abandoned 

potato leaflets. These results suggest that imidacloprid can act as both a feeding deterrent 

and as a repellent (i.e., adults orient themselves away from treated surfaces). Amounts of 

imidacloprid in leaf samples averaged 78.26 ± 4.60 µg/g after 6 wks, which indicate that 

these levels were high enough to impact behaviors. In other studies, the concentration of 

imidacloprid in leaves of poinsettas (Euphorbia pulcherrima Willdenow ex Klotsch), 

snap beans (Phaseolus vulgaris L.), and rice (Oryza sativa L.) reached 1.5 – 50 µg/g, 

although higher concentrations of up to ca. 120 µg/g have been recorded (van Iersel et al. 

2000, 2001; Nault et al. 2004, Yu et al. 2007). Thus, the concentrations of imidacloprid in 
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the potato leaflets in our study fall within the range reported for other plant species, even 

given the variability in application rates and days post-treatment. Imidacloprid also 

significantly lowered transmission of Ca. L. psyllaurous 59-64% as compared to the 

untreated controls. The use of imidacloprid was reportedly successful in preventing plant 

disease acquisition and inoculation by M. persicae and the leafhopper Macrosteles 

quadripunctulatus Kirschbaum (Mowry and Ophus 2002, Saracco et al. 2008). The 

effectiveness of imidacloprid on potato psyllid behaviors remains to be tested in the field, 

but the recommendations for imidacloprid application at the time of planting (UC IPM 

Online 2008, Goolsby et al. 2007) suggests the strategy has proven useful. This 

compound appears to have residual activity for at least 6 wks, which may lower the need 

for additional applications. 

Foliar-applied insecticides can decrease the numbers of adults that exhibit 

behaviors such as tasting (24 h post-application) and probing (1 wk and 2 wks post-

application). In our study, the durations of the probing behaviors and the amount of time 

spent off the potato leaflets were the only behaviors significantly affected by foliar 

insecticides. Horticultural spray oil and abamectin were the only two compounds to 

significantly lower probing durations 24 h post-application when compared to controls. 

Our results are consistent with the recommendation for use of abamectin by UC IPM 

Online (2008) and add another aspect of control to the knockdown effect on potato 

psyllid adults reported by Gharalari et al. (2009). Abamectin reduced probing times by 

82%, 61%, and 48%, 24 h, 1 wk, and 2 wks, respectively. Abamectin also significantly 

decreased Ca. L. psyllaurous transmission by 64% as compared to the control and was 
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the only foliar-applied compound in this study to achieve a decrease in transmission of 

the pathogen.  

Horticultural spray oil also significantly reduced probing times by 66%, 61%, and 

67%, 24 h, 1 wk, and 2 wks, respectively, and may be another chemical to consider in 

potato psyllid management. However, there was no significant difference in infection 

levels from the control for this compound. Interestingly, the residual activity of all of the 

foliar-applied compounds sprayed on the plants did decrease probing durations 1 and 2 

wks post-application. In addition, the foliar insecticides increased abandonment of 

leaflets significantly as compared to the controls at 24 h and 2 wks post-application 

(Table 4), although it is uncertain why this trend was not statistically significant 1 wk 

after application. Furthermore, like imidacloprid, the effectiveness of these compounds 

for reducing feeding, increasing abandonment of leaflets, and lowering disease 

transmission remains to be tested in the field. There are many opportunities for future 

research and may include the effects of insecticides on nymphal potato psyllid behaviors 

and disease transmission, the use of electrical penetration graphs to further characterize 

feeding behavior and acquistion/inoculation of Ca. L. psyllaurous, influences of 

insecticides on adult oviposition, combinations of insecticides to lower disease 

transmission in the field, and the interaction of insecticides with host plants and/or natural 

enemies on psyllid behaviors and disease transmission to crop plants in the field. 
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Abstract 

The potato psyllid, Bactericera cockerelli (Sulc) (Hemiptera: Triozidae), is a serious pest 

of potatoes that can cause yield loss by direct feeding and by transmitting a bacterial 

pathogen, Candidatus Liberibacter psyllaurous (a.k.a. Candidatus Liberibacter 

solanacearum) which is associated with zebra chip disease of this crop. Current pest 

management practices rely on the use of insecticides for control of potato psyllid in order 

to lower disease incidences and increase yields. Imidacloprid is typically applied at 

potato planting and it is unknown if imidacloprid has any effect on potato psyllid feeding 

behavior. Thus, our specific objectives of this study were to determine and characterize 

the effects of untreated and imidacloprid-treated (0.11 ml/liter) potato plants on adult 

potato psyllid feeding behavior 1, 2, and 4 weeks post-application. Electrical penetration 

graph (EPG) recordings of potato psyllid feeding revealed six EPG waveforms, which 

include: (NP) non-probing, (C) intercellular stylet penetration, (D) initial contact with 

phloem tissue, (E1) salivation into phloem sieve elements, (E2) phloem sap ingestion, 

and (G) ingestion of xylem sap. The number of nonprobing events and the duration of 

individual nonprobing events significantly increased on plants treated with imidacloprid 

compared to untreated controls. Potato psyllids exhibited significant decreases in the 

number of phloem salivation events on plants treated with imidacloprid. Waveform 

durations and waveform durations per event for E2 and G were significantly decreased 

for psyllids on plants treated with imidacloprid compared to untreated controls. These 

data are useful for describing potato psyllid stylet activity and determining the effects of 
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imidacloprid on psyllid feeding behavior, which collectively can help maximize the 

effective utilization of this compound. 
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Introduction 

 The potato psyllid, Bactericera cockerelli (Sulc) (Hemiptera: Triozidae), is a 

severe pest of potatoes in Central and North America, and most recently in New Zealand 

(Cranshaw, 1994, Liu and Trumble 2007, Teulon et al. 2009, Crosslin et al. 2010). The 

potato psyllid feeds directly on potato plants causing significant reductions in commercial 

potato tuber yields by up to 93% (Munyaneza et al. 2008). In addition, the potato psyllid 

can transmit a bacterial pathogen, Candidatus Liberibacter psyllaurous (a.k.a. Ca. L. 

solanacearum) to potatoes, which is associated with “zebra chip” (ZC) disease 

(Munyaneza et al. 2007, Hansen et al. 2008, Crosslin et al. 2010). Aboveground potato 

plant symptoms of ZC include stunting, yellowing or purpling of leaves and shoots, 

swollen internodes of the upper growth, proliferation of axillary buds, aerial tubers, and 

plant death (Munyaneza et al. 2008, Sengoda et al. 2010). Tuber symptoms of ZC include 

enlarged lenticels, collapsed stolons, browning of the vascular tissue, necrotic flecking of 

the internal tissues and streaking of the medullary ray tissues, all of which affects the 

entire tuber (Munyaneza et al. 2008, 2010). Chips processed from these tubers often show 

pronounced symptoms with dark blotches, stripes or streaks, making them unacceptable 

for commercial purposes (Munyaneza et al. 2008, 2010).  

 Insecticides are the only tools to date that have effectively managed the potato 

psyllid and ZC for the protection of potato yields (Goolsby et al. 2007, Vega-Gutierrez et 

al. 2008, Gharalari et al. 2009). In particular, imidacloprid is used extensively for potato 

psyllid pest management (Goolsby et al. 2007, UC IPM Online 2008). Relatively little is 
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known regarding potato psyllid feeding behavior and most studies regarding insecticides 

have focused on mortality caused by these compounds on the potato psyllid. The potato 

psyllid is a piercing-sucking insect, which is ideal for utilizing the electrical penetration 

graph (EPG) technique to characterize feeding behavior and understand the effects of 

imidacloprid on psyllid feeding behavior. The EPG technique has been a mainstay for 

studies on hemipteran feeding behavior, hemipteran-plant interactions and the influence 

of insecticides on hemipteran feeding behavior (Harrewijn and Kayser 1997, Walker 

2000, Daniels et al. 2009, Ameline et al. 2010, Costa et al. 2011, Cui et al. 2010, He et al. 

2010, Serikawa et al. 2010). 

 Current practices to manage the potato psyllid recommend the use of an in-furrow 

application of imidacloprid at the time of planting as well as foliar-applied applications of 

imidacloprid during the growing season (Goolsby et al. 2007, UC IPM Online 2008). My 

previous research found that soil-applied applications of imidacloprid can be both a 

feeding deterrent as well as a repellent to the potato psyllid, and that the effects of 

imidacloprid can last for up to 6 weeks in the laboratory (Butler et al. 2011). Based on 

these results, we initiated studies to further elucidate the effects of imidacloprid on potato 

psyllid feeding behavior using a direct current (DC) EPG technique.  

 

Materials and Methods 

 Insects and plants. Potato psyllids and potato plants were reared and maintained 

following the methods described by Butler et al. (2011). Briefly, potato psyllids were 

originally attained from field collections in Texas. The colony was maintained at 21-
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26°C, 40-60% r.h., and L14:D10 photoperiod (light provided by 40 W fluorescent bulbs, 

Osram Sylvania Ltd., Danvers, MA, USA) at the University of California, Riverside, 

Insectary and Quarantine facility. Potato psyllids were reared on tomatoes (Solanum 

lycopersicum L. cv. ‘Yellow Pear’) to avoid any particular preference for potato. Post-

teneral adult females were selected for all EPG experiments. Potato (Solanum tuberosum 

L. cv. ‘Atlantic’) plants were grown the greenhouse in 4.9-l pots with UC soil mix 

(Matkin and Chandler 1957) and fertilized three times per week with the label rate of 

Miracle Gro® nutrient solution (Scotts Company, Marysville, OH, USA). 

 Experimental treatments. Imidacloprid (Admire®, Bayer Corporation, Kansas 

City, MO, USA) was applied to the soil in 100 ml of distilled water at the recommended 

field rate of 0.54 ml Admire/liter. Controls were treated with 100 ml of distilled water. 

Potato plants were treated once the potato reached the “vegetative growth” stage (growth 

stage II), which is characterized by the plant possessing 8-12 leaves (Strand 2006). Potato 

plants treated with imidacloprid were tested 1, 2 and 4 weeks post-application.  

 Electrical penetration graph recordings. Two Giga-4 DC-EPG systems with a 

1 giga-ohm input resistance were used to record EPGs in a Faraday cage and a gain of 

100× as in Stafford and Walker (2009). Output from the EPG was digitized at a rate of 

100 samples per s per channel using a DI-720 analog-to-digital (A-D) board and recorded 

using Windaq software (both from Dataq Instruments, Akron, OH, USA). EPG 

recordings were performed on whole plants under ambient laboratory conditions with the 

abaxial surface of leaves used as substrates, and standardized by selecting the uppermost 

fully-expanded leaf. The substrate voltage probe was inserted into the soil and the initial 
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substrate voltage was set to 30 mV and adjustments were made so that the output would 

fit the +5 to -5 V window provided by the Windaq software.  

 Potato psyllids were immobilized on a cold plate, and then secured on a vacuum 

device for the attachment of wires (Van Helden and Tjallingii 2000). A 10-µm diameter 

gold wire (Sigmund Cohn Corportation, Mount Vernon, NY, USA) ca. 1 cm long was 

attached to the head of 3-mm diameter nail with Electrodag 503 silver glue (Ladd 

Research Industries, Williston, VT, USA). Once the glue dried, the unattached end of the 

gold wire was dipped in fresh silver glue until a small ball was formed. The wet ball of 

glue was applied to the psyllid’s notum and allowed to dry. The psyllid was then allowed 

access to a potato leaf and acclimated for at least 30 min before being connected, via the 

nail, to the input of the DC EPG probe. Each psyllid was monitored for 5 h and the 

recordings were replicated 20 times with different psyllids and plants for each of the 

treatments (control vs. imidacloprid) and for each of the time periods (1, 2, and 4 weeks 

post-application). 

 Statistical analysis. A factorial experiment with two factors (i.e., Factor 1: 

Treatment with two levels [control vs. imidacloprid] and Factor 2: Time of application 

with three levels [i.e., 1, 2, and 4 weeks post-application]) was conducted as a 

randomized complete block design with twenty-one blocks in time. Each block consisted 

of three replicates of one of the treatments (control vs. imidacloprid) for a given time 

period (1, 2, and 4 weeks post-application). Treatment differences within each of the 

three post-application times for the proportion of potato psyllid adults that produced a 

specific waveform were analyzed using a Fisher’s exact test (PROC FREQ/FISHER, 
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SAS Institute 2008). For each waveform, (NP), non-probing; (C), pathway phase, (D) 

initial contact with phloem tissue (after Bonani et al. 2010); (E1) salivation into phloem 

sieve elements; (E2) phloem ingestion; and (G) xylem ingestion (definitions in Results), 

the following nonsequential parameters (i.e., information irrespective of waveform order 

within a probe) were calculated based on Backus et al. (2007) and Bonani et al. (2010): 

the mean number of waveform events per psyllid, waveform duration per psyllid, and 

waveform duration per individual bout. Sequential parameters (i.e., information inherent 

in the sequential order of the waveforms within a probe, Backus et al. [2007]), were 

calculated for the mean number of probes in the first, second, third, fourth, fifth hour of 

the EPG recordings, the number of probes before the first E1, and after the first E1/E2; in 

addition, the mean duration of time elapsed of the following: the first probe from the start 

of the EPG, first E1 from the start of the EPG recording, first sustained E2 (>10 min) 

from start of the EPG recording, first probe to first E1, and first probe to first sustained 

E2 (>10 min) of potato psyllids on control and imidacloprid-treated plant at weeks 1, 2, 

and 4 post-application. Nonsequential and sequential parameters were analyzed using 

analysis of variance (ANOVA) in a general linear models procedure of SAS version 9.2 

(PROC GLM, SAS Institute 2008). When treatment or time effect alone was significant 

(P < 0.05) a Scheffe test was used to discriminate differences among the means. When 

there was a significant interaction (P < 0.05) between time and treatment, multiple 

comparison tests using the LSMEANS/PDIFF option were conducted to discriminate 

differences among the means. When necessary, nonsequential and sequential parameters 
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were transformed (i.e., log, square root, reciprocal, or reciprocal square root) to 

homogenize variances and normalize the data.  

 

Results 

 Potato psyllid waveforms appeared similar to aphid and Asian citrus psyllid, 

Diaphorina citri Kuwayama, waveforms; therefore, equivalent waveform labels were 

used (Reese et al. 2000, Bonani et al. 2010). EPG recordings of potato psyllid feeding 

revealed six EPG waveforms. These waveforms included: (NP) non-probing, baseline 

voltage; (C) pathway phase or intercellular stylet penetration, characterized by high 

frequency and high amplitude; (D) suggested to be initial contact with phloem tissue 

based on Bonani et al. (2010) and occurs after waveform C but before E1; (E1) salivation 

into phloem sieve elements; (E2) phloem sap ingestion; and (G) ingestion of xylem sap 

(Figures 4.1-4.3). 

The number of potato psyllid adults that produced the waveforms NP, C, D, E1, 

E2, and G per week are listed in Table 4.1. All psyllids in both treatments and for all 

weeks examined produced waveforms NP and C. There were significant differences in 

the number of potato psyllid adults that produced the waveforms D, E1 and E2 on potato 

plants treated with imidacloprid for the first and second weeks post-application compared 

to untreated controls (Table 4.1). For up to two weeks, imidacloprid significantly reduced 

the number of psyllids that produced waveform D (Week 1: Fisher’s exact test, P = 

0.0038; Week 2: Fisher’s exact test, P = 0.0012), waveform E1 (Week 1: Fisher’s exact 

test, P = 0.0036; Week 2: Fisher’s exact test, P = 0.0002), and waveform E2 (Week 1: 
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Figure 4.1. General overview of electrical penetration graph (EPG) waveforms produced by the potato psyllid on 

untreated, potato plant during the first week of the experiment. 
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Figure 4.2. Representative waveforms (A) C, (B) D, and (C) G produced by the 

potato psyllid on untreated, potato plant during the first week of the experiment. 
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Figure 4.3. Representative waveform (A) E1 and (B) E2 produced by the potato psyllid on untreated, potato plant 

during the first week of the experiment. 

 

104 

	  



105 
	  

Table 4.1. Number of potato psyllids (n = 20) that produced each waveform type on control and imidacloprid-treated 

plants tested at weeks 1, 2, and 4 post-application 

Time 

(wk) 

Treatment NP  C  D  E1  E2  G  

  Y N P Y N P Y N P Y N P Y N P Y N P 

1 Control 20 0 nt1 20 0 nt 15 5 0.0038 14 6 0.0036 14 6 0.0036 8 12 0.1552 

 Imidacloprid 20 0  20 0  5 15  4 16  4 16  3 17  

2 Control 20 0 nt 20 0 nt 15 5 0.0012 14 6 0.0002 13 7 0.0001 13 7 0.0562 

 Imidacloprid 20 0  20 0  4 16  2 18  1 19  6 14  

4 Control 20 0 nt 20 0 nt 13 7 0.7475 12 8 0.5273 11 9 0.5273 11 9 0.1053 

 Imidacloprid 20 0  20 0  11 9  9 11  8 12  5 15  

Y = number of psyllids that produced the waveform; N = number of psyllids that did not produce the waveform; P = 

probability (Fisher’s exact test) that there was a difference between the control and imidacloprid-treated plants for each week 

of testing, P < 0.05 

1 nt = Not tested, data identical for both treatments

105 
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Fisher’s exact test, P = 0.0036; Week 2: Fisher’s exact test, P = 0.0001). One week after 

imidacloprid treatment, the number of adults that displayed waveforms D, E1 and E2 

were reduced by 67%, 71%, and 71%, respectively, compared to the untreated controls. 

The second week after imidacloprid application, similar reductions of waveforms D 

(73%), E1 (86%) and E2 (92%) were also evident. However, four weeks after 

imidacloprid application, the number of adults that produced these waveforms were not 

significantly different from the controls (Table 4.1). In addition, imidacloprid did not 

significantly impact the number of adults that produced waveform G for any of the weeks 

tested. 

The mean number of waveform events per potato psyllid are listed in Table 4.2. 

For NP, potato psyllids produced significantly fewer nonprobing events on control plants 

(9.7 ± 0.9 events [mean ± SE]) than imidacloprid treated plants (13.0 ± 1.1 events) (F = 

5.65; df = 1, 114; P = 0.0191). There were no significant effects of time (F = 1.18; df = 2, 

114; P = 0.3116) and the interaction between treatment and time was not significant (F = 

0.42; df = 2, 114; P = 0.6593). For C, the mean number of waveform events were not 

significantly different by treatment (F = 1.01; df = 1, 114; P = 0.3167) or time (F = 0.18; 

df = 2, 114; P = 0.8375) nor was the interaction between treatment and time significant 

(F = 0.32; df = 2, 114; P = 0.7250). For waveform D, potato psyllids produced 

significantly fewer waveform D events on imidacloprid treated plants (0.8 ± 0.2 events) 

compared to control plants (2.5 ± 0.3 events) (F = 25.60; df = 1, 114; P < 0.0001). There 

were no significant effects of time (F = 1.13; df = 2, 114; P = 0.3269) and the interaction 

between treatment and time was not significant (F = 2.25; df = 2, 114; P = 0.1096). For 

106 
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Table 4.2. Mean number of waveform events ±  SE (n = 20) per potato psyllid on control and imidacloprid-treated 

plants tested at weeks 1, 2, and 4 post-application 

Time 

(wk) 

Treatment NP C D E1 E2 G 

1 Control 10.8 ± 2.0 a  11.9 ± 1.9 a 1.6 ± 0.4 a 3.0 ± 1.1 a 2.5 ± 0.8 a 0.5 ± 0.1 a 

 Imidacloprid 15.2 ± 2.0 b 15.2 ± 2.0 a 0.8 ± 0.4 b 0.8 ± 0.5 b 0.7 ± 0.4 b 0.2 ± 0.1 a 

2 Control 9.0 ± 1.5 a 12.3 ± 1.6 a 3.2 ± 0.7 a 4.7 ± 1.3 a 3.5 ± 1.1 a 0.8 ± 0.2 a 

 Imidacloprid 12.6 ± 2.2 b 13.0 ± 2.3 a 0.2 ± 0.1 b 0.1 ± 0.1 b 0.1 ± 0.1 b 0.7 ± 0.3 a 

4 Control 9.2 ± 1.4 a 12.1 ± 1.6 a 2.7 ± 0.6 a 2.9 ± 0.7 a 1.6 ± 0.4 a 0.8 ± 0.2 a 

 Imidacloprid 11.2 ± 1.6 b 12.8 ± 1.9 a 1.4 ± 0.4 b 1.2 ± 0.4 b 0.9 ± 0.4 b 0.8 ± 0.4 a 

Means within a column followed by different letters are significantly different using Scheffe test, P < 0.05. 
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E1, potato psyllids produced significantly more phloem salivation events on control 

plants (3.5 ± 0.6 events) compared to phloem salivation events on imidacloprid treated 

plants (0.7 ± 0.2 events) (F = 25.60; df = 1, 114; P < 0.0001). There was no significant 

effect of time (F = 1.13, df = 2, 114, P = 0.3269) and the interaction between treatment 

and time was not significant (F = 2.25; df = 2, 114; P = 0.1096). For E2, potato psyllids 

produced significantly fewer phloem ingestion events on imidacloprid treated plants (0.5 

± 0.2 events) compared to control plants (2.5 ± 0.5 events) (F = 30.66; df = 1, 114; P < 

0.0001). There were no significant effects of time (F = 0.70; df = 2, 114; P = 0.4968) and 

the interaction between treatment and time was not significant (F = 3.02; df = 2, 114; P = 

0.0526). For G, the mean number of xylem ingestion events was not significantly 

different by treatment (F = 0.46; df = 1, 114; P = 0.4995) or time (F = 2.20; df = 2, 114; 

P = 0.1154) nor was the interaction between treatment and time significant (F = 0.09; df 

= 2, 114; P = 0.9111). 

The mean waveform durations per potato psyllid are reported in Table 4.3. For 

NP, there was a significant interaction between treatment and time for the duration of 

nonprobing (F = 3.68; df = 2, 114; P = 0.0284). Psyllids spent ca. 60 min nonprobing on 

untreated controls, which was not significantly different among weeks. In contrast, potato 

psyllids on plants treated with imidacloprid spent significantly more time nonprobing 

(160.9 ± 11.2 min). For C, the mean duration of pathway phase by potato psyllids was 

significantly less on plants during the first week post-application (100.0 ± 9.7 min) than 

during the fourth week post-application (164.8 ± 11.3 min) (F = 8.03; df = 2, 114; P = 

0.0005). There was no significant treatment effect (F = 0.83; df = 1, 114; P = 0.3655) and 
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Table 4.3. Mean waveform duration in min ±  SE (n = 20) per potato psyllid on control and imidacloprid-treated plants 

tested at weeks 1, 2, and 4 post-application 

Time 

(wk) 

Treatment NP C D E1 E2 G 

1 Control 57.6 ± 13.6 c 111.0 ± 14.1 a 1.2 ± 0.3 a 10.7 ± 4.4 a 96.0 ± 21.5 a 21.3 ± 9.8 a 

 Imidacloprid 202.6 ± 14.1 a 89.0 ± 13.3 a 1.8 ± 1.0 b 0.1 ± 0.1 b 3.7 ± 2.1 b 0.5 ± 0.4 b 

2 Control 60.0 ± 14.3 c 127.7 ± 15.9 ab 3.1 ± 0.7 a 20.2 ± 8.4 a 57.6 ± 15.5 a 18.5 ± 5.5 a 

 Imidacloprid 163.7 ± 21.4 ab 127.8 ± 20.7 ab 0.2 ± 0.1 b 0.9 ± 0.9 b 0.9 ± 0.9 b 1.0 ± 0.6 b 

4 Control 59.9 ± 11.6 c 171.8 ± 15.1 b 3.1 ± 0.9 a 7.5 ± 3.7 a 45.0 ± 17.3 a 12.7 ± 3.7 a 

 Imidacloprid 116.3 ± 17.5 b 157.7 ± 17.1 b 1.7 ± 0.5 b 5.8 ± 3.6 b 12.1 ± 6.7 b 6.8 ± 6.3 b 

Means within a column followed by different letters are significantly different using the LSMEAN/PDIFF option, P < 0.05. 
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the interaction between treatment and time was not significant (F = 0.24; df = 2, 114; P = 

0.7872). For waveform D, potato psyllids produced significantly longer waveform D 

durations on control plants (2.5 ± 0.4 min) than imidacloprid treated plants (1.2 ± 0.4 

min) (F = 19.27; df = 1, 114; P < 0.0001). There were no significant effects of time (F = 

1.45; df = 2, 114; P = 0.2387) and the interaction between treatment and time was not 

significant (F = 2.76; df = 2, 114; P = 0.0673). For E1, potato psyllids spent significantly 

more time salivating into the phloem (12.8 ± 3.4 min) on control plants than imidacloprid 

treated plants (2.3 ± 1.2 min) (F = 26.27; df = 1, 114; P < 0.0001). There were no 

significant time effects (F = 0.15; df = 2, 114; P = 0.8622) and the interaction between 

treatment and time was not significant (F = 2.10; df = 2, 114; P = 0.1273). For E2, potato 

psyllid adults spent significantly longer (66.2 ± 10.7 min) ingesting phloem on untreated 

control potato plants compared to ingesting phloem for only 5.6 ± 2.4 min on 

imidacloprid treated potato plants (F = 37.31; df = 1, 114; P < 0.0001). There were no 

significant time effects (F = 0.47; df = 2, 114; P = 0.6248) and the interaction of 

treatment and time was not significant (F = 1.75; df = 2, 114; P = 0.1790). For G, potato 

psyllid adults spent significantly more time ingesting xylem fluid (17.5 ± 3.9 min) on 

untreated control potato plants compared to 2.8 ± 2.1 min on imidacloprid treated potato 

plants (F = 19.50; df = 1, 114; P < 0.0001). There were no significant time effects (F = 

1.08; df = 2, 114; P = 0.3434) and the interaction of treatment and time was not 

significant (F = 0.12; df = 2, 114; P = 0.8890). 

The mean waveform duration per event is listed in Table 4.4. For NP, the average 

duration of a nonprobing event for potato psyllids was significantly longer on plants 
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Table 4.4. Waveform duration in min ± SE (n) per waveform event on control and imidacloprid-treated plants tested at 

weeks 1, 2, and 4 post-application 

Time 

(wk) 

Treatment NP C D E1 E2 G 

1 Control 7.2 ± 2.2 a 

(20) 

11.5 ± 1.6 a  

(20) 

0.8 ± 0.1 a  

(15) 

4.9 ± 1.8 a  

(14) 

64.4 ± 16.7 a  

(14) 

52.4 ± 20.3 a  

(8) 

 Imidacloprid 21.7 ± 5.1 b  

(20) 

6.7 ± 1.1 a  

(20) 

2.7 ± 1.6 b  

(5) 

0.2 ± 0.03 a  

(4) 

5.0 ± 1.9 b  

(4) 

1.9 ± 0.9 b  

(3) 

2 Control 9.2 ± 3.2 a  

(20) 

11.9 ± 1.7 a  

(20) 

1.3 ± 0.4 a  

(15) 

3.6 ± 0.9 a  

(14) 

22.5 ± 5.4 a  

(13) 

17.2 ± 4.0 a  

(13) 

 Imidacloprid 23.3 ± 5.7 b  

(20) 

14.0 ± 3.3 a  

(20) 

1.1 ± 0.2 b  

(4) 

8.8 ± 8.5 a  

(2) 

18.8 ± .1  

(1) 

1.4 ± 0.3 b  

(6) 

4 Control 7.7 ± 1.9 a  

(20) 

17.0 ± 2.2 b  

(20) 

1.0 ± 0.1 a  

(13) 

2.0 ± 0.7 a  

(12) 

38.0 ± 13.1 a  

(11) 

17.1 ± 3.5 a  

(11) 

 Imidacloprid 22.7 ± 7.4 b  

(20) 

18.1 ± 3.4 b  

(20) 

1.4 ± 0.3 b  

(11) 

6.6 ± 4.9 a  

(9) 

11.1 ± 5.2 b  

(8) 

4.6 ± 3.3 b  

(5) 

Means within a column followed by different letters are significantly different using the LSMEAN/PDIFF option, P < 0.05. 

1 Excluded from analysis due to only one observation 
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treated with imidacloprid (22.6 ± 3.5 min) compared to untreated controls (8.0 ± 1.4 min) 

for all three observation periods (F = 25.29; df = 1, 114; P <0.0001). There was no 

significant effect of time (F = 0.12; df = 2, 114; P = 0.8901) and the interaction between 

treatment and time was not significant (F = 0.95; df = 2, 114; P = 0.3912). The average 

duration of waveform C events were, 9.1 ± 1.0 min and 12.9 ± 1.9 min during the first 

and second weeks (pooled treated and untreated), respectively, both of which were 

significantly shorter than during the fourth week post-application (17.5 ± 2.0 min) (F = 

9.15; df = 2, 114; P = 0.0002). There was no significant effect of treatment (F = 3.14; df 

= 1, 114; P = 0.0673) and the interaction between treatment and time was not significant 

(F = 1.90; df = 2, 114; P = 0.1542). The average duration of a waveform D event was 

significantly shorter on control plants (1.1 ± 0.2 min) compared to plants treated with 

imidacloprid (1.7 ± 0.4 min) (F = 4.74; df = 1, 57; P = 0.0336). There was no significant 

effect of time (F = 0.33; df = 2, 57; P = 0.7238) and the interaction between treatment 

and time was not significant (F = 0.89; df = 2, 57; P = 0.4182). The mean durations of 

phloem salivation events were not significantly different between treated and control 

plants (F = 2.16; df = 1, 49; P = 0.1476), weeks (F = 0.58; df = 2, 49; P = 0.5645) nor 

was the interaction between treatments and time significant (F = 0.27; df = 2, 49; P = 

0.7628). Bouts of phloem ingestion (E2) were significantly longer on control plants (42.4 

± 7.8 min) than on plants treated with imidacloprid (9.0 ± 3.5 min) (F = 12.37; df = 1, 45; 

P = 0.0010). There was no significant time effect (F = 1.87; df = 2, 45; P = 0.1654) and 

the interaction between treatment and time was not significant (F = 1.35; df = 1, 45; P = 

0.2516). For waveform G, the durations of individual xylem ingestion events were 
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significantly longer on control plants (25.8 ± 5.9 min) compared to plants treated with 

imidacloprid (2.7 ± 1.3 min) (F = 19.84; df = 1, 39; P <0.0001). There was no significant 

time effect (F = 1.35; df = 2, 39; P = 0.2709) and the interaction between treatment and 

time was not significant (F = 1.47; df = 2, 39; P = 0.2434).  

Table 4.5 lists sequential parameters related to the per hour probing behavior of 

the potato psyllid (after Sarria et al. 2009, Bonani et al. 2010). For the number of probes 

produced by potato psyllids during the first hour of the experiment, there were no 

significant effects of treatment (F = 0.38; df = 1, 114; P = 0.5382), time (F = 1.33; df = 2, 

114; P = 0.2681), and the interaction between treatment and time was not significant (F = 

0.49; df = 2, 114; P = 0.6126). For the number of probes produced by potato psyllids 

during the second hour of the experiment, potato psyllids produced significantly more 

probes (2.3 ± 0.3) on imidacloprid-treated plants compared to the number of probes on 

control plants (1.7 ± 0.4) (F = 4.28; df = 1, 114; P = 0.0407). There was no significant 

time effect (F = 0.16; df = 2, 114; P = 0.8561) and the interaction between treatment and 

time was not significant (F = 1.38; df = 2, 114; P = 0.2557). For the number of probes 

produced by potato psyllids during the third hour of the experiment, there were no 

significant effects of treatment (F = 2.63; df = 1, 114; P = 0.1076), time (F = 0.19; df = 2, 

114; P = 0.8302), and the interaction between treatment and time was not significant (F = 

0.49; df = 2, 114; P = 0.9000). For the number of probes produced by potato psyllids 

during the fourth hour of the experiment, potato psyllids produced significantly more 

probes (1.7 ± 0.2) on imidacloprid-treated plants compared to the number of probes on 

control plants (1.1 ± 0.2) (F = 4.36; df = 1, 114; P = 0.0391). There was no significant  
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Table 4.5. Mean number of probes ±  SE (n = 20) per hour, and before and after E1 of potato psyllids on control and 

imidacloprid-treated plants tested at weeks 1, 2, and 4 post-application 

  Wk 1 Wk 2 Wk 4 

Number of probes  Control Imidacloprid Control Imidacloprid Control Imidacloprid 

 In the 1st h 5.2 ± 1.1 a 6.0 ± 1.0 a 4.2 ± 0.7 a 5.0 ± 0.9 a 3.7 ± 0.5 a 3.6 ± 0.5 a 

 In the 2nd h 2.3 ± 1.0 a 2.7 ± 0.6 b 1.1 ± 0.3 a 2.5 ± 0.7 b 1.8 ± 0.5 a 1.6 ± 0.4 b 

 In the 3rd h 1.4 ± 0.5 a 1.8 ± 0.5 a 1.4 ± 0.4 a 2.2 ± 1.4 a 1.2 ± 0.5 a 2.3 ± 0.8 a 

 In the 4th h 0.8 ± 0.3 a 2.2 ± 0.5 b 1.0 ± 0.4 a 1.4 ± 0.4 b 1.4 ± 0.4 a 1.4 ± 0.4 b 

 In the 5th h 0.6 ± 0.2 a 0.7 ± 0.2 a 1.2 ± 0.4 a 0.5 ± 0.3 a 0.9 ± 0.2 a 1.6 ± 0.5 a 

 Before 1st E1 4.4 ± 1.6 a 1.0 ± 0.6 b 3.9 ± 1.0 a 0.4 ± 0.3 b 3.3 ± 1.1 a 3.1 ± 1.2 b 

 After 1st E1/E2 0.5 ± 0.2 a 1.2 ± 0.9 a 2.1 ± 0.8 a 0.3 ± 0.3 a 1.7 ± 0.9 a 2.2 ± 1.1 a 

Means within a row followed by different letters are significantly different using Scheffe test, P < 0.05. 
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time effect (F = 0.41; df = 2, 114; P = 0.6642) and the interaction between treatment and 

time was not significant (F = 1.44; df = 2, 114; P = 0.2402). For the number of probes 

produced by potato psyllids during the fifth hour of the experiment, there were no 

significant effects of treatment (F = 0.25; df = 1, 114; P = 0.6182), time (F = 1.93; df = 2, 

114; P = 0.1499), and the interaction between treatment and time was not significant (F = 

1.42; df = 2, 114; P = 0.2459). For the number of probes produced by potato psyllids 

before the first E1, potato psyllids produced significantly more probes on control plants 

(3.9 ± 0.7) in contrast to psyllids on plants treated with imidacloprid (1.5 ± 0.5) (F = 

24.01; df = 1, 114; P < 0.0001). There was no significant time effect (F = 0.71; df = 2, 

114; P = 0.4918) and the interaction between treatment and time was not significant (F = 

2.92; df = 2, 114; P = 0.0579). After the first E1/E2, there were no significant effects of 

treatment (F = 0.10; df = 1, 114; P = 0.7495), time (F = 0.98; df = 2, 114; P = 0.3799), 

and the interaction between treatment and time was not significant (F = 1.65; df = 2, 114; 

P = 0.1970). 

Table 4.6 lists selected sequential parameters related to probing, salivation, and 

ingestion behaviors of the potato psyllid (Sarria et al. 2009, Bonani et al. 2010). For the 

time of the first probe from the start of the EPG recording, there were no significant 

effects of treatment (F = 0.25; df = 1, 113; P = 0.6173), time (F = 2.14; df = 2, 113; P = 

0.1219), and the interaction between treatment and time was not significant (F = 1.13; df 

= 2, 113; P = 0.3256). Thus, potato psyllids first probed a potato plant within 2.8-6.2 min. 

For the first E1 from the start of the EPG, potato psyllids took significantly longer (253.0 

± 11.7 min) on imidacloprid-treated plants compared to psyllids on control plants (169.0 
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Table 4.6. Mean duration in min ±  SE (n = 20) of sequential parameters related to probing behavior (after Bonani et al. 

2010) of potato psyllids on control and imidacloprid-treated plants tested at weeks 1, 2, and 4 post-application 

  Wk 1 Wk 2 Wk 4 

Time (min)  

elapsed to 

 Control Imidacloprid Control Imidacloprid Control Imidacloprid 

 First probe from start of EPG 

 

5.7 ± 1.7 a 4.1 ± 0.7 a 4.2 ± 0.9 a 2.8 ± 0.7 a 4.9 ± 1.5 a 6.2 ± 1.6 a1 

 First E1 from start of EPG 159.4 ± 25.0 a 255.8 ± 20.7 b 159.4 ± 23.8 a 285.8 ± 10.7 b 188.2 ± 25.0 a 217.4 ± 24.9 b 

 First sustained E2 (>10 min) from start of EPG 

 

193.7 ± 23.4 a 275.9 ± 14.3 b 213.1 ± 21.7 a 296.8 ± 3.2 b 221.0 ± 22.8 a 264.6 ± 18.7 b 

 First probe to first E1 154.7 ± 25.8 a 255.2 ± 20.9 b 156.2 ± 24.3 a 285.1 ± 11.1 b 187.3 ± 25.1 a 214.9 ± 25.6 b 

 First probe to first sustained E2 (>10 min) 193.2 ± 23.5 a 275.3 ± 14.5 b 209.9 ± 22.2 a 296.3 ± 3.7 b 219.2 ± 22.9 a 262.1 ± 19.5 b 

Means within a row followed by different letters are significantly different using Scheffe test, P < 0.05. 

1 n = 19 
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± 14.1 min) to begin the first successful salivation event (F = 21.32; df = 1, 114; P < 

0.0001). There was no significant time effect (F = 0.43; df = 2, 114; P = 0.6511) and the 

interaction between treatment and time was not significant (F = 2.50; df = 2, 114; P = 

0.0867). Likewise, for the first E2 from the start of the EPG, potato psyllids took 

significantly longer (279.1 ± 8.0 min) on imidacloprid-treated plants compared to psyllids 

on control plants (209.3 ± 13.0 min) to begin the first successful phloem ingestion event 

(F = 20.83; df = 1, 114; P < 0.0001). There was no significant time effect (F = 0.59; df = 

2, 114; P = 0.5570) and the interaction between treatment and time was not significant (F 

= 0.73; df = 2, 114; P = 0.4818). For the start of E1 from the first successful probe, potato 

psyllids took significantly longer (251.7 ± 12.0 min) on imidacloprid-treated plants 

compared to psyllids on control plants (166.1 ± 14.4 min) to begin the first successful 

salivation event (F = 21.27; df = 1, 114; P < 0.0001). There was no significant time effect 

(F = 0.42; df = 2, 114; P = 0.6606) and the interaction between treatment and time was 

not significant (F = 2.64; df = 2, 114; P = 0.0759). For the start of E2 from the first 

successful probe, potato psyllids took significantly longer (277.0 ± 8.3 min) on 

imidacloprid-treated plants compared to psyllids on control plants (207.4 ± 13.0 min) to 

begin the first successful phloem ingestion event (F = 20.57; df = 1, 114; P < 0.0001). 

There was no significant time effect (F = 0.51; df = 2, 114; P = 0.6028) and the 

interaction between treatment and time was not significant (F = 0.79; df = 2, 114; P = 

0.4553). 

 

 



118 
	  

Discussion 

 Imidacloprid caused a variety of significant effects on the EPG parameters and 

waveforms examined. One measure of the antifeedant effects of imidacloprid is evident 

from the nonprobing waveform. The number of nonprobing events significantly increased 

on plants treated with imidacloprid as well as the durations of single nonprobing events 

compared to controls. However, the mean waveform duration of nonprobing per psyllid 

produced a significant interaction between treatment and time post-application. The 

antifeedant effects of imidacloprid have been documented with the psyllid D. citri, the 

aphids Myzus persicae (Sulzer), Myzus nicotianae (Blackman), Schizaphis graminum 

(Rond.), the leafhopper Nephotettix cincticeps (Uhler), and the whitefly Bemisia tabaci 

(Gennadius) at lethal and sublethal doses (Nauen 1995, Devine et al. 1996, Nauen and 

Elbert 1997, Widiarta et al. 1997, Nauen et al. 1998, Isaacs et al. 1999, Boina et al. 2009, 

Costa et al. 2010, Serikawa et al. 2010). Previous research by Butler et al. (2011) found 

that imidacloprid acted as a repellent to the potato psyllid and systemic application of 

imidacloprid significantly reduced Ca. L. psyllaurous infection to potatoes by up to 64% 

as compared to controls. Our present study provides evidence that imidacloprid can 

significantly increase the nonprobing behavior of this insect, which would limit time 

available for transmission.  

Imidacloprid appeared to have little impact on the pathway phase of potato 

psyllids. Both the number of adult psyllids and number of pathway phase events were not 

significantly different based on treatments and over the course of the experiments. 

However, significant increases were detected for the duration of pathway phase and the 
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duration of a pathway phase per event based on the age of the plant, in which psyllids 

produced waveform C significantly longer on plants that were older. In addition, it 

appears that imidacloprid and age of the plant do not impact the sequence of probing 

behaviors of the potato psyllid on potato plants as psyllids appear to probe a plant within 

3 min of being place on the plant. 

 The systemic effects of imidacloprid were detected most often with waveforms 

associated with penetration of phloem and xylem tissue. Similar effects of neonicotinoids 

have previously been reported with aphids and thrips using the EPG technique (Daniels et 

al. 2009, Joost and Riley 2009, Costa et al. 2010). In our study, imidacloprid significantly 

decreased the number of adult psyllids that produced the waveform D, E1 and E2 for up 

to two weeks post-application, but the number of psyllids exhibiting each of these 

waveforms were not significant at four weeks post-application. For the Asian citrus 

psyllid, waveform D appears to be associated with phloem tissue (Bonani et al. 2010). 

For the potato psyllid, waveform D showed significant decreases in the number of 

waveform D events and a shorter waveform duration on imidacloprid treated plants; 

however, the average bout of an individual waveform D event appears to be significantly 

increased. Further experiments will be needed to determine the exact behavioral activity 

of waveform D (Bonani et al. 2010). 

Candidatus L. psyllaurous is assumed to be inoculated during phloem salivation 

(Cicero et al. 2009, Lin et al. 2011) and potato psyllids on plants treated with 

imidacloprid produced significantly fewer salivation events (E1) and significantly 

decreased waveform durations, but the average duration per event did not significantly 
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differ between treated and control plants. The E2 waveform (phloem sap ingestion) has 

been associated with bacterial acquisition of Ca. L. asiaticus by D. citri (Bonani et al. 

2010). The number of waveform events, waveform duration, and waveform duration per 

phloem ingestion bout for E2 were significantly different between psyllids on treated and 

control plants. With these parameters, E2 duration significantly decreased on plants 

treated with imidacloprid compared to untreated controls, and this lasted throughout the 

extent of the experiments. Imidacloprid also increases the amount of time it takes the 

potato psyllid to reach the phloem tissues as evident with the significant increases in the 

amount of time for this psyllid to begin its first salivation and phloem ingestion. Overall, 

while imidacloprid may not provide 100% protection of potatoes from transmission of 

Ca. L. psyllaurous, as seen in the citrus-D. citri-Ca. L. asiaticus system (Serikawa et al. 

2010), this compound can significantly decrease salivation into and ingestion from 

phloem, which can greatly reduce the likelihood of transmission. Future EPG 

experiments will be needed to study potato psyllid acquisition and inoculation of Ca. L. 

psyllaurous on potato plants. 

Xylem ingestion was also impacted by imidacloprid. Though there was no 

difference for the number of adults that produced the xylem ingestion waveform (G), 

psyllids on plants treated with imidacloprid produced significantly more G waveform 

events. However, waveform duration per psyllid and per event significantly declined on 

plants treated with imidacloprid.  

 This study provides detailed information regarding the effects of imidacloprid on 

potato psyllid feeding behavior. Imidacloprid appears to have both pre-phloem effects 
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(i.e., takes longer for the psyllid to reach the phloem) as related to the increase in 

nonprobing behaviors, and impacts on the psyllid once it reaches the phloem (i.e., 

decreased salivation and phloem ingestion events and shorter phloem ingestion 

durations). The EPG technique could be used in further studies regarding other 

insecticides, host plant resistance, and transmission of Ca. L. psyllaurous. The 

information generated on the number of weeks that behavior is modified following 

imidacloprid application can be used to improve recommendations for potato psyllid and 

zebra chip disease management. 
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Abstract 

The potato psyllid, Bactericera cockerelli (Sulc) (Hemiptera: Triozidae), is a 

major pest of potatoes that can cause yield loss by direct feeding on crop plants and by 

transmitting a bacterial pathogen, Candidatus Liberibacter psyllaurous (a.k.a. Candidatus 

Liberibacter solanacearum) associated with zebra chip disease of the crop. In recent 

years, there have been no studies regarding resistance of potato to the potato psyllid or 

the bacterial pathogen that the psyllid transmits. Thus, the objectives of this study were to 

determine the effects of potato germplasm on adult potato psyllid behavior and 

transmission of Ca. L. psyllaurous. A total of twenty-two potato (Solanum tuberosum L.) 

breeding clones and varieties were examined. Plant genotype significantly effected the 

occurrence and duration of psyllid probing, the duration of psyllid cleaning, resting and 

the amount of time psyllids spent off the potato leaflet as well as transmission of Ca. L. 

psyllaurous. For the potato genotypes in which there were significant decreases in 

transmission compared to controls, there was often an unclear relationship between the 

occurrences and duration of behaviors and subsequent bacterial transmission. We discuss 

the implications of our results for an integrated pest management program for the potato 

psyllid and Ca. L. psyllaurous control on potatoes. 
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Introduction 

The potato psyllid, Bactericera cockerelli (Sulc) (Hemiptera: Triozidae), is a 

serious pest of solanaceous crops in Central and North America (Cranshaw 1994, Jackson 

et al. 2009). Direct feeding of this insect can cause significant decreases in yield and 

quality of crop plants (Richards and Blood 1933, Munyaneza et al. 2008). Additionally, 

the potato psyllid is an important vector for the transmission of Candidatus Liberibacter 

psyllaurous (a.k.a. Candidatus Liberibacter solanacearum). This bacterium is associated 

with zebra chip (ZC) disease in potatoes (Hansen et al. 2008, Crosslin et al. 2010). The 

disease results in lower yields and decreased crop quality, and is characterized by a 

distinctive pattern of necrosis that is evident when infected tubers are fried (Munyaneza 

et al. 2007a, Hansen et al. 2008, Crosslin et al. 2010). Current pest management practices 

rely on use of insecticides to control the potato psyllid to reduce ZC incidence and 

increase yields (Liu and Trumble 2004, 2005; Goolsby et al. 2007, Vega-Gutierrez et al. 

2008, Gharalari et al. 2009). 

Host plant resistance can be an integral component of an integrated approach for 

the management of arthropod pests (Pedigo and Rice 2006). The use of resistant varieties 

has been investigated as a management option against the potato psyllid in tomatoes (Liu 

and Trumble 2004, 2005, 2006; Casteel et al. 2006, 2007). Some resistance by the Mi-1.2 

gene has been documented in tomatoes showing antixenosis (decreased host selection by 

the potato psyllid on plants with the resistant genotype) and antibiosis (significant 

decreases in survival of potato psyllid reared on the resistant genotype) (Casteel et al. 
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2006). In addition, antixenosis (reported as decreased feeding and oviposition) and 

antibiosis (described as increased developmental time and decreases in survival) were 

observed for a wild-type accession tomato (PI 134417) when compared to the tomato 

varieties ‘7718 VFN’, ‘Yellow Pear’, ‘QualiT 21’ and ‘Shady Lady’ (Liu and Trumble 

2004, 2005, 2006). Throughout the years, potato resistance research has focused on wild 

tuber-bearing South American Solanum species by primarily examining antixenosis and 

antibiosis to a variety of insect potato pests, and this tactic is still being investigated 

(Smith 2005, Strand 2006). However, research determining the use of resistant potato 

varieties to the potato psyllid has not been reported in over 20 years (Cranshaw 1989). To 

date, no formal studies regarding resistance of potato varieties to the potato psyllid and 

ZC have been reported. There is some evidence of varieties in the field showing 

significant differences in the percentage of raw as well as fried tubers exhibiting ZC 

symptoms (Munyaneza et al. 2007a, 2007b; Goolsby et al. 2007). Potential mechanisms 

of resistance related to potato varieties still remain to be examined. 

Currently, there is no published information available to aid producers in 

choosing potato varieties that might reduce damage caused by the potato psyllid. 

Antixenosis and especially antibiosis are favored resistance modalities for limiting spread 

of arthropod-transmitted plant pathogens (Hesler and Tharp 2005). Also, there is no 

published information on the potential of any commercial potato varieties or wild potato 

species to resist the key pathogen, Ca. L. psyllaurous. Thus, the objectives of this study 

were to determine the effects of potato germplasm on adult potato psyllid behavioral 

responses and determine if specific breeding clones or varieties can prevent or decrease 
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transmission of Ca. L. psyllaurous. The use of pesticides can be reduced by knowing 

which potato varieties can tolerate or even resist insect pests (Smith 2005), potentially 

reducing the need for pesticide applications and lower production costs. Plant resistance 

also has many advantages and can serve as a component tactic that may be integrated 

with other combinations of pest control. Understanding the effects of potato germplasm 

on adult psyllid behaviors could lead to more effective selection for psyllid resistance, 

and facilitate the identification and development of resistant potato varieties, thereby 

providing new opportunities for pest management. Limiting infestations and feeding-

related activity can be a key component in preventing yield loss and ZC transmission 

with its associated detrimental effect on potato processing quality.  

 

Materials and Methods 

Insects. Bactericera cockerelli were originally obtained from field collections in 

Texas, USA. The colony was maintained at ambient conditions of 21-26 °C and 40-60% 

RH at the University of California, Riverside, Insectary and Quarantine facility. Host 

plants were tomatoes (Solanum lycopersicum L. cv. ‘Yellow Pear’). A host plant other 

than potato was chosen as the rearing host to avoid insects developing a preference for 

their natal host plant (Tavormina 1982). Post-teneral adult females were selected for all 

behavioral tests. 

Potato Breeding Clones and Varieties. A total of twenty-two potato (Solanum 

tuberosum L.) breeding clones and varieties were examined for effects on adult potato 
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psyllid behaviors. These breeding clones or varieties were either from Texas or Idaho, 

USA. The eight advanced breeding clones, which had been field-screened by the Texas 

Potato Breeding and Variety Development Program and found to exhibit some level of 

tolerance to the ZC complex, were ‘BTX1749-1W/Y’, ‘NDTX731-1R’, ‘TX05249-10W’, 

‘ATX85404-8W’, ‘ATTX98500-3PW/Y’, ‘BTX1544-2W/Y’, ‘AOTX95295-1W ‘ and 

‘NY138’. The check-varieties ‘Russet Norkotah’ and ‘Atlantic’ were included because of 

their widely accepted susceptibility to ZC;  ‘King Harry’, a variety known for its high 

pubescence levels, was also included. 

Entries from the Aberdeen, ID, USA, potato breeding program consisted of a S. 

tuberosum subsp. tuberosum haploid- species hybrid [US-W730 x S. berthaultii (PI 

265857)] designated as ‘463-4’ that was used in somatic hybridizations with the potato 

species S. etuberosum as described by Novy and Helgeson (1994). Four generations of 

backcross progeny derived from somatic hybrids were also included: ‘P2-3’ and ‘P2-4’ 

(BC1), ‘Etb 5-31-3’, ‘Etb 6-21-3’, and ‘Etb 6-21-5’ (BC2), ‘A00ETB12-2’ and 

‘A00ETB12-3’ (BC3), and ‘A05379-69’ and ‘A05379-211’ (BC4).  In addition, ‘GemStar 

Russet’, a potato variety with putative resistance to psyllids and their associated feeding 

damage (Creighton Miller, personal communication), was also included in the study. 

Potato breeding clones and varieties used in all tests were grown in 4.9-liter pots 

with UC mix (Matkin and Chandler 1957) and fertilized three times per week with the 

label rate of Miracle Gro® nutrient solution (Scotts Company, Marysville, OH, USA). 

Plants were used for tests once they reached the ‘vegetative growth’ stage (Growth Stage 

II), which is marked by the plant producing 8-12 leaves (Strand 2006). Plant leaves used 
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as substrates for the behavioral assays were standardized by selecting the uppermost, 

fully-expanded leaf. 

Behavioral Bioassays. All assays were based on the protocols of Liu and 

Trumble (2004). Assays were monitored in arenas made by layering the following 

components: A Plexiglass rectangle (9 by 11.5 cm) serving as the base, a 9-cm-diameter 

Whatman® filter paper on the Plexiglass, the test leaflet (psyllid was placed on abaxial 

surface), foam (0.5 x 8 x 9 cm) with a 2.5 cm2 hole, and an additional 12.5-cm-diameter 

glass plate that covered the arena. The leaflet was not detached from the plant in order to 

avoid potential chemical changes associated with leaf excision. An adult female was 

placed into the arena and allowed to adjust for 5 min before initiating behavioral 

recording. An observation period lasted 15 min. Preliminary studies (Liu and Trumble, 

unpublished data) indicated that the 15 min observation period was sufficient for the 

psyllids to exhibit most of the behaviors recorded. The observations were recorded using 

the Noldus Observer program (Noldus, Wageningen, The Netherlands).  

 Specific behaviors recorded included cleaning (using legs to cleanse or wipe 

antennae, appendages or abdomen), probing (stylet penetration into leaflet observed on 

electrical penetration graphs, Butler et al. unpublished), jumping (leaping from one point 

to another on the leaflet), off-leaflet (exiting or abandoning the leaf surface), tasting 

(tapping the mouthparts on the leaf surface sporadically), resting (no activity on the 

leaflet and mouthparts not in contact with the leaflet), and walking (walking on the leaf 

surface). Jumping occurred so rapidly that accurately recording duration time was not 
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possible, so only numbers of occurrences were recorded. The behavioral observations 

were replicated 20 times with different psyllids and leaves for each of the plant entries.  

Transmission Assays. Ten psyllids (subsequently determined to be infected, see 

below) were caged on a 7 x 7.5 cm cage on the terminal leaflet of one of the fully-

expanded potato leaves for a 24-h inoculation access period for each of the plant 

genotypes. After 24 h, the psyllids were removed from the leaflet, placed in 100% 

ethanol and stored at -20 °C until real-time PCR analysis. Munyaneza (2010) noted that it 

takes as few as one infective psyllid per potato plant in three weeks or less for ZC 

symptoms to develop after exposure to infective psyllids. Thus, the plants were held for 

two wk after potato psyllid exposure to allow disease development. The potato leaves fed 

upon by the psyllid was then removed from the plant and placed in a Ziploc® bag and 

stored at -80 °C until real-time PCR analysis was conducted. 

Real-time PCR Analysis. Potato psyllids were tested in aliquots of three adults 

per extraction using a procedure described earlier (Manjunath et al. 2008, Butler et al. 

2011) for the presence of Ca. L. psyllaurous. A minimum of two extractions was 

conducted from each sample. Briefly, psyllids were transferred to a Whatman filter paper 

#1, air-dried for about 10 min and further processed using Fast DNA spin kit (MP 

Biomedicals Ltd., Solon, OH, USA). Final elution of DNA was done in a volume of 100 

µl of elution buffer per extraction. Two negative extractions were used for each batch of 

24 extractions to monitor possible cross contaminations between samples. A Taqman-

based real time PCR assay was employed in detection of LPS by using a protocol 

modified from Li et al. (2006) and Manjunath et al. (2008). DNA concentrations were 
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estimated using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Wilmington, 

DE, USA). The forward primer HLBf was replaced by LPSf (5’-

TCGAGCGCTTATTTTTAATAGG - 3’) and used along with HLBp and HLBr. Samples 

with a cycle threshold (ct) value of 35 and above indicated absence of LPS.  

DNA extraction from frozen potato leaf samples was conducted using Qiagen 

MagAttract 96 DNA Plant Core kit (Qiagen Inc., Valencia, CA, USA) according to the 

manufacturer. 100 mg of midrib samples were cut into small pieces using a sterile razor 

blade and placed in appropriate well in a 96 deepwell plate sealed using TPE capcluster 

mat (USA Scientific Co., Ocala, FL, USA). Duplicate extractions were conducted for 

each sample. Extractions conducted with water served as negative extraction controls. 

After loading all the samples, the cluster caps were removed and the plate was sealed 

with Airpore Tape sheet (Qiagen) and freeze dried overnight. Next day, about 20 

zironium beads (2.5 mm; Glen Mills, Clifton, NJ, USA) were added into each well, 

sealed using cluster caps as above, and the tissue was homogenized in a beadbeater 

(Biospec Inc. Bartlesville, OK, USA) for 5 min. Homogenization was conducted again in 

the presence of 300 µl of RLT buffer. The homogenized sample was processed further 

according to the manufacturer. The final elution of DNA was done in a volume of 100 µl 

per extraction. Real time PCR assay was conducted essentially as described by Li et al. 

(2006) except for the forward primer (LPSf) as described above. The primer-probe set for 

mitochondrial cytochrome oxidase gene (COX) served as internal control for detection of 

potato DNA. The results of the PCR tests for LPS were analyzed as described above. 
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Statistical Analysis. The experiment was conducted as a randomized block 

design with two blocks. Blocks were the origin of the potatoes (i.e., Idaho or Texas). The 

‘Idaho’ block consisted of 20 replicates of the 12 potato entries, and the ‘Texas’ block 

consisted of 20 replicates of the ten potato entries. Treatment differences in the number 

of occurrences and duration of behaviors were analyzed using analysis of variance 

(ANOVA) in a general linear models procedure of SAS version 9.2 (PROC GLM, SAS 

Institute 2008). The numbers of occurrences of probing were reciprocal transformed to 

homogenize variances. The durations of probing were square root transformed, and the 

durations of times spent off the potato leaflet were reciprocal square root transformed. 

When treatment effect was significant (P < 0.05) a least significant-difference (LSD) test 

was used to discriminate significant differences among treatment means. The number of 

potato plants infected with Ca. L. psyllaurous from a given potato genotype were 

compared against their respective positive controls (i.e., Idaho block: ‘Atlantic’ and 

Texas block: ‘Russet Norkotah’) with Mann-Whitney U-tests (PROC NPAR1WAY, SAS 

Institute 2008).  

 

Results 

Occurrences of Psyllid Behaviors. The number of occurrences of each behavior 

was recorded for each of the potato lines (Table 5.1). There were significant differences 

between the potato genotypes for the number of occurrences of probing (F = 1.86; df = 

21, 431; P = 0.0125). Psyllids probed less on the potato breeding clones ‘P2-4’ and 

‘TX05249-10W’, and these values were significantly lower than the values on the potato 
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Table 5.1. Number of occurrences (±  SE) of selected behaviors of the potato psyllid in response to potato breeding clone 

or variety 

Clone/Variety Tastinga Probing Cleaning Jumpingb Resting Walking Off leaflet 

‘P2-4’ 0.9 ± 0.3 a 1.0 ± 0.2 a 0.1 ± 0.1 a 0.1 ± 0.1 1.2 ± 0.4 a 1.4 ± 0.4 a 0.5 ± 0.1 a 

‘TX05249-10W’ 0.3 ± 0.2 a 1.3 ± 0.2 a 0.2 ± 0.1 a 0.0 ± 0.0 0.9 ± 0.3 a 1.2 ± 0.4 a 0.4 ± 0.2 a 

‘463-4’ 1.1 ± 0.3 a 1.1 ± 0.2 ab 0.1 ± 0.1 a 0.6 ± 0.3 1.3 ± 0.3 a 2.8 ± 0.6 a 1.2 ± 0.2 a 

‘Etb 6-21-3’ 0.3 ± 0.1 a 1.3 ± 0.2 ab 0.9 ± 0.2 a 0.2 ± 0.2 1.4 ± 0.3 a 1.3 ± 0.3 a 0.3 ± 0.2 a 

‘GemStar Russet’ 0.6 ± 0.3 a 1.3 ± 0.2 abc 0.3 ± 0.2 a 0.3 ± 0.2 1.3 ± 0.4 a 1.8 ± 0.7 a 0.3 ± 0.2 a 

‘King Harry’ 0.4 ± 0.2 a 1.4 ± 0.3 abcd 0.5 ± 0.2 a 0.0 ± 0.0 0.9 ± 0.2 a 1.1 ± 0.3 a 0.3 ± 0.1 a 

‘Etb 6-21-5’ 0.5 ± 0.2 a 1.5 ± 0.2 abcd 0.6 ± 0.2 a 0.0 ± 0.0 1.3 ± 0.3 a 1.6 ± 0.5 a 0.3 ± 0.3 a 

‘A05379-211’ 0.4 ± 0.1 a 1.5 ± 0.3 abcde 0.5 ± 0.2 a 0.2 ± 0.2 1.2 ± 0.3 a 1.7 ± 0.4 a 0.7 ± 0.2 a 

‘ATX85404-8W’ 0.3 ± 0.1 a 1.6 ± 0.3 abcde 0.5 ± 0.2 a 0.1 ± 0.1 0.8 ± 0.3 a 1.2 ± 0.3 a 0.3 ± 0.2 a 

‘AOTX95295-1W’ 0.5 ± 0.2 a 1.7 ± 0.4 abcde 0.4 ± 0.2 a 0.6 ± 0.5 1.8 ± 0.6 a 2.3 ± 0.7 a 0.4 ± 0.2 a 

‘P2-3’ 0.6 ± 0.3 a 1.8 ± 0.3 abcde 0.4 ± 0.2 a 0.0 ± 0.0 0.5 ± 0.2 a 1.0 ± 0.3 a 0.1 ± 0.1 a 

‘A00ETB12-2’ 0.9 ± 0.3 a 1.9 ± 0.4 abcde 0.9 ± 0.4 a 1.0 ± 0.5 0.5 ± 0.3 a 2.2 ± 0.9 a 1.0 ± 0.5 a 

‘ATTX98500-3PW/Y’ 0.3 ± 0.1 a 1.9 ± 0.4 abcde 0.9 ± 0.3 a 0.2 ± 0.1 1.2 ± 0.4 a 1.1 ± 0.4 a 0.3 ± 0.1 a 

‘BTX1749-1W/Y’ 1.0 ± 0.3 a 1.9 ± 0.4 abcde 0.2 ± 0.1 a 0.0 ± 0.0 0.7 ± 0.3 a 1.8 ± 0.6 a 0.6 ± 0.3 a 
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‘Russet Norkotah’ 0.6 ± 0.2 a 1.8 ± 0.3 bcde 0.6 ± 0.3 a 0.2 ± 0.2 1.0 ± 0.2 a 1.4 ± 0.5 a 0.3 ± 0.2 a 

‘A00ETB12-3’ 0.7 ± 0.2 a 1.9 ± 0.3 cde 0.2 ± 0.1 a 0.1 ± 0.1 1.0 ± 0.2 a 1.9 ± 0.4 a 0.5 ± 0.2 a 

‘NDTX731-1R’ 0.7 ± 0.2 a 2.0 ± 0.3 cde 0.8 ± 0.4 a 0.0 ± 0.0 1.4 ± 0.4 a 1.9 ± 0.5 a 0.3 ± 0.1 a 

‘Etb 5-31-3’ 1.1 ± 0.3 a 2.1 ± 0.3 de 0.3 ± 0.1 a 0.2 ± 0.1 1.6 ± 0.5 a 3.2 ± 0.7 a 0.8 ± 0.3 a 

‘A05379-69’ 0.6 ± 0.2 a 2.3 ± 0.3 de 0.9 ± 0.3 a 0.3 ± 0.3 1.2 ± 0.4 a 1.9 ± 0.7 a 0.6 ± 0.3 a 

‘NY138’ 1.1 ± 0.3 a 2.1 ± 0.4 e 0.3 ± 0.1 a 0.0 ± 0.0 0.9 ± 0.2 a 1.9 ± 0.4 a 0.4 ± 0.1 a 

‘Atlantic’ 0.9 ± 0.3 a 2.4 ± 0.4 e 0.6 ± 0.2 a 0.2 ± 0.1 1.3 ± 0.5 a 2.4 ± 0.6 a 0.3 ± 0.1 a 

‘BTX1544-2W/Y’ 1.1 ± 0.5 a 2.7 ± 0.5 e 0.6 ± 0.2 a 0.3 ± 0.1 1.2 ± 0.4 a 2.8 ± 0.8 a 0.6 ± 0.2 a 

a Means within a column followed by different letters are significantly different using the LSD test. 

b No statistics were analyzed for this behavior due to the presence of zeroes. 
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varieties and breeding clones ‘Russet Norkotah’, ‘A00ETB12-3’, ‘NDTX731-1R’, ‘Etb 

5-31-3’, ‘A05379-69’, ‘NY138’, ‘Atlantic’, and ‘BTX1544-2W/Y’ (Table 5.1). The 

number of occurrences of tasting, cleaning, resting, walking, and number of occurrences 

off the potato leaflet was not significantly different between the potato germplasm tested. 

Duration of Psyllid Behaviors. Potato germplasm had a significant effect on the 

probing duration of psyllids (F = 1.96; df = 21, 431; P = 0.0074). Psyllids spent 

significantly less time probing on ‘463-4’ compared to ‘Etb 5-31-3’, ‘ATX85404-8W’, 

‘King Harry’, ‘ATTX98500-3PW/Y’, ‘BTX1544-2W/Y’, ‘A00ETB12-3’, ‘P2-4’, 

‘A00ETB12-2’, ‘A05379-69’, ‘Etb 6-21-3’, ‘P2-3’, ‘Etb 6-21-5’, and ‘Russet Norkotah’ 

(Table 5.2). The next lowest duration of probing by psyllids was on the potato breeding 

clone ‘NY138’ which was significantly lower than ‘A00ETB12-3’, ‘P2-4’, ‘A00ETB12-

2’, ‘A05379-69’, ‘Etb 6-21-3’, ‘P2-3’, ‘Etb 6-21-5’, and ‘Russet Norkotah’ (Table 5.2). 

Psyllids spent the most time cleaning on ‘AOTX95295-1W’ and ‘King Harry’ compared 

to ‘A05379-211’, ‘P2-4’, ‘A00ETB12-3’, ‘NDTX731-1R’, ‘P2-3’, ‘Etb 6-21-5’, 

‘GemStar Russet’, ‘BTX1544-2W/Y’, ‘Atlantic’, ‘Etb 5-31-3’, ‘TX05249-10W’, ‘463-4’, 

and ‘NY138’ (F = 1.89; df = 21, 431; P = 0.0104) (Table 5.2). Psyllids spent the most 

time resting on the varieties ‘BTX1749-1W/Y’ and ‘TX05249-10W’ compared to ‘Russet 

Norkotah’, ‘A05379-69’, ‘P2-3’, ‘P2-4’, and ‘A00ETB12-2’ (F = 1.81; df = 21, 431; P = 

0.0164) (Table 5.2). Psyllids spent the most time off the potato variety ‘463-4’ compared 

to all other breeding clones or varieties except for ‘A05379-211’ and ‘NY138’ (F = 2.00; 

df = 21, 431; P = 0.0057) (Table 5.2). No significant differences among clones were 

noted for the duration of tasting and walking behaviors. 

138 



139 
	  

Table 5.2. Duration (in seconds) (±  SE) of selected behaviors of the potato psyllid in response to potato breeding clone 

or variety 

Clone/Variety Tastinga Probing Cleaning Resting Walking Off leaflet 

‘Russet Norkotah’ 1.9 ± 0.5 a 725.6 ± 42.0 a 57.9 ± 28.0 abcd 87.6 ± 34.8 bcd 17.4 ± 6.9 a 12.8 ± 10.7 ab 

‘Etb 6-21-5’ 3.1 ± 1.1 a 690.0 ± 69.3 ab 18.1 ± 9.0 cd 116.2 ± 51.0 abcd 16.6 ± 7.2 a 59.4 ± 43.1 ab 

‘P2-3’ 14.6 ± 9.3 a 659.7 ± 58.1 ab 28.5 ± 22.3 cd 48.7 ± 25.0 cd 30.8 ± 9.3 a 120.4 ± 52.5 bcd 

‘Etb 6-21-3’ 5.0 ± 2.3 a 650.9 ± 71.0 abc 50.4 ± 28.8 abcd 111.7 ± 46.5 abcd 29.9 ± 10.3 a 55.5 ± 44.8 abcd 

‘A05379-69’ 4.0 ± 1.4 a 627.4 ± 77.5 abc 77.1 ± 40.6 abcd 50.6 ± 26.0 cd 15.3 ± 4.4 a 129.0 ± 61.5 abcd 

‘A00ETB12-2’ 7.2 ± 2.6 a 610.5 ± 80.2 abc 71.8 ± 31.7 abcd 15.2 ± 10.7 d 39.7 ± 18.7 a 159.0 ± 67.5 abcd 

‘P2-4’ 10.7 ± 4.8 a 592.5 ± 80.1 abc 45.6 ± 38.1 bcd 50.0 ± 34.1 cd 35.6 ± 15.5 a 169.0 ± 73.6 abcd 

‘A00ETB12-3’ 4.1 ± 1.1 a 559.3 ± 73.5 abc 36.1 ± 30.1 bcd 164.7 ± 62.9 abcd 24.0 ± 6.1 a 114.7 ± 58.4 abcd 

‘BTX1544-2W/Y’ 3.0 ± 1.3 a 544.1 ± 77.1 abcd 13.6 ± 12.1 cd 224.5 ± 73.3 ab 19.0 ± 8.0 a 99.3 ± 48.2 abc 

‘ATTX98500-3PW/Y’ 1.7 ± 0.3 a 535.1 ± 69.6 abcd 90.6 ± 35.5 abc 144.0 ± 43.2 abcd 24.4 ± 11.8 a 107.3 ± 55.9 abc 

‘King Harry’ 5.9 ± 2.9 a 528.6 ± 72.9 abcd 131.7 ± 55.5 a 125.4 ± 46.8 abcd 23.5 ± 8.8 a 88.3 ± 59.0 ab 

‘ATX85404-8W’ 2.4 ± 0.6 a 523.6 ± 77.1 abcd 85.0 ± 36.1 abcd 228.8 ± 62.0 ab 21.8 ± 7.7 a 41.5 ± 36.5 a 

‘Etb 5-31-3’ 9.4 ± 2.6 a 518.5 ± 79.7 bcd 11.4 ± 6.9 cd 219.8 ± 66.4 ab 76.6 ± 20.9 a 67.0 ± 39.0 abcd 
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‘Atlantic’ 4.9 ± 2.3 a 512.1 ± 85.3 bcde 13.1 ± 6.9 cd 242.5 ± 73.4 ab 27.0 ± 9.5 a 103.7 ± 50.0 abcd 

‘GemStar Russet’ 1.5 ± 0.2 a 509.7 ± 97.6 bcde 16.4 ± 11.1 cd 240.9 ± 86.4 ab 27.0 ± 10.7 a 107.8 ± 68.3 abcd 

‘TX05249-10W’ 2.5 ± 0.9 a 474.2 ± 82.5 bcde 10.9 ± 8.8 cd 249.4 ± 76.5 a 19.2 ± 9.1 a 147.6 ± 68.4 abc 

‘NDTX731-1R’ 5.4 ± 1.9 a 472.3 ± 72.2 bcde 30.7 ± 22.3 cd 225.0 ± 60.6 ab 22.4 ± 4.8 a 147.0 ± 73.0 abcd 

‘A05379-211’ 4.1 ± 1.3 a 452.6 ± 84.7 cde 47.3 ± 27.1 bcd 141.7 ± 52.5 abcd 19.7 ± 5.1 a 237.9 ± 77.4 de 

‘AOTX95295-1W’ 2.7 ± 1.0 a 417.2 ± 75.6 cde 132.9 ± 50.4 a 179.2 ± 58.1 abc 20.1 ± 5.3 a 150.6 ± 68.5 abcd 

‘BTX1749-1W/Y’ 2.9 ± 0.8 a 389.0 ± 58.7 cde 115.6 ± 45.0 ab 267.9 ± 64.2 a 20.9 ± 6.8 a 106.4 ± 52.9 abcd 

‘NY138’ 4.3 ± 2.3 a 373.5 ± 87.7 de 3.9 ± 2.9 d 236.9 ± 76.4 ab 35.0 ± 13.5 a 249.7 ± 82.4 cde 

‘463-4’ 7.5 ± 3.9 a 276.9 ± 65.1 e 4.1 ± 3.0 d 200.2 ± 62.7 abc 42.8 ± 10.4 a 371.1 ± 76.5 e 

a Means within a column followed by different letters are significantly different using the LSD test. 
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Transmission Assay. The mean percentage and number of psyllids and potato 

plants that were infected with Ca. L. psyllaurous are shown in Table 5.3. All of the 

psyllids tested were infected with Ca. L. psyllaurous. There were significant decreases in 

the number of potato plants that were infected with Ca. L. psyllaurous based on plant 

genotype compared to ‘Atlantic’ (‘A00ETB12-3’: z = -2.15, P = 0.0318; ‘Etb 6-21-3’: z = 

-2.15, P = 0.0318; ‘P2-4’: z = -2.15, P = 0.0318) and ‘Russet Norkotah’ (‘BTX1544-

2W/Y’: z = -2.15, P = 0.0318; ‘TX05249-10W’: z = -2.15, P = 0.0318). Each of the 

breeding clones ‘A00ETB12-3’, ‘Etb 6-21-3’, ‘P2-4’, ‘BTX1544-2W/Y’, and ‘TX05249-

10W’, reduced infection 63% from their respective controls.  

 

Discussion 

 Potato breeding clones and varieties evaluated effected the occurrences and 

durations of probing, durations of cleaning, resting, the amount of time spent off the 

potato leaflet as well as transmission of Ca. L. psyllaurous. The occurrences of probing 

by psyllids on ‘P2-4’ and ‘TX05249-10W’ were reduced significantly relative to their 

respective controls and may help explain why there was a significant decrease in 

transmission of Ca. L psyllaurous. However, the duration of probing by psyllids on ‘P2-

4’ and ‘TX05249-10W’ relative to variety controls were significantly different only for 

‘TX05249-10W’ relative to ‘Russet Norkotah’. The probing durations were lowest for 

psyllids on ‘463-4’ and ‘NY138’ and time spent off the potato leaflets was greatest for 

psyllids on ‘463-4’ and ‘NY138’ as well. Also psyllid probing durations on ‘463-4’ and 
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Table 5.3. Mean percentage ± SE, and number of infected/inoculated potato psyllids 

and potato plants infected with Ca. L. psyllaurous by breeding clone or varietya 

Experiment Clone/Variety Potato Psyllid Potatob 

Idaho    

 ‘A00ETB12-3’ 100.0 ± 0.0 % (10/10) 30.0 ± 15.3 % (3/10) a 

 ‘Etb 6-21-3’ 100.0 ± 0.0 % (10/10) 30.0 ± 15.3 % (3/10) a 

 ‘P2-4’ 100.0 ± 0.0 % (10/10) 30.0 ± 15.3 % (3/10) a 

 ‘GemStar Russet’ 100.0 ± 0.0 % (8/8) 37.5 ± 18.3 % (3/8) b 

 ‘Etb 5-31-3’ 100.0 ± 0.0 % (10/10) 40.0 ± 18.3 % (4/10) b 

 ‘A05379-211’ 100.0 ± 0.0 % (9/9) 44.4 ± 17.6 (4/9) b 

 ‘463-4’ 100.0 ± 0.0 % (10/10) 50.0 ± 16.7 % (5/10) b 

 ‘Etb 6-21-5’ 100.0 ± 0.0 % (7/7) 50.0 ± 16.7 % (5/10) b 

 ‘P2-3’ 100.0 ± 0.0 % (8/8) 50.0 ± 18.9 % (4/8) b 

 ‘A05379-69’ 100.0 ± 0.0 % (9/9) 70.0 ± 15.3 % (7/10) b  

 ‘A00ETB12-2’ 100.0 ± 0.0 % (10/10) 100.0 ± 0.0 % (10/10) b 

 ‘Atlantic’ 100.0 ± 0.0 % (10/10) 80.0 ± 13.3 % (8/10) b 

Texas    

 ‘BTX1544-2W/Y’ 100.0 ± 0.0 % (10/10) 30.0 ± 15.3 % (3/10) a 

 ‘TX05249-10W’ 100.0 ± 0.0 % (9/9) 30.0 ± 15.3 % (3/10) a 

 ‘NY138’ 100.0 ± 0.0 % (8/8) 40.0 ± 16.3 % (4/10) b  

 ‘ATX85404-8W’ 100.0 ± 0.0 % (10/10) 50.0 ± 16.7 % (5/10) b 

 ‘BTX1749-1W/Y’ 100.0 ± 0.0 % (10/10) 50.0 ± 16.7 % (5/10) b 

 ‘ATTX98500-3PW/Y’ 100.0 ± 0.0 % (10/10) 60.0 ± 16.3 % (6/10) b  
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 ‘King Harry’ 100.0 ± 0.0 % (10/10) 60.0 ± 16.3 % (6/10) b 

 ‘NDTX731-1R’ 100.0 ± 0.0 % (10/10) 70.0 ± 15.3 % (7/10) b 

 ‘AOTX95295-1W’ 100.0 ± 0.0 % (10/10) 70.0 ± 15.3 % (7/10) b 

 ‘Russet Norkotah’ 100.0 ± 0.0 % (10/10) 80.0 ± 13.3 % (8/10) b 

a Range of ct values: Potato psyllids [18.09 – 31.27], Potato [23.46 – 40.00] 

b Within columns, percentages followed by different letters differ significantly (Mann-

Whitney U-test paired comparisons with the control of their respective experiments). 
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‘NY138’ were reduced by 48-62% compared to ‘Russet Norkotah’. Additionally, the 

amount of time spent off the potato leaflet was 72% greater for ‘463-4’ compared to 

‘Atlantic’ and 94% greater for ‘NY138’ compared to ‘Russet Norkotah’, thus indicating 

some repellency. The repellency observed in ‘463-4’, is likely contributed by its S. 

berthaultii parent, which was derived from an accession (PI 265857) noted for having A 

and B glandular trichomes, as well as resistances to a myriad of pests, including Colorado 

potato beetle, fleabeetle, leafhopper, mites, and tarnished plant bug (United States 

National Plant Germplasm System, Germplasm Resources Information Network 

[GRIN]). However, this deterrence to probing and repellency was not enough to 

significantly lower transmission of Ca. L. psyllaurous as compared to controls. The 

amount of time psyllids spent resting was significantly longer on ‘BTX1749-1W/Y’ and 

‘TX05249-10W’ compared to ‘Russet Norkotah’ by nearly 65%, but the combination of 

the behavioral and transmission assay data suggest that ‘TX05249-10W’ is the less 

susceptible genotype. In addition, ‘King Harry’ and ‘AOTX95295-1W’ increased the 

amount of time psyllids spent cleaning compared to ‘Atlantic’ by nearly 90% for both 

potato genotypes, however this increased duration of cleaning appeared to be not enough 

to significantly lower Ca. L. psyllaurous transmission from ‘Russet Norkotah’.  

 Results of the transmission assays and the relationship to psyllid behaviors appear 

to be promising. For the potato genotypes in which there was a significant decrease in 

transmission compared to their controls, there was sometimes an unclear relationship 

between the occurrences and durations of behaviors and subsequent transmission. For 

‘A00ETB12-3’, ‘Etb 6-21-3’, and ‘BTX1544-2W/Y’, there was no significant difference 
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in the occurrence and duration of probing, durations of cleaning, resting and amount of 

time spent off the potato leaflets compared to their controls, yet transmission was 

significantly reduced, possibly indicative of resistance to Ca. L. psyllaurous rather than to 

its insect vector. In contrast, ‘P2-4’ and ‘TX05249-10W’ showed significant differences 

in the frequency, duration and reduced transmission of behaviors compared to their 

controls. ‘P2-4’ had a lower number of probing occurrences and a significantly longer 

resting duration compared to ‘Atlantic’ and ‘TX05249-10W’ had a lower number of 

probing occurrences and likewise a significantly lower duration of probing and longer 

resting duration compared to ‘Russet Norkotah’, which may help explain why 

transmission of Ca. L. psyllaurous was decreased. To better understand these variable 

relationships, further experiments may be needed. The use of electrical penetration 

graphs to further characterize the feeding behavior of potato psyllids on these potentially 

tolerant/resistant potato breeding clones or varieties may be needed to further elucidate 

the connection between potato psyllid behaviors and pathogen transmission on these 

plants. Also, the most promising potato breeding clones or varieties that have effected 

potato psyllid behaviors and lowered transmission of Ca. L. psyllaurous will need to be 

tested in the field before recommendations can be made and the most effective 

integration with a potato psyllid pest and Ca. L. psyllaurous management program can be 

accomplished. 
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Abstract 

Bactericera cockerelli (Sulc) (Hemiptera: Triozidae) is a major pest of potatoes, 

tomatoes, and peppers. The purpose of our research was to identify and determine the 

impact of natural enemies on B. cockerelli population dynamics. Through two years of 

field studies (2009-2010) at four different sites and laboratory feeding tests, we have 

identified Orius tristicolor (White) (Hemiptera: Anthocoridae), Geocoris pallens Stal 

(Hemiptera: Geocoridae), Hippodamia convergens Guerin-Meneville (Coleoptera: 

Coccinellidae), and the parasitoid Tamarixia triozae (Burks) (Hymenoptera: Eulophidae) 

as key natural enemies of B. cockerelli in southern California potatoes, tomatoes, and bell 

peppers. In natural enemy exclusion cage experiments in the potato crop and in American 

nightshade, Solanum americanum Miller, the number of B. cockerelli surviving was 

significantly greater in the closed cage treatments, thus confirming the impact natural 

enemies can have on B. cockerelli. We discuss how this information can be used in an 

integrated pest management program for B. cockerelli. 
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Introduction 

The potato/tomato psyllid, Bactericera cockerelli (Sulc), (Hemiptera: Triozidae) 

is a serious pest of solanaceous crops such as potato (Solanum tuberosum L.), tomato 

(Solanum lycopersicum L.), pepper (Capsicum spp.), and eggplant (Solanum melongena 

L.) in Central and North America, and most recently in New Zealand (Cranshaw 1994, 

Liu and Trumble 2007, Teulon et al. 2009, Crosslin et al. 2010). This pest has caused 

millions of dollars in damage due to direct feeding on crop plants and by transmitting a 

bacterial pathogen currently known as Candidatus Liberibacter psyllaurous (a.k.a. Ca. L. 

solanacearum) (Munyaneza et al. 2007, Hansen et al. 2008, Crosslin et al. 2010).  

One of the first assessments that should be made in an integrated pest 

management (IPM) program is the potential role of natural enemies in controlling pests 

(Pedigo and Rice 2006). B. cockerelli is reportedly attacked by a number of natural 

enemies in North America (Cranshaw 1994). However, most of these reports are over 40 

years old, focused on greenhouse populations, or were published before the new invasive 

biotype moved into California (Liu and Trumble 2007).  

In field locations in North America such as Arizona, New Mexico, Texas and 

Utah, chrysopids, anthocorids and coccinellids have been observed attacking B. 

cockerelli (Anonymous 1932, Knowlton 1933a, Romney 1939). Under artificial 

laboratory conditions, chrysopid larvae, coccinellids, geocorids, anthocorids, mirids, 

nabids, and syrphid larvae have all been recorded to feed on B. cockerelli (Knowlton 

1933a, 1933b, 1934a; Knowlton and Allen 1936). A survey of potential predatory natural 

enemies of B. cockerelli in potatoes was conducted by Pletsch (1947) in potato fields and 
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found geocorids, coccinellids, and chrysopids; although, no direct observations were 

made of these natural enemies attacking the potato psyllid. Al-Jabr (1999) assessed two 

green lacewing species, Chysoperla carnea Stephens and Chrysoperla rufilabris 

(Burmeister) as potential biological control agents of B. cockerelli in greenhouse 

tomatoes. These two chrysopid species could complete development on a diet of the B. 

cockerelli, but C. rufilabris was better adapted to surviving in the greenhouse 

environment (Al-Jabr 1999). A field trial involving augmentative additions of C. carnea 

to psyllid-infested potatoes did not result in the reduction of psyllid numbers (Al-Jabr 

1999). Metaphycus psyllidis Compere (Hymenoptera: Encyrtidae) in bell peppers and 

Tamarixia triozae (Burks) (Hymenoptera: Eulophidae) in potatoes have not provided 

significant control of B. cockerelli (Compere 1943, Johnson 1971, Cranshaw 1994). 

Thus, throughout the years various studies have been conducted to document the natural 

enemies that attack B. cockerelli, but few studies have identified key natural enemies or 

their impact in the crop and non-crop habitats that this psyllid is known to inhabit 

(Romney 1939, Cranshaw 1994). The natural enemy community that attacks B. cockerelli 

is unknown in California. Additionally, essentially no information on the potential 

population level suppression of natural enemies on B. cockerelli population dynamics is 

available (Goolsby et al. 2007). 

At this time, within-field biological control has not been implemented, mostly 

because B. cockerelli are treated with pesticides even at extremely low infestation levels 

in an attempt to reduce pathogen transmission. Before biological control agents can be 

fully exploited in these systems, more studies are required to assess the effectiveness of 
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upper trophic level control on B. cockerelli populations. Thus, the objectives of this 

research were to identify key natural enemies of B. cockerelli in potato, tomato, and bell 

pepper plantings and determine the impact of natural enemies on B. cockerelli in key crop 

and non-crop habitat in southern California. These data will be a necessary first step in 

developing a regional management approach for this pest that includes natural enemies.  

 

Materials and methods 

Surveys. Surveys were conducted throughout the 2009 and 2010 cropping 

seasons in potatoes, tomatoes, and bell peppers. Bi-weekly sampling surveys began 7 

May 2009 and ended 3 December 2010. Commercial potato fields in Lakeview, CA 

(Riverside Co.) as well as tomato and bell pepper fields in Camarillo, CA (Ventura Co.) 

experienced pesticide applications. Organically grown bell pepper plants were also 

surveyed in Oxnard, CA (Ventura Co.) in 2009. Insecticide-free potato, tomato, and bell 

pepper plantings were sampled at the University of California, South Coast Research and 

Extension Center in Irvine, CA (Orange Co.). Thus, we covered a wide range of 

production systems and practices to find potential natural enemies. 

Collection techniques included visual counts (both destructive sampling and in 

situ counts of potential natural enemies on the crop plants) and sweep netting of 

arthropods within agricultural fields. For the commercial fields, visual counts were 

conducted using a systematic sampling design whereby a total of 15-25 plants from three 

to five transects were sampled within a field every 20 m for up to 80 m on each sample 

date. Additionally, a 38-cm diameter sweep net was used for sampling arthropods in the 
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crop foliage using a prearranged M-shaped pattern with 25 sweeps per sampling point 

within the field. At the Orange county crop plantings, 8-15 plants were examined 

randomly within four plots per sampling date and an additional 20 sweeps per plot were 

collected. The number of natural enemies and the number of B. cockerelli that occurred 

on infested plants were also recorded.  

Other alternative prey items were present and recorded from all fields, and 

included aphids, thrips, whiteflies, flea beetles, lepidopteran caterpillars, mirids, and 

Lygus hesperus (Knight); however, B. cockerelli was the most abundant insect in all 

fields examined. Voucher specimens of potential natural enemies were deposited at the 

University of California, Riverside, Entomology Research Museum. 

Laboratory feeding assays. Results from the surveys indicated that some natural 

enemy species were more abundant than others. Based on this, six natural enemies were 

further tested in laboratory feeding assays. B. cockerelli were reared and maintained 

according to the methods described by Butler et al. (2011). Predators were collected from 

bell peppers 31 August-28 September 2010 from Irvine, CA. Predators were added to a 9-

cm diameter Petri dishes which contained a moistened filter paper and an excised tomato 

leaf with 20 eggs, 20 2-3rd instar nymphs and 10 adult B. cockerelli (n = 6 to 20 Petri dish 

arenas per predator species depending on availability, and 29 control replicates with no 

predators to account for non-predator mortality). Predators had access to B. cockerelli for 

a 24 h period. At the end of the 24 h period, the numbers of B. cockerelli remaining in all 

life stages were counted and the percent mortality was calculated per stage. 
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Exclusion cage studies. These experiments were conducted in late-season 

plantings of potato and the American nightshade, Solanum americanum Miller, in 2009 

and 2010 at the University of California, South Coast Research and Extension Center in 

Orange Co. B. cockerelli has a wide host range and this psyllid is able to oviposit and 

complete development on over 40 host species (Knowlton and Thomas 1934), but is most 

commonly found on solanaceous plants (Al-Jabr 1999). Experimental plots were 

established using a 2 x 2 factorial design. The first factor involved type of plant: potatoes 

or American nightshade. Nightshade plots were established 1 m distant from the potato 

plots to minimize potential environmental variability. The second factor varied exposure 

of B. cockerelli to natural enemies using exclusion cages. Cage treatments were either 

closed, open (frame structure without screen) or no cages (after Van Driesche et al. 

2008). A 7 x 7.5 cm cage with thrips-proof mesh (SpiderNet+, Meteor Agricultural Nets 

Ltd., Isreal) was placed over the terminal leaflet on the upper-third of the plant.  

Leaflets were cleared of psyllids and natural enemies before 10-15 lab-reared 

first-second instar nymphs were added to each leaflet and allowed to settle for 24 h. 

Preliminary observations showed that B. cockerelli nymphs are sedentary and would 

remain on the leaves (CDB, personal observation). After 24 h, the number of psyllids 

remaining was confirmed and then the appropriate cage treatment was added. Cages were 

checked every 2-4 d until psyllids were no longer found. These experiments were 

conducted as a randomized complete block design with three blocks in 2009 and four 

blocks in 2010. Each block consisted of one replicate of the plot treatments with two 

replicates of each cage treatment. 
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Data analysis. Multiple linear regressions were used to analyze the number of 

natural enemies that occur on B. cockerelli infested crop plants. Due to significant 

interactions (P < 0.05) between the number of B. cockerelli that occur on crops by year 

and location (except for potatoes), we examined the regressions for each year and locality 

on each crop individually. Due to pesticide applications in the commercial fields, 

regression analyses were also conducted individually so a comparison could be made 

between the commercial and insecticide-free plots.  

The average number of B. cockerelli that occurred on crop plants were first 

analyzed by using ANOVA in a general linear models procedure of SAS version 9.2 

(PROC GLM, SAS Institute 2008). The mean numbers of psyllids per crop plant were log 

transformed, reciprocal square root transformed, and reciprocally transformed to 

homogenize variances and normalize the data for bell pepper, tomatoes, and potatoes, 

respectively. When there was a significant interaction (P < 0.05) between year and 

location, multiple comparison tests using the LSMEANS/PDIFF option with a Tukey 

adjustment were done to discriminate differences among the means. After the 

transformation of the dependent variable, stepwise selection criteria were used to find the 

natural enemies that best described the relationship for the number of psyllids on the crop 

plants. Confirmation of the best model was done using adjusted R2, Akaike Information 

Criterion (AIC), Bayesian Information Criterion (BIC) and Mallows’ Cp criteria.  

For the laboratory feeding assays, the numbers of B. cockerelli in all life stages 

remaining after 24 h exposure with the potential predator were compared with controls 

using t-tests (PROC TTEST, SAS Institute 2008). 
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For the exclusion cage studies, the numbers of psyllids per cage were first tested 

between the open and uncaged treatments to rule out possible cage effects (Van Driesche 

et al. 2008). The mean numbers of psyllids in the open and uncaged treatments were 

tested by year using ANOVA in general linear models procedure of SAS. Analysis of 

these data revealed no significant (P > 0.05) cage effects so data from uncaged and open 

treatments were pooled. The numbers of psyllids per cage treatment were square root 

transformed to homogenize variances and normalize the data. Exclusion cage data were 

then analyzed using ANOVA in a general linear models procedure of SAS. When there 

was a significant interaction (P < 0.05) between year, date, plot and cage type, multiple 

comparison tests using the LSMEANS/PDIFF option with a Tukey adjustment were done 

to discriminate differences among the means. 

 

Results 

Surveys. A variety of natural enemies were recorded during the two-year study 

for each of the solanaceous crops examined (Table 6.1). A total of 15 different spider 

genera in nine families were represented in this survey. Potential insect predators 

included 23 genera from 15 families. The most abundant groups included coccinellids as 

well as three species of Hemiptera. From the species of coccinellids identified, 

Hippodamia convergens Guerin-Meneville made up the majority consisting of 59.5% of 

the samples. Two other coccinellids made up >5% of the samples included Coccinella 

septempunctata (Linnaeus) (24.3%) and Harmonia axyridis Pallas (8.1%). Orius 

tristicolor (White) and Geocoris pallens Stal were present in all fields examined. The 
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Table 6.1. Potential predators and parasitoids of B. cockerelli sampled in bell pepper, potato, and tomato, 2009-2010 

Order Year Year  
2009 2010  

Bell Pepper Potato Tomato Bell Pepper Potato Tomato  
     Family Species 

Orange Ventura Orange Riverside Orange Ventura Orange Ventura Orange Riverside Orange Ventura Total 
Araneae               
     Araneidea Cyclosa sp. - - - - - - - - - - 1 - 1 
 Metepeira spp. - 1 - 3 1 - - - 1 1 1 - 8 
 Nesoscona spp. - - - - 1 - - - - - 3 - 4 
     Dictynidae Embylna reticulata - - - - - - - - - - 3 - 3 
 Emblyna spp. - - - - 3 - 1 - - - - - 4 
 Unidentified spp. - - - - - - 1 - 1 - 1 - 3 
     Linyphiidae Erigone dentosa - - - - - - - - - 2 - - 2 
 Meloneta spp. - - - 1 - - - - - 2 2 - 5 
 Unidentified spp. - - - 1 - - - - - - 1 - 2 
     Miturgidae Cheiracanthium spp. - - - - - - - - 2 - - - 2 
     Oxyopidae Hamataliwa griesea - - - - - - - - 1 - - - 1 
 Oxyopes salticus - - - - 1 - - - - - - - 1 
     
Philodromidea 

Tibellus spp. - - - - - - - - 2 - - - 2 

     Salticidae Habronattus schlingeri - - - - - - 1 - - - - - 1 
 Habronattus sp. - - - - - - 1 - - - - - 1 
 Sassacus vitis - - - - 1 - 1 - 1 - - - 3 
     Theridiidae Theridion goodnightorum - - - - - - 1 - 1 - 4 - 6 
 Theridion spp. - - - - - - - - - 1 4 - 5 
     Thomididae Mesumenops californicus - - - - 1 - - - - - - - 1 
 Mesumenops lepidus - - - 1 - - - - - - - - 1 
 Mesumenops spp. - - - - 9 - - - 2 - 12 - 23 
 Xysticus spp. - - - 2 - - - - - - 1 - 3 
     Unidentified  18 1 6 44 57 8 103 18 44 32 119 14 464 
Coleoptera               
     Anthicidae Notoxus spp. - - - 3 - - 1 - - - - - 4 
     Coccinellidae Coccinella septempunctata - - 5 - - - 4 1 - 8 - - 18 
 Cycloneda sanguinea - 2 - - - - 1 - - - - - 3 
 Harmonia axyridis - - 1 - - - 5 - - - - - 6 
 Hippodamia convergens - 1 9 1 - - 17 2 7 6 1 - 44 
 Olla v-nigrum - - - - - - - 1 - - 6 - 1 
 Scymnus spp. - - - - - - 1 - - - - - 2 
 Unidentified spp. 5 - 1 8 2 1 19 17 38 6 - - 103 
     Melyridae Collops necopinus - - 1 - - - 1 - - - 2 - 2 
     Staphylinidae Platystethus spiculus - 7 - - - - - - - - - - 7 
 Unidentified spp. - - - 2 2 - - - - - - 3 9 
Dermaptera               
     Forficulidae Forficula auricularia - - - 1 - - - - 2 - - 1 4 
Diptera               
     Dolichopidae Asyndetus sp. - - - - - - - - 1 - - - 1 
 Chrysotus spp. - 2 - - - - - - - - - - 2 
 Medetera spp. 3 - - - 1 - - - - - - - 4 
    Syrphidae Allographta sp. - - - - - - - - 1 - - - 1 
 Sphaerophoria spp. - - - - - - - - - - 3 - 3 
 Unidentified spp. - - - 8 1 - - - - - - 1 10 
Hymenoptera               
     Encyrtidae Metaphycus psyllidis 5 - - - - - - - - - - - 5 
     Eulophidae Tamarixia triozae 10 4 - - 8 35 19 11 1 5 5 175 273 
     Formicidae Linepithema humile 8 1 5 - 3 1 8 - 12 - 1 - 39 
Hemiptera               
     Anthocoridae Orius tristicolor 1 43 3 2 86 26 49 41 13 7 55 11 337 
     Berytidae Pronotacantha annulata - - - 1 - - 1 - - 1 2 - 5 
     Geocoridae Geocoris pallens 2 19 2 36 1 3 24 6 1 9 36 17 156 
     Miridae Cyrtopeltis modesta - 17 2 11 108 37 7 5 144 1 200 13 545 
     Nabidae Nabis spp. - - - 3 2 - 10 - 1 3 - - 19 
     Reduviidae Empicoris spp. - 1 - 1 - - - - - - - - 2 
Neuroptera               
     Chrysopidae Chrysoperla spp. eggs 16 15 25 38 4 26 76 85 24 53 24 9 395 
 Chrysoperla spp. larvae 1 1 1 6 1 - - 3 1 - - 1 15 
 Chrysoperla spp. adults - - 1 3 1 - 5 - 1 - 1 - 12 
     Hemerobiidae Unidentified adult - - - - - - - 1 - - - - 1 
Total  69 115 62 176 294 137 357 191 302 137 489 245 2574 
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mirid Cyrtopeltis modesta (Distant) was very abundant in Orange county tomatoes (2009 

and 2010) and potatoes (2010). Eggs from Chrysoperla spp. were present in all fields as 

well, however larvae and adults were much less common and not found in all fields. 

Parasitoids reared from potato psyllids included T. triozae and M. psyllidis. Tamarixia 

triozae was present in all of the fields with the exception of potatoes in 2009. Metaphycus 

psyllidis was rare (< 2% of the parasitoids reared out of B. cockerelli) and only occurred 

in bell peppers in 2009. 

Multiple regression analyses. The mean number of B. cockerelli per plant by 

year and location are listed in Table 6.2. For bell peppers, there was a significant 

interaction between year and county for the number of B. cockerelli per plant (F = 20.31; 

df = 1, 279; P < 0.0001). For bell peppers, the natural enemies such as spiders, 

coccinellids, G. pallens, O. tristicolor, and the parasitoid T. triozae exhibited significant 

relationships between the numbers of these natural enemies on plants that were infested 

with B. cockerelli (Table 6.2).  

For bell peppers in Orange County in 2009, the overall model was significant (F = 

7.64; df = 2, 32; P = 0.0019) and included spiders (β = -0.55; F = 7.57; df = 1, 32; P = 

0.0097) and coccinellids (β = 0.56; F = 4.77; df = 1, 32; P = 0.0363) as natural enemies 

that described the mean number of psyllids per plant (R2 = 0.32). There were on average 

0.51 ± 0.12 spiders and 0.14 ± 0.09 coccinellids per plant that contained potato psyllids. 

In Ventura County bell peppers in 2009, the overall model was significant (F = 7.98; df = 

1, 80; P = 0.0060) and only included G. pallens (β = -0.84; F = 7.98; df = 1, 80; P = 

0.0060) as a natural enemy that described the relationship for the number of B. cockerelli 
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Table 6.2. Multiple regression analyses to describe the relationship between the number of B. cockerelli and the number 

of natural enemies per plant 

Crop Bell Pepper 
Year 2009 2009 2010 2010 
Location Orange Co. Ventura Co. Orange Co. Ventura Co. 
Psyllids/Plant 6.7 ± 1.3 a 14.9 ± 2.1 ab 17.5 ± 2.0 b 154.6 ± 23.3 c 
 Parameter estimate (±SE) P > |t| Parameter estimate (±SE) P > |t| Parameter estimate (±SE) P > |t| Parameter estimate (±SE) P > |t| 
Intercept 1.83 ± 0.18 <0.0001 2.27 ± 0.13 <0.0001 3.37 ± 0.23 <0.0001 4.27 ± 0.14 <0.0001 
Araneae spp. -0.55 ± 0.20 0.0097       
Coccinellids 0.56 ± 0.25 0.0363       
Geocoris pallens   -0.84 ± 0.30 0.0060 0.90 ± 0.31 0.0050   
Orius tristicolor     0.44 ± 0.21 0.0415 -0.43 ± 0.17 0.0143 
Tamarixia triozae       0.10 ± 0.03 0.0019 
F 7.64 7.98 8.76 8.92 
df 2, 32 1, 80 2, 73 2, 87 
P > F 0.0019 0.0060 0.0004 0.0003 
R2 0.3233 0.0907 0.1935 0.1702 
Crop Tomato 
Year 2009 2009 2010 2010 
Location Orange Co. Ventura Co. Orange Co. Ventura Co. 
Psyllids/Plant 3.7 ± 1.5 a 457.6 ± 212.8 c 21.7 ± 5.1 b 201.1 ± 58.5 bc 
 Parameter estimate (±SE) P > |t| Parameter estimate (±SE) P > |t| Parameter estimate (±SE) P > |t| Parameter estimate (±SE) P > |t| 
Intercept 0.93 ± 0.04 <0.0001 3.74 ± 0.30 <0.0001 2.01 ± 0.20 <0.0001 3.40 ± 0.30 <0.0001 
Orius tristicolor -0.05 ± 0.02 0.0087       
Geocoris pallens   -3.02 ± 1.38 0.0313 -0.36 ± 0.14 0.0131 -2.28 ± 0.48 <0.0001 
Araneae spp.   -2.15 ± 0.88 0.0165     
Tamarixia triozae   0.03 ± 0.01 0.0175   0.03 ± 0.01 0.0002 
F 7.38 6.72 6.48 23.04 
df 1, 57 3, 69 1, 72 2, 56 
P > F 0.0087 0.0005 0.0131 <0.0001 
R2 0.1146 0.2261 0.0826 0.4514 
Crop Potato 
Year 2009 2009 2010 2010 
Location Orange Co. Riverside Co. Orange Co. Riverside Co. 
Psyllids/Plant 0.33 ± 0.13 a 3.84 ± 1.0 a 2.3 ± 1.0 a 2.8 ± 0.9 a 
 Parameter estimate (±SE) P > |t| Parameter estimate (±SE) P > |t| Parameter estimate (±SE) P > |t| Parameter estimate (±SE) P > |t| 
Intercept     0.83 ± 0.04 <0.0001   
Orius tristicolor     -0.19 ± 0.09 0.0403   
Tamarixia triozae     -0.56 ± 0.16 0.0008   
F     10.79    
df     2, 59    
P > F     0.0001    
R2     0.2678    
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per plant (R2 = 0.09). The mean number of G. pallens per psyllid infested plants was 0.13 

± 0.05.  

In 2010 for Orange County bell peppers, both G. pallens (β = 0.90; F = 8.37; df = 

1, 73; P = 0.0050) and O. tristicolor (β = 0.44; F = 4.31; df = 1, 73; P = 0.0415) were 

included in the overall significant model (F = 8.76; df = 2, 73; P = 0.0004) (R2 = 0.19), 

and in Ventura County O. tristicolor (β = -0.43; F = 6.25; df = 1, 87; P = 0.0143) and 

parasitism by T. triozae (β = 0.10; F = 10.22; df = 1, 87; P = 0.0019) were included in the 

overall significant model (F = 8.92; df = 2, 87; P = 0.0003) which described the 

relationship between the number of psyllids per bell pepper plant (R2 = 0.17). On B. 

cockerelli infested plants in 2010, there was an average of 0.28 ± 0.08 G. pallens and 

0.45 ± 0.12 O. tristicolor per plant in Orange County, and 0.31 ± 0.08 O. tristicolor and 

1.21 ± 0.43 T. triozae parasitized psyllids per plant in Ventura County. 

 There was a significant interaction between year and county for the mean number 

of B. cockerelli that occurred on tomatoes (F = 23.65; df = 1, 261; P < 0.0001). Natural 

enemies in tomatoes that exhibited significant relationships with the number of B. 

cockerelli per plant included spiders, G. pallens, O. tristicolor, and T. triozae (Table 6.2). 

For tomatoes in Orange County in 2009, the overall model was significant (F = 7.38; df = 

1, 57; P = 0.0087) and only included O. tristicolor (β = -0.05; F = 7.38; df = 1, 57; P = 

0.0087) as a natural enemy that described the relationship for the number of B. cockerelli 

per plant (R2 = 0.11). The mean number of O. tristicolor per tomato plant was 1.34 ± 

0.27.  
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In Ventura County tomatoes in 2009, overall model was significant (F = 6.52; df 

= 3, 69; P = 0.0005) and included spiders (β = -2.15; F = 6.03; df = 1, 69; P = 0.0165), G. 

pallens (β = -3.02; F = 4.83; df = 1, 69; P = 0.0313), and T. triozae (β = 0.03; F = 5.93; 

df = 1, 69; P = 0.0175) as natural enemies that described the mean number of psyllids per 

plant (R2 = 0.23). There was an average of 0.11 ± 0.04, 0.04 ± 0.02, and 5.58 ± 2.82 

spiders, G. pallens, and T. triozae parasitized psyllids per tomato plant that contained 

psyllids, respectively. For tomatoes in Orange County in 2010, the overall model was 

significant (F = 6.48; df = 1, 72; P = 0.0131) and only included G. pallens (β = -0.36; F = 

6.48; df = 1, 72; P = 0.0131) as a natural enemy that described the relationship for the 

number of B. cockerelli per plant (R2 = 0.08). The mean number of G. pallens per B. 

cockerelli infested plants was 0.49 ± 0.15.  

In Ventura County tomatoes in 2010, G. pallens (β = -2.28; F = 22.31; df = 2, 56; 

P < 0.0001) and parasitism by T. triozae (β = 0.03; F = 16.12; df = 2, 56; P = 0.0002) 

were included in the overall significant model (F = 23.04; df = 2, 56; P < 0.0001) to 

describe the relationship between the numbers of psyllids per plant (R2 = 0.45). There 

was an average of 0.29 ± 0.07 G. pallens and 9.58 ± 4.14 T. triozae parasitized psyllids 

per B. cockerelli infested plant. 

 For potatoes, there was no significant effect of year (F = 0.03; df = 1, 181; P = 

0.8562) and county (F = 2.08; df = 1, 181; P = 0.1507) regarding the number of B. 

cockerelli per plant nor was the interaction between year and county significant (F = 

1.85; df = 1, 181; P = 0.1749) (Table 6.2). There were no significant relationships for the 

number of B. cockerelli per potato plant for Orange County in 2009 or Riverside County 
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in 2009 and 2010. Only for potatoes in Orange County in 2010, the overall model was 

significant (F = 10.79; df = 2, 59; P = 0.0001) and included O. tristicolor (β = -0.19; F = 

4.40; df = 1, 59; P = 0.0403) and parasitism by T. triozae (β = -0.56; F = 12.57; df = 1, 

59; P = 0.0008), which described the mean number of B. cockerelli per plant (R2 = 0.27). 

There was an average of 0.13 ± 0.05 O. tristicolor and 0.06 ± 0.03 T. triozae parasitized 

B. cockerelli per potato plant that contained psyllids.  

Laboratory feeding assays. From this list of potential B. cockerelli predators, a 

subset of natural enemies was tested in laboratory trials to determine if they could 

consume potato psyllids and which stages they could attack (Table 6.3). The three most 

abundant coccinellid species identified from the surveys all consumed significant number 

of B. cockerelli adults (C. septempunctata: t = -3.42; df = 6.3; P = 0.0132; H. axyridis: t = 

11.99; df = 20.2; P < 0.0001; H. convergens: t = 8.31; df = 21.5; P < 0.0001) and the 

percent mortality inflicted upon B. cockerelli adults was greatest for H. convergens at 

85%. Likewise, O. tristicolor and Chrysoperla spp. larvae could also successfully attack 

significant number of adults (O. tristicolor: t = 2.13; df = 47; P = 0.0383; Chrysoperla 

larvae: t = -2.69; df = 20.7; P = 0.0137). 

 For the immature stages of the potato psyllids, all of the natural enemies tested 

attacked significant numbers of B. cockerelli nymphs (H. axyridis: t = 9.82; df = 21.2; P 

< 0.0001; H. convergens: t = 13.77; df = 26.1; P < 0.0001; O. tristicolor: t = 6.96; df = 

24.2; P < 0.0001; C. modesta: t = 4.95; df = 28.7; P < 0.0001; Chrysoperla spp. larvae: t 

= -7.92; df = 19.3; P < 0.0001) with the exception of C. septempunctata (P > 0.05). Only 
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Table 6.3. Number of B. cockerelli surviving and percentage mortality in 24 h no-choice feeding trials with potential 

predators from bell pepper, 31 August-28 September 2010, Irvine, CA 

Order  B. cockerelli Adults B. cockerelli Nymphs B. cockerelli Eggs 
      
     Family 

 
Species 

 
n 

Mean  
(±SE) 

no. 
remaininga 

 
% 

 Mortality 

Mean  
(±SE) 

no. 
remaining 

 
%  

Mortality 

Mean  
(±SE) 

no. 
remaining 

 
%  

Mortality 

Coleoptera         
     
Coccinellidae 

Coccinella 
septempunctata 

7 4.7 ± 1.2 a 53 15.7 ± 3.8 b 39 21.3 ± 1.9 b 0 

 Harmonia axyridis 18 1.5 ± 0.6 a 85 6.6 ± 1.1 a 72 16.6 ± 1.5 b 12 
 Hippodamia convergens 20 2.9 ± 0.7 a 71 4.6 ± 0.9 a 77 14.3 ± 1.5 a 32 
Hemiptera         
     
Anthocoridae 

Orius tristicolor 20 8.3 ± 0.3 a 18 10.4 ± 1.1 a 48 18.1 ± 1.6 b 14 

     Miridae Cyropeltis modesta 20 9.2 ± 0.2 b 8 14.0 ± 0.8 a 31 20.5 ± 0.7 b 4 
Neuroptera         
     Chrysopidae Chrysoperla spp. larvae 17 7.6 ± 0.5 a 28  7.9 ± 1.2 a 66 18.8 ± 2.0 b 27 
         
Control  29 9.0 ± 0.2 b 12 18.3 ± 0.4 b 9 19.9 ± 0.7 b 3 

a Means within a column for the respective B. cockerelli life stage followed by different letters are significantly different from 
the controls using t-tests 
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H. convergens was able to consume significant numbers of B. cockerelli eggs (t = 3.40; df 

= 26.1; P = 0.0022). 

Exclusion cage study. There were significant differences in the number of B. 

cockerelli nymphs that survived by year (F = 126.26; df = 1, 307; P < 0.0001), date (F = 

264.64; df = 3, 307; P < 0.0001), habitat (i.e., potato versus nightshade) (F = 4.41; df = 1, 

307; P = 0.0366), and cage type (F = 187.37; df = 1, 307; P < 0.0001). Based on these 

results, the numbers of psyllids that survived per cage type were analyzed separately in 

the potato crop and nightshade plots by year and date (Figs. 1 and 2). Within the potato 

crop, the average number of B. cockerelli that survived was significantly greater in the 

closed cages compared to the open cages (F = 55.40; df = 1, 145; P < 0.0001). Similar 

dynamics also occurred within the nightshade plots. Significantly more psyllids survived 

in the closed cages versus the open cages (F = 143.36; df = 1, 145; P < 0.0001). Natural 

enemies observed in the plots during the time of these experiments included spiders, H. 

convergens, C. septempinctata, H. axyridis, O. tristicolor, G. pallens, Nabis spp., C. 

modesta, Chrysoperla spp. larvae, and syrphid larvae. 

 

Discussion 

 Based on the data from the surveys, regression analyses and laboratory feeding 

assays, we have identified O. tristicolor, G. pallens, H. convergens, and T. triozae as key 

natural enemies of B. cockerelli in southern California, which may warrant further 

research for natural enemy conservation or augmentation in the crop and non-crop 

habitats. The numbers of O. tristicolor exhibited significant relationships with the 
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Figure 6.1.	  Mean number of potato psyllids per cage type by year and date in 

potatoes (F = 32.95; P = < 0.0001; df =21,145).  Bars associated with different letters 

are significantly different using the LSMEANS/PDIFF option with a Tukey 

adjustment. 
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Figure 6.2. Mean number of potato psyllids per cage type by year and date in 

nightshade (F = 47.57; P = < 0.0001; df =21,145). Bars associated with different 

letters are significantly different using the LSMEANS/PDIFF option with a Tukey 

adjustment. 
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number of B. cockerelli per plant in bell peppers in Orange and Ventura counties in 2010, 

tomatoes in Orange County in 2009, and potatoes in Orange County in 2010. 

Furthermore, O. tristicolor was observed attacking B. cockerelli in bell peppers in 

Ventura County, 2010 (Butler and Trumble, unpublished data). As with the observations 

by Knowlton and Allen (1936), our results corroborate that O. tristicolor is a predator of 

B. cockerelli but go beyond their observations to show that this predator is able to attack 

significant numbers of nymphs and adults. For the predator G. pallens, previous work by 

Pletsch (1947) in Montana only found this predator in potatoes, while Knowlton (1934a) 

noted Geocoris decoratus Uhler in potatoes in Utah and tested this species in the 

laboratory as a predator of B. cockerelli. Our research has shown that G. pallens exhibits 

significant relationships with B. cockerelli in bell peppers in Ventura County in 2009 and 

Orange County in 2010, and tomatoes in Ventura County in 2009-2010 and in Orange 

County in 2010. Like O. tristicolor, this predator was present in all fields examined and 

lends support to this predator being a natural enemy of B. cockerelli.  

 Only coccinellids exhibited significant relationships with the number of psyllids 

per pepper plant in Orange County in 2009, and H. convergens accounted for 59.5% of 

the coccinellids found. This is similar to the observations made in surveys conducted over 

60 years ago by Pletsch (1947). Hippodamia convergens also consumed significant 

numbers of all life stages of B. cockerelli. However, in direct observations in the field we 

have observed H. convergens ignoring B. cockerelli eggs while searching for prey (Butler 

and Trumble, unpublished). Thus, further tests may be needed to verify the importance of 

egg predation on psyllid mortality. Additional tests may be justified because egg-feeding 
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by the coccinellid, Diomus pumilio (Weise), has been reported as an important 

contributing factor in suppression of another psyllid, Acizzia uncatoides (Ferris & 

Klyver) (Pinnock et al. 1978). Romney (1939) also reported that coccinellids 

(unidentified species) can reduce the number of eggs and nymphs of B. cockerelli in 

Lycium spp. in southern Arizona, New Mexico and Texas.  

 Numerous spider species were observed and present in all fields examined. 

Spiders in bell peppers in Orange County in 2009 and in tomatoes in Ventura County in 

2009 exhibited significant relationships with the number of B. cockerelli per plant. 

Further experiments may be needed to determine which species may be most important, 

but in direct observation in bell peppers in Orange County the species Cyclosa turbinata 

Walckanaer (Araneae: Araneidae) produced webs that had trapped B. cockerelli adults 

(Butler and Trumble, unpublished). 

Although the parasitoid T. triozae has not provided significant control of B. 

cockerelli in previous experiments (Johnson 1971), we believe there is potential for this 

parasitoid to be used as a control agent in non-crop habitats or crops that are not 

repeatedly treated with pesticides. The number of parasitized B. cockerelli exhibited 

significant relationships in many of the crops we surveyed. Similarly, Romney (1939) 

made the claim that T. triozae could reduce the number of nymphs of B. cockerelli in 

Lycium spp., but details were sparse. 

Some caution should be noted with these results as many of the natural enemies 

that exhibited significant relationships with the number of psyllids per plant, the range of 

R2 values (0.08-0.45, Table 6.2) suggest that the natural enemies may not show a 
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predictive relationship with B. cockerelli in agricultural fields. While other potential 

predators tested in the laboratory included Chrysoperla spp. larvae and C. modesta, 

which attacked significant number of B. cockerelli nymphs, the number of these predators 

did not correlate with the number of B. cockerelli that occurred on crop plants. Numerous 

Chrysoperla spp. eggs were found in the field, but very few Chrysoperla spp. larvae, 

suggesting that larval Chrysoperla spp. may experience heavy intraguild predation 

(Rosenheim et al. 1999).  

 No studies to date have systematically examined the effects of natural enemies on 

B. cockerelli in crops, much less on non-cultivated host plants. Thus, we currently have 

minimal information on the role that natural enemies might be playing in suppression of 

the psyllid populations. Our data from the exclusion cage study is the first to suggest that 

natural enemies can have an impact on the survival of B. cockerelli in a field crop or a 

non-crop host plant. Just two days after initiation of the experiment, the number of B. 

cockerelli nymphs decreased significantly by 59% in potatoes and 66% in nightshade as 

compared to the closed cages for both years of the experiment. Because parasitized 

psyllids were not observed with these cage experiments, generalist arthropod predators 

may have been responsible for the decreases in B. cockerelli. The results from this study 

open new possibilities of research regarding B. cockerelli management options and 

research avenues with natural enemies for this pest. As has been seen in other systems, 

the applications of pesticides could be timed to minimize the impact on natural enemies 

and the choice of selective compounds could potentially conserve the natural enemy 

groups we found feeding on psyllids (Rutledge et al. 2004). Cultural control practices, 
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enhancement of the environment, and other conservation practices for beneficial insects 

(Van Driesche et al. 2008) should be investigated to improve management of B. 

cockerelli in solanaceous crops. 
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 In the USA, over 400 thousand ha of potatoes have been planted annually since 

1929 (NASS 2011). Bactericera cockerelli places a majority of these potatoes are risk for 

yield loss. In California in 2009, 15,000 ha were planted alone (NASS 2011). The 

average yield in the USA has been 43,000 kg per ha since 2006 with an average 

production value of $3 million annually (NASS 2011). Industry experts estimate that 

infestation of ZC could readily affect 35-40% of the potato acreage and additional loss of 

yield and crop quality that would have to be marketed at discounted prices (CNAS 2006). 

Clearly, B. cockerelli and the ZC pathogen it vectors is a serious problem for potato 

growers and an integrated pest management program needs to be developed. 

 My dissertation included a series of studies designed to help the development of 

an integrated pest management (IPM) strategies for B. cockerelli in California. My 

doctoral research includes five projects: the development of sampling plans for B. 

cockerelli, determining the effects of insecticides on B. cockerelli behavior and disease 

transmission, using electrical penetration graphs to characterize and determine the effects 

of imidacloprid on B. cockerelli feeding behavior, determining the effects of putatively 

resistant potato germplasm on B. cockerelli behavior and disease transmission, and 

identifying and assessing the impact of natural enemies on B. cockerelli population 

dynamics. These studies will be summarized below. 

Sampling plans are an essential part of IPM and population ecology. As IPM is an 

ecologically based approach that relies on current information about the status of the pest 

and the crop, a sampling program is critical for decision-making tactics (Pedigo 1994). 

My first objective was to develop a sampling plan for B. cockerelli on potatoes (Chapter 
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2). From my research in potatoes, I found that B. cockerelli has a clumped distribution 

within the field and significantly more B. cockerelli are found on the edges of potato 

fields compared to within the field. On the potato plant, significantly more B. cockerelli 

are found on the middle or top of the plant compared to the bottom of the plant, and 

significantly more psyllids can be found on the underside versus the top of the leaves. 

Thus, in terms of the most efficient sampling unit for B. cockerelli in potatoes, I 

recommend starting on the edges of the fields and sampling the underside of leaves in the 

middle or top of the plant. Binomial sequential sampling plans were developed for three 

action thresholds representing 0.5, 1, and 5 B. cockerelli per plant. Average sample 

number for these action thresholds were between 12-16 samples depending on the action 

thresholds. However, the 0.5 and 1 sampling plans represented more reliable plans based 

on the shape of the operating characteristic curve compared to the 5 B. cockerelli per 

plant plan. 

Current pest management practices in the USA rely on the use of intensive broad-

spectrum insecticides to control B. cockerelli to lower disease incidences and increase 

yields. These intensive insecticidal efforts are often costly, devastate natural enemies, and 

contribute to insecticide resistance as well as environmental contamination (van Driesche 

et al. 2008). The goal of this research was to investigate compounds that can repel this 

pest from the plant and deter B. cockerelli feeding to lower the number of insecticide 

applications while still being efficient to lower disease transmission (Chapter 3). I 

evaluated five insecticides in the laboratory, which included soil-applied application of 

imidacloprid, and foliar-applied applications of kaolin particle film, horticultural spray 
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oil, abamectin, and pymetrozine on potatoes. All insecticides tested significantly reduced 

probing durations and increased the amount of time adult psyllids spent off the leaflets 

compared to untreated controls suggesting that these chemicals may be deterrents to 

feeding as well as repellents. Nonfeeding behaviors such as tasting, resting, and cleaning 

showed variable relationships with the different insecticide treatments over time. The 

insecticides imidacloprid (4 weeks post-application) and abamectin (24 hours post-

application) significantly lowered transmission of Ca. L. psyllaurous compared to 

untreated controls. 

I then further tested the effects of imidacloprid on B. cockerelli feeding behavior 

using a direct current electrical penetration graph technique (Chapter 4). Electrical 

penetration graph (EPG) recordings of B. cockerelli feeding revealed six EPG 

waveforms, which include: (NP) non-probing, (C) intercellular stylet penetration, (D) 

initial contact with phloem tissue, (E1) salivation into phloem sieve elements, (E2) 

phloem sap ingestion, and (G) ingestion of xylem sap. The number of nonprobing events 

and the duration of individual nonprobing events significantly increased on plants treated 

with imidacloprid compared to untreated controls. Bactericera cockerelli exhibited 

significant decreases in the number of phloem salivation events on plants treated with 

imidacloprid. Waveform durations and waveform durations per event for E2 and G were 

significantly decreased for psyllids on plants treated with imidacloprid compared to 

untreated controls. These results suggest that imidacloprid applications at the time of 

planting may be useful for management of ZC, as this compound appears to decrease 

feeding of B. cockerelli, which can subsequently lower disease transmission. 
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 Host plant resistance can be an integral component of an integrated approach for 

the management of arthropod pests (Pedigo and Rice 2006). The use of pesticides can be 

reduced by knowing which potato varieties can tolerate or even resist insect pests, 

potentially reducing the need for pesticide applications and lowering production costs. 

Plant resistance also has many advantages and can serve as a component tactic that may 

be integrated with other combinations of pest control. For this study, I tested the effects 

of potato germplasm from 22 genotypes on adult B. cockerelli behavioral responses for 

possible antixenosis and determined if specific breeding clones or varieties can decrease 

transmission of Ca. L. psyllaurous (Chapter 5). The potato genotypes ‘P2-4’ and 

‘TX05249-10W’ significantly reduced transmission of Ca. L. psyllaurous as B. cockerelli 

on these genotypes exhibited significant decreases in the occurrence and duration of 

probing behavior, and significantly increased resting durations on these genotypes. 

However, other genotypes such as ‘A00ETB12-3’, ‘Etb 6-21-3’, and ‘BTX1544-2W/Y’, 

there was no significant difference in the occurrence and duration of probing, durations of 

cleaning, resting and amount of time spent off the potato leaflets compared to their 

controls, yet transmission was significantly reduced, possibly indicative of resistance to 

Ca. L. psyllaurous rather than to its insect vector. The most promising potato breeding 

clones or varieties that have effected B. cockerelli behaviors and lowered transmission of 

Ca. L. psyllaurous will need to be tested in the field before recommendations can be 

made and the most effective integration with a B. cockerelli and Ca. L. psyllaurous 

management program can be accomplished. 
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 Another key assessments that should be made in an IPM program is the potential 

role of natural enemies in controlling pests (Pedigo and Rice 2006). The last objective of 

my studies was to identify and determine the impact of natural enemies on B. cockerelli 

population dynamics in California (Chapter 6). These data will be a necessary first step in 

developing a regional management approach for this pest that includes natural enemies. 

Through two years of field studies (2009-2010) at four different sites and laboratory 

feeding tests, I have identified Orius tristicolor (White) (Hemiptera: Anthocoridae), 

Geocoris pallens Stal (Hemiptera: Geocoridae), Hippodamia convergens Guerin-

Meneville (Coleoptera: Coccinellidae), and the parasitoid Tamarixia triozae (Burks) 

(Hymenoptera: Eulophidae) as key natural enemies of the potato psyllid in southern 

California potatoes, tomatoes, and bell peppers. Furthermore, no studies to date have 

systematically examined the effects of natural enemies on the potato psyllid in crops, 

much less on non-cultivated host plants. Thus, we currently have minimal information on 

the role that natural enemies might be playing in suppression of the psyllid populations. 

Examining non-cultivated host plants is important because one of the factors that 

contribute to making the potato psyllid a severe pest is its ability to survive and reproduce 

on over 40 plant species. Our data from the exclusion cage studies is the first to suggest 

that natural enemies can have an impact on the survival of B. cockerelli in a field crop or 

a non-crop host plant. Using natural enemy exclusion cage experiments in the potato crop 

and in non-crop American nightshade, Solanum americanum Miller, the number of B. 

cockerelli surviving were significantly greater in the closed cage treatments, thus 

confirming the impact natural enemies can have on B. cockerelli. 
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 My goal of this dissertation research is to build the foundation of IPM for B. 

cockerelli and ZC. The first step will be to develop sampling plans that can be used to 

accurately and efficiently estimate the number of B. cockerelli in agricultural fields. More 

importantly, for this research is the development of strategies to move away from the 

reliance of broad-spectrum insecticides to more targeted chemical tools, host plant 

resistance, and biological control to create a farming environment that is sustainable and 

profitable for growers.  
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APPENDIX A 

New records of hyperparasitism of Tamarixia triozae (Burks) by Encarsia spp. in 

California 
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Introduction 

Tamarixia triozae (Burks) (Hymenoptera: Eulophidae) is a primary parasitoid of 

the potato/tomato psyllid, Bactericera cockerelli (Sulc) (Hemiptera: Triozidae), which is 

a serious pest of solanaceous crops in North America, Central America, and New Zealand 

(Liu and Trumble 2007, Gill 2006, Teulon et al. 2009, Crosslin et al. 2010). T. triozae has 

an extensive geographic distribution in the United States (Arizona, California, Colorado, 

Idaho, Kansas, Montana, New Mexico, Washington) and also has been found in recent 

years in Mexico (Burks 1943, Pletsch 1947, Jensen 1957, Johnson 1971, Lomeli-Flores 

and Bueno Partida 2002). In 2009, this parasitoid was imported from Mexico to New 

Zealand as a potential classical biological control agent against B. cockerelli (Workman 

and Whiteman 2009). 

There is only one report documenting the case of hyperparasitism of T. triozae, 

which was reported by Pletsch (1947) of a single, unknown pteromalid that was being 

reared from a T. triozae larvae. During the summer and fall of 2010 as part of our 

research to document the identification and impact of natural enemies on the potato 

psyllid, we documented new records of males of Encarsia pergandiella Howard 

(Hymenoptera: Aphelinidae) and a single record of a male tentatively identified as 

Encarsia peltata (Cockerell) (Hymenoptera: Aphelinidae) hyperparasitizing T. triozae on 

tomato (Solanum lycopersicum Linnaeus) (Solanaceae) and bell pepper (Capsicum 

annuum Linnaeus) (Solanaceae) plantings in southern California. 
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Methods and Materials 

The tomato field was located in Oxnard, CA, USA (Ventura Co.) (34°10’33”N, 

119°05’45”W, elevation 9 m). The bell pepper field was located in Irvine, CA, USA 

(Orange Co.) (33°41’49”N, 117°42’59”W, elevation 135 m). Mummified B. cockerelli 

nymphs were collected and individually placed in #2-sized gelatin capsules (Parke, Davis 

& Co., Detroit, MI, USA) to allow for parasitoid adults to complete development. 

Parasitized B. cockerelli nymphs were collected biweekly from 16 July 2010 – 29 

October 2010. Once adults emerged they were killed in 70% ethanol then transferred to 

100% ethanol and subsequently chemically dried using hexamethyldisilizane (HMDS) 

(Polysciences, Inc., Warrington, PA, USA). The T. triozae were point mounted and the 

Encarsia spp. that emerged were card mounted. Pictures were taken of the Encarsia 

(Figures A.1 and A.2) and subsamples of Encarsia specimens were slide mounted for 

species identifications. Voucher specimens were deposited at the University of 

California, Riverside, Entomology Research Museum. 

Results and Discussion 

Table A.1 shows the proportion of Encarsia that emerged from T. triozae 

parasitized B. cockerelli mummies collected from their respective crops. The proportions 

of parasitism by Encarsia spp. on T. triozae were between 5.3–6.9%. E. peltata (tentative 

identification) was the specimen that emerged from a potato psyllid mummy on bell 

peppers in Orange county (Fig. A.1). The remaining parasitized potato psyllid mummies 

were hyperparaisitized by E. pergandiella, which were collected on tomatoes from 

Ventura county (Fig. A.2). 
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Figure A.1. Encarsia peltata (Cockerell) (tentative identification) male, which 

emerged from a T. triozae parasitized B. cockerelli mummy in Orange Co. (Scale bar 

= 0.25 mm) 
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Figure A.2. Encarsia pergandiella Howard male, which emerged from a T. triozae 

parasitized B. cockerelli mummy in Ventura Co. (Scale bar = 0.25 mm) 

 

  



189 
 

Table A.1. Proportion of parasitized T. triozae by Encarsia spp. by location and crop 

County Crop Species Proportion 

Orange Bell pepper E. poss. peltata 1 / 19 = 5.3% 

Ventura Tomato E. pergandiella 12 / 175 = 6.9% 
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The family Aphelinidae is one of the most important chalcidoid families for 

biological control, however examples of aphelinids hyperparasitizing other chalcidoids 

are known to exist (Gibson 1993). The genus Encarsia is one of the eight genera of 

Aphelinidae to have species that are heteronomous parasitoids (i.e. female is a primary 

parasitoid and the male is a hyperparasitoid) (Luck et al. 1999). All of the specimens that 

emerged from B. cockerelli mummies were males. The whitefly, Bemiesia tabaci 

(Gennadius, 1889) (Hemiptera: Aleyrodidae), was common in the agricultural fields 

visited (Butler and Trumble, unpublished data) and we suspect that Encarsia females 

were ovipositing male eggs into parasitized B. cockerelli mummies. Future studies are 

needed to determine the degree in which Encarsia hyperparasitoids can decrease 

biological control efforts using T. triozae given that hyperparasitoids have been noted as 

a disrupting factor of other psyllid biocontrol projects (McDaniel and Moran 1972, 

Hodkinson 1974, Aubert 1987). In light of these results, biological control efforts that 

also use the primary parasitoid Tamarixia radiata (Waterston) (Hymenoptera: 

Eulophidae) against the Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera: 

Psyllidae), in the United States may want to be vigilant of hyperparasitism by Encarsia 

spp. as well. 
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