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Abstract

aegypti mosquitoes for the first time.

resistance.

Background: A group of insecticides called pyrethroids has been used extensively worldwide and development of
pyrethroid resistance within mosquito populations, especially in Aedes aegypti, has rapidly spread through popula-
tions. In this study, SDS-PAGE, 2-DE coupled with NanolLC-MS, and bioinformatics were used to analyze the female
salivary gland proteins of pyrethroid-susceptible (PMD) and pyrethroid-resistant (PMD-R and UPK-R) strains of Ae.

Results: SDS-PAGE analysis revealed that among the three strains at least nine major proteins were detected but
one protein band (20 kDa) was found only in the PMD strain. Two-dimensional gel electrophoresis analysis revealed
19 similarly expressed proteins in the salivary glands of the three strains involved in blood-feeding process, stress
response, immunogenic response, and metabolic process and five additional major protein spots differentially
expressed in the susceptible and resistant strains. Comparative analysis of the expression volume of each protein spot
between the PMD and the PMD-R strains showed three downregulated proteins of the PMD-R mosquitoes. For UPK-R
strains, six major proteins were downregulated when compared to the PMD strain. Additionally, four downregulated
proteins were found in the UPK-R when compared to the PMD-R strain. These results suggest that pyrethroids might
induce alteration of salivary gland proteins in resistant mosquitoes. Network analysis by STITCH database 5.0 showed
that SRPN23 interacted with sodium and calcium ions, suggesting that SRPN23 might be involved in insecticide

Conclusions: Information obtained from this study will be useful for further studies on the roles of differentially
expressed salivary gland proteins in resistance to insecticides and viral transmission.
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Background

Aedes aegypti mosquitoes serve as the primary vector of
dengue hemorrhagic fever (DHF), yellow fever, chikun-
gunya fever and Zika fever. The diseases are considered
as serious public health problems in several countries in
tropical and subtropical areas. The diseases cause mortal-
ity and morbidity of populations; however, there is a lack
of vaccines or specific treatments. Therefore, mosquito
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control is an essential method to control the transmis-
sion of the diseases. One of the popular methods used to
reduce the population of mosquitoes is the application
of chemical compounds such as insecticides. However,
this method is impeded by the development of resistance
within mosquito populations [1, 2].

In Thailand, at least four groups of synthetic com-

pounds, organochlorine (DDT), organophosphates
(temephos, fenitrothion, malathion and chlorpyri-
fos), carbamates (propoxur, pirimiphosmethyl and

bendiocarb) and pyrethroids (permethrin, deltame-
thrin, lambda-cyhalothrin and etofenprox) have been
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extensively used to control mosquito vectors. At present,
several mosquitoes have been reported as resistant to
insecticides, especially to DDT, pyrethroids (i.e. perme-
thrin and deltamethrin), carbamates (i.e. propoxur) and
organophosphates (i.e., temephos and fenitrothion) [3, 4].

The insecticide susceptible Pang Mei Daeng (PMD) and
Pang Mei Daeng resistant (PMD-R) strains of Ae. aegypti
from Chiang Mai, Thailand, have been used in several
previous studies [5-9]. The PMD strain is susceptible to
pyrethroids, but resistant to DDT, which has mainly been
attributed to increased DDTase activity [5]. No kdr muta-
tions (S989P, V1016G and F1534C) have been found in
this strain [10]. PMD-R (S/S989 + V/V1016 + C/C1534,
or SS 4+ VV + CC) is homozygous for C1534, lacks S989P
and V1016G kdr mutations, and is resistant to both DDT
and permethrin but susceptible to deltamethrin [10-12].
Recently, the Upakhut resistant (UPK-R) strain has also
been established from mosquitoes collected from Wat
Upakhut in the city of Chiang Mai. The UPK-R strain
is homozygous for the G1016 kdr allele and resistant to
DDT, permethrin and deltamethrin. It harbors P/P989 +
G/G1016 + F/F1534, or PP + GG + FF [13-15].

An important role of the mosquito salivary glands
is to modulate host responses that facilitate transmis-
sion of pathogens. Dengue virus is transmitted to a ver-
tebrate host while saliva of infected female mosquitoes
is injected into the host. A recent study demonstrated
that Ae. aegypti salivary gland extract enhances den-
gue pathogenesis after infection [16]. In previous stud-
ies, differential expression of salivary gland proteins
between insecticide-susceptible and resistant strains of
Culex quinquefasciatus [17], Anopheles gambiae [18] and
Anopheles stephensi [19] has been reported. Regarding
insecticide resistant mosquitoes in Thailand, no report of
differentially expressed salivary gland proteins between
susceptible and insecticide-resistant Ae. aegypti mosqui-
toes is available.

In the present study, SDS-PAGE, two-dimensional gel
electrophoresis (2-DE) coupled with mass-spectrometry
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(NanoLC-MS), and bioinformatics were used to com-
pare salivary gland expression profiles and identify the
differentially expressed proteins in the three Ae. aegypti
strains, PMD, PMD-R and UPK-R. The information on
proteins in the salivary glands of these insecticide-resist-
ant mosquitoes might help to explain their impact on
vectorial capacity.

Results

Insecticide susceptibility test

To confirm the insecticide susceptibility status of the
Ae. aegypti PMD, PMD-R, and UPK-R strains, the mos-
quito strains were tested according to the WHO standard
method [20]. The results revealed that the PMD strain
was susceptible to both permethrin and deltamethrin,
while the PMD-R strain was resistant to permethrin with
13.33% mortality and the UPK-R strain was resistant to
permethrin and deltamethrin with zero and 1.67% mor-
tality, respectively (Table 1).

Comparison of female salivary gland protein profiles of Ae.
aegypti mosquitoes between susceptible and resistant
strains by SDS-PAGE

A comparative analysis of the female salivary gland pro-
tein profiles among the PMD, PMD-R and UPK-R strains
was performed using SDS-PAGE. The SDS-PAGE results
showed that nine major proteins were detected in the
three strains (Fig. 1). The molecular weights of these pro-
tein bands were estimated to be 66, 60, 49, 47, 37, 31, 29,
18 and 16 kilodaltons (kDa), respectively. However, one
protein band (20 kDa) was found only in the PMD strain.
As a protein band may consist of more than one protein,
2-DE was therefore used for further detailed analysis.

Comparison of female salivary gland protein profiles of Ae.
aegypti mosquitoes between susceptible and resistant
strains by 2-DE

Protein profiles of the female mosquitoes of the PMD,
PMD-R and UPK-R strains were also analyzed by 2-DE

Table 1 Insecticide susceptibility status of Ae. aegypti PMD, PMD-R and UPK-R strains

Strain Insecticide Total no. of tested Total no. of mosquito Mortality rate (%) Status®
mosquitoes deaths

PMD Permethrin 300 300 100 S
Deltamethrin 300 300 100 S

PMD-R Permethrin 300 40 1333 R
Deltamethrin 300 300 100 S

UPK-R Permethrin 300 0 0 R
Deltamethrin 300 5 1.67 R

? Interpretation of mortality rate (WHO, 2013)
Abbreviations: R, resistance; S, susceptibility
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Fig. 1 Electrophoretic protein profiles of salivary glands obtained
from female Ae. aegypti mosquitoes of PMD, PMD-R, and UPK-R
strains. Proteins of five pairs of salivary glands were separated on a
15% SDS polyacrylamide gel and stained with CBB. Molecular mass
markers are indicated on the right in kDa. Arrows indicate major
protein bands similarly expressed among the three strains. The

arrowhead indicates a protein band observed only in the PMD strain

(Fig. 2). Two-dimensional gel electrophoresis (2-DE)
was performed on three biological replicates and images
(Additional file 1: Figure S1) were analyzed using Image
Master™ Platinum 7.0 software (GE Healthcare, Buck-
inghamshire, UK). The molecular weight (MW), isoelec-
tric point (pI) and normalized volume of each protein
spot from each independent gel image were calculated
following instructions for the software supplied by the
manufacturer. Then, the average normalized volume
(ANV) and standard deviation (SD) of the same pro-
tein (same MW and pl) from the three replicated 2-DE
gel images were also calculated by the software. In this
study, 57, 45 and 52 protein spots were detected in the
PMD, PMD-R and UPK-R strains, respectively. Protein
spots with ANV > 0.1 were selected as major proteins.
Results showed that at least 24 major protein spots were
detected in each strain. The molecular weight of these
proteins varied between 15 and 75 kDa, with pl ranging
between 3.5 and 9.5. It was noted that the Al spot was
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specific to the PMD strain (Fig. 2a) whereas the A2 and
A3 spots were found in both the PMD-R (Fig. 2b) and
UPK-R (Fig. 2c) strains. The A4 and A5 spots were found
only in the UPK-R strain.

Identification of female salivary gland proteins of Ae.
aegypti PMD, PMD-R and UPK-R strains by NanoLC-MS
analysis

In order to identify the detected salivary gland proteins,
a total of 154 protein spots comprised of 57, 45 and 52
protein spots from the PMD, PMD-R and UPK-R strains,
respectively, were subjected to NanoLC-MS analysis.
For the major protein spots, the relevant spot from two
independent gels was used for NanoLC-MS analysis to
confirm the identification. The results reported here
refer to the identification by Mascot against the nonre-
dundant NCBInr_Metazoa database. Of these, 24 major
protein spots were identified as similar proteins in all
strains and only the best hit of the proteins from Ae.
aegypti is reported in Table 2. The mass list (list of pep-
tides) found for each major spot analyzed on the three
mosquito strains is shown in Additional file 2: Table S1.
These proteins included AAEL017349-PA, which was
spot number 1 (SN1), heat-shock cognate 70 (SN2),
putative secreted protein (SN3), apyrase (SN4 and 5),
AAEL006333-PA/5 -nucleotidase (SN6), AAEL005672-
PA/putative adenosine deaminase (SN7), AAEL000641-
PA (SNB8), salivary anti-FXa serpin (SN9), putative purine
hydrolase (SN10), angiopoietin-like protein (SN11), puta-
tive 34 kDa secreted protein (SN12 and 13), putative 34
kDa family secreted salivary protein (SN14), D7 protein
family (SN15, 16, 17 and 18), AAEL000793-PA/puta-
tive secreted protein (SN19), AAEL010228-PA/putative
19.6 kDa secreted protein (SN20), 30 kDa salivary gland
allergen variant 3 (SN21), short form D7Cclu23 salivary
protein (SN22), putative C-type lectin/AAEL000533-PA
(SN23) and short salivary D7/putative 16.9 kDa secreted
protein (SN24). For the differentially expressed protein
spots, the A1, A2 and A4 spots were identified as a short
D7 protein, a salivary anti-FXa serpin and a salivary ser-
pin, respectively (Table 2). Unfortunately, the A3 and A5
spots could not be identified in our study.

Differential protein expression in salivary glands

between susceptible and resistant strains

Quantification of the ANV of each major protein of the
PMD, PMD-R and UPK-R strains was carried out. The fold
expression values of the major proteins were calculated and
compared between PMD and PMD-R (Fig. 3 and Addi-
tional file 3: Table S2), PMD and UPK-R (Fig. 4 and Addi-
tional file 4: Table S3), and PMD-R and UPK-R (Fig. 5 and
Additional file 5: Table S4). For PMD-R compared to PMD,
three downregulated proteins were identified, namely
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Fig. 2 Comparison of representative 2-DE protein profiles from 60 female salivary glands of Ae. aegypti mosquitoes. a PMD, b PMD-R and ¢ UPK-R
strains. Proteins were separated in the first dimension by IEF using a 7 cm strip, pH 3-10. Separation in the second dimension was performed using
15% SDS-PAGE followed by CBB staining. Molecular mass markers are indicated on the left in kDa. Isoelectric points (pl) are indicated at the top.
Numbers indicate major spots found in all three strains. Letters (A1-A5) indicate major spots found specifically in each strain

salivary anti-FXa serpin (SN9), angiopoietin-like protein
(SN11) and short form D7Cclu23 salivary protein (SN22)
(Fig. 3). For UKP-R compared to PMD, six downregulated
proteins were identified, namely salivary anti-FXa serpin
(SN9), angiopoietin-like protein (SN11), putative 34 kDa
secreted protein (SN13), 30 kDa salivary gland allergen var-
iant 3 (SN21), short form D7Cclu23 salivary protein (SN22)
and putative C-type lectin (SN23) (Fig. 4). For PMD-R
compared to PMD, four downregulated proteins were
identified, namely putative 34 kDa secreted protein (SN13),
D7 protein (SN18), 30 kDa salivary gland allergen variant 3
(SN21), and putative C-type lectin (SN23) (Fig. 5).

Network analysis of identified salivary gland proteins

of Ae. aegypti PMD, PMD-R and UPK-R strains by STITCH
database 5.0

The STITCH database 5.0 was used to analyze poten-
tial functional associations of the identified Ae. aegypti

salivary gland proteins with other proteins, chemicals
and insecticides. In this study, the STITCH network of
identified protein-insecticide chemical interaction was
presented as a network view. Based on this analysis, the
interaction of the 24 major proteins of the three strains
was similar. The network view showed that eight major
proteins, AAEL017349-PA (SN1), apyrase (SN4 and 5),
AAEL00633/5 -nucleotidase (SN6), AAEL005672-PA/
putative adenosine deaminase (SN7), AAEL000641-
PA (SNB8), salivary anti-FXa serpin (SN9), putative
purine hydrolase (SN10) and putative C-type lectin/
AAEL000533-PA (SN23) were found to possibly inter-
act with other proteins (Fig. 6). The confidence scores of
interaction between the eight major proteins and other
proteins and chemicals are shown in Additional file 6:
Table S5.

Although A2 and A4 proteins had different acces-
sion numbers in the NCBI protein database, they had
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Fig. 3 Differential protein expression in salivary glands between PMD and PMD-R strains. Differences in protein expression are represented as
expression ratio or fold expression (PMD-R/PMD). Horizontal dot lines indicate the 2-fold difference in expression level in either direction (2 for a
higher expression in the PMD-R strain and — 2 for a lower expression in the PMD-R strain). Proteins showing significantly different more than or less
than 2-fold expression (Student’s t-test, P < 0.05) are indicated by an asterisk (*). The ANV of each major protein and their fold expression values are
shown in Additional file 3: Table S2
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Fig. 4 Differential protein expression in salivary glands between PMD and UPK-R strains. Differences in protein expression are represented as
expression ratio or fold expression (UPK-R /PMD). Horizontal dot lines indicate the 2-fold difference in expression level in either direction (2 for a
higher expression in the UPK-R strain and — 2 for a lower expression in the UPK-R strain). Proteins showing significantly different more than or less
than 2-fold expression (Student’s t-test, P < 0.05) are indicated by an asterisk (*). The ANV of each major protein and their fold expression values are
shown in Additional file 4: Table S3

the same gene name (SRPN23) in UniProtKB. There-
fore, both A2 and A4 are likely to be the same protein,
SRPN23. The network view of the SRPN23 showed that
the protein was found interact with sodium and cal-
cium ions (Fig. 7). The confidence scores of interaction
between the SRPN23 and sodium and calcium ions are
shown in Additional file 7: Table Sé6.

Discussion

The present results revealed variation in protein expres-
sion profiles and abundance of specific proteins of Ae.
aegypti salivary glands between insecticide-susceptible
and resistant strains. In addition, we were able to identify
the specific protein involved. Proteins identified from Ae.
aegypti salivary glands in this study have been shown to
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Fig. 5 Differential protein expression in salivary glands between PMD-R and UPK-R strains. Differences in protein expression are represented as
expression ratio or fold expression (UPK-R /PMD-R UPK-R). Horizontal dot lines indicate the 2-fold difference in expression level in either direction (2
for a higher expression in the UPK-R strain and -2 for a lower expression in the UPK-R strain). Proteins showing significantly different more than or
less than 2-fold expression (Student's t-test, P < 0.05) are indicated by an asterisk (*). The ANV of each major protein and their fold expression values
are shown in Additional file 5: Table S4

be associated with the facilitation of blood-feeding [21-
26]. These proteins include apyrase/5’-nucleotidase (SN4,
5 and 6), putative adenosine deaminase (SN7), salivary
anti-FXa serpin (SN9), D7 protein family (SN15, 16, 17,
18, 22 and 24) and 30 kDa salivary gland allergen variant
3 (SN21). Apyrase hydrolyzes ATP and ADP to adenosine
by inhibiting ADP-dependent platelet aggregation [23].
Ribeiro et al. [27] proposed that adenosine deaminase
activity may help blood-feeding in Ae. aegypti by produc-
ing inosine and by removing adenosine. Salivary anti-FXa
serpin has anti-coagulant properties that inhibits coagu-
lation factor Xa [25]. D7 protein family in Ae. aegypti
mosquitoes exists in two forms, the long form (~37 kDa)
and the short form (~16-18 kDa). The long form D7 sali-
vary proteins function as scavengers of biogenic amines
[25]. The short form D7 salivary proteins bind to biogenic
amines such as epinephrine, histamine and serotonin,
thereby inhibiting platelet aggregation, vasoconstriction
and inflammation [22]. Aegyptin is a platelet inhibitor
identified in Ae. aegypti. It binds to collagens, thereby
preventing collagen interaction with Von Willebrand
factor, integrin a2p1 and glycoprotein VI [26]. A protein
involved in heat-shock response, heat-shock cognate 70
(SN2), was also identified. Zhoa et al. [28] demonstrated
that expression level of heat-shock cognate 70 mRNA of
female Ae. aegypti increases (five- to six-fold) after 42 °C
treatment for one hour. Studies by Wasinpiyamongkol
et al. [29] and Oktarianti et al. [30] demonstrated that
heat-shock cognate 70 (SN2), apyrase/5-nucleotidase
(SN4, 5 and 6), putative adenosine deaminase (SN7),
salivary anti-FXa serpin (SN9), angiopoietin-like protein

variant, partial (SN11), putative 34 kDa family secreted
salivary protein (SN14) and D7 protein family (SN15, 16,
17 and 18) are immunogens.

Differentially expressed protein profiles of the salivary
gland proteins of Ae. aegypti PMD, PMD-R and UPK-R
strains were examined based on the annotated spots in
the 2-DE gels and the fold expression values. The results
showed that five additional major protein spots (A1-A5)
were differentially expressed in the Ae. aegypti sialome
between the susceptible and resistant strains. A short D7
protein (Al) was specific to the PMD strain whereas a
salivary anti-FXa serpin (A2) and A3 were only detected
in both the PMD-R and UPK-R strains. A salivary serpin
(A4) and A5 were found only in the UPK-R strain. As the
A3 and A5 spots were found only in the resistant strains
but could not be identified, their DNA and amino acid
sequence information is required for further study on
their function.

Based on the fold expression values of the major sali-
vary gland proteins, three downregulated proteins (> 2
fold change in expression) were identified in the PMD-R,
compared to the PMD including salivary anti-FXa serpin
(SN9), angiopoietin-like protein (SN11) and short form
D7Cclu23 salivary protein (SN22). Comparison of dif-
ferentially expressed protein profiles between the PMD
and UPK-R strains showed six downregulated proteins
in UPK-R compared to PMD including salivary anti-FXa
serpin (SN9), angiopoietin-like protein (SN11), putative
34 kDa secreted protein (SN13), 30 kDa salivary gland
allergen variant 3 (SN21), short form D7Cclu23 sali-
vary protein (SN22) and putative C-type lectin (SN23).
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Comparison between the PMD-R and UPK-R strains
revealed four downregulated proteins in the UPK-R
strain, compared to the PMD-R strain: putative 34 kDa
secreted protein (SN13), D7 protein (SN18), 30 kDa sali-
vary gland allergen variant 3 (SN21), and putative C-type
lectin (SN23). The results indicated that the pyrethroid
resistant strains expressed lower amounts of the dif-
ferentially expressed major salivary gland proteins than
the PMD strain. Furthermore, the UPK-R strain had fold
expression values of the differentially expressed proteins
that were lower than the PMD-R strain, suggesting that

pyrethroids might induce change or alteration of salivary
gland proteins and/or their expression in the resistant
mosquitoes. Since the change in expression of salivary
proteins may impact on the overall fitness of the resistant
mosquitoes, these results might help explain blood-feed-
ing and other fitness problems in Ae. aegypti female pop-
ulations with high insecticide resistance levels [31-33].
Djegbe et al. [17] demonstrated four salivary proteins
differentially expressed in susceptible (SLAB) and resist-
ant (SR) strains of Cx. quinquefasciatus including three
metabolic enzymes (endoplasmin, triosephosphate
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isomerase and heat-shock protein 83) and D7 long form.
In susceptible and ace-1% resistant strains of An. gam-
biae mosquitoes, five proteins regulated in the resistant
AceRKis salivary gland extracts have been identified. Two
of them, Saglin and TRIO have shown high differences
between the susceptible and ace-I% resistant strains. Both
Saglin and TRIO are involved in protection against oxi-
dation, blood-feeding process and pathogen invasion
[18]. Vijay et al. [19] reported differentially expressed
proteins and enzymes in salivary glands of deltamethrin/
DDT resistant strains of An. stephensi that may have an
impact on insecticide resistance and xenobiotic detoxi-
fication, such as short chain dehydrogenase reductase,
cytochrome 450 and phosphodiesterase.

A search within UniProtKB (http://www.uniprot.org/
uploadlists/) revealed that peptides produced from spots
SN9, A2 and A4 all had identity to SRPN23. Given that

these spots were found to have variable pls, it is likely
that these spots represent post-translationally modified
isoforms of SRPN23. Interestingly, two additional spots,
A2 and A4 (SRPN23 isoforms), were expressed only in
the PMD-R and UPK-R strains, suggesting that pyre-
throids might induce alteration of serpin isoforms in the
salivary glands of the resistant mosquitoes by an effect of
post-translation modifications (PTM). Insecticide resist-
ance could probably be associated with specific isoform
of SRPN23 protein rather than changes in expression of
the protein. The potential functional associations of the
identified Ae. aegypti salivary gland proteins with other
proteins, chemicals and insecticides were analyzed by
STITCH database 5.0. The results showed that SRPN23
interacted with sodium and calcium ions. These results
could warrant investigation of a role of SRPN23 in
insecticide resistance because both pyrethroid resistant
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strains had additional SRPN23 isoforms. Furthermore,
testing for the effect of exposure to insecticides in the
three strains of Ae. aegypti mosquitoes on blood-feed-
ing behavior and metabolic mechanisms should be per-
formed in the future.

Although salivary gland proteins of Ae. aegypti mos-
quito have been studied by several research groups, for
example by Valenzuela et al. [21], Ribeiro et al. [22] and
Wasinpiyamongkol et al. [29, 34], the status of insecti-
cide resistance of the mosquitoes used in their studies,
i.e. Ae. aegypti Liverpool/black eye or Bangkok strains,
is unknown. In this study, results revealed that the sali-
vary gland proteins of the PMD, PMD-R and UPK-R
strains were differentially expressed. Therefore, compara-
tive analyses of the expression of salivary gland proteins
of different strains of Ae. aegypti, especially the Liver-
pool/black eye and Rockefeller, 1016 Ile/Ile kdr homozy-
gous strains [31], should be carried out to investigate
the expression of salivary proteins due to insecticide
resistance.

In summary, to our knowledge this study reports for the
first time the proteins expressed differentially in the sali-
vary glands of insecticide-resistant Ae. aegypti mosqui-
toes between pyrethroid-susceptible (PMD) and resistant
(PMD-R and UPK-R) strains. Salivary anti-FXa serpin,
angiopoietin-like protein and short form D7Cclu23 sali-
vary protein were downregulated in PMD-R when com-
pared to PMD. Six downregulated proteins were detected
in UPK-R when compared to PMD, including salivary
anti-FXa serpin, angiopoietin-like protein, putative 34
kDa secreted protein, 30 kDa salivary gland allergen vari-
ant 3, short form D7Cclu23 salivary protein and putative
C-type lectin. Four downregulated proteins were found
in the UPK-R when compared to PMD-R, including puta-
tive 34 kDa secreted protein, D7 protein, 30 kDa salivary
gland allergen variant 3, and putative C-type lectin. Net-
work analysis by STITCH database 5.0 showed that the
SRPN23 interacted with sodium and calcium ions.

Conclusions

This study provides new information on differentially
expressed salivary gland proteins in pyrethroid-resist-
ant Ae. aegypti mosquitoes. The findings emphasize the
requirement for further studies regarding roles of these
salivary proteins in viral infection, development and
transmission in the resistant strains that might be useful
for the development of control strategies for virus trans-
mission by mosquitoes.

Methods

Mosquito strains and rearing

Colonies of Ae. aegypti, PMD (susceptible to pyrethroids
but resistant to DDT), PMD-R (resistant to DDT and
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permethrin) and UPK-R (resistant to DDT, permethrin
and deltamethrin) strains were successfully maintained
in an insectary of the Department of Parasitology, Faculty
of Medicine, Chiang Mai University, Thailand and uti-
lized in this study. Ae. aegypti PMD and PMD-R strains
were established from field-caught mosquitoes from Ban
Pang Mai Daeng, Mae Taeng District, Chiang Mai Prov-
ince and maintained in an insectary at the Department
of Parasitology, Faculty of Medicine, Chiang Mai Univer-
sity, Thailand since 1997 [5]. The UPK-R strain was estab-
lished from wild-caught mosquitoes from Wat Upakhut,
Chiang Mai city and maintained in an insectary at the
Department of Parasitology, Faculty of Medicine, Chi-
ang Mai University, Thailand since 2006 [14]. The per-
methrin resistance level of UPK-R and PMD-R strains, as
determined by larval bioassays, is higher than the PMD
strain by 325-fold and 25-fold, respectively ([10, 11], P.
Somboon unpublished data). The deltamethrin resistance
level of the UPK-R and PMD-R strains, as determined
by larval bioassays, is higher than the susceptible PMD
strain by 53-fold and 13-fold, respectively [14]. For each
strain, a total of 300-400 eggs were placed into a 25 x
35 x 6 cm plastic tray filled with 3 1 of distilled water and
allowed to hatch. After hatching, the larvae were fed on
finely ground dog food and the water was changed three
times per week. Pupae were collected and transferred to
plastic cups containing distilled water and then placed
into a 30 x 30 x 30 cm mosquito cage. After emergence,
the mosquitoes were maintained in the insectary at 27 £
2 °C with a relative humidity of 70 &+ 10% and a light-dark
photocycle of 12:12 h. The mosquitoes were provided
with 10% sucrose solution. They were allowed to feed
on adult albino rats, Rattus norvegicus, to produce eggs.
To avoid contamination of the mosquito strains, each
strain was separately maintained in a different room of
our insectary in the Department of Parasitology. Sugar-
fed females aged five to seven days post-emergence were
used in this study.

Insecticide susceptibility test

The mosquitoes from PMD-R and UPK-R colonies had
been exposed regularly to the standard WHO perme-
thrin (0.75%) and deltamethrin (0.05%) papers, respec-
tively, to maintain their insecticide resistant status.
Insecticide susceptibility tests were performed on all
mosquito strains according to the protocol described by
WHO [20]. Briefly, 25 one-day-old unfed female mosqui-
toes were exposed to insecticide impregnated paper in an
exposure tube for 1 h and transferred to the holding tube.
The mortality rate was counted after 24 h post-exposure.
Control mosquitoes were exposed to paper without
insecticide for 1 h and the mortality rate was counted
after 24 h post-exposure. Two replicates of the control
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group and four replicates of each test were performed
each time. The mosquitoes that were able to fly and rest
on the paper were recorded as survived or resistant.
Mortality of 5-20% was accepted in the control groups
and Abbott’s formula was used to correct the mortality
rate in the test groups [35]. If the mortality in the control
group was over 20%, all tests were discarded.

Salivary gland dissection and protein quantification

The salivary glands of females of the three strains were
dissected using the method described by Jariyapan et al.
[36]. Mosquitoes of each strain were anaesthetized on ice
before dissection. Salivary glands were dissected in phos-
phate-buffered saline (PBS), washed with PBS on a new
slide to clean them from other contaminated tissues, and
collected in a microcentrifuge tube at -80 °C until use.
The protein content was determined using a Micro BCA
Protein Assay Kit (Pierce, Rockford, IL, USA).

Sds-page

SDS-gel loading buffer (50 mM Tris-HCl, pH 6.8, 100
mM DTT, 2% SDS, 0.1% bromophenol blue, 10% glyc-
erol), 1:2 (v/v), was added into each salivary gland sample
of the three strains. The samples were heated for 5 min
before loading on 15% SDS polyacrylamide gels. Molecu-
lar weight markers (Bio-Rad, Hercules, California, USA)
were applied in each gel [37, 38].

Two-dimensional gel electrophoresis

Two-dimensional gel electrophoresis was performed
using a 2D system from GE Healthcare (Buckingham-
shire, UK) as described in our previous studies by Sor-
suwan et al. [37] and Phattanawiboon et al. [38]. Briefly,
60 pairs of female salivary glands (~80 pg) were used as
a sample for 2-DE analysis. 2-DE samples were collected
from different cohorts of each mosquito strain. Samples
from each strain were subjected to triplicate runs. A 2-D
Clean-Up kit (GE Healthcare) was used to desalt the sali-
vary gland samples. For the first dimension, each sample
was diluted in a 125 pl rehydration solution (8 M urea,
50 mM DTT, 0.2% 3/10 Bio-lyte Ampholyte, 4% CHAPS,
0.002% bromophenol blue). This solution was applied
onto an IPG strip (7 cm, pI 3-10, GE Healthcare). The
IPG strip was submitted to isoelectric focusing on an
Ettan IPGphor III (GE Healthcare) which was operated
as described in Phattanawiboon et al. [38]. After that, the
focused IPG strip was incubated in 10 ml SDS equilibra-
tion buffer (6 M urea, 0.05 M Tris, pH 8.8, 2% SDS, 30%
glycerol, 0.002% bromophenol blue) containing 100 mg
DTT for 15 min and then in 5 ml SDS equilibration buffer
containing 125 mg iodoacetamide for 15 min. The equili-
brated strip was applied to the surface of vertical 15%
SDS polyacrylamide gels, sealed with 0.1% agarose. The
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Mini-PROTEAN Tetra Electrophoresis System (Bio-Rad)
was used to separate proteins in the second dimension.
Molecular weight markers (broad range from Bio-Rad)
were loaded on each gel.

Coomassie Brilliant Blue (CBB) staining and gel image
analysis

After electrophoresis, the gels were stained with CBB and
spots in each gel and their expression volume were ana-
lyzed as described in our previous studies by Phattanawi-
boon et al. [38].

Statistical analysis

Image Master 2D Platinum 7.0 software (GE Healthcare)
was used to measure the density of all protein spots and
quantify the ANV for each protein spot. Statistical analy-
sis (Student’s t-test, P < 0.05) was performed using SPSS
version 22.0 software (SPSS, Chicago, IL, USA) with a
cut-oft of 2-fold up- or downregulated to compare the
ANV of each protein spot between two strains, i.e. PMD
and PMD-R, PMD and UPK-R, and PMD-R and UPK-R
strains.

In-gel digestion

Protein spots of interest were cut from the 2-DE gels
using sterile surgical blades ensuring that technique was
aseptic. Each spot sample was placed separately in a ster-
ile microcentrifuge tube. The samples were subjected to
in-gel digestion using methods described in our previ-
ous studies by Sor-suwan et al. [37] and Phattanawiboon
et al. [38]. The gel plugs were dehydrated with 100% ace-
tonitrile (ACN), reduced with 10 mM DTT in 10 mM
ammonium bicarbonate at room temperature for 1 h,
and alkylated at room temperature for 1 h in the dark in
the presence of 100 mM iodoacetamide (IAA) in 10 mM
ammonium bicarbonate. After alkylation, the gel pieces
were dehydrated twice with 100% ACN for 5 min. The
gels were digested in 10 pl of trypsin solution (10 ng/
ul trypsin in 50% ACN/10 mM ammonium bicarbonate
at room temperature for 20 min, and then 20 pl of 30%
ACN) were added. After that the gel samples were incu-
bated at 37 °C for a few hours or overnight. Products of
digested proteins from the gels were extracted by adding
40 pl of 50% ACN in 0.1% formic acid (FA) and shaking
for 10 min at room temperature. Extracted peptides were
collected in a new tube. The pool-extracted peptides
were dried by a vacuum centrifuge and kept at -80 °C for
further analysis.

NanoLC-MS analysis and protein identification

NanoLC-MS analysis of the pool-extracted peptides was
performed as a method described in Phattanawiboon
et al. [38]. The pool-extracted samples were injected
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into an Ultimate 3000 LC System (Dionex, Sunnyvale,
California, USA) coupled to an ESI-Ion Trap MS (HCT
Ultra PTM Discovery System, Bruker, Germany) with
electrospray at a flow rate of 300 nl/min to a nanocolumn
(Acclaim PepMap 100 C18, 3 um, 100 A, 75 um id x 150
mm). A solvent gradient (solvent A: 0.1% formic acid in
water; solvent B: 80% 0.1% formic acid in 80% acetoni-
trile) was run for 40 min. Mascot from Matrix Science
Ltd. (London, UK) was used to search all of the tan-
dem mass spectra [39]. The resulting sequence data was
searched against the National Center for Biotechnology
Information nonredundant (NCBInr) protein database.
The parameters for searching were as follows: enzyme
of specificity strict trypsin; three missed cleavages; fixed
modification (carbamidomethyl); variable modification
(Methionine oxidation); peptide tolerance, variable from
50 ppm to 100 ppm; fragment mass tolerance of + 0.5 Da;
peptide change of 1+, 2+, and 3+; and monoisotopic.
Proteins identified with a statistically significant Mowse
score (> 30) was reported. Gene ontology analysis was
performed using UniProtKB (http://www.uniprot.org/
uploadlists/) for molecular function, biological processes
and cellular component. The mapping of protein-chem-
ical interactions was analyzed according to STITCH 5.0
database (http://stitch.embl.de/) and KEGG (Kyoto Ency-
clopedia of Genes and Genomes) PATHWAY data.
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glands between PMD and PMD-R strains.
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glands between PMD and UPK-R strains.

Additional file 5: Table S4. Differential protein expression in salivary
glands between PMD-R and UPK-R strains.

Additional file 6: Table S5. The confidence scores of interaction between
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Additional file 7: Table S6. The confidence scores of interaction between
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