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a b s t r a c t

The Middle East-Asia Minor 1 (MEAM1) whitefly, Bemisia tabaci (Gennadius) is an economically
important pest of food, fiber, and ornamental crops. This pest has evolved a number of adaptations to
overcome physiological challenges, including 1) the ability to regulate osmotic stress between gut lumen
and hemolymph after imbibing large quantities of a low nitrogen, sugar-rich liquid diet; 2) the ability to
avoid or prevent dehydration and desiccation, particularly during egg hatching and molting; and 3) to be
adapted for survival at elevated temperatures. One superfamily of proteins involved in the maintenance
of fluid homeostasis in many organisms includes the aquaporins, which are integral membrane channel
proteins that aid in the rapid flux of water and other small solutes across biological membranes. Here, we
show that B. tabaci has eight aquaporins (BtAqps), of which seven belong to the classical aquaporin 4-
related grade of channels, including Bib, Drip, Prip, and Eglps and one that belongs to the unorthodox
grade of aquaporin 12-like channels. B. tabaci has further expanded its repertoire of water channels
through the expression of three BtDrip2 amino-terminal splice variants, while other hemipteran species
express amino- or carboxyl-terminal isoforms of Drip, Prip, and Eglps. Each BtAqp has unique transcript
expression profiles, cellular localization, and/or substrate preference. Our phylogenetic and functional
data reveal that hemipteran insects lost the classical glp genes, but have compensated for this by
duplicating the eglp genes early in their evolution to comprise at least three separate clades of glycerol
transporters.

Published by Elsevier Ltd.
1. Introduction

Aquaporins belong to the major intrinsic protein family and
function as bidirectional transport channels of water or other small
solutes across biological membranes (Benga, 2009; Campbell et al.,
2008; Murata et al., 2000; King et al., 2004; Gomes et al., 2009).
Aquaporins are widely distributed in all kingdoms of life (Abascal
ginine; Bib, big brain; BtAqp, Bem
n; EGFP, enhanced green fluoresce
aquaporin; MEAM1, Middle East-
rame; PCR, polymerase chain reac
nds; RT-PCR, reverse transcriptase

ick).
et al., 2014; Finn and Cerd�a, 2015) and play numerous essential
physiological roles, particularly in regulating cell water balance.
Generally, aquaporins consist of six transmembrane (TM) alpha
helices connected through five loops (A-E) in an “hourglass” form
(Jung et al., 1994). The amino- and carboxyl-termini are located on
the cytoplasmic side of the membrane and each channel consists of
two similar halves formed by a tandem repeat. Loops B
isia tabaci aquaporin; cDNA, complementary DNA; CDS, coding sequence; cRNA,
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(cytoplasmic) and E (extracellular) both contain the signature Asn,
Pro, Ala (NPA) motif, and these two loops fold back into the channel
from opposite sides of the membrane to form a seventh “broken”
half membrane helix with the NPA motif at the center of the
channel (Agre et al., 1993; Finn and Cerd�a, 2015; Sui et al., 2001;
T€ornroth-Horsefield et al., 2010; Zardoya, 2005). Solute selectivity
is determined by the constriction region at the extracellular side of
the channel formed by an aromatic Arg (ar/R) selectivity filter (Beitz
et al., 2006; Gonen and Walz, 2006; Jung et al., 1994). While each
monomeric aquaporin can independently function as an individual
water pore, they normally oligomerize as tetramers in the cell
membrane forming a central pore, which in some cases can func-
tion as an ion channel (Agre et al., 1993; Gomes et al., 2009; Yool
and Weinstein, 2002).

Eukaryotic aquaporins are divided into four major grades,
including the classical aquaporins, the aquaporin 8-type aqua-
amoniaporins, the aquaporin 11/aquaporin 12-type unorthodox
channels, and the aquaglyceroporins (Glps) (Finn and Cerd�a, 2015).
Previous attempts to classify the increasing number of arthropod
aquaporins have provided several somewhat ambiguous groupings,
including the identification of three subfamilies (Campbell et al.,
2008), four groups (Kambara et al., 2009; Goto et al., 2011), or two
to five clades (Wallace et al., 2012; Fabrick et al., 2014; Jing et al.,
2016). More recent classification suggests that insects have aqua-
porins belonging to three major grades, including the classical
aquaporins, the Glps, and the unorthodox aquaporin 12-like
(Aqp12L) proteins (Finn et al., 2015; Stavang et al., 2015). The clas-
sical arthropod aquaporins include genes previously characterized
as Clade A of the classical insect aquaporins (Wallace et al., 2012;
Fabrick et al., 2014; Jing et al., 2016) and encompass four major
subfamilies, including the Drosophila integral protein (Drip)-like
aquaporins (Kaufmann et al., 2005), the Pyrocoelia rufa integral
protein (Prip)-like aquaporins (Lee et al., 2001), the big brain pro-
teins (Bib) (Campbell et al., 2008) and the recently described ento-
moglyceroporins (Eglps) (Finn et al., 2015). These Eglps, which can
transport water, urea, and a range of polyols including glycerol,
evolved throughmutationof the conservedHis in thear/R selectivity
filter of water-selective channels and are phylogenetically more
closely related to the classical aquaporin 4-type channels than to the
Glps (Finn et al., 2015). Furthermore, while the Glps are prevalent in
the older lineages of hexapods, several modern lineages, including
the holometabolous insects, appear to have lost Glps and alterna-
tively possess expanded clusters of eglp genes (Finn et al., 2015).

Due to increased availability of sequencing data from insects, a
number of unorthodox Aqp12L aquaporins are now being identi-
fied (Fabrick et al., 2014; Finn et al., 2015; Stavang et al., 2015). The
Aqp12L channels are distinguished by the fact that they are not
transported to the plasma membrane when expressed in Xenopus
laevis oocytes, contain a non-canonical NPC motif, and the Arg in
the ar/R selectivity filter is replaced by a Leu (Morishita et al., 2005;
Gorelick et al., 2006; Finn and Cerd�a, 2015). The actual function of
such Aqp12L channels in insects and other arthropods remains
unknown.

Insect aquaporins are involved in many physiological processes,
including some that enable insects to process large volumes of
liquid diet and overcome extreme conditions such as temperature,
osmotic pressure due to sugar-rich diets, and desiccation (Campbell
et al., 2008; Cohen, 2012, 2013; Spring et al., 2009). Therefore, they
have potential as novel targets for pest control (Douglas, 2006;
Cohen, 2013). One of the most common and costliest pests of the
agricultural world is the Middle East-Asia Minor 1 (MEAM1)
whitefly, Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae)
(hereafter denoted as B. tabaci). This pest harms crops by feeding on
large quantities of phloem sap and excreting copious amounts of
honeydew, which reduces postharvest quality (e.g. “sticky cotton”)
and promotes growth of sooty mold fungi, and by transmitting
pathogenic viruses, such as the agriculturally important Begomo-
viruses (Byrne and Bellows, 1991; Navas-Castillo et al., 2011).

Because B. tabaci ingests large volumes of sugar-rich, amino acid
deficient phloem sap (Douglas, 2006), the high simple sugar con-
tent of phloem results in osmotic stress placed on the tissues of the
alimentary system. Whiteflies possess both biochemical and
physiological mechanisms to help alleviate the problem of both
large quantities of liquid diet and osmotic stress. Enzymatic
transformation of sugars from high to lower osmotic potential is
thought to reduce osmotic potential in the whitefly gut (Salvucci,
2003). Whiteflies also use a filter chamber to transfer water be-
tween the proximal and distal gut regions (Goodchild, 1966; Cicero
et al., 1995; Douglas, 2006; Hubert et al., 1989) that likely enables
rapid removal of excess fluid and helps decrease osmotic potential.
We previously demonstrated that a B. tabaci aquaporin (referred to
as BtAQP1) functions as a water-specific Drip channel that is highly
expressed in the filter chamber (Mathew et al., 2011). Here, we
provide molecular and functional characterization of eight B. tabaci
aquaporins (including the previously described BtDrip1).

Using the classification system of Finn and Cerd�a (2015), we
show that whiteflies and other hemipterans lack classical Glps and
have evolved multiple eglp genes. B. tabaci has an extended reper-
toire of three Eglps, which together with twoDrips, a Prip, and a Bib
comprise the B. tabaci classical aquaporins. B. tabaci also contains
one unorthodox Aqp12L. Functional oocyte swelling assays show
specificity of the BtAqps for water and glycerol, and together with
expression profiling and cellular localization, the potential impor-
tance of the superfamily for nutrient and water homeostasis.

2. Materials and methods

2.1. Insects

A B. tabaci colony was maintained on broccoli (Brassica oleracea,
Italica Group) inside a 0.9 � 0.9 � 2 m3 cage in a greenhouse
(maintained between 21 and 32 �C with ambient photoperiod).

2.2. Molecular cloning of BtAqps

Both full-length and partial BtAqp sequences were identified by
direct query searches and local BLAST searches of the University of
Arizona B. tabaci sequence database (maintained by Judith Brown)
and from the Short Read Archive (SRA) databases SRX022878 and
SRA036954 published by Wang et al. (2010) and Xie et al. (2012),
respectively. The full-length Btdrip1 cDNA (EU127479.1), previously
referred to as BtAQP1, was obtained from an earlier study (Mathew
et al., 2011). We verified variant forms of Btdrip2 present in SRAs
using primers 28BtAQP3, 29BtAQP3, and 61BtAQP3 in 50-RACE as
previously described by Mathew et al. (2011). Sequences with full-
length open reading frames (ORFs) corresponding to BtPrip,
BtEglpA, BtEglpB1, BtEglpB2, and BtAqp12L were identified from
either the University of Arizona B. tabaci sequence database or SRAs
and were verified by cloning from cDNA. A partial fragment cor-
responding to Btbibwas present in the SRAs.Whereas 30-RACEwith
nested primers 31BtAQP5 and 32BtAQP5 provided the 3ʹ-end of
Btbib, several attempts using 50-RACE failed to provide a complete
cDNA 5ʹ-end.

Full-length Btaqp coding sequences (CDS) corresponding to
ORFs were confirmed by PCR amplification from B. tabaci adult
cDNA using primer pairs (Table 1). All products corresponding to
full-length CDS were PCR amplified using ExTaq DNA polymerase
(Takara-Clontech, Mountain View, CA) and products were electro-
phoresed on a 1% agarose gel and visualized using SYBR Safe (Life
Technologies, Carlsbad, CA). Bands were gel-purified using



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

Primer Primer DNA sequence Direction Gene name Application

16AQUA5 ATGGAGGACATATCATCTTCCGGCGAAG sense Btdrip1 cloning CDS
15AQUA3 GAAATCATAAGAGCTCTCATCCGATCT antisense Btdrip1 cloning CDS
74BtAQP5 ATGAAACAGTCGCATCCTCTC sense Btdrip2_v1 cloning CDS
72BtAQP5 ATGAAAATGAGTGCAGTGATATCG sense Btdrip2_v2 cloning CDS
45BtAQP5 ATGGTCCAGTCAATTGGTCA sense Btdrip2_v3 cloning CDS
73BtAQP3 TCAACTTGATTGGAAGTCATAGGA antisense Btdrip2_v1-3 cloning CDS
51BtAQP5 ATGGCAGCCAGTCTGAAGAAC sense Btprip cloning CDS
52BtAQP3 TTAGTTATTTGCAGTTTCAACAGATTT antisense Btprip cloning CDS
53BtAQP5 ATGCTCATGTTTTTTGGCTGCAT sense BteglpA cloning CDS
54BtAQP3 TTATGAGTTGTTTGCTTTTCTTTTGG antisense BteglpA cloning CDS
79BtAQP5 ATGCCGTTCCAGAAAGATCC sense BteglpB1 cloning CDS
42BtAQP3 TTACACTTCATCGCCGGAAT antisense BteglpB1 cloning CDS
49BtAQP5 ATGTCCATTCGTGGAGCGTTTAC sense BteglpB2 cloning CDS
50BtAQP3 TTATATGTGTGAATTTGGCCGAATTTCT antisense BteglpB2 cloning CDS
47BtAQP5 ATGGGGACCGCCAGTGTGT sense Btaqp12L cloning CDS
48BtAQP3 TCAGTGCAATTTTGATTTTTGAGTG antisense Btaqp12L cloning CDS
31BtAQP5 GGGAGAGTCCTCCACGACCA sense Btbib 30-RACE
32BtAQP5 CGGCTCGGAATGGAGAATGT sense Btbib 30-RACE
28BtAQP3 GAGATCGCCAAGCCACAGGT antisense Btdrip2 50-RACE
29BtAQP3 ATGGGGCCAGCCCAATAAAC antisense Btdrip2 50-RACE
61BtAQP3 CGATGATGAGACCGAATGTG antisense Btdrip2 50-RACE
80BtAQP5 AGTGCCCGATATTCGAGATG sense Btdrip1 RT-PCR
81BtAQP3 GCCCAGTACACCCAATGTTT antisense Btdrip1 RT-PCR
60BtAQP5 CACATTCGGTCTCATCATCG sense Btdrip2 RT-PCR
73BtAQP3 TCAACTTGATTGGAAGTCATAGGA antisense Btdrip2 RT-PCR
82BtAQP5 TTGGGAGTCCAGGAAGTGAC sense Btprip RT-PCR
83BtAQP3 GACAGCAGCTCCGAAAGAAC antisense Btprip RT-PCR
84BtAQP5 TCCAGAAAGATCCACCCAAC sense BteglpB1 RT-PCR
85BtAQP3 CGAAACTCCTTGCTGGATTC antisense BteglpB1 RT-PCR
86BtAQP5 ATTCGTGGAGCGTTTACACC sense BteglpB2 RT-PCR
87BtAQP3 TTGCTGGGTTCATACTGCTG antisense BteglpB2 RT-PCR
88BtAQP5 GGCTTGTCTCAGGGTTTGC sense BteglpA RT-PCR
89BtAQP3 AGCGACCCAGTAAACCCAAT antisense BteglpA RT-PCR
90BtAQP5 CTCGCAGTGTCCACCAGTTA sense Btaqp12L RT-PCR
91BtAQP3 ATCCCCCGGAGTAATTGAAG antisense Btaqp12L RT-PCR
1BtRPL295 GCTTCCCGTGTGAGGTTTTG sense Btrpl29 RT-PCR
2BtRPL293 ACGGGACTTATTCTGGCGTA antisense Btrpl29 RT-PCR
AQP1_EGFP AGCTCTTATGATTTCATGGTGAGCAAGGGC sense Btdrip1 pIB
EGFP_AQP1 GCCCTTGCTCACCATGAAATCATAAGAGCT antisense Btdrip1 pIB
AQP2A_EGFP GACTTCCAATCAAGTATGGTGAGCAAGGGC sense Btdrip2_v1 pIB
EGFP_AQP2A GCCCTTGCTCACCATACTTGATTGGAAGTC antisense Btdrip2_v1 pIB
AQP2B_EGFP GACTTCCAATCAAGTATGGTGAGCAAGGGC sense Btdrip2_v2 pIB
EGFP_AQP2B GCCCTTGCTCACCATACTTGATTGGAAGTC antisense Btdrip2_v2 pIB
AQP2C_EGFP GACTTCCAATCAAGTATGGTGAGCAAGGGC sense Btdrip2_v3 pIB
EGFP_AQP2C GCCCTTGCTCACCATACTTGATTGGAAGTC antisense Btdrip2_v3 pIB
AQP3_EGFP GAAACTGCAAATAACATGGTGAGCAAGGGC sense Btprip pIB
EGFP_AQP3 GCCCTTGCTCACCATGTTATTTGCAGTTTC antisense Btprip pIB
AQP4_EGFP TCCGGCGATGAAGTGATGGTGAGCAAGGGC sense BteglpB1 pIB
EGFP_AQP4 GCCCTTGCTCACCATCACTTCATCGCCGGA antisense BteglpB1 pIB
AQP5_EGFP CCAAATTCACACATAATGGTGAGCAAGGGC sense BteglpB2 pIB
EGFP_AQP5 GCCCTTGCTCACCATTATGTGTGAATTTGG antisense BteglpB2 pIB
AQP6_EGFP AAAGCAAACAACTCAATGGTGAGCAAGGGC sense BteglpA pIB
EGFP_AQP6 GCCCTTGCTCACCATTGAGTTGTTTGCTTT antisense BteglpA pIB
AQP7_EGFP AAATCAAAATTGCACATGGTGAGCAAGGGC sense Btaqp12L pIB
EGFP_AQP7 GCCCTTGCTCACCATGTGCAATTTTGATTT antisense Btaqp12L pIB
EGFP TTACTTGTACAGCTCGTCCAT antisense egfp pIB
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Montage DNA Gel Extraction Kit (EMD Millipore/Merck KGaA,
Darmstadt, Germany) and subcloned into pCR2.1-TOPO (Life Tech-
nologies, Carlsbad, CA). Plasmid DNA was propagated in One Shot
TOP10 chemically competent Escherichia coli and purified using
QIAprep Spin MiniPrep Kit (Qiagen, Valencia, CA) in QIAcube ro-
botic workstation. Inserts were sequenced with T7 and M13
Reverse vector primers by the Arizona State University DNA Core
Lab (Tempe, AZ).

2.3. Phylogenetics of hemipteran aquaporins

The deduced B. tabaci proteins were aligned with other he-
mipteran peptide sequences obtained from public databases
(ensembl, NCBI) using the L-INS-I algorithm of MAFFT v7.245
(Katoh and Toh, 2008). Further hemipteran sequences were ob-
tained from open-source whole genome and transcriptome
shotgun sequences (NCBI), assembled and added to the alignment
as described previously (Finn et al., 2014) (Table S1). A corre-
sponding codon alignment was generated using Pal2Nal (Suyama
et al., 2006) and phylogenetically analyzed using MrBayes v3.2.2
(Ronquist and Huelsenbeck, 2003). Bayesian model parameters
were nucmodel¼ 4by4, nst.2, rates¼ gamma for codon alignments
and aamodel ¼ mixed for amino acid alignments. The resulting
probability distributions were examined for convergence using
Tracer v1.6 (tree.bio.ed.ac.uk/software/tracer/). All trees generated
were processed with Archaeopteryx (Han and Zmasek, 2009),
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rendered with Geneious (Biomatters Ltd New Zealand) and a final
tree annotatedwith EazyDraw (Dekorra Optics, USA). The statistical
data at each node represent the posterior probabilities of the codon
and amino acid alignments derived from one million MCMC gen-
erations and a burn-in of 25%. To achieve these results, two se-
quences were excluded, one for the water strider (Gerris buenoi)
Drip, which causes the Drip clade to co-cluster with the Bib clade,
and a highly degenerate Prip2-like sequence in the glassy-winged
sharpshooter (Homalodisca vitripennis).

2.4. Bioinformatics

The NPA motifs and ar/R selectivity sites of the BtAqps were
identified through alignment with the Homo sapiens aquaporin 1
sequence (EAL24446.1). Subcellular localization predictions were
made usingWOLF-PSORT (Horton et al., 2007). Predictions of intra-
and extracellular domains and transmembrane helices were made
using TMPred (Hofmann and Stoffel, 1993), TMHMM2.0 (Krogh
et al., 2001), Phobius (K€all et al., 2004), RHYTHM (Rose et al.,
2009), TOPCONS (Bernsel et al., 2009), and HMMTOP (Tusnady
and Simon, 2001). Isoelectric point (pI) and molecular weight
(MW) were calculated using the ExPASy Molecular Biology Server
of Swiss Institute of Bioinformatics. Putative glycosylation and
phosphorylation sites were predicted using NetOGlyc4.0 (Steentoft
et al., 2013) and NetPhos2.0 (Blom et al., 1999), respectively. Puta-
tive signal peptides were determined using Signal-BLAST (Frank
and Sippl, 2008).

2.5. RNA extraction, cDNA synthesis, and semi-quantitative reverse
transcription PCR

B. tabaci developmental stages were synchronized by placing
several hundred adults inside a clip cage on a single, mature
broccoli leaf and allowed to lay eggs for 48 h. Eggs, 1st instars,
2nde3rd instars, 4th instars, and adult males and females were
collected and preserved at �80 �C until RNA extraction.

For tissue dissections, B. tabaci adults were collected and held at
4 �C for 20min to immobilize thewhiteflies. One hundred complete
gut tracts, 100 bodies without gut tracts, 30 head/thoraces, and 30
abdomens were dissected from female B. tabaci in dissection buffer
[10 mM Tris-HCl, pH 7.4, 0.15 M NaCl, 0.01% Triton X-100, 0.4 mM
phenylmethylsulfonyl fluoride (PMSF)] under a stereomicroscope
while chilled over an ice pack.

For RNA extraction, insect and gut samples were homogenized
using Kontes pestles (Fisher Scientific, Pittsburg, PA) and total RNA
was extracted using TRIzol® reagent (Life Technologies). Total RNA
concentration was determined using a NanoDrop ND1000 spec-
trophotometer (NanoDrop Technologies/Thermo Scientific, Wil-
mington, DE) and 1 mg of total RNA was treated with DNA-free™
DNase (Ambion, Austin, TX) in a 10-mL reaction to remove potential
genomic DNA contamination. To prepare cDNA, 500 ng of total RNA
was used, using oligo-dT primers according to the protocol
described in RETROscript Kit (Ambion). For semi-quantitative
reverse transcription PCR, Btaqp-specific primers were designed
to amplify an approximately 500-bp fragment of each cDNA
(Table 1). As a reference gene, we designed primers amplifying a
249-bp Btrpl29 fragment (Table 1), which was empirically deter-
mined to be the most constitutive reference gene throughout
development and in the tissues. The profiles were generated using
Sapphire Amp Fast PCR Master Mix (Clontech Laboratories,
Mountain View, CA), 12.5 ng of each cDNA template, and 0.2 mM of
primers. Thermocycler conditions consisted of 95 �C for 2 min
followed by 30 or 35 cycles at 95 �C for 20 s, 56 �C for 20 s, and 72 �C
for 30 s, and a final extension at 72 �C for 5 min. PCR products were
separated on 2% agarose gels using a Tris/acetate/EDTA buffer
system and visualized with SYBR Safe (Life Technologies).

2.6. Expression and cellular localization in Trichoplusia ni cell
culture

To observe cellular localization, recombinant BtAqps were
expressed using the pIB/V5-His TOPO TA insect cell expression
vector (Life Technologies) in cultured Trichoplusia ni cells (Allele
Biotechnology, San Diego, CA). Recombinant proteins were
expressed as chimeras with the enhanced green fluorescent protein
(EGFP) produced in frame with BtAqps at their carboxyl-termini.
BtAqp-EGFP chimeras were produced by overlap extension PCR
(Wurch et al., 1998). Overlap extension primers were designed such
that for each of the seven tested BtAqps, the amino-terminal BtAqp
(without stop codon) incorporated 15 nucleotides from the 5ʹ-end
of egfp at its 3ʹ-end, and the carboxyl-terminal EGFP incorporated
15 nucleotides from the 3ʹ-end of Btaqp (without the stop codon) at
its 5ʹ-end (Table 1).

The first PCR amplified either the full-length BtAqp cDNA
including the 15 egfp nucleotides at the 3ʹ-end or the full-length
EGFP with 15 Btaqp nucleotides at the 5ʹ-end using KOD polymer-
ase (EMD Millipore). Thermocycler conditions consisted of 30 cy-
cles at 98 �C for 20 s and 56 �C for 30 s. Amplimers were separated
on a 1% agarose gel using a Tris/acetate/EDTA buffer system, visu-
alized with SYBR Safe (Life Technologies), and gel purified using an
EZNA gel extraction kit (Omega Bio-Tek, Norcross, GA). Purified PCR
products were quantified with a NanoDrop ND1000
spectrophotometer.

To generate full-length chimeras, a second round of PCR was
performed with primers containing the start codon of the Btaqp
and a primer containing the egfp stop codon (Table 1). Equal
amounts of each gel-purified PCR product were used as template
and full-length Btaqp-egfp chimeras were generated with KOD
polymerase (EMD Millipore). Thermocycler conditions consisted of
35 cycles at 95 �C for 15 s, 56 �C for 20 s, and 72 �C for 20 s.
Amplimers were separated on a 1% agarose gel, gel purified,
quantified with NanoDrop ND1000, and sub-cloned into the pIB/
V5-His TOPO vector (Life Technologies). Plasmid DNA was propa-
gated in One Shot TOP10 E. coli cells (Life Technologies), and then
purified and sequenced as previously indicated.

With the exception that a Fluoview FV10i-LIV laser scanning
confocal microscope (Olympus, Center Valley, PA) was used,
transfections and fluorescence microscopy were performed ac-
cording to protocols previously established (Mathew et al., 2011;
Fabrick et al., 2014). T. ni cells maintained as adherent cultures
were transfected with 2 mg plasmid (Btaqp-egfp/pIB chimeras or
egfp/pIB transfection control) using Insect Gene Juice transfection
reagent (Novagen, EMD Biosciences, San Diego, CA). Forty-eight
hours after transfection, the cells were washed twice with 1 mL
IPL-41 insect media (Life Technologies) and imaged using a 60�
phase contrast water-immersion objective (NA 1.2). Images were
taken at 102� amplification and subsequently processed in Adobe
Photoshop Elements 5.0 (Adobe System Inc., San Jose, CA).

2.7. Xenopus laevis oocyte expression and permeability assays

Full-length Btaqp inserts were excised from pCR2.1-TOPO using
restriction enzymes EcoRV and SpeI and ligated into pT7Ts oocyte
expression plasmids. The Btaqp-pT7Ts constructs were linearized
with XbaI or SalI, depending on the restriction sites identified in the
Btaqp sequence, and cRNAs for microinjection were synthesized
using T7 RNA polymerase. X. laevis stage V and VI oocytes were
isolated and microinjection was performed as described before
(Finn et al., 2015). Procedures relating to the care and use of X. laevis
were approved by the Ethics Committee from IRTA in accordance
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with the Guiding Principles for the Care and Use of Laboratory
Animals. Oocytes were transferred to modified Barth's medium
(MBS) containing 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3,
0.82 mM MgSO4, 0.33 mM Ca(NO3)2, 0.41 mM CaCl2, 10 mM HEPES
and 25 mg/mL gentamycin, pH 7.5, and injected with 50 nL of
distilled water (negative control) or 50 nL of water solution con-
taining 15 ng cRNA. One day after injection, oocytes were manually
defolliculated and subsequently maintained in MBS at 18 �C. For
determination of osmotic water permeability (Pf), the oocytes were
transferred from isotonic MBS (200 mOsm) to 10-fold diluted MBS
(20 mOsm) two days after injection. Oocyte swelling was followed
by video microscopy using serial images at 2-s intervals during the
first 20-s period using a Nikon Color View video camera coupled to
a stereomicroscope (SMZ1000, Nikon). The Pf values were calcu-
lated taking into account the time-course changes in relative oocyte
volume [d(V/V0)/dt], the partial molar volume of water
(VW ¼ 18 cm3 mol�1), and the oocyte surface area (S) using the
formula: V0[d(V/V0)/dt]/[SVW(Osmin-Osmout)]. The surface area of
the oocyte was considered to be nine times the apparent area
because of membrane folding.

Glycerol uptake by X. laevis oocytes expressing BtAqps was
determined under isotonic conditions. Groups of 10e20 oocytes
injected with water or 15 ng aquaporin cRNA were incubated at
room temperature in 200 ml of isotonic MBS containing 5 mM
(20 mCi) of [1,2,3-3H]-glycerol (50 Ci mmol�1) (American Radio-
labelled Chemicals Inc., St. Louis, MO) and cold glycerol at 1 mM
final concentration. After 10-min exposure to radioactive com-
pounds (including zero time for subtraction of the signal from
externally bound solute), oocytes were washed rapidly in ice-cold
MBS three times, and individual oocytes were dissolved for 1 h in
400 ml of 10% SDS before scintillation counting. Statistical analyses
were performed using GraphPad Prism 6 (GraphPad Software, Inc.,
La Jolla, CA) and functionality of aquaporins was comparedwith the
water-injected control using Student's t-test with significance level
a ¼ 0.05.

3. Results

3.1. Cloning, topology, and bioinformatics

NextGen transcriptome sequencing of B. tabaci has provided
unprecedented resources to mine for previously uncharacterized
gene transcripts. Here, we identified a total of ten sequences cor-
responding to eight aquaporin paralogs from three B. tabaci tran-
scriptomes, including two publically available SRAs (SRX018661
and SRA036954) and a third B. tabaci midgut and salivary gland
database not currently publically available (maintained by Judith
Brown, University of Arizona). Seven full-length aquaporin cDNAs
were PCR amplified, cloned, and sequence verified (EU127479 and
KT963825-KT963832). In addition, a partial cDNA sequence for a
Table 2
Full-length aquaporin cDNAs from Bemisia tabaci.

BtAqp NCBI accession number CDS (bp)a

BtDrip1 EU127479 789
BtDrip2_v1 KT963825 924
BtDrip2_v2 KT963826 771
BtDrip2_v3 KT963827 567
BtPrip KT963828 792
BtEglpA KT963831 789
BtEglpB1 KT963829 840
BtEglpB2 KT963830 777
BtAqp12L KT963832 789

a Total number of nucleotides in BtAqp sequence obtained from PCR cloning.
b Total number of amino acids in BtAqp sequence obtained by translation of CDS.
putative Btbib was cloned; however, repeated attempts to obtain
the missing 5ʹ-end failed.

B. tabaci drip1 previously characterized as BtAQP1 (EU127479.1)
by Mathew et al. (2011) encodes a 262 amino acid ORF with a
predicted isoelectric point (pI) and molecular weight (MW) of 6.57
and 27.3 kDa, respectively (Table 2). BtDrip1 has two NPA motifs
and Phe71, His198, Ala207, and Arg213 that comprise the ar/R
selectivity filter (Fig. 1). Furthermore, a putative mercury-sensitive
Cys is located two residues upstream of the first NPA motif. To-
pology predicting tools calculated that BtDrip1 has six TM regions
with intracellular amino- and carboxyl-termini (Table 3). BtDrip1
has seven putative O-glycosylation sites and 15 putative phos-
phorylation sites, but no N-glycosylation sites or signal peptide
(Table S2).

We identified three amino-terminal isoforms of BtDrip2 (variant
1, 2, and 3) by 50-RACE. Each Btdrip2 CDS (924 bp for Btdrip2_v1;
771 bp for Btdrip2_v2, and 567 bp for Btdrip2_v3) encodes 307, 256,
and 188 amino acids, with pIs and MWs of 8.89/32.7 kDa, 8.07/
26.8 kDa, and 6.93/19.4 kDa, respectively (Table 2). All three Btdrip2
RNA variants contain the 567-bp CDS that comprise Btdrip2_v3 and
RT-PCR cloning verified that all three transcripts are present in
B. tabaci. While BtDrip2_v1 and BtDrip2_v2 are predicted to
possess the required structures to form a functional aquaporin (NPA
motifs and ar/R selectivity site), the ORF of BtDrip2_v3 is truncated
at its amino-terminus compared to the two other variants.
BtDrip2_v1 and BtDrip2_v2 have ar/R selectivity sites Phe113/62,
His240/189, Ala249/198, and Arg255/204. Translation of Btdrip2_v3
RNA results in a protein completely lacking an amino-terminal
domain as well as much of the first TM domain, including the
Phe residue that contributes to the ar/R filter (Fig. 1). Topology
predictions indicate that BtDrip2_v1 and BtDrip2_v2 have six TM
regions, with intracellular amino- and carboxyl-termini.
BtDrip2_v3 is predicted to have four or five TM regions with an
extracellular amino-terminus and an intracellular carboxyl-
terminus (Table 3). BtDrip2 is predicted to have three putative O-
glycosylation sites and 14 phosphorylation sites, but no N-glyco-
sylation sites or signal peptide (Table S2).

B. tabaci prip consists of a 792 bp CDS encoding 263 amino acids,
with predicted pI and MW of 5.92 and 27.4 kDa, respectively
(Table 2). BtPrip has two conserved NPA motifs and Phe62, His186,
Thr195, and Arg201 comprise the ar/R selectivity site. TM topology
analysis predicts the presence of six TM regions for BtPrip with
intracellular amino- and carboxyl-termini (Table 3). BtPrip contains
one putative O-glycosylation site and seven putative phosphory-
lation sites, but noN-glycosylation sites or signal peptide (Table S2).

B. tabaci also contains an extended repertoire of Eglps,
belonging to two clades, A and B. The 789-bp CDS of B. tabaci eglpA
encodes 262 amino acids, with predicted pI and MW of 7.03 and
28.3 kDa, respectively (Table 2). BtEglpA has two conserved NPA
motifs and Phe28, Ser160, Ala169, and Arg175 comprise the ar/R
ORF (aa)b pI MW (dalton)

262 6.57 27,282
307 8.89 32,739
256 8.07 26,843
188 6.93 19,447
263 5.92 27,393
262 7.03 28,273
279 8.47 30,273
258 8.56 28,504
262 6.98 29,008



Fig. 1. Amino acid sequence alignment of the Bemisia tabaci aquaporins. The deduced amino acid sequences of the BtAqps were aligned using CLUSTALW. NPA motifs are
highlighted in grey. Residues that correspond to the ar/R selectivity site from Homo sapiens AQP1 (F56, H180, C189, R195; EAL24446.1) are highlighted in pink, orange, red, and
yellow, respectively. Underlined and highlighted in orange are the ar/R selectivity residues important for glycerol transport in entomoglyceroporins BtEglpA, BtEglpB1, and
BtEglpB2. Putative mercury-sensitive cysteines are shown in bold pink text. BtDrip2 has three variants, differing in the position of the Met start site (denoted in bold red text).
Schematic beneath sequence alignment shows predicted domain structure of BtAqps. Rectangular boxes denote the position of the transmembrane helices (blue boxes) and the
hemi-helices with the NPA motifs (green boxes). Intra- and extracellular loops A-E are denoted as ovals with letters. Nt: amino-terminal domain, Ct: carboxyl-terminal domain.
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Table 3
Prediction of intra/extracellular and transmembrane topology for Bemisia tabaci aquaporins.

Number of predicted transmembrane helices by topology prediction toolsa Consensus positionb

TMPred TMHMM Phobius TOPCONS RHYTHM HMMTOP Amino-terminus Carboxyl-terminus

BtDrip1 6 6 6 Inside Inside
BtDrip2_v1 7 6 6 Inside Inside
BtDrip2_v2 6 6 6 Inside Inside
BtDrip2_v3 4 4 5 Outside Inside
BtPrip 6 6 6 Inside Inside
BtEglpA 6 5 5 Outside Inside
BtEglpB1 6 6 6 Inside Inside
BtEglpB2 6 6 6 Inside Inside
BtAqp12L 6 7 5 Outside Inside

a Predictions of intra/extracellular domains and transmembrane helices were made using TMPred (Hofmann and Stoffel, 1993), TMHMM2.0 (Krogh et al., 2001), Phobius
(K€all et al., 2004), RHYTHM (Rose et al., 2009), TOPCONS (Bernsel et al., 2009), and HMMTOP (Tusnady and Simon, 2001).

b The amino- and carboxyl-terminal ends of BtAqps were predicted to be either intracellular or extracellular based on consensus positions from the six different prediction
software programs.
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selectivity site (Fig. 1). Based on previous results (Finn et al., 2015),
the substitution of a Ser residue for His within the ar/R selectivity
filter likely plays an important role for differentiation of permeable
solutes through the central pore of BtEglpA. TM topology analysis
for BtEglpA predicts five to six TM-spanning regions (Table 3).
BtEglpA also contains a putative O-glycosylation site and 13 puta-
tive phosphorylation sites (Table S2). No N-glycosylation sites or
signal peptides are predicted. We identified two unique full-length
BtEglpBs by RT-PCR and cloning, with BteglpB1 having a CDS of
840 bp encoding 279 amino acids and BteglpB2 having a CDS of
777 bp encoding 258 amino acids. The predicted pI and MW of
BtEglpB1 are 8.47 and 30.3 kDa, respectively, and 8.56 and 28.5 kDa
for BtEglpB2 (Table 2). Both BtEglpB1 and BtEglpB2 possess two
NPA motifs and have conserved Phe/Leu/Ser/Arg ar/R selectivity
residues (Phe68/Leu196/Ser205/Arg211 for BtEglpB1 and Phe63/
Leu190/Ser199/Arg205 for BtEglpB2), in which the classical aqua-
porin His residue is substituted by Leu (Finn et al., 2015) (Fig. 1).
Topology analysis predicts that both BtEglpB1 and BtEglpB2 contain
six TM domains with intracellular amino- and carboxyl-terminal
domains (Table 3). Whereas BtEglpB1 contains two putative O-
glycosylation sites and 11 putative phosphorylation sites, BtEglpB2
is predicted to contain two O-glycosylation sites and 16 phos-
phorylation sites (Table S2). No N-glycosylation sites or signal
peptides are predicted for either BtEglpB1 or BtEglpB2.

The unorthodox Btaqp12L consists of a 789 bp CDS encoding
262 amino acids, with putative pI and MW of 6.98 and 29.0 kDa,
respectively (Table 2). The NPA motifs and ar/R residues of
BtAqp12L are not conserved, with the first and second motifs
consisting of 93-CPY-95 and 210-NPV-212, respectively, and the ar/
R constriction site consisting of Tyr72, Val198, Gly207, Leu213
(Fig. 1). TM topology predictions for BtAqp12L varied, with five
(RHYTHM, HHMTOP), six (TMPred), or seven (TMHMM, Phobius,
TOPCONS) TM-spanning regions (Table 3). BtAqp12L contains two
putative O-glycosylation sites and five phosphorylation sites, but
no N-glycosylation sites or signal peptide (Table S2).
3.2. Phylogeny

Arthropod aquaporins are classified into three major grades
comprising six major subfamilies that include the big brain cation
channel proteins (Bib), the Drosophila integral protein (Drip)-like
aquaporins, the Pyrocoelia rufa integral protein (Prip)-like aqua-
porins, the recently described entomoglyceroporins (Eglps), the
distantly related aquaporin 12-like (Aqp12L) subfamily, and in
older hexapod lineages - the classical aquaglyceroporins (Glps)
(Finn et al., 2015; Stavang et al., 2015). Sequence alignment and
phylogenetic analysis of BtAqp sequences with 104 aquaporins
from 11 superfamilies of hemipteran insects revealed that the he-
mipteran aquaporin superfamily consists of two grades of channel,
the classical aquaporin 4-related channels (Bib, Drip, Prip and Eglp),
and the unorthodox Aqp12L channels (Fig. 2). These data indicate
that, as in holometabolous insects, hemipterans have lost the
classical Glps found in the older hexapod lineages. The overall tree
topology shows separation of the hemipteran aquaporin super-
family into seven major clusters, with three subclusters repre-
senting duplicated members of the Eglp subfamily (EglpA, -B and
-C). Amongst these clusters, B. tabaci has single copies of the Bib,
Prip, EglpA and Aqp12L subfamilies, but duplicated members of the
Drip (BtDrip1 and BtDrip2) and EglpB (EglpB1 and -B2) subfamilies.
The molecular repertoire of B. tabaci aquaporin paralogs is further
expanded through the existence of three isoforms of Drip2
(BtDrip2_v1, BtDrip2_v2, and BtDrip2_v3) in which the amino-
terminal domain is alternatively spliced.

3.3. Temporal expression and tissue localization

Transcriptional expression profiles of the Btaqpswere examined
using end-point RT-PCR (30 and 35 cycles) over the life cycle of
B. tabaci (1st instars, combined 2nd-3rd instars, 4th instars, and
adults) (Fig. 3A) and in several different tissues (Fig. 3B). Btdrip1
transcripts are present in all life stages, but are less abundant in
eggs and adults than in the nymphal stages (Fig. 3A). In adults,
Btdrip1 RNA is most abundant in the gut, but is present within other
tissues, including body minus gut, head/thoraces, and abdomens.
Using RT-PCR and an amplicon encompassing all three Btdrip2
variant transcripts, we found transcripts primarily in nymphs, but
some transcripts could be detected in eggs and within in the adult
body minus gut. Btprip transcripts are present in all life stages, but
are more abundant in nymphs than in adults. In adult tissues, Btprip
transcription is highest in body minus gut and/or abdomen. Tran-
scription of BteglpB1 and BteglpB2 appears to be fairly constitutive,
with transcripts present in most stages and tissues we tested. Both
BteglpB transcripts are less abundant in adults than immature
stages and BteglpB2 is minimal in head-thoraces. The unorthodox
Btaqp12L transcripts are most abundant in immature whiteflies, but
are also found specifically within the guts of adults.

3.4. Cellular localization

We used WOLF-PSORT (Horton et al., 2007) for subcellular
localization prediction of each translated BtAqp sequence. All seven
BtAqps (including the three BtDrip2 splice variants) are predicted
to localize within the plasma cell membrane. To examine cellular
localization, chimeric recombinant BtAqp proteins tagged at their



Fig. 2. Phylogenetic analysis and classification of hemipteran aquaporins. Bayesian majority-rule consensus tree of aquaporins from 11 superfamilies of hemipteran insects. The
tree is mid-point rooted and inferred from 750,000 MCMC generations of a codon alignment of 114 non-redundant aquaporins. Posterior probabilities of the codon/amino acid
analyses are shown at each node, with “-“ representing a polytomy (<50%). The scale bar indicates the rate of nucleotide substitution per site.



Fig. 3. Spatio-temporal transcription profiles of Bemisia tabaci aquaporins. (A)
Reverse transcriptase-PCR transcriptional expression of BtAqps in B. tabaci develop-
mental stages. cDNA was prepared from total RNA obtained from pools of eggs, 1st
instars, 2nde3rd instars, 4th instars, and adults. (B) Transcriptional expression profile of
BtAqps from adult tissues. cDNA was prepared from total RNA from dissected guts,
whole bodies minus guts, head/thoraces, and abdomens. BtRpl29 was amplified as an
internal reference. Aquaporins and reference gene were amplified for 30 and 35 cycles,
electrophoresed on 2% agarose gels and visualized using SYBR Safe (Invitrogen).
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carboxyl-termini with EGFP were produced in cultured T. ni cells
and observed by confocal fluorescence microscopy. We observed
several patterns of localization for the recombinant BtAqp-EGFPs,
including those that primarily translocate to the plasma mem-
brane, those that show some localization at cell surface but have
significant retentionwithin the cellular localization machinery (e.g.
Golgi and endoplasmic reticulum), and those that are primarily
intracellular.

BtDrip1-EGFP localized to the plasma cell membrane (Fig. 4B),
which corroborated our earlier observations (Mathew et al., 2011;
Fabrick et al., 2014). BtDrip2_v1-EGFP, BtDrip2_v2-EGFP, BtPrip-
EGFP, BtEglpB1-EGFP, and BtEglpB2-EGFP showed some localiza-
tion to the plasma membrane, but significant fluorescence was also
observed within the cell, indicating some of the proteins remained
within the secretory pathway (Fig. 4C, D, F, H, I). BtDrip2_v3-EGFP,
which is the most truncated BtDrip2 isoform at its amino-terminus,
localized within the cytoplasm of the transfected T. ni cells (Fig. 4E).
BtEglpA-EGFP and BtAqp12L-EGFP were also retained with the cells
(Fig. 4G, J). These results suggest that the cellular trafficking and/or
protein folding machinery differ between B. tabaci and T. ni cells or
that these proteins may have an intracellular function. This is of
particular interest for BtAqp12L, which shares similarity with other
unorthodox aquaporins that have low sequence similarity to clas-
sical aquaporins, have altered NPA motifs, and localize intracellu-
larly in vivo where they may function in the transport of
intracellular water through organelles (Finn and Cerd�a, 2015;
Fabrick et al., 2014; Ishibashi, 2006).

3.5. Oocyte permeability assays

The water and glycerol transport functions of BtAqps were
tested using the X. laevis oocyte heterologous expression system. In
these experiments, aquaporin cRNAs were expressed in oocytes
and the Pf determined by measuring the rates of swelling under
hypotonic conditions (Fig. 5A). We observed significant (p < 0.05)
water permeability for oocytes injected with cRNA corresponding
to human aquaporin 1 (hAQP1) and aquaporin 3 (hAQP3) (positive
controls) as well as for BtDrip1, BtDrip2_v1, BtPrip, BtEglpA,
BtEglpB1, and BtEglpB2. Amongst the BtAqps, the mean Pf was
highest in oocytes expressing BtDrip1 (934.3 ± 33.1 mm s�1), which
was comparable with that of oocytes expressing the human aqua-
porins (1096.0 ± 70.9 mm s�1 for hAQP1; 812.2 ± 47.3 mm s�1 for
hAQP3). Although less than other aquaporins, water permeability
was detected for BtEglpA (91.9 ± 15.8 mm s�1), BtEglpB1
(294.2 ± 27.3 mm s�1) and BtEglpB2 (588.5 ± 35.4 mm s�1), indi-
cating that these putative Eglps can transport water. No significant
water permeability with respect to the water-injected oocytes was
observed for BtDrip2_v2, BtDrip2_v3, or BtAqp12L.

For glycerol uptake in X. laevis oocytes expressing BtAqps, sig-
nificant (p < 0.05) uptake was observed in oocytes expressing
BtDrip1 (38.8 ± 2.8 pmol oocyte�1), BtEglpA (88.8 ± 7.8 pmol
oocyte�1), BtEglpB1 (167.6 ± 3.7 pmol oocyte�1), BtEglpB2
(126.1 ± 7.9 pmol oocyte�1), and in the hAQP3 positive control
(148.8 ± 5.8 pmol oocyte�1). Glycerol uptake in BtDrip2 (all 3 var-
iants), BtPrip, and BtAqp12L was not significantly different from
that observed in the control and hAQP1 oocytes. BtEglpA, BtEglpB1,
and BtEglpB2 oocytes showed a significant (p < 0.05) accumulation
of 3H-glycerol (Fig. 5B) and water permeability (Fig. 5A), indicating
that these proteins are likely efficient transporters of both glycerol
and water.

4. Discussion

Aquaporins are indispensable water and solute channels needed
to maintain homeostasis in living organisms. In insects, aquaporins
relieve pressure imposed by osmotically imbalanced diets, remove
excess fluids and excretions, maintain fluid homeostasis during
oogenesis, stabilize membranes and enzymes for anhydrobiosis
and cryoprotection, are involved inwater movement in respiration,
and prevent desiccation during molting and egg hatching
(Campbell et al., 2008; Drake et al., 2010; Duchesne et al., 2003;
Fabrick et al., 2014; Goto et al., 2011, 2015; Herraiz et al., 2011;
Kikawada et al., 2008; Le Cah�erec et al., 1997; Liu et al., 2011;
Martini et al., 2004; Maruyama et al., 2015; Mathew et al., 2011;
Nagae et al., 2013; Philip et al., 2011; Spring et al., 2009;
Staniscuaski et al., 2013; Yi et al., 2011). Because of their major
importance in these physiological processes, aquaporins may serve
as potential targets for insect pest management, especially in
phloem-feeding hemipterans where imbibition of large volumes of
liquid diet is required to meet nutrient requirements (Douglas,
2006; Ibanez et al., 2014; Mathew et al., 2011; Shakesby et al.,
2009; Tzin et al., 2015; Wallace et al., 2012). B. tabaci is of partic-
ular interest because of its stature as a pest to food, fiber, and
ornamental crops. Preliminary studies of BtAqps indicated that it
contains at least seven aquaporin paralogs of which at least three
were classified as classical aquaporins (two Drips and one Prip)
(Jing et al., 2016; Mathew et al., 2011). Recently, Raza et al. (2016)
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showed that gene silencing of Btdrip1 by oral RNA interference
(RNAi) causes reduced survival of B. tabaci adults, indicating that
this protein may be important in maintaining homeostasis. Here,
we expand previous results and show that B. tabaci MEAM1 pos-
sesses eight unique BtAqp paralogs, of which we characterize seven
using phylogenetics, expression profiling, cellular localization, and
functional analysis.

Phylogenetic comparisons of hemipteran aquaporins show that
the classical aquaporin family is comprised of several major sub-
families, including the Drips, Prips, Bibs, and the recently described
entomoglyceroporins (Eglps), which we show here consist of three
previously undescribed clades, EglpA, EglpB, and EglpC. As in other
arthropods (Finn and Cerd�a, 2015; Stavang et al., 2015) hemipterans
also have members that belong to the distantly related Aqp12L
family. Although the classical Glps are found in older hexapod
lineages, as well as members of the psocodean order, hemipterans
do not appear to have this family of aquaporins, which is consistent
with the reported loss of these channels in the common ancestor of
the Condylognatha (Finn et al., 2015).

For B. tabaci, seven of the eight identified BtAqps belong to the
classical grade of aquaporins. These include two Drips (BtDrip1 and
BtDrip2), BtPrip, BtBib (of which we were only able to obtain a
partial cDNA), and three Eglps (BtEglpA, BtEglpB1, and BtEglpB2).
The eighth BtAqp, BtAqp12L, belongs to a separate family of unor-
thodox aquaporins, which share similarity with the vertebrate
aquaporin 12-like proteins.

The Drip subfamily is the most studied group of insect aqua-
porins. In B. tabaci, we previously characterized BtDrip1 (earlier
referred to as BtAQP1), showing that this aquaporin is a very
effective water-selective channel primarily expressed in the filter
chamber and hindgut of B. tabaci and likely plays an important role
in shunting excess dietary water from the filter chamber to the
ileum of the hindgut (Mathew et al., 2011). BtDrip1 has two NPA
motifs, conserved ar/R constriction residues, and a putative
Fig. 4. Cellular localization of Bemisia tabaci aquaporins heterologously produced in cu
cells as protein chimeras with the enhanced green fluorescent protein (EGFP) at their carboxy
corresponds to the same image under phase contrast. Images were captured using a Fluov
immersion objective (NA 1.2) at 102� amplification. (A) EGFP control, (B) BtDrip1-EGFP c
BtDrip2 variant 3-EGFP chimera, (F) BtPrip-EGFP chimera, (G) BtEglpA-EGFP chimera, (H)
bar ¼ 10 mm in all panels.
conserved mercury-sensitive Cys residue (Fig. 1). Although previ-
ously undetected in the embryonic stage, modification of the
transcriptional profiling method (increased number of amplifica-
tion cycles) confirmed constitutive expression of BtDrip1
throughout all stages (Mathew et al., 2011). B. tabaci drip1 tran-
scripts (Fig. 3) and BtDrip1 protein (Mathew et al., 2011) indicate
that this aquaporin is most abundant in gut tissue and specifically
localizes within the filter chamber and anterior hindgut. BtDrip1 is
found primarily in the plasma membrane of cells (Fig. 4B) and is an
efficient transporter of water (Fig. 5A; Mathew et al., 2011), but not
glycerol (Fig. 5B; Mathew et al., 2011). A small yet significant uptake
of glycerol was observed for BtDrip1 (Fig. 5B), however the physi-
ological relevance is unknown due to the extreme sensitivity of the
radiolabel assay used in this study.

In contrast to other hemipterans studied to date, B. tabaci has a
second Drip, named BtDrip2. We identified three isoforms of
BtDrip2 in B. tabaci, each of which has a unique 50 start site. Our
phylogenetic data reveal that both amino-terminal and carboxyl-
terminal aquaporin splice-variants are prevalent amongst the
Hemiptera. For example, amino-terminal splice variants are
observed in the Drip, EglpA, and EglpC-type channels, while
carboxyl-terminal splice variants occur in the Prip and EglpC-type
channels. Similarly, splice variants have been reported for human
kidney AQP2 (Ma et al., 1996), human brain mitochondria AQP9
(Amiry-Moghaddam et al., 2005), rat AQP4 (Moe et al., 2008),
Anopheles gambiae aquaporin 1 (Tsujimoto et al., 2013), Lygus hes-
perus EglpA (previously LhAQP2, Fabrick et al., 2014), and Belgica
antarctica Prip (Goto et al., 2011) and it was reported that some of
these variants differ in localization or function. For example, in
A. gambiae, the aquaporin 1 variant A is specifically expressed in
female ovaries, while variant B is expressed in the midgut, hindgut,
Malpighian tubules and the head (Tsujimoto et al., 2013). Rat AQP4
has 6 isoforms (a-f) and some are localized intracellularly and do
not transport water when expressed in X. laevis oocytes (Moe et al.,
ltured Trichoplusia ni cells. Recombinant B. tabaci aquaporins were expressed in T. ni
l-termini. Top image of each panel shows fluorescence detection and the bottom image
iew FV10i-LIV laser scanning confocal microscope using a 60� phase contrast water-
himera, (C) BtDrip2 variant 1-EGFP chimera, (D) BtDrip2 variant 2-EGFP chimera, (E)
BtEglpB1-EGFP chimera, (I) BtEglpB2-EGFP chimera, (J) BtAqp12L-EGFP chimera. Scale



Fig. 5. Osmotic water permeability and glycerol uptake of Xenopus laevis oocytes
expressing Bemisia tabaci aquaporins. (A) Osmotic water permeability and (B) 3H-
radiolabled glycerol uptake of X. laevis oocytes injected with water (control) or
expressing BtAqps (BtDrip1, BtDrip2v1, BtDrip2v2, BtDrip2v3, BtPrip, BtEglpA,
BtEglpB1, BtEglpB2, BtAqp12L) or human AQP1 and AQP3 (hAQP1 and hAQP3,
respectively). Student's t-test was performed to find means that are significantly
(p < 0.05) different from the water-injected control oocytes (indicated with asterisks).
Box plots show 25th and 75th quartiles (box), mean values (solid vertical line within
box), and error bars span the full range of data points. Sample sizes (n) are shown at
right of plot for each sample.
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2008). Here, the two longest BtDrip2 variants (v1 and v2) contain
six TM regions, two NPA motifs, conserved water-specific ar/R
selectivity residues, putative mercury sensitive Cys residues (Fig. 1),
and are translocated to the plasma cell membrane (Fig. 4C and D).
In contrast, BtDrip2_v3 is truncated at its amino-terminus, lacks the
first TM domain and Phe residue of the ar/R selectivity filter (Fig. 1),
does not translocate to the cell surface (Fig. 4E). X. laevis oocyte
functional assays show that only the longest variant (BtDrip2_v1)
forms a functional water channel (Fig 5A), indicating that shorter
variants may not produce functional proteins. Transcriptional
profiling of BtDrip2 further shows that it is present primarily in
immature life stages, but not adult tissues (Fig. 3). Our results agree
with the in silico finding of Jing et al. (2016), claiming that BtDrip2
likely does not play a significant osmoregulatory role in the adult
whitefly, but rather may be important for maintaining water
homeostasis during the hatch and molting process.
B. tabaci has one Prip, corresponding to aquaporin 3 in Jing et al.

(2016). This BtPrip has two predicted NPA motifs and conserved
water-selective ar/R constriction residues (Fig. 1). When expressed
in T. ni cells, BtPrip localized to the plasma cell membrane but was
also intracellular (likely within the secretory pathway) (Fig. 4F),
whereas oocyte assays confirmed water-selectivity, but no glycerol
transport (Fig. 5). BtPrip transcripts aremost abundant in immature
stages (Fig. 3A), but are found in relatively lowabundance in the gut
and head-thorax of adult whiteflies. In other insects, Prips have a
variety of physiological functions. For example, Blattella germanica
Prip is present in the adult ovary, fat body, and muscles, and plays a
role in fluid homeostasis during oogenesis (Herraiz et al., 2011). The
Bombyx mori Prip is found in the oocyte plasma membrane within
ovaries and functions during oocyte growth (Maruyama et al.,
2015). Other Prips are involved in hydration and dehydration in
response to environmental stress (Kikawada et al., 2008). Our re-
sults indicate that BtPrip may have similar functional roles of water
transport within ovaries, fat bodies, or muscles of B. tabaci.

Recent findings of Finn et al. (2015) demonstrate that several
modern lineages of hexapods, including the highly diverse hol-
ometabolan insects lack Glps for the transport of glycerol, but
rather contain Eglps that evolved from water-selective classical
aquaporins via mutations within the ar/R selectivity filter His res-
idue. The previously described Glps in B. mori, Grapholita molesta,
Acyrthosiphon pisum, Rhodnius prolixus, and Aedes aegypti actually
phylogenetically resolve within the Eglp clades (Drake et al., 2015;
Kataoka et al., 2009a,b; Staniscuaski et al., 2013; Wallace et al.,
2012). Here, we likewise show that the hemipteran B. tabaci has
three Eglps belonging to two unique clades (BtEglpA and BtEglpB),
all containing an altered ar/R selectivity filter (Fig. 1). The ar/R His
residue is replaced by Ser in BtEglpA and by Leu for both BtEglpBs
(BtEglpB1 and BtEglpB2). These mutations are consistent with the
presently observed ability of the channels to transport glycerol.

As in other major lineages of arthropods, B. tabaci possesses a
phylogenetically unique Aqp12-like member of the unorthodox
grade of channels (Stavang et al., 2015). BtAqp12L has non-
canonical NPA motifs (CPY and NPV) and non-conserved ar/R
selectivity residues (Phe, His, Gly, Arg are replaced with Tyr, Val,
Gly, Leu, respectively) (Fig. 1). In addition to having poor sequence
conservation with other aquaporins and atypical NPA motifs,
Aqp12Ls localize as sub-cellular aquaporins and are thought to
participate in the transport of intracellular solutes through organ-
elles (Ishibashi, 2006; Fabrick et al., 2014). Likewise, when we
expressed BtAqp12L in T. ni cells, it exhibited diffuse cytosolic dis-
tribution (Fig. 4J). Furthermore, BtAqp12L has a putative ER-
localization signal (residues 258-KSKL-261) near its carboxyl-
terminus (Cosson and Letourneur, 1994; Fabrick et al., 2014).

In conclusion, we describe eight B. tabaci aquaporins using
proposed phylogeny for arthropods by Finn et al. (2015) and
Stavang et al. (2015). We show that B. tabaci has seven classical
aquaporins belonging to the Bib, Drip, Prip, and Eglp subfamilies,
and one unorthodox aquaporin (Aqp12L). Our data further show
that hemipteran insects duplicated the Eglp channels early in their
evolution to generate at least three separate clades (EglpA, -B and
-C), and express several amino-terminal or carboxyl-terminal iso-
forms of the Drip, Prip, EglpA and EglpC-type channels. Of these
subfamilies, the Eglps represent an important advance in arthropod
evolution, where B. tabaci and other hemipterans possess glycerol-
transporting channels that evolved independently of the classical
Glps from other water-selective aquaporin predecessors. Each
BtAqp may play a unique role in the maintenance of water balance
and/or other unknown cryptic functions. Gene knockdown/
knockout is needed to further discern the in vivo function of each
BtAqp, which represents an important prerequisite for the practical
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development of novel biopesticides targeting pest aquaporins.
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