AHOTANIA

Cmeyyn I'A. Mopdo-dyHKIlIOHATBbHA XapaKTEpPUCTUKA XKajda PUUHHUX OC
ponunu Crabronidae (Insecta: Hymenoptera) ta ¢inorenernyHa 3Ha4yl[icTh HOTO
o3Hak. — KBamidikariiiina HaykoBa Ipalis Ha paBax pyKOIHCY.

Huceprtamiss Ha 3700yTTS HAyKOBOTO CTYIEHs JokTopa ¢inocodii 3a
cnemianbHicTiIO 091 — «bionoris». Incturyt 300mo0rii im. LI [Imansrayzena HAH
VYkpainu, Kuis, 2022.

B nawucepramiiiniii po6oTi BUBYEHO MOP(QOJIOrii0 ’Kaja PUMHUX OC POIUHU
Crabronidae (Insecta: Hymenoptera), mociipkeHo ii 3B’A30K 13 (DYHKIIISIMH IIHOTO
oprany Ta (¢inorenieto rpynu. Panime mopdororis xana Crabronidae Oyia BuBUeHa
dbparmenTapao. CyTTeBe JOMOBHEHHS MOP(OJIOTIYHUX BIJOMOCTEH MPO KAJIO BUIIB
poaunu Crabronidae 0ysi0 HEOOXITHUM JiJIsi O1IBII CUCTEMHOI'O aHalli3y MOro O3HakK.
Psan mopdomnoriyHux O3HaK »ajia MOB’SA3YIOTh 13 XapaKTepUCTUKaMH 310014l abo
cnenupiyHUMH  (QYHKIIIMA ~ 1IBOTO  OpraHy, 30KpeMa  a0JoMiHaJIbHUM
TPAHCHOPTYBaHHAM 3100u4i y BuIiB poay Oxybelus, ane BucnosieHi momo mporo
rinoTe3u cynepedarb ojHa oaHii. s nepernany mux rinore3 0yau moTpiOHi OLIbII
JeTani30BaHl 1 B3a€EMONOpPIBHIOBaHI JAaHl 1moa0 Mopdororii xana. CydacHi
nociiykeHHss  ¢umorenii poaunu  Crabronidae rpyHTYIOTBCS Ha MOJIEKYJISIPHO-
TeHETUYHHX JIAHUX, aJieé MAIOTh PO301’KHOCTI MikK COOOI0 1 MOJIEKYH HE OEPYTHCS 10
yBaru iHIIMMH aBTOpaMU 4Yepe3 He3a[issHHA MOP(QOJIOTIUHUX AaHUX. BHU3HaueHHS
(biTOreHeTUYHOT  3HAYYMIOCTI  MOP(MOJIOTIYHUX  O3HAK JKajla €  CIocCoOOM
MPOJIEMOHCTPYBATH I[IHHICTh I[LOTO OpraHy sK JpKepena JIaHuX Ui MoI10HHMX
nochaipkeHb.  Mertoro  pobotn  Oyno  HamaHHS — Mop(do-(YHKIIOHATBHOI
XapaKTepUCTHKH >kana puilHux oc poauHu Crabronidae (Insecta: Hymenoptera) Ta
BU3HAYEHHs (DUIOr€HETUYHOI 3HAYYIIOCTI MOro o3Hak. [{is JOCSATHEHHS 1€l METH
Oy7i0 3AiliCHEHO MOpPIBHSIIBHO-MOpP(]OOTIYHUN aHami3 OyI0BU Kajda PUWHUX OC
ponunu Crabronidae, 1ocniizkeHo BapiaOenbHICTh PUC MIKPOCKYJIBITYPHU CKEJIETHUX
€JIEMEHTIB Kaja OKpPEMHUX NPEICTaBHUKIB, BU3HAYEHO MOP(POo-PYyHKIIOHAIbHI

O0COOJIMBOCTI KaJla Ta IXHIM 3B'SI30K 3 O10JIOTIEI0 PO3IMVITHYTUX BUJIB OC, a TAKOX



JAOCTDKEHO PpO3MOJALT O3HaK Kama 3a (UIOTEHETUYHUM JIEPEBOM  POAMHU
Crabronidae.

Marepian s JOCHIIKEHHS O0YyJI0 310paHO JHUCEPTAHTKOI OCOOMCTO, a TaKOXK
oTpuMaHo 13 koJnekuii [nctutyty 300morii im. LI. [lImansrayzena HAH Ykpainu (M.
KuiB, Ykpaina), Llentpy npupoanuuux mgociimkenb (Nature Research Centre, m.
Binehtoc, JIlutBa) Ta kadempu ekonorii 1 3oosorii KuiBchbkoro HaiioHaabHOTO
yHiBepcurery imeHi Tapaca IlleBuenka (M. KwuiB, VYkpaina). Bcworo Oyio
JTOCIIDKEHO 26 BHUIIB KOMax, IO HajexaTh J0 17 podiB 13 BOCBMH MIAPOIUH 1
YOTUPHOX POAUH. M’sKi TKaHMHM Kajla MalepyBajid, a MOpP(QOJIOTiI0 CKJIEPUTIB
JTOCIIDKYBAJIM METOJIOM CBITJIOBOI Mikpockomii Ta (ororpadysanu. OcobauBOCTI
aBTO(QIIYyOpECIeHIli KYTUKYJId BHUBYAIM METOJOM KOH(OKaIbHOI  J1a3epHOi
CKaHyBaJIbHOT MIKPOCKOIi, a TOHKI JETajl CKYJbITYypHd Ta MOP(OJIOTiI0 CEHCHI —
METOJIOM CKaHYBAJIbHOI €JIEKTPOHHOI MIKPOCKOIIi. BUMipioBaHHS KPUBU3HH JPYyroi
BaJbBU Oys0 31ikicHeHo 3a nonomororo ckpunty B «R: The R Project for Statistical
Computing» METOJIaMU T€OMETPUYHOL MopdomeTpii. BumiproBanus
(b1IOreHeTUYHOTO CHUTHaly 3JilicHIoBaIu MetogoMm P. bopxeca 31 cmiBaBTOpamu
(Borges et al., 2019), a dinoreHeTHYHMI aHai3 MaTPHUIIl O3HAK Kaja MPOBOIAMIN Y
nporpami PAUP*.

B pesynbrarti Oyso Brepiie ACTaTIbHO TOCIHIHKEHO, OMKMCAHO, MOPIBHIHO MIX
co00l0 Ta 13 JITepaTypHUMH JaHUMU MOP(]OJOTiI0 CKIEPUTIB kKamda 26 BHIIIB
Aculeata. Ha ocHoBI oTpumanux AaHux Oyyio BUAUIEHO 53 MOp(OJOriyHI 03HAKU
’Kaja, 10 MaloTh Mo ABa 4u Ounbmre cranu. CiM 13 IUX O3HAK BIEPIIES BUIIJICHO IS
Hymenoptera, yotTupu 13 HUX MarOTh CTaHM, paHillle HE BIIOMI ISl IILOTO PSIAY.
Takox Brepiie IOCHIIKEHO TOHKY Oya0oBy ocHOBU BaybBimi. Ille 13 o3nHak Bmepiie
BHIUICHO i puiiHux oc 1 Crabronidae 3oxkpema. CtaHu 1Ie I°SITH O3HAK OIMCAHO
BIIEpIIE, X04Ya caml O3HAaKW OynM BIIOMI paHimie. Y 4YOTHPbOX BUIIB BHEpIIE IS
pUWHUX OC TMPOJEMOHCTPOBAHO BHYTPINIHBOBUIOBY  BapiaOENbHICTh  JIBOX
MOPQOJIOTIYHUX O3HAK XKaJja.

B po6orti Bniepiiie gociaikeHo aBTo(IyopecleHIlI0 KyTUKYIU ana. Brepiie
MOKa3aHO, M0 KOMIIO3UIliSl CKIEPUTIB € TIEPEBAKHO OMHOPITHOI B MEXKaX OJHOTO

eK3eMIUISIpa Ta MOAIOHOI MK BUIAMU MOPIBHIOBAHMX PO3MIPIB. Y BHUIIB POJAUHU



Crabronidae ckJiepuTH >Kaja yTBOPEHI NEPEBAXHO CIIA0KO CKJIEPOTHU30BAHOIO
KyTHKYJ010. L{e Bka3zye Ha Te, 10 KOMIO3UIISI KyTHUKYJIU HE BIAIIpae KIOUYOBOI poll
y GYHKIIAHUX OCOOJMBOCTIX Kajla PI3HMX BHAIB. BiIMIHHOCTI 1HTEHCHUBHOCTI
aBTO(MIYOpECIEHITT  JIOKAIbHUX  JUISHOK JKajJla MOXYTh OyTH  TOSCHEHI
BIJIMIHHOCTSIMHA B TOBIIIMHI KYTUKYJIH.

Brnepiie BUMIpsSHO KpUBU3HY APYroi BaJbBH kajia. MOKHA MPUITYCTUTH, LIO
PO3MOIT JIOKATbHUX 3HAYEHb KPUBU3HU B3/I0BXK JOP3alIbHOI 1 BEHTPAIBbHOI KPUBUX
Apyroi BajabBU y BUAIB poay OXybelus Moxke BILIMBATH Ha pO3MO/IiJ HAaBAaHTAXKCHHS B
CKJIEpUTI TiJ 4Yac TPAHCHOPTYBAHHS HAKOJOTOI HAa HBOTO 3700uui. Takox
BHCJIOBJICHO TINOTE3y, IO MiJ 4Yac TPAHCHOPTYBAHHS HAKOJIOTOI Ha BajbBU JKaja
3100Myl Ha HOro MeXaHIuHy CTIMKICTh MOXYTh BIUIMBaTH J00pe pO3BUHEHE,
MPOKCUMAJIbHO pO3rally’keHe Jop3ajbHe pedpo Apyroro BaibBidepa, a TaKoX
3’€lHAHHA MDK apTUKYJSIPHUM BIIPOCTKOM JIpyroi BajbBU Ta apTUKYJSPHOIO
YaCTUHOI  POCTPAJIBHOTO  BIAPOCTKA  JIpyroro  BanbBidepa,  yTBOpEHE
CKJIEPOTH30BaHOI0 KYTUKYJIOKO.

Pe3ynpTaTn  Hammx — TNOPIBHSUIBHO-MOP(QOJIOTIYHUX  JOCHIDKEHb  HE
MiATPUMYIOTh BUCJOBIICHI nonepennimMu aBtopamu (Evans, 1962; Radovi¢, 1985;
Gadallah, 2001) ¢yHkIioHaNbHI TIMOTE3W NPO POJb 3YOIIB HA MEpIIiid BaJbBi,
3ITHYTOCTI APYroi BajbBU Ta HASBHOCTI aliKaJbHUX IMIETUHOK TPEThOi BaJIbBH B
yTpUMaHH1 3100141 HAKOJIOTOO Ha BAJIbBH Kaja.

Xoua meronoM P. bopxeca 31 cmiBaBTopamu (Borges et al.,, 2019) namu He
MOKAa3aHO CTATUCTUYHO 3HAUYIIOTO (DUIOT€HEeTUYHOTO CUTHAIy KaTEropiHMX O3HaK
’KaJla, XapakTep HakJIaJaHHs [IUX O3HAK Ha CIIPOIIEHY JEHApPOTpamy, 1o BigoOpaxae
Cy4acHI MOIJISIAA HAa (PUIOr€HETUYH1 3B A3KH MK JOCTIPKEHUMH TPYyMaMH, a TaKoX
pe3yNbTaTH BUKOPUCTAHHS 1X JJIs KJIAJUCTUYHOTO aHati3y (3a METOI0M MapCUMOHIT)
IPOJEMOHCTPYBAJIM NOTEHIIIHY (DIIIOr€HETUYHY 3HAYYILICTh JIEIKUX 13 HUX.

3a XapakTepoM HakJaJaHHsS O3HaK *aja Ha JEHAporpamy BIEpIIe MOKa3aHo,
IO CTaHW YOTHPHOX O3HAK ’Kajla MOXHA BBAXKATH (PITOTEHETUYHO 3HAUYIIHMH.
Cranu mie m’sATM O3HAK MU BBAXKAEMO CHUHANOMOP(QHUMHU/ayTanoMOpOHUMH IS
OKpEeMHUX JIOCHIJDKEHUX POMAIB Ta BUIIB. 32 HAIIMMU MPHUMYIIEHHAMH, IIICTh O3HAK

MOXXYTh MaTh OOMEXEHY (IIOreHEeTHYHY 3HauyyllicTh, a 34 CTaHM O3HAK MAalOTh



HU3bKY (piIoreHeTHuHy 3Ha4Yyl(icTb. YoTupu cTaHu o3HAK OyJ0 BUSBJICHO TIIbKHU Y
30BHIIIHIA TpyMi Ta cepejl AOCHIKEHUX HaMH OJKUT (MIPeCTaBHUKIB MPOCYHYTOT
BHYTPIIITHBOI TPYIIN).

3arajoM BUBYEHHS jkaja OC-KpaOpOHiJ MPOJAEMOHCTPYBAJIO CKJIAJHICTh I[bOTO
OopraHy, HEOJHO3HAYHICTh 3aJCKHOCTEH MDK (OpMOI0 Ta (YHKIIEIO, a TaKOX
(i1oreHeTUYHy 3HAUyLIICTh HOTO O3HaK, SIKI ICTOTHO, XOYa 1 HEMOBHOIO MIpOIO,
MiATBEPHKYIOTh €BOJIIOLINHI clieHapii, moOynoBaH1 A i€l rpynu 3a pe3yabTaTaMu
(bUTOTeHETUYHOTO aHaJ13y MOJIEKYISIPHO-TCHETUYHUX MapKepiB.

OTpuMaHi pe3yibTaTH B TMOJAIBIIOMY MOXYThb OYTH BHUKOPHUCTaHI NpU
pO3poO0IIi KOHIENIIA OIOHIYHMX 1H)XXEHEPHUX KOHCTPYKILIN IJIsI TpaHCHOPTYBaHHS
BaHTaXI1B 4M IMPOKOJIOBaHHA MimeHeil. Pobora moxke OyTHM BUKOpHUCTaHAa B XOAl
BUKJIaJJaHHs Kypcy «HOBITHI METOIM B 300JI0T1i».

Kiro4oBi cioBa: MOpIBHSIBHO-MOPGOJIOTIYHUNA aHalli3, BHYTPIIIHHOBUIOBA
Bapia0enbHICTh, (YHKIIIOHATBHI OCOOMMBOCTI, PO3MOJIT O3HAK, (UIOreHEeTHYHI
JTOCHIDKeHHS, KOH(OKaJbHA Jla3epHa CKaHyBaJlbHa MIKPOCKOIIS, CKaHyBaJbHa

€JIEKTPOHHA MIKPOCKOITisl, CBITJIOBA MIKPOCKOITisl, BAMIPIOBaHHS! KPUBU3HHU.



ABSTRACT

Stetsun H. A. Morpho-functional characteristic of the sting of digger wasps of
the family Crabronidae (Insecta: Hymenoptera) and phylogenetic significance of its
characters. — Qualifying scientific work printed as a manuscript.

The dissertation for a scientific degree of the doctor of philosophy on a
specialty 091 "Biology", I. I. Schmalhausen Institute of Zoology, National Academy
of Sciences of Ukraine, Kyiv, 2022.

The dissertation is focused on the morphology of the sting of the family
Crabronidae (Insecta: Hymenoptera), its interconnection with the organ’s functions,
and with the group phylogeny. Previous studies of Crabronidae sting were rather
fragmentary. A rigorous assessment of Crabronidae sting characters required an
essential extension of knowledge on morphology of this organ. Some morphological
characters of Crabronidae sting were hypothesized to be associated with peculiar
functions of this organ or traits of the prey. An example of the sting's peculiar
function is transportation of impaled prey by Oxybelus species. Some of such hitherto
proposed hypotheses contradict each other (Gadallah, 2001; Radovi¢ & Susi¢, 1997).
More detailed and intercomparable data on the sting morphology were needed to
revise the hypotheses. Recent studies of the phylogeny of the Crabronidae family are
based chiefly on molecular data. Their results are partly inconsistent; also, they are
sometimes not accepted by some authors due to the omission of morphological data.
An assessment of the phylogenetic significance of the sting characters could
demonstrate the value of this organ as a source of information for evolutionary
research. Therefore, this work aimed to provide a morpho-functional characterization
of the sting of wasps of the family Crabronidae (Insecta: Hymenoptera) and to
determine the phylogenetic significance of its characters. To achieve this goal, a
comparative and morphological analysis of the sting structure of wasps of the family
Crabronidae was carried out. Also, the variability of the microsculpture characters of
its skeletal elements in some species was investigated. The sting morphological and

functional characters and their connection to the biology of the species were assessed.



Besides, the superimposition of sting characters onto the phylogenetic tree of
Crabronidae was studied.

The studied material was collected by the PhD-student personally and also
obtained from the collections of the I.I. Schmalhausen Institute of Zoology of the
National Academy of Sciences of Ukraine (Kyiv, Ukraine), Nature Research Center
(Vilnius, Lithuania), and the Department of Ecology and Zoology of Taras
Shevchenko National University of Kyiv (Ukraine). A total of 26 species belonging
to 17 genera from eight subfamilies and four wasp families were studied. The soft
tissues of the sting were macerated, and the morphology of the sclerites was studied
with light microscopy. Autofluorescence of the cuticle was studied by confocal laser
scanning microscopy. Fine details of the sculpture and the morphology of the sensilla
were studied by scanning electron microscopy. The curvature of the second valvula
was measured using a script in "R: The R Project for Statistical Computing" using
geometric morphometry methods. Phylogenetic signal between categorical sting traits
and phylogeny of Crabronidae was measured using Borges method (Borges et al.,
2019). The phylogenetic analysis of the sting characters’ matrix was carried out
using the PAUP* software.

As a result, the morphology of the sting sclerites of 26 Aculeata species was
studied in detail for the first time. Based on the obtained data, 53 morphological
characters of the sting, each of which has two or more states, were described. Seven
of these characters are characterized for Hymenoptera for the first time, and four of
them have the states, which were not previously known for this order. Also, the fine
structure of the base of the valvilli was investigated for the first time. Other 13
characters were described for digger wasps and Crabronidae in particular, for the first
time. The states of five more characters are described for the first time, although the
characters themselves were known previously. Intraspecific variability of two
morphological characters of the sting was demonstrated for four wasp species. This is
the first registered example of intraspecific variability of the sting characters among
digger wasps.

The autofluorescence of the sting cuticle was studied for the first time.

Homogeneity of the composition of the sclerites within one specimen and their



similarity between species of comparable sizes was shown for the first time. The
sclerite autofluorescence in species of the family Crabronidae corresponds to a less
sclerotized cuticle. This indicates that the composition of the cuticle does not play a
key role in the functional peculiarities of stings of different species. Differences in
the autofluorescence intensity of local areas of the sting can be explained by
differences in the cuticle thickness.

The curvature of the second valvula of the sting was measured for the first
time. The distribution of local curvature values along the second valvula in species of
the genus Oxybelus can be assumed to affect the distribution of the load in the sclerite
during the transportation of prey impaled on it. We also assume that during the
transportation of the impaled prey, the mechanical stability of the sting can be
influenced by the well-developed, anteriorly branched dorsal rib of the second
valvifer, and the connection between the articular process of the second valvula and
the articular part of the rostral process of the second valvifer through the sclerotized
cuticle.

The results of the comparative-morphological study do not support the
functional hypotheses stated in literature (Evans, 1962; Radovié, 1985; Gadallah,
2001) about the role of barbs on the first valvula, the curvature of the second valvula,
and the presence of apical setae of the third valvula in the keeping of the prey
impaled on the sting.

The method of Borges with co-authors (Borges et al., 2019) does not show the
statistically significant phylogenetic signal of categorial sting characters. However,
results of the superimposition of these characters on the dendrogram reflecting the
modern assessment of the group phylogeny and parsimony analysis of the matrix
suggest that some of them are phylogenetically significant.

Patterns obtained with superimposition of the sting characters on the
dendrogram show that four character states can be considered phylogenetically
significant for the first time. Five more character states we consider being
apomorphic/autapomorhic for some studied genera and species. We assume that six

character states may have limited phylogenetic significance, and the states of 34



characters have low phylogenetic significance. Four character states were found only
In the species of the outgroup and in the studied bee species.

In general, the study of the Crabronidae sting demonstrated the complexity of
this organ, the ambiguity of the dependence between its form and function, as well as
the phylogenetic significance of its characters, which significantly, although
incompletely, confirm the evolutionary scenarios constructed for this group based on
the results of the phylogenetic analysis of molecular genetic markers.

The obtained results can be used in the development of concepts of bionic
engineering structures for transporting cargo or piercing targets. The work can be
used for the course "Modern methods in zoology".

Keywords: comparative morphological analysis, variability, functional
characters, character distribution, phylogeny, confocal laser scanning microscopy,

scanning electron microscopy, light microscopy, curvature measurement.
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