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Abstract 

Background:  Plasmodium parasites that cause bird malaria occur in all continents except Antarctica and are primarily 
transmitted by mosquitoes in the genus Culex. Culex quinquefasciatus, the mosquito vector of avian malaria in Hawaiʻi, 
became established in the islands in the 1820s. While the deadly effects of malaria on endemic bird species have 
been documented for many decades, vector-parasite interactions in avian malaria systems are relatively understudied.

Methods:  To evaluate the gene expression response of mosquitoes exposed to a Plasmodium infection intensity 
known to occur naturally in Hawaiʻi, offspring of wild-collected Hawaiian Cx. quinquefasciatus were fed on a domes-
tic canary infected with a fresh isolate of Plasmodium relictum GRW4 from a wild-caught Hawaiian honeycreeper. 
Control mosquitoes were fed on an uninfected canary. Transcriptomes of five infected and three uninfected individual 
mosquitoes were sequenced at each of three stages of the parasite life cycle: 24 h post feeding (hpf ) during ookinete 
invasion; 5 days post feeding (dpf ) when oocysts are developing; 10 dpf when sporozoites are released and invade 
the salivary glands.

Results:  Differential gene expression analyses showed that during ookinete invasion (24 hpf ), genes related to oxi-
doreductase activity and galactose catabolism had lower expression levels in infected mosquitoes compared to con-
trols. Oocyst development (5 dpf ) was associated with reduced expression of a gene with a predicted innate immune 
function. At 10 dpf, infected mosquitoes had reduced expression levels of a serine protease inhibitor, and further 
studies should assess its role as a Plasmodium agonist in C. quinquefasciatus. Overall, the differential gene expression 
response of Hawaiian Culex exposed to a Plasmodium infection intensity known to occur naturally in Hawaiʻi was low, 
but more pronounced during ookinete invasion.

Conclusions:  This is the first analysis of the transcriptional responses of vectors to malaria parasites in non-mam-
malian systems. Interestingly, few similarities were found between the response of Culex infected with a bird Plasmo-
dium and those reported in Anopheles infected with human Plasmodium. The relatively small transcriptional changes 
observed in mosquito genes related to immune response and nutrient metabolism support conclusions of low fitness 
costs often documented in experimental challenges of Culex with avian Plasmodium.
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Background
Plasmodium parasites infect humans and a wide range of 
mammals, lizards, and birds globally [1, 2]. Avian malaria 
in Hawaiʻi, transmitted by invasive Culex mosquitoes and 
caused by Plasmodium relictum, another invasive species 
there, is an emblematic example of the deadly impacts 
a new parasite pose to wildlife [3, 4]. While the abun-
dance and distribution of endemic Hawaiian honeycreep-
ers (Fringillidae: Drepanidinae) have been dramatically 
impacted by habitat modification and the introduction of 
invasive vertebrates [5], avian malaria is one of the main 
causal factors behind the extinction or endangerment 
of several honeycreeper species [3, 4]. Avian malaria in 
Hawaiʻi is transmitted by the southern house mosquito 
(Culex quinquefasciatus), a highly competent vector [6, 
7] that was introduced first to Lahaina, Maui presuma-
bly in 1826 [8]. It is now clear, however, that multiple Cx. 
quinquefasciatus introductions have occurred in Hawaiʻi 
[9] and the initial American-derived mosquitoes were 
later replaced by populations originating in the southwest 
Pacific region [10, 11], and this still is the only Culex spe-
cies currently found in the Hawaiian Islands [9, 11, 12]. 
Although Cx. quinquefasciatus had been widespread 
across Hawaiʻi since the late 1800s [8], it was not until the 
1950s that malaria was confirmed as a cause of mortality 
for native birds [3].

Low- and mid-elevation areas across Hawaiʻi pro-
vide habitat, temperature, and humidity favourable for 
both mosquito proliferation and Plasmodium develop-
ment within the vector, effectively limiting honeycreeper 
populations mostly to cold high elevation habitats [13]. 
Most low-elevation native birds are susceptible to Plas-
modium although some populations of Hawaiʻi ‘Amakihi 
(Chlorodrepanis virens) survive infections [14, 15] and 
persist in low-elevation areas [16]. Nonetheless, they can 
become infectious to mosquitoes [16, 17]. Consequently, 
higher mosquito infection rates are observed in areas 
with higher densities of native birds, suggesting that the 
presence of these species increases malaria transmission, 
which in turn may negatively affect the survival of other 
more susceptible native Hawaiian bird species in low ele-
vation areas [17].

Reducing malaria transmission via suppression of 
mosquito populations and/or a reduction of vector com-
petence of local Cx. quinquefasciatus could contribute 
to the reestablishment of Hawaiian bird populations to 
lowland areas, but mosquito control methods have been 
unsuccessful at protecting Hawaiian honeycreepers from 
malaria, partly because of difficult access to mosquito 

breeding sites and the effects of insecticides on non-
target species [5]. Therefore, other methods to reduce 
or block Plasmodium transmission are needed [18]. One 
proposed strategy is the development of a synthetic gene 
drive system to make mosquitoes refractory or resistant 
to the parasite [19], and recent developments of CRISPR 
tools for Cx. quinquefasciatus [20] have opened exciting 
new opportunities for genetically engineered mosqui-
toes to be potentially released as a conservation option in 
the future. This approach, however, requires information 
about mosquito genes directly related to P. relictum inva-
sion, development, and transmission.

Plasmodium parasites undergo a complex life cycle 
within their vectors, and the main developmental stages 
are relatively conserved among species that infect birds 
and mammals [21]. Blood feeding female mosquitoes 
ingest gametocytes, and these parasites develop into mac-
rogametes and microgametes that fuse to form motile 
ookinetes as early as 16  h post mosquito feeding [4]. 
Ookinetes cross the blood meal peritrophic membrane 
and attach to the mosquito midgut epithelium, initiat-
ing the interaction between the parasite and its potential 
vector. Ookinetes then actively cross the midgut epithe-
lia and continue their development. This migration is a 
critical bottleneck for Plasmodium development because 
an infected mosquito may activate immune-related genes 
to kill ookinetes [22]. Ookinetes that survive develop into 
oocysts where sporozoites are produced via sporogony 
using mosquito resources such as lipids, carbohydrates, 
and amino acids [23]. Mature oocysts burst and release 
thousands of sporozoites into the mosquito haemocoel, 
a subset of which reaches the salivary glands and cross 
its epithelial layer, where they remain until the mosquito 
takes another blood meal. During the probing process on 
the host, sporozoites in the mosquito saliva are injected 
into the skin where their journey continue in the verte-
brate host [24].

Recent studies conducted on Hawaiian honeycreep-
ers unveiled bird genes linked to immune functions that 
may be under selection in ‘amakihi populations exposed 
to malaria [15] and explored the transcriptome of P. rel-
ictum blood stages in experimentally infected ‘amakihis 
[25]. However, the genetic basis of the response of vec-
tors to Plasmodium parasites in Hawaiʻi or in other geo-
graphical areas is still unknown, despite avian malaria 
being globally widespread [26]. Acquiring this informa-
tion will allow the comparison of the responses of vectors 
of mammalian (Anopheles mosquitoes) and avian (Culex 
mosquitoes) Plasmodium parasites. These comparisons 
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are particularly interesting given that the subfamilies 
Anophelinae and Culicinae diverged around 200 million 
years ago [27], while the split between avian and primate/
rodent Plasmodium is estimated to have occurred around 
45 million years ago [28]. Using avian malaria parasites 
and four mosquito genera as models, Huff [29] suggested 
that mosquito refractoriness to Plasmodium is driven 
by its immune response against the parasites. While his 
study forms the basis to our understanding of vector 
competence to malaria, the vector’s responses to Plas-
modium have so far been studied mainly in human and 
rodent malaria systems using Anopheles mosquitoes.

Here, the transcriptional response of representa-
tive Hawaiian Cx. quinquefasciatus exposed to Hawai-
ian P. relictum was analysed. Mosquitoes were divided 
into two groups: one that fed on a P. relictum-infected 
canary (Serinus canaria), and another group that fed on 
an uninfected canary to serve as a baseline for analyses. 
Plasmodium parasites induce gene expression changes in 
Anopheles mosquitoes during ookinete invasion, oocyst 
development, and when sporozoites spread into the vec-
tor haemolymph and invade the salivary glands of the 
vector [22]. Some of these changes are measurable in the 
whole mosquito body even when parasite development 
is restricted to the midgut [30]. Therefore, the transcrip-
tome of whole bodies of single Cx. quinquefasciatus was 
sequenced and quantified to address individual response 
to P. relictum at these three critical time points for Plas-
modium development within the vector.

Methods
Plasmodium relictum isolation and Culex quinquefasciatus 
collection
Plasmodium relictum (lineage GRW4) was isolated 
from a single Hawaiʻi ‘amakihi (Chlorodrepanis virens) 
captured in Nanawale Forest Reserve (19°32′14.4"N 
154°54′11.6"W) in February 2020. This is a low elevation 
area (98 m above sea level) where Hawaiʻi ‘amakihi con-
stitute 20% of the avian community [17].

Around 100 µl of blood was collected from the brachial 
vein into a 1 ml syringe containing 14 µl of Citrate–phos-
phate-dextrose solution with adenine (Sigma-Aldrich, St. 
Louis, MO, USA), as described by Carlson et al. [31]. The 
sample was stored at 4º  C for 48  h before being inocu-
lated into the pectoral muscle of an uninfected domestic 
canary, Serinus canaria. Ten days post inoculation, this 
canary developed a parasitaemia (intensity of infection; 
see parasitaemia assessment below) of 1.72% and 100 µl 
of blood was collected as described above. That blood 
sample was shipped on ice from Hawaiʻi to Rutgers Uni-
versity in New Jersey and was intraperitoneally inocu-
lated into two Plasmodium-free canaries 36 h after it had 
been collected.

To obtain the experimental mosquitoes, 30 Culex 
quinquefasciatus egg rafts were collected in Captain 
Cook, Hawaiʻi Island (19°27′40.6"N 155°53′47.4"W – 
4.5 km from Kealakekua, described in Fonseca et al. [32]) 
at 204 m above sea level. The egg rafts were shipped to 
Rutgers University and maintained in an incubator at 26 
ºC, with 70–80% relative air humidity under a photoper-
iod regime of 13: 11 h light/dark. After hatching, 250–300 
larvae were kept in plastic pans (44 cm × 25 cm × 10 cm) 
provided with 0.2–0.4  g of ground fish food (Koi’s 
Choice® Premium Fish Food) daily as described by Kauff-
man et al. [33]. Pupae were transferred to mosquito cages 
(30 cm3, BugDorm) kept in the same incubator, and 
emerging adults were maintained on a 10% sucrose solu-
tion. Female mosquitoes were fed on uninfected canaries 
to create an F1 generation of mosquitoes under labora-
tory conditions. Larvae originated from egg rafts laid by 
these mosquitoes were reared as described above and 
300–400 pupae from different pans were pooled and 
then separated into two mosquito cages for the experi-
mental challenges (see below). For all blood feeding pro-
cedures, canaries were immobilized in a plastic cylinder, 
in which only their legs are accessible to mosquitoes [34], 
and placed inside the mosquito cages maintained in the 
incubator. Experimental procedures were approved by 
Rutgers University Institutional Animal Care and Use 
Committee (PROTO201900075) and by University of 
California Santa Cruz IACUC (protocol kilpm2003). Per-
mits for bird sampling include U.S. Department of the 
Interior Bird Banding Laboratory permit #23600, Hawaiʻi 
State Department of Land and Natural Resources Pro-
tected Wildlife Permit WL 19–23 Amend 01, Hawaiʻi 
State Access and Forest Reserve Special Use Permit. 
Mosquitoes and Plasmodium isolates were transported 
from Hawaiʻi to New Jersey under USDA-APHIS permits 
number 140413 and 141156.

Mosquito infections and assessment of parasite 
development
Sixty to seventy female mosquitoes 7–8  days-old were 
allowed to feed for one hour on a single infected female 
canary (see above). This bird had been experimentally 
inoculated 18 days prior with a second-passage of Plas-
modium, and was sampled every 2–3 days after the fifth 
day post infection. Blood samples were assessed by PCR 
[35] and light microscopy [2] for the presence of Plas-
modium. For the latter, thin blood smears were pre-
pared, fixed with absolute methanol, and stained with 
10% Giemsa for 60  min. Parasitaemia was estimated as 
the number of parasites infecting 20,000 erythrocytes 
examined at high magnification (× 1000). Mosquitoes 
from the same batch as the ones that fed on the infected 
canary were allowed to feed on an uninfected female 
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canary, also for 1 h, to serve as negative controls for base-
line transcriptome data. Fully engorged mosquitoes from 
infected and control groups were transferred to separate 
cages and kept under the same conditions as described 
above. For transcriptome analyses, mosquitoes were 
processed at three time points of P. relictum develop-
ment: (1) midgut invasion by ookinetes at 24 h post feed-
ing (hpf); (2) oocyst development at 5 days post feeding 
(dpf); and (3) sporozoite release into the haemocoel and 
invasion of the salivary glands at 10 dpf. Previous experi-
ments conducted under the same conditions revealed 
that ookinetes were present in the midgut 24 hpf; imma-
ture oocysts were present in the midgut at 5 dpf, but no 
sporozoites were detected in the salivary glands; mosqui-
toes at 8 dpf harboured sporozoites in the salivary glands 
and were already capable of infecting domestic canaries 
via blood feeding. Two extra incubation days were added 
at the last time point for the transcriptome experiments 
to allow for longer oocyst development and sporozoite 
invasion of salivary glands. At each timepoint, seven to 
nine mosquitoes from both infected and negative control 
groups were collected with a battery-operated aspirator 
and immediately transferred to an insulated box contain-
ing dry ice (for a total of 25 infected mosquitoes and 21 
control mosquitoes). After this step, individual mosqui-
toes were quickly transferred to screw-cap microtubes on 
dry ice and were stored at −80º C until RNA extraction. 
Mosquito challenges were conducted in a USDA-APHIS 
inspected BSL-2 insectary at the Rutgers Center for Vec-
tor Biology.

Mosquito dissection and parasite quantification
In addition to the 46 mosquitoes that were stored at 
−  80  °C, two additional mosquitoes from the infected 
group were dissected at each timepoint for Plasmodium 
evaluation. At 24 hpf, their midguts were dissected onto 
glass slides and  the visible blood meal was homog-
enized  with saline solution (0.9% NaCl). These prepara-
tions were air-dried, fixed with absolute methanol, and 
stained with 10% Giemsa solution for 60 min. Two mos-
quitoes were dissected at 5 dpf and at 10 dpf by individu-
ally pulling their midguts onto glass slides containing 
saline solution. A glass coverslip was gently placed over 
the midguts and subsequently examined with a micro-
scope under 100 × and 400 × magnification to detect 
oocysts. Each midgut preparation was evaluated three 
times and there were no discrepancies among counts. 
After quantification of oocysts, each midgut was trans-
ferred to individual microtubes that were kept at -20º C. 
Using sterile dissecting needles, the salivary glands from 
these mosquitoes were extracted onto individual glass 
slides containing saline solution forming thin smears. 
Head and thorax remnants of dissected mosquitoes 

were transferred to individual microtubes and stored at 
-20º C. Slides with salivary glands preparations were air-
dried, fixed with absolute methanol, and stained with 4% 
Giemsa solution for 60 min. DNA was extracted from the 
midguts and thorax remnants of mosquitoes dissected 
at 5 dpf and 10 dpf using DNeasy® Blood & Tissue Kit 
(QIAGEN, Hilden, Germany) following manufactur-
er’s instructions with the exception that the DNA was 
eluted in 50 μL of AE buffer. A PCR targeting the Plas-
modium cytb locus [35] was used to test this material for 
the presence of Plasmodium and positive samples were 
sequenced to confirm parasite identity.

RNA extraction, library preparation and sequencing
RNA from individual mosquitoes was extracted using 
TRIzol® (Invitrogen, Carlsbad, CA, USA) followed by 
column purification using RNeasy mini kit® (QIAGEN, 
Hilden, Germany). First, 500 μL of TRIzol® and one 
3-mm glass bead were added to the microtubes with 
mosquitoes and then the samples were homogenized in 
a TissueLyser® (QIAGEN, Hilden, Germany) at 30  Hz 
for 3  min. An additional 600 μL of TRIzol® was added 
to the samples that were incubated at room tempera-
ture for 3 min. After this step, 220 μL of chloroform was 
added, the tubes were shook by hand vigorously for 15 s 
and incubated at room temperature for 3 min. The sam-
ples were centrifuged at 12,000 g for 15 min in a cooled 
centrifuge and 650 μL of the upper aqueous phase was 
transferred  to a new microtube. An equal volume (650 
μL) of 70% ethanol was added to the supernatant and this 
mixture was transferred  to Qiagen RNeasy® mini col-
umns (QIAGEN, Germantown, MD, USA). Downstream 
processes were performed following the manufacturer’s 
instructions with the additional DNase I digestion step. 
The RNA was suspended in 50 μL of RNAse-free water 
and checked using a NanoDrop™ 2000 (Thermo Scien-
tific, Waltham, MA, USA).

The tubes containing the interphase and lower phenol–
chloroform layers with TRIzol® from infected mosqui-
toes were kept aside for DNA extraction. This material 
was transferred to new 1.5 μL microtubes containing 
330 μL of 100% ethanol and downstream steps were con-
ducted following the manufacturer’s protocol. These 
DNA samples were used to confirm via PCR (see above) 
that mosquitoes had acquired infection after feeding on 
the infected canary.

A total of 200  ng of RNA was used to prepare librar-
ies from our 24 samples, which consisted in three con-
trol and five infected mosquitoes sampled at 24 hpf, 
5 dpf and 10 dpf. mRNA was isolated using NEBNext 
Poly(A) mRNA Magnetic Isolation Module (New Eng-
land Biolabs, Ipswich, MA, USA) following the manu-
facturer’s protocol. The isolated mRNA was then used 
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to make transcriptome libraries using the NEBNext 
Ultra II Directional RNA Library Prep Kit with NEBNext 
Multiplex Oligos for Illumina (Index Primers sets 1—4) 
according to the manufacturer’s protocol. Library quality 
was assessed on an Agilent 2100 Bioanalyzer using High 
Sensitivity DNA reagents and chips (Agilent Technolo-
gies, Santa Clara, CA, USA). Library concentration was 
measured with a Qubit 2.0 Fluorometer using a dsDNA 
BR Assay Kit (Life Technologies, Carlsbad, CA, USA). 
All 48 libraries were pooled in an equimolar fashion and 
submitted to Genewiz (South Plainfield, NJ, USA) for 
paired-end sequencing (2 × 150  bp) in one lane of Illu-
mina HiSeq 2500.

Data analyses
Raw reads were trimmed of adaptors and quality-filtered 
using Trimmomatic (ver. 0.39 [36]). Read quality was 
assessed using FastQC (ver. 0.11.9; www.​bioin​forma​tics.​
babra​ham.​ac.​uk/​proje​cts/​fastqc) together with MultiQC 
(ver. 1.9 [37]). A total of 286 million 150  bp paired-end 
reads passed quality control, with an average of 12  M 
reads per sample. HISAT2 (ver. 2.2.1 [38]) was used to 
map trimmed reads to the concatenated genomes of 
Culex quinquefasciatus (Johannesburg strain, ver. Vec-
torBase 48; https://​vecto​rbase.​org/​vecto​rbase/​app), Plas-
modium relictum (PrelictumSGS1-like/ PlasmoDB 48; 
https://​plasm​odb.​org/​plasmo/​app/; [39]) and domestic 
canary (https://​www.​ncbi.​nlm.​nih.​gov/​assem​bly/​GCF_​
00711​5625.1). The three genomes were concatenated to 
allow potential reads from mosquitoes, parasites, and 
birds to map to their respective genomes. In a second 
step, only the reads that mapped to the Cx. quinquefas-
ciatus genome using Samtools (ver 1.10 [40]), were kept 
to ensure only the mosquito genes were analysed. The 
reads were then counted using HTSeq (ver. 0.11.1 [41]), 
and differential gene expression analyses were performed 
with DESeq2 (ver. 1.28.1 [42]) in R (ver. 4.0.3; R Devel-
opment Core Team, 2020 [43]). Counts were normalized 
for library size differences using the geometric mean and 
modelled with a negative binomial distribution. To visu-
alize samples on a Principal component analysis (PCA) 
plot without bias, Variance Stabilizing Transformation of 
counts was performed according to the manual. Because 
mosquito transcriptomes had been sequenced individu-
ally, and not pooled as in most studies, the biological 
variation between individuals could be assessed in these 
analyses. Differentially expressed genes (DEG) were com-
pared between infected and control mosquitoes within 
each time point using Benjamini and Hochberg false dis-
covery rate to correct for multiple testing. Genes were 
considered significantly differentially expressed using the 
default DESeq2 threshold of p-adjusted values < 0.1.

Gene Ontology (GO) analyses of the DEGs were con-
ducted in VectorBase 54 [44] using the domains biologi-
cal processes and molecular functions. Functional groups 
with a Benjamini–Hochberg false discovery rate (FDR) 
of < 0.1 were considered as statistically enriched. The list 
of enriched GO terms was filtered for redundant terms 
manually and through REVIGO [45]. The final list was 
used for visual representations as described by Bonnot 
et al. [46].

Results
Plasmodium relictum development in mosquitoes
The infected canary was Plasmodium-positive by both 
PCR and microscopy for the first time at 7  days post 
infection (dpi), displaying an initial parasitaemia of 0.02% 
and reaching a peak parasitaemia of 1.11% at 16 dpi. On 
the day of the mosquito exposure experiments (18 dpi), 
the bird had a parasitaemia of 0.92%, with 0.12% of the 
total erythrocytes infected with mature gametocytes (the 
sexual stages that give rise to male and female gametes 
in the mosquito midgut). This parasitaemia is known to 
occur naturally in Hawaiʻi [16].

No ookinetes were detected in the midguts of the two 
mosquitoes dissected at 24 hpf. At 5 dpf, one and two 
oocysts were identified in the midgut of each of the two 
mosquitoes dissected, and no sporozoites were found in 
the salivary glands of these specimens. Thorax remnants 
from both mosquitoes dissected at 5 dpf were PCR-nega-
tive, confirming that sporozoites were not present in the 
mosquitoes’ salivary glands at that time point. At 10 dpf, 
three oocysts were identified in the midgut preparations 
of both mosquitoes, as well as low densities of sporozo-
ites in the salivary glands. Midguts from 5 and 10 dpf and 
thorax remnants at 10 dpf were PCR-positive and cytb 
sequencing confirmed the expected GRW4 lineage iden-
tity of Plasmodium relictum present in the infected mos-
quitoes. All mosquitoes survived the 10-day period of the 
experiment.

For the mosquitoes that were prepared for RNA extrac-
tion, Plasmodium infection was confirmed by PCR in 
all samples at 24 hpf and 10 dpf. One of the mosquitoes 
from the 5 dpf group was PCR-negative and was substi-
tuted with a backup mosquito that was positive by PCR. 
Therefore, infection was confirmed in all mosquitoes 
exposed to Plasmodium before transcriptome analyses.

Overall Culex transcriptome response to Plasmodium 
relictum
Most of the transcriptome variation in the PCA (62%) 
was driven by the response of 24  h post feeding mos-
quitoes, regardless of their Plasmodium infection status 
(Fig.  1). There was no clear clustering of mosquitoes at 
5 dpf or at 10 dpf or based on their infection status. This 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://vectorbase.org/vectorbase/app
https://plasmodb.org/plasmo/app/
https://www.ncbi.nlm.nih.gov/assembly/GCF_007115625.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_007115625.1
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indicates a unique transcriptional response during blood 
digestion, broadly irrespective of the presence of the par-
asites. Two genes were differentially expressed at more 
than one time point: CPIJ018704 (Transmembrane pro-
tein 104) had higher expression levels at 5 dpf and lower 
expression levels at 10 dpf in infected mosquitoes com-
pared to the control group; CPIJ010933 (uncharacterized 
protein) had lower expression levels at 5 dpf, but higher 
expression levels at 10 dpf.

Differential transcriptional response at 24 h post blood 
feeding—ookinete invasion
During the initial Plasmodium invasion, 24 h after feed-
ing on an infected bird, 109 genes were differentially 
expressed in the infected mosquitoes compared to the 
control group, with 53 genes having higher expression 
levels, and 56 genes having lower expression levels (Fig. 2, 
Additional file  2: Table  S1). Infected mosquitoes had 
higher expression levels of genes related to cytoskeleton 
organization (CPIJ001347, CPIJ003238 and CPIJ013059) 
and of a Down syndrome cell adhesion molecule gene 

paralog (CPIJ007041). Among the most significant genes 
with lower expression rates in infected mosquitoes, 
functions included peptidase activity (CPIJ006867 and 
CPIJ019883), zinc ion binding (CPIJ013381) and car-
bohydrate binding (CPIJ015611). Gene ontology analy-
ses using genes with lower expression levels revealed 
enriched biological processes that include galactose 
catabolism and acetyl-CoA biosynthesis (Fig. 3). Enriched 
molecular processes included oxidoreductase activ-
ity, serine-type endopeptidase activity and ion binding 
for a variety of metals. Almost significant (FDR = 0.107) 
enriched GO terms of genes with higher expression levels 
in infected mosquitoes were related to molecular func-
tions such as calcium transportation, cobalamin binding 
and peptidoglycan muralytic activity (Additional file  3: 
Table S2, Additional file 1: Fig. S1).

Differential transcriptional response at 5 days post blood 
feeding—oocyst development
During oocyst development at 5 days dpf, before sporo-
zoites are released into the mosquito haemocoel, 45 
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Fig. 1  Principal component analysis (PCA) of transcriptome variation in Culex quinquefasciatus mosquitoes at three time point after feeding on 
either a negative-control canary (Uninfected) or a canary infected with a Hawaiian strain of Plasmodium relictum GRW4 (Infected). Time points 
analysed were: 24 h post feeding (24 hpf = ookinete invasion of mosquito midgut), 5 days post feeding (5 dpf = oocyst development), and 10 days 
post feeding (10 dpf = oocyst maturation, sporozoite release and invasion of salivary glands). Most of the variance was explained by mosquitoes 24 
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genes had higher expression levels and 27 genes had 
lower expression levels in infected mosquitoes com-
pared to the uninfected control mosquitoes (Fig.  2, 
Additional file 4: Table S3). Six out the 10 most signifi-
cant differently expressed genes with higher and with 
lower expression levels in infected mosquitoes have 
unknown functions. However, the gene CPIJ007162, 
which contains a predicted N-acetylmuramoyl-L-ala-
nine amidase activity domain with innate immune func-
tion had four times lower expression levels in infected 
mosquitoes compared to the uninfected ones. Molecu-
lar functions enriched in genes with lower expression 
levels were related to carbamoyl-phosphate synthase 
and 4-alpha-hydroxytetrahydrobiopterin dehydratase 
activities (Additional file 1: Fig. S1). At this time point, 
GO terms associated with biological processes such as 
chloride transmembrane transport, chromatin organi-
zation and DNA packaging were enriched for genes 
with higher expression levels (Fig.  3, Additional file  5: 
Table S4).

Differential transcriptional response at 10 days post blood 
feeding—sporozoite migration and invasion of salivary 
glands
At 10 dpf, after oocyst maturation and release of sporo-
zoites as well as salivary glands invasion, 36 genes 
had lower expression levels and 37 genes had higher 
expression levels in infected mosquitoes (Fig. 2, Addi-
tional file  6: Table  S5). An adhesive serine protease 
(CPIJ007535), a serine protease inhibitor (Serpin B8, 
CPIJ017784) and an uncharacterized gene (CPIJ009078) 
related to chitin metabolism had low expression levels 
at this time point, while a glutamate dehydrogenase 
gene (CPIJ014605) and six nucleotide binding genes 
had higher expression levels in the infected mosquitoes. 
GO terms of molecular functions associated with ribo-
nucleotide and GTP binding as well as oxidoreductase 
activity were enriched for genes with higher expression 
levels (Additional file 7: Table S6, Additional file 1: Fig. 
S1). No GO terms were significantly enriched for genes 
with lower expression in infected mosquitoes.

Fig. 2  Volcano plots showing Culex quinquefasciatus gene expression 
at three time points after feeding on a canary infected with a 
Hawaiian strain of Plasmodium relictum. Mosquitoes that fed on an 
uninfected canary were used as negative controls, and time points 
analysed are described in the legend of Fig. 1. Red circles illustrate 
significant genes with lower (negative) or higher (positive) expression 
levels in infected mosquitoes compared to uninfected ones. Black 
circles illustrate nonsignificantly expressed genes

24 hpf

5 dpf

10 dpf

▸
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Discussion
This is the first study to show mosquito transcriptome 
responses to an avian malaria parasite. Here, natural 
conditions were reproduced as much as possible: 1) sin-
gle wild-caught mosquitoes with minimal laboratory 
colonization (F1) were used, 2) a “fresh” Hawaiian para-
site isolate (only two passages in canaries) was obtained 
for these experiments, 3) and a donor bird with parasite 
intensity levels that Culex mosquitoes may be exposed 
to in Hawaiʻi was used (16). These attributes suggest 
that the results showed reflect real-world scenarios of 
Culex-Plasmodium interactions happening in Hawaiʻi. 
Serial parasite passages increase infection burden in 
birds and correlate with higher oocyst burden and 
longer lifespan in mosquitoes (47), which are artificial 

effects avoided in this experiment. By simulating natu-
ral conditions while still benefiting from the controlled 
aspects of laboratory experiments, this approach 
allowed the evaluation  of P. relictum effects on Hawai-
ian Cx. quinquefasciatus. The pairwise comparisons 
within each time point revealed that Culex transcrip-
tional responses to Plasmodium infection were more 
pronounced during the early stages of parasite invasion 
than during development and sporozoite invasion of 
the salivary glands. This pattern is similar to the gen-
erally strong immune response mounted by Anopheles 
mosquitoes during Plasmodium invasion of the midgut 
epithelia [48].

Only two genes were differently expressed at 
more than one time point, suggesting that the Culex 
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transcriptional response to Plasmodium is different 
across infection stages by utilizing different genes. 
Interestingly, a higher proportion of P. relictum dif-
ferently expressed genes are shared across different 
developmental stages in the vector [49]. However, 
GO enrichment showed that biological processes and 
molecular functions orchestrated by P. relictum [49] 
and by Cx. quinquefasciatus differently expressed genes 
(Fig. 3 and Additional file 1: Fig. S1) are more specific 
according to parasite developmental stage, revealing 
that mosquito transcriptional response to infection 
may be coupled with the transcriptional changes in 
invading parasites.

Three genes involved in cytoskeleton organization had 
four times higher expression in infected mosquitoes at 
24 hpf and no genes related to this biological process had 
lower expression rates at the same time point. Ookinete 
invasion of the midgut epithelia activates cytoskeleton 
reorganization in Anopheles [50], indicating this is a com-
mon feature of mosquito response to avian and mamma-
lian Plasmodium during early stages of infection. Four 
genes with functions predicted to be involved in calcium 
transportation or binding had higher expression levels 
in infected mosquitoes at 24 hpf. Calcium is essential for 
ookinete motility [51] and these alterations may supply 
parasites with Ca2+ which may facilitate midgut inva-
sion, warranting future studies to investigate whether 
Plasmodium parasites directly alter calcium concentra-
tion in midgut epithelial cells. In Anopheles mosquitoes, 
increased nitric oxide synthase activity reduces parasite 
invasion after feeding on infected hosts [52], and gene 
transcription can increase as early as 6 hpf [53]. Oxidore-
ductase activity was enriched in infected mosquitoes at 
24 hpf, encompassing 12 genes with lower expression 
rates in infected mosquitoes. However, it remains to be 
determined whether this decreased activity would reduce 
the production of reactive nitrogen compounds that 
cause damage to Plasmodium parasites at early stages 
of infection [52]. One of the three Down syndrome cell 
adhesion molecule gene paralogs had higher expression 
levels during ookinete invasion. This molecule mediates 
Plasmodium inhibition in Anopheles during ookinete 
migration through the midgut epithelia, before the for-
mation of oocysts [54] and results shown here indicate 
that it may likewise participate in Culex response to avian 
malaria parasites.

At 24 hpf, genes related to apoptosis and cell immunity 
that are known to be overactivated during Plasmodium 
invasion in Anopheles were not differently expressed 
even though this stage of infection is marked by strong 
physiological and immune responses to infection [22]. 
This may be because the host bird used was harbour-
ing a parasite intensity that translated to low numbers 

of parasites detected in the mosquitoes that were dis-
sected. Bird transcriptome response to avian malaria is 
highly dependent on blood parasite load (parasitaemia), 
which may be related to pathogenicity [55]. Also, Videvall 
et  al. [55] found that low levels of circulating parasites 
were associated with a reduced transcriptome response 
to infection when compared with higher parasitaemia. 
Further studies using vectors exposed to birds harbour-
ing different levels of parasitaemia may clarify if mos-
quito response at the transcriptome level is proportional 
to the number of parasites undergoing development in 
the vector. Another reason for the absence of changes 
in the expression of these genes might be because the 
Cx. quinquefasciatus genome is not as well assembled 
and annotated as those of Anopheles gambiae and Aedes 
aegypti [44]. In this study, 14.5% of Cx. quinquefasciatus 
DEGs in response to P. relictum infection were annotated 
as uncharacterized proteins or unspecified products with 
no predicted function, which limited the interpretation 
of some of the results.

It has been observed that at the start and early accel-
eration of the sporogonic division, oocysts seem to be 
refractory to the mosquito immune response [56], and 
this may explain the reduced transcriptome response to 
Plasmodium infection observed at 5 dpf. However, some 
studies showed that mosquito immune response can 
destroy young oocysts because total numbers decrease 
during parasite development in Anopheles [22]. The 
number of oocysts of avian Plasmodium also decrease 
during oocyst maturation in Culex [49], and this may be 
due to immune-mediated parasite killing. An unspecified 
gene with a predicted peptidoglycan binding function 
(CPIJ007162) was downregulated at 5 dpf. Peptidoglycan 
recognition proteins (PGRP) are important in the regu-
lation of the Immunodeficiency (Imd) pathway in insect 
midguts, a pathway shown to kill Plasmodium in Anoph-
eles midguts (57). Some PGRP function as P. falciparum 
antagonists, reducing prevalence in Anopheles coluzzii 
via Imd activation, while other PGRP genes from this 
family promote tolerance to Plasmodium by a downregu-
lation of systemic Imd [58]. This is the only gene differ-
ently expressed in this study that has a predicted innate 
immune function, and it cannot be inferred whether 
the downregulation of this gene would affect P. relictum 
development within infected mosquitoes. Therefore, 
immune pathways in vector response to Plasmodium 
oocyst development remain to be described in Culex 
mosquitoes.

The mild transcriptome changes at 10 dpf indicate 
that a relatively small response is elicited in Culex to 
sporozoites during haemocoel migration and inva-
sion of the salivary glands. This may be because sali-
vary gland invasion by Plasmodium parasites generally 
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induces lower mosquito physiological responses when 
compared to ookinete invasion of the midgut [59]. In 
Anopheles mosquitoes, some serine protease inhibitors, 
such as SRPN2, are known to facilitate Plasmodium 
midgut invasion and survival [60]. SRPN6 is upregu-
lated in the salivary glands of infected mosquitoes [61] 
and reduce the number of invading sporozoites [62]. 
In contrast, SRPN B8 (CPIJ017784) had lower expres-
sion levels in infected mosquitoes at 10 dpf, and future 
studies are warranted to investigate potential agonistic 
effects between this gene and P. relictum in Culex.

More than 80% of sporozoites released in the haemo-
lymph are quickly destroyed before they invade the 
salivary glands [63]. Drivers of mosquito response to 
circulating parasites are still unknown, and this study 
did not find specific immune-related genes that could 
be involved in sporozoite elimination by Culex mos-
quitoes. High nitric oxide (NO) concentrations driven 
by increased nitric oxide synthase (NOS) expression 
reduce Plasmodium development at initial stages in 
the midgut [53]. Expression levels of this gene are 
increased in the whole body of mosquitoes at the ini-
tiation of sporozoite release [52], but are not affected 
[61] or can be reduced in the salivary glands during 
Plasmodium invasion [64]. A glutamate dehydrogenase 
gene, which has a predicted oxidoreductase function, 
had higher expression levels in infected Culex at 10 dpf, 
but it is not possible to infer if these changes translate 
into increased NO production in the body or salivary 
glands.

Although parasite invasion (24  hpf) was associated 
with a reduction in galactose catabolism and acetyl-CoA 
biosynthesis, parasite development (5  dpf and 10  dpf), 
did not elicit strong changes in the expression of gene 
groups involved in vector nutrient metabolism, which 
could be related to the low parasite numbers detected 
in the infected mosquitoes. Such changes are likely to 
be more evident in vectors with high parasite loads if 
disruption of mosquito nutrient metabolism is pro-
portional to parasite burden. Rodent malaria parasites 
trigger immune responses in Anopheles that reduce fit-
ness and survival, while P. falciparum suppresses these 
responses, preventing the physiological cost of infection 
(reviewed by Shaw et al. [23]. Studies using a diversity of 
avian malaria parasites and bird-biting Culex mosquitoes 
found that Plasmodium infection does not reduce vector 
survival [65, 66], or may presumably increase it [66, 67] at 
the expense of reduced fecundity [67], although infection 
may reduce the life-span of nutritionally-stressed mos-
quitoes [68]. These findings combined with the results 
shown here suggest that coevolution in some avian 
malaria transmission systems may have led to associa-
tions of low virulence and fitness costs to the vectors.

Conclusions
This first study to analyze transcriptional responses of 
malaria vectors in non-mammalian systems revealed a 
relatively minor gene expression response in Culex dur-
ing Plasmodium infection. Because the experimental con-
ditions used mimicked those in nature (single mosquitoes 
with minimal laboratory inbreeding, few parasite pas-
sages, and parasite loads common in nature), the results 
presented here provide important baseline information 
about transcriptional responses in avian Plasmodium 
vectors at different stages during parasite development. 
The small changes in the expression of genes related to 
nutrition metabolism and immune response indicate that 
the costs of infection for the vector may be minimal in 
the Hawaiian malaria system. The experimental set up 
involved a single infected bird donor to reduce biologi-
cal and environmental variation. For that reason, future 
studies using different vector-parasite combinations and 
exposing mosquitoes to infected birds harbouring differ-
ent Plasmodium intensities should be conducted to pin-
point genes likely to be associated with vector resistance 
or tolerance to avian Plasmodium infection.
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Additional file 1: Figure S1. Enriched Gene Ontology terms for molecular 
functions among differentially expressed genes in infected mosquitoes 
compared to uninfected ones. GO terms for genes with higher expression 
rates in infected mosquitoes at 24 h post-feeding were almost significantly 
enriched (FDR = 0.107) and are displayed. No GO terms were enriched for 
genes with lower expression in infected mosquitoes at 10 days post feed-
ing. hpf = hours post feeding, dpf = days post feeding.

Additional file 2: Table S1. Genes differentially expressed in Culex 
quinquefasciatus 24 h post feeding on a canary infected with Plasmodium 
relictum compared to mosquitoes that fed on an uninfected bird. Sets are 
separated into genes that had higher and lower expression rates in the 
infected group. Gene product description and function information was 
retrieved from VectoBase (https://​vecto​rbase.​org/​vecto​rbase/​app).

Additional file 3: Table S2. Significantly enriched Gene Ontology terms 
among differently expressed genes in Culex quinquefasciatus 24 h post 
feeding on a canary infected with Plasmodium relictum compared to 
mosquitoes that fed on an uninfected canary. Sets are separated into 
genes that had higher and lower expression rates in the infected group. 
We analyzed biological processes and molecular function GO terms in 
VectorBase (https://​vecto​rbase.​org/​vecto​rbase/​app).

Additional file 4: Table S3. Genes differentially expressed in Culex 
quinquefasciatus 5 d post feeding on a canary infected with Plasmodium 
relictum compared to mosquitoes that fed on an uninfected bird. Sets are 
separated into genes that had higher and lower expression rates in the 
infected group. Gene product description and function information was 
retrieved from VectoBase (https://​vecto​rbase.​org/​vecto​rbase/​app).

Additional file 5: Table S4. Significantly enriched Gene Ontology terms 
among differently expressed genes in Culex quinquefasciatus 5 d post 
feeding on a canary infected with Plasmodium.

Additional file 6: Table S5. Genes differentially expressed in Culex 
quinquefasciatus 10 d post feeding on a canary infected with Plasmodium 
relictum compared to mosquitoes that fed on an uninfected bird. Sets are 
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separated into genes that had higher and lower expression rates in the 
infected group. Gene product description and function information was 
retrieved from VectoBase (https://​vecto​rbase.​org/​vecto​rbase/​app).

Additional file 7: Table S6. Significantly enriched Gene Ontology for 
molecular function among genes that had higher expression rates in 
Culex quinquefasciatus 10 d post feeding on a canary infected with 
Plasmodium relictum compared to mosquitoes that fed on an uninfected 
canary. Analyses were conducted in VectorBase (https://​vecto​rbase.​org/​
vecto​rbase/​app).

Acknowledgements
We thank Eben Paxton, Elizabeth Abraham and many USGS crew members for 
field assistance in Hawaiʻi.

Author contributions
FCF, EV, RF and DF conceived and designed the study with inputs from all 
authors. CS and FCF conducted field work and experimental infections. AMK 
collected mosquito rafts in Hawaiʻi. NEW and FCF conducted laboratory work. 
EV and FCF curated and analysed data. DF, RF and AMK were responsible for 
funding acquisition and project administration. FCF led the writing of the 
manuscript with critical contributions from all authors. All authors read and 
approved the final manuscript.

Funding
This study was supported by NSF Ecology and Evolution of Infectious Diseases 
Award 2001213 (PI DMF). Nicole Wagner was supported by the Rutgers NJ 
Agricultural Experiment Station and Elin Videvall was partly supported by a 
Swedish Research Council fellowship (2020–00259).

Availability of data and materials
Supporting information will be available online. Sequences have been 
uploaded to the Sequence Read Archive (SRA) at NCBI under accession 
number: PRJNA779986.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details
1 Center for Conservation Genomics, Smithsonian Conservation Biology 
Institute, Washington, DC, USA. 2 Center for Vector Biology, Entomology 
Department, Rutgers University, New Brunswick, NJ 08901, USA. 3 Department 
of Ecology, Evolution and Organismal Biology, Brown University, Providence, 
RI, USA. 4 Institute at Brown for Environment and Society, Brown University, 
Providence, RI, USA. 5 Animal Ecology, Department of Ecology and Genetics, 
Uppsala University, Uppsala, Sweden. 6 Department of Ecology and Evolution-
ary Biology, University of California, Santa Cruz, CA, USA. 

Received: 17 June 2022   Accepted: 16 August 2022

References
	1.	 Garnham PCC. Malaria parasites and other haemosporidia. Oxford, Eng-

land: Blackwell Scientific; 1966. 1232
	2.	 Valkiūnas G. Introduction. In: Valkiunas G, editor. Avian malaria parasites 

and other Haemosporidia. Florida: CRC Press; 2005.
	3.	 Warner RE. The role of introduced diseases in the extinction of the 

endemic Hawaiian avifauna. The Condor. 1968;70:101–20.
	4.	 van Riper C, van Riper SG, Goff ML, Laird M. The epizootiology and 

ecological significance of malaria in Hawaiian land birds. Ecol Monogr. 
1986;56:327–44.

	5.	 Pratt TK, Atkinson CT, Banko PC, Jacobi JD, Woodworth BL. Conservation 
biology of hawaiian forest birds: implications for island avifauna. Yale 
University Press; 2009.

	6.	 LaPointe DA, Goff ML, Atkinson CT. Comparative susceptibility of intro-
duced forest-dwelling mosquitoes in Hawai’i to avian malaria Plasmo-
dium relictum. J Parasitol. 2005;91:843–9.

	7.	 LaPointe DA, Goff ML, Atkinson CT. Thermal constraints to the sporogonic 
development and altitudinal distribution of avian malaria Plasmodium 
relictum in Hawai’i. J Parasitol. 2010;96:318–24.

	8.	 Dine DLV. Mosquitoes in Hawaii. Bulletin of the Hawaii agricultural experi-
mental station. 1904:6.

	9.	 Fonseca DM, LaPointe DA, Fleischer RC. Bottlenecks and multiple intro-
ductions: population genetics of the vector of avian malaria in Hawaii. 
Mol Ecol. 2000;9:1803–14.

	10.	 Fonseca DM, Smith JL, Wilkerson RC, Fleischer RC. Pathways of expansion 
and multiple introductions illustrated by large genetic differentiation 
among worldwide populations of the southern house mosquito. Am J 
Trop Med Hyg. 2006;74:284–9.

	11.	 Aardema ML, Campana MG, Wagner NE, Ferreira FC, Fonseca DM. A 
gene-based capture assay for surveying patterns of genetic diversity and 
insecticide resistance in a worldwide group of invasive mosquitoes. PLoS 
Negl Trop Dis. 2022;16:e0010689.

	12.	 McClure KM, Lawrence C, Kilpatrick AM. Land use and larval habitat 
increase Aedes albopictus (Diptera: Culicidae) and Culex quinquefascia-
tus (Diptera: Culicidae) abundance in lowland Hawaii. J Med Entomol. 
2018;55:1509–16.

	13.	 Atkinson CT, LaPointe DA. Introduced avian diseases, climate change, and 
the future of Hawaiian honeycreepers. J Avian Med Surg. 2009;23:53–63.

	14.	 Atkinson CT, Saili KS, Utzurrum RB, Jarvi SI. Experimental evidence for 
evolved tolerance to avian malaria in a wild population of low elevation 
Hawai’i ’Amakihi (Hemignathus virens). EcoHealth. 2013;10:366–75.

	15.	 Cassin-Sackett L, Callicrate TE, Fleischer RC. Parallel evolution of gene 
classes, but not genes: evidence from Hawai’ian honeycreeper popula-
tions exposed to avian malaria. Mol Ecol. 2019;28:568–83.

	16.	 Woodworth BL, Atkinson CT, Lapointe DA, Hart PJ, Spiegel CS, Tweed EJ, 
et al. Host population persistence in the face of introduced vector-borne 
diseases: Hawaii amakihi and avian malaria. Proc Natl Acad Sci USA. 
2005;102:1531–6.

	17.	 McClure KM, Fleischer RC, Kilpatrick AM. The role of native and 
introduced birds in transmission of avian malaria in Hawaii. Ecology. 
2020;101:e03038.

	18.	 Paxton EH, Laut M, Vetter JP, Kendall SJ. Research and management priori-
ties for Hawaiian forest birds. Condor. 2018;120:557–65.

	19.	 Nishimoto JHK. Integration of a “Self-docking Site” Genetic construct in 
the southern house Mosquito (Culex quinquefasciatus) as a step toward 
genetic control strategies. University of Hawai’i at Hilo: Master thesis; 
2019.

	20.	 Feng X, López Del Amo V, Mameli E, Lee M, Bishop AL, Perrimon N, et al. 
Optimized CRISPR tools and site-directed transgenesis towards gene 
drive development in Culex quinquefasciatus mosquitoes. Nat Commun. 
2021;12:2960.

	21.	 Ferreira FC, Santiago-Alarcon D, Braga ÉM. Diptera vectors of avian Hae-
mosporidians: with emphasis on tropical regions. In: Santiago-Alarcon D, 
Marzal A, editors. Avian malaria and related parasites in the tropics: ecol-
ogy, evolution and systematics. Cham: Springer International Publishing; 
2020. p. 185–250.

	22.	 Rhodes VLM, Michel K. Modulation of Mosquito Immune Defenses as a 
Control Strategy. In: Wikel SK, Aksoy S, Dimopoulos G, editors. Arthropod 
vector: controller of disease transmission. Amsterdam: Elsevier; 2017.

	23.	 Shaw WR, Marcenac P, Catteruccia F. Plasmodium development in Anoph-
eles: a tale of shared resources. Trends Parasitol. 2021;38:124–35.

	24.	 Valkiūnas G, Iezhova TA. Exo-erythrocytic development of avian malaria 
and related haemosporidian parasites. Malar J. 2017;16:101.

	25.	 Videvall E, Paxton KL, Campana MG, Cassin-Sackett L, Atkinson CT, Fleis-
cher RC. Transcriptome assembly and differential gene expression of the 
invasive avian malaria parasite Plasmodium relictum in Hawai’i. Ecol Evol. 
2021;11:4935–44.

	26.	 Fecchio A, Clark NJ, Bell JA, Skeen HR, Lutz HL, De La Torre GM, et al. 
Global drivers of avian haemosporidian infections vary across zooge-
ographical regions. Glob Ecol Biogeogr. 2021;30:2393–406.

	27.	 Reidenbach KR, Cook S, Bertone MA, Harbach RE, Wiegmann BM, Besan-
sky NJ. Phylogenetic analysis and temporal diversification of mosquitoes 
(Diptera: Culicidae) based on nuclear genes and morphology. BMC Evol 
Biol. 2009;9:298.

https://vectorbase.org/vectorbase/app
https://vectorbase.org/vectorbase/app
https://vectorbase.org/vectorbase/app


Page 12 of 12Ferreira et al. Malaria Journal          (2022) 21:249 

	28.	 Pacheco MA, Matta NE, Valkiunas G, Parker PG, Mello B, Stanley CE, et al. 
Mode and rate of evolution of Haemosporidian mitochondrial genomes: 
timing the radiation of avian parasites. Mol Biol Evol. 2018;35:383–403.

	29.	 Huff CG. Studies on the infectivity of plasmodia of birds for mosquitoes, 
with special reference to the problem of immunity in the mosquito. Am J 
Hyg. 1927;7:70–34.

	30.	 Gupta L, Molina-Cruz A, Kumar S, Rodrigues J, Dixit R, Zamora RE, et al. 
The STAT pathway mediates late-phase immunity against Plasmodium in 
the mosquito Anopheles gambiae. Cell Host Microbe. 2009;5:498–507.

	31.	 Carlson JS, Giannitti F, Valkiūnas G, Tell LA, Snipes J, Wright S, et al. A 
method to preserve low parasitaemia Plasmodium-infected avian blood 
for host and vector infectivity assays. Malar J. 2016;15:154.

	32.	 Keyghobadi N, Lapointe D, Fleischer RC, Fonseca DM. Fine-scale popula-
tion genetic structure of a wildlife disease vector: the southern house 
mosquito on the island of Hawaii. Mol Ecol. 2006;15:3919–30.

	33.	 Kauffman E, Payne A, Franke MA, Schmid MA, Harris E, Kramer LD. Rearing 
of Culex spp and Aedes spp mosquitoes. Bio Protoc. 2017;7:e2542.

	34.	 Kazlauskienė R, Bernotienė R, Palinauskas V, Iezhova TA, Valkiūnas G. 
Plasmodium relictum (lineages pSGS1 and pGRW11): complete syn-
chronous sporogony in mosquitoes Culex pipiens pipiens. Exp Parasitol. 
2013;133:454–61.

	35.	 Hellgren O, Waldenström J, Bensch S. A new PCR assay for simultaneous 
studies of Leucocytozoon, Plasmodium, and Haemoproteus from avian 
blood. J Parasitol. 2004;90:797–802.

	36.	 Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illu-
mina sequence data. Bioinformatics. 2014;30:2114–20.

	37.	 Ewels P, Magnusson M, Lundin S, Käller M. MultiQC: summarize analysis 
results for multiple tools and samples in a single report. Bioinformatics. 
2016;32:3047–8.

	38.	 Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome 
alignment and genotyping with HISAT2 and HISAT-genotype. Nat Bio-
technol. 2019;37:907–15.

	39.	 Böhme U, Otto TD, Cotton JA, Steinbiss S, Sanders M, Oyola SO, et al. 
Complete avian malaria parasite genomes reveal features associated 
with lineage-specific evolution in birds and mammals. Genome Res. 
2018;28:547–60.

	40.	 Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The 
sequence alignment/map format and SAMtools. Bioinformatics. 
2009;25:2078–9.

	41.	 Anders S, Pyl PT, Huber W. HTSeq–a python framework to work with high-
throughput sequencing data. Bioinformatics. 2015;31:166–9.

	42.	 Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

	43.	 R Development Core Team. R: A Language and Environment for Statistical 
Computing. Vienna, Austria: R Foundation for Statistical Computing; 2020. 
Available from: http://​www.R-​proje​ct.​org

	44.	 Giraldo-Calderón GI, Emrich SJ, MacCallum RM, Maslen G, Dialynas 
E, Topalis P, et al. VectorBase: an updated bioinformatics resource for 
invertebrate vectors and other organisms related with human diseases. 
Nucleic Acids Res. 2015;43:D707-713.

	45.	 Supek F, Bošnjak M, Škunca N, Šmuc T. REVIGO summarizes and visualizes 
long lists of gene ontology terms. PLoS ONE. 2011;6:e21800.

	46.	 Bonnot T, Gillard MB, Nagel DH. A simple protocol for Informative visuali-
zation of enriched Gene Ontology terms. Bio-Protoc. 2019;9:e3429.

	47.	 Pigeault R, Vézilier J, Cornet S, Zélé F, Nicot A, Perret P, et al. Avian 
malaria: a new lease of life for an old experimental model to study the 
evolutionary ecology of Plasmodium. Philos Trans R Soc Lond B Biol Sci. 
2015;370:20140300.

	48.	 Cirimotich CM, Dong Y, Garver LS, Sim S, Dimopoulos G. Mosquito 
immune defenses against Plasmodium infection. Dev Comp Immunol. 
2010;34:387–95.

	49.	 Sekar V, Rivero A, Pigeault R, Gandon S, Drews A, Ahren D, et al. Gene reg-
ulation of the avian malaria parasite Plasmodium relictum, during the dif-
ferent stages within the mosquito vector. Genomics. 2021;113:2327–37.

	50.	 Vlachou D, Schlegelmilch T, Christophides GK, Kafatos FC. Functional 
genomic analysis of midgut epithelial responses in Anopheles during 
Plasmodium invasion. Curr Biol. 2005;15:1185–95.

	51.	 Bennink S, Kiesow MJ, Pradel G. The development of malaria parasites in 
the mosquito midgut. Cell Microbiol. 2016;18:905–18.

	52.	 Luckhart S, Vodovotz Y, Cui L, Rosenberg R. The mosquito Anopheles 
stephensi limits malaria parasite development with inducible synthesis of 
nitric oxide. Proc Natl Acad Sci USA. 1998;95:5700–5.

	53.	 Luckhart S, Crampton AL, Zamora R, Lieber MJ, Dos Santos PC, Peterson 
TML, et al. Mammalian transforming growth factor beta1 activated after 
ingestion by Anopheles stephensi modulates mosquito immunity. Infect 
Immun. 2003;71:3000–9.

	54.	 Dong Y, Cirimotich CM, Pike A, Chandra R, Dimopoulos G. Anopheles 
NF-κB-regulated splicing factors direct pathogen-specific repertoires 
of the hypervariable pattern recognition receptor AgDscam. Cell Host 
Microbe. 2012;12:521–30.

	55.	 Videvall E, Palinauskas V, Valkiūnas G, Hellgren O. Host transcriptional 
responses to high- and low-virulent avian malaria parasites. Am Nat. 
2020;195:1070–84.

	56.	 Smith RC, Barillas-Mury C. Plasmodium oocysts: overlooked targets of 
mosquito immunity. Trends Parasitol. 2016;32:979–90.

	57.	 Mellroth P, Karlsson J, Steiner H. A scavenger function for a Drosophila 
peptidoglycan recognition protein. J Biol Chem. 2003;278:7059–64.

	58.	 Gendrin M, Turlure F, Rodgers FH, Cohuet A, Morlais I, Christophides GK. 
The peptidoglycan recognition proteins PGRPLA and PGRPLB regulate 
Anopheles immunity to bacteria and affect infection by Plasmodium. J 
Innate Immun. 2017;9:333–42.

	59.	 Mueller AK, Kohlhepp F, Hammerschmidt C, Michel K. Invasion of 
mosquito salivary glands by malaria parasites: prerequisites and defense 
strategies. Int J Parasitol. 2010;40:1229–35.

	60.	 Michel K, Budd A, Pinto S, Gibson TJ, Kafatos FC. Anopheles gambiae 
SRPN2 facilitates midgut invasion by the malaria parasite Plasmodium 
berghei. EMBO Rep. 2005;6:891–7.

	61.	 Rosinski-Chupin I, Briolay J, Brouilly P, Perrot S, Gomez SM, Chertemps 
T, et al. SAGE analysis of mosquito salivary gland transcriptomes during 
Plasmodium invasion. Cell Microbiol. 2007;9:708–24.

	62.	 Pinto SB, Kafatos FC, Michel K. The parasite invasion marker SRPN6 
reduces sporozoite numbers in salivary glands of Anopheles gambiae. Cell 
Microbiol. 2008;10:891–8.

	63.	 Hillyer JF, Barreau C, Vernick KD. Efficiency of salivary gland invasion by 
malaria sporozoites is controlled by rapid sporozoite destruction in the 
mosquito hemocoel. Int J Parasitol. 2007;37:673–81.

	64.	 Dimopoulos G, Seeley D, Wolf A, Kafatos FC. Malaria infection of the mos-
quito Anopheles gambiae activates immune-responsive genes during crit-
ical transition stages of the parasite life cycle. EMBO J. 1998;17:6115–23.

	65.	 Pigeault R, Villa M. Long-term pathogenic response to Plasmodium relic-
tum infection in Culex pipiens mosquito. PLoS ONE. 2018;13:e0192315.

	66.	 Gutiérrez-López R, Martínez-de la Puente J, Gangoso L, Soriguer R, 
Figuerola J. Plasmodium transmission differs between mosquito species 
and parasite lineages. Parasitology. 2020;147:441–7.

	67.	 Vézilier J, Nicot A, Gandon S, Rivero A. Plasmodium infection decreases 
fecundity and increases survival of mosquitoes. Proc Biol Sci. 
2012;279:4033–41.

	68.	 Lalubin F, Delédevant A, Glaizot O, Christe P. Natural malaria infection 
reduces starvation resistance of nutritionally stressed mosquitoes. J Anim 
Ecol. 2014;83:850–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

http://www.R-project.org

	Transcriptional response of individual Hawaiian Culex quinquefasciatus mosquitoes to the avian malaria parasite Plasmodium relictum
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Plasmodium relictum isolation and Culex quinquefasciatus collection
	Mosquito infections and assessment of parasite development
	Mosquito dissection and parasite quantification
	RNA extraction, library preparation and sequencing
	Data analyses

	Results
	Plasmodium relictum development in mosquitoes
	Overall Culex transcriptome response to Plasmodium relictum
	Differential transcriptional response at 24 h post blood feeding—ookinete invasion
	Differential transcriptional response at 5 days post blood feeding—oocyst development
	Differential transcriptional response at 10 days post blood feeding—sporozoite migration and invasion of salivary glands

	Discussion
	Conclusions
	Acknowledgements
	References




