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Fig. S1: Pictures of gels showing total RNA extracted from mosquito pools.
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Culex quinquefasciatus

separated by
mosquito

detections by
species.

Fig. S2: Virus
family,
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Fig. S3: Small RNA size profiles and genome coverage plots for all viruses not shown in main figures.
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SUPPLEMENTARY MATERIALS AND METHODS

Mosquito collection, pooling, and nucleic acid extraction

For samples collected in Ontario area (southwestern corner of San Bernardino County,
California), mosquitoes were amassed using CO:2 traps and gravid traps for host-
seeking and egg-laying females respectively, by the West Valley MVCD during its
routine mosquito and arbovirus surveillance operations. Collected mosquitoes were
transported with icepacks and moist towels to the laboratory where they were identified,
counted, and pooled by species, location, and collection date at 5-50 females per pool
for further testing. Mosquito pools were then stored at -75°C deep freezer until further
testing. Nucleic acid extraction was performed using the MagMAX Viral RNA Isolation
Kit (Product No. AMB18365, Applied Biosystems) with the MagMAX Express 96

extraction system.

For samples collected in Coachella Valley area, mosquitoes were amassed using dry
ice-baited CDC-style traps without lights (CO2 traps) set for one night by the Coachella
Valley Mosquito and Vector Control District service as part of the routine arbovirus
surveillance [1]. In the residential zones of the Coachella Valley, gravid traps [2, 3] and
dry ice-baited BG-Sentinel 2 traps (Biogents, Regensburg, Germany) were also used for
one night. Mosquito collections were returned to the laboratory, anesthetized with
triethylamine (TEA), and identified to species, sex, and physiological condition (unfed,
bloodfed, or gravid). Five to 50 female mosquitoes were pooled by species for each trap
site. Mosquito samples were extracted the same day or kept at -80°C to extract nucleic

acid the following day or later. Nucleic acid extraction was completed using the



MagMAX Viral RNA Isolation Kit (AMB18365). Elution buffer with the final DNA/RNA

product was stored at -80°C prior to shipping on dry ice for further processing.

RNA extraction and validation

The nucleic acid extracts were brought up to 100 pL with nuclease-free water. 4
volumes (400 pL) of TRIzol LS were added for long-term storage, and the samples were

stored at -80°C until RNA extraction and size selection.

To begin RNA extraction, 5PRIME Phase Lock Gel Tubes (Quantabio #2302830-
Heavy) were used for chloroform extraction. First, the tubes were centrifuged at 12,000
g for 30 seconds to bring down the phase gel. The samples were transferred to the
phase lock gel tubes and incubated at room temperature for 5 minutes. Next, 0.27 times
the TRIzol volume of chloroform (108 pL) was added to the samples, mixed well by
inverting for 15 seconds, and incubated at RT for 2-3 minutes. Samples were then spun
at 12,000 g for 15 min at 4°C to separate the phases, and the upper aqueous phase
was transferred to a fresh Eppendorf tube. 0.7 times the TRIzol volume of cold
isopropanol (280 pL) was added, followed by incubation on ice for 30 minutes. Samples
were spun at 16,200 g for 15 minutes at 4°C, the supernatant was discarded, and the
pellet was resuspended in 1.3 times the TRIzol volume (520 uL) of 75% ethanol. After
spinning again for 5 minutes at 7500 g, 4°C, supernatant was discarded and the pellet

was air dried for 10 minutes at RT, before resuspension in 50 pL of nuclease-free water.

Samples were then treated with 2 pL DNase I, with 5.65 L of 10X DNase | buffer
added, at 37°C for 1 hour. To inactivate DNase |, 50 mM EDTA was added to a final

concentration of 1 mM and the samples were incubated at RT for 5 minutes.



At this point, as a quality check, 2-uL aliquots of each RNA sample were run on a 1.4%
agarose gel. Sufficiently intact RNA samples were carried through the remaining part of

the protocol for size selection and library preparation.

In order to purify the RNA, a cleanup with Agencourt RNAclean XP beads (Beckman

Coulter #A63987) was performed, following the provided protocol for these beads.

The RNA quantity was then measured using a Nanodrop spectrophotometer before

proceeding with small RNA library preparation.

Library preparation and sequencing

Library preparation was performed using the NEBNext Multiplex Small RNA Library
Prep Set for lllumina (NEB #E7300S/L). The provided protocol for this kit was followed.
First, in separate steps, the 3’ SR Adaptor was ligated, the Reverse Transcription
Primer was hybridized, and the 5 SR Adaptor was ligated. First strand cDNA synthesis
was performed by reverse transcription, followed by PCR amplification (94°C 30 sec,
12-15 cycles of 94°C 15 sec, 62°C 30 sec, 70°C 15 sec; 70°C for 5 min, 4°C hold). The

PCR product was purified using the QIAquick PCR purification kit (QIAGEN #28106).

Size selection was performed on a 6% TBE PAGE gel where each cDNA sample was
split in half into adjacent wells. From this gel, slices corresponding to the cDNA
fragments between approximately 140 bp and 150 bp (representing small RNAs
between 20 and 30 nt) were isolated. The cDNA in these slices was eluted and

precipitated. The air-dried pellets were resuspended in 12 pL TE buffer. The cDNA



libraries were assessed on an Agilent 2100 Bioanalyzer before being sequenced on an

lllumina sequencing platform.

Initial read processing and viral detection

The Illumina sequencing results were downloaded in FASTQ form. For the samples that
were sequenced in paired-end fashion, only one of the two theoretically equivalent (for
small RNA) sets of reads was utilized. Adapter sequences were removed using
Trimmomatic [4], with verification of removal using FastQC [5]. For mapping to viruses
to examine patterns based on viral abundances, for analysis of mosquito-mapped
reads, and for analysis beyond viral detection, only reads of length 18 bp or higher were

retained.

Adapter-trimmed reads from each sample were used for viral detection. These reads
were input to VirusDetect, an automated pipeline designed for virus discovery using
deep sequencing of small RNAs [6]. This pipeline uses two separate methods for contig
assembly. First, reads are aligned to a viral genome database using BWA, and the
aligned reads are assembled by reference-guided assembly. Second, reads are aligned
to the host (in this case Cx. quinquefasciatus) genome, and unaligned reads are
assembled de novo using Velvet, with k-mer length and coverage cutoff parameters
optimized empirically. Assembled contigs from both methods are compared to a curated
list of viral sequences by BLAST using both blastn (nucleotide) and blastx (amino acid)
alignment for detection. We treated a match as a high-identity match if the average
identity of the contigs was 90% nucleotide identity or higher by blastn, and these viruses

were used for analysis of viral abundances and mosquito small RNA response.



Clustering and prediction based on viral abundances

We mapped all small RNA reads longer than 18 nt to the Cx. quinquefasciatus (CpipJ2)
genome using Bowtiel [7] with default settings. This was done for Cx. tarsalis samples
as well to remove as many host-derived reads as possible, as no Cx. tarsalis genome
assembly was available at the time of analysis. Mapped reads were depleted, and the
remaining reads were mapped against a combined file containing all virus genomes that
had been detected with high confidence by VirusDetect. This mapping was done using
Bowtie2 [8] with parameters -N 1 -L 10 -i S,1,0.50 —gbar 2 -D 50 -R 5, in order to allow
more mismatches in the alignments. All reads that could have mapped equally well to
multiple viruses, as determined by the alignment having a mapping quality of O or 1,
were removed using SAMtools [9]. This left a set of uniquely mapped reads that
mapped with high confidence to only one of the detected viruses. Each mosquito
sample’s descriptive information and uniquely mapped virus read counts were recorded

in Supplementary Table S1.

We then converted read counts to frequencies for every sample, as the number of small
RNA reads, and uniquely mapped virus reads vary differently in scale across different
samples. For each sample, after adding a pseudocount to every virus read count, the
number of reads uniquely mapped to each virus in one sample were divided by the total
number of reads mapped to all viruses in the same sample. The frequencies were
collected into a 62 x 45 matrix (total 62 samples and 45 known viruses), where each
row of the matrix represents one sample’s virus distribution. The frequencies were log-

transformed for the consistency of correlations between samples.



We used Uniform Manifold Approximation and Projection (UMAP), a dimension
reduction technique [10], to generate a lower dimensional visualization plot for the high
dimensional virus frequency matrix. When running UMAP, we chose appropriate
hyperparameters (Supplementary Table S8), and obtained two-dimensional embedding

representations which clustered according to sample features.

For more details about viral infection patterns, we generated and inspected Pearson
correlation matrices for samples and viruses. Each entry in the correlation matrix is the
Pearson correlation coefficient between two variables (samples or viruses). Variables in
the sample matrix are the different virus frequencies in each sample and the variables in

the virus matrix are virus frequencies in different samples.

Analysis of mosquito-mapped small RNA reads and miRNA analysis

Adapter-trimmed reads for each sample were filtered to retain only reads of length 18
bp or higher. Due to the lack of an extensively annotated genome assembly for Cx.
tarsalis, only Cx. quinquefasciatus samples were used for this analysis. The Cx.
quinquefasciatus genome assembly (CpipJ2, Johannesburg strain) and gene set
(CpipJ2.4) were downloaded from VectorBase (https://vectorbase.org). Because many
of the protein-coding genes do not have annotated 5’ and 3’ UTRs, the remaining UTRs
were estimated with lengths 300 bp for 5’ UTRs and 400 bp for 3’ UTRs. These values
were chosen to be slightly higher than the median UTR lengths previously observed in
fruit flies and mosquitoes [11, 12]. The protein-coding genes were used only for
classifying reads by location of origin in the mosquito genome, not for differential

expression analysis.



Reads were aligned to the Cx. quinquefasciatus genome using Bowtiel with default
settings. Over 93% of total sequenced reads aligned to the Culex genome. Bedtools
multicov [13] was used to count the number of reads that aligned to genomic regions.
Percentages of reads mapping to types of genomic features were determined by

summing reads from all 48 field samples and all 5 lab samples.

For miRNA differential expression analysis, we used bedtools multicov to count the
number of reads that aligned to each pre-miRNA gene, The analysis was done using
DESeq2 [14] with only sense-mapped reads, which constituted the vast majority of

reads mapped to pre-miRNA genes.

In order to compare random groups of samples against each other, all 48 Cx.
quinquefasciatus field samples were evenly assigned randomly into two groups using a
random number generator, 5 times. When comparing field against lab samples, all 48
Cx. quinquefasciatus field samples were assigned to one group and all 5 Cx.
quinquefasciatus lab samples to the other. For comparison by viral infection, percentage
of length 18+ bp reads that aligned to any of the detected viruses (except Culex
narnavirus 1) was used to determine whether a sample was highly or lowly infected by
viruses. If a sample had over 0.049% of reads aligned to these viruses, it was assigned
to the highly infected group, while otherwise it was assigned to the lowly infected group.
Similarly, to compare samples by abundance of CxNV1, the cutoff was 0.171% (the
median percentage) of length 18+ bp reads mapped to the CxNV1 genome. To
determine whether a sample was highly or lowly infected by Wolbachia, we used the
percentage of Culex-unmapped reads that aligned to the Wolbachia Culex

endosymbiont genome. If a sample had above the median percentage of reads (6.34%)



aligned to Wolbachia, it was assigned to the highly infected group, and otherwise it was

assigned to the lowly infected group.

For all of these analyses, a miRNA gene was considered to be significantly differentially
expressed if the adjusted P-value from DESeqg2 was less than 0.05 and the log2fold
change between sample groups was greater than 1 or less than -1. R package

EnhancedVolcano [15] was used to produce volcano plots based on DESeq2 results.

Analysis of small RNA response to specific viruses

Adapter-trimmed reads for each sample were filtered to retain only reads of length 18
bp or higher. These reads were aligned to a combined file containing all viral genomes
that were detected previously by the assembly method. Alignment was done using
Bowtie2 [8], with parameters -N 1 -L 10 -i S,1,0.50 —gbar 2 -D 50 -R 5, in order to allow
more mismatches in the alignments. Using SAMtools [9], only reads with mapping
quality 2 or higher were retained in order to filter out reads that aligned equally well to
multiple viral genomes. Using custom Python scripts, we generated the size profiles of
reads that mapped uniquely to each virus, converted these counts for each size into
percentages of total mapped reads, and combined this information for all samples in
which a virus had been detected by VirusDetect, calculating the average and standard
deviation across all samples. For Culex phasma-like virus, one sample (D4) was
included although the virus had not been detected by VirusDetect in that sample,
because of a high number of mapped reads by Bowtie2. Histograms showing the size

profiles were plotted in R. Error bars show the average percentage of reads +/- the



standard error, giving an indication of how well samples agreed at that size for that

virus.

The ggseqlogo package [16] in R was used to show the nucleotide bias representing
the ping-pong signature of piRNAs. A Python script calculated the numbers of 10-nt
overlaps between small RNAs of length 24-29 bp, and identified the small RNAs that
had the piRNA nucleotide bias and at least one 10-nt overlap with a small RNA of the
opposite orientation (sense vs. antisense). These identified reads were then used,
together with all 21 nt and all 24-29 nt reads, to generate coverage plots for each virus
that had been detected by VirusDetect, using the Integrative Genomics Viewer (IGV)
[17]. These coverage plots combine reads from all samples for which that virus was
detected. We used SAMtools [9] to segregate sense and antisense reads into separate
tracks which were overlaid on IGV, and for various other tasks involved in processing

alignment files.
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