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a b s t r a c t

Aquaporins (AQPs) are integral membrane channel proteins that facilitate the bidirectional transfer of
water or other small solutes across biological membranes involved in numerous essential physiological
processes. In arthropods, AQPs belong to several subfamilies, which contribute to osmoregulation,
respiration, cryoprotection, anhydrobiosis, and excretion. We cloned and characterized five novel AQPs
from the western tarnished plant bug, Lygus hesperus, a polyphagous insect pest of food and fiber crops
throughout western North America. The L. hesperus AQPs (LhAQP1-5) belong to different phylogenetic
subfamilies, have unique transcription profiles and cellular localizations, and all transport water (but not
glycerol) when heterologously expressed in Xenopus laevis oocytes. Our results demonstrate that mul-
tiple AQPs with possible compensatory functions are produced in L. hesperus that likely play important
roles in maintaining water homeostasis in this important insect pest.

Published by Elsevier Ltd.
1. Introduction

Aquaporins (AQPs) belong to the ancient class of major intrinsic
proteins (MIPs), which are integral membrane channel proteins
found in all kingdoms of life. These proteins facilitate the bidirec-
tional transfer of water or sometimes other small neutral solutes
across biological membranes involved in numerous essential
physiological processes (Hachez and Chaumont, 2010; Gomes et al.,
2009; King et al., 2004). AQPs are best known for their diverse roles
in water transport related to cell water balance regulation
[reviewed in Agre et al. (1998); Carbrey and Agre, 2009], but they
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also transport a wide range of solutes, including urea and glycerol,
hydrogen peroxide, dissolved gasses (CO2, NO, NH3), and certain
metalloids (Cohen, 2013; Hachez and Chaumont, 2010). Whereas
most solutes permeate through the monomeric channel, AQPs
usually assemble as tetramers forming a fifth central pore that in
some cases functions to conduct ions (Yool and Weinstein, 2002;
Yool, 2007).

The functional diversity of AQPs is facilitated by key modifica-
tions to their structure. In general, members of theMIP superfamily
share a number of structural features, including six helical trans-
membrane (TM) domains connected by five alternating extracel-
lular/intracellular loops with intercellular amino and carboxyl
termini, two canonical Asp-Pro-Ala (NPA) motifs, and the aromatic/
arginine (ar/R) selectivity filter (Zardoya, 2005). Together, the ca-
nonical amino- and carboxyl-terminal halves form two tandem
repeats, each containing a single NPAmotif, forming the ‘aquaporin’
or ‘hourglass’ fold (Jung et al., 1994; Murata et al., 2000) and ulti-
mately shaping the selective TM channel. ‘Classical’ or ‘orthodox’
AQPs allow water diffusion through an extremely narrow and
electrostatically-selective pore that precludes the permeability of
large, hydrophobic, or incorrectly charged solutes (Murata et al.,
2000). In another functional class of AQPs known as the aqua-
glyceroporins, the composition of the ar/R constriction site and the
corresponding larger, more hydrophobic three-dimensional shape
of the pore enables permeation of additional solutes, such as
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polyols (Fu et al., 2000; Hub and de Groot, 2008). Members of a
recently identified subfamily known as ‘superaquaporins’ or “S-
aquaporins” exhibit low sequence similarity with other AQPs,
altered NPA signature motifs, and anomalous subcellular localiza-
tion (Ishibashi, 2006, 2009; Nozaki et al., 2008; Calvanese et al.,
2013).

Whereas vertebrate AQPs have been studied extensively
[reviewed in King et al. (2004); Verkman 2008; and Ishibashi et al.,
2009], far less attention has been given to invertebrate AQPs. In
arthropods, AQPs are involved in regulating the movement of high
volume liquid diets, osmoregulation, respiration, cryoprotection
and anhydrobiosis [reviewed in Campbell et al. (2008); Spring et al.,
2009; and Cohen 2013]. Genome sequencing indicates that insects
may contain up to 5-8 genes encoding putative aquaporin-like
transcripts (Campbell et al., 2008; Drake et al., 2010), but the
complete repertoire from any single species is yet to be fully
characterized. Multiple functional AQPs have been found in several
insects, including three from Aedes aegypti (Duchesne et al., 2003;
Drake et al., 2010) and Bombyx mori (Kataoka et al., 2009a;
Azuma et al., 2012), and two from the oriental fruit moth, Graph-
olita molesta (Kataoka et al., 2009b), the pea aphid, Acyrthosiphon
pisum (Shakesby et al., 2009; Wallace et al., 2012), the sleeping
chironomid, Polypedilum vanderplanki (Kikawada et al., 2008), and
Drosophila melanogaster (DRIP and BiB) (Kaufmann et al., 2005;
Yanochko and Yool, 2002). For A. aegypti, studies have shown that
a water-specific DRIP (AeaAQP) is involved in water movement in
Malpighian tubules and tracheoles (Duchesne et al., 2003). RNA
interference (RNAi) knockdown further revealed a role in diuresis
in Malpighian tubules for three of the six putative AQPs (Drake
et al., 2010). Functional AQPs from B. mori include, AQP-Bom1 (a
water-specific DRIP), AQP-Bom2 (an aquaglyceroporin), and AQP-
Bom3 (a water-specific PRIP), all of which play important roles in
water reabsorption and recycling within the cryptonephric rectal
complex (Kataoka et al., 2009a; Azuma et al., 2012). G. molesta has a
functional water-specific DRIP (AQP-Gra1) and an aquaglyceroporin
(AQP-Gra2) (Kataoka et al., 2009b). In A. pisum, ApAQP1 was shown
to be a water-specific AQP (Shakesby et al., 2009) whereas ApAQP2
exhibited aquaglyceroporin activities, transporting water and
glycerol in Xenopus oocytes (Wallace et al., 2012). Two
P. vanderplanki AQPs (PvAQP1 and PvAQP2) facilitated water
permeation, but not transport of glycerol in Xenopus oocytes
(Kikawada et al., 2008). Among the D. melanogaster AQPs charac-
terized are a water-selective AQP called Drosophila integral protein
or DRIP, which is involved in excretion and osmoregulation
(Kaufmann et al., 2005), and the novel AQP known as Big Brain
(DmBIB), which does not permeate water, but functions as a cation
channel (Yanochko and Yool, 2002). Other arthropods having at
least one functionally characterized AQP include: Cicadella viridis
(La Caherec et al., 1997); Rhodnius prolixus (Echevarria et al., 2001);
Anopheles gambiae (Liu et al., 2011); Blattella germanica (Herraiz
et al., 2011); Eurosta solidaginis (Philip et al., 2011); Bemisia tabaci
(Mathew et al., 2011); Belgica antarctica (Goto et al., 2011); Anomala
cuprea (Nagae et al., 2013); and the ticks, Dermacentor variabilis
(Holmes et al., 2008), Rhipicephalus sanguineus (Ball et al., 2009),
and Ixodes ricinus (Campbell et al., 2010).

Numerous species within the hemipteran family Miridae are
important agricultural pests causing crop damage from feeding
with specialized piercing-sucking mouthparts (Wheeler, 2001).
One such mirid bug is Lygus hesperus Knight (the western tarnished
plant bug), a highly polyphagous pest causing economic losses in
numerous cropping systems in western North America (Wheeler,
2001). Lygus bugs are “cell rupture” feeders (previously termed
“lacerate-and-flush”) that first puncture host tissue and inject
saliva containing digestive enzymes (Miles, 1987; Strong and
Kruitwagen, 1968; Shackel et al., 2005; Backus et al., 2007). The
pre-digested fluid is then pumped through the food canal for ab-
sorption of nutrients primarily within the midgut epithelium of the
alimentary tract (Wheeler, 2001; Habibi et al., 2008). Some he-
mipterans use specialized biochemical processes or gut
morphology (e.g. filter chambers) to abate osmotic stress and
remove excess dietary fluid (Douglas, 2006; Gullan and Cranston,
2005; Lehane and Billingsley, 1996; Hubert et al., 1989; Mathew
et al., 2011). Lygus bugs lack the specialized filter chamber or
gastric cecae of sap feeding hemipterans, and instead have a simple,
cimicomorph type alimentary tract typical of other mesophyll
feeders (Goodchild, 1966; Habibi et al., 2008).

Here, we characterize five AQPs (LhAQP1-5) from L. hesperus.
Based on sequence conservation and phylogenetics, bioinformatic
predictions, cellular and tissue localization, temporal expression,
and functional analysis, the LhAQPs belong to different subfamilies
but all function as water-specific channel proteins. Localization
and transcription profiles for LhAQPs provide clues about the
putative roles these functionally redundant AQPs may play in
maintaining L. hesperus water homeostasis. The combination of
standard molecular cloning techniques and the mining of tran-
scriptome data for AQPs provides an unprecedented opportunity
to comprehensively identify and characterize AQPs within
L. hesperus.

2. Materials and methods

2.1. Insects

A laboratory colony of Lygus hesperus was maintained at the
USDA-ARS U.S. Arid Land Agricultural Research Center in Maricopa,
AZ, USA. The colony was fed green beans and artificial diet at 25 �C
under 20% humidity and with an L14:D10 photoperiod (Debolt,
1982; Patana, 1982).

2.2. cDNA isolation and 50-RACE of LhAQPs

Total RNA was extracted from 100 mg of L. hesperus adults and
2nde3rd instar nymphs using TRIzol� reagent (Invitrogen-Life
Technologies, Carlsbad, CA). cDNA was produced using random
hexamer primers and SuperScript III First-strand Synthesis System
(Invitrogen-Life Technologies) according to manufacturer’s rec-
ommendations. PCR primers 1LhAQP5-8LhAQP3 (Table 1) were
designed using Primer3Plus (Untergasser et al., 2007) from four
putative Lygus lineolaris AQPs obtained from a L. lineolaris tran-
scriptome sequencing project (O.P. Perera, unpublished). Four
partial LhAQPs (named LhAQP1-4) were PCR amplified using ExTaq
DNA polymerase premix (Takara-Clontech, Palo Alto, CA) and
primer pairs (Table 1). Products were electrophoresed on a 1%
agarose gel and visualized using SYBR Safe (Invitrogen-Life Tech-
nologies). Bands were gel-purified using Montage DNA Gel
Extraction Kit (EMD Millipore, Billerica, MA) and ligated into
pCR2.1-TOPO using TOPO TA Cloning Kit (Invitrogen-Life Technol-
ogies). Plasmid DNA was propagated in OneShot TOP10 chemically
competent Escherichia coli and purified using QIAprep Spin Mini-
Prep Kit (Qiagen, Valencia, CA). Inserts were sequencedwith T7 and
M13 Reverse vector primers by the Arizona State University DNA
Core Lab (Tempe, AZ).

The 50 and 30 ends of LhAQP1-4s were identified by rapid
amplification of cDNA ends (RACE) using the SMARTer RACE cDNA
Amplification Kit (Clontech). At least two sense and two antisense
primers were designed for each partial LhAQP consensus sequence
(Table 1). The primers were used with Universal Primer A (Clon-
tech) in fully nested PCR to amplify 50 and 30 ends (Table 1). PCR
products were sub-cloned into pCR2.1-TOPO (Invitrogen-Life
Technologies) and sequenced as indicated above.



Table 1
Nucleotide primers used to obtain partial and full-length Lygus hesperus aquaporins (LhAQP1-5), rapid amplification of cDNA ends (50- and 30-RACE), reverse transcriptase-PCR
(RT-PCR) amplification of cDNA, and for sub-cloning into pIB expression vector.

Primer Primer DNA sequencea Direction LhAQP Application

AcF 50-ATGTGCGACGAAGAAGTTG-30 Sense e RT-PCR
AcR1 50-GTCACGGCCAGCCAAATC-30 Antisense e RT-PCR
1LhTub5 50-CACCAAGTCGTTCATGTTGG-30 Sense e RT-PCR
2LhTub3 50-GTCACCACTTGCCTCAGGTT-30 Antisense e RT-PCR
1LhAQP5 50-CAAACTCTGAGCCTTCCCACA-30 Sense 3 Partial cloningb

2LhAQP3 50-GTCGAGTCAACACGCTGGT-30 Antisense 3 Partial cloning
3LhAQP5 50-GTCGAGTCAACACGCTGGT-30 Sense 4 Partial cloning
4LhAQP3 50-CTTTTCCAAGCCGCTTCAT-30 Antisense 4 Partial cloning
5LhAQP5 50-TTGGGTACGGAGGATGTGG-30 Sense 1 Partial cloning
6LhAQP3 50-TTACAAATCGTAAGAACTGTCGTC-30 Antisense 1 Partial cloning
7LhAQP5 50-GGAAGTGTTTGGAGCAGAGC-30 Sense 2 Partial cloning
8LhAQP3 50-GCAGGTGGTGTAGAAAAGTGG-30 Antisense 2 Partial cloning
18LhAQP5 50-TGCCTCTGACTGGATCAGGA-30 Sense 1 30-RACEc

19LhAQP5 50-GTTGGACAGTGGGACAACCA-30 Sense 1 30-RACE
20LhAQP3 50-GCCTGACCCTCAGTGAGTCC-30 Antisense 1 50-RACE
21LhAQP3 50-CATCTGAACGACCGAAGCAA-30 Antisense 1 50-RACE
22LhAQP5 50-TGGCCCTCATCTTTCTGGTT-30 Sense 2 30-RACE
23LhAQP5 50-CCCCGTCAGAAGTCTTGGTC-30 Sense 2 30-RACE
24LhAQP3 50-TGATTGCTCCCATGATTTGC-30 Antisense 2 50-RACE
25LhAQP3 50-TGCCCCAGTACGTAGAATGC-30 Antisense 2 50-RACE
34LhAQP3 50-CTGGCGAGCAGCACATCGCGGGTCA-30 Antisense 2 50-RACE
35LhAQP3 50-CACCAACGCCCATGATTGCTCCCATGA-30 Antisense 2 50-RACE
36LhAQP5 50-TGCTGCTCTGCATCGGCTGCGCTTC-30 Sense 2 30-RACE
37LhAQP5 50-CCGCGATGTGCTGCTCGCCAGGACT-30 Sense 2 30-RACE
26LhAQP3 50-AGCGCCGAAATTTGGGGCAGTCCAG-30 Antisense 3 50-RACE
27LhAQP3 50-CGAGCGACATGTGCCCCATGACCAG-30 Antisense 3 50-RACE
28LhAQP5 50-GGTCATGGGGCACATGTCGCTCGTC-30 Sense 3 30-RACE
29LhAQP5 50-GACCGCCGGGTTTCTGCACCACTCA-30 Sense 3 30-RACE
30LhAQP3 50-GCGGGATTCATGCTGGAACCCGTGGA-30 Antisense 4 50-RACE
31LhAQP3 50-CGGCACCTCCGATGGCGCCAAGACA-30 Antisense 4 50-RACE
32LhAQP5 50-AAGGCGGTGGTGGCCGAAGCACTCG-30 Sense 4 30-RACE
33LhAQP5 50-TGGCGCCATCGGAGGTGCCGCTATG-30 Sense 4 30-RACE
38LhAQP5 50-ATGATGGGCGACCACAGTTCTATC-30 Sense 1 Cloning CDSd

39LhAQP3 50-TTACAAATCGTAAGAACTGTCGTCG-30 Antisense 1 Cloning CDS
40LhAQP5 50-ATGGTGACCGACTCGGGCGGGA-30 Sense 2A Cloning CDS
41LhAQP3 50-CTACGATTGGCCTCCCCTGAGGAA-30 Antisense 2A Cloning CDS
42LhAQP5 50-ATGGCTACTCCACTCGTTTTGAACAGGGTG-30 Sense 2B Cloning CDS
43LhAQP5 50-ATGGGAGTCACGACCGGATCGG-30 Sense 2C Cloning CDS
44LhAQP5 50-ATGAACAGTGGGAACAGCGTTTTTCTG-30 Sense 2D Cloning CDS
86LhAQP5 50-GGATCCATGACGATGAGCGAAT-30 Sense 2E Cloning CDS & pIB
45LhAQP5 50-ATGCCTCCGAGATCAAAAGCACG-30 Sense 3 Cloning CDS
46LhAQP3 50-TTATATGGTGGCGTCGACTTCTCTTGT-30 Antisense 3 Cloning CDS
47LhAQP5 50-ATGCCAGACAAGAGGAGTCGAGTCAA-30 Sense 4 Cloning CDS
48LhAQP3 50-TCATGCGTTGCTGTTTTCATTTCCT-30 Antisense 4 Cloning CDS
79LhAQP5 50-ATGGGGGGCATCTTCGG-30 Sense 5 Cloning CDS
80LhAQP3 50-TTAGAGATCTTTTTCTTTCCCCAGGA-30 Antisense 5 Cloning CDS
61LhAQP5 50-ATTCGATGCTGTTGGTAGGG-30 Sense 1 RT-PCRe

62LhAQP3 50-CTGATCCAGTCAGAGGCACA-30 Antisense 1 RT-PCR
63LhAQP5 50-GGAAGTGTTTGGAGCAGAGC-30 Sense 2 RT-PCR
64LhAQP3 50-TGCGCCAGTGTATTTACCAA-30 Antisense 2 RT-PCR
65LhAQP5 50-GGTGCTTAGTTTCGCTTTGG-30 Sense 3 RT-PCR
66LhAQP3 50-CGGTAGATCACTGCTGCAAA-30 Antisense 3 RT-PCR
67LhAQP5 50-CGGTAGATCACTGCTGCAAA-30 Sense 4 RT-PCR
68LhAQP5 50-CCCAGTGGTTATCCCATTTG-30 Antisense 4 RT-PCR
77LhAQP5 50-CGACTTACGCCCTCTTCTTG-30 Sense 5 RT-PCR
78LhAQP3 50-GGAACCGATCCAGTAGACGA-30 Antisense 5 RT-PCR
81LhAQP5 50-GGATCCATGGTGACCGACTC-30 Sense 2A pIB
82LhAQP3 50-AGGCCTCGATTGGCCTCCCCTG-30 Antisense 2A pIB
83LhAQP5 50-GGATCCATGGCTACTCCACTC-30 Sense 2B pIB
84LhAQP5 50-GGATCCATGGGAGTCACGACCGGAT-30 Sense 2C pIB
85LhAQP5 50-GGATCCATGAACAGTGGGAAC-30 Sense 2D pIB
86LhAQP5 50-GGATCCATGACGATGAGCGAAT-30 Sense 2E pIB
73LhAQP5 50-GGATCCATGCCTCCGAGATCAAAAGC-30 Sense 3 pIB
74LhAQP3 50-AGGCCTTATGGTGGCGTCGACTTCTCTTGT-30 Antisense 3 pIB
75LhAQP5 50-GGATCCATGCCAGACAAGAGGAGTCGA-30 Sense 4A pIB
76LhAQP3 50-AGGCCTTGCGTTGCTGTTTTCATTTCCTT-30 Antisense 4A pIB
89LhAQP5 50-GGAGAGAGCTCCACTGAGGTACGCATCAAGGTATTA-30 Sense 4A pIB
90LhAQP3 50-TAATACCTTGATGCGTACCTCAGTGGAGCTCTCTCC-30 Antisense 4A pIB
87LhAQP5 50-GGATCCATGGGGGGCATCTT-30 Sense 5 pIB
88LhAQP3 50-AGGCCTGAGATCTTTTTCTTTCC-30 Antisense 5 pIB
LhAQP1 Met3 F 50-ATGCCACGTTCTGAAGAAG-30 Sense 1 pIB
EGFP-LhAQP1 OE F 50-gacgagctgtacaagATGATGGGCGACCAC-30 Sense 1 Domain swap/pIB

(continued on next page)
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Table 1 (continued )

Primer Primer DNA sequencea Direction LhAQP Application

EGFP-LhAQP1 OE R 50-GTGGTCGCCCATCATcttgtacagctcgtc-30 Antisense 1 Domain swap/pIB
BtAQP1N-LhAQP1 F 50-TAGTTGCTGAGTTCCTGGGAAC-30 Sense 1 Domain swap/pIB
BtAQP1N-LhAQP1 R 50-GTTCCCAGGAACTCAGCAACTA-30 Antisense 1 Domain swap/pIB
LhAQP1N-BtAQP1 F 50-CGTCGCTGAGTTCGTAGGGAC-30 Sense 1 Domain swap/pIB
LhAQP1N-BtAQP1 R 50-GTCCCTACGAACTCAGCGACG-30 Antisense 1 Domain swap/pIB
LhAQP1-EGFP F 50-GTTCTTACGATTTGatggtgagcaagggcgag-30 Sense 1 Domain swap/pIB
LhAQP1-EGFP R 50-ctcgcccttgctcaccatCAAATCGTAAGAAC-30 Antisense 1 Domain swap/pIB
StuI-EGFP F 50-AGGCCTATGGTGAGCAAG-30 Sense e Domain swap/pIB
EGFP R stop 50-TTACTTGTACAGCTCGTCCATG-30 Antisense e Domain swap/pIB
20BtAQP3 50-TCAGAAATCATAAGAGCTCTCATC-3 Antisense e Domain swap/pIB

a Underlined sequence corresponds to restriction enzyme sites (G*GATCC ¼ BamHI, GGTAC*C ¼ KpnI, GAGCT*C ¼ SacI, AGG*CCT ¼ StuI). Sequence in lower case indicates
regions within primers corresponding to EGFP used in overlap extension PCR to produce LhAQP1 chimera with EGFP at amino- or carboxyl-terminus. Italicized sequence
corresponds to primer regions from BtAQP1 (ABW96354.1) used in overlap extension PCR to produce LhAQP1eBtAQP1 amino-terminal domain swaps.

b Partial LhAQPs 1e4 were PCR amplified using primer pairs 1LhAQP5 þ 2LhAQP3 (LhAQP1), 3LhAQP5 þ 4LhAQP3 (LhAQP2), 5LhAQP5 þ 6LhAQP3 (LhAQP3), and
7LhAQP5 þ 8LhAQP3 (LhAQP4).

c For 50 and 30 RACE at least two sense and two antisense primers were used to amplify ends of LhAQP1-4 (18LhAQP5 and 19LhAQP5 for 30-RACE of LhAQP1; 20LhAQP3 and
21LhAQP3 for 50-RACE of LhAQP1; 22LhAQP5, 23LhAQP5, 36LhAQP5, and 37LhAQP5 for 30-RACE of LhAQP2; 24LhAQP3, 25LhAQP3, 34LhAQP3, and 35LhAQP3 for 50-RACE of
LhAQP2; 26LhAQP3 and 27LhAQP3 for 50-RACE of LhAQP3; 28LhAQP5 and 29LhAQP5 for 30-RACE of LhAQP3; 30LhAQP3 and 31LhAQP3 for 50-RACE of LhAQP4; 32LhAQP5 and
33LhAQP5 for 30-RACE of LhAQP4).

d Full-length coding sequences for LhAQPs were confirmed by PCR amplification from adult Lygus hesperus cDNA using primer pairs 38LhAQP5 þ 39LhAQP3 (LhAQP1),
40LhAQP5 þ 41LhAQP3 (LhAQP2A), 42LhAQP5 þ 41LhAQP3 (LhAQP2B), 43LhAQP5 þ 41LhAQP3 (LhAQP2C), 44LhAQP5 þ 41LhAQP3 (LhAQP2D), 86LhAQP5 þ 41LhAQP3
(LhAQP2E), 45LhAQP5 þ 46LhAQP3 (LhAQP3), 47LhAQP5 þ 48LhAQP3 (LhAQP4), and 79LhAQP3 þ 80LhAQP (LhAQP5).

e For reverse transcriptase-PCR (RT-PCR), LhAQP-specific primers were used to amplify products fromwithin each ORF using primer pairs 61LhAQP5þ 62LhAQP3 (LhAQP1),
63LhAQP5 þ 64LhAQP3 (LhAQP2), 65LhAQP5 þ 66LhAQP3 (LhAQP3), 67LhAQP5 þ 68LhAQP3 (LhAQP4), and 77LhAQP5 þ 78LhAQP3 (LhAQP5).
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Concurrent with cloning the four putative partial cDNAs
(LhAQP1-4), we sequenced and de novo assembled a Roche 454
transcriptome from normalized cDNA libraries prepared from 0 to 5
day old post-eclosion L. hesperus adults (Hull et al., 2013). In
addition to confirming the presence of the LhAQP1-4 transcripts
(Table 2), the L. hesperus 454 transcriptome also revealed an addi-
tional putative full-length aquaporin-like transcript, designated as
LhAQP5.

Full-length LhAQP coding sequences (CDS) corresponding to
open reading frames (ORFs) were confirmed by PCR amplification
from L. hesperus adult cDNA using primer pairs (Table 1). All
Table 2
Aquaporin protein transcripts identified by cDNA cloning and from de novo-
assembled Lygus hesperus and Lygus lineolaris transcriptomes.

LhAQP LhAQP NCBI
accession
number

Number of
L. hesperus
AQP isotigs
per isogroupa

CDS
(bp)b

ORF
(aa)c

Number of
putative
L. lineolaris
AQP contigsd

CDS
(bp)e

ORF
(aa)f

1 KF048092 2 864 287 5 864 287
2A KF048093 eg 789 262 e e e

2B KF048094 e 813 270 e e e

2C KF048095 e 885 294 e e e

2D KF048096 e 846 281 e e e

2E KF048097 9 768 255 2 768 255
3 KF048098 10 804 267 2 804 267
4A KF048099 1 837 278 e e e

4B KF048100 e 798 265 2 798 265
5 KF048101 5 798 265 e e e

a Total number of contigs comprising LhAQPs obtained from de novo-assembled
adult Lygus hesperus 454 transcriptome (Hull et al., 2013).

b Number of nucleotides comprising L. hesperus AQP coding sequences (CDS)
obtained from RACE and PCR cloning.

c Number of residues from translation of L. hesperus AQP CDS using ExPASy
Translate tool (http://web.expasy.org/translate/).

d Total number of putative AQP contigs obtained from de novo-assembled Lygus
lineolaris transcriptome sequencing libraries (personal communication from O.P.
Perera).

e Number of nucleotides comprising L. lineolaris CDS for AQP transcripts obtained
by aligning contigs and generating consensus sequences.

f Number of residues from translation of L. lineolaris AQP CDS using ExPASy
Translate tool (http://web.expasy.org/translate/).

g “e” indicates that for cloned AQP cDNAs no contigs/isotigs were found in de
novo-assembled Lygus hesperus or Lygus lineolaris transcriptomes.
products corresponding to full-length LhAQP CDS were PCR
amplified using ExTaq DNA polymerase (Takara-Clontech), sub-
cloned into pCR2.1-TOPO (Invitrogen-Life Technologies), and
sequenced as indicated above.

2.3. Bioinformatics and phylogeny

Sequences were analyzed in Vector NTI (Life Technologies) and
comparison against the non-redundant public sequence database
was made using BLAST search programs (Altschul et al., 1990).
Sequence analysis tools of the ExPASy Molecular Biology Server of
Swiss Institute of Bioinformatics, including Translate and Compute
pI/MW were used to analyze the deduced LhAQP protein se-
quences. Predictions of intra/extracellular domains and trans-
membrane helices were made using TMPred (Hofmann and Stoffel,
1993), TMHMM 2.0 (Krogh et al., 2001), Phobius (Käll et al., 2004),
RHYTHM (Rose et al., 2009), TOPCONS (Bernsel et al., 2009),
HMMTOP (Tusnady and Simon, 2001), and TopPredII (Claros and
von Heijne, 1994). Protein subcellular localization was predicted
using WolF PSORT (Horton et al., 2007). Multiple sequence align-
ments were performed using CLUSTALW (Larkin et al., 2007).
Phylogenetic analysis using predicted full-length AQP protein se-
quences was performed with the unweighted pair group method
with arithmetic mean (UPGMA, Sneath and Sokal, 1973), neighbor-
joining (Saitou and Nei, 1987), and minimum evolution and
maximum parsimony (Saitou and Nei, 1986) methods. Trees were
constructed with 10,000 bootstrap replicates using MEGA version 5
(Tamura et al., 2011). Only the UPGMA tree is shown, as all trees
were similar. Glycosylation predictions were made using post-
translational modification servers found at the Center for Biolog-
ical Sequence Analysis (http://www.cbs.dtu.dk/services/).

2.4. RNA extraction and semi-quantitative reverse transcription
PCR

Lygus representing different developmental stages (egg, 1st
instar nymph, 2nde3rd instar nymph, 4the5th instar nymph, and
adult) were collected, weighed, and frozen in liquid nitrogen. Total
tissue weight for each stage ranged from 60 to 112 mg. For tissue
distribution RT-PCR, heads, legs, accessory glands, testes, ovaries,

http://www.cbs.dtu.dk/services/
http://web.expasy.org/translate/
http://web.expasy.org/translate/
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midguts, and Malpighian tubules were dissected from adults and
stored in RNAlater (Ambion-Life Technologies) at �80 �C. Tissue
samples were homogenized using Kontes pestles (Fisher Scientific,
Pittsburg, PA) and total RNA was extracted using TRIzol� reagent
(Invitrogen-Life Technologies). RNA concentration was determined
using a NanoDrop ND1000 spectrophotometer (NanoDrop Tech-
nologies/Thermo Scientific,Wilmington, DE). Total RNAwas treated
with DNA-free� DNase I (Ambion-Life Technologies) to remove
genomic DNA contamination, if any, carried over during total RNA
extraction. Integrity of the total RNA was confirmed on the Agilent
2100 Bioanalyzer using the RNA Nano 6000 LabChip kit (Agilent
Technologies, Santa Clara, CA) according to manufacturer’s
instructions.

Samples were diluted and 1 mg of DNase-treated total RNA was
used to prepare cDNA using random decamer primers according to
the protocol described in RetroScript cDNA Synthesis Kit (Ambion-
Life Technologies). For reverse transcriptase-PCR (RT-PCR), LhAQP-
specific primers were used to amplify 503e547-bp products from
within each ORF (Table 1). Nucleotide primer sequences for
63LhAQP5 and 64LhAQP3 are conserved in LhAQP2A-E and there-
fore, end-point RT-PCR products represent transcriptional profiles
for LhAQP2 as a group. Likewise, 67LhAQP5 and 68LhAQP3 primer
sequences are found in both LhAQP4A and LhAQP4B. The appro-
priate number of PCR cycles was determined empirically and
included 25, 28, and 30 cycles. Actin (AcF þ AcR1) and b-tubulin
(1LhTub5 þ 2LhTub3) were used as amplification controls for
stages and tissues, respectively (Hull et al., 2013). Products were
electrophoresed on 0.8% agarose gels and visualized using SYBR
Safe (Invitrogen-Life Technologies).

2.5. Expression in Tni cell culture and fluorescence microscopy

To observe cellular localization, recombinant LhAQPs were
expressed using the pIB/V5-His TOPO TA (Invitrogen-Life Technol-
ogies) insect cell expression vector in cultured Trichoplusia ni (Tni)
cells (Allele Biotechnology, San Diego, CA). Recombinant proteins
were expressed as chimeras with the enhanced green fluorescent
protein (EGFP) produced in frame with LhAQPs either at their
amino- or carboxyl termini.

A pIB/StuI-EGFP reporter cassette was modified from pIB/V5-
His TOPO TA (Life Technologies) and used to express chimeric
LhAQP2-5-EGFP recombinant proteins in cultured Tni cells. Full-
length LhAQP2A-E, LhAQP3, LhAQP4A-B, and LhAQP5 coding se-
quences were first cloned into pCR2.1-TOPO (Invitrogen-Life
Technologies) using PCR with KOD DNA polymerase (EMD Milli-
pore) and primers that introduced BamHI and StuI restriction sites
on the 50 and 30 ends of LhAQPs, respectively
[81LhAQP5 þ 82LhAQP3 (LhAQP2A), 83LhAQP5 þ 82LhAQP3
(LhAQP2B), 84LhAQP5 þ 82LhAQP3 (LhAQP2C),
85LhAQP5 þ 82LhAQP3 (LhAQP2D), 86LhAQP5 þ 82LhAQP3
(LhAQP2E), 73LhAQP5 þ 74LhAQP3 (LhAQP3),
75LhAQP5 þ 76LhAQP3 (LhAQP4A and 4B), and
87LhAQP5 þ 88LhAQP3 (LhAQP5)]. LhAQP/pCR2.1-TOPO plasmids
and pIB/StuI-EGFP were digested with BamHI-HF and StuI, gel-
purified using an EZNA gel extraction kit (Omega Bio-Tek, Nor-
cross, GA), and ligated using Mighty Mix DNA ligation kit (Takara-
Clontech). Because LhAQP4B is preferentially PCR amplified over
LhAQP4A, additional overlap extension PCR steps were needed to
make LhAQP4A/pCR2.1-TOPO with the appropriate restriction
sites. The first PCR amplified the 50 end of LhAQP4A with a 50

BamHI site but missing 36 bp from LhAQP4B using
75LhAQP5 þ 90LhAQP3. The second PCR amplified the 30end of
LhAQP4A including the unique 36 bp and a 30 SacI site using
89LhAQP5 þ 76LhAQP3. The final step involved PCR amplification
using the two previous reactions as templates with
75LhAQP5 þ 76LhAQP3. The resulting PCR product was cloned into
pCR2.1-TOPO (Invitrogen-Life Technologies), digested with BamHI
and StuI, and sub-cloned into pIB/StuI-EGFP as described above.
High-fidelity KOD DNA polymerase (EMD Millipore) was used for
all PCR amplifications. Orientation and correctness of the pCR2.1-
TOPO and pIB/StuI-EGFP inserts were confirmed by sequencing at
the ASU DNA Core Lab. All restriction enzymes were from New
England Biolabs (Ipswich, MA).

Because LhAQP1 has endogenous BamHI and StuI restriction
sites, we used overlap extension PCR to make the EGFP-LhAQP1 pIB
expression vector variants. To make LhAQP1-EGFP/pIB (chimeric
LhAQP1 with EGFP at carboxyl-terminus), the first PCR reactions
(38LhAQP5 þ LhAQP1-EGFP R and LhAQP1-EGFP F þ EGFP R stop)
amplified the coding sequences for LhAQP1 and EGFP, respectively.
The final PCR amplification used the two previous reactions as
templates with the LhAQP1 gene-specific sense primer 38LhAQP5
and the EGFP-specific antisense primer, EGFP R stop. Similarly, for
EGFP-LhAQP1/pIB (chimeric LhAQP1 with EGFP at amino-
terminus), the first PCR reactions (StuI-EGFP F þ EGFP-LhAQP1 OE
R and EGFP-LhAQP1 OE F þ 39LhAQP3) amplified the coding se-
quences for EGFP and LhAQP1, which were then used as templates
for final PCR using the sense primer StuI-EGFP F and the LhAQP1-
specific antisense primer, 39LhAQP3. Final products were sub-
cloned into pIB/V5-His-TOPO (Invitrogen-Life Technologies) and
DNA was sequenced at ASU DNA Core Lab.

An expression vector with a truncated LhAQP1 beginning at
base position 28 (corresponding to the third methionine in trans-
lated LhAQP1, see Supplemental Fig. 1) and a carboxyl-terminal
EGFP was prepared by overlap extension PCR. The first PCRs used
LhAQP1 Met3 F þ LhAQP1-EGFP R and LhAQP1-EGFP F þ EGFP R
stop to amplify the CDS corresponding to Met3-truncated LhAQP1
and EGFP, respectively. Products of these reactions were used as
templates for final amplification using LhAQP1 Met3 F þ EGFP R
stop and were sub-cloned in pIB/V5-His-TOPO (Invitrogen-Life
Technologies) and sequenced as above.

To compare the cellular localization of LhAQP1 with that of
B. tabaci aquaporin 1 (BtAQP1) we used EGFP-BtAQP1/pIB plasmid
DNA from Mathew et al. (2011) and prepared amino-terminal
domain swaps between LhAQP1 and BtAQP1. To make EGFP-
BtAQP1N-LhAQP1/pIB (chimeric LhAQP1 tagged at amino-
terminus EGFP with 117 bp from 50 of BtAQP1 replacing 207 bp
from LhAQP1 50 end), StuI-EGFP F þ BtAQP1N-LhAQP1 R and
BtAQP1N-LhAQP1 F þ 39LhAQP3 products were used as templates
for overlap extension PCR with StuI-EGFP F þ 39LhAQP3. For EGFP-
LhAQP1N-BtAQP1/pIB (chimeric BtAQP1 tagged at the amino-
terminus with EGFP and with 207 bp from the 50 end of LhAQP1
replacing the first 117 bp of BtAQP1), PCR products from StuI-EGFP
F þ LhAQP1N-BtAQP1 R and LhAQP1-BtAQP1 F þ 20BtAQP3 were
templates for overlap extension PCR with StuI-EGFP F þ 20BtAQP3.
The resulting products from final overlap extension PCR were sub-
cloned and sequenced as above.

Transfections and fluorescent imaging were performed ac-
cording to protocols largely based on those of Hull et al. (2012)
and Mathew et al. (2011). Tni cells maintained as adherent cul-
tures in serum-free insect culture media (Allele Biotechnology)
at 28 �C were transfected in 35 mm #1.5 glass bottom dishes
(In Vitro Scientific, Sunnyvale, CA) with 2 mg plasmid DNA using
Insect GeneJuice transfection reagent (Novagen/EMD Bio-
sciences, Madison, WI) for 5e12 h. Two days post transfection,
media was replaced with IPL1-41 insect media (Invitrogen-Life
Technologies) and cells were imaged using an Olympus FSX-100
fluorescence microscope with FSX-BSW imaging software
(Olympus, Center Valley, PA). Images were processed using
IrfanView (http://www.irfanview.com/) with gamma correction
set at 1.5.

http://www.irfanview.com/
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2.6. cRNA synthesis, Xenopus oocyte expression and permeability
assays

LhAQP ORFs were sub-cloned into a modified Xenopus laevis b-
globin plasmid expression vector (Anthony et al., 2000), linearized
with SacII, and transcribed in vitro (T3 mMessage mMachine;
Ambion-Life Technologies). In vitro-transcribed complementary
RNA (cRNA) corresponded to the full-length ORFs (residues 1e287
for LhAQP1, residues 1e262 for LhAQP2A,1e267 for LhAQP3,1e278
for LhAQP4A, 1e265 for LhAQP5). cRNA (20 ng mL�1) was sus-
pended in sterile water prior to injection.

Unfertilized X. laevis oocytes were defolliculated with collage-
nase (type 1A, 1.5 mg mL�1; Sigma, St. Louis, MO) and trypsin in-
hibitor (15 mg mL�1) in modified OR-2 saline [125 mM NaCl,
3.25 mM KCl, 2.5 mM MgCl2, and 10 mM 4-(2-Hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES); pH 7.6] at 18 �C for 1.5 h,
washed in modified OR2 saline solution, and maintained in modi-
fied ND96 saline (96 mM NaCl, 2 mM KCl, 5 mM MgCl2, 0.6 mM
CaCl2, 5 mM HEPES, pH 7.6) supplemented with 100 mg/ml peni-
cillin and 100 U/ml streptomycin, and 10% (V/V) heat-inactivated
horse serum. Oocytes were injected with 50 nL of water contain-
ing 1 ng of LhAQP cRNA and were incubated for 2 or more days at
18 �C to allow protein expression.

For quantitative swelling assays, oocytes incubated in isotonic
modified ND96 saline (without serum or antibiotics) for 1e2 h at
room temperature were tested for water permeability by swelling
in 50% hypotonic saline (isotonic diluted with an equal volume of
water). Glycerol permeability was assayed by measuring swelling
rates of oocytes in saline in which NaCl was partially substituted by
glycerol [31mMNaCl, 130mM glycerol, 2 mMKCl, 5 mMMgCl2 and
5 mM HEPES]. Swelling rates were quantified by relative increases
in oocyte cross-sectional area imaged by videomicroscopy (charge-
coupled device camera; Cohu, San Diego, CA) at 0.5 frames per
second for 45 s using NIH ImageJ software. Rates were measured as
described previously (Anthony et al., 2000; Boassa and Yool, 2003)
using Prism (GraphPad Software Inc., San Diego, CA). Data for
oocyte volume (V), standardized to the initial volume (V0) as a
function of time, were fit by linear regression to determine the
swelling rate from the slope value (V/V0)(s�1 * 105). The University
of Adelaide Animal Ethics committee approved all surgical pro-
cedures and the procedures followed protocols approved under the
Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes.

3. Results

3.1. Cloning, topology and homology of LhAQPs

RT-PCR and primer pairs 1LhAQP5 þ 2LhAQP3,
3LhAQP5 þ 4LhAQP3, 5LhAQP5 þ 6LhAQP3, and
7LhAQP5 þ 8LhAQP3 (Table 1) amplified four partial LhAQP frag-
ments of 638, 759, 717, and 643 bp, respectively, from L. hesperus
2nde3rd instar nymph and adult cDNA. The cloned fragments were
sequenced and BLAST analysis revealed high similarity with the
aquaporin family (data not shown). Using the sequences from the
partial clones, we identified the 50 and 30 ends by RACE and full-
length LhAQP1-4 cDNAs were PCR-amplified, cloned, and
sequenced (Supplemental Fig. 1 and Table 2). Coincidental with the
process of cloning the full-length LhAQP cDNAs, we completed a de
novo assembled Roche 454 transcriptome of L. hesperus adults (Hull
et al., 2013) that independently validated LhAQP1-4 transcripts and
revealed an additional putative full-length aquaporin-like tran-
script, designated LhAQP5.

The 864-bp full-length coding sequence (CDS) of LhAQP1
(KF048092) corresponds to an open reading frame (ORF) encoding
287 amino acids (Supplemental Fig. 1 and Table 2). The predicted
isoelectric point (pI) and molecular weight of LhAQP1 is 5.6 and
29.7 kDa, respectively. While no N- or C-glycosylation sites are
predicted for LhAQP1, one O-glycosylation site is predicted at
Thr19. However, because LhAQP1 has no predicted signal peptide, it
is possible the mature protein is not exposed to glycosylation ma-
chinery. Like other members of the aquaporin superfamily (Murata
et al., 2000), LhAQP1 has two Asn-Pro-Ala (NPA) motifs and resi-
dues predicted to comprise the ar/R constriction (Phe100, His224,
Ser233, and Arg239) (Supplemental Figs. 1, Fig. 1, and Supplemental
Table 1). Seven different TM/topology prediction programs
revealed that LhAQP1 likely has six TM-spanning regions with
intracellular amino- and carboxyl-termini (Table 3 and
Supplemental Table 2), fitting the pattern known for other mem-
bers of the aquaporin superfamily.

Nested 50-RACE PCR using primers 24LhAQP3, 25LhAQP3,
34LhAQP3, and 35LhAQP3 revealed sequence variation resulting in
different start sites for LhAQP2 (Supplemental Fig. 1, Fig. 2, and
Table 2), including LhAQP2A (KF048093, 789-bp CDS encoding 262
amino acids), LhAQP2B (KF048094, 813-bp CDS encoding 270
amino acids), LhAQP2C (KF048095, 885-bp CDS encoding 294
amino acids), LhAQP2D (KF048096, 846-bp CDS encoding 281
amino acids), and LhAQP2E (KF048097, 768-bp CDS encoding 255
amino acids). While all variant LhAQP2s contain the 768-bp CDS
that comprise LhAQP2E, RT-PCR and cloning verified that tran-
scripts for all five full-length variant forms are present in
L. hesperus. Predicted pIs for LhAQP2A-E are 5.1, 5.2, 4.9, 5.6, and 5.4,
respectively. Molecular weights predicted by Compute pI/MW
ExPASy tool for LhAQP2A-E are 27.9, 28.7, 31.2, 30.0, and 28.8 kDa,
respectively. The same two putative N-glycosylation sites (NGSK
and NLTG) were predicted in all LhAQP2 translated sequences.
Several amino-terminal threonines (Thr3 for LhAQP2A-B, Thr4-5
for LhAQP2C, and Thr2 for LhAQP2E) are predicted to be O-glyco-
sylated. No C-glycosylation sites were predicted for LhAQP2A-E. As
for LhAQP1, all LhAQP2s are predicted to lack signal peptide,
glycosylation may not occur on those predicted motifs. In contrast
with many aquaporins that contain two NPA motifs, the LhAQP2s
have one conserved amino-terminal NPA motif and a second motif
comprised of Asn-Pro-Val (NPV). The four residues predicted to
comprise the ar/R selectivity filter (Phe, Ser, Ala, and Arg) are
conserved in all LhAQP2 translated sequences (Supplemental Fig. 1;
Fig. 1, and Supplemental Table 1). Analysis of transmembrane to-
pology indicates that LhAQP2A-E likely have six TM helices with
intracellular amino and carboxyl termini, although Phobius pre-
dicts only five TM helices for all LhAQP2 translated proteins and
RHYTHM and TOPCONS predict seven TM helices for LhAQP2C and
LhAQP2D, respectively (Table 3 and Supplemental Table 2).

LhAQP3 (KF048098) has an 804-bp full-length CDS containing
ORF encoding 267 amino acids (Supplemental Fig. 1 and Table 2).
The predicted pI and molecular weight of LhAQP3 is 5.9 and
28.8 kDa, respectively. While no C-mannosylation sites are pre-
dicted, two N-glycosylation motifs (20-NLSM-23 and 93-NVTW-
96) and three O-glycosylation sites (Thr141, Thr142, and Thr266)
are predicted for LhAQP3. LhAQP3 has an Asn-Pro-Cys (NPC) motif
at residues 89e91 and an NPA motif at residues 207e209
(Supplemental Figs. 1, Fig. 1, and Supplemental Table 1) with
conserved ar/R constriction residues Phe69, Ala195, Gly204, and
Arg210 (Supplemental Fig. 1 and Supplemental Table 1). Predicted
TM topology for LhAQP3 is consistent with known patterns of AQP-
folding, and all seven analyses predicted six TM-spanning regions
and intracellular amino and carboxyl termini (Table 3 and
Supplemental Table 2).

Two full-length LhAQP4 isoforms were identified by RT-PCR and
cloning, with LhAQP4A (KF048099) having CDS of 837 bp encoding
278 amino acids and LhAQP4B (KF048100) having CDS of 798 bp



Fig. 1. Amino acid sequence alignment of LhAQPs. The deduced amino acid sequences of the LhAQPs were aligned using CLUSTALW. NPA motifs are shown with grey highlight
and residues that correspond to the ar/R constriction site (Phe56, His180, Cys189, and Arg195 from Homo sapiens AQP1, EAL24446.1) are shown in bold. A predicted mercury-
sensitive cysteine (Cys86) from LhAQP3 is shown with white text on black highlight. Identical residues in all sequences are shown as “*” and partial identity or residues with
conserved side chains are shown as “:” and “.”.
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Table 3
Prediction of intra/extracellular and transmembrane topology for Lygus hesperus aquaporins 1e5 (LhAQP1-5).

No. residues Number of predicted transmembrane helices by topology prediction toolsa Consensus positionb

TMPred TMHMM Phobius RHYTHM TOPCONS HMMTOP TopPredII N-terminus C-terminus

LhAQP1 287 6 6 6 6 6 6 6 Inside Inside
LhAQP2A 262 6 6 5 6 6 6 6 Inside Inside
LhAQP2B 270 6 6 5 6 6 6 6 Inside Inside
LhAQP2C 294 6 6 5 7 6 6 6 Inside Inside
LhAQP2D 281 6 6 5 6 7 6 6 Inside Inside
LhAQP2E 255 6 6 5 6 6 6 6 Inside Inside
LhAQP3 267 6 6 6 6 6 6 6 Inside Inside
LhAQP4A 278 6 6 6 6 6 6 6 Inside Inside
LhAQP4B 265 6 5 6 6 6 6 6 Inside Inside
LhAQP5 265 6 5 5 6 7 5 6 Outside Inside

a Predictions of intra/extracellular domains and transmembrane helices were made using TMPred (Hofmann and Stoffel, 1993), TMHMM 2.0 (Krogh et al., 2001), Phobius
(Käll et al., 2004), RHYTHM (Rose et al., 2009), TOPCONS (Bernsel et al., 2009), HMMTOP (Tusnady and Simon, 2001), and TopPredII (Claros and von Heijne, 1994).

b The amino- and carboxyl-terminal ends of LhAQPs were predicted to be either intracellular or extracellular based on consensus positions from the seven different
prediction software programs.
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Fig. 2. Phylogenetic analysis and classification of LhAQPs and other arthropod aquaporins. Translated LhAQP sequences were compared with other arthropod aquaporins and
the evolutionary history was inferred using the UPGMA method (Sneath and Sokal, 1973) in MEGA5 (Tamura et al., 2011). The bootstrap consensus tree inferred from 10,000
replicates (Felsenstein, 1985) and branches corresponding to partitions reproduced in less than 50% of bootstrap replicates are collapsed. The percentage of replicate trees in which
the associated taxa clustered together in the bootstrap test (10,000 replicates) are shown next to the branches. The evolutionary distances were computed using the Poisson
correction method (Zuckerkandl and Pauling, 1965) and are in units of the number of amino acid substitutions per site. The analysis involved 67 amino acid sequences. All positions
containing gaps and missing data were eliminated. A total of 147 positions were in the final dataset. Taxonomic name and accession number for each sequence is given. Repre-
sentatives from six major arthropod subfamilies (DRIPs, PRIPs, RPIPs, BiBs, DVIPs, and LHIPs) are shown. The proposed subfamily names follow the nomenclature proposed by
Campbell et al. (2008) and includes Drosophila intrinsic proteins DRIPs, Pyrocoelia rufa integral proteins PRIPs, Rhodnius prolixus integral proteins RPIPs, Big Brain BIBs, Dermacentor
variabilis integral proteins DVIPs, and Lygus hesperus integral proteins LHIPs. The group and clade (as indicated by superscript “*” and “**”) correspond to the four groups (1e4) [by
Kambara et al. (2009) and Goto et al. (2011)] or clades (AeD) [by Wallace et al. (2012)], respectively. Revised clades A-E are indicated.
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encoding 265 amino acids. The predicted pI and molecular weight
of LhAQP4A is 6.3 and 29.1 kDa, respectively, and 6.8 and 27.6 kDa
for LhAQP4B. The CDS for LhAQP4A and LhAQP4B are identical
except for 39 bp (positions 757e796) that are missing from
LhAQP4B. This difference likely results from alternative splicing of
an exon encoding 13 amino acids. The LhAQP4B transcript is either
more abundant in L. hesperus and/or preferentially cloned over
LhAQP4A, as 11 of the cloned 47LhAQP5 þ 48LhAQP3 PCR products
corresponded to LhAQP4B versus none for LhAQP4A. LhAQP4A is,
however, present in L. hesperus, as transcripts were found by RACE,
overlap extension PCR, and 454 transcriptome sequencing. Because
LhAQP4A and LhAQP4B only differ after residue 252, both have two
conserved NPA motifs at positions 80e82 and 196e198 and ar/R
residues Phe60, His184, Ser193 and Arg199 (Supplemental Figs. 1,
Fig. 1, and Supplemental Table 1). TM topology analysis indicated
the presence of six TM-helices for LhAQP4A and 5-6 helices for
LhAQP4B, with only TMHMM showing five and a weak probability
score for a sixth putative TM-spanning region corresponding to
residues 170e190 in LhAQP4B (Table 3 and Supplemental Table 2).

The 798-bp CDS of LhAQP5 (KF048101) encodes 265 amino
acids (Supplemental Fig. 1 and Table 2) with a predicted molecular
weight of 28.9 kDa and a pI of 5.6. No C-, N- or O-glycosylation sites
are predicted for LhAQP5. While the size of the translated LhAQP5
and presence of two NPA motifs is consistent with other insect
AQPs (Campbell et al., 2008), the positioning and sequence con-
servation of the motifs differ from those seen in previously char-
acterized insect AQPs. Based on alignment with the other LhAQPs,
the residues comprising what would be the LhAQP5 amino-
terminal NPA motif are instead Cys-Pro-Tyr (Supplemental Figs. 1,
Fig. 1, and Supplemental Table 1). An NPA motif sequence is located
89 residues downstream at position 180e182, however, the spatial
positioning of this motif is not consistent with the classical two-
NPA motif “hour-glass” aquaporin folding pattern (Jung et al.,
1994). A second NPA motif, conserved in the carboxyl terminal
domain in other aquaporins, is located at position 208e210.
Furthermore, other than Phe73, the predicted ar/R constriction
residues are not conserved with orthodox AQPs (Val196, Gly205,
and Leu211) (Supplemental Figs. 1, Fig. 1, and Supplemental
Table 1). TM topology predictions for LhAQP5 varied, but the
consensus topology from TmPred, TMHMM, RHYTHM, HMMTOP,
and TopPredII predicted six TM-spanning regions with intracellular
amino and carboxyl termini (Table 3 and Supplemental Table 2).
Phobius predicted five TM helices and TOPCONS predicted seven
TM regions (Table 3 and Supplemental Table 2).

We used CLUSTALW and MEGA 5.1 UPGMA, Maximum Likeli-
hood, Maximum Parsimony, and Neighbor-Joining phylogenetic
analysis to compare LhAQPs with other arthropod aquaporins
(Fig. 2). Invertebrate aquaporins were previously classified by
Campbell et al. (2008) and Mathew et al. (2011) into at least three
subfamilies (Drosophila intrinsic proteins - DRIPs, Big Brain proteins
- BIBs, and Pyrocoelia rufa integral proteins - PRIPs). More recently
they were grouped into four major clusters [groups 1e4 by
Kambara et al. (2009) and Goto et al. (2011)] or clades AeD (Wallace
et al., 2012). Sequence alignment and phylogenetic analysis of full-
length LhAQP protein sequences with 57 other invertebrate aqua-
porin sequences retrieved from GenBank showed the existence of
at least six distinct families of arthropod AQPs, including DRIPs,
PRIPs, R. prolixus integral proteins e RPIPs, BIBs, Dermacentor var-
iabilis integral proteins e DVIPs, and Lygus hesperus integral pro-
teins e LHIPs (Fig. 2). While analysis by Wallace et al. (2012)
includes BIBs, DRIPs, and PRIPs within a single clade (e.g., A),
analysis here and by others (Kambara et al., 2009; Drake et al.,
2010; Goto et al., 2011; Herraiz et al., 2011) indicates that BIBs are
sufficiently diverged from DRIPs and PRIPs to warrant classification
into a separate clade, which we term clade E using the
nomenclature of Wallace et al. (2012) (Fig. 2). Here, we classify six
subfamilies based on the nomenclature of Campbell et al. (2008)
that are contained within five clades (AeE). Whereas, clades B, C,
and D are identical to those from Wallace et al. (2012), the clade A
described here contains both the DRIP and PRIP subfamilies and
does not contain the BIBs (clade E). Furthermore, of the four AQP
groups from Kambara et al. (2009) and Goto et al. (2011), group 1
corresponds to subfamily DRIP, group 2 corresponds to BIB, group 3
contains both PRIPs and RPIPs, and group 4 corresponds to the new
subfamily LHIP (Fig. 2).

Based on phylogenetic analysis, the LhAQP proteins segregated
into different subfamilies comprising DRIPs (LhAQP1), PRIPs
(LhAQP4A and LhAQP4B), RPIPs (LhAQP2A-E), and LHIPs (LhAQP5).
LhAQP3 is unique and appears to fall outside currently classified
aquaporin-like sequences (Campbell et al., 2008; Kambara et al.,
2009; Goto et al., 2011) and may represent a novel subfamily/
clade of AQPs. Furthermore, while a BIB-like protein has been found
in the hemipteran A. pisum, no lygus BIB-like sequence has yet been
identified.

LhAQP1 alignedwithin the DRIP subfamily of clade A and overall
shares 42% identity with members of that subfamily. LhAQP1 is
most homologous (46% identity) to the B. mori (NP_001036919.1),
A. aegypti (Q9NHW7.2), and Coptotermes formosanus (BAG72254.1)
DRIP-like aquaporins. LhAQP4A and LhAQP4B aligned within the
PRIP subfamily, which also belongs to clade A (Fig. 2). LhAQP4B
shares 41% identity across the PRIP subfamily and is most closely
related with aquaporins from Tribolium castaneum (XP_968342.1)
(45% identity), Pediculus humanus corporis (XP_002429480.1) (45%
identity), Culex quinquefasciatus (XP_001865728.1) (44% identity),
and B. mori (NP_001153661.1) (43% identity).

The LhAQP2s aligned within the RPIP aquaporin subfamily or
clade B (Fig. 2). LhAQP2E shared an average of 36% identity with
other RPIPs, with themost closely related sequences corresponding
to aquaporins from R. prolixus (CAC13959.1) and A. pisum
(NM_001246042.2) having 42 and 35% identity, respectively.

LhAQP5 aligns within subfamily LHIP (clade D) and includes
other putative aquaporin sequences that lack functional charac-
terization (Fig. 2). LhAQP5 shares 41 and 52% identity with
P. humanus corporis (XP_002424369.1) and D. melanogaster
(AAF58409.2), respectively. BLASTanalysis (data not shown) reveals
that these LHIP subfamily members share significant sequence
similarity with vertebrate S-aquaporins 11 and 12, which, although
not well characterized, have highly deviated NPA motifs and are
thought to function in intracellular trafficking of water (Ishibashi,
2006, 2009).

3.2. Temporal expression and tissue localization

Transcriptional expression patterns of the LhAQPs were inves-
tigated using end-point RT-PCR over the life cycle of L. hesperus,
including eggs, nymphs (1st, 2nde3rd, 4the5th instars), and adults.
LhAQP1 transcripts are present in all development stages and most
highly abundant in eggs (Fig. 3A). LhAQP2 and LhAQP5 transcripts
have similar profiles through development, with little or no tran-
scripts evident in eggs, but constitutive expression in all nymphal
instars and adults. LhAQP3 and LhAQP4 transcripts are constitu-
tively present in all developmental stages.

End-point RT-PCR using RNA extracted from different adult
tissues show that LhAQP transcripts are differentially expressed
(Fig. 3B). All five LhAQPs were found in midguts and transcripts for
all but LhAQP5 were present in Malpighian tubules. LhAQP1 tran-
scripts were the only LhAQP abundant in ovaries. LhAQP2 and
LhAQP3 transcripts were found primarily in midguts and Malpi-
ghian tubules. LhAQP4 transcripts were most abundant in male
testes and Malpighian tubules. Surprisingly, in addition to midguts,



Fig. 3. Transcriptional profiles of LhAQPs through development and in different tissues. (A) Transcriptional expression of all five LhAQPs in L. hesperus developmental stages.
cDNA was prepared from 1.0 mg of DNase-treated total RNA from eggs (E), 1st instar nymphs (1), 2nde3rd instar nymphs (2), 4the5th instar nymphs (4), and adults (A). The
appropriate annealing temperatures and number of RT-PCR cycles was determined empirically with 25 and 28 cycles shown. Actin was amplified as an internal reference gene and
“e“ designates a no template control. (B) Transcriptional expression profile of all five LhAQPs from dissected L. hesperus tissues. cDNA made from female and male whole bodies (0e
2 d or 3e5 d old adults), heads (H), legs (L), accessory glands (AG), testis (T), ovaries (O), midguts (MG), and Malpighian tubules (MT) were analyzed by RT-PCR (results with 28
cycles is shown). b-tubulin was used as an amplification control for tissues. Products were electrophoresed on 0.8% agarose gels and visualized using SYBR Safe (Invitrogen). Lane M
corresponds to 1 kb Plus DNA Ladder (Invitrogen).
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LhAQP5 transcriptswere present in leg tissue. Faint bands were also
visible in leg tissue for LhAQP1, LhAQP3, and LhAQP4.

3.3. Cellular localization

All arthropod aquaporins characterized to date involve intra-
cellular protein synthesis and subsequent translocation to plasma
membranes, where they exhibit their transport function (Campbell
et al., 2008; Cohen, 2013). WOLF PSORT (Horton et al., 2007) pre-
dictions of subcellular localization of each translated sequence
were consistent with presumed functionality; all LhAQPs were
predicted to be associated with the plasma membrane (data not
shown). However, LhAQP2A, LhAQP2E, LhAQP3, LhAQP4A,
LhAQP4B, and LhAQP5 either had potential endoplasmic reticulum
(ER) retention signals, or in the case of LhAQP2A, LhAQP2E, and
LhAQP3, had PSORTII k-NN scores for ER equal to or above those for
the plasma membrane (data not shown).

To examine cellular localization of each LhAQP, chimeric re-
combinant LhAQP proteins taggedwith enhanced green fluorescent
protein (EGFP) were produced in cultured Tni cells. First, we made
LhAQP/pIB constructs with carboxyl-terminal-tagged EGFP
chimeric proteins (Fig. 4A, products #1e11). Examination of
transfected cells by fluorescence microscopy showed that
LhAQP2A-EGFP, LhAQP2B-EGFP, LhAQP2C-EGFP, LhAQP2D-EGFP,
LhAQP2E-EGFP, LhAQP3-EGFP, and LhAQP4B-EGFP recombinant
chimeras were produced and transported primarily to the plasma
membrane in Tni cells (Fig. 4B). LhAQP1-EGFP, LhAQP4A-EGFP, and
LhAQP5-EGFP were not detectable at the cell surface, but rather
were primarily intracellular with distribution patterns consistent
with either localization in the Golgi apparatus (Fig. 4B, panel c and
panel j for LhAQP1-EGFP and LhAQP4A-EGFP, respectively) or the
ER (Fig. 4B, panel l for LhAQP5-EGFP).

Our localization results for LhAQP1-EGFP were unexpected, as
other insect DRIP-like aquaporins are associated with the plasma
membrane (Le Caherec et al., 1997; Duchesne et al., 2003; Liu et al.,
2011; Mathew et al., 2011; Azuma et al., 2012) where they facilitate
transport of cellular and extracellular water. A Met3-LhAQP1-EGFP/
pIB construct (Fig. 4A, product #11) was made to test whether a
truncated LhAQP1 produced using the methionine located at base
27 as the start codon would influence Tni cellular localization. Like
LhAQP1-EGFP, Met3-LhAQP1-EGFP was intracellular (Fig. 4C, panel
a) and exhibited Golgi-like localization (Kawar and Jarvis, 2001).
Furthermore, placement of EGFP at the amino-terminus of LhAQP1
(EGFP-LhAQP1, Fig. 4A, product #12) did not alter the translocation



Fig. 4. Cellular localization of LhAQPs heterologously expressed in cultured Tni cells. (A) Schematic diagram of LhAQPs produced as EGFP chimeras in cultured Tni cells. Re-
combinant LhAQPs were expressed as chimeras with the enhanced green fluorescent protein (EGFP) using the pIB/V5-His TOPO TA (Invitrogen-Life Technologies) insect cell
expression vector in Tni cells. Whereas LhAQP2-5 were all produced with EGFP at their carboxyl termini (products #1e9), recombinant LhAQP1 was produced with EGFP either at
the carboxyl terminus (Product #10) or at the amino terminus (product #12). Product #11 corresponds to a truncated LhAQP1 beginning at base position 28 (corresponding to third
methionine in translated LhAQP1) with EGFP at the amino terminus. Domain swapping was performed between LhAQP1 and B. tabaci AQP1 (BtAQP1) from Mathew et al. (2011)
with product #13 corresponding to the full-length BtAQP1 chimera with EGFP at the amino terminus. Product #14 corresponds to LhAQP1 with 69 residues from the amino
terminus replaced by the first 39 residues from BtAQP1. Product #15 corresponds to a chimeric protein having the first 39 residues of BtAQP1 replaced with 69 residues from the
amino terminus of LhAQP1 produced in frame with the final 223 residues from BtAQP1. (B) Expression of recombinant carboxyl-terminal EGFP-labeled LhAQPs in Tni cells. Cells
were transfected with 2 mg pIB plasmid DNA corresponding to LhAQP1-5-EGFP (panels c-l) using Insect GeneJuice transfection reagent (Novagen/EMD Biosciences) for 5e12 h with
microscopic imaging (top image detecting fluorescence and bottom image is phase contrast) performed two days post transfection. Panel (a) shows untransfected Tni cells and
panel (b) shows cells transfected with EGFP/pIB. Panels (c-l) show cells transfected with LhAQP-EGFP/pIB plasmid DNA. All proteins were produced as chimeras with carboxyl-
terminal EGFP. (C) Domain swapping of LhAQP1 and BtAQP1 amino termini and expression in Tni cells. Panel (a) corresponds to Met3-LhAQP1 (10 residues truncated from
LhAQP1). Panels (b) and (c) show localization of amino-terminal tagged LhAQP1 and BtAQP1, respectively. Panel (d) shows expression of LhAQP1 with the amino terminus of BtAQP1
is at the cell surface, whereas panel (e) shows expression of BtAQP1 with the amino terminus of LhAQP1 is subcellular. All cells were imaged using an Olympus FSX-100 fluorescence
microscope with FSX-BSW imaging software (Olympus, Center Valley, PA) and processed using IrfanView with gamma correction set at 1.5.
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Fig. 4. (continued).
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of LhAQP1, indicating the position of EGFP was not responsible for
the observed intracellular localization (Fig. 4C, panel b).

To test the influence of the amino terminus of LhAQP1 on
cellular localization, we produced EGFP chimeras that switched the
first 69 amino acid residues from LhAQP1 with the first 39 residues
from the B. tabaci aquaporin 1 (BtAQP1) and vice versa. Whereas
the addition of the amino terminus of BtAQP1 to LhAQP1 (EGFP-
BtAQP1N-LhAQP1) rescued localization to the cellular plasma
membrane in Tni (Fig. 4C, panel d), the addition of the LhAQP1
amino terminus to BtAQP1 (EGFP-LhAQP1N-BtAQP1) resulted in
impaired translocation, with intracellular fluorescence primarily
limited to small punctae reminiscent of the Golgi apparatus (Fig. 4C,
panel e). These results indicate that the first 69 residues at the
amino terminus of LhAQP1 are responsible for intracellular locali-
zation of LhAQP1 in Tni cells.

3.4. Oocyte functional analysis

The functions of LhAQPs in water and glycerol transport were
tested using the Xenopus oocyte expression system, measuring
volume changes indicative of net influx of water or glycerol in hy-
potonic and isotonic solutions, respectively (Fig. 5A). We observed
significantly higher swelling rates (p < 0.01) in LhAQP1, 2, 3, 4, and
5-injected oocytes in hypotonic saline (mean � SEM 14.4 � 2.5 for
LhAQP1,14.2�1.2 for LhAQP2A, 27.1�2.6 for LhAQP3,19.0� 1.8 for
LhAQP4A, and 13.4 � 0.6 for LhAQP5 V/V0 � 105 � sec�1) compared
to water-injected control oocytes (5.1 � 0.5 V/V0 � 105 � sec�1)
(Fig. 5B). Furthermore, none of the LhAQP-injected oocytes showed
appreciable transport of glycerol, based on the absence of swelling.
Instead, observed negative slopes (Fig. 5A) indicated a slight
shrinkage in the glycerol-substituted saline (�3.1 � 1.3 for
LhAQP1, �5.6 � 2.6 for LhAQP2A, �3.1 �1.3 for LhAQP3, �5.8 � 1.2
for LhAQP4A, and �6.4 � 1.1 for LhAQP5; V/V0 � 105 � sec�1),
indicating relative aquaporin impermeability to glycerol.

4. Discussion

Aquaporins are integral membrane proteins belonging to a large
family of water channel proteins or MIPs that facilitate transport
water and/or other small solutes across cellular membranes (Benga,
2009; Kruse et al., 2006). Because water and solute transport are
universal requirements for living cells, these proteins are found in
most organisms. The total number of invertebrate AQPs identified
in insects is rapidly increasing, with genome sequencing impli-
cating at least 5e8 genes per organism encoding putative AQPs
(Campbell et al., 2008; Drake et al., 2010). High-throughput next
generation transcriptomic sequencing and de novo assembly pro-
vides an opportunity to obtain comprehensive “snapshots” of active
gene transcripts in organisms without prior genomic support (Hull
et al., 2013; Grabherr et al., 2011). Here, we gleaned the tran-
scriptomes of two mirid plant bugs, L. hesperus (Hull et al., 2013)
and L. lineolaris (O.P. Perera, unpublished), to identify expressed
sequence tag (EST) sequences encoding putative AQPs.

Arthropods have multiple functional AQPs, and based on other
animal systems these proteins likely play diverse physiological
roles (Campbell et al., 2008; Gomes et al., 2009). Unfortunately, for
most invertebrates comprehensive molecular and functional char-
acterization of AQPs trails their initial identification. For example,
D. melanogaster has eight putative AQPs, but only two have been
assigned functions (Kaufmann et al., 2005; Yanochko and Yool,
2002). A. aegypti has six putative AQPs and RNAi knockdown was
used to show that three have apparent roles in diuresis in Malpi-
ghian tubules (Drake et al., 2010). However, the roles of those
transcripts in mosquitoes not exhibiting an obvious phenotype are
yet to be defined, and biochemical characterization of all AeAQPs is
not complete. This report attempts to identify and characterize a
complement of AQPs from the hemipteran pest, L. hesperus.

Five full-length LhAQPs that likely represent the primary AQP
transcripts from L. hesperus were cloned and characterized. We
used phylogenetic alignments of LhAQPs with other arthropod
representatives to classify at least six subfamilies of arthropod
AQPs, including three (DRIPs, PRIPs, and BIBs) previously described
by Campbell et al. (2008). Three new subfamilies [named using
nomenclature described by Campbell et al. (2008)] include the
RPIPs (named for R. prolixus integral protein), DVIPs (named for
D. variabilis integral protein), and LHIPs (named for L. hesperus in-
tegral protein). Within these phylogenetic subfamilies, three
functional classes of AQPs have been characterized for arthropods,
including water-specific AQPs, aquaglyceroporins, and monovalent
cation channels (BIBs) (Campbell et al., 2008; Echevarria et al.,
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Fig. 5. Osmotic water and glycerol permeability of Xenopus oocytes expressing LhAQPs. (A) Representative examples of mean swelling rates (�SEM) of control and LhAQP1-
expressing oocytes as a function of time after introduction of oocytes into 50% hypotonic saline or isotonic glycerol-substituted saline at time zero. Volumes of the oocytes at
each time point (V) are standardized to the initial area at time zero (Vo). (B) Compiled swelling rates (slope values of linear regression fits of V/Vo versus time) showed significant
osmotic water permeability of LhAQP-expressing oocytes (LhAQP1-5) compared with control oocytes (ANOVA and post-hoc Bonferroni tests, with ** indicating p < 0.01 and
***p < 0.001). No significant glycerol permeability was found using saline in which 130 mM glycerol replaced 65 mM NaCl. Box plots show 25th and 75th quartiles (box), median
values (solid horizontal line within box), and error bars span the full range of data points. Sample sizes (n) are shown near the x-axis.
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2001; Duchesne et al., 2003; Le Caherec et al., 1996; Shakesby et al.,
2009; Mathew et al., 2011; Kataoka et al., 2009a; Wallace et al.,
2012; Yanochko and Yool, 2002). An important distinction is that
the functional classes do not necessarily correspond with phylo-
genetic classifications. For example, the RPIP subfamily includes
some AQPs that function to transport water and glycerol/urea and
hence are aquaglyceroporins (Fig. 2). But, not all members of the
RPIP subfamily transport glycerol and are therefore not functional
aquaglyceroporins (includes PvAQP2 in Kikawada et al., 2008; the
LhAQP4 isoforms, Fig. 5) [see Supplemental Table 1 for phylogenetic
and functional classification of representative invertebrate AQPs].

Phylogenetic analysis assigned the LhAQP proteins to different
subfamilies, including DRIPs (LhAQP1), PRIPs (LhAQP4A and
LhAQP4B), RPIPs (LhAQP2A-E), and LHIPs (LhAQP5). The arthropod
DRIP subfamily includes a number of water-specific AQPs generally
promoting fluid homeostasis by moving water through tissues to
facilitate excretion and/or maintenance of osmotic potential
(Campbell et al., 2008; Mathew et al., 2011). Based on conserved
AQP motifs and sequence similarity (Fig. 2), predicted topology
(Table 3 and Supplemental Table 2), and formation of water-specific
pores in Xenopus oocytes (Fig. 5), LhAQP1 is a water-specific AQP
from the DRIP subfamily. Two LhAQP4 isoforms belong to the
arthropod PRIP subfamily which includes AQPs with diverse
physiological functions, such as water recycling in the crypto-
nephric rectal complex (Azuma et al., 2012), hydration and dehy-
dration responses to environmental stress (Kikawada et al., 2008),
and water and nitrogen homeostasis during oogenesis (Herraiz
et al., 2011). The LhAQP2 isoforms belong to the RPIP arthropod
subfamily, which contains a number of AQPs with putative multi-
functional transport channel functions, including the aqua-
glyceroporins. Members of the RPIP subfamily are important for
osmoregulation and Buchnera symbiosis in aphids (Wallace et al.,
2012), water homeostasis in fat body (Kikawada et al., 2008),
urine formation (Echevarria et al., 2001), and water homeostasis/
urea excretion in midgut and Malpighian tubules (Kataoka et al.,
2009a). We classify LhAQP5 into a new subfamily of arthropod
AQPs called the LHIPs. These proteins share similarity with
‘superaquaporins’ (Morishita et al., 2004) or “S-aquaporins”
(Ishibashi, 2006), which are quite diverged from other families of
AQPs. These divergences include altered NPAmotifs and anomalous
subcellular localization (Ishibashi, 2006, 2009; Nozaki et al., 2008;
Calvanese et al., 2013). Although LhAQP3 transports water (and not
glycerol) in Xenopus oocytes, it falls outside currently classified
aquaporin-like sequences and may represent an additional un-
classified subfamily of water-transporting AQPs (Fig. 2). Contigs
encoding a BiB-like protein were not found in our search of the
L. hesperus or L. lineolaris transcriptomes.

Two canonical NPAmotifs alongwith residues that comprise the
ar/R constriction site (Sui et al., 2001; Beitz et al., 2006) are critical
for determining the selectivity for solutes that transverse the AQP
channel. Of the LhAQPs, only LhAQP1 and LhAQP4 have two
conserved NPA motifs (Fig. 1 and Supplemental Table 1). Both
LhAQP3 and LhAQP5 have substitutions within the first NPA motif
(Asn-Pro-Cys for LhAQP3; Cys-Pro-Tyr for LhAQP5), and for LhAQP2
the second NPA motif is Asn-Pro-Val (Fig. 1 and Supplemental
Table 1). In human AQPs, four residues (Phe56, His180, Cys189,
and Arg195 from AQP1 and Phe77, His201, Ala210, and Arg216 from
AQP4) form the narrowest restriction point within the AQP water
channel that is only slightly larger than size of a single water
molecule (Sui et al., 2001; Beitz et al., 2006; Ho et al., 2009). The
corresponding ar/R constriction residues for LhAQPs include Phe/
His/Ser/Arg for LhAQP1, Phe/Ser/Ala/Arg for LhAQP2, Phe/Ala/Gly/
Arg for LhAQP3, Phe/His/Ser/Arg for LhAQP4, and Phe/Val/Gly/Leu
for LhAQP5 (Fig. 1 and Supplemental Table 1). Wallace et al. (2012)
reported that insect MIPs (including some aquaglyceroporins)
within the RPIP subfamily (clade B from Wallace et al., 2012) have
small neutral residues at position H5 that contribute to a wider,
more hydrophilic ar/R constriction, which is required for passage of
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larger solutes. However, we found that none of the LhAQPs facilitate
the transport of glycerol in Xenopus oocytes, including LhAQP2,
LhAQP3, or LhAQP5, which contain similar ar/R residues to those
found in other insect aquaglyceroporins. Therefore, insect AQPs
may have diverse functional roles that are not necessarily predicted
by sequence conservation. Residues yet to be defined could addi-
tionally influence permeation pathways in the AQP channel and
participate in defining solute permeabilities.

Levels of LhAQP transcripts differed little during L. hesperus
development with all five apparently constitutively present in
nymphs and adults (Fig. 3A). LhAQP1, 3, and 4 transcripts were
detected in eggs (Fig. 3A), indicating a possible role in embryonic
development. It is not knownwhether these LhAQP transcriptswere
embryonic ormaternally derived. LhAQP transcripts are abundant in
various adult L. hesperus tissues (Fig. 3B), with all LhAQPs present in
Malpighian tubules and LhAQP1-4 present in the midgut. These
results are consistent with reports of other AQPs associated with
fluid absorption and excretion in arthropods (Spring et al., 2009; Le
Caherec et al., 1997; Echevarria et al., 2001; Kaufmann et al., 2005;
Kataoka et al., 2009a; Liu et al., 2011; Mathew et al., 2011; Azuma
et al., 2012). LhAQP1 is the only transcript found in ovaries, and
LhAQP4 is abundant inmale testes (Fig. 3B). The presence of LhAQPs
in reproductive tissues is not unprecedented, as 12 of 13 known
mammalian AQPs are expressed in female and male reproductive
systems [reviewed in Zhang et al., (2012)]. Vertebrate AQPs have
numerous known functions in males, including spermatogenesis,
seminal fluid production, and fluid transport in testis and numerous
ducts and tubules (Zhang et al., 2012). Vertebrate females have AQPs
that function in tubal fluid transport, water homeostasis of the
uterus, cervix, placenta, and oviduct, maintenance of amniotic fluid,
gamete transport and fertilization, early embryo development, and
implantation (Zhang et al., 2012). Arthropod AQPsmayalso function
in reproduction, including those found in ovaries of the tick
D. variabilis (Holmes et al., 2008), the cockroach B. germanica
(Herraiz et al., 2011), and the mosquitoes A. aegypti (Drake et al.,
2010) and A. gambiae (Liu et al., 2011). Interestingly, transcripts
from all five LhAQPs were detected in leg tissue, which could indi-
cate a possible role in muscle respiration. Indeed, water transport is
important in flight muscles during periods of high-energy demand
(Wigglesworth, 1965; Wigglesworth and Lee, 1982) and a water-
specific AQP identified in A. aegypti Malpighian tubules has been
shown to be involved in respiration by transporting water through
tracheolar cells (Duchesne et al., 2003).

Heterologous expression of LhAQP-EGFP chimeras in Tni cells
showed that LhAQP2 (isoforms A-E), LhAQP3, and LhAQP4B are
produced and transported to the cell surface (Fig. 4B). Carboxyl-
terminal EGFP-tagged LhAQP1, LhAQP4A, and LhAQP5 were like-
wise produced in Tni cells but did not localize at the plasma
membrane. They instead localized primarily to cytosolic punctae
(LhAQP1 and LhAQP4A) reminiscent of the Golgi apparatus (Kawar
and Jarvis, 2001) or exhibited a diffuse cytosolic distribution with a
prominent perinuclear ring (LhAQP5) similar to that described
(Thomas et al., 1998) for endoplasmic reticulum localization
(Figs. 4B, C). We also performed domain-swapping experiments
between LhAQP1 and the B. tabaci AQP1 (BtAQP1) previously
shown to translocate to the cell surface in cultured insect cells
(Mathew et al., 2011). Here, the replacement of the amino-terminus
of BtAQP1 with that of LhAQP1 prevented the chimera from
reaching the cell surface (Fig. 4C). Furthermore, when the amino
terminus of LhAQP1 was replaced with that of BtAQP1, localization
to the cellular plasmamembrane in Tni was rescued (Fig. 4C). These
results indicate that some LhAQPs may either have an intracellular
localization or that L. hesperus and Tni cells differ such that some
proteins are not correctly processed by the Tni intracellular protein
trafficking machinery. The latter is likely for LhAQP1. LhAQP5
however, might have subcellular function, as it resembles other
superaquaporins thought to function as intracellular water chan-
nels that regulate free and bound water movement across subcel-
lular organelle membranes (Ishikawa et al., 2005; Nozaki et al.,
2008; Ishibashi, 2006).

S-aquaporins or superaquaporins represent a subfamily of AQPs
characterized as having relatively poor sequence similarity with
other AQPs and atypical NPA motifs (Morishita et al., 2004;
Ishibashi, 2006). Here, we report the first functional S-aquaporin
(LhAQP5) from an insect. Both plants and animals have S-aqua-
porins with atypical amino-terminal NPA motifs (HsAQP11,
HsAQP12, SIP1.1, SIP1.2, and SIP2.1) (Supplemental Table 1). These
AQPs localize on the membrane of intracellular organelles
(Ishikawa et al., 2005; Morishita et al., 2005; Itoh et al., 2005) and
are thought to participate in the transport of intracellular water
through cell organelles, regulation of organelle volume, regulation
of intracellular waste products via secretory granules, and main-
tenance of cellular activities through the distribution of free water
(Nozaki et al., 2008). Several S-aquaporins have high lysine content
at their carboxyl termini that may act as ER-localization signals
(Cosson and Letourneur, 1994), including LhAQP5 with residues
261-KEKD-264 that resemble carboxyl terminal ER retention mo-
tifs. Furthermore, Guan et al. (2010) indicates that NPA motifs are
important for targeting orthodox AQPs to the plasma membrane
and the atypical NPA motifs of the S-aquaporins may aid in their
subcellular localization.

Water homeostasis is a critical function for all life. Animals
(including insects) have developed both behavioral and physio-
logical adaptations to facilitate osmoregulation and balance inter-
nal water equilibrium with water lost to the environment.
Terrestrial insects in particular are under continuous osmotic stress
and must balance water losses to evaporation through the cuticle,
respiratory transpiration, and excretion, and gain water by direct
ingestion of fluids, generation of metabolic water, and/or absorp-
tion of atmospheric water vapor (Cohen, 2013). Disrupting water
balance by targeting the osmoregulatory system including water
channel proteins in arthropod pests remains a promising avenue
for developing selective and environmentally compatible pest
control strategies (Cohen, 2013). However, there are no commer-
cially effective and selectivemethods yet available that target either
water channels or the regulatory pathways controlling water ho-
meostasis in arthropod pests. Furthermore, arthropods have
evolved mechanisms by which critical functions (such as embryo-
genesis, immunity, apoptosis, membrane transport, digestion,
metamorphosis, neural-motor function, to name a few) may have
redundant or compensatory routes of activity (Masel and Siegal,
2009; Moczek et al., 2011). Indeed, insects produce multiple AQPs
with overlapping tissue expression patterns (see Fig. 3B; Drake
et al., 2010) and knockdown of individual AQP transcripts by
RNAi does not necessarily lead to negative phenotypes (Shakesby
et al., 2009; Drake et al., 2010; Herraiz et al., 2011), which is
indicative of possible functional redundancy. Yet, the AQPs and the
mechanisms by which water homeostasis is maintained remain
promising areas of research that may lead to new controls for pests
of medical and agricultural importance (Cohen, 2013). Further
studies are needed to develop comprehensive models of arthropod
AQP function and novel strategies to disrupt osmoregulation.
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