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Abstract

Annelids of the subclass oligochaeta are among the most cost-effective live feeds in lar-
viculture and aquaculture nutrition due to their balanced nutrient profile and ease of cul-
ture. Their inclusion in larviculture and aquaculture diets in different forms, such as live
feed and frozen or processed forms, makes them feasible feed supplements in sustain-
able aquaculture production. As such, this review aims to discuss their biomass produc-
tion, benefits, potential risks, management challenges, and strategies. The first part of the
review gives a brief overview of the significance of live feeds in larviculture and the aqua-
culture industry, and the second part discusses what we know about the different culture
substrates used in the mass production of commonly researched oligochaetes, Tubifex sp.
(sludge worms), Eisenia fetida. (earthworms), and Enchytraeus albidus (white worms), and
their influence on oligochaete nutrient profile. Information on their essential amino acid
profiles is given and compared to the dietary requirements of two important fish species,
Oreochromis niloticus and Clarias gariepinus. The third part of the review delves into the
influence of oligochaete dietary supplementation on fish growth performance, non-specific
immunity, and flesh quality. Part four summarizes the associated potential risks in the mass
production of oligochaetes, such as pathogen, parasite, and prion transmission, emergence
of antibiotic resistance genes, and bioaccumulation of hazardous pesticides in cultured oli-
gochaetes. Lastly, management strategies and future research perspectives are discussed.
The information given in this review will guide aquaculture farmers on safe and sustain-
able culture practices aimed at improving the biomass production and nutrient profile of
oligochaetes.
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Introduction

Nutrition plays a significant role in the success of commercial larviculture and aquacul-
ture (Hoseinifar et al. 2023; Lahnsteiner et al. 2023; McKay and Jeffs 2023; Truong et al.
2023). Growth performance parameters (i.e., specific growth rate (SGR), feed conversion
ratio (FCR), protein efficiency ratio (PER), condition factor, and survival) and health of
several aquaculture species reared have been linked to the nutritional quality, acceptance,
and digestibility of the administered feed (Thongprajukaew et al. 2013; Devic et al. 2018;
Ansari et al. 2021). As such, the poor growth performance of several aquaculture species
has been partly attributed to the replacement of fish meal (FM) with other feed ingredients
of lower nutritional composition that do not meet the dietary requirements of the species
(Hussain et al. 2018; Gupta et al. 2020; Wang et al. 2020). Furthermore, the introduction
of formulated dry feed in diets of different species of fish and shellfish larvae has been
previously reported to hinder critical stages of larval development, leading to increased
larval mortalities (Cahu and Infante 2001; Hamre et al. 2013; McKay and Jeffs 2022).
For the past three decades, several countries have explored the feasibility and sustainabil-
ity of supplementing aquaculture diets with highly nutritious worms to lower the cost of
production. Among these feed alternatives, worms belonging to the subclass oligochaeta
have shown great potential due to their rich nutrient composition in terms of crude protein,
amino acids, vitamins, minerals, and polyunsaturated fatty acids content that are essential
for the proper growth and development of fish and shellfish (Lietz 1987; Kolesnyk et al.
2019; Musyoka et al. 2019). As such, they are competitive alternatives to others, such as
squid meal, krill meal, and mussel meal, which contain similar or even higher percentages
of macronutrients that are within the dietary requirements of several aquaculture species
(Derby et al. 2016; Novriadi et al. 2017; Saleh et al. 2018; Sicuro et al. 2023). It is worth
noting that these worms (oligochaetes) are cosmopolitan and thrive well in wild and or/
polluted environments (i.e., trenches, gutters, drains, ponds, rivers, agricultural soils, and
sludge) and have been traditionally collected from the wild to be used as bait in capture
fisheries (Kolesnyk et al. 2019). However, the mass production of these worms in differ-
ent culture media substrates has an impact on their nutrient composition, hence offering a
viable alternative to supplement aquaculture diets.

In this review, we report on the three most commonly studied worm species belong-
ing to the subclass Oligochaeta (i.e., Tubifex sp., Eisenia fetida, and Enchytraeus albidus),
their culture substrates, nutrient profile, and the influence of their dietary supplementation
in larviculture and aquaculture nutrition on several growth performance parameters, flesh
quality, and immune responses. Potential risks and production challenges are highlighted,
and future research perspectives have been suggested for sustainable larviculture and aqua-
culture production.

Culture substrates and nutrient profile of oligochaetes

Culture media substrates for Tubifex sp., Eisenia fetida, and Enchytraeus albidus
mass production

Tubifex sp., Eisenia fetida., and Enchytraeus albidus are the most studied worms of the
subclass oligochaeta for their role in aquaculture nutrition. This is due to their easy culture
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using different organic substrates, adaptability to various environments, and high protein
content. Tables 1, 2, and 3 summarize the growth and yield response of Tubifex sp., E.
fetida, and E. albidus, respectively, as affected by different culture media substrates. Their
ability to grow and reproduce on organic matter wastes alone (such as cow dung, coffee
husks, sludge, slurry, wheat bran, wheat straw, farm yard manure, and poultry manure) or
in combination with different quantities of other animal feed ingredients (such as soybean
meal, mustard oil cake, and fish feed) has prompted scientists to explore the effect of differ-
ent combinations of culture substrates on the nutrient composition, fecundity, and biomass
yield of worms (Gunadi et al. 2002; Hossain et al. 2012; Begum et al. 2014; Fairchild et al.
2017; Hasan et al. 2019; Mashur et al. 2021; Haque and Hasan 2022; Belmeskine et al.
2023). For instance, Mandal et al. (2016) investigated the influence of different agro-indus-
trial wastes (rice mill sludge (RMS) and dairy sludge (DS)) and raw cattle dung (RCD)
on the protein and lipid composition of Tubifex tubifex worms. The authors observed high
crude protein contents of 28.81% (6.38%, wet basis) and 27.44% (5.87% wet basis) in the
carcass of worms cultured in RMS and DS, compared to those reared in RCD. Likewise,
higher crude lipid contents of 13.64% (3.02% wet basis) and 6.03% (1.29% wet basis) were
detected in the carcass of worms cultured in RMS and DS, respectively, compared to those
cultured in RCD. In another study, Herawati et al. (2016) fermented different animal wastes
(goat manure, chicken manure, quail manure, tofu, and rejected bread) using probiotic bac-
teria and assessed their influence on the nutritional composition of tubifex worms. Their
results indicated that a mixture of 50 g/L quail manure, 100 g/L rejected bread, and 50
g/L of tofu waste produced the highest protein (66.26%) and fat (12.79%) content. Hasan
et al. (2019) elucidated the effect of wetting media (cattle blood, rice gruel, and water) of
the culture media ingredients (a mixture of mustard oil cake, soybean meal, and mud) on
the protein and amino acid content of tubifex worms. Their results suggested that worms
cultured in cattle blood-wetting media exhibited the highest lysine, leucine, and arginine
content. Moreover, the highest protein (58.20%) and fat (13.20%) contents were observed
in the same wetting media. For E. fetida, Musyoka et al. (2020b) inoculated pre-composted
matter of coffee husks (CH), barley wastes (BW), and kitchen wastes (KW) with E. fetida
and vermicomposted it for 70 days under controlled environments. The authors observed a
higher nutritional profile in terms of crude protein (57.53% and 51.03%) and crude lipids
(3.80% and 5.57%) in worms cultured in BW and CH compared to those in KW. For E.
albidus, Bahrioglu et al. (2023) reported that culturing and feeding worms on a garden soil-
fish feed-based diet and peat-fish feed-based diets yielded higher protein contents (57.44%
and 57.13%) in worms. Fairchild et al. (2017) also observed that culturing and feeding E.
albidus on mixed produce yielded higher protein contents, reaching up to 69%. In addi-
tion to the composition of the culture substrate and feed, other factors such as temperature,
moisture content, water flow, oxygen concentration, and pH have a significant influence on
the growth and survival of oligochaetes (Degefe and Tamire 2017).

Amino acid profile of oligochaetes and recommended requirements for Nile tilapia
(Oreochromis niloticus) and the African catfish (Clarias gariepinus)

Although culture conditions influence the nutrient composition of oligochaetes, their
amino acid profile remains essential for the proper growth and survival of fish (Musyoka
et al. 2019, 2020a). They play a significant role in protein synthesis, regulating FI, cell
signaling, immune response, and fish metabolism. Any deficiency in the essential amino
acids will disrupt protein synthesis, leading to adverse effects. Hence, critical care should
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be taken when supplementing aquaculture feeds with feed alternatives to fulfill the dietary
requirements of fish (Xing et al. 2024; Salamanca and Herrera 2025). Table 4 summarizes
the concentration of essential amino acids (EAAs) in Tubifex sp., E. fetida, and E. albidus.
These EAAs compositions are compared to the EAAs requirements of O. niloticus and
those of C. gariepinus.

Influence of dietary supplementation of oligochaetes on fish
and crustacean growth performance

Tubifex sp.

It is worth noting that successful hatchery production of fish fingerlings for stocking in
grow-out production units largely depends on the availability of suitable live food organ-
isms as feed for fish larvae, fry, and fingerlings (Lim et al. 2003). Tubifex sp. is one of the
most commonly used worms as a natural feed in commercial larviculture and aquaculture
production. Live worms are preferred as aquafeeds in larviculture and other young growth
stages of fish because their mouth openings are small and their digestive systems are not
yet fully developed to efficiently digest artificial feeds (Nuswantoro and Rahardjo. 2018).
Furthermore, live feeds are highly palatable and have a high nutrient content (crude protein
and fat) that is required for the proper growth and survival of aquaculture species (Malla
and Banik 2015). Moreover, live feeds stimulate the secretion of digestive enzymes, result-
ing in good growth and survival (Khanom et al. 2022). Vasagam et al. (2007) noticed better
final weight, weight gain, fry yield, and weight of newly released fry in Poecilia latipinna
(Lesueur, 1821) fed on live tubifex compared to those fed on formulated feed. Feledi and
Ronyai (2013) also observed that when Sterlet (Acipenser ruthenus L) larvae are fed on live
tubifex worms from the beginning of feeding, their survival improved compared to those
fed on artificial feed. A previous study by Sarkar et al. (2006) showed that feeding Chi-
tala chitala (Hamilton) larvae on live tubifex worms enhanced their growth performance in
terms of specific growth rate (SGR) and final mean weight. Apart from being administered
as live feeds, tubifex can also be administered in different forms, such as dried tubifex,
chopped, minced, or mixed with other feed ingredients. A reduction in growth performance
was reported in Pterophyllum scalare (Kasiri et al. 2012) and Trichogaster fasciata (Nath
et al. 2022) fed on dry tubifex worms. This could be attributed to the reduction in food
quality under the drying process and this could explain why live feeds are preferred to dry
tubifex feeds. However, mixtures of dry tubifex worms and other commercial diets or feed
additives could enhance the quality and nutrient content of the aquafeed, leading to better
growth performance. For instance, Syamsunarno and Sunarno (2022) observed that feed-
ing post-larvae of Channa striata on a mixture of dry tubifex and commercial diet in the
ratio of 50:50 improved the growth performance (feed conversion ratio (FCR), protein effi-
ciency ratio (PER), SGR, and survival) of fish larvae. In another study, Rawat et al. (2018)
also found that the incorporation of freeze-dried tubifex worms in a mixture of FM, fish oil
(FO), and freeze-dried earthworm among other feed additives at the rate of 5% in the diets
of Ompok bimaculatus (butter catfish) improved the growth and survival of fish fry.
Overall, the success of larviculture and aquaculture production depends on the avail-
ability of feeds rich in nutrients required for proper growth and survival. Table 5 sum-
marizes studies on the influence of the dietary inclusion of tubifex worms in aquafeeds on
the growth performance, immunity, flesh quality, and coloration of different aquaculture

@ Springer



454

Page 11 of 34

(2025) 33:454

Aquaculture International

pringer

Qs

(¥20?) T8 10 13ue] (8861) 119407 pue oFenues (2200) 'Te 1 dnnswioy (6100) 'T& 10 eYOASNIy (9100) 'Te 10 hemeIoy SIUIYAY
0T SL'e ¥'S TSOLT L6'C9S°0 suruoaIyy,

80°C 8¢C ¥’ Lv=ce'l 7960 QUITBA

L6'CLY'] Ice 9C TI-9L0 £€9°¢=6¢°0 QUIUOIISIN

9¢'1 (44 8V 991’1l SYe=LT0 SUIONI[OS]

L8V 6¢'¢ 6'L 991-Cl't LEYT680 auna

o6ty (49 L 89-89C £5Y-96'0 oursA

L6'T <y 09 I7'-81'C ¥6'C-1IL0 suruisry

STIl 6L vl ELT-CI0 €T€-010 ueydoydAiy,

SO'1-0'1 Ll §Ce g9l ¥9°C9¢0 QuIpnsig

9y 6L'1 Sy 88l 80°¢=8S°0 ouruee[Ausyd

sjuawiainba.s snudarins - spudwa.nnbai snoyoju 0 snp1qpo snavpkyousy ppuaf vIuas1 “ds xafigny pIoe ouruy

snuidarang - pue snoiojiu “( 10§ syudwIINba1 popudwosdr pue $93eyo031o Jo (urayoid apnid 3 ()0 1/3) uonisodwod proe ourwe [eNUISSy  d|qel



(2025) 33:454

Aquaculture International

Page 12 of 34

454

(TT00) Te 10 mayre]y
(S107) ueg pue e[[e

(2T0T) 'Te 10 woueyy]
(6661) Te 19 Suny
(200?) "Te 30 Suny

(0207) Te 10 IemeIoH

(€661) ‘Te 10 wiysey

(8107) Te 10 uryed[aI0n

(£107) TeAu0y puE 1pa[a]
(S007) 'Te 10 wisiaSueAy

(9102) Te 10 £oq

(0207) A1ogenyey)
(L00?) "Te 12 s1pog

(6100) "Te 10 uyLry
(2200) e 10 weyy

(6107) uemenmAypy

YOS pue
‘SyISuQ] ‘sjyIrom [euy ‘sojed [BAIAINS 1YS1Y paplodar APuedyrusIs Xafign], pue pIejsnd uo paj A1

191p x2figny snjd uopjue[dooz ur 1SoYSIY AIoM [BAIAINS PUB YOS ‘Ures 1YSIopm
Pa9) A1p 03 paredwod Juaroyo0d Yimoi3 pue ‘Yi3us] Apoq [euy ‘ures
JyStom Aqrep oSeroae ‘ured Jysrom Apoq ‘WStom Apoq [euy 19139q PAIQIYXS PIJJ SAI[ YIIM PJ dBAIR]
o Sursinu Aep-g € 10} (YOS) douewiojrod YimoI3 pue sajel [earains pasoiduwy
pasoldwir a1om (YOS pue JYSIom [euy) seI YIMOI3 PUB $9JBI [BAIAING
ysy ut (YA ‘OyeIul paoy ‘ssewolrq ‘el [eAraIns) souewriojrad yimois 1saq oy aae3d
QIseM ‘NJo) JO /3 ()G + UrIq 011 JO /3 Q[ + Inuew [renb jo /3 oG Suisn parnno xafigny xafiqny

£330 404
pue ymoi3 saroxdur JySrom Apoq g e “ds xafigny oAl YIm spadj [eroynie jo uonejuowe[ddng

T/Usy ¢ Jo Ausuap Sunyoo)s e 1k “ds xafigny uazoly
Krejuowd[ddns se Yyoam/sAep ¢ Jo 9181 SUIPd) B 18 (%66—86) SAIRI [BAIAINS YIIY ATOA YIIM AIN[ND
X9s ouowr ur (age)s [eAle] Surpn[our) Syuow 4 ur (YISua[ W G—) ZIs J[qeijiew payoear Addno

(reatains pue y3om [eUY 10}0€J UONIPUOD “YDS)
doueurtojrad yImoI3 19119q Aq pajedtpur se ‘o[qerajard ST $)9[190)S UBLIAQIS PASJ-AT] JO SUIPa9y [entuy

SuIpa9y 191Je S § YOS puk ‘ures JySrom JuawaIoul YIJu[ ‘el yimois 1soy3y
“ds xafign] perernsdeous-oiq 0} paredwoo
[BATAINS PUR YOS WYS1om [euy 19139q pAqIyxe Apueoyrudis “ds xafigny peyensdeous-o1q-uoN
Ioqunu pue ‘QySrom ‘YISudf Jo suLId) ur dduewIofad yimoIs 1saysTy oY) pAIqIYXa (Pagy A1esinu
‘e [10 preysnut “Y[oA 339) syuarpaiSur pagy 1oyjo pue “ds xafigny paddoyd Jo axnyxrw pagy oy J,
P91091op 2IoM SI0JOR) UONIPUOD PUR YOS ISAYSIY oY [,
PIIOU 2JOM SONISUIP SUDI0IS JoMO[ Je UTes Ssewolq
pue ySrom Apoq ‘yiSus] 1810} “I030BJ UONIPUOD YD YOS JO SwiIa) ur douewIojrad yimois repeg
douewI0j1ad [EATAINS puE Y)MOIS
ToyS1y APueoyIuSIS pamoys g-11, Ul X2/iqns Xafiqny 90§ PUe pasj [BIDISWILIOD %G YIM PIJ UST]

YDA pue YOS utjuow
-oroxdwr ue 0) pay umeld oBAIR] JOJ PdJ ED %G/ Puk padj wiiom “ds X2/igny %Gz JO UOTIBUIQUOD Y

SNIDAND SNISSDAD))

(v6L1 “yoo1g) snipnovung yodu

s1issof sasnaudota1af

(0881 28eANES) 1.11020q SNISPSUDF

1141020q SNISDSUDY
SNIOJIU STUIOIYI02()

snpydasoovut Sp1ID]D

DIDINOLIL DI]1920g

1 snuayina 1asuadioy

snpp 000U SDLL
snppydad04ovuL SDLID,

SNYODAIDG SDLID]D)

snuppyydod y uopouvispSung

pauadoron] 1apung

Kwn108 snmuduosydsQ

SNIDAND SNISSDADY) ‘SNIDIND
snIpanp SNISsSpAv)) ‘01dand snuridL)

1812quUaso. wn1yInqoLIV

DOUIRJY

juswio)

sa10ads a1my[noenby

ds xafigny Jo swI0y pPadJ JULIAIP UO Poy sa1oads arminoenbe JuSIaJIP JO UONEIO[0d pue ‘KJienb ysap ‘osuodsar sunurw ‘@ouewioyrod YImoin) ¢ d|qel

pringer

a's



454

Page 13 of 34

(2025) 33:454

Aquaculture International

(0100) 'Te 3° weyeIiqy
(6007) ySuIg pue yeurep

(S1027) Te 10 LIpueks

(ZZ07) oureung pue ouIeUNSwWeAS
(¥102) 'Te 1 101 d

(6107) T8 12 3 [RIU0S
(€102) 'Te 30 yqeines
(9007) 'Te 10 Texres

(ST0OQ) ‘Te 10 ueuELARIES
(T100) a1 pue rekuoy
(#861) Aoysolo pue [epuey

(0107) T8 10 Texptueg

(8102) "olpreyey pue orojueMSNN
(2007) UBIURWRIGNS PUE BIURYOIN
(1207) JeIy pue usapIyojn

(6007) Te 10 SToN

POIOU SeM [BATAINS UBSW PUB YOS UT JUSWSA0IAWIT ‘TOA0IOTA “YSY JO YD pue ures
JySrom 1810y oy paaoaduur “ds xafigny aa1f ut “ds snjjropqo1opy paremsdesus-orq Yym A1y ysy Surpasg
PIAIISQO 9IOM SULIOM X2fign] uo paj A1y ur sjuayuod pidi| pue ‘urejord Apoq ‘TeATAINS 1004

[BATAINS PUB YOS ‘@1l ImoIS ‘yISuaf anjosqe JySom [euy
Jo swrd) ur oueuriojrad Yimois oyy paroxdwit SABp (O 03 ()7 WOIf SULIOM X2fiGN] SAT] UO PIJ SBAIR]

[eAIAINS pUB YOS “YAd DA
I9139q PAYIQIYX? ()G:(S JO ONRI ) I8 JAIP [RIDISWIWOD PUR X2/ign] PILIP [im oeAre] jsod SuIped]

Kyrenb ysop 10139q pey xafigny 9A1] uo paj ssurpresuy eideyry,
S1OTP IOYI0 YIIM (SSB[AWE pUE JSB[N[[99) ANATIOR QWAZUS 9ANSaSIp pue ‘(ISV ‘I TV)

K)IATIOR QWIAZUQ DI[0QRIAUI ‘TBAIAINS UI SOOUIQYIP JUBIYIUSIS OU PAIIQIYXD X2f1gN] SAI[ UO PJ A1
ured yySuoy yusorad

pue ‘ure3 Jy3om a5ejuadiad YOS ‘WSom ‘YISuol yIom [euy Y3y pey xafigny 9A1 uo pdj A1
[eATAINS pue ‘ures jysrom

9uSrom ueow [euy YOS Y} paroxdwt Suryojey-1sod SWLIOM X2[ign] SAT] YIIm SBAIR] USY SUIPIQ]

sa[ruaAN( JO ANSST) S[OSNUI Y} JO SIUJUOD PIoe ANy
PUB 3N[BA SATILNNU 3} PAAOIdWI X2figin] PILIP PuB INIXIW DB [I0 JNUPUNOIT JO UOHIRUIQUIOD Y

Su1pagy Jo SuruurSaq oY) WOy PI9J SAI[ UO PJ 2IoM JBAIR] AY) USYM pasoiduir 9)el [BAIAING
[IMOIS PUB [BATAINS JO SULIS) UT dourwIofIad Y)moI3 19330q PYIQIUXa X3f1qM] SAT] UO PIJ QBAIE] USI]

Qui3ar Surpagy

Sunowoid-yimoI3 jsowr 2y} 2q 0) punoj sem ‘Aep & sawin 221y} ‘WYS1om Apoq %6 JO [9AJ] SUIpd)
Pa9) paddoyoun pue paddoyo uo paj Seare] Ul pajou a1om douewIojrad
IMOIS Ul SOOUIJJIP JUBOYIUSIS OU IOAIMOH YOS PUB SAJBI [BAIAINS JOYSIY UT SUN[NSAI ‘OBATR]

US1JIed 0] SULIOM 2Y) JO SUIPIDJ Ased pajelr[1oe) s20a1d I9[ews yonw ojul swiom xafigny Surddoy)
YOS Pue YA Jjo

suId) ur douewIojrod yimoI3 paaoxdwir pue xafigny yiim paj sdnoi3 ur Y1y sem JUSWIOUT JYSTOA
191p [01)U0D 9y} 0} paredwiod JYSTom [euly pue YOS I0joe]

UONIPUOD ‘[BAIAINS JO SULID) UI doueuLIoftod YImoI3 1oy Iy pajIqIyxe Xafign] uo paj ysy o[IudAnf
)3u9[ pue JYS1oMm Ul JO SULId) Ul dduewIojrad

moIs pooS paquyxe Suryorey-1sod p 81—/ pue 91— ¥2figin] pue eIy [JOq UO PJ deAIe|

SMIDAND SNISSDAD))

421402 SV
SmIpIIA SNJIY202ISO

DID14]S DUUDY)

SNO1OJIU STUOLYIO02A()
(7281 uoIwey) pypi1yd sn.iaydoioN
snsopuwppy Snyung

(uorwe ) vy PIVIYD

DY DIV

1 snuayini 4asuadioy

SNUDIUOUUSUDA] xmhs‘m&.ﬁu«\

1421821 OUD] WNIYIDLGOLIOD A

“ds spuny)
SNIDAND SNISSDAD))
(6S81 ‘S1919d) PIVNINAL DIJ1220]

1mpavisuapans 1asuadioy

AOURIRJY

juswio)

sa10ads ainjnoenby

(ponunuoo) g s|qey

pringer

NS



(2025) 33:454

Aquaculture International

Page 14 of 34

454

(#107) T8 30 USIPIYOIN
(€107) B1Rd pUE BUES

(2102) 'Te 10 Hsey]
(L107) ‘T 1 ruysyoreder
(6107) 'Te 10 TueqEf
(9102) ‘Te 10 Auarssny g4

(6861) enieg pue onbey
(8661) ‘T2 12 JOOUIA

(TT0T) 'Te 32 YreugaQq
(L107) T8 19 wndag
(2107) Ie1y pue uedyog
(S107) ®IPIN pue Yrueg
(6000) ‘Te 10 ue[sIy
(12700) "Te 32 nemeLwry
(9102) T 30 powwyy
(L661) T8 1 pawryy

(1207) N pue eunsndy

ADS PUB [BAIAINS JO SWLIA) UT 10)39q pauriojrad [eaw xafigny AIp uo pay vuuidnv]
SWLIOM X2/IgN[ AT[ UO PIJ YSI UT PJOU 2I9M [BATAINS PUE UOTIEIO[0D pasoiduuy

SUwLIOM
X2f1gN] PALIP UO P} YSY UI PAIOU 1M YD PUB YOS WYSIom [eUY UT JUSWA0IAWI 9)LISPOIA

Xafigny uo paj ysy ur ySiy a1om JySrom ur asearour agejusdrad pue ‘yiSusf
PpIepue)s ur 9searour 98ejuadrad ‘yi3u9l 1810y ur asearour a5ejuadrad ‘y3ugl 18103 ‘YSuQ| pIepur)S

*ds xafign] 9AI] UO P} YSY UI PAUTBIQO AIIM [BATAINS PUB YIMOIS JOMO]

porrad Sutueom Js93U0[ 9Y) pUR [BAIAINS 10)J9q PANQIYXD “dS x2fign] U0 PaJ SIOA[H
*ds xafignj uo paj-A1j Ul PAJOU 1M [IMOIT pUR [BAIAINS IS

SUWLIOM X2fign] U0 PaJ SAIqqeA 9[TudAN( Ul poAIdsqo AI9M IMOIS PUB [BAIAINS 159g

DS pue ‘ures

JySom ‘YI3u[ [euy JYSIom [BUY ‘[BAIAINS 13)32Q PAIQIYXD X2fign] uo so[iuaAn( 142)72y x Jurpaog
*ds xafign] uo paj oeAIe[ Snpueu

"N UI P21ou Sem YOS pue ‘ures Jysrom JySrom [euy Jo SWLId) Ul 9ouewIofad y1moIs 9JeIopojA
“ds xafign[ uo paJ-AIj Ul PaAIaSqO Sem ([RATAINS

‘ure JyS1om ‘xopur 9)e1 YImoIs A[rep Ydd UDS YD) 2oururioyrad yimois pasoidwr A[areropowt y
JySrom Apoq pasearour pue YOS

‘TeataIns paaoxdur 0y poy “ds xafigny pue uopyue[dooz JO UOTIEUIQUIOD B (JIM SBAIE[ YST SUIPI9]
$aNssN 1Y) Ul (9-uyy :()7) SpIoe

K)ye] JO SUONENUOUOD JAYSIY PUR [BAIAINS 10J9q PAIQIYXS SWIOM XIJIQN], QAI] UO PIJ SO[IUSAN[
ysy jo eoueurrojrad yamois pue

QA1ISATIP Yy poueyud wiom “ds xafigny pue padj [BIOYNIR JO UONBUIqUIOD B UO PJ S[TUAAN[ ysI
Q11 IMoIs

oyr1oads pue ‘uresd ySrom ‘Yi3ua] Apoq ur juswdroidwir pomoys suriom “ds xafigny uo paj oeAIe] ysiy
[EATAINS pue ‘JySrom

‘Su9) Jo surra) ur souewrojrad Yimois aay) pasorduir “ds xajiqny, puod yym A1y ysy Surpasg
YsY Ul AQUSIOLJO POd) PUe ‘[BAIAINS ‘YITU]

anjosqe ‘ures 1ySrom paroxdwr o) pay “ds X2fign[ %G pue pIg) [RIDIAWWIOD %G/, JO UOTIBUIQUOD

puurdyp] vIJ12204

DI DS1OD
240]pas wnjjlydotarg

24v]02s wnpKydosarq

DI DIy

p)pmsup vjnduy

yoorg siissof saisnaudosaapy

L0JONLISIP XDADY)
112712y snioydoydry

(TT81 UOTWRY) Snpunu Snpubn
SNOYUDQD DINL] OUDS

vpqod yodui()

winp12snf vuoyspjdopnas g
Kwn108 snuduosydsQ

s11ssof saisnaudota1af

ur] snuidarips spLvj)

ds sprwp)

AOURIRJY

juswio)

sa10ads ainjnoenby

(ponunuoo) g s|qey

pringer

a's



454

Page 15 of 34

(2025) 33:454

Aquaculture International

oseurwesuer) Ae)redse 7Sy ‘OSEUTIIRSURI) SUTUR[R [TV ‘Onel Aousroyje urdjoid Y74 ‘Oner UOTSIOAU0D PId) YD A1kl [imoIs oyroads yn§

(S107) T 10 Suepmy

(L00T) "Te 3o weSesep
(LO0T) "Te 30 TeyIeg

(8100) 'Te 10 yemey
(L661) Te 10 uewyey]
(6107) 'Te 10 vONg
(0207) 'Te 19 BIIN

(2200) T8 10 yreN

X2fign] pue Seaj 19Jem JO pooy
QAI[ 1O PISJ PAJB[NULIOY PUE X2fIqH[ ‘SEOp JOJeMm JO QIN)XIW PAJJ & UO POJ SBAIE[ UI [BATAINS paroxduuy

sa[ruaAn( pue s10poo1q ur (ureS 1yStom pue “YnS YD) douewr
-10J10d Y3M013 paroxdwir 0 pa] paoj PAIE[NUWLIO) PUE ‘SULIOM XJIqN) QAT ‘Jedlll JOJSAO JO IMXIW Y

[eataans pue ‘ured jydrom a3ejuaorad YOS poroidwir 0y pay X9JIqn], UO JBAIR] YSY SUIPIo]

SUWLIOM X2/ign] P3J-AIJ UI pajou d1om YOS
pue ‘ure3 JySrom Aqrep ueaw ‘ures Jysom yIom [euy Jo swId) ur duewiofrod yimoI3 paroxduy

SUWLIOM XJJIQN], UO PIJ-AIj UI PIASIYOL Sem )l )moIs 1saq Y,
s3urra3uy ur YD pue YOS ‘ures yISu9[ ‘ureS 1yS1om I9330q UI POY[NSAI JAIP Pad) xafign] oy,
SULIOM X2/IgN[ pue Pad) sy JO INIXIW © UO PIJ YSY UI PIJOU Sem UONRIO[0d pasoiduy

[eow
X2f1gn[, PILIp [qe[TeAR A[[RIOISUWIWOD B UO PIJ SBATR] UT PIAISSQO Sem dduewIofiad [)moIs 9JeIopoj

uauID) OYONE]

puurdiyv] vij120g
DIvIYd VIDIYD

smppnovuiq yoduiQ)
Ur SNyYonapq SvLv]D)
SNYIUDIDAIDUL DIOGOULOL))

1 o1dapd snurid£)

DID12SDS 121SDSOYILL]

AOURIRJY

juswio)

sa10ads ainjnoenby

(ponunuoo) g s|qey

pringer

Qs



454 Page 16 of 34 Aquaculture International (2025) 33:454

species. It is imperative to note that the replacement of commercial feed with cheaper,
nutritious, and easily available feed alternatives is crucial in not only lowering the costs of
production but also enhancing the growth performance and productivity of several aquacul-
ture species (Mugwanya et al. 2022). Previous studies have shown that replacing a certain
percentage of commercial feed with tubifex worms improves the growth performance and
survival of different aquaculture species (Hashim et al. 1993; Agustina and Mukti 2021;
Amriawati et al. 2021; Alam et al. 2022; Syamsunarno and Sunarno 2022). Agustina and
Mukti (2021) investigated the potential of improving the productivity of catfish (Clarias
sp.) seeds by feeding larvae on a mixture of 75% commercial feed and 25% Tubifex sp. and
observed improved growth performance (weight gain, absolute length, feed efficiency, and
survival) in fish larvae. Syamsunarno and Sunarno (2022) conducted a study on the dietary
inclusion of dried tubifex worms in aquaculture diets (a combination of tubifex worms and
artificial feed at a 50:50 ratio) of post-larval snakehead (Channa striata) and observed bet-
ter growth performance in terms of PER, SGR, FCR, and survival. Amriawati et al. (2021)
showed that feeding giant gourami (Osphronemus goramy) juveniles on a combination of
artificial feed and tubifex worm in a biofloc system enhanced the digestive (protease activ-
ity, villi length, and surface area) and growth performance (average body weight, average
body length, survival, and specific growth rate) of fish. Alam et al. (2022) also observed
that the dietary inclusion of 50% tubifex worms in aquaculture diets improved the growth
and survival of three ornamental fish species: Cyprinus carpio, Carassius auratus aura-
tus, and Carassius auratus. Likewise, a combination of tubifex worms with other feed
ingredients such as groundnut oil cake, mustard oil cake, egg yolk, oyster meat, and water
fleas has been shown to improve the growth performance of several aquaculture species
(Vasagam et al. 2007; Saravanan et al. 2015; Wang et al. 2015; Chakraborty 2020).

Quality parameters such as the coloration and freshness of fish flesh are important indi-
ces that determine the market value of fish (Amaya and Nickell 2015). With the increasing
prices of FM and FO, the search for alternative feed ingredients has become a priority
for sustainable aquaculture production (Garcia-romero et al. 2014). Utilization of tubifex
worms in aquafeeds has been shown to improve the coloration and flesh quality in Cypri-
nus carpio L. (Nica et al. 2020), Colisa lalia (Saha and Patra 2013), and Oreochromis
niloticus (Pilot et al. 2014) respectively.

Eisenia fetida

Eisenia fetida belongs to the phylum Annelida, the family Lumbricidae, and to the subclass
Oligochaeta, which is composed of more than 1300 species (Aguila Juarez et al. 2011).
E. fetida (Savigny, 1826) is known under several common names such as manure worm,
red earthworm, brandling worm, panfish worm, trout worm, tiger worm, and red wiggler
worm, among others (Aguila Judrez et al. 2011; Sharma et al. 2019). It has been widely
used in aquaculture diets to improve the growth performance and survival of several aqua-
culture species (Chiu et al. 2016; Mohanta et al. 2016; Kumlu et al. 2018; Musyoka et al.
2019, 2020a). Its successful utilization in aquafeeds is attributed to its high protein content
that ranges from 50.1 to 70% (Bou-maroun et al. 2013; Gunya et al. 2016; Bhuvanesh-
waran et al. 2019; Musyoka et al. 2020b; Gunya and Masika 2022; Kavle et al. 2023), fat
content from 5 to 14% (Gunya and Masika 2022; Kavle et al. 2023), and ash content 3%
(Kavle et al. 2023) depending on the culture conditions. These worms have a high repro-
duction rate and can tolerate a wide range of environmental conditions (Moroasui et al.
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2022). Likewise, E. fetida is a surface dweller (epigeic) species; a trait that eases its mass
production and harvesting (Musyoka et al. 2019).

E. fetida can be administered as a feed in different forms. The mixture of E. fetida
with other feed ingredients is the most widely used form, followed by worm meal and
live worms. Meeting the dietary protein requirements of any aquaculture species without
compromising the palatability of the administered feed is vital to maximize production.
Depending on the species, size, growth stage, and stocking density, among other factors, a
protein content of 30-40% in aquaculture feeds is sufficient for the growth and well-being
of several aquaculture species (Radhakrishnan et al. 2020), and hence, care should be taken
during feed formulation. Zakaria et al. (2012) investigated the optimization of protein con-
tent in earthworm-based feed formulation for C. gariepinus and observed that a mixture of
25% earthworm powder, 25% soybean waste, and 5.95% chicken guts yielded an optimum
protein content of 35.97% that was suitable for the growth and general wellbeing of the
fish. In another study, Djissou et al. (2016) reported that a mixture of earthworm meal and
maggots in the ratio of 2:5 yielded a protein content of 40% suitable for improved growth
performance (FCR, PER, SGR, and survival) of C. gariepinus. Chiu et al. (2016) also
observed that fermentation of a mixture of soybean meal and earthworm meal (4:1 ratio)
with Bacillus subtilis E-20 yielded a crude protein content of 37%, which was suitable for
the proper growth of Penaeus vannamei. It is imperative to note that the successful utiliza-
tion of E. fetida in aquaculture diets depends on several factors, such as handling and feed
processing techniques (Vital et al. 2016; Musyoka et al. 2020a). Generally, earthworms
release a foul-smelling coelom fluid that comprises lysine and hemolytic factors that cause
toxicity and unpalatability to fish (Kobayashi et al. 2001; Musyoka et al. 2020a). Their
exoskeleton is composed of chitin, an antinutritional molecule that, if not broken down
during feed formulation, would suppress the growth of aquaculture species (Musyoka et al.
2020a). Therefore, the removal of the gut contents of E. fetida, boiling, drying, and milling
is vital to improve the nutrient availability and acceptability of the final product. Table 6
summarizes the results on the growth performance of different aquaculture species fed on
different forms of E. fetida.

Enchytraeus albidus

The white worm (Enchytraeus albidus) belongs to the phylum Annelida, the family Lum-
briculidae, and the class Oligochaeta (Kolesnyk et al. 2019; Tamilarasu et al. 2020). There
are about 40 species of white worms that come under different genera (Tamilarasu et al.
2020). E. albidus are quite similar to the earthworm, but they are white in color and highly
rich in protein (Tamilarasu et al. 2020). Their protein content ranges from 42.8 to 70%
(Memi et al. 2004; Fairchild et al. 2017; Holmstrup et al. 2020), fat content from 10 to 27%
(Memi et al. 2004; Fairchild et al. 2017; Holmstrup et al. 2020), and ash content from 2.3
to 8% (Memi et al. 2004; Fairchild et al. 2017; Holmstrup et al. 2020). They are considered
a potential feed for both marine and freshwater aquaculture species (Fairchild et al. 2017;
Kolesnyk et al. 2019; Tamilarasu et al. 2020), though they may need enrichment in n-3
long-chain polyunsaturated fatty acids (Ruby et al. 2024). Despite their economic impor-
tance in both larviculture and aquaculture, there is very limited literature on the dietary
inclusion of E. albidus in aquaculture diets. Furthermore, the most commonly reported feed
form where the live feed compared to other forms, such as mixture and frozen feed form. E.
albidus serves as an excellent alternative feed in commercial larviculture, especially during
the late larval development stage, where the larvae need to feed on larger-sized live feeds
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to obtain the necessary nutrients required for growth (Holmstrup et al. 2022). Utilization of
E. albidus as an aquafeed has been documented in several aquaculture species to improve
their growth performance, as shown in Table 7.

Economic feasibility of oligochaete worm production

As sustainable aquaculture and agriculture gain momentum, the economic prospects of
oligochaete production are likely to continue improving. For instance, E. fetida produc-
tion, commonly known as vermicomposting, not only generates worm biomass that can
be used as an animal protein but also generates a valuable organic fertilizer whose appli-
cation has been shown to improve the soil physiochemical properties and crop yields
(Helena et al. 2015; Gebrehana 2018; Getachew et al. 2023). Moreover, vermicomposting
has been reported as one of the sustainable ways to reduce organic waste in the environ-
ment (Alshehrei and Ameen 2021; Kauser and Khwairakpam 2022). As such, for small-
scale and medium-sized farms with access to large quantities of organic wastes, integrat-
ing vermicomposting to generate earthworm meal for on-farm feed formulations is one of
the most cost-effective ways to reduce aquaculture and agriculture production costs. For
instance, Belewu et al. (2023) showed that replacement of 50% FM with earthworm meal
in the diets of the African catfish (C. gariepinus) results in a higher profitability index of
2.74, rate of return on capital of 1.02, and marketing margin of 6.30 compared to the con-
trol (100% FM). In another study, Garcia et al. (2025) showed a 5.8% reduction in feed
costs with hydrolysed earthworm meal in O. niloticus. Musyoka et al. (2020a) reported
improved economic returns and profit index in O. niloticus fingerlings fed on 100% earth-
worm bedding meal compared to the control diets due to the low costs of producing earth-
worm bedding. For Tubifex sp. and E. albidus our literature search did not yet any results
on the profitability index and economic returns of these species hence more studies are
needed to elucidate the economic feasibility of their mass production.

Potential risks and production challenges

One of the major challenges in live feed production, especially for oligochaetes, is the qual-
ity of the substrate used to culture these worms. Manure of animal or poultry origin has
been used as part of the substrate in combination with other materials to grow these worms
(Munnoli and Bhosle 2009; Ngosong et al. 2020; Ferraz Ramos et al. 2022; Chaudhari
and Barot 2024). However, the existence of residual antibiotics in manure poses a serious
threat to the emergence of antibiotic resistance genes (ARGS) in larviculture and aqua-
culture production systems (Muziasari et al. 2017; Zhou et al. 2020; Wang et al. 2024).
Moreover, increased concentrations of commonly used human and veterinary antibiotics,
such as sulfonamides, tetracyclines, and fluoroquinolones, lower the abundance of worms
as well as alter their gut microbiome (Narciso et al. 2023). A previous study by Zhao et al.
(2022) showed that exposing earthworms to a multi-antibiotic contaminated agricultural
soil derived from a long-term manure exposure resulted in a significant decrease in the
biomass of earthworms, especially for oxytetracycline and famethazine. In another study,
Parente et al. (2021) observed that earthworms (E. andrei) exposed to high concentrations
of enrofloxacin and ciprofloxacin present in poultry manure for 48 h not only exhibited an
“avoidance behavior” but also died 7 to 14 days post-exposure. Dairy and sewage sludge

@ Springer



(2025) 33:454

Aquaculture International

Page 22 of 34

454

(220?) Te 10 dunswioy
(L107) Te 10 upyes

(8107) TeswIs pue unsor,
(¥S102) Te 10 Ys[em

(aST07) "Te 12 ysjepmy

(L107) "Te 10 yruex

P99J AIp [BIOIOWIWIOD B UO PIJ [SY SB ISBJ SB 90IM] MIIT SULIOM IYM UO PIJ JOPUNOY S[TUSAN[ snsayf s€ypyonuv)q
ures jySrom Surpredar eoueuriofrad yymois 19130q
PaNqIYXe Pa9y Ysy winrrenbe pue SWIOM 9JIYM USZOIJ JO SINJXTW € JO SULIOM 9)IM USZOIJ UO PoJ YSLY 9987 ‘Ioyjunc) smmpnovut snioydoydry
pIDI2SDJOLS U DIU
PAIOU Q1M SPAJJ AAI] UO PIJ (DIv10spf0451u *Y) YSY UI [BATAINS pue dduewioftod yimoi3 paroxdwy -ppypury pue vsourdsiypnu vidpjjoap]

U1MOI3 PUB [BAIAINS 19)J9q PAIQIYXD (SNPIGD ") PISJ QAT UO P9 YSL] SNUDILIWD §2102U0n2]dopnasd
(snp1qqv “77)
P93J QAI[ UO P} YSY UI PAJOU I9M XIPUI JUSJUOD YOBWIO)S UBIW PUB ‘Y)SUS[ pIepuels ‘[eAIAInS pasoiduy SNUDILIWD $2]02U0NI]dopnasg

SULIOM )IYM %CT°() PUB 9%G°() U0 Py
9soy) AQ POMO][OJ ‘SWLIOM ITYM SAT[ YIIM PJ AI UI OTJEX UOISISAUOD PISJ UT JustaAoIduwr ue sem a1ay],

"ysy jo ures jySrom oy pasoxduwr APYSIS (%670 PUB %S '() SIOIP YSY UT SWLIOM JTYM JO UOTIIPPE I, DN OUWIDS

ERliEEIEN|

JuUSWWO)) sa1oads a1ny[noenby

snp1q)p snan4iyouz uo paj saroads arnynoenbe Juarayip jo eourwiopdd ymoln / sjqer

pringer

Qs



Aquaculture International (2025) 33:454 Page230f34 454

are among the most commonly used substrates in the biomass production of Tubifex sp. and
E. fetida. However, these substrates could introduce potentially pathogenic microorganisms
that can lead to a decline in biomass production (Jezierska-tys et al. 2010; Frac et al. 2017).
Additionally, a variety of toxic heavy metals can be found in sewage sludge (Geng et al.
2020; Alengebawy et al. 2021), whose intake and accumulation in cultured worms could
pose a serious health risk to fish (Garai et al. 2021; Shahjahan et al. 2022).

The use of agricultural waste biomass, such as rice straw, wheat straw, and or/leaf litter,
could introduce pesticide residues in the culture media that can harm the worms (Pelosi
et al. 2021; Nkontcheu et al. 2023). Even though these worms survive, the risk of their bio-
accumulation in the food chain is high, which could pose a danger to fish and consumers.
Additionally, the use of plant-based feed in Oligochaeta nutrition could result in reduced
feed intake and growth. This is because plants contain anti-nutritional inhibitors that could
interfere with nutrient assimilation in oligochaetes. Likewise, plants lack certain essential
amino acids, hence not the best source of protein for cultured oligochaetes (Musyoka et al.
2019). Another potential risk would be the transmission of blood parasites (Zazouli et al.
2021) and prions, especially in culture media consisting of cattle blood as a wetting agent.
Nematodes have been reported to ingest and excrete infectious prions, which could pose a
danger to other organisms (Pritzkow et al. 2021).

Besides the above-mentioned potential risks, improper infrastructure could hinder the
large-scale production of oligochaetes. In their review, Enebe and Erasmus (2023) dis-
cussed the limitations of several vermicompost production systems and concluded that
certain vermicompost technologies, such as the batch scale, could still incur higher costs
of labor and anaerobiosis development in the reactor, which could hinder fecundity and
survival. Aquatic oligochaetes such as Tubifex require a continuous water flow under opti-
mum oxygen and temperature (22-27 °C) conditions (Jewel et al. 2016). Such conditions
could be challenging to maintain, especially in arid and semi-arid regions due to extremely
high temperatures and water scarcity. Moreover, the energy costs to run pumps and aera-
tors could increase the cost of production. Furthermore, using other water sources, such as
municipal wastewater, requires chlorination to disinfect the water before downstream use,
which might introduce chlorination byproducts (e.g., trihalomethanes and haloacetic acids)
that are toxic to aquatic life forms (Parveen et al. 2024; Li et al. 2025).

Management strategies and future research perspectives

Effective management strategies involve periodic monitoring of the environmental con-
ditions and health status of worms. For aquatic oligochaetes, monitoring of water qual-
ity parameters such as ammonia, temperature, dissolved oxygen, and pH is essential for
growth maintenance. Water filtration to remove suspended solids and aeration to maintain
optimum concentrations of dissolved oxygen will reduce the pathogen transmission and
outbreak of diseases. It is imperative to note that the sterilization of oligochaetes, such as
Tubifex and white worms, before being fed to fish larvae is paramount in the prevention of
contamination and disease outbreaks. As such, farmers should be taught proper steriliza-
tion techniques, feeding strategies, and disease identification to optimize production. Addi-
tionally, farmers should be sensitized against using certain wetting agents, such as cattle
blood in the culture media of oligochaetes, as this would increase the risk of parasite and
pathogen transmission. Utilization of fish pellets as a feed for oligochaetes reduces the risk
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of pathogen and parasite transmissions while promoting a well-balanced nutrient profile in
worms.

As mentioned above, culture substrates have a profound influence on the nutrient profile
of oligochaetes. For example, white worms are deficient in highly unsaturated fatty acids
(HUFA ); thus, more studies are needed to improve the fatty acid content in white worms.
Microalgae are rich sources of fatty acids, especially the highly unsaturated fatty acids
(HUFAs) (Remize et al. 2021; Rojas et al. 2023). Hence, their inclusion in the diets of
white worms will improve their fatty acid content, which, when fed to fish larvae, will fulfil
their dietary fatty acid requirements. More studies are needed to understand the impact of
the fermentation of plant-based feed sources and microalgae on the growth performance
and nutrient profile of oligochaetes.

Conclusions

The utilization of oligochaetes as feeds in larviculture and aquaculture nutrition offers
profound benefits, including improved growth performance, survival, and cost efficiency.
In spite of the fact that there are certain production challenges and associated risks, with
proper management and feeding strategies, oligochaetes can become a feasible, sustain-
able, cost-effective solution for aquaculture farmers. However, more studies on the eco-
nomic feasibility of Tubifex sp. and E. albidus production are needed.
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