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The lakes and oceans on our planet are teem-
ing with phototrophic microorganisms that absorb
light for photosynthesis. Thereby, these microor-
ganisms provide the basis of the food web and fix
significant amounts of the greenhouse gas CO,.
Aquatic microorganisms come in many colours (red,
brown, green, pink and purple), which allows them
to utilize different parts of the solar light spectrum.

Would differences in pigmentation between phytoplankton species al-
low their coexistence, through a subtle form of niche differentiation
analogous to Darwin’s finches? And, is the distribution of the vari-coloured
phytoplankton species in lakes and oceans related to the prevailing light
spectra in these waters? Which colours of light predominate in the waters
on planet Earth, and what have the vibrations of the water molecule to do
with this?

These questions and many more are addressed in this Ph.D thesis. This
research, which combined models, experiments and fieldwork took the
author Maayke Stomp, her supervisor Prof. dr. Jef Huisman from the
University of Amsterdam and many colleagues to a wide range of aquat-
ic ecosystems across the globe to unravel the importance of light colour
for the competitive dynamics of phytoplankton species. And still many
questions remain to be answered...
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Chapter 1

Introduction

Utilization of the light spectrum

Light provides the enetgy source for plants, phytoplankton and other microorganisms capable
of photosynthesis. In 1672, Isaac Newton discovered that white light consists of many colours
that can be split by a prism glass into a colourful light spectrum (Figure 1.1a). More than 2
centuries later, Professor Theodor W. Engelmann used this colourful light spectrum to
illuminate filaments of the green alga Spirgyra (Figure 1.1b). Surprisingly, Engelmann
discovered that oxygen-dependent bacteria accumulated near those parts of the algal filaments
illuminated by red and blue light, but not at the stretches of filament exposed to green light.
This demonstrated that selective parts of the light spectrum were used for photosynthesis
(Engelmann 1882).

a b

Figure 1.1 Light colour and its utilization by photosynthesis. (a) Colourful light spectrum created by a prism glass, as
discovered by Newton in 1672. White light that passes through the prism is dispersed into a spectrum of light colours,
since rays of different wavelengths have different angles of refraction. (b) Utilization of the light spectrum by the
green alga Spirogyra, as discovered by Engelmann in 1883. Oxygen-dependent bacteria concentrate near those
stretches of filament where photosynthesis by Spirogyra is most active.

Since then, many phototrophic microorganisms have been discovered that are highly diverse in
the utilization of the light spectrum for photosynthesis and growth. This raises the main
question of this thesis: how does the colour of light affect competition among phototrophic



Chapter 1

microorganisms? We tried to answer this question by theory, laboratory experiments and field

surveys.

Competition for light

When light energy limits the rate of photosynthesis, competition for light between different
phototrophic microorganisms is likely to play an important role. That is, photons absorbed by
an organism are not available for its competitors any longer. To describe this competition
process, the theory presented in this thesis extends the competition theory developed by
Huisman and Weissing (1994, 1995). In their model, there is a direct coupling between
changes in phytoplankton population densities and changes in light availability caused by
phytoplankton shading. When there is an ample availability of light, phytoplankton
populations will increase. An increased phytoplankton population will absorb more light, and
thus the light intensity that reaches the bottom of the water column, I, is reduced (Figure
1.2a and 1.2b).

Hence, in monoculture, a growing phytoplankton population will increase its own
shading, and thereby temper its growth until a steady state is reached. The light intensity at the
bottom of the water column at which the net population growth ceases has been termed the
‘critical light intensity’ (Huisman & Weissing 1994). The critical light intensity is species
specific and plays a crucial role when phytoplankton species compete for light. Theory predicts
that the species with lowest critical light intensity should be the superior competitor for light
(Weissing & Huisman 1994). The experiment in Figure 1.2, considers two green algae, Chlorella

and Scenedesmus. Comparison of the steady-state I, levels in the monocultures of the two

out
species revealed that the critical light intensity of Chlorella (2 pmol photons m~2 s°1; Figure 1.2a)
was lower than the critical light intensity of Scenedesmus (6 pmol photons m2 s'; Figure 1.2b).
Hence, the model predicts that Chlorella should be the better competitor. Indeed, the
competition experiment revealed that both species initially increased, as long as I, exceeded

their critical light intensities. However, as soon as [

out

was reduced below the critical light
intensity of Scenedesmus, Scenedesmus started to decline (Figure 1.2c). Hence, as predicted,
Chlorella won the competition (Huisman ez 2/ 19994). This theory has also been successfully
applied in other phytoplankton competition experiments (Litchman 2003; Passarge ez a/. 2000;
Agawin et al. 2007). However, in all these experiments the competing species had similar light
absorption spectra. In fact, the theory developed by Huisman & Weissing (1994, 1995) treats
light as a single resource, and thus ignores the spectral distribution of light. Yet, the critical
light intensity might be a poor predictor for the outcome of competition, when species differ
in the colours of light they absorb. In this thesis, therefore, we extend the existing theory by
including the spectral aspects of light and light absorption.
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population density (cells/mL) x 106
Light penetration (umol m?2s 1)

Time (days)

Figure 1.2 Time course of monoculture experiments of (a) Chlorella vulgaris (black circles) and (b) Scenedesmus
protuberans (grey squares), and (c) time course of competition between the two species. The light intensity, /ou,
penetrating through the cultures is indicated by white circles. After Huisman et al Ecology 1999a.

Spectral light absorption
Phytoplankton harvest light with photosynthetic pigments (Falkowski & Raven 1997). These

photosynthetic pigments come in many colours, and absorb photons in specific regions of the
light spectrum, while reflecting or scattering photons in other regions of the spectrum. The
latter determines the colour of the pigment. The set of pigments in a species determines which
part of the light spectrum the species can utilize for photosynthesis. For example, green
cyanobacteria contain the green pigment chlorophyll # with absorption peaks in the blue part
(430 nm) and red part (680 nm) of the light spectrum. In addition, they contain the blue
pigment phycocyanin which absorbs red light at 620-630 nm (Figure 1.3a). These
cyanobacteria absorb poortly in the bluegreen part of the spectrum, and hence they have a
bluegreen appearance (Figure 1.3b). That is why these cyanobacteria are also called bluegreen
algae.
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Figure 1.3 Optical characteristics of green cyanobacteria, also know as bluegreen algae. (a) Absorption spectrum of
the cyanobacterium. (b) Culture of the cyanobacterium showing its bluegreen appearance.

In addition to bluegreen cyanobacteria, there are also red cyanobacteria. They have the same
absorption peaks at 430 nm and 680 due to light absorption by the pigment chlorophyll a.
They also contain a little bit of phycocyanin, but their main accessory pigment is the red
pigment phycoerythrin that absorbs green light at 560-570 nm. Red cyanobacteria absorb
relatively poorly in the red part of the spectrum, hence they have a red appearance. Note the
complementary aspect in the light absorption by these species: red species absorb green light,
while green species absotb red light.

Some cyanobacterial species can change their pigment composition by a quite
spectacular process called complementary chromatic adaptation (Gaidukov 1902; Tandeau de
Marsac 1977; Grossman ez al. 1993; Kehoe & Gutu 20006). In the presence of green light, they
make phycoerythrin and turn red. Conversely, in the presence of red light, they make
phycocyanin and turn green. Species capable of complementary chromatic adaptation can
achieve optimal light absorption by fine-tuning of their pigment composition to the prevailing
light spectrum, which favors their photosynthesis and growth.

Sharing of the light spectrum?

Classic ecological theory predicts that two species competing for a single resource cannot
stably coexist (Gause 1934). As in the theory of Huisman & Weissing, one of the two
competitors will always have an advantage over the other that leads to the extinction of the
inferior competitor (Figure 1.2). However, if there are multiple resources, species may
specialize, so that one species does not out-compete the other. Resource partitioning facilitates

coexistence (MacArthur & Levins 1967; Hutchinson 1978). Darwin’s finches are a famous

10
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example (Darwin 1859; Lack 1974). On the Galapagos Islands a rich variety of finch species
coexist. The species are highly diverse in their beak morphology, enabling niche differentiation
of the finch species along a spectrum of different seed sizes (Figure 1.4). Similar to the
resource spectrum of seed sizes, light offers a resource spectrum of wavelengths ranging from
blue light at short wavelengths, via green and yellow, to red light at long wavelengths (Figure
1.3). Therefore, analogous to the coexistence of finch species on different seed sizes, one
might hypothesize that phytoplankton species can share the light spectrum by specialization
on different colours of light.

~vF

Utilization ability

Resource spectrum (e.g. seed size)

Figure 1.4 Three seed-eating birds (species A, B and C) inhabit an environment that contains seeds of various sizes.
Each species is specialized on a specific range of seed sizes, depending on its beak morphology. Hence, the birds
species exploit different parts of the resource spectrum of seed-sizes. After Nee & Colegrave 2006.

Underwater light colour in lakes, seas, and oceans

What colours of light are available for phytoplankton in their natural habitat? White light is
provided by solar irradiance, entering the water column. The absorption of solar light in the
water column takes place at different rates for different parts of the spectrum. Hence, the
underwater light spectrum alters rapidly with increasing depth. For example, water itself
absorbs strongly in the red part of the light spectrum. As a result, in clear oceans red light is
attenuated more rapid than other colours of light such that eventually only blue light is left
over at greater depths (Figure 1.52). In more turbid waters, like coastal waters and clear lakes,
the presence of organic material is responsible for absorption in the blue part of the light
specttum. The combination of blue light absorption by organic matetial, and red light

11



Chapter 1

absorption by water itself, results in a green light environment at greater depths (Figure 1.5b).
In very turbid waters, like peat lakes, absorption of blue light by organic material overrules the
absorption of red light by water. Consequently, in these waters red light is penetrating the
deepest (Figure 1.5¢). Generally, with increasing turbidity the light spectrum is shifted towards
the red part of the light spectrum (Kirk 1994).

Coastal water

a b
Surface Clearocedn Surface

Cuifaza Peat lake

100 m

Figure 1.5 The underwater light colour in (a) clear oceans, (b) coastal waters of intermediate turbidity and (c)
extremely turbid lakes. With increasing turbidity, the light spectrum is shifted towards red wavelengths.

Together with other factors, like nutrients, temperature and grazing, the underwater light
colour could be a potential selective force for shaping the phytoplankton community.
However, what is the importance of light colour as a selective factor in aquatic ecosystems?
And, does partitioning of the underwater light spectrum mediate the coexistence of a colourful
mixture of phytoplankton species in lakes and oceans?

This thesis

The aim of the work presented in this thesis is to determine the impact of light colour on the
competitive interactions among phytoplankton species. For this purpose, we develop new
theory, run numerous laboratory experiments, and confronted our model predictions against

extensive field surveys. Below follows the outline of the thesis.

12
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In chapter 2 we develop our theory describing competition among phytoplankton species in
the light spectrum. We parameterized the competition model using monoculture experiments
with green and red picocyanobacteria isolated from the Baltic Sea. The green species is
efficient in absorbing red light, whereas the red species is efficient in absorbing green light.
Model predictions and competition experiments revealed stable coexistence of the two
picocyanobacteria, through a subtle form of niche differentiation in the light spectrum.
Furthermore, additional competition experiments were performed with a species capable of
complementary chromatic adaptation. In competition, this species persisted by adopting the
opposite colour of its competitor. Hence, it tuned its pigment composition to absorb the light
colour left over by its competitor.

As a next step, we tested the theory in the field. In chapter 3, we show that
coexistence of red and green picocyanobacteria is widespread in the Baltic Sea. Furthermore,
we reconstructed the phylogenetic tree of the natural community of picocyanobacteria from
the Baltic Sea, by constructing clone libraries of the operons encoding for phycoerythrin and
phycocyanin. Red and green picocyanobacteria appeared as separate clades in the tree,
matching their pigment composition.

In chapter 4 we further extended the field survey to 70 different aquatic ecosystems,
ranging from clear blue oceans to turbid brown peat lakes. As predicted by our model, red
picocyanobacteria dominated in clear waters whereas green picocyanobacteria dominated in
turbid waters. We found widespread coexistence of red and green picocyanobacteria in waters
of intermediate turbidity (like the Baltic Sea). This showed that the underwater light colour is a
major selective factor in shaping the phytoplankton community.

This brings us to the next question: Which spectral niches are available for
phototrophic microorganisms? Is there a continuum of spectral niches, or do environmental
conditions constrain part of the resource spectrum, such that only a few distinct niches are
available? In chapter 5, we tackled this question by calculating and measuring many
underwater light spectra at the euphotic depth of waters ranging from clear blue oceans to
extreme turbid systems representative for microbial mats in sediments. Contrary to our
expectation, the data did not show a smooth shift from blue to red wavelengths with
increasing turbidity. Instead, a series of distinct spectral niches in the underwater light
specttum could be identified, separated by large gaps. Strikingly, these gaps appeared to
originate from light absorption by the stretching and bending vibrations of water molecules.
Moreover, the distinct spectral niches shaped by the vibrating water molecules match the light
absorption spectra of the major photosynthetic pigments on our planet. Thus, it seems, the
molecular properties of the water molecular have played a key role in the evolution of the light
absorption spectra of the phototrophic organisms on Earth.

In chapter 2 we showed that, under continuous white light, chromatic adaptation
allowed the adaptive species to persist with its competitor. However, chromatic adaptation
requires reconstruction of the pigment machinery, and this takes time. Is chromatic adaptation
still beneficial when the colour of light experienced by the adaptive species changes frequently?
In Chapter 6 we addressed this question by model simulations and competition experiments.

13



Chapter 1

Green and red picocyanobacteria with a fixed pigment composition, and an adaptive species,
were exposed to light that switched between red and green at different frequencies (slow,
intermediate and fast). The adaptive species competitively excluded the green and red picos in
all competition experiments. Strikingly, the rate of competitive exclusion was much faster
when the adaptive species had sufficient time to adjust its pigment composition. That is, the
adaptive species benefitted from chromatic adaptation when fluctuations in prevailing light
colour were relatively slow. These results demonstrate that the time scale of phenotypic
plasticity can be decisive in the competitive interactions between species in a fluctuating
environment.

Finally, in chapter 7 I summarize the work in this thesis. The work presented in this
thesis showed that the colour of light plays a key role in the competitive dynamics of
phytoplankton species. However, some important and interesting issues remain to be solved.

In this chapter, I will suggest several ideas for future research.

14



Chapter 2

Adaptive divergence in pigment composition

promotes phytoplankton biodiversity

Abstract

The dazzling diversity of the phytoplankton has puzzled biologists for decades (Hutchinson
1961; Tilman 1982; Sommer 1985; Huisman & Weissing 1999; Irigoien ef a/. 2004). The puzzle
has been enlarged rather than solved by the progressive discovery of new phototrophic
microorganisms in the oceans, including picocyanobacteria (Waterbury ez a/. 1979; Chisholm ez
al. 1988), pico-eukaryotes (Moon-Van der Staay e a/. 2001), bacteriochlorophyll-based (Kolber
et al. 2000; Kolber ef al. 2001; Béja et al. 2002) and rthodopsin-based phototrophic bacteria (Béja
et al. 2000; Venter e al. 2004). Physiological and genomic studies suggest that natural selection
promotes niche differentiation among these phototrophic microorganisms, particularly with
respect to their photosynthetic characteristics (Moore ef al. 1998; Béja ef al. 2001; Rocap ef al.
2003). Here, we analyze competition for light between two closely related picocyanobacteria of
the Synechococens group that we isolated from the Baltic Sea (Ernst ¢# a/. 2003). One of these two
has a red colour because it contains the pigment phycoerythrin, whereas the other is blue-
green because it contains high contents of the pigment phycocyanin. Theory and competition
experiments reveal stable coexistence of the two picocyanobacteria, owing to partitioning of
the light spectrum. Further competition experiments with a third marine cyanobacterium,
capable of adapting its pigment composition, show that the latter species persists by investing
in the pigment that absorbs the colour not utilised by its competitors. These results
demonstrate the adaptive significance of divergence in pigment composition of phototrop'hic
microorganisms, which allows an efficient utilisation of light energy and favours species
coexistence.

This chapter is based on the paper: Stomp M, J. Huisman, F de Jongh, AJ Veraart,
D Gerla, M Rijkeboer, BW Ibelings, UIA Wollenzien, LJ Stal (2004) Adaptive
divergence in pigment composition promotes phytoplankton biodiversity. Nature
432: 104-107.
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Chapter 2

Introduction

Phytoplankton harvest light with photosynthetic pigments (Kirk 1994; Falkowski & Raven
1997). These pigments absorb photons in specific regions of the light spectrum, while
reflecting or scattering photons in other regions of the spectrum. The latter determines the
colour of the pigment. The combination of pigments in a species determines which part of the
light spectrum the species can utilise for photosynthesis. Figure 2.1a and 1c show chemostat
cultures of two Symechococcus-type picocyanobacteria, called BS4 and BS5 that we isolated from
10 m depth during a cruise on the Baltic Sea in August 1996. The two picocyanobacteria are
genetically very similar, with less than 1% sequence divergence in their I'TS-1 sequences (Ernst
et al. 2003), yet differ remarkably in colour. The blue-green colour of BS4 is a result of the
pigment phycocyanin, which absorbs photons in the orange-red part of the spectrum (620-630
nm; Figure 2.1b). The red colour of BS5 is due to the pigment phycoerythrin, which absorbs
photons in the green-yellow part of the spectrum (560-570 nm; Figure 2.1d). The absorption
spectra of BS4 and BS5 both show additional peaks in the blue and the red part of the
spectrum (at ~430 and ~680 nm, respectively), caused by the pigment chlorophyll 4, shared by
all oxygenic phototrophic organisms.

o

-

o

BS5

Absorption per biovolume (10'9 cm’ fl'1)
o

400 500 600 700
||
Wavelength (nm)

Figure 2.1 Optical characteristics of the picocyanobacteria BS4 and BS5. Monocultures of BS4 (a) and BS5 (c)
grown in chemostats, and the light absorption spectra of BS4 (b) and BS5 (d).

16



Coexistence of reds and greens

Would the differences in pigment composition allow coexistence of the two
picocyanobacteria, through a subtle form of niche differentiation? Existing theory and
experiments on phytoplankton competition for light predict competitive exclusion (Huisman
& Weissing 1994; Huisman ¢z al. 1999a; Huisman e al. 2004). That is, photons absorbed by
one species are not available for photosynthesis by other species. As a result, species interact
by shading each other, and only the strongest competitor for light survives. However, this
previous work neglected the spectral aspects of light. Here, we develop a competition model
that does include the light spectrum. Consider a mixture of 7 phytoplankton species. Let IN;
denote the population density (in biovolume/mL) of phytoplankton species 7 and let I(4,3)
denote the light intensity (in pmol photons m? s) of wavelength A at depth g According to

Lambert-Beer‘s law, the underwater light spectrum can be described as:

I(A,z)=Tu(A)exp = Y ki(ANiz - Kp, (A)Z] (2.1)
i=1

whete [ia(4) is the spectrum of the incident light intensity, 4i(4) is the specific light absorption
spectrum of phytoplankton species 7 and K, (1) is the background light absorption spectrum.

The number of photons absorbed over the photosynthetically active range of 400-
700 nm by a single phytoplankter of species 7 at depth g, which will be denoted as %(3), can be
quantified as (Sathyendranath & Platt 1989):

7:(2) = [ 1(4,2)k,(A)d 2 (22)

400

In photosynthesis, one absorbed photon can excite at most one electron. Hence, the number
of photons absorbed by species 7 is the relevant quantity for photosynthesis, and thus for
population growth of species 7 Accordingly, if all populations are uniformly distributed over
the surface mixed layer, the population dynamics of # competing species in the surface mixed

layer can be described as:

v, g
dt z

[r(Ndz = LN, =t 2.3)
m 0
whete g, is the mixing depth, @, is the photosynthetic efficiency of species 7 (i.c., the efficiency
by which absorbed photons are utilised for population growth), and L, is the specific loss rate
of species 7 due to factors like grazing, viruses, or other forms of cell death. We note that
these differential equations are coupled via Equation 2.1. Thus, the species interact by shading
each other in specific regions of the underwater light spectrum.

17



Chapter 2

To test the competition model defined by Equations 2.1-2.3, we ran vatious experiments with
BS4 and BS5 in light-limited chemostats. First, we used monoculture experiments under white
light to estimate the model parameters of the two species (see Methods section). The model
predictions fitted very well to the monoculture data (Figure 2.2a and b). Parameter values thus
obtained are given in Table 2.1. In a next step, we ran competition experiments with BS4 and
BS5 under red light, green light, and white light (full spectrum). The population dynamics in
these competition experiments are compared against model simulations of competition using
the parameter values estimated from the monocultures. Under red light, only BS4 (the green
species) was able to survive (Figure 2.2c). Under green light, BS5 (the red species) was the only
survivor (Figure 2.2d). In both cases, the experimentally observed population densities
remained somewhat below the predicted population densities, presumably because
photosynthesis is generally less efficient when all available light is concentrated on a single
pigment (Kirk 1994). Under white light, competition yielded stable coexistence of BS4 and
BS5 for at least 60 days, in excellent agreement with the model predictions (Figure 2.2¢).
Simulation of the model over a longer timespan predicted that BS4 and BS5 would maintain
almost equal abundances on the long run. These findings demonstrate that partitioning of the
light spectrum favours species coexistence.

Some species are able to adapt their pigment composition to the prevailing light
spectrum. Tolypothrix tenuis, for example, is a marine filamentous cyanobacterium that is able to
adjust the ratio of its phycocyanin (PC) to phycoerythrin (PE) content while keeping the total
amount of these two pigments constant. This phenomenon is known as complementary
chromatic adaptation (Tandeau de Marsac 1977; Ohki ef /. 1985). We incorporated this ability
of chromatic adaptation in the model by the assumption that the ratio between phycoerythrin
and phycocyanin changes in a direction that results in an increased specific growth rate under
the prevailing light conditions (i.e., an increased fitness) (Metz e# al 1992; Abrams 1999). That
is, if »r denotes the fraction PC/(PCHPE) in Tohpothrix, then the adaptive dynamics of the
pigment composition in Tohpothrix can be described as

Zm

dx_rzaﬂ_rfamxf’z)dz

2.4
dt Zm 0 8xT ( )

where the constant of proportionality ¢ is a measure of the rate of chromatic adaptation of
Tobhypothrix.

To test these adaptive dynamics, we ran competition experiments with Tolypothrix
against BS4 and BS5 under white light. To/pothrix and BS4 were able to coexist (Figure 2.3a),
because Tolpothrix produced the complementary pigment phycoerythrin (Figure 2.3b). That is,
Toblypothrix turned red in the presence of the green cyanobacterium BS4. In competition with
BS5, Tohpothrix was driven to low abundance but BS5 was not able to exclude Tohpothrix
(Figure 2.3c). Hence, Tohpothrix and BS5 coexisted as well, because in this case Tolypothrix
produced the complementary pigment phycocyanin (Figure 2.3d). That is, Tolpothrix turned
green in the presence of the red cyanobacterium BS5. The model predictions agreed well with
the experimental results (Figure 2.3a and ¢).

18
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Figure 2.2 Monoculture experiments and competition experiments with the picocyanobacteria BS4 and BS5. Time
course of monocultures of BS4 (a) and BS5 (b) in white light. Competition between BS4 and BS5 in red light (c),
green light (d), and white light (e). Symbols represent the observed population densities of BS4 (A) and BS5 (V).
Lines represent the population densities predicted by the model: green solid line for BS4, red dashed line for BS5.
Population densities are expressed in biovolumes (in femtolitres) per millilitre of water.
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Furthermore, simulation of the model over a longer timespan predicted that stable coexistence
would be maintained on the long run. These findings show that complementary chromatic
adaptation favours divergence in pigment composition of competing species. The diversity of
the phytoplankton is commonly attributed to a vatiety of factors, including differential nutrient
utilisation, predation resistance, spatial and temporal heterogeneity, and complex dynamics
(Hutchinson 1961; Tilman 1982; Sommer 1985; Huisman & Weissing 1999; Irigoien ef al.
2004). Recent discoveries of various new groups of phototrophic microorganisms in the
oceans (Waterbury ¢f /. 1979; Chisholm ez a/. 1988, Moon-Van der Staay ez a/. 2001, Kolber ez
al. 2000; Kolber ez al. 2001; Béja ez al. 2002, Béja ez al. 2000; Venter ez al. 2004) have spurred the
novel hypothesis that differences in photosynthetic characteristics may offer subtle
opportunities for niche differentiation of the plankton as well (Moote ef al. 1998; Béja ef al.
2001; Rocap ez al. 2003; Ernst ef al. 2003).
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Figure 2.3 Competition between the filamentous cyanobacterium Tolypothrix and the picocyanobacteria BS4 and
BS5. (a) Competition between Tolypothrix and BS4. (b) Absorption spectra of BS4 (green solid line), and of
Tolypothrix at day O (thin black line) and at day 30 (brown dash-dotted line) of the competition experiment. (c)
Competition between Tolypothrix and BS5. (d) Absorption spectra of BS5 (red dashed line), and of Tolypothrix at day
0 (thin black line) and at day 30 (brown dash-dotted line) of the competition experiment. In (a) and (c), symbols
represent the observed population densities of BS4 (A ), BS5 (¥), and Tolypothrix (e); lines represent the population
densities predicted by the model: green solid line for BS4, red dashed line for BS5, and brown dash-dotted line for
Tolypothrix. Population densities are expressed in biovolumes (in femtolitres) per millilitre of water.
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Our findings provide firm evidence for this hypothesis. The theory and experiments
demonstrate that selective forces promote partitioning of the light spectrum, which favours
divergence in pigment composition. This divergence allows a more efficient utilisation of the
available light energy, and contributes to the unexpected biodiversity of phototrophic

microorganisms in aquatic ecosystems.

Methods

Experiments

Experiments were performed in chemostats specifically designed to study light-limited growth
(Huisman ez al. 19994). Fluotescent tubes with a white spectrum (Philips TLD 18W/965) were
used as light source in all experiments. Green and red light was obtained by placing coloured
filters between the light source and the chemostat vessels (Lee filters, Andover, England, #124
dark green filter for green conditions and Lee #26 red filter for red conditions). In all
experiments, the light intensity incident upon the chemostat vessels was set at 40 pmol
photons m=2 s (integrated over PAR range), as measured with a Licor LI-190SA quantum
sensor. The spectrum of the incident light, I,(4), was measured by a Licor LI-1800
spectroradiometer. To resemble the salinity of the Baltic Sea, we used the following brackish
mineral medium: NaCl (8.25 g I't), MgCl>.6H20 (0.66 g '), KCI (0.17 g I'), MgSO4.7H20 (1.16
g 1), CaCl.2H,0 (0.17 g 1), Nas-citrate (4.98 mg 1), Na-EDTA (0.83 mg '), NaNO; (1.25
g I'), trace metal mix (1.0 mg I'"), Na,COj3 (46.0 mg I'1), KoHPO4.3H,0 (33.2 mg 1), Fe-NHy-
citrate (4.8 mg I"). Given the maximal specific growth rates of BS4, BS5 and Tohporhrix in the
range 0.025 — 0.030 h!, the chemostats were run at a dilution rate of 0.014 h'l. Samples were
taken daily and population densities were determined. The spherical cells of BS4 and BS5 were
counted with a Coulter Elite flow cytometer (Coulter, Florida, USA), which discriminated
between the two species based on their pigment fluorescence (Jonker ez al. 1995). The
filamentous cyanobacterium Tohpothrix was counted by microscope using image analysis
software (Leica Qwin standard, Version 2.5). The absorption spectra of the species, £,(4), were
measured by an Aminco DW-2000 double-beam spectrophotometer. To monitor the changes
in the absorption spectra of Tohpothrix during the competition experiments with BS4 and BS5,
Tobypothrix was isolated from the species mixture by percoll-gradient centrifugation (Amersham
Biosciences, England). The absorption spectrum of the background, K,(4), is calculated based
upon the spectrum of the incident light and the spectrum of light that leaves the chemostat

vessels when filled with mineral medium only.

Simulations

Numerical simulations ate based on a 4% order Runge-Kutta procedure for time integration,
and Simpson’s rule for depth integration. Parameter values are given in Table 2.1. The spectra
of incident light and background absorption, the absorption spectra of the species, and the
PAR-integrated incident light intensity were measured as described above. The depth of the

21



Chapter 2

water column equalled the depth of the chemostat vessel. The specific loss rate of the species
was set equal to the dilution rate of the chemostat. The photosynthetic efficiencies of the
species were estimated by fitting the model to monoculture experiments. The chromatic
adaptation parameter of Tohpothrix was estimated by fitting the model to experiments with
Toblypothrix under a changing light spectrum. These model fits were obtained by minimisation
of the residual sum of squares by means of the Gauss-Marquardt-Levenberg algorithm. This
was performed by a software package called PEST (Watermark Numerical Computing,
Brisbane, Australia). The parameters thus estimated were used to predict the population
dynamics in the competition experiments.
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Table 2.1 Parameter values and their interpretation

Symbol Interpretation Units Value

Independent variables

t time hr -
z depth cm -
A wavelength nm -

Dependent variables

N; Population density of species i flcm™ -

7(2) Absorbed photons by species i umol photons s™ fI” -

I(A,2) Underwater light spectrum pmol photons m?s'nm™ -

X7 Fraction of phycocyanin of Tolypothrix dimensionless -

Parameters

In(2A) Spectrum of incident light pmol photons m2s™'nm™ ™

700 PAR-integrated incident light intensity umol photons m? s 40"

[1,(1)az

400

Khog(A) Spectrum background absorption cm” "

ki(A) Absorption spectrum of species i cm? fI! m

Zm Depth of the water column cm 77"

L; Specific loss rate of species i h' 0.014™

& Photosynthetic efficiency, of fl (umol photons)”
- BS4 22x10%°¢
-BS5 1.6 x10°°
- Tolypothrix 17 x10%°¢

ar Chromatic adaptation parameter of Tolypothrix dimensionless 0.12°

fl = femtolitre, denoting the biovolume of the species.
m = measured parameter, e = estimated parameter (see Methods).
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Diversity and phylogeny of Baltic Sea
picocyanobacteria inferred from their ITS and

phycobiliprotein operons

Abstract

Picocyanobacteria of the genus Synechococcus span a range of different colours, from red strains
rich in phycoerythrin (PE) to green strains rich in phycocyanin (PC). Here, we show that
coexistence of red and green picocyanobacteria in the Baltic Sea is widespread. The diversity
and phylogeny of red and green picocyanobacteria was analysed using three different genes:
16S rRNA-ITS, the ¢peBA operon of the red PE pigment, and the ¢¢cBA operon of the green
PC pigment. Sequencing of 209 clones showed that Baltic Sea picocyanobacteria exhibit high
levels of microdiversity. The partial nucleotide sequences of the ¢p¢eBA and ¢peBA operons
from the clone libraries of the Baltic Sea revealed two distinct phylogenetic clades: one clade
containing mainly sequences from cultured PC-rich picocyanobacteria, while the other
contains only sequences from cultivated PE-rich strains. A third clade of phycourobilin (PUB)
containing strains of PE-rich Synechococens spp. did not contain sequences from the Baltic Sea
clone libraries. These findings differ from previously published phylogenies based on 16S
rRNA gene analysis. Our data suggest that, in terms of their pigmentation, Synechococcus spp.
represent three different lineages occupying different ecological niches in the underwater light
spectrum. Strains from different lineages can coexist in light environments that overlap with
their light absorption spectra.

This chapter is based on the paper: Haverkamp T, SG Acinas, M Doeleman, M
Stomp, J Huisman, LJ Stal (2008) Diversity and phylogeny of Baltic Sea
picocyanobacteria inferred from their ITS and phycobiliprotein operons.
Environmental Microbiology 10: 174-188.
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Introduction

Picocyanobacteria of the Synechococcus group span a range of different colours, depending on
their pigment composition (Wood 1985; Olson ez al. 1990; Pick 1991; Vorés er al. 1998; Stomp
et al. 2007). Picocyanobacteria with high concentrations of the pigment phycoerythrin (PE)
absorb green light effectively, and have a red appearance. Picocyanobacteria with high
concentrations of phycocyanin (PC) absorb red light effectively, and have a blue-green colour.
Recent competition models and laboratory experiments showed that red picocyanobacteria
win the competition in green light, green picocyanobacteria win in red light, while red and
green picocyanobacteria can coexist in white light by partitioning of the light spectrum (Stomp
et al. 2004). This matches their distribution patterns. Red picocyanobacteria are dominant
components of the Synechococcns group in open ocean waters (Li ef al. 1983; Platt ez al. 1983;
Campbell & Carpenter 1987; Campbell & Vaulot 1993), where green and particularly blue light
penetrate deeply into the water column. Moreover, red picocyanobacteria can have two
different bilin pigments known as phycoerythrobilin (PEB) and phycourobilin (PUB), which
both bind to the apoprotein phycoerythrin. The absorption peak of PUB is shifted slightly
further to the blue part of the spectrum, and picocyanobactetia with a high PUB/PEB ratio
are typically dominant in oligotrophic regions of the oceans where blue light prevails (Olson ef
al. 1990; Wood e al. 1998; Toledo et al. 1999). In addition, some strains are able to modify
their pigmentation through the synthesis of PE with two alternative chromophores, PEB and
PUB (Type IV CA; Everroad ef al. 2006). Green picocyanobacteria dominate in turbid waters,
where red light prevails (Stomp ef al. 2007). Coexistence of red and green picocyanobacteria
can be found in waters of intermediate colouration, including coastal seas and many freshwater
lakes (Pick 1991; Vo16s ef al. 1998; Murrell and Lores 2004; Katano ef al. 2005; Mozes et al.
20006; Stomp ez al. 2007).

The genus Synechococcus is polyphyletic. Several clusters have been identified, based on
photosynthetic pigmentation, nitrogen requirements, motility and salinity (Herdman e /.
2001). In marine environments, Synechococcus spp. are dominated by members of cluster 5.
Synechococcus cluster 5 is divided in two sub-clusters, 5.1 and 5.2. Both sub-clusters consist of
isolates from the ocean as well as from coastal origin. Members of cluster 5.1 typically have a
red colour. They produce PE as their main photosynthetic pigment, have a GC content
between 55-62%, and require elevated salt levels for growth. In contrast, members of cluster
5.2 have a green appearance. They produce the pigment PC but lack PE, have a GC content
between 63- 66%, and are often able to grow without elevated salt requirements (Herdman e#
al. 2001).

Freshwater picocyanobacteria are often assigned to Cyanobinm, a genus closely related
to Synechococcus. Cyanobinm is only known from freshwater and brackish environments (Crosbie
et al. 2003; Ernst ez al. 2003). It contains PC as its main photosynthetic pigment and possesses
a high GC content (66-71%). Cyanobium is composed of clusters that are distinguished by salt-
tolerance and GC content (Herdman e a/. 2001).
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The phylogenetic tree of picocyanobacteria is not always consistent with their pigmentation
type. Some strains isolated from marine and freshwater environments produce PE, but are
related to the cluster according to sequence information of their 16S rRNA gene, the
ribosomal internally transcribed spacer (ITS) region, and the 7p0C7 gene (Crosbie ef al. 2003;
Ernst e al. 2003; Everroad & Wood 2006). Conversely, most members of Synechococcus cluster
5.1 are rich in PE, but PC-rich isolates were obtained from the Red Sea. Although the genomic
GC content of one of these isolates, strain RS9917, (64%) is within the range of Cyanobium, it
is unknown whether this is also the case for the other strains of that clade (VIII) of cluster 5.1
(Fuller ez al. 2003).
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Figure 3.1 The sampling stations S298, S300, S314 and S320 along the East-West transect from the Gulf of Finland
to the Baltic Sea during the CYANO-cruise in 2004.

Here, we studied natural communities of picocyanobacteria from the Baltic Sea by
constructing clone libraries of partial sequences of the 16S rRNA-ITS, ¢eBA and ¢peBA
operons. The latter two encode for the pigments PE and PC, respectively. Eatlier studies
suggested that the phylogeny of ¢@eBA of freshwater picocyanobacteria correlated with
pigmentation (Neilan e al. 1995; Robertson ez al. 2001; Crosbie e al. 2003). Our results
demonstrate that a phylogeny based on the operons encoding for phycocyanin and
phycoerythrin in picocyanobacteria differs from eatlier phylogenies based on the 16S rRNA-
ITS operon.
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Figure 3.2 Vertical profiles of salinity, temperature, and density at stations S298, S300, S314 and S320

Results

Environmental conditions

Stratification: In July 2004, water was sampled at 4 stations in the Gulf of Finland and Baltic
Sea proper (Figure 3.1). Station S298 had a triple thermal stratification at 5, 10 and 20 m depth
(Figure 3.2). The density profile of this station revealed that the upper 5 m was well mixed,
while density gradually increased with depth below this shallow surface-mixed layer. Station
S300 showed a clear surface-mixed layer of ~15 m depth. Station S314 had a slightly shallower
surface-mixed layer, with a thermocline and pycnocline at 10-12 m depth. Both stations S300
and S314 had a subtle secondary stratification at ~21 m depth. Station S$320 was not stratified,
but showed nearly homogeneous vertical profiles of salinity, temperature, and density up to 30

m depth (Figure 3.2).

Underwater light spectra: The underwater light spectrum of natural waters largely depends
on light attenuation by water itself, by the ‘background turbidity’ caused by dissolved organic
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matter (known as gilvin in the optics literature) and inanimate suspended particles (tripton, like
sediment and detritus), and by phytoplankton species present in the water column (Kirk 1994).
Water absorbs strongly in the red wavelengths, whereas gilvin and tripton are responsible for
rapid attenuation of blue wavelengths. In the Baltic Sea, light absorption in the blue and the
red end of the spectrum is of a similar magnitude. At all 4 stations, this yielded an underwater
light spectrum that narrowed to green wavelengths with increasing depth (Figure 3.3a).

The light absorption spectra of a red and a green strain of Baltic Sea
picocyanobacteria are depicted in Figure 3.3b as an example to illustrate how they are tuned to
the underwater light spectrum. PE-rich strains have an absorption peak at ~560 nm, and
hence absorb green light effectively. PC-rich strains have an absorption peak at ~625 nm, and
absorb orange-red light effectively. Chlorophyll peaks were also clearly visible in the
absorption spectra at 440 nm (Soret band) and 680 nm.

We found euphotic depths of 10.5 m at station S298, 15.3 m at station S300, and 20.3
m at stations S314 and S320, where the euphotic depth is defined as the depth at which the
irradiance (PAR, 400-700 nm) equals 1% of the surface irradiance. Hence, the background

turbidity of the surface water decreased from the Eastern towards the Western part of the
Gulf of Finland.

a Figure 3.3 Comparison of the underwater light

Surface spectrum and the light absorption spectra of

1 PE-rich and PC-rich picocyanobacteria. (a)

Underwater light spectra measured at station

S320 in the Gulf of Finland (Baltic Sea). The

1m spectrum narrows to the green waveband with

1 increasing depth. Underwater light spectra at

2m the three other stations were similar. (b)

3m Absorption spectra of the PC-rich strain

5m CCY0417 and the PE-rich strain CCY0448

isolated from the Gulf of Finland (Baltic Sea).

0 e Absorption spectra are scaled to their
. . . . . maximum value.
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(umol photons m-2s-'nm-1)
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Nutrients: Dissolved inorganic nitrogen and phosphorus were measured in water samples
from the surface (0 m) and from 30 m depth (Table 3.1). At all stations, nitrogen and
phosphorus concentrations were lower at the surface than at depth. Nitrate and nitrite
concentrations at the surface were at or below the detection limit of 0.01 pM. At station S320,
the phosphorus concentration at the surface was also below the detection limit. At all stations,
the N:P ratios were well below the Redfield ratio of 16 (Table 3.1), indicating that nitrogen was
relatively more limiting for phytoplankton growth than phosphorus.
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Figure 3.4 Vertical profiles of chlorophyll a and picocyanobacteria at stations S298, S300, S314, and S320. (a)
Concentration of chlorophyll a in the large size fraction (blue dots; > 20 um) and in the small size fraction (green
triangles; < 20 pm). Total concentration of chlorophyll a is shown in black. (b) Concentration of PC-rich
picocyanobacteria (green dots) and PE-rich picocyanobacteria (red triangles). In black is shown the total number of
picocyanobacterial cells.

Distribution of picocyanobacteria

Chlorophyll 2 was measured in two size fractions, a small size fraction (< 20 um) and a large

size fraction (> 20 pm). Microscopic examination indicated that the small size fraction
contained mainly picocyanobacteria (< 2 um) and also small filaments of Pseuxdanabaena spp.,
consistent with earlier studies (Albertano ez a/. 1997; Stal & Walsby 2000; Stal ez a/. 2003). The
large size fraction was dominated by the filamentous, N»-fixing cyanobacteria Nodularia
spumigena, Anabaena spp. and Aphanizomenon flos-aguae, which were mainly concentrated in the
upper 10 m (Figure 3.4). Picocyanobacteria were mainly distributed over the upper 15-20 m at
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stations S300, S314 and S320 and even down to 30 m at station S298. The small size fraction
represented 70-80% of the total chlorophyll z in the upper 10 m, and even more than 90% of
the total chlorophyll 2 below 10 m (Figure 3.4). Red and green picocyanobacteria were counted
by flow cytometry, on the basis of their size and pigment composition. The depth distributions
revealed that red and green picocyanobacteria coexisted throughout the upper 30 m (Figure
3.4). The cell numbers of the green picocyanobacteria showed a gradual decline with depth,
while the red picocyanobacteria formed a subsurface maximum. At stations S298, S300 and
S314, the subsurface maximum of the red picocyanobacteria was at the euphotic depth. At
station S320, which lacked a clear stratification pattern (Figure 3.2), the subsurface maximum

at ~8 m was less pronounced (Figure 3.4).

Table 3.1 Nutrient concentration (umol L'1) at the sampling stations.

PO, NO; NO; NH," N:P
Station
Om 30m Om 30m Om 30m Om 30m Om 30m
S298 0.02 0.28* 0 0.01* 0 0.01* 0.18 0.17* 9 0.68*
S300 0.18 0.85 0 1.1 0 0.29 0.21 0.86 117 2.66
S314 0.09 0.32 0 0.32 0 0.08 0.11 1.56 1.22 6.13
S320 0 0.19 0.03 0.09 0 0 0.07 1.3 n.d. 7.32

*At station S298, deep samples were from 20 m instead of 30m.

The 16S rRNA and ITS region

The diversity of picocyanobacteria was assessed by sequencing environmental clone libraries
containing PCR fragments with a part of the 16S tRNA gene and the internally transcribed
spacer between the 16S and 23S rRNA genes (ITS). At all 4 stations, samples were taken at 3
and 12 m depth, where both PC-rich and PE-rich picocyanobacteria were abundant (Figure
3.4). The samples were size fractionated, to separate the small cyanobacteria (< 20 pm) from
the larger phytoplankton. This yielded a total of 8 samples, from which DNA was extracted
and PCR amplified using oligonucleotide primers specific for cyanobacteria. We sequenced the
last 400 bases of the 16S rRNA gene and the complete ITS of 74 clones, and compared these
sequences against existing databases (NCBI, RDP-II) (Table S1 and Figure S1 in the Online
Supplementary Material). One clone appeared to be from the filamentous heterocystous
cyanobacterium Anabaena flos-agunae (99% similarity to the 16S rRNA sequence; AJ630422), and
was therefore not further considered.

The vast majority of clones (65 out of 74) exhibited high sequence similarity (96 to
99%) to several closely related Synechococcus strains (LM94, BO8807 and S. rubescens), which
belong to freshwater group B (Crosbie ez a/. 2003; Ernst ez al. 2003, Table S1 and Figure S1 in
the Online Supplementary Material). This is consistent with eatlier studies, which have shown
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that strains of group B are more than 99% similar at the 16S-rRNA level (Crosbie ez a/. 2003),
and more than 95% similar at the I'TS sequence (Etnst e 2/ 2003). The remaining clones
displayed high sequence similarity (96 to 98%) to other freshwater Synechococcus strains (Table
S1 and Figure S1 in Online Supplemetary Material). One of our clones sequences (TH320-12-
6) had a 99% similarity to the 16S rRNA gene of Synechococcus strain MH305 (Crosbie ez al.
2003). The ITS sequence of this clone was completely disparate from other clones, except for
the tRNA genes. The position of clone TH320-12-6 in our phylogenetic analysis confirms this
by placing the sequence close to the root of the tree with low bootstrap support (Figure S1 in
Online Supplemetary Material). We observed large variations in ITS length and GC content in
our clone libraries, consistent with eatrlier studies (Laloui e# a/. 2002; Rocap et al. 2002; Ernst et
al. 2003; Chen et al. 2000).

Compatrison of the clone libraries from 3 m and 12 m depth, using the program Web-
Libshuff (Singleton e a/. 2001), revealed that there was no significant difference between the
libraries obtained from the two sampling depths (P > 0.05). We therefore assumed that the
libraries from 3 m and 12 m depth have the same composition, and they were lumped in our
diversity analysis. The diversity in the clone libraries was analysed using the program DOTUR
that calculates several diversity estimators and can be used to create rarefaction curves and
similarity plots (Schloss & Handelsman 2005). Rarefaction was used to determine the diversity
structure within the 16S rRNA gene - ITS clone library (Figure 3.5a, Table 3.2). These results
indicate a high degree of microdiversity in our clone library, suggesting that many of the
sequences belong to the same or closely related “species”. When the similarity was further
reduced, the number of OTUs continued to decrease until all clones merged into a single OTU
at 73% similarity (Figure 3.5b).

Because the ITS region is highly variable, we also tested the diversity within our
library by using only the sequences encoding part of the 16S rRNA gene (487 bp). This
revealed that 68% of the partial 16S rRNA sequences fall into the 99% clusters (Table 3.2).
Several diversity estimators were calculated, such as the Shannon-Weaver and Simpson
diversity indices, Good’s Coverage, and the Chao and ACE richness estimates (Good 1953;
Chao & Lee 1992; Magurran 1988). Assuming a 99% similarity criterion, the Chao and ACE
richness estimates indicated a species richness of 37 and 36, respectively (Table 3.2).

The phycocyanin operon

We included known ¢¢BA sequences in our alignment for comparison with 68 clones that we
obtained from the Baltic Sea. The lengths of the sequences available in GenBank ranged from
320 bp to almost 500 bp (excluding the intergenic spacer, IGS), complicating phylogenetic
analysis of the ¢eBA genes. We decided to remove sequences shorter than 380 bp (IGS
excluded) from our alignhment to avoid incorrect topologies (Nei ef al. 1998; Tamura et al.
2004). This approach gave a more robust phylogenetic tree of the ¢peB.A gene. Figure 3.6
shows the phylogenetic tree we obtained for the partial ¢pcBA gene sequences. Many of the
picocyanobacteria of the Baltic Sea are closely related to the known groups A, B, H, and I
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(Robertson ez al. 2001; Crosbie et al. 2003; Table S2 in Online Supplemetary Material),
confirming results based on the 16S rRNA-ITS operon. The Baltic Sea Group 3 is probably a
novel taxon within the picocyanobacteria, since these sequences form a monophyletic group
that separates with a long branch and with good bootstrap support from the other sequences.
We cannot exclude that the other Baltic Sea groups might also represent unique groups
although the branch lengths separating these sequences from known sequences are small.

Hence, this might as well represent microdiversity between the clusters.
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Figure 3.5 Diversity patterns of the Baltic Sea picocyanobacteria using 16S rRNA-ITS sequences. (a) Rarefaction
curves of the number of observed OTUs at 100, 99, 98, 97 and 96 % similarity cut-offs. (b) Number of OTUs plotted
against different cluster cut-off values in 1.0% increments for sequences grouped into similarity clusters.

There are also some striking differences between the ¢¢eBA phylogeny and the existing 16S
rRNA phylogenies (Crosbie e al. 2003; Fuller ez /. 2003). First, the ¢pcBA phylogeny separated
most picocyanobacteria with a green phenotype from picocyanobacteria with a red phenotype,
although there were a few red strains within the green clusters (Figure 3.6; Figure S2 in Online
Supplemetary Material). Second, in contrast to the 16S rRNA phylogeny, in the ¢cBA
phylogeny green picocyanobacteria isolated from marine environments (e.g., strains R§S9917
and WH5701) clustered with green freshwater picocyanobacteria. Third, the green Cyanobinm
strain CCY9201 (previously known as BS4) and the red Cyanobium strain CCY9202 (previously
known as BS5), which were neatly identical according to the 16S rRNA-ITS phylogeny
(Crosbie ez al. 2003; Ernst et al. 2003), were completely separated in the ¢eBA phylogeny.
Fourth, the ¢p¢BA phylogeny revealed that phycourobilin (PUB)-producing picocyanobacteria
form a distinct cluster within the red picocyanobacteria.

The ¢p¢BA phylogeny pointed at a close correlation between pigment phenotype and
GC content (Figure 3.6). PC-rich isolates had GC-contents higher than 60%, while most PE-
rich isolates had GC contents less than 60% although there were a few exceptions. The
difference in GC content between the ¢pcBA sequences was mainly caused by higher GC
content at the third codon position, resulting in synonymous mutations in most of the codons

investigated. Likewise, the ¢p¢BA phylogeny pointed at a close correlation between pigment
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phenotype and the effective number of codons (ENC). The ENC number represents a
measure for the codon usage bias (Comeron & Aguade 1998). An ENC number of 20 means
that only one codon is used for each amino acid, while an ENC number of 61 indicates that all
codons are used equally often and in that case there is no bias in codon usage (Wright 1990).
PC-rich isolates had a low ENC number in the range of 23-32, while almost all PE-rich
isolates had a high ENC number ranging from 33 to 45 (Figure 3.6). Interestingly, PE-rich
strains with a GC content exceeding 60% and an ENC-number below 33 clustered with the
PC-rich strains.

The phycoerythrin operon

PCR amplification of the ¢eBA operon encoding the pigment phycoerythrin resulted in 68
clones (for primers see Everroad & Wood 20006). The number of ¢eBA sequences available in
existing databases such as GenBank was limited to 37 full-length sequences of different
cyanobacteria and red algae. BLASTn searches using the nucleotide sequences of all our gpeBA
clones returned only one of two different top hits, marine Symechococcus strains WH7803
(X72961) and WHS8102 (BX569694) (Table S3 in Online Supplemetary Material). Our
sequences showed only 81% to 90% similarity with these two sequences. BLASTp searches
using our ¢eBA sequences as query were done using the CPE-A and the CPE-B protein
coding sequences. Both fragments showed the highest similarity with the CPE-A (range 86 to
93%) and CPE-B (91 to 97%) proteins from the marine Synechococcus strain WH7805 (Table S3
in Online Supplemetary Material).

We performed a phylogenetic analysis using our Baltic Sea partial ¢eB.A nucleotide
sequences and those recovered from existing databases. Analysis of the phenotypes revealed
that all cultured strains within the ¢peBA phylogeny were PE-rich strains with a GC content
between 53 and 63 % and a ENC number ranging from 30 to 45 (Figure S3 in Online
Supplemetary Material). The ¢eBA phylogeny yielded two major groups (Figure 3.7). Again
these two groups matched the pigmentation of picocyanobacteria. The first group was formed
by ¢peBA genes from freshwater and marine Synechococcus strains producing PEB only, while the
second group consisted of marine strains producing both PUB and PEB. This topology was
consistent with the ¢¢BA phylogeny, where the PUB-producing picocyanobacteria formed a
distinct cluster (Figure 3.6). All ¢peBA sequences that we obtained from the Baltic Sea were
constrained within the PEB group (Figure 3.7). These Baltic Sea sequences were separated into
two major clades, one clade comprising the clusters 1 and 2, and the other clade formed by
clusters 3 and 4. Comparison of the overall similarity at the amino acid level showed that the
similarity within each of these two clades is more than 98%, while the similarity between the
two clades is only 86.6%.

The diversity estimators showed that the diversity in the ¢p¢eBA and geBA library is
low compared to the 16S rRNA-ITS library (Table 3.2). This might be attributed to inherent
differences in variability between these libraries, but also to differences in length between the
16S rfRNA-ITS and the ¢eBA and ¢eBA sequences. The number of OTUs was rather similar
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for the ¢eBA and ¢peBA operons. According to the Chao-1 and ACE richness estimates and
the Shannon and Simpson diversity indices, however, the diversity at the ¢eBA operon
encoding for phycoerythrin was slightly higher than the diversity at the ¢¢B.A operon encoding
for phycocyanin (Table 3.2).

Table 3.2 Diversity estimators for the clone libraries of the 16S rRNA-ITS, 16S rRNA, cpcBA operon and cpeBA
operon, with and without intergenic spacers. The number of Operational Taxonomic Units (OTUs) is shown at 100%,
99% and 97% similarity cut-off values. The coverage is expressed as defined by Good (1953). The Chao-1 richness,
ACE richness, Shannon diversity index and Simpson diversity index use 99% similarity cut-off values. Numbers within
parentheses for the Chao-1 and ACE richness estimators are 95% confidence intervals.
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16S-ITS complete 73 40/22/11 86.3 (26-86) (26-66) 2.64 10.90
9 14
16S without ITS 73 19/6/1 95.9 (6-31) (7-79) 0.89 1.85
21 16
cpcBA operon 68 24/11/8 92.7 (13-63) (12-37) 1.562 2.76
cpcBA without 16 13
IGS 68 20/10/8 941 (11-48) (11-30) 1.49 2.75
26 28
cpeBA operon 68 24/11/5 91.8 (14-79) (14-107) 1.85 5.52
cpeBA without 27 23
IGS 68 24/12/6 91.8 (15-80) (14-70) 2.01 6.66
Discussion

Colourful coexistence of red and green picocyanobacteria

Our results show that PC-rich and PE-rich picocyanobacteria coexist in the Baltic Sea, where
they are approximately equally abundant players in the cyanobacterial community (Figure 3.4).
This confirms earlier results of Stomp ez a/ (2004, 2007). PC-rich picocyanobacteria were
slightly more abundant in the upper 5 m of the water column, while PE-rich picocyanobacteria
were more dominant at 5-15 m depth. This vertical distribution matches the underwater light
spectrum, since green light penetrates more deeply into the Baltic Sea than red light (Figure
3.3a). Remarkably, the PC-rich and PE-rich picocyanobacteria maintained their vertical
distribution even in waters with a nearly homogeneous temperature and density profile

(Station S320, Figures 3.2 and 3.4). Since picocyanobacteria lack buoyancy regulation, this
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indicates that local growth rates of PE-rich and PC-rich populations exceeded the rate of
vertical mixing by hydrodynamic processes (Huisman ez al. 19995).

Sequencing of 209 clones revealed that picocyanobacteria of the Baltic Sea exhibit
high levels of microdiversity. Approximately 46-54% of the OTUs present in each clone
library were constrained at 99% similarity clusters (micro-clusters; Figure 3.5, Table 3.2). Such
high levels of microdiversity have also been detected by many previous studies of marine
microbial communities and other natural bacterial populations (Acinas es al. 2004; Lopez-
Lopez ¢t al. 2005; Pommier ¢z al. 2007; Rusch ez al. 2007). The high microdiversity of
Synechococeus spp. genes found in our clone libraries may reflect local adaptive radiation of
picocyanobacteria which allows them to proliferate under a wide range of different conditions
in the Baltic Sea.

Phylogeny of red and green picocyanobacteria

Our results show that a phylogeny based on the ¢eBA gene (phycocyanin) and ¢eBA gene
(phycoerythrin) differs from a phylogeny based on 16S rRNA gene sequences. This is
especially clear for the ¢p¢BA dataset, where clustering of the different phylotypes largely
matched the pigment composition of the picocyanobacteria (see also Robertson ef al. 2001;
Crosbie ¢z al. 2003). This is exemplified by the green CCY9201 (previously known as BS4) and
red CCY9202 (previously known as BS5) strains used in the competition experiments of
Stomp e# al. (2004). On the basis of their I'TS sequences, these two strains are more than 99%
similar (Ernst ¢f a/. 2003), whereas their ¢peBA gene sequences are well separated (Figure 3.6),
where the green strain clusters in the group of PC-rich picocyanobacteria while the red strain
clusters in the group of PE-rich picocyanobacteria (Figure 3.6). The few sequences of red
strains that cluster with the ¢p¢BA operons of green isolates can be explained by horizontal
gene transfer (HGT).

Another example is the placement of the PC-rich marine isolate RS9917. This strain
forms a distinct cluster with other PC-rich isolates within the marine picocyanobacteria based
on the 16S rRNA gene sequences (Fuller ef a/. 2003). According to our phylogenetic analysis,
the partial ¢peBA sequences of strain RS9917 clusters with the ¢p¢BA sequences of PC-rich
freshwater picocyanobacteria. This could have been caused by HGT of the ¢p¢BA operon of a
freshwater picocyanobacterium. Likewise, clustering of similar pigmentation types is also
evident from the placement of PUB/PEB-producing marine Synechococeus in both the ¢peBA
and ¢peBA phylogeny. The marine strain WH7805 produces PEB, but in contrast to other PE-
rich marine Synechococeus strains it is not capable of producing PUB (Fuller ¢z a/. 2003). In the
¢eBA and ¢pecBA phylogenetic trees, strain WH7805 clustered separately from the PUB—
producing marine Synechococcus strains. Only strains that produce PUB might possess the
capacity of chromatic adaptation of type IV. We have not retrieved any sequences in our Baltic
Sea clone libraries that are related to PUB-producing picocyanobacteria.

Overall, our phylogenetic analyses extend earlier findings of Robertson ez a/. (2001)
and Crosbie ¢f al. (2003), who showed that the ¢¢BA operon separates PE-rich and PC-rich
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picocyanobacterial isolates from freshwater lakes. In our analysis, we included
picocyanobacteria from brackish waters and marine ecosystems, and studied not only the
¢peBA operon but also the ¢peBA operon. This revealed three distinct groups of
picocyanobacteria separated in line with their pigmentation, namely PUB/PEB, PEB, and PC
producing strains. All are members of the monophyletic clade formed by Symechococcus and

Cyanobium.

Correlations with GC content and ENC number

Differences in pigmentation in the ¢¢BA phylogeny correlated with the ENC number and the
GC content of the sequences. PC-rich picocyanobacteria had higher GC contents and lower
ENC numbers than PE-rich picocyanobacteria (Figure 3.6). One possible explanation for
differences in GC content in PE-rich and PC-rich picocyanobacteria is that it may reflect
differences in expression levels of the ¢¢eBA gene. In fact, highly expressed genes in
Prochlorococens strain MED4 had higher GC contents compared to low expressed genes
(Banetjee & Ghosh 2006). A PE-rich cyanobacterial phycobilisome has one disk of PC
proteins while containing multiple disks of PE proteins. A PC-rich phycobilisome usually has
several disks of PC. The higher demand for phycocyanin might require a higher expression
level and, hence a higher GC content of the ¢p¢BA operon. Alternatively, it could also be that
the genomes of PC-rich picocyanobacteria have a higher GC-content. We tested this
hypothesis by analyzing the GC-content of the protein-coding genes of the genome sequences
of Synechococens spp. present in GenBank. This showed that the overall GC-content of the
protein-coding genes of the PC-rich Symechococcus strains WH5701 and RS9917 is higher
compared to those of the PE-rich picocyanobacteria (Table S4 in Online Supplemetary
Material). This would contradict the theory that higher expression levels cause the higher GC-
content in the ¢p¢eBA operons of PC-rich Synechococcus spp. It also confirms the placement of
RS9917 among the freshwater picocyanobacteria in our phylogenetic analysis and that it is
unlikely that this is caused by HGT of phycobiliprotein genes.

Another explanation for the relationship between GC content and pigmentation
might come from the environment. Comparative studies suggest that the GC contents of
microbial genomes or environmental shotgun libraries vary among habitats of different
productivity (Goo et al. 2004; Carbone et al. 2005; Foerstner et al. 2005). For instance,
Foerstner e/ al. (2005) observed that the average GC-content of open reading frames (ORFs)
from the oligotrophic Sargasso Sea is only 34%, whereas the GC content of ORFs from
productive Minnesota soil samples is 61%. These large differences in GC content were not
merely an effect of differences in species composition between these two contrasting
environments, but remained when the same analysis was focused on phyla present or on genes
present in both environments. Extrapolated to the ¢p¢BA phylogeny, this would mean that the
high GC sequences of PC-rich picocyanobacteria come from environments with higher levels
of nutrients than the sequences of PE-rich picocyanobacteria that have a lower GC content.
This explanation is consistent with the global distribution pattern of picocyanobacteria (e.g.,
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Stomp ez al. 2007), where PC-rich picocyanobacteria dominate in productive lakes and coastal

waters while PE-rich picocyanobacteria dominate in the oligotrophic open ocean.

Experimental procedures

Sample collection

Water samples from the Baltic Sea were collected from 12 - 19 July 2004 during a research
cruise with the Finnish RV Aranda. For the work reported here, we sampled 4 stations
(stations $298, S300, S314, S320; Figure 3.1), positioned along an East-West transect from the
Gulf of Finland into the Baltic Sea proper (from N 59.1 - 60.0 °N and E 22.2 - 26.2 °E to 59.1
°N 22.2 °E). Samples were taken at 3 m depth intervals from the surface to 30 m depth using a
rosette sampler. A Seabird 911 CTD was connected to the rosette sampler, to measure
temperature and salinity along these depth profiles. Nutrient concentrations in the water
samples were analysed according to standard methods (Grasshoff ez a/. 1983).

Underwater light spectra

Spectra of the incident light and underwater light spectra were measured with a RAMSES-
ACC-VIS spectroradiometer (TriOS, Oldenburg, Germany). Light absorption spectra of
isolated strains were measured using a Cary 100 Bio equipped with an integrating sphere DRA-
CA-3300, with distilled water as a reference.

Chlorophyll analysis

For chlorophyll & analysis, the phytoplankton was divided into two size classes. Total
chlorophyll # was obtained by filtering 0.5 L on GF/F filters (Whatman, nominal pore size 0.7
um). Chlorophyll « of the large size fraction of phytoplankton was obtained by filtering 1 L. on
20 pm nylon mesh (plankton net). Chlorophyll 2 of the small size fraction was calculated as the
difference between total chlorophyll « and chlorophyll 2 of the large size fraction. This
procedure largely discriminates between picoplankton and the larger filamentous cyanobacteria
in the Baltic Sea (Stal & Walsby 2000). Chlorophyll z was extracted overnight in the dark at
room temperature by 96% ethanol and absorption was measured spectrophotometrically at
665 nm. Chlorophyll concentration was calculated using an absorption coefficient of 72.3 ml
mg! cm (Stal ef al. 1999).

38



Phylogeny of reds and greens

BS group 1 (40), 31, 64

group |
30, 63
$320-12-7, 28, 66
BS
$3143.8,29, 64 BS group 4

1 £

5314-12-3, 29, 63

Out-
groups

93

Figure 3.6 Neighbor-joining tree of picocyanobacterial cocBA genes. Clades were condensed to group designations
for clarity (Crosbie et al. 2003). BS-group designations are assigned to clades formed solely by clone sequences
from the Baltic Sea. For condensed groups, the number of cpcBA sequences is indicated within brackets. For single
sequences, the GenBank accession number and the strain designation are given. For each clade with known
isolates, the pigment phenotype is indicated with red (PE-rich) and green (PC-rich). Numbers indicate mean ENC
number and mean GC content, resp. The tree was calculated with software MEGA with the neighbor-joining method
using the Kimura- 2 parameter model of nucleotide substitution with 1000 replicates (Kumar et al. 2004). Bootstrap
values (>50%) are shown at the nodes. As out groups were used the cpcBA sequences of Synechococcus cluster 1
(strains PCC6301, PCC7942, PCC7943), Synechococcus cluster 2 (strains PCC6716, PCC6717, Synechococcus
elongates, JA-2-3b, JA-3-3b), and Synechococcus cluster 3 (PCC7002).
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Figure 3.7 Unrooted neighbor-joining tree of picocyanobacterial cpeBA genes. Sequences were obtained from the
Baltic Sea and from Synechococcus strains with sequenced genomes spanning the cpeBA-IGS region. Baltic Sea
clusters indicate clades formed solely by clone sequences from the Baltic Sea. The number of cpeBA clone
sequences is indicated within brackets. Synechococcus sequences extracted from existing genome sequences or
GenBank are in bold. Additional Synechococcus sequences from strains used in this study are in italics. The tree
revealed that cpeBA sequences separated into clades containing PEB and PUB/PEB-producing clades. The Baltic
Sea sequences separated into 4 clusters and a single clone (S298-3m-9). Bootstrap values (>50%) based on 1000
replicates are shown at the nodes using distance analysis (first number) and maximum parsimony analyses (second
number). A ‘-* indicates not significant.

Counting red and green picocyanobacteria

The concentrations of red and green picocyanobacteria in the samples were counted by flow
cytometry (Jonker ez al. 1995; Stomp et al. 2007), using a Coulter Epics Elite ESP flow
cytometer (Beckman Coulter Nederland BV, Mijdrecht, Netherlands) equipped with a green
laser (525 nm) and a red laser (670 nm). The flow cytometer distinguished between
picocyanobacteria and larger phytoplankton by their size (using side scattering). Red and green
picocyanobacteria were distinguished based upon their different fluorescence signals. Cells rich
in PE emitted orange light (550-620 nm) when excited by the green laser, whereas cells rich in
PC emitted far red light (> 670 nm) when excited by the red laser.
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Extraction of nucleic acids

From each station 1 L. of seawater from each sampling depth was pre-filtered through 20 pm
nylon mesh and collected in polycarbonate bottles that were rinsed by 0.5 M NaOH. The pre-
filtered seawater was immediately filtered through 0.2 um Sterivex filtration units (Millipore)
using a peristaltic pump. Subsequently, the Sterivex filters were filled with 2 ml lysis buffer
(400 mM NaCl, 20 mM EDTA, 50 mM Tris-HCI [pH 9.0], 0.75 M sucrose) (Massana e/ al.
1997; Moon-van der Staay ef al. 2001) and stored at -20 °C.

Noucleic acids were extracted as described by Massana ef a/. (1997) with modifications.
In brief, Iysozyme (final concentration 1 mg ml!) was added to the Sterivex unit and incubated
for 45 min at 37 °C. Subsequently, proteinase-K (final concentration 50 pg ml') and sodium
dodecyl sulfate (SDS) (1% w/v) wete added and incubation was continued overnight at 55 °C.
The lysate was recovered from the Sterivex unit by extracting it twice with an equal amount of
phenol-chloroform-isoamyl alcohol (25:24:1; pH 8) and once with the same volume of
chloroform-isoamyl alcohol (24:1). The extracts were centrifuged (Sigma 4k15 with a swing-
out rotor, nr.11156) for 15 min at 1300 rpm and 25°C. The aqueous phase was transferred to a
15 ml Greiner tube and two volumes of 96% ethanol and 1/10 volume 3 M Na-acetate were
added and subsequently incubated for 2 h at -70 °C to precipitate the DNA. Subsequently, the
DNA was centrifuged for 20 min at 14000 rpm and 4 °C. The pellet was washed with cold
70% ethanol (-20 °C) and centrifuged for 5 min at 14000 rpm and 4 °C. The supernatant was
removed by pipetting and the pellet was air dried. The dry pellet was suspended in 100 pl 10
ml Tris-HCl (pH 8.5). Because the DNA was not PCR grade after this procedure, it was
further purified using the Powersoil DNA extraction kit (MoBio Laboratories) following the

manufacturer’s recommendations.

Primer design

For amplification of part of the 16S rRNA gene and the internal transcribed spacer between
the 16S and 23S rRINA genes, we designed oligonucleotide primers that bind to the 5° region
of the 23S rRNA sequences of cyanobacteria (Table 3.3). Cyanobacterial 23S rRNA gene
sequences were obtained from GenBank and aligned using the Clustal-W program in Bioedit
(Thompson et al. 1994; Hall 1999). The alignment was imported to Primer Premier software
(Premier Biosoft International, version 5.0) and 23S rRNA gene oligonucleotide primers were
designed using B1055 as the forward 16S tRNA primer (Singh e a/. 1998; Zaballos e al. 2000;
Table 3.3). Primer sequences were checked for their specificity by performing BLASTn
searches against the GenBank database.

PCR primers targeting the phycocyanin ¢¢BA operons in a wide range of
cyanobacteria were available from the literature (Neilan ez a/. 1995; Robertson ez al. 2001;
Crosbie ez al. 2003). Recently, genome sequences from a variety of picocyanobacteria became
available providing the opportunity to design primers that target specifically the ¢¢BA genes
from  Symechococcns-like cyanobacteria. Using the Integrated Microbial Genomes database
(http:/ /img.jgi.doe.gov/cgi-bin/pub/main.cgi), ¢eBA operons were obtained from the
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following (un-)finished picocyanobacterial genomes: Synechococcus PCC6301 (AP008231),
PCC7942 (CP000100), CC9311 (CP000435), CC9605 (CP000110), CC9902 (CP0O00097),
RS9917 (AANP01000000), WH5701 (AANO01000000), WH7805 (AAOKO01000000), and
WH8102 (BX548020) (Markowitz ez al. 2006). The ¢peBA operons M95288 and M95289 from
Synechococcus strain WH8020 were downloaded from GenBank (Delorimier ez a/. 1993). The full
length ¢peBA operons were aligned in Bioedit using the ClustalW algorithm. The alighment was
imported in Primer Premier 5.0 and used to design primers specifically targeting the ¢peBA
genes from the marine cluster B (Synechococens WH5701) (Table 3.3).

PCR and clone library construction

DNA obtained from 3 and 12 m depth of stations S298, S300, S314 and S320 were used to
amplify the cyanobacterial 16S rRNA-ITS region, the ¢peBA and the ¢pcBA operons using the
primers listed in Table 3.3. The PCR reaction mixture was composed of 1 pl of template DNA
(1 - 20 ng plt), 2.5 ul of 10X PCR buffer (Qiagen), 0.5 pl of 10 mM dNTP’s mixture (Roche)
and 0.62 units of HotStarTaq DNA polymerase (Qiagen). We added 10 pmol of each forward
and reverse primer, except for the 16S tRNA-ITS PCR where was 5 pmol was used. Sterile
MilliQ grade water was added to a final reaction volume of 25 pl.

The PCR reactions were run on a GeneAmp System 2700 thermocycler. The
program for the 16S-ITS amplification consisted of 15 min hot start at 94 °C; 35 cycles of 1
min at 94 °C; 1 min at 62 °C; and 1 min at 72°C; which was followed by a final elongation step
at 72°C for 10 min. For amplification of the ¢peBA genes the following program was applied:
15 min at 94 °C, 40 cycles of 30 seconds at 94 °C, 30 seconds at 55 °C, and 1.5 min at 72 °C.
The final elongation step was 10 min at 72 °C. The same program was used to amplify ¢¢BA
except that the elongation step was only 1 min.

PCR-reactions were done in triplicate to decrease variations in amplification (Polz &
Cavanaugh 1998). The PCR products of the triplicate reactions were pooled and cloned.
Cloning was done using the TOPO TA cloning kit for sequencing (Invitrogen) following the
instructions of the manufacturer. For each sample and PCR product 20 clones were picked
using sterile toothpicks. The cells were transferred to 200 ul of sterile LB-Broth and grown
overnight. Twenty-five ul of culture was mixed with 25 ul of Milli-Q) water and heated at 94 °C
for 10 minutes. Five ul of the mixture was used for PCR amplification of the insert using the
T3 and T7 primers of the vector. Subsequently, 10 positive PCR reactions were chosen per
sample and purified using the DNA Clean & Concentrator (Zymo Research). The DNA
concentration was measured using a Nanodrop ND1000 (NanoDrop Technologies)
spectrophotometer. The PCR product was sequenced using the Big Dye Terminator v1.1
Cycle sequencing kit (Applied Biosystems) according to the manufacturer’s instructions. The
clones containing ¢peBA and ¢peBA fragments were sequenced using the T3 and T7 primers,
while the 16S fRNA-ITS clones were sequenced with the primers B1055, Cya235-58R2, PITS1
and PITS3 (Table 3.3). Sequencing was done with a 3130 Genetic Analyzer (Applied

Biosystems). For each clone, the forward and reverse sequences were manually aligned in
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Bioedit and the sequences were checked against GenBank using BLASTn and BLASTp
(Altschul ef al. 1990; McGinnis & Madden 2004). Furthermore, the 16S rRNA clone sequences
were compared to the RDP-II database (Cole ¢7 a/. 2005).

Table 3.3 Oligonucleotide primers used in this study.

Primer Name  Target gene Sequence 5'to 3' Tm°C Reference
B1055 16S rRNA ATGGCTGTCGTCAGCTCGT 66  Zaballos et al. 2006
Cya23S-58r2 23S rRNA CGTCCTTCATCGCCTCTG 58  This study
PITS 1 ITS TCAGTTGGTAGAGCGCCTGC 56  Ernst et al. 2003
PITS 3 ITS GTTAGCGGACTCGAACCGC 65  Ernst et al. 2003
SyncpcB-Fw cpcB ATGGCTGCTTGCCTGCG 61 This study
SyncpcA-Rev cpcA ATCTGGGTGGTGTAGGG 50  This study
B3FW cpeB TCAAGGAGACCTACATCG 58 Everroad & Wood 2006
SynA1R cpeA CAGTAGTTGATCAGRCGCAGGT 64  Everroad & Wood 2006

Diversity calculations and phylogenetic analysis

For the diversity calculations, the clone sequences of the different sampling stations were
grouped together. The program DOTUR was used for calculating rarefaction, library coverage,
Shannon-Wiener diversity index (H’), Simpson index (D), Chao-1 non-parametric richness
estimator and the ACE coverage-based richness estimator (Schloss & Handelsman 2005).
Calculations were performed on a Jukes-Cantor corrected distance matrix created with the
DNADIST program from the PHYLIP Package (Felsenstein 1989).

Sequences previously identified to be closely related by BLASTn comparison wete
imported from GenBank into Bioedit and aligned against the clone sequences using ClustalW.
Alignments of the 16S rRNA-ITS sequences were done manually in Bioedit by reference of
the ITS alignment of the predicted secondary structure models proposed in several papers
describing the cyanobacterial ITS sequences (Iteman e /. 2000; Laloui ef al. 2002; Rocap et al.
2002; Taton ez al. 2003). Sequence comparison and phylogenetic analyses were performed
using the software MEGA3.1 (Kumar e7 /. 2004). For the 16S rRNA-ITS region the sequences
were compared using the neighbor-joining algorithm with Jukes-Cantor correction and 1000
bootstraps. The coding regions of the ¢peBA and ¢p¢cB.A operon wete both used in phylogenetic
analyses. Both data sets were separately analysed using the following approach. Phylogenetic
analyses were done with the neighbor-joining method as well as with maximum parsimony.
Neighbor-joining was performed with the Kimura-2-parameter model for nucleotide evolution

with 1000 bootstraps. Maximum parsimony was used with the close-neighbor-interchange
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search algorithm with random tree addition using 100 bootstraps. Codon usage in the ¢eBA
and ¢eBA coding regions was analysed using DnaSP version 4.0 (Rozas ez al. 2003).

Nucleotide sequence accession numbers

The sequence data reported in this paper have been submitted to the GenBank database under
accession numbers: 16S tfRNA- ITS clones (EF513279 — EF513350); ¢p¢BA clones (EF513351
— EF513418); ¢peBA clones (EF513418 — EF513486); BO8805 ¢peBA (EF513487); CCY9201
¢peBA (EF513488); CCY9202 ¢peBA (EF513489); CCY9202 ¢peBA (EF513490); Anabaena-like
16S-ITS clone TH298-12-6 (EF530539).
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Colourful coexistence of red and green

picocyanobacteria in lakes and seas

Abstract

Hutchinson’s paradox of the plankton inspired many studies on the mechanisms of species
coexistence. Recent laboratory experiments showed that partitioning of white light allows
stable coexistence of red and green picocyanobacteria. Here, we investigate to what extent
these laboratory findings can be extrapolated to natural waters. We predict from a
parameterised competition model that the underwater light colour of lakes and seas provides
ample opportunities for coexistence of red and green phytoplankton species. To test this
prediction, we sampled picocyanobacteria of 70 aquatic ecosystems, ranging from clear blue
oceans to turbid brown peat lakes. As predicted, red picocyanobacteria dominated in clear
waters whereas green picocyanobacteria dominated in turbid waters. We found widespread
coexistence of red and green picocyanobacteria in waters of intermediate turbidity. These field
data support the hypothesis that niche differentiation along the light spectrum promotes
phytoplankton biodiversity, thus providing a colourful solution to the paradox of the plankton.

This chapter is based on the paper: Stomp M, J Huisman, L Vorés, FR Pick, M
Laamanen, T Haverkamp, LJ Stal (2007a) Colorful coexistence of red and green
picocyanobacteria in lakes and seas. Ecology Letters 10: 290-298.
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Introduction

Phytoplankton species compete for only a handful of resources (e.g., nitrogen, phosphorus,
iron, silica, light). This suggests limited opportunity for niche differentiation. Yet, a single
millilitre of water may contain dozens of different phytoplankton species. What explains the
surprising biodiversity of the plankton? This paradox of the plankton, formulated by
Hutchinson (1961), has motivated a plethora of studies on competition and community
structure (Tilman 1982; Sommer 1985; Grover 1997; Huisman & Weissing 1999; Litchman &
Klausmeier 2001). Classic ecological theory predicts that niche differentiation reduces
competition among species, and thereby facilitates coexistence (Gause 1934; MacArthur &
Levins 1967; Hutchinson 1978). Darwin’s finches are a famous example (Darwin 1859; Lack
1974). A rich variety of finch species coexist on the Galdpagos Islands, as adaptive radiation in
beak morphology has enabled niche differentiation of the finch species along a spectrum of
different seed sizes (Grant & Grant 2002).

Similarly, light offers a spectrum of resources, ranging from blue light at short
wavelengths, via green and yellow, to red light at long wavelengths. Although competition
theory has largely ignored the light spectrum as a major axis of niche differentiation, plankton
ecologists have long recognized that a rich variety of photosynthetic pigments allows
phytoplankton species to utilize different wavelengths (Engelmann 1883; Bricaud e a/. 1983;
Wood 1985; Sathyendranath & Platt 1989; Kirk 1994; Falkowski ef a/. 2004). For instance, red
picocyanobacteria use the pigment phycoerythrin to absorb green light, whereas green
picocyanobacteria use the pigment phycocyanin to absorb red light (Figure 4.1a). Therefore,
analogous to the coexistence of finch species on different seed sizes, one might hypothesize
that phytoplankton species can share the light spectrum by specialization on different
wavelengths. Indeed, recent competition models and laboratory experiments showed that red
picocyanobacteria win the competition in green light, green picocyanobacteria win in red light,
while red and green picocyanobacteria coexist in the full spectrum provided by white light
(Stomp ez al. 2004). One might argue, however, that underwater light fields do not resemble a
white spectrum, because water, dissolved organic matter, and other constituents bring colour
into the water column. Hence, to what extent can these models and laboratory experiments be
extrapolated to natural waters? Does partitioning of the underwater light spectrum mediate the
coexistence of a colourful mixture of phytoplankton species in aquatic ecosystems?

To address these questions, we apply a fully parameterised competition model to
predict the outcome of competition between red and green picocyanobacteria in different
natural waters. We test the predictions by sampling red and green picocyanobacteria from

many different aquatic ecosystems, ranging from clear blue oceans to dark brown peat lakes.
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Figure 4.1 Optical characteristics of red and green picocyanobacteria and their environment. (a) Absorption spectra
of red and green picocyanobacteria isolated from the Baltic Sea. (b) Light absorption spectra of pure water (blue line)
and gilvin plus tripton in the Pacific Ocean (light brown line), the Baltic Sea (medium brown), and a peat lake (dark
brown). (c¢) Underwater light spectra measured in the Baltic Sea. The spectrum narrows to the green waveband with
increasing depth.
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Competition model

The underwater light spectrum of natural waters largely depends on light attenuation by water
itself, by the “background turbidity” caused by dissolved organic matter (known as gilvin in
the optics literature) and inanimate suspended particles (tripton, like sediment and detritus),
and by the phytoplankton species present in the water column (Kirk 1994). Water absorbs
strongly in the red part of the spectrum, whereas the background turbidity is responsible for
rapid attenuation of blue wavelengths (Figure 4.1b). Hence, with increasing background
turbidity, the underwater light spectrum is shifted towards the red. The total light absorption
by all these constituents determines the underwater light spectrum. For example, in the Baltic
Sea light absorption in the blue and the red end of the spectrum is of a similar magnitude
(Figure 4.1b), resulting in an underwater light spectrum that narrows to green wavelengths
(Figure 4.1¢).

We consider a vertical water column, in which phytoplankton species, gilvin and
tripton are all homogeneously mixed throughout the surface mixed layer. Let I(4,3) denote the
light intensity of wavelength A at depth z. Sunlight enters the water column with an incident
light specttum I[;(4). According to a spectrally explicit version of Lambert-Beer’s law, the
underwater light spectrum changes with depth (Sathyendranath & Platt 1989; Kirk 1994;
Stomp et al. 2004):

I(A2) =1 (A) EXP(— Ky (A)z— K, (Dz=3 k(AN ZJ 1)

in
i=1

where K (4) is the absorption specttum of watet, Ky;(4) is the absorption specttum of the
background turbidity (tripton plus gilvin), 4,(4) is the specific absorption specttum of
phytoplankton species 7 N; is the population density of phytoplankton species 7, and # is the
number of phytoplankton species. We note, from Equation 4.1, that the underwater light
spectrum is dynamic. For instance, changes in the population densities of phytoplankton
species can shift the underwater light spectrum.

The number of absorbed photons available for photosynthesis by a phytoplankton
species 7 at a given depth g depends on its photosynthetic action spectrum and on the light
spectrum at this depth (Sathyendranath & Platt 1989; Stomp ef a/. 2004):

700
7:(2)= [a,(A)k,(A) I(4,2) dA “2)

400
whete a(4) converts the absorption spectrum into the action specttum of phytoplankton
species z In many species, photons that have been absorbed are utilized with equal efficiency,
irrespective of their wavelengths. That is, the absorption spectrum and action spectrum are
often quite similar (Kirk 1994; Lewis ez a/. 1985). For simplicity, therefore, we here assume that

the absotption spectrum and action spectrum have the same shape (ie., 2(4) = 1 for all A).
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We further assume that the specific growth rate of each phytoplankton species 7 is an
increasing, saturating function of the number of photons it has absorbed (Sathyendranath &
Platt 1989):

3

dN, N,°

dt _zm

Praci?i(2)
(pmax,i /¢1) +7i(z)

dz — LN, i=1,.n (4.3)

o

whete pmax,; is the maximum specific growth rate of species 7, ¢ is the growth efficiency
(‘quantum yield’) at low light intensities, I; is the specific loss rate due to factors such as
grazing and sinking, and g, is the depth of the surface mixed layer. Essentially, Equation 4.3
states that the growth rates of the species ate governed by the photons they have absorbed.
That is, there is no direct interference among species. Instead, the species compete for light by
absorption of photons in specific regions of the light spectrum. Species with similar light
absorption spectra will therefore face stronger competition for light.

Numerical simulations of the model were based on a fourth order Runga-Kutta
procedure for time integration, and Simpson’s rule for depth integration. Model parameters for
our simulations wete obtained as follows. For the incident light spectrum, I, (1), we used the
surface spectrum measured at the Baltic Sea on July 2004 (Figure 4.1c). The absorption
spectrum of pure water was taken from the literature (Pope & Fry 1997). The absorption
spectrum of the background turbidity was described as an exponentially decreasing function of
wavelength (Bricaud ez 2/ 1981; Kirk 1994):

K, (1) = K, (484) EXP(— S(1 —484)) (4.4)

where Kj(484) is the background turbidity at a reference wavelength of 484 nm, and § is the
slope of the exponential decline. The value of K,;(484) depends on the concentration of gilvin
and tripton (see Appendix B). The slope S varies between 0.010 and 0.020 nm™!, and we here
assume a typical value of § = 0.017 nm (Kirk 1994). The growth and loss parameters of the
picocyanobactetia (pmax, @, L) wete estimated from our eatlier studies (Lavallée & Pick 2002;
Stomp ez al. 2004). We assumed that the parameter values of red and green picocyanobacteria
are identical, except for their absorption spectra. The specific absorption spectra of red and
green picocyanobacteria were measured with an AMINCO DW-2000 double-beam
spectrophotometer (Stomp ef al. 2004), and are shown in Figure 4.1a. Parameter values and
their sources are listed in Table 4.1.
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Figure 4.2 Model simulations. (a) Light spectra at the photic depth in waters with, I, a low background turbidity
(Kaa(484)=0.3 m™), 11, intermediate background turbidity (Kss(484)=1.1 m™), and III, high background turbidity
(Kso(484)=7 m™). (b) Red picocyanobacteria win in clear waters with a deep surface-mixed layer (Kps(484)=0.3 m™;
z,=36 m). (c) Stable coexistence of red and green picocyanobacteria in waters of intermediate turbidity and mixing
depth (Kse(484)=1.1 m™; z,=17 m). (d) Green picocyanobacteria win in turbid waters with a shallow surface-mixed
layer (Kso(484)=7 m™; zx=8 m).

Materials and methods

Sampling picocyanobacteria

To test the model predictions, we sampled picocyanobacteria from a wide variety of waters
covering a large range of background turbidities. Our sampling sites included station ALOHA
in the subtropical Pacific Ocean, 9 sampling stations in the Baltic Sea, and 60 lakes in Canada,

Hungary, Italy, Nepal and New Zealand. An overview of all 70 sampling stations is given in
the Appendix A.
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Counting picocyanobacteria

The concentrations of red and green picocyanobacteria in samples from the Baltic Sea and
Pacific Ocean were counted by flow cytometry (Jonker ef al 1995; Vives-Rego e al. 2000),
using a Coulter Epics Elite ESP flow cytometer (Beckman Coulter Nederland BV, Mijdrecht,
Netherlands) with a green laser (525 nm) and a red laser (670 nm). The flow cytometer
distinguished between picocyanobacteria and larger phytoplankton by their size (using side
scattering). Red and green picocyanobacteria were distinguished based upon their different
fluorescence signals. Cells rich in phycoerythrin emitted orange light (550-620 nm) when
excited by the green laser, whereas cells rich in phycocyanin emitted far red light (> 670 nm)
when excited by the red laser.

The concentrations of red and green picocyanobacteria in the lake samples were
counted by epifluorescence microscopy using blue and green filters (Pick 1991; Vo6r6s ef al.
1998). When excited by blue light, cells rich in phycoerythrin emit yellow to orange light, while
cells without phycoerythrin appear dull red or are not visible at all. When excited by green
light, red and green picocyanobacteria emit an intense orange to red light. Both groups of
picocyanobacteria can be easily distinguished from eukaryotic picoplankton or

prochlorophytes, which fluoresce a very faint red or not at all.

Light spectra and absorption spectra

Spectra of the incident light and underwater light spectra were measured with a RAMSES-
ACC-VIS  spectroradiometer (TtiOS, Oldenburg, Germany). Absorption spectra of
background turbidity were calculated by Equation 4.4, from light attenuation of background
turbidity at the reference wavelength of 484 nm, K,(484). Further methodological details can
be found in Appendix A.

Results

Model Predictions

We used the model to simulate competition for light between red and green picocyanobacteria
in different underwater light fields. As a first check, we ran a large number of simulations to
investigate the model’s behaviour. The model did not display non-equilibrium dynamics or
multiple stable states. Fach simulation was run until changes in population densities
approached zero, and hence equilibrium had been reached. In all simulations, the final
outcome of competition was always independent of the initial abundances of the species.
Figure 4.2a shows the underwater light spectra at the photic depth (defined as the
depth where the PAR-integrated irradiance equals 1% of the surface irradiance), calculated
from Equation 4.1 and 4.4, for three waters with different background turbidities. When
background turbidity is low, typical of oligotrophic lakes, the underwater light spectrum is
green (Figure 4.2a), which matches the absorption spectrum of red picocyanobacteria (Figure
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4.1a). In this environment, the model predicts that red picocyanobacteria win (Figure 4.2b). At
intermediate background turbidity as in mesotrophic lakes and coastal waters, the underwater
light spectrum overlaps with the absorption spectra of both picocyanobacteria. Here, the
model predicts stable coexistence of red and green picocyanobacteria (Figure 4.2c). At high
background turbidity, typical of eutrophic lakes, the underwater light spectrum is shifted
towards the red, and here green picocyanobacteria are the supetrior competitors (Figure 4.2d).
Thus, along a gradient of background turbidity, theory predicts red picocyanobacteria atre

gradually replaced by green picocyanobacteria.
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Figure 4.3 Model predictions. (a) The predicted outcome of competition plotted as function of background turbidity
and surface-mixed-layer depth. Contour lines indicate the relative abundance of red picocyanobacteria (in
percentages). The graph is based on a grid of 100 x 100 simulations. (b) Dashed line indicates the photic depth,
which depends on the background turbidity of the water column. Points I, II, and Il correspond to the simulations
shown in Figure 4.2. Model parameters: see Table 4.1.

Figure 4.3a plots the outcome of competition as a function of background turbidity and
mixing depth of the surface mixed layer. If the surface mixed layer is deep and the background
turbidity is high (upper right area in Figure 4.3a), conditions are too dark for the growth of
picocyanobacteria. If the surface mixed layer is shallow (lower part of Figure 4.3a), the
picocyanobacteria are exposed to the white light spectrum near the water surface, in which
both the red and green species can coexist. If the surface mixed layer has an intermediate
depth, the model predicts a gradual transition from red to green picocyanobacteria with

increasing background turbidity (Figure 4.3a).
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As a next step, we extended the analysis to the complete data set of 70 sampling stations,
covering a wide range of background turbidities (see Appendix A for details). At low
background turbidity (Kp;(484) < 0.6 m), red picocyanobacteria were dominant (Figure 4.5).
At high background turbidity (Kp;(484) > 3 m!), green picocyanobacteria were dominant. The
data set shows coexistence of reds and greens in a large window of intermediate background
turbidities. For comparison, model predictions are plotted by the solid lines in Figure 4.5,
assuming that the surface-mixed-layer depth equals the photic depth, which corresponds to a
slice along the dashed line in Figure 4.3b. The competition model predicts a similar transition
from red to green picocyanobacteria as observed in the sampled lakes and seas. Linear
regression of predicted versus observed relative abundances revealed that the model explained
54% of the variation in the data set (R* = 0.54, » = 70, P < 0.0001). The residuals did not
reveal any further relationship with background turbidity (linear regression: R? = 0.01, » = 70,
P = 0.20). This indicates that the model effectively captured the relationship between the
relative abundances of red and green picocyanobacteria and background turbidity.

Finally, we tested the sensitivity of the model predictions to the simplifying
assumption, in Figure 4.5, that the surface-mixed-layer depth equaled the photic depth (where
irradiance is 1% of surface irradiance). For this purpose, we ran the model using a shallower
and a deeper surface mixed layer, corresponding to 0.5% and 5% of the surface irradiance,
respectively. The coexistence window in Figure 4.5 slightly widened or narrowed, respectively,
but the model still explained 43% to 33% of the variation in the data. Hence, the model
predictions were not very sensitive to the exact value of the surface mixed layer.

Discussion

Many previous studies have focused on light intensity as a major axis of niche differentiation
in aquatic and terrestrial plant communities. Theory and experiments have shown that
competition for light can be successfully predicted from knowledge of species traits and
environmental conditions (Huisman e/ a/. 19994; Litchman 2003; Passarge e a/. 20006). Field
studies have shown that light intensity is an important selective factor in phytoplankton
communities (Sommer 1993; Rocap e a/. 2003; Huisman e a/. 2004). For instance, the
Prochlorococcus complex in the oligotrophic ocean is differentiated into several different ecotypes
(Moore et al. 1998; Rocap ef al. 2003; Johnson ez al. 2006). Some of these ecotypes are adapted
to high light intensities near the water surface, whereas other ecotypes are adapted to low light
intensities encountered at greater depths.

This study builds on previous work of plankton ecologists, who have pointed out that
the light spectrum is an important additional axis of niche differentiation (Engelmann 1883;
Wood 1985; Kirk 1994), and may play a major selective role in phytoplankton communities
(Béja et al. 2001; Rocap e al. 2003). Recent laboratory competition experiments demonstrated
that partitioning of the light spectrum enables stable coexistence of red and green
picocyanobacteria in white light (Stomp e# al. 2004).
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Figure 4.4 Coexistence of red and green picocyanobacteria in the Baltic Sea. (a) Depth profiles from a sampling
station with a homogeneous distribution of coexisting red and green picocyanobacteria up to a depth of 18 m. (b)
Depth profiles from a sampling station with a homogeneous distribution of coexisting reds and greens near the
surface, and a deep chlorophyll maximum of red picocyanobacteria underneath. Red circles indicate red
picocyanobacteria, green circles indicate green picocyanobacteria, yellow triangles indicate temperature. (c)
Picoplankton strains isolated from the Baltic Sea, illustrating a colourful biodiversity of green pico-eukaryotes (the

wells indicated by a *) and varicoloured picocyanobacteria of the subalpine cluster Il of Synechococcus (all other
wells).
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Our results show that, essentially, these lab findings can be extrapolated to natural waters.
Distribution patterns of picocyanobacteria of the Synechococcus complex are strongly related to
the underwater light colour, with a gradual transition from predominance of red strains in clear
waters to green strains in turbid waters (Figures 4.3 and 4.5). Moreover, consistent with the
model predictions, we found widespread coexistence of red and green picocyanobacteria in
many aquatic ecosystems all over the world. This global pattern is consistent with various local
studies, which have shown dominance of red picocyanobacteria in the open ocean (Li ez al.
1983; Platt e al. 1983; Campbell & Carpenter 1987; Campbell & Vaulot 1993), and coexistence
of red and green picocyanobacteria in waters of intermediate turbidity, such as coastal
ecosystems, estuaries and lakes (Pick 1991; V6r6s ef al. 1998; Murrell & Lores 2004; Katano ef
al. 2005; Mézes et al. 20006).
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Figure 4.5 Relative abundances of red picocyanobacteria (red symbols) and green picocyanobacteria (green
symbols) observed in lakes and seas plotted against background turbidity. Data are from 25 European lakes
(triangles), 30 Canadian lakes (squares), 5 lakes in Nepal and New Zealand (diamonds), and 9 sampling stations in
the Baltic Sea (circles). At sampling station ALOHA, in the subtropical Pacific, background turbidity was below the
range shown in the graph, but the picocyanobacteria of the Synechococcus group were dominated by nearly 100%
red cells. The red and green curves indicate the model predictions for red and green picocyanobacteria, respectively,
assuming a surface-mixed-layer depth equal to the photic depth. Model parameters: see Table 4.1.
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Although we focused here on red and green picocyanobacteria, other phytoplankton groups
will be involved in competition for light as well. For instance, the absorption spectra of green
algae, diatoms, and prochlorophytes all partially overlap with the absorption spectra of red and
green picocyanobacteria, and may thereby suppress their numbers. Adding Prochlorococcus to our
model (results not shown) revealed that, due to their pigmentation in the blue part of the
spectrum, Prochlorococcus is predicted to dominate competition for light in the clearest oceans.
In slightly more turbid waters, Prochlorococcns was gradually replaced by red picocyanobacteria,
which in turn were gradually replaced by green picocyanobacteria in turbid waters (as in Figure
4.5). Thus, in principle at least, the theoretical framework presented here can be further
extended to define the spectral niches of other phytoplankton groups as well.

A restriction of our competition model is that it assumes complete mixing of the
phytoplankton species throughout the surface mixed layer. This may be a reasonable
approximation for turbulent surface waters, and demonstrates that vertical stratification is not
required for the coexistence of red and green phytoplankton species. Many waters, however,
are not well mixed. Moreover, some cyanobacterial species can regulate their buoyancy, and
thereby adjust their vertical position within the water column. An example is Planktothrix
rubescens, a red filamentous cyanobacterium that can develop dense monolayers in the
metalimnion of stratified lakes (Dokulil & Teubner 2000; Walsby 2005). In principle, our
phytoplankton competition models can be extended to include weak vertical mixing, using
systems of partial differential equations (Klausmeier & Litchman 2001; Huisman ez a/. 2000). It
would be an interesting next step to investigate how weak mixing favours species with
different pigment composition at different depths.

Niche differentiation among Darwin’s finches has been ascribed to the evolutionary
process of adaptive radiation, during which a single ancestor radiated into different species
occupying different niches along the spectrum of different seed sizes (Lack 1974; Grant &
Grant 2002). Is niche differentiation of picocyanobacteria along the light spectrum the result
of a similar process of adaptive radiation? All cyanobacteria contain the blue-green pigment
phycocyanin, whereas only some strains contain the red pigment phycoerythrin. Molecular
phylogenies have shown that clusters of closely related picocyanobacteria often contain both
red and green strains (Crosbie ef o/ 2003; Ernst et al. 2003), as exemplified by the closely
related red and green picocyanobacteria from the Baltic Sea (Figure 4.4c). This may indicate
that the ancestral strains of these clusters all contained both phycocyanin and phycoerythrin,
or that different clusters acquired red pigments during independent adaptive radiations, by
mutation or horizontal gene transfer (Ernst e/ 2/ 2003). Perhaps evolutionary experiments,
similar to ongoing experiments with E. co/i (Lenski & Travisano 1994), might shed further light
on the potential for adaptive radiation in these varicoloured picocyanobacteria.

In conclusion, the theory and field data presented here show that niche
differentiation along the underwater light spectrum offers ample opportunities for coexistence
of phytoplankton species. These findings add a colourful new solution to Hutchinson’s (1961)
classic paradox of the plankton, and suggest that the underwater light spectrum deserves full
attention in future studies of phytoplankton competition.
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Table 4.1 Parameter values and their interpretation

Symbol Interpretation Units Value

Independent variables

t time d -

z depth m -

A wavelength nm -

Dependent variables

N; Population density of species i cells m™ -

7i(z) Absorbed photons by species i pmol photons cell” s™ -

A, 2) Underwater light spectrum pmol photons m?s™ nm” -

Parameters

lin(A) Spectrum of incident light pmol photons m?s™ nm” ?'/l:?;S:;eS

KudN) Absorption spectrum of pure water m” Literature’

Kpgas(M) Absorption spectrum of background m” Calculated
turbidity (tripton plus gilvin) (Eq. 4.2)

Ksc(484)  Absorption of background turbidity at ~ m™ Measured range
484 nm (0.03-7.0)

S Exponential decline of absorption nm™ 0.017"
spectrum of background turbidity

ki\) Absorption spectrum of species i m? cell Measured

ai(h) Conversion of absorption spectrum - 1
into action spectrum of species i

Zn Depth of surface mixed layer m Wide range

L Specific loss rate of species i d’ 0.67*

Prmax,i Maximum growth rate of species i d’ 1.0

# Photosynthetic efficiency of species i cells d”! (umol photons s™')" 2.0 x 10" $

Notes: *Pope & Fry (1997); TKirk (1994); *Lavallée & Pick (2002); $Stomp et al. (2004).
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Colourful niches of phototrophic
microorganisms shaped by vibrations of the

water molecule

Abstract

The photosynthetic pigments of phototrophic microorganisms cover different regions of the
solar light spectrum. Utilisation of the light spectrum can be interpreted in terms of classical
niche theory, as the light spectrum offers opportunities for niche differentiation and allows
coexistence of species absorbing different colours of light. However, which spectral niches are
available for phototrophic microorganisms? Here, we show that the answer is hidden in the
vibrations of the water molecule. Water molecules absorb light at specific wavebands that
match the energy required for their stretching and bending vibrations. Although light
absorption at these specific wavelengths appears only as subtle shoulders in the absorption
specttum of pure water, these subtle shoulders create large gaps in the underwater light
spectrum due to the exponential nature of light attenuation. Model calculations show that the
wavebands between these gaps define a series of distinct niches in the underwater light
spectrum. Strikingly, these distinct spectral niches match the light absorption spectra of the
major photosynthetic pigments. This suggests that vibrations of the water molecule have
played a major role in the ecology and evolution of phototrophic microorganisms on our
planet.

This chapter is based on the paper: Stomp M, J Huisman, LJ Stal, HCP Matthijs
(2007b) Colorful niches of phototrophic microorganisms shaped by vibrations of
the water molecule. ISME Journal 1: 271-282.
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Introduction

In the late 19% century, Professor Theodor W. Engelmann was the first to demonstrate that
phototrophic organisms utilise specific parts of the light spectrum. He produced a “living
action spectrum”, by illuminating filaments of the green alga Spirogyra with a light spectrum
created by a prism glass. This revealed that oxygen-dependent bacteria accumulated near those
parts of the algal filaments illuminated with red and blue light, thus demonstrating that the
pigment chlorophyll absorbs red and blue light for photosynthesis (Engelmann 1882). One
year later, in 1883, Engelmann discovered the utilisation of infrared wavelengths by purple
bacteria (Engelmann 1883). Since then, many photosynthetic pigments have been identified,
each with its own characteristic absorption spectrum (Pfennig 1967; Falkowski & Raven 1997,
Des Marais 2000; Xiong e al. 2000; Béja ef al. 2001; Falkowski ez a/. 2004). How can we explain
the specific set of pigments that have evolved on planet Earth? Why is there not a single black
pigment that absorbs all wavelengths?

Utilisation of the light spectrum can be interpreted in terms of classical ecological
theory. Light offers a spectrum of resources. According to ecological theory, niche
differentiation along a resource spectrum reduces competition among species, and thereby
promotes their coexistence (Gause 1934; MacArthur & Levins 1967; May & MacArthur 1972;
Rueffler ef al. 2006). Darwin’s finches on the Galdpagos Islands provide a famous example.
Niche differentiation along a spectrum of different seed sizes allows a variety of finch species
to coexist (Darwin 1859; Lack 1974; Grant & Grant 2002). Likewise, differences in light
absorption spectra of species result in niche differentiation along the light spectrum. Indeed,
competition models and experiments have shown that red and green picocyanobacteria can
coexist by absorbing different parts of the light spectrum (Stomp ez /. 2004).

Niche differentiation along the light spectrum is probably a common phenomenon in
aquatic ecosystems. For instance, a recent field survey confirmed that the relative abundances
of red and green picocyanobacteria in lakes and seas are related to the underwater light colour
(Stomp ez al. 2007). Red picocyanobacteria dominate in relatively clear waters where green light
penetrates the deepest, while green picocyanobacteria dominate in turbid waters where red
light penetrates the deepest. Coexistence of red and green picocyanobacteria is widespread in
waters of intermediate colouration. Likewise, many other studies have revealed a close
correspondence between the absorption spectra of phototrophic microorganisms and the
prevailing underwater light spectrum (e.g., Pierson ef a/. 1990; Wood ef al. 1998; Béja et al. 2001;
Vila & Abella 2001; Rocap ef a/. 2003; Kiihl ef a/. 2005; Bouman e# al. 2006; Sabehi ef a/. 2007).

Which spectral niches are available for phototrophic microorganisms? If our planet
would offer a continuum of spectral niches, then one would expect a free distribution of light
absorption spectra along this continuum (as in Figure 5.1a). Alternatively, it might be that
environmental conditions constrain part of the resource spectrum, such that only a few
distinct niches are available (Figure 5.1b). In this paper, we show that vibrations of the water

molecule create gaps in the underwater light spectrum. As a result, not all wavebands are
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equally available for photosynthesis. This yields a series of distinct spectral niches for

phototrophic microorganisms.

a

Free niche-space Constrained niche-space

Resource spectrum (e.g., seed size, wavelength)

Figure 5.1 Resource utilisation curves of competing species along a spectrum of resources. (a) Resources are freely
distributed along the resource spectrum. (b) Environmental conditions impose constraints on the distribution of
resources along the resource spectrum.

Vibrations of water molecules

Water molecules are never at rest. They rotate and vibrate. Vibrations of water molecules
occur in three modes, including symmetric stretching (v,), asymmetric stretching (v;), and
bending (»,) of the water molecule (Figure 5.2a; see also, e.g., Braun & Smirnov 1993; Pegau ez
al. 1997; Sogandares & Fry 1997). The energy for these vibrations is obtained by absorption of
radiation. The vibrations are most intense at wavelengths matching the specific energy
requirements of these motions. These wavelengths can be recognised as peaks in the
absorption spectrum of pure water (Figure 5.2b). Because the energy requirements for
symmetric and asymmetric stretching are rather similar, their absorption peaks coalesce into a
large absorption peak at around 3000 nm. The bending vibrations occur at a lower energy
level, resulting in an absorption peak at around 6000 nm. Harmonics of these vibrations occur
at higher energy levels (i.e., shorter wavelengths) that double or triple the required energy. As a
result, harmonics of the bending and stretching vibrations can be recognised as shoulders in
the visible and near-infrared range of the absorption spectrum of water. For instance, the
distinct shoulders in Figure 5.2¢, at 449 nm, 514 nm, 605 nm, 742 nm, and 972 nm have been
identified as the seventh, sixth, fifth, fourth, and third harmonics, respectively, of the
symmetrical and asymmetrical stretch vibration (Braun & Smirnov 1993; Pegau ef al 1997
Sogandares & Fry 1997). The shoulder at 1130 nm has also been identified as a third
harmonics, composed of the combination of a symmetrical, asymmetrical, and bending
vibration (v,+v,+2;). We will argue, below, that these subtle shoulders in the absorption

spectrum of pure water have a major effect on the underwater light spectrum.
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Colourful niches

The underwater light colour

The underwater light spectrum of aquatic ecosystems depends on light absorption by pure
water as well as by other components, including dissolved organic matter (known as ‘gilvin’ in
the optics literature), inanimate particulate organic matter (known as ‘tripton’), and
phytoplankton. More specifically, according to Lambert-Beer’s law the underwater light
spectrum can be calculated as (Sathyendranath & Platt 1989; Kirk 1994; Stomp et a/. 2007):

I(A,z) =1, (A) EXP(=[K, (1) + K ;7 (2) + K ,,; (1)]2) (5.1)

where I(4,3) is the light intensity of wavelength A at depth z, [,,(4) is the spectrum of the
incident solar irradiance, Ki(4) is the absorption spectrum of pure water (Figure 5.2b and c),
K1(A) is the absorption spectrum of gilvin and tripton, and K, (4) is the absorption spectrum
of the phytoplankton community.

The incident solar irradiance has essentially a white spectrum with a few small dips
from 450 nm to 900 nm, and two large gaps in the infrared at 950 nm and 1120 nm. These
dips in the incident solar spectrum are due to light absorption by oxygen and water molecules
in the atmosphere (Kirk 1994). Pure water mainly absorbs red and infrared light, with several
distinct shoulders (Figure 5.2c). In contrast, gilvin and tripton absorb strongly in the blue part
of the spectrum (Figure 5.3a-c). More specifically, the absorption spectrum of gilvin and
tripton is a decreasing function of wavelength, which can be described by a smoothly declining
exponential curve (Bricaud ef a/. 1981; Kirk 1994):

K, (1) = K, (440) EXP(— S(1 — 440)) (5.2)

where K (440) is the attenuation coefficient of gilvin and tripton at a reference wavelength of
440 nm, and S is the slope of the exponential decline. The attenuation coefficient K.(440) is
proportional to the concentration of gilvin and tripton.

In waters with low concentrations of gilvin and tripton and low phytoplankton
concentrations, light absorption by pure water dominates (e.g., Kirk 1994; Morel ef al. 2007).
This applies, for instance, to the oligotrophic waters of the subtropical Pacific Ocean (Figure
5.3a). Here, red light is absorbed by water within the upper 10 m, whereas blue light penetrates
much deeper (Figure 5.3d). Indeed, selective absorption of red light is responsible for the blue
colour of the oceans of our planet. In coastal waters, like the Baltic Sea, gilvin and tripton
concentrations are higher, and their light absorption is often of a similar magnitude as light
absorption by water itself (Figure 5.3b). As a result, green light penetrates the deepest (Figure
5.3¢). In peat lakes, gilvin and tripton concentrations are extremely high, such that blue and
green light are rapidly absorbed (Figure 5.3c). As a result, red light penetrates the deepest
(Figure 5.3f). Hence, with increasing gilvin and tripton concentrations, the underwater light
colour is shifted from the blue part towards the green and red part of the spectrum.
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Figure 5.3 Underwater light spectra measured in the subtropical Pacific Ocean (station ALOHA), the coastal waters
of the Baltic Sea (stations near the Gulf of Finland), and a peat lake in The Netherlands (Lake Groote Moost). (a, b,
c) Light absorption spectra of pure water (blue line) and gilvin plus tripton (brown line). Note that light absorption by
gilvin plus tripton is low in the Pacific Ocean, intermediate in the Baltic Sea, and extremely high in Lake Groote
Moost. (d, e, f) Underwater light spectra show that blue light penetrates very deep into the subtropical Pacific Ocean,
green light penetrates deep into the Baltic Sea, while red light prevails in Lake Groote Moost. (g) The phytoplankton
community sampled at 120 m depth in the subtropical Pacific Ocean was dominated by low-light adapted
Prochlorococcus, which strongly absorb the available blue light using the pigments divinyl-chlorophyll a and b
(absorption band at 450-500 nm). (h) The phytoplankton community sampled at 12 m depth in the Baltic Sea was
dominated by red-coloured Synechococcus strains, which strongly absorb the available green light using the pigment
phycoerythrin. (i) The phytoplankton community sampled at 75 cm depth in Lake Groote Moost was dominated by
green cyanobacteria and green algae, which strongly absorb the available red light (absorption peaks of phycocyanin
at 635 nm and chlorophyll a at 680 nm). Materials and methods for these measurements are described in Appendix
B.

To investigate in further detail how gilvin concentrations affect the underwater light spectrum,
we measured the underwater light spectrum in a variety of different aquatic ecosystems,
ranging from blue waters of the Pacific Ocean to brown waters of very humic lakes. In
addition, we searched the literature for light spectra measured in microbial mats, and found a
beautiful spectrum from the murky microbial mats surrounding Rabbit Creek Spouter in
Yellowstone National Park (Boomer ez /. 2000). Figure 5.4 plots the underwater light spectra
measured at the euphotic depth. The euphotic depth is here defined as the depth at which the

irradiance over the entire photosynthetically available spectrum for aquatic microorganisms
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(400-1100 nm) equals 1% of the irradiance at the water surface. With increasing gilvin and
tripton concentration, the underwater light colour is shifted towards the red and even the
infrared region of the spectrum in Lake Groote Moost, Lake Heelder Peel and the Rabbit
Creek Spouter mat. Surprisingly, the data do not show a smooth shift in the underwater light
spectrum, but reveal a striking landscape of peaks and valleys (Figure 5.4). Some underwater
light spectra consist of a single peak, like the spectra of the Pacific Ocean and the Baltic Sea.
Other underwater light spectra display several peaks and valleys. Moreover, the same peaks
and valleys reoccur in different aquatic ecosystems. For instance, Lake IJsselmeer shows a
similar peak at 560 nm as the Baltic Sea, and shares two peaks at 640 nm and 700 nm with
Lake Groote Moost. Lake Groote Moost and Lake Heelder Peel share conspicuous peaks at
both 700 nm and 800 nm, separated by a deep valley at 740-760 nm (Figure 5.4). The
spectrum of the Rabbit Creek Spouter mat partly overlaps with Lake Heelder Peel, and
extends further into the infrared, with a large dip at around 935 nm. If the absorption
spectrum of gilvin and tripton is a smoothly decreasing function of wavelength (Equation 5.2),
then why do underwater light spectra produce such a striking landscape of peaks and valleys?
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Figure 5.4 Underwater light spectra measured at the euphotic depth of 6 aquatic ecosystems. These ecosystems
cover the entire range from very clear waters with low gilvin and tripton concentrations in the subtropical Pacific
Ocean to extremely turbid conditions in the microbial mat of Rabbit Creek Spouter (a hot spring in Yellowstone
National Park). Euphotic depths vary accordingly, from 120 m in the clear blue waters of the subtropical Pacific
Ocean to less than a few milimeters in the microbial mat. Materials and methods for these measurements are
described in Appendix B. The irradiance spectrum of the Rabbit Creek Spouter mat is from Boomer et al. (2000).
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Small shoulders, large gaps

The spectrum of the incident solar irradiance (Figure 5.5a2) might offer one possible
explanation for the striking landscape of peaks and valleys in the underwater light spectra of
Figure 5.4. However, according to Equation 5.1, peaks and valleys in the solar spectrum are
transferred linearly in the underwater light spectrum. That is, the peaks and valleys in the solar
spectrum are not amplified with depth. Therefore, only major gaps in the solar spectrum can
be recognised in underwater light spectra. For example, the sharp dip in the solar light
spectrum at 765 nm, due to atmospheric oxygen (Figure 5.5a), can be recognised in the
underwater light spectra of Lake Groote Moost and Lake Heelder Peel. Similarly, the major
gap in the solar light spectrum at 935 nm, due to atmospheric water, can be recognised in the
irradiance spectrum of the Rabbit Creek Sprouter mat. The remainder of the solar spectrum in
the range of 450-1100 nm is rather flat, however, and does not bear any resemblance with the
measured underwater light spectra (compare Figure 5.4 and Figure 5.5a).

The subtle shoulders in the light absorption spectrum of pure water (Figure 5.5b)
may offer an alternative explanation for the striking landscape of peaks and valleys in Figure
5.4. According to Equation 5.1, subtle shoulders in the light absorption spectrum of water are
amplified with depth. That is, considet two wavelengths, A and A,. For simplicity, assume that
there is a subtle difference in light absorption by water at these two wavelengths, while the
incident irradiance and light attenuation by other components would be equal for A4; and 4.
Now, according to Equation 5.1, the light intensities at these two wavelengths will diverge
exponentially with depth:

10h,2) _ el
I(ZZ’Z)—EXP([KW(/%) K, (1)]z) (53)

This shows that, due to the exponential nature of light absorption, subtle shoulders in the
absorption spectrum of water create large gaps in the underwater light spectrum.

To investigate the latter hypothesis in further detail, we calculated the underwater
light spectrum in the absence of phytoplankton. In this way, we obtained the available niches
in the underwater light spectrum that can be exploited as a potential playfield for the ecology
and evolution of phototrophic microorganisms. More specifically, we used Equations 5.1 and
5.2 to calculate 100 different underwater light spectra at the euphotic depth. The absorption
spectrum of pure water was taken from the literature (Hale & Querry 1973; Segelstein 1981;
Pope & Fry 1997). The slope S in Equation 5.2 typically varies between 0.010 and 0.020 nm-,
and we here assumed a typical value of S = 0.017 nm! (Kirk 1994). The calculations were
made for a wide range of different gilvin and tripton concentrations, with K;;(440) values
from 0.003 m™ in very clear ocean waters (Morel e al. 2007) to more than 5000 m! in
extremely turbid systems representative for microbial mats in sediments (Kiihl & Jorgensen
1994). As a consequence, the euphotic depths ranged from more than 200 m in clear ocean

water to only a few mm in turbid sediments and microbial mats.
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Figure 5.5 The absorption spectrum of water creates a series of distinct niches in the underwater light spectrum. (a)
Light spectrum of the incident solar irradiance at the water surface. Dips in the incident irradiance are caused by
absorption of photons by oxygen and water molecules in the atmosphere. (b) Absorption spectrum of pure water,
plotted at a log scale. The different harmonics of the stretching and bending vibrations of the water molecule are
indicated. (c) Overlay of 100 underwater light spectra at the euphotic depth. The light spectra are calculated from
Equations 5.1 and 5.2, using a wide range of different gilvin and tripton concentrations, from the clearest ocean
waters to very turbid systems such as microbial mats. (d) Overlay of measured light absorption spectra of 20
phototrophic species, including purple sulfur bacteria, green sulfur bacteria, purple nonsulfur bacteria, cyanobacteria,
green algae, red algae, diatoms and chrysophytes. Light absorption spectra of each individual species are shown in
Figure 5.6.
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Figure 5.5¢c shows an ovetlay of all 100 underwater light spectra thus calculated, which reveals
a landscape of peaks and valleys quite similar to the measured underwater light spectra in
Figure 5.4. Comparison of Figure 5.5a and Figure 5.5¢ show that the dips in solar irradiance
have some effect on the underwater light spectra, but this effect is relatively small. For
instance, the dip caused by atmospheric oxygen at 765 nm (Figure 5.5a) creates a small
secondary valley in the calculated underwater light spectra (Figure 5.5c). This small secondary
valley was also visible in the measured light spectra of Lake Groote Moost and Lake Heelder
Peel (Figure 5.4). In contrast, our calculations show that, consistent with Equation 5.3, the
subtle shoulders in the absorption spectrum of water create large gaps in the underwater light
spectrtum. The shoulder of the sixth harmonics in the absorption spectrum of water (Figure
5.5b) creates a large gap in the underwater light spectrum at ~514 nm (Figure 5.5¢). This gap
separates the measured underwater light spectra of the Pacific Ocean and the Baltic Sea
(Figure 5.4). Likewise, the shoulder at the fifth harmonics in the absorption spectrum of pure
water (Figure 5.5b) creates a gap in the underwater light spectrum at ~600 nm (Figure 5.5¢),
which separates the measured underwater light spectra of the Baltic Sea and Lake IJsselmeer
from the peaks of Lake Groote Moost and Lake Heelderpeel (Figure 5.4). The next shoulder
in the absorption spectrum of pure water, at the fourth harmonics (Figure 5.5b), creates a large
gap in the underwater light spectrum at 740-760 nm (Figure 5.5¢). This corresponds to the gap
within the measured underwater light spectra of Lake Groote Moost and Lake Heelder Peel
(Figure 5.4). Finally, at ~950 nm, the combination of a deep trough in the incident solar
irradiance caused by water molecules in the atmosphere (Figure 5.5a) and a large shoulder at
the third harmonics of liquid water (Figure 5.5b) create a deep gap in the underwater light
spectrum (Figure 5.5¢). This gap can be cleatly recognised in the irradiance spectra of
microbial mats (Pierson ez al. 1990; Boomer ez al. 2000), as exemplified by the Rabbit Creek
Spouter mat (Figure 5.4). In other words, this exercise shows that the underwater light
specttum does not present a homogeneous playfield for the ecology and evolution of
phototrophic microorganisms. Instead, the underwater light spectrum offers a number of
distinct niches at specific wavebands, separated by deep gaps created by the shoulders in the
light absorption spectrum of the water molecule.

Filling the niches

Have phototrophic microorganisms adapted the absorption spectra of their pigments to these
distinct niches in the underwater light spectrum? Three examples are presented in Figure 5.3.
The phytoplankton community in the subtropical Pacific Ocean is dominated by
picocyanobacteria of the genus Prochlorococens (Chisholm e al. 1988; Letelier e/ al. 1993).
Prochlorococens effectively absorbs the available blue light with its pigments divinyl-chlorophyll a
and b (Figure 5.3g). In the Baltic Sea, the phytoplankton community at the euphotic depth is
dominated by red-coloured picocyanobacteria of the Synechococcus group (Stomp et al. 2007),
which effectively absorb the available green light with their pigment phycoerythrin (Figure
5.3h). In peat lakes, the phytoplankton community is often dominated by green-coloured
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phytoplankton species, like green cyanobactetia and green algae, which absorb the available
red light with pigments such as phycocyanin and chlorophylls 2 and & (Figure 5.3i). This is a
first indication that the light absorption spectra of phytoplankton communities are often well
tuned to their underwater light environment.

a Green sulfur bacteria b Purple sulfur bacteria

c Purple nonsulfur bacteria
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Figure 5.6.In vivo absorption spectra of intact cells of 20 phototrophic species, including purple sulfur bacteria, green
sulfur bacteria, purple non-sulfur bacteria, cyanobacteria, green algae, red algae, diatoms and chrysophytes. The
names of the species and their main photosynthetic pigments are listed in Table 5.1. Vertical lines indicate the
location of the harmonics of the stretching and bending vibrations of the water molecule.
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To extend our analysis to the full light spectrum available for photosynthesis, from 400 to
1100 nm, we gathered absorption spectra of 20 phototrophic species containing a wide variety
of different pigments. The species belong to the green sulfur bacteria, purple sulfur bacteria,
purple nonsulfur bacteria, cyanobacteria, green algae, diatoms, chrysophytes and red algae
(Table 5.1). We measured the light absorption spectra of seven species with an Aminco DW-
2000 double-beam spectrophotometer. Light absorption spectra of the other 13 species were
taken from the literature (Table 5.1). The absorption spectra of the individual species are
shown in Figure 5.6. An overlay of all 20 absorption spectra is presented in Figure 5.5d. The
match between the peaks and valleys in the underwater light spectrum and the peaks and
valleys in the light absorption spectra of this rich variety of photosynthetic pigments is striking.
That is, the harmonics in the light absorption spectrum of pure water (Figure 5.5b) create a
series of distinct niches in the underwater light spectrum (Figure 5.5¢), which are effectively
captured by the light absorption spectra of the major groups of phototrophic microorganisms
inhabiting our planet (Figure 5.5d). Peaks in the underwater light spectrum at wavelengths
below the sixth harmonics (< 514 nm) are captured by chlorophyll 2 and b, divinyl-
chlorophylls z and &, and accessory carotenoids. The peak in the underwater light spectrum
between the sixth and fifth harmonics (514-604 nm) is captured by the phycoerythrins of red
algae and cyanobacteria. Peaks in the underwater light spectrum between the fifth and fourth
harmonics (604-760 nm) are captured by phycocyanin, chlorophylls @, 4 and 4, and
bacteriochlorophyll e. Bacteriochlorophyll  in various phototrophic bacteria captures the
peaks in the underwater light spectrum between the fourth and third harmonics (760-960 nm).
Finally, bacteriochlorophyll 4 in the purple bacterium Blastochloris viridis (formerly known as
Rhodopsendomonas viridis) harvests the light energy available at wavelengths between both third
harmonics (960-1130 nm). Interestingly, the absorption peak of B. wiridis seems a bit shifted
towards shorter wavelengths compared to its spectral niche (compare Figure 5.5c¢ and d).
Perhaps our model calculations do not provide a very accurate description of spectral niches in
microbial mats, where scattering of light can play an important role (Pierson ez al. 1990).
Furthermore, the infrared part of the light absorption spectrum of water is sensitive to
temperature (Collins 1925; Braun & Smirnov 1993), which may shift this spectral niche to
slightly shorter wavelengths at high temperatures. Also, the exact location of the light
absorption peak of B. wiridis is probably sensitive to temperature, and the range of
measurements on lab cultures may not be exactly the same as in the bacterium’s native
environment (Kiang ef a/. 2007). It would be interesting to investigate these issues further.
Perhaps other species containing bacteriochlorophyll / are capable to harvest light at even

longer wavelengths, and therefore match this infrared niche more closely.

Discussion

In this paper, we have developed the hypothesis that vibrations of the water molecule generate
a series of distinct niches in the underwater light spectrum, which are effectively utilised by the

different phototrophic microorganisms inhabiting our planet. Our hypothesis implicitly
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assumes that the underwater light spectrum is an important selective factor for the ecology and
evolution of phototrophic microorganisms. This hypothesis is supported by several lines of
evidence. Many physiological studies have shown that light colour affects photosynthesis and
growth rates of phototrophic microorganisms, as has been demonstrated for, e.g., green sulfur
bacteria (Montesinos ¢ a/. 1983; Vila & Abella 1994), cyanobacteria (Wyman & Fay 1986;
Hauschild ez /. 1991; Callieri ef al. 1996), and eukaryotic phytoplankton (Holdsworth 1985;
Glover et al. 1987). Furthermore, laboratory competition experiments have shown that light
colour can act as a selective factor. For instance, Parkin & Brock (1980) studied competition
between green and purple sulfur bacteria isolated from the sulfide containing waters of three
stratified lakes with different underwater light spectra. They observed that green sulfur bacteria
became dominant in flasks exposed to red light, whereas purple sulfur bacteria became
dominant in flasks exposed to green light. Likewise, Stomp ez 2/ (2004) studied competition
between red and green picocyanobacteria isolated from the Baltic Sea. They developed a
competition model that predicts that red picocyanobacteria should become dominant in green
light, green picocyanobacteria should become dominant in red light, whereas red and green
picocyanobacteria can coexist in the full spectrum provided by white light. The results of their
competition experiments were consistent with these predictions. These studies demonstrated
that light colour plays a decisive role in the species composition of phototrophic communities,
at least in controlled laboratory experiments.

Numerous field studies have confirmed that the species composition of phototrophic
microorganisms is related to the underwater light spectrum. For instance, Figure 5.3 shows
that Prochlorococcus in the subtropical Pacific Ocean is well tuned to the prevailing blue light, red
picocyanobacteria in the Baltic Sea are well tuned to the prevailing green light, and green
cyanobacteria and green algae in turbid waters are well tuned to the prevailing red light. Recent
work has shown that relative abundances of red and green picocyanobacteria show a clear link
with the underwater light spectrum across many ecosystems (Stomp e# a/. 2007). Likewise, the
relative abundances of proteorhodopsin containing bacteria absorbing either blue or green
light have been explained by prevailing spectral light conditions (Béja ez a/. 2001; Sabehi ez al.
2007). Similar observations have shown a good correspondence between the absorption
spectra of phototrophic microorganisms and the underwater light spectrum in clear oceans
(Ting et al. 2002; Rocap et al. 2003; Bouman e al. 2000), coastal waters (Olson et al. 1990;
Wood ez al. 1998; Katano ez al. 2007), lakes (Pick 1991; V6r6s ef al. 1998; Vila & Abella 2001)
and microbial mats (Pfennig 1967; Pierson ez al 1990; Kihl ez a/ 2005). Thus, there is
overwhelming evidence from theory, laboratory experiments and field data that the underwater
light spectrum is a major determinant of the composition of phototrophic communities.

The novel part of our hypothesis is that the underwater light spectrum does not offer
a continuum of niches (as in Figure 5.1a), but consists of a series of distinct niches (as in
Figure 5.1b) created by vibrations of the water molecule. This rather unexpected prediction is
supported by the striking similarity between the calculated peaks and valleys in the underwater
light spectra (Figure 5.5¢) and the observed peaks and valleys in the absorption spectra of
phototrophic microorganisms (Figure 5.5d). That is, the absorption spectra of the major
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photosynthetic pigments fit the available niches in the underwater light spectrum. Moreover,
each spectral niche can be occupied by several pigments, with slightly different absorption
peaks. For example, the niche between the sixth and fifth harmonics is occupied by two types
of phycoerythrin, known as PUB (peak at 494 nm) and PEB (peak at 545 nm) (Toledo 1999).
Likewise, several variants of bacteriochlorophyll & cover the niche between the fourth and
third harmonics. This indicates that, within each spectral niche, absorption peaks of
phototrophic organisms may diverge, possibly driven by the evolutionary process of adaptive
radiation (Schluter 2000; Rueffler 2000).

Yet, this part of our hypothesis is clearly open for further testing. For instance,
laboratory competition experiments could simulate light environments that deviate from the
underwater light niches predicted by our model. As a first test, mixtures of phototrophic
microorganisms could be exposed to wavebands that are less available in underwater light
spectra. For example, wavelengths around 600 nm are relatively less available due to strong
absorption by the fifth harmonics of water (Figure 5.5¢) and currently few microorganisms
have their absorption peak at 600 nm (Figure 5.6). If this waveband becomes the prevailing
light colour in a long-term laboratory selection experiment, will selection favour new mutants
that shift their absorption peak to 600 nm? Another interesting test could be based on
selection experiments in artificial water that lacks the characteristic absorption peaks of normal
water (H2O). In so-called heavy water (D20), the hydrogen atoms are replaced by heavier
deuterium atoms. As a consequence, molecular vibrations of D2O occur at other frequencies,
and the harmonics of heavy water molecules are shifted to the far-red compared to H>O.
Hence, the absorption spectrum of D>O is completely different from H>O (Tam & Patel 1979;
Braun & Smirnov 1993). Our hypothesis therefore predicts that, in light-limited systems,
selection experiments in DO will lead to phototrophic communities with other light
absorption spectra than selection experiments in HyO.

In conclusion, our findings point at a striking causal relationship between the
stretching and bending vibrations of the water molecule, the underwater light spectra of

aquatic ecosystems, and the ecology and evolution of phototrophic microorganisms.
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Table 5.1 Phototrophic organisms presented in Figure 5.5d and Figure 5.6.

Colourful niches

No Species Main Pigments Reference

Green sulfur bacteria

1 Pelodictyon phaeoclathratiforme BChl e Overmann & Pfennig 1989

2 Prosthecochloris aestuarii BChl a, ¢ Overmann et al. 1991
Purple sulfur bacteria

3 Thiocapsa marina BChl a Caumette et al. 2004

4 Thiocapsa roseopersicina BChl a Caumette et al. 2004

5 Chromatium okenii BChl a Pfennig 1967
Purple nonsulfur bacteria

6 Rhodobacter capsulatus BChl a Zubova et al. 2005

7 Rhodobacter sphaeroides BChl a This study

8 Rhodospirillum rubrum BChl a Pfennig 1967

9 Roseospirillum parvum BChl a Glaeser & Overmann 1999

10 Blastochloris viridis BChl b Pfennig 1967
Cyanobacteria

11 Prochlorococcus sp. Divinyl Chl a, b This study

12 Synechococcus WH7803 Chl a, PUB/PEB Toledo et al. 1999

13 Synechococcus WH8103 Chl a, PUB/PEB Toledo et al. 1999

14 Synechococcus BS5 Chl a, PC, PE This study

15 Synechococcus BS4 Chl a, PC This study

16 Acaryochloris marina Chld Kuhl et al. 2005
Green algae

17 Chlamydomonas sp. Chl a, Chl b This study
Diatoms

18 Phaeodactylum tricornutum Chla This study
Chrysophytes

19 Isochrysis sp. Chl a This study
Red algae

20 Palmaria palmata Chl a, PE Cordi et al. 1997

BChl = bacterio-chlorophyll, Chl = chlorophyll, PC = phycocyanin, PE = phycoerythrin, PEB = phycoerythrobilin, PUB =
phycourobilin
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The time scale of phenotypic plasticity,
and its impact on competition in fluctuating

environments

Abstract

Although phenotypic plasticity can be advantageous in fluctuating environments, it may come
too late if the environment changes fast. Complementary chromatic adaptation is a colourful
form of phenotypic plasticity, where cyanobacteria tune their pigmentation to the prevailing
light spectrum. Here, we study the time scale of chromatic adaptation, and its impact on
competition among phytoplankton species exposed to fluctuating light colours. We
parameterized a resource competition model using monoculture experiments with green and
red picocyanobacteria, and the cyanobacterium Psexdanabaena that can change its colour within
~7 days by chromatic adaptation. The model predictions were tested in competition
experiments, where the incident light colour switched between red and green at different
frequencies (slow, intermediate and fast). Psexdanabaena (the flexible phenotype) competitively
excluded the green and red picocyanobacteria in all competition experiments. Strikingly, the
rate of competitive exclusion was much faster when the flexible phenotype had sufficient time
to fully adjust its pigmentation. Thus, the flexible phenotype benefited from its phenotypic
plasticity if fluctuations in light colour were relatively slow, corresponding to slow mixing
processes or infrequent storms in their natural habitat. This shows that the time scale of

phenotypic plasticity plays a key role during species interactions in fluctuating environments.

This chapter is based on the paper: Stomp M, MA van Dijk, HMJ van Overzee, M
Wortel, C Sigon, M Egas, H Hoogveld, HJ Gons, and J Huisman. The time scale of
phenotypic plasticity, and its impact on competition in fluctuating environments.
American Naturalist (in press).
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Chapter 6

Introduction

Fluctuations in environmental conditions pose serious challenges to organisms. Many
organisms respond to environmental changes by physiological and morphological adaptations.
This flexible strategy, known as phenotypic plasticity, may improve their fitness in the new
environments (Agrawal 2001). For example, plants increase their leaf area during periods of
reduced light (Sultan & Bazzaz 1993), cladocerans develop armoured helmets in the presence
of predators (Woltereck 1909; Laforsch & Tollrian 2004), and some green algae aggregate into
colonies to reduce their edibility for grazers (Hessen & Van Donk 1993; Lampert ez al. 1994).

Intuitively, phenotypic plasticity seems a suitable strategy to cope with environmental
fluctuations. However, adaptation takes time. If adaptation is too slow, organisms will not be
able to keep up with changes in their environment, resulting in a permanent mismatch
between the physiology of the organisms and their environmental conditions. Indeed, theory
shows that adaptation can even be disadvantageous when it has a strong time delay (Padilla &
Adolph 1996; Gabriel 2005). Yet, although many studies have investigated phenotypic
plasticity in fluctuating environments (e.g., Chesson e a/. 2004; Egas e# al. 2004; Abrams 20064,
200064, Gélinas et al. 2007; Van der Stap e/ al. 2007), the time scale of phenotypic adaptation has
received surprisingly little attention (Miner e a/. 2005).

The colourful process of complementary chromatic adaptation is a spectacular form
of phenotypic plasticity found in many cyanobacteria. During chromatic adaptation,
cyanobacteria change their pigment composition, and thereby their colour (Gaiducov 1902;
Tandeau de Marsac 1977; Grossman e# al. 1993; Kehoe and Gutu 2000). In the presence of
green light, they turn their accessory pigments into the complementary colour. That is, they
become red. Conversely, in the presence of red light, they turn green. This complementary
adaptation optimizes light absorption, and thus favors their photosynthesis and growth. The
ecological significance of the spectral tuning of the pigment composition to the ambient light
colour is debated for macroalgae (Dring 1981; Ramus 1983). However, theory, competition
experiments, and field studies have shown that the underwater light colour is a major selective
factor for phototrophic microorganisms (e.g., Montesinos e# a/. 1983; Béja et al. 2001; Rocap ez
al. 2003; Stomp ez al. 2004). For instance, we showed in a series of competition experiments
that red picocyanobacteria win the competition in green light, green picocyanobacteria win the
competition in red light, while red and green strains can coexist in the full light spectrum
provided by white light (Stomp e# a/. 2004). This matches their field distributions, where red
cyanobacteria dominate in clear waters in which green light penetrates the deepest, whereas
green cyanobacteria dominate in turbid waters in which red light penetrates the deepest (Pick
1991; Vo6r6s ef al. 1998; Wood e al. 1998; Vila and Abella 2001; Stomp ez al. 2007a, 20075).
Coexistence of red and green cyanobacteria is widespread in waters of intermediate turbidity
(Stomp et al. 2007 4).
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Figure 6.1 Optical characteristics of Cyanobium CCY9201 (‘green pico’), Cyanobium strain CCY9202 (‘red pico’) and
Pseudanabaena CCY9509 (‘flexible phenotype’). Panels on the left show monocultures of the three strains in light-
limited chemostats. Panels on the right show their light absorption spectra. The flexible phenotype can tune its light
absorption spectrum to the prevailing light conditions by changing its cellular content of phycoerythrin (absorption
peak at ~560 nm) and phycocyanin (absorption peak at ~620 nm).
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Here, we study the time scale of phenotypic plasticity in a fluctuating environment, and its
impact on interspecific competition. We use three cyanobacteria isolated from the Baltic Sea.
One of these species is capable of complementary chromatic adaptation, and can change its
colour from red to green (and vice versa) within a week. The other two species are a green and
a red picocyanobacterium, both with a fixed pigment composition. We first develop a resource
competition model to predict how these species would interact in a fluctuating environment
where the light colour switches between red and green. Subsequently, we perform
monoculture experiments to estimate the growth parameters and light absorption
characteristics of the three species. Finally, the model predictions ate tested in a series of
competition experiments in which the light colour fluctuates at low, intermediate, and high
frequency. The results show how the interplay between the time scale of phenotypic plasticity

and the time scale of environmental fluctuations affects the rate of competitive exclusion.

a Figure 6.2 Schematic view of the
experimental setup. (a) chemostat
under red light conditions. (b)
chemostat  under  green light
conditions. Fluctuations of incident
light color were obtained by time-clock
w controlled switching between the left
[TH -
o and right light sources.
b
L
L
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light red chemostat green light
filter filter
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Phenotypic plasticity in fluctuating light

Competition Model

Our theoretical framework on competition for light originates from the competition model
developed by Huisman & Weissing (1994, 1995). Their model assumes a direct coupling
between changes in phytoplankton population densities and changes in light availability caused
by phytoplankton shading. The model treats light as a single resource, and predicts that, in
well-mixed waters, the species with the lowest critical light intensity will be the superior
competitor for light. The critical light intensity is analogous to the R* concept (Tilman 1982)
in competition for nutrients. It can be measured in monoculture experiments as the light
intensity penetrating through the monoculture at steady state. The model has been successfully
applied to species with similar light absorption spectra (Huisman ez a/. 19994; Passarge ef al.
2006; Agawin et al. 2007). Recently, the competition model of Huisman and Weissing was
extended to cover the full light spectrum (Stomp ez a/. 2004, 20074, 20075). That is, light is
treated as a spectrum of resources. This spectral model predicts that species can coexist if they
develop different pigments to utilize different parts of the light spectrum (Stomp ez al. 2004),
and will provide the basis for the current study.

We consider a well-mixed water column, in which the phytoplankton species are
homogeneously distributed. Nutrients are supplied in excess, so that the species compete for
light only. The depth is indicated by g, scaled from zero at the surface to a maximum depth z,
at the bottom of the water column. The water column is illuminated from above, with an
incident light spectrum I, (1), where 1 is the wavelength. The light spectrum changes with
depth, due to selective absorption of different parts of the underwater light spectrum by the
phytoplankton community and by the background turbidity caused by water and other non-
phytoplankton components. Let I(4, 3) denote the light spectrum at depth z. According to
Lambert-Beer’s law, the change of the underwater light spectrum can be described as
(Sathyendranath & Platt 1989; Kirk 1994; Stomp ez al. 2004):

[(A,2) =1, (A)exp - ik,. (N2 -K,, (z)zj 6.1)

i=1

where £(4) is the specific light absorption spectrum of phytoplankton species 7, N, is the
population density of phytoplankton species 7 # is the total number of phytoplankton species,
and K,,(4) is the background light absorption spectrum. Examples of light absorption spectra
of phytoplankton species are illustrated in Figure 6.1. The two peaks at 430 nm (blue light) and
680 nm (red light), shared by all three species, correspond to light absorption by the green
pigment chlorophyll . The peak at 560-570 nm corresponds to the red pigment
phycoerythrin, which effectively absorbs green light. The peak at 620-630 nm corresponds to
the pigment phycocyanin, which absorbs orange-red light. Note from Figure 6.1 that the

colour that is least absorbed by a phytoplankton species remains available for other species.
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The number of photons absorbed by a single cell of species 7 (over the PAR range; 400-700
nm) at depth z, y,(3), depends on the match between the underwater light spectrum and its
light absorption spectrum, and can be calculated as (Stomp e# a/. 2004, 20072):

7,(2) = [I(A,2)k,(2)dA 6.2)

400

We assume that the specific growth rate of a phytoplankton species is an increasing, saturating
function of the number of photons it has absorbed. The specific growth rate thus calculated
varies with depth, and is integrated over the entire water column to obtain the total population
growth rate (Huisman & Weissing 1994). Accordingly, the population dynamics of species 7
can be described as (Sathyendranath & Platt 1989; Stomp e a/. 2007a):

an, & |N, - LN, 63)
dt |z, 3 (Poai 1 0)+7,2)

dN, _ 1T Prna 7 (2)

where ¢, is the photosynthetic efficiency (quantum yield) of species 4 p,,,, is its maximum
specific growth rate, and L is its specific loss rate due to factors such as grazing and sinking.

In terms of competition theory, the light spectrum can be interpreted as a spectrum
of resources, analogous to the spectrum of seed sizes available for Darwin’s finches (Stomp ez
al. 2007a, 20075). The light absorption spectra of species define which part of the light
spectrum they can utilize. Species that are not capable of chromatic adaptation have a fixed
light absorption spectrum, wheteas species capable of complementary chromatic adaptation
have a flexible light absorption spectrum due to variations in phycocyanin and phycoerythrin
content (Figure 6.1f). There are different types of complementary chromatic adaptation
(Grossman e7 al. 1993; Kehou & Gutu 2006). In our case, we focus on type III, in which the
total pool of phycoerythrin (PE) and phycocyanin (PC) remains constant, but the ratio of
these two pigments is adjusted to the prevailing underwater light spectrum. Accordingly, we
describe the specific light absorption spectrum of the flexible species as:

k(A) = xkpp (A) + A= x)kpe (A) + K o (A) (6.4)

whete x; is the fraction phycoerythrin (i.e., PE/(PE+PC)), £,.(A) is the absorption spectrum of
a cell with phycoerythrin only, £,-(4) is the absorption spectrum of a cell with phycocyanin
only, and £,,,(4) is the absorption spectrum due to other pigments in the cell (i.e., chlorophyll
a, carotenoids).

We assume that the flexible species changes its phenotype to maximize its specific
growth rate under the prevailing environmental conditions (Metz e¢f a/. 1992; Abrams 1999;
Egas et al. 2005). In our case, this implies that the species will adjust its phycocyanin and

phycoerythrin content to maximize the number of photons it absorbs (Stomp ez a/. 2004):
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%:aiﬁjayi(z’xi)dz (65)
dt Z, o O

where o, measures the rate of chromatic adaptation. Note from this equation that the
phycoerythrin fraction (x;) will change in the direction that yields more light absorption (i.c., a
higher p). The parameter «; is of central importance in this study, because it determines the
time scale of chromatic adaptation.

Numerical simulations of the model were based on a 4% order Runge-Kutta
procedure for time integration, and Simpson’s rule for depth integration.

Methods

Species
The species chosen for the experiments were the green picocyanobactetium Cyanobium strain
CCY9201 (formerly known as Synechococcus BS4), the red picocyanobacterium Cyanobinm strain
CCY9202 (formerly known as Symechococcus BS5), and the filamentous cyanobacterium
Psendanabaena strain CCY9509. The latter species can change its colour by complementary
chromatic adaptation (type III; Grossman e a/. 1993; Kehoe & Gutu 20006). In this papet, the
three species are referred to as the ‘green pico’, ‘red pico’ and “flexible phenotype’, respectively.
All three species were isolated from the Baltic Sea (Ernst ef a/. 2003; Haverkamp e# al. 2008;
Acinas ef al. 2008). The red and green Cyanobium strains were also used in eatlier competition
experiments (Stomp et al. 2004).

All three species contain the green pigment chlorophyll « with absorption peaks at
430 nm and 680 nm. In addition, the green pico (Figure 6.1a) contains high concentrations of
the pigment phycocyanin (PC) which absorbs orange-red light at 620-630 nm (Figure 6.1b).
The red pico (Figure 6.1c) contains a little phycocyanin, but its main accessory pigment is
phycoerythrin (PE) that absorbs green light at 560-570 nm (Figure 6.1d). The flexible
phenotype (Figure 6.1e) can adjust its concentration of PE and PC to the colour of the
prevailing light spectrum (Figure 6.1f; Tandeau de Marsac 1977; Grossman e a/. 1993; Kehoe

& Gutu 2006), and thereby changes its own colour from red to green, and vice versa.

Experimental setup

Experiments were performed in chemostats specifically designed to study light-limited growth
(Huisman ef al. 19994; Stomp et al. 2004; Passarge et al. 2006). The dilution rate of the
chemostats was set at D = 0.014 hrl. Flat chemostat vessels were illuminated from the side.
Hence, the mixing depth of the chemostats was defined by the width of the vessels, which
equaled g, = 5 cm. The light source consisted of fluorescent tubes with a white light spectrum
(Philips TLD 18W/965). Green light conditions were obtained by a dark green filter (Lee filter
#124, Andover, England) placed between the light source and the chemostat vessel, while red
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light conditions were obtained by a red filter (Lee filter #26). Fluctuations in incident light
colour were generated by time-clock controlled switching between two light sources placed on
opposite sides of the chemostats, where one light source used a red filter whereas the other
light source used a green filter (Figure 6.2). Monoculture experiments of the three species were
carried out under continuous green light, and under continuous red light. Competition
experiments, in which all three species were mixed together, were carried out under
continuous green light, continuous ted light, and fluctuating red/green light conditions. The
fluctuations in light colour were characterized by their periodicity (1). We applied the
following three fluctuation regimes: T=0.5 days (6 hrs red / 6 hrs green), T=4 days (2 days red
/ 2 days green), and T=28 days (14 days ted / 14 days green).

The incident light intensity () and the light intensity penetrating through the
cultures (I,,4z) Were measured with a Licor LI-190SA quantum sensor (Lincoln, NE, USA),
which integrates the measured number of photons over the entire PAR range (from 400 to
700 nm). In all experiments, we supplied an incident light intensity of I,z = 40 pumol photons
m s to the chemostat vessel. The spectra of the incident light, I,,(4), and the light penetration
through the vessel, 1,,(4), were measured by a Licor LI-1800 spectroradiometer (Lincoln, NE,
USA). Light absorption spectra of the species were measured by an Aminco DW-2000 double-
beam spectrophotometer (SLM Instruments Inc., Urbana, IL, USA), using mineral medium

without phytoplankton as a control.

Population densities

Population densities of the species were counted by flow cytometry (Jonker ef al. 1995; Stomp
et al. 2004). Because Pseudanabaena was much larger than the two picocyanobacteria, direct
comparison of the population densities does not provide a good representation of the relative
abundances of the different species in the species mixtures. To quantify the contribution of
each species in the context of competition for light, we therefore expressed the population
densities of the species in terms of their total light absorption. For calculation of the total light
absorption by each species, and further details on the experimental conditions and analysis, the

interested reader is referred to Appendix C.

Parameter estimation

Model parameters were estimated from the experiments. The preceding paragraphs already
specified our measurements of dilution rate (D), mixing depth (g,), incident light spectrum
(I,A), and the light absorption spectra of the species (£(4)). Calculation of the background
turbidity (K, (1)) is described in Appendix C. We assumed that specific loss rates of the species
were dominated by the dilution rate (i.e., L, = D for all species).

The remaining model parameters were the photosynthetic efficiencies (p) and the

maximum specific growth rates (p,,,) of all three species, and the rate of chromatic adaptation

max)

of the flexible phenotype (). We estimated the model parameters ¢ and p,,,. by calibration of
the model predictions to time series of population density and light penetration measured in
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monoculture experiments. The model calibration was simultaneously applied to monoculture
experiments under continuous red light and monoculture experiments under continuous green
light, to obtain parameter estimates for ¢ and p,,,.. that applied to both red-light and green-light
conditions. For this purpose, the data of population density and light penetration were first
log-transformed to homogenize the variances, and subsequently normalized using the total
sum of squares as a weighting factor to give equal weight to each of these variables in the
calibration procedure. Parameter estimates were obtained by fitting the model predictions to
these log-transformed normalized data by minimization of the residual sum of squares, using
the Gauss-Marquardt-Levenberg algorithm. The model calibration was performed with the
software package PEST (Watermark Numerical Computing, Brisbane, Australia).
Subsequently, the rate of chromatic adaptation of the flexible phenotype (x) was
estimated by fitting the model to two separate monoculture experiments. In one experiment, a
culture adjusted to green light was exposed to red light for one week, while in the other
experiment a culture adjusted to red light was exposed to green light for one week. From these
experiments, the parameter o was estimated using the same calibration technique as described
above. The species parameters that were estimated from the monoculture experiments were

used to predict the population dynamics in the competition experiments.

Rate of competitive exclusion

To examine the dynamics in each competition experiment, we calculated the rate of

competitive exclusion (RCE). This rate was defined as (Grover 1988; Passarge 7 a/. 20006):

RCE — Aln(wmzetr/ loser) 66

where ‘winner’ and ‘loser’ are the population densities of the winning and losing species during
the course of competition, measured from the onset of the decline of the loser. Accordingly,
RCE can be estimated from the measured population densities by linear regression of

In(winner/loser) versus time.

Results

Monoculture experiments

In monoculture, the green pico, red pico and flexible phenotype were all able to grow under
both continuous red and continuous green light (Figure 6.3). After inoculation, the population
densities increased, absorbed more light, and thus decreased the light intensity penetrating
through the vessel. This continued until steady state was reached. The population of the green
pico reached steady state within ~8 days when grown in red light, while it took ~21 days to
reach steady state in green light (Figure 6.3a, 6.3b). The steady-state population density of the
green pico, and its total light absorption, were higher in red light than in green light (Table
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6.1). We define the spectrally-integrated light intensity penetrating through a steady-state
monoculture as the ‘critical light intensity’ (I,,5.*; sensu Huisman & Weissing 1994). The
critical light intensity of the green pico was much lower in red light than in green light (Figure
6.3a, 6.3b; Table 6.1), due to its higher population density in red light and its more efficient
absorption of red light (Figure 6.1b).

Table 6.1 Steady-state traits of
Green pico  Red pico  Flexible phenotype the  phytoplankton  species
measured in  monoculture
experiments. Values are
reported as means + SD.

Population density (x10® counts mL™)

Red light 3.59+0.36 1.34+0.09 0.45+0.02
Green light 1.66 +0.12 1.31+0.13 0.45+0.04
Light absorption (cm™)

Red light 0.82+0.07 0.45+0.03 0.55+0.02
Green light 0.22 +0.01 0.60 £ 0.05 0.59 +0.05
Critical light intensity (umol photons m?s™)
Red light 0.50+0.02 4.69+0.07 0.51+0.07

Green light 7.09+0.15 1.21+0.06 1.18+0.10

The population of the red pico reached steady state within ~8 days when grown in green light,
while it took ~12 days in red light (Figure 6.3¢c, 6.3d). The steady-state population density of
the red pico was similar in green light and red light (Table 6.1). The total light absorption of
the red pico was higher in green light than in red light (Table 6.1), because of its more efficient
absorption of green light (Figure 6.1d). As a result, the critical light intensity of the red pico
was much lower in green light than in red light (Figure 6.3¢c, 6.3d; Table 6.1).

The population of the flexible phenotype reached steady state within ~10 days in
both red light and green light (Figure 6.3e, 6.3f). In red light, the flexible phenotype produced
mainly phycocyanin pigments, and thereby turned its colour into green (Figure 6.1f).
Conversely, in green light the flexible phenotype produced mainly phycoerythrin pigments,
turning its colour into red. The steady-state population density of the flexible phenotype, and
hence its total light absorption, was quite similar in both red light and green light (Table 6.1).
The critical light intensity of the flexible phenotype was lower in red light than in green light
(Figure 6.3e, 6.3f; Table 6.1). Under green light, the flexible phenotype had a critical light
intensity similar to the red pico, but lower than the green pico. Conversely, under red light, the
flexible phenotype had a critical light intensity similar to the green pico, but lower than the red

pico.
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Figure 6.3 Monoculture experiments. (a) and (b), green pico (green circles); (c) and (d), red pico (red circles); (e)
and (f), flexible phenotype (brown triangles). The panels on the left-hand side show monocultures grown in
continuous red light, while the panels on the right-hand side show monocultures grown in continuous green light.
Grey squares indicate the light intensity penetrating through the cultures. Solid lines indicate the population densities
predicted by the model. Dashed lines indicate the predicted light penetration. Bars at the bottom of the graphs
indicate illumination by red light (black bar) and green light (grey bar). Population densities of the species are
expressed by their light absorption. For parameter values, see Table 6.2.

The data from these monoculture experiments were used to calibrate the model parameters of

the species (Table 6.2). For this purpose, the model was fitted simultaneously to the time

courses of the population densities and light penetration under both red and green light

conditions. The calibrated model fitted quite well with the experimental data (Figure 6.3). To
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estimate the rate of chromatic adaptation of the flexible phenotype, we simply exchanged the
coloured light filters of the two monoculture experiments (Figure 6.3e, 6.3f). When the green
light-adapted culture was transferred to red light, it gradually replaced its phycoerythrin by
phycocyanin, and thereby turned its colour from red to green in ~7 days (Figure 6.4a).
Conversely, when the red light-adapted culture was transferred to green light, it gradually
replaced its phycocyanin by phycoerythrin, and thereby turned its colour from green to red in
8-9 days (Figure 6.4b). Thus, the rate of chromatic adaptation was rather similar in both
directions, although possibly slightly faster from red to green pigmentation than from green to
red pigmentation (Table 6.2).

1.0

a flexible phenotype b flexible phenotype
¢ adjusting to red light adjusting to green light
+
B3

Phycoerythrin fraction (-)

0 1 2 3 4 5 6 7
Time (days)

Figure 6.4 Chromatic adaptation of the flexible phenotype. Green-adapted monoculture exposed to red light (left
panel). Red-adapted monoculture exposed to green light (right panel). Symbols represent experimental data, lines
represent model predictions. Bars at the bottom of the graphs indicate illumination by red light (black bar) and green
light (grey bar). The pigment composition of the flexible phenotype is expressed by the phycoerythrin fraction x.

Competition experiments

We performed competition experiments with mixtures of the red pico, green pico and flexible
phenotype under continuous red light, continuous green light, and under fast, intermediate,
and slow fluctuations in light colour. Under continuous red light, the red pico was rapidly
excluded, while the green pico and flexible phenotype coexisted (Figure 6.5a). This is
consistent with the critical light intensities for red light measured in monoculture, which were
much lower for the flexible phenotype and green pico than for the red pico (Table 6.1). The
critical light intensities for red light of the flexible phenotype and green pico were very similar,
and their coexistence is probably an example of neutral coexistence. Conversely, under
continuous green light, the flexible phenotype rapidly excluded the green pico, while the red
pico was displaced more slowly (Figure 6.5b). This is consistent with the critical light
intensities for green light, which were much lower for the flexible phenotype and red pico than
for the green pico (Table 6.1). Although the critical light intensities for green light of the
flexible phenotype and red pico were rather similar, the competition experiment did not reveal
neutral coexistence of these two species but showed that the flexible phenotype was a slightly
stronger competitor for green light than the red pico.
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Figure 6.5 Competition experiments between the green pico (green symbols and line), red pico (red symbols and
line) and flexible phenotype (brown symbol and line) exposed to continuous red light (a) and continuous green light
(b). Symbols represent experimental data, while lines represent model predictions. Population densities are

expressed by their light absorption. Bars at the bottom of the graphs indicate illumination by red light (black bars) and
green light (grey bars).

In all competition experiments under fluctuating light conditions, the flexible phenotype
excluded both the green and red picos (Figure 6.6). When exposed to fast fluctuations in light
colour (T=0.5 days), the flexible phenotype gradually developed a pigment composition rich in
phycoerythrin; fluctuations in pigment composition were not detectable in this experiment
(Figure 6.6g). Under intermediate fluctuations in light colour (T=4 days), the flexible
phenotype changed its pigment composition, but had insufficient time to fully adjust its
pigmentation to the prevailing light colour. Hence, the pigment composition of the flexible
phenotype fluctuated with relatively small amplitude (Figure 6.6h). Under slow fluctuations in
light colour (T=28 days), there was sufficient time for the flexible phenotype to fully adjust its
pigmentation before the light colour was changed again. In this experiment, the population
density, light penetration, and pigment composition of the flexible phenotype fluctuated
strongly (Figure 6.6c, 6.6f, 6.61).

The model predictions, based on the parameters estimated from the monoculture
experiments, were in good agreement with the competition experiments (Figure 6.0).
However, especially in the fast and intermediate fluctuation regimes, the flexible phenotype
had a slightly higher phycoerythrin fraction than predicted by the model (Figure 6.6g, 6.6h).
Furthermore, in the slow fluctuation regime, the rate at which the flexible phenotype adjusted
its phycoerythrin fraction to green light was consistent with the model predictions, while the
adjustment to red light was somewhat more slowly than predicted (Figure 6.6i).
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Figure 6.6 Competition experiments between the green pico, red pico and flexible phenotype exposed to fluctuations
in light colour. The competition experiments were exposed to fast fluctuations (left panels), intermediate fluctuations
(middle panels), and slow fluctuations (right panels). (a-c) Population densities of the green pico (green circles), red
pico (red circles) and flexible phenotype (brown triangles). Population densities are expressed by their light
absorption. (d-f) Light intensity penetrating through the culture vessel (grey squares). (g-i) Pigment composition of
the flexible phenotype (black diamonds) during the competition experiments. Lines represent the model predictions.
Bars at the bottom of the graphs indicate illumination by red light (black bars) and green light (grey bars).

At what time scale is chromatic adaptation advantageous?

Summarizing the experimental results, the amplitude of the variation in pigment composition
of the flexible phenotype increased with longer periods of environmental fluctuation (Figure
6.72). The flexible phenotype required ~7 days to turn its colour from red to green, while it
required 8-9 days to turn its colour from green to red (Figure 6.4). Accordingly, the model
predicts that at light fluctuations with a period exceeding ~14 days (i.e., 7 days red and 7 days
green), the flexible phenotype could fully adjust its pigmentation to red light conditions before
the light colour switched to green again (Figure 6.7a). Slightly longer periods of fluctuation
(T>18 days; i.e., 9 days red and 9 days green) were required for the flexible phenotype to fully
adjust to green light conditions (Figure 6.7a). Note that, at fast fluctuations (1T=0.5 days), the
flexible phenotype had more phycoerythrin than predicted by the model (Figure 6.7a).
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Intuitively, one might think that larger amplitudes in pigmentation of the flexible phenotype
would enhance its tuning to red and green light conditions, and thus would promote its light
absorption. However, the model predicts that for T<14 days (i.e., the range of periodicities
where the amplitude in pigmentation increased with T; see Figure 6.7a), the time-averaged light
absorption by the flexible phenotype remains constant (Figure 6.7b). The explanation is that,
with increasing T, the flexible phenotype makes more phycoerythrin to absorb more green
light, but as a consequence it will also be more poorly adapted once the red light is switched
on again. Thus, the gain in light absorption by a better tuning to green light is offset by a
reduced light absorption when the light colour is switched back to red light. As a result, the
time-averaged light absorption by the flexible phenotype remains constant over T (for T<14
days). At longer periods (T>14 days), there is sufficient time for the flexible phenotype to fully
adjust its pigmentation to the prevailing light colour, and the flexible phenotype starts to
benefit from chromatic adaptation (Figure 6.7b). More specifically, the model predicts that, for
T>14 days, the flexible phenotype will spend relatively less time changing its pigmentation
while it can benefit for longer time spans from its optimal tuning to the prevailing light colout.
Hence, for T>14 days, the time-averaged light absorption increases with T, until it approaches
an asymptote at which the time spent on chromatic adaptation is negligible (Figure 6.7b).
These model predictions were confirmed by the experiments. Although the standard
deviations are high, the data show that light absorption by the flexible phenotype was higher at
long periods of fluctuation (T=28 days) than at shorter periods (1=0.5 and T=4 days). Also in
line with the model predictions, light absorption by the flexible phenotype was higher during
red light conditions than during green light conditions.

The rate at which the flexible phenotype competitively excludes the green and red
picos is tightly coupled to its efficiency in absorbing red and green light. Since the green pico
mainly absorbs red light (Figure 6.1b), the model predicts that its exclusion rate as a function
of T will show the same pattern as the average red-light absorption by the flexible phenotype
(compare the green lines in Figure 6.7b and Figure 6.7c). Likewise, the exclusion rate of the
red pico will show the same pattern as the average green-light absorption by the flexible
phenotype (compare the red lines in Figure 6.7b and Figure 6.7c). The competition
experiments confirmed that competitive exclusion rates remained independent of the
fluctuation period for T<14 days, while the competitive exclusion rate was higher at T=28
days. Also in line with the model predictions, the red pico was excluded faster than the green
pico (Figure 6.7¢).

What is the advantage of chromatic adaptation? The benefit of phenotypic plasticity
can be quantified by comparing the performance of a flexible phenotype with a fixed
phenotype that has lost its plasticity. Terauchi ez a/. (2004) discovered a photoreceptor involved
in the complementary chromatic adaptation of cyanobacteria. Knock-out mutants lacking the
photoreceptor had lost their phenotypic plasticity and displayed a fixed intermediate pigment
composition with equal amounts of phycoerythrin and phycocyanin. Accordingly, we
calculated the competitive exclusion rates of the red and green picos in case our flexible

phenotype would not be able of chromatic adaptation, but would have a fixed intermediate
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pigment composition (i.e., a fixed phycoerythrin fraction of 0.5; dashed lines in Figure 6.7¢).

This shows that when fluctuations are fast (1<14 days), chromatic adaptation does not affect

the rate of competitive exclusion. Only when the period of the fluctuations exceeds T>14

days, chromatic adaptation makes a difference (compare solid lines and dashed lines in Figure

6.7¢). Thus, chromatic adaptation is advantageous in competition only when there is sufficient

time for the flexible phenotype to fully adjust its pigmentation to the prevailing light colout.
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Figure 6.7 Implications of chromatic
adaptation at different fluctuation
frequencies. (a) Amplitude of the
fluctuations in pigment composition of
the flexible phenotype, as expressed
by the minimum values (green
symbols and lines) and maximum
values (red symbols and lines) of its
phycoerythrin  fraction. (b) Time-
averaged light absorption by the
flexible phenotype during green light
conditions (red symbols and line) and
red light conditions (green symbols
and line). (c) Rates of competitive
exclusion of the red pico (red symbols
and lines) and green pico (green
symbols and lines) in the competition
experiments. Lines indicate model
predictions, symbols represent the
experimental data (+ SD) from the
competition experiments with fast,
intermediate and slow fluctuation
regimes, respectively. The first vertical
line (at 7=14 days) indicates the
periodicity at which the flexible
phenotype becomes fully adapted to
red light conditions, while the second
vertical line (at T=18 days) indicates
the periodicity at which it becomes
fully adapted to green light conditions.
The horizontal dashed lines in (c)
indicate the predicted rates of
competitive exclusion in case the
flexible phenotype would have been
unable of chromatic adaptation
(assuming a fixed phycoerythrin
fraction of x=0.5).
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Discussion

Time scale of phenotypic plasticity

In this study, we have shown that the time scale of phenotypic plasticity affects competition in
fluctuating environments. Theory often assumes a cost to phenotypic plasticity. Therefore,
ideally one would like to perform experiments in which the fixed phenotype is a better
competitor under constant conditions, while the flexible phenotype is a better competitor in a
variable environment. In practice, however, one has to work with the species one can find.
Our experiments were based on cyanobacteria isolated from the same environment. In the
Baltic Sea, we found a colourful mixture of red and green picocyanobacteria with a constant
pigment composition (fixed phenotypes) and filamentous cyanobacteria that can tune their
pigments to the prevailing light colour (flexible phenotypes). In our experiments, it turned out
that the flexible phenotype was the strongest competitor under all experimental conditions.
Yet, the experiments clearly revealed that the rate of competitive exclusion depended on the
time scale of phenotypic plasticity in relation to the frequency of environmental fluctuations
(Figure 6.7). When environmental fluctuations were fast compared to the rate of chromatic
adaptation, the flexible phenotype displayed an intermediate pigment composition and, hence,
could not benefit from its plasticity. In contrast, when environmental fluctuations were slow,
the flexible phenotype had sufficient time to fully adjust its pigmentation to the prevailing light
colour. In this case, the flexible phenotype benefited from its phenotypic plasticity, as it
performed better than a fixed phenotype of intermediate pigment composition (compare solid
lines and dashed lines in Figure 6.7c).

Model studies of Padilla & Adolph (1996) and Gabriel (2005, 2006) compared the
fitness of a phenotypically fixed individual to that of a flexible phenotype switching from one
phenotypic state to the other state after a certain time lag. They showed that the advantage of
phenotypic plasticity decreased with increasing environmental variability, and also decreased
with an increasing time lag in its phenotypic adjustment. In highly variable environments,
plasticity could even be disadvantageous due to a permanent mismatch between the flexible
but time-lagged phenotype and its environment.

Our results confirm these findings. Although the flexible phenotype was the
strongest competitor, it benefited from its phenotypic plasticity only if environmental
fluctuations were sufficiently slow compared to the rate of phenotypic adjustment. However,
in contrast to the model studies of Padilla & Adolph (1996) and Gabriel (2005, 2006), rapid
fluctuations in environmental conditions did not have a negative impact on the fitness of the
flexible phenotype. In their model studies, the flexible phenotype switched abruptly from one
phenotypic state to the other state. In our system, the flexible phenotype gradually adjusted its
pigment composition to the prevailing light conditions. As a result, the flexible phenotype
displayed an intermediate pigment composition when fluctuations were too fast for full
adjustment. This intermediate pigment composition prevented a complete mismatch between
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the flexible phenotype and its variable environment, and thereby explains why rapid
fluctuations never had a negative fitness impact in our study system.

Summarizing, when is reversible phenotypic plasticity advantageous during species
interactions in fluctuating environments? Let us define the time scale of phenotypic
adjustment as the time required to change from one phenotype to the other. According to our
results, phenotypic plasticity is advantageous only if the period of the environmental
fluctuations (T) exceeds twice the time scale of phenotypic adjustment (T):

T

f
—>>1 6.7
o7 (6.7)

a

In this case, there is sufficient time for the flexible phenotype to fully adjust its phenotype to
both the ups and downs in the prevailing environmental conditions.

The ecological significance of chromatic adaptation

Complementary chromatic adaptation (CCA) of cyanobacteria is extensively studied at the
molecular and physiological level (Tandeau de Marsac 1977; Kehoe & Gutu 2000). Yet,
surprisingly little is known about the ecology and biogeographical distribution of species
capable of CCA. Can we predict, based on the findings of this study, in which environments
CCA will be advantageous?

In natural waters, phytoplankton species are exposed to fluctuating light conditions
when cells change their vertical position in the water column. In the Baltic Sea, from which
our Psendanabaena strain and picocyanobacteria originated, the underwater light spectrum
changes from white light at the surface to green light at greater depths (Stomp ez a/. 20074
Haverkamp ez al. 2008). At the water surface, in white light, we would expect that the flexible
phenotype will adjust its pigment composition to complement the pigments of competing
phytoplankton species, consistent with eatlier competition experiments (Stomp ez al. 2004).
Accordingly, its pigment composition at the surface may depend on the pigment composition
and population dynamics of its competitors. Deeper down in the water column, the prevailing
green light conditions in the Baltic Sea perfectly match the absorption peak of the
phycoerythrin pigment (Stomp ez a/. 20074, 20075). Hence, we expect that phenotypically
flexible species like our Pseudanabaena strain will turn red (i.e., will produce the red pigment
phycoerytrhin) when mixed to greater depth in the Baltic Sea. This may also explain why
Psendanabaena was biased towards red pigmentation in our experiments (Figure 6.6, Figure 6.7),
because it can encounter green light but not purely red light in its natural habitat.

Although green light is the predominant underwater light colour in coastal seas like
the Baltic Sea, other light colours may prevail in other aquatic ecosystems. For instance, blue
light is the predominant colour in the open ocean, whereas red light penetrates the deepest in
peat lakes (Stomp e a/. 20074, 20075). These different underwater light environments are likely
to select for chromatic adaptation by specific sets of pigments. For example, in clear ocean
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waters, it would be advantageous for cyanobacteria to tune pigments active in the blue part of
their light absorption spectrum. Indeed, some marine Symechococcus strains from oceanic
environments are flexible in their absorption of blue versus green light. They use two
alternative chromophores in the phycoerythrin pigments (Palenik 2001). The chromophore
phycoerythrobilin (PEB) has its absorption peak in green light (550 nm), while the
chromophore phycourobilin (PUB) has its absorption peak shifted towards blue light (495
am). These flexible phenotypes have a low PUB/PEB ratio when exposed to white light at the
water sutface, but a high PUB/PEB ratio when exposed to blue light at greater depths (Palenik
2001; Everroad et al. 20006).

What is the ecological significance of the time scale of chromatic adaptation? Some
cyanobacteria are neutrally buoyant. They are passively dispersed throughout the euphotic
zone by turbulent mixing. The time scale of turbulent mixing may vary from several hours to
several days (Denman & Gargett 1983; Huisman ef a/. 19995), depending on the intensity of
turbulent mixing and the depth of the euphotic zone. When mixing through the euphotic zone
occurs on a time scale of hours, cells will experience fluctuations in the underwater light colour
that will be too fast for CCA. In contrast, when mixing through the euphotic zone occurs on a
time scale of several days, cells will experience slower fluctuations in the underwater light
colour that can be tracked by CCA. The latter condition may apply to stratified open ocean
waters, where turbulent mixing can be relatively weak and the euphotic zone may extend over
more than 100 m depth. Here, CCA by marine Synechococcus species with flexible PUB/PEB
ratios could be advantageous compared to Symechococcus species with a fixed pigment
composition (Everroad ez al. 2000).

CCA may be particularly advantageous for positively buoyant cyanobacteria that can
escape from turbulent mixing. For instance, cyanobacteria with gas vesicles may float upwards,
forming blooms near the water surface as long as the weather conditions remain stable
(Huisman e al. 2004; Johnk ez al. 2008). When these surface blooms are disrupted by storm
events, their light environment may change completely as they are entrained by intense mixing
to the deeper waters below. Storm events occur irregularly, at intervals of, say, several weeks or
months. Our results indicate that, at these time scales, CCA would provide a strong selective
advantage. We therefore hypothesize that this scenatio of intermittent mixing, which seems to
apply to the Baltic Sea (Walsby e 4/ 1997), will favor chromatic adaptation in buoyant

cyanobacteria such as our Pseudanabaena strain.

Coexistence versus competitive exclusion

Temporal variability can promote species coexistence, depending on the frequency and
amplitude of the environmental fluctuations (Hutchinson 1961; Connell 1978; Armstrong &
McGehee 1980). This is confirmed by many experimental studies, which have shown that a
fluctuating resource supply yields a higher species diversity in phytoplankton communities
than a constant resource supply (Sommer 1984; Gaedeke & Sommer 1986; Grover 1991;
Litchman 1998; Fléder e al. 2002, Litchman 2003). Likewise, theoretical studies predict
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competition for two fluctuating resources may allow coexistence of a generalist and two
specialist species (Wilson & Yoshimura 1994; Egas e a/. 2004; Abrams 20064, 2006b). These
theoretical studies may resemble our study, where the flexible phenotype can be interpreted as
a generalist species capable of growing on both resources, while the red pico and green pico
can be considered specialists growing mainly on green light and red light, respectively.

However, in our competition experiments and parameterized model simulations we
did not find coexistence under fluctuating conditions. An explanation for the lack of
coexistence could be the absence of suitable trade-offs. Model studies have shown that
coexistence in fluctuating environments strongly depends on the parameter combinations of
competing species (Grover 1990; Litchman & Klausmeier 2001). In particular, a strong trade-
off is required such that each species has an advantage during at least part of the competitive
process. In our experiments, analogous to the R* concept of competition for nutrients (Tilman
1982), the species with the lowest critical light intensity for a particular colour of light will be
the superior competitor for that colour of light (Huisman & Weissing 1994). In view of the
critical light intensities Table 6.1), the flexible phenotype and the green pico were equally
strong competitors for red light, as confirmed by their neutral coexistence in continuous red
light (Figure 6.5a). In addition, the flexible phenotype was a slightly stronger competitor for
green light than the red pico (Figure 6.5b). This makes the flexible phenotype a superior
competitor under fluctuating light conditions. As a result, in our experiments, fluctuating light
conditions did not promote coexistence; the flexible phenotype always won.

Hypothetically, we may expect many situations in which there will be trade-offs in the
competitive ability for different colours of light. In particular, it seems plausible that flexible
phenotypes will often be weaker competitors for a single colour of light than species
specialized on that light colour. We simulated such a situation, in which we used our estimated
model parameters, but modified the photosynthetic efficiencies of the species to mimic this
trade-off. With this new parameter setting, the flexible phenotype was a weaker competitor for
red light than the green pico and a weaker competitor for green light than the red pico. In this
case, with fast fluctuations of red and green light, the model predicts that the flexible
phenotype will not be able to catch up with the changing light conditions, and is excluded by
the joint forces of the coexisting red and green picos (Figure 6.8a). However, at slower
fluctuations of red and green light, the model predicted coexistence of all three species (Figure
6.8b). Additional model simulations (not shown) revealed that the transition from competitive
exclusion of the flexible phenotype to coexistence of all three species occurred at a periodicity
of ~14 days; the same periodicity at which the flexible phenotype starts to benefit from
chromatic adaptation in our experiments (Figure 6.7). These model results support the earlier
model prediction that two specialists and one generalist can coexist on two fluctuating
resources (Wilson & Yoshimura 1994; Egas et a/. 2004; Abrams 20064, 20064). Moreover,
coexistence of all three species requires that the flexible phenotype has sufficient time to fully

adapt to the prevailing light colours.
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Figure 6.8 Model simulations exploring the possibility of coexistence in a fluctuating light environment. (a) When
fluctuations are fast (7=0.5 days), the model predicts coexistence of the red pico (red line) and green pico (green
line), which jointly exclude the flexible phenotype (brown line). (b) When fluctuations are slow (7=40 days), the model
predicts coexistence of all three species. In both panels, the species fluctuations are fast compared to the time scale
of the x-axis, so that the species abundances are merged into bands. Population abundances are expressed in terms
of the light absorption by each species. The model parameters in these simulations differed from the species
parameters estimated in the monoculture experiments. In particular, these simulations assumed that the flexible
phenotype was a weaker competitor for green light than the red pico, and a weaker competitor for red light than the
green pico. Model parameters are the same as in Table 6.2, except for the photosynthetic efficiency of the red pico (¢
= 1.3 x 106 cells (umol photons)™) and the flexible phenotype (¢ = 3.7 x 105 cells (umol photons)™).

Conclusions

In conclusion, our results confirm that the underwater light colour is an important selective
factor in phytoplankton competition. Phytoplankton species which have tuned their
photosynthetic pigments to the prevailing light colour have a clear competitive advantage.
More generally, our results show that the time scale of phenotypic plasticity can be decisive for
species interactions in fluctuating environments. In particular, the interplay between the time
scale of phenotypic plasticity and the time scale of environmental fluctuations influences the
rate of competitive exclusion, may reverse competitive hierarchies, and can affect the species
composition of ecological communities.
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Table 6.2 Parameter values and their interpretation

Symbol Interpretation Units Value
Independent variables
t time h -
z depth cm -
A wavelength nm -
Dependent variables
N; Population density of species i cells cm® -
A; Light absorption by species i cm’”
7(2) Absorbed photons by species i umol photons s cell” -
() Underwater light spectrum pmol photons m?s™ nm™ -
Xi Fraction phycoerythrin of species i dimensionless -
Parameters
I(1)  Spectrum of incident light pmol photons m?s™' nm™ ™
Lupar PAR-integrated incident light intensity pmol photons m?s™ 40"
Lurax  PAR-integrated penetrating light intensity ~ pmol photons m? s™ m
Kn(2) tAut;ts;%ri;t);ion spectrum of background cm™ m
ki(A) Absorption spectrum of species i cm? cell”! Figure 6.1 ™
kpe(2) Absorption spectrum of phycoerythrin cm? cell”! N
krc(4)  Absorption spectrum of phycocyanin cm? cell” €
Konol() é;)s)?g%tci)ci)g Fs)%en?g:t? of chlorophyll and om? cell” e
Zn Depth of the water column cm 50™
L; Specific loss rate of species i h' 0.014™
Pmaxi Maximum specific growth rate of species i h' 0.080
0 Photosynthetic efficiency cells (umol photons)'1
- Green pico 24x10%°
- Red pico 1.0x10°°¢
- Flexible phenotype 42x10°°
% grgfrT;tgi(r:nii?gttiitrzon parameter from red to dimensionless 057°
o t(())hrr:(;n;g(r:nii?gttiitri]on parameter from green dimensionless 030°
m = measured parameter, e = estimated parameter (see Methods). * = The iterative fitting procedure led to an

estimate of pnax that diverged to infinity. This indicated that the light intensities encountered were still in the linear part
of the pi(/)-curve, such that p,.« was not reached. Hence, pma.x Of the species was arbitrarily set to a high (but not
unrealistic) value of 0.080 h™ to guarantee that the modeled py(/) values remained in the linear part.
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Afterthoughts
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The main purpose of this thesis has been to identify the significance of the colour of light for
the competitive dynamics of phytoplankton species. A combined approach of theory and
experiments led to the first experimental evidence that phytoplankton species can coexist by
utilizing different parts of the light spectrum (Stomp ez al. 2004). Moreover, extensive field
surveys on a global scale showed that the underwater light colour in oceans, seas and lakes is
an important selective factor for phytoplankton communities. For instance, red
picocyanobacteria are favored in clear oceans and lakes, while green picocyanobacteria are
selected in more turbid waters (Stomp ez a/. 2007a; Haverkamp ez a/. 2008). In Stomp et 4.
(2007b), we identified the various spectral niches available for photosynthetic organisms in
aquatic habitats. Interestingly, vibrations of water molecules require light energy of specific
wavelengths, and thereby create large gaps in the underwater light spectrum. The wavebands
between these gaps define a series of distinct niches, ranging from the blue light niche in clear
blue oceans to the infra-red light niche in turbid microbial mats. The pigments of
photosynthetic organisms seem to be tuned to these distinct niches, thus avoiding intense
competition for light with the surrounding water molecules. Some cyanobacteria can actively
adjust their pigment composition to the prevailing light spectrum, by the process called
complementary chromatic adaptation. In Chapter 6, we showed that this strategy of adaptation
is beneficial in competition for light, but only if fluctuations in the prevalent light colour are
slow relative to the time needed for chromatic adaptation.

Although this thesis demonstrates that light colour plays an important role in
phytoplankton competition, there are still many open questions. In this chapter I would like to
put forward several ideas for further exploration of competition in the light spectrum.

Does ‘sharing the light spectrum’ resolve the Paradox of the
Plankton?

In this thesis we showed that phytoplankton species can coexist by partitioning of the light
spectrum, thereby promoting phytoplankton diversity. However, what is the maximum
number of species that is able to coexist by partitioning of the light spectrum? As a case study,
let’s focus on the green light environment of the Baltic Sea. Our field survey and model
simulations showed that red and green picocyanobacteria coexist in the Baltic Sea (Stomp ez a/.
20074; Haverkamp ez a/. 2008). However, diatoms and chlorophytes are abundant in the Baltic
Sea as well (Stal ez 4/ 2003). Can we explain their coexistence based on sharing of the light
spectrum? To answer this question, we used the parameterized model of Stomp ez al. (20074)
to simulate competition between red and green picocyanobacteria (Synechococens strains BS4 and
BS5), diatoms (Phaeodactylum tricornutum), and chlorophytes (Chlorella vulgaris) (Figure 7.1).
Although red picocyanobacteria become most abundant, the model simulations predict stable
coexistence of all four species in the Baltic Sea based on partitioning of the light spectrum.

Thus, indeed, these simulations show that our findings extend beyond the mere coexistence of

98



Afterthoughts

red and green cyanobacteria. A wide diversity of phytoplankton species can coexist in coastal
waters, simply by utilizing different parts of the light spectrum in different ways.

In a similar way, we can make predictions on the major phytoplankton groups that
coexist in other aquatic ecosystems. Besides the ‘green light niche’ of coastal waters, we
identified four other niches in the light spectrum (Stomp e a/. 20075), ranging from the blue
light environment in the clear blue oceans to the infra-red light niche in turbid microbial
sediments. To predict which phototrophic groups are dominant in which niche, one could run
simulations of competition along a gradient of turbidity (as in Stomp ez a/. 20074). Instead of
the four species used in the simulations of Figure 7.1, one could use a much larger pool of
species covering the full suite of photosynthetic pigments on Earth (as in Figure 5.6). Which
phototrophic microorganisms will coexist in which spectral niches? And will there be changes
in diversity of phototrophic microorganisms along the turbidity gradient?
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Figure 7.1 Model predictions of four phytoplankton species competing for light in the Baltic Sea. (a) Absorption
spectra of the phytoplankton species, normalized to surface area. (b) Model simulation of competition between the
species. Environmental parameters describing the light spectrum in the Baltic Sea: spectrum of incident light /;,(1),
see Figure 4.1c; background turbidity Ky4(484) = 1.1 m™'; mixing depth Z,, set to the euphotic depth (17 m). Species
parameters: Ppa = 1.8, 1.5, 1.9 and 2.1 d”" for the red cyanobacteria, green cyanobacteria, diatom and chlorophyte
respectively; ¢ = 2.8x10° cells (umol photons) for all species; L = 0.6 d”" for all species.

Discovery of new pigments

Recently, a new photosynthetic pigment was discovered in oceanic bacteria (Béja ez a/. 2000).
This new pigment, bacterial proteorhodopsin, is similar to the light-absorbing pigment called
rhodopsin that is associated with vision in animals. However, the pigment proteorhodopsin
acts as proton pumps in bacteria, enabling them to obtain energy from sunlight that stimulates
their growth (Gémez-Consarnau ez a/. 2007). Two types of marine proteorhodopsin have been
found so far, a blue-light absorbing type and a green-light absorbing type. Their distribution is
stratified with depth, with green-absorbing pigments at the surface and blue-absorbing
pigments in deeper waters, in accordance with the light spectra available at these depths (Béja
et al. 2001; Sabehi e al. 2007). Surprisingly, the difference in light absorbing properties of these

two pigments is based on a single amino-acid substitution in the structure of the pigment (Man
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et al. 2003). This suggests that, in an evolutionary perspective, proteorhodopsins might be quite
flexible in their spectral tuning to any light colour. Accordingly, it is very likely that these
proteorhodopsin-containing bacteria are not restricted to marine ecosystems only. Would they
persist in freshwater ecosystems as well? And would their light absorption spectra be shifted
towards green light in mesotrophic lakes and red light in turbid peat lakes? Indeed, a recent
search using a broad range of suitable primers discovered that proteorhodopsin-containing
bacteria are widely distributed in many freshwater lakes and estuaries (Atamna-Ismaeel e a/.
2008). The amino acid composition of these freshwater proteorhodopsins seems largely
consistent with green-absorbing proteorhodopsins, but shows a higher variability than the
marine proteorhodopsins described earlier. Accordingly, the light absorption properties of
these freshwater proteorhodopsins have not yet been fully revealed. It would be highly
interesting to investigate whether a new type of red-absorbing proteorhodopsins can be found
in turbid lakes.

The different spectral niches identified in Stomp ef a/. (20075) may guide the search
for more new pigments. It could be even more challenging maybe, to select for new pigments.
As described above, the difference between blue-absorbing and green-absorbing
proteorhodopsins is based on only a single amino-acid substitution (Man e /. 2003). Similarly,
the pigments phycocyanin and phycoerythrin differ in just a double bonding (Falkowski &
Raven 1997). Hence, it seems that evolutionary tuning to a new light colour requires only a
few simple molecular modifications. Can we force spectral evolution to select for mutants with
new absorption spectra, for example with an absorption peak at 600 nm? Thus far, no such
pigments exist, which makes sense because the waveband at 600 nm corresponds to the fifth
harmonics of the stretching vibrations of the water molecule, and therefore this colour of light
is relatively less available for phytoplankton photosynthesis (Stomp e# a/. 20075). It would be
fascinating to see what happens if we expose a variety of phytoplankton species to
wavelengths of 600 nm in a long-term laboratory experiment. Long-term selection
experiments with Escherichia coli have shown adaptation and divergence of E. co/i strains within
2000 generations (Lenski ez a/. 1992). For phytoplankton species with a doubling time of about
twice a day, this would correspond to a long-term experiment of more than three years in
order to observe evolution in action. Will these experiments lead to mutants with new
photosynthetic pigments that shift their absorption peak to 600 nm? Will the spectral
evolution be gradual, wavelength per wavelength, or will changes in absorption spectra occur
more abruptly? Answers to these questions may improve our insight in the evolution of
photosynthesis on Earth.

Competition in the light spectrum and nutrient limitation

Phytoplankton absorb light by photosynthetic pigments. However, pigments contain nutrients.
Chlorophyll 2 and carotenoids, for example, are rich in carbon, whereas phycoerythrin and
phycocyanin are rich in nitrogen. Therefore, the pigment content of a species, and hence its

absorption spectrum, depends on nutrient availability (Dolganov & Grossman 1999). Hence,
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competition for light and competition for nutrients are likely to be tightly coupled. Theoretical
studies that combine nutrient and light competition predict that a trade-off in competitive
ability for nutrients and light may lead to coexistence (Tilman 1982; Huisman & Weissing
1995; Passarge ez al. 2006). However, recent competition experiments of Passarge and
colleagues (2000), didn’t show any trade-offs in competitive abilities for phosphorus and light.
Of the five species tested, strong competitors for phosphorus were strong competitors for
light as well. As a result, all their competition experiments led to competitive exclusion.

Nevertheless, there might be trade-offs in the competitive ability for light and
nitrogen, because of the high nitrogen content of phycocyanin and phycoerythrin. If so,
competition for nitrogen and light between red and green cyanobacteria may even lead to
higher diversity than expected based on the light spectrum alone. An interesting approach for
investigation of this hypothesis could be provided by the experimental setup used in Chapter
6. In this setup, red and green picocyanobacteria competed with a species that was flexible in
its pigment composition. The three species competed in chemostats where the incoming light
colour switched between green and red. All competition experiments led to competitive
dominance by the flexible species, which was able to tune its pigment composition to the
fluctuating light colours and thereby displaced the red and green picocyanobacteria. However,
it is likely that frequent switching between phycoerythrin and phycocyanin pigments requires a
significant amount of nitrogen. Therefore, it would be highly interesting to see what the
outcome of competition would be under nitrogen-depleted conditions. Possibly, the best
competitor for light (the flexible species) is a weak competitor for nitrogen, giving more
opportunities for the red and green picocyanobacteria to persist. This could explain the
coexistence of all three species in the Baltic Sea, where nitrogen is the most important limiting
nutrient (Granéli ef al. 1990).

Brownification: shifts toward the red by global change

Studies of the underwater light spectrum can be very useful in predicting changes in species
composition in response to global change. The pool of dissolved organic matter (gilvin) in
lakes and many coastal waters is dominated by terrestrial sources. There are strong indications
that changes in land use and global warming enhance the export of gilvin from terrestrial
ecosystems into lakes, seas and oceans, increasing their turbidity (Freeman e a/ 2001,
Monteith ef al. 2007). Increased gilvin concentrations will cause a shift in the underwater light
colour towards the red part of the spectrum (Kirk 1994; Stomp e a/. 20075). This process has
been described as the ‘brownification’ of aquatic ecosystems (Granéli 2008).

Field measurements on a global scale identified that a red shift in underwater light colour with
turbidity is accompanied by a shift in phytoplankton community composition. More precisely,
green species gradually replace red species with increasing turbidity (Stomp e al. 2007 a; Figure
4.5). Based on these results, it seems plausible that brownification could favour an increased
dominance of green cyanobacteria. This effect will be most pronounced in aquatic ecosystems

where the underwater light spectrum is near a transition point from green to red light
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conditions, as might apply to many inland lakes in rural and forested areas. Thus, in addition to
the strong positive effect of global warming on cyanobacterial bloom formation (Elliott e# .
2006; Johnk e# al. 2008; Paerl & Huisman 2008), brownification could possibly be a mechanism

that further promotes the dominance of green (and potentially harmful) cyanobacteria.

¥
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Figure 7.2 The colour of water is strongly determined by the concentration of dissolved organic matter, also known
as gilvin in the optics literature (Kirk 1994; Stomp et al. 2007a,b). With increasing turbidity the colour of water shifts
from blue (clear oceans), via green (coastal water), towards brownish red (peat lakes). Global change will possibly
lead to increasing concentrations of gilvin, shifting the light colour in aquatic ecosystems towards the red part of the
spectrum.

Conclusions

The work presented in this thesis has demonstrated that the light spectrum plays a crucial role
in the distribution of phytoplankton species. We have shown that species can coexist by
partitioning of the light spectrum, which provides a novel solution for Hutchinson’s paradox
of the plankton. We have also shown that the underwater light spectrum has a strong selective
effect, and may determine which species will disappear and which will remain. Yet, this
Discussion has also indicated that there are still several open questions that need further
investigation. Nowadays, the underwater light spectrum of lakes and seas can be measured
relatively easily. Therefore, we hope this work will encourage microbiologists, oceanographers,
aquatic ecologists and water managers to routinely measure underwater light spectra in studies
of phytoplankton growth.
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Sampling stations

During the summers of 1986-1988, 30 lakes in Canada and 3 lakes in New Zealand were
sampled, covering a wide range in background turbidities and water-column depths (Pick
1991). For each lake, 8-12 samples were taken from 2 m depth using a Van Dorn sampler.
These samples were mixed. During the summers of 1994 and 1995, 13 lakes in Hungary, 12
lakes in Italy and 2 lakes in Nepal were sampled (V616s ez a/. 1998). In the deep lakes, the first
20 m of the water column was sampled with an integrating sampler. In the shallow lakes,
ponds and reservoirs the whole water column was sampled by a Van Dorn sampler using an
interval of 1 m, and these samples were mixed. From 12 to 19 July 2004, 9 stations in the
Baltic Sea (from 59.1°N to 60.0°N and from 22.2°E to 26.2°E) were sampled from the
tesearch vessel Aranda on Cruise Cyano-04 08/2004. Water samples wete taken with a Rosette
sampler from 0 to 30 m depth using a sample interval of 3 m. Temperature was measured
using the Seabird 911 plus CTD sonde. From 5 to 11 October 2005, Station ALOHA (23.4°N,
158°W) of the Hawaiian Ocean Time series (HOT) in the North Subtropical Pacific Ocean
was sampled from the research vessel Kilo Moana on cruise number 174. Water samples were
taken from 12 depths within the upper 200 m with a SeaBird (Model SBE-09) CTD Rosette

system. An overview of all 70 sampling stations is given in Table Al.

Measurement of background turbidity

To calculate the underwater light field, the model uses the background turbidity at the
reference wavelength of 484 nm, K;,(484), as input parameter (Equation 4.4). We determined
K3(484) spectrophotometrically, as the sum of the light absorption by gilvin, K;; (484), and
the light absorption by tripton, Kix;p (484).

Absorption by gilvin: Dissolved organic matter is known as ‘gilvin’ in the optics
literature. To determine light absorption by gilvin, water samples were filtered through 0.2 um
cellulose acetate filters (Schleicher and Schuell). Absorption spectra of the filtrate were
measutred by a Lambda 800 UV/VIS spectrophotometer (Petkin-Elmer, Wellesley, MA, USA)
using a 5 cm quartz cuvet, with milli-Q water as reference (Simis ez /. 2005). The parameter
K11 (484) is the light absorption by gilvin measured at 484 nm.

Absorption by tripton: Tripton refers to inanimate suspended particles in the water
column. Absotption spectra of suspended matter were determined on GF/F filters using the
filterpad method (Yentsch 1962; Cleveland & Weidemann 1993; Simis e# a/. 2005). The spectra
were measuted with a Lambda 800 UV/VIS spectrophotometer (Petkin-Elmer, Wellesley,
MA, USA) equipped with a 150-mm integrating sphere (Labsphere, North Sotton, NH, USA).
For the correction of path length amplification the method of Cleveland and Weidemann
(1993) was used. First, the absorption spectrum of the loaded filter, obtained after filtration of
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the water sample, was measured. This includes all seston (phytoplankton plus tripton). As a
next step, the absorption spectrum of tripton on the filter was measured, after bleaching of
phytoplankton pigments by boiling ethanol. The parameter Kip;p(484) is the light absorption
by tripton measured at 484 nm.

An algorithm to calculate background turbidity

Ideally, one would like to determine the background turbidity from direct measurements of the
light absorption by gilvin and tripton, as described above. However, for several sampling
stations we did not have data on the absorption by gilvin and tripton. Therefore, we developed
a simple algorithm to calculate the background turbidity from the total light attenuation

coefficient and the chlorophyll concentration in the water column as described below.

Partitioning of the total light attenuation

The total light attenuation, Kp,, in natural waters is governed by light attenuation by gilvin and
tripton, Kpe, attenuation by water itself, K, and attenuation by phytoplankton, Ky (Kirk
1994). Hence, the total light attenuation at the reference wavelength of 484 nm can be

partitioned as follows:
K, (484) = K6 (484) + K, (484) + K 1y, (484) (A1)

Accordingly, K,(484) can be calculated if the values of the other attenuation coefficients in
Equation Al are known. The total light attenuation coefficient at 484 nm, Kj,(484), was
estimated from the attenuation coefficient of photosynthetic active radiation, K,(PAR), using
the empirical relation (Balogh ez a/. 2000):

“log[K ,(484)] =1.1353 “log[K , (PAR)] + 0.2023 (A2)

where K,,(PAR) was estimated from vertical light profiles (PAR range, 400-700 nm), measured
with a Licor Li-185 quantum sensor for the Baltic Sea and the lakes in Hungary, Italy and
Nepal and with a Licor Li-190 quantum sensor for the lakes in Canada and New Zealand.
Light attenuation by pure water at 484 nm is known, i.e., K;(484) = 0.0136 m"! (Pope & Fry
1997). Light attenuation by phytoplankton, Kp,(484), was calculated from chlorophyll
concentrations, as described below.

Absorption by phytoplankton at 484 nm

We established a relationship between Kpy-(484) and the chlorophyll concentration. For this
purpose, samples from 10 sampling stations in the Baltic Sea, at 11 different depths per
sampling station, were each split into two subsamples. One set of subsamples was used for
chlorophyll analysis while the other set of subsamples was used to determine the

phytoplankton absorption spectra. Chlorophyll « concentrations were measured
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spectrophotometrically after hot ethanol extraction of phytoplankton collected on Whatman
GF/F filters (Nusch 1980). Light absorption spectra of the phytoplankton communities wete
obtained from the filterpad method, as the difference between the absorption spectrum of
seston (phytoplankton plus tripton) and the absorption spectrum of tripton. The results show
a strong relationship between the phytoplankton light absorption at 484 nm and the
chlorophyll 2 concentration (Figure Ala):

Ky (484) = 0.0368 [ChI] (A3)

where [Chl] is the chlorophyll # concentration in pg Chl L' (linear regression forced through
the origin: R” = 0.93, »=110, p<0.0001). Equation A3 was used to calculate Kp;y,(484) from
the chlorophyll 2 concentrations for all sampling stations.

Calibration of the algorithm

The background turbidity, Kj;(484), can now be calculated from Equations A1-A3. To test
this, we compared the predicted background turbidity (Equations B1-B3) with the measured
background turbidity. For this purpose, we applied Equation A1-A3 to an independent data
set consisting of 5 Dutch lakes (Lake Loosdrecht, Lake Proost, Lake Groote Moost, Lake
t'Elfde, Lake IJsselmeer), 9 sampling stations in the Baltic Sea, and 2 stations near station
ALOHA (Pacific Ocean, Hawaii). At these sites we also measured the background turbidity
following the described algoritm. This showed a close correspondence between the predicted
and measured background turbidity (Figure A1b):

10 Iog[ KBG,pred (484)] = 09006 10 | Og[ KBG,meas (484)] (A4)

based on linear regression forced through the origin, after log-transformation of the data (R,=
0.98, #=16, p<0.0001). The factor 0.9006 in Equation A4 was incorporated as correction
factor in the algorithm to improve our predictions. Hence, combining the information in
Equations A1-A4, the following algorithm was obtained to predict the background turbidity at
484 nm from the light attenuation coefficient and chlorophyll 2 concentration:

K, (484) = [L593[K , (PAR)]**® — 0.0136 - 0.0368[Chl]|*™*  (A5)

We applied this semi-empirical algorithm to calculate the background turbidity at all 70
sampling stations. Furthermore, we suggest that the algorithm may also find application in
other studies.
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Figure A1 (a) Light attenuation coefficient of phytoplankton at 484 nm, Kp,y{484), as function of the chlorophyll a
concentration. (b) Background turbidity predicted from Equations A1-A3 against measured background turbidity. Data
points represent samples from 5 Dutch lakes (Lake Loosdrecht, Lake Proost, Lake Groote Moost, Lake t'Elfde, Lake

IJsselmeer), 9 sampling stations in the Baltic Sea, and 2 sampling stations near station ALOHA (Pacific Ocean,
Hawaii).
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Table A1 Sampling stations and some of their characteristics

Sampling stations Area Average  Sampling depth Kgg(484) Red picos
(km?) depth (m) (m) (m™) (%)
Hungary, lakes
L. Balaton (F(izf6 Basin) 596 3.2 0-2 1.65 73
L. Balaton (Tihany basin) 596 3.2 0-3.7¢ 2.73 57
L. Balaton (Zanka basin) 596 3.2 0-2 1.94 63
L. Balaton (Szigliget basin) 596 3.2 0-2 1.49 27
L. Balaton (Keszthely basin) 596 3.2 0-2.3* 217 73
L. Balaton (Zala river) - - - 3.03 6
Kis-Balaton (upper res.) 18 1 0-1* 3.82 0
Kis-Balaton (lower res.) 16 0.8 0-0.8* 4.66 0
Marcali reservoir 4 1.8 0-1.8* 3.48 0
Monostorapati reservoir 0.3 2 0-2* 6.00 4
L. Pécsi 0.75 3.3 0-3.3* 1.41 78
L. Herman Otto 0.29 1 0-1* 3.95 32
Deseda reservoir 2.2 29 0-29* 5.90 2
Italy, lakes
L. Como 146 154 0-20* 0.28 98
L. Maggiore 212 177 0-20* 0.43 96
L. Garda 368 133 0-20* 0.22 98
L. Iseo 62 123 0-20* 0.29 99
L. Orta 18 72 0-20* 0.46 100
L. Mergozzo 1.8 45 0-20* 0.25 99
L. Varese 15 11 0-11* 0.69 54
L. Candia 1.3 5.9 0-5.9* 0.49 50
L. Paione Superiore 0.014 51 0-5.1* 0.35 100
L. Paione Inferiore 0.014 7.3 0-7.3" 0.12 100
L. Azzuro 0.003 2 0-2* 0.30 100
L. Devero 1 20 0-20* 0.35 100
Nepal, lakes
L. Piramide Superiore 0.6 8.2 0-8.2* 0.21 100
L. Piramide Inferiore 1.7 14.8 0-14.8* 0.12 100
New Zealand, lakes
Okareka 3.5 12 2 0.30 55
Tarawera 41 50 2 0.36 100
Rotorua 80 6.8 2 0.80 60
Ontario, lakes
Superior 81900 145 2 0.19 100
Erie (east) 6150 27 2 0.42 100
Erie (central) 15390 18 2 0.32 100
Erie (west) 3680 7.6 2 0.94 67
Ontario 19680 90 2 0.41 100
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Table A1 continued.

Bay of Quinte 257 8.3 2 2.15 11
Cherry 0.22 5.5 2 0.83 16
Triangle 0.27 4.7 2 0.59 49
Bay 1.6 11 2 0.35 100
Buller 0.31 20 2 0.46 100
Halls 5.7 ? 2 0.24 88
Koshlong 41 10 2 0.48 68
Anstruther 6.3 13 2 0.69 19
L’Amable 1.8 23 2 0.48 100
Opeongo 22 ? 2 1.21 21
St. Nora ? ? 2 0.91 52
Crawford 0.02 ? 2 0.45 100
Drag 10 18 2 0.48 92
Wolf 1.2 4.8 2 0.86 35
Picard 0.76 10 2 0.48 99
Salmon 1.7 11 2 0.35 100
Bobs GB 48 14 2 0.41 93
Chub 0.34 8.8 2 0.85 0
Jacks 5.1 17 2 0.57 95
Bobs WB 9.4 9.5 2 0.74 66
St. George 0.10 / 2 0.66 53
Rice 100 2.4 2 1.52 18
Heart 0.18 3.7 2 2.34 0
Alberta, lakes

Island 7.8 3.7 2 0.76 90
Amisk 5.2 16 2 1.1 91
Baltic Sea

LL3A 3.7x10° 69 0-20* 0.86 55
CYA04_2 3.7x10° 75 0-14* 0.31 77
CYA04_3 3.7x10° 63 0-17* 0.70 69
CYA04_7 3.7x10° 85 0-14* 0.63 72
CYA04_11 3.7x10° 77 0-15* 117 39
CYAO04_15 3.7x10° 69 0-15* 0.67 66
CYA04_20 3.7x10° 62 0 - 30* 0.56 51
CYA04_22 3.7x10° 90 0-20* 0.71 52
CYA04_28 3.7x10° 111 0-40* 0.52 65
Pacific Ocean, Hawaii

ALOHA N.A. ~4000 0-120* 0.016 100

*Samples were integrated over the depth of the surface mixed layer
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Sampling

The underwater light spectra and light absorption spectra of gilvin, tripton, and phytoplankton
were measured in the Pacific Ocean, Baltic Sea, and three Dutch lakes (Lake IJsselmeer, Lake
Groote Moost, Lake Heelder Peel). The subtropical Pacific Ocean was sampled at station
ALOHA (23.4°N, 158°W) of the Hawaii Ocean Time-series program from the research vessel
Kilo Moana on HOT cruise 174, from 6 to 9 October 2005. Water samples were taken with a
SeaBird (Model SBE-09) CTD Rosette system from 12 depths within the upper 200 m of the
water column. The Baltic Sea was sampled at 9 stations near the Gulf of Finland (from 59.1°N
to 60.0°N and from 22.2°E to 26.2°E) from the research vessel Aranda on cruise Cyano-04
08/2004, from 12 to 19 July 2004. Watet samples wete taken with a Rosette sampler from 0 to
30 m depth using a sample interval of 3 m. Lake IJsselmeer (52°45’N, 5°20 E’) was sampled
from the research vessel Luctor on 7 September 2004. Lake Heelder Peel (51°12°N, 5°45 E’)
and Lake Groote Moost (51°18'N, 5°51 E’) were sampled from small rowing boats on 16
September 2005 and 16 September 2000, respectively. Water samples were taken at 1 m depth
with a Ruttner water sampler (Hydro-Bios Apparatebau GmbH, Kiel, Germany).

Measurement of light spectra

At each sampling station, the incident solar spectrum and depth profiles of the underwater
light spectrum were measured with a RAMSES-ACC-VIS spectroradiometer (TtiOS,
Oldenburg, Germany). Water samples were filtered with Whatman (GF/F) glass fiber filters to
separate dissolved organic matter (gilvin) from total particulate matter (tripton and
phytoplankton). Absorption spectra of gilvin were obtained by measuring absorption spectra
of the filtrate in a 5-cm glass cuvette using a Lambda 800 UV/VIS spectrophotometer (Perkin-
Elmer, Wellesley, MA, USA), with distilled water as reference. Absorption spectra on loaded
filters were measured with the filterpad method (Yentsch 1972; Cleveland & Weidemann
1993), using the spectrophotometer with a 150-mm integrating sphere (Labsphere, North
Sotton, NH, USA). We corrected for path length amplification according to Cleveland and
Weidemann (1993). First, the absorption spectrum on loaded filters was measured,
representing the absorption spectrum of total particulate matter. Next, photosynthetic
pigments were bleached with boiling ethanol, and the absorption spectrum of the bleached
filter was measured (representing tripton). The absorption spectrum of phytoplankton was
obtained by subtracting the absorption spectrum of tripton from the absorption spectrum of

total particulate matter.
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Chemostat conditions

We used a nutrient-rich mineral medium to avoid nutrient limitation (Stomp ez a/. 2004). NaCl
was added to obtain a salinity of ~12 g/L, resembling the brackish waters of the Baltic Sea.
The chemostat vessels were bubbled with compressed air enriched with CO» to avoid carbon
limitation. The CO; inflow was controlled by mass flow controllers (BROOKS Smart Mass
Flow) maintaining the pH between 8 and 8.5. The chemostat vessels were maintained at a
constant temperature of 21 °C by water jackets placed between the light sources and the

chemostat vessel, and connected to a Coloura thermocryostat.

Background turbidity

The absorption spectrum of the background turbidity, K,,(4), was calculated from the spectrum
of the incident light intensity, I,(4), and the spectrum of light penetrating through the

chemostat vessels, I,,(4), when filled with mineral medium only:

In(Z;,(4)) —In(Z,,,, (1))

Zy

Ky (A) = (1)

The background absorption in our shallow chemostat vessels was largely independent of

wavelength, and thus could be treated as a wavelength-independent parameter K.

Population densities

Samples were taken from the chemostat experiments daily, and were fixed with a solution of
10% gluteraldehyde and 1% formaldehyde (T'suji & Yanagita 1981). The population densities
of the species were counted in duplicate with a MoFlow flowcytometer (Dako Cytomation,
Fort Collins, CO, USA), equipped with a blue laser (488 nm) and a red laser (633 nm). The
flow cytometer could distinguish between red and green cyanobacteria based upon their
different fluorescence signals (Jonker ef al. 1995; Stomp ez al. 2004). Cells rich in phycoerythrin
emitted yellow-orange light (550—620 nm) when excited by the blue laser, whereas cells rich in
phycocyanin emitted far red light (> 670 nm) when excited by the red laser. The flow
cytometer distinguished between the single-celled picocyanobacteria and the much larger
filaments of Pseudanabaena by their size (using side scattering). Since the picocyanobacteria
were much smaller than the Psexdanabaena filaments, the counts obtained by flow cytometry

were not a good indicator of the biomasses of the three species. For comparison, therefore,
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the population densities of the species were converted to the total light absorption (per cm) by
each species, A4, which can be expressed as:
700

[1,(1)az
4= In) 2 (€2
400

The fluorescence signals of the Pseudanabaena filaments obtained from the blue and red laser
provided information on the relative content of phycoerythrin and phycocyanin in
Pseudanabaena. Using monoculture experiments of Pseudanabaena grown under different red-
light and green-light conditions, we calibrated these fluorescence signals with absorption
spectra measured with the AMINCO DW-2000 double-beam spectrophotometer. This
enabled estimation of the fraction phycoerythrin (i.e., the parameter x; in Equation 6.4 of the
main text), and hence the absorption spectrum of Pseudanabaena during competition could be

reconstructed from the flow-cytometer measurements.
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Summary

Light is the sole energy source for photosynthesis, and hence a key determinant of the primary
production of aquatic and terrestrial ecosystems on our planet. Light embodies a spectrum of
colours, ranging from blue, green to red light. The colours of light that phytoplankton can
absorb depend on their pigment composition. For example, red-pigmented phytoplankton
species absorb green light, whereas green-pigmented phytoplankton species absorb red light.
This thesis investigates the impact of light colour on the competition between phytoplankton
species. In this chapter I will summarize the central questions that underlie this research,

accompanied with the answers found during my Ph.D research.

Question 1: Would differences in pigmentation between phytoplankton species allow their coexistence, through
a subtle form of niche differentiation?

To answer this question, we studied competition for light between red and green
picocyanobacteria isolated from the Baltic Sea. The red species possesses high quantities of the
red pigment phycoerythrin absorbing green light. The green species possesses high quantities
of the blue-green pigment phycocyanin absorbing red light. We developed a model describing
the spectral aspects of competition for light among phytoplankton species. Monoculture data
of the green and red picocyanobacteria were used to parameterize the model. As a next step,
the model predictions were tested in competition experiments between the red and the green
species. Theory and competition experiments showed:

O  The red species excluded the green species when competing for green light.

0 The green species excluded the red species when competing for red light.

0 The red and green species coexisted when competing in a white light spectrum.
These results provided the first experimental demonstration that interspecific differences in
pigmentation allow coexistence of phytoplankton species, through partitioning of the light
spectrum. Moreover, the results showed that a single colour of light cannot sustain coexistence
under light-limited conditions, but will select for the species that has optimally tuned its

pigment composition to the prevailing light colour.

Question 2: Can we explain the distribution of red and green cyanobacteria in natural waters by the
underwater light spectra?

In oceans, seas and lakes the underwater light colour is strongly determined by the
concentration of dissolved organic matter (here referred to as ‘turbidity’). With increasing
turbidity, the underwater light colour shifts towards the red part of the light spectrum. Hence,
in clear oceans blue light dominates whereas red light conditions prevail in turbid lakes. We
parameterized our spectral competition model to predict the relative abundances of red and
green picocyanobacteria in oceans, seas and lakes. To test the model predictions, we sampled
picocyanobacteria of 70 aquatic ecosystems, ranging from clear blue oceans to turbid brown

peat lakes.
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Theory and results from the field survey revealed the following findings:

0 Red strains dominated the picocyanobacteria of clear oceans, where blue light
prevails.

0 Green strains dominated the picocyanobacteria of turbid waters, where red light
prevails.

0 Coexistence of red and green picocyanobacteria was widespread in waters of
intermediate turbidity (e.g., coastal seas, mesotrophic lakes), where the underwater
light colour offers suitable conditions for both phycoerythrin and phycocyanin.

The gradual transition from red to green picocyanobacteria along the turbidity gradient
indicates that light colour is an important factor that shapes phytoplankton community
structure in oceans, seas and lakes. Moreover, niche differentiation gives ample opportunities

for coexistence in waters with intermediate turbidities, like coastal waters and clear lakes.

Question 3: Which spectral niches are available for phototrophic microorganisms?

We calculated and measured the underwater light spectra for aquatic ecosystems, ranging from
clear oceans to extremely turbid ecosystems representative for microbial mats in sediments.
These calculations and measurements showed that:

0 Aquatic ecosystems do not offer a continuum of spectral niches ranging smoothly
from blue to red underwater light environments. Instead, a series of distinct spectral
niches could be identified.

0 These spectral niches were shaped by light absorption used for the stretching and
bending vibrations of water molecules.

0 The distinct spectral niches shaped by the vibrating water molecules match the light
absorption spectra of the major photosynthetic pigments on our planet.

Thus, it seems that molecular vibrations of the water molecule have played a key role in the

evolution of the light absorption spectra of the phototrophic organisms on Earth.

Question 4: What is the significance of complementary chromatic adaptation in phytoplankton competition?

Some cyanobacteria can adjust the ratio of phycoerythrin and phycocyanin to the prevailing
light colour. Thereby, their colour can turn from red to green, and vice versa. This flexibility in
pigment composition is called complementary chromatic adaptation. First we studied the
competitive performance of the flexible species To/ypothrix in competition with either red or
green picocyanobacteria in white light. Theory and competition experiments revealed that:

0  Tohpothrix turned red in the presence of green picocyanobacteria.

0  Tohpothrix turned green in the presence of red picocyanobacteria.
Hence, Tohpothrix absorbed the colour of light not utilized by its competitor. This adaptive
niche differentiation allowed coexistence of Tohpothrix with either the red or green
picocyanobacteria. Thus, Tohpothrix seems to benefit from complementary chromatic
adaptation. However, chromatic adaptation takes time, and may not be beneficial in

environments where light colour fluctuates fast. We studied the time scale of chromatic

126



Summary

adaptation on the flexible species Psexdanabaena in competition with red and green
picocyanobacteria simultaneously, under conditions where the colour of the incident light
switched between red and green at different frequencies (slow, intermediate and fast). Theory
and experiments showed that:

O  Pseudanabaena always competitively excluded the red and green picocyanobacteria.

0 Under slow fluctuations, the rate of competitive exclusion of the picocyanobacteria

by Psendanabaena was much higher than under fast fluctuations.

The results demonstrated that chromatic adaptation is advantageous in phytoplankton
competition, when there is sufficient time for the flexible species to fully adjust its
pigmentation to the prevailing light colour.

The answers to the four central questions of this thesis demonstrate that light colour plays a
key role in phytoplankton competition. We therefore conclude that it is crucial to take the light
specttum into account in explanations or predictions of the phytoplankton species

composition.
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Samenvatting

Licht is een essenti€le bron van energie voor fotosynthese, en speelt daarmee een sleutelrol bij
de primaire productie van aquatische en terrestrische ecosystemen op aarde. Wit zonlicht
bestaat uit een spectrum van kleuren, variérend van blauw voor korte golflengtes tot rood voor
langere golflengtes. De kleuren licht die door een fytoplankton soort geabsorbeerd kunnen
worden, zijn afhankelijk van de pigment samenstelling van de betreffende soort. Soorten met
rode pigmenten bijvoorbeeld, absorberen veel groen licht, terwijl soorten met groene
pigmenten veel rood licht absorberen. Dit proefschrift behandelt de invloed van lichtkleur op
de competitieve interacties tussen fytoplankton soorten. In dit hoofdstuk zal ik de centrale
vragen die ten grondslag liggen aan dit proefschrift samenvatten, tezamen met de antwoorden

die ik tijdens mijn onderzoek gevonden heb.

Vraag 1: Kunnen verschillen in pigmentatie tussen fytoplankton soorten leiden tot co-existentie door middel
van een subtiele vorm van niche differentiatie?
Om deze vraag te beantwoorden, bestudeerden we de competitie om licht tussen rode en
groen picocyanobacterién afkomstig uit de Baltische zee. De rode soort bevat veel van het
rode pigment fycoerythrine, dat groen licht absorbeert. De groene soort bevat veel van het
blauwgroene pigment fycocyanine dat rood licht absorbeert. We hebben een model ontwikkeld
dat de spectrale aspecten beschrijft van competitic om licht tussen fytoplankton soorten. We
gebruikten monocultuur gegevens van de rode en groene picocyanobacterién om het model te
parameteriseren. De volgende stap was om de voorspellingen van het model te toetsen met
competitie experimenten tussen de rode en groene soort. De bevindingen van theorie en
experimenten waren als volgt:

0 In groen licht won de rode soort, en verdreef de groene soort.

0 Inrood licht won de groene soort, en verdreef de rode soort.

0 In wit licht co-existeerden de rode en de groene soort.
Deze resultaten vormden het eerste experimentele bewijs dat verschillend gepigmenteerde
fytoplankton soorten kunnen co-existeren door het lichtspectrum onderling te verdelen.
Bovendien lieten de resultaten zien dat er geen co-existentie mogelijk was, wanneer er slechts
één lichtkleur werd aangeboden. In dit geval won de soort waarvan de pigment samenstelling

het best was aangepast aan deze lichtkleur.

Vraag 2: Kunnen we de verspreiding van rode en groene soorten verklaren aan de hand van onderwater
lichtkleur?

In oceanen, zeeén en meren wordt de onderwater lichtkleur sterk bepaald door de troebelheid
van het water. Met een toename van de concentratie opgeloste organische stof (hier aangeduid
tot ‘troebelheid’), verschuift de lichtkleur naar het rode deel van het spectrum. In heldere
oceanen overheerst daarom blauw licht, terwijl in troebele meren de dominante onderwater

lichtkleur rood is. We hebben ons competitie model gebruikt om voorspellingen te doen over
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de verspreiding van rode en groene picocyanobacterién in oceanen, zeeén en meren. Om de
voorspellingen te toetsen, bemonsterden we de picocyanobacterién van 70 aquatische
ecosystemen, variérend van heldere blauwe oceanen tot troebele bruine veenmeertjes. De
modelvoorspellingen en de veldgegevens lieten de volgende resultaten zien:

0 Rode stammen domineren de picocyanobacterién in heldere oceanen, waar blauw
licht overheerst.

0 Groene stammen domineren de picocyanobacterién in troebele wateren, waar rood
licht overheerst.

0 Rode en groene picocyanobacterién co-existeren in wateren met een gematigde
troebelheid (bv. kustwateren, mesotrofe meren), waar de lichtkleur mogelijkheden
biedt voor zowel fycoerythrine als fycocyanine.

De geleidelijke overgang van rode naar groene picocyanobacterién met toenemende
troebelheid, geeft aan dat lichtkleur een belangrijke bepalende factor is voor de fytoplankton
samenstelling van oceanen, zeeén en meren. Bovendien blijkt uit de resultaten dat niche
differentiatiec vele mogelijkheden biedt voor co-existentie in wateren met een gematigde

troebelheid, zoals kustwateren en heldere meren.

Vraag 3: Welke niches in bet lichtspectrum zijn beschikbaar voor fototrofe micro-organismen?

We berekenden en bepaalden de onderwater lichtspectra in verschillende aquatische
ecosystemen, die variéerden van zeer helder water (oceanen) tot extreem troebele systemen
(bv. microbi€le matten). De berekeningen en metingen lieten de volgende resultaten zien:

0 Eris geen geleidelijke overgang van blauwe naar rode lichtcondities met toenemende
troebelheid. In plaats daarvan zijn er een aantal afzonderlijke niches in de onderwater
lichtspectra te onderscheiden.

0 Deze spectrale niches worden veroorzaakt door absorptie van licht door vibrerende
watermoleculen.

0 De niches in de onderwater licht spectra vallen samen met de absorptie spectra van
de belangrijkste fotosynthese pigmenten op aarde.

Dit impliceert dat de moleculaire eigenschappen van water een belangtijke rol hebben gespeeld

bij de evolutie van fototrofe micro-organismen op aarde.

Vraag 4: Welke rol speelt complementaire chromatische adaptatie in competitie om licht tussen fytoplankton
soorten?

Sommige cyanobacterién kunnen de concentraties van fycoerythrine en fycocyanine in hun cel
aanpassen aan de heersende lichtkleur, en kunnen daarmee hun kleur veranderen van rood
naar groen, en vice versa. Deze flexibiliteit in pigment samenstelling wordt complementaire
chromatische adaptatie genoemd. We bestudeerden de prestaties van de flexibele soort

Tolypothrix in competitie met zowel rode als groene picocyanobacterién.
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Uit de model voorspellingen en competitie experimenten bleek het volgende:

0  Tobpothrix werd rood van kleur in competitie met groene picocyanobacterién.

0 Tohpothrix werd groen van kleur in competitie met rode picocyanobacterién.
Dus Tolypothrix was in staat om de lichtkleur te absorberen die zijn tegenstander niet gebruikte,
wat co-existentie mogelijk maakte. To/ypothrix lijkt dus voordeel te hebben van complementaire
chromatische adaptatie. Echter, het aanpassen van de pigment samenstelling kost tijd, en
chromatische adaptatie is daarom misschien minder van nut in een omgeving waarin de
lichtkleur snel verandert. We bestudeerden het tijdsaspect van chromatische adaptatie bij de
flexibele soort Pseudanabaena in competitie met rode en groene picocyanobacterién. De
lichtkleur van het inkomende licht fluctueerde van rood naar groen met verschillende
frequenties (langzaam, gematigd en snel). Theorie en experimenten lieten het volgende zien:

O Pseudanabaena won altijd, en verdreef de picocyanobacterién volledig.

0 Bij langzame fluctuaties verliep het verdrijven van de picocyanobacterién door

Psendanabaena beduidend sneller dan bij snelle fluctuaties.

Hieruit blijkt dat complementaire chromatische adaptatie voordelig is voor een soort in
competitie om licht, mits er voldoende tijd is voor deze soort om zijn pigment samenstelling

volledig aan te passen aan de heersende lichtkleur.

De antwoorden op de vier centrale vragen van het proefschrift geven aan dat lichtkleur een
belangtijke rol speelt in de competitie om licht tussen fytoplankton soorten. Dit leidt tot de
conclusie dat het van cruciaal belang is om de factor lichtkleur mee te nemen bij het verklaren

en voorspellen het verklaren en voorspellen van de soortensamenstelling van het fytoplankton.
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geschreven hebben, en vind de samenwerking zoals het gegaan is heel bijzonder. Ik zal nooit
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