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ABSTRACT 25 

Wolbachia are endosymbiotic bacteria present in a wide range of invertebrates. 26 

Although their dramatic effects on host reproductive biology have been well studied, 27 

little is known about the effects of Wolbachia on the learning and memory capacity 28 

(LMC) of hosts, despite their distribution in the host nervous system, including brain. 29 

In this study, we found that Wolbachia infection significantly enhanced LMC in both 30 

Drosophila melanogaster and D. simulans. Expression of LMC-related genes was 31 

significantly increased in the head of D. melanogaster infected with the wMel strain, 32 

and among these genes, crebA was up-regulated the most. Knockdown of crebA in 33 

Wolbachia-infected flies significantly decreased LMC, while overexpression of crebA 34 

in Wolbachia-free flies significantly enhanced the LMC of flies. More importantly, a 35 

microRNA (miRNA), dme-miR-92b, was identified to be complementary to the 36 

3’UTR of crebA. Wolbachia infection was correlated with reduced expression of dme-37 

miR-92b in D. melanogaster, and dme-miR-92b negatively regulated crebA through 38 

binding to its 3’UTR region. Overexpression of dme-miR-92b in Wolbachia-infected 39 

flies by microinjection of agomirs caused a significant decrease in crebA expression 40 

and LMC, while inhibition of dme-miR-92b in Wolbachia-free flies by microinjection 41 

of antagomirs resulted in a significant increase in crebA expression and LMC. These 42 

results suggest that Wolbachia may improve LMC in Drosophila by altering host gene 43 

expression through a miRNA-target pathway. Our findings help better understand the 44 

host-endosymbiont interactions and, in particular, the impact of Wolbachia on 45 

cognitive processes in invertebrate hosts. 46 

KEY WORDS : Wolbachia; Drosophila melanogaster; learning and memory 47 

capacity; crebA; dme-miR-92b 48 
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 49 

1. Introduction 50 

      Wolbachia are gram-negative endosymbiotic bacteria that infect a wide range of 51 

arthropods and filarial nematodes. It is estimated that up to 40% of arthropod species 52 

are infected with Wolbachia (Zug and Hammerstein, 2012). Wolbachia are best 53 

known for their manipulation of host reproduction that serves to enhance their 54 

transmission through host populations (Zheng et al., 2011a; LePage et al., 2017; 55 

Beckmann et al., 2017), and it has also been shown that Wolbachia can influence host 56 

fitness traits, including physiology, immunity and pathogen interference (Hedges et 57 

al., 2008; Zug and Hammerstein, 2015; Ye et al., 2017; Ross et al., 2017; Teixeira et 58 

al., 2008). The influence of Wolbachia on fitness traits may be multidimensional, and 59 

a number of host genes and proteins modified by Wolbachia infection have been 60 

identified (Xi et al., 2008; Landmann et al., 2009; Caragata et al., 2017; Zheng et al., 61 

2011b; Yuan et al., 2015; Christensen et al., 2016). 62 

Many microorganisms have the ability to manipulate host behaviour to increase 63 

their successful transmission. Recent studies have revealed evidence for a link 64 

between some bacteria and the cognition of their hosts. For example, germ-free mice 65 

showed a defect in non-spatial and working memory tasks, and reduced expression of 66 

brain-derived neurotrophic factor (BDNF) in the hippocampus (Gareau et al., 2011), 67 

which is crucial for synaptic plasticity and cognitive function. Furthermore, disruption 68 

of the gut microbiota after antibiotic treatment also induces cognitive impairment 69 

accompanied by a significantly decreased BDNF level in the adult brain of mice 70 

(Desbonnet et al., 2015). Additionally, there are an increasing number of studies in 71 

animal models showing the effect of some probiotics on cognitive behaviour. 72 

Savignac et al. found that Bifidobacteria longum 1714 can improve learning and 73 
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memory as shown in the object recognition test, Barnes maze, and fear conditioning 74 

(Savignac et al., 2015). Wolbachia are known to accumulate in nervous tissues of 75 

hosts, including the brain (Albertson et al., 2013; Strunov et al., 2013; Strunov et al., 76 

2017). In Drosophila, the areas most infected by Wolbachia are the central brain and 77 

the suboesophageal ganglion (Albertson et al., 2013; Albertson et al., 2009). The 78 

central brain includes the antennal lobes responsible for receiving input from the 79 

olfactory sensory neurons, and the mushroom bodies which provide sensory learning 80 

and memory capacity (Albertson et al., 2009; Strausfeld and Li, 1999; Zars et al., 81 

2000). Wolbachia strains have been demonstrated to affect olfactory-cue performance, 82 

mating and male aggression in adult Drosophila (Peng et al., 2008; Peng and Wang, 83 

2009; Liu et al., 2014; Rohrscheib and Brownlie, 2013). Our previous study reveal 84 

Wolbachia mediates the expression of dopamine related genes, and decreases the 85 

sleep quality of their insect hosts (Bi et al., 2018). Kishani Farahani et al. revealed 86 

that Wolbachia-infected wasps display shorter memory retention in new environments 87 

compared with uninfected wasps; in this way, they can increase the broadcast of 88 

Wolbachia by forgetting the trace connected with previous environments (Kishani 89 

Farahani et al., 2017) It was reported that wVulC Wolbachia-infected Armadillidium 90 

vulgare, a terrestrial isopod, had worse ability to learn and memorize the correct 91 

direction after training compared to a Wolbachia-free group. Wolbachia infection in A. 92 

vulgare may affect cognitive processes by decreasing host adaptation capacity 93 

(Templé and Richard, 2015); however, the mechanisms by which these changes are 94 

imposed were not explored.  95 

MicroRNAs (miRNAs) are small noncoding RNAs that regulate gene expression 96 

post-transcriptionally (Zhang et al., 2013). They play important roles in development, 97 

cellular growth control, and organismal behavior (Zhang et al., 2014). Prior studies 98 
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have shown that Wolbachia may use host miRNA to manipulate host gene expression 99 

and facilitate colonization in the mosquito Aedes aegypti (Hussain et al., 2011). In 100 

addition, Yang et al. (2014) have revealed that miRNA-133 could inhibit behavioral 101 

aggregation by controlling dopamine synthesis in locusts. Recently, Liu et al. (2018) 102 

have demonstrated that a conserved invertebrate miRNA-14 plays an important role 103 

in ecdysteroid regulated development in the silkworm Bombyx mori.  104 

To better understand the impact of Wolbachia infection on host cognitive ability, 105 

we investigated the influence of two Wolbachia strains, wMel and wRi, which are 106 

found to infect wild populations of Drosophila melanogaster and D. simulans, 107 

respectively, on the learning and memory capacity (LMC) of Drosophila hosts. Our 108 

results suggest that Wolbachia may use host miRNAs to regulate transcripts of LMC-109 

related genes, resulting in altered cognitive ability in Drosophila hosts. As 110 

Wolbachia-infected arthropods and filarial nematodes can be intermediate hosts 111 

during infection of vertebrates, the behavioural and ecological consequences of 112 

arthropod infection may be of great importance in controlling pests and insect-borne 113 

diseases. 114 

 115 

2. Materials and methods 116 

2.1 Wolbachia strains, Drosophila fly stocks and S2 cells 117 

D. melanogaster infected with Wolbachia strain wMel (Brisbane nuclear 118 

background with introgressed wMel from YW, namely Dmel wMel) and wRi-infected 119 

wild populations of D. simulans (Dsim wRi) were kindly provided by Professor Scott 120 

L. O’Neill (Monash University, Australia). Wild-type flies w1118 were Wolbachia-free. 121 

Tetracycline treatments were performed as described previously (Hoffmann et al., 122 

1986), to generate genetically paired fly lines that were Wolbachia-free, here referred 123 
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to as Dmel T or Dsim T. We verified the tetracycline treatment by PCR using primers 124 

specific for the Wolbachia wsp gene (Fig. S1). Penicillin treatments were performed 125 

as described previously (Gotoh et al., 2007), here referred to as Dmel P or Dsim P. 126 

Gut flora was reconstituted using standard methods (Chrostek et al., 2013), and all 127 

experiments were conducted at a minimum of six generations post-antibiotic 128 

treatment. A transgenic crebA RNAi line (crebA-hp) was obtained from Tsinghua 129 

FlyCenter (Beijing) on the background of w1118. The UAS-crebA line was purchased 130 

from the Bloomington Drosophila Stock Center. The actGal4/Cyo-pscGFP driver-131 

line was obtained from Curie Institute, Paris, France and reared in standard medium in 132 

our laboratory. This actGal4 with actin promoter can drive ubiquitous gene 133 

expression in flies. The Wolbachia-infected actGal4 flies [actGal4 (I*)] was the 134 

offspring through crossing actGal4/Cyo-pscGFP males and Wolbachia-infected 135 

balancer females (Wolbachia are maternally transmitted). These transgenic flies were 136 

treated with tetracycline if necessary, as described previously (Hoffmann et al., 1986), 137 

and demonstrated to be Wolbachia-free by PCR using primers specific for the 138 

Wolbachia wsp gene (Liu et al., 2014). All fly lines were reared on standard 139 

cornmeal-yeast-agar medium at 25 °C with a photoperiod of 14L : 10D (light : dark) 140 

under non-crowded conditions (200 ± 10 eggs per 50 mL vial of medium in a 150-mL 141 

conical flask) (Yamada et al., 2007). Drosophila S2 cells were cultured at 27 °C in 142 

90% Schneider’s insect medium (Sigma) and supplemented with 10% heat inactivated 143 

fetal bovine serum (FBS). S2 cells were transfected at densities ranging from 0.5 to 5 144 

× 106 cells per mL. 145 

 146 

2.2 Learning and memory capacity assays 147 
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The conditioning and testing protocol with sugar reward was as described 148 

previously, with minor modifications (Ichinose et al., 2015). Briefly, 4~7-day-old 149 

flies were starved for 16–20 h before experiment. A conditioned stimulus (CS+) tube 150 

was made by spreading saturated sucrose (allowed to dry before use) onto a filter 151 

paper that covered the entire training tube. Another tube representing the CS− was 152 

prepared, containing a filter paper soaked in water (and allowed to dry). The two 153 

odours used in the experiment were 3-octanol and 4-methylcyclohexanol, which were 154 

diluted with paraffin oil to 10%. Approximately 100 starved flies were loaded into the 155 

elevator section of a T-maze and trained as following: flies were transferred to the 156 

CS− tube and exposed to one odour for 2 min. After 30 s of clean air stream, they 157 

were transferred back into the elevator and into the sugar reward (CS+) tube, where 158 

they were exposed to the other odour for 2 min. We tested olfactory memory 24 h 159 

after training (Fig. 1A). The performance index (PI) was calculated by subtracting the 160 

number of flies running toward the unconditioned odour from the number of flies 161 

running toward the conditioned odour and dividing by the total. A single PI value is 162 

the average score from two groups (Groups 1 and Group 2 in Fig. 1A) of flies trained 163 

with the reciprocal CS+/CS− odour combination (3-octanol or 4-methylcyclohexanol). 164 

To reduce variation between experiments, all fly lines were tested in parallel in each 165 

experiment. In all LMC assays, the sample size was ~100, and replicate number was 166 

12. LMC assays were performed and samples were collected at 8: 00 ~ 11: 30 in the 167 

morning. 168 

 169 

2.3 Quantitative reverse transcription-PCR (qRT-PCR) 170 

Total RNA enriched in small RNAs was isolated from adult flies using a 171 

miRNeasy extraction kit (TIANGEN catalogue no. DP501). Moloney murine 172 
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leukaemia virus (M-MLV) reverse transcriptase (Promega) and a miRNA first-strand 173 

cDNA synthesis kit (TIANGEN catalogue no. KR201, containing reverse primer) 174 

were used to prepare the Oligo(dT)-primed cDNA with a poly(A) tail. qRT-PCR was 175 

carried out using gene expression assays and SYBR Green miRNA (from the heads of 176 

flies) expression, respectively, according to the manufacturer’s instructions (Tiangen), 177 

on a LightCycler 480 instrument (Roche). Gene-specific primers for LMC-related 178 

genes were designed (Table S1). As endogenous controls, U6 snRNA and the 179 

ribosomal protein gene rp49 were used to quantify miRNA and mRNA expression 180 

levels, respectively. The relative expression of each gene was calibrated against the 181 

reference gene using 2-△Ct (△Ct = CT, target gene − CT, reference gene).  182 

 183 

2.4 Prediction of miRNA targeting crebA 184 

RNAHybrid and RNA22 software (IBM) were used to find potential miRNAs 185 

that might target crebA in D. melanogaster. BLASTN was performed to search 186 

homologous sequences of crebA and miRNA. Expression profiles of candidate 187 

miRNAs were confirmed by qRT-PCR analysis as described above. 188 

 189 

2.5 Transfection of inhibitor and mimic of miR-92b into Drosophila S2 Cell 190 

The miR-92b inhibitor and mimic, as well as the control ‘scramble’ inhibitor  and 191 

mimic (Table S1) were synthesized by GenePharma. Approximately 2 µg of inhibitor 192 

or mimic RNA was transfected into Drosophila S2 cells using Cellfectin according to 193 

the manufacturer’s instructions (Promega). Cells were collected at 48 h after 194 

transfections, total RNA was extracted, and qRT-PCR analysis was performed with 195 

crebA-specific primers as described above. 196 

 197 
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2.6 Plasmid construction 198 

Sense and antisense oligonucleotides of the crebA (NM_206374.2) 3’UTR 199 

fragment from 358 to 418 bp were synthesized (Integrated DNA Technologies), 200 

which contains an imperfect miR-92b target sequence and 5’-XhoI and 3’-NotI 201 

overhangs for cloning (Table S1). The synthesized 3’UTR was cloned to the 202 

downstream of Renilla luciferase in the XhoI/NotI restriction enzyme sites of the 203 

psiCHECK2 vector (Promega, Madison, WI, USA) to generate psi-crebA 3’UTR-wt, 204 

while psi-crebA 3’UTR-mut plasmids were created by mutating the seed region of the 205 

miR-92b site (GTGCAATT to GTAGCGTT) (Table S1).  206 

 207 

2.7 Luciferase assay 208 

Drosophila S2 cells were grown to approximately 80% confluence in 6-well plates 209 

and co-transfected with 0.1 µg psi-crebA 3’UTR-wt, psi-crebA 3’UTR-mut or 210 

psiCHECK2 empty vector, and 0.4 µg miR-92b mimic or mimic control using Fugene 211 

HD (Promega). Luciferase assays were performed 42 h later using a Dual-Luciferase 212 

reporter system (Promega); Renilla and firefly luciferase activities were measured 213 

with a Luminoskan Ascent (Thermo Labsystems) luminometer. For each sample, 214 

Renilla luciferase activity was normalized to firefly luciferase activity. Each 215 

experiment was repeated three times. 216 

 217 

2.8 MiRNA inhibition and overexpression in vivo 218 

Agomirs and antagomirs were purchased from Ribobio company. The miRNA 219 

agomir was a cholesterylated and chemically modified stable miRNA mimic which 220 

can induce target gene silencing when delivered in vivo with similar effects to those 221 

caused by the overexpression of endogenous miRNA (Wang et al., 2013). A 222 
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chemically modified and cholesterol-conjugated single-stranded RNA analogue 223 

named miRNA antagomir is complementary to the miRNA and can specifically 224 

silence endogenous miRNAs (Krützfeldt et al., 2005). The thorax of ~3-day-old adult 225 

flies was microinjected with 50 pmol agomir-92b/NC or antagomir-92b/NC (100 µΜ 226 

in a volume of 0.5 µL) using a UMP3 Ultra Micro Pump (World Precision 227 

Instruments Inc). The mRNA levels of CrebA were detected 48 h post-injection, and 228 

these flies were used for the learning and memory assay as described above. 229 

 230 

2.9 Statistical analysis 231 

Four biological replicates were carried out for each experiment (unless otherwise 232 

noted) in this study. Results were presented as means ± SE (n = 4). Twelve biological 233 

replicates were carried out for each LMC experiment; results are presented as scatter 234 

plots (n = 12). The GraphPad Prism program (Prism 5, GraphPad Software) was used 235 

to analyse and graphically present all in vitro and in vivo data. Comparisons of the 236 

data series between two conditions were achieved by Student’s t-test. Comparisons 237 

between more than two groups were made with one-way ANOVA, followed by 238 

Tukey’s HSD comparisons between the experimental group and its controls. p < 0.05 239 

indicates significant difference, and p < 0.01 indicates extremely significant 240 

difference; NS: not significant. 241 

 242 

3. Results 243 

3.1 Wolbachia infection improves the LMC of Drosophila 244 

Prior to investigating the effect of Wolbachia on LMC in flies, we demonstrated 245 

that tetracycline treatment had no effect on LMC of w1118, D. melanogaster and D. 246 

simulans (Table S2), as it has recently been shown that tetracycline not only depletes 247 
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Wolbachia, but also massively shifts the composition of the gut microbiome (Ye et al., 248 

2017). To confirm the effect of Wolbachia on the LMC of Drosophila, we also used 249 

penicillin, which does not affect Wolbachia, to eliminate other bacteria in Dmel wMel 250 

and Dsim wRi. We did not observe any effect of penicillin treatment on the LMC of 251 

either D. melanogaster or D. simulans (Table S2).  252 

To examine whether Wolbachia infection can influence LMC, we trained flies, 253 

including wMel-infected and wMel-free D. melanogaster (Dmel wMel and Dmel T), 254 

as well as wRi-infected and wRi-free D. simulans (Dsim wRi and Dsim T), and then 255 

tested their LMC. We used the performance index (PI) to evaluate LMC, which was 256 

calculated by subtracting the number of flies running toward the unconditioned odour 257 

from the number of flies running toward the conditioned odour and dividing by the 258 

total. As shown in Fig. 1B, the PI of Dmel wMel flies was significantly higher than 259 

that of Dmel T flies (p < 0.01). A similar result was found for D. simulans (Fig. 1B, p 260 

< 0.01). However, significant differences in PI were observed neither between Dmel 261 

wMel and Dmel P, nor between Dsim wRi and Dsim P. These results indicate that 262 

Wolbachia infection correlates with a significant increase in the LMC of their 263 

Drosophila hosts, this effect is independent of host background, and, furthermore, it is 264 

not other bacteria but Wolbachia that affect the LMC level of flies. 265 

 266 

3.2 Wolbachia infection alters expression of some LMC-related genes 267 

To dissect the molecular mechanism of LMC changes when there is a Wolbachia 268 

infection, we focused on the classical model organism D. melanogaster. We first 269 

decided to test the expression of 13 well-characterized genes known to be related to 270 

LMC in the head of D. melanogaster. qRT-PCR showed that among these genes, five 271 

of them: crebB, DopR, rutabaga (rut), dunce and crebA were significantly up-272 
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regulated in the head of Dmel wMel flies compared to Dmel T flies (Fig. 2, p < 0.05 273 

or 0.01). CrebB encodes Cyclic-AMP response element binding protein B, which 274 

plays a critical, evolutionarily conserved role in the conversion of short-term memory 275 

(STM) to long-term memory (LTM) (Zhang et al., 2015). DopR encodes D1-like 276 

dopamine receptor which is required for aversive and appetitive learning in 277 

Drosophila (Kim et al., 2007). rut encodes a calcium/calmodulin-dependent adenylyl 278 

cyclase and is associated with Drosophila memory formation (Kacsoh et al., 2015; 279 

Han et al., 1992; Levin et al., 1992). Dunce encodes a Cyclic-AMP specific 280 

phosphodiesterase, which has been revealed to be closely related to Drosophila 281 

memory formation (Kacsoh et al., 2015; Byers et al., 1981; Chen et al., 1986). CrebA 282 

encodes Cyclic-AMP response element binding protein A and has been shown to be 283 

involved in dendrite development in Drosophila (Iyer et al., 2013). Of the five up-284 

regulated genes, crebA was up-regulated most in the presence of Wolbachia. 285 

 286 

3.3 Wolbachia mediates LMC change through regulation of crebA 287 

Since crebA manifested the highest degree of up-regulation (increased about 288 

three-fold) in Dmel wMel flies when compared to Dmel T flies, we examined whether 289 

the improvement of LMC in Dmel wMel was due to increased expression of crebA by 290 

Wolbachia infection. Hence, we knocked down crebA in Wolbachia-infected flies by 291 

using a Wolbachia-infected actGal4 driver line [actGal4 (I*)]. As shown in Fig. 3A, 292 

actGal4 drove significant down-regulation of crebA in actGal4; crebA-hp (I*) flies 293 

when compared with actGal4 (I*) control flies (p < 0.01), though it was still higher 294 

than in the Wolbachia-free control (crebA-hp) (here we did not get the wMel-infected 295 

crebA-hp control). Then, CrebA-knockdown Wolbachia-infected flies [actGal4; 296 

crebA-hp (I*)] were tested for LMC after training. As expected, the PI of crebA-297 
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knockdown Wolbachia-infected flies was significantly lower than that in actGal4 (I*) 298 

control flies (p < 0.01, Fig. 3B), indicating that knockdown of crebA in Wolbachia-299 

infected flies significantly reduces LMC.  300 

Here, to strengthen the initial observed LMC changes due to the Wolbachia 301 

infection in a second D. melanogaster genetic background, we compared the LMC 302 

between actGal4 and actGal4 (I*). As shown in Fig. S2，the PI for actGal4 (I*) was 303 

higher than that for actGal4, further supporting that Wolbachia infection may increase 304 

the LMC of their Drosophila hosts.  305 

To further investigate whether the up-regulation of crebA induced by Wolbachia 306 

causes an increase in LMC, we then overexpressed crebA in Wolbachia-free flies. 307 

Fig. 3C shows that crebA was significantly up-regulated in actGal4; UAS-crebA flies 308 

relative to control flies (p < 0.01). Correspondingly, the PI of flies overexpressing 309 

crebA was significantly higher than that in the two control fly lines (p < 0.01, 310 

Fig. 3D), suggesting that overexpression of crebA can indeed significantly improve 311 

LMC in Drosophila. We also tested the PI of uninfected flies knocking down crebA 312 

and of Wolbachia-infected flies overexpressing crebA. We found the consistent 313 

results that knockdown of crebA caused a reduction of LMC and overexpression of 314 

crebA improved LMC (Fig. S3). These results indicate that up-regulation of crebA 315 

due to Wolbachia infection is at least one of the reasons that Wolbachia infection 316 

increase the LMC of their Drosophila hosts. 317 

 318 

3.4 CrebA is negatively regulated by dme-miR-92b 319 

It has been reported that Wolbachia infection might alter transcription of host 320 

microRNAs (miRNAs) (Hussain et al., 2011; Zhang et al., 2013) to regulate 321 

expression of host genes, thereby affecting host fitness or reproduction. The up-322 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT 

14 

regulation of crebA in Wolbachia-infected Drosophila led us to hypothesize that 323 

Wolbachia may regulate the expression of host miRNAs targeting crebA. Using in 324 

silico homology searches, a putative miRNA (dme-miR-92b) that may target crebA 325 

was identified. Target sequences with complete complementarity to the dme-miR-92b 326 

seed region were predicted in the 3’UTR of crebA at nucleotides 1557–1564 (Fig. 4A). 327 

Expression of dme-miR-92b was confirmed using qRT-PCR, with the expression level 328 

significantly lower in Dmel wMel flies than in Dmel T flies (Fig. 4B). As Wolbachia 329 

infection is associated with an increase in the expression of crebA (Fig. 2) and a 330 

decrease in the expression of dme-miR-92b, these results suggest that dme-miR-92b 331 

acts as an inhibitor of crebA expression in D. melanogaster. 332 

To further determine whether crebA mRNA is repressed by dme-miR-92b, we 333 

performed two independent experiments. First, Wolbachia-free Drosophila S2 cells 334 

were transfected with a specific synthetic mimic or inhibitor (reverse complementary 335 

sequence) of dme-miR-92b. Control cells were transfected with an unrelated miRNA 336 

sequence (mimic NC) or miRNA negative control (inhibitor NC). After 48 h, we 337 

observed a significantly lower transcript level of crebA in cells transfected with the 338 

miRNA mimic than in cells transfected with control transfections (Fig. 4C). In 339 

contrast, crebA expression was significantly up-regulated after dme-miR-92b inhibitor 340 

was transfected (Fig. 4D). These results confirm that dme-miR-92b acts as an inhibitor 341 

of crebA expression. 342 

To test whether crebA is a direct target of dme-miR-92b, fragments of the 3’UTR 343 

seed region of wild-type crebA and crebA containing a 4-bp mutation in the seed 344 

region (Fig. 4A) were respectively cloned into the psiCHECK2 dual luciferase 345 

reporter plasmid. Luciferase reporters were co-transfected with either dme-miR-92b 346 

mimic or miRNA negative control (miRNA NC) into S2 cells. As shown in Fig. 4E, 347 
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co-transfection of dme-miR-92b mimic with the crebA 3’UTR reporter resulted in an 348 

extremely significant decrease (more than 50%) in luciferase activity compared to 349 

other groups. No decrease in luciferase activity was observed when dme-miR-92b 350 

mimic was transfected together with the mutant reporter or null plasmid (Fig. 4E), 351 

indicating that the predicted site in crebA is a direct target of dme-miR-92b. Taken 352 

together, these results suggest that the dme-miR-92b might directly regulate crebA 353 

expression by targeting the 3’UTR of its transcript in D. melanogaster. 354 

 355 

3.5 Wolbachia infection improves LMC by altering crebA expression through 356 

regulation of dme-miR-92b 357 

To further investigate the molecular mechanism by which Wolbachia infection 358 

improves LMC, we synthesized the agomir and antagomir of dme-miR-92b, and 359 

injected them into adult flies. The mRNA level of crebA in Dmel wMel was 360 

significantly decreased after injection of miR-92b agomir; correspondingly the LMC 361 

was reduced significantly (Fig. 5A and B). In contrast, the mRNA level of crebA in 362 

Dmel T was significantly increased after injection of miR-92b antagomir, and the 363 

LMC was also improved compared to the control group (Fig. 5C and D). These results 364 

indicate that Wolbachia infection improves LMC by increasing crebA expression 365 

through down-regulation of dme-miR-92b. 366 

 367 

4. Discussion 368 

 As symbionts, Wolbachia can manipulate their hosts, ranging from parasitism to 369 

mutualism (Cook and McGraw, 2010). While much is known about the effect of 370 

Wolbachia on host fitness, the underpinning molecular mechanisms are largely 371 

unknown (Hussain et al., 2011). Here, we examined the effect of Wolbachia on the 372 
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LMC of adult D. melanogaster and D. simulans. We observed that the LMC of both 373 

wMel-infected D. melanogaster and wRi-infected D. simulans was significantly 374 

enhanced compared to that of Wolbachia-free flies. This is in contrast with the results 375 

reported by Templé and Richard, who observed a reduction of LMC in the wVulC-376 

infected crustacean host A. vulgare when compared to Wolbachia-free individuals 377 

(Templé and Richard, 2015). These contrasting observations may be due to 378 

differences in experimental design: Templé and Richard tested the effect of 379 

Wolbachia on STM (memory tested < 1 h post-training), while our experiments 380 

examined the effects on LTM (memory tested 24 h after training). Another 381 

explanation is that different strain of Wolbachia may have distinct effects on their 382 

hosts, and a single Wolbachia strain also has various effects on different hosts (Dean, 383 

2006; Chafee et al., 2011; Russell et al., 2018). In their study (Templé and Richard, 384 

2015), they used pathogenic strain wVulC which induces feminization of the host A. 385 

vulgare. Here, we used wMel and wRi Wolbachia which induce sperm-egg 386 

cytoplasmic incompatibility in D. melanogaster and D. simulans, respectively. 387 

Furthermore, the different taxonomic groups of the hosts (Insecta and Crustacea) may 388 

also contribute to the difference seen in this study and that of Templé and Richard 389 

(2015). The crustacean A. vulgare is reported to have a gregarious lifestyle and a 390 

strong tendency for individuals to aggregate (Broly et al., 2013). This lifestyle carries 391 

a danger of being fully attacked by predators. The reduction of learning capacity in A. 392 

vulgare induced by wVulC infection may decrease the tendency of the isopod to 393 

aggregate, thus decreasing the risk of being fully preyed upon, which may also ensure 394 

the survival and transmission of Wolbachia. However, Drosophila is not gregarious. 395 

The improvement in LMC by Wolbachia may help them to find food and mates and to 396 
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avoid danger more efficiently, which increase the fitness of the hosts and thus favour 397 

propagation of the bacteria. 398 

Along with the increase in LMC performance, there was an increase in the 399 

expression of five LMC-related genes: crebB, DopR, rut, dunce and crebA, in wMel-400 

infected D. melanogaster relative to wMel-free flies. Among the five genes, crebA 401 

showed the largest increase in gene expression, indicating that crebA might play a 402 

major role in the observed improvement in LMC of Drosophila associated with 403 

Wolbachia infection. Formation of LTM is associated with increased protein synthesis 404 

in the central nervous system (CNS) (Kandel, 2001). Regulation of gene transcription 405 

via the cAMP (cyclic adenosine 3′, 5′-monophosphate)-mediated second messenger 406 

pathway has been implicated in learning and memory. An increasing number of 407 

studies on organisms ranging from invertebrates to mammals have suggested that 408 

CREB (cAMP response element-binding protein) acts as the molecular switch that 409 

may be the core component controlling long-term synaptic plasticity and LTM (Zhang 410 

et al., 2015; Bourtchuladze et al., 1994; Mizuno et al., 2002). CaMKII 411 

(Calcium/Calmodulin-Dependent Protein Kinase II) has been shown to undergo 412 

CREB-dependent gene transcription and translation during LTM formation in 413 

mushroom bodies and dorsal anterior lateral neurons, the two key processing and 414 

memory forming structures within the Drosophila brain (Chen et al., 2012). Here, we 415 

demonstrated that knockdown of crebA can significantly attenuate LMC in 416 

Drosophila, which is consistent with the result in mice where targeted mutation of the 417 

CREB gene showed profound deficiency in studies of learning and memory 418 

(Bourtchuladze et al., 1994). CrebA has been demonstrated to be required for 419 

promoting high-order dendritic branching complexity by regulation of COPII 420 

secretory pathway genes (Iyer et al., 2013). As dendritic spines contribute to the 421 
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synaptic plasticity underlying higher brain functions such as learning and memory, we 422 

therefore suggest that Wolbachia infection improves the LMC of Drosophila by 423 

increasing the crebA expression level and thus promoting dendrite development. 424 

Based on our observations, Wolbachia infection appears to modulate crebA 425 

expression by manipulating host miRNA. Wolbachia are known to manipulate host 426 

miRNAs to control host gene expression to facilitate their own survival and 427 

transmission (Hussain et al., 2011; Zhang et al., 2013; Zhang et al., 2014). Here, we 428 

identified the miRNA dme-miR-92b, which is complementary to the 3’UTR of crebA 429 

mRNA, and showed that its expression is significantly reduced in the presence of 430 

Wolbachia. Subsequently, we found that dme-miR-92b can negatively regulate crebA 431 

expression through binding to its 3’UTR region. Importantly, injection of dme-miR-432 

92b agomirs in Wolbachia-infected flies caused a significant decrease in crebA 433 

expression level and LMC, while injection of dme-miR-92b antagomirs in Wolbachia-434 

free flies resulted in a significant increase in crebA expression level and LMC. These 435 

results suggest that Wolbachia may regulate miRNA expression of their hosts, and 436 

thus affect the target genes of miRNAs, finally changing the host’s LMC. Several 437 

studies in other systems have shown that miRNAs play an important role in 438 

neurological development as well as in learning and memory formation (Saab and 439 

Mansuy, 2014). Most recently, Busto et al. tested the potential involvement of 134 440 

miRNAs in intermediate-term memory by silencing individual miRNAs through 441 

development and adulthood. They identified several different miRNAs important for 442 

olfactory memory formation in D. melanogaster (Busto et sl., 2015). Surprisingly, 443 

competitive inhibition of some miRNAs decreases memory formation, while 444 

inhibition of some others increases memory formation. Among these miRNAs, miR-445 

92a can significantly modulate memory after miRNA ‘sponging’ in the CNS. miR-446 
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92b is highly conserved from Drosophila to humans, but its biological functions 447 

during development have not been studied in vertebrates. Using zebrafish as a model, 448 

researchers have found that miR-92b has a wide diversity of expression profiles in 449 

neural cells, including neural precursors and stem cells (Chen et al., 2005). 450 

Additionally, studies have shown that neuronally expressed miR-92 is an endogenous 451 

fine regulator of contextual fear memory in mice (Vetere et al., 2014). Yuva-Aydemir 452 

et al. reported that miR-92a and miR-92b are highly expressed in the neuroblasts of 453 

larval brain in flies, and they play an important role in Drosophila neuroblasts (Yuva-454 

Aydemir et al., 2015). These data suggest that dme-miR-92b might play an important 455 

role in LMC by regulating the expression of its target genes, such as crebA, thus 456 

influencing neuronal development and/or behaviour.  457 

In conclusion, we have revealed that, through manipulating host miRNA, 458 

Wolbachia are able to modulate host gene expression and improve learning 459 

performance and LTM formation in adult Drosophila. By reducing expression of 460 

dme-miR-92b in Wolbachia-infected Drosophila, expression of crebA, an important 461 

gene that controls LMC in Drosophila, is increased, which is associated with 462 

enhanced LMC of Drosophila, probably by promoting dendrite development through 463 

the cAMP signalling pathway or secretory pathway. How Wolbachia control 464 

expression of miRNAs, including dme-miR-92b, remains the focus of further 465 

investigation and is emerging as a significant point of interaction between symbiont 466 

and host.  467 
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 650 

Figure Captions 651 

Fig. 1. Wolbachia infection significantly improves learning and memory capacity 652 

in Drosophila. (A) Design of the experiment for assaying the learning and memory 653 

capacity of D. melanogaster. For group 1, presentation of 3-octanol was paired with a 654 

sugar reward. The reciprocal group received sugar with 4-methylcyclohexanol. In the 655 

test situation, flies of each group were allowed to choose between 3-octanol and 4-656 

methylcyclohexanol. (B) Effects of Wolbachia infection on LMC of Drosophila. 657 

Dmel T: D. melanogaster treated with tetracycline (Wolbachia-free); Dmel P: D. 658 

melanogaster treated with penicillin (Wolbachia-infected); Dmel wMel: D. 659 

melanogaster infected with wMel Wolbachia; Dsim T: D. simulans treated with 660 

tetracycline (Wolbachia-free); Dsim P: D. simulans treated with penicillin 661 

(Wolbachia-infected); Dsim wRi: D. simulans infected with wRi Wolbachia. 662 

(ANOVA, post-hoc Tukey’s HSD; ** p < 0.01, NS: not significant. n = 12) 663 

 664 
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Fig. 2. Wolbachia infection increases the mRNA level of 5 out 13 LMC-related 665 

genes in the head of D. melanogaster. Student’s t-test; *p < 0.05, ** p < 0.01, n = 4. 666 

 667 

Fig. 3. LMC change is regulated by expression level of crebA. (A) CrebA 668 

expression level was significantly down-regulated in actGal4; crebA-hp (I*) flies 669 

relative to actGal4 (I*) control flies. (B) LMC was significantly decreased in crebA-670 

knockdown Wolbachia-infected flies when compared to Wolbachia-infected actGal4 671 

(I*) controls. I*: Wolbachia-infected. (C) CrebA expression level was significantly 672 

up-regulated in actGal4; UAS-crebA flies relative to control flies. (D) LMC was 673 

significantly increased in flies overexpressing crebA when compared to control flies. 674 

ANOVA, post-hoc Tukey’s HSD; **p < 0.01, n = 4 (for gene expression analyses) or 675 

n = 12 (for LMC assay). 676 

 677 

Fig. 4. Dme-miR-92b negatively regulates crebA expression through binding to 678 

the conserved miR-92b targeting sites of crebA 3’UTR in D. melanogaster . 679 

 (A) The Drosophila crebA was predicted to be the potential target of dme-miR-92b 680 

with complete seed region complementarity (Bold). The target sequence was 681 

identified in the 3’UTR of crebA. The crebA 3’UTR mutant in the seed region was 682 

also indicated (underlined). (B) qRT-PCR analysis of dme-miR-92b in wMel-free 683 

(Dmel T) and wMel-infected D. melanogaster (Dmel wMel). (C) The crebA 684 

expression level was decreased after miR-92b mimic transfection into Drosophila S2 685 

cells. (D) The crebA expression level was increased after miR-92b inhibitor 686 

tranfection. (E) Co-transfection of miR-92b and crebA 3’UTR in Drosophila S2 cells 687 

significantly inhibited luciferase activity. Mutation of miR-92b targeting sites largely 688 
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abolished this inhibition. ANOVA, post-hoc Tukey’s HSD; *p < 0.05, **p < 0.01, n = 689 

4. 690 

 691 

Fig. 5. Dme-miR-92b regulates LMC of flies by controlling crebA expression. (A) 692 

The crebA expression level was decreased after injection of miR-92b agomir into 693 

Dmel wMel. (B) The LMC of Dmel wMel was inhibited after injection of agomir. (C) 694 

The crebA expression level was increased after injection of miR-92b antagomir into 695 

Dmel T. (D) The LMC of Dmel T was improved after injection of antagomir. 696 

ANOVA, post-hoc Tukey’s HSD; **p < 0.01, n = 4 (for gene expression analyses) or 697 

n=12 (for LMC assay). 698 

 699 

Supporting Information  700 

Table S1 Sequences of PCR primers and oligonucleotides used in this study. 701 

Table S2 Antibiotics have no effect on the LMC in w1118, D. melanogaster and D. 702 

simulans. 703 

Fig. S1 Detection of Wolbachia after tetracycline and penicillin treatment. Lane 1: 704 

Dmel wMel; Lane 2: Dmel P; Lane 3: Dmel T. 705 

Fig. S2 The LMC of actGal4 and actGal4 (I*). 706 

Fig. S3 LMC is regulated by expression level of crebA. (A) CrebA expression level 707 

was significantly up-regulated in actGal4; UAS-crebA (I*) flies relative to actGal4 708 

(I*) control flies. (B) LMC was significantly increased in crebA overexpressing 709 

Wolbachia-infected flies when compared to Wolbachia-infected actGal4 (I*) controls. 710 

I*: Wolbachia-infected. (C) CrebA expression level was significantly down-regulated 711 

in actGal4; crebA-hp flies relative to control flies. (D) LMC was significantly 712 

decreased in crebA knockdown flies when compared to control flies. ANOVA, post-713 
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hoc Tukey’s HSD, *p < 0.05, **p < 0.01, n = 4 (for gene expression analyses) or n = 714 

12 (for LMC assay). 715 

 716 
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Highlights 

� Wolbachia infection improves the learning and memory capacity (LMC) of 

Drosophila. 

� Wolbachia infection increases the expression of crebA. 

� Wolbachia infection decreases the expression of dme-miR-92b. 

� CrebA is negatively regulated by dme-miR-92b. 

� Wolbachia improves LMC likely by altering crebA expression through 

dme-miR-92b. 

    

 


