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Expression profiles and possible functions of the ecdysone-related
genes in the midgut stem cells of the silkworm, Bombyx mori L., 1758
(Lepidoptera: Bombycidae)!
ipekbdcegdi, Bombyx mori L., 1758 (Lepidoptera: Bombycidae) orta bagirsak kok
hicrelerinde ekdizonla iligkili genlerin ekspresyon profilleri ve olasi rolleri

Ebru GONCU? Osman PARLAK?
Abstract

The insect midgut has remarkable similarities with the vertebrate intestine especially concerning controlling cell
regulation by the stem cells. While the formation of the pupal midgut from stem cells is regulated by ecdysone, it is
inhibited by juvenile hormone via suppression of ecdysone release. This study investigated the possible functions of
ecdysone-related genes in the stem cells of Bombyx mori L., 1758 (Lepidoptera: Bombycidae) during larval-pupal
metamorphosis. The study was conducted in the Ege University silkworm culture laboratory and insect physiology
research laboratory during the years between 2014-2018. Juvenile hormone analogue, fenoxycarb was applied to the
fifth instar Bombyx larvae to delayed or inhibit the formation of the pupal midgut. Morphologic observations were
performed by hematoxylin plus eosin staining; the proliferation rate of stem cells was analyzed by bromodeoxyuridine
cell proliferation assay and expression patterns of ecdysone-related genes were detected by quantitative real-time
reverse transcriptase-polymerase chain reaction. Expression states of genes and developmental events of the midgut
were differently affected by fenoxycarb treatment in an application time-dependent manner. According to results, genes
were firstly classified based on their sensitivity of fenoxycarb, then grouped according to their expression profile in
connection with morphological evaluations of stem cells.

Keywords: Bombyx mori, ecdysone-related genes, midgut, stem cell
Oz

Bocek orta bagirsagi, 6zellikle kdk hucreler tarafindan hiicre diizenlemesinin kontrol edilmesiyle ilgili olarak
omurgall bagirsagiyla dikkate deger benzerliklere sahiptir. Pupa orta bagirsagi, kdk hiicreler tarafindan olusturulur ve
ekdizon, orta bagirsagin yeniden sekillenme olaylarini duzenlerken, juvenil hormon, ekdizon salinimini baskilayarak
engeller. Bu calisma, larva-pupa metamorfozu sirasinda Bombyx mori L., 1758 (Lepidoptera: Bombycidae)'nin kdk
hiicrelerinde ekdizonla iligkili genlerin olasi islevlerini arastirmistir. Bu ¢alisma 2014-2018 yillari arasinda Ege
Universitesi ipek bocegi kiltir laboratuvari ve bocek fizyolojisi arastirma laboratuvarinda yapilmistir. Juvenil hormon
analogu fenoksikarb, pupa orta bagirsak olusumunu geciktirmek veya engellemek icin 5. dénem Bombyx larvalarina
uygulanmigtir. Morfolojik g6zlemler hematoksilen ve eozin boyama ile gergeklestirilmis; kok hiicrelerin proliferasyon
hizi, bromodeoksiuridin hiicre proliferasyon analizi ile analiz edilmis ve ekdizon ile ilgili genlerin ekspresyon durumlari
kantitatif gercek zamanli ters transkriptaz-polimeraz zincir reaksiyonu ile tespit edilmistir. Genlerin ekspresyon
durumlari ve orta bagirsaktaki gelisimsel olaylar, uygulama zamanina bagh olarak fenoksikarb tedavisinden farkl
sekilde etkilenmistir. Sonuclara goére, genler dnce fenoksikarb duyarliliklarina gére siniflandiriimig, daha sonra kdk
hicrelerin morfolojik degerlendirmeleri ile baglantil olarak ekspresyon profillerine gére gruplandiriimistir.

Anahtar sézcukler: Bombyx mori, ekdizon baglantili genler, orta bagirsak, kok hticre
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Expression profiles and possible functions of the ecdysone-related genes in the midgut stem cells of the silkworm, Bombyx mori L.,
1758 (Lepidoptera: Bombycidae)

Introduction

In holometabolous insects, midgut stem cells perform different functions throughout the insect life.
They proliferate and differentiate before each molt for maintaining the existing larval midgut epithelium.
During larval-pupal metamorphosis, the pupal midgut is developed by stem cells suited to the feeding
regime of adult insect (Baldwin et al., 1996; Tettamanti et al., 2007) and ecdysone is the main regulator of
this process.

Ecdysone-related genes have functions during midgut remodeling in insects (Lee et al., 2002;
Nishiura et al., 2005; Goncu et al., 2016). Previous studies have mostly focused on ecdysone-related gene
activation involved in programmed cell death events (Goncu & Parlak, 2011; Franzetti et al., 2012), whereas
our knowledge of the expression patterns of ecdysone-related genes in insect stem cells is insufficient.
Through the few studies on this subject evidence has been obtained regarding the possible functions of
ecdysone in the proliferation and differentiation processes of stem cells in different insect species. Inhibition
of the ecdysone receptor (EcR) signal in the wing imaginal disc causes a decline in the progression of S
phase and mitosis (Cranna & Quinn, 2009) and the ultraspiracle (USP) is involved in the regulation of cell
cycle and differentiation in the developing eye imaginal disc of Drosophila melanogaster Meigen, 1830
(Diptera: Drosophilidae) (Quinn et al., 2012). Parthasarathy & Palli, (2007) showed that the ECR-A/USP-B
heterodimer regulates the development of the pupal/adult midgut in Aedes aegypti L., 1762 (Diptera:
Culicidae). Lee et al. (2002) reported that mutations in broad impact cell death in the larval midgut but do
not affect the development of adult midgut in D. melanogaster. Our previous study showed that ECR-A and
USP2 mRNAs are produced in the midgut stem cells of Bombyx mori L., 1758 (Lepidoptera: Bombycidae)
during remodeling processes but EcR-B1, USP1 and E74B transcripts are detected during the initial phase
of metamorphic events (Goncu et al., 2016).

The aim of this study was to investigate possible functions of certain genes in the formation of the
pupal midgut. For this purpose, fenoxycarb administration was made to manipulate developmental events
in the midgut via suppression of ecdysone release. Fenoxycarb mimics the juvenile hormone action in B.
mori and delays or inhibits metamorphic events depending on the time of administration. Treatment with
fenoxycarb on day 0 causes delay of ecdysone release but day 3 treatment inhibits it completely (Kamimura
& Kiuchi, 1998). After the applications, changes in expression profiles of ecdysone-related genes, midgut
morphology and proliferation patterns of stem cells were evaluated together, and information was obtained
on the critical expression timing of the studied genes and their sensitivity to fenoxycarb.

Materials and Methods
Insect rearing and Fenoxycarb application

This study was conducted in the Ege University silkworm culture laboratory and insect physiology
research laboratory during the years between 2014-2018. Hybrid races (Japanese x Chinese) of the
silkworm, B. mori larvae were reared on fresh mulberry leaves at 25 + 1°C, 75-85% RH and 12:12 h L:D
photoperiod. Insects were topically treated with 1 ng/10 pL of fenoxycarb dissolved in acetone immediately
after the fourth larval ecdysis (day 0) and day 3 of the fifth instar. Throughout the article insects treated with
fenoxycarb on day 0 and day 3 are hamed as group 1 and 2, respectively. Experiments were repeated
every 12 h from day 7 larvae of the fifth instar to 24 h after pupation.

Stem cell isolation

Stem cells were isolated from the midgut according to Hakim et al. (2009). Ten insects were used
for stem cell isolation every 12 h and midgut cells were classified according to their morphological features
(Cermenati et al., 2007; Goncu et al., 2016). Stem cells were observed as clear and round shapes cells
and counted by using a hemocytometer slide under an inverted microscope. They were counted in three
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arbitrary fields each measuring 1 mm?. Every calculation was repeated three times and high percentages
(>92%) of stem cells were obtained by this method (Hakim et al., 2009). Due to the separation of the larval
midgut from the basal lamina into the lumen during pharate pupal stage, the content of the midgut lumen
including yellow bodies was discarded, and the remaining tissues were used as stem cell fractions.

Preparation of midgut sections for staining

Midguts were obtained every 12 h from day 7 of fifth instar larvae to the early pupal stage then, they
were fixed in Bouin's solution for 5-6 h at 4°C. Following the fixation, tissue pieces were dehydrated through
a graded series of ethanol and processed for embedding in paraffin wax. For morphological evaluation, 5-um-
thick sections were stained with hematoxylin and eosin using the routine protocol. Sections were examined
under a Leica DM3000 microscope and photographed with a digital camera.

Bromodeoxyuridine labeling

For in vivo labeling with (bromodeoxyuridine) BrdU, 10 ul of the labeling reagent per 1 g body weight
was injected into the hemocoel of staged larvae/pupae. Midguts were dissected 4 h later and then fixed in
10% neutral buffered formalin for 8 h. Paraffin sections of midgut samples were prepared as described
above for histological analysis. The sections were processed using In Situ Cell Proliferation Kit, Fluos
(Roche, Penzberg, Germany) according to manufacturer’s instructions. The percentage of BrdU positive
cells was assessed by Image J analysis (National Institutes of Health, Bethesda, MD, USA). Automated
particle counting analyze was performed for all images and percentage of positive cells were calculated
according to obtained results.

RNA isolation and cDNA synthesis

Stem cell fractions were pooled and collected in Tripure Isolation Reagent (Roche) for every 12 h.
Samples were homogenized in Tripure reagent and total RNA was isolated according to the manufacturer's
instructions. Total RNA concentration and purity were evaluated by using Nanodrop UV/VIS spectrophotometer.
cDNA synthesis by reverse transcription was performed using 1 pg of RNA and High-Fidelity cDNA
Synthesis Kit (Roche) in a 20 pl reaction volume.

Quantitative real-time reverse transcriptase-polymerase chain reaction

Relative expression of selected genes was detected by quantitative real-time reverse transcriptase-
polymerase chain reaction (QRT-PCR) using light cycler 480 real-time PCR detection systems (Roche) as
described (Gibson et al., 1996). gRT-PCR was performed in a total reaction volume of 10 ul containing 2
pl of cDNA, 0.5 ul each of forward and reverse sequence-specific primers, 2.7 ul H20, 0.2 ul tProbe, and 5
ul enzyme. PCR conditions were 95°C for 10 min followed by 45 cycles of 95°C for 10 s, 60°C for the 30 s,
72°C for 1 s, 40°C for 30 s. The primers used for PCR that were derived from the sequences of the Bombyx
genes and references are listed in Table 1. Primer probe design was performed by using Clustal W and
Oligo 7 software. The specificity of obtained primers and probes was controlled by using the blast program.
Bombyx mori Actin 3 was used as an endogenous control. Mean and standard errors were obtained from
the averages of three independent sample sets. For each gene, we tested to examine gene expression by
using a One-way analysis of variance, SPSS statistics software (IBM, Armonk, NY, USA).
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Table 1. Forward and reverse primers used in quantitative real-time reverse transcriptase-polymerase chain reaction

Forward primer

Gene no . Accession no Upl prob no
Reverse primer

Bombyx mori 5'- GCTCCCTCGAGAAGTCTTACG-3' U49854 9

Actin 3 5'- CTGGGCAACGGAATCTTTC -3'

ECR A 5'-CATCCGGTCAACGGACAC-3 D87118 141

5'- ACCGTAGCTGCCTGAGGATA-3'

5'- ACTTGGCAGTCGGATGAAG - 3'
EcR B1 5'- CGTCATCTCCGTGATCTGG -3’ L35266 153

5- TCAAATAGGCAACAAACAGATAGCCGCTC-3'
USP1 5'- CAGGAACTCCATAGACCG -3 06073 150

. AAA , FAM-
USP2 g,- géil?:?é:‘?;—gxgﬁgngiGTTGGAC-33' AB182582 GTTCAACGACCTTGTTGCTGACA
. B GGTTC-Tamra- Tagman probe

5- CCACTTTCATAGAACAGTTCAGTTGC -3’
E74A 5'- CCACCTATCGAGATAAAGCAAGA -3' QIKLSO 141

5'- ACCCGAGTGACTACGTGAGG -3'
E74B 5'- CGGAGTCTGTGCCTGAGTCT -3' QIKLR9 95

5- TCGGTCGAGCTTGAGTGAG -3'
E7SA 5'- GATGAAGGTCGCTTGTCTCG -3' AB024904 59

5'- GGACAGCTCTCAAAGACGTGA -3'
E75B 5'- CGCACCATTCACTACACTCG -3' AB024905 o

5'- TCTGCAGAGTCCTCTCGCTTC -3'
BRC-Z1 5'- TACACGCGCTGGCAAATG -3' AB166725 36

5- TCTGCAGAGTCCTCTCGCTTC -3'
BRC-22 5- GTGTATATGTGCGTCATCAGGGA -3’ AB166726 %

5 TCTGCAGAGTCCTCTCGCTTC -3'
BRC-z4 5- TCTTGTGGTTGTTGAGCGAGTT -3' ABL6G72T >

5'- TTCCGCAAGTATCATCATTGAC -3'
BFTZ-F1 5'- CTTGTCGTGAGTTGGTGGTG -3’ 10953 141

5'- GGGATGCAAAGGATTCTTCA -3’
BHR3 5-GCGAGGACACTGGTAGTTCAC -3' AB024902 9

Results

Juvenile hormone analogue, fenoxycarb, delays or inhibits the formation of the pupal midgut
epithelium

In the control group, the feeding activity lasted until the end of day 7 of the fifth instar. After the gut
purge, larvae were actively spun cocoon on day 8 and 9 of the fifth instar, and these days were considered
as the early prepupal stage. Larvae became pharate pupae on day 10 of the fifth instar in which the spinning
activity was almost finished and larvae became quiescent. Therefore, this day was determined as the late
prepupal stage and larval-pupal ecdysis occurred at the end of day 10. Fenoxycarb treatment in group 1
extended the feeding stage to the end of day 10. Since gut purge was retarded until day 10 of the fifth larval
stage, days 11 and 12 were determined as the early pupal stage and day 13 as the pharate pupal stage.
Larval-pupal ecdysis occurred at the end of day 13 in this group. Fenoxycarb treatment in group 2 produced
dauer larvae with feeding activity until day 13 of the fifth larval stage. Gut purge, spinning activity, and
larval-pupal ecdysis did not occur in this group of animals.

In the control group, healthy larval midgut epithelium consisted mainly of mature columnar epithelial
cells and goblet cells (Figure 1a-b). After the cessation of feeding, several conical or spindle-shaped stem
cells located in the basal region of epithelium enlarged and began to proliferate in the early prepupal stage
(Figure 1c-d). Proliferating stem cells were observed under the larval epithelium on day 9 (Figure 1e-f). In
the late prepupal stage (day 10), when the degenerated larval midgut detached from the basal membrane
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stem cells formed a multilayer epithelial structure surrounding the lumen (Figure 1g-h). Stem cells started
to differentiate into columnar epithelial cells with brush border membrane to constitute pupal midgut
structure in the early pupal stage (Figure 1i-k).

In group 1, pupal midgut formation was temporarily inhibited until the end of feeding on day 11 of the
fifth larval stage, and very few stem cells were detected in the basal region of the larval midgut epithelium
(Figure 2a-h). Stem cells began to enlarge and proliferate as similar to the control group during the early
pupal stage on days 11 and 12 (Figure 2i-l). The mature larval midgut cell layer was detached from the basal
membrane at the end of day 13 (Figure 2m-n). The formation of the monolayer columnar epithelium of the
pupal midgut continued in the early pupal stage (Figure 20-q).

Larval midgut structure continued to exist in group 2 until the end of day 13 of the fifth instar. Healthy
larval midgut epithelium was observed on days 7, 8 and 9 (Figure 3a-f). Stem cells beneath the larval
midgut epithelium begun to enlarge and proliferate at the beginning of day 10 (Figure 3g-h). In addition to
the reduction of the connection with the basal lamina in some regions, various morphological changes such
as condensation in the cytoplasm and nucleus were indicative of degeneration in the mature larval midgut
cells on day 11 (Figure 3i-j)). Especially on day 12, degenerated old larval epithelial remnants and
undigested mulberry leaves as feeding material were detected in the midgut lumen (Figure 3k-l). On day
13, newly formed larval epithelium from stem cells showed an abnormal multilayered pattern in some
regions (Figure 3m-n). The reduced feeding activity observed in these insects was probably related to this
abnormal midgut epithelium.
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Figure 1. Morphological changes in midgut stem cells visualized by haematoxylin plus eosin staining. Control group: a) fifth larval
instar day 7; b) day 7, 12 h; c) day 8; d) day 8, 12 h; e) day 9; f) day 9, 12 h; g) day 10; h) day 10, 12 h; i) pupa, 0 h; j) pupa,
12 h; k) pupa, 24 h (scale bar 50 um).
Black star, stem cell; ct, connective tissue; dle, degenerated larval epithelium; |, lumen; LE, larval midgut epithelium; m, muscle;
PE, pupal epithelium; and yb, yellow body.
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Figure 2. Morphological changes in midgut stem cells visualized by haematoxylin plus eosin staining. Group 1 (day 0 fenoxycarb
treated insects): a) fifth larval instar day 7; b) day 7, 12 h; c) day 8; d) day 8, 12 h; e) day 9; f) day 9, 12 h; g) day 10; h) day
10, 12 h; i) day 11, j) day 11, 12 h; k) day 12; I) day 12, 12 h; m) day 13; n) day 13, 12 h; o) pupa, O h; p) pupa, 12 h; q) pupa,
24 h (scale bar 50 pm).

Black star, stem cell; ct, connective tissue; dle, degenerated larval epithelium; |, lumen; LE, larval midgut epithelium; PE, pupal
epithelium; and yb, yellow body.

Figure 3. Morphological changes in midgut stem cells visualized by haematoxylin plus eosin staining. Group 2 (day 3 fenoxycarb
treated insects): a) fifth larval instar day 7; b) day 7, 12 h; c) day 8; d) day 8, 12 h; e) day 9; f) day 9, 12 h; g) day 10; h) day
10, 12 h; i) day 11; j) day 11, 12 h; k) day 12; ) day 12, 12 h; m) day 13; n) day 13, 12 h (scale bar = 50 pm).
Black star, stem cell; ct, connective tissue; DE, degenerated epithelium; I, lumen; LE, larval midgut epithelium; m, muscle; ml,
mulberry leaf; NE, newly formed epithelium; sv, secretory vesicle.
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Bromodeoxyuridine (BrdU) incorporation assay was used to evaluate the stem cell proliferation rate
(Figure 4-6), and the percentage of positive cells was assessed by Image J analysis (Figure 7). In the
control group, a few numbers of BrdU positive cells were detected in the basal layer of the larval epithelium
on day 7 of the fifth instar (Figure 4a). The number of stem cells with a positive signal increased on day 10
(Figure 4b). Image J analysis of midgut sections from control group insects revealed that the percentage
of maximum BrdU incorporated cells were 26 + 2.9% just before pupal ecdysis (Figure 7). After pupation,
the number of positive cells gradually decreased (Figure 4c, d). BrdU positive cells in the midguts of group
1 were determined as 4.7 + 0.5% on day 7 (Figures 5a and 7) then decreased to very low levels until day
12 of the fifth instar (Figures 5b and 7). The significant increase in BrdU positive cells in group 1 was
detected just before pupation (Figure 5c¢) and 20 = 2.4% of the cells were BrdU positive (Figure 7). As
detected in the control insects, the number of cells including BrdU gradually decreased after pupation
(Figure 5d, e). In the midgut of group 2, the amount of BrdU positive cells did not exhibit significant changes
during the experiment (Figure 6) and the maximum BrdU positive cells were determined to be 6 £ 1.0% on
day 10 of the fifth instar (Figure 7).

Expression patterns of ecdysone receptors and ecdysone-related transcription factors in the
midgut stem cells

Since the application of fenoxycarb caused prolongation of the feeding stage, x-axis diagrams were
prepared separately for the control and treated insects. In stem cells isolated from the control group,
moderate amounts of ECR A transcripts during feeding and in the early prepupal stage increased sharply
on day 10 and then remained moderate levels up to 24 h after pupation (Figure 8a). However, ECR A
expression was temporarily suppressed in group 1 until day 12 of the fifth instar. The highest ECR A mRNAs
were detected in the first half of day 13 and followed by a gradual decrease up to 24 h after pupation (Figure
8a). EcR A expression in the stem cells of group 2 was completely inhibited until day 13 of the fifth instar
(Figure 8a).

DAPI BRDU MERGE

d7

d10

p0

p24

Figure 4. The proliferation rate of stem cells in the control group visualized by BrdU staining (nuclear staining was performed by
DAPI): fifth larval instar a) day 7 (d7); b) day 10 (d10); c) at pupation (p0); d) pupa 24 h (p24) (scale bar 150 pm).
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DAPI BRDU MERGE

Figure 5. The proliferation rate of stem cells in the Group 1 visualized by BrdU staining (nuclear staining was performed by DAPI): fifth
larval instar a) day 7 (d7); b) day 12 (d12); c) day 13 (d13); d) at pupation (p0); €) pupa 24 h (p24) (scale bar 150 um).

c DAPI BRDU MERGE
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Figure 6. The proliferation rate of stem cells in the Group 2 visualized by BrdU staining (nuclear staining was performed by DAPI): fifth
larval instar a) day 7 (d7); b) day 9 (d9); c) day 11 (d11); d) day 13 (d13) (scale bar 150 pum).
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Figure 7. The percentage of BrdU positive nuclei determined using Image J software (http://imagej.nih.gov/ij) for Control, Group 1
(day O treated insects), and group 2 (day 3 treated insects) (mean * SD for the three independent experiments are shown).

High amounts of EcR B1 transcripts were detected in the stem cells of the control insects on days 7
and 8, and the amount of transcripts decreased after day 9 (Figure 8b). ECR B1 transcripts in stem cells of
group 1 were mostly at low levels, and a significantly higher level was detected only in the first half of day
12 (Figure 8b). In stem cells of group 2, ECR B1 mRNA levels were almost undetectable until day 11, and
only a small increase occurred on this day (Figure 8b). The highest USP 1 mRNA levels in the stem cells
of control group insects were detected on days 7 and 8 (Figure 8c). In stem cells of group 1, low USP1
transcripts began to increase from day 9 and peaked on day 11. Following the peak, mRNA levels
decreased (Figure 8c). In the stem cells of group 2, USP1 mRNA levels were low until day 13 and then
peaked sharply (Figure 8c). The USP 2 levels in stem cells of the control group were relatively high during
feeding and early prepupal stage and peaked in the first half of day 10. Following this, the amount of
transcripts decreased (Figure 8d). USP 2 transcripts in the stem cells of group 1 were at moderate levels
until day 9 of the fifth instar and then peaked on this day. Following the peak, mRNA levels decreased to
moderate levels again (Figure 8d). In the stem cells of group 2, USP2 expression was completely
suppressed until the end of the day 13 of the fifth instar (Figure 8d).

Moderate E74A mRNA levels in the stem cells of the control group peaked just before pupation
(Figure 8e). In stem cells of group 1, moderate levels of E74A decreased until day 10 and remained low
until day 13 of the fifth instar. The most striking E74A expression were detected on day 13 just before
pupation, followed by a gradual decrease in the early pupal period (Figure 8e). In the stem cells of group
2, relatively high E74A mRNA levels peaked on day 11 and maintained high levels until day 13 (Figure 8e).
In the stem cells from the control group, relatively high E74B levels detected on day 8 of the fifth instar
gradually increased after pupation and peaked 24 h after pupation (Figure 8f). In the stem cells of group 1,
mostly suppressed E74B expression until day 11 of the fifth instar increased at the beginning of day 11 and
moderate transcript levels were maintained until pupation. The highest E74B mRNA levels were detected
at pupation, followed by a decrease during the early pupal period (Figure 8f). In stem cells of group 2, E74B
transcripts were at almost undetectable levels until day 13 of the fifth instar (Figure 8f). In the stem cells of
the control group, moderate E75A mRNA levels peaked in the second half of day 9. Although a small
decrease occurred on day 10, relatively high transcript levels remained until 24 h after pupation (Figure
9a). In the stem cells of group 1, quite low E75A mRNA levels until day 13 peaked sharply on this day, and
then decreasing transcripts were maintained at moderate levels throughout the early pupal stage (Figure
9a). In the stem cells of group 2, E75A levels were almost undetectable until day 13 when a small increase
occurred (Figure 9a). E75B transcripts in the stem cells of the control group began to rise after cessation
of feeding and the highest mMRNA levels were detected in the second half of day 9 and then maintained at
moderate levels till 24 h after pupation (Figure 9b). In the stem cells of group 1, low E75B mRNA levels
began to increase and peaked on day 13 of the fifth instar. Relatively moderate transcript levels were
maintained until 24 h after pupation (Figure 9b). Day 3 fenoxycarb treatment resulted in very low E75B
mMRNA levels until day 12; however, a small increase occurred in the second half of day 12 and day 13 of
the fifth instar (Figure 9b).
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Figure 8. Expression profiles of ecdysone receptors and ecdysone-related transcription factors in the stem cell fractions of untreated and
fenoxycarb treated insects (Group 1, day O treated insects, and group 2, day 3 treated insects): a) ECR A; b) ECR B1; c) USP1;
d) USP2; e) E74A; f) E74B. Expression levels of the genes were normalized using Bombyx mori Actin 3 RNA as a
housekeeping gene. Asterisks show significantly different expression (P < 0.05) by one-way ANOVA. Stars above bars into
graphs indicate a significant difference between control and treatment groups (P < 0.05) by ANOVA. Significant differences
between * control and day 0 treatment group; ** control and day 3 treatment group; *** control and all treatment groups.
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In the stem cells of the control group, BRC Z1 levels showed a fluctuating expression pattern, and
the highest level was detected just before pupation (Figure 9c). Relatively high BRC-Z1 levels were
detected in the stem cells of group 1 until day 11. After a sudden drop that occurred in the second half of
day 11, transcript levels rose sharply on day 13 and then dropped to quite low levels after pupation (Figure
9c). In the stem cells of group 2, the fluctuating expression pattern of BRC Z1 was detected until day 11
but its amount was considerably reduced on days 12 and 13 (Figure 9c).
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Figure 9. Expression profiles of ecdysone receptors and related transcription factors in the stem cell fractions of untreated and
fenoxycarb treated insects (Group 1, day O treated insects, and group 2, day 3 treated insects): a) E75A; b) E75B; c) BR-C
Z1; d) BR-C Z2; e) BR-C Z4; f) BFTZ-F1; g) BHR3. Expression levels of the genes were normalized using Bombyx mori Actin
3 RNA as a standard. Asterisks show significantly different expression (P < 0.05) by one-way ANOVA. Stars above bars into
graphs indicate a significant difference between control and treatment groups (P < 0.05) by ANOVA. Significant differences
between * control and day 0 treatment group; ** control and day 3 treatment group; *** control and all treatment groups.
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In the stem cells of the control group, moderate BRC-Z2 mRNA levels decreased suddenly to an
undetectable level on day 9. Following this decline, it started to rise again and peaked 12 h after pupation
(Figure 9d). In stem cells of group 1, the fluctuating expression pattern of BRC-Z2 was detected until day
13. mRNA levels dropped to an undetectable level on some days. The highest transcript level was detected
on day 13, followed by a gradual decline until 24 h after pupation (Figure 9d). In the stem cells of group 2,
BRC Z2 expression was detected in only 5 of 13 developmental days, and the highest mRNA level was
determined in the second half of day 10 (Figure 9d). In the stem cells of the control group, moderate BRC-
Z4 levels on days 7 and 8 decreased to undetectable levels in the second half of day 8 and the first half of
day 9. However, transcripts sharply rose in the second half of day 9 and peaked on day 10. Following the
peak, its levels decreased gradually until 24 h after pupation (Figure 9e). In the stem cells of group 1, low
levels of BRC- Z4 until day 12 peaked suddenly on this day but followed by a sharp decrease. mRNA levels
started to rise again from day 13 and produced a second peak at pupation (Figure 9e). In the stem cells of
group 2, a fluctuating expression pattern of BRC-Z4 was detected during the experiment (Figure 9e).

Two BFTZ-F1 peaks were detected in the stem cells of the control group on days 7 and 9,
respectively. Transcript levels were low on other days during the experiment (Figure 9f). In the stem cells
of group 1, the highest BFTZ-F1 levels were detected on day 7 of the fifth instar. After this day, low BFTZ-
F1 mRNA levels were maintained during the experiment (Figure 9f). Low BFTZ-F1 levels in the stem cells
of group 2 were maintained during the experiment and the highest level was determined on day 13 of the
fifth instar (Figure 9f). In the untreated insects, BHR3 transcripts were only detected on day 10 of the fifth
instar and peaked in the second half of the day (Figure 9g). A similar expression pattern was detected in
the stem cells of group 1. BHR3 transcripts were detected only on day 13 (Figure 9g). Expression of BHR3
was completely suppressed in the stem cells of group 2 during the experiment (Figure 99g).

Discussion

The formation of the pupal midgut is strictly controlled by 20-hydroxyecdysone (20E), juvenile
hormone (JH), paracrine factors (Smagghe et al., 2005) and various components from hemolymph (Hakim
et al., 2007) and fat body (Smagghe et al., 2003; Hakim et al., 2010). The molecular mechanism of ecdysone
during the formation of pupal midgut from stem cells is still unclear. Therefore, this study investigated the
critical expression timing of ecdysone-related genes involved in the developmental processes of midgut
stem cells by manipulating developmental events. Kamimura & Kiuchi (1998) reported that 1 ng of fenoxycarb
administration on day O of the fifth instar temporarily suppressed 20E release from the prothoracic gland
resulting in a prolonged feeding phase. However, the midgut purge and wandering behavior that emerged
in group 1 at the beginning of day 11 were signs of ecdysone release (Sakurai et al., 1998). Due to the
prolonged feeding stage, the development of pupal midgut in group 1 was delayed but stem cell proliferation
and differentiation occurred almost in the same physiological timing as in the control when considered the
spinning activity and gut purge. Based on the morphologic observations and BrdU assay results,
proliferation of stem cells occurred in both the control group and group 1 during the late prepupal stage,
and following a decrease in cell proliferation these cells began to differentiate into columnar pupal midgut
epithelial cells during the early pupal stage. In contrast, fenoxycarb treatment on day 3 of the fifth instar
completely inhibited ecdysone release (Kamimura & Kiuchi, 1998). Therefore, pupal midgut formation did
not occur in group 2 but proliferated stem cells produced new mature larval epithelial cells.

The type of ecdysone receptors and the expression patterns of ecdysone-related genes are key
elements in determining cell fate in insects (Talbot et al., 1993). Our previous study showed the co-
expression patterns of ECR A and USP-2 in the midgut stem cells and their high mRNA levels especially
during the late prepupal stage (Goncu et al., 2016). The delayed ecdysone secretion due to fenoxycarb
treatment on day O completely suppressed the first increase of the ECR A; however, achieving critical
hemolymph ecdysone levels allowed the ECR A expression to be similar to that of the control group.
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Parthasarathy & Palli (2007) reported that ECR A and USP B regulate the differentiation of imaginal diploid
cells in Aedes aegypti midgut. In Manduca sexta L., 1763 (Lepidoptera: Sphingidae) epidermis, ECR A and
EcR B1 have been found during the cell divisions but only EcR A isoform has been detected during wing
cuticle deposition in wing cells (Jindra et al., 1996). The similarity in the ECR A/USP2 expression patterns
in the stem cells of group 1 with the control group and their complete inhibition in group 2 supported the
involvement of this heterodimer in the late metamorphic process of stem cells.

Similar expression profiles of ECR B1 and USP 1 showed their involvement as a heterodimeric
receptor complex in stem cells. According to the expression timing in the control group and group 1, EcCR
B1 and USP1 may be responsible for cellular processes such as the reprogramming of stem cells for the
formation of the pupal midgut epithelium that occurs just before the initiation of metamorphic events in stem
cells. The inhibition of ECR B1 and USP1 in stem cells of group 2 also supports this hypothesis. Riddiford
et al. (2000) proposed that the loss of EcR B1 in the general epidermis of M. sexta might be critical to
switch from the predifferentiation to the differentiation phase. When we evaluate our results and these
previous reports, the marked decrease in ECR B1 expression and increase in ECR A expression in the
control group and group 1 in the late prepupal stage may be a signal for the onset of differentiation events
in midgut stem cells.

Stilwell et al. (2003) found that MSE74A mRNA expression occurs when ecdysteroid titers decrease.
In this study, the presence of E74A in the long-term feeding phase of both treated groups both supported
this previous report and pointed to a possible relationship between JH and transcriptional regulation of E74A.
However, Fletcher et al. (1995) reported that mutated E74A and E74B cause death during the prepupal
stage of D. melanogaster, and this information indicated their critical role in larval-pupal metamorphosis. In
the stem cells of group 1, complete inhibition of E74A just before the termination of feeding suggested that
its downregulation might important for the onset of metamorphic events. Maintaining the high expression
rate of E74A in stem cells of group 2 supported this possibility. A previous study reported that E74A is
produced in most larval and imaginal tissues of Drosophila (Boyd et al., 1991) but it can also bind late puffs
and activate late genes. Ali et al. (2013) demonstrated that the highest E74A expression in the wing disc
of B. mori is detected during the late prepupal stage and regulates transcription of late genes like the cuticular
protein gene. Therefore, when expression profiles of E74A in stem cells of the control and group 1 insect
are considered, E74A may mediate ecdysone for the activation of late genes allowing the stem cell
differentiation. In contrast to E74A, almost complete inhibition of E74B expression in the extended feeding
periods of treated insects indicated that the expression of this isoform is inhibited by juvenile hormone.
Similarly, Stilwell et al. (2003) suggested that MSE74B expression occurs in direct response to ecdysone
in the absence of JH in the epidermis of M. sexta associating with pupal commitment. In addition to this, its
critical expression timing in the control group and group 1 after cessation of feeding and its complete
inhibition in group 2 suggested its pivotal role in the preparation of stem cells for remodeling events.

Previous studies have suggested that the E75A gene can be induced directly or indirectly by the
juvenile hormone in different insect tissues such as mature midgut cell (Goncu et al., 2016), Drosophila S2
cells (Dubrovsky et al., 2004), Manduca CH1 cultured cells (Dubrovskaya et al., 2004), but in this study,
fenoxycarb treatment inhibited both E75A and E75B expression in the midgut stem cells during prolonged
feeding phase of both treated groups. Similar to our results, different publications reported that E75A
expression levels decreased in the midgut of Tribolium castaneum, Herbst, 1797 (Coleoptera:
Tenebrionidae) after methoprene treatment, (Parthasarathy & Palli, 2008), and JH did not increase E75A
levels in cultured M. sexta wing discs (Keshan et al., 2006). These results suggest that the interaction
between JH and E75A is cell-specific. The upregulation of isoforms in control and group 1 insect stem cells
during the formation of pupal midgut and their inhibition in stem cells of group 2 strongly suggested the role
of E75 isoforms in this process.
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Early BR-C gene is known to have an important role in D. melanogaster during metamorphosis
because a mutation in this gene prevents larva-pupal transformation (Restifo & White, 1992; Fletcher &
Thummel, 1995; Kiss et. al., 1998). The presence of all BRC transcripts during the extended feeding period
of treated insects showed that JH did not inhibit BR-C gene expression. Similarly, it has been reported that
JH does not inhibit the expression of BRC transcripts in M. sexta wing discs, moreover, metamorphic
competence and production of BRC transcripts occur in the late larval stage when JH is still present in
hemolymph (Zhou et al., 1998). Zhou & Riddiford (2002) reported that BR-C Z1 inhibits the activation of
pupal cuticle genes in Drosophila. In this study, the presence of BR-C mRNAs in midgut stem cells of all
groups during the feeding phase suggests that it may have a role in the inhibition of pupa-specific genes.
Thus, downregulation of their expression in the middle prepupal stage may be a signal for the activation of
genes responsible for pupal midgut formation. However, previous reports along with upregulation in BRC
MRNA levels occurring in the stem cells of the control and group 1 and the absence of similar increases in
group 2 indicate that they may have a role in the formation of the pupal midgut. BRC isoforms have been
reported to be involved in the growth of wing buds by increasing cell division in Blatta germanica L., 1767
(Blattodea: Ectobiidae) (Huang et al.,, 2013) and also imaginal disc differentiation and histoblast
proliferation in Drosophila (Zhou & Riddiford, 2002).

A previous study on BFTZ-F1 have suggested its role as a cellular competence factor associated
with both 20E and JH in many tissues (Bernardo & Dubrovsky, 2012). Bernardo & Dubrovsky (2012)
reported that the FTZ-F1 nuclear receptor is involved in JH signaling via JH receptor candidates
methoprene-tolerant and germ cell-expressed. In this study, fenoxycarb treatment did not inhibit FTZ-F1
expression, suggesting that BFTZ-F1 is likely associated with JH signaling in stem cells. Our previous study
demonstrated that BHR3 is a late prepupal stage-specific gene in the midgut stem cells of B. mori (Goncu
et al., 2016). Timing of BHR3 expression in the stem cells of control and group 1 indicated that hormonal
conditions suitable for BHR3 expression are provided only during the late prepupal stage under high 20E
levels (Kamimura & Kiuchi, 1998; Sakurai et al., 1998). The absence of BHR3 transcripts in the stem cells
of group 2 also supported this finding. The critical expression timing of BHR3 and its complete inhibition in
stem cells of group 2 strongly indicated its possible role (s) for midgut stem cell differentiation. Siaussat et
al. (2005) reported that PHR3 and PIE75 are detected as components of a 20E-induced genetic cascade
associated with proliferative arrest and chitin precursor synthesis of IAL-PID2 cells.

In conclusion, we classified the genes firstly according to their susceptibility to fenoxycarb and secondly
to their specific expression timings at each developmental stage (Figure 5a, b). The obvious inhibitor effect
of fenoxycarb was detected in the expression of ECR A, EcR B1, USP 2, E74B, E75A, E75B and BHRS3.
Expression of USP1, BRC Z2 and BRC Z4 was not completely inhibited but their mRNA levels are reduced
after fenoxycarb treatment. BRC Z1 and BFTZ F1 expression were almost not affected by fenoxycarb
treatment and E74A was the only gene whose expression was induced by fenoxycarb (Figure 10a).

The expression of E74A and BRC isoforms in the feeding stage of all groups indicated their roles in
the maintaining of larval midgut structure. The high expression status of the EcCR B1, USP1, and E75
isoforms during the early prepupal stage suggest that these genes could be important for the involvement
of stem cells in metamorphic changes and readiness for proliferation. Expression of ECR A, USP2, BRC
Z1 and BHR3 may be important during the late prepupal stage when stem cells highly proliferate and
prepare for differentiation. The presence of abundant E74B and BR-C Z2 mRNAs during the early pupal
stage revealed their possible role in the pupal midgut. When considering all groups, the results obtained
were not sufficient to make any inferences regarding the possible function of BFTZ-F1 in midgut stem cells
(Figure 10b).
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Figure 10. a) Comparison of expression profiles of ecdysone-related genes in the midgut stem cells of untreated and fenoxycarb
treated insects showed their sensitivity of fenoxycarb treatment. Ecdysone receptors, USP2, E74B, and E75 isoforms were
inhibited; however, USP1, BRC Z2 and Z4 were reduced by fenoxycarb. E74A was the only induced gene after fenoxycarb
treatment. BRC Z1 and BFTZ-F1 genes seemed non-responsive to the fenoxycarb treatment. b) We grouped ecdysone-
related genes in connection with their timing of expression and morphological evaluations of stem cells. More evidence is
needed for genes with question marks.
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Original article (Orijinal aragtirma)

Effects of pyriproxyfen and Bacillus thuringiensis Berliner, 1915 on
enzymatic antioxidant defense system and hemocytes of Galleria
mellonella (L., 1758) (Lepidoptera: Pyralidae)?

Pyriproxyfen ve Bacillus thuringiensis'in Galleria mellonella (L., 1758) (Lepidoptera:
Pyralidae)'nin enzimatik antioksidan savunma sistemi ve hemosit sayilarina etkileri

Benay TUNCSOY? Pinar OZALP3
Abstract

With the increasing uses of biological control methods, knowing the physiological and immunological effects of
these insecticides on insects is essential for them to be used safely in agricultural areas. The aim of the study is to determine
the effects of pyriproxyfen and Bacillus thuringiensis subsp. kurstaki individually and as a mixture on malondialdehyde
levels (MDA), glutathione-s-transferase, acetylcholinesterase, cytochrome P450 enzyme activities in hemolymph, midgut,
and fat body and total (THC) and differential hemocyte counts (DHC) of fifth instar larvae of Galleria mellonella (L., 1758)
(Lepidoptera: Pyralidae) 24, 48 and 72 h after exposure under laboratory conditions (30 + 1°C, 65 + 5% RH). The study
was conducted in the Animal Physiology Research Laboratory of the Department of Biology, Faculty of Science and Letter,
University of Cukurova between 2016-2018. Effects of these insecticides on antioxidant, detoxification enzyme activities
and MDA levels were changed depends on exposure time and the differences of tissues. THC decreased after 24 h,
whereas it had increased after 48 and 72 h. DHC induced depends on exposure time and applied insecticide. This study
revealed that pyriproxyfen and B. thuringiensis applications caused biochemical, physiological reactions and effected the
immune defense system of larvae by the alterations in hemocyte counts.

Keywords: Antioxidant defense, detoxification, Galleria mellonella, immune defense, pyriproxyfen
Oz

Biyolojik miicadele yontemlerinin artan kullanimlar nedeniyle, bu insektisitlerin bocekler tzerindeki fizyolojik ve
imminolojik etkilerinin bilinmesi, tarimsal alanlarda giivenle kullanilabilmesi igin biyiik dnem tagimaktadir. Calismanin
amacil, pyriproxyfen ve Bacillus thuringiensis subsp. kurstaki’ nin tek basina ve karigim halinde 24,48 ve 72 saatlik etkileri
sonucunda, Galleria mellonella (L., 1758) (Lepidoptera: Pyralidae)'nin 5. dénem larvalarin hemolenf, orta barsak ve yag
dokusunda malondialdehid (MDA) miktari, glutatyon-s-transferaz, asetilkolinesteraz, sitokrom P450 aktiviteleri ile total ve
diferansiyel hemosit sayilari Gizerine etkilerini laboratuvar kosullari altinda (30 + 1°C, %65 = 5 RH) belirlemektir. Calisma,
Gukurova Universitesi, Fen Edebiyat Fakiltesi, Biyoloji Boliimii Hayvan Fizyolojisi aragtirma laboratuvarinda 2016-2018
yillan arasinda gerceklestiriimistir. Pyriproxyfen ve B. thuringiensis’in etkisinde, larvalarin hemolenf, orta barsak ve yag
dokusunda antioksidan ve detoksifikasyon enzim aktiviteleri ile MDA seviyesinde uygulama siiresine ve doku farkliliklarina
bagli olarak degisimler belirlenmigtir. Total hemosit sayisinda uygulamadan 24 saat sonra azalma, 48 ve 72 saat sonra
ise artis meydana gelmistir. Diferansiyel hemosit sayisi Uzerine etkilerinde ise, pyriproxyfen ve B. thuringiensis
uygulamasina ve uygulama zamanina bagli olarak degisiklikler meydana geldigi belirlenmisgtir. Bu ¢alisma ile pyriproxyfen
ve B. thuringiensis uygulamalarinin biyokimyasal ve fizyolojik reaksiyonlara neden oldugu ve hemosit sayilarinda
degisiklige yol acarak bagdisiklik savunma sistemini etkiledigi ortaya konmustur.

Anahtar sézcukler: Antioksidan savunma, detoksifikasyon, Galleria mellonella, immun savunma, pfyriproxyfen
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Effects of pyriproxyfen and Bacillus thuringiensis on enzymatic antioxidant defense system and hemocytes of Galleria mellonella (L.,
1758) (Lepidoptera: Pyralidae)

Introduction

Galleria mellonella (L., 1758) (Lepidoptera: Pyralidae) larvae, which adversely affects beehives, are
widely used as model organisms for studies in insect physiology and immunology, due to the similarities
with the mammalian organisms in the immune response and gastrointestinal tracts. Moreover, G.
mellonella larvae, in contrast to many other alternative models, can be reared easily in a wide range of
temperature and in a short time. Due to the adverse effects of chemical insecticides used in management
with G. mellonella on human health, problems such as leaving residues in honey and products grown in
the surrounding lands, beekeepers are adopting integrated management. A key purpose of integrated
management is to use methods that are not harmful to the environment and have minimal non-target
effects. In particular, insecticides can be used in combinations due to the restriction of the use of new
products in order to prevent the development of resistance of pests against some insecticides. Insecticides
with different effect mechanisms used in the mixture increase the effect of each other and consequently
this leads to a decrease in cost (Martinez et al., 2004; Attique et al., 2006). The use of combinations of
these insecticides at low doses provides different ecological, biological and economic benefits.

In addition to the use of plant-based insecticides, hormones and analogs, predators and parasitic
insects, entomopathogens and some microorganisms are also used in pest management. The most
important of these methods of pest management is the use of insect growth regulators and microbial
insecticides. Insect growth regulators are insecticides that mimic hormones in insects. Pyriproxyfen,
belonging to the group of juvenile hormone analogs that is excreted by the corpus allatum in insects, is an
organic and heterocyclic compound. Zhao et al. (2020) demonstrated that growth and development of
Bombyx mori L., 1758 (Lepidoptera: Bombycidae) were significantly affected by pyriproxyfen and the fat
body tissues were damaged after treatment. The detoxification enzyme activities were also increased by
pyriproxyfen and affect the immune signaling pathway. Bacillus thuringiensis Berliner, 1915, it is a gram-
positive entomopathogenic bacteria that has been used successfully against agricultural pests. It is known
that in some cases, the exposure to insecticides results in the increased production of reactive oxygen
species and cause oxidative stress in insects (Livingstone, 2001). To understand the detoxification
metabolism of organisms against insecticides, some biomarkers are usually used to evaluate the
physiological effects of environmental stressors (Boily et al., 2013; Carvalho et al., 2013; Badawy et al.,
2015). Lipid peroxidation can be determined by measuring malondialdehyde (MDA) concentration which
has been used as a biomarker for oxidative stress in living organisms (Meng et al., 2009). Glutathione-S-
transferase (GST), one of the potential biomarkers, is also produced to assess the environmental impact
of insecticides. Acetylcholinesterase (AChE) is an important enzyme in the nervous system that is inhibited
by many pesticides. The Cytochrome P450 (Cyt P450) superfamily consists of important monooxygenase
enzymes that are among the most useful biomarkers of exposure due to its role in biotransformation of
xenobiotic (Goksoyr & Farlin, 1992).

The hematological studies are important in the field of insect physiology due to certain vital activities
which are performed by hemocytes. Coagulation, phagocytosis, encapsulation, detoxification, storage and
distribution of nutritive materials are the primary functions of hemocytes. There is an inherent variability of
hemocytes within a species depending on the developmental and physiological stages (Sanjayan et al.,
1996; Beetz et al., 2008; Abd el-Aziz & Awad, 2010). Although many studies conducted on the effects of
pyriproxyfen and B. thuringiensis in insects, there is little information concerning the mixture effects of these
insecticides. Consequently, the aim of this study was to evaluate whether sublethal concentrations of
pyriproxyfen and B. thuringiensis alter cellular and biochemical parameters in insects. To test this
hypothesis, detoxification enzymes (AChE, GST and Cyt P450), the amount of the lipid peroxidation
products in different tissues of G. mellonella and hemocyte counts (total and differential; THC and DHC) in
hemolymph were determined.
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Materials and Methods
Experimental designs

The larvae used in the experiment were obtained from G. mellonella stock cultures reared in the
Animal Physiology Research Laboratory of Cukurova University, Faculty of Science and Letters. G. mellonella
larvae were reared at 30 + 1°C, 65 + 5% RH on a diet composed of bran, honey, glycerol, honeycomb and
distilled water (Bronksill, 1961). The study was conducted in the Animal Physiology Research Laboratory
of the Department of Biology between 2016-2018. Before bran was added to the food, it was sterilized at
150°C to prevent contamination. Juvenile hormone analog (10% EC), Pyriproxyfen (Admiral; Sumitomo
Chemical, Kwinana, Australia) and larvicide based on Bacillus thuringiensis subsp. kurstaki (Delfin WG,
consisting of 32,000 IU mg-1 spores; Agrikem, Antalya, Turkey consisting of 32,000 IU mg* spores) were
used for determining the activity of antioxidant enzymes and hemocyte counts. LDso concentrations of B.
thuringiensis and pyriproxyfen were defined in our previous study (Tuncsoy Sezer & Ozalp, 2016). Fifth
instar larvae were reared on honeycomb with LDso concentrations of B. thuringiensis and pyriproxyfen (B.
thuringiensis LDso 359 pug mL* and pyriproxyfen LDso 2.39 pug mL?) individually and a 1:1 mixture at these
concentrations. For enzymatic analysis, hemolymph, midgut, and fat body tissues were dissected after 24,
48 and 72 h from larvae into a chilled eppendorf tubes with cold homogenization buffer (20 mM Tris buffer,
pH 7.6). A few crystals of phenylthiourea were added to each sample to prevent melanization (Li et al.,
2012). Resulting homogenates were centrifuged at 500 g for 15 min (4°C) and supernatants recentrifuged
at 12,000 g for 45 min (4°C). Fat body tissues were homogenized at 50 W, 40-50 s. with ultrasonic
homogenizer (Bandelin Sonoplus HD 2070, Berlin, Germany). Experiments were run in triplicate being 20
fifth instar larvae in each replicate. The samples for biochemical assays were frozen at -80°C until use.

Enzyme activities

The TBA assay was used to assess the MDA concentration and the absorbance of the chromophore
was measured at 535 nm. The MDA concentration is presented as nmoles of MDA produced per mg protein
using a molar extinction coefficient of 1.56 10° M~' cm™' (Dubovskiy et al., 2008). For AChE activity, the
midgut and fat body tissues were homogenized on ice in five volumes of a Tris-HCI buffer (100 mM, pH
8.0) containing 10% Triton and centrifuged at 12,000 g for 30 min (4°C). This calorimetric method is based
on the coupled enzyme reaction of acetylthiocholine as the specific substrate for AChE and 5,5’ dithiobis-
2-nitrobenzoate as an indicator for the enzyme reaction at 450 nm (Ellman et al. 1961). GST activity was
measured spectrophotometrically using 1-chloro-2,4 dinitrobenzene and reduced glutathione as co-
substrate, according to the method of Habig et al. (1974) by using an extinction coefficient of 9.6 mM™’
cm™'. For the determination of Cyt P450 enzyme activity, p-nitroanisole was used as the substrate (Rose
et al., 1995). The tests were conducted with three replicates. Protein amount was measured according to
the Bradford (1976) method using bovine serum albumin as a substrate.

Total and differential hemocyte counts

For determining the THC and DHC, hemolymph was obtained by piercing the cuticle for blood smear
slide preparation. Air dried smear was then fixed in neat alcohol for 10 min, stained with Giemsa stain and
mounted in Entellan (Sigma Aldrich, Darmstadt, Germany). Phase contrast microscope (Nikon Eclipse
E200; Tokyo, Japan) was used to determine the hemocyte types and morphology (Sezer & Ozalp, 2015).
Four pL of hemolymph was obtained from larvae by using microcapillary tube (Sigma Aldrich, Darmstadt,
Germany) for total hemocyte count. Hemolymph was then transferred to eppendorf tubes that contained
36 pL of anticoagulant buffer (9.8 mM NaOH, 186 mM NacCl, 17 mM Na:EDTA, and 41 mM citric acid, pH
4.5). The number of circulating hemocytes per mm?® was calculated using the formula of Jones (1962).

Data analysis

The statistical analyses of the data were performed at P < 0.05 by a series of analysis of variance
and Student-Newman Keul’s test using SPSS 21.00.
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Results

MDA level in hemolymph had significantly decreased 24 and 48 h after application of all treatments,
however itincreased after 72 h when the larvae exposed to pyriproxyfen, B. thuringiensis and mixed relative
to the control (Figure 1a). In midgut, MDA level had significantly increased after 24 h in all treatments and
72 h after exposure to B. thuringiensis and mixed treatments relative to the control (Figure 1b). MDA level
in fat body had significantly increased after 24 h in all treatments, nevertheless it significantly decreased
after 48 and 72 h relative to the control (Figure 1c).
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Figure 1. MDA levels of fifth instar larvae exposed to pyriproxyfen, Bacillus thuringiensis and mixture after 24, 48 and 72 h. Control
larvae were not treated with insecticides. a) MDA level in hemolymph of Galleria mellonella, b) in midgut of Galleria mellonella,
c) in fat body of Galleria mellonella were determined. Data shown are means + SE (Student-Newman Keul’s test; asterisks
indicate significant differences at P < 0.05).
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AChE activity in hemolymph had significantly increased after 24 and 72 h after exposure to
pyriproxyfen, however at the same time point it had significantly decreased in B. thuringiensis treatment
relative to the control. In the mixed treatment, the enzyme activity had significantly decreased after 24 h,
nevertheless it had increased after 72 h relative to the control (Figure 2a). AChE activity in midgut had
significantly 24 h after exposure to pyriproxyfen, however it had decreased after 48 h relative to the control.
In B. thuringiensis treatments, AChE activity had significantly increased after 48 and 72 h relative to the
control (Figure 2b). In fat body, AChE activity had significantly increased 24 h after exposure to
pyriproxyfen, however it decreased after 48 h relative to the control (Figure 2c).

HEMOLYPMPH

E

I
% *
I - ' *J
Y Lk
24 48 72

Exposure Period (h)

—
[42]
o

-
o
o

(@]

AChE Activity (nmol min. mg
protein)
[42]
o

a mControl mPyr mBt mPyr+Bt
g, MIDGUT
-
c 150 - ¥
£
5 — 100 *
Ex .
2 a
= 7
W 24 48 72
2 Exposure period (h)
b mControl mPyr mBt mPyr+Bt
FAT BODY
o 150 2 T
E I
c
E 100 *
© — # *
g‘t_: 50 ' : . :
—
N
25
(8]
E 24 48 72
5 Exposure period (h)
<
C mControl mPyr mBt mPyr+Bt

Figure 2. AChE activity of fifth instar larvae exposed to pyriproxyfen, Bacillus thuringiensis and mixture after 24, 48 and 72 h. Control
larvae were not treated with insecticides. a) AChE activity in hemolymph of Galleria mellonella, b) in midgut of Galleria
mellonella, c) in fat body of Galleria mellonella were determined. Data shown are means + SE (Student-Newman Keul’s test;
asterisks indicate significant differences at P < 0.05).
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GST activity in hemolymph and midgut had significantly decreased 24 h after application of all
treatments. In fat body, GST activity had increased after 24 h in B. thuringiensis treatment, however it had
decreased in mixed treatment relative to the control. Forty-eight h after exposure to pyriproxyfen and
mixture the GST activity had significantly decreased in hemolymph, nevertheless it had increased in B.
thuringiensis group relative to the control. In midgut, GST had significantly increased in all treatments. After
72 h, the enzyme activity had also significantly increased after exposure to pyriproxyfen and B.
thuringiensis, however it had decreased in mixed treatment relative to the control. GST activity in fat body
had significantly decreased after 72 h after application of all treatments (Figure 3).
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Figure 3. GST activity of fifth instar larvae exposed to pyriproxyfen, Bacillus thuringiensis and mixture after 24, 48 and 72 h. Control
larvae were not treated with insecticides. a) GST activity in hemolymph of Galleria mellonella, b) in midgut of Galleria
mellonella, c) in fat body of Galleria mellonella were determined. Data shown are means + SE (Student-Newman Keul’s test;
asterisks indicate significant differences at P < 0.05).
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The Cyt P450 activity in hemolymph had significantly decreased after 24, 48 and 72 h in all
treatments, expect pyriproxyfen. After 72, Cyt P450 activity in midgut had significantly increased after
exposure to B. thuringiensis relative to the control (Figure 4).
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Figure 4. Cyt P450 activity of fifth instar larvae exposed to pyriproxyfen, Bacillus thuringiensis and mixture after 24, 48 and 72 h.
Control larvae were not treated with insecticides. a) Cyt P450 activity in hemolymph of Galleria mellonella, b) in midgut of
Galleria mellonella, c) in fat body of Galleria mellonella were determined. Data shown are means + SE (Student-Newman

Keul’s test; asterisks indicate significant differences at P < 0.05).
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The THC in pyriproxyfen, B. thuringiensis and mixed treatments had decreased significantly after 24
h, however it increased after 48 and 72 h in all treatments. After 72 h, THC decreased in mixed treatment
relative to the pyriproxyfen and B. thuringiensis treatments (Figure 5). The highest increase after 48 h was
observed with the mixture of pyriproxyfen and B. thuringiensis.
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Figure 5. Total hemocyte count of fifth instar larvae exposed to pyriproxyfen, Bacillus thuringiensis and mixture after 24, 48 and 72 h.
Control larvae were not treated with insecticides. Data shown are means * SE (Student-Newman Keul's test; asterisks indicate
significant differences at P < 0.05).

DHC in larvae revealed the highest number of plasmatocyte and granulocyte in all treatments. The
plasmatocyte count in pyriproxyfen and B. thuringiensis treatments decreased significantly after 24 h,
however it increased in mixed treatment at the same time interval relative to the control. After 48 h, it also
increased significantly relative to the control. The highest increase after 72 h was observed with B.
thuringiensis (p < 0.05; Figure 6a). The highest granulocyte count was observed in pyriproxyfen treatment
after 24 and 48 h. After 72 h, it decreased in pyriproxyfen and B. thuringiensis treatments relative to the
control (p < 0.05; Figure 6b). The prohemocyte count decreased in all treatments after 24 and 48 h. After
72 h, an increase was observed in only mixed treatment relative to the control (p < 0.05; Figure 6c).

The spherulocyte count increased in B. thuringiensis and mixed treatments after 24 h, however it
decreased after 72 h (p < 0.05; Figure 7a). The oenocytoid count decreased in B. thuringiensis treatment
after 48 h, however it increased in mixed treatment relative to the control. After 72 h, it increased in all
treatments relative to the control (p < 0.05; Figure 7b).
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Figure 6. Differential hemocyte counts of fifth instar larvae exposed to pyriproxyfen, Bacillus thuringiensis and mixture after 24, 48
and 72 h. Control larvae were not treated with insecticides. a) plasmatocyte, b) granulocyte, ¢) prohemocyte counts were
determined. Data shown are means + SE (Student-Newman Keul’s test; asterisks indicate significant differences at P < 0.05).
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Figure 7. Differential hemocyte counts of fifth instar larvae exposed to pyriproxyfen, Bacillus thuringiensis and mixture after 24, 48
and 72 h. Control larvae were not treated with insecticides. a) spherulocyte, b) oenocytoid counts were determined. Data
shown are means * SE (Student-Newman Keul’s test; asterisks indicate significant differences at P < 0.05).

Discussion

SOD and CAT are major enzymes in the first line of defense against oxidative damage converting
the superoxide anion radical to hydrogen and the hydrogen peroxide to water and molecular oxygen,
respectively (Hong et al., 2018). In our previous study, the activity of SOD, CAT and GPx in hemolymph
and fat body had significantly increased after 72 h for larvae exposed to pyriproxyfen, B. thuringiensis and
mixture, however in midgut the enzyme activities had significantly decreased relative to the control
(Tuncsoy & Ozalp, 2016). Increased activities of antioxidant enzymes in the fat body and hemolymph are
consistent with increased rates of adaptive metabolic responses to elevated lipid peroxidation (Hyrsl et al.,
2007). In this study, we found a significant increase after 24 h in all treatments in the MDA level of midgut
and fat body relative to the control. Similarly, Boctor & Salama (1983) found that B. thuringiensis bacteriosis
in Spodoptera littoralis (Boisduval, 1833) (Lepidoptera: Noctuidae) increased lipid peroxidation. The
increase of MDA level in midgut 24 h after exposure of B. thuringiensis might be also due to the destruction
via endotoxins. Also, an increase after 72 h was observed in hemolymph of G. mellonella larvae when
exposed to all treatments. It is considered that hemolymph has a vital role in destruction of free radicals in
comparison with midgut and fat body. Fahmy (2012) also found that pyriproxyfen increased the CAT activity
and MDA level in larvae of S. littoralis. Similarly, Dubovskiy et al. (2008) determined that B. thuringiensis
infection resulted in increased SOD and MDA activity in the G. mellonella midgut, however CAT activity
decreased on the first and following days after infection with B. thuringiensis. The increased MDA level 24
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h after application of all treatments in the midgut and fat body of larvae is evidence of oxidative stress.
However, the MDA level significantly decreased after 48 and 72 h in midgut and fat body after exposure to
pyriproxyfen, B. thuringiensis and mixture. These contradictions may be due to the tissue specific
differences in antioxidant enzyme activity (Hong et al., 2018).

AChE is an enzyme that found in many central and peripheral tissues, particularly in the nervous
and muscular tissues (Massoulié et al., 1993). AChE inactivates the neurotransmitter acetylcholine in the
synapses of the insect’s central nervous (Casida & Durkin, 2013; Johnson, 2015; Zhu et al., 2017). In this
study, it was determined that pyriproxyfen, B. thuringiensis, and mixed treatments caused significant
changes in AChE activity in hemolymph, midgut, and fat body of the larvae after 24, 48, 72 h. In another
study with G. mellonella, it was found that AChE activity decreased in hemolymph after exposure to sodium
tetraborate, although an increase was observed in fat body (Durmus, 2007). Similarly, Nathan et al. (2008)
determined that lethal concentration of azadirachtin, which is juvenile hormone analog, significantly
inhibited the activity of AChE only at the high dose in Nilaparvata lugens (Stal, 1854) (Hemiptera:
Delphacidae) compared with control. It was concluded that the reason of the reduction of AChE activity
owing to increased free radical formation when pyriproxyfen and B. thuringiensis was applied may be due
to the inactivation of this enzyme by free radicals.

Chemical insecticides, which are frequently utilized in fields against pests, enable to destroying of
pest in a short time period, although overuse of these insecticides leads to progressing of resistance.
Detoxification enzymes, including esterases, GST, and Cyt P450 has a vital role in resistance development.
GST catalyze the secondary metabolism of a vast array of compounds which is oxidized by the Cyt P450
family (Wilce & Parker, 1994). The catalytic reactions transform a wide range of endogenous and xenobiotic
compounds, such as insecticides (Armstrong, 1997; Zhu et al., 2017). Weirich et al. (2002) reported that
the GST activity in the ventricles of honey bees was five times higher than the hemolymph. It was also
determined that GST activity in midgut of Spodoptera exigua (HUbner, 1808) (Lepidoptera: Noctuidae)
larvae increased when nickel and diazinon applied individually and in combination; however, when diazinon
was applied individually, a decrease was observed in body wall and when nickel was applied individually.
GST activity also decreased in fat body (Zawisza-Raszka & Dolezych, 2008). We found similar results with
other studies and it was thought that various results in GST activities in the tissues may be due to the
differences between tissue metabolism and defenses against reactive oxygen species. The Cyt P450 is
also related to the synthesis of insect hormones, such as 20-hydroxyecdysone and juvenile hormone (Scott,
1999; Warren et al., 2002; Pondeville et al., 2013). In this study, P450 activity increased in hemolymph
after 24, 48 and 72 h and in midgut 72 h after exposure to pyriproxyfen, B. thuringiensis and mixture. The
increase in Cyt P450 activity when exposed to pyriproxyfen may be due to involving of monooxygenases
in the synthesis of insect hormones. We also determined that Cyt P450 activity increased in midgut 72 h
after application of all treatments, and significant increases in hemolymph of pyriproxyfen treatments after
24,48 and 72 h. Itis considered that this effect in hemolymph might be due to the accumulation of enzymes
or proteins in non-target regions such as hemolymph, where these molecules bind to the toxin substances
entering the body of the insect. Similar results to our findings have been found in insects responding to
other chemicals, for example P450 monooxygenase increased in Malpighian tubules and in midgut of
lepidopteran insect during the defense response to allelochemical toxicity (Yorulmaz & Ay, 2010). Qiu et
al. (2003) also determined that Cyt P450 enzyme increased in midgut of Helicoverpa armigera (Hubner,
1808) (Lepidoptera: Noctuidae) larvae in proportion to fat body when exposed to pentamethyl benzene and
naphthalene.

Hemocytes, which are important in the immune system of insects, decline with the starvation,
parasitism, diseases and insecticides as well as changes in the growth of the insects. Thus, it is known that
THC may change in stress factors. In this study, we determined that THC had decreased 24 h after
exposure to pyriproxyfen, B. thuringiensis, and mixture, whereas it increased after 48 and 72 h. Significant
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changes in the DHC of five hemocyte types were observed after application of all treatments. Degradation
of cellular immune response may be due to the decreased hemocyte count in response to bacterial
intoxication. Furthermore, a decrease in the THC may have occurred in starvation, which is an effect of
bacteriosis of B. thuringiensis (De Block & Stoks, 2008; Lee et al., 2006). Broderick et al. (2010) showed
that THC decreased in Lymantria dispar (L., 1758) (Lepidoptera: Erebidae) larvae exposed to B.
thuringiensis. Manachini et al. (2011) also determined that THC in Rhynchophorus ferrugineus (Olivier,
1790) (Coleoptera: Dryophthoridae) hemolymph decreased after exposure to a sublethal concentration of
B. thuringiensis. Insect hormones, such as 20-hydroxyecdysone and juvenile hormone, act in two ways in
the immune system. 20-Hydroxyecdysone causes proliferation of hemocytes, while juvenile hormone and
analogs have an adverse effect (James & Xu, 2012). Juvenile hormone analogs such as pyriproxyfen have
an inhibitory effect on the ecdysone biosynthesis and suppress the release of hemocytes from
hematopoietic organs. Kim et al. (2008) determined that juvenile hormones have an antagonistic effect on
hemocyte counts and spreading of hemocytes. Zibaee et al. (2012) also showed that THC, plasmatocyte
and granulocyte counts decreased in Eurygaster integriceps Puton, 1881 (Hemiptera: Scutelleridae) adults
after exposure to pyriproxyfen. Ghasemi et al. (2014) also reported that THC, plasmatocyte, prohemocyte
and spherulocyte counts decreased in Ephestia kuehniella Froggat, 1912 (Lepidoptera: Pyralidae) larvae,
while granulocyte and oenocytoid counts increased when exposed to pyriproxyfen.

In conclusion, taking into consideration studies with different insect species, it is thought that juvenile
hormone analogs such as pyriproxyfen and entomopathogen B. thuringiensis may have an adverse effect
on hemocyte counts, inhibit larval hematopoietic functions or cytotoxic effects such as cell proliferation.
Moreover, pyriproxyfen and B. thuringiensis also negative effects on oxidative stress and detoxification
mechanism of G. mellonella. Investigation of the toxic effects of B. thuringiensis and pyriproxyfen on insects
individually and in combination are of useful effects on pest management and improving of new methods
which have less adverse effects on environment could overcome potential toxicological effects on non-
target organisms.
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Combined and individual effects of diatomaceous earth and methyl
eugenol against stored products insect pests

Metil 6jenol ve diyatom topraginin depolanmig trtin zararlisi béceklere karsi tek basina
ve birlikte etkisi

Sait ERTURKY’

Abstract

The insecticidal activity of a proprietary diatomaceous earth, Detech, and methyl eugenol was tested with
Sitophilus granarius (L., 1758), Sitophilus zeamais Motschulsky, 1855 (Coleoptera: Curculionidae), Rhyzopertha
dominica (Fabricius, 1792) (Coleoptera: Bostrychidae), Tribolium confusum Jaquelin Du Val, 1868 (Coleoptera:
Tenebrionidae) adults at Stored Products Pest Laboratory of Plant Protection Central Research Institute (Ankara,
Turkey) in 2020. A range of doses of Detech (100, 250 and 500 mg kg™?) and methyl eugenol (5, 10 and 15 mg kg™?)
were used. To determine insect mortality, at a range of times after treatment, and half-doses of both products were
also studied in order to examine simultaneous use for synergistic effect. The greatest effect of Detech on R. dominica,
S. zeamais, S. granarius and T. confusum was observed with 500 mg kg giving 81, 29, 26 and 18% mortality 28 d
after treatment (DAT), respectively. Methyl eugenol at 15 mg kg gave complete mortality with R. dominica adults 3
DAT. Simultaneous application of both products did not give complete mortality in test insects. The data show that
Detech and methyl eugenol are promising treatments for the control of insect pests of stored products.

Keywords: Essential oils, mortality, physical control, stored products insects, synergism

Oz

Tescilli bir diyatom topragi Detech ve metil 6jenolin Sitophilus granarius (L., 1758), Sitophilus zeamais
Motschulsky, 1855 (Coleoptera: Curculionidae), Rhyzopertha dominica (Fabricius, 1792) (Coleoptera: Bostrychidae),
Tribolium confusum Jaquelin Du Val, 1868 (Coleoptera: Tenebrionidae) erginlerine kargi Zirai Miicadele Merkez
Arastirma Enstitiisii, Depolanmig Uriin Zararlilari Laboratuvari (Ankara, Tirkiye)’nda 2020 yilinda test edilmigtir. Bu
amagla farkli dozlarda Detech (100, 250 ve 500 mg kg*) ve metil 6jenol (5, 10 ve 15 mg kgt) kullaniimigtir. Boceklerin
6lum oranini belirlemek icin farkli maruz kalma sureleri kullaniimigtir. Sinerjistik etkiyi belirlemek amaciyla, her iki
urinun de yari dozlari bocekler Gizerinde galisiimigtir. Diyatom topragi Detech, R. dominica, S. zeamais, S. granarius
ve T. confusum i¢in en yuksek etkisi 500 mg kg-1 dozda, 28 gunliik maruziyet siiresinin sonunda sirasiyla %81, %29,
%26 ve %18 6lum orani seklinde gerceklesmistir. 15 mg kg *’lik metil 6jenol dozu, R. dominica igin guinlik maruziyetten
sonra %100 6lim orani saglamigtir. Her iki Grindn ayni anda kullaniimasi, Gzerinde ¢aligilan bdceklerde tam bir 61im
oranina ulasmamistir. Elde edilen veriler, Detech ve metil 6jenol kullaniminin depolanmis Urlin zararlisi bocekler ile
mucadelede Umit var sonuclar verdigini ortaya koymustur.

Anahtar sézcukler: Ugucu yaglar, 6lum orani, fiziksel kontrol, depolanmig Urtin zararlisi bécekler, sinerjizm
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Introduction

The confused flour beetle, Tribolium confusum Jaquelin Du Val, 1868 (Coleoptera: Tenebrionidae),
the maize weevil, Sitophilus zeamais Motschulsky, 1855 (Coleoptera: Curculionidae), the lesser grain
borer, Rhyzopertha dominica (Fabricius, 1792) (Coleoptera: Bostrychidae), and the granary weeuvil,
Sitophilus granarius (L., 1758) (Coleoptera: Curculionidae), are some of the most destructive insect pests
of the stored grain. The damage of these insects is important in terms of both quality and quantity loss of
the product. Sitophilus granarius, S. zeamais and R. dominica are known as primary pests because they
can easily break the seeds with their mandibles. Tribolium confusum is known as a secondary pest; it can
easily infest damaged grain kernels and feed on different commaodities (Aitken, 1975; Mewis & Ulrichs,
2001; Gatecki et al., 2019). They not only consume the grain, but also contaminate the commaodity with
their body parts, feces, and the excretions, the latter of which may cause a bad smell in the commodity
(Houssou et al., 2009). Additionally, by altering the microflora, they may cause mycotoxin formation on the
products, which are dangerous especially for warm-blooded living organisms (Dawson et al., 2004; Richard
et al., 2007). The inability to consume the harvested grain immediately, the demands of the food industry,
mills, government and nongovernment organizations are important in determining storage period. Loss of
grain and related commaodities seriously threat global food security and availability (Oliveira, et al., 2014).
It is predicted that the human population will reach 9.1 billion by the year 2050, with the concomitant
increased needs for food production (FAO, 2009).

Currently, synthetic residual insecticides and fumigants are most commonly used to control stored
products pests worldwide. However, several negative effects, such as the environmental contamination
and toxicity to warm-blooded organisms, pesticides residues and pest resistance have arisen from their
continuous use. Therefore, research has focused on developing alternative control measures (Halliday et
al., 1988; Pacheco et al., 1990; Arthur, 1996; Ribeiro et al., 2003; Boulogne et al., 2012; Boyer et al., 2012;
Barres et al., 2016; Hubert et al., 2018).

Inert dusts and botanical derivatives are among of the most promising alternatives to replace
synthetic insecticides (Ferizli et al., 2012; Islam & Rahman, 2016; Ertirk et al., 2017; Alkan et al., 2019a,
b, c, 20204, b; Erturk et al., 2020; Korunic & Fields, 2020; Zhanda et al., 2020). Diatomaceous earth (DE)
is a kind of inert dust that is composed mostly of amorphous silica and several oxides of Al, Ca, Mg, Fe, K,
Na and Ti. DE originated from single-cell phytoplankton that lived in salty or freshwater sources (Vayias &
Athanassiou, 2004; Ashraf et al., 2016; Adarkwah et al., 2017; Baliota & Athanassiou, 2020). The fossils
of these tiny creatures turned into diatom rocks and DE is obtained from these rocks by fine grinding. Unlike
synthetic chemicals, the mode of action of DE is non-chemical. The main cause of insect mortality occurs
by desiccation due to water loss from the entire body. DE particles absorb the epicuticular lipids from insect
cuticles, which is a waterproof layer of the integument, consequently, insect mortality is caused by
desiccation (Zacher & Kunike, 1931; Ebeling, 1971; Korunic, 1998; Prasantha et al., 2015). However, the
use of DE has been limited due to the decrease in the hectoliter weight of the product, non-target effects
on workers, and damage to machinery and equipment (Merget et al., 2002).

As an alternative to synthetic pesticides, plant derivatives are recognized as safer and it has been
known for a long time that plant metabolites have biological activity against insects (Obeng-Ofori &
Reichmuth, 1997; Chang et al., 2009; Regnault-Roger et al., 2012; Dwivedy et al., 2015; Jankowska et al.,
2017). Pesticides obtained from essential oils of botanical origin are a promising control option for stored
product pests (Upadhyay et al., 2018). To ensure the successful sustainability of pest control, bioactive
products from plants can be used in integrated pest management programs (Regnault-Roger et al., 2012;
Mossa, 2016). Plants have many secondary metabolites that are synthesized for defense against harmful
organisms. Methyl eugenol (ME) is a phenylpropanoid derived from eugenol and is found in more than 450
species across 80 plant families (Herrmann & Weaver, 1999; Tan & Nishida, 2012). ME causes death by
inhibiting acetylcholine esterase, an essential enzyme in insect nervous systems (Lee et al., 2001).
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DE and ME have mostly been studied separately, so there is a gap in the literature regarding their
combined effect on stored product pests. Therefore, this study was conducted to investigate the synergistic
effect of these agents against T. confusum, S. granarius, R. dominica and S. zeamais, as well as to reduce
the potential risks arising from their individual use.

Materials and Methods
Insects

Adults of S. granarius and S. zeamais were reared on whole wheat and maize, respectively. Rearing
of T. confusum and R. dominica was performed on cracked wheat with 5% brewer’s yeast (by weight)
(Athanassiou et al., 2016). In the experiments mixed-sex insects between 7 and 28 d old were used. All
insects were incubated in climate cabinet at 25 + 1°C and 60 + 5% RH in the dark (Nuve ID 501, Ankara,
Turkey). The laboratory experiments were conducted in the stored products pest laboratory at Plant
Protection Central Research Institute, Ankara, Turkey in 2020.

Diatomaceous earth and methyl eugenol

A proprietary DE product, Detech, was used in this study. This product comes from the Central
Anatolia Region in Turkey from light-gray soil and consists of Fe203 1.50%, Al203 4.70%, CaO 4.75%, SiO2
80.6%, MgO 0.85%, K20 0.50%, Na20 0.40% and TiO2 <0.01% (Bayram et al., 2020) with an average
granule size of 14 mm (Saglam et al., 2020). ME (298% purity, CAS Number: 93-15-2) was purchased from
Sigma-Aldrich Chemical Company (St. Louis, MO, USA).

Contact activity bioassays

The insecticidal activity of Detech and ME against adults of four stored product insects was evaluated
by direct application to the grain. For this purpose, white soft winter wheat, Triticum aestivum L. (Poaceae),
and maize, Zea mays L. (Poaceae), were weighed into 2-L plastic bags. Detech was applied as a dust at
100, 250 and 500 mg kg of grain and ME was used in liquid form at 5, 10 and 15 ml kg* grain. The Detech
and ME were added to the plastic bags separately. The plastic bags were closed and shaken to achieve
equal distribution (Ertirk et al., 2017). To determine the synergistic effect of half doses of both agents,
Detech and ME were applied to wheat and maize according to the method described by Khorrami et al.,
(2018). Also, the label rate of K-Obiol EC25 (25 g/L deltamethrin plus 250 g/L piperonyl butoxide, Bayer
AG, Leverkusen, Germany) and untreated grain were prepared (Table 1). For each observation, separate
PVC vials were used. Twenty g of treated grain was added to into each PVC vials (7 x 5 cm) with 20 adult
insects and then the vials were incubated at 25°C and 60 + 5% RH. Mortality of insects was assessed 1,
2, 3,7, 14, 21 and 28 d after of treatment (DAT). The experiments were included three replicates per
treatment, and the experiments were repeated three times.

Table 1. Treatments used in the bioassays

Treatment Dose (mg kg%
Detech 100
250
500
Methyl Eugenol 5
10
15
Detech+Methyl Eugenol DE 50+ ME 2.5
DE 125+ ME 5
DE 250 + ME 7.5
K-Obiol EC25 Label Rate

Control (untreated grain)
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Statistical analysis

Data from the dose screening tests were first converted to percentage mortality and then arcsine
transformation (Zar, 1999; Warton & Hui, 2011). Tukey’s multiple comparison test was used to reveal the
differences between the treatments at 5% significance level. To determine the relationship between
treatments, MINITAB Release 18 was used with a general linear model (Mckenzie & Goldman, 2004).

Results

The ANOVA (treatment X dosage X observation time X insect) revealed that interaction between
the experimental factors tested including different rates of Detech and ME against the insect species were
significant (Table 2).

For Detech, the greatest effect on S. granarius was obtained at 500 mg kg with a 25.9% mortality
28 DAT, whereas the lowest rate of 100 mg kg did not cause any mortality 1 DAT (Fio,8s = 34.5, P < 0.05).
The doses of 250 and 500 mg kg Detech gave similar mortality results (Table 3). The highest insecticidal
efficacy of Detech applied at 100, 250 and 500 mg kg*on S. zeamais were found at 28 DAT, with the highest
mortalities being 12, 19 and 29%, respectively (Fio,gs= 101, P < 0.05). Mortality caused by 100 mg kg'* 1 DAT
was negligible (Fio8s= 26.4, P < 0.05) (Table 4). For T. confusum, the highest adult mortality with 100 mg kg*
Detech 28 DAT was <1% (Fio.8s = 146, P < 0.05). Mortality did not exceed 18% for the three doses tested
(Table 5). Unlike other insect species, the highest mortality for R. dominica was at 28 DAT for all doses.
The highest mortalities for 100, 250 and 500 mg kg Detech 28 DAT were 58, 74 and 81%, respectively.
Two DATI, there was no mortality, but by 3 DAT, the lowest mortality <1% at 500 mg kg was recorded
(Table 6).

Table 2. ANOVA for different applications of Detech and methyl eugenol against Sitophilus oryzae, Sitophilus granarius, Tribolium
confusum and Rhyzopertha dominica

Source DF F- Value P-Value
Treatment 2 8746.1 <0.05
Dosage 2 175.5 <0.05
Insect 3 532.8 <0.05
Observation time 7 631.9 <0.05
Treatment * Dosage 4 44.6 <0.05
Treatment * Insect 6 131.1 <0.05
Treatment * Observation time 14 114.7 <0.05
Dosage * Insect 6 46.0 <0.05
Dosage * Observation time 14 2.1 <0.05
Insect * Observation time 21 24.8 <0.05
Treatment * Dosage * Insect 12 16.9 <0.05
Treatment * Dosage * Observation time 28 2.7 <0.05
Treatment * Insect * Observation time 42 30.3 <0.05
Dosage * Insect * Observation time 42 2.4 <0.05
Treatment * Dosage * Insect * Observation time 84 15 <0.05
Error 2304

Total 2591
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Table 3. Mortality (%, mean + SE) of Sitophilus granarius exposed to wheat grain treated with Detech and methyl eugenol 1 to 28 d

after treatment

Treatment 1 DAT 2 DAT 3 DAT 5 DAT 7 DAT 14 DAT 21 DAT 28 DAT
100 0.0:00 Cc*B* 1.1:0.4 deAB 3.7:t1.2 deAB 5.9:1.2 cdA 6.7t1.4 cdeA 6.7t1.4 cdA 9.5¢1.2 cdeA 11.4+1.2  cdA

DE

(mg kg) 250 0.0£0.0 cC 1.1:0.9 eBC 6.1£0.7 deABC 6.7t1.4 cdABC 7.7£1.0 cdABC 86£1.1 CcdAB  15.3:1.3 bcdeA  21.13.7 cdA
500 0.1#0.0 cD 3.2¢1.0 deCD 6.6£t1.5 deBC 17.1#0.4  bcAB 22.5:0.6 bcA 24.950.5 bcA 24.9+0.5 bcdA 25.9+0.6  bcA
5 0.1#0.0  bcC 13.1:16 dB 31.5:0.6 CAB 36.9t1.1 bA 42.4+12  bA 44.6:1.4 bA 44.6:1.4 bA 53.6:1.3 bA

ME

(mg kg™ 10 0.5+0.3 cD 37.4+15 cC 67.4+1.6 bB 93.4+15 aA 93.4+15 aA 93.4+15 aA 94.2¢13 aA 96.3t1.2 aA
15 5.9:1.2 bC 82.8:2.6 bB 98.1:1.5 aA 98.5:1.2 aA 98.9:0.9 aA 99.9:04 aA 99.9:0.4 aA 99.9:0.4 aA
50+2.5 0.0£0.0 cA 0.1:0.0 eA 0.8:0.4 eA 1.5:0.8 dA 35:1.8 deA 4831 dA 48£3.1 deA 7.6£3.1 dA

DE+ME

(mg kg 125+5 0.1#0.0 cC 0.8£.0.3 eBC 5.8£1.3 deABC 7.4£1.6 cdAB 10.3t1.4 cdA 10.3t1.4 cdA 10.3t1.4  cdeA 15.2¢1.4  cdA
250+7.5 0.8:0.1 bcC 4.9+1.7 deBC 16.1#1.5 cdAB 19.0+1.9 bcAB 23.9+1.4 bcAB 26.4+1.2  bcA 27.4+1.3 bcA 27.4+1.3  bcA

Control 0.0:0.0 cB 0.0:0.0 eB 0.0:0.0 eB 0.0:0.0 dB 0.0:0.0 eB 1.1:0.9 dAB 2214 eA 2214 dA

Insecticide 47.9:0.8 aB 100.0:0.0 aA 100.0:0.0 aA 100.0:0.0 aA 100.0:0.0 aA 100.0:0.0 aA 100.0:0.0 aA 100.0:0.0 aA

* Means followed by the same lowercase letter within columns are not significantly different at P < 0.05.
* Means followed by the same uppercase letter within rows are not significantly different at P < 0.05.
DAT, d after treatment; DE, Detech, ME: methyl eugenol, Insecticide, K-Obiol EC 25.

Table 4. Mortality (%, mean + SE) of Sitophilus zeamais exposed to maize grain treated with Detech and methyl eugenol 1 to

after treatment

28d

Treatment 1 DAT 2 DAT 3 DAT 5 DAT 7 DAT 14 DAT 21 DAT 28 DAT
100 0.1:00 c*B* 0.5+0.2 CcAB 1.1x0.9 bAB 1.1+0.9 bAB 2.0£1.0 bAB 44114 bAB 8.0£1.9 bA 12.4+2.5bA  bA

DE

(mg kg‘l) 250 0.5+0.2 cB 1109 cB 1.1£0.9 bB 2.0£1.0 bB 3.0¢1.5 bAB 9.7x18b bAB 16.0£1.6 bA 19.4£3.8 DbA
500 1.1+0.8 cB 3.3t1.9 cB 3.3x1.9 bAB 3.3+1.9 DbAB 3.742.4 bAB 10.3#1.4 bAB 16.7£0.8 bAB 28.7#1.6 bA
5 21.5#1.7 bC 79.6+1.6 bB 96.5+t1.8 aA 97.1¥16 aA 99.5£0.7 aA 99.5+0.7 aA 99.5+0.7 aA 100.0£0.0 aA

ME

(mg kg'l) 10 221436 bB 96.9+2.6 aA 99.5+0.7 aA 99.9+0.4 aA 99.9+0.4 aA 100.0£0.0 aA 100.0£0.0 aA 100.0£0.0 aA
15 30.0£1.2 bB 98.0+1.0 aA 99.9+0.4 aA 99.9+0.4 aA 100.0¢£0.0 aA 100.0+0.0 aA 100.0+0.0 aA 100.0+0.0 aA
50+2.5 0.0£0.0 cB 0.1+0.0 cB 0.1x0.0 bB 0.1x0.0 bB 0.1+0.0 bB 0.5x0.2 bB 22420 bA 16.7+1.4 bA

DE+ME

(mg kg‘l) 125+5 0.0£0.0 cA 0.8£0.1 CcA 0.8+0.1 bA 0.8+0.1 bA 0.8+0.1 bA 1.0£04 bA 7.4+16 bA 18.7#1.3 bA
250+7.5 0.5£0.2 cB 15+12 cB 15+1.2 bB 15+1.2 bB 1.5+1.2 bB 4.9+1.7 bAB 8.2+1.8 bAB 20.5+0.4 bA

Control 0.3+0.1 cB 0.4+0.1 cB 0.4+0.1 bB 0.4£0.1 bB 0.4+0.1 bB 1.8t1.0 bAB 24+1.2 bAB 24+1.2 DbA

Insecticide 65.9£2.7 aB 100.0£0.0 aA 100.0£0.0 aA 100.0+0.0 aA 100.0£0.0 aA 100.0+0.0 aA 100.0£0.0 aA 100.0+0.0 aA

* Means followed by the same lowercase letter within columns are not significantly different at P < 0.05.
* Means followed by the same uppercase letter within rows are not significantly different at P < 0.05.
DAT, d after treatment; DE, Detech, ME: methyl eugenol, Insecticide, K-Obiol EC 25.
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Table 5. Mortality (%, mean +SE) of Tribolium confusum exposed to wheat grain treated with Detech and methyl eugenol 1 to 28 d after

treatment

Treatment 1 DAT 2 DAT 3 DAT 5 DAT 7 DAT 14 DAT 21 DAT 28 DAT
100 0.0+0.0 b*A* 0.0:0.0 cA 0.0:00 eA  0.0:0.0eA eA 0.0:0.0 dA  0.0+00dA dA  0.0+00dA dA 05:0.7 eA

DE

(mg kg¥) 250 0.0:0.0 bB 0.0:0.0 bB 0.0:00 eB 0.0:0.0 eB 0.0:0.0 dB 0.1:0.4 dB 0.1:0.4 dB 32410 dA
500 0.0:0.0 bB 0.1:0.0 cB 0100 eB 05:0.1 eB 0.5:0.1 cdB 05:0.1 cdB 05:0.1 cdB  183:15 bA
5 0.0£0.0 bC 1.6+1.1 bcC 9.1+3.0 cdB 29.2+0.7 cB 46.5:0.4 bB 87.6:2.4 bA 95.3+22 bA 98.9+1.4 aA

ME

(mg kg™) 10 0.0#0.0 bD 19+15 bcD 187425 bcD  31.6x18 cC 63.1+1.1 bB 98.9+1.4 bA  100.0+0.0 aA  100.0£0.0 aA
15 0.5+0.3 bE 9.6+2.2 bD 39.3+12 bC 63.6:1.8 bB 97.741.8 aA  100.0+0.0 aA  100.0:0.0 aA  100.0:0.0 aA
50+2.5 0.0:0.0 bA 0.0:0.0 CcA 0.0:00 eA 0.1:0.0 eA 0.1:0.0 dA 0.1#0.1 dA 0.5:0.2 cdA 05102 deA

DE+ME

(mg kg™) 125+5 0.0:0.0 bA 05:0.1 CcA 05:01 dA 05:0.1 deA 0.5:0.1 cdA 05:0.1 cdA 0.8:0.2 cdA 1.8:0.2 dA
250475 0.1:0.0 bA 0.5:0.2 CcA 0502 deA 1.1+0.9 dA 32410 CcA 32410 CcA 32+1.0 CcA 72410 CcA

Control 0.0£0.0 bA 0.0£0.0 CcA 0.0£0.0 eA 0.0£0.0 eA 0.0:0.0 eA 0.1+0.0 dA 0.1+0.0 dA 11409 eA

Insecticide 45.3+0.6 aB 100.0£0.0 aA  100.0:0.0 aA 100.0£0.0 aA  100.0:0.0 aA 100.0£0.0 aA  100.0:0.0 aA  100.0:0.0 aA

* Means followed by the same lowercase letter within columns are not significantly different at P < 0.05.
* Means followed by the same uppercase letter within rows are not significantly different at P < 0.05.
DAT, d after treatment; DE, Detech, ME: methyl eugenol, Insecticide, K-Obiol EC 25.

Table 6. Mortality (%, mean + SE) of Rhyzopertha dominica exposed to wheat grain treated with Detech and methyl eugenol 1 to 28 d
after treatment

Treatment 1 DAT 2 DAT 3 DAT 5 DAT 7 DAT 14 DAT 21 DAT 28 DAT
100 00:00 c*c* 0.0:0.0 cC  0.0#0.0 bC 05:0.2 cC 35+1.8 cdC 28.1#2.0 cB 54.0+1.2  bA 57.6£1.6 bcA

DE

(mg kg 250 0.0:0.0 cC  00#0.0cC cC  0.0+00 bC 0.8£0.3 bcC 12.7+0.8  bcB 237¢17 cdB  56.8:0.5 bA 73.6£0.2 bcA
500 0.0£0.0 cE 0.0:0.0 cE  05t02 bDE 9.5¢1.2 bD 31.6£05 bC 534106 bBC 67.0t15 bAB  80.8+29 bA
5 4.4+25 bcC  827+28 bB  98.7+18 aA 99.7+0.8 aA 99.740.8 aA 100.0:0.0 aA  100.0:0.0 aA  100.0:0.0 aA

ME

(mg kg'Y) 10 10.741.9  bC 88.9+15 aB 99507 aA 100.0:0.0 aA 100.0:0.0 aA 100.0:0.0 aA  100.0:0.0 aA  100.0:0.0 aA
15 16.5:2.4 bB 99.740.8 aA 100.0:0.0 aA 100.0:0.0 aA 100.0:0.0 aA 100.0:0.0 aA  100.0:0.0 aA  100.0:0.0 aA
50+25  0.0:0.0 cD 0.0:0.0 cD  00:0.0 bD 1.1+0.9 bcCD  3.0#15 bcC 17.1:0.4 bcB  29.2+0.7 bcAB  50.0:0.6 bcA

DE+ME

(mg kg 125+5 0.0£0.0 cD 0.0:0.0 c¢D  01#00 bD  3.0£15bcCD bcCD  15.3+1.3 cdBC  20.0+1.9 cdB  30.2:0.9 cdAB  66.4+1.8 bcA
250+7.5  0.00.0 cC 0.0:0.0 cC  05#0.1 bC 4.4x1.4  bcC 16.5:2.4  bcC 385:06 cdB  48.8+0.6 cdB 79.6£1.7 bA

Control 0.0:0.0 cB 0.0:0.0 cB  0.1:0.0 bB 0.5:0.7 CcAB 0.5:0.7 dAB 0.5:0.7 dAB  05:0.7 dAB 1.0£0.3 dA

Insecticide 64.8:2.8 aB  100.0:0.0 aA 100.0:0.0 aA 100.0:0.0 aA 100.0:0.0 aA 100.0:0.0 aA  100.0:0.0 aA  100.0:0.0 aA

* Means followed by the same lowercase letter within columns are not significantly different at P < 0.05.
* Means followed by the same uppercase letter within rows are not significantly different at P < 0.05.
DAT, d after treatment; DE, Detech, ME: methyl eugenol, Insecticide, K-Obiol EC 25.

The efficacy of ME on test species was revealed by differences in mortality. The greatest effect on S.
granarius was nearly complete mortality with 15 ml kg 28y DAT (Fio8s= 69.7, P < 0.05). One DAT, complete
mortality was not seen in S. granarius, the minimum mortality was <14% at 5 ml kg (F1o,8s = 34.5, P < 0.05)
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(Table 3). For S. zeamais, complete mortality was recorded 7 DAT at 15 ml kg™ (Fiogs = 175, P < 0.05).
The minimum insecticidal effect was with 5 ml kg* gave 227% mortality 1 DAT (Fio,8s = 26.4, P < 0.05)
(Table 4). For T. confusum, complete mortality was observed in 14 DAT with 15 ml kg (Fiogs= 227, P < 0.05).
At the same dose, the mortality was <1% 1 DAT (Fio.ss = 99.5, P < 0.05) (Table 5). With R. dominica, the
lowest mortality of 4% was observed 1 DAT at 5 ml kg (Fio,88 = 29.6, P < 0.05). Complete mortality with
all the three doses was observed from 14 DAT (Table 6).

No mortality was observed at the lowest combined dose of the agents (50 mg kg?* Detech plus 2.5 ml kg*
ME) 1 DAT (Fioes = 34.5, P < 0.05) with S. granarius. The greatest effect of the combined products (250 mg kg
Detech plus 7.5 ml kg ME) on S. granarius was 27% mortality 28 DAT (Fio0,8s = 69.7, P < 0.05) (Table 3).
The combined reduced doses had a different effect on S. zeamais. The greatest mortality (250 mg kg Detech
plus 7.5 ml kg! ME) of 29% was observed 28 DAT (Fiogs = 101, P < 0.05). Increasing dose and time
resulted in increased insect mortality (Table 4). With T. confusum, mortality with combined products ranged
from O to 7% (Table 5). There was no mortality observed for R. dominica 2 DAT. The lowest mortality 3
DAT was <1% with 125 mg kg Detech plus 5 ml kg ME. The highest morality of 80% was observed 28
DAT with 250 mg kg* Detech plus 7.5 ml kg™t ME (Table 6). The mortality with K-Obiol EC 25 varied from
45 to 66% 1 DAT. However, complete mortality was observed from 2 DAT onwards. The mortality in the
control did not exceed ~2%.

Discussion

The present study showed that different doses of Detech and ME had different efficacy against T.
confusum, R. dominica, S. granarius and S. zeamais. The highest mortality of 81% for R. dominica was
with Detech at 500 mg kg 28 DAT. In a study conducted with diatomaceous earth products, Insecto and
SilicoSec, mortality of R. dominica adults in different types of grain treated with 750 mg kg varied between
63 and 97% 14 DAT (Kavallieratos et al., 2005). Similarly, Protector, another commercial DE product, did
not give complete mortality in R. dominica adults in wheat treated with 0.5 g kg 14 DAT (Baldassari et al.,
2008). However, in the present study not all of the tested doses of Detech gave complete mortality of S.
zeamais, R. dominica, T. confusum and S. granarius. Doumbia et al. (2014) shown that a complete mortality
was achieved with S. zeamais adults 2 DAT in maize treated with DE at 3 g kg*. The mode of action of
diatomaceous earth is known as abrasion of the insect cuticle and death occurs due to dehydration (Carlson
& Ball, 1962; Ebeling, 1971; Krzyzowski et al., 2019). So, this effect may be due to the use of relatively low
dose in the present study. Unlike other insects treated with Detech, T. confusum had the minimum mortality
under similar conditions. Some studies showed that in order to achieve the desired level of mortality of T.
confusum, DE doses equal to 500 mg kg or above need to be used (Athanassiou et al., 2004; Athanassiou
& Kavallieratos, 2005). The maximum Detech dose used in the present study was 500 mg kg™. The results
obtained for T. confusum are similar to those in the literature. In the experiments with Detech, the desired
mortality rates could not be obtained even after the longest time and the highest dose applications. Ashraf
et al. (2016) stated that although DE, Inert-PMS, was effective against test insects, shorter periods gave
lower mortality and mortality increased with time. The factors include the structure of the epicuticule, insect
behavior or mobility, body shape and size of the insects and tolerance for water loss (Ebeling, 1971; Rigaux
etal., 2001; Losic & Koruni¢, 2017, Korunic¢ et al., 2020). Therefore, the tolerance of different insect species
to DE products varies. A recent study revealed that Cryptolestes pusillus (Schénherr, 1817) (Coleoptera:
Laemophloeidae) was by far more susceptible to DE compared to R. dominica, T. confusum, Tribolium
castaneum (Herbst, 1797) (Coleoptera: Tenebrionidae), Oryzaephilus surinamensis (L., 1758) (Coleoptera:
Silvanidae), S. oryzae and S. granarius (Baliota & Athanassiou, 2020). In the present study, as in the
previous studies with different DEs, T. confusum was as most tolerant species to Detech. It is also known
that increased RH reduces the efficacy of the DEs (Mewis & Ulrichs, 2001; Ertirk, 2020). The present study
was conducted at a constant temperature and RH, therefore, no comparison could be made in the efficacy
at different temperature and RH.
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The present results indicate that ME is a potential and effective plant-derived synthetic chemical
insecticide to minimize pests damage in stored products, such as wheat and maize. In present study, S.
zeamais was the most susceptible insect to ME 1 DAT. However, from 2 DAT onwards, the highest mortality
was obtained with R. dominica, the most susceptible species to ME. ME is a benzene derivative and has a
high insecticidal activity. The fact that ME has more methoxy groups is a feature that increases its
knockdown effect (Smith et al., 2002). The presence of a double bond in the side chain of the aromatic ring
in ME, an analog of eugenol, and the substitution of the methoxy group is positively correlated with toxicity
(Mossa, 2016; Imai & Masuda, 2017). Norambuena et al. (2016) reported that the main essential oil
components of Laureliopsis philippiana (Looser) Schodde (Atherospermataceae) were ME (61%) and
safrole (17%) and the aessential oil toxicity ranged from low to high as S. granarius < S. zeamais < Sitophilus
oryzae (L.) (Coleoptera: Curculionidae). In the present study, similar to the previous study, S. zeamais was
found to be more sensitive to ME than S. granarius. The insecticidal activity of ME essential oil increased
with increasing dose and time. Previous studies showed that mortality of insect species even in the same
genus could be different (Ertlrk et al., 2014; Liang et al., 2017; Guo et al., 2017; Alkan 2020a, b). In the
present study, T. confusum was the most tolerant species to ME and this was similar to other studies
(Shojaei et al., 2017). However, the differences are thought to be due to the physiological properties of
insects. With the expectation of an increased efficacy of DE and ME together, both agents were also
investigated in combination at half doses. Based on the results, it is considered that a Detech and ME
combination is feasible against R. dominica but it was not effective against T. confusum, S granarius and
S. zeamais. In a previous study, Form N, a mixture of SilicoSec and other ingredients was reported to
provide higher mortality of S. oryzae, R. dominica and T. castaneum than DE alone, especially in barley
(Paponja et al., 2020). Korunic & Fields (2020) revealed that the simultaneous usage of diatomaceous
earth with dill essential oil, silica gel, pyrethrin, disodium octaborate tetrahydrate and yeast were more
effective than DE alone. The combined application of DE and ME in maize and wheat, in the present study
did not affect the test insects at the desired level. It is thought that the low effect obtained by using Detech
and ME together may be due to the low concentrations used. Therefore, it was assumed that insects were
not sufficiently in contact with the DE and ME. One of the most important factors limiting the use of DE in
the protection of stored grain is the necessity for high concentrations for successful insect control.
Therefore, reducing the amount of DE while maintaining its effectiveness is an important challenge.

The result of the present study indicates a possible synergistic effect of the combination of DE and
ME on R. dominica, T. confusum, S granarius and S. zeamais. This is particularly important, as such a
combination is expected to enhance a DE treatment so it can cause rapid mortality without adverse effects
on the physicochemical characteristics of the grain. At the same time, such a formulation can be registered
more easily than combinations with synthetic insecticides, as ME is a natural substance. Additional work is
needed to clarify the data that would be needed for regulatory approval.
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Comparison of hermaphrodites of hybrid Heterorhabditis
bacteriophora Poinar, 1976 (Rhabditida: Heterorhabditidae) HBH
strain and its parents on reproduction capacity?

Hibrit Heterorhabditis bacteriophora Poinar, 1976 (Rhabditida: Heterorhabditidae) HBH
Irki ve ebeveynlerinin hermafroditlerinin Greme kapasitelerinin kargilastiriimasi

Tufan Can ULUZ Gizem OZBUDAK?3 Elif Ozge DUZENLI?

Seyma Himeyra CAKIR? Ismail Alper SUSURLUK?3
Abstract

Entomopathogenic nematodes (EPNs) are microscopic roundworms used in biocontrol. EPNs are obligate
insect parasites, they live in soil, and they are especially effective against soilborne insects. They are a good alternative
to chemical pesticides thanks to their advantages, such as prolonged longevity, broad host range and mass production
suitability. However, EPNs cannot compete with chemical pesticides due to high production costs and short shelf life.
The aim of this study was to determine the reproduction capacity of the Turkish hybrid Heterorhabditis bacteriophora
Poinar, 1976 (Rhabditida: Heterorhabditidae) HBH strain and then compare it with its parents to improve its liquid
culture yield. In this way, it is aimed to reveal the effects behind the high reproduction potential of the hybrid HBH strain.
All experiments were performed at Bursa Uludag University, Faculty of Agriculture, Department of Plant Protection, in
2020. All cadavers were periodically dissected, hermaphrodites were counted and their body lengths were measured.
Compared to its parents, the hybrid HBH strain had greater hermaphrodite counts, with mean 66 individuals within 12
days, and hermaphrodite body length, with mean 3.88 mm. The results obtained from this study should provide
information for commercial EPN production development.

Keywords: Body length, hermaphrodite, Heterorhabditis bacteriophora, in vitro, reproduction capacity
Oz
Entomopatojen nematodlar (EPN) biyolojik miicadelede kullanilan mikroskobik 6l¢ulerdeki yuvarlak
solucanlardir. EPN’ler zorunlu bdcek parazitleri olup, toprak altinda yasamakta ve toprak kokenli bdceklere karsi etkili
olmaktadirlar. Uygulamalarinin kolay olmasi, uzun surekli etkinligi, genis konukgu araligi ve kitle tretimi yapilabilmesi
gibi avantajlari sayesinde kimyasal ilaglara iyi bir alternatif olmaktadirlar. Bununla beraber, yiksek tretim maliyetleri
ve kisa raf d6mrii nedeniyle EPN’ler kimyasal ilaclar ile rekabet edememektedir. Bu galisma, sivi kiltrdeki Gretim
verimini artirmak amaciyla Tirk hibriti Heterorhabditis bacteriophora Poinar, 1976 (Rhabditida: Heterorhabditidae)
HBH irkinin ireme kapasitesini belirlemek ve ebeveynleri ile kargilastirmak amaciyla yapiimistir. Bu sayede hibrit HBH
irkinin yiiksek Ureme potansiyelinin arkasinda yatan etkilerin ortaya gikariimasi hedeflenmistir. Tum denemeler Bursa
Uludag Universitesi Ziraat Fakiltesi Bitki Koruma Bélimi'nde 2020 yilinda gergeklestiriimistir. Bitin kadavralar
periyodik olarak disekte edilmis, hermafroditler sayilmis ve vicut uzunluklar Olgtimustiur. Ebeveynleri ile
karsilastirildiginda, hibrit HBH irki, 12 giinde ortalama 66 hermafrodit birey ile hermafrodit sayisinda ve ortalama 3.88
mm ile hermafrodit viicut uzunlugu agisindan daha yiiksek degerlere sahip olmustur. Bu calisma ile elde edilen
sonugclar, ticari EPN Uretim ¢alismalarina bilgi saglayacaktir.

Anahtar sézcukler: Vicut uzunlugu, hermafrodit, Heterorhabditis bacteriophora, in vitro, ireme kapasitesi
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Comparison of hermaphrodites of hybrid Heterorhabditis bacteriophora Poinar, 1976 (Rhabditida: Heterorhabditidae) HBH strain and
its parents on reproduction capacity

Introduction

Many insect pathogens occur in the phylum Nematoda, but species within the families
Steinernematidae and Heterorhabditidae have gained significant importance as biocontrol agents in plant
protection. Entomopathogenic nematodes (EPN) are important biocontrol agents, and they can be especially
used to control soil-dwelling insect pests (Lacey & Georgis, 2012). They have a high potential on a broad
host range of insects thanks to their host-seeking ability (Divya & Sankar, 2009; Lacey & Georgis, 2012).
These nematodes are associated with bacteria in the genus Photorhabdus Boemare et al., 1993
(Enterobacteriales: Enterobacteriaceae) for Heterorhabditis Poinar, 1976 (Rhabditida: Heterorhabditidae)
and Xenorhabdus Thomas & Poinar, 1979 (Enterobacteriales: Enterobacteriaceae) for Steinernema
Travassos, 1927 (Rhabditida: Steinernematidae) (Boemare et al., 1996). The life cycles of EPNs are quite
similar. The only stage living outside the host is the infective juveniles (1Js). The 1Js carry cells of the
bacterial symbiont in their intestine. When the IJs find a susceptible host, they invade and penetrate the
host’'s hemocoel through natural openings (i.e., anus, mouth or spiracles). The IJs then release the
symbiotic bacterium that kills the host within 48 h by septicemia (Kaya & Gaugler, 1993). The bacterium
produces antibiotics to prevent other microorganisms from colonizing the cadaver (Bode, 2009; Sajnaga &
Kazimierczak, 2020). Besides serving as a food source for the nematode, the bacterium also provides
proper nutrients for nematode development. After 2-3 weeks, the food resource depletes in the cadaver,
and |Js disperse through the soil to find new hosts.

EPNSs can be applied with standard spray equipment used for pesticides, they can resist shear stress,
they can be applied simultaneously with many pesticides, and they can be mass-produced to manage with
a broad host range (Wright et al., 2005; Garcia-del-Pino et al., 2013; van Niekerk & Malan, 2014; Sabino
et al., 2019). Although they have many advantages, high production costs and limited shelf life are still
significant obstacles to the large-scale application (Grewal, 2000; Perry et al., 2012). Therefore, there are
many studies focused on reducing production costs. Previous research has established that, many local
strains of EPNs have better infectivity and reproduction capacity than commercial ones (Malan & Moore,
2016; De Waal et al., 2018; James et al., 2018; Mokrini et al., 2020), and can be used to increase mass
production yield and lower expenses. Another way to improve beneficial traits of EPNs is genetic selection
and hybridization. Over the past two decades, considerable research has focused on improving some
beneficial traits by selection (Johnigk et al., 2002; Ehlers et al., 2005; Mukuka et al., 2010; Salame et al.,
2010; Anbesse et al., 2013).

Between 2010 and 2013, several hybrid Heterorhabditis bacteriophora Poinar, 1976 (Rhabditida:
Heterorhabditidae) strains were obtained from hybridization of Turkish isolates of H. bacteriophora. Among
these strains, HBH had superior genetic traits, such as high reproduction capacity, high virulence, high
resistance to stress conditions, and prolonged longevity (Susurluk et al., 2013). EPNs have been registered
in Turkey, and they have an increasing market share. Since Turkey does not have any commercial EPN
strain and liquid production technology, imported commercial EPN products are used. The HBH hybrid
strain has superior features, and it has the potential to be a commercial strain. Consequently, it is important
to understand the reason of the hybrid strain's characteristics to optimize and improve mass production,
longevity and stress tolerance.

This study aimed to compare the reproduction capacity and hermaphrodite length of HBH hybrid
strain with its parents. There may be a positive correlation between body length and ovary size, which can
also mean longer individuals have higher reproductive potential. The study also collected data to determine
the reason for its higher reproduction capacity. It is hoped that the results of this study will contribute
information for future in vitro liquid culture experiments.
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Materials and Methods

This study was conducted at Bursa Uludag University, Department of Plant Protection, Nematology
Laboratory, in 2020.

EPN strains and Galleria mellonella larvae

Two parent strains, H. bacteriophora HB4 and HB1138, and one hybrid HBH strain patented by
Susurluk (TPMK Patent No: TR 2013 06141 B) were used. Parent strains were isolated from two different
regions of Turkey. The hybrid strain was obtained from hybridization of those parent strains. H.
bacteriophora is one of Turkey's most abundant EPN species, and our hybrid strain has superior genetic
traits (Susurluk et al., 2001, 2013; Kongu & Susurluk, 2014). The last instar of Galleria mellonella L., 1758
(Lepidoptera: Pyralidae) larvae are used for the production of EPNs. Larvae are reared with a modified diet
consisting of 200 g bran, 150 g maize flour, 100 g soy flour, 100 g milk powder, 50 g yeast, 200 g glycerin
and 200 g honey. All larvae were kept in glass jars and incubated around 30-32°C.

Experimental design and inoculation of the strains

For determining reproduction capacity, 30 last instar larvae were inoculated with EPNs and divided
into five replicates, consisting six larvae per Petri dish. Prior to inoculation, 10 yl samples were taken from
EPN cultures and counted under a microscope. Inoculation dose were adjusted to 100 1Js/larva, and a total
of 600 IJs were applied per Petri dish. After inoculation, Petri dishes were sealed with Parafilm and incubated
at 24°C. Cadavers were dissected on 4, 6, 8, 10 and 12 days after inoculation (DAI). For dissection, dead
larvae were transferred to a bigger Petri dish containing a thin layer of Ringer’s solution. All cadavers were
dissected with a needle and all extracted nematodes transferred to a fresh Ringer’s solution.

Reproduction capacity criteria

Hermaphrodites of Heterorhabditis spp. are positively correlated with the offspring and reproduction
capacity. Namely, higher numbers of hermaphrodites are the sign of higher yield. Moreover, the longer
body length of the hermaphrodites leads to longer ovaries, which also results in more reproduction yield.
Thus, after each dissection process, hermaphrodites of each strain were counted under stereomicroscope,
and body lengths of the individuals were measured using Leica Application Suite 3.2 software (Leica,
Weztlar, Germany). Body lengths of 15 hermaphrodites were measured for each strain.

Statistical analyses

Statistical analysis for both the reproduction capacity and hermaphrodite body measurements was
performed using JMP 7 software (SAS Institute, Cary, NC, USA). One-way ANOVA analysis was performed
on data obtained from experiments.

Results and Discussion
Reproduction capacity

Reproduction capacity was determined based on periodic counts of hermaphrodites. For all strains,
the first hermaphrodites were observed 6 DAI. Among the three strains, the hybrid HBH strain had the best
results for overall hermaphrodite number over the 12 days (Fz15 = 23.8, p < 0.001). The hybrid strain had
almost two times more hermaphrodites than its parent HB1138. As evident in Figure 1, reproduction
dynamics of the same species can differ between strains. HB4 strain reached its peak total hermaphrodite
number 8 DAI, while it was 10 DAI for HBH and 12 DAI for HB1138 (Figure 1). There was clear decrease
of the hermaphrodites in all strains following their peak day, which was related to their second or third
generation in the cadaver.
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Figure 1. Daily changes in the number of hermaphrodites.
Body length measurement

The reproduction capacity of the strains is also related to hermaphrodite body length. The longer
body length leads to a longer ovary, which increases the number of eggs. The HB1138 had the shortest
hermaphrodite body length (2.07 £ 0.21 mm, mean + SD, n = 15), while HB4 and HBH lengths were closer
(3.61 + 0.26 and 3.88 + 0.29 mm, respectively), with HBH being the longest (Fz,15 = 204, p < 0.001).

Entomopathogenic nematodes are useful for biological control of insect pests. Management of soil-
dwelling insects still a significant problem due to the low activity of pesticides into soil. Therefore, EPNs are
a good alternative to chemicals. In addition, their application is relatively easy, they have a broad host
range and they are a safe solution compared to chemicals. However, even though they have many
advantages, they still need more development to become a commercial substitute for chemical pesticides.
EPNs have high mass production costs, expensive commercial products and short shelf life. For this
reason, many studies have been conducted over several decades to reduce production costs, directly or
indirectly. Optimization of in vivo and in vivo culture is one of the most studied topics (van Zyl & Malan,
2014; Ferreira et al., 2016; Ulu & Susurluk, 2018; Dunn et al., 2020).

Mass production of EPNs in liquid culture is the most common and feasible way for commercial
production (Dunn et al., 2021). There are many commercial EPN strains with optimized liquid culture
parameters. However, new endemic species or strains, which may have positive genetic traits, are
important for mass production yield, effectiveness, host range, resistance to stress factors and other
factors. Thus, considerable research has attempted to optimize in vitro liquid culture production of local
species or strains (Upadhyay, 2015; Ramakuwela et al., 2016; Dunn et al., 2020). High liquid culture yield,
high effectiveness or longer shelf life lowers commercial product expenses indirectly and contributes EPNs
to compete with chemicals (Grewal, 2000; Shapiro-llan et al., 2012; Devi & George, 2018).

Another way to improve EPNSs is genetic selection or hybridization. With these tools, it is possible to
obtain superior strains, which have the potential to improve on current strains and to become a commercial
product. There are many studies focused on the genetic selection of EPNs. The main idea of these studies
is to improve the resistance of EPNs to several stress factors, longevity or effectiveness (Shapiro-llan et
al., 1997; Ehlers et al., 2005; Mukuka et al., 2010; Nimkingrat et al., 2013a, b; Santhi et al., 2016). Likewise,
in a project between 2010 and 2013, many hybrid strains of H. bacteriophora were obtained from hybridization
local Turkish isolates from different regions. Among these hybrid strains, HBH was the superior strain
compared with its parents and other hybrid strains (Susurluk et al., 2013; Kongu & Susurluk, 2014). To
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understand the reason for the high reproduction capacity of HBH, we counted hermaphrodites of all strains
periodically and measured their body length. Although there are very few similar studies, Ferreira et al.
(2014) aimed to determine in vitro liquid culture production yield of a South African EPN isolate of
Heterorhabditis zealandica (Wouts, 1979) (Rhabditida: Heterorhabditidae). As they mentioned, it is
important to monitor the body length of different life stages to improve mass production. Another study by
Hirao et al. (2010) aimed to characterize the population development of Steinernema carpocapsae (Weiser,
1955) and Steinernema feltiae (Filipjev, 1934) (Rhabditida: Steinernematidae). They measured the body
length of adults and recorded significant differences. They found that even in the same species, the body
length of parental adults was doubled in F1 adults.

EPNs have a considerable market share around the world (Glare et al., 2012). However, they still
need to overcome some obstacles to increase their market and become preferable. The main problems of
EPNs are high mass production expenses, high commercial product cost, and short shelf life (Ali &
Wharton, 2013; Ramakuwela et al., 2016; Kagimu & Malan, 2019). The present study was designed to
determine the reproduction capacity of HBH hybrid strain and compare it with its parent strains.
Reproduction capacity is an important genetic trait for in vitro mass production yield, and it is closely related
with hermaphrodites in Heterorhabditis species. The results of this research support the idea that Turkey
can have its own hybrid strain with better reproduction capacity. It also provides the first comprehensive
assessment of the reproduction capacity of local Turkish strains and a hybrid strain. EPNs are registered
in Turkey, and their market share is increasing gradually. Local strains, which are adapted to local
conditions, have been shown to have better success. In the future, we think that Turkey should use a local
EPN species or strains instead of foreign commercial ones for more effective insect management. We hope
that determining the reproduction capacity of this hybrid strains will contribute to future liquid culture
optimization studies in Turkey. However, it is recommended that further research should be undertaken on
liquid culture methods.
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Effects of some Metarhizium anisopliae (Metschn.) Sorokin, 1883
(Hypocreales: Clavicipitaceae) isolates on root-knot nematodes under
laboratory conditions?

Bazi Metarhizium anisopliae (Metschn.) Sorokin, 1883 (Hypocreales: Clavicipitaceae)
izolatlarinin laboratuvar kosullarinda kék-ur nematodlari Gzerine etkileri

F. Dolunay ERDOGUS? Durmus ERDURMUS?
Miirside YAGCI? Harun BAYRAKTAR3

Abstract

The aim of this study to isolate and diagnose entomopathogenic fungi obtained from soil samples taken from
the plateaus and pastures of Sakarya Province in 2019, and to investigate the use of five isolates (S43/1, S43/2, S43/3,
S42/1, S42/2) of the diagnosed as Metarhizium anisopliae (Metschn.) Sorokin, 1883 (Hypocreales: Clavicipitaceae) for
control Meloidogyne incognita (Kofoid & White, 1919) and Meloidogyne javanica (Treub, 1885) (Tylenchida:
Meloidogynidae). The study was conducted at the Laboratory of Nematology in Plant Protection Central Research
Institute (Republic of Turkey Ministry of Agriculture and Forestry) in 2020. The experiments were performed under
laboratory conditions. Counts of dead larvae were made 24, 48 and 72 h post application and mortality rates calculated.
Isolate S43/1 was the most effective isolate for control M. javanica at 108 cfu/ml causing 98.5% mortality after 24 h and
100% after 48 h. Isolate S42/2 was the most effective against M. incognita at 108 cfu/ml and with 97.1% mortality after
24 h and 100% after 72 h.

Keywords: Biocontrol, Meloidogyne incognita, Meloidogyne javanica, Metarhizium anisopliae
Oz

Bu calismanin amaci, 2019 yilinda Sakarya ili yayla ve meralarindan alinan toprak érneklerinden elde edilen
entomopatojen funguslarin izolasyonunun, teshisinin yapilmasi ve Metarhizium anisopliae (Metschn.) Sorokin, 1883
(Hypocreales: Clavicipitaceae) olarak teshisi yapilan bes adet izolatin (S43/1, S43/2, S43/3, S42/1, S42/2), Meloidogyne
incognita (Kofoid & White, 1919) ve Meloidogyne javanica (Treub, 1885) (Tylenchida: Meloidogynidae) ile miicadelede
kullanim olanaklarinin arastiriimasidir. Denemeler 2020 yilinda Tirkiye Cumhuriyeti Tarim ve Orman Bakanligi, Zirai
Micadele Merkez Arastirma Enstitisi MUdirligi Nematoloji Laboratuvari’nda laboratuvar kogullarinda yiratalmastir.
Uygulamadan 24, 48 ve 72 saat sonra 6lu larva sayimlari yapilmis ve 6lim oranlan hesaplanmistir. S43/1 izolati M.
Javanica’nin kontroliinde en etkili izolat olmus, 108 cfu/ml dozunda 24 saat sonunda %98,5 ve 48 saat sonunda ise %100
6lime neden olmustur. S42/2 izolati M. incognita’ya karsi en etkili izolat olmus 24 saat sonunda %97.1 ve 72 saat
sonunda %100 6lime neden olmustur.

Anahtar sézclkler: Biyolojik savas, Meloidogyne incognita, Meloidogyne javanica, Metarhizium anisopliae
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Effects of some Metarhizium anisopliae (Metschn.) Sorokin, 1883 (Hypocreales: Clavicipitaceae) isolates on root-knot nematodes
under laboratory conditions

Introduction

Root-knot nematodes, Meloidogyne spp. Goeldi, 1892 (Tylenchida: Heteroderidae) cause economic
damage on many crops all over the world. Their characteristic symptoms occur on underground parts of
plants. Infected roots swell at the point of infection and galls form. Several control methods are available
for reducing root knot nematode populations. The most common and effective method used in their
management is chemical control. However, due to the negative effects of the chemicals used on human,
animal and environmental health, it has become necessary to develop new control strategies. One of the
alternative control strategies is the use of biological control agents (Devi, 2018). Biological control of
nematodes is one of the most important strategies in nematode control for sustainable agriculture (Mokhtari
et al., 2009).

Certain soil-dwelling fungi are pathogenic on plant pests, including nematodes (Dijksterhuis et al.,
1994). Some fungi are biological control agents and are important in the control of nematodes (Butt et al.,
2001). Given that many fungi live within the rhizosphere along with nematodes and are in contact with
them, they can be effective in reducing nematode populations in many soil and geographic contexts
(Siddiqui & Mahmood, 1996). About 80 species of fungus belonging to more than 30 genera are effective
against nematodes (Viaene & Abawi, 2000; Sun et al., 2006; Bakr et al., 2014). Metarhizium anisopliae
(Metschn.) Sorokin, 1883 (Hypocreales: Clavicipitaceae) is an entomopathogenic fungus that occurs
naturally in soil all over the world and causes disease in various insects and is widely used in biological
control programs (Richards & Rogers, 1990; Driver et al., 2000; Liu et al., 2007; Hoe et al., 2009; Abdollahi,
2018). Metarhizium anisopliae, the agent of green muscardine disease of insects, is the most important
entomopathogenic fungus (Driver et al., 2000). This is a facultative parasite which can infect a range of
insects and is a well-studied for microbial control of insect pests (Liu et al., 2007; Hoe et al., 2009).

The exact mode of action of M. anisopliae on nematodes is still unknown but it is likely to be similar
to other fungi with sticky spores or conidia. The conidia germinate, parasitize and kill the nematode, by
direct penetration and producing the infective hyphae inside the nematode body. This fungus produces
some cyclic peptides, destruxins which may be important in its pathogenicity (Kershaw et al., 1999; Hsiao
& Ko, 2001). Prior to infection of the host, the fungus produces destruxins A and B that can kill the host
(Roberts, 1966).

There are only a few reports of the impact of M. anisopliae on nematodes. The effectiveness of M.
anisopliae on nematodes has been demonstrated in studies conducted with Rotylenchulus reniformis
Linford & Oliveira, 1940 (Tylenchida: Hoplolaimidae) (Tribhuvaneshwar et al., 2008), Heterodera avenae
Wollenweber, 1924 (Tylenchida: Heteroderidae) (Ghayedi & Abdollahi, 2013) and several root-knot
nematode species (Jahanbazian et al., 2014).

This study aimed to isolate and identify entomopathogenic fungi from 50 soil samples taken from the
meadows and pasture areas of Sakarya Province, Turkey. The activity of five isolates of M. anisopliae
against Meloidogyne incognita (Kofoid & White, 1919) and Meloidogyne javanica (Treub, 1885)
(Tylenchida: Meloidogynidae) was investigated under laboratory conditions.

Materials and Methods

Soil samples were collected from the plateaus and pastures of Sakarya Province in 2019. From these
five isolates (S43-1, S43-2, S43-3, S42-1, S42-2) of M. anisopliae were tested against M. incognita and M.
javanica. The study was conducted at the Plant Protection Central Research Institute of the Laboratory of
Nematology (Republic of Turkey Ministry of Agriculture and Forestry) in 2020.
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Collection of soil samples

In July 2019, 50 soil samples were collected from meadows and pastures of Sakarya Province.
Samples were taken from various locations to depths of 15-20 cm with the locations were chosen arbitrarily
(Mracek & Becvar, 2000). Five to six subsamples were taken 5-6 m apart at each location and mixed
thoroughly. About 1 kg of soil was collected at each location. The coordinates of the samples were
recorded, each soil sample was labeled with a code number and brought to the laboratory in plastic bags.

Production of Galleria mellonella larvae

The final instar of the larvae of Galleria mellonella (L., 1758) (Lepidoptera: Pyralidae), also known
as the large wax moth, were used in the isolation of entomopathogenic fungi from the soil samples. Galleria
mellonella larvae were grown in artificial medium consisting of 45 g beeswax, 90 g granulated yeast, 307 g
maize flour, 225 g honey mixture in glass jars at 27 £ 1°C (Kaya & Stock, 1997). A proportion of the reared
larvae were retained for pupal and adult development to ensure the continuation of the culture.

Entomopathogenic fungus isolation from soil

Entomopathogenic fungus isolation from the soil was performed using G. mellonella as bait
(Zimmermann, 1986; Griffin et al., 2000). Prior to the isolation, the final instar of G. mellonella were
submerged in 50 £ 3°C water for 5 s and then transferred to a cold-water bath for 3 s to prevent spinning
of web when they were released into the soil samples (Woodring & Kaya, 1988). Soil samples (300 g) were
dispensed into 500 ml plastic containers and moistened with sterile water; 10 larvae of the same size were
added to these containers and kept in an incubator at 22-25°C in the dark. Samples were checked every 3 d
for 10-15 d and dead larvae were removed. This was repeated three times for each sample.

Dead larvae collected from the soil were placed in 3% sodium hypochlorite for 3 min, then rinsed
twice with sterile distilled water and placed in 9-cm Petri dishes of potato dextrose agar (PDA; Merck,
Darmstadt, Germany). Agar plates were incubated at 24 + 1°C, with a 12:12 h L:D photoperiod for one
week. Fungal colonies on the PDA medium were subcultured on PDA into 6-cm Petri dished, and a single
spore isolation was made from the fungus colony that developed and stored in 20% glycerol at -20°C in
inclined tubes with PDA at 4°C.

Molecular identification of entomopathogenic fungi
DNA extraction and PCR conditions

Total DNA was extracted according to DArT DNA isolation method (http://www.diversityarrays.com).
Fungal mycelia were scraped from the surface of 15-d cultures grown on PDA and placed into 1.5 ml
Eppendorf tubes. The samples were homogenized in 650 pl buffer solution [125 mM Tris-HCI pH 8.0, 25 mM
EDTA pH 8.0, 0.8 M NaCl, 1% CTAB, 1% sarcosyl and 2% PVP-40 (K29-32), 0.5% sodium disulfite] and
then incubated at 65°C for 1 h. The suspension was mixed with one volume of chloroform: isoamylalcohol
(24:1) and centrifuged for 20 min at 13,000 g. DNA was precipitated with the same volume of ice-cold
isopropanol. The pellet was washed with 70% cold ethanol, air-dried and suspended in 50 pl of sterile
water. DNA concentrations were determined spectrophotometrically and finally diluted to 20 ng/pl.

The nuclear internal transcribed-spacer region (ITS1-5.8S-ITS2) of the isolates obtained was
amplified using primer pairs ITS1 (5- TCC GTA GGT GAA CCT GCGG -‘3) and ITS4 (5’- TCC TCC GCT
TAT TGA TATGC -3) described by White et al. (1990). PCR reactions were performed in 50 ul containing
5 ul 10x reaction buffer, 0.4 uM of each primer, 0.2 mM of dNTPs, 1.5 mM of MgCl., 1.5 U Tag DNA
polymerase (Thermo Fischer Scientific, Waltham, MA, USA) and 20 ng DNA. PCR cycling conditions were
as follows: 4 min at 94°C; 45 s at 94°C, 45 s at 56°C, 1 min at 72°C for 35 cycles; and 10 min at 72°C.
Amplification products were checked on 1.2% agarose gel stained with ethidium bromide. PCR products
were sequenced in both directions using the same primers by Macrogen (Seoul, Korea).
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Sequence data was optimized with the software package Segman (DNAStar Inc., Madison, WI,
USA). The alignments of the resulting sequences and the reference isolates from Genbank were performed
by MEGA7 (Kumar et al., 2016). The tree showing genetic relationships among the isolates was
constructed by the neighbor-joining method, Kimura 2-parameter distances and 1000 bootstrap values.

Generation of second stage juvenile of root-knot nematode species

Pure cultures of M. incognita and M. javanica, previously identified and stored in the Nematology
Laboratory of the Directorate of Plant Protection Central Research Institute (Ankara), were used in this
study. Serial cultures of susceptible tomato plants (Tueza F1) were used to culture these nematodes. The
infected roots were washed carefully under tap water and egg masses were collected from these roots
under the microscope and left to hatch at room temperature. The juveniles that hatched in the first 24 h
were discarded and subsequent hatching were monitored and juveniles collected daily. The suspension
with nematodes obtained was adjusted to 100 juveniles/ml.

Preparation of entomopathogenic fungi

Metarhizium anisopliae isolates were inoculated on Sabouraud dextrose agar in 9-cm Petri dishes
and incubated at 25 £ 1°C in the dark for 15 d. After the incubation, 2 ml of sterile distilled water with 0.03%
Tween 80 was added to each Petri dish to suspend the spores by scraping with a glass rod. The spore
suspensions were filtered through a four-layer cheesecloth and separated from mycelium for 3 min. Spore
suspensions were homogenized with a vortex mixer and diluted to 1 x 108, 107 and 102 spores/ml with a
Neubauer hemocytometer (Saruhan et al., 2015). Spore germination rates were determined before using
the isolates. One hundred pl of the suspension diluted 1 x 10* was spread on PDA in three Petri dishes
and incubated in the dark at 25 + 1°C for 24 h. In each Petri dish, 100 spores were examined and the
germination rate determined as 290% (Guven et al., 2015).

Application of entomopathogenic fungi to root knot nematode species

The experiments were conducted in the laboratory in 24-well culture plates. Second stage juveniles
of each nematode species were transferred to separate wells in the culture plates with a dropper at 100
juveniles/ml. Then, 1 x 10°, 107 and 108 spores/ml suspensions of M. anisopliae isolates were added to the
wells. Each test was done with three replicates and two repeats. Viability rates of nematodes were
determined after 24, 48 and 72 h, and nematode mortality rates calculated (Abbasi et al., 2018). Dead
juveniles were examined under light microscope to determine if they had been killed by fungal infection.
Only pure water was used in the control.

Statistical analysis

The data were evaluated using Duncan multiple comparison test in SPSS program. Square root
transformation was applied to non-normally distributed data, followed by ANOVA Duncan test.

Results and Discussion

Metarhizium-like fungi were isolated from 50 soil samples collected from different meadow and
pastures in Sakarya Province. Five isolates from samples S42 and S43 were identified as M. anisopliae
based on morphological characteristics (Humber, 1997) (Figure 1) and confirmed by DNA sequence
analysis of ribosomal DNA-ITS region. PCR amplification with the primers ITS1 and ITS4 yielded a single
DNA fragment of about 580 bp for all isolates. BLASTn search of their sequences showed high level of
genetic similarity with DNA sequences of M. anisopliae available in GenBank. The resulting sequences
were deposited in the GenBank database (Accessions MW073447 to MW073451). Neighbor-joining tree
derived from DNA sequences of M. anisopliae and closely related fungi corresponded to the morphological
classification (Figure 2). The sequence alignments revealed high level of identity between the isolates of
the same species. Metarhizium anisopliae isolates were placed in a unique group different from other
Metarhizium spp.
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Figure 1. a) 15-day colony of Metarhizium anisopliae on PDA, and b) conidia at 40x magnification.
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Figure 2. Phylogenetic analysis of Metarhizium spp. isolates based on ITS rDNA sequences. The bootstrap values were obtained
from 1000 replications and the values greater than 90% are shown in the dendrogram. The ITS sequences of Beauveria
bassiana were used as an outgroup.
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The efficacy of five M. anisopliae isolates against both M. incognita and M. javanica increased as
the dose increased (Tables 1 & 2).

Table 1. Mortality (%) of Meloidogyne javanica larvae caused by different Metarhizium anisopliae isolates after 24, 48 and 72 h

Metarhizium anisopliae isolate

Doses

S43/1 S43/2 S43/3 S42/1 S42/2
24 h
10° 69.9+4.74 d 17.9+1.93 f 17.9+1.93 f 165+ 1.46 f 157+1.73 f
107 91.9£0.50 ab 31.0+323 e 31.0£323 e 77.7+4.40 ¢ 785+£193 ¢
10° 98.5+0.44 a 88.5+248 b 88.5+248 b 95.2+0.74 ab 91.9+£1.03 ab
48h
10° 85.3+1.28 ef 27.7+299 h 58.9+7.26 g 17.3+1.43 | 19.4+£2.24 i
107 93.9+0.64 abcd 91,4+143 bcde  86.7+£2.09 def 89.3+223 cde 81.1+201 f
10 100.0+0.00 a 95.8+1.31 abc 98.3+0.95 ab 97.7+0.50 ab 94.6+1.01 abc
72h
10° 86.8+145 c 704+112 e 752+217 d 24.6+254 f 26,1+367 f
107 95.3+0.44 ab 95.1+£1.39 ab 91.8+£198 b 96.8+061 a 86.8+144 c
10° 100.0£0.00 a 99.8+0.18 a 99.7+£022 a 99.1+0.33 a 100.0 % 0.00

F147h = 224, 212 and 446 for 24, 48 and 72 h, respectively.

For M. javanica, isolate S43/1 was 98.5% effective at 108 cfu/ml after 24 h and 100% after 48 h. After
72 h, isolates S43/1 and S42/2 were also 100% effective at 108 cfu/ml. isolates S43/2, S43/3 and S42/1
were 99.8, 99.7, 99.1% effective, respectively.

Table 2. Mortality (%) of Meloidogyne incognita larvae caused by different Metarhizium anisopliae isolates after 24, 48, 72 h

Metarhizium anisopliae isolate

Doses

S43/1 S43/2 S43/3 S42/1 S42/2
24 h
106 51+053 d 3.8+083 e 154+0.44 f -04+034 ¢ -05+035 ¢
107 58+050 d 55+0.79 d 85.5+212 ab 7191277 ¢ 74.7+1.40 bc
108 889+197 a 95.7+0.48 a 95.4+0.79 a 94.7+0.62 a 97.1+0.41
48 h
106 53+062 d 33+078 e 1.2+049 f -0.7+058 h -0.5+0.44 gh
107 789+229 C 50+091 d 89.7+1.49 abc 82.3+1.58 abc 80.9+1.55 bc
108 96.4+0.57 ab 98.6+0.51 ab 98.5+0.44 ab 96.7+0.32 ab 99.7+0.22 a
72 h
10°® 11.6+2.28 ¢ 753+138 b 1.2+049 d -0.9+0.68 f 0.7£058 de
107 93.1+1.05 g 86.5+0.56 ab 946+1.46 a 86.7+1.04 ab 96.0+0.48 g
108 97.6+0.63 a 99.3+0.34 a 99.0+0.38 a 98.6+0.35 a 100.0£0.00 a

F147 = 788, 558, and 528 for 24, 48 and 72 h, respectively.

For M. incognita, isolate S42/2 was 97.1% effective at 108 cfu/ml after 24 h, whereas isolates S43/2
and S43/3 were 95.7 and 95.4% effective, respectively. Isolate S42/2 was also effective in counts made
after 3 d and it was 100% effective after 72 h. This was followed by S42/1, S43/3, S42/1 and S4 /1 (99.31%,
98.97, 98.61, 97.58). Some species of Metarhizium have the ability to colonize roots (Bruck, 2005). Some
isolates of M. anisopliae have endophytic behavior (Leger, 2008). The fungus produces sticky conidia that
attach to nematode cuticles (Ghayedi & Abdollahi, 2013). The conidia germinate, parasitize and Kkill the
nematode, by direct penetration producing infective hyphae inside the nematode body. The fungus
produces some cyclopeptides and destruxins which are important in its pathogenicity (Kershaw et al.,
1999).

In previous studies in Turkey, M. anisopliae isolates were obtained from grass, Lolium spp. Lam.
(Poales: Poaceae) by Sevim et al. (2012) in the Eastern Black Sea Region, Er (2013) in pistachio, Pistacia
vera L. (Sapindales: Anacardiaceae) orchards Gaziantep, Girlek et al. (2018) in the walnut, Juglans spp.
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(L.) (Fagales: Juglandaceae) orchards in Kirsehir; Tuncer et al. (2018) in nut weevil, Curculio nucum (L.,
1758) (Coleoptera: Curculionidae), and Keskin et al. (2019) in Duzce and their effectiveness against
various pests investigated. However, no study has been conducted in Turkey on the efficacy of M.
anisopliae on root-knot nematodes.

In the present study, it was observed that fungal efficacy increased with increased concentrations
and the lowest effect was recorded at 10° cfu/ml for all isolates. These results are consistent with other
studies. A study assessing the efficacy of M. anisopliae and Trichoderma harzianum Rifai on M. javanica
under laboratory and greenhouse conditions, found that these fungi had no antagonistic effect on each
other and that both fungi were effective against root knot nematodes, but there was no significant benefit
from combined application (Abdollahi, 2015).

Abdollahi (2018) determined the effectiveness of M. anisopliae IMI 330189 and different oak,
Ouercus spp. (Fagales: Fagaceae) tree debris on M. javanica in tomato and demonstrated that the
combination of M. anisopliae and oak tree debris caused a reduction of over 90% in nematode development
with 100 and 150 g/kg soil. Although, M. anisopliae caused a 76% decrease in the number of galls formed
in the roots compared to the control, its combination with oak debris caused a decrease of 86% and did not
reduce the effect of entomopathogenic fungi.

In another study (Youssef et al., 2020), the effect of different concentrations of Beauveria bassiana
(Bals.-Criv.) Vuill., M. anisopliae and Paecilomyces lilacinum (Thom) Samson spores and filtrates on M.
incognita egg hatch and juvenile mortality in cowpea was investigated in climatic chamber. The highest
mortality with the standard dilution occurred with P. lilacinus at 84.5%, followed by B. bassiana and M.
anisopliae at 81.1% and 78.5%, respectively. With 108 cfu/ml*n, P. lilacinus at 85.3% mortality was followed
by M. anisopliae at 83.6%. All three fungi were effective against M. incognita and could be used in biological
control of the agent.

In a study of the nematicidal activity of B. bassiana against Meloidogyne hapla Chitwood, 1949 was
evaluated under greenhouse conditions (Liu et al., 2008), it was observed that hatching and mortality rates
were directly proportional to the density of B. bassiana. It has been observed that B. bassiana significantly
reduces larval density, egg sac and gall formation in the soil and root.

In the present study, five M. anisopliae isolates from Turkey gave over 95% mortality after 72 h at
108 cfu/ml. Therefore, based on this study conducted under laboratory conditions, it is considered that
detailed semi-field and field trials would be justified. If efficacy is demonstrated in the semi-field and field
trials these isolates could be used to control root knot nematodes (Meloidogyne spp.) in integrated pest
control programs.
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Resistance of local okra cultivars against Meloidogyne incognita (Kofoid
& White, 1919) (Nematoda: Meloidogynidae), effects of nematode
infestation on growth parameters and leaf macro- micronutrients

Yerel bamya cesitlerinin Meloidogyne incognita (Kofoid & White, 1919) (Nematoda:
Meloidogynidae)’ya karsi dayanikliligi, nematod enfeksiyonunun bamyanin morfolojik
Ozelliklerine ve yapraklarda makro-mikro element igerigine etkisi

Cetin NACARY Adem OZARSLANDAN?Z
Abstract

Okra is an important species of vegetable grown in Turkey and around the world. Root-knot nematodes cause
serious yield losses in vegetables. Twenty-six cultivars okra were obtained from the Aegean Agricultural Research
Institute in 2002. Resistance of this cultivars to nematode was determined and changes induced with nematode
infestation on plant morphology and macro- and micronutrients in leaves measured. The experiments were conducted
in completely randomized design with four replicates in climate-controlled glasshouse at Alata Horticultural Research
Institute in 2019. The cultivars were tested against Meloidogyne incognita (Kofoid & White, 1919) (Nematoda:
Meloidogynidae) at 25 + 2°C. Sixty days after inoculation, root gall indexes varied with an average of 4.56. Compared
to uninoculated controls, nematode inoculated reduced plant height by 46.0%, stem thickness by 9.06%, root lengths
by 39.7%, leaf widths by 15.1%, leaf lengths by 20.5% and increase root weight by 14.5%. Leaf macro- and
micronutrients were determined. Compared to the control, nematode inoculation reduced leaf N, P, K and Mg
concentrations by 2.31, 5.85, 5.24 and 10.3%, respectively, and increased Ca, Fe, Zn, Mn and Cu concentrations by
7.91,17.0, 13.4, 118 and 15.6%, respectively.

Keywords: Meloidogyne incognita, morphological traits, nutrient, okra, resistance
Oz

Bamya diunyada ve Ulkemizde yetistiriciligi yapilan 6nemli sebze tirlerinden birisidir. Kok-ur nematodlari
sebzelerde énemli Uriin kayiplarina neden olmaktadir. Ege Tarimsal Arastirma Enstitiisi’nden 2002 yilinda getirilen 26
yerel bamya ¢esidinin nematodlara karsi dayaniklilik durumlari, bitki morfolojisinde meydana gelen degisikliklere ve bitki
yapraklarindaki makro-mikro besin elementleri igerigine bakilmistir. Deneme tesaduf parselleri deneme desenine gore 4
tekrarlamall olarak Alata Bahge Kultirleri Arastirma Enstitisi Mudirligi’ne ait kontrolli cam seralarda 2019 yilinda
yurttllmastir. Yerel bamya cesitleri Meloidogyne incognita (Kofoid & White, 1919) (Nematoda: Meloidogynidae),
popiilasyonuna karsi 25 + 2°C’de testlenmistir. inokulasyondan sonra bitkiler 60. giinde bitki sékiimleri yapilarak kék gal
indeksi degerlendirmesi yapilmis ve ortalama 4.56 ur indeksi olusturdugu belirlenmigtir. Bitkisel Ozelliklerde kok-ur
nematod uygulamasinin kontrol bitkilerine gére bitki boyunu ortalama %46.0, govde kalinhgini %9.06, kék uzunlugunu
%39.7, yaprak eni uzunlugunu %15.1, yaprak boyu uzunlugunu %20.50 oraninda azalttigi ve bamya kdk agirhgini ise
ortalama %14.5 oraninda arttirdigi belirlenmistir. Bitki yapraklarinda makro-mikro besin igeriklerini ise koék-ur nematod
uygulamasinin kontrol bitkilere gére N, P, K ve Mg degerlerini ortalama olarak sirasiyla %2.31, 5.85, 5.24 ve 10.3 oraninda
azalttig belilenmistir. Buna karsilik kok-ur nematod uygulamasinin kontrol bitkilere gére Ca, Fe, Zn, Mn ve Cu degerlerini
ortalama olarak sirasiyla %7.91, 17.0, 13.9, 118 ve 15.6 oraninda arttirdigi belirlenmigtir.

Anahtar sézciikler: Meloidogyne incognita, morfolojik 6zellikler, besin elementi, bamya, dayanikhlk
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Resistance of local okra cultivars against Meloidogyne incognita (Kofoid & White, 1919) (Nematoda: Meloidogynidae), effects of
nematode infestation on growth parameters and leaf macro- micronutrients

Introduction

Okra [Abelmoschus esculentus (L.) Moench], a member of the Malvaceae, is commonly grown in
tropical and subtropical regions of the world (Marin et al., 2017). Geographical origin of okra is thought to
be Ethiopia and was initially distributed from there to southern Africa, the Mediterranean Basin, the Arabian
Peninsula and South Asia, then the entire world (Sathish & Eswar, 2013).

Okra is largely consumed as human food and fruits are rich in vitamins, protein and crude fiber. With
its carbohydrate, protein, oil, mineral and vitamin supply, okra is an important food for human nutrition (Abd
El-Kader et al., 2010). Okra seeds are used as an oil source and fruits are also used as a fiber source.
Carbohydrate and pectin-containing mucilage is obtained from the fruits and used as a thickener by the
food industry (Alegbejo et al., 2008). Worldwide, almost 10 Mt of okra is produced on about 2.7 Mha (FAO,
2019). Okra is cultivated in all regions of Turkey. Commercial cultivation is common in Aegean, Marmara,
Mediterranean and Central Anatolia Regions. In Turkey, annually 31 kt of okra is produced on 6 kha (FAO,
2019).

Stress is defined as conditions that influences or hampers plant growth, development and
metabolism. Stress factors can be biotic or abiotic. Root-knot nematodes cause plant biotic stress resulting
in serious economic losses in various plant species worldwide. Among the pests and diseases affecting
okra production and limiting production area, root-knot nematode (Meloidogyne spp.) is the most important
(Hussain et al.,, 2011). The symptoms of nematode infestation are slow growth rate, limited root
development, leaf yellowing and wilting. Root-knot nematode causes wilting, chlorosis, stunted growth, and
root galling, and when the nematode population exceeds the economic threshold level, it generally results
in destruction of the roots, weak growth and reduced yield (Daramola et al., 2015; Mukhtar et al., 2017).
Root-knot nematode-induced vyield losses of 29 to 91% have been reported (Pandey & Kalra, 2003).
Mukhtar et al. (2013) indicated Meloidogyne incognita (Kofoid & White, 1919) (Nematoda: Meloidogynidae)
as the dominant species largely influencing plant growth and yield. Sikora and Fernandez (2005) reported
that Meloidogyne spp. caused yield loss of up to 27% in okra. Subsequent cultivation of okra in the same
field allows the nematodes to become widespread and colonizing the whole field (Hussain et al., 2011). In
addition to these direct impacts, nematodes also increase Fusarium spp. infection, resulting greater
damage and loss. In Turkey, M. incognita, Meloidogyne arenaria (Neal, 1889) and Meloidogyne javanica
(Treub, 1885) (Nematoda: Meloidogynidae) have been reported as the most common and economically-
damaging species in vegetable production (Kaskavalci & Onciier, 1999; Ozarslandan & Elekcioglu, 2010;
Cetintas & Cakmak, 2016). Also, Meloidogyne luci can be a serious problem in field crops and greenhouse
vegetables in northern areas of Turkey (Aydinli, 2018).

For integrated management of nematodes, non-host plants are incorporated into the crop rotations,
resistant cultivars are used, biological control and solarization are practiced, and nematicide and fumigants
are applied. In large fields, due to the high cost, nematicides are not applied to okra. Generally non-host
plants are incorporated into crop rotations in such contexts. Cultivars with nematode resistance usually
give, greater yield than susceptible cultivars.

This study was conducted to determine the resistance of local okra cultivars against root-knot
nematodes. Use of resistant cultivars in okra farming is the most effective, economic and practical method
for control of nematodes. In this study, resistance of 26 okra cultivars against M. incognita was determined
and nematode-induced morphological changes and effects on leaf macro- and micronutrients were
determined.
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Materials and Methods

Twenty-six okra from various geographic origins for Turkey were obtained from the large collection
maintained at the Aegean Agricultural Research Institute, Menemen, Izmir, Turkey (Karagul, 2003).
Twenty-four local okra cultivars, commonly cultivated in various regions of Turkey, and two commercially
available and common local cultivars cv. Sultani (Marmara and Aegean Regions) and cv. Bornova (Aegean
Region) were used in this study (Table 1). Testing of okra cultivars against nematodes were conducted in
climate-controlled glasshouse at Alata Horticultural Research Institute in September-November 2019.

Resistance of the okra cultivars against root-knot nematode of M. incognita was investigated at 25 +
1°C and 60 = 10% RH under controlled conditions. The root-knot nematode (M. incognita) used was
produced on susceptible sivri pepper cv Alata F1 (Alata Horticultural Research Institute, Mersin). At the end
of nematode production period, egg masses on the roots were collected under a binocular microscope,
and 2nd stage juveniles (J2s) were obtained with the aid of modified Baermann-funnel technique. J2s were
counted under light microscope to prepare inoculum. Okra seeds were directly sown into pots. Experiments
were conducted in a completely randomized design with four replicates. Treatments included a
uninoculated control and nematode inoculation. The potting mix consisted of 80% sand, 5% silt and 15%
soil disinfested by autoclaving. Each pot was inoculated with ~3,000 J2s at about 2 cm deep near plants
that had grown to ~15 cm at the 2-4 leaf stage. Sixty days after inoculation (DAI), the plants were removed
from the pots and root galls scored and morphological measurements made. Leaf samples were taken from
the control and inoculated plants in each replicate and leaf macro- and micronutrients were determined.
Nitrogen concentrations were determined in ground samples by a modified Kjeldahl method (Kacar, 1972).
Phosphorus concentration were determined from the extracts obtained through wet digestion in nitric-
perchloric acid mixture with the use of vanadomolybdophosphoric yellow method (Kacar & Kovanci, 1982).
Potassium, calcium and magnesium, iron, zinc, manganese and copper concentrations were determined
from the samen extracts using inductively coupled plasma (ICP) (Kacar, 1972).

Root gall index

Following the inoculation, plants were removed from the pots on 60 DAI and root galls were scored
according to Hartman & Sasser (1985) based on 0-5 scale for number of eggs and galls. According to this
scale, 0-2 indicates resistant and 3-5 indicates susceptible plants.

Plant measurements

Plant samples were arbitrary selected from each control (uninoculated) and nematode-inoculated
pots 60 DAI and plant height (cm), root length (cm), leaf length (cm), leaf width (cm), fresh root weight (g)
and stem thickness (mm) were measured.

Leaf macro- and micronutrients

Sixty DAI, leaf samples were taken from the control (nematode non-inoculated) and inoculated plants
of each replicate and leaf macro- and micronutrients were determined. For this purpose, N, P, K, Ca and
Mg as %, and Fe, Zn, Mn and Cu as ppm concentrations were determined.

Statistical Analysis
The relative effect of nematode inoculation on plant measurements and leaf macro- and
micronutrients was determined with the use of Abbott formula [change = (1 — nematode-inoculated / control)

X 100]. Experimental data were subjected to analysis of variance using of statistical analysis software (JMP
v8.0.2.) and significant means were compared by Tukey HSD test at P = 0.05 significance level.
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Results

Root gall index

Differences in root gall indexes were significant. Twenty-six okra cultivars were found to be nematode
susceptible. Root gall indexes varied between 3-5 and an average value of 4.6 (Table 1). Differences
between gall indexes of the cultivars were mainly attributed genetic characteristics of the plants. The
greatest gall index (5) was obtained for cultivars 17, 19, 32, 40, 45, 57, 60, 62, 64, 68, 87, 88, 100 and 109
and the lowest (3.25) for cultivar 104 (Table 1). All local cultivars tested in present study were found to be
susceptible to root-knot nematode (Figure 1).

Table 1. Local okra cultivars used in present study and gall indexes of 26 local okra cultivars

Cultivar No Cultivar name Origin Index
3 TR 37126 Kastamonu 4.5
5 TR 39467 Kirklareli 4.8
11 TR 40293 Kirgehir 4.0
17 TR 42994 Konya 5.0
19 TR 43092 Kutahya 5.0
30 TR 57340 Sinop 4.0
32 TR 57344 Sinop 5.0
40 TR 61765 Trabzon 5.0
45 TR 69231 Karaman 5.0
56 TR 66081 Yozgat 4.5
57 TR 66070 Yozgat 5.0
60 TR 66087 Yozgat 5.0
62 TR 66076 Yozgat 5.0
64 TR 43185 Kitahya 5.0
67 TR 66581 Yozgat 4.0
68 TR 66594 Yozgat 5.0
84 Kiliglh 111 Mersin 3.8
87 Kargiyaka Ill izmir 5.0
88 Sultani Bamya Marmara-Aegean Regions 5.0
89 Bornova Bamyasi Aegean Region 3.5
97 Tarsus Yalamik 1 Mersin 4.3
100 Sanliurfa 1 Karaali ~ Sanliurfa 5.0
104 Sanliurfa 2 Sanliurfa 3.2
108 Hilvan 3 Arpali Kéyu Sanliurfa 4.0
109 Siverek Sanlurfa 5.0
112 Denizli Denizli 4.0
Mean 4.6

Figure 1. Nematode infestation response of three okra cultivars (17, 60 and 68).
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Plant height, stem thickness and root length

In root-knot nematode-inoculated plants, the tallest plant height (35.8 cm) was in cultivar 45 and the
shortest (16.8 cm) in cultivar 5. In control plants, the tallest plant height (67.5 cm) was in cultivar 87 and
the shortest (34.3 cm) in cultivar 100. The change in plant height ranged from 17.3 to 71.3% with a mean
of 46.0% (Table 2).

Table 2. Effects of root-knot nematode inoculation on plant growth parameters of 26 local okra cultivars

Cultivar No Plant height (cm) Stem thickness (mm) Root length (cm)
Control* Nematode Change (%) Control Nematode Change (%) Control Nematode Change (%)
3 42.2 eh 21.7 hk 48.7 2.45ij 3.29 dh -34.3 19.7 ad 9.1 cf 53.7
5 54.6 be 16.8 k 69.2 539 a 3.24 di 39.9 17.7 bg 7.4 df 58.3
11 37.7 th 28.4 be 24.6 3.05gj 2.47 hi 19.0 18.6 af 8.9 cf 51.9
17 47.9 dg 23.7 €] 50.5 4.70 gj 3.67 cf 21.9 114 6.8 ef 40.4
19 49.7 df 23.2 fk 53.5 3.54 eh 3.22di 9.0 15.8 ei 8.3 df 47.5
30 36.9 gh 29.9 bc 19.2 3.50 fi 5.49 a -56.9 17.6 bg 8.4 df 52.6
32 54.9 ae 23.2 fk 57.8 5.04 ab 3.22di 36.1 16.1 di 7.0 df 56.7
40 57.2 ad 31.6ab 44.7 5.09 ab 3.04 ei 40.3 12.9 hj 10.2 be 20.8
45 64.5 ac 35.8a 44.4 4.55 ae 3.82ce 16.0 20.4 ab 13.0ab 36.4
56 40.7 th 20.3 ik 50.1 4.41 af 2.67 gi 39.5 15.3fi 8.8 cf 42.6
57 48.0 dg 22.1 gk 54.0 4.62 aj 3.82 ce 17.3 22.2a 155a 30.3
60 48.9 dg 19.5 jk 60.3 2.89 gj 4,99 ab -72.7 20.1 ac 15.1a 25.1
62 32.8h 20.6 ik 37.2 3.16 gj 3.64 cg -15.2 14.7 gj 7.5 df 49.1
64 36.9 gh 26.8 bg 27.6 3.56 dh 3.85ce -8.2 14.5 gj 149a -3.3
67 36.7 gh 26.6 ch 27.6 4.25 bf 3.83 ce 9.9 20.0 ac 7.9 df 60.8
68 67.3 ab 19.3 jk 71.3 4.99 ab 3.07ei 385 16.0 ei 7.8 df 51.0
84 36.5gh 26.3 ch 27.8 2.72 gj 292 ei -7.4 19.9 ac 9.2 cf 53.8
87 67.5a 239 ¢j 64.6 4.61 ad 3.52cg 23.6 15.1 fj 9.1 cf 39.3
88 33.1h 27.4 bf 17.3 3.73 cg 3.65 cf 2.1 17.3 bg 144 a 17.0
89 37.7 th 24.8 ci 34.1 5.09 ab 3.50 dg 56.7 15.3 fi 7.0 df 54.5
97 44.9 dh 20.7 ik 53.9 4.70 ac 2.75fi 41.5 17.6 bg 5.7f 67.7
100 34.3h 26.0 ch 24.2 2.25] 4.14 bd -84.0 12.5j 10.5 bd 16.4
104 66.0 ac 29.2 bd 55.8 4.41 af 2.71fi 38.6 19.3 ae 9.0 cf 53.6
108 66.3 ac 21.6 hk 67.5 2.63 hj 2.32i 11.8 18.7 af 12.2 ac 35.0
109 54.1 ce 23.7 €] 56.1 5.43a 3.45 dg 36.5 13.5hj 13.4 ab 0.7
112 54.0 ce 24.6 di 54.4 5.32 a 4.48 bc 15.8 16.5 ch 13.2 ab 20.5
Mean 48.1 245 46.0 4.20 3.49 9.1 16.9 10.0 39.7
LSD (5%) 12.76 5.04 1.05 0.97 3.71 3.59
F prob. <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

* Control, uninoculated; nematode, nematode-inoculated.

In nematode-inoculated plants, the greatest stem thickness (5.49 mm) was in cultivar 30 and the
lowest (2.32 mm) in cultivar 108. In control plants, the greatest stem thickness (5.43 mm) was in cultivar
109 and the lowest (2.25 mm) in cultivar 100. The change stem thicknesses ranged from -84.0% to 71.3%
with mean of 9.06% (Table 2).

In nematode-inoculated plants, the greatest root length (15.1 cm) was in cultivar 57 and the lowest
(5.70 cm) in cultivar 97. In control plants, the longest root length (22.2 cm) was in cultivar 57 and the
shortest (11.4 cm) in cultivar 17. The change in root lengths ranged -3.3 to 67.7% with a of 39.7% (Table 2).

Root weight, leaf width and leaf length

In nematode-inoculated plants, the greatest root weight (5.77 g) was in cultivar 60 and the lowest (0.68 g)
in cultivar 108. In control plants, the greatest root weight (2.56 g) was in cultivar 109 and the lowest (1.27 g)
in cultivar 17. Root-knot nematode changed root weight by -258 to 60.2% with a mean of -14.5% (Table 3).
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Table 3. Effects of root-knot nematode inoculation on plant growth parameters of 26 local okra cultivars

Cultivar No

Root weight (g)

Leaf width (cm)

Leaf length (cm)

Control* Nematode Change (%) Control Nematode Change (%) Control Nematode Change (%)

3 1.84 dg 1.68 df 8.7 8.4 gi 10.6 bc -26.9 7.8 hi 9.0 cd -15.5

5 2.44 ab 0.98 gk 59.8 14.3 ce 6.6 h 54.0 11.4 ad 6.3h 44.5

11 1.68 eh 1.26 fk 25.0 76i 12.0ab -57.2 9.0fi 7.4 dh 17.8

17 1.27 eh 4.01b -215.8 8.2 hi 8.7 cg -6.4 8.1 hi 7.9 dh 3.1

19 1.47 eh 1.52 ei -3.4 11.9 ae 9.3 ce 21.5 11.0 ae 8.5 cf 22.7

30 2.40 ac 1.47 ei 38.8 11.5 be 9.2 cf 20.6 12.0 ac 8.6 ce 28.2

32 1.34 th 1.27 tk 5.2 11.1 cf 7.5 eh 324 11.0 ae 6.6 gh 39.5

40 1.29 gh 240c -86.1 13.3 ac 9.5ce 29.1 12.1 ac 9.1cd 25.0

45 1.86 cf 2.15ce -15.6 11.6 be 9.1cg 21.7 11.0 ae 8.6 ce 22,5

56 1.77 dh 1.31 tk 26.0 12.0 ae 7.7 dh 36.2 11.6 ad 7.5 dh 35.7

57 1.43 eh 1.36 fk 4.9 10.6 dg 8.1 dh 23.6 10.7 bf 7.6 dh 28.4

60 1.61 eh 5.77 a -258.4 13.0 ad 12.7 a 2.3 11.2 ad 10.9 ab 2.9

62 1.50 eh 0.70 jk 53.3 9.0fi 7.2 gh 20.1 9.3 eh 7.5dh 20.2

64 1.41 eh 1.86 cf -31.9 10.4 eh 7.3 th 30.5 10.1dg 6.9 eh 321

67 1.68 eh 1.57 dh 6.6 12.1 ae 8.3 dh 315 10.8 bf 7.7 dh 28.6

68 1.61 eh 0.85 ik 47.2 11.1 cf 115ab -3.6 11.6 ad 11.1 ab 4.1

84 1.55 eh 0.88 hk 43.2 12.1 ae 9.1cf 24.4 10.9 be 8.4 cf 23.0

87 1.31 th 245c -87.0 10.6 dg 9.5cd 10.1 10.4 cg 8.9cd 14.4

88 1.42 eh 1.80 cf -26.8 11.9 ae 9.3 ce 22.1 10.8 bf 8.2 cg 24.2

89 1.52 eh 1.66 dg -9.2 13.1 ac 9.5 cd 27.1 11.2 ad 8.2 cg 27.1

97 2.25 ad 1.34 fk 40.4 8.1 hi 7.5 eh 7.4 7.8i 6.9 eh 11.5

100 1.68 eh 2.24c -33.3 8.7 gi 10.4 bc -19.2 8.7 gi 9.7 bc -11.5

104 1.49 eh 1.39fj 6.7 13.1 ac 8.1 dh 38.3 11.2 ad 6.8 th 39.3

108 1.71 dh 0.68 k 60.2 139 ab 9.0cg 35.8 12.7 a 7.9 dh 38.2

109 256 a 3.66b -43.0 144 a 9.2 cf 35.9 12.4 ab 8.3 cg 33.2

112 1.94 be 1.81 cf 6.7 11.3 cf 134 a -18.9 11.6 ad 12.2a -5.9

Mean 1.69 1.85 -14.5 11.3 9.23 15.1 10.6 8.32 20.5

LSD (5%) 0.56 0.70 2.44 1.97 1.82 1.74

F prob. <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

* Control, uninoculated; nematode, nematode-inoculated.

In nematode-inoculated plants, the greatest leaf width (13.4 cm) was in cultivar 112 and the lowest
(6.58 cm) in cultivar 5. In control plants, the greatest leaf width (14.4 cm) was in cultivar 109 and the lowest
(7.60 cm) in cultivar 11. The change in leaf width ranged from -57.2 to 54.0% with a mean of 15.1% (Table 3).

In nematode-inoculated plants, the greatest leaf length (12.2 cm) was in cultivar 112 and the lowest
(6.30 cm) in cultivar 5. In control plants, the greatest leaf length (12.7 cm) was in cultivar 108 and the lowest
(7.50 cm) in cultivar 97. The change in leaf length ranged from -15.5 to 44.5% with a mean of 20.5% (Table 3).

Nitrogen, phosphorus and potassium

In nematode-inoculated plants, the greatest N concentration (2.39%) was in cultivar 100 and the
lowest (1.19%) in cultivar 17. In control plants, the greatest N concentration (2.76%) was in cultivar 109
and the lowest (1.28%) in cultivar 19. The change ranged from 47.1 to 73.4% with a mean of 2.31% (Table 4).

In nematode-inoculated plants, the greatest P concentration (0.35%) was in cultivar 11 and the
lowest (0.13%) in cultivar 62. In control plants, the greatest P concentration (0.55%) was in cultivar 109
and the lowest (0.17%) in cultivar 19. The change ranged from -50% to 67% with a mean of 5.85% (Table 4).

In nematode-inoculated plants, the greatest K concentration (1.80%) was in cultivar 100 and the
lowest (0.55%) in cultivar 62. In control plants, the greatest K concentration (2.43%) was in cultivar 57 and
the lowest (0.60%) in cultivar 62. The change ranged from -86.1% to 63.8% with a mean of 5.24% (Table 4).
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Table 4. Nematode-induced changes in leaf N, P and K concentrations of 26 local okra cultivars

Cultivar No N (%) P (%) K (%)
Control* Nematode Change (%) Control Nematode Change (%) Control Nematode Change (%)

3 2.03 gi 1.37] 325 0.18 Im 0.14 jk 22.2 1.24 kj 0.74m 40.3

5 1.95]j 2.24 be -14.9 0.19 km 0.21 df -10.5 0.86 n 1.60b -86.1

11 2.11 th 2.36 ab -11.9 0.28 bd 0.36 a -28.6 0.92 mn 1.17f -27.2

17 2.17 eg 1.19k 45.2 0.27 be 0.16 jk 40.7 1.39 hi 0.69m 50.4

19 1.28m 2.22 bd -73.4 0.17 m 0.23 ce -35.3 0.99 m 1.62b -63.6

30 1.75k 2.33 ab -33.1 0.20 im 0.30b -50.0 0.88n 1.40 cd -59.1

32 2.01 hi 156i 224 0.26 dg 0.21 df 19.2 2.28b 1.14 gj 50.0

40 240b 1.39] 42.1 0.28 bd 0.16 hk 42.9 1.52 fg 1.09 ik 28.3

45 2.29 be 204 e 10.9 0.24 ei 0.19 fh 20.8 1.31j 1.02 k 22.1

56 1.82 jk 2.27 ac -24.7 0.20 im 0.24 cd -20.0 1.23l 1.40 cd -13.8

57 2.36 bc 1.35] 42.8 0.30 bc 0.17 hj 43.3 243 a 0.881 63.8

60 2.23 cf 1.72 gh 22.9 0.22 hi 0.17 gj 22.7 1.14 Kkl 1.32 de -15.8

62 2.38b 1.26 jk 47.1 0.27 cf 0.13 k 51.9 1.48 gh 0.55n 62.8

64 1.53i 2.22 bd -45.1 0.19 km 0.23 ce -21.1 0.87 e 1.20 th -37.9

67 2.29 be 1.39] 39.3 0.22 gk 0.20 eg 9.1 1.41 gi 1.08 jk 234

68 2.26 be 1.25 jk 44.7 0.21im 0.17 hj 19.1 1.62 ef 0.66 m 59.3

84 1.906 ik 2.27 ac -19.5 0.22 gk 0.25¢c -13.6 1.131 1.27 ef -12.4

87 2.03 gi 2.34 ab -15.3 0.21im 0.25¢ -19.1 1.49 gh 1.25eg 16.1

88 1.32m 2.15 ce -62.9 0.31b 0.23 ce 25.8 1.87c 1.39 cd 25.7

89 2.19 df 2.36 ab -7.8 0.25 dh 0.24 cd 4.0 1.34jj 1.20 fi 10.5

97 2.32 bd 2.07 de 10.8 0.23fj 0.23 ce 0.0 1.18 kI 1.16 gj 1.7

100 2.22 cf 2.39a -7.7 0.22 gk 0.26 c -18.2 1509 1.80a -20.0

104 1.94 1.87f 3.6 0.21im 0.21 df 0.0 1.72 de 1.11 hk 355

108 1.75k 1.83fg -4.6 0.20 jm 0.21 df -5.0 0.600 1.02 k -70.0

109 276 a 1.63 hi 40.9 0.56 a 0.19fi 66.1 1.80 cd 0.871 51.7

112 1.89 ik 2.35ab -24.3 0.21im 0.24 cd -14.3 1.69e 1.68b 0.6

Mean 2.05 1.90 2.3 0.24 0.21 5.9 1.38 1.17 5.2

LSD (5%) 0.15 0.15 0.04 0.03 0.11 111

F prob. <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

* Control, uninoculated; nematode, nematode-inoculated.
Calcium, magnesium and iron

In nematode-inoculated plants, the greatest Ca concentration (4.70%) was in cultivar 100 and the
lowest (2.91%) in cultivar 56. In control plants, the greatest Ca concentration (4.84%) was in cultivar 87
and the lowest (2.73%) in cultivar 64. The change ranged from -59.0% and 24.4% with a mean of -7.9%.
However, nematode inoculation generally increased Ca concentrations (Table 5).

In nematode-inoculated plants, the greatest Mg concentration (0.89%) was observed in cultivar 68
and the lowest (0.53%) in cultivar 100. In control plants, the greatest Mg concentration (0.98%) was
obtained from cultivar 17 and the lowest (0.52%) from cultivar 64. The change ranged from 17.7 to -38.8%
with a mean of 10.3%. However, nematode inoculation generally reduced Mg concentrations (Table 5).

In nematode-inoculated plants, the greatest Fe concentration (289 ppm) was in cultivar 100 and the
lowest (76 ppm) in cultivar 19. In control plants, the greatest Fe concentration (331 ppm) was in cultivar 57 and
the lowest (85 ppm) in cultivar 30. The change ranged from -155% and 56.0% and with a mean of -17.0%.
However, nematode inoculation increased Fe concentrations (Table 5).
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Table 5. Nematode-induced changes in leaf Ca, Mg and Fe concentrations of 26 local okra cultivars

Cultivar No Ca (%) Mg (%) Fe (ppm)
Control* Nematode Change (%) Control Nematode Change (%) Control Nematode Change (%)
3 3.391l 3.98 ce -17.4 0.68j 0.66 eh 2.9 130 f 82 mn 375
5 3.69 ei 3.44i 6.8 0.85d 0.70 dg 17.7 105 im 111 1jk -5.4
11 3.41 4ik 3.87 df -13.5 0.84 de 0.71 df 15.5 91 no 110 jk -21.0
17 4.15 2bhc 4.37b -5.3 0.98 a 0.60 hj 38.8 165d 110 jk 33.2
19 3.22 km 3.49 hi -8.4 0.80 eg 0.87 ab -8.8 92 mo 76 n 17.2
30 3.49 hk 3.53 hi -1.2 0.90 bc 0.61 gj 32.2 850 105 ki -23.4
32 3.90 cf 3.79 fg 2.8 0.74 hi 0.65 eh 12.2 291b 128 hi 56.0
40 3.84dg 4.03 cd -5.0 0.73i 0.63 fi 13.7 111 gk 228 b -105.1
45 3.60 gj 3.84 ef -6.7 0.76 gi 0.64 fi 15.8 104 in 137 gh -31.9
56 3.58 gj 291j 18.7 0.78 fth 0.70 dg 10.3 107 hi 186 cd -73.0
57 4.02 bd 4.09c -1.7 0.84 de 0.71 df 15.5 33la 180 de 45.6
60 3.97 ce 3.42i 13.9 0.86 cd 0.63fi 26.7 91 no 83 mn 8.6
62 4.20 bc 4.35b -3.6 0.86 cd 0.71 df 17.4 112 gj 105 ki 6.1
64 4.84 a 3.66 gh 24.4 0.521 0.55 jj -5.8 121 fg 114 jk 6.1
67 3.58 gj 444 b -24.0 0.82 df 0.77 cd 6.1 94 lo 172 ef -81.8
68 3.31jm 4.37b -32.0 0.82 df 0.89 a -8.5 113 gi 127 hi -13.1
84 3.42 ik 4.04 cd -18.1 0.75 hi 0.67 eh 10.7 97 ko 198 ¢ -103.1
87 2.73n 434 b -59.0 0.62 k 0.73 de -17.7 98 jo 138 gh -41.2
88 3.77 dh 3.54 hi 6.1 0.77 gi 0.65 eh 15.6 173 cd 120 ij 30.3
89 3.01 mn 2.94 ] 2.3 0.84 de 0.67 eh 20.2 107l 108 jl -0.8
97 3.62fi 4.02 ce -11.1 0.76 hi 0.83 ac -9.2 96 lo 144 g -50.9
100 4.28b 470 a -90.8 0.63 k 0.53 15.9 114 gi 289 a -154.7
104 3.97 be 4.01 ce -1.0 0.73i 0.78 bd -6.9 186 c 129 hi 31.0
108 3.69ei 4.28b -16.0 091b 0.78 bd 14.3 121 th 121j -0.2
109 3.29 jm 4.27b -29.8 0.76 gi 0.64 ei 15.8 151 e 162 f -7.1
112 3.09 Im 3.62 gh -17.2 0.68j 0.63 fi 7.4 94 lo 95 Im -0.6
Mean 3.66 3.90 -7.9 0.78 0.69 10.3 130 137 -17.0
LSD (5%) 0.30 0.18 0.05 0.09 13.8 13.6
F prob. <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

* Control, uninoculated; nematode, nematode-inoculated.
Zinc, manganese and copper

In nematode-inoculated plants, the greatest Zn concentration (113 ppm) was in cultivar 109 and the
lowest (12.3 ppm) in cultivar 68. In control plants, the greatest Zn concentration (392 ppm) was in cultivar
57 and the lowest (12.5 ppm) in cultivar 19. The change ranged from -212% to 94.4% and mean increase
in Zn concentrations was calculated as -13.9% (Table 6). However, nematode inoculation generally
increased Zn concentrations

In nematode-inoculated plants, the greatest Mn concentration (336 ppm) was in cultivar 30 and the
lowest (41.2 ppm) in cultivar 3. In control plants, the greatest Mn concentration (98.0 ppm) was in cultivar
89 and the lowest (32.4 ppm) in cultivar 108. The change ranged from -744% to 24.8% with a mean of -
118% (Table 6). However, nematode inoculation generally increased Mn concentrations.

In nematode-inoculated plants, the greatest Cu concentration (6.59 ppm) was in cultivar 100 and the
lowest (1.79 ppm) in cultivar 57. In control plants, the greatest Cu concentration (8.89 ppm) was in cultivar
57 and the lowest (1.34 ppm) in cultivar 60. The change ranged from -129% to 79.9% and mean increase
in Cu concentrations was calculated as -15.6% (Table 6). However, nematode inoculation generally
increased Cu concentrations.
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Table 6. Nematode-induced changes in leaf Zn, Mn and Cu concentrations of 26 local okra cultivars

Cultivar No Zn (ppm) Mn (ppm) Cu (ppm)
Control* Nematode Change (%) Control Nematode Change (%) Control Nematode Change (%)
3 132.3c 15.0In 88.7 43.7 jl 4120 5.8 2.15p 3.90f -81.4
5 23.5fg 29.1h -23.4 36.0 mn 75.5Im -110.0 2.09p 4.01f -91.9
11 17.9 gi 23.8ij -32.7 38.01n 54.9 no -44.6 3.38 ik 2.95ij 12.7
17 1285¢c 13.4 mn 89.6 71.2 de 141.4 ef -98.6 5.04e 2.78] 44.8
19 12.5i 1491In -19.2 60.7 gh 45.7 0 24.8 3.26 |l 3.51gh -7.7
30 13.2 hi 412 e -212.1 39.9Im 336.4a -743.9 1.96 p 3.29h -67.9
32 329.4 b 18.5 ki 94.4 79.9c 64.6 mn 19.2 6.98 b 5.22¢c 25.2
40 305f 39.1 ef -28.2 64.3 fg 116.8 gh -81.6 4289 439 e -2.6
45 25.8 fg 23.6 ij 8.6 68.4 ef 205.1c -199.9 4.70 f 3.97f 15.5
56 23.8fi 33849 -42.4 54.5i 48.8 no 10.5 2.96 mn 4.09 ef -38.2
57 329.4 a 51.6d 84.3 92.6 ab 96.4 ik -4.0 8.89 a 1.79m 79.9
60 27.11g 35.3 fg -30.2 41.2 km 119.0¢ -189.1 1.34q 2.34 k -74.6
62 20.9 fi 14.0 mn 32.9 80.4c 80.1 km 0.4 2.66 0 3.28 hi -23.3
64 20.7 fi 60.2 c -190.9 89.1b 2204 c -147.3 2540 5.81b -128.7
67 174 gi 12.9 mn 26.1 54.8 hi 109.4 gi -99.7 2.78 no 2.18 ki 21.6
68 24.2 th 12.3n 49.3 56.6 hi 55.9 no 1.2 2.96 mn 3.92f -32.4
84 16.1 gi 26.6 hi -65.3 57.7 hi 174.1d -201.7 3.50 ij 5.28¢c -50.9
87 20.6fi 19.9 jk 3.5 54.9 hi 100.0 hj -82.2 2.71 no 3.80 fg -40.2
88 104.9d 47.2d 55.0 48.1 262.0b -444.7 6.52 c 4.88 d 25.2
89 21.41i 19.9 jk 7.1 98.0 a 1504 e -53.5 3.61i 3.35h 7.2
97 24.3 th 65.5b -169.1 47.0 jk 98.2 ik -109.1 2.64 0 4.00 f -51.5
100 155 gi 35.3 fg -127.9 66.3 eg 176.7d -166.6 3.20 km 6.59 a -105.9
104 789e 16.8 kn 78.8 65.0 fg 88.4 |l -36.1 476 f 227k 52.3
108 21.7 fi 17.4 km 20.2 324n 83.8 ]l -158.5 3.99h 2.25kl 43.6
109 70.1e 1128 a -60.8 76.8 cd 127.4 fg -66.0 3.12Im 3.29h -5.5
112 19.5fi 18.8 ki 3.4 81.8c 158.3 de -93.6 6.20d 1.94 Im 68.7
Mean 60.4 315 -13.9 61.5 124.3 -118.0 3.78 3.66 -15.6
LSD (5%) 11.66 451 5.94 18.46 0.25 0.32
F prob. <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

* Control, uninoculated; nematode, nematode-inoculated.

Discussion

In Turkey, resistance of local okra cultivars against M. incognita has not been studied previously. Okra
is severely damaged by root-knot nematodes and most cultivars are susceptible to M. incognita. Twenty-six
cultivars were not resistant to M. incognita. Root gall indexes for the local okra cultivars varied between 3.3
and 5 with a mean of 4.6 indicating that these cultivars as susceptible to the nematode. Similar studies have
been conducted elsewhere, especially in Asian and African countries. Hussain et al. (2014) conducted a
study under field conditions in three regions of Pakistan with 12 okra cultivars and reported root gall indexes
as between 4 and 5. Basil et al. (2019) inoculated 10 okra cultivars and reported root gall indexes as between
3.7 and 4.2. Karajeh & Salameh (2015) conducted a nematode inoculation study in Jordan with 36 okra
cultivars and reported moderate resistance against the nematode. Kedarnath et al. (2017) conducted a study
in India on seven okra cultivars and reported gall indexes of 3 to 4 for plants 60 DAI and at harvest. These
results are similar to the present study, but not all their results. Sheela et al. (2006) investigated root gall
indexes of 123 okra cultivars and based on gall index of 3 reported that theses okra cultivars were
moderately resistant. Similarly, Muhammad et al. (2017) conducted a study under field conditions in Pakistan
with 12 okra cultivars and reported root gall indexes of 2-4. As seen in previous studies, okra is generally
not resistant to root-knot nematodes. Although a range of research has evaluated the reaction of okra
cultivars to root-knot nematodes, there are no reports of fully resistant cultivars, only those that are
moderately resistant and susceptible (Mohanta & Mohanty, 2012; Hussain et al., 2014; Marin et al., 2017).
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No studies similar to the present study have been reported, but a few studies examined plant growth
parameters in okra, tomatoes and soybeans. In present study, effects of M. incognita inoculation on plant
growth parameters were investigated. Compared to uninoculated control plants, root-knot nematode
inoculation reduced plant height, stem thickness, root length, leaf width and leaf length but root weight was
increased depending on gall formation. Kumar et al. (2012) investigated the effects of nematode inoculation
on root length, shoot length, fresh and dry root weights and reported significantly effects. Root and shoot
lengths were greater in control plants. Mean root length of the control and inoculated plants was reported
as 40 and 32 cm, shoot length as 49 and 32 cm, root dry weights as 4.8 and 7.0 g and root fresh weights
as 13.4 and 11.5 g, respectively. Odeyemi et al. (2016) reported M. incognita-induced reductions of
between 13.7 and 75.6% in plant height, between 13.7 and 67.2% plant fresh weight and between 13.0
and 53.3% in fruit weight. In another study conducted on okra, Claudius-Cole (2018) reported mean number
of fruits as 18.4 for control plants and 13.8 for M. incognita-inoculated plants; mean fruit weight as 167 g in
control plants and 81.3 g for inoculated plants. Yield loss was reported as 51.4%. Pandey et al. (2019)
reported (60 DAI) significant effects of nematode inoculation on plant length, plant diameter, root length
and root diameter and reported. Plant length, plant diameter, root length and root diameter were greater in
control plants in current study. Azam et al. (2011) examined M. luci infestation in tomatoes and reported
decreased plant height and weights with increasing Pi density. Root-knot nematode symptoms in
aboveground plant parts are reported to be stunted growth, chlorosis in leaves and reductions in plant
weight. Gall formation-induced browning in leaves and recessed plant growth are generally encountered in
nematode-infested okras and yield reductions vary between 29 and 91% (Pandey & Kalra, 2003). Studies
on soybean and cucumber found that root-knot nematodes infestation increased root weights (Kayani et
al., 2017). There was a general reduction in the growth parameters measured for the three okra cultivars
for infested versus uninfested plants. The present findings on plant growth parameters are consistent with
the findings of earlier studies. As a result, the galls formed in response to the feeding the root-knot
nematodes disrupt the structure of the root and prevent uptake of water and nutrients from the soil,
changing the distribution of photosynthesis products in the plant, increasing the movement of these
products towards the root region, especially during the development and reproduction of the nematode. As
a result, the inhibition of plant growth causes a decrease in plant height and stem diameter, and shrinkage
of leaves, shortening of plant root, increase in plant root diameter and increase in plant root weight (Fortnum
etal., 1991; Carneiro et al., 1999; Maleita et al., 2012).

Plant-pathogen-nutrient interactions are complex and the mechanisms have not been fully
elucidated. Nutrients are essential elements for plant growth and development, and are essential for various
physiological processes including protein synthesis, photosynthetic electron transfer, mitochondrial
respiration, oxidative stress responses, cell wall metabolism and hormonal structure (Dordas, 2008;
Santana-Gomes et al., 2013). In the present study, the concentrations of macro- and micronutrients were
investigated in the leaves of okra cultivars. Compared to uninoculated control plants, nematode inoculation
reduced leaf N, P, K and Mg concentrations and increased Ca, Fe, Zn, Mn and Cu concentrations. While
macronutrients are generally reduced by nematode infestation, micronutrient accumulation was higher in
leaf tissues.

There has been no reported study on the nematode effect of the concentrations of macro- and
micronutrients in plant leaves. Similar studies have been done with plants such as tomatoes, soybeans,
ridge gourd and coffee. Therefore, comparisons are made here with these plants. Miamoto et al. (2017)
conducted a study on soybean and reported greater leaf Ca, Fe, Zn, Mn and Cu concentrations in
nematode, Pratylenchus brachyurus (Godfrey, 1929) (Nematoda: Pratylenchidae), inoculated plants than
in control plants. S, Cu and Zn, cofactors of plant enzymes and influencing cell wall formation and
composition, produce some substances and improve plant resistance against nematodes through
generating a physical barrier. Dietrich et al. (2004) reported lower N, Ca, Mg, Fe and Mn concentrations in
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nematode-infested plants [Arabidopsis thaliana (L.) (Tracheophyta: Brassicaceae)] than in control plants.
Activation of plant defense mechanism increased energy consumption and thus reduced the concentrations
of these nutrients. In contrast, Carneiro et al. (2002) reported greater Mg, Fe, Mn and Zn concentrations in
nematode-inoculated soybean plants. N and Ca concentrations were lower in shoots than in root-knot
nematode-infested roots. Pathogens alters plant nutrient concentrations. Goncalves et al. (1995) indicated
that M. incognita reduced P, Mg, Fe, Mn and B concentrations of coffee plants. Blevins et al. (1995) reported
high Ca and low K and Mn concentrations in Heterodera glycines Ichinohe, 1952 (Nematoda:
Heteroderidae) nematode-infested roots of soybean. Hajji et al. (2016) reported that nematodes
significantly increased Cu, Zn, Fe, Mn, Mg and K concentrations and decreased Ca concentration in tomato
roots. Carneiro et al. (2002) reported decreased N and P and increased Ca concentration in nematode-
infested soybean roots. Decreased leaf size of nematode-infested plants resulted in increased Ca
concentrations. Melakeberhan et al. (1985) reported that M. incognita reduced plant dry weight and
increased Ca concentration of bean plants. Pandey et al. (2019) reported that as compared to the control
plants, M. incognita reduced plant protein (20.4 vs 40.3%), N (20.0 vs 40.4%) and P (11.4 vs 92.0%)
concentrations and increased K (27.3 vs 208%) concentration of ridge guard. Pandey et al. (2017)
compared the control and M. incognita-infested mung bean plants and compared to the control plants, N
concentrations of nematode-inoculated plants decreased by 4.1 to 88.6%, protein concentrations by 4.1 to
88.5%, P concentrations by 4.6 to 52.3% and K concentrations by 7.1 to 37.9%. Hurchanik et al. (2004)
reported that nematode infestations significantly reduced Ca, Mg, P and B concentrations and increased
Mn, Cu, Zn concentrations and Ca/B ratio in roots of coffee plants. Macro- and micronutrients present in
okra are responsible for plant growth and development. According to the authors, nematode infestation
causes abiotic and biotic stress in plants. As a result, nutrient uptake and accumulation of plants are
affected. Root-knot nematode infestations cause physiological and biochemical changes. Such changes
cause cell growth and tissue thickening in the roots, affecting the water nutrient uptake of the roots. As a
result, it negatively affects plant growth and reduce yield. (Hussain et al., 2016; Débia et al., 2019).

Conclusion

In present study, root-knot nematode induced large and small galls on roots of local okra cultivars
and all cultivars were identified as susceptible to the nematode. Similar findings were also reported for
previous studies conducted in different parts of the world. Nematode damage impaired plant water and
nutrient uptake from the soil, thus resulted in stunted growth. Compared to uninoculated control plants,
nematode inoculation reduced plant height, stem thickness, root length, leaf width and leaf length, and
increased root weight. Leaf samples were taken from the control and inoculated plants and leaf macro- and
micronutrients were determined. It was observed that nematode inoculation reduced leaf N, P, K and Mg
concentrations, but increased Ca, Fe, Zn, Mn and Cu concentrations. Since plant-pathogen-nutrient
interactions are complex and the mechanisms involved have not been fully elucidated, further research is
recommended on these mechanisms. Given environmental hazards and potential residues, nematicides
are not recommended in okra production. Fumigation is hard to implement over large fields. Therefore, in
control of root-knot nematode in okra fields, incorporation of non-host plants into crop rotations is
recommended. Further breeding studies are recommended to identify the resistance gene of okras against
root-knot nematode and to develop resistant cultivars.
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Current occurrence and prevalence of root-knot nematodes species,
Meloidogyne spp. Goeldi, 1892 (Tylenchida: Meloidogynidae) in ware
potato fields of Turkey

Yemeklik patates alanlarinda kok-ur nematodu ttrlerinin, Meloidogyne spp. Goeldi,
1892 (Tylenchida: Meloidogynidae) mevcut durumu ve yayginhgi

Emre EVLICEY"
Abstract

The study was conducted to determine the occurrence, frequency and density of species of Meloidogyne Goeldi,
1892 (Tylenchida: Meloidogynidae) in ware potato cultivation areas of Turkey in Plant Protection Central Research
Institute. Soil samples were taken from Afyonkarahisar (149), Aksaray (69), Bolu (94), Kayseri (94), Konya (127),
Nevsehir (91), Nigde (226) and Sivas (77) Provinces in 2018-2019. Meloidogyne juveniles were extracted by modified
Baarmenn funnel and counted under inverted microscope. Meloidogyne populations were identified by species-specific
primers. Meloidogyne spp. were detected in 84 of 927 soil samples. Meloidogyne spp. was detected in Aksaray,
Kayseri, Nevsehir, and Nigde while was not found Afyonkarahisar, Bolu, Konya, and Sivas Provinces. In survey areas,
the occurrence of Meloidogyne chitwoodi Golden, O'Bannon, Santo & Finley, 1980 and Meloidogyne hapla (Chitwood,
1949) (Tylenchida: Meloidogynidae) was 8.7 and 1.5%, respectively. Also, M. chitwoodi and M. hapla mixed populations
were found in 1.2% of samples. Mean density of Meloidogyne spp. J2s was determined as 182, 175, 162 and 90
J2s/100 ml of soil in Nigde, Nevsehir, Aksaray and Kayseri Provinces, respectively. In conclusion, important ware potato
cultivation areas of Turkey were found to be infested with Meloidogyne spp., but the important seed potato-growing
areas were found to be free of Meloidogyne spp.

Keywords: Meloidogyne chitwoodi, Meloidogyne hapla, seed potato, survey, ware potato
Oz

Bu calisma Turkiye'deki yemeklik patates ekilis alanlarinda Meloidogyne Goeldi, 1892 (Tylenchida:
Meloidogynidae) tirlerinin bulunus, yayginlik ve yogunluklarinin belirlenmesi amaciyla Zirai Micadele Merkez
Arastirma Enstitisi’nde yapilmigtir. Toprak érnekleri 2018-2019 yillarinda Afyonkarahisar (149), Aksaray (69), Bolu
(94), Kayseri (94), Konya (127), Nevsehir (91), Nigde (226) ve Sivas (77) illerinden alinmigtir. Meloidogyne ikinci ddnem
larvalari modifiye Baarmenn huni teknigi ile elde edilmis ve inverted mikroskopta sayilmistir. Meloidogyne spp.
populasyonlar tire spesifik primerler kullanilarak teshis edilmistir. Calisma sonucunda 927 toprak 6rneginin 84'Uniin
Meloidogyne spp. ile bulasik oldugu belirlenmistir. Aksaray, Kayseri, Nevsehir ve Nigde illerinde Meloidogyne spp.
tespit edilirken Afyonkarahisar, Bolu, Konya ve Sivas illerinde bulunmamistir. Stirvey alaninda Meloidogyne chitwoodi
Golden, O'Bannon, Santo & Finley, 1980 ve Meloidogyne hapla (Chitwood, 1949) (Tylenchida: Meloidogynidae)
yayginligi sirasiyla %8.7 ve %1.5 olarak belirlenmistir. Ayrica M. chitwoodi ve M. hapla karisik populasyonlarinin
yayginligi ise %1.2 olarak belirlenmistir. Meloidogyne spp. J2 ortalama yogdunlugu Nigde, Nevsehir, Aksaray ve Kayseri
illerinde sirasiyla 182, 175, 162 ve 90 J2/100 ml toprak/J2 olarak belirlenmigtir. Calisma sonucunda, dnemli yemeklik
patates ekilis alanlarinin yogun olarak Meloidogyne spp. ile bulagik oldugu ancak Turkiye'deki 6nemli tohumluk patates
ekilis alanlarinin ise Meloidogyne spp. agisindan temiz oldugu sonucuna varimigtir.

Anahtar sézcukler: Meloidogyne chitwoodi, Meloidogyne hapla, tohumluk patates, sirvey, yemeklik patates

! Plant Protection Central Research Institute, 06172, Yenimahalle, Ankara, Turkey
* Corresponding author (Sorumlu yazar) e-mail: emreevlice@gmail.com
Received (Alinig): 16.03.2021 Accepted (Kabul edilig): 04.06.2021 Published Online (Cevrimici Yayin Tarihi): 15.06.2021

217


https://orcid.org/orcid-search/search?searchQuery=ORCID:%200000-0001-6402-0287

Current occurrence and prevalence of root-knot nematodes species, Meloidogyne spp. Goeldi, 1892 (Tylenchida: Meloidogynidae) in
ware potato fields of Turkey

Introduction

Potato, Solanum tuberosum L. (Solanaceae) is the most important non-grain crop in the world and
the fourth major food crop after maize, rice and wheat with an annual production of 370 Mt (FAOSTAT,
2019). Considered one of the most promising products in the fight against hunger and poverty, potatoes
are highly recommended by FAO as a food security crop due to the growing population and food demand
(Thomas & Sansonetti, 2009). Potato crops are damaged by numerous pests and pathogens, including
nematodes (Niere & Karuri, 2018). Plant-parasitic nematodes are one of the crucial factors restricting potato
yield and quality in many potato-growing areas (Lima et al., 2018). Potato cyst nematodes, Globodera
rostochiensis (Wollenweber, 1923) Skarbilovich, 1959 and Globodera pallida (Stone, 1973) Behrens, 1975
(Tylenchida: Heteroderidae) and root-knot nematodes, Meloidogyne spp. Goeldi, 1892 (Tylenchida:
Meloidogynidae) (RKN) are the major parasites of potato (Lima et al., 2018). Estimated annual yield losses
in potato due to plant-parasitic nematodes is over 13% worth about US$6 billion worldwide (Ravichandra,
2014). While cyst nematodes have been more troublesome in the past, there have been drastic rises in
root-knot nematodes due to the ban of some effective nematicides and soil fumigants such as 1,3-D,
cadusafos and ethoprophos and also lacking resistant cultivars (Wesemael et al., 2011).

Root-knot nematodes include the most economically damaging plant-parasitic nematodes to crops
worldwide (Karssen & Moens, 2006). Although the genus Meloidogyne includes about 100 species,
Meloidogyne incognita (Kofoid & White, 1919) Chitwood, 1949, Meloidogyne javanica (Treub, 1885)
Chitwood, 1949, Meloidogyne arenaria (Neal, 1889) Chitwood, 1949, Meloidogyne chitwoodi Golden,
O’Bannon, Santo & Finley, 1980, Meloidogyne fallax Karssen, 1996 and Meloidogyne hapla Chitwood,
1949 (Tylenchida: Meloidogynidae) are the most common species. These species account for over 95% of
the Meloidogyne occurrences in the world (Adam et al., 2007; Jones et al., 2013). The impact of these
species is increasing due to their wide host ranges and it is estimated that they can affect more than 5,500
plant species (Trudgill & Blok, 2001) with crop losses of about 5% worldwide (Agrios, 2005).

Potato is one of the main hosts of Meloidogyne spp., and the prevalence and damage of these
species have been increasing in recent decades. The damage of RKN to potatoes has been determined in
all continents except Antarctica, including the major potato producing countries including China (Mao et al.,
2019), India (Singh & Kumar, 2015), the USA (Golden et al., 1980), Germany (Muller et al., 1996), France
(Djian-Caporalino, 2012), Holland (Keidel et al., 2007), South Africa (Fourie et al., 2001), and Australia
(Nobbs et al., 2001). In potato production, M. arenaria, Meloidogyne enterolobii Yang & Eisenback, 1983,
M. incognita and M. javanica and are present in warmer climates, while M. chitwoodi, M. fallax, M. hapla
and Meloidogyne minor Karssen et al., 2004 are encountered in relatively colder climates (Nyczepir et al.,
1982; Nobbs et al., 2001; Thoden et al., 2012; Onkendi & Moleleki, 2013; Medina et al., 2017). Of these,
M. arenaria, M. chitwoodi, M. fallax, M. hapla, M. incognita and M. javanica are significant for potato
production (Lima et al., 2018). In Turkey, M. chitwoodi, M. hapla, M. incognita, and M. javanica have been
determined in potato-growing areas, however M. chitwoodi is the most common one among them
(Kepenekci et al., 2006; Ozarslandan & Elekcioglu, 2010; Erdogus et al., 2011; Evlice & Bayram, 2016;
Demirbas Pehlivan et al., 2020).

There are no reports of specific aboveground symptoms in potato associated with root-knot
nematode infestation, however varying degrees of stunting, yellowing, and wilting under moisture stress
can be seen in some of the infested plants. Root-knot nematodes reproduce on potato roots and tubers,
but the size and shape of galls or knots could vary depending on the species and density of nematodes
(Niere & Karuri, 2018). The economic threshold on potato cultivation in the USA and the Netherlands are
1 and 10 J2s/100 ml soil for M. chitwoodi, respectively (Brodie et al., 1993; Norshie et al., 2011) and
50 eggs/250 ml soil for M. hapla (Brodie et al., 1993).
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Galls of temperate species, M. chitwoodi, M. fallax, M. hapla and M. minor, are usually smaller than
those caused by other species and cause extensive lateral root formation. However, these species cause
numerous small pimple-like swelling on the tuber surface (Elling, 2013). Even 5% necrotic spotting in the
flesh of tubers make them inappropriate for the fresh market, and if 5-15% of the tubers have defects when
harvested, the whole field crop can be discarded (King & Taberna, 2013).

For management, in most countries, at least a 2-year rotation is used in potato production. There are
no commercially available potato cultivars resistant to root-knot nematodes. Under such conditions,
Meloidogyne spp. populations can increase rapidly. For this reason, the most important and widely used
management strategy is to apply nematicides.

This study has been conducted to determine (1) occurrence of the root-knot nematodes and species,
(2) frequency and density of root-knot nematode species in ware potato-growing areas in Turkey.

Materials and Methods
Sampling strategy and sample processing

Surveys were conducted in 8 potato-growing provinces (Afyonkarahisar, Aksaray, Bolu, Kayseri,
Konya, Nevsehir, Nigde and Sivas) between 2018 and 2019. A total of 927 soil samples were taken from
fields immediately after potato harvest, 0.1% of the annual ware potato production area in each province
(Figure 1). Soil sample of 2-3 kg consisting of 50 subsamples according to a grid pattern from 0-30 cm
depth was randomly obtained from each field using an auger. The soil samples and symptomatic potato
tubers (Figure 2) were placed in a plastic container. For each sampled area, GPS coordinates of sampling
sites were recorded.

2 T

Figure 1. Soil samples taken from potato-growing areas in this study (mapped using www.earth.google.com).

Soil samples were mixed thoroughly and 200 ml subsamples were processed for nematode
extraction for each field. Root-knot nematodes were extracted by the modified Baermann funnel technique
(Hooper, 1986). After 24 h, nematode suspension was transferred to 100 ml graduated cylinder and
collected in a 50 ml sample bottle for examination. The whole suspension was checked for Meloidogyne
spp. and counted under an invert microscope (Leica DMI 400B).
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DNA extraction

DNA were extracted from second-stage juveniles (J2s) for each isolate according to Waeyenberge
et al. (2000). For this purpose, 10 Meloidogyne spp. J2s was picked from extracted soil samples using a
small needle and cut into two pieces with a sterile scalpel under a stereomicroscope (Leica M165C) in 20
pl of molecular grade water on a glass microscope slide, then 10 pl with the nematode pieces was
transferred by pipette into a 0.2 ml centrifuge tube containing 8 pl of worm lysis buffer (WLB; 500 mM KCl,
100 mM Tris-Cl pH 8.3, 15 mM MgCI2, 10 mM DTT, 4.5% Tween 20, 0.1% gelatin). After adding 2 pl of
proteinase K (600 g/ml; Thermo Fisher Scientific, Waltham, MS, USA) the suspension was centrifuged at
13,500 rpm for 2 min and frozen to -80°C for 10 min. After freezing, the contents were thawed rapidly. The
lysis mix was incubated at 65°C for 1 h followed by 95°C for 10 min for a proteinase K inactivation. After
incubation, the tubes were centrifuged for 1 min at 14,000 rpm and stored at -20°C until used.

Figure 2. Potato tuber infested with Meloidogyne chitwoodi, pimple-like galls and necrotic spots on their surface.
DNA Amplification protocols

The primers used in PCR amplification for the identification of root-knot nematodes are given in Table
1. All multiplex PCR amplifications were conducted in a total volume of 25 pul consisting of 10x PCR Buffer,
200 pM dNTPs 0.2 pM of each primer, 1 unit Tag DNA polymerase (Thermo Fisher Scientific) and 2 pl
template DNA. All DNA amplifications were conducted with a thermocycler (Techne, TC-5000).

Table 1. Primers used in the multiplex PCR to identify the species of Meloidogyne spp.

Species Fragments  Primer Primer sequences (5’-3’) Reference
Meloidogyne chitwoodi 540 bp JMV1 GGATGGCGTGCTTTCAAC
Meloidogyne fallax 670 bp IMV2 TTTCCCCTTATGATGTTTACCC Wishart et al., 2002
Meloidogyne hapla 440 bp JMVhapla AAAAATCCCCTCGAAAAATCCACC
) ) ) MincF1 GCACCTCTTTCATAGCCACG
Meloidogyne incognita 150 bp . Devran et al., 2018
MincR1 GGTGCGCGATTGAACTGAGC
. . . Fjav GGTGCGCGATTGAACTGAGC .
Meloidogyne javanica 670 bp ) Zijlstra et al., 2000
Rjav CAGGCCCTTCAGTGGAACTATAC
X . Far TCGGCGATAGAGGTAAATGAC B
Meloidogyne arenaria 420 bp Zijlstra et al., 2000
Rar TCGGCGATAGACACTACAACT
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The cycling parameters were as follows for M. chitwoodi, M. fallax, and M. hapla: an initial
denaturation step at 94°C for 3 min followed by 35 cycles at 94°C for 30 s, 55°C for 30 s, then 72°C for 90
s and final extension step at 72°C for 10 min; and for M. incognita, M, javanica, M. arenaria: initial denaturing
step for 3 min at 95°C followed by 35 cycles at 95°C for 30 s, 56°C for 30 s, then 72°C for 60 s and a final
extension step at 72°C for 7 min. PCR products were separated by electrophoresis in Tris-EDTA buffer with
1.7% agarose gel stained with Pronosafe (Condalab, Spain) at 80 V for 1 h and then visualized with an
image acquisition system (Vilber QUANTUM ST4 1000, Collégien, France).

Meloidogyne spp. community analyses

The incidence, occurrence, and frequency of root-knot nematodes determined in the study at the genus
and species level in potato-growing areas were calculated according to the formulas below (Norton, 1978).

) Number of sample with root — knot nematodes infection
Occurence of genus or species = X100
Total number of sample surveyed

Absolut _ Number of sample containing specieleOO
solute frequency = Number of sample collected

Relati _ Frequency of occurence of species %100
elative frequency = Sum of frequency of all Meloidogyne spp.

Results
Species identification

Multiplex PCR analysis by using JMV1/JMV2/JMVhapla primers produced a DNA fragment size of
540 bp specific to M. chitwoodi for 70 populations, 440 bp specific to M. hapla for three populations, and
also both 540 bp and 440 bp for 11 populations. However, there was no 670-bp amplification product which
was characteristic for the M. fallax. In addition, primer sets Far/Rar, MincF1/MincR1 and Fjav/Rjav, specific
for M. arenaria, M. incognita and M. javanica, respectively, did not yield any amplification products. These
results showed that 70 populations were M. chitwoodi, three populations were M. hapla, and 11 populations
were mixed M. chitwoodi and M. hapla. There was no evidence of the existence of M. arenaria, M. fallax,
M. incognita or M. javanica as previously reported in potato areas in Central Anatolia (Table 2).

Meloidogyne spp. community analyses

J2s of Meloidogyne spp. were detected in 84 of 927 soil samples in all surveyed areas. Meloidogyne
spp. was detected in Aksaray, Kayseri, Nevsehir and Nigde Provinces, but not in Afyonkarahisar, Bolu,
Konya and Sivas Provinces (Tables 2 & 3). The occurrence, frequency and population density of
Meloidogyne genus and species differed according to the location sampled. The occurrence of RKNs in all
surveyed areas was 9.1% with a mean density of 176 J2s/100 ml of soil. Meloidogyne chitwoodi was the
most abundant species in all provinces infested with Meloidogyne spp. The occurrence of M. chitwoodi and
M. hapla in the field surveys were 8.7 and 1.5%, respectively, and M. chitwoodi and M. hapla mixed
populations were 1.2%. Meloidogyne chitwoodi was the most prevalent species in all surveyed areas, with
96.4 and 85.3% absolute and relative frequency, respectively. This was followed by M. hapla with 16.7 and
14.7% absolute and relative frequency, respectively.

The highest occurrence of RKNs was found in Nevsehir with 25.3%, followed by Nigde, Aksaray, and
Kayseri with 23.5, 8.7, and 2.1%, respectively. The occurrence and absolute frequencies were 25.3, 22.1%,
8.7 and 2.1%, and 100, 94.3, 100 and 100% in Nevsehir, Nigde, Aksaray, and Kayseri Provinces,
respectively. Meloidogyne hapla was only found as the sole species in Nigde, but it was found in mixed
populations with M. chitwoodi in Aksaray and Nevsehir Provinces. Additionally, M. hapla was not detected
in any samples from Kayseri Province. Its occurrence and absolute frequencies were found to be 4.4, 3.5
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and 2.9%, and 17.4, 15.1 and 33.3% in Nevsehir, Nigde and Aksaray Provinces, respectively. Mean density
of Meloidogyne spp. J2s were similar in Nevsehir (175 J2s/100 ml of soil), Nigde (182 J2s/100 ml of soil)
and Aksaray (162 J2s/100 ml of soil) Provinces, but lower in Kayseri (90 J2s/100 ml of soil).

Table 2. Occurrence of Meloidogyne spp. on potatoes collected from ware potato fields in Turkey

Province District Village Altitude (m) Coordinate Species J2s/100 ml soil
L - 1192 38021'8.15"N 34°20'49.16"E M. chitwoodi 44
Guilaga Demirci 1190 38°20'42.49"N 34°18'40.94"E M. chitwoodi 108
1204 38°20'1.76"N 34°19'7.08"E M. chitwoodi, M. hapla 237
Aksaray . Alanyurt . .
Glzelyurt 1212 38°20'40.34"N 34°20'16.93"E M. chitwoodi, M. hapla 194
Bozcayurt 1200 38021'30.02"N 34°22'23.10"E M. chitwoodi 83
Merkez Yenipinar 1412 38°12'37.95"N 34°16'50.61"E M. chitwoodi 305
. incesu Orensgehir 1046 38041'42.26"N 35°14'46.92"E M. chitwoodi 83
Kayser Melikgazi  Yesilyurt 1086 38048'43.61"N 35°36'49.44"E M. chitwoodi 97
Acigol Kurugdl 1288 38022'32.75"N 34°32'27.47"E M. chitwoodi 124
Cakilli 1342 38°24'28.98"N 34°39'13.37"E M. chitwoodi 149
Dogala 1387 38925'37.96"N 34°36'26.69"E M. chitwoodi 53
1305 38022'2.92"N 34°32'4.62"E M. chitwoodi 196
Kuyulutatlar . )
1292 38023'20.81"N 34°31'48.68"E M. chitwoodi 79
Til 1500 38025'29.67"N 34°47'23.46"E M. chitwoodi 148
Yazihiyik 1287 38021'22.85"N 34°36'42.45"E M. chitwoodi 207
- 1389 38°20'50.37"N 34°46'51.10"E M. chitwoodi, M. hapla 417
Derinkuyu - 1320 38°20'37.51"N 34°44'35.28"E M. chitwoodi 202
- 1336 38021'23.18"N 34°44'23.79"E M. chitwoodi, M. hapla 581
- 1363 38023'6.14"N 34°44'52.66"E M. chitwoodi 299
Nevsehir - 1323 38°20'34.63"N 34°44'36.57"E M. chitwoodi, M. hapla 45
- 1336 38021'23.28"N 34°44'23.78"E M. chitwoodi 217
- 1361 38022'51.59"N 34°43'22.27"E M. chitwoodi 102
- 1449 38927'26.94"N 34°42'11.31"E M. chitwoodi, M. hapla 52
- 1392 38021'26.63"K 34°45'39.54"D M. chitwoodi 74
1373 38°32'43.71"N 34°46'8.02"E M. chitwoodi 48
Gardak 1409 38°32'0.91"N 34°45'33.11"E M. chitwoodi 294
- 1384 38029'56.68"N 34°35'42.48"E M. chitwoodi 61
Merkez Icik . .
1363 38°30'51.49"N 34°35'55.92"E M. chitwoodi 121
1423 38028'56.74"N 34°45'10.41"E M. chitwoodi 56
Kaymakl 1406 38027'13.72"N 34°44'38.68"E M. chitwoodi 81
Urglip Bahceli 1474 38°31'0.78"N 34°47'23.01"E M. chitwoodi 427
Altunhisar - 1212 38°0'30.00"N 34°19'39.00"E M. chitwoodi 95
1572 38012'39.63"N 34°31'2.85"E M. hapla 61
1582 38°13'0.93"N 34°31'22.52"E M. chitwoodi 349
Azatl 1541 38°12'9.00"N 34°28'35.00"E M. chitwoodi 57
1580 38°11'51.02"K 34°29'9.67"D M. chitwoodi 134
Nigde 1575 38°13'10.00"N 34°29'10.00"E M. chitwoodi, M. hapla 167
Ciftlik Bozkoy 1591 38°13'43.00"N 34°29'10.00"E M. chitwoodi 69
1569 38°13'4.00"N 34°29'18.00"E M. chitwoodi 60
1546 38°12'15.00"N 34°28'51.00"E M. chitwoodi 45
Divarli 1542 38012'49.93"N 34°27'55.76"E M. hapla 301
1643 38°13'45.00"N 34°28'16.00"E M. chitwoodi 59
Kitreli 1422 38011'48.28"N 34°21'31.36"E M. chitwoodi 74
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Table 2 Continued

Province District Village Altitude (m) Coordinate Species J2s/100 ml soll
Agcasar 1320 38°18'35.03"K 34°45'15.70"D M. chitwoodi, M. hapla 1159
1302 38°17'5.84"N 34°41'32.33"E M. chitwoodi 34
Alay 1311 38°16'14.72"N 34°40'44.60"E M. chitwoodi 56
1308 38°16'2.60"N 34°40'35.93"E M. chitwoodi 67
1330 38°16'29.16"N 34°39'25.84"E M. chitwoodi 295
Baglama 1325 38°16'16.63"N 34°39'32.55"E M. chitwoodi 86
1318 38°15'23.97"N 34°39'40.18"E M. chitwoodi 45
1315 38°16'8.33"N 34°40'25.80"E M. chitwoodi 413
1368 38°14'7.20"N 34°55'10.86"E M. chitwoodi 102
o 1363 38°14'2.05"N 34°55'10.63"E M. chitwoodi 147
Ediki 1428 38°17'0.66"N 34°53'35.87"E M. chitwoodi 309
1429 38°17'43.11"N 34°53'18.59"E M. chitwoodi 416
1306 38°16'36.40"N 34°40'45.45"E M. chitwoodi 74
Kiledere 1297 38°17'11.49"N 34°41'13.01"E M. chitwoodi 56
1300 38°17'34.37"N 34°41'11.16"E M. chitwoodi 85
1343 380°7'31.52"N 34°49'52.42"E M. chitwoodi 167
1339 38°8'40.37"N 34°49'41.42"E M. chitwoodi 191
1335 38°10'48.69"N 34°50'5.69"E M. chitwoodi 368
Konakl 1343 38°11'37.52"N 34°49'23.86"E M. chitwoodi 152
1366 38°13'33.99"N 34°51'5.63"E M. chitwoodi 202
Nigde Merkez 1426 38°16'39.74"N 34°52'28.59"E M. chitwoodi 64
1452 38°19'29.20"N 34°50'21.20"E M. chitwoodi 445
1426 38°17'16.40"N 34°52'58.64"E M. chitwoodi 83
1425 38°16'16.69"N 34°52'27.42"E M. chitwoodi 367
Orhanli 1452 38°18'27.21"N 34°52'48.99"E M. chitwoodi, M. hapla 281
1459 38°18'56.21"N 34°51'54.59"E M. chitwoodi, M. hapla 384
1474 38°19'38.19"N 34°56'26.21"E M. chitwoodi 194
1465 38°19'1.57"N 34°55'27.45"E M. chitwoodi 226
1529 38020'43.58"K 34°48'48.41"'D M. chitwoodi 416
Ovacik 1332 38°4'35.66"N 34°48'1.81"E M. chitwoodi 281
1383 3808'33.71"K 34°46'39.37"D M. chitwoodi 67
1304 38°14'35.99"N 34°42'25.47"E M. chitwoodi 81
1296 38°15'0.00"N 34°43'50.54"E M. hapla 194
Tirhan 1293 38°15'9.37"N 34°43'28.00"E M. chitwoodi 84
1296 38°14'41.51"N 34°42'54.20"E M. chitwoodi, M. hapla 106
1297 38°14'17.73"N 34°43'4.81"E M. chitwoodi 73
1307 38°16'27.08"N 34°45'37.98"E M. chitwoodi 124
1308 38°15'56.28"N 34°45'41.84"E M. chitwoodi 64
Yesilgodlcik 1308 38°15'17.14"N 34°46'0.56"E M. chitwoodi 81
1304 38°14'57.90"N 34°45'51.97"E M. chitwoodi 50
1305 38013'59.33"N 34°46'13.14"E M. chitwoodi 63
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Table 3. Community analyses of Meloidogyne spp. on potato in the survey areas

Survey area  Afyonkarahisar ~ Aksaray Bolu Kayseri Konya Nevsehir Nidde  Sivas
Number of samples 928 149 69 94 94 127 91 226 77
Meloidoayne spp. infestation 84 0 6 0 2 0 23 53 0
M. chitwoodi infestation 81 0 6 0 2 0 23 50 0
M. hapla infestation 14 0 2 0 0 0 4 8 0
M. chitwoodi+M. hapla infestation 11 0 2 0 0 0 4 5 0
Occurence of Meloidoayne spp. 9.1% 8.7% 2.1% 25.3% 23.5%
Occurence of M. cihtwoodi 8.7% - 8.7% 2.1% 25.3% 22.1%
Occurence of M. hapla 1.5% - 2.9% 4.4% 3.5%
Occurence of M. chitwoodi+M. hapla 1.2% - 4.4% 2.2%
Absolute frequency of M. chitwoodi 96.4% - 100% 100% 100% 94.3%
Absolute frequency of M. hapla 16.7% - 33.3% 17.4% 15.1%
Relative frequency of M. chitwoodi 85.3% - 75% 100% 85.2% 86.2%
Relative frequency of M. hapla 14.7% - 25% 14.8% 14.8%

Discussion

The survey area covered about 58% of the potato production and harvested area of Turkey (TUIK,
2019). The findings showed that a total of 927 soil samples were obtained from potato-growing areas in
eight provinces of Turkey, of which 9.1% were infested with Meloidogyne spp. Meloidogyne chitwoodi and
M. hapla were detected at 8.7 and 1.5%, respectively, and M. chitwoodi and M. hapla were found in mixed
populations in 1.2% of the samples. Nine root-knot species, M. arenaria, Meloidogyne artiellia Franklin,
1961, M. chitwoodi, Meloidogyne ethiopica Whitehead, 1968, Meloidogyne exigua Goeldi, 1887, M. hapla,
M. incognita, M. javanica and Meloidogyne thamesi Chitwood, 1952 have been identified in different regions
and different crops in Turkey (Yiksel, 1966; 1967; Elekgioglu, 1992; Ozarslandan et al., 2009; Aydinli et
al., 2013; Kepenekci et al., 2014; imren et al., 2014). However, four root-knot species, M. chitwoodi, M.
hapla, M. incognita and M. javanica, have been found in association with potato in Turkey (Kepenekci et
al, 2006; Ozarslandan et al., 2009; Erdogus et al., 2011; Demirbas Pehlivan et al., 2020). The first report
of root-knot nematode in potatoes appears to have been made by Kepenekci et al (2006) as M. hapla from
potato tubers collected from Aksaray, Nevsehir and Nigde Provinces. Following that, M. chitwoodi was
found in Nigde potato-growing areas by Ozarslandan et al (2009). This finding has been supported by other
studies in which only M. chitwoodi was detected and M. chitwoodi has since be found in Aksaray, Balikesir,
Bitlis, Isparta, izmir, Kayseri, Konya, Kiitahya, Manisa and Nevsehir Provinces (Ozarslandan & Elekcioglu,
2010; Ulutas et al., 2012; Ozarslandan et al., 2013; Evlice & Bayram, 2016). The present findings are similar
to previous studies, and the relative frequency of M. hapla (14.7%) was quite low compared to M. chitwoodi
(85.3%). Meloidogyne incognita was first identified in the potato-growing areas of Edirne, then in izmir
(Erdogus et al., 2011; Demirbas Pehlivan et al., 2020). Additionally, M. javanica, M. hapla and M. chitwoodi
was determined in potato fields in izmir (Yildiz et al., 2009; Demirbas Pehlivan et al., 2020). The occurrence
of Meloidogyne spp. in potato cultivation areas was higher in izmir (18.4%) than found overall in the present
survey (9.1%) but lower than Nevsehir (25.3%) and Nigde (23.5%). Differing from the present findings, the
dominant species in the potato cultivation areas of izmir Province was determined as M. incognita and the
relative frequency of M. incognita, M. javanica, M. hapla and M. chitwoodi was found 61, 24.4, 12.2 and
2.4%, respectively (Demirbas Pehlivan et al., 2020). This was an expected result due to the widespread
cultivation of good hosts of root-knot nematodes in the Aegean Region and the prevalence of tropical root-
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knot nematodes species in these areas (Kagkavalci & Onciier, 1999; Yagci & Kaskavalci, 2018). Similar
results were obtained in other surveys conducted in warmer regions worldwide (Okendi & Moleleki, 2013;
Medina et al.,, 2017). Temperate species such as M. chitwoodi and M. hapla are cold temperature
nematodes whereas tropical species such as M. incognita and M. javanica prefer at higher temperatures
and cannot tolerate cold temperatures (Evans & Perry, 2009). The base threshold temperature is 4°C and
8°C for M. chitwoodi and M. hapla while 10°C and 13°C for M. incognita and M. javanica, respectively
(Inserra et al., 1983; Lahtinen et al., 1988; Madulu & Trudgill, 1994; Ploeg & Maris, 1999).

The results presented here show that the mean density of Meloidogyne spp. ranged from 34 to
1159 J2s/100 ml of soil. Meloidogyne chitwoodi and M. hapla are the most important species within Meloidogyne
for potatoes (Brodie et al., 1993). The economic threshold of M. chitwoodi in potatoes is reported to be 1
and 10 J2s/100 ml soil in the USA and Holland, respectively, whereas it is as 50 eggs/250 ml soil for M.
hapla (Brodie et al., 1993; Norshie et al., 2011). Therefore, in the present study, the population density of
RKN was above the economic damage threshold in all areas where it was determined. Crop loss from RKN
infestation can be about 25%, depending on cultivars, environmental factors and population density, but
may reach 100% in potato fields (Mai et al., 1981; Lima et al., 2018). The economic loss of cultivated
potatoes caused by M. chitwoodi can reach US$ 9 900/ha (Ingham et al., 2007). Potato roots and tubers
can be invaded by root-knot nematodes. However, the first generation resides mostly on the root system,
with subsequent generations entering the tubers (Pinkerton et al., 1991). Depending on the nematode
density and species, infested roots and tubers may have galls of varying sizes and shapes. Meloidogyne
chitwoodi and M. hapla produced galls that are normally smaller than those induced by other species (Niere
& Karuri, 2018). Even 5% necrotic spotting in the flesh of tubers makes them commercially unacceptable
for the fresh market. The entire crop can be rejected if 5 to 15% of the field tubers have visual defects when
processed (King & Taberna, 2013). While potato genotypes resistant to M. chitwoodi have been identified,
there is currently no commercially available resistant cultivars (Brown et al., 2006; Brown et al., 2009;
Norshie et al., 2011). For this reason, the application of nematicides is the most commonly used control
measure (Jones et al., 2017). The approved rates in the USA for some nematicides for control of M.
chitwoodi are higher than for other Meloidogyne spp. (Lima et al., 2018). Crop rotation or succession with
non- or poor hosts, shortening the growing period, planting certified seed and destruction of volunteer potato
plants are some of the other control methods (Jones et al., 2017).

This study demonstrated that important ware potato cultivation areas, such as in Nevsehir and Nigde,
where seed potato cultivation has been prohibited, are heavily infested with M. chitwoodi. However, the
most important seed potato-growing areas in Turkey including Afyonkarahisar, Konya and Sivas were free
from Meloidogyne spp. Therefore, quarantine measures should be applied meticulously to prevent
infestations in these areas. Turkey's annual requirement is about 510 kt of seed potatoes and the use of
seed potatoes is about 340 kt (BUGEM, 2019; TUIK, 2019). The difference of about 45% between
production and use is due to the use of non-seed potatoes for planting. Although Meloidogyne spp. causes
pimple-like swellings on the surface of potato tubers, these symptoms depend on the population density
and the duration of vegetative growth. For this reason, asymptomatically infested tubers are observed in
most cases, and the use of these tubers as seeds must be avoided to prevent the spread of Meloidogyne
spp. to uninfested areas.
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Arthropoda fauna of Zindan Cave (Isparta, Turkey) with notes on new
records and some ecological characteristics?

Zindan Magarasi (Isparta, Turkiye) Arthropoda faunasi, yeni kayitlar ve bazi ekolojik
Ozellikler Gizerine notlar

Cemal Gagr GETIN? Ergin TURANTEPE?® Mehmet Faruk GURBUZ*
Abstract

The aims of the study were to investigate the Arthropoda fauna of Zindan Cave (Aksu, Isparta Province, Turkey)
and to consider some ecological characteristics of the collected species such as feeding habits, cave-dwelling
categories, and zone distributions in caves. Twenty-seven species of Arthropoda were determined between May 2015
and December 2016, from Zindan Cave. The species found belong to the following orders: nine to Collembola, six to
Coleoptera, five to Araneae, two to Diplopoda and one to Orthoptera, Trichoptera, Diptera, Trombidiformes and
Isopoda. Nine species are endemic of Turkey. Traegaardhia distosolenidia Zacharda, 2010 (Acari: Rhagidiidae) and
Folsomia asiatica Martynova, 1971 (Collembola: Isotomidae) are newly recorded for the fauna of Turkey. The presence
of Heteromurus sexoculatus Brown, 1926 (Collembola: Entomobryidae) in Turkey is confirmed. Twenty-four of the 27
species were from the dark zone and half of the collected species (6 troglobites and 8 troglophiles) are ecologically
adapted to cave ecosystems. Species can be divided into three groups according to trophic preferences: 15
scavengers, 10 predators and two omnivores. Food habits, cave-dwelling categories, and zone distributions of
collected species are discussed.

Keywords: Arthropoda, biospeleology, cave-dwelling categories, habitat, Zindan Cave
Oz

Calismanin amaci, Zindan Magarasi (Aksu, Isparta, Tirkiye) Arthropoda faunasini belirlemek ve toplanan
turlerin beslenme aligkanliklari, ekolojik siniflandiriimasi ve zon dagiimlari gibi bazi ekolojik 6zelliklerini ortaya
koymaktir. Zindan Magarasi'ndan Mayis 2015 ile Aralik 2016 arasinda 27 Arthropoda turii belirlenmistir. Bu tiirlerden
dokuzu Collembola, altisi Coleoptera, besi Araneae, ikisi Diplopoda takimlarina ait iken, Orthoptera, Trichoptera,
Diptera, Trombidiformes ve Isopoda takimlarina aittir. Bu turlerden dokuzu Turkiye icin endemiktir. Traegaardhia
distosolenidia Zacharda, 2010 (Acari: Rhagidiidae) ve Folsomia asiatica Martynova, 1971 (Collembola: Isotomidae)
turleri, Tiarkiye faunasi icin yeni kayitlardir. Ayni zamanda Tirkiye igin Heteromurus sexoculatus Brown, 1926
(Collembola: Entomobryidae) varhgi dogrulanmigtir. Toplanan 27 tirden yirmi dérdiu karanhk zondan ve tirlerin
yarisinin (6 troglobit ve 8 troglofil) ekolojik olarak magara ekosistemine adapte oldugunu ortaya konmustur. Ayrica
turlerin trofik tercihlerine gore: 15 ¢opctil, 10 predator ve iki omnivor olmak tizere ¢ gruba ayrildigi belirlenmistir. Sonug
olarak, toplanan turlerin beslenme aligkanliklari, ekolojik siniflandiriimasi ve zon dagihimlar tartigiimistir.

Anahtar sdzcikler: Arthropoda, biyospeleoloji, ekolojik siniflandiriima, habitat, Zindan Magarasi
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Arthropoda fauna of Zindan Cave (Isparta, Turkey) with notes on new records and some ecological characteristics

Introduction

Cave ecosystems, with the relative simplicity of their communities, and the temporal and spatial
isolation of their biota, are considered as natural ecological and evolutionary laboratories (Poulson & White,
1969). Cave-dwelling species help us to understand the differentiation of species in the biogeography and
evolutionary process, as island biota (Cooper et al., 2007; Page et al., 2008; Juan et al., 2010).

Subterranean environments that are characterized by relatively stable abiotic conditions such as
moisture, temperature, water chemistry and continuous darkness are unique ecosystems separated from
the surface. These ecosystems are poor in food because of the mentioned features, and dependent on the
food resources of the epigean ecosystems (Huppop, 2012). Bacteria, archaea and fungi are primary
consumers of organic material (e.g., rotten wood and guano deposits) deposited in caves. Also, most
Collembola and some Acari are attracted by colonies of decomposers. Invertebrates such as Isopoda,
Diplopoda and some Coleoptera are consuming decayed organic material. These invertebrates also
transfer of nutrients through fragmentation and foster microbial activity. Furthermore, these species in turn
increases the rate of organic matter decomposition. Predators such as Chilopoda, Araneae,
Pseudoscorpiones, carnivorous Acarina and some Coleoptera are hunting invertebrates which feed on
dead organic material and microbes. Subterranean food webs mostly consist of more generalist species,
as in soil food webs (Parimuchova et al., 2021).

Caves, which are one of the subterranean environments, are one of the most interesting earth
formations on the planet. Thus, they have been studied for several aspects from past to present (Palmer,
1991). One of these study areas is biospeleology which studies living organisms in caves. Although the
first study on cave organisms dates back to the seventeenth century in Europe (Romero, 2009) and cave-
dwelling fauna of Europe and North America are particularly well known, in many parts of the world including
Turkey, they are still poorly known (Juberthie & Decu, 1994; Peck et al., 1998; Kunt et al., 2010).

Turkey is defined as a "cave heaven" with about 40,000 caves (Nazik & Bayari, 2018). However,
only 1,250 of these are registered to the cave inventory of Turkey (Kopar, 2009; Nazik et al., 2005). In
Turkey, the first biospeleological study was performed by Colonel Dr. Abdullah Bey at the Yarimburgaz
Cave (Istanbul) in 1865 (Erguvanl, 1975; Yamag et al., 2021). Despite this early start, most of the
biospeleological studies in Turkey has mostly continued through non-systematic sampling by foreign
researchers until Kunt et al. (2010). Detailed studies of Turkish cave ecosystems have been available only
recently (Aydin & Sen, 2020).

The number of terrestrial cave taxa of worldwide is estimated at over 21,000 species including more
than 7,000 aquatic species (Juan et al., 2010). In addition, caves and other subterranean environments are
poorly studied. In many regions of the world, cave-dwelling species still remain to be investigated (Gibert
& Deharveng, 2002; Juan et al., 2010).

In studies conducted in Turkish caves, more than 200 invertebrates have been identified, 105 of
which are endemic to Anatolia. More than 80% of the identified species were Arthropoda (Kunt et al., 2010;
Anti¢ et al., 2016). The reason for high endemism of the species living in the caves is that these species
adapt to separated subterranean environments (Armas & Alayon Garcia, 1984; Juberthie & Decu, 1994).
Although cave ecosystems have high endemism and rich fauna, there is still no detailed study on any cave
faunain Turkey (Kunt et al., 2010). Thus, the aims of the present study were (1) to determine the Arthropoda
fauna of Zindan Cave, (2) to assign some ecological attributes of the collected species such as food habits,
cave-dwelling categories and zone distributions, (3) to give some remarks on morphological characters
linked to cave adaptation, and (4) to give notes on new records for Turkey.
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Materials and Methods
Zindan Cave

Zindan Cave is located within the borders of the Aksu District of Isparta Province (37°48'42" N,
31°05°03" E) in the northern section of the Western Taurus Mountains. It was formed during the Resiyen
(Upper Triassic period) and its length is 765 m (Bozcu, 2007). Although the cave is 765 m long; the last
265 m is dangerous for less-experienced cavers. Thus, only the first 500 m of the cave were investigated.
The average temperature in the cave is 12-15°C, and the RH ranges from 80 to 85% between June and
December.

Zindan Cave has been used by humans for sanctuary, dungeon, bat manure collection and tourism
from A.D. 169-180 until the present. Today, the cave is used only for tourism. This cave, which has been
exposed to humans in different time periods from the past to the present, is thought to have received the
most damage when it was dedicated to tourism. With early contributions of Durmus Kaya and Stephen
Mitchell, the study of its biology has only recently recommenced. Zindan Cave, popular with tourists since
2003 and with sanctuary at the entrance, can be reached by a single arch bridge, from the Roman period,
over Zindan Stream, a main branch of Kopricay (Eurymedon) River (Kaya & Mitchell, 1985; Alp, 2013).

Zones of Zindan Cave

At the beginning of the study, the cave was divided into three zones based on the light intensity:
entrance, twilight and dark zones. In first part of the cave to 30 m where light can easily reach was deemed
the entrance zone. The part between 30-45 m where light breaks and creates a dim environment was
deemed the twilight zone. The part from the end of the twilight to the end of the cave was deemed the dark
zone.

Ecological classification of collected species

The ecological classification of the cave-dwelling species was made according to Barr (1968):
accidental, trogloxene, troglophile and troglobite species. The classification of Barr (1968) was made by
taking into consideration not only distribution and ecology but also the evolutionary adaptations of the
species (Trajano, 2012). Rendos et al. (2016) used an ecological classification method specific to the cave-
dwelling Collembola. This classification is based on the proximity of habitats of the Collembola species to
the surface. For the purposed of this study, the ecological classification of Ruffo (1957), which is primarily
used by Italian speleobiologists (Sket, 2008), was also used. The troglomorphic properties of the species
they identified were changed according to the method applied by Bar (1968).

Sampling

During 2015-2016, arthropod samples in Zindan Cave were determined monthly using three
methods of collection: (1) careful searching over all cave surfaces (Di Russo et al., 2007), (2) extraction
from organic matters (bat guano and vertebrate carcass), and (3) bolting water with plankton net (Kovac et
al., 2005b). Samples were placed directly into tubes containing 70% ethanol. Cave animals are known to
have extremely long generation times. Reproductive ability of cave-dependent species are slower than
epigean species, therefore, pitfall traps were not used. Also, the species richness in the cave ecosystems
is limited because the cave ecosystems are separated from epigean conditions. Therefore, identified and
morphologically similar species were not collected in subsequent collection trips. However, the number and
ecological information of these species were recorded. Sufficient sampling was made for diagnosis.
Samples were lodged in the collection of the Biology Department of Sileyman Demirel University, Isparta,
Turkey. Sampling was conducted by the first author who was equipped with both LED headlamp and a
handheld lamp.
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Results

Twenty-seven Arthropoda species were identified from Zindan Cave (Figure 1). Of these species,
nine belong to Collembola, five to Araneae, six to Coleoptera, two to Diplopoda and one to Orthoptera,
Trichoptera, Diptera, Trombidiformes and Isopoda. A complete list follows.

Traegaardhia distosolenidia Zacharda, 2010 (Acari: Trombidiformes: Rhagidiidae)
Material examined. 11.10.2015, ¢, 2 nymphs, dark zone. Det. Miloslav Zacharda.

General and Turkey distribution. The species was identified only from the Taquisara cave in lItaly
(Zacharda et al., 2010). This is a new record for Turkey.

Ecological classification and trophic behavior. Troglobite and predator.

Note. It was observed that they hunted Collembola specimens on the puddles in the cave and also,
specimens were actively moving on the water surface.

ZINDAN CAVE (ISPARTA-TURKEY)

DARK ZONE

® Coleoptera
® Collembola
® Isopoda
Diplopoda
® Diptera
Ortoptera
Trichoptera
Arenca

Trombidiformes

\TWILIGHT ZONE

2

<= ENTRANCE ZONE

Figure 1. Zindan Cave and distribution of species according to zones (Modified from Karadem, 2011).
Tegenaria percuriosa Brignoli, 1972 (Arachnida: Araneae: Agelenidae)
Material examined. 17.05.2015, 992, 54, twilight zone. Det. Kadir Bogag Kunt.

General and Turkey distribution. Endemic to Turkey (Kunt et al., 2010). The type locality is Zindan
Cave. Antalya Province, Dim Cave; Isparta Province, Barla Cave; Konya Province, Haci Akif Cave; Sivas
and Ankara Provinces, unknown localities (Kaya et al., 2010).

Ecological classification and trophic behavior. Troglophile and predator.

Note. It is reported that an adult male of this species has previously been found on the wall surface
at the 30-50 m of the cave (Gasparo, 2007). It was observed that this species feed on the Limonia
nubeculosa Meigen, 1804 (Diptera: Limoniidae) specimens.
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Maimuna vestita (C.L.Koch, 1841) (Arachnida: Araneae: Agelenidae)
Material examined. 17.05.2015, 34'J, transition zone. Det. Kadir Bogag Kunt.

General and Turkey distribution. East Mediterranean (Vrenozi & Jager, 2012). Aydin, Bursa, Istanbul,
Izmir, Mugla Provinces (Brignoli, 1978; Kaya & Ugurtas, 2007).

Ecological classification and trophic behavior. Trogloxene and predator.

Note. This species is also known from epigean ecosystems. It especially lives in rocky habitats (Kaya
& Ugurtas, 2007). It was observed that the specimens built their webs near or under the stones in the cave.
The main food sources of the species are small Diptera species.

Metellina mengei (Blackwall, 1870) (Arachnida: Araneae: Tetragnathidae)
Material examined. 16.06.2016, 799, 243, dark zone. Det. Kadir Bogag Kunt.

General and Turkey distribution. It distributes from Europe to Georgia (Marusik et al., 2012). Antalya,
Bilecik, Bursa and Cankiri Provinces (Marusik et al., 2012).

Ecological classification and trophic behavior. Troglophile and predator.

Note. This species lives on leaf litter in meadows and woodlands, but has also been recorded in
caves (Marusik et al., 2012).

Diplocephalus turcicus Brignoli, 1972 (Arachnida: Araneae: Linyphiidae)
Material examined. 15.09.2016, 2922, 33, dark zone. Det. Kadir Bogag Kunt.

General and Turkey distribution. Greece (Deltshev, 2008) and Turkey (Kunt et al., 2010). Burdur
Province, Insuyu Cave; Isparta Province, Zindan Cave; Konya Province, Haci Akif Cave (Brignoli, 1972;
Kunt et al., 2010).

Ecological classification and trophic behavior. Troglophile and predator.

Note. This species was observed that they are hunting on Guano.
Lepthyphantes leprosus (Ohlert, 1865) (Arachnida: Araneae: Linyphiidae)
Material examined. 15.09.2016, 392, J, twilight zone. Det. Kadir Bogag Kunt.

General and Turkey distribution. Bulgaria, Macedonia, Serbia, Croatia, Albania, Greece, Turkey
(Deltshev, 2008). Bitlis Province, Sultan Seyit Cave; Diyarbakir Province, Korkha Cave (Kunt et al., 2010).

Ecological classification and trophic behavior. Troglophile and predator.

Note. Although species of Lepthyphantes have been reported from various caves (Mammola et al.,
2018; Prokopenko, 2019), this species is considered as troglophile in this study because of its dependence
on the epigean ecosystems.

Eurygyrus bilseli (Verhoeff, 1940) (Diplopoda: Callipodida: Schizopetalidae)

Material examined. 16.06.2015, 26.09.2015, 11.10.2015, 499, 3443, twilight and dark zone. Det.
Dragan Antic and Henrik Enghof.

General and Turkey distribution. Endemic to Turkey (Enghoff, 2006). Burdur Province, insuyu Cave;
Isparta Province, unknown locality; Konya Province, Haci Akif Cave; Tinaztepe Cave; Mersin Province,
Cennet Cave (Enghoff, 2006; Kunt et al., 2010).

Ecological classification and trophic behavior. Trogloxene and scavenger.

Note. The species was observed that it was active in darkness. At night, specimens were seen
extensively around the stream bed outside the cave.
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Mesoiulus taurus Antic, 2016 (Diplopoda: Julida: Julidae)

Material examined. 17.06.2015, 26.09.2015, 11.10.2015, 15.12.2015, 17.05.2016, 422, 28, dark
zone. Det. Dragan Antic and Henrik Enghof.

General and Turkey distribution. Endemic to Turkey. The type locality is Zindan Cave. There are four
endemic Mesoiulus species distributed in Turkish caves including this species. The three others are
Mesoiulus ciliciensis Strasser 1975 from Mersin Province, Mesoiulus kosswigi Verhoeff, 1936 from Istanbul
Province and Mesoiulus turcicus Verhoeff, 1898 from Bilecik Province (Enghoff, 2006).

Ecological classification and trophic behavior. Troglobite and scavenger.

Note. This species is distributed between 200-400 m into the cave. Many of specimens were
collected on the moss formed under the projector used for lighting 250 m into the caver.

Trichonethes kosswigi (Strouhal, 1953) (Malacostraca: Isopoda: Trichoniscidae)
Material examined. 16.06.2015, 11.10.2015, 17.05.2016, 49 9, 343, dark zone. Det.Stefano Taiti.

General and Turkey distribution. This species is endemic to Turkey and the type locality of the
species is Zindan Cave (Argano & Manicastri, 1988). Antalya Province, Damlatas Cave and Indagdi Cave;
Burdur Province, Insuyu Cave; Isparta Province, Barla Cave and Indnii Cave; Konya Province, Su Ciktigi
Cave, Tinaztepe Cave; Haci Akif Cave, Child Thrown Hole Cave, Korukini Cave and Asarini Cave (Argano
& Manicastri, 1988).

Ecological classification and trophic behavior. Troglobite and scavenger.

Note. This species is a troglobite species due to lack of eyes, reduced pigment and a completely
whitish structure. This species lives between 150 and 300 m into the cave. This species was observed that
they feed on guano, organic residues and carrion.

Lipothrix lubbocki (Tullberg, 1872) (Entognatha: Collembola: Sminthuridae)
Material examined. 11.10.2015, 9, dark zone. Det. Igor Kaprus.

General and Turkey distribution. The species distributes throughout Europe (Popa & Sustr, 2017).
This species is also reported from North Africa (Popa, 2012). The species was only known from Ordu
Province in Turkey (Ozata, 2015).

Ecological classification and trophic behavior. Accidentally and scavenger.

Note. This species is known that the species occurs in forests, especially pine forests (Kovac et al.,
2005a). Thus, the presence in the cave was accidental.

Lepidocyrtus lignorum (Fabricius, 1793) (Entognatha: Collembola: Entomobryidae)
Material examined. 11.10.2015, 299, dark zone. Det. Igor Kaprus.

General and Turkey distribution. Holarctic Region (Danyi & Traser, 2008). Forest habitats in Antalya
Province (Sevgili & Ozata, 2014).

Ecological classification and trophic behavior. Trogloxene and scavenger.

Note. This species is known that the species lives in the meadows and pastures (Komonen & Kataja-
Aho, 2017). Thus, the presence in the cave was accidental.
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Heteromurus sexoculatus Brown, 1926 (Entognatha: Collembola: Entomobryidae)
Material examined. 11.10.2015, 8 specimens, dark zone. Det. Igor Kaprus.

General and Turkey distribution. Romania, Israel, Iran, Iraq and Rhodes Island (Greece) (Ellis, 1974;
Shayanmehr et al., 2013). The presence of the species in Turkey was doubtful according to Sevgili & Ozata
(2014). An exact locality of the species is the first to be provided through this study. Thus, the presence of
the species in Turkey is confirmed.

Ecological classification and trophic behavior. Troglophile and scavenger.

Note. Shayanmehr et al. (2013) reported that the species distributed on leaf litter and soil in Iran.
Species probably occurs in dark and humid habitats.

Pseudosinella horaki Rusek, 1985 (Entognatha: Collembola: Entomobryidae)
Material examined. 11.10.2015, 4 adults, dark zone. Det. Igor Kaprus.

General and Turkey distribution. Slovakia, Hungary, Moldova, Czech Republic and Turkey (Daniel
& Nandor, 2012). In a study conducted in Ordu Province, the species was reported from pine and spruce
forest-floor debris and localities over 1,300 m (Ozata et al., 2017).

Ecological classification and trophic behavior. Trogloxene and scavenger.

Note. This species is known that the species distributes under-forests such as Larix decidua Mill.,
Picea abies (L.) H. Karst. and Pinus sylvestris L. (Ozata et al., 2017; Cuchta et al., 2019). Thus, the
presence in the cave was accidental.

Folsomia asiatica (Martynova, 1971) (Entognatha: Collembola: Isotomidae)
Material examined. 11.10.2015, 12 specimens, dark zone. Det. Igor Kaprus.

General and Turkey distribution. Azerbaijan, Tajikistan, Iran (Rad & Morteza, 2015). This is a new
record for Turkey.

Ecological classification and trophic behavior. Troglophile and scavenger.

Note. This species is reported to be linked to hypogenous life due to the lack of pigment and eyes.
However, Rad & Morteza (2015) reported the species from soil and leaf litter under oak trees (Quercus
infectoria G.Olivier) from Iran. So, it is considered to be a troglophile species.

Folsomia penicula Bagnall, 1939 (Entognatha: Collembola: Isotomidae)
Material examined. 11.10.2015, 2 specimens, dark zone. Det. Igor Kaprus.

General and Turkey distribution. Palearctic region (Potapov, 2001). The species has been reported
from the Turkey-Syria border (Sevgili & Ozata, 2014). Ozata et al. (2017) reported it from forest habitat
from Ordu Province.

Ecological classification and trophic behavior. Accidental and scavenger.

Note. The general habitat of the species is tree debris in forests (Shayanmehr et al., 2013). The
species, which is generally epigenous was collected from algae in 300 m into the cave.

Folsomia manolachei Bagnall, 1939 (Entognatha: Collembola: Isotomidae)
Material examined. 11.10.2015, 8 specimens, dark zone. Det. Igor Kaprus.

General and Turkey distribution. Europe and Asia (Potapov, 2001). This species has been only
reported from Ordu Province (Ozata et al., 2017).

235



Arthropoda fauna of Zindan Cave (Isparta, Turkey) with notes on new records and some ecological characteristics

Ecological classification and trophic behavior. Accidental and scavenger.

Note. The general habitat of the species is forests and meadows (Raschmanovd et al. 2017). The
species, which is epigene, was collected in a small puddle 350 m into the cave. Also, it was collected on
the algae in the cave.

Isotomiella minor (Schéffer, 1896) (Entognatha: Collembola: Isotomidae)
Material examined. 11.10.2015, 11 specimens, dark zone. Det. Igor Kaprus.

General and Turkey distribution. Europe (Folsom, 1932). This species is also a cosmopolitan species
(Potapov, 2001; Ozata et al., 2017). Antalya (Sevgili & Ozata, 2014) and Ordu (Ozata et al., 2017) Provinces.

Ecological classification and trophic behavior. Trogloxene and scavenger.

Note. This species is reported that the species lives on leaf litter and soil in Iran (Shayanmehr et al.,
2013). The species, which is epigene, was collected in a small puddle 400 m into the cave. Species
probably occurs in dark and humid habitats.

Parisotoma notabilis (Schaffer, 1896) (Entognatha: Collembola: Isotomidae)
Material examined. 11.10.2015, 3 adults, dark zone. Det. Igor Kaprus.

General and Turkey distribution. Europe (Porco et al., 2012). Turkey-Syria border (Sevgili & Ozata,
2014; Ozata et al., 2017). The species is widespread and common in Ordu Province (Ozata et al., 2017).

Ecological classification and trophic behavior. Trogloxene and scavenger.

Note. The general habitat of the species is tree debris in forests and meadows, but also it is typically
present in arable fields, pastures, urban soils and caves (Shayanmehr et al., 2013; Von Saltzwedel et al.,
2017). The species, which is epigene, was collected in a small puddle 350 m into the cave. It is assumed
that the species can live in many habitats and is also adapted to cave habitats.

Agabus dilatatus (Brullé, 1832) (Insecta: Coleoptera: Dytiscidae)
Material examined. 16.06.2015, 11.10.2015, 16.05.2016, 499, 33J, dark zone. Det. Mustafa Darilmaz.

General and Turkey distribution. Europe: Albania, Bulgaria, Georgia, Greece, Italy, Macedonia,
Russia (South Territory), Turkey, Ukraine. North Africa: Algeria, Egypt, Morocco, Tunisia. Asia: Cyprus,
Iran, Iraq, Israel, Kyrgyzstan, Lebanon, Sinai, Syria, Turkey, Uzbekistan (Vafaei et al., 2009; Scheers &
Thant, 2017). Adana, Ankara, Bursa, Glimishane, Isparta, izmir, izmit, Konya, Rize, Trabzon and Van
Provinces (Kiyak et al., 2007).

Ecological classification and trophic behavior. Accidental in caves and predator (Karaman, 2007;
Ozgeng, 2011).

Note. Specimens were collected from ponds and puddles 280 m into the cave. This species is known
to live in groundwater (Karaman, 2007; Ozgeng, 2011). The specimens may have been accidentally
transported by groundwater to the cave. The species was observed with Agabus biguttatus (Olivier, 1795)
in the same water sources.

Agabus biguttatus (Olivier, 1795) (Insecta: Coleoptera: Dytiscidae)
Material examined. 16.06.2015, 11.10.2015, 16.05.2016, 32 Q, 24, dark zone. Det. Mustafa Darilmaz.

General and Turkey distribution. Species is widely distributed in Europe, North Africa and Asia (Kiyak
et al., 2007; Vafaei et al., 2009; Ozgeng, 2011). Adana, Aksaray, Ankara, Bilecik, Bursa, Cankiri, Elazi,
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Gaziantep, Gimushane, Isparta, izmir, Kastamonu, Sakarya, Trabzon and Yozgat Provinces (Darilmaz &
Kiyak, 2006; Kiyak et al., 2007).

Ecological classification and trophic behavior. Accidental in caves and predator (Karaman, 2007;
Ozgeng, 2011).

Note. The specimens were collected from the ponds and puddles 280 m into the cave. The species
are known to live in groundwater (Karaman, 2007; Ozgeng, 2011). The specimens may have been
accidentally transported by groundwater to the cave. These species were observed with A. dilatatus in the
same water sources.

Choleva (Cholevopsis) bertiae Giachino & Vailati, 2000 (Insecta: Coleoptera: Leiodidae)

Material examined. 17.05.2015, 16.07.2015, 11.10.2015, 15.12.2015, 28.02.2016, 16.06.2016,
15.09.2016, 322, 487, dark zone. Det. Michel Perreau.

General and Turkey distribution. Endemic to Turkey. Isparta Province, Zindan Cave; Eskisehir
Province, Sarikaya Cave TutUncuini Cave; Antalya Province, Zeybeyni Cave; Antakya Province, unknown
locality (Fidan et al., 2014).

Ecological classification and trophic behavior. Troglobite and scavenger.

Note. This species was observed that Choleva specimens were feeding a variety of foods such as
bat guano, dead bats and mice.

Pisidiella spatulifera Jeannel, 1930 (Insecta: Coleoptera: Leiodidae)

Material examined. 16.06.2015, 16.07.2015, 11.10.2015, 15.12.2015, 28.02.2016, 15.09.2016,
529, 6443, dark zone. Det. Michel Perreau.

General and Turkey distribution. Endemic to Turkey. Isparta Province, Zindan Cave; Konya
Province, Haci Akif Cave (Jeannel, 1955).

Ecological classification and trophic behavior. Troglobite and scavenger.

Note. This species was observed that Pisidiella specimens were feeding a variety of foods such as
bat guano, dead bats and mice in small groups. Although their eyes are completely blind, they are very
sensitive to light and other senses have developed.

Pisidiella ovoidea Jeannel, 1955 (Insecta: Coleoptera: Leiodidae)

Material examined. 16.06.2015, 322, 48, dark zone. Det. Michel Perreau.

General and Turkey distribution. Endemic to Turkey. Isparta Province, Zindan Cave (Jeannel, 1955).
Ecological classification and trophic behavior. Troglobite and scavenger.

Note. This species was observed that Pisidiella specimens were feeding a variety of foods such as
bat guano, dead bats and mice in small groups. Although their eyes are completely blind, they are very
sensitive to light and other senses have developed.

Quedius magarasiensis Bordoni, 1978 (Insecta: Coleoptera: Staphylinidae)
Material examined. 15.09.2016, 3922, 43, dark zone. Det. Sinan Anlas.

General and Turkey distribution. Endemic to Turkey. The type locality is Zindan Cave (Bordoni, 2010;
Kunt et al., 2010).

Ecological classification and trophic behavior. Troglophile and predator.
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Note. The presence of the species in the cave depends on guano. If there are no guano, they will absent
in the cave. Although the distribution of the species in the cave is the dark zone, it is the possible to reach
them in every area where bat roosts exist, as guano provides the food cycle of this species in the cave.

Limonia nubeculosa Meigen, 1804 (Insecta: Diptera: Limoniidae)
Material examined. 16.06.2015, 222, 338J, dark zone. Det. Hasan Kog.

General and Turkey distribution. This species is distributed throughout the Palearctic Region, and
also in the Nearctic Region (Canada, USA) (Driauach & Belqgat, 2016). Aydin, Denizli, Eskisehir, Isparta
and Mugla Provinces, and European part of Turkey (Ozgiil et al., 2009; Bilgin et al., 2015).

Ecological classification and trophic behavior. Trogloxene and omnivore.

Note. The species, which can be observed in the various habitats at aboveground environments, is
very common in cave environments during the winter and summer seasons (Barnes et al., 2009). The
species feed on insects, carrions, guano and plant residues in caves. Also, it is a food source for cave
spiders (Manenti et al., 2015).

Troglophilus adamovici Us, 1974 (Insecta: Orthoptera: Rhaphidophoridae)
Material examined. 15.12.2016, 9, twilight and dark zone. Det. Mehmet Sait Taylan.

General and Turkey distribution. Endemic to Turkey (Taylan, 2011). The type locality is Zindan Cave.
Konya Province, Balatini Cave, Kérikini Cave, Ferzene Cave, Tinaztepe Cave (Rampini & Di Russo, 2003;
Kunt et al., 2010).

Ecological classification and trophic behavior. Troglophile and predator.

Note. This species was collected from 150 m into the cave. Also, this species is dependent on food
resources of the epigean ecosystems.

Stenophylax nycterobius McLachlan, 1875 (Insecta: Trichoptera: Limnephilidae)
Material examined. 25.09.2015, 11.10.2015, 5 larvae and 29 9, 243, dark zone. Det. Flisun Sipahiler.

General and Turkey distribution. The species is distributed very widely in Europe (Ibrahimi et al., 2013).
Also, this species is known from Monte Cucco Cave from lItaly (Corallini & Marchetti, 2016). Although the
species is reported in the Central Anatolia, Turkey, there is no exact locality record (Moretti & Gianotti, 1964).

Ecological classification and trophic behavior. Trogloxene and omnivore.

Note. It is reported that this species uses caves for diapause during the summer (Malicky & Winkler,
1974). It was observed that the species completed all developmental stages in the cave. Larvae are
omnivorous shredders. They feed on particulate organic matter and by hunting aquatic invertebrates. The
larvae living in puddles inside the cave make their structures by using materials in the cave and they are
different from the aboveground environment. Also, the larvae were seen under the drops flowing from the
stalactites in the parts where there was no water. It was observed that the movements of Trichoptera adults
slowed down due to the low temperature of the cave.

Discussion

In this study, 27 arthropod species were collected. Kunt et al. (2010) reported eight species, six of
which are endemic (E) to Turkey, from Zindan Cave. These species were T. percuriosa (E), Harpactocrates
troglophilus Brignoli, 1978 (Arachnida: Araneae: Dysderidae) (E), D. turcicus, C. bertiae (E), Q.
magarasiensis (E), T. adamovici (E), Cylisticus convexus (De Geer, 1778) (Malacostraca: Isopoda:
Cylisticidae), T. kosswigi (E). However, Kunt et al. (2010) overlooked two endemic Leiodidae species P.
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spatulifera and P. ovoidea mentioned by Jeannel (1955) from the cave. Thus, 10 species, eight of which
are endemic to Turkey, were previously known from the cave (Jeannel, 1955; Kunt et al., 2010). In the
present study, C. convexus and H. troglophilus species were not collected. Probably C. convexus was
previously collected accidentally, given that it is known from Europe and Northern Asia (excluding China),
North America and South America. Harpactocrates troglophilus has been described from Zindan Cave.
However, the species were found in mesovoid shallow substratum traps outside the cave (personal
observation). Also, Kunt et al. (2019) described a new genus (Kut gen. nov.) with the type species H.
troglophilus. They reported that the species was probably not present in Zindan Cave and they also
collected the species from Kurucaova Village (Konya Province) which is outside of the cave ecosystem.
Therefore, the presence of the species in the cave is questionable. In addition, new data has showed that
nine species are endemic for Turkey and M. taurus has recently been given as a new species from the
cave. Based on these data, Zindan Cave is the type locality of M. taurus, P. ovoidea and Q. magarasiensis.

It was observed that most of collected species (24 of 27 species) occurred in the dark zone. Of the
rest, two of them were in the twilight zone, one in a transition zone and two species were in both the twilight
and dark zones. In addition, half of the collected species (6 troglobites and 8 troglophiles) are ecologically
adapted to the cave ecosystem while the other half (8 trogloxenes and 5 accidental species) were not
ecologically adapted. Also, the results show that the species are divided into three groups according to
trophic behavior: 15 scavengers, 10 predators and only two omnivore species (L. nubeculosa and M.
nycterobia) (Manenti et al., 2015).

As a result of the present study, it has been determined that more than 33% of the collected species
are endemic to Turkey. Zindan Cave is the type locality of M. taurus and the species is only known from
this cave. Also, T. distosolenidia, H. sexoculatus and F. asiatica are firstly reported from Turkey. Especially,
T. distosolenidia has an interesting distribution pattern with distribution in Italy and Turkey.

Zindan Cave continues be used for tourism, which can be hazardous both for the cave and the cave-
dwelling organisms. Warm lighting for tourism activities constitutes the biggest problem in the cave. These
problems are: (1) algae are growing in the artificially lit areas, (2) various formations as stalactites,
stalagmites and columns inside the cave are damaged by algae, (3) owing to tourism and lighting,
populations of bats in the cave are decreasing because baby bats are stressed and fall from their roosts,
(4) warm lighting is thought to threaten especially troglobite and troglophile species which are adapted to
the cave. Lighting also causes accidental species to penetrate deeper into the cave.
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Host suitability of wheat cultivars to Pratylenchus thornei Sher & Allen, 1953
and Pratylenchus neglectus (Rensch, 1924) (Tylenchida: Pratylenchidae)

Bugday cesitlerinin Pratylenchus thornei Sher & Allen, 1953 ve Pratylenchus neglectus
(Rensch, 1924) (Tylenchida: Pratylenchidae)’a karsi konuk¢u uygunlugu
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Abstract

Root lesion nematodes (RLNs), Pratylenchus thornei Sher & Allen, 1953 and Pratylenchus neglectus (Rensch,
1924) (Tylenchida: Pratylenchidae) are important plant-parasitic nematodes that cause economic yield losses in wheat
cropping systems worldwide. The use of resistant and tolerant cultivars is the most effective method to control these
nematodes in wheat. There are currently no commercial wheat cultivars identified as completely resistant to the RLN
species. The aim of this research was to evaluate 19 Turkish spring wheat cultivars for reaction to P. thornei and P.
neglectus under in-vitro conditions over 16 weeks in 2019. In the result of the study, nine wheat cultivars (Adana99,
Ata89, Birkut, Cumhuriyet75, G6nen98, Marmara86, Meta2002, Troya and Uludag) were found to have moderate
resistance against P. thornei, whereas five wheat cultivars (Adana99, Alibey, Ata89, Ceyhan99 and Uludag) were
moderately resistant to P. neglectus. The study also showed that Adana99, Ata89 and Uludag are resistant to both
nematode species, and these cultivars, thus, are considered to be excellent sources of genes for further development
RLN resistant commercial wheat cultivars.

Keywords: Pratylenchus neglectus, Pratylenchus thornei, resistance, root lesion nematode, wheat
Oz

Kok yara nematodlari (RLN), Pratylenchus thornei Sher & Allen, 1953 ve Pratylenchus neglectus (Rensch,
1924) (Tylenchida: Pratylenchidae) diinya genelinde bugday yetistiriciliginde ekonomik triin kayiplarina neden olan
onemli bitki paraziti nematodlaridir. Dayanikl ve tolerant ¢esit kullanimi bu nematodlar ile miicadelede en etkin metot
olarak bilinmektedir. Giinimuzde, RLN turlerine kargl tamamen dayanikli ticari herhangi bir gesit yoktur. Bu ¢calismada
19 adet yazlik bugday cesidinin kontrollii kosullarda 16 hafta sureyle P. thornei ve P. neglectus’a karsi reaksiyonlari
2019 yilinda degerlendirilmistir. Calisma sonucunda Adana99, Ata89, Birkut, Cumhuriyet75, G6nen98, Marmara86,
Meta2002, Troya ve Uludag'in icinde oldugu dokuz bugday c¢esidi P. thornei’'ye kargi orta dayanikl, buna karsin
Adana99, Alibey, Ata89, Ceyhan99 ve Uludag'in i¢cinde oldugu bes budday c¢esidi P. neglectus’a kargi orta dayanikl
bulunmustur. Ayrica ¢alismada Adana99, Ata89 ve Uludag'in her iki nematod tirine dayaniklilik goésterdigi ve bu
cesitlerin RLN'e kargl dayanikh ticari bugday cesitleri gelistirmek i¢in oldukca iyi dayaniklihk gen kaynaklari oldugu
disunulmektedir.

Anahtar s6zcukler: Pratylenchus neglectus, Pratylenchus thornei, dayaniklilik, kdk yara nematodu, bugday
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Host suitability of wheat cultivars to Pratylenchus thornei Sher & Allen, 1953 and Pratylenchus neglectus (Rensch, 1924) (Tylenchida: Pratylenchidae)

Introduction

Wheat is the most important food crop and accounts for almost one-third of the world's edible grain
production (FAOSTAT, 2020). In Turkey, wheat is cultivated mostly in arid and semiarid areas with an
average size of 9.83 Mha (TUIK, 2019). There is variability caused by abiotic and biotic stress factors in
the amount of production; however, total wheat grain production reached 19 Mt in 2019 (FAOSTAT, 2020).
Unfortunately, the production is still inadequate to meet nutritional requirements by a growing population
(Sirat & Sezer, 2014). Also, wheat production is often subjected to various constraints, such as lack of
fertilizer and irrigation water, and soilborne pathogens including several plant-parasitic nematodes (Shroyer
et al., 1990; Dababat & Fourie, 2018).

Root lesion nematodes (RLNSs), Pratylenchus, are migratory plant-parasitic nematodes that are
economically important in many crops, including cereals, and have spread to agricultural soils around the
world (Nicol & Ortiz-Monasterio, 2004; Thompson, 2008; Moens & Perry, 2009; Mokrini et al., 2016;
Thompson et al., 2017). Wheat is severely affected by several RLNs species of which Pratylenchus thornei
Sher & Allen, 1953 and Pratylenchus neglectus (Rensch, 1924) (Tylenchida: Pratylenchidae) are the most
destructive (Yu et al., 2012; Dababat et al., 2016). Pratylenchus thornei and P. neglectus have a broad
host ranges including cereals and legumes (O'Brien, 1982; Vanstone & Russ, 2001a, b; Owen et al., 2014).
Yield losses caused by P. neglectus in Europe, North America and Australia have not been fully
investigated; nevertheless, 16-23% yield loss has been recorded in southern Australia (Taylor et al., 1999).
Also, the spring wheat yield losses associated with P. neglectus populations in Oregon, USA were 36-85%
(Smiley et al., 2005; Smiley, 2010). In contrast, 38-85% wheat yield loss due to P. thornei is reported in
Australia, 50% in Oregon, USA, 12-37% in Mexico and 70% in Israel (Nicol et al., 2004), as well as 19-32%
in Turkey (Toktay, 2008).

Management of root lesion nematodes is difficult for several reasons. Adult female RLNs are highly
fecund and can survive/feed in numerous places: in the soil, in the root fragments or feed on weeds for
extended periods. Growing resistant cultivars, applying chemicals, cultural practices and biological control
are the main methods that have been used to control root lesion nematodes (Urwin et al., 1997). The
effectiveness of these methods to control plant-parasitic nematodes increases when used in combination.
The ideal control approach relies upon the availability of resistant cultivars and the value of the crop (Riggs
& Schuster, 1997). Plants, where nematodes cannot multiply are considered completely resistant whereas
plants, where nematodes can freely multiply, are defined as non-resistant or susceptible (Cook & Evans,
1987). Tolerant plants are described as plants that are poorly damaged by severe nematode infection and
intolerant plants are described as plants that are severely damaged (Cook & Evans, 1987).

Although, plant resistance does not exist in many crops plants and efficiency is frequently limited to
a few races of a nematode species. This situation may result in cultivars becoming susceptible to virulent
nematode biotypes or related species in field populations (Gheysen et al., 1996; Whitehead, 1998). Using
more widely-based resistance would lessen this problem for resistant cultivars. A few reports indicate that
P. thornei and P. neglectus often occur together in the major wheat cultivating areas of Turkey (Sahin et
al., 2008; imren et al., 2017; Dababat et al., 2018). The major objective of this study was to find novel
sources of resistance to P. thornei and P. neglectus among a core set of spring wheat cultivars for further
pyramiding into elite cultivars. The current research aimed to (1) examine the host suitability of wheat
cultivars to P. thornei and P. neglectus and (2) provide a common wheat pool with RLN resistance
information to producers.
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Materials and Methods
Plant material

The 19 spring wheat cultivars obtained from institutes of the General Directorate of Agricultural
Research and Policies (Eastern Aegean Agricultural Research Institute, Field Crops Central Research
Institute, Mediterranean Agricultural Research Institute and GAP Agricultural Research Institute) were
evaluated for their suitability to P. thornei and P. neglectus (Table 1). Durum wheat cv. Gatcher and GS50a
were used as susceptible and resistant check lines, respectively (Thompson et al., 2008). Two independent
experiments were performed for phenotyping cultivars against P. thornei (Experiment 1) and P. neglectus
(Experiment 2) under in-vitro conditions in a growth room at 21 + 3°C with a 16:8 h L:D photoperiod for 16
weeks. Seeds of each cultivar were surface-disinfested with 70% ethanol for 1 min, washed in twice
sterilized water, air dried, transferred to Petri dishes containing moistened filter paper and maintained for
3-4 days at 23-25°C to promote germination. A germinated seed of each cultivar with three seminal roots
were transplanted to plastic tubes (1.5 x 12 cm) filled with a pasteurized mix of field soil and sand (1:3 v/v).
Seven replicates of each cultivar were arranged in a randomized block design.

Nematode inoculum

Pathogenicity experiments were conducted with populations of P. thornei (PT18) and P. neglectus
(PN2) obtained from the provincial center and Gerede District, Bolu Province in 2019, respectively (Dababat
et al., 2019). The carrot discs were used to culture and maintain nematode populations in-vitro according
to Moody et al. (1973). Nematode growth on the carrot discs was monitored and when the desired density
was reached, the Baermann-funnel method was use to collect nematodes from chopped carrot discs in a
moist chamber for 3 days (OEPP/EPPO, 2013). The nematode suspension was used to inoculate seedlings
1 week after planting, at a density of 400 individuals/ml of water (Keil et al., 2009; Toktay et al., 2012). The
suspension of each nematode was pipetted into three 2-cm deep holes at a distance of 0.5 cm from the
seedling. The plants were kept in the growth chamber and watered daily. The plants were fertilized with
liquid fertilizer [NPK(Mg), 15-8-15-(2), Spiess-Urania Chemicals GmbH, Hamburg, Germany] at 3 and 6
weeks after planting.

Assessment of resistance

The experiment was terminated 16 weeks after the inoculation, and a modified Baermann funnel
method was used to extract motile nematodes (juveniles and adults) from 80 g of soil and roots from each
tube (Hooper, 1986). To the nematode density of the suspension was determined for three subsamples
from each tube under a stereomicroscope (Zeiss Stemi 305, Carl Zeiss, Jena, Germany) at 64x
magnification. For the evaluation of host suitability to P. thornei and P. neglectus, the reproduction factor
(Rf) was calculated as Rf = Pf/Pi, where Pf is the final population and Pi is the initial population in the tube
(400 in these experiments). If no nematodes were extracted from the soil and plant roots, the cultivar were
considered resistant. An Rf of less than 1 was considered to be moderately resistance and 1 or more as
susceptible (Thompson et al., 2008; Keil et al., 2009; Toktay et al., 2012). The experimental data were
analyzed using a one-way analysis of variance. The mean number of nematodes was separated using
Tukey's test at a significance level of P < 0.05 using the SPSS statistics package (SPSS version 20.0 for
Windows; IBM, Armonk, NY, USA), the principal component analysis performed using XLSTAT
2016.02.28451 software (Addinsoft, Paris, France).
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Results and Discussion

Pratylenchus thornei and P. neglectus survived and/or increased on all wheat cultivars, including the
check lines. All wheat cultivars tested for resistance to P. thornei and P. neglectus were moderately resistant
or susceptible to both nematode populations, but none of the cultivars were resistant to these nematodes
(Table 1). The number of individuals P. thornei and P. neglectus calculated for each cultivar ranged from
106 to 1,980 and from 100 to 3,495, respectively. There was also a significant difference (P < 0.001) in the
host suitability of wheat cultivars to P. thornei and P. neglectus. The Rf ranged from 0.43 to 6.06 for across
both species. In the susceptible check, Gatcher, the average final numbers of P. thornei and P. neglectus
per plant were 1,116 and 1,826, respectively, whereas in the moderately resistant check (GS50a) they
were 194 and 286, respectively.

Table 1. Host suitability of tested wheat cultivars to root lesion nematodes

Pratylenchus thornei Pratylenchus neglectus

Cultivar

Nematodes* Rf Phenotype Nematodes* Rf Phenotype
Adanag9 2((1)20%23136? fg 0.50 MR %301-2687(.);3 d 0.43 MR
Alibey 1&3824_’5122')2 be 2.58 s 2&%5_14%20')2 d 0.60 MR
Altinbasak 1&%30’{1397;6)7 a 3.83 s ?330%83:6)7 d 1.3 s
Ata89 3(%;32534? dg 0.83 MR 2(31263_411%')9 d 0.58 MR
Basribey95 5(2;0%62238‘)0 dg 1.48 S 1(???0%265(?6? bc 3.72 s
Birkit 3(4&2_‘11;%1 dg 0.85 MR %i(z)oi-fgc?d)l cd 2.08 s
Ceyhan99 5(120%55:6? dg 1.29 S 2(9&3_‘11%.)1 d 0.94 MR
Cumhuriyet7s 2(;85;5‘4;’ eg 0.69 MR 5(52233_33')1 d 1.38 s
Gokkan 7(223%7554? cd 1.77 s Z(iggoi-;;gd;l ab 5.38 s
Gonengs gg;fgé? dg 0.81 MR ?520%1218126? od 1.68 s
izmirg5 1(48%‘;_’512%9 ab 3.51 s ?225{‘5‘685)3 d 1.40 s
Kaklic88 18152;13%')8 4.03 S 4(1&3_;23')3 d 1.64 s
Kasifbey95 ?‘5122%78:5')2 dg 1.61 s 2&2853655’5‘ ab 5.79 s
Marmara86 l(igoiiz‘lz?és g 0.45 MR 4(71223_%2')1 d 1.18 s
Menemen 7(22581924? cd 1.89 S 5(03433_33')3 d 1.26 s
Meta2002 3(222%5266)7 dg 0.98 MR 5&813_;28')1 d 1.37 s
Troya 3(7225;—'_222')3 dg 0.93 MR %12%12143?4? cd 2.94 s
Uludag 1(?56%26716)2 9 0.46 MR 1(220%3%)7 d 0.49 MR
Ziyabey98 15‘2130%1141;3;)3 ab 3.36 s Z(iggofgf;é)l a 6.06 s
GS50a (R control) 1(%0’{24625')2 fg 0.58 MR 2(?20%37206? d 0.74 MR
Gatcher (S control) 1(14126332‘;2')9 be 2.79 s %252_;;’236;3 ab 3.02 s

* Mean £ SD (range). Means followed by the same letter within columns are not significantly different (P < 0.05, Tukey’s test),
Rf, reproduction factor; MR, moderately resistant; S, susceptible.
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Cvs Marmara86 and Uludad had the lowest average number of P. thornei at 180 and 186,
respectively and cvs Altinbasak and izmir85 had the highest average at 1,622 and 1,612, respectively
(Table 1). The Rf of P. thornei on the 19 cultivars ranged from 0.45 (Marmara86) to 4.03 (Kakli¢c88). Nine
cultivars (Adana99, Ata89, Burkit, Cumhuriyet75, Gonen98, Marmara86, Meta2002, Troya and Uludag)
had Rf of <1, with Marmara86 having the lowest value.

Three groups were apparent among the 21 cultivars assessed (including the two check lines) based
on the resistance to P. thornei (Figure 1). The first group (moderately resistant) included GS50a and nine
moderately resistant cultivars: Adana99, Ata89, Burkit Cumhuriyet75, Gonen98, Marmara86, Meta2002,
Troya and Uludag. The second group (S-l) included Gatcher and six susceptible cultivars: Goékkan,
Basribey95, Kasifbey95, Ceyhan99, Menemen and Alibey. The Rf of S-l was >1 but, lower than the Rf of
Gatcher (2.79). The final group (S-I1) included four susceptible cultivars: Altinbasak, izmir85, Kaklic88, and
Ziyabey98. The Rf of S-1l was higher than the Rf of Gatcher (Figure 1).

Cvs Adana99, Marmara86 and Uludag had lower numbers of P. thornei than GS50a (Figure 1) (Table
1). Cvs Ata89, Burkut, Cumhuriyet75, G6nen98, Meta2002 and Troya had significantly lower Rf (<1) and
higher numbers than GS50a (Rf = 0.58). Cvs Basribey, Ceyhan99, Gokkan, Kasifbey95, Menemen, grouped
in S-I for P. thornei, had Rf of >1 and lower nematodes than Gatcher. Cvs Ziyabey98. Altinbagak, izmir85
and Kakli¢c88 had a higher number of nematodes than Gatcher and were grouped in S-1l for P. thornei.

5 a § ? \ b
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PN ) GS50a 3 ' &3 Gssda . g e Gatcher
I A °® T 4 :
& i a® :S-ln=7 S ;
x e Graupli-Sin L 6. i@ L ~Group Il : S-1 n=10

1 f o ' Wk

;Groupl :MRn=10 E 0 & @ “ Groupl:MRn=6
0 ‘ i + i
0 400 800 1200 1600 2000 ' 0 400 800 1200 1600 2000 2400 2800
Average number of nematodes ! Average number of nematodes

Figure 1. Principal component analysis (Kendall type) showing the plant population structure for a set of GS50a and Gatcher replicates
based on their resistance reaction to a) Pratylenchus thornei and b) Pratylenchus neglectus.
For P. neglectus, the lowest numbers extracted where for cvs Adana99 and Uludag were 172 and
198, respectively (Table 1) and the highest at 2,424 and 2,316 for cvs Ziyabey98 and Kasifbey95,
respectively. The Rf for P. neglectus ranged from 0.43 (Adana99) to 6.06 (Ziyabey98). The Rf values of
the five cultivars were <1 and was the lowest for cv. Adana 99 (Rf = 0.43).

The phenotyping of P. neglectus revealed three groups of cultivars (Figure 1). The first group
included GS50a and five moderately resistant cultivars: Ata89, Alibey, Adana99, Ceyhan99 and Uludag.
The second group (S-l) included 9 susceptible cultivars: Altinbasak, Burkit, Cumhuriyet75, Gonen98,
izmir85, Kaklic88, Marmara86, Menemen, Meta2002 and Troya. The Rf of these was >1 but, lower than
the Rf value for Gatcher (3.02). The final group (S-1l) included Gatcher and four susceptible cultivars:
Basribey95, Gokkan, Kasifbey95 and Ziyabey98. The Rf of the S-Il group was higher than the Rf of Gatcher.

Cvs Ata89, Adana99, Alibey, and Uludag had lower numbers of P. neglectus than GS50a (Table 1).
Ceyhan99 had a significantly lower Rf (<1) and higher number of nematodes than GS50a. Cvs Altinbasak,
Burkit, Cumhuriyet75, Génen98, izmir85, Kaklic88, Marmara86, Menemen, Meta2002 and Troya had
significantly higher Rf (>1) and less nematodes than Gatcher. Cvs Basribey, Gokkan, Kasifbey95 and
Ziyabey98 had more nematodes than Gatcher and were grouped as S-II for P. neglectus.
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The present study determined the host responses of 19 spring wheat cultivars to the two RLNs as
moderately resistant and susceptible. RLN resistance in wheat has been studied in either the field or in
pots (greenhouse and growth chamber) (Thompson et al., 2015; Dababat et al., 2016). A certain degree of
resistance to P. thornei has been identified in India (Kranti & Kanwar, 2012), Australia (Thompson &
Seymour, 2011) and Turkey (Toktay et al., 2012). For example, several lines were found to be resistant to
the Indian population of P. thornei among 20 wheat lines (Kranti & Kanwar, 2012), and consistent with the
present studies, some wheat lines were moderately resistant to both P. thornei and P. neglectus. In
particular, three cultivars (Ata89, Adana99 and Uludag) had moderately resistant reactions both of RLN
species. This is useful as these species often occur together in wheat fields (Thompson et al., 2010). Cvs
Adana99 and Ceyhan99 showed useful resistance to the tested nematodes, which confirms the result of
the studies of Toktay et al. (2012), who found resistance in these cultivars. This information allows growers
to choose tolerant/resistant crops when both RLN species are present.

As the result of the current study, three wheat cultivars (Marmara86, Adana99 and Uludag) reduced
P. thornei densities below that with GS50a showing moderate resistance to P. thornei. Also, four wheat
cultivars (Ata89, Adana99, Alibey and Uludag) reduced P. neglectus densities below that with GS50a,
which is moderately resistant to P. neglectus. Numerous sources of resistance to P. thornei and P.
neglectus have been described in wheat germplasm (Thompson & Haak, 1997; Vanstone et al., 1998;
Thompson et al., 1999, 2009; Taylor et al., 2000; Toktay et al., 2012). For example, GS50a was reported
to be the first source of resistance to P. thornei in Australia, which was primarily selected from the cultivar
of Gatcher (Thompson & Clewett, 1986). Ten times less RLN reproduction was found in GS50a in
comparison to local control lines (Thompson et al., 1999). A reasonable number of Iranian landraces of
wheat were assessed for resistance to RLN and 25 of those accessions showed more resistance than
GS50a (Sheedy & Thompson, 2009). Similarly, Thompson et al. (2009) performed the screening
experiment with wheat accessions from North Africa and West Asian regions and found some additional
sources resistance to P. thornei.

Mapping of QTLs and phenotypic identification of resistance sources have been used to identify
resistance sources to RLNs. The QTLs linked to resistance to P. thornei resistance are mapped on different
chromosomes of bread wheat (Schmidt et al., 2005; Zwart et al., 2005). The RInnl locus which is located
on the 7A chromosome offers substantial resistance to P. neglectus at the seedling stage (Williams et al.,
2002). According to Williams et al. (2002), RInnl originated from an Australian wheat cv. Excalibur, which
has been validated for its better resistance to P. neglectus. Similarly, another locus conferring resistance
to P. neglectus has been characterized and identified on the 4D chromosome (Zwart et al., 2005). The
relationships between resistance reactions and markers were adequately constant to demonstrate the
value of using the marker selection to increase Pratylenchus resistance in wheat. The RInnl marker has
been successfully used in this way and is actively implemented as part of international wheat breeding
programs in CIMMYT at a global level and in Australia (Williams et al., 2002).

Wheat breeding routinely aims to increase the level of durable resistance of wheat to gain a
reasonable yield even in soils with high nematode population densities. To date, several genotypes having
RLN-resistance have been identified from the International Winter Wheat Improvement Program
(www.iwwip.org) sources, but the genetic basis of resistance is still unknown. Thus, it is important to
understand the novelty of the resistance of these cultivars and to use this resistance in different genetic
backgrounds by crosses and pyramids to achieve new resistance and high yields that increase grain yield
for food security. This study has determined the resistance of some Turkish commercial wheat cultivars,
with superior agronomic properties have already, to two RLNs. Therefore, it is suggested that the potentially
useful resistance sources determined in the study should be included in breeding studies.
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Original article (Orijinal aragtirma)

Determination of Zygaenidae (Lepidoptera) species by morphological
and molecular methods in the Eastern Mediterranean Region of Turkey?

Tarkiye’nin Dogu Akdeniz Bdlgesi'ndeki Zygaenidae (Lepidoptera) turlerinin morfolojik
ve molekiler yontemler kullanilarak tanilanmasi

Basak ULASLI> Feza CAN?
Abstract

Morphological identification of the majority of Zygaenidae species in the Eastern Mediterranean Region of
Turkey was undertaken and a phylogenetic tree of these species was generated. Sampling was performed between
May and September in 2017 and 2018 in Adana, Hatay, Kahramanmaras, Mersin and Osmaniye Provinces. This area
is a zoogeographical junction between central Anatolia and the Levant. The species were collected by sweep net and
visual control methods. Thirteen Zygaenidae species identified: Theresimima ampellophaga (Bayle-Barelle, 1808),
Adscita (Adscita) obscura (Zeller, 1847), Jordanita (Tremewania) notata (Zeller, 1847), Jordanita (Praviela) anatolica
(Naufock, 1929), Jordanita (Solaniterna) subsolana (Staudinger, 1862) (Procridinae), Zygaena (Mesembrynus)
diaphana Staudinger, 1887, Zygaena (Mesembrynus) graslini Lederer, 1855, Zygaena (Mesembrynus) punctum
Ochsenheimer, 1808, Zyganea (Agrumenia) olivieri Boisduval, 1828, Zygaena (Agrumenia) carniolica (Scopoli, 1763),
Zygaena (Agrumenia) viciae (Denis & Schiffermuller, 1775), Zygaena (Agrumenia) loti (Denis & Schiffermiiller, 1775)
and Zygaena (Zygaena) filipendulae (L., 1758). Macherey-Nagel NucleoSpin kit was used for DNA extraction and PCR
was performed with LCO1490/HC0O2198 primer pair for the mtCOI gene region. This analysis effectively separated
these genera and species in the phylogenic tree, and these data supported the morphological identification.

Keywords: Eastern Mediterranean Region, Lepidoptera, phylogeny, systematic, Zygaenidae
Oz

Dogu Akdeniz Bdlgesi’ndeki Zygaenidae tirlerinin gogunlugunun morfolojik tanilamasi yapilmis ve bu turlerin
filogenetik agaci olugturulmustur. Orneklemeler Adana, Hatay, Kahramanmaras, Mersin ve Osmaniye illerinde, 2017
ve 2018 yillarinin mayis-eylil aylarinda gergeklestiriimistir. Bu bdlge Orta Anadolu ile Levant arasinda zoocografik iligki
kuran bir konumdadir. Atrap ve gézle kontrol metotlari kullanilarak toplam 13 tir, Theresimima ampellophaga (Bayle-
Barelle, 1808), Adscita (Adscita) obscura (Zeller, 1847), Jordanita (Tremewania) notata (Zeller, 1847), Jordanita
(Praviela) anatolica (Naufock, 1929), Jordanita (Solaniterna) subsolana (Staudinger, 1862) (Procridinae), Zygaena
(Mesembrynus) diaphana Staudinger, 1887, Zygaena (Mesembrynus) graslini Lederer, 1855, Zygaena (Mesembrynus)
punctum Ochsenheimer, 1808, Zyganea (Agrumenia) olivieri Boisduval, 1828, Zygaena (Agrumenia) carniolica
(Scopoli, 1763), Zygaena (Agrumenia)) viciae (Denis & Schiffermiller, 1775), Zygaena (Agrumenia) loti (Denis &
Schiffermuller, 1775) ve Zygaena (Zygaena) filipendulae (L., 1758) belirlenmistir. DNA ekstraksiyonunda Macherey-
Nagel NucleoSpin Insect DNA izolasyon kiti ve PCR analizlerinde ise mtCOI gen bélgesinden LCO1490/HC0O2198
primer ¢ifti kullaniimistir. Bu primer ifti ile trleri cins ve tir diizeyinde ayirmanin uygun oldugu ve elde edilen verilerin
morfolojik tanimlamayi destekledigi belirlenmistir.
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Determination of Zygaenidae (Lepidoptera) species by morphological and molecular methods in the Eastern Mediterranean Region of Turkey

Introduction

Turkey, situated at the nexus of Europe, the Middle East, Central Asia and Africa is one of the most
species rich countries in the Western Palearctic (Ciplak, 2003). Also, it comprises three biogeographical
regions: Mediterranean, Euro-Siberian and Irano-Turanian. This location supplies a natural pathway for the
movement of organisms in every direction. Each region has endemic species and a variety of ecosystems
(Ciplak, 2003). Consequently, it has the character of a small continent from the standpoint of biological
diversity with forest, mountain, steppe, wetland, coastal and marine ecosystems (FAO, 2019).

Zygaenidae is a species rich family of predominantly diurnal moths with a worldwide distribution,
being most diverse in tropical and subtropical Asia and Palearctic regions (Epstein, 1996). This group,
commonly known as burnet, forester and smoky moths is split up into five subfamilies: Chalcosiinae Walker,
1865 (Palearctic, Oriental), Callizygaeninae Alberti, 1954 (Oriental), Inouelinae Efetov & Tarmann, 2017
(Criental), Procridinae Boisduval, 1828 (Holarctic, Afrotropical, Oriental, Australian, Neotropical) and
Zygaeninae Latreille, 1809 (Palearctic, Oriental, Afrotropical) (Alberti, 1954, 1958, 1959; Tarmann, 1984;
1994, 2004; Hofmann & Tremewan, 1996; Efetov & Tarmann, 2012, 2014, 2017; Efetov et al., 2014, 2015,
2019; Yen, 2003). The family contains more than 1,000 species distributed worldwide and the number of
described species increases annually (Efetov et al., 2021). The first studies on this family were conducted
by international researchers in Turkey (Zeller, 1847; Mann, 1862). There are currently 56 Zygaenidae
species recognized in Turkey, 25 belong to Procridinae and the others to Zygaeninae subfamilies. Five are
endemic to Turkey: Jordanita (Jordanita) chloronota (Staudinger,1871), Zygaena (Agrumenia) formosa
(Herrich-Schaffer, 1852), Zygaena (Agrumenia) peschmerga Eckweiler & Gorgner, 1981, Zygaena
(Mesembrynus) lydia Staudinger, 1887 and Zygaena (Zygaena) problematica Naumann, 1966 (Efetov et
al., 2010a, 2019; Hofmann & Tremewan, 2017; Can Cengiz et al., 2018; Okyar et al., 2018; Can et al.,
2019).

Determination of the biological properties and the distribution of the species is important for the
protection of the zygaenid fauna of Turkey. This family also contains several pest species (Tarmann, 2003).
Distribution of many zygaenid species is limited and they need specific ecological conditions. In terms of
ecology, zygaenids, along with the lepidopterans, are significant umbrella groups (Efetov et al., 2019).
These groups will provide base line information for ecological conservation efforts. This information might
also be useful for other subgenera (Nazarov & Efetov, 1993; Schmitt & Seitz, 2004; Tarmann, 2009; Efetov
etal., 2019).

Although, many moths are identical morphologically and possess similar wing patterns, they can be
classified as different species. In addition, seasonal and sexual dimorphism, color and pattern variations in
populations of the same species can make the morphological identification of species difficult (Hausmann,
2001; Mironov, 2003; Sihvonen & Nupponen, 2005; Can, 2009; Spalding et al., 2013; Hofmann &
Tremewan, 2017). In order to identify species, molecular methods supporting morphological identification
are needed for cryptic cases. Recently, molecular techniques have been used to identify almost all
organism and determine their phylogenetic features, but there are few studies conducted on Lepidoptera
in Turkey (Can, 2009; Serdar, 2014; Can et al., 2018; Kuyulu & Geng, 2020). The first study on determining
the molecular characterization of lepidopteran species was conducted by Can (2009) using COI gene
region and the first DNA barcode profiles of the Geometridae species of Turkey. Later other studies were
conducted on the family Geometridae (Serdar, 2014) and Cydia pomonella (L., 1758) (Tortricidae) (Kuyulu
& Geng, 2020) using the same gene region. As with many organisms, to determine the DNA sequence of
an insect barcoding is performed by revealing the DNA sequence using mostly the mitochondrial COI gene
region. This method helps morphological studies by revealing unknown species or to identify the species
whose taxonomic position was uncertain (Hebert et al., 2003; Wilson, 2012).
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There is some literature on the molecular phylogeny of Zygaenidae (Niehuis et al., 2006a, b, 2007,
Efetov et al., 2010b, 2019, 2021). Along with RNA secondary structure variation, some selected
morphological and biological characters were examined (Niehuis et al., 2006a) and also using various
mitochondrial and nuclear markers four subfamilies were examined except Inouelinae (Niehuis et al.,
2006b, 2007). The “DNA barcoding of Zygaenidae moths (ZYGMO)" project began in 2009 (Efetov et al.,
2010b). The molecular studies were conducted according to Hebert et al. (2003a, b) and Ratnasingham &
Hebert (2007) using the universal gene region mtCOI and standard DNA barcoding protocols, respectively.
The purpose of these studies was to create a new databank for this group with new techniques (Efetov et
al., 2019). In this study, the morphological characteristics and phylogeny of selected species of the
Zygaeninae and Procridinae were investigated in the Eastern Mediterranean Region of Turkey.

Materials and Method
Taxon sampling and morphological studies

The Zygaenidae fauna of the Eastern Mediterranean Region of Turkey, which comprises Adana,
Hatay, Kahramanmaras, Mersin and Osmaniye Provinces, was studied by sweep net in various habitats
(Figure 1). This area is a zoogeographical junction between central Anatolia and the Levant. Seventy-two
sites of different altitudes, climatic, vegetation and geographical conditions were sampled between May
and September in both 2017 and 2018. During these years, 716 specimens were collected. Genital slides
were prepared according to standard procedures Dogdanlar (2003).

ADANA

. i The Mediterranean Sea

Figure 1. Sampling area; Eastern Mediterranean Region of Turkey.

Molecular studies

Location, altitude and habitat differences were taken into consideration in selecting the samples used
in molecular studies, DNA isolation was performed on 69 specimens belonging to 11 species: seven
Zygaeninae and four Procridinae. The list and sampling details of the species used in the molecular
analyses are presented in Table 1.

DNA was extracted from a single fresh leg. DNA extraction was performed using a NucleoSpin tissue
kit (Macherey-Nagel GmbH & Co. KG, Duren, Germany). The PCR product was purified using the
DreamTaq Thermo Scientific PCR Master Mix PCR kit following the manufacturer’s protocol. PCR reaction
components and final concentrations were master mix 12.5 pul, primers 1 pl, ddH20 5.5 pl and 5 yl DNA
template in a final volume of 25 pl. DNA fragments were amplified using following primer pairs: HCO2198
(5-TAAACTTCAGGGTGACCAAAAAATCA-3') and LCO1490 (5-GGTCAACAAATCATAAAGATATTGG-3)
(Folmer et al. 1994). The initial PCR cycling profile was at 95°C for 7 min, 40 cycles at 95°C for 30 s, 50°C
for 30 s and 72°C for 1 min followed by a final extension period at 72°C for 10 min.
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Phylogenetic analyses

The PCR products were investigated by Sanger sequencing. Sequences were checked by the
Chromas computer program. Sequence alignments were performed manually by using Megal0 (Kumar et
al., 2018). Then all sequences data were checked on National Center for Biotechnology Information (NCBI)
again to correct the manually cleaned data and created the phylogenetic tree (Anonymous, 2021). Finally,
the genetic distance of the species was evaluated, and appropriate parameters, chosen according to the
maximum likelihood and general time reversible models, were used to construct the phylogenetic tree (Nei
& Kumar, 2000). Support for nodes was evaluated with 1000 bootstrap replicates of the data. For outgroup
comparison, Sesia bembeciformis (Hibner, 1806) (Lepidoptera: Sesiidae) was chosen and the sequences
data were obtained from NCBI (GenBank accession JN279255).

Table 1. Zygaenidae samples collected and molecularly analyzed from the Eastern Mediterranean Region of Turkey

Latitude

Longitude

Altitude

Species Province Location Date Code
P N) &) (m)
37°28'66" 34°54'42" 1090 19.05.2017 66
Adana Pozant
37°28'48" 34°54'23" 1150 18.05.2018 508
Camliyayla 37°06'09" 34°40'41" 1150 18.06.2017 206
Mersin
Silitke 36°42'69" 33°52'66" 218 19.05.2018 552
Adscita obscura Alahan 36°22'46" 36°10'17" 350 07.04.2018 502
Hatay
Yayladagi 36°07'25" 36°09'86" 451 18.05.2017 22
36°45'21" 36°41'07" 717 14.05.2017 18
Firniz
Kahramanmaras 37°45'56" 36°39'25" 717 04.05.2018 709
KSU campus 37°01'12" 34°21'96" 513 20.05.2018 693
37°26'62" 34°54'42" 1090 18.06.2017 326
Pozanti
Adana 37°28'48" 34°54'23" 1150 18.05.2018 517
Tufanbeyli 38°13'22" 36°01'32" 1370 29.06.2018 661
Erdemli 36°44'87" 34°10'99" 681 28.06.2017 308
Gllnar 36°24'55" 36°24'58" 1070 19.05.2018 523
Jordanita anatolica
Kurtgukuru 37°09'14" 34°44"91" 460 08.04.2017 473
Mersin Merkez ilge 37°01'26" 34°25'32" 1356 27.06.2017 299
Mut 36°41'51" 33°37'74" 1076 19.05.2018 531
Silifke 36°42'69" 33°52'66" 1422 19.05.2018 551
Tarsus 37°09'14" 34°44'91" 522 18.05.2018 522
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Table 1. Continued

. . . Latitude Longitude  Altitude
Species Province Location Date Code
p (N) (B (m)
Alahan 36°22'46"  36°10'17" 230 25.04.2018 481
Belen 36°29'47"  36°09'13" 500 21.07.2017 457
Hatay Dikmece 36°17'85"  36°08'27" 309 29.05.2018 604
iskenderun 36°33'37"  36°13'51" 617 01.06.2018 616
Jordanita anatolica Yayladag 36°07'43" 36°08'43" 281 22.06.2017 266
Baskonus 37°33'58"  36°33'41" 1210 20.05.2018 580
Kahramanmaras Firniz 38°00'54" 36°33'49" 650 24.06.2017 275
Goksun 38°01'08"  36°34'19" 1380 24.06.2017 270
Osmaniye Zorkun 37°01'54" 36°16'40" 730 09.07.2017 418
Jordanita subsolana Kahramanaras KSU campus 37°35'22"  36°49'07" 513 24.04.2018 692
Adana CU campus 37°02'50"  36°22'44" 96 20.05.2018 698
Jordanita notata
Kahramanmaras Firniz 36°45'21"  36°41'07" 717 01.05.2017 16
. Hatay Yayladagi 36°01'29"  36°01'49" 470 06.07.2017 247
Theresimima
ampeliophaga Osmaniye Hasanbeyli 37°07'40"  36°34'33" 847 08.07.2018 668
37°28'48"  34°54'23" 1130 03.06.2017 93
Adana Pozanti
37°28'48"  34°54'23" 1130 03.06.2017 97
Camliyayla 37°10'14"  34°39'15" 1150 10.06.2017 148
Mersin
Zygaena loti Merkez 36°56'14"  34°33'52" 470 16.05.2018 503
Hatay Yayladagi 36°07'25"  36°09'86" 451 18.05.2017 30
Andirin 37°33'58"  36°33'41" 1210 02.07.2017 389
Kahramanmaras
Firniz 37°4529"  36°40'55" 700 14.05.2017 20
Adana Pozanti 37°26'62"  34°54'42" 1130 12.04.2018 194
Zygaena punctum
Kahramanmaras Kilavuzlu 37°37'29"  36°49'50" 567 12.04.2018 682
Adana Pozanti 37°26'62"  34°54'42" 1130 18.06.2017 313
37°10'14"  34°39'15" 1150 10.06.2017 166
Mersin Camliyayla 37°10'14"  34°39'15" 1160 26.09.2017 386
Zygaena filipendulae 37°10'14"  34°39'15" 1150 10.06.2018 658
Hatay Yayladagi 36°07'25"  36°09'86" 451 18.05.2017 27
Andirin 37°33'58"  36°33'41" 1210 01.07.2018 666
Kahramanmaras
Goksun 38°02'121  36°36'65I 1398 02.07.2017 388
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Table 1. Continued

Latitude Longitude Altitude

Species Province Location Date Code
p (N) (B (m)
Adana Pozanti 37°26'62" 34°54'42" 1130 18.06.2017 398
Camliyayla 37°10'14" 34°39'15" 1150 03.06.2017 102
37°06'09" 34°40'41" 460 18.06.2017 198
Mersin Kurtgukuru
37°09'10" 34°44'94" 460 18.05.2018 520
Merkez 36°56'14" 34°33'52" 470 07.04.2018 480
36°20'14" 36°10'31" 350 08.05.2017 4
Zygaena graslini Alahan
Hatay 36°22'46" 36°10'17" 350 07.04.2018 491
Samandag 36°06'13" 35°56'54" 40 08.04.2018 474
Baskonus 37°33'57" 36°35'00" 1210 06.04.2018 678
Firniz 36°20'14" 36°10'31" 550 01.05.2017 7
Kahramanmaras
Karacasu 37°23'07" 37°03'15" 582 17.04.2018 681
KSU campus 37°35'22" 36°49'07" 513 24.04.2018 695
Zygaena olivieri Kahramanmaras Andirin 37°33'58" 36°33'41" 1210 02.07.2017 394
Karagegit 37°9'10" 34°44'57" 460 10.06.2017 143
Adana
Tufanbeyli 38°19'13" 36°19'86" 1750 17.07.2017 453
Zygaena carniolica
37°06'09" 34°40'41" 1150 08.07.2017 409
Mersin Camliyayla
37°06'09" 34°40'41" 1150 08.07.2017 411
37°28'48" 34°54'23" 1130 18.05.2018 504
Adana Pozanti
Zygaena diaphana 37°28'48" 34°54'23" 1130 18.05.2018 507
Hatay Antakya 36°20'24" 36°11'33" 350 01.05.2018 711

Results and Discussion

Thirteen Zygaenidae species, five Procridinae and eight Zygaeninae, were identified: Theresimima
ampellophaga (Bayle-Barelle, 1808), Adscita (Adscita) obscura (Zeller, 1847), Jordanita (Tremewania)
notata (Zeller, 1847), Jordanita (Praviela) anatolica (Naufock, 1929), Jordanita (Solaniterna) subsolana
(Staudinger, 1862) (Procridinae); Zygaena (Mesembrynus) diaphana Staudinger, 1887, Zygaena (Mesembrynus)
graslini Lederer, 1855, Zygaena (Mesembrynus) punctum Ochsenheimer, 1808, Zygaena (Agrumenia)
olivieri Boisduval, 1828, Zygaena (Agrumenia) carniolica (Scopoli, 1763), Zygaena (Agrumenia) viciae
(Denis & Schiffermdller, 1775), Zygaena (Agrumenia) loti (Denis & Schiffermuller, 1775) and Zygaena
(Zygaena) filipendulae (L., 1758). All species and their genitalia images were presented (Figures 2-4).
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Scale bar:10 mm

Figure 2. Wing pattern of species in the Zygaenidae: a) Zygaena graslini &, b) Z graslini @, c) Z. carniolica &, d) Z. carniolica @,
e) Z. filipendulae 3, ) Z. filipendulae ¢, g) Z. loti &, h) Z. loti @, i) Z. punctum &, j) Z. punctum @, k) Z. diaphana &, I) Z. viciae &,
m) Z. olivieri &, n) Adscita obscura &, 0) A. obscura @, p) Jordanita notata &, r) J. notata @, s) J. anatolica &, t) J. anatolica @,
u) J. subsolana &, and v) Theresimima ampellophaga &.
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Figure 3. Male and female genitalia of species in the Zygaeninae: a) genitalia of Zygaena graslini &, b) lamina ventralis and lamina dorsalis,
¢) Z. carniolica &, d) aedeagus, e) Z. filipendulae J, f) aedeagus g) Z. loti &, h) lamina ventralis, i) lamina dorsalis, j) Z. olivieri &,
k) aedeagus, I) Z. punctum &, m) lamina ventralis and dorsalis, n) aedeagus, o) Z. viciae &, p) aedeagus, q) Z. diaphana &,
r) lamina ventralis, s) lamina dorsalis, t) Z. graslini ¢, u) Z. carniolica ¢, v) Z. filipendulae ¢, w) Z. loti ¢, and x) Z. punctum 2.
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Figure 4. Male and female genitalia of species in the Procridinae: a) Adscita obscura &, b) aedeagus, c) Jordanita notata £, d) aedeagus,
e) J. anatolica, &, f) aedeagus g) J. subsolana &, h) aedeagus, i) Theresimima ampellophaga &, j) aedeagus, k) A. obscura @,
1) J. notata @, and m) J. anatolica .

This is the first study that investigated the phylogeny and systematic of the Zygaenidae in Turkey.
The molecular identification of the species and phylogenetic trees are presented in Figures 5 and 6. The
original tree of the samples located the upper left of the figures. The tree was divided into two sections
according to subfamilies, so was investigated in more detail. The DNA of 36 of 37 zygaenid samples
collected from the Eastern Mediterranean Region of Turkey in 2017 and 28 of 32 zygaenid samples
collected in 2018 were amplified by PCR and the expected band (658 bp) was obtained at the same level
as the positive control. However, the DNA of 308 (J. anatolica) coded sample from 2017 and 692 (J.
subsolana), 504 (Z. diaphana), 711 (Z. diaphana) and 681 (Z. graslini) from 2018 were not been able to
amplified.

263



Determination of Zygaenidae (Lepidoptera) species by morphological and molecular methods in the Eastern Mediterranean Region of Turkey

g9 |386-Zygaena filipendulae- MW579524
88 166-Zygaena filipendulae- MT241256

388-166-Zygaena filipendulae- MW582694

80 - 666-Zygaena filipendulae-MW579527
100

27-Zyqg filipendulae- MW579525

33 I_‘ 658-Zygaena filipendulae- MW579526

96 ' 313-Zygaena filipendulae- MT278265 =
_—>

394-Zyg livieri- MT107640
2 -

97- Zygaena loti- MT266838
67| 120 -Zygaena loti- MW570907

389-Zygaena loti- MT260185
30-Zygaena loti- MT269754
T 93-Zygaena loti- MT259794

503-Zygaena loti- MW570909

148-Zygaena loti- MW570908
453- Zygaena carniolica- MT053090

4 411- Zygaena carniolica- MT053089

100 143- Zygaena carniolica- MT053087

73 L 409- Zygaena carniolica- MT053088
100 | 194- Zygaena punctum- MT035779
I— 682- Zygaena punctum-MT111608

= 507-2 diaph MT240313

9 P

43 -

o
©

£
c
o
©
)
>
N

102- Zygaena graslini- MT053465

398- Zygaena graslini- MT053467
198- Zygaena graslini- MT053466

480- Zygaena graslini-MT053469

520- Zygaena graslini-MT053471

54 |69|| 491- Zygaena graslini- MT053470
474- Zygaena graslini- MT053468
4- Zygaena graslini- MT053463

695- Zygaena graslini- MT053473

678- Zygaena graslini-MT053472

7- Zygaena graslini- MT053464

—

0.050

Figure 5. Phylogenetic tree of the mitochondrial COI gene region of species in the Zygaeninae with GeneBank accession numbers
based on maximum likelihood and general time reversible models.

When Sesia bembeciformis, which is the outer group in this study, is evaluated separately, the
phylogenetic tree is divided into two main branches as Zygaeninae and Procridinae. All species were
clustered into their own distinct groups. Zygaena filipendulae, Z. olivieri and Z. loti species were grouped
on one branch. Zygaena olivieri and Z. filipendulae were also grouped on one branch and Z. loti were on
separate branch (Figure 5). No genital or external morphological differences were observed. However,
according to the study of DNA barcoding of world zygaenids, Z. filipendulae and Z. loti species are closer
to each other than Z. olivieri with the same primer pair and more samples in that study (Efetov et al., 2019).
The phylogeny of Z. graslini was previously studied with many molecular markers from both nuclear and
mitochondrial genes (Niehuis et al., 2007), and the mtCOI gene was also discussed in this study. In the
present study, only one specimen of Z. olivieri was found, so its phylogenetic analysis is limited and
therefore more specimen to be compared for this species.
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species in the Procridinae with GeneBank accession numbers

based on maximum likelihood and general time reversible models.

According to Hofmann & Tremewan (2017), several species (e.g. Z. brizae, Z. ephialtes, Z. formosa,
Z. laeta, Z. lydia, Z. problematica and Z. purpuralis) recorded in the Eastern Mediterranean Region were

not found in this study. Although, Z. viciae was found, it

was not included in the phylogenetic tree.

Within the Z. graslini samples, only small nucleotide differences were found, and Z. diaphana was
determined as the closest species. Zygaena diaphana belongs to the purpuralis complex group, Z.

purpuralis and Z. minos, and has recently been reinst

ated to species rank (Nahirnic, 2019). Therefore,

while scanning the GeneBank records with the sequence results obtained from this species, it was found
that no Z. diaphana sequences have been submitted. Also, since they were in the same complex group
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with Z. diaphanas, sequences of Z. purpuralis and Z. minos are listed in NCBI as the most similar gene
sequences. As an outcome of the present study, the first submission of Z. diaphana was lodged in
GeneBank (accession JN279255.1).

Four species in three genera of the Procridinae were studied (Figure 6). While the samples in the
genera Jordanita and Adscita were located on one branch of the tree, Theresimima was on a separate
branch. Therefore, this subfamily was divided across two branches. In the present study, there was no
variation observed between genetic differences and geographical distribution of the species.

As a result of this study, it was found to be effective to phylogenically distinguish these genera and
species with the primer used, and the data obtained support the morphological identification. Considerable
morphological and molecular reference material and data were obtained and uploaded in to GeneBank,
and these data should be useful for future studies. Therefore, the data obtained has made a contribution
to the “DNA barcoding of Zygaenidae moths (ZYGMO)” project and all accession numbers were added on
the phylogenetic tree. Lepidoptera systematic taxonomy studies in Turkey have been morphological
studies. However, for species identification the combining morphological and molecular methods will help
clarify earlier findings.
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Original article (Orijinal aragtirma)

Effects of cold storage on the developmental biology of Tenebrio
molitor L., 1758 (Coleoptera: Tenebrionidae) at different larval stages

Sogukta depolamanin farkli dénemlerdeki Tenebrio molitor L., 1758 (Coleoptera:
Tenebrionidae) larvalarinin gelisimsel biyolojisine etkileri

Evrim SONMEZY

Abstract

Being able to store insects at low temperature is important in the mass breeding of insects for commercial
purposes. The aim of this study is to investigate the effect of cold storage on pupal and adult weight, adult emergence
time and proportion and adult deformation proportion of different weight Tenebrio molitor L., 1758 (Coleoptera:
Tenebrionidae) larvae. This study was conducted between 2018-2019 in the Biology Laboratory of Science Teaching
Department, Sinop University. Trials were performed at 27 + 2 and 4°C, 65 + 5% RH and continuous darkness. After
the larvae began to form, they were weighed and divided into three groups according to their weight. They were
exposed to 4°C for 5, 10, 20, 30 and 60 d in separate Petri dishes. With increased cold storage time, the proportion of
deformation increased and the proportion of adult emergence decreased. Adult weight, pupal weight and longevity
depended on both larval weight and cold exposure time. In conclusion, it is recommended that mass producers or
researchers pay attention to the size of the larvae and the cold exposure times to obtain the best quality product and
high production efficiency.

Keywords: Cold exposure, deformation rate, insect, insect development, temperature, Tenebrio molitor
Oz

Bdcekleri dislk sicakliklarda depolamak, boceklerin ticari amacla kitlesel olarak yetistiriimesinde 6énemli rol
oynamaktadir. Bu ¢alismadaki amag duguk sicaklikta depolamanin farkh agirliktaki Tenebrio molitor L., 1758 (Coleoptera:
Tenebrionidae) larvalarinin pupa ve ergin agirlidi, ergin ¢ikis siresi ve ylzdesi ve ergin deformasyon ylizdelerine
etkisini arastirmaktir. Bu galisma 2018-2019 yillari arasinda Sinop Universitesi, Fen Bilgisi Egitimi, Biyoloji Laboratuvarinda
yapilmistir. Denemeler 27 + 2 ve 4°C, %65 + 5 bagil nem ve devamli karanlik sartlarinda yapilmistir. Larvalar olusmaya
basladiktan sonra tartilarak agirliklarina goére 3 gruba ayrilmigtir. Gruplara ayrilan larvalar ayr petrilerde 5, 10, 20, 30
ve 60 giin olmak tizere 4°C’ye soguda maruz birakilmigtir. Sonug olarak, sogukta depolama suresi arttikca deformasyon
yuzdesinin arttigi ve ergin gikis ylzdesinin azaldigi gérilmustir. Ergin agirlidi, pupa agirlidi ve 6mur uzunlugu ise larva
agirliklarina ve soguga maruz kalma siresine bagl olarak degismistir. Kitlesel Uretim yapacak Ureticiler veya
arastiricilarin en iyi kaliteyi ve verimi alabilmek icin larvalarin biyukliklerine dikkat etmeleri 6nerilmektedir.

Anahtar sézcukler: Soguga maruz birakma, deformasyon orani, bocek, bdcek gelisimi, sicaklik, Tenebrio molitor
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Effects of cold storage on the developmental biology of Tenebrio molitor L., 1758 (Coleoptera: Tenebrionidae) at different larval stages

Introduction

Temperature is an important factor affecting the developmental biology of insects, as in all organisms
(Sinclair et al., 2003; Arbab, 2019). Large larvae and pupae of insects are more resistant to adverse climatic
conditions than eggs or young larvae (Gagnea & Coderre, 2001; Khalig et al., 2014; Arbab, 2019). As
temperature decreases, insects lose some of their ability to feed, move and fly. Prolongation of exposure
to cold may cause irreversible loss of these activities (Rathee & Ram, 2018). Costa et al. (2016) found in a
study of eggs and nymphs of Podisus nigrispinus Say, 1832 (Hemiptera: Pentatomidae) that most embryos
died at 5°C storage. They suggested that eggs can be stored at 15°C for a maximum of 15 d.

Being able to store insects at low temperature is important in commercial breeding of insects or
biological control methods (Kim et al., 2015). Insect embryos get the energy required to maintain their
development directly from vitellogenic reserves (Denlinger & Lee, 2010; Chapman, 2013; Klowden, 2013).
When exposed to low temperature, they slow down their metabolic activities and they can survive longer
by means of the reserves they previously stored. Conversely, developmental times are prolonged.
However, if exposure to the cold is prolonged, these reserves are exhausted and eventually they die
(Chown & Nicolson, 2004; Kostal et al., 2004; Colinet et al., 2015). Many studies have found that cold
storage can have negative effects on insect biology. For example, when Trissolcus basalis Wollaston, 1858
(Hymenoptera: Platygastridae) and Telenomus podisi Ashmead, 1893 (Hymenoptera: Scelionidae) pupae
were stored at different temperatures and at different periods (12 and 15°C, 4-7 months), and no adult
emergence was observed at 12°C (Foerster & Doetzer, 2006). In another study, Liu and Tian (1987) found
that when Encarsia formosa was stored between 3 and 12°C, the adult growth rate increased with the
storage temperature.

The larvae of some insects such as Tenebrio molitor L., 1758 (Coleoptera: Tenebrionidae), a species
that damage stored products, are used as livestock feed and even as human food in some countries.
However, the last instar of this insect larvae is also used as feed in aquaculture and poultry breeding
because they contain high quality protein and fat (Li et al., 2013; Shockley & Dossey, 2014; Caliglar, 2017;
Arbab, 2019; Selaledi et al., 2020). The biology of the T. molitor has been well studied and its optimal
conditions are 27°C at >60% RH (Li et al., 2013). According to Li et al. (2014), the egg period lasts 3-9 d,
the larval stage 26-76 d, and the pupal stage 5-17 d. Before emergence, most of the larvae go through
typically 15 to 20 instars (Park et al., 2014). However, developmental rate and size of insects is affected by
factors such as temperature, humidity, light, food and density of samples in breeding tanks (Koo et al., 2013).

Tenebrio molitor stands out as a promising species suitable for mass production among insects.
They are in high demand for use as natural feed sources for poultry and fish. For this reason, producers
keep the T. molitor in the refrigerator until supplied to costumers because cold storage extends the shelf
life of the farmed insects (Levie et al., 2005; Koo et al., 2013; Bovera et al., 2015; Sihyeon et al., 2016).
However, this can cause deformed adults with low egg quality or nutritional value to reach the customers
depending on the length of the waiting period. Also, when the culture is very intense in the laboratory, the
researchers keep the T. molitor larvae or pupae in the refrigerator to study later. This also affects the
parameters of the adults emerging from these larvae or pupae, such as deformed, low quality eggs and
longevity. The use of these adults in other studies may also cause false results. Also, prolonged exposure
time to low temperatures may have negative effects on the life cycle of insects. Especially, it can negatively
affect many parameters such as developmental time, pupal emergence rate, adult emergence time and
deformation percentages (Liu et al., 2014). In order to prevent these negative effects, the biology of the
insect must be well known.

Previously Sénmez & Kog (2019) determined that as exposure of T. molitor pupae to low temperature
increases, the pupal period and deformation rates increase. It is known that resistance to low temperatures
is lower for larvae than for pupae (Punzo & Mutchmor, 1980). Studies on the effects of low temperature
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development of larvae and pupae on rate of pupation, rate of adult emergence and deformation rate of
adult are increasing (Arbab, 2019). How larvae in different larval stages respond to low temperature has
become increasingly important in recent years. In this study, T. molitor larvae of different weight (different
larval instars) were exposed to cold for different periods. The hypothesis tested was that increasing
exposure time to low temperature differentially affects the development of larvae of different weight. Due to
reduced lipid and protein contents, small larvae were predicted to be affected more than medium and large
larvae in terms of pupal period, adult emergence time, proportion of adult emergence and proportion of
adult deformation.

Materials and Methods

Tenebrio molitor cultures were grown at the Sinop University, Biology Laboratory of Science
Teaching Department for five generations were used. Trials were performed at 27 + 2 and 4°C, 65 + 5%
RH. Flour and whole meal flour were used as food in 1:1 ratio. The insects were reared in plastic containers
(30 x 20 x 5 cm). Sawdust was added in the containers to ease movement on the foodstuff. Small pieces
(2 for each container, 4 x 4 x 6 cm) were cut from egg boxes for providing convenience for adults to mate
and lay eggs. The containers were covered to prevent entrance of other invertebrates, but small holes were
opened on the top side to enable gas exchange. Potato was used for humidity (3 x 3 x 3 cm), wrapped into
aluminum foil to prevent contact, moisturizing and decay of the food. The potatoes were changed every 3
d for the food layer not to get moldy. The food layer was adjusted to 4-5 cm thickness. The food was
renewed with intervals of 10 d. The larvae in the old food were separated by using a sifter and they were
transferred on the new food. The containers were checked every day (Figure 1).

Figure 1. Tenebrio molitor rearing containers, experimental study establishment and deformed individuals.

Tenebrio molitor larvae show plasticity in the larval stage. Larval instar number may vary depending
on environmental factors such as nutrients, temperature and humidity (Graham et al., 2000; Morales-
Ramos, 2010; Park et al., 2014). Larval stages are therefore very difficult to distinguish. When selecting
larvae, control groups were used and the methods of Graham et al. (2000) and Park et al. (2014) were
used. While selecting the larvae and determining the instar difference (age), their weights were checked
and the photographs of Park et al. (2014) were used. In the control group, larvae pupated after ~210 mg.
Therefore, larvae larger than 210 mg were not included in the study. The larvae of 180-210 mg were
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included in the study as the last larval instar. Larval weights were limited both because it was difficult to
distinguish larval stages and larvae less than 100 mg were likely to be damaged during transfer (Graham
et al., 2000). Therefore, while small larvae were selected, the larvae under 40 mg were not included in the
trials (Graham et al., 2000; Morales-Ramos et al., 2012, 2015; Park et al., 2014). In order to set a standard,
those lighter than 100 mg were divided into small larvae (7-11™ larval instar), and those heavier than 180
mg were divided into large groups (17-20" last larval instar). Larvae of 100-180 mg (12-16™ instar) were
grouped as medium larvae (Graham et al., 2000; Park et al., 2014).

Larvae were randomly selected and weighed (Radwag AS 220.R2) and divided into three groups
according to their weight. Each of the larvae separated into was exposed to the cold at +4°C for 5, 10, 20,
30 and 60 d in a separate Petri dish with added food (9 x 1.5 cm) (for each cold group: 10 larvae x 10 Petri
dishes x 3 trial groups). The groups whose cold exposure ended were brought to the laboratory where
further experiments were performed (27 + 2°C and 65 + 5% RH). The nutritional conditions given above
were provided until the larvae pupated. The Petri dishes were checked every day. When larvae pupated,
they were weighed. Date was recorded on the day they pupated. Pupae were checked every day and the
date of the adult was recorded. The days between the day they become pupa and the day of adult emergence
were calculated as the adult emergence time. Adult insects were weighed, those with deformation were
identified and placed in separate Petri dishes (with food added) for longevity trials. The day insects died
was recorded. The days between the day of became adult and the day until death was calculated as the
longevity. Deformation was defined as adults without wings, with curved wings or with deformations of
elytra. The deformation rates were determined by dividing the deformed individuals first by the number of
pupae placed in Petri dish. The nutritional conditions as given above were provided. Trials were repeated
three times for each group of larvae (<100, 100-180 and >180 mg). A total of 30 (10 x 3) larvae were used
for each weight of larva groups. For example, for <100 mg cold application of 5 d, a total of 30 larvae were
used, 10 larvae in three replicates. There are six cold groups together with the control groups. A total of
540 larvae were used for the whole study. In the trials, no adult emergence was observed in the <100 mg
larva group that was stored in cold for 60 d only, the all pupae were dead. Therefore, adult weight, adult
emergence time, adult emergence and deformation rate and longevity were not shown in the tables.

Data analysis

All the data were analyzed with the SPSS 21 statistical package program. Descriptive statistics of
the data were given first in the study. Secondly, the normality assumption of the data was checked by the
Kolmogorov-Smirnov test and it was observed that the data were distributed normally (p > 0.05). Analysis
of groups and their interactions was done using generalized linear models (two-way ANOVA). Analysis of
different groups was also investigated by Tukey HSD test. Tukey HSD test was used to determine the
differences among the small (<100 mg), medium (100-180 mg) and large larvae (>180 mg) and their
relationship to each other. Since no adult emergence was observed after pupation in 60-day groups less
than 100 mg, the data in this group were not evaluated, and only five groups were compared and control
groups. Independent t-test was performed for paired comparisons according to larval weights. For statistical
analysis, average data of three trials (10 insects in each trial with three repeats giving 30 insects in total)
for each cold application were obtained.

Results

The differences between the weights of the pupae (Fa,s24 = 2.45, p < 0.001; F2524 = 115, p < 0.001;
Fs,524 = 12.5, p < 0.001) and adults (F4,499 = 11.8, p < 0.001; Fz,400 = 32.4, p < 0.001; Fs,490 = 8.16, p < 0.001)
(including control groups) for small, medium and large larvae stored in the cold for 5-60 d were statistically
significant (Table 1). No adults developed from small larvae stored in the cold for 60 d.
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Table 1. Two-way ANOVA-Tukey HSD test results of the pupal and adult weight obtained from Tenebrio molitor larvae stored in cold
for 5-60 d

Periods of cold storage (d)
5 10 20 30 60 Control

Pupae (mg, mean + SD)

Larval group

<100 mg 144 + 23.2 Aa* 126 + 20.4 Ba 128 + 27.8 ABa 123 +17.5Ba 126 + 23.5Ba 152 +19.6 Ca
100-180 mg 119 + 18.8 Ab 141 £ 16.7 Bb 124 +17.3 Ba 131 +22.8 ABa 132 +19.6 ABa 158 +17.1 Ca
>180 mg 163 £ 26.0 Ac 164 £ 26.7 Ac 165+ 8.8 Ab 151 +15.8 Ab 164 +24.9 Ab 156 + 18.3 Ba

Adults (mg, mean + SD)

<100 mg 122 +16.9 Aa 112 +17.6 Aa 119+ 17.8 Aa 118 + 21.0 Aa — 130 + 14.3 Ba
100-180 mg 100 + 18.3 Ab 117 + 23.0 Ba 109 +15.6 ABb 113 +23.2 ABb 116 + 16.7 Bb 129 + 15.6 Ca
>180 mg 104 +12.6 Ab 143 +19.7 Bb 140 £ 8.4 Bc 123 £ 26.1 Ca 133 £ 16.5 BCa 128 + 13.2 Da

* Means followed by the same uppercases letter within rows or lowercase letter with columns are not statistically significant (p > 0.05).

There was a difference between the emergence times of adults between all larval groups exposed
to cold for 5-60 d (Fa,534 =5.90, p < 0.001; F2,526 = 3.84, p = 0.022; Fs,526 = 8.16, p < 0.001) (Table 2). There
were statistical differences between the proportion of adult emergence compared to the control (Fs,46 = 14.7,
p < 0.001; Fz,46 = 10.3, p < 0.001; Fs,46 = 1.71, p = 0.014) (Table 2).

Table 2. Two-way ANOVA-Tukey HSD test results of the adult emergence time and proportion of adult emergence obtained from
Tenebrio molitor larvae stored in cold for 5-60 d

Periods of cold storage (d)
5 10 20 30 60 Control
Adult emergence time (d, mean + SD)

Larval group

<100 mg 7.3+£0.9 Aa* 6.4+15Aa 7.4+25 Aa 75+08 Aa — 5.9+ 0.6 Ba
100-180 mg 6.8 £0.9 Aa 75+15Ab 7.2+0.8 Aa 7.3+0.7 Aa 9.0+15Bb 5.6+1.6Ca
>180 mg 7.9 £0.8 Aa 75+1.1Ab 6.9+ 1.1Aa 7.6 0.7 Aa 7.0+0.9 Aa 5.0+1.2Ba

Proportion of adult emergence (%, mean + SD)

<100 mg 53.3+15.2 Aa 40.0 £13.2 Aa 35.0+129Ba 25.0x11.7Ca — 94.1+12.4 Da
100-180 mg 41.6 7.6 Aa 45.0 £13.5 Aa 38.3+12.3 Aa 40.0 £18.0 Aa 8.0+ 5.0 Ba 95.2+9.8 Ca
>180 mg 68.3+12.5 Ab 62.6 +6.3 Ab 60.6 + 7.5 Ab 56.3 +10.4 Ab 10.6 £1.5Bb 98.5+13.5Ca

* Means followed by the same uppercases letter within rows or lowercase letter with columns are not statistically significant (p > 0.05).

The differences between the longevity (Fa,524=2.76, p = 0.027; F2,524 = 3.33, p = 0.037; Fs,504 = 1.54,
p < 0.001) and proportion of deformation (Fa,s4 = 148, p <0.001; F2,44=9.53, p <0.001; Fs,44= 112, p<0.001)
between all larval groups were statistically significant (Table 3).

The proportion of deformation increased in direct relationship as the period of exposure to low
temperature. The proportion of adult deformation of adults developing from larvae exposed to cold
increased up to 90% especially for 30 and 60 d (in medium and large larvae).
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Table 3. Two-way ANOVA-Tukey HSD test results of the adult longevity (d, mean + SD) and proportion of adult deformation (%, mean + SD)
obtained from Tenebrio molitor larvae stored in cold for 5-60 d

Periods of cold storage (d)

Larval group 5 10 20 30 60 Control

Longevity (d, mean + SD)

<100 mg 19.2 £5.0 Aa* 16.1 £4.7 ABa 14.0+6.5Ba 141 +3.8Ba — 25.1+6.8 Ca
100-180 mg 15.2+4.8 Ab 14.6 £6.9 Aa 14.2+3.0 Aa 146 4.6 Aa 15.1+4.6 Aa 27.8+3.2Ba
>180 mg 16.1+1.7 Ab 15.6 £7.4 Aa 15.7+£5.6 Aa 16.2+7.3 Aa 16.6 +4.4 Aa 28.2+7.7Ba

Proportion of deformation (%, mean + SD)

<100 mg 32.6 £5.0 Aa 453 +2.5Ba 48.3 +3.5Ba 62.3+5.5Ca — 9.7+3.1Da
100-180 mg 10.6 +2.5 Ab 40.3 £5.0 Bbc 42.3+5.0 Bbc 48.3+2.0Bb 90.6 +4.3 Ca 8.9+43Da
>180 mg 12.1+2.0 Ab 30.3+4.3Bc 33.1+15Bc 45.6 +3.7Cb 92.3+2.5Da 7.3+3.7Ea

* Means followed by the same uppercases letter within rows or lowercase letter with columns are not statistically significant (p > 0.05).

Discussion

This study showed that as duration of cold exposure increased, especially in adults the proportion of
deformation increased. In addition, the weights of pupa and adult obtained from the larvae in cold storage
changed as the storage period increased. Although, no change was observed in the adult emergence time
groups except for the 60-d-cold group and the control. The proportion of adult emergence was clearly lower
in the 60-d-cold group. In terms of longevity, only the small larva group was affected and all groups were
found to be significantly different from the control. Therefore, the initial hypothesis was confirmed that
proportion of deformation increases with cold storage time. Although food was placed in Petri dishes during
the cold storage process, the larvae remained inactive and either stopped feeding completely or fed only a
little. However, the larvae were returned to laboratory conditions after cold storage recommenced feeding.
For this reason, the survival of these larvae during and after cold storage depends on the proteins and lipids
they can store for surviving the cold storage period. The data obtained and the increase in the deformation
rate in parallel with the cold storage time show that long-term storage affects these reserves considerably
(Graham et al., 2000; Kalyoncu et al., 2005; Geng et al., 2019).

In the study of Sonmez & Kog¢ (2019), it was determined that the adult emergence times were
prolonged as the time of cold exposure of the pupae increased. The proportion of deformation in emerged
adults increased with duration of cold exposure. Adult weights did not change, while adult emergence rate
decreased. The proportion of adult emergence of adults decreased and the deformation rate of emerging
adults increased with the exposure to low temperature. However, as the exposure time to cold increased,
there was a tendency was for no change in adult emergence time except when compared to control.
Therefore, from a mass production point of view, larvae are more tolerant to low temperature exposure than
pupae (Ludwig, 1956; Punzo & Mutchmor, 1980; Riberio, 2017). In other words, it is evident from this study
that larvae kept in cold are more resistant than those kept in the pupal stage (Paul et al., 2017). According
to S6nmez & Kog (2019), these differences in the proportion of adult emergence and adult emergence time
could indicate a positive correlation between the lipid content stored by the larvae in their bodies and their
tolerance to low temperatures (Chown & Gaston, 2010; Mitchella et al., 2017). Especially the proportion of
adult emergence of the large larvae was higher than others (for example, when 5 d cold storage, small,
medium and large larvae were compared). Therefore, large larvae have more stored lipids and use it for
pupa formation, and have a greater tolerance to low temperatures (Packer & Corbet, 1989; Smith, 2002;
Beukeboom, 2018). Since smaller larvae store less lipids, it has been reported that the generations from
these may cause a decrease in fecundity and longevity, and delays in development (Mirth & Riddiford, 2007).
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Acclimation is an adaptation to temperature changes and can cause deformations in some insects.
Insects develop different adaptations to survive at low temperature. One of these is water loss, which
reduces changes in biology at low temperatures (Punzo & Rosen, 1984; Taskin & Ergin, 2013; Mitchella et
al., 2017). In the present study, it was determined that as the exposure time of the larvae to low temperature
increases, the proportion of adult deformation increases in direct proportion. Especially in medium and large
larvae, the proportion of deformation in larvae exposed cold for 60 d has increased up to 90% (Table 3). It
was determined that all pupae obtained from the small larvae that were exposed to cold for 60 d died and
no adult emergence. It can be argued that the group most resistant to cold in terms of the resulting
proportion of adult emerging was the large larvae. However, the deformation proportion of the emerging
adults also increased as the duration of exposure to cold increased. The high resistance of medium and
large larvae to low temperature is probably enabled by the lipids and proteins stored by the insect during
embryological development, and allows the larval stage to reach adult. However, the rate of deformation of
adults may be due to their inability to resist dehydration due to the period of time at low temperature (Punzo
& Rosen, 1984; Selaledi et al., 2020). Large larvae appear to be more tolerant of low temperatures because
they contain more lipids and proteins, but the emerging adult will not be able to have a healthy life because
of higher deformation rates.

Kalyoncu et al. (2005) exposed the pupae of Galleria mellonella L., 1758 (Lepidoptera: Pyralidae) to
cold and found that the adults obtained from these pupae were small and some of them had curved wings.
Pupae hatching percentage decreased depending on application time. Smith (2002) found that Nicirophorus
investigator (Zetterstedt, 1824) (Coleoptera: Silphidae) adults that spent the winter as larvae were larger
than those that spent the winter as adults and had higher survival rates. Geng et al. (2019) found that when
Phyllonorycter ringoniella Matsumura, 1931 (Lepidoptera: Gracillariidae) egg, larva and pupa were cold
stored (4°C, 0-105 d), the highest deformation rate was observed in those in the pupal stage. The
deformation rate increased in direct proportion to the duration of exposure to low temperature. Similar to
the present study, in a study conducted with T. molitor, Graham et al. (2000) separated the larvae by their
weight: 11-13, 100-120 and t>190 mg. They found that exposed the larvae to 4°C for 4 weeks, thermal
hysteresis proteins increased regardless of the larval size, but growth and development continued. In
addition, they found that in the pupal stage, these proteins decreased twentyfold, and development and
growth stopped. For this reason, it may be more appropriate for T. molitor to keep larvae of >180 mg rather
than pupae. Also, adult deformation rates should be taken into account and larvae should not be kept for
more than 20 d in the cold. Temperature changes can also affect the longevity of insects. In a study they
conducted on Trichogramma evanescens Westwood, 1833 (Hymenoptera: Trichogrammatidae), Karaborkli
& Ayvaz (2007) stored egg, larvae and pupae at 4°C for 10, 20, 30 and 40 d. As the exposure time
increased, the number and longevity of adults obtained from all stages significantly decreased. In the
present study, the proportion of adults and longevity decreased with storage period, especially for small
and medium larvae. Ayvaz & Karabdérkli (2008) found the mortality close to 50% after 6 weeks and 100%
after 10 weeks in Ephestia kuehniella Zeller, 1879 (Lepidoptera: Pyralidae) exposed to 10°C for 1-10 weeks.
In the present study, small larvae, in particular, could not tolerate 60 d of cold storage and there was no
adult emergence. Adults obtained from medium and large larvae exposed to cold for only 5 d had shorter
survival than small larvae. While the longevity of small larvae decreased as cold exposure time increased,
no change was observed between medium and large larvae (Mirth & Riddiford, 2007). Gulel (1982) found
that the lifespan of Dibrachys boarmiae Walker, 1863 (Hymenoptera: Pteromalidae) adults kept at 4°C for
15d increased, whereas Apanteles galleria Wilkinson, 1932 (Hymenoptera: Braconidae) adults died at 6°C.
In contrast, adults of Panolis flammea (Denis & Schiffermiller, 1775) (Lepidoptera: Noctuidae) emerging
from the pupa exposed to 2°C for 5-20 d had decreasing longevity with increased exposure (Leather, 1990).
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Tunca et al. (2014) studying Venturia canescens Gravenhorst, 1829 (Hymenoptera: Ichneumonidae)
found that the decrease in temperature and extended storage time (5, 10 and 15°C for 1, 3, 5, 7 and 15 d)
did not affect longevity or adult weight. A study conducted by Tunca et al. (2014) gave similar results in
terms of longevity and adult weight. Low temperature exposure of larvae can directly affect the size of
pupae and adults (Mirth & Riddiford, 2007; Arbab, 2019). Insects consume lipids when kept at low temperatures,
which can result in weight loss (Nurullahoglu & Kalyoncu, 2000). In the present study, it was determined that
the weight of pupae obtained from small larvae decreased compared to the control group. It was found that
adults decreased compared to the control group, but no change was observed between the cold treatment
groups. Temperature changes affect the life cycles of insects and vary according to their developmental
stages (Ludwig, 1956; Bowler, 1967; Mirth & Riddiford, 2007; Costa et al., 2016; Mitchella et al., 2017;
Arbab, 2019). This may be due to an increase in weight with the increase in tolerance to low temperature,
as well as an increase in lipid storage (Mitchella et al., 2017; Paul et al., 2017; Beukeboom, 2018).

Conclusions

Tenebrio molitor larvae or pupae are typically cold stored during laboratory studies or during
commercial mass production when the population has reached the desired density. However, low storage
temperature and long exposure times will change the biology of this insect. Such exposure will particularly
increase the number of deformed insects. Given that the amount of protein and lipid stored in larvae will
decrease during cold storage, it may not be appropriate to use cold-stored insects in biological studies or
as a commercial live-feed product. In this study, it was determined that as the storage period increases, the
proportion of deformation particularly increases, and the weight of pupae and adults is decreases
particularly for small larvae. Consequently, producers or researchers need to pay attention to the size of
the larvae in order to obtained the best quality product and highest yield. Therefore, it is recommended that
larvae are not stored for more than 20 d. Future studies should also investigate to what extent eggs of T.
molitor are affected by low temperature exposure.
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Status of the invasive mosquito species Aedes aegypti (L., 1762) and
Aedes albopictus (Skuse, 1895) (Diptera: Culicidae) in Turkey?

isgalci sivrisinek turleri Aedes aegypti (L., 1762) ve Aedes albopictus (Skuse, 1895)
(Diptera: Culicidae)'un Turkiye’deki durumlari

Berna DEMIRCI?* Hilal BEDIR3 Murat OZTURK* M. Mustafa AKINER?
Abstract

Aedes aegypti (L., 1762) and Aedes albopictus (Skuse, 1895) (Diptera: Culicidae) are important vectors of
arboviruses. In Turkey, Ae. albopictus eggs were detected in the Thrace area of northwestern Turkey for the first time
in 2011. In 2015, studies revealed the spread of Ae. albopictus and the first detection of Ae. aegypti within northeastern
Turkey was reported. This paper reports the results of a survey of the presence and distribution of Ae. albopictus and
Ae. aegypti in Turkey conducted over 5 years. As of 2019, monitoring studies were conducted on the presence of Ae.
albopictus and Ae. aegypti in five geographical regions (Black Sea, Central Anatolia, Marmara, Mediterranean and
Aegean Regions). A comprehensive range of potential larval habitats, such as tires, artificial containers, cemeteries,
water bottles and natural breeding habitats, were assessed. In addition, standard ovitraps and adults’ traps were used
in some localities. This study showed that Ae. albopictus, in particular, expanded its distribution each year and has the
potential to extend its range throughout Turkey over the next few years. In Turkey, the distribution of Ae. aegypti is
currently limited to northeastern Turkey. Future work focused on determining more effective surveillance and control
studies is discussed.

Keywords: Aedes aegypti, Aedes albopictus, breeding habitats, mosquito ecology, vector control
Oz

Aedes aegypti (L., 1762) ve Aedes albopictus (Skuse, 1895) (Diptera: Culicidae) bir¢cok arboviriist tasiyan ¢cok
o6nemli vektorlerdir. Turkiye’de Ae. albopictus yumurtalari ilk defa 2011 yilinda Tirkiye’nin kuzeybatisinda bulunan
Trakya’da tespit edilmistir. 2015 yilinda ise yapilan galismalarla, Ae. albopictus’'un yayilimini geniglettigi ortaya
cikarilmis ve Ae. aegypti turii de Turkiye’nin kuzeydogusunda ilk defa tespit edilmistir. Bu ¢calisma Ae. albopictus ve
Ae. aegypti’nin Turkiye’de 5 yil boyunca yayihm ve dagilimlarina dair bulgular veren ilk ¢galismadir. 2019 yili itibariyla
Ae. albopictus ve Ae. aegypti'nin varligini tespit etmek icin 5 cografi bélgede (Karadeniz, i¢ Anadolu, Marmara, Akdeniz
ve Ege Bolgeleri) ¢alismalar yapilmistir. Calismada lastikler, yapay konteynerler, mezarliklar, su siseleri ve dogal
Ureme habitatlar gibi tum potansiyel larva treme alanlari kontrol edilmistir. Ayrica bazi alanlarda ovitrap ve ergin
tuzaklar da kullanilarak 6rneklemeler yapiimistir. Sonuclar, Ae. albopictus’un her yil yayilimini arttirdigini ve gelecek
yillarda tim Turkiye’de yayllma potansiyeli tagidigini gostermistir. Aedes aegypti’'nin yayihmi ise simdilik sadece
kuzeydogu ile sinirli kalmistir. Gelecekte yapilabilecek daha efektif siirveyans ve kontrol galismalari da tartisiimistir.
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Status of the invasive mosquito species Aedes aegypti (L., 1762) and Aedes albopictus (Skuse, 1895) (Diptera: Culicidae) in Turkey

Introduction

The yellow fever mosquito, Aedes aegypti (L., 1762) (Diptera: Culicidae), originated in Africa where
a domestic form arose through a single sub speciation event and spread throughout the rest of the
subtropical world via human movement and trade. While it established throughout southern Europe during
from the late eighteenth to the mid twentieth centuries, the mosquito inexplicably disappeared from the
Mediterranean, Black Sea and Macaronesian biogeographical regions (Canary Islands, Madeira and the
Azores) (Schaffner & Mathis, 2014). Aedes aegypti has since colonized Madeira (Almeida et al., 2007),
reappeared in Georgia and southern Russia (Krasnodar Krai and Abkhazia) (Yunicheva et al., 2008) and
has been reported in the Netherlands (Scholte et al., 2010) and Turkey (Akiner et al., 2016).

The Asian tiger mosquito, Aedes albopictus (Skuse, 1895) (Diptera: Culicidae) has a widespread
distribution that includes both temperate and tropical climates. However, the mosquito is native to
subtropical and tropical parts of Southeast Asia, and has spread to many regions including Africa, Europe,
the Middle East and America due to international human travel and the transportation of used tires
(Knudsen, 1995; Mitchell, 1995). Aedes albopictus has been reported in over 20 European countries and
is considered the most settled invasive mosquito species in Europe (Medlock et al., 2015).

Aedes aegypti and Ae. albopictus are vectors of several important arboviruses. Aedes aegypti is
known to be an efficient vector of several arboviruses including chikungunya virus (CHIKV), yellow fever
virus (YFV), Zika virus (ZIKV) and dengue virus (DENV). Ae. albopictus has a wide host range, and provides
important bridge vectors for zoonotic pathogen spread between humans and other hosts. Additionally,
studies performed on Ae. albopictus specimens collected from several locations in Black Sea region of
Turkey during 2016-2017 revealed the presence of West Nile virus (WNV), Aedes flavivirus (AEFV) and
cell fusing agent virus (CFAV) within the species (Akiner et al., 2019).

Aedes albopictus eggs were detected for the first time in 2011 in the Thrace area of northwestern
Turkey by Oter et al. (2013). Additional monitoring was conducted in northeastern Turkey and Georgia in
September 2015 to get information about the dispersion of these invasive Aedes species (Akiner et al.,
2016). Knowledge regarding the ecological and behavioral attitudes of mosquito populations is important
for enhancing our understanding of the transmission dynamics of mosquito-borne diseases and for
developing more efficient vector control programs. Studies of these two invasive species have increased
worldwide. Here, we present the results of five years of surveillance of the presence and spread of Ae.
albopictus and Ae. aegypti and assess their ecological adaptability in Turkey. Additionally, we discuss the
future direction of research and promising control strategies with the potential to be employed throughout
the country to minimize harmful effects of the vector of humans.

Material and Methods

Aedes aegypti and Ae. albopictus were monitored throughout 2016 and 2017 along the entire Black
Sea coastline, which includes Black Sea and Marmara Regions (Figure 1). The Black Sea has a temperate,
oceanic climate, warm-wet summers and cool to cold-wet winters (Sensoy et al., 2008). The coast areas
of the Black Sea Region have the greatest annual rainfall, receiving 2,200 mm rainfall annually (Sensoy et
al., 2008). The Marmara Region and Istanbul have transitional climates, with warm, hot and moderately dry
summers and cool to cold, rainy winters (Sensoy et al., 2008). However, in the winter temperatures can
drop below zero. The Black Sea Region, in particular, has large tire dumps that provide ideal breeding sites
for Aedes species. Additionally, tires ideal for providing breeding sites for these invasive species have been
used as building materials to make handmade elevators that are used to carry tea leaves from hills and for
garden beds within yards. Finally, in order to determine potential spread of the two species to other major
touristic localities, such as in Antalya, Ankara and Izmir, surveillance studies were expanded to the Central
Anatolia, Mediterranean and Aegean Regions in 2018 and 2019 (Figure 1). Central Anatolia has a semiarid
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continental climate with hot, dry summers and cold, snowy winters whereas the Mediterranean and Aegean
Regions have hot, dry summers and mild, rainy winters. Additionally, depending on the precise location
considered, precipitation varies from 580 to 1,300 mm annually in Mediterranean and Aegean Regions
(Sensoy et al., 2008).

Figure 1. 2015-2019 surveillance area. Green: 2015 surveillance area (East Black Sea Region); Yellow: 2015-2016-2017 surveillance
area (West Black Sea and Marmara Regions); Red: 2015-2016-2017-2018 and 2019 surveillance area: (Aegean, Mediterranean
and Central Anatolia Regions). ARM: Armenia; BGR: Bulgaria; GE: Georgia; GRC: Greece; IRQ: Irag; IRN: Iran.

A comprehensive range of larval habitats, such as tires, artificial containers, cemeteries, water
bottles and natural breeding habitats, were examined and larvae were collected using a dipper or pipette.
In addition, adults were collected using human landing catch (HLC) and BG-Sentinel™ traps in some
localities. HLC included two adults with mosquitoes collected after landing on their exposed legs with a
Hepa Filter Mouth Aspirator. Collections were performed for 10 min on one day per month from May to
October 2017 to 2019. The BG sentinel traps (with BG-Lure) were placed on the ground with the trap mouth
opening positioned 40 cm above the ground. The traps were operated for 24-h once a week from May to
October 2017 to 2019. In addition, ovitrap surveillance was conducted 5 days per month from May to
November 2017 to 2019. Black plastic cups (1 L) filled with water were used as ovitraps. The ovitraps were
lined with a strip of filter paper along the water margin where female Aedes species could lay their eggs.
All collected ovitraps were brought back to laboratory and allowed to develop to adults under standard
laboratory conditions at 25°C and 65 * 20% RH. The HLC, BG-Sentinel™ traps and ovitraps sampling
locations and coordinates are given in Tables 1 and 2. Sampling was performed on private land after
obtaining permission of the owners. Sampling locations were georeferenced using GPS and the type of
containers from which the species were collected were recorded. The morphological identification of
species was performed microscopically and selected samples were confirmed molecularly. Morphological
identification of larvae and females was performed using the interactive CD of Schaffner et al. (2001).
Molecular confirmation was obtained by the amplification of the cytochrome ¢ oxidase | (COI) gene using
LCO1490 and HCO2198 primers (Folmer et al., 1994). Twenty females Ae. albopictus and four females
Ae. aegypti from different sampling locations were used for molecular confirmation.
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Results
Aedes aegypti and Aedes albopictus distribution

In total, 33,580 larval stages of Ae. albopictus and Ae. aegypti were collected over the 5 years. The
COl barcoding was used for confirmation of species identification and the maximum likelihood method,
based on a general time reversible model, was used to infer the evolutionary history (Nei & Kumar, 2000).
The tree with the highest log likelihood (-1090) is shown in Figure 2. The percentage of trees in which the
associated taxa clustered together is shown next to the branches. A maximum composite likelihood
approach was used with performing the BioNJ method to obtain initial trees for the heuristic search.
Modeling the evolutionary rate differences between sites [(4 categories (+G, parameter = 0.802)] were
performed with a distinct gamma distribution. The rate variation model allowed for some sites to be
evolutionarily invariable ([+1], 33.1% sites). The tree is drawn to scale, with branch lengths as the number
of substitutions per site. The analysis involved 28 nucleotide sequences. Codon positions included were
the first, second, third and noncoding positions. There was a total of 599 positions in the final dataset.
Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2015).

Istanbul Tuzla 1
Istanbul Tuzla 2
Sakarya 2
Sakarya 1
Istanbul Rumeli 2
Istanbul Rumeli 1
Rize 2

Rize 1

Kocaeli 2
Kocaeli 1

g | Istanbul Buyukada 2

Istanbul Buyukada 1

Trabzon 2

Trabzon 1

Kirklareli 2

Kirklareli 1

Artvin 2

MK395318.1 Aedes albopictus
MM299019.1 Aedes albopictus
lzmir 1

I Artvin 1

lzmir 2
Artvin 1ae
Artvin 2ae
MMN293016.1 Aedes aegypti
g MN299014.1 Aedes aegypli

Rize 1ae

Rize 2ae

—
0.020

Figure 2. Molecular phylogenetic analysis by maximum likelihood method. The sequences obtained in mosquito species in this study

are given with the name of sampling locations and numbers. Reference sequences are shown with GenBank accession
number and species.
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The distribution of Ae. albopictus and Ae. aegypti in northeastern Turkey in 2015 are shown in Figure
3. Aedes albopictus was found in 21 (34%) out of 62 monitored areas, Ae. aegypti was found 8 (13%) and
both Ae. albopictus and Ae. aegypti were identified in three sites (5%). In all locations in which both species
were identified, Ae. albopictus was the most abundant.

positive
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Figure 3. Distribution of Aedes albopictus and Aedes aegypti in northeastern Turkey in 2015. Blue triangles; monitored sampling sites,
yellow circles; positive sampling sites for Ae. albopictus and green circles; positive sampling sites for Ae. aegypti.

The distribution of Ae. albopictus and Ae. aegypti in 2016 and 2017 are shown in Figures 4 and 5,
respectively. In 2016, Ae. albopictus was found in 53 (33.8%) and Ae. aegypti was found in 21 (13.4%)
sites monitored and the both species were identified in 4 (2.5%) of the 157 total sites monitored. In 2017,
Ae. albopictus was found in 208 (51.2%) and Ae. aegypti in 29 (7.1%) monitored sites and both species
were identified from 28 (6.9%) of 406 monitored sites.
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Figure 4. Distribution of Aedes albopictus and Aedes aegypti in northeastern Turkey in 2016. Blue triangles; monitored sampling sites,
yellow circles; positive sampling sites for Ae. albopictus and green circles; positive sampling sites for Ae. aegypti.
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Figure 5. Distribution of Aedes albopictus and Aedes aegypti in northeastern Turkey in 2017. Blue triangles; monitored sampling sites,
yellow circles; positive sampling sites for Ae. albopictus and green circles; positive sampling sites for Ae. aegypti.

In 2018 and 2019, mosquito sampling areas were expanded, and surveillance also included Central
Anatolia, Aegean and Mediterranean Regions. Aedes albopictus was identified in three geographical
regions (Black Sea, Marmara and Aegean) whereas Ae. aegypti was only found in northeastern Turkey.
The distributions of Ae. albopictus and Ae. aegypti in 2018 and 2019 are shown in Figures 6 and 7,
respectively. In 2018, Ae. albopictus was found in 234 (36.9%) and both Ae. albopictus and Ae. aegypti
were found together in 7 (1.1%) of 635 monitored sites. In 2019, Ae. albopictus was found in 457 (65.3%)
and both Ae. albopictus and Ae. aegypti were found together in 9 (1.3%) of 700 monitored areas.

BGR BLACKSEA

AEGEAN -

GRC MEDITERRANEAN

Figure 6. Distribution of Aedes albopictus and Aedes aegypti in northeastern Turkey in 2018. Blue triangles; monitored sampling sites,
yellow circles; positive sampling sites for Ae. albopictus and green circles; positive sampling sites for Ae. aegypti.
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Figure 7. Distribution of Aedes albopictus and Aedes aegypti in northeastern Turkey in 2019. Blue triangles; monitored sampling sites,
yellow circles; positive sampling sites for Ae. albopictus and green circles; positive sampling sites for Ae. aegypti.

Adult collection was standardized in some localities during 2017 to 2019 and number of adults were
collected using HLC, BG-Sentinel™ and also number of eggs collected using ovitraps and number of adults
emerged from eggs are given in Tables 1 and 2.

Table 1. Human landing catch, BG-Sentinel™ traps and ovitraps sampling locations and coordinates for Aedes albopictus and number
of adults emerged from eggs

2017 2018 2019
Sampling Sites Coordinates OVI (eggs) HLC QVI (eggs) HLC OVI (eggs) HLC
Hopa Automobile Industrial 41°25'42" N
Estate (BSR) 41°26'00" E 2511 511 2390 501 4410 340
. 41°21°01" N
Arhavi (BSR) 41917'54" E 3386 219 3253 183 4830 127
41°16'34" N
Findikl (BSR) 41°08'49" E 2836 110 2703 75 7223 70
. 41°10'37" N
Hamidiye (BSR) 40°57'14" E 1661 141 1559 82 2984 93
. 40°54'44" N
Surmene (BSR) 40°06'53" E 1256 196 1162 155 1366 161
Trabzon Automobile 40059'53" N
Industrial Estate (BSR) 39°45'13" E 1740 120 1662 88 2016 104
; 40°56’07" N
Istanbul Kartal (MR) 29010'46" E 5150 226 4828 181 4672 176
) . N 41°11'05" N
Istanbul Rumeli Kavagi (MR) 20°03'38" E 5487 253 5320 213 4909 215
R . 41°57'35" N
Kirklareli Begendik (MR) 28901'12" E 5125 172 4918 151 5248 154
T 38°48'03" N
Izmir Aliaga (AR) 27903'19" E 4843 176 4661 161 4515 158
Total 33995 2124 32456 1790 42173 1598
Number of adults emerged 30935 29632 38124
from eggs (90.9%) (91.3%) (90.3%)

"HLC, human landing catch; OVI, ovitrap; BSR, Black Sea Region; and MR, Marmara Region.
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Table 2. Human landing catch, BG-Sentinel™ traps and ovitraps sampling locations and coordinates for Aedes aegypti and number
of adults emerged from eggs

2017 2018 2019
Sampling Sites Coordinates OVl (eggs) HLC BG OVI(eggs) HLC BG OVi(eggs) HLC BG
Hopa Automobile 41°25'42" N
Industrial Estate (BSR) 41°26'00" E 2511 511 2390 501 4410 340
) 41°21°01" N
Arhavi (BSR) 41°17'54" E 3386 219 3253 183 4830 127
41°16'34" N
Findikli (BSR) 41°08'49" E 1226 38 12 848 24 9 1040 32 17
41°10'50" N
Pazar (BSR) 40°52'56" E 1223 50 16 1020 37 22 1065 42 22
Total 4335 168 57 2932 111 50 3637 138 66
Number of adults 3641 2500 3033
emerged from eggs (84%) (85.2%) (83.4%)

"HLC, human landing catch; OVI, ovitrap; BG, BG-Sentinel trap; BSR, Black Sea Region; and MR, Marmara Region.
Larval habitats assessed at each location

By 2019, a total of 700 potential breeding sites has been examined throughout four geographical
regions spanning Turkey. Of these, 466 (66.6%) were determined to be infested with immature Aedes spp.
Aedes albopictus and Ae. aegypti were found in association with several other mosquito species. These
include Anopheles plumbeus Stephens 1828, Anopheles claviger (Meigen, 1804), Culex territans Walker
1856, Culex pipiens Linnaeus 1758 and Aedes geniculatus (Olivier, 1791). These positive breeding sites
were distributed into four groups, as follows: used tires, natural areas and mixed breeding sites such as
discarded water bottles, flower pots, drainage pipes and closets. Used tires were the abundant potential
breeding site studied (88.6%), followed by mixed breeding sites (7.7%) and natural breeding sites (3.6%)
(Table 3). Photos of breeding site types are given in Figure 8.

Table 3. Larval breeding containers and their characteristic

Region Discarded tires Natural Mixed Total

13 (2.8%) discarded containers)

15 (3.2%) 5 (1.2%) (flower pots)
Black Sea 391 (83.9%) (temporary breeding 2 (0.4%) (thrown closets) 433 (92.9%)
habitats) 5 (1.1%) (water bottles)

2 (0.4%) (drainage pipes)

4 (0.9%) (discarded containers)

Marmara 22 (4.7%) (trzeéoh‘::&) 2 (0.4%) (drainage pipes) 32 (6.7%)
2 (0.4%) (water bottles)

Mediterranean 0 0 0 0

Aegean 0 0 1 (0.2%) (water bottle) 1 (0.2%)

Total 413 (88.6%) 17 (3.6%) 36 (7.7%) 466 (100%)
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Figure 8. Representative examples of breeding habitats for Aedes mosquitos. Breeding site types including temporary (natural)
breeding habitats (a), discarded tires (b-d) and mixed breeding habitats (e-h).

Discussion

This is the first study that has performed the widespread profiling of the geographical distribution and
prevalence of Ae. albopictus and Ae. aegypti mosquitoes in Turkey since both species were reported in
2011 and 2015, respectively. The study revealed that the most infested areas are settlements, permanent
populations of the species were detected for the first time (northeastern Turkey) and Ae. albopictus has
been identified in several areas where it was not determined to be present previously. However, the
distribution of Ae. aegypti in Turkey remains limited to northeastern Turkey.

Our study reveals the coexistence of Ae. albopictus and Ae. aegypti within the same larval sites.
However, a decrease in the distribution of Ae. aegypti was observed after 2017. It seems the species has
become scarce within areas where it previously had been detected. The distribution of Ae. albopictus is
much wider than that of Ae. aegypti. Although environmental factors such as vegetation and climate may
be responsible for observed differences between the prevalence of the two species, difference may also
be a result of competition between the species. While the coexistence of the two species has been
documented within the same larval developmental areas (Braks et al., 2003; Simard et al., 2005; Chen et
al., 2006), a competitive advantage for Ae. albopictus over Ae. aegypti has been suggested in several
studies (O’Meara et al., 1995; Barrera, 1996; Daugherty et al, 2000; Juliano et al., 2002, 2004; Lounibos
et al., 2002). Aedes albopictus appears to have a great degree of environmental plasticity, which facilitates
the adaptation of the species to different environments (Hawley, 1998). Kobayashi et al. (2002) showed
that Ae. albopictus can synthesize large amounts of lipids, which provides substantial yolk resources to the
eggs in diapause which facilitated the enhanced adaptation of the species to cooler climates than Ae.
aegypti and increased the capacity of Ae. albopictus to distribute throughout both temperate and tropical
regions. Also, Otero et al. (2006) showed that Ae. aegypti eggs have elevated mortality rates when exposed
to frost during intense winters. However, while both species have desiccant-resistant eggs, Ae. aegypti is
more tolerant to elevated temperatures than Ae. albopictus, and thus, Ae. aegypti is more capable of living
within hot and dry environments than Ae. albopictus, if breeding sites are available (Sota, 1993; Juliano et
al., 2004).

287



Status of the invasive mosquito species Aedes aegypti (L., 1762) and Aedes albopictus (Skuse, 1895) (Diptera: Culicidae) in Turkey

In the present study, used tires, in particular, were identified as sites associated with high detection
rates for invasive Aedes larvae. This is consistent with studies conducted in other countries, including India
(Singh & Rahman, 2013; Vijayakumar et al., 2014) Mexico (Lloyd et al., 1992) and Africa (Simard et al.,
2005; Kamgang et al., 2010; Ngoagouni et al., 2015). This might be due to the fact that discarded tires are
often stored for long periods, which makes them suitable breeding containers for larvae that are not often
disturbed (Snr et al., 2011). Also, the attraction of Ae. albopictus and Ae. aegypti to tires may be associated
with the similarity of tires to natural breeding habitats, such as natural tree holes (Tedjou et al., 2019). Both
sites share similar characteristics including dark color and dark interior, and both provide suitable resting and
oviposition sites. Laboratory-based studies on the oviposition of Ae. albopictus have also revealed that the
species is attracted to black colored jars (Yap et al., 1995). Also, the attachment of eggs to the tires is important
for the protection of Aedes population during the mosquito off season. However, the results showed that
both species have the capacity to adapt to different breeding habitats such as discarded tanks, flower pots
and water bottles, which is similar to reports of mosquito habits observed in other countries (Eritja et al., 2005;
Seidahmed & Eltahir, 2016; Mathias et al., 2017; Stefopoulou et al., 2018). In this present study, tire dumps
and used tires were mainly targeted for sampling to increase the possibility that immature stages of the
species would be found. Also, no biotic/abiotic factors that may have affected the oviposition preferences
of vector species such as water quality, vegetation and microbiota were not examined. Nonetheless, it
remains important to focus on the common occurrence of huge tire dumps throughout the Black Sea Region
and the presence of discarded tires that are used in tea leaf elevators of the eastern Black Sea Region
(Figure 8d). This observation may be useful for raising awareness of the larval habitats of these vector
species and for fighting arboviral diseases. Despite the limitations of the study, it represents the first report
to characterize the presence of Aedes mosquitoes and their preferred breeding habitats in Turkey and to
provide baseline data regarding the presence and distribution of the invasive mosquitoes in Turkey.

Aedes albopictus and Ae. aegypti are known to transmit ZIKV, CHICKYV, YFV, all four DENV
serotypes and are also potential vectors for Venezuelan equine encephalitis virus, Eastern equine
encephalitis virus, Mayaro virus, Potosi virus, Cache Valley virus and La Crosse virus (Fontenille et al.,
1997, Gratz, 2004; Turell et al., 2005; Long et al., 2011; da Moura et al., 2015; Seixas et al., 2018). Studies
also have demonstrated the independent replication and dissemination of DENV and CHIKV when Ae.
aegypti and Ae. albopictus were coinfected with the arboviruses (Vazeille et al., 2010; Nuckols et al., 2015).
Also, its known that Ae. albopictus is able to transmit at least 22 arboviruses, including Rift Valley fever,
Japanese encephalitis, WNV, and Sindbis viruses (Mitchell, 1995; Schaffner & Mathis, 2014; Medlock et
al., 2015; Xia et al., 2018). Laboratory-based studies have revealed the potential of the species to transmit
other arboviruses such as Oropouche, Trivittatus viruses and San Angelo virus (Moore & Mitchell, 1997).
In tropical and subtropical countries, the epidemiology of arboviruses, such as CHICKYV, ZIKV and DENV,
are very different than in Europe due to the existence of the sylvatic cycle between wild animals and
mosquitoes that facilitates year-round viral circulation in tropical/subtropical climates (Diallo et al., 1999).
Due to the lack of this sylvatic cycle, local transmission throughout European countries only occurs when
a competent vector becomes infectious after feeding an imported human case. This occurred throughout
chikungunya fever spread in Italy in 2007, West Nile fever outbreaks in Romania and Greece in 2010 and
regional dengue fever transmission that occurred in France and Croatia in 2010 (Hubalek & Halouzka,
1999; Lanciotti et al., 1999; Tsai et al., 1998; Papa et al., 2011; Lwande et al., 2015). Additionally, a study
performed on Ae. albopictus and Ae. aegypti specimens collected from varied locations throughout the
Black Sea Region of Turkey throughout 2016-2017 possessed WNV, CFAV and AEFV (Akiner et al., 2019).
While there has been reports about imported DENV, CHIKV and ZIKV cases (Yagci Caglayik et al., 2012;
Sezen et al., 2018) and serologically confirmed sporadic exposure to DENV (Erglnay et al., 2010), there
is no information about the local transmission of ZIKV, DENV, YFV or CHIKV in humans in Turkey.
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Over the past 30 years, the global geographical distribution of Ae. albopictus and Ae. aegypti has
greatly expanded, and the effect of climate change on the range of the species has been shown (Romi et
al., 1999; Benedict et al., 2007). Temperature can affect mosquito development and infection rates and
may allow vector species to develop pathogens increasingly rapidly, which may facilitate their spread to
new areas (Chaves & Koenraadt, 2010; Patz et al., 2003). Other effects of climate change, such as
enhanced insecticide resistance, population density, sociodemographic factors, lifestyle, intensive
agriculture, improper water storage and used tire trading, have the potential to affect the spread and
expansion of vectors and pathogens (Gratz, 2004). The control of Ae. albopictus and Ae. aegypti is difficult
and could require a combination of different vector control strategies including chemical, biological and
genetic methods, along with public education strategies that involve informing individuals about health risks
associated with the species and strategies that involve the cleaning or removal of possible larval habitats
(O’Meara et al., 1995; Abramides et al., 2011). It has previously been shown that artificial containers on
private land make up the majority of reproductive sites for Aedes larvae and the reduction of larval breeding
habitats by removing water containers may be the most effective Ae. albopictus control method (Bartlett-
Healy et al., 2012). The temporary suppression of immature Ae. albopictus by reducing larval sources was
first reported in the USA (Ali & Nayar, 1997). The phenomenon was also reported in Spain (Abramides et
al., 2011) New Jersey (Fonseca et al., 2013) and Grand Cayman Island (Wheeler et al., 2009). Involving
the communities in Aedes mosquito control using different public awareness campaigns involving various
communication channels, such as the internet and media, should be combined with the application of
larvicides and adulticides.

In conclusion, our results show that Ae. albopictus, in particular, has expanded its distribution each
year, and has the potential to extend its range throughout Turkey in the next few years. Observed increases
in both mosquito distribution as well as detection of imported virus cases have the potential to produce a
worrying scenario in the future. Unfortunately, the is no current national strategy for reducing populations
and the dispersal of these invasive species in Turkey. Therefore, we strongly recommend the
implementation of appropriate control strategies, which should be managed by local, regional and central
governments. In Turkey, especially in the eastern Black Sea Region, numerous and large tire dumps
currently serve as principal Aedes larval habitats, and urgent solutions are needed to mandate the
removal/recycle of tires. In addition, tourism is very important in the Black Sea Region. Future arbovirus
circulation may be enhanced due to the fact that the majority of tourists that come to the region are of
Arabian origin, and the Arabian Peninsula contains large numbers of some arboviruses. In this sense,
cooperation between the government, researchers, local administrations and policymakers is necessary
for the standardization of invasive Aedes surveillance, for performing integrated control studies (public
awareness, chemical, biological and genetic methods) and for funding countrywide control strategies.
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	Öz
	Entomopatojen nematodlar (EPN) biyolojik mücadelede kullanılan mikroskobik ölçülerdeki yuvarlak solucanlardır. EPN’ler zorunlu böcek parazitleri olup, toprak altında yaşamakta ve toprak kökenli böceklere karşı etkili olmaktadırlar. Uygulamalarının kol...
	Anahtar sözcükler: Vücut uzunluğu, hermafrodit, Heterorhabditis bacteriophora, in vitro, üreme kapasitesi
	Introduction
	Many insect pathogens occur in the phylum Nematoda, but species within the families Steinernematidae and Heterorhabditidae have gained significant importance as biocontrol agents in plant protection. Entomopathogenic nematodes (EPN) are important bioc...
	EPNs can be applied with standard spray equipment used for pesticides, they can resist shear stress, they can be applied simultaneously with many pesticides, and they can be mass-produced to manage with a broad host range (Wright et al., 2005; Garcia-...
	Between 2010 and 2013, several hybrid Heterorhabditis bacteriophora Poinar, 1976 (Rhabditida: Heterorhabditidae) strains were obtained from hybridization of Turkish isolates of H. bacteriophora. Among these strains, HBH had superior genetic traits, su...
	This study aimed to compare the reproduction capacity and hermaphrodite length of HBH hybrid strain with its parents. There may be a positive correlation between body length and ovary size, which can also mean longer individuals have higher reproducti...
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