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5bm@5309

Psm3magbomo Lsdmdom gbgds  Lobmgwm bsdgmEbgm 39w EHMMYOOL GHMN-9OO
36003690mgsb0 3o36g hgMol sBoMo Foemlobsl - Halyomorpha halys (Stil, 1855)
(Heteroptera: Pentatomidae) dgbfjogemsl, dol  d0mg3memyom®o dobsliosmgdergdols
53965L,  9AO0WMIM030 BMBYdMm030  FBHMYOOL  godm3zargbsl, dol  [obsswdgy
9939930560 5 49M93MLsM30L MBsROMBM MMbolidogdgdol 89dw98539d5b.

331930l 5G9 mds - LobmBEem BsdgMMbgm 3w EIMYdOL JM-gOHDO MFMNs3Mglo
95369 3moxsa0 IF9g00-5H507M0 Fo®mbobs H. halys LodoOmzgermdo s0obodbgds 2015

Peroosb. 15339006 Lobggd,  300ToGHMOMTs  30MMdYdDs, IOl  FoEoerds
936030 MEMdsd, dMbgdm030 IBHMgdol LodzoMmgd, bgwo FgMhym Ifgmol LHMsx
533300l o o8MO3wgdsl  LodoMmzgwmbo. E®ILEEIMO0m  Logobysdm
90M3oMmgMdss, Mosb FHgMol 4930399093 @O 3MIBOMEds J39YdST LG
L5390 OO Bosbo Josggbs MBOWOL B50gdL s Jsdmofzos 360d369cmzs60
93MbM303M0 BsMowo (Lods®mzguml sM93mb ©s330Ls s Lmgwol dgmbgmdols
LodobolGMm; Kharabadze et al. 2019). 5do¢™3, 5H09M0 FoOLSBSL Hobsswdwgy d0GImol
333w9dbme  ©mbolidogdsms  LoLEJIoLb  sdMTs39ds s Fomo  BHOEbmgbmdol
093706905,  39BHO®© 9GO ME0s. 5T Mmbobdogdsms  9OHOMBLOMdS0 30
96003690Mm3560  s@Q0o 935305  5@0sbOLS s ROMGIMBOM30L  MLITROHDbM
00MMA0NOHO IgMEGdol 93w9ds3905L, 3969060030 IBHMGIOL 2odmMm3egbsl s Fom
3990ygb9dsl 3536980 q00L 06EHMH0MmdME0 dommM30L LobEgdsdo (IPM).

5D0M0 BoMrmbobols fobsomBgy dGAMOoLsmM30L Lods®mzgumdo, oligzg Mmym®3
96535¢0 439996590, M0 J9dM0Ygbgds  JodomGmo 0blgddo0gdo, GMmIwgdos
965009696  Lobotygdewm g gdlog,  9006dMMgdI6  296gdmb s 9M©39396
9300MY0E dSBLL.

JodomMo 39BEH030Id0L 49dmygbgdol d9dE0Mmgdol JoBbom, sBoMEMO BMMLLBIL
foboomdgy gl Abmywomdo  8080bsGmgMdL 33093900,  93MEOMPOYMISE
MBoBOHMbM, dOMWMAO0MOO 15 gdgo0L 89d19d53900LsmM30L, MHMIEGd03  FMO33L
0mbgdMoz0  9BHMIOoL -  BBHOEIOWIO0L,  39MOBOGHMOEIOOL  9bGHMIMIsnMYgbMHo
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903600mMmM560H3900L (30601900, 3OMEHMDBMYO0, bem3mgdo, 6gds@Em©gdo) dogdsls s
24993 9bsls (Abram et al. 2017; Formella et al. 2019; Andreadis et al. 2021; Francati et al.
2021; Japoshvili at al., 2022), sbg3g d0om@H9dbozmemo LsdsEgdgdol, OHMYMMOES
53960H™AMbgdol  89Jdbsl.  slgomo  Jopmds 55050 gdl 3536909 msb  dGMIMEOL
99399dG056MdL, 0g0 MLIRODMBM 0d69gds  55T0sbols S AMGIMLIMZOL, BOSBL 96
905949690l d0MIM5350739MM36935L, F90b5MHBMbIdL 93MEMYOME B5IBL s 35LbYdL
2395960Mb 4563000560900 2015-2030 ferol JoBbgdL.

33930l Losberg - LogoMmmzgeml 306mdgddo 30M39ws@ 0dbs dglfsgeowo sHom®mo
BoOHMBOBIL B0MYZMWMYOMOO 5309 YMYGOIOO: 5) MOMBIMS MrOMPIBMDS, 0) 93390530
93965609900, @) LJgbmdMoz0 0bgdlo, HMIgdoi 360d3bgemgzsbos dgdymddo dom
$0obsomdgy 3MIMol Mbolidogdsms 9x39dEH0sbs© F9BbMmME0gEgdolsmz0lL. mbool
390EGHMOOL dogoombBg 499m3wgboos 93390530 9396560l goddegmdols o396 9do.
31939, 399m3wgbowo @y Fghogerowros Fobo  sEPOWMIM030 dMbgdm030 IGO0
(835390900,  96GHMIMI>mMYg6 Mo Lm3mgdo), GMIMdLsg 993  3m@Ggbgoswo
DoM3o@ 9000 0943bgb 59mYygbgd Mo, MHMYMEOE SHOWMO BIOMUBLBIL dOMEWMAOMGO
3Mb6G™MEOob 53963 900.

Po®8magboo  6sdMMAoL  FoBbos - sDBowWEmO  BIOMLLBIL  BOMYIMEMAO0OHO
doboliosmgdegdol  dglfogms, dmbgd®mogzo  IBHOJOOL  godmzgbs,  domeMyoMO
30bE®Mdo 359mygbgdol doBboo.

slsbyyemo 30BBgdols Jomfigzolsmgols Bglityees 830ga0 sdm3s6gdo:

*  5H0MOHO BoOHMBIBIL 0OMYIMELMYPOMMO 1530U90vIMGOGOOL OAIDS

e IfgM0obs s 93399530 3396560l M0 gMHMIMI0IOIEGdOLS S ZoAIGMdOL
05639609000 459m3w9bs

o IP9M0L 50 MdM030 d9690H030 IEHMJOIOL godmzargbs

e 25dm3mgboo 89693030 3EMO0L 95399dEH06MOOL oAb



15393609HM o EIMSGMMOL JodMbOEgs - SHOMMO Bo®Mobs - Halyomorpha halys -
BOMBOBO do0bxmgdol (Pentatomidae) mysbols fodmdoygbgaro o369, 0b350mMHO
d09g60s (Lee et al., 2013a). obggzg OGmyme 3 Pentatomidae-U mxobols dGogoew 35369 Lobgmds,
3P0 Foermboboz Fooeo 3MEWORIR0S S J93MEIWIOMW0s 439ges 3MbEGH0bbEH L
BOOowMmgm bobgzombngmml J399bgddo. smfigMowos dobo 300-bg dgBo dobdobdgen
939botg (Venugopal et al., 2014, Ciceoi et al., 2017). 9363580 dolo 2530390900l dglobgd
2013 o8y 36md900 6 8Mm03m39dm©s, i3y 2014 {erob 9909y dmbs dolo
06@9bLomEo 253039905, MIOLIMZ0L 00 93MM30L 15 J399s65d0s 293MEIEGOIEO
(Ciceoi et al., 2017). 35960 05300 35630056()900L Lb3sILBIS BoBT0, 339000 H0HYIL
LoLMREM Bs3gOBIM, ©Y3MMSEHOIE S 3906 339BIMYIOL MM LogMMbL Jdbol
00MIM5350gMHM3bqdsls (Peiffer and Felton, 2014, Acebes, 2016). (g0l sbsbosmgdl
39005MBgboll o 2odMm63gdols doroeo  dsb3z9b90gero. Lbgosbbgs 3wods@Gwe s
39305530 3060MdYIT0 09935 1-6 MoMdIL 153939BGOM 39HOMEOL gobTsgwMdsTo.
390 530bs, H. halys 359mlsHodmmgdws doa®moMmgdl d9bmdgddo, Lobargddo, Los
B9gds dgo BsdmMoL 963o3wmdsdo. 3Hgeo qsdmymal - dYMow Lwmbl, o3 Jabols
bOE0SEO s KIBIMMYEMBOL 3OHMdEIGOL (053936 s gMRosL) ImMLsbergmdsdo
(Hoebeke and Carter, 2003).

H. halys-b 35306030 2536039 gdoL 560950005 BobgmO, 053Mmbos s 3MEgss (Hoebeke
and Carter, 2003). ©goLsmzol ob dbodzbgermgzsbgl 3OMdGIL  Foedmoy9bL,
MOmamOE  999M030L, 51939  93M™3olL M350 J3gyboll  LolmBwm  LsTgMEMbgm
19dBHMOOLIMZOL, Tom  TMOOL  BodoMZ9EMLIMZ0LsE. L3NG  BodsGmzgwrmdo
(68bsBg»T0) 0l I99m0 F6s 2012 ol bmFob merod3osol 9939y (Gapon, 2016) s 2016
Perolomgol doswfios sFo6odg (Meskhi, 2017) s 59 @OMOL gobdsgzermdsdo, dols dog
3990390 Do®so 54 Iwb. MEs®L 99oqbs (Ministry of Finance of Georgia,
2017). H. halys o@sqosbs s Bods®;39wlb 306md9030 430wsbg 89@ o sH0sbgol mbowls
(Bosco et al., 2018,). s6Lgdgo dmbs3999d0L Logwmdzgubg AFgOOL Lobosbm dmddggds
L5 F0oMML 5369 GO 063 MH0MHYOME0 FoOHM30L MbOoLdogdgdL (Bosco et al., 2018).

39099l dBIOO  sd06IMMGIOL @S LMol  Fgm@bgmdol 0bEgblomemo
3963000060900l 306MHMdYdT0, 2obL3MPOJO0m oo  FB0T3bgmds 9boFgds To3b9
309m900Lo0b 939650 gms 3306  0BBHIAOOMGdMo  LoLEGHIoL JgdmToggosl. 0
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LoLBHYISdo JodowMEmO 330 LMo gdqdOL  25dmYyqbgds olvdzgdos dbmEmE od
d90mbgg30bom30L, Mm@gLsi 85369 8FgMd0L COEbM3bMds  50gdsgds  85369mdoL
9306M30376 BO356ML; 58 Bodd0sbMdIT0 M30MOGJLMdS 9boFgds 85369 MMYIEOBAGdOL
foboomdgy ¥3GIMOL doMWMAONG JgomEL, d3gbseol 0dMboBgBHol  FSBMO.,
399deg  x03d900lL  Lgargdaost. 8536900l obsswdgy 06EHuMm0MmdMEo o330l
Loligdob 899m0s390s  J9mdgdgeros dobo  B0M-93MEMYOIOH0  1530L90M9d9gd0L
L3933 0b0 (3mEbOL Q569d9.

H  halys  6ogbmgbmdol  93memaom®e©  MLsgdombm  3900m©gd0om
932906 900BsMZ0L 9300 J0s JoLO BOMEPMYOMMO M30193wIMdYd0L, 03398530
9396569900L s 3969060030 IEHMYdOL Jglhogers.

33930l 8gomEgdo

3309308 md0gdBHo - 0gm sDoMGmO FoGrmbobs - H. halys, dobo 8339030 93965609900,
0bgdcmogo d@®9do - Pmdgers (Mantis species), 953609039 SHOMMHO  FoOMUIOSL
33953090050 25dmymxzowo  9bEGHMIM3smMYgbmo  bmzmb 9@oedgdo (Beauveria

bassiana, Isaria fumosorosea).

33930l 8gomm@gdo

33193990 296bme09w0s 2018-2021 {iegdd0,356EH0056 Mmd@madeol 8495 MoEbzgdsdy,
oLO3Egm  LogdoOmM3zgerml bsd  dMboodswodgddo: fobslfo® Tg@Bgmw  Losgw
65339090%9. 0d9Mgmdo  Lsggmo  bs3zgmo  8gdsdgmds 39600  (42°05'39.9'N
42°30'12.5"E), 59 Lo3oMm30@sdm 6533900Dg 95996900 ogm bowol dgMgmwo @odol
0500, (3590, dubsero, dmfgmwo, mbowo, 4Mmdgbo, Fygdseo, Jurosgo, d5¢0) s

0mbEbgMwo  3MWEHMOYd0. 53 65339L  yzgws  IBOHOEIL  GLOBOZMGIM©s  Lbgs
153960F0IM 6533900900, 6533900l RGO ogm 0.5 35. 3MM0sdo  Lsggwo 633900

d906B5 bemggeo bobmdgzowdo (42°02'24.8"N 41°57'21.9"E) 603903 8tmo393009 Gomyme;

vil



15356030 sdM Sbg LELMBEEM BsTGMOBgM LH39MYMLS s BYgL. 93 653390l y39ewsHY
Q5050 9000 BO30L Mbosb 73 893MHBYs, brmgrm yzqwsbyg dswswo 200 dg@®By.
9m399m 6533908 gLom3zMgds  BYg o  L39MoIM  65339m9d0, MMIW9dBY3
doMH0MII® 450969005 MboEro 65339000 499MmBoo 0gm M bsfos s LygMHmm
3OO0 9950p90L 15 39J@oML.  Lodga®gwmdo  Lsggo 6s339mo ogm  bmgggen
MBRg0do (42°25'14.4"N 41°39'17.6"E), 65339000L BOH@OEM-©5l5300900000 309056 gmdL
90bsMg  353oMs  gbgmEo, LsdbOHgmoom - ©sdMBs3909o  BHYMHOGHMO0s, bmm
50dMbO3EgM0m MLl 35090, 6533900 ImoEs3L 1 39dBHocl. 9339053 939bsgms
399mbogergbs  9Ju3goiE0gdo  bmME309w©gdms 15333000560  0bEIMZsgdom.
53306390900 8080bsMgMd©s obslifo®, F9gdmbzgz0mmdol 3M0biodom JgMBgmen
b990%b9.

SD0MM0  FoOMBIBIL MOMBIMS MM IbMIOL I©Jbol Jobbom, Tgadmgzs
9mbs3g8900 dobo 2963056 gd0LOM30L BoFoMm  3Ha3gcMsdwMol, G9bosbmdol, ol
bsbaMdewmdol 3003030 B3Mgdol dglabgd s 9N L3NG LodsMm39w Ml
30353 )M 3060HM0gOL. 939 SMOHOEHNIO 0gm 3390 EDHYIYOOL M0G0 S dmbs
39056905 ImLoBE3Mg Mga0mbTdo bgs 39:36096M9d0L 09 BodocMmgdvIer 33¢09390005b.

9330053 93396569 253dEgmdol 3639090l (Bgbmermyos,  oabobols
3903390Mds) 30330930000 MbOol MmO Y¥0dol, 39Mdbsls (=09Mdbmero, Corylus
avellanal.) ©5 ©IEOMBEOL M0MOL (=53530 F9OgNEOL om0, dowgdo, C. colchica Albov.)
dogomom by, 939bs6M9qd0  00ymxzgdmEbgb  LOYIoE  ALLAMOIOMBOL  RsDsTO
(bmdslmEodg, 1978; LoFobsgzs, 2005; doMm@edg, 2011).

0booll  sHB0sbgdoL  bosmobbo  Jgxolis @S IH0BGIOL  35EgaMmEm0gd0
5000y 39LEBH®MIOL dgommol dobggom (Hedstrom et al., 2014).

Bodotes 8339053 9(39696M9ms ImOMBMEMa0mM&m0 330093900, Ldsg — mbogool
Bogmazol  bsFmFol  Lolgdg goBmdogo ogym 39d603m960  Lodfoxzol  Bsbsdo
3396969356050 (LoFobsgs, 2005). mGIoMgdol 3OHMEgldo dgmeo bsFFol s dobo
LEAOMIEHNOMO 9EgdgbBgdol Lolidg gobolsBzcs Lobsmerols dozmmlizm3ol (MBP-1)
M3NEsOMwo  bMobbosbo  dozmmdg@®oo (MOB-1-15X OMO USSR) Ubgsslbgs

3900 9085bY.
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3b5GHMIoNOo  330930L5M30L  F39656M0L  9bsIWGdO TIPS oMM EHMIOL
(Microtome Leitz Germany 6619) 09d39mdom, d900gds Losg®sboboo (1:1000 ¢/de»
LonMobobo/olBowoMmgdvwo H20) 24 Lo 256053¢0md580. sbsmegdo 9gLfogwowo odbs
Lobsomeol dozhmlizmdom (MBP-1).

R9OMLIBIL o MbOEOL BIBMWMYMOO FoBYdOL glHoges Bs@otms domgdrIeo
9900039008 d0bg300. MHBOWDBY s500MOEbYdM©S Bogmazzol godmbslizzol, MHJolgdmo
@ 39d6039m0  Lodfoxgol gRsHgdo  (LoFobsgs, 2005). RoOMLLBSL Fgdmbgzgzsdo:
99H50MHgMdT0 ooLgws, 39HBHTNMYMBOEID 25TmMLzs, 33903, FoBobs @
00520 5359990, 3MGHObMdS oAb gMoz BYMHRBOL Fgommol  dobgwzom
(Bergmann et al., 2015).

SPoMMO  ROMULLbSL  3bgdMog30  FBHMYIOL  Tm3M3zgds  oBbbmOmE0gWw s
Uododmzgeoml  Bbgoolbgs,  B3gbl  Fogh  yzgws  250m33wgme  Mga0mbdo.
0096@0x8030M0L  39bgbom  d(gMgdol  LoMzzg3oL  asdmyqbgdom  (6gdogMody,
bog9b3m, 1957).

30MH0  FoOmbobol - H.  halys 3m3ws309080  gMomgmeo  3fgMgdosb
0BME0693905 9BEGHMIM3sMy9g6)MH0 LM 3Mmgd0, s FM35HEObgM 500 3 EHO030609ds
b9 m3bm® B3390 5M990%g, 23 + 2° C- By 12-15 ol 96353¢mdsdo (Humber, 1997;
Burjanadze et al., 2020) @50m©Mo@™MM05d0.

0BMoMgdMwo  IMbMmIMEEGHMMIOOL  IMOBMEMAOMOO @S B3O
dgLPogms  obbmOEogw@s )9 gdol  smmemyosdo  sMLgdMEo  Gg0MEYO0”
(Evlakhova, 1974; Roberts, 1992; Humber, 1997; Vellinga, 1988; Brandfass and Karlovsky,
2008; Sambrook, Russell, 2001; Toju et al., 2012; White et al., 1990). 51939 9gbfogeroo ogm
59 0BME5EH9d0L 8980920 B9MI6E M0 (JoBHobsbMEMO, 3OMmEHYSBME0 s o3sDMEO)
sdBHowmmmds (Nahar et al., 2013; Vyas and Deshpande,1989).

95@™IM350my9gb)MH0 bm3zmgdol d0MEMA0IM0 99399G05b6MdOL
©5boLsMm™M30L,  Boggwrg O OdMMSGMOOMWO  (300900LsM30L,  bL3ghbos
9D500Ms 2 330600560 LMm3zmzs60 3MWEHVMJOOLYSD, MHMIgdog 0BM©IOMPOYD
390GMB0woL IJLAHOMDBS 520D (PDA), 23 + 2° C-Bg, MmIgwomsg  909b03bgdm©om
39620 L3MOMEs30s. LML3gbD0sdo godmygbgdmaero ogm godmboowo fgsero, HBmdgeros
39039305  B3MMGOOL (3900393909l - Twin 80 0.01%. bLbs6do UL3mMgdol
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3063960305 goobms 390m30GH™IgEHOOL Lsdwysegdom. (309330 godmygbgdero ogm
bsdo 3m6396¢MoE0s 1x108, 1x107 s 1x108 (Humber 1997; Lacey & Kaya, 2007; Kunelauri et
al., 2019).

900900 99093900l LASEGOLE03MM0 5b5E0BOLMZOL A5dm3094qbgom d9dga0
A9bA900: T-BgbBo mbool bgoolibgs x0d9gddo bsFmol Loldggdl Jmemol Lbgosmdols
©oLOYYbs; F-Ggbdo d9Mdbmwols ©s ©EMxwol  momol  bsFmol Lobdol

(33594905 MO0L LOYYBSC.
Bemdgeosls (Mantodea) dm6OHRmemy0m®o bmdgb3lwo@rcmol sboygbs s dobo

060003000900l dORMIgEHO dmbszgdgol dmmol doMomso bbgsmdol slisagbso
3990ygbgdmwo 0gbs ANOVA. Bmgdgwsl 339008 0639gblogmds 899mfdws bGo@o3Ms©
©OY900L s Loysmgdol  dobgz00  393¢sb-89096M0lL  dgomEol  godmygbgdoo.
399Mmm30gd0 Aobbm®E0gws IBM SPSS Statistics 23-bg (IBM Corp. Released 2015)
WHdMESBHMM0530 358M(3000 360935653 Jd0L (96EHMIM3500MYg6IMH0 b gmgdols
@5 69053m@gdols  9Bs9d0, sl93g  LO3MBEGOMMME  A9dmYygbgdmeo  Jodomeo
0bbydBHoEool) o9 59390 1033O0E0bMdOL Y3zgms dmbsigdo Tglfim®s
Abbott-oll gm®3mol (Abbott, 1925) 9s8mygqbgdom, bmerm Lsggug Lodwgdsmgdobsls
1033000056MBSL  S©O3MOEbsgEom Franz-ol @m®Inwoo (Franz, 1968). @o®3900L
103300056MdOL 3MIM396EH0 MoMMGME0o 3mb6396EGOSE00LMZ0L gosbosrobydmwo ogm
Onaway ANOVA-L 950mygbgdom; Lodrmsem 85839690cgdol asdmymazs dmbs Tukiye’s
15 MYGdOL 2odmygmxzol GguGom. P<0.01 39dmbggzsdo Lo3zowosbmds Bsmzwowo
0y bAHsGOLEGH03MMs©  3600369wm3bo@.  393¢b-0g0gMol  sbsrobols  dgomo
399049gbgdm©s MMM LTS M 10330 056MdOL, 1939 J9gE0BMMO W 9@ ST MMO
ol (LT50) @sboagbs (GraphPad Prism 9.1). combgdols s 9JudmBoool odmmls
dmMob  9609369wm3560 256b39390900L AsdmbBsmzmgmo, gobbmMizoguws Onaway
ANOVA, SPSS 23.0 3606599900 353930L godmygbgdoom P <0.01 s P <0.05 ombgby.



33930l 3603369¢m3s60 ggagdo:

300 RsOMLObs, dolo 93390530 9396969930 s 896gdM030 FBHMGd0 TJAMMIW
3BO3Wgm LodoMZ3ge Mo (09, LTGRO, 5F565) S SMTMBOZGm Lodozgwrmdo
(0930¢0LoL Jgdmgsc9bo).

L3 LodoMmM39EMb LYBdEMMI03ME Mo0mbgddo H. halys-s 30005(YdS MGO
96 Bodo 0omds. B39l 36MMdYdd0 05359 HB0EIL  2odmlgams 0fgygds 953Gl T
603bH3900056 O 05359H5T0 F9IEOL MJBHMIdOHOL w95 Mobggddo. gl JoB39b9dwgdo
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Abstract

The following thesis is focused on the study of bioecological characteristics and biological
control perspectives of invasive insect pest brown marmorated stink bug (BMSB) -
Halyomorpha halys (Stél, 1855) (Hemiptera: Pentatomidae), which become a key pest in
Georgia since 2015 year and caused tens of million dollar losses only in hazelnut production.

H. halysfeeding was observed on 38 species of plants. Three number of generation were
detected in West Georgian conditions. Potential of population density growth was estimated
by sex ratio index. Investigation of two local variety of hazelnuts revealed that relative
resistance potential of the hazelnut fruit depends on the time of initiation of lignification and
amount of the accumulated lignin in shell.

The following local natural enemies have been identified from H. halys populations:
predators - Rhynocoris iracundus (Roda, 1761) (Hemiptera: Reduviidae), Hierodula
transcaucasica (Brunner von Wattenwyl, 1878) (Mantodea: Mantidae), /ris polystictica
(Fischer-Walheim, 1846) (Mantodea: Eremiaphilidae), Dermeste sp. (Coleoptera:
Dermestidae), and entomopathogenic fungi - Beauveria bassiana, Isaria fumosorosea. As a
result of research, adult and nymph Hierodula transcaucasica can be used to control H. halys.
In order to determine the virulence of isolated entomopathogenic fungal strains (MB 101, MB
102, MB 103, MB 104) their enzymatic activities were studied. The strain MB 101 was
characterized by the highest enzymatic (chitinase - 0, 6057 U/mL, lipase - 1,564 U/mL and
protease - 1,06 U/mL) activity. The strain MB 101 with the highest enzymatic activity was
characterized by the highest mortality rate at all the three concentrations 1x10¢, 1x107, 1x108.
For this strain mortality rate against nymphs was 80%, 97%, 99% and against adults - 80%,
93%, and 99% respective to the upper mentioned concentrations. Biological efficiency of local
biopesticide Bover-Ge (based on Beauveria bassiana) was evaluated and demonstrated 72.0-
90.5% mortality against adults and 65% - against overwintering /. halys. Additionally,
entomopathogenic nematodes Heterorhabditis bacteriophora (GEQO), Steinernema
borjomiense (GEO), Heterorhabditis bacteriophora (IT) and Steinernema apuliae (IT) were

able to infect A. halys adults and mortality achieved 53.3%, 40%, 95.3%, 93.3% respectively.
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It is a global challenge to reduce chemical pesticide application, find natural enemies
and develop ecologically safe biological control strategies against /. halys that will mitigate
biodiversity loss and climate change.

Keywords: Halyomorpha halys, bioecology, plant resistance, natural enemies, biological

control.
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1 Introduction

The brown marmorated stink bug (BMSB), Halyomorpha halys (Stal.) (Heteroptera:
Pentatomidae) is an invasive pentatomid, native to East Asia and spread throughout much of
the United States, Canada and Europe, presently a severe agricultural pest. BMSB has
continued to spread and establish itself in new Mediterranean and Black Sea regions (Hoebeke
and Carter 2003; Lee et al., 2013, Bergmann, 2015).

H. halysis a highly polyphagous pest insect species with a strong dispersal capacity, has
a broad host range that includes over 170 plants, many of agricultural importance, including
various fruits, vegetables, row crops and ornamentals (Leskey et al., 2012a). Damage worth in
millions were done to agricultural crop production in the Mid-Atlantic States of America in
2010. H. halysis capable of long-distance flight (Leskey, 2015; Wiman, et al., 2014), walking
dispersal (Lee D-H et al., 2014) and frequent movement among crops and wild host plants as
they mature during the growing season. It is also a structural pest, with high reproductive
output, potentially enabling its spread and success in invaded regions. Serious nuisance pest
problems are caused by H. halys in the fall due to its aggregatory behaviors in houses for
overwintering. The invasive /. halys is more successful due to a lack of specific natural
enemies, reproduction in large numbers, wide host range, resistance to cold weather, effective
overwintering strategies, and increased survival due to global warming (Lee et al., 2012, Leskey
et al., 2012b). Since the first report of H. halysin Europe more than 10 years ago, the species
has recently become an important pest in many agroecosystems (Haye et al., 2015).

Following its first detection in 2014, H. halys has become a key pest in many crops in
West Georgia. H. halys invaded Georgia from Sochi (Russia) (Gapon, 2016). The Black Sea
humid subtropical zone of Georgia begins from Gagra and ends in Sarpi. There is abundance
of rainfall, (2000 - 2700 mm/y), high humidity (80-100%), warm winter and moderately hot
summers. In this area there are widely introduced subtropical crops (citruses, tea, persimmon,
Chinese wood-oil tree, etc.) from Indo-China Peninsula and Japan, which are the native
regions of H. halys (Kharebava, 1967; Beraia, 1984). In area of its natural distribution /. halys

voltinism variates from 1 to 6 according to climate conditions (Lee, 2013). On the Black Sea
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coastline H. halys develops two or three generations (Karpun and Protsenko, 2016;
Murvanidze, 2018).

Georgia is rich not only in wild plant diversity, but also in agricultural crops. According
to National Statistics Office of Georgia, in 2017, 43% of the country’s labor force were
employed in agriculture sector and about 98% of farm workers are considered self-employed.
43% of Georgian citizens economic well-being is dependent on agriculture and crop
production. Nowadays the situation is quite alarming in Western Georgia, where main
agricultural crops (maize, vegetables and hazelnuts) are damaged by /. halys.

In 2014 hazelnut was Georgia’s main agricultural export product, according to data
from Georgia’s Agricultural Ministry. As one of the country’s top 10 export commodities, it is
a source of income for more than 50,000 farmers and dozens of processing facilities (Tsintsadze,
2018). Its production and export had decrease dramatically in 2017 - a 54% decrease from the
previous year, with a total volume of $54 million (Ministry of Finance of Georgia, 2017).

Nowadays, H. halys prevention depends on broad spectrum-insecticides, especially
pyrethroids (Bifentrine). This practice disrupts integrated pest management programs, causing
outbreaks of secondary pests such as European red mites, wooly apple aphids and San Jose
scale, that are normally controlled by natural enemies (Leskey, 2012a). Bifenthrin is a chiral
synthetic pyrethroid insecticide that has been commonly used for agricultural and domestic
pest control over the past decades. Additionally, bifenthrin can also cause sublethal toxic
effects on various non-target organisms, including developmental toxicity, neurobehavioral
toxicity, oxidative damage, immune toxicity and endocrine disrupting effects (Yang, 2018).

The chemical treatment measures against /7. halys pollute environment, kill beneficial
insect and have negative effect on environment.

Biological pest control is good alternative for avoiding pesticide use leading to many
problems like air, water and soil pollution, health hazards, killing of beneficial organisms and
secondary pest outbreak (Sathe, 2000).

There is a number of potential biological control agents against /. halys identified in
Asia. Among them are egg parasitoids, predators and entomopathogens (Lee, 2013). Usage of
entomopathogenic fungi Beauveria bassiana is effective measure against H. halys (Gouli et al.,

2012) and egg parasitoid 7rissolcus japonicus is one of the effective biological control agents
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in its native area (Yang, 2009), but its introduction in West Georgia may be a threat to

biodiversity and cause additional problems.

1.1 Research Objectives, Novelity and Scientific Contribution

This dissertation explores bioecological characteristics, natural enemies and biological control
of the brown marmorated stink bug - Halyomorpha halys in Georgia. Despite the conducted
studies, there were no accurate data on the number of . halys generations, the composition
of host plants, markers of host plant resistance, local natural enemies and their effectiveness
in the conditions of Western Georgia.

This thesis describes the results of laboratory and field study of bioecological
characteristics and biological control of H. halysin West Georgia. In particular, the objectives
of my research were to

1) study some biological peculiarities of /. halys(generation, host plant, markers of plant

resistance)
2) search and identify natural enemies of /. halys
3) estimate biocontrol potential of identified natural enemies and
4) assess efficiency of entomopathogens and entomoparasitic nematodes against /. halys.

The results of this study have theoretical and practical outputs and influence the social-
economic field, protecting biodiversity and the environment. The acquired knowledge will be
used for practical actions to control /. halys. The identified local natural enemies of H. halys
will contribute to the development of local production of biopesticides in Georgia and the

Caucasus region as well.

36



1.2 The outline of the Dissertation

The Structure of Dissertation consists of: 1 - introduction, 2 - literature review, 3 - research
methodology, 4 - results and discussion, 5 - conclusion and recommendations chapters. In
Chapter One a general introduction is given about distribution, harmful activity, host plants
and management of /. halys. In Chapter Two extensive literature data around H. halys
bioecological characteristics, invasion, life cycle in different locations, caused economic losses,
chemical and biological control tools are analysed. Methods and design used for the research
are described in Chapter Three. Obtained data and discussion are presented in Chapter Four.
Conclusions, recommendations and prospects for further development and application of the

thesis is given in Chapter Five.

2 Literature Review

2.1 Synonymy, Taxonomy and Nomenclature

Halyomorpha halys (Stal, 1855) (=Pentatoma halys Stal (1855), Poecilometis mistus Uhler,
1860; Dalpada brevis Walker, 1867; D. remota Walker, 1867). Distribution area: Anhui,
Fujian, Guangdong, Guangxi, Guizhou, Hebei, Heilongjiang, Henan, Hubei, Hunan, Jiangsu,
Jiangxi, Jilin, Liaoning, Neu Monggol, Shaanxi, Shanxi, Sichuan, Taiwan, Xizang, Yunnan,
Zhejiang. Also recorded from Korea and Japan (Rider et al., 2002).

This species has had a long and confusing history. It has appeared in the literature under
Halyomorpha halys and all three junior synonyms; in fact, it appears that many workers in
Japan still refer to it as /. mista. It has also frequently been confused with /. picus, an Indian
species. Josifov & Kerzhner (1978) determined that only one species of Halyomorphais present
in eastern China, Japan, and Korea, and it is different from /. picus; the oldest available name

is H. halys (Stal) (Rider et al., 2002).
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2.2 Distribution in the world

In the last 30 years, the species was detected in different parts of the world, mainly in North
America and Europe (global distribution recently summarized by Leskey and Nielsen (2018).
The first record of established population out of the native range dates in 1996 in Pennsylvania,
USA, although prior to its establishment, /. halys was reported first time in 1973 (Hoebeke
and Carter, 2003). This invasive species has spread across 43 states of the US and two provinces
in Canada (Rice et al., 2014).

From 2017 this invasive species has been detected in almost all states of USA, including
Alaska and Hawaii, lacking only in Oklahoma and Louisiana (Kriticos et al., 2017;
Walgenbach, 2017; EPPO, 2018). In North America H. halys is reported also in southern
Canada, where it was firstly intercepted in the Province of British Columbia in 1993, when a
specimen was found in a shipment originating from Asia (Haye et al., 2015). In South America
H. halys is recorded from Chile, where it was intercepted for the first time in 2011 and later
2017 near Santiago (Faundez and Rider, 2017) and finally were found in the Caribbean
countries.

In Asia, out of the native range, H. halysis quoted for India, reported in 2014-2015 by
Nikam and More (2016). However, this record is likely a misidentification with a different
species (Cianferoni et al., 2018).

In Oceania some sporadic records are known from New Zealand, when it was observed
for the first time in 1999 (Duthie, 2012), Australia, when it was introduced for the first time
in 2005 (Walker, 2011), and Guam island, where a single specimen was collected in a hotel
room in 2013 (Moore, 2014). In Africa the species is not documented, but the record for Egypt
of H. picus (Gadalla, 2004) could be a misidentification for A. halys according to Aukema et
al., (2013) and Hemala and Kment (2017). In the native distribution area, Japan and China,
outbreaks are not recorded. Most Complete data on the distribution of this species are given at

EPPO Global Database (2022).
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2.3 Distribution in Europe

The other continent where /. halyshas become a pest is Europe, where the oldest records date
back to 2004: in that year H. halyswas found in Liechtenstein (Arnold, 2009) and Switzerland
(Haye et al., 2014). Subsequently, it colonized many Swiss territories (Wyniger and Kment,
2010; Haye et al., 2014) and some years later it spread into neighboring countries: in southern
Germany in 2011 (Heckmann, 2012) and in France in 2012 (Callot and Brua, 2013, Garrouste
et al., 2015, Maurel et al., 2016), also its in Corsica (Kriticos et al., 2017). In 2007 H. halys
occurred in other European countries, in Italy (Maistrello and Dioli, 2014; Dioli and Maistrello,
2016) and in 2011 in Athens, Greece (Milonas and Partsinevelos, 2014).

Until now, many countries in Europe have been added to the list of those where the /.
halys occurs: in 2013 it was firstly recorded in Hungary (Vétek et al., 2014) and in Krasnodar,
Russia (Gapon, 2016), in 2015 in Austria (Rabitsch and Friebe, 2015), Serbia (Seat, 2015),
Romania (Macavei et al., 2015), in 2016 in Spain (Dioli et al., 2016), Slovakia (Hemala and
Kment, 2017), Bulgaria (Simov, 2016), and Georgia (Abkhazeti) (Gapon, 2016), and in 2017 in
Slovenia (EPPO, 2018), Turkiye (Cer¢i and Kogak, 2017), and Croatia (Sapina Seri¢ Jelaska,
2018). Moreover, Malumphy (2014) reports that A. halys was founded twice in Great Britain,
one in 2010 in London, in association with passenger luggage flown in from the USA, and the
other in 2013 in North Yorkshire, associated with a consignment of stone imported from
China.

Gapon (2016) predicted a high probability of range expansion in the Russian Federation
and neighboring countries, at least as far as the entire North Caucasus, the Rostov region, the
south of the Volgograd region, as well as neighboring countries: Ukraine, Moldova, Bulgaria,
southern Poland, also Armenia, Azerbaijan and Turkiye. These findings are based on the work
of Zhu G. et al,, (2012), which used the Maximum Entropy methods (MaxEnt) and Genetic
Algorithm for Rule Set Production (GARP) methods. The model of /. halysdistribution shows
that more suitable areas for its spread are located between latitudes 30° and 50°, including parts

of Europe, North America, Australia, the New Zealand and part of Africa. (Zhu et al., 2012)

(Fig. 1).
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Fig. 1. Suitable areas for Halyomorpha halys distribution between latitudes 30° and 50°

Source: Wine for Rookies, Inc

2.4 Distribution in Georgia

In Georgia, Halyomorpha halys (Hemiptera: Pentatomidae — formerly EPPO Alert List) was
identified for the first time in October 2016. Its outbreak in Georgia was reported in the
municipality of Khobi (Samegrelo-Zemo Svaneti region), as well as in Pitsunda (Abkhazia)
(Gapon, 2016). However, it is noted that the presence of the bug had already been observed in
2015. This is the first time that A. halys is reported from Georgia (Current pest situation
evaluated by EPPO on the basis of information dated).

It is not completely clear how the bug entered in Russia. There is an assumption
(Gapon, 2016) that this species was brought (probably from Italy) to one of the Russian Black
Sea ports with planting material of ornamental plants for landscaping the facilities of the XXII
Olympic Winter Games, similar to what happened in the case of the boxwood moth Cydalima
perspectalis (Walker, 1859) (Lepidoptera, Pyraloidea: Crambidae) (Eskin and Bibin, 2014).

This assumption is also dictated by the fact that at the same time 4. halyswas not found in the
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neighboring countries (Moldova, Ukraine and Turkiye). By this time the bug had spread from
Russia to Georgia via Abkhazia region. Based on the available data, it can be assumed that /.
halys spread throughout the territory of the Krasnodar Territory at a speed of 100-150 km per
year (Neimorovets, 2018).

Zhimerikin and Guliy (2014) suggested that the Sochi City Administrative Okrug
(territory of Greater Sochi) may be a place appearance of the /. halysin Russia. Its larvae were
found in the city in August 2014 (Mityushev, 2016). The author of the article studied 1 adult
specimen (female) with labeled “Russia, Sochi, Central District, 28.1X.2014. Koval A.G. leg".
There are reports that this species appeared in the Sochi region no later than 2013 (Gapon,
2016). From the second half of 2015 mass reproduction of the bug began in the Sochi urban
district, which led in 2016 to large losses in the harvest of fruit and subtropical crops (Karpun,
Protsenko, 2016).

In 2017-2018 for investigation of hazelnut orchards the /. Aalys were detected in the
Guria, Samegrelo, Adjara and Imereti regions of Western Georgia (Kharabadze et al., 2019;
Burjanadze et al., 2019, 2020). About distribution bug the same regions, were reported by
another scientist from Georgia as well (Meskhi, 2017; Jakely & Nikolashvili, 2019; Dumbadze
et al., 2019; Japoshvili et al., 2022). At present insects are invaded and distributed in some
municipals of Eastern Georgia, where hazelnut orchards are cultivated (Japoshvili at al., 2022).

The distribution of /. halysin territories of Georgia is given in Figure 2.

Abkhazia

Samesrelo-Zemo Svaneti

Sochi, Russia

Thilisi 2019

Fig. 2. Halyomoprha halys distribution in Georgia according years
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The situation of Halyomorpha halysin Georgian neighbor countries can be described
as follows: In Azerbaijan, it is distributed in the Cheki-Zakatala (Eastern part, bordering
Georgia), Lankaran and Absheron zones, where nut (hazelnuts) fruits and subtropical crops
are grown (Mamedov, 2018); First record on the H. halys in Turkiye was 2017. This
agricultural pest was detected in Kemalpasa District of Artvin Province located in the Eastern
Black Sea Region near the Georgian border (Giincan and Giimiis, 2019). However, information
about this insect in Armenia no reported, only findings information as a hypothesis its

distribution are given on the work of Zhu G. et al., (2012).

2.5 Life cycles

The brown marmorated stink bug, like all stink bugs, is a hemimetabolous insect and a
multivoltine species, development from egg to adult takes approximately 40 to 60 days,
depending on temperature and photoperiod. After hatching, first instar nymphs may aggregate
around the egg clutch before molting and dispersing to feed. Adults can produce multiple egg
clutches throughout their lifespan. Winter diapause is a crucial component of the brown
marmorated stink bug life cycle. Bugs respond to shortening daylength during fall by entering
into diapause. During this period adult reproductive activity ceases as the stink bugs conserve
resources to survive the winter. Only adults enter diapause and survive through the winter.
Increased temperatures and daylength in the spring signal an end to the dormant period, and
adult brown marmorated stink bugs will leave their overwintering sites in search of food. In
warmer climates several generations per year are possible, though in most of its North
American range the brown marmorated stink bug has one to two generations per year (Penca
& Hodges, 2018; 2019).

As a mention /. halys is a multivoltine species (Hoffman, 1931), in some geographical
range, the life cycle is commonly characterised by one or two generations (Nielsen and
Hamilton, 2008; Lee et al., 2013), but in Southern China four to six generations are assumed to
occur (Hoffman, 1931). Pre-reproductive adults overwinter in large number and they often
use human houses as overwintering sites, with a documented case of 26,205 individuals in a

single house during a 181-day study (Inkley, 2012). Adults entering houses are a strong
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nuisance not only for their abundance, but also for the unpleasant odor they emit when
disturbed (Haye et al., 2014). This behaviour leads to a variety of pest impacts also for the
human life (Kriticos et al., 2017), which add to the problems that H. halys causes to
agricultural, horticultural and silvicultural hosts (Haye et al., 2015).

In Georgia, two generations of /. halysare commonly presented (Jakely & Nikolashvili
2019), as a three-generation reviewed N. Kharabadze (2020) in Western Georgia (WG), that
Black Sea region characterized by subtropical climate, with warm weather and humidity,
which is favorable for this pest insect and help its development and rapidly growing
population.

H. halys biology involves pest development in three stages (egg, nymph and adult
phase) and are following: (1). The pest overwinters in the adult (imago) phase; (2). Adults phase
copulation begins two weeks after diapause; (3). Eggs are laid by adults and continue at
intervals throughout the life of the female to the end. There are observed pyramidal cluster
mostly containing 28 eggs (average 26.27, st.dev- 4.20), but we are fined clusters with minimal
number of eggs - 12, and maximunm - 32. On average 80.8 % of the laid eggs were hatched
successfully. Under optimal conditions one female lays up to 400 eggs. Eggs are laid on the
underside of the host plant leaf and they are white color; (4). The first nymphs hatch from
eggs after 4-5 days; (5). The pest has 5 nymphal phases. Each last one week, at room
temperature according to its change; (6). Adult and nymphs characherizaied with active
movement and feeding. They are easy move on the vegetative parts of the plant, fly and feed
by Fruits. The pest is characterized by the pierce-sucking mouthparts; (7). An adult insect
infests almost all parts of the plant, especially the fruits. The damages part became corroded,
hardened and the crop loses its agricultural significance; (8).

There is two (Murvanidze et al., 2018) or three (Kharabadze et al., 2019) generations of
H. halysin Georgia. The number of generations depends not only on the length of the day, but
also on the temperature, because under suitable temperature conditions the development of
the H. halysis faster (Halye et al., 2014), this process is also facilitated by the diversity of host
plants (Acebes et al., 2016) and air relative humidity (Khadka et al., 2020). Therefore, in the
humid subtopical regions of WG - Guria and Samegrelo, in 2018 three generations were

observed: the first-generation egg-laying began in the early of May and lasted until the middle
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of May. Due to worming climate with annual average temperature 12 °C, (Climate Risk
Country Profile: Georgia, 2021) and wide range of wild and cultivated host plants, A. halys
populations develops within 32 days from egg to adult. The second generation emeges in the
first ten dayof July and lasted until early August. Third generation occurs second ten dayof

August and for mid of October they are entering to diapause.

2.6 Food specialization and harmful activity

H. halysis a broad polyphage and feeds on flowers, stems, leaves and fruits of plants 49 families
(Duthie, 2012). In the Sochi region and in Abkhazia 32 plant species from 16 families were
recorded, on which the bug fed (Musolin et al., 2017). Loss caused by the H. halysin the
region of humid subtropics of Russia and West Georgia (Abkhazia), especially noticeable on
fruit and vegetable crops: on the surface of fruits and leaves of apple and pear trees in places
of punctures necrosis, corking is formed, under the skin — dry cottony tissue, the taste of the
fruit deteriorates, the surface becomes bumpy; on citrus and persimmon leads to
underdevelopment and premature fall of the fruit; on grapes - the berries do not develop and
fall off; on hazelnuts, it damages nuts at the stage of milky-wax ripeness, leading to the
cessation of the development of the kernel; on corn grains do not develop. Damage can be
aggravated by secondary infections. So, for example, on pepper and tomato fruit rot develops
at the puncture sites (Rice, 2014; Karpun and Protsenko, 2016). Bugs also can transmit
phytoplasmoses causes pathogen (Jones and Lambdin, 2009).

In a review of the Asian literature (Lee et al., 2013) revealed in native range 106 host
plants distributed in 45 families, while Haye et al., (2014) reported 51 hosts in 32 families in
Europe and Bernon (2004) quoted 73 species of plants ranging from annual crops to landscape
trees only in the state of Pennsylvania. Now, over 275 species of host plants are cited in
literature for this bug (Australian Government Department of Agriculture and Water
Resources 2017) and it is considered a severe agricultural and horticultural pest (Kriticos et al.,
2017). Feeding may occur on leaves, shoots, and stems and even through the bark of trees such
as maple and catalpa (Rice et al., 2014). However, both nymphs and adults preferentially feed

on developing and ripe fruits and seeds of their host plant (Martinson et al., 2015). This mode
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of feeding, and preference for fruits, directly leads to economic damage to a wide range of
crops.

In Georgia 2018-2021 years, during observation twelve plants species as host of H. halys
were identified: Eriobotrya japonica, Laurus nobilis, Actinidia sp., Agave sp., Solenostemon
sp., Pueraria sp., Rubus canescens, Sambucus ebulus, Convolvulus sp., Robinia pseudoacacia,
Tradescantia sp., Pteris cretica. They were not included as host plants of this insect in CABI,
EPPO, and official lists of the Ministry of Environment Protection and Agriculture of Georgia
(Kharabadze et al., 2019).

In its native range, it is considered an occasional pest of fruit trees and soybean, Glycine
max (L.) Merr. (Fabales: Fabaceae), as well as a nuisance pest during the winter (Hoffman,
1931; Saito et al., 1964; Kobayashi and Kimura, 1969; Chung et al., 1995; Funayama, 1996;
Watanabe, 1996; Choiet al., 2000; Tada et al., 2001; Funayama, 2002; Rijal and Sudan, 2018).

Insect damages wild, ornamental and cultivated plants. They mainly feed on pome,
stone, nut, legume fruits. The signs of A. halys feeding range from the multiple punctures in
the hull (endocarp) to the formation of the necrotic tissues on the shell (endocarp), hull
(exocarp and pericarp) and the kernel (endosperm) of the fruit (Hedstrom et al., 2014).
Damaged fruits have necrotic spots or blotches, grooves and brownish discolorations. In Asia,
H. halysis considered as causing significant damage to soybean and various horticultural crops.
In Japan, apple crops have increasingly been damaged by H. halys. Forest trees are also known
hosts of H. halys. However, in Japan H. halys is considered as a pest in nurseries producing
seeds of cedar and cypress because it can feed on cones. In the USA, damage caused by H. halys
was initially reported in suburban or urban environments on woody ornamentals (e.g.
Buddleia davidii, Paulownia tomentosa) and backyard peach and pear trees. However, in 2006,
commercial fruit growers started to report damage in apple and pear orchards in eastern
Pennsylvania and western New Jersey. In Pennsylvania, high populations were also found in
soybean crops but without significant damage. /. halysis considered as a vector of Paulownia
witches’ broom phytoplasma in Asia.

In addition to plant damage, H. halys can be a nuisance to humans because at the end
of autumn, adults can aggregate in buildings and houses (on walls, window and door frames)

seeking overwintering sites. When disturbed or crushed they discharge a characteristic
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pungent odour (unpleasant and long lasting!). In the USA, many homeowners are complaining

about this nuisance.

2.7 Damage and Economic Importance

Many studies have shown that stink bugs in the family Pentatomidae can be serious economic
pests of food crops and ornamental plants around the world (Hedstrom et al., 2014; Tuncer et
al., 2014). Worldwide, this family contains almost 900 genera and around 5000 species (Rider,
2015). Many pentatomids cause significant damage to hazelnut crops in Europe, Turkiye and
Georgia (Bosco et al., 2018). In particular, stink bug pests of cultivated hazelnuts (Corylus
avellanal., Fagales: Corylaceae) occur in the leading commercial hazelnut producing countries
of Turkiye (Tuncer et al., 2005) and Italy (Tavella et al., 1997). Studies in Turkiye report
feeding damage to hazelnut kernels by Palomena prasinaL. (Hemiptera: Pentato-midae) in the
form of kernel abortion, malformation, and the occurrence of dry, necrotic tissue (Saruhan
and Tuncer, 2010). According Tavella et al., (2001), hazelnut in northwestern Italy was
damaged by seven species of Pentatomidae.

In Asia H. halys causes significant damage to many economically important crops In
Japan, outbreak populations of /. halys on apple (Yanagi and Hagihara, 1980, Funayama, 2003,
Ohira, 2003), pear, plum, satsuma mandarin, and grape (Oda et al., 1980) have been reported,
with damage characteristics and levels varying among crops. In 2010, high densities of A.
halys caused as much as 100% crop loss in some apple and peach orchards in the Eastern USA.
(Leskey et al., 2012b, c). In Italy some early maturing pear cultivars damage at harvest reached
more than 50% (Bariselli et al., 2016) Economic damage on pepper crops has been reported in
Europe from the Canton Aargau in Switzerland (Sauer, 2012). In 2016 52.7-68.6 million US
dollars losses in hazelnut crops which caused by /. Aalysin Georgian (National Food Agency,
Ministry of Agriculture of Georgia, 2016).

In Georgia, due to lack of specific natural enemies, high reproduction ability, wide host
range, and favorable climate conditions, effective overwintering strategies, increased
population rate of H. halys that caused huge economic losses in agricultural crop production

(Burjanadze et al., 2020). In 2017, compared to 2016, revenue from hazelnut exports fell by $
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54 million (Ministry of finance of Georgia, https://mof.ge/images/File/biujetis-kanoni2018/I1-

wardgena/matrica.pdf). In 2019, the fight against Halyomorpha halys was declared successful

(Ministry of Environmental Protection and Agriculture of Georgia) , which led to an increase

in hazelnut production (National Statistics Office of Georgia).

2.8 Natural enemies

Brown marmorated stink bug parasites or predators, entomopathogens have the potential to
provide landscape-scale control of this pest in the future. Since the establishment of the, A.
halysin North America and Europe, there has been a large, multi-group effort to characterize
the composition and impact of the indigenous community of arthropod natural enemies

attacking this invasive pest.

2.8.1. Native predators

The list of native natural enemies that attack brown marmorated stink bug includes other
species of insects, spiders, and even some birds and mammals. However, insects and spiders

are largely recognized as the most important group of natural enemies of BMSB (Jones, et.al,

2014).

Wide variety of generalist predators that consume /. halys eggs have identified in the
USA. The list includes certain species of crickets, katydids, ground beetles, lady beetles,
earwigs, ants, assassin bugs, mantids, and jumping spiders, as well as less familiar insects such
as minute pirate bugs, lacewings, and damsel bugs.

(https://entomology.ces.ncsu.edu/biological-control-of-brown-marmorated-stinkbug/#predators)

The community of indigenous generalist predators consuming . halys eggs is very
diverse, made up of many species with a variety of modes of feeding. Morrison et al., (2016 b)
identified four distinct predation “syndromes” on H. halys eggs using laboratory observations

of over 25 predator taxa: (1) complete chewing—eggs completely removed from substrate; (2)
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incomplete chewing—egg shell debris from predated eggs remains on substrate; (3) stylet
sucking—presence of a feeding sheath in eggs drained of their contents; and (4) punctured
sucking—a hole or slit in hollowed-out eggs. In the laboratory, the most efficient predators
were katydids (Orthoptera: Tettigoniidae), ground beetles (Coleoptera: Carabidae), crickets
(Orthoptera: Gryllidae), earwigs (Dermaptera: Forficulidae), and jumping spiders (Araneae:
Salticidae) (Abram et al., 2017).

Predators attacking H. halysadults and nymphs in Europe and North America have not
been extensively studied. In one study of the nest-provisioning wasp Bicyrtes quadrifasciata
(Say) (Hymenoptera: Crabronidae) in the northeastern USA, H. halys nymphs made up 96%
of the prey provided to developing offspring (Biddinger et al., 2017). Another crabronid wasp,
Astata unicolor Say, was also observed preying on H. halys nymphs. Jones (2013) commonly
observed predation of H. halys adults and nymphs by the wheel bug Arilus cristatus (L.)
(Hemiptera: Reduviidae) in Maryland, USA. Predation of adult /. halys by praying mantids
(Mantodea: Mantidae) has also been observed on a number of occasions in the USA.

Interestingly, only one unpublished study has gathered some information on the
consumption of newly emerged (1st instar) A. halys nymphs, which are clustered on egg
masses for several days and potentially vulnerable as they are relatively immobile and soft-
bodied. That study observed the highest predation of freshly emerged first instar nymphs in
the laboratory by field-collected Carabidae (89% of nymphs emerged were eaten), predatory
Pentatomidae (88%), Salticidae (35%), and Reduviidae (26 %;) unpublished data, Abram et al.,
2017).

According to Kharabadze et al.,, (2022) Hierodula transcaucasica Brunner von
Wattenwyl, 1878 was observed as a predator of H. halysin Georgia. Predation of the adults
and nymphs of H. transcaucasica was documented after they underwent starvation periods.
The 3rd instar nymph of H. transcaucasica preyed on the 1% instar H. halys nymphs, while
adult H. transcaucasica attacked adult of H. halys. A maximum number of H. halys (7 insects)
were eaten by an adult /. transcaucasica on the first day, and in this case, the same number of

nymphs (7 insects) were observed within the first hours of the experiment.
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2.8.2. Parasitoids

Since the impact of native natural enemies on invasive H. halys populations in Europe and
North America is generally low, H. halys was identified as a promising target for classical
biological control. Surveys for natural enemies that have co-evolved with /. halysin its native
range revealed that it is mostly attacked by egg parasitoids, among which the samurai wasp,
Trissolcus japonicus, was identified as the most promising candidate for classical biological
control.

In China, Trissolcus japonicus (Talamas et al., 2013) a parasitoid wasp species in the
family Scelionidae, is a primary predator (Pfeiffer, 2009). Biological control programs against
H. halys in the United States, Europe, and New Zealand are focused on 7Trissolcus japonicus.
in 2014, two adventive populations were found in the United States during surveys to identify
which North American parasitoids might be attacking brown marmorated stink bug. (Talamas
et al., 2015; Herlihy et al., 2016) Subsequent genetic testing showed these wild populations
were self-introduced: they were not related to each other, or to a laboratory strain being
studied in quarantine. (Milnes et al., 2016). (Sz{ics et al., 2019, Jentsch, 2017, Jentsch, 2019)
An adventive European population was discovered during similar surveys in Switzerland in
2017 (Stahl et al., 2018).

Trissolcus japonicusis a tiny wasp that parasitizes the eggs of various stink bug species.
It was first collected from China and brought back to quarantine facilities in the US for
evaluation, as a potential biological control agent. Host-specific tests have indicated that 7.
Japonicus prefers to parasitize H. halys eggs over eggs of other stink bug species.

Abram et al. (2017) reported that H. halys and other stink bug species data from the
USA supports the hypothesis that the relative prevalence of different parasitoid species
associated with H. halys eggs is habitat-dependent (Okuda and Yeargan, 1988; Herlihy et al.,
2016).

Three principal groups of hymenopteran parasitoids attack /. halys eggs in invaded
areas of North America and Europe: Scelionidae (7elenomus, Trissolcus, and Gryon spp.),

Eupelmidae (Anastatus spp.), and Encyrtidae (Ooencyrtus spp.). The host range of the
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scelionids were detected, especially Telenomus (podisi group) and Trissolcus spp., tends to be
restricted to stink bugs (Hemiptera: Pentatomidae) (Johnson, 1984 b, 1987).

Scelionid parasitoids of stink bug eggs have stereotyped behavior, remaining on the
patch for several hours after oviposition and engaging in aggressive inter- and intraspecific
contests with other parasitoids (Field, 1998). Eupelmids and encyrtids found attacking H. halys
are likely to be generalists that attack multiple families of insect hosts and some species are
facultative hyperparasitoids (Cusumano et al., 2013; Noyes, 2015).

According to Japoshvili et al., (2022), five species of Trissolcus Ashmead (Hymenoptera:
Scelionidae) Trissolcus belenus (Walker), 7. colemani (Crawford), 7. cultratus (Mayr), T
semistriatus (Nees) and 7. scutellaris (Thomson), which are known parasitoids of
Pentatomidae, were identified. According this study, four of these 7. belenus (Walker), T.
colemani (Crawford), T. cultratus (Mayr) and 7. semistriatus (Nees) are documented for the
first time in Georgia, and two 7. belenus (Walker), T. colemani (Crawford) are new records
for the Caucasus region. Only 7. cultratus (Mayr) was obtained from the H. halys egg mass.
Also, Anastatus bifasciatus was recorded from Georgia as a H. halys eggs parasitoid
(Kereselidze, et al., 2018) and as a native species considered for potential biocontrol in Europe

(Haye et al., 2015).

2.9 Entomopathogens

Entomopathogenic microorganisms are one of the promising naturel enemies for control many
invertebrate pests. In this case, less information documented about pathogens of H. halys.
First description a unique microsporidian species that infects the green stink bug,
Chinavia hilaris and the brown marmorated stink bug - . halys first were observied in US.
This microsporidium belongs in the genus Nosema, which historically has been characterized
by diplokaryotic life stages. This microsporidium is apparently Holarctic in distribution.
Nosema maddoxi is native to North America and has also been found in China and South

Korea; in North America it infects native stink bugs and A. halys.
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Morphological, ultrastructural, and ecological features of the microsporidium, together with a
molecular phylogeny, establish a new species named Nosema maddoxi sp. nov. (Hajek, 2018).

A microsporidian pathogen discovered in Georgian of /. halys has been identified as
Nosema maddoxi. Investigations were carried out during different seasons in three regions of
West Georgia in 2018-2019. (Kereselidze, 2019) The highest prevalence of N. maddoxi was
detected among overwintered adults collected in May in the Guria region. Molecular study
was confirmed that this specie is Nosema madoxi (Kereselidze et al., 2020).

First report on entomopathogenic fungi species that infects H. halys were observed in
Guria and Samegrelo region of Western Georgia. In different A. halys populations, adults
developed mycosis symptoms on the body were observed. Three isolates of the
entomopathogenic fungus Beauveria bassiana and one of Isaria fumosorosea were identified
(Burjanadze et al., 2020). Isolated species were studed in morphological and carried out in

molecular identification (Burjanadze et al., 2018).

2.10 Management and control

Current management tactics for A. halys mostly rely on insecticide applications (Rice et al.,
2014; Kuhar and Kamminga, 2017). As indigenous parasitoids and predators adapt to /. halys
and exotic parasitoids continue to spread and establish, biological control is expected to
become an increasingly important component of integrated pest management programs.

At present, there are no published studies of how landscape factors or proposed
alternative on-farm management practices (e.g., attractand-kill—Morrison et al., 2016 a; trap
crops—Mathews et al., 2017; border and alternate-row spraying—Leskey et al., 2012; Blaauw
et al., 2015; insecticide-incorporated nets—Kuhar et al., 2017) influence indigenous natural
enemies and their impact H. halys population growth. To assess the effect of these pest
management practices on biological control services, future studies will need to integrate
accurate measurements of population-level impact with chemical, behavioral, and invasive
species ecology.

Numerous methods have been used to demonstrate the relative effectiveness of a broad

range of insecticides against /. halys adults and nymphs, including treated glass surfaces
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(Nielsen et al., 2008b, Lee et al., 2012, Leskey et al., 2012c), direct-contact topical applications
(G. K., unpublished data), bean dip feeding bioassays (Kuhar et al., 2012e), and field efficacy
trials (Kuhar et al., 2012a,b,c,d; Leskey et al., 2014). Active ingredients that have been most
effective include several pyrethroids (bifenthrin, permethrin, fenpropathrin, and beta-
cyfluthrin), neonicotinoids (dinotefuran, clothianidin, and thiamethoxam,), carbamates
(methomyl and oxamyl), the organophosphate acephate, and the organochlorine endosulfan.
Unfortunately, these insecticides are generally broad-spectrum in their activity; they can be
hard on natural enemy populations and quite disruptive to integrated pest management
programs (Leskey et al., 2012b).

Hazelnuts orchards growers in the Black Sea region, Colchis Lowland of WG, chemical
insecticide applications were used. USAID helped Georgia in combat against the problems
caused by stink bug and donated $3.5 (Meskhi, 2017). State control program against /. halys
were obtained since November 2016. In Georgia within this program about 110 000 ha of land
were treated by pyrethroid insecticides (Bifetrin) per year. Infested plots are treated by
thermal fog - with low-volume spraying technology. In 2017, 58,416,8 ha of land were treated,
in 2018, 790 000 ha and in 2021 a total area of 37,236 hectares has been treated
(https://agenda.ge/en/news/2021/2359).

Also, 21 000 pheromone traps (Tracky), were placed for the monitoring purposes, 100
000 phereomones placed for the “attract and kill” stations in the external perimeters of the
forests and villages through the country. Large scale farmers were supplied with pyrethroid
(Bifetrin) insecticides. Information campaign is carried out systematically, brochures are
printed, video clips are made. A hotline has been opened which can be used for getting
comprehensive information and consultation around #A. halys. In pursuit of the BMSB
monitoring, 8000 pheromone traps were placed throughout the country and 28,818 'attract
and destroy' stations and 5,754 pheromone clamps where been installed"

(https://agenda.ge/en/news/2021/2359). Also, about Bioecological features H. halys and it

control mechanisms in Adjara Region of WG, use pheromone traps for the monitoring were
report in the publication of Dumbadze and all (2019).
According to Burjanadze et al., (2021) against H. halys local production of

mycopesticiede, trade mark- Bover-Ge™, were tested in laboratory and field condition. It was
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registered by National food agency (NFA) of Georgia as a biopesticide, which is based on local
strain of entomopathogenic fungus Beauveria bassiana, isolated from soil of high mountain of
Caucasus region. Bover-Ge were tested at a concentration of 1x10® conidia/ml against adults,
where in laboratory 93.3%, in field 87% and in migration stage 64% mortality were observed.

The potential of native entomopathogenic nematodes (EPN): Heterorhabditis
bacteriophora (HRB, GEO) and Steinernema borjomiense were compared to Italian strains /.
bacteriophora (HRB, IT) and S. apuliae and evaluated agains adults of . Aalys in laboratory.
Effectiveness of H. bacteriophora (GEO, IT) ranged 53-95.3%, from S. borjomiense and S.
apuliae 40-60% were observed. The present study provides further insights in selection of

promising EPN strains to be used against /. halys (Burjanadze et.al,2020).

2.11 Sustainable Development Goals

This PhD research contributes to the achievement of the above listed United Nations
Sustainable Development Goals (SDGs). Using ecological friendly tools is a promising
approach. Natural enemies, bio-pesticides, special techniques such as banding trees, using
aggregation pheromones can reduce amount of pesticide application. The BMSB can’t be
eliminated totally from our ecosystems, but biological control tools can make their population
under damaging level. Biological pest control is good alternative for avoiding pesticidal use
which lead many problems like air and water pollution, health hazards, killing of beneficial
organisms, secondary pest outbreak and environment pollution (Tukaram Vithalrao Sathe,
2000). The development of ecological friendly management strategies against BMSB are
urgently needed for preserve biodiversity (SDGs 12, 14, 15), water (SDGs 6,14), animals,
human and environment (SDG 30), eliminate hunger and economic issues caused by BMSB

(SDGs 2, 8), mitigate climate changing (SDGs 12, 13,17).
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3 Research materials and methods

3.1 Experimental design

Bio-ecological traits of . halys

* Phenology of H. halys

+ Sex ratio and eggs hatching rate

H. halys and host plants relationship

* Host plants
+ Pathological changes in damaged plants by H. halys

* Relative resistance markers against /. halys damage

Natural enemies and biological control of H. halys

* Sdudy of local natural enemies

+ Identfication and estimation local predators against H.halys

* Isolation and identification of entomopathogenic fungi

+ Characterisation of isolated entomopatogenic fungi (enzymatic activity)

- Estimate biological effectivity of the local and alien entomopatogenic
microorganisms (fungi, nematodes) against . halys

3.2 Biomass collection

Plants and insect samples were obtained in 2018-2021, from different geographical areas of
three regions: Guria, village Ninoshvili (42°02'24.8'N 41°57'21.9'E, 73 m. asl,
Samegrelo,village Darcheli (42°25'14.4'N 41°39'17.6"'E, 10 m a.s.l.)) and Imereti, Vani
(42°05'39.9"N 42°30'12.5"E, 60m a.s.l.)representing different agro- and forest (adjesent)

ecosystems of Georgia. Allocated experimental plots were 15 ha, 1 ha, 0.5 ha accordingly.
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Alive individuals of H. halyswere attracted by using, “attract-and-kill” stations baited with
the insect’s aggregation pheromone and collected by hand or with an insect net and placed in
cotton sacks. Pheromone traps were placed at the perimeter and center of the plot to estimate
the size of the H. halys population. Collected plant and insect samples was placed in transport

cooler bag and transferred to the laboratory.

3.3 Morphological study of H. halys

To estimate visual key characteristics (body and rostrum sizes, shape, color) study of Wyniger
and Kment (2010) were used. The length of the stylet was measured in second and third instar
nymphs, and in adults of A. halys, according to Rahman & Lim (2017). Ten individuals of each

life stage were assessed.

3.4 Egg hatching rate

Naturally occurring stink bug egg masses detected in the field were brought into the
laboratory. Observed under the microscope and number of hatched and unhatched eggs
counted. In case the egg cluster was not hatched, it was placed in petri dish with wet cotton
swab and observed for 5 days. An egg that contained an embryo and had a dark unhealthy
color was considered unhatched. Egg hatching rate was calculated for each cluster as the ratio
of the total number of eggs in a cluster to the number of unhatched and/or hatched eggs.

During investigation period 29 egg clusters was found in total.
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3.5 Sex ratio

Adult insects from overwintered populations from Samegrelo and Guria municipalities were

observed under microscope. To determine their sex ratio the Bremer formula was used

(Drakhovskaia M. 1962):
i =f /m+f
f - Number of female insects in population

m -Number of male insects in population

3.6 Phenology of H. halys

To determine generation number of the /. halys following studies were done: 1.the climatic
data of the humid subtropical zone of Georgia were calculated and compared to the climatic
requirements of /. halys; 2. Recorded the dates of eggs obtained under natural conditions; 3.
The data were compared to the literature (Karpun, Protsenko, 2016).

Emergence of the /. halys from overwintering were observed in Guria municipality.
Adults were collected in October (n = 400). Collected insects were kept in a cardboard box
(40x50x40cm) filled with folded papers. Box had exit slit where insects could move. The box
containing the adults was placed in room on the wooden shelf. The number of overwintering
insects was calculated based on the dead individuals that remained in the box by the end of
April.

For the establish number of generations of . halysin west Georgia, following design
were used. The branch with one egg mass were wrapped by the mash bag. Eggs hatching and
nymph development due to the adult stage were monitored every 24 hours on a daily.

Adult of I generation were monitored until oviposition. On the next step of experiment,
the net was opened, removed other insects and eggs, left only one mass of eggs, and monitored
to develop II generation which lays eggs (III generation). Observation on the III generation
were continued until overwintering H. halys.
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3.7 Study of host plants of H. halysin Georgia and their interaction

Surveys were performed in polyculture areas of Western Georgia, municipalities of Guria,
Samegrelo and Imereti in 2018-2021 years (Guria, villadge Ninoshvili, 42°001’58” N,
41°056°28” E. Samegrelo, villadge Darcheli 42°25'04.9"N 41°39'02.1"E, and Imereti, Vani
42°09440°31” N, 42°50306’79” E). Each area included different crops and natural habitats, both
uncultivated corridors and forest margins. Plants were randomly selected regardless of species
and surveyed by using visual inspection (leaves, limbs, and tree trunks). Plants were inspected
additionaly, in case H. halys were found on them, to estimate densities of each life stage
observed (egg, nymph, and adult).

For the host plant recognize during vegetation period (early/mid-April, mid-/late June, and
late September) wild and cultivated host plants were inspected for the presence of H. halys.
Stink bugs were sampled by visual inspection followed by scouting branches or stems with a
cane on a beating sheet (0.7 x 0.7 m). Due to the different size and shape, the plants were
visually inspected for 1 min and then scouted on sheet five times (sampling unit).

For the study insect-plant interactions, laboratory and field experiments were used. In the
field experiments hazelnut trees, hazelnut fruits were examined.

The two most commonly grown native hazelnut cultivars Berdznula (C. ave/lana) and Tita
(C. colchica) were used in the experiments. Twenty-five individual trees of each variety were
selected, and 50 clusters of nuts were taken from the south-exposed side of the plants. The
number of nuts in each cluster was 2.2 + 0.2 for Berdznula and 2.4 + 0.4 for Tita. Immediately
after sampling, nut damage categories were determined. Additionally, we measured the
number of healthy hazelnut kernels, shell thickness and lignin content from visually healthy
hazelnuts (II category) (Fig.1). Nut clusters were collected in 2019-2020 (from June till August)
in the growth stages “kernel fully expanded” and “kernel mature” (phenology according to
Hedstrom et al., 2014; Khomasuridze, 1978; Sichinava, 2005; Mirotadze, 2011). Information
on precipitation and air temperature conditions was obtained from the Agrometeorological

Bulletin of the Georgian National Environment Agency (nea.gov.ge 2021). Agrometeorological
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data were measured at Poti meteorological station (42°09'0"N 41°40'0"E), located 16 km from

the experimental field site.

3.8 Damage categories of hazelnut, shell thickness and lignin content

External signs of hazelnut damage caused by H. halys were assessed and divided into two
damage categories. Category I: numerous perforations visible on surface of nutshell, the nut is
strongly withered, and the nutshell has longitudinal splits, fungal infection is occasionally
observed. Category II: no perforations of the nutshell surface visible, the nut appears healthy
from the outside. Category II nuts were further assessed by cracking the shell open and
determining the health status of the kernel inside.

Hazelnut shells of both cultivars were assessed for thickness and lignin content. Nuts
were collected in the developmental stages “kernel fully expanded” and “kernel mature”
(Hedstrom et al., 2014).

The thickness of each shell (20 nut for each variety) was measured (Khomasuridze,
1978) at its widest dimension around the nut’s center. The thickness of the unripe nutshell
was measured by using a light microscope (MBP-1) with a micrometer (MOB-1-15X OMO
USSR).

Lignin in hazelnut shells (25 nuts for each variety) was assessed microscopically (in
growth stage “kernel expression begins”) and gravimetrically (in phases “kernel fully
expressed”’, Mature) measuring. For assessing the lignin formation in shells from immature
hazelnuts, thin slices (15 um) of the shell were prepared with a microtome in stage of “kernel
express begins” (Microtome Leitz Germany 661) and then dyed. The slices were stained with
pale pink safranin solution (1 g1-1 w/v) for 24 h. The staining intensity corresponded to the
degree of lignification; tissues lacking lignin remained unstained. Following the staining
treatment, shell slices were washed with 50% (v/v) ethanol, acidified with a few drops of 1%
(v/v) acetic acid (Japaridze, 1958) and studied under a light microscope (MBP-1). Acid-
insoluble lignin content was quantified using the Klason method (Ayeni et al., 2015, Lin and
Dence, 1992). For the complete hydrolysis hazelnut shells were ground with a coffee grinder

(VitekVT 1540) to a particle size of 1-4 mm. Samples of hazelnut shell powder (1 g) were
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treated with 10 ml of 72% sulfuric acid for 24 h. The samples were diluted with 140 ml portions
of water and autoclaved at 125 °C, 1.5 atmosphere for 40 min. Mixtures were filtered with a
glass fiber filter (SS GF 52 x 47 mm) and washed with distilled water. The filters with the acid-

insoluble lignin (Klason lignin) were dried at 103°C, cooled in the desiccator and weighed.

3.9 Natural enemies

3.9.1 Predators

Mantids and H. halys were collected in the humid subtropical regions of western Georgia
(Guria) and the dry subtropical regions of eastern Georgia (suburbs of Tbilisi) in 2018-2020.
The collected insects were identified by morpological characteristics (Romanowski et
al., 2019; Battiston & Massa, 2008). Mounting and morphometric measurements were
performed according to the Manual of praying mantis morphology, nomenclature, and

practices (Brannoch et al., 2017).

3.9.2 Entomopathogenic fungi

3.9.2.1 Isolation

Collected adults of H. halys with visual symptoms of fungal diseases were transferred
to the laboratory. Infected insects, at first were examined for under stereomicroscope
(Olympus SZ61 Stereo Microscope 0.67x - 4.5x). For the identification of entomopathogenic
fungi, symptomatic insects and pathological material were incubated for five days in plastic
vials for the moisture atmosphere. Fungi isolated from the body of insects were cultivated on
Potato Dextrose Agar (PDA) and incubated at 23 + 2 °C for 12-15 days. For the following

morphological stability isolates were submitted to several rounds of purification.
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Isolates of fungi were cultivated on Potato Dextract Agar (PDA) and Beauveriaselective
media (BSM) for 10-14 days at 23 + 2 °C, until they developed features permitting their
identification to species or genus level (Humber, 1997; Inglis, 2012).

The conidia were stained with lactophenol-cottonblue and examined with light and
phase- contrast microcopy, to accurately detect morphological characteristics (Zuzi, S120;

magnification 400x, 1300x) for entomopathogenic fungi (Rehner et al., 2011; Evlakhova, 1974).

3.9.2.2 Morphological identification

Colony descriptions and measurements were determined from cultures grown on full
strength potato dextrose agar (PDA) at 23 + 2 °C in darkness at 14 day from inoculation. colony
coloration, hyphae and conidia were described (Evlakhova, 1974; Roberts, 1992; Humber,
1997). Microscopic measurements of conidiogenous cells and conidia were taken from PDA
cultures at 5-15 days and images were acquired with a light microscope. Terminology for

conidial shape follows (Vellinga, 1988).

3.9.2.3 Molecular identification

For DNA extraction fungal isolate were inoculated in liquid medium 100 mL potato dextrose
broth (PDB, 24 g/L), and incubated at 24 + 1 °C in the dark for 5 to 7 days for biomass growth.
Mycelia was harvested with vacuum, immediately placed in -20 for 4 h, and then placed in
lyophylizer for 18h.

Mycelia was powdered in a Retsch miller (MIXER MILL MM 200). The DNA was
extracted from 40-50 mg of powder with the CTAB extraction method described previously
(Brandfass and Karlovsky, 2006).

The nucleic acids were purified using isopropanol, pellet was washed with 70% ethanol, dried
and the DNA was then precipitated with isopropanol, dried and suspended DNA in 50 pl of
TE buffer (10 mM Tris.HCI, 1 mM EDTA, pH 8.0).
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The purity of DNA was evaluated by horizontal electrophoresis on 1.5% (w / v) agarose
gel, stained with containing ROTHI stain (J. Sambrook, D.W. Russell 2001). The ITS regions
of the ribosomal DNA were amplified by PCR with specific primers for with ITS 1 (5'-
TAGAGGAAGTAAAAGTCGTAA-3') (Toju et al, 2012) ITS4 (5'-
TCCTCCGCTTATTGATATGC-3') (White et al., 1990) primers.

The PCR reactions were carried out in a final volume of 25 pl, containing DNase-free
water, Buffer 1X, 2 mM magnesium chloride, a set of 150 uM dNTPs, 0,2 uM each of the
primers, Taq polymerase 5U/ ul and 1 ug of the extracted DNA. Thermocycler (peqSTAR 96X
Universal Gradient) was used for carrying out of polymerase chain reaction. Typical cycle
conditions were as follows for the ITS4/ITS5 - initial denaturation is 95 °C -3 minutes, followed
by 35 cycles (95 °C - 30 sec, 55 °C -30 sec, 72 °C -1 min.) final 72 °C for 10 minutes. The
obtained amplicons were analyzed by gel electrophoresis on 1,5% Agarose with 1,5ul ROTHI
stain/25 ml agarose.

The sequencing of the amplicons (PCR products) was performed by the sequencing
service of Macrogen Europe, Germany. The sequences obtained were analyzed and the
consensus sequences were generated using the Bioedit (Hall, 1999) and compared with the
sequences hosted in the NCBI (http://www.ncbi.nlm.nih.gov/BLAST) and Fungal Barcoding
(http://www.fungalbarcoding.org) databases.

Phylogenetic trees were constructed with sequences from the ITS region selected from
the NCBI-GenBank database (http://www.ncbi.nlm.nih.gov/genbank/) corresponding to the
main species within the genera Beauveria and Isaria.

For the analysis were considered reference sequences, data from published papers or
sequences from fungal isolates deposited in reference collections. A sequence of the ITS region

from Lecanicillium lecanii (accession number Genbank CBS101247) was used to root the trees.

3.9.2.4 Enzymatic characteristics

The extracellular cuticle-degrading enzymes (CDEs) such as chitinase, protease, and lipase
activities of fungal isolates were evaluated as described by Nahar et al., (2013) with some

modifications. These fungal isolates at a concentration of 107 spores/ml were inoculated into
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250ml Erlenmeyer flasks containing 100ml of chitin medium, and the flasks were incubated
on a rotary shaker at 150 rpm for 12 days at 25 + 1 °C. The medium composition was: 3 g/L
KH2POs; K2HPOs, 1.0; MgSOs, 0.7; (NH4)2S0s, 1.4; NaCl, 0.5; CaClz, 0.5; yeast extract, 0.5;
bacto-peptone, 0.5; chitin, 5.0; and olive oil, 5ml/l. The enzyme extractions and assays were
carried out after 24h of incubation up to 12 days. Flasks were removed from the incubator on
alternative days, and the broth was centrifuged at 8000 rpm for 25min at 4 + 1 °C to extract
clear supernatant. The supernatant was considered as crude enzyme extract and used for
enzyme assays.

Lipase activity was determined by using olive oil and gum arabicas substrate according
to the methodology of Pignede et al. (2000) The substrate emulsion was prepared with olive
oil (50ml) and gum arabic (50ml, 10% (w/v), Himedia) in the ratio of 1:1. The reaction mixture
contained 1 ml of crude enzyme extract, 5ml of substrate emulsion and 2ml of 50mM
phosphate buffer, pH 6.8. The reaction mixture was incubated for 1h at 37 °C with constant
shaking, and the reaction was terminated with 4 ml of acetone—ethanol (1:1) containing 0.09%
phenolphthalein as an indicator. Enzyme activity was determined by titration of the fatty acids
released with 50mM sodium hydroxide. One unit of lipase is the amount of enzyme that
released of 1mol of fatty acids per min. All the enzyme assays were carried out in triplicates at
alternative days.

Protease activity was measured using casein (10 g casein in 100ml of 0.2mM sodium
carbonate buffer, pH 9.7) as a substrate (Vyas and Deshpande, 1989). The reaction mixture
contained 1 ml of casein, 1ml of sodium carbonate buffer, pH 9.7, and 1 ml of crude enzyme
extract. Moreover, the reaction mixture was incubated at 35 °C for 20min. The reaction was
terminated by adding 3ml trichloroacetic acid (2.6ml 5% trichloroactic acid) + 0.4ml 3.3 N HCI).
The absorbance of the TCA soluble fraction was measured at 280nm. One unit of enzyme
corresponds to 1mol of tyrosine per min.

Chitinase activity was estimated in the culture supernatant by using acid-swollen chitin
as the substrate. (Vyas and Deshpande,1989) To prepare acid-swollen chitin, 10 g of chitin
powder was suspended in 300ml of chilled o-phosphoric acid (88%, w/v) at 4 -C for 1h with
occasional stirring. The mixture was then poured into ice cold distilled water and filtered

through Whatman filter paper. Acid swollen chitin was repeatedly washed with 1% (w/v)
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sodium bicarbonate solution, and the pH was adjusted to 7. The solution was homogenized in
a Waring blender (1min), and the concentration of acid swollen chitin was adjusted to 7mg/ml
by adding 50mM acetate buffer, pH 5.0. The reaction mixture for chitinase assay contained 1
ml of 0.7% swollen chitin, 1ml of 50mM acetate buffer, pH 5.0, and 1ml of crude enzyme
extract that was incubated at 50 °C for 1h. The N-acetylglucosamine residues (GlcNAc)
produced was estimated at 520nm according to the methodology of Somogyi.One unit of

enzyme activity was expressed as 1mol of GLcNAc per min.

3.10 Biological control of H. halysby predator

3.10.1 Predation rate of adult mantis Hierodula transcaucasica

To establish the predation rate of mantis Hierodula transcaucasica, an adult female was placed
together with ten individuals of H. Aalysin experimental cages (30 x 36 x 30 cm). The results
were recorded daily and added the same amount of /. halys to the cage as was eaten by the
mantis, then the number of 4. halysin the cage was maintained unchanged daily - up to ten.
The plant Phaseolus vulgaris (Fabaceae) in a pot was placed in the cage, then sprayed by water,

so on its leaves produced water droplets, which was used by mantis.

3.10.2 Hatching nymphs of mantis and its predation in the laboratory conditions

Eggs of H. transcaucasica were obtained under laboratory conditions. A branch of the tree was
placed in the cage, where H. transcaucasica made an ootheca. First hatched nymphs from the
ootheca were observed at 23+2 °C, "45% RH in May 16. Aphids collected mainly on plants

growing in nature (Rosa, Malus, Pyrus, Berberis) were used for nymph’s feeding. The nymphs
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were grown until 3 instar. Air temperature and humidity were recorded using a digital
psychrometer (TFA Dostmann / Wertheim).

Three nymphs of the mantis (3 instar) after being grown in the laboratory were
transferred in field. Newly hatched H. halys nymphs and eggs were found on hazelnut
(Corylus sp.) and Robinia pseudoacacia. After 42 hours of starvation, experimental nymph of
mantis we placed with twentyeight newly hatched nymphs of H. halys in the same
environment in the cage for the per mantis nymphs. Plastic containers (15x10x8 cm) were

used as a cage. The results were recorded within 3 hour-intervals for 24 hours.

3.11 Biological control of H. halys by entomopathogenic nematodes in laboratory

3.11.1 Selection and rearing of entomopathogenic nematodes

In experimental trials, four entomopathogenic nematode strains were used: infective
juveniles (IJs) of the two Georgian strains Heterorhabditis bacteriophora (HRB, GEO)
(Gorgadze & Lortkipanidze, 2006) and Steinernema borjomiense GS-BOR (Gorgadze et al.,
2018) and IJs of two Italian strains, namely H. bacteriophora (HRB, IT) IH-LU1 and
Steinernema apuliae ISMS3 (Tarasco et al., 2015).

Nematodes were reared in last instar Galleria mellonella (L.) (Lepidoptera, Pyralidae)
at 25°C according to procedures described in Kaya and Stock (1997). The best diet developed
by Birah et al., (2008) for G. mellonella, comprising wheat flour (130 g), wheat bran (130 g),
milk powder (130 g), maize flour (97.5 g), yeast powder (97.5 g), wax (26 g), honey (195 ml)
and glycerol (195 ml) was used. Following harvest, nematodes were stored at 13°C for less than

2 weeks before bioassay.

64



3.11.1.11Infectivity bioassay on H. halys

In laboratory assays (22°C and 80% RH), the four EPNs strains were used in the following
three concentrations: 1000, 500 and 200 IJs/ml. The experiments were conducted, following
standard procedures (Glazer & Lewis, 2000; Stock & Goodrich-Blair, 2012), in 9-cm Petri
dishes lined with a filter paper moistened with a volume of 5 ml/filter of water containing the
nematode inoculum. Control Petri dish received 5 ml of water only. Five adults of H. halys
were placed per Petri dish, with 3 replications per EPN treatment. Numbers of alive and dead

H. halyswere counted 3, 4, 5, 6, 7, 8, and 10 days post-application.

3.12 Biological control of H. halys by entomopathogenic fungi

Suspension preparation. Fungal suspensions of the isolates were prepared from 4-week-old
cultures grown on PDA at 23+2°C, with good sporulation, using distilled water containing
0.01% (w/v) Tween 80. The obtained suspension was filtered through two layers of sterile
muslin into a sterile 50-mL plastic tube, to remove the medium and fungal debris and was then
shaken for 5 min using a vortexer for homogenization. The concentration of spores in the
suspensions from each fungus was determined using a hemocytometer and adjusted to two
concentrations of 1x107 and 1x10%conidia ml™! for bioassay (Humber R (1997). The suspensions
were used for H. halys bioassays in laboratory and field experiments.

Bioassey. The Adults and nymphs of target insects - /. halys performed for the bioassay
and was treated with fresh culture suspension of: Beauveria bassiana - MB 082, MB101;
MB102; MB104; Isaria sp. - MB 011, Isaria fumosorosea - MB 103 , Metarhizium sp. - MB 077,
from collection of EPF, Agricultural University of Georgia and fungal cultures - ARSEF 8318
(Beauveria bassiana), ARSEF 8319 — (Metarhizium sp.) from Agricultural Research Service
Collection of Entomopathogenic Fungi were used for comparison. For the bioassay, insects
were sprayed suspension for inoculation and treatment. Treated insects brought in petri dishes

which than was attached on the tree and covered by parafilm that insects can’t move outside.
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On the top of petri dishes were catted and covered by the net, to get closer to environmental
conditions for the experimental trees we are used persimmon, hazelnut.
For establish effectiveness of EPF as a compared variance chemical pesticide “Bi 58

new’ (Dimethoate) and a control water treatment were used.

3.12.1 Mycoinsecticide Bover-Ge

The bioformulation is based on a local Georgian strain of B. bassiana-024 from high mountain
soil of Caucasus Range, supported by molecular identification in CABI-UK, gave a unique
cultural number - IMI # 501797 and keep in CABI Genetic Recourse Collection (Burjanadze
etal., 2019).

Bover-Ge (powder): was registered by National food agency of Georgia as a biopesticide
in 2019 (Burjanadze et al., 2021).

The product was tested at two concentrations (1x107 and 1x10® conidia/ml) against stink

bug adults under laboratory conditions.

3.13 Data Analysis

For statistical analysis of the obtained results, we used the following tests: T-test to determine
the difference between the shell thicknesses in different varieties. An F-test was performed to
determine the variation in shell thickness of the Berdznula and Titavarieties. Chi-square test
was performed to determine the relationships between hazelnut varieties and damage
categories, as well as between shell thickness and damage categories.

To determine the morphological nomenclature of praying mantis (Mantodea) and
establish the principal difference between the morphometric data of the mantis individual’s
ANOVA was used. The feeding intensity of the mantis was checked statically by days and
hours using Kaplan-Meier survival method. Also, mean and median confidence intervals for

survival time were calculated. The calculations were performed at IBM SPSS Statistics 23.

66



All fungicidal mortality data were corrected for control mortality Abbott’s formula
(1925) in Laboratory. In field conditions mortality were assessed according Drakhovskaia
(1962). The percentage of larvae mortality for each concentration was analyzed using one-
way ANOVA; means were separated by Turkey’s mean separation test. Mortality was
considered statistically significant (P<0.01). The Kaplan—-Meier survival analysis technique was
used to determine both the mean survival and the median lethal time (LT50), the number of
days until 50% of insects were dead, for each treatment (GraphPad prism 9.1).

The mean, minimum, median, maximum, standart deviation and standart error of
chitinase, protease and lipase activity were analysed by using the SPSS 23.0 software. In the
experiments all strain was cultivated in three replications.

Recorded nematocidal mortality data were corrected for mortality in the control group
using the Abbott equation (Abbot, 1925). Data were analysed by IBM SPSS 23.0, using a probit
analysis method to determine the lethal concentration (LC50) for the different treatments. The
mortality data were transformed to probits, while the concentrations were transformed into
Probit log10 (dose). Before analysis LC50 values were estimated from the probit lines. For the
determination of lethal time (LT50) probit analyses, the method of Finney (1971) was used.
Calculation of the lethal concentration (LCs) at their 95% confidence limits (CLs) was based
on an accurate estimation of log (LC) variances (Hayes & Kruger, 2014). The Kaplan-Meier
survival analysis technique was used to determine both the mean survival and the median
lethal time (LT50), the number of days until 50% of insects were dead, for each treatment
(SPSS 23.0). In order to calculate significant differences between doses and exposure times, an
Onaway analysis of variance (ANOVA) using the SPSS 23.0 software package at P < 0.01 and

P < 0.05 levels was carried out.
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4 Results and discussion

4.1 Biomass collection

Route and recognize researches conducted in Samegrelo (village Darcheli), Guria(village
Ninoshvili) and Imereti (Vani) regions of West Georgia (Table 1). Field experiments were

carried out in Guria and Samegrelo regions (Fig. 3, 4).

Table 1. Investigated /. halys spread regions of West Georgia 2018-2021

Geographical Habitat
Altitude
Region location (lat. N, Year
(meter) Habitat Sub-habitate
long. E)
2018
42°25'14.4"N
Samegrelo 10 Cultivated Hazelnuts 2019
41°39'17.6"E
2021
Cultivated 2018
42°02'24.8"N Hazelnuts
Guria 73-200 Wild 2019
41°57'21.9'E
2021
2018
42°05'39.9“N
Imereti 60 Cultivated Hazelnut 2019
42°30'12.5"E

2021
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Fig. 4. Experimental plots in 1-Imereti, Vani (42°05'39.9"N 42°30'12.5"E), 2 — Guria,
Ninoshvili (42°02'24.8"N 41°57'21.9"E) and 3-Samegrelo, Darcheli (42°25'14.4"N
41°39'17.6"E), regions
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4.2 Phenology of H. halys

Based of comparision climatic data of the humid subtropical zone of Georgia to the climatic

requirements of . halys development and recorded the dates of eggs masses obtained under

natural conditions it is possible to develop three generations of /. halys. (Table 2).

Table 2. Expected phenology of H. halysin humid subtropical climate zone of Georgia

Months an decades
(Generation 1ol m I V VI VII VIII IX X Xn
1213112311231 |213]1|2(3|1(2]3(1]2]3
I olo|o|o]|o|=|=|@|O|O|O|A]|A
II OO0 AlA
III @@ |0 O|OA| O o
Q-diapause; ® overwintered insect; ®- eggs; O- nymph; A — imago

4.3 Sex ratio of H. halys

Sex ratio in H. halys overwintering populations 2018-2021 was determined. Every year female

insects were greater than male but highest number of females observed in 2021. In 2021 was

expected increase of population density (Fig 5).

2018

® Male = Female

Fig. 5. Sex ratio of overwintered H. halys

2019

NHe

m Male = Female

2021

m Male = Female
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4.4 Egghatching

In the studied locations, /. halys eggs were found on nuts (Corylaceae), acacia (Fabaceae) and

kiwifruit (Actinidia). More than 60% of egg clusters were found on hazelnut (Fig.6) (Table 3).

Fig. 6. Hatched egg masses found on A - Robinia pseudoacacia and B - Corylus spp.

Table 3. Egg masses on the host plants and eggs hatching rate 2019

Plant Mean number of Successfully
eggs in hatched %
cluster+st.dev

Hazelnut 26.1+4.6 78.05

Acacia 28+0 87.5

Kiwifruit 2440 100

In 2019 75% of eggs were successfully hatched, in 2020 hatching rate reached 79% (Fig. 7).

2019 2020

e o

= Hatched =Dead A = Hatched = Dead B

Fig.7. Proportion of successfully hatched and unhatched eggs according to years
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45 Host Plants

H. halys feeding was observed on 38 species of plants representing, 31 genera and 23 families.
Also 5 varieties of Corylus pontca, 2 varieties of beans and 2 varieties pears (in generally 9
variety). In Georgia observed some of the host plants: Eriobotrya japonica, Laurus nobilis,
Actinidia sp., Agave sp., Solenostemon sp., Pueraria sp., Rubus canescens, Sambucus ebulus,
Convolvulus sp., Robinia pseudoacacia, Tradescantia sp., Pteris cretica, which are not included

EPPO and CABI H. halyshost plant lists (2020).

Table 4. Host plants of H. halysaccording Family, Genus, Species and Varieties.

Family Genus Species Varietas
\Adoxaceae Sambucus Sambucus ebulus L.
IAsparagaceae Agava \Agava americana
Asteraceae Helianthus Helianthus annuus L.
Actinidiaceae Actinidia Actinidia sp. Gigantea
Betulaceae Corylus Corylus colchica Berdznula, Dedoplis
Corylus avellana Titi, Chicha, Tsiteli,
Corylus imeretina Surebis, Nemsa
Convolvulaceae Convolvulus Convolvulus arvensis L.
Commelinaceae Tradescantia Tradescantia virginiana
L.
Euphorbiaceae Aleurites Aleurites cordata
(Thunb.) Steund
Ebenaceae Diospiros Diospiros kaki (Thunb.) Khachia
Elaeagnaceae Elaeagnus FElaeagnus umbellata
(Thunb.)
Fabaceae Phaseolus Phaseolus vulgaris (L.) fall varieties
Pueraria Pueraria hirsuta
Robinia Robinia pseudoacacia
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Fagaceae Castanea Castanea sativa L.
Lamiaceae Lamium Lamium album L.
Lauraceae Laurus Laurus nobilis L.
Moraceae Morus Morus tatarica
Ficus Ficus carica Tetri
Poaceae Zea Zea mays
Pteridiaceae Pteris Pteris cretica L.
Rosaceae Eriobiotrya Eriobiotrya japonica
(Thunb.) lindl.
Malus L. Zamtris
Prunus Prunus cerasifera
Prunus persica
Prunus domestica |Alibukhari
Pyrus Pyrus communis L. Nikato, Saivanobo
Pyrus communis L.,
subsp. balanseae
Rosa L. Rosa sp. ornamental
Rubus Rubus fructicosus L.
Rutaceae Citrus Citrus nobilis Lour. Unshiu
Citrus Iimon (L.) Meyer
Osbeck.
Citrus sinensis (L.) 'Washington
Osbeck.
Solanaceae Solanum Solanum lycopersicum
L.
Urticaceae Urtica Urtica dioica L.
Vitaceae Vitis Vitis labruska L. Isabella (Adesa)
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4.6 Meteorological conditions and phenology of hazelnut

The vegetation periods from April till September in 2019 and 2020 differed in average air
temperature and precipitation. In particular, 2019 was characterized by lower rainfall and
higher temperatures compared to 2020 (Fig.8). Starting by the end of April, adult A. Aalys
emerged from overwintering sites, and after maturation feeding, produced the first generation
at the end of May-beginning of June). The second ten day of April 2020 was 0.5°C warmer,
and the third ten daywas 1.5 °C colder and rainy compared to the corresponding periods in
2019. In spring 2019, the first insects were observed in the 2nd ten dayof May, and in 2020 in
the 3rd ten dayof May. In spring 2020, the number of overwintering insects was greatly
reduced - we caught five individuals. At the end of April, the nut is in the embryonic phase,
after it goes through the following phenological phases: c. the presence of an embryo, d. kernel
expression begins, pericarp formation, e. kernel fully expressed, end of sclerification, f. kernel

matures, and harvests. Variety Berdznula undergoes phenophases 7-10 days earlier than

Dedoflis Titi.
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4.7 Hazelnut fruit damages

Hazelnut fruit feeding damages were observed in both cultivars Tita and Bedznula, with the

number of injuries in 2019 exceeding those of 2020. The visually healthy fruit of the Berdznula

was 60%, while in the Titawas only 43% (Fig.9). Some of the visually healthy fruits were also

found to be damaged by the insect.

2019 2020
100 100
80 80
60 60
X X
40 40
20 20
0 0
Berdznula Tita Berdznula Tita
@ Damaged nut @ Visually healthy nut @ Damaged nut @ Visually healthy nut
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Fig. 9. Proportion of visually healthy and damaged nuts in Berdznula and Tita variates

according 2019-2020 years

The symptoms of the damages were the same as in general: more damage was reported
in both varieties in 2019, although the percent of kernel damage in the Berdznula was less
than one year in both species (Fig. 10). In the kernel of a healthy, ripe nut (Fig. 10. A) the
embryo (1) and its nutrition tissue in the cotyledon (2) are clearly visible. As a result of A.

halys feeding, both the embryo and the reserve tissue (Fig. 11. B.C.) were necrotic.

2019 2020

100 100
80 80
e 60 © 60
40 40
20 20
0 0

Berdznula Tita Berdznula Tita

M Healty M Damaged @ Healthy @ Damaged

Fig. 10. Proportion of damaged kernels in Berdznula and Titavarieties healthy looking nuts

after splitting open 2019-2020 years

Fig. 11. Healthy (A; natural size, 1. embryo 2. nutrition tissue in the cotyledon) and corking

damage symptoms (B-embryo, C- lowest part of the kernel; x20) of hazelnut
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After splitting open visually healthy nuts a proportion of the kernels were found to be
damaged by the insect (Fig.11). In 2019, on average 60% of all nuts were healthy looking, of
which 32.0 + 1.16% showed healthy kernels in cultivar Berdznula. In 2020, 94+1.16% visually
healthy kernels were observed, of which healthy kernels were 84+2.08%. In the case of Titain
2019 visually healthy fruits reached 43.3+0.88%, of which only 16.3+0.88 had healthy kernels.
In 2020 83+0.58% were visually healthy, of which 39+1.73% had a healthy kernel (Fig.10).
Chi-square test shows that there is a dependency between hazelnut variates (Berdznula and

Dedoflis Titi) and damage categories (p-value = 0.048464 < 0.05).

4.8 Nutshell thickness

The thickness of the shell depended on the hazelnut variety and its developmental stage. In
the first ten days of June when the first and second instar nymphs of the first A. halys
generation were observed, most nutshell growth was completed and shells had reached their
maximum thickness. Thicker nutshells were observed in the cultivar Berdznula than in Tita
(Fig. 12).

Bedznula nuts in the stage” kernel expression begins “(16.06.19) had a shell thickness
of 1.21 + 0.04 mm (mean + SE) while the shell thickness of Titanuts was 0.75 + 0.02 mm (mean
+ SE). At the second measurement 70 days later, hazelnuts were in the growth stage “kernel
mature “(27.07.19). At this time point, the thickness of Berdznula shells had reached 1.23 +

0.11 mm (mean + SE), while the thickness of the Tita shells was 0.76 + 0.03 mm (mean + SE).
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Fig. 12. Changes in the thickness of the hazelnut nutshells during ontogenesis

A comparison of nutshell thickness between varieties Tita and Berdznula assumes that
variances for the two cultivars are significantly different (p-value = 0.008). The t-statistic is

4.281 with 18 degrees of freedom. Also, corresponding two-tailed p-valueis less than 0.05.

49 Lignin formation in a nutshell

In the first days of June, the pericarp cells in the nutshell started to lignify. Enhanced
thickening of the cell walls, the breakdown of cell content, and the formation of dead
sclerotized tissue were found. Microscopic observation showed that cultivar Berdznula had a
thicker lignified zone than Tita (Fig. 3, arrow 3). In the pericarp of Berdznula lignification was
father advanced and clearly expressed as dark Bordeaux-red coloring (Fig. 13 A), while in Tita
lignification was still in an early stage (light pink coloration, Fig. 13 B).

A quantititive analysis of the lignin concentration showed that in 2019, hazelnut shells in
Berdznula had accumulated significantly more lignin than shells in Tita (Mann-Whitney U-

test, U =50.5, p < 0.001, n = 19).
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Fig. 13. Micrographs of safranin stained hazelnut shells (A. Berdznula, B. Tita). 1. Pericarp, 2.
Conductive vein in pericarp, 3. Lignified zone. x 24. (10.06.19)

However, no difference in nutshell lignin concentration was found in 2020 (Mann-Whitney
U-test, U = 116.0, p = 0.063, n = 18-20). Differences between lignin quantity Berdznula and
Tita 8% were observed in 2019.

The lignin quantity of the cultivar Berdznula in 2019 reached 51.79+0.001% (mean+
Std. error) and in 2020 was less than the previous year 39.21+0.001%. 2019 Titaconsisted of
43.95+0.003% of lignin and 40.13+0.0003% in 2020 accumulated (Fig.14). No significant

difference was observed between both cultivars in 2020.

0,7
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0,3
0,2
0,1

0
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Berdznula Tita

@ Year 2019 M Year 2020
Fig. 14. Lignin content in the nutshell of different hazelnut cultivars in 2019-2020 from II

category

Tita begins to accumulate lignin later than Berdznula (Fig. 13). Analogical results were

obtained according to kernel damage percentage in 2019-2020 (Fig. 10). In particular, during
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both years Tita showed higher levels of damage by H. hAalys. In 2019, 46.7% of the fruit of
Berdznula and 63% of the Tita were damaged. In 2020, both the number of H. halys and

damaged nuts decreased, but the damage in Tita (53%) was more severe than in Berdznula

(10.6%) (Fig. 10).

4.10 Changes in length of H. halys stylet according to the stage

Stylet length of H. halys differs significantly between developmental stages (one-way
ANOVA, F = 367.054, df = 2, P < 0.05 followed by Tukey HSD test) In the second instar, the
stylet length of H. halysis approximately 2 mm, it’s the time when it begins feeding with plant

tissues, the stylet grows up and reaches 7-8 mm at the adult stage (Fig. 15).

Lngth of stylet, mm
NOwW R U o

—

(e}

H. halys developmental stages
W Il instar WIII instar [@adult

Fig. 15. Length of H. halysstylets of different nymph stages
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4.11 Natural enemies
In the population of /. halysseven natural enemies were identified (Table 5).

Table 5. Natural enemies of A. halys

Hierodula transcaucasica

Mantidae

Iris polistictica
Reduviidae Rhynocoris iracundus
Araneae Different species
Coleoptera Dermeste sp.
Hypocreales Isaria fumosorosea
Hypocreales Beauveria bassiana

4.12 The Mantis species

Two species of praying mantis were studied more extensively. Four adult individuals of the

mantis were obtained in different parts of Georgia (Table 6).

Table 6. Mantis species collection sights

Name of Place of GPS Altitude Habitat

insect collection N/L E/L (m)

Hierodula Guria 42°2'9.9528"  41°56'21.1956" 70 Hazelnut, citrus

transcaucasica orchards
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Hierodula Thilisi 41°48'19.5192" 44°46'6.6" 446 Nature,

transcaucasica Dendropark
Hierodula Thilisi 41°48'19.5192" 44°46'6.6" 446 Nature,
transcaucasica Dendropark
Iris Thilisi 41° 43' 43.194" 44°51'21.9924" 606 Nature,
polystictica Dendropark

According to the morphometric analysis, the dimensions and shapes of the three
specimens were almost identical, the similarities of which were confirmed by One-way
ANOVA analysis with low standard deviation and standard error rates (P-value < 0.05)

(Table 7).

Table 7. Results of statistical analyses of morphometric data of H. transcaucasicain mm.TL =
Total length, HL =Head length, HW = Head width, LFL =Lower frons length, LFw=Lower
frons width,PL = Protonum length, PW = Protonum width, FTi = Front tibia, FTa = Front
Taurus, FF = Front femur, FC =Fronc coxa, FWL = Front winglength, FWW = Front
wingwidth, HWL = Hind winglength, HWW = Hind wingwidth.

Groups Count Min Max Sum Average Variance St. dev. St. error
TL 3 65 72 204 68 13 294392  1.69967
HL 3 4.10 5.20 13.8 4.6 0.31 0.55678  0.32146
HW 3 6.50 7.20 204 6.8 0.13 0.36056  0.20817
LFL 3 1.90 2.10 6 2 0.01 0.10000  0.05774
LFW 3 2.10 2.30 6.7 223 0.01 0.11547  0.06667
PL 3 16.00  19.00 53 17.67 2.33 1.52753  0.88192
PW 3 6.30 7.60 211 7.03 0.44 0.66583  0.38442
FTi 3 5.40 5.90 171 5.7 0.07 0.26458  0.15275
FF 3 12.10  14.20 39.6 132 1.11 1.05357  0.60828
FC 3 1050  11.60 329 1097 0.32 0.56862  0.32830
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FWL 3 41.00 43.00 126 42 1 1.00000 0.57735
FWW 3 12.00  13.00 38 12.67 0.33 0.57735 0.33333
HWL 3 36.00 37.00 110  36.67 0.33 0.57735 0.33333
HWW 3 2.00 2.30 6.5 2.17 0.02 0.15275 0.08819

P-value2.05E-32. TL (Total Length) was used as a factor.

limited number of individual of Iris polystictica have been found, wich was drastically
different in shape and size, where: Total length - 35mm, Head length - 3.9 mm, Head width -
4.1 mm, Lower frons length - 1.4 mm, Lower frons width - 2.4 mm, Protonum length - 5.4
mm, Protonum width - 1.6 mm, Front tibia 2.9 mm, Front Taurus - NI, Front femur - 1.6 mm,
Fronc coxa - 6.3 mm, Front wing length - 13 mm, Front wing width -5 mm, Hind wing length
- 10 mm, Hind wing width - 8 mm. Also, this specimen's lower wing was sharply contrastingly
painted which was visually easily noticeable.

Based on morphometric analysis and morphological observation confirmed the
probable species affiliation of the individuals. From four specimens, three belong to Hierodula
transcaucasica and one of them - Iris polystictica (Fig. 16), because their proportions
correspond to the values established by Battison and Massa (2008). We also compared the
identified specimens with the data of other researchers (Patel, S., & Singh, R. 2016,
Romanowski et al., 2019) which confirmed the accuracy of the species affiliation of the

individuals described.

Fig. 16. A - Hierodula transcaucasica; B - Iris polystictica
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According to Romanowski (2019, the pronotum of Hierodula transcaucasica is short
with expanded edges and general shape rounded or ovoidal, without any evident narrowing
before the supracoxal dilatation (Figure 17.A, B). Inner side of the fore coxae without large
yellowish spots at the base of the marginal spines. H. transcaucasica’s frontal sclerite (FS) is
almost as high as broad (Figure 18 A.B). Knee of the mid and hind femora (HF) with a small
spine (Figure 19.B, C, D). Medial face of the fore coxae (FC) without a black spot (Figure 16.A)
(Battiston R. & Massa B. 2008).

Fig. 17. Pronotum top view under microscope: A- H. transcaucasica; C - I. polystictica;

Drawing of pronotum: B- H. transcaucasica; D- I polystictica
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Fig. 18. A —H.transcaucasica frontal sclerite highness and broadness; B — drawing of H.
transcaucasica head; C - remarkable signs on the frontal sclerite (FS) Iris polystictica 2 small

round knobs (SRK); D - drawing of I polystictica head

Fig. 19. A .- I polystictica femora with 5 external spines; B — H. transcaucasicaknee of the
mid femora with a remarkablesmall spine, C — H. transcaucasicaknee of the hind femora with

a remarkablesmall spine. D - H. transcaucasica spine

The presence of Iris polystictica was observed in the examined samples with known

remarkable signs: fore femora (FF) with 5 external spines ( Figure 19.A) . Frontal sclerite (FS)
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of Iris polystictica with 2 small round knobs (SRK) (Fugure 18.C, D) (Battiston R. & Massa B.
2008).

4.13 Predation of the mantis

In laboratory experiments predation of adult A. transcaucasica on adult H. halys were
confirmed (Figure 20, A, B). After two-day starvation H. transcaucasica prayed seven adult of
H. halys, next days average number of predations were three exemplars during one day (Fig.
21).

In order to confirm the predation of the H. transcaucasica nymph on H. halys under
natural conditions, conducted the following experiment: /. transcaucasicas nymphs (age III),
hatched in the laboratory transferred in nature.

In semi-field experiment, three-day starving of one H. transcaucasica and 28 newly
hatched H. halys nymphs (on the branch of Rubinia pseudoacacia) under the one cage were
satellite (Figure 20, C).

On the first hour, H. transcaucasica predate on seven nymphs of H. halys. Average

number of destroyed newly hatched nymphs during one hour, three exemplars were

amounted (Fig. 22).

Fig. 20. A - predation of adult H. transcaucasia on H. halysimago; B - residues after feeding; C

- H. Transcaucasia nymph predation . halys on newly hatched nymphs
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Fig. 21. Adult H. transcaucasica predation in adult /. halys adult individuals in the laboratory
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Fig. 22. H. transcaucasicas nymph predation of H. halys on newly hatched nymphs in the

laboratory for 24 hours

Nymph predation of H. transcaucasicas was confirmed on H. halys nymphs of age I
(Figure 20, C). As can be seen from Figure 22, one hungry individual killed 23 (83%) newly
hatched nymphs of A. Aalysin 24 hours. It was observed that the nymph of A. transcaucasicas

was not fed during the period 0:30-3:30 am.

The daily and hourly feeding intensity of H. transcaucasica was statistically checked
(Fig.23).
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Fig. 23. Kaplan-Meier survival plots for H. transcaucasica adults. A- shows the Kaplan-Meier
survival curves of adult A. halys during 20 days of exposure with adult A. transcaucasica; B -
shows survival curves of nymph H. halys during 24 hours exposure with H. transcaucasica
nymphs

According to chi-square test (x2=80.00, P=0.355) no significant correlation were found
between adult A. halys mortality and quantity of the experimental days. Also, no significant
correlation (x2= 32,250, P= 0.264) were found between mortality of A. haly nymphs and
duration in hours.

Descriptive statistics mean and median confidence intervals for survival time (adult and
nymph H. halys) is given in table 8. The median for the Adult H. transcaucasica was 10 days,
and for the H. transcaucasica nymph was 15 hours, meaning that 50% of the population of A.

halys were destroyed during this time.

Table 8. Mean and median for survival time

Mean? Median
Predator 95% Confidence Interval
Estimate Std. Lower Upper  Estimate Std. Lower Upper
Error Bound  Bound Error Bound Bound
Adult 10.500 1.323 7.907 13.093 10.000 2.236 5.617 14.383
Nymph 13.929 2.160 9.695 18.162 15.000 3.325 8.483 21.517

a. Estimation is limited to the largest survival time if it is censored.

89



4.14 Efficacy of entomopathogenic nematodes against H. halys

All the four tested isolates H. bacteriophora HRB (GEO), S. borjomiense, HRB (IT) and S.
apuliae, were able to infect the adults of . halysand efficiency of IJs varied depending on the
EPNs strains. Experimental data showed that all entomopathogenic nematodes tested were
able to kill A. halys (Fig. 24). Significant differences were observed between Georgian and
Italian strains. At the end of experiment, cumulative mortality for HRB (GEO) and S.
borjomiense at high concentration (1000 IJs/adult) reached 53.3% and 40%, respectively,
whereas at concentrations of 500 and 200 IJs/adult the mortality ranged 40-33.3% and 33.3—
13.3%, respectively. For the Italian strains HRB (IT) and S. apuliae, the recorded mortality at
high, intermediate and low concentrations ranged between 95.3-60%, 93.3—-40% and 73.3-
33.2%, respectively. The emerging IJs were harvested and counted throughout the interval of
8-10 days after treatment. All dead BMSB specimens showed symptoms of infection with

nematodes developing and reproducing into adults (Fig. 25).
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HRB (GEO) S. borjomiense HRB (IT) S. apuliae Control

£ 1000 1 500 200 (IJs/adult H. halys)

Fig. 24. Comparative efficiency of different strains of the entomopathogenic nematodes .
bacteriophora (GEO) (IT), S. borjomiense HRB (GEO) and S. Apuliae (IT), against adults of 4.

halys, in laboratory assay.
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Suppressive effectiveness of all nematodes enhanced as the exposure period increased.
The largest increase, between days four and eight, was noticed between H. bacteriophora (IT)
and S. apuliae at the concentration of 1000 IJs/adult where effectiveness in BMSB suppression
of the first strain was about twice as much as in the second. A mortality rate of 6.66% was
recorded among control insects. Experimental data are presented in Figure 26. On the 3rd day
post-treatment, /. halys adults mortality at the highest concentration showed a 6.7% variant
only for H. bacteriophora (IT). The same mortality rates (6.7%) were displayed in variant A.
bacteriophora (GEO), S. apuliae and S. borjomiense, but on the 4th day. Maximum mortality
was recorded after 8 days by H. bacteriophora (IT) with 95.5%, S. apuliae with 60%, H.
bacteriophora (GEO) with 53.3%, and S. borjomiense with 40% (Figure 26(A)). At the
concentration of 500 IJs/adult, mortality in the variant of HRB (IT) was 6.7% on day 3 and
93.3% on day 8. Four days are needed for the nematodes to kill 6.7% insects for the variant of
S. apuliae, whereas 5 days are needed for HRB (GEO) and S.borjomiense to kill the same

number of insects. After 8 days post-treatment, S. apuliae and H. bacteriophora (GEO) reached

40% mortality of BMSB, while S. borjomiense reached 33.4% mortality (Figure 26(B)).

Fig. 25. Adults of H. halys infected by Heterorhabditis bacteriophora (Italian strain), life

stages, inside the body (A), and released outside (B) after dissection of insect body.

Low rate of mortality was observed at concentration of 200 IJs/adult (Figure 26(C)).
With the exception of H. bacteriophora (IT), that killed 6.7% and 73.4% of tested insects at
days 4 and 8, respectively; S. apuliae, H. bacteriophora (GEO) and S. borjomiense reached a

91



mortality of 6.7% at the 5th day and of 33.3%, 33.4, 13.4%, respectively, at the 8th day post
infection. A change in colour of nematode-invaded insects was usually observed, with insects
turning dark yellow-brown (Poinar, 1976) when infected by H. bacteriophora and darker, or
grey to dark-grey when infected by Steinerma spp. The susceptibility of A. halysto a particular
nematode species and concentration is a key factor for LC50 levels. The concentration required
to cause 50% mortality of H. halys for different strains of EPNs, namely H. bacteriophora

(GEO), S. borjomiense, H. bacteriophora (IT) and S. apuliae, are presented in Table 8.

All four strains are pathogenic at the highest concentration (1000 IJs/adult), with a
mean mortality ranging from 40 to 95.5% (P < 0.05). The highest percentage of mortality was
observed 8 days after treatment. H. bacteriophora (IT) was significantly more virulent than
the other strains at all tested concentrations. Probit analysis used to analyse the mortality
results revealed that H. bacteriophora (IT) had the lowest median lethal concentration value,

whereas S. borjomiense had the highest (Table 9).
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Table 9. Median lethal concentration LC50 (IJs/ml) of H. halys adult treated by the four EPN
strains (ANOVA, P < 0.05).

LC%50 95% Fiducial CI Chi-test
Strain Slope+SE df P-value

PPM Lower Upper (x2) Sig

HBR (GEO) 0.721+0.322  879.289  205.395 3764.204  0.871 1 0.015
S. borjomiense  1.252+0.199 1390.821 567.433 3409.005  0.748 1 0.028
HBR (IT) 1.255+0.228  64.171 22.930 179.589 0.997 1 0.034
S. apuliae 0.951+0.245 656.671 217570 1981.965  0.882 1 0.039

The concentration required to cause 50% mortality of /. halysfor the four tested strains
of EPNs at high, medium and low concentrations is presented in Figure 27 (A-D). One-way
ANOVA analysis shows that the average mortality was significantly (P < 0.05) affected by
exposure of H. halys insects to different concentrations of EPN suspensions. Insects exposed
during the period 3-8 days post-infection (dpi) at the highest concentration (1000 IJs/adult),
had significantly increased death rate. The lethal survival time (LD50) of H. halys (Fig. 28)
ranged from a minimum of 4.3 to a maximum of 6.6 days (Table 10). Survival curves for
treatments with a concentration of 1000 IJs/adult, all differed based on the Kaplan—Meier
method. Pearson’s Chi-square statistic test (all values of P > 0.05) indicated that the data fitted
the regression models according to Breslow (Generalised Wilcoxon). Time-Response Bioassay
Survival analysis of H. hayls adults exposed to the control and the selected nematodes with
concentration 500 and 200 IJs/adult indicated no significant difference between the mortality
times (Figures 26 and 27). Survival curves for treatments with concentration 500 IJs/adult (Fig.
29) Pearson’s Chi-square statistic test (all values of P > 0.05) indicated that the data fitted the
regression models, where x2= 0.292, df = 1, sig = 0.589 and with the concentration of 200
IJs/adult (Figure 30) x2 = 0.839, df = 1, sig = 0.360 according to Breslow (Generalised

Wilcoxon). Survival curves for all treatments differed by the Holm-Sidak method (P < 0.05).
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Table 10. Mortality (%), mean survival time and LT50 (days) of H. halys adult-treated

nematode strains with concentration 1000 IJs/adult.

Name of Mortality %? Mean survival LT50 Ne
Nematodes time + SEP (95% CI)

HRB (GEO) 53.3 6.583+0.417 7.000 15
St.Borjomiensis 40.0 6.000+0.500 5.000 15
HRB (IT) 93.3 4.267+0.182 4.000 15
S.apuliae 60.0 6.583+0.417 7.000 15

aPercent of dead individuals at the end of experiment corrected for mortality in control using Abbott’s formula;
bThe mean survival time and its standard error were underestimated because the largest observation was
censored;

cTotal number of insects in bioassay.

Table 11. Mortality (%), mean survival time and LT50 (days) of H. halys adult-treated

nematode strains with concentration 500 IJs/adult.

Name of Mortality%*  Mean survival LT50 (95% Ne
Nematodes time + SE® CI)

HRB (GEO) 33.3 6.400+0.510 6.000 15
St.Borjomiensis 33.3 6.600+0.510 7.000 15
HRB (IT) 93.3 5.714+0.354 6.000 15
S.apuliae 40.0 6.000+0.577 6.000 15

Table 12. Mortality (%), mean survival time and LT50 (days) of A. halys adult-treated
nematodes strains with concentration 200 IJs/adult.

Name of Concentration Mortality%:? Mean LT50 Ne
Nematodes survival (95%
time + SE® CI)
HRB (GEO) 200 33.3 6.600+£0.510  7.000 15
St.Borjomiensis 200 13.3 6.833+0.477  7.000 15
HRB (IT) 200 73.3 5.929+0.246  6.000 15
S.apuliae 200 33.3 6.600+0.510  7.000 15

4.15 Potential of Bover-Ge

Bover-Ge was tested in the laboratory under 1 x 107and 1X 10%concentrations against adult of
H. halys. At the 1X107 concentration effectiveness was about 70% and 1X 108concentration

effectiveness reached about 90% (Fig. 31).
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Fig. 31. Efficiency of Bover-Ge on the adult /. Aalysunder laboratory conditions

Bover-Ge was tested against overwintering forms of /. halys, mortality achives 64.5% (Fig.

32).
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Fig. 32. Efficiency of Bover-Ge on the overwintering H. halysin semi-natural conditions.
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4.16 Entomopathogenic Fungi isolated from H. halys populations

4.16.1 Morphology of isolated fungi

Three isolates (MB 101, MB 102, MB 104) showed white to cream colonies with irregular edges
and powdery appearance, typical macroscopic traits of Beauveria genus. The microscopic
observations of the three strains presented reproductive structures and conidia with typical
morphology, size, and color of three B. bassiana. Strains showed septate mycelium,
conidiogenous cells size of 5.5 to 8.4 pm (SD 0.3 to 0.9 ym) x 2.2 to 2.9 pm (SD 0.2 to 0.6 um),
with a wide base and a narrowed apex from which multiple chained conidia emerge in a rachis
with a zig-zag arrangement. The conidia were hyaline and smooth, with a globose to
subglobose structure. The diameters of the conidia showed a mean value of 1.6 to 2.4 pm (SD
0.6 to 0.7 um) (Fig. 33).

Isolate - MB 103 fungal colony grown in PDA media was white to light pink in color
and appeared woolly and powdery. Droplets of exudate in a small amount, small, colorless or
completely absent. The reverse side of the colonies is white at first, then pale yellow from the
dentrum to the periphery. The conidial structures are very simple, consisting of single
phialides or whorls of phialides, or of short conidiophores, simple or slightly branched, bearing
terminal glomeruli of phialides. Conidiophores 7-15 pm long, 1.5-2 pm in diameter, smooth.
Phialides in whorls 5.7-18 pm long with a diameter at the base of 1-2 ym, tapering into a long
neck 0.5 pm in diameter. Conidiphores with rounded or pointed ends, 3-4x1-2 pm, in chains,
mostly 45-50 pm long, but sometimes up to 90 pm. Conidia elongate before germination and

give rise to a polar germ tube (Fig. 33).
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4.16.2 Molecular identity

The PCR products of the ITS regions of the rDNA of the all isolated entomopathogenic fungi
generated fragments of approximately 600 bp.

The phylogenetic analyses provided sufficient information to complement the
morphological data obtained and allowed to classify four fungal strains within the MB101,
MB102, MB 104 — Beauveria bassiana and MB103 - Isaria fumosorosea (Fig 34).

MF416660.1 Isaria fumosorosea voucher CBS 244 .31
MF416661.1 Isaria javanica voucher CBS 134.22
MF416658.1 Isaria fumosorosea voucher CBS 375.7 |
MF416657.1 Isaria fumosorosea voucher CBS 337.52
MF416659.1 Isaria fumosorosea voucher CBS 107.1

Isolate 103

MF416653.1 Cordyceps cicadae voucher RCEF HP090724-31
MF416642.1 Cordyceps takaomontana voucher MCA 1806 |
JN049896.1 Isaria tenuipes strain ARSEF 5135

L MF416656.1 Isaria farinosa voucher CBS 111113 T
EF468886.1 Isaria cf. farinosa OSC 111004

DQ522377.1 Cordyceps militaris strain OSC 93623

MF416652.1 Isaria amoene-rosea voucher CBS 729.73
—— HQ880897.1 Beauveria malawiensis strain ARSEF 7760

_|: MF416640.1 Cordyceps sp. voucher MCA 1727
EF469086.1 Beauveria caledonica strain ARSEF 2567

—— HQ880864.1 Beauveria pseudobassiana strain ARSEF 3405
— HQ880854.1 Cordyceps brongniartii strain ARSEF 617
L JN049885.1 Cordyceps brongniartii strain BCC 16585

- EF468881.1 Cordyceps staphylinidicola strain ARSEF
- HQ880833.1 Beauveria bassiana strain ARSEF 1564
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Fig. 34. Evolutionary relationships of taxa
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The evolutionary history was inferred using the UPGMA method (Sneath and Sokal, 1973).
The optimal tree is shown. The tree is drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Maximum Composite Likelihood method (Tamura and
Kumar, 2004) and are in the units of the number of base substitutions per site. This analysis
involved 26 nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding.
All ambiguous positions were removed for each sequence pair (pairwise deletion option).
There was a total of 644 positions in the final dataset. Evolutionary analyses were conducted

in MEGA11 (Tamura, Stecher and Kumar, 2021).

4.16.3 Enzymatic characteristics of isolated entomopathogenic fungi from H. halys

Chitinase activity

The maximum mean chitinase activity (0,6057 U/mL) was recorded in B. bassiana MB101
followed by B. bassiana MB102 (0,4236 U/mL). In contrast, the minimum mean chitinase
activity (0,3398 U/mL) was recorded in B. bassiana MB 104 (Table 13). A significant difference
was recorded between the chitinase activities on alternative days. The maximum chitinase
activity (1,257U/mL) was recorded on the seventh day which’s significantly better than that
on all other days. Among all days of observations, the minimum mean chitinase activity (0.29
U/mL) was recorded on the second day. The chitinase activity increased from 2nd to 7th day

and decreased from 8th to 12th day (Fig. 35)

Table 13. Descriptive statistics of chitinase activity

Isolate Minimum Median Maximum Mean Std. Std. Error 95% CI of mean

Deviation of Mean Lower Upper

MB 101 0,16 0,51 1,257  0,6057 0,3905 0,1177 0,3434 0,868
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MB 102 0,01733  0,4197 0,8533 0,4236 0,2841  0,08565 0,2327 0,6144

MB 103 0,0125 0,4403 0,7933 0,4209 0,2365 0,07132 0,262 0,5798

MB 104 0,002 0,2933 0,94 0,3398 0,2677 0,08072 0,16 0,5197
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Fig. 35. Chitinase activity of B. bassiana and I. fumosorosea isolates over time

protease activity

The maximum mean protease activity (1,06 U/mL) was recorded in B. bassiana MB 101,
followed by B. bassiana MB 104 with 0,8892U/mL (Table 14). The minimum mean protease
activity (0,7658 U/mL) was recorded in B. bassiana MB 102. A significant difference was
recorded in the mean protease activities on various days. The maximum protease activity (1.37
U/mL) was recorded on the 8th day of incubation, and the minimum mean protease activity
(0.38 U/mL) was recorded MB 103 Isaria fiumosorosea on the 12th day of incubation. Protease

activity increased from day 2nd to 8th, and thereafter, it gradually decreased (Fig.36 ).

Table 14. Descriptive statistics of protease activity

Isolate Minimum Median Maximum Mean Std. Std. Error of 95% CI of Mean

Deviation Mean Lower Upper

MB102 0,24 0,885 1,06 0,7658  0,2831 0,08172 0,586  0,9457
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MB 101 0,55 1,195 1,37 1,06 0,313 0,09035 0,8611 1,259

MB 103 0,38 0,965 1,14 0,8558  0,2799 0,0808 0,678 1,034

MB104 0,38 1,045 1,22 0,8892  0,3286 0,09485 0,6804 1,098
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0,80
0,60 \
0,40 N
0,20

0,00

Protease activity U/mL

1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10thl11thl12th

Incubation days

—e—MB102 MB 101 MB 103 MB104

Fig. 36. Protease activity of B. bassiana and I. fumosorosea isolates according alternative days

Lipase activity

A significant difference was recorded between the mean lipase activities of various isolates of B.
bassiana. The maximum mean lipase activity (1,564 U/mL) was recorded in B. bassiana MB 101 followed
by I fumosorosea MB 103 (1,414U/mL). The minimum mean lipase activity (1,306 U/mL) was recorded
in B. bassiana MB 102 (Table 15). The mean lipase activity of various days was significantly different
from each other. The maximum mean lipase activity (2.04 U/mL) was recorded on 6th day, and the

minimum mean lipase activity (0.54 U/mL) was recorded on the 2nd day of incubation (Fig. 37).
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Fig. 37. Lipase activity of B. bassiana and I. fumosorosea isolates according alternative days

Table 15. Descriptive statistics of lipase activity U/mL

Isolate Minimum Median Maximum Mean Std. Std. Error of 95% CI Error of

Deviation Mean Mean

Lower Upper

MB103 0,63 1,455 1,84 1,414 03323  0,09592 1,203 1,625

MB102 0,56 1,35 1,68 1,306 0,304 0,08774 1,113 1,499

MB101 0,73 1,595 2,04 1,564 0,367 0,1059 1,331 1,797

MB104 0,54 1,25 1,64 1,234 0,2828  0,08163 1,055 1,414

4.16.4 Dose-Mortality Response

The entomopathogenic fungal isolates were tested at three different concentrations in the
laboratory and field conditions to explore their potential to manage the pest population. Per
cent mortality of H. halys larvae were calculated and showed increasing mortality with

increasing spore concentration. Cumulative mortality of A. Aalys over exposure period (3,5, 7
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and 10 days) (Figures 38-44) was significantly (P <0.01) different for fungi isolates (Table 16,
17).

Among the concentrations of entomopathogenic fungi maximum percent mortality was
recorded at 1 x 108 conidia mL! of MB 101 (94.04%) followed by MB 10 (76.31%) on 10th day
after treatment application. At the highest concentration of conidia, all concentration gave the
highest percent mortality (Table 20-22). The results indicated for pathogenicity of all the
concentrations revealed that all of them are virulent.

All isolates tested were pathogenic to H. halys nymphs. However, the mortality among
isolates was variable at different concentrations (Figures 42-44). The MB 104 strain had the
lowest measured performance at all concentrations at all evaluation times. No significant
differences in mortality were found between the MB 101 and MB 102 strains at the highest

concentrations tested (n " 107 and n * 10® ) for studies with adults at 10 days after treatment.

—o— ARSEF 8318 ARSEF 8319 55Ma
MB 082 —#=MB 101 —0—MB 102

—+—MB 103 — MB 104 Control
100
° 80
& 60
s
5 40
= 20 +
0
3rd 5th 7th 9th 12th

Daus of inoculation

Fig. 38. Cumulative mortality of the local and alien fungal isolates against /. halys adults

according alternative days, at the concentration 1x10 ¢
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Fig. 40. Cumulative mortality of the local and alien fungal isolates against /. halys adults

according alternative days, at the concentration 1x10 #
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Fig. 42. Cumulative mortality of the B. bassiana and I. fumosorosea isolates against nymphs
of H. halysaccording alternative days, at the concentration 1x10 ¢
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Table 16. Median lethal concentration LC50 of A. halys adults treated by local and alien
fungal isolates (ANOVA, P < 0.05)

LC50 95%Fiducial CI Slope Intercept x2?(df=2)
Isolates

Lower Upper

109



ARSEF 8318 46700,321 1944,39341 1121645,415 0,378 3,233 0,991
ARSEF 8319 146180,88 3488,51310 6125488930 0,294 3,481 0,998
55MA 1026264,3 18442,8 57107147,9 0,262 3,424 1,000
MB 082 331,0 1,2 93409,7 0,219 4,447 0,736
MB 101 12215,8 502,6 296932,7 0,440 3,202 0,961
MB 102 71,35 0,18 28258,04 0,219 4,593 0,764
MB 103 288125,99 28907,40 287181091 0,514 2,194 0,993
MB 104 46700,32  1944,39 1121645,41 0,378 3,233 0,991

Table 17. Median lethal concentration LC50 of H. halys nymphs treated by local fungal

isolates (ANOVA, P < 0.05)

LC50 95%gFiducial CI Slope Intercept x?*(df=2)
Isolates
Lower Upper
MB 101 1221579,0  61207,70 24380190,30 0,431  2,3222 0,683
MB 102 1221579,0  61207,70 24380190,30 0,440 2,322 1,000
MB 103 9444376,0 1009173,01 88385476,36 0,512 1,431 0,643
MB 104 25026141 1950753,74 321059364,7 0,421 1,884 0,702

Time to mortality was measured through routine post-treatment observations. Higher

rates plateaued faster than lower rates (Figures 38 - 44). The earliest mortality recorded was

with the highest concentration of all strains on two and three days after treatment. Mortality

analyzed by the test of equality with the strata statement in ’log (survival probability) PROC

LIFETEST indicated significant differences between concentrations for all isolates (Figures 45-

56).
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Fig.46. Log concentration probit mortality response of H. halysto Metarhizium anizopliae
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Fig. 50. Log concentration probit mortality response of H. halysto Beauveria bassiana (strain
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Fig. 52. Log concentration probit mortality response of H. halysto Beauveria bassiana (strain

MB 104)
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Table 18. Means and Medians for Survival Time at the concentration 1X10 ¢ (Adult)

Mean? Median
959% Confidence 95% Confidence

Interval Interval
Std. Lower  Upper Std. Lower  Upper
Isolates Estimate Error Bound Bound Estimate Error Bound Bound
ARSEF 8318 6.108 0.450 5.226 6.990 5.000 0.674 3.680 6.320
ARSEF 8319 6.350 0.447 5.475 7.225 5.000 0.666 3.695 6.305
55MA 6.619 0.465 5.708 7.530 7.000 0.631 5.764 8.236
MB 082 5.857 0.434 5.006 6.708 5.000 0.586 3.852 6.148
MB 101 6.132 0.438 5.272 6.991 5.000 0.648 3.730 6.270
MB 102 6.205 0.433 5.356 7.055 5.000 0.657 3.712 6.288
MB 103 6.488 0.457 5.592 7.383 7.000 0.613 5.798 8.202
MB 104 6.195 0.414 5.385 7.006 5.000 0.610 3.805 6.195
Overall 6.256 0.156 5.951 6.561 5.000 0.233 4.544 5.456

a. Estimation is limited to the largest survival time if it is censored.

Table 19. Means and Medians for Survival Time at the concentration 1X10 7 (Adult)

Mean? Median 95%
95% Confidence Confidence
Interval Interval

Std. Lower Upper Estima Std. Lower Upper
Isolates Estimate Error Bound Bound te Error Bound Bound
ARSEF 8318 6.205 0.433 5.356 7.055 5.000 0.657 3.712 6.288
ARSEF 8319 6.132 0.438 5.272 6.991 5.000 0.648 3.730 6.270
55MA 6.132 0.438 5.272 6.991 5.000 0.648 3.730 6.270
MB 082 5.973 0.420 5.150 6.796 5.000 0.638 3.749 6.251
MB 101 5.971 0.442 5.104 6.839 5.000 0.693 3.641 6.359
MB 102 5.848 0.459 4949 6.748 5.000 0.631 3.763  6.237
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MB 103 6.205 0.433 5.356 7.055 5.000 0.657 3.712 6.288
MB 104 6.366  0.436 5.512 7220 7.000 0.567 5.888 8.112
Overall 6.113  0.153 5.813 6.414 5.000 0.234 4542 5.458

a. Estimation is limited to the largest survival time if it is censored.

Table 20. Means and Medians for Survival Time at the concentration 1X10 & (Adult)

Mean? 95% Median 95%
Confidence Interval Confidence Interval
Std.  Lower Upper Std. Lower Upper
Estimate Error Bound Bound Estimate Error Bound Bound
ARSEF 5.794 0.417 4976 6.612 5.000 0.643 3.739 6.261
8318
ARSEF 6.132 0.438 5.272 6.991 5.000 0.648 3.730 6.270
8319
55MA 6.132 0.438 5.272 6.991 5.000 0.648 3.730 6.270
MB 082 5.971 0.443 5.104 6.839 5.000 0.693 3.641 6.359
MB 101 5.758 0.429 4917 6.598 5.000 0.631 3.763 6.237
MB 102 5.656 0.430 4814 6.499 5.000 0.617 3.790 6.210
MB 103 5971 0.442 5.104 6.839 5.000 0.693 3.641 6.359
MB 104 5971 0.442 5.104 6.839 5.000 0.693 3.641 6.359
Overall 5.932 0.153 5.633 6.231 5.000 0.225 4559 5.441

a. Estimation is limited to the largest survival time if it is censored.

Table 21. Means and Medians for Survival Time 1X10 ¢ nymph

Mean? 95% Confidence Median 95%
Interval Confidence Interval
Estim Std. Lower Upper Std. Lower Upper
ate  Error Bound Bound Estimate Error Bound Bound
MB 101 6.108 0.450 5.226 6.990 5.000 0.674 3.680 6.320
MB 102 6.263 0.465 5.353 7.174  5.000 0.684 3.659 6.341
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MB 103 6.488  0.457 5.592 7383 7.000 0.613 5.798 8.202
MB 104 6.548  0.450 5.666 7429 7.000 0.631 5.764 8.236
Overall 6.361 0.226 5.918 6.804 5.000 0.340 4.334 5.666

a. Estimation is limited to the largest survival time if it is censored.

Table 22. Means and Medians for Survival Time 1X10 7 nymph

Mean? 95% Median 95%
Confidence Interval Confidence Interval

Std. Lower  Upper Std. Lower Upper

Estimate Error Bound Bound Estimate Error Bound Bound
MB 101 5.636 0.417 4.819 6.454 5.000 0.561 3.900 6.100
MB 102 5.857 0.434 5.006 6.708 5.000 0.586 3.852 6.148
MB 103 6.350 0.447 5.475 7.225 5.000 0.666 3.695 6.305
MB 104 6.350 0.447 5.475 7.225 5.000 0.666 3.695 6.305
Overall 6.074 0.219 5.645 6.504 5.000 0.332 4.349 5.651

a. Estimation is limited to the largest survival time if it is censored.

Table 23. Means and Medians for Survival Time 1X10 & nymph

Mean® 95% Confidence Median 95%
Interval Confidence Interval

Std. Lower Upper Std. Lower Upper

Estimate Error Bound Bound Estimate Error Bound Bound
MB 101 5.824 0.446 4950 6.697 5.000 0.574 3.875 6.125
MB 102 6.132 0.438 5.272 6.991 5.000 0.648 3.730 6.270
MB 103 6.132 0.438 5.272 6.991 5.000 0.648 3.730 6.270
MB 104 6.108 0.450 5.226 6.990 5.000 0.674 3.680 6.320
Overall 6.054 0.220 5.624 6.485 5.000 0.331 4.351 5.649

a. Estimation is limited to the largest survival time if it is censored.
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4.16.5 Biological efficiency of isolated EPF in field

After ten days of treatment, the mortality ranged from 41.8%, to 79.0%. The maximum
mortality (79.0 %.) was recorded in B. bassiana MB 101 and was significantly better than all
other treatments. This was followed by ARSEF 8319 - which recorded 62.8%, 55Ma- 53.8%,
MB102 -52.6%, ARSEF 8318 - 50.9%, The minimum mortality (41.8%,) was recorded in
I.fumosorosea - MB103. All treatments were significantly different than the control 9.2%,

Control (Dimethioate) -100 % (Fig. 57).
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Fig. 57. Average mortality of entomopathogenic fungi isolated from H. halys - B. bassiana -
MB 101, MB 102, MB 104 and /. fumosorosea- MB 103, Metarhizium sp.— 55MA from local
collection, and alien strains of B. bassiana — ARSEF 8318 and Metarhizium sp. ARSEF 8319
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Table 24. Descriptive statistics of field trials

Std. Std. Lower Upper Coefficient

Minimum Maximum Range Mean
Deviation Error 95% CI 95% CI of variation

55Ma 40,83 65,00 24,17 53,80 12,02 6,010 34,67 7293 22,34%
MB 101 74,16 85,00 10,84 79,01 4,939 2,470 71,15 86,87 6252%
MB 102 42,50 66,00 2350 52,59 10,62 5310 35,69 69,49 20,19%
MB 103 39,16 45,00 5,840 41,79 2,701 1,351 37,49 46,09 6464%
MB 104 52,66 72,00 19,34 62,92 9,537 4,769 47,74 78,09 15,16%
ARSEF 8318 40,25 60,50 20,25 50,86 9,911 4955 35,09 66,63 19,49%
ARSEF 8319 50,00 75,00 25,00 62,75 12,12 6,060 43,46 82,04 19,32%
Control 7,500 11,00 3,500 9,200 1,590 0,7948 6,671 11,73 17,28%
Control

100,0 100,0 0,000 100,0 0,000 0,000 100,0 100,0 0,000%
(Dimethioate)

The infected bugs showed visible mycosis characterized by the development of fungal

myecelia on the insect body (Fig.58).

Fig. 58. Fungal micelia developed on the . halys A,B- adults, C- nymphs
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4.17 Discussion

The annual number of /. halys generations vary according to the geographical climate
conditions. In the native regions of A. halys such as China, Korea, Japan different number of
generations develop. One to six generation occurrences is predicted in distinct locations in
China (Hoffman, 1931). One or two generations have been reported in Japan as well (Lee et
al., 2013). Watanabe (1980) assumed that A. halys is univoltine in western and bivoltine in
eastern Japan. In the mid-Atlantic region of the USA, it has one or two generations per year
(Nielsen et al., 2008). In Switzerland, H. halys is univoltine, but if insect continues to spread
into the Mediterranean area two generations per year could be expected (Haye et al., 2014).
Abiotic conditions during the growing season affect the number of generations produced per
year (Kistner, 2017). Insect phenology is primarily driven by temperature and photoperiod
(Bale et al., 2002; Tobin et al., 2008), which can vary with latitude and other geographical
parameters.

Number of generations of /. halys during one vegetation period in the subtropical
zone of Western Georgia (WG) is controversial subject. According to Karpun & Perchenko
(Karpun, 2016), on the east coast of the Black Sea basin, which is characterized as subtropical
climate: in the Krasnodar, Sochi, Abkhazia, Adjara, H. halys develops three generations. In
the subtropical zone of Azerbaijan - Lenkoran, Absheron and Zakartala - Z. Mamedov
(Mamedov, 2018) reported three annual generations as well. By the dates of M. Murvanidze
(Murvanidze et al., 2018) and E. Jakeli (Jakeli and Nikolaishvili, 2019), A. halys develops two
generations in hazelnut orchards of WG. However, for our investigation three generations of
H. halys were observed in the subtropical zone of WG (Guria, Samegrelo) in 2018.
Additionally, we monitored not only hazelnut orchards, but maize fields, citrus orchards,
ornamental trees, other crops and wild plants.

Based on the various research conducted in Georgia it can be concluded that /. halys
develops two generations, but in the presence of favorable climatic conditions it can complete
the development of the third generation.

H. halys feeding has been observed on 38 species of plants, which include 23 families
and 31 genera. Three species as a host plant Agava americana L., Sambucus nigra L., Laurus
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nobilisL. were identified for the first time in the conditions of WG. During the growing season
H. halys prefers different types of plants for feeding. Mid April (after overwintering) to end of
May H. halys were observed in the Citrus orchards (2022-2023 years). From May to the end
of June, A. halysmainly feeds on hazelnuts. From July to the end of August it prefers vegetables
and corn. From August to October, its feeding was described on fruit trees (persimmon, pear,
grape, plum) and wild herbaceous plants.

One of the objectives of our research was to study the damage and resistance of hazelnut
as an economic important crop for Georgia. The study revealed that hazelnuts are damaged by
nymphs and adults of A. halys. From the host plants, most egg masses were found on hazelnuts,
indicating that hazelnuts are dominant host plant. Mostly egg masses were found on the second
or third leaves of fruitful hazelnut branches. This fact should be explained by plant physiology.
A fruiting hazelnut branch should contain more nutrients than a branch with male flowers.
Therefore, the insect chooses a place rich in nutrients. Feeding damages are well expressed on
the fruits, but a lesser extent occurs on the leaves. The degree of fruit damage depends on the
age and generation of H. halys, although the length of its rostum is always greater than the
thickness of the nut shell, which allows the insect to damage the nut fruit at all ages
(Kharabadze et al., 2022). H. halyssaliva contains various enzymes necessary for digestion, but
it does not contain lignin-degrading enzymes (Peiffer, 2014, Will, 2012). The insect is unable
to damage lignified shells of the almond and pistachios as well (Rijal, 2018, Jesus et al., 2017).
Therefore, once the lignification process begins in the nut shell, the nut fruit becomes
unacceptable for the /. halysfeeding. Shell lignification begins at different times in hazelnut
varieties and varies according to meteorological conditions (Boudet, 2000; Moura, 2010;
Moura-Sobczak, 2011; Lauvergeat, 2001; Hano, 2005; Liu, 2018). The ability to produce lignin
is genetically determined and varies by cultivar (Osakabe, 1999). According to our experiments
the starting time and duration of the lignification process are very important for the hazelnut
resistance to /. halys. More damaged hazelnut variety Tita consists of less lignin than the less
damaged Berdznula.

Seventy-two species of Pentatomidae were observed in Georgia (Zaitseva, 1998). After
invasion and population growth of H. halys, they became food source for native predator

species. The following predators from H. halys populations were identified - Rhynocoris
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iracundus, Hierodula transcaucasica, Iris polistictica. Further studies continued with A
transcaucasica established that it can be used as one of the biological control tools within IPM.
H. transcaucasica is considered to be the most common mantis spread to Easternmost Europe
(Harz & Kaltenbach, 1976). Nowadays, the size and area of /. transcaucasica population is also
increasing in the Black Sea region due to climate change and global warming (Pushkar and
Kavurka, 2016; Harz and Kaltenback, 1976).

Currently the role of H. transcaucasica in Georgia and European ecosystems is
unstudied. But it is known that H. transcaucasica is a voracious predator, can be considered to
eat more than Mantis religiosa and is capable of attacking a large number of invertebrates and
small vertebrates (Battiston et al., 2018, Prete et al., 1999). This ability allows it to adapt and
be competitive in different environmental conditions (Battiston et al., 2018). Because of their
beneficial characteristics, they are used as natural pest control agents in sustainable farming
systems. In some countries mantis ootheca is produced to be sold as a biological pesticide
(Lelito, 2015; Mahr et al., 2008).

During 2018-2020 it was observed that mantis was following /. halys gathering and
migrating population in the outdoor and indoor. Laboratory studies have shown that A.
transcaucasica is predating on H. halysin all stages of post-embryonic development.

Matsura et al. (1975; 1984) investigated the relationships among prey consumption,
instar duration, body size and food assimilation efficiency in each stage of the congeneric
praying mantis (Iwasaki 1991). The study of predatory behavior based on the expression and
model of adult mantises is reflected in the experiments of various scientists (Rilling et al., 1959;
Holling, 1964; Maldonado et al., 1970; Maldonado and Rodriguez, 1971; Copeland and Carlson,
1979; Iwasaki, 1991).

According to Battiston and Massa (2008) morphological description the length of A.
transcaucasica ranges from 45-63.3 mm, while according to our data, lengths are 65-72 mm.
No other significant differences were found between the literature data and in the results
obtained from our experiments.

Predation of mantises was studied by Iwasaki (1991), using nymphs of all ages that

underwent starvation periods. With this model, he established relationships between the
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maximum volume of prey and body length and as the mantis became larger, it attacked the
larger prey model.

In our laboratory predation experiments were established in the adults and nymphs of
H. transcaucasica after they underwent starvation periods. 3* instar nymph of A
transcaucasica preyed on 1% instar H. halysnymphs, while adult /. transcaucasica attacked the
adult of A. halys. The maximum number of H. halys (7 insect) was devastated by an adult A.
transcaucasica on the first day, and in this case the same number of nymphs (7 insects) within
the first hours of the experiment - 9:30 am - 12:30 pm were observed.

During the experiment, when adults of A. halys and H. transcaucasica were inserted
into the insect rearing cage, it was observed that /. transcaucasica was mostly standing at one
place, while A. halys moved towards it. This may be caused by vibrational signals emitted by
the predator. Vibration signals are known to be used by insects for communication and
predation (Mazzoni et al., 2017; Mazzoni et al., 2009; Mazzoni et al., 2014; Pollac & Ollack,
2000).

As a summary, H. transcaucasica is one of the most significant natural enemies of /.
halys. But more research is needed in this area. The study of mantis behaviors in their
relationship to target insects is more promising and could be used in biological control.

For the first time three strains of entomopathogenic fungi (EPF) MB 101, MB 102, MB
104 - Beauveria bassiana and one strain MB 103 -/saria fiimosorosea were isolated from H.
halys WG populations and their species were identified by morphological study. The
parameters, such as conidial germination and the production of hydrolytic enzymes are
associated with the virulence of EPF (Petrisor and Stoian, 2017; Faria et al., 2015). The
virulence of entomopathogenic fungi is defined by extracellular cuticle-degrading enzymes
including proteases, chitinases, and lipases (Cheong et al, 2016). Enzyme analysis confirmed
that the isolated strains (Beauveria bassiana- MB101; MB102; MB104; Isaria fumosorosea - M B
103) have high chitinase, protease and lipase activities.

To establish efficiencies of isolated EPFs, assays were performed in the laboratory
against A. halys adults and nymphs. The same local isolates and alien strains (ARSEF 8318 -
Beauveria bassiana, ARSEF 8319 - Metarhizium anisopliae sl.) were applied in field

experiments.
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Mortality of the H. halys nymphs using the strains MB 101, MB 102, MB 103, MB 104
varied 85-99%, 70-91%, 68-88%, 60-89% respectively. Comparing to the mortality of the adult
MB 101- 80-99%, MB 102 - 75-89%, MB 103 - 60-85%, MB 104 - 70-80% using the same
strains and concentrations, demonstrates that this strains are more pathogenic against nymph
stages of H. halys. According to Parker et al. (2015) nymphs of . halys were more affected by
fungi infection than the adults. In every experiment highest mortality were observed by strain
MB 101 — Beauveria bassiana. V. V. Gouli (2012) have reported that the Beauveria bassiana (67-
100%) is more effective entomopathogenic fungi than Metarhizium anisopliae (40-88%)
against /. halys.

Experiments showed that mortality rate was directly connected to suspension
concentration (1x106, 1x107, and 1x10%). Means and medians for survival time were decreasing
while spore concentrations were increased. Maximum mortality was recorded at higher
concentrations (1x10%) of spores on all 12 days of observations. Analogical results are reported
in different publications (Butt and Goettel, 2000; Akmal et al., 2013).

The strain MB 101 with the highest enzymatic activity was characterized by high
biological efficiency. A positive correlation between production of extracellular enzymes and
mortality rate was reported in other research (Dhawan and Joshi 2017).

We also studied the effectiveness of the first Georgian mycopesticide Bover-Ge against
adults and overwintering H. halys, where mortality varied from 65 to 90.5%. About the GHA
strain (B. bassiana) the active ingredient in BotaniGard® tested against /. halys was reported
in previous studies. Effectiveness of this mycopesticide achieved 85-100% (Gouli et al., 2012;
Parker et al., 2015).

Entomopathogenic nematodes are promising biocontrol agents showing high potential
for the control of many pest insects (Lacey & Kaya, 2007; Poinar, 1990; Piiza, 2015). First report
of the local entmopathogenic Steinernematidae nematodes: S. tbilisiensis, S. thesami, S.
carpocapsae and Heterorhabditidae: H. bacteriophora, against H. halys were done in 2017
(Gorgodze et al., 2017). Each strain of EPNs were tested separately as well as in combination
with local EPF - [saria fumosorosea. Mortality caused by nematodes varied in nymphs 58.5 -
83.3% and in adults 39.2-73.7%. Effectiveness of EPNs in combination with I fiumosorosea

varied 78-96% in nymphs and 63-91% in adults of H. halys.
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According to Mikaia (2018) the virulence of Steinernema carpocapsae against H. halys
is higher than that of Heterorhabditis bacteriophora which depends on the time, type and
concentration of the nematodes. On the 7th day after treatment maximum mortality achieved
68% and 48% respectively.

In our experiments the potential of native (Heterorhabditis bacteriophora (GEQO),
Steinernema borjomiense) and non-native Italian (Heterorhabditis bacteriophora (IT),
Steinernema apuliae.) EPN strains against H. halys under laboratory conditions were
investigated. Cumulated mortality of H. halysadults reached 95.5% for H. bacteriophora (IT),
60% for S. apuliae, 53.3% for H. bacteriophora (GEO) and 40% for S. borjomiense.

After invading and successfully establishing its populations in WG, H. halys adapts to
different climate conditions and continues invasion in new regions of Eastern Georgia (EG).
Western and Eastern Georgia differ in terms of climatic conditions and plant cover in forests
and agricultural fields. The insect’s strong adaptability and the accelerating climate change
pose threat of its outbreak in East Georgia as well. Further research on bioecology (host plants,
numer of generations and etc.) of A. halys will be necessary in the conditions of Eastern

Georgia.

5 Conclusion and Recommendations

Conclusions:

e Two or rarely three generations of the /. halys are recorded in the conditions of
Western Georgia.

e For the first time established that overwintered adults and I-II generation insects prefer
hazelnuts for ovipositon. The number of successfully hatched eggs sampled from
different plants varied from 75 to 79% by years.

e In H. halys overwintering populations the number of females always exceeded males
by 6-60% in 2018-2021 years.

e For the first time H. halysfeeding was observed on 38 species of plants in the conditions
of Western Georgia, of which three species Agava americana, Sambucus nigra, Laurus

nobilis were not included in the list of A. halysfeeding plants of CABI/EPPO.
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Resistance of the nut fruit depends on the time of initiation of lignification. The
lignified shell is a barrier for the insect, which cannot damage it. In the studied
cultivars, the insect preferred the cultivar with less lignin content.

For the first time the following local natural enemies have been identified from A.
halys WG populations: predators - Rhynocoris iracundus, Hierodula transcaucasica, Iris
polistictica, Dermeste sp., and from entomopathogenic microorganisms - fungi
Beauveria bassiana, Isaria fumosorosea.

An adult Hierodula transcaucasica kills an average of three H. halys per day, while its
nymph kills three A. halys nymph per hour in the laboratory.

On the basis of morphological analyses, the species affiliation of entomopathogenic
fungi isolated from H. halys populations - Beauveria bassiana and Isaria fiimosorosea -
was established.

The enzymatic (chitinase, lipase and protease) activities of the isolated strains were
studied and determined that strain MB 101 is characterized by the highest activity.
The efficiency of the isolated strains MB 101, MB 102, MB 103, MB 104 against /. halys
nymphs and adults ranges from 60 to 90%.

Entomopathogenic fungal isolates of Beauveria bassiana - MB 101, MB 102, MB 104
were tested against /. halys nymphs and adults at the three concentrations - 1x10¢,
1x107, 1x108, where mortality was 80-99%, 85-90%, 70-90% respectively, and against
imago - 80-99%, 75-89%, 60-80% respectively.

Biological efficiency of Isaria fumosorosea - MB 103 against . halys nymphs varies
from 68-88%, and against imago it was 70-90% respectively.

The biological efficiency of Bover-Ge tested against H. halysimago is 72.0-90.5%, and
it was 65% in the overwintering phase.

The biological efficiency of entomopathogenic nematodes Heterorhabditis
bacteriophora (GEO), Steinernema borjomiense, Heterorhabditis bacteriophora (IT)
and Steinernema apuliae against H. halys adults reached 53.3%, 40%, 95.3%, 93.3%,

respectively.
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Recommendations

The presented paper is important from the theoretical and practical point of view, in the field

of plant protection, environmental protection, and also in the socio-economic field.

The obtained material and conducted studies allow us to recommend the identified
natural enemies as biological agents for the control of H. halys. Also recommended are those
varieties of nuts that start to accumulate lignin in the shell early and prevent damage to the

fruit.

For the first time in the world, we have isolated entomopathogenic fungi from /. halys
populations. The obtained results ensure the regulation of the number of the pest H. halys

using environmentally friendly and safe methods.

Today, the agricultural sector in Georgia is an important and developing area for the
country's economy. The establishment of farms and greenhouse systems in the future requires
integrated protection of agricultural crops from pests and diseases. In case of mass
reproduction, the economic losses caused by pests are great. Therefore, the production and
timely use of biopreparations and other ecologically safe means created with local resources
will significantly reduce costs, increase their effectiveness, and will also be easily available to

farmers.
Prospects for further development and application of the thesis:

Clarification of the bioecology of the H. halysin the conditions of Georgia, research and study
of its local natural enemies will help to strengthen the biological control of this pest, reduce
the intensive use of chemical means, obtain environmentally friendly, healthy and
competitive products and maintain the ecological balance of the environment.
Biopreparations, which will be made on ecologically safe local strains, will be more effective

and adapted to environmental variability.

From a commercial point of view: isolated and studied entomopathogenic fungi may be offered

to both local and regional biopesticide producers.
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