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flagellates

MELANIE HARTWICH *, ALEXANDER WACKER AND GUNTRAM WEITHOFF
INSTITUTE FOR BIOCHEMISTRY AND BIOLOGY, UNIVERSITY OF POTSDAM, POTSDAM, GERMANY

*CORRESPONDING AUTHOR: melanie.hartwich@uni-potsdam.de

Received October 6, 2009; accepted in principle June 8, 2010; accepted for publication June 11, 2010

Corresponding editor: Roger Harris

The competitive abilities of two rotifer species (Elosa worallit, Cephalodella sp.) were
influenced by the mode of carbon acquisition of the osmo-mixotrophic flagellate

Chlamydomonas acidophila due to changes in cell biochemistry:.
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Resource competition is a main driving force for the
abundance and distribution of species. Exploitative
competition is an indirect interaction between consu-
mers by the exploitation of a shared resource (Lynch,
1978; Smith and Cooper, 1982; Rothhaupt, 1990) and is
an important factor in structuring zooplankton commu-
nities (DeMott, 1989). In many water bodies, rotifers
compete with crustaceans, especially with efficient filter-
feeders such as large Daphnia (Vanni, 1986; Gilbert,
1988). Exploitative competition between rotifers is par-
ticularly expected when cladocerans are absent. This is
the case, for example, in acidic mining lakes where the
pH is too low for cladocerans. In lakes of the mining
district of Lusatia, Germany, with pH <3, rotifers are
the only planktonic metazoa, typically Elosa woralliic and
Cephalodella sp. (Deneke, 2000; Wollmann et al., 2000).
Many of these lakes also contain very few species of
primary  producers, often only two  species:
Chlamydomonas acidophila and Ochromonas sp. Both flagel-
lates are mixotrophic, a nutritional strategy in protists

that is of growing interest (Spijkerman, 2007; Flynn and
Mitra, 2009; Spijkerman, in press). They combine
photosynthesis and the uptake of organic carbon as
pathways for carbon acquisition. Laboratory exper-
iments revealed that only C. acidophila is a suitable food
source for the dominating rotifer species E. worallii and
Cephalodella sp. (Weithoff, 2004; Weithoff, 2005). In Lake
111 (Lusatia, Germany), C. acidophila regularly builds up
a deep chlorophyll maximum (DCM) at a water depth
at which the light availability is reduced to <1% of
surface irradiation (Tittel et al, 2003; Kamjunke et al.,
2004). Therefore, the mode of carbon acquisition shifts
from autotrophy through photosynthesis in the upper
water layers to heterotrophy through the uptake of dis-
solved organic carbon in the deeper water layers. The
mode of carbon acquisition in turn has a strong effect
on the biochemical composition of the flagellates,
especially on the polyunsaturated fatty acids (PUFAs)
(Poerschmann et al., 2004; Wacker and Weithoft, 2009).
Recently, Weithoff and Wacker (Weithoff and Wacker,
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2007) showed that the mode of carbon acquisition dif-
ferentially determined the food quality for the two roti-
fers; in particular, Cephalodella sp. was little affected by
the mode of carbon acquisition and grew on all types of
C. acidophila, whereas E. worallii exhibited positive
population growth only with autotrophically grown
C. acidophila. Because of the different effect of the mode
of carbon acquisition of C. acidophila on the population
growth rates of the two rotifers, we investigated the
direct competitive abilities of the two rotifer species
under various environmental conditions: purely auto-
trophic, mixotrophic at two light intensities and purely
heterotrophic in the dark.

All organisms originated from acidic mining lakes in
the Lusatian area (C. acidophila and E. worallii from Lake
111, Cephalodella sp. from Lake 129). The stock cultures
were semi-continuously cultured in a medium at pH 3,
reflecting the chemical composition of lakes in the
Lusatian area [i.e., it is characterized by high concen-
trations of sulphate, iron and aluminium (Bissinger
et al., 2000)]. C. acdophila was grown autotrophically at
20°C at a high light intensity of 120 wmol photons m?
s7! (HL), and at a low light intensity of 25 wmol
photonsm™?s~' (LL) under a light:dark cycle of
16:8 h. We chose this photoperiod to simulate the light
conditions during summer in Lake 111, when the
DCM builds up. For mixotrophic growth, C. acidophila
was grown under the same light and temperature con-
ditions in a medium that additionally contained glucose
at a concentration of 20 mg C L~". Tittel et al. (Tittel
et al., 2005) have shown that C. acidophila uses both path-
ways, photosynthesis and osmotrophy, simultancously
when possible. Heterotrophically grown C. acidophila
were cultured with glucose in the dark. Rotifer stock
cultures were fed autotrophic C. acidophila.

Two experimental series were run. In the first series,
the growth of the two rotifer species was investigated in
single-species experiments; in the second series, compe-
titton in the same culture was investigated. Rotifer
growth experiments were conducted in triplicate in
300-mL Erlenmeyer flasks with 10 rotifers mL™' in
100 mL of the target algal suspension. The initial food
concentration was above the limiting conditions for
rotifer growth: 2.5 mg C' L™ for auto- and mixotrophic
algac and 1.9mg CL™' for heterotrophic algae
(Weithoff, 2005, 2007). Light and temperature con-
ditions were the same as for the cultivation of algae.
Every second day a subsample of 15 mL was taken and
replaced by the fresh medium. From these subsamples,
rotifer and algal densities were determined using an
inverted light microscope (Thalheim, Germany). When
algal concentration fell below the initial conditions, fresh
algal suspension instead of pure medium was added,
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resulting in a mean food concentration >1.1 mg C L~
The experiments lasted 16 days, untl rotifer densities
remain constant. The growth rate r of the rotifers was
calculated for the period of exponential growth, consid-
ering the dilution rate, from day 6 to 12 (exceptions:
Cephalodella  with autotrophic HL food day 8-14;
Cephalodella with mixotrophic LL food day 0-8), accord-
ing to r = In(n; /ny)/ (4
animals per millilitre and ¢, and ¢ is the time at the end

— {y), where n is the number of

and beginning of the time interval, respectively.

We determined carbon content, cell length and fatty
acid composition of differently cultured C. acidophila to
investigate the effects of the predominant nutrition
mode of the algae on their physiology and biochemistry.
For determination of the carbon content of the algae,
algal suspensions were filtered on precombusted
Whatman filters (GF/F; Whatman International ILtd,
Maidstone, UK) and carbon was measured with a
HighTOC (Elementar Analyse System GmbH, Hanau,
Germany). From those data, cell numbers of C. acidophila
were converted into carbon units. Cell length of differ-
ently grown C. acidophila was determined using a digital
camera (JVC TK-C 1380E) and a computer-aided
image analysis system (T'SO-VID-MESS-HY 2.9).
Aliquots of differently grown algal cultures were filtered
onto Whatman GF/F filters, then were extracted with
7 mL dichloromethane/methanol (2:1; viv) and stored
under nitrogen at —20°C until analysis. Fatty acid com-
position was analyzed by gas chromatography as
described previously (Wacker and Martin-Creuzburg,
2007; Sperfeld and Wacker, 2009). Data were analysed
by one-way ANOVA and #~test with SPSS 15.0 (details
in Tables I and II).

To investigate the competitive abilities of the two
species, several approaches are possible. In one
approach, the food level is kept constant by addition of
resources according to the community consumption
rate. Then, the species with the higher intrinsic growth
rate will dominate, but competitive exclusion will not
occur as long as both populations achieve positive
intrinsic growth rates. An alternative approach is to
allow the animals to reduce resource density. Then, the
species that has the lower resource threshold survives
and the other species goes extinct. This reflects the pure
competitive exclusion principle. A disadvantage of this
scenario 1s that populations might exhibit a highly
dynamic behaviour and that random extinction might
occur (Rosenzweig, 1971; Lande, 1993). We have chosen
an intermediate approach by supplementing algae back
to initial conditions every second day. This procedure
has the advantage that strong population fluctuations are
avoided and that severe resource depletion is prevented.
The latter would have led to a food quantity effect, and
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Table I Maximum growth rates (day™" + standard error) of Cephalodella and Elosa with differently
cultwated Chlamydomonas acidophila as food during single-species and competition experiments

Single species experiment

Competition experiment

Cephalodella Elosa Cephalodella Elosa
auto HL 0.682 + 0.020 0.459 + 0.011 0.245 + 0.068 0.556 + 0.011*
mixo HL 0.663 + 0.026 0.464 +0.017 0.5682 + 0.020 0.354 + 0.015*%
auto LL 0.662 + 0.062 0.010 £+ 0.029 0.346 4+ 0.027 0.423 + 0.044
mixo LL 0.5665 + 0.011 0.451 £ 0.004 0.483 + 0.026 0.307 £ 0.027*
het 0.459 + 0.012 —0.128 + 0.033 0.095 + 0.010 0.088 + 0.014
HL, high light; LL, low light; auto, autotrophic; mixo, mixotrophic; het, heterotrophic.
*Significant differences between rotifer growth rates during the competition experiment (ttest: £ < 0.001).
Table  II: Physwlogical —and  biochemical
parameters  of  Chlamydomonas — acidophila 001 e,
cultwated under different nutrient and lght =
o . |
conditions E 600
o
[ =
Growth rate Cell length  Total fatty acids a-Linolenic g ® auto HL
(day™") (m) (wgL™" acid (pg L") = © mixo HL
5§ 400+ v autolL
auto HL  0.754 + 0.020° 8.60 + 0.78° 147.77 + 557° 5514 +208° = g :‘e'f;’rg#ophic
mixo HL 1.177 + 0.009* 9.25 + 0.90° 174.56 + 3.41%° 53.83 + 3.35° § —— 1:1 density
autoLL 0.156+0.011¢ 862 +070° 180.63+3.07° 6417+ 104 W 4y,
mixo LL  0.936 + 0.019° 7.85 + 0.69° 176.87 + 8.74° 56.03 + 2.87° v 8
het 0.053 +0.004° 7.18 + 0.66" 54.54 +7.43° 270 + 0.40° o ¥ 4
v
Parameters were significantly different (ANOVA, growth rate: 0 L v T T
F=1236.76, d.f.=4/14, P<0.001, n=3; cell length: F=35.197, 0 200 400 600 800

d.f. = 4/149, P<0.001, n= 30; total fatty acids: F= 77.08, d.f. = 4/14,
P<0.001, n=3; alinolenic acid: F=122.48, d.f. =4/14, P<0.001,
n=3). Different letters show significant differences among growth
conditions (Tukey-HSD, P < 0.05).

HL, high light; LL, low light; auto, autotrophic; mixo, mixotrophic; het,
heterotrophic.

the food quality effect, the aim of our study, might have
been masked (Sterner, 1997). We have used two different,
though not independent, parameters, to assess the com-
petitive abilities accounting for both growth and domi-
nance pattern: (a) the maximum growth rate and (b) the
final abundance when population densities remained
constant. No competitive exclusion occurred.

We found a strong effect of the mode of carbon acqui-
sition of C. acidophila on the competitive abilities of the
rotifers alone and also during competition (Table I,
Fig. 1). The results of the competition experiments were:
(a) under high light autotrophic growth conditions,
E. worallii was the superior competitor and (b) under
high light mixotrophic growth conditions, Cephalodella sp.
was the dominant species. Under low light conditions (c),
both, autotrophic and mixotrophic, Cephalodella tended to
dominate over Elosa, and this pattern was more pro-
nounced under heterotrophic conditions (d). In detail:

(a) High light, autotrophic conditions favoured the
growth of Elsa and allowed for high positive

Cephalodella sp. (Ind mL-1)

Fig. 1. Individual densities of Elosa and Cephalodella at the end of
exponential growth with differently cultivated Chlamydomonas acidophila
(HL, high light; LL, low light; auto, autotrophic; mixo, mixotrophic).
The 1:1 line shows the equal share of both species.

growth rates and abundances (Table I, Fig 1).
Despite positive growth of Cephalodella in this treat-
ment, growth rate and final population density of
Cephalodella were suppressed by Elosa compared
with growth in the single-species experiment due
to resource competition. This can be explained by
the lower food threshold concentration of Elosa
compared with that of Cephalodella (Weithoff, 2007).

(b) Under mixotrophic high light conditions,
Cephalodella exhibited high growth rates and abun-
dances and was able to dominate over Elosa
whose growth rate was reduced. This resulted in
an opposite pattern compared with autotrophic
(HL) conditions and was in line with previous
results demonstrating that mixotrophic food is of
lesser quality for FElosa (Weithoff and Wacker,
2007); although, in that study, Elosa was more
strongly affected by mixotrophic C. acidophila.

(c) Under low light conditions, total rotifer abun-
dances were lower than under high light. However,
a similar pattern was found. Mixotrophic (LL) food
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enabled Cephalodella to dominate over Elosa,
whereas autotrophic conditions shifted the abun-
dances towards an almost equal proportion of both
rotifers. This is consistent with the inverse growth
rates of the two species under mixotrophic and
autotrophic conditions. The final abundances and
the measured growth rates do not match perfectly
because growth rates beyond that time interval was
slightly variable. Nevertheless, the overall results
were consistent.

(d)  Under heterotrophic conditions, Cephalodella was
the superior competitor with significantly higher
growth rates and density (Table I, Fig 1).
Contrary to the negative growth rates of Elosa on
heterotrophic  C. acidophila in our single-species
results (Table I) and in Weithoff and Wacker
(Weithoff' and Wacker, 2007), FElosa exhibited
slightly positive growth rates in the competition
experiment with heterotrophic food, but only high
enough to compensate for the dilution rate. This
confirms that Elosa has low competitive abilities
under heterotrophic food conditions.

Combining all results, an overall picture emerged:
along a gradient from autotrophy to heterotrophy, the
dominance pattern shifted from Elosa to Cephalodella.

The suitability of the differently cultured flagellates as
diets for the rotifers may have varied due to differences
in their biochemical composition, cell size and growth
response under the different growth conditions
(Table II). We found strong reductions in growth rate,
cell length, total fatty acid content and especially
a-linolenic acid (18:3n-3; ALA) content in heterotrophi-
cally grown C. acdophila. This difference in algal bio-
chemistry might explain the low growth rates of Elosa
with heterotrophic C. acidophila (Table I). Since Elosa has
a lower food threshold than Cephalodella (Weithoff,
2007), the observed low competitive ability is not due to
low food quantity and can only be explained by food
quality. Thus, the low growth rate of Elosa seems to be
the effect of the distinctly altered biochemistry of the
heterotrophic algae. In particular, the low ALA and
total fatty acid contents might have reduced the growth
rate of Elosa (Ahlgren et al, 1990). In general,
C. acidophila does not have measurable amounts of eico-
satetracnoic acid (20:4n-3; ETA) and eicosapentaenoic
acid (20:5n-3; EPA) (Wacker and Weithoff, 2009),
whereas Elosa has a high and constant content of ETA
and also significant amounts of EPA. The production of
these two fatty acids is presumably dependent on the
presence of ALA as a potential precursor (Wacker and
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Weithoff, 2009). Thus, limited concentrations of ALA in
the food may limit the growth of Elosa.

In contrast, Cephalodella grew on the heterotrophically
grown C. acidophila which is consistent with the results
from Weithoff and Wacker (Weithoff and Wacker, 2007)
although different strains were used in the two studies.
This suggests that the ability to grow on heterotrophic
food is not strain-specific, but common in acidophilic
Cephalodella. Wacker and Weithoff (Wacker and Weithoff,
2009) found the fatty acid composition of Cephalodella to
vary, depending on the mode of carbon acquisition of C.
actdophila. Hence, the success of Cephalodella feeding on
heterotrophic C. acidophila lies most likely in the better
adaptability to the fatty acid composition of its food.

Our results have important implications for the abun-
dance of the two rotifer species in their natural habitat,
although the Cephalodella strain we used in this study orig-
inates from Lake 129, while a strain from Lake 111 was
used for other studies (Weithoff and Wacker, 2007,
Wacker and Weithoff, 2009). In subsequent studies, it was
shown that both Cephalodella strains (or species) differ in
some morphological and ecological characters, e.g. pH
tolerance (G. Weithoff, unpublished data), but responded
similar to the differently grown C. acidophila (this study;
Weithofl' and Wacker, 2007). A detailed taxonomic
identification still needs to be carried out; however, both
strains responded in the same way to their food source,
demonstrating that the strain we used in the present
study was reasonable for this investigation and allows to
transfer our results to the field situation in Lake 111.

The dominance of Elosa over Cephalodella in the epi-
limnion in Lake 111 can be explained by the higher
efficiency of Elosa in using autotrophic C. acidophila as
food. In the hypolimnion, where C. acidophila occurs
below the compensation point for purely autotrophic
growth, the mixotrophic mode of nutrition prevails.
This allows Cephalodella to dominate over Elosa because
of its higher competitive potential under low light and
mixotrophic conditions.

Although our results were derived from an extreme
habitat, they might be transferable to circum-neutral
lakes as well. A vertical segregation of rotifers is prob-
ably more common than detected, because most studies
use depth-integrated sampling protocols. In addition,
other factors, for example temperature, predation or
ultraviolet radiation (Miracle and Armengol-Diaz, 1995;
Obertegger et al., 2008), food quality in deeper water
layers might contribute to pronounced vertical distri-
bution patterns. Deep chlorophyll maxima are a
common characteristic of meso-eutrophic lakes, and
they develop typically at a depth around or below the
compensation point for autotrophic growth (Adler et al.,
2000; Gervais et al., 2003). Thus, the exploitation by
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zooplankton of this quantitatively rich resource might
be hampered by the resource quality. Since at least
some rotifers are able to persist with the described
reduction in food quality, such species may also have a
competitive advantage over cladocera that have a
higher demand for long-chained PUFAs (Von Elert,
2002; Wacker and Martin-Creuzburg, 2007; Martin-
Creuzburg et al., 2009). Unfortunately, in studies on the
DCM, the vertical distribution of micro-zooplankton is
often not recorded.
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