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A B S T R A C T

Two liver-expressed antimicrobial peptide 2 (LEAP2) isoforms were characterized in a primitive chondrostean
sturgeon species, Acipenser baerii (Acipenseriformes). A. baerii LEAP2 isoforms represented essentially common
structures shared by their vertebrate orthologs at both genomic (i.e., tripartite organization) and peptide (two
conserved disulfide bonds) levels. A. baerii LEAP2 isoforms (designed LEAP2AB and LEAP2C, respectively)
phylogenetically occupy the most basal position in the actinopterygian lineage and represent an intermediate
character between teleostean and tetrapodian LEAP2s in the sequence alignment. Molecular phylogenetic
analysis including LEAP2s from extant primitive fish species indicated that the evolutionary origin of ancestral
LEAP2 in vertebrate groups should date back to earlier than the actinopterygian-sarcopterygian split. Gene
expression assays under both basal and stimulated conditions suggested that A. baerii LEAP2 isoforms have
undergone substantial subfunctionalization in tissue distribution pattern, developmental/ontogenetic expres-
sion, and immune responses. LEAP2AB showed a predominant liver expression, while LEAP2C exhibited the
highest level of expression in the intestine. LEAP2C was a more dominantly expressed isoform during embryonic
development and prelarval ontogeny. The LEAP2AB isoform is more closely associated with innate immune
response to microbial invasion, compared with LEAP2C, as evidenced by results from LPS, poly(I:C) and
Aeromonas hydrophila challenges. Synthetic mature peptides of LEAP2AB displayed a more potent antimicrobial
activity than did LEAP2C. Data from this study could be useful not only to provide deeper insights into the
evolutionary mechanism of LEAP2 in the actinopterygian lineage but also to better understand the innate im-
munity of this commercially important chondrostean species.

1. Introduction

Sturgeons (Acipenseriformes) represent an ancient lineage of
Actinopterygii (ray-finned fishes), often referred to as living fossils [1].
Phylogenetically, sturgeons belong to a chondrostean fish group that
occupies an evolutionary bridge between Chondrichthyes (cartilaginous
fish) and Osteichthyes (bony fish). Given their unique phylogenetic
position, sturgeons are recognized as an invaluable comparative model
for studying evolution and diversifying mechanisms of many biological
systems in the vertebrate lineage [2–4]. In addition to their theoretical
and evolutionary relevance, sturgeons have been long recognized as
valued fishery resources primarily as a source of caviar. However, most
natural stocks of all the acipenseriform species have been endangered
or threatened due to multiple anthropogenic and industrial activities,

and aquacultural production has already become a mandatory means to
utilize sturgeon and its products for commercial purposes worldwide
[5]. As aquaculture of sturgeons has increased considerably over the
past decades, a parallel increase in risk associated with infectious dis-
eases has occurred under intensive farming conditions [6,7]. In recent
years, bacterial and viral pathogens have been identified as causing
high mortality outbreaks in farmed sturgeon stocks, suggesting an ur-
gent need for disease control [8‒10]. In this context, the preparation of
a catalogue of genes related to immunity would be an essential com-
ponent in understanding the ability of sturgeons to mount specific im-
mune response(s) to pathogen invasion [11‒15].

Liver-expressed antimicrobial peptide 2 (LEAP2) is the second
blood-derived antimicrobial peptide (AMP), which was first isolated in
humans [16]. As a member of the cationic AMP family, LEAP2 is
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considered a vital component of the innate immune system against
microbial invasion and is also known to act a modulator of other im-
mune factors [17‒20]. In fish external fertilization and development,
the involvement of LEAP2 in the protection of embryos and early larvae
from microbial invasion has also been proposed [21,22]. To date, ge-
netic determinants of LEAP2 have been identified in various fish species
belonging to a wide array of taxonomic positions (mostly teleosts).
Previous studies on fish LEAP2 peptides have indicated that most tel-
eosts possess at least two paralogue LEAP2 isoforms and that teleostean
members share a conserved structural similarity of LEAP2 at both
genomic (i.e., tripartite exon-intron organization) and protein (i.e., core
structure with two disulfide bonds in mature peptides) levels [23‒25].
However, in spite of their structural homology, transcriptional regula-
tion of teleostean LEAP2s under both non-stimulated and immune-
challenged conditions is largely variable depending on species, iso-
forms, and stimuli, suggesting potential diversification and sub-
functionalization of LEAP2 isoforms in a species and lineage-specific
fashion [22,23,25,26].

In contrast to the large body of information regarding teleostean
LEAP2s, relatively little LEAP2 data are available for the chondrostean
fish group. A recent study reported LEAP2 isoforms from two Acipenser
species (A. dabryanus and A. sinensis) with proposed contributions of
LEAP2 to innate immunity in this fish group, and indicated that
chondrostean LEAP2s also shared conserved structures with other ver-
tebrate orthologs [27]. However, the evolutionary relationship of
chondrostean LEAP2s in the vertebrate lineage has not been adequately
addressed, and more importantly, their expression characteristics and
antimicrobial activities have remained largely unexplored. From that
previous study, expression of one LEAP2 isoform in certain sturgeon
species (as exemplified by LEAP2B in A. dabryanus) could be extremely
low or even undetectable, suggesting that isoform-specific regulation of
LEAP2 genes might have been diversified among Acipenser species, and
thus should be further investigated in other sturgeon species [27]. Thus,
little is known regarding isoform-specific or isoform-dependent roles of
chondrostean LEAP2s.

Accordingly, the objective of this study was to characterize two
functional LEAP2 isoforms from the Siberian sturgeon (Acipenser baerii),
a popularly aquacultured Acipenser species in many countries, including
South Korea [28]. We revisited the phylogenetic relationships of these
chondrostean LEAP2s in the vertebrate lineage to hypothesize more
fully the origin and evolution of LEAP2 isoforms. To examine the po-
tential subfunctionalization between chondrostean LEAP2 isoforms, we
performed various expression assays with regard to basal expression
patterns (tissue expression, developmental modulation, and ontoge-
netic regulation) and transcriptional responses to different stimulatory
treatments including lipopolysaccharide (LPS), poly-
inosinic:polycytidylic acid [poly(I:C)], and Aeromonas hydrophila chal-
lenge. Also we compared antimicrobial activities of synthetic LEAP2AB
and LEAP2C mature peptides against certain gram (+) and gram (−)
bacteria.

2. Materials and methods

2.1. Fish specimens and ethics statement

Siberian sturgeon A. baerii specimens used in this study were la-
boratory stock that had been artificially propagated and reared in the
Experimental Fish Culture Station, Pukyong National University, Busan,
South Korea. Fish were maintained with a water recirculating system at
18-20 °C and fed with a commercial diet (Millennium plus; Woosung
feed Co., Daejeon, Korea) with a daily feeding rate of 0.8–1% of body
weight. Our experiments were approved by the Animal Care and Use
Committee of Pukyong National University (Approval number 201818).
All experimental procedures were performed in accordance with the
National Act on Laboratory Animals.

2.2. Molecular cloning of A. baerii LEAP2 cDNA and genomic isoforms

Partial next-generation sequencing (NGS) clones representing
LEAP2-like sequences were obtained from our local NGS transcriptome
database built with A. baerii liver (data not shown). Based on alignment
with Acipenser orthologs available in GenBank (NCBI), oligonucleotide
primers were designed for rapid amplification of cDNA ends (RACE) at
both 5ʹ- and 3ʹ -directions using a FirstChoice RLM-RACE kit (Thermo
Fisher Scientific, Waltham, MA USA) and liver total RNA.
Oligonucleotide primers used in this study were listed in Suppl. Table
S1. Based on the contig assembly of putative cDNA sequences for each
LEAP2 isoform, a continuous version of full-length cDNA for each iso-
form was isolated from the liver total RNA using reverse transcription
PCR (RT-PCR). RT-PCR products were cloned into a pGEM-T-easy
vector (Promega, Madison, WI, USA) and sequenced (six clones per
isoform) at both directions by primer walking. Based on the cDNA se-
quences, a genomic gene segment of each LEAP2 isoform was amplified
from fin genomic DNA purified from a female A. baerii using a pair of
PCR primers complementary to the 5ʹ- and 3ʹ-untranslated regions
(UTR), respectively. PCR products were TA cloned and sequenced
(n=4 for each isoform) as described previously. Exon-intron organi-
zation of the putative genomic gene of each isoform was determined
based on the comparison with its cDNA counterpart.

2.3. Bioinformatic sequence characterization and molecular phylogeny

The amino acid sequence of each LEAP2 isoform was deduced from
its cDNA sequence using the open reading frame (ORF) finder (https://
www.ncbi.nlm.nih.gov/orffinder/). Putative cleavage sites for a signal
peptide and a mature peptide in the deduced sequences were predicted
using SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/) and the
ProP 1.0 server (http://www.cbs.dtu.dk/services/ProP/). Theoretical
isoelectric point (pI) values of peptides/proteins were calculated using
the ExPASy Compute pI/Mw tool (https://web.expasy.org/compute_pi/
). Multiple sequence alignments of A. baerii LEAP2 isoforms with ver-
tebrate orthologs were conducted using ClustalW (https://www.
genome.jp/tools-bin/clustalw) and refined manually. Molecular phy-
logenetic trees were reconstructed using maximum likelihood (ML) and
neighbor-joining (NJ) methods using MEGA software (ver. 10.0.5;
https://www.megasoftware.net/). For both trees, the Jones-Taylor-
Thornton (JTT) model was used as a substitution model. Gaps were
treated as partial deletions with a site coverage cutoff of 25%. The
confidence of tree topology was tested with 1000 bootstrap replicates.
Sequences used for multiple sequence alignments and molecular phy-
logeny are provided in Suppl. Table S2.

2.4. Tissue distribution assay

To examine the tissue distribution pattern and basal expression le-
vels of LEAP2 isoform mRNAs under non-stimulated conditions, ten
tissues, including the brain, eye, fin (caudal fin), gill, heart, intestine
(mid-intestine), kidney, liver, muscle (dorsal muscle), and spleen were
surgically obtained from twelve healthy individuals [5-month-old,
average body weight (BW)=20.6 ± 3.1 g and total length
(TL)= 21.2 ± 2.5 cm]. Tissues were immediately frozen on dry ice
and stored at −85 °C until used. Equal amounts of tissue (20mg) from
four individuals were pooled within a given tissue type to prepare three
replicate batches.

2.5. Developmental and ontogenetic expression assay

To examine the expression patterns of LEAP2 isoforms in developing
embryos and prelarvae, induced spawning was performed using lutei-
nizing hormone-releasing hormone analog (LHRHa; Sigma-Aldrich, St.
Louis, MO, USA) as described previously [28]. Eggs obtained from two
females (average BW=21.5 ± 2.1 kg) were pooled (approximately
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33,000 eggs from each female) and inseminated with pooled sperm
from three males (average BW=16.5 ± 2.9 kg). Upon fertilization,
embryos were incubated at 20 ± 0.5 °C until hatching, and 12 devel-
opmental samples (approximately 110 embryos at each stage) were
obtained in triplicates at just fertilized (JF; 0 h post insemination; HPI),
first cleavage (FC; 2 HPI), eight cells (8C; 3.5 HPI), early blastula (EB;
9.6 HPI), onset of gastrulation (OG; 20 HPI), small yolk plug formation
(SYP; 28 HPI), onset of neurulation (ON; 33 HPI), elongation of ex-
cretory rudiment (EER; 37 HPI), heart rudiment, and tail budding (HR;
59 HPI), S-heart formation (SH; 73 HPI), tail-end reaching the head
(TRH; 101 HPI), and first hatching (FH; 119 HPI). Embryological
characteristics of each stage were referenced to our previous work [28].
After hatching, prelarvae (≒ 36 prelarvae) were sampled in triplicates
at 1, 3, 5, 7, 9, and 11 days after hatching (DAH) from the prelarval
nursery tanks at 20 °C. Morphological development and size of the
prelarvae were referenced from a previous description [29]. Embryo
and prelarval samples were frozen on dry ice.

2.6. LPS and poly(I:C) challenges

To examine the transcriptional responses to immune-stimulatory
LPS treatment, A. baerii individuals (average BW=19.4 ± 2.1 g;
n=6) were administered an intraperitoneal (IP) injection of LPS
(Escherichia coli 0111: B4, Sigma-Aldrich, USA) at doses of 10, 50, and
100 μg/g BW. LPS was resuspended in phosphate buffered saline (PBS,
pH 7.4) and the injection volume was 200 μL. A non-challenged control
group (n=6) was prepared by an injection of an equal volume of PBS.
After injection, fish were assigned to one of four tanks containing 300 L
of 1 μm-filtered groundwater at 20 °C. At 24 h post-injection (HPI), four
individuals were randomly chosen from each group, and tissues (liver,
kidney, and spleen) were surgically obtained individually for gene ex-
pression assays. Conversely, for poly(I:C) challenge, fish (n=6) were
intraperitoneally injected with poly(I:C) (Sigma-Aldrich, USA) at doses
of 20 and 100 μg/g BW. The unchallenged control group (n=6) was
also administered an IP injection of the same volume (200 μL) of PBS.
Post-injection handling, including tissue sampling at 24 HPI, was si-
milar to that described for the LPS challenge above. Based on the ex-
pression data at 24 HPI, tissue showing the greatest expression mod-
ulation of LEAP2 isoforms in response to either LPS or poly(I:C)
challenge was selected and further subjected to analysis of time course
expression patterns of LEAP2 isoforms. Expression levels of LEAP2AB
and LEAP2C isoforms were compared in the kidney for their modula-
tions in response to LPS injection (100 μg/g BW), while in the spleen in
response to poly(I:C) challenge (100 μg/g BW). Four randomly chosen
individuals were sampled at 12, 18, 24 and 48 HPI. All other experi-
mental conditions including the preparation of PBS-control group and
tank conditions were the same with those described above.

2.7. Bacterial challenge

A bacterial challenge experiment was performed with Aeromonas
hydrophila KCTC 2358. Freshly grown bacteria were washed twice with
sterile PBS and resuspended in PBS. A. baerii individuals (n=24;
average BW=24.1 ± 3.9 g) were administered an IP injection of the
bacterial suspension (200 μL) at doses of 2×108 cfu/g BW. Based on
our preliminary study, the bacterial concentration used in this study
corresponds to one very close to the maximum sublethal dose (almost
all viable until 1 week after IP injection) for A. baerii juveniles described
above. Injected fish were assigned to one of two replicate 300-L tanks at
20 °C (i.e., 12 fish per tank). An unchallenged control group was also
prepared with PBS injection and also assigned into two same-sized
tanks. After injection, two individuals were randomly chosen from each
tank (i.e., n=4 each from the A. hydrophila-injected and PBS-injected
groups) at 6, 12, 18, 24, and 48 HPI. From each, the liver, kidney, and
spleen tissues were surgically removed, frozen on dry ice, and stored at
−85 °C until used.

2.8. RNA preparation and real-time reverse transcription PCR (RT-qPCR)
assay

Total RNA was extracted with Trizol reagent (Thermo Fisher
Scientific, USA) and purified with an RNeasy Plus Micro Kit (Qiagen,
Hilden, Germany) including the DNA removal step. Integrity of total
RNA was verified with 28S rRNA: 18S rRNA ratio (i.e., band intensity of
approximately 2: 1 determined with gel image analysis software in-
stalled in a Bio-Rad XR Gel documentation system; Bio-Rad, Hercules,
CA, USA) in ethidium-bromide (EtBr)-stained MOPS/formaldehyde
agarose gel (1%). The purity and concentration of total RNA were
measured with a NanoDrop™ ND-1000 spectrophotometer (Thermo
Fisher Scientific, USA). The ratios of both 260 nm/280 nm and 260 nm/
230 nm were confirmed to be at least higher than 1.9. An aliquot (2 μg)
of total RNA from each batch was reverse transcribed using an
Omniscript Reverse Transcription Kit (Qiagen, Germany) according to
the manufacturer's instructions. Synthesized cDNA samples were 10-
fold diluted, and 2 μL of the diluted template was subjected to RT-qPCR
amplification. An A. baerii 18S rRNA (AY904463.1) was also amplified
from each cDNA sample as a normalization control for LEAP2 mRNA
expression levels. PCR efficiency of each primer pair, including that for
the 18S rRNA control, was at least higher than 0.93. RT-qPCR was
carried out in triplicates using the LightCycler 480 Real-Time PCR
System and LightCycler 480 SYBR Green I Master mix (Roche Applied
Science, Penzberg, Germany). Relative expression of each LEAP2 iso-
form in each tissue (i.e., tissue distribution assay) or developmental
sample (i.e., embryonic and ontogenetic expression assay) was esti-
mated based on the normalization of LEAP2 expression levels against
the 18S rRNA expression using the 2−ΔCT method [30,31]. In the dif-
ferential expression assay during stimulatory challenges, expression
levels of LEAP2 isoforms in challenged groups were expressed as fold-
changes relative to that in the PBS-control group based on the nor-
malization against 18S rRNA control using the 2−ΔΔCT method [30,31].
Differences in expression levels were assessed using ANOVA followed
by Duncan's multiple range test and/or Student's t-test at the level of
P=0.05.

2.9. Antimicrobial activity assay of LEAP2AB and LEAP2C

The putative mature LEAP2AB and LEAP2C were commercially
synthesized with over 95% purity (Anygen, Gwang-ju, South Korea),
both of which contain the cysteine connectivity with Cys1st-Cys3rd and
Cys2nd-Cys4th. The synthesized peptides were analyzed by high-perfor-
mance liquid chromatography (Shimadzu HPLC Lab solution, Kyoto,
Japan) and MALDI-TOF mass spectroscopy (AXIMA Assurance,
Shimadzu, Japan) (Suppl. Fig. S1). The antimicrobial activities of the
synthetic A. baerii LEAP2AB and LEAP2C were investigated using ul-
trasensitive radial diffusion assay (URDA) as described previously [15].
The synthetic peptides were dissolved in water, which was made to a
concentration of 8, 4, and 2 μg/μL through two-fold serial dilution. An
aliquot (5 μL) of each concentration was added to a well of underlay gel
with 1mm thick and 2.5mm in diameter. Bacterial strains used in this
study were gram-positive bacteria, including Bacillus subtilis KCTC
1021, Staphylococcus aureus KCTC 1621, Streptococcus iniae FD 5228,
and gram-negative bacteria, including A. hydrophila KCTC 2358, Es-
cherichia coli ML 35, and Vibrio anguillarum KCTC 2711.

3. Results

3.1. Characteristics of cDNA and deduced amino acid sequences

Two LEAP2 isoforms (LEAP2AB and LEAP2C designated in this
study based on molecular phylogeny) were isolated from A. baerii.
Complementary DNA of A. baerii LEAP2AB (GenBank accession
number: MK246407) was comprised of a 95-bp 5′-untranslated region
(UTR), a 288-bp open reading frame (ORF) including a TAA stop codon
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encoding a precursor protein of 95 amino acids (aa), and 682-bp 3′-UTR
excluding poly(A+) tail. In the 3′-UTR, three putative polyadenylation
signals (AATAAA) were observed at 328 bp, 315 bp, and 13 bp prior to
the poly(A+) tail. Conversely, A. baerii LEAP2C cDNA (MK246409)
contained an ORF of 246 bp encoding an 81-aa precursor protein, a 5′-
UTR of 38 bp, and a 3′-UTR of 593 bp. A putative polyadenylation
signal with a canonical sequence (AATAAA) was predicted at 20 bp
prior to the poly(A+) tail. The stop codon of A. baerii LEAP2C was TAG.

Calculated molecular weight of full-length A. baerii LEAP2AB
polypeptide was 10.55 kDa, with a theoretical pI value of 9.08. The
predicted mature peptide of A. baerii LEAP2AB (cleavage site between
Arg54 and Met55) was estimated to encode 41 aa (4.75 kDa; pI= 8.88).
However, bioinformatics software did not clearly predict the cleavage
site for the signal peptide in A. baerii LEAP2AB. Conversely, the mole-
cular weight and pI value of the entire A. baerii LEAP2C polypeptide
were estimated to be 9.27 kDa and 9.15, respectively. A. baerii LEAP2C
exhibited a putative signal peptide cleavage site between Ala25 and
Ala26 as well as a cleavage site for the mature peptide between Arg42

and Ser43. The resulting mature peptide of A. baerii LEAP2C (39 aa)
exhibited a molecular mass of 4.59 kDa with a theoretical pI value of
7.65. A. baerii LEAP2AB and AbLEAP2C exhibited low sequence identity
with each other (22% out of 95 aligned positions) over the whole
protein region, although the identity was slightly increased at mature
peptide regions (32%) (Fig. 1).

3.2. Genomic organization

Each A. baerii LEAP2 isoform gene displayed a tripartite gene or-
ganization (three exons interrupted by two introns). The A. baerii
LEAP2AB gene (MK246408) showed 69 bp of coding exon-1, 179 bp of
exon-2, and 40 bp of exon-3 (including the stop codon), intervened by
the 1580-bp intron-1 and 919-bp intron-2. Each exon coded 23, 60, and
12 aa. Coding regions of the genomic gene matched well with the se-
quence of its cDNA counterpart. The consensus GT-AG exon-intron
boundary rule was conserved in intron-1; however, intron-2 showed
GC-AG. In contrast, the A. baerii LEAP2C gene (MK246410) was re-
presented by 66-bp exon-1 (22 aa encoded), 143-bp exon-2 (48 aa) and
37-bp exon-3 (11 aa). It had longer introns than LEAP2AB, especially
for intron-2 (919 bp for LEAP2AB and 2714 bp for LEAP2C). A con-
served GT-AG rule was consistent at every exon-intron junction site in
LEAP2C (Fig. 1).

3.3. Multiple sequence alignments of mature peptide regions

Based on the multiple sequence alignments of A. baerii LEAP2

isoforms (mature peptide region) with its corresponding vertebrate
orthologues, both A. baerii LEAP2AB and LEAP2C represented struc-
tural features typical of vertebrate LEAP2s, notably including the four
conserved Cys residues, which are likely to form two intramolecular
disulfide bonds. The RXXR motif in front of the N-terminus of the
predicted mature peptide was also well-conserved in all LEAP2 isoform
sequences aligned. In the alignment A. baerii LEAP2AB mature peptide
sequences along with teleostean and tetrapodian orthologs, 13 residues
out of 50 aligned positions were conserved among all the sequences
aligned (43 putative neopterygian LEAP2As, three chondrostean
LEAP2AB, eight known teleostean LEAP2Bs and nine tetrapodian
LEAP2s) (Suppl. Fig. S2). The A. baerii LEAP2AB mature peptide ex-
hibited the highest sequence identity to orthologs from other Acipenser
species (97.8%), as expected. Among orthologs from neopterygian
members, an isoform of LEAP2 from a holostean species (Lepisosteus
oculatus) showed the highest sequence identity to A. baerii LEAP2AB
(71.1%). When compared to orthologs from teleosts, the A. baerii
LEAP2AB displayed the highest identity to the ortholog from an os-
teoglossiform species, Scleropages formosus (71.1%). In addition, A.
baerii LEAP2AB exhibited relatively higher sequence identities to tele-
ostean LEAP2As from Elopomorpha, Otomorpha, or Protacanthopter-
ygii (all having 41-aa mature peptides; identity= 66.7–73.3%), than to
those from Acanthopterygii, with 44- or 46-aa mature LEAP2A peptides
(identity= 48.0–58.0%). Meanwhile, in a comparison between A. baerii
LEAP2AB and teleostean LEAP2B, A. baerii LEAP2AB represented rela-
tively higher sequence identity with protacanthopterygian LEAP2Bs
(62.2–66.7%) than with ostariophysian LEAP2B orthologs
(51.1–57.8%). Furthermore, the sequence identities between A. baerii
LEAP2AB and tetrapodian LEAP2s ranged from 40.9% (with Gallus
gallus and Xenopus tropicalis) to 45.5% (with Pelodiscus sinensis).

In the alignment of LEAP2Cs, three Acipenser species shared an
identical mature peptide sequence (Fig. 2). In comparison with ortho-
logs from other primitive species, A. baerii LEAP2C showed the highest
sequence identities to orthologs from L. oculatus (74.4%) and S. for-
mosus (69.8%). A. baerii LEAP2C displayed different identities to two
isoforms from a chimaeriform species (Callorhinchus milii; Holocephali;
Chondrichthyes): 52.3% sequence identity with C. milii-1 while 59.6%
with C. milii-2. Meanwhile, A. baerii LEAP2C shared 57.8% identity with
a coelacanthiform ortholog from Latimeria chalumnae (Sarcopterygii).
When compared with teleostean LEAP2Cs, A. baerii LEAP2C re-
presented moderate sequence identities to protacanthopterygian
LEAP2Cs (58.1–60.5%) and acanthopterygian and ostariophysian
LEAP2Cs orthologs (46.5–55.8%). A. baerii LEAP2C showed sequence
identities of less than 50% to tetrapodian orthologs.

Sturgeon LEAP2s (especially the LEAP2C isoform) displayed several

Fig. 1. Primary polypeptide structures of Acipenser baerii LEAP2AB and LEAP2C isoforms (upper) and their genomic exon-intron organization patterns (lower). In
pairwise alignment, the RXXR cleavage motif for mature peptides is underlined and the cleavage site is indicated by a red arrowhead. For LEAP2C, the predicted
cleavage site for the signal peptide is noted by a green arrowhead. Conserved cysteine residues likely to form two disulfide bonds are lined. In the schematic drawing
of the tripartite exon-intron organization of each isoform, an ATG translation initiation codon, a stop codon, and polyadenylation signals are noted. The LEAP2AB
gene has a noncanonical GC-AG boundary sequence in its intron-2. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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amino acid residues shared by either teleostean or tetrapodian ortho-
logs. For example, in LEAP2C alignment, the Lys3 (aligned position) in
the RXXR motif and Ser6 in chondrostean LEAP2Cs were shared by all
other actinopterygian orthologs, whereas tetrapods (except Gallus
gallus) exhibited Arg3 and Thr6, respectively. Conversely, chon-
drosteans together with other ancient primitive species showed an
Arg15 that was also conserved in tetrapodian LEAP2Cs, whereas all
other teleostean (except S. formosus) LEAP2Cs exhibited a Lys15 at that
position. Meanwhile, the two LEAP2 isoforms from a chimaeriform
species, C. milii (Holocephali; Chondrichthyes) showed considerably
different sequence structures. The C. milii-1 isoform more closely re-
sembles tetrapodian LEAP2s, particularly at their N-terminal regions
(i.e., an exactly matched Met-Thr-Pro-Phe sequence), whereas C. milii-2
exhibited greater resemblance to actinopterygian LEAP2Cs at the N-
terminal region. Notably, C. milii-2 possess four additional amino acids
in the 3rd loop (i.e., between 3rd Cys and 4th Cys residues). LEAP2
sequences predicted in a lobe-finned fish (coelacanth L. chalumnae)
exhibited an N-terminal sequence resembling those found in C. milii-2
and actinopterygian LEAP2Cs.

3.4. Molecular phylogenetic trees

Molecular phylogenetic analyses of representative vertebrate LEAP2
isoforms (with whole protein regions) showed that LEAP2 sequences
were clustered into two main clades according to isoform types in the
reconstructed maximum likely (ML) tree (Fig. 3). Within each main
clade, branching topologies are generally in agreement with known
taxonomic appraisals. The largest clade composed of Actinopterygii
(ray-finned fishes) LEAP2As and LEAP2Bs was subdivided into various
monophyletic subclades. In this actinopterygian lineage, A. baerii
formed a monophyletic clade with two other Acipenser species, and this
chondrostean clade occupied the most primitive position (thereby de-
signated LEAP2AB in this study), followed by a monotypic holostean

fish, L. oculatus (Lepisosteiformes; Holostei). Within the teleostean
clade, LEAP2As and LEAP2Bs formed monophyletic clades, respec-
tively, although they did not receive high bootstrap supports. Tele-
ostean LEAP2A isoforms were recovered according to taxonomic groups
at the order or superorder levels, in which acanthopterygians were
separated as a monophyletic group from relatively earlier teleost groups
such as Protacanthopterygii and Otomorpha. In contrast, the teleostean
LEAP2B clade was further subdivided into two distinct subclades ac-
cording to taxonomic lineages: one was the protacanthopterygian
LEAP2Bs, and the other was ostariophysian LEAP2Bs.

The other main clade of the ML tree was subdivided into two sub-
groups: one was tetrapodian LEAP2 group with one LEAP2-like isoform
(C. milii-1) from a chondrichthyan species C. milii (holocephalian ele-
phant shark), and the other was the fish group comprised of acti-
nopterygian LEAP2Cs, the C. milii-2 isoform, and a LEAP2-like sequence
from L. chalumnae (Coelacanthiformes; Sarcopterygii). The mono-
phyletic tetrapodian clade was phylogenetically affiliated with C. milii-
1, although their relationship was not supported by a high bootstrap
score. In the tetrapodian LEAP2 linage, amphibians (Batrachia) was
separated from the amniotes. On the other hand, in the fish clade, the
two LEAP2-like sequences, respectively from primitive chondrichthyan
and sarcopterygian species emerged at the most basal position, fol-
lowed by the actinopterygian LEAP2C clade. Within the actinopter-
ygian group, chondrosteans (sturgeons; Acipenseriformes) occupied the
basal position. Various monophyletic subclades were resolved within a
teleostean LEAP2C clade according to taxonomic classifications, while a
monotypic S. formosus was placed at the outermost position of the tel-
eostean group.

Reconstruction of the phylogenetic tree with a neighbor-joining
(NJ) algorithm also resulted in a dichotomic branching pattern ac-
cording to LEAP2 isoform types. The topology of the NJ tree was similar
overall to that of the ML tree above (Suppl. Fig. S3). Different patterns
observed in the NJ tree compared with the ML tree are as follows. First,

Fig. 2. Multiple sequence alignments of chondrostean LEAP2C isoforms along with their actinopterygian and tetrapodian orthologs. The RXXR cleavage motif for the
mature peptide is boxed, and the cleavage site is indicated by an arrowhead on the top. Conserved cysteine residues likely to form two disulfide bonds are lined.
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the Acipenser LEAP2s with a holostean (L. oculatus) ortholog were
placed together at the most basal positions of the actinopterygian clades
(LEAP2A/2B and LEAP2C clades). Second, actinopterygian LEAP2Bs
were not recovered as a monophyletic group. Third, the C. mili-1 iso-
form was not phylogenetically affiliated with a tetrapodian clade; ra-
ther, it was placed at the outermost position of the group containing
actinopterygian LEAP2Cs. Fourth, tetrapodian LEAP2s were clustered
into a monophyletic group, but amniotes were not recovered as a
monophyletic group.

3.5. Tissue expression pattern

Based on RT-qPCR, mRNA expression of A. baerii LEAP2AB was
highly predominant in the liver, while expressed levels in non-liver
tissues were quite low or negligible. Besides the liver, muscle exhibits
the second highest level of LEAP2AB expression; however, the muscular
expression level of A. baerii LEAP2AB was less than 3% of the hepatic
expression level. Furthermore, A. baerii LEAP2C represented a different
pattern of tissue expression, in which the intestine showed the highest
level of tissue expression, followed by the hepatic expression.
Considering the relative mRNA expression levels in the liver between
LEAP2AB and LEAP2C, mRNA expression of LEAP2C was more than 4-
fold higher than that of LEAP2AB (Fig. 4).

3.6. Expression in developing embryos and early larvae

During embryonic development, A. baerii LEAP2AB transcripts were
not detectable during early developmental stages until the onset of
neurulation. The onset of a small amount of expression was observed at
37 h post insemination (HPI), which corresponded to the elongation of
excretory rudiments (EER) stage. Afterward, a significantly increased
expression was observed at the heart rudiment formation stage (HR; 59
HPI), which slightly reduced until the prehatching stage (SH – TRH).
However, when embryos reached the hatching stage (FH; 119 HPI), the
expression was significantly upregulated again, and further increased at
1 day after hatching (DAH) (more than 3-fold relative to that at the
hatching stage). The elevated level remained stable until 3 DAH.
Subsequently, the expression gradually decreased with prolarval age
until 9 DAH. After transition to exogenous feeding at 9 DAH, the ex-
pression was partly recovered.

A. baerii LEAP2C transcripts were also significantly elevated at the
HR stage but were immediately followed by a decline during intervals
from SH to TRH stages. However, upon hatching, the expression of
LEAP2C rebounded similarly to the pattern observed with LEAP2AB.
During the prolarval stage, A. baerii LEAP2C exhibited a modulation
pattern different from that of LEAP2AB. Unlike the gradual decrease of
LEAP2AB transcripts during the prelarval period, the mRNA expression
level of LEAP2AB was continuously increased with prelarval ages up to

Fig. 3. A molecular phylogenetic tree built using the maximum likely (ML) method to show the phylogenetic relationship of chondrostean LEAP2 isoforms with their
orthologs in the vertebrate lineage. The tree was drawn using MEGA software and only bootstrap scores higher than 50% are shown. A compressed tree is also shown
at the right for a simplified view. In the compressed tree, bootstrap values from the NJ tree (Suppl. Fig. S3) are also included (ML/NJ).
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7 DAH. Similar to LEAP2AB, the LEAP2C expression was significantly
downregulated at 9 DAH and slightly rebounded after the transition to
exogenous feeding. The quantitative comparison between LEAP2AB
and LEAP2C transcripts during A. baerii development indicated that
expression levels of LEAP2C were higher than those of LEAP2AB at all
examined developmental stages, except the 8-cell and EER stages. The
dominant expression of LEAP2C over LEAP2AB transcripts became
more pronounced during the prelarval stage (Fig. 5; Suppl. Fig. S4).

3.7. Differential expression in response to stimulatory immune challenges
and antimicrobial activity of synthetic peptides

LPS challenge moderately induced both LEPA2AB and LEAP2C
transcripts in the kidney but not in the liver or spleen. The maximum
induction of LEAP2AB and LEAP2C in the kidney were similar (4.5- and
4.7-fold, respectively) (P > 0.05). At 24 HPI, the highest dose and the
lowest dose of LPS resulted in significant down-regulation of LEAP2A in
the spleen and LEAP2C in the liver, respectively (P < 0.05). From the
analysis of time course expression pattern in the kidney, both isoforms
represented a similar pattern, which was characterized by the upregu-
lation at 12 HPI, further elevation at 18 HPI and then downregulation at
subsequent detection points. However, fold-changes of LEAP2AB tran-
scripts relative to PBS control were greater than those of LEAP2C in

most detection points (P < 0.05) (Fig. 6A). Injection of poly(I:C) in-
duced a slight but statistically significant increase in LEPA2AB tran-
scripts in the liver (maximum 3-fold relative to PBS-injected control)
(P < 0.05) at 24 HPI. In the kidney, only a lower dose of poly(I:C)
(20 μg/g BW) resulted in the upregulation of LEAP2AB transcripts.
However, significant upregulation (up to 23-fold) of LEAP2AB expres-
sion was observed in the spleen of fish injected with 100 μg/g BW
(P < 0.05) at 24 HPI. Expression of LEAP2C was not modulated in
response to poly(I:C) (P > 0.05) irrespective of tissue types. Ex-
amination of the time course expression in the spleen up to 48 HPI
showed that LEAP2AB was significantly upregulated with the highest
induction at 18 HPI and 24 HPI (P < 0.05), whereas, in contrast to
LEAP2AB, the splenic expression level of LEAP2C was not altered
throughout the examination period (P > 0.05) (Fig. 6B).

During A. hydrophila challenge, no dead individuals were observed
until all the sampling had been completed. In the liver, expression of
LEAP2AB and LEAP2C were modulated inversely. Expression of
LEAP2AB was significantly upregulated during the challenge in which
expression levels relative to PBS-injected control were 2-fold at 6 HPI
and further increased subsequently (5-fold at 12 HPI and 12-fold at 18
HPI) (P < 0.05). Conversely, LEAP2C expression was significantly
downregulated during bacterial challenge in the liver (P < 0.05). Only
48 h after the challenge, hepatic expression levels of LEAP2C was re-
covered to the control level. In the kidney, LEAP2AB expression was
gradually elevated from 6 to 18 HPI and returned to control levels at 24
HPI (P < 0.05), while the highest induction of LEAP2C expression was
achieved at 6 HPI followed by a rapid drop to the control level at 18
HPI. Splenic expression of LEAP2AB was quickly upregulated (up to 40-
fold at maximum at 6 HPI) upon bacterial injection, followed by a
gradual decrease with time until 48 HPI (P < 0.05). LEAP2C tran-
scripts were also induced at 6 HPI, but the induced amount (4.5-fold)
was much less than LEAP2AB, and moreover, the expression levels of
LEAP2C were soon returned to control levels at 12 HPI (Fig. 7A).

Synthetic LEAP2AB peptide displayed antimicrobial activities,
which increased as peptide concentration increased, against B. subtilis,
S. aureus, E. coli, and V. anguillarum. However, two bacterial species S.
iniae and A. hydrophila were not affected by the LEAP2AB in the
amounts used in the assay. Meanwhile, the antimicrobial activity of
synthetic LEAP2C was observed only against B. subtilis and E. coli, but
not against others. Even it had, its activities against B. subtilis and E. coli
were apparently weaker than those seen in LEAP2AB (Fig. 7B).

4. Discussion

4.1. Peptide sequences and gene structure

Multiple sequence alignments of the mature peptide region indicate
that both A. baerii isoforms essentially conserved the structural features
of vertebrate LEAP2 peptides. Like other LEAP2s, both A. baerii LEAP2
isoforms possess four conserved Cys residues in the central core likely to
form two disulfide bonds, which are known to be important in the in-
tegrity and stability of the core structure through the bracing of a β-
hairpin and helix [32]. The A. baerii LEAP2s showed multiple hydro-
phobic residues in their N-terminal regions, similar to other orthologs,
which is known to be important for the membrane binding affinity of
the LEAP2 peptide [32,33].

Chondrostean sturgeon LEAP2ABs represent higher sequence iden-
tity with orthologs from basal neopterygian/teleostean groups [e.g.,
Holostei (361 mya; based on molecular clock estimation),
Osteoglossomorpha (232 mya), and Ostariophysi (210 mya)] compared
with those from a relatively recent teleostean group [Acanthomorpha
(147 mya)] [34], suggesting that evolutionary diversification of
LEAP2A/2Bs has been in broad accordance with speciation history in
the actinopterygian group. Meanwhile, intermediate characteristics of
chondrostean LEAP2C between teleostean LEAP2Cs and tetrapodian
LEAP2s suggest that the chondrostean LEAP2C might reflect the

Fig. 4. Tissue distribution patterns and basal expression levels of Acipenser
baerii LEAP2AB (A) and LEAP2C (B) transcripts, determined by RT-qPCR assay.
Expression levels were normalized against the 18S rRNA gene. Tissue ab-
breviations are brain (Br), eye (Ey), fin (Fi), gill (Gi), heart (He), intestine (In),
kidney (Ki), liver (Li), muscles (Mu), and spleen (Sp). For better visibility, tis-
sues with low expression levels are graphed again with a finer Y-axis scale.
Statistically different means (± s.d.) within a given isoform are indicated by
different letters [a – f in (A) and a – i in (B)] based on ANOVA followed by
Duncan's multiple ranged tests (P < 0.05).
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Fig. 5. mRNA expression levels of Acipenser baerii
LEAP2AB (A) and LEAP2C (B) isoforms at selected
developmental stages and prelarval ages assessed
with RT-qPCR assay. Abbreviations for embryonic
developmental stages are just fertilized (JF; 0 h post-
insemination; HPI), first cleavage (FC; 2 HPI), eight
cells (8C; 3.5 HPI), early blastula (EB; 9.6 HPI), onset
of gastrulation (OG; 20 HPI), small yolk plug for-
mation (SYP; 28 HPI), onset of neurulation (ON; 33
HPI), elongation of excretory rudiment (EER; 37
HPI), heart rudiment and tail budding (HR; 59 HPI),
S-heart formation (SH; 73 HPI), tail end reaching
head (TRH; 101 HPI) and first hatching (FH; 119
HPI). Expression levels were normalized against the
18S rRNA gene. Within embryonic development or
the prelarval period, statistically different means
(± s.d.; as T-bars) are indicated by different letters
[a – d in (A) and a –e in (B)] based on ANOVA fol-
lowed by Duncan's multiple ranged tests (P < 0.05).
Comparisons of relative expression levels between
LEAP2AB and LEAP2C isoforms at a given develop-
mental stage or prelarval age are provided in Suppl.
Fig. S4.

Fig. 6. Differential expression of Acipenser baerii LEAP2 isoforms during LPS (A) and poly(I:C) (B) challenges. Expression levels of challenged groups are presented as
fold-changes relative to that of the PBS-injected control group, based on the normalization against 18S rRNA. Significantly induced expression from the basal level of
the PBS-injected control group is indicated by an asterisk, while significant downregulation from the control level is indicated by a down arrow above the histogram
based on Student's t-test at P < 0.05. Among challenged groups showing significantly induced LEAP2 expression, statistically different means within a given tissue
type are indicated by different letters (a – e) based on Student's t-test and/or ANOVA followed by Duncan's multiple ranged tests (P < 0.05).
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primitive shape of LEAP2C, which is similar to previous findings with
other genes from primitive fishes [3,35,36].

The tripartite organization of both A. baerii LEAP2 isoform genes is a
common architecture found in all vertebrate orthologs, and further-
more, the exon/intron lengths in each A. baerii LEAP2 isoform is also
highly similar to those reported in other sturgeon species [27]. More-
over, even though not described by the previous study, all the three
Acipenser LEAP2AB isoforms, including the A. baerii LEAP2AB of this
study identically possess a noncanonical GC-AG exon-intron boundary
sequence (i.e., GC-AG intron) in the intron-2, which is not common to
previously known vertebrate LEAP2s. Although the potential involve-
ment of this noncanonical sequence in the regulation of Acipenser
LEAP2 is unclear, the GC donor splice signals have been proposed to
have important roles in the regulation of alternative splicing of mam-
malian genes [37], suggesting the need for testing the potential pro-
duction of alternatively spliced forms of sturgeon LEAP2ABs in the
future.

4.2. Evolution and phylogeny

The branching patterns of phylogenetic trees for actinopterygian

LEAP2s in this study are fairly congruent with those previously sug-
gested for phylogenetic classification and speciation of bony fishes
using other nuclear genes, mtDNA, or transcriptomic sequences
[34,38,39], suggesting that LEAP2 could be a useful candidate phylo-
genetic marker to trace the evolutionary history of actinopterygians.
From previous and present studies, almost all bony fishes are thought to
possess two isoforms LEAP2A and LEAP2C, while LEAP2B isoforms
have been limited to only a few ostariophysian and protacanthopter-
ygian species. However, the origin of LEAP2B is currently difficult to
hypothesize because the monophyletic recovery of LEAP2Bs is incon-
sistent and depends on phylogenetic reconstruction methods. If the
protacanthopterygian and ostariophysian LEAP2Bs share a common
ancestor (as in the present ML tree), the emergence of the ancestral
LEAP2B should be no later than the Otocephala-Euteleostei divergence
from the Clupeocephala (230–240 mya). Alternatively, if the two sub-
groups of LEAP2Bs are truly polyphyletic (as in the present NJ tree),
their emergence might be dated back to about 80–100 mya, considering
the molecular clock age estimation of these orders [Salmoniformes (88
mya), Esociformes (102 mya), Cypriniformes (95 mya), and Char-
aciformes (99 mya)] [34,40]. Furthermore, species such as salmonids
and carp, which are known to have undergone additional genome

Fig. 7. Transcriptional responses to bacterial challenge (A) and antimicrobial activities (B) of Acipenser baerii LEAP2 isoforms. In (A), expression levels of the
Aeromonas hydrophila-challenged group are presented as fold-changes relative to PBS-injected controls based on RT-qPCR assay. In each tissue, statistically different
means (± s.d.) within a given LEAP2 isoform are indicated by different letters (a – d for LEAP2AB and x – z for LEAP2C) based on ANOVA followed by Duncan's
multiple ranged tests (P < 0.05). Asterisks and down arrows indicate statistically elevated and depressed expression levels of A. hydrophila-injected groups, re-
spectively, as compared with the expression level of the PBS-injected control based on Student's t-test (P < 0.05). Statistical difference in fold-change between
LEAP2AB and LEAP2C at each detection point is indicated by open circle on the histogram for the LEAP2AB isoform based on Student's t-test (P < 0.05). In (B), each
peptide was tested for the activity at a quantity ranging from 0 to 40 μg using ultrasensitive radial diffusion assay. Bacteria used in this study were gram-positive
bacteria, Bacillus subtilis KCTC 1021, Staphylococcus aureus KCTC 1621, Streptococcus iniae FD 5228, and gram-negative bacteria, A. hydrophila KCTC 2358, Escherichia
coli ML 35, and Vibrio anguillarum KCTC 2711.
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duplication events (50–80 mya at the base of Salmoniformes and
5.6–11.3 mya in a closely related ancestor of the carp [41], representing
duplicated copies within a given isoform (e.g., each two copies of
LEAP2A in salmonids, and each two copies of LEAP2A, 2B and 2C in
carp).

In the ML tree, chondrostean LEAP2AB isoforms occupied the most
basal branch in the actinopterygian lineage, suggesting that they would
be prototypes of actinopterygian LEAP2A/2B isoforms, which is in
agreement with phylogenetic positions of chondrostean sturgeons
branched-off from the class Actinopteri (i.e., the separation from the
subclass Neopterygii; 360 mya). Our proposed phylogenetic hypothesis
is somewhat dissimilar to a previous report suggesting that A. dabryanus
and A. sinensis LEAP2 isoforms should be LEAP2B based on their af-
filiation with salmoniform LEAP2Bs [27].

Meanwhile, fish LEAP2C (and 2C-like) isoforms represented a closer
phylogenetic affiliation to tetrapodian LEAP2s rather than being clus-
tered with the fish LEAP2A/2B group, suggesting that the two fish
LEAP2 isoforms (LEAP2A/2B and LEAP2C) might have different evo-
lutionary backgrounds. In the ML tree, the most primitive position in
the actinopterygian LEAP2C group was occupied by chondrostean
LEAP2C, followed by a holostean ortholog and then teleostean
LEAP2Cs, while the most basal clade contained a holostean ortholog in
addition to chondrostean LEAP2Cs in the NJ tree. However, the present
phylogenetic analysis including other primitive LEAP2-like isoforms
(two isoforms from Holocephali and one isoform from
Coelacanthiformes) suggest that the LEAP2 is a truly ancient molecule
whose evolutionary origin might date back to at least the late Silurian
period (about 420 mya) when early Eugnathostomata diverged into two
groups, Chondrichthyes and Osteichthyes [42‒44]. In the ML tree, but
less clearly in NJ tree than in ML tree, phylogenetic separation of the
two isoforms from a primitive holocephalian species (i.e., C. milii-1 and
C. milii-2) may imply that they have been derived from an ancestral
divergence event and undergone different evolutionary paths in the
vertebrate lineage (e.g., C. milii-1 affiliated with the tetrapodian LEAP2
lineage, and C. milii-2 with a fish LEAP2C lineage). A previous genome
study reported that this holocephalian species (C. milii) genome might
be the slowest evolving of all known vertebrates with extensive synteny
conservation with tetrapod genomes [42]. The osteichthyan group ap-
peared in the late Silurian period and did not take long split into two
clades [i.e., the lobe-finned (Sarcopterygii) and the ray-finned (Acti-
nopterygii) fishes]. This split is posited to have occurred no later than
419 mya (during the early Devonian period) [45]. Although the re-
lationship was not supported by high bootstrap values in both the ML
and NJ trees of this study, the phylogenetic affiliation of sarcopterygian
(coelacanth L. chalumnae) LEAP2 with C. milii-2 (but not with C. milii-
1), and together with actinopterygian LEAP2Cs suggests that the an-
cestral LEAP2C form might have appeared before the actinopterygian-
sarcopterygian split [45‒47]. However, further mining of other iso-
forms from the sarcopterygian species showing the genetic affiliation to
either tetrapodian LEAP2 or actinopterygian LEAP2A/2B is needed to
solidify this hypothesis.

4.3. Potential subfunctionalization in tissue and developmental expression

Based on the RT-qPCR assay, the notably robust expression of
LEAP2C in the intestine (higher than in the liver) which was different
from the LEAP2AB isoform having only a minute expression level in all
the non-liver tissues, suggesting differentiated or divergent roles of the
two isoforms in A. baerii tissues under non-stimulated conditions. A
relatively much higher level of LEAP2C than LEAP2AB in the liver
(more than 4-fold), as well as in the intestine (more than 500-fold), may
also be indicative, at least in part, that LEAP2C plays a major role under
non-stimulated conditions. Tissue distribution patterns of LEAP2 iso-
forms have also been reported to be largely species-specific in teleosts.
Although the expression patterns of teleostean LEAP2C were limited to
only a few species, tissue expressions among teleosts are highly

diversified in a species-specific manner, and consequently, it is difficult
to generalize patterns in a lineage- or isoform-dependent fashion
[22,23,26,48]. Also, within the genus Acipenser, the expression pattern
found in A. baerii is not highly accordant with that previously reported
in A. dabryanus [27]. The most striking difference was that one isoform
(termed LEAP2B in the previous study) from A. dabryanus was not
clearly detectable in various tissues, including the liver. In addition, the
expression of A. dabryanus LEAP2C in the intestine was only moderate
(40-fold lower in the intestine than in the liver) [27]. Collectively, the
tissue expression patterns of LEAP2 isoforms in Actinopterygii, in-
cluding the chondrostean group might have been diversified mostly at
the species level.

Both A. baerii LEAP2 isoforms were dynamically regulated during
embryonic development and the prolarval period (from hatch to yolk
sac absorption). During embryonic development, both isoforms dis-
played a similar onset of expression (EER to HR stages), which is also
broadly similar to previous findings with ostariophysian LEAP2As
(Siluriformes and Cypriniformes) in that the robust expression of
LEAP2s would occur mainly in later developmental stages rather than
during early development from cleavages to gastrulation [22,24].
However, some cypriniform species showed considerable expression of
LEAP2 transcripts as early as the 16-cell stage (in Ctenopharyngodon
idella [21]) or the mid-gastrula stage (in Megalobrama amblycephala;
[49]). When A. baerii embryos reached the HR stage, both isoforms
represented the first peak of expression. This stage corresponds to the
interval when the rudimentary heart progressively develops to form the
S-shaped heart. The formation of the S-shaped heart is a critical sign for
initiating heartbeat to allow the active circulation of biomolecules
through blood vessel networks [28,50,51]. Hence, the robust expression
of LEAP2 mRNAs at the HR stage might be regarded as the groundwork
to prepare LEAP2s for the onset of circulation from the SH stage.
Afterward, both A. baerii LEAP2 isoforms showed the second peak of
expression at hatching. The significant elevation of LEAP2 expression
around the hatching stage has also been reported in other teleost spe-
cies (ostariophysian LEAP2As), and this phenomenon could be gen-
erally explained by the preparation of the protective function for hat-
ched larvae that are no longer sheltered by the egg membrane
[21,22,49]. After hatching, the expression patterns of the two LEAP2
isoforms were significantly different from one another during the pre-
larval period, in which LEAP2AB showed a gradual decrease of ex-
pression, whereas the LEAP2C exhibited a sharp increase. In a quanti-
tative viewpoint, the LEAP2C was always a dominant isoform over
LEAP2AB, suggesting that LEAP2C, rather than LEAP2AB, is the main
isoform involved with prolarval physiology. However, at 9 DPH, sig-
nificant downregulation of LEAP2 expression was observed for both
LEAP2 isoforms. This age corresponds to the end-phase of the prolarval
stage: prolarvae absorbed yolk materials and were ready to evacuate
the yolk plug (also called the pigment plug) [29,50]. During this period,
A. baerii prolarvae display a typical behavioral appearance, character-
ized by conspicuous inactivity, remaining motionless and scattered
across the bottom of the tank (called post-schooling behavior) [52].
Prolarvae at this stage are proposed to divert almost all their energy
into the final preparation of the digestive system in order to enter the
larval stage (i.e., transition from the endogenous nutrition system to
exogenous feeding) [52,53].

4.4. Isoform-dependent responses to immune challenges and antimicrobial
activities

Transcriptional responses of LEAP2 isoforms during stimulatory
challenges were isoform-specific and tissue-dependent, in which, except
for a moderate increase in both LEAP2AB and LEAP2C transcripts in the
kidney during LPS and A. hydrophila challenges, the overall response
patterns of the isoforms were dissimilar to each other. As demonstrated
with poly(I:C) challenge, only LEAP2AB, but not LEAP2C, was sig-
nificantly upregulated, suggesting LEAP2AB may be a main isoform
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associated with the cellular pathways involved in the protective func-
tion against viral invasion. From the bacterial challenge with A. hy-
drophila, both A. baerii LEAP2 isoforms exhibited an early acute phase
response, which is similarly observable in teleost fishes [18,20,21,48].
However, their modulatory patterns were different from one another. In
the liver, the modulation diverged for the two isoforms, where
LEAP2AB was upregulated while LEAP2C was downregulated. In the
kidney, mRNA expression of both isoforms increased as in the LPS
challenge; however, the temporal patterns during the early phase (up to
18 HPI) were oppositely modulated. Finally, in the spleen, the amount
of induction during the bacterial challenge was mostly observable only
for LEAP2AB, rather than LEAP2C. Collectively, findings from the im-
mune challenges suggest that two A. baerii LEAP2 isoforms have un-
dergone significant subfunctionalization with regard to their roles in
the innate immune system, and also indicate that the LEAP2AB isoform,
rather than LEAP2C would be more closely involved in the acute re-
sponse to microbial invasion in this sturgeon species. However, a pre-
vious study has claimed that A. dabryanus LEAP2C would be the im-
mune-responsive antimicrobial peptide contributing to the defense
against pathogenic bacterial invasion based on its transcriptional up-
regulation during A. hydrophila challenge [27]. However, a lack of
parallel comparison to its paralog counterpart isoform (LEAP2B) in A.
dabryanus makes it difficult to fully evaluate the isoform-dependent
relevance to innate immunity between the two chondrostean sturgeon
species [27]. Potential subfunctionalization between LEAP2 isoforms
have also been reported in teleosts based on isoform-specific modula-
tions in response to immune challenges in different tissues [22,26,48].

From the antimicrobial activity test using synthetic mature peptides,
LEAP2AB was proven to be more potent than LEAP2C, considering the
kinds of bacterial species affected and the strength of antimicrobial
activity. Of six bacterial species tested, LEAP2AB have shown anti-
microbial activities against four bacterial species (B. subtilis, S. aureus,
E. coli, and V. anguillarum) in a peptide concentration-dependent
fashion. However, antimicrobial activity of LEAP2C was observable
against only two bacterial species (B. subtilis and E. coli) that were af-
fected by LEAP2AB also. Moreover, antimicrobial activities of LEAP2C
against those two bacterial species were much weaker than those of
LEAP2AB. Collectively, finding with antimicrobial activity assay also
supports our hypothesis on their sub-functionalized roles in innate
immunity-related physiology. Although functional antimicrobial activ-
ities of all the actinopterygian LEAP2s have not been verified in an
isoform-dependent manner, our finding is broadly congruent with that
the LEAP2 isoform that has been reported to exhibit actual anti-
microbial activity in actinopterygian species should be mostly classified
to LEAP2A/2B isoforms rather than LEAP2C in our molecular phylo-
genetic analysis [18,20,21,25,54]. The single exception to report anti-
microbial activity of LEAP2C is from the yellow croaker Larimichthys
polyactis [48]. Antimicrobial activity of the LEAP2 peptide has been
reported to be closely associated with the membrane binding affinity
that is governed by the hydrophobic residues in its N-terminal region,
whereas the C-terminal region and cysteine disulfide bonds in the core
region are irrelevant and/or non-essential for antimicrobial activity of
the LEAP2 peptide [32,33]. Within the structure-functional context, the
antimicrobial activity of actinopterygian LEAP2A/2Bs could broadly
agree because they represent a greater resemblance to human LEAP2 in
the hydrophobic N-terminal region, although the whole proteins of
LEAP2Cs show a closer phylogenetic affiliation to human LEAP2 than
do LEAP2A/2Bs.

Meanwhile, in the comparison between mRNA expression and an-
timicrobial activity assay, synthetic LEAP2AB peptides do not represent
antimicrobial activity against A. hydrophila in spite of transcriptional
upregulation of LEAP2AB gene during the challenge with the same
bacterial strain. The clear reason responsible for this unexpected
finding has remained to be further studied, although this is likely re-
lated to the in vitro nature of the antibacterial activity assay. Another
possible, but untested, explanation is that the stimulated expression of

LEAP2 during A. hydrophila challenge could be associated with its roles
in the modulation of other immune factors and local anti-inflammatory
function [18‒20,55,56], rather than the direct bactericidal action
against A. hydrophila. A recent our study with sturgeon hepcidin
(LEAP1) has proposed that increased hepcidin expression during bac-
terial infection in tissues representing very low basal expression levels
might be more closely related with local protective function(s) with the
regulation of iron flux than with humoral bacteria-killing action, since
the seemingly great fold changes of expression in those tissues would
reflect only minute increases of absolute amounts of AMPs [15].

Recently, the primary physiological role of mammalian LEAP2 has
been proven to be the antagonistic regulation of energy metabolism
through its interconnection with ghrelin, a key endocrine hormone
[57,58]. Based on the new information from mammalian LEAP2, it is,
therefore, of value to examine the possibility that actinopterygian
LEAP2 isoforms (i.e., one or both isoforms) may share functional or-
thology with mammalian LEAP2 regarding the involvement in glucose
metabolism as a hormonal regulator, which could be an important clue
to better hypothesize the evolutionary history of LEAP2 in vertebrates.

5. Conclusion

Two functionally expressed LEAP2 isoforms were characterized in a
chondrostean surgeon species, A. baerii. A. baerii LEAP2 isoforms share
common structural features with other vertebrate orthologs at both
peptide and genomic levels. A. baerii LEAP2 isoforms phylogenetically
occupy the most basal position in the actinopterygian lineage and re-
present some intermediate characters between teleostean and tetra-
podian LEAP2s. Based on phylogenetic analysis, including orthologs
from extant primitive fish species, the evolutionary origin of ancestral
LEAP2 in vertebrate groups should date back to no later than the ac-
tinopterygian-sarcopterygian split (or even the Osteichthyes-
Chondrichthyes split). Gene expression and antimicrobial activity as-
says suggested that the two A. baerii LEAP2 isoforms have undergone
substantial subfunctionalization of their roles in the developmental and
the innate immune system. Overall, the LEAP2AB isoform would be
more closely related with innate immune response to pathogenic in-
vasion, while LEAP2C might have another physiological role(s) under
non-stimulated, basal conditions. Results from this study could be a
useful basis not only to gain deeper insight into the evolutionary me-
chanism of LEAP2 in the actinopterygian lineage but also to better
understand the innate immunity of chondrosteans, which are of po-
tential importance in health management of commercially important
sturgeon species.
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