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PSYLLID ECOLOGY AND BIODIVERSITY IN THE PACIFIC NORTHWEST

ABSTRACT

by Carmen Isabel Castillo Carrillo, Ph. D.
Wagdhington State University
May 2016

Chair: William E. Snyder

Potato ighe fourthmostvaluablecommodity in Washington State. The emergence of
zebra chipliseasd “ Z @ds Yriggered economic lossesheU. S. Paci fi ¢ Nort hwe
with a ca.7%incrementn thetotal cost ofpotatoproduction endangering the economic
viability of theregion.The vector of th&C pathogenCandidatud_iberibacter solanacearum
( “sa’) is the potato psyllid “ P,Baciericera cockerellfS u ) (emiptera: Triozida). The
overall aim ofmy researchvas tostudythe PPecology on a norop host bittersweet
nightshade%olanum dulcamark.) ( “ B Nahd)determine presence of L&hapter lis an
introduction of themportance oZC. Chapter Zresentshe populatiordynamicsof PPsliving

BN in Eastern

Washington ir2012-2013. A high populatiorandreproductiorof PPswas foundon BN, higher



than the numbers usually found in potato fields. Molecular andigaad an apparertbsence
of Lso inthesePPsand plantswhile revealing that alPPcollected were of thBlorthwestern
COl-haplotype Other agricultural pestsere foundiving on BN. Chapter 3lescribsthe
predator communitfound (> 40 species)which could be reducingP. The dominant texwere
Araneae (> 70% of all predators) and predator mites (Anyst{gaEj%of all predators found
Observations fopredator activity revealedPegg consumption by the tiny coccinelidethorus
punctilumWeise andttack ofPPnymphs bythe parasitoid amaixia triozae (Burks). Chapter
4 presents checklist of the Psylloidea superfamily found in the PN'\W/knowthe diversity of
psyllid species in this regidncomgle the published registers and the speams houseth PNW
entomological museums. The I@tesents 124 species from 25 genera; 35 spamasew
reporsin the PNW.Chapter 5 contains a scientific note about the thrips species found during my
samplingof BN patches; | report these species that could have been liviBY @n on the
surrounded plant®©verall,my results show a complex community®, other agricultural
pestsand predators living oBN, alongside the appareabsence othe Lso bacteriumin PPand

BN.
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CHAPTER ONE: INTRODUCTION

Around the world, potato is the third most important food crop for human consumption
after rice and wheat (CIP 2015). For the Pacific North\ilsW) U.S. states dflaho, Oregon
and Washington, potato is the number dobar-valuevegetable cropepreseting more than
50% of the total production in the United States (NASS 2015). This region possess adequate
growing conditions for mechanized potato production such as moderate flat topography, soil
physical and chemical composition, mild temperaturesadong light period during summer,
and constant irrigation water. Those are key elements for producing the highest yields in the
world (Strand 2006)PNW potato production and processing not only provideshidomestic
market but also reaches internatedrmarkets in Asia and other continents. The economic
impact of potato in this region is estimatecxceed 9 billion dollars per year (ID, OR and WA
Potato Commissions). One of the most important factors reducing crop yields is plant pathogens

and insecpestsGaunt 1995)

Insect vectors gblantpathogens cause serious problems in agriculture at least two ways
(1) by direct feedingn the host plant and (2) bsansmittingpathogensuchas viruses,
phytoplasmas and bacteria causing yield losses lantl geati{ Radcliffe 1982) The potato
psyllid, Bactericera cockerellf S u, today causes economic harm primarilyttes vector of a
detrimental plant pathogen in potato crépst causeso-called zebra chip disease (ZChis
pestinsect has, howevehjstorically been reported as caussubstantialosseghrough direct
plant feedingallis 1955) For example, ptato psyllid outbreaks in Colorado, Wyoming,

Nebraska and Montana arouthel1 9 30’ s caused | os s themilionmsofpot at o
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dollars bytriggering secalled“psyllid yellows (Pletsch 1947), a plant disord=&used by

psyllid feeding on the plant (Sengoda et al. 2010). Romney (1939) and Wallis (1955) mentioned
psyllid movement from southern breeding areas in Texas and Arizopg¢o states durintpe
potategrowing seasofFigurel-1 A). Wallis (1955 mentioned that Washington and Oregon

were free of psyllidsandthatldaho had onlyeports of psyllid yellows but no psyllidellected
Evenwith intensive monitoring of this insect in potato fielgstato psyllids are found in low

guantities in this regiolWenningeret al 2012).

Vectorborneplantpathogenssuchas the newlymolecularly-detectedCandidatus
Liberibacter bacteriadL), have caused severe economic losses in agriculture around the world
(Haapalainen 2@1). Citrus Huanglongbing or citrus greening is cause@hgpdidatus
Liberibacter americanus Brazil, CL asiaticusn Asia and North America (Florida), a@L
africanusin South Africa(Fig. 2). Huanglongbing caused death8ahillion of citrus treesand
reduced 69% of area plantedthe Philippines in some outbreaks. In some provinces of
Thailand, 95% of tree fieldsere severely affected. In Indonesia, 3 million of trees died in
several outbreak®a Graca 199). CL solanacearum in potatgeshich causeZC, has been
detrimentalas wellin potatoes and other solanaceous crog3entral and North America, and in
New Zealand Trumble 2009Rosson et al. 2006/unyanez et al. 200Tjefting et al.2009) CL
solanacearum is close relatedCio asiaticus according to their genome sequencesChnd
solanacearum genetic diversity is probably much larger than previously thought (Lin et al. 2011).
The categoryandidatusvas accepted by the International Code of Nomenclature of Bacteria to
name prokaryote organisms that cannot be maintained in labiesads pure cultures for

characterization and can only be described in limited terms (Murray and Stackebrandt 1995).
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Candidatud.iberibacter solanacearum (Lso) is a Graggative bacterium adapted to live in the
oxygenlimited vascular cells of the prdon (De Boer 2007Secor and River&argas 2004)

This adaptation is consistent with the limited capacity of Lso for aerobic respiration due to the
deficit of key enzymes involved in oxidative phosphorylation (Lin and Gudmestad 2013). Lso
preserd five different haplotypes related to geographical ranges and based on polygenetic
analysis of 16S rRNA (Nelson et al. 2011). Haplotype A and B are transmitidcbgkerelli

in potatoes in North America (Fig. 2A). Arizona and California have Lso haplotypiéh is
thesame as in other countrisgschas Guatemala, Honduras, western Mexico and New Zealand.
The PNW has the Lso haplotypetBesame as in eastern Mexico (Haapalainen 2014).
Haplotype B is more virulent than haplotype A (Thompson et al. 2015). Tkeaasas and
Nebraska have both Lso haplotypes present (Fig. 2B). Haplotype C is transmitted by the psyllid
Dyspersa apicalign carrots Daucus carotd..) in Finland,while haplotypes D and Eare
transmitted by the psyllidBactericera trigonicaB. trembgi andB. nigricornisin celery and
carrots in Spain (Fig. 2) (Haapalainen 2014). Haplatypand E are also found in Morocco
(Tahzima et al. 2014). The first cultured Liberibacter pathogendsescengrom a Caricacea

fruit in Puerto Rico (Fagen et.&014a, b). Higher diversity of a pathogen entails higher risk of

overcoming host resistance and disease control measures (Lin and Gudmestad 2013).

ZC was first detected in Mexico in 1994, in Texas in 2000 and in California by 2007
(Fig. 1B) (Secor and iRera-Varas 2004, Munyaneza et al. 2007). Initial outbreaks of ZC in
central states were estimated to have redbge&0%the potato acreageavith losses over 25
million dollars annually (Rosson et al. 2006). ZC was assumed to be a southern US problem and

received little attention from potato growers in the PNW until 2011, when an outbreak of this
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disease was first reported in this regionstag alarm to the entinedudry (Fig. 1B) (Hamm et

al. 2011, Nolte et al. 2011, Crosslin et al. 2012). Control practices have increased the use of
insecticideslikely weakening biological control arehcouraging the developmentin§ecticide
resistanceThe added psyllid costs have led to a 5 to 7% jump in total costs of production in
some regiongPatterson 2012)n Idaho, the use of pesticides from 2007 to 2012 suffered an
increment range of 56% to 129% depending on the region (Patterson 201Z)nAa@momic
analysis suggests that these rising expenses
2013). Comparing estimated percentages of total insecticide expenditure in potatoes in the U. S.
in 2000 and 2013, the potato psyllid uses > 20%efudget (Greenway et al. 2014).

Insecticide resisince by the potato psyllids tmidacloprid has been observed in Texas and

initial development of resistance tpitetramat may be occurring there (Trumble 2014).
Resistance to imidacloprid and spinogagopulations of the potato psyllid hiasenfound in

California (Liu and Trumble 2007). In the PNW no insecticide resistance has been observed

(Trumble 2014).

Different haplotypes of potato psyllids in North Ameribased on genetic differences of
the Cytochrome Oxidase | gene (COve been identified (Liu et al. 2006, Swisher et al. 2012,
2014). Texas, Wyoming, Nebraska and Kansas have only the Central g&#Hlthplotype
(Fig. 1C). New Mexico has a combination of Central, Western and Southw€gdérn
haplotypesColorado has botthe Central and Southwestern haplotypasdCalifornia haghe
Central and Westermaplotypes. Interestinglygdaho, Oregon and Washington have three
haplotypesthe Northwestern, Central and Western (Fig. Ji&rhapsnaking the epidemiology

of zebra chip in the PNW complicat€_iu and Trumble 200/Mustafa et al. 2015 Psyllids
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with different haplotypes vary in biological traits such as fecundity, host preferences, and
endosymbionts (Liu and Trumble 2007, MustafaleR015, Cooper et al. 2014). The
Northwestern haplotype has not been collected outside of the BiMigly implyingit is a

locally-evolvedresident of this regio(Swisher et al. 2013)

Epidemiology and etiology of diseases vectored by insectft@recomplex and ZC is
not an exception (Lin and Gudmestad 2013). Acquisition of the pathogen by the fodioed
by inoculation determines vector efficiency in transmitting and spreading the pathogen to new
plants(Buchman et al. 2011When psylliddhave access to the whole plant, a higher pathogen
acquisition success occyBuchman et al. 2011, Rashed et al. 20TRE rate of success in
inoculation increases proportionally with the number of insects, but disease progress is not
affected by psyllichumberqRashed et al. 2012Plants inoculated with higher number of
psyllids had higher bacterial titer but disease progress was not affected by bautaridy
(Rashed et al. 2012). A single psyllid adult can transmit the pathogen to a potato piant i
hours of exposurand if more psyllids are present, transmission time reduces to one hour
(Buchman et al. 2011Psyllid adults are highly efficient vectors of Lso, msog¢han psyllid
nymphs (Buchman et al. 2011b). Afithe development stagestbk potato crop are susceptible
to ZC infection but early infections are most damagigo et al. 2009)Lso has a range from
17°C to 32C for good development in the fief@ranshaw 2001d j ust ed wi th its v
range of an optimal of 2T to a topof 32-35°C (List 1939,Lin and Gudmestad 2013)h&
pathogen can move from the foliage to the tubers within two days but symptoms are not visible
and the pathogen is not detectable from the tudtettsat time Rush et al. 2015)n tubers from

plants infeted less than one week before harveish few days before the vines are killed
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symptoms were not observéRushet al. 201%. Nevertheless, the pathogen continues
developing in the infected tubers during storage (Rush et al 2015). In tubers, péateogen
reached detectable levels from 7 to 14 days after infesi@mshed et al. 2014)so can be
detected in leaf tissue afterd3nveeks (Rashed et al. 2014). Yield reduction is significant when
vectors transmit the pathogen to eatfvelopmenstagesf the plants (Rashed et al. 2014).
After storage of infected seed potato, all tubers failed to spRashed et al. 2015J ubers for
consumption, from plants infected one week before hamdigshot exhibit any disease
symptoms or tested positive fbso at the moment of harvest but after cold storage, 38% of the

tubers tested positive for Lso (Rashed et al. 2015).

Lso infection disrupts the carbohydrate flow in the phloem through the plant to the roots.
Lack of carbohydras will initiate plant deatie (Buchman et al. 2011a, Lin and Gudmestad
2013). Lso infection of plants five weeks before harvest, prathigber levels of phenolics,
peroxidases, polyphenol oxidases, reducing sugars, amino acids, and defense proteins than later
infected plants (Ragld et al. 2013).evels of tke reducing sugaglucose and sucrose are
elevated in infected tubers (Buchman et al. 2011a). These amounts of sugars react with amino
acids at high temperatures developing the Maillard reaction (Gao et al. 2009) and prtticing
characteristic dark burnt vascular stains of-irdfected fried potato chips (Munyaneza et al.
2009). Lso infection also disrupts biochemical composition at the level of leaves and stems
(Wallis et al. 2015), and significantly reduces net photosymthate (Gao et al. 2009). Lower
levels of asparagine, aspartic acid, glutamine, fructose, glucose, sucrose, a ferulic acid derivative
and quinic acid were found in leaves from listected potato plants (Wallis et al. 2015). Leaf

starch accumulation wasgtier in leaves from infected plants (Gao et al. 2089jyere levels of
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proline, serine, four phenolic compounds and terpenoids (Wallis et al. 2015). In stems,
asparagine, aspartic acid, ellagitannins, monoterpenoids and sesquiterpenoids wereLgter in
infected plantssuggesting defenselated terpenoid compounds might increase in infected

plants (Wallis et al. 2015).

The insecBactericera cockerellf Sul ¢, 1909) (Hemi ptteer a: Tri a
potato or tomato psyllid, has a length of 1.4mm, is light to dark bweitnahead and thorax
black with whit lines and spots (Essig 1926). Psyllids can complete a generation in less than a
month, with usually 3 or more generations per year (Hodkins68)2@nce the potato psyllid
acquires Lso, the pathogen can be transmitted constantlys@circulative and persistent mode
of transmission was defined fBr cockerellidue to the presence of Lso in all organs, mainly in
salivary glands and in the gliemolymph, bacteriocytes and reproductive organs (Cooper et al.
2014) Lso is vertically heritable (Hansen et al. 2008). Lssriemative effedin its host
psyllid, altering fecundity and nymgilhsurvival (Nachappa et al. 2012) when the bacterial titer
increass (Nachappa et al. 2014). Most psyllid species are specific featlacking only a
narrow range of host plantslgdkinson 1974)Only afew psyllid species are polyphagous, e.g.
B. nigricornisandB. cockerelliHodkinson 1974). According to Kndten and Thomas (1934),
B. cockerellican complete its nymphal development and emerge as a normal adult upon the
following 36 species of the familgyolanaceaAtropa belladonnddeadly nightshadeRatura
metel(devil's trumpet)D. innoxia(downy thornaple), D. stramoniun{jimsonweed),
Hyoscyamus albu#i. niger(black henbaneBolanum pimpinellifoliunfcurrant tomato),
Lycium halimifolium(boxthorn, matrimony vine)\icandra physalodeshocfly plant, apple of

Peru),Nicotiana glutinosaN. tabacun{common tobacco)N. texanaPhysalis angulata
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P. franchetti(Japanese lanterr, heterophyllaP. peruvianggolden berry)P. pubescens
Salpiglossisp. (painted tonguejolanum aviculareS. ballisii S. capsicastrur(false Jerusalem
cherry),S.carolinensghorsenettle)S. citrullifolium (watermelon nightshade$, gracile S.
ledorodorsumS. mexicanups. nigrum(black nightshade)s. phasianiupS. pyracanthum
(porcupine tomato)s. racemigerunt. sanitwongseb. sisymbriifoliunsticky nichtshade)s.
triflorum (cutleaf nightshade, wild tomatd, tuberosunfpotato),S. villosum(woolly
nightshade) an8. melongengggplant); one fronConvolvulaceaefamily: Convolvulus
arvensig(field bindweed) and one froienthaceaefamily: Micromeria chamissonis

(Knowlton and Thomas 1934, for common names: Uniprot, NPGS).

Additionally, according to Wallis (1955potato psyllids can breed on the following 22
SolanaceaespeciesCapsicum frutescer(gar. conoidesandgrossun (chili pepper)Lycium
andersonii(water jacket)|. exsertunfArizona deserthorn),L. fremontii(Fremont's desert
thorn),L. pallidum(pale desefthorn),L. parishii, L. torreyi (Torrey wolfberry),Nicotiana
affinis (flowering tobacco)N. glauca(tree tobacco)Nierembergiahippomanicacup flower),
Physalis comat#&wild groundcherry),P. ixocarpa(tomatillo, cultivated ground cherryy.
lanceolata(prairie grounecherry),P. lobata(purple grounecherry),P. longifolia(wild
tomatillo, longleaf grounatherry),P. mollis(field or longleaf groungtherry),P. pruinosa(husk
tomato),P. rotundata(round leaved groundherry),Solanum elaeagnifoliuigsilverleaf
nightshade, white horgeettle),S. jamesi(wild potato),S. lycopersicunftomato),S. rostratum
(buffalo-bur), and2 Colvolvulaceae Ipomoea batatagsweet potato) and purpurea(morning

glory) (Wallis 1955, for common names: Uniprot, USDA, NPGS).
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Recently, other species have been included in the long list of hddtsotekerellli
includingCapsicum annuurfChilli pepper) according to Vargadadriz et al. (2011) and
Physalis philadelphicéMexican grounecherry) according to Cresgderrera et al. (2012). In
Thinakararet al.(201%5, b studied another perenniallants Lycium barbarun{common
matrimony vine)andSolanum elaeagnifoliurgBilver leaf nightshadegsa host of potato
psyllids. ThisL. barbarumis distributed throughout the PNW growing region and supports large
numbers of psyllids of the Westeand Northwester@Ol-haplotypes (Thinakaran et al. 26a)
The actual source of psyllids in PNW potato fields is ungldarton et al. 2015)Realization
that potato psyllid is resident in the PNW led to a search for a host plant that could be used by
the insect to bridge those seasonal intervals whenotiagopcrop is unavailablgiorton et al.

2015)

A perennial nightshade, bittersweet nightsh&led(lcamary was found to support the
psyllid yearround (Jensen et al. 2012, Murphy et al. 2013, Horton et al. 2015). Interestingly, the
psyllids onS. dulamarawere found to be almost entirely of the Northwestern haplotype
(Swisher et al. 2018, despite the presence of the other two haplotypes in PNW potato fields
(Swisher et al. 2013aBittersweet nightshads also called climbing nightshade, blbedweed,
fellenwort, dogwood, woody nightshade, poison flower, poison pgngke berryor scarlet
berry (Britton and Brown 1913%. dulcamarais a Eurasian species, widely irduaedin
thickets, clearings and open woods (Hitchcock and Cronquis),1@Y8in wetlands (Waggy
2009). It often occurs on disturbed sites with othermative species or in waste places (Waggy
2009, Britton and Brown 1913). This plant is somewhat woody below vines that grow branched

(Hitchcock and Cronquist 197.3Yhe vines &nd to climb or scramble te3 m (Hitchcock and
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Cronquist 1973) when growing associated with, most commonly, cottonwWopdl(sspp.),
willow (Salixspp.), alderAlnusspp.), Russiaolive (Elaeagnus angustifol)eor other common

vegetation of ripaan areas (Dixon and Carter 1999).

S. dulcamaraosts other agricultural pest suchfasColorado potato beetle
(Leptinotarsa decemlineatgHare 1990), aphids (Semtner et al.1998, Flynn et al. 2006), and
other insect plant feeders (Viswanathan et@D5} This nightshade has also been reported to
housediseasesuch as thavilt-causing bacteriurRadstonia solanacearurfElphinstone et al.

1998 Secor and Rivergaras 2004, and viruses (Smith 1931, Osmond et al. 1990).

Presence or impacts pfedatorsor parasitoids wB. cockerellicollected from bittersweet
nightshade hasot previously been examined, bheteffect of natural enemies on psyllids was
observed in two host plants, American nightsh&leamericanuriiller) and potato crops
(Butler 201). Within that study, fieleexperiments found significant reduction of potato psyllids
exposed to natural enemias both host planfcompared to the relatively high survivorship seen
on caged plants that predators could not ac&sitef 2011) This same research identified as
key natural enemies of the potato psyllid in potato, tomato and peppertbpssect predators
Orius tristicolor, Geocoris pallenstal andHypodamia converger(8utler 2011). In
solanaceous crops, predation of the potatoigdydls been studied for several spemf
hemipterans, coleoptergmeuropteranand mite{Knowlton 1933a,bKnowlton 1994,Pletsch
1947, ARJabr 1999Xu and Zhang 2015In Utah, Knowlton(1933a)observed larvae of
Chrysopidae prgng uponpsyllid nymphs in potato fieldsand reported active predation of the
potato psyllid by the bigyed bugGeocoris decoratuglhler in laboratory experiments (1994).

This predator is generally distributed and commonly occurs upon potatoegasatsdound to
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bean important enemy of the beet leafthopper, nymphs of chinch dmdsthersmall insects
(Knowlton 1934). Several species of the ge@hsysoperlale. g.C. carneaandC. rufilabris)
have been observed consuming potato psyllids in different stagedfieldrend in laboratory
trials (Pletsch 1947, Alabr 1999). The ladybirdeetleHippomania convergerSuerin is an

active predator oB. cockerellinymphs (Knowlton 1933b).

The parasitoid§ amarixia triozagBurks) (Hymenoptera: Eulophidae) aNetaphycs
psyllidisCompere (Hymenoptera: Encyrtidae) are included in the list of natural enemies of the
potato psyllid (Romney 1939, Compare 1943). Pletsch (1947) described the paradiiozhe
attacking psyllid nymphs of the fourth anéthi development stge. Low parasitism of. triozae
was observed in the field and in the laboratory by Joh(@si1) in Colorado, and Butler and
Trumble(20117) in California due to low synchronization with the insect host and
hyperparasitism bigncarsia pergandiellddowardandE. peltata(Clckerell) (Hymenoptera:
Aphelinidae). Further studies qualify this parasitoi@ pstential biological control agent of the
potato psyllid living in natural areas (Butler and Trumble 2011) and a promising natural enemy
of B. cockerellin New Zealand (Workman and Whiteman 2009). Some of the most common
insecticides (e. g. Abamectin, imidaclopagfluthrin, and spinetoram) used in potato crops were
found to reducsurvival of T. triozae suggeshg that these chemicals areompatiblewith

biocontrol bythis parasitoidvithin conventional potato production (Liu et al. 2012).

S. dulcamaralso has been reported as a source of the entomopathogenic fungus
Beauveria bassian@Hare 1990)butthere areno reports of naturaltpccurring
entom@athogenic fungassociated witlB. cockerelliLacey et al. 2011). Some reports of the

use ofB. bassianahow significant mortality of psyllid nymphs in laboratory trials-(abr
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1990). Isolates dB. bassianaMetarhizium anisoplia@ndlsaria fumosoroseavere studied in

laboratory conditions againBt cockerelliadults and nymphs. In this study, all isolates exBept
bassianahad high mortality 4 days after application (Lacey et al. 2009). In field trials in Texas,
commercial formulations d¥1. anisopliaeandl. fumosoroseaemonstrated control of psyllid in

all development stagesthie same level as the control provided by the insecticide abamectin
(Lacey et al 2011)improvements in biological control 8f cockerellican be expected with
locaion and testing of additional species and isolatentdmopathogenic fundiLacey et al.

2011).

| explored the cultivated area of Eastern Washington to find bittersweet nightshade
patches and determine if they were source of potato psyllids and Lso pathogen. While doing this
sampling for psyllids, | also identified other pests and the predator coityriiving on these
plants. Furthermore, a list of the psyllid species found in entomological museums in the PNW
and published records was completed as a starting point for researchers investigating the ecology
of future,emerging pests and plapathogerinsect vectors. Finally, a short scientific note was
developed reporting the thrips species found while collecting potato psyllids from bittersweet

nightshade.

In chapter two, | focus on the detectiorntloé Lso pathogen in psyllids and plants, and
haplotype identification of the collected psyllids. Other pests of potato and other crops were
additionally identified. This chapter is written under the format of the scientific journal
“Environment al Entomol ogy’ of t heoalthotsfomo !l ogi c

this publication are Zhen Fu, Andrew S. Jensen and William E. Snyder.

25



In chapter three, | present the diversity of predators and natural enemies found in the
same sampling effort made for psyllidsGhapterTwo. This chapter is written undéhe format
of the scientific journal “Environment al Ent o
Entomology. The coauthors for this publication are Zhen Fu, Andrew S. Jensen and William E.

Snyder.

Chapter foupresentsa checklist of the superfamily Psyidllea present in the Pacific
Northwest. There was no list previously presented for this region. | visited the entomological
museums of the three main universities located in this region: Oregon State University,
University of Idaho and Washington State risity, and USDA laboratories in WA and QB
build the list based on the psyllids present in the collectioiher diverse sourcedso
contributedo this list, as detailed in the Chaptemhis chapter is written under the format of the

scientificjau r n a | Proceedings of the Entomol ogical

this publication are Andrew S. Jensen and William E. Snyder.

Chapter five is a scientific note written
journal of theFloridaEntomological Society, that report thrips species collected 8om
dulcamaraand surrounding vegetationhe coauthors of this publication are Joseph Funderburk

and William E. Snyder.

The four subsequent chapters presented in this dissertatimependent from each

other.

26

C



N
" —
Psyllid haplotypes|
Central ' %
® Wester
@ Southwestern
@ Northwestern
tal. 2014, Swisher et al. 2012, 2014, Liu et al. 2006.

Zebra chip
outbreaks

-.
“‘: Horton etal. 2014
Psyllid movement
(Wallis 1955) N

Figurel-1. Wallis (1955)theory about psyllid movement from breeding areas to potato crop

Modified from Horton et

seasons up north. B. Zebra chip outbreaks in North AmericaOCps€yllid haplotypes

identified in the United States.

A. B. d wdP Q
& 20 R’,i’ D
G109 @
g m
> .
¥ b Dyspersa apicalis,
L = b. > CpELs Diaphorina citri
Lso B £ ! %’ —g”/s
Cacopsylla //B. trigonica g 3 ’
pyricola o K B. tremblayi < -
Lso A&B C Phytoplasma pyri B. nigricornis %,
¥ LsoD & E @0
. B.cocke P
¥ LsoA&LsoB b
D.citri . )
CLamericanum o 3
Lso A s ' i ke
¥ i . .
e F I s
//"\\\\7&).‘ @ CLcuropacus Arytainilla sparti

CL europacus

v £

B. cockerelli
LsoA

oS> R m—

C Phytoplasma pyri

CL americanum/europacus/asiaticus (Modified from Haapalainen 2014)

Source Nelson etal. 2011

Figurel-2. A. Haplotypes A and B of Lso in the United States. B. Some plant pathogens

transmitted by psyllid species around the world.

27



References Cited

Al-Jabr, A. M. 1999. Integrated pest management of tomato/potato pBgitatrioza cockerelli
(Sulc) (Homoptera: Psyllidae) with emphasis on its importance in greenhouse grown
tomatoes. Ph.D. dissertation, Colorado State Universust, Collins.

Britton, N., and A. Brown. 1913. An illustrated flora of the northern United States, Canada and
the British possessions. Vok3L. Second Edi ti on. New Yor k:

Buchman, J. L., B. E. Heilman, and J. E. Munyaneza. 20Xfext& of Liberibacteinfective
Bactericera cockerell{Hemiptera: Triozidae) density on zebra chip potato disease incidence,
potato yield, and tuberocessing quality. Journal of Economicst&mology 104: 1783792.

Buchman, J. L., V. G. Sengoda, an&JMunyaneza. 2011b. Vector transmission efficiency of
Liberibacter byBactericera cockerellfHemiptera: Triozidae) in zebra chip potato disease:
effects of psyllid life stage and inoculation access period. Journal of Economic Entomology
104: 14861495.

Butler, C. D. 2011. Management strategies for the potato psyllid in California. Ph. D.
dissertation. University of California, Riverside. Riverside, California, USA. 192 pp.

Butler, C. D., and J. T. Trumble. 2012. The potato psylaktericera cockerell{Sulc)

(Hemiptera: Triozidae): life history, relationship to plant diseases, and management
strategies. Terrestrial Arthropod Reviews 5:1317.

CIP. 2015International Potato Centd?otato. Reviewed October 10, 2013 from
http://cipotato.org/potato/

Cranshaw, W. S2001.Diseases caused by insect toxin: psyllid yellows. CompendiuPotato

Diseases 7-34.

28

Ch



Creddlporera L-GrAzj)ado-Mééln B, £bdd | BdpeRARbI R,y n a
A. Peonmael i, V. M. {Biamtco a DatribdcibRespacahde z a
Bactericera cockerell{Sulc) (HEMIPTERA: TRIOZIDAE) en tomate de cascapaysalis
ixocarpa(Brot.)) [Spatial distribution oBactericera cockerell{Sulc) (HEMIPTERA:

TRIOZIDAE) on green tomatdPhysalis ixocarpgBrot.))]. Agrociencia (Montecillp
Mexico) 46: 289298.

Crosslin, J. M., P. B. Hamm, J. E. Eggers, S. I. Rondon, V. G. Sengoda, and J. E. Munyaneza.
2014. First report Candidatadeibb ar ctha pt ei sealsan ao e
potatoes in Oregon and Washingtstate. Plant Disease 96: 452.

Compare, H. 1943. A new specieséthaphycugparasite on psyllids. PdpPacific
Entomologist 19: 7473.

Cooper, W. R., V. G. Sengoda, aQ@addiddtus E. Munya
Liberibacter s oaes RhezacbmeeaelBactefidera cockerdlli
(Hemiptera: Triozidae). Annals of the entomological society of America 1072204

Da Graca J. V1991 Citrus greening disease. Annual Revieihytopathology 29109-136.

De Boer, SH., G. Secor, X. Li,J. Gourley, P. Ross, and Rivera.2007.Preliminary
characterization of the etiologic agent causing zebra chip symptoms in potdtw and
old pathogens of potato in changing climagrifood Research Working papers 142: 30.

Dixon, M. D. and J. W. Géer. 1999. Riparian vegetation along the middle Snake River, Idaho:
zonation, geographical trends, and historical changes. Great Basin Naturalis89: 18

Elphinstone, J. G., H. M. Stanford, and D. E. Stead. 1998. Detecti®alsibnia solanacearum

in potato tubersSolanum dulcamarand associated irrigation watém.Bacterial Wilt

29



Disease, pp. 13339. Springer Berlin Heidelber@ermany.
Essig, E. O. 1926. Insects of Western North America. The MacMillan Co., New York. 1035 pp.
Fagen, J. R., M. TLeonard, J. F. Coyle, C. M. McCullough, A. G. DaRghardson, M. J.
Davis, and E. W. Triplett. 2014hiberibacter crescenBT-1T gen. nov.; sp. nov., first
cultured member of thieiberibactergenus. Inérnationallournal ofSysematics and
Evolutionaly Microbiolgy 64: 2461 2466.

Fagen, J. R., M. T. Leonard, C. M. McCullough, J. N. Edirisinghe, C. S. Henry, M. J. Davis, and
E. W. Triplett. 2014b. Comparative genomics of cultured and uncultured strains suggests
genes essential for fréi@ing growth ofLiberibacter. PloS One 9: e844609.

Flynn, D. F. B., E. A. Sudderth, and F. A. Bazzaz. 2006. Effects of aphid herbivory on biomass
and leaflevel physiology ofSolanum dulcamarander elevated temperature and CO 2.
Environmental and Experimental Botany 56:18.

Gao, F., J. Jifon, X. Yang, and T. X. Liu. 2009. Zebra chip disease incidence on potato is
influenced by timing of potato psyllid infestation, but not by the host plants on which they
were reared. Insect Science 16: 3@8B.

Gaunt, R. E1995.The rdationship between plant disease severity and yield. Annual Review of
Phytopathology 33: 11944.

Greenway, C., J. Cuenthner, J. Goolshy, and D. Henne. 2013. Zebra Chip Ecolmmics.
Proceedings, 12th annual SCRI zebra chip reporting session,-8la03.3 San Antonio,

TX. Workneh, F., A. Rashed, and C. Rush (eds).
Greenway, G., C. S. MclIntosh, J. F. Guenthner, J. GodIsliyenne, and A. Silva. 2014.

Analyzingexpenditures for control @actericera cockereliin U. S. potatoes. Reviewed

30



October 10, 2013 from
http://zebrachipscri.tamu.edu/files/2015/01/Mcintosh_ZC_Poster_2014.pdf

Haapalainen, M. 2014. Biology and epidemic€ahdidatud_iberibacter species, psylid
transmitted plazpathogenic bacteria. Annals of Applied Biology 165: -1'B3.

Hamm, P. B., S. I. Rondon, J. M. Crosslin, and J. E. Munyaneza. 2011. A new threat in the
Columbia Basin of Oregon and Washington: zebra ¢hiproceedings, 11th annual SCRI
zebra chip reporting session, Nov962011, San Antonio, TX. Workneh, R, Rashed, and
C. Rush (eds).

Hansen, A. K., J. T. Trumble, R. Stouthamer, and T. D. Paine. 2008. A new huanglongbing

s pecCaaddatud“i beri bacter psyll aurous, found to
vectored by the psylliBactericera cockerell{Suic)." Applied and environmental
microbiology 74: 5865865.

Hare, J. D. 1990. Ecology and management of the Colorado potato beetle." Annual review of
entomology 35: 81100.

Hitchcock, C. L., and A. Cronquist. 1973. Flora of the Pacific Northwest: An HiiestiManual
University of Washington Press. Seattle, WAS.A.

Hodkinson, I. D. 1974. The biology of the Psylloidea (Homoptera): a review." Bulletin of
entomological research 64: 3238.

Hodkinson, I. D. 2009. Life cycle variation and adaptation in jungilant lice (Insecta:
Hemiptera: Psylloideag global synthesis. Journal o&tdral History 43: 69.79.

Horton, D., R. Cooper, J. E. MuagezaK. D. SwisheyE. EchegarayA. F. Murphy, S 1.

Rondon, V G. Sengoda, LG. Neven, and AS. Jenser2015.What is the source of potato

31



psyllids colonizing Washington, Oregon, and Idg@lotato fields?Potato Progress, Volume
X1V, Number 2.

Horton, D., R. Cooper, J. E. Munyaneza, K. Swisher, J. Thinakaran, C. Wohleb, T. Waters, and
A. Jensen. 2015. Nepotato lost plants of potato psyllid in the Pacific Northwest: a year
round complicationPotato Progress, Volume XV, Number 2.

Jensen, A., S. |. Rondon, A. Murphy, and E. Echegaray. 2012. Overwintering of the potato
psyllid in the Northwest o&Solanum dulcamardn Proceedings, 12th annual SCRI zebra
chip reporting session, Oct.-3@v. 2, 2012, San Antonio, TX. Workneh, F., A. Rashed, and
C. Rush (eds).

Johnson, T. E. 1971. The effectivenes3 etrastichus triozaBurks (Hymenoptera: Eulophidae)
as a biologickcontrol agent oParatrioza cockerell(Sulc) (Homoptera: Psyllidae) in north
central Colorado. M.S. thesis, Colorado State University, Fort Collins.

Knowlton, G. E. 1933a. Aphis lion predatafsthe potato psyllid. Journal &coromic
Entomobgy 26: 977.

Knowlton, G. E. 1933b. Ladybird beetles as predators of the potato psyllid. The Canadian
Entomologist 65: 24P243.

Knowlton, G. E. 1934. A bigyed preator of the potato psyllid. Floridantomobgist18: 40
43.

Knowlton G. F. and W. L. Thoma$934. Host plants of the potato psyllid. Journal of Economic
Entomology 27: 547.

Lacey, L. A, F. de la Rosa, and D. R. Horton. 2009. Insecticidal activity of entomopathogenic

fungi (Hypocreales) for potato psylliBactericera cockerellfHemiptera: Triodae):

32



development of bioassay techniques, effect of fungal species and stage of the psyllid.
Biocontrol Science and Technology 19: 9%/70.

Lacey, L. A, FX. Liu, J. L. Buchman, J. E. Munyaneza, J. A. Goolsby, and D. R. Horton. 2011.
Entomopathogenic fugi (Hypocreales) for control of potato psylliactericera cockerelli
(Sulc) (Hemiptera: Triozidae) in an area end
Control 56: 271278.

Liefting, L., P. Sutherland, L. Ward, K. Paice, B. Weir, and G. Cla@09. A New
‘CandidatusLi beri bacter’ species associated with
Disease 93: 20214.

Lin, H., B. Lou, J. M. Glynn, H. Doddapaneni, E. L. Civerolo, C. Chen, Y. Duan, L. Zhou, and
C. M. Vahling. 2011. The complete genem s e g u €andidatusoilferibacter
solanacearum’, the bacterium associated with
e19135.

Lin, H. and N. C. Gudmestad. 2013. Aspects of pathogen genomics, diversity, epidemiology,
vector dynamics, and disease mamaget for a newly emerged disease of potato: Zebra
chip. Phytopathology 103: 5Z37.

Liu, D., and J. T. Trumble. 2007. Comparative fitness of invasive and native populations of the
potato psyllid Bactericera cockerelli Entomologia Experimentalis et Apgdta 123: 3542.

Liu, D, J. Trumble, and R. Stouthamer. 2006. Genetic differentiation between eastern
populations and recent introductions of potato psyBidctericera cockereljiinto western
North America. Entomologia Experimentalis et Applicata 11/8-183.

Liu, T.-X., Y.-M. Zhang, L:N. Peng, P. Rojas, and J. T. Trumble. 2012. Risk assessment of

33



selected insecticides dramarixia triozag Hymenoptera: Eulophidae), a parasitoid of
Bactericera cockerell{Hemiptera: Trizoidae)." Journal of economeretomology 105: 430
496.

List, G. M. 1939.The effect of temperature upon egg deposition, egg hatch and nymphal
development oParatrioza cockerell(Sulc).Journal of Economic Entomology 32:-36.

Munyaneza, J. E., J. M. Crosslin, and J. E. Upton. 2@830ociation oBactericera cockerelli
(Homoptera: Psyllidae) with “zebra chip,”
States and Mexico. Journal of Economic Entomology 100:6836

Munyaneza, J. E., V. G. Sengoda, J. M. Crosslin, G. De laRu=mo, and A. Sanchez. 2009.
First report ofCandidatud.iberibacter psyllaurous' in potato tubers with Zebra Chip disease
in Mexico. Plant Disease 93: 5&52.

Murphy, A. F., S. I. Rondon, and A. Jensen. 2013. First report of potato pspHictericera
cockerellj overwintering in the Pacific Northwest. American Journal of Potato Research 90:
294-296.

Murray, R. G. E., and E. Stackebrandt. 1995. Taxonomic note: implementation of the provisional
statusCandidatudor incompletely described prokaryotésternational Journal of
Systematic Rcteriology 45: 184.87.

Mustafa, T., D. Horton, W. Cooper, K. D. Swisher, R. Zack, and J. E. Munyaneza. 2015.
Interhaplotype fertility and effects of host plant on reproductive traits of three haplotypes of
Bactericera ockerelli(Hemiptera: Triozidae). Environmental Entomology 44:-308.

Nachappa, P., J. Levy, E. Pierson, and C. Tamborindeguy. 2014. Correlation between

“Candidatud i ber i bacter sol anacear unispsyllidveaa.t i on

34



Journdof InvertebratdPathology 115: 551.

Nachappa, PA. A. Shapiro,ancC. Tambor i nde guy .Cadddatuliberiltattdére ct of
sol anacearum’ o n f Batterieemsockerell{Henipieral Tnozidae)t v ect o
on tomato. Phytopathology 102-46.

NASS.2015.USDA's National Agricultural Statistics Servideeviewed October 10, 2013 from
http://quickstats.nass.usda.gov/

Nel son, W. R., T. W. Fisher, aQamtlidalus E. Munyan
Liberibacter s ol astaadngsaparation. Euspegngleumal of Planh g
Pathology 130: 82.

Nolte, P., N. Olsen, E. Wenninger, and M. Thornton. 2011. Zebra chip found in Idaho.
Proceedings, 11th annual SCRI zebra chip reporting session, 1902081, San Antonio,

TX. Workneh, F, A. Rashed, and C. Rush (eds).

NPGS. National Plant Germplasm System. Reviewed November 11, 201Bttpoftwww.ars
grin.gov/npgs/aboutgrin.html

Osmond, C. B., J. A. Berry, S. Balachandran, C. Bigbemond, P. F. Daley, and R. A. J.

Hodgson. 1990Potential consequences of virus Infection for s@a@eacclimation in
leaves. Botanica Acta 103: 22@9.

Patterson, P. E. 201€ost of potato production in Idaho=-%ear trend. Agricultural Economics
Series No. 1:04. University of Idaho. Reviewed @tter 10, 2013 from
http://web.cals.uidaho.edu/idahoagbiz/files/2013/01/20b8&tof-PotateProduction5-Year
Trends.pdf

Pletsch, D. J. 1947. The potato psylR@ratrioza cockerell(Sulc), its biology and control. Bull.

Mont. agric. Exp. Stn. 446.

35



Radcliffe, E B. 1982.Insect pests of potato. Annual Review of Entomology 27:20/8

Rashed, A., T. D. Nash, L. Paetzold, F. Workneh, and C. M. Rush. 2012. Transmission
efficiency of'CandidatudLiberibacter solanacearum' and potato zebra chip diseageeps
in relation to pathogen titer, vector numbers, and feeding sites. Phytopathology 162: 1079
1085.

Rashed, A., C. M. Walllis, L. Paetzold, F. Workneh, and C. M. Rush. 2013. Zebra chip disease
and potato biochemistry: tuber physiological changes porese tdCandidatusLiberibacter
solanacearum' infection over time. Phytopathology 103:4210

Rashed, A., F. Workneh, L. Paetzold, J. Gray, and C. M. Rush. 2014. Zebra chip disease
development in relation to plant age and tim&aindidatud.iberibacer solanacearum’
infection. Plant Disease 98:-34.

Rashed, A., F. Workneh, L. Paetzold, and C. M. Rush. 2015. Emergef@ndidatus
Liberibacter solanacearwimfected seed potato in relation to the time of infection. Plant
Disease 99: 27280.

Romney V. E. 1939. Breeding areas of the tomato psyllR#satrioza cockerell{Sulc). Journal
of Ecoromic Entomology32: 150151.

Rosson, P., M. Niemeyer, M. Palma and L. Ribera. 2006. Economic impacts of zebra chips on
the Texas potato industry. Center faorth American Studies, Department of Agricultural
Economics, Texas A&M University, College Station.

Secor, G. A, and V. V. Riverdaras. 2004. Emerging diseases of cultivated potato and their

impact on Latin America. Revista Latinoamericana de la Pagad®ento) 1: 8.

36



Semtner, P. J., W. M. Tilson, and S. K. Dara. 1998. Performance of the tobacco aphid
(Homoptera: Aphididae) on various host plants. Journal of Entomological Science 33: 180
195.

Sengoda, V. G., J. E. Munyaneza, J. M. Crosslin, J. L. lBaohand H. R. Pappu. 2010.

Phenotypic and etiological differences between psyllid yellows and zebra chip diseases of
potato. American Journal of Potato Research 84911

Smith, K. M. 1931. On the composite nature of certain potato virus diseasesrufgtie group
as revealed by the use of plant indicators and selective methods of transmission. Proceedings
of the Royal Society of London. Series B, Containing Papers of a Biological Character, 251
267.

Strand, L 2006.Integrated pest management for poéstin the western United States. Vol.

3316. UCANR Publications

Swisher, K. D., V. Sengoda, J. Dixon, E. Echegaray, A. Murphy, S. I. Rondon, J. E. Munyaneza,
and J. Crosslin. 2013. Haplotypes of the potato ps@ladttericera cockerellion the wild
host plantSolanum dulcamaran the Pacific Northwestern United States. American Journal
of Potato Research 90: 5507.

Rush, CM., F. Workneh, and ARashed. 2015. Significance and Epidemiological Aspects of
Late-Season Infections in tHhdanagement of Potato Zebra Chip. Phytopathology 105: 929
936.

Secor, G. A,, and V. V. Riveidaras. 2004. Emerging diseases of cultivated potato and their

impact on Latin America. Revista Latinoamericana de la Papa (Suplement8) 1: 1

37



~

Sul ¢, Kriozatogkerélln. sp, novinka ze Severni AmeriKky
[Trioza cockerelln.sp., a novelty from North America, being also of economic importance].
Acta Societatis Entomologicae Bohemiae 6:-111B.
Swisher, K. D, J. E. Munyaneza, ahd\V. Crosslin. 2012. High resolution melting analysis of
the Cytochrome Oxi dase | gene i1 dentifies thre
States. Environmental Entomology 41: 1a1P8.
Swisher, K. D., J. E. Munyaneza, and J. M. Crosslin. 20I8mporal and spatial analysis of
potato psyllid haplotypes in the United States. Environmental Entomology 439331
Swisher, K. D., V. Sengoda, J. Dixon, E. Echegaray, A. Murphy, S. I. Rondon, J. E. Munyaneza,
and J. Crosslin. 20b3Haplotypes of th potato psyllidBactericera cockerellion the wild
host plantSolanum dulcamartan the Pacific Northwestern United States. American Journal
of Potato Research 90: 5507.
Tahzima, R., M. Maes, E. H. Achbani, K. D. Swisher, J. E. Munyaneza, and Jorigge. 2014.
First report ofCandidatud.iberibacter solanacearum' on carrot in Africa. Plant Disease 98:
14261426.
Thinakaran, J., W. RCooper, JE. Munyaneza, and.[Horton. 201%. Matrimony vine/Goji
berries— Potential overwintering host for potapsyllids in the Pacific Northwedn
Proceedings of the Washingte®regon Potato Conferencianuary 27, 2&8nd29,
Kennewick, WA
Thinakaran, J E. Pierson, MKunta, J E. Munyaneza, OM. Rush, and DC. Henne2015b.
Silverleaf nightshadeSolanum elaeagnifolium, a r e s e Candidatus host f or
Liberibacter solanacearum’ , the putPltti ve cau

Diseas€99; 910915

38



Thompson, S. M., C. P. Johnson, A. Y. Lu, R. A. Frampton, K. L. Sullivan, M. \\s,ReN.
Crowhurst, A. R. Pitman, I. A. Scott, A. Wen, N. C. Gudmestad, and G. R. Smith. 2015.
Genomes o€andidatud.iberibacter solanacearum haplotype A from New Zealand and the
USA suggest significant genome plasticity in the species. Phytopathologga®571.

Trumble, J. 2009. Potato psyllid. Center for invasive species research. University of California
Riverside. Reviewed October 10, 2013 frbttp://cisr.ucr.edu/potato_psyllid.html

Trumble, J. 2014. Resistance evaluation and insecticide rofabgnams for control of potato
psyllids. h Zebra Chip Annual Reporting Session, NoaA® 2014, Portland, OR. Reviewed
October 10, 2013 frorhttp://zebrachipscri.tamu.edu/seebrachip-annualreporting
sessions/20t4ebrachip-annualreportingsessiomovembet9-12-2014/2014conference
presentations/

Uniprot. Universal Protein Resourceeviewed November 10, 26from
http://www.uniprot.org/taxonomy/

USDA. Natural resources conservation service. Plant database. Reviewed October 3, 2013 from
http://plans.usda.gov

VargasMadriz H., N. BautistdMartinez, J. Verdsraziano, C. Garci&utiérrez, and C.
ChavarinPalacio. 2011. Life and fertility table 8actericera cockerell{Sulc) on two
varieties of tomato in a greenhouse. Southwestern Entomolog¥13822.

Viswanathan, D. V., A. J. T. Narwani, and J. S. Thaler. 2005. Specificity in induced plant
responses shapes patterns of herbivore occurren8elanum dulcamareEcology 86: 886
896.

Wallis, R. L. 1955. Ecological studies on the potato psyllid pest of potatoes. USDA.

Technical bulletin 1107.

39



Wallis, C. M., A. Rashed, J. Chen, L. Paetzold, F. Workneh, and C. M. Rush. 2015. Effects of
potatepsyllid-vectoredCandidatud.iberibacter solanacearum' infection on potato leaf and
stem physiology. Rfiopathology 105: 18998.

Waggy, M. A. 2009Solanum dulcamarédire effects information system. U.S. Department of
Agriculture, Forest Service, Rocky Mountain Research Station, Fire Sciences Laboratory.
Reviewed October 13, 2015 from
http://lwww.fs.fed.us/database/feis/plants/shrub/soldul/all.html

Wenninger, E., N. Olsen, M. Thornton, P. Nolte, and A. Karasev. 2012. Monitoring of potato
psyllids,Candidatud.iberibacter solanacearum, and zebra chip in Idaho during the 2012
growing seaswo. In Proceedings, 12th annual SCRI zebra chip reporting session, Oct. 30
Nov. 2, 2012, San Antonio, TX. Workneh, F., A. Rashed, and C. Rush (eds).

Workman, P. J., and S. A. Whiteman. 2009. Imporfiagharixia triozagnto containment in
New Zealand. New &aland Plant Protection 62: 412.

Workneh, F., D. C. Henne, J. A. Goolsby, J. M. Crosslin, S. D. Whipple, J. D. Bradshaw, Aresh
Rashed, Li Paetzold, R. M. Harveson, and C. M. Rush. 2013. Characterization of
management and environmental factors associatidr@gional variations in potato zebra

chip occurrence. Phytopathology 103: 123%12.

40



CHAPTER TWO: POPULATION DYNAMICS OF THE POTATO PSYLLID

ON A NON-CROP HOST PLANT

Abstract

Recent outbreaks of zebra chip disease, caused by the bac@ematalatud_iberibacter
solanacearurand vectored by the potato psylliBgctericera cockerellS u | ¢ , , sutpdised )

the northwestertd. S. potato industry. Previousihe pathogen was unknovimereand its

vector was thought to be rak&e now know that the intduced weed bittersweet nightshade
(Solanum dulcamarh.) houses potato psyllids in our region, although psyllid densities and
reproduction have not been described and tracked on this host plant. Over two years we regularly
monitored potato psyllid populatis in bittersweet nightshade patches spanning the potato
growing region of eastern Washington. Psyllids occupied these plants throughout the year, at
densities several orders of magnitude higher than those reported within nearby potato crops.
Psyllid dengies were lowest in spring and highest in fall, different than thesauidmer

population peak seen in local potato fields. Egg production was observed throughout the single
growing season where this was monitored, peaking irsonmdmer. A subset of theydkds that

we collected was assigned to genetic groups usingd@fSanger sequencirgl psyllids thus
tested belonged to the Northwest haplotype. No psyllid or nightshade plant that we tested was
found to carry the zebra chip bacterium. Aphid, beatté, thrips pests of potato also were

regularly found in nightshade patches. Altogether, our study confirms that while bittersweet
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nightshade could act as a robust source of pests that eventually migrate to potatoes, in eastern
Washington this plant didot appear to consistently harbor infected vectors or the zebra chip
pathogen.

KEY WORDS vector ecology, zebra chip disease, bittersweet nightshade, psyllid

haplotype

When zebra chip disease first emerged in potato fields of the southwestern U. S. in the 2000s,
its impacts were devastating (Secor and Rivera 2004, Munyaneza et al. 2007a). Zebra chip is
caused by a bacteriut@andidatud- i ber i bact er s dlatasvecworedbythen ( “ L s o
potato psyllid Bactericera cockerelliThe disease reduces yield and can make the crop
unmarketable, causing a physiological defect in tubers that results in pronounced discoloration
after cooking (especially in fries or chips; Seet al. 2009). Yield losses in the southwest
approached 50% in some years, costing tens of millions of dollars (Trumble 2009, Munyaneza et
al. 2007a). While insecticidgpray regimes have now been developed to protect potato crops in
the southwestern g&s, the development of effective integrated pest management schemes there
has been thwarted, in part, by continuing uncertainty about how, why and when the insect moves
among crop and necrop host plants (Munyaneza et al. 2009, Murphy et al. 2013).

ThePacific Northwest states of Washington, Idaho and Oregon lead the U.S. in potato
production in both total yields and crop value (USDA 2014). The region was initially thought to
be safe from zebra chip disease, because the potato psyllid was thouglatreoibéhe Pacific
Northwest and the pathogen absent (Wallis 1951, Cranshaw 1994, Hamm et al. 2011). The

sudden appearance of zelstap-like symptoms during the 2011 growing season thus was a
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surprise, and was soon followed by the confirmation of L&ction and robust regional potato
psyllid populations; crop losses mirrored those seen in the southwestern U. S. (Trumble 2009,
Hamm et al. 2011, Crosslin et al. 2012a, b, c). Early research has indicated that the ecology of
the potato psyllid in the Pdic Northwest may substantially differ, in several key respects, from
what is seen in the southwestern U. S. (e.g., Liu et al. 2006, Liu and Trumble 2007). First, psyllid
populations in northwesteid. S. potato fields often are dominated by psyllidhefNorthwest
haplotype, distinguished by unique DNA sequences within the COI gene (Swisher et al. 2012).
Northwest haplotype psyllids have never been recovered outside of our region, and exhibit
behavioral and reproductive differences from the Centralté&keand Southwestern haplotypes
dominant in other regions of North America (Swisher et al. 2013a, Mustafa et al. 2015). Second,
perennial, higkguality noncrop hosts may be particularly important for persistence of psyllids
in the Pacific Northwest, begmecessary to allow the insects to survive the relatively harsh
winter conditions between potagwowing seasons (Jensen et al. 2012, Murphy et al. 2013).
These unique characteristics of northwestern psyllid ecology have spurred research on regional
psyllid genetics (Swisher et al. 2012, 2013b, Swisher and Crosslin 2014) antgs@@siology
(Rondon et al. 2012, Horton et al. 2015).

Bittersweet nightshad&olanum dulcamarh., has received particular attention as a-non
crop host of potato psyllids in otggion (Jensen et al. 2012, Murphy et al. 2013, Swisher et al.
2013b). This longdived perennial solanaceous weed, originally introduced from Europe (Hawkes
et al. 1979), is common along permanent waterbodies in the Pacific Northwest (Waggy 2009).
The aseciation with wetlands allows the plant to maintain green foliage throughout our typical

summer drought, and often into early winter due to the tempeiatdiiering capacity of
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waterbodiest lower altitudes (Jensen et al. 2012, Murphy et al. 2013). Indeed, potato psyllids
have been found on bittersweet nightshade in Idaho, Oregon and Washington, at various points
throughout the year (Jensen et al. 2012, Wenninger et al. 2012, MurphGt3jl. Most of the
psyllids found on this nightshade are of the Northwestern haplotype, although Western haplotype
psyllids have also been occasionally reported (Swisher et al. 2013bpfésted psyllids have

rarely been found on bittersweet nightshéseisher et al. 2013b), perhaps clouding the role of

this weedy host as a driver of zebra chip problems in potato crops. We sought to expand upon
these earlier findings by (1) quantifying psyllid densities on widédpersed nightshade patches
over seveal growing seasons, while tracking haplotypekeup of these insects; (2) regularly
testing both psyllids and nightshade foliage for the presence of Lso through this time series; and
(3) searching for potato pests other than psyllids on the nightshade planalso tracked

natural enemy densities and biodiversity within these same bittersweet nightshade patches, but

will present these data elsewhere (Castillo Carrillo et al., manuscript).

Materials and Methods

Identification of Bittersweet Nightshade Ritches.As discussed above, bittersweet
nightshade is associated with irrigation ditches, ponds, rivers, and other wetlands that contain
yearround water (Jensen et al. 2012). Such locations are relatively uncommon in the arid
condi ti ons o flumdaBasin, mugh odbwhichsrec&ves <5 cm of precipitation
during a typical summer (NOAA 2015). We identified possible sites to search for bittersweet

nightshade through visual inspection of freaisailable, wekpublished satellite images

44



(https://www.google.com/maps) of areas surrounding known pgiedduction areas. When
waterbodies were identified in the satellite images, we looked for nearby public road access and
visited the sites to search for nightshade patches. Sometimes, we noticed noadbiee of the

weed while in transit to or from sites being surveyed. Owlatation process began in June

2012, and by October 2012 we had located 12 nightshade patches that roughly spanned the main
area of potato production in Washington (Table 1, EjgOne of these, the Kennewick site

(Table 1), was sampled only for plant tissue (one time) due to our inability to safely scale the
steepsided drainage pond that housed the plant. A second location, our Pullman site (Table 1),
was sampled only in 201t 2013, this location was eliminated from our sampling network
because psyllids had never been found during
from the nearest potato field. Therefore, by 2013 we continued to sample 10 locations in total
(Table 1).

Overview of Sampling Protocol In 2012, as bittersweet nightshade patches were located
(described above) we periodically visited each until-Dé&tember, stopping when most patches
were completely defoliated, frozen and/or srmavered in the wter in 2012. We then resumed
sampling in April 2013, as new spring growth of the plants was first noted. During each visit to
each nightshade location, we followed the same sampling protocol. First, we useta D
suctionsampling device (RinceNitova Insectaries, Ventura, CA) to collect arthropods from
bittersweet nightshade foliage, including but not limited to potato psyllids. Second, we collected
bittersweet nightshade stems and foliage within each patch, to be tested for the presence of Lso.
Finally, only during the 2013 growing season, we conducted visual counts of potato psyllid eggs

every month from late March to midecember. Details of how sampling of each type was
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conducted, and of how samples were handledguikction, follow below.
Collection and Processing of Bittersweet Nightshade Samplesamples of. dulcamara
foliage were collected from each site at each sampling date (Table 1). During each visit we
haphazardly identified a 3€m section of vine for sampling, which was colleaidtble. Vines
were placed into paper envelopes and plastic Ziploc® bags, immediately placed on dry ice, and
then stored a2(® C until processing. After removing plant samples from storage, we selected 2
petiole sections from each vine, one from near gheahtip and one from the basal end of the
vine, to achieve ca. 100 mg of plant foliage per sample. Plant DNA extraction was performed
using the DNeasy® Plant Mini Kit (Qiagen®). PCR used the specific primers OA2 and OI2 to
detect Lso, which amplifies thmitochondrial 16S region of the bacterium (Liefting et al. 2009).
Our Lso testing generally used the methodology described by Crosslin et al. (2011b), but
modified by using Platinum PCR SuperMix as the Taq polymerase (Invitrogen, Foster City, CA).
PCR pralucts were visualized using agarose gel electrophoresis, with DNA samples displayed as
predicted 116&p products (Crosslin et al 2011b). Positive controls were obtained from Lso
infected plant tissue, which always showed clear bright bands in the exp&6&dop products.
Collection and Processing of Insect Sampleksects were sampled with a backpack
mounted BVac suction sampler. This-Mac model is powered by a modified lawnmower
engine, and we have previously found it to effectively collect arthfrodh potato foliage
(e.g., Koss et al. 2005, Crowder et al. 2010). For each patch, we collecteevanesitbsample
per ca. 1 rhof plant area. Because nightshade patches nearly always covered we m
collected more than one subsample from most attesost sample dates. Each subsample

consisted of placing the-2ac collection cone on one vine section, holding the cone in place
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while shaking vigorously for 10 seconds. Captured insects in the mesh bag were immediately
placedon dry ice for transportation to the laboratory. Once in the laboratory, insect samples were
separately sorted and identified to family or, where possible, to species. Psyllid adults were
visually identified as described by Jensen (2012), and their nartddied. Psyllids and all other
arthropods were placed in 90% EtOH and stored@iC.

While all psyllids collected within our timed suction samples were quantified, the large
number of psyllids collected from the many sites and dates made it laliysitiepractical to
assign all insects to genetic haplotype, or to test each insect for the presence of Lso. Therefore,
we conducted these examinations using a haphazdraliyn subset of up to 10 psyllids
collected from each collecting visit to each siteom this subset of psyllids, DNA was extracted
from each individual insect following the RPEX method, which uses a buffer composed of 75 ul
of 100 mM TrisHCL (pH 8.0), 5 mM sodium ethylenediamine tetraacetic acid, and 0.5% (v/v)
Tween 20 (Crosslin et.a2013). This methodology allowed extracting DNA more efficiently
compared to the methods based on the commas#y cetyltrimethylammonium bromide
method (Crosslin et al. 2006).

PCR was done using the specific primers OA2 and OI2 to detect Lso throuljicatign
of the mitochondrial 16S region, as described above (Liefting et al. 2009, Crosslin et al. 2011b).
Psyllid DNA was combined for the < 10 individ
expected that perapita Lso infection rates would be i@laly low as reported previously
(Crosslin 2012b). The primer pair has been shown to have high sensitivity, as OA2/0OI2c can
detect Lso of DNA extraction from a composite of 1 infected psyllid among 29 uninfected

psyllids diluted 1000 times (Crosslin et 2011b). PCR products were visualized using agarose
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gel electrophoresis, with DNA samples displayed as predicteddd p8oducts (Crosslin et al
2011b). Positive controls were L-gtfected psyllids reared in a colony maintained under
greenhouse condins; in all cases, the posithe®ntrol psyllids showed clear bright bands for
the expected 116Bp products.

A subset of the same insect DNA extracted for Lso identification, was used to test for potato
psyllid COFhaplotype. Because it was logisticaliypossible to sequence COI for all insects
collected, we instead haphazardly drew a subset of psyllids (50 insects in the first year, and 49
insects in year 2), with representatives from each site/date, for haplotype determination.
Molecular analysis fohaplotype identification was performed by amplification of a 500 bp
region of the mitochondrial cytochrome oxidase subunit I (COI) gene. PCR was conducted
following protocols described by Liefting et al. (2009) and Crosslin et al. (2011b), wih the
coclerelli-specific primers COIF3 and COIR3 designed by Crosslin et al. (2011b). PCR products
were visualized on agarose gels. Those PCR products that displayed the predicted 500 bp
product were processed in downstream PCR predaahing using the GeneJET RC
Purification Kit (Thermo Scientific, Waltham, MA). In order to accurately locate variant sites of
the COI gene of our samples compared with studies already published (Swisher et al. 2012), we
conducted Sanger sequencing (Elim Biopharm, Hayward, CA) amdB0dual psyllids
haphazardly selected from the 2012 samples, and 49 individual psyllids from the 2013 samples
(Table 1), using the same primers as in the amplification reaction described above. Returned
sequences were aligned with known COI gene sexmpsenf the Northwestern (GenBank
Accession number JQ708093), Central (GenBank Accession number JQ708094), and Western
(GenBank Accession number JQ708095) psyllid G&plotypes (Swisher et al. 2012) using the

programBioEdit v7.2.5
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Counting Psyllid Eggs.During the 2013 growing season, a vsextion was haphazardly
selected within each patch, during each sampling visit, for a visual count of psyllid eggs. Psyllid
eggs on that focal undisturbed portion of the plant were counted over 5 minutes usisgdhe vi
survey method described by Koss et al. (2005). Psyllid eggs are easily identified because they are

attached individually by a short stalk and are bright yellow, as described by Rondon et al. (2012).

Results

Lso in Bittersweet Nightshade SamplesAltogether, we collected 139. dulcamara
foliage samples across all of the nightshade sites and sampling dates (Table 1). Lso was never
detected in any of our plant samples, from any site or date. Because each run included Lso
positive controls (describeabove) that always presented clear bands indicating Lso infection
(Crosslin et al 2011b), we confirm the absence of Lso in ourdi@lécted plant suisamples.
Densities of Psyllid Adults and Eggs on Bittersweet Nightshade through Time.
Across sites, @ult psyllids exhibited broadly similar population dynamics, with relatively low
densities recorded in early spring and relatively high densities recorded in fall (Fig. 2, Appendix
Fig. 1).
We tracked densities of psyllid eggs in the second year of wily.3tVe started our
observations when new bittersweet nightshade growth first appeared in late March; psyllid eggs
were first found in April, appeared to peak in late August, and continued to be recovered in

relatively low numbers until miDecember whenoliage was damaged by freezing temperatures

(Fig. 3).
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Haplotype and Lso Status of Potato Psyllids from Bittersweet Nightshad&/e did not
detect Lso in any of the 947 potato psyllids drawn for pathogen testing. In all runs the positive
control (describedbove) exhibited a clear band of the expected size -¢lighty consensus
sequences of 99 psyllids (Table 1) drawn for this testing demonstrated 100% identity (GenBank
accession numbers of samples, MN: KR534770, CX: KR534765, ML: KR534766, PV:
KR534767) vith the COI gene of potato psyllids designated as the Northwest haplotype
(GenBank accession JQ708093).

Other Potato Pests Collected on Bittersweet Nightshad@/hile our sampling efforts
targeted the potato psyllid, bycatch of these efforts includedeasdi community of herbivores
that are major or minor pests of cultivated potato (Table 2; natural enemies were also collected
and these data are reported in Castillo Carrillo et al. [manuscript]). We identified three species of
aphids reported to also agdn potato crops, the green peach aphyadus persicaéSulzer) the
potato aphidMacrosiphum euphorbia@homas) and the foxglove potato aphid or glasshouse
potato aphidAulacorthum solanf{Kalt.). However, peplant aphid densities were generally low,
with only ca. 12 alate aphids (the only aphid stage that could be reliably assigned to species)
collected at the highesiphiddensity site/month (the October sample from Moses Lake). Other
herbivorous hemipterans that we collected includgsiussp.,Lygus sp. andCirculifer tenellus
(Baker) (Fig. 4B); botl.ygusandCirculifer are minor pests on potato (Munyaneza et al. 2010,
Murphy et al. 2014b). We also found the thrips spe€raskliniella occidentaligPergande),
Thrips tabaciLindeman andCaliothrips fasciatugPergande), important pests and vivestors
in several crops (Hoddle et al. 2012, Castillo Carrillo et al. in review). The Colorado potato

beetle Leptinotarsa decemlineatday) occurred at low densities, but was found at 3 sites. Other
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heivorous Coleoptera included the leaf be@ldemasp. (a mean of 0.8 adults/subsample in
August in Meseaold), the wirewornDalopiussp. (2 adults/subsample in April in Mesaw), and

the flea beetlePsylliodessp. (Fig. 4D).

Discussion

The unexpectedrrival of zebra chip disease in the Pacific Northwest, a region thought to be
relatively inhospitable to the potato psyllid, surprised the regional potato industry (Hamm et al.
2011). Initial research uncovered the presence of individuals of the Waste@entral COI
haplotypes in our region, insects that presumably migiiaté@dm other regions of North

America (Swisher et al. 2012). However, we now know that the region also houses robust, year
round populations of a geneticallyique population of@ato psyllids, which has been

designated the Northwest haplotype (Swisher et al. 2012, 2013a, 2013b, Murphy et al. 2013).
While previous work has reported that the solanaceous weed bittersweet nigtsshade,
dulcamara is likely a key norcrop host that gtato psyllids use for overwintering, the work
reported here is the first systematic survey of psyllid densities on this plant across several
growing seasons. We found that psyllid populations on the bittersweet nightshade plants that we
monitored were caistently robust at most sites (Fig. 2), with densities occasionally exceeding
500 psyllid adults per subsample (e.g., Moses Lake site in October of 2012; Appendix Fig. 1).
These densities are orders of magnitude higher than are typically recorded orplamiizst under
commercial cultivation. For example, in our own sampling regime using roughly the same

suctionsampling methods reported here, in potato fields in eastern Washington we have never
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foundpsyllid densities higher than 3.4 insects per potato plant (Fu et al., manuscript). That
relatively high densities of psyllids are maintained on bittersweet nightshade plants during the
early spring, late fall, and winter when cultivated potatoes aravaiiable as hosts (Fig. 2),
further strengthens the case that bittersweet nightshade is a keyopamost for potato psyllids
(e.g., Swisher et al. 2013b). The presence of psyllids on the plants during all times when plants
exhibited any green foliag&ig. 2) reinforces the suggestion (e.g., Swisher et al. 2013b, Murphy
et al. 2013) that bittersweet nightshade is a key overwintering host for the insects.
Our data support the idea that potato psyllid utilizes bittersweet nightshade for reproduction
throughout the growing season. We found consistent egg production on the weeds from mid
April, shortly after green foliage first appeared on the plants, until November/December, just
before green foliage was killed by frost (Fig. 3). At several locations,reda@f eggs were
recorded over the course of the growing season (e.g., the Moses Lake site; Appendix, Table 1) on
the subset of vines within each patch that we surveyed. Many psyllid species use various plants
as shelter hosts, i.e. hosts not used foroeyction, at various times of the year (e.g. summer in
some species, winter in others; Hodkinson 2009). The1wnitine potato psyllid is clearly
using bittersweet nightshade for reproduction
While psyllids canat atypically high densities, directly reduce potato yields (e.g., Wallis
1955), the insects’ key economic impact resul
et al. 2007a, 2007b). The work reported here suggests that while bittersweet ngghtalidde
a key source of psyllids that eventually colonize potato fields, the weed does not appear to serve
as a consistent refuge for the zebra chip pathogen in eastern Washington. Of the > 900 potato

psyllids that we tested for the presence of Lsoeneeare found to carry the bacterium.
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Likewise, of the >150 nightshade foliage samples tested for Lso, none were Lso infected.
Our findings related to psyllid infection are largely consistent with a study conducted in Oregon,
Washington and ldaho, whejest one Lseinfected potato psyllid was recovered from > 500
insects in total that were collected from bittersweet nightshade. Interestingly, that single infected
psyllid in the earlier study belonged to the Western-G&lotype, which comprised < 3% thie
psyllids collected during those sampling efforts (Swisher et al 2013b). One possibility is that
Western haplotype psyllids are the key vectors bringing Lso to the Pacific Northwest; as we did
not recover that genetic type in our sampling, we also alidietect Lso. In contrast to our
findings, Murphy et al. (2014a) reported that 5 of 21 foliar samples of bittersweet nightshade,
collected in northeast Oregon in 2012, were Lso infected. It is unclear why Lso infection of
bittersweet nightshade appearede relatively common in the earlier Oregon survey, while
never being detected in our sampling across the border in Washington. We also remain uncertain
whether any other necrop plant species commonly houses Lso in eastern Washington. Other
solanaceouweeds have been shown to successfully maintain Lso infection (Henne et al. 2010,
Crosslin et al. 2011a), and also appear capable of supporting potato psyllid populations
(Thinakaran et al. 2015). It is possible that other weedy host plants, and perbqsylkitis
migratingin from outside the region, could play a significant role in bringing zebra chip to
northwestern potato crops each year.

Going into this study, we hypothesized that we might see a drop in psyllid densities on
bittersweet nightshadeaits during July and August, a time when psyllids are increasingly
found in and near potato fields (C. Wohleb and T. Waters, Washington State University, personal

communication). This would be consistent with a lasgale migration of psyllids from

53



nightshades to potato, and perhaps other annual solanaceous host plants, when the weeds would
be expected to be facing drought stress during our dry summers (Thinakaran et al. 2015). While
declining midsummer psyllid densities were observed at some individghtshade sites (e.g.,
Mesaold in 2013, Mesanew in 2012, Mattawa in both years), at several others peak densities
were observed in midummer (e.g., Moses Lake in 2013, Mesdin 2012, Pasc&ahlotus in

2013) (Appendix Fig. 1). This means that we dot observe a general abandonment of

bittersweet nightshade plants at the time potato psyllids are moving into potato crops in relatively
large numbers. The plants remain consisteutilyzed throughout the growing season, at least

into early fall, buthis of course does not exclude the possibility that a proportion of adults
maturing on bittersweet nightshade are migrating to potato.

Much work has focused on bittersweet nightsh
refl ecti ng t Heawvector af deeastdtingzebna ohlp eutbeeaks (e.g., Swisher et al.
2013b). While our wholeommunity sampling confirmed that potato psyllid is indeed the most
abundant potato pest on bittersweet nightshade plants, several other econampmatignt
herlbivores also were found. Aphids were found at most sites, including the green peach aphid
(M. persicag that serves as the key vector of potato leafroll and other viruses that infect potatoes
(Loebenstein 2001, Radcliffe and Ragsdale 2002, Srinivasar2€td)). In future work, it
would be worthwhile to test bittersweet nightshade foliage for the presence of potato viruses, to
see if this plant is a netrop reservoir for that suite of potato pathogens. Indeed, other species of
solanaceous weeds may seagamportant reservoirs for potato viruses (e.g., Srinivasan et al.
2013). Other potato pests that we recovered included Colorado potato heetezemlineata

albeit infrequently (Fig. 4D). The apparent inability of northwestéi®. potato beetle
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populations to develop resistance to commemded insecticides, in sharp contrast to the
relatively rapid development of insecticide resistande tecemlineat@opulations in most

other parts of the world, has long puzzled entomologists (Alyokhin 20&b). It has been
suggested that reservoirs of susceptible potato beetles esraphost plants may be delaying
resistance development within regional potato crops (Alyokhin et al. 2015), and our work
suggests that bittersweet nightshade could be prayhe such refuge. Other occasional potato
pests that we found on bittersweet nightshade included the Enépkliniella occidentaligsee

also Castillo Carrillo et al., in review), the flea beé&tsylliodessp., the wireworm beetle
Dalopiussp., andhe beat leafhopp&irculifer tenellus all of these species rarely drive spray
decisions within regional potato production but do cause occasional economic concerns
(Guenthner et al. 1999, Vernon and van Herk 2013, Munyaneza and Henne 2013). For all of
these potato pests, as with the potato psyllid, additional work is needed to determine whether the
insects do indeed move back and forth between bittersweet nightshade and potato crops. The
bittersweet nightshade plants that we sampled also hosted ropultmms of natural enemies
(Castillo Carrillo et al., manuscript), and if bittersweet nightshade is an important source of
natural enemies to potato crops this may outweigh some harm the plants cause as refuges for
potato pests.

In summary, we found than eastern Washington, bittersweet nightshade harbors large,
yearround populations of potato psyllids of the Northwest haplotype (Fig. 2) with consistent egg
production throughout much of the growing season (Fig. 3). Recent poptgatietic analyses
(Fu et al. in review) strongly suggest that potato psyllids on bittersweet nightshade and nearby

potato fields form a single, regulaiilyterbreeding population; this in turn implies that psyllids
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might be regularly moving from bittersweet nightshade putato fields (and/or vice versa). At

the same time, the role of bittersweet nightshade as a source of Lso, the causative agent of zebra
chip disease, remains uncertain. Although-Lefected bittersweet nightshade plants have been
reported in other stas$ (e.g., Swisher et al. 2013b), our systematic sampling regime uncovered

no infected nightshade plants or infected psy
Basin. It is unclear whether there are subtle regional differences in the likelihooatiofected

psyllids alighting on bittersweet nightshade plants, or in the plants themselves becoming

infected. Regardless, by serving as a likely source of relatively large numbers of psyllids that
eventually reach potato crops, bittersweet nightshade @®userving as an important source of
psyllids that spread the bacterium within alreadgcted potato fields. Clearly, more work is

needed to determine the specific source ofib$ected psyllids that colonize northwedtS.

potato fields, and the desgg to which bittersweet nightshade populations indirectly influence

zebra chip incidence.

Acknowledgments

This research was supported by grants from the Northwest Potato Research Consortium and
the Washington State Commission on Pesticide Registrdtmauthors were supported during
manuscript preparation by the National Institute of Food and Agriculture, U.S. Department of
Agriculture, under Specialty Crop Research Initiative award number@8253.C. Castillo
Carrillo was supported by agraduate s ear ch f el l owship from Ecuad

Agriculture Research (INIAP) and the National SecsetdHigher Education, Science,

56



Technology and Innovation (SENESCY TYany thanks to Jim Crosslin (USBDARS) for his

advice about molecular alyses, to Joe Munyaneza (USIMRS) for providing Lso positive

plants, and to Jordan Eggers (Oregon State University) for providing Lso positive DNA of plants
and insects. We are thankful to Alicia Netter, Max Savery, Abbie Step, and Flagan and Bailey
Watkins for field collection. Special thanks to those who help to identify insects: Steven Heydon
(U. of California at Davis) foPsylliodes Joseph Funderburk (U. of Florida) for thrips, Richard

Zack (WSU) forOulemaandNysius and | van Mi looDalapus j evi ¢ ( WS U)

57



References Cited

Alyokhin, A., D. Mota&Sanchez, M. Baker, W. E. Snyder, S. Menasha, M. Whalon, G. Dively,
and W. F. Moarsi. 2015. The Red Queen in a potato field: integrated pest management versus
chemical dependency in Colorado potagetle control. Pest management science 7%: 343
356.

Cranshaw, W. 1994. The potato (tomato) psyMdratrioza cockerell(S u ), as a pest of
potatoes, pp. 895.In Advances in potato pest biology and management, ed. G.W. Zehnder,

M.L.

Crosslin, J. M.,J. A Goolsby, and J. E. Munyaneza. 2011a. Liberibacter testing of 2011 psyllids
and research update, pp-2¥. In Proceedings, 11th annual SCRI zebra chip reporting
session, Nov.®, 2011, San Antonio, TX. Workneh, F., A. Rashed, and C. Rush (eds).

Crosslin, J. M., P. Hamm, J. Eggers, S. |. Rondon, V. Sengoda, and J. E. Munyaneza. 2012a.
First report of Cawdatud i dleirg bdaicteas es od md a‘cear |
Oregon and Washington. Plant Disease 96: 452.

Crosslin, J. M., D. C. Hennand J. A. Goolshy. 2012b. A Tale of 30,000 Psyllids; and What Did
They Tell Us?, pp.®. In Proceedings, 12th annual SCRI zebra chip reporting session, Oct.
30-Nov. 2, 2012, San Antonio, TX. Workneh, F., A. Rashed, and C. Rush (eds).

Crosslin,J.M.,H.Ln, and J. E. Mu n y a@asddatud. ib@ribattédr b . Det ec
Sol anacearum’ i Bactdritem coskerelp S0l psyl bydconventio
time PCR. Southwestern Entomologist 36: -135.

Crosslin, J. M., N. Olsen, and P. Nolte. 204 . First report @andidatesbr a c¢h

58



Li beribacter solanacearum” on potatoes in |d

Crosslin, J. M., K. D. Swisher, and L. Hamlin. 2013. A rapid method for preparation of nucleic
acid extracts from potato psylis f or d €andidattidi iolme roif bact er sol ane
and molecular analysis. Southwestern Entomologist 38841

Crosslin, J. M., G. J. Vandemark, and J. E. Munyaneza. 2006. Development eiraggal
guantitative PCR for detection of the ColumBasin potato purple top phytoplasma in
plants and beet leafhoppers. Plant Disease 906683

Crowder, D. W., T. D. Northfield, M. R. Strand, and W. E. Snyder. 2010. Organic farming
promotes evenness and natural pest control. Nature 46@:1709

Guenthne J. F., M. V. Wiese, A. D. Pavlista, J. B. Sieczka, and J. Wyman. 1999. Assessment of
pesticide use in the US potato industry. American Journal of Potato Researck®6: 25

Hamm, P., S. I. Rondon, J. M. Crosslin, and J. E. Munyaneza. 2011. A newrthieat
Columbia basin of Oregon and Washington: zebra chip,-pp.la Proceedings, 11th annual
SCRI zebra chip reporting session, No\@,82011, San Antonio, TX. Workneh, F., A.
Rashed, and C. Rush (eds).

Hawkes, J. G.; Lester, R. N.; Skelding, A. @79. The biology and taxonomy of the Solanacea.
New York: Academic Press. 738 p.

Henne, D. C., L. Paetzold, F. Workneh, and C. M. Rush. 2010. Evaluation of potato psyllid cold
tolerance, overwintering survival, sticky trap sampling, and effects of Lilmdeiban potato
psyllid alternate host plants, pp. 2493.In Proceedings, 10th annual SCRI zebra chip
reporting session, Nov-10, 2010, San Antonio, TX. Workneh, F., A. Rashed, and C. Rush

(eds).

59



Hoddle, M. S., L. A. Mound, D. L. Paris. 2012. ThripGalifornia. CBIT Publishing,
Queensland.

Horton, D., R. Cooper, J. E. Munyaneza, K. Swisher, J. Thinakaran, C. Wohleb, T. Waters, and
A. Jensen. 2015. Nepotato host plants of potato psyllid in the Pacific Northwest: a year
round complication?. Potato Byress, VolumXV, Number 2 -&.

Jensen, A. 2012. Psyllid Monitoring with Yellow Sticky Cards. Potato Progress, Volume XII,
Number 10, &.

Jensen, A., S. . Rondon, A. Murphy, and E. Echegaray. 2012. Overwintering of the potato
psyllid in the Northwest oSolanum dulcamaraln Proceedings, 12th annual SCRI zebra
chip reporting session, Oct.-3@v. 2, 2012, San Antonio, TX. Workneh, F., A. Rashed, and
C. Rush (eds).

Koss, A., A. Jensen, A. Schreiber, K. Pike, and W. E. Snyder. 2005. A comparison of predator
and pest communities in Washington potato fields treated with {s@extrum, selective or
organic insecticides. Environmental Entomology 34987

Liefting, L., P. Sutherland, L. Ward, K. Paice, B. Weir, and G. Clover. 2009. A New
‘Candidatus Liberibad er” species associated with disea
Disease 93: 20214.

Liu, D., and J. Trumble. 2007. Comparative fitness of invasive and native populations of the
potato psyllid Bactericera cockerelli Entomologia Experimentalis et Apgdta 123: 3542.

Liu, D, J. Trumble, and R. Stouthamer. 2006. Genetic differentiation between eastern
populations and recent introductions of potato psyBidctericera cockereljiinto western

North America. Entomologia Experimentalis et Applicata 1T8~183.

60



Loebenstein, G. 2001. Potato leafroll virus (PLRV; genus Polerovirus; family Luteoviridae).
Virus and virudike diseases of potatoes and production of ge@dtoes, pp. 695.

Springer Netherlands.

Munyaneza, J. E., J. M. Crosslin, and J.lBuan. 2009. Seasonal occurrence and abundance of
the potato psyllidBactericera cockerelliin south central Washington. American Journal of
Potato Research 86: 5538.

Munyaneza, J. E., J. M.Crosslin, and J. Upton. 2007a. Associati®actériceracockerelli
(Homoptera: Psyllidae) with “Zebra Chip”,
States and Mexico. Journal of Economic Entomology 100:6836

Munyaneza, J. E., J. M. Crosslin, J. E. Upton, and J. L. Buchman. 2010. Incidence of the beet
leafhoppeitransmitted virescence agent phytoplasma in local populations of the beet leaf
hopper Circulifer tenellus in Washington State. Journal of Insect Science 10: 18.

Munyaneza, J. E., J. A. Goolsby, J. M. Crosslin, and J. E. Upton. 2007b. fawittexice that
zebra chip potato disease in the lower Rio Grande Valley of Texas is associated with
Bactericera cockerelliSubtropical Plant Science 59:-30.

Munyaneza, J. E. and D. C. Henne. 2013. Leafhopper and psyllid pests of Ipdtadect pests
of potato: global perspectives on biology and management, gidB5Academic Press, San
Diego, CA.

Murphy, A. F., S. I. Rondon, and A. Jensen. 2013. First report of potato psgHictericera
cockerellji overwintering in the Pacific Northwest. Americdournal of Potato Research 90:

294-296.

61



Murphy, A. F., R. A. Cating, A. Goyer, P. B. Hamm, and S. I. Rondon. 2014a. First report of
natural infection byCandidatudLiberibacter solanacearum' in bittersweet nightshade
(Solanum dulcamapan the Columbia Bsin of Eastern Oregon. Plant Disease 98: 1425.

Murphy, A. F., S. I. Rondon, R. Marchosky, J. Buchman, and J. Munyaneza. 2014b. Evaluation
of beet leafhopper transmitted virescence agent damage in the Columbia Basin. American
Journal of Potato Research 901-108.

Mustafa, T., D. Horton, W. Cooper, K. D. Swisher, R. Zack, and J. E. Munyaneza. 2015.
Interhaplotype fertility and effects of host plant on reproductive traits of three haplotypes of
Bactericera cockerell{Hemiptera: Triozidae). Environmental ttmology 44: 30€808.

NOAA. 2015. National Oceanic & Atmospheric Administration. Reviewed October 1, 2015
from http://www.esrl.noaa.gov/psd/cgin/data/usclimate/state.pl?lane=fast&state=WA

Radcliffe, E. B., and D. W. Ragsda002. Aphidtransmitted potato viruses: the importance of
understanding vector biology. American Journal of Potato Research 7398853

Rondon, S. I.., A. Schreiber, A. Jensen, P. Hamm, J. E. Munyaneza, P. Nolte, N. Olsen, E.
Wenninger, D. C. Henne, C. &kleb, and T. Walters. 2012. Potato psyllid vector of zebra
chip disease in the Pacific Northwest: Biology, ecology, and management. Oregon State
University Extension Service. A Pacific Northwest Extension Publication 683: 1

Secor, G. A, and V. V. RivetVaras. 2004. Emerging diseases of cultivated potato and their
impact on Latin America. Revista Latinoamericana de la Papa (Suplement8) 1: 1

Secor, G. A, V. V. Rivera, J. A. Abad, I. M. Lee, G. R. Clover, L. W. Liefting, X. Li, and S. H.
DeBoer.200 . As s o cCamaitlatug.n befr i ‘bact er sol anacearum’

disease of potato established by graft and psyllid transmission, electron microscopy, and

62



PCR. Plant Disease 93:5B83.

Srinivasan, R., J. M. Alvarez, and F. Cervantes. 2013. ffbet ©f an alternate weed host, hairy
nightshadeSolanum sarrachoidgSendtner) on green peach aphid distribution and Potato
leafroll virus incidence in potato fields of the Pacific Northwest. Crop Protection 48.52

Swisher, K. D. and J. M. Crossli2014. Restriction digestion method for haplotyping the potato
psyllid, Bactericera cockerelliSouthwestern Entomologist 39,-86.

Swisher, K. D, J. E. Munyaneza, and J. M. Crosslin. 2012. High resolution melting analysis of
the Cytochrome Oxidaselgee i dent i fies t hree haplotypes of
States. Environmental Entomology 41: 1ai®8.

Swisher, K. D., J. E. Munyaneza, and J. M. Crosslin. 200&aporal and spatial analysis of
potato psyllid haplotypes in the United StatesviEbnmental Entomology 42: 38393.

Swisher, K. D., V. Sengoda, J. Dixon, E. Echegaray, A. Murphy, S. I. Rondon, J. E. Munyaneza,
and J. Crosslin. 2013b. Haplotypes of the potato ps{bdtericera cockerellion the wild
host plantSolanum dulcamaran the Pacific Northwestern United States. American Journal
of Potato Research 90: 5507.

Thinakaran, J., E. Pierson, M. Kunta, J. E. Munyaneza, C. M. Rush, and D. C. Henne. 2015.
Silverleaf nightshadeSplanum elaeagnifolium, a r e s e Cambdatus host f or
Liberibacter solanacearum’ , the putative cau
Disease 99: 91015.

Trumble, J. 2009. Potato psyllid. Center for invasive species research. University of California

Riverside. Reviewed October 10, 2Gt@m http://cisr.ucr.edu/potato_psyllid.html

USDA. 2014. National Agricultural Statistics Service, Potatoes Summary and January Crop

63



Production Summary. Reviewed August 10, 2014 from
YRBK2014_Section%207_Potato_FMT in
http://search.ers.usda.gov/searchifatie=ers&query=yrbk2014

Vernon, R. S., and W. G. van Herk. 2013. Wireworms as pests of dotateect pests of
potato: global perspectives on biology and management, pfl.@D3Academic, Elsevier,
Amsterdam.

Waggy, M. 2009Solanum dulcamareFire Effects Information System. U.S. Department of
Agriculture, Forest Service, Rocky Mountain Research Station, Fire Sciences Laboratory.
Reviewed October 13, 2015
fromhttp://www.fs.fed.us/database/feis/plants/shrub/soldul/all.html

Wallis, R. L. 1951. Potatpsyllid selection of host plants. Journal of Economic Entomology 44
815817.

Wallis, R. L. 1955. Ecological studies on the potato psyllid as a pest of potatoes. USDA. Vol.
1107.

Wenninger, E., N. Olsen, M. Thornton, P. Nolte, and A. Karasev. 2012. Magitfrpotato
psyllids,Candidatud.iberibacter solanacearum, and zebra chip in Idaho during the 2012
growing seasorin Proceedings, 12th annual SCRI zebra chip reporting session, Oct. 30

Nov. 2, 2012, San Antonio, TX. Workneh, F., A. Rashed, and C. {eds.

64



Table2-1. By S. dulcamaraite and date, number of psyllid adults collected, number of psyllid
and plant samples tested for Lso infection, and total number of psyllids sequenced-for COI

haplotype (NW=Northwestern psyllid haplotype).

Site name Coordinates Sampling date Number of psyllids| # for PC| # for PCI SEQ 2012 SEQ 2013 % Lso infection
2012 2013 Total per site 2012 2013 # Psyllids Hap! # Psyllids Haplotype 2012-2013

Psyllids _Plants | Psyllids Plants 2012 2013 Psyllids Plants | Psyllids Plants | Individual © 77| Individual Pyllids _ Plants
Mesa (old) (MO) 46°35'17.72"N, 119° 0'1.12"W 28Jun 28 Jui 27 Apr 27 Ap 17 9 15 4 9 3| 1 NW 2 NwW 0 0
17Jul 17Jul 24Aug 24 Au 156 0| 30 1] 3 NW 2 NwW 0 0
2Aug  2Au 260ct 26 Ocf 7 4 7 1 4 3| 1 NW 1 NwW 0 0
15Aug 15Au 5 5 1] 0 0
28 Aug 28 Au 0 0 4 0 0
11Sep 11Se 0 0 5 0 0
27Sep 27 Se 0 0 1] 0 0
4Nov 4 No 44 26 1 2 NW 0 0
24Nov 24 No 4 4 1 0 0
16 De: 1 0
Mesa (new) (MN) 46°34'35.35"N, 119° 0'33.41"W 2Aug 28Ju 27 Apr 27 Ap 36 3| 10 1 3 2 NwW 0 0
15Aug  17Ju] 24Aug 24 Au 55 3 24 1 23 3| 0 0
28Aug  2Au 260ct 26 Oc] 69 280 23 1 30 3 1 NW 9 NwW 0 0
11Sep 15Au 305 29 1 0 0
27Sep 28Au 250 46 2 1 NW 0 0
4Nov 11 Se| 1472 33 1 1 NW 0 0
25Nov 27 Se| 1101 63 1] 1 NW 0 0
16Dec 4 No 510 a7 1 1 NW 0 0
24 No 2 0
16 De: 1] 0
Colfax (CX) 46°50'51.1008"N, 117°28'43.9320"W 27Sep 27Ju 27 Apr 27 Ap 12 0| 3 1] 3| 2 NW 0 0
60ct  27Jul 24Aug 24 Aul 41 10 22 1] 9 2| 2 NW 3 NwW 0 0
4Nov 27 Se| 260ct 26 Ocf 242 239 20 1 30 2| 6 NwW 0 0
25Nov 6 Oct 210 32 1] 3 NW 0 0
16Dec 4 No 9 8 1 2 NW 0 0
25 No 1 0
16 De: 1 0
Moses Lake (ML) 46°58'53.06"N, 119°38'49.20" 30Aug 30Au 27 Apr 3 Ma 59 0f 22 1 4 1 NW 0 0
46°59'34.19"N, 119°41'6.66"W; 15Sep 15Sep 24Aug 24 Aul 119 100 40 2 20 4 2 NW 2 Nw 0 0
46°59'55.10"N, 119°41'5.25"W; 6 Oct 60c{ 260ct 260c| 3458 129 44 2 45 5| 1 NW 9 NwW 0 0
47° 0'7.35"N, 119°41'5.03'W 4Nov 4 No 709 40 2 1 NW 0 0
10Nov 10 No 398 62 1] 1 NW 0 0
24Nov 24 No 121 20 1 0 0
16 Dec 16 De 21 10 1] 2 NW 0 0
Caliche Lake (CL) |47° 1'563.65"N, 119°55'39.78"W 60ct 15 Se 27 Apr 3 May 109 1 16 1] 1 1] 2 NW 0 0
10 Nov 60c{ 24Aug 24Au 100 2 18 2 2 2| 10 NW 2 NwW 0 0
10 Noy 260ct 26 Ocf 4 1] 4 2| 2 Nw 0 0
25No 1] 0
16 De: 1 0
Pasco-Vineyard (PV)46°19'38.06"N, 119° 7'13.98'W 17Jul 17J3ul 27 Apr 27 Api 0 0| 1 2| 0
2Aug  2Aud 24Aug 24Au 0 6] 1] 6 2| 1 NW 0 0
8Aug 28Au 260ct 26 Ocf 0 7] 1 7 1 2 Nw 0 0
28Aug 11Se 0 1 0
11Sep 27 Se 0 1 0
27Sep 4No 5 2 1] 3 NW 0 0
4Nov 16 De: 8 5 1 5 NW 0 0
Mattawa (MT) 46°42'32.33"N, 119°56'42.54"W 4Sep  4Se 27 Apr  3May 0 0| 3 2| 0
20Sep 20Sep 24Aug 24 Au 0 0| 5 2| 0
10Nov 10 No 260ct 26 Ocf 4 4 2 2 4 2| 2 NW 1 NwW 0 0
16 De: 1] 0
Pasco-Kahlotus (PK)|46°16'38.59"N, 118°50'29.07"W 8Aug 8Au 27 Apr 27 Ap 0 3 1] 3 4 1 NwW 0 0
28Aug 28 Au 24 Aug 24 Au 0 10| 1 9 2| 1 NwW 0 0
11Sep 11Se 260ct 26 Ocf 2 11 2 1 11 3| 2 NW 3 NwW 0 0
27Sep 27 Se 0 1 0
4Nov 4 No 0 1 0
Pullman (PU) 46°43'8.50"N, 117° 9'59.37"W 16 Aug 16 Aut 0 1] 0
27Sep 27Se 0 1 0
9No 1 0
24 No 1 0
Sacajawea Park (SJ)[46°12'12.7692"N, 119°02'49.6644"W 4Nov 15 Se| 27 Apr 27 Ap 0 0| 1] 3 0
4Noy 24Aug 24 Aul 0| 1 1] 0
26 Oct 26 Oc] 0] 1] 0
Warden (WD) 46°54'44.90"N, 119° 7'26.09"W 15Aug 15Aug 24Aug 24Au 0 0| 1 1] 0
30Aug 30Au 260ct 26 Oc] 0 0| 1] 1] 0
14Sep 14 Se 0 1] 0
6 Oct 6 Oct 0 1] 0
Kennewick (KN) 46°10'33.8"N, 119°17'30.4"W. 7 Aut 1] 0
Total 9658 860 730 89 217 70 50 50 49 49 0 0
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Table2-2. Potato pests collected on bittersweet nightshade.

. . Lo Highest Peak
Order Family Species Total individuals mean per month Place
subsample

Hemiptera Aphididae Myzus persicae 278 11.8 Oct ML
Macrosiphum euphorbiae 105 5.6  Nov MN

Aulacorthum solani 51 6 Aug WD

Cicadellidae Circulifer tenellus 17 0.7  Nov MO

Lygaeidae Nysiussp. 72 23 Aug MN

Miridae Lygussp. 58 35 Sep CX

Coleoptera Chrysomelidae CPB 21 7 Nov SJ
Psylliodesp. 143 35 Apr PK

Oulemasp. 11 0.8 Aug MO

Elateridae Dalopiussp. 4 2 Apr MN

Thysanoptera Thripidae Frankliniella occidentalis 7 2 Nov SJ
Thrips tabaci 3 1 Aug ML

Caliothrips fasciatus 53 125 Aug MT

! Colorado potato beetle, adults plasrae
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Figure2-1. Locations of the5. dulcamargatches that we sampled for potato psyllids and other
herbivores.The patches roughly span the potgto owi ng r egi on of Was hin

Basin, with the Pullman and Colfax sites lying outside where potatoes are commercially grown.
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Figure2-2. Density of potato psyllid adults suctimollected fromS. dulcamara n  Wa s hi ngt on
Columbia Basin over two growing seasons (2012 and 2103), across ten sites (Fig. 1). Data are

means = 1 S.E.
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Figure2-3. Density of potato psyllid eggs found through timed visual counts osettibns of
S. dulcamararines across multiple sites (Fig. 1). Patches were sampled first early in the month

(“1”) and nagahien moanttenrr ( “2”) in April and June.
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Figure2-4. Herbivores other than potato psyllids foundindulcamargatches, that also are
significant or occasional pests of cultivated potato. Possible potato pests that were found
included (a) aphids, summed densities for thecgsMyzus persicagMacrosiphum euphorbiae
andAulacorthum solani(b) herbivorous Hemiptera (taxa detailed in Table 2); (c) herbivorous
thrips, summed across the spedtesnkliniella occidentalisThrips tabaciandCaliothrips

fasciatus and (d) herhiorous Coleoptera (taxa detailed in Table 2). Data are means £ 1 S.E.
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CHAPTER THREE: ARTHROPOD PREDATORS ON BITTERSWEET

NIGHTSHADE, A NON -CROP HOST OF THE POTATO PSYLLID

Abstract

Bittersweet nightshad&6lanum dulcamarh) is known to serve as a key yaaund, norcrop

host of the potato psyllidB@ctericera cockerells u | ¢ ,) in th@rdrthwestern U.S. Recently,

this solanaceous weed has been reported to also harbor a wide variety of other herbivorous insect
specieghat attack potatdSplanum tuberosuin). Here, we explore the community of predators

and other natural enemies found in bittersweet nightshade patches; extensive predation at these
sites could moderate the weedctreps.Owlttwoyears, suppl
we repeatedly sampled natural enemies in bittersweet nightshade patches spanning the potato
growing region of eastern Washington State. We found robust populations ediadyize

community of > 40 predatory arthropod taxa. Spidaraneae), primarily in the Families

Dictynidae and Philodromidae, made up 70% of all geneqalestator individuals collected.

Other generalist predatrors included predatory niiResstigmata: Anystidae), Hemiptera
(Anthocoridae, Nabidae and Geocoridaa)d Coleoptera (Coccinellidae). The coccinellid beetle
Stethorus punctilluriVeise was observed eating psyllid eggs, while the parasitoid wasp

Tamarixia triozagBurks) was observed parasitizing potato psyllid nymphs. Soil beneath
nightshade patches sonme¢s housed thentomopathogenic nematoHeterorhabditis
bacteriophoraPoinar and the entomopathogenic funBesuveria bassianaVhile previous

work implies that bittersweet nightshade serves as a key potential
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source of pest insects that colonizegpoftfields, our study demonstrates that these weeds also
house sizeable and speereh communities of natural enemies. Additional work is needed to
guantify predation of potato pests on these plants, and to determine whether natural enemies

move from nidntshade patches to potato fields.

KEY WORDS potato pests, generalist predators, parasitoids, entomopathogens,

solanaceous weed

The emergence of zebra chip disease in Northwestern potato crops, caused by the bacterium
Candidatud.iberibacter solanacearuthso) and vectored by the potato psyllgl cockerell),
surprised the large potato industry in pacific northwest of the U.S. (Hamm et al. 2011).
Previously, it was thought the region’s cl i ma
overwinter, and tb pathogen was not known to occur here (Munyaneza et al. 2009, Hamm et al.
2011). Initial research soon revealed that a genetidahnct psyllid population occurred
exclusively in the northwestern states of Idaho, Oregon and Washington (Swish20&2al.
These psyllids were dubbed the Northwest haplotype, differentiated by unique secpginge
within the Cytochrome Oxidase | gene (Swisher et al. 2012). NortHvapddtype psyllids
appear to exhibit behavioral and ecological differences from p#yid genetic types dominant
elsewhere (Swisher et al. 2013, Mustafa et al. 2015).

Northwesthaplotype psyllids are particularly abundant on a common exotic weed,

bittersweet nightshad& (dulcamarg native to Europe and associated in its introduaade

with irrigation ditches, canals, and other permanent wetlands (Hawkes et al. 1979, Waggy 2009).
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Bittersweet nightshade maintains robust densities of potato psyllids outside of the summer
potategrowing season (Swisher et al. 2013), and supportsiggeseasoriong potato psyllid
reproduction (Castillo Carrillo et al., manuscript). Recent genetic evidence suggests that the
psyllids found in potato crops form one frequestierbreeding population with the potato
psyllids on surrounding patches oftbrsweet nightshade (Fu et al., manuscript), supporting the
contention that bittersweet nightshade is a notable source of the potato psyllids migrating to
potato crops each growing season (Nelson et al. 2014, Jensen et al. 2012, Swisher et al. 2013,
Murphy et al. 2014). Intriguingly, Lsinfected psyllids are rare on bittersweet nightshade
(Swisher et al. 2013), and few plants of this species have been found to be infected with the
bacterium (Murphy et al. 2014, Castillo Carrillo et al., manuscript), rendea g t he pl ant ' s
maintaining and spreading Lso unclear (Murphy et al. 2014, Castillo Carrillo et al., manuscript).

While the role of bittersweet nightshade as a critical host for potato psyllids, and perhaps
other potato pests (e.g., Castillo Gaoret al., in review), is well defined, relatively little is
known about the community of natural enemies on these plants. If predators, parasitoids and
pathogens commonly attack the potato pests seeking refuge on bittersweet nightshade, this might
redu@ the number of herbivores available to migrate to potato fields. Furthermore, robust
populations of natural enemies in bittersweet nightshade could provide a source of beneficial
arthropods to migrate to potato fields (e.g., Szendrei and Weber 2008)h laflthese ways,
bittersweet nightshade might be indirectly contributing to the suppression of potato pests; this
could somewhat mitigate the harm bittersweet nightshade does to potato production as a source
of potato pests. Here, we report an intensiwerey of natural enemies on bittersweet nightshade

plants scattered across the potgtowing region of eastern Washington State, U.S.A., continued
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over two years. Arthropod collections were complemented by timed observations of predator
activity, and &0 by collections of entomopathogens in soils beneath a subset of the nightshade

patches.

Materials and Methods

The predator data presented here were derived from the sampling regime described in
Castillo et al. (manuscript), who reported potato psyllid densities, reproductiofhaptype,
and Lso status through time in the same set of bittersweet nightshauesp&tetails of how we
initially located the nightshadeatches that we sampled are presented in that earlier manuscript,
while here we focus on our characterization of the community of natural enemies collected, in
part, as bycatch during our psyllid sding efforts. Briefly, we tracked natural enemy densities
and biodiversity in 10 patches 8f dulcamardocated across the potagoowing region of
eastern Washington state, U.S.A. (Table 1; see also Castillo et al., manuscript). Patches were first
located in April 2012, and as new patches were discovered they were added to the sampling
network until all 10 patches were in place in October of 2012 (Castillo Catrrillo et al.,
manuscript); we then continued periodically sampling these patches through @f2bE3
(Castillo Carrillo et al., manuscript). Samples were collected monthly in 2012, but we reduced
our sampling intensity to 3 sample dates in 2013 (April, August and October) to avoid depleting
arthropod populations from tefeequent collections (Cablo Carrillo et al., manuscript). Natural
enemies were sampled using three methods: (1) stedimpling using a &ac device (Koss et

al. 2005, Crowder et al. 2010); (2) visual observations during timed observations of sections of
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nightshade vines (Kgset al. 2005); and (3) soil collections beneath plants and placement of
sentinel host insects to collect entomopathogenic nematodes and fungi (Jabbour et al. 2011).
Each of these sampling efforts is described in detail below.

Suction SamplesArthropodswere collected from bittersweet nightshade foliage using a
backpackmounted BVac suction sampldhttp://www.rinconvitova.com/evac.htn). This D-

Vac model is powered by a modified lawnmower engine, and we have previously found it to
effectively collect pedatory arthropods from potato foliage (e.g., Koss et al. 2005, Crowder et al.
2010). For each patch, we collected onedd subsample per ca. ¥ of plant area. Because
nightshade patches nearly always covered 3, Imultiple subsamples were collectedrfi most
sites/dates. Each subsample consisted of placing-tfeBollection cone on one vine section,
holding the cone in place while shaking vigorously for 10 seconds. Captured insects in the mesh
collecting bag were immediately placed on dry ice fansportation to the laboratory where they
were stored a20° C. Later, in the laboratory, insect samples were sorted to family, genus or
species. After sorting the fielkebllected samples, all arthropods were placed in 90% EtOH and
stored at20° C.

Morphological predator identifications, for most taxa, were made by the lead author. Spiders
were identified using a variety of published keys (i.e., Bradley 2013, Kaston 1978 and Ubick et
al. 2005), with our identifications verified by Dr. Rod Crawfordif@or of Arachnids, Burke
Museum, University of Washington). Predatory bugs were identified using published keys (i.e.,
Tamaki 1972, Harris 1928, Lewis and Horton 2010) and confirmed by Dr. David Horton
(USDA-YARL, Wapato, Washington, USA). Predatory begtwere identified using the

published keys of Triplehorn and Johnson (2005), Marshall (2006) and Gordon (1985), and
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through comparison with specimens housed in the M. T. James Museum (Department of
Entomology, Washington State University, Pullman, WISA); the coccinellids. punctillum

was identified by Dr. Steve Heydon (Senior Museum Scientist, Bohart Museum of Entomology,
University of California— Davis). The predatory mitesnystis agiligBanks) andBdellasp. were
identified by Drs. Cal Welbourand Ron Ochoa (Florida Department of Agriculture and
Consumer Services, Florida; USDA Beltsville, Beltsville, MD, USA). The psyllid nymph
parasitoidT. triozaewas identified using the published description (Burks 1943), confirmed by
identified by Dr. Robe L. Zuparko (Essig Museum of Entomology, University of Califoraia
Berkeley, Berkeley, CA, USA). A large group of other parasitoid Hymenoptera and Diptera was
collected alongside the generalist predatorsTaridozae but identification of these mangften
minute, insects was beyond the logistical scope of this project.

Observation of Predator Activity. Monthly during the 2013 growing season, from early
spring (March) to the beginning of winter (December), a-g@etion was haphazardly selected
within each bittersweet nightshade patch, during each sampling visit, for a visual survey of
predator activity. Natural enemies were counted over 5 minutes using thestisugy method
described by Koss et al. (2005). Two timed observations were performpdtple and per visit
when nightshade patches were relatively small (i.e., the Caliche Lake;Hasgard, Warden,
Mattawa, Sacajawea sites), and three timed observations were conducted during each visit to the
remaining sites where nightshade patchesweatively large.

Soil Sampling for EntomopathogensWe took soil samples from three sites (Pasco
Kahlotus, Mesanew and Moses Lake; Table 1) to isolate-sloielling entomopathogenic

nematodes and fungi. We chose these sites because (1) they raidged the northern and
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southern limits of potato production in eastern Washington, and (2) soil beneath the plants at
these sites was readily accessible (often bittersweet nightshade grows on steep banks or from
among large rocks where soil collectiomsuld be difficult). In August 2012, we collected a 10
cm-thick and 20 crrdeep layer of soil from directly beneath the basal stems oStwlolcamara
plants at each site. The soil was then placed in a plastic bag in a cooler on ice to be returned to
the laboratory for processing.

In the laboratory, we followed protocols detailed by Lacey (2012) for extracting
entomopathogenic nematodes and fungi from the soil. Briefly, each of the six soil subsamples
(described above) was placed in a separditerlplagic container, to each of which we added
five Galleria mellonella(L) larvae. Larvae were placed on the soil surface and then the container
inverted to allow the larvae be buried in, and travel through, the soil. From days 3 to 5 thereafter,
we collectedarval cadavers that presented symptoms of entomopathogen attack; infection by
nematodes is indicated when larvae turned brownish or reddish, while infection by fungi is
indicated by mycelium growth around the dead larvae (Lacey 2012).

Larvae suspected aematode infection were placed in modified White traps (White 1927,
Lacey 2012), which capture migrant infective nematode juveniles into water. When nematodes
were trapped into the water, we transferred the worms, in 1 ml of water solution, to a Petri dish
containing filter paper andG. mellonelldarvae; this allowed us to verify that the nematodes
could infect this second group of insects. Nematode isolates, collected from this second group of
successfullyinfectedG. mellonelldarvae, were thereaftstored in water containing a drop of
Triton x100® (SigmaAldrich) at 4C.

Larvae suspected of fungal infection were placed on glass slides in a moist Petri dish
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chamber, which spurs fungal growth and sporulation; these larvae were incubafiifar 23
three days until sporulation was observed. Following sporulation, larvae were moved to a
laminar flow hood, washed using @20 sodium hypochlorite solution, dried on sterile paper,
and placed on potato dextrose agar medium contained in Petri dishes;ubated at 2& until
fungal growth was observed. Colonies of these fungi were purified with repeated isolations and
maintained at % in the refrigerator. Infectivity was confirmed by exposing potato psyllid adults
to the fungi, and then #isolating furgi from potato psyllids using the methods described above.

Molecular Identification of Natural Enemies. Several natural enemy taxa were not readily
identified using the morphological keys described above. In order to confirm our initial
identifications (ad/or identifications made by our cooperating taxonomic specialists, described
above), we used molecular means for species verification. The species ultimately identified by
molecular means were the predataragilisandS. punctillumthe parasitoid. triozag and the
entomopathogerB. bassianandH. bacteriophora

For the arthropods, we first extracted DNA from randepibked subsamples of %
punctillumbeetles, 16. triozaewasps and 16. agilismites from all nightshade locations and a
subseé of sample dates. Individual insects were processed using the DNA extraction protocols
developed for the DNeasy® blood and tissue kit (Qiagen). For the entomopathogenic nematodes,
approximately 50100 worms (infective juvenile stage) from each of entortiaggenic
nematode isolate were washed in sterilized distilled water, then processed for DNA extraction
following the same protocol used to extract arthropod DNA. For the entomopathogenic fungi, we
conducted DNA extraction for the 3 different isolates,emtétd as described above, following

instructions of the DNeasy® plant mini kit (Qiagen) after collecting mycelium and spores
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cultured on potato dextrose agar.

For molecular identification of all of the abclisted natural enemy species, we used 2 pl of
the DNA in a 50 pl PCR reaction which was composed of 45 pl Platinum® PCR SuperMix
(Thermo Fisher Scientific, Waltham, MA), 0.5 ul each of 10 uM forward and reverse primer
(Table 2) and 2 pl of nucleadeee water. Fofl. triozae the entomopathogenic fgas and the
entomopathogenic nematode, the PCR reactions were conducted with the following condition: 2
mins at 94 °C for initial denaturation, followed by 35 cycles of 30 s at 95 °C for denaturation, 30
s at 51 °C for annealing, 1 min at 72 °C for extensand 5 mins at 72 °C for the final
extension. FoS. punctillumPCR reactions, the PCR condition was modified to the following
program: 2 mins at 94 °C for initial denaturation, followed by 35 cycles of 30 s at 95 °C for
denaturation, 30 s at 46 °C fannealing, 80 s at 72 °C for extension, and 5 mins at 72 °C for the
final extension. For the PCR amplification of the predator mitagilis, we used a lower
annealing temperature (40 °C) by following the protocol of Folmer et al. (1994). The rest of the
parameters for the thermal cycler were the same as described for amplific&igouottillum
The rationale of using low annealing temperatures to anfpliyunctillumandA. agiliswas
these primers were designed for more general taxa (Hendricl2@18|. Folmer et al. 1994),
therefor we decreased the annealing temperature to reduce the PCR stringency. All PCR products
were examined by electrophoresis in 1.5 % agarose gel. The PCR products that displayed single
bright bands with expected size weretligr purified by using the GeneJET PCR Purification Kit
(Thermo Fisher Scientific, Waltham, MA).

Sanger sequencing was conducted by Elim Biopharm (Hayward, CA) on purified PCR

samples with the same primers used in the PCR reactions (Table 2). Retguesttss were
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cleaned by removing low quality bases, and consensus sequence was generated by aligning
forward and reverse sequences in program BioEdit v7.2.5. We then queried these consensus
sequences of predators and natural enemies to nucleotiddionli#gmtabases employing the
BLASTN algorithm in the BLAST program (Altschul et al. 1990). Sequences were deposited

into GenBank (Table 2).

Results

We sampled predators usingvac suction sampling and through timed visual observations,
and entomopathogens by baiting soil samples with sei@inelellonelldarvae.

Generalist Predators Collected Through Suction SamplingOur suction samples revealed
a predator community dominated by spiders (Araneae), representing ca. 70% of all predator
individuals collected. Overall spider densities peaked in August and September in 2012, but
remained at similar densities across the three 2013 sampling dates (Fig. 1). Most abundant were
members of the Philodromidae (primarily in the geRbdodromug, which represented > 24%
of all predatory arthropods that we collected (Fig. 1b, Table 3). Members of the Dictynidae,
primarily the specieBictyna bostoniensiEmerton, were the secomdostabundant spider taxa
making up > 14% of all predatory arthropoddiected (Fig 1c, Table 3). Other hunting spiders
we collected included members of the Salticidaeyopidae and Lycosidae (Fig. 1d, Table 3).
Long-jawed spiders (Tetragnathidae) were the most abundant web builder§etwégnatha
laboriosaHentz being he mostcommon speciesepresentative of this Family (Fig. 1f, Table 3).

Other common weldbuilding spiders including members of the Theridiidae (Fig. 1e),
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Linyphiidae, and Agelenidae. Predatory mites were also abundant in our samples, together
comprising> 15% of all generalist predators that we collected. These fell into two genera,
AnystisandBdella The first of these, and the most common, appeared to be a single species,
identified asAnystis agilisusing molecular methods (described above and below)

Predatory insects that we collected through suction sampling were dominated by
predatory Hemipetera, in particular the spe@eisis tristicolor (White) (Hemiptera:

Anthocoridae) which made up > 5% of all generalist predators that we collected (Highib;

3). Members of the Geocoridae and Nabidae were less common, but widely distributed,
predatory hemipterans on bittersweet nightshade (Table 3). Predatory beetles (Coleoptera) were
also found, with one species, the small coccinétiethorus punctillm making up > 4% of the
overall predator catch (Table 3); identification of this species was confirmed using molecular
means (described above and below). Primaxdftidophagous coccinellids in the genera
HippodamiaandCoccinellawere also found, althgin at lower densities than were recorded for
S. punctillumTable 3). Members of the Anthicidae and Carabidae were minor components of
the predatorybeetle population (Table 3). Lessmmon predatory insects included four species
of Chrysopidae and 3 of Hreobiidae (Neouroptera), the earvigrficula auricularial., and

the predator thripAeolothrips fasciatuéL.) (Table 3).

Our suction samples produced a large number of parasitoid Hymenoptera and Diptera
with undetermined host associations; identifyiingse many species was beyond the logistical
reach of our project. However, we did identify and count individuals of the paraFitmidzae
(Hymenoptera: Eulophidae). This species is a known parasitoid of the potato psyllid, and was

consistently recordkat the bittersweet nightshade patches that also housed robusiysgthdo
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populations (i.e., the Mesa, Moses Lake, Caliche Lake and {Rasdotus, WA, sites; however,
none were found at our Colfax, WA, site) (Castillo Carrillo et al. manuscrigspvilensities
appeared to peak in October (Fig. 4), concurrent with peak densities of potato psyllids at these
same sites (Castillo Carrillo et al. manuscript).

Visual Observations of Predator Activity. Because we did not collect predators during our
visud observations, our visual surveys provided predatmnmunity descriptions only at a
relatively course level of taxonomic resolution. Nonetheless, the visual observations largely
confirmed the predator community structure provided from our suction sartiptesal, we
recorded the presence of 140 predator individuals during our timed visual counts. The most
commonlyvisually-observed predator taxa were spiders (Arachnida), followed by coccinellid
beetles, includin®. punctillum Other lessscommonlyobseved predators included lacewings,
earwigs, dragonflies, mantids, and hemipterans (mainly Anthocoridae and Geocoridae) (Table 3,
Fig 5).

Fortuitously, while observing the activity of generalist predators during our visual
surveys we also observed, on @ feccasions, attacks on potato psyllid nymphs or eggs. Psyllid
nymph mummies, parasitized by the waspriozae were observed in Moses Lake in
September. We did not observe direct consumption of psyllids by spiders and other predators,
but we did obsengethe tiny (Imm) coccinelli®. punctillumeating potato psyllid eggs at the
PasceKahlotus site on April, 27 of 2013.

Entomopathogens in Soil Sampled/Ve collected soil beneath three bittersweet nightshade
patches (Mesaew, Pascdlahlotus and Moses Lake; Table 1) in August of 2012.

Entomopathogenic nematodes were recovered from just one of these sites¢Mipfae
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different nematode isolates weraifm within this single site), while entomopathogenic fungi
were isolated from all three of the nightshade patches that were sampled for entomopathogens.
Molecular Identifications. We conducted PCR and sequencing techniques to provide more
comprehensive niecular information of the parasitold triozaeand the predator coccinelll
punctillumalready identified taxonomically by experts. Two sequencds wiozae(KT961708,
KT961710 in Table 2) demonstrated 98% and 91% identity, respectively, to a krquences
of aT. triozaerRNA gene (Accession number: GQ912303.1). There were a handful of
insertions/deletions and substitutions between these two sequences which are presented in Figure
6, which was coincident with the taxonomic divergence of thisisges i nt o a ‘compl e
species’, mentioned by Dr. Zuparko and now pr
analyzed wasps were collected from the Moses Lake, SYAulcamargatches. While
comparing sequence KT961708 (raomplex BT. triozaefrom our saples) to GQ912303.1
collected in Texas, we observed a few substitution and insertions along the sequence alignment
(Fig. 6), which might reflect the geographic variation. Our sequence of the predatorySbeetle
punctillum(accession KT961711, 6&dp) shoved 99% identity to a COI gene sequencs of
punctillumin the GenBank (KM448697.1 Hendrich et al. 2015), agreeing with the identification
based on the taxonomic keys made by Dr. Heydon. Lastly, we identified predatory mites based
on a set of universal pniers designed to amplify a wide range of taxa (Folmer et al. 1994), as
attempts of PCR amplification using more specific primers did not succeed. Sequences amplified
from general primers LC0O1490 and HCO2198 ranged from 590 bp to 625 bp after cleaning the
low quality sequences and ambiguous bases. These sequences (Accession No. KT998454 and

KT998455) demonstrated 95% to 99% to a sequence belongs to Anystidae (accession No.
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KT603428.1, Fig. 7). Our sequences were the first nucleotide sequence depositeBlankGen
for Anystis agilis

Molecular identification revealed that all five entomopathogenic nematode isolateld . were
bacteriophora while all three entompathogenic fungal isolateseB. bassianaFor H.
bacteriophora the 859bp fragment we sequenced damstrated 100% identity to sevekal
bacteriophorasequences in the GenBank. The sequences of entomopathogenic fungi ranged
from 511 bp- 541 bp after removing the ambiguous bases and low quality sequences. They

showed 99% 100% identity tdB. bassianaequences in GenBank.

Discussion

Through most of two growing seasons, using a combination of suction sampling and
direct visual observation, we tracked densities and biodiversity of the generalist predators found
in patches of bittersweet nightshadeisTitevealed a diverse group of > 40 predator species, with
robust predator densities recorded from early in the spring, just after green foliage was first
apparent, until just before videll by frost in the early winter (Fig.-#). Spiders, in particular
hunting spiders, were the numericatlgminant members of the generalist predator community
(Fig. 1ad; Table 3). Both hunting spiders and walilding spiders were consistently found at
high densities relative to the predatory insects we collectedi&y.Table 3). Abundant
predatory insects included members of the Hemiptera and Coleoptef@, &isticolor, S.
punctillumandH. tredecimpunctatél.). Lesscommon species included several Hemiptera, e.g.

Geocorisspp.,Nabisspp., along witlfCoccinellaspp,Chrysopaspp. andHemerobiuspp. (Fig.
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2; Table 3). Small predatory mites in the geAngstiswere observed consistently across sites
and sample dates (Fig. 2; Table 3). Many of these taxa exhibited relatively constant densities
from ou earlyseason samples in March, until our {agason samples in December. In
summary, a diverse community of generalist predators inhabited our bittersweet nightshade
patches, throughout the growing season.

Previously, we have reported that these shittersweet nightshade patches also housed
robust populations of potato psyllids, along with moredest numbers of aphid and beetle
herbivores, that commonly attack cultivated potat&guberosum This suggests the
possibility that the predators weufiod on bittersweet nightshade could be regularly
encountering, and perhaps also consuming, potato psyllids and other herbivorous potato pests. In
two cases, we directly observed predation of potato psyllids. During our sampling, at one
site/date we obserddhe parasitoid. triozaeattacking potato psyllid nymphs (Moses Lake,
September, 2012). This parasitoid is considered an efficient biological control of potato psyllids
(Yang et al. 2013, Rojas et al. 2014) and a potential control agent of psyllicisdrop habitats
(Butler and Trumble 2012a). Indeed, this parasitoid has been reported to compose half of the
total natural enemy community attackiBgcockerellin tomato and bell pepper crops in
California (Butler and Trumble 2012a). For this reaSotmiozaeis commercially available in
some countries for biological control Bf cockerelliWebber 2013). We also observed the
coccinellidS. punctillumeating psyllid eggs at one site, on one date. The detetisorusas
been reported as a predator ashexclusively of spider mites (Gordon 1985, Plaut 1965), thus it
was perhaps surprising that we observed this lady beetle species eating psyllid eggs. It is notable
that, despite their relatively high abundances, we did not observe any spiders fequbtagmn

psyllids. However, there is reason to think that spiders could be feeding on potato psyllids within
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our nightshade patches. For example, in New Zealand, linyphiid spiders collected from potato
fields consumed > 5 potato psyllid nymphs per daymps laboratory arenas (MacDonald et

al. 2010, Walker et al. 2011). The spiders that dominated the genpratistor community at

our site have not yet been examined for their proclivity for attacking potato psyllids, although
spiders are known to be efftive predators of other pests on potato (Hilbeck and Kennedy 1996).
The predatory Hemiptera that we found have been widely reported to feed on aphid and beetle
herbivores on potato (Webber 2013).tristicolorandG. pallensare purported to be key nasli
enemies oB. cockerellin potato, tomato and bell pepper in California (Butler and Trumble
2012a). While these many studies suggest the possibility of frequent predation of potential potato
pests within bittersweet nightshade patches, further workaded to quantify the frequency and
impact of any such predation by our resident species under our conditions.

The arthropod community found on bittersweet nightshade is primarily of interest
because this weed is thought to serve as a key sourceats psyllids that later colonize potato
fields, perhaps also vectoring the zebra chip pathogen (Jensen et al. 2012, Swisher et al. 2013,
Murphy et al. 2014). Potato psyllids appear to require a perenniatraprhost to support the
pest’ s p o%de of the potatgrewing season, and to survive the relatively harsh
winters seen in eastern Washington (Jensen et al. 2012, Murphy et al. 2013). Likewise, however,
our study suggests that bittersweet nightshade could also be serving as a refugatfanypred
arthropods important for suppressing pests in potato fields. The predators that we found include
the two generalist predators widely reported to be most inpactful in potato fields, the predatory
hemipterangeocorisspp. andNabisspp. (Koss et al.5). When insecticide use is relatively

infrequent, or insecticides are used that selectively target pests and not predators, densities of

86



these two taxa can exceed five individuals per potato plant (Koss et al. 2005). Perhaps
surprisingly, however, tise two predator taxa, So common in potato fields, were a relatively
minor component of the predator community on bittersweet nightshade. The community of
spiders found in potato crops is both less diverse and less abundant than the one we found on
bittersweet nightshade. Linyphiidae, the most common spiders reported in potato fields in our
region (Koss et al. 2005), were only the seventstcommon spider family in our nightshade
patches (Table 3). Intriguingly, the spider community that we recordedtersiéet nightshade
closely resembles that reported in apple orchards in our region (Horton et al. 2001, Horton et al.
2002), suggesting the possibility that our perennial weeds support a spider community more
typical of perennial than annual crops.

Likely reflecting the onlyrecent emergence of zebra chip disease as a major threat to potato
production, relatively little is known about the community of predators that attacks potato
psyllids in or outside of potato fields (Butler and Trumble 2012kpehhaps the most
comprehensive single study examining potato psyllid predators, Butler and Trumble (2012a)
censused predators in potgusyllid infested potato, tomato and pepper fields in southern
California over 2 years. This revealed a community dotathay a biediverse community of
spiders, coccinellid beetles, and predatory hemipterans, as well as the parsi&tamsycus
psyllidisCompere and . triozae(Butler and Trumble 2012a). In laboratory feeding arenas
several species of coccinellid bestlanthocorid and mirid bugs, aGtirysopaspp. larvae
readily ate psyllid adults, nymphs and eggs. This list closely matches reports by Knowlton
(1933a, b, 1934) for predators associated with pgisytiid-infested fields in Utah, where

lacewings, predaty Geocorisbugs, and coccinellids all were found in laboratory arenas to feed
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upon potato psyllids. Unfortunately, while Butler and Trumble reported a diverse community of
hunting and welbuilding spiders associated with potato psyllids in their crappelds, like us

they did not have an opportunity to test the feeding proclivities of their spider species. Clearly,
spiders warrant greater future study as predators of potato psyllids on both weedy and crop host
plants. In New Zealand, potato psylligispear to face particularly intense predation from a

diverse community of localpy at i ve coccinellid beetles (O Co
2015), similar to what is seen in California (Butler and Trumble 2012a), but also predatory mites
(Xu and Zhag 2015) as we found as possible psyllid predators on bittersweet nightshade (Fig.
3). In the only study talate of which we are aware in which an attempt was made to measure the
impact of generalist predators on potato psyllids under field conditiongrBuidi Trumble

(2012a) found that potato psyllids were up to 50% more abundant on potato or American
nightshade %olanum americanuiMill.) plants in cages that blocked access by predators,
compared to uncaged controls, which they interpreted as evidexigegeldators were

substantially reducing psyllid survivorship in the open field.

Our entomopathogen survey was far more limited in scope than our predator survey.
Nonetheless, we did record entomopathogens in soils beneath each of the bittersweatieightsh
patches that we sampled. Our efforts revealed two species, the nerhabadéeriophoraand
fungusB. bassianaboth known to control economicalignportant potato pests. These two
species form an important component of the community of natural emattaeking Colorado
potato beetles in potato fields in our region, infecting beetle larvae as they burrow into the soil to
pupate (Lacey et al. 1999, Ramirez and Snyder 2009, Crowder et al. 2010, Jabbour et al. 2011).

Indeed, the entomopathogens strorgynplement potato beetle control by predatory insects,
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with predators and entomopathogens joining forces to kill more potato beetles than can either
guild of natural enemies on its own (Ramirez and Snyder 2009). Field work has yet to consider
the impactof entomopathogens on the potato psyllid, but laboratory bioassays suggBst that
bassianahas the potential to kill >50% of psyllids that contact its spores (Lacey et al. 2009).
Additional work is needed to determine how often, if ever, potato pesistersweet nightshade
contact entomopathogens in soil beneath the plants.

Understandably, given the devastating effects zebra chip disease on northweStgrotato
crops, most research has focused omtopsyllidt er swe
(and possibly also the bacterium that causes zebra chip) (e.g., Jensen et al. 2012, Swisher et al.
2013, Murphy et al. 2014). We are not suggesting that the diverse community of predators that
we found within bittersweet nightshade patches tesgihe risks that this weed poses to regional
potato production. Nonetheless, there is a potential for the robust adivéise community of
predators, parasitoids and entomopathogens that we recorded to somewhat ameliorate this risk,
by suppressing pato psyllids (and other pests) and thus limiting the number of available-would
be potato migrants. A number of unresolved issues remain. First, further work is needed to
determine which predator species, and how frequently, prey on potato psyllids aruksthe
within nightshade patches. Second, it remains unclear whether any of these predators will, like
potato psyllids, leave the nightshade patches and migrate to potatoes. A third factor yet to be
considered is the possibility that high predator desssitigger predatesvoidance behaviors in
psyllids or other pests, inciting the herbivores to leave bittersweet nightshade plants and
increasing net movement to potato crops; such predatmdance behaviors have been shown to

influence disease dynamicsother planidisease systems (e.g., Ramirez and Snyder 2009, ). In
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summary, we suggest that a commuaitplogy perspective may be useful for fully assessing

the role of bittersweet nightshade in zebra chip disease ecology and epidemiology.
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Table3-1. Solanum dulcamarasite coordinates.

Site name Coordinates
Mesaold (MO) 46°35'17.72"N, 119° 0'1.12"W
Mesanew (MN) 46°34'35.35"N, 119° 0'33.41"W
Colfax (CX) 46°50'51.1008"N, 117°28'43.9320"W

Moses Lake (ML)

46°58'53.06"N, 119°38'49.20"W;
46°59'34.19"N, 119°41'6.66"W;
46°59'55.10"N, 119°41'5.25"W;
47° 0'7.35"N, 119°41'5.03"W

Caliche Lake (CL)

47° 1'53.65"N, 119°55'39.78"W

PasceVineyard(PV)

46°19'38.06"N, 119° 7'13.98"W

Mattawa (MT)

46°42'32.33"N, 119°56'42.54"W

PasceKahlotus (PK)

46°16'38.59"N, 118°50'29.07"W

Sacajawea Park (SJ)

46°12'12.7692"N, 119°02'49.6644"W

Warden (WD)

46°54'44.90"N, 119° 7'26.09"W

99



Table3-2. DNA primers used to identify natural enemy species.

Taxa Primer namsg Primer sequence (5'to 3) Reference GenBank accession #
Anystis agilis LCO1490 [GGT CAA CAA ATC ATA AAG ATA TTG GFolmer et al. 1994 KT998453
(Trombidiformes: Anystidae) [HC02198 TAA ACT TCA GGG TGA CCA AAA AAT JRolmer et al. 1994
Stethorus punctillum ClepFolF  [ATT CAA CCA ATC ATA AAG ATA TTG G|Hendrich et al. 2014 KT961711
(Coleopetera: Coccinellidae) |ClepFolR |TAA ACT TCT GGA TGT CCA AAA AAT Cidendrich et al. 2014
Tamarixia triozae ITS5-Tama |GGA AGT AAA AGT CGT AAC AAG G De leon and Setamou 2010 KT961708
(Hymenoptera: Triozidae) RNA2-Tama|CAC GAG CCG AGT GAT CCA CCG CTA Kbar@Tet al. 2001; De leon and Setamou 2010 KT961710
Beauveria bassiana Fungi-ITS1 [TCC GTA GGT GAA CCT GCG G White et al. 1990 KT443981
(Hypocreales: Clavicipitaceae)|Fungi-ITS4 |TCC TCC GCT TAT TGA TAT GC White et al. 1990 KT443982
KT443983
Heterorhabditis bacteriophora [ITS-F-nem [TTG AAC CGG GTA AAAGTC G Stock et al. 2001; Maneesakorn et al. 2011 KT 443980
(Rhabditida: Heterorhabditidae) TS-R-nem |TTAGTT TCTTTT CCT CCG CT Stock et al. 2001; Maneesakorn et al. 2011
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Table3-3. Predator taxa found in bittersweet nightshade patches and relative abundances.

Total

Class Order Family Species 2012 2013 collected Species % Family % Order %
Insecta Coleoptera Anthicidae Spp.* 68 2 70 1.09 1.09 5.92
Coccinellidae  Stethorus punctillum 129 55 184 2.87 4.60
Hippodamia tredecimpunctata 62 3 65 1.01
Hippodamia convergens 27 0 27 0.42
Hyperaspis oregona 6 3 9 0.14
Coccinella septempunctata 4 0 4 0.06
Scymnus marginicollis 3 1 4 0.06
Coccinella novemnotata 1 0 1 0.02
Coccinella transversoguttata 1 0 1 0.02
Carabidae Bembidionsp. + other Carabid species 9 6 15 0.23 0.23
Dermaptera Forficulidae Forficula auricularia 4 0 4 0.06 0.06 0.06
Hemiptera Anthocoridae  Orius tristicolor 307 22 329 5.13 5.13 5.96
Geocoridae Geocoris bullatusG. pallens 15 3 18 0.28 0.28
Nabidae Nabis alternatus 13 4 17 0.27 0.55
Nabis sp. (nymphs) 13 2 15 0.23
Nabisposs.americoferus 3 0 3 0.05
Neuroptera Spp. larvae 17 1 18 0.28 0.28 1.43
Chrysopidae Chrysoperla plorabunda/johnsoni 16 0 16 0.25 0.37
Chrysopa oculada 6 0 6 0.09
Chrysopa coloradensis 1 0 1 0.02
Chrysopa nigricornis 1 0 1 0.02
Hemerobiidae  Hemerobius ovalis 38 1 39 0.61 0.78
Hemerobius pacificus 10 0 10 0.16
Hemerobius variolosus 1 0 1 0.02
Thysanoptera  Aeolothripidae  Aeolothrips fasciatus 3 0 3 0.05 0.05 0.05
Arachnida Trombidiformes Anysgdae Anystis agilis 777 193 970 15.13 15.13 15.13
Bdellidae Bdellasp.
Aranae Agelenidae Hololenasp. 49 0 49 0.76 0.76  71.45
Dictynidae Dictyna bostoniensis 714 205 919 14.33 16.09
Pityohyphantes minidoka 74 39 113 1.76
Linyphiidae Spp. 234 60 294 4.59 4.59
Lycosidae Spp. 35 9 44 0.69 0.69
Oxyopidae Oxyopes scalaris 255 37 292 4.55 4.55
Philodromidae  Philodromussp. 1071 274 1345 20.98 24.08
Tibellussp. 150 9 159 2.48
Tibellus oblongus 40 0 40 0.62
Salticidae Pelegrinasp. 220 33 253 3.95 8.20
Sassacus vitis 103 16 119 1.86
Phidippus audax 101 3 104 1.62
Salticus scenicus 36 5 41 0.64
Habronatussp. 8 0 8 0.12
Tutelinasp. 1 0 1 0.02
Tetragnathidae Tetragnatha laboriosa 242 71 313 4.88 6.07
Tetragnathasp. 61 15 76 1.19
Theridiidae Spp. 239 172 411 6.41 6.41
Total 5168 1244 6412 100 100 100

* Species of Anthicidaginthicus cervicutaFerteA. floralis(L),A. leconteiChampionNotoxus serratugLeConte)
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Table3-4. Predators observed foraging on bittersweet nightshade vines.

Predator order Total Percentage
observed
Araneae Spiders 101 69
Mites 6 4
Coleoptera Lady birds 16 11
S. punctillum 9 6
Hemiptera Orius 1 1
Geocoris 1 1
Other Lacewings 3 2
Mantids 0 0
Wasps* 7 4
Dragonfly 2 1
Earwig 1 1
Total 147 100

*not predator
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Figure3-1. From bittersweet nightshade patches across eastern Washingtoryeaulti
population dynamics of (a) all spiders sunahaeross families, and for spiders in the families (b)

Philodromidae, (c) Dictynidae, (d) Salticidae, (e) Theridiidae, and (f) Tetragnathidae. Data are
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means = 1 S.E. Densities of narrower taxa within these families, and of spiders less abundant

than thosen these families, are in Table 3.
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Predatory insects Predatory Hemiptera
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Figure3-2. From bittersweet nightshade patches aceassern Washington, mulgear

population dynamics of (a) all predatory insects summed across Orders, and (b) summed
predatory Hemiptera and (c) summed predatory Coleoptera. Data are means = 1 S.E. Densities of
narrower taxa within the Orders in (b) andl, @nd of predatory insects less abundant than those

in these groups, are in Table 3.
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Figure3-3. From bittersweet nightshade patches across eastern Washimgitryear
population dynamics of predatory mites. Data are means £ 1 S.E., with additional taxonomic

detail provided in Table 3.
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Tamarixia triozae
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Figure3-4. From bittersweet nightsldle patches across eastern Washington, 1yedii

population dynamics of the potato psyllid parasifbésinarixia triozae Data are means £ 1 S.E.
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Observed predators
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Figure3-5. Fromtimed visual observations of predator activity on bittersweet nightshade plants,
summed number of observations of spiders (Araneae), predatory beetles (Coleoptera), predatory
bugs (Hemiptera), and other predatory taxa outside of these groups (OthegreDatans + 1

S.E. Additional taxonomic detail is provided in Table 4.
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R LA USR5 /\C G AGCAT I CACACC TCTTAGCGACGAGC TG CGTGTGCOG TGO TGOS

LR ClORk LIV T TTGGCGCGCGAAGGCGAACGCGAACGCGCGCGTTCCGTCGTCGCACGCTGTCGEATY
LR RGN R T TTGGCGCGCGAAGGCGAACGCGAACGCGCGCGTTCCGTCGTCGCACGCTGTCGGATTY
LU QI A [T T T8 G G CG QFBAGGCGAACGCGAACIGGG TSl CGTCG@CGCTGTCGGATTGTGGCTTC

T -GQ912303 474 [ERL-
Ttr - KT961708 480 -- ICTCGGCAAACCTCGTGCTATCGGGGATGCTCATAGGTTTTTGAATGAATATTCGCC(
Ttr - KT961710 468 ‘CTCGGCAAACCTCGT.I?DGGGGATGCTCATAGGTTTTTGAATGAATATTCGCCCG

LI ClO P NP I G AAAAACCGCGCCGATCCGGCAAAACGCCGAGATTCGTTCTCGGCCGGCGGCGCCT TG
LIRS e h (o VR G AAAAACCGCGCCGATCCGGCAAAACGCCGAGAT TCGTTCTCGGCCGGCGGCGCCT TG
AR S CTINAU R I G AAAAACCGCGCCGATCABBBCGCCGAGATTCGTTCTCGGCCRRIEA TGCTCGTTCCT]

Ttr - G@12303 612 ACGTGCATCGGCTCCGTCACCCCCCGTATTGTTGAAGACGCGCACGAAGAGETGBCH
R NS Rl O TG CATCGGCTCCGTCACCOCCCGTATIGTTGAAGACGCGCACGAAGAGINTGAC!
LRSI LN CG TG CATCGGCTCCGTCACCCCCCGTATIGTT GAAGACGCGCACGAS GG RARG
RNl kR MY Il CCGCTGGGCTGCTCCGTGTCGCGTCGACCGATGATTTGA EA@W-- PAAAAAACCG
L QYN CGGTGGGCTGCTCCGTGTCGCGTCGACCGATGATTTGAAA "I'IWAA AAAAAACCG
Tir -KT961710 675  [EIEENEE- A TTGAAACGAAANG GAA TSNS AARCCGT
Ttr - GQ912303 746 |[NeJgXej[ele}y. eIV

Ttr -KT961708 754  [NSSINSIESETJNASE “IINRIOTY
LIRS RATRZI A (11 C TCG TAACGGTAAATT(

Figure3-6. Two Tamarixia trioza€l8S rRNA genes (KT961708 and KT961710 as GenBank

accession numbers) were aligned to a 18S rRNA gene from the GenBank (Accession No.
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GQ912303, De Lebn and Sétamou 2010). Sequences were truncated to reflect the divergent
region. Note that KT961710 was idgied as complex B of . triozaebased on the taxonomic
and morphological keys (described in the Results), and it demonstrated divergence, including

substitution, insertion and deletion with the other two sequences from the same species.
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QU0 V 2 TN\ G CTGGAATAAGACTTCTGATTCGATTAGAACTAACTCAACCAGGTTCTCTTTTAGAAAA
[QEeELZLY IV I G C TGGAATAAGACT T TATTCGATT] UTAACTCAACCAGGTTCTCTTTTAGAAAAT

KT998455PA GCTGGAATAAGACTTCTGATTCGATTAGAACTAACTCAACCAGGTTCTCTTTTAGAAAA

QIS Y\ GG ATCAAATTTATAATACAATTGTAACTGCTCATGCTTTTGTTATAATTTTTTTTATAGTT
[QELELLVIV RGN GATCAAATTTA[CAAACAATTGTAACTGCTCATGCTTTTGTTATAATTTTTTTTATAGTT
QR N IGATCAAATTTATAATACAATTGTAACTGCTCATGCTTTTGTTATAATTTTTTTTATAGTT

Qe y I PAIATACCTATTAT AATTGGAGGATTTGGTAATTGACTAGTTCCTATTATAATTGGAGCTCCA
QUL PRI A TACCTATTATAATTGGAGGATTTGGTAATTGACTAGTTCCTATTATAATTGGAGC[®CCA
[QERZE R WAIATACCTATTATAATTGG BGGATTTGGTAATTGACTAGTTCCTATTATAATTGGAGCTCCA

QY NN ENIGACATAGCGTTCCCTCGTATAAATAACATAAGATTCTGATTACTACCACCTTCTCTTTC
QLYY IR RN GACATAGCGTTICCTCGTATAAATAAIATAAGATTCTGATTAIITACCACCTTCTCT8TCT]

[QRCELZII N RMIGACATAGCGTTCCCTCGTATAAATAACATAAGATTCTGATTACTACCACCTTCTCTTTC

QU2 TN\ ZMICTTCTTATATTATCAGCTTTTACATCAAAGGGTAGAGGAACTGGATGAACTGTATATCC
QLYY IR Y A CTTCTTATAT T TQUGCTTTTACATCAAAGGGTAGAGGAACTGGATGAACTGTATATCC
[QRSELZ I ENICTTCTTATATTATCAGCTTTTACATCAAAGGGTAGAGGAACTGGATGEBACTGTATATCC

(UL YN IRl C CC T TATCAGGCAATATTTCTCATGCTGGAGCATCTGTAGATTTAACTATTTTTTCGTTA
QLT LAV I C QI T TATCAGGCAATATTTCTCATICTGGAGCATCTGTAGATSTAACISATTTTTTC

[QICEEZI S RIMICCCTTATCAGGCAATATTTCTCATGCTGGAGCATCTGTAGATTTAACTATTTTTTCGTTA

QIO P2 TN N IHICATCTTGCTGGAATTAGATCAATTTTAGGAGCAATTAATTTTATAACTACTATCATAAAT
Rz RN ICATCTTGCTGGAATTAGATCAATTTTAGGAGCAATTAATTTTAT BACTACTATIATAAAT
[QCEEZI S RN ICATCTTGCTGGAATTAGATCAATTTTAGGAGCAATTAATTTTATAACTACTATCATAAAT

QU0 2 TN VAT AAAAACTCCCCATTTAAGATTTGAACAAATTCCTTTATTTGTG TGATCTGTTTTTAT
[QECLEZE VYA AT AAAAACTCCCCATTTAAGATTTGAACAAATTCCTTTATTTGT BTGATCTGTTTTTAT
[QCSELZIT S VI AT AAAAACTCCCCATTTAAGATTTGAACAAATTCCTTTATTTGTGTGATCTGTTTTTATT
[QUC(Z P2 N A CTACTATTTTACTTTTATTGTCATTACCTGTTTTAGCAGGTGCGATTACCATATTGTTA
[QRELZ AV I ACTACTAT@TTACTTTTATTGTCATTACCTGTTTTAGCAGGTGQATTACIIATATTGTTA
QL LZ A e M IAC TACTATTTTACTTTTATTGTCATTACCTGTTTTAGCAGGTGCGATTACCATATTGTTA
(U022 TN R MACAGATCGTAATTTTAACACTTCCTTTTTTGA

[QUEELELV IV IRV ACAGATCGTAATTTTAAPACTTCCTTTTTOGA
(QICILZ TS UM IACAGATCGTAATTTTAACACTTCCTTTTTTGA

Figure3-7. Two Anystis agilisCOI genes (KT998454, collected from Moses Lake, WA and

KT998454, collected from Pasco, WA) were aligned to a COIl gene from Anystidae in the
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GenBank (Accession No. KT603428). Sequences were truncated to reflect the divergent region.
Note our sequences reethe first nucleotide sequence deposited in GenBarkrigstis agilis.

Though both our mites were identifiedAsagilisbased on the taxonomic and morphological

keys (described in the Results), they demonstrated ~5 % mismatches. Surprisingly, there we

only substitutions rather than insertion and deletions.
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CHAPTER FOUR: REVISED CHECKLIST OF PACIFIC NORTHWEST,

U.S.A., PSYLLOIDEA (HEMPITERA)

Abstract

Several members of the Psylloidea vector pathogens of agricultural crops in the Pacific

Nort hwest ( tatBsdMtdaho, Mdnteda, Oregon and Washington. These crop
production concerns have renewed interest in the biodiversity of this superfamily in the region.
We constructed a revised checklist of this group by examining published records and additional
collections. This revealed 124 species of psyllids from 25 genera; 35 of these species had not
been previously reported in the PNW. Our species list provides a useful starting point for
entomologists investigating the ecology of emerging irsacsmitted planpathogens in the

region.

KEY WORDS: psyllid, species, biodiversity, Idaho, Montana, Oregon, Washington

The Pacific Northwest (“PNW' ') U.S. states
span diverse eegeographic zones, ranging from relatively cool and wet conditions east of the
Cascade and within the Rocky Mountains, to relatively hot and dry condititosex
elevations in the rain shadows of these mountain ranges (Raymond et al. 2014). In the last
century the region has been heavily altered by agriculture (Robbins and Wolf 1994, Butler et al.

2004). The PNW leads the United States in production okappbtatoes and wheat, while
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contributing significantly to national production of other important commodities (USDA 2014,
2015, WSDA 2015, OSDA 2015). Much of this agricultural production is centered in the
irrigated, arid Columbia Basin of eastern \Magton and Oregon, and in valleys along the
Snake River in southern Idaho (USDA 2014, 2015, WSDA 2015, OSDA 2015).
Pear Pyruscommunid..) and potato$olanum tuberosumn) crops in the PNW have
been harmed by plant pathogens vectored by the pear,gi3ytiapsylla (Hepatopsylla) pyricola
(Foerster, 1848), and the potato psylBactericera cockerelf Su | ¢ , 1909) , respec
pear psylla harms pears by vectoring the phytoplaSamidatusPhytoplasma pyri (Jensen et
al. 1964, Seemdllerand Schaee r 2004) , whi ch causes ‘pear dec
Likewise, the potato psyllid vectors the bacteri@andidatud_iberibacter solanacearum,
responsible for “zebra chip” disease of potat
(Munyaneza eal. 2007; Buchman et al. 2011, Munyaneza 2012). VBileockerellis believed
to be the only insect vector of the zebra chip bacterium, limited familiarity with psyllid
biodiversity has restricted rigorous verification of this assumption (CrosslinZ€14],
Haapalainen 2014). The zebra chip bacterium has been found ilBBatttericeraspecies,
includingB. tremblayi(Wagner, 1961) anB. nigricornis(Foerster, 1848) in Spain (Teresani et
al. 2015), and iyspersa apicaligFoerster, 1848) in Finlan@lunyaneza et al. 2010).
Uncertainty about the true community of psyllid species responsible for zebra chip transmission
has heightened interest in PNW psyllid biodiversity, both within and outside of agricultural fields
(e.g., Munyaneza 2010, Munyanezalalenne 2012, Murphy et al. 2014).
Here, we construct a revised species list for Psylloidea in the U.S. Pacific Northwest. We

focus on this region because of its shared ecography and importance in U.S. production of a
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similar suite of agricultural comodities (USDA 2014, 2015, WSDA 2015, OSDA 2015). We

build upon the valuable earlier contributions by Hodkinson (1988), who provided a checklist of
Nearctic Psylloidea, by Percy et al. (2012) who provided a checklist of psyllids in California

(just south bour focal area), and by Ouvrard (2015) who built an extensive online database of
Psylloidea (“Psyl ' I|-databases.orgipgyllisy)..Heré weveonstiactani pt er a
checkilist of psyllid species present in the PNW. Our list was developed usighpdlreports

and examinations of museum specimens.

M aterials and methods

We constructed our species list through two main steps. First, we examined existing
published species lists for the region (i.e., Hodkinson 1988, Percy et al. 2012, Ouvrard 2015), to
construct an initial list of expected or known species in the regiort, Wexexamined Psylloidea
in collections of the following key regional institutions: the W.F. Barr Museum of University of
Idaho (UIDA), the Oregon State Arthropod Collection of Oregon State University (OSAC), the
Oregon State Department of Agriculture @Y, the M.T. James Museum of Washington State
University (WSU), and the USDA Yakima Agricultural Research Laboratory in Washington
(YARL). We did not evaluate for accuracy the identifications in the museum collections, an
undertaking that was outside tbeope of our project. Additional species names were extracted
from the collection list of, and two reports from, the Washington State Department of
Agriculture (“WSDA”; Johansen and Brannon 195

psyllid list posted 1 the Smithsonian National Museum of Natural History (USNM)
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(http://collections.nmnh.si.edu/search/ento/). Updates of the scientific names were obtained from
Ouvrard (2015), a regularlypdated world Psylloidea database. Most psyllid species have
relatively narrow hosplant ranges (Hodkinson and White 1979), and while this information is

not presented here it is available from Ouvrard (2015).

Results

Our compiled list contains 124 species of psyllids, belonging to 5 families and 25 genera
(Table 1).In total, our list presents 35 new speeaiesords across our four focal U.S. states
(16/52 species are new records for Idaho; 2/26 species are new records for Montana; 30/76

species are new records for Oregon; and 14/60 species are new records for tdfgshing

Checklistt Species of this list are classified according to Burckhardt and Ouvrard (2012). In the
list we present the States in which the psyllids were collected wibrlinetype indicating a
new record of that species in that state) and the following symbols denote the record source:

*ZOSACt= OSDA, * = Ps y4+USINMTWSDAE WBU,'B XARL.

Family Aphalaridae
Subfamily Aphalarinae
GenusAphalaraFoerste, 1848.

calthae(Linné, 1761)ldahd, Oregort.

At OSDA, this species is presented astihae/polygoncomplex.
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curta Caldwell, 1937Idahot Washington.

locaCaldwell, 1937Ildahat , Or egon* ,”. Washingtont?*
nubiferaPatch, 1912. Washington*.
(Anomocera) parvicornislottes, 1958Montana’.
(Reference for this description was not found).
rumicisMa |l | y, 1894 . " WasHingtsnt., Or egon
At OSDA, this species has a question mark about identification.
simila Caldwell, 1937. Idaho*, Oregd™, Washington*.
GenusCraspedolept&nderlein, 1921.
artemisiae(Foerster, 1848)dahatf .
americanaKlimaszewski, 1979. Washington*.
angustipenni¢Crawford, 1911). Idat®, Montand*, Oregort*, Washingtor*.
anomola(Crawford, 1914). Oregdh, Washingtor.
canadensigournet and Vickery, 197@regor.
constricta(Caldwell, 1936). Idaho*QOregor.
flavida (Caldwell, 1938). Oregdh.
fumida(Caldwell, 1938). Montana*.
furcata(Caldwell, 1936). Montarfa, Oregori*.
maculimagnalournet and \kery, 1979. Oregd.
magnalJournet and Vickery, 1979. Idaho*, Montana *.
minutissimaCrawford, 1911). Idatfs t ,  Jr*e g o n

nebulosaZetterstedt, 1828). Washington*.
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oregonensigournet and Vickery, 1979. Ored®n
parvulaJournet and Vickery, 197®regor*.
pinicola (Crawford, 1914). Idats ¥, Ot e g o n
pulchella(Crawford, 1911)Oregort.
russellaeKlimaszewski, 1977. Idaho*, Oregdt, Washington*.
schwarzi(Ashmead, 1904). Washington*.
smithsonigKlimaszewski, 1979). Montana*.
vancouverensié&lyver, 1931). Idaho*, Montana*, Oregtn Washington*.
veaziei(Patch, 1911). Oregdh Washington*.
vulgaris (Journet and Vickery, 1979). Montata
Subfamily Pachypsyllinae

GenusPachypsylleRiley, 1885.

celtidisgemmdiley, 1885.Idahat .

celtidismammg F1 et cher , Qré&8éi3Washingtafia h o * 1,

venustgOst¢eSac ken, 1861). l9aho*t, Washington=*t
Subfamily Spondyliaspidinae
GenusCryptoneossdaylor, 1990
triangula Taylor, 1990 Oregot’.
GenusCtenarytainaFerris and Klyer, 1932.
eucalypti(Maskell, 1890)QOregort.
GenusGlycaspisTaylor, 1960.

brimblecombeMoore, 19640regoﬁ.
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Family Calophyidae
Subfamily Calophyinae
GenusCalophyal 6w, 1879.
aureaTuthill, 1942. Montana*.
dubiaCrawford, 1914. Montana*.
flavida Schwarz, 19040regor.
nigripennisRiley, 1885. Washington*.
triozomimaSchwarz, 1904. Idaho*.

washingtoniaKlyver, 1931). Washington*.

Family Liviidae
Subfamily Euphyllurinae
GenusPsyllopsisLéw, 1879.
fraxinicola (Foerster, 1848). Idaho®regot’.
GenusNeophylluraLoginova, 1973.
arbuti (Schwarz, 1904). Oregon*.
arctostaphyli(Schwarz, 1904). Montana*, Oregoty Washington*.

separata(Tuthill, 1943). Oregort*.
Subfamily Liviinae

Genusdlivia Latreille, 1802.

caricis Crawford, 1914.daho*, Oregon*.
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vernaliformaCaldwell, 1940. Montana*.
Family Psyllidae
Subfamily Macrocorsinae
GenusEuphalerusSchwarz, 1904.

idahoensis) ensen, 1946. | daho*t

Subfamily Psyllinae
GenusArytainaFoerster, 1848.
genistadLatreille, 1804). Oregof¥, Washingtort?.
robusta sinuatd uthill, 1943.ldahd’.
GenugArytainilla Loginova, 1972.
spartiophila(Foerster, 1848). Oregbnh Washington?.
GenusCacopsyllaOssiannilsson, 1970.
acuminata(Jensen, 1956Dregorf
alba (Crawford, 1914). IdahoAVashington*.
americana(Crawford, 1914). Idaho*, Oregbh Washington*™.

breviata(Patch, 1912)Washingtorf .

brevistigmataPatch, 1912)ldahat Oregod

YARL’s note “Questions remain about thi
confusa(Tuthill, 1943).Oregorit .
coryi( Patch, 1912). I1Idahod*t, Oregon*t, Washingtc

curta (Tuthill, 1943). Oregon*.
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difficilis( Tut hi I |, 1943Y.. l daho* 1, Mont ana*
fatsiae(Jensen, 1957Washingtoff.

fibulata( Cr awf or d, 1914) . l daho*, Oregon*t,.
hirsuta(Tuthill, 1938). Idaho*Montana*, Oregoft Y Washington¥.

insignita (Tuthill, 1943).Oregort .

latiforceps(Tuthill, 1943).0regon, Washington*.

magna(Crawford, 1914)Montand, Oregorit’.

YARL’s note “Questions remain about thi
magnicaudgCrawford, 194). Montana*.
manisiit Tut hi I 1, "1943). Il daho**t

media(Tuthill, 1943).1dahot Oregori ¥

YARL’s note “Questions remain about thi
minor (Crawford, 1914). Oregdh”, Washington®.

minuta(Crawford, 1914). Idaho*Qregort Washingtorf .

nordica( Jensen, 1951). Oregon*, Washington*t
omani(Tuthill, 1943).Oregort”.

parallela (Crawford, 1914). Washington*.

pararibesiag(Jensen, 1956). Washingtdn*

peregrina(Foerster, 1848). Oregbh Washington®.

(Hepatopsylla) pyricoldFoerster, 1848)dahat ,  Wa s 't ifhYg t o n

ribesiae( Cr awf or d, 191 1% Washing@ho* ft, Oregont*

sinuataCrawford, 1914. Idaho*.
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striata (Patch, 1911). Washington*.

usitata(Tuthill, 1943). Montana®*.
GenusCeanothiaHeslog;Harrison, 1961.

ceanothi(Crawford, 1914). Montana®regort, Washington*.
GenusEuglyptoneuraHeslog;Harrison, 1961.

fuscipennigCrawford, 1914)ldahat’, Oregofi*.

robusta(Crawford, 1914). Idaho*, Montana* Or egon*t, Washington?*.
GenusNyctiphalerusBliven, 1955.

adustugTuthill, 1937).0OregoH.

cercocarpi(Jensen, 1957DregoH.

rugipennis(Crawford, 1914). Oregdt.

tantillus (Tuthill, 1937).Idahof .

vermiculosug Cr awf ord, 1914). I daho*t, Montana*, Ore
GenusPsyllaGeoffroy, 1762.

alni (Linné, 1758). Idao*, Oregofi*, Washington*.

astigmata(Crawford).WashingtofT.

(Year of description not found).

buxi (Linné, 1758) Oregori * WashingtofF.

caudataCr awf or d, 1914. I daho* .
floccosaPatch, 1909ldahaof Mont anat, Wasgbngton*
galeaformisPath, 1911)dahd*t°, Oregort*, Washington®.

trimaculataCrawford, 1911ldahot , Was hi ngt on * .
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viridescengProvancher, 1872)dahat .
(Reference for this description was not found).
GenusPurshivoraHeslop-Harrison, 1961.

pubescengCrawford, 1914)ldaho*, Oregoﬁ* 1Y Washingto#.

Family Triozidae
Subfamily Metatriozidinae
GenusBactericeraPuton, 1876.
arbolensis(Crawford, 1910). Montana*.
cockerellil Sul ¢, 1909) . | d atpWashingtddo nt ana*, Oregon
incerta(Tuthill, 1943). Oregor*, Washington¥.
lobata (Crawford, 1914)Oregor?.

maculipennigCrawford, 1910)Oregort, Washingtof.

maura(Foerster, 1848)dahot Washingtoff’.

minuta( Cr awf or d, 1910) . | ‘dYaWashington®. Mont ana*, Orego
pletschi(Tuthill, 1944). Montana*.
pulla (Tuthill, 1939). Oregon™*, Washington.
rubra (Tuthill, 1939). Oregon*.
salicivora(Reuter, 1876). Oregon*, Washington*.
GenusBaeoalitriozud.i, 2011.
diospyri(Ashmead, 1881). Montana*.

GenusHeterotriozaDobreanu and Manolache, 1960.
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chenopodii(Reuter, 1876)0regor{, WashingtoM.

GenuslLauritrioza Conci and Tamanini, 1968.

alacris (Flor, 1861) Oregort, WashingtofT.

GenusPhylloplectaRiley, 1884.
occidentali(Tuthill, 1939). Washington*
rubicola (Tuthill, 1943).Oregort, Washington®.
tripunctata(Fitch, 1851). Washington*.

GenusTriozaFoerster, 1848.
albifrons Crawford, 1910. Idaho*, Montana*, Oregon*, Washingt®n*
eugeniaeFroggatt, 19010reqofi.
inversaTuthill, 1939.0regor.
mira Tuthill, 1943. Washingtor*
obtusaPatch, 1911Washingtorf .
quadripunctataCrawford, 1910. Montana*
robustaTuthill, 1944. Montana*.

sulcataCrawford, 1910. Oregon*.

Discussion

The Psylloidea is composed of 11 families: Aphalaridae, Calophyidae, Carsidaridae,

Homotomidae, Liadpsyllidae, Liviidae, Malmopsyllidae, Neopsylloididae, Phacopteronidae,

Psyllidae, and Triozidae (Ouvrard 2015). Five of these families have previously been reported as
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being present in the Pacific Northwest (Ouvrard 2015), these being Aphalaridady@kep
Liviidae, Psyllidae and Triozidae. Our study confirms that these are the five families present in
our region (Table 1), while updating the psyllid species present here with the addition of 35 new
reports to the PNW.

The most speciesch genera aCacopsylla(30 species)Craspedoleptd23 species) and
Bactericera(11 species). Species GacopsyllaandBactericeraare known as vectors of
economicallyimportant plant pathogens; the following 13 species were found in the PNW and
are listed as peshy/ Percy (2005)B. cockerelli(pest of potato as mentioned abo)puxi
(minor pest in ornamentals}, pyricola(common pear psyllid, mentioned abowe) triangula
C. eucalyptandG. brimblecombefpests inEucalyptusspp.; see also Brennan et al. [1998]),
celtidisgemmaP. celtidismammandP. venustgpests in hackberrgeltisspp.),P. tripunctata
(pest in blackberrie®Rubusspp.),L. alacris(pest in bay treet,aurusspp.), andr. diospyriand
T. eugeniadreported as minor pests on wild persimmbigspyros virginianain the U.S. and
myrtaceous trees such Bageniaspp. in Australia). Also present in the PNW is the broom
psyllid, Arytainilla spartiophilg which in the 1950s was released in the U.S. aslagal
control agent against the invasive shrub Scotch br&ytisus scopariys(Syrett et al. 1999);
we now know that any harm to the shrub results primarily from infectidbamgidatus
Liberibacter europaeus, a bacterium vectored by this psyllidegp€diompson et al. 2013).

The PNW has periodically seen emergence of new psxdiatored pathogens of agricultural
importance (Horton 1999, Munyaneza et al. 2007). Eruption of these pathogens is often followed
by a frantic search for the causative pgand then its insect vector (e.g., Munyaneza et al.

2007, Munyaneza et al. 2010). At times, relative ignorance of regional psyllid biodiversity,
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population dynamics, and phenology has slowed initial development of effective pathogen
vector suppressioplans (Munyaneza 2010, 2012). Our revised checklist offers researchers a
base line to identify possible psyllid vectors of plant pathogens as a first step to address the
development of integrated pest management strategies for any future emerging gathogen
known, or thought, to be psyllidectored. We suggest that future work be conducted to confirm
museum specimen identifications, and note the need for thorough field surveys of psyllid
populations, diversity, and host plant biology across seasons amtat$iahithe exceptionaly

diverse range of biogeographic zones in the Pacific Northwest.
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Table4-1. Families and genera found in the PNW region. Species arrangement based on

Burckhardt and Ouvrard 2012.

Family Subfamily Genus Species
Aphalaridae Aphalarinae Aphalara 7
Craspedolepta 23
Pachypsyllinae Pachypsylla 3
Spondyliaspidinae Cryptoneossa 1
Ctenarytaina 1
Glycaspis 1
Calophyidae Calophyinae Calophya 6
Liviidae Euphyllurinae Psyllopsis 1
Neophyllura 3
Liviinae Livia 2
Psyllidae Macrocorsinae Euphalerus 1
Psyllinae Arytaina 2
Arytainilla 1
Cacopsylla 30
Ceanothia 1
Euglyptoneura 2
Nyctiphalerus 5
Psylla 8
Purshivora 1
Triozidae Metatriozidinae Bactericera 11
Baeoalitriozus 1
Heterotrioza 1
Lauritrioza 1
Phylloplecta 3
Trioza 8
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CHAPTER FIVE: THRIPS COLLECTED FROM SOLANUM DULCAMARA

(SOLANALES: SOLANACEA ) IN WASHINGTON AND IDAHO

Bittersweet nightshad&olanumdulcamaralL., is nativein parts ofEurope and Asiat |
was introduced and esstablished ithe easternnorth-central,andPacific Northwest regianof
the USA It is commonly found imgrasslandsmeadows, and occurs most frequently in riparian
areas, wetlands, and deciduous forests (Waggy 200®)eport here the Thysanoptera species
collected from samples &. dulcamarat locations in Washington and Idaho.

Patches 08. dulcamaravere found along irrigation canals and ponds with running water
near cultivated areas. Samples were taken witiva®(Model 24, Rinco#Vitova Insectaries,
Inc., Ventura CA) from June to November in 2012 and in August and October in 2013 (Table 1).
Solanumdulcamaragrows using other plants for support. Seventeen species of surrounding and
support plants from ninemilies were identified, includinglaeagnus angustifolil.
(Rhamnales: ElaeagnaceaB)pha sp.(Poales: Typhaceaé)sclepias syriaca. (Gentianales:
AsclepiadaceaegndSalixsp.(Malpighiales: Salicaceae). The\lac tube was placed over the
plant pach for 10 to 30 sec, depending on the size of the patch. Insects collected in the mesh bag
were placed on dry ice for transport to the laboratory. Thrips were extracted under
stereomicroscopy in 90% ethyl alcohol. Adults were mounted in Canada balsam for
identification using the keys in Hoddle et al. (2012). Vouchers of each species are located at the
North Florida Research and Education Center, University of Florida, Quincy.

Eight species of thrips from three families were collected (Table 2). Spediesptiae
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included the phytophago@aliothrips fasciatugPergande)Chirothrips aculeatuagnall,

Frankliniella occidentals (Pergande)Thrips hawaiiensigMorgan), andr hrips tabaci

Lindeman Both F. occidentalisandT. tabaciare worldwide pests of many crops, and they are

vectors of the serious plant viruses in the géragpovirugBunyaviridae) (Hoddle et al. 2012).
Two species of Phlaeothripidae were collected (Tablel@lothrips verbasc{Osborn)

breeds on the stems and flowers/efbascum thapsus (Scrophulirales: Scrophuliareae). This

plant species was identified as one of the surrounding plaephalothrips monilicornis

(Reuter)breeds on the leaves of various Poag¢eteldle et & 2012). Four species of Poaceae

were identified growing close ®. dulcamaraAeolothripsbicolor (L.) in the family

Aeolothripidae was collectethsectsin the order Thysanoptera are mainly phytophagous or

mycophagous, and obligate predation is lichite only several lineages (Mound 200Species

of Aeolothrips(Aeolothripidae) are predatory on small insects including other species of thrips.
A host plant is one in which an insect breeds (Mound 2013), and more research is needed

to determine which szies of thrips utiliz&. dulcamaras a host plant. Our results suggest that

the plant is potentially a source of economically important thrips invading crop fields.
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Summary

Bittersweet nightshad&olanum dulcamaravas sampled at numerous locations in
Washington and Idaho. Eight species of thrips from three families were collected, including the
worldwide plant pestgsrankliniella occidentaligPergande) and@ihrips tabaciLindeman,
vectors of the serious plant uges in the genuBospovirus The predator of small insects,

Aeolothrips fasciatuélL.), also was collected.

Key Words thrips; bittersweet nightshade; Pacific Northwest

Resumen

Un muestreo de plantas hierba mora o dulcansot@anum dulcamardue redizado en
varias localidades de Washington y Idaho. Ocho especies de trips fueron colectadas, incluidas las
especiesrankliniella occidentaligPergande) yhrips tabaciLindeman que son vectores de
virus delgéneroTospovirusen cultivosagricolasa nivd mundial. Tambiénse colet)

Aeolothrips fasciatuél.) que son depredadores pEquefiosnsectos.

Palabras Claverips; hierba mora; dulcamara; Noroeste detifico
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Table5-1. Sample locations and coordinates and sampling .dates

Site name Coordinates Sampling date
2012 2013
Twin FallsID 42°29'57.33"N, 114° 9'14.53"W; 14 Jun
42°29'52.13"N, 114° 9'12.60"W 10 Jul
8 Sep
Mesa (old) WA 46°35'17.72"N, 119° 0'1.12"W 28 Jun 24 Aug
17 Jul
16 Aug
4 Nov
Mesa (new) WA 46°34'35.35"N, 119° 0'33.41"W 2 Aug 26 Oct
4 Nov
Colfax WA 46°50'51.1008"N117°28'43.9320"W 27 Sep
6 Oct
Moses LakeWA 46°59'34.19"N, 119°41'6.66"W; 24 Aug
46°59'55.10"N, 119°41'5.25"W;
Mattawa, WA 46°42'32.33"N, 119°56'42.54"W 4 Sep 24 Aug
26 Oct
Sacajawea PaykVA  46°12'12.7692"N, 119°02'49.6644"\ 4 Nov
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Table5-2. Speciesof thripsfoundsamplingS. dulcamargatches indaho and Washington.

Thrips Species Sampling places

TF MO MN CX ML MT SJ

Aeolothrips fasciatus
Caliothrips fasciatus
Cephalothrips monilicornis
Chirothrips aculeatus
Frankliniella occidentalis X
Haplothrips verbasci X
Thrips hawaiiensis
Thrips tabaci X X

X X X
X X X X X
x
x
x

x

Legend: TF=Twin Falls, MO=Mesa (old), MN=Mesa (new), CX=Colfax, ML=Moses Lake, MT=Mattawa, SJ=Sacajawea.
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APPENDICES

Appendix1

Online Appendix, Castillo Carrillo et al
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AppendixFigure 1. Population dynamics of the potato psytliddittersweet nightshade patches
in Eastern Washingto®otato psyllids were never found at two other sites, Warden and

Sacajawea.
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AppendixTable 1. Date of psyllid egg counting in 10 plscé Eastern Washington in 2013

(MO = Mesa (old), MN = Mesa (newCX = Colfax, ML = Moses Lake, CL = Caliche Lake, PV

= Pasco Vineyard, MT = Mattawa, PK = Pasco Kahlotus, SJ = Sacajawea Park, WD = Warden).

Number of eggs

2013
Site Date Mean/plant| Site Date Mean/plant
MO 29 March of PV 29 March 0
27 April 2 27 April 0
8 June 11] 8 June 0
27 June 49 27 June 11
24 July 1] 24 July 14
25 August 1 25 August 3
26 September 6 26 September 0
26 October 6 26 October 0
14 November 2 14 November 0
19 December 0 19 December 0
MN 29 March of MT 12 April 0
27 April 12| 3 May 2
8 June 14 7 June 0
26 June 10 28 June 0
24 July 32 23 July 0
25 August 9 24 August 0
26 September 15 27 September 0
26 October 4 26 October 3
14 November 6 15 November 0
19 December 0 19 December 0
CX 29 March of PK 29 March 0
72 April 1] 27 April 4
3 May 0| 8 June 28
27 June 6 26 June 42
24 July 11 24 July 0
25 August 14 25 August 10
27 September 10 26 September 0
26 October 33 26 October 0
14 November 24 14 November 3
19 December 0 19 December 0
ML 29 March 0 SJ 29 March 0
3 May 1] 27 April 0
7 June 2 8 June 5
28 June 2 26 June 46
23 July 40 24 July 8
24 August 187 25 August 0
27 September 62 26 September 0
26 October 25 26 October 0
15 November 4 14 November 0
19 December 0 19 December 0
CL 12 April 9 WD 29 March 0
3 May 8 3 May 0
7 june 26 7 June 0
28 June 4 28 June 6
23 July 9 23 July 0
24 August 0| 24 August 0
27 September 4 27 September 0
26 October 0 26 October 8
15 November 1] 15 November 0
19 December 0 19 December 0
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