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Abstract

Aquaporin water channel proteins are highly conserved across many diverse species. Some evidence indicates
that aquaporins in insects may contribute to insect-related mammalian diseases and inflammation, and thus
these proteins may represent viable therapeutic targets. Here, we used RNA sequencing and bioinformatics to
identify putative aquaporins from the house dust mite, Dermatophagoides farinae. Six putative aquaporins were
identified based on sequence similarity with aquaporins from other species. These putative aquaporins, deposited
in GenBank and named DerfAQP1-4 (KY231248, KY231249, KY231250, and KY231251, respectively), DerfAQP5.01,
and DerfAQP5.02 (KY231252 and KY231253), were successfully cloned into a bacterial plasmid.The identification of
full-length aquaporin sequences from D. farinae provides a foundation for future molecular and biochemical studies
of these proteins in D. farinae and related species.
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Aquaporins (AQPs), also called water channels or major intrinsic
proteins, facilitate the passive transport of water and a variety of
low-molecular-weight solutes, such as glycerol, urea, boric acid, silicic
acid, ammonia (NH,), carbon dioxide (CO,), and hydrogen peroxide
(H,0,) (Maurel et al. 2008, Gomes et al. 2009). AQPs are highly con-
served: they are found in diverse organisms from eubacteria to animals.
Thirteen human AQPs have been identified to date (AQPO-AQP12).
These AQPs can be grouped into three major categories according
to their transport properties. The first category, classical aquaporins,
comprises seven members (AQPO, -1, -2, -4, -5, -6, and -8) that are
believed to transport only water, thus serving an essential role in trans-
cellular water transport. However, AQPs -6 and -8 have been included
in the classical category primarily based on sequence homology, since
AQPé6 is also permeated by anions, and AQP8 possibly by both water
and urea (Fu and Lu 2007). The second category, aquaglyceroporins,
comprises four members (AQP3, -7, -9, and -10) believed to transport
small, uncharged molecules in addition to water. The third category,
unorthodox aquaporins, comprises AQP11 and -12, whose functions
are currently being explored. Some archaeabacterial AQPs may also
belong to this third category, which lies somewhere between classical
aquaporins and aquaglyceroporins (Kozono et al. 2002).

In the subclass Acari, a cDNA encoding a putative aquaporin was
cloned from the ovaries of the American dog tick Dermacentor varia-
bilis (Acari: Ixodidae) (Holmes et al. 2008). An aquaporin, RsAQP1,
was identified in a salivary gland ¢cDNA library in the brown dog
tick, Rhipicephalus sanguineus. Subsequent functional characteriza-
tion of an acarine AQP was performed in Xenopus oocytes. Oocytes
expressing RsAQP1 became water permeable; however, RsAQP1
did not transport glycerol or urea (Ball et al. 2009). An aquaporin,
IrAQP1, identified in the sheep tick Ixodes ricinus was present only
in tissues involved in mass water flux (namely the gut and rectal
sac, and especially abundant in the salivary glands) (Campbell et al.
2010). IrAQP1 thus played a pivotal role in the blood, and in meal
and water handling through the gut and salivary glands. In tran-
scriptomic studies on gut tissues dissected from fully engorged adult
female cattle ticks (Rhipicephalus microplus), a cDNA encoding
for an aquaporin, RmAQP1, had similarity to the human AQP7.
Subsequently, a cDNA encoding a significant portion of RmAQP1
was expressed as a recombinant protein in Pichia pastoris, purified,
and used to intramuscularly vaccinate cattle. This recombinant pro-
tein immunization provided 75 and 68% efficacy in reducing the
numbers of adult female ticks in two cattle pen trials in Brazil. The
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effectiveness of the vaccine indicates that this aquaporin antigen
holds promise as an active ingredient in cattle vaccines to prevent
infestations of R. microplus (Guerrero et al. 2014).
Dermatophagoides farinae is one of the major house dust mite
species that induces allergic diseases, such as bronchial asthma, rhi-
nitis, and atopic dermatitis, in many people throughout the world.
Thus, identifying and understanding the potentially antigenic pro-
teins produced by this species is critical to reducing allergy burdens.
Here, in transcriptomic analyses of D. farinae, six putative aquapor-
ins were identified. We describe the first successful cDNA cloning and
consecutive molecular characterization of these putative aquaporins.

Materials and Methods

Total RNA of Dermatophagoides farinae

Dermatophagoides farinae mites were isolated and cultured
according to our previously reported methods (Cui et al. 2008,
2010, 2012a,b, 2013, 2014, 2016b). Approximately 2,000 D. fari-
nae mites were selected under a stereomicroscope before homog-
enization. Total RNA was extracted from homogenized mites
according to the mini handbook in the RNeasy Mini Kit (Qiagen
74104, Hilden, Germany). To evaluate the quality of the total RNA,
the concentrations, 285/18S, and RNA integrity number (RIN) were
detected on Agilent 2100 Bioanalyzer with Agilent RNA 6000 Nano
Reagents Port 1. The RNA was of good purity (UV260/280 = 1.95,
UV260/230 = 1.37). The RIN value was 6.4. Total RNA was dis-
solved in RNase-free water and stored at -80°C.

Transcriptome Library Construction, Sequencing,

De Novo Assembly, and Annotation

As described in our previous study (Cui et al. 2016a), a transcriptome
library was constructed with a SMART cDNA Library Construction
Kit (CLONTECH Corporation, Mountain View, CA; Code No.
634901). In brief, 10 pg total RNA of D. farinae was taken to
construct the transcriptome library using SMART ¢DNA Library
Construction Kit (CLONTECH, Code No. 634901). Magnetic
beads with Oligo (dT) were used to bind and purify mRNA. mRNA
was randomly broken into short fragments, which were used as a
template for reverse transcription with random primers. cDNA was
purified and blunt end repair was performed, adding a base A and
a linker to 3 end. Products were purified twice using Agencourt
AMPure XP 60 ml Kit (Beckman coulter, Miami, FL), to thoroughly
remove excess linker. Then 12 cycles of PCR amplification were per-
formed; after library quality inspection, sequencing was performed
using Illumina HiSeq 2500 Sequencer.

Sequencing data were pretreated by removing the reads with adapt-
ers, with >5% ratio of information on unidentified bases, or with low
quality (number of bases with quality values <10 was >20 among the
entire reads). Trinity, a short-reads assembling software, was used
to assemble de novo sequence (http:/trinityrnaseq.sourceforge.net/)
(Grabherr et al. 2011). CD-HIT software was used to homogeneously
cluster all the transcripts, using a sequence similarity of 95% as the
threshold value. Unigene was compared separately with the follow-
ing public databases: Swiss-Prot, NR, KEGG, COG, and Pfam (ftp://
ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/
complete/uniprot_sprot.fasta.gz;  ftp:/ftp.ncbi.nlm.nih.gov/blast/db/
FASTA/nr.gz; http://www.kegg.jp/kegg/download/; http://www.ncbi.
nlm.nih.gov/COG/grace/shokog.cgi; and ftp:/ftp.sanger.ac.uk/pub/
databases/Pfam/release/Pfam27.0/Pfam-A.fasta.gz). Functional anno-
tation was carried out by the similarity of the genes: taking E-value
< 1E-5 annotated and combined genotypes to obtain all annotation
details, then performing COG and KEGG classification for unigenes, as

well as GO (Gene Ontology) function annotation. Genescan software
was used to predict the coding region of the Unigene sequence, and
to obtain nucleotide and amino acid sequences of the coding region,
with partial results displayed by CDS nucleotide sequence. The assem-
bled transcripts (2200 bp) were used as the library, and the pretreated
sample database was mapped to the transcript using Bowtie software
(http://bowtie-bio.sourceforge.net/). Single nucleotide polymorphism
(SNP) analysis was carried out according to the mapping results, then
variable sites with high possibility were screened by Samtools software
((http://samtools.sourceforge.net/). The assembled genes (2200 bp)
were used as the library to calculate the expression abundance of
each gene in each sample by utilizing the sequence similarity matching
method and Bowtie software 0.12.8, with one reads mapped to mul-
tiple genes using the single-end mapping method. The gene expression
quantity was represented by RPKM value (reads per kilobase of exon
model per million mapped reads), calculated as follows:

RPKM = Tota'l efxon reads .
mapped reads (millions) * exonlength (KB)

Cloning, Sequencing, and Bioinformatics Analysis

for Aquaporin-Coding Genes of Dermatophagoides
farinae

The aquaporin coding sequence was obtained by sequencing and
functional annotation of the transcriptome, that is to say, the uni-
genes were aligned by BLASTX (E-value < 1.0E-5; http://blast.
ncbi.nlm.nih.gov/) to known AQPs from other species in protein
databases in the priority order NR, Swiss-Prot, KEGG, and COG.
Primers were designed against these sequences, and potential aqua-
porins were amplified from total RNA by RT-PCR. Full-length
genes were obtained by RACE (Cui et al. 2016b). The primers were
designed according to the full-length gene sequence (as shown in
Table 1); the total RNA of D. farinae was used as a template, and the
RT-PCR amplification was performed to obtain six putative aqua-
porin-coding genes. These cDNA fragments were then inserted into
pET28(a) for molecular cloning and sequencing validation.

Results

In total, 38,137 transcripts, with an average length of 653 bases,
were obtained from total RNA of D. farinae.

The 22,023 unigenes identified from the D. farinae transcrip-
tome were annotated by BLAST tools, including Swiss-prot (5,904;
26.81%), nr (7,952; 36.11%), Pfam (6,412; 29.12%), KEGG
(7,402; 33.61%), and COG (6,081; 27.61%). The NR data-
base queries revealed similarities in D. farinae sequence to Ixodes
scapularis 11.9%, Metaselulus occidentalis 5.5%, Daphnia pulex
3.9%, Tribolium castaneum 3.3%, Wallemia sebi 3.2%, Pediculus
humanus 2.4%, and others 69.8%. The function annotations from
COG and GO are provided in Figs. 1 and 2. The most common
functions identified were transcription/translation and ATP binding.

Unigene SNP Analysis

SNPs at the genomic level can affect gene functions. Thus, we
assessed SNP sites of within coding sequences of transcripts. We
identified 25,573 SNPs; 16,702 were transition (A-G, C-T) variants
and 8,871 were transversions (A-C, A-T, C-G, G-T).

Cloning and Sequencing of a Full-Length Gene of an
Aquaporin of Dermatophagoides farinae

Transcript sequences were input into the public databases Swiss-Prot,
NR, KEGG, KOG, and Pfam for BLASTX. Nine aquaporin-coding
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Fig. 1. COG function classification of unigenes from Dermatophagoides farinae.
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Fig. 2. GO function annotation of Dermatophagoides farinae unigenes.

genes were identified from BLAST alignments, two of which were
complete CDS, and the remaining seven were fragments. Primers
were designed using the total RNA of D. farinae as a template, uti-
lizing the nine identified sequences, and RT-PCR amplification was
performed to confirm these transcripts. Full-length gene sequences
were obtained through RACE, and targeted primers amplified
six putative aquaporin-coding genes, which were then inserted
into pET28(a) for molecular cloning and sequencing validation.
These full-length genes, named DerfAQP1, DerfAQP2, DerfAQP3,
DerfAQP4, DerfAQP5.01, and DerfAQPS5.02, were submitted to
GenBank (Fig. 3A-C). DerfAQP5.01 and DerfAQPS.02 differed by
just one amino acid (Fig. 3B).

Clustering analysis performed with Mega 6.0 resulted in three clus-
ters (Fig. 4): DerfAQP1, DerfAQP2, DerfAQP4 and hAQP3, hAQP7,
hAQP9, hAQP10 were clustered together; DerfAQPS5.01, DerfAQPS.02
and hAQPO, hAQP1, hAQP2, hAQP4, hAQPS, hAQP6, hAQPS were
clustered; and DerfAQP3 and hAQP11, hAQP12 were clustered.

Sequence alignment was performed for DerfAQP1, DerfAQP2,
DerfAQP4, and hAQP3, hAQP7, hAQP9, hAQP10 by Clustal Omega.
Figure 3A also shows identification of the two NPA tag motifs, which
are highly conserved motifs in aquaporins. Conserved amino acids K

cellular_component molecular_function

(Lysine), Y (Tyrosine), Q (Glutamine) were detected at positions 15, 19,
23 of downstream of the first NPA; conserved motif ‘IF-T” was detected
at position 73 downstream of the first NPA. In addition, the conserved
amino acids T (Threonine), D (Aspartic acid), and G (Glycine) were
detected at positions 96, 108, 125 of downstream of the first NPA.
According to the sequence alignment results, the second NPA motif
can be extended to the tag sequence ‘NPARD - PR’; at position 4 of its
upstream conserved G (Glycine), and at amino acid positions 13 and
19 located at conserved G (Glycine) and F (Phenylalanine) residues.
Sequence alignment was carried out using Clustal Omega for
DerfAQPS.01, DerfAQPS.02 and hAQPO, hAQP1, hAQP2, hAQPA4,
hAQPS, hAQP6, hAQPS (Fig. 3B). The two NPA tag motifs of aqua-
porins were identified. The first NPA tag site can be extended to
the conserved sequence ‘SG-H-NPA’, with an ‘AEF’ box at the -60
amino acid position, and with conserved Y (Tyrosine), G (Glycine),
E (Glutamic acid), G (Glycine), L (Leucine) at downstream positions
19, 26, 68, 72, 100, 108. For the second NPA, it can be extended
to sequence ‘G--MNPAR’, with conserved ‘A’ at its downstream
sixth amino acid position, and conserved ‘HW—W-GP’ motif at its
downstream 16th amino acid position. Identification of these con-
served sequences provides tags for discovering similar aquaporins.
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IL-ALGLSMGANCGIPLNPARDLGPRLFTYVAGWGPEVFSAG-NGWWWV-PVVAPLVGAT
I1-VIASSLGLNSGCAMNPARDLSPRLFTALAGWGFEVFRAG-NNFWWI-PVVGPLVGAV
VL-VIGTSMGFNSGYAVNPARDFGPRLFTALAGWGSAVFTTG-QHWWWV-PIVSPLLGSI
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Fig. 3. Aquaporin amino acid sequence alignments. (A) Among DerfAQP1, DerfAQP2, DerfAQP4 and hAQP3, hAQP7, hAQP9, hAQP10; (B) Among DerfAQP5.01,
DerfAQP5.02 and hAQPO, hAQP1, hAQP2, hAQP4, hAQP5, hAQP6, hAQPS8; (C) Amino acid sequence alignment among DerfAQP3, hAQP11 and hAQP12.
Alignments performed using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). *Residues or nucleotides in that column are identical in all sequences in

the alignment; " indicates conserved substitutions; ’ indicates semiconserved substitutions.

Discussion

RNA sequencing (RNA-Seq), also known as whole-transcriptome
shotgun sequencing, provides a cost-effective method for performing

qualitative and quantitative analyses of gene transcripts in many
nonmodel organisms, such as D. farinae mites, for which whole-ge-
nome sequences are not available. Through RNA-Seq we obtained
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hAQP1 VODNVKVSLAFGLS

E-FKKKLFWRAVVAEFLATTI S
hAQP4 AFKG-VWTQAFWKAVTAEFLAMLIFVLLSLGSTINWGGT-——EKP] 1S
hAQP6 MLAC-RLWKATSRALFAEFLATGLYVFFGVGSVMRWPTA- LPSVLQIAITFNLY
hAQPO ~MWE-LRSASFWRAIFAEFFATLFYVFFGLGSSLRWAPG——~~—~——PLHVLQVAMAFGLA
hAQP2 ~MWE-LRSIAFSRAVFAEFLATLLFVFFGLGSALNWPQA- LPSVLQIAMAFGLG
hAQPS MKKE- VCSVAFLKAVFAEFMTLI LGSALKWPSA: LPTILQIALAFGLA
hAQP8 LGL\' TATLGNISGGHFNPAVSLAAMLIGGLNLVMLLPYWVSQLLGGMLGAALAKAVSPEE
DerfAQPS. 01 L[QCFGHISGmi[NPAVTISHfT]CRISPLRAmILAEETGAIMM—LYSmTG
DerfAQPS. 02 MATLIQCRGHISGGHINPAVTISFLFTKRISPLRAFMY ILAHCTGATAGAALLYGVTVTG
hAQP1 IATLAQSVGH SGAHLNPAVTLGLLLSCQISIFRALMYITAQCVGAIVATAILSGITSSL
hAQP4 FGHISGGHINPAVTVAMVCTRKISIAKSYFY IAAQCLGALIGAGILYLVTPPS
hAQP6 TAIIA\’QVTIKASGM-IANPAVTMFL\'GSH SLPRAVAYVAAQLVGATVGAALLYGVMPGD

LATLVQSVGHISGAHVNPAVTFAFLVGSQUSLLRAFCYMAAQLLGAY. .{GMVI.YSVTPPA
hAQP2 IGTLVQALGHISGAHINPAVIVACLVGCHVSVLRAAFYVAAQLLGAVAGAALLHEITP,
hAQPS IGTMMLGWﬁGEImITLMVGNQ] SLLRAFFWMQLVGAHGMILYGVAPLN

hAQP8 RFWNASGAAFVTVQEQGQ-VAGALVAEIILTTLLALAVCMGAINEKT—KGPLAPFSIGF
DerfAQPS. 01 NQWHSMRPLSITIGHDSLNVWQLVTIELLLTFVVVFTTYAT-MDSNLKS-FGSDALPIGI
DerfAQPS. 02 NQUHSMGPLGITIGHDSLNVWQLVTVELLLTFVVVFTTYAT-MDSNRKS-FGSDALSIGI
hAQP1 ———TGNSLGRNDLADGVNSGQGLGIEIIGTLQLVLCVLAT-TDRRRRDLGGSAPLAIGL

hAQP4 WUGLGVTH'JHGNITAGHGLLVEL]]TFQLVFTIFAS—CDSKRWVTGSIAMIGF
hAQP6 ——-IRETLGINVVRNSVSTGQAVAVELLLTLQLVLCVFAS-TDSRQT—SGSPATMIGI
hAQPO ====YRGNLALNTLHPA' G(IA'IT\'EIFL'I’LQF\"LCIFAT YDERRNGQLGSVALAVGF
hAQP2 —IRﬁDLAVNALSNSTTMQAVTVELFLTLQLVLCIFAS—TDEERGENPGTPALSIGF
hAQPS — ARGNLA\’NALNMTTWWVE ’I‘FQLA].CIFAS TDSRR'I‘SPVGSPALSIGL

. *: HH

hAQP8 AVTVDILAGGPVSGGCMNPARAFGPAVVANHWN-FHWI YWLGPLLAGLLVGLLIRCFIGD
DerfAQPS, 01 AYLIASLAGLPASGASMNSARTLGPAFVMNRWQ-HHWYYWAGPISGAVIAATIYEFIFDT
DerfAQPS. 02 AYLIASLTGLPASGASMNPARTLGPAFVMNRWQ-HHWYYWAGPISGAVIAATIYEFIFDT
hAQP1 SVALGHLLAIDYTGCGINP. \V ITHNFS-NHWIFWVGPFIGGALAVLIYDFILAP
hAQP4 SVAIGHLFAINYTGASMNPARSFGPAV IMGNWE-NHWIYWVGPIIGAVLAGGLYEYVFCP
hAQP6 SVALGHLIGIHFTGCSMNPARSFGPAT I 1GKFT-VHWVFWV

SLALGHLFGMYYTG: GPTIGGGLGSLL
hAQP2 SVALGHLLGIHYTGCSMNPARSLAPAVVTGKFD-DHWVFWIGPLVGAILGSLLYNYVLFP
hAQPS SVT[.GEH,VGITFTGCSWPARSFGHVWNRPSPWGPIVGAMILW

I L N

hAQP8 GKTRLILEA
DerfAQPS. 01 SRCGIPSSSSI HSFNHQQQQLTQ‘(Q—QASH——MD!SAAGPGTISGVGGRSSFFQDH
]]erf?ﬂP& 02 SRRG[PSSSS K\"I'I'SGQV TQYQ-QASY-————LHHRSAAGPGTISGVGGKSSFFQDH

hAQP! EE‘!‘DLDADDINSRV'EHKPK

hAQP4 DVEP‘KRRFK—E&FSKMDQTK —V—
hAQP6 DTKTLAQRL— AILTGTW\’GTGAGAGAEPLKICESOPGSG!« VEME
hAQPO RLKSISERL————————SVLKGAK-PDVSNGQPEV-TGEP———————————VELN
hAQP2 PAKSLSERL~— AM&LEPMDI’EEREWQS*\’ELH
hAQPS NSLSLSERV— -ATTKGTYEPDEDWEEQREERKKT———————————-MELT

hAQP8
DerfAQPS, 01 FDFDLERDSNVDDDYEDPELSTTNNKMT IVSNHTKLFQGGNGVGTCSASAASSGSSFGHS
Darf?ﬁf'& 02 FDFDLERDSNVDDDYEDPELSTTNNKMTTVSNHTKLFQGGNGVGTCSASAASSGSSSGHS

hAQP4 ~—IDVDRGEEKKGKDQSGE ————VLSSV
hAQPE sV
TQAL:
hAQP2 SPQSLPRGTKA
hAQPS TR

hAQP8
DerfAQPS5. 01 RSNHTQHSIVSVHGGNNGAGVPFES YRPMIGPFCAGSASAANVSQTTTIPEVSSHIYNEP
]ERE;:}QPS. 02 RSNHTQHSIVSVHGGSNGAGVPFES YRPMIGPFGAGSASAANVPQTTTIPEVSPQIYNEP

hAQP4
hAQPG
hAQPO
hAQP2
hAQPS

hAQP8
DerfAQPS, 01 TNGSDYYQSASDRSANNSGGSNGGGPGNSNPSSFFHSMHPYDRQNRSVGHFAPNTMRSSN
g:a;;}ﬂ?& 02 TNGSNYYQSASDRSANNSGGSNGGGPGNSNPSSFFHSMHPYDRQNRSAGHFAPNTMRSSN

hAQP4
hAQP6
hAQPO
hAQP2
hAQPS

hAQP8
DerfAQPS. 01 DPSQPINRHI.NYDH-IQSWGPICF
DerfAQPS5. 02 GPSQPLNRHLNYDPHQSVMEPKF

hAQP1 i
hAGP4 s
hAQP6 I
nAQPO S —
hAQP2 e
hAQPS e
Fig 3. Continued
51,678,000 clean reads, and de novo transcript assembly produced In annotation, nine aquaporin-like genes were predicted by

38,137 transcripts and 22,023 unigenes. These observations suggest BLASTX in the public databases SWISS-PROT, NR, KEGG, KOG,
that we have generated a representative transcriptome of D. farinae. and Pfam. Of these, six full-length ¢cDNA were produced and
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C DerfAQP3 MEQILIDDSFVDSDLINHMGQKYPRILIQNDDIVKPALAPEHLCRDIFVERNDQNLFVRL
hAQP11
hAQP12
DerfAQP3 LRHYRTKGFISMLNFIKQSYHEYHRQSKQKSDDNHSGKPTNSKNYGLLLLYIFALITLQI
hAQP11
hAQP12
DerfAQP3 YSIYLATHMYFYPFDTYSDDDLLNEFNLNSGWKSGLVRTFVWHPSSLRCALALVNDLIYV
hAQP11
hAQP12
DerfAQP3 YSADHKRPLNHITCVENVHQRQI SSMCWHPKLDNVLVVACRDKILIWRFESLSTNVVQSS
hAQP11
hAQP12
DerfAQP3 PALLAQVKAESLSTRQQPSLQIVNTHLQSPITSLAFNMNGNMLVSC——-——-———————=
hAQP11 ——————————————MSPLL-GLRSELQDTCTSLGLMLSVVLLMGLARVVARQQLHRPVA
hAQP12 MAGLNV
DerfAQP3 ————SPRNASLSLCRFDDKCQLAKIES TRMKQLSSLIHLPQLTSLQWSPDGRRLLALTTL
hAQP11 HAFVLEFLATFQLCCCTHE
hAQP12 ——SLSFFFATFALCEAARRASKALL

¥ Kk
DerfAQP3 RSKPICVFESIKWSYKFWTFPPEHNRQLCQTAVWLRPNGMIMLFVPKQSSKIFALTFYDR
hAQP11 LQLLS——-EQHPAHPTWTL-——-———-TLVYFFSL
hAQP12 —PVG——————AYEVFAREAMRTLVELGPWAGDFGPDLLL-——--——-TLLFLLFL
HE 3 "
DerfAQP3 AEADDVGGGSSDQCTLILDTRQ———————————FFNQDGITSLPITHQLC—WDIKCTK
hAQP11 VHGLTLVGTSSNPCGVMMOMMLGGMSPETGAVRLLAQLV—SALCSRYCTSALWSLGLTQ
hAQP12 AHGVTLDGASANPTVSLQEFLMAEQSLPGTLLKLAAQGLGMQAACTLMRLCWAWELSDLH
A - : H . % 4
DerfAQP3 LVVSFQD PMET TAI—FST-————SLNPGLNIQ—————
hAQP11 YHVSERSFACKNPIRVDLLKAVITEAVCSFLFHSALLHFQEVRTKLRIHLLAALITFLVY
hAQP12 LLQSLMAQSCSSALRTSVPHGALVEAACAFCFHLTLLHLRHSPPAYSGPAVALLVTVTAY
* Sarn . *
DerfAQP3 —————PFRILKPAFTSGKNVRCLSMNFHDNY————VDP—GCLITICWSNGILTHIPLED
hAQP11 AGGSLTGAVFNPALALSLHFMCFDEAFPQFFIVYWLAPSLGILLMILMFSFFLPWLHNNH
hAQP12 TAGPFTSAFFNPALAASVTFACSGHTLLEYVQVYWLGPLTGMVLAVLLHQGRLPHLFQRN
KL - HE . ¥

DerfAQP3 TDIDKNDRTPNESIRSLTSLCTSFDESSFVRRAGEFSLSRCSIASPLQHNGNGSIILSQT
hAQP11 T INKKE
hAQP12 L FYGQKNKYRAPRG——KPAPASGDTQ———TP
DerfAQP3 HTGKKSRQPEKTKSFGTSTPPSTPFRRSVLYSTRVQYD
hAQP11
hAQP12 AKGSSVREPGRSGV-—EGPHSS—————————-

Fig 3. Continued

confirmed in subsequent biological experiments that included RT-
PCR and RACE, and then verified by nucleotide sequencing of the
recombinant plasmids by linking the cDNA obtained with pET28(a)
plasmid. These six full-length sequences received GenBank acces-
sion numbers KY231248, KY231249, KY231250, KY231251,
KY231252, and KY231253, which we have named, respectively,
DerfAQP1-4, DerfAQP5.01, and DerfAQPS5.02. The only differ-
ence between KY231252 and KY231253 is one amino acid; thus,

it was presumed that these two reflect a polymorphism of the same
aquaporin.

Phylogenetic analyses of aquaporins from D. farinae identified
three subgroups: 1) aquaporins DerfAQP5.01 and DerfAQPS5.02,
which were clustered with hAQPO, -1, -2, -4, -5 -6, and -8;
2) aquaglyceroporins DerfAQP1, DerfAQP2, and DerfAQP4, which
were clustered with hAQP3,-7,-9, and -10; and 3) unorthodox aqua-
porin DerfAQP3, which was clustered with hAQP11 and hAQP12.
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Fig. 4. Phylogenetic relationship of aquaporins from Dermatophagoides
farinae and Homo sapiens (human). Tree was constructed from amino
acid sequences using the neighbor-joining method of MEGA (6.0). Scale
bar represents an estimate of the number of amino acid substitutions per
site. Accession and database sequences identifiers are as follows: hAQP1
(AB451275), hAQP2 (AH007817), hAQP3 (BT007199), hAQP4 (BC022286),
hAQP5 (AH006636), hAQP6 (NM_001652), hAQP7 (BC119672), hAQP8
(AF067797), hAQP9 (AB008775), AQP10 (BC069607), AQP11 (BC040443),
AQP12 (AB040748), DerfAQP1 (KY231248), DerfAQP2 (KY231249),
DerfAQP3 (KY231250), DerfAQP4 (KY231251), DerfAQP5.01 (KY231252), and
DerfAQP5.02 (KY231253).

Great effort has been focused on determining the structures of
AQPs that characterize their unique and specific permeability. Based
on primary sequences, AQPs contain six membrane-spanning seg-
ments (TM1-6) with five connecting loops (A-E), and two highly
conserved regions called NPA boxes (or motifs) with three amino
acid residues (asparagine, proline, alanine: Asn-Pro-Ala). The NPA
boxes have been called the ‘signature’ of AQPs. In our analyses, the
two NPA motifs were found in DerfAQP1, DerfAQP2, DerfAQP4,
and DerfAQPS5.02. However, analysis of the MIP family database
revealed considerable variation of NPA motifs, like we found in
DerfAQP5.01 and DerfAQP3. Further sequence alignment revealed
homologies among DerfAQP1, DerfAQP2, and DerfAQP4 and
hAQP3, hAQP7, hAQP9, and hAQP10; and among DerfAQPS5.01
and DerfAQP5.02 and hAQPO, hAQP1, hAQP2, hAQP4, hAQPS,
hAQP6, and hAQPS. DerfAQPS5.01 and DerfAQP5.02 differed by
just one amino acid, which may be a polymorphic site. To demon-
strate this possibility, further study is required.

By 2009, seven types of AQPs had been functionally expressed
within the class Insecta, specifically BIB from Drosophila mela-
nogaster, PvAQP1 and PvAQP2 from Polypedilum vanderplanki,
AQPcic from Cicadella wviridis, AeaAQP from Aedes aegypti,
RpMIP from Rhodnius prolixus, and DRIP from D. melanogaster

(Spring et al. 2009). Since then, AQP homologues have been found
in insect genomes with the greatest coverage and fullest assembly.
The genomes of each known Drosophila species include seven AQP
homologues. In genomes of the mosquitoes Ae. aegypti, Anopholes
gambiae, and those in the genus Culex, five have been identified;
in genomes of the honey bee, Apis mellifera, the jewel wasp, Naso
vitripennis, and the red flour beetle, Triboleum castaneum, six have
been identified (Campbell et al. 2008). In 2014, Fabrick et al. cloned
and characterized five new AQPs from the western tarnished plant
bug, Lygus hesperus, a polyphagous insect pest of food and fiber
crops throughout western North America (Fabrick et al. 2014).
Recently, eight aquaporins (BtAQPs) were identified in the Middle
East-Asia Minor 1 (MEAM1) whitefly, Bemisia tabaci (Gennadius).
Seven of these belonged to the classical AQP4-related channels,
including BIB, DRIP, Prip, and Eglps, and one belonged to the unor-
thodox group of AQP12-like channels (Ekert et al. 2016).

For the six gene fragments we cloned from the D. farinae tran-
scriptome, we unfortunately failed to express the full-length cDNAs
in Escherichia coli BL21 (DE3) T1R cells. Nonetheless, the identi-
fication of the full-length gene sequences confirms the presence of
multiple aquaporin genes in this house dust mite species. Further,
bioinformatics analyses allowed us to classify them into three par-
alogous groups, i.e., aquaporins, aquaglyceroporins, and superaqua-
porins. Some signature sequence will be helpful to explore the mite
aquaporins in the future, and can lay the foundation for investiga-
tions of their relationship to human allergy.
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