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Abstract

With the emergence of several infectious diseases in shrimp aquaculture, there is a growing interest in the use of feed additives to
enhance shrimp immunity. Recently, the use of 5-aminolevulinic acid (5-ALA), a non-protein amino acid that plays a rate-
limiting role in heme biosynthesis, has received attention for its positive effect on immunity in livestock animals. To evaluate the
effect of 5-ALA in the Pacific white shrimp, Litopenaeus vannamei, we conducted microarray analysis, a Vibrio
parahaemolyticus immersion challenge test, an ATP level assay, and gene expression analysis of some hemoproteins and genes
associated with heme synthesis and degradation. Out of 15,745 L. vannamei putative genes on the microarray, 101 genes were
differentially expressed by more than fourfold (p < 0.05) between 5-ALA-supplemented and control shrimp hepatopancreas. 5-
ALA upregulated 99 of the 101 genes, 41 of which were immune- and defense-related genes based on sequence homology.
Compared to the control, the 5-ALA-supplemented group had a higher survival rate in the challenge test, higher transcript levels
of porphobilinogen synthase, ferrochelatase, catalase, nuclear receptor E75, and heme oxygenase-1 and higher levels of ATP.
These findings suggest that dietary 5-ALA enhanced the immune response of L. vannamei to V. parahaemolyticus, upregulated
immune- and defense-related genes, and enhanced aerobic energy metabolism, respectively. Further studies are needed to
elucidate the extent of 5-ALA use in shrimp culture.
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Introduction

Shrimp aquaculture has rapidly expanded in recent years but
still experiences periodic losses from disease outbreaks
(Wilson et al. 2015; Flegel 2012). Approximately 22% of the
total shrimp production is lost as a result of diseases (Flegel et
al. 2008), and thus, there is a great need to understand the
immune defenses of farmed shrimp to reduce this loss.
Currently, Pacific white shrimp Litopenaeus vannamei make
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the biggest contribution to worldwide shrimp production.
However, a bacterial disease called acute hepatopancreatic ne-
crosis disease (AHPND), caused by Vibrio parahaemolyticus,
has resulted in huge economic losses in L. vannamei farms
since 2009 (Lai et al. 2015).

In animal husbandry, the incorporation of antibiotics in
feeds has helped to prevent bacterial diseases (Lara-Flores et
al. 2003). However, due to the heavy use and abuse of these
prophylactic antibiotics in aquaculture, they have been strictly
regulated or even prohibited in many countries (Cabello
2006). Aside from the emergence of antibiotic-resistant bac-
teria, antibiotic residues can also build up in animal tissues and
the surrounding environment and are subsequently passed on
to consumers (Baquero et al. 2008). Therefore, an alternative
strategy for improving the health status of shrimp is necessary
(Miandare et al. 2016).

The use of 5-aminolevulinic acid (5-ALA) as a feed addi-
tive for livestock animals has been receiving growing atten-
tion for its ability to enhance immunity and growth. 5-ALA,
an endogenous non-protein amino acid, is generally known
for its use in clinical photodynamic diagnosis and therapy
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(Ishizuka et al. 2011). After its production cost was reduced,
its application in fields other than medicine has greatly ex-
panded (Wang et al. 2009a). 5-ALA is synthesized by con-
densing succinyl-CoA and glycine with aminolevulinic acid
synthase (ALAS) as the catalyst. 5-ALA is the sole precursor
of heme (Hara et al. 2016), which is a prosthetic group of
several hemoproteins. Hemoproteins have roles in oxygen
transport (hemoglobin and myoglobin), respiration (cyto-
chromes), antioxidant defenses (catalase and peroxidase)
(Tsiftsoglou et al. 2006), nitric oxide biosynthesis (nitric oxide
synthase) (Yao et al. 2010), ecdysone synthesis (nuclear re-
ceptor E75) (Reinking et al. 2005), and metabolism of drugs
and xenobiotics (cytochrome P450) (Annalora et al. 2017).
Heme also regulates several metabolic pathways and the syn-
thesis of several proteins (Jover et al. 2000). Heme biosynthe-
sis, which involves eight enzymes, is limited by ALAS.
ALAS activity appears to decrease due to stress and aging
(Atamna 2004). Thus, exogenous 5-ALA may enhance the
synthesis of heme in cells, and thereby enhance the activity
of the above-mentioned hemoproteins.

Among the beneficial results of incorporating 5-ALA in
feeds of farmed animals are the following: increased serum
iron concentration and egg quality (Chen et al. 2008a) and
modulated growth performance and inflammatory response
(Sato et al. 2012) in chickens; increased lymphocyte concen-
trations (Yan and Kim 2011), immunity (Chen et al. 2008b),
apparent total tract digestibility of nutrients in weaned piglets
(Hossain et al. 2016); and, increased blood iron status of sows
and suckling pig and enhanced the efficiency of iron transfer
from sows to piglets through elevated milk iron concentrations
(Wang et al. 2009a). While several studies have investigated
the effect of 5-ALA feed supplementation on land animals,
few data are available for aquaculture species. In eels,
supplementing 5-ALA in feeds has improved growth perfor-
mance (Yasumoto et al. 2012). To our knowledge, there have
been no studies on the effect of 5-ALA supplementation in
shrimp or other invertebrates.

In view of the beneficial effects of 5-ALA in previous
studies, we examined the effects of 5-ALA on gene expres-
sion, immunity, and ATP levels of Pacific white shrimp L.
vannamei.

Materials and Methods
Shrimp, Diet Preparation, and Experimental Design

A single batch of 200 L. vannamei juveniles with an average
body weight of 1.29 g+ 0.037 (mean + SEM) was used in this
study. Shrimp were divided into two groups in 100-1 tanks
with recirculating water system: control group (n =100) and
5-ALA group (n =100). Shrimp were acclimatized for 1 week
prior to the feeding experiment.
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For the experimental diet, 5S-ALA powder, which was kind-
ly donated by SBI Pharmaceuticals Co., Ltd. (Tokyo, Japan),
was mixed with basal diet to a final concentration of 15 ppm
and was given to the 5-ALA group. The control group was fed
with basal diet. Feeding frequency was 4x daily (8:00, 13:00,
18:00, 23:00), and feeding rate was 5% of the shrimp’s body
weight. Feeding ration was computed and adjusted based on
the weekly weight measurements. Salinity (30+2 ppt) and
temperature (25 °C) were maintained and monitored daily.

After 2 weeks of feeding, the following experiments were
conducted: (1) For the determination of gene expression pro-
file by microarray analysis, hepatopancreas from 4 shrimp per
group were used. (2) The result of the microarray analysis was
then validated by real-time quantitative PCR (qPCR) analysis.
(3) For the measurement of mRNA transcript levels of some
hemoproteins and genes involved in heme synthesis and deg-
radation, hepatopancreas were collected from 4 to 5 shrimp (3
shrimp were also collected 3 days after the feeding experi-
ment). (4) For the immersion challenge test, 40 shrimp from
each group were used, divided equally for high (n =20) and
low (n=20) doses. (5) For the ATP level assay, 3 shrimp from
each group were sampled and ATP levels of the hepatopan-
creas were determined colorimetrically using a commercial
kit.

Microarray Analysis

Total RNAs from the hepatopancreas of 5-ALA and control
groups were isolated using RNAiso (Takara, Japan) following
the manufacturer’s instructions. RNA quality and quantity
were then assessed using Qubit 2.0 fluorometer (Invitrogen
by Life Technologies, USA). For microarray sample prepara-
tion and processing, the One-Color Microarray-Based Gene
Expression Analysis protocol (Agilent Technologies, Inc.)
was followed. Briefly, the recommended volume of RNA
spike-in controls (RNA Spike-in Kit, One Color) was added
to 200 ng of total RNA and was reverse-transcribed. Then,
cRNA was labeled with Cyanine-3 CTP using Low Input
Quick Amp Labelling Kit, One Color (Agilent
Technologies, Inc.). Amplified or labeled cRNA samples were
then purified using RNeasy Mini Kit (Qiagen, Germany).
Hybridization samples were then prepared and subjected to
hybridization for 17 h at 65 °C (Agilent Technologies, Inc.)
using Custom Gene Expression Microarray GE 8x15k
(Agilent Technologies, Inc.) containing 15,745 probes for
known genes and expressed sequence tags from L. vannamei.
Hybridized slide was then washed and scanned immediately
using a DNA Microarray Scanner with Surescan High-
Resolution Technology (Agilent Technologies, Inc.). Data
were extracted from the scanned slides using Agilent Feature
Extraction Software 10.7.3.1 using default parameters. To de-
termine differentially expressed genes (DEGs), data were log-
transformed, normalized, and analyzed using Subio Platform
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software (Subio Inc., Amami-shi, Japan). Only DEGs with
fourfold difference between the two groups were used for ¢
test analysis with p < 0.05. BLASTX searches were performed
in Blast2GO (http://www.blast2go.org/) with an e-value cutoff
of le-5. To create a heatmap of DEGs, Heatmap Illustrator v1.
0 (Deng et al. 2014) was used. For the Gene Ontology (GO)
annotations, Blast2GO (http://www.blast2go.org/), the current
literature and public databases were used. To give an insight
on the attributes of a gene product, GO annotation results were
classified with respect to molecular function, biological
process and cellular components using Blast2GO (http://
www.blast2go.org/).

Validation of Microarray Analysis Results by qPCR

To validate the success of microarray hybridization, 5 DEGs
were selected for qPCR analysis: peritrophin-A (Per-A),
invertebrate-type lysozyme (i-Lys), c-type lectin (CTL), nitric
oxide synthase (NOS), and heme-binding protein (HBP). In
the microarray results, the first three genes were upregulated
by more than tenfold, while NOS is a hemoprotein upregulat-
ed by more than fourfold in 5-ALA group compared with the
control. HBP, a downregulated gene in 5-ALA group, was
also chosen for validation. All the primers (Table 1) used in
this study, except for catalase (Wang et al. 2009b; see below),
were based on an EST library previously obtained by our
laboratory and designed using Primer 3 (Untergasser et al.
2012). One microgram of total RNA previously extracted

for microarray analysis was used to synthesize cDNA using
a High-Capacity Reverse Transcription kit (Applied
Biosystems, USA) following the manufacturer’s instructions.
Synthesized cDNA was diluted five times and was used as
template for qPCR analysis using Thunderbird™ SYBR®
gPCR Mix (Toyobo). The amplification reaction was per-
formed using a MicroAmp Optical 96-well reaction plate
(Applied Biosystems, USA), with each well containing a total
volume of 20 pul (10 pl of the qPCR Mix, 0.6 pl of each of the
primers. 0.4 ul of ROX reference dye, 2 ul of cDNA tem-
plate). Cycling conditions were performed as follows: 95 °C
for 1 min, followed by 40 cycles of 95 °C for 15 s and 60 °C
for 60 s. At the end of each qPCR reaction, dissociation anal-
ysis was performed to confirm detection of only one product.
Validation of microarray analysis by qPCR was repeated three
times.

Gene Expression of Some Hemoproteins and Genes
Associated with Heme Synthesis and Degradation

Hepatopancreases were collected after 3 days and 2 weeks of
feeding. Total RNA was extracted using RNAiso (Takara,
Japan), and cDNA was synthesized using a High-Capacity
Reverse Transcription kit (Applied Biosystems, USA), fol-
lowing the manufacturer’s instructions. The relative mRNA
expression of some hemoproteins (catalase (CAT) and nuclear
receptor ecdysone-induced protein 75 (E75)), genes involved
in the heme synthesis pathway (ALAS, porphobilinogen

Table 1 List of gene targets with corresponding primer sequences, amplicon size, and mean PCR efficiency + SEM used for qPCR analysis in this

study. F: forward primer. R: reverse primer

Gene target Primer sequence (5" to 3") Amplicon size (bp) Mean PCR efficiency + SEM

Elongation factor-1 alpha F: ATTGCCACACCGCTCACA 55 2.04+0.008
R: TCGATCTTGGTCAGCAGTTCA

Peritrophin A F: GGTATCTTCGCCGACAACCA 103 1.94+0.008
R: TCTTCCTGTCGAAGTGCAGG

Invertebrate-type lysozyme F: CCTACCCAGGGGCATACTTC 101 2.0+£0.011
R: CTGCTTGTCAGCATTGTCGC

C-type lectin F: CAAGATGGCTCCCACCAACA 103 1.9+0.007
R: GTCGAACTCGGCGTTATCGG

Nitric oxide synthase F: GGAAGACCCACGTCTGGAAG 92 2.0+0.008
R: TCGAGCGATCTCCTTGAAGC

Heme-binding protein F: CACATCCCACCTCTCCATCT 297 1.9+£0.010
R: TCACAGTTGGGTCCTTCTCC

Aminolevulinic acid synthase F: CACTCCATGACTGGTGCTGT 100 1.9+0.017
R: GACCCACAGCATGTACCTCA

Porphobilinogen synthase F: CAATGGCAGACATCCAACAC 90 2.0+0.012
R: CACTGGTTGCTCTGCTTCAG

Catalase F: TCAGCGTTTGGTGGAGAA 120 2.0+0.007
R: GCCTGGCTCATCTTTATC

Ferrochelatase F: CATGGCTGACTCCAGCTACA 147 2.0+0.010
R: CCATCTCATGCAGGGTTTCT

Nuclear receptor E75 F: GCCTACAACAAGCCCCATAA 131 1.7+0.003
R: GCCAGAGAGGAAGTCTGGTG

Heme oxygenase-1 F: CTGAGGAGCTCGATGAGGAG 116 1.9+0.006
R: CATGGCCACAACACTACCAG
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synthase (PBGS) and ferrochelatase (FECH)), and a gene in-
volved in heme degradation (heme oxygenase-1 (HO-1)) were
measured by qPCR using Thunderbird™ SYBR® qPCR Mix
(Toyobo). The reaction volume mixture as well as the cycling
conditions are similar as described above.

Immersion Challenge Test

A pathogenic V. parahaemolyticus AHPND D6 strain was
used with two doses: the final concentrations were 1.08 x
10° and 3.60 x 10° cfu/ml for the high and low doses, respec-
tively. At the end of the 2-week feeding trial, a total of 40
shrimp per group were sampled and were divided equally
for high (n = 20) and low (n = 20) doses. Mortality was record-
ed daily up to 2 weeks, and survival curves were determined
from 20 animals per group, per dose. During the entire dura-
tion of the challenge experiment, shrimp were fed continuous-
ly with the experimental diet (5-ALA group) and basal diet
(control group).

ATP Level Assay

ATP concentration in the hepatopancreas was determined
using an ATP Colorimetric Assay Kit (cat# ab83355,
Abcam®, Cambridge, MA, USA) following the manufac-
turer’s instructions. This assay is based on the phosphoryla-
tion of glycerol in order to generate a product that can be
easily determined colorimetrically. Briefly, ~ 10 mg of tissues
was harvested and washed in cold PBS. Samples were then
deproteinized using a PCA/KOH deproteinization step de-
scribed by the manufacturer. After deproteinization, tissue ly-
sates were neutralized and were used for the assay. ATP stan-
dard was prepared to generate a standard curve estimating the
amount of the ATP between the range of 0—10 nmol. Fifty
microliters of samples and sample background controls was
then loaded in a 96-well plate with a clear flat bottom. ATP
reaction and background control mix were then added with the
corresponding samples and sample background controls.
After gentle mixing, the plate was incubated for 30 min
protected from light, and the optical densitometry at 570 nm
was measured using a Multiskan GO microplate spectropho-
tometer (Thermo Fisher Scientific Inc., MA, USA).

Statistical Analysis

mRNA transcripts were quantified using the 22" method
(Livak and Schmittgen 2001), and expression levels of target
genes were normalized using the reference gene elongation
factor-1 alpha, which had been validated as a stable reference
gene (Dhar et al. 2009; Leelatanawit et al. 2012) and used in
previous shrimp studies (Maeda et al. 2014; Maralit et al.
2015). Data were log transformed (log base 2) before being
analyzed by ¢ test. PCR amplification efficiencies were
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calculated using the LinRegPCR program (Ruijter et al.
2009). Mean PCR efficiency range of 1.7-2.0 is considered
acceptable (Lilly et al. 2011). Survival data were analyzed with
the Kaplan-Meier method. ATP levels were calculated accord-
ing to the manufacturer’s instructions, and data were analyzed
by ¢ test. Figures were obtained, and statistical tests of their
data were done with GraphPad Prism v6 (GraphPad, San
Diego, CA, USA), unless otherwise stated. In all cases, differ-
ences between groups were considered to be significant or
highly significant when *p < 0.05 or **p < 0.01, respectively.

Results
Gene Expression Profile After 5-ALA Supplementation

Of the 15,745 L. vannamei putative hepatopancreas genes
spotted on the microarray, 101 were DEGs, i.e., transcript
levels differed by more than fourfold, between the 5-ALA-
supplemented and control groups at p <0.05 (Online
Resource 1). Since a particular gene can be associated with
more than one GO or can have multiple functions/be involved
in different biological processes depending on the amount and
completeness of available information (Ashburner et al. 2000),
key function/s of the DEGs are summarized in Table 2.
Among these DEGs, 41 were immune- and defense-related
genes based on sequence homology (Table 2). Twelve genes
showed the highest fold-change (> 8-fold) at p < 0.05 (Fig. 1).
With a cutoff value of 1e—5 used in BLASTX, 8 genes have
uncharacterized description (8%), with some having con-
served domains (Table 2).

GO annotations were classified into three high-level cate-
gories: biological process, molecular function, and cellular
component. For biological process, the majority of the
DEGs are involved in cell surface receptor signaling path-
ways, oxidation-reduction processes, system development,
cellular protein modification processes, and cellular compo-
nent organization (Fig. 2a. For molecular function, the major-
ity of the DEGs are involved in protein binding, ATP binding,
oxidoreductase activity, nucleic acid binding, kinase activity,
and ATPase activity (Fig. 2b. For cellular component, most of
the DEGs are integral component of the membrane, located in/
a subcomponent of the nucleus, plasma membrane, and mito-
chondrion (Fig. 2¢). For the complete list of GO at all levels
based on biological process, molecular function and cellular
component, please see Online Resource 2.

Validation of Microarray Analysis Results by qPCR

The gene expressions of Per-A, i-Lys, CTL, and NOS were
significantly upregulated in the 5-ALA group compared to the
control (Fig. 3a—d). HBP was also significantly downregulat-
ed (Fig. 3e) in 5-ALA group. The hepatopancreas mRNA
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CD: none

XP 011347620.1

XP 018017307.1

UP LOC108673930

enl[UG|Lva_S62303248
enllUG|Lva_S62301535

CD: GRIP (golgin-97, RanBP2alpha, Imh1p and 4.245

Uncharacterized protein (UP) LOC105285227

p230/golgin-245) domain

CD: fibronectin 3

4.167
4.157
4.093

XP 018015531.1

XP_018020728.1

UP LOC108677090
UP LOC108672397

gnl|UG|Lva_S62255538
gnl|UG|Lva_S62240556
enl|UG|Lva_S62273258
gnl|UG|Lva_S62240969

Downregulated

CD: zinc peptidase

CD: none

XP _018012627.1

XP 018021013.1

UP LOC108669733, partial

UP LOC108677311

4.089

CD: none

0.211

Mitochondrial electron transport

NADH dehydrogenase 1 alpha subcomplex subunit 5 AAHI1561.1

gnl|UG|Lva_S46211088
enl|UG|Lva_S62297940

0.099

Negative regulation of mitochondrial membrane potential,

XP 013406655.1

Heme-binding protein 2-like

positive regulation of necrotic cell death

# Putative immune-related function of some multifunctional genes not listed under “defense- and immune- related”

expressions of the selected genes by qPCR are consistent with
those determined by the microarray analysis, validating our
results. For all the genes evaluated, the mean PCR efficiencies
were within the acceptable range of 1.7-2.0 (Lilly et al. 2011).

Expressions of Some Hemoproteins and Genes
Associated with Heme Synthesis and Degradation

The transcript level of the ALAS gene was higher in the 5-
ALA group compared to the control after 3 days of feeding but
was almost equal between the two groups after 2 weeks of
feeding (Fig. 4a). For two other genes involved in the heme
synthesis pathway (PBGS and FECH), the transcript levels
were higher in the 5-ALA group after both 3 days and 2 weeks
of feeding (Fig. 4b—c). For CAT, which is a hemoprotein,
transcript levels were also higher in the 5-ALA group at both
sampling times (Fig. 4d). Another hemoprotein, E75, was also
significantly higher in 5-ALA group after 2 weeks of feeding
(Fig. 4e). HO-1, which is responsible for heme degradation,
was also higher in the 5-ALA group after 3 days, while it was
only slightly higher after 2 weeks (Fig. 4f).

Immersion Challenge Test

In the challenge tests (for each concentration of bacteria), the
survival rates were higher for the 5-ALA group. For the lower
dose of bacteria (3.60 x 10° cfu/ml), 5-ALA group showed
95% survival while all the shrimp in the control group died
after 13 days post-immersion (Fig. 5a). For higher dose of
bacteria (1.08 x 10° cfu/ml), survival in 5-ALA group was
twofold higher compared to the control (Fig. 5b).

ATP Level Assay

Hepatopancreas ATP levels were twofold higher in the 5-ALA
group than in the control group (Fig. 6).

Discussion

By the early 2000s, 5-ALA had been used in several fields be-
sides medicine (Sasaki et al. 2002). However, so far, only few
studies have used it in aquaculture and no studies have used it for
shrimp or other invertebrates. The microarray analysis revealed
that 5-ALA upregulated 41 defense- and immune-related genes,
including some genes having immune functions (* in Table 2)
different from their main biochemical functions, a case of gene
multifunctionality (Pritykin et al. 2015). Upregulation of some of
these genes was validated by qPCR (Fig. 2). One gene, identified
as c-type lectin 4, which functions as a pathogen recognition
protein (PRP) (Alenton et al. 2017) was reported to facilitate in
the clearance of Vibrio anguillarum in vivo (Wang et al. 2009c).
Another PRP characterized in Penaeus monodon named as
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Fig. 1 Heatmap of differentially J (\\@
expressed genes from the o &
microarray results with more than o .
eightfold difference, p < 0.05 by ¢ strongly chitin-binding protein-1
test analysis chitin-binding peritrophin A
heme-binding protein 2-like
histone-arginine methyltransferase CARMER-like isoform X2
procollagen-lysine/2-oxoglutarate 5-dioxygenase 1-like
651
putative Beta-hexosaminidase fdl 583
516
c-type lectin 4 448
381
penlectin 5-3 314
246
invertebrate-type lysozyme 2 179
mm
UP LOC106153133 (LicD superfamily domain) 044
023
gastrolith protein 30 ? :;
chitooligosaccharidolytic beta-N-acetylglucosaminidase-like i ;i

penlectin, exhibited binding, agglutination and antimicrobial ac-
tivity against both Gram-positive and Gram-negative bacteria
(Angthong et al. 2017). Moreover, two antimicrobial peptides,
the invertebrate-type lysozyme (Chen et al. 2016) and serine
protease 30-like (Tassanakajon et al. 2013), were upregulated in
5-ALA group. 5-ALA-induced upregulation of these PRPs to-
gether with the AMPs that directly interact with pathogenic bac-
teria may have contributed to the resistance of L. vannamei to V.
parahaemolyticus (Fig. 5). Viral (WSSV) and fungal (Fusarium
sp.) challenge tests were also conducted in this study (Online
Resource 3), but there was no significant difference in the sur-
vival between 5-ALA and control groups for either pathogen.
This suggests that 5-ALA is more effective against bacterial in-
fection or that a higher concentration of 5-ALA may be necessary
to protect against viral and fungal pathogens. Dietary administra-
tion of a lower concentration of 5-ALA (10 ppm) did not signif-
icantly protect against V. parahaemolyticus infection (data not
shown). Interestingly, two genes having antiviral activity (a zinc
finger CCCH domain-containing protein, 1A-like isoform X2
(Tassanakajon et al. 2013) and a centaurin-alpha 1-like (Wang
et al. 2009d) were also upregulated by 5-ALA, which raises the
possibility that 5-ALA also protects against viral infection.
Another immune-related DEG, peritrophin A, which binds
to chitin and has potential antimicrobial activity (Tassanakajon
et al. 2013), may protect L. vannamei against pathogens
(Huang et al. 2015). GO annotations suggest that ALA-5 up-
regulated six other hepatopancreas genes that are involved in
chitin binding and metabolism. These genes include gastrolith
protein 30, penlectin 5-3, strongly chitin-binding protein-1,
putative cuticle protein, chitooligosaccharidolytic beta-/N-
acetylglucosaminidase-like, and protein ecdysoneless homo-
log. Five of these genes were upregulated more than eightfold
by 5-ALA (Fig. 1), which suggests that 5-ALA has an

important effect on chitin metabolism. Chitin is one of the
main components of the peritrophic membrane (PM) and cu-
ticle of insects (Han et al. 2015; Zhao et al. 2010) and is highly
relevant for the growth of shrimps, since it needs to be synthe-
sized and cleaved during the molting process (Rocha et al.
2012). The PM is a non-cellular semipermeable membrane that
covers the midgut of arthropods and is thought to function as a
protective barrier against invading pathogens (Huang et al.
2015) as well as to help stimulate food digestion (Tellam et
al. 1999). On the other hand, the cuticle, which is composed
of chitinous matrix and chitin-associated proteins and lipids, is
important for locomotion and protection against dehydration as
well as pathogen invasion (Moussian 2010). 5-ALA also up-
regulated kinesin-like protein unc-104, which positively regu-
lates the expression of amyloid precursor-like protein that is
required for molting (Wiese et al. 2010). Interestingly, in an
ALAS-mutant larvae of Drosophila melanogaster, the cuticle
was detached from the epidermis and the basal region was
frayed, which suggests that ALAS has a role in organizing the
contact between the cuticle and epidermis (Shaik et al. 2012).

RNA-seq data (Nakaoka et al. 2017) also revealed that
ALAS is highly expressed in the prothoracic gland (a ma-
jor organ for ecdysone synthesis) of silkworm Bombyx
mori, while the abundance of 20-hydroxyecdysone (the
active form of ecdysone) was low in D. melanogaster
RNAI larvae, suggesting that ALAS is indispensable for
ecdysteroidogenesis. These studies together with the pres-
ent microarray results suggest that the synthesis of 5-ALA
has a role in the organization of chitin and cuticle, and
possibly molting, in invertebrates.

Another DEG, NOS, which is a hemoprotein, was signifi-
cantly upregulated in the 5-ALA group. In L. vannamei, LPS
and poly I:C caused rapid changes in NOS transcript levels,

@ Springer
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cellular nitrogen compound biosynthetic process (1.91, 15)
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(6.05, 10) cellular protein modification
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cellular component organization
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organelle membrane (2.23,7)
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cytosol (8.36, 8)

extracellular space (8.8, 7)

Fig. 2 Distribution of GO classification based on three high-level cate-
gories. a Multi-level pie chart of combined graph of GO biological pro-
cess annotations (sequence filter =10). b Multi-level pie chart of com-
bined graph of GO molecular function annotation (sequence filter=4). ¢
Multi-level pie chart of combined graph of GO cellular component

suggesting that NOS has a role in defense against pathogens
(Yao et al. 2010). In the tropical land crab, Gecarcinus
lateralis, NOS was found to regulate ecdysteroid synthesis
in the Y organ (Kim et al. 2004). NOS is responsible for the
biosynthesis of nitric oxide, which coordinates metabolism,
growth, and development via the nuclear receptor E75
(Céceres et al. 2011). E75, on the other hand, is required for
ecdysone synthesis and contains heme as a prosthetic group
(Reinking et al. 2005). In this study, E75 transcript levels were
higher in the 5-ALA group. Ecdysone and their homologs,
generally termed ecdysteroids, are reported to regulate growth
by molting (Hosamani et al. 2017). Thus, the upregulation of
NOS, in addition to enhancing immunity, may also induce
molting by increasing E75 transcript levels.

On the other hand, 5-ALA downregulated HBP, which has
a SOUL domain. This was also validated by qPCR (Fig. 3e).
SOUL was reported to be specifically expressed in the pineal
gland and retina but is ~40% homologous to p22HBP, which

@ Springer

b signal transducer activity (1.40, 4)
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vesicle (1.42,6)

integral component of membrane
(12.76, 10)

nucleus (10.94,9)

mitochondrion (8.86, 8)

annotation (sequence filter = 6). Each part of the pie graph designates
one GO term with corresponding node score and number of sequences
in parenthesis. If the number of GO annotations were fewer than the
sequence filter, then these GO’s are not displayed in this graph

is ubiquitously expressed in tissues (Sato et al. 2004). HBP/
SOUL is also involved in cell death by inducing mitochondrial
permeability transition under stress conditions (Szigeti et al.
2006). SOUL overexpression alone already induced a non-
significant decrease in cell viability, while induction of
SOUL with stress stimuli significantly increased the numbers
of necrotic and apoptotic cells (Szigeti et al. 2006). In the
present study, the downregulation of HBP/SOUL in the ab-
sence of stress stimuli may be favorable because overexpres-
sion of SOUL in untreated cells decreased cell viability.
While some hemoproteins and genes associated with heme
synthesis and degradation were statistically higher in 5-ALA
group compared to the control by qPCR analysis (including
CAT gene), these were not shown as DEG’s in the microarray
results since the expression of these genes are lower. As pre-
viously reported, fold-change measurements appear to be
somewhat similar for microarray and qPCR at higher expres-
sion levels but fold-change similarity between the two
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disagree at lower expression levels and is likely due to the
higher sensitivity of qPCR (Camarillo et al. 2011).

The expression of ALAS, the rate-limiting enzyme in the
biosynthesis of heme, is regulated by heme levels via a negative

ALAS

relative expression (log2) o
N

A Control
e 5-ALA

CAT

of &

relative expression (log2) Q.
b %

2 wéeks

A Control
e 5-ALA

A

3 d'ays

2 wéeks

relative expression (log2) &

relative expression (log2) ®

feedback mechanism (Jover et al. 2000). It has been suggested
that exogenous supplementation of 5-ALA bypasses this feed-
back regulation, which results in the production of more heme
(Mateo et al. 2006). In this study, the transcript levels of ALAS

PBGS
A Control
® 5-ALA

1s [

3 days

2 wéeks

E75

A Control
® 5-ALA

3 days

Fig. 4 Quantitative RT-PCR analysis of some hemoproteins and genes
involved in heme synthesis and degradation: a aminolevulinic acid syn-
thase (ALAS), b porphobilinogen synthase (PBGS), ¢ ferrochelatase
(FECH), d catalase (CAT), e nuclear receptor E75 (E75), and f heme

2 wéeks

oxygenase-1 (HO-1).
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Data are plotted with means = SEM. Asterisks in-

dicate levels that are statistically significant by ¢ test analysis; *p < 0.05,
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Fig. 5 Kaplan-Meier survival
curves after V. parahaemolyticus
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were not statistically different between the two groups after
2 weeks of feeding (Fig. 4a), suggesting that exogenous 5-
ALA did not affect endogenous ALAS expression at the tran-
script level, which agrees with a previous report (Liu et al. 2016).

In this study, the transcript levels of two of the enzymes
(PBGS and FECH) involved in the heme synthesis pathway
were higher in 5-ALA group compared to the control suggest-
ing that the pathway was allowed to continue after the incor-
poration of 5-ALA in the cells. PBGS catalyzes the second
step of heme synthesis while ferrochelatase is the last enzyme
in the pathway that inserts iron in protoporphyrin to form
heme (Layer et al. 2010).

On the other hand, catalase, a hemoprotein that functions as
an antioxidant enzyme (Trasviia-Arenas et al. 2013), was sta-
tistically higher in the 5-ALA group. 5-ALA has also upreg-
ulated another hemoprotein and antioxidant, chorion peroxi-
dase, and other DEGs having oxidoreductase activity (Table
2). This result suggests that 5-ALA has stimulated the expres-
sion of antioxidants, which provide functional role in innate
immunity and thus introducing higher protection to infectious
bacteria. Also, the fact that catalase and chorion peroxidase
(antioxidants), NOS (which is also involved in cellular redox
homeostasis), and E75 (vital for ecdysteroid synthesis) are
hemoproteins supports the hypothesis that 5-ALA increases
the expression of hemoproteins.

Heme oxygenase-1 was higher in the 5-ALA group, which
suggests that 5-ALA enhanced the production of heme, which
is one of the main inducers of HO-1 expression (Nishio et al.
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Fig. 6 ATP levels (nmol/pl) of control and 5-ALA groups. Asterisks
indicate levels that are statistically significant, relative to the control, *p
<0.05, by ¢ test analysis
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2014). 5-ALA upregulated HO-1 mRNA levels in vertebrates
(Nishio et al. 2014; Frank et al. 2007; Hagiya et al. 2008; Hou
et al. 2013). This is the first report of the effect of 5-ALA on
HO-1 expression in invertebrates, which suggests similar
heme degradation pathway among animal groups. HO-1 de-
grades heme, producing iron, biliverdin, and carbon monox-
ide (Nishio et al. 2014). HO-1 expression is important because
HO-1 metabolites have cytoprotective, anti-inflammatory, and
antioxidant effects that protect shrimp against pathogens and
environmental stress (Li et al. 2013; Otterbein et al. 2000;
Barafiano et al. 2002).

5-ALA has also been reported to increase the activity of the
hemoprotein cytochrome c oxidase (complex IV), the last en-
zyme in the electron transport chain, which has a fundamental
role in aerobic energy metabolism (Ogura et al. 2011). Along
with the increase of complex IV activity was an increase in
liver ATP levels in 5-ALA administered mice (Ogura et al.
2011). Similarly, 5S-ALA increased ATP levels in the present
study (Fig. 5). Cytochrome c-heme lyase, which covalently
attaches heme to cytochrome ¢ (Dumont et al. 1991) in the
electron transport chain, was also upregulated by 5-ALA. Five
of the DEGs that were upregulated by 5-ALA are involved in
ATPase activity (Table 2). Increased ATP levels and expres-
sion of genes involved in the electron transport chain (one
gene) and ATPase activity (five genes) suggest that 5-ALA
enhances aerobic energy metabolism in L. vannamei. This is
beneficial to shrimp since ATP is the primary energy currency
of living systems, which is necessary to carry out shrimp’s
normal activities and even more during stress and microbial
infections (Tiwari et al. 2002; Liang et al. 2015). Cellular ATP
was also reported to play a role in disease resistance involving
hypersensitive cell death, which is a response to bacterial in-
fection (Hatsugai et al. 2012).

Taken together, our results support the idea that dictary 5-
ALA affects heme synthesis and thus the activity of hemopro-
teins. 5-ALA administration also affects other pathways
(Yamada et al. 2017) because heme is not only restricted to the
synthesis of hemoproteins (Padmanaban et al. 1989). Heme
synthesized in the mitochondria is transported across the mito-
chondrial membrane, regulating a number of metabolic process-
es and systems utilizing oxygen, e.g., transcription, translation,
transport, processing, and cell differentiation (Padmanaban et al.
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1989; Jover et al. 2000). These processes are also observed in
the DEGs reported in this study (Table 2, Fig. 2a—).

In conclusion, we demonstrated that dietary administration of
5-ALA upregulates various immune- and defense-related genes
(including some hemoproteins), increases ATP level, and im-
proves resistance to AHPND-causing V. parahaemolyticus.
Further studies are needed to determine its effect on molting
and growth as well as its effects when used for a longer period
and in different concentrations.
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