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SUMMARY
The myo-inositol biosynthesis (MIB) pathway converts glucose-6-phosphate to the compatible osmolyte myo-inositol that protects
cells from osmotic stress. Using proteomics, the enzymes that constitute the MIB pathway, myo-inositol phosphate synthase
(MIPS) and inositol monophosphatase 1 (IMPA1), are identified in tilapia (Oreochromis mossambicus) gill epithelium. Targeted,
quantitative, label-free proteomics reveals that they are both upregulated during salinity stress. Upregulation is stronger when
fish are exposed to severe (34 ppt acute and 90 ppt gradual) relative to moderate (70 ppt gradual) salinity stress. IMPA1 always
responds more strongly than MIPS, suggesting that MIPS is more stable during salinity stress. MIPS is N-terminally acetylated and
the corresponding peptide increases proportionally to MIPS protein, while non-acetylated N-terminal peptide is not detectable,
indicating that MIPS acetylation is constitutive and may serve to stabilize the protein. Hyperosmotic induction of MIPS and IMPA1
is confirmed using western blot and real-time gPCR and is much higher at the mRNA than at the protein level. Two distinct MIPS
mRNA variants are expressed in the gill, but one is more strongly regulated by salinity than the other. A single MIPS gene is
encoded in the tilapia genome whereas the zebrafish genome lacks MIPS entirely. The genome of euryhaline tilapia contains four
IMPA genes, two of which are expressed, but only one is salinity regulated in gill epithelium. The genome of stenohaline zebrafish
contains a single IMPA gene. We conclude that the MIB pathway represents a major salinity stress coping mechanism that is

regulated at multiple levels in euryhaline fish but absent in stenohaline zebrafish.
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INTRODUCTION

Our laboratory has previously discovered that myo-inositol
phosphate synthase (MIPS; EC 5.5.1.4), which is the first enzyme
in the myo-inositol biosynthesis (MIB) pathway, is transiently
induced at the mRNA level in gills of tilapia exposed to acute salinity
stress (Fiol et al., 20006). In addition, Kalujnaia and others (Kalujnaia
and Cramb, 2009; Kalujnaia et al., 2010) have shown that the second
enzyme of the MIB pathway (IMPA; EC 3.1.3.25) is also strongly
induced at the mRNA level in the gill, kidney and intestine of
European eels. These data on salinity effects at the transcript level
suggest that the MIB pathway is physiologically important during
osmotic stress because it generates high concentrations of the
compatible organic osmolyte myo-inositol, which protects cells from
salinity-induced damage (Yancey et al., 1982). In addition, myo-
inositol produced via the MIB pathway represents a substrate for
the synthesis of phosphoinositide compounds that are implicated in
evolutionarily highly conserved signaling pathways, including
osmotic stress signaling (Munnik and Vermeer, 2010).

Tilapia represent excellent models for mechanistic studies of
osmotic stress signaling pathways. These extremely euryhaline
cichlids have evolved in Africa and are now distributed in subtropical
and tropical limnic and marine habitats throughout the world. Tilapia
tolerate salinities ranging from freshwater (FW) to 120 ppt (Stickney,
1986). Their high salinity tolerance may have evolved as a result
of strong selection pressure associated with frequent seasonal

droughts and intermittent flooding events in areas characterized by
salt-rich bedrock and soil (Costa-Pierce, 2003). Besides inhabiting
FW and marine (34 ppt) habitats, tilapia occur in hypersaline desert
lakes. For instance, they are found in large numbers in the Salton
Sea (Southern California, USA) and its tributaries (Sardella et al.,
2004; Sardella and Brauner, 2007). The Salton Sea is hypersaline,
having an average salinity of 50 ppt with salinity in some areas
increasing to 100 ppt during seasonal droughts (Miles et al., 2009).
Therefore, studies investigating how tilapia respond to such
hypersaline conditions are not only informative for dissecting the
mechanisms of euryhalinity and extreme osmotic stress tolerance,
but they are also relevant from an ecophysiological perspective. The
present study utilizes a targeted proteomics approach consisting of
online liquid chromatography—tandem mass spectrometry (LC-
MS/MS) and utilization of accurate mass and time tags (AMT)
(Cutillas and Vanhaesebroeck, 2007; Andreev et al., 2012; Matzke
et al., 2013) to quantify both enzymes of the MIB pathway in gills
of Mozambique tilapia [Oreochromis mossambicus (Peters 1852)]
after exposure to different types of salinity stress. Changes in protein
abundance in response to environmental stress can occur as a result
of increasing the corresponding mRNA to increase translation
(Gracey et al., 2001), but may also be a result of protein
(de)stabilization and altered rates of turnover (Flick and Kaiser,
2012). To assess the contribution of transcriptional regulation in the
stress-related alteration of protein levels, it is critical to quantify the
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abundance of the corresponding transcripts. Interestingly, correlative
regulation of mRNA and protein abundances in response to
environmental stress is often fractional, i.e. mRNA responses are
either more or less pronounced than protein responses. Sometimes,
correlation between the regulation at mRNA and protein levels is
lacking altogether. Changes in mRNA but not protein abundance
may compensate for changes in translational efficiency or protein
degradation rates to keep protein levels constant (Schwanhédusser
et al., 2013). Alternatively, protein abundance changes can occur
without altering the corresponding mRNA level by regulation of
protein degradation or microRNA effects on translational efficiency
(Selbach et al., 2008).

Effects of salinity stress on mRNA and protein abundances have
been documented for many genes, and this mechanism of regulation
represents a major pillar of salinity stress responses in fish and other
organisms (Fiol et al., 2006; Evans and Somero, 2008; Dowd et al.,
2010). However, alternative mechanisms such as post-translational
modification (PTM) and alternative splicing also play crucial roles
in salinity stress responses. For instance, protein phosphorylation
is a common PTM that affects many fish proteins during salinity
stress (Kiiltz and Burg, 1998; Kiiltz and Avila, 2001; Marshall et
al., 2009). In addition, alternative splicing of tilapia prolactin
receptor 2 and the murine homolog of osmotic stress transcription
factor 1 (OSTF1/TSC22D3) have been observed in response to
salinity stress (Fiol et al., 2007; Fiol et al., 2009). The present study
investigates the mechanisms by which euryhaline tilapia regulate
the MIB pathway during different types of salinity stress, including
the regulation of protein and mRNA abundances, PTM (specifically
N-terminal protein acetylation), and alternative transcript splicing
and isoform expression of MIB pathway enzymes. The relationship
between MIB pathway regulation at the mRNA and protein levels
and the evolutionary implications of MIB pathway regulation for
osmoregulation and salinity adaptation of euryhaline fish are
discussed.

MATERIALS AND METHODS
Tilapia salinity acclimation

Adult Mozambique tilapia (O. mossambicus) were grown and
maintained at the UC Davis Center for Aquatic Biology and
Aquaculture in 1141 recirculating aquaria at 26°C. Several salinity
acclimation experiments were conducted in which fish (both sexes
equally distributed among experimental groups) were exposed to
either a two-step acute salinity increase from 0.4 ppt [=freshwater
(FW)] to 34 ppt (17 ppt day™), a gradual salinity increase from FW
to 70 ppt (7 pptday ') or a gradual salinity increase from FW to
90 ppt (7 ppt day ). The age of the fish was between 6 and 8 months
at the start of the experiments and the duration of the experiments
was between 2 days (34 ppt) and 2 weeks (90 ppt). Salinity was
increased using Instant Ocean sea salt (Spectrum Brands,
Blacksburg, VA, USA) and monitored using a conductivity meter
(YSL Yellow Springs, OH, USA). All three acclimations were
accompanied by handling controls using FW instead of saline for
daily water changes. Fish were sampled by over-anesthesia with
MS-222 and spinal transection. Gill epithelium was immediately
collected, divided into aliquots, snap-frozen in liquid nitrogen, and
stored at —80°C. All animal procedures were approved by the UC
Davis Institutional Animal Care and Use Committee (IACUC
protocols 13468 and 15013, assurance number A3433-01).

Protein extraction and in solution digestion
Tissue homogenization, protein extraction and in-solution digestion
procedures were extensively optimized to yield quantitatively

Salinity regulation of inositol pathway 4627

reproducible LC-MS/MS data and minimize protein modification
during processing (Kiiltz et al., 2013). Each sample was
homogenized under liquid nitrogen in a mortar and pestle. The tissue
powder was transferred immediately to a low-retention
microcentrifuge tube (Eppendorf, Hauppauge, NY, USA), and
proteins were extracted and precipitated with 10% trichloroacetic
acid, 90% acetone and 0.2% dithiothreitol (DTT), washed twice with
100% acetone and 0.2% DTT, and solubilized in 7 mol 1™ urea,
2mol I"! thiourea and 0.2% DTT. Insoluble material was removed
by centrifugation at 18,000 g for 5min and transfer of the clear
supernatant into a new low-retention microcentrifuge tube. Ten
microliters were removed for protein assay and the remainder was
frozen at —80°C. Protein assay was performed using a 10X aqueous
dilution of sample at A660 nm with an assay that is compatible with
urea, thiourea and DTT (cat. no. 22660, Thermo Fisher Scientific,
Rockford, IL, USA). For in solution digestion 100 pg total protein
was diluted 1:1 in LC-MS water (Optima W6-1, Thermo Fisher
Scientific) and mixed with 1/10th volume 1 mol I"! triethanolamine
(pH 8.0) in a 0.6 ml low-retention microcentrifuge tube. Protein was
reduced by adding 5% (v/v) of 80 mmol I"! DTT and incubating at
55°C for 30 min. Reduced protein was alkylated by adding 16.8%
(v/v) of 100 mmol I jodoacetamide (IAA) and incubating in the
dark for 30 min. Immobilized trypsin (cat. no. V9012, Promega,
Madison, WI, USA) was added at a ratio of 1:25 (4 pg) and allowed
to digest proteins for exactly 16 h at 35°C. Trypsin was removed
by centrifugation at 18,000 g for 2 min. After drying the sample by
SpeedVac peptides were resuspended in 200 pl of 0.1% formic acid
in LC-MS water and the solution was transferred to a maximum
recovery vial (cat. no. 186005670CV, Waters, Milford, MA, USA),
which was stored at —80°C.

Label-free quantitative proteome profile analysis

Gill samples from 36 animals were analyzed (six biological replicates
each for 34, 70 and 90 ppt acclimation groups and another 18 for
corresponding FW handling controls). Trypsin-digested peptides
were separated by nanoAcquity UPLC (LC, Waters) using a
Symmetry C18 Trap column (cat. no. 186003514, Waters) and a
BEH C18 separating column (cat. no. 186003545, Waters). A 70 min
linear gradient of 3-35% acetonitrile (20 min injection delay) was
used for LC. A micrOTOF-QII mass spectrometer (Bruker Daltonics,
Bremen, Germany) was connected online to the LC via a dual
picoemitter tip (New Objective, Woburn, MA, USA) nano-
electrospray ionization source (Bruker Daltonics). One spray line
was used for sample elution, the other (via a secondary auxillary
pump line of the LC) for delivering ESI-L Low Concentration
Calibrant Mix (cat. no. G1969-85000, Agilent Technologies, Santa
Clara, CA, USA) during each sample’s injection delay. This
arrangement allowed for accurate internal mass calibration of every
sample, which outperformed using a single lock mass. micrOTOF-
Control 3.0 and Hystar 3.2 (Bruker Daltonics) were used to automate
acquisition of spectra. Each sample was analyzed by DataAnalysis
4.0 (Bruker Daltonics), which included deconvolution, MS/MS
compound finding and MS molecular feature recognition.

A database consisting of the complete Nile tilapia (Oreochromis
niloticus) proteome plus all available sequences for O. mossambicus
(28,020 total sequences downloaded from UniProtKB on 29 July
2012) was complemented with a decoy database containing a
randomly shuffled entry of each sequence (generated by Phenyx
2.6.2, GeneBio, Geneva, Switzerland). MS/MS compounds were
then searched in Proteinscape 3.1 (Bruker Daltonics) against this
combined decoy database (56,040 total sequences) using the Mascot
2.2.7 (MatrixScience, Boston, MA, USA) (Koenig et al., 2008)
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and Phenyx 2.6.2 (Masselot et al., 2004) search engines (false
discovery rate <2%). The following parameters were used:
enzyme specificity=trypsin, missed cleavages permitted=1,
fixed modification=Cys carbamidomethylation,  variable
modifications=Met oxidation and Pro hydroxylation, precursor ion
mass tolerance=20 ppm, fragment ion mass tolerance=0.1 Da. A
threshold score of 5% probability that a protein identification is
incorrect was used for accepting individual MS/MS spectra. Search
results were assessed and combined in Proteinscape 3.1 (Bruker
Daltonics, Bremen, Germany). To comply with MIAPE (Minimum
Information About a Proteomics Experiment) guidelines (Taylor et
al., 2007; Binz et al., 2008; Taylor et al., 2008), search parameters,
line spectra, quality control criteria and identifications were
deposited in the PRIDE repository and can be accessed using PRIDE
Inspector (accession numbers 28622-28631) (Coté et al., 2012;
Csordas et al., 2012; Wang et al., 2012; Csordas et al., 2013;
Vizcaino et al., 2013). MS molecular features identified with
DataAnalysis 4.0 were imported into ProfileAnalysis 2.0 (both
Bruker Daltonics) and comparison of peptide abundances in treated
versus control samples was performed by quantitation of
chromatographic peak area integrals of peptides with matching
retention time (Rt) and mass over charge ratio (m/z). Abundance
ratios for each peptide meeting those criteria were imported and
matched to MS/MS protein IDs in Proteinscape 3.1 (Bruker
Daltonics). Matching criteria consisted of an Rt deviation maximum
of 1 min and an m/z deviation maximum of 0.02 Da.

Targeted LC-MS/MS quantitation of IMPA1 and MIPS protein
regulation
All IMPA1 (UniProtKB accession number Q3ZLD0) and MIPS
(UniProtKB accession number Q1KN76) peptides identified by LC-
MS/MS were evaluated for their potential as diagnostic indicator
ions for targeted quantitation. The criteria for peptide evaluation
included absence of PTMs (except for Cys carbamidomethylation),
high MS/MS ion scores, high Rt reproducibility, no missed or
unspecific cleavage, no alternative sequence assignment, and no
ambiguity regarding protein ID assignment. The threshold mass
accuracy and Rt reproducibility for this analysis were set to 0.02 Da
and 0.7 min, respectively. Because gill samples were highly
complex, all extracted ion chromatograms (EICs) were visually
inspected for overlap with neighboring peaks. If an overlapping
adjacent peak was observed within Rt + 0.7 min for any sample or
if there were multiple missing values per group, then the
corresponding peptides were excluded from targeted quantitation.
Visual inspection also served to verify that for each peptide all 12
EIC peaks (six treated and six controls) fall within the range of
mean Rt = 0.7 min as calculated by Proteinscape 3.1. Peptide EICs
were automatically integrated using DataAnalysis 4.0 and the
quantity of peptides was calculated as the ratio of the corresponding
EIC integral relative to the mean of the six FW controls. This
procedure was repeated for the base peak chromatogram integral
of each sample, which served for normalization of peptide quantities

across all samples within an experiment. A two-factor ANOVA with
replication was performed after normalization to discern whether
treatment effects were significant, considering all peptide
abundances per protein.

Western blot analysis

Total protein was extracted from gill epithelium by grinding the
frozen tissue with a glass pestle in a glass homogenizer on ice. RIPA
buffer containing phosphatase and protease inhibitors {50 mmol 1!
Tris-HCI pH 7.5, 150 mmol I"! NaCl, 1% NP-40, 1% Triton X-100,
2% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), 4mmol 1" NaF and 2mmoll™! activated Na3;VOy,
complete Ultra tablet protease inhibitor cocktail (Roche, Basel,
Switzerland)} was used for tissue homogenization. Tissue
homogenates were centrifuged at 19,000 g and 4°C, and the
supernatant was transferred to a low protein binding tube. Total
protein was quantified by bicinchoninic acid protein assay. A
homogenate aliquot containing 35 pg total protein was then mixed
with Laemmli buffer (1:2 ratio) containing 100 mmol 1"! DTT and
heated at 90°C for 3 min before loading on a 15% SDS-PAGE gel.
Recombinant, hexa-His-tagged O. mossambicus MIPS and IMPA1
proteins were expressed in Escherichia coli, affinity-purified using
nickel columns (F.V., unpublished), and loaded as controls to
confirm the expected molecular weight. Pre-stained molecular
weight markers (10-250 kDa, Kaleidoskope, Bio-Rad, Hercules,
CA, USA) were also loaded in the first lane on each gel.
Electrophoresis was performed in running buffer (25 mmol 1! Tris,
192 mmol I'! glycine, 0.1% SDS) at 120V constant voltage until
the SDS front reached the bottom of the gel. Once electrophoresis
was complete, one gel was subjected to Coomassie Blue staining
and the other was transferred to PVDF membrane using a semi-dry
transfer system (Trans-Blot SD Cell, Bio-Rad). Membranes were
blocked with 3% nonfat dry milk (NFM) in TBS (50 mmol I"! Tris-
HCI pH 7.4, 150 mmol I"' NaCl) buffer containing 0.05% Tween-
20 (TBST) for 1h at room temperature. Membranes were then
incubated with rabbit anti-human MIPS (sc-134687, Santa Cruz
Biotechnology, Dallas, TX, USA), goat anti-human IMPA1 (sc-
50596, Santa Cruz Biotechnology, Dallas, TX, USA) or goat anti-
human actin (sc-1615, Santa Cruz Biotechnology) at 1:250, 1:250
or 1:400 dilution, respectively, in 3% NFM-TBST for 1.5 h at room
temperature. After washing the membranes three times with TBST
for 10 min they were incubated for 1h at room temperature with
the peroxidase-conjugated secondary antibodies, donkey anti-goat
or goat anti-rabbit, at a dilution of 1:5000 in 3% NFM-TBST.
Membranes were washed again as described above and antibody-
reactive bands were visualized by chemiluminescence detection
using Super Signal West Femto Substrate (Thermo Fisher Scientific,
Rockford, IL, USA).

Identification and quantitation of MIPS N-terminal acetylation
Peak lists were generated using Mascot Distiller 2.4.3
(Matrixscience, Boston, MA, USA) and imported into Phenyx 2.6.2

Table 1. Primers used in semi-quantitative and quantitative real-time PCR on Oreochromis mossambicus target cDNA

Target cDNA Forward (5'to 3') Reverse (5' to 3" antisense) Product (bp)
MIPS-160 CAGAGTCGCGCAGACAATGT CGTTGACCCCTGGGATGATA 164 and 251
MIPS-250 GTGCATGATCTTCCAGATGGAGCG AGAAGCGCTCGGTGTTGGCG 110
IMPA1 CGAAACTCTCCTAAGCAAGCCCCC CCAGCTTTCCTAATTTCCGCGCCA 114
IMPA2 TACCAGAATCCTCTTCTTGGCCACACC ACCAGGACACTGATGCACAGCTA 121
beta-Actin CCACAGCCGAGAGGGAAAT CCCATCTCCTGCTCGAAGT 104
18S rRNA CGATGCTCTTAGCTGAGTGT ACGACGGTATCTGATCGTCT 260
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(Masselot et al., 2004), PeaksSuite 6 (BSI, Waterloo, ON, Canada) R 22 I
(Zhang et al., 2012), Mascot 2.2.7 (Koenig et al., 2008) and R © X
X!Tandem CYCLONE 2010.12.01.1 (www.thegpm.org/tandem) B =
(Craig and Beavis, 2004). They were analyzed against the tilapia f:c: 3 = © g E
database consisting of 50% decoy entries using the same parameters eR a o8
as described above, except that protein N-terminal acetylation was £ 3 = i
included as an additional variable modification. Results from all ol |SE| 2- 2 o
four search engines were consolidated in Scaffold 4.0.5 (Proteome % ” g8
Software, Portland, OR, USA) (Searle and Turner, 2006) and 5 c 32
metascores obtained by each search engine were recorded for IMPA ® g2 8858 & & 8 |54
and MIPS peptides, including the N-terminally acetylated MIPS % e § § § u'lj: I‘J“; E § § 85
peptide. The consolidated search results were exported as mzid 4 x EF
format and then imported into ScaffoldPTM 2.1.1 (Proteome E Bl5oN0883888 83 é é
Software), which was used to determine the confidence score for IS} 58898558228 85|2 ¢
assigning a specific modification to a particular amino acid (A-score) ‘g‘ é 3
and !ocallzatlon prpbablhty for acetylatlor} _Of the MIPS N-terminal Cle X 80 ©omoeaa ;é_ 5y
peptide (Beausoleil et al., 2006). In addition, MS/MS spectra of 2|8 §lofercuvencnss =
MIPS N-terminal peptides were manually inspected to confirm N- E CI % £ 8
terminal acetylation. 5 olo £ % E
RNA purification and cDNA synthesis 5 LR TesIeBeeEeTILey
Total RNA was purified from gill epithelium using RNeasy Plus “.é “wi S %
(Qiagen, Hilden, Germany). Briefly, 2030 mg frozen tissue was T [£2] Yovomasssomtn|oe L
disrupted with a RNase-free mortar and pestle, lysed with 600 ul é 28 88C5389BBRER § z g
lysis buffer (containing guanidine-isothiocyanate) and homogenized S ©5 2
with a QIAshredder (Qiagen). Genomic DNA (gDNA) was removed S NAAHAAAAALAAAA|ZE S
by passing the lysate through a gDNA eliminator spin column and > L E §- <
total RNA was purified by selective binding to a silica-gel membrane B £EECdse28ssT TSl R
spin column (Qiagen). RNA concentration and purity was checked o = i
using a NanoDrop spectrophotometer (Thermo Fisher Scientific) at & o ltaserEng8os g 2 B é
A260, A280 and A320nm. All A260/A280 ratios obtained were s £8|g S 3383 N 298 2€8/2T5
between 2.0 and 2.2. High quality of extracted RNA was also z A N L
verified on 2% agarose gels. To ensure complete DNA removal, g S, s % é
purified RNA was subjected to DNase treatment with TURBO- O FEBSBEI5588888¢% o o s
DNAfree reagent (Life Technologies, Grand Island, NY, USA). = =3 é
¢DNA extracted from tilapia blood was used for DNase control = AEE2R0RILURNS g g
reactions to validate proper activity of the DNase enzyme. Two § £ § §2 § 8 E § R ﬁ 2 S § egeg
. . 9 I\NgmmNtoﬁ'l\valnng
micrograms of DNase-treated total RNA were reverse transcribed = CYERELILOOTO0 085
in the presence of oligo(dT) and random hexamers in a 1:1 ratio g £ %
using SuperScript I1I First-Strand Synthesis kit (Life Technologies). = 5228888838888 5355
PCR amplifications of target cDNA were performed by combining % 8 E é
2 ul of undiluted cDNA and 10 pmol of each of the corresponding > Slag88 IBI~88388E P 3
primers (Table 1) in a final volume of 25 pl reaction of PCR Master & ? g i 5
Mix (Promega, Madison, WI, USA). Cycling conditions were as 4 < é 3 s
follows: initial denaturation at 94°C for 1 min followed by 30 cycles s ¢ =3
of denaturation at 94°C for 30 s, annealing at 60°C for 30s and S 2 g § §
extension at 72°C for 1 min. The last cycle was followed by a final © ; @ Z g =3
extension at 72°C for 5 min. The same primers and conditions were 3 z 2. 2.x 9_S4|F 2 K
used to amplify gDNA. Five microliters of each PCR product were S g 22 g E5g % wd S < g 7,;% 3
analyzed by agarose gel (2%) containing GelRed to visualize T g > s3 E £ § 253z % 2z E 2 2
amplicons for evaluation of purity and size. ‘:E @ g‘»':_ g S 5 L2 632 £3u s %
8 §728Ze%e Y% 518
Cloning and sequence analysis of MIPS and IMPA (: a Ig e
To clone O. mossambicus, MIPS and IMPA1 PCR products were L) = 28¢
amplified from both cDNA and gDNA and fractionated on a 2% 8 g é S %
agarose gel. Resulting bands were excised from the gel, placed in = o £ "=<7> 2
separate microcentrifuge tubes and incubated at 65°C until the gel S 55
slice melted. Then, 4 ul of the melted agarose containing each PCR 8 Eac
product was cloned into 2.1-TOPO vector using a TOPO TA cloning Elg 8 S § 3
strategy. The cloning reaction was followed by chemical g < g i § £
transformation of One Shot Mach-T1 Competent cells according to £2|3 T % 28
. . . . . B 9| o & T
the manufacturer’s instructions (Life Technologies). Clones were x2S = o
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screened by PCR and sequenced using M13 and M13 reverse
primers. Sequences were analyzed by nucleotide alignment using
Geneious Pro 5.1.7 (Biomatters, Auckland, New Zealand). For
MIPS, the sequence stretch unique to the long transcript was targeted
for designing long MIPS variant-specific PCR primers (Table 1).
Using these primers resulted in amplification of a single PCR
product. Discontiguous megablast searches against the GenBank
RefSeq genomes and transcriptomes of O. niloticus and Danio rerio
were performed on 6 July 2013. These BLAST searches served to
identify the number of tilapia and zebrafish MIPS and IMPA loci
that are homologous to O. mossambicus MIPS (GenBank accession
number DQ465381) and IMPA1 (GenBank accession number
JQ943581). For phylogenetic analysis, MIPS and IMPA protein
sequences from fish and other species were obtained by searching
NCBI, UniProt and Ensembl databases. Multiple sequence alignment
and phylogenetic tree construction using a distance-matrix
(neighbor-joining) method with bootstrapping (1000 iterations) were
performed using Geneious Pro 5.1.7.

Quantitative real-time PCR
Relative expression levels of MIPS-160 and MIPS-250 transcripts
and IMPA1 and IMPA2 mRNAs in salinity treated samples versus
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Fig. 1. Targeted quantitation of myo-inositol phosphate synthase (MIPS) and inositol monophosphatase 1 (IMPA1) abundances in gill epithelium of tilapia
exposed to 90 ppt compared with freshwater (FW) handling controls. (A,B) Extracted ion chromatograms (EICs) for MIPS peptide VIVLWANTER m/z
651.3653 (A) and IMPA1 peptide AYDFAVAVAR miz 541.7850 (B). EIC traces for six samples from 90 ppt acclimated fish are shown in blue and EIC traces
for six FW control samples are shown in black. Three technical replicates are depicted horizontally. (C) Heat map illustrating the abundance difference
between samples from 90 ppt acclimated tilapia and FW handling controls for all IMPA1 diagnostic peptides. Three technical replicates are depicted
vertically. The heat map was generated using Gene-E (BROAD Institute, Cambridge, MA, USA). (D,E) Protein abundances of six biological replicates for
MIPS (D) and IMPA1 (E). Each data point represents the mean + s.e.m. abundance of all diagnostic peptides for a single biological replicate, and y-axes
are plotted on a log; scale. Three technical replicates are depicted horizontally. The protein mean + s.e.m. of all six biological replicates for salinity-stressed
fish and the P-value for the two-factor ANOVA are shown at the top of each chart.
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performed on the normalized data to determine whether mRNA
abundances in treated versus control samples were statistically
different (P<0.05). The mRNA abundances ratio of the two MIPS
transcript variants was calculated using Eqn 1:
_E C
Rat MIPS-160 “ t\ips. 160 (1)

>

EMIPS-ZSO Ctmws, 250

where E is the amplification efficiency and C; is the cycle number
at the threshold fluorescence.

RESULTS
Identification of MIPS and IMPA1 by LC-MS/MS
Three unbiased label-free quantitative gill proteome profile
analyses were performed to identify salinity-regulated proteins,
and O. mossambicus MIPS (UniProt accession number Q1KN76)
and IMPA1 (UniProt accession number Q3ZLDO0) were revealed
as candidates. The cDNA sequences corresponding to those
proteins were previously cloned and submitted to GenBank by our
laboratory (GenBank accession numbers DQ465381 for MIPS and
JQY943581 for IMPAT1). All proteins identified in the three
proteome profile analyses, pertinent metadata, identification
scores, spectra and quality control criteria have been deposited in
the public PRIDE repository (PRIDE accession numbers
28622-28631). Quantitatively diagnostic MIPS and IMPAI1
peptides, their identification scores and ProfileAnalysis 2.0 ratios
(if available) are shown in Table 2. These data illustrate that MIPS
and IMPA1 can be readily detected by LC-MS/MS. In addition,
their semi-quantitative ProfileAnalysis ratios suggest that both
proteins increase in abundance during 90 ppt salinity stress
compared with FW controls. However, in particular for MIPS, a
quantitative ProfileAnalysis ratio was missing for most peptides
because the corresponding peptide quantities were not matched to
the protein ID. Moreover, often the dynamic range for determining
a ratio with global profile analysis was insufficient to identify
MIPS or IMPAT1 peptides in FW controls because the intensity
threshold for detecting a peak in the global profile analysis had
to be set high (>1000 counts) to minimize artifacts. Therefore,
targeted label-free proteomics based on LC-MS/MS and the AMT
approach was performed on diagnostic peptides identified for
MIPS (excluding the N-terminal peptide) and IMPA1 (Table 2).

Upregulation of MIPS and IMPA1 proteins by 90 ppt salinity
stress
Targeted AMT was initially performed for samples from tilapia
exposed to 90 ppt and the corresponding FW handling controls
because global profile analysis data indicated that the effect of
salinity was strongest under these conditions (Table 2). The LC-
MS/MS retention time reproducibility between biological and
technical replicates as illustrated in Fig. l1A,B was excellent and
allowed for application of a 0.7 min Rt range limit for targeted
AMT quantitation. Fig. 1 also shows the high reproducibility of
quantitative differences in the EIC integrals of MIPS peptide
VIVLWANTER (m/z 651.3653; Fig. 1A) and IMPA1 peptide
AYDFAVAVAR (m/z 541.7850; Fig. 1B) when samples from
90 ppt acclimated tilapia are compared with those from FW
control fish. A heat map with EIC integrals of IMPA1 peptides
shows that all diagnostic peptides are strongly increased in
samples from fish exposed to 90 ppt relative to FW controls
(Fig. 1C). Consolidation of the quantitative peptide data at the
protein level visualizes the significantly higher abundance of MIPS
(2.3-fold on average for three technical replicates) and IMPAI
(14.5-fold on average for three technical replicates) in gills from
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tilapia exposed to 90 ppt compared with FW handling controls
(Fig. 1D).

Confirmation of MIPS and IMPA1 regulation by western blot
Upregulation of MIPS and IMPA1 was confirmed using
immunoblotting with specific antibodies. Antibody specificity was
verified by loading recombinant hexa-His-tagged tilapia MIPS
and IMPA1. IMPAL is readily visible on a Coomassie-stained
SDS-PAGE gel just below the slightly larger hexa-His-tagged
recombinant IMPA1 band (Fig. 2A). IMPA1 was much more
abundant in gill epithelium from 90 ppt salinity stressed fish but
was also clearly visible in the FW handling controls. In contrast,
MIPS is not visible on Coomassie-stained gels, indicating that it
is much less abundant in gill epithelium than IMPAL. The
western blots confirm the increase in MIPS and IMPA1 that occurs
after acclimation of fish to 90 ppt (Fig. 2B). They also confirm
that IMPAT1 increases to a much greater extent than MIPS. For
MIPS, the corresponding western blot band is visible for all
samples, including FW controls. This is not the case for IMPAI,

A

KDa

75

":iﬁﬁnﬁﬁﬁ BE

30- EEC-BER cEm s b B
37 ‘5---'----'-.

25-

Anti-MIPS

Anti-IMPA1

Anti-actin

Control Treated

Fig. 2. MIPS and IMPA1 detection by western immunoblotting of proteins
from gill epithelium of tilapia. (A) Coomassie Blue stained SDS-PAGE gel
containing gill epithelial protein extract from FW handling controls and fish
that were gradually acclimated from FW to 90 ppt salinity. A 15% SDS-
PAGE gel was loaded with 35 pg total protein per lane. The IMPA1 band is
clearly visible in the samples and is indicated by an arrow. Recombinant
hexa-his-tagged Oreochromis mossambicus IMPA1 (I) and MIPS (M)
proteins were loaded as positive controls to validate the antibodies, and
molecular weight standards were also included on each gel to confirm that
immunoreactive bands correspond to the expected size. (B) Western blots
developed with antibodies against MIPS (top), IMPA1 (middle) and beta-
actin (bottom). The actin western blot was used in addition to Coomassie
staining to control for equal sample loading.
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indicating that the dynamic range of western blots is more limited
than that for Coomassie Blue and quantitative LC-MS/MS. The
Coomassie-stained SDS-PAGE gel and the actin western blot
demonstrate that equal amounts of total protein were loaded for
all samples (Fig. 2).

IMPA1 and MIPS regulation during acute and moderate
salinity stress
Step-wise acclimation of tilapia from FW to 90 ppt over a period
of 2 weeks represents a gradual but severe salinity stress because
higher salinities are not readily tolerated by this species. To assess
how the MIB pathway is regulated during acute and less severe
salinity stress, tilapia were acutely exposed to 34 ppt (17 ppt day™)
and gradually to 70ppt (7pptday™'). Even though global
ProfileAnalysis did not yield conclusive data for these comparisons

(Table 2), targeted AMT based quantitative proteomics clearly
shows that the effect of 34 ppt acute and 70 ppt gradual salinity
stress on MIPS and IMPAL is less pronounced than for 90 ppt
salinity stress (Fig.3). Nevertheless, both enzymes were
significantly upregulated during 34 ppt acute salinity stress
(Fig.3A): MIPS was upregulated 2.1-fold and IMPA1 was
upregulated 5.4-fold under these conditions (averages of three
technical replicates). For 70 ppt gradual salinity stress, only
IMPA1 was significantly upregulated (3.5-fold on average for three
technical replicates) but the increase in MIPS (1.2-fold for all three
technical replicates) was not statistically significant in any
technical replicate (Fig. 3B). Overall, these data show that severe
salinity stress, whether acute (34 ppt) or gradual (90 ppt), leads to
stronger upregulation of MIB pathway enzymes than more
moderate salinity stress (gradual 70 ppt).
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Constitutive N-terminal acetylation of MIPS

The N-terminal peptide of MIPS was identified with high
metascores by all search engines (Mascot, PEAKS, Phenyx,
X!Tandem) when including protein N-terminal acetylation as a
variable modification search parameter (Table2). In contrast,
neither the unmodified N-terminal MIPS peptide nor any N-
terminal IMPA peptide was detected under any condition. The
MS/MS spectra obtained for N-terminally acetylated MIPS
peptides were of high quality and consisted of almost complete b
and y ion series (Fig. 4). In addition, high A-scores (max. 250.38)
were assigned to these peptides by ScaffoldPTM analysis.
Furthermore, the acetyl group was localized to Serl with a
confidence value of 100% by ScaffoldPTM. The high A-score and
localization confidence values did not even consider the bl ion,
which was detectable, albeit at low intensity, and further increased
the confidence of N-terminal acetylation assignment after manual
inspection of the MS/MS spectra (Fig.4). In addition, an
assignment of the acetyl group to the only alternative residue in
this peptide (Lys12) yielded very low scores. These data clearly
demonstrate that MIPS is N-terminally acetylated. The effect of
osmotic stress on N-terminal MIPS acetylation was analyzed by
targeted AMT-based LC-MS/MS. The N-terminally acetylated
peptide increases to a similar extent at 34 and 90 ppt (3.3- and
3.1-fold, respectively; averages of three technical replicates) as
the overall protein (Fig. 5). In addition, this peptide does not change
significantly at 70 ppt and is regulated in the same way as the
other MIPS peptides (Fig. 5). These results, in combination with
the absence of unmodified N-terminal peptide under any condition,
indicate that MIPS is constitutively N-terminally acetylated.
During severe salinity stress, the amount of acetylated N terminus
increases in conjunction with the overall MIPS protein.

Evolutionary conservation of the MIB pathway
Because cellular myo-inositol accumulation in mammals is
mediated via extracellular uptake by a sodium-myo-inositol
cotransporter in lieu of MIB pathway activation (Handler and
Kwon, 1993), we analyzed the degree of evolutionary sequence
conservation of MIPS and IMPA in vertebrates. Oreochromis
mossambicus MIPS c¢cDNA is 92.4% identical to that of O.
niloticus, 73—82% identical to that of species from other teleost
orders, and 60-62% identical to mammalian MIPS (Fig. 6A).
Oreochromis mossambicus IMPA1 is 89.3% identical to O.
niloticus IMPA1, 66-90% identical to that of species from other
teleost orders, and 61-63% identical to mammalian IMPA1
(Fig. 6B). Remarkably, whereas a single MIPS gene is present in
tilapia and many other teleost genomes, MIPS is missing from the

1000 1250

zebrafish genome (supplementary material Table S1). The O.
niloticus genome contains four loci that encode IMPA, whereas
the zebrafish genome only has a single IMPA locus (supplementary
material Table S1). IMPA orthologs that correspond to O. niloticus
IMPA1 and IMPA2 paralogs are more highly conserved across
all vertebrates than the different IMPA paralogs within a single
species (Fig. 6B).

Salinity regulation of MIPS, IMPA1 and IMPA2 mRNA
abundance
To assess whether the salinity-induced upregulation of MIB
pathway enzymes is due to regulation of the corresponding
transcripts, we quantified MIPS and IMPA1 mRNA levels. In
addition, we were interested in comparing how changes in protein
abundance relate to changes in mRNA abundance of MIPS and
IMPA1. When separating the MIPS PCR amplicons on DNA
agarose gels we consistently observed two bands, one much fainter
than the main band and larger in size than expected (Fig. 7A).
When using genomic DNA instead of cDNA as the PCR template,
only a single product that was identical to the larger cDNA
amplicon was observed (Fig. 7A, Lane 10). We gel-purified and
sequenced both MIPS PCR products and determined that the
shorter, more abundant amplicon was missing an 86 bp (in-frame)
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Fig. 5. Abundance of the N-terminal Ser1-acetylated MIPS peptide in gill
epithelium of tilapia exposed to 34 ppt acute, 70 ppt gradual and 90 ppt
gradual salinity stress (gray triangles) in comparison to the corresponding
FW handling controls (open circles). Each data point represents the mean
+ s.e.m. of six biological replicates, and abundances are plotted on the y-
axis as arbitrary units (AU; log, scale). Three technical replicates are
depicted horizontally for each salinity acclimation experiment.
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Fig. 6. Phylogenetic relationship of (A) MIPS and (B) IMPA protein sequences. Rooting of the phylogenetic trees was achieved with Daphnia pulex (MIPS)
and Branchiostoma floridae (IMPA) sequences as outgroups. (A) The following NCBI/UniProt/Ensembl accession numbers were used for MIPS:
Oreochromis mossambicus MIPS, Q1KN76; Oreochromis niloticus MIPS, XP_003442861; Gasterosteus aculeatus MIPS, ENSGACP00000013058; Oryzias
latipes MIPS, ENSORLP00000017669; Takifugu rubripes MIPS, ENSTRUP00000040637; Tetraodon nigroviridis MIPS, ENSTNIP00000020331; Salmo salar
MIPS, B5X3P3; Xenopus laevis MIPS, Q6DDT1; Xenopus tropicalis MIPS, F7TCRT1; Bos taurus MIPS, Q2NL29; Homo sapiens MIPS, QONPH2; Mus
musculus MIPS, Q9JHU9; Daphnia pulex MIPS, E9GTQ2. (B) The following NCBI/UniProt/Ensembl accession numbers were used for IMPA: Oreochromis
niloticus IMPA1, XP_003439317; Oreochromis mossambicus IMPA1, Q3ZLDO; Oryzias latipes IMPA1, Dicentrarchus labrax IMPA1, E6ZJ93; Gasterosteus
aculeatus IMPA1, ENSGACP00000006465; Takifugu rubripes IMPA1, ENSTRUP00000009117; Tetraodon nigroviridis IMPA1, ENSTNIP0O0000016661;
Anguilla anguilla IMPA1, E1UVKY; Oncorhynchus mykiss IMPA1, C1BF75; Osmerus mordax IMPA1, C1BLV9; Danio rerio IMPA1, NP_001002745; Homo
sapiens IMPA1, NP_005527; Mus musculus IMPA1, NP_061352; Bos taurus IMPA1, P20456; Xenopus laevis IMPA1, Q7SYT9; Xenopus tropicalis IMPA1,
Q28FW1; Oreochromis niloticus IMPA2, XP_003439196; Salmo salar IMPA2, COHBE4; Danio rerio IMPA2, NP_001018408; Homo sapiens IMPA2,
ENSP00000269159; Mus musculus IMPA2, NP_444491; Branchiostoma floridae IMPA, XP_002597692.

fragment (Fig. 7B). Therefore, both amplicons represent MIPS
transcript variants that are likely the result of alternative splicing.
We designed MIPS primers that are specific for the long transcript
variant to distinguish the influence of salinity acclimation on each
variant (Fig. 7C). PCR products obtained with these long MIPS
transcript (MIPS-250)-specific primer pairs yielded single bands
on agarose gels (Fig. 7D). IMPA1 and IMPA2 amplification using
specific PCR primer pairs also yielded single bands on DNA
agarose gels (Table1, gel data not shown). To allow for
normalization of MIPS and IMPA mRNA levels, PCR primer pairs
for beta-actin and 18S rRNA were designed, each of which
produced single bands of the expected size (Table 1, gel data not
shown). After optimization of qPCR conditions for MIPS, IMPAT,
IMPA2, beta-actin and 18S rRNA, the corresponding C; values
had a linear relationship with sample concentration (R*>0.996),
amplification efficiency was high (85.2-98.8%) and melt curve
analysis confirmed the presence of a single qPCR product in each
case (supplementary material Fig. S1). Quantitative PCR showed
that MIPS mRNA abundance of short and long transcript variants
(MIPS-160 and MIPS-250) increased during all types of salinity
stress tested (Fig. 8A). The salinity-induced increase of the major,
shorter MIPS variant was much greater (28.4- to 41.1-fold) than
that of the minor, longer MIPS variant (10.4- to 18.0-fold),
resulting in a significant increase of the short MIPS/long MIPS
ratio during salinity stress (Fig.8B). The increase in IMPAI
mRNA abundance exceeded that of MIPS by more than an order

of magnitude during all three types of salinity stress (424- to 742-
fold) (Fig. 8C). In contrast, the mRNA abundance of IMPA2
increased only slightly after 34 and 90 ppt salinity acclimation and
not at all after 70 ppt treatment (Fig. 5D).

DISCUSSION

Euryhaline fish tolerate large changes in salinity and the mechanisms
underlying such tolerance are of interest in the context of global
salinization and warming (Calvo et al., 2011; Somero, 2012). One
of the few organs of euryhaline fish that is directly exposed to the
external environment is the gill, and gill epithelial cells are exposed
to significant osmotic stress during changes in habitat salinity.
Therefore, changes in the molecular phenotype of gill epithelium
in fish exposed to salinity stress provide information about the
physiological mechanisms that enable euryhaline fish to cope with
such stress.

Salinity effects on MIPS and IMPA1 protein abundance
Label-free quantitative proteomics was used in this study to reveal
that both enzymes of the MIB pathway are regulated by salinity
stress in tilapia gill epithelium. This label-free approach has several
advantages over other quantitative proteomics approaches,
including minimal sample manipulation, wide dynamic range,
applicability to intact animals, and no ‘undersampling’ (as in
spectral counting). Gill epithelium of tilapia challenged by gradual
exposure to very high salinity (90 ppt) contained significantly
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Fig. 7. Identification of alternative MIPS transcript variants in tilapia gill epithelium. (A) Amplification of MIPS cDNA using the initial set of primers yields two
PCR products, but the shorter product (MIPS-160) is much more abundant than the longer product (MIPS-250). Lanes 1-5: gill RNA from different biological
replicates of 70 ppt acclimated fish and treated with TURBO DNase (2U) prior to cDNA synthesis; Lane 6: control 1 indicating effectiveness of DNase
treatment (JDNA was added to RNA at a 1:3 ratio, which did not affect the PCR result); Lane 7: control indicating complete removal of gDNA by DNase
treatment (RNA was substituted with gDNA prior to DNase treatment and cDNA synthesis); Lane 8: negative control (no template); Lane 9: tilapia genomic
DNA amplification (same as Lane 7 but without TURBO DNase treatment); Lane 10: positive RT-PCR control using HeLa cell RNA for cDNA synthesis
followed by amplification of human beta-actin; Lane M: 100 bp DNA ladder. (B) Schematic representation of MIPS post-transcriptional processing due to
alternative in-frame splicing of a 86 bp nucleotide fragment (indicated by a gray arrow) yielding two distinct MIPS transcripts whose PCR products are 164
and 251 bp long. (C) Sequence of the amplicons obtained using the initial MIPS primer pair and a primer that is specific for amplifying only the long
transcript variant of MIPS. Annealing sites of each PCR primer are indicated as blue and green arrows, and the 86 bp fragment that distinguishes the
transcript variants is shown italicized and with gray shading. The corresponding amino acid sequence is also shown italicized and with gray shading in the
box below. (D) Agarose gel containing PCR products from gill cDNA samples of tilapia exposed to 34 ppt salinity stress. Lane M: 100 bp DNA ladder; Lanes
1-5: different MIPS primer pairs that are specific to only amplifying the long MIPS transcript variant (including the pair shown in C, which was selected for
gPCR) yield only a single PCR product (MIPS250); Lane NC: negative PCR control (no primers).

higher levels of MIPS (EC 5.5.1.4) and IMPA1 (EC number
3.1.3.25), the two enzymes that constitute the MIB pathway
(KEGG pathway number 00562, http:/www.genome.jp/
dbget-bin/show_pathway?map00562). However, IMPA1 protein
is much more profoundly upregulated in gill epithelium of 90 ppt
acclimated fish compared with FW handling controls than MIPS,
which increases more moderately. Additional salinity exposure
experiments (34 ppt, 70 ppt) clearly indicate that the degree of
osmotic MIB pathway induction depends more on the acuteness
of the salinity stress than the absolute salinity. Even though 34 ppt
is only half of 70 ppt, the upregulation of MIB pathway enzymes
at 34 ppt resembles that seen at 90 ppt because the salinity change
was more rapid (17 pptday ™! instead of 7 ppt day™!) and leads to
a severe osmotic stress. Gradual acclimation to 70 ppt (7 ppt day ')
did not significantly increase MIPS and the increase in IMPAL1
was smaller than that during the 34 and 90 ppt exposures. These
data agree with the known long half-life of myo-inositol, which
makes it suitable for accumulation as an organic osmolyte (Yancey

et al., 1982). The high stability of myo-inositol explains why the
MIB pathway is more strongly induced during acute salinity stress,
when osmotic homeostasis is profoundly disturbed and the need
for rapid accumulation of myo-inositol is greatest. Interestingly,
the stability of myo-inositol may be affected by environmental
salinity. For instance, myo-inositol degradation appears to be
upregulated in euryhaline sharks when they are exposed to dilute
seawater, which is consistent with the need to lower compatible
osmolyte levels during hypo-osmotic stress (Dowd et al., 2010).
Furthermore, the metabolite myo-inositol was shown to increase
in tilapia tissues during exposure to elevated salinity, which is
consistent with MIB pathway activation by salinity stress (Fiess
et al., 2007).

Magnitude of MIPS versus IMPA1 regulation and the role of
MIPS acetylation
An interesting result of this study is the large difference in the
magnitude of salinity-induced upregulation of the two MIB pathway
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enzymes. IMPA1 is always more strongly upregulated than MIPS
under our experimental conditions when environmental salinity
increases, regardless of the magnitude and acuteness of salinity
stress. This phenomenon can be interpreted and explained in three
ways. First, during salinity stress, the catalytic efficiency of MIPS
may be higher than that of IMPAT1, rendering IMPA1 more rate
limiting for myo-inositol synthesis. Second, during salinity stress,
MIPS may be more stable than IMPAT1 such that its turnover is
slower and less de novo synthesis is required to replace unstable,
non-functional protein that is destined for degradation. In other
words, the overall MIPS protein pool in salinity-stressed gill
epithelium may consist of a higher proportion of functional MIPS
than is the case for IMPAI. A higher stability of MIPS may be
conferred by its acetylated N terminus, which increases
proportionally to the overall MIPS protein during salinity stress.
The sequence and modification state of protein N termini is an
important determinant of their stability and turnover rate, and this
overall phenomenon has been termed the N-end rule (Bachmair et
al., 1986; Varshavsky, 2011). N-terminal acetylation of proteins is
known to greatly influence protein stability and degradation (Brown,
1979; Meinnel et al., 2005; Perrier et al., 2005; Clairmont et al.,
2006; John et al., 2008; Gutierrez et al., 2011). Therefore, it is likely
that acetylation of the MIPS N terminus serves to regulate protein
stability. Because we did not detect the IMPA1 N-terminal peptide,
it is possible that this peptide harbors multiple modifications such
as ubiquitination and others that render IMPAT less stable and are
difficult to detect using conventional search strategies. Allowing
too many variable modifications during MS/MS peptide and protein
identification searches greatly increases the search space and false
discovery rate and is, therefore, impractical. A third possible reason
for the observed difference in the magnitude of salinity-induction
of MIPS versus IMPA1 is the capacity of IMPAI1 to utilize
alternative substrates. In addition to utilizing myo-inositol-3-

phosphate produced by MIPS, IMPAI1 can also convert myo-
inositol-1-phosphate and myo-inositol-4-phosphate (produced by
enzymes other than MIPS) to myo-inositol (Gee et al., 1988; Seelan
et al., 2009; Sato et al., 2011) (see KEGG map 00562).

MIPS/IMPA mRNA versus protein regulation

The overall effects of different salinity challenges on MIPS and
IMPA1 abundance are qualitatively similar at the mRNA and protein
levels. The greatest effect is evident at 90 ppt, the lowest at 70 ppt,
and salinity stress has a much more pronounced effect on IMPA1
than MIPS at both mRNA and protein levels. However, both MIPS
mRNA variants significantly increase even during 70 ppt
acclimation, which is not reflected at the protein level. This
difference between mRNA and protein levels may be attributed to
an inhibitory effect of salinity stress on protein synthesis and
translational efficiency (Kiiltz, 1996; Burkewitz et al., 2012).
Inhibition of protein synthesis/translational efficiency during salinity
stress would also explain the much higher levels of mRNA induction
at 34 and 90 ppt compared with the magnitude of the corresponding
protein increase. Stronger increases in mRNA compared with
corresponding protein abundances in response to stress are not
uncommon and have been observed for many other systems
(Kaufmann and van Oudenaarden, 2007; Persson et al., 2009; Shebl
et al., 2010; Schwanhdusser et al., 2011).

Interestingly, two different MIPS mRNA variants are present in
tilapia gill epithelium. Both variants are induced by salinity stress
but the shorter variant is upregulated approximately twice as much
as the longer MIPS variant. These data indicate a potential role of
alternative MIPS splicing during salinity stress. Alternative splicing
of another strongly salinity-regulated protein (Na-K-2Cl
cotransporter) has been implicated in sensing and responding to
different severities of osmotic stress in mammals (Castrop and
Schnermann, 2008). In contrast to MIPS, two IMPA isoforms that
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are encoded by distinct genes are expressed in gill epithelium.
IMPALI is highly expressed and strongly regulated by salinity,
whereas IMPA2 mRNA levels are much lower and only moderately
increase at 34 and 90 ppt. Evidence for salinity-dependent regulation
of IMPA1 mRNA has recently been reported for other species of
euryhaline fish, suggesting that the induction of the MIB pathway
during hyperosmotic stress is an evolutionarily conserved trait of
euryhaline teleosts. In European eel (Anguilla anguilla), IMPA1
mRNA increases in parallel to increased salinity (Kalujnaia and
Cramb, 2009; Kalujnaia et al., 2010), and in killifish (Fundulus
heteroclitus), IMPA1 mRNA is downregulated in response to a
salinity decrease (Whitehead et al., 2012). The exquisite osmotic
sensitivity of IMPA1 at both mRNA and protein levels makes this
enzyme a robust indicator system for mechanistic studies of
osmosensory signal transduction.

Evolutionary implications of the MIB pathway for salinity
tolerance of fish

Our finding that IMPA orthologs representing IMPA1 or IMPA2
paralogs are more highly conserved across all vertebrates than the
different IMPA paralogs within a single species suggests that a gene
duplication event giving rise to IMPA1 and IMPA?2 paralogs has
occurred early during vertebrate evolution. Additional gene
duplication events producing more than two IMPA paralogs may
have only occurred in particular vertebrate lineages. Alternatively,
extra IMPA copies may have been lost in many vertebrate lineages
because of a lack of selection pressure for retaining them. From an
evolutionary perspective it is also very interesting to note that
stenohaline zebrafish, which do not tolerate significant salinity stress
(>10 ppt), lack a MIPS gene, suggesting that they are unable to
synthesize the compatible osmolyte myo-inositol from glucose-6-
phosphate via the MIB pathway. Moreover, our study shows that
euryhaline tilapia have four different IMPA genes, compared with
only a single IMPA gene encoded in the zebrafish genome. We
interpret these data as evidence for a significant role of the MIB
pathway during evolution of the physiological trait of euryhalinity
in fishes. Surprisingly, in mammals, the MIB pathway does not seem
to play a significant role for accumulation of myo-inositol during
hyperosmotic stress even though most mammalian genomes contain
the necessary enzymes. Instead, mammalian cells accumulate myo-
inositol via uptake by a sodium-coupled co-transporter (Handler and
Kwon, 1993). The reason for this shift from synthesis to uptake of
myo-inositol is unknown, but may include tissue-specific constraints
(gills are specific to fishes but absent in mammals).

In summary, we have shown that the MIB pathway is strongly
regulated by environmental salinity in euryhaline tilapia.
Hyperosmotic upregulation of both MIB pathway enzymes (MIPS
and IMPA) is proportional to the severity of salinity stress and is
evident at both mRNA and protein levels. The magnitude of
upregulation is much higher at the mRNA than the protein level,
which we interpret as evidence for an inhibitory effect of salinity
stress on protein synthesis/translational efficiency. Tilapia have a
single MIPS gene, which is expressed in gill epithelium as two splice
variants that are present in different amounts and differ in their
responsiveness to salinity stress. Tilapia have four IMPA genes, but
only two are expressed in gill epithelium and only IMPAL is highly
expressed and very strongly regulated by salinity. The effect of
salinity stress is less pronounced on MIPS than on IMPA1, which
may be (at least partly) due to constitutive N-terminal acetylation.
Based on these data and the absence of a functional MIB pathway
in zebrafish, we conclude that this pathway represents a critical
prerequisite for the evolution of euryhalinity in fish.
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Fig. S1. Optimization of quantitative PCR (qPCR) conditions for MIPS, IMPA1, IMPA2, beta-actin and 18S cDNA
quantitation. PCR amplification efficiencies were calculated from the slopes of standard curves and were higher than 90%
with R?>0.997. Melt curve analysis showed a single peak for all primers and dilutions tested indicating that each reaction
resulted in a single predominant PCR product. (A) Standard curve using different starting concentrations (x-axis) and
primer pairs for long and short MIPS transcripts and beta-actin. (B) Melt curve analysis of MIPS and beta-actin gPCR
products. (C) Standard curve using different starting concentrations (x-axis) and primer pairs for IMPA1, IMPA2 and 18S
cDNAs. IMPA primer pairs selected for gPCR analyses of all samples are labeled in green. (D) Melt curve analysis of
IMPA1, IMPA2 and 18S gqPCR products.



Table S1. Results of sequence similarity searches using discontigous megablast and Oreochromis mossambicus MIPS
(Genbank AC DQ465381) and IMPA1 (Genbank AC JQ943581) cDNA sequences as templates against the RefSeq
genomes (blue) and transcriptomes (black) of Oreochromis niloticus and Danio rerio (Genbank, 06 July 2013)

Query Sequence

Matched Locus

Max.
Score

Total
Score

Query
Coverage

gi|93115135|gb|DQ465381.1|

gi|93115135|gb|DQ465381.1|

Oreochromis niloticus unplaced genomic scaffold,
Orenil1.0 scaffold00021, whole genome shotgun
sequence

PREDICTED: Oreochromis niloticus inositol-3-
phosphate synthase 1-B-like (LOC100704062),
mRNA

883

1450

3664

2775

99%

75%

gi|425895518 | gh [1Q943581.1]

gi|425895518 |gh |1Q943581.1|
gi|425895518 | gh |1Q943581.1|
gi|425895518 |gh |1Q943581.1|
gi|425895518 |gh |1Q943581.1|

gi|425895518 | gh [1Q943581.1]

Oreochromis niloticus unplaced genomic scaffold,
Orenil1.0 scaffold00006, whole genome shotgun
sequence

Oreochromis niloticus unplaced genomic scaffold,
Orenil1.0 scaffold00284, whole genome shotgun
sequence

PREDICTED: Oreochromis niloticus inositol
monophosphatase 1-like (LOC100696589), mRNA
PREDICTED: Oreochromis niloticus inositol
monophosphatase 1-like (LOC100708678), mRNA
PREDICTED: Oreochromis niloticus inositol
monophosphatase 1-like (LOC100712427), mRNA
PREDICTED: Oreochromis niloticus inositol
monophosphatase 1-like (LOC100689806), mRNA
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gi|425895518 | gh [1Q943581.1]

gi|425895518 | gh [1Q943581.1|

Danio rerio strain Tuebingen chromosome 2
genomic scaffold, Zv9_scaffold202

Danio rerio inositol(myo)-1(or 4)-
monophosphatase 1 (impal), mRNA
>gh|BC076438.1| Danio rerio inositol(myo)-1(or
4)-monophosphatase 1, mRNA (cDNA clone
MGC:100926 IMAGE:7145589), complete cds
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