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Abstract

A strain of the lineage Brachionus ‘Nevada' was
batch cultured with two diets, differing in biochem-
ical composition: baker’'s yeast (treatment 1),
which has higher protein:lipid ratio compared with
CULTURE SELCO (treatment 2). The biochemical
composition (DNA, RNA, lipid, protein content)
and fatty acid profile of rotifers of both treatments
was analysed and related to previously published
population structure data. CULTURE SELCO-fed
rotifers showed higher DNA, RNA, lipid, n-3 highly
unsaturated fatty acids (HUFA) average content,
compared with yeast-fed rotifers, which had higher
protein content. Rotifer lipid content showed signif-
icant diurnal variation in yeast-fed rotifers. Rotifer
lipid and n-3 HUFA content was associated with
reproductive output. DNA and RNA content was
related to embryonic development while protein
content, to somatic growth and mixis. The satu-
rated and monounsaturated fatty acid rotifer con-
tent was stable irrespective of feed, in contrast to
eicosapentanoic acid (EPA) and DHA. The levels of
AA were similar in both rotifer populations, but
those of EPA and docosahexaenoic acid (DHA)
were about half in yeast-fed compared with CUL-
TURE SELCO-fed rotifers. CULTURE SELCO resulted
in a temporally stable rotifer lipid profile and a bet-
ter enriched parthenogenetic population.
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Introduction

The rotifer Brachionus plicatilis (Muller 1786) is
commonly used in aquaculture as first feed for fish
larvae (Lubzens, Zmora & Barr 2001). Many
aspects relating to its mass culture have been
studied, such as population dynamics (James,
Bou-Abbas, Al-Khars, Al-Hinty & Salman 1983;
Yufera & Navarro 1995; Alver, Alfredsen & Olsen
2006; Kostopoulou, Miliou, Katis & Verriopoulos
2006), morphometry (Yufera 1982; Snell & Carril-
lo 1984; Fu, Hirayama & Natsukari 1991; Kosto-
poulou, Miliou & Verriopoulos 2009), biochemical
and fatty acid composition (Lubzens, Marko & Ti-
etz 1985; Frolov, Pankov, Geradze, Pankova &
Spektorova 1991; Cari¢, Sanko-Njire & Skaramuca
1993; Fernandez-Reiriz, Labarta & Ferreiro 1993)
among others. However, success in rotifer mass
culture has still room for improvement. Population
crashes, microbial aspects and nutritional quality
of rotifers constitute active areas of research
(Dhert, Rombaut, Suantika & Sorgeloos 2001;
Lubzens et al. 2001; Conceicao, Yufera, Makridis,
Morais & Dinis 2010).

Rotifer biochemical and fatty acid composition
provide an indication of the nutritional value of
rotifers for fish larvae (Cari¢ et al. 1993; Whyte,
Clarke, Ginther, Jensen & Townsend 1994) and for
this reason they have been studied mostly in rela-
tion to enrichment. Most studies have focused on
lipids and, in particular, highly unsaturated fatty
acids (HUFA), due to their pivotal role in the early
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stages of fish life. HUFA are required for the normal
growth and survival of fish larvae (Watanabe &
Kiron 1994) and their deficiency leads to delays in
fish growth, higher mortality and reduced resis-
tance to stress (Izquierdo 1996). HUFA have to be
transferred to fish larvae via the live food chain.
However, rotifers are incapable of synthesizing suf-
ficient amounts of HUFA (Lubzens et al. 1985) and
have to be enriched before being offered as prey.

Biochemical composition also provides an indi-
rect measure of growth, owing to its fundamental
role in processes such as cellular growth and mul-
tiplication. The RNA:DNA ratio has been related
to population growth and nutritional status in cla-
docerans (Vrede, Persson & Aronsen 2002) and
fish larvae (Buckley, Caldarone & Ong 1999).
RNA has been positively correlated with growth
rate (Bamstedt & Skjoldal 1980; Acharya, Kyle &
Elser 2004), whereas protein levels have been
linked to changes in somatic growth (Guisande &
Serrano 1989). Biochemical composition could
therefore represent a ‘qualitative’ measure of
growth, reflecting changes in the physiological state
and developmental stages of an animal (Riccardi &
Mangoni 1999; Gorokhova & Kyle 2002).

In this study, the biochemical composition and
fatty acid content of a strain of B. ‘Nevada’, one of
the lineages grouped with B. plicatilis s.s. (Gomez,
Serra, Carvalho & Lunt 2002), is presented. Owing
to the role of rotifers in aquaculture, the experi-
mental design was based on mass culture condi-
tions characteristic of Mediterranean hatcheries,
using two commonly applied diets. The results are
linked to previous studies on population structure
(Kostopoulou et al. 2006), morphometry (Kosto-
poulou et al. 2009) and mixis patterns (Kostopou-
lou, Miliou, Krontira & Verriopoulos 2007).

Materials and methods

Experimental stock population

The strain (isolate K) used in this study has been
cultured for at least 7 years in an aquaculture farm
in Greece (OCTAPUS S.A.). It was identified on the
basis of mitochondrial gene COI sequencing and
named according to Gémez et al. (2002). It belongs
to Brachionus ‘Nevada' (GenBank accession no.
AM180752), a newly described lineage of the B. pli-
catilis species complex. B. ‘Nevada' has been
grouped with B. plicatilis s.s., which represents the
large morphotype (Gomez et al. 2002).

The feeding regime included the microalga Tetra-
selmis suecica (LB 2286), and baker’s yeast Saccharo-
myces cerevisiae or the microparticulate compound
diet CULTURE SELCO® (INVE N.V., Ghent,
Belgium). T. suecica was batch cultured in the med-
ium described by Walne (1966) and modified by La-
ing (1991). All cultures were performed at 25°C
and 35 g L! salinity under constant illumination
and aeration (Moretti, Pedini Fernandez-Criado,
Cittolin & Guidastri 1999). The culture medium
consisted of diluted seawater that was UV treated.

A pre-experimental low-density (~10 individual
mL ) culture of a parthenogenetic population of B.
‘Nevada’ — referred to hereafter as ‘initial popula-
tion’ - was maintained under the abovementioned
experimental conditions for several generations,
using T. suecica as food (mean + SE: 1.02 x 10°
+ 0.9 cells ml™).

Experimental procedure

Rotifers were batch cultured in tanks (2.5 m’
capacity) for 4 days. Two feeding regimes used in
Mediterranean hatcheries were chosen: baker’s
yeast Saccharomyces cerevisiae and Tetraselmis suecica
(treatment 1, three replicates), CULTURE SELCO and
T. suecica (treatment 2, three replicates). The phyto-
plankton was added every day between 10:00 and
12:00, while yeast or CULTURE SELCO were added
in five equal fractions at 13:00 (except day O),
15:00 (except day 0), 17:00, 22:00, 2:00 and 5:00.
The phytoplankton levels used were near
(1.5 x 10* cells mL™! in treatment 1) or below
(0.2 x 10* cells mL ™! in treatment 2) ‘green water’
levels (Reitan, Rainuzzo, @ie & Olsen 1993; Dhert
et al. 2001) and not high enough to satiate rotifers
(Hirayama & Ogawa 1972). The levels of yeast and
CULTURE SELCO corresponded to recommended lev-
els for mass culture production (Moretti et al. 1999;
Suantika, Dhert, Nurhudah & Sorgeloos 2000).

The biochemical composition of both dry feeds is
listed in Table 1. Protein and lipid content (% dry
weight) as measured in this study falls within
reported values. Based on the values found in this
study, the protein:lipid ratio for yeast and CUL-
TURE SELCO is calculated to be 29.85 and 2.19
respectively.

Rotifer samples were collected from all tanks
for biochemical assays and fatty acid analyses
(500 mL). Sampling started on day O at 16:00
(‘O h’), proceeded with day 1 morning (‘16 h’),
day 1 afternoon (‘24 h’), day 2 morning (‘40 h’),

© 2013 John Wiley & Sons Ltd, Aquaculture Research, 1-12
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Table 1 Protein and lipid content (% dry weight) of the two feeds used in this study and of rotifers cultured therein.

Values appear as range or mean (+% SE or “SD)

Proteins Lipids Source
Saccharomyces cerevisiae 53.2 1.0 Ben-Amotz et al. (1987)
30.65 3.4 Dendrinos and Thorpe (1987)
30.5 + 2.6% 7.7 £ 212 Frolov et al. (1991)
48.95 + 0.49% 1.64 + 0.392 This study
S. cerevisiae-fed rotifer 65-69 15-22 Watanabe et al. (1983)
55.4 4.5 Ben-Amotz et al. (1987)
41.60 14.0 Dendrinos and Thorpe (1987)
9.8 + 0.2% Whyte and Nagata (1990)
46.2 + 4.12 11.8 + 1.4% Frolov et al. (1991)
49.00 + 1.172 9.77 Nagata and Whyte (1992)
34-35.1 13.5-15.4 Cari¢ et al. (1993)
36.06 + 0.52° 10.48 + 0.97° Fernandez-Reiriz et al. (1993)
41.98 + 2.72° Tamaru et al. (1993)
CULTURE SELCO 35 15 Suantika et al. (2000)
18 Dhert et al. (2001)
36.8 16.8 www.inve.com
45 15 www.aquaculture.ugent.be
35.3 4 0.45% 16.1 + 0.56% This study

CULTURE SELCO-fed rotifer No data available

day 2 afternoon (‘48 h’), day 3 morning (‘64 h’),
day 3 afternoon (‘72 h’) and ended on day 4 at
8:00 (‘88 h’). The samples of day O were used
solely for the analyses of the initial population
(fed on Tetraselmis suecica). The abundance (%) of
the population structure of the sampled rotifer
populations — comprising of immature individuals,
non-ovigerous females, females with one egg,
females with multiple eggs, females with sac,
post-reproductive females — has been calculated in
a previous study (Kostopoulou et al. 2006), where
a more analytical description of the experimental
design can be found (Experiment 1). Only parthe-
nogenetic individuals were present in the popula-
tion.

Chemical composition analyses

For the biochemical assays, samples were lyophi-
lized, weighed and kept at —80°C, prior to analy-
sis. DNA, RNA and total lipid analyses were
assayed according to the method of Holland and
Gabbott (1971), modified by Holland and Hannant
(1973). Standard curves were run with known
concentrations of calf thymus DNA (SERVA,
18560), calf liver RNA (SIGMA, R-7250) and tri-
palmitin (C 16:0) (SIGMA, T-5888) in the appro-
priate range of values. Proteins were determined
according to Hach, Brayton and Kopelove (1985)
and were estimated as N x 6.25.

© 2013 John Wiley & Sons Ltd, Aquaculture Research, 1-12

Lipids were extracted in chloroform:methanol
(2:1, v:v) using the method of Folch, Lees and
Sloane-Stanley (1957). Samples were stored under
nitrogen at —80°C prior to analysis. Fatty acid
methyl esters (FAMEs) were prepared by transeste-
rification with anhydrous methanol containing 2%
sulphuric acid and 0.01% (w/v) butylated
hydroxytoluene for 16 h at 50°C (Christie 1982).
FAMEs were separated using gas liquid chroma-
tography on a Perkin Elmer Gas Chromatograph
(Autosystem XL) equipped with a flame ionization
detector and a split/splitless injector fitted to a cap-
illary column of fused silica (FameWax, Restek,
length: 30 m, i.d.: 0.32 mm, film thickness: 0.25
pm). Helium was used as the carrier gas. Injector
and detector temperatures were set at 225°C and
250°C respectively. The oven temperature was pro-
grammed to rise from 130°C to 175°C at a rate of 5°C
min~! and then to 225°C at a rate of 20°C min !,
where it was held for 10 min. Peak areas were inte-
grated using Turbochrom Navigator Software (Ver-
sion 4.1, Perkin Elmer, San Jose, CA, USA). FAMEs
were identified by reference to a well-characterized
fish oil and to authentic standards (ALLTECH, SIGMA
and LARODAN).

Data analysis

The data were subjected to statistical analysis (Stat-
graphics Plus v.5.0, Statistical Graphics Corporation,
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Warrenton, Virginia, USA). Normal distribution
(Shapiro-Wilks test) and homogeneity of variance
(Levene’s test) were assessed prior to analysis. The
data of the fatty acid content of the two diets had
to be square root transformed. Regarding data on
fatty acid composition, a two-way ANova was con-
ducted to estimate time effects as well as interac-
tion effects between diet and time. As these effects
were not significant (P > 0.05), all samples for
each tested feed (n = 21) were taken into consid-
eration for the comparison with the initial popula-
tion (rotifers fed only on Tetraselmis suecica;
n = 4). With respect to biochemical, fatty acid and
population  structure  analyses, = comparisons
between and within treatments and significance of
regressions were tested using anova, followed by
LSD multiple range test when significant differ-
ences were found at 0.05 level. Untransformed
mean values + standard error (SE) are presented.
The measurements taken at the beginning of the
batch cultures (day 0) were not included in the
statistical tests.

Results

DNA, RNA and lipids (Fig. 1) were significantly
higher in treatment 2 (0.20 £+ 0.02, 3.16 £+ 0.16
and 11.78 + 0.52% of dry weight respectively)
compared with treatment 1 (0.15 £ 0.01, 2.62
+ 0.13 and 9.25 + 0.48% of dry weight respec-
tively). No significant difference was found in the
RNA:DNA ratio. Protein content was significantly
higher in treatment 1 than in treatment 2

Regarding the temporal variation in the studied
biochemical parameters (Fig. 2), DNA and RNA
showed similar responses. In treatment 1, a signifi-
cant diurnal variation was evident, whereas in
treatment 2, significantly higher values were
observed within the first 40 h of sampling,
decreasing thereafter to reach higher values again
towards the end of the sampling period (88 h).
DNA levels were significantly different between
treatments at 24 and 64 h, whereas RNA levels
differed at 24 and 40 h. Lipids showed the oppo-
site picture: in treatment 1, the reverse significant
diurnal variation was apparent, while in treatment
2, slightly higher values were monitored after
48 h. Between treatments, significant differences
were found at 16 and 64 h. Proteins showed no
significant temporal variation, but tended to follow
the fluctuations of RNA.

Mean values of both DNA and RNA were posi-
tively related (P < 0.001) to the abundance (%) of
ovigerous females — comprising of females with
single and multiple eggs as presented in Kostopou-
lou et al. (2006) — in both treatments (Fig. 3).
Lipids were positively related to the abundance of
immature individuals in treatment 1 (Fig. 4).

The fatty acid profile of feeds is listed in Table 2.
Tetraselmis suecica showed the highest content in
20:4n-6 (arachidonic acid, AA). Yeast was rich in
18:2n-6, while CULTURE SELCO in 20:5n-3 (eicosa-
pentanoic acid, EPA) and 22:6n-3 (docosahexaenoic
acid, DHA). Specifically, there was a 100-fold and a
tenfold difference in EPA and DHA levels, respec-
tively, between the two dry feeds. The total content

(55.65 £ 0.99% and 52.23 +£ 0.76% of dry (% total fatty acids) in n-3 PUFA (polyunsaturated
weight respectively). fatty acids) was significantly higher (P < 0.001) in
60 - 03
501 OTrestmant 1 0.25
s 0.15
20 4
£ 0I1
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- “ 0.05
0 e o i i
DMA RMA Lipids Proteins RNADNA 04

DNA

Figure 1 Mean values (+ SE; n = 3) of the DNA, RNA, lipid, protein content and RNA:DNA ratio in the rotifer
populations of treatments 1 and 2, after 16, 24, 40, 48, 69, 72 and 88 h of rearing. Asterisks indicate significant
differences between treatments (*, P < 0.05, ** P < 0.01, *** P < 0.001). Inlet on the right shows detail for low

(%) values.
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Figure 2 Mean values (+ SE; n = 3) of (a) DNA, (b) RNA, (c) lipid and (d) protein content versus time period of
sampling (16-88 ) in the rotifer populations of treatments 1 and 2. Letters indicate significant differences within
each treatment (P < 0.05; characters in italics: treatment 1, normal characters: treatment 2). Asterisks indicate

significant differences between treatments at designated hours of sampling (*, P < 0.05; **, P < 0.01).

CULTURE SELCO compared with yeast, whereas the
opposite was observed for n-6 PUFA. Consequently,
the ratio of n-3-n-6 PUFA was significantly higher
(P < 0.001) in CULTURE SELCO than yeast. The
ratio DHA to EPA was significantly higher
(P < 0.001) in yeast compared with CULTURE SEL-
CO. The levels (% total fatty acids) of n-3 and n-6
HUFA were significantly higher in CULTURE SELCO
than in yeast.

Rotifer fatty acid composition (% total fatty acid)
was influenced by the diet in the case of the
following fatty acids: 16:4n-1, 20:5n-3 (EPA),
22:2n-6, 22:5n-3, 22:6n-3 (DHA) and 18:2n-6
(Table 3). These were all statistically higher in
CULTURE SELCO and CULTURE SELCO-fed rotifers,
except for the last one, which was detected in
greater levels (% total fatty acids) in yeast and
yeast-fed rotifers. There were other fatty acids
whose difference in feed did not influence rotifer
composition, which was similar in both treatments
(14:0, 16:0, 18:0, 18:4n-3, 20:1n-9, 20:4n-6
(arachidonic acid, AA), 22:1n-11, 21:5n-3 and

© 2013 John Wiley & Sons Ltd, Aquaculture Research, 1-12

24:1n-9). Rotifers had a higher fatty acid content
compared with the feed in two cases (14:0, 20:1n-
9). In the rest, the feed had a higher level of the par-
ticular fatty acid than the rotifer (16:0, 18:0,
18:4n-3, 20:4n-6, 22:1n-11, 21:5n-3, 24:1n-9).
Another category was that of fatty acids that were
either absent or present in trace amounts in feeds,
but present in higher levels in rotifers (14:1, 15:0,
15:1, 16:1n7, 16:2n-4, 17:0, 18:1n9, 18:1n7,
18:1n5, 18:3n-6, 18:4n-1, 20:0, 20:2n-6, 20:3n-6,
20:3n-3, 20:4n-3, 22:1n-9, 22:4n-6, 22:5n-6).
Finally, a specific fatty acid (18:3n-3) was signifi-
cantly higher in yeast-fed than CULTURE SELCO-fed
rotifers, although the profile of the corresponding
feeds showed the opposite significant difference. This
resulted in rotifers of similar n-3 PUFA content, but
not n-3 HUFA. Namely, n-3 HUFA content was sig-
nificantly higher in CULTURE SELCO-fed rotifers,
compared with yeast-fed ones. On the other hand,
the n-6 PUFA and HUFA levels were similar. No sig-
nificant temporal difference was observed in the levels
of all fatty acids identified.

Ul
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Figure 3 Linear regression of (a) DNA and (b) RNA
with ovigerous females. The data for the population
structure (ovigerous females) are derived from Kosto-
poulou et al. (2006).
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Figure 4 Linear regression of lipids with immature
individuals of treatment 1. The data for the population
structure (immature individuals) are derived from
Kostopoulou et al. (2006).

Discussion

Lipid values reported here are in agreement with
previous studies (Table 1). The lipid level of rotifers
has been reported to be positively correlated with
that of their diet (Watanabe, Kitajima & Fujita
1983; Ben-Amotz, Fishler & Schneller 1987; Fro-
lov et al. 1991; @ie, Reitan & Olsen 1994; Fernan-
dez-Reiriz & Labarta 1996). The increased lipid
levels in rotifers fed mainly on CULTURE SELCO
(treatment 2) can thus be attributed to the
increased lipid level of this feed (Table 1). The

higher lipid levels in rotifers fed on CULTURE SEL-
CO were almost constant throughout the experi-
mental period and did not appear to be influenced
by the structure of the population. In contrast, the
‘lipid-poor’ population of rotifers fed on yeast
showed distinct diurnal variation in its lipid con-
tent, in synchrony with the newly hatched portion
of the population, as shown in Fig. 3b of Kosto-
poulou et al. (2006). This is reinforced by the
significant positive relationship of lipids with imma-
ture individuals of the latter population (Fig. 4 of
this study). It is argued that the abovementioned
temporal decrease in rotifer lipid content is due to
the lower lipid input of the feed (yeast). Rotifers sup-
ply their offspring with the necessary energy, which
decreases thereafter as it is not compensated by the
food.

Proteins also agree with previously reported val-
ues (Table 1). Proteins are considered to be the
most conservative of natural substances (Frolov
et al. 1991). However, they also change with diet
(Cari¢ et al. 1993; Whyte et al. 1994; Lubzens
et al. 2001). In this study, protein (% dry weight)
was higher in the rotifers fed on yeast compared
with CULTURE SELCO. According to Nagata and
Whyte (1992), yeast-fed rotifers have a high pro-
tein content compared with algal-fed ones,
whereas Frolov et al. (1991) have documented a
higher protein content of yeast-fed rotifers com-
pared with the corresponding content of yeast
itself. On the other hand, enrichment with lipid
emulsions results in a decrease in the protein con-
tent of rotifers (Fernandez-Reiriz et al. 1993;
Makridis & Olsen 1999). The oil emulsions, which
aim to enrich and manipulate the lipid fraction,
also appear to reduce the free amino acid (FAA)
content, leading to protein consumption (Aragao,
Conceicao, Dinis & Fyhn 2004). A previous study
(Kostopoulou et al. 2009) has shown that the roti-
fers of treatment 1 were also larger in size, creat-
ing a link between somatic growth (i.e. structural
tissues) and protein content, in agreement with
previous studies (Guisande & Serrano 1989; Jie &
Olsen 1997). In another study, Kostopoulou et al.
(2007) demonstrated that yeast influenced the
fecundity of male-producing mictic females, result-
ing in a higher abundance of males, compared
with CULTURE SELCO. It is argued that a possible
relationship exists between protein content and
production of males in rotifers.

The significantly higher levels of nucleic acids in
rotifers fed on CULTURE SELCO could be attributed

© 2013 John Wiley & Sons Ltd, Aquaculture Research, 1-12
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Table 2 Selectedt fatty acid composition (% of total fatty acids) of the feeds used in rotifer culture. Mean + SE are pre-
sented. Tetraselmis suecica composition is indicative of the exponential phase of growth and not compared with that of
the other two dry feeds

Tetraselmis suecica Yeast CULTURE SELCO
Fatty acids n=3 n=3 n=3 P-value

14:.0 1.12 + 0.08 0.23 £ 0.02 1.47 £ 0.31 wok
16:0 + 16:1% 27.49 + 045 34.09 + 0.94 19.02 £ 2.95 *
16:4n-1 ND ND 0.33 £ 0.12 wx
18:0 + 18:1§ 26.83 + 1.21 39.53 + 0.65 28.69 + 2.04 *
18:2n-6 1.48 + 0.38 23.17 £ 0.85 6.62 + 0.91 Aokok
18:3n-3 1.98 + 0.18 ND 1.20 £ 0.17 ok
18:4n-3 1.11 + 0.07 ND 1.48 +£ 0.14 Hkk
20:1n-9 ND 0.35 + 0.02 1.82 +£ 0.38 Hok
20:2n-6 1.38 + 0.09 ND 0.04 + 0.04 ns
20:4n-6 (AA) 2.01 £ 0.23 ND 0.97 + 0.27 Hokk
20:4n-3 0.76 + 0.17 ND 0.13 £ 0.13 ns
20:5n-3 (EPA) 1.12 + 0.08 0.12 + 0.04 11.21 £ 0.91 Hokok
22:1n-11 0.33 + 0.18 0.58 + 0.07 3.15 +£ 1.12 *
22:2n-6 ND 0.21 + 0.03 0.95 + 0.13 Hok
21:5n-3 ND 0.01 £+ 0.01 1.42 + 0.51 wk
22:5n-3 0.14 + 0.15 0.17 + 0.04 3.08 + 0.92 Hok
22:6n-3 (DHA) 0.83 + 0.10 0.94 + 0.23 13.42 £ 0.34 Hkk
24:1n-9 0.05 + 0.05 0.27 + 0.05 2.92 + 1.26 *
Sum n-3 PUFA 5.94 + 0.12 1.24 + 0.31 31.94 + 1.51 Hokk
Sum n-6 PUFA 4.87 + 0.23 23.38 + 0.88 9.18 + 0.57 ok
n-3/n-6 PUFA 1.22 + 0.08 0.05 + 0.01 3.50 + 0.26 Hkk
Sum n-3 HUFA 2.85 + 0.12 1.24 + 0.30 29.26 + 1.53 Hokk
Sum n-6 HUFA 3.39 +£ 0.10 0.21 + 0.03 229 +£0.18 ook
n-3/n-6 HUFA 0.84 + 0.03 6.01 + 1.54 12.86 + 0.72 *
DHA/EPA 0.74 +£ 0.10 7.68 + 0.60 1.21 £ 0.08 Hokk

tFatty acids of less than 0.8 (% of total fatty acids), showing no significant differences between treatments, are not listed.
fIncluding 16:1n-7.

§Including 18:1n-9, 18:1n-7, 18:1n-5.

ND, not detectable; AA, arachidonic acid; EPA, eicosapentanoic acid; DHA, docosahexaenoic acid; PUFA, polyunsaturated fatty
acids; HUFA, highly unsaturated fatty acids; *, P < 0.05; **, P < 0.01; *** P < 0.001; ns, not significant.

to the increased proportion of ovigerous females
present in these populations (Kostopoulou et al.
2006), a relationship also demonstrated in this
study (Figure 3). DNA and RNA appear elevated
during embryonic development in  Daphnia
(Gorokhova & Kyle 2002), as well as in ovigerous
copepods (Miliou, Moraitou-Apostolopoulou &
Argyridou 1992). The correlation of nucleic acids
with ovigerous females could reflect active embry-
onic development during that phase of the life
cycle. It is suggested that DNA and RNA content,
through its relationship with ovigerous females,
could be ultimately used as an alternative index to
measure growth rate and/or egg-female ratio,
although additional data are needed.

The fatty acid profile of rotifers was influenced
by the dry feeds in a varied way. The saturated
and monounsaturated fatty acids were similar in

© 2013 John Wiley & Sons Ltd, Aquaculture Research, 1-12

the rotifers of the two treatments, although the
respective feeds showed significant differences. In
particular, the saturated fatty acids of the C16 and
C18 series were significantly higher in yeast, com-
pared with CULTURE SELCO, but similar in the cor-
responding rotifers. On the other hand, the
saturated fatty acids of the C14 series and the
monounsaturated fatty acids of the C20, C22 and
C24 series were elevated in CULTURE SELCO, but
did not yield a significant difference in the rotifers.
It has been suggested that rotifers are able to regu-
late the incorporation of saturates and monoenes
into their body tissues by either inhibiting the
absorption of these fatty acids or enhancing their
catabolism (Rodriguez, Izquierdo,
Fernandez-Palacios & Lorenzo 1997; Rodriguez,
Pérez, Badia, Izquierdo, Fernandez-Palacios & Lore-
nzo Hernandez 1998). In the cases where the fatty

Pérez, Diaz,
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Table 3 Fatty acid composition of rotifers (% of total fatty acids) fed on yeast (Treatment 1) or CULTURE SELCO (Treat-
ment 2). Initial refers to the rotifer population of day O fed on Tetraselmis suecica (beginning of culture). Mean + SE are

presented. For abbreviations, see Table 2

Rotifers

Initial Treatment 1 Treatment 2
Fatty acids n=4 n=21 n=21 P-value
14:0 1.49 + 0.15 1.55 + 0.08 1.84 + 0.1 ns
14:1 0.66 + 0.13 0.81 + 0.07 0.68 + 0.10 ns
15:0 0.49 + 0.03 0.54 + 0.03 0.54 + 0.02 ns
15:1 0.44 + 0.05 0.33 + 0.03 0.37 + 0.03 ns
16:0 12.70 + 0.44 15.15 + 0.84 16.08 + 0.93 ns
16:1n7 8.62 + 1.37 8.53 + 0.49 10.30 + 0.51 ns
16:2n-4 117 + 0.37 0.83 + 0.15 0.75 + 0.11 ns
17:0 0.75 + 0.10 0.66 =+ 0.09 0.79 + 0.08 ns
16:4n-1 0.09 + 0.042 0.08 + 0.02% 0.23 + 0.02° ks
18:0 1.58 + 0.05 1.60 + 0.06 1.32 + 0.1 ns
18:1n9 14.22 +1.27 12.64 + 0.81 13.00 + 1.31 ns
18:1n7 11.26 + 0.68 10.84 + 0.39 9.94 + 0.62 ns
18:1n5 0.53 + 0.14 0.59 + 0.07 0.55 + 0.08 ns
18:2n-6 12.63 + 0.74° 11.65 + 0.67° 9.91 + 0.512 *
18:3n-6 0.28 + 0.03 0.25 + 0.03 0.28 + 0.04 ns
18:3n-3 14.36 + 1.96° 14.40 + 0.96° 9.43 + 0.58° ok
18:4n-3 0.45 + 0.26 0.40 + 0.10 0.33 + 0.06 ns
18:4n-1 0.05 + 0.03 0.15 + 0.02 0.18 + 0.04 ns
20:0 0.08 + 0.03 0.11 + 0.02 0.15 + 0.02 ns
20:1n-9 2.083 + 0.24 2.99 + 0.13 2.78 + 0.26 ns
20:2n-6 0.29 + 0.03%° 0.39 + 0.03° 0.24 + 0.042 *
20:3n-6 0.33 + 0.01%° 0.38 + 0.02° 0.27 + 0.03° ok
20:4n-6 (AA) 0.78 + 0.08 0.88 + 0.05 0.84 + 0.09 ns
20:3n-3 0.17 + 0.04%° 0.27 + 0.08° 0.07 + 0.03° ok
20:4n-3 1.69 + 0.19%° 2.16 + 0.10° 1.57 + 0.13% ok
20:5n-3 (EPA) 3.58 + 0.33° 2.90 + 0.28° 5.83 + 0.26° ks
22:1n-11 0.74 + 0.18 1.01 + 0.09 1.22 + 0.12 ns
22:1n-9 0.21 + 0.03 0.20 + 0.03 0.25 + 0.06 ns
22:2n-6 0.59 + 0.087 0.85 + 0.08% 1.08 + 0.09° *
21:5n-3 0.21 +0.03 0.35 + 0.04 0.31 + 0.05 ns
22:4n-6 0.11 + 0.06 0.20 + 0.04 0.14 + 0.03 ns
22:5n-6 0.06 + 0.05 0.16 + 0.03 0.10 + 0.03 ns
22:5n-3 0.72 + 0.06° 0.44 + 0.05% 1.15 + 0.03° ok
22:6n-3 (DHA) 2.25 + 0.33° 210 + 0.29° 452 + 0.46° ok
24:1n-9 114 + 0.14 1.34 + 0.20 1.65 + 0.20 ns
Sum 96.78 + 0.45 97.78 + 0.72 98.70 + 0.68 ns
Sum n-3 PUFA 23.42 + 1.97 23.03 + 0.97 23.20 + 1.21 ns
Sum n-6 PUFA 15.08 + 0.76 14.77 + 0.72 12.88 + 0.45 ns
n-3/n-6 PUFA 1.55 + 0.08 1.62 + 0.13 1.84 + 0.14 ns
Sum n-3 HUFA 8.61 + 0.50° 8.22 + 0.44% 13.44 + 0.76° ok
Sum n-6 HUFA 1.88 + 0.06 2.47 + 0.14 2.44 + 0.14 ns
n-3/n-6 HUFA 458 + 0.21° 3.37 + 0.15% 5.57 + 0.20° ok
DHA/EPA 0.63 + 0.08 0.85 + 0.18 0.76 + 0.06 ns

Means in the same row having a different letter as superscript are significantly different (*, P < 0.05; **, P < 0.01; *** P < 0.001;

ns, not significant).

acids reached a higher percentage in rotifers than
in corresponding feed, endogenous synthesis is
hypothesized (Whyte & Nagata 1990; Lie, Haaland,
Hemre, Maage, Lied, Rosenlund, Sandnes & Olsen

1997; Navarro, Yufera & Garcia-Gallego 2001).
Such stable rotifer composition, regardless of feed,

can be linked to a need for these acids during

growth and development (Whyte & Nagata 1990).

© 2013 John Wiley & Sons Ltd, Aquaculture Research, 1-12
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Rotifer fatty acid composition was influenced by
the dry feeds in the case of the following fatty
acids: 16:4n-1, 18:2n-6, 20:5n-3, 22:2n-6, 22:5n-
3 and 22:6n-3. Such correspondence between feed
and rotifer composition is in agreement with previ-
ous studies (Walford & Lam 1987; Frolov et al.
1991; Fernandez-Reiriz et al. 1993; Tamaru,
Murashige, Lee, Ako & Sato 1993; Reitan, Rain-
uzzo & Olsen 1994; Whyte et al. 1994; Fernandez-
Reiriz & Labarta 1996; Lie et al. 1997; Copeman,
Parrish, Brown & Harel 2002; Castell, Blair, Neil,
Howes, Mercer, Reid, Young-Lai, Gullison, Dhert &
Sorgeloos 2003). The fatty acids that have
received most attention are EPA (20:5n3) and
DHA (22:6n3), because of their important role in
fish larval growth and development (Watanabe &
Kiron 1994). In this study, rotifers were enriched
in those two fatty acids when cultured with CUL-
TURE SELCO, in contrast to yeast. The latter is
considered nutritionally deficient in HUFA for
rotifers (Lubzens et al. 1985; Walford & Lam
1987; Whyte & Nagata 1990; Frolov et al. 1991;
Fernéndez-Reiriz et al. 1993; Tamaru et al. 1993;
Fernandez-Reiriz & Labarta 1996; Nichols, Hart,
Nichols & McMeekin 1996), in accordance with
this study. On the other hand, although CULTURE
SELCO is more enriched than yeast, it is neverthe-
less on the lower range of most artificially pre-
pared enrichment emulsions (Reitan et al. 1994;
Copeman et al. 2002; Castell et al. 2003; Park,
Puvanendran, Kellett, Parrish & Brown 2006).
Consequently, the levels of EPA and DHA obtained
in CULTURE SELCO-fed rotifers were accordingly
lower than most emulsion-fed rotifers. Based on
the bibliography (Reitan et al. 1994; Hache &
Plante 2011), the highest levels in the abovemen-
tioned fatty acids were attained in rotifers (18%
EPA and 34.4% DHA), when they were cultured
using emulsions with a composition of 27.3% and
33.8% of EPA and DHA respectively. Studies (Reit-
an et al. 1994; Copeman et al. 2002; Park et al.
2006) where a higher percentage of either EPA or
DHA was provided did not yield better results. It is
therefore suggested that there must be a threshold
above which no further enrichment is possible.

The higher content of n-3 HUFA in CULTURE
SELCO-fed rotifers, together with their higher lipid
content can be associated with their population
structure. Based on a previous study (Kostopoulou
et al. 2006), CULTURE SELCO-fed rotifers were
characterized by a higher proportion of ovigerous
females. A relationship therefore appears to exist

© 2013 John Wiley & Sons Ltd, Aquaculture Research, 1-12

between lipid content and reproductive output
(Schmid-Araya 1992; Olsen, Reitan & Vadstein
1993; Gilbert 2004). HUFA act as precursors to
eicosanoids, which have a regulatory function in
egg production, egg laying and hatching (Brett &
Miiller-Navarra 1997). Furthermore, n-3 HUFA
have been associated with an increased proportion
of gravid females in cladocerans (Sundbom & Vre-
de 1997).

Certain fatty acids (18:3n-3, 18:3n-6, 18:4n-3,
20:3n-3, 20:4n-3, 20:5n-3, 22:6n-3, 20:2n-6, 20:
3n-6, 20:4n-6, 21:5n-3, 22:5n-3, 22:2n-6, 22:4n-6
and 22:5n-6) were absent or were detected in lower
levels in yeast, compared with the corresponding rot-
ifers. A number of these fatty acids even exceeded the
levels of CULTURE SELCO-fed rotifers, whereas most
of them were similar to the initial population (fed on
Tetraselmis suecica). It is therefore postulated that
they may have originated from lipids in the starting
rotifer population or from selective feeding on T. sue-
cica, at least in some of the cases, such as 18:4n-3,
20:2n-6 and 20:4n-6. However, certain polyunsatu-
rated fatty acids showed a relatively low content in
T. suecica (e.g. 18:3n-3, 20:4n-3, 20:5n-3, 22:5n-3,
22:6n-3) or were not detected at all (e.g. 20:3n-6,
20:3n-3, 22:2n6, 21:5n-3). Thus, an activation of
n-3 and n-6 conversion pathways in both yeast- and
phytoplankton-fed rotifer populations cannot be
ruled out. It is well known that the fatty acids 18:3n-
3, 18:4n-3, 20:3n-3 and 20:4n-3 may act as precur-
sors in de novo synthesis of 20:5n-3 and 22:6n-3 (n-
3 conversion pathway). In addition, the increased
levels of 20:2n-6 and 20:3n-6 may indicate forma-
tion of 20:4n-6 and thereafter of 22:2n-6, 22:4n-6
and 22:5n-6 (n-6 conversion pathway). It has been
suggested that when the feed is deficient in HUFA, as
is the case in yeast, rotifers can activate specific path-
ways that lead to the production of those HUFA (Lub-
zens et al. 1985; Frolov et al. 1991; Robin 1995;
Nichols et al. 1996; Navarro et al. 2001). Finally,
the level of 20:4n-6 was similar in yeast-fed and
CULTURE SELCO-fed rotifers, although the corre-
sponding dry feeds showed significant differences.
However, this was not the case for EPA and DHA,
which were half in yeast-fed, compared with CUL-
TURE SELCO-fed rotifers.

Overall, CULTURE SELCO gave the best fatty
acid profile in terms of n-3 HUFA, followed by
phytoplankton (reflecting the initial rotifer popula-
tion) and then yeast. The levels of 20:5n-3 and
22:6n-3 were slightly lower, while those of 22:5n-
3 significantly lower, in yeast-fed rotifers compared
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with phytoplankton-fed rotifers. The deficiency of
yeast compared with phytoplankton has also been
noted in previous studies (Dendrinos & Thorpe
1987; Whyte & Nagata 1990). Rotifer populations
fed on CULTURE SELCO have also been shown to
attain higher growth rates (Kostopoulou et al.
2006) through faster deposition of eggs (Kostopou-
lou et al. 2009). On the other hand, when rotifers
were fed on yeast, they reached higher mixis (i.e.
sexual reproduction) levels, compared with CUL-
TURE SELCO (Kostopoulou et al. 2007). It is there-
fore suggested that CULTURE SELCO results in
more productive and better enriched parthenoge-
netic rotifer populations in comparison with yeast.

In conclusion, this study compared rotifer popu-
lations that were mass cultured using two diets
differing in biochemical composition. The lipid-rich
diet (CULTURE SELCO) yielded populations of
higher DNA, RNA, lipid and n-3 HUFA content, in
contrast to the temporally unstable lipid-poor diet
(yeast), which resulted in rotifers of higher protein
content. CULTURE SELCO appears to offer a more
temporally stable lipid content, compared with
yeast. It is therefore suggested that the two popu-
lations require different enrichment protocols to
reach appropriate biochemical compositions, before
being fed to the fish larvae.
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