
Th
e 

d
ev

el
o

p
m

en
t 

o
f 

 
a 

so
le

 d
ie

t 
b

as
ed

 o
n 

th
e 

co
m

p
o

si
ti

o
n 

o
f 

ra
g

w
o

rm

The development of a sole diet based on the composition of ragworm - Jeroen Kals

Je
ro

en
 K

al
s

You are kindly invited to attend the  
public defence of my PhD thesis

The development of a sole diet  
based on the composition of ragworm

On Tuesday, 6 June, 2017 
at 16:00 in the Aula of Wageningen University, 
General Foulkesweg 1a, Wageningen.

IN
V

IT
A

T
IO

N The defence ceremony  
will be followed  

by a reception in the Aula.

Jeroen Kals
Jeroen.Kals@wur.nl

0610131556

Paranymphs
Maarten Kals
Paul Hendrix



The development of  
a sole diet based on the 
composition of ragworm

The d
evelo

p
m

ent o
f a so

le d
iet b

ased
 o

n the co
m

p
o

sitio
n o

f rag
w

o
rm

 - Jero
en K

als

Jeroen Kals

Yo
u are kind

ly invited
 to

 attend
 the  

p
ub

lic d
efence o

f m
y P

hD
 thesis

The develo
pm

ent o
f a so

le diet  
based o

n the co
m

po
sitio

n o
f ragw

o
rm

O
n Tuesd

ay, 6 June, 2017 
at 16:00 in the A

ula o
f W

ageningen U
niversity, 

G
eneral Fo

ulkesw
eg 1a, W

ageningen.

INVITATION

The d
efence cerem

o
ny  

w
ill b

e fo
llo

w
ed

  
b

y a recep
tio

n in the A
ula.

Jero
en K

als
Jero

en.K
als@

w
ur.nl

0610131556

P
aranym

phs
M

aarten K
als

P
aul H

end
rix



 

 

 

The development of a sole diet based 

on the composition of ragworm 
 

 

 

 

 

 

 

 

 

 

Jeroen Kals 



 
 

 

 

 

 

Thesis committee 

 

Promotor 

Prof. Dr Johan A.J. Verreth 

Professor of Aquaculture and Fisheries 

Wageningen University & Research 

 

Co-promotors 

Dr Johan W. Schrama 

Associate professor, Aquaculture and Fisheries Group 

Wageningen University & Research 

 

Dr Robbert J.W. Blonk 

Director R&D, Hendrix Genetics Aquaculture BV  

Boxmeer, The Netherlands 

 

Other members 

Prof. Dr Hans Komen, Wageningen University & Research 

Dr Mark Bayley, Aarhus University, Denmark 

Prof. Patrick Kestemont, Université de Namur, Belgium  

Dr Arjen J. Roem, Nutreco/Skretting, Boxmeer, The Netherlands  

 

This research was conducted under the auspices of the Graduate School, Wageningen Institute 
of Animal Sciences (WIAS).  

 
 

 
 

 

 

 

The development of a sole diet based on the 

composition of ragworm 

 

 

 

 

Jeroen Kals 

 

 

 
 
 

Thesis 

submitted in fulfilment of the requirements for the degree of doctor  

at Wageningen University  

by the authority of the Rector Magnificus, 

Prof. Dr A.P.J. Mol, 

in the presence of the  

Thesis Committee appointed by the Academic Board 

 to be defended in public  

on Tuesday 6 June 2017  

at 4 p.m. in the Aula.  



 
 

 

 

 

 

Thesis committee 

 

Promotor 

Prof. Dr Johan A.J. Verreth 

Professor of Aquaculture and Fisheries 

Wageningen University & Research 

 

Co-promotors 

Dr Johan W. Schrama 

Associate professor, Aquaculture and Fisheries Group 

Wageningen University & Research 

 

Dr Robbert J.W. Blonk 

Director R&D, Hendrix Genetics Aquaculture BV  

Boxmeer, The Netherlands 

 

Other members 

Prof. Dr Hans Komen, Wageningen University & Research 

Dr Mark Bayley, Aarhus University, Denmark 

Prof. Patrick Kestemont, Université de Namur, Belgium  

Dr Arjen J. Roem, Nutreco/Skretting, Boxmeer, The Netherlands  

 

This research was conducted under the auspices of the Graduate School, Wageningen Institute 
of Animal Sciences (WIAS).  

 
 

 
 

 

 

 

The development of a sole diet based on the 

composition of ragworm 

 

 

 

 

Jeroen Kals 

 

 

 
 
 

Thesis 

submitted in fulfilment of the requirements for the degree of doctor  

at Wageningen University  

by the authority of the Rector Magnificus, 

Prof. Dr A.P.J. Mol, 

in the presence of the  

Thesis Committee appointed by the Academic Board 

 to be defended in public  

on Tuesday 6 June 2017  

at 4 p.m. in the Aula.  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Jeroen Kals 

The development of a sole diet based on the composition of ragworm,  

136 pages. 

PhD thesis, Wageningen University, Wageningen, the Netherlands (2017) 

With references, with summary in English 

 

ISBN: 978-94-6343-180-4 

DOI: http://10.18174/412951  

 
 

 
 

 

 

 

 

 

 

 

 

For myself and anyone interested in the subject 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Jeroen Kals 

The development of a sole diet based on the composition of ragworm,  

136 pages. 

PhD thesis, Wageningen University, Wageningen, the Netherlands (2017) 

With references, with summary in English 

 

ISBN: 978-94-6343-180-4 

DOI: http://10.18174/412951  

 
 

 
 

 

 

 

 

 

 

 

 

For myself and anyone interested in the subject 



 
 

 

  

 
 

 
 

 

Abstract 

Scientifically, this study aimed to validate the potential of ragworm to alleviate 

anaemia in common sole and to identify the dietary requirements of common sole to alleviate 

this anaemia. At the same time it was aimed to explain part of the difference in growth 

between sole fed a commercial pellet and sole fed ragworm. Practically, this study aimed to 

develop a diet that achieves similar growth rates in sole as when fed ragworm. Sole fed 

commercial pellets developed nutritional anaemia. Feeding ragworm or mussel alleviates this 

nutritional anaemia. It is suggested that the ability of mussel or ragworm (meal) to alleviate 

anaemia and improve growth in sole can be explained by  heme iron and high B12 levels. Yet, 

iron absorption in sole is high and independent of iron source. Still, heme increases the 

absorption of copper. The high absorption of iron and copper in sole fed heme does not affect 

the haematocrit (Hct) and haemoglobin (Hb) levels, which indicates the anaemia in sole is not 

an iron or a copper deficiency anaemia. The Hct and Hb levels in sole are affected by dietary 

B12. Yet, the applied levels are unable to alleviate the anaemia in sole induced by feeding 

commercial pellets. More options to alleviate the nutritional anaemia in common sole are 

discussed. Nutrients as vitamin C, B1, B2, B5 and a possible role of dietary EPO are 

discussed. It is suggested that the slow growth of pellet-fed sole might be due to the low Hct 

and Hb levels, which hampers the uptake of oxygen, and thus also the overall metabolic 

capacity, including the scope for growth. Discussed is a 7°C difference in the “optimal” 

temperature between sole fed ragworm and the 2nd generation pellet and that the “worm 

effect” is dependent on temperature. However, the growth rate of sole fed the 3rd generation 

pellet at 18.4°C was comparable to the growth rate of sole fed ragworm, which could not have 

been the consequence of increasing Hct and Hb levels as these were comparable to levels 

found in sole fed commercial pellets. Yet, B12 levels in blood plasma of sole are up to 200 

times those of other (fish) species. Hence, we inferred on the possibility of a specific 

metabolic function of B12 in respiration in sole. In addition, the economic and practical impact 

of the improved growth rate in sole culture is discussed. Finally, several suggestions for future 

research are given.  
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Chapter 1 

 

General Introduction 
  

The aquaculture production of common sole (Solea solea L.) does not meet its 

potential when using currently available commercial feeds as sole grows about 70% faster on 

ragworm (Nereis virens, Sars) than on commercial feeds (Ende, Kroeckel, Schrama, 

Schneider & Verreth 2014). Moreover, ragworm appears to be an excellent feed to support 

long term growth of sole over a wide range of size classes (Ende, Kroeckel, Schrama & 

Verreth 2009; Kals, Ruizeveld de Winter & Schiphouwer 2009a; Kals, Capelle & Hemsing 

2009b; Ende et al. 2014). This suggests a mismatch between the nutritional requirements of 

sole and the dietary composition of the commercial feeds. It is therefore assumed that the 

composition of ragworm reflects the dietary requirements of common sole. The essential 

question remains which compound(s) within ragworm are essential for meeting the soles 

nutrient requirements and thus explain the high nutritional value of ragworm for sole. 

Therefore, this thesis takes ragworm as a benchmark to identify this component.  

 

Nutritional value and requirements 

In general terms, the nutritional value of an ingredient and or feed formulation for 

meeting the requirements of fish are related to dietary composition, attractivity, palatability 

and digestibility. Only a balanced combination of these categories will lead to healthy fish and 

full expression of the sole’s growth potential. The dietary requirements for common sole have 

not yet been established for most nutrients. However, for protein, the dietary requirements 

have been confirmed for Senegalese sole (Solea senegalensis Kaup 1858) with levels ranging 

from 50-60% (Aragao, Conceição, Dias, Marques, Gomes & Dinis 2003; Rema, Conceição, 

Evers, Castro-Cunha, Dinis & Dias 2008) and common sole with a level of 57% (Gatta, 

Parma, Guarniero, Mandrioli, Sirri, Fontanillas & Bonaldo 2010). Ragworm contains levels of 
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protein varying between 50-74% (Ende et al. 2009; Kals et al. 2009b), thereby 

fulfilling the requirements of sole for dietary protein.  

For dietary fat there are indications that levels in current available feeds for sole are 

too high. Borges, Oliveira, Casal, Dias, Conceição & Valente (2009) suggest a maximum 

dietary level of 8% for Senegalese sole for both optimal growth and nutrient utilization. Fat 

levels found in ragworm do differ depending on season, diet and origin. Approximate fat 

levels found for wild, farmed and intensively farmed ragworms are 3-7%, 6-8% and 13-20% 

on dry matter basis, respectively (Craig, Olive, Pinon & Rutherford 2005; Ende et al. 2014; 

Kals et al. 2009b).  

Fish do not have specific requirements for dietary carbohydrates and are able to grow 

on diets without carbohydrates. The ability of fish to utilize dietary carbohydrates varies 

among species and more or less corresponds to the feeding habits of the species (NRC 2011). 

As common sole is a polychaete-mollusc feeder with sometimes crustaceans found in their 

alimentary tract (De Groot 1971), carbohydrates form only a limited part of their natural diet. 

However, in nature, sole will ingest some carbohydrates as chitin and glycogen (Jobling 

2004). One of the reasons for the inclusion of carbohydrates in current commercial feeds is 

their binding or matrix forming properties. Sole might have difficulties digesting 

carbohydrates, i.e. the carbohydrate matrix of the pellet, thereby lowering the bioavailability 

of the other nutrients.   

Information concerning mineral and vitamin requirements in fish is limited (NRC 

2011). Quantitative requirements are known for some species among which sole is not 

included. In addition to the variability between fish species, requirements of minerals and 

vitamins are affected by size, age and growth rate as well as environmental factors, the form 

in which minerals and vitamins are provided and the interrelationships (e.g. antagonism) 

between nutrients (Prabhu, Schrama & Kaushik 2014).  

The basic metabolic functions of the various minerals are the same for aquatic and 

terrestrial animals with the exception of osmoregulation, ionic and acid base balance (NRC 

2011). Because the requirements of fish in general are poorly known, fish feeds usually are 

fortified with mineral and vitamin pre-mixes under the assumption that the supplementation 

will be adequate to meet the requirements (Jobling 2004). However, from a quantitative point 

of view, this assumption might be questionable. Moreover, from a qualitative, point of view, 

the bioavailability of the sources used are often not considered. As ragworm is an excellent 

feed for sole their vitamin content could reflect requirements. For minerals this reflection is 

somewhat more difficult, as minerals can be absorbed from the water.  
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Flavour, or the combination of biochemical signals, is assumed crucial to make a feed 

attractive. Sole is known for its low feeding motivation under farm conditions when fed 

commercial pellets. Barata, Hubert, Conceição, Velez, Rema, Hubbard & Canário (2009) 

found that addition of a polychaete homogenate to dry feed enhanced pellet ingestion in 

Senegalese sole. Therefore, it was hypothesized that adding a ragworm extract to a 

commercial pellet would increase long term feed intake and that the current difference in 

growth, found in sole fed ragworm compared to conventional diets, is explained by a 

mismatch in attractivity/palatability.  

 

Processing and nutritional value 

Fish feed ingredients contain thermolabile components (e.g. flavours, proteins, 

vitamins and organically bound minerals). Most fish feed processing methods (e.g. extrusion/ 

steam pelleting) contain at least one heat step. Hence, processing will affect the properties of 

feed ingredients and consequently of the final feed. The undifferentiated alimentary tract of 

sole with its alkaline environment and low pepsin like activity (Clark, MacDonald & Stark 

1985; Groot de 1971; Yúfera & Darías 2007) might make sole sensitive to the effect of heat 

on thermolabile components. This supports the hypothesis that sole might encounter problems 

digesting heat processed proteins or possibly other thermolabile compounds. Therefore, 

before the start of this PhD study, an exploratory experiment was carried out to sharpen our 

hypotheses on the effect of a heat treatment (i.e. boiling), as the major difference between raw 

vs. processed feeds. Feeding boiled ragworm had a negative effect on feed intake and growth, 

compared to feeding fresh or frozen ragworm. Consequently, heat negatively affects the 

nutritive value of ragworm (unpublished data). Hence, it was decided that in this PhD study, 

cold extrusion (T<50°C) is used to reduce biochemical reactions and minimize the nutritional 

change of the feed ingredients and the final feed.  

 

Haematocrit levels in common sole 

During the exploratory experiments before the start of this PhD, I became aware that 

common sole develops an anaemia when fed commercial pellets. Low haematocrit (Hct) 

levels of around 10% were found in fish fed commercial pellets under both experimental as 

intensive production conditions. In contrast, sole in outdoor ponds stocked with ragworm 

(Nereis virens Sars), show Hct levels of about 24% (unpublished data) confirming the 

findings of Palstra, Blok, Kals, Blom, Tuinhof-Koelma, Dirks, Forlenza & Blonk (2015). The 

Hct values of sole fed fresh ragworm were about twice as high as the values of sole fed 
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commercial pellets. The Hct values of sole fed boiled ragworm were significantly lower than 

sole fed fresh or frozen ragworm (unpublished data). Low Hct values do point to a 

physiological state of anaemia. Anaemia is strictly defined as a decrease in red blood cell 

mass (Lydyard, Cole, Holton, Irving, Porakishvili, Venkatesan & Ward 2010) and according 

to Thrall, Weiser, Allison & Campbell (2012) fish are anaemic when Hct values are < 20%. In 

addition, low growth rates were associated with low Hct values. A negative relation between 

anaemia and growth performance is shown in sheep, pigs, fish and humans (Bhatia & 

Seshadri 1993; El-Zibdeh & Furuichi 1996; Green, Graham & Morgan 1997; Jiang, Jiang, 

Zhu & Jiang 2009). The mechanism behind this relation is that higher Hct levels facilitate 

oxygen uptake in the cardiovascular system. As common sole fed ragworm grows about 70% 

faster compared to sole fed commercial feeds (Ende et al. 2014) and have Hct levels almost 

double those of sole fed commercial pellets, it is expected that the increase of Hct will have a 

significant effect on the metabolic performance (e.g. feed intake, feed efficiency and growth) 

of sole. Therefore, in my opinion, it is crucial to investigate the observed anaemia in sole fed 

commercial pellets. As a consequence, this became the focus of this PhD study. 

 

Problem definition and aims of the study 

Based on our observations during the preliminary, exploratory experiments, the goal 

of the current thesis was set to validate the potential of ragworm to alleviate anaemia in sole, 

to define the type of anaemia and to identify the dietary requirements of common sole to 

prevent anaemia and achieve optimal growth. In addition it is aimed to explain part of the 

difference in growth between sole fed a conventional diet and ragworm. The practical aim as 

a result of the scientific aims is the development of a diet based on the composition of 

ragworm that will give a comparable growth performance compared to sole fed fresh 

ragworm, 

 

Outline of thesis 

In chapter 2 the aim was to test and validate if a change in diet from commercial 

pellets to ragworm increases Hct and haemoglobin (Hb) levels and alleviate anaemia in 

common sole. We also determined the rate of increase and the time needed to develop a new 

steady state of these blood parameters. 

Based on the fact that growth rates of sole fed mussel (Mytilus edulis L.) are 

comparable to growth rates of sole fed ragworm (Fonds, Drinkwaard, Resink, Eysink & Toet 

(1989); Ende et al. 2014) we expected that also mussel will alleviate anaemia in sole. In 

Chapter 1 

15 

chapter 3 we therefore hypothesized that feeding mussel to sole will result in similar Hct and 

Hb values as feeding ragworm. Additionally, as we wanted to gain insight into which dietary 

components could be of importance to explore the alleviation of anaemia in sole, we analysed 

the nutritional components of the diets.  

In chapter 4 we studied the type of anaemia found in common sole. As an anaemia 

can also be caused by an inflammatory response to infection or a combination of this with a 

nutritional deficiency we tested if the anaemia in sole fed pellets is caused by an 

inflammatory response to infection. In addition, as low growth rates were associated with low 

Hct values we tested if feeding ragworm to sole will positively affect the sole’s metabolic 

performance as reflected in feed intake, feed efficiency and growth. 

As feeding solely fresh ragworm or a pellet completely made of ragworm meal, is 

neither technical nor economically viable the aim in chapter 5 was to determine the minimal 

amount of freeze dried ragworm meal in the diet, needed to keep growth and Hct values 

comparable to those of sole fed fresh ragworm.  

In chapter 4 we provided evidence that common sole fed commercial pellets suffers 

from a nutritional anaemia. This suggests that components important for the recovery of 

anaemia (erythropoiesis or the production of red blood cells) are present in ragworm and 

mussel, but missing in current commercial feeds. 

Many nutritional factors can play a role in a nutritional anaemia (Kraemer & 

Zimmermann 2007). However, in most cases iron is deficient in a nutritional anaemia 

(Latham 1997; Kraemer & Zimmermann 2007). Yet, despite the fact that the intake of iron in 

sole fed boiled ragworm was lower than in sole fed commercial pellets, sole fed boiled 

ragworm recovered from their anaemia, while sole fed commercial pellets stayed anaemic. 

Similarly, the intake of copper, cobalt, chrome, manganese, selenium and zinc was 

comparable or higher in sole fed commercial pellets compared to sole fed boiled ragworm 

(unpublished data). This suggests that the higher Hct in sole fed boiled ragworm is not due to 

a higher intake of dietary iron or the other minerals mentioned. However, a factor which 

cannot be excluded to be involved in anaemia is the bioavailability of minerals (e.g. the 

source). For example the bioavailability of iron depends on the form in which it is presented 

to the fish (heme vs. non heme iron). The absorption of heme iron differs from that of non 

heme iron, as the absorption of heme iron has its own pathway, which is independent of 

intestinal pH (Kraemer & Zimmermann 2007). Therefore, the alkaline character of the sole’s 

intestine (Clark et al. 1985; Yúfera et al. 2007) might negatively affect the sole’s ability to 

absorb non heme iron, leading to low Hct and Hb levels.  
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heme iron, as the absorption of heme iron has its own pathway, which is independent of 
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absorb non heme iron, leading to low Hct and Hb levels.  
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Consequently, in chapter 6 we tested if the nutritional anaemia in sole fed 

commercial pellets is caused by an iron deficiency and could be alleviated by adding heme 

iron into the diet, the form of iron in which most of the iron occurs in ragworm.  

The influence of vitamins as folic acid and menadione on the observed anaemia can be 

eliminated. In the exploratory experiment focused on the effect of a heat treatment on the 

nutritive value of ragworm the intake of both was comparable or higher in sole fed 

commercial pellets than sole fed boiled ragworm, while the Hct level of sole fed boiled 

ragworm was about 45% higher (unpublished data). Though, a vitamin B12 deficiency could 

be an obvious factor responsible for the nutritional anaemia observed in sole fed commercial 

pellets. B12 is essential for erythropoiesis (Koury & Ponka 2004). The requirement of B12 for 

sole is, as far as we know, hitherto unknown. Based on the high levels of B12 in mussel and 

ragworm (chapter 4) we hypothesized that sole needs high dietary levels of B12 to alleviate or 

prevent anaemia, which is the first hypothesis of chapter 7. The link between taurine and B12 

(Scott & Weir 1981) and the fact that taurine can affect Hct and Hb levels (Salze & Davis 

2015; Anand, Rajakumar, Felix & Balasubramanian 2010; Takagi, Murata, Goto, Hayashi, 

Hatate, Endo, Yamashita & Ukawa 2006; Sirdah, El-Agouza & Abu Shahla 2002) makes 

taurine a co-factor. The second hypothesis of chapter 7 is therefore that there is interaction 

between taurine and B12 regarding the occurrence of anaemia in sole.  

In chapter 8 the overall results of this thesis are discussed and integrated with the 

latest results, explaining what has been achieved. Moreover, the practical implications are 

discussed and suggestions for further research are given. 
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Abstract 

The aim of this study was to test if haematocrit (Hct) and haemoglobin (Hb) will 

increase when the diet of common sole is changed from commercial pellets (CPEL) to 

ragworm (RW). Also, the time needed to develop a new steady state for Hct and Hb was 

determined. The experiment consisted of two treatments: in the first treatment, sole was fed 

RW and sampled over a period of 26 days. In the second treatment, sole was fed CPEL and 

only sampled at day 26. Sole used for the experiment were raised on CPEL and were 

moderate anaemic with Hct and Hb values of 9.8% and 16.3 g l-1, respectively. In sole fed 

RW during the experiment, Hct and Hb started to rise within eight to ten days and animals 

recovered from anaemia within 16 to 21 days. In this treatment, Hct rose from 9.8% to 19.0%, 

and Hb levels rose from 16.3 g l-1 to 39.7 g l-1. Sole fed CPEL during the experiment stayed 

anaemic. Here, Hct (8.8%, p>0.05) and Hb (11.7 g l-1, p>0.05) were not different from levels 

at the start of the experiment. 
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Introduction 

Common sole (Solea solea L.), kept under intensive production conditions has lower 

haematocrit (Hct) levels than when kept in outdoor ponds feeding on natural food (Palstra, 

Blok, Kals, Blom, Tuinhof-Koelma, Dirks, Forlenza & Blonk 2015). Preliminary findings 

indicate average Hct levels of 10.2±2.7% for sole fed commercial pellets (CPEL) under 

intensive production conditions. In contrast, sole in outdoor ponds stocked with ragworm 

(Nereis virens Sars), show Hct levels of 23.9±4.7% (unpublished data) confirming the 

findings of Palstra et al. (2015). Based on the feeding ecology of sole we hypothesise that 

feeding ragworm (RW) increases Hct and possibly haemoglobin (Hb) levels. Therefore, the 

aim of this study was to test if a change in diet from CPEL to RW increases Hct and Hb levels 

in sole. We also aimed to determine the rate of increase and the time needed to develop a new 

steady state of these blood parameters.  

 

Materials and methods 

This experiment was approved by the Ethical Committee for Animal Experiments and 

conducted at IMARES, Yerseke, The Netherlands. It consisted of a nine day acclimatisation 

period during which all fish were fed CPEL and a 26 day experimental period, and contained 

two treatments using individual fish as the experimental unit. After acclimatisation, 24 soles 

were sacrificed to establish starting values of Hct and Hb. Further, 120 soles were randomly 

divided over 12 tanks (10 soles per tank). During the experimental period, 11 tanks (110 

individuals) were fed RW (protein 73%, lipids 6%, ash 13%, iron 490 mg kg-1, copper 11 mg) 

and these tanks were sampled at 11 subsequent moments. At each sampling moment, e.g. day 

2, 4, 6, 8, 10, 13, 16, 19, 21, 23 and 26 one tank was emptied and all 10 fish were used to 

sample blood. In the 12th tank ten individuals were fed CPEL (protein 63%, lipids 14%, ash 

12%, iron 250 mg kg-1, copper 13 mg) as a control group. This tank was only sampled at day 

26. In this way densities could be kept constant along with the duration of the experiment. 

Soles were fed by hand to satiation twice a day (8:30 and 16:30). Fresh ragworms (Topsy 

Baits, Wilhelmina polder, The Netherlands) were chopped and sieved for one minute to drain 

excess fluids prior to weighing. At the start of the experiment, the mean bodyweight of the 

soles was 69±14 g. All 12 tanks (0.4m2, 130 l) belonged to one recirculation system and 

received a continuous flow of 4.1 l min-1 fresh filtered seawater. Husbandry conditions were: 

photoperiod 12L:12D, light intensity 11-15 lux, temperature 19.2±1.3 C, oxygen 8.3±0.3 mg 

l-1, pH 7.9±0.03, TAN 0.0±0.0 mg l-1, NO2
- 0.01±0.0 mg l-1, NO3

- 2.1±1.4 mg l-1
, flow 4.1±0.2 
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l min-1 and salinity 25-30g l-1, and stayed within pre-set limits. Temperature and oxygen were 

measured daily. Flow, pH, TAN, NO2
-, NO3

- were measured weekly.  

During sampling, soles were sacrificed using an overdose of phenoxy ethanol (1:1000). 

All sacrificed soles were sampled for blood. Blood was obtained by caudal venous puncture 

using a heparinized syringe (0.6mm/30mm needle), transferred into tubes, stored on ice and 

processed within approximately 15 minutes. Hct was determined by centrifuging blood 

samples for five minutes at 11,000 rpm (SpinCrit microhematocrit centrifuge, Indianapolis, 

US). The Hb content of the blood was determined using the method described by Kampen & 

Zijlstra (1961). Data were analysed using one way ANOVA to test for time effects. 

Homogeneity of variance was tested using Levene’s test. For all tests, a probability p<0.05 

was considered significant. When significantly different, means were compared using the 

Tukey HDS test. Curves were fit by regression analysis using CurveExpert (Microsoft 

Corporation). 

 

Results 

No mortality occurred during the experiment. Sole, which were raised on CPEL had 

an average Hct level of 9.8%±3.6 and Hb level of 16.3g l-1±6.6 at day 0. At the end of the 

experiment, the average Hct level of sole fed RW rose to 19.0% and the average Hb level 

more than doubled to 39.7 g l-1, when compared to day 0 (P< 0.05, Table 2.1). In contrast, the 

Hct and Hb levels at day 26 of sole fed CPEL stayed low with 8.8%±3.3 and 11.7±5.5 g l-1, 

respectively (P>0.05, Table 2.1).  

 
Table 2.1. Levels of Haematocrit (Hct) and values of Haemoglobin (Hb) and standard deviations in sole after 0 
and 26 day feeding of either commercial pellet (CPEL) or ragworm (RW).    

Diet Day N Hct(%) Hb (g l-1) 

---a 0 24 9.8a±3.6 16.3a±6.6 

CPEL 26 10 8.8a±3.3 11.7a±5.5 

RW 26 10 19.0b±4.9 39.7b±10.2 

ab Means within columns with a common superscript are not significantly different using the Tukey post hoc test 

(P<0.05). 

 

In the experimental sole fed RW, both the Hct and Hb levels differed between 

sampling moments over time (P<0.001; Fig. 1A). The change in Hct and Hb had a sigmoidal 

shape, which fitted best with the Morgan-Mercer-Flodin growth model. However, the 
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response kinetics were slightly different between Hct and Hb. From day eight onwards, the 

Hct values started to become higher than at day 0 (P<0.05), whereas the Hb values became 

significantly higher from day ten onwards. Similarly, the increase levelled off earlier for Hct 

(day 16) than for Hb (day 18 to 20; Fig. 1A). Despite this slight difference in kinetics, the Hct 

and Hb levels were highly correlated (R=0.92, P< 0.05; Fig. 1B).  

 

A B 

 
Figure 2.1A: Recovery pattern of sole fed ragworm for Hct (Y =(10.20*51019 + 22.4 * X4.79) / (51019+X4.79), R2 

= 0.66) and Hb (Y =(16.54*675168 + 39.6*X5.35) / (675168+X5.35), R2 = 0.64). 2.1B: The relation between 

haematocrit (%) and haemoglobin (g l-1) y = 1.7205x - 1.785, R² = 0.84 

 

 

Discussion 

The results show a clear effect of RW on Hct and Hb levels of common sole that were 

previously fed CPEL. To our knowledge this is the first record of such a dietary effect in fish. 

To validate the results we measured Hct levels in a study of Mas-Muñoz (2013) evaluating the 

interaction between rearing environment and behaviour of common sole. The experiment was 

run with four tanks per treatment, 20 soles per tank of which eight were sampled for Hct. 

Average Hct values of sole fed CPEL vs. RW were 10.5%±1.8 vs.19.2%±0.7 (p<0.001) 

(unpublished data). This result confirmed the data of our study. 

Hct levels show a wide variety between fish species. However, within a fish species 

the range of Hct levels for normocythemia tend to be relatively narrow (Gallaugher & Farrell 

1998). Soles, different species of flounder (e.g. Platichthys flesus L., Pseudopleuronectes 

americanus (Walbaum) and turbot (Scophthalmus maximus L.) are benthic flatfishes. The 

average Hct and Hb levels between flounder species and turbot range between 16-26% and 

45-61 g l-1, respectively (Gallaugher & Farrell 1998). According to Wood, McMahon & 
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McDonald (1979), the normal Hct level of healthy flounder (Platichthys stellatus Pallas) is 

approximately 25.5%. They diagnosed flounders with Hct levels around 8% as moderate 

anaemic and flounders with Hct levels < 5% as severely anaemic. Anaemia is strictly defined 

as a decrease in red blood cell mass (Lydyard, Cole, Holton, Irving, Porakishvili, Venkatesan 

& Ward 2010) and according to Thrall, Weiser, Allison & Campbell (2012) fish are anaemic 

when Hct values are < 20%. Data for Hct and/or Hb values in common sole are scarce. Yet, 

sole grown on natural food in outdoor ponds at an experimental farm (Zeeuwse Tong, 

Colijnsplaat, The Netherlands) show Hct levels of 20±2% for males and 22±1% for females 

(Palstra et al. 2015), levels approximately twice the amount found in sole fed CPEL. Lower 

levels of Hct and Hb are associated with anaemia. Could the lower levels found in sole fed 

CPEL indicate an anaemia in sole? Taking into consideration Thrall et al. (2012), the data of 

Wood et al. (1979) and Palstra et al. (2015), this seems plausible. Moreover, when we 

stopped feeding with RW, we found that Hct levels decreased again with 30% within 21 days 

(unpublished data). Therefore, we suggest that the levels of Hct (9.8%) and Hb (16.3 g l-1) in 

common sole fed CPEL indicate a moderate anaemia.  

Both the Hct and Hb levels in sole fed RW follow the Morgan-Mercer-Flodin growth 

model with a “lag phase”, probably reflecting the start of the production of erythrocytes and 

the synthesis of Hb, followed by an exponential stage of recovery which stops at a maximum 

asymptotic level. Hct rises earlier than Hb, which is expected as red blood cells continue Hb 

synthesis while circulating in the body (Gallaugher & Farrell 1998). Literature about the 

kinetics of the recovery from anaemia in fish is limited. In the studies of Lane (1979) and 

Wood et al. (1979) nothing is mentioned about feeding the fish during a recovery period such 

as described in this study. More is known about the kinetics of recovery from anaemia in rats. 

Recovery of rats from iron deficiency, by feeding ferric citrate to supplement iron, took 3 

weeks (Feltrin, Batista de Morais, Cássia Freitas de, Beninga de Morais, Fagundes Neto & 

Silvério Amancio 2009). The recovery time of anaemia in sole seems comparable. However, 

this does not necessarily mean that the moderate anaemia in sole is an iron deficiency anaemia 

and that CPEL was iron deficient, as an anaemia can have many causes (e.g. low folate, zinc, 

copper etc.). The relation between Hct and Hb in this study is comparable to data in literature 

(Gallaugher & Farrell 1998).  

 

Conclusions 

This study shows a clear effect of a RW diet on Hct and Hb levels in sole. Feeding 

RW increases the Hct and Hb levels and alleviate the moderate anaemia of common sole. This 
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indicates that the increase of Hct and Hb in sole is diet related. Yet, the exact mechanism that 

increases these levels in sole is unknown. We suggest that the increase of Hct and Hb in sole 

can be a result of differences in feed intake, or of the dietary composition between CPEL and 

RW, and/or of a health promoting effect of RW.  
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Abstract 

The aim of the present study was to provide experimental evidence for the hypothesis 

that feeding mussel to sole will result in similar haematocrit and haemoglobin values as in 

sole fed ragworm. Additionally, dietary components of the diets were analysed to gain insight 

into which components could be of importance to explore the alleviation of nutritional 

anaemia in sole. As both iron and vitamin B12 are known to play a role in erythropoiesis, the 

process which produces red blood cells, we focused on those two. Sole were fed three 

different diets, being commercial pellets, mussel, and ragworm. Feeding strategy was 

restricted, i.e. feed intake was 0.54g dm fish-1 d-1 and equal for all diets. Both, the haematocrit 

and haemoglobin values of the pellet fed sole did not change. The haemoglobin values of sole 

fed mussel and ragworm rose with 37% and 75%, respectively within 23 days. The 

haemoglobin level of sole fed pellets was significantly lower than that of sole fed mussel or 

ragworm, which were comparable. Haematocrit paralleled the findings of haemoglobin. We 

suggest that the higher levels of haematocrit and haemoglobin found in both, sole fed mussel 

and fed ragworm, compared to sole fed pellets can be explained by a combination of heme 

and the high vitamin B12 levels found in mussel and ragworm.  
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Introduction 

Common sole (Solea, solea L.), is a polychaete-mollusc feeder (De Groot 1971). 

Based on the feeding ecology of sole we assume that both ragworm (Nereis virens, Sars) and 

mussel (Mytilus edulis L.) reflect the dietary requirements of common sole.  

Common sole grows approximately 70% faster on ragworm than on commercial 

pellets (Ende, Kroeckel, Schrama, Schneider & Verreth 2014), the latter causing them to 

suffer from nutritional anaemia (Kals, Blonk, Palstra, Sobotta, Mongile, Schneider, Planas, 

Schrama & Verreth, submitted). Changing the diet from pellet to ragworm alleviates this 

nutritional anaemia (Kals, Blonk, Mheen, Schrama & Verreth 2015a). This suggests a 

mismatch between the feeding requirements of sole and the dietary composition of the 

commercial pellets.  

Fonds, Drinkwaard, Resink, Eysink & Toet (1989) and Ende et al. (2014) showed that 

growth of sole fed mussel is comparable to growth of sole fed ragworm. We therefore expect 

that also mussel will alleviate anaemia in sole, consequently showing comparable levels of 

haematocrit (Hct) and haemoglobin (Hb) for sole fed mussel or ragworm, but higher for sole 

fed pellet. 

 Apart from trying to find evidence for the foregoing hypothesis, we wanted to gain 

insight into which dietary components could be important to alleviate nutritional anaemia in 

sole.  

 

Material and methods 

This experiment was approved by the Ethical Committee for Animal Experiments and 

conducted at IMARES, Yerseke, The Netherlands. The experimental set-up contained three 

diets; raw mussel meat (mussel), fresh ragworm (ragworm) and a commercial pellet (pellet) 

(crude protein 63%, ether extract 14%, ash 12%). The diets were tested in triplicate for a 

period of 23 days with 10 fish tank-1, or 90 fish in total. Mussels were collected at the 

Oosterschelde, The Netherlands. The meat was separated from their shell and stored at -80°C. 

The frozen mussel was thawed in a fridge the day before feeding. Ragworms were delivered 

by Topsy Baits, Wilhelminadorp, The Netherlands. 

Sole, (220±44 g) reared on pellet and naïve to ragworm and mussel, were randomly 

accommodated in 9 tanks (0.4 m2, 130 l), in a flow through system using sand filtered 

seawater. Husbandry conditions were: photoperiod 12L:12D, light intensity 11-15 lux, 

temperature 16.9±1.3 C, oxygen 8.3±0.5 mg l-1, pH 8.1±0.1, TAN 0.3±0.2 mg l-1, NO2
-
, 

0.01±0 mg l-1, salinity 25-30 g l-1 and flow 4.5±0.5 l min-1 kept within pre-set limits. 
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Temperature and oxygen were measured daily; flow, pH, TAN, NO2
- weekly. Fish were fed 

by hand twice a day (8:30 and 16:30). During acclimatisation, all fish were fed the pellet. The 

dry matter content of the diets was analysed to enable equal feeding levels (restricted to 0.54 g 

dm fish-1 d-1) for all diets. One hour after feeding, tanks were checked if all feed was 

consumed. Both, ragworm and mussel, were cut and sieved for one minute to drain excess 

fluids prior to weighing. Daily samples, equal to the amount of feed given, were taken and 

stored at -20°C, and at the end of the experiment pooled per treatment and analysed for dry 

matter content, proximate composition, iron and vitamin B12. The proximate composition and 

B12 were analysed by Nutrilab, Rijswijk, The Netherlands. The iron content was analysed by 

the Chemical Biological Soil Laboratory, Wageningen, The Netherlands. The experiment 

consisted of a 7-day acclimatization and a 23-day experimental period. Fish were sacrificed, 

using an overdose of phenoxyethanol (1:1000) before sampling. Blood was sampled by caudal 

venous puncture, using a heparinized syringe (0.6mm/30mm needle) at the start (30 fish) and 

at the end (10 fish tank-1) of the experiment. The samples were stored in tubes on ice and 

processed within 15 minutes. Hct was determined by centrifuging blood samples for five 

minutes at 5000 g (SpinCrit, Brown, Indianapolis, US). and Hb was determined according to 

van Kampen & Zijlstra (1961). Data were analysed using one-way ANOVA to test for diet 

effects. Homogeneity of variance was tested using Levene’s test. For all tests a probability 

p<0.05 is considered significant. When significant, means were compared using the Fisher’s 

LSD test.  

 

Results 

No mortality occurred during the experiment. No feed refusal or spillage was 

observed. The proximate composition, iron and B12 content of the diets are shown in table 3.1. 

As both iron and B12 are playing a role in erythropoiesis (Koury & Ponka 2004) we focused 

on those two. The high levels of B12 and iron in both mussel and ragworm are prominent when 

compared to the respective levels in pellets.  
 

Table 3.1: The proximate composition, iron and vitamin B12 content of the different diets and requirements 
according to (NRC 2011)*. 
Diet Unit Ragworm  Mussel Pellet (CPEL) NRC (2011) 

Dry matter g kg-1 181 252 894 NA 

Crude protein  g kg-1 dm 685 575 670 NA 

Ether extract  g kg-1 dm 138 103 177 NA 

Fe   mg kg-1 dm     352  372 277 30-150* 

B12  μg kg-1 dm 1602 1671 338 20-50* 

*Minimum and maximum values of different species as no values of sole are given. NA is not applicable. 

Chapter 3 
 

31 

 

At the start of the experiment, sole reared on pellet had an average Hct and Hb level of 

12.5% and 19.6 g l-1, respectively. At the end both levels were affected by diet (p<0.05, table 

3.2). Hct levels of sole fed mussel or ragworm increased by 39.7% and 51.8%, respectively, 

and are not different (p>0.05), while Hb levels increased by 36.5% and 74.5%, respectively. 

The average Hb level of sole fed pellet (18.9 g l-1) is significantly lower compared to the 

levels of sole fed mussel (p<0.05) or ragworm (p<0.01), which are comparable (p>0.05).  

 
Table 3.2: Haematocrit (Hct) level in percentage and haemoglobin (Hb) level in g l-1 with standard deviations of 
sole fed ragworm, mussel and pellets.  
Diet Day Hct (%) Hb (g l-1) 

---- 0 12.5 ± 3.17 a 19.6 ± 8.10 a 

Pellets 23 13.1 ± 1.16a 18.9 ± 3.28a 

Mussel 23 17.4 ± 1.95b 26.7 ± 4.38b 

Ragworm 23 19.0± 1.42b 34.1 ± 5.13b 

p-value -- <0.01 0.01 

abMeans within columns with a common superscript are not significantly different using the one or two sided 
Fisher LSD post hoc test depending on the hypothesis.  
 

 

Discussion 

The Hct and Hb values of sole fed mussel or ragworm rose strongly. In contrast, the 

Hct and Hb values of sole fed pellet stayed anaemic. This confirms earlier findings for sole 

fed ragworm (Kals et al. 2015a; Kals et al. submitted) showing that mussel and ragworm both 

alleviate anaemia in common sole.  

In anaemic states, the maximum oxygen consumption of fish falls sharply (Gallaugher 

& Farrell 1998) and hampers metabolic performance, including growth (Wang, Lefevre, 

Huong, Cong & Bayley 2009). Mas-Muñoz (2013) found that the positive effect of ragworm 

on growth of sole disappeared at lower water temperatures, while Hct values of these sole 

were up to 98% higher compared to sole fed pellet (Kals et al. 2015a). We infer that the slow 

growth of sole fed pellet, kept at “optimal” culture temperatures, is due to their nutritional 

anaemia, which hampers oxygen uptake.  

We believe that higher levels of Hct and Hb improve the ability to take up oxygen, as 

maximum oxygen consumption is highly dependent on these levels and suppose that iron and 

B12 are key elements in alleviating anaemia in common sole .  
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The iron concentration, of major importance for the synthesis of Hb, is comparable in 

mussel and ragworm and higher than in the pellet (table 3.1). However, also in the pellet, the 

iron level was above the requirement as known for fish in general (table 3.1). Nevertheless, 

sole fed pellet stayed anaemic. Moreover, in Kals et al. (submitted) we showed that, although 

the dietary iron intake of sole fed treated pellets versus sole fed boiled ragworm was not 

significantly different, the Hct level of sole fed boiled ragworm was significantly higher. 

Therefore, not the intake of iron, but the absorption of iron might explain the anaemia in sole 

fed pellet. This might be related to the source of iron in the diets. In mussel and ragworm, this 

source is mostly heme iron in its native form of which the structure is comparable 

(Vinogradov 1985). The iron in the pellet consists of inorganic iron from the premix and/or 

damaged heme due to processing. The absorption of heme iron, which is independent of pH, 

may therefore be essential for sole to achieve normal Hct and Hb levels. An additional factor 

that could be responsible for different Hct and Hb levels between sole fed pellet, ragworm or 

mussel, is the difference in the dietary level of B12 between these diets. B12 is essential for 

erythropoiesis (Koury & Ponka 2004). The higher levels of B12 in ragworm and mussel may 

explain the higher Hct and Hb levels of sole fed these diets. In ragworm we found levels of 

B12 from 1134 to 3033 μg kg-1 dm and in mussel a level of 1671 μg kg-1 dm. These high levels 

of B12 are comparable, yet four times higher than the levels in the pellet, and 20 to 100 times 

higher than the amount of B12 in a general premix or mentioned as requirement for fish, in 

NRC (2011). In most fish species, B12 requirements are low or not required due to sufficient 

production by the intestinal flora (NRC 2011). Yet, B12 absorption depends on a low pH and 

pepsin like activity in the stomach (Pawlak, James, Raj, Cullum-Dugan & Lucas 2012; 

Nielsen, Rasmussen, Andersen, Nexø & Moestrup 2012). Sole lacks this pre-digestion in the 

stomach, has a low pepsin like activity and its intestine has an alkaline character (Clark, 

MacDonald & Stark 1985; Lagardere, 1987; Yúfera & Darías 2007). In conclusion, we infer 

that B12 absorption in sole is limited and suggest that sole depends on the inactive process of 

B12 diffusion. Since only 1% of the available B12 is absorbed through diffusion (Pawlak et al. 

2012), sole may depend on high dietary levels of B12.  

 

Conclusions 

Mussel and ragworm both alleviate anaemia in common sole. We cannot exclude that 

also other factors could explain a comparable effect of mussel and ragworm on Hct, Hb levels 

and growth of sole. But looking at the current data we suggest that the ability of mussel and 
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ragworm to alleviate anaemia in sole can be explained by a combination of heme and high B12 

levels.  
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Abstract 

Common sole fed with commercial pellets develop anaemia and are restricted in their 

growth performance. The anaemia can be the result of a difference in feed intake, a nutritional 

deficiency, an inflammatory response to infection, or combinations of these aspects. In this 

study, it was investigated whether feeding ragworm would alleviate the anaemia and stimulate 

growth. Sole were fed with one of three diets: a commercial feed, a commercial feed treated 

with ragworm extract, or chopped ragworm. By comparing groups, three hypotheses were 

tested: (1) feeding ragworm alleviates the anaemia and positively affect the sole’s metabolic 

performance reflected in feed intake, feed efficiency and growth; (2) anaemia is alleviated by 

a higher feed intake when feeding ragworm, and (3) anaemia is caused by an inflammatory 

response to infection. 

The sole fed with a commercial diet suffered from anaemia. Feeding sole with 

ragworm alleviated the anaemia as the average haematocrit level nearly doubled in these fish 

as compared to fish fed with pellets. Investigation of the expression of genes in the liver 

indicated that the anaemia in sole fed with pellets is a nutritional anaemia and not an anaemia 

due to an inflammatory response. Sole fed with ragworm showed improved growth which 

may be a consequence of the higher haematocrit levels in these fish increasing their oxygen 

carrying capacity. Addition of ragworm extract to the pellets levelled the feed intake between 

pellets and ragworm, but did not improve the anaemic state of sole and had only a limited 

effect on growth.  
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Introduction 

Common sole (Solea solea L.) fed with commercial pellets exhibit a type of anaemia. 

When the diet of sole was changed from pellet to ragworm (Nereis virens, Sars), within 21 

days this anaemia was alleviated: the average haematocrit (Hct) level rose from 9.8% to 

19.0%, and the average haemoglobin (Hb) level from 16.3 g l-1 to 39.7 g l-1 (Kals, Blonk, 

Mheen van der, Schrama & Verreth 2015a). This indicates that the anaemia in common sole is 

diet related.  

It is expected that the alleviation of the anaemia is positively related to the growth 

performance of common sole. A negative relation between anaemia and growth performance 

is shown in sheep, pigs, fish and humans (Bhatia & Seshadri 1993; El-Zibdeh & Furuichi 

1996; Green, Graham & Morgan 1997; Jiang, Jiang, Zhu & Jiang 2009). The mechanism 

behind this relation is that Hct and Hb facilitate oxygen uptake in the cardiovascular system. 

The amount of oxygen absorbed from the environment and transported in vertebrates is a 

function of blood flow and blood oxygen carrying capacity (OCC). A higher OCC in fish 

through elevated Hct levels will support metabolism for digestion, osmoregulation, swimming 

(Thorarensen, Gallaugher, Kiessling & Farrell 1993; Gallaugher, Thorarensen & Farrell 

1995), assimilation efficiency and growth (Wang, Lefevre, Huong, Cong & Bayley 2009). It 

is therefore expected that an increase of Hct levels will have a significant effect on the 

metabolic performance (e.g. feed intake, feed efficiency and growth) of sole. Ende, Kroeckel, 

Schrama, Schneider & Verreth (2014) found that common sole grew ± 70% faster on 

ragworm than on a commercial feed.  

At this moment it is not clear which factor is causing the anaemia in sole. An increase 

of Hct and Hb in sole fed with ragworm versus the sole fed with pellets as reported by Kals et 

al. (2015a) can be a result of a difference in feed intake or a difference in the dietary 

composition between pellet and ragworm. Because an anaemia can, besides a nutritional 

deficiency, also be caused by an inflammatory response to infection or a combination of both 

(Kreamer & Zimmermann 2007), there may also be a health promoting effect of the ragworm. 

To elucidate what factor is alleviating the anaemia in sole, we tested whether feeding 

ragworm per se alleviates the anaemia and positively affects the growth, or if anaemia is 

alleviated by a higher feed intake. To be able to determine if the observed anaemia is caused 

by an inflammatory response or by a nutritional deficiency, we quantified the expression of 

five liver marker genes being related to iron homeostasis and/or inflammatory response to 

infection.  

  



4

Ragworm alleviates nutritional anaemia in sole 
 

36 

Abstract 

Common sole fed with commercial pellets develop anaemia and are restricted in their 

growth performance. The anaemia can be the result of a difference in feed intake, a nutritional 

deficiency, an inflammatory response to infection, or combinations of these aspects. In this 

study, it was investigated whether feeding ragworm would alleviate the anaemia and stimulate 

growth. Sole were fed with one of three diets: a commercial feed, a commercial feed treated 

with ragworm extract, or chopped ragworm. By comparing groups, three hypotheses were 

tested: (1) feeding ragworm alleviates the anaemia and positively affect the sole’s metabolic 

performance reflected in feed intake, feed efficiency and growth; (2) anaemia is alleviated by 

a higher feed intake when feeding ragworm, and (3) anaemia is caused by an inflammatory 

response to infection. 

The sole fed with a commercial diet suffered from anaemia. Feeding sole with 

ragworm alleviated the anaemia as the average haematocrit level nearly doubled in these fish 

as compared to fish fed with pellets. Investigation of the expression of genes in the liver 

indicated that the anaemia in sole fed with pellets is a nutritional anaemia and not an anaemia 

due to an inflammatory response. Sole fed with ragworm showed improved growth which 

may be a consequence of the higher haematocrit levels in these fish increasing their oxygen 

carrying capacity. Addition of ragworm extract to the pellets levelled the feed intake between 

pellets and ragworm, but did not improve the anaemic state of sole and had only a limited 

effect on growth.  
 

 

 

 

 

 

 

 

Keywords: Solea solea L.; Nereis virens Sars; growth; anemia; hepcidin; gene expression. 

Chapter 4 
 

37 

Introduction 

Common sole (Solea solea L.) fed with commercial pellets exhibit a type of anaemia. 

When the diet of sole was changed from pellet to ragworm (Nereis virens, Sars), within 21 

days this anaemia was alleviated: the average haematocrit (Hct) level rose from 9.8% to 

19.0%, and the average haemoglobin (Hb) level from 16.3 g l-1 to 39.7 g l-1 (Kals, Blonk, 

Mheen van der, Schrama & Verreth 2015a). This indicates that the anaemia in common sole is 

diet related.  

It is expected that the alleviation of the anaemia is positively related to the growth 

performance of common sole. A negative relation between anaemia and growth performance 

is shown in sheep, pigs, fish and humans (Bhatia & Seshadri 1993; El-Zibdeh & Furuichi 

1996; Green, Graham & Morgan 1997; Jiang, Jiang, Zhu & Jiang 2009). The mechanism 

behind this relation is that Hct and Hb facilitate oxygen uptake in the cardiovascular system. 

The amount of oxygen absorbed from the environment and transported in vertebrates is a 

function of blood flow and blood oxygen carrying capacity (OCC). A higher OCC in fish 

through elevated Hct levels will support metabolism for digestion, osmoregulation, swimming 

(Thorarensen, Gallaugher, Kiessling & Farrell 1993; Gallaugher, Thorarensen & Farrell 

1995), assimilation efficiency and growth (Wang, Lefevre, Huong, Cong & Bayley 2009). It 

is therefore expected that an increase of Hct levels will have a significant effect on the 

metabolic performance (e.g. feed intake, feed efficiency and growth) of sole. Ende, Kroeckel, 

Schrama, Schneider & Verreth (2014) found that common sole grew ± 70% faster on 

ragworm than on a commercial feed.  

At this moment it is not clear which factor is causing the anaemia in sole. An increase 

of Hct and Hb in sole fed with ragworm versus the sole fed with pellets as reported by Kals et 

al. (2015a) can be a result of a difference in feed intake or a difference in the dietary 

composition between pellet and ragworm. Because an anaemia can, besides a nutritional 

deficiency, also be caused by an inflammatory response to infection or a combination of both 

(Kreamer & Zimmermann 2007), there may also be a health promoting effect of the ragworm. 

To elucidate what factor is alleviating the anaemia in sole, we tested whether feeding 

ragworm per se alleviates the anaemia and positively affects the growth, or if anaemia is 

alleviated by a higher feed intake. To be able to determine if the observed anaemia is caused 

by an inflammatory response or by a nutritional deficiency, we quantified the expression of 

five liver marker genes being related to iron homeostasis and/or inflammatory response to 

infection.  

  



Ragworm alleviates nutritional anaemia in sole 
 

38 

Material and methods 
 

Ethics 

This experiment was approved by the ethical Committee for Animal Experiments 

(DEC) and conducted at the IMARES Department of Aquaculture in Yerseke, The 

Netherlands.  

 

Experimental set-up, diets and preparation 

The experimental set-up contained three diets: 1st, a commercial pellet (crude protein 

63%, ether extract 14%, ash 12%, iron approximately 250 mg kg-1, copper approximately 13 

mg kg-1, 3mm) treated with a physiological salt solution; 2nd, the commercial pellet treated 

with ragworm extract; and 3rd, chopped live ragworm (crude protein 71%, ether extract, 13%, 

ash 12%, iron approximately 380 mg kg-1, approximately 11 mg kg-1). The diet treated with 

ragworm extract was added to the experimental design to minimize a possible effect of feed 

intake on Hct. The diets were tested in triplicate, with 15 fish tank-1 and 9 tanks, adding up to 

135 fish in total. The extract was produced by homogenizing cooled ragworms using a 

blender. Homogenates were centrifuged (20 min, 4500 rpm) to remove solids. Obtained 

supernatants were diluted (8 g extract 50 ml-1) using a physiological salt solution for proper 

spraying and to ensure an even distribution of extract on pellets. The diets were produced by 

spraying the commercial sole pellet with a physiological salt solution or a diluted extract 

using 8 g extract.kg-1 feed or 1.4 g dm kg-1 feed. Assuming the iron content in the extract is 

equal to the iron content in the ragworm, maximum iron addition to the diet through the 

extract would be approximately 0.54 mg kg-1 and negligible compared to the dietary iron 

contents analysed. Moreover, analysed iron contents of all the diets are above the 

requirements for fish as mentioned in NRC, 2011. The treated pellets were dried for 24h at 

room temperature before storage. Ragworms (Topsy Baits B.V., Wilhelminadorp, The 

Netherlands) were delivered three times a week and stored in a flow through tank to ensure a 

daily supply of fresh ragworms. The dry matter content of the diets were 89.1%, 89.6% and 

18.0% for respectively the untreated pellet, treated pellet and ragworm. 

 

Fish housing and husbandry  

The fish were obtained from a commercial sole farm (Solea B.V., IJmuiden, The 

Netherlands), where they were fed with the same commercial pellet as during the experiment. 

Moreover, the sole used in the experiment were naïve to ragworm feeding. At the start of the 
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experiment the mean average bodyweight of the soles was 73±13 g (SD). Fish were randomly 

allocated to one of the 9 experimental tanks (0.4 m2, 130 l), integrated in a flow through 

system, using sand filtered seawater with a flow of 2.5 l min-1 tank-1. Husbandry conditions 

were: photoperiod 12L:12D, light intensity 11-15 lux, temperature 15.7 ± 2.3 C, oxygen 8.9 ± 

0.7 mgl-1, pH 8.16 ± 0.2, TAN (total ammonia nitrogen) 0.07 ± 0.1, mg l-1, NO2
- 0.05 ± 0.05 

mg l-1, NO3
- 1.14 ± 0.8 mg l-1 , salinity 25-30 ppt and the conditions stayed within pre-set 

limits. Temperature and oxygen content were measured daily. The pH, TAN, NO2
- and NO3

- 

were measured weekly. Mortality, date and weight of dead animals were recorded. 

 

Feeding  

Fish were fed by hand to satiation twice a day (8:30 and 16:30 o’clock). During 

acclimatization (19 days), the fish were fed with the commercial diet. Ragworms were 

chopped and sieved for one minute, to drain excess fluids prior to weighing. They were 

sampled daily and stored at -20°C for analysis of the average proximate composition. The 

quantities were based on the feed intake per tank from the previous day. Daily samples were 

pooled per treatment to get the average dry matter content and proximate composition. The 

samples were analysed by Nutrilab BV. Rijswijk, The Netherlands. 

 

Calculation of feed intake and feed conversion 

Feed intake in g d-1, as the sum of the feed given in the morning and the afternoon, 

was estimated by the weight of the pellets given, minus those recovered, times the average 

pellet weight, or the wet weight of the ragworms given minus the wet weight of those 

recovered. The feed intake was calculated on dry matter basis. Feed efficiency is expressed in 

the feed conversion ratio on dry matter (FCRDM) and was calculated using: FCRDM = (Feed 

intake x dry matter diet)/growth. 

 

Calculation of growth 

The fish were weighed at the start and at the end of the 57-day growth period and not 

fed one day prior to weighing. From the individual weight data, average body weight at the 

start (BW0) and at the end (BWt) of the growth period was calculated per tank which was 

considered as the experimental unit. Growth rates expressed in g d-1 were calculated per tank 

using the formula: (BW(t)-BW(0))/t, with t the being the duration of the growth period.  
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 Sampling 

Blood and liver were sampled at the start and at the end of the experiment. Tissue 

sampling at the end of the experiment, was done one week after having weighted the fish for 

growth. Due to logistic limitations, the tissue sampling was spread over three consecutive 

days. Replicates were equally divided over the different sampling days. Fish for sampling 

were sacrificed using an overdose of phenoxy ethanol (1:1000).  

 

Blood  

Blood was obtained by caudal venous puncture using a heparinized syringe 

(0.6mm/30mm needle) as soon as the fish was anaesthetized. After collection, the samples 

were transferred into Eppendorfs, stored on ice and processed within approximately 15 

minutes. The Hct level was determined using heparinized capillaries (Ø 1.5mm, L 75mm) and 

a haematocrit centrifuge (Mikro hematocrit, Type 00912 Heraeus-Christ GmbH, Germany) 

that was applied for 5 minutes.  

 

Primer sequences 

The primers for the target genes were designed, using the Genamics Expression 

software. Primer sequences and GenBank accession numbers of target genes are given in 

Table 4.1.  

For the genes beta actin and hsp70, primers were designed against Solea solea NCBI 

partial sequences. For gene hamp1, primers were designed against the Solea senegalensis 

NCBI complete sequence, and for the genes transferrin and casp3 against the S. senegalensis 

NCBI partial sequences (Salas-Leiton, Anguis, Martín-Antonio, Crespo, Planas, Infante, 

Cañavate & Manchado 2010). For gene ferritin, primers were designed against a S. 

senegalensis EST sequence that showed a high identity (86%) as protein sequence with a 

partial protein sequence (ABJ98672) for ferritin heavy chain of turbot Scophthalmus 

maximus, as shown through a tBLASTn homology search. Primers that were designed against 

S. senegalensis sequences were specifically designed against conserved regions that were 

identified by aligning with the sequences of several other fish species, through a nucleotide 

BLAST (BLASTn or megaBLAST) homology search versus teleost fishes. 
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Table 4.1 Nucleotide sequence and GenBank accession number of primers used for Q-PCR     

Target gene Genbank Forward sequence (5´-3´) Reverse sequence (5´-3´) 

Beta actin HM246512 CCCTGAACCCTAAAGCCAACA CACACCATCACCGGAGTCCA 

Hamp1 AB455099 CTCGTGCTCGCCTTTGTTTG CAGCAGTAAACCCAGGCGTCA 

Transferrin FJ345407 GGCAGATGGCAAAGGAGAAGTGGC TAATCTTTCGTCCTTGCGTGTGA 

Ferritin FF290484 CGTCAGGAAGCCAGAGAGAGATG TGTGGGTCATTGTGGGTGGA 

Hsp70 GU474638 CGTGTGCGCTTTGCTCTTTC GAAGGACATCAGCGACAACAAGAG 

Casp3 HQ115741 CGGAGGAAGACCATAGTGACAGC GTCTTGATGGGCATGGCTCC 

 

Real-time quantitative Polymerase Chain Reaction (Q-PCR)  

Q-PCR was only performed for groups for which feed intake was identical in order to 

exclude feed intake as an interfering factor in processes of iron homeostasis and/or 

inflammatory response to infection. Liver tissue of eight fish fed with pellets with ragworm 

extract and eight fish fed with fresh ragworm had been flash frozen in liquid nitrogen, stored 

at -80 °C and used for RNA isolation. The RNA was isolated with TRIzol (Invitrogen, Baro, 

Spain), measured by Nanodrop, subsequently DNAse treated with RQ1 DNAse (Promega, 

Madison, USA), reverse transcribed using Superscript III (Invitrogen, Baro, Spain), according 

to the manufacturers protocols and cDNA was diluted and used as a template. The reactions 

(20 l final volume) contained 10 l of SYBR GreenER qPCR SuperMix (Invitrogen), 500 

nM concentration of forward and reverse primers and 5 l of cDNA. Reactions were run in a 

MyiQ Real-Time PCR Detection System (BioRad) using the following protocol: 2 min at 50 

°C, 8 min at 95 ºC, followed by 40 cycles of 15 sec denaturation at 95 °C and 30 sec at the 

corresponding melting temperatures, and a final melting curve of 81 cycles from 55 °C to 95 

°C (0.5 ºC increments every 10 sec). Samples were run in triplicate and fluorescence was 

measured at the end of every extension step. Fluorescence readings were used to estimate the 

values for the threshold cycles (Ct). The Ct values were normalized for each gene against 

those obtained for the housekeeping gene beta actin. Normalized Ct values were expressed as 

fold changes (fc) using the relative quantification method (Livak & Schmittgen 2001), 

calculated for fish fed with pellets with ragworm extract relative to fish fed with ragworm.  

 

Statistical analysis 

Data were analysed using one way ANOVA to test for diet effects. Homogeneity of 

variance was tested using the Levene’s test. For all tests, a probability p<0.05 was considered 

significant. When significant, the means were compared using the one-sided Fishers LSD 

post-hoc test. For all data, except the gene expression data, the tank was the experimental unit. 
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 Sampling 

Blood and liver were sampled at the start and at the end of the experiment. Tissue 

sampling at the end of the experiment, was done one week after having weighted the fish for 

growth. Due to logistic limitations, the tissue sampling was spread over three consecutive 

days. Replicates were equally divided over the different sampling days. Fish for sampling 

were sacrificed using an overdose of phenoxy ethanol (1:1000).  

 

Blood  

Blood was obtained by caudal venous puncture using a heparinized syringe 

(0.6mm/30mm needle) as soon as the fish was anaesthetized. After collection, the samples 

were transferred into Eppendorfs, stored on ice and processed within approximately 15 

minutes. The Hct level was determined using heparinized capillaries (Ø 1.5mm, L 75mm) and 

a haematocrit centrifuge (Mikro hematocrit, Type 00912 Heraeus-Christ GmbH, Germany) 

that was applied for 5 minutes.  

 

Primer sequences 

The primers for the target genes were designed, using the Genamics Expression 

software. Primer sequences and GenBank accession numbers of target genes are given in 

Table 4.1.  

For the genes beta actin and hsp70, primers were designed against Solea solea NCBI 

partial sequences. For gene hamp1, primers were designed against the Solea senegalensis 

NCBI complete sequence, and for the genes transferrin and casp3 against the S. senegalensis 

NCBI partial sequences (Salas-Leiton, Anguis, Martín-Antonio, Crespo, Planas, Infante, 

Cañavate & Manchado 2010). For gene ferritin, primers were designed against a S. 

senegalensis EST sequence that showed a high identity (86%) as protein sequence with a 

partial protein sequence (ABJ98672) for ferritin heavy chain of turbot Scophthalmus 

maximus, as shown through a tBLASTn homology search. Primers that were designed against 

S. senegalensis sequences were specifically designed against conserved regions that were 

identified by aligning with the sequences of several other fish species, through a nucleotide 

BLAST (BLASTn or megaBLAST) homology search versus teleost fishes. 
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Table 4.1 Nucleotide sequence and GenBank accession number of primers used for Q-PCR     

Target gene Genbank Forward sequence (5´-3´) Reverse sequence (5´-3´) 

Beta actin HM246512 CCCTGAACCCTAAAGCCAACA CACACCATCACCGGAGTCCA 

Hamp1 AB455099 CTCGTGCTCGCCTTTGTTTG CAGCAGTAAACCCAGGCGTCA 

Transferrin FJ345407 GGCAGATGGCAAAGGAGAAGTGGC TAATCTTTCGTCCTTGCGTGTGA 

Ferritin FF290484 CGTCAGGAAGCCAGAGAGAGATG TGTGGGTCATTGTGGGTGGA 

Hsp70 GU474638 CGTGTGCGCTTTGCTCTTTC GAAGGACATCAGCGACAACAAGAG 

Casp3 HQ115741 CGGAGGAAGACCATAGTGACAGC GTCTTGATGGGCATGGCTCC 

 

Real-time quantitative Polymerase Chain Reaction (Q-PCR)  

Q-PCR was only performed for groups for which feed intake was identical in order to 

exclude feed intake as an interfering factor in processes of iron homeostasis and/or 

inflammatory response to infection. Liver tissue of eight fish fed with pellets with ragworm 

extract and eight fish fed with fresh ragworm had been flash frozen in liquid nitrogen, stored 

at -80 °C and used for RNA isolation. The RNA was isolated with TRIzol (Invitrogen, Baro, 

Spain), measured by Nanodrop, subsequently DNAse treated with RQ1 DNAse (Promega, 

Madison, USA), reverse transcribed using Superscript III (Invitrogen, Baro, Spain), according 

to the manufacturers protocols and cDNA was diluted and used as a template. The reactions 

(20 l final volume) contained 10 l of SYBR GreenER qPCR SuperMix (Invitrogen), 500 

nM concentration of forward and reverse primers and 5 l of cDNA. Reactions were run in a 

MyiQ Real-Time PCR Detection System (BioRad) using the following protocol: 2 min at 50 

°C, 8 min at 95 ºC, followed by 40 cycles of 15 sec denaturation at 95 °C and 30 sec at the 

corresponding melting temperatures, and a final melting curve of 81 cycles from 55 °C to 95 

°C (0.5 ºC increments every 10 sec). Samples were run in triplicate and fluorescence was 

measured at the end of every extension step. Fluorescence readings were used to estimate the 

values for the threshold cycles (Ct). The Ct values were normalized for each gene against 

those obtained for the housekeeping gene beta actin. Normalized Ct values were expressed as 

fold changes (fc) using the relative quantification method (Livak & Schmittgen 2001), 

calculated for fish fed with pellets with ragworm extract relative to fish fed with ragworm.  

 

Statistical analysis 

Data were analysed using one way ANOVA to test for diet effects. Homogeneity of 

variance was tested using the Levene’s test. For all tests, a probability p<0.05 was considered 

significant. When significant, the means were compared using the one-sided Fishers LSD 

post-hoc test. For all data, except the gene expression data, the tank was the experimental unit. 
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For the expression data, the individual fish was the experimental unit and the normalized Ct 

values, expressed as fold changes, were compared between the groups performing the Mann-

Whitney U-tests. 

 

Results  
 

Feed intake, feed conversion ratio and growth 

No problems occurred during the experiment and the mortality was low (2% averaged 

over all tanks). Feed intake as well as growth were affected by the diet (P<0.05; Table 4.2). 

On dry matter basis, sole fed with ragworm had an equal feed intake as sole fed with pellets 

that were treated with the ragworm extract. Despite the equal feed intake, sole fed with 

ragworms grew 37% faster. Sole fed with pellets without ragworm-extract had a 20% lower 

feed intake and a 71% slower growth compared to sole fed ragworm. The feed conversion 

ratio (FCRDM) tended to be different between the treatments (P<0.10), being the lowest for 

sole fed with ragworm and the highest for the sole fed with pellets without the ragworm 

extract (Table 4.2). 

 

Table 4.2 Body weight at start (BWstart) and at end (BWend), Feed intake (FI), growth, hepatosomatic index 
(HSI) and feed conversion on dry matter (FCRdm) of the fish fed ragworm, treated pellets and untreated pellets 

Diet Ragworm Pellet + extract Pellet P-value 

BWstart (g) 78.95±3.73 78.04±2.56 75.22±2.35 0.34 

BWend (g) 118.8±6.85a 109.9±6.25b 98.8±2.66c 0.01 

FI (g dm fish d-1) 0.69±0.04a 0.68±0.03a 0.56±0.06b 0.01 

Growth (g d-1) 0.70±0.08a 0.56±0.08b 0.41±0.09c 0.02 

HSI (%) 1.42±0.12 1.60±0.20 1.47±0.11 0.24 

FCRDM 1.02±0.03 1.25±0.17 1.34±0.20 0.09 

abcMeans within columns with a common superscript are not significantly different using the one sided Fisher 

LSD post hoc test (P<0.05) 

 

Haematocrit and hepatosomatic index 

The average Hct level of the sole at the start of the experiment was low (11.4%) and 

remained low during the experiment, irrespective whether the fish were fed with treated 
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pellets or with untreated pellets. However, the Hct values of sole fed with ragworm increased 

with 83-87% up to a Hct level of 21.2% on average at the end of the experiment (Figure 4.1). 

At the end of the experimental period, the Hct values were affected by the dietary treatment 

(P<0.00; Figure 4.1). HSI was not affected by the diet (Table 4.2). 

 

Expression of liver marker genes in iron homeostasis and immune response 

The primers for all investigated genes worked well, as indicated by the clear specific 

dissociation peaks in the melting curve analyses and the sufficiently high expression values of 

the PCR-products. For the expression of the liver marker genes relative to the beta actin 

housekeeping gene, the sole fed with ragworm were taken as references. Expression of two of 

the three markers for the iron homeostasis differed between the sole fed with treated pellets 

versus the sole fed with ragworm. The gene expression of hamp1 (fc 0.09 ± 0.03; P <0.05) 

and transferrin (fc 0.27 ± 0.04; P<0.05) were down regulated in sole fed with the treated 

pellets versus sole fed with ragworms, whereas the ferritin expression was not different (fc 

1.28 ± 0.39; P>0.05). Also hsp70 (fc 1.53 ± 0.60; P>0.05) and casp3 (fc 0.83 ± 0.17; P>0.05) 

were not different between both diets (Figure 4.1).  

 

 
 
Figure 4.1 The average haematocrit values in %. With t(0), ragworm, P+extract and Pellet, coding for samples 

at start, live chopped ragworm, pellet treated with ragworm extract and the untreated pellet, respectively.  
abcMeans within columns with a common superscript are not significantly different using the one sided Fisher 

LSD post hoc test (P<0.05) 
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pellets or with untreated pellets. However, the Hct values of sole fed with ragworm increased 

with 83-87% up to a Hct level of 21.2% on average at the end of the experiment (Figure 4.1). 

At the end of the experimental period, the Hct values were affected by the dietary treatment 

(P<0.00; Figure 4.1). HSI was not affected by the diet (Table 4.2). 

 

Expression of liver marker genes in iron homeostasis and immune response 

The primers for all investigated genes worked well, as indicated by the clear specific 

dissociation peaks in the melting curve analyses and the sufficiently high expression values of 

the PCR-products. For the expression of the liver marker genes relative to the beta actin 

housekeeping gene, the sole fed with ragworm were taken as references. Expression of two of 

the three markers for the iron homeostasis differed between the sole fed with treated pellets 

versus the sole fed with ragworm. The gene expression of hamp1 (fc 0.09 ± 0.03; P <0.05) 

and transferrin (fc 0.27 ± 0.04; P<0.05) were down regulated in sole fed with the treated 

pellets versus sole fed with ragworms, whereas the ferritin expression was not different (fc 

1.28 ± 0.39; P>0.05). Also hsp70 (fc 1.53 ± 0.60; P>0.05) and casp3 (fc 0.83 ± 0.17; P>0.05) 

were not different between both diets (Figure 4.1).  
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Figure 4.2 Expression of marker genes in iron homeostasis (hepcidin – hamp1, transferrin and ferritin in light 

grey) and immune response (heat shock protein 70 - hsp 70 and cysteine-aspartic acid peptidase 3 - casp3 in 

dark grey) in liver tissue. Expression of genes is normalized for the expression of beta actin in liver tissue and is 

shown as fold change of sole fed with pellet plus ragworm extract relative to sole fed with ragworm, set to 1. 

*Means are significantly different using the Mann-Whitney U-test (P < 0.05). 

 

Discussion 

Common sole fed with commercial pellets develop anaemia and are restricted in their 

growth. This is a major obstacle towards a viable cultivation of sole. In this study we 

investigated if feeding ragworm instead of commercial pellets could alleviate anaemia and 

stimulate growth, and could thus present a solution for this problem. To our knowledge this is 

the first time, insights were provided to elucidate what factor is alleviating the anaemia in sole 

and gene expression profiles indicated differences in the molecular regulation of iron 

homeostasis and/or inflammatory response to infection in the liver. 

The feed intake of sole fed with ragworm was equal to that of sole fed with treated 

pellets (Table 4.2), yet the Hct values of sole fed with ragworm almost doubled as compared 

to values in sole fed with treated pellets. Hence, we can conclude that the feed intake did not 

affect the Hct level. In another experiment, evaluating the effect of processing (e.g. boiling) 

on the nutritional value of ragworm as feed for common sole, we determined iron intake and 

measured Hct. The experiment was run with three tanks per treatment, 15 soles per tank of 

which 10 were sampled for Hct. Although the iron intake of sole fed with treated pellets 

versus sole fed with boiled ragworm was comparable (0.160±0.01 versus 0.144±0.03 mg fish-
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1 d-1, (p>0.05), the Hct of sole fed with boiled ragworm was significantly higher 11.6%±0.7 

versus 17.0%±1.7 (p<0.01) (unpublished data). This indicates that the higher Hct value in sole 

fed with ragworm is caused by another factor than the iron intake (e.g. a difference in iron 

absorption between diets). 

To evaluate the cause of the anaemia, being a nutritional deficiency, an inflammatory 

response to infection or a combination of both, we assessed the expression profiles of the 

marker genes involved in iron homeostasis and immune response. The regulation of iron 

homeostasis is accomplished by the interaction of proteins like the iron transporter transferrin, 

the iron storage protein ferritin and the iron absorption regulator hepcidin, all three being 

proteins that are also involved in the response to infection (Rodrigues, Va´zquez-Dorado, 

Neves & Wilson 2006; Kreamer & Zimmermann 2007; Neves, Wilson & Rodrigues 2009). A 

significant down-regulated expression was found for hamp1 and transferrin in sole fed with 

pellets and ragworm extract versus sole fed with ragworm (Figure 4.2). Hepcidin is the master 

regulator of iron homeostasis via its ability to block ferroportin, the only known iron export 

protein (Ganz 2005). Hepcidin expression is induced independently by the accumulation of 

iron or inflammation and is suppressed when iron stores are depleted, by anaemia, hypoxemia 

and accelerated erythropoiesis (Kreamer & Zimmermann 2007; Kemna, Tjalsma, Willems & 

Swinkels 2008; Muñoz, Villar & García-Erce 2009). The down-regulated expression of 

hamp1 indicates an iron deficiency in the anaemic sole fed with pellets. The expression of 

transferrin in our study was also down-regulated, probably driven by the lack of iron to 

transport. In fish, transferrin can act either as a negative or positive acute phase protein during 

inflammation (Congleton & Wagner, 1991; Bayne & Gerwick, 2001). As the expression of 

hsp70 is not different between the treatment groups, there is no indication of a difference in 

cell stress (Tavaria, Gabriele, Kola & Anderson 1996; Morana 2007). The lack of difference 

in expression of casp3 between both groups indicates that there are no differences in 

apoptosis (Porter & Jänicke 1999). Synthesis of ferritin is induced when much iron is 

available, especially during oxidative stress (Orino, Lehman, Tsuji, Ayaki, Torti & Torti 

2001) and inflammatory conditions (Torti, Kwak, Miller, Miller, Ringold & Myambo 1988; 

Rogers, Bridges, Durmowicz, Glass, Auron & Munro 1990; Chasteen, 1998; Lieu, Heiskala, 

Peterson & Yang 2001; Torti & Torti 2002), whereas during severe iron deprivation its 

synthesis is repressed (Neves et al. 2009). In our study, the ferritin expression was not 

different between the groups which does not support a difference in oxidative stress, high iron 

availability or iron deprivation between fish fed with pellets or with ragworms. Thus, the 

combined down-regulation of hepcidin (indicating an anaemia without an immune response), 
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1 d-1, (p>0.05), the Hct of sole fed with boiled ragworm was significantly higher 11.6%±0.7 

versus 17.0%±1.7 (p<0.01) (unpublished data). This indicates that the higher Hct value in sole 

fed with ragworm is caused by another factor than the iron intake (e.g. a difference in iron 

absorption between diets). 
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response to infection or a combination of both, we assessed the expression profiles of the 
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significant down-regulated expression was found for hamp1 and transferrin in sole fed with 
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regulator of iron homeostasis via its ability to block ferroportin, the only known iron export 

protein (Ganz 2005). Hepcidin expression is induced independently by the accumulation of 
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and accelerated erythropoiesis (Kreamer & Zimmermann 2007; Kemna, Tjalsma, Willems & 

Swinkels 2008; Muñoz, Villar & García-Erce 2009). The down-regulated expression of 

hamp1 indicates an iron deficiency in the anaemic sole fed with pellets. The expression of 

transferrin in our study was also down-regulated, probably driven by the lack of iron to 

transport. In fish, transferrin can act either as a negative or positive acute phase protein during 

inflammation (Congleton & Wagner, 1991; Bayne & Gerwick, 2001). As the expression of 

hsp70 is not different between the treatment groups, there is no indication of a difference in 

cell stress (Tavaria, Gabriele, Kola & Anderson 1996; Morana 2007). The lack of difference 
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apoptosis (Porter & Jänicke 1999). Synthesis of ferritin is induced when much iron is 
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different between the groups which does not support a difference in oxidative stress, high iron 

availability or iron deprivation between fish fed with pellets or with ragworms. Thus, the 

combined down-regulation of hepcidin (indicating an anaemia without an immune response), 
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the down-regulation of transferrin (indicating an acute phase response, but no iron 

deficiency), the similar expressions of respectively hsp70 (no indication of cell stress), casp3 

(no indication of apoptosis) and ferritin (no indication of oxidative stress, iron overload, iron 

deficiency, inflammatory conditions and/or major intracellular changes) in sole fed with 

treated pellets indicates a nutritional anaemia, but not necessarily an iron deficiency anaemia. 

This supports the finding in Kals et al. (2015a), that the anaemia in sole is diet related and that 

feeding ragworm alleviates this type of anaemia.  

The hepatosomatic index (HSI) is often used as an indicator of overall fish health 

(Busacker, Adelman & Goolish 1990). In the current study, the HSI values were not affected 

by the diet and did fall within the normal range of 1-2% for teleost’s (Bruslé & Gonzalez 

1996). This indicates that these sole had normal liver sizes, making pathological liver 

problems (e.g. related to an inflammatory response to infection) unlikely.  

In this study, the average feed intake between fish fed with ragworm and fish fed with 

treated pellets was equal, but growth was not (Table 4.2). This suggest the appearance of a 

combination of impaired digestion, lower assimilation efficiency and/or a metabolic problem, 

as indicated by the higher FCRDM value in sole fed with pellets as compared to those fed with 

ragworm (Table 4.2). The low Hct values found in sole fed with pellets (Figure 4.1) are likely 

causing a reduction in the oxygen carrying capacity (OCC) of the blood and, as data do 

implicate, may limit growth. Anaemia is a form of functional hypoxia (Farrell & Richards 

2009). Hypoxia in fish compromises metabolic performance, including growth (Wang et al. 

2009). In Nile tilapia (Oreochromis niloticus), the assimilation efficiency ((feed consumed-

faecal output)/(feed consumption)) was reduced from   80% in normoxia to  54% under severe 

hypoxia. In the same study, the FCR, being related to the assimilation efficiency, increased, 

from 1.52 to 6.75 (Tsadik & Kutty 1987). As we have reconfirmed in this study, sole fed with 

commercial pellets have low Hct levels (Figure 4.1) and consequently suffer from an anaemia 

or functional hypoxia, which in general do affect the feed intake, feed efficiency and growth. 

In feeding experiments, Hct levels are often not measured, and therefore information about a 

possible anaemia in experimental fish is scarce. However, as showed in this study, diets can 

have a significant influence on Hct levels and potentially on the metabolic performance. Not 

measuring Hct may impair the right interpretation of the results of these experiments. 

We suggest that a nutritional anaemia in sole caused the low Hct levels and the poor 

growth found in the sole fed with pellets. The improved growth in sole fed with ragworm may 

have been the consequence of the higher Hct levels in these fish increasing their oxygen 

carrying capacity. 
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Conclusion 

Pellet-fed sole are suffering from a nutritional anaemia and not an anaemia due to an 

inflammatory response to infection. Feeding ragworm to sole, alleviates this nutritional 

anaemia. Addition of ragworm extract to the pellet levels the long term feed intake with the 

sole fed with ragworm, but has only a limited effect on growth and does not improve the 

anaemic state of the sole. The slow growth of pellet-fed sole might be the consequence of low 

Hct values which hampers the oxygen uptake and lowers therewith the overall metabolic 

capacity.  
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Hct values which hampers the oxygen uptake and lowers therewith the overall metabolic 

capacity.  
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Abstract 

The aim of the present study was to determine the minimum amount of freeze dried 

ragworm meal in the diet, necessary to keep growth and the haematocrit (Hct) levels of sole 

comparable to the levels found in common sole fed fresh ragworm and to prevent nutritional 

anaemia. In addition, the dietary iron and B12 contents were calculated to gain insight in their 

relation with the Hct levels and growth. Sole were fed one of seven diets, five respectively 

containing 0%, 10%, 25%, 50% and 75% ragworm meal, a commercial pellet and ragworm 

representing a negative and a positive control diet, respectively. The Hct levels were affected 

by ragworm meal inclusion level and rose to nearly double the start values with rising 

ragworm meal inclusion level. This, in contrary to the Hct level of soles fed commercial 

pellets, which stayed anaemic. Growth increased from 2.33 to 6.96 g kg-0.8 d-1 with the rising 

ragworm meal levels. Consequently, the inclusion level of ragworm meal to maintain Hct 

levels and growth rates comparable to sole fed fresh ragworm is 100%. The effect of ragworm 

on the Hct level and growth could not be explained by the level of crude protein, ether extract, 

amino acids, calcium or phosphate. We suggest that the higher Hct level and better growth 

resulting from higher ragworm meal inclusion might relate to the combination of high dietary 

heme iron and B12.  
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Introduction 

Common sole (Solea solea L.) fed ragworm (Nereis virens Sars) grows ±70% faster 

compared to sole fed commercial pellets (Ende, Kroeckel, Schrama, Schneider & Verreth 

2014). Moreover, sole fed commercial pellets suffers from a nutritional anaemia (Kals, Blonk, 

Palstra, Sobotta, Mongile, Schneider, Planas, Schrama & Verreth 2015a). Feeding ragworm 

alleviates this nutritional anaemia within three weeks (Kals, Blonk, Mheen van der, Schrama 

& Verreth 2015b). This suggests that components, important for the alleviation of the 

nutritional anaemia in sole, are present in ragworm, yet are lacking in the tested commercial 

pellets.  

Besides the nutritional differences between the commercial pellet and ragworm, 

processing may also explain part of the differences in haematocrit (Hct) and growth between 

sole fed fresh ragworm or commercial pellets. Boiling for example, which could be seen as an 

analogue to cooking extrusion or steam pelleting in the modern feed industry, has a negative 

impact on the dietary effect of ragworm. Sole fed boiled ragworm showed a lower feed intake, 

slower growth (unpublished data) and lower Hct level than sole fed fresh ragworm (Kals et al. 

2015a). This suggests that, at least part of the, component(s) important for the alleviation of 

anaemia and increase in growth of sole are heat sensitive, thereby explaining why it is crucial 

to feed ragworm or its components in a fresh or non-denatured state. Unfortunately, feeding 

solely fresh ragworm or a pellet completely made of non-denatured (e.g. freeze dried) 

ragworm meal, is neither technical nor economical viable. Therefore, the aim of the present 

study is to determine the minimum amount of freeze dried ragworm meal in the diet, 

necessary to keep growth and Hct levels comparable to those of sole fed fresh ragworm.  

 

Material and methods 

This experiment was approved by the ethical Committee for Animal Experiments and 

conducted at IMARES, Yerseke, The Netherlands. 

 

Fish, housing and husbandry  

This experiment assessed the impact of the amount of freeze dried ragworm meal in 

the diet on the Hct levels and growth of sole using a dose response trial. To maximize the 

response of the diets the experiment was carried out with anaemic sole. Anaemic sole 

(73±11.9 g) obtained from Solea B.V., IJmuiden, The Netherlands and naive to mussel and 

ragworm feeding were accommodated in 21 tanks at a density of 15 fish per tank. All tanks 

(0.4 m2, 130 L) received a continuous flow of 7 L min-1 tank-1 of fresh filtered seawater. 
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Husbandry conditions were: Photoperiod 12L:12D, light intensity 11-15 lux, temperature 19.2 

± 0.4�C , oxygen 7.1 ± 0.3 mg L-1, pH 7.7 ± 0.2, flow 6.6 ± 0.9 L min-1, total ammonium 

nitrogen (TAN) 0.03 ± 0.1 mg L-1, NO2
- 0.08 ± 0.08 mg L-1, NO3

- 3.0 ± 2.7 mg L-1 and 

salinity 30g L-1, which stayed within preset limits. Temperature and oxygen were measured 

daily. Flow, pH, TAN, NO2
- and NO3

- were measured weekly.  

 

Experimental design, diets and preparation 

The experiment consisted of a 14-day acclimatisation and a 42-day experimental 

period. During acclimatization fish were fed the commercial pellet (3mm, crude protein ± 

63%, ether extract ± 14%, ash 12%, iron ±250 mg kg-1, B12 ±338 μg kg-1 dm). During the 

experimental period sole were fed one of seven diets in triplicate. Of the seven diets tested, 

five were diets containing respectively 0%(RW0), 10%(RW10), 25%(RW25), 50%(RW50) 

and 75%(RW75) ragworm meal. These five diets (RW0, RW10, RW25, RW50 and RW75) 

were isonitrogenous, isoenergetic, comparable in amino acid composition as well as in 

calcium and phosphates levels (table 5.1, 5.2 and 5.3). The commercial pellet (CPEL) and 

fresh ragworm (RW100) were added to the experimental set up as a negative and positive 

control diet, respectively. Moreover, fresh ragworm was assumed to mimic a diet containing 

100% ragworm meal. The amino acid composition of the diets, listed in (Table 5.3) was 

calculated using the amino acid composition of the different dietary ingredients. The analyzed 

amino acid composition of fresh ragworm was used as a reference for the amino acid 

requirements of sole, and the experimental diets RW0 to RW75 were formulated accordingly 

(Table 5.3). The addition of diamol was used to keep ash levels comparable between diets. 

The diets were prepared through cold extrusion in cooperation with Research Diet Services 

(RDS, Wijk bij Duurstede, The Netherlands). Cold extrusion was used to keep the heat liable 

components in its undenatured state. For example heme iron, a major component in ragworm, 

is sensitive to heat (Lombardi-Boccia, Martinez-Dominguez & Aguzzi 2002). Ragworms 

(Topsy Baits B.V., Wilhelminadorp, The Netherlands), were delivered three times a week. 

The freeze dried ragworm meal was delivered by Seabait Ltd, Shoreline Polycheate Farms 

LPP, Woodhorn Village, UK. Recipes and their composition are shown in the Tables 5.1, 5.2 

and 5.3. 
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Table 5.1: Experimental set-up and recipes 
Code RW0 RW10 RW25 RW50 RW75 

Amount of ragworm meal2 (%) 0 10 25 50 75 
Test ingredients in %      

Ragworm meala 0 10.00 25.00 50.00 75.00 
Pea proteinb 24.02 21.88 18.66 13.30 7.94 
Caseinc 21.85 19.42 15.78 9.72 3.66 
Soy Protein Concentrated 17.54 15.20 11.70 5.85 0.00 
Fish Oile 11.82 10.24 7.88 3.94 0.00 
Diamolf 9.61 8.33 6.41 3.20 0.00 
Sugarg 1.52 1.32 1.02 0.51 0.00 
Limeh 0.23 0.20 0.15 0.08 0.00 
Basal ingredients  13.41 13.41 13.41 13.41 13.41 

Check 100.00 100.00 100.00 100.00 100.00 
1Fresh ragworms, 2Percentage of freeze dried (non-denatured) ragworm meal (N. Virens), Wheat gluteni 5%, Binder1j,2%, 
Binder2k 2%, Saltl 2%, Binder 3m1%, Mineral and vitamin premix† 1.36%, Betainn 0.05%, aSeabait Ltd, Shoreline Polycheate 
Farms LPP Woodhorn Village, UK, bRoquette Freres, Lestrem, France, cAcid casein 30/60 mesh, Lactalis, Bourgbarré, France, 
dSoycomil R ADM Eurpoort BV The Netherlands, eCoppens International The Netherlands, fDamolin A/S, Hamburg, gMelis, van 
Suikerunie Dinteloord, hInducal 250 van Sibelco/Ankerpoort, Maastricht, iGluvital 21000 Cargill Bergen op Zoom The 
Netherlands, jBinder1, kBinder2 and mBinder3; Ingredients are not specified because of confidentiality reasons of ongoing 
research. lAnimalfeed salt van Kloek zout, The Netherlands, nBetafin van Danisco Animal Nutrition Marlborough UK, † (taken from 
Borges, Oliveira, Casal, Dias, Conceição, & Valente 2009) Vitamins (mg or IU kg-1 diet): vitamin A (retinyl acetate); 2.4 mg, 8000 
IU; vitamin D3 (cholecalciferol), 0.04 mg 1700 IU; vitamin K3 ((menadione sodium bisulfite), 10 mg; vitamin B1 (thiamine), 8 mg; 
vitamin B2 (riboflavin), 20 mg; vitamin B6, 2vitamin B12 (cyanocobalamin) 0.02mg, (pyridoxine hydrochloride), 10 mg; folic acid, 
6 mg; biotin, 0.7 mg; inositol, 300 mg; niacin, 70 mg; pantothenic acid, 30 mg, choline, 1500 mg; vitamin C, 500 mg; vitamin E, 
300 mg; Minerals (g or mg kg-1 diet): Mn (manganese oxide), 20 mg; I (potassium iodide), 1.5 mg; Cu (copper sulphate), 5mg; 
Co (cobalt sulphate), 0.1 mg; Mg (magnesium sulphate), 500mg; Zn (zinc oxide) 30 mg; Se (sodium selenite) 0.3 mg; Fe (Iron 
Sulfate) 60 mg; Calcium carbonate 2150 mg; Dicalcium phosphate 5000 mg; Potasium Chloride 1000mg; Antixoidant BHT 
(E300-321) 100 mg; Anti-fungal Calcium propionate 1000 mg. 
 
 
 
 
Table 5.2: Analysed proximate composition of diets 

Code CPEL RW0 RW10 RW25 RW50 RW75 RW100 

Amount of ragworm meal2 (%) 0 0 10 25 50 75 1001 

Analyzed (macro) nutritional composition        

 Unit        

DM  (g kg-1) 923 645 671 672 718 770 164 

Ash  (g kg-1 dm) 120 158 159 161 192 178 128 

CP  (g kg-1 dm) 673 583 572 564 587 539 659 

EE  (g kg-1 dm) 93 133 122 118 100 99 79 

CF  (g kg-1 dm) <3.0 17 19 16 22 17 18 

NFE  (g kg-1 dm) 37 109 127 141 98 168 116 

P  (g kg-1 dm) 18.4 10.7 10.4 10.4 11.5 10.5 8.5 

Ca  (g kg-1 dm) 22.8 5.3 5.1 5.1 6.3 5.2 1.7 

GE  (MJ kg-1) 20.3 21.3 21.0 20.8 20.0 19.9 21.1 

CP/GE -------------- 33.1 27.4 27.3 27.1 29.4 27.1 31.2 
1Fresh ragworms, 2percentage of freeze dried (non-denatured) ragworm meal (N. Virens). With DM=dry matter, CP=Crude 
protein, EE=Ether extract, CF=Crude fiber, NFE=Nitrogen Free Extract, P=Phosphorus, Ca=Calcium and GE=Gross Energy.  
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Husbandry conditions were: Photoperiod 12L:12D, light intensity 11-15 lux, temperature 19.2 

± 0.4�C , oxygen 7.1 ± 0.3 mg L-1, pH 7.7 ± 0.2, flow 6.6 ± 0.9 L min-1, total ammonium 

nitrogen (TAN) 0.03 ± 0.1 mg L-1, NO2
- 0.08 ± 0.08 mg L-1, NO3

- 3.0 ± 2.7 mg L-1 and 

salinity 30g L-1, which stayed within preset limits. Temperature and oxygen were measured 

daily. Flow, pH, TAN, NO2
- and NO3

- were measured weekly.  

 

Experimental design, diets and preparation 

The experiment consisted of a 14-day acclimatisation and a 42-day experimental 

period. During acclimatization fish were fed the commercial pellet (3mm, crude protein ± 

63%, ether extract ± 14%, ash 12%, iron ±250 mg kg-1, B12 ±338 μg kg-1 dm). During the 

experimental period sole were fed one of seven diets in triplicate. Of the seven diets tested, 

five were diets containing respectively 0%(RW0), 10%(RW10), 25%(RW25), 50%(RW50) 

and 75%(RW75) ragworm meal. These five diets (RW0, RW10, RW25, RW50 and RW75) 

were isonitrogenous, isoenergetic, comparable in amino acid composition as well as in 

calcium and phosphates levels (table 5.1, 5.2 and 5.3). The commercial pellet (CPEL) and 

fresh ragworm (RW100) were added to the experimental set up as a negative and positive 

control diet, respectively. Moreover, fresh ragworm was assumed to mimic a diet containing 

100% ragworm meal. The amino acid composition of the diets, listed in (Table 5.3) was 

calculated using the amino acid composition of the different dietary ingredients. The analyzed 

amino acid composition of fresh ragworm was used as a reference for the amino acid 

requirements of sole, and the experimental diets RW0 to RW75 were formulated accordingly 

(Table 5.3). The addition of diamol was used to keep ash levels comparable between diets. 

The diets were prepared through cold extrusion in cooperation with Research Diet Services 

(RDS, Wijk bij Duurstede, The Netherlands). Cold extrusion was used to keep the heat liable 

components in its undenatured state. For example heme iron, a major component in ragworm, 

is sensitive to heat (Lombardi-Boccia, Martinez-Dominguez & Aguzzi 2002). Ragworms 

(Topsy Baits B.V., Wilhelminadorp, The Netherlands), were delivered three times a week. 

The freeze dried ragworm meal was delivered by Seabait Ltd, Shoreline Polycheate Farms 

LPP, Woodhorn Village, UK. Recipes and their composition are shown in the Tables 5.1, 5.2 

and 5.3. 

  

Chapter 5 
 

55 

Table 5.1: Experimental set-up and recipes 
Code RW0 RW10 RW25 RW50 RW75 

Amount of ragworm meal2 (%) 0 10 25 50 75 
Test ingredients in %      

Ragworm meala 0 10.00 25.00 50.00 75.00 
Pea proteinb 24.02 21.88 18.66 13.30 7.94 
Caseinc 21.85 19.42 15.78 9.72 3.66 
Soy Protein Concentrated 17.54 15.20 11.70 5.85 0.00 
Fish Oile 11.82 10.24 7.88 3.94 0.00 
Diamolf 9.61 8.33 6.41 3.20 0.00 
Sugarg 1.52 1.32 1.02 0.51 0.00 
Limeh 0.23 0.20 0.15 0.08 0.00 
Basal ingredients  13.41 13.41 13.41 13.41 13.41 

Check 100.00 100.00 100.00 100.00 100.00 
1Fresh ragworms, 2Percentage of freeze dried (non-denatured) ragworm meal (N. Virens), Wheat gluteni 5%, Binder1j,2%, 
Binder2k 2%, Saltl 2%, Binder 3m1%, Mineral and vitamin premix† 1.36%, Betainn 0.05%, aSeabait Ltd, Shoreline Polycheate 
Farms LPP Woodhorn Village, UK, bRoquette Freres, Lestrem, France, cAcid casein 30/60 mesh, Lactalis, Bourgbarré, France, 
dSoycomil R ADM Eurpoort BV The Netherlands, eCoppens International The Netherlands, fDamolin A/S, Hamburg, gMelis, van 
Suikerunie Dinteloord, hInducal 250 van Sibelco/Ankerpoort, Maastricht, iGluvital 21000 Cargill Bergen op Zoom The 
Netherlands, jBinder1, kBinder2 and mBinder3; Ingredients are not specified because of confidentiality reasons of ongoing 
research. lAnimalfeed salt van Kloek zout, The Netherlands, nBetafin van Danisco Animal Nutrition Marlborough UK, † (taken from 
Borges, Oliveira, Casal, Dias, Conceição, & Valente 2009) Vitamins (mg or IU kg-1 diet): vitamin A (retinyl acetate); 2.4 mg, 8000 
IU; vitamin D3 (cholecalciferol), 0.04 mg 1700 IU; vitamin K3 ((menadione sodium bisulfite), 10 mg; vitamin B1 (thiamine), 8 mg; 
vitamin B2 (riboflavin), 20 mg; vitamin B6, 2vitamin B12 (cyanocobalamin) 0.02mg, (pyridoxine hydrochloride), 10 mg; folic acid, 
6 mg; biotin, 0.7 mg; inositol, 300 mg; niacin, 70 mg; pantothenic acid, 30 mg, choline, 1500 mg; vitamin C, 500 mg; vitamin E, 
300 mg; Minerals (g or mg kg-1 diet): Mn (manganese oxide), 20 mg; I (potassium iodide), 1.5 mg; Cu (copper sulphate), 5mg; 
Co (cobalt sulphate), 0.1 mg; Mg (magnesium sulphate), 500mg; Zn (zinc oxide) 30 mg; Se (sodium selenite) 0.3 mg; Fe (Iron 
Sulfate) 60 mg; Calcium carbonate 2150 mg; Dicalcium phosphate 5000 mg; Potasium Chloride 1000mg; Antixoidant BHT 
(E300-321) 100 mg; Anti-fungal Calcium propionate 1000 mg. 
 
 
 
 
Table 5.2: Analysed proximate composition of diets 

Code CPEL RW0 RW10 RW25 RW50 RW75 RW100 

Amount of ragworm meal2 (%) 0 0 10 25 50 75 1001 

Analyzed (macro) nutritional composition        

 Unit        

DM  (g kg-1) 923 645 671 672 718 770 164 

Ash  (g kg-1 dm) 120 158 159 161 192 178 128 

CP  (g kg-1 dm) 673 583 572 564 587 539 659 

EE  (g kg-1 dm) 93 133 122 118 100 99 79 

CF  (g kg-1 dm) <3.0 17 19 16 22 17 18 

NFE  (g kg-1 dm) 37 109 127 141 98 168 116 

P  (g kg-1 dm) 18.4 10.7 10.4 10.4 11.5 10.5 8.5 

Ca  (g kg-1 dm) 22.8 5.3 5.1 5.1 6.3 5.2 1.7 

GE  (MJ kg-1) 20.3 21.3 21.0 20.8 20.0 19.9 21.1 

CP/GE -------------- 33.1 27.4 27.3 27.1 29.4 27.1 31.2 
1Fresh ragworms, 2percentage of freeze dried (non-denatured) ragworm meal (N. Virens). With DM=dry matter, CP=Crude 
protein, EE=Ether extract, CF=Crude fiber, NFE=Nitrogen Free Extract, P=Phosphorus, Ca=Calcium and GE=Gross Energy.  
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Table 5.3: Calculated or analyzed amino acid composition of diets. 

Code CPEL2 RW01 RW101 RW251 RW501 RW751 RW1002 
Lysinea g kg-1 46.4 37.6 37.1 36.4 35.2 34.1 34.0 
Methioninea “” 16.7 10.3 10.3 10.3 10.3 10.3 10.3 
Cysteineb “” 5.1 5.6 5.6 5.6 5.7 5.7 5.3 
Threoninea “” 24.1 21.4 21.2 20.8 20.3 19.7 19.5 
Tryptophana “” 6.3 6.3 6.3 6.2 6.1 6.1 6.0 
Isoleucinea “” 24.5 26.6 26.0 25.0 23.4 21.8 20.2 
Argininea “” 33.4 32.9 32.9 32.9 32.9 32.8 32.9 
Phenylalaninea “” 22.9 28.4 27.6 26.3 24.2 22.0 19.3 

Histidinea “” 14.8 14.7 14.5 14.2 13.8 13.4 13.0 

Leucinea “” 42.1 46.5 45.2 43.3 40.2 37.0 33.5 
Tyrosineb “” 17.4 22.0 21.6 21.0 20.0 19.1 18.1 
Valinea “” 28.7 30.4 29.7 28.7 27.1 25.5 24.0 
Alanine “” 34.9 20.4 22.2 24.9 29.5 34.1 38.9 
Asparagine “” 52.5 51.8 50.8 49.3 46.8 44.2 43.3 
Glutamate “” 80.0 110.2 106.0 99.7 89.1 78.7 61.0 
Glycine “” 33.8 17.8 18.9 20.6 23.5 26.3 29.0 
Proline “” 23.0 40.4 40.1 39.7 38.9 38.3 35.1 
Serine “” 22.7 27.9 27.0 25.6 23.3 21.0 18.5 
Calculated1 or analyzed2 nutrients, aEssential, bconditionally essential.  

 

 

Table 5.4: Calculated or analyzed iron and vitamin B12 content of diets. 
Code CPEL RW0 RW10 RW25 RW50 RW75 RW100 

Iron (calculated) mg kg-1 dm --- 131 312 583 1035 1486 --- 

Iron (analysed) mg kg-1 dm 223 3946 3348 2825 2426 1406 505.0 

B12 (calculated) μg kg-1 dm --- 20 133 304 587 871 -- 

B12 (analysed) μg kg-1 dm 338 40 -- -- -- 571 1598 

 

 

Feeding  

Fish were fed to satiation twice a day (8:30 and 16:30). Satiation feeding was checked 

by looking if pellets or pieces of ragworms were still present in the tank one hour after the 

start of feeding. Uneaten feed was removed from the tanks. The feed load was equal for all 

tanks, adapted daily and based on the tank with the highest feed load. Ragworms were 

chopped and sieved for 1 minute to drain excess fluids prior to weighing. Ragworms were 

sampled daily and stored at -20°C for analysis of the average proximate composition. The 

quantities were based on the feed intake per tank from the previous day. Daily samples were 

pooled to get the average dry matter, proximate composition, calcium, phosphate levels and 

vitamin B12 levels. The samples were analysed by Nutrilab BV. Rijswijk, The Netherlands 

except for iron. Iron was analysed by the Chemical Biological Soil Laboratory (CBLB), 

Wageningen also in The Netherlands, using the ICP-EAS.  
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Calculation of growth 

The fish were weighed at the start and at the end of the 42-day growth period and not 

fed one day prior to weighing. From the individual weight data, average body weight at the 

start (BW0) and at the end (BWt) were calculated per tank, which was considered the 

experimental unit. Growth rates expressed in g d-1, % BW d-1 and g kg-0.8 d-1 were calculated 

using the formulas: (BW(t)-BW(0))/t , (LN(BW(t)) - LN(BW(0)))/(t) * 100 and ((BW(t) - 

BW(0))/((BW(t) * BW(0) )0.5/10000.8)))/t, respectively with t representing the duration of the 

growth period and LN the natural logarithm. 

 

Sampling 

Blood was sampled by caudal venous puncture, using a heparinized syringe 

(0.6mm/30mm needle) at the start (10 fish) and at the end of the experiment (10 fish tank-1). 

After collection, blood was transferred into tubes, stored on ice and processed within 15 

minutes. The Hct level was determined by using capillaries (Ø 1,5mm, L 75mm) and a 

haematocrit centrifuge (Mikro hematocrit, Type 00912 Heraeus-Christ GmbH, Germany) to 

centrifuge for 5 minutes at 11,000 rpm or 5000 g. Due to logistic limitations, blood sampling 

was spread over three consecutive days. Replicates were equally divided over the different 

sampling days. Weighing of fish was done on the same day as blood sampling. Fish for 

sampling were sacrificed using an overdose of phenoxy ethanol (1:1000). 

 

Statistical analysis 

 Data were analysed for diet effects using One-Way ANOVA. Homogeneity of 

variance was tested using the Levene’s test. Tank was used as the experimental unit. For all 

tests a probability p<0.05 was considered significant. When significant, means were 

compared using the Fishers LSD post hoc test. Curves were fitted by regression analysis using 

curve estimation (SPSS Statistics, IBM). 

 

Results 

No problems occurred during the experiment, except that the diet without ragworm 

meal (RW0) was hardly accepted by the fish and consequently resulted in negative growth (-

1.11±0.24 g kg-0.8 d-1). Therefore, treatment RW0 was excluded from the study for further 

analysis. Mortality during the experiment was limited to four fish (1.3%) and not related to 

treatment.  

 Sole, which were raised on CPEL and naive to ragworm and mussel had an average 
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Table 5.3: Calculated or analyzed amino acid composition of diets. 

Code CPEL2 RW01 RW101 RW251 RW501 RW751 RW1002 
Lysinea g kg-1 46.4 37.6 37.1 36.4 35.2 34.1 34.0 
Methioninea “” 16.7 10.3 10.3 10.3 10.3 10.3 10.3 
Cysteineb “” 5.1 5.6 5.6 5.6 5.7 5.7 5.3 
Threoninea “” 24.1 21.4 21.2 20.8 20.3 19.7 19.5 
Tryptophana “” 6.3 6.3 6.3 6.2 6.1 6.1 6.0 
Isoleucinea “” 24.5 26.6 26.0 25.0 23.4 21.8 20.2 
Argininea “” 33.4 32.9 32.9 32.9 32.9 32.8 32.9 
Phenylalaninea “” 22.9 28.4 27.6 26.3 24.2 22.0 19.3 

Histidinea “” 14.8 14.7 14.5 14.2 13.8 13.4 13.0 

Leucinea “” 42.1 46.5 45.2 43.3 40.2 37.0 33.5 
Tyrosineb “” 17.4 22.0 21.6 21.0 20.0 19.1 18.1 
Valinea “” 28.7 30.4 29.7 28.7 27.1 25.5 24.0 
Alanine “” 34.9 20.4 22.2 24.9 29.5 34.1 38.9 
Asparagine “” 52.5 51.8 50.8 49.3 46.8 44.2 43.3 
Glutamate “” 80.0 110.2 106.0 99.7 89.1 78.7 61.0 
Glycine “” 33.8 17.8 18.9 20.6 23.5 26.3 29.0 
Proline “” 23.0 40.4 40.1 39.7 38.9 38.3 35.1 
Serine “” 22.7 27.9 27.0 25.6 23.3 21.0 18.5 
Calculated1 or analyzed2 nutrients, aEssential, bconditionally essential.  

 

 

Table 5.4: Calculated or analyzed iron and vitamin B12 content of diets. 
Code CPEL RW0 RW10 RW25 RW50 RW75 RW100 

Iron (calculated) mg kg-1 dm --- 131 312 583 1035 1486 --- 

Iron (analysed) mg kg-1 dm 223 3946 3348 2825 2426 1406 505.0 

B12 (calculated) μg kg-1 dm --- 20 133 304 587 871 -- 

B12 (analysed) μg kg-1 dm 338 40 -- -- -- 571 1598 

 

 

Feeding  

Fish were fed to satiation twice a day (8:30 and 16:30). Satiation feeding was checked 

by looking if pellets or pieces of ragworms were still present in the tank one hour after the 

start of feeding. Uneaten feed was removed from the tanks. The feed load was equal for all 

tanks, adapted daily and based on the tank with the highest feed load. Ragworms were 

chopped and sieved for 1 minute to drain excess fluids prior to weighing. Ragworms were 

sampled daily and stored at -20°C for analysis of the average proximate composition. The 

quantities were based on the feed intake per tank from the previous day. Daily samples were 

pooled to get the average dry matter, proximate composition, calcium, phosphate levels and 

vitamin B12 levels. The samples were analysed by Nutrilab BV. Rijswijk, The Netherlands 

except for iron. Iron was analysed by the Chemical Biological Soil Laboratory (CBLB), 

Wageningen also in The Netherlands, using the ICP-EAS.  
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Calculation of growth 

The fish were weighed at the start and at the end of the 42-day growth period and not 

fed one day prior to weighing. From the individual weight data, average body weight at the 

start (BW0) and at the end (BWt) were calculated per tank, which was considered the 

experimental unit. Growth rates expressed in g d-1, % BW d-1 and g kg-0.8 d-1 were calculated 

using the formulas: (BW(t)-BW(0))/t , (LN(BW(t)) - LN(BW(0)))/(t) * 100 and ((BW(t) - 

BW(0))/((BW(t) * BW(0) )0.5/10000.8)))/t, respectively with t representing the duration of the 

growth period and LN the natural logarithm. 

 

Sampling 

Blood was sampled by caudal venous puncture, using a heparinized syringe 

(0.6mm/30mm needle) at the start (10 fish) and at the end of the experiment (10 fish tank-1). 

After collection, blood was transferred into tubes, stored on ice and processed within 15 

minutes. The Hct level was determined by using capillaries (Ø 1,5mm, L 75mm) and a 

haematocrit centrifuge (Mikro hematocrit, Type 00912 Heraeus-Christ GmbH, Germany) to 

centrifuge for 5 minutes at 11,000 rpm or 5000 g. Due to logistic limitations, blood sampling 

was spread over three consecutive days. Replicates were equally divided over the different 

sampling days. Weighing of fish was done on the same day as blood sampling. Fish for 

sampling were sacrificed using an overdose of phenoxy ethanol (1:1000). 

 

Statistical analysis 

 Data were analysed for diet effects using One-Way ANOVA. Homogeneity of 

variance was tested using the Levene’s test. Tank was used as the experimental unit. For all 

tests a probability p<0.05 was considered significant. When significant, means were 

compared using the Fishers LSD post hoc test. Curves were fitted by regression analysis using 

curve estimation (SPSS Statistics, IBM). 

 

Results 

No problems occurred during the experiment, except that the diet without ragworm 

meal (RW0) was hardly accepted by the fish and consequently resulted in negative growth (-

1.11±0.24 g kg-0.8 d-1). Therefore, treatment RW0 was excluded from the study for further 

analysis. Mortality during the experiment was limited to four fish (1.3%) and not related to 

treatment.  

 Sole, which were raised on CPEL and naive to ragworm and mussel had an average 
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Hct level at start of 9.8±0.7%. At the end of the experiment, the average Hct level of sole fed 

CPEL, the negative control, was 11.2±0.9% and not different from the value at start (p>0.05). 

In contrast, the average Hct level of sole fed fresh ragworm(RW100), the positive control, 

more than doubled (table 5.5, p=0). The Hct levels of sole fed the diets RW10-RW75 (table 

5.5) were laying within the range from the negative (CPEL) towards the positive control 

(RW100). The Hct levels of the sole fed the diets RW10-RW75 gradually rose from 12.6±1.3 

to 17.7±0.1% with the stepwise increasing ragworm meal inclusion level (table 5.5, p=0). 

Assuming fresh ragworm mimics a diet of 100% ragworm meal (RW100), the relation 

between ragworm meal inclusion level and the Hct level of sole fed diet RW10 to RW100, the 

negative control not included, is linear (Fig. 5.1A, Y = 0.1012X + 11.69, R2=0.91, p<0.05, 

with Y representing heamatocrite in % and X the inclusion level of ragworm meal in %). 

At the end of the experiment, the growth of sole fed CPEL, the negative control, was 

4.58 g kg-0.8 d-1 and comparable with the growth of the fish fed diet RW50 (table 5.5; p>0.05). 

The growth of sole fed fresh ragworm(RW100), the positive control, expressed in g kg-0.8 d-1 

was 52% higher. The growth of the sole fed the diets RW10-RW75 gradually increased from 

2.33±0.39 to 5.82±0.27 g kg-0.8 d-1 with the stepwise rising ragworm meal inclusion level 

(table 5.5, p=0). Again, assuming fresh ragworm mimics a diet of 100% ragworm meal 

(RW100), the relation between ragworm meal inclusion level and growth of sole fed diet 

RW10 to RW100, the negative control not included, is linear (Fig. 5.1B, Y = 0.0501X + 

2.0796,  R2=0.96, p<0.05, with Y representing growth in g kg-0.8 d-1 and X the inclusion level 

of ragworm meal in %). Since both Hct and growth were linearly affected by the inclusion 

level of ragwormmeal, also Hct and growth were strongly correlated (Y = 0.4602X - 3.1144, 

R² = 0.90, p<0.05), with Y respresenting growth in g kg-0.8 d-1 and X the heamatocrite in %.  

  
Table 5.5: Bodyweight at start (BWstart), at end (BWend), growth, metabolic growth rate (GMBW) specific 
growth rate (SGR)  and haematocrit (Htc) of  the fish fed diets with 0% (RW0), 10% (RW10), 25% (RW25), 50% 
(RW50), 75% (RW75) of ragworm meal respectively, fresh ragworm (RW100) and commercial pellets (CPEL).  

Diet RW0 RW10 RW25 RW50 RW75 RW100 CPEL P-value 
BWstart (g) 75.8±1.1 71.1±4.5 78.0±1.4 70.5±4.9 73.0±2.7 73. 8±4.7 72.8±0.8 0.16 
BWend (g) 70.1±1.5 83.8±7.4 98.7±4.2 98.3±4.7 108.3±5.1 117.6±6.5 99.6±2.9 0 
Growth (g d-1) NA 0.3±0.07a 0.5±0.08b 0.66±0.04c 0.84±0.06d 1.04±0.09e 0.64±0.06c 0 
GMBW (g kg-0.8 d-1) NA 2.33±0.39a 3.46±0.47b 4.85±0.36c 5.82±0.27d 6.96±0.53e 4.58±0.34c 0 
SGR (% BW gain d-1) NA 0.39±0.06a 0.56±0.07b 0.79±0.06c 0.94±0.04d 1.11±0.09e 0.75±0.05c 0 
Htc(%) NA 12.6±1.3a 14.3±0.4b 17.6±0.2c 17.7±0.1c 22.5±1.0d 11.2±0.9e 0 
abcMeans with a common superscript are not significantly different using the  Fisher LSD post hoc test (P<0.05). 
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5.1A 5.1B 

Figure 5.1A (left): The relation between ragworm meal inclusion level (%) and Hct (%): y = 0.1012x + 11.69, 
R2=0.91 and figure 5.1B (right): The relation between ragworm meal inclusion level(%) and growth in 
metabolic body weight (g kg0.8 d-1): y = 0.0501x + 2.0796, R2=0.96. Fresh ragworm (RW100) is depicted as a 
diet with 100% ragworm meal, the negative control (CPEL) is not included. 

 

Discussion 

Fish were moderately anaemic at start. In Kals et al. (2015a) we concluded this 

anaemia in sole fed commercial pellets is a nutritional anaemia. Both Hct, an indicator for the 

state of anaemia, and growth show a positive linear relationship with the ragworm meal 

inclusion level. Consequently, the minimum inclusion level of ragworm meal without 

negatively affecting Hct and growth in sole is 100%.  

Both, the Hct level and growth of sole fed fresh ragworm (RW100) accord the linear 

regression lines representing Hct and growth as a function of the ragworm meal inclusion 

level, i.e. the measured Hct and growth values of sole fed fresh ragworm (RW100) do not 

differ from the estimated values for Hct (p=0.33) and growth in g.kg0.8.d-1 (p=0.72). This 

infers that feeding fresh ragworm has no added value over feeding a pellet containing 100% 

of freeze dried ragworm meal. 

The question is which compound, present in ragworm meal, caused this linear 

response of Hct and growth? As the diets RW10 tot RW75 were isonitrogenous, isoenergetic 

and largely comparable in amino acid as well as in calcium and phosphates levels (table 5.1, 

5.2 and 5.3), the level of crude protein, ether extract, amino acids, calcium or phosphate of the 

diets in the current experiment cannot explain the difference in Hct and growth between the 

diets RW10-RW75 (Table 5.2 and 5.3). A difference in digestibility between the diets could 

possibly explain the results, yet, this seems no plausible argument as the apparent digestibility 

coefficients of the non-marine derived ingredients used in the experimental recipes (e.g. 
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Table 5.5: Bodyweight at start (BWstart), at end (BWend), growth, metabolic growth rate (GMBW) specific 
growth rate (SGR)  and haematocrit (Htc) of  the fish fed diets with 0% (RW0), 10% (RW10), 25% (RW25), 50% 
(RW50), 75% (RW75) of ragworm meal respectively, fresh ragworm (RW100) and commercial pellets (CPEL).  

Diet RW0 RW10 RW25 RW50 RW75 RW100 CPEL P-value 
BWstart (g) 75.8±1.1 71.1±4.5 78.0±1.4 70.5±4.9 73.0±2.7 73. 8±4.7 72.8±0.8 0.16 
BWend (g) 70.1±1.5 83.8±7.4 98.7±4.2 98.3±4.7 108.3±5.1 117.6±6.5 99.6±2.9 0 
Growth (g d-1) NA 0.3±0.07a 0.5±0.08b 0.66±0.04c 0.84±0.06d 1.04±0.09e 0.64±0.06c 0 
GMBW (g kg-0.8 d-1) NA 2.33±0.39a 3.46±0.47b 4.85±0.36c 5.82±0.27d 6.96±0.53e 4.58±0.34c 0 
SGR (% BW gain d-1) NA 0.39±0.06a 0.56±0.07b 0.79±0.06c 0.94±0.04d 1.11±0.09e 0.75±0.05c 0 
Htc(%) NA 12.6±1.3a 14.3±0.4b 17.6±0.2c 17.7±0.1c 22.5±1.0d 11.2±0.9e 0 
abcMeans with a common superscript are not significantly different using the  Fisher LSD post hoc test (P<0.05). 
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5.1A 5.1B 
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metabolic body weight (g kg0.8 d-1): y = 0.0501x + 2.0796, R2=0.96. Fresh ragworm (RW100) is depicted as a 
diet with 100% ragworm meal, the negative control (CPEL) is not included. 
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casein, soy protein concentrate, pea protein concentrate and wheat gluten) are high and 

fluctuate for fish in general between 85-100% (Tibbetts, Milley & Lall 2006; NRC 2011).  

Moreover, the feeding level was ad libitum. 

Iron is most commonly deficient in a nutritional anaemia (Latham 1997; Kraemer & 

Zimmermann 2007). However, in all experimental diets the calculated iron level was above 

the requirements as mentioned for fish in general (NRC 2011). We did analyze the iron 

contents of the diets (table 5.4), yet the results are not usable due to the unexpected iron 

content of the diamol (39 g.kg-1), which was added to keep ash levels comparable between the 

experimental diets RW0-RW75. The iron within the inert siliceous composition of the diamol 

got freed though due to the HNO3-HCl destruction used for the ICP-AES analysis of minerals. 

Diamol (acid insoluble ash) is often used as an indigestible marker in digestibility studies. 

Hence, we assume the iron from the diamol was not available for absorption by the fish and 

therefore, we used the calculated iron values (table 5.4)  for insights instead. As diet RW75 

did not contain diamol (table 5.1) we used the analyzed iron levels in this diet as a reference.   

In this study, both growth and Hct rose with the increasing calculated dietary iron levels, 

mainly related to the increasing levels of ragworm meal of which the iron content was 2062 

mg.kg-1.dm. This level seems high but, falls within the range of the iron content found for 

Nereis species by Vinogradov, Sharma & Walz (1991). However, it seems that the amount of 

dietary iron on itself is not conclusive. Feeding fresh ragworm (RW100) with a lower total 

iron content compared to diet RW25, RW50 and RW75, still results in higher Hct levels and 

growth. Therefore, not the intake of iron, but the absorption or bioavailability of iron might 

explain the differences in Hct between the experimental diets. The bioavailability of iron 

depends on the form in which it is present in the diet (e.g. heme vs. non-heme) as discussed in 

Kals et al. 2015b and Kals, Blonk, Mheen van der, Schrama & Verreth 2015c. Ragworm, a 

polychaete, contains mainly heme iron. According to Vinogradov et al. (1991), 2.36 % of the 

weight of the Nereis species consists of heme iron. The bioavailability of heme iron is 

superior to that of non-heme (Anderson et al. 1997; Maage & Sveir 1998; Bury, Walker & 

Glover 2003; Miret, Simpson, & McKie 2003; Kraemer & Zimmermann 2007), which could 

explain the difference in Hct between the different RW diets. However, one would expect the 

iron from the freeze dried ragworm meal also to be fully heme iron. But, it could have been 

possible that during the process of freeze drying, which is a relatively long time process, part 

of the heme from the ragworm was decomposed to biliverdin and inorganic iron by the 

enzyme heme oxygenase (Abele-Oeschger, Oeschger & Theede 1994). The inorganic iron can 

easily oxidize to Fe3+, which cannot be absorbed. The greenish colour (of the blood vessels) in 
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ragworm is due to biliverdin (Abele-Oeschger et al. 1994) and not what is sometimes thought, 

the pigment hemocyanin. Polychaetes do not have the copper containing hemocyanin (Scott & 

Major, 1972; Vinogradov 1985; Magnum, Miller, Scot, Hole & Morse 1987).  

An additional factor that could explain the difference in the Hct level between sole fed 

commercial pellets and sole fed diets with increasing percentages of ragworm meal, is the 

increase in the calculated dietary level of vitamin B12. As discussed in Kals et al. 2015b and 

Kals, Blonk, Mheen van der, Schrama & Verreth submitted) we believe that B12 absorption in 

sole is limited and suggest sole may depend on high dietary levels of B12.  

Like the Hct level, growth improved with rising levels of ragworm meal (Fig. 5.1B). 

We suggest that the rising Hct levels improve the sole’s ability to take up oxygen from the 

environment, as maximum oxygen consumption is highly dependent on the Hct levels, as 

discussed in Kals et al. 2015b. However, the growth of sole fed the commercial pellet is 

comparable to the growth of sole fed diet RW50 even though the average Hct level of these 

sole was 57% higher (11.2% vs. 17.6%). This difference, we cannot explain based on the 

current observations. The mechanism causing the observed strong correlation between the Hct 

level and growth in sole fed a ragworm diet or fresh ragworm requires further assessment to 

enable proper diet formulation for common sole.  
 

Conclusions 

The inclusion level of ragworm meal to maintain Hct levels and growth rates 

comparable to sole fed fresh ragworm is 100%. There seems to be no added value of feeding 

fresh ragworm compared to freeze dried ragworm meal. The positive effect of ragworm on 

Hct and growth cannot be explained by the levels of crude protein, ether extract, amino acids, 

calcium or phosphate. We suggest that the ability of ragworm (meal) to alleviate anaemia and 

stimulate growth in sole can be explained by a combination of heme iron and high B12 levels, 

even though the levels of heme iron and B12 are related to the increase of ragworm meal. We 

therefore, cannot exclude that also other factors could explain a comparable effect of ragworm 

(meal) on Hct levels and growth. 
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A patent application covering the use of Annelida and Mollusca in fish feed has been 

filed in 2012.  
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Abstract  

Sole fed commercial pellets suffers from a nutritional anaemia. The hypotheses tested 

are: (1) the nutritional anaemia in sole fed commercial pellets is caused by an iron deficiency; 

(2) the assumed iron deficiency is due to inadequate absorption of iron; (3) an increase in 

absorption due to a higher bioavailability of heme or iron chelates will alleviate anaemia in 

sole and (4) haematocrit (Hct) and haemoglobin (Hb) are expected to follow the iron 

absorption patterns. In addition, we estimated the absorption of copper, cobalt, chromium, 

manganese, molybdenum and zinc in order to evaluate possible interaction between available 

iron sources and the absorption of other divalent minerals. 

Sole were fed four diets, each with a different iron source: iron sulphate, iron 

methionate, iron proteinate or heme. Feeding was restricted and equal for all diets. At the start 

of the experiment, sole reared on commercial pellets had average values of Hct, Hb and the 

hepatosomatic index of 12.5%, 19.6 g.l-1 and 1.13%, respectively. The values at the end of the 

experiment did not differ from the values at the start and were not affected by the source of 

iron. The apparent absorption coefficients (AAC) of iron, manganese, zinc, cobalt, chromium 

and molybdenum, except for copper, were unaffected by the iron sources. Yet, the iron 

absorption was high for all sources tested. The AAC of copper was 15-22% higher in sole fed 

the diet with heme. The use of the different iron sources, including heme, did not affect Hct 

and Hb in anaemic sole. The high absorption of iron and copper in sole fed heme did not 

affect Hct and Hb, which suggests that the nutritional anaemia in sole is not an iron nor a 
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Introduction 

Common sole (Solea, solea) grows approximately 70% faster on ragworm (Nereis 

virens ) or mussel (Mytilus edulis) than on commercial pellets (Ende, Kroeckel, Schrama, 

Schneider & Verreth 2014). Moreover, sole fed commercial pellets suffers from a nutritional 

anaemia (Kals, Blonk, Palstra, Sobotta, Mongile, Schneider, Planas, Schrama & Verreth 

submitted). Feeding ragworm or mussel alleviates this anaemia within three weeks (Kals, 

Blonk, Mheen van der, Schrama & Verreth 2015a; Kals, Blonk, Mheen van der, Schrama & 

Verreth 2015b). This suggests that components important for the recovery of anaemia are 

present in ragworm and mussel, yet are missing in current commercial feeds.  

Anaemia is strictly defined as a decrease in red blood cell mass (Lydyard, Cole, 

Holton, Irving, Porakishvili, Venkatesan & Ward 2010) and according to Thrall, Weiser, 

Allison & Campbell (2012) fish are anaemic when Hct values are < 20%. According to 

Wood, McMahon & McDonald, 1979), the normal Hct level of healthy flounder (Platichthys 

stellatus) is ± 25%. They diagnosed flounders with Hct levels around 8% as moderate 

anaemic and flounders with Hct levels < 5% as severely anaemic. Data for Hct and/or Hb 

values in common sole are scarce. Yet, sole grown on natural food in outdoor ponds at an 

experimental farm (Zeeuwse Tong, Colijnsplaat, The Netherlands) show Hct levels of 20±2% 

for males and 22±1% for females (Palstra, Blok, Kals, Blom, Tuinhof-Koelma, Dirks, 

Forlenza & Blonk 2015), levels approximately twice the amount found in sole fed commercial 

pellets (Kals et al. 2015a, Kals et al. 2015b). Lower levels of Hct and Hb are associated with 

anaemia. Taking into consideration Thrall et al. (2012), the data of Wood et al. (1979), Palstra 

et al. (2015) and the fact that within a fish species the range of Hct levels for normocythemia 

tend to be relatively narrow (Gallaugher & Farrell 1998) Hct and Hb levels in common sole 

fed commercial pellets indicate a moderate (nutritional) anaemia.  

Many nutritional factors can play a role in a nutritional anaemia (Kraemer & 

Zimmermann 2007), but for sole several can be ruled out. Feed intake and iron intake can be 

eliminated (Kals et al.  submitted). Impaired iron absorption due to intake of dietary milk or 

soy proteins, phytates or plant polyphenols, can be excluded as the commercial pellet tested in 

Kals et al. submitted hardly contains these components. Likewise, the (macro) nutritional 

composition of the feed, the amino acid composition, as well as the phosphorus and calcium 

levels, cannot explain the difference in haematocrit (Hct) between sole fed ragworm or 

commercial pellets. Hct levels gradually increased when using diets with a stepwise rising 

share of ragworm meal, while the diets were comparable with respect to the nutritional 

parameters mentioned (Kals et al. unpublished data).  
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In most cases, iron is deficient in a nutritional anaemia (Kraemer & Zimmermann 

2007; Latham 1997). We compared the intake of iron, copper, cobalt, chrome, manganese, 

selenium and zinc between sole fed commercial pellets or boiled ragworm. Despite the fact 

that the iron intake in sole fed boiled ragworm was not different from that in sole fed 

commercial pellets, sole fed boiled ragworm recovered from their anaemia while sole fed 

commercial pellets stayed anaemic (Kals et al. submitted). Likewise, the intake of copper, 

cobalt, chrome, manganese, selenium and zinc was comparable or significantly higher in sole 

fed commercial pellets when compared to sole fed boiled ragworm (Kals et al. unpublished 

data). This suggests that the higher Hct level in sole fed boiled ragworm is not due to a higher 

intake of dietary iron or the other minerals mentioned.  

Yet, a factor which in relation with these observations cannot be excluded from being 

involved in anaemia, is the bioavailability of iron and/or the other minerals present in the diet. 

For example, the bioavailability of iron depends on the form in which iron is presented to the 

fish (heme versus. non heme iron). The absorption of heme differs from that of non heme, as 

the absorption of heme has its own pathway, independent of the intestinal pH (Kraemer & 

Zimmermann 2007) and mostly immune for antagonists (e.g. other divalent minerals as for 

example copper, cobalt, zinc etc.) that interfere with the iron absorption (Andersen, 

Lorentzen, Waagbø & Maage 1997). Moreover, the absorption of non heme iron requires the 

reduction of Fe3+ to Fe2+, and hence, an acidic environment. Kwong & Niyogi (2008) showed 

that a rise in intestinal pH reduced iron absorption. Therefore, the alkaline character of the 

sole’s intestine (Clark, MacDonald & Stark 1985; Yúfera & Darías 2007) might negatively 

affect the sole’s ability to absorb non heme iron, consequently leading to low Hct and Hb 

levels. Among the non heme iron sources, chelates (e.g. iron methionate, iron proteinate) are 

better absorbed than mineral salts (Park & Harmston 1994). Nevertheless, the bioavailability 

of heme in general is superior to that of non heme iron (Andersen et al. 1997; Bury, Walker & 

Glover 2003; Kraemer & Zimmermann 2007; Maage & Sveier 1998; Miret, Simpson & 

McKie 2003). Iron in mussel and ragworm is mostly heme iron in its undenatured state 

(Vinogradov, Sharma & Walz 1991). Iron in the commercial pellet is mostly of non heme 

origin, coming with the premix or damaged forms of heme from feed ingredients like 

fishmeal. Sugiura, Dong & Rathbone (1998) showed that the absorption of iron from fish 

meals is low. Inadequate absorption of iron due to a low bioavailability of a specific iron 

source, can cause an iron deficiency and as a consequence anaemia. In the current study we 

have tested four hypotheses: (1) the nutritional anaemia in sole fed commercial pellets is 

caused by an iron deficiency, (2) the assumed iron deficiency is due to an inadequate 
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absorption of iron, (3) an increase in iron absorption due to a higher bioavailability of heme 

and/or iron chelates, will alleviate anaemia in sole and (4) Hct and Hb levels, as sensitive 

indicators of recovery from iron depletion (Maage & Sveier 1998), are expected to follow iron 

absorption patterns. In addition, we estimated the absorption of copper, cobalt, chromium, 

manganese, molybdenum and zinc, since it is known that there might be interaction 

(antagonism) between the iron sources and the absorption of other divalent minerals. 

 

 

Material and methods 

This experiment was approved by the ethical Committee for Animal Experiments and 

conducted at IMARES, Department of Aquaculture, Yerseke, The Netherlands. 

 

Experimental design, diets and preparation 

The experiment consisted of a 7-day acclimatisation and a 23-day experimental 

period. The experimental set-up contained four different diets with each diet having an equal 

iron content, yet a different source of iron. The iron sources tested were: iron sulphate 

heptahydrate (Fe(SO4).7H2O), iron methionate, iron proteinate and haemoglobin. In all diets 

64% of the dietary iron is supplied by the added test sources, the remaining 36% of the dietary 

iron was provided by the ingredients of the basal diet. The total dietary iron content was 

formulated to be equal to the iron content in ragworm (352 mg.kg-1.dm, Kals et al. 2015b). 

This iron level is far above the iron requirements for fish (NRC, 2011) (table 3). Vitamin B12 

is directly involved in erythropoiesis, the process which produces red blood cells (Koury & 

Ponka 2004). Taurine can also affect the haematological parameters (Anand, Rajakumar, 

Felix & Balasubramanian 2010; Sirdah, El-Agouza & Abu Shahla 2002) as it is indirectly 

involved through the methylation pathway (Scott & Weir 1981). Therefore, the diets were 

formulated to have an equal vitamin B12 and taurine content at the level of 1.9 mg.kg.dm-1 and 

7.6 g.kg.dm-1, respectively, which are the levels measured in ragworm (unpublished data). 

The diets were tested in triplicate, giving 12 experimental units with ten fish per tank, adding 

up to 120 fish in total. All diets were isonitrogenous, isoenergetic and equal in amino acid 

composition, total iron, calcium, phosphate, taurine and vitamin B12 content. Individual amino 

acids were added to compensate for the amino acid content of the iron sources, especially of 

the heme iron. The diets were prepared through cold extrusion in cooperation with Research 

Diet Services (RDS, Wijk bij Duurstede, The Netherlands). Cold extrusion was used to keep 
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the iron sources, especially haemoglobin, in their undenatured state. Heme iron is sensitive to 

heat (Lombardi-Boccia, Martinez-Dominguez & Aguzzi 2002).  

Yttrium oxide was used as an inert marker for the determination of mineral absorption. 

All diets were treated with a ragworm extract (8g WW.kg-1 or 1.4 g dm kg-1 of feed) to 

guarantee sufficient feed intake. Extracts were produced by homogenizing cooled ragworms 

(Topsy Baits B.V., Wilhelminadorp, The Netherlands), using a blender. Homogenates were 

centrifuged (20min, 4500rpm) to remove solids. The extracts (the supernatant) obtained were 

diluted (8g extract WW.50ml-1), using a physiological salt solution for proper spraying and 

ensuring an even distribution of extracts on the pellets. Treated pellets were dried for 24h at 

room temperature before storage. Recipes and there composition are shown in table 6.1, 6.2 

and 6.3.  

 

Fish housing and husbandry  

Common sole, (individual weight 220 ± 45 g) reared on commercial pellets within our 

own facilities and naïve to mussel and ragworm feeding, were accommodated in 12 tanks (0.4 

m2, 130 l) receiving a continuous flow of 4 l.min-1.tank-1 of fresh filtered seawater. Husbandry 

conditions were: photoperiod 12L:12D, light intensity 11-15 lux, temperature 16.9±1.3 C, 

oxygen 8.3±0.5 mg.l-1, pH 8.1±0.1, total ammonia nitrogen (TAN) 0.3±0.2 mg.l-1, NO2
- 

0.01±0 mg.l-1, salinity 25-30ppt and flow 4.5±0.5 l.min-1, which stayed within pre-set limits. 

Temperature and oxygen content were measured daily. Flow, pH, TAN and NO2
-, were 

measured weekly.  

 

Feeding  

Fish were fed by hand twice a day (8:30 and 16:30). Dry matter (dm) content of diets 

were analysed at the start of the experiment, in order to apply equal feeding levels on dm 

basis for all diets. Feeding level was restricted and set at 0.54 g.dm.fish.d-1, which is 

approximately 85% of the maximum feeding level of a 200g sole (unpublished data). One 

hour after feeding, tanks were checked for uneaten feed. During acclimatization fish were fed 

commercial pellets (3mm, crude protein 63%, ether extract 14%, ash 12%).  
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Table 6.1: Diet formulations and inclusion level of different iron sources. 

Diet Code A B C D 

Iron source Iron sulphate Heme Iron proteinate Iron methionate 

Basal ingredients‡‡ ( %)  57.2 57.2 57.2 57.2 

Test ingredients (%):     

    Caseinea 16.38 9.00 16.35 16.35 

    Pea protein conc.b 13.00 12.70 13.00 13.00 

    Corn glutend 12.50 13.00 12.50 12.50 

    L-threoninee 0.35 0.40 0.35 0.35 

    DL-methioninf 0.16 0.30 0.16 0.12 

    L-iso leucing 0.00 0.30 0.00 0.00 

   Corn Starchh 0.27 0.86 0.28 0.34 

   Yttrium oxidew 0.02 0.02 0.02 0.02 

Iron sources      

   Bovine Hemoglobin1  -- 6.200 -- -- 

   Iron sulfate hydrate (20%)2 0.101 -- -- -- 

   Iron proteinate3 -- -- 0.127 -- 

   Iron methionate4 -- -- -- 0.106 

Check 100.00 100.00 100.00 100.00 
 

‡‡ Soy protein concentratec  12.5%, Fish meali 11%, Fish Oilj 6%, CPSP special Gk 5%, Squid meall 4%, Wheat glutenm 5%, Soyalecithinn 

0.6%, Cholesterolo 0.3%, Premix (Iron & B12 free)† 2%, Binder 1p 2%, Binder 2q 2%, Saltr, 2%, MCPs 1.5%, Binder 3t 1%, TMGu, 1%, 

Lucantin Pink v, 0.5%, Taurinx, 0.626%, Vitamin B12
y 0.19%.  aAcid casein 30/60 mesh, Lactalis, Bourgbarré, France, bRoquette Freres, 

Lestrem, France, cSoycomil R ADM Eurpoort BV, dCargill, The Netherlands, eAjinomoto Parijs France, fSumitomo Tokyo Japan, gEvonik, 

Hanau, Germany, hCgel C3401 Cargill, The Netherlands, iDanish LT fishmeal. Type LT (Triple Nine Fish Protein Esbjerg, DK), jCoppens 

International The Netherlands, kSopropeche Boulogne sur Mer, France, lSopropeche Boulogne sur Mer, France, mGluvital 21000 Cargill, 

The Netherlands, nNutripur G Cargill, Hamburg, Germany, oCholesterol SF van Dishman Netherlands BV, Veenendaal, pBinder1, qBinder2 

and tBinder3; Ingredients are not specified because of confidentiality reasons of on-going research. rAnimalfeed salt van Kloek zout The 

Netherlands, sTessenderlo Chemie Belgium, uBetafin van Danisco Animal Nutrition Marlborough UK, vBASF, Ludwigshafen Germany, 
wSigma Aldrich, USA, xTaurin, yvitamin B12 (cyanocobalamin) Rosun, Krimpen a/d Ijssel The Netherlands, 1Bovine Hemoglobin (CAS 9008-

02-0) with batchnummer 081M7002V (iron 0.31% & dm 97%), Sigma-Aldrich, USA , 2Ferromel 30: Melspring International, Velp, NL, 
3Buffermin® Iron proteinate (IFN 6-26-150) JH Biotech, Inc. Ventura, CA, USA, 4Buffermin® Methionate, JH Biotech, Inc. Ventura, CA, 

USA.. †Vitamins (mg or IU kg-1 diet): vitamin A (retinyl acetate); 2.7 mg, 9000 IU; vitamin D3 (cholecalciferol), 0.04 mg 1700 IU; vitamin 

K3 (menadione sodium bisulfite), 10 mg; vitamin B1 (thiamine), 10 mg; vitamin B2 (riboflavin), 20 mg; vitamin B6 (pyridoxine 

hydrochloride), 12 mg; folic acid, 10 mg; biotin, 0.7 mg; inositol, 800 mg; niacin, 70 mg; pantothenic acid, 30 mg, choline chloride, 1500 

mg; vitamin C, 500 mg; vitamin E, 300 mg; Minerals (g or mg kg-1 diet): Mn (manganese sulphate), 20 mg; I (potassium iodide), 1.5 mg; Cu 

(copper sulphate), 5mg; Co (cobalt sulphate), 2 mg; Cr (chromium sulphate), 2.6 mg; Mg (magnesium sulphate), 500mg; Zn (zinc sulphate) 

60 mg; Se (sodium selenite) 0.3 mg; BHT (E300-321) 100 mg; Calcium propionate 1000 mg. 
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    L-threoninee 0.35 0.40 0.35 0.35 

    DL-methioninf 0.16 0.30 0.16 0.12 

    L-iso leucing 0.00 0.30 0.00 0.00 

   Corn Starchh 0.27 0.86 0.28 0.34 
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0.6%, Cholesterolo 0.3%, Premix (Iron & B12 free)† 2%, Binder 1p 2%, Binder 2q 2%, Saltr, 2%, MCPs 1.5%, Binder 3t 1%, TMGu, 1%, 

Lucantin Pink v, 0.5%, Taurinx, 0.626%, Vitamin B12
y 0.19%.  aAcid casein 30/60 mesh, Lactalis, Bourgbarré, France, bRoquette Freres, 

Lestrem, France, cSoycomil R ADM Eurpoort BV, dCargill, The Netherlands, eAjinomoto Parijs France, fSumitomo Tokyo Japan, gEvonik, 

Hanau, Germany, hCgel C3401 Cargill, The Netherlands, iDanish LT fishmeal. Type LT (Triple Nine Fish Protein Esbjerg, DK), jCoppens 

International The Netherlands, kSopropeche Boulogne sur Mer, France, lSopropeche Boulogne sur Mer, France, mGluvital 21000 Cargill, 
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02-0) with batchnummer 081M7002V (iron 0.31% & dm 97%), Sigma-Aldrich, USA , 2Ferromel 30: Melspring International, Velp, NL, 
3Buffermin® Iron proteinate (IFN 6-26-150) JH Biotech, Inc. Ventura, CA, USA, 4Buffermin® Methionate, JH Biotech, Inc. Ventura, CA, 
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Table 6.2:  Analysed proximate composition of diet formulations. 

Iron source  Iron sulphate Heme Iron proteinate Iron methionate 

Analysed composition1 Unit         

DM  (g.kg-1) 909 913 920 917 

ASH  (g.kg-1.dm) 94 92 94 94 

CP  (g.kg-1.dm) 661 655 669 661 

EE  (g.kg-1.dm) 130 122 130 127 

CF  (g.kg-1.dm) 6.6 6.6 5.4 5.5 

NFE  (g.kg-1.dm) 17.9 37.9 22.2 30.4 

Check ---- 909 913 920 917 

GE  (MJ.kg-1) 21.2 21.1 21.5 21.3 

CP/GE    ----__ 31.1 31.0 31.1 31.0 
1DM=Dry matter, ASH=Ash, CP=Crude Protein, EE=Ether extract, CF=Crude Fibre, NFE=Nitrogen Free Extract, GE=Gross Energy. 

 

Table 6 3:  Analysed minerals and vitamin B12 of diet formulations. 

Iron source  Iron sulphate Heme Iron proteinate Iron methionate 

Analysed composition 
 

        

Vitamin B12  (ug.kg-1.dm) 1254 1150 959 1075 

Iron  (mg.kg-1.dm) 355 323 299 349 

Calcium (g.kg-1.dm) 8 8 8 8 

Sodium (g.kg-1.dm) 19 19 19 19 

Potassium (g.kg-1.dm) 6 6 6 6 

Magnesium (g.kg-1.dm) 2 2 2 2 

Copper (mg.kg-1.dm) 12 12 12 12 

Cobalt (mg.kg-1.dm) 2 2 2 2 

Chromium (mg.kg-1.dm) 5 5 4 5 

Manganese (mg.kg-1.dm) 36 35 38 38 

Molybdenum (mg.kg-1.dm) 1 1 1 1 

Zinc (mg.kg-1.dm) 119 115 121 120 
 

 

Sampling, analysis and calculations 

At the end of the experiment, all ten fish of each tank were sacrificed using an 

overdose of phenoxy ethanol (1:1000). In addition, 30 fish were sacrificed at the start of the 

experiment. After weighing, fish were sampled for faeces (n=7), liver (n=5) and blood (n=10). 

Faeces was collected six hours after the last feeding period of each tank. Therefore, the tanks 

were sequentially fed during the last feeding period. All tanks were sampled in one day in the 

same sequence as their fish had been fed during the last feeding period.  

Blood was obtained by caudal venous puncture, using a heparinized syringe 

(0.6mm/30mm needle). Blood samples were transferred into tubes and stored on ice and 
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processed within approximately 15 minutes. The Hct levels were determined by using 

capillaries and a Hct centrifuge (SpinCrit microhematocrit centrifuge, Brown, Indianapolis, 

US) to centrifuge for 5 minutes at 11,000 rpm or 5000 g. The Hb levels were determined 

using the haemiglobincyanide method described by van Kampen & Zijlstra (1961). Faeces 

samples were frozen at -80°C for further analysis. Apparent absorption coefficients (AAC’s) 

of the minerals copper (Cu), iron (Fe), manganese (Mn), zinc (Zn), cobalt (Co), chromium 

(Cr) and molybdenum (Mo) were calculated using the following formula:  

 
 

���������� (�) = 100 � (100 � � �����������
�������������

� � �������� (�)������
������� (�)����

� 

 

With: 

AAC    = Apparent absorption coefficient 

Yttrium diet   = Yttrium concentration in the diet 

Yttrium faeces  = Yttrium concentration in the faeces 

Mineral (x) faeces  = concentration of mineral (x) in faeces 

Mineral (x) diet  = concentration of mineral (x) in diet 

 

The diets were analysed for proximate composition by Nutrilab BV, Rijswijk, The 

Netherlands. Yttrium and minerals of both faeces and diet samples were analysed by the 

Chemical Biological Soil Laboratory (CBLB), Wageningen, The Netherlands, using ICP-EAS 

for Cu, Fe, Mn, Zn (Varian Vista pro radial, Agilent Technologies Inc., Santa Clara, CA 

USA) according to guidelines NPR-6425 and NEN-6966 and using ICP-MS for Co and Mo 

(Element2, Thermo Fisher Scientific, Inc., Waltham, MA USA) according to guidelines NEN-

EN-ISO 17294-1 and 17294-2). 

 

Statistical analysis 

Data were analysed for the effect of iron source using one way ANOVA. 

Homogeneity was tested using the Levene’s test. If necessary, data were transformed or tested 

using the Kruskal Wallis test. The tank was used as the experimental unit. For all tests a 

probability p<0.05 has been considered significant. When significant, means were compared 

using the Fishers LSD post hoc test.  
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Results 

 

General aspects of the experiment 

No mortality occurred and no feed refusal and spillage was observed during the 

experimental period. Therefore, the feed intake (0.54 g.dm.fish-1.d-1) was identical for all 

diets. At the end of the experiment a mistake was found, as one tank was stocked with 11 fish. 

Since the feed intake (i.e. Fe intake) was restricted and equal for all tanks, we decided to 

exclude this tank from the analyses of Hct, Hb and the hepatosomatic index (HSI), all three 

being long term effect parameters. A data analysis carried out including all tanks, however, 

revealed that the final results would not lead to major differences. We did include the tank for 

the analysis of the apparent absorption coefficients (AAC’s), as the AAC is relative and 

represents only a momentarily estimation. 

 

Source of iron 

Sole, which had been reared on commercial pellets had an average Hct level, Hb level 

and HSI of 12.5%, 19.6 g.l-1 and 1.13% respectively, at the start of the experiment (table 6.4). 

The respective values at the end of the experiment did not differ from the starting values 

(p>0.05). Moreover, none of the parameters were affected by the source of iron (p>0.05; table 

6.4).  
 

 

Table 6.4. Effect of  iron source on haematocrit (Hct), haemoglobin (Hb), the hepatosomatic index (HSI) and 

their standard deviation. 

Diet Iron Source Hct (%) Hb (g.l-1) HSI (%) 

Start t(0)        -- -- 12.5±3.2 19.6±8.1 1.13±0.27 

A Mineral iron1 13.1±0.1 20.6±0.4 1.18±0.03 

B Heme iron2 13.5±0.6 21.3±1.6 1.29±0.36 

C Iron proteinate3 13.2±0.3 21.3±1.3 1.28±0.06 

D Iron methionate4 13.8±1.9 21.1±4.2 1.23±0.11 

P value -- 0.93 0.99 0.89 
1Iron sulfate, 2Hb (haemoglobin from Bovine), 3Buffermin® Iron proteinate (IFN 6-26-150) JH Biotech, Inc. 
Ventura, CA, USA, 4Buffermin® Methionate, JH Biotech, Inc. Ventura, CA, USA. 
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Mineral absorption  

The AAC’s of iron, manganese, zinc, cobalt, chromium and molybdenum in sole were 

not affected by the iron source (table 6.5). However, the AAC of copper was affected by the 

diet and was 15-22% higher in sole fed the diet with heme as iron source (table 6.5, p<0.05).  
 
Table 6.5: The apparent absorption coefficients (AAC’s) of Cu, Fe, Mn, Zn, Co, Cr and Mo in sole fed diets with 
different iron sources.  
    Apparent absorption coefficient (%) 

Diet Source  Cu Fe Mn Zn Co Cr Mo 
 

A Fe(SO4) 1.4±3.8a 17.8±1.2 24.1±5.0 14.8±2.7 14.9±8.9 18.4±7.2 -7.1±8.2 

B Heme 22.3±3.2b 13.9±5.9 14.0±11.5 8.0±2.4 10.8±2.7 17.3±6.6 -1.7±8.7 

C Iron proteinate 6.8±2.0a 15.2±11.0 23.2±4.1 13.5±3.0 17.6±10.8 11.7±4.4 -7.4±6.5 

D Iron methionate -0.0±5.3a 13.8±1.0 25.9±4.7 11.4±5.9 23.4±12.0 17.2±8.0 -4.2±2.2 

p-value -- 0.00 0.56 0.24 0.22 0.43 0.63 0.74 

abc: Means with different superscripts are significantly different (P<0.05). 
 
 

Discussion 

In this experiment the iron absorption, varied from 13.8-17.8% (table 6.5). As far as 

we know, hitherto no other studies have determined the absorption of dietary iron in sole. 

Hence, we have no literature data to compare with. In general, the absorption efficiency of 

iron in fish is relatively low (Bury & Grosell 2003). Storebakken, Shearer, Baeverfjord, 

Nielsen, Asgard, Scott & De Laporte (2000) found AAC’s of iron in Salmon (Salmo Salar) 

living in salt water ranging from 10.6 to 14.2%. In African catfish (Clarias gariepinus), iron 

absorption varied from -35.8% to 13.6% (Leenhouwers, ter Veld, Verreth & Schrama 2007). 

In trout (Oncorhynchus mykiss) the AAC of iron, while using diets high in soybean meal, was 

extremely negative, even with phytase supplementation (Wang, Yang, Han, Dong, Yang & 

Zou 2009).  

Normally, intestinal Fe2+ uptake is higher in fish with a low iron status (i.e. anaemic 

condition). Bury et al. (2003) found a strong negative correlation between Hct and iron 

absorption in Flounder (Platichthys flesus). Standal, Dehli, Rorvik & Andersen (1999) 

determined iron absorption levels of 10%, 5% and 1% for Atlantic salmon with a low iron 

status, normal iron status and iron overloaded status, respectively. Yet, in this study, despite 

the high absorption of iron in sole, the fish stayed anaemic independent of the iron source 

(table 6.4). Moreover, the Hct and Hb values are far lower than the values achieved with 

ragworm (Kals et al. 2015a) or mussel (Kals et al. 2015b). Apparently the sole could not 

utilize the absorbed iron for stimulating erythropoiesis. Normally, in iron depleted fish, Hb is 
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a good indicator for the difference in bioavailability, respectively the absorption of iron 

between the iron sources (Andersen et al. 1997; Maage & Sveier 1998). Yet, in this 

experiment we found no difference in iron absorption as well as in the Hct and Hb values 

between the sources (table 6.5). This implies that sole, which suffer from a nutritional anemia, 

do not suffer from an iron deficiency anaemia. This supports the conclusion of our previous 

study (Kals et al. submitted). We expected that the alkaline character of the sole’s intestine 

(Clark et al. 1985; Yúfera & Darías 2007) would negatively affect the sole’s ability to absorb 

non heme iron. Yet, iron absorption on itself in relation to the iron source seems not a limiting 

factor.  

In contrast to the absorption of non heme iron, the absorption of heme iron is hardly 

influenced by the iron status of the animal (Andersen et al. 1997; Bothwell 1995; Forbes & 

Erdman 1983; Standal et al. 1999). During a low iron status (i.e. anaemia), hepcidin, the 

major regulator of iron homeostasis, is down regulated (Kals et al. submitted; Kemna, 

Tjalsma, Willems & Swinkels 2008; Kreamer and Zimmermann 2007; Muñoz, Villar & 

García-Erce 2009), which stimulates the absorption of non heme iron (Ganz 2005), but not the 

absorption of heme iron. Therefore, the down regulation of hepcidin in common sole (Kals et 

al. submitted) with low Hct levels might explain why the absorption of heme iron in this 

experiment is comparable to the absorption of the non heme iron sources tested. Normally, 

absorption of heme iron is higher than that of non heme iron and ranges from 15 to 20% 

(Standal et al.  1999). In this experiment the iron absorption was high for all sources tested. 

Therefore, our first two hypotheses that the nutritional anaemia in sole fed commercial pellets 

is due to an iron deficiency anaemia, caused by an inadequate absorption of dietary iron, have 

to be rejected.  Moreover, our third hypothesis, that an increase in iron absorption due to a 

higher bioavailability of heme and/or iron chelates will alleviate anaemia in sole, has to also 

be rejected as no significant differences in absorption of iron between sources were observed 

and the fish stayed anaemic, independent of the iron source. Consequently, our fourth 

hypothesis that the Hct and Hb levels, as sensitive indicators of a recovery from iron 

depletion, follow iron absorption patterns could not be tested.  

In this study, none of the AAC’s of the other minerals analysed, except those of 

copper, were affected by the source of iron (table 6.5). Interesting is that both, none heme iron 

and copper, need the divalent metal transporter protein 1 (DMT1) to be absorbed from the 

lumen into the enterocyte (Arredondo & Núñez 2005; Kramer & Zimmerman 2007; Kwong & 

Niyogi 2009). When dietary iron is mainly available as heme, copper has no, or less, 

competition from non heme iron using DMT1 to get absorbed. Heme is absorbed directly via 
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the specific heme carrier protein 1 (HCP1), not claiming DMT 1 capacity. Hence, the positive 

effect of heme iron on copper absorption can be explained by a reduced competitive binding 

of copper and non heme iron, both claiming DMT1 to get absorbed.  

Copper has a crucial function in the transport of iron from the enterocyte to the blood. 

Hephaestin, a transmembrane copper-dependent ferroxidase, represents a link between copper 

and iron metabolism and explains an iron deficiency anaemia associated with a copper 

deficiency (Vulpe, Kuo, Murphy, Cowley, Askwith, Libina, Gitschier & Anderson 1999). 

Without copper, iron transport from the enterocyte towards the blood is blocked. In the 

current experiment the absorption of copper is higher in sole fed heme, yet Hct and Hb did not 

respond (table 6.4 and 6.5). This probably indicates that the nutritional anaemia in sole is not 

a copper deficiency anaemia either.  

Peculiar are the negative ADC's of Molybdenum, yet not different between treatments 

(p>0.10) and not different from zero (p>0.10). Trace elements like Molybdenum often 

provide negative ADC's (Ward, Carter & Townsend 2005), which is most likely a result from 

the relatively high presence of Molybdenum in seawater (±100 nM in seawater versus ±5 nM 

in continental water (Schwarz & Belaidi 2013) and the fact that marine fish must drink to 

keep their water balance in order. 

 

Conclusions 

Iron absorption in sole is high and independent of the iron source. The use of different 

iron sources, including heme, does not affect the iron absorption neither the Hct and Hb 

values in anaemic sole. However, heme does increase the absorption of copper. The high 

absorption of iron and copper in sole fed heme does not affect the Hct and Hb values, which 

indicates that the nutritional anaemia in sole is not an iron or a copper deficiency anaemia. 

Thus, one or more other dietary components than iron or copper, which are present in mussel 

and ragworm but not in the formulated diets, are involved in the alleviation of anaemia in 

sole. 
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a good indicator for the difference in bioavailability, respectively the absorption of iron 

between the iron sources (Andersen et al. 1997; Maage & Sveier 1998). Yet, in this 

experiment we found no difference in iron absorption as well as in the Hct and Hb values 

between the sources (table 6.5). This implies that sole, which suffer from a nutritional anemia, 

do not suffer from an iron deficiency anaemia. This supports the conclusion of our previous 

study (Kals et al. submitted). We expected that the alkaline character of the sole’s intestine 

(Clark et al. 1985; Yúfera & Darías 2007) would negatively affect the sole’s ability to absorb 

non heme iron. Yet, iron absorption on itself in relation to the iron source seems not a limiting 

factor.  
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Tjalsma, Willems & Swinkels 2008; Kreamer and Zimmermann 2007; Muñoz, Villar & 

García-Erce 2009), which stimulates the absorption of non heme iron (Ganz 2005), but not the 

absorption of heme iron. Therefore, the down regulation of hepcidin in common sole (Kals et 
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and the fish stayed anaemic, independent of the iron source. Consequently, our fourth 

hypothesis that the Hct and Hb levels, as sensitive indicators of a recovery from iron 

depletion, follow iron absorption patterns could not be tested.  

In this study, none of the AAC’s of the other minerals analysed, except those of 

copper, were affected by the source of iron (table 6.5). Interesting is that both, none heme iron 

and copper, need the divalent metal transporter protein 1 (DMT1) to be absorbed from the 

lumen into the enterocyte (Arredondo & Núñez 2005; Kramer & Zimmerman 2007; Kwong & 

Niyogi 2009). When dietary iron is mainly available as heme, copper has no, or less, 

competition from non heme iron using DMT1 to get absorbed. Heme is absorbed directly via 
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the specific heme carrier protein 1 (HCP1), not claiming DMT 1 capacity. Hence, the positive 

effect of heme iron on copper absorption can be explained by a reduced competitive binding 

of copper and non heme iron, both claiming DMT1 to get absorbed.  

Copper has a crucial function in the transport of iron from the enterocyte to the blood. 

Hephaestin, a transmembrane copper-dependent ferroxidase, represents a link between copper 

and iron metabolism and explains an iron deficiency anaemia associated with a copper 

deficiency (Vulpe, Kuo, Murphy, Cowley, Askwith, Libina, Gitschier & Anderson 1999). 

Without copper, iron transport from the enterocyte towards the blood is blocked. In the 

current experiment the absorption of copper is higher in sole fed heme, yet Hct and Hb did not 

respond (table 6.4 and 6.5). This probably indicates that the nutritional anaemia in sole is not 

a copper deficiency anaemia either.  

Peculiar are the negative ADC's of Molybdenum, yet not different between treatments 

(p>0.10) and not different from zero (p>0.10). Trace elements like Molybdenum often 

provide negative ADC's (Ward, Carter & Townsend 2005), which is most likely a result from 

the relatively high presence of Molybdenum in seawater (±100 nM in seawater versus ±5 nM 

in continental water (Schwarz & Belaidi 2013) and the fact that marine fish must drink to 

keep their water balance in order. 

 

Conclusions 

Iron absorption in sole is high and independent of the iron source. The use of different 

iron sources, including heme, does not affect the iron absorption neither the Hct and Hb 

values in anaemic sole. However, heme does increase the absorption of copper. The high 

absorption of iron and copper in sole fed heme does not affect the Hct and Hb values, which 

indicates that the nutritional anaemia in sole is not an iron or a copper deficiency anaemia. 

Thus, one or more other dietary components than iron or copper, which are present in mussel 

and ragworm but not in the formulated diets, are involved in the alleviation of anaemia in 
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Abstract 

Sole fed commercial pellets develop a nutritional anaemia. This study assessed the impact 

of dietary B12 and taurine supplementation on the haematocrit (Hct) and haemoglobin (Hb) 

level and mineral absorption in anaemic sole.  

During a 23-day experimental period, anaemic sole were fed one of four diets. Diets were 

equal regarding mineral, amino acid, and macronutrient composition and were formulated, 

according to a two by two factorial design: two B12 and two taurine levels. The feeding level 

was restricted and the amount fed per fish was equal for all diets.  

Hct and Hb levels in anaemic sole are influenced by dietary B12. A “high” dietary 

level of B12 increases the Hct and Hb level with ± 20%. An increasing level of dietary taurine 

suppresses the stimulating effect of the “high” dietary level of B12. The applied B12, as well as 

taurine levels, were unable to completely alleviate the nutritional anaemia in sole. 

Nevertheless, the first hypothesis that sole needs high dietary levels of B12 to alleviate 

anaemia cannot be rejected and the second hypothesis that there is interaction between dietary 

taurine and B12, which affect Hct and Hb levels is confirmed for haemoglobin. The impact of 

B12 and taurine on Hb and Hct were not related to a change in the apparent absorption 

coefficient of iron. B12 and taurine affected the absorption of some covalent minerals in sole. 

Possibly, these changes are related to the changes in Hct and Hb, yet the mechanism is not 

clear.  
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Introduction 

Common sole (Solea, solea L.) fed commercial pellets develop a nutritional anaemia 

(Kals, Blonk, Palstra, Sobotta, Mongile, Schneider, Planas, Schrama & Verreth 2015d). 

Feeding ragworm (Nereis virens Sars) or mussel (Mytilus edulis L.) alleviates this anaemia 

within 23 days (Kals, Blonk, Mheen van der, Schrama & Verreth 2015a; Kals, Blonk, Mheen 

van der, Schrama & Verreth 2015b). This suggests that components important for the recovery 

of anaemia are present in ragworm and mussel, yet are missing in current commercial pellets.  

Anaemia is strictly defined as a decrease in red blood cell mass (Lydyard, Cole, 

Holton, Irving, Porakishvili, Venkatesan & Ward 2010) and, according to Thrall, Weiser, 

Allison and Campbell (2012), fish are anaemic when Hct levels are <20%. According to 

Wood, McMahon and McDonald (1979), the normal Hct level of flounder (Platichthys 

stellatus Pallas) is ± 25%. They diagnosed flounders with Hct levels around 8% as moderate 

anaemic and flounders with Hct levels <5% as severely anaemic. Data for Hct and/or Hb 

levels in common sole are scarce. Yet, sole grown on natural food in outdoor ponds (Zeeuwse 

Tong, Colijnsplaat, The Netherlands) showed Hct levels of 20 ± 2% for males and 22 ± 1% 

for females (Palstra, Blok, Kals, Blom, Tuinhof-Koelma, Dirks, Forlenza & Blonk 2015), 

being approximately twice as high as in sole fed commercial pellets (Kals et al. 2015a; Kals et 

al. 2015b). Following the criteria of Thrall et al. (2012), the data of Wood et al. (1979), 

Palstra et al. (2015) and the fact that within a fish species the range of Hct levels for 

normocythemia tend to be relatively narrow (Gallaugher & Farrell 1998), Hct and Hb levels 

in common sole fed commercial pellets indicate a moderate (nutritional) anaemia.  

Many nutritional factors can induce a nutritional anaemia (Kraemer & Zimmermann 

2007). Yet, a vitamin B12 deficiency could be an obvious factor responsible for the nutritional 

anaemia observed in sole fed commercial pellets. B12 is essential for erythropoiesis (Koury & 

Ponka 2004), the process which produces red blood cells. The high levels of B12 in ragworm 

(1134 to 3033 μg kg-1 dm) and in mussel (1671 μg kg-1 dm) (Kals et al. 2015b) may explain 

the ability of these diets to alleviate anaemia in sole. Consequently, mussel and ragworm are 

comparable in having high levels of B12, which are four times higher than the levels in the 

commercial pellet, and 20 to 100 times higher than the amount of B12 present in a general 

premix and the values mentioned as requirements for fish (NRC 2011).  

Uptake of B12 occurs via an active and/or passive process i.e. absorption or diffusion, 

respectively. In Kals et al. 2015b we discussed that B12 absorption depends on a low pH and 

pepsin like activity in the stomach (Pawlak, James, Raj, Cullum-Dugan & Lucus 2012; 
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Abstract 

Sole fed commercial pellets develop a nutritional anaemia. This study assessed the impact 

of dietary B12 and taurine supplementation on the haematocrit (Hct) and haemoglobin (Hb) 

level and mineral absorption in anaemic sole.  

During a 23-day experimental period, anaemic sole were fed one of four diets. Diets were 

equal regarding mineral, amino acid, and macronutrient composition and were formulated, 

according to a two by two factorial design: two B12 and two taurine levels. The feeding level 

was restricted and the amount fed per fish was equal for all diets.  

Hct and Hb levels in anaemic sole are influenced by dietary B12. A “high” dietary 

level of B12 increases the Hct and Hb level with ± 20%. An increasing level of dietary taurine 

suppresses the stimulating effect of the “high” dietary level of B12. The applied B12, as well as 

taurine levels, were unable to completely alleviate the nutritional anaemia in sole. 

Nevertheless, the first hypothesis that sole needs high dietary levels of B12 to alleviate 

anaemia cannot be rejected and the second hypothesis that there is interaction between dietary 

taurine and B12, which affect Hct and Hb levels is confirmed for haemoglobin. The impact of 

B12 and taurine on Hb and Hct were not related to a change in the apparent absorption 

coefficient of iron. B12 and taurine affected the absorption of some covalent minerals in sole. 
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Introduction 

Common sole (Solea, solea L.) fed commercial pellets develop a nutritional anaemia 

(Kals, Blonk, Palstra, Sobotta, Mongile, Schneider, Planas, Schrama & Verreth 2015d). 
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Palstra et al. (2015) and the fact that within a fish species the range of Hct levels for 

normocythemia tend to be relatively narrow (Gallaugher & Farrell 1998), Hct and Hb levels 

in common sole fed commercial pellets indicate a moderate (nutritional) anaemia.  

Many nutritional factors can induce a nutritional anaemia (Kraemer & Zimmermann 

2007). Yet, a vitamin B12 deficiency could be an obvious factor responsible for the nutritional 

anaemia observed in sole fed commercial pellets. B12 is essential for erythropoiesis (Koury & 

Ponka 2004), the process which produces red blood cells. The high levels of B12 in ragworm 

(1134 to 3033 μg kg-1 dm) and in mussel (1671 μg kg-1 dm) (Kals et al. 2015b) may explain 

the ability of these diets to alleviate anaemia in sole. Consequently, mussel and ragworm are 

comparable in having high levels of B12, which are four times higher than the levels in the 

commercial pellet, and 20 to 100 times higher than the amount of B12 present in a general 

premix and the values mentioned as requirements for fish (NRC 2011).  

Uptake of B12 occurs via an active and/or passive process i.e. absorption or diffusion, 

respectively. In Kals et al. 2015b we discussed that B12 absorption depends on a low pH and 

pepsin like activity in the stomach (Pawlak, James, Raj, Cullum-Dugan & Lucus 2012; 
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Nielsen, Rasmussen, Andersen, Nexø & Moestrup 2012). Sole lacks this pre-digestion in the 

stomach, has a low pepsin like activity and its intestine has an alkaline character (Clark, 

MacDonald & Stark 1985; Lagardere 1987; Yúfera & Darías 2007). We therefore infer that 

B12 absorption in sole is limited and do suggest that sole depends on the passive process of 

B12 diffusion. Since only 1% of the available B12 is absorbed through this process (Pawlak et 

al. 2012), sole may need high dietary levels of B12. In nature, common sole is a polychaete-

mollusc feeder (De Groot, 1971) with a limited variety of prey and high feeding specialization 

(Sa, Bexiga, Vieira, Veiga & Erzini 2003). Polychaeta (e.g. ragworm) and mollusca (e.g. 

mussel) is their main natural food. From an evolutionary perspective it seems reasonable to 

assume that the dietary requirements of sole match the nutrients provided by their natural food 

organisms (e.g. ragworm and mussel). As both ragworm and mussel contain high levels of B12 

(Kals et al. 2015b), we hypothesized that sole needs high dietary levels of B12 to alleviate or 

prevent anaemia, which is the first hypothesis of this study.  

Taurine is required for many fish species, especially marine teleost’s, including 

flatfish species like Japanese flounder Paralichthys olivaceous L., and Senegalese sole, Solea 

senegalensis (Kaup, 1858) (Salze & Davis 2015). The requirement of taurine for sole is, as far 

as we know, hitherto unknown. A deficiency of taurine can affect Hct and Hb levels (Salze & 

Davis 2015; Anand, Rajakumar, Felix & Balasubramanian 2010; Takagi, Murata, Goto, 

Hayashi, Hatate, Endo, Yamashita & Ukawa 2006; Sirdah, El-Agouza & Abu Shahla 2002). 

Ragworm contains ± 7 g kg-1 dm (own analysis), mussel contains ± 25 g kg-1 dm (Spitze, 

Wong, Rogers & Fascetti 2003) and the commercial pellet ± 3.5 g kg-1 dm (own analysis), of 

taurine. Humans suffering from pernicious anaemia, a type of B12 deficiency anaemia, often 

have taurinuria as a result of methionine being catabolised to taurine. Concomitant with this, 

the activity of the enzyme methionine synthetase, which is essential for the recycling of 

homocystein into methionine, is also reduced (Scott & Weir 1981). Treatment with B12 

stimulates the recycling of methionine (Scott & Weir 1981). The link between taurine and B12 

and the fact that taurine can affect Hct and Hb levels makes taurine a co-factor. The second 

hypothesis of this study is therefore that there is interaction between taurine and B12 regarding 

the occurrence of anaemia in sole. In addition, taurine is an organic acid that could improve 

the bioavailability of minerals. Tauson & Neil (1993) found that oral supplementation of B12 

in mink resulted in improved intestinal absorption of dietary iron. Moreover, Salze & Davis 

(2015) discuss the possibility that taurine acts as a signalling molecule. In the digestive tract 

of rats dietary taurine induces gastric acid secretion by binding to the -aminobutyric acid 

receptors (Huang, Chang, Ho, Lu & Tsai 2011). As the absorption of non heme dietary iron 
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requires the reduction of Fe3+ to Fe2+ and hence needs an acid environment, taurine could - 

next to B12 - affect iron absorption.  

Many divalent minerals have a function in erythropoiesis. As interaction mechanisms 

for the absorption of divalent minerals (e.g. Cu and Zn) are well known and also present in 

fish (Kwong & Niyogi 2009), we estimated the absorption of copper, cobalt, chromium, iron, 

manganese, molybdenum and zinc in order to evaluate the effect of both oral vitamin B12 and 

taurine supplementation on the mineral absorption in common sole.  

To summarize, in this study we tested two hypotheses; 1) sole needs high dietary 

levels of B12 to alleviate or prevent anaemia; 2) there is interaction between dietary taurine 

and B12, which affect Hct and Hb levels. In addition it was assessed if B12 and taurine affect 

mineral absorption in sole.  

 

Material and methods 

This experiment was approved by the ethical Committee for Animal Experiments and 

conducted at IMARES, The Netherlands. 

 

Fish housing and husbandry  

This experiment assessed the impact of dietary vitamin B12 and taurine 

supplementation on the alleviation of nutritional anaemia in common sole. Therefore, this 

experiment was carried out with anaemic sole. Anaemic common sole, (individual weight 220 

± 43 g) reared on commercial pellets within our own facilities, and naïve to mussel and 

ragworm feeding were accommodated in 12 tanks integrated in a flow through system at a 

density of 10 fish per tank. Every tank (0.4 m2, 130 L) received a continuous flow of 4 L min-

1 tank-1 of fresh filtered seawater. Husbandry conditions were: photoperiod 12L:12D, light 

intensity 11-15 lx, temperature 16.9 ± 1.3 C, oxygen 8.3 ± 0.5 mg L-1, pH 8.1 ± 0.1, total 

ammonia nitrogen (TAN) 0.3 ± 0.2 mg L-1, NO2
- 0.01 ± 0 mg L-1, salinity 25-30ppt and flow 

4.5 ± 0.5 L min-1, which stayed within pre-set limits. Temperature and oxygen were measured 

daily. Flow, pH, TAN and NO2
-, were measured weekly.  

 

Experimental design, diets and preparation 

The experiment consisted of a 7-day acclimatisation and a 23-day experimental period 

as sole fed ragworm does recover from a nutritional anaemia within 23 days (Kals et al. 

2015a). During acclimatization fish were fed the commercial pellet (3mm, crude protein 63%, 
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(2015) discuss the possibility that taurine acts as a signalling molecule. In the digestive tract 

of rats dietary taurine induces gastric acid secretion by binding to the -aminobutyric acid 
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requires the reduction of Fe3+ to Fe2+ and hence needs an acid environment, taurine could - 
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Many divalent minerals have a function in erythropoiesis. As interaction mechanisms 

for the absorption of divalent minerals (e.g. Cu and Zn) are well known and also present in 

fish (Kwong & Niyogi 2009), we estimated the absorption of copper, cobalt, chromium, iron, 

manganese, molybdenum and zinc in order to evaluate the effect of both oral vitamin B12 and 

taurine supplementation on the mineral absorption in common sole.  

To summarize, in this study we tested two hypotheses; 1) sole needs high dietary 

levels of B12 to alleviate or prevent anaemia; 2) there is interaction between dietary taurine 

and B12, which affect Hct and Hb levels. In addition it was assessed if B12 and taurine affect 

mineral absorption in sole.  
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This experiment assessed the impact of dietary vitamin B12 and taurine 

supplementation on the alleviation of nutritional anaemia in common sole. Therefore, this 

experiment was carried out with anaemic sole. Anaemic common sole, (individual weight 220 

± 43 g) reared on commercial pellets within our own facilities, and naïve to mussel and 

ragworm feeding were accommodated in 12 tanks integrated in a flow through system at a 

density of 10 fish per tank. Every tank (0.4 m2, 130 L) received a continuous flow of 4 L min-

1 tank-1 of fresh filtered seawater. Husbandry conditions were: photoperiod 12L:12D, light 
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daily. Flow, pH, TAN and NO2
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The experiment consisted of a 7-day acclimatisation and a 23-day experimental period 

as sole fed ragworm does recover from a nutritional anaemia within 23 days (Kals et al. 

2015a). During acclimatization fish were fed the commercial pellet (3mm, crude protein 63%, 
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ether extract 14%, ash 12%, iron ± 250 mg kg-1, copper ± 13 mg kg-1, B12 ± 338 ug kg-1, 

taurine 3.5 g kg dm-1). During the experimental period sole were fed one of four diets, 

according to a 2 by 2 factorial design: 2 vitamin B12 levels and 2 taurine levels. Diets were 

tested in triplicate, giving 12 experimental units, with 10 fish per tank adding up to 120 fish in 

total.  

 “High” vitamin B12
 and taurine levels were 1.9 mg kg dm-1 and 7.6 g kg dm-1, 

respectively, which are the levels analysed in ragworm (unpublished data). “Low” vitamin B12 

and taurine levels were 0.34 mg kg dm-1 and 3.5 g kg dm-1, respectively, these being equal to 

levels analysed in the commercial pellet (unpublished data). Accordingly, the high and low 

levels of B12 and taurine are the levels analysed in ragworm vs. the levels analysed in the 

commercial pellet. The total dietary iron content was formulated to be equal to the iron 

content analysed in ragworm (352 mg kg-1 dm; Kals et al. 2015b), being above the iron 

requirements of fish (NRC 2011). Moreover, to be able to properly test the effect of B12 and 

taurine levels on Hct and Hb it is important to use an iron source securing the availability of 

dietary iron is not limited. The bioavailability of heme iron in general is superior to that of 

non heme iron (Andersen, Lorentzen, Waagbø & Maage 1997; Bury, Walker & Glover 2003; 

Kraemer & Zimmermann 2007; Maage & Sveier 1998; Miret, Simpson & McKie 2003). 

Therefore, we chose for heme iron as the dietary iron source in the experimental diets. In 

addition, iron in mussel and ragworm is mostly heme iron in its undenatured state 

(Vinogradov, Sharma & Walz 1991). Hence, the diets were prepared through cold extrusion 

in cooperation with Research Diet Services (RDS, Wijk bij Duurstede, The Netherlands). 

Cold extrusion was used to keep heme iron in its undenatured state as heme iron is sensitive to 

heat (Lombardi-Boccia, Martinez-Dominguez & Aguzzi 2002). For the rest the experimental 

diets were identical and therefore isonitrogenous, isoenergetic and equal in amino acids, 

calcium and phosphate. Yttrium oxide was used as an inert marker for the determination of 

mineral absorption.  

All diets were treated with a ragworm extract (8 g WW kg-1 or 1.4 g dm kg -1 of feed) 

to guarantee sufficient feed intake. Extracts were produced by homogenizing cooled 

ragworms (Topsy Baits B.V, Wilhelminadorp, The Netherlands) using a blender. 

Homogenates were centrifuged (20min, 5000 g) to remove solids. The extracts (the 

supernatant) obtained were diluted (8 g extract WW 50 ml-1) using a physiological salt 

solution for proper spraying to ensure an even distribution of extracts on the pellets. Treated 

pellets were dried for 24h at room temperature before storage. The addition of a ragworm 
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extract does not affect Hct values in sole (Kals et al. 2015b). Diets were stored in a cool and 

dry place. Recipes and their analysed composition are shown in table 7.1, 7.2 and 7.3.  

 
Table 7.1 Diet formulations, inclusion level of different factors and composition. 

                                                Diets    

Diet Code  (HB12-HTau) (LB12-HTau) (HB12-LTau) (LB12-LTau) 

Iron source 
 

                                                Heme 

Vitamin B12 H L H L 

Taurine (Tau) H H L L 

Basal ingredients‡‡ ( %) 85.6 85.6 85.6 85.6 

Test ingredients (%):     

    Pea protein conc.b 12.70 12.70 13.00 13.00 

   Corn Starchh 0.86 1.03 0.98 1.14 

   Yttrium oxidew 0.02 0.02 0.02 0.02 

   Taurine1 0.626 0.626 0.210 0.210 

   Vitamin B12
2 0.190 0.028 0.190 0.028 

Check 100.00 100.00 100.00 100.00 
HB12-HTau=high B12, high taurine, LB12-HTau= low B12, high taurine, HB12-LTau=high B12, low taurine, LB12-LTau=lowB12, low 

taurine. H=high, L= low. ‡‡ Basal ingredients: Caseinea
,
 9%, Soy protein conc, 12.5%, Corn glutend 13.5%, L-threoninee 0.4%, DL-

methioninf 0.3% L-iso leucing 0.3%, Fish meali 11%, Fish Oilj  6%, CPSP special Gk 5%, Squid meall  4%, Wheat glutenm 5%, Soyalecithinn  

0.6%, Cholesterolo 0.3%, Premix (Iron & B12 free)† 2%, Binder 1p 2%, Binder 2q 2%, Saltr 2%, MCPs 1.5%,  Binder 3t 1%, TMGu 1%, 

Lucantin Pinkv 0.5%. Bovine Hemoglobin3    aAcid casein 30/60 mesh, Lactalis, Bourgbarré, France, bRoquette Freres, Lestrem, France, 
cSoycomil R ADM Eurpoort BV, dCargill, Bergen op Zoom, The Netherlands, eAjinomoto Parijs France, fSumitomo Tokyo Japan, gEvonik, 

Hanau, Germany, hCgel C3401 Cargill Bergen op Zoom The Netherlands, iDanish LT fishmeal. Type LT (Triple Nine Fish Protein Esbjerg, 

DK), jCoppens International The Netherlands, kSopropeche Boulogne sur Mer, France, lSopropeche Boulogne sur Mer, France, mGluvital 

21000  Cargill Bergen op Zoom The Netherlands, nNutripur G Cargill, Hamburg, Germany, oCholesterol SF van Dishman Netherlands BV, 

Veenendaal, pBinder1, qBinder2 and  tBinder3; Ingredients are not specified because of confidentiality reasons of on-going research. 
rAnimalfeed salt van Kloek zout The Netherlands, sTessenderlo Chemie Belgium,  uBetafin van Danisco Animal Nutrition Marlborough UK, 
vBASF, Ludwigshafen Germany, wSigma Aldrich, USA, 1Taurine, 2vitamin B12 (cyanocobalamin) Rosun, Krimpen a/d Ijssel The Netherlands, 
3Bovine Hemoglobin (CAS 9008-02-0) with batchnummer 081M7002V (iron 0.31% & dm 97%), Sigma-Aldrich, USA. †Vitamins (mg or IU 

kg-1 diet): vitamin A (retinyl acetate); 2.7 mg, 9000 IU; vitamin D3 (cholecalciferol), 0.04 mg 1700 IU; vitamin K3 ((menadione sodium 

bisulfite), 10 mg; vitamin B1 (thiamine), 10 mg; vitamin B2 (riboflavin), 20 mg; vitamin B6 (pyridoxine hydrochloride), 12 mg; folic acid, 10 

mg; biotin, 0.7 mg; inositol, 800 mg; niacin, 70 mg; pantothenic acid, 30 mg, choline chloride, 1500 mg; vitamin C, 500 mg; vitamin E, 300 

mg; Minerals (g or mg kg-1 diet): Mn (manganese sulphate), 20 mg; I (potassium iodide), 1.5 mg; Cu (copper sulphate), 5mg; Co (cobalt 

sulphate), 2 mg; Cr (chromium  sulphate), 2.6 mg;  Mg (magnesium sulphate), 500mg; Zn (zinc sulphate) 60 mg; Se (sodium selenite) 0.3 

mg; BHT (E300-321) 100 mg; Calcium propionate 1000 mg. 
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ether extract 14%, ash 12%, iron ± 250 mg kg-1, copper ± 13 mg kg-1, B12 ± 338 ug kg-1, 

taurine 3.5 g kg dm-1). During the experimental period sole were fed one of four diets, 
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tested in triplicate, giving 12 experimental units, with 10 fish per tank adding up to 120 fish in 

total.  
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respectively, which are the levels analysed in ragworm (unpublished data). “Low” vitamin B12 
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diets were identical and therefore isonitrogenous, isoenergetic and equal in amino acids, 

calcium and phosphate. Yttrium oxide was used as an inert marker for the determination of 

mineral absorption.  

All diets were treated with a ragworm extract (8 g WW kg-1 or 1.4 g dm kg -1 of feed) 

to guarantee sufficient feed intake. Extracts were produced by homogenizing cooled 

ragworms (Topsy Baits B.V, Wilhelminadorp, The Netherlands) using a blender. 

Homogenates were centrifuged (20min, 5000 g) to remove solids. The extracts (the 
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Table 7.2 Analysed proximate composition of diet formulations. 

Diet Code  
 (HB12-HTau) (LB12-HTau) (HB12-LTau) (LB12-LTau) 

Analysed composition a Unit 
DM (g kg-1) 913 916 917 913 
ASH (g kg-1 dm) 92.0 91.7 90.5 93.1 
CP (g kg-1 dm) 655 658 655 658 
EE (g kg-1 dm) 122 125 123 125 
CF (g kg-1 dm) 6.6 5.5 5.5 7.7 
NFE (g kg-1 dm) 37.9 36.1 42.4 22.6 
GE (MJ Kg-1) 21.1 21.2 21.2 21.2 
CP/GE  31.0 31.0 30.9 31.1 

a DM= dry matter, ASH= ash, CP= crude protein, EE= ether extract, CF= crude fibre, NFE = nitrogen free extract, GE= gross energy. 

HB12-HTau=high B12, high taurine, LB12-HTau= low B12, high taurine, HB12-LTau=high B12, low taurine, LB12-LTau=lowB12, low taurine. 

H=high, L= low. 

 

Table 7.3 Analysed minerals and vitamin B12 of diet formulations. 

Diet   
(HB12-HTau) (LB12-HTau) (HB12-LTau) (LB12-LTau) 

Analysed composition Unit         

Vitamin B12  (ug kg-1 dm) 1150 175 1330 177 

Iron  (mg kg-1 dm) 323 316 320 340 

Calcium (g kg-1 dm) 8.0 7.5 7.9 7.6 

Sodium (g kg-1 dm) 18.8 18.8 17.3 18.5 

Potassium (g kg-1 dm) 6.1 6.1 6.3 6.1 

Magnesium (g kg-1 dm) 1.6 1.6 1.7 1.6 

Copper (mg kg-1 dm) 11.8 11.5 11.9 11.5 

Cobalt (mg kg-1 dm) 2.2 2.1 2.4 2.3 

Chromium (mg kg-1 dm) 5.5 4.7 5.1 5.1 

Manganese (mg kg-1 dm) 35 36 37 38 

Molybdenum (mg kg-1 dm) 0.9 0.8 0.9 0.8 

Zinc (mg kg-1 dm) 115 112 119 115 

HB12-HTau=high B12, high taurine, LB12-HTau= low B12, high taurine, HB12-LTau=high B12, low taurine, LB12
-LTau=lowB12, low taurine. 

H=high, L= low.  

 

Feeding  

Fish were fed by hand twice a day (8:30 and 16:30). Dry matter (dm) content of diets 

were analysed at the start of the experiment, in order to apply equal feeding levels on dm 

basis for all diets. Feeding level was restricted and set at 0.54 g dm per fish d-1, which is 

approximately 85% of the maximum feeding level of a 200 g sole (unpublished data). 1 h 

after feeding, tanks were checked for uneaten feed.  
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Sampling, analysis, measurements and calculations 

After acclimatisation, the start of the experimental period, 30 fish were sacrificed to 

provide start values for Hb, Hct and HSI. At the end of the experiment, all ten fish of each 

tank were sacrificed using an overdose of phenoxy ethanol (1:1000). After weighing, all fish 

were sampled for blood. For each tank, after blood sampling, faeces were collected from 

seven fish and livers to calculate the HSI from five fish. Faeces were collected from the 

hindgut by dissection 6 hours after the last feeding period of each tank. Therefore, the tanks 

were sequentially fed during the last feeding period. All tanks were sampled in one day in the 

same sequence as their fish had been fed during the last feeding period.  

Blood was obtained by caudal venous puncture using a heparinized syringe 

(0.6mm/30mm needle). Blood samples were transferred into tubes and stored on ice and 

processed within approximately 15 minutes. The Hct levels were determined by using 

capillaries and a Hct centrifuge (SpinCrit microhematocrit centrifuge, Brown, Indianapolis, 

US) to centrifuge for 5 minutes at 5000 g. The Hb levels were determined using the method 

described by van Kampen & Zijlstra (1961). Faeces samples were frozen at -80°C for further 

analysis. Apparent absorption coefficients (AAC’s) of copper (Cu), iron (Fe), manganese 

(Mn), zinc (Zn), cobalt (Co), chromium (Cr) and molybdenum (Mo) were calculated using the 

following formula:  
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With: 

AAC    = Apparent absorption coefficient 

Yttrium diet   = Yttrium concentration in the diet 

Yttrium faeces   = Yttrium concentration in the faeces 

Mineral (x) faeces  = concentration of mineral (x) in faeces 

Mineral (x) diet  = concentration of mineral (x) in diet 

 

 

The diets were analysed for proximate composition by Nutrilab BV, Rijswijk, The 

Netherlands. Yttrium and minerals of both faeces and diet samples were analysed by the 

Chemical Biological Soil Laboratory (CBLB), Wageningen, The Netherlands, using ICP-EAS 
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for Cu, Fe, Mn, Zn (Varian Vista pro radial, Agilent Technologies Inc., Santa Clara, CA 

USA) according to guidelines NPR-6425 and NEN-6966 and using ICP-MS for Co and Mo 

(Element2, Thermo Fisher Scientific, Inc., Waltham, MA USA) according to guidelines NEN-

EN-ISO 17294-1 and 17,294–2. 

 

Statistical analysis 

Data were analysed by 2-way ANOVA for the effect of vitamin B12 level, taurine level 

and their interaction. Homogeneity was tested using the Levene’s test. If necessary, data was 

transformed. The tank was used as the experimental unit. For all tests a probability p<0.05 has 

been considered significant.  

 

Results 

General aspects of the experiment 

No mortality occurred and no feed refusal or spillage was observed during the 

experimental period. Consequently, feed intake (0.54 g dm fish d-1) was identical for all diets. 

At the end of the experiment a mistake was found, as one tank was stocked with 9 fish. Since 

the feed intake was restricted and equal for all tanks, we decided to exclude this tank from the 

analyses of Hct, Hb and the hepatosomatic index (HSI), all three being long term effect 

parameters. However, data analysis carried out including the tank with 9 fish, revealed that 

the results regarding the Hct, Hb and the HSI would not lead to major differences. We did 

include the tank with 9 fish for the analysis of the apparent absorption coefficients (AAC’s), 

as the AAC is relative and represents only a momentarily estimation. 

 

Vitamin B12 and taurine 

This experiment was carried out with anaemic sole. At the start of the experimental 

period, sole had on average a haematocrit (Hct) level of 12.5%, a haemoglobin (Hb) level 

19.6 g l-1 and a hepatosomatic index (HSI) 1.13% (table 7.4).  

At the end of the experimental period, Hb was affected by B12 (p<0.05, table 7.4). 

However, this B12 effect was dependent on the dietary taurine level, indicated by a significant 

interaction effect (P<0.05). At the “high” dietary taurine level, there was no difference in Hb 

level in sole fed the diets with different B12 levels, whereas at the “low” level taurine diets, 

increasing the dietary B12 level resulted in a higher Hb level. Hct levels were also higher in 

sole fed diets with a “high” level of B12 (p<0.05, table 7.4). Hct tended (P<0.10) to be affected 
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by the interaction effect of B12 and taurine supplementation. Numerically, the pattern in Hct 

between the four experimental diets was identical to the pattern in Hb (table 7.4). Final Hb as 

well as Hct levels were highest in sole fed the diet with the “high” B12 level and the “low” 

taurine level (Table 7.4). The HSI was unaffected by any of the dietary treatments (p>0.05; 

table 7.4).  
 

 

Table 7.4 Effect of the different diets on haematocrit (Hct), haemoglobin (Hb) and hepatosomatic index (HSI). 

Diet  Hct (%) Hb (g.l-1) HSI 

Start t(0) 12.5±3.2 19.6±8.1 1.13±0.27 

(HB12-HTau) 13.5±0.6 21.3±1.6 1.29±0.36 

(LB12-HTau) 13.1±1.1 21.1±2.2 1.34±0.04 

(HB12-LTau) 15.0±1.8 23.0±1.4 1.18±0.13 

(LB12-LTau) 11.9±0.6 17.6±1.3 1.30±0.28 

P value’s    

Vitamin B12 0.038 0.025 0.543 

Taurine 0.899 0.378 0.590 

Vitamin B12*taurine 0.086 0.031 0.829 

HB12-HTau=high B12, high taurine, LB12-HTau= low B12, high taurine, HB12-LTau=high B12, low taurine, LB12-LTau=lowB12, low taurine. 

H=high, L= low. #NA is not applicable. 

 

 

Mineral absorption 

Dietary taurine as well as B12 levels did not influence the apparent absorption 

coefficients (AAC’s) of Fe. Similarly also the AAC of Cu, Mn and Mo were not different 

between the dietary treatments. The AAC of chromium in sole was affected by dietary B12 

level (p<0.05; table 7.5). At the “high” dietary B12 level the AAC of chromium was higher. 

Dietary taurine level negatively affected the AAC of cobalt (p<0.05; table 7.5). The AAC of 

zinc was affected by the interaction effect between taurine and B12 (P<0.01). In sole fed the 

diet with a “low” taurine and a “high” B12 level, the AAC of Zn was the highest, while the 

AAC of Zn was similar at the other dietary treatments (Table 7.5).  
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Table 7.5 The apparent absorption coefficients of Cu, Fe, Mn, Zn, Co, Cr and Mo in sole fed diets with heme, 
varying in high or low dietary B12 and taurine.  
Apparent absorption coefficient (%) 

Diet   Cu Fe Mn Zn Co Cr Mo 

(HB12-HTau)   22.3±3.2 13.9±5.9 14.0±11.5 8.0±2.4 10.8±2.7 17.3±6.6 -1.7±8.7 

(LB12-HTau)   17.1±6.7 9.3±1.4 18.9±8.8 12.6±4.0 15.5±4.4 7.4±5.4 -4.8±13.9 

(HB12-LTau)   15.2±17.2 13.8±1.4 14.9±2.0 19.0±0.9 25.6±5.5 19.9±6.2 -2.1±3.7 

(LB12-LTau)   12.8±2.0 14.9±3.9 17.5±5.7 10.7±4.2 30.1±2.5 6.6±9.0 -0.7±13.1 

p-values  

Vitamin B12 0.72 0.38 0.43 0.34 0.08 0.01 0.90 

Taurine 0.69 0.17 0.96 0.04 0 0.82 0.77 

VitaminB12*Taurine 0.10 0.21 0.80 0.01 0.95 0.65 0.73 
HB12-HTau=high B12, high taurine, LB12-HTau= low B12, high taurine, HB12-LTau=high B12, low taurine, LB12-LTau=lowB12, low taurine. 

H=high, L= low. 
 

 

Discussion 

A “high” dietary level of B12 caused a rise in Hct and Hb levels in sole (table 7.4). B12 

absorption takes place via an active and/or the passive process of diffusion. In relation with 

the first hypothesis, we assumed that sole depends on the passive process of diffusion and that 

the active process of B12 absorption became rudimentary over time due to the high B12 levels 

of their natural diet. When, only ± 1% of the free B12 is absorbed through diffusion (Pawlak et 

al. 2012), sole may need high dietary levels of B12 to reach their requirements. When 

commercial feeds with dietary B12 levels far below those of ragworm (1134 to 3033 μg kg-1 

dm) or mussel (1671 μg kg-1 dm) (Kals et al. 2015b) are fed to sole, their B12 uptake might 

remain below their requirements to prevent anaemia. 

 The suppressing effect of the “high” dietary taurine level on the stimulating effect of 

the “high” dietary level of B12 on Hct and Hb levels was not expected as the “high” taurine 

level is equal to the levels analysed in ragworm. Moreover, taurine levels in mussel are even 

three times higher, while mussel and ragworm are equally capable to alleviate anaemia in sole 

(Kals et al. 2015b). According to Salze & Davis, 2015; Anand et al. 2010; Takagi et al. 2006; 

Sirdah et al. 2002, fish being deficient of taurine are associated with decreasing Hct levels 

(haemolytic anaemia). Looking at the taurine levels analysed in mussel, it is unlikely that the 

“high” taurine level chosen in the current study is too high for sole. Therefore, at this moment 

we cannot explain the suppressing effect of the “high” dietary level of taurine on the 

stimulating effect of the “high” dietary level of B12 on Hct and Hb in sole. 

Previous studies show the nutritional anaemia in sole fed commercial pellets could be 

alleviated by feeding ragworm (Kals et al. 2015a) or mussel (Kals et al. 2015b). Yet, using 
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comparable levels of B12, even though the effect of dietary B12 on the Hct and Hb level in 

anaemic sole is present, the increase was limited (only ± 20%). Consequently, sole fed the 

experimental diet with a “high” dietary level of B12 and a “low” level of taurine could still be 

considered (moderately) anaemic. Therefore, one can question if B12 and taurine are the 

compounds from ragworm and mussel that play a role in the alleviation of the nutritional 

anaemia in sole. Accordingly, it is likely that one or more other dietary components which are 

present in mussel and ragworm, but not in the formulated diets, are involved in the alleviation 

of nutritional anaemia in sole. Nevertheless, the first hypothesis cannot be rejected and the 

second hypothesis is confirmed for haemoglobin. 

Absorption of zinc (Zn) is positively affected by a “low” dietary level of taurine. This 

effect is stimulated in combination with a “high” dietary B12 level (table 7.5). Zn has an 

important role in erythrocyte or red blood cell development (Kukita, Kukita, Ouchida, Maeda, 

Yatsuki & Kohashi 1999). Therefore, assuming Zn was not abundantly present in the sole’s 

tissue, it is expected that the absorption will rise when erythrocyte production is stimulated. In 

addition, we believe that an increase in Hct and Hb will stimulate the production of super 

oxide dismutase (SOD), a major antioxidant in red blood cells, containing Zn and copper (Cu) 

(Salo, Lin, Pacifici & Davies 1988). The increased Hct and Hb levels will thus lead to an 

increase in demand for Cu and Zn. The absorption of Cu was high due to heme as the dietary 

iron source (Kals, Blonk, Mheen van der, Schrama & Verreth 2015c). In Kals et al. 2015c we 

described that the high absorption of both iron and copper in sole fed heme iron did not affect 

the Hct and Hb levels and subsequently concluded that the nutritional anaemia in sole is not 

an iron or a copper deficiency anaemia. In this study the impact of B12 and taurine on the Hb 

and Hct level in anaemic sole were not related to a change in the apparent absorption 

coefficient of iron and or copper. 

Cobalt (Co) is part of vitamin B12 (4% on weight basis) and as such an essential 

mineral for all animals. In most fish species, B12 requirements are low (<0.05 mg kg-1) or not 

required due to sufficient production by the intestinal flora (NRC 2011), but this only valid 

when sufficient dietary Co is present. Moreover, Co plays a role in an enzyme involved in 

endothelial cell proliferation (Griffith, Su, Turk, Chen Chang, Wu, Biemann & Liu 1997). 

This enzyme also interacts with eukaryotic initiation factor 2, a protein necessary for protein 

synthesis in general (Wu, Rehemtulla, Gupta & Kaufman 1996). The absorption of Co is 

higher in diets with “low” dietary taurine levels. This seems logical as “high” dietary taurine 

suppresses Hct and Hb. Yet, Co absorption is also high in sole fed the diet with low B12, 

which we cannot explain. 
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Table 7.5 The apparent absorption coefficients of Cu, Fe, Mn, Zn, Co, Cr and Mo in sole fed diets with heme, 
varying in high or low dietary B12 and taurine.  
Apparent absorption coefficient (%) 

Diet   Cu Fe Mn Zn Co Cr Mo 

(HB12-HTau)   22.3±3.2 13.9±5.9 14.0±11.5 8.0±2.4 10.8±2.7 17.3±6.6 -1.7±8.7 

(LB12-HTau)   17.1±6.7 9.3±1.4 18.9±8.8 12.6±4.0 15.5±4.4 7.4±5.4 -4.8±13.9 

(HB12-LTau)   15.2±17.2 13.8±1.4 14.9±2.0 19.0±0.9 25.6±5.5 19.9±6.2 -2.1±3.7 

(LB12-LTau)   12.8±2.0 14.9±3.9 17.5±5.7 10.7±4.2 30.1±2.5 6.6±9.0 -0.7±13.1 

p-values  

Vitamin B12 0.72 0.38 0.43 0.34 0.08 0.01 0.90 

Taurine 0.69 0.17 0.96 0.04 0 0.82 0.77 

VitaminB12*Taurine 0.10 0.21 0.80 0.01 0.95 0.65 0.73 
HB12-HTau=high B12, high taurine, LB12-HTau= low B12, high taurine, HB12-LTau=high B12, low taurine, LB12-LTau=lowB12, low taurine. 

H=high, L= low. 
 

 

Discussion 
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the first hypothesis, we assumed that sole depends on the passive process of diffusion and that 

the active process of B12 absorption became rudimentary over time due to the high B12 levels 

of their natural diet. When, only ± 1% of the free B12 is absorbed through diffusion (Pawlak et 

al. 2012), sole may need high dietary levels of B12 to reach their requirements. When 

commercial feeds with dietary B12 levels far below those of ragworm (1134 to 3033 μg kg-1 

dm) or mussel (1671 μg kg-1 dm) (Kals et al. 2015b) are fed to sole, their B12 uptake might 
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 The suppressing effect of the “high” dietary taurine level on the stimulating effect of 

the “high” dietary level of B12 on Hct and Hb levels was not expected as the “high” taurine 

level is equal to the levels analysed in ragworm. Moreover, taurine levels in mussel are even 
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(Kals et al. 2015b). According to Salze & Davis, 2015; Anand et al. 2010; Takagi et al. 2006; 

Sirdah et al. 2002, fish being deficient of taurine are associated with decreasing Hct levels 

(haemolytic anaemia). Looking at the taurine levels analysed in mussel, it is unlikely that the 

“high” taurine level chosen in the current study is too high for sole. Therefore, at this moment 

we cannot explain the suppressing effect of the “high” dietary level of taurine on the 

stimulating effect of the “high” dietary level of B12 on Hct and Hb in sole. 

Previous studies show the nutritional anaemia in sole fed commercial pellets could be 

alleviated by feeding ragworm (Kals et al. 2015a) or mussel (Kals et al. 2015b). Yet, using 
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comparable levels of B12, even though the effect of dietary B12 on the Hct and Hb level in 

anaemic sole is present, the increase was limited (only ± 20%). Consequently, sole fed the 
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compounds from ragworm and mussel that play a role in the alleviation of the nutritional 
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present in mussel and ragworm, but not in the formulated diets, are involved in the alleviation 

of nutritional anaemia in sole. Nevertheless, the first hypothesis cannot be rejected and the 

second hypothesis is confirmed for haemoglobin. 
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effect is stimulated in combination with a “high” dietary B12 level (table 7.5). Zn has an 
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Yatsuki & Kohashi 1999). Therefore, assuming Zn was not abundantly present in the sole’s 
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addition, we believe that an increase in Hct and Hb will stimulate the production of super 

oxide dismutase (SOD), a major antioxidant in red blood cells, containing Zn and copper (Cu) 

(Salo, Lin, Pacifici & Davies 1988). The increased Hct and Hb levels will thus lead to an 

increase in demand for Cu and Zn. The absorption of Cu was high due to heme as the dietary 

iron source (Kals, Blonk, Mheen van der, Schrama & Verreth 2015c). In Kals et al. 2015c we 

described that the high absorption of both iron and copper in sole fed heme iron did not affect 

the Hct and Hb levels and subsequently concluded that the nutritional anaemia in sole is not 

an iron or a copper deficiency anaemia. In this study the impact of B12 and taurine on the Hb 

and Hct level in anaemic sole were not related to a change in the apparent absorption 

coefficient of iron and or copper. 

Cobalt (Co) is part of vitamin B12 (4% on weight basis) and as such an essential 

mineral for all animals. In most fish species, B12 requirements are low (<0.05 mg kg-1) or not 

required due to sufficient production by the intestinal flora (NRC 2011), but this only valid 

when sufficient dietary Co is present. Moreover, Co plays a role in an enzyme involved in 

endothelial cell proliferation (Griffith, Su, Turk, Chen Chang, Wu, Biemann & Liu 1997). 

This enzyme also interacts with eukaryotic initiation factor 2, a protein necessary for protein 

synthesis in general (Wu, Rehemtulla, Gupta & Kaufman 1996). The absorption of Co is 

higher in diets with “low” dietary taurine levels. This seems logical as “high” dietary taurine 

suppresses Hct and Hb. Yet, Co absorption is also high in sole fed the diet with low B12, 

which we cannot explain. 
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Chromium (Cr) participates in gene expression by binding to chromatin, causing an 

increase in RNA synthesis (Pechova & Pavlata 2007). Hence, when red blood cell production 

is stimulated by a “high” dietary level of B12 and assuming Cr was not abundant present in the 

sole’s tissue, a rise in absorption of chromium, seems logical. 

Peculiar are the negative AAC's of Molybdenum being not different between 

treatments (p>0.10) and not different from zero (p>0.10) and comparable to data found in 

Kals et al. 2015c. Trace elements like Molybdenum often provide negative AAC's (Ward, 

Carter & Townsend 2005), which most likely results from the relatively high presence of 

Molybdenum in seawater (± 100 nM in seawater versus ± 5 nM in continental water (Schwarz 

& Belaidi 2013) and from the fact that marine fish must drink to keep their water balance in 

order. 

 

Conclusions 

Hct and Hb levels in anaemic sole are influenced by dietary B12. A “high” dietary 

level of B12 increases the Hct and Hb level with ± 20%. This impact of dietary B12 is however 

influenced by the dietary taurine level. An increasing level of dietary taurine suppresses the 

stimulating effect of the “high” dietary level of B12 on Hct and Hb in anaemic sole. The 

applied B12 levels as well as taurine levels were unable to completely alleviate the nutritional 

anaemia in sole induced by feeding commercial pellets. Nevertheless, the first hypothesis 

cannot be rejected and the second hypothesis is confirmed for haemoglobin. The impact of 

B12 and taurine on Hb and Hct were not related to a change in the AAC of Fe. B12 and taurine 

affected the absorption of some covalent minerals in sole. Possibly, these changes are related 

to the changes in Hct and Hb, yet when related cause and effect are not clear.  
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General Discussion 
 

 

 

 

Aim of the study 

Before the start of this PhD study, we did some exploratory experiments to sharpen 

our hypotheses. During these trials, we became aware that common sole (Solea solea L.) 

develops an anaemia when fed commercial pellets. When the diet of sole was changed from 
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nutritional anaemia and validated that feeding ragworm to sole, alleviates this nutritional 

anaemia. Moreover, the addition of ragworm extract to the commercial pellet improves the 

feed intake to the same level as in sole fed with ragworm, but has only a limited effect on 

growth and does not improve the anaemic state of these sole. The findings described in 

chapter 2 to 4 suggest a mismatch between the requirements of sole and the dietary 

composition of the commercial pellets.  

Many nutritional factors can contribute to a nutritional anemia. However, the dietary 

levels of crude protein, ether extract, amino acids, phosphorus and calcium do not explain the 

difference in haematocrit (Hct) levels between sole fed ragworm or pellets (chapter 5). 

Moreover, excessive intake of milk proteins, soy proteins and phytates or polyphenols from 

plant ingredients can also be excluded as the commercial pellet tested hardly contained these 

ingredients. An exploratory experiment before the start of this thesis, evaluating the effect of 

processing (e.g. boiling) on the nutritional value of ragworm as feed for common sole, 

revealed that despite the fact that the iron intake of sole fed treated pellets versus sole fed 

boiled ragworm was comparable, the Hct level of sole fed boiled ragworm was significantly 

higher (Kals, Blonk, Palstra, Sobotta, Mongile, Schneider, Planas, Schrama & Verreth 

(2015c). Similarly, the intake of the other minerals mentioned in sole fed boiled ragworm 

were lower than in sole fed commercial pellets, yet sole fed boiled ragworm recovered from 

their anaemia while sole fed commercial pellets stayed anaemic. This suggests that the higher 

Hct level in sole fed boiled ragworm is not due to a higher intake of dietary iron or the other 

minerals mentioned, yet their absorption is not known (Kals, Blonk, Mheen van der, Schrama 

& Verreth 2015d) 

Based on the findings in chapter 3 and chapter 5, we suggest that the ability of 

mussel, ragworm or ragworm meal to alleviate anaemia and improve growth in sole can be 

explained by a combination of heme iron and high B12 levels, even though we could not 

exclude an effect of other factors present in mussel, ragworm or ragworm meal.  

In chapter 5 it is demonstrated that the inclusion level of ragworm meal to maintain 

Hct levels and growth rates comparable to sole fed fresh ragworm is 100%. In addition, data 

suggest that feeding fresh ragworm has no added value over feeding a pellet containing 100% 

of freeze dried ragworm meal.  

In chapter 6 we demonstrated that iron absorption in sole is high and independent of 

the source of iron. Moreover, the use of different iron sources, including heme iron, does not 

affect iron absorption in anaemic sole. However, heme iron does increase the absorption of 

copper. The high absorption of both iron and copper in sole fed heme does not affect Hct and 
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Hb, which indicates that the nutritional anaemia in sole is not an iron or a copper deficiency 

anaemia. The role of copper in iron metabolism is discussed in chapter 6. Without copper, 

iron transport from the enterocyte towards the blood is blocked. Interesting in my opinion is 

that both, non-heme iron and copper, need the divalent metal transporter protein 1 (DMT1) to 

be absorbed from the lumen into the enterocyte (Arredondo & Núñez 2005; Kramer & 

Zimmerman 2007; Kwong & Niyogi 2009). When dietary iron is mainly available as heme, 

copper has no, or less, competition from non-heme iron using DMT1 to get absorbed. Heme 

iron is absorbed directly via the specific heme carrier protein 1 (HCP1), not claiming DMT 1 

capacity. Hence, the positive effect of heme iron on copper absorption can be explained by a 

reduced competitive binding of copper and non-heme iron, both claiming DMT1 to get 

absorbed.  

In chapter 7 we provided evidence that the Hct and Hb levels in anaemic sole are 

influenced by dietary B12. However, an increasing level of dietary taurine suppresses the 

stimulating effect of a high dietary level of B12 on Hct and Hb in anaemic sole. The applied 

B12 levels as well as taurine levels were unable to completely alleviate the nutritional anaemia 

in sole induced by feeding commercial pellets.  Nevertheless, the first hypothesis that sole 

needs high dietary levels of B12 to alleviate anaemia cannot be rejected.  

B12 absorption takes place via an active and/or a passive process. In relation with the 

first hypothesis, we assumed that sole depends on the passive process of diffusion and that the 

active process of B12 absorption became rudimentary over time due to the high B12 levels of 

their natural diet. When, only about 1% of the free B12 is absorbed through diffusion (Pawlak 

et al. 2012), sole may need high dietary levels of B12 to reach their requirements. When 

commercial feeds with dietary B12 levels far below those of ragworm (1134 to 3033 μg kg-1 

dm) or mussel (1671 μg kg-1 dm) are fed to sole, their B12 uptake might remain below their 

requirements. Chapter 2, 3, 4 and 5 show that the nutritional anaemia in sole fed commercial 

pellets could be alleviated by feeding ragworm mussel or ragworm meal. Yet, using 

comparable levels of B12, even though the effect of dietary B12 on the Hct and Hb level in 

anaemic sole is present, the increase was limited (only about 20%). Consequently, these sole 

could still be considered (moderately) anaemic. Therefore, the question remains whether  B12 

is really the compound from ragworm and mussel that plays a role in the alleviation of the 

nutritional anaemia in sole. Therefore, it is likely that other components from mussel and 

ragworm are involved in the alleviation of nutritional anaemia in sole. Yet, in spite of the 

above, vitamin B12 seems to be an important nutrient for common sole. This will be discussed 

more into depth in paragraph “Vitamin B12 and respiration”. The Hct and Hb levels, which 
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almost double in sole when fed ragworm or mussel, are hardly affected by the diet 

formulations used in chapter 6 and 7. Why are Hct and Hb not affected? Which (nutritional) 

possibilities supporting the alleviation of the nutritional anaemia in sole are left to consider? 

In the following I will discuss the possibility of vitamin C and the other vitamins that can play 

a role in a nutritional anaemia, the possibility of ragworm and mussel as an exogenous source 

of erythropoietin, a glycoprotein, that is the main regulator of red blood cell production, and 

the effect of ragworm on the gut microbiota of common sole. 

 

Vitamin C and other vitamins 

Vitamin C could still be playing a role in the anaemia, just as many other vitamins as 

mentioned by Kraemer & Zimmerman (2007). Yet, based on the feed intake and vitamin C 

content of the diets of the experiment described in chapter 4, the vitamin C intake of sole fed 

fresh worm was higher compared to sole fed treated pellet. Vitamin C stimulates the 

absorption of iron and counteracts the effects of phytates. However, in chapter 6 we provided 

evidence that iron absorption in sole is not limited. Moreover, the tested commercial pellet 

hardly contained ingredients that included phytates.  Both mussel and ragworm alleviate 

anaemia in common sole (chapter 3). Mussel contains, approximately 400 mg.kg-1.dm of 

vitamin C (USDA 2016), ragworm approximately 100 mg.kg-1.dm (own analysis), yet levels 

vary according to diet and the stomach content of the mussel or ragworm during sampling. 

We added 500 mg.kg-1 of vitamin C to all pelleted experimental diets tested in this thesis, yet 

the Hct and Hb levels of sole fed ragworm or mussel were almost double the levels of sole fed 

the pelleted experimental pellets. Hence, it seems unlikely that vitamin C plays an important 

role in the alleviation of anaemia in common sole. Likewise, vitamin B1 (thiamin), vitamin B2 

(riboflavin), vitamin B5 (pantothenic acid) and even vitamin A (retinyl acetate) in the 

experimental diets, with levels of 10 mg.kg-1, 20 mg.kg-1, 30.mg.kg-1 and 8000- 9000 IU. kg-1 

respectively, added by the premix, were all comparable or higher in the experimental diets 

than the levels analyzed in mussel (USDA 2016) and higher than the requirements of fish in 

general as mentioned in NRC (2011). The content of vitamin B1, B2, B5 in ragworm are, as 

far as we know, hitherto unknown. Yet, the Hct and Hb levels of sole fed ragworm or mussel 

were almost double the levels of sole fed the pelleted experimental diets. Hence, it seems 

unlikely that vitamin B1, B2, B5 and vitamin A play an important role in the alleviation of the 

nutritional anaemia in common sole.  
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Ragworm and mussel as an exogenous source of erythropoietin (EPO)  

Erythropoietin (EPO), a glycoprotein, is the main regulator of red blood cell 

production or erythropoiesis. Hypoxic conditions increase EPO production, which promotes 

the production of erythrocytes, by binding to the EPO receptor (EPOR). Yet, EPO also has 

functions in non-hematopoietic tissue, for example neuronal survival in hypoxic conditions 

(Gocht 2009). She investigated if an analogue to the vertebrate EPO/EPOR signaling pathway 

was present in organisms without erythropoiesis and found that a system similar to the 

vertebrate EPO/EPOR signaling system is present in the central nervous systems of 

invertebrates, including annelids. Moreover, the EPO/EPOR proteins of invertebrates matched 

the size range for the mammalian EPO/EPOR proteins. Chou, Tohari, Brenner & Venkatesh 

(2004) detected EPO in several fish species and Pradhan, Saini, Biswas & Pati (1989) found 

that erythropoiesis in fish is enhanced by human EPO.  

The main stimulus for EPO expression is tissue hypoxia which can be caused by 

environmental anoxic conditions (Yaqoob, Holotta, Prem, Kopp & Schwerte (2009). As 

ragworm lives in mudflats, hypoxic conditions are normal events. At low tide, species which 

inhabit sandy and/or muddy areas (e.g. ragworm) cease to ventilate, become inert and 

completely asphyxic (a lack of oxygen in the blood due to restricted respiration). 

Measurements of dissolved oxygen in water samples from burrows of lugworms (Arenicola 

marina L.), a marine Annelid, showed levels as low as 0.5 ml.l-1 i.e., hypoxic levels (Gocht 

2009; Grieshaber, Hardewig, Kreutzer & Pörtner 1994). Similar for mussel, hypoxic 

conditions occur at the bottom or during low tide. Especially during low tide species like 

mussel, that live on the substratum of the intertidal zone, experience severe hypoxia and 

become anaerobic as they close their shells at low tide to avoid dehydration (Grieshaber et al. 

1994). Similar to the vertebrate EPO/EPOR signaling system in the mammalian nervous 

system the invertebrate analogue of the EPO/EPOR pathway promotes neuronal survival in 

hypoxic conditions (Gocht 2009). It is therefore likely that both ragworm and mussel do 

contain high levels of EPO to protect their nervous system during the frequent occurring 

hypoxic conditions. If true, high levels of EPO possibly could stimulate erythropoiesis in sole 

and consequently cause the high Hct and Hb levels in sole fed mussel or ragworm. EPO 

synthesis does have a feedback loop, for which the blood oxygen concentration, the number 

of erythrocytes and total serum EPO concentration are important. Yet, an exogenous source 

will stimulate erythropoiesis as is well known from sport physiology were a high oxygen 

carrying capacity is of prime importance (e.g. biking). EPO does increase iron absorption by 
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suppressing hepcidin (Ashby, 2010). However, as shown in chapter 4, hepcidin was 

suppressed in sole fed the treated pellet compared to the sole fed ragworm. This suggests that 

EPO, if present in ragworm at the moment of sampling, did not play a major role in the sole 

fed ragworm. Moreover, in humans EPO only works when administered by injection, as the 

glycoprotein will be digested by the digestive system losing its activity. This will most likely 

be the same in fish. However, in view of the fact that sole lacks pre-digestion in the stomach, 

has a low pepsin like activity and its intestine has an alkaline character (Clark, MacDonald & 

Stark 1985; Lagardere 1987; Yúfera & Darías 2007) an experiment to test whether the effect 

of dietary EPO levels is comparable to the effect of the levels found in mussel and ragworm is 

necessary to exclude EPO from having a role in the alleviation of anaemia in sole fed mussel 

or ragworm. 

 

Effect of ragworm on gut microbiota 

In chapter 2 we suggested the possibility that the increase of Hct and Hb in sole can 

be a result of a health promoting effect of ragworm. In one trial we found that feeding 

ragworm positively alters the microbiota in the gut of sole by lowering the presence of 

pathogens (e.g. Vibrio spp.) and increasing the presence of Acinetobacter spp. (Kals, 

Rurangwa and Haenen, unpublished data). Vibrio spp. have a large impact on growth and 

survival of fish. This effect of feeding ragworm to sole on gut microbiota could be, amongst 

others, due to nutritional aspects, epigenetic effects due to bioactive compounds from 

ragworm, or bioactive compounds from microbes associated with mucus secretion from 

ragworm (e.g. one of the tasks of mucus is the defense against infections (Stabili, Schirosi, 

Licciano & Giangrande 2009)). Multiple authors found that compounds (e.g. arenicins, 

perinerin and hedistin) or extracts from Annelid spp. have antibacterial and antifungal 

properties. Moreover, researchers become more aware of the importance of the gut microbiota 

or microbiome and the symbioses between the microbiome and their host and the effect of this 

symbiotic relationship on growth, health and wellbeing of the host. Microbial metabolites 

seem to emerge as crucial messengers in the communication between gut microbiota and their 

host (Chilloux, Neves, Boulange & Dumas 2016).  In their review, these authors highlighted 

that the recent advances in the characterization of gut microbiota and the mechanisms 

involved in this symbiotic relationship will allow the development of nutritional interventions. 

Referring to the results achieved when feeding ragworm to sole, it seems that the combination 

of sole and ragworm is an unique tool to study an ecosystem approach of total “nutritional” 
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value, including the, basic nutritional value, functional value and or undefined growth or 

health factors, of an additive, feed ingredient or a diet. In my opinion this is an interesting 

subject for future research to support the development of innovative aquatic diets to enhance 

growth, health, welfare in fish.   

 

The “worm effect” and oxygen carrying capacity 

In chapter 3 and 4 we suggested that the slow growth of pellet-fed sole might be the 

consequence of low Hct and Hb levels (i.e. their anaemic state), which hampers the uptake of 

oxygen and lowers therewith the overall metabolic capacity. In chapter 5, we suggested that 

the sub sequential rise of Hct due the rising inclusion level of ragworm meal, improves the 

sole’s ability to take up oxygen from their environment and as a result stimulates growth, 

which at the same time gradually increase with the stepwise rising of the ragworm meal 

inclusion level. 

Table 8.1: Diet names used in this thesis and general discussion with their specific features. During this study 
the diet for sole based on the composition of ragworm changed sequentially, therefore we introduced the term 
“generation” for the consecutive experimental pellets. 

Diet Commercial 
pellet 

Fresh 
ragworm 

1st 
generation 

2nd 
generation 

3rd  
generation 

Code CPEL RW RW75 HB12-LTau EBLDM 
Description Marine diet > 

85% 
ingredients 
from fish 

Fresh 
ragworm 

75% 
ragworm 

meal (freeze 
dried) 

Mainly plant 
ingredients 

Mainly plant 
ingredients 

Proximate composition a 
DM (g kg-1) 

ASH   (g kg-1 dm) 

CPa  (g kg-1 dm) 

EE  (g kg-1 dm) 

CFa  (g kg-1 dm) 

NFE   (g kg-1 dm) 

GE   (MJ kg-1) 

CP/GE ----------- 
 

b 

923 

120 

673 

93 

<3.0 

37 

20.3 

33.1 
 

b 

164 

128 

659 

79 

18 

116 

21.1 

31.2 
 

b 

770 

178 

539 

99 

17 

168 

19.9 

27.1 
 

b 

917 

91 

655 

123 

5.5 

42.4 

21.2 

30.9 
 

c 

935 

101 

636 

115 

28 

55 

21.5 

29.6 
 

Production process Cooking 
extrusion 

Not 
applicable 

Cold 
extrusion 

Cold 
extrusion 

Cold  
Extrusion 

Ragworm extract No No No Yes Yes 
Iron (mg kg-1 dm) 277b 352b 1406b 320b 326c 
Iron source mineral and 

damaged 
heme 

heme mineral and 
heme 

heme heme 

Taurin (g kg-1 dm) 3.5b 7.6 b 4.0b 3.5c 3.5c 
B12 (ug kg-1 dm) 338b 1602b 571b 1330b 3335c 

a DM= dry matter, ASH= ash, CP= crude protein, EE= ether extract, CF= crude fibre, NFE = nitrogen free extract, GE= gross energy. 
bAnalysed, cCalculated. 
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Consequently, Hct and growth were highly correlated in this trial. In a follow-up 

growth trial (not described in this thesis) we compared the so called 3rd generation pellet 

(table 8.1) with fresh ragworm (Topsy Baits, the Netherlands). In chapter 7 we demonstrated 

that the applied level of B12 was unable to completely alleviate the nutritional anaemia in sole, 

even though it had a significant effect on the Hct and Hb level. Diets were fed ad lib. The 

specific growth rate (SGR) of sole fed the so called 3rd generation experimental pellet was 

1.29 ±0.008 %.d-1 and comparable (p>0.05) to the SGR of sole fed fresh ragworm 

(1.24±0.12%.d-1). However, the Hct (20.1 ±0.8%, p<0.05) and Hb (38.0 ±0.98 g.l-1, p<0.05) 

level of the sole fed fresh worm were much higher than the Hct (12.7±0.95%) and Hb 

(16.1±1.24 g.l-1) level of the sole fed the 3rd generation experimental pellet. This result does 

not fit with the hypothesis that the slow growth of pellet fed sole might be the consequence of 

low Hct and Hb levels, which hampers oxygen uptake and lowers therewith overall metabolic 

capacity, including the scope for growth (chapter 4). Maximum oxygen uptake (VO2 max) 

falls off sharply with lower Hct and Hb levels as the oxygen carrying capacity (OCC) of 

blood is primarily determined by the concentration of Hb in the red blood cells (Gallaugher & 

Farrell, 1998). Therefore, lower Hct and Hb levels in sole are likely to cause a decrease in the 

OCC of the blood and as a result a reduction in the metabolic scope of sole, including the 

scope for growth. Nevertheless, the growth rate achieved in sole fed the 3rd generation 

experimental pellet, which was comparable to the  growth rate of sole fed fresh ragworm, 

could not have been the consequence of increasing Hct and Hb levels as these were 

comparable to the levels found in sole fed commercial pellets. The average water temperature 

during this experiment, were the sole was fed the 3rd generation experimental pellet, was 18.4 

± 0.4°C. 

In this respect, the relation between feed intake (dry matter basis) and water 

temperature in my opinion is interesting (Figure 8.1). The positive effect of ragworm on feed 

intake increases with rising culture temperatures and seems to disappear at temperatures 

below 12°C. This is quite plausible taking into account the theory of an increasing OCC with 

increasing levels of Hct and Hb. The apparent relation between Hct and the metabolic growth 

rate at different temperatures, 14.7 C, 16.0 C and 17.2 C, respectively (Figure 8.2), suggests 

that higher Hct levels give sole the possibility to improve growth, especially at higher culture 

temperatures. The latter may result in more economically interesting growth rates. 
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This observation fits with the data of Mas Muñoz (2013). She found an interaction 

between type of feed (pellet vs. ragworm) and culture environment (inside vs. outside) on 

growth. In her study, the average temperature between the culture environments differed 

3.3°C (19.2±0.5 C  vs.15.9 ±1.5 C). The positive effect of feeding ragworm on the growth rate 

of common sole disappears at lower water temperatures even though the Hct levels of these 

fish were 85 to 98% higher than in sole fed with untreated pellets (chapter 2). The effect 

disappears, probably due to a combination of a lower standard metabolic rate and the rising 

oxygen levels in the culture water with the lower temperature. Schram, Bierman, Teal, 

Haenen, Vis van de, & Rijnsdorp (2013) tested four different water temperatures, 19°C, 22°C, 

25°C and 28°C, respectively to study the thermal preferences of sole. They found that, the 

optimal water temperature is 22.7°C for common sole (30 to 50g), when feed intake, specific 

growth rate and feed conversion rate are used as parameters.  

Figure 8.1: Relation between feed intake on dry matter basis and temperature for sole fed the commercial pellet 
(y=0.5986x-0.59, R 2=0.59, p=0); treated pellet (y= -0.2448x2 + 7.694x -48.701, R 2=0.40, p=0) and fresh 
ragworm (y=1.3198x – 9.0295, R 2=0.58, p=0)(unpublished data). The “worm” effect in relation to 
temperature on feed intake between fresh ragworm and the commercial pellet can be calculated by y=0.7212 X 
– 8.44, the effect of adding the extract onto the commercial pellet in relation to temperature on feed intake can 
be calculated by y=-0.2448x2 + 7.095x – 48.111 and de difference in feed intake between the treated pellet and 
fresh ragworm in relation to temperature can be calculated by y=-0.2448x2 + 6.374x – 39.672. Temperature 
(°C) is represented on the x-axis and feed intake (g.dm.tank-1) on the y-axis. Proximate composition of 
commercial pellet (crude protein 63%, ether extract 14% and ash 12%) and ragworm (crude protein 71%, 
ether extract 13% and ash 12%). 
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In this respect it is interesting to note that the soles were fed ragworm using an ad lib 

feeding strategy. Most likely these soles had high Hct and Hb levels as found repeatedly in the 

sole fed ragworm in this thesis. It would have been interesting to execute this study also with 

sole fed the commercial pellet, measuring Hct and Hb and compare the results subsequently. 

Based on our reasoning of above and knowing that soles fed with commercial pellets suffer 

from an anaemia, we expected that in this case, the “optimal” temperature would have been 

lower. Our hypothesis is supported by the results from another trial executed by Teal, Schram, 

de Laat & Rijnsdorp (2014). In the latter trial the effect of four different water temperatures: 

16°C, 20°C, 23°C and 26°C were tested amongst others, on growth of sole (122 ±32 g). In the 

latter experiment, the soles were fed the diet HB12-LTau (chapter 7). The Hct and Hb levels 

(varying between 12.6 and 13.9% and 16.7 to 19.3 g/l, respectively) were not affected by 

water temperature (table 8.2) (Kals unpublished data). Growth was affected by water 

 Figure 8.2: The relation between Hct (%) and metabolic growth rate (g.kg0.8.d-1 ) at 14.7 °C, 16.0 °C and 
17.2°C, respectively .  
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temperature (p<0.05). Interestingly, this time the optimal temperature for growth was 16°C 

(Figure 8.3) and almost 7°C lower compared to the optimal temperature found for sole in the 

first study of Schram et al. (2013) were the soles were fed ragworm. A water temperature of 

16°C was also the optimal temperature for feed intake of sole fed the treated pellet (Figure 

8.1). 

 
Table 8.2. Levels of Haematocrit (Hct) and values of Haemoglobin (Hb) and standard deviations in sole at start 
and after 49 days at four different temperature, T in °C when fed the 2nd generation pellet (HB12-LTau from 
chapter 7 ) (Kals unpublished data).   

T (°C) Day Hct(%) Hb (g l-1) 

16 0 12.3 ± 2.3 16.1 ± 4.0 

16 49 13.0 ± 1.1 18.1 ± 1.4 

20 49 12.6 ± 0.3 16.7 ± 3.6 

23 49 13.7 ± 1.1 17.0 ± 4.3 

26 49 13.9 ± 0.4 19.3 ± 2.1 

p-value --- 0.31 0.83 

Means within columns are not significantly different using one way ANOVA (P<0.05). 

 

In feeding trials, usually the temperature is fixed and performance parameters such as 

feed intake, specific growth rate and feed conversion rate are determined for the different 

dietary treatments. However, Hct and or Hb levels are often not measured and hence the 

information about the anaemic status of the experimental fish is unknown. Yet, as shown in 

this thesis, diet can have a significant effect on the Hct and or Hb level and consequently on 

the performance data. Vice versa, the anaemic status of the fish in combination with 

temperature and oxygen content of the water will influence feed intake, assimilation 

efficiency and growth of the tested fish. Therefore, we infer that when Hct and or Hb levels 

are not measured, interpretation of the results of growth and feeding experiments may lead to 

wrong interpretations. 
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The “extract” effect  

The “extract” effect on the feed intake of sole in figure 8.1 is most likely caused by 

attractants and feed stimulating compounds within the ragworm extract as previously reported 

by Barata, Hubert, Conceição, Velez, Rema, Hubbard & Canário (2009) for a polychaete 

homogenate. Moreover, Velez, Hubbard, Hardege, Welham, Barata & Canário (2011) 

specifically identified 1-methyl-L-tryptophan as a food related odorant for sole which is 

excreted by ragworm. For the mechanisms of feed intake regulation and the role of feed 

attractants and stimulants we refer to the papers of Mackie, Adron & Grant (1980), Mackie & 

Mitchell (1982, 1983, 1985), Schwartz, Woods, Porte, Seeley & Baskin (2000), Volkoff & 

Peter (1999, 2000, 2001), Volkoff, Bjorklund & Peter (1999), Volkoff, Eykelbosh & Peter 

(2003) and Volkoff,  Canosa, Unniappan, Cerda-Reverter, Bernier, Kelly & Peter (2005). The 

extract effect on feed intake seems to work until the oxygen carrying capacity (OCC) or the 

available oxygen is limiting (figure 8.1). 

 

 

Figure 8.3: Growth of sole in g.kg0.8.d-1 in relation to temperature fed diet HB12-LTau (chapter 7) (data from 
Teal, Schram, de Laat & Rijnsdorp 2014).  
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The “X” effect 

We cannot explain the “X” effect on the feed intake of sole in figure 8.1. Yet, the 

higher feed intake of sole fed the treated pellet compared to sole fed ragworm could have 

been caused by a difference in the dry matter, and therefore the energy density between 

ragworm and the treated pellet. The limited volume of the “stomach” or anterior intestine may 

have limited the feed intake of sole fed ragworm as suggested by Ende, Kroeckel, Schrama, 

Schneider & Verreth (2014). This effect might be larger at low temperatures as metabolic 

activity and mobility (of the gut) is expected to be lower. They also found that both the 

nutrient as well as the energy efficiency are higher in sole fed ragworm, compared to sole fed 

commercial pellets. Assuming feed intake is regulated by the sole’s demand of digestible 

energy and or nutrients, the feed intake of the treated commercial pellet should be higher until 

the oxygen carrying capacity (OCC) becomes limiting, which seems to be the case at 

about16.0 C when feeding the treated pellet. 

  

Vitamin B12 and respiration 

 Why do mussel and ragworm contain relatively high concentrations of vitamin B12? 

As mentioned earlier both mussel and ragworm often experience hypoxic conditions 

(Grieshaber et al. 1994). Maxwell, (1951) suggested that vitamin B12 may be a factor in 

species (sometimes) living in conditions with low oxygen tension. He discovered that in the 

sea mouse (Aphrodite negligens, Moore), a polychaete living in muddy sea bottoms 60% of 

the total vitamin B12 content is found in the skin. This suggests a specific metabolic function 

or role of vitamin B12 in respiration. It might be that vitamin B12 has a function in respiration 

at critical oxygen levels.  

Vitamin B12 is a collective term for a group of cobalt-containing compounds, which 

are known as cobalamins. The known different types of cobalamins are cyanocobalamin, 

hydroxocobalamin, methylcobalamin, adenosylcobalamin and aqua cobalamin. Cobalamins 

belong to the group of corrinoids which are based on corrin, a cyclic compound containing 

four pyrrole groups similar to porphyrins (Valentin & Ruma 2013). The respiratory pigment 

heme from haemoglobin is a porphyrin. Under physiological conditions i.e. the physiological 

conditions within most organisms Co3+, Co2+, and Co1+ forms/states of cobalamins do occur.  
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Figure 8.3: Growth of sole in g.kg0.8.d-1 in relation to temperature fed diet HB12-LTau (chapter 7) (data from 
Teal, Schram, de Laat & Rijnsdorp 2014).  
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The conversion of aqua-Co3+-corrinoids to Co2+ complexes occurs relatively easily. 

Co2+-corrinoids react with oxygen through a fast reversible oxygen binding step, eventually 

yielding the Co3+ state through the reaction formula Co2++ O2  Co3+–O2  Co3+–solv. + 

H2O2 + O2 (Derevenkov, Salnikov, Silaghi-Dumitrescu, Makarov & Koifman 2016) which 

could possibly provide an alternative oxygen source. 

Data from a trial executed by Teal et al. (2014) show that the growth of sole fed diet 

HB12-LTau from chapter 7 with high dietary B12 differed between the first (period I or the 

first 24 days) and second period (period II or the second 25 days) (figure 8.4). However, even 

though the Hct and Hb levels were not different from the values at the start (p>0.05), and not 

different between the different culture temperatures (p>0.05) (table 8.1), the growth was 

significantly higher in period II (p=0.01) compared to period I (figure 8.4). Therefore, in my 

opinion, it would be interesting to test the hypothesis that vitamin B12 has a function in 

respiration at critical oxygen levels in sole.  

We measured total vitamin B12 in blood plasma of sole and found average values 71.6 

ng.ml-1 (unpublished data), which is about 80 to 350 times higher than the reference values for 

humans (0.2-0.9 ng.ml-1) and about 30 to 200 times the values found for Channel catfish 

(Ictalurus punctatus)  and Nile Tilapia (Oreochromis niloticus) (Limsuwan & Lovell (1981); 

Figure 8.4: Growth of sole in g.kg0.8.d-1 in relation to temperature fed the 2nd generation pellets (HB12-LTau 
of chapter 7) during period I  and II (data from Teal, Schram, de Laat & Rijnsdorp 2014). abcMeans within a 
period (I or II) with a common superscript are not significantly different using the Fisher LSD post hoc test 
(p<0.05) 
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Lovell & Limsuwan (1982)). It would be interesting to analyse the vitamin B12 content of the 

skin of sole and at the same time test the hypothesis if vitamin B12 has a specific metabolic 

function in the respiration of sole, as suggested for the seamouse (Aphrodite negligens, 

Moore) by Maxwell (1951). This hypothesis could be tested by conducting a feeding trial 

using respiration cells as experimental units and diets with two or more different dietary B12 

levels in sole. The results of such a trial might explain part of the improved growth achieved 

with the 3rd generation pellet, containing a high level of B12, without increasing the Hct and 

Hb levels of the sole fed this diet.  

 

Vitamin B12 as a hydrogen sulfide antidote 

In acidic- and neutral environments under anaerobic conditions, aqua cobalamin reacts 

with hydrogen sulfide (H2S). Therefore, aqua cobalamin might work as an antidote for H2S. 

An antidote is a compound counteracting the effects of  a toxin or disease. Hydrogen sulfide is 

a potent toxin. Several recent studies report that high doses of Cbl3+–OH2 (Co3+ aqua 

cobalamin or Cbl (III) aqua cobalamin) can decrease mortality associated with H2S exposure 

(Truong, Mihajlovic, Gunness, Hindmarsh & O'Brien 2007; Haouzi, Chenuel & Sonobe 2015; 

Brenner, Benavides, Mahon, Lee, Yoon, Mukai, Viseroi, Chan, Jiang, Narula, Azer, 

Alexander & Boss 2014). Suggested mechanisms of actions of Cbl3+ as an antidote includes 

the binding of H2S to Co3+ or oxidation of H2S by Co3+ (Salnikov, Makarov,  Eldik, 

Kucherenko & Boss, 2014; Haouzi, Chenuel & Sonobe, 2015). Ragworm exhibits a relatively 

high sulfide tolerance (Abele-Oeschger, Oeschger & Theede, 1994). The question, whether 

cobalamin protects for H2S exposure in demersal marine species like mussel, ragworm and 

sole would be interesting to study. 

 

Practical implications  

 

The economic impact of improved growth rate in sole culture 

The commercial culture of sole is hampered by slow growth (Mas-Muñoz, 2013). 

According to Ende et al. (2014), the absence of an adequate feed for sole is a major obstacle 

towards a viable cultivation of sole. When sole is fed the right diet, the growth can increase 
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with 70% compared compared to the most common commercial diets at the start of this study. 

This thesis shows that the slow growth is indeed due to the absence of an adequate feed for 

sole which is currently solved by the 3rd generation pellet. 

It is difficult to estimate economic values of biological parameters which enable to 

assess the economic effect of zootechnical interventions (e.g. a breeding program to improve 

growth, or the introduction of an improved feed).  Blonk (2010) compared the effect of 

different breeding strategies with the focus on stimulating growth to improve the profitability 

of a sole farm. The economic value of the “trait” growth rate in common sole is € 2.63/g.d-1 

per individual. Further assumptions were: FCR 1.2, Feed price € 1,00 kg-1, sale price sole € 

9,00 kg-1 (Blonk 2010). When sole was fed the 3rd generation pellet we achieved an average 

growth rate of 1.29±0.008 %.d-1  0.89 g.d-1, which is comparable with the average growth 

rate of 1.24±0.12 %.d-1  0.86 g.d-1 for sole fed ragworm (Figure 8.5 left). Weight of the fish 

at start was about 40 g. Harvest weight was about 90g. The extrapolated increase in weight 

based on the results achieved with the executed growth trials is shown in figure 8.5 (right). 

The expected average growth in g.d-1 for sole fed commercial pellets growing from 

40-90g, using the formula for SGR (SGR=6*BW^-0.6), is 0.32 g.d-1. The expected average 

growth in g.d-1, using the formula for the 3rd generation pellet (SGR=27.783*BW^-0.761), is 

0.76 g.d-1. This implies an improvement of 140%. 

 

  
Figure 8.5: the growth of sole fed ragworm or the 3rd generation pellet ( Left). The extrapolated weight increase 

is based on results achieved with the executed growth trails (Right), with “Dutch farm conditions” representing 

the average performance of sole grown at Solea B.V., “3rd gen pellet representing the extrapolated results 

achieved with feeding sole the 3rd generation pellet, “Fresh ragworm”, the results achieved with feeding sole 

fresh ragworm and “75% ragwormmeal” the extrapolated results achieved with feeding sole recipe RW75 from 

chapter 5.  
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Over the whole grow-out period of sole (i.e. 50-300g) the numbers are 0.33 g.d-1 vs. 

0.71 g.d-1, based on the formulas SGR=6*BW^-0.6 and SGR=27.783*BW^-0.761, respectively. 

The increase in growth is then 0.71-0.33 g.d-1. Consequently, the time needed to achieve a 

300g sole halved, making it possible to produce more fish in the same time. In economic 

terms using the data from Blonk (2010) and Hoon (2009), the increase in economic value 

would be (0.71-0.33) * € 2.63 = € 1,0 per individual or € 900.000 annually, in a farm with a 

standing stock of 900.000 soles. When corrected for the feed price of € 1,65 per kg for the 3rd 

generation pellet after optimisation for cost price, instead of the assumed feed price of € 1,0 

per kg, the obtained economic value would be € 0,81 per individual sole (= € 1,0 – ((0.300 kg 

- 0.050 kg) * 1.2) * (€ 1,65 - € 1,-)) or € 729.000 annually, in a farm with a standing stock of 

900.000 soles. Based on these numbers, the availability of a proper commercial feed for sole 

will stimulate the culture of sole as the expected obtained economic value per individual 

would be (€ 2,63 * 0.71 g.d-1 - (€ 1,0 - € 0,81) = € 1,66 instead of the (€ 2,63 * 0.33 g.d-1) = € 

0,87 calculated under “current” Dutch farm conditions. This represents an increase of 91% 

compared to the “current” Dutch farm conditions. Apart from this it can be expected that with 

a proper diet and a shorter grow-out period the survival rate, also a major determinant of 

profitability according to Hoon (2009), will increase as well. In addition, it is expected that 

animal welfare under farm conditions will be improved because sole will be fed a more 

suitable diet. 

 

Suggestions for further research 

An experiment to test whether the effect of dietary EPO levels is comparable to the 

effect of the levels found in mussel and ragworm is necessary to exclude EPO from having a 

role in affecting the Hct and Hb levels and therefore, having a role in the alleviation of 

anaemia in sole fed mussel or ragworm. 

The combination of sole and ragworm is a unique tool to study an ecosystem approach 

of the total “nutritional” value, including the, basic nutritional value, functional value and or 

undefined growth or health factors, of an additive, feed ingredient or a diet. This is an 

interesting subject for future research to support the development of innovative aquatic diets 

to enhance growth, health and welfare of sole. 

It would be interesting to test the hypothesis whether vitamin B12 has a specific 

metabolic function in the respiration in sole. This hypothesis could be tested by conducting a 
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feeding trial using respiration cells as experimental units and diets with different dietary B12 

levels affecting and not affecting the Hct and Hb levels in sole. The results of such a trial 

might explain part of the improved growth achieved with the 3rd generation pellet without 

increasing Hct and Hb levels of the sole fed this diet.  

In acidic- and neutral environments under anaerobic conditions, aqua cobalamin reacts 

with hydrogen sulfide (H2S). Ragworm exhibits a relatively high sulfide tolerance. Aqua 

cobalamin might work as an antidote for H2S.  The question, does cobalamin have a 

protective function associated with H2S exposure in demersal marine species like mussel, 

ragworm and sole or not, seems an interesting hypothesis.  

Feeding trials that evaluate the necessity of the ingredients added to mimic the 

composition of ragworm (e.g. astaxanthin) when fed the 3rd generation pellet, could show that 

some of these ingredients can be left out.  

An experiment testing the effect of cold extrusion vs. cooking extrusion and or steam 

pelleting on the nutritional value of the artificial diet for sole is economically interesting. If 

the process of cold extrusion appears to be redundant the cost of the recipe is expected to 

decrease with about 30%. Moreover, scaling up production will be more easier as the 

production process can be implemented in current extrusion lines. In total there seems to be 

potential to decrease costs up to about 50% compared to the € 3,25  mentioned earlier getting 

to a price of about € 1,65 per kg. If, with a feed price of  € 1,65 per kg, the commercial 

implementation of the feed has potential, the production process has to be scaled up and tuned 

to meet demand. 

 

Concluding remarks 

The following conclusions can be drawn from the present study: 

 Sole fed commercial pellets are suffering from a nutritional anaemia, which can be 

alleviated by subsequently feeding ragworm (Nereis virens Sars.) or Mussel (Mytilus 

edulis L.). 

 Iron absorption in sole is high and independent of the iron source. 

 The nutritional anaemia in sole is not due to an iron or copper deficiency. 
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 Haematocrit and haemoglobin levels in anaemic sole are influenced by a “high” level of  

dietary B12. 
 

Practically, this study developed an artificial diet based on the composition of 

ragworm. This formulation supports a growth performance comparable to sole fed fresh 

ragworm when fed under experimental conditions. The challenge at this moment is the 

economical optimization and commercial implementation of this formulation.   
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Summary 
Before the start of this PhD study we did some exploratory experiments to sharpen our 

hypotheses. During these trials, we became aware that common sole (Solea solea L.) fed 

commercial pellets developed anaemia. When the diet of sole was changed from pellet to 

ragworm, (Nereis virens Sars) this anaemia was alleviated and the growth rate increased with 

70 percent. Therefore, this study aimed to validate the potential of ragworm to alleviate 

anaemia in common sole and to identify the dietary requirements of common sole to alleviate 

this anaemia. At the same time it was aimed to explain part of the difference in growth 

between sole fed a commercial pellet and sole fed ragworm. Practically, this study aimed to 

develop a diet  based on the composition of ragworm that will prevent anaemia and support a 

growth performance comparable to sole fed ragworm.  

In chapter 2 we tested if the haematocrit (Hct) and haemoglobin (Hb) level will 

increase when the diet of common sole is changed from commercial pellets to ragworm. We 

showed a clear effect of ragworm on the Hct and Hb levels in sole. Feeding ragworm 

increases the Hct and Hb levels and alleviates the anaemia of common sole within 21 days in 

contrast to those kept on a diet of commercial pellets, which stayed anaemic. This indicated 

that the increase of Hct and Hb in sole is diet related. We suggested that the increase of Hct 

and Hb in sole can be a result of a difference in feed intake or the dietary composition 

between the commercial pellet and ragworm, and/or of a health promoting effect of ragworm. 

In chapter 3 we provided evidence that feeding mussel also alleviated the anaemia in 

common sole. In chapter 4 three hypotheses were tested: (1) feeding ragworm alleviates the 

anaemia and positively affects the sole’s metabolic performance reflected in feed intake, feed 

efficiency and growth; (2) the anaemia is alleviated by a higher feed intake when feeding 

ragworm, and (3) the anaemia is caused by an inflammatory response to infection. We 

demonstrated that pellet-fed sole are suffering from a nutritional anaemia and validated that 

feeding ragworm to sole, alleviates this nutritional anaemia. Moreover, the addition of a 

ragworm extract to the commercial pellet improves the feed intake to similar levels as in sole 

fed ragworm, but has only a limited effect on growth and does not improve the anaemic state 

of sole. The findings described in chapter 2 to 4 suggest a mismatch between the 

requirements of sole and the dietary composition of the commercial pellets.  

Many nutritional factors can contribute to a nutritional anemia. However, the dietary 

level of crude protein, ether extract, amino acids, calcium or phosphate do not explain the 
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Summary 
Before the start of this PhD study we did some exploratory experiments to sharpen our 

hypotheses. During these trials, we became aware that common sole (Solea solea L.) fed 

commercial pellets developed anaemia. When the diet of sole was changed from pellet to 

ragworm, (Nereis virens Sars) this anaemia was alleviated and the growth rate increased with 

70 percent. Therefore, this study aimed to validate the potential of ragworm to alleviate 

anaemia in common sole and to identify the dietary requirements of common sole to alleviate 

this anaemia. At the same time it was aimed to explain part of the difference in growth 

between sole fed a commercial pellet and sole fed ragworm. Practically, this study aimed to 

develop a diet  based on the composition of ragworm that will prevent anaemia and support a 

growth performance comparable to sole fed ragworm.  

In chapter 2 we tested if the haematocrit (Hct) and haemoglobin (Hb) level will 

increase when the diet of common sole is changed from commercial pellets to ragworm. We 

showed a clear effect of ragworm on the Hct and Hb levels in sole. Feeding ragworm 

increases the Hct and Hb levels and alleviates the anaemia of common sole within 21 days in 

contrast to those kept on a diet of commercial pellets, which stayed anaemic. This indicated 

that the increase of Hct and Hb in sole is diet related. We suggested that the increase of Hct 

and Hb in sole can be a result of a difference in feed intake or the dietary composition 

between the commercial pellet and ragworm, and/or of a health promoting effect of ragworm. 

In chapter 3 we provided evidence that feeding mussel also alleviated the anaemia in 

common sole. In chapter 4 three hypotheses were tested: (1) feeding ragworm alleviates the 

anaemia and positively affects the sole’s metabolic performance reflected in feed intake, feed 

efficiency and growth; (2) the anaemia is alleviated by a higher feed intake when feeding 

ragworm, and (3) the anaemia is caused by an inflammatory response to infection. We 

demonstrated that pellet-fed sole are suffering from a nutritional anaemia and validated that 

feeding ragworm to sole, alleviates this nutritional anaemia. Moreover, the addition of a 

ragworm extract to the commercial pellet improves the feed intake to similar levels as in sole 

fed ragworm, but has only a limited effect on growth and does not improve the anaemic state 

of sole. The findings described in chapter 2 to 4 suggest a mismatch between the 

requirements of sole and the dietary composition of the commercial pellets.  

Many nutritional factors can contribute to a nutritional anemia. However, the dietary 

level of crude protein, ether extract, amino acids, calcium or phosphate do not explain the 
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difference in Hct levels between sole fed ragworm or pellets (chapter 5). Moreover, 

excessive intake of milk proteins, soy proteins and phytates or polyphenols from plant 

ingredients can also be excluded as the tested commercial pellet hardly contained these 

ingredients. In the exploratory experiments we compared the intake of iron, copper, cobalt, 

chrome, manganese, selenium and zinc between sole fed commercial pellets or boiled 

ragworm. Despite the fact that the iron intake of sole fed treated pellets versus sole fed boiled 

ragworm was comparable, the Hct level of sole fed boiled ragworm was significantly higher. 

Similarly, the intake of the other minerals mentioned in sole fed boiled ragworm were lower 

than in sole fed commercial pellets, yet sole fed boiled ragworm recovered from their 

anaemia, while sole fed commercial pellets stayed anaemic. This suggests that the higher Hct 

level in sole fed boiled ragworm is not due to a higher intake of dietary iron or the other 

minerals mentioned. Based on the findings in chapter 3 and chapter 5, we suggested that the 

ability of mussel, ragworm or ragworm meal to alleviate anaemia and improve growth in sole 

can be explained by a combination of heme iron and high levels of vitamin B12. To maintain 

the same Hct and growth levels as in sole fed fresh ragworm, pure ragworm meal should be 

fed tot the fish, instead of a compound diet. Moreover, data in chapter 5 suggests that feeding 

fresh ragworm has no added value over feeding a pellet containing 100% of freeze dried 

ragworm meal.  

In chapter 6 we tested four hypotheses: 1) the nutritional anaemia in sole fed 

commercial pellets is caused by an iron deficiency, 2) the assumed iron deficiency is due to an 

inadequate absorption of iron, 3) an increase in iron absorption due to a higher bioavailability 

of heme and/or iron chelates, will alleviate anaemia in sole and 4) Hct and Hb levels, as 

sensitive indicators of recovery from iron depletion, are expected to follow iron absorption 

patterns. In addition, we estimated the absorption of copper, cobalt, chromium, manganese, 

molybdenum and zinc, since it is known that there might be an interaction (antagonism) 

between the iron sources and the absorption of other divalent minerals. We demonstrated that 

iron absorption in sole is high and independent of the source of iron. Moreover, the use of 

different iron sources, including heme iron, does not affect iron absorption in anaemic sole. 

Still, heme iron does increase the absorption of copper. The high absorption of both iron and 

copper in sole fed heme does not affect Hct and Hb, which indicates the nutritional anaemia in 

sole is not an iron or a copper deficiency anaemia.  

In chapter 7 we tested two hypotheses: 1) sole needs high dietary levels of B12 to 

alleviate or prevent anaemia and 2) there is interaction between dietary taurine and B12, which 

affect Hct and Hb levels. The Hct and Hb levels in anaemic sole are influenced by dietary B12. 
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However, an increasing level of dietary taurine suppresses the stimulating effect of a high 

dietary level of B12 on Hct and Hb in anaemic sole. The applied B12 levels, as well as taurine 

levels, were unable to completely alleviate the nutritional anaemia in sole induced by feeding 

commercial pellets. Nevertheless, the first hypothesis that sole needs high dietary levels of B12 

to alleviate anaemia cannot be rejected.  

Chapter 2, 3, 4 and 5 show that the nutritional anaemia in sole fed commercial pellets 

can be alleviated by feeding ragworm, mussel or ragworm meal. Yet, in spite of using 

comparable levels of B12, the increase of Hct and Hb was limited. Consequently, the sole 

remained (moderately) anaemic. It is likely that one or more other dietary components which 

are present in mussel and ragworm are involved in the alleviation of nutritional anaemia in 

sole as Hct and Hb levels almost double in sole when fed ragworm or mussel.  

In chapter 8, more options to alleviate the nutritional anaemia in common sole are 

discussed. Nutrients as vitamin C, B1, B2, B5 and a possible role of dietary EPO are 

discussed. We suggested that the slow growth of pellet-fed sole might be the consequence of 

low Hct and Hb levels, which hampers the uptake of oxygen, and thus also of the overall 

metabolic capacity, including the scope for growth. We further discussed the difference in the 

“optimal” culture temperature of ±7°C between sole fed ragworm and sole fed the 2nd 

generation pellet. The growth rate achieved in sole fed the 3rd generation pellet at 18.4°C was 

comparable to the growth rate of sole fed fresh ragworm, which could not have been the 

consequence of increasing Hct and Hb levels as these were comparable to levels found in sole 

fed commercial pellets. As Co2+-corrinoids do react with oxygen through a fast reversible 

oxygen binding step, eventually yielding Co3+-corrinoids and O2 we inferred on the possibility 

of a specific metabolic function of vitamin B12 in respiration.  

This thesis shows that it is possible to formulate an artificial dry diet that achieves 

similar growth rates in sole when fed ragworm. This implies an improvement in growth of 

140% compared to “current” Dutch farm conditions. The economic and practical impact of 

the improved growth rate in sole culture is discussed. Finally, several suggestions for future 

research are given. Scientifically, from the work done in this thesis, the following conclusions 

can be drawn: 

 Feeding ragworm (Nereis virens Sars.) or Mussel (Mytilus edulis L.) to common sole 

fed commercial pellets increases their Hct and Hb levels. 

 Sole fed commercial pellets develop a nutritional anaemia; feeding ragworm (Nereis 

virens Sars.) or Mussel (Mytilus edulis L.) to sole alleviates this nutritional anaemia. 

 The addition of ragworm extract to the commercial pellet improves the feed intake to 
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similar levels as in sole fed ragworm, yet it has only a limited effect on growth and 

does not improve the anaemic state of the sole. 

 Iron absorption in sole is high and independent of the iron source. 

 The nutritional anaemia in sole is not due to an iron or copper deficiency. 

 Hct and Hb levels in anaemic sole are influenced by a “high” level of dietary B12. 

 

Practically, this study developed an artificial diet in the form of a dry pellet based on the 

composition of ragworm. This formulation supports a growth performance comparable to sole 

fed fresh ragworm when fed under experimental conditions.  

 

 

Dankwoord 
 

Een proefschrift schrijf je niet alleen. Het proces van een promotie omvat meer dan 

alleen het doen van onderzoek, het schrijven van artikelen en van een proefschrift. Het is een 

proces waarin je niet alleen wetenschappelijk groeit, maar ook op persoonlijk vlak een 

ontwikkeling doormaakt. Velen hebben hier, bewust of onbewust, een belangrijke rol bij 

gespeeld en direct of indirect een bijdrage aan geleverd. Allen wil ik hiervoor hartelijk 

bedanken. Verschillende mensen zal ik bij naam noemen. Het is echter onmogelijk compleet te 

zijn omdat zelfs kleine gebeurtenissen grote gevolgen kunnen hebben gehad.  

Een aantal mensen heeft een essentiële rol gespeeld in het creëren van de mogelijkheid 

voor de uitvoering van dit promotieonderzoek. Ten eerste Jan Ketelaars, de man achter het idee 

van het project de “Zeeuwse tong”. Jan vroeg mij destijds of ik geïnteresseerd was een bijdrage 

te leveren aan dit project in Zeeland. Zonder zijn vraag was dit promotieonderzoek er 

waarschijnlijk nooit gekomen. Ten tweede wil ik graag Oliver Schneider bedanken. Oliver 

vroeg mij of ik binnen het project Zeeuwse Tong een promotieonderzoek wilde doen met als 

doel de ontwikkeling van een tongvoer. Oliver, hartelijk dank dat je geloofde in mijn ideeën en 

capaciteiten om deze uitdaging tot een goed einde te brengen.  

Ik wil mijn promotor Johan Verreth, en beide copromotors Johan Schrama en Robbert 

Blonk bedanken voor het vertrouwen in mij, voor hun begeleiding en kritische houding. Ik ben 

me ervan bewust dat het niet altijd eenvoudig was om mij te overtuigen. Dank voor jullie 

geduld en vasthoudendheid die nodig waren om mijn eigen vastberadenheid te doorbreken.  

Reint Kuiper en Paul van Helvert wil ik bedanken voor hun ondersteuning in relatie tot 

het patent en het spanningsveld tussen de validatie van kennis en het delen van 

wetenschappelijke informatie. Prof. dr. Jan Lindemans van het Erasmus MC bedank ik voor de 

discussies rondom vitamine B12 en de analyses van methylmalonzuur en totaal vitamine B12 in 

bloedplasma van tong. Gerard Beelen wil ik bedanken voor de fysieke productie van de 

experimentele voeders: bedenken is één; maken is twee.  

Verder wil ik mijn collega’s, de betrokken studenten en vrienden van Wageningen 

Research, waaronder Sander Ruizeveld de Winter, Ainhoa Blanco Garcia, Hans van de Vis, 

Stephan Ende, Saskia Kroeckel, Vanessa Hemsing, Jacob Capelle, Siep Busink, Tim Sobotta, 
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Paul Hendrix, mijn beste (vis)vriend, al meer dan 30 jaar, en mijn broer Maarten wil ik, 

naast het feit dat ik dankbaar ben dat ze onderdeel zijn van mijn leven, hartelijk bedanken voor 

hun rol als paranimf tijdens de verdediging van dit proefschrift.  

Ik wil mijn ouders Huub, Vera, Lous en Rob, die tijdens de opvoeding ieder hun eigen 
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Dit werk was niet mogelijk geweest zonder de bijdrage van de vakgroep Visteelt en 

Visserij (AFI), Plant Research International (PRI), het project Zeeuwse Tong en het Institute for 

Marine Resources & Ecosystem Studies (IMARES). 

Hartelijk bedankt allemaal! 

Jeroen.  
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