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Resolving hemocyanin isoform complexity in haemolymph of black tiger shrimp Penaeus
monodon - Implications in aquaculture, medicine and food safety

Abstract

Hemocyanin (Hc) is a multifunctional macromolecule involved in oxygen transport and non-
specific immunity in shrimp. Hc is crucial in physiology and nutrition linked with optimal
performance in aquaculture production systems. In medicine, Hc has been approved for
clinical use in humans as adjuvant and anticancer therapeutic. In contrast, Hc has also been
identified as one of the proteins causing anaphylaxis following shrimp consumption. The role
of individual Hc isoforms remains unknown due to a lack of resolved Hc isoforms. We
successfully identified eleven different Penaeus monodon hemocyanin (PmoHc) y isoforms
including two truncated isoforms (50 and 20 kDa) and one PmoHc B isoform in haemolymph
using proteomics informed by transcriptomics.

Amino acid sequence homology ranged from 24 to 97% between putative PmoHc gene
isoforms. Hcisoforms showed specific patterns of transcript expression in shrimp larval stages
and adult hepatopancreas. These findings enable isoform level investigations aiming to define
molecular mechanisms underpinning Hc functionality in shrimp physiology and immunity, as
well as their individual immunogenic role in human allergy. Our research demonstrates the
power of proteomics informed by transcriptomics to resolve isoform complexity in non-model
organisms and lay the foundations for improved performance within the aquaculture industry
and advance allergenic applications in medicine.

Significance: The roles of hemocyanin (Hc) in shrimp homeostasis and immunity as well as in
human allergy are not well understood because the complexity of Hc isoforms has remained
unresolved. Our results have confirmed the existence of at least 12 individual Hc isoforms in
shrimp haemolymph and validated putative Hc gene assemblies from transcriptomics. Our
findings will enable monitoring the expression of specific Hc isoforms in shrimp haemolymph
during different environmental, nutritional and pathogenic conditions, thus providing insights
into isoform specific functional roles. In medicine, the potential allergenicity of each Hc
isoform could be determined and advance allergenic applications. Lastly, since Hc comprises
up to 95% of the total protein in haemolymph, these isoforms become ideal targets for prawn
provenance, traceability and food contamination

studies.

1. Introduction

Hemocyanin (Hc) is the name for extracellular, large, multimeric, copper-based respiratory
proteins found in the haemolymph (Hm) of many arthropods, molluscs and metazoans [1-3].
Hc comprises up to 95% of the total protein content of crustacean haemolymph [4, 5].

Arthropod Hc forms large protein aggregates in excess of 450 kDa, combining a 75 kDa
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structural subunit into hexamers, or multiples of hexamers depending on the species [1, 6].
Each 75kDa subunit has two central copper binding domains that perform the main oxygen
transport function, and several key domains that influence quaternary structure [7]. In
crustaceans, Hc is thought to be composed of three distinct subunits (a-type, B-type or y-type

subunits), although a single subunit is able to aggregate into hexameric structures [8, 9].

The crystal structure of a hexameric Hc has been resolved for the spiny lobster, Panulirus
interruptus [7]. Within penaeid shrimp, Hc mRNA sequences have only been resolved for B-
type and y-type subunits [10]. In black tiger shrimp Penaeus monodon, only a single y-type Hc
subunit sequence has been identified, although three functional subunits (Pm1, Pm2 and
Pm3) have been sequenced from purified haemolymph protein extracts [9]. More recently,
one B-type and at least four y-type subunit isoforms have been characterised from Penaeus
vannamei [11, 12], as well as a number of potential splice variants [13]. In addition,
proteomics has been applied to resolve some Hc isoforms from P. vannamei [11]. However,
most of the y-type subunits remain unresolved, as do any of the Hc subunits from P. monodon

putatively identified using transcriptomics.

In addition to species differences, functional adaptations of crustacean Hc quaternary
structure or subunit expression have been observed in response to respiratory stress from
hypoxia and also hypercapnia [14]. Changes in these parameters also occur at different
developmental stages and within the moult cycle [15, 16]. Crustacean Hc expression as well
as protein abundance are known to be affected by viral and bacterial pathogens [12, 14, 16-
18]. Hemocyanin and Hc-derived peptides function directly in many complementary innate
immune responses, through anti-bacterial [19-21], anti-viral [17, 22], haemolytic [23],
melanotic [24] and phenoloxidase-like activities [25], with each significantly contributing to

the host response.

Hemocyanin has shown potential for medical applications as immune-stimulant [26, 27],
adjuvant [28] and proposed as an alternate immunotherapeutic in different types of cancer
including bladder [29], colon carcinoma [30] and melanoma [26]. The immunogenic
properties of keyhole limpet hemocyanin (KLH) from the mollusc keyhole limpet Megathura
crenulata have been extensively studied for over five decades, with applications as an
adjuvant as well as an immune surveillance tool in cancer vaccines [31-33]. More importantly,

KLH is one of the few naturally occurring bioactive proteins that has been approved for clinical
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application for its remarkable immunostimulatory properties, reflected by the generation of
high levels of antibodies, a strong cellular response to various antigens, and the ability to
target an immune response to tumour-specific antigens [34]. Consequentially, Hc from
abalone Haliotis tuberculata [28] and L. vannamei [35-37] have been targeted for similar

applications in medicine.

However, arthropod Hc has also been identified and characterised as a causative protein for
IgE antibody mediated allergic sensitisation. Previous studies have demonstrated patient
serum IgE binding to Hc from cockroaches [38]. Studies in shrimp and crab have also
demonstrated IgE reactivity with Hc establishing potential allergenicity [5, 39, 40]. The
interaction of IgE with Hc has been established as a cause of shrimp allergy in children as well
as adults, and potential role in clinical cross-reactivity between shrimps and house dust mites
[39, 41-43]. Moreover, the isoform-specific IgE reactivity has not been yet well characterised,
leading to a lack of knowledge on the immunological mechanisms governing the allergenicity

imparted by shrimp Hc and the potential that isoform differences play a role in this activity.

At the transcript level, there has been substantial progress in understanding the complexity
of shrimp haemocyanin and its functional response to external stimuli [10, 12, 13, 19].
However, only a single study aimed at resolving the total number of Hc isoforms present in
shrimp by analytical chemistry has been reported to date [11]. Proteomics and
transcriptomics are powerful complementary tools that have aided characterising novel
proteins in non-model species [44, 45]. Here, proteomics informed by transcriptomics was
used to characterise and resolve the complexity of Hc isoforms in one of the most farmed

shrimp species, P. monodon.

2. Material and methods

2.1 Haemolymph collection

Sub-adult black tiger shrimp P. monodon were sourced from 100 L tanks with water flow of 1
L per min where temperature was maintained at 282C and salinity at 35 g/L. Shrimp were
anaesthetised by immersion in a seawater-ice slurry and haemolymph (100 - 200 pL) collected

from the pericardial sinus. To remove hemocytes and prevent coagulation, haemolymph was
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centrifuged for 30 s at 3,000 x g. The hemocyte pellet was discarded, and haemolymph plasma
stored at —80°C until use. Identification of Hc isoforms using mass spectrometry (MS) was
carried out using a pool of haemolymph plasma from seven shrimp. The raw haemolymph
plasma was subjected to ultracentrifugation at 150, 000 x g at 4°C for 30, 60 and 120 min in
triplicate. The supernatant from each fraction was collected and prepared for MS analysis.
Total protein content estimation was carried out using Bradford reagent using bovine serum

albumin standard curve.

2.2 SDS PAGE and in-gel digestion
Proteins (10 pug Bradford) from each fraction were resolved by molecular weight on SDS-PAGE
gel (4 - 12%, Bis-Tris) as indicated by the manufacturer (Life Technologies, Carlsbad, CA).
Following gel visualisation by Coomassie blue (PageBlue, Thermo Scientific) the gel bands
corresponding to the molecular weight of Hc (~75 kDa) were excised and processed by in-gel
digestion [46] for liquid chromatography (LC)-MS analysis. Briefly, gel pieces were washed
twice with ultrapure water and twice with 100 mM ammonium bicarbonate followed by
dehydration with 200 pL of 100% acetonitrile and 5 min incubation at room temperature. Gel
pieces were rehydrated with 30 puL of 10 mM dithiothreitol and incubated for 30 min to reduce
proteins. Excess solution was removed with a micropipette. To prevent protein refolding thiol
groups were alkylated with 30 pL of 100 mM iodoacetamide. Dithiothreitol and
iodoacetamide were prepared in 100 mM ammonium bicarbonate. Gel pieces were
dehydrated again using acetonitrile as indicated before. Tryptic peptides were generated by
addition of 50 uL of trypsin (0.01 pg/mL in 50 mM ammonium bicarbonate, Promega) and
overnight incubation at 37°C. Tryptic peptides were recovered dehydrating the gel pieces with
buffer in a two-step process (A: 50% acetonitrile/5% formic acid/water as diluent; buffer B
80% acetonitrile/5% formic acid/water as diluent) followed by lyophilisation. Peptides were

resuspended in 30 pL of 0.1% formic acid.

2.3 Filter aided sample preparation (FASP)
A gel-free discovery proteomics approach was employed to detect Hc isoforms from 100 pg
of total protein (Bradford) from a haemolymph pool from seven shrimps collected as
described above. A modified version of the filter-assisted sample preparation (FASP) protocol

[47] was employed wherein plasma proteins were homogenised in 200 uL of urea buffer (8 M
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urea, 100 mM Tris-HCl, pH 8.5) and transferred into a 3 kDa filter unit (Amicon) followed by
centrifugation (14,000 x g, 15 min). Filters were washed twice using urea buffer and
centrifugation (14,000 x g, 15 min). Proteins were reduced with 50 mM dithiothreitol and 30
min incubation at room temperature followed by centrifugation (14,000 x g, 15 min). Thiol
groups were alkylated in the darkness with 100 mM iodoacetamide for 20 min at room
temperature and centrifuged (14,000 x g, 10 min). Dithiothreitol and iodoacetamide were
prepared in urea buffer. Excess of dithiothreitol and iodoacetamide were washed with two
sequential centrifugation steps (14,000 x g, 15 min) using 200 uL of urea buffer. Filters and
proteins were equilibrated with 200 pL of 50 mM ammonium bicarbonate (14,000 x g, 10 min)
before proteolysis. Proteins were digested at 37°C overnight using 200 pL of trypsin (0.01
ug/uL in 50 mM ammonium bicarbonate). Tryptic peptides were recovered by centrifugation
(14,000 x g, 15 min) lyophilised and resuspended in 0.1% formic acid to an estimated final

concentration of ~4 pg/uL for LC-MS/MS analysis.

2.4 LC-MS/MS analysis
Tryptic peptides (2 pL) from either in-gel or in-solution digestion were chromatographically
separated using an Ekspert 415 nanolLC (Eksigent, Dublin, CA, USA) coupled to a TripleTOF
6600 (SCIEX, Redwood City, CA, USA). The peptides were directed onto a trap column (SGE
ProtoCol, C18, 3 um, 120 A, 10 mm x 0.3 mm) for desalting for 5 min at a flow rate of 10
uL/min 0.1% FA. The peptides were separated in a ChromXP C18 column (3 pm, 120 A, 150
mm x 0.3 mm) at flow rate of 5 pL/min. A stepped linear gradient from 3 to 25% solvent B
over 38 min was employed followed by 25 - 32% B over 5 min, followed by 32 - 80% B over 2
min and a 3 min hold at 80% B, transitioning to 3% B over 1 min, and 9 min of re-equilibration.
The linear gradient (3 to 25% solvent B) for raw haemolymph-FASP was extended to 68 min
owed to its complexity, but the rest of chromatographic steps remained the same. The eluent
from the HPLC was directly coupled to the DuoSpray source of the TripleTOF 6600 MS. The
mass spectrometer parameters were set to 5500 V for ion spray voltage, 25 psi for curtain gas
and ion gas sources 1 and 2 were set to 15 and 15 psi respectively (12 and 15 for in-solution
digests). The heated interface was set to 200°C. Data acquisition was performed in
information-dependent acquisition (IDA) mode comprising a high-resolution time-of-flight
(TOF)-MS survey scan followed by 30 MS/MS, each with a 40 ms accumulation time. First

stage MS analysis was performed within the mass range m/z 400-1250 with a 0.25 s
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accumulation time with the instrument in positive mode. Product ion spectra were acquired
for precursor ions over 200 counts/s with charge state 2-5. These spectra were acquired over
the mass range of m/z 100-1500 using the manufacturer rolling collision energy (CE) based
on the size and charge of the precursor ion. Dynamic ion exclusion was set to exclude
precursor ions after one occurrence with an 8 s interval and a mass tolerance of 50 ppm.
Isotopes within 6 Da of the precursor mass were excluded. Mass spectral datasets publicly
available at institutional repository with identifier ##### (To be advised).

2.5 Protein identification

The protein database was constructed using 126,369 contigs from a publicly available P.
monodon transcriptome [48]. The public transcriptome was assembled from nine different
tissues and eight early life-history stages of P. monodon and can be accessed on NCBI
BioProject: PRINA421400 and TSA: GGLHO0000000 [48]. Contigs from the transcript assembly
were processed for open reading frames in all 6 frames using the transeq tool of the EMBOSS
software suite [49]. For each contig the longest open reading frame was selected for inclusion
in the database. A repository of adventitious proteins database (cRAP) was appended to the
main database. The protein sequences in this repository are derived from common
contaminants during proteomics sample preparation.

Identification of Hc isoforms was enabled by a combined database search using the Paragon™
algorithm [50, 51] version 5.0.1.0, 4874 embedded in the ProteinPilot™ software version
5.01. A total of 24 mass spectral datasets obtained by SDS-PAGE (n = 12) and FASP (n = 12)
were used as input for the combined database search. Search parameters were defined as
cysteine alkylation with iodoacetamide, trypsin as the digestion agent with no restrictions
placed on taxonomy. Modifications were set to “generic workup” and “biological”
modification as provided with this software package, which consisted of all biological
modifications listed in Unimod, including acetylation, methylation and phosphorylation. The
generic workup modifications set contains 59 potential chemical modifications that may
occur as a result of sample handling, for example, oxidation, dehydration and deamidation.
The criteria for positive protein identification were proteins with 295% confidence. Hcisoform
complexity was resolved using the distinct peptide summary (1% global false discovery rate)
wherein each Hc tryptic peptide fragment evidence was manually inspected and deemed

unique or common according to its presence in one or more Hc isoforms. A general schematic
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representation of the workflow used to resolve the complexity of Hc in haemolymph of black

tiger Penaeus monodon is presented in Figure 1.
2.6 Transcriptome analysis, Hc alignments, phylogeny and isoform expression

Transcripts assembled from a recent P. monodon tissue-specific and larval stage data set [48]
were interrogated by BLAST sequence similarity algorithms using the P. monodon Hc protein
sequence (AEB77775). A list of 44 potential Hc isoforms were identified using sequence
alignments to other known crustacean Hc genes, and analysed according to the known Hc
subunit framework [10]. Protein alignments, phylogenetic trees and pairwise comparisons
were performed using MEGA v10.0.5 [52]. Maximum likelihood trees from protein alignments
were created using the Nearest-Neighbour-Interchange (NNI) method and Jones-Taylor-
Thronton (JTT) protein substitution models over 100 bootstrap replicates. Relative isoform
expression was quantified from transcriptomic data by mapping each individual lllumina
paired end read to each contig using Salmon in RStudio V1.0.143 running RV3.4.1. Read
counts were normalised across each sample by sequence read depth and contig length,
calculated as TPM (transcripts per million), then shown as logl0 TPM relative expression.
Gene expression was quantified as the average from three replicate samples of each tissue
(hepatopancreas, hemocytes, muscle, male gonad, female gonad, eyestalk, lymphoid organ,
gill and stomach) and from single pools of approximately 400 individuals from each early life
history stage (E — embryo; N — nauplii; Z— zoea; M — mysis; PL1,4,10,15 — post larvae day 1, 4,
10 or 15).

3. Results

3.1 Protein separation and SDS-PAGE and FASP MS analysis

Separation of raw haemolymph plasma by SDS-PAGE showed a predominant protein
conglomerate around the expected molecular weight of Hc (~75 kDa) (Figure 2A, lanes A-C).
After haemolymph plasma ultracentrifugation (at 30, 60 or 120 min) a higher diversity of
protein bands across a wider molecular weight range were visible (Figure 2A, lanes D-L). Both,

raw and differentially centrifuged haemolymph were used to elucidate Hc isoforms from
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excised Hc gel fragments or directly after FASP employing trypsin combined with shotgun
proteomic analysis.

Following LC-MS/MS of SDS-PAGE and FASP digests, a combined protein database search
facilitated identification of 238 non-redundant Hc tryptic peptides in shrimp raw and
ultracentrifuged haemolymph. From these, 45 tryptic peptides were uniquely matched to 12
Hc protein isoforms (Table 1). Fragmentation evidence of these 45 peptides and sequence
coverage for the 12 Hc isoforms are provided in Supplementary Files 1 and 2. The remaining
193 Hc tryptic peptides were conserved across a varying number of Hc transcriptomic
assemblies and therefore deemed unresolved. An example of such conservation was peptide
WNAIELDK that was present in 33 Hc transcriptomic assemblies (Supplementary File 3)
including most gamma isoforms reported in Table 1.

The inherent purification capacity of SDS-PAGE enabled the identification of seven unique Hc
tryptic peptides that were not present after FASP (Figure 2B). Consequently, PmoHc y7 was
exclusively identified in SDS-PAGE through the peptides IRDAIAHGYIADR and
GINVLGDIIESSLYSPNVQYYGALHNTAHIVLGR that were not discoverable in FASP (Table 1,
Figure 2C). FASP elucidated two Hc tryptic peptides associated to isoforms PmoHc y 1 and
PmoHc y 8 (Figure 2B); however, other peptides associated to those isoforms were also
identified by SDS-PAGE (Table 1). The remaining 11 Hc isoforms were identified by both
approaches with the use of 36 peptides identified by both SDS-PAGE and FASP. Hc isoforms
PmoHc B and PmoHc y1 were identified through 14 peptides while the remaining 28unique
peptides were distributed between the remaining 10 Hc isoforms (Table 1). Sequence

coverage ranged from 39-80%.



249  Table 1. Hemocyanin isoforms resolved in haemolymph of black tiger shrimp Penaeus monodon using proteomics informed by transcriptomics

Protein Peptide
Sequence Common Times

Name Accession? coverage?  Length? kDa* pl peptides ldentified peptides Da® 7z’ detected dMass® Origin®

PmoHc B GGLH01016677.1 39 667 77.16 5.64 5 AGENHIVR 894.47 2 14 -0.001
ELATTWNPR 1086.54 2 30 -0.002
FDSNGMQIPFDNNR 1670.69 2 3 -0.014
HDDSVTVR 927.44 2 15 0.001
ILTELEQGR 1057.58 2 27 0.000
LNHKPFTFDIYANAK 1778.89 3 1 -0.005 Gel
MLQTPGR 817.40 2 14 -0.011
MPPGVMEHFETATR 1633.72 3 2 0.000 Gel
MTFTGTLK 897.49 2 1 0.026
QWEFSLFNPR 1193.60 2 13 0.003
TLIQQADEAVASNTDLPHDIDR 2421.17 3 14 -0.008
VLGAQSDPLGK 1083.59 2 25 0.000
VNEPLLSSFTDLK 1461.77 2 43 -0.002
YGGEFPTRPDNLVFEDVAGVAR 2408.16 3 11 -0.012

PmoHcyl GGLH01020339.1 57 533 61.88 5.33 19 AQQIQTPGK 969.53 2 30 0.002
DAHDSAVTVPDVPSFHSLFQMTEK 2673.23 4 4 -0.008 Gel
DMIIIDSR 961.49 2 3 -0.001
EGTNHIVR 924.48 2 14 0.004
HFFSLFNAR 1137.58 2 11 0.009
HREEALMLFDVLIHCK 2026.97 3 2 -0.024 Gel
IYNHGEHIHKE 1375.66 3 7 -0.007
LFEELDNFK 1153.57 2 20 0.008
LSNHLDPVEELDWNKPIHHGFAPHTTYK 3296.64 5 13 0.049 FASP
SGLEEFVSATGLPNR 1575.79 2 27 0.004
SHGYPLDR 951.45 2 41 -0.002
TFISNAAYFR 1188.60 2 26 0.009
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251
252

PmoHc y2
PmoHc y3

PmoHc v4
PmoHc y5

PmoHc y6

PmoHc y7

PmoHc y8

PmoHc y9

PmoHc y10

PmoHc y11l

GGLH01021097.1
GGLH01022336.1

GGLH01022418.1
GGLH01023547.1

GGLH01024761.1

GGLH01024786.1

GGLH01024971.1

GGLH01045235.1

GGLH01088644.1

GGLH01235518.1

69
81

70
77

54

58

71

80

67

63

678
688

678
677

678

678

678

446

183

578

77.45
78.11

77.69
77.24

77.56

77.34

77.47

50.79

20.42

65.90

5.53
5.53

5.37
5.37

5.59

5.45

5.50

5.06

531

5.14

49

46

49

30

32

41

43

15

33

YGGQFPSRPDNVNFEDVDDVAR
IRDMIIIDSR
ADSFDPEANLSHYSDGGEAIQK
VFENHGEHIQ

VFNHGEHIQK
CNDWDTFVSNAAYFR
DALSGADSGLTDFESATGIPNR
TKDALSGADSGLTDFESATGIPNR
HRHEALMLFDVLIHCK
VFEELPNFGHIQVK
GINVLGDIIESSLYSPNVQYYGALHNTAHIVLGR
IRDAIAHGYIADR

DSLAPYSK

EHKDSLAPYSK
TEAALGGADSGLTEFESATGIPNR
QIDISNEK
AKEALGGADSGLEGFESATGIPNR
EALGGADSGLEGFESATGIPNR
QGDPHGKYDLPPGVLEHFETATR

2497.13
1230.67
2393.03
1079.52
1207.62
1864.78
2406.11
2464.15
2059.02
1655.88
3683.88
1469.80
879.43
1273.63
2420.17
987.49
2388.15
2188.98
2564.26

AN W N WW N W WWW W N WNWWwWwWw

[any

12
149
36
11

11
3

0.018
-0.005
0.001
0.005
0.009
-0.005
-0.035
-0.026
-0.008
0.011
-0.013
0.022
-0.001
-0.004
0.022
0.000
-0.010
-0.048
0.031

Gel

Gel
Gel

FASP

1. Genbank accession numbers as part of transcriptome shotgun assembly TSA:PRINA421400. 2. Sequence coverage in % derived from ProteinPilot calculated including common peptides. 3. Length: protein amino

acid length. 4. kDa, protein theoretical molecular weight. 5. p/, protein theoretical isoelectric point. 6. Da, observed molecular weight of peptide in Daltons. 7. z, observed peptide charge state. 8. dMass, Peptide

Delta mass. 9. Origin, indicates whether peptide was identified in FASP or SDS-PAGE, otherwise, peptide was identified in both approaches if space is empty.

10
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Further MS analysis was performed on additional gel bands (Figure 2, lanes H and L, gel bands
1-4) to ensure that other Hc isoforms were not missed. Multiple protein identifications that
included Hc proteins and non-Hc proteins occurred in those gel bands, but no new isoforms
different from those identified in Table 1 were found (Supplementary File 4). In addition to
this, the protein conglomerate corresponding to molecular weight of Hc appeared to have
separated into two bands (Figure 1) which suggested the separation of Hc proteins into two
groups. These bands were further characterised by SDS-PAGE and the top and bottom bands
excised and digested in triplicate and analysed by MS as described above. Both bands
contained the same Hc and no new isoforms were identified (Supplementary File 5A). Further
MS analysis of haemolymph plasma prepared on 3, 10 and 30 kDa (Supplementary File 5B)
filters as well as pelletised Hc (after 120 min ultracentrifugation) prepared on a 10 kDa filter

did not yield any new Hc identifications (Supplementary File 5C).

3.2 Phylogeny and relative gene expression
Transcriptomic assemblies from P. monodon yielded a total of 44 contigs that were annotated
or shared significant homology with the amino acid sequence of the publicly available
P. monodon Hc (AEB77775). There was a high degree of sequence similarity between putative
PmoHc gene isoforms, with protein alignments of all isoforms (Supplementary File 6, supplied
as FASTA file) showed an average of 83% amino acid identity across isoforms (range 24.3% to
97.4%). This high degree of sequence similarity meant that proteomics detected many shared
peptides across all isoforms, but only those that contained unique peptides were considered
for further analysis. Phylogenetic analysis of these 12 Hc isoforms clustered mainly within the
y-subunit, but also revealed the presence of a single B-subunit that was most similar to the B-
subunit of P. vannamei (Figure 3, sequence 41). The two Penaeid Hc B-subunits shared 92.6%
protein homology across 667 amino acids. Of the 12 isoforms detected by proteomics,
sequence Pmon Hc y5 (GGLH01021772.1) was the full-length sequence most similar to the
published full-length P. monodon Hc (Figure 3, sequence 10), with 97.8% identity across 677
amino acids (Figure 4A). As expected, isoforms that shared most homology with one another
clustered together, such as Pmon Hc y3 and y9 (98.4% homology, Figure 3) or Pmon Hc y4 and
v8 (96.3% homology, Figure 3). Interestingly, proteomics also confirmed the presence of two
truncated isoforms, Pmon Hc y9 and Pmon Hc y10, (~50 and ~20 kDa, respectively) that could

be uniquely identified from all other Hc isoforms.

11
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Relative gene expression using read counts showed that the majority of uniquely identified
isoforms were only expressed in the hepatopancreas (Figure 4B), but also had specific
expression patterns within shrimp larval stages (Figure 4C). For example, Pmon Hc y3 and y9
isoforms were both highly expressed in the hepatopancreas. Meanwhile, the Pmon Hc y6 and
v7 isoforms shared a similarly high expression pattern throughout most larval stages from
zoea stage onwards (Figure 4C) In addition, Pmon Hc y5 and y10 were highly expressed and
clustered with the only other known Hc sequences from P. monodon. These two isoforms also
shared a similar expression pattern that increased at later PL stages (Figure 4C). On the other
hand, the expression of PmoHc y1 or y6 could not be detected in adult hepatopancreas tissue,
but their expression was comparatively high during larval development, particularly during

late mysis and throughout PL stages.

4. Discussion

4.1 Proteomics informed by transcriptomics in novel hemocyanin isoform discovery

High throughput genomic sequencing technologies produce vast amounts of data and reveal
the potential breadth of sequence diversity that exists in different species, but few studies
attempt to resolve the complexity, redundancy or incorrect annotations of those sequences.
In this study 44 transcriptomic putative Hc isoforms were identified and using an independent
proteomics approach 12 unique Hc isoforms within the circulating haemolymph of shrimp
were resolved, irrespective of the shrimp used to produce the transcriptome. This included
defining the presence of a B-subunit for the first time in P. monodon identified through 14
unique peptides. Further confirmation of putative transcriptomic Hc isoforms may be
resolved using other complementary enzymes in addition to trypsin to discriminate unique
peptides, or by subjecting the haemolymph to additional purification steps before LC-MS/MS
analysis. Herein, the benefit of combining transcriptomics with mass spectrometry as a
powerful approach to detect and resolve isoform complexity in a non-model organism was
highlighted.

Unfractionated shrimp haemolymph represents a significant technical challenge for
proteomic studies due to the abundance of Hc, similar to the well-known challenges that
albumin, haemoglobin and immunoglobulins create for investigating vertebrate plasma.

Although ultracentrifugation has been commonly used in other non-crustacean species, only
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recently has haemolymph been analysed from shrimp using shotgun proteomics and
ultracentrifugation [11, 53]. In this study ultracentrifugation and the resolving capacity of SDS-
PAGE were sufficient to identify all reported Hc isoforms. This could be highly relevant when
sample availability is a constraint as FASP, at different molecular weight cut-offs, utilised ten

times more protein without a yield increase in Hc isoform identification.

4.2 Implications for shrimp biology

Our research resolved a total of 11 unique y-type subunits and a single B-type subunit. Many
of the sequences matched the 20-25 amino acid N-terminal protein sequences derived in the
study by Stoeva [9] with the exception of one or two substitutions that could be either protein
sequencing errors or population variants. In P. monodon, only a single y-type Hc subunit has
been identified, despite evidence for several distinct proteins in haemolymph extracts [9].
Several B- and y-type subunits have been resolved from two Penaeid shrimp species using
transcriptomic evidence [10]. At protein level several y-type subunits have been resolved
including a B-subunit in P. vannamei [11]. All other reported sequences from other penaeids
resolved within the y-type Hc clade (Figure 3).

The two peptides VLGAQSDPLGK and YGGEFPTRPDNLVFEDVAGVAR used to uniquely identify
the B-subunit in P. vannamei [11] were amongst the 14 unique peptides used to identified a
B-subunit in P. monodon in our study. The sequence conservation of these peptides in P.
vannamei and P. monodon would be particularly delicate in proteomics-based studies of
traceability, provenance or food contamination where neither peptide could be used for
species authentication or food certification [54, 55].

Each of the Hc sequences reported in the public databases for P. monodon clustered as one
v-type Hc clade with the Pmon Hc y5 and y10 isoforms identified by proteomics (Figure 3,
numbers 6-8). However, sequence diversity and the resulting bootstrap scores from the
maximum likelihood phylogeny supported the presence of a further 9 different y isoform. This
enabled absolute confirmation of the putative transcriptome Hc sequence diversity within
the haemolymph of the black tiger P. monodon. A potential small Hc (HcS) y-subclade may be
emerging containing the Pmon Hc y3 and y9 subunits, as well as the Pvan HcS and several
other Penaeid species. The Pvan HcS subunit was reported as the most abundant isomer
within the multimeric Hc protein [11], consistent with the Pmon Hc y3 and y9 subunits

hepatopancreas expression levels. However, there was no simple relationship with size or
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theoretical isoelectric point, as unique Pmon Hc y1 and y11 subunits were also truncated (533
and 578 amino acids, respectively) but clearly separated from any putative HcS clade.

For the 12 Hc isoforms uniquely identified by proteomics, each showed significant sequence
diversity and distinctive tissue specific expression patterns (Figure 4), including several that
were only present in early larval stages. The Pmon Hc y3 was constitutively expressed across
all larval stages and the only one identified in eggs and was also the most abundantly
expressed isoform in the hepatopancreas of adults. Isoforms of Hc have been described
between moult stage of shrimp [16] and in juvenile crabs, where certain isoforms change in
relative abundance during larval development, while others remain constitutively expressed
[56]. Interestingly, differential expression of Hc isoforms has been reported between shrimp
subjected to different conditions and challenges including rearing sites [10], hypoxic and cold
stress [14, 57], inter-moult and pre-moult [16] and bacterial and viral infection [18, 53, 58].
This shift in expression has been linked with oxygen binding affinity and haemolymph
magnesium levels, potentially as an environmentally adaptive mechanism [59]. As we begin
to understand the abundance of Hc diversity, the ability to accurately discriminate between

these isoforms is key to understanding their biological function.

Proteomic studies employing 2D gels have identified several truncated Hc isoforms that were
not only up-regulated in response to bacterial infection, but also showed in vitro anti-
bacterial, anti-viral or agglutination activities [19, 60, 61]. Recombinantly produced versions
of these truncated isoforms either reduced mortality from Vibrio infection after injection [19],
or reduced white spot syndrome virus (WSSV) transcription in vitro by binding to the WSSV
envelope protein VP28 [60]. Both the C- and N-terminal sequence of hemocyanin have been
shown to be highly diverse and possess bacterial agglutination and hemolytic activities [20,
61]. These functional truncations may be produced from cleavage of full length Hc protein,
known in insects to induce phenoloxidase activity after N-terminal Hc cleavage [62]. The
sequence of the 165 aa fragment (493-697 aa) LvaHclL4 (Figure 3, sequence 2 AHY86474)
isoform [19] corresponded to the coding region of the 183 aa fragment (501-683 aa) from the
PmoHc y10 isoform. This isoform showed only 90% similarity to any other PmoHc sequence,
and clustered independently with other Hc isoforms including the truncated PvaHcl4
sequence (Figure 3, sequences 1-6). Most importantly, this truncated isoform could be

identified from all other Hc isoforms using two unique peptide sequences (Table 1). This
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strongly suggested this truncated sequence is an independent gene within penaeid shrimp,

with specific expression patterns, regulation and functions in pathogen response.

Hc diversity has been suggested as a basis for mounting an innate immune response against
a range of pathogens in shrimp [20, 61, 63]. Other benefits of such Hc gene duplications can
be the ability to transcribe huge amounts of mRNA with a subsequent high concentration of
Hc proteins stored in the haemolymph [6, 15]. These provide the potential to immediately
respond to various challenging conditions, caused by either environment or disease. The
existence and sequence diversity of different genes, together with their flexible expression,
constitutes the genetic basis for the inter- and intra-specific polymorphism and provides an

efficient intrinsic mechanism to adapt to dynamic and changing conditions [15, 64].
4.3 Medical implications

Recent studies have revealed shrimp Hc in causing anaphylaxis; the most severe form of an
allergic reaction [65] but only a few reported potential epitopes derived from Hc [5, 42]. For
example, five Hc peptides from lobster and shrimp bearing the QHDVN motif were reported
as allergens in sera of patients with shrimp allergy [42]. In our study, the peptide
QHDVNFLLHK (containing the same motif) was identified conserved across several of the
resolved gamma isoforms reported here (Supplementary File 3). It then becomes complex to
attribute allergenicity to a particular isoform or to all when the only evidence is an allergen
derived from a conserved peptide. An additional study in shrimp and lobster identified the Hc
peptides FNMPPGVMEHFETATR and HWFSLFNER [5] that share homology with the PmoHcf
peptides MPPGVMEHFETATR and QWFSLFNPR identified here (Table 1). Further Hc allergen
peptides included QREEALMLFTVLNQCK and EEALMLFDVLMHCK [5] that are similar to the
PmoHc y1 peptide HREEALMLFDVLIHCK identified here (Table 1). The IgE antibody binding
property of shrimp Hc also puts into perspective the risk of allergic cross-reactivity to other
invertebrates including insects and house dust mites as Hc is also present in their
haemolymph [43, 66]. In this regard, it is essential to generate knowledge on shrimp Hc
isoform allergenicity to provide insights into the molecular mechanisms underpinning
shellfish allergy. The purified or recombinant expressed individual Hc isoforms could be
included in in vitro diagnostics to test serum of patients with suspected crustacean allergies

and further IgE antibody epitope mapping and discovery. In this way allergic reactions to
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ingested shrimp can be assessed in the context of the abundance of specific Hc isoforms or to
the presence of specific conserved epitopes or a combination of both.

Hc is also known for its immunostimulatory and antibody production [26, 28, 33] as well as
anti-proliferative and anti-tumour properties [30, 33, 36]. Hc from the keyhole limpet M.
crenulata is the most advanced of the Hc analogues in biomedicine and is currently used as
immunogenic adjuvant in clinical trials. However, there is a lack of knowledge on the isoform-
specificimmunogenicity of Hc. Resolving the complexity of Hc isoforms is key for determining
their specific molecular functions and in finding new applications for this very abundant

oxygen transport protein.

5. Conclusions

In this study the complexity of Hc isoforms in shrimp haemolymph was resolved revealing 12
isoforms including ten of approximately 75 kDa and two truncated forms of approximately 50
and 20 kDa. The identification and purification of Hc isoforms sets the foundation for
investigations using specific isoforms to explore the potential allergenicity and thus impacting
food safety in relation to shellfish consumption. Future studies will seek to explore the
isoform expression in response to biotic or abiotic stresses and define markers indicative of
high performing animals. These would be applied with the aim to increase aquaculture
sustainability through the development of improved feeds and rearing conditions that

enhance animal welfare and performance.
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Figures

Figure 1. Schematic representation of the workflow utilised to resolve the complexity of hemocyanin proteins

in haemolymph of black tiger Penaeus monodon using proteomics informed by transcriptomics

Figure 2. Identification of Hc isoforms in haemolymph of shrimp Penaeus monodon. Panel A, Electrophoretic
protein separation of ultracentrifuged haemolymph plasma. Coomassie blue stained SDS-GEL. Lanes: A-C,
haemolymph plasma; D-F, 30 min ultracentrifuged haemolymph plasma; G-I, 60 min ultracentrifuged
haemolymph plasma; J-L, 120 min ultracentrifuged haemolymph plasma. Large rectangle boxed area around
hemocyanin molecular weight (~75 kDa) encompasses the twelve lanes that were excised for mass
spectrometry analysis. Non-Hc protein were identified by MS in gel spots 1-4 on lane H and L (Supplementary
File 4), further Hc identifications did not occur on these gel spots. Panel B, distribution of unique peptides
identified by mass spectrometry in haemolymph of P. monodon using SDS-PAGE (10 ug protein) and FASP (100
ug protein). Panel C, distribution of hemocyanin isoforms identified in SDS-PAGE and FASP.

Figure 3. Resolving hemocyanin complexity in haemolymph plasma of black tiger shrimp Penaeus monodon.
Maximum likelihood phylogeny of Hc isoforms detected as unique proteins by proteomics in this study (blue
text) among other Hc isoforms reported sequence databases from other crustacean species (numbered).
Numbers correspond to isoforms identified in species as follows: 1-6, 11-13, 15-18, 21-23, 41: Penaeus
vannamei; 7, 19: Penaeus japonicus; 8-10: Penaeus monodon; 14: Penaeus chinensis; 20: Penaeus
merguiensis; 25-27: other shrimp species; 24, 28-36, 42: spiny and clawed lobsters; 37-40: stomatopods; 43-
46: crabs. Protein alignments provided in FASTA format in Supplementary File 6 and full sequence information

and accession numbers provided in Supplementary File 7.

Figure 4 Pairwise comparison of unique Pmon Hc isoforms with sequences from the public database for P.
monodon (A). Relative expression and sequence diversity of unique PmoHc isoforms. Relative expression of
each isoform is shown as: average log10 transcripts per million (TPM) + SE within hepatopancreas tissue (B)
and across prawn larval development (C). E — embryo; N — nauplii; Z— zoea; M — mysis; PL1,4,10,15 — post

larvae day 1, 4, 10 or 15.

Supporting documents
Supplementary Files 1. Peptide fragmentation evidence of unique peptides identified in specific Hc isoforms

Supplementary Files 2. Sequence coverage of Hc isoforms bearing unique peptides

Supplementary File 3. Common Hc peptides detected by proteomics that are shared amongst transcriptomic

Hc assemblies

Supplementary File 4. Proteins identified in major non-hemocyanin gel spots (gel-spots 1, 2, 3 & 4, Figure 2)
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Supplementary Files 5. Information regarding MS identification of: A) Hc isoforms in top and bottom gel band

corresponding Hc molecular weight (~75 kDa). B) Hc isoforms in MWCO filters of 3, 10 and 30 kDa. C) Hc

isoforms in a pellet of hemolymph ultracentrifuged for 120 minutes at 150,000 x g at 4°C

Supplementary File 6. Fasta file for alignment of Hc isoforms.

Supplementary File 7. Hemocyanin sequences from several shrimp species used to build the phylogenetic tree

in Figure 3.
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