Heliyon 10 (2024) e30068

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article :.) |

Check for

Mango headspace volatiles trigger differential responses of the i
mango fruit fly Ceratitis cosyra and its parasitoids

Raphael Njurai Miano®“ ", Teun Dekker ”, Egmont Rohwer ¢, Tibebe
Dejene Biasazin ", Shepard Ndlela®, Abdullahi Ahmed Yusuf, Xavier Cheseto?,
Samira A. Mohamed *

2 International Centre of Insect Physiology and Ecology (icipe), P.O. Box 30772-00100, Nairobi, Kenya

Y Unit of Chemical Ecology, Department of Plant Protection Biology, Swedish University of Agricultural Sciences, P.O. Box 102, 230 53, Alnarp,
Sweden

¢ Department of Chemistry, Faculty of Natural and Agricultural Science, University of Pretoria, Private Bag X20, Hatfield, 0028, South Africa

4 Department of Zoology and Entomology, Faculty of Natural and Agricultural Science, University of Pretoria, Private Bag X20, Hatfield, 0028, South
Africa

ARTICLE INFO ABSTRACT

Keywords: Before the introduction of Bactrocera dorsalis (Hendel) to sub-Saharan Africa, Ceratitis cosyra

Trﬁe'“ft‘ffifed mango (Walker) was economically the most important pest in mango farming. Its native natural enemy,

g”trol_’hffis’"teracaon the solitary parasitoid Psyttalia cosyrae (Wilkinson), played a crucial role in C. cosyra bio-control,
arasitoi

later complemented by the exotic parasitoids Diachasmimorpha longicaudata (Ashmead) and Fopius

Psyttalia cosyrae . L
ng-MS T arisanus (Sonan) among Integrated Pest Management (IPM) systems. To understand the in situ
Semiochemical mango-C. cosyra-parasitoid tritrophic interaction, we assessed the responses of the fruit fly and

the three parasitoids to headspace volatiles from various mango conditions. These conditions
included non-infested mature unripe mangoes, C. cosyra-infested mangoes, 7th- and 9th-day post-
infestation mangoes, non-infested ripe mangoes of three varieties (Kent, Apple, and Haden), and
clean air (blank). We also compared the fruit fly’s performance in the mango varieties and
identified the chemical profiles of mango headspace volatiles. Ceratitis cosyra was attracted to
both infested and non-infested mangoes (66-84 % of responsive C. cosyra) and showed superior
performance in Kent mango (72.1 % of the 287 puparia recovered) compared to Apple and Haden
varieties. Fopius arisanus displayed a stronger attraction to the volatiles of C. cosyra-infested
mangoes (68-70 %), while P. cosyrae and D. longicaudata were significantly attracted to the 9th-
day post-infestation mangoes (68-78 %) compared to non-infested mango volatiles. Gas
chromatography-mass spectroscopy showed substantial quantitative and qualitative differences
in volatile profiles among mango treatments. Esters predominated in non-infested ripe, 7th- and
9th-day post-infestation mangoes, while monoterpenes and sesquiterpenes were most dominant
in the other treatments. The in situ experiments underscored varying preferences of the species for
mango headspace volatiles and their subsequent treatments. These results provide valuable in-
sights for further exploration, specifically in identifying the key volatiles responsible for species
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responses, to facilitate the development of applicable selective semiochemicals for managing
species of African fruit fly.

1. Introduction

Frugivorous Tephritid fruit flies pose a significant challenge to the horticultural industry globally [1,2]. Among the Afrotropical
native Ceratitis species, Ceratitis cosyra (Walker) (Diptera: Tephritidae, also referred to as the marula fruit fly), stands out as the most
destructive species affecting mango cultivation in sub-Saharan Africa [3,4]. Although the pest is considered to be polyphagous [5], it
exhibits a marked preference for mango, Mangifera indica L. (Anacardiaceae). Infestation by this pest can lead to mango yield losses of
up to 30 % if left unmanaged [6]. Other high-value fruits vulnerable to attacks by C. cosyra include common guava (Myrtaceae);
custard apples, soursop and Annona muricata L. (both Annonaceae) and Avocado, Persea americana Miller (Lauraceae) [7]. Beyond
direct fruit losses, the implication of C. cosyra infestations extends to export restrictions in quarantine-sensitive markets [8], given its
status as a quarantine pest.

Following the invasion and widespread prevalence of Bactrocera dorsalis (=B. invadens) (Diptera: Tephritidae) [9,10] reports
indicate that C. cosyra has been displaced by the former [11]. Nevertheless, C. cosyra remains a formidable challenge to mango
cultivation due to its adaptability across a wide geographical range. Unlike B. dorsalis, which primarily inhabits low-lying areas,
C. cosyra exhibits a wider altitudinal distribution. While it may have been displaced at lower elevations, it continues to dominate as a
pest in higher elevations. For example, in Kenya, it was reported that C. cosyra is distributed across the country at altitudes from 20 to
2,100 masl [7]. The pest continues to be a major menace to important export mango varieties [12,13]. Furthermore, C. cosyra attacks
an important and highly cherished Marula (Sclerocarya birrea) fruit found in many African countries [4].

In Africa, the management of fruit flies relies heavily on non-sustainable synthetic chemical insecticides, a practice with significant
consequences for One Health [14,15]. Efforts have been made to explore biocontrol management agents of C. cosyra. For example,
certain isolates of Metarhizium anisopliae (Metsch.) have demonstrated high potency against C. cosyra [16]. In laboratory studies,
Psyttalia cosyrae (Wilkinson) (Hymenoptera: Braconidae) exhibited over 40 % parasitism on this pest [17]. However, field parasitism of
C. cosyra by this parasitoid is very low [7]. Following the introduction of Fopius arisanus (Sonan), and Diachasmimorpha longicaudata
(Ashmead) (both Hymenoptera: Braconidae) for biological control of B. dorsalis in Africa [18], these parasitoids formed new associ-
ations with C. cosyra showing outstanding performance and complementing the role of indigenous parasitoids [19]. For example, in a
choice test involving six fruit fly species, C. cosyra was identified as the most preferred and accepted host for D. longicaudata [20].
Another bio-based strategy explored for the control of C. cosyra is the use of host marking pheromone, tripeptide glutathione (GSH)
[21] as an oviposition deterrent. Its application under field conditions resulted in the reduction of C. cosyra infestation by up to 75 %
[22].

However, unlike the other fruit flies of the genus Bactrocera, Anastrepha and Rhagoletis, research on semiochemicals (plants-pro-
duced volatiles) for potential use in suppressing Ceratitis fruit flies (except for Ceratitis capitata (Wiedemann) (Diptera: Tephritidae)) is
scarce. Semiochemicals play various vital roles in the bi and tritrophic, (host plant-herbivores-parasitoid) communication [23,24]. In
tephritid communities, it is well-documented that flies use plant semiochemicals to locate suitable host plants as oviposition sites [25,
26]. Similarly, fruit fly parasitoids exploit host plant volatiles and herbivores-related volatiles for host habitat and host location
[27-29].

Understanding the bi- and tritrophic interaction of fruit flies-parasitoid systems mediated by semiochemicals emitted from infested
and non-infested first trophic levels (fruits) is fundamental for developing sound and sustainable management strategies. While studies
in laboratory settings provide valuable information, investigations conducted in field settings are crucial for a more accurate reflection
of the plant-herbivore-parasitoid interaction in nature. In this context, we have investigated the attraction and subsequent perfor-
mance (in terms of the number of puparia recovered) of C. cosyra on tree-attached mango fruits of different ripening and infestation
stages for three mango varieties (Kent, Apple and Haden). Furthermore, we assessed the response of P. cosyrae, F. arisanus and D.
longicaudata to infested and non-infested fruits of the three mango varieties. Furthermore, we identified changes in volatile chemical
composition following in situ infestation.

2. Materials and methods
2.1. Field experimental mango fruits

This study was conducted in an open field in Kirinyaga County, one of the mango-producing regions in Kenya. A mango orchard
located in Mwea-East Sub-County, (00°41'39.8" S 037°24'26.7" E, 1158 m ASL) was selected for in situ experiments. The orchard
contained various mango varieties, including local varieties (10 trees); Apple mango variety (36 trees); Kent mango variety (13 trees),
Ngowe mango variety (8 trees), Mukarati mango variety (4 trees), Tommy Atkin mango variety (4 trees), Haden mango variety (6
trees), and Van Dyke mango variety (4 trees). Two mango trees of each of the Apple, Haden and Kent varieties, with immature mango
fruits, were identified and exempted from routine mango sprays for use in the trials. To protect the mango fruits from insect pests, they
were enclosed in fine white nets on 20 x 20 x 20 cm frames as elaborated in Miano et al. [13]. This enclosure not only created a
conducive environment with adequate air circulation but also facilitated ease of handling during subsequent mango assessments. Each
cage held a minimum of four mangoes, with a total of at least 32 mangoes secured for each mango variety. Duduthrin 1.75 EC powder,
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containing Lambda-cyhalothrin as an active ingredient (Twiga Chemical Industries Ltd, Nairobi, Kenya), was strewed at the base of
each tree every month to control crawling insects. The tree-attached mangoes that reached non-infested physiological maturity were
used for in situ trials 13,

2.2. Ceratitis cosyra and parasitoid colonies

Ceratitis cosyra, P. cosyrae, D. longicaudata, and F. arisanus were reared from an established colony at the insectary of the Inter-
national Centre of Insect Physiology and Ecology (icipe) (01° 13'25.3" S, 36° 53’ 49.2" E; 1600 m ASL, Nairobi, Kenya). The colony was
maintained at 26 + 2 °C temperature, 50-60 % RH, and a 12:12 h (L: D) photoperiod cycle. The experimental C. cosyra and parasitoids
were reared by first exposing nine ripe mangoes (Apple variety) to 600 C. cosyra adults (3: @ = 1:1) in a Perspex cage (30 x30 x30 cm)
for 4 h. Subsequently, three of the freshly-infested mangoes were exposed for 19 h to egg parasitoid, F arisanus (200 adults; 3: @ ratio =
1:1, aged between 8 and 15 days), for parasitism [13]. The parasitized and non-parasitized infested mangoes were separately incubated
for larvae development. After six days of incubation, a set of three non-parasitized mangoes were separately exposed to adults of
P. cosyrae and D. longicaudata (200 adults; 3: @ = ratio 1:1, aged between 8 and 15 days), contained in Perspex cages (30 x30 x30 cm)
for three days to achieve maximum parasitism. Each Perspex cage featured a fine net-sleeved window (18 cm diameter) for food and
water provision. On the opposite side, a fine white net was mounted to allow air circulation [13]. Upon pupation and eclosion, the
adult flies were separated into cages according to species and the rearing procedure was repeated during the study period. Adult
C. cosyra were fed on a mixture of fine sugar and enzymatic yeast hydrolysate (ratio 3:1), and water using the protocol explained in
Miano et al. [13]. Parasitoids were fed on 70 % Eco honey (icipe, Nairobi, Kenya) and water. The experimental fruit flies and parasitoids
were maintained under room conditions to facilitate easy adoption in the field 3.

2.3. Responses of test insects (C. cosyra, D. longicaudata, F. arisanus, P. cosyrae) to volatiles of C. cosyra-infested and non-infested
mangoes

A two-choice wind tunnel described in Ref. [13] was used to assess the response of C. cosyra and the parasitoids, in situ. Experi-
mental mangoes were placed in mango holders crafted from Perspex glass which had an open oven bag (Lifetime Brands Europe
Limited, KitchenCraft, Birmingham, UK) on top for secure placement of the mangoes. The mango holders were equipped with air inlets
and outlets connected to the two-choice wind tunnel. A vacuum field pump (Analytical Research System Inc. Gainesville, Florida, USA)
was used to pump clean air to each arm of the tunnel at 350 mL min ~! and was drawn from the centre at 700 mL min ~!. Ten females
(either of 8-14 day-old C. cosyra or 8-12 day-old parasitoids, F. arisanus, D. longicaudata, or P. cosyrae) of each test insect species were
randomly selected from cages containing adults (8: @ = 1:1). These individuals were put in releasing vials and allowed to acclimatize
for 10 min. Subsequently, the test insects were released through the insect release point at the centre of the base of the wind tunnel (one
species at a time) and given 20 min to choose. Insects that moved to or beyond the 30 cm mark from the insect release point were
deemed to have chosen while those that remained within the 30 cm mark were considered non-responsive. Seven replicates were
conducted for each insect species’ choice test. To avoid positional bias, the treatment and control arms were changed between runs,
and then clean air was pumped through the apparatus to remove odors from the previous experiment and to stabilize the air flow rate
for 20 min. The two-choice experiment tests for each insect species are displayed in Table 1.

On the oviposition day, considered day one for freshly-infested mangoes (CC1), 15 C. cosyra females (8-14-day old) were randomly
selected from a mixed adult population (&: @ = 1:1). These individuals were released into a holder containing four mangoes and given

Table 1

The two-choice experiment tests which were performed among different treatments of volatiles for each insect species. K = Kent; A = Apple; H =
Haden; NU = physiologically mature non-infested unripe mango; CC1 = Ceratitis cosyra freshly-infested mango; CC7 and CC9 = 7th and 9th-day post-
infestation mango; NR1 = non-infested ripening mango; NR2 = non-infested ripe mango (“X” indicates the two-choice experiment tests performed for
each insect species under the specified conditions).

Test Condition C. cosyra F. arisanus D. longicaudata P. cosyrae
Blank vs Blank X X X X
KNU vs Blank X X

KNU vs KCC1 X X

KCC7 vs KNR1 X X X
KCC9 vs KNR1 X X X
KNR2 vs Blank X X X X
ANU vs Blank X X

ANU vs ACC1 X X

ACC7 vs ANR1 X X X
ACC9 vs ANR1 X X X
ANR2 vs Blank X X X X
HNU vs Blank X X

HNU vs HCC1 X X

HCC7 vs HNR1 X X X
HCC9 vs HNR1 X X X
HNR2 vs Blank X X X X
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20-min to acclimatize before conducting the day’s assays. The insects remained with the mangoes for 11 h. The flies were removed and
placed in a separate cage in the evening. To ascertain oviposition, the mangoes were assessed using a x10 hand lens to detect fruit fly
punctures. The experimental mangoes were returned to the netted cage every day to prevent them from any further attack. On the 10th
day post-oviposition, C. cosyra-infested mangoes were harvested and incubated to assess the reproduction of the fruit fly. Non-infested
mangoes ripened several days after harvesting the infested ones i.e. Kent-15 days, Apple-9, and Haden-11, which made it impossible to
compare the attractiveness of the insects between infested mangoes and non-infested ripe ones.

2.4. In situ collections of tree-attached mango headspaces

In situ, the volatile collection was done simultaneously with behavioral experiments using dynamic headspace trapping (DHT)
systems. The fine netting and cages were removed, and four tree-attached mangoes were placed in an oven bag (Lifetime Brands
Europe Limited, KitchenCraft, Birmingham, UK). Clean humidified air was pumped in and drawn out at 250 mL min ~! using the field
pumps described in section 2.3. Volatiles were trapped for 11 h between 07:00 and 18:00 local time using HayeSep-Q mixed-phase
sorbents (30 mg, copolymers of polydimethylsiloxane-divinylbenzene, PDMS-DVB) that were pre-cleaned with GC-grade dichloro-
methane (DCM). Headspace volatile collections included (i) clean air (an empty oven bag sampled as a method blank); (ii) non-infested
mature unripe mangoes (NU); (iii) C. cosyra freshly-infested mangoes (CC1); (iv) the 2nd-day post-infestation (CC2); (v) the 7th-day
post-infestation (CC7); (vi) the 9th-day post-infestation (CC9); (vii) non-infested ripening mangoes (NR1) and non-infested ripe
mangoes (NR2). After collection, the terminals of HayeSep-Q sorbents cartridges (with their respective headspace volatile organic
compounds) were sealed in Teflon tape (MAAT, UK), wrapped in aluminium foil, and put in a cool box containing dry ice [13] before
transporting to icipe laboratories, Nairobi. The headspace volatiles contained in the sorbent cartridges were eluted in 200 pL of 99.9 %
dichloromethane, via high-purity nitrogen gas, into 2 mL glass vials. The eluents were stored at —80 °C until further analysis. The
sorbent cartridges were then purged with nitrogen gas.

2.5. Chemical analysis of tree-attached mango fruit headspaces

The chemical analysis of tree-attached mango fruit headspaces was done using gas chromatography-mass spectrometry (GC-MS),
on a 7890A gas chromatograph linked to a 5975C mass selective detector (Agilent Technologies Inc., Santa Clara, CA, USA) which was
equipped with an HP-5 MS (5 % phenyl-methylpolysiloxane) 30 m x 0.25 mm ID x 0.25 pm film thickness column. For each headspace
collection, 1 pL of eluent was injected into the splitless mode (270 °C) GC for analysis where helium was used as the carrier gas at a flow
rate of 1.2 mL min~!. The temperature profile was: 35 °C for the first 5 min followed by an increase of 10 °C/min to 280 °C and then
held for 10.5 min. The mass selective detector and the quadrupled temperature were respectively retained at 230 °C and 180 °C, while
the electron impact (EI) mass spectra were obtained at 70 eV. Furthermore, the mass range of 40-550 m/z was used to analyze the
fragment ions in the full scan mode, and the filament delay time was set at 3.3 min. The elution solvent (DCM), blank runs and empty
system collections were similarly analyzed to remove the solvent, column and adsorbent contaminant peaks or peak areas.

For the qualitative identification of compounds, the MS data were compared to those of reference spectra published in the
library-MS databases Chemecol, the National Institute of Standards and Technology (NIST 05, 08, 11), and Adams. The experimental
retention indices (RI) for each of the compounds were also computed using the Van den Dool and Kratz equation of Cs—Cs; straight-
chain alkanes and compared with literature values [30,31]. Some compounds were further authenticated using retention times of
standard run under the same GC-MS conditions (Supplementary Fig. S1).

Quantification of headspace volatiles was achieved using calibration curves of a-pinene and a-humulene (purity >98 %, Sigma-
Aldrich® Solutions, St. Louis, MO) prepared in concentrations ranges between 2.25 and 1000 ng/pl. The equation y = 2036653.8x —
5127153.0; R? = 0.9963 from a-pinene was used to semi-quantify compounds with retention times below 16.0 min, while the equation
y = 1127808.7x — 5512234.2; R? = 0.9991 for a-humulene semi-quantified compounds with retention times equal and above 16.0
min [21,32,33]. The concentrations obtained were converted to ng/mango/hr [13].

3. Statistical analyses

Responses of C. cosyra, F. arisanus, D. longicaudata, and P. cosyrae to headspace volatiles of non-infested (ripe and unripe)
and C. cosyra-infested mangoes: Chi-square goodness of fit was used to analyze behavioral assay data to determine whether the
number of insects that landed on either arm of the olfactometer were statistically different.

Performances of C. cosyra in the three varieties of mangoes: The number of puparia from each variety of the three mangoes was
averaged. Data was then subjected to one-way ANOVA followed by pairwise comparisons using Tukey’s HSD posthoc test in R software
[34].

Chemical profiles of mango headspace volatiles: The identified compounds from each mango treatment were counted and
compared using Pearson’s Chi-square tests followed by Chi-square multi-comparison tests in version 0.9-80 RVAideMemoire () in R
[35].

To determine the distribution normality of volatile release rates, data from mango variety treatments were first compared using the
Shapiro-Wilk test followed by Barlett’s test for homogeneity of variances. Lacking normal distribution, the data were further subjected
to the Kruskal-Wallis non-parametric rank-sum test and the pairwise comparison post hoc Dunn test in R [13,36]. Furthermore,
non-metric multidimensional scaling (NMDS), similarity percentages (SIMPER) analysis, and the one-way analysis of similarities
(ANOSIM) of the Bray—Curtis dissimilarity matrix [37] in Past 3 software [38] were used for comparing the headspace chemical profile
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release rates of the mango varieties.

In addition, to find the variation in the volatile release rate per mango variety, each dataset was separately analyzed using NMDS
and SIMPER, and the top 30 discriminant compounds were visualized using graphs and NMDS biplots. Then the average volatile
release rates of the 30 discriminant compounds were calculated and auto-scaled using the equation y = log;, (x+1, where x represents
the average headspace volatile release rate), and used to draw a differentiation heatmap cluster. To further understand the trend in the
changes of headspace volatiles per mango variety, the average volatile release rates of each common compound across the treatments
were summed up, and the percentage of each to the total was computed as follows (example):

volatile release rate of Xyy

100;
Volatile release rates (XNU + XCCl +ch2 +ch7 +XC(;9 JrXNR] JrXNRz) .

% release rate =

where X represents the relative release rate of a given compound in a treatment, NU represents non-infested unripe, CC represents
C. cosyra infested, 1 = freshly-infested, 2-9 = nth day post-infestation, NR1 represents non-infested ripening, NR2 represents non-
infested ripe.

Results were then visualized in graphs. This was done to figure out how these compounds (especially terpenes which are generally
associated with plant defense mechanisms) change with time as a result of the treatments.

4. Results

4.1. Responses of C. cosyra, F. arisanus, D. longicaudata, and P. cosyrae to headspace volatiles of non-infested and C. cosyra-infested
mangoes

In all three mango varieties, C. cosyra exhibited a significant attraction to volatiles from non-infested unripe mangoes (NU; Kent and
Apple, P < 0.01; Haden, P < 0.05) and ripe mangoes (NR2; P < 0.001) compared to blanks (air) (Fig. 1A, 1 B, and 1 C). Additionally,
C. cosyra showed increased attraction to headspace volatiles from conspecific freshly-infested mango fruits (CC1; P < 0.001 for Kent
and Apple and P < 0.01 for Haden) compared to unripe non-infested mangoes (NU). On the 7th-day post-infestation, volatiles from
infested mangoes were more attractive to C. cosyra (Apple, P < 0.001; Kent and Haden, P < 0.01) Similarly, the attractiveness of
C. cosyra was higher for the 9th-day post-infestation mango headspace volatiles (CC9; Haden-P < 0.01, Apple- P < 0.01 and Kent-P <
0.05) compared to the volatiles of ripening mangoes (NR1; Fig. 1 A, 1 B, and 1 C).

(A) ! X P @ n X P (gn X P

Blankvsblank 27 ] 0 ns 2T ] 005 ns 25 [ ] 015 ns
BankvsNU 39 [T ] 1026 * CT___] 689 * 39 [ 11503 *
NUvscct 61 B 1 1282 = 2188 *= 51 ] 784 ™

E=N
~

56
NRivscc7 52 L] 1017 * s7 __]1797 = s2 11017 **
NRivscco 47 B ] 417 -~ 46 W] 959 = 48 [@__]919 ™
BlankvsNR2 62 [ 2711 == 48 [I____12002 == s0 [[__hes2 ™
BankvsNU 26 [ [ 096 ns 32 [ 253 ns 33 [ 303 ns
NUvscct 40 [T 563 ° 40 [N 423 * 4 [DIm 51 °
Blankvs NR2 40 [ NN 244 ns 48 [ 4 & s [l 423 °
NRivscCc7 33 (NI 303 ns 3 NI 469 * 43 D 233 ns
NRivscco 47 DI 511 ° so [N 528 * 4 I 45
Blankvs NR2 43 [ 456 * 46 [ 213 ns 3 [ 213 ns
NRivscc?7 41 DI 423 ° 33 [N 136 * 3 [ 203 ns
NR1vsCC9 45 (DI 1458 ™ 35 I 752 * 33 DI 56°
BlankvsNR2 48 [ 469 -~ 52 [ 417 * 33 [ 445
100 0 100 100 0 100 100 0 100
Kent mango treatments Apple mango treatments Haden mango treatments

Blank O C. cosyrad F. arisanus B P. cosyrae® D. longicaudata B

Fig. 1. Response (%) of Ceratitis cosyra, Fopius arisanus, Psyttalia cosyrae, and Diachasmimorpha longicaudata to headspace volatiles of (A) Kent, (B)
Apple, and (C) Haden mango varieties (NU = non-infested unripe; NR1 = non-infested ripening; NR2 = non-infested ripe mango; CC1 = day 1 of
C. cosyra infestation; CC7 and CC9 = 7th-day and 9th-day post-infestation mangoes; CC=C. cosyra; n represents the number of responsive insects; P,
the level of significant difference with ns = significantly equal, and *, **, *** = significance differences of P < 0.05, P < 0.01, and P < 0.001,
respectively using the Chi-square goodness of test at a = 0.05).
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For the three varieties of mango, a significant number of female F. arisanus were attracted to headspace volatiles of freshly-infested
mango fruits (CC1; P < 0.05) compared to non-infested unripe ones. Additionally, F. arisanus showed attraction to headspaces of non-
infested ripe Apple (P < 0.01) and Haden (P < 0.05) mangoes compared to blanks-. However, the volatiles from non-infested unripe
fruit (NU) of the three varieties, and non-infested ripe Kent fruit (NR2 Kent), were not attractive to F. arisanus (P > 0.05) compared to
blank (Fig. 1 A, 1 B, and 1 C).

For the indigenous parasitoid, P. cosyrae, a significantly greater number of female wasps were attracted to the 7th-day post-
infestation Apple mango volatiles (CC7; P < 0.05), but not to the 7th post-infestation Kent or Haden mango volatiles (P > 0.05),
when compared to non-infested ripening ones. The volatiles of the 9th-day post-infestation (CC9) of the three mango varieties attracted
P. cosyrae (P < 0.05) compared to the volatiles of their counterpart non-infested ripening mangoes (NR1). The wasps of this parasitoid
were also attracted to non-infested Kent ripe mangoes (NR2; P < 0.05) compared to the blank whereas there was no significant
attraction to non-infested ripe Apple and Haden mangoes (NR2; P > 0.05) when compared to blank (Fig. 1 A, 1 B, and 1 C).

The parasitoids D. longicaudata and P. cosyrae responded equally to headspace volatiles of the 7th-day post-infestation mango of
Apple and Haden varieties compared to their respective non-infested ripening ones (NR1). On the other hand, unlike that for P. cosyrae,
a significantly greater number of D. longicaudata was attracted to headspaces of the 7th-day post-infestation Kent mangoes (CC7; P <
0.05) compared to those attracted to non-infested ripening ones (NR1). Additionally, D. longicaudata was significantly attracted to the
9th-day post-infestation mangoes (CC9; Haden, P < 0.05; Apple, P < 0.01; Kent-P < 0.001) relative to the non-infested ripening (NR1).
Non-infested ripe mango headspaces for the three varieties attracted more D. longicaudata (NR2; P < 0.05) compared to blanks (Fig. 1
A,1B,and 1 C).

As mentioned earlier, infested mangoes detached from the tree quite earlier than the non-infested mangoes, making comparisons of
the responses of test insects to infested versus non-infested mangoes impossible. For example, from the day the infested mangoes were
harvested, non-infested Kent mangoes took 15 more days to ripen, while Apple took 9, and Haden took 11 days, which made it
impossible to compare the attractiveness of the insects to the infested and non-infested ripe mangoes.

4.2. Performances of C. cosyra in the three varieties of mangoes

The performance of C. cosyra, as indicated by the average number of recovered puparia exhibited significant variation (F = 260.1,
df =2, P < 0.0001) among the mango varieties (Fig. 2). Among the 287 recovered puparia, Kent mango showed the highest yield (72.1
%), whereas Haden had the lowest (10.8 %). There was no significant difference between puparia recovered from Apple and Haden
varieties of mango.

4.3. Chemical profiles of headspace volatiles of the three mango varieties

A total of 184 compounds were tentatively identified from different treatments of the three varieties of mango. Of these, 69 were
esters, 34 sesquiterpenes, 25 monoterpenes, 13 alcohols, 11 monoterpenoids, 11 aldehydes, 9 ketones, 4 organic acids, 2 Benzenoids, 2
sesquiterpenoids, 2 diterpenoids, 1 lactone and 1 furanone (Supplementary Table 1). Myrcene, a-Pinene, 5-3-carene, f-pinene,
a-gurjunene, f-copaene, (E)-caryophyllene, §-cadinene, and a-humulene were present in each treatment of the mango varieties
(Supplementary Table 1). Furthermore, ethyl propionate, methyl butanoate, 2-methyl-1-butanol, 2-methyl propyl ethanoate, ethyl 2-
methyl prop-2-enoate, and ethyl 3-hydroxy butanoate were common compounds detected in the headspaces at 7th- and/or 9th-days
post-infestation on all mango varieties.

We also observed qualitative and quantitative differences in the headspace volatile constituents, which varied among treatments
and time of volatiles collection for each mango variety (Fig. 3).

Among the treatments of the three varieties of mangoes, the number of identified compounds differed significantly (y* = 41.328, df
=6, P <0.001 for Kent variety; Xz =28.722,df = 6, P < 0.001 for Apple variety; and xz =54.287, df = 6, P < 0.001 for Haden variety),
being highest for 7th- and day 9th-day post-infestation for both Kent and Apple varieties, and for day 9th-day post-infestation for
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Fig. 2. Performance of Ceratitis cosyra on three mango varieties. Different letters on the bars indicate a significant difference (One-way ANOVA test
followed by Tukey’s HSD posthoc test).
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volatile release rates/mango treatment of each variety of mango (Kruskal-Wallis rank-sum test followed by pairwise posthoc Dunn test at « = 0.05)
(B). Different letters on bars from the same variety indicate a significant difference.

Haden (Fig. 3 A). Also, the total volatile release rates varied among treatments of each mango variety (3> = 25.012, df = 6, P <
0.00034; x2 =22.374,df =6, P < 0.001036; and x2 =24.502, df = 6, P < 0.000422, for Kent, Apple and Haden, respectively) (Fig. 3 B),
being highest for freshly-infested fruits for Kent while it was highest for 9th-day post-infestation for Haden variety. For the Apple
mango variety, both of these treatments (freshly-infested fruits and day 9 post-infestation) had the highest release rates. Generally, the
total volatile release rates of both non-infested unripe and ripe mangoes were lower than those of infested ones (Fig. 3 B), especially in
the case of the Kent variety.

The 30 topmost discriminant compounds of the volatiles of the three mango varieties contributed to 88.81 % of the total dis-
similarities (Bray-Curtis similarity percentage, SIMPER, Fig. 4 A). The compounds that significantly contributed to the separation and
clustering were §-3-carene (22.1 %), myrcene (14.1 %), a-pinene (9.3 %), ethyl octanoate (8.3 %), and p-phellandrene (4.2 %).
Headspace volatiles from all treatments were successfully grouped into defined clusters, with overlaps between Kent and Haden
headspaces (NMDS: k = 2, stress = 0.1159, Fig. 4 B, Supplementary Fig. S2A). One-way analysis of similarity, ANOSIM, indicated a
significant difference among headspace volatile release rates of the treatments for the three mango varieties (R = 0.9654, P = 0.0001).
Most of the 30 top discriminant compounds were associated with the headspaces of C. cosyra-infested mangoes (Fig. 4C).

Among the treatments of Kent mango, a total of 135 compounds were detected out of which 23 compounds were shared in all
treatments. Methyl benzoate, cyclooctanone, pinocarvone, 6-camphenol, p-methyl acetophenone, 3-caren-10-al, (Z)-3-hexenyl salic-
ylate, benzyl benzoate, and benzyl salicylate were present in the headspace of the freshly-infested and/or day 2 post oviposition, while
ethyl 2-methyl propionate, 2,3-butanediol, ethyl 3-methyl butanoate, methyl tiglate (methyl 2-methyl-2-butenoate), n-hexanol, 2-hep-
tanone, methyl hexanoate, 2-methyl propyl butanoate, m-cymenene, and (2-endo,3-exo0)-3-methyl bicyclo[2.2.1] heptane-2-
carboxaldehyde were among the 36 compounds that were detected only from the 7th- and/or 9th-day post-infestation headspace
volatiles. Moreover, 19 compounds were detected in infested and non-infested ripe mangoes which included isopentyl formate, (2)-
but-2-enoic acid, (Z)-ethyl but-2-enoate, ethyl 2-methyl butanoate, ethyl tiglate (ethyl 2-methyl-2-butenoate), ethyl hexanoate, ethyl
hex-(2E)-enoate, ethyl heptanoate, phenyl ethyl alcohol, and methyl octanoate.

The top 30 most discriminant compounds as per SIMPER of NMDS (Fig. 5 A), accounted for 90.9 % of the dissimilarity contribution.
Of these compounds, a-phellandrene, ethyl octanoate, myrcene, ethyl-(4E)-decenoate, and limonene contributed 57.4 %.

A significant difference was registered among the headspaces’ volatile release rates for Kent mango treatments (ANOSIM, R =
0.9715, P = 0.0001; Fig. 5 B; Supplementary Fig. S2B). The most discriminant compounds were associated with headspaces of infested
Kent mangoes (Fig. 5 B). Among the compounds that were most discriminant was §-3-carene (C62) which was mostly more abundant in
almost all treatments of Kent (Fig. 5C). Furthermore, the heatmap shows that the selection of compounds was spread in almost all
possible categories, for example, compounds that appeared in all treatments and those that did not, compounds with a difference in
abundance, and compounds from different classes among others.
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Fig. 4. (A) The most discriminant compounds for the 3 mango varieties based on similarity percentage (SIMPER) of NMDS. (B) NMDS plot shows
the scattering of compounds of the treatments from the three mango varieties in the Bray-Curtis dissimilarity matrix (k = 2; stress = 0.1159). (C)
NMDS biplots showing the spread of the selected 30 most discriminant compounds within the headspaces (H = Haden; A = Apple; K = Kent; CC =
Ceratitis cosyra; NU = non-infested unripe mango; NR1 = non-infested ripening mango; NR2 = non-infested ripe mango; 1 = C. cosyra freshly-
infested; 2, 7, and 9 = the nth days of C. cosyra post-infestation).

A total of 82 compounds were identified from Apple mango headspaces out of which 28 were common in all treatments. Verbenone,
6,7-epoxymyrcene, and caryophyllene oxide were the only compounds that were added on the day of infestation relative to those of
non-infested mango headspace. Furthermore, 31 compounds were only identified from the 7th- and/or 9th-day post-infestation mango
headspaces which included ethyl propionate, n-propyl acetate, isopentyl formate, ethyl butanoate, ethyl 2-methyl propionate, 2-
methyl propyl ethanoate, 2-methyl-1-butanol, 2,3-butanediol, ethyl 2-methyl butanoate, and (Z)-ethyl but-2-enoate but not in the
other treatments. Ethyl octanoate, aromadendrene, and bicyclogermacrene were the only common compounds among the infested and
the non-infested ripe Apple mango headspace volatiles.

In addition, the 30 topmost discriminant compounds as per SIMPER of NMDS contributed 97.0 % of the total dissimilarity
contribution (Fig. 6 A). Myrcene, a-pinene, a-bulnesene, f-pinene, and f-phellandrene were the top five discriminant compounds
contributing 69.9 %.

Unlike in Kent mango treatments, in Apple mango, there was no clear separation of the top most discriminating compounds of
NMDS biplots as either from infested or non-infested headspaces (k = 2, stress = 0.05093; Fig. 6 B; Supplementary Fig. S2C). However,
ANOSIM registered a significant difference in volatiles of all treatments of the Apple variety of mango (R = 0.6882, P = 0.0001; Fig. 6
B) The heatmap (Fig. 6C) shows that most discriminant compounds were selected from most classes of compounds where a-pinene and
myrcene were the most dominant compounds.

Haden mango had 109 identified compounds out of which 22 were common in the headspace volatiles of all treatments. a-Fen-
chene, (Z)-f-ocimene, p-methyl acetophenone, and caryophyllene oxide were additional compounds identified from the headspaces of
freshly C. Cosyra infested conspecifics relative to non-infested unripe mango compounds. Moreover, of the 7th- and/or 9th-day post-
infestation mango headspaces, 38 additional compounds were identified relative to those of non-infested mangoes. Among the ad-
ditions were isopentyl formate, 3-pentanone, acetoin, ethyl propionate, methyl butanoate, butanoic acid, 2-methyl-1-butanol, (2)-
ethyl but-2-enoate, (3Z)-hexenol, 4-hydroxy-2-pentanone, and methyl tiglate (methyl 2-methyl-2-butenoate). Additionally, 25 com-
pounds were common in infested and non-infested ripe mango headspaces. These compounds included ethyl 2-methyl propionate,
ethyl 2-methyl butanoate, ethyl pentanoate, ethyl tiglate (ethyl 2-methyl-2-butenoate), 2-methyl propyl butanoate, ethyl hexanoate,
ethyl hex-(2E)-enoate, ethyl heptanoate, and methyl octanoate among others.

The 30 most discriminant compounds, selected by SIMPER of NMDS (Fig. 7 A), accounted for 91.1 % of the total dissimilarity



R.N. Miano et al. Heliyon 10 (2024) e30068

k=2

Stress = 0.04601

ANOSIM R=0.9715
P=0.0001

X

0.075 0.1%0‘225

a-Phelland| (C63)
" Ethyl octanoate (C100)
Myrcene (CS8) [T
Ethyl{4E)-decenoate (C121) [T0]
Limonene (C67) [T
Terpinolene (C77) |0
(E)-Caryophyllene (C130) |IH)
Ethyl hexanoate (C60) [T0]

0

|

]

]

]

0

u}

i

i

p

I}

I]

0

I}

I

I

I

I

®)

*J

NMDS 2

(2)-But-2-enoic acid (C20)
a-Humulene (C138)
§-3-carene (C62)
Ethyl tetradecanoate (C172)
Ethyl dodecanoate (C156)
Ethyl{4E)-octenoate (C99)
B-Selinene (C145)
a-Pinene (C43)
Ethyl butanoate (C18)
o-Cymene (C66)
Ethyl oct-(2E)-enoate (C105)
Piperitenone (C114)
(2)-Ethyl but-2-enoate (C24)
Ethyl decanoate (C125)
(E)-Nerolidol (C153)
Ethyl hexadecanoate (C181)
Methyl salicylate (C101)
p-Methyl acetophenone (C98)
a-Gurjunene (C129)
n-Decanal (C102) [ .
Gemacrene D (C144)
Methyl octanoate (C86)

O ravested
W Non-invested

Compounds

©

Color key
- .
KCC9

| l KCC7
KNRI1

|| —
KNR2

KCCl1

B o
2

T T d

0 10 20 30
Dissimilarity contribution (%)

Fig. 5. (A) The most discriminant volatiles of all treatments of Kent variety of mango based on the similarity percentage in decreasing order of
importance. (B) NMDS biplots show differentiations in the treatments of the 30 most discriminant compounds. (C) Heatmap of volatile release rates
of the 30 selected compounds. The dark brown color represents the highest mean volatile release rate. (K = Kent variety; KCC2 = 2nd-day post-
infestation Kent mango; KCC1 = Ceratitis cosyra freshly-infested mango; KNR2 = non-infested ripe mango; KNU = non-infested unripe mango;
KNR1 = non-infested ripening mango; KCC7 = 7th-day, and KCC9 = 9th-day post-infestation mangoes).

contribution. Of these compounds, germacrene D, ethyl hexanoate, ethyl butanoate, ethyl octanoate, and §-3-carene, contributed 63.3
%. There was a significant variation (ANOSIM, R = 0.9269, P = 0.0001) in the volatile release rates among the treatments of Haden
mangoes (Fig. 7 B; Supplementary Fig. S2D) but like in apple mango, there was no clear separation of clusters of non-infested and
infested mango volatiles. The selected compounds are spread in almost all categories e.g. classes of compounds, and release rates
amongst others (Fig. 7C). 5-3-Carene had the highest release rate among the selected compounds, except on the 7th-day post-
infestation mangoes when ethyl butanoate was the major compound (Fig. 7C). However, about 90 % of the 30 compounds were
associated with headspaces of non-infested ripe Haden mangoes (HNR2), freshly-infested mangoes (HCC1), the 7th-day (HCC7), and
the 9th-day (HCC9) post-infestation mangoes (Fig. 7 B).

Overall, a strong increase in the amounts of common compounds in Kent mango following C. cosyra infestation (Fig. 8 A; Sup-
plementary Fig. S3A). However, the release rates of these compounds in non-infested ripening and ripe mangoes were generally lower
than those of non-infested unripe mangoes. The trend for release rates of volatiles differed in Apple and Haden mangoes, where non-
infested ripe and unripe mangoes released substantial amounts of volatiles, although in most cases lower than infested mangoes. (Fig. 8
B and 8 C; Supplementary Fig. S3B and S3C).

5. Discussion

Tephritid fruit flies and their parasitoids rely on semiochemicals for locating suitable hosts for oviposition, and many are known for
their broad host range [18,39]. Ceratitis cosyra, a member of Tephritid, is a notorious mango pest [3]. The parasitoid P. cosyra has a
natural association with this pest [17], while F. arisanus and D. longicaudata have positively adapted as an alternative parasitoid in the
control of C. cosyra following its introduction and release in Africa [20,40]. In this study, we explored the in situ tritrophic interactions
of C. cosyra and its parasitoids with the mango.

Our results indicate that C. cosyra dissimilarly responded to headspace volatiles from ripe and unripe mangoes compared to their
respective blanks (clean air). Similar results have been reported for B. dorsalis [13]. Surprisingly, C. cosyra exhibited a preference for
volatiles from infested over non-infested unripe mangoes, indicating the ability to discriminate between them. Perhaps, volatiles
emitted as a result of C. cosyra infestation masked oviposition volatiles, which otherwise could serve as host marking pheromone
(HMP) to deter conspecifics of this species, as recently documented by Cheseto et al. [21,22]. Another explanation is that the volatiles



R.N. Miano et al. Heliyon 10 (2024) e30068

k=2
(B) Stress = 0.05093
0.150 ANOSIM R=0.7759

P=0.0001
A7 C34
20 0.075

C60 Sﬁ('l
a C63

-0.X142 0.1 07T ol3

C129.2
C68

C58! 5

1
C55
~0.150

G Myrcene (58) ]
a-Pinene (43) |
g-Phellandrene (68) |
g-Pinene (55)
a-Bulnesene (148) ]
a-Selinene (146) |
a-Phellandrene (62) |
(E)-Caryophyllene (130) |
a-Copaene (123)
a-Guaiene (132) |
Ethyl octanoate (100) |
y-Terpinene (73) |
(E)-B-Ocimene (71) |
Ethyl butanoate (18) |
5-Cadinene (151)
a-Humulene (138) |
y-Gurjunene (143)
3-Methylbutyl ethanoate (34) |
Ethyl hexanoate (60) |
&-3-carene (63) |
Camphene (47)
(E)-Cadina-1,4-diene (152) |
Teminolene (77) |
(Z)-Muurola-3, S<iene (137) |
y-Muurolene (142) |
5-2-Carene (64)
a-Gurjunene (129) |
B-Selinene (145) |
y-Cadinene (150) ]
Bicyclogemmacrene (147)

NMDS 2
o
S

0%z

O Invested

Non-invested

Compounds
uuuuuuuuuuuuuUUUHJ

0 20 40
Dissimilarity contribution (%)

S

Fig. 6. (A) The most discriminant volatiles of all treatments of Apple mango variety based on the similarity percentage in decreasing order of
importance. (B) NMDS biplots show the differentiation in the mango treatments of the 30 most discriminant compounds. (C) Heatmap of volatile
release rates of the 30 selected compounds. The dark brown color represents the highest mean volatile release rate. (A = Apple variety; ACC2 = 2nd-
day post-infestation mango; ANR2 = non-infested ripe Apple mango; ANR1 = non-infested ripening Apple mango; ACC7 = 7th-day, and ACC9 =
9th-day post-infestation mangoes; ACC1 = Ceratitis cosyra freshly-infested Apple mango and ANU = non-infested unripe Apple mango).

released by infested fruit may indicate the presence of an oviposition substrate or the presence of punctures that would facilitate
subsequent oviposition by C. cosyra. To support this argument, during data correction at the field, photos (Fig. 9) were taken in which a
female C. cosyra successfully made an oviposition puncture and proceeded to oviposit (Fig. 9 A). Another conspecific is spotted
smelling the newly made oviposition puncture (Fig. 9 B) with an ulterior motive of chasing the ovipositing fruit fly (Fig. 9C). It was
later joined by a second conspecific (D). The invested mango attracted more fruit flies leading to multiple oviposition punctures (Fig. 9
E). Later, on incubating the tree-detached infested mango, many larvae of different developmental stages emerged from the rotting
mango indicating that more fruit flies managed to oviposit on it at different time intervals (Fig. 9 F). Sometimes, a C. cosyra-infested
Kent mango attracts the fruit fly larvae’ natural enemy which feeds on the part containing larvae yet adjacent to it are clean
non-infested fruit (Fig. 9 G). Interestingly, most in situ-infested mangoes give forth to hundreds of adults. The emergence of adults
mostly takes a span of fourteen to seventeen days but with many casualties of larvae and puparia which could be attributed to lack of
enough feeds.

These examples indicate that C. cosyra may indeed prefer ovipositing in preexisting oviposition punctures instead of making new
ones or ovipositing on an already infested mango despite having host-marking pheromones just like what has been reported of a
congeneric species, C. capitata [41]. Similarly, B. dorsalis was more attracted to mangoes with ovipositing conspecific females in a field
set-up [13]. Conversely, B. zonata (Saunders) (Diptera: Tephritidae) was reported to be more attracted to non-infested guava than
infested ones [42]. On the other hand, the oviposition choice of B. tryoni (Froggatt) (Diptera: Tephritidae) was not dependent on the
infestation status when offered high-quality guava [43].

The results have also demonstrated that the parasitoid species used in this study were attracted to headspace volatiles emitted from
the host fruit of their host. Fopius arisanus was attracted to the headspace of freshly C. cosyra-infested mangoes which agrees with
earlier findings in which the egg parasitoid was attracted to other fruit fly-freshly-infested hosts [13,27,29,44]. The parasitoid also
prefers younger host’s eggs for parasitism compared to aged ones [45,46]. The significant number of responsive F. arisanus to
headspaces of non-infested ripe mango fruits (except for Kent) was reported by Miano et al. [13] on the same varieties of mangoes and
by Altuzar et al. [47] who used non-infested guava. The lower response of F. arisanus to headspace volatile of ripe Kent mango
compared to the other two varieties could be explained by the fact that this variety is a poor host for the parasitoid’s coevolved host
insect, B dorsalis [13].

10
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Fig. 7. (A) The most discriminant volatiles of all treatments of Haden mango variety based on the similarity percentage in decreasing order of
importance. (B) NMDS biplots show the differentiation in the Haden mango treatments of the 30 most discriminant compounds. (C) Heatmap of
volatile release rates of the 30 selected compounds. The dark brown color represents the highest mean volatile release rate. (H = Haden; HCC9 =
9th-day post-infestation; HCC7 = 7th-day post-infestation; HNR2 = non-infested ripe; HCC1 = Ceratitis cosyra freshly-infested Haden mango; HNU
= non-infested unripe mango before infestation; HCC2 = 2nd-day post-infestation mango; and HNR1 = non-infested ripening Haden mango).

The high responses of P. cosyrae and D. longicaudata to advanced-stage infested mango headspace volatiles (7th- and 9th-day post-
infestation) is not unexpected, as these parasitoids prefer late larval instars of their host [28]. The higher attraction of D. longicaudata to
C. cosyra 9th-day post-infestation mangoes of the Kent variety compared to Apple and Haden varieties could be attributed to the higher
preference of this host for Kent mangoes, indicated by the greater number of recovered puparia from this variety, potentially triggering
the production of a higher number of headspace volatiles compounds, as shown in figure (4 A). Nunez-Campero et al. [48] reported
that host density greatly influences the number of parasitoids that would visit the host fruit of the fruit fly. Although we do not have a
conclusive explanation for the differential varietal response of these parasitoids to 7th-day post-infestation mangoes, with a higher
response to the headspace of Kent and Apple varieties for D. longicaudata and only the headspace volatile of Apple variety for P. cosyrae,
we can hypothesize that the development rate of C. cosyra may vary with mango varieties, thus affecting the volatiles (in term of
quantities/qualities) that emitted from the different varieties. Here, we have reported a stronger attraction of D. longicaudata to a wider
range of mango treatments. This finding can explain previous laboratory findings in which D. longicaudata reproduction outperformed
its native parasitoid P. cosyrae [19].

The differential performance of C. cosyra on the different mango varieties in terms of the number of recovered puparia suggests that
C. cosyra prefer the Kent mango variety as an oviposition substrate compared to varieties of Apple and Haden mangoes. Despite reports
of B. dorsalis displacing C. cosyra from its habitats [11], our findings suggest their reproduction is variety-oriented and hence holds
significant importance in mango farming. For instance, in the mango season in Kenya, Kent mango matures last compared to other
commercial varieties. Therefore, we hypothesize that the lower performance of C. cosyra in the early maturing varieties of Apple and
Haden mangoes, assures a slow increase in its population as farmers take more precautionary measures managing B. dorsalis in their
orchards. This increase is followed by an invasion of its favorite late-maturing Kent mango resulting in considerable crop damage,
sometimes leading to 100 % crop loss. A close inspection of the mango orchard where this study was conducted indicated a decline in
B. dorsalis population during the maturing and ripening of the Kent mango variety. This finding will advise policymakers on the best
framework for IPM measures to implement where different species of fruit flies pose a problem for a given crop.

The findings also align with the preference/performance hypothesis which states that “female insects will evolve to oviposit on
hosts on which their offspring fare best” [49,50]. Diatta et al. [51] reported similar observations on B. dorsalis’ performance
(=invadens) among mango varieties while more recently, Miano et al. [13] demonstrated that the puparia recovered from mangoes
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Fig. 8. Percentages of the average volatile release rates of each common compound (relative to the total) of non-infested ripe mangoes; 9th-day C.
cosyra post-infestation mangoes; C. cosyra freshly-infested mangoes; and non-infested unripe mangoes for the three varieties, (A) Kent; (B) Apple;
and (C) Haden.

A)

Fig. 9. Female Ceratitis cosyra ovipositing on a punctured mango (A). Another conspecific smelling the newly made oviposition puncture (B) with an
ulterior motive of chasing the ovipositing fruit fly (C) and (D). Infested mango with multiple oviposition punctures (E). Rotten mango with many
larvae of different developmental stages (F). Ceratitis cosyra infested Kent mango having been fed on by fruit fly larvae’ natural enemy (G).

varied with varieties, whereas B. dorsalis failed to perform in Kent variety but did better in the Apple mango variety.

This study demonstrated that the behaviors of C. cosyra, P. cosyrae, D. longicaudata and F. arisanus are influenced by headspace
odors. The quantitative and qualitative differences in headspace compounds, with notable overlaps among varieties, as well as across
treatments, were also reported for the same varieties of mangoes before and after B. dorsalis infestation [13]. The changes in the
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chemical profile have been linked to the genetic characteristics of a given mango variety [52,53] and the treatments for the same fruit
variety [13,25,54]. In this study, a lower number of esters were detected from headspaces of non-infested unripe mangoes compared to
those of their respective non-infested ripe mangoes, where defense-related terpenes were generally reduced both in numbers and
release rates in ripe mangoes. Fruit ripening signifies readiness for seed dispersal and is connected to the attraction of predators, insects
and different microorganisms, mostly characterized by the release of attractive chemical signals [55,56]. Ceratitis cosyra may,
therefore, be similarly attracted to ripe mangoes due to the increase in esters. Interestingly, among the experimental varieties of
mangoes, the majority of most discriminant compounds by SIMPER of NMDS were esters, suggesting their possible significance in the
attraction of C. cosyra and its parasitoids.

The number of compounds produced by C. cosyra freshly-infested mango was not significantly different from compounds of non-
infested unripe mangoes although we have reported a general increase in their release rates. War et al. [57] associated changes in
volatile content after the herbivorous attack of a plant with defense mechanisms of the plant against the herbivorous. Here, we have
reported an increased attractiveness of freshly-infested mango to C. cosyra conspecifics. Similar results were reported for B. dorsalis on
mangoes with ovipositing B. dorsalis [13], C. capitata on kumquat, Fortunella japonica Swingle (Rutaceae) [41], and Scirtothrips dorsalis
(Hood) (Thysanoptera: Thripidae) on Bell pepper, Capsicum annuum L (Solanaceae) [58]. Females of C. cosyra were also attracted to the
other treatments regardless of infestation status. Probably, compounds like 5-3-carene, myrcene, p-cymene, (E)-ocimene, (Z)-ocimene,
a-terpinolene, allo-ocimene, ethyl butanoate, ethyl hexanoate, y-octalactone, ethyl 2-methylprop-2-enoate, ethyl tiglate, phenyl ethyl
alcohol, 1-octen-3-ol, and ethyl octanoate which have been associated with other fruit fly attraction [59,60] were responsible for the
attraction of C. cosyra demonstrated in this study. In addition to the production of the new compounds, the attractiveness of C. cosyra to
infested mangoes reported here could be attributed to the increase in release rates of the most common compounds.

The compounds ethyl butanoate, ethyl propionate, ethyl 2-methyl butanoate, ethyl-(4E)-decenoate, ethyl 3-methyl butanoate, and
a-copaene were tentatively identified in this study. These compounds are also produced by marula, S. birrea fruit, found in most parts of
sub-Sahara Africa and the preferred wild host of C. cosyra [4] and their elevated release rates following C. cosyra mango infestation
may explain to some extent the attractiveness of the infested mango to more conspecifics. Similarly, the increase in headspace volatiles
release rate by freshly-infested mangoes and the increased number of esters produced by ripe mangoes could be responsible for the
increased attraction of Fopius arisanus. Miano et al. [13] reported similar results where F. arisanus was increasingly attracted to
B. dorsalis freshly-infested mango. On the same note, D. longicaudata could have been attracted by the headspace volatiles of 7th-day,
9th-day and ripe mangoes because of the presence of volatiles which included ethyl 2-methyl prop-2-enoate, 2-methyl-1-butanol, ethyl
propionate, methyl butanoate, 2-methyl propyl ethanoate, and ethyl, 3-hydroxy-butanoate as well as some terpenes that could be
attractive. Eben et al. [61] and the references therein demonstrated how infestation levels and the volatiles produced do influence the
host-seeking behavior of parasitoids. More D. longicaudata were attracted to C. cosyra 9th-day post-infestation Kent mangoes compared
to those attracted to Apple and Haden mangoes. It is interesting to note that this variety is also more preferred by C. cosyra as indicated
by the higher number of puparia recovered and this might have triggered the production of the higher number of headspace volatiles
compounds shown in Figure (4 A). Previous studies have reported that the host density highly influences the number of parasitoids that
visit the fruit fly’s host [48].

Our study provides new insights into the behaviors of C. cosyra and its parasitoids and how mango headspace semiochemicals
correlate using in situ experimental approaches. The systematic follow-up of the responses of this fruit fly and parasitoids towards non-
infested and conspecific post-infestation mangoes, accompanied by elucidation of changes in headspace chemical profiles, lays a good
foundation for future studies. C. cosyra and its parasitoids are generally attracted by the headspaces of non-infested and C. cosyra-
infested mangoes. We highly recommend further studies on the olfactory responses of the insects to mango headspaces and their
individually identified compounds to improve fruit fly management techniques.

6. Conclusion and further research

For the first time, we have investigated and reported on the in situ responses of C. cosyra and its parasitoids to tree-attached
mangoes, supported by the performance of this fruit fly together with subsequent changes in headspace volatile composition. The
attraction of C. cosyra to infested mangoes indicates its readiness to take advantage of existing oviposition punctures or inability to use
the host-marking pheromones. While there is the suggestion that C. cosyra could be in the process of being displaced by B. dorsalis, our
study demonstrates that Kent is the most preferred candidate for the former fly’s performance (unlike what has been reported for the
latter), which is important in advising the currently used IPM strategies. Our results also indicate notable differences in the chemical
profiles of the headspaces among the mango varieties and treatments which have direct consequences on the responses of C. cosyra and
its parasitoid. Most compounds were detected in increasing quantities as post-infestation days progressed where esters were the most
prevalent compounds. This was contrary to the decrease in the quantities of monoterpenes as non-infested mangoes ripened, while
those of esters increased. This calls for further studies on how individual volatiles may contribute to fruit fly and parasitoid attraction
to provide an evolutionary ecological backdrop to olfactory studies and informed leads for developing selective attractants for
combatting fruit fly pests and/or enhancing ecosystem services of their parasitoids.
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