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15  Abstract

16 Insecticides have become the primary selective force in many insect

17 species; however, whether beneficial insects developed resistance remains

18 unknown. We analyzed the sequences of hymenopteran GABA, receptor

19  subunit gene RdI (resistance to dieldrin), which encodes the target of

20 cyclodiene and phenylpyrazole insecticides. The resistance-conferring A200S
21 mutations were found in seven parasitoid wasps and similar amino acid

22 replacements at homologous sites have been identified in four of their resistant
23 hosts. Our findings indicate how parallel molecular evolution at a single amino
24  acid site confers adaptation in both insects and their natural enemies, which

25 may shape species interactions and community structure.
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26 Pesticide resistance brings a major challenge for the sustainable control of
27  pests, it meanwhile provides an important model to study rapid evolution under
28  strong selective pressures, which can be used to address fundamental

29 questions in ecology and evolutionary biology. Pesticides may also cause

30 detrimental effects on nontarget organisms, for instance, the severe sublethal
31 impacts of neonicotinoids on wild and managed bees have led to heavy

32 restrictions on the use of these insecticides in Europe (Cressey 2017).

33 Interestingly, a nontarget aquatic crustacean developed resistance to

34  pyrethroids via mutations in the voltage-gated sodium channel, the molecular
35 target of pyrethroids (Weston et al. 2013). However, it is largely unknown

36  whether nontarget species, especially beneficial insects which are recurrently
37 exposed to pesticides, evolve resistance adaptations.

38 The single point mutation in the GABAA receptor subunit gene, Rdl

39 (resistance to dieldrin), represents a model system for studying target

40 site—mediated resistance to insecticides (Ffrench-Constant et al. 2000).

41  Cyclodiene resistance is historically widespread and accounted for >60% of
42  reported resistance cases in the 1980s, following the use of cyclodiene

43 insecticides, including dieldrin, which was widely used during the 1950s to

44  early 1970s (Georghiou 1986). The molecular target Rdl was first discovered in
45  Drosophila melanogaster because a point mutation, replacing alanine with

46  serine (A277S, index number for M2 membrane-spanning region), of this gene

47  confers 4,000-fold resistance to dieldrin (Ffrench-Constant et al. 1991,
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48  Ffrench-Constant et al. 1993). The mutations at position 2" were

49  subsequently identified from many other cyclodiene-resistant insect species
50 (Feyereisen et al. 2015). Later, phenylpyrazole insecticides like fipronil with the
51 same mode of action have been used to control pests starting in the 1990s.
52  These persistent selective pressures lead to a question: have similar

53 resistance mechanisms evolved in beneficial insects? Therefore, we analyzed
54  the sequences of Rdl in Hymenoptera, because Hymenoptera, which contains
55  pollinators, predators, and parasitoids, is not only a critical topic in ecosystem
56 and agriculture, but also shows high sensitivity to cyclodiene and

57  phenylpyrazole insecticides.

58 We focused on the M2 sequences of RDL using available genomes and
59  transcriptomes from 59 species spanning 30 families. The A2JS mutation is
60 found in seven parasitoids from 37 examined species (fig. 1 and

61 supplementary fig. S1 and table S1), which is known to confer resistance to
62 cyclodiene and phenylpyrazole insecticides via a target-site-insensitivity

63 mechanism (Ffrench-Constant et al. 1993; Chen et al. 2006; Feyereisen et al.
64 2015).

65 Trichogramma egg parasitoids are widely used for the biological control of
66 lepidopteran pests such as the diamondback moth, Plutella xylostella

67 (supplementary table S2). We observed that the Trichogramma chilonis strain
68 from India has the substitution A211S (fig. 1). The A271S and A271G mutations

69 also evolved in P. xylostella, which showed resistance to cyclodienes and
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70  fipronil (Feyereisen et al. 2015; Wang et al. 2016). Notably, A271S is not

71 observed in RDL of any other Trichogramma, including T. pretiosum and T.

72 evanescens (fig. 1), suggesting that the substitution evolved in recent times in
73  T. chilonis. Furthermore, we collected T. chilonis strains from three locations in
74  China (Beijing, Henan, and Jilin provinces) and sequenced them individually.
75  Sequencing results showed that these strains have no amino acid substitution
76  at position 2L_. Taken together, these results suggest that point mutation in

77 RDL of T. chilonis in India is an adaptation to strong insecticide selective

78  pressure.

79 Dryinidae family wasps are both parasitoids and predators of

80 Auchenorrhyncha (Hemiptera), in which the main host of Gonatopus flavifemur
81 is the brown planthopper Nilaparvata lugens, the most serious rice pest

82  worldwide (supplementary table S2). We observed that Rdl in the genome of G.
83 flavifemur also encodes replacement A2 S, which was not observed in

84  Mystrophorus formicaeformis, another species of the Dryinidae family (fig. 1).
85 Then, we sequenced a field population of G. flavifemur collected from Zhejiang
86  province, and confirmed the A27'1S mutations. Importantly, A2I" S also evolved
87 in the brown planthopper and confers resistance to fipronil (Zhang et al. 2016).
88 These results imply that G. flavifemur resists insecticides through the same

89  point mutation found in its host.

90 Among the family Aphelinidae, Encarsia formosa is a well-known

91 parasitoid of whiteflies and has been used as a biological-control agent since
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92 the 1920s; and Aphelinus abdominalis is also used for control of several aphid
93 species (supplementary table S2). We observed that the A20S also evolved in
94 the RDLs of these two species (fig. 1). Since the sequenced populations of E.
95 Formosa were from Germany, we collected and sequenced the strains from
96 five locations in China (Jilin, Liaoning, Beijing, Shandong, and Zhejiang
97  provinces), and our results confirmed that all populations have the substitution
98  A2LJS. Strikingly, the A21.S and A2/1G mutations evolved in the sweet potato
99  whitefly Bemisia tabaci and the green peach aphid Myzus persicae,
100  respectively, which all can confer high resistance to cyclodienes (Feyereisen et
101 al. 2015). Thus, these results suggest that the substitutions in RDL cause
102  insensitivity to cyclodiene insecticides in E. formosa and A. abdominalis and
103  facilitate their adaptation to insecticides.
104 The substitution A271S also evolved in RDLs of Orasema simulatrix,
105 Leptomastix dactylopii, and Copidosoma floridanum (fig. 1), which parasitize
106  ants, citrus mealybugs, and moths in the subfamily Plusiinae, respectively
107  (supplementary table S2). Although mutations were not reported in their host
108  species, dieldrin and fipronil were widely used as pesticides for corn, cotton,
109  vegetable, and citrus crops, and employed for termite and ant control, implying
110  A20JS mutations may occur in these host species.
111 In summary, our findings provide the first evidence that distantly related
112  parasitoid wasps have evolved A271S mutations to resist cyclodiene and

113 phenylpyrazole insecticides. Furthermore, parallel amino acid substitutions at
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114 the homologous site of RDL were found in four host-parasitoid pairs, indicating
115  that the molecular adaptations to pesticides may reach the third trophic level. A
116  previous field study found that non-parasitized larvae of Manduca sexta

117  contain higher insecticides residues than that parasitized larvae (Dhammi

118  2010). Thus, the A2[7S mutation-bearing pests may ingest more insecticides
119 than that in wild-type populations and impair parasitism. As a countermeasure,
120  their specialized parasitoids evolved the same point mutations to adapt to the
121 otherwise lethal dose of insecticides. Our results also suggest that Rdl may
122 serve as a keystone molecular marker for monitoring the effects of insecticides
123  on beneficial insects and other nontarget animals. Finally, the widespread

124  mutation in a commercial successful parasitoid E. Formosa indicates that

125 genome engineered natural enemies with resistance-conferring mutations

126  could be an effective method in integrated pest management.

127
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128 Materials and methods

129 Identification of Rdl genes and phylogenetic analyses

130 To identify Rdl genes in Hymenoptera, we performed a two-step analysis:
131 1) we used Drosophila melanogaster and Apis mellifera genes as queries to
132  perform BLASTp and TBLASTnN search against genomes and transcriptomes,
133  respectively; 2) we verified the candidate genes by BLASTp again without a
134  limit of species as previously described (Guo et al. 2020; Guo et al. 2021). We
135 took all the candidate genes that were reciprocal best hits with the D.

136 melanogaster Rdl gene. Phylogenetic relationships of species were

137  established based on previously published sources (Munro et al. 2011,

138  Sharanowski et al. 2011; Peters et al. 2017; Bossert et al. 2019).

139  Parasitoid wasps

140 G. flavifemur was provided by Dr. Qiang Fu (China National Rice Research
141 Institute), which was collected from rice fields at Hangzhou, Zhejiang province.
142 T. chilonis was provided by Dr. Liansheng Zang (Jilin Agricultural University),

143  Kuoye Biology (http://www.kuoye.com/) (Beijing), and Henan Jiyuan Baiyun

144  Industry Co., Ltd. (http://www.keyunnpv.cn/) (Henan province). E. Formosa

145  was provided by Dr. Yinquan Liu (Zhejiang University), Dr. Liansheng Zang, Dr.
146 Junbo Luan (Shenyang Agricultural University), Kuoye Biology, and Shandong

147  Lubao Technology Development Co., Ltd. (http://www.saas-birc.com/)

148  (Shandong province). T. chilonis and E. Formosa were maintained in the
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149  laboratory.

150  Genotyping

151 Genomic DNA was extracted from a single parasitoid using the FastPure
152  Cell/Tissue DNA Isolation Mini Kit (Vazyme Cas#DC102-01) according to the
153  manufacturer’s protocol. Then, genomic DNA (1 pL) from the reaction was
154  used as the PCR template for a 25 pl reaction for 35 cycles. The PCR primers
155  spanned an approximately 200-bp region encompassing the M2 sequences
156  (supplementary table S3). Lastly, the PCR products have checked the size

157  using electrophoresis on a 1.2% agarose gel prior to being sequenced.
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169  Figure Legend

170  Fig. 1 Amino acid substitutions of RDL in representative species

171 (supplementary fig. S1 for all examined species). Gray color mark parasitoid
172 species. The names of parasitoid species with 2[] substitutions are in bold and
173  their respective representative host species with 277 substitutions are shown.
174  Only the amino acid at position 2[C is shown: green = sensitive; red and yellow
175 = resistance. Images on the right show parasitoid wasps attacking their hosts.
176  Encarsia formosa and Aphelinus abdominalis photos courtesy of Koppert.

177  Gonatopus flavifemur image courtesy of Jiachun He (China National Rice

178  Research Institute).
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