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Abstract: Bactrocera dorsalis (Hendel, 1912) (Diptera: Tephritidae), commonly known as the oriental
fruit fly, is a highly destructive pest that globally infests fruits and vegetables, resulting in significant
annual economic losses. Initially detected in Taiwan Island, it has rapidly expanded its distribution
range to various regions in mainland China since the 1980s, with a continuous northward spread. To
mitigate the damage caused by this pest, extensive efforts have been undertaken to comprehend its
ecological and physiological adaptations and develop management strategies. This review article
provides an overview of the invasion history of B. dorsalis in China, its ecological and physiological
mechanisms facilitating its invasion, and the progress made in understanding its major biological
characteristics. Moreover, the key approaches for managing B. dorsalis that have been or are likely
to be implemented in China are presented, including quarantine measures, monitoring procedures,
physical controls, biological controls, the sterile insect technique, RNA interference, and CRISPR-Cas-
9. Finally, some suggestions for future research directions are provided.
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1. Introduction

Tephritid fruit flies are an economically significant pest species globally, including
mainland China [1]. They exhibit endophagous feeding behavior, which causes both
quantitative and qualitative yield reductions. As a result, they pose significant threats to
global fruit and vegetable production [2,3]. The pest affects a broad array of fruit and fleshy
vegetable crops in tropical and subtropical regions. The presence of these pests was first
observed in Taiwan Island, China, in 1912 [4,5]. The genus Bactrocera, which comprises a
minimum of 440 species [6], is primarily distributed throughout tropical Asia, Australia,
and the South Pacific [7,8]. The wide host range, great climate tolerance, and strong
dispersing capacities of these species have led to their spread over the Asia Pacific region
in the last century, covering all of South-East Asia from India to Hawaii [7]. The oriental
fruit fly, Bactrocera dorsalis (Hendel) (Diptera: Tephritidae), is recognized as a destructive
and persistent fruit fly pest. B. dorsalis has been documented to infest over 250 host plant
species [9,10], including mango (Mangifera indica L., Anacardiaceae), banana (Musa spp.,
Musaceae), guava (Psidium guajava L., Myrtaceae), orange (Citrus spp., Rutaceae), papaya
(Carica papaya L., Caricaceae), peach (Prunus persica (L.) Batsch, Rosaceae), grape (Vitis
spp., Vitaceae), pomegranate (Punica granatum L., Lythraceae), lychee (Litchi chinensis
Sonn., Sapindaceae), and longan (Dimocarpus longan Lour., Sapindaceae) [11,12]. Numerous
studies have documented the economic damage caused by B. dorsalis. For instance, a study
carried out in Thailand found that B. dorsalis infestation in mango farms caused an average
annual yield loss of 15.5% [13]. Similarly, in India, fruit fly infestation led to a reduction in
the marketable yield of mango by 25–30% [14]. According to an estimate, guava, sapota,
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citrus fruits, and mango in India, incurred losses equivalent to USD 356 million [15]. This
significant economic loss is attributed to the fruit damage caused by B. dorsalis, which can
affect 30% to 100% of fruits, depending on the season [16].

In addition to yield reduction, B. dorsalis also leads to the quality degradation of
fruits, causing phytosanitary issues and triggering trade restrictions, thereby aggravating
economic losses. A study conducted in Taiwan revealed that the infestation of fruit flies
resulted in trade restrictions on the export of guava to the United States and Japan, leading
to an estimated economic loss of USD 2.5 million per year [17]. These studies demonstrate
the substantial economic losses caused by B. dorsalis and emphasize the necessity for
implementing effective management strategies to mitigate the impact of this insect pest
on horticultural crops. In China, the economic losses caused by the fruit fly pest species
in citrus orchards have been widely reported, especially in Guangdong [18] and Fujian
Provinces of China [1]. B. dorsalis exhibits three to eleven generations per year in China,
with the majority of areas experiencing four to eight generations [8,19]. In the near future,
there is the potential for B. dorsalis to expand into temperate northern and southern areas
of China [20] (Figure 1).
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Keeping in view the severity of the pest, the key objective of the current study is to
review the invasion of B. dorsalis from Taiwan to mainland China and its subsequent expan-
sion. The review will also analyze the biological traits of B. dorsalis that have facilitated the
insect pest’s invasion into new areas. Moreover, the review will provide an overview of the
integrated pest management (IPM) strategies employed in China to control B. dorsalis, en-
compassing quarantine measures, surveillance techniques, physical and biological control
methods, the sterile insect technique, RNA interference, and CRISPR-Cas-9.

2. Dispersion Ecology
2.1. Dispersion of B. dorsalis in China

B. dorsalis was first recorded in Taiwan Island and subsequently invaded Hainan
Island, China, in 1934 [21]. Prior to the 1970s, the species was only rarely detected in
isolated areas in southern China. However, in the 1980s, its population size increased, due
to international trade, resistance to pesticides, abundant host plants, and a lack of natural
enemies (predators and parasitoids), and its distribution area expanded to encompass most
of southern China. In recent years, B. dorsalis has continued to spread, crossing the Yangtze
River and other neighboring areas [22,23]. To predict the potential geographical distribution
of B. dorsalis in China, several techniques have been employed. An analysis based on the
CLIMEX model has indicated that the species’ most suitable habitats are located in Southern
China, including Guangdong, Hainan, and Guangxi Provinces, as well as in Eastern China,
including Fujian, Zhejiang, and Shanghai [19,24]. The analysis revealed that moderately
suitable habitats for the oriental fruit fly were identified in Southwest China, including
Yunnan, Sichuan, and Guizhou Provinces. In contrast, Hunan, Hubei, and Jiangxi Provinces
were found to exhibit relatively low suitability. Furthermore, areas located to the north
of the Yangtze River were deemed unsuitable for the species [7,8]. Subsequent analyses
using the genetic algorithm for rule-set prediction (GARP) ecological niche modeling [25]
and the emergence rate model combined with ArcGIS yielded similar predictions [7,24].
So far, B. dorsalis has effectively colonized the majority of the aforementioned regions
and provinces, encompassing territories beyond the Yangtze River and including Henan
and Anhui Provinces. Anticipated future developments suggest a substantial northward
expansion of its range [26] (Figure 2). The utilization of microsatellite loci analysis unveiled
valuable insights into the origin of oriental fruit fly populations within China, Korea,
Thailand, and Laos [27,28]. These regions are believed to have been among the initial areas
to be invaded by the species. Furthermore, indications suggest that Guangxi Province could
potentially represent another early region of B. dorsalis invasion. The observed genetic
differentiation in the hierarchical model using nad1, nad5, Cytb, and concatenated sequences
among the various populations of B. dorsalis in China exhibited substantial levels, implying
that this invasive pest might have entered China through two distinct invasion routes.
The initial route likely originated in Southeast China, leading to subsequent spread into
the provinces of Fujian, Taiwan, Guangdong, and Hainan. The second route is thought
to have originated in Southwest China, resulting in subsequent dissemination into the
provinces of Sichuan, Yunnan, Guangxi, Guizhou, and Hunan, as corroborated by the
findings presented in previous studies [29,30].
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2.2. Key Factors in the Invasion of B. dorsalis

Over the past few decades, numerous research studies have been published on B. dor-
salis, with a particular focus on understanding key contributors that help the pest to invade
different regions. These studies have investigated various aspects of the insect, including
its aggressive reproductive behavior, tolerance to stressful ecological niches, and resilience
to chemical pesticides. By examining these factors, researchers aim to understand the mech-
anisms driving the successful invasion of B. dorsalis and develop effective management
strategies. Following is a detailed review of all the factors that make B. dorsalis a highly
invasive insect, particularly in China.

2.2.1. Aggressive Reproductive Behavior

One of the reasons for the successful invasion of B. dorsalis is attributed to its reproduc-
tive behavior. The pest shows a unique phenomenon of remating in female flies [31], which
enables the pest to acquire supplementary material from male accessory gland products
E-coniferyl alcohol (ECF) and dimethoxyphenol (DMP), particularly when males have fed
on methyl eugenol (ME). These sequestered components can enhance the overall fitness
of female flies and contribute to their successful establishment in new environments. The
phenomena have also been observed in female B. dorsalis [32,33]. Studies have found that
female B. dorsalis, due to multiple mating, tend to have increased fecundity. One study
reported that approximately 50% of the B. dorsalis population re-mated and exhibited sig-
nificantly higher fecundity compared to single-mated females [34]. The remating potential
could play a significant role in the rapid population growth of B. dorsalis in natural habi-
tats [35,36]. Group housing, which refers to the social living and interaction of insects, is
another reproductive behavior that also plays a role in reproductive success. Group housing

https://www.gscloud.cn
datav.aliyun.com
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has been shown to enhance mating frequency and success in arthropods [37]. Recently,
studies have shown that group housing has a positive impact on mating and chemical cue
sensitization in several insect species, including B. dorsalis [38,39]. Studies have reported
that group-housed flies exhibit higher mating rates compared to those housed in individual
containers. Additionally, group housing creates a more natural social environment for
the flies, which stimulates reproductive behavior and increases the chances of successful
mating. Furthermore, this social interplay has been found to increase the sensitivity of
B. dorsalis to chemical cues [40]. This is important for the development of new manage-
ment options, as chemical cues are often used to attract and trap fruit flies in the field. In
group-housed insects, exposure to the pheromones and other volatile chemicals released
by conspecifics leads to an increased sensitivity to these cues, which could enhance their
efficacy in trapping and monitoring programs. Additional research is needed to fully
understand the underlying mechanisms of social interactions, as well as their practical
implications for fruit fly management [39]. In another study, the effect of cis-vaccenyl
acetate (cVA), a pheromone commonly found in Drosophila [41], on the mating behavior
of B. dorsalis was investigated. These results showed that low levels of cVA had a positive
impact on the mating rate of B. dorsalis [39], whereas high levels had an inhibitory effect.
This finding implies that cVA may play a role in regulating mating behavior not only in
Drosophila but also in other insect species [42].

Another study has found that group housing conditions had a positive impact on the
mating rates and cVA-mediated behaviors of fruit flies [43]. These effects were shown to be
dependent on the activity of the CREB (cAMP response element-binding protein) binding
protein (CBP), which regulates gene expression and interacts with CREB. In other words,
the presence of other insects in the group setting influences the responses of B. dorsalis to
cVA, leading to altered mating rates and behaviors [44]. This study highlights the potential
benefits of group housing for enhancing mating behaviors and cVA-mediated responses in
B. dorsalis [45]. Further research may be needed to fully understand the mechanisms behind
these effects and their practical implications in fruit fly management programs (Figure 3).
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2.2.2. Survival in Stressful Environments

B. dorsalis is a highly adaptable species, capable of thriving in a broad geographical
range and a diverse set of environmental conditions [46]. With reference to the temperature
fluctuations, B. dorsalis demonstrates a remarkable tolerance, with its eggs displaying a
high level of resistance to high temperatures and its pupae exhibiting a remarkable ability
to withstand low temperatures, especially at the pre-overwintering stage [8,47]. The cold
hardiness of future generations of B. dorsalis can be influenced by the host plant they feed
on during their larval stage [48]. Physiological mechanisms responsible for the tolerance of
B. dorsalis to extreme temperatures have been the subject of investigation. Studies suggest
that a multitude of oxidoreductases, binding proteins, and transferases are present in
large amounts in adults subjected to high and/or low temperatures, providing a form of
physiological protection [49,50]. Moreover, antioxidant enzymes, superoxide dismutase
(SODs), likely play a key role in mitigating oxidative damage in B. dorsalis under thermally
stressed conditions [51,52]. Also, B. dorsalis can survive in a wide range of humidity levels,
with its larvae and pupae thriving and developing in a broad range of moisture content [53].
The larvae of B. dorsalis exhibit a remarkable ability to reduce their weight within two
hours when exposed to a dry environment, which highlights its resilience under severe
conditions. This rapid response to changes in their environment sets them apart from other
insect species. On the other hand, the pupae of B. dorsalis show an ability to survive in wet
environments. In a study, it was found that more than 50% of the B. dorsalis pupated in
soils with moisture levels between 80 and 100% [54]. Despite the low adult emergence from
the highly moist soils, the pupation in highly wet environments shows the resilience of the
developmental stages to highly stressful conditions [54]. Thus, the survival of B. dorsalis
under stressful regimes serves as one of the important reasons for its success.

2.2.3. Development of Insecticide Resistance

The management of B. dorsalis is typically achieved through chemical insecticides.
However, the extended and frequent use of certain synthetic chemicals has led to the evo-
lution of high levels of insecticide resistance in this species, resulting in more destructive
outbreaks [55,56]. For example, studies have shown that populations of the oriental fruit
fly in Guangdong, China, as well as in many other parts of the world, developed a high
level of resistance to trichlorfon between 2007 and 2020 [8,56,57]. In recent years, resistance
to other insecticides such as malathion, β-cypermethrin, and abamectin has also been
observed [58,59]. The situation has become particularly critical in Hubei, China, where
high resistance to cyantraniliprole, a newly developed anthranilic diamide insecticide,
has been reported for many insects [60,61]. Various studies have been conducted to in-
vestigate the underlying mechanisms and biochemical processes involved in insecticide
resistance development. Experiments have revealed that resistance in B. dorsalis is primarily
due to increased detoxification mechanisms, including upregulation of cytochrome P450
monooxygenases (P450s), glutathione S-transferases (GSTs), carboxylesterase (CarEs), and
insensitivity of acetylcholinesterase (AChE) [62,63]. In addition, physiological resistance,
characterized by elevated digestive enzyme activities, has been implicated in resistance
development in B. dorsalis [55]. Furthermore, the structural features of the cuticle and the
interspace between epidermal cells might play a role in the cuticular penetration of insecti-
cides [58]. Advances in molecular techniques, including heterologous expression and RNA
interference, have facilitated the functional characterization of various resistance-related
genes in B. dorsalis. For instance, overexpression of three esterase genes has been linked to
malathion resistance in this insect species [64,65]. The rapid development of insecticide re-
sistance in B. dorsalis represents one of the important reasons for its success, posing a major
challenge to current pest management strategies and necessitating the implementation of
innovative approaches for its effective control.
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3. Research on B. dorsalis Biology in China

Development studies of B. dorsalis have focused on various life stages, character-
izing the developmental period, growth rate, and morphological changes [66,67]. The
reproductive biology of this insect has also been extensively studied, focusing on mating
behavior, female remating, egg-laying behavior, and egg survival [68,69]. Regarding chemi-
cal resistance, the evolution of high levels of insecticide resistance in B. dorsalis has been
documented in recent years [8,70]. The biochemical and molecular mechanisms underlying
this resistance have been extensively studied. Research has focused on the increased detox-
ification by cytochrome P450 monooxygenases (P450s), glutathione S-transferases (GSTs),
and carboxylesterase (CarEs) [59,71,72]. Physiological resistance, specifically high digestive
enzyme activities, has also been implicated in resistance development. Furthermore, recent
research has characterized resistance-related genes using heterologous expression and RNA
interference techniques [62]. Studies on the associations between B. dorsalis and symbionts
have also been conducted to determine their effects on the insect’s fitness and survival. For
instance, research has revealed the benefits of gut symbionts in nutrient acquisition and
defense against pathogens [73], expanding our understanding of the complex interactions
between B. dorsalis and its symbionts. Research on B. dorsalis in China has provided valu-
able insights into the development, reproduction, chemical resistance, communication, and
symbiotic associations of this economically important pest.

3.1. Exploration of Molecular Mechanisms

To gain insights into the molecular mechanisms underlying this regulation, researchers
have cloned several key genes involved in the ecdysone biosynthesis pathway from this
insect. Specifically, the cloning of ecdysteroid biosynthetic genes Cyp302a1, Cyp315a1,
and Cyp314a1, along with the ecdysone receptor gene EcR-B1, has significantly advanced
our knowledge in this area [74,75]. The cloning of these genes has facilitated a deeper
understanding of how ecdysteroids, specifically 20-hydroxyecdysone (20E), regulate the
development of fruit flies. The 20E hormone interacts with the EcR-B1 receptor, which
activates a series of downstream target gene expression cascades, leading to cellular pro-
cesses such as cell proliferation, differentiation, and apoptosis. The genes involved in
this process serve as potential molecular targets for the control of this pest [76,77]. The
identification of these genes highlights the importance of ecdysteroid signaling in oriental
fruit fly development and opens possibilities for utilizing these targets in pest management.

The cloning and characterization of chitin metabolic pathway genes have received
significant attention in recent years in B. dorsalis research. Key enzymes in the chitin
biosynthesis pathway, namely chitin synthases CHS1 and CHS2, have been cloned and
their expression profiles analyzed [78]. Among them, a specific splicing variant of CHS1,
CHS1a, shows prominent expression during the larval–pupal and pupal–adult transitions.
Knockdown of CHS1a expression using RNA interference (RNAi) results in significant
phenotypic defects and mortality in treated larvae [78]. Furthermore, the CHS2 transcript
is predominantly found in the larval midgut [79], and its expression is positively corre-
lated with the total chitin content during the insect’s development. Other crucial enzymes
involved in the chitin biosynthesis pathway, such as glucose-6-phosphate isomerase and
UDP-N-acetylglucosamine pyrophosphorylase, have also been cloned and characterized in
drosophila [80]. RNAi-mediated knockdown of their expression leads to larval death and
abnormal phenotypes. Moreover, chitinase, an enzyme responsible for chitin degradation
and starvation, has been identified and characterized in B. dorsalis as well [81]. Moreover,
the significance of the bHLH transcription factor gene, pipsqueak, in the proper regulation
of molting in fruit flies has been demonstrated [82]. In the context of cell growth and
metabolism regulation, B. dorsalis has an identified ortholog of the target of rapamycin
(TOR), a crucial kinase [83]. Furthermore, the evaluation of heat shock proteins 83 and 90
(Hsp 83, 90) has revealed its role in stress response and stress resistance, fecundity, and
longevity as its gene expression is upregulated following exposure [84,85]. Furthermore,
studies have interpreted the regulation of ecdysteroid hormone biosynthesis in B. dorsalis.
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The ecdysone biosynthetic gene, cytochrome P450 monooxygenase (Cyp307a1), was iden-
tified, and its expression has been shown to be regulated by 20-hydroxyecdysone (20E)
and juvenile hormone (JH) [86]. Moreover, the presence of the hormone ecdysone and its
receptor, ecdysone receptor, has been confirmed in B. dorsalis [87,88].

In addition to these findings, research has demonstrated the crucial role of digestive
enzymes in the growth and development of B. dorsalis. Fourteen genes encoding diges-
tive enzymes, including alpha-amylases, proteases, and chitinases, have been successfully
cloned [89]. It has been observed that these enzymes are regulated by 20E, JH, and insulin
signaling pathways, further emphasizing their significance in the development of the
mosquito and oriental fruit fly [90,91]. Moreover, comparative transcriptomic analyses
have been conducted to reveal differentially expressed genes (DEGs) between B. dorsalis
and its relatives [47]. These DEGs have yielded essential information concerning the molec-
ular mechanisms of fruit fly development and adaptation, including ecdysone signaling
pathways [92], cuticle biosynthesis [78], and insulin signaling [91]. Further studies have
uncovered the molecular mechanisms of the B. dorsalis immune system, including peptido-
glycan recognition proteins (PGRPs) [93,94], the phenoloxidase pathway [95], and toll-like
receptor signaling [96,97]. Similarly, recent advancements in CRISPR-Cas9 technology have
facilitated precise editing [98] of specific genes in B. dorsalis [99,100]. These findings have
opened new opportunities for functional genomics research and gene-based control strate-
gies for this insect pest. Furthermore, proteomics and metabolomics analyses have been
conducted to comprehend the molecular mechanisms [101] underlying B. dorsalis growth
and reproduction [102]. These studies have provided vital information on the molecular
pathways and metabolites involved in insect development and adaptation. This knowledge
could further assist researchers in devising innovative pest management approaches.

3.2. Reproductive Biology

Research has been conducted to understand the molecular mechanisms behind B.
dorsalis mating behavior. Several neuropeptides and neurohormones involved in regu-
lating insect reproductive behavior were identified in B. dorsalis, including corazonin,
prothoracicotropic hormone, and allatostatin [103,104]. These neuropeptides play critical
roles in regulating various physiological processes such as reproduction, growth, and
metabolism. Furthermore, the identification of the gene encoding the alpha subunit of the
cGMP-dependent protein kinase in B. dorsalis demonstrated its importance in regulating
mating behavior [105,106]. Studying the receptor genes responsible for these signaling
pathways would offer valuable insights into the molecular basis of B. dorsalis mating be-
havior. Studies focusing on the odorant receptors in B. dorsalis have been conducted. The
identification of the genes encoding odorant receptors, Orco, was crucial in understanding
the molecular mechanisms behind oriental fruit fly olfactory behavior and mate recogni-
tion [107,108]. Furthermore, studying the interactions between odorant receptors and their
ligands, as well as the mechanisms of signal transduction in the antenna, would pave the
way for developing pest management approaches in the future. The role of hormones
in B. dorsalis female reproduction has been extensively investigated. Juvenile hormone
(JH) plays a critical role in regulating reproduction, flight capabilities, and ecdysis in B.
dorsalis. The biosynthesis, regulation, and function of JH in B. dorsalis have been thoroughly
studied, and the genes responsible for JH synthesis and degradation have been cloned and
characterized [86,109]. Furthermore, the 20-hydroxyecdysone (20E) pathway is another
important hormonal pathway in B. dorsalis, and it has been found to play a vital role in
regulating female reproduction by stimulating the biosynthesis of vitellogenin and other
reproductive proteins [90,91].

Furthermore, miRNAs play a critical role in regulating B. dorsalis female reproduction
through post-transcriptional regulation of target genes. Several miRNAs involved in
the regulation of vitellogenin synthesis, oocyte maturation, and egg production have
been identified [110,111]. The molecular mechanisms underlying the female maturation
process in B. dorsalis have been studied. Critical factors in female maturation include
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genes involved in cuticle formation and sclerotization, ecdysteroid signaling, and ecdysone
receptor signaling [87,112]. To date, the molecular mechanisms underlying the female
sexual maturation process in B. dorsalis have been studied. Critical factors in female sexual
maturation include genes involved in cuticle formation and sclerotization, ecdysteroid
signaling, and ecdysone receptor signaling. Ongoing research on the reproductive biology
and behavior of B. dorsalis is expected to yield more important findings in the near future.
The discovery of additional genes and molecules involved in the regulation of B. dorsalis
growth, development, and behavior could offer new strategies for developing effective
means of controlling this significant pest [113].

3.3. Functional Analysis of Host Volatile Receptors

The role of volatiles in attracting B. dorsalis to crops has been well established, and
partial characterization of the mechanisms of volatile detection and processing in the insect
has been achieved [107,114]. However, further research is necessary to fully comprehend the
complex interplay between the insect and volatile semiochemicals. This will entail a deeper
exploration of the expression and function of genes involved in volatile detection, as well as
identifying new semiochemicals and developing novel control strategies. The major volatile
components of mango fruit that attract B. dorsalis have been identified, including hexanal,
(E)-2-hexenal, (Z)-3-hexen-1-ol, and (E,E)-2,4-hexadienal [115,116]. The attractant activity
of these volatiles was demonstrated through laboratory and field tests [117]. Similarly,
other studies have identified attractive volatile components from other fruits, such as
banana [118,119]. These findings have important implications for the development of
attractive semiochemical-based control actions for B. dorsalis.

Volatile organic compounds (VOCs) from ripening fruit play a crucial role in attracting
B. dorsalis. The interaction between these volatile compounds and the insect olfactory sys-
tem has been extensively studied. Detection involves the diffusion of volatile compounds
into the sensilla located on the antenna, which has numerous pores [120,121]. These pores
facilitate the absorption of VOCs by odorant-binding proteins (OBPs) within the sensilla,
which are subsequently transferred to the odorant receptors (ORs) located on the sensory
neurons [122]. Using RNAi and electrophysiology techniques, researchers have been able
to identify a variety of proteins involved in this process, including OBPs, chemosensory
proteins (CSPs), ionotropic receptors (IRs), sensory neuron membrane proteins (SNMPs),
and the odorant receptor co-receptor (ORCO) [123,124]. Silencing certain genes, such as
OBPs, CSPs, and ORCO, has been shown to significantly decrease the electrophysiological
response of the antennae [125,126]. In contrast to the genes primarily expressed in the
antennae, there are other genes that are expressed both in classical olfactory and non-
olfactory organs, or only in non-olfactory organs like the head, legs, and abdomen [127].
Further research is needed to better understand the role of these genes in attracting the
oriental fruit fly to ripe fruit, which holds promise as a fruitful area for future study. As
the interaction between B. dorsalis and the volatile compounds from ripening fruit is a
complex and well-studied process, further research into the specific genes and proteins
involved could improve our understanding of how insects are attracted to certain fruits
and potentially lead to more effective agricultural pest control.

3.4. Gut Microbiota

The gut microbiota of insects is not only important for the health and survival of
insects but also has the potential to impact the environment and human health [128].
Recent studies have shed light on the gut bacterial community of B. dorsalis and the role
they play in insect fitness [129,130]. A study revealed that adult oriental fruit flies harbor
a stable gut bacterial community dominated by Enterobacteriaceae, Klebsiella, Citrobacter,
Enterobacter, and Pectobacterium [131,132]. Bacterial diversity was found to be influenced by
the type of food. These gut bacteria are believed to indirectly contribute to host fitness by
preventing the establishment or proliferation of pathogenic bacteria. Further investigations
into the role of the Duox gene in regulating the gut bacterial community homeostasis of
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B. dorsalis [133,134] revealed that the suppression of the Duox gene leads to an increased
bacterial load and a decreased relative abundance of Enterobacteriaceae and Leuconostocaceae
in the gut. Hence, Duox plays a key role in maintaining the stability of the gut microbiome.
Recent studies have demonstrated the significance of gut microbiota in the life history of B.
dorsalis [135,136]. Research has shown that these bacteria play a crucial role in regulating the
gut homeostasis of B. dorsalis, preventing the establishment and proliferation of pathogenic
bacteria [133,137]. Some bacteria, Bacillus cereus and Enterococcus faecalis, are able to secrete
volatile compounds that are capable of attracting fruit flies, suggesting that these bacteria
may be potential biocontrol agents, i.e., microbial attraction baits [138].

Research on the reproductive system of female B. dorsalis found Enterobacter sakazakii
and Klebsiella oxytoca as the dominating bacterial species [139]. Culture-dependent (involv-
ing isolation and microbial culture) and culture-independent techniques (using molecular
techniques—without cultivation) have also been used to survey the gut and reproduc-
tive tract of B. dorsalis, revealing diverse bacterial communities in fruit flies [140]. These
communities are dominated by Enterobacteriaceae, Klebsiella, Citrobacter, Enterobacter, and
Pectobacterium [141]. These findings provide new insights into the role of gut microbiota in
insect reproduction. In the reproductive system of female B. dorsalis, Enterobacter sakazakii
and Klebsiella oxytoca are the dominant bacterial species [139,142]. These findings provide
new insights into the complex interactions between the oriental fruit fly and its associated
bacteria, highlighting their importance in the biology of the insect [143]. Further research is
needed to better understand the mechanisms underlying these interactions and their role
in the survival and fitness of B. dorsalis.

3.5. Detection and Infestation of B. dorsalis

B. dorsalis has the potential to expand and infest the northern and southern regions,
making it a significant quarantine pest in China [8]. To effectively manage this pest, a
comprehensive approach, including quantitative risk assessment, is necessary. Given its
ability to spread through the transportation of infested fruit, strict quarantine measures
must be implemented to prevent its spread to new areas. Detection of B. dorsalis can be
accomplished through a combination of morphological identification, acoustic detection,
and molecular detection [125,144]. To eliminate infestations, thermal treatment of infected
fruit is recommended. Research has shown that treating fruit at 60 ◦C for 2 h or 45 ◦C for
5 h effectively kills all fruit flies inside [145,146], and this technique can be implemented
at quarantine check points to treat infested fruit. The fly can cause significant damage to
a wide range of fruit crops, leading to substantial economic losses for farmers. Its rapid
spread has been attributed to its ability to adapt to new environments, high reproductive
potential, and resistance to chemical insecticides [147,148]. Strict quarantine measures have
been implemented in China to prevent the spread of B. dorsalis, including surveillance
programs to detect the fly’s presence and thermal treatment systems to eliminate fruit
infestations. In one study, B. dorsalis larvae in navel oranges were exposed to 1.2 ◦C
for 15 days, which resulted in 99.99% larval mortality, hence making it one of the best
commercial quarantine treatments [149]. Similarly, the effectiveness of other treatment
measures has been studied in recent literature articles [4,8]. Moreover, as a significant
quarantine pest in China, B. dorsalis requires comprehensive management strategies to
control its spread. Quarantine measures, implementation of surveillance programs, and
cold and thermal treatment of infested fruit have shown promising results in controlling
the spread of B. dorsalis [150,151].

4. Pest Management
4.1. Mass Trapping

B. dorsalis could be mass-trapped using pheromone and food-based baits. Various
pheromones and scent-based compounds, including synthetic para-pheromones or male
lures such as methyl eugenol (ME), have been developed to attract and control B. dorsalis.
These compounds mimic the natural pheromones produced by melon and oriental fruit
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flies. These pheromones are used to attract and trap male flies, allowing for population
monitoring and infestation assessment [152]. E-coniferyl alcohol (E-CF) has also been
found to be effective in attracting female B. dorsalis [69]. A comprehensive investigation on
current resistance and lure tolerance to fruit flies [153] assessed the response of B. dorsalis
males to non-ME lures. The experiment evaluated the mating and lure response of non-ME-
responding (NMR) and non-responding lines (NRLs) of B. dorsalis males. Results showed
that NMR males had higher mating success rates compared to NRL males and exhibited
a greater attraction to non-ME lures, which have been implicated in the development of
tolerance mechanisms among B. dorsalis populations [153,154].

Another research revealed that B. dorsalis causes significant economic losses in the
fruit and vegetable industry by laying eggs inside hosts. Chemical controls are not very
effective due to the pest’s cryptic feeding habits, strong flight ability, and resistance to
insecticides. Olfaction-based trapping using ME has been the most cost-effective tool for
monitoring and controlling B. dorsalis populations for seven decades [69,123]. However,
laboratory selection for ME responsiveness has resulted in the non-responsiveness of B.
dorsalis, which may lead to the recolonization of the pest in some areas [155]. The study
aimed to determine the levels of ME responsiveness in B. dorsalis field populations in
China [153,154]. Results showed that the field populations had lower ME sensitivity
compared to the susceptible strain, possibly due to odorant binding protein (BdorOBP2,
BdorOBP83b), and P450 gene expressions in olfactory organs [154]. Protein-based baits
and food odors, such as yeast, vinegar, and fermentation products, can also attract both
male and female oriental fruit flies. These baits can be combined with pheromones to
increase trap efficacy [156]. Visual attractants, such as brightly colored sticky traps, can
also be used to attract oriental fruit flies, and they can complement other attractants for a
more comprehensive monitoring and control approach [114,157]. It is important to note
that attractants can be species-specific, and the most effective ones for B. dorsalis may vary
based on environmental conditions and other factors. Following are the steps involved in
bait-based physical control techniques for managing B. dorsalis infestations: (a) Monitoring:
It includes observations and record-keeping of the presence, distribution, and abundance of
B. dorsalis in affected areas. (b) Selection of bait material: It includes selection of appropriate
bait material, such as food-based baits (fishmeal or yeast hydrolysates, ME, raspberry
ketone, cue lure, honey, or molasses) that have been successful in attracting fruit fly species.
(c) Formulation of bait: It includes formulating the selected bait material into an attractive
and easily dispersible form by adding a food-grade preservative for shelf-life extension and
a hydroscopic agent to maintain its moisture content. (d) Deployment of baits: It involves
deployment of the baits using various methods, including bait stations, bait trees, or spray
applications, depending on the specific circumstances of each situation. (e) Collection and
disposal of captured fruit flies: It involves regular monitoring to assess the effectiveness of
the bait and removing and disposing of captured fruit flies to prevent escape and further
spread. (f) Evaluation: It includes assessing the success of the bait-based physical control
technique by monitoring oriental fruit fly population levels over time and comparing pre-
and post-treatment populations to determine the reduction in the number of fruit flies.

4.2. Biological Control

Parasitoids, hymenopteran wasps, lay their eggs inside hosts, consuming them from
the inside and leading to their death. Fopius arisanus (Sonan), a species of egg parasitoid,
targets B. dorsalis [8]. As a potential biological control agent, F. arisanus effectively parasitizes
the host eggs and reduces the pest population [158]. It is well-adapted to tropical and
subtropical environments, distributed throughout Asia, Africa, and the Pacific region [159].
Utilizing F. arisanus offers advantages over chemical pest control, including specificity to
the target pest, conservation of beneficial insects, and long-term sustainability [160]. In
order to effectively utilize F. arisanus for biological control, it is important to understand its
biology, behavior, and life cycle, as well as its interactions with the host and other factors
that may affect its efficacy. Researchers have also developed mass rearing for F. arisanus to
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produce large numbers of individuals for release into the field. F. arisanus is a promising
biological control agent for the oriental fruit fly, offering a sustainable and environmentally
friendly approach to managing this destructive pest [161]. Another parasitoid, Spalangia
endius (Walker) (Hymenoptera: Pteromalidae) is a solitary endoparasitoid that attacks fruit
fly pupae, including B. dorsalis. This wasp lays its eggs inside the pupae, and the emerging
larvae consume the host pupae from within, killing the fruit fly [162]. Using S. endius for
the biological control of B. dorsalis has advantages over other methods. It is highly specific
in targeting fruit fly pests and does not harm beneficial insects. Field trials have shown that
this parasitoid can effectively reduce the number of B. dorsalis adults, thereby minimizing
crop damage [163,164]. To effectively use S. endius for biological control, understanding
the biology and behavior of both the wasp and the fruit fly is crucial. The timing of wasp
releases is critical in achieving maximum parasitism rates. In general, releases should
coincide with the emergence of fruit fly pupae, which is the stage at which S. endius lays
its eggs. Releasing large numbers of parasitoids can help control fruit fly populations in a
targeted area [165,166] (Table 1). Viruses, bacteria, and fungi can also infect and be lethal to
the fruit fly adult and larvae [137]. Among the pathogens studied for use against B. dorsalis,
viruses, especially baculoviruses, have been found to be highly virulent to fruit fly species.
They have demonstrated effectiveness in reducing fruit fly populations in both laboratory
and field studies.

Baculoviruses are insect-specific viruses that replicate within the insect host and cause
death. Among the baculovirus isolates identified and characterized, the nuclear polyhe-
drosis virus (NPV) has been found to be highly virulent to several insect species [167,168].
NPV studies have demonstrated its ability to reduce the number of fruit fly individuals in
laboratory and field settings, thereby decreasing the damage caused by this pest. Moreover,
NPV is safe for the environment and non-target organisms, making it a promising option
for fruit fly management [169]. However, it is important to note that using pathogenic mi-
croorganisms, including viruses, for insect pest management is still in its early stages, and
more research is needed to fully understand their potential and limitations. Baculoviruses,
particularly NPV, have shown potential for controlling B. dorsalis, and further research is
needed to integrate them into pest management programs effectively. The entomophagous
fungus Beauveria bassiana (Sordariomycetes: Clavicipitaceae) is an entomopathogenic fun-
gus that is known to be an effective biological control agent against B. cucurbitae. This
fungus infects the insects and causes mortality [170]. In China, B. bassiana effectively
controlled B. dorsalis, achieving a mortality rate of over 80% in laboratory experiments.
Similarly, another study showed that B. bassiana effectively reduced the population density
of B. dorsalis in the field [171,172]. B. bassiana can be used as a biological control agent in
several ways: (1) Inoculative releases: This involves releasing large numbers of fungal
spores (conidia) into the environment, which then infect the insects. This approach is most
effective when used in conjunction with other management strategies, such as the use
of pheromones or host-plant resistance. (2) Injection or spraying: This process involves
injecting or spraying a suspension of conidia directly onto the insects, causing them to
become infected. (3) Formulations: B. bassiana can also be formulated into granules or
dusts that can be applied to the host plants or environment, where they will encounter the
insects. The entomopathogenic bacterium Bacillus thuringiensis (Bt) is a naturally occurring
soil bacterium that produces a toxic crystal protein effective against many insect pests,
including B. dorsalis [173]. Entomopathogenic nematodes are parasitic roundworms that
can infect and kill fruit fly larvae [174]. Further research and understanding of biology will
improve their integration into pest management programs (Table 1).
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Table 1. Natural enemies of B. dorsalis.

Bio-Control Agents Name of Species Host Stages Reference

Predator Oecophylla longinoda Pupa/larva [175]
Pachycrepoideus
vindemmiae Larva/pupa [176]

Parasitoids Fopius arisanus Egg [177]
Psyttalia cosyrae Larva-pupal [178]
Diachasmimorpha
longicaudata Larva [178]

Nematodes Heterorhabditis taysearae Larva/pupa [176]
H. indica Larva/pupa [179]
Steinernema sp Larva/pupa [180]

4.3. Sterile Insect Technique (SIT)

The sterile insect technique is a promising biological control for Bactrocera species,
with a proven track record of success in various countries worldwide. It is a sustainable
and eco-friendly method of pest management that complements other control strategies,
providing long-term control of this economically important insect pest. The technique has
been used for decades to manage various insect pests, including B. dorsalis, commonly
known as the oriental fruit fly. SIT involves mass-rearing and sterilization of male insects,
which are then released into the wild to mate with females. Mating with sterilized males
leads to the laying of eggs by female insects that do not hatch, ultimately leading to a
decline in the pest population [8,181]. This technique was first employed in the 1950s to
control the screwworm, Cochliomyia hominivorax, in the southern United States and has
since been effectively utilized against various other insect pests worldwide. Fruit flies,
including B. dorsalis, have been successfully managed using SIT in several countries, such
as China, Australia, and Hawaii [182,183]. For instance, in Hawaii, SIT was implemented in
the early 2000s to manage oriental fruit fly outbreaks in the state’s agriculture industry. The
program’s success resulted in a significant decline in the pest population [184]. In Australia,
SIT has been incorporated into integrated pest management to control Mediterranean
fruit fly C. capitata populations in the country’s horticulture industry [185]. The genetic
sexing strain is a technique utilized to manipulate the sex ratios of a population, leading
to more effective and efficient pest management. It has been successfully applied world-
wide, including China, to manage B. dorsalis. This technique employs a genetic marker to
distinguish between male and female fruit flies. By releasing only sterilized males into the
environment, the population growth of the pest can be suppressed without the need for
chemical insecticides [186].

In China, researchers have developed a genetic sexing strain for B. dorsalis using the
temperature-sensitive lethal (tsl) mutation. This mutation causes the death of females at a
certain temperature, enabling the separation of male and female fruit flies [187]. The genetic
sexing strain has been proven effective in suppressing the population growth of several
fruit fly species in field trials [188]. This technique has also been applied to manage fruit
flies in other countries, including Australia and Thailand [13,185,189,190]. These studies
demonstrate the potential of the genetic sexing strain as an integrated pest management
tool for managing tephritid fruit flies.

4.4. Molecular Control

The management of B. dorsalis is challenging due to its high resistance to insecticides.
To overcome this challenge, it is crucial to identify new targets for insect pest control.
Transient receptor potential (TRP) channels play a crucial role in various physiological
processes in insects, including nociception, thermo-sensation, and olfaction [191,192]. In
recent years, there have been extensive studies on the identification and characterization
of TRP channels in various insect species, including B. dorsalis. In one study [192], 15 TRP
channel genes were identified in the genome of B. dorsalis. The expression patterns of these
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genes were analyzed in different tissues, such as the antennae, brain, midgut, Malpighian
tubules, and fat body. The results revealed that TRP channels were differentially expressed
across various tissues, with some TRP genes being predominantly expressed in specific
tissues. Additionally, another study [193] investigated the role of TRP channels in in-
secticide resistance in insects. They used RNA interference (RNAi) to knock down the
expression of TRP channels in B. dorsalis. The findings showed that knockdown of TRP
channels significantly reduced insecticide resistance in B. dorsalis, suggesting the potential
utilization of TRP channels as targets for insect pest control [194,195]. The identification,
characterization, and expression analysis of TRP channel genes in the oriental fruit fly will
provide crucial information for the development of new and effective strategies for the
management and control of this pest.

4.5. RNA Interference (RNAi)

RNA interference (RNAi) is a highly effective technique for gene silencing through the
use of double-stranded RNA (dsRNA) [196]. It has shown promise in knocking down insect
pests as a more environmentally friendly option. Previous studies have demonstrated
successful silencing of genes rpl19, v-ATPase-D, noa, and rab11 in adult B. dorsalis through
the feeding of corresponding dsRNA. Other potential target genes involved in midgut
digestion and detoxification have also been identified [197,198]. However, using RNAi for
controlling the oriental fruit fly faces challenges, including effectively delivering dsRNA to
the insect and potential risks to non-target organisms. The delivery of dsRNA has not been
fully implemented yet, and the possible impacts on non-target organisms and host fruits
and vegetables must be carefully considered. There is a risk of reducing the expression of
genes in natural enemies and other beneficial insects due to the high similarity in rpl19
sequences between these insects and B. dorsalis. Therefore, minimizing the impact of dsRNA
on non-target insects and host fruits and vegetables is a priority in ongoing efforts to use
RNAi for controlling B. dorsalis. In a research article addressing the problem of insecticide
resistance in B. dorsalis, a global pest affecting various crops, researchers focused on the
role of UDP-glycosyltransferases (UGTs) in resistance development [199]. These enzymes
are involved in metabolically processing both plant secondary metabolites and synthetic
insecticides. The study identified 31 UGT genes in the genome of B. dorsalis, with 12 of
them highly expressed in key tissues such as the antennae, midgut, Malpighian tubules,
and fat body. Furthermore, exposure to four different insecticides caused a significant
upregulation of 17 UGT genes. To investigate further, RNA interference was used to knock
down five selected UGT genes, resulting in reduced oriental fruit fly mortality in response
to insecticides from 9.29% to 27.22% [200].

4.6. CRISPR-Cas9

The clustered regularly interspaced palindromic repeat (CRISPR-Cas9) system is a
revolutionary tool for precise and efficient genome editing in various organisms [201].
In a study of B. dorsalis, researchers targeted a specific gene known as the Sex Peptide
Receptor (Bdspr) using CRISPR/Cas9 technology [100]. The Bdspr gene plays a critical role
in the regulation of female reproduction, including ovary development and egg laying. By
introducing mutations into this gene, the researchers aimed to examine its effects on female
fecundity and reproductive functions in B. dorsalis. Several research experiments showed
that CRISPR/Cas9-mediated disruption of the Bdspr gene, when the insects were fed with
the ds-spr gene, led to significant changes in the number and size of ovarioles, a reduction
in the number of eggs laid, and a decrease in overall female fecundity. This indicated the
importance of the Bdspr gene in the normal functioning of the female reproductive system
in B. dorsalis. The study also demonstrated that the CRISPR/Cas9 system is an effective
tool for studying gene function and disrupting specific genes in insects. In the future,
this information could potentially be used to develop new strategies for controlling the
population of oriental fruit flies, a major agricultural pest causing significant damage to
crops worldwide [100,202–204]. The CRISPR/Cas9-induced mutation of the Bdspr gene
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in the oriental fruit fly underscores the significance of this gene in female reproduction
and highlights the potential of genome editing technology for advancing the field of insect
pest management.

In another study focused on understanding the functional role of the white gene
in pigmentation in B. dorsalis, the white gene was cloned, and knockout strains were
created using the CRISPR/Cas9 genome editing system. The results revealed that the
mutants lost pigmentation in the compound eye and their head spots. Further analysis
using quantitative reverse-transcription PCR showed lower expression levels of the Bd-
yellow1 gene in the head of mutants compared to the wild-type strain, while there were
no significant differences in the expression of the other six genes. As the yellow gene is
crucial for melanin biosynthesis, the reduced expression of Bd-yellow1 in mutants led to a
decrease in dark pigmentation in the head spots. This study provides evidence for the first
time that the white gene may play a role in cuticle pigmentation by affecting the expression
of the yellow gene [99].

5. Conclusions and Future Perspective

The oriental fruit fly has been the most common and significant orchard pest since its
invasion of mainland China. Currently, it is expanding to more suitable regions in North
China. Over the past few decades, many tactics have been developed to track its occurrence,
spread, and damage, along with numerous studies conducted to understand its invasion
process. However, its ability to adapt to different habitats, insecticide resistance, and high
reproductive capacity have been helping the pest to spread to wider landscapes. These
factors might provide valuable information for the development of new pest management
techniques. Currently, the application of synthetic pesticides remains the basis of B. dorsalis
management worldwide, including China. However, when this pest develops insecticide
resistance, the effectiveness of chemical management significantly reduces. To address
this issue, it is essential to take preventive measures against the emergence of insecticide
resistance and adopt novel pesticide options, such as botanical and microbial pesticides.
Gaining a sufficient understanding of the physiological mechanism and molecular roots
of mating choice and behavior could lead to new control techniques based on behavioral
alteration. SIT (sterile insect technique) and area-wide pest eradication programs have been
used as techniques to manage the oriental fruit fly and other insect species. Although it has
been widely used in China, it has not yet eradicated the invasive species. However, it holds
the potential to successfully eradicate the pest species.
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