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Functional disruption of Transferrin expression alters reproductive physiology
in Anopheles culicifacies
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Abstract: Iron metabolism is crucial to maintain optimal physiological homeostasis of
every organism and any alteration of the iron concentration (i.e. deficit or excess) can have
adverse consequences. Transferrins are glycoprotein’s that play important role in iron
transportation and have been widely characterized in vertebrates, and insects, but poorly
studied in blood-feeding mosquitoes. Here, we characterized a 2102 bp long transcript
AcTrfla encoding putative transferrin homolog protein from mosquito An. culicifacies. A
detailed in silico analysis predicts AcTrfla (ACUA023913-RA) encodes 624 amino acid
(aa) long polypeptide that carries transferrin domain. AcTrfla also showed a putative N-
linked glycosylation site, a characteristic feature of most of the mammalian transferrin’s and
certain non-blood feeding insects. Structure modelling prediction confers the presence of an
iron binding site at the N-terminal lobe of the transferrin. Our spatial and temporal
expression analysis under altered pathophysiological conditions showed that AcTrfla
abundantly express in the fat-body, ovary, and its response is significantly altered
(enhanced) after blood meal uptake, and exogenous bacterial challenge. Additionally, a non-
heme iron supplementation of FeCl; at 1 mM concentration not only augmented the AcTrfla
transcript expression in fat-body, also enhanced the reproductive fecundity of gravid adult
female mosquitoes. RNA1 mediated knockdown of AcTrfla causes a significant reduction in
the egg laying/fecundity, confirmed important role of transferrin in oocyte maturation.
Further detailed characterization may help to select this transcript as a unique target to
impair the mosquito reproductive outcome.

Keywords: Mosquito; Blood-Meal; Iron-metabolism; Immunity; Reproductive Physiology.
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46  Fig 1: Schematic presentation of iron transport from midgut to ovary by transferrinl
47  and oocyte reduction after AcTrfla knockdown. Mosquito acquires iron either from
48  blood meal or iron supplementation in sugar meal. Fat-body derived transferrin proceed
49  towards the gut surface, load iron in its N-terminal iron-binding pocket and deliver iron to
50 ovary. This blood meal iron is required by adult female for completion of gonotrophic
51 cycle. (a) limited iron availability in sugar meal does not support the ovary development and
52 hence no oogenesis; (b) when sugar meal is replaced by blood meal upregulation of
53  transferrin protein results in rapid iron transport to various organs including ovary results in
54  healthy ovarian growth; (c) RNAi mediated knockdown of this transporter protein
55 transferrin in fat-body followed by blood meal, may cause reduced iron transport to ovary
56  and consequently declines in oocyte load .

57
58  Highlights:

59 1. Insect transferrins are mostly glycoprotein of about 60-80 kDa molecular weight,

60 involved in myriad physiological events and serve as a major iron transport protein.

61

62 2. Here, we identified and characterized a 2102 bp long transcript encoding putative
63 transferrin homolog of 624 aa long peptide, carrying only one fully functional transferrin
64 domain at N-terminal from An. culicifacies.

65

66 3. Spatial and temporal expression analysis of AcTrfla highlights an enriched expression in
67 fat-body and ovary during vitellogenesis.

68

69 4. Iron supplementation and dsRNA mediated knockdown experiments together confer that
70 AcTrfla may have key role in the iron homeostasis regulation during oogenesis, and egg
71 maturation in the gravid female mosquitoes.
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72 Introduction

73 Iron is a trace biologically indispensable and potentially toxic element. All living organisms
74  require iron for innumerable biological functions such as energy generation via electron
75  transport, oxygen transport, DNA synthesis and repair, immunity, healing, cuticle formation,
76  melanization, and as a biocatalyst for various processes (1-3). In addition, in anautogenous
77  insects, blood meal iron is an essential requirement for the ovarian follicles growth and
78  oocyte development (4, 5). A surplus amount of iron leads to hydroxyl radical production
79  which may cause cell/tissue damage, and impact overall performance of an individual.
80  Therefore, maintaining an optimal level of iron is crucial for survival of every biological
81  organism (6-9). Several studies on vertebrate system highlight that transferrin is a major
82  iron transport carrier in the blood (10, 11). Among the four well characterized mammalian
83 transferrins (serum transferrin, lactotransferrin, melanotransferrin and inhibitor of carbonic
84  anhydrase) only transferrin and lactotransferrin are secretary in nature, and binds to iron
85  with a greater affinity (12). Although, transferrin superfamily members have been reported
86  in more than 34 invertebrate species, including insects, very little is known about its role in
87  iron transportation in mosquito species (13, 14). Among all those protein involved in iron
88  transport Transferrin and Ferritin gained most attention, because of their unique structure
89  and their unique iron binding ability (1).

90 Insect transferrins, having molecular weight of ~ 66 kDa, are identified as juvenile hormone
91 regulated protein, and function as potent immune protein, antibiotic agent, antioxidant,
92  vitellogenic protein and provide protection from plant secondary metabolite etc., (15, 16).
93  Kurama et. al., have suggested that transferrin is involved in vitellogenesis in flesh flies
94  (Sarcophaga peregrina), utilized by developing oocytes (17, 18). Beside these roles,
95 transferrin protein is also found as utmost component of milk composition in tsetse flies for
96 intrauterine larval development (19). However, unlike vertebrate transferrin, insect
97 transferrin evolved with only N- terminal iron-binding pocket for iron-binding and
98 transportation (20, 21). Although this strategy, seems to sacrifice half of the iron-binding
99 capacity of the transferrin to defeat the “piracy” action of the pathogen, but molecular basis
100  of iron transportation is still sparse (22).

101  Anautogenous mosquitoes take iron-rich blood meal for their egg maturation and
102 completion of gonotrophic cycle (23-25). Rapid utilization of this heavy blood meal iron
103  content may also result in the formation of hydroxyl free radicals that are highly destructive
104 (26, 27). To minimize this oxidative effect insects are evolved with a unique ability to
105  mobilize, utilize and store iron through various iron-binding proteins, such as ferritin
106  (storage) and transferrin (transportation) (8). Insect homolog transferrin has also been
107  identified from several mosquito species, and their immune role has been explored in few
108  mosquitoes such as de. aegypti (28, 29); An. gambiae , and Cu. quinquefasciatus (30). For
109  e.g., an in-vitro study on Cu. pipiens pallens, showed prolific expression in cypermethrin-
110 resistance strain, advocating that transferrin may confer insecticide resistance against
111 cypermethrin (31). However, so far functional correlation of transferrin in the reproductive
112 physiology of any mosquito species remains unexplored. Literature suggests that in many
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113 insects (including D. melanogaster, Ae. aegypti and An. gambiae) transferrin 2, 3 and 4 are
114  co-existing with transferrinl (15).

115  An. culicifacies, is a major vector responsible for 65% malarial cases in rural India (32).
116  Control of An. culicifacies is very challenge because of development of insecticide
117  resistance, and biology of this mosquito remains poorly understood. In the present study, we
118  describe An. culicifacies transferrin 1 (AcTrfla) which shares the highest 80% identity with
119  An. stephensi followed by 74%, 52% and 21% identity with An. gambiae, Ae. aegypti and
120  Ho. sapiens transferrin, respectively (Supplementary table 6). We also reported the
121 differential expression of AcTrfla transcript in response to development, blood meal, iron
122 and bacterial challenge. Finally, using functional genomics approach we showed that
123 AcTrfla play important role in shaping the reproductive fecundity of mosquito An.
124  culicifacies.

125
126  Material methods-

127  In silico analysis: Domain arrangement, localization and structural modelling of
128  AcTrfla

129  The putative AcTrfla gene was retrieved from the hemocyte RNA-Seq data of naive An.
130  culicifacies. Initial BLASTx analysis against the NCBI NR database showed a significant
131 hit to the transferrin-like proteins originating from multiple mosquitoes and insect species.
132 To retrieve full-length transcript, BLASTn analysis was performed against the genome
133  predicted transcript database of the An. culicifacies mosquito, which is available on
134  www.vectorbase.org. Top 10-15 blast hits FASTA sequences were selected from mosquito
135  and non-mosquito species, followed by alignment using ClustalX2 for multiple sequence
136  alignment analysis. The phylogenetic tree was generated by providing aligned file of
137  ClustalX2 as an input in maximal likelihood programme of MEGAX software. The
138  programme was run on 1000 boot straps to confers branching reliability (33). AcTrfla
139  domain annotation was performed using online web server Pfam (http://pfam.xfam.org/).
140  Iron-binding site of AcTrfla was determined using sequence alignment with human
141  transferrin (GenBank ID: NP 001054.1). CASTp
142 (http://sts.bioe.uic.edu/castp/index.html?1bxw) was used for protein cavity analysis.
143  Homology modelling of AcTrfla (sequence and other details of AcTrfla was provided in
144  Supplementary Table 1 and 2) was performed using three independent automated online
145  server  Phyre2 (http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index), RaptorX
146  (http://raptorx.uchicago.edu/) and Robetta (https://robetta.bakerlab.org/). The quality of
147  different protein models developed by different servers was assessed by SAVES v6.0
148  (https://saves.mbi.ucla.edu/) and Robetta generated model was found the best and selected
149  for further analysis. Structural visualization of protein was carried out using Pymol
150  (https://pymol.org/2/). N-linked glycosylation site prediction was done by Gene Runner
151  software on default parameters and further validated by CBS prediction servers
152 (http://www.cbs.dtu.dk/services/TargetP/).

153
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154  Mosquito rearing

155  An. culicifacies (sibling species A) was reared and maintained in central insectary of NIMR
156  under standard rearing condition of 28 + 2°C, relative humidity 60-80% and 12:12 hr
157  light/dark cycle. Aquatic stages were reared in enamel trays with water supplemented with
158  mixture of dog food and fish food. After emergence adults were kept in cages and fed on
159  cotton swab dipped in 10% sugar solution. Ethical committee of NIMR has approved all the
160  steps taken for rearing and maintaining cyclic colony of mosquitoes.

161  Bacterial challenge assays

162  Exogenous bacterial challenge was posed by injecting bacterial culture of Escherichia coli
163  and Bacillus subtilis in 0-2 days old female mosquitoes using nanoinjector facility
164  (Drummond Scientific Nanoject II, Broomall, PA, USA). Both E. coli and B. subtilis were
165  cultured in Luria Bertani broth as overnight culture at 37°C. Bacterial culture at log phase
166  were centrifuged to 20000g for 10min. After washing pellet 2-3 times with phosphate
167  buffered saline (PBS) these were resuspended in PBS buffer. For heat-killed assays bacterial
168  cells dissolved in PBS having OD-0.91 and 0.96 for E. coli and B. subtilis, respectively,
169  were kept at 90° -120°C for 10 min to expose pathogen-associated molecular patterns
170  (PAMPs). Mosquitoes after challenge with heat-killed bacterial soup, were placed in plastic
171  cups, having moistened surface with wet filter paper-pad, and covered with net. Wet cotton
172 swab and raisins were kept on the net for better recovery under standard rearing conditions.
173  The experimental design consisted of two different treatment groups: the ‘bacterial
174  challenge’ group was injected with 69 nl of bacterial solution and the control group with 69
175  nl of PBS buffer from same cohort of mosquitoes. Post injection, around 30-35 mosquitoes
176  were dissected for hemocyte tissue collection in time dependent manner. Each group and
177  time point were replicated three times.

178  Exogenous Ferric chloride feeding assay

179  For non-heme iron feeding, mosquitoes just after emergence were either fed on 10% sucrose
180  solution alone (control) or on sugar supplemented with FeCl; till the end of the experiment.
181  Initially three different concentrations of ferric chloride — 1 uM, 5 uM and 10 uM were
182  selected to check the responsiveness of the selected transcript in its origin tissue. But no
183  significant modulation was observed. Afterwards, all experiments were done using the 0.1
184 mM, 0.5 mM and 1 mM conc. of ferric chloride. ] mM ATP was also included in all meals.
185  Both sugar and supplemented meal were replaced with fresh meal every 24 hr. After 2-3
186  days of supplementation, fat-body tissue was collected from 20-25 mosquitoes from both
187  the control and iron supplemented group to check the transcriptional response of selected
188  transcripts.

189  dsRNA mediated gene knockdown

190  For AcTrfla knockdown, initially we amplified the single-stranded complementary DNA by
191  applying PCR amplification strategy using dsRNA primers carrying T7 overhang
192  (Supplementary Table 3). The purified PCR product was quantified (Nanodrop 2000
193  spectrophotometer, Thermo scientific), and validated (agarose gel electrophoresis) using
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194  Thermo Scientific Gene JET PCR Purification Kit (Cat #K0701). Purified dscDNA was
195 subjected to double-stranded RNA synthesis using Transcript Aid T7 high-yield
196 transcription kit (Cat# K044, Ambion, USA). After purification, ~69 nl (~3ug/ul) of purified
197  dsRNA product was injected into the thorax of newly emerged (1-2 day old) and cold
198  anesthetized mosquitoes using nano-injector facility (Drummond Scientific, CA, USA).
199  Equal number of age matched mosquitoes were also injected with dsLacZ (bacterial origin)
200 as control group. 3-4-days post-injection desired samples such as fat-body and ovary were
201  collected from 20-25 mosquitoes, and examined for silencing efficiency by quantitative
202  PCR.

203  Mosquito tissue sample collection

204  Before tissue collection, adult mosquitoes were anesthetized by putting them at 4° C for 4-5
205 min. Later, placed on to dissecting slide under microscope and various tissue like fat-body,
206  hemocytes, mid gut, salivary gland, ovary, spermatheca and male reproductive organs were
207  collected as described earlier (34). For hemolymph collection, approx. 2-3 pul of
208  anticoagulant consisting of 60% Schneider's medium, 10% fetal bovine serum, and 30%
209  citrate buffer is injected into thorax. Mosquito belly bulged out, and then a small incision
210  was made in the abdomen using microscopic needle so that transparent hemolymph oozes
211 out. Hemolymph was collected using micropipette and pooled in Trizol. Fat- body was
212 collected by pulling all the abdominal tissues from last two abdominal segments, and
213  afterwards force tapping of abdominal carcass was done so that pale yellow color fat-body
214  oozes. Developmental stages (egg, four larval instars and pupa) were collected
215  independently in Trizol.

216  Total RNA isolation and cDNA synthesis

217  Trizol and alcohol extraction method was used for isolation of total RNA manually from
218  pooled samples, as previously described (35). After quantification by Nanodrop 2000
219  spectrophotometer (Thermo scientific), 1 pg of total RNA extracted was subjected for
220  synthesis of first strand of cDNA using verso cDNA synthesis kit (Thermo Scientific, USA).
221 Actin was used as a reference gene for quality validation of sscDNA.

222 Gene expression analysis

223 Differential expression of selected transcripts was done using RT-PCR. Primers were
224 designed (https://primer3plus.com/) using either sequenced cDNA or vector base extracted
225  sequences (Supplementary Table 3). SYBR green qPCR master mix and Bio-Rad real time
226  machine was used for relative expression analysis of selected targets under different
227  biological conditions. gPCR protocols remained same for all set of primers with initial
228  denaturation at 95°C for 5 min, 40 cycles of 10 sec at 95°C, 15 sec at 52°C, and 22 sec at
229  72°C. At the end of each cycle, fluorescence reading was recorded at 72°C. In final steps,
230 PCR at 95°C for 15 sec followed by 55°C for 15 sec and again 95°C for 15 sec were
231 completed before generating melting curve. Three independent biological replicates for each
232 experiment were run using the above protocol. Actin gene was used as an internal control
233 (housekeeping genes) and the relative quantification data were analysed by 2-2ACt method
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234 (36). And final relative expression graphs were plotted using origin 8.1 and significance of
235  treatment was determined by paired Student’s #-test

236 Assessment of ovary development

237 All experimental groups including control, iron supplemented and silenced were offered
238  blood meal on rabbit. Only fully fed mosquitoes were selected for further experimentation,
239  while partial fed or unfed mosquitoes were discarded. About 72 hr post blood meal,
240  mosquitoes were anesthetized and placed over dissecting slide under binocular microscope
241 for ovary development assessment. Ovaries were dissected in PBS and number of oocytes
242 developed inside the matured ovary were counted manually and compared with control
243 mosquitoes.

244  Neutral red staining

245  Mosquitoes from both control and AcTrfla silenced regime were blood-fed as previously
246  described. Mosquitoes were anesthetized prior to dissection by chilling at 4°C for 3-5 min.
247 At 72 hr of blood meal, ovaries were dissected in 1x PBS and stained with 0.5% neutral red
248  solution in acetate buffer (Sigma—Aldrich, St. Louis, MO). After staining, ovaries were
249  again rinsed in PBS buffer and placed under coverslip. Later these ovaries were visualized
250  under microscope for previtellogenic imaging of ovary.

251  Statistical analysis

252 For statistical analysis, test sample data were compared with the control data set using
253  Origin8.1 software and treatment differences were determined by paired Student’s z-test.
254  But wherever required, one-way ANOVA was used for multiple comparisons. The Mann —
255  Whitney U test was used to evaluate and analyse the number of developing follicles inside
256  ovary of gravid female mosquitoes. Final p-value of less than 0.05 level was considered as
257  significant for both tests. All experiments were conducted thrice for data validation.

258
259  Results
260 1. Molecular characterization of AcTrfla

261  While analysing RNA-Seq data of the hemocyte, we identified two transcripts, encoding
262  putative transferrin homolog proteins, from the mosquito An. culicifacies (under review). An
263  initial BLASTx homology search against non-redundant database indicated that both
264  transcripts encode transferrin domain (Fig. 2a). In this analysis, we observed that only one
265  transcript (2102bp) carries the highest homology to insects (transferrinl) but not the other
266 (2162 bp) which showed unusual clustering with vertebrate’s transferrin proteins
267  (Supplementary Figure 1). Here, we analysed the nature and function of the insect’s
268 transferrin homolog transcript in detail. BLASTn analysis against draft genome database of
269 the mosquito An. culicifacies, showed 99% identity to the predicted transcript
270 (ACUAO023913-RA), with at least four single nucleotide substitution (Supplementary Table
271  4). This observation suggested the hemocyte originated transcript is an allelic variant of

7
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272 genome predicted (ACUA023913-RA) transcript, with slight modification of amino acid
273 (aa) sequences (Supplementary Table 4). A comparative physiochemical properties analysis
274  with genome predicted full-length transcript (ACUA023913-RA), indicated that identified
275  AcTrfla is partial in nature, and lack signal peptide sequence (Supplemental Table 2).
276  Multiple-sequence alignment of AcTrfla with its homologs from diverse a class of insects,
277  showed a high degree of sequence conservation among blood feeder mosquitoes (Fig. 2b).
278  The phylogenetic tree obtained at maximum is shown (Fig. 2c). We observed a close
279  relatedness of AcTrfla to blood-feeder insects, by forming a cluster with mosquito
280 transferrin, then non-blood feeder insect clades. (Fig. 2¢).
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283  Fig 2: Sequence analysis of An. culicifacies hemocytes transcript encoding transferrinl
284  protein: (a) Pfam (http://pfam.xfam.org) assigned domains annotation of An. culicifacies
285  transferrinl (AcTrfla); (b) The multiple sequence alignment highlights a strong
286  conservation of TRF domain region among the selected insect transferrin homolog proteins;
287  (c) Phylogenetic analysis of the selected transcripts was done using maximum likelihood
288  algorithm upon 1000 times bootstraps in MEGAX software. The percentage of trees in
289  which the associated taxa clustered together is shown next to the branches. The tree is drawn
290  to scale, with branch lengths measured in the number of substitutions per site. Onthophagus
291  taurus (coleoptera) transferrin sequence (720 aa) was taken as outgroup for analysis.
292 AcTrfla, allelic form of genome predicted full length transcript ACUA023913-RA, of the
293  mosquito An. culicifacies; An. gambiae (XP_310734.4); An. stephensi (XP_035908482.1);
294  Ae. aegypti (AAB87414.1); Cu. quinquefasciatus (EDS42355.1); Sa. peregrina (Q26643.1);
295  Lu. cuprina (XP_023295921.1); Mu. domestica (ADU25046.1), Rh. pomonella
296  (XP_036318323.1); Ce. capitate (XP_004524870.1; Ba. dorsalis (Al1A24538.1); Te.
297  dalmanni (XP_037937085.1); Sc. lebanonensis (XP_030379051.1); Do. genitalis
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298  (AYV99626.1), He. illucens (XP_037919193.1); Br. coprophila (XP_037051978.1); Dr.
299  takahashii (XP_017002431.1); On. taurus (XP_022906419.1).

300 Our domain prediction and annotation analysis indicated that AcTrfla (Fig. 2a), encodes a
301 functional N-terminal lobe (domain), capable of iron-binding. Whereas C-terminal domain
302 is partial/ truncated and most of the known (conserved) iron-binding residues are missing in
303  this domain (Supplementary Table 5). Structural modelling further verifies that the N-
304 terminal transferrin domain carries a regular lobe-like structure (Fig. 3a and Supplementary
305 Table 5) along with cavity and conserved residues necessary for iron-binding. We also
306 noticed that C-terminal domain is much more elongated i.e. less compact, than N-terminal
307 domain, and lack iron-binding site residues and cavity (Fig. 3b and Supplementary Table 5).
308 However, bioinformatic software-based prediction of two putative N-glycosylation sites at
309 asparagine (asn, N) amino acid residue in the C-terminal lobe of transferrinl at 493 and 500
310 position of amino acid. (Fig. 3b and Supplementary Table 4), indicated that this newly
311  identified AcTrfla, is an allelic variant of ACUA023913-RA transcript. The secondary
312 structure arrangement of the full protein sequence is shown in Fig. 3c. The modelled
313 AcTrfla structure is composed of 31 helices, and total of 18 cystine residues all are linked
314 by disulphide bonds.
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315

316  Fig 3: Domain search, localization and structural modeling of AcTrfla. (a) Cartoon
317  representation of AcTrfla, protein model was generated using web-based protein modelling
318  server Robetta (https://robetta.bakerlab.org). In the cartoon, N-terminal domain (N-lobe) of
319 transferrin is shown in dark red, while iron and anion binding residues in green and blue
320 respectively, inset graph is showing the reliability of the protein model across its sequence
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321  directly obtained from Robetta (https://robetta.bakerlab.org) server. Further possible
322 glycosylation modification sites were represented in multi-color sphere (asparagine
323 residues) and interestingly both the glycosylation sites were found in C-terminal lobe of
324 AcTrfla, arrow indicates site with superior glycosylation activity. pymol
325  (http://www.pymol.org) was used for visualization purpose; (b) Cavity analysis of AcTrfla
326 was carried out using Castp server (http:/sts.bioe.uic.edu/castp/index.html?2cpk), the
327  biggest pocket present in N-lobe encompasses iron-binding site; (¢) The output from
328 PDBsum (http://www .ebi.ac.uk/thornton-srv/databases/cgi-
329  bin/pdbsum/GetPage.pl?pdbcode=index.html) runs on sequence of  AcTrfla shows
330 secondary structural element present in the modelled protein along with locations of cystine
331  residues.

332 2. Developmental and tissue-specific transcriptional response of Ac7rfla

333 A mosquito developmental stage-specific transcriptional profiling of AcTrfla unveils
334  markedly enriched expression in the eggs and adult female body (p<0.00170) than other life
335  stages (Fig. 4a) in the An. culicifacies. A tissue-specific transcriptional profiling of AcTrfla
336  showed a dominant expression in fat-body (p<0.000213) and hemocyte (p<0.000524) (Fig.
337  4b), then other tissues such as midgut and salivary glands of the 3-4 days old naive adult
338 female mosquitoes. While a sex-specific expression analysis showed that AcTrfla
339  abundantly express in female ovary (p<0.00173) followed by the male reproductive organ
340 (Fig. 4c). These data suggested that co-expression of AcTrfla in the fat-body and
341  reproductive organ of the naive adult female mosquitoes may likely have an important role
342 in mosquito reproduction and egg development.
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343

344  Fig 4: Spatial-Temporal expression profiling of Ac7rfla in the mosquito An.
345  culicifacies (a) Relative gene expression during mosquito development, showing an
346  abundance of AcTrfla transcript in the eggs and adult female mosquito (p<0.00170). First
347  instar larval stage was considered as control for all test sample. L1-4 (larval stages) (n=10,
348 N=3); (b) Expression analysis in the adult female mosquito tissues showing multi-fold
349  upregulation of AcTrfla in fat-body (FB/p<0.000213), hemocytes (HC/p<0.000524) and
350 midgut (MG/p<0.00247) respectively. Data was analysed relative to salivary gland (SG)
351  (n=25, N=3); (c) AcTrfla mRNA levels profiling in the mosquito reproductive tissues shows
352 a prolific expression in ovary (OV/p<0.00173) and male reproductive tissue
353  (MRO/p<0.00305). Female spermatheca was set as control for relative analysis (n=20,
354  N=3); (d) Tissue-specific transcriptional response of AcTrfla after blood-feeding: mosquito
355  tissues such as midgut, fat-body and ovary were collected at 2, 24, 48 and 72 hr post blood
356 meal (pbm) and compared with sugar-fed naive female as a control (n=25, N3). AcTrfla
357 mRNA is minimally expressed in blood-fed midgut, moderate in fat-body (p<0.00226) post
358 24 hr of blood meal and highest in 72 hr pbm ovary (p<0.001416). Three independent
359  Dbiological replicates were performed for statistical analysis, viz. *p < 0.05; **p < 0.005; and
360  **xp < 0.0005, using the Student’s -test. (n=represents the number of mosquitoes pooled
361  for sample collection; N=number of replicates).

362 3. Spatio-temporal expression pattern of AcTrfla following blood-feeding
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363  Host blood meal serve as a rich source of resources for vitellogenesis and follicles
364  maturation in adult female mosquitoes. We explored the possible effect of blood meal, a
365 time-dependent transcriptional response of AcTrfla was monitored in the target tissues such
366  as midgut, fat-body and ovary, ‘engaged in’ digestion and nutrient uptake. 3-4-days old
367 adult female mosquitoes were fed on rabbit, and fully engorged females were dissected for
368 the tissues collection at desired time after blood meal. Compared to midgut, a significant
369  modulation in the expression of AcTrfla was observed in the fat-body and ovary. A gradual
370  enrichment in the AcTrfla transcript was observed in fat-body (p<0.00226) till 24 hr post
371  blood meal, which was restored to basal level within 48 hr of blood-feeding. However, in
372 ovary we observed heightened expression level of AcTrfla post 72 hr (p<0.001416) of
373 blood meal (Fig. 4d). All together, these data correlate a bi-phasic regulation of transferrin
374  expression of AcTrfla in the fat-body and ovary is essential, possibly to meet the
375 requirement of iron during ovary maturation and egg development, though further
376  investigation are needed.

377

378 4. Exogenous bacterial challenge differentially regulates AcTrfla

379  Several studies highlight that insect transferrin serve as an acute-phase protein and play
380 important anti-bacterial immune role (15, 22). Therefore, we also tested whether AcTrfla
381  expression is modulated in response to exogenous bacterial challenge in the naive mosquito.
382  We injected 2-3 days old adult female mosquito of 4n. culicifacies with heat-killed bacterial
383  suspension of E. coli and B. subtilis (ODgyy - 0.9-1). Injections of saline water was
384  considered as control for baseline expression. Post injection, hemocytes were collected from
385  30-35 mosquitoes at different time interval. We observed that irrespective of the nature of
386 injected bacteria gram-negative or gram-positive (Fig. 5a, b), AcTrfla transcript expressed
387  highly within two hrs of bacterial challenge was recorded. Together, these observations
388 further strengthen the hypothesis that AcTrfla have antibacterial role in the mosquito An.
389 culicifacies.

390
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392

393  Fig 5: Transcriptional response of AcTrfla against bacterial challenge. Adult female
394  mosquito of 3-4 days old was injected either with 69 nl of heat killed bacterial suspension in
395  PBS or PBS alone as a control in mosquito thorax (n=30-35, N3). After recovery, time
396  dependent series, hemocyte samples were collected post (2, 24, 48 & 72 hr) bacterial
397 challenge. (a) Relative transcriptional profiling against E. coli (p<0.000359) and; (b)
398  Bacillus subtilis (p<0.000156) shows the strong antibacterial nature of AcTrfla. Statistical
399  analysis was done using student’s #- test, viz *p < 0.05; **p < 0.005; and ***p < 0.0005,
400  (n=represents the number of mosquitoes pooled for sample collection; N= number of
401  replicates); pbc, post bacterial challenge; PBS, phosphate saline buffer; Bs, Bacillus subtilis.

402
403 5. Effect of iron supplement on AcTrfla expression and oocyte load

404  Next, to test the possible role of AcTrfla in the reproductive physiology, first we evaluated
405  whether supplementation of non-heme iron modulate the mosquito transferrin’s expression.
406  To ensure an optimal impact, initially we offered two independent regimes of different serial
407  dilution of ferric chloride i.e., 1 uM, 5 uM, 10 uM, and 0.1 mM, 0.5 Mm, 1 mM in 10%
408  sugar solution female mosquito just after emergence via oral feeding. After 48-72 hr of iron
409 feeding, fat-body tissues were collected and the transcription profile of AcTrfla was
410  monitored through Real-Time PCR assay. Compared to low concentration, which showed a
411  mild impact (Supplementary Fig. 2), a significant upregulation was noticed in the naive
412 mosquitoes, when fed with a concentration of 1 mM FeCl; (Fig. 6a).

413  With this optimization, we investigate whether this extra iron supplementation (1 mM
414  FeCl;) influences mosquito reproductive physiology such as the number of developing
415  oocytes inside the ovary. To perform this assay, mosquitoes were kept under two nutritional
416  status: 1) 10% sugar solution only or 2) 10% sugar supplemented with ferric chloride
417  solution (1 mM). Post supplementation, both groups of mosquitoes were offered rabbit
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418  blood for successful completion of first gonotrophic cycle. After 72 hr of blood meal, ten
419  mosquitoes from each control and test group were dissected and examined for ovary
420  development. Mosquitoes fed with 10% sugar alone had an average 60 mature oocytes per
421  female. While mosquito kept on iron supplemented diet, yielded an average of 75
422  oocytes/female mosquito (p<0.00508) (Fig. 6b). This data highlighted that AcTrfla may
423  have an important role in the mosquito reproductive physiology, possibly by altering pre-
424  vitellogenic nutritional iron transport and status of resting stage.

425

(2) (b)

4 - 140 - P<.00427

F 3
v

* ¥ 120 4 *

w
L
—1

100 4

80 E EE
o
60 - % .
*

40 4

=
1
H

Relative expression
N
L
No. of ococyte count/female

H

204

H

T
& & d Cnt 1mM_FeCI3
47 > ‘
426 @ © °

427  Fig 6: mRNA level augmentation of AcTrfla transcripts on iron supplemented diet and
428  effect on the mosquito fecundity. Female mosquitoes were allowed to feed on different
429  iron concentration prepared in sugar solution and mRNA level of target transcripts was
430 measured in the fat-body. (a) Comparative transcriptional profiling of AcTrfla in fat-body
431  tissue collected from control and treatment group. An enriched expression (p<0.00508) was
432  observed at 1 mM conc. of iron supplemented diet. All experiments were performed in
433 triplicate for statistical analysis; using student’s z-test; (n=20-25, N=3) (b) Dot plot showing
434 that iron supplemented diet during the early stage of development just after eclosion leads to
435  enrichment of oocytes (p<0.00427) maturing inside the female ovary. Both the control (SF)
436 and test group (SF+ FeCl;) were allowed to feed on rabbit blood and subsequently kept for
437  ovary assessment for oocyte count (n=10, N=3). Data represents mean of three biological
438  replicates and significance was analysed using Mann- Whitney U test. (n=represents the
439  number of mosquitoes pooled for sample collection; N= number of replicates). *p<0.05;
440  **p<0.005 and ***p<0.0005.

441 6. Transferrin knockdown reduces oocyte count in ovary

442  To further evaluate and support the above hypothesis, we performed dsRNA mediated gene
443  knockdown/silencing experiment. For this, 2-day old mosquitoes were injected with double-
444  stranded RNA of AcTrfla and mosquitoes were kept under optimal insectary conditions for
445  better recovery. Fat-body and ovary tissues were collected from 20-25 mosquito three-day
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446  post silencing to check the transcript mRNA level. Compared to dsLacZ injected control
447  mosquito group, we observed at least 70% reduction in the transcript of AcTrfla expression
448  in the fat-body (p<0.000320) and 50% in the ovary (p<0.00174) of knockdown mosquitoes
449  (Fig. 7a). Both control and silenced group were offered blood meal and after 72hr of blood
450  meal, individual mosquito (n=10) was dissected in PBS and total number of mature oocytes
451  were manually counted under microscope. Our initial phase contrast microscopic analysis
452  showed significant difference in maturing follicles after silencing (Supplementary figure 3).
453  We observed that in contrast to control mosquito which have 63 (average) oocyte per
454  mosquito, silenced mosquitoes showed only 40 (average) oocytes per mosquito (Fig. 7b).
455  Our data suggested that AcTrfla has direct influence on the mosquito reproductive
456  physiology.
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459  Fig. 7: AcTrfla silencing effect on mosquito oocyte development. (a) Real time-PCR
460  based knockdown validation of AcTrfla in fat-body (p<0.000320) and ovary (p<0.00174)
461  tissue after dsrAcTrfla injection to newly emerged mosquitoes in comparison to same age
462  group dsrLacZ injected (n=25, N=3); (b) Dot plot showing the comparative oocyte count
463  reduction (p<0.00736) post AcTrfla knockdown in female ovary tissue compared to control
464  mosquito group. Post dsRNA injection mosquitoes were fed on blood meal and ovary
465  assessment was done, (n=10, N=3). Statistical significance *p<0.05; **p<0.005 and
466  ***p<(0.0005 was calculated using student’s t-test and Mann- Whitney U test. (n=represents
467  the number of mosquitoes pooled for sample collection; N= number of replicates). FB, fat-
468  body; OV, ovary.

469
470  Discussion:

471  Transferrin family is a large group of protein found in both vertebrates as well as
472  invertebrates, including insects, and play an important role in the iron transportation and
473  metabolism (37-40). The majority of family members have two lobes for iron-binding
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474  which evolved via gene duplication event during the course of evolution (12, 41).
475  Transferrin protein is pleiotropic in insects, involved in iron homeostasis, immunity,
476  vitellogenic protein, antibacterial agent, and sequestered uptake in ovarian follicles (15, 17,
477  42-44).

478  Although, several studies highlight antibacterial role of transferrin in the adult female
479  mosquitoes, that feed on iron-rich blood, but its role in ovarian development and egg
480  maturation, remains poorly understood. Here, we have identified and characterized an iron-
481  binding transferrin allelic variant (AcTrfla) from the hemocyte transcriptome of Indian
482  malarial vector An. culicifacies. Through comprehensive spatial/temporal expressional
483  profiling, and functional knockout studies, for the first time we demonstrate that mosquito
484  transferrin significantly influence the reproductive physiology of the mosquito An.
485  culicifacies. The initial finding of transferrin transcripts from the hemocyte transcriptome
486  corroborates with previous observation that the transferrin is expressed dominantly in the
487  fat-body, and haemolymph (13, 16). Unlike, vertebrates and insects, the blood-feeding
488  mosquito transferrin lacks N-Glycosylation site (15). But prediction of N-Glycosylation site
489  in the hemocyte originated transferrin (AcTrfla), indicates that this is an allelic variant of
490 ACUAO023913-RA (genome predicted transcript), which shares 99.36% identity at amino-
491  acid level (Supplementary Table 6). Recent structural studies of insect transferrin show that
492  iron-binding mechanism of insect transferrin (77f7) is completely different compared to
493  another known vertebrate transferrin. Insects transferrin (Manduca sexta) iron-binding site
494  is localized at N-terminus and coordinated by two tyrosine ligands, and two CO; - anions,
495  contrary to vertebrate transferrin where both N- and C-lobe participate in iron-binding (45).
496  Furthermore, in vertebrate transferrin iron-binding site is constituted of two tyrosines, one
497  aspartate, one histidine, and one carbonate anion (46, 47). A dominant expression of
498  AcTrfla in the egg than other developmental stages such as larva, pupae, and in 3-4 days old
499  adult female than age matched male mosquitoes, together indicates that AcTrfla may play
500 key role in the egg development of this mosquito species. A similar expression pattern for
501  other iron transport protein i.e., ferritin has also been observed in Adedes (48). Compared to
502 fat-body/hemocyte, an observation of a multifold enriched expression in the reproductive
503 organs of both sexes, further strengthen the hypothesis that AcTrfla may likely have
504 potential role in the transportation, and optimal iron supply maintenance in the sexually
505  maturing reproductive organs.

506  In hematophagous insects, intake of iron rich blood meal is crucial for oocyte development,
507 ovary maturation and successful completion of gonotrophic cycle (5, 49). Although our 3D
508 model and structure prediction analysis confer iron and anion binding site/pocket at N-
509 terminal of putative AcTrfla. However, the lack of vertebrate transferrin receptor homolog
510 in insects/mosquitoes, it remains unresolved that how loading and unloading of iron is
511 achieved at midgut and ovary surfaces, respectively (8, 50). A recent study by Farkas et.al
512 2018 suggests the involvement of basally derived endosomes in iron import to the target
513  cells is important in the insect D. melanogaster, and proposes that basal endocytosis is
514  followed by vacuole acidification, a process leading to the activation of ferrireductase for
515 iron release and metabolic utilization (51). Several studies highlight that transferrin play an
516  antibacterial immune role against microbial infection in insects (52—54). Constitutive
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517  expression in the fat-body and haemolymph, and a significant upregulation upon bacterial
518 challenge, together indicates that the mosquito transferrin Ac7rfla may also have
519 antibacterial role, similar to vertebrate lactotransferrin (55).

520  Next, we noticed that AcTrfla transcript is upregulated after 24 hr of blood meal in the fat-
521  body, which may likely facilitate to meet the iron supply for ovarian follicle development
522  during the active vitellogenic process. While endogenous expression enrichment of Actrfla
523  in the ovary after 72 hr of blood-feeding is necessary for the egg development in the
524  matured oocytes. Possibly, this is achieved by uptake of iron from hemolymph as well as
525  synthesizing endogenously in ovary, though further studies needed to validate these
526  propositions. Kumara et. al. also reported the sequestered uptake of transferrin by
527  developing oocytes in flesh fly (17). Next, we tested whether exogenous iron supply through
528  oral supplementation of non-heme iron alters the AcTrfla expression in the fat-body and
529  midgut of the naive adult female mosquito. Here, we observed that the expression remains
530 suppressed until an optimal concentration (1 mM) triggers the upregulation of AcTrfla in
531 the fat-body of the naive mosquito. Corroborating with the previous studies these findings
532 suggest that AcTrfla may also have role as an antioxidant molecule in the blood-feeding
533  insects (22, 56). We hypothesized that this iron supplementation, and natural blood-feeding
534  together may lead to a synergistic effect on the transcript expression modulation,
535  accelerating iron transportation and ultimately enhancing the reproductive potential.

536  Supporting the above hypothesis, our data highlighted that oral supplementation of non-
537  heme iron not only upregulate the transcriptional level, but also augment the oocyte load in
538  the ovary of gravid adult female mosquitoes. Earlier studies in Aedes aegypti, shows that
539  exogenous supply boosts the transferrin expression, however, its functional correlation to
540 ovarian development remain uncertain. Our functional knockdown experiment showed that
541  there is a significant reduction in oocyte load in the developing ovaries. Taken together, our
542  data suggests that transferrin performs two major functions of iron transport and oxidative
543  stress management, and thus may serve as an essential molecule to meet optimal iron supply
544  during oogenesis process.

545  Conclusion

546  In summary, our results are consistent with previous studies in other mosquitoes and insects
547  suggesting transferrin as a multifunctional protein involved in iron transportation,
548 antibacterial immune protein, and vitellogenesis. We speculated that transferrin may have a
549  physiological role in trade-off of resources between immunity and reproduction. Possibly
550 this mechanism may facilitate an optimal storage and transportation of iron from the
551  midgut/fat-body to the ovaries. Here, we propose that hemocyte originated allelic variant of
552 transferrin plays a pivotal role in mosquito fecundity and survival.
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