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Abstract

Objective

The common carp (Cyprinus carpio), the most important freshwater fish with a global
distribution, is known for its adaptability and potential in aquaculture. However, the risk of
disease in this fish is high and protective strategies are essential.

This study aimed to compare the effects of probiotic, paraprobiotic, and postbiotic supplements
obtained from Lactobacillus casei CC16 to enhance the immune response and antioxidant
capacity of common carp and improve their resistance to Aeromonas hydrophila infection after
56 days.

Materials and methods

This study used four experimental diets: a basal diet without bacteria as a control, a basal diet
with a 24-h culture of L. casei (probiotic), a basal diet with a 24-h culture and then killed L. casei
bacteria (paraprobiotic) and a basal diet with cell-free supernatant (postbiotic) from a 24-h culture
of L. casei. Fish were fed these diets in aquariums (80 liter) for 56 days. After the feeding
experiment, the fish were anesthetized, blood was obtained from the caudal vein, and serum
prepared. After dissection, intestinal tissue was sampled. After sampling, antioxidant activity,
lipid peroxidation, complement system in serum (ACHS50), total immunoglobulin concentration
(IgM), serum lysozyme activity, myeloperoxidase activity (MPO), immune gene expression (pro-
inflammatory cytokines including IL-1B, TNFa, and IL-6) and bacterial challenge test were

measured.
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Results

The results showed that paraprobiotic treatment significantly increased antioxidant defense and
immune responses compared to other groups. Moreover, it was associated with increased levels
of antioxidant enzymes (superoxide dismutase, catalase, and glutathione peroxidase), total
antioxidant capacity, and decreased lipid peroxidation (P<0.05). Additionally, increased
immunoglobulin M, lysozyme, and myeloperoxidase activities, and increased expression of pro-
inflammatory cytokines (IL-1B, TNFa, and IL-6) were observed (P<0.05) in the paraprobiotic and
postbiotic groups compared to other groups. The paraprobiotic and postbiotic groups showed

higher survival rates in the bacterial challenge test.

Conclusions

Generally, this study showed that paraprobiotics and postbiotics are effective in enhancing the
immune system of common carp and, due to their defined chemical structure, specific immune-
enhancing properties, and longer shelf life, have advantages over live probiotics, and provide a
promising avenue for disease prevention in carp farming.
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Introduction

The common carp (Cyprinus carpio) is known the most important freshwater aquaculture
species worldwide, especially in Asia and parts of Europe. This event is related to its rapid growth,
adaptability to diverse environments, and significant contribution to aquaculture production.
More than 80% of total aquaculture in several European countries is carp, indicating its economic
importance. Despite this advantage, outbreaks of bacterial and viral diseases pose a serious threat
to sustainable production, leading to considerable economic losses. Old methods for disease
management are dependent on antibiotics and chemotherapeutic agents, but these permonace
often leads to undesirable consequences, including environmental contamination, accumulation
of drug residues in fish tissues, and the emergence of antimicrobial resistance. Thus, developing
strategies related to disease management enhancing the fish’s innate immune system has become
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a priority in aquaculture. One such method is the use of beneficial microbes and their derivatives
as dietary supplements. Probiotics or live microorganisms that are benefits to the host, have been
widely studied and shown to improve growth, enhance immune responses, and increase disease
resistance in aquaculture species. However, some concerns related to the safety of live probiotics
remain, including the potential transmission of antibiotic resistance genes, systemic infections, or
disruption of the host’s natural gut microbiota. These concerns led to the interest in non-viable
microbial products such as paraprobiotics (inactivated microbial cells or cell components) and
postbiotics (soluble products or metabolites released by live or lysed bacteria). Paraprobiotics and
postbiotics were suggested as alternatives that offer the immunomodulatory and antioxidant
benefits of probiotics without the risks related to administering live organisms. These alternatives
have defined chemical structures, improved stability, and reduced safety concerns, making them
promising candidates for functional feed additives in aquaculture. Previous studies in fish have
suggested that paraprobiotics and postbiotics can modulate immune responses, enhance
antioxidant capacity, and protect fish against pathogen challenges. However, direct comparative
studies evaluating their relative effectiveness versus conventional probiotics remain limited. The
present study aimed to compare the immunomodulatory, antioxidant, and disease resistance
effects of dietary supplementation with a probiotic, a paraprobiotic, and a postbiotic preparation
derived from Lactobacillus casei CC16 in common carp (C. carpio). Over a 56-day feeding trial,
fish were fed diets supplemented with live bacteria, heat-killed bacteria, or cell-free supernatant.
Subsequent analyses evaluated serum antioxidant enzyme activity, lipid peroxidation, immune
parameters (IgM, lysozyme, myeloperoxidase, complement activity), expression of pro-
inflammatory cytokine genes (IL-1p, IL-6, TNF-a), and survival following bacterial challenge
with Aeromonas hydrophila.
Materials and methods

The bacterial strain Lactobacillus casei CC16 was originally isolated from the gut of healthy
common carp and obtained from the Iranian Genetic Resources Center. The bacteria were grown
in LB broth at 30 °C for 24 h. Probiotic bacteria were treated through incorporating into feed at 1
x 107 CFU/kg diet. Paraprobiotic treatment was prepared through heat-killing, lyophilizing, and
adding at an equivalent concentration. Postbiotic treatment was prepared after centrifugation and
collecting the cell-free supernatant (CFS) and adding to diets at equivalent levels. A basal
commercial diet (47% crude protein, 18% crude lipid, <12% moisture) was used as the control.
Therefore, four experimental diets were used: (i) basal control, (ii) probiotic, (iii) paraprobiotic,
and (iv) postbiotic. Juvenile carp (14.3 = 2.7 g) were purchased from a carp farm in northern Iran
and acclimatized for two weeks. Fish were randomly distributed into aquaria (80 L, 20 fish each)
under controlled water quality conditions (pH 7.6, temperature 16 °C, dissolved oxygen 60%).
Triplicate groups were used for each treatment, and fish were fed once daily at 1.5% body weight
for 56 days. At the end of the feeding experiment, six fish per treatment were anesthetized and
sampled. Blood sampling was carried out from the caudal vein for serum analyses, while intestinal
tissue was preserved in RNAlater for gene expression studies. Commercial kits were used to
measure serum activities of superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx). Malondialdehyde (MDA) content and total antioxidant capacity (T-AOC) were
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assessed to measure lipid peroxidation. Colorimetric or turbidimetric methods were used to
measure complement activity (ACHS50), total serum immunoglobulin (IgM), lysozyme activity,
and myeloperoxidase (MPO) activity. RNA was extracted from intestinal tissue, and qPCR was
performed to assess expression of IL-1p, IL-6, and TNF-a. GAPDH and f-actin served as
reference genes for normalization. Intraperitoneal injection of 4. hydrophila at an approximate
dose of 3.7 x 10° CFU/mL was used to evaluate disease resistance. Mortality was monitored for
14 days, and survival curves were analyzed using Kaplan—Meier statistics. Data were analyzed
using one-way ANOVA followed by Tukey’s test, with significance set at P < 0.05. All
experimental procedures involving fish were conducted in accordance with the guidelines for the
care and use of laboratory animals established by the Institutional Animal Care and Use
Committee (IACUC). The experimental protocol was reviewed and approved by the Ethics
Committee of Amol University of Special Modern Technologies, Iran (Ir.ausmt.rec.1403.11).
Efforts were made to minimize the number of fish used and to reduce suffering during handling,

sampling, and bacterial challenge experiments.

Results

The measurement of antioxidant enzyme showed significant treatment effects. Catalase
activity remained unchanged across treatments and fish receiving the paraprobiotic diet showed
significantly elevated SOD and GPx activities as well as higher total antioxidant capacity
compared to control and probiotic groups (P < 0.05). MDA levels were significantly decreased in
the paraprobiotic group, indicating enhanced protection against oxidative stress. Postbiotic
supplementation showed moderate antioxidant benefits, less than the paraprobiotic treatment.
Serum immunological markers revealed improvements in fish fed paraprobiotic and postbiotic
diets. Total IgM concentration was highest in the paraprobiotic group, significantly higher than
all other treatments (P < 0.05). Similarly, lysozyme and MPO activities increased in the
paraprobiotic and postbiotic groups compared to control and probiotic treatments, reflecting
stimulation of nonspecific immune defense mechanisms. However, complement activity
(ACH50), did not differ significantly among treatments. Relative expression of pro-inflammatory
cytokine genes IL-1P, IL-6, and TNF-a was significantly upregulated in all treatment groups
compared to the control (P < 0.05). The highest expression of IL-1B and IL-6 expression was
observed in the paraprobiotic and postbiotic groups, while TNF-a expression increased across all
treatments, with no significant difference between probiotic, paraprobiotic, and postbiotic diets.
These results suggest that inactivated bacterial components and metabolites have stronger
immunostimulatory effects on gut-associated immune pathways than live probiotics. After
infection with A. hydrophila, there were different survival rates between treatments. Control fish
showed early and high mortality on day 4 post-infection, while probiotic-fed fish showed no
significant improvement in survival. In contrast, fish receiving paraprobiotic and postbiotic diets
showed delayed onset of mortality and significantly higher survival rates (83% and 71%,
respectively) compared to both control and probiotic groups (P < 0.05). These results indicate that
dietary supplementation with paraprobiotic or postbiotic preparations increases resistance to

bacterial infection in common carp.
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Conclusions
This study showed that dietary supplementation with paraprobiotics and postbiotics derived

from Lactobacillus casei CC16 leads to more effective than live probiotics in enhancing immune
responses, antioxidant defense, and disease resistance in common carp. Paraprobiotics
significantly increased antioxidant enzyme activities, decreased lipid peroxidation, and increased
nonspecific immune parameters such as IgM, lysozyme, and MPO activity. Both paraprobiotic
and postbiotic treatments led to higher expression of pro-inflammatory cytokine genes and
increased survival rate against A. hiydrophila infection. These results indicated that the use of non-
viable microbial derivatives in aquaculture nutrition has some advantages, including improved
stability, defined chemical composition, and reduced biosafety concerns compared to live
probiotics. Therefore, paraprobiotics and postbiotics show promising alternatives for sustainable
disease management in carp aquaculture, with potential applications in enhancing fish health,
improving productivity, and reducing reliance on antibiotics. Future research should focus on
elucidating the molecular mechanisms underlying these beneficial effects, optimizing dosage and
formulation strategies, and exploring their applicability across different aquaculture species
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eSS el AT PliFp b by bl covly (Lol Yo plaS o) cd Ae clapgsyloST )3 Lo oalo .5 o3l
ol (dH VY) s (75 +) (5T bl (V/5) PH s 5l pglito yobo ds cind o 0,15 5o O L bapgaloST s
b palal Gl VO (SO)6 slidgy 43 <K g9y 2 (89 090 WIS awyp (31,5 Bl 4,5 VF) Loy ¢ (WS/cm YYA)
o olo puw 505 G335 50 (59 20> VO L (ol (ol ild o) (65155 0 b b 93 aljgy obale ¢ yiulojl 0)95 Jobo 5
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Py 09 Cawd (gl Yooo @15 b dn > ¥ (0 alds Vo e dy g g b a5 1,5 5l a0 ¥ glod (5 el
Tohaw (Soiedd I HaB )RS5 sam JeloS g o0 gl oS (Bl a3 A glod 53 o sladiged S Sud il
03> 9 g Comsd byl (pllo Jloyp SaS' L0399 b g puld (Sgie pd g0t Il chioyd Ve 9T L (oS3 5 olag
alelsdl ¢l (ol Hilden Qiagen) RNAlater s g, sub alolbM g 05 (gyglaes 039y il jl p)S deo Voo g b
A5 S s

ZelIBio GmbH) jl 5, iox a5 55 opeslignsSl g Amins 9 (lpu 51 ol
CAT) ;Y65 (ZB-SOD-96A SOD, Germany) jbgeuwss oSl pgw zohw b5 ly (ol Veltinerweg)
MDA) 1531 (o> oo (ZB-GPX-96A GPx, Germany) jlu.sly, 65645 (ZB-CAT-96A, Germany
Py Sdiges d (ZB-TAC-96A T-AOC, Germany) S Sluws! sl e )b g (ZB-MDA-96A, Germany
a0 Fagb ¥V zge Jobo ) (i3amST g 59,0 STy 4 2T g (98] (xS ot L SOD cllad s ool
clacdls i b, UMmL «/0 cawlus b @ids G 3 02 g oI 4 H202 Jg09,80e ) 455 b CAT b i
sk A (5 o Sndizad (sl ) (s 13 1515 0 Copulus b stogls IY gn s 53 (5 ier I 50 4 GPX
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4 SappSl gl b Ayl 13 6520936 TR+ 55 (pgolanes] (alS 05 (655 o)l (ot S Lot G b 51 (T AOC -
(Adineh et al., 2021) 13 oslital _ioxias (sl (2 55 JsagsSen Vo +) Voo oo /) Copolun b e il lgic

2 olseS s b b)) gy (ACHS0) 0 pow 53 lolpeS s (hian— shoal (SR
Sy L (RaRBC) 5555 30,8 slaJols oUj) ol ,» (Nayak et al., 2018) 54 Nayak et al. adllas wlul
pro J| o slocdy 48 o ()p |y RARBC g EGTA (Mg™) mjsio sloygs sol JUgsg 8k L pyws (sladiges
VO (slod )3 g bglse (95,5 5o )8 JoulS Moyd ¥ (ygmmiliwg Sl (Solune oo b 08y 2 (e b 4 JUg)g 5L ) (ale
Jgsg 2pm 53k sl oo N 39381 b (2STy «ymmabisSl L 51 gy b g0l (ool 4 485 A0 ke 4y 31,5 ko ey
oo islo ¥ (gmwligSil 0,93 <S4 5l (- 505 Sad il 21,5 (il 42 )3 ¥ 5 B> B Sde s GV v )3 ladiges 5 igie
pro 3l o2 Olgie & ACHSs0 Jlade 3 (6550l 209l ¥VF 29 Jobo 3 ol Jglone G g 48 Joud il STy
9 Py 0> Ry 53 sdoen doyd (odie ) byl (pl 9 o0 0)8 sl oS hopd B (a8 ) el &5 0D iy
235 ole (UML) gy 2 e 13 90l 90 2 @l Coled ) 48 (i slgen 700+ L jblie dail apwloes

(ELISA) 5l 4 Juato i pguagiganl b 5l odlitl b p s ISM. IS s {IEM) (sl 929IS gigonl S cdide
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5 o yiegil Y0+ )3 (5)95 S Sl amio po (gl ite b piS Cla (5S0ke S
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(etal., 2014

EXO10T) RNA (gilubir 8 5l ool L 039 <y 51 (<l j 55 £)5 (e Y0) JS RNA 2 Joal (g5 ol
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RNA ol .89 Bl osilasdl (slapiigy o DNA dacSad b b s gubitand 0 b 5l A b gt . Lo Juato
5 ookl booas alls RNA s (gyglaes oyl GodigySan ,d g lia 9w | RNase-freeo I oslazwl L alls
oSyl YA+/Y#+ )5 (Thermo Fisher Scientific, Waltham, MA, USA) NanoDrop™ Lite yie g Sl
oulosily o35 DNA Gis (gl DNase I jlog cow JS RNA i o5 SV ddlais s o)) et i j1 5 gl
e J5S 5 agisy o5Sas ODNA & (oll )5 oslSlisws EXOT01) CDNA jit el aslizal b g 25 3
3,5 b dmy> —Ae glod p3 g s 5By ViV e b Juols CDNA (cusl oss Gls w3l L RNA )i Ll lojen job 4
LightCycler 480w jl odlitwl b () Jgao) dL1 B INF-00 JL-6  Jolis Gua slayy; oyls gdaw A3 (6 0055
8 PCR s b o s o ¥ ol sl sSn Vo 5 iSly o 45 ool (s «J3k Roche Diagnostics)
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b ad S s 53 oS0l (g 38 K90 S STy o sl g yealp (Yegli 01 (ol clale) jilg Se /05 (VD)
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Ve e slac) g ) Gl o sl POR () Gaisly (als 38,5 )5 sy 206 il 5051 5 558,80
551 AGAPDH) 55,10 Slis ¥ sl uelS ol g2 pn 35 1 (s 0 pleal 3ol o & DNA (s
s M &S jglailen (sl 655 o il)ls 5 (CV) il et capd @ 8 b md 0 Ol s 45, b B ACT)
Jby Jole S ez 4 B ACT (GAPDH wiia (Ske by (Kortner et al., 2011) ai 3,35 b 5 o odls
dlre (s (Sl (505 slagsby) jl edlinal L pls € slie | Baa slagj ond Jloy plo (ke S (oo Joe gl
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Table 1. Primer’s sequence used in the present study

Annealing Gen].Sank (5-3°) Sequence Gene
tem. accession no. name
589 AGCAGCGGGTGGAGGATGTA

) AY102632 CCTCAGAAATGGCGGTGGAC IL-6
59 GGTGATGGTGTCGAGGAGGAA TNF-q
AJ311800 TGGAAAGACACCTGGCTGTA
585 ACCAGCTGGATTTGTCAGAAG IL1p
) ABO010701.1 ACATACTGAATTGAACTTTG
GAGCACCGTTCATGCTATC
373 AJ870982.1 GACCATCCCTCCACAGTTTT GAPDH
58 AGGGTGGCAATGATCTCTGT pACT
M24113.1 GTCTCAAACATGATCTGTGTCAT

JUs 4 (ANOVA) 4,k S (il 5061 .05 3JUT YV aseas SPSSjl58le 5 51 enlizl b laosls 2.5 5b0] 5uIU

ol cli &5 .0b 43,5 IS 4 b ,Sike (sauslio Iy (Tukey's multiple range tests) Sy (clawlio > o905l
Aa5 50 /o0 5l S P gailin] )3 (gyls dme o 13,5 s SRPLOT (M1 15l 5l ooliasl b (jadls (slavyg05] 51 o
~Jite) (o)) 45 gedl ) okt b g S (slacoglis 5 0 ol plom U by, aslizal b iy o 03 435

858 2l 090 (S

o i otilej] (sloog,S 53 SYBIS T cllst (G (ygmlimanS Ty (i 5 (SHlapnST (T Cudlad
Tobw opizmed g JluenSly gLl g Sbgemnd daSTygw o 3Tl a3 (Y Jga2)(P>0.05) oy olis 1y sl
Sl @ e b 4 bl oy Sple 4 Cuwd Ssmenbl b ooddjlag 09,8 ;> IS SlawsT
4 Cond Samgnbl b osd jlass 09,5 15 (61 (ixe ok 4wl (0 (pglle zobaw ()] S (¥ Jga2)(P<0.05)s5
(Y Jg32)(P<0.05 ) 592 28" itolojl (slaog S Lo
(¥ Jga2)(P>0.05) ol o)Lt 1y s> gime youis (otalojl (slmog,S 53 lakieS it culled 1 o] (gL yoinw
Orzen (Y J912)(P<0.05 g ctslojl (slaog S plo 5l S (61> (sinayobo 4 Sgmg il 09,5 13 ML (pdgnglS gigen ylade
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(¥ J922)(P<0.05 ) 355 Sipmaalyl 09,5 55 o0 sanlite 253

Sigmgy oy b @t jl pu (Jgore 195 (alo 0w 53 giilnST (o ] S aS LY Jgaa
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Table 2. Oxidative stress indices in serum of common carp after feeding with probiotic,
paraprobiotic and postbiotic diets for 56 days (Mean + standard deviation), different letters
in each row indicate significant differences

S gar Conny Seigmgmlb S gmg Control sals Indicator a5l
Postbiotic Paraprobiotic Probiotic
118.2+21.11* 115.1£10.45>  111.1+15.32° 101.1+ 10.12* (U/mL) Catalase ;YGIS
90+ 21.61°* 105+ 12.28" 91+ 10.73® 90+ 13.65* Superoxide ;bgouwsd fouS o
(U/mL) dismutase
411.1£16.9¢ 428.2+12.32°  390.4+23.11% 390.3%+ 15.18* Glutathione jli.sSly osbolS
(U/mL) peroxidase

1127.2¢ 14.17* 123124 13.15¢ 11253+£10.15*  1110.1£13.17*  Total S jlsws! 1 ok
pmol ) antioxidant levels
(/mL
95.71+4" 71.1£2.0°¢ 13.66 £5.0° 10.31£6.0* Lol 6 glle zslaw

Malondialdehyde levels
(umol /mL)

ol alisee (gl jlod (pm a3 ld 2 (gl b b glas SSly ad) jb yd glate By

Siisntg s Seions g S0 b 4115 51 i (Jgono 355 Gblo 050 13 (gl (S8 2SS X Jgar

Table 3. Immune indices in serum of common carp after feeding with probiotic,
paraprobiotic and postbiotic diets for 56 days. (Mean + standard deviation), different letters

in each row indicate significant differences

S gt Comny Syigwgmlyt  Probiotic Sgmgy, Control sals Safety ol yolyb

Postbiotic Paraprobiotic parameter
118.2421.11*  115.1£10.45° 111.1+ 15.322 112.1+ 10.2? (U/mL) ACH50
90+21.61* 105+ 12.28" 91+ 10.732 91+ 21.66* M 95l gigesl

(mg/dl) Immunoglobulin M
411.1£16.9° 428.2+ 12.32°¢ 390.4+23.11° 270.2+ 11.42*  U/mL ) Lysozyme uj95)
(min
1127.2+ 14.17°  1231.2+13.15¢ 1125.3+ 10.15° 1031+ 15.1* S g psleo
0O.D. ) Myeloperoxidase
(450 nm

ol cilie glolo o LS o gl I (ine Sglis il o) 2 > Coglite B o
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Figure 1. Relative expression of immune cytokine genes in the intestinal tissue of common

carp after feeding with probiotic, paraprobiotic and postbiotic diets for 56 days. (Mean +
SD), different letters in each row indicate significant differences
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Figure 2. Kaplan-Meier survival analysis of common carp infected with A. hydrophila after
feeding probiotic, paraprobiotic and postbiotic supplemented diets after 56 days. Mantel-
Cox =0.04
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