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Carotenoid contents and composition were studied in three successive developmenial groups of
copepod populations from the southern Baltic Sea. Samples were collected with >80% prevalence
of any one of three developmental groups: (1) naupliz, (i) copepodids I-I1I and (i) copepodids IV—V
and also adults of Pseudocalanus acuspes Giesbrecht and Acariia spp. (Copepoda: Calanoida).
Samples were collected over the years 1991—1999 from May to Sepiember at six sampling sites in
the southern Baltic Sea. The carotenoids were analyzed by means of reverse-phase high-performance
liquid  chromatography (RP-HPLC). The mean total carolenvid concentrations (astaxanthin,
astaxantfun esters, canthaxanthin and other carotenoid unidentified and derived from the diet)
Jfound tn three groups of developmental stages for P. acuspes were 556 g g~ ' dry weight (d.w.) in
naupliar stages, 791 pg ¢~ ' in copepodids I-IT1, and 868 pg g ' in copepodids IV-V and
adults. The average carotenoid concentrations in Acartia spp. were 619, 764 and 872 pg g’
d.w., respectively. Significant changes were observed in the proportion of carolenoids of separate
developmental groups. Astaxanthin and canthaxanthin occurred in all developmental groups, with
the evident dominance of astaxanthin. However, copepodid groups I-III, and especially IV-V
including adults, showed an increased proportion of astaxanihin esters. This suggests that
astaxanthin is the main active carotenoid in copepod metabolism. It acts most probably as an
efficient free radical quencher and may be involved in rapid metabolism of stored lipids in mostly
unfeeding young nauplii. The feeding stages (late nauplii and copepodids I-IIT and IV-V) are
evidently able to metabolize this pigment by esterification and further degradation.

INTRODUCTION

The herbivorous Copepoda, like all animals, cannot
synthesize the carotenoids commonly found during bio-
chemical assays of their tissues. They are only capable of
metabolic transformations of carotenoids present in
ingested plant food, e.g. lutein and zeaxanthin, into
their own principal keto-carotenoid (astaxanthin), via
the intermediary pigments echinenone and cantha-
xanthin (Ringelberg, 1980; Goodwin, 1984; Andersson et al.,
2003). The distinct coloration of most copepod species
1s due largely to astaxanthin (which occurs in their
bodies as unesterified astaxanthin), either dissolved in

the lipid fraction or bound to proteins to form caroteno-
proteins. While the presence of these pigments has been
recorded in many planktonic Copepoda, their impor-
tance in zooplankton ecology and physiology is sull the
subject of biochemical analysis and independent envir-
onmental and behavioral studies. Up to now, it has been
supposed that astaxanthin is the main pigment active in
copepod metabolism, e.g. as an antioxidant within food
reserves, in photoadaptation and chemoreceptive pro-
cesses (Bliss and Mantel, 1985; Miki, 1991; Speekmann
et al., 2000). Recently, Shimidzu et a/. (Shimidzu et al.,
1996), Hoegh-Guldberg and Jones (Hoegh-Guldberg
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and Jones, 1999) and Kobayashi and Sakamoto
(Kobayashi and Sakamoto, 1999) described the photo-
protection mechanism of carotenoids in marine organ-
isms. Modern analytical tools, like highly technically
developed spectrometry (including NMR analysis) and
high-performance liquid chromatography (HPLC), allow
a new approach in the detection and precise separation of
these labile and often trace compounds. Most of the
information on carotenoid composition is based on
adult copepods (Bandaranayake and Gentien, 1982;
Byron, 1982; Mauchline e al., 1998); litte is known
about the carotenoid composition during ontogenesis of
copepods (Czeczuga and Czerpak, 1966; Czeczuga,
1975; Lotocka and Styczynska-Jurewicz, 2001).

The aim of the present paper was, therefore, to deter-
mine qualitatively and quantitatively the composition of
the principal carotenoid pool in the three developmental
groups [(i) nauplii, (i) copepodids I-1II and (iii) copepod-
ids IV-V and adults] of Pseudocalanus acuspes Giesbrecht
and Acartia spp. These species are dominant compo-
nents of mezozooplankton in the southern Baltic Sea
(Wasmund et al., 1996).

METHOD

Biological material

Zooplankton samples were collected over the years
1991-1999 from May to September, from different
depth layers at six sampling sites: B-1 (Bornholm Deep,
55°00'N, 15°45'E), G-2 (Gdansk Deep, 54°50'N,
19°20'E), 1 (Pomeranian Lagoon, 54°00'N, 14°20'E), 3
(Pomeranian Lagoon, 54°10'N, 14°40'E), 89 (Gdansk
Bay, 54°30'N, 19°00'E) and 92 (Gdansk Bay, 54°30'N,
18°40’E). Zooplankton were collected by means of a
standard closing WP2 net with 200 and 100 um mesh
size from several vertical hauls. Samples collected during
cach cruise were stored for a few days at —20°C to avoid
pigment degradation in animals. Copepod samples in
which a given developmental stage/group of P. acuspes
and Acartia spp. was distinctly prevalent (>80% in a
population) were then selected. Consisting only of
~10% of the total number of copepods harvested, the
samples were then split into three sets: one with domi-
nant naupliar stages (group 1), another with prevalent
copepodids I-1I1, and a third with dominant copepodids
IV-V and adults. Samples in which only one naupliar or
copepodid stage was dominant were rejected.

The copepods Pseudocalanus and their developmental
stages were sorted under a microscope and identified fol-
lowing Frost (Frost, 1987). Four species of the genus Acartia
recorded in our samples (4. bifilosa, A. tonsa, A. longiremis and
A. discaudata) (Behrends e/ al., 1997) were pooled into one
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taxonomic group: Acartia spp. In addition, we decided to
pool together all samples from four sampling stations into
one sample. Later, Acartia spp. from these samples was
divided into separate developmental groups.

For microscopic analyses, zooplankton subsamples were
preserved with 4% formaldehyde solution. The taxonomic
groups and ontogenetic stages were determined using an
inverted microscope (Axiovet 35 OPTON) and the sedi-
mentation technique (Dybern ¢t al., 1976).

Carotenoid extraction

Samples, which were held frozen, were allowed to thaw
and then water was removed by centrifugation (2015 g at
5°C for 15 min in a GS-6R Beckman centrifuge). The
material was extracted by ultrasonication in 90% acet-
one (~5 mL g~' dry weight), using a Cole Palmer ultra-
sonic homogenizer 4710 Series for 5 min at 20 kHz,
then incubated for 2 h in the dark at 5°C. After centri-
fugation (2820 g at 5°C for 20 min), the supernatant was
decanted and the extraction procedure repeated twice.
Combined extracts were then used to determine carote-
noid identification and concentrations.

Carotenoid separation by HPLC

The concentration of individual carotenoids was deter-
mined using a chromatographic system consisting of a
Hewlectt-Packard Series 1050 chromatographic pump, an
HP1100 diode array detector, an HP1046 fluorescence
detector and a Model 71253 Rheodyne injector with a
20 pL loop. The chromatographic systern used a LiChro-
CARD 4-4 Hypersil ODS-type precolumn (5 um particle
size) and a 125 X 4 mm analytical column packed with
Spherisorb ODS-2 (5 um particle size).

Carotenoid detection was based on absorbance mea-
surements at A = 450 nm. Parallel fluorescence measure-
ments were also made with a detector set at Ay, = 431 nm
(excitation wavelength) and at Ag,,, = 660 nm (emission) in
order to confirm the presence of chloropigments in the
samples.

Separation of carotenoids was achieved in a gradient
mixture of methanol, acetone and water (80:5:15, v/v/v)
and a flow rate of 0.8 mL min~'. After 10 min, the water
content was linearly reduced and acetone increased in
order to bring the proportion of acetone up to 20% in
the 50th minute after injection. The final composition of
the gradient mixture was methanol:acetone 80:20 (v/v).

Qualification and quantification analyses

Qualification and quantification analyses of carotenoids
isolated from organisms were performed using commer-
cially available standards obtained from Hoffmann-La
Roche Co. and Sigma Chemical Co. and International
Agency for "*C. All calibration parameters for HPLC
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{retention times, absorption spectra, calibration curves,
detection limits) required the identification and quan-
tification of concentrations of isolated carotenoids. The
concentration of individual carotenoids was determined
from the data described by Mantoura and Llewellyn
(Mantoura and Llewellyn, 1983) and Lotocka (Lotocka,
1998).

The astaxanthin, canthaxanthin and astaxanthin esters
were identified in detail (Lotocka, 1999). TLC was carried
out on MgO (International Enzymatic Laboratory, UK)
with benzene, hexane and acetone in various proportions.
Astaxanthin esters were determined after alkaline sapon-
ification in the dark with 10% KOH/MeOH at room
temperature for 6 h under helium. Visible spectra of eluted
fractions were recorded for the individual carotenoids in
acetone and/or hexane (UV-VIS Beckman DU-68 spec-
trophotometer at 350-750 nm wavelength). Mass spectra
were recorded at 70 eV, 210°C (LKB 2091COMS
spectrometer). Only diagnostically useful peaks are cited.

Statistical analyses

The different patterns of the carotenoid standing crop of
various copepod stages were analyzed by one-way ana-
lysis of variance (ANOVA) followed by Tukey’s HSD
post-hoc test for multiple comparisons among means
using S-Plus version 2000 (MathSoft, 2000). Analyses
were provided according to methods and assumptions
described by Zar (Zar, 1984), Motulsky (Motulsky, 1995)
and Dytham (Dytham, 1999). All data were logo trans-
formed prior to statistical analyses to stabilize and
normalize variance, which were analyzed using the
Kolmogorov—Smirnov goodness-of-fit test provided by
S-Plus (MathSoft, 2000).

RESULTS

Astaxanthin, astaxanthin esters and canthaxanthin were
the main pigments found in P. acuspes and Acartia spp. The
residual carotenoid pool, referred to here as ‘other carote-
noids’, which has been excluded from the present consid-
erations, consisted of pigments originating from ingested
food and occurring in copepod gut contents in the initial
stages of plant food decomposition. Small amounts of
echinenone and lutein, sometimes recorded in the gut
contents as well as in the copepod tissues, probably repre-
sented an inital stage of assimilation leading to further
metabolic transformation of algal carotenoids. The pig-
ments of this group were only characterized by HPLC.
The retention times and VIS spectra given in parentheses
for authentic carotenoids referred to the same HPLC run.
Typical algal carotenoids found in these groups were e.g.
peridinin-, fucoxanthin-, diadinoxanthin- and diatoxanthin-
like (defined as ‘other carotenoids’).
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The identification parameters of the main carotenoids
detected in P. acuspes and Acartia spp. discussed further
are as follows.

(1) Astaxanthin: Ry = 0.56 (MgO plates, 35:35:30 ben-
zene:hexane:acetone), VIS A, (acetone) 473 nm, VIS
Amax (hexane) 470 nm, MS m/z 596 (100%), Ry = 24.28.

(i) Canthaxanthin: Ry = 0.67 (MgO plates, 35:35:30
benzene:hexane:acetone), VIS A, (acetone) 469 nm,
VIS Apax (hexane) 467 nm; MS m/z 564 (100%), Rt =
31.52.

(1) Astaxanthin diester-like: Ry = 0.81 (MgO plates,
35:40:25 benzene:hexane:acetone), VIS A, (hexane)
465 nm (before saponification) and 471 nm (after sapon-
ification), MS m/z (998, 10%), (578, 94%), (560, 100%),
Rt = 24.27 (after saponification).

(iv) Unidentified astaxanthin esters: By = 0.67 (MgO
plates, 35:40:25 benzene:hexane:acetone), VIS A,
(hexane) 470 nm (after saponification), Rt = 24.32 (after
saponification).

(v) Unidentified astaxanthin esters: Ry = 0.29 (MgO
plates, 35:40:25 benzene:hexane:acetone), VIS A ..
(hexane) 470 nm (after saponification), Ry = 24.28 (after
saponification).

(vi) ‘Other carotenoids” peridinin-like (R = 21.11;
Amax upLc) 475 nm), fucoxanthin-like (Ry = 22.63;
Mmax [HpLc] 490 and 466 nm), diadinoxanthin-like (R =
25.01; Amax mpLe) 428, 447 and 476 nm), diatoxanthin-
like (R = 25.71; Apyax pr.cy 428, 453 and 481 nm), lutein-
like (R = 27.47; Apax marerey 423, 446 and 475 nm),
echinenone-like (Rl = 3633, >"max [HPLC]) 471 nm).

The total carotenoid concentration in P acuspes
increased in successive developmental groups (Table I).
It was significantly lower in naupliar stages than in the
other two copepodid groups, which did not differ sig-
nificantly from each other (ANOVA, P < 0.03, Tukey’s
HSD, P < 0.05; Table IIb). The average concentrations
of total carotenoids calculated for both regions from the
values presented in Table I were 536 pg g~ ' dry weight
(d.w.} in naupliar stages, 791 pg g~ ' in copepodids I-1II,
and 868 ug g ' in copepodids IV-V and adults. The
mean concentrations of the carotenoid pool were similar
i both basins of the Baltic ANOVA, P < 0.05, Tukey’s
HSD, P < 0.05; Table IIa).

Astaxanthin was the main pigment in naupliar and
other copepodid groups of P. acuspes. The domination of
astaxanthin among carotenoids decreased with older
larval stages from 305 pg g ' d.w. in the naupliar
group to 239 pg g~ d.w. in the copepodids IV-V and
adults (mean data for both basins). Mean concentrations
of astaxanthin m nauplii and copepodids I-IIT did not
differ significantly from each other (Table IIb).

A tendency of the canthaxanthin and astaxanthin
ester concentrations to increase during development of
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Table I: Range and mean content of carotenoids in pug per g of copepod body dry weight
(= SD, n = number of samples) in developmental stages of the copepod P. acuspes Guesbrecht

Station Astaxanthin Astaxanthin esters  Canthaxanthin Other carotenoids®  Carotenoids total

Nauplii

B-1 32198, n=7 9+4,n=7 2613, n=7 225+36,n=7 581+99, n=7
range 196-460 5-17 8-47 189-279 468-692

G-2 289 + 36, n= 11 124, n=1 5121, n=11 179+ 66, n=11 531+84, n=11
range 208-327 6-19 31-84 104-283 387-632

Copepodids 1-i1l

B-1 295 + 50, n=12 197 £ 56, n= 12 88+ 25 n=12 236+ 101, n=12 816+ 176, n =12
range 235-399 125-299 55-134 101-396 615-1122

G-2 311 +54,n=6 103+£38,n=26 61+12,n=6 291+73,n=6 766+ 97, n=6
range 249-368 57-163 50-79 201-396 593-852

Copepodids V-V and adults

B-1 256 + 99, n =38 212 +75, n=38 133+£79,n=38 29695 n=238 897 + 176, n = 38
range 117-452 136-390 74-359 140-426 485-1309

G-2 221 £123,n=46 191 £ 69, n =46 120+ 46, n =46 307 + 144, n = 46 839 + 219, n = 46
range 97-500 68-352 12-259 62-499 448-1269

2Unidentified carotenoids (derivatives) and pigments from the diet.

Table II: Results of analysis of variance using one-way ANOVA and Tukey’s HSD post-hoc test for
multiple comparisons among means
(a) Comparisons between carolenoid concentrations of the same copepod stages from samples taken at

B-1 and G-2 siles

Pseudocalanus

acuspes

G-2

Nauplii

Copepodids Il

Copepodids V-V and adults

ast. ae. canth. other

total

ast.

a.e.

canth.

other

total

ast. a.e.

canth.

other total

B-1
Nauplii
ast.

a.e,

canth.

other

total
C N

ast.

a.e.

canth.

other
total

ns

ns

ns

C IV-V and adults

ast.

a.e.

canth.

other

total

ns

ns

ns

ns

ns

ns

ns
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Table II Continued
(b) Comparisons of carotenoid concentrations between different copepod stages of P. acuspes
Pseudocalanus B-1 & G2
acuspes
Copepodids I-itl Copepodids V-V and adults
ast. a.e. canth. other total ast. a.e. canth. other total
B-1 & G-2
Nauplii
ast. ns *
a.e. * *
canth. * *
other ns *
total * %
C Il
ast. *
a.e. ns
canth. *
other ns
total ns
(c) Comparisons of carotenoid concentrations between different copepod stages of Acartia spp.
Acartia spp. Stations 1, 3, 89, 92
Copepodids |-l Copepodids V-V and adults
ast. a.e. canth. other ast. a.e. canth. other

Stations 1, 3, 89, 92
Nauplii

ast.

a.e.

canth.

other

C -
ast.
a.e.
canth.
Other

The null hypothesis was tested, where Hq means that the sets of data have the same mean or there are no differences between means, Ha =
significantly differ from each other (* = ANOVA, P < 0.05, Tukey's HSD, P < 0.05}; ns, not significant (there are no differences between means). ast.,
astaxanthin; a.e., astaxanthin esters; canth., canthaxanthin; other, other carotenoids; total, total carotenoids.

P. acuspes was observed (Table I). Only the content of
astaxanthin esters in both copepodid groups did not
differ significantly (Table IIb).

Separate pigments found in samples from station B-1
(Bornholm Deep) and G-2 (Gdanisk Deep) showed different
patterns. The percentage of astaxanthin in the naupliar pool
from the Bornholm Deep (55% ) had decreased to 26% in

the older copepodid group IV-V and adults). Simulta-
neously, the share of astaxanthin esters increased from
only 1.6% of the carotenoid pool in the nauplii to as much
as 24.4% in the IV-V copepodids and adults. Similarly, in
the Gdansk Deep, a decrease in the astaxanthin concentra-
tion from 54% in nauplii down to 26% in copepodids [V-V
and adults correlated correspondingly with an increase of
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