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Figure S17. Physical mapping of YG5.  FISH with YG5 (green label) confirms Y chromosome 

linkage in An. gambiae and X chromosome linkage in An. arabiensis and An. quadriannulatus. 

The 18S ribosomal rDNA gene is shown in red. 

 

 
Table S18. Quantification of YG5-changuu junctions indicating number of normalized reads 
matching to the 120-bp sequences in each sex and species with CQ values. 
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YG6: Based on our RNA-Seq data, all six annotated transcripts from the gene family related to 

YG6 (AGAP012356, AGAP012998, AGAP013104, AGAP013235, AGAP013428 and 

AGAP013444) are expressed exclusively in male reproductive tissues (Fig. S18). Of the six 

annotated genes, five have assigned chromosomal locations in a repetitive region of the X 

chromosome at ~17 Mb, consistent with mean gene CQ of 1.7 and 2.7 in the Pimperena and G3 

strains, respectively (Table S6). We only found seven Ydb reads containing YG6. The Y copy is 

flanked by a single zanzibar insertion (which drives inclusion into Ydb). To examine whether the 

Y-linked homolog was expressed, two YG6-containing Ydb PacBio reads were compared to the 

RNA-Seq data. Matching sequences were split into 20-mers using jellyfish (34). Equivalent 

kmers were generated by chopping male and female WGS and RNA-Seq Illumina sequences that 

aligned to the two Ydb PacBio reads. We used relaxed mapping parameters with Bowtie2 at 

default settings and required that each kmer occur > 50 times to be included in the analysis. We 

found 215 male-specific kmers (mskmers) in the RNA-Seq data, but these RNA-mskmers were 

not represented in genomic-mskmers. As all YG6 paralogs of this gene are expressed exclusively 

in male reproductive tissues, it is possible that the 215 RNA-mskmers are in fact derived from 

non-Y chromosome homologs of YG6 and that YG6 itself is not actively expressed. 

Alternatively, YG6 is not sufficiently diverged from its non-Y homologs to provide genomic 

mskmers, which require that a kmer does not occur in female genomic sequence.  
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Figure S18.  Expression profile analysis of six X chromosome or autosomal homologs of 

YG6. YG6 homologs are expressed exclusively in male reproductive tissues across development. 

En: embyo sample and hours post egg laying; ELM: Early male larvae; L2L3M: L2-L3 instar 

male larvae; L3L4M: L3-L4 instar male larvae; M_AD: male adult; M_Ca: Male dissected 

carcass; M_RT: Male reproductive tissues; ELF: Early female larvae; L2L3F: L2-L3 instar 

female larvae, L3L4F: L3-L4 instar female larvae; F_AD: female adult; F_Ca: Female dissected 

carcass; F_RT: Ovaries 48hrs post bloodfeeding. 
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YG7 is homologous to AGAP010291, located on chromosome 3R with no known annotated 

function. Our RNA-Seq data indicates weak YG7 expression throughout development, with a 

peak of expression during embryogenesis. Our evidence for Y chromosome linkage in the 

Pimperena strain is co-occurrence in 16 Ydb reads with zanzibar (out of 467 PacBio reads 

genome-wide that contain YG7 homologs). Like YG6, there are no shared mskmers between 

RNA-Seq and genomic sequences, indicating either that YG7 is not expressed from the Y 

chromosome in the stages of development sampled, its expression cannot be detected at the 

selected sequencing depth, or its sequence has not significantly diverged from non-Y copies. 

 

YG8 is homologous to AGAP008501 which encodes a ubiquitously expressed glutaryl-CoA 

dehydrogenase. Evidence for Y-linkage is the presence of the gene in six Ydb PacBio reads that 

also contain zanzibar and the mafia TEs. In the entire PacBio dataset there are 67 reads that 

contain the gene, of which only 15 also contain zanzibar. The autosomal assembly of 

AGAP008501 does not contain gaps, and zanzibar is not present. Similar to YG6 and YG7, there 

are no shared mskmers between RNA-Seq and genomic sequences, indicating that YG8 is either 

not expressed sufficiently to be detected given the available sequencing depth, is not expressed 

from the Y chromosome in the stages of development we have selected, or that its sequence has 

not significantly diverged from copies not located on the Y chromosome. Further evidence for 

Y-linkage comes from deep WGS Illumina sequencing of 40 individual An. gambiae males from 

Cameroon, in which there are approximately 76x more reads of YG8 in male samples compared 

to females (Tables S12-S14). 

 

S7.2. Identification of Y chromosome genes in other members of the An. gambiae complex.  
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S7.2.1. Using RNA-Seq data from the Anopheles 16 genome project to identity Y genes in 

other members of the An. gambiae complex.  

We used RNA-Seq data from the Anopheles 16 genome project (35) to search for Y chromosome 

genes in An. merus (SRX200223), An. arabiensis (SRX004365) and An. quadriannulatus 

(SRX096314). We assembled the RNA-Seq data with Trinity. Trinity was run in with the default 

setting for paired-end RNA-Seq data, except for the following parameters: (--min_contig_length 

150). To identify Y chromosome sequences from these Trinity assemblies we used the CQ 

method and our male and female pooled Illumina data from these species to identify sequences 

with CQ ≤ 0.2. 

To identify non-repetitive Y genes we first removed sequences that were masked by 

RepeatMasker using the repeats library for each species. We also performed BLASTX against 

the NCBI nr database and removed any sequences with alignments to bacteria or transposable 

elements. To further eliminate repetitive sequences we removed sequences with more than 10 

alignments with BLASTN to the female-derived genome assemblies from the three species. 

Using this approach we identified YG1 in An. arabiensis and An. quadriannulatus, and 

YG2 in all three species. In An. arabiensis, no novel Y chromosome genes were identified. In An. 

quadriannulatus, two novel candidate genes named YG15 and YG16 were identified. These may 

be exons of the same gene because they align to nearby regions of the X chromosome. 

 

S7.2.2. Using An. gambiae transcripts to identity Y genes in other members of the An. 

gambiae complex.  

Using BWA-MEM we mapped the male and female reads from An. arabiensis, An. 

quadriannulatus, and An. merus to An. gambiae transcripts. RCQs were calculated based on 
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these results. No An. gambiae transcripts with CQ ≤ 0.2 were identified in An. arabiensis. We 

identified five An. gambiae transcripts with CQ ≤ 0.2 in An. merus (YG9-YG13) (Table S19), 

and one An. gambiae transcript with CQ ≤ 0.2 in An. quadriannulatus (YG14) (Table S20). Due 

to the number of alignments in the other An. gambiae complex members (Tables S6-S7), these 

genes are likely the result of duplications to the Y followed by amplifications on the Y.  

 

Table S19. RCQs of An. gambiae transcripts based on An. merus Illumina sequences 
Transcript Length An. merus female 

alignments 
An. merus male 

alignments 
RCQ 

YG9 (AGAP009631-RA) 2118 1540 12639 0.122 
YG10 (AGAP009632-RA) 3387 2928 21514 0.136 
YG11 (AGAP009633-RA) 883 676 3500 0.193 
YG12 (AGAP009636-RA) 1210 983 6428 0.153 
YG13 (AGAP009637-RA) 2169 1821 11713 0.155 

 

Table S20. RCQs of An. gambiae transcripts based on An. quadriannulatus Illumina sequences 
Transcripts Length An. quad female 

alignments 
An. quad male 

alignments  
RCQ 

YG14 (AGAP010306-RA)  1000 493 2677 0.184 
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S8. Phylogeny reconstruction and coalescent simulations. 

Overlapping fragments of YG2 were PCR-amplified using male-specific primers (Table S21).  

Genomic template DNA was sourced from individual adult male and female mosquitoes sampled 

from colonies and natural populations, as follows: An. gambiae NDKO colony and Cameroon 

field collections in 2007 (36); An. coluzzii SUCAM colony; An. arabiensis Dongola colony and 

Cameroon field collections in 2007 (36); An. quadriannulatus SANGWE colony and Zimbabwe 

field collections in 1986 (37); An. merus MAF and Ophansi colonies.  Each 25µl PCR reaction 

included 1x PCR buffer, 0.2mM each dNTP, 1.4mM MgCl2, 0.4µM each forward and reverse 

primer, 1U Taq polymerase, and 1µl of genomic DNA.  Gel electrophoresis (2% agarose) 

revealed amplification of expected Y fragments in males but not in females.  PCR products for 

each individual male were purified using USB ExoSAP-IT and directly sequenced on both 

strands using an Applied Biosystems 3730xl DNA Analyzer and Big Dye Terminator v3.1 

chemistry.  The CQ values of the amplicons (Table S22) are consistent with their Y-linkage. 

Sequences were concatenated and aligned using the online tool Clustal Omega 

(www.ebi.ac.uk/Tools/msa/clustalo/).  The aligned sequences were imported into SeaView v4 

(38) for manual inspection of the alignment.  Maximum likelihood phylogenetic estimation was 

performed under a generalized time-reversible model of sequence evolution (39), using PhyML 

(40) through SeaView, with node support estimated by nonparametric bootstrap (100 replicates).  

Due to the absence of an outgroup, midpoint rooting was employed. 

To assess the relative probability that the observed gene tree on the Y chromosome is due 

to incomplete lineage sorting versus introgression, we ran coalescent simulations without 

introgression.  Employing the species tree and divergence times for An. gambiae, arabiensis, 
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quadriannulatus and merus that were defined in ref. (41), we used the program “ms” (42) to 

generate 1000 gene trees using the following command line arguments: 

 

ms 4 1000 -T -I 4 1 1 1 1 -ej 1.28 3 2 -ej 1.84 4 2 -ej 1.85 1 2 

 

In this species tree An. gambiae and An. arabiensis are not sister taxa.  Therefore, to assess the 

probability that a gene tree placing them together (as observed for the Y chromosome) is due to 

ILS alone, for each simulated gene tree we asked whether these two species were sister to one 

another.  In 62 of the 1000 gene trees gambiae and arabiensis were placed together, which 

indicates that the probability of seeing this topology on the Y chromosome by chance (i.e. ILS 

alone) is 0.062. 

 
Table S21. Primers used to amplify Y-specific regions of YG2 
Primer Sequence (5’-3’) 
P345-F CGGCGAGTGATACAGAACCC 
P345-R GAGAAGAAATCATCCAGCCATGTT 
P339-F CGATCAATAATGCGGCAGCTC 
P339-R GTTGCGGTCTGCGAAGAGAA 
YC4-F AATAATGGTTGCGTGCTGGTG 
YC4-R GTTCTGTATCACTCGCCGGT 
 
 
 
 
 
 



Table S22. CQs of representative YG2 sequences used for phylogenetic reconstruction across the An. gambiae complex. CQs were 
calculated with default parameters (Bowtie -v 0 –a) against sequenced male-specific PCR products 
 An. gambiae G3 An. gambiae 

Pimperena 
An. gambiae 

Asembo 
An. quadriannulatus An. arabiensis An. merus 

 F M CQ F M CQ F M CQ F M CQ F M CQ F M CQ 
ndko 0 390 0 0 166 0 0 156 0 0 0 N/A 0 28 0 0 0 N/A 
sucam 0 443 0 0 203 0 0 179 0 0 0 N/A 0 28 0 0 0 N/A 
gamb1892 0 240 0 0 43 0 0 24 0 0 0 N/A 0 16 0 0 0 N/A 
gamb1889 0 926 0 0 301 0 0 304 0 0 79 0 0 105 0 0 0 N/A 
arab 0 136 0 0 42 0 0 19 0 0 10 0 1 391 0.0025 0 0 N/A 
arab0590 0 168 0 0 52 0 0 25 0 0 44 0 1 460 0.0021 0 0 N/A 
arab0592 0 145 0 0 45 0 0 19 0 0 10 0 1 412 0.0024 0 0 N/A 
quad 0 23 0 0 17 0 0 0 N/A 0 970 0 0 8 0 0 0 N/A 
quad0027 0 66 0 0 28 0 0 6 0 0 1133 0 0 11 0 0 0 N/A 
quad0046 0 66 0 0 28 0 0 6 0 0 1162 0 0 11 0 0 0 N/A 
maf 0 0 N/A 0 0 N/A 0 0 N/A 0 0 N/A 0 0 N/A 2 651 0.003 
ophs0001 0 0 N/A 0 0 N/A 0 0 N/A 0 0 N/A 0 0 N/A 2 574 0.003 
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