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I. AUTOREFERAT ROZPRAWY 
1. Wprowadzenie 

1.1. Charakterystyka rodziny Enchytraeidae oraz jej rola w przyrodzie 
Wazonkowce (Enchytraeidae), zwane równie} doniczkowcami, s� szeroko rozpowszechnion� 

rodzin� maBych, d}d}ownicoksztaBtnych pier\cienic (Annelida) zaliczanych do siodeBkowców 

(Clitellata). Znanych jest ponad 700 gatunków, z czego wi�kszo\� to gatunki l�dowe (Schmelz 

i in., 2013; Schmelz i Collado, 2015). Niektórzy przedstawiciele Enchytraeidae zasiedlaj� 

skrajne \rodowiska, pocz�wszy od osadów dennych mórz, a koEcz�c na \niegu i lodowcach 

(Shain i in., 2001; Torii, 2015; Prantoni i in., 2017; Lee i in., 2019). Generalnie jednak 

wazonkowce preferuj� siedliska bogate w materi� organiczn�, gdzie mog� wyst�powa� 

masowo, na przykBad w pokBadach obumieraj�cych makroglonów i ro\lin w strefie przybrze}nej 

mórz (czyli w tzw. kidzinie), w niektórych glebach towarzysz�cych specyficznym formacjom 

ro\linnym, czy w kompo\cie (Boros, 2010; Dózsa-Farkas, 1978; Giere, 1975; Springett, 1967). 

Ich zag�szczenie mo}e si�ga� ponad 300 000 osobników/m2  (Bardgett i Van Der Putten, 2014). 

Wazonkowce s� zaanga}owane w wiele wa}nych procesów glebowych, mi�dzy innymi w 

dekompozycj� martwej materii organicznej i powstawanie próchnicy, tworzenie struktury 

gleby oraz regulacj� aktywno\ci i dyspersj� mikroorganizmów (Didden, 1990; Wolters, 1988). 

Mog� wykazywa� wi�kszy wpByw na struktur� gleby ni} d}d}ownice, np. w ekosystemach gleb 

rolnych (Topoliantz, 2000), a nawet prawie caBkowicie przej�� ekofunkcjonaln� rol� tego 

ostatniego taksonu w kontek\cie formowania struktury gleby w suchych, kwa\nych lasach 

sosnowych (Räty i Huhta, 2003). Pomimo odgrywania znacz�cej roli w wielu ekosystemach 

glebowych i faktu, }e wazonkowce s� znane nauce od ponad 150 lat (Udekem, 1855), pozostaj� 

one nadal sBabo poznan� grup� zwierz�t pod wzgl�dem szczegóBowej biologii i ekologii 

troficznej. 

 

1.2. Krótka charakterystyka budowy ukBadu pokarmowego wazonkowców 
Budowa ukBadu pokarmowego wazonkowców jest zgodna z ogólnym planem budowy ukBadu 

pokarmowego sk�poszczetów, czyli z tzw. >modelem rury w rurze= (Schmelz i Collado, 2013). 

UkBad pokarmowy przebiega prosto lub nieco kr�to przez caB� dBugo\� ciaBa zwierz�cia, od 

otworu g�bowego do odbytu, i jest zawieszony na przegrodach mi�dzysegmentalnych oraz 

utrzymywany dodatkowo poprzez wewn�trzsegmentalne wi�zadBa brzuszne lub grzbietowe 

(Kasprzak, 1986). Funkcjonalnie mo}na podzieli� go na jam� g�bow�, gardziel, przeByk, jelito 

4:4859930400



5 
 

i odbyt (Gelder, 1984; Kasprzak, 1986; Mothes-Wagner i in., 1996; Schmelz i Collado, 2013). 

Rozwojowo w ukBadzie pokarmowym mo}na wyró}ni� jelito przednie (obejmuj�ce jam� 

g�bow� i gardziel), jelito \rodkowe (obejmuj�ce przeByk i jelito) oraz jelito tylne (z odbytem) 

(Schmelz i Collado, 2013). W gardzieli (segment III) po stronie grzbietowej poBo}ony jest 

charakterystyczny wysoki nabBonek palisadowy wspóBtworz�cy tzw. organ gardzielowy (ang. 

pharyngeal pad). Organ ten poprzez zwarty i skomplikowany system mi�\ni gardzieli mo}e by� 

wysuwany i wci�gany podczas pobierania pokarmu (Kasprzak, 1986; Purschke, 2003; Schmelz 

i Collado, 2010, 2013). W segmentach przednich ciaBa wazonkowców wyst�puje od dwóch do 

kilku par (u Enchytraeus trzy pary) gruczoBów septalnych (gardzielowych). Przypisuje si� im 

funkcj� produkcji mucyny oraz enzymów trawiennych (Schmelz i Collado, 2010). S� one 

rozwini�te na przegrodach mi�dzysegmentalnych IV/V, V/VI oraz VI/VII, rzadziej dalszych. 

Przednie pary gruczoBów septalnych maj� posta� owalnych, pBatowatych i zbitych struktur bez 

\wiatBa. Tylna para jest cz�sto wydBu}ona. Poszczególne pary mog� by� w ró}nym stopniu 

poB�czone ze sob� (b�d{ nie) na stronie grzbietowej (Kasprzak, 1986). Z kolei pBaty ró}nych 

gruczoBów po ka}dej stronie s� na ogóB poB�czone podBu}nie poprzez wentro-lateralne pasmo 

komórek. W segmentach III i IV pasma te mog� by� dobrze widoczne i wznosz� si� w kierunku 

grzbietowym, kontaktuj�c si� z dorsaln� cz�\ci� organu gardzielowego. Poza podstawowymi 

(pierwszorz�dowymi) gruczoBami septalnymi mog� równie} wyst�powa� wyra{nie mniejsze, 

dodatkowe (drugorz�dowe) gruczoBy septalne (Kasprzak, 1986; Schmelz i Collado, 2010). W 

miejscu przej\cia gardzieli w przeByk u cz�\ci gatunków wazonkowców, w tym u 

przedstawicieli rodzaju Enchytraeus otwieraj� si� uj\cia peptonefrydiów 3 sBabo poznanego 

narz�du. WBa\ciwy organ znajduje si� z reguBy pomi�dzy segmentami III a VII. Peptonefrydia 

wykazuj� zró}nicowan� morfologi� u ró}nych gatunków, mog� by� parzystym lub 

nieparzystym organem, rozgaB�zionym b�d{ nierozgaB�zionym. Ich \wiatBo ma zwykle ci�gBo\� 

ze \wiatBem przeByku (Schmelz i Westheide, 2000). U Enchytraeus peptonefrydia przyjmuj� 

posta� parzystych, nierozgaB�zionych i \lepo zakoEczonych rurek. W literaturze peptonefrydia 

nazywane s� równie} gruczoBami \linowymi lub przydatkami przeByku. Ta pierwsza, starsza 

nazwa jest niedokBadna i myl�ca, gdy} funkcj� peptonefrydiów nie jest wspomaganie trawienia 

poprzez produkcj� enzymów, lecz najprawdopodobniej udziaB w utrzymaniu homeostazy 

wodnej i jonowej organizmu oraz ewentualne nawil}anie przesuwaj�cej si� dalej tre\ci 

pokarmowej (Kasprzak, 1986; Schmelz i Westheide, 2000). PrzeByk u Enchytraeidae stopniowo 

lub gwaBtownie przechodzi w jelito, a przej\ciu temu mo}e towarzyszy� wyst�powanie 

uchyBków (kieszeni) jelitowych (Schmelz i Collado, 2013). Jelito otoczone jest wieEcem tkanki 

chloragogenowej z mi�\niówk�, które tworz� na znacznej dBugo\ci zwart� struktur� dookoBa 
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narz�du. Tkanka chloragogenowa peBni funkcje podobne do w�troby kr�gowców (Varute i 

More, 1973; Cornelius, 1985). Pomi�dzy nabBonkiem jelita a warstw� komórek 

chloragogenowych z mi�\niówk� (ta ostatnia skierowana do wewn�trz), usytuowana jest 

okoBojelitowa zatoka krwiono\na (Schmelz i Collado, 2010, 2013). W obr�bie tylnego odcinka 

jelita \rodkowego u wazonkowców opisano tylko kilka modyfikacji jego budowy. Mo}na tutaj 

wspomnie� o pars tumida (odcinek jelita z powi�kszonym i p�cherzykowatym nabBonkiem, 

zwykle ograniczonym do cz�\ci wentralnej) oraz o rurkach ejki (ang. ejkaian tubules). Te 

ostatnie s� cienkimi, wydBu}onymi strukturami zbudowanymi z nabBonka, które biegn� w 

obr�bie nabBonka jelita \rodkowego, równolegle do dBugiej osi narz�du, na dBugo\ci kilku 

segmentów. Rurki ejki s� \lepo zakoEczone a pory prowadz�ce do nich znajduj� si� na granicy 

jelita \rodkowego i tylnego. Pierwotnie sugerowano ich rol� w wydzielaniu enzymów i 

trawieniu, jednak najprawdopodobniej uczestnicz� jedynie w resorpcji wody (Schmelz i 

Collado, 2013). Poza powy}szymi modyfikacjami opisano równie}, u pojedynczych gatunków 

(Lumbricillus lineatus i Enchytraeus coronatus), histologiczn� dywersyfikacj� jelita 

\rodkowego na regiony o zró}nicowanej aktywno\ci enzymatycznej (Gelder, 1984; Mothes-

Wagner i in., 1996). Warto tutaj zaznaczy�, }e jak dot�d detekcja enzymów w tkankach ukBadu 

pokarmowego Enchytraeidae byBa prowadzona w ograniczonym zakresie (Ude, 1975; Gelder, 

1984; Mothes-Wagner i in., 1996) i pomimo nazywania ich cz�sto na wyrost w wielu pracach 

>enzymami trawiennymi=, dotyczyBa tak naprawd� tylko aktywno\ci ogólnych markerów 

histologicznych, takich jak fosfataza zasadowa, fosfataza kwa\na, esterazy A i C, czy ³-N-

acetyloglukozaminidaza (Cima, 2017). Typowe enzymy trawienne w uj�ciu fizjologicznym, 

takie jak np. amylaza czy celulaza, nie byBy przedmiotem histolokalizacji (wyj�tkiem jest 

detekcja aktywno\ci ³-galaktozydazy u L. lineatus; Gelder, 1984).  

 

1.3. Znaczenie taksonomiczne, naukowe i ekonomiczne wazonkowca biaBego 
Wazonkowiec biaBy (Enchytraeus albidus Henle, 1837) jest naukowo i ekonomicznie istotnym 

gatunkiem. ByB jednym z pierwszych opisanych przedstawicieli rodziny Enchytraeidae i zostaB 

wyznaczony za gatunek typowym dla rodzaju Enchytraeus (Erséus i in., 2019). Wyst�puje 

powszechnie w ró}nych cz�\ciach Europy oraz Ameryce PóBnocnej, w tym na Grenlandii (Dai 

i in., 2021). Uwa}any jest za gatunek oportunistyczny, zasiedlaj�cy zarówno habitaty \ci\le 

l�dowe (gleby rolne, kompost) jak i w wodno-l�dowe (w strefie przybrze}nej mórz). W Polsce 

znany gBównie z terenów nizinnych, spotykany rzadko w naturalnych stanowiskach, jednak}e 

zwi�zany z }yznymi, bogatymi w szcz�tki organiczne glebami ogrodowymi (Kasprzak, 1986). 
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W warunkach domowych bywa hodowany przez zapalonych akwarystów jako atrakcyjna 

forma }ywego pokarmu dla ryb ozdobnych.  

 Niedawne badania taksonomiczne potwierdziBy, }e Enchytraeus albidus sensu lato 

tworzyB kompleks gatunków kryptycznych, co sugerowano ju} wcze\niej (Erséus i Gustafsson, 

2009; Schmelz i Collado, 2010). Obecnie z taksonu wyró}niono 9 odr�bnych gatunków, które 

wykazuj� jedynie subtelne ró}nice morfologiczne, lecz wyra{nie ró}ni� si� od siebie pod 

wzgl�dem genetycznym (Erséus i in., 2019; Nagy i in., 2023). W zwi�zku z tym, efektywn� i 

precyzyjn� metod� identyfikacji gatunku dla niespecjalistów z zakresu morfologii pozostaje 

barkoding DNA.  

 Enchytraeus albidus jest wykorzystywany jako organizm modelowy w badaniach 

fizjologicznych (Dai i in., 2021; de Boer i in., 2018), ekotoksykologicznych (w tym w te\cie 

OECD nr 220) (Kova�evi� i in., 2022) oraz w biologii rozwoju (Urbisz i in., 2017, 2022). 

Ponadto, wykorzystuje si� go do produkcji }ywego, wysokobiaBkowego pokarmu w makroskali 

na potrzeby akwakultury, szczególne w hodowli ryb jesiotrowatych (Chebanov i Galich, 2013). 

Obecnie prowadzi si� ju} zaawansowane prace wdro}eniowe w wykorzystaniu E. albidus w 

akwakulturze ryb \ci\le morskich, gBównie fl�der, w tym tak}e w biotechnologicznie 

nowoczesnych systemach recyrkulacyjnych (Walsh i in., 2015; Fairchild i in., 2017; Holmstrup 

i in., 2022).  

 

1.4. Tajemnica bioró}norodno\ci w glebowych sieciach troficznych 
Nadal aktualnym problemem badawczym poruszonym ju} w 1975 roku przez J. M. Andersona 

w artykule >The Enigma of Soil Animal Species Diversity= pozostaje pytanie: co powoduje, }e 

pomimo wysokiej bioró}norodno\� organizmów glebowych ich specjalizacja pokarmowa jest 

relatywnie niewielka? Fakt ten niejako stoi w sprzeczno\ci z ekologiczn� teori� konkurencji 

mi�dzygatunkowej zakBadaj�c� konkurencyjne wypieranie gatunków, których nisze 

ekologiczne si� pokrywaj� (Auczak, 1956). Anderson (1975) w swoim artykule zaproponowaB 

hipotezy mog�ce tBumaczy�, przynajmniej cz�\ciowo, obserwowany fenomen. Jedna z nich 

postulowaBa, }e wyst�puj� nieodkryte ró}nice w wykorzystaniu zasobów pokarmowych mi�dzy 

gatunkami (tj. nieujawnione, konkretne preferencje pokarmowe). Druga z kolei wskazywaBa na 

to, }e istniej� nieodkryte ró}nice w zamieszkiwanych mikro\rodowiskach pomi�dzy gatunkami 

(Anderson, 1975). W pó{niejszym czasie w odniesieniu do problemu bioró}norodno\ci 

organizmów glebowych zaproponowano równie} ró}ne hipotezy dotycz�ce mechanizmu 

zale}no\ci mi�dzy charakterystyk� ekosystemu a liczb� poziomów troficznych w glebowej 

sieci troficznej, a które staBy si� przedmiotem sporu naukowców. Zaproponowano bowiem, }e 
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liczba poziomów troficznych ro\nie wraz z produktywno\ci� i dost�pno\ci� zasobów (Persson 

i in., 1992), lub wr�cz odwrotnie, }e to w ubogich w skBadniki od}ywcze ekosystemach du}a 

liczba interakcji mi�dzy gatunkami skutkuje wi�ksz� liczb� poziomów troficznych (Vander 

Zanden i in., 1999). Pó{niejsze badania nawi�zuj�ce do hipotezy mikro\rodowiskowej 

Andersona dostarczyBy dowodów, }e wysoka bioró}norodno\� organizmów glebowych mo}e 

by� determinowana poprzez mikrostrukturaln� heterogeniczno\� gleby, jednak}e efekt ten 

zale}ny jest od skali, a tak}e od wielko\ci organizmów (Nielsen i in., 2010). W zwi�zku z tym 

sposób, w jaki du}a liczba gatunków zwierz�t glebowych zajmuj�cych ten sam poziom 

troficzny, jak na przykBad saprofagi, mo}e koegzystowa� w jednej sieci pokarmowej pozostaje 

dalej nierozwi�zanym problem badawczym. Nawi�zuj�c do hipotezy nieujawnionych 

preferencji pokarmowych Andersona (1975), w zrozumieniu tajemnicy bioró}norodno\ci 

zwierz�t glebowych przeszkod� stanowi� mi�dzy innymi ograniczenia tradycyjnie 

stosowanych metod badawczych. Sam proces od}ywiania ma zBo}ony mechanizm i obejmuje 

szereg procesów skBadowych, w tym pobór pokarmu, trawienie, asymilacj� skBadników 

od}ywczych oraz ich retencj� (Potapov i in., 2021, 2022). Dlatego te}, status troficzny wielu 

grup bezkr�gowców glebowych pozostaje niepewny lub konceptualny, poniewa} klasyczne 

metody badawcze, takie jak bezpo\rednia obserwacja behawioru od}ywiania, analiza 

mikroskopowa zawarto\ci przewodu pokarmowego, analiza aktywno\ci enzymów w 

homogenatach tkankowych, hodowle na ró}nych {ródBach po}ywienia lub testy wyboru {ródBa 

pokarmu zwykle dostarczaj� jedynie ograniczonej informacji o jednym b�d{ kilku procesach 

skBadowych procesu od}ywiania (Maraun i in., 2023). W przypadku saprofagów takich jak na 

przykBad d}d}ownice, których przewód pokarmowy wypeBnia mieszanina najró}niejszych 

materiaBów i organizmów, praktycznie niemo}liwe jest okre\lenie, które ze skBadowych 

stanowi� podstaw� diety tej grupy zwierz�t (Scheu, 2002). Wa}nym jest, aby odró}ni� 

pobierany pokarm od tego, co jest faktycznie asymilowane (Anderson, 1975). Ponadto, w 

przypadku wielu bezkr�gowców mezofauny, w tym np. wazonkowców, trzeba rozwa}y� 

równie} potencjalny wkBad aparatu enzymatycznego mikrobioty w procesy trawienne 

gospodarza (Kribtofek i in., 1999; Herrera i in., 2017). Przeszkod� w badaniu relacji troficznych 

mo}e stanowi� równie} elastyczno\� pokarmowa wykazywana przez niektóre zwierz�ta, tj. 

zdolno\� do operowania na wi�cej ni} jednym poziomie troficznym w zale}no\ci od \rodowiska 

i dost�pno\ci pokarmu (Scheu, 2002). Spraw� komplikuje równie} fakt istnienia kryptycznej 

ró}norodno\ci w wielu grupach bezkr�gowców (Martinsson i Erséus, 2014). Oczekuje si�, }e 

gatunki podobne morfologicznie b�d� podobne ekologicznie, ale podobieEstwo morfologiczne 

niekoniecznie ilustruje ekologiczn� równowa}no\�. Gatunki kryptyczne bowiem mog� ró}ni� 
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si� pomi�dzy sob� w niektórych wBa\ciwo\ciach ekologicznych i fizjologicznych (Martinsson 

i Erséus, 2014; Cabrol i in., 2015). 

 W sieciach pokarmowych podstawowymi jednostkami nie s� zazwyczaj pojedyncze 

gatunki, lecz caBe grupy troficzne (gildie troficzne, trofogatunki) skBadaj�ce si� z gatunków, 

które uznaje si� za funkcjonalnie równowa}ne. W konceptualnym modelu glebowej sieci 

troficznej (zob. Figura 1) mo}na wyró}ni� saprofagi pierwszorz�dowe (ang. primary 

decomposers), saprofagi drugorz�dowe (ang. secondary decomposers) oraz drapie}niki. 

Ponadto dla dokBadno\ci opisu modelu, nale}y wyró}ni� i uwzgl�dni� szcz�tki ro\linne, 

detrytus (cz�\ciowo rozBo}ona martwa materia organiczna) oraz mikroorganizmy (Scheu, 

2002). Zgodnie z definicj� saprofagi pierwszorz�dowe do od}ywiania wykorzystuj� materiaB 

ro\linny sBabo skolonizowany przez mikroorganizmy, podczas gdy saprofagi drugorz�dowe 

polegaj� na resztkach ro\linnych wst�pnie zdegradowanych (j detrytus) przez mikroflor� i/lub 

na mikroorganizmach jako {ródBach po}ywienia (Illig i in., 2005; Puppe i in., 2012). W wysoce 

bioró}norodnych spoBeczno\ciach organizmów, takich jak te wyst�puj�ce w glebie, 

agregowanie gatunków do grup troficznych jest nieuniknione. Niemniej jednak stwierdzono, 

}e wBa\ciwo\ci sieci pokarmowych mog� w du}ym stopniu zale}e� od rozdzielczo\ci sieci, tj. 

od stopnia agregacji gatunków w jej obr�bie (Scheu, 2002). W zwi�zku z tym poszukuje si� 

nowych metod do badania zale}no\ci pokarmowych w sieciach troficznych, które zapewniaj� 

wi�ksz� dokBadno\� i lepsz� rozdzielczo\� analizowanych sieci pokarmowych. Pierwotnie, 

w\ród takich metod rozwa}ano analiz� stabilnych izotopów w�gla (13C) i azotu (15N) oraz 

metody molekularne (np. fluorescencyjn� hybrydyzacj� in situ) (Scheu, 2002). Obecnie analiza 

stabilnych izotopów prawie caBkowicie zdominowaBa badania dotycz�ce ekologii troficznej, 

jednak}e metoda ta nie jest pozbawiona pewnych ograniczeE. Interpretacja uzyskanych 

wyników bywa trudna, gdy} szereg czynników ontogenetycznych, fizjologicznych i 

biochemicznych mo}e wpBywa� na izotopowy skBad tkanek zwierz�cych (Briones, 2014). 

Ponadto, rozró}nienie mi�dzy od}ywianiem si� ró}nymi taksonami mikroorganizmów, jest 

trudne i cz�sto niemo}liwe przy u}yciu samej tylko analizy stabilnych izotopów. Niezb�dna 

zatem wydaje si� by� wielowymiarowa analiza niszy pokarmowej z wykorzystaniem wielu 

ró}nych metod (Potapov i in., 2021, 2022). 
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Figura 1. Konceptualny model glebowej sieci troficznej z rozró}nieniem saprofagów pierwszo- i drugorz�dowych 
(na podstawie Scheu, 2002). 

 

2. Cel rozprawy doktorskiej, hipotezy badawcze i etapy prac badawczych 

Celem rozprawy doktorskiej byBo ustalenie pozycji troficznej wazonkowca biaBego 

(Enchytraeus albidus) na podstawie informacji dotycz�cych jego zdolno\ci trawiennych, 

uzyskanych dzi�ki wykorzystaniu klasycznych, jak i nowoczesnych technik biologii 

molekularnej, w tym dzi�ki profilowaniu transkryptomu. 

 W pierwszym etapie prac badawczych nad rozpraw� doktorsk� przeprowadzono 

krytyczn� analiz� obecnego na ten czas stanu wiedzy na temat preferencji pokarmowych 

rodziny Enchytraeidae i pozycji troficznej jej przedstawicieli. W przygotowanym i 

opublikowanym artykule przegl�dowym (Gajda i in., 2017) dokonano ekstensywnej syntezy 

dost�pnej wiedzy, w tym opisu, oceny i klasyfikacji potencjalnych {ródeB pokarmu dla 

Enchytraeidae. Rozwa}ano mi�dzy innymi zagadnienia takie jak: selektywno\� w poborze 

pokarmu, proces trawienia oraz czynniki wpBywaj�ce na wybór pokarmu. Przybli}ono stan 

wiedzy na temat aktywno\ci enzymatycznej wazonkowców, ze szczególnym uwzgl�dnieniem 

zdolno\ci celulolitycznych. Zidentyfikowano luki w istniej�cej wiedzy oraz sprzeczno\ci 

pomi�dzy wynikami niektórych badaE. W ramach pracy przegl�dowej powtórzono równie} 

jeden ze starszych eksperymentów (Reichert i in., 1996) i wykazano niejednoznaczno\� 

pierwotnego rezultatu oraz nieadekwatno\� jego oryginalnej interpretacji. W wyniku 

przeprowadzonej analizy i przegl�du literatury zaproponowano wst�pny podziaB 

przedstawicieli Enchytraeidae na dwie grupy troficzne: (1) saprofagi pierwszorz�dowe oraz (2) 
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saprofagi drugorz�dowe. Jednocze\nie zwrócono uwag� na konieczno\� prowadzenia dalszych, 

szczegóBowych badaE na pojedynczych gatunkach, co byBo sugerowane ju} wcze\niej przez 

szereg innych autorów.  

 Przeprowadzenie pierwszego etapu prac badawczych umo}liwiBo postawienie hipotez 

badawczych, a nast�pnie ich weryfikacj� w dalszych etapach prac. Postawione hipotezy 

badawcze brzmiaBy nast�puj�co: 

 

H1: Enchytraeus albidus nie wykazuje endogennej ekspresji genów, które koduj� celulazy, 

dlatego nie nale}y do grupy saprofagów pierwszorz�dowych. 

 

H2: Enchytraeus albidus wykazuje ekspresj� genów, które koduj� enzymy trawienne 

zaanga}owane w troficzn� liz� bakterii lub grzybów, takie jak np. hydrolazy mureinowe lub 

chitynazy, i dlatego nale}y do grupy saprofagów drugorz�dowych. 

 

 W drugim etapie prac badawczych podj�to prób� amplifikacji transkryptów wybranych 

genów enzymów trawiennych u E. albidus za pomoc� metody PCR z odwrotn� transkrypcj� 

(reverse transcription-PCR), z zastosowaniem podej\cia >gene fishing=, tj. przy u}yciu wysoce 

zdegenerowanych starterów zaprojektowanych na podstawie sekwencji podobnych, 

dost�pnych w bazach danych dla innych organizmów. Pocz�tkowo uzyskana cz�\ciowa 

sekwencja koduj�ca dla ³-amylazy I (tj. Amy I) zostaBa w peBni scharakteryzowana dzi�ki 

metodom umo}liwiaj�cym poznanie oraz amplifikacj� koEców 59 i 39 cDNA (59 cRACE i one-

sided PCR). Przeprowadzono równie} klonowanie uzyskanej kompletnej sekwencji koduj�cej 

Amy I w celu separacji poszczególnych alleli i w celu scharakteryzowania polimorfizmu genu.  

 W trzecim etapie prac badawczych wyprowadzono hodowl� E. albidus z pojedynczego 

kokonu 3 monohaplotypow� lini� laboratoryjn� PL-A 3 jednorodn� pod wzgl�dem 

mitochondrialnego genu podjednostki I oksydazy cytochromu c (COI). Uzyskano równie} 

transkryptom z osobników pochodz�cy z tej hodowli, a tak}e przeprowadzono jego 

szczegóBow� analiz� bioinformatyczn�. Dzi�ki otrzymanym danym transkryptomicznym 

ujawniono ekspresj� drugiego genu ³-amylazy (tj. Amy II), a nast�pnie równie} caBy profil 

enzymatyczny badanego gatunku. Amplifikacja sekwencji koduj�cych Amy I i Amy II za 

pomoc� metody PCR posBu}yBa do walidacji zBo}onego transkryptomu. Wyniki badaE 

podj�tych w etapach II i III opublikowano w pracach oryginalnych Gajda i inni (2024a, b). 

 Wszystkie powy}sze etapy przyczyniBy si� do realizacji zaBo}onego celu badawczego. 

Ponadto, wiedza i umiej�tno\ci nabyte w trakcie jego realizacji umo}liwiBy prezentacj� 
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uzyskanych wyników w szerszym kontek\cie, tj. w kontek\cie filogenetycznym i ewolucyjnym, 

dotycz�cym wybranych genów koduj�cych enzymy trawienne w taksonach, takich jak 

Annelida i Clitellata. Pomimo faktu, }e analiza filogenetyczna nie byBa bezpo\rednim celem 

rozprawy doktorskiej rozumianym per se, to nale}y uzna� j� za integraln� cz�\� tej pracy, gdy} 

przyczyniBa si� do sformuBowania bezpo\rednio gB�bszych konkluzji, dotycz�cych 

zidentyfikowanych enzymów trawiennych, w tym tak}e w odniesieniu do hipotezy 

nieujawnionych preferencji pokarmowych Andersona (1975). Rozszerzenie analiz korzystnie 

wpByn�Bo równie} na poszerzone mo}liwo\ci publikacyjne uzyskanych wyników i wytyczyBo 

potencjalne \cie}ki pod nowe projekty badawcze. 

 

3. Materialy i metody 

3.1. MateriaB zwierz�cy i warunki hodowli 
MateriaBem wykorzystanym w niniejszych badaniach byBy osobniki Enchytraeus albidus. 

Wszystkie pocz�tkowe hodowle, w tym równie} ta, z której pochodziBy osobniki wykorzystane 

w pierwszym etapie prac badawczych, zostaBy zaBo}one z >porcji zarodowych= (tj. niewielka 

liczba osobników wraz z podBo}em) zakupionych na platformie zakupowej Allegro, od 

prywatnego sprzedawcy z dwudziestoletnim do\wiadczeniem w hodowli wazonkowców. W 

drugim etapie prac badawczych ustanowiono tzw. >hodowl� mieszan�= (zawieraj�c� osobniki 

o ró}nych haplotypach COI) z pojedynczej porcji zarodowej. Zwierz�ta byBy przechowywane 

w temperaturze pokojowej w plastikowym pojemniku z defaunizowan� gleb� ogrodow� i 

karmione gBównie pBatkami dla ryb (Tropical) dwa razy w tygodniu. Losowe okazy z tej 

hodowli zostaBy poddane barkodingowi DNA oraz zostaBy przeanalizowane za pomoc� analizy 

polimorfizmu konformacji pojedynczych nici fragmentów restrykcyjnych DNA (PCR-RF-

SSCP, ang. polymerase chain reaction-restriction fragments-single strand conformation 

polymorphism analysis). W trzecim etapie prac badawczych wyprowadzono hodowl� (lini�) 

monohaplotypow�, jednorodn� pod wzgl�dem COI (szczep PL-A; numer dost�powy GenBank 

MK044803). Hodowla monohaplotypowa zostaBa ustanowiona z pojedynczego kokonu 

pochodz�cego z hodowli mieszanej, przeniesionego na szalk� Petriego zawieraj�ca 0,8%-1% 

agaroz� (o czysto\ci odpowiedniej dla biologii molekularnej) w wodzie kranowej (podBo}e 

pozbawione skBadników od}ywczych). Po wykluciu i wzro\cie osobniki  

E. albidus zostaBy przeniesione do pojemnika z defaunizowan� ziemi� ogrodow� i 

utrzymywane jak opisano wcze\niej. Czysto\� genetyczn� ustanowionej hodowli 
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monohaplotypowej potwierdzono poprzez amplifikacj� i sekwencjonowanie fragmentu genu 

COI z losowych osobników. 

 

3.2. Izolacja DNA oraz barkoding osobników 
Maj�c na uwadze starsze doniesienia (Erséus i Gustafsson, 2009; Schmelz i Collado, 2010) 

sugeruj�ce potencjaln� kryptyczn� ró}norodno\� Enchytraeus albidus, losowe osobniki 

pochodz�ce z hodowli poddano barkodowaniu DNA w oparciu o amplifikacj� fragmentu genu 

COI (Hebert i in., 2003) (tzw. fragment Folmera; u pier\cienic o dBugo\ci 658 pz, nie wliczaj�c 

starterów) w celu potwierdzenia przynale}no\ci taksonomicznej i na wypadek ewentualnej 

rewizji gatunku. Izolacj� DNA z osobników przeprowadzono metod� kolumienkow�  

z trawieniem proteinaz� K za pomoc� zestawu GeneMATRIX Tissue DNA Purification Kit 

(EURx) wedBug instrukcji producenta. Reakcje PCR przeprowadzono przy u}yciu EURx Color 

OptiTaq PCR Master Mix (2×), starterów LCO1490 (0,4 ¿M w obj�to\ci koEcowej) i HCO2198 

(0,4 ¿M w obj�to\ci koEcowej) oraz z 2 ¿l izolatu DNA jako matrycy, uzupeBniaj�c wod� woln� 

od nukleaz do finalnej obj�to\ci 50 ¿l. Reakcje przeprowadzano w termocyklerze Biometra 

TProfessional Basic Gradient, stosuj�c warunki podane w Tabeli 1, zaadaptowane z pracy 

Martinsson i Erséus (2014). RozdziaB elektroforetyczny produktów mieszaniny poreakcyjnej 

przeprowadzono w }elu agarozowym (1,2%) w buforze TBE z dodatkiem SimplySafe (EURx) 

i analizowano przy u}yciu transiluminatora ETX (Vilber Lourmat). Uzyskane produkty PCR 

zostaBy przesBane do Genomed (Warszawa) i zsekwencjonowane w obu kierunkach. Nowo 

uzyskane sekwencje COI (haplotypy PL-A, PL-B i PL-C) zostaBy zdeponowane w bazie danych 

GenBank pod numerami dost�powymi: MK0448033MK044805. 

Tabela 1. >Uniwersalne= warunki termalne PCR stosowane w barkodingu DNA oraz do amplifikacji wi�kszo\ci 
innych wybranych sekwencji z tej pracy. Warunki termalne, które oryginalnie zaadaptowano z pracy Martinsson 
i Erséus (2014) zostaBy zmodyfikowane na podstawie do\wiadczeE wBasnych autora rozprawy z metod� PCR. 

 Temperatura [°C] Czas [s] Liczba cykli 
Denaturacja wst�pna 95 260 1 (pierwszy) 

Denaturacja 95 40 
35 Annealing 45 45 

Elongacja 72 60 
Elongacja koEcowa 72 120 1 (ostatni) 
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3.3. Analiza PCR-RF-SSCP 
Analiza PCR-RF-SSCP zostaBa przeprowadzona na podstawie protokoBu zaadaptowanego z 

pracy Rakus i inni (2008). Aby uzyska� fragmenty DNA o odpowiedniej dBugo\ci do analizy 

(< 300 pz), uzyskane amplikony COI zostaBy poci�te za pomoc� enzymu restrykcyjnego 

HpyCH4V, który rozpoznaje miejsce restrykcyjne (5'&TG^CA&3'). Teoretyczny wzór ci�cia 

wybranych amplikonów COI przedstawia Figura 2. Wyboru enzymu restrykcyjnego dokonano 

przy pomocy programu Gene Runner 6.5.52 (http://www.generunner.net). Analiz� PCR-RF-

SSCP przeprowadzono nast�puj�co: 10 ¿l danego produktu PCR poddano trawieniu za pomoc� 

1U HpyCH4V (New England Biolabs) w obecno\ci 1,5 ¿l buforu reakcyjnego CutSmart 

NEBuffer (10×) oraz z dodatkiem wody wolnej od nukleaz w B�cznej obj�to\ci 15 ¿l; caBo\� 

inkubowano w temperaturze 37 °C przez 24 godziny w termocyklerze. Reakcj� zatrzymano w 

temperaturze 65°C przez 20 minut. Po trawieniu, 7,5 ¿l mieszaniny poreakcyjnej zmieszano z 

14 ¿l buforu obci�}aj�cego do SSCP (95% formamid, 0,1% bB�kit bromofenolowy, 0,1% 

ksylenocyjanol FF, 1 mM EDTA, 10 mM NaOH). Próbki denaturowano w temperaturze 95 °C 

przez 10 minut, przenoszono natychmiast na lód, a nast�pnie Badowano na }el 

poliakrylamidowy (grubo\� 0,7 mm) o st�}eniu 9% z dodatkiem 5% glicerolu. RozdziaB 

elektroforetyczny w aparacie DNA Pointer (Kucharczyk) z chBodzon� cyrkulacyjn� Ba{ni� 

wodn� Hoefer RCB 300 przeprowadzono w 1-krotnym buforze TBE po uprzedniej pre-

elektroforezie (100V, 15 min, bez próbek). WBa\ciwa elektroforeza miaBa miejsce w 

nast�puj�cych warunkach: 100V przez 15 minut w 5 °C, a nast�pnie 600 V przez 135 minut w 

tej samej temperaturze. Po zakoEczonym rozdziale elektroforetycznym }el wysrebrzano 

wedBug nast�puj�cej procedury: }el traktowano 10-procentowym roztworem etanolu przez 15 

minut, nast�pnie 1-procentowym kwasem azotowym (V) przez 10 minut, azotanem (V) srebra 

(0,01 M) z dodan� na \wie}o formalin� (1000 ¿l na litr AgNO3) przez 30 minut, przepBukuj�c 

krótko wod� destylowan� po ka}dym z etapów. Nast�pnie, }el byB traktowany niewielkimi 

porcjami \wie}o przygotowanego roztworu 3-procentowego w�glanu sodu z dodatkiem 

formaliny (500 ¿l na litr Na2CO3), a} do rozwini�cia widocznych pr�}ków. W ostatnim kroku, 

}el zostaB utrwalony za pomoc� 10-procentowego kwasu octowego przez 15 minut i 

sfotografowany. 
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Figura 2. Przewidywane miejsca ci�cia sekwencji COI z ujawnionych holotypów (PL-A, PL-B oraz PL-C) z 
hodowli mieszanej przez enzym restrykcyjny HpyCH4V. Sposób ci�cia sekwencji COI do fragmentów o t�pych 
koEcach zostaB zaznaczony pionow� czarn� lini� w obr�bie niebieskich pudeBek (sekwencja rozpoznawana przez 
restryktaz�) na obu niciach sekwencji konsensusowej (sensownej i antysensownej). Polimorfizmy pojedynczych 
nukleotydów (SNPs) zostaBy zaznaczone w zielonych pudeBkach w obr�bie sekwencji haplotypów COI z 
przypisanymi im numerami dost�powymi. W analizie uwzgl�dniono sekwencje starterów. 

 

3.4. Izolacja RNA oraz dwuetapowy RT-PCR  
 Do izolacji caBkowitego RNA wykorzystano odpowiednio od jednego do pi�ciu 

osobników E. albidus na próbk� (5 próbek oznaczonych E1-E5, 15 osobników B�cznie). RNA 

izolowano przy u}yciu metody kolumienkowej za pomoc� zestawu GeneMATRIX Universal 

RNA Purification Kit (EURx, GdaEsk, Polska), zgodnie z instrukcj� producenta, bez 

dodatkowego trawienia DNaz�. St�}enie i jako\� wyizolowanego RNA zostaBy ocenione przy 

u}yciu mikrospektrofotometru NanoDrop 2000 (NanoDrop Technologies). Deklaracj� 

producenta zestawu o braku konieczno\ci traktowania DNaz� oraz poprawno\� wykonanej 

izolacji pod k�tem kontaminacji DNA zwalidowano za pomoc� kontrolnych reakcji PCR, które 

targetowaBy gen COI, u}ywaj�c 1 ¿l izolatu z danej próbki jako matrycy (w reakcjach tych nie 

uzyskano produktów amplifikacji). Wyizolowany caBkowity RNA zostaB przepisany na cDNA 

przy u}yciu zestawu do odwrotnej transkrypcji NG dART RT kit (EURx) oraz startera 

oligo(dT)20 targetuj�cego transkrypty poliadenylowane. Procedur� przeprowadzono zgodnie z 

instrukcj� producenta. Reakcj� odwrotnej transkrypcji zatrzymano inkubuj�c próbki w 85 °C 

przez 5 minut. 
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 Podj�to prób� amplifikacji transkryptów wybranych genów enzymów trawiennych 

(amylaza, chitynaza, celulaza, trehalaza i ³-galaktozydaza) z wykorzystaniem 

zaprojektowanych par starterów o wysokim stopniu zdegenerowania. Sukcesem zakoEczyBa si� 

jedynie reakcja PCR targetuj�ca ³-amylaz� I (Amy I). Amplifikacja rejonu rdzennego (tj. 

wewn�trznego) sekwencji koduj�cej (CDS) Amy I przeprowadzono przy u}yciu EURx Color 

OptiTaq PCR Master Mix (2×), odpowiednich par starterów (0,6 ¿M w obj�to\ci koEcowej 

ka}dy) oraz z zastosowaniem 1 ¿l cDNA  dla danej próbki jako matrycy, uzupeBniaj�c wod� 

woln� od nukleaz do finalnej obj�to\ci 50 ¿l. Pocz�tkowo amplifikacja rejonu rdzennego CDS 

Amy I zostaBa przeprowadzona przy u}yciu pary zdegenerowanych starterów: AmyF i AmyR, 

a nast�pnie, przy u}yciu pary starterów o ni}szym stopniu zdegenerowania: tgAmyF i agAmyR. 

Startery z obu par okazaBy si� cz�\ciowo niedopasowane do matrycy, jednak}e amplifikacja 

CDS byBa mo}liwa przy zadanej temperaturze annealingu (warunki reakcji takie jak podano w 

Tabeli 1), lecz nie w podwy}szonej do 50 °C. Produkty PCR rozdzielono elektroforetycznie w 

1,2% }elu agarozowym TBE z dodatkiem SimplySafe (EURx) i analizowano za pomoc� 

transiluminatora UV ETX. Amplikony uzyskane w reakcji PCR z wykorzystaniem pary 

starterów tgAmyF i agAmyR zostaBy zsekwencjonowany (Genomed, Warszawa). Na podstawie 

uzyskanych odczytów niskiej jako\ci zaprojektowano seri� nowych starterów wewn�trznych, 

które umo}liwiBy dokBadne poznanie rejonu rdzennego, a tak}e dalsz� charakterystyk� 

kompletnej sekwencji ³-amylazy I przy wykorzystaniu 59 cRACE oraz one-sided PCR (zob. 

Figura 3 oraz Tabela 2).  
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Figura 3. Amplifikacja sekwencji koduj�cej ³-amylazy I. A) Schematyczna mapa z pozycjami przyB�czania 
starterów w obr�bie sekwencji CDS Amy I. B) Test wybranych starterów umo}liwiaj�cych amplifikacj� ró}nych 
fragmentów sekwencji koduj�cej Amy I. Przedstawiono wynik rozdziaBu elektroforetycznego produktów PCR. 
Startery oznaczone na pomaraEczowo byBy cz�\ciowo niedopasowane (pomimo zdegenerowania), lecz 
umo}liwiaBy amplifikacj� przy obni}onej temperaturze annealingu. Startery oznaczone na niebiesko to 
niezdegenerowane startery doskonale wi�}�ce si� z matryc�, które zostaBy opracowane na podstawie odczytów z 
pary tgAmy + agAmyR. Startery oznaczone na zielono to startery, których zaprojektowanie byBo mo}liwe dzi�ki 
okre\leniu sekwencji koEców 59 lub 39 za pomoc� metod opisanych poni}ej (zob. rozdziaB 3.5). Studzienka M 
zawieraBa marker wielko\ci DNA GPB3000bp (GenoPlast). Jako matryc� w powy}szych testowych reakcjach 
PCR wykorzystano cDNA odpowiadaj�cy próbkom: E2 oraz E3. 

 

Tabela 2. Startery wykorzystane w identyfikacji sekwencji koduj�cej ³-amylazy I. 

Nazwa startera Orientacja 
startera dCugo[� (nt) sekwencja 5'->3' Tm [°C] 

AmyF sensowna 21 ATsGTsCAyyTsTTyGArTGG 48,5 - 56,3 
AmyR antysensowna 20 CmvGArATvACrTCrCArTA 41,5 - 55,9 

tgAmyF sensowna 21 ATsGTsCAyyTsTTTGAGTGG 50,5 - 54,4 
agAmyR antysensowna 20 CmvGArATvACrTCACAGTA 43,6 - 53,8 
Y8AmyF sensowna 21 ATCGTCCAyTTGTTTGAGTGG  50,5 - 52,4 

Amy499F sensowna 22 TTACAACGATGCAAACCAAGTC 51,1 
Amy520R antysensowna 22 GACTTGGTTTGCATCGTTGTAA 51,1 
Amy993F sensowna 22 ACCTTCTTTGAGGCAAACATGT 51,1 

Amy1014R antysensowna 22 ACATGTTTGCCTCAAAGAAGGT 51,1 
AmyStrF sensowna 25 ATGCTGTCACTGATTGTGTTTTGTC 54,4 

AmyEndR antysensowna 23 TCAGACATGTAGAGCAATCATGG 50,5 
Amy364R antysensowna 20 AGTCATGTGGTTGAATACCC 49,7 
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3.5. Charakterystyka nieznanych koEców cDNA  
W celu okre\lenia peBnej sekwencji koduj�cej ³-amylazy I zastosowano metody umo}liwiaj�ce 

amplifikacj� nieznanych koEców 59 i 39 wybranego cDNA. 

 

3.5.1. Identyfikacja koEca 39 cDNA za pomoc� one-sided PCR 
Koniec 39 sekwencji koduj�cej Amy I zostaB powielony za pomoc� techniki nazywanej 

jednostronn� reakcj� PCR (ang. one-sided PCR). Amplifikacja ta zostaBa oparta na 

uproszczonym przez autora rozprawy protokole dla one-sided PCR. ProtokóB dla tej techniki 

pierwotnie zostaBy opracowany przez Ohar� i in. (1989), a pó{niej zaktualizowany przez Dorita 

i Ohar� (1992). Aby przeprowadzi� amplifikacj� PCR koEca 3' cDNA Amy I zastosowano 

starter Amy993F (wykorzystany uprzednio w charakterystyce rejonu rdzennego) specyficzny 

dla genu Amy I oraz niespecyficzny starter oligo(dT)30 komplementarny do sekwencji ogona 

poli-A obecnego w transkrypcie (i przepisanego wraz z pozostaB� cz�\ci� sekwencji na cDNA). 

Modyfikacja protokoBu dokonana przez autora rozprawy polegaBa na podniesieniu temperatury 

annealingu z zalecanej f 42 °C (Dorit i Ohara, 1992) do 45 °C i u}yciu jako startera 

antysensownego oligo(dT)30 zamiast oligo(dT)20. Obie zmiany razem przyczyniBy si� do 

zwi�kszenia swoisto\ci jednostronnej reakcji PCR i znacz�co zmniejszyBy heterogeniczno\� 

koEcowego produktu. Nie byBo zatem konieczno\ci dodatkowych kroków, np. drugiej 

amplifikacji z zagnie}d}onymi starterami, ekstrakcji DNA z }elu i reamplifikacji, zwykle 

wymaganych w one-sided PCR do uzyskania po}�danej sekwencji i odczytów o wystarczaj�cej 

jako\ci. Profil termiczny zastosowany w reakcji byB zbli}ony do uniwersalnych warunków 

przedstawionych w Tabeli 1, za wyj�tkiem czasu denaturacji wst�pnej (95°C przez 180 s) oraz 

elongacji koEcowej (72°C przez 480 s). Do reakcji wykorzystano startery o st�}eniu koEcowym 

0,6 ¿M ka}dy oraz reszt� odczynników jak opisano w rozdziale poprzednim. Produkty pi�ciu 

reakcji one-sided PCR odpowiadaj�ce pi�ciu próbkom cDNA (E1-E5) zostaBy 

zsekwencjonowane w jednym kierunku (Genomed, Warszawa) za pomoc� startera Amy993F. 

Na podstawie uzyskanych odczytów z powtórzeE biologicznych mo}liwe byBo ustalenie 

odcinka konsensusowego koEca 39 sekwencji koduj�cej o dBugo\ci okoBo 500 par zasad. Na 

podstawie uzyskanej sekwencji konsensusowej zaprojektowano starter AmyEndR, który 

obejmowaB ostatnie 23 nukleotydy (tutaj corrigenda dla Gajda i in., 2024a), w tym 7 ostatnich 

kodonów sekwencji koduj�cej Amy I (Figura 4). Nowo zaprojektowany starter AmyEndR zostaB 

zwalidowany za pomoc� kontrolnych PCR z innymi starterami, w tym z Amy993F. 
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Figura 4. Identyfikacja nieznanego koEca 39 sekwencji koduj�cej ³-amylazy I. A) Test reakcji one-sided PCR 
przeprowadzonej wedBug modyfikacji autora rozprawy. Przedstawiono wynik rozdziaBu elektroforetycznego 
produktów PCR. Studzienka L2 zawieraBa mieszanin� poreakcyjn� uzyskan� za pomoc� jednostronnej reakcji PCR 
przy u}yciu startera Amy993F oraz startera oligo(dT)30. Studzienka L1 zawieraBa kontrol� pozytywn� reakcji PCR 
(Y8AmyF + agAmyR), L4 zawieraBa \lep� prób� (reakcja bez matrycy cDNA), a M zawieraBa marker wielko\ci 
DNA GPB3000bp. B) Fragment fluorogramu z sekwencjonowania koEca 39 sekwencji Amy I próbki E2. Kolorem 
ró}owym zaznaczono obszar sekwencji zawieraj�cy prawie 8 ostatnich kodonów otwartej ramki odczytu (ORF), 
na podstawie którego zaprojektowano starter AmyEndR. Sekwencj� startera zamieszczono w strzale, poni}ej 
sekwencji komplementarnej. 

 

3.5.2. Identyfikacja koEca 59 cDNA za pomoc� trzyetapowej reakcji 59 cRACE 
Koniec 59 cDNA Amy I zawieraj�cy 59 UTR (rejon niepodlegaj�cy translacji) wraz z nieznanym 

fragmentem CDS zostaB powielony za pomoc� techniki zwanej trzyetapow� cyrkularn� szybk� 

amplifikacj� koEców 59 cDNA (ang. three-step circular rapid amplification of 59 cDNA ends; 

three-step 59 cRACE). Technik� opracowaB Dallmeier i Neyts (2013) i stanowi ona wariant 

klasycznej 59 RACE oraz uproszczon� wersj� czteroetapowej cRACE (Mandl i in., 1991). 

Procedur� zastosowan� w niniejszej rozprawie oparto o zmodyfikowany protokóB utworzony 

na podstawie protokoBów opisanych w pracach Dallmeier i Neyts (2013) oraz Vandecraen i inni 

(2016) (zob. Figura 5). PóB mikrograma RNA z E. albidus transkrybowano za pomoc� NG 

dART RT (EURx) zgodnie z instrukcj� producenta, z genowo-specyficznym 5'-

ufosforylowanym starterem Amy520R (PAmy520R) w caBkowitej obj�to\ci 20 ¿l w 

temperaturze 50 °C. Reakcj� zakoEczono poprzez inkubacj� w temperaturze 85°C przez 15 

minut. Z uzyskanej próbki cDNA przeniesiono 12,5 ¿l do nowej probówki i zmieszano z trzema 

obj�to\ciami buforu TE (10 mM Tris-HCl i 1 mM EDTA, pH 8.0) z dodatkiem RNazy A (4 

L1         L2         M       L4 
    G  G  T   A  C   T   A  A  C  G  A   G   A   T  G  T  A  C   A  G   A  C   T 

  

39 59 AmyEndR 

A B 
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¿g/ml). Nast�pnie, dwie pi�te tak przygotowanej mieszaniny, zawieraj�cej cDNA, zostaBo 

poddane cyrkularyzacyjnej ligacji za pomoc� 20 U ligazy T4 RNA w obecno\ci 5 ¿l buforu 

reakcyjnego (10×) (Thermo Scientific) i 15% (w/v) glikolu polietylenowego 4000 (Thermo 

Scientific) i wody wolnej od nukleaz w caBkowitej obj�to\ci 50 ¿l w temperaturze 37 °C przez 

60 minut. Aby usun�� z mieszaniny pozostaBo\ci startera PAmy520R oraz niezligowane 

cz�steczki cDNA, do próbki dodano 1,5 U polimerazy Pfu (EURx) i inkubowano w 

temperaturze 37 °C przez 30 minut wykorzystuj�c aktywno\� egzonukleazow� 3'-5' enzymu. 

Nast�pnie, 5 ¿l z otrzymanej mieszaniny zostaBo bezpo\rednio u}yte jako matryca do reakcji 

PCR z odwrócon� par� starterów (ang. inverted primer pair) Amy364R oraz Amy499F. Reakcj� 

PCR przeprowadzono z pozostaBymi reagentami i w warunkach tak jak opisano poprzednio. 

Poniewa} uzyskany produkt byB widoczny po rozdziale elektroforetycznym jako sBaby pr�}ek, 

amplikon wyci�to z }elu i oczyszczono za pomoc� zestawu Gel Purification GPB Mini Kit 

(GenoPlast Biochemicals) zgodnie z instrukcj� wytwórcy. Z odzyskanego produkt PCR 

wykonano szereg rozcieEczeE (100 do 10-5), który wykorzystano do reamplifikacji (Figura 6). 

Uzyskane amplikony dla rozcieEczeE 10-4 oraz 10-5, którym nie towarzyszyB rozmaz produktu 

(tzw. smear) zostaBy zsekwencjonowane (Genomed, Warszawa) za pomoc� pary starterów 

Amy364R oraz Amy499F. Na podstawie uzyskanych odczytów ustalono sekwencj� 59 UTR 

wraz z nieznanym fragmentem CDS. Zaprojektowano równie} starter AmyStrF obejmuj�cy 

pierwsze 25 nukleotydów sekwencji koduj�cej Amy I, który wraz ze starterem AmyEndR 

umo}liwiaB amplifikacj� kompletnej sekwencji koduj�cej ³-amylazy I.  
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Figura 5. Schemat przebiegu trzyetapowej cyrkularnej szybkiej amplifikacji koEców 59 cDNA (three-step 
cRACE). A) Schemat przebiegu cRACE z uwzgl�dnieniem starterów zastosowanych w niniejszej rozprawie. Na 
schemacie przyj�to hipotetyczn� sekwencj� czapeczki 59. StrzaBki na linii oznaczaj� zainkorporowane startery. B) 
Pogl�dowe pozycje przyB�czania starterów i ich orientacja wzgl�dem cz�steczki RNA Amy I. 
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Figura 6. Reamplifikacja fragmentu 59 cDNA Amy I uzyskanego za pomoc� trzyetapowej cyrkularnej szybkiej 
amplifikacji koEców 59 cDNA (three-step cRACE). Przedstawiono wynik rozdziaBu elektroforetycznego 
produktów PCR. Studzienki L1-L6 zawieraBy produkt uzyskany z matrycy w serii rozcieEczeE (odpowiednio od 
100 do 10-5). Studzienka L7 zawieraBa \lep� prób� (bez dodatku matrycy) a studzienka M marker wielko\ci DNA 
GPB3000bp. 

 

3.6. Klonowanie 
Kompletna sekwencja koduj�ca ³-amylazy I zostaBa zamplifikowana przy u}yciu pary 

starterów AmyStrF i AmyEndR. Produkt PCR zostaB wklonowany do wektora pGEM-T Easy 

przy u}yciu zestawu pGEM-T Easy Vector System (Promega). Uzyskany konstrukt posBu}yB 

do transformacji komórek kompetentnych Escherichia coli JM109 zgodnie z protokoBem 

producenta (Promega). Uzyskane kolonie zostaBy poddane selekcji blue/white (ang. blue-white 

screening). Siedem wybranych klonów zostaBo zsekwencjonowanych w obu kierunkach 

(Genomed, Warszawa) z u}yciem starterów do selekcji klonów (T7long: TAATAC GACTCA 

CTATAG GGCGA; SP6: ATTTAG GTGACA CTATAG) oraz genowo-specyficznych 

(Amy660F: AGATCT GGAGGC GTTGTA TGG; Amy838R: CATCAC CGAGAT TCTTTC 

CGTG) (Figura 7). 
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Figura 7. Strategia sekwencjonowania klonów. A) Schemat przedstawiaj�cy pozycje przyB�czenia si� starterów. 
B) Test starterów u}ytych do sekwencjonowania klonów C1-C7 jako dwóch, cz�\ciowo nakBadaj�cych si� 
fragmentów CDS Amy I. Przedstawiono wynik rozdziaBu elektroforetycznego produktów PCR. Studzienki L1 i L2 
zawieraBy \lepe próby dla odpowiednich reakcji. 

 

3.7. RNA-Seq 
W trakcie wst�pnych badaE ustalono eksperymentalnie liczb� osobników E. albidus wymagan� 

do uzyskania ilo\ci RNA odpowiedniej do przygotowania bibliotek RNA-Seq. W tym celu 

wykonano izolacj� RNA z jednego do pi�ciu dorosBych osobników na próbk�, przy u}yciu 

zestawu GeneMATRIX Universal RNA Purification Kit (EURx, GdaEsk, Polska), zgodnie z 

protokoBem producenta. St�}enie i jako\� wyizolowanego RNA zostaBy ocenione przy u}yciu 

mikrospektrofotometru NanoDrop 2000.  

WBa\ciw� izolacj� RNA na potrzeby RNA-Seq oraz sekwencjonowanie transkryptomu 

zlecono podmiotom zewn�trznym. DorosBe osobniki E. albidus PL-A zostaBy wysBane w formie 

}ywej na pBytce agarozowej do A&A Biotechnology (GdaEsk, Polska) w celu ekstrakcji RNA. 

Procedura izolacji obejmowaBa u}ycie zestawu Total RNA Mini Kit (A&A Biotechnology) z 

oczyszczaniem DNaz� (zestaw Clean-Up RNA Concentrator, A&A Biotechnology) i zostaBa 

przeprowadzona na próbce skBadaj�cej si� z czterech osobników. Jako\� oraz st�}enie 

wyizolowanego RNA przeanalizowano za pomoc� elektroforezy w }elu agarozowym oraz 
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spektrofotometru NanoDrop 2000. Porównanie wyników izolacji RNA uzyskanych z ró}nych 

procedur przez autora rozprawy i podmiot zewn�trzny przedstawiono w Tabeli 3.  

Aby przeprowadzi� sekwencjonowanie RNA i wygenerowa� odczyty RNA-Seq, próbka 

RNA zostaBa za po\rednictwem A&A Biotechnology wysBana do Macrogen Europe 

(Amsterdam, Holandia). St�}enie RNA próbki, która trafiBa do tego podmiotu zostaBa 

oszacowana na miejscu na 236 ng/µl. Bibliotek� cDNA przygotowano przy u}yciu zestawu 

TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, USA). 

Sekwencjonowanie z dwóch stron (ang. pair-end) przeprowadzono na platformie Illumina 

(NovaSeq 6000; odczyty 2 × 151 pz) (zob. Figura 8). 

 
Tabela 3. Porównanie rezultatów izolacji RNA uzyskanych przez autora rozprawy oraz A&A Biotechnology 
dzi�ki ró}nym procedurom i zestawom do ekstrakcji kwasów rybonukleinowych.  

Nazwa 
Próbki 

Liczba 
osobników 
u}ytych do 

izolacji RNA 

Wykonawca Zestaw 

St�}enie 
kwasu 

nukleinowego 
[ng/µl] 

A260/280 A260/230 

E1 1 Autor rozprawy 
GeneMATRIX Universal 

RNA Purification Kit 
(bez trawienia DNaz�) 

69,4 2,15 2,08 

E2 2 Autor rozprawy 
GeneMATRIX Universal 

RNA Purification Kit 
(bez trawienia DNaz�) 

163,9 2,17 2,26 

E3 3 Autor rozprawy 
GeneMATRIX Universal 

RNA Purification Kit 
(bez trawienia DNaz�) 

297,4 2,08 2,16 

E4 4 Autor rozprawy 
GeneMATRIX Universal 

RNA Purification Kit 
(bez trawienia DNaz�) 

393,7 1,99 2,04 

E5 5 Autor rozprawy 
GeneMATRIX Universal 

RNA Purification Kit 
(bez trawienia DNaz�) 

399,3 1,97 2,03 

Sample 
001 4 A&A Biotechnology 

Total RNA Mini kit; 
Clean-Up RNA 

Concentrator Kit 
295,1 2,24 2,13 

Sample 
002 4 A&A Biotechnology Total RNA Mini Kit 263,5 2,21 2,18 

 

24:2256526197



25 
 

 

Figura 8. Ogólny schemat post�powania w celu uzyskania surowych danych RNA-Seq z E. albidus PL-A 
zastosowany w niniejszej rozprawie. 

 

3.8. Asemblacja transkryptomu metod� de novo 
Asemblacja transkryptomu metod� de novo polega na odtworzeniu oryginalnej sekwencji 

transkryptomu, czyli zestawu cz�steczek RNA, bez konieczno\ci wykorzystania genomu 

referencyjnego jako szablonu (E. albidus nie posiada zsekwencjonowanego genomu). Jest to 

proces skBadania krótkich odczytów sekwencji RNA uzyskanych z sekwencjonowania nowej 

generacji w dBu}sze fragmenty reprezentuj�ce poszczególne transkrypty. W ramach niniejszej 

rozprawy opracowano wBasny potok skBadaj�cy si� z serii programów, które w relatywnie Batwy 

sposób umo}liwiaj� zBo}enie i adnotacj� danych RNA-Seq w systemie Windows, niezale}nie 

od Linux i na niespecjalistycznej, standardowej platformie sprz�towej (PC klasy domowej z 

dost�pem do Internetu). 

Kontrola jako\ci surowych i przyci�tych odczytów zostaBa przeprowadzona przy u}yciu 

FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ [dost�p 13.05.2024]). 

Usuni�cie adapterów i przyci�cie sekwencji o niskiej jako\ci odczytu zostaBo wykonane za 

pomoc� wtyczki BBDuk w platformie oprogramowania Geneious Prime z nast�puj�cymi 
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ustawieniami: trim adapters, default settings; trim partial adapters from ends with kmer length 

11; trim low quality both ends, minimum quality 20; trim adapters based on paired read 

overhangs: minimum overlap 24. Tak przygotowane dane RNA-Seq posBu}yBy dalej jako pliki 

wsadowe dla odpowiedniego asemblera sekwencji genetycznych. Transkryptom zostaB zBo}ony 

przy pomocy asemblera Trinity zintegrowanego w platformie oprogramowania OmicsBox 

(BioBam). Analiza zostaBa uruchomiona z nast�puj�cymi ustawieniami: K-mer Size: 25; Strand 

Specificity: Strand Specific Reverse; Minimum Contig Length: 200; Pairs Distance: 500. 

Uzyskany transkryptom zostaB przetworzony przy u}yciu programu TransDecoder 

(http://transdecoder.github.io [dost�p 13.05.2024]), równie} zintegrowanego w OmicsBox, z 

ustawieniami domy\lnymi w celu wykrycia regionów koduj�cych. Zidentyfikowane w 

programie TransDecoder otwarte ramki odczytu (ORF) zostaBy przetBumaczone dalej na 

sekwencje biaBkowe o dBugo\ci co najmniej 100 aminokwasów. Uzyskany zbiór sekwencji 

biaBkowych wywodz�cy si� z transkryptomu zostaB zadnotowany funkcjonalnie za pomoc� 

narz�dzi zaimplementowanych na serwerze GhostKOALA (Kanehisa i in., 2016) 

(http://www.kegg.jp/ghostkoala/ [dost�p 13.05.2024]), sBu}�cych do automatycznej adnotacji 

funkcjonalnej i klasyfikacji sekwencji z u}yciem bazy danych KEGG (Kyoto Encyclopedia of 

Genes and Genomes). Zadnotowany zestaw danych zostaB nast�pnie poddany dekontaminacji 

poprzez usuni�cie sekwencji zidentyfikowanych na podstawie KEGG jako niepochodz�ce od 

zwierz�t. Sekwencje te zostaBy usuni�te za pomoc� skryptu QIIME filter fasta (Caporaso i in., 

2010), dost�pnego na platformie Galaxy. Z kolei sekwencje, których nie udaBo si� zadnotowa� 

inicjalnie za pomoc� GhostKOALA-KEGG zostaBy wydzielone z pliku fasta i zadnotowane za 

pomoc� serwera do automatycznej adnotacji funkcjonalnej sekwencji biaBkowych PANNZER2 

(Törönen i Holm, 2022) (zob. Figura 9). Bior�c pod uwag�, }e wi�kszo\� enzymów 

trawiennych wyst�puj�cych u zwierz�t to enzymy hydrolityczne [z nielicznymi wyj�tkami, 

takimi jak np. liaza pektynowa (Chen i in., 2021)], uzyskane dane przeszukano pod k�tem 

hydrolaz. Szczególn� uwag� zwrócono na glikozydazy, proteazy oraz lipazy. 

Ustanowiony potok umo}liwiB równie} zBo}enie transkryptomów z publicznie 

dost�pnych, surowych odczytów RNA-Seq dla genetycznie zró}nicowanych szczepów E. 

albidus toleruj�cych zamarzanie (de Boer i in., 2018) (stanowiBy >referencje krzy}owe= dla 

szczepu PL-A) oraz dla innych przedstawicieli pier\cienic.  
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Figura 9. Ogólny schemat potoku opracowanego w celu zBo}enia transkryptomu E. albidus PL-A i jego adnotacji 
funkcjonalnej. 

 

3.9. Analiza filogenetyczna  
Dost�pno\� sekwencji genetycznych w publicznych bazach danych, w tym sekwencji 

koduj�cych enzymy trawienne, jest bardzo ograniczona nie tylko dla wazonkowców czy 

siodeBkowców, ale równie} dla caBego typu Annelida. Zebrane dane, w tym sekwencje 

pochodz�ce z transkryptomów innych przedstawicieli pier\cienic, umo}liwiBy przeprowadzenie 

analiz filogenetycznych wybranych enzymów trawiennych. Na potrzeby tych analiz zBo}ono de 

novo 93 transkryptomy dla innych gatunków pier\cienic ni} E. albidus, w tym dla 6 gatunków 

wazonkowców. Transkryptomy pochodziBy z odczytów RNA-Seq o zró}nicowanej jako\ci i 

gB�boko\ci sekwencjonowania, a tym samym wykazywaBy ro}ny stopieE kompletno\ci. 

Dodatkowo, ze wzgl�du na specyfik� enzymów trawiennych, odczyty musiaBy pochodzi� z 

próbek RNA wyizolowanych z caBych osobników albo przynajmniej z tkanek ukBadu 

pokarmowego. GBównym {ródBem wykorzystanych odczytów byBo repozytorium SRA 

(Sequence Read Archive). 

DojrzaBe sekwencje biaBkowe (bez sekwencji peptydu sygnalnego), w zale}no\ci od 

zestawu danych, zostaBy przyrównane za pomoc� programu MAFFT7 (Katoh i in., 2019) z 
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automatycznym wyborem strategii przyrównania lub za pomoc� programu MUSCLE (Edgar, 

2004). Poprawno\� przyrównania (alignmentu) oceniano wizualnie dla maBych zestawów 

danych (kilkana\cie sekwencji) lub za pomoc� programu GUIDANCE2 (Sela i in., 2015), który 

szacuje rzetelno\� przyrównania poszczególnych aminokwasów, kiedy zestaw danych byB du}y 

(kilkadziesi�t sekwencji). W pojedynczym przypadku (poboczna analiza dywergentnych 

amylaz; Gajda i in., 2024a), gdzie analizowano sekwencje o relatywnie niskim podobieEstwie, 

regiony sporne przyrówniania usuni�to z wykorzystaniem automatycznego filtrowania 

programem BMGE (Block Mapping and Gathering with Entropy) (Criscuolo i Gribaldo, 2010) 

korzystaj�c z serwera NGPhylogeny.fr (Lemoine i in., 2019). We wszystkich przypadkach 

analiza filogenetyczna zostaBa przeprowadzona za pomoc� serwerowej wersji IQ-TREE 

(Trifinopoulos i in., 2016). Program zostaB u}yty do wyboru najlepiej dopasowanego modelu 

substytucji aminokwasów, a nast�pnie do skonstruowania drzewa metod� najwi�kszej 

wiarygodno\ci (ang. maximum likelihood). Wiarygodno\� otrzymanego drzewa szacowano za 

pomoc� UFBoot (ang. ultrafast bootstrap approximation) oraz SH-like aLRT (ang. Shimodaira3

Hasegawa-like approximate likelihood ratio test) w IQ-TREE (Simmons i Norton, 2014; 

Trifinopoulos i in., 2016). Wygenerowane drzewa zostaBy ukorzenione zgodnie z aktualnie 

postulowanymi hipotezami filogenetycznymi dla Annelida i Clitellata (Weigert i in., 2014; 

Struck i in., 2015; Erséus i in., 2020) oraz zwizualizowane za pomoc� narz�dzia iTol (Letunic 

i Bork, 2007). 

 

3.10. PozostaBe analizy bioinformatyczne 
Dane uzyskane z ró}nych {ródeB, w tym zadnotowane dane transkryptomiczne dla E. albidus i 

sekwencje koduj�ce enzymy trawienne, zostaBy przeanalizowane przy u}yciu szeregu narz�dzi 

bioinformatycznych, w zale}no\ci od potrzeb (szczegóBy w Gajda i in., 2024a, b). Poni}ej, w 

Tabeli 4 przedstawiono alfabetyczn� list� tych narz�dzi wraz z krótkim obja\nieniem ich 

zastosowania. 
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Tabela 4. Zestawienie narz�dzi bioinformatycznych zastosowanych w prezentowanej rozprawie. W nawiasach 
kwadratowych podano docelowo wykorzystan� platform� lub baz� danych, w których dane narz�dzie jest 
zintegrowane.   

Nazwa narz�dzia Przeznaczenie 

AlphaFold2/DeepMindv0.2 [Superbio.ai] 
https://www.superbio.ai/ 

Do automatycznego przewidywania struktury biaCek w oparciu o sztuczn� 
inteligencj�. SCu}y do modelowania struktury przestrzennej biaCek na podstawie 
ich sekwencji. 

Augustus [OmicsBox] 
https://www.biobam.com/omicsbox/ 

Do przewidywania genów w sekwencjach genomowych organizmów 
eukariotycznych. 

BLAST (Basic Local Alignment Search Tool) [NCBI] 
https://blast.ncbi.nlm.nih.gov/Blast.cgi 

Do porównywania sekwencji nukleotydów lub biaCek z baz� danych, aby znale{� 
sekwencje o podobnej strukturze lub funkcji. 

BUSCA (Bologna Unified Subcellular Component Annotator) 
https://busca.biocomp.unibo.it/  

Do przewidywania lokalizacji subkomórkowej biaCek na podstawie ich sekwencji. 

BUSCO (Benchmarking Universal Single-Copy Orthologs) [OmicsBox]  
https://www.biobam.com/omicsbox/ 

Do oceny kompletno[ci zestawów genów obecnych w genomach i 
transkryptomach poprzez porównywanie z zestawem genów ortologicznych. 

codeML in PAML 4.9 package [Galaxy Europe] 
https://usegalaxy.eu/ 

Do analizy ewolucji sekwencji genetycznych, które pozwala na modelowanie 
zmian selekcyjnych i ocen� stopnia ewolucyjnej presji na sekwencje. 

Compute pI/MW [ExPASy] 
https://web.expasy.org/compute_pi/ 

Do obliczania punktu izoelektrycznego (pI) i masy molekularnej (MW) biaCek na 
podstawie ich sekwencji aminokwasowych. 

dbCAN3 
https://bcb.unl.edu/dbCAN2/blast.php 

Do identyfikacji genów koduj�cych enzymy zwi�zane z rozkCadem 
w�glowodanów i ich klasyfikacji EC. 

DeepLoc 2.0 
https://services.healthtech.dtu.dk/services/DeepLoc-2.0/ Do przewidywania lokalizacji subkomórkowej biaCek na podstawie ich sekwencji. 

DeepTMHMM 
https://dtu.biolib.com/DeepTMHMM 

Do przewidywania obecno[ci transbConowych helis w biaCkach na podstawie ich 
sekwencji. 

Disulfide by Design 2.0 
http://cptweb.cpt.wayne.edu/DbD2/ 

Do projektowania stabilnych poC�czeE dwusiarczkowych w biaCkach i analizy ich 
parametrów fizykochemicznych. 

ESPript/ENDscript 2.0 
https://endscript.ibcp.fr/ESPript/ENDscript/ Do analizy i wizualizacji struktury biaCek na podstawie ich sekwencji. 

FirstGlance in Jmol 
https://bioinformatics.org/firstglance/fgij/ 

Do wizualizacji struktury przestrzennej biaCek i innych biomolekuC w przegl�darce 
internetowej. 

GeneFisher2 
https://bibiserv.cebitec.uni-bielefeld.de/genefisher2 

Do projektowania zdegenerowanych starterów PCR na podstawie sekwencji 
konsensusowej DNA. 

InterProScan 
https://www.ebi.ac.uk/interpro/search/sequence/ 

Do identyfikacji domen biaCkowych, motywów i innych cech funkcjonalnych w 
sekwencjach biaCkowych. 

Jalview 
https://www.jalview.org/ 

Do analizy i wizualizacji sekwencji biologicznych, w tym biaCek i kwasów 
nukleinowych. 

KofamKOALA 
https://www.genome.jp/tools/kofamkoala/ 

Do przypisywania funkcji metabolicznych biaCkom na podstawie podobieEstwa 
sekwencji do biaCek w bazie KEGG Orthology. 

MEGA7 
https://www.megasoftware.net/home 

Do analizy sekwencji DNA i biaCek, w tym budowy drzew filogenetycznych, 
kalkulacji dystansów genetycznych oraz tworzenia przyrównaE sekwencji. 

NetGPI 1.1 
https://services.healthtech.dtu.dk/services/NetGPI-1.1/ Do przewidywania obecno[ci kotwic lipidowych (GPI) w sekwencjach biaCek. 

OligoAnalyzer [IDT] 
https://www.idtdna.com/pages/tools/oligoanalyzer Do analizy i projektowania oligonukleotydów oraz analizy ich parametrów. 

PANTHER Sequence Search [PANTHER 18.0] 
https://www.pantherdb.org/tools/sequenceSearchForm.jsp 

Do porównywania sekwencji biaCek z baz� danych PANTHER w celu przypisania 
funkcji biologicznych. 

Sequence Manipulation Suite: Version 2 
https://www.bioinformatics.org/sms2/ Do manipulacji i analizy sekwencji nukleotydowych i biaCkowych. 

SignalP 6.0 
https://services.healthtech.dtu.dk/services/SignalP-6.0/ Do przewidywania peptydów sygnalnych w sekwencjach biaCkowych. 

SMART (a Simple Modular Architecture Research Tool) 
http://smart.embl-heidelberg.de/ Do identyfikacji i analizy domen biaCkowych oraz ich struktury modularnej. 

SWISS-MODEL 
https://swissmodel.expasy.org/ 

Do modelowania struktury przestrzennej biaCek na podstawie homologii z 
dost�pnymi matrycami. 

Translate Tool [ExPASy] 
https://web.expasy.org/translate/ Do tCumaczenia sekwencji nukleotydowych na sekwencje aminokwasowe. 

UCSF ChimeraX 
https://www.cgl.ucsf.edu/chimerax/ 

Do wizualizacji i analizy struktury biaCek i innych biomolekuC w przestrzeni 
trójwymiarowej. 
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4. Omówienie wyników i wniosków 

Niniejsza rozprawa doktorska oparta jest na 3 opublikowanych pracach: pracy przegl�dowej 

po\wi�conej preferencjom pokarmowy wazonkowców (Gajda i in., 2017) oraz dwóch pracach 

oryginalnych, w których analizowano odpowiednio, najpierw szczegóBowo ³-amylazy (Gajda i 

in., 2024a), a nast�pnie caBy profil enzymatyczny ujawniony przez dane transkryptomiczne 

(Gajda i in., 2024b). Warto zaznaczy�, }e w pracy przegl�dowej przeprowadzono oprócz 

szerokiej syntezy i analizy literatury, równie} dwa proste eksperymenty obserwacyjno-

behawioralne z E. albidus. W pierwszym obserwowano sposób oddziaBywania grupy 

gBodzonych osobników wazonkowca biaBego na eksplantat (tj. wyci�ty fragment) pleszanki 

(Pellia sp.) na pBytce agarowej. W drugim obserwowano rozkBad suszonego li\cia bzu czarnego 

(Sambucus nigra) podczas obecno\ci i nieobecno\ci wazonkowca. W opublikowanej pracy 
przegl�dowej wysuni�to szereg wniosków wst�pnych:  

1) Wazonkowce wykazuj� zró}nicowane strategie od}ywiania. W zale}no\ci od gatunku, 

wazonkowce mo}na zaklasyfikowa� jako saprofagi pierwszorz�dowe lub saprofagi 

drugorz�dowe. Przedstawiciele rodzaju Enchytraeus, w tym E. albidus, zostali wst�pnie 

zaklasyfikowani do saprofagów drugorz�dowych. 

2) Wazonkowce nie s� paso}ytami ro\lin, ale cz�sto bB�dnie uwa}a si�, }e uszkadzaj� 

ro\liny wy}sze. Przeprowadzony eksperyment dotycz�cy kohabitacji gBodzonych 

wazonkowców z eksplantatem pleszanki wykazaB, }e zwierz�ta nie wpByn�By 

negatywnie na kondycj� ro\liny (doszBo do regeneracji plechy). 

3) Wazonkowce maj� albo niewielkie zdolno\ci celulolityczne, albo nie produkuj� celulaz 

wcale, a opisywana aktywno\� celulolityczna mo}e by� przypisana mikroorganizmom, 

gdy} nie badano pochodzenia wykrytych enzymów. Przeprowadzony eksperyment z 

li\ciem bzu czarnego i E. albidus, który stanowiB niejako powtórzenie eksperymentu 

Reicherta i innych (1996) z gatunkiem pokrewnym (Enchytraeus coronatus) ujawniB, 

}e nie mo}na wykluczy� udziaBu mikroorganizmów w obserwowanym procesie 

dekompozycji materiaBu ro\linnego. Li\� na pBytce kontrolnej (bez zwierz�t) na której 

obserwowano wzrost mikroorganizmów, ulegB podobnie jak na szalce ze zwierz�tami 

wyra{nej maceracji (zmi�kczeniu), aczkolwiek jego integralno\� na pBytce kontrolnej 

zostaBa zachowana w okresie prowadzenia obserwacji. 

4) Przypuszczalnie, hydrolazy mureiny mog� by� enzymami uczestnicz�cymi w procesie 

trawienia bakterii w jelicie wazonkowców. Doniesienie na temat aktywno\ci ³-N-

acetyloglukozaminidazy (³-NAGaza) w nabBonku jelitowym wazonkowca Lumbricillus 
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lineatus (Gelder, 1984) sugerowaBo potencjaln� rol� ³-NAGazy w rozkBadzie \cian 

komórkowych bakterii w przewodzie pokarmowym wazonkowców, jednak}e hipoteza 

ta wymaga weryfikacji. 

5) Wymagane s� dalsze badania nad ekologi� troficzn� poszczególnych gatunków 

wazonkowców, a pomocne przy tym mog� by� techniki biologii molekularnej, w tym 

RT-PCR. Technika ta wydaje si� by� szczególnie interesuj�ca, gdy} potencjalnie 

umo}liwia ona detekcj� i analiz� endogennej ekspresji genów enzymów trawiennych, 

w tym celulaz. 

 Na podstawie pierwszego etapu prac badawczych zwieEczonych publikacj� wy}ej 

wspomnianej pracy przegl�dowej (Gajda i in., 2017), zostaBy sformuBowane hipotezy 

badawcze. W drugim etapie prac badawczych skoncentrowano wysiBki na amplifikacji CDS 

wybranych genów enzymów trawiennych metod� RT-PCR z zastosowaniem podej\cia >gene 

fishing=, czyli za pomoc� tzw. Bowienia genów przy u}yciu wysoce zdegenerowanych 

starterów. Znikoma dost�pno\� sekwencji genetycznych dla enzymów trawiennych pier\cienic 

w publicznych bazach danych utrudniaBa zaprojektowanie skutecznych starterów. Analiza za 

pomoc� klasycznych technik biologii molekularnej okazaBa si� wymagaj�cym zadaniem  

i zakoEczyBa si� tylko cz�\ciowym sukcesem. W rezultacie udaBo si� powieli�  

i scharakteryzowa� peBn� sekwencj� koduj�c� ³-amylazy I. ZaistniaBe trudno\ci skBoniBy do 

poszukiwania bardziej wydajnych metod umo}liwiaj�cych uzyskanie intersuj�cych danych o 

ekspresji genów bez wcze\niejszej znajomo\ci bliskich sekwencji homologicznych b�d{ 

posiadania danych genomowych dla badanego gatunku. W zwi�zku z tym podj�to prób� 

wdro}enia w projekcie badawczym techniki RNA-Seq (tj. trzeci etap badawczy) opartej na 

sekwencjonowaniu nowej generacji. RNA-Seq umo}liwia identyfikacj� i analiz� ekspresji 

genów na szerok� skal�, bez posiadania wiedzy a priori na temat ich sekwencji.  

Uzyskanie danych RNA-Seq dla E. albidus oraz przysposobienie potoku do zBo}enia 

transkryptomów metod� de novo i adnotacji funkcjonalnej pozwoliBo na przeprowadzenie 

szeroko zakrojonych analiz porównawczych i filogenetycznych dla wybranych enzymów 

trawiennych. Ponadto, rozszerzono wyniki drugiego etapu badaE o dane pochodz�ce z analizy 

transkryptomów wielu ró}nych gatunków pier\cienic, w tym równie} transkryptomów innych 

szczepów E. albidus (szczepy G i N toleruj�ce zamarzanie, de Boer i in., 2018), dost�pnych w 

publicznym repozytorium danych sekwencjonowania wysokoprzepustowego (SRA, Sequence 

Read Archive). Dzi�ki zebranym licznym sekwencjom ³-amylaz w pierwszej pracy oryginalnej 

(Gajda i in., 2024a) zaproponowano wskazówki dotycz�ce ewolucyjnej i adaptacyjnej historii 
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tego wa}nego enzymu trawiennego w typie Annelida. Na podstawie wykonanych analiz 
wysuni�to szereg wniosków: 

1) Ujawniono ekspresj� drugiego, paralogicznego genu koduj�cego ³-amylaz� u E. 

albidus. Gatunek ten posiada zatem dwa geny ³-amylaz (Amy I i Amy II), które s� 

homologiczne do genów ³-amylaz d}d}ownicy Eisenia fetida (Ef-Amy I i Ef-Amy 

II). Tworz� one grup� ortologiczn� (tj. zestaw ortologów i paralogów posiadaj�cych 

ostatniego wspólnego przodka; Heller i in., 2019) u Annelida, wyró}nion� jako 

amylaza typu Enchytraeus-Eisenia. 

2) Geny Amy wydaj� si� by� jedynym wyst�puj�cym typem ³-amylaz u 

przedstawicieli Enchytraeus, w przeciwieEstwie do wazonkowców z rodzaju 

Mesenchytraeus, które posiadaj� równie} ³-amylazy innego typu (typ Lingula-

Platynereis). 

3) Amy I wydaje si� by� genem wysoce polimorficznym i wielokopijnym, w 

przeciwieEstwie do Amy II. Ró}ne szczepy E. albidus posiadaj� unikalne allele 

amylaz z charakterystycznymi dla danego szczepu SNPs. 

4) Architektura domen biaBkowych Amy I/Amy II jest zgodna z typowym schematem 

>ABC= budowy innych ³-amylaz zwierz�t. 

5) Amy II nie posiada motywu aminokwasowego Gly-His-Gly-Ala (GHGA) w 

regionie zwanym p�tl� elastyczn�, podobnie jak niektóre ³-amylazy owadów. 

Amylazy pozbawione tego motywu cz�sto wykazuj� dodatkow� aktywno\� 4-³-

glukanotrasferazy (EC 2.4.1.25). Adaptacyjne znaczenie Amy II u pier\cienic mo}e 

by� zwi�zane ze skutecznym wykorzystaniem skrobi i podobnych polisacharydów 

z szerszego zakresu {ródeB pokarmu. 

6) Ostatni wspólny przodek siodeBkowców posiadaB amylazy typu Amy I i Amy II. 

WedBug zaproponowanej hipotezy, delecja motywu GHGA w p�tli elastycznej byBa 

zwi�zana z tranzycj� pier\cienic ze \rodowiska morskiego do sBodkowodnego i 

l�dowego.  

7) Utrata motywu GHGA w ³-amylazie Amy jest cech� pierwotn� dla Clitellata, cho� 

modyfikacje lub nawet niezale}ne delecje w regionie p�tli elastycznej miaBy miejsce 

równie} u niektórych przedstawicieli odlegBych ewolucyjnie linii wieloszczetów 

osiadBych (Sedentaria) [obja\nienie ad marginem: siodeBkowce (Clitellata), a wi�c 

sk�poszczety (Oligochaeta) z pijawkami (Hirudinea), tworz� takson zagnie}d}ony 

w obr�bie wieloszczetów osiadBych (Sedentaria)]. 
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8) Homologi ³-amylazy typu Enchytraeus-Eisenia zostaBy zidentyfikowane w 

gBównych grupach Annelida: bazalnych liniach rozwojowych pier\cienic (ang. basal 

branching annelids), Errantia, Sedentaria i Oligochaeta, co wskazuje na ancestralne 

pochodzenie Amy w obr�bie typu. 

9) Wywnioskowany przebieg filogenezy oparty na sekwencjach biaBkowych genów 

Amy odbiegaB istotnie w kilku kwestiach od ogólnie akceptowanych hipotez 

filogenetycznych pier\cienic; jednak}e wykazaB zaskakuj�c� zgodno\� z wynikami 

niedawnych du}ych analiz filotranskryptomicznych (Erséus i in., 2020) i 

filogenomicznych (Martín-Durán i in., 2020) w odniesieniu do pozycji i relacji kilku 

wysoce problematycznych taksonów (Dimorphilus, Hrabeiella i Aeolosoma).  

Analizuj�c powy}sze, nale}y zwróci� uwag� na adaptacyjne znaczenie obecno\ci u zwierz�t 

zró}nicowanych kopii genów tych samych enzymów trawiennych, takich jak np. amylazy Amy 

I i Amy II u E. albidus. Enzymy katalizuj�ce ten sam typ reakcji (i posiadaj�ce ten sam numer 

w klasyfikacji EC) mog� wykazywa� zró}nicowan� specyficzno\� substratow�. Mog� wi�c 

ró}ni� si� w aktywno\ci wzgl�dem ró}nych frakcji danego polisacharydu, czy te} wzgl�dem 

aktywno\ci na substraty o ró}nym pochodzeniu (i wynikaj�cej z tego nieco odmiennej 

strukturze, np. ró}ne typy skrobi, takie jak skrobia ziemniaczana i ry}owa) (Tsukamoto i in., 

2021). Konkluduj�c, rozwa}any powy}ej aspekt adaptacyjny dotycz�cy tej samej grupy 

enzymów o subtelnie zró}nicowanych wBa\ciwo\ciach biochemicznych mo}e stanowi� jeden z 

mechanizmów ksztaBtuj�cy bioró}norodno\� w glebowej sieci troficznej zgodnie z hipotez� 

Andersona (1975) o nieodkrytych ró}nicach w wykorzystaniu zasobów pokarmowych.  

Aby okre\li� pozycj� troficzn� Enchytraeidae w glebowej sieci troficznej, niezb�dna 

jest szczegóBowa wiedza na temat preferencji pokarmowych poszczególnych gatunków 

wazonkowców. Zdecydowana wi�kszo\� wazonkowców [z wyj�tkiem dwóch gatunków 

(Coates, 1990)] nie wykazuje istotnych ró}nic morfologicznych, ani te} w budowie ukBadu 

pokarmowego, które mogByby wskazywa� na odmienne preferencje troficzne. Ró}nice w 

preferencjach pokarmowych mo}na jednak wyja\ni� zró}nicowan� aktywno\ci� enzymatyczn� 

w\ród ró}nych gatunków wazonkowców. W drugiej opublikowanej pracy oryginalnej (Gajda i 

in., 2024b) wchodz�cej w skBad niniejszej rozprawy, autor analizowaB profil enzymatyczny E. 

albidus ujawniony przez dane transkryptomiczne dla szczepu PL-A. Analiza zostaBa wsparta, 

w celach porównawczych, danymi ze szczepów G i N toleruj�cych zamarzanie oraz danymi z 

innych siodeBkowców, w tym innych gatunków wazonkowców. W oparciu o przeprowadzane 
badania wysuni�to nast�puj�ce wnioski: 

33:8075730868



34 
 

1) Na podstawie danych RNA-Seq dla E. albidus udaBo si� zidentyfikowa� co najmniej 

30 glikozydaz, 4 proteazy serynowe, 10 karboksypeptydaz A/B, 3 aminopeptydazy 

N, 4 lipazy i 1 fosfolipaz� A2.  

2) W\ród zadnotowanych genów ulegaj�cych ekspresji u E. albidus zidentyfikowano 

enzymy celulolityczne (endo-³-1,4-glukanazy; EC 3.2.1.4) oraz enzymy 

zaanga}owane w trawienie mikroorganizmów (Ealb-iLys, trawienny lizozym typu 

i; EC 3.2.1.17 oraz dwie chitynazy, EC 3.2.1.14). Enchytraeus albidus B�czy cechy 

zarówno saprofagów pierwszorz�dowych, jak i saprofagów drugorz�dowych. W 

kontek\cie pozycji troficznej gatunek ten zostaB wi�c okre\lony jako saprofag typu 

po\redniego (saprofag po\redni). 

3) Na podstawie analiz filogenetycznych i bioinformatycznych ustalono, }e endo-³-

1,4-glukanazy wyst�puj�ce u E. albidus (Ealb-Eg I i Ealb-Eg II) s� homologami 

kilku wcze\niej opisanych celulaz pochodz�cych z d}d}ownic Eisenia fetida, 

Eisenia andrei i Metaphire hilgendorfi. Te celulazy nale}� do rodziny hydrolaz 

glikozydowych GH9. Analiza danych transkryptomicznych wykazaBa ekspresj� 

homologicznych genów celulaz u kilkunastu innych gatunków sk�poszczetów, 

gBównie d}d}ownic i wazonkowców. Ponadto, homologiczna celulaza GH9 zostaBa 

zidentyfikowana u enigmatycznego gatunku glebowego wieloszczeta, Hrabeiella 

periglandulata. 

4) Na podstawie analiz bioinformatycznych, w tym dzi�ki modelowaniu struktury 

przestrzennej, ustalono, }e u E. albidus multifunkcjonalny lizozym typu i (Ealb-

iLys) nale}�cy do rodziny hydrolaz glikozydowych GH22i posiada domen� typu 

destabilaza-lizozym, charakteryzuj�c� si� podwójn� aktywno\ci�: lizozymu 

(muramidazy, EC 3.2.1.17) oraz destabilazy (izopeptydazy endo-¸-(´-Glu)-Lys, EC 

3.5.1.44), co potwierdzaj� przeprowadzone analizy strukturalne in silico. Ponadto 

Ealb-iLys zawiera dodatkowo domen� SH3b (ang. bacterial Src Homology domain 

3 homologue), która odpowiada prawdopodobnie za rozpoznanie peptydoglikanu i 

wi�zanie si� enzymu ze \cian� komórkow� bakterii. Hipoteza ta wymaga jednak 

dalszej weryfikacji eksperymentalnej, poniewa} tego typu destabilaza-lizozym z 

domen� SH3b byBa opisywana jedynie sporadycznie i to w ograniczonym zakresie. 

Jak dot�d, wysoce podobny i homologiczny enzym Ea-iLys u Annelida zostaB 

opisany cz�\ciowo (oryginalni autorzy nie zidentyfikowali domeny SH3b) u 

jednego gatunku d}d}ownicy (tj. Eisenia andrei) (Yu i in., 2019). Gen koduj�cy Ea-

iLys charakteryzowaB si� ekspresj� w obr�bie ukBadu pokarmowego, co sugeruje 
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udziaB tego typu lizozymów (liozyzmy typu Enchytraeus3Eisenia) w troficznej lizie 

bakterii.  

5) Homologi destabilazy-lizozymu typu Enchytraeus3Eisenia z domen� SH3b zostaBy 

zidentyfikowane równie} w danych transkryptomicznych innych sk�poszczetów. 

Ekspresja bliskich ortologów lizozymu typu Enchytraeus3Eisenia z domen� SH3b 

mo}e by� potencjalnym molekularnym markerem bakterio}erno\ci u Clitellata. 

6) Endo-³-NAGaza jest wewn�trzkomórkowym enzymem zlokalizowanym w 

cytoplazmie, który nie ulega sekrecji do \wiatBa ukBadu pokarmowego. Nie jest wi�c 

enzymem trawiennym zaanga}owanym w liz� troficzn� bakterii u E. albidus. 

 

Jak zademonstrowano w niniejszej rozprawie, metody molekularne, zwBaszcza RNA-Seq, w 

poB�czeniu z szerokim wachlarzem metod bioinformatycznych, mog� by� wysoce przydatne w 

badaniach pozycji troficznej zwierz�t niemodelowych. Sekwencjonowanie RNA o 

odpowiedniej gB�boko\ci, nawet dla pojedynczej próbki, aczkolwiek \ci\le zdefiniowanej pod 

wzgl�dem taksonomicznym, mo}e by� pot�}nym narz�dziem, dostarczaj�cym istotnych 

informacji o ekspresji kluczowych enzymów w kontek\cie ekologii troficznej. Co zaskakuj�ce, 

potencjaB RNA-Seq nie jest praktycznie wykorzystywany przez ekologów badaj�cych sieci 

pokarmowe do ustalania pozycji troficznej zwierz�t glebowych. 

Do czasu opublikowania drugiej pracy oryginalnej (Gajda i in., 2024b), pozycja 

troficzna wazonkowców badana metod� stabilnych izotopów 13C i 15N pozostawaBa bez 

wypracowanego konsensusu. Na podstawie eksperymentów ze stabilnymi izotopami, Scheu i 

Falca (2000) oraz Schmidt i in. (2004) zaklasyfikowali wazonkowce jako saprofagi 

drugorz�dowe, podczas gdy Crotty i in. (2011) jako pierwszorz�dowe. Dopiero niedawno 

wydana praca Korobushkina i wspóBpracowników (2024), w której przeanalizowano 16 

gatunków wazonkowców za pomoc� metody stabilnych izotopów, okazaBa si� niejako 

przeBomowa w tej kwestii. Praca ta zostaBa opublikowana w czasie, gdy druga praca oryginalna 

dotycz�ca niniejszej rozprawy wróciBa z pierwszej rundy recenzji. Szcz�\liwy zbieg 

okoliczno\ci sprawiB, }e mo}liwe byBo odniesienie si� bezpo\rednio do wyników pracy 

Korobushkina i wspóBpracowników (2024) w manuskrypcie na etapie rewizji. 

Korobushkin i wspóBpracownicy (2024) zaklasyfikowali E. albidus wraz z innymi 

wazonkowcami epigeicznymi do saprofagów pierwszorz�dowych, jednak}e uzyskane warto\ci 

�15N sugerowaBy równie} trawienie mikroorganizmów. W zwi�zku z tym wspomniany zespóB 

wyraziB opini�, }e klasyfikacja indywidualnych gatunków wazonkowców powinna 
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inkorporowa� dodatkowe metody umo}liwiaj�ce wieloparametrow� ocen� pozycji troficznej, 

zamiast bazowa� wyB�cznie na sygnaturach stabilnych izotopów. Wyniki dotycz�ce E. albidus 

przedstawione przez Korobushkina i wspóBpracowników (2024) okazaBy si� zgodne z 

wnioskiem prezentowanym w niniejszej rozprawie tj. wnioskiem o pozycji po\redniej 

badanego gatunku pomi�dzy pierwszorz�dowymi i drugorz�dowymi saprofagami (Gajda i in., 

2024b). PrzykBad ten pokazuje, }e metody molekularne, zwBaszcza RNA-Seq, mog� doskonale 

uzupeBnia� badania oparte na analizie stabilnych izotopów. 
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A B S T R A C T

The aim of this review is to evaluate the food sources for enchytraeids and to contribute to the current
knowledge of their feeding preferences. Several food sources have been described in detail: (1) plant material,
(2) macroalgae, (3) animal remains, (4) feces of invertebrates, (5) bacteria, (6) fungi, (7) microalgae, (8) ne-
matodes, and (9) locust eggs. The present article considers selective ingestion, digestion, and factors affecting
enchytraeid food selection. We also provide basic information on enzymatic activity, particularly cellulolytic
capability. Recent ûndings on Cognettia sphagnetorum, which have shown that several cryptic species were
hidden under this single species name, shed new light on the somewhat inconsistent data presented in the
literature over a long time. Apart from that, the recurrent issue of enchytraeids as plant pests is re-discussed here.
This unsupported assumption is still the subject of general agricultural textbooks and requires further clar-
iûcation. Contrary to old hypotheses, potworms are not plant parasites, and they have little or no cellulolytic
capability. Enchytraeids can be divided into two groups: (1) primary decomposers and (2) secondary decom-
posers/sapro-microphytophages. There is also some evidence, albeit weak, that some species prey on nematodes.
So far, the trophic preferences of only a few enchytraeid species have been studied in detail, but it is evident that
several feeding strategies exist within the family. These studies include direct observation of feeding behavior,
gut content analyses, enzymatic analyses, cultivation on different nutrient sources, choice tests, various types of
soil microcosms, litter bags, and isotopic techniques. Molecular methods have been used only occasionally,
although they could largely support further necessary research on potworm feeding ecology.

1. Introduction

Enchytraeids, which are also known as potworms, are a widely
distributed group of small- to medium-sized earthworm-like animals
(Annelida: Clitellata) (Erséus et al., 2010). Their distribution ranges
from the tropics to the polar regions (Didden, 1993). The family En-
chytraeidae includes almost 700 species, most of which are terrestrial
(Erséus et al., 2010). Enchytraeids occupy a variety of microhabitats,
such as soil, compost, mosses, decayed wood, intertidal sands along the
seashores, and ûne sediments in the deep sea (Boros, 2010; Erséus et al.,
2010). They can also be found in snow environments (Shain et al.,
2001; Torii, 2015). The extremely specialized ice wormsMesenchytraeus

solifugus and Sinenchytraeus glacialis are the only known annelids that
spend their entire life cycle in the glacier ice and snow (Hartzell and
Shain, 2009). However, in general, enchytraeids prefer sites rich in
organic matter (Wolters, 1988). Their abundance in some soil habitats
can be high, reaching more than 300 000 individuals per square meter
in samples (Bardgett and van der Putten, 2014), which implies that they
play an important role in soil processes (Didden, 1993; Briones et al.,

1998). Despite this, detailed and reliable studies about the food pre-
ferences of these animals, especially for the aquatic species, are scarce.
So far, there are only a few reviews containing some sections dedicated
to the food preferences of Enchytraeidae. Stephenson (1930) discussing
the trophic biology of annelids, evaluated the reports of enchytraeids as
plant parasites. O'Connor (1967) summarized the feeding habits of the
enchytraeids, but many more studies have been performed since then.
Giere and Pfannkuche (1982) compiled the scattered data on the
biology and ecology of marine clitellates and very brieüy discussed the
trophic spectrum of selected groups, including potworms. However,
due to the lack of records, marine and brackish-water species were only
marginally characterized. Dash (1983), in his “Biology of En-
chytraeidae”, brieüy recounted what was known about feeding ecology,
but his scope was too broad to include many details on trophic biology.
Didden (1993) wrote a comprehensive review on the ecology of ter-
restrial Enchytraeidae. He summarized the results of several authors
and discussed feeding, conclusively pointing to microorganisms as an
important part of enchytraeid diet. However, he did not discuss the
nutritional contribution of animal remains, nematodes, or macroalgae,
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and investigators still lack in-depth insight into the fundamental traits
of enchytraeids. Over the past 20 years, the development of new
techniques and tools and the conduction of further studies allowed a
better understanding of this issue. However, much of the relevant in-
formation is still scattered in the literature, including rather old and
hard-to-reach papers. Some of the observations from more than 50
years ago remain questionable and a part of the information appears to
be contradictory, possibly because of the existence of previously un-
recognized species complexes within Enchytraeidae. For example,
Cognettia sphagnetorum was a widely used model organism in soil
biology until a recent molecular study revealed that, in fact, C. sphag-
netorum includes at least ûve cryptic species (Martinsson and Erséus,
2014). Also, a nomenclatorial problem (rules of priority) regarding the
genus Cognettia has been noticed by Schmelz and Collado (2010). After
taxonomic revision, Cognettia sphagnetorum has been transferred to the
Chamaedrilus sphagnetorum complex (Martinsson et al., 2015). How-
ever, the authors of the present article use the old binomial name due to
the impossibility to verify the species used in the cited papers.

Enchytraeids are considered to be mainly saprophagous
(Schlaghamerský and Krawczynski, 2015) or, more rarely, micro-
phytophagous (i.e. microbivorous) (Didden, 1993). Enchytraeids cannot
separate the nutritious components from the soil matrix, therefore, they
ingest food along with mineral particles (O’Connor, 1967; Gelder, 1984;
Reichert et al., 1996; Haimi and Siira-Pietikäinen, 2003) (Fig. 1). It is
widely held that potworms digest a mixture of partially decomposed plant
residues (Dash, 1983) and therefore play an important role in the turnover
of soil nutrients (Maraldo et al., 2011). However, this issue is more com-
plex than it seems because different representatives of Enchytraeidae have
different food requirements (Dash, 1983). Some species prefer fungi in
their diet (Hedlund and Augustsson, 1995) and others feed on bacteria
(Krištůfek et al., 1995). The determination of the trophic position of en-
chytraeid species is problematic (Briones and Ineson, 2002) and without
knowing the relative contributions of each food type to enchytraeid diet,
we will not be able to deûne the correct trophic position of this group.

This paper reviews the current state of knowledge of enchytraeid
feeding preferences in the context of potential food sources. Because
much of the relevant information is scattered throughout the literature
and diýcult to obtain, we included a large number of details, some-
times even in an extensive manner. To address the important question
of potworm classiûcation within the decomposer system (i.e., primary
or secondary decomposers), we divided the discussed food sources into
two groups: dead organic matter and live material. We believe that this
will help to systematize the knowledge; however, a clear-cut distinction
between these two groups was sometimes impossible and solely based
on literature indications.

2. Dead organic matter

2.1. Plant material - feeding selectivity in relation to plant remains

Enchytraeids are an invertebrate group which plays a prominent
role in the decomposition of plant material (Ponge, 1991). In several
cases, gut content analysis of Enchytraeidae revealed the presence of
dead plant matter in various stages of decay (O’Connor, 1967; Dash and
Cragg, 1972; Anderson, 1975; Springett and Latter, 1977; Standen and
Latter, 1977; Standen, 1978; Latter and Howson, 1978; Toutain et al.,
1982; Ponge, 1991, 2010; Haimi and Siira-Pietikäinen, 2003; Vaçulik
et al., 2004). Several studies have assessed the feeding behavior of
enchytraeids on leaf litter (Dózsa-Farkas, 1976, 1978b, 1982; Standen
and Latter, 1977; Toutain et al., 1982). Based on these results, pot-
worms prefer older leaves over freshly fallen leaves (Dózsa-Farkas,
1978b; Standen and Latter, 1977; Ponge, 1991). Some types of leaves
can be suitable for Enchytraeidae shortly after falling, while others
must pass the winter to become an adequate food source (Dózsa-Farkas,
1976, 1978b). Different species of Enchytraeidae may have different
preferences regarding the origin of leaves (Dózsa-Farkas, 1976, 1982).
Interestingly, these differences can affect not only specimens belonging
to distinct genera (e.g. Henlea, Fridericia) (Dózsa-Farkas, 1976), but also
different species within the same genus (e.g. Fridericia galba, F. ratzeli)
living in the same environment (Dózsa-Farkas, 1982). An important
question, that remains to be addressed, is precisely what factors makes
a leaf attractive for Enchytraeidae (Dózsa-Farkas, 1976). Is it the leaf
itself or the microorganisms that colonize its surface? Standen and
Latter (1977) suggested that the initial attack by microorganisms is an
essential part in the conditioning of some plant material as food for
enchytraeids. In a feeding experiment, Rubus leaves had to be colonized
by the fungus Marasmius before they were favored (Standen and Latter,
1977). Ponge (1991, 2010) found that Cognettia spp. ignored dead but
uncolonized moss leaves in the L2 layer, but leaves in the F1 layer co-
lonized by fungi were consumed. As the litter ages, enchytraeids ingest
an increasing proportion of leaf material (Anderson, 1975), which
could be related to physicochemical changes in the decomposing leaf or
the presence of attractive microorganisms. Standen and Latter (1977)
found that C. sphagnetorum individuals were absent on the surface of
fresh litter (with the exception of a high number on the upper layers of
some Sphagnum samples) and present in higher numbers at lower
depths as well as in the later stages of decomposing Rubus, Eriophorum,
and Calluna. They were absent on six-month-old litter but appeared and
increased in numbers between two and four years in Rubus, two to ûve
years in Eriophorum, and three to ûve years in Calluna. According to
Standen and Latter (1977), the absence of enchytraeid worms on the

Fig. 1. Enchytraeus albidus (live specimen). Light micrograph

of the middle part of the body. Most of the space within the

body cavity is occupied by the gut (G). Soil particles (ar-

rowheads) and plant residue (P) are visible in its lumen. BW

− body wall.
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surface of examined samples was presumably due to physical char-
acteristics of the litter and low moisture content, because individuals
grew on these types of litter in the feeding tests when the food was
chopped and kept moist. Potworms prefer soft, moist plant material
with a high nitrogen content, a relatively low ratio of carbon to ni-
trogen, as well as lower concentrations of humic acids, tannins, and
lignins (Dózsa-Farkas, 1976; Latter and Howson, 1978; Cochran et al.,
1994). Toutain et al. (1982) demonstrated that Fridericia striata feeding
on the fallen aspen leaves avoided the veins (which contained fewer
microbes, although this may have been related to the hardness of the
material) and ingested only pieces of the epidermis and parenchyma.
Leaves of Sambucus nigra, which have an extremely rapid decomposi-
tion rate (Atkinson and Atkinson, 2002), were preferred by Fridericia

hegemon (Dózsa-Farkas, 1976). In a similar study by Reichert et al.
(1996), Enchytraeus coronatus used air-dried leaves of S. nigra collected
in late summer. The authors observed that small pieces (1 cm2) of these
leaves showed signs of damage to the margins within ûve days. After
seven days, only the remains of the veins were visible and after nine
days, the tissue had been almost completely consumed by the en-
chytraeids. Residues of undigested S. nigra leaf material have rarely
been found in the gut and those that could be traced were partially or
almost completely digested. Reichert et al. (1996) suggested that before
it was ingested by E. coronatus, leaf tissue was externally partially di-
gested. For these reasons, the above mentioned authors postulated
signiûcant cellulolytic activity of E. coronatus. However, there are ser-
ious disagreements to this interpretation (Gajda and Gorgoń, un-
published data, see Fig. 2). For example, Kühnelt (1961) claimed that
enchytraeids attack plant remains by releasing a strongly alkaline se-
cretion from the salivary glands (septal glands?). As most of the cellu-
lases originating from animals have optimal activity at acid to neutral
pH values (Sami et al., 2011; Rahman et al., 2014), based on the ob-
servation of Kühnelt (1961) and the assumption of preoral digestion,
the cellulolytic activity of the secretion in an experiment performed by
Reichert et al. (1996) could be disputed. Ultrastructural studies on
Fridericia striata (Toutain et al., 1982) showed that ingested aspen leaf
litter material had not changed markedly during passage through the
gut, apart from some changes in the microûbrillar arrangement in cell
walls that were initiated before the ingestion by the activity of soil
microorganisms. Bacteria and fungi present on the surface of ingested
material were digested. Similarly, Ponge (1991) did not observe any
signiûcant change in the appearance of plant cell walls, although the
crushing of ingested material was pronounced in Cognettia sphagne-

torum. Latter and Howson (1978), observed that C. sphagnetorum

thrived on leaf litter (Rubus, Eriophorum, or Calluna). The plant tissues
were consumed and ûnely comminuted, but in contrast to the ob-
servations by Ponge (1991), the cells appeared crushed and sponge-like
in the feces. It has been demonstrated that large enchytraeid species can
shred fallen leaves (Dózsa-Farkas, 1976, 1978a, 1978b, 1982;
Zimmermann, 1976; Mellin, 1990). Microscopic observation by Mellin
(1990) revealed that Mesenchytraeus glandulosus was able to break
leaves into pieces through actions of the prostomium, the peristomium,
and the pharynx as well as the corresponding muscles; similar behavior
was found for Enchytraeus albidus (Zimmermann, 1976) (Fig. 3). It
seems that mechanical properties of the plant material can determine
its nutritive value and palatability for Enchytraeidae. Brockmeyer et al.
(1990) reported that Enchytraeus christenseni (syn. Enchytraeus minutus)
and Enchytraeus cf. globuliferus assimilated nutrients to a small degree
from fresh spinach after cells were burst through freezing and thawing.
Therefore, physical processes such as freezing or drying can affect the
cell wall integrity of plant material and have indirect impacts on nu-
trient uptake. On the other hand, Lindfeld et al. (2011) could not keep
E. albidus on ûnely ground senescent wheat leaves without 33% sup-
plementation of the oat üake powder, an easily assimilable source of
food. Also, Puppe et al. (2012) recorded the reduction of the initial
density of enchytraeids fed with air-dried ground barley straw in all
treatments at the end of the experiment. Thus, both the mechanical

properties, and the origin of plant-derived food are important factors in
enchytraeid feeding; a fact that should be considered in feeding studies.

Enchytraeids are selective in the consumption of plant remains and
their preferences can vary among species (Dózsa-Farkas, 1976, 1978b,
1982; Standen and Latter, 1977; Standen, 1978; Latter and Howson,
1978). However, under natural conditions enchytraeids appear to be
supposedly non-discriminatory feeders (see Ponge, 1991), because they
ingest a wide variety of food. The attractiveness of dead plant material
to enchytraeids is inüuenced by both biotic and abiotic factors. The
most explicit effect in conditioning of plant remains can be attributed to
bacteria and fungi. Microorganisms act as external softeners of the re-
fractory material, which makes it acceptable food for enchytraeids.

2.2. Plant material − direct or indirect food sources

It is diýcult to estimate to what extent plant remains are direct food
sources for Enchytraeidae. In ecological studies, some authors (Persson
et al., 1980; Lagerlöf et al., 1989) have considered enchytraeids to be
50% saprophagous and 50% microphytophagous, while others
(Whitûeld, 1977; MacLean, 1980) have considered them to be only 20%
saprophagous and 80% microphytophagous. Didden (1993) favored the
latter view. In a litter-bag study conducted to estimate the impact of
potworms on the decomposition of plant matter, Lagerlöf and Andrén
(1985) calculated that enchytraeid respiration is responsible for the loss
of 0.8% of carbon from barley straw within two years. In a similar
study, Lagerlöf et al. (1989) estimated that Enchytraeidae ingested
3–12% organic matter input, which corresponded to 16–34 g of dry
mass m−2 year−1. Mellin (1990) demonstrated that Mesenchytraeus

glandulosus can ingest a leaf mass equal to 10% of the individual body
dry weight per day, while Wolters (1988) found that the effect of this
species on litter decomposition depends upon the density, temperature,
and growth conditions of the microüora. Some studies show a positive
correlation between the number of enchytraeids and plowing (Hendrix
et al., 1986; Lagerlöf et al., 1989; House and Parmelee, 1985; Manetti
et al., 2010; Severon et al., 2012). Additionally, increasing the amount
of plant remains had no effect on the number of enchytraeids in unp-
lowed ûelds, while the number of enchytraeids increased in plowed
ûelds (Severon et al., 2012). The positive effect of plowing on en-
chytraeids could be the result of increased comminution of plant re-
sidues and the enhanced colonization and conditioning of the material
by bacteria (Hendrix et al., 1986). In contrast, there are also studies
indicating no changes or even decreases in the number of enchytraeids
in plowed ûelds (Röhrig et al., 1998; Parmelee et al., 1990; Vavoulidou
et al., 1999; van Capelle et al., 2012). The differences could be a con-
sequence of the different time scale of studies (but see Manetti et al.,
2010) or the food-web shifts caused by environmental factors such as
climate or soil type (Beylich et al., 2015). For example, Cole et al.
(2002) showed that soil warming reduced the functional role of en-
chytraeids with respect to carbon mineralization. It should be men-
tioned that Bengtsson et al. (1997) observed that doubling the amount
of forest logging residues in a Scots pine (Pinus sylvestris) stand did not
affect the number of enchytraeids, although it is possible that en-
chytraeids cannot effectively decompose this type of plant residues,
even with the support of microorganisms. Alternatively, microorgan-
isms not heavily engaged in decomposition of this kind of material, or
other plant remains are the main food sources (see Nieminen, 2009).

The experiment using labeled plant material (13C and 15N) showed
that E. crypticus and E. buchholzi partly fed on air-dried ground barley
straw (Puppe et al., 2012). Most studies using stable isotope techniques
to evaluate the role of invertebrates in plant decomposition are unable
to ascertain whether an intermediary microbial step is involved (Crotty
et al., 2011). The analysis of the isotopic signature of microbial PLFAs
(phospholipid fatty acids) can provide evidence that microorganisms
decompose and assimilate compounds derived from speciûc plant
matter, which potentially allows the construction of a food-web using
lipid biomarkers (Watzinger, 2015). It has been suggested that
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microorganisms, apart from acting directly as food source, can affect
Enchytraeidae feeding indirectly by releasing nutrients from debris,
changing physicochemical properties of plant remains and deactivating
harmful substances (Latter and Howson, 1978). Recently, Larsen et al.
(2016a,b) have found with the use of stable isotope ûngerprints that

enchytraeids from arctic peatlands derived more than 80% of their
essential amino acids from symbiotic bacteria.

Analysis of the current state of knowledge shows that it is diýcult to
generalize plant matter feeding in enchytraeids; there are signiûcant
differences even between species of the same genus. According to Latter

Fig. 2. Enchytraeus albidus with Sambucus nigra leaf in 0.8% non-nutrient agar in tap water. Experimental plate: 15 individuals were starved for two weeks, rinsed three times in distilled

water, transferred to a new plate with a freshly-dried S. nigra leaf (40 °C, 25 min), and kept at room temperature. The leaf was attractive in the short time (day 0) (A) to enchytraeids,

which densely aggregated beneath the material (small box in A: bottom view). After one day (B), individuals were seen crawling on the leaf surface (B, I). In the subsequent two days, the

leaf showed signs of damage (not shown). No evident microbial growth was noticed. After four days (C), more apparent damage to the leaf lamina was observed. After ûve days (D),

almost the whole leaf was disintegrated, with the exception of the petiole and the colorless midrib (which is diýcult to distinguish and was identiûed using a preparation needle). Animal

guts ûlled with the material were macroscopically noticeable. Control plate: A freshly-dried S. nigra leaf was placed in the center of the plate and kept without animals under the same

conditions as described for the experimental plate (day 0–1, E-F). In the subsequent two days, unidentiûed fungal hyphae grew on the leaf (not shown), which were more apparent

(arrows) after four days (G). After ûve days (H) plant tissue, including petiole, was softened, although the integrity of the leaf was maintained. The contribution of fungal activity to the

maceration of the plant material on the experimental plate cannot be excluded. Bar = 5.5 mm (A-H); Bar = 1.5 mm (I).
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and co-workers (1977–1978), C. sphagnetorum, relies heavily on plant
remains, while other studies (Ponge, 1991, 2010; Cole et al., 2002;
Haimi and Siira-Pietikäinen, 2003) ûnd that it also feeds on live mi-
croorganisms, particularly fungi. However, it is not clear which of the
cryptic species of the C. sphagnetorum complex were studied. Some
enchytraeid species, such as Mesenchytraeus glandulosus, which is con-
sidered to be greatly engaged in litter decomposition, can also digest
microbes (Wolters, 1988; Mellin, 1990). On the other hand, some litter-
ingesting species, for example, Fridericia galba are rather “pseudosa-
prophages” than primary decomposers (Toutain et al., 1982). Dual
stable isotope analysis (δ13C and δ15N) has shown that isotopic patterns
of Fridericia christeri and F. galba from an arable ûeld correspond with
the geophagous group (secondary decomposers), but not with typical
litter-feeding species (Schmidt et al., 2004).

Dead plant material may play a different role in the diet of various
enchytraeid species. For some of them, it is the direct food (Latter,
1977; Springett and Latter, 1977; Latter and Howson, 1978), while for
the others it is more of a carrier of microorganisms, which are the
primary food (Toutain et al., 1982). Therefore, more than one feeding
strategy exists among potworm species in relation to plant remains.

2.3. Cellulolytic capability of enchytraeids

Enchytraeids have no organs to attack living plant tissue (Schmelz
et al., 2013). They ingest dead plant material; however, they have little
or no cellulolytic capability. Nielsen (1962) performed a qualitative
analysis of carbohydrase enzymes in 34 soil invertebrates, including
four species of enchytraeids (C. sphagnetorum, E. albidus, M. glandulosus,
and F. hegemon), and found no cellulolytic activity in the enchytraeids.
Dash et al. (1981) studied digestive enzymes (protease, amylase, in-
vertase, cellulase, and urease) in three tropical enchytraeid species and
reported that Hemienchytraeus khallikotosus showed maximum enzy-
matic activities, and Fridericia kalinga and Enchytraeus berhampurosus

showed moderate to minimum activities. According to the authors, the

differences in the rate of activities in those species were probably re-
lated to the food type and rate of feeding. The worms that were in-
vestigated showed moderate cellulase activity. However, Dash et al.
(1981) used carboxymethyl cellulose (CMC) in their study, but natu-
rally occurring plant-derived cellulose is usually encrusted with hemi-
cellulose, lignin, pectin, and a variety of other compounds. Micro-
organisms can break linkages within and between some of these
complex substances, thus releasing the intermediates that can then be
used by the soil microfauna (Dash, 1983). Because of that, the proto-
zoans, fungi, and bacteria that are ingested along with the soil and litter
must be considered an important part of the enchytraeid diet (Adl,
2008). Moreover, the homogenates of entire worms were used to in-
vestigate enzymatic activity, so it cannot be determined whether the
enzymes that were active in the experiment were of animal origin only
or if they had been synthesized by the intestinal microüora (Šustr and
Chalupský, 1996). Urbášek and Chalupský (1991) reported a low ac-
tivity of Cx-cellulase (endo-1,4-β-D-glucanase) and the cellulase com-
plex (a mixture of exo- and endo-1,4-β-D-glucanases) in whole body
homogenate of C. sphagnetorum, while similar activity was not found by
Šustr and Chalupský (1996). The contribution of microbial cellulases
cannot be excluded because the activity of the microüora can conceal
the actual enzymatic activity of enchytraeids. Urbášek and Chalupský
(1992) suggested that the increase of the cellulase and amylase activity
in Fridericia sp. after soil acidiûcation was caused by enhanced growth
of amylolytic and cellulolytic microorganisms that had been ingested
along with soil particles and plant debris. Liming of acidiûed soils de-
creased cellulase activity to the same level as in the control group
(Urbášek and Chalupský, 1992). In contrast, Šustr et al., 1997 found
that acidiûcation of soil decreased amylolytic activity in C. sphagne-
torum, and that raising the pH of acidiûed plots, by liming, was asso-
ciated with increased amylolytic activity. These differences are not easy
to explain in terms of the invertebrate-microbial interactions, and may
be related to different changes in the pH of the substrate and the
feeding preferences between the two species (Šustr et al., 1997). Sea-
sonal variations of C. sphagnetorum digestive enzymes, including amy-
lase, have been reported (Urbášek and Chalupský, 1991). Axenic cul-
tivation of C. sphagnetorum in sterile leaf litter revealed that live
microorganisms do not form an essential part of its diet (Latter, 1977),
which suggests that at least some species in the C. sphagnetorum com-
plex are able to produce cellulases themselves. However, it should be
noted that the 1–2-year-old Calluna used in Latter’s experiment was pre-
treated with enzymes (cellulase and pectinase, for details see: Latter,
1977; Latter and Howson, 1978), in contrast to 2–5-year-old plant
material, which was naturally exposed to microbial activity longer
period. The capacity to produce endogenous and functional cellulase in
the gut has been shown in the earthworm Pheretima hilgendorfi (Nozaki
et al., 2009). In the case of Enchytraeidae, further research is needed at
the molecular level.

Enchytraeids are limited in their ability to use cellulose as food but
are able to use some other polysaccharides, disaccharides, mono-
saccharides, and proteins (Nielsen, 1962; Dash et al., 1981; Urbášek
and Chalupský, 1991, 1992; Šustr and Chalupský, 1996; Šustr et al.,
1997). Probably most of the cellulolytic activity reported in en-
chytraeids is derived primarily from microüora. This conclusion can be
supported by the fact that the presence of Cytophagales, a group of
bacteria whose representatives are known cellulose degraders
(Reichenbach, 2006), has recently been demonstrated in the en-
chytraeid gut with the use of molecular methods (Larsen et al., 2016b).

2.4. Macroalgae

Enchytraeids common in the seashore not only feed on decaying
seagrasses, but also on thalloid algae. Lumbricillus lineatus, Lumbricillus

reynoldsoni, and Enchytraeus albidus can be found in large numbers
among decaying seaweed in shoreline tidal debris called “wrack beds”
(Giere, 1980). Members of these two genera are dominant in decaying

Fig. 3. Ventral view of anterior end of Enchytraeus albidus. Prostomium (P), and peri-

stomium (ûrst segment) (I) which contains the mouth opening (m), are visible. Displayed

segments II and III are equipped with bundles of chaetae; a single chaetal bundle was

marked (S). Scanning electron microscopy (SEM); bar = 50 μm; small box: magniûcation

of prostomium region of other specimen with visible sensory structures (arrowheads).

SEM. Bar = 40 μm.
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seaweed in the littoral zone along the sea (Christensen and Glenner,
2010). Enchytraeids are attracted to decayed algal material (Tynen,
1969; Schöne, 1971; Giere and Hauschildt, 1979; Giere and
Pfannkuche, 1982), and L. lineatus and E. albidus have been observed to
penetrate decomposing Fucus spp. (Giere, 1975). Pieces of Ascophyllum
nodosum were ingested by L. reynoldsoni and algal fragments have been
observed in their gut (Tynen, 1969). Gut content analysis of Lumbricillus

rivalis from the North Sea coast of Germany revealed the preferential
uptake of Ulva (syn. Enteromorpha) sp. thalli (Giere, 1975). Distin-
guishing fresh from decaying algal material can be diýcult. Some ûeld
observations have shown that, at least occasionally, enchytraeids can
ingest fresh algae (Giere, 1975; Giere and Pfannkuche, 1982). However,
fresh seaweed washed up on the shore are poorly colonized and used
only by some larger enchytraeids (Giere, 1975). Experiments with L.

reynoldsoni and Ascophyllum nodosum showed that potworms prefer
decaying algal material over fresh algae (Tynen, 1969). In an attraction
test, L. lineatus sensed layers of decaying Fucus inserted into sterile sand
columns from a distance of 20 cm and after 48 h, enchytraeids were
densely aggregated there (Giere and Hauschildt, 1979). Researchers
suggest that microorganisms play a substantial role in making the
wrack beds more suitable for colonization by enchytraeids (Tynen,
1969; Giere, 1975). Microorganisms could enhance the attractiveness of
the wrack and release nutrients available to the worms (Tynen, 1969),
or be a direct food (Giere, 1975; Giere and Pfannkuche, 1982). How-
ever, Giere and Hauschildt (1979) successfully cultivated L. lineatus in
cultures with rotten Fucus in near sterile conditions with the addition of
tetracycline hydrochloride, which indicates that the main nutritive
basis is the algal material and not the bacterial ûlm on the decaying
thalli. The study on L. lineatus also demonstrated that the attractiveness
and nutritive value of algal debris depend on the decomposition state of
the algal cells, the algal species, and probably its mechanical properties
(Giere and Hauschildt, 1979). Backlund (1945) failed to maintain E.

albidus fed with sterile Fucus; the culture died in less than one month,
while it lived and reproduced in non-sterile material derived from
wrack beds. Fresh thalli must partially decompose before they are ac-
cepted by this species (Schöne, 1971). Backlund (1945) reported that E.
albidus reared on small portions of seaweed, in contrast to Tipula

(Diptera) larvae, changed algal material into a slimy mass with high
bacterial activity. Similarly, Giere and Pfannkuche (1982) found that
algae such as Fucus vesiculosus, Ulva spp., and Cladophora sp. were
converted by L. rivalis in laboratory cultures within a few days into a
brownish, amorphous mud. Many enchytraeid species prefer Fucus,
most probably due to its optimal microbial degradability (Giere and
Hauschildt, 1979). A few experiments have demonstrated the feeding
selectivity of enchytraeids for speciûc groups of algae (Schöne, 1971;
Giere and Hauschildt, 1979; Giere and Pfannkuche, 1982). Brown algae
are widely preferred, followed by green algae and the least attractive
red algae, which may be refused. Schöne (1971) found that the amount
of digested food, rate of reproduction, and life span were largest when
E. albidus were fed on Fucus and respectively decreased on green algae
(Ulva sp. and Monostroma sp.), Zostera marina (a vascular plant), and
Delesseria (a red algae) diet. Similar ûndings were shown with L. lineatus

(Giere and Hauschildt, 1979). It should be clariûed that drifted sea-
weed, referred to as ‘wrack’ by some authors (e.g. Backlund, 1945),
often include not only brown algae such as Fucus, Laminaria, or Asco-

phyllum, but many other algae and even the sea-grass Zostera (a vascular
plant). In many older papers, there is no distinction between algal and
plant material from wrack, which makes it diýcult to draw conclu-
sions, because cell walls of some macroalgae differ from cell walls of
land plants (Mabeau and Kloareg, 1987). For example, brown algae
contain cellulose in their cell walls, but these crystalline ûbers account
for only a small proportion of the cell wall, between 1 and 8% of the dry
weight of the thallus (Michel et al., 2010). A study on the brown algae
Pelvetia canaliculata and Ascophyllum nodosum revealed that the cell
walls are composed mainly of alginates and sulphated fucans (Mabeau
and Kloareg, 1987). Some green algae of the Bryopsidales group (e.g.,

Bryopsis, Codium, Derbesia) lack cellulose as the major structural cell
wall polysaccharide and contain mannan instead (Fernández et al.,
2012). Therefore, contrary to opinions voiced by some authors (Tynen,
1969; Palka and Spaul, 1970; Giere and Pfannkuche, 1982), enzymes
other than cellulases may be mainly involved in the digestion of mac-
roalgae by enchytraeids.

Decomposing macroalgae from wrack beds are an important source
of food for enchytraeid species that occupy the intertidal zone. The
nutritional value of this material differed among algal species.
However, the results from experimental feeding (Schöne, 1971; Giere
and Hauschildt, 1979; Giere and Pfannkuche, 1982) showed that the
most attractive are brown algae. Bacterial activity plays a great role in
the conditioning of algal material, but it is not as explicit as in the case
of plant remains, since large enchytraeid species occasionally ingest
seaweed in the early stages of decomposition, and sometimes even fresh
seaweed.

2.5. Animal remains

Enchytraeids are known to gather at places with concentrations of
dead organic matter not only from plants, but also of animal origin
(Schlaghamerský and Krawczynski, 2015). Shore enchytraeids are oc-
casionally attracted by carcasses washed up by the waves (Stephenson,
1930). According to O’Connor (1967), E. albidus assembles in large
numbers in and around the bodies of dead ûsh and marine birds.
Stephenson (1922, 1930) reported that Lumbricillus pagenstecheri (syn.
Lumbricillus necrophagus) fed on the corpse of a seal washed ashore.
Giere and Pfannkuche (1982) regularly encountered Lumbricillus spp. in
the dense layers of disintegrating Hydrobia mud snails. Similarly, Palka
and Spaul (1970) demonstrated that L. rivalis has an apparent pre-
ference for protein-rich decomposing material, including that of animal
origin. Briones and Ineson (2002) reported Mellin's observation (un-
published data) that enchytraeids feed on dead bodies of lumbricids and
arthropods. Michaelsen (1927) experimentally demonstrated that a
culture of E. albidus reduced the body of a small dead frog to the bones.
When the body started to rot, E. albidus worms massively accumulated
close to it. The corpse slightly liqueûed from below and after about ûve
to seven days, only the üeshless bones of the frog remained; the rest had
apparently been absorbed by the enchytraeids that then dispersed
(Michaelsen, 1927). Kühnelt (1961) claimed that potworms liquefy the
üesh of dead animals and suck up the resulting pulp. However,
O’Connor (1967) strongly disagreed with this statement, indicating that
it is equally possible that they rely upon saprophytic bacteria to per-
form the preliminary softening of the body. It could also be assumed
that bacteria themselves are the attractant and the “main target” for
enchytraeids in this case. Unfortunately, the activity of potworms in the
breakdown of animal remains has not been studied in detail.

Almost all reports on the enchytraeid involvement in the decom-
position of animal remains took place where the carrion was üooded or
touched by the waves. The biodegradation of animal bodies includes
changes in pH, conductivity (Schlaghamerský and Krawczynski, 2015)
and the production of potentially toxic chemical compounds (Forbes
and Carter, 2016) that can prevent the colonization of the carcass by
enchytraeids. However, diffusion on submerged carrion may partially
offset the environmental disturbance, perhaps explaining why the de-
composition of carrion by enchytraeids has not been observed in strictly
terrestrial environments.

2.6. Feces of invertebrates

In addition to plant and animal remains, potworms have also been
observed consuming the feces of some invertebrates. Enchytraeids
consume earthworm droppings, creating channels that they then ûll
with their own feces (Babel, 1975). They also ingest excrements of
litter-feeding springtails along with other loose particles (Zachariae,
1963). Feces of oribatid mites containing partly degraded fungi are also
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ingested (Ponge, 2010). Vaçulik et al. (2004) found potworms to con-
sume mite droppings in biological crusts on tropical inselbergs. The
examination of mite excrements within enchytraeid guts revealed only
tannin-rich plant-derived material (Vaçulik et al., 2004). Double di-
gestion, as highlighted by Ponge (2010), seems to be important in the
use of some melanized fungi (Ponge, 2010) and refractory dead plant
material (Vaçulik et al., 2004). The excrements of other invertebrates
are potential sources of coprophilous streptomycetes for potworms
(Krištůfek et al., 2001); those microorganisms could also contribute to
the digestion of fungal and plant material due to their chitinolytic and
cellulolytic activities (Seipke et al., 2012).

3. Live material

3.1. Use of live plant material

Fresh plant matter is generally resistant to enchytraeid digestion as
enchytraeids have a poor cellulolytic capability and are therefore not
able to break down cell walls (Brockmeyer et al., 1990; Gajda, un-
published data, see Fig. 4). Admittedly, the uptake of small, still green
parts of plants, for example, leaves of mosses from the L1 litter layer,
has sometimes been observed, especially in the genus Cognettia (Ponge,
1991, 2010). However, the condition of Cognettia sphagnetorum ex-
perimentally fed with green leaves of Sphagnum moss was poor (Latter
and Howson, 1978). Similarly, Standen (1978) reported weight losses
of C. sphagnetorum individuals on Sphagnum-derived material.

The role of the live plant fragments in enchytraeid feeding is un-
known and can only be vaguely interpreted. The cytoplasmic contents
released from wounded tissue of small plant fragments could be mainly
responsible for the attractiveness of this kind material (see also Ponge,
2010), thus promoting its ingestion.

3.2. Role of enchytraeids in plant diseases

When browsing through various guides or bulletins that deal with
houseplant pests, one can come across claims that potworms are plant-
parasitic animals. Moreover, some Paraguayan and Brazilian farmers
blame enchytraeids for damage to soybean roots (Schmelz et al., 2013).
The belief that enchytraeids are parasites of Plantae sensu strictissimo is
false. It is the result of a lack of knowledge about the biology of en-
chytraeids and their superûcial morphological similarity to the herbi-
vorous nematodes. To date, no enchytraeid species is known to feed on
the living tissue of healthy plants (Esser and Simpson, 1994; Didden
et al., 1997; Schmelz et al., 2013). However, there are several papers of
early naturalists in which they erroneous stated that potworms can be
plant pests.

More than one hundred years ago, Harker (1889) conducted a pot
experiment to investigate the noxious effect of Enchytraeus buchholzi on

plants (one sunüower, one “geranium”, one “tradescantia”). He was the
ûrst to report, albeit without reliable evidence, that enchytraeids injure
the roots of many vegetables and ornamental plants. Harker (1889) did
not observe enchytraeids inside the living roots, only around them or
within the decaying stem, but he assumed that they injure the plant by
sucking the ûne root-hairs. In addition, the soil used in his investigation
had been sifted, but not sterilized. Therefore, the activity of other plant
pathogens cannot be excluded. It is also worth noting that in Harker’s
experiment (1889) only the sunüower died after two months. The two
remaining plants (one “geranium”, one “tradescantia”) growing in the
presence of Enchytraeus buchholzi were unaffected.

Eight years later, Stoklasa (1897) reported that potworms are ser-
ious parasites of sugar beets and claimed that they penetrated the
epiderm, cortex, and vascular bundle of young plants by a stylet-like
mouth structure in laboratory experiments. Based on this description, it
can be concluded that Stoklasa (1897) used potworms mixed with
plant-parasitic nematodes, probably from the order Tylenchida or
Dorylaimida; protrusible spears are characteristic features of these
herbivorous nematodes (Maggenti, 1981; Kornobis, 2008). Therefore,
Stoklasa’s results (1897) are unreliable. However, the work by Vanha
and Stoklasa (1896) shed more light on this case. The authors claimed
that potworms possess a stylet-like mouth structure with two chitin
needles that could be quickly everted and could cause plant damage
(Fig. 5). However, Jegen (1920) reported that such an anatomical
feature did not exist in enchytraeids. Zimmermann (1899) studying
coffee tree found that enchytraeids, considered by many authors at that
time as plant parasites, occurred only in more or less rotten roots to-
gether with herbivorous nematodes, but never in healthy or newly
disease-affected coffee plants. Infestation trials with potworms failed
repeatedly (Zimmermann, 1899). Soon afterward, and on the contrary,
Friend (1902) and Carpenter (1903, 1905, 1906, 1907, 1913) claimed
that some potworm species, including E. albidus, were plant pathogens,
infesting celery, asters, tulips, fritillaries, cabbage, tomatoes, swedes,
strawberry, spinach, carrot, parsnip, and onion. However, these authors
misinterpreted the massive occurrence of potworms in decaying tissues.
Friend (1916) recorded the results of a long series of experiments with
asters and dragon üowers (Antirrhinum sp.) on at the Birmingham Bo-
tanical Gardens between 1914 and 1915, which showed that en-
chytraeids do not harm healthy plants, but act as scavengers when
plants start to decompose.

More than 30 years later, Chitwood and Oteifa (1952), in their re-
view about plant-parasitic nematodes, focused on annelids as dominant
organisms in decaying vegetable matter. They suggested that potworms
were commonly mistaken for nematodes by laymen and even by plant
pathologists; they stated, based on available evidence, that soil cli-
tellates, including potworms, do not feed on healthy plant tissues.
However, this group of animals was the one most easily seen in diseased
plant tissues, resulting in a natural tendency to attribute the plant

Fig. 4. Enchytraeus albidus (arrowheads) with bryophyte

(Pellia sp.) in 1.2% non-nutrient agar in tap water. Ten in-

dividuals were starved for 14 days, rinsed three times in

distilled water, transferred to a new agar plate with an exci-

sion-wounded piece of thallus, and kept at room temperature.

The explant was attractive in short time (day 0) to en-

chytraeids, which have densely aggregated in the vicinity and

beneath the material (A). Potworm activity did not harm the

explant during the experimental period of two months and

plant growth occurred (B). Extensive ingestion of agar

medium was observed during the ûrst month of cohabitation.

Animal activity caused the agar to collapse locally and es-

tablished a zone (asterisk) which desiccated over time (B).
The same effect was observed in the replicate (not shown),

but not in the control plates (without animals or without

plant; not shown). We assume that the extensive ingestion

occurred due to attractiveness of contents released from
wounded plant tissue, because no microbial growth was ob-

served. Bar = 3.5 mm.
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condition to them (Chitwood and Oteifa, 1952). Some horticulturists
suspected that enchytraeids damage live plant roots. However, Bell
(1958) did not ûnd any authentic case of noxious activity from En-
chytraeidae. The presence of enchytraeids on dead roots attested only
to their action in the reduction of dead plant material (Bell, 1958).

Although most reports of enchytraeids as plant parasites were in

regards to agricultural and ornamental plants, there are also available
data on their supposed deleterious action to conifers. Hewitt (1908),
based on observations of a high number of individuals around the main
root and on the examination of cortical tissue injuries, assumed that
Fridericia bisetosa was a pest of larch seedlings. Similarly, 56 years later,
Kurir (1964) claimed that Fridericia galba from adjacent compost heaps

Fig. 5. The original drawings of the anatomy, morphology,

and development of “Enchytraeus Buchholzii”, published in:

“Die Rüben-Nematoden (Heterodera, Dorylaimus und

Tylenchus) mit Anhang über die Enchytraeiden” (Vanha and

Stoklasa, 1896). Front part of the body with everted stylet-

like mouth structure equipped with two chitin needles (b) is

shown in Fig. 1.

Fig. 6. Enchytraeids found under the bark of a fallen Norway

spruce tree (Picea abies) in Pohorje, Slovenia. Enchytraeids

feeding on unidentiûed material, which presumably contains

attractive microorganisms (A). The ûlled gut is visible in

some specimens (B, C).
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had a detrimental effect on spruce saplings through decortications in
the soil-surface zone. However, this author could not provide clear-cut
evidence that this enchytraeid species is a plant pest, but accused F.

galba of parasitism based on its abundant presence in the decaying
cortex. Similarly, Springett (1967) assumed that in this case, it was not
clear whether the infestation of plants by enchytraeid worms had taken
place before or after microbial attacks. Plant cortical tissue disin-
tegrates in conifer nurseries as a result of many diseases caused by
various pests (for more details, see Hamm et al., 1990). In addition,
Head (1968) demonstrated that enchytraeids and some soil arthropods
feed on the degenerating cortical root tissue of apple trees without
actually harming the trees, but leave the living central vascular cylinder
exposed. Ponge (2010) noticed the behavioral tendency of enchytraeids
to penetrate any kind of decaying plant material and observed several
specimens between bark and wood in a decomposing pine branch (see
also Fig. 6).

The presence of enchytraeids in the rhizosphere may be associated
with many plant root diseases, such as bacteriosis, fungal infection, or
nematode infestation (Zimmermann, 1899; Friend, 1916; Jegen, 1920;
Schaerffenberg, 1950; Schaerffenberg and Tendl, 1951). However, the
death of a plant is a consequence of the progress of an infestation and
root necrosis and not from enchytraeid activity (Friend, 1916; Esser and
Simpson, 1994). In the worst-case scenario, enchytraeids could accel-
erate the decomposition process, even though they are not the causative
agent of the disease (Friend, 1916; Jegen, 1920; Schaerffenberg, 1950;
Schaerffenberg and Tendl, 1951). In theory, these animals could be
vectors of parasites or plant pests, but that has not been investigated
(Schmelz et al., 2013).

3.3. Bacteria

Dougherty and Solberg (1960) succeeded in keeping Enchytraeus

fragmentosus, which reproduces asexually via architomy (reproduction
by ûssion along with the regeneration of a lost body part), under
monoxenic conditions (in a culture in which one species is grown with
only one other organism present) with the bacterium Escherichia coli

growing on a nutrient agar medium. However, to sustain vigorous
growth and reproduction of the animals, it was necessary to supplement
their diet with a few grains of autoclaved rolled oats dropped onto the
surface of the agar slant. In this case, the thin layer of E. coli on the
medium surface provided minimal nutrition for the enchytraeid culture,
but it did not enable optimal growth and indeûnite cultivation of E.

fragmentosus through successive generations in serial subcultures.
Dougherty and Solberg (1961) also established an axenic culture (a
culture of one species completely isolated from other living organisms)
of E. fragmentosus on a nutrient agar medium supplemented with sterile
lamb liver extract and concluded that E. fragmentosus is not an obligate
bacterivore. These two experiments were the ûrst successful attempts to
cultivate annelids in axenic and gnotobiotic (monoxenic) conditions
and provided basic information about how to keep enchytraeids on an
agar medium under fully controlled laboratory conditions (Rodriguez
et al., 2002). This technique facilitated the use of potworms in eco-
toxicological tests (Westheide et al., 1991; Castro-Ferreira et al., 2012)
as well as the further development of in vitro studies on enchytraeid
feeding (O'Connor, 1967). Gotthold et al. (1967) and Gotthold and
Koch (1974) developed an artiûcial medium for axenical cultivation of
E. fragmentosus. Gotthold and Koch (1974) deûned protein sources and
vitamin requirements to maintain this species in the laboratory, while
Springett (1964) developed a soil-agar culture method to keep Mar-

ionina clavata, Chamaedrilus cognettii, Achaeta eiseni and Achaeta affinis

over long periods. In contrast, C. sphagnetorum could be kept only over
short times (Springett, 1964). At present, at least 15 enchytraeid species
can be cultivated on agar media (Westheide and Bethke-Beilfuss, 1991).

The consumption of bacteria by enchytraeids has been observed
both in the laboratory and in the ûeld. Reynoldson (1939) reported
Lumbricillus lineatus (re-identiûed as Lumbricillus rivalis by Kirk, 1971) in

sewage bacteria beds, feeding on cyanobacteria of the genus Phormi-

dium (formerly classiûed as an alga) in the live state. Gelder (1984)
found that substratum ingested by L. lineatus contained “blue-green
algae” (cyanobacteria) and Vaçulik et al. (2004) reported that some
potworm species ingest and transform cyanobacterial mass in the cya-
nobacterial crust of a tropical inselberg. The bioûlm covering rocks
contained several species of ûlamentous cyanobacteria, among which
the genera Stigonema, Scytonema, and Schizothrix were most abundant
(Vaçulik et al., 2004). Microscopic observations of the gut of C.

sphagnetorum during digestion revealed that ûlamentous cyanobacteria
are separated and then emptied, with the “cellulosic walls” remaining
untouched (Ponge, 1991). Palka and Spaul (1970) found that gelatinous
zooglea of bacteria and fungi taken from pebbles in sewage beds al-
lowed normal growth in the laboratory of young L. rivalis (re-identiûed
by Learner, 1972), while Haimi and Siira-Pietikäinen (2003) noticed
that C. sphagnetorum was able to survive, although at low density, in
mineral soil with extremely low organic matter content, by ingesting a
signiûcant number of bacteria and protozoans.

Reichert et al. (1996) investigated the inüuence of different diets on
the behavior and fertility of Enchytraeus coronatus. They reported that
enchytraeid worms fed with Bacillus cereus were in good condition, but
their reproduction rate was lower than those fed with rolled oats, a
common diet for the breeding of enchytraeids in the laboratory. The
histological examination of E. coronatus revealed partly or totally di-
gested bacteria inside the gut lumen and the presence of unaffected,
unknown ciliates (Reichert et al., 1996). The use of B. cereus as a nu-
trient source for Enchytraeus species has also been demonstrated by
Brockmeyer et al. (1990). In their experiment, bacteria and the yeast
Saccharomyces cerevisiae were radiolabeled by the addition of 35S-me-
thionine to the growth medium. Mixtures of labeled microorganisms
and unlabeled plant material (fresh and processed) were used as food
sources for two enchytraeid worms, Enchytraeus cf. globuliferus and
Enchytraeus christenseni (syn. Enchytraeus minutus). The incorporation of
microbial proteins was directly shown by liquid scintillation counting.
A recent study on potworms from temperate grasslands demonstrated
that they received almost 50% of their essential amino acids from
bacteria (Larsen et al., 2016a). However, not all bacteria are an ade-
quate source of food for enchytraeids, particularly for some species in
the C. sphagnetorum complex (Springett and Latter, 1977; Latter and
Howson, 1978). Potworms can be selective in their bacterial feeding.
One report described the selection of various Streptomyces species by
Enchytraeus crypticus (Krištůfek et al., 1995). Streptomyces, which are
Gram-positive bacteria, resemble microfungi in their morphology and
have a complex life cycle, inter alia, they grow as branching hyphae that
form a substrate (vegetative) mycelium, produce specialized re-
productive structures known as aerial hyphae (aerial mycelium), and
disperse through spores (Flärdh and Buttner, 2009). E. crypticus prefers
Streptomyces lividans and Streptomyces nogalater in its diet over Strepto-
myces reticuli. Moreover, worms select only the living mycelia of at-
tractive strains, while autoclaved mycelia of the same strains are re-
fused, possibly because attractive metabolites are destroyed during the
autoclaving process. It has been experimentally demonstrated that
metabolites that adhere to mycelia and/or diffuse into the media can
act as chemorepellents or chemoattractants for E. crypticus (Krištůfek
et al., 1995). In addition, there is some evidence that cellular poly-
unsaturated fatty acids (PUFA) may affect the feeding preferences of E.
crypticus. However, further research is needed to understand the role of
PUFA-producing microorganisms in microbial-invertebrate interactions
(Krištůfek et al., 2005). Suitable Streptomyces species can serve as the
sole nutrient source for E. crypticus and can promote growth in the la-
boratory (Krištůfek et al., 1995). However, Dougherty and Solberg
(1960) observed from the monoxenic culture of E. fragmentosus and E.

coli that the bacterial layer was not a satisfactory source of food. Some
bacteria of the genera Pseudomonas and Rhizobium remain active during
passage through the gut and after egestion from worms such as En-

chytraeus bigeminus, E. albidus, Lumbricillus rivalis, and L. lineatus (Ştefan,
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1990). Rashed et al. (1992) found that twenty-six Pseudomonas strains
represent the predominant species of the gut microbiota of Fridericia

hegemon. Therefore, Pseudomonas spp. seems to be adapted well to
survive conditions inside the alimentary tract of enchytraeids. Crotty
et al. (2011) used a 13C and 15N enriched bacteria (Pseudomonas lurida)
to track the trophic transfer of bacterially derived 13C and 15N to soil
invertebrates. They found that the level of isotopic enrichment obtained
by the not further speciûed woodland enchytraeids was not sig-
niûcantly different from natural abundance levels. Based on these re-
sults, they classiûed potworms as primary decomposers (but see Scheu
and Falca, 2000). However, when considering these ûndings, it is
doubtful that P. lurida was a suitable food source. On the assumption
that there are no signiûcant qualitative differences in the enzyme
spectrum of each Enchytraeus species, the distinct ability to use different
bacterial strains as a nutrient source could be the result of differences in
the cell wall structure of Gram-positive and Gram-negative bacteria or
the presence of a capsule. Unfortunately, no detailed studies of the
correlation between the bacterial cell envelope and bacteriolysis in the
enchytraeid gut have been performed. However, such studies have been
carried out on other annelids. For example, Plante and Shriver (1998)
showed that not all bacteria respond similarly to digestion by gut üuids
of a polychaete lugworm (Arenicola marina). They found that none of
the tested Gram-positive strains were lysed, whereas almost one-third
of the Gram-negative strains showed signiûcant susceptibility. There
was also no signiûcant correlation between the production of capsules
and the resistance of the strains (Plante and Shriver, 1998). However, it
cannot be excluded that capsules could protect some but not all strains
against lysis. Brinkhurst and Chua (1969) reported that in three sym-
patric tubiûcin Naididae, numerous species of bacteria were ingested,
but only certain species were present in the alimentary tract after one
week. However, it was uncertain whether digestion of some absent
microorganisms, for example, B. cereus, had occurred (Brinkhurst and
Chua, 1969). Whitley and Seng (1976) suggested that tubiûcin Nai-
didae digest only some Gram-negative bacteria, while Gram-positive
bacteria pass through the intestine undamaged. Some enchytraeids can
use Gram-positive (Krištůfek et al., 1995; Brockmeyer et al., 1990;
Reichert et al., 1996) and Gram-negative bacteria (Dougherty and
Solberg, 1960; Lukešová and Frouz, 2007), suggesting that digestion of
both groups occurs. Gelder (1984) reported the occurrence of β-N-
acetylglucosaminidase in the intestinal epithelium of L. lineatus. Here,
β-N-acetylglucosaminidase (β-GlcNAcase) cleaves the glycan compo-
nent of the bacterial peptydoglycan on the reducing site of N-acet-
ylglucosamine (Stark et al., 2010). Both exo- and endo-types of this
enzyme can act on the bacterial cell envelope, but only the latter can
open up the mucopeptide sacculus (Ortiz et al., 1973). Murein hydro-
lases, such as lysozyme or β-GlcNAcase (Vollmer et al., 2008; Allocati
et al., 2015), are more effective for Gram-positive bacteria, since those
prokaryotes have a fully exposed peptidoglycan cell wall, while in
Gram-negative bacteria, the external membrane constrains the access of
the lytic enzyme to the peptidoglycan (Barrera Rivas et al., 2015). It
therefore seems that Gram-positive bacteria are more suitable food
sources for enchytraeids than Gram-negative strains. However, because
of the scarcity of data, further investigations are needed to evaluate this
conclusion.

Although some older works (Dougherty and Solberg, 1960; Toutain
et al., 1982; Brockmeyer et al., 1990; Ponge, 1991) cited in Didden’s
(1993) review showed that enchytraeids can potentially use bacteria as
source of food, the importance of bacterial diet was not well understood
at the time. Further studies on the enchytraeid bacterivory in the last
two decades (e.g. Krištůfek et al., 1995; Reichert et al., 1996; Lukešová
and Frouz, 2007) have revealed that suitable bacteria are a complete
food, rich in some compounds like PUFA (Krištůfek et al., 2005) or
speciûc amino acids that are essential for animal growth and develop-
ment (Larsen et al., 2016a,b).

3.4. Fungi

In addition to bacteria, fungi are also considered to be an important
part of the enchytraeid diet (Persson et al., 1980). Springett and Latter
(1977) investigated the importance of microorganisms in the diet of
moorland Enchytraeidae and reported that young C. sphagnetorum grew
in cultures of sterile dark mycelium (probably Mollisia sp.) and basi-
diomycete mycelium in non-nutrient water agar in the laboratory.
However, growth (here deûned as an increase in the number of seg-
ments) of the worms was poor, and the mortality rate was extremely
high. Furthermore, exudates from tested fungi, especially basidiomy-
cete metabolites, were toxic to C. sphagnetorum (Springett and Latter,
1977). Therefore, these authors did not obtain a ûrm evidence that
bacteria and fungi are good nutrient sources and concluded that mi-
croorganisms are not a part of the natural diet of the investigated
potworm species. However, this conclusion is restricted to the microbial
isolates from the blanket bog area used in their study. Latter and
Howson (1978) carried out culture studies on the importance of mi-
croorganisms in the feeding of Enchytraeidae. They examined the
growth and survival of C. sphagnetorum on various substrates, including
different types of litter, fungi, and bacteria. Five fungal isolates (basi-
diomycete, sterile dark form, segmented form, Penicillium spinulosum,
and Mortierella sp.) were tested. Growth was markedly poor or even
absent with fungi or bacteria as the sole food source and mortality was
extremely high. In contrast, organic matter, mainly older litter of Cal-
luna and Eriophorum plants, was a suitable source of food (Latter and
Howson, 1978). Therefore, C. sphagnetorum was considered to be a
primary rather than a secondary decomposer (Briones and Ineson,
2002), although contrasting evidence exists. Hedlund and Augustsson
(1995) demonstrated that hyphae of the fungus Morteriella isabellina

were grazed and partly removed by C. sphagnetorum in a laboratory
experiment. Cryptic lineages may differ in certain ecological and phy-
siological properties (see Martinsson et al., 2015 for references). The
recent studies on some invertebrates provide evidence that these dif-
ferences can also be related to feeding behavior (Cabrol et al., 2015;
Derycke et al., 2016). The conüicting results of experiments with C.

sphagnetorum yielded by Latter and co-workers (1977, 1978) and
Hedlund and Augustsson (1995) were probably caused by the fact that
they used different cryptic species. This assumption can be supported
by the presence of other contradictory ûndings in the literature (see
Table 1). Therefore, at least one species in the C. sphagnetorum complex
can use fungi as a food source. Another explanation could be that some
speciûc fungi, such as M. isabellina, are suitable for potworms but other
fungal species, even congeners, are not. However, this is rather un-
likely, because fungi used by Latter and co-workers (1977, 1978) were
representative types commonly isolated from the studied area, and
preliminary ûeld tests with agar baits gave no evidence of selection of
other fungal species. Remén et al. (2010) found that the number of C.
sphagnetorum individuals decreased or remained unchanged in the
presence of ectomycorrhizal (EM) fungi during a soil microcosm ex-
periment; they suggested that C. sphagnetorum may be sensitive to
metabolites produced by actively growing EM fungi.

Fungal material is commonly found in the gut contents of many
Enchytraeidae (O’Connor, 1967; Dash and Cragg, 1972; Standen and
Latter, 1977; Dash et al., 1980; Toutain et al., 1982; Ponge, 1991; ,
2010). Dash et al. (1980) examined the food preferences of three tro-
pical enchytraeid worms via squash preparations, culturing of gut
contents, and selective feeding on pure fungal cultures. They showed
that tropical enchytraeids, such as Fridericia kalinga, Hemienchytraeus

khallikotosus, and Enchytraeus berhampurosus, can commonly graze on
two (Rhizopus nigricans and Syncephalastrum racemosum) of the eight
microfungi species that were isolated from the gut contents of the an-
imals. In contrast, common ûlamentous fungi, such as Penicillium steckii

and Aspergillus niger, were not easily digested (Dash et al., 1980). This is
in accordance with the results of an ecohistological study of the feeding
behavior of Enchytraeus coronatus (Reichert et al., 1996) because the
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tested culture of Penicillium sp. showed no sign of digestion. Dash and
Cragg (1972) reported that in some potworms, isolates prepared from
the postclitellar part of the gut contents did not give rise to fungi (Pe-
nicillium sp. and Cladosporium sp.) as did those from the preclitellar
part, but produced actinomycetes. Rashed et al. (1992) found that the
intestinal microbiota of Fridericia hegemon also includes actinomycetes.
In a similar study, Krištůfek et al. (1999) demonstrated that actino-
mycete bacteria can enhance the digestion of fungi within the potworm
gut. In this way, the nutritional value of the fungus Aspergillus pro-

liferans for E. crypticus was increased by a Streptomyces lividans strain
overproducing exochitinase in a co-feeding experiment (Krištůfek et al.,
1999). Therefore, the contribution of incorporated bacteria and their
enzymatic machinery can be important for the fungal cell-wall lysis in
enchytraeids.

Several studies performed by Krištůfek et al., 1995 have shown that
some streptomycetes and microscopic fungi (e.g. Aspergillus flavus, A.

proliferans, Paecilomyces carneus, and Verticillium tenerum) can serve as
food for enchytraeids. Food selection experiments combined with re-
production tests in E. crypticus indicated that the nutritional value of
individual microbial species can be either increased or decreased by the
presence of other microbes (fungi or streptomycetes) in the mixture
(Krištůfek et al., 2001). According to Krištůfek et al. (2001), the at-
tractivness of microbes to E. crypticus depends not exclusively on the
microbial species itself, but also on the cultivation medium used, con-
ditions of cultivation, vitality (living or dead), and culture age. All these
factors can affect the production of metabolites in fungi and actino-
mycetes (Calvo et al., 2002; Bundale et al., 2015), and those substances
could potentially act as chemoattractants and chemorepellents for en-
chytraeids. Potworms, like earthworms, possess chemoreceptors
(Laverack, 1960; Bicho et al., 2015) and can therefore express approach
or avoidance behavior in response to certain substances (Bicho et al.,
2015). A recent study has shown that earthworms use odor cues to
locate and feed on fungi in the soil (Zirbes et al., 2011), and olfaction
may also play a key role in potworm fungi foraging.

The last 20 years of laboratory tests (e.g. Krištůfek et al., 1995,
2005; Reichert et al., 1996) and recent investigations with stable iso-
tope ûngerprints (Larsen et al., 2016a,b) have refuted the suggestion

that generally enchytraeids are fungivorous rather than bacterivorous
(e.g. Maraun et al., 2003; Briones, 2006). Both, fungi and bacteria can
be a high quality food for enchytraeids.

3.5. Microalgae

When considering the role of algae as food of potworms one en-
counters a number of problems arising from the different understanding
of the informal term “algae” by different authors and at different times.
The incorrect use of this term in many papers and the common lack of
any detailed taxonomic identiûcation make it extremely diýcult to
draw accurate conclusions. For example, over many decades research
on enchytraeid diet (cf. Palka and Spaul, 1970) has considered cyano-
bacteria, also referred to as “blue-green algae”, as equivalent to uni-
cellular, ûlamentous, or even thalloidal eukaryotic forms. Currently, it
is widely known that “blue-green algae” are true bacteria. In contrast to
many eukaryotic algae, the presence of cellulose in the cyanobacterial
cell wall is unusual (de Winder et al., 1990; Zhao et al., 2015). How-
ever, cellulose-like homoglucan is sometimes present in extracellular
sheaths produced by some cyanobacteria (Hoiczyk and Hansel, 2000;
Nobles et al., 2001). The strong generalization about algal diet of En-
chytraeidae in the literature seems to be inaccurate. Therefore, the term
“algae” is used here refers only eukaryotic species.

Microscopic algae have often been found in the alimentary canal of
enchytraeids (Palka and Spaul, 1970; Giere and Pfannkuche, 1982;
Toutain et al., 1982; Gelder, 1984; Ponge, 1991, 2010; Murakami et al.,
2015). Gut content analyses mainly revealed diatoms (Giere, 1975;
Gelder, 1984; Healy and Walters, 1994) and unicellular Chlorophyceae
sensu lato (Ponge, 2010; Murakami et al., 2015). Among the family
Enchytraeidae, the ice worm (Mesenchytraeus solifugus) is probably the
most explicit algal feeder. Certain snow and ice microalgae, including
red-pigmented Chlamydomonas nivalis and Chlamydomonas sanguinea,
constitute the primary source of food for this species (Goodman, 1971;
Murakami et al., 2015). However, in this case, it is still unclear whether
the suitable food sources are live algal cells or decomposing algal
matter or both, depending on the enzymes acting in the digestive tract
(Goodman, 1971). Some microscopic details of the digestion of

Table 1

Contradictory reports on the fungivory of Cognettia sphagnetorum.

References Methods Fungivorous
behavior

Notes

Springett, 1964 Cultivation on agar plates No Maintained on agar plates, did not feed on yeast as a sole nutrient source.
Springett and Latter, 1977 Bait traps, cultivation on agar plates,

microscopic analysis
No Growth extremely poor or absent with fungi (some constitutes released from dead

microorganisms could be used).
Latter and Howson, 1978 Cultivation on agar plates,

microscopic analysis
No Growth extremely poor or absent with fungi, including Mortierella sp. (some

constitutes released from dead microorganisms could be used).
Ponge, 1991; Microscopic analysis of the gut

content (phase contrast microscopy)
Yes Fed on hyaline fungi in Scots pine litter.

Hedlund and Augustsson,
1995

Microscopic analysis, microcosm
study

Yes Hyphae of the fungus Mortierella isabellina were grazed and partly removed.

Augustsson and Rundgren,
1998

Microcosm study Yes Growth in the presence of baker's yeast over a period of four weeks was better than
in control soil. Low mortality when fed with M. isabellina.

Briones and Ineson, 2002 14C isotope analysis No Predominantly uses 5–10-year-old material for carbon assimilation.
Cole et al., 2002 Microcosm study, PLFA/FAME

analysis
Yes Reduced fungal PLFA (i.e., fed selectively on fungal hyphae).

Nowak and Piotrowska-
Seget, 2005

Microcosm study, PLFA analysis Yes Soil microcosm cultures were established twice; each time, increase or decrease of
enchytraeid numbers differed and seemed to be unpredictable. However, there is
evidence for a relationship between enchytraeids and fungi.

Nowak et al., 2005 Experimental plots, PLFA analysis No No relationship was found between animals and microorganism abundance.
Numbers of individuals increased after fungicide application (possibly due to dead
microorganisms).

Ponge, 2010a Microscopic analysis of the gut
content (phase contrast microscopy)

Yes Fed on hyaline fungi in Scots pine litter.

Remén et al., 2010 Microcosm study, chitin analysis No Did not increase in abundance in any of the treatments with ûve different
ectomycorrhizal fungi or with wood decomposer fungus (Hypholoma capnoides),
but increased signiûcantly its abundance in non-treated soils.

a English translation of three papers published in French by Ponge (1984, 1985 and 1988).
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unicellular algae in enchytraeid guts are available. Palka and Spaul
(1970) noticed that cell walls of green algae passed through the ali-
mentary canal of L. rivalis apparently unaffected, in contrast to the cell
contents. This resembles the degradation mode of cyanobacteria de-
scribed by Ponge (1991, 2010) in representatives of Cognettia. However,
the digestion of Chlorella-like algae in Cognettia sp. and C. sphagnetorum
occurs in a slightly different way with the support of the intestinal
microüora. Initially, intact algal cells are coated with bacteria. After
bacterial attack, the cells cytoplasm disappears and ghost cells collapse.
However, the cell walls of algae are only partially digested. According
to Ponge (1991, 2010), the digestion of microalgae seemed to be
somewhat diýcult and it is not certain whether cell wall degradation
always occurs. However, the use of algal nutrients by Enchytraeus al-

bidus from Chlorocloster pachychlamys and two strains of Chlamydo-

monas reinhardtii has been demonstrated using 15N labels. (Shtina et al.,
1981). They found that after feeding on algae marked with the 15N
isotope, enchytraeids incorporated about 4–5% of the algal cellś
marked nitrogen. The contribution of gut microbiota to the digestion of
refractory algal material in enchytraeids has been suggested by several
authors (e.g. Palka and Spaul, 1970; Goodman, 1971; Murakami et al.,
2015). Unfortunately, no detailed studies on the inüuence of the en-
chytraeid microüora on the nutritional value of microscopic algae have
been performed. The cellulolytic enhancement by symbionts has been
considered essential for Enchytraeidae (Palka and Spaul, 1970). How-
ever, the belief that cellulase activity is necessary for microalgae di-
gestion could be partially true, depending on the algae species or even
the strain that is ingested. Microalgal cell walls are complex, and their
composition is still poorly understood (Gerken et al., 2013). For ex-
ample, the cell walls of most Chlamydomonas do not contain cellulose,
and their major constituents are crystalline glycoproteins (Harris, 2009;
Domozych et al., 2012). Some strains of Chlorella vulgaris have little or
no cellulose in their cell walls (Gerken et al., 2013). Therefore, in some
cases, the digestion of algae may require enzymes other than cellulases.
Gerken et al. (2013) found that in Ch. vulgaris strain (UTEX395) the
lysozyme degraded an outer surface of the cell wall, including ex-
ternally-oriented hair-like ûbers. Treatment with lysozyme in combi-
nation with other enzymes, such as sulfatase, lyticase, or phospholipase
A1, drastically increased algal cell permeability. In contrast, cellulase
caused no systematic changes in the ultrastructure of rigid layers and
had no signiûcant effect on permeability. On the other hand, lysozyme
alone did not have a marked impact on permeabilizing mature algal
cells. However, due to the loss of the protective layer, other cell wall
components become available as substrates to a wide range of different
enzymes (Gerken et al., 2013).

A few studies have shown that the consumption of certain algal
species can positively affect the growth rates of potworms. Feeding on
the yellow-green alga Botrydiopsis intercedens stimulated the reproduc-
tion of enchytraeids in laboratory tests, while the cyanobacterium
Trichormus variabilis was rejected as a food source and proved to be
toxic (Krištůfek et al., 1997). Conversely, Nostoc cf. calcicola (Cyano-
bacteria) was preferably consumed by Enchytraeus crypticus (Lukešová
and Frouz, 2007). Augustsson and Rundgren (1998) found that C.

sphagnetorum fed with Pleurococcus spp. algae had better growth
(number of segments added) than those fed with the fungus M. isa-
bellina in copper-polluted soil. Microalgae can serve as either the main
or a complementary food source for enchytraeids. On a daily basis, one
enchytraeid individual can ingest 1.2 × to 4.1 × 10−3 mg (in terms of
dry weight) of algae or cyanobacteria according to speciûc microbial
species (Nekrasova and Domracheva, 1972; Nekrasova et al., 1976).
Assuming that enchytraeids from forest soil feed only upon algae and
cyanobacteria, they can use a biomass of 131 to 149 kg ha−1year−1

(Nekrasova and Domracheva, 1972). Soil annelids, including pot-
worms, can play an active role in controlling microalgal populations
and in the transformation of their biomass (Shtina et al., 1981).

Microalgae are a heterogeneous polyphyletic group of microorgan-
isms and their susceptibility to digestion depends on both the algal and

the enchytraeid species. Microalgae containing cellulose-based cell
walls are generally refractory for enchytraeids, and their use is possible
only with the support of symbiotic bacteria (Toutain et al., 1982;
Ponge, 1991, 2010). However, even with symbiotic bacteria, digestion
is usually incomplete, as has been observed in many other groups of
invertebrates (Lukešová and Frouz, 2007). On the other hand, micro-
algal species that do not contain large amounts of cellulose in their cell
wall are rather a good source of food, at least for some enchytraeid
species, and can have a positive effect on animal growth (Goodman,
1971; Shtina et al., 1981; Gelder, 1984; Krištůfek et al., 1997).

3.6. Nematodes

Apart from microorganisms, living or partially digested nematodes
have been found in the guts of enchytraeids (Palka and Spaul, 1970;
Dash and Cragg, 1972; Dash, 1973). Dash (1973) reported the inter-
intestinal presence of free-living nematode females from the family
Monhysteridae. However, according to Dash and Cragg (1972), it is
unlikely that nematodes constitute an important source of food for
potworms; experimental feeding of dead nematodes to L. rivalis yielded
inconclusive results (Palka and Spaul, 1970). The presence of nema-
todes in the enchytraeid gut could be explained as a result of their
accidental ingestion with plant residues or with other remains (Palka
and Spaul, 1970; Dash and Cragg, 1972; Dash, 1983). However, some
nematodes observed in the alimentary canal and coelom are most likely
parasitic (see Dash and Cragg, 1972 or Dash, 1973). For example, one of
the well-known parasites is Soboliphyme baturini, which has a complex
life cycle involving enchytraeids as intermediate hosts (Koehler et al.,
2007). On the other hand, there is some evidence that earthworms,
which are closely related to potworms (Erséus, 2005), selectively feed
on nematodes (Hyvönen et al., 1994). Additionally, Jegen’s (1920)
observations of large numbers of Enchytraeidae in and around the roots
of nematode-infested strawberry plants indicate that there is some
correlation in the occurrence of these animals. Jegen (1920) claimed
that enchytraeids can kill root-feeding nematodes by gathering around
them, converting them into a liquid mass, and then consuming the re-
sulting pulp. He experimentally demonstrated that introducing en-
chytraeids (Enchytraeus spp., Lumbricillus spp., Fridericia spp.) to the soil
early enough could stop nematode infestation of strawberry plants. If,
however, this procedure was performed in an advanced stage of in-
festation, the enchytraeids accelerated the process of plant decom-
position by opening the channels in the roots, which were then more
easily colonized by saprophytic microüora (Jegen, 1920). Similar stu-
dies have also been conducted by Schaerffenberg (1950) and
Schaerffenberg and Tendl (1951), who investigated the interactions
between potworms and the rhizophagous nematode Heterodera

schachtii. The addition of Enchytraeus spp. and Fridericia spp. to soil
containing the nematode-infested sugar beets arrested the disease.
However, complete plant recovery was only possible in early infestation
stages before the appearance of adults of H. schachtii. The introduction
of potworms to soil in an advanced stage of infestation, after the de-
velopment of nematodes has been completed and mature individuals
have massively left the roots, accelerated plant degeneration, which is
in agreement with the results obtained by Jegen (1920). Schaerffenberg
(1950) and Schaerffenberg and Tendl (1951) stated that only the po-
pulations of endoparasitic larvae in the roots were greatly reduced, but
not the mature individuals of H. schachtii. They assumed rather than
experimentally conûrmed, that immature enchytraeid individuals pe-
netrate the epidermis of roots of sugar beets and feed on nematode
larvae. Though some root tissue sections were prepared by these au-
thors, the presence of enchytraeids in low nematode-infested plants was
neither shown nor clearly reported as observed. This makes their
statement controversial and was questioned by Boosalis and Mankau
(1965), who pointed out that (1) enchytraeids are normally sapropha-
gous and they have no special organs for penetrating live roots,
therefore the nematode location is probably unavailable to them; (2)
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Heterodera spp. require relatively sound plant tissue in order to ac-
complish their specialized host-parasite relationship, while en-
chytraeids can dislodge developing nematodes in highly decomposed
roots. But such condition are also unfavorable for the endoparasitic
larvae. Therefore, the explanation given by Schaerffenberg and Tendl
(1951) on the antagonistic relationship between enchytraeids and rhi-
zophagous nematode H. schachtii seems to be unreliable. This raises
questions about whether enchytraeids interact with sedentary en-
doparasitic nematodes (i.e. plant-cyst or plant-root-knot nematodes)
and if so, how do they interact?

The interrelationships between enchytraeids, fungal biological
control agents, and plant-root-knot nematode (Meloidogyne javanica)
were investigated by Jaffee et al. (1997). They found that immature E.
crypticus did not affect the numbers of root-knot nematodes but reduced
the population densities of the nematophagous fungi. As a result, E.
crypticus had negative impact on biological control of M. javanica by
fungi. However, unexpectedly, in another microcosm experiment ex-
ploring the interrelationships among rhizosphere community, Meloi-

dogyne incognita and pepper (Capsicum annuum) seedlings, and un-
speciûed enchytraeids, a pattern of abundance that was similar to that
observed with predatory nematodes was seen, which was consistent
with reduction in juvenile root-knot nematodes in soil (McSorley et al.,
2006). These inconsistent ûndings might be explained in a several
various ways (e.g. different species involved), however, data is limited
and the questions remain.

Enchytraeids have been associated with a reduction in rhizophagous
nematode populations under some circumstances (Jegen, 1920;
Schaerffenberg, 1950; Schaerffenberg and Tendl, 1951; McSorley et al.,
2006). Therefore it seems possible that they actively prey on some
nematode species, however this has not been proven. It can be con-
cluded that in the case of sedentary endoparasitic nematodes, juvenile
forms are consumed (Schaerffenberg, 1950; Schaerffenberg and Tendl,
1951; McSorley et al., 2006), and this is possible until they enter the
roots of host plant (Boosalis and Mankau, 1965). The external digestion
of nematodes suggested by Jegen (1920) and assumed by
Schaerffenberg and Tendl (1951) has not been conûrmed and is con-
tradicted by other authors (Palka and Spaul, 1970; Dash and Cragg,
1972; Dash, 1983). The importance of nematodes in enchytraeid diet
remains unknown.

3.7. Locust eggs

Apart from nematodes, at least two incidents of the consumption of
locust eggs by potworms have been recorded. Beddard (1905) described
in detail an enchytraeid worm received from India, referred to Henlea

lefroyi, that attacked and destroyed locust eggs in moist soil. According
to Michaelsen, the position of this species within the genus Henlea was
doubtful (see Beddard, 1912). Ackonor and Vajime (1995) studied en-
vironmental factors affecting egg development and survival in Locusta

migratoria migratorioides in the Lake Chad basin outbreak area. They
reported that an unknown enchytraeid species attacked eggs and caused
the total or partial destruction of egg pods. The reports of Beddard
(1905) and Ackonor and Vajime (1995) are controversial, as the
ecology of non-European species is still very poorly understood. Curious
cases of feeding habits of some exotic enchytraeids are nothing extra-
ordinary in the literature. For example, Aspidodrilus kelsalli and Pel-

matodrilus planariformis, which have a partially or pronouncedly üat-
tened body, respectively, are ectocomensals living on large earthworms,
probably feeding on surface mucus along with soil particles, bacteria,
and organic debris trapped in it (Coates, 1990). Therefore, such reports,
even though relatively old, should not be disregarded, albeit they
should be treated with caution.

4. Conclusions and perspectives

Detailed studies on the food preferences of enchytraeids have only

been carried out on a few species. The diet of Enchytraeidae consists
mainly of partially degraded plant debris, bacteria, fungi, and micro-
algae. In addition, some species feed on rotting seaweed (thalloid
algae), feces, and animal remains after the initial action of saprophytic
microüora. There is a lack of information on the contribution of pro-
tozoans to the enchytraeid diet. A single case of completed lysis of
“testate amoebae” in Cognettia sphagnetorum has been reported by
Ponge (1991). Enchytraeids are not plant pests, but have often been
wrongly implicated in the damage of higher plants. Unfortunately, this
idea is still presented in some general textbooks and agriculture bro-
chures. In contrast, there are indications that some species of the genera
Lumbricillus, Enchytraeus, and possibly Fridericia can consume herbi-
vorous nematodes, at least their juvenile forms. The present review
reinforces the conclusion made by Didden (1993) that more than one
feeding strategy exists within the family Enchytraeidae. Based on the
available literature, we can distinguish several trophic types among
potworms (Table 2). It is self-evident that due to the lack of reliable
information on many aspects presented view is at least partly simpli-
ûed. However, it generates at least a picture that can be further sup-
plemented and corrected. Even cryptic species, that are very similar to
each other in terms of morphology, may differ signiûcantly in terms of
food preferences. Enchytraeidae can be divided into two groups: the
ûrst one contains primary decomposers (at least one cryptic species
within the C. sphagnetorum complex) using only dead organic matter,
and the second one consists of species that are able to thrive on speciûc
microorganisms, sometimes as their sole source of food. Under appro-
priate conditions, some species may act as microphytophages, there-
fore, dead plant material is probably less important in their diet than
previously thought. However, some strains of bacteria (Pseudomonas

spp.) and fungi (Penicillium spp.) are particularly resistant to lysis in
enchytraeid guts and therefore, not suitable as food. Deûning en-
chytraeids as intermediate type decomposers (Eisenhauer and Schädler,
2011) seems to be accurate for most of the studied species. Potworms
are discriminatory feeders, but some have a wide food spectrum. Se-
lective feeding by enchytraeids on microbes, seaweed, and plant ma-
terial has been shown. Preferential ingestion of certain species of bac-
teria and fungi has been particularly well demonstrated in Enchytraeus

crypticus. However, there is no general answer to the question whether
potworms are more fungivorous or bacterivorous. Thus, it seems that C.
sphagnetorum investigated by Ponge (1991) is rather fungivorous, while
E. crypticus uses bacteria and fungi in approximately the same amounts.
Apart from microorganisms, the selection of speciûc kinds of seaweed
has been shown for E. albidus and Lumbricillus spp., while the choice
between different leaf litters has been documented in Henlea nasuta and
Friderica spp. Potworms prefer decaying plants and macroalgae over
fresh material. They have different levels of certain digestive enzymes,
probably depending on the rate of feeding, type, and source of the food
that is ingested. Most enchytraeids are not capable of digesting cellulose
or at least, degrading this polysaccharide with diýculty. Some cellulase
activity has been detected in a few (mainly tropical) species of pot-
worms. However, it has not been well clariûed whether the origin of
those cellulases are the potworms themselves or the microorganisms
that were ingested with their food, or perhaps from symbiotic micro-
üora.

Studies on the feeding behavior of Enchytraeidae are complicated
by the small size of the animals and the presence of species complexes.
Moreover, some potworms (e.g. Cognettia spp., Lumbricillus spp.) can
starve for several weeks and even reproduce for a while during this
period (Springett, 1964; Palka and Spaul, 1970; Reichart et al., 1996),
which may complicate the drawing of reliable conclusions in feeding
experiments. Molecular methods such as DNA barcoding (Hebert et al.,
2003) could be applied to improve the identiûcation of species
(Schlegel et al., 1991; Erséus et al., 2010; Martinsson and Erséus, 2014;
Vivien et al., 2015). Techniques such as RT-PCR (Reverse Transcription-
Polymerase Chain Reaction) may also help to distinguish the origin of
enzymes that are active in the worm gut (Nozaki et al., 2009).
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Additionally, some methods such as T-RFLP (Terminal Restriction
Fragment Length Polymorphism) could be used to study the prokaryotic
community structure in the digestive tract of annelids (Egert et al.,
2004).

Many aspects of enchytraeids feeding require further study.
Selective ingestion (e.g. the nature of attractants or repellents), diges-
tion (external or internal?) and the role of microbial interaction in the
consumption of different food types still need to be clariûed. For ex-
ample, there are no studies on the susceptibility of different bacterial
groups to digestion in the enchytraeid gut. No deûnite conclusions have
been made about the role of nematodes as a food source. The older
papers, which provided some essential data on the feeding biology,
were sometimes inconsistent; this was particularly evident for studies
on C. sphagnetorum. The fact that this species turned out to be a complex
composed of at least four well-separated lineages could explain differ-
ences obtained among several experiments on ecology and food pre-
ferences of enchytraeids. Therefore, there is still a need for further re-
search on enchytraeid feeding ecology at the species level, as several
authors have stressed before (e.g. Dózsa-Farkas, 1982; Didden, 1993;
Schmidt et al., 2004).
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a b s t r a c t

Although enchytraeids have gained popularity in scientific research, fundamental questions regarding

their feeding ecology and biology remain largely unexplored. This study investigates a-amylases, major

digestive enzymes responsible for hydrolyzing starch and similar polysaccharides into sugars, in

Enchytraeus albidus. Genetic data related to a-amylases is currently lacking for the family Enchytraeidae

but also for the entire Annelida. To detect and identify coding sequences of the expressed a-amylase

genes in COI-monohaplotype culture (PL-A strain) of E. albidus, we used classical “gene fishing” and

transcriptomic approaches. We also compared coding sequence variants of a-amylase retrieved from

transcriptomic data related to freeze-tolerant strains. Our results reveal that E. albidus possesses two

distinct a-amylase genes (Amy I and Amy II) that are homologs to earthworm Eisenia fetida Ef-Amy genes.

Different strains of E. albidus possess distinctive alleles of a-amylases with unique SNP patterns specific

to a particular strain. Unlike Amy II, Amy I seems to be a highly polymorphic and multicopy gene. The

domain architecture of the putative Amy proteins was found the same as for classical animal a-amylases

with ABC-domains. A characteristic feature of Amy II is the lack of GHGAmotif in the flexible loop region,

similarly to many insect amylases. We identified “Enchytraeus-Eisenia type” a-amylase homologs in other

clitellates and polychaetes, indicating the ancestral origin of Amy I/II proteins in Annelida. This study

provides the first insight into the endogenous non-proteolytic digestive enzyme genes in potworms,

discusses the evolution of Amy a-amylases in Annelida, and explores phylogenetic implications.

© 2024 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights

reserved.

1. Introduction

Enchytraeids, commonly known as potworms, play a crucial role
in the decomposition of organic matter and soil structure formation
[1]. In recent years, a growing interest in enchytraeids, especially of
the genus Enchytraeus, as model organisms can be observed, inter
alia, in ecological and ecotoxicological studies [2]. However, the
trophic biology of this annelid group is still poorly understood. A
recent review paper on enchytraeids' feeding preferences revealed
that many characteristics of their trophic biology remain disputable
and need further study [3]. One of the important long-standing
issues, which exploration has been ceased for circa two decades,

is the digestive capacity of enchytraeids. To date, digestive enzyme
activities in enchytraeids have been studied based on traditional
biochemical [4e9] or histochemical methods [10]. However, in
many mesofaunal invertebrates the contribution of microbial
enzymatic apparatus cannot be excluded, and the activity of the
microflora can even conceal the endogenous digestive capacity of
animals [3,7,129]. While earlier studies had indicated that enchy-
traeids are capable of digesting proteins, disaccharides, and some
polysaccharides, no attempt has been made to distinguish whether
the origin of digestive enzymes is the enchytraeids themselves or
microorganisms [6e9]. To our knowledge, genetic techniques have
not been previously used to detect the endogenous expression of
digestive enzyme genes per se in enchytraeids. Among potworms,
Enchytraeus albidus is one of the most known and ecologically
relevant soil and marine littoral species [11]. Apart from being a
subject of numerous different biological research including* Corresponding author.
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developmental biology (e.g. Ref. [12]) and aquaculture [13,14], it has
been employed (alongsidewith Enchytraeus crypticus) as a standard
test organism for environmental risk assessment (e.g. OECD Test
No. 220: Enchytraeid Reproduction Test) [15]. Even though it is a
scientifically and economically important annelid species, data
regarding its digestive capacity is still very scarce and limited to
only a few old studies [4,6,16]. It is worth noting that a recent
molecular taxonomy study has revealed that, in fact, E. albidus was
a cryptic complex of at least nine morphologically similar and
closely related species [11,17]. This potentially complicates the
drawing of reliable conclusions related to the digestive capacity of
particular species. In the last review [3], it was suggested that the
discovery of cryptic diversity in another popular model enchytraeid
Cognettia sphagnetorum complex (now Chamaedrilus spp.) could
explain differences obtained among several experiments related to
its ecology and food preferences. The situation can be similar in the
case of previously unrecognized species within E. albidus complex
[11]. Even closely related species can possess different enzyme
repertoires, including a-amylase arrangements [18]. Although a-
amylases are generally known to be nonexclusively widespread in
the animal kingdom, and their genomic or coding sequences have
been identified in many groups of invertebrates, surprisingly, there
is a substantial lack of that kind of data related not only to
Enchytraeidae family but to entire phylum Annelida. To date, a-
amylases from annelids seem to be more deeply studied only in the
earthworm Eisenia fetida [19,20], while coding sequences of these
important enzymes just for a few polychaetes are readily available
in public databases. Because of data scarcity, Annelida amylase
sequences are not well represented [21,22] and are only used
marginally in protein evolution studies [23e25]. Thus, the evolu-
tionary relationships of amylases in annelids remain unsolved.

Here, we present the first report of complete coding sequences
(complete CDSs) for non-proteolytic digestive enzyme genes in
representatives of Enchytraeidae family. We performed molecular
cloning and characterization of coding sequences of the a-amylase
genes from Enchytraeus albidus. In addition to the classical
approach, we performed de novo transcriptome assembly of
E. albidus PL-A specimens originating from COI-monohaplotype
culture and retrieved additional coding sequence variants of a-
amylase genes (Amy I and Amy II) from transcriptomic data related
to freeze-tolerant German (G) and Greenlandic (N) strains [26], and
compared all sequences across the strains. Secondly, we present a
basic bioinformatic characterization of the predicted a-amylase
proteins of E. albidus, including structural modeling. Moreover, we
established an evolutionary context for homologous Amy proteins
by retrieving close orthologs expressed in other annelid species and
integrating them into the maximum likelihood tree, trying to
answer the question of their origin and evolution. Additionally, we
found that the phylogenetic analysis of annelid a-amylases,
neglected genes within a neglected group expressing important
digestive enzymes, could provide a compelling opportunity to
contribute to the ongoing heated debate concerning the positioning
of certain taxa and the overall phylogeny of Annelida.

2. Material and methods

2.1. Animal material

Adult specimens of E. albidus from COI-barcoded (Acc.
MK044803-MK044805) lab culture were used for DNA & RNA
extraction. Animals were kept in a small plastic box filled with
defaunized garden soil and fed twice weekly with fish food flakes.
Lab culture (mixed population) has been established from stock
culture purchased from the commercial seller. The same commer-
cial source has been previously chosen by Urbisz and co-workers

[12]. The COI-monohaplotype culture (PL-A strain) was derived
from a single cocoon incubated on a non-nutrient agarose plate.
After hatching, specimens were transferred from agarose medium
to defaunized garden soil and maintained as described above.

2.2. DNA barcoding of the lab and monohaplotype cultures

The DNA extraction was performed with GeneMatrix Tissue
DNA Purification Kit (EURx) according to manufacturer's protocol
for fresh animal tissue with Proteinase K and RNase A digestion
step. PCR amplification of cytochrome c oxidase subunit I (COI)
fragment was performed using Color OptiTaq PCR Master Mix
(EURx), with the following two “universal“ primers: LCO1490 and
HCO2198 [128] and 1 ml of extracted DNA as a template in a total
volume of 50 ml. Reactions were proceeded in Biometra thermo-
cycler with thermal cycling conditions set up as described by
Martinsson and Ers�eus [27]. To confirm amplification, PCR products
were run on a 1.2 % agarose gel in TBE buffer with the addition of
SimplySafe (EURx). Amplification products were sent to GenoMed
(Warsaw, Poland) and sequenced in both directions.

2.3. RNA extraction and cDNA synthesis for a classical approach

Before RNA extraction potworms were transferred to non-
nutrient 1.2 % agar in tap-water plates for a time to empty gut
contents which can affect RNA quality or interfere with cDNA
synthesis/PCR assay. Then, individuals were killed by immersion
into Fix RNA reagent (EURx, Poland) in microcentrifuge tubes. Fixed
specimens were carefully separated from fixative before proceed-
ing with RNA purification steps by pipettor. Total RNA was extrac-
ted from the whole specimens with GeneMATRIX Universal RNA
Purification Kit (EURx, Poland) according to manufacturer protocol
for fresh animal tissue andmanual homogenization. Initially, one to
five individuals were used per pooled sample frommixed culture (5
samples, 15 specimens total), while five single PL-A strain speci-
mens were used for PCR validation of RNA-seq data. The quality and
concentration of extracted RNA were checked with NanoDrop
2000. A half microgram of RNA primed with oligo(dT)20 was
reverse transcribed following the instructions provided with the
NG dART RT kit (EURx) to synthesize cDNA. The reaction was
terminated by incubating at 85 �C for 5 min.

2.4. PCR-amplification of the core region of a-amylase I CDS

Complete cDNAs from Apis mellifera (Acc. AB022908), Drosophila
melanogaster (Acc. AY322195), Eisenia fetida (Acc. LC055495), Gallus
gallus (Acc. NM_001001473), Panulirus argus (Acc. LK937698) and
Marsupenaeus japonicus (Acc. KJ147432) were retrieved from Gen-
Bank/NCBI. Sequences were aligned by ClustalW in MEGA7 [28]. A
degenerate consensus sequence for a given DNA alignment was
generated with the web-based program GeneFisher2 [29]. The
conserved fragments were searched manually for designing
degenerate primers. OligoAnalyzer Tool (https://eu.idtdna.com/
calc/analyzer) and Sequence Manipulation Suite [30] were used
for primer analysis. PCR amplification of the core region of a-
amylase was performed initially using a pair of degenerate primers:
AmyF and AmyR, and subsequently with a pair of primers with a
lower degeneracy: tgAmyF and agAmyR (see Table 1). These two
sets of primers later turned out to be imperfectly matched to the
template; however, specific amplification of the core region was
possible. Each PCR mixture consisted of the following components
in a total volume of 50 ml: Color OptiTaq PCRMasterMix (2� ) (final
concentration: 1.25 U OptiTaq DNA Polymerase, 1.5 mM MgCl2,
0.2 mM of each dNTP), 0.6 mM of forward and reverse degenerate
primers (or 0.2 mM of forward and reverse non-degenerate
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primers), and 1 ml of cDNA as template. The thermal profile for
amplification was: 1 cycle of 95 �C for 260 s (initial denaturation),
35 cycles each of 95 �C for 40 s, 45 �C for 45 s and 72 �C for 60 s, with
a final 72 �C extension for 480 s. Amplification products were sent
to GenoMed (Warsaw, Poland) and sequenced in both directions
using cgAmyF and agAmyR, respectively. All primers used in this
paper are listed in Table 1.

2.5. Amplification of 3’ end of a-amylase I CDS

A new series of internal primers was developed based on the
sequence obtained from the core region. PCR amplification of 30 end
cDNA of a-amylase was performed with the use of gene-specific
forward primer Amy993F (primer site located 518 bp upstream
from 30 end of CDS) and nonspecific reverse primer oligo(dT)30
complementary to the 30 poly(A) tail. The amplification was based
on a simplified protocol for the one-sided PCR technique originally
described by Ohara et al. [31] and updated by Dorit & Ohara [32].
We found that using oligo(dT)30 (instead of oligo(dT)20) with a
higher annealing temperature (i.e., > 42 �C) increased the speci-
ficity of one-sided PCR and significantly reduced the heterogeneity
of the final product without the need for additional steps (e.g. a
second amplification with nested primer, DNA gel extraction, and
reamplification) usually required to rescue the appropriate
sequence. The one-sided PCR reaction contained 0.6 mM of forward
and reverse primers and the rest of the components as described
above. The thermal profile for amplificationwas: 1 cycle of 95 �C for
180 s (initial denaturation), 35 cycles each of 95 �C for 40 s, 45 �C for
45 s and 72 �C for 60 s, with a final 72 �C extension for 480 s. Five
amplification products corresponding with five separate pooled
samples (see 2.3 RNA extraction and cDNA synthesis for a classical
approach) were sequenced in one direction using Amy993F. All
sequences were aligned and 3’ end consensus sequence was
deduced. A 21 nucleotide primer AmyEndR that covers exactly the
last 7 codons of E. albidus a-amylase CDS was designed. AmyEndR

was validated for amplification in combination with Amy993F and
with other internal forward primers.

2.6. Amplification of 5’ end of a-amylase I CDS with cRACE

Amplification of 50 end cDNA of E. albidus a-amylase was based
on the three-step cRACE method [33] and carried out according to
the protocols [33,34] which were slightly modified. A half micro-
gram of RNA was reverse transcribed following the instructions
provided NG dART RT kit (EURx) with a gene-specific 50-phos-
phorylated oligonucleotide PAmy520R in total volume of 20 ml at
50 �C. The reaction was terminated by incubating at 85 �C for
15 min. From the resulting cDNA 12.5 ml was taken to the next step.
Subsequently, three volumes of 1 � TE Buffer (10 mM Tris-HCl and
1 mM EDTA, pH 8.0) containing 4 mg/ml RNaseA were added. Next,
two-fifths of the resulting cDNAmixturewas circularized by 20 U of
T4 RNA ligase with 5 ml of 10 � reaction buffer (Thermo Scientific)
in the presence of 15 % (w/v) polyethylene glycol 4000 (Thermo
Scientific) in a total volume of 50 ml at 37 �C for 60 min. To remove
residuals of the first-strand synthesis primer and unreacted cDNAs,
a 1.5 U of Pfu DNA polymerase (EURx) was added to the reaction at
37 �C for 30 min employing its 30e50 exonuclease activity. Finally, a
5 ml aliquot of the reactionwas directly used as template for the first
amplification by PCR with a pair of inverted primers: Amy364R and
Amy499F. Because the ampliconwas visible as a single faint band, it
was cut from the gel and purified using Gel Purification GPB Mini
Kit (GenoPlast Biochemicals). A serial dilution of recovered DNA in
nuclease-free water was prepared and used as a template in a
second round of PCR (reamplification). The thermal profile for PCR
was: 1 cycle of 95 �C for 180 s (initial denaturation), 35 cycles each
of 95 �C for 30 s, 45 �C for 30 s and 72 �C for 45 s, with a final 72 �C
extension for 480 s. PCR products were sequenced in both di-
rections with the above-mentioned inverted primers. Obtained
reads were aligned and 5’ end consensus sequence was deduced.
Primer AmyStrF that covers exactly the first 25 nucleotides of CDS

Table 1

Primers used in this study and their application.

Primer name Direction Sequence (50
e>30) Application

LCO1490 Forward GGTCAACAAATCATAAAGATATTGG COI barcoding

HCO2198 Reverse TAAACTTCAGGGTGACCAAAAAATCA COI barcoding

AmyF Forward ATsGTsCAyyTsTTyGArTGG amplification of Amy I core region

AmyR Reverse CmvGArATvACrTCrCArTA amplification of Amy I core region

tgAmyF Forward ATsGTsCAyyTsTTTGAGTGG amplification of Amy I core region

agAmyR Reverse CmvGArATvACrTCACAGTA amplification of Amy I core region

Amy1014R Reverse ACATGTTTGCCTCAAAGAAGGT amplification of Amy I core region

Amy993F Forward ACCTTCTTTGAGGCAAACATGT one-sided PCR

oligo(dT)30 Reverse oligo(dT)30 one-sided PCR

PAmy520R Reverse GACTTGGTTTGCATCGTTGTAA 50-cRACE

Amy499F Forward TTACAACGATGCAAACCAAGTC 50-cRACE, core region amplification

Amy364R Reverse AGTCATGTGGTTGAATACCC 50-cRACE

AmyStrF Forward ATGCTGTCACTGATTGTGTTTTGTC amplification of Amy I full CDS

AmyEndR Reverse TCAGACATGTAGAGCAATCATGG amplification of Amy I full CDS

Amy660F Forward AGATCTGGAGGCGTTGTATGG Amy I clone sequencing

Amy838R Reverse CATCACCGAGATTCTTTCCGTG Amy I clone sequencing

T7LongFrw Forward TAATACGACTCACTATAGGGCGA Amy I clone sequencing

SP6LongRev Reverse ATTTAGGTGACACTATAGAATACTCA Amy I clone sequencing

AmyII51F Forward CAACTCTCAGTACTTTGGCACGTAC amplification of Amy II

AmyII958R Reverse ATTGAGATCTCCTGTGCGCTGA amplification of Amy II

AmyIIHybStrF Forward ATCTCTCGAACATGAAATCACTA amplification of Amy II

AmyII626R Reverse ACTCCCCAGTCAATCAACTTAT amplification of Amy II, amplification of Amy II 50-UTR

AmyII721F Forward CCGAGCGGAACAAAGGCTTATG amplification of Amy II

AmyIIEndShort Reverse TTATACATGTAGGGCGACCAT amplification of Amy II

FAmy1505 Forward CCATGATTGCTCTACATGTCTGA amplification of Amy I 30-UTR

RAmyUTRend Reverse ATACGTGACAGACGCACATGTTTAC amplification of Amy I 30-UTR

AmyII_5UTR3 Forward GAGTTACTACTCTAATATATTAGGC amplification of Amy II 50-UTR

AmyII1507F Forward ATGGTCGCCCTACATGTATAA amplification of Amy II 30-UTR

AmyII3UTRlongR Reverse GATACATAATATTATTGTCGTCCAC amplification of Amy II 30-UTR
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of E. albidus a-amylase was designed and validated for amplifica-
tion in combination with AmyEndR.

2.7. Cloning of full-length coding sequence of a-amylase I

The complete coding sequence of E. albidus a-amylase I was
amplified using the AmyStrF and AmyEndR primers. The PCR
product was cloned into pGEM-T Easy Vector using pGEM-T Easy
Vector System cloning kit with JM109 competent E. coli cells
following manufacturer's protocol (Promega). Seven clones were
sequenced in both directions with clone screening (T7long, SP6)
and gene-specific (Amy660F, Amy838R) primers to cover thewhole
ORF.

2.8. Amplification of the coding sequence of a-amylase II

Based on sequences obtained from the RNA-seq data (see
below), three sets of primers were designed, i.e., AmyIIHybStrF
with AmyII626R, AmyII51F with AmyII958R, and AmyII721F with
AmyIIEndShort. These primer pairs were used to amplify and
sequence the whole CDS of a-amylase II as three overlapping seg-
ments. The thermal profile for all PCRs was: 1 cycle of 95 �C for
180 s (initial denaturation), 35 cycles each of 95 �C for 40 s, 45 �C for
45 s, and 72 �C for 60 s, with a final 72 �C extension for 120 s.

2.9. Sequence analysis

The coding sequences of the Amy I and Amy II were used as
queries for BLASTn and BLASTp searches [35] to find homologous
sequences in the NCBI database. Sequences were aligned using
MAFFT7 [36] and the percent identity was calculated in the
Sequence Manipulation Suite [30]. The amino acid sequences were
deduced with Translate Tool available on the ExPASy platform
(http://us.expasy.org). Putative translated proteins were classified
using InterProScan [37] and SMART (a Simple Modular Architecture
Research Tool) [38] based on their identified functional signature
sequences. Signal peptide sequences were predicted by SignalP 6.0
[39]. The isoelectric point (pI) and molecular weight of the putative
mature proteins were determined by Compute pI/MW (ExPASy).
MEGA7 was used to calculate genetic distances using uncorrected
p-distances with uniform rates among sites. Additionally, evolu-
tionary divergence between sequences was assessed through
pairwise distance method with the Poisson correction model. The
ratio of non-synonymous to synonymous substitutions (dN/dS) for
E. albidus Amy I and Amy II was computed using the codeML pro-
gram in PAML 4.9 package [40], on the Galaxy platform [41].

2.10. Protein modeling, structural alignment and figure rendering

The 3D structure of proteins was homology-basedmodeledwith
SWISS-MODEL and automatic search for templates [42]. In all cases
the 6m4k X-ray crystal structure of wild-type a-amylase I from
Eisenia fetida was found to be the best and used as the mold. After
modeling, the quality and validation of the model were evaluated
by several structure assessment methods: GMQE, QMEANDisCo,
and QMEAN Z-scores. Primary and secondary structure alignments
of Amy I or Amy II with Ef-Amy I, were drawn using Jalview [43] and
ESPript [44], respectively. Figures of the tertiary structure of pro-
teins were rendered using SWISS-MODEL and UCSF ChimeraX [45].

2.11. Generation of RNA-seq data and transcriptome assembly for E.

albidus

Live specimens of E. albidus PL-A strain were sent to A&A
Biotechnology (Gda�nsk, Poland) for RNA extraction. RNA extraction

was performed from 4 adult specimens as a pooled sample using
Total RNA Mini Kit (A&A Biotechnology) and DNase treatment. To
generate RNA-seq reads, the obtained RNA sample was sent
through A&A Biotechnology to Macrogen Europe (Amsterdam,
Netherlands) for cDNA library preparation with TruSeq Stranded
mRNA LT Sample Prep Kit and paired-end sequencing with Illumina
platform (NovaSeq 6000; 2 � 151 bp reads). In parallel, raw RNA-
sequencing data (Illumina HiSeq 2500 runs) of two freeze-
tolerant strains (Germany-G and Greenland-N) of E. albidus [26]
were retrieved from the NCBI Sequence Read Archive (SRA:
SRP108369). Sequence quality control of reads from all sources was
performed using FastQC (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). Adapter removal and quality trimming
were performed with BBDuk plugin in Geneious Prime with the
following settings: trim adapters, default settings; trim partial
adapters from ends with kmer length 11; trim low quality both
ends, minimum quality 20; trim adapters based on paired read
overhangs: minimum overlap 24. Each transcriptome was assem-
bled separately using Trinity [46,47] integrated in OmicsBox suite
using the default k-mer length settings. Transcriptomes were pro-
cessed using TransDecoder (http://transdecoder.github.io) in
OmicsBox with default settings to detect coding regions.
Transdecoder-predicted ORFs were translated into amino acid se-
quences at least 100 amino acids in length and annotated using
GhostKOALA automatic annotation and KEGG mapping service
(http://www.kegg.jp/ghostkoala/) [48]. The obtained data was
screened for a-amylase (EC 3.2.1.1).

2.12. Data for phylogenetic analysis

Additional 92 transcriptomes originating from other annelids
were assembled de novo in the same manner as described above,
based on data retrieved from the NCBI SRA (Supplementary
Table S1). Sequences homologous to Eisenia fetida a-amylases
(treated as reference sequences) were identified by BLASTp search.
Additional sequences were also retrieved from other sources: NCBI
Transcriptome Shotgun Assembly Sequence Database, GenBank,
J�ekely lab transcriptomes databases for Platynereis dumerilii and
Alvinella pomepjana (http://jekelylab.ex.ac.uk/blast/) [49,50], and
supplementary data from another paper [51]. Moreover, in a few
cases (Aporrectodea caliginosa, Enchytraeus crypticus, Lepidonotus

clava, and Metaphire vulgaris), homologous sequences were iden-
tified by tBLASTn hit in genomes available at the NCBI Assembly
database and predicted with AUGUSTUS [52] integrated in Omics-
Box suite.

2.13. Phylogenetic analysis

Mature protein sequences were aligned using MAFFT 7 with
automatic assignment of alignment strategy and with the number
of iterations set to 1000 at GUIDANCE2 server [53] with 100
bootstrap repeats. Aweb server version of IQ-TREE [54] was used to
estimate the best-fitting model of amino acid evolution and, sub-
sequently, to construct a maximum likelihood tree. The main tree
(final data set) was constructed using the model WAG þ F þ I þ G4
as suggested by IQ-TREE, and with 1000 replications. Ultrafast
bootstrap (UFBoot) and SH-like approximate likelihood ratio test
(SH-aLRT) support values were calculated using 3000 replicates
with default settings. The tree was rooted at Owenia fusiformis

(Oweniidae) putative amylase sequences (Acc. CAH1795064 and
CAH1797073) following previous phylogenetic hypotheses for
Annelida (e.g. Refs. [55,56]) and visualized with iTOL [57] with a
further edition in Adobe Illustrator.
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41

66:3784261206

http://us.expasy.org
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://transdecoder.github.io
http://www.kegg.jp/ghostkoala/
http://jekelylab.ex.ac.uk/blast/


3. Results

3.1. Characterization of Amy I and Amy II CDSs and putative

proteins

Based on the classical “gene fishing” approach involving reverse
transcription PCR and PCR with degenerate primers, we amplified a
core region of the coding sequence of a-amylase I from Enchytraeus

albidus. A similar initial primer set, but with higher degeneracy, was
previously used to characterize the a-amylase from the carnivorous
crustacean Panulirus argus [58]. Relatively inexpensive techniques
(one-sided PCR, three-step cRACE) were successfully applied to
unravel the sequence of both ends of the target cDNA. The pre-
dicted ORF of a-amylase I was found to consist of 1527 bp encoding
508 amino acid residues. The sequencing of the full CDS clones
derived from the mixed culture of E. albidus revealed the presence
of at least five different alleles of Amy I (Amy I Clone1 e Amy I
Clone5) in the population and the necessity of the investigation of
purer genetic lineage to ensure that no cryptic species specimen
was accidently included in the analysis. The RNA-sequencing of
pooled sample from the PL-A strain revealed two Amy I alleles. PCR
validation from five corresponding specimens revealed another
new allele, and it confirmed the sequence of Amy I-Clone1, but not
exactly the variants from PL-A transcriptomic data. Seven addi-
tional alleles, four from the N strain and three from the G strain,
respectively, were retrieved from transcriptomes of freeze-tolerant
strains. All identified alleles differ from each other by a set of single
nucleotide polymorphisms unique for a given strain, leading in
some but not all cases to variations in the predicted amino acid
sequence of the putative protein. To sum up, fifteen alleles that
encode eleven protein variants of Amy I were discovered
(Supplementary Data S1).

Screening of transcriptomes assembled for the PL-A, G, and N
strains of Enchytraeus albidus revealed the presence of a second a-
amylase gene (Amy II). Similarly to Amy I, the predicted ORF of a-
amylase II was found to consist of 1527 bp encoding 508 amino acid
residues. The expression of Amy II for PL-A strain was confirmed by
PCR in corresponding specimens. However, two slightly different
variants of CDS were obtained. One of these sequences differs from
RNA-Seq-derived sequence only by a single nucleotide, which could
result from a base-calling error (though Sanger sequencing was
high quality in this region). Incorporating future genomic data
would be the most proper solution to address the issue. One PCR-
tested specimen was heterozygous in Amy II. Seven additional al-
leles, three from the N strain and four from the G strain, respec-
tively, were retrieved from transcriptomes of freeze-tolerant
strains. A total of ten alleles that encode six different pre-protein
variants of Amy II were identified (Supplementary Data S2). After
cleavage of the signal sequence only four putative mature Amy II
proteins remained unique. The differences between Amy II alleles
were related to several single nucleotide polymorphisms, and
similarly to Amy I, they were unique for a given strain at the DNA-
level.

To gain further insight into the evolutionary pressures on Amy
genes, we calculated the dN/dS ratio, a popular measure of evolu-
tionary pressures on protein-coding regions. For Amy I, we found a
dN/dS ratio of 0.11158, and for Amy II, the ratio was 0.12829. These
results indicate that both Amy genes are under purifying selection,
suggesting that changes in their coding sequences could be
detrimental.

The global alignment of Amy I with Amy II (Fig. 1) shows that
their coding sequence variants share 67e68 % nucleotide identity
and 70e71 % amino acid identity. Both E. albidus amylases share a
high sequence identity with Ef-Amy I (Acc. LC426728 and

LC055495) and Ef-Amy II (Acc. LC594654) from the earthworm
Eisenia fetida. Amy I shares 69 % nucleotide and 73e74 % amino acid
identity with Ef-Amy I, as well as 68e69 % nucleotide and 72 %
amino acid identity with Ef-Amy II, respectively. Furthermore, Amy
II shares 65 % nucleotide and 66 % amino acid identity with Ef-Amy
I, as well as 65e66 % nucleotide and 66e67 % amino acid identity
with Ef-Amy II, respectively. The uncorrected p-distance for
deduced protein sequences of Amy I varied from 0 to 1.38 %, while
for Amy II varied from 0 to 0.98 %. Pairwise sequence divergence of
unique Amy I and Amy II pre-proteins was shown in Table 2. Signal
peptides predicted by SignalP 6.0 for Amy I and Amy II comprised
16 (cleavage site: ASA-QY) and 19 (cleavage site: TNS-QY) amino
acid residues, respectively. The molecular mass of the mature Amy I
and Amy II proteins was estimated to be 54.3e54.5 kDa and
54.5e54.6 kDa, while the theoretical isoelectric point (pI) for them
was estimated to be 5.15e5.45 and 4.71e4.78, respectively.

3.2. Domains architecture and three-dimensional models of Amy I

and Amy II

Both E. albidus amylases were classified as belonging to Glyco-
side Hydrolase Family 13 by InterProScan and SMART. According to
BLASTp analysis results, they share slightly higher similarity with
non-insect animal amylases than with insect amylases (GH13_15).
Therefore, they should be classified in the subfamily GH13_24
(“vertebrate amylases”), as proposed by Tsukamoto et al. [20] for E.
fetida Amy amylases. It should be noted that the original distinction
of animal glycoside hydrolases GH13 into two subfamilies by Stam
et al. [21] based onphylogenetic relationships is somewhat artificial
and obsolete (see Ref. [59]).

The domains arrangement of Amy I and Amy II were found to be
typical, like in many other known GH13 a-amylases, with distin-
guishable A, B, and C domains [60,61] (Fig. 2A). Domain A is rep-
resented as a catalytic (a/b)8-barrel (TIM barrel). Domain B is
located between the third b-strand and the third a-helix of the TIM
barrel. It is a loop region with two well-defined antiparallel b-
strands connected by a b-turn. The C-terminal domain (domain C)
is formed by eight beta-strands arranged as a Greek key b-barrel
(Fig. 2B). Interestingly, despite the amino acid sequence divergence
between Amy I and Amy II, the predicted secondary structure
(Figs. 3 and 4) is identical for both paralogs. The differences in
tertiary structure models are minor (Fig. 2C), while the generated
models were high quality (Supplementary Table S2). Accordingly,
the three invariant catalytic residues of the active site (Asp196,
Glu232, and Asp299 in both Amy I and Amy II) are present. Residues
involved in binding calcium (Asn101, Arg157, Asp166, His200 in
both Amy I and Amy II) and chlorine (Arg194, Asn297, Arg337 in
Amy I; Arg194, Asn297, Arg334 in Amy II) ions are conserved with
those in Ef-Amy I [19]. Moreover, the Gly-rich loop (also known as
“flexible loop“) which protrudes near the catalytic cleft and con-
tains the Gly-His-Gly-Ala (GHGA) motif, is present in Amy I and in
Ef-Amy I, while it is absent in parallel Amy II and Ef-Amy II
[19,20,59]. Based on predicted models, in both E. albidus Amy am-
ylases twelve cysteine residues may form six disulfide bridges,
similarly to E. fetida Amy I (see UniProtKB accession number:
A0A173N065). This is in contrast to pig pancreatic a-amylase,
which contains five disulfide bridges [62]. Additional modeling and
analysis of a-amylases retrieved for other annelid species in our
study, specifically ESPript-DSSP prediction of positions of disulfide
bridges [44] combined with evaluation of the bonds using Disulfide
by Design 2.0 [63], indicates that the extra disulfide bond in domain
C is conserved among Clitellata (see Supplementary Fig. S1 and
Supplementary Table S3).
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3.3. Transcriptomic data for other annelids and phylogenetic

analysis of a-amylase

The final amylase data set comprised 159 mature protein se-
quences for 61 taxa, including E. albidus (Supplementary Data S3).
The primary source of additional data for annelids was SRA. Ho-
mologous sequences of sufficient length (complete or almost
complete 50-partial sequences) were recovered from 45 out of a
total of 94 SRA-derived transcriptomes. The remaining sequences

were retrieved from TSA (9 sequences), Stiller et al. [51] supple-
mentary data (9 sequences), GenBank (7 sequences), AUGUSTUS
gene prediction for selected Annelida genomes (6 sequences), and
J�ekely lab transcriptomes (5 sequences). Resulting sequences were
screened against GenBank using BLASTp, while Eisenia fetida a-
amylases (Acc. BAV13234, BBG56860, and BCN16346) were picked
as reference sequences for “Enchytraeus-Eisenia type” Amy homo-
logs. Almost all BLASTp hits have reported E-value of 0, except those
for Terebellides sp. and Alvinella pompejana (5e�180 and 2e�179,

Fig. 1. Amino acid sequence alignment of Amy I and Amy II pre-protein variants from E. albidus. Symbols in the consensus sequence indicate: fully conserved residue (*), con-

servative substitution (:), and semi-conservative substitution (.).
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respectively). To avoid long-branch attraction during the genera-
tion of the tree, marginally represented Spionida (Pygospio elegans

GFPL01022367 and Boccardia proboscidea SRR2057014) and Echiura
(Urechins unicinctus SRR13188955) sequences had to be removed
sadly from our final data set. Moreover, a few other initially iden-
tified homologous sequences had been excluded from the data set.
For example, protein sequences of a-amylase for Chaetogaster

diaphanus (SRR10997419) were recovered as slightly truncated at
the N-terminus. In addition, some extra sequences found in Ran-

diella sp. and Terebellides sp. transcriptomes were probably con-
taminants from other annelids and were not included in the final
data set.

After rooting at Oweniidae, represented byOwenia fusformis, the
tree split into two superclades (Fig. 5). The first superclade grouped
putative Amy proteins from: Dimorphilus gyrociliatus (Dinophili-
dae), basal branching lineages (Amphinomidae, Sipuncula) sensu
Weigert and Bleidorn [64], and descendant Errantia. In fact,
D. gyrociliatus was recently recovered as a member of basal
branching annelids (see Ref. [65]), contrary to the previous place-
ment of Dinophilidae within Sedentaria [64]. Within Errantia, two
main clades were recovered. The first one contained a single
sequence predicted from the genome (Acc. GCA_936440205) of the
polynoid scale worm Lepidonotus clava. Despite being underrep-
resented in our analysis, the Polynoidae Amy sequence was
essential for maintaining the tree's stability and preventing long
branch attraction. In the second main clade of Errantia, Eunicida
(Dorvilleidae, Oenonidae, Lumbrineridae) and the remaining
Phyllodocida (Nereididae and Syllidae) sequences were recovered
as sister sub-clades. Interestingly, a peculiar feature for species in
this clade was the presence of out-paralogs pairs with preserved
flexible loops. Thus, we considered both types of these proteins as
Amy I amylases. The second superclade of the Amy tree consisted of
Clitellata nested within Sedentaria. Within Sedentaria, mono-
phyletic Terebeliformia residing on a long branch was placed as the
most basal group. The latter was recovered as a sister group to the
remaining Sedentaria. The clade comprising Capitellidae, Arenico-
lidae, Aeolosomatidae, and Hrabeillidae was recovered as sister to
Opheliidae plus Clitellata.

As a sidenote, it should be remembered that Hrabeiella peri-

glandulata (Annelida, Hrabeillidae), an enigmatic soil species, was
considered Annelida incertae sedis for a long time. Still, a recent
phylogenomic analysis [66] showed that Hrabeiellidae and Aeolo-
somatidae form a sister group to Clitellata. As Clitellata is nested
within Sedentaria, it is logical now to classify Hrabeiella and Aeo-

losoma as sedentarian polychaetes and not Oligochaeta sensu stricto

within Clitellata (see Refs. [66,67]; cf [68]). This conclusion is
further supported by the inferred a-amylases phylogeny, which
places Hrabeiella as a sister to Aeolosoma within a well-supported
clade that also includes other Sedentarian lineages. Although we
found Opheliidae as a sister to Clitellata, similar to Struck et al. [69],
and contrary to Ers�eus et al. [66], nonetheless our phylogenetic tree
still supports the close association between Hrabeiellidae and
Aeolosomatidae found by the latter authors.

Within Clitellata, Amy protein sequences were separated into
two clades: (1) Enchytraeidae and (2) the rest of Clitellata (Cap-
illoventridae, Phreodrilidae, Naididae, Randiellidae, Crassiclitellata,
Lumbriculidae, and Branchiobdellidae). Enchytraeidae clade was
highly resolved, and sequences originating from Enchytraeus and
Mesenchytraeus were separated into two subclades containing
either Amy I or Amy II paralogs and further divided into species-
specific clusters. However, it should be noted here that sequences
obtained for different Enchytraeus crypticus (Ec) samples
(SRR10997417 versus assembly GCA_905160935/TSA
GALF00000000) were divergent. Depending on compared iso-
forms, amino acid p-distances varied, ranging between 12.4 andT
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13.4 % for Ec-Amy I and being approximately 12.3 % for Ec-Amy II.
Indeed, sequences originating from those two sources of Enchy-

traeus crypticus were recovered as separate groups, which suggests
misidentification, cryptic diversity of the species, or highly diver-
gent lineages. The COI sequence retrieved from mitochondrial
genome assembly confirms that the nuclear genomic data (Acc.
GCA_905160935) of E. crypticus [2] originated from the CE2183
isolate (Acc. GU902055). Unfortunately, such information is typi-
cally unavailable for many transcriptomic studies, which rely on the
selection of polyadenylated RNA transcripts. Apart from Enchy-
traeidae, the remaining Clitellata were separated into two main
clades, although highly supported only by one method (SH-aLRT
89.3/ultrafast bootstrap 43). The first main clade contained Amy I
from Capilloventridae and Amy II from Capilloventridae and
Phreodrilidae. These together form the sister group to the Naididae.
Interestingly, Amy II was the only type of Amy protein found in
Phreodrilidae, which was unusual concerning all other analyzed
annelid species where Amy I type proteins were dominant. In the
second main clade, composed of all the rest of Clitellata, Lum-
briculidae with Branchiobdellidae were recovered as a sister group
to Randiellidae plus Crassiclitellata. The placement of Randiella

amylase as sister to Crassiclitellata was favored only by SH-aLRT
(71.7) and depended on data and alignment treatment, which
sometimes resulted in placing Randiella at the most basal position
to all clitellates, though distant to Capilloventridae (not shown) (cf
[66]). However, the general sequence similarity between Randiella

and Crassiclitellata amylases, including the absence of indels, was
striking. Thus, we considered Randiellidae placement as ambig-
uous. Within Crassiclitellata, Amy proteins were separated into two
clades. The first clade contained Glossoscolecidae, Hormogastridae,

and most Megascolecidae species, while the second one contained
Amynthas gracilis (Megascolecidae) as a sister to Lumbricidae
(Aporrectodea, Lumbricus, and Eisenia). Apart from this rather un-
expected discrepancy between Amy gene phylogeny and pher-
etimoid earthworm species phylogeny, an incomplete lineage
sorting was identified in both Megascolecidae (see Metaphire guil-

lelmi) and Lumbricidae. The latter was especially evident in the case
of Eisenia spp. where sequences from E. fetida and E. andreiwere not
sorted in species-specific nor paralog-specific groups, despite being
sampled prominently. Moreover, a common Eisenia Amy I isoform
(DRR023799_DN2171c0g1i9 identical with Acc. BAV13234 in Gen-
Bank) identical at the protein level (including signal peptide) for
both species was found. It is worth noting that the sibling species E.
fetida and E. andrei differ at mitogenomes, and complete repro-
ductive isolation between those two species was reported in older
works (for details, see Ref. [70]). However, recent studies clearly
demonstrated the existence of fertile hybrids with incomplete and
asymmetric reproductive isolation [71e73], and interspecific gene
flow between parental species [74,75]. Therefore, the latter could
explain the discordance of Eisenia Amy proteins obtained in our
analysis.

4. Discussion

4.1. Gene copy number and polymorphism of a-amylases

Despite a-amylases being major digestive enzymes responsible
for hydrolyzing naturally abundant biopolymers such as starch and
similar polysaccharides into sugars, they have been little studied in
Annelida. The latter is especially true in the case of Enchytraeidae,

Fig. 2. Three-dimensional models of Amy I and Amy II amylases. (A) Domains arrangement of Amy I in ChimeraX. The magenta color marks domain A, the green color marks domain

B, and the orange color marks domain C. The red color marks the flexible loop region in Domain A. White arrows indicate b-sheet structures, a-helices are indicated by helical

structures, and a blue dot represents the position of the exaggerated calcium ion. (B) Tertiary structure of Amy I and secondary structure element organization in SWISS-MODEL.

Green strands represent b-sheet structures, violet helical structures indicate a-helices, and a green dot indicates the position of a calcium ion. (C) Structure comparison of predicted

Amy I and Amy II models in SWISS-MODEL. The consensus model of Amy I and the consensus model of Amy II proteins were superimposed. The local differences between models

are visible as reddish structure elements. The region in domain A that contains a flexible loop was encircled.
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45

70:1139873813



Fig. 3. Primary and secondary structure alignment of Enchytraeus albidus Amy I allozymes and Ef-Amy I (Acc. 6m4k) from Eisenia fetida. Secondary structure elements of compared

a-amylases are indicated above and below the alignment and colored as a function of domains: domain A, purple; domain B, green; domain C, orange. The h symbol refers to a 310-

helix. The a-helices and 310-helices are displayed as higher and lower squiggles, respectively. b-strands are rendered as arrows, strict b-turns as TT letters and strict a-turns as TTT.

The positions of potential disulfide bridges are marked as yellow digits below the alignment. Catalytic triad residues are highlighted in blue, residues involved in binding calcium are

highlighted in grey, and those involved in binding chlorine are highlighted in brown. Strictly identical residues are shown as white characters boxed in red, while similar residues

within a group are shown as red characters. Middle dots indicate gaps in the sequence alignment.
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in which studies of digestive enzymes, including a-amylases, were
limited to demonstrating and measuring the enzyme activity.
Sporadically, isozyme profiles were used as taxonomic markers for
annelids [76,77] and in these studies a-amylases were employed
alongside with other enzymes. To date, no molecular character-
ization or genetic background of digestive enzymes has been
investigated in enchytraeids. In the present study, we report that
Enchytraeus albidus possesses two distinct a-amylase genes (Amy I
and Amy II), which are homologous to Eisenia fetida (Ef-Amy I and
Ef-Amy II) genes [20]. We found that different strains of E. albidus
possess distinct alleles of Amy I and Amy II with unique SNP pat-
terns specific to a particular strain. No common nucleotide Amy

sequence was found for all analyzed strains, which were kept in
isolation. Still, the existence of such variants cannot be excluded in
other populations with higher intraspecific diversity. Therefore,
Amy genes could potentially be helpful in trait-based phylogeog-
raphy of E. albidus lineages. While allelic variation in both Amy
genes was found across the species, our analysis of specimens from
the COI-monohaplotype culture indicates that Amy I appears to be
a highly polymorphic andmulticopy gene, in contrast to Amy II. The
four Amy I coding sequence variants obtained for PL-A strain
specimens originating from a single cocoon indicate gene dupli-
cation or even polyploidy. Several populations of different Enchy-
traeus species were reported as polyploids before [78e80], and

Fig. 4. Primary and secondary structure alignment of Enchytraeus albidus Amy II allozymes and Ef-Amy I (Acc. 6m4k) from Eisenia fetida. Secondary structure elements of compared

a-amylases are indicated above and below the alignment and colored as a function of domains: domain A, purple; domain B, green; domain C, orange. The h symbol refers to a 310-

helix. The a-helices and 310-helices are displayed as higher and lower squiggles, respectively. b-strands are rendered as arrows, strict b-turns as TT letters and strict a-turns as TTT.

The positions of potential disulfide bridges are marked as yellow digits below the alignment. Catalytic triad residues are highlighted in blue, residues involved in binding calcium are

highlighted in grey, and those involved in binding chlorine are highlighted in brown. Strictly identical residues are shown as white characters boxed in red, while similar residues

within a group are shown as red characters. Middle dots indicate gaps in the sequence alignment.
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47

72:2452769357



certain polyploid strains, at least in some potworm species, can
produce normal spermatozoa and reproduce successfully [81].
However, Christensen [82] reported no variation in chromosome
number (n ¼ 21) for E. albidus, which is therefore considered a
diploid species. Thus, each copy of Amy I in E. albidus is most likely
owned to gene duplication. The four allelic variants obtained in our
study could be explained as the presence of two heterozygous loci
for Amy I. This is in linewith E. crypticus inwhich two copies of Amy
I and one copy of Amy II per haploid genome (Acc. GCA_905160935)

could be found. Many other animals have multiple copies of
amylase genes [59,83]. In drosophilids (Diptera, Drosophilidae), the
number of copies can vary from 1 to 6, depending on the species
[18,59]. A more starch-rich diet was found to be correlated with the
copy number of a-amylase gene in mammalian genomes [84], but
there is no clear link between diet and the gene copy number in
crustaceans and insects. This copy number can vary greatly be-
tween related invertebrate species which share similar diets
[59,83]. In addition, different individuals of the same species can

Fig. 5. Best-scoring maximum likelihood main tree (lnL ¼ �37641.896) resulting from the analysis of mature amino acid sequences of the putative “Enchytraeus-Eisenia type” Amy

proteins in Annelida. Most sequences used in the analysis were retrieved and generated from transcriptomic data. Green squares denote branches with both SH-aLRT and UFBoot

values (if � 70) at the respective nodes. Yellow squares indicate support values (if � 70) only for UFBoot, while cyan squares indicate support values (if � 70) only for SH-aLRT. The

tree was rooted at Owenia fusiformis. The amino acid sequence alignment used to construct the presented tree and IQ-TREE resulting files are included in Supplementary Data S4.
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have a different number of gene copies [85]. However, intraspecific
copy number variation of a-amylase gene was probably not
explored in invertebrates [59]. An obvious evolutionary advantage
of the presence of multiple copies of amylase gene can be increased
enzyme production [86]. However, duplications of the gene may
also confer flexibility for controlling enzyme synthesis and differ-
ential (developmental or tissue-specific) gene expression through
fine regulation at the transcriptional level [84,87]. In humans, each
copy of AMY1 contains the regulatory sequences necessary for
salivary-specific expression [88]. In adult sand fly Lutzomyia long-

ipalpis some of the a-amylase genes are down regulated after a
blood meal [89,90]. Conversely, in the spiny lobster Panulirus argus,
which is considered a carnivorous species and possesses only a
single a-amylase gene, the gene expression is not affected by
changes in starch content in the diet [58]. Some carnivorous species
of polychaetes, which lack prey or carrion, may subsist through
herbivorous behavior [91]. Such adaptive omnivory could be the
reason for the conservation of a-amylase, even in carnivorous in-
vertebrates. On the other hand, some groups of Polychaeta such as
Syllidae, well-represented in our phylogenetic analysis, were
initially considered mostly carnivorous. However, this broad
generalization was later debunked, showing that several of these
species are not carnivores [92]. In addition, the firewormHermodice

carunculata (Annelida, Amphinomidae) known for feeding on live
cnidarians, and included in our analysis, can use macroalgae as
supplementary food source [93,94]. While members of the same
groupwithin Polychaeta can belong to very different trophic guilds,
typical carnivorous Oligochaeta (sensu Schmelz et al. [67]) are rare
outside the leech-like clitellates (Branchiobdellidae, Acan-
thobdellidae, and Hirudinida) [95]. Interestingly, no amylase gene
was found in the genome of the leech Helobdella robusta [24].
Furthermore, we identified “Enchytraeus-Eisenia type” Amy se-
quences in branchiobdellids, which are micropredators and can
also graze on algae [96,97], but did not find any in the available TSA
transcriptomes for acanthobdellids or leeches. Therefore, it seems
that a-amylase was not preserved in purely carnivorous clitellates,
and the gene loss occurred at least is some hirudinid species.

A few previous studies have reported that a-amylase genes
present a high degree of polymorphism in invertebrate species. For
example, in a natural population of the tropical shrimp Penaeus

(syn. Litopenaeus) vannamei in Panama, 35 different alleles of the
“a-amylase II” gene were detected [98]. Similarly, in the oyster
Crassostrea gigas, 30 different alleles for the a-amylase A gene were
recognized [99]. In our analysis, somewhat limited sampling from
three different isolated enchytraeid cultures determined 15 alleles
of the Amy I gene in E. albidus, but it may be expected that there is
even higher polymorphism in natural populations. The adaptive
significance of a-amylase allelic polymorphism is still little studied
in animals, particularly in invertebrates. In C. gigas, a correlation
between growth and amylase genes polymorphism was found, but
no significant differences in allozymes activity were observed.
However, high differences in mRNA levels between the two
analyzed groups of amylase genotypes suggested that regulatory
regions play a major role in this association [100]. On the other
hand, a recent study in broilers (Gallus gallus domesticus) revealed
that several SNPs within the coding sequence of the AMY1A gene,
not just in the untranslated regions, can affect food intake and
growth [101]. In addition, Hughes and co-workers [102] found that
a specific chicken pancreatic a-amylase allozyme had higher ac-
tivity and lower sensitivity to inhibition by a wheat-derived in-
hibitor than the other variant. Studies on amylase inhibitors have
demonstrated that effective inhibitors form stable complexes with
amylases through a couple of dozens of interface-forming residues;
thus, multiple incompatible structural changes, rather than a single
critical mutation, determine the enzyme's resistance to inhibition

[103,104]. The number of amylase inhibitors can be related to the
diversity of plants available in the natural habitat [105], and
enchytraeids are known to consume various plant materials [3]. A
high polymorphism and harboring of multiple copies of the a-
amylase gene are adequate adaptations for circumventing the ac-
tion of amylase inhibitors. Therefore, our results may suggest that
both strategies in overcoming these inhibitors, i.e., excessive
enzyme production and expression of insensitive allelic variants,
play a role in amylolytic activity in E. albidus.

4.2. Amy paralogs and the GHGA motif

An intriguing issue is the presence of multiple, often highly
divergent a-amylase genes within the same species. In this study,
we also reported the expression of the second, divergent (approx-
imately 30 % different in amino acid sequence) a-amylase gene
named Amy II in E. albidus. The characteristic difference between
Amy I and Amy II is that the latter paralog lacks the GHGA motif in
the flexible loop region. We used the absence of the GHGA motif
and sequence similarity to Ef-Amy II to assign all identified
“Enchytraeus-Eisenia type” amylases to one of these groups.

The loss of the GHGA motif in animal a-amylases has been re-
ported before and studied in more detail in insects. In true flies
(Diptera, Muscomorpha), there is a specific paralog of classical
amylases called Amyrel that was first described in Drosophila spe-
cies and shares the loss of themotif. This paralog is highly divergent
from other classical a-amylases found in Drosophila melanogaster. It
shares only about 60 % amino acid identity in this species and its
expression is restricted to the larvae midgut. However, it is
important to note that the absence of the GHGAmotif in the flexible
loop region alone does not necessarily determine the Amyrel pro-
teins. Those proteins share a global similarity, specific substitutions,
and are grouped in a single cluster, while other non-Amyrel-related
amylases in Diptera can also lack this motif. In Hymenoptera, two
types of amylases exist, one with conserved flexible loop and
another with deletion in the loop, while in Coleoptera, mainly the
second type is presented. The recurrent and independent losses of
GHGA motif in insect amylases are explained by convergent evo-
lution, but the selective constraints driving these changes remain
unknown [59,106].

According to our dataset focused on Annelida, we identified
tentative early evolutionary [66] modifications, such as sub-
stitutions or incomplete deletions of the GHGA motif in the flexible
loop region of Amy proteins, in Spionidae, Echiura, and Capitellidae
(Supplementary Data S5). However, it is important to note that
amylase sequences were only included for some of the listed taxa in
our primary dataset (see section 3.3: Transcriptomic data for other
annelids and phylogenetic analysis of a-amylase). Additionally,
changes in the GHGA motif in the flexible loop region of Amy
proteinswere identified in Arenicolidae and Aeolosomatidae. Based
on analyzed data, the complete loss of the GHGA motif in the
flexible loop and the emergence of Amy II occurred in the poly-
chaete Hrabeiella periglandulata. In this case, the entire GHGAGG
stretch, not just the GHGA, was lost, and this deletion appears to
have occurred independently from that observed in Clitellata. We
identified Amy II proteins in clitellate families such as Capilloven-
tridae, Phreodrilidae, and Enchytraeidae, but not in Naididae,
Randiellidae, Crassiclitellata (except Eisenia spp.), Lumbriculidae,
and Branchiobdellidae. Unfortunately, transcriptomic data suitable
for digestive enzyme analysis for Proppapidae, Haplotaxidae, and
Parvidrilidae is lacking. Our analysis of several transcriptomes of
Naididae strongly suggests Amy II gene loss in this family. However,
Amy II transcripts are not easy to recover from RNA-seq data. For
example, identical Amy I sequences were found in both Cap-

illoventer australis samples (SRR10997420, SRR8799324), while
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Amy II was recovered only in one of them. Therefore, it is difficult to
reliably assess the presence or absence of the Amy II gene from
RNA-seq data without sufficiently deep sequencing (or genomic
data support), which indicates that Amy II generally tends to be less
expressed than Amy I. While the placement of Randiella in our
analysis as sister to Crassicletallata may explain the lack of Amy II
also in taxa closely associated with the order, it is challenging to
reconcile the incongruence with the phylogeny of species. After all,
Randiellidae is considered to be one of the evolutionarily oldest
groups of Oligochaeta [66,95]. However, it should be mentioned
that our screening of the Randiella transcriptome assembled based
on the only available reads (SRR10997431) revealed the presence of
two homologous Amy sequences. These two detected Amy homo-
logs were never placed together or closely associated in phyloge-
netic analysis. One of these sequences was constantly recovered
within Naididae and therefore excluded from further analysis.
Nonetheless, Amy II was not found in Randiella. However, our
concerns were also raised due to the unusually high diversity of
other expressed a-amylases found in the transcriptome of Ran-

diella. To address this issue, we decided to recover transcripts of
eukaryotic 40S ribosomal protein S13 (RPS13e) (Supplementary
Data S6), a universally distributed single copy gene [107], and
assess the potential contamination of samples used in our phylo-
genetic analysis. The RPS13e analysis results (Supplementary
Fig. S2) demonstrated that Randiella transcriptome contains five
distinct RPS13e originating from Annelida; therefore, the available
RNA-seq reads for this species should be considered contaminated.
Our example shows that Randiella transcriptome contamination
could impact on results of analyses that have included the
SRR10997431 sample. RNA-seq is a sensitive technique, and when
only transcriptome data is available without genome reference
caution should be taken because a-amylases sequences seem prone
to contamination (see also [25]). For example, we found a complete
sequence of woodlouse Armadillidium nasatum a-amylase in pub-
licly available transcriptome of Eisenia fetida (Acc. GIKG00000000).
As in the cases mentioned above, to solve some contamination is-
sues in transcriptome data, constructing reference databases using
both the transcript of interest and a universally expressed single

copy gene from RNA-seq data from closely related species can be
helpful.

The distribution of Amy II proteins among different families, as
indicated by the inferred phylogenetic tree (Fig. 5), suggests inde-
pendent duplication events within clitellate lineages, as these
proteins do not cluster into a single orthologous group (Fig. 6). This
scenario also assumes a series of independent and identical GHGA
motif deletions in flexible loop of Amy II proteins. Moreover, it
implies a co-orthologous relationship between “Enchytraeus-Eise-
nia type” proteins (i.e., Amy I/Amy II) among Clitellata species, as in
this scenario there is no duplication of Amy gene in the most recent
common ancestor.

However, when the results of Amy I/II distribution are mapped
onto the Clitellata phylogeny tree, an alternative evolutionary his-
tory hypothesis could be postulated, suggesting that ancestral
duplication of the Amy genemay have occurred (Fig. 7). In the latter
hypothesis the distribution of Amy I and Amy II could be explained
by incomplete lineage sorting and lineage specific gene loss in
certain families.

Based on the inferred AmyI/II gene tree, we found that in
Enchytraeidae, more precisely in Enchytraeus and Mesenchytraeus,
paralogous pairs of Amy genes diverged before a speciation event in
their ancestor and are out-paralogs. Conversely, in Eisenia earth-
worms Amy I and Amy II were found to be in-paralogs with low
genetic divergence. Given their high identity within Eisenia, it is
likely that these in-paralogs originated from a gene duplication
event, followed by the deletion in the flexible loop region and
several substitutions. Despite thorough sampling at least some
other lumbricids such as Lumbricus spp., Amy II type amylase was
not found in the remaining earthworm species. Therefore, the
presence of Amy II in certain members of Crassiclitellata, such as
Eisenia, could be explained by parallel evolution at the genetic level.
This suggests the emergence of a novel Eisenia-Amy II type amylase
(i.e., Ef-Amy I’ DGHGA is Ef-Amy II sensu Tsukamoto et al. [20])
following the general loss of the Amy II gene in Crassiclitellata. This
hypothesis is supported by an additional phylogenetic analysis of
amylases featuring a modified flexible loop region, particularly
when considered in conjunction with a comparative analysis of the

Fig. 6. Phylogenetic relationships and distribution of Amy I and Amy II paralogs among different groups of Clitellata as found in this study. The Amy I lineages are highlighted in

green, while the Amy II lineages are highlighted in red. Crassiclitellata clade is collapsed and highlighted in yellow, as most species in this group have Amy I, while Amy II evolved

independently from Amy I in Eisenia spp.
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topology of the Amy gene tree and the phylogenetic tree of Cli-
tellata species (see Fig. 8).

The placement of Eisenia Amy II proteins outside the clade
formed by the remaining clitellates, including the basal Cap-
illoventridae, supports the idea that Eisenia fetida/andrei Amy II
proteins and Amy II proteins in the remaining clitellates share a
pseudoorthologous relationship. This positioning of Eisenia Amy II
is notably discordant with the overall species phylogeny.
Conversely, the minimal discordance within the clade formed by

Amy II from the remaining clitellates can be attributed to the sister
position of Capilloventer and Phreodrilidae sp. This positioning
likely results from the very high sequence similarity and identity of
Amy II in both taxa, and possibly incomplete lineage sorting. Taking
all these into account, our additional phylogenetic analysis of am-
ylases with modified flexible loop region from Sedentaria and basal
Clitellata lineages supports the hypothesis that the most recent
common ancestor of Clitellata possessed Amy II, apart from Amy I.

Based on the habitat information (Fig. 9) for the analyzed

Fig. 7. Evolutionary history hypothesis of “Enchytraeus-Eisenia type” amylases in the context of phylogenetic relationships within Clitellata. The distribution of Amy I and Amy II

found in this study was mapped onto the recent species phylogeny topology adapted from Ref. [66]. Randiellidae-Parvidrilidae clade was excluded due to the ambiguity surrounding

the origin of the recovered Randiella amylase sequence. Species analyzed in both studies were indicated in normal font. Species analyzed in both studies, for which the Amy

sequence was not recovered or only a short partial sequence was obtained, were marked in greyed font. Species not analyzed for amylase but included for the topology were

underlined. ND denotes that no data was analyzed, and the star symbol denotes that only Amy I was found, but the transcriptome was highly incomplete (26.21 % of the BUSCO

[108] groups had complete gene representation).
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species, we propose a hypothetical scenario in which the transition
from marine to freshwater and terrestrial environments drove the
deletion in the flexible loop of Amy proteins in Clitellates. However,
the explanation of the selection pressures influencing this phe-
nomenon remains unknown, especially since the exact biological
role of Amy II and other amylases lacking the GHGA motif in ani-
mals is still elusive. It is known from studies on E. fetida [19,20] that
both Amy I and II proteins are halophilic and cold-adapted en-
zymes, which might also be expected in E. albidus and Mesenchy-

traeus solifugus (partial Amy II sequence was found for this species),
given the living environment of the latter species [109,110] (though
confirmation of these properties requires experimental evidence).
Therefore, changes in the salinity of the environment or tempera-
ture were probably not crucial evolutionary constraints driving
adaptations of Amy amylases. According to Ers�eus and co-workers
[66] the radiation of freshwater annelids that began in the Devo-
nian was possibly facilitated by the contemporaneous evolution of
land plants. The latter led to an increased production of organic

matter deposited in freshwater sediments. Amy II could potentially
counteract the increased number of plant inhibitors in the envi-
ronment because the flexible loop plays a role in the recognition of
substrates and inhibitors [20]. Further studies are needed to test
this hypothesis.

A recent study of the biochemical properties of Amyrel from D.
melanogaster [115] revealed that this GHGA motif-lacking enzyme
possesses both hydrolytic a-amylase activity (EC 3.2.1.1) and a 4-a-
glucanotransferase (EC 2.4.1.25) transglycosylation activity. Unlike
canonical animal a-amylases, the enzymatic hydrolysis of starch
catalyzed by Amyrel produces a complex mixture of maltooligo-
saccharides. The engineered deletion mutants DGHGA of porcine
pancreatic and classical D. melanogaster a-amylases result in reac-
tion patterns similar to those of Amyrel [115]. Recently, trans-
glycosylation activity was reported in LDAmy, another a-amylase
with a deletion in the flexible loop, derived from the Colorado
potato beetle (Leptinotarsa decemlineata) [116]. It is worth
mentioning that transglycosylation activity was also suggested in

Fig. 8. Best-scoring maximum likelihood resulting from an additional phylogenetic analysis of Amy amylases with a modified flexible loop region from Sedentaria and Clitellata,

including Eisenia spp. The GHGAGG motif is considered ancestral. The position of Clitellata sequences was compared with the phylogenetic relationships of families [66,67]. Se-

quences for data matrix were aligned using MUSCLE. The tree was rooted at Spionidae, and SH-aLRT and UFBoot values are shown below the branches. The result of the analysis

indicates that Amy II proteins from Eisenia spp. form a separated group to Amy II proteins of other clitellates with high support.

Fig. 9. Best-scoring maximum likelihood tree (lnL ¼ �7713.887) resulting from an additional phylogenetic analysis of Amy amylases with a modified flexible loop region from

Sedentaria and Clitellata, and a comparison of habitat characters. The GHGAGG motif is considered ancestral. Sequences were aligned using MUSCLE [111], and the resulting matrix

was analyzed using IQ-TREE with default settings. The tree was rooted at Spionidae, and SH-aLRT and UFBoot values are shown below the branches. Habitat characters were

assigned based on the literature [112e114] and the coauthors' personal knowledge.
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Ef-Amy II based on the hydrolysis product patterns [20]. In contrast
to Amyrel, which has weak amylolytic activity (30e50 times lower
than the classical Drosophila a-amylases) [117], both E. fetida Amy
amylases exhibit similarly high activity, though their substrate
specificities are different from each other [20]. Thus, the adaptive
significance of Amy II in annelids could be related to the effective
utilization of starch and similar polysaccharides from a broader

range of food sources in their natural environment.
It would be interesting to study further the gene expression and

regulation of Amy I and Amy II in E. albidus, including food-
dependent gene expression, using RT-qPCR and expression vec-
tors. This would allow for a comparison of the expression of both
paralogs and their enzymatic properties to other described amy-
lases in Annelida, offering deeper insight into the adaptive

Fig. 10. Best-scoring maximum likelihood tree resulting from the analysis of mature amino acid sequences of the putative “Enchytraeus-Eisenia type” Amy proteins, along with other

divergent types of a-amylases revealed from screening the transcriptomes of Annelida (Supplementary Data S7). Additionally, BLASTp-identified homologs expressed in the

brachiopod Lingula anatina (Acc. XP_013384479) and the Atlantic horseshoe crab Limulus polyphemus (Acc. XP_022250530) were included. The amino acid alignment was curated

with BMGE [119] using default parameters via the online server NGPhylogeny.fr [120], and the tree was constructed using IQ-TREE. The tree was rooted at Echinodermata sequences.

Green squares denote branches with both SH-aLRT and UFBoot values (if � 70) at the respective nodes.
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significance of these enzymes in annelids and the evolutionary
processes that underlie their role in the digestion processes of
polysaccharides.

4.3. Divergent a-amylase genes and “Enchytraeus-Eisenia type”

a-amylase

Our screening of the transcriptomes of many different species
revealed the expression of other types of a-amylase genes in An-
nelids. These a-amylases share significant similarities with those
found in lingulid brachiopod Lingula anatina (Acc. XP_013384479),
Atlantic horseshoe crab Limulus polyphemus (Acc. XP_022250530),

and Platynereis dumerilii (Acc. AIZ77504). The first two amylases
possess an additional protein domain linked to the classical domain
C in the C-terminal position and were analyzed in bilateral animals
by Da Lage [24]. Orthologous amylase genes for annelids with the
extended C-terminal domain are represented in GenBank for Cap-
itella teleta (Acc. ELU03285 and ELT92052) and possibly for Owenia

fusiformis (Acc. CAH1788535, CAH1798950, and CAH1798949).
Based on transcriptomic data used in our analysis, these a-amylases
are not restricted to polychaetes, but can also be found scattered in
clitellates, such as Capilloventer australis, Mesenchytraeus armatus,
Mesenchytraeus solifugus, Carpetania elisae, and more. However,
transcriptomic data for E. albidus and genomic data for E. crypticus

Fig. 11. Alignment of Amy II coding sequences revealed in Capilloventer australis and Phreodrilidae sp. C.
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(Acc. GCA_905160935) lack these amylases. We found that a-am-
ylases with an extended C-terminal domain are present in Mesen-

chytraeus and absent in Enchytraeus. Therefore, Amy I and Amy II
seem to be the only amylases present in the latter genus.

The extra-domain lacking a-amylase from Platynereis dumerilii

(Acc. AIZ77504) was used as a digestive system marker gene by
Williams et al. [118]. However, it differs from P. dumerilii Amy I
proteins, which we used in our data set. The former amylase shares
more similarity with porcine pancreatic a-amylase (Acc. 1JFH_A)
than with “Enchytraeus-Eisenia type” amylases. A distinguishing
feature of “Enchytraeus-Eisenia type” amylases compared to other
amylases is the absence of a serine-lysine-leucine (SKL) or similar
motifs with a conserved lysine (e.g., AKL, AKV, or SKV) at the
carboxyl-terminal end (see also [20]). These motifs are widely
distributed in vertebrate pancreatic a-amylases and insect
amylases.

Based on a phylogenetic analysis of AmyI/AmyII and the afore-
mentioned non-AmyI/AmyII sequences from Annelida and other
taxa (Fig. 10), the presence of Amy proteins in annelids is clearly
ancestral. Furthermore, the “Enchytraeus-Eisenia type” a-amylase is
derived in comparison to other invertebrate a-amylase types.

4.4. “Enchytraeus-Eisenia type” a-amylase homologs and annelid

phylogeny

Although the evolution of species is typically inferred through
phylogenetic analysis based on the relationships between their
homologous genetic sequences, it is not uncommon to find that the
phylogenetic trees of individual genes do not match the species
phylogeny. Apart from methodological issues, this discrepancy can
result from various processes such as gene loss, gene duplication,
horizontal gene transfer, and incomplete lineage sorting. In

addition, unequal evolutionary rates of certain genes in different
taxa are also observed [121,122]. Concerted evolution, a process in
which evolving paralogs from the same species show higher
sequence similarity to each other than either does to orthologs in
other species, can also lead to conflicts between specific gene
phylogeny and species phylogeny [123,124].

Our study found that “Enchytraeus-Eisenia type” a-amylase ho-
mologs are present and have evolved across all major groups of
Annelida: basal branching annelids, Errantia, Sedentaria, and Oli-
gochaeta, indicating their ancestral origin within the phylum.
While the inferred phylogeny of Amy proteins was consistent with
particular recent findings regarding the relationship of Aeoloso-
matidae and Hrabeiellidae, as well as the position of Dimorphilus

within basal branching annelids (but cf [68]), the obtained topology
of the Amy tree showed a few major discrepancies with the
currently accepted phylogeny of annelid species. In the phylogeny
of species, Annelida is divided into a clade called Pleistoannelida,
with Errantia and Sedentaria (including Clitellata) as the highest-
ranked sister groups, and a cluster of basal branching lineages
[64,65,125]. After rooting the tree at Oweniidae, our analysis of Amy
proteins showed that the tree split into two superclades. The first
superclade comprises basal branching lineages and the descendant
Errantia, and the second superclade comprises Sedentaria,
including the Clitellata. This partitioning of the tree does not match
well with the species phylogeny. However, we believe that the
observed topology results from the lack of Amy sequences in our
data set for the old evolutionary groups of Sedentaria, such as
Orbiniida or Diurodrilidae. For instance, we only recovered a short
partial Amy sequence for Diurodrilus subterraneus, and no a-
amylase at all was found in the transcriptome of orbiniid Naineris

dendritica. Although we have incorporated a single Amy sequence
from another orbiniid species Scoloplos armiger into our data set for

Fig. 12. Alignment of putative Amy II pre-protein sequences for Capilloventer australis and Phreodrilidae sp. C.
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discussion purposes, it had little effect on the overall topology of
the Amy tree (Supplementary Fig. S3, Supplementary Data S8). Our
screening of the transcriptomes assembled independently by us
and retrieved from supplementary data included in Tilic et al. [126]
strongly indicates that Amy proteins are absent in Sabellida due to
gene loss. Interestingly, we identified sequences of GH13_1-like
acid a-amylases in this taxon, which were studied in bilaterian
animals by Desiderato et al. [25]. Therefore, the limited data for
some taxa, as well as the loss of genes in others, could have
contributed to the observed topology.

An unexpected result of our phylogenetic analysis of Amy pro-
teins is the placement of Enchytraeidae as a sister to all other Cli-
tellata, which is incongruent with the Clitellata species phylogeny
[66]. The presence of paralogous gene copies in the data set can
cause several problems that impede accurate phylogenetic recon-
struction, and the resulting phylogeny may be distorted. A rigorous
approach is to remove any paralogous loci from phylogenetic an-
alyses [127]. However, in our dataset, it was not feasible to remove
the paralogs, as Amy paralogs in Errantia cannot be unambiguously
distinguished from orthologs. Interestingly, the inclusion of paral-
ogous copies (i.e. Amy II) for clitellates resulted in a topology more
consistent with the species tree, potentially improving phyloge-
netic resolution. We observed uneven distribution of Amy paralogs
across the analyzed groups of clitellates, which may be due to
incomplete lineage sorting or data limitations. To address this issue,
more data for underrepresented taxa is required. Furthermore, we
noted a remarkable case of high sequence similarity, both in protein
and coding sequences, between Amy II in Capilloventer australis and
Phreodrilidae sp. C (Figs. 11 and 12, Supplementary Data S9). This
finding suggests that these taxa may have experienced strong se-
lection pressures acting on the Amy II gene. Thus, it would be
interesting to explore the Amy proteins in other members of Cap-
illoventridae and Phreodrilidae to understand better the evolution
of “Enchytraeus-Eisenia type” a-amylase homologs within Clitellata.

5. Conclusions

� Enchytraeus albidus has two distinct a-amylase genes (Amy I and
Amy II) that are homologs to earthworm Eisenia fetida Ef-Amy
genes. Amy genes seem to be the only a-amylases expressed
in Enchytraeus, in contrast to Mesenchytraeus.

� Different laboratory strains of E. albidus (PL-A, G, and N) possess
different alleles of a-amylases with unique SNP patterns asso-
ciated with a particular strain.

� Amy I seems to be a highly polymorphic and multicopy gene,
unlike Amy II.

� The domain architecture of the putative Amy proteins is typical
of other a-amylases with ABC-domains reported in other
animals.

� Amy II lacks the GHGAmotif in the flexible loop region, similarly
to some insect amylases.

� The most recent common ancestor of Clitellata had both Amy I
and Amy II paralogs. According to our hypothesis, the transition
from marine to freshwater and terrestrial environments drove
the deletion in the flexible loop of Amy proteins.

� The loss of GHGAmotif in Amy a-amylase is an ancestral feature
for clitellates, although modification or even independent
deletion in the flexible loop region also occurred in some rela-
tively distant sedentarian lineages.

� “Enchytraeus-Eisenia type” a-amylase homologs are present in
major groups of Annelida: basal branching annelids, Errantia,
Sedentaria, and Oligochaeta, indicating ancestral origin of Amy
proteins within the phylum.

� While the inferred phylogeny based on the Amy genes displayed
some notable differences from the currently accepted species

phylogeny of Annelida, it successfully resolved some long-
standing issues regarding the placement and relationships of
certain taxa (Dimorphilus, Hrabeiella, and Aeolosoma), in line
with the results of recent large multi-locus phylotranscriptomic
and phylogenomic analyses.
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Abstract: To assess the impact of Enchytraeidae (potworms) on the functioning of the decomposer
system, knowledge of the feeding preferences of enchytraeid species is required. Different food
preferences can be explained by variations in enzymatic activities among different enchytraeid
species, as there are no significant differences in the morphology or anatomy of their alimentary
tracts. However, it is crucial to distinguish between the contribution of microbial enzymes and the
animal’s digestive capacity. Here, we computationally analyzed the endogenous digestive enzyme
genes in Enchytraeus albidus. The analysis was based on RNA-Seq of COI-monohaplotype culture
(PL-A strain) specimens, utilizing transcriptome profiling to determine the trophic position of the
species. We also corroborated the results obtained using transcriptomics data from genetically
heterogeneous freeze-tolerant strains. Our results revealed that E. albidus expresses a wide range
of glycosidases, including GH9 cellulases and a specific digestive SH3b-domain-containing i-type
lysozyme, previously described in the earthworm Eisenia andrei. Therefore, E. albidus combines
traits of both primary decomposers (primary saprophytophages) and secondary decomposers (sapro-
microphytophages/microbivores) and can be defined as an intermediate decomposer. Based on
assemblies of publicly available RNA-Seq reads, we found close homologs for these cellulases and
i-type lysozymes in various clitellate taxa, including Crassiclitellata and Enchytraeidae.

Keywords: potworms; decomposers; transcriptome; cellulase; digestive lysozyme; COI-monohaplotype
culture

1. Introduction

The 1975 article by J. M. Anderson, “The Enigma of Soil Animal Species Diversity”,
highlighted the high species richness found in soils and emphasized the unknown mecha-
nisms contributing to this diversity [1]. Despite several new hypotheses, the mechanisms
driving species richness in soils have remained largely elusive [2,3]. The relationship
between ecosystem characteristics and the number of trophic levels in food webs has been
debated, with some studies suggesting that the number of trophic levels increases with
productivity and resource availability [4], while others propose that nutrient-poor systems
have more trophic levels due to a large number of interactions between species [5]. Over the
past decade, researchers have also hypothesized that the high species richness observed in
small quantities of soil is related to the high heterogeneity found at very fine scales within
the soil [2]. However, the enigma of how large numbers of soil animal species occupying
the same trophic level, such as decomposers, can coexist in one food web remains an open
question. Traditional research methods often provide only limited information on feeding,
leaving the trophic status of many soil invertebrate groups uncertain or theoretical [6–8].
Feeding is a complex process that involves food choice, ingestion, digestion, assimilation,
and retention. Traditional research methods, which include direct observation of feeding
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behavior, gut content analyses, enzymatic analyses of whole-body homogenates, cultivation
on different nutrient sources, or choice tests, typically address only one or a few component
processes and are unable to provide comprehensive information about the exact source
and components digested and assimilated from the ingested food bolus [7,9]. Significant
advancements in the understanding of the diets and trophic interactions of soil animals in
recent years have been made possible through more sophisticated methods such as stable
isotope analysis [9]. This technique provides estimates of the retention of atoms from basal
food resources and allows for the indication of the trophic level of the analyzed group
of animals in the food web. However, bulk natural stable isotopes provide only rough
information about the basal resources used by the analyzed animals, rarely allowing for the
reconstruction of species-specific feeding interactions in soil [7]. Distinguishing between
bacterial and fungal feeding, as well as feeding on different taxa of microorganisms, is chal-
lenging and often impossible using stable isotope analysis alone [8,10]. Moreover, several
ontogenetic, physiological, and biochemical factors can affect the isotopic composition of
animal tissues [6,11]. Another challenge is the dietary flexibility exhibited by many soil
animals, which can vary depending on available food sources and may result in these
animals operating on more than one trophic level [8,12]. Furthermore, the contribution of
microbial enzymatic apparatus to the invertebrate digestion process cannot be overlooked.
The enzyme activity of microbiota or food-associated microorganisms can significantly
affect the host’s digestive capabilities [13,14]. Therefore, while stable isotope analysis is
currently a leading method in trophic ecology studies, it should be used in conjunction
with other complementary approaches, given its limitations. Recently, these combined
multi-methodological approaches have successfully revealed the multidimensional trophic
niche of springtails (Collembola) [7].

Among the major groups of soil invertebrates, Enchytraeidae, also known as pot-
worms, are no exception when it comes to the uncertainty of their trophic position. Despite
being a widely distributed family of small annelids, their trophic status within the soil
food web remains unsolved, even after several studies have used stable isotope analy-
sis [11,15–17]. It is still unclear whether they should be classified as primary or secondary
decomposers. Detailed studies on the food preferences of enchytraeids have only been
conducted in a few species [18]. The conclusions drawn from these findings are also limited
by the high level of cryptic diversity within the family [19–21], as cryptic species may differ
in their specific ecological and physiological properties [22,23].

Enchytraeids share the general body plan of oligochaetes and represent a relatively
simple and uniform group [24,25]. There are no significant differences in the anatomy of the
alimentary tract or highly specialized morphological structures that could clearly indicate
the feeding strategy of most potworm species (but cf. Aspidodrilus kelsalli or Pelmatodrilus
planariformis [26]; these two unique species with some flattened body regions are ectocom-
mensals that have adapted to living on earthworms). Different food preferences could be
explained by varying enzymatic activities among different enchytraeid species. However,
this hypothesis requires support from genetic methods to investigate the endogenous
expression of digestive enzyme genes and distinguish the contribution of the microbiota
to this process. Traditional biochemical assays are not sufficient for this purpose, as it is
challenging to separate enzyme activity originating from the animal itself from activity
related to exogenous sources, such as microbiota or food-associated microorganisms [8].

An alternative and more sophisticated approach to traditional biochemical meth-
ods in trophic ecology studies, which complements stable isotope analysis, involves the
use of RNA sequencing and transcriptome profiling. Transcriptomics provides access to
transcriptome-wide gene expression data, enabling the characterization of an organism’s
limitations and capacities for various traits [27], including the repertoire of digestive en-
zyme genes. Although RNA-Seq is commonly used to predict the digestive capacity of
economically important species of crustaceans [28–30], fish [31], and insects [32,33], this
approach has not been widely adopted in trophic ecology studies. Despite using other
molecular methods, such as molecular gut content or meta-barcoding microbiome analyses
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to understand better the trophic links between species and their diets in soil food webs, the
potential of RNA-Seq in this field remains largely untapped.

The white worm, Enchytraeus albidus, is an economically and scientifically important
species of Enchytraeidae. It can be found in both terrestrial and marine littoral habitats [20].
To date, E. albidus or any other member of the Enchytraeidae has not been the subject of
molecular studies regarding its digestive capacity. In the last published review dedicated
to the food preferences of enchytraeids [18], a classification of trophic types was proposed
for the most commonly studied genera in relation to food preferences and feeding behavior.
Enchytraeus spp., including E. albidus, were assigned to the secondary decomposer group. In
the present study, we determined the trophic position of E. albidus based on RNA-Seq data.
We obtained raw reads and performed de novo transcriptome assembly for the E. albidus
PL-A strain originating from a COI-monohaplotype culture. We conducted a transcriptome
screening, identified the expressed genes involved in digestive enzyme production in E.
albidus, and performed in silico characterization of the sequences. Moreover, we compared
and cross-checked the obtained data with transcriptomics data related to the freeze-tolerant
German (G) and Greenlandic (N) strains of E. albidus [34]. Given that primary decomposers
are species that primarily feed on litter material that is little colonized by microorganisms,
while secondary decomposers mainly feed on microorganisms and/or plant residues that
are partially degraded due to microbial activity, we tested the following two hypotheses:
(1) E. albidus does not exhibit endogenous expression of the enzyme genes from the cellu-
lase group, and (2) E. albidus exhibits endogenous expression of digestive enzyme genes
involved in the digestion of bacteria or fungi (e.g., peptidoglycan hydrolases or chitinases).
These hypotheses, consistent with the last review’s postulation that E. albidus belongs to
the secondary decomposer group, were confronted with the repertoire of digestive enzyme
genes in this species, as revealed by transcriptomics data.

2. Results

2.1. RNA-Seq, Transcriptome Assembly, and Annotation Results

To decipher the genes expressed and responsible for digestive enzyme production,
and given the absence of a reference genome for E. albidus, we conducted transcriptome
sequencing using the RNA-Seq method and performed de novo transcriptome assembly.
RNA sequencing was performed on a single sample, comprising four PL-A strain specimens
of E. albidus originating from a single cocoon. A total of 118,210,442 reads were generated,
resulting in a cumulative read base of 17.8 gigabases (Gb). The GC content of the raw
data was determined to be 44.96%. Furthermore, quality assessment indicated that the
percentage of bases with a Phred quality score ≥ 30 (Q30) was 93.42%, while the percentage
of bases with a Phred quality score ≥ 20 (Q20) was 97.57%.

As a technical side note pertaining to the quality assessment of RNA samples des-
ignated for RNA-Seq, with potential relevance for readers, it should be mentioned that
in E. albidus the 28S ribosomal RNA undergoes fragmentation into two subparts under
heat-denaturing conditions due to a so-called hidden break. Consequently, when analyzing
the integrity of rRNA, samples exhibited an atypical profile in the Bioanalyzer electrophero-
gram, characterized by a nearly dominant peak at the 18S position and the absence of a
typical peak at the 28S position, resulting in a low rRNA ratio (e.g., 0.1) (for more details,
see [35,36]). Nonetheless, as described above, the generated reads were of good quality.

The BUSCO assessment of de novo-assembled transcriptomes for enchytraeid species
revealed that E. albidus is currently the only species with a transcriptome in the Sequence
Read Archive (SRA) that can be considered complete (see Table 1). A comparison of KEGG-
annotated transcriptomes for available E. albidus strains (refer to Table 2) demonstrates
that, despite a roughly 30% difference in the number of assembled sequences, our PL-A
strain transcriptome, derived from a single run, exhibits a striking similarity in the count of
assigned non-redundant KOs (KEGG Orthology identifiers) for metabolic enzymes when
compared to the other transcriptomes. However, it should be noted that the lower number
of assembled sequences can be attributed to the high genetic homogeneity of our sample, as
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it was derived from a pure COI-monohaplotype culture, as well as the much lower number
of specimens used for RNA-Seq library preparation.

Table 1. Transcriptomes available in the SRA repository for enchytraeid species, and their completeness.

BUSCO

Species
SRR Run(s)

for Assembly
Complete

Single-Copy
Complete

Duplicated
Fragmented Missing

BUSCO
Groups

Complete
Representation

Guaranidrilus sp. SRR10997448 7.55% 18.66% 15.72% 58.07% 26.21%

Grania simonae SRR10997449 12.40% 30.30% 11.0% 46.30% 42.70%

Mesenchytraeus armatus SRR10997443 16.98% 43.08% 17.72% 22.22% 60.06%

Mesenchytraeus pedatus SRR10997442 10.27% 64.99% 11.43% 13.31% 75.26%

Mesenchytraeus solifugus SRR10997441 12.58% 64.99% 10.38% 12.05% 77.57%

Enchytraeus crypticus SRR10997417 15.93% 44.97% 18.76% 20.34% 60.90%

Enchytraeus albidus
German strain

SRR5633671,
SRR5633673,
SRR5633674,
SRR5633678,
SRR5633679,
SRR5633680

7.86% 86.48% 3.98% 1.68% 94.34%

Enchytraeus albidus
Nuuk strain

SRR5633669,
SRR5633670,
SRR5633672,
SRR5633676,
SRR5633677,
SRR5633681

7.55% 87.95% 3.04% 1.47% 95.50%

Enchytraeus albidus
PL-A strain (this study)

SRR24185061 29.45% 67.51% 1.47% 1.57% 96.96%

Table 2. Comparison of the KEGG-annotated transcriptomes of different E. albidus strains. The table
summarizes the number of sequences (entries) and their classification into functional categories by
GhostKOALA.

PL-A German Nuuk

Raw dataset entries 84,423 125,364 113,553
Clean dataset entries (after decontamination) 72,044 103,077 96,427
Clean dataset annotated entries (after decontamination) 34,412 (47.8%) 50,473 (49.0%) 48,234 (50.0%)
Protein families: genetic information processing 7451 10,394 9995
Environmental information processing 4424 6026 5953
Genetic information processing 4321 7063 6701
Protein families: signaling and cellular processes 4049 5957 5348
Cellular processes 2784 4114 3872
Protein families: metabolism 2062 2887 2824
Organismal systems 1696 2399 2361
Carbohydrate metabolism 1190 2016 1984
Human diseases 1117 1460 1493
Lipid metabolism 1030 1567 1605
Unclassified: metabolism 747 1175 1094
Glycan biosynthesis and metabolism 723 1076 974
Amino acid metabolism 698 976 925
Nucleotide metabolism 488 717 651
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Table 2. Cont.

PL-A German Nuuk

Unclassified: signaling and cellular processes 411 650 514
Energy metabolism 401 743 749
Metabolism of cofactors and vitamins 397 620 583
Metabolism of other amino acids 239 397 376
Metabolism of terpenoids and polyketides 86 92 111
Unclassified: genetic information processing 44 62 63
Xenobiotics biodegradation and metabolism 28 39 38
Number of assigned non-redundant KOs for metabolic enzymes 1948 1959 1962
Number of assigned redundant/non-redundant KOs for
glycosidases (EC 3.2.1)

39/38 41/39 45/42

2.2. Integrative Annotation of Glycosidase Genes in E. albidus Strains

Using microbial-decontaminated data for our COI-monohaplotype PL-A specimens,
and corroborated by information from two intraspecifically heterogeneous freeze-tolerant
strains of E. albidus, we identified over 1900 functional orthologs for metabolic enzymes.
From these orthologs, around 40 KO identifiers were assigned to glycosidases by KEGG-
GhostKOALA. Additional glycoside hydrolase candidates (i.e., lysozyme and mannan
endo-1,4-β-mannosidases) for digestive enzyme genes that were unannotated in the initial
GhostKOALA dataset were identified through PANNZER2 and KofamKOALA annotations
using adjusted thresholds. Collectively, we pinpointed 30 digestive gene candidates encod-
ing glycosidases and assessed the number of unique sequence variants for them across E.
albidus strains (Table 3). These selected expressed genes could be further roughly grouped
into (1) starch- and glycogen-digesting enzymes (α-amylase I/II, maltase-glucoamylase,
maltase-glucoamylase intestinal-like isoform/intestinal-like isoform X2), (2) cellulose- and
lichenan-digesting enzymes (endo-β-1,4-glucanase I/II, endo-1,3(4)-β-glucanase), (3) chitin-
digesting enzymes (chitinase I/II, di-N-acetylchitobiase/di-N-acetylchitobiase isoform X1,
and formally lysozyme, which is mainly a peptidoglycan-degrading enzyme), (4) xylan-
digesting enzymes (β-glucosidase/xylosidase I–V), and (5) other specific carbohydrate-
digesting enzymes (β-galactosidase, β-glucuronidase, α-L-fucosidase I–IV, β-mannosidase,
and mannan endo-1,4-β-mannosidase I–IV). It is worth mentioning that no endogenous
sequence for α,α-trehalase (α,α-trehalose glucohydrolase, EC 3.2.1.28) was found (only
microbial) in the transcriptomes of E. albidus and other enchytraeid species, which suggests
that enchytraeids lack this enzyme, similar to earthworms [37,38].
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Table 3. Digestive enzyme gene candidates identified among annotated glycosidases from transcriptomics data of E. albidus.

Gene Name
Enzyme Commission

(EC) Number
GH Family

Classification
KEGG Orthology

(KO) Identifier

Recovered in Strain Total Number of
Protein Variants

Predicted
Localization

Notes
PL-A German Nuuk

1 α-Amylase I 3.2.1.1 GH13_24 K01176 + + + 6 Extracellular Reported in [39].

2 α-Amylase II 3.2.1.1 GH13_24 K01176 + + + 6 Extracellular Reported in [39]. It might exhibit additional
transglycosylation activity (EC 2.4.1.25).

3 Maltase-glucoamylase,
intestinal 3.2.1.3; 3.2.1.20 GH31_1 K12047 + + + 6 Cell

membrane
Because maltase-glucoamylase and sucrase-isomaltase
share a common ancestry and striking structural
similarities, an alternative EC annotation with dbCAN3
indicates sucrase-isomaltase (EC 3.2.1.48; EC 3.2.1.10).

4 Maltase-glucoamylase,
intestinal-like isoform 3.2.1.20 GH31_1 K01187 Partial + + 7 Extracellular

5 Maltase-glucoamylase,
intestinal-like isoform X2 3.2.1.20 GH31_1 K01187 + + + 5 Extracellular

6 Lysosomal α-glucosidase 3.2.1.20 GH31 K12316 + + + 8 Extracellular Analyses with DeepLoc 2.0 and BUSCA are in agreement
regarding the extracellular localization of the protein.

7 Endo-β-1,4-glucanase I 3.2.1.4 GH9 K01179 + + + 7 Extracellular
Homologous endoglucanases were reported for the
earthworms Metaphire hilgendorfi [40], Eisenia fetida [41],
and E. andrei [42], as well as for the polychaetes Perinereis
brevicirris [43] and P. aibuhitensis (Acc. ANR02619).8 Endo-β-1,4-glucanase II 3.2.1.4 GH9 K01179 + + + 14 Extracellular

9 Endo-1,3(4)-β-glucanase 3.2.1.6 GH81 K01180 + + + 6 Extracellular

Based on transcriptomics data, complete homologous
sequences were recovered for Eisenia andrei
(SRR11091733–SRR11091735), Lumbricus castaneus
(SRR7287337), L. rubellus (SRR10752881), and Hrabeiella
periglandulata (SRR10997424), while a partial sequence
was found for Enchytraeus crypticus (SRR10997417).

10 β-Glucosidase/xylosidase I 3.2.1.21; 3.2.1.37 GH3 K05349 + + + 10 Extracellular

Analysis using dbCAN3 revealed additional EC
assignments for these proteins, i.e., EC 3.2.1.55, EC
3.2.1.6, and EC 3.2.1.73.

11 β-Glucosidase/xylosidase II 3.2.1.21; 3.2.1.37 GH3 K05349 + + + 7 Extracellular

12 β-Glucosidase/xylosidase III 3.2.1.21; 3.2.1.37 GH3 K05349 Partial + + 3 Extracellular

13 β-Glucosidase/xylosidase IV 3.2.1.21; 3.2.1.37 GH3 K05349 + + + 5 Extracellular

14 β-Glucosidase/xylosidase V 3.2.1.21; 3.2.1.37 GH3 K05349 + + + 7 Extracellular

15 Chitinase I 3.2.1.14 GH18 K01183 + + + 6 Extracellular This is a homolog to a novel digestive chitinase from
Eisenia andrei [44] and E. fetida [45].

16 Chitinase II 3.2.1.14 GH18 K01183 + + + 3 Extracellular This is a divergent paralog of chitinase I that possesses
an additional catalytic domain.

17 Di-N-acetylchitobiase 3.2.1.- GH18 K12310 + + + 6 Extracellular -
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Table 3. Cont.

Gene Name
Enzyme Commission

(EC) Number
GH Family

Classification
KEGG Orthology

(KO) Identifier

Recovered in Strain Total Number of
Protein Variants

Predicted
Localization

Notes
PL-A German Nuuk

18 Di-N-acetylchitobiase isoform
X1 3.2.1.- GH18 K12310 + + + 3 Extracellular -

19 Lysozyme (i-type) 3.2.1.17 GH22i N/A + + Partial 7 Extracellular

This is a close homolog to a novel i-type digestive
lysozyme from Eisenia andrei (Acc. QBC73604) reported
in [46]. The annotation of the destabilase domain also
indicates isopeptidase (EC 3.5.1.44) activity. GH
classification was assessed based on the WebLogo
sequence signature from [47].

20 β-Galactosidase 3.2.1.23 GH35 K12309 + + + 6 Extracellular Nielsen [37] reported β-galactosidase activity in
enchytraeids and earthworms.

21 β-Glucuronidase 3.2.1.31 GH2 K01195 + + + 7 Extracellular -

22 α-L-fucosidase I 3.2.1.51 GH29 K01206 + + + 3 Extracellular Putative homologous sequences were identified by
BLASTp in other annelids (Owenia fusiformis, Ridgeia
piscesae, Capitella teleta), as well as in some mollusk and
echinoderm species.

23 α-L-fucosidase II 3.2.1.51 GH29 K01206 + + + 8 Extracellular

24 α-L-fucosidase III 3.2.1.51 GH29 K01206 + + + 6 Extracellular

25 α-L-fucosidase IV 3.2.1.51 GH29 K01206 + + + 13 Extracellular -

26 β-Mannosidase 3.2.1.25 GH2 K01192 Partial + + 8 Extracellular -

27 Mannan
endo-1,4-β-mannosidase I 3.2.1.78 GH5_10 K19355 + + + 5 Extracellular -

28 Mannan
endo-1,4-β-mannosidase II 3.2.1.78 GH5_10 K19355 Partial + + 6 Extracellular -

29 Mannan
endo-1,4-β-mannosidase III 3.2.1.78 GH5_10 K19355 Partial + + 8 Extracellular -

30 Mannan
endo-1,4-β-mannosidase IV 3.2.1.78 GH5_10 K19355 + + + 7 Extracellular This is a close homolog to endo-1,4-β-mannanase from

Eisenia fetida (Acc. BBB35836), reported in [48].
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2.3. Integrative Annotation of Protease Genes in E. albidus Strains

Sequence analysis and annotation of E. albidus transcriptomics data revealed that
enchytraeids do not have close homologs of classical trypsin and chymotrypsin enzymes,
similar to earthworms [49]. Earthworms possess proteases with trypsin-like and
chymotrypsin-like activities, which are involved in the digestion of protein and peptides in
food and are mainly localized in the crop, gizzard, and anterior intestine [50–52]. These
serine proteases, collectively known as lumbrokinases, exhibit fibrinolytic activity and
relatively broad substrate specificities [50]. Some of these enzymes can be in glycosylated
form [53].

Based on the transcriptomics data for E. albidus, we identified at least four fibrinolytic
serine protease genes for which the transcripts were initially KEGG-annotated as trypsin,
chymotrypsin, and elastase sequences (Table 4). These fibrinolytic serine proteases share
significant identity and similarity with sequences of fibrinolytic enzymes from enchytraeid
Enchytraeus japonensis, as well as earthworms’ lumbrokinases, as cataloged in GenBank. In
E. albidus, these serine proteases constitute a related protein cluster, presenting sequence
and structural parallels that complicate precise BLASTp identification of the potential single
closest homolog, at least outside the taxonomic family. Moreover, we identified ten different
genes comprising a total of 52 unigenes for carboxypeptidase A/B-like (EC 3.4.17.1; EC
3.4.17.2), and three different genes comprising a total of 14 unigenes for aminopeptidase N
(EC 3.4.11.2), shared across the E. albidus strains (Table 5).

2.4. Integrative Annotation of Digestive Lipases in E. albidus Strains

Before nutritional fat can be transported within the body for storage in adipose tissues
or direct energy production, it must first undergo hydrolysis by lipolytic enzymes [54]. We
identified four candidates for bile salt-stimulated lipase (CEL) genes and one distinct gene
candidate for digestive secretory phospholipase A2. The identified lipolytic enzyme genes
are presented in Table 6. Among the four expressed CEL genes identified in E. albidus, bile
salt-stimulated lipase IV was not recovered from the assembled transcripts for the PL-A
strain. Nonetheless, a BLASTn search on the raw reads (SRX19982531), using the German
strain sequence as a query, confirmed the presence of a short fragment (70 amino acids) of
identical C-terminal end of the lipase in the data. This indicates that the gene is indeed
expressed in the PL-A strain but was not recovered in subsequent steps of transcriptome
assembly and protein prediction.

2.5. Phylogenetic Analysis of Selected Digestive Enzymes

The collected data (Supplementary Data S1), including transcriptomics data with
varying sequencing depths and BUSCO completeness, enabled us to conduct an analysis
and construct phylogenetic trees for putative cellulase (endo-β-1,4-glucanase, EC 3.2.1.4)
and digestive i-type lysozyme proteins identified in E. albidus and among other members
of Clitellata. This robust dataset underpins our phylogenetic inferences, providing insights
into the evolutionary relationships of these enzymes.
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Table 4. Putative digestive fibrinolytic proteases identified among trypsin-like and chymotrypsin-like sequences from transcriptomics data of E. albidus and their in
silico characterization.

GhostKOALA-KofamKOALA Annotation All Data SignalP 6.0 DeepTMHMM DeepLoc 2.0 Swiss Model BLASTp
SMART

and
InterPro

Enzyme KO Gene

Total
Number of

Protein
Variants

Signal
Peptide

Transmembrane
Region and
Topology
Prediction

Subcellular
Localization
Prediction

and
Probability

Possible
Template, Its
Origin, and
Accession
Number

Identity
[%]

GMQE
Hit and GenBank

Accession
Number

Identity
[%]

Predicted
Domain

and
Family

1 Trypsin (EC
3.4.21.4) K01312 PRSS1/2/3 9 Yes Globular +

signal peptide
Extracellular

(0.94)

Fibrinolytic
enzyme Ej-FEI-1;

Enchytraeus
japonensis; Uniprot

ID H1A7B3

83–84 0.90

Fibrinolytic
enzyme

Enchytraeus
japonensis Ej-FEI-2;

BAL43183

84

Tryp_SPc;
Peptidase
S1A, chy-

motrypsin
family

2 Chymotrypsin
(EC 3.4.21.1) K01310 CTRB 14 Yes Globular +

signal peptide
Extracellular

(0.95)

Fibrinolytic
enzyme

component B;
Eisenia fetida; PDB

ID 1ym0.1.A

48–50 0.68–0.69

Fibrinolytic
enzyme

Enchytraeus
japonensis

Ej-FEIII-2b;
BAL43192

49

3 Trypsin (EC
3.4.21.4) K01312 PRSS1/2/3 1 Yes Globular +

signal peptide
Extracellular

(0.96)

Cationic trypsin;
Bos Taurus; PDB

ID 4xoj.1.A
29 0.61

Fibrinolytic
protease 0 Eisenia
fetida; ABG68022

53

4

Pancreatic
elastase 1/2

(EC 3.4.21.36)
(EC 3.4.21.71)

K01326
K01346

CELA1/
CELA2

15 Yes Globular +
signal peptide

Extracellular
(0.95)

Fibrinolytic
enzyme Ej-FEI-1;

Enchytraeus
japonensis; Uniprot

ID H1A7B3

74–86 0.87–0.90

Fibrinolytic
enzymes

Enchytraeus
japonensis
BAL43184,
BAL43186,
BAL43182,
BAL43188

74–85
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Table 5. Putative carboxypeptidase A/B-like and aminopeptidase N gene candidates annotated for E. albidus using transcriptomics data.

Recovered in Strain All Data SignalP 6.0 DeepTMHMM DeepLoc 2.0

Enzyme and (Pre-)Protein Length PL-A German Nuuk
Total Number of
Protein Variants

Signal Peptide
Transmembrane

Region and Topology Prediction
Subcellular
Localization

Carboxypeptidase A/B-like I
(502)

+ + + 5 Yes Globular + signal peptide Extracellular

Carboxypeptidase A/B-like II
(505)

+ + Partial 4 Yes Globular + signal peptide Extracellular

Carboxypeptidase A/B-like III
(467)

+ + + 5 Yes Globular + signal peptide Extracellular

Carboxypeptidase A/B-like IV
(431)

+ + + 1 Yes Globular + signal peptide Extracellular

Carboxypeptidase A/B-like V
(424)

+ + + 2 Yes Globular + signal peptide Extracellular

Carboxypeptidase A/B-like VI
(425)

+ + + 12 Yes Globular + signal peptide Extracellular

Carboxypeptidase A/B-like VII
(432)

+ + + 6 Yes Globular + signal peptide Extracellular

Carboxypeptidase A/B-like VIII
(422)

+ + + 4 Yes Globular + signal peptide Extracellular

Carboxypeptidase A/B-like IX
(446)

+ + Partial 6 Yes Globular + signal peptide Extracellular

Carboxypeptidase A/B-like X
(429)

+ + + 7 Yes Globular + signal peptide Extracellular

Aminopeptidase N I
(968)

+ + + 5 No Alpha TM Cell membrane

Aminopeptidase N II
(968)

+ + + 3 No Alpha TM Cell membrane

Aminopeptidase N III
(1006)

+ + + 6 No Alpha TM Cell membrane
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Table 6. Putative lipase gene candidates annotated for E. albidus from transcriptomics data.

GhostKOALA Annotation Recovered in Strain Data SignalP 6.0 DeepTMHMM DeepLoc 2.0 Panther InterPro

Enzyme and
Pre-Protein Length

KO Gene PL-A German Nuuk

Total
Number of

Protein
Variants

Signal
Peptide

Transmembrane
Region and Topology

Prediction

Subcellular
Localization

Panther Hit Predicted Domain

Bile salt-stimulated
lipase I

[EC 3.1.1.3 3.1.1.13]
(631)

K12298 CEL Partial + + 6 Yes
Globular + signal

peptide
Extracellular

Bile
salt-activated

lipase

Carboxylesterase
type B

Bile salt-stimulated
lipase II

[EC 3.1.1.3 3.1.1.13]
(636; 638)

K12298 CEL + Partial Partial 5 Yes
Globular + signal

peptide
Extracellular

Bile
salt-activated

lipase

Carboxylesterase
type B

Bile salt-stimulated
lipase III

[EC 3.1.1.3 3.1.1.13]
(636)

K12298 CEL Partial + + 5 Yes
Globular + signal

peptide
Extracellular Carboxylesterase

Carboxylesterase
type B

Bile salt-stimulated
lipase IV

[EC 3.1.1.3 3.1.1.13]
(638)

K12298 CEL - + + 3 Yes
Globular + signal

peptide
Extracellular

Bile
salt-activated

lipase

Carboxylesterase
type B

Secretory
phospholipase A2

[EC 3.1.1.4]
(237; 236)

K01047
PLA2G,
SPLA2

+ + + 8 Yes
Globular + signal

peptide
Extracellular RH14732P Phospholipase A2
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2.5.1. Phylogenetic Analysis of Cellulases (Endo-β-1,4-Glucanases)

Reciprocal BLASTp analyses of endo-β-1,4-glucanase I/II protein sequences primarily
obtained from Clitellata revealed significant similarity to previously characterized and
closely related cellulases (GH9 family) from earthworms such as Metaphire hilgendorfi [40]
and Eisenia spp. [41,42]. All hits to these sequences had an E-value of 0, indicating a
high-quality match (Supplementary Table S1). Additionally, we identified two closely
homologous cellulases from the transcriptomics data of the terrestrial polychaete Hrabeiella
periglandulata. This species is the sole representative of Hrabeiellidae, and along with
the polychaete Aeolosoma is considered to form a sister group to Clitellata in the species
phylogeny of Annelida [55]. After rooting the tree at H. periglandulata, our phylogenetic
analysis of endo-β-1,4-glucanase I/II proteins (Figure 1) indicated that Capilloventer australis
and Phreodrilidae sp. cellulases diverged from a shared ancestor. Notably, two distinct
but homologous cellulase genes have been identified in C. australis. Furthermore, the
Capilloventer–Phreodrilidae cluster was found to be a sister to the second paralogous protein
variants from C. australis plus all remaining clitellate sequences. Within the remaining
Clitellata, two main clades were recovered with high support. The first one contains
a single sequence from the lumbriculid Lumbriculus variegatus. In the second, a single
representative of Naididae in our analysis—Pristina leydyi—was recovered as a sister to
Crassiclitellata (represented by earthworm species) plus Enchytraeidae with Randiella. The
Crassiclitellata cluster was highly resolved, but its evolutionary history appears complex,
as indicated by an independent endoglucanase duplication event in the most basally placed
Metaphire guillelmi. This paralogous copy was recovered as a sister to all other earthworm
endoglucanases, including the remaining Metaphire sequences.

The second main clade comprised all Enchytraeidae proteins sister to a single cellulase
from Randiella, with high support. The Enchytraeidae cluster was mostly well resolved.
Within Enchytraeidae, two subclusters were recovered. In the first, sequences from Gra-
nia, Guaranidrilus, and Mesenchytraeus spp. were grouped. In the second, proteins from
Enchytraeus albidus and E. crypticus were grouped together in a manner discordant with
species phylogeny. A paralogous sequence from E. crypticus was recovered as a sister to
all other proteins from E. albidus and E. crypticus. The remaining E. crypticus sequences
were recovered as nested within E. albidus. This may suggest incomplete lineage sorting, as
vertical gene flow between those species is unlikely due to physical reproductive barriers,
although horizontal gene transfer for E. crypticus was reported [56].

2.5.2. Phylogenetic Analysis of Digestive i-Type Lysozyme

Phylogenetic analysis of the putative digestive i-type lysozyme proteins found across
Clitellata reveals that the tree (Figure 2) bifurcates into two distinct clades when rooted at
C. australis. The first clade is composed of a single sequence from a member of the family
Phreodrilidae. The second clade, which is almost maximally supported, encompasses
the remaining sequences from all other analyzed clitellate families. This clade is further
divided into two clusters, each receiving very high support. The first cluster contains all
Enchytraeidae, with two members of Naididae (Pristina and Paranais) nested within it.
These Naididae members were recovered as a sister group to Mesenchytraeus spp., although
this relationship within Enchytraeidae is supported with low confidence. Interestingly, in
a highly resolved subclade containing E. crypticus and E. albidus, the sequences were not
sorted in a species-specific manner.
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Figure 1. Best-scoring maximum likelihood tree (lnL = −11,983.127) resulting from the analysis of
mature amino acid sequences of the putative endo-β-1,4-glucanase I/II proteins in Clitellata. Most
sequences used in the analysis were retrieved from SRA transcriptomics data assembled in Trinity.
Sequences with identifiers prefixed by an accession number were sourced from GenBank database.
Details of the other sources, used for acquiring additional transcriptomics data and included in the
phylogenetic analysis, can be found in Supplementary Table S3. Green squares denote branches with
both SH-aLRT and UFBoot values (if ≥70) at the respective nodes. Yellow squares indicate support
values (if ≥70) only for UFBoot, while blue squares indicate support values (if ≥70) only for SH-aLRT.
The tree was rooted at the terrestrial polychaete Hrabeiella periglandulata.

97:7609522989



Int. J. Mol. Sci. 2024, 25, 4685 14 of 35

≥ ≥

t

t

ff

−Figure 2. The best-scoring maximum likelihood tree (lnL = −3611.212) resulting from the analysis of
mature amino acid sequences of the putative digestive i-type lysozyme in Clitellata. Only closely
homologous sequences, distinct from those of other i-type lysozymes/destabilases, were used in the
analysis. These sequences were retrieved from SRA raw transcriptomics data assembled in Trinity. A
reciprocal BLASTp search for queries (Supplementary Table S2) revealed a match with the digestive
i-type lysozyme from Eisenia andrei (Acc. QBC73604), with an E-value lower than 2 × 10−90. This
sequence was used as the reference. Blue squares denote branches with both SH-aLRT and UFBoot
values (if ≥70) at the respective nodes. The exact values for the selected branches are given below.
The tree was rooted at Capilloventer australis.

The second cluster consists of members of Lumbriculidae, Crassiclitellata, and two
members of Naididae (Bathydrilus and Potamothrix), which are grouped mostly in a non-
family-specific and highly discordant manner. Interestingly, these two naidid species belong
to the subfamilies Phallodrilinae and Tubificinae, and are therefore grouped separately
from members of the same family, Paranais and Pristina, which belong to the subfamilies
Naidinae and Pristininae (the latter was previously included in Naidinae). Incongruent
positioning of the lysozyme from the lumbriculid Trichodrilus strandi within the Crassiclitel-
lata proteins, and not with Lumbriculus variegatus, might be attributed to low sampling of
the Lumbriculidae. In contrast, the separate grouping of lysozyme sequences from different
members of Naididae suggests a rather complex evolutionary history of lysozyme proteins
in the family.

Based on the performed phylogenetic analysis, digestive i-type lysozyme proteins
in Clitellata can be divided into three groups: (1) Capilloventridae–Phreodrilidae (as
sequences from these two families were grouped together before rooting the tree), (2)
Enchytraeidae–Naididae I, and (3) Crassiclitellata–Lumbriculidae–Naididae II.

2.6. Sequence Analysis, Domain Architecture, and Three-Dimensional Models of
Selected Glycosidases

To elucidate the functional implications of the phylogenetic relationships, we per-
formed a detailed structural analysis of the glycosidases, focusing on endo-β-1,4-glucanases
(EC 3.2.1.4) and the digestive i-type lysozyme (3.2.1.17).
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2.6.1. Digestive i-Type Lysozyme (Ealb-iLys)

Our examination of digestive i-type lysozyme from E. albidus (referred to here as
Ealb-iLys) using InterProScan and SMART uncovered the presence of an invertebrate-
type lysozyme domain, commonly referred to as destabilase [57]. The classification of
this protein into the subfamily GH_22i was based on the InterProScan search and the
identification of the signature sequence (L/D/Y/N)SCGPYQIK, as reported by Wohlkönig
and co-workers [47]. Destabilase-lysozyme proteins (i-type lysozymes) are known to
have both muramidase and isopeptidase activities. The muramidase activity, typical of
lysozyme, involves hydrolysis of the glycosidic bond between N-acetylmuramic acid and
N-acetylglucosamine in the peptidoglycan layer of bacterial cell walls. Its function as
a destabilase, an endo-ε(γ-Glu)-Lys isopeptidase, is related to the specific hydrolysis of
isopeptide bonds between the γ-carboxamide group of glutamine and the ε-amino group
of lysine (i.e., bonds between the side-chains of Glu and Lys) [58]. The predictive analysis
identified a signal peptide of 19 amino acids, MQAAVLFVFLSV(T/A)LPAALA, with the
cleavage site ALA-DIT. All pre-protein variants of Ealb-iLys were 230 amino acids long,
resulting in 211 residues for the mature protein. The domain architecture of Ealb-iLys was
found to encompass the destabilase-lysozyme domain and the SH3b domain (Figure 3A),
the latter being easily distinguishable in the tertiary structure model as densely packed
anti-parallel beta-sheets and situated upstream of the destabilase domain (Figure 3C). These
two domains are linked by a short region with low compositional complexity (linker). The
SH3b domain in Ealb-iLys consists of seven tightly packed beta-strands arranged as a
β-barrel-like fold. The last strand is interrupted by a turn of the 310 helix (η1) located
between the β6 and β7 strands. The SH3b domain is zipped by the α1-helix positioned
toward the C-terminal end and contains a cysteine residue that forms a potential disulfide
bridge with another cysteine residue of the β1-strand (Figures 3 and 4). The destabilase-
lysozyme domain of Ealb-iLys consists of two parts, which can be roughly distinguished.
The first part, called a subdomain, is formed by an α-helix (α2), two anti-parallel β-strands
(β8 and β9) forming a β-sheet, and two relatively short α-helices (α3 and α4). This part
is interconnected with another part by a long α-helix, leading to a second α-helix-based
subdomain formed by two α-helices (α5 and α6) interrupted by two 310-helices. Both
parts of the destabilase-lysozyme domain form an active site cleft. In the destabilase from
the leech Hirudo medicinalis (UniProt ID: Q25091), which lacks the SH3b domain in the
enzyme structure, an additional 310-helix is located after the first α-helix, while the β-sheet
is formed by three anti-parallel β-strands, rather than two.

The conserved amino acids in Ealb-iLys for muramidase activity, glutamic acid, and
aspartic acid [57] are located in the first subdomain; more precisely, Glu103 is located in the
α2-helix and Asp115 in the β8-strand. In a study dedicated to a closely homologous i-type
lysozyme from the earthworm E. andrei by Yu et al. [46], the authors mistakenly proposed
a nearby serine (Ser118 in Ealb-iLys) as an additional third residue contributing to this
activity. In fact, this serine is considered to be a primary candidate for the nucleophile
in isopeptidase activity but not muramidase activity. Furthermore, in i-type lysozymes
from mollusks, alanine often replaces a serine residue corresponding to residue 151 in
Ealb-iLys [59]. This substitution is also observed in several clitellate species, including E.
albidus, as we have demonstrated (Figure 5). The serine residue at this site was initially
considered to be a candidate for the isopeptidase active site. However, research by Marin
and co-workers [57] revealed that this residue is deeply buried within the protein core and
lacks access to any protein cavities, contradicting its proposed role in isopeptidase activity.
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Figure 3. Three-dimensional model of mature digestive i-type lysozyme Ealb-iLys from the E.
albidus PL-A strain (pLDDT = 91.386): (A) The tertiary structure of Ealb-iLys predicted by Al-
phaFold2/DeepMind v0.2, with secondary structure elements visualized using the First Glance in
Jmol tool (version 4.1) and the DSSP 2.0 algorithm. β-Strands are shown in yellow, α-helices in pink,
310-helices in magenta, turns in blue, and regions without a defined structure in white. Disulfide
bridges are indicated by thick or thin yellow rods. (B) The spatial location of predicted disulfide
bridges within the protein backbone of Ealb-iLys. The amino acid positions that form each bond were
specified. (C) SH3b domain isolated from the rest of the Ealb-iLys protein for clarity. The selected
residue numbers were labeled for reference.

The structural model of Ealb-iLys indicates the presence of twenty-two cysteine
residues that potentially form eleven disulfide bridges (Figure 3B). Within the SH3b do-
main, three disulfide bridges are expected to be formed. On the other hand, the destabilase
domain is predicted to contain eight bridges, which is one more (an extra one at the C-
terminal end) than in the H. medicinalis destabilase. Comparative analyses with homologs
of Ealb-iLys from other clitellate species (see Figure 5) spotlight two additional conserved
cysteines (positions 192 and 194) in a majority of these species. This includes the Ea-iLys
sequence from Eisenia andrei. Homology-based modeling of Ea-iLys with the AlphaFold-
predicted Ealb-iLys model as a template revealed that these two cysteines can form an
additional, twelfth disulfide bridge. However, the formation of this bond was the only one
not favored by Disulfide by Design 2.0 analysis [60]. Nevertheless, as with many other
lysozymes [59,61], the results suggest that all twenty-two cysteine residues in Ealb-iLys are
involved in the formation of disulfide bonds.
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Figure 4. Sequence alignment and secondary structure element consensus of mature digestive i-type
lysozyme Ealb-iLys allozymes from E. albidus. Secondary structure elements were predicted and
marked according to Jmol using DSSP v2.0. β-Strands are marked as arrows. The α-helices and
310-helices are displayed as higher and lower squiggles, respectively. The symbol η refers to the 310-
helix. Turns are marked as “TT” letters above the sequence. One-residue “T” segments indicate that
the β-turn overlaps a structure of higher priority (e.g., a helix). The positions of potential disulfide
bridges are marked as pairs of green digits below the alignment. Catalytic residues for muramidase
activity are highlighted in blue, whereas those for isopeptidase activity are highlighted in brown.
Strictly identical residues are shown as white characters boxed in red, while similar residues within a
group are shown as red characters.

2.6.2. Endo-β-1,4-Glucanase I/II

Both identified endoglucanases (EC 3.2.1.4), referred to here as Ealb-Eg I and Ealb-Eg
II, have been classified as members of GH family 9. We initially distinguished between
these two putative genes based on their signal peptide sequences and distinct cleavage sites.
However, this distinction might be somewhat oversimplified, as we identified groups of
transcripts with three different open reading frame (ORF) lengths (1371, 1368, and 1353 bp),
and there are no available supportive genomics data for E. albidus. Notably, the Ealb-Eg
I variants from the N-strain exhibited a unique deletion of a single amino acid in the
sequence, in addition to substitutions. Despite these differences, all Ealb-Eg proteins share
a relatively high level of amino acid identity and possess conserved amino acid stretches
that are common across variants of both genes. The pairwise sequence divergence between
Ealb-Eg I and Ealb-Eg II was estimated to range from 4.1% to 30.1% (Table 7). It is also worth
mentioning that the original TransDecoder-predicted longest open reading frame (ORF) for
Ef-Eg I contains two additional start codons within the same frame as the coding sequence,
i.e., upstream start codons within an upstream open reading frame. The proper codon
site within the longest ORF was identified based on the Kozak sequence (AACATGA)
variant for Annelida, as reported by Satake and coworkers [62]. This identification was
further confirmed through signal peptide sequence analysis in SignalP 6.0. Notably, this
Kozak sequence variant is also found in previously characterized E. albidus α-amylases [39].
Conversely, a slightly distinct ATG flanking motif (AATATGA) was identified in Ef-Eg I
from the German strain.
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Figure 5. Multiple sequence alignment of i-type lysozymes containing the SH3b domain, found in
Clitellata. Mature sequences of Ealb-iLys homologs were aligned. Catalytic residues for muramidase
activity are marked with red arrows, whereas those for isopeptidase activity are marked with brown
arrows. The crossed-out arrow indicates a semi-conserved serine previously thought to be involved
in isopeptidase activity but disproven by a recent study by Marin and co-workers [57].
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Table 7. Estimates of evolutionary divergence between sequences of Ealb-Eg I and Ealb-Eg II pre-proteins. The number of amino acid substitutions per site is shown.
Standard error estimates are shown above the diagonal and were obtained by a bootstrap procedure (500 replicates). Analysis was conducted in MEGA7 using the
Poisson correction model and involved 21 amino acid sequences. All ambiguous positions were removed for each sequence pair. There were a total of 456 positions
in the final dataset.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
G_DN291_c0_g1_i1_EG_I 1 0.005 0.023 0.012 0.011 0.017 0.011 0.012 0.009 0.011 0.021 0.018 0.015 0.019 0.015 0.026 0.020 0.023 0.018 0.015 0.015
G_DN291_c1_g1_i6_EG_I 2 0.013 0.023 0.012 0.011 0.017 0.010 0.013 0.011 0.009 0.021 0.017 0.014 0.019 0.014 0.026 0.019 0.022 0.017 0.014 0.015
PL-A_DN3132_c2_g1_i2_EG_I 3 0.234 0.228 0.022 0.023 0.021 0.023 0.025 0.026 0.026 0.023 0.025 0.026 0.024 0.026 0.014 0.024 0.021 0.026 0.027 0.027
N_DN166_c0_g2_i11_EG_I 4 0.066 0.061 0.226 0.009 0.017 0.006 0.017 0.015 0.015 0.020 0.018 0.011 0.017 0.013 0.025 0.020 0.023 0.017 0.015 0.016
N_DN166_c0_g2_i15_EG_I 5 0.054 0.054 0.243 0.034 0.017 0.009 0.016 0.014 0.014 0.021 0.018 0.012 0.017 0.010 0.025 0.019 0.022 0.017 0.015 0.014
N_DN1982_c0_g1_i20_EG_I 6 0.131 0.121 0.196 0.116 0.129 0.015 0.018 0.020 0.019 0.014 0.016 0.019 0.014 0.020 0.024 0.010 0.016 0.014 0.018 0.018
N_DN1982_c0_g1_i34_EG_I 7 0.054 0.045 0.229 0.016 0.036 0.099 0.015 0.014 0.013 0.021 0.018 0.011 0.017 0.013 0.025 0.019 0.022 0.016 0.013 0.015
G_DN291_c0_g1_i11_EG_II 8 0.069 0.083 0.283 0.120 0.118 0.148 0.108 0.008 0.009 0.019 0.019 0.013 0.015 0.014 0.023 0.015 0.020 0.016 0.013 0.014
G_DN291_c0_g1_i12_EG_II 9 0.041 0.055 0.289 0.105 0.093 0.174 0.093 0.027 0.005 0.021 0.017 0.012 0.017 0.011 0.024 0.017 0.020 0.015 0.011 0.012
G_DN291_c1_g1_i9_EG_II 10 0.055 0.041 0.283 0.100 0.093 0.164 0.083 0.041 0.013 0.020 0.016 0.011 0.016 0.011 0.024 0.016 0.020 0.014 0.010 0.011
PL-A_DN9119_c0_g1_i1_EG_II 11 0.201 0.196 0.237 0.193 0.204 0.086 0.196 0.156 0.182 0.177 0.011 0.019 0.013 0.019 0.022 0.012 0.015 0.014 0.019 0.018
PL-A_DN9119_c0_g1_i5_EG_II 12 0.143 0.133 0.269 0.148 0.153 0.128 0.151 0.156 0.125 0.115 0.055 0.016 0.016 0.016 0.024 0.015 0.018 0.011 0.016 0.015
N_DN166_c0_g2_i14_EG_II 13 0.100 0.091 0.289 0.060 0.062 0.164 0.057 0.081 0.067 0.057 0.164 0.120 0.013 0.006 0.022 0.017 0.019 0.012 0.010 0.011
N_DN166_c0_g2_i26_EG_II 14 0.161 0.151 0.260 0.141 0.133 0.081 0.133 0.100 0.125 0.115 0.081 0.123 0.076 0.014 0.020 0.009 0.014 0.013 0.013 0.013
N_DN166_c0_g2_i6_EG_II 15 0.098 0.093 0.286 0.076 0.045 0.172 0.074 0.088 0.064 0.060 0.172 0.123 0.016 0.083 0.022 0.017 0.019 0.013 0.011 0.009
N_DN166_c0_g2_i9_EG_II 16 0.277 0.272 0.081 0.277 0.260 0.234 0.269 0.229 0.237 0.232 0.209 0.243 0.204 0.177 0.204 0.020 0.015 0.021 0.024 0.023
N_DN1982_c0_g1_i11_EG_II 17 0.172 0.161 0.254 0.172 0.164 0.052 0.159 0.100 0.125 0.115 0.067 0.108 0.120 0.041 0.128 0.188 0.012 0.011 0.014 0.015
N_DN1982_c0_g1_i22_EG_II 18 0.223 0.209 0.193 0.223 0.212 0.113 0.209 0.177 0.185 0.172 0.100 0.141 0.159 0.091 0.159 0.108 0.071 0.014 0.018 0.017
N_DN1982_c0_g1_i29_EG_II 19 0.138 0.123 0.274 0.123 0.130 0.093 0.110 0.118 0.103 0.088 0.100 0.060 0.064 0.071 0.081 0.196 0.052 0.088 0.010 0.011
N_DN1982_c0_g1_i30_EG_II 20 0.108 0.093 0.301 0.093 0.096 0.138 0.086 0.079 0.064 0.050 0.153 0.110 0.045 0.071 0.062 0.232 0.081 0.143 0.050 0.007
N_DN1982_c0_g1_i32_EG_II 21 0.105 0.096 0.298 0.110 0.079 0.146 0.103 0.096 0.071 0.062 0.153 0.105 0.052 0.069 0.036 0.220 0.098 0.133 0.057 0.025
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Because our phylogenetic analysis found that Ealb-Eg I and Ealb-Eg II proteins form
a highly resolved single clade rather than separate gene-specific clusters (Figure 1), we
calculated the omega (dN/dS) ratio collectively for all mature sequences of Ealb-Eg as if for
a single gene. We estimated the ratio to be 0.21620, indicating that endo-β-1,4-glucanases
in E. albidus are under purifying selection. Therefore, changes in their coding sequences
could be detrimental.

The domain arrangements of Ealb-Eg I and Ealb-Eg II were typical of other known
GH9 endo-β-1,4-glucanases. The catalytic domain structure of Ealb-Eg proteins consists of
12 α-helices that form the (α/α)6-barrel fold, with six internal and six external α-helices.
Additionally, the overall structure includes four extra α-helices and three conserved 310-
helices. Furthermore, Ealb-Eg II, similar to Ef-EG2 from the earthworm Eisenia fetida [63],
contains five β-strands arranged as a conserved β-sheet and β-hairpin. In contrast, Ealb-Eg
I lacks a β-hairpin in its structure (Figures 6 and 7). The significance of this modification
of the structure is not known. In both modeled Ealb-Eg proteins, a single π-helix was
predicted to be located at the end of the longer α13-helix. Nonetheless, Ealb-Eg I/II proteins
were found to be very similar in structure to Ef-EG2, which allowed for homology-based
modeling and the generation of high-quality models.

 

´

´ ³ π

Figure 6. Three-dimensional models of mature endo-β-1,4-glucanases from the E. albidus PL-A strain
generated by SWISS-MODEL: (A) Tertiary structure of Ealb-Eg I. (B) Tertiary structure of Ealb-Eg II.
β-Strands are shown in yellow, α-helices in pink, 310-helices in magenta, π-helices in purple, turns in
blue, and regions without a defined structure in white. Disulfide bridges are indicated by thin yellow
rods. The quality of the generated models for Ealb-Eg I/II was high, with a Global Model Quality
Estimate (GMQE) of 0.92/0.93 and a QMEANDisCo global score of 0.89.

The catalytic domains of Ealb-Eg proteins, consistent with other GH9 endo-β-1,4-
glucanases, have two catalytic Asp residues within the conserved motif Asp-Ala-Gly-Asp
(DAGD; here corrigendum for [64]) and one Glu residue within the semi-conserved motif
Asn-Glu-Val [64], adjacent to the highly conserved Asp-Tyr-Asn-Ala (DYNA) motif of the
α16-helix (see Figure 7). The study of the crystal structure of Ef-EG2 from E. fetida [63]
underpins that there are binding sites for calcium and sodium ions. These sites exhibit
limited conservation in E. albidus Ealb-Eg I/II and hint at a nuanced evolutionary adaptation
of Ealb-Eg enzymes in ion binding, potentially reflecting distinct environmental contexts.
This was observed in other GH9 endo-β-1,4-glucanases, including the enzyme from the
higher termite Nasutitermes takasagoensis [65] (see also Supplementary Figure S1).

104:2209174502



Int. J. Mol. Sci. 2024, 25, 4685 21 of 35

´

´ ³
η

π t
´

Figure 7. Secondary structure alignment of mature endo-β-1,4-glucanases: Ealb-Eg I/II from Enchy-

traeus albidus PL-A and Ef-EG2 from the earthworm Eisenia fetida. The secondary structure elements
of Ealb-Eg I/II were predicted and marked according to Jmol with the implementation of the DSSP
v2.0 algorithm. The secondary structure elements of Ef-EG2 were annotated according to the updated
model (version 1.2) of the crystal structure of endo-1,4-beta-glucanase (PDB ID: 3WC3) from E. fetida.
β-Strands are marked as arrows. The α-helices and 310-helices are displayed as higher and lower
squiggles, respectively. The η symbol refers to a 310-helix. The boxed squiggle refers to the π-helix.
Turns are marked with the letters “TT” above the sequence. One-residue “T” segments indicate that
the β-turn overlaps a structure of higher priority (e.g., a helix). The position of a potential disulfide
bridge is marked as a pair of green digits below the alignment. A selected residue with an alternate
conformation is marked above with a black star on top of the secondary structure element annotation.
Catalytic residues for cellulase activity are highlighted in blue. Residues involved in binding calcium
are highlighted in gray, and those potentially involved in binding sodium are highlighted in brown.
Strictly identical residues are shown as white characters boxed in red, while similar residues within a
group are shown as red characters.

3. Discussion

3.1. General Considerations Regarding Digestive Enzyme Gene Candidates in E. albidus

In animals, most digestive enzymes belong to hydrolases [33,66–68]. Their primary
function is to break down larger molecules from food into a form that can be absorbed by
the organism [69]. These enzymes can be secreted into the lumen of the alimentary tract or
bound to the microvilli [70]. Secreted proteins generally require a signal peptide sequence
for proper targeting and secretion, whereas enzymes in microvilli have transmembrane
domains that bind them to the plasma membrane or are clustered on the cell surface,
requiring specific signals for proper localization and GPI anchoring [70–73]. These facts
seem to have been overlooked by other authors when predicting digestive capacity based
on transcriptomics data and functional annotation (see [29,30]). To distinguish intracellular
metabolic and lysosomal enzymes from extracellular-acting digestive enzymes [74] in our
datasets, we thoroughly analyzed the sequence features mentioned above, along with
other features, in the recovered candidates for digestive enzyme genes. Among the hy-
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drolytic enzymes, glycosidases play a crucial role in the digestion of saccharides. They are
responsible for breaking down common biopolymers such as cellulose, chitin, and starch,
which are abundant in nature. Glycosidases are significant in assessing trophic positions,
as they define the digestive capabilities of animals by participating in the degradation of
plant, fungal, or bacterial materials, including cell wall components, within the decomposer
system. Moreover, glycosidases appear to be the best-characterized digestive enzymes
in Annelida [41,45,46,48,63,75,76]. Although we identified candidates for proteolytic and
lipolytic enzyme genes in E. albidus, the scope of the present study is somewhat limited, as
we restricted our analysis to only the best annotated and orthologously supported candi-
dates. Nevertheless, our findings provide initial insights into the genetics of enchytraeid
digestive enzymes, which can be further expanded upon. While fibrinolytic proteases such
as lumbrokinases are currently gathering some scientific attention, mainly for potential
medical applications [77], digestive lipases remain very challenging to study not only
in Enchytraeidae but also in the wider Annelida, as they are still a largely genetically
unexplored group of enzymes. Recently, the hormone-sensitive lipase gene, which is an
intracellular metabolic neutral lipase, was cloned and its expression was analyzed in the
leech Whitmania pigra [78]. However, to the best of our knowledge, no dedicated molecular
studies have focused on the typical digestive lipases in members of Annelida. Studies on
potential digestive lipases in this taxon are often limited to biochemical enzyme assays.
Indeed, the general activity patterns of hydrolytic enzymes, including lipases, in the diges-
tive systems of representatives of Acanthobdellida, Branchiobdellida, and Hirudinida were
studied using API ZYM tests by one of the co-authors of the present study [66].

3.2. Endogenous Expression of GH9 Cellulase Genes in E. albidus and Other Clitellates

In a review [18], the first author and colleagues proposed a classification of the trophic
types of enchytraeids from the most commonly studied genera based on food preferences
and feeding behavior reported in the available literature. According to the definition, pri-
mary decomposers in the soil food web consume plant litter prior to substantial microbial
degradation [17,79]. Thus, it is presumed that primary decomposers need to produce en-
zymes involved in breaking down major plant cell wall components. In contrast, secondary
decomposers rely on plant residues initially degraded by microflora or on microorganisms
as food sources. Enchytraeus spp. were assigned to the secondary decomposer group,
as no definitive evidence of endogenous cellulolytic capability has been provided before.
Although some cellulase activity has been detected in a few studies on Enchytraeus spp.,
there has been no attempt to determine whether these cellulases originate from the pot-
worms themselves or from microorganisms. Moreover, the results obtained by different
authors using biochemical techniques were not always consistent [37,80–82]. For example,
Nielsen [37], using enzymatic assays and chromatographic analyses, found no cellulolytic
activity in E. albidus, nor in three other enchytraeid species. In contrast, Urbášek and
Chalupský [81] detected very low to low cellulolytic activities in four species, including E.
albidus. However, these authors clearly stated that there was no attempt to differentiate
the origin of the detected enzymes. Similarly, Dash et al. [80] reported low-to-moderate
cellulolytic activity in homogenates of entire specimens of E. berhampurosus and in two
other tropical enchytraeid species. In addition to enzymatic assays, some ecohistological
studies have been performed on Enchytraeus species. Reichert et al. [83] investigated the
feeding behavior of E. coronatus on agar plates with air-dried Sambucus nigra leaves and
observed signs of leaf tissue damage and consumption. They suggested that E. coronatus
exhibited significant cellulolytic activity to pre-digest the leaves externally before ingestion.
However, Gajda et al. [18] strongly disagreed with this conclusion. They performed similar
experiments but included proper controls (plates with leaves but no animals), which were
lacking in the study of Reichert et al. [83], and demonstrated clearly that the contribution of
microbial activity to the maceration of the plant material on the experimental plate could
not be disregarded as a possible explanation.
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Considering all of the information recapitulated above, we proposed the following
research hypothesis (1): E. albidus does not exhibit endogenous expression of enzyme
genes from the cellulase group. However, our transcriptomics data analysis in this study
identified 30 digestive gene candidates encoding glycosidases, among which we annotated
cellulolytic enzymes—endo-β-1,4-glucanases (EC 3.2.1.4). Therefore, this hypothesis was
rejected. Phylogenetic and in silico structural analyses revealed that E. albidus endo-
β-1,4-glucanases are homologous to a few previously described endo-β-1,4-glucanases
(cellulases) from earthworm species such as Metaphire hilgendorfi, Eisenia fetida, and E.
andrei [40–42]. Moreover, transcriptomics data derived from other clitellate species and
integrated into phylogenetic analysis demonstrated that, in addition to the aforementioned
earthworm species, which provided initial evidence for endogenous cellulase production in
clitellates, GH9 endo-β-1,4-glucanases are present in other members of Clitellata, including
Capilloventridae, Phreodrilidae, Naididae, Lumbriculidae, and Randiellidae. Endo-β-1,4-
glucanases were found to be especially widespread in members of Enchytraeidae and
Crassiclitellata (i.e., earthworms). However, as a side note, it should be mentioned here that
the recovered sequence for Randiellidae should be treated with caution, as the only available
raw RNA-Seq reads for Randiella seem to be contaminated, at least to some degree, by other
annelid sequences, as noted in our paper related to amylases (for details, see [39]), and this
might be further indicated by the unusual result that we noticed in another study using
the same transcriptomics data (please note the extraordinarily high number of linker genes
in Randiella across all analyzed species for hexagonal bilayer hemoglobin in [84]). Apart
from clitellates, we also recovered a closely homologous endo-β-1,4-glucanase from the
terrestrial polychaete Hrabeiella periglandulata. Orthologous sequences for other polychaetes
are available for the nereids Perinereis brevicirris and Perinereis aibuhitensis. Generally, all of
these GH9 endo-β-1,4-glucanases from both Clitellata and Polychaeta share high similarity
(g68%) and a similar length of mature protein sequences (>420 amino acids; see also [64]).
In light of this, we question the short sequence for E. andrei “cellulase 2” reported by Kim
et al. [85], as the provided sequence lacks a signal peptide, an α1-helix in its structure
and, importantly, the two catalytic Asp residues in the DAGD motif, which are essential
for cellulase activity. The provided sequence for “cellulase 2” represents a 5′ partial ORF
recovered from RNA-Seq data. This also underscores the importance of basic structural
modeling in similar studies.

Endo-β-1,4-glucanases belonging to glycosyl hydrolase family 9 are present among
diverse invertebrate lineages, demonstrating varied feeding strategies [64]. Unlike their
counterparts in microbes and plants, where these cellulases often possess catalytic do-
mains linked to carbohydrate-binding modules (CBMs) enabling crystalline cellulose break-
down [86], many GH9 animal cellulases lack such CBMs (but cf. [87–89]). As a result,
these enzymes exhibit limited or no activity against crystalline cellulose but break down
the amorphous fraction of the polysaccharide. Consequently, Linton [64] posited that the
capacity to hydrolyze crystalline cellulose efficiently should serve as a proper indicator for
assessing cellulases, suggesting that cellulolytic enzymes solely capable of breaking down
carboxymethylcellulose (CMC) should not be considered genuine cellulases but, rather,
enzymes digesting β-1,4-glucans. Additionally, it was raised that endo-β-1,4-glucanases in
some animals can cleave lichenan or mixed-linkage β-D-glucans at comparable or even
greater rates compared to CMC. While Linton has a point in their postulation, it is rather
not universally accepted by other authors. However, based on research on other polysac-
charides, it could also be argued that, for example, different amylose forms (e.g., amylose
A and B) can be digested by α-amylases with extremely different efficiencies [75]. Further-
more, concerning Linton’s discussion on deriving the amounts of metabolizable sugars
from cellulosic material in non-primarily herbivorous invertebrates, research on E. fetida
demonstrated that a single amino acid substitution in the sequence can dramatically change
the catalytic activity and the stability of Ef-EG2 endoglucanase mutants, impacting the
amount of hydrolysis products released from CMC [76]. Moreover, screening of Clitellata
transcriptomes in our study revealed that the endo-β-1,4-glucanases in the enchytraeid E.
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albidus and the earthworms Lumbricus spp., Eisenia andrei, and Metaphire guillelmi are highly
polymorphic. Notably, Ef-EG1 and Ef-EG2 endo-β-1,4-glucanases in E. fetida [41,90] were
originally identified as distinct genes based on cloned ORFs. However, it is likely that they
actually represent allelic variants, as the differences are only related to a single nucleotide
resulting in a single amino acid substitution. Support from genomics data analysis could
be a solution to address this issue. Despite these minimal sequence variations, purified
Ef-EG1 and Ef-EG2 proteins from the Eisenia fetida Waki strain [90] demonstrate significant
biochemical differences between each other in terms of activity and substrate specificity,
which is in agreement with the above-mentioned study of Ef-EG2 mutants [76]. In Enchy-
traeus, copy variants of endo-β-1,4-glucanases are more divergent than those in Eisenia
spp. (see Figure 1). The adaptive significance of endo-β-1,4-glucanase polymorphisms in
Clitellata could be related to broader substrate specificity; however, further molecular and
biochemical studies are needed to confirm this in E. albidus.

3.3. Endogenous Expression of Digestive i-Type Lysozyme Gene in E. albidus and Other Clitellates

Apart from hypothesis (1), related to the absence of cellulases, we postulated hypoth-
esis (2): that E. albidus demonstrates endogenous expression of enzyme genes engaged
in the digestion of microorganisms. Thus, it was presumed that secondary decomposers,
which at least partially utilize the microbial material, need to produce enzymes involved in
breaking down major bacterial and fungal cell wall components, such as peptidoglycan hy-
drolases or chitinases. To the best of our knowledge, no studies have clearly demonstrated
microphytophagous (i.e., microbivorous) behavior in E. albidus related to bacteria and fungi.
However, some reports are available for other Enchytraeus species. The first report related
to the genus was probably by Dougherty and Solberg [91], who partially succeeded in main-
taining Enchytraeus fragmentosus under monoxenic conditions with Escherichia coli growing
on a nutrient agar medium, but the growth of the animal was suboptimal. Subsequently,
Brockmeyer et al. [92] demonstrated the use of microbial protein from radiolabeled 35S-
enriched Bacillus cereus and the yeast Saccharomyces cerevisiae for Enchytraeus cf. globuliferus
and E. christenseni (syn. E. minutus). In relation to this, Reichert et al. [83] reported that
E. coronatus fed with B. cereus was in good condition, but its reproduction rate was lower
than when fed with rolled oats. The most explicit microphytophagous behavior related
to bacteria and fungi has been reported for Enchytraeus crypticus [13,93–98]. In general,
this species can use certain species of Streptomyces bacteria and microscopic fungi as its
sole nutrient source [13,94,96]. Moreover, it can preferably consume and utilize particular
species of cyanobacteria and eukaryotic microalgae [95,97].

Based on the transcriptomics data analysis of E. albidus, we identified an endoge-
nous novel digestive i-type lysozyme, named Ealb-iLys (GH22i family; EC 3.2.1.17), and
two chitinases (GH18 family; EC 3.2.1.14), referred to here as Ealb-Chit I and Ealb-Chit
II. The latter enzymes will be addressed in detail elsewhere, in a separate paper. Conse-
quently, hypothesis (2), regarding the production of enzymes involved in breaking down
major bacterial and fungal cell wall components in this enchytraeid species, was sup-
ported. In a previous review, several hypotheses were proposed concerning the capacity
of Enchytraeidae to utilize various bacterial strains as a nutrient source [18]. Notably,
the presence of β-N-acetylglucosaminidase in the intestinal epithelium of the enchytraeid
Lumbricillus lineatus, as reported by Gelder [99], raised speculation about the potential
role of this enzyme and other murein hydrolases in breaking down bacterial cell walls in
the alimentary tract of enchytraeids. Indeed, some studies on invertebrates suggest that
β-N-acetylglucosaminidase may be involved in digestion [67,100,101]. However, to the
best of our knowledge, no contribution of typical digestive β-N-acetylglucosaminidase
to microbial cell lysis has been described to date in invertebrates, at least in Annelida.
Conversely, complete coding sequences for endo-β-N-acetylglucosaminidases (EC 3.2.1.96)
recovered from transcriptomics data of E. albidus lack signal peptides, and putative pro-
teins were predicted to be localized in the cytoplasm. Therefore, these are not secretory
digestive enzymes released into the gut lumen that can contribute to trophic digestion in
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enchytraeids, despite our initial assumption based on Gelder’s results [18,99]. Another
obvious, yet at the time of review [18] rather theoretical, candidate for the enzyme involved
in microbes’ digestion in enchytraeids was lysozyme. A pivotal study that significantly
contributed to considering this enzyme was the identification and histolocalization of a
novel digestive lysozyme, Ea-iLys, from E. andrei by Yu and co-workers [46]. The anno-
tation of a homologous sequence in E. albidus posed challenges owing to the absence of
a functional ortholog for this lysozyme in the KEGG database. Therefore, we initially
recovered the homologous sequences based on the presence of a signature sequence for the
i-type lysozymes. Additionally, the assignment of the Ealb-iLys sequence as a lysozyme
had a low positive predictive value (PPV) from the PANNZER2 annotation, highlighting
the significance of annotating data using diverse methods and tools. Animal lysozymes
containing the SH3b domain, such as Ealb-iLys, have rarely been identified. The i-type
lysozyme, which contains a destabilase with the SH3b domain, was reported as HcLyso4 in
the triangle-shell pearl mussel (Hyriopsis cumingii), while the SH3b domain was also noted
after alignment in the sequence of MGL-2 lysozyme (Acc. AB298451) from the Mediter-
ranean mussel (Mytilus galloprovincialis) [61]. Additionally, we identified this domain in
the above-mentioned Ea-iLys from E. andrei [46], as it was not initially annotated in the
original study. Moreover, we recovered closely homologous (orthologous) sequences to
Enchytraeus–Eisenia-type lysozyme containing the SH3b domain from transcriptomics data
related to several clitellates, including other enchytraeid species (Enchytraeus crypticus,
Mesenchytraeus solifugus, M. armatus, and Guranidrilus sp.). Notably, the RNA-Seq reads
(SRR786598) associated with the earthworm Carpetania elisae (now C. matritensis) [102],
where we also found this novel i-type lysozyme, originated from a sample consisting of
isolated digestive tissues. This finding aligns with the observation that Ea-iLys is highly
expressed in the gut epithelium [46]. The possible role of the SH3b domain in this type of
lysozyme may be related to peptidoglycan recognition and bacterial cell wall binding [103];
however, further studies are required to confirm this hypothesis. Based on the findings
presented, we propose orthologs of Enchytraeus–Eisenia-type SH3b-domain-containing
i-type lysozymes (i.e., Ealb-iLys and Ea-iLys) as potential molecular markers of bacterivory
in clitellates.

3.4. Trophic Position of E. albidus as an Intermediate Decomposer and the Status of
Other Clitellates

Considering the tested research hypotheses related to the trophic position of Enchy-
traeus albidus, we found that this enchytraeid species expresses genes for both cellulases
and enzymes involved in the digestion of microbial cell walls, including a specialized
digestive type of lysozyme. Therefore, E. albidus combines traits of both primary and
secondary decomposers and can be defined as an intermediate type of decomposer. The
term “intermediate decomposers” was originally coined by Eisenhauer and Schädler [104]
to roughly define the position of enchytraeids and highlight the uncertain trophic posi-
tion of this taxon, which could represent a functional gradient ranging from primary to
secondary decomposers. Our transcriptomics approach, novel to trophic ecology stud-
ies, in which we determined E. albidus as an intermediate decomposer, corresponds well
with the newest findings related to E. albidus sensu lato by Korobushkin et al. [105] using
stable isotope analysis. In that most recent study (note: published when our manuscript
was under review), where trophic niches of 16 common terrestrial enchytraeid species
were determined, the analysis found them to act as primary and secondary decomposers
within three trophic guilds (epigeic, epi-endogeic, and endogeic), depending on species.
Korobushkin et al. [105] assigned epigeic enchytraeids, including E. albidus sensu lato (iden-
tified based on morphology only), among primary decomposers feeding on litter. However,
the wide ranges of ∆

15N values obtained in the study also indicated the co-ingestion of
microorganisms. Thus, the revealed trophic niche of E. albidus matches with intermediate
decomposers. Furthermore, Korobushkin et al. [105] expressed the view that the classifi-
cation of individual enchytraeid species as primary or secondary decomposers requires
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further experimental intervention, incorporating multiple metrics instead of solely relying
on stable isotopic signatures. We believe that the presented transcriptomics approach could
provide a solution to this challenge.

The composition of digestive enzyme genes in E. albidus revealed by transcriptomics
analysis is in general agreement with the results of the study by Urbášek and Chalupský [81],
who analyzed enzymatic profiles from the whole-body homogenates of enchytraeids.
Enchytraeus albidus was characterized there by moderate activity of α-amylase, β-xylanase,
laminarinase, and lichenase, and low to very low activity of proteases (pH = 6.0), Cx-
cellulase (endo-1,4-β-D-glucanase, EC 3.2.1.4), and the cellulase complex (a mixture of
exo- and endo-1,4-β-D-glucanases). Moreover, our study revealed homologous sequences
for conserved cellulases and digestive i-type lysozymes in the transcriptomics data of
other clitellates, particularly for enchytraeid and earthworm species, suggesting a similar
trophic position of these animals. However, recent work by Korobushkin et al. [106] using
stable isotopes demonstrated that the trophic position of enchytraeids and earthworms
can differ based on available food sources. In their microcosm experiment, they observed
that enchytraeids (a mixture of littoral species, E. albidus sensu lato, and Lumbricillus spp.)
were preconditioning the macroalgal material, while probably grazing on bacteria as well,
making it suitable for the earthworm Eisenia fetida, which lacked direct feeding activity on
non-conditioned macroalgae. This indicates that marine littoral enchytraeids can act as
primary/intermediate decomposers, while E. fetida serves as a typical secondary decom-
poser in this specific scenario, depending on food availability. The results of the study by
Korobushkin et al. [106] are in contrast to other research that considered earthworm species
such as Lumbricus terrestris as primary decomposers in soil microcosm experiments while
assigning enchytraeids to a higher trophic level [107]. Interestingly, it was demonstrated
that L. terrestris can also function as a granivore and seedling herbivore [107]. Concerning
this species, we found that L. terrestris congeners possess both cellulases and digestive
lysozyme, similar to enchytraeids and other earthworms. The use of an enchytraeid species
mixture by Korobushkin et al. [106] prevents drawing conclusions strictly for E. albidus;
however, our study demonstrated that this enchytraeid species expresses several enzymes
(e.g., EC 3.2.1.6, EC 3.2.1.51, and EC 3.2.1.78) that could be potentially engaged in the diges-
tion of macroalgal material [108,109], which could be expected from typical marine littoral
species. Dietary flexibility, which is a known challenge in trophic ecology studies, could be
analyzed by a comparative study of enzymes of both enchytraeid and earthworm species,
as in the above example, but this requires sufficiently deep sequenced transcriptomes for all
species of interest and general molecular and biochemical knowledge of digestive enzymes.
In general, much work remains to be conducted on the trophic position of Enchytraei-
dae, as well as other clitellates and their digestive capacities. A natural progression in
research would involve studying food-dependent gene expression, molecular cloning, and
the utilization of expression vectors to further investigate the biochemical properties of the
identified digestive enzymes. Next, a more than 60-year-old dilemma related to the feeding
mechanism and exact mode of digestion in enchytraeids (pre-oral digestion or internal
digestion?) [18,24,83,93,110–114], for which there is no consensus among researchers to
date, can be analyzed by histolocalization of transcripts of selected digestive enzyme genes.
Furthermore, bacterivory in deep molecular details was recently studied in the model
nematode Caenorhabditis elegans. This includes the fate of various bacterial strains ingested,
chemical cues stimulating feeding and digestion, specific lysozyme expression, signaling
pathways regulating digestion of bacteria, and recognition of palatable and unpalatable
food ([115–117]; see also [118], preprint). These studies shed new light on somewhat
forgotten yet crucial preliminary studies conducted by Krištůfek et al. [94], which relate,
among other things, to chemoattraction in enchytraeid–bacteria interactions and primarily
demonstrated that bacteria can serve as an important source of food for enchytraeids. Fi-
nally, more advanced enchytraeid and earthworm molecular studies require support from
annotated genomics datasets. The first step in this direction was performed by Amorim and
co-workers [56], who provided raw but high-quality genomics data for Enchytraeus crypticus
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isolate CE2183. We hope that more genomics and monohaplotype-derived transcriptomics
data will be generated for enchytraeid and earthworm species in the near future. This will
significantly enhance the advancement of molecular research on the trophic ecology of
these groups of clitellates.

4. Materials and Methods

4.1. Animal Material

The initial culture of Enchytraeus albidus was established from a stock culture purchased
on the e-commerce platform Allegro from a commercial seller, Bodzio-1234. The animals
were kept at room temperature in a plastic box with defaunized garden soil and fed fish
flakes twice weekly. Random specimens from the initial culture underwent DNA barcoding
(Acc. MK044803–MK044805) and were analyzed using PCR-RF-SSCP (PCR–restriction
fragments–single-strand conformation polymorphism) [119] of the Folmer fragment (Sup-
plementary Figure S2). A COI-monohaplotype culture (PL-A strain; Acc. MK044803) was
obtained from a single cocoon transferred and hatched on a 1% molecular grade agarose
plate. Juvenile specimens were then relocated to defaunized soil and maintained as de-
scribed earlier. The genetic purity of the established culture was confirmed by amplifying
and sequencing the COI gene fragment.

4.2. RNA-Seq Data Generation for the E. albidus PL-A Strain

In the preliminary study, the number of E. albidus specimens required for obtaining
an optimal amount of RNA was experimentally determined by extracting RNA from one
to five specimens per sample using the GeneMATRIX Universal RNA Purification Kit
(EURx, Gdańsk, Poland), following the manufacturer’s protocol. The concentration and
quality of the isolated RNA were assessed using a NanoDrop 2000 (NanoDrop Technologies,
Wilmington, DE, USA). Additionally, cDNA was synthesized by reverse-transcribing half a
microgram of RNA, primed with oligo(dT)20, according to the instructions provided with
the NG dART RT kit (EURx). Control PCR was conducted for proper nucleic acid purifica-
tion, targeting the coding sequence of α-amylase I from E. albidus (Acc. OQ830662; [39]).
Each PCR mixture, with a total volume of 50 µL, consisted of EURx Color OptiTaq PCR
Master Mix (2×) (final concentration: 1.25 U OptiTaq DNA Polymerase, 1.5 mM MgCl2,
0.2 mM of each dNTP), 0.2 µM forward AmyStrF (5′-ATGCTGTCACTGATTGTGTTTTGTC-
3′) and reverse AmyEndR (5′-TCAGACATGTAGAGCAATCATGG-3′) primers, and 1 µL
of cDNA as the template. The amplification thermal profile was set as follows: an initial
denaturation at 95 ◦C for 260 s, followed by 35 cycles of denaturation at 95 ◦C for 40 s,
annealing at 45 ◦C for 45 s, and extension at 72 ◦C for 60 s, with a final extension at 72 ◦C
for 120 s. To confirm amplification, the PCR products were run on a 1.2% agarose gel in
TBE buffer with the addition of SimplySafe (EURx).

Adult specimens of the E. albidus PL-A strain in live form, on agarose plates, were
dispatched to A&A Biotechnology (Gdańsk, Poland) for the extraction of RNA. The ex-
traction procedure involved the use of the Total RNA Mini Kit with DNase treatment
(A&A Biotechnology) and was conducted on a pooled sample of four adult specimens. The
quality/concentration of extracted RNA was analyzed by agarose gel electrophoresis and
by the NanoDrop 2000. To generate RNA-Seq reads, RNA samples were sent to Macrogen
Europe (Amsterdam, The Netherlands) via A&A Biotechnology. The cDNA library was
prepared using the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego,
CA, USA). Subsequently, paired-end sequencing was performed on the Illumina platform
(NovaSeq 6000; 2 × 151 bp reads).

4.3. Transcriptome De Novo Assembly and Data Annotation

Sequence quality control of all raw reads was performed using FastQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on 21 March 2024). The removal
of adapters and quality trimming were executed using the BBDuk plugin in Geneious Prime
version 2023.2.1. The settings used were as follows: adapter trimming (default settings),
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partial adapter trimming from ends with a kmer length of 11, low-quality trimming at both
ends with a minimum quality of 20, and adapter trimming based on paired read overhangs
with a minimum overlap of 24. It is important to note that we experimented with two
quality values for trimming low-quality ends, specifically, scores of 20 or 24 using Phred33.
However, we found that a quality value of 24 was overly restrictive, consequently hindering
the assembly’s effectiveness in recovering some of the digestive enzyme gene transcripts.

In addition to the generated E. albidus PL-A strain transcriptomics data, we retrieved
raw reads data (Illumina HiSeq 2500 runs) related to the freeze-tolerant German (G) and
Greenlandic (N) strains of the same species from the NCBI Sequence Read Archive (SRA:
SRP108369). Moreover, we assembled and assessed transcriptomics data available in the
Sequence Read Archive (SRA) repository for other clitellates, with special emphasis on
enchytraeid species.

Each transcriptome was assembled separately using Trinity RNA-Seq [120,121] in-
tegrated in the OmicsBox suite version 3.0.30 using the default k-mer length settings.
Assembled transcriptomes were tested for completeness using Benchmarking Universal
Single-Copy Orthologs (BUSCO) [122] analysis against the metazoan database, using a
Blast e-value threshold of 1 × 10−5. Transcriptomes were further processed using Trans-
Decoder (http://transdecoder.github.io, accessed on 21 March 2024) with default settings
to detect coding regions. TransDecoder-predicted ORFs were translated into amino acid
sequences of at least 100 amino acids in length and annotated using a combination of the
GhostKOALA/KofamKOALA automatic annotation and KEGG mapping service [123,124]
and PANNZER2 (http://ekhidna2.biocenter.helsinki.fi, accessed on 21 March 2024) [125].
The functional annotation included KO (KEGG Orthology) assignment, KEGG pathway
mapping, and prediction of gene ontology (GO) terms. Transcriptome decontamination
was carried out by removing non-animal-originating KEGG-annotated sequences with the
use of the QIIME filter fasta script [126] on the Galaxy platform [127]. The obtained clean
data were screened for hydrolases—more specifically, glycosidases, peptidases, and lipases.

4.4. In Silico Analysis of Annotated Data

The annotated sequences were analyzed by several bioinformatics tools. Sequence
similarity searches were conducted using BLASTp [128]. Prediction of signal peptides
was performed with SignalP 6.0 [129]. The potential subcellular localization was carried
out by DeepLoc 2.0 [130] and BUSCA (Bologna Unified Subcellular Component Anno-
tator) [131]. Transmembrane domains were predicted using DeepTMHMM [132]. Gly-
cosylphosphatidylinositol anchoring was predicted by NetGPI 1.1 [133]. Furthermore,
protein domain architectures were predicted using InterProScan [134] and SMART [135].
For glycoside hydrolase (GH) family assignment, especially in complex cases, the web
server for dbCAN3, an automated carbohydrate-active enzyme and substrate annotation
tool (https://bcb.unl.edu/dbCAN2/index.php, accessed on 21 March 2024), was used
with at least three available run tools [136]. For lipases, an additional HMMs search in the
PANTHER [137] library version 18.0 was performed.

4.5. Additional Data and Phylogenetic Analyses

Sequences recovered from E. albidus were supplemented with sequences obtained from
the GenBank database and the SRA repository. For the latter, additional transcriptomics
data were assembled de novo for other annelids, encompassing all enchytraeid species
referenced in Table 1. Sequencing run IDs (SRR) used for the additional data assembly are
provided in Supplementary Table S3.

Homologous sequences in GenBank were identified through a BLASTp search. The
protein sequences were aligned using either MAFFT 7 [138] with an automatic assignment
of the alignment strategy or MUSCLE [139], depending on the dataset. The resulting
alignments were visually inspected for accuracy. A web server version of IQ-TREE was
employed to estimate the best-fitting model of amino acid evolution and subsequently
construct a maximum likelihood tree. All trees were built using the model suggested by
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IQ-TREE, with 1000 replications. Ultrafast Bootstrap (UFBoot) and SH-like Approximate
Likelihood Ratio Test (SH-aLRT) support values were calculated using 1000 replicates with
default settings. The generated trees were rooted according to the previously proposed
phylogenetic hypothesis for Clitellata [55] and visualized using iTOL [140].

4.6. Sequence Analysis, Protein Modeling, Structural Alignment, and Visualization

Evolutionary divergence between sequences was assessed through the pairwise dis-
tance method with the Poisson correction model in MEGA7 [141]. The ratio of non-
synonymous to synonymous substitutions (dN/dS) was computed using the CodeML
program in the PAML 4.9 package [142], on the Galaxy platform [127]. The 3D struc-
ture of the proteins of interest was modeled using AlphaFold2/DeepMindv0.2 [143] on
the Superbio.ai platform (https://www.superbio.ai, accessed on 21 March 2024) or via
homology-based modeling using SWISS-MODEL [144]. The quality of the models was
evaluated using pLDDT confidence scores and SWISS-MODEL structure assessment meth-
ods (GMQE, QMEANDisCo, and QMEAN Z-scores), respectively. Secondary structure
alignments were initially created using ESPript [145] and modified according to the pre-
dicted structure by implementing the DSSP 2.0 algorithm in Jmol within FirstGlance in
Jmol version 4.1 (http://firstglance.jmol.org, accessed on 21 March 2024). Figures of the
tertiary structure of proteins were rendered with the same tool.

5. Conclusions

Based on RNA-Seq data, we identified cellulolytic enzymes (endo-β-1,4-glucanases)
and enzymes engaged in the digestion of microorganisms (i-type lysozymes and two chiti-
nases) in Enchytraeus albidus. Thus, E. albidus combines traits of both primary and secondary
decomposers and is defined as an intermediate type of decomposer. Through phylogenetic
and bioinformatic analyses, it was determined that the endo-β-1,4-glucanases in E. albidus
share homology with those previously described in a few species of earthworms. These
GH9 cellulases were also found in transcriptomics data of other clitellates, predominantly
enchytraeids and earthworms. Closely homologous sequences to Enchytraeus–Eisenia-type
destabilase-lysozyme, which contains the SH3b domain, were identified in transcriptomics
data from other clitellates as well. The presence of close orthologs of the Enchytraeus–
Eisenia-type SH3b-domain-containing i-type lysozyme is a potential molecular marker
of bacterivory in clitellates. Our study demonstrates that RNA-Seq, even with a single
sample but with sufficiently deep sequencing and taxonomically well-characterized input,
could be a powerful and cost-effective tool, yet it is surprisingly rarely used in trophic
ecology studies.
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under accession numbers PP480665 (Ef-Eg I), PP484683-PP484684 (Ef-Eg II), and PP488544-PP488545
(Ealb-iLys).
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