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ABSTRACT

Background

Anopheles coluzzi is one of the primary vectors of human malariain sub-Saharan Africa.
Recently, it has colonized the main cities of Central Africathreatening vector control programs.
The adaptation of An. coluzzi to urban environmentsis partly due to an increased tolerance to
organic pollution and insecticides. While some of the molecular mechanisms for ecological
adaptation, including chromosome rearrangements and introgressions, are known, the role of

transposable e ements (TES) in the adaptive processes of this species has not been studied yet.

Results

To better understand the role of TEs in rapid urban adaptation, we sequenced using long-reads
six An. coluzzii genomes from natural breeding sitesin two major Central Africa cities. We de
novo annotated the complete set of TEs and identified 64 previously undescribed families. TEs
were non-randomly distributed throughout the genome with significant differences in the number
of insertions of several superfamilies across the studied genomes. We identified seven putatively
active families with insertions near genes with functions related to vectorial capacity. Moreover,
we identified several TE insertions providing promoter and transcription factor binding sitesto

insecticide resistance and immune-related genes.

Conclusions
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The analysis of multiple genomes sequenced using long-read technologies allowed us to generate
the most comprehensive TE annotations in this species to date. We found that TEs have an
impact in both the genome architecture and the regulation of functionally relevant genesin An.
coluzzi. These results provide abasis for future studies of the impact of TEs on the biology of

An. coluzzi.

KEYWORDS
Long-read sequencing, Insecticide resistance, Innate immunity, Comparative genomics,

Chromosome inversions

BACKGROUND

The deadly success of the malaria mosquito Anopheles coluzzi isrooted in its extraordinary
ecological plasticity, inhabiting virtualy every habitat in West and Central Africawhereit
spreads the human malaria parasite (1, 2). Noteworthy, the larvae of An. coluzzii exploit more
disturbed and anthropogenic Sites than its sister species An. gambiae. An. coluzzii exhibitsa
higher tolerance to salinity and organic pollution, and as a consequence, is the predominant
species in coastal and urban areas (2-4). However, this mosquito not only has a greater resilience
to ion-rich aguatic environments, but it has also become resistant to DDT and pyrethroid
insecticides used for vector control (5). Actually, insecticide resistant populations of this malaria
mosquito are present across its geographical range, driving An. coluzzii evolution across the
continent (6, 7). The adaptive flexibility of this mosguito has been also highlighted by its rapid

competence to expand itsrange of peak biting times in order to avoid insecticide treated bed-nets
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(8). This extraordinary adaptative capacity makes this malaria vector a threat for malaria control.
Thus, elucidating the natural genetic variants underlying the ecological and the physiological

responses to fluctuating environments in this species is key for its control.

At the molecular level, a variety of genetic mechanisms have been related back to the myriad of
adaptation processes present in this mosquito. The most prominent and historically studied
examples are chromosomal inversions (9, 10). An. coluzzi exhibits alarge number of
polymorphic chromosomal rearrangements (11, 12). Many of these inversions have been
associated to environmental adaptation through environmental clines and/or correlation with
specific climatic variables (10, 13), such asthe inversion 2La associated with aridity tolerance
capacity in adults (14, 15). Other types of rearrangements, such as gene duplications, have been
involved in insecticide resistance. For example, the acetylcholinesterase (Ace-1) gene has been
duplicated, maintaining at least a sensitive and a resistance copy, in order to counteract the
fitness cost of the resistant phenotype (16-18). Moreover, a recent genome-wide analysis showed
that genes containing copy number variants were enriched for insecticide functions (19). Other
examples of gene selection due to anthropogenic activities have been found in genes related with
detoxification or immunity, particularly in new colonized urban settings (3, 20-22). These
adaptive processes have been repeated across West and Central African populations, reducing
the efficacity of vector control measures (6). However, while several of the candidate genes
responsible for the adaptive capacity of An. coluzzii have been identified, our knowledge of the
genetic variants underlying differences in these genes lags behind. In particular, very littleis

known about natural variation in transposable element (TE) insertionsin An. coluzzi.
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92  TEsarekey playersin multiple adaptive processes across a large variety of species, dueto their
93  capacity to generate awide variety of mutations and their contribution to a rapid responses to
94  environmental change (23, 24). TEs can disperse across the genome regulatory sequences such
95  aspromoters, enhancers, insulators, and repressive elements thus affecting nearby gene
96 expression (25). Additionally, they can also act as substrates for ectopic recombination leading to
97  structural mutations such as chromosomal rearrangements (26-28). However, TES are often
98 ignored when analyzing functional variantsin genomes. Thisis because due to their repetitive
99 nature, TE insertions are difficult to annotate and reads derived from TEs are often discarded in
100  genome-wide analyses (Goerner-Potvin and Bourque 2018). Long-read sequencing techniques
101  are needed to get a comprehensive view of TE variation in genomes, as these technique allow the
102  annotation of TE insertionsin the genome rather than inferring their position (29, 30).
103
104  Although TE insertions have been annotated genome-wide in several anopheline species
105  including An. coluzzi, multiple studies to date have characterized the TE repertoirein asingle
106  genome for each species (31-39). To capture the full extent of TE natural variation and the
107  potential consequences of TE insertionsit is necessary to evaluate multiple genomes in order to
108  comprehensively assess diversity within a species (40-42). This becomes especially relevant
109  when attempting to identify recent TE insertions and their effect in the genome structure and
110  genome function, given that they might be restricted to local populations. So far, our knowledge
111 of An. coluzzii genome variation due to TE insertionsis limited to a few well-characterized
112 families that have been found to vary across genomes (43-47).

113
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114 Inthiswork, we sequenced using long-read technol ogies and assembled the genomes of natural
115  An. coluzzi larvae collected in six natural breeding sites in two major citiesin Central Africa:
116  Douala (Cameroon) and Libreville (Gabon). We performed a de novo TE annotation of the six
117  newly assembled genomes, and we also annotated the previously available An. coluzzii genome
118  from Yaoundé (Cameroon) (48). We identified 64 new anopheline TE families and showed that
119  theavailability of multiple genomes substantially improves the discovery of TE variants. We
120  further analyzed individual TE insertions that could be acting as enhancers and promoters and
121  that arelocated nearby genes with functions relevant for the vectorial capacity of the mosquitoes.
122

123 RESULTS

124

125  Six new whole-genome assemblies of An. coluzzi from two major citiesin Central Africa
126  Toexplorethe TE diversity in An. coluzzi, we used long-read sequencing and performed whole
127  genome assemblies and scaffolding of larvae collected from six natural urban breeding sites:
128  threefrom Douala, Cameroon, and three from Libreville, Gabon, Central Africa (Figure 1A, see
129 Materia and Methods). Additionally, we performed a reference-guided scaffolding of the

130  available An. coluzzi reference genome Acol N1 using the chromosome level assembly AgamP4
131 of An. gambiae (48). While the number of scaffolds varied from 5 to 107, with the median being
132 20, the scaffolds' N50 was similar across the seven genomes (Table 1).

133  We assessed the genomes completeness using BUSCO with the dipteran set of genes (49). We
134  obtained percentages of complete genes ranging from 94.2% to 96.6% except for the DLA155B

135  sample which had alower completeness value (89.5%; Table 1). These completeness values for
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136 most (5/6) of the samples were similar to those from the AcolN1 genome assembly which
137  contained 98.9% complete genes (Table 1; Additional file 1: Table S1).
138

139 Tablel. Genome assemblies and scaffolds’ statisticsfor the An. coluzzii genomes we

140 analyzed..

Long Number |Number |[N50of |Complete | TE

reads [llumina | Assembly | of of scaffolds |[BUSCO | families
Genome |coverage |coverage |size (Mb) |contigs | scaffolds | (kb) genes (%) | identified
DLA112 |55X 59X 252 3917 107 54591 96.6 244
DLA155B | 28X 19X 236 2081 24 52031 89.5 243
DLA146 | 28X 42X 247 2036 14 54960 95.1 193
LBV88 31X 41X 245 2576 19 54450 94.5 280
LBV136 |34X 130X 236 2011 28 52053 95.2 172
LBV11® | 89X 61X 246 2608 20 53712 94.2 294
AcolN1® | ~270X - 251 205 5 53057 98.9 283

141 Three genomes were collected in Douala (DLA) and threein Libreville (LBV). ® LBV11 was

142 sequenced using PacBio technologies, while the other five genomes were sequenced using

143 Oxford Nanopore Technologies. ® Genome statistics for AcolN1, the high quality de novo

144  genome assembly reported by Kingan et al., (48) are also included.

145

146 64 new anopheline TE families discovered in An. coluzzi

147  Toidentify the TE families present in each of the genomes, we used the TEdenovo pipeline from

148  the REPET package (50). After several rounds of manual curation, we identified between 172
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149  and 294 TE families for each genome (Table 1; Additional file 1: Table S2). Remarkably, while
150 using asingle reference would have only allowed the identification of a median of 244 TE

151  families, clustering the TE libraries from an increasing number of genomes allowed the

152  identification of atotal of 435 well supported TE families (Figure 1B; see Material and

153  Methods). Interestingly, 64 of these families (32 DNA, 9 LINEs and 23 LTRS) are described here
154  for thefirst time. The majority of the new families (43/64) had partial matches to other known
155  TEs, thusallowing usto classify them at the superfamily level (Additional file 1: Table S3). The
156  use of multiple references was especialy relevant for identifying these previously undescribed
157  families given that using a single genome would have only allowed to identify a median of 37
158  (25-48) novel TE families (Figure 1B).

159  To further characterize these novel families, we estimated the average number of insertionsin
160  the seven An. coluzai genomes, and their distribution and abundance in other species from the
161  Anopheles genus (Figure 2; Additional file 2: Figure S1; Additional file 1: Table S3). To do this,
162  wefirst annotated individual TE insertionsin the seven An. coluzzii genomes using the TEannot
163 pipeine from the REPET package (51). To ensure that our annotation was as complete as

164  possible, besides the 435 families previoudly identified using REPET, we also included in our
165 library 85 TE families from other mosguito species that we found to be present in An. coluzzi
166  (Additional file 1: Table $4; see Material and Methods) (52). Thefinal total of 520 families were
167  classified into 23 superfamilies and then further grouped into four orders (DNA, LINE, LTR and
168  SINE; Figure 1C).

169

170  Copiesfrom all 64 new families were found in all seven An. coluzzii genomes, further suggesting

171  that these are bona fide families. Although the mgjority of families contain full-length copiesin
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172  at least one of the seven genomes analyzed, truncated copies were the most abundant (Figure 2B;
173 Additional file 1: Table S3). We identified a median of 72 insertions (ranging from 16 to 1,445)
174  per family and genome (Figure 2B; Additional file 2: Figure S1B). Two out of the four TRIM
175 elementsidentified (Acol LTR Ele4 and Acol LTR Ele 6) are among the most abundant new
176  families, with more than 150 insertions (Figure 2B). TRIM elements are non-autonomous

177  retrotransposons flanked by LTRs and lacking coding capacity (Figure 2A). These elements have
178  not been previoudy described in anopheline genomes and are still underexplored in insect

179  genomesin general (53-55). However, they might be important players in insect genome

180  evolution: in plants there are some examples of TRIM elements showing the capacity to

181  restructure genomes by acting as target sites for retrotransposon insertions, alter host gene

182  structure, and transduce host genes (56, 57).

183

184  We also assessed the phylogenetic distribution of the 64 new TE familiesin 15 species of the
185  Anopheles genus, including the eight members of the An. gambiae complex, two more distantly
186  related mosquitoes species (Culex quinquefasciatus, Aedes aegypti) and Drosophila

187  melanogaster (Additional file 1: Table S3) (35, 58, 59). We found that the new families were
188  unevenly distributed among the members of the Anopheles genus (Figure 2C and Additional file
189  2: Figure S1C). Ten families were exclusively found in members of the Pyretophorus series,

190  suggesting that these el ements emerged after the split of this series from the Cellia subgenus.
191  Moreover, 13 families were also found in at least one of the other three non-anopheline species
192  (Additional file 2: Figure S1C). The distribution of these 13 families was patchy, with some of
193  them present only in distantly related species while others were present in members of the

194  Anopheles genus or in members of the Pyretophorus series. These suggests that some of these
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195  families might have been acquired through horizontal transfer events (Additional file 1: Table
196  S3) (39).

197

198  The Gypsy superfamily hasthe lar gest copy number differ ences acr oss genomes

199  The percentage of the genome represented by TEs across the seven genomes varied between
200 16.94% and 20.21% (Table 2). We found a positive correlation between TE content and genome
201  Size as has been previoudly described in Anopheles and other species (Pearson’'s r = 0.90,

202  significance = .007; Additional file 3: Figure S2) (39, 60). As expected due to heterochromatin
203  being a TE rich region and thus challenging to assemble (61), most of the differencesin TE
204  content across genomes were found in the heterochromatin compartment (Table 2; ¥ test for
205  variance, p-value = 3.57e-3).

206

207  To assess whether differencesin TE content at the family and superfamily level existed among
208  the seven genomes, we focused on the TE copy number in euchromatic regions. We found

209  significant differences at the order and superfamily levels (x? p-value = 1.07e-21 and p-value =
210  1.69e-14, respectively). The largest differences were found in the LTR order: LTRs were more
211 abundant in the DLA112 and LBV88 genomes and less abundant in AcolN1 (Figure 3A). At the
212 superfamily level, we found that the largest differences were in the Gypsy superfamily, which
213 belongsto the LTR order. We also observed an enrichment of the RTE superfamily in LBV11, of
214  the CR1 and Bel-Pao superfamiliesin DLA112, and a depletion of the CR1 superfamily in

215  AcolN1 (Figure 3). Therefore, most of the differencesin TE content between the evaluated

216  genomes appear to bein retrotransposon families.

217
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Table 2. TE content in the seven genomes analyzed.

Genome | Whole genome Euchromatin Heter ochromatin

TE copy | Mb Genome | Copy Mb Region | Copy Mb Region

number % number % number %

DLA112 | 72901 48.00 | 19.02 49853 28.18 | 12.67 | 22930 19.74 | 70.34

DLA155B | 62999 40.08 | 16.94 45592 25.39 | 11.86 17371 14.66 | 65.76

DLA146 | 68658 45.42 | 18.40 47874 2722 | 12.36 | 20682 18.15 | 68.35

LBV88 68593 45.81 | 18.70 48922 28.06 | 12.81 19582 17.68 | 68.74

LBV136 64343 40.79 | 17.26 45792 24.97 | 11.73 18406 15.73 | 67.59

LBV11 71803 47.59 | 19.58 50187 28.95 | 1340 | 21564 18.60 | 70.22

AcolN1 75745 50.81 | 20.21 48537 26.10 | 11.95 | 27205 24.70 | 74.77

219

220

221

222

223

224

225

226

227

228

229

TE copy number, TE content in megabases and percentage of the genome represented by TEs.
Values are given for the whole genome and for the euchromatin and heterochromatin

compartments separately.

TEsarenonrandomly distributed throughout the genome

As expected, we found that the percentage of TEs in euchromatin, 11.73%-13.40%, is much
lower than the percentage of TES in heterochromatin, 65.76%-74.77%, (Table 2 and Figure 4A).
None of the TE familiesidentified were exclusive to either the euchromatin or heterochromatin.
However, 45 families were enriched in the euchromatin (x° test, p-value < 0.01) including 12 out
of the 32 mTAMITE families (Additional file 1: Table S5). Thisisin line with what has been

previously reported in Ae. aegypti (62). We also observed that the TE distribution was uneven
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between the chromosomes, and as expected, the X chromosome had a larger fraction of its

euchromatin spanned by TEs (Figure 4B) (63).

Finally, we also determine the distribution of TE insertions regarding genes. We divided the
genomein five regions: 1 kb upstream, exon, intron, 1 kb downstream and intergenic (64). More
than half of the genes (7,239) in An. coluzzii had TEs either in their body or 1 kb upstream or
downstream. Many of these genes (3,888/7,239) had insertions in all seven genomes, while 1,065
genes have an insertion only in one genome. We found that the number of insertionsin
intergenic regions was higher than expected by chance while the number of insertionsin exons
was lower (x* p-value < 0.001; Figure 4C; Additional file 1: Table S6). The upstream and
downstream regions behaved differently: the downstream region had a smaller amount of TES
than expected by chance and the upstream region was neither enriched nor depleted for TE
insertions (p-value = 0; Additional file 1: Table S6). Thisis possibly linked with the chromatin
state of these regions given that downstream regions are more commonly in a closed chromatin

state (64).

Focusing on the TE orders, we observed that LTR elements were more abundant on intergenic
regions while SINEs were more abundant on introns, and DNA el ements were more abundant in
introns and in the upstream region (x? p-value < 2.03e-3; Figure 4C; Additional file 1: Table
S7A). MITEs, which are non-autonomous DNA e ements have been reported to be more
abundant in the introns and flanking regions of genes (65). We observed the same behavior for
mTA and m3bp MITES, which are more abundant in upstream regions and introns, and m8bp

MITEs which are more abundant in introns (Additional file 1: Table S7B).
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253

254  Oveall, TEs are not randomly distributed in the genome, as they are more abundant in

255  heterochromatic than in euchromatic regions, more abundant in the X chromosome than in

256  autosomes, and more abundant in intergenic regions than in gene bodies or gene flanking

257  regions.

258

259 MITE insertionsare present in several inversion breakpoints

260  TEs have been suggested to be involved in chromosome rearrangements within the An. gambiae
261 complex. Indeed, TEs have been found in close proximity to the breskpoints of the 2Lain An.
262  gambiae and An. melas, and to the breakpoints of the 2Rb inversionsin An. gambiae and An.
263 coluzzi (66, 67). We thus explored the TE content in the breakpoints of the 2La and 2Rb, and
264  three other common polymorphic inversionsin An. coluzzi: 2Rc, 2Rd, and 2Ru (68). The

265 analysis of the breakpoint regions suggested that our genomes have the standard conformation
266  for all fiveinversions (see Material and Methods; Additional file 1: Table S8). We identified
267  severa TEs nearby the proximal and the distal breakpoints of 2La and 2Rb, in agreement with
268  previous studies (Figure 5) (26, 66, 67). For the standard 2La proximal breakpoint, Sharakhov et
269  al. (66) identified several DNA transposons and a SINE insertion. We aso identified a cluster of
270  MITE insertions, which are DNA transposons,; however, we additionally identified an Outcast
271 (LINE) element (Figure 5). Regarding the standard 2La distal breakpoint, we observed two

272 MITEs similar to one of the insertionsin the proximal breakpoint, which was in agreement with
273 thefindings by Sharakhov et al. (66) (Figure 5). We also observed similar behavior in the 2Rb
274  breakpoints, such asthe one described by Lobo et al., (67): tandem repeats flanking the inversion

275 inthe standard and inverted forms, and TEs in the internal sequences of both breakpoints (Figure
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276 5). For the 2Rd inversion, we identified MITEs near both breakpoints. Finally, we have also

277  described here for the first time, TE insertions that are present in the distal breakpoint of

278  inversion 2Ru but not near the estimated proximal breakpoint; although in the latter case we

279  were ableto identify reads spanning the breakpoints in the seven genomes (69).

280

281  TE insertionsfrom active families might affect theregulation of functionally relevant genes
282  Toidentify potentially active TE families, we first estimated their relative age by analyzing the
283  TE landscapes (70, 71). We observed an “L” shape landscapein all genomes which isindicative
284  of arecent TE burst (Additional file 4: Figure S3) (72). This“L” shape landscape, dominated by
285  retrotransposons, had previously been described for the sister species An. gambiae (71, 73),

286  where numerous Gypsy LTR Retrotransposons (up to 75%) might currently be active (74, 75).
287  Wefurther investigated the families in the peak of the landscape and we identified eight families
288  with more than two identical full-length fragments and with more than half of their copies

289  identical to the consensus (Additional file 1: Table S9). Additionally, we assessed the potential
290  ability of our candidates to actively transpose by identifying their intact open read frames

291  (ORFs), LTRs (in the case of LTR retrotransposons), and target site duplications (TSDs), and
292  determined that seven of these families are potentially fully capable of transposing, and thus

293 confirming that these families might be responsible for the recent retrotransposon burst in An.
294  coluzzi (Additional file 1: Table S9).

295

296  To assess the potential functional consequences of the TE insertions from these seven putatively
297  activefamilies, we focused on insertions that occurred in introns, exons, and 1 kb upstream or

298  downstream of a gene. We identified 80 genes with insertions from these families, with five
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299  genescontaining up to two insertions in the same gene region Additional file 1: Table Sand since
300 theseareall recent insertions, one plausible explanation for those found at high frequenciesis
301 that they are subject to positive selection (76) (Additional file 1: Table S10; Additional file 5:
302 Figure $4). We found that 8 insertions were present in all seven genomes analyzed, 24 were

303  present in two or more genomes while 53 were present in a single genome (Additional file 1:
304 Table S11). We focused on the genes containing insertions in two or more genomes to look for
305 functional enrichment. However, we found no significant GO enrichment terms using

306 PANTHER (77). No significant GO enrichment was either found when considering all genes
307  with nearby insertions.

308

309  Tofurther investigate the potential role of TE insertions from active families on the function of
310 nearby genes, we looked for functional information on all the genes, and focused on seven of
311  them that have functions related to vectorial capacity: insecticide resistance, immunity, and

312 biting ability (Table 3). We checked whether the TE insertions nearby these genes contained

313  binding sites for transcription factors or promoter motifs (Additional file 1: Table S12;

314  Additional file 1: Table S13). We focused on identifying binding sites for three transcription

315  factorsthat are known to beinvolved in response to xenaobiotics (cap'n'collar: cnc) and in

316  immune response and development (dorsal: dl and signal transducer and activator of

317  transcription: STAT) given the availability of matrix profiles from D. melanogaster (78, 79). We
318 identified binding sites for either di, STAT or both in three insertions; interestingly the

319  Acol_gypsy Elel8 and the Acol_copia_Ele8 insertions have more than three binding sites for the
320 sametranscription factors, suggesting that they might be functional sites (Table 3) (80).

321  Additionally, the genes that contained these TEs insertions also contained binding sites for these
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322 sametranscription factor, which suggests that these factors already played a prior rolein their
323 regulation. We aso identified a putative promoter sequence in the Acol_copia_Ele24 insertion
324  found upstream of the CLIPA1 protease encoded by AGAP011794 which could also lead to
325 changesin theregulation of this gene (Additional file 1: Table S14).

326

327 Table3. TE insertionsfrom putatively active families.

Insert Possible
TE
TE family size Gene Function phenotype TFBS
Freq.
(bp) [Reference]
Acol_copia_ Concanavalin A-like | Insecticide
2233 5/5 AGAP012452 -
Ele24 lectin/glucanase resistance [1]
Acol_copia_ | 3230 dl (3) and
2/14 Devel opment,
Ele8 (200)* cuticular protein STAT (5)
AGAP012466 insecticide
Acol_copia_ RR-2 family 146
167 4/4 resistance(2, 3] | -
Ele24
Acol_gypsy Peptidase S1, PA Immunity,
185 3/3 AGAP010620 -
Ele65 clan digestion [4, 5]
d (3-7)
Acol_gypsy Defective proboscis | "Bendy"
4858 1/6 AGAP029191 and STAT
Elel8 extension response | proboscis|[6]
(1-6)
Digestion,
Acol_copia_
168 1/6 AGAPO011794 | CLIPA1 protein immunity or -
Ele24
development [7]
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Acol_gypsy Gustatory receptor Vectorial
235 17 | AGAP002633 -
Elel8 53 capacity []
Acol_gypsy Peptidase S1, PA Immunity,
141 1/3 AGAP028069 d (1)

Ele65 clan digestion [5, 6]
328  TE Freqg. specifies the number of genomes where the TE insertion was found and the number of
329  genomes where the gene was correctly transferred. References in the Phenotype column are as
330 follows: 1(81), 2 (82), 3 (83), 4 (84), 5 (85), 6 (86), 7 (87), 8 (88). The number in parenthesisin
331 thetranscription factor binding site (TFBS) column refers to the number (or range) of TFBS
332 foundinthe TE. *Theinsertion size in parenthesis refers to an insertion found in one of the
333  genomes corresponding to asolo-L TR insertion.
334
335 TE insertions could influence the regulation of genesinvolved in insecticide resistance
336  Theusage of pyrethroids, carbamates, and DDT as vector control mechanisms has led to the
337  rapid dispersion of insecticide resistance alleles in natural populations (89-93). Among the best
338  characterized resistance point mutations are L1014F (kdr-west), L1014S (kdr-east), and N1575Y
339 inthevoltage gated sodium channel para (also known asvgsc), and G119Sin the
340  acetylcholinesterase ace-1 gene (94-96). Wefirst investigated whether the seven genomes
341  analyzed in thiswork contained these resistance alleles. We found the kdr-west mutation in the
342  six genomes from Douala and Libreville but not in AcolN1 genome (48). None of the other
343  mutations were identified, however a previously undescribed nonsynonymous substitution
344  (L1688M) in the fourth domain of para was identified in the aforementioned six genomes.
345  Whether this replacement also increases insecticide resistance is yet to be assessed.

346
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347  TEs have been hypothesized to play arelevant role specifically in response to insecticides (97-
348  99), and afew individual insertions affecting insecticide tolerance in anopheline mosquitoes
349  have already been described (100). Thus, we searched for TE insertions in the neighborhood of
350 insecticide-related genes that could lead to differencesin their regulation. We focused on well-
351  known insecticide resistance genes as well as considering genes that have been shown to be

352 differentially expressed in An. gambiae when exposed to insecticides (Additional file 1: Table
353  S14; Additiondl file 6: Figure S5) (3, 101-103). We found that 23 out of the 43 genes analyzed
354  contained at least one TE insertion. We also observed that para had the largest number of TE
355 insertions (48 in average per genome, mainly in itsintrons) from this set of genes. Thisisan
356  exception, given that the average number of insertions per geneis 2.95 for members of this set
357  which falls within the expected number of insertions per genein all the genome (t-test, p-values
358  >0.2).

359

360  Only one of theinsertions, asolo LTR element of Acol_Pao_Bel_Ele43 from the Pao-Bel

361  superfamily and present in all the genomes analyzed, was located in the 3 UTR of GSTE2.

362 Interestingly, an upstream insertion possibly affecting the expression level of this gene has

363  previously been identified in An. funestus (100). To determineif TEs could influence the

364  regulation of insecticide-resistance genes, we focused on polymorphic (present in two or more
365 genomes) and fixed (present in al seven genomes analyzed) insertions located in introns or 1 kb
366  upstream of the gene. We searched for cnc binding sites, and for those insertions located in gene
367  upstream regions we also looked for promoter motifs (Additional file 1: Table S12; Additional
368 filel: Table S13). Weidentified 15 insertions in 10 genes containing either cnc binding sites or

369  promoter sequences. One insertion located in CYP4C28 and two insertions in para contained
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binding sites for cnc, although the genes did not contain binding sites for this transcription factor.
Additionally, we identified 12 insertions containing promoter motifs and located nearby nine
genes (Figure 6). In some cases, such asthe Acol_m2bp Elel0 MITE insertion in ABCA4 or the
tSNE insertion in GSTMX2, while the same TE insertion was found in six and seven genomes
respectively, the promoter motifs were found only in four and one genome respectively (Figure
6; Additional file 1: Table S13). We analyzed the consensus sequence of these two families and
we found that while the Acol_m2bp_EIlel0 had the promoter motif, the tSINE did not, suggesting
that some of the Acol_m2bp_Elel0 elements lost the promoter motifs while the tSINE copies

acquired them.

I mmune response genes could also be affected by TEs

M osquitoes breeding in urban and polluted aquatic environments overexpress immune-rel ated
genes suggesting that immune response is relevant for urban adaptation (104). To assess the
potential role of TEsinimmune response, we searched for TE insertionsin genes putatively
involved in immunity according to ImmunoDB (105)(Additional file 1: Table S15). We
identified 466 TE insertionsin 156 out of the 281 genes analyzed. The number of insertionsin
each gene varied greatly going from 60 genes with a single insertion to AGAP000940, a gene
coding for a C-type lectin and spanning 107.2 kb, with 48 insertions. The frequency of these
insertions was also variable with 184 (39.5%) of the insertions being fixed, 208 (44.6%)
polymorphic and 74 (15.9%) unique. We further explored polymorphic and fixed insertions and
identified binding sites for dl and STAT and promoter motifs. We found that 20 TEs contained

bindings sites for dI, 23 TEs contained binding sites for STAT and 12 TEs contained binding sites
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392  bothfor dl and STAT (Additional file 1: Table S15). Additionally, we identified 82 insertions, in
393  theupstream region of 58 genes, which carried putative promoter sequences.
394
395 Weidentified TE insertionsin three different antimicrobial peptides (AMPs). AMPs form the
396  first line of host defense against infection and are akey component of the innate immune system,
397  however none had transcription factor binding sites (TFBS) for dl or STAT. It isimportant to
398  keepin mind that there are other TF that participate in the regulation of AMPs and that both dl
399  and STAT are aso involved in other biological processes (106). Interestingly we also identified
400 TEswith TFBSfor dl inthevicinity of STAT1 and STAT2 which might lead to novel regulatory
401  mechanisms of the JAK/STAT signaling pathway. Furthermore, 11 of the 156 genes containing
402  TEinsertions are differentially expressed in response to a Plasmodium invasion. These genes
403  participatein several pathways of the immune response including the small regulatory RNA
404  pathway, pathogen recognition, the nitric oxide response and ookinete melanization (79, 107-
405  109). Four of the TEs affecting these genes added TFBS and promoter sequences, thus
406  suggesting that these TE insertions can presumably influence the response to this pathogen (110)
407 (Table4d).
408
409 Table4. TE insertionsin Plasmodium r esponsive genes from the immune system.
Gene #of TE Family
GenelD Function Frequency | Promoter TFBS
symbol insertions
AGAP002625 | CTL9 CTLs 1 - - No -
AGAP003663 RM62B Acol_mTA Elell d (D),
SRRPs 2 77 No
STAT (1)
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AGAP004845 SCRB8 Acol_otherMITEs
717 No STAT (1)
Elesl6
SCRs 4
Acol_
77 Yes STAT (1)
Pao Bel Ele35
AGAP005203 PGRPLC1 | PGRPs 1 - - No -
AGAP008844 GALE1 | GALEs 1 Acol_m3bp_Elell | 7/7 Yes -
AGAP009033 HPX2 PRDX< 1 - - No -
AGAP009887 R2D2 SRRPs 1 - - No -
AGAP011204 AUB SRRPs 3 - - No -
AGAP011717 AGO1 SRRPs 16 Acol_mTA_Ele31l | 6/7 No d (1)
AGAP011780 CLIPA4 | CLIPs 1 - - No -
AGAP011792 CLIPA7 | CLIPs 1 - - No -
410
411 Family and frequency are only shown for TEswith TFBS or promoter sequences. In the Function
412 column the following abbreviations are used: C-Type Lectins (CTLs), Small Regulatory RNA
413  Pathway Members (SRRPs), Scavenger Receptors (SCRs), Peptidoglycan Recognition Proteins
414  (PGRPs), Galactoside-Binding Lectins (GALES), Peroxidases (PRDXs), CLIP-Domain Serine
415  Proteases (CLIPs).
416
417 DISCUSSION
418  Inthisstudy, we de novo annotated transposable e ement (TE) insertions in seven genomes of
419  An. coluzzi, six of them newly sequenced here. A comprehensive genome-wide TE annotation
420  was possible because we used long-read technologies to perform the genome sequencing and
421  assembly. Long-reads allow identifying TE insertions with high confidence given that the entire
422  TE insertion sequence can be spanned by a single read (29, 30). While the genome-wide TE
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423  repertoire has been studied in other anopheline species, particularly in An. gambiae, to our

424  knowledge there are no other studies that have explored TE variation in multiple genomes from a
425  single species (31, 32, 35, 39, 71, 111). We observed that increasing the number of available

426  genomes analyzed allowed usto increase the number of identified TE families from a median of
427 244 (172-294) to 435 (Figure 1B). Moreover, having the full sequences of seven genomes also
428  alowed usto discover 64 new TE families, including four TRIM families previously

429  undescribed in anopheline genomes that are likely to be important players in genome evolution
430 (56, 57). The wide range of families identified across genomes was not directly related to the
431 quality of the genome assembly taking into consideration the more generally used quality

432  parameters such as read length, number of contigs, and contig N50 (112). This suggests that

433  there are possibly other characteristics of each genome that affect the identification of high

434  quality TE families, such as biases in the location of the TE insertions given that TE families are
435  challenging to identify in regions with low complexity or with numerous nested TEs.

436  Nonetheless, theidentification of TE familiesis dependent on the methodology used to perform
437  TE annotations, therefore different annotation strategies could lead to the discovery of till

438  undescribed families (59).

439

440 Theavailability of several genome assemblies also allowed usto determine that the mgjority of
441  theintraspecies differencesin the TE content were in heterochromatic regions, most likely due to
442  differencesin the quality of the genome assembly. Nevertheless, there were also significant

443  differencesin the TE content in euchromatic regions, reflecting true intraspecific variability as
444  hasbeen previously observed in several organismsincluding Drosophila (76, 113), mammals

445 (114, 115), maize (116) and Arabidopsis (117). TE insertions were not randomly distributed
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446  throughout the genome and instead were consistently enriched in intergenic regions, most likely
447  dueto purifying selection, as suggested in the wild grass Brachypodium distachyon (118). In

448  Drosophila, TE enrichment in intergenic regions was also observed in addition to enrichment in
449  theintronic region, which we did not observe in An. coluzzi (119). We also analyzed the TE

450  content in the breakpoints of five common polymorphic inversions, three of them analyzed here
451  for thefirst time. Wefound TE insertionsin all but one of the inversion breakpoints, with MITE
452  elements the most common TE family, as already described in the 2Rd’ inversion in An.

453  arabiensis(26) (Figure5).

454

455  The choice to use samples from urban environments allowed usto take afirst look into the role
456  of TEsin rapid adaptation to novel habitats (120). We focused on insertions from recently active
457  familieslocated near genesthat are relevant for the vectorial capacity of An. coluzzii. Because
458  adaptation can aso happen from standing variation, in the case of insecticide resistance genes,
459  which have been shown to be shaped by TE insertionsin severa organisms, and immune-related
460  genes, we analyzed all insertions independently of their age (100, 121, 122). While the role of
461  nonsynonymous substitutions and copy number variation in resistance to insecticides commonly
462  used in urban environments has been studied, the potential role of TEs has not yet been

463  comprehensively assessed in An. coluzzii or any other anopheline species (19, 103, 123-125). In
464  the genomes we assessed, we identified several insertions that were polymorphic or fixed nearby
465  functionally relevant genes (Table 3, Table 4 and Figure 6). Some of the identified candidate
466  insertions contained binding sites for transcription factors related to the function of nearby genes
467  and promoter regions. Besides adding regulatory regions, TEs can also affect the regulation of

468  nearby genes by affecting gene splicing and generating long non-coding RNAs among many


https://doi.org/10.1101/2020.11.22.393231
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.22.393231; this version posted November 22, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

469  other molecular mechanisms (25, 126-129). Thus, it is possible that the candidate TE insertions
470 identified that lack binding sites and promoters could be affecting nearby genes through other
471 molecular mechanisms. Our results are a first approximation to the potential role of TEsin An.
472  coluzzi adaptation to the challenging environment that urban ecosystems entail. Establishing a
473  direct link between the TEs and the traitsinvolved in urban adaptation will require sampling a
474  larger number of individuals and characterizing the phenotypes associated with the insertions.
475

476

477 CONCLUSIONS

478  Thelong-read sequencing of seven An. coluzzii genomes from urban environments allowed us to
479  captureto alarger extent the diversity of TE families and TE insertions and to assess their impact
480  inthe genome architecture and genome function in this species. While there was an enrichment
481  of TEinsertionsin intergenic regions, we found several insertions located in the 1 kb flanking
482  regionsor inside genes relevant for the vectorial capacity of this species. Furthermore, we found
483  that some of these TE insertions are adding regulatory regions and as such they could influence
484  theregulation of these genes. The genomic resources and the results that we present in this work
485  provide abasisfor future studies of the impact of TEsin the biology of An. coluzzi. Thiswill
486  alow increasing our knowledge on a species which besides being interesting from an

487  evolutionary perspective, given its high levels of genetic diversity and the strong anthropogenic
488  pressuresit faces, is of great importance to human health. A better understanding of the biology
489  of An. coluzzii and its ability to rapidly adapt to urban environments will further facilitate the

490 development of nove strategies to combat malaria. Better management strategies can be
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491  implemented if we understand and are able to predict changes in the frequency of genetic

492  variantsrelevant for the vectorial capacity of this species.

493

494

495 MATERIALSAND METHODS

496  Sample collection and DNA isolation

497  We sampled An. coluzzi larvae in two cities of Central Africa: Libreville, Gabon, in January
498 2016 and Douaa, Cameroon, in April 2018. A systematic inspection of potential breeding sites
499  was conducted to determine the presence of Anopheles larvae. We manually separated the

500 anopheline from the culicine larvae based on morphological recognition and positioning of their
501  bodieson or under the water surface (Robert, 2017). We collected immature 3rd and 4th stage
502 larvae of Anopheles from water bodies using the standard dipping method (Service, 1993). We
503  collected 25 larvae from each site and stored them in 1.5 ml of absolute ethanol. After each daily
504  sampling session, the samples were stored at -20 °C.

505

506  All the samples were PCR tested to differentiate An. coluzzii larvae from An. gambiae larvae
507 beforelibrary preparation, using primers SINE200_F (TCGCCTTAGACCTTGCGTTA) and
508 SINE200 R (CGCTTCAAGAATTCGAGATAC) (45). For PacBio sequencing, DNA from a
509  single An. coluzzi larvafrom the LBV11 site was extracted using the MagAttract HMW DNA
510  extraction kit (Qiagen) following manufacturer’sinstructions. Briefly, the larva was air-dried and
511  lysed in 240 pl of buffer ATL (proteinase K added) shaking overnight at 56 °C. Next, the DNA
512  wasisolated using the MagAttract magnetic beads and eluted twice in 50 ul of buffer AE. The

513  DNA concentration was measured using a Qubit fluorometer. For Nanopore sequencing, DNA


https://doi.org/10.1101/2020.11.22.393231
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.22.393231; this version posted November 22, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

514  from six larvae from each of the five breeding sites was extracted either with the QiaAMP UCP
515 DNA kit (Qiagen) or MagAttract HMW DNA extraction kit (Qiagen). For the QiaAMP UCP
516  DNA kit, we followed the manufacturer’ s instructions. Each larva was air-dried and lysed in 200
517  ul of buffer AUT (proteinase K added) shaking overnight at 56 °C, then DNA was isolated using
518 aQlAamp UCP MinElute column and eluted twice in 25 pl of buffer AUE. For the MagAttract
519 HMW DNA extraction kit, we followed manufacturer’s instructions but using lower buffer

520 amountsto increase DNA concentration. Briefly, each larvawas lysed in 120 ul of buffer ATL
521  (proteinase K added) shaking overnight at 56 °C, then DNA was isolated using the MagAttract
522  magnetic beads and eluted twice in 25 pl of buffer AE. The DNA concentration was measured
523  using a Qubit fluorometer. Both elutions of the same sample were mixed before library

524  preparation. For Illumina sequencing, DNA from one larva from each of the six different

525  breeding sites was extracted following the same extraction protocol as for Nanopore sequencing.
526

527 Library preparation and sequencing

528  Quality control of the DNA sample for PacBio sequencing (Qubit, NanoDrop and Fragment

529  anayzer) was performed at the Center for Genomic Research facility of the University of

530 Liverpool prior to library preparation. The library was prepared by shearing DNA to obtain

531  fragments of approximately 30 kb and sequenced on 2 SMRT cells using Sequel SMRT cdll, 3.0
532  chemistry. Nanopore libraries were constructed using the Native Barcoding Expansion 1-12

533  (PCR-free) and the Ligation Sequencing Kit following manufacturer’ sinstructions. A minimum
534  of 400 ng of DNA from each larvawas used to start with the library workflow. For each

535  breeding Site, six larvae were barcoded, and equal amounts of each barcoded sample were pooled

536  prior to sequencing. The samples from the same breeding site were ran in asingle R9.4 flow cell
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537  ina48-hour run, except for sample DLA112 which was run in two flow cells. The DNA

538  concentration was assessed during the whole procedure to ensure enough DNA was available for
539  sequencing.

540

541  The quality control of the samples, library preparation and 11lumina sequencing was performed at
542  the Center for Genomic Research facility of the University of Liverpool. Low input libraries
543  were prepared with the NEBNext Ultrall FS DNA library kit (300 bp inserts) on the Mosquito
544  platform, using a 1/10 reduced volume protocol. Paired-end sequencing was performed on the
545  Illumina Novaseq platform using S2 chemistry (2x150 bp).

546

547  Genome Assemblies

548  The PacBio sequenced genome was assembled using Canu version 1.8 (130) with an estimated
549  genome size of 250Mb and parameters: ‘ stopOnLowCoverage=5, cor MinCoverage=0,

550 correctedErrorRate=0.105, CorMhapFilter Threshold=0.0000000002, corMhapOptions="--

551  threshold 0.80 --num-hashes 512 --num-min-matches 3 --or der ed-sketch-size 1000 --ordered-
552  kmer-size 14 --min-olap-length 2000 --repeat-idf-scale 50" mhapMemory=60g,

553  mhapBlockSze=500, oviIMerDistinct=0.975". Next, we identified and removed allelic variants
554  using purge_haplotigs version 1.0.4 (131) with the “-1 15-m 100 -h 195" parameters. The

555  Nanopore genomes were assembled using Canu version 1.8 using the same parameters as

556  previously described, except for correctedErrorRate which was set to 0.16, followed by around
557  of polishing using racon version 1.3.3 (132), followed by nanopolish version 0.11.1 (133) and
558  pilon version 1.23-0 (134) with the fix parameter set on ‘bases . Pilon requires high coverage

559  short-read data to perform the polishing and these data came from the aforementioned single
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larvae sequenced from each of the sites. Finally, blobtools version 1.1.1 (135) was used to
remove contamination from all six genome assemblies taking into consideration fragment sizes,

their taxonomic assignation and the coverage using the Illuminareads.

As a proxy of the completeness, the BUSCO values for the six newly assembled genomes plus
the AcolN1 genome were obtained using BUSCO version 3.0.2 (49) with the diptera_odb9 set as
reference. Finaly, the contigs for all seven assemblies were ordered and merged with RaGOO

v1.1 (136) using the chromosome level An. gambiae AgamP4 assembly.

Gene annotation transfer

The gff for the genome annotation for AgamP4 was transferred into the newly assembled
genomes using Liftoff (137) with default parameters. The annotation was manually inspected
using UGENE version 35 (138) and whenever needed the annotation was accordingly corrected.

96% of the AgamP4 genes were correctly transferred.

Construction of the curated TE library and de novo TE annotation

We ran the TEdenovo pipeline (50) independently on each of the seven genomes with default
parameters. The obtained consensus in each genome were further filtered by discarding those
generated with only one sequence, with less than one full-length fragment mapping to the
genome, or with less than three full-length copies (Additional file 1: Table S2). The remaining
consensuses were manually curated to remove redundant sequences and artifacts by manual
inspection of coverage plots generated using the plotCoverage tool from REPET and

visualization of the structural features on the genome browser IGV version 2.4.19 (139).
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583

584  Toensurethat weidentified as much of the TE diversity as possible, the TEfam

585  (tefam.biochem.vt.edu) database, which containsthe TE libraries for severa species of

586  mosquitoes, was used to annotate the seven genomes using RepeatMasker version open-4.0.9
587  (Smit et al. 2015). Families with more than three matches longer than 90% in any genome were
588  selected and their hit with the highest identity from each genome was extracted. These sequences
589  were added to the REPET library and all the consensuses were clustered using CD-HIT version
590 4.8.1(140) with the -c and -s parameters set to 0.8. 85 clusters contain sequences only identified
591 by TEfam. The sequences belonging to the same cluster were used to perform amultiple

592  sequence alignment and the consensuses were obtained.

593

594  The consensuses were classified usng PASTEC (141) with default parameters. Next their

595  bidirectional best-hits were calculated using BLAST (142) against the TEfam

596  (tefam.biochem.vt.edu), AnoTExcel (143) and Repbase (144) databases. When more than 80%
597  of aconsensus matched to afeature from the databases with an identity higher than 80%, the
598 classification was transferred to the consensus. While not an order per se, MITEs were grouped
599  together for subsequent analysis. Additionally, we classified the families based on the

600  conservation of features characteristic of their ordersinto putative autonomous, putative

601  autonomous lacking terminal inverted repeats (TIRsS) or long terminal repeats (LTRS), putative
602  non-autonomous, such as MITEs and TRIMs, and degenerated (Additional file 1: Table

603  S4)(Fonsecaet a 2019). These classified consensuses were used to re-annotate the assembled
604  genomes with the TEannot pipeline using default parameters and we discarded copies whose

605  length overlapped >80% with satellite annotations (51).
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606

607  Transfer of TE annotationsto the AcolN1 refer ence genome

608  Wetransferred the TE annotations from the six genomes we sequenced to the AcolN1 genome.
609  First, we selected only TEs mapping to genes (including 1 kb upstream and 1 kb downstream) in
610  each of the six genomes and built a gff file including two 1 kb long “anchors’ adjacent to each
611  TE. Wetransferred these features considering each anchor and the TE as exons using the Liftoff
612  tool with the -exclude _partial -overlap 1 -s 0.8 parameters (137). We discarded transfers where
613  thetransferred TE was shorter than 10 bp or any of the anchors was shorter than 500 bp.

614  Discarded transfers and TES not transferred were used for a second round where a new gff was
615  created with two 1 kb long anchors but this time located 500 bp away from each end of the TE.
616  and the previously described transfer process was performed. A third round of transfer was

617  performed thistime with anchors located 1 kb away from the TE insertion. The TE positions and
618  family of each transferred TE were conserved. Finally, for all non-transferred TES we generated
619  anew gff file with only the two anchors and no TE and transferred these features using the same
620  methodology. In these cases, the distance between both anchors was conserved as the transferred
621  TE coordinates and the TE family was conserved.

622

623  Wediscarded TEs that were not transferred to genes (plus 1 kb upstream and downstream) in the
624  AcolN1 genome. Using GenomicRanges we identified overlaps between TEs in the AcolN1

625 genome and transferred TEs. We alowed a distance of up to 10 bp between matches and when a
626  TE from the same family was found in the same position we considered the TE as present.

627  Finadly, for TEsthat were transferred using only the anchors we identified overlaps between the

628  Six genomesto calculate the frequencies of these non-reference TE insertions.
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629

630 Identification of newly described familiesin other species

631 Weanayzed all 10 available fully sequenced species from the Pyretophorus series, which

632  belongsto the Cellia subgenus. We also included an additional five Anopheles species, three

633  from each of the other series from the Cellia subgenus and two from the other subgenera with
634  available fully sequenced species. As outgroups we included the genomes of Cx.

635 quinquefasciatus, Ae. aegypti and D. melanogaster. RepeatMasker version open-4.0.9 (Smit et
636  al. 2015) was run with default parameters using the 64 newly described families asthe library on
637  thefollowing genomes: An. albimanus (AalbS2), An. atroparvus (AatrE3), An. farauti (AfarF2),
638  An. funestus (AfunF3), An. stephens (AsteS1), An. epiroticus (AepiEL), An. christyi (AchrAl),
639  An. merus (AmerM2), An. gambiae (AgamP4), An. coluzzii (AcolN1), An. melas (AmelC2), An.
640 arabiensis (AaraD1), An. quadriannulatus (AquaS1l), An. bwambae (Abwa2) and An. fontenillel
641 (ASM881789vl), Cx. quinquefasciatus (CulPipl.0), Ae. aegypti (AaegL5.0) and D.

642  melanogaster (1ISO1 release 6).

643

644  ldentification of heterochromatin

645  The coordinates for the pericentric heterochromatin, compact intercalary heterochromatin, and
646  diffuseintercalary heterochromatin in An. gambiae AgamP3 were obtained from a previous work
647  (61). The An. gambiae AgamP3 genome assembly was mapped against the seven An. coluzzi
648  genome assemblies using progress veMauve (145) and the corresponding coordinates on each of
649  theassemblies were retrieved. To identify families enriched in either euchromatin or

650  heterochromatin ay” test of independence was performed.

651
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652  Transfer of known inversion breakpoints

653  The coordinates for inversions 2La, 2Rb, 2Rc and 2Rd were obtained from Corbett-Detig et al.,
654  (68) and for 2Ru from (69). 50 kb regions flanking each side of the insertion were obtained and
655  mapped usng minimap2 (146) against the scaffolded genome assemblies to transfer the

656  breakpoints. To validate the breakpoint, we determined if long reads spanned the breakpoint

657  using the genome browser IGV version 2.4.19 (139).

658

659  Detection of putatively active TE families

660  To identify potentially active TE families, we identified families with more than two identical
661  full-length fragment copiesin at least six of the seven annotated genomes. We determined the
662  fraction of identical copies of these families by identifying all their insertionsin the genome and
663  calculating the sequence identity of all their bases against the consensus by performing a

664  nucleotide BLAST. Given that the polishing of the genomes using Illumina reads could have
665  modified the sequence of the insertions thus affecting the age estimation, we used dnaPipeTE
666  (147) to estimate the relative age of the TE families using the raw Illumina reads for the six

667  genomes that we sequenced. We compared the TE landscape obtained using dnaPipeTE with that
668  obtained using the BLAST procedure, using a Kolmogorov-Smirnov test corrected for multiple
669  testing using the Benjamini—Hochberg procedure (Additional file 1: Table S16). Given that we
670  observed few significant differences, we continued using the landscape data obtained using the
671  BLAST procedure. We identified the families where the majority of the bases of their insertions
672  were on the peak of identical sequences in the TE landscape (>50% of the bases with >99% base

673  identity) in more than five of the seven genomes we analyzed. Finally, we assessed the ability to
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674  actively transpose of strong candidates by identifying their intact ORFs, LTRs (in the case of
675 LTR retrotransposons) and target site duplication (TSD).

676

677 Classfication of TEs by their genomic location

678  To determine the location of TEs we used the findOverlaps function from the

679  GenomicAlignments R package (148) using default parameters. Both the TE and the gene

680  annotation were converted to GenomicRanges objects ignoring strand information in the case of
681 TEs

682

683  Insecticideresistance genes

684 A list with atotal of 43 relevant insecticide resistance genes was generated taking several works
685  into consideration (3, 101-103) (Additional file 1: Table S14). To determine the position of the L
686  to M nonsynonymous substitution that we observed in AGAP0O04707 (para) we used the position
687  from the CAM12801.1 reference sequence.

688

689 Immune-related genes

690  Thefull list of 414 immune-related genes from An. gambiae was downloaded from ImmunoDB
691  (105). We conserved the 281 most reliable genes filtering by the STATUS field and conserving
692  only those with A or B scores.

693

694 TFBSand promoter identification

695  Thematricesfor dl (MA0022.1), cnc::maf-S(MA0530.1) and Stat92E (MA0532.1) were

696  downloaded from JASPAR (http://jaspar.genereg.net/) (149). The sequences for the TEs of
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697  interest were obtained using getSeq from the Biostrings R package. The TFBS in the sequences
698  wereidentified usng the web version of FIMO (150) from the MEME SUITE (151) with default
699  parameters. The ElemeNT online tool was used to identify promoter motifs (152).
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FIGURES

Figure 1. Transposable elementsin An. coluzzii.

A) Geographic location of the six breeding sites analyzed (in red) and of the place of origin of
the Ngousso colony (in grey) which was used to generate the AcolN1 genome. B) Number of TE
families identified when using a single genome or when using all possible combinations of more
than one genome. The red line shows the total number of TE families and the blue line shows the
number of newly described families. C) Classification of all TE families and newly described

families in An. coluzzi. The three most abundant superfamilies from each order are shown.
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1198  Figure 2. Structure, abundance and phylogenetic distribution of novel TE families.

1199  Thefour newly identified TRIMs families are shown, for the remaining 60 novel families see

1200  Additional file 2: Figure S1. A) The structure of each new family is displayed: the light blue box

1201  representsthe full extension of the TE and the red arrows represent LTRs. B) All insertions for

1202  each TE family are shown as a coverage plot where each line represents a copy in agenome. C)

1203  Phylogenetic distribution of the TE family insertionsin 15 members of the Anopheles genus,

1204  Culex quinquefasciatus, Ae. Aegypti and D. melanogaster. The number of insertions with more

1205  than 80% identity and spanning at least 80% of the consensus, in each speciesis shown using a

1206  black and white gradient. Species with no insertions are shown in white while species with 15 or

1207 moreinsertions are shown in black.
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1211 Figure 3. Differencesin TE content between the seven An. coluzai genomes.

1212 Differences are shown at the (A) order and (B) superfamily levels. y* tests were performed for

1213  the number of insertions and the Person’ s residuals are shown. Note that MITEs are divided into

1214  the m3bp, mdbp, m8bp and MTA superfamilies.

1215

A B Bsl=Pao
CACTA
Cogla
CR1
GEambal
Qyosy
hA&T

| lelliron
I
Jookoy

= | IME| 33 1 18 -12 04 -21 -33
L1

Q ITR .-0.5 -1.2 35 04 -a.s.
L2

SlNE =1.F| 1.2 1 =16 03 -1 2.5 Lonar
' : ; ; ; . mab

c % & g 8 £ 2 r'pr
SZx8:8§ ’

[} g [a] E rébp

MmTa

Ganoma Outeast

P
PIF-Harbinger

Residual PlggyDac

- . R1
420 -2-4-8 RTL
Ie1=karmar

Transib
tRINF

DNA| -20 -09 -08 -01 -02 19 32

Superfamily

1216

1217

27 -23 -11 22 13 -04 =24
27 -214 02 ~-15 =18 17 06
‘4 D1 D6 05 08 -07 -4
27 o1 11 -0a 11 o FEiEY
05 -03 -15 0 01 2 0z
37 7 -4 |32 -2 o1
05 -08 0z 0 =05 =02 08
42 -04 0 -02 -01 13 07
05 13 D4 0B 03 02 0F
4 04 04 -15 03 -01 -0
‘9 04 04 13 07 01 D
1 07 D1 02 U4 13 -04
1 06 07 -05 -07 0  -12
25 -7 -D4 -0z -09 | 31 28
16 -07 -D5 -05 -08 18 22
21 02 -01 04 02 05 2§
32 13 -02 02 05 03 13
06 1.2 =14 =158 =01 =04 12
64 -014 -1 08 -07 -01 17
o5 -08 -14 01 1 03 16
07 05 1 0& -05 ~-11 -1
04 01 11 -23 -1 05 03
4 02 2 09 04 =31 -14
«5 -07 -03 -09 €3 O b
61 -n8 03 0 08 -03 -02
16 12 1 15 -03 -1 23
s § § 8B 8t ;
B8 %81
8 a ]
Genome


https://doi.org/10.1101/2020.11.22.393231
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.22.393231; this version posted November 22, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1218  Figure4. TE insertionsdistribution throughout the genomes.

1219  A) Percentage of euchromatin and heterochromatin occupied by TEs in each of the seven

1220 analyzed genomes. Each order is shown in adifferent color. B) Boxplots of the percentage of the
1221 euchromatin of each chromosome covered by TES. Autosomes are shown in blue and the X

1222 chromosome in red. C) Percentage of TE insertionsin each genome that fall in a specific

1223  genomic region. A red line is used to display the expected percentage that should be covered by
1224  TEstaking in consideration the size of the genomic region. Each order is shown in a different

1225 color asin A).
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1232 Figureb5. TE insertions near known inver sion breakpoints.

1233  Diagram of the chromosome 2 with the analyzed inversions. For each inversion both

1234  breakpoints, proximal (closer to the centromere) and distal (farther from the centromere), plus
1235  2.5kb to each side are shown. When the position of a breakpoint was not identified at the single
1236  basepair level, the interval where the breakpoint is predicted to be is shown in agrey box. Genes
1237  are shown as blue boxes while TEs are shown as pink boxes. Below each TE, the family of the
1238  TE isshown and below the family name the number of genomes where the insertion was found
1239  and the number of genomes where the breakpoint region was identified. Note that breakpoints

1240  are shared among some of theinversions.
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Figure 6. TE insertionsin the neighborhood of genesinvolved in insecticide resistance.

The gene structure is shown in black with arrows representing the exons. TE insertions are

depicted as red boxes. When containing a TFBS for cnc or a promoter they are filled in red,

otherwise they are empty. The red color is darker on fixed TEs and lighter on polymorphic TEs.

Promoters are shown as arrows while cnc binding sites are shown in blue. Resistance aleles are

shown for para (kdr).
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1261  ADDITIONAL FILES

1262

1263  Filename: Additional file 1

1264  Fileformat: Microsoft Excel Binary File format (xIs)

1265  Title of data: Supplementary Tables

1266  Description of data: Supplementary Tables

1267

1268  Filename: Additional file 2

1269  Fileformat: Portable document format (pdf)

1270  Title of data: Figure S1. Novel TE families

1271 Description of data: Newly described families. A) The structure of each new family is displayed:
1272 thelight blue box represents the full extension of the TE and the red arrows represent LTRs. B)
1273 All insertions for each TE family are shown as a coverage plot where each line represents a copy
1274  inagenome. C) Phylogenetic distribution of the TE family insertionsin 15 members of the

1275  Anopheles genus, Culex quinquefasciatus, Ae. Aegypti and D. melanogaster. The number of
1276  insertions with more than 80% identity and spanning at least 80% of the consensus, in each

1277  speciesisshown using a black and white gradient. Species with no insertions are shown in white
1278  while species with 50 or more insertions are shown in black.

1279

1280  Filename: Additional file 3

1281  Fileformat: Portable document format (pdf)

1282  Title of data: Figure S2. Number of TE insertions vs genome size
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1283  Description of data: Comparison of the bases spanned by TEs in each genome with their full
1284  genome Sizes.

1285

1286  Filename: Additional file4

1287  Fileformat: Portable document format (pdf)

1288  Title of data: Figure S3. TE landscapes

1289  Description of data: TE landscapes for the Six genomes sequenced in this work generated using
1290  dnaPipeTE

1291

1292  Filename: Additional file 5

1293  Fileformat: Portable document format (pdf)

1294  Title of data: Figure $4. Genes with TE insertions from active families

1295  Description of data: Diagrams of TE insertions closer than 1 kb to genes showing the gene
1296  structure and the TE insertion

1297

1298  Filename: Additional file 6

1299  Fileformat: Portable document format (pdf)

1300 Title of data: Figure S5. Genes associated with insecticide resistance with TE insertions

1301  Description of data: Diagrams of genes associated with insecticide resi stance showing the gene
1302  structure and the TE insertions closer than 1 kb to gene.

1303
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