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Abstract

The evolution of multicellular organisms from single cells has puzzled scientists for
centuries. Separating this problem into smaller steps has been illuminating. The first
step is multicellular group formation and the second is group transformation into an
obligate multicellular entity where cells are fixed in a multicellular lifestyle and
cannot reverse back to being single cells. Relatedness among cells is known to be
fundamental in this major transition to an obligate lifestyle, but the role of ecology
has not been addressed to such an extent. For instance, in the ecological literature,
predation is known to induce defensive group formation in freshwater algae, and this
has been mainly investigated as a means of harvesting algaec. However, the role of
algal predation in the context of multicellularity and social evolution has not been
investigated as much. I use the freshwater algae Chlorella sorokiniana, Chlorella
vulgaris, and Scenedesmus obliquus exposed to the predators Ochromonas,
Tetrahymena thermophila, and Daphnia magna, to address why and how algae form
multicellular groups. Answering why algae form groups helps us illuminate the costs
and benefits involved in this cooperative behaviour. Answering how these algae form
groups helps us understand whether these algae are likely to make a transition to
obligate multicellularity, since we know that all obligate multicellular organisms have
evolved via cells remaining stuck to their parent cell after division, not by cell
aggregation. We found that these three algal species form multicellular groups in
response to the three different predators, and in three predator-prey combinations this
multicellular group formation was induced just by predator cues. These multicellular
groups formed via aggregation of single cells and by cells remaining attached to the
parent cell after division. Also, multicellular groups could form between different

algal species. This group formation is costly under conditions of limited resources in



C. sorokiniana, and provides a benefit in terms of avoiding ingestion by small
predators, such as Ochromonos danica, but not by the larger predator D. magna. The
benefit of multicellular group formation in the latter case may be that cells in
multicellular groups are better able than single cells to kill their predator once they are
ingested. Finally, this group formation is reversible. These results indicate that our
system has not made a major transition to obligate multicellularity, but has made the
first step of facultative multicellular group formation. This facultative feature of our
system has therefore been ideal in allowing us to reveal the costs and benefits of

multicellular group formation.
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Chapter 1: General Introduction

Overview

In this chapter I discuss multicellularity in the context of social evolution, and explain
ecological factors known to induce multicellular group formation. Then I provide a
summary of the various unicellular, facultatively and obligately multicellular algae.
Next, I discuss the general aim of the thesis and the predator-prey species of our

choice. Finally I describe the specific aims of each data chapter.

Multicellularity in the context of social evolution

The first cell on Earth arose approximately 3500 million years ago, and the first
eukaryotic cell approximately 1500 million years later. It then took another 800
million years for the first multicellular eukaryotes to appear (Bourke 2011). This
change from one level of individual, the single cell, to a new higher-level individual,
the obligate multicellular organism, is termed a major evolutionary transition in
individuality (Maynard Smith and Szathmary 1995; West et al. 2015). To better
identify and understand the evolutionary forces driving this transition in individuality,
Andrew Bourke (2011) highlighted the usefulness of viewing such major transitions
as distinct steps. The first step is social group formation, where single cells form a
cooperative group, which can be reversible, and is sometimes called a minor
evolutionary transition. This step can be driven by several ecological factors which I
discuss in the following paragraph. The second step is social group transformation,
where the fitness interests of cells are aligned, cells cannot reproduce independently
anymore, and division of labour usually appears (Maynard Smith and Szathmary
1995; Queller 2000; Bourke 2011; West et al. 2015). This second step is most often

achieved by offspring-attachment to the parent cell leading to high levels of
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relatedness, and thus limiting genetic conflict among cells (Grosberg and Strathmann
1998; Grosberg and Strathmann 2007). All known obligate multicellular organisms
have evolved from this mechanism of cells remaining attached to their parent cell
after division, not by cell aggregation (Raven 1998; Fisher et al. 2013; Tarnita et al.
2013). Social group transformation is irreversible. Once the multicellular group has
reached this step, it has become an obligately multicellular organism; it can no longer
reverse back to a single-cell independent lifestyle, and fits the definition of a major
evolutionary transition. Importantly, I must clarify that this major transition
perspective does not claim that the switch from single cells to a multicellular
organism is inevitable. In other words, there is no directional bias in evolution for an
increase in complexity (Bourke 2011). Even when single cells have made the first
step of cooperative group formation, this does not necessarily mean that they are en

route towards a major transition.

Abiotic and biotic factors induce group formation

The first step of multicellular group formation can be induced under certain
ecological conditions, abiotic and biotic. Group formation can be induced by several
chemicals, such as glucose, calcium, strontium, glycerophosphate, ammonium,
glycolic acid, components in diesel-fuel oil, anionic surfactants (which neutralise the
surface charge of algal cells causing them to aggregate), urea, low phosphate, low salt
concentrations, and low temperatures (Kylin and Das 1967; Shubert and Trainor
1974; Monahan 1977; Siver and Trainor 1981; Egan and Trainor 1989; Trainor 1992;
Trainor 1993; Tukaj and Bohdanowicz 1995; Wiltshire et al. 1999; Liirling 1999).
Regarding biotic factors, group formation can be induced when prey are exposed for
example to predators. Group formation is part of an arsenal of pre- and post-ingestion

anti-predator defences in bacteria and algae, together with other chemical
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(luminescence, excretion of toxins that paralyse/kill the predators), life history
(vertical migration, different timing of algal recruitment) and morphological defences
(spine production, increase in cell size, thicker cell wall, exopolymer transparent
substance possibly hindering predator digestion) (Porter 1973; Porter 1975; DeMott et
al. 1991; Hessen and Van Donk 1993; Christoffersen 1996; Lass and Spaak 2003;
Verschoor et al. 2007; Van Donk et al. 2011; Panci¢ and Kierboe 2018). The assumed
benefit of group formation upon exposure to predators is that groups are too large for
predators to ingest, or if ingested, groups survive digestion through the predator’s gut

(Ryther 1954; Porter 1976; Hessen and Van Donk 1993; Liirling 1999).

Unicellularity, facultative and obligate multicellularity in algae

Obligate multicellularity has evolved at least eight times independently throughout
the tree of life; once in ciliates, animals, plants, fungi, and four times in algae (Knoll
2011; Fisher et al. 2013; Niklas and Newman 2013; Lyons and Kolter 2015).
Specifically in algae, obligate multicellularity has risen four times independently in
the brown algae, red algae, cyanobacteria, and Volvocine algae (J. Bonner 2009;
Fisher et al. 2013). However, this does not mean that all members of these taxa are
obligately multicellular. Algae include unicellular, facultatively and obligately
multicellular species. For instance, the Chlorophyte green algae consist of unicellular
(e.g. Chlorella singularis, Parachlorella kessleri), facultatively multicellular (e.g.
Chlorella vulgaris, Scenedesmus obliquus, Chlamydomonas reinhardtii from the
Volvocine algae), and obligately multicellular species (e.g. Dictyosphaerium
pulchellum, Mucidosphaerium pulchellum, Volvox carteri) (Hoek et al. 1995; Liirling
1998; Umen 2014; Krienitz et al. 2015; Fisher et al. 2016). In fact, algae are
considered as one of the most diverse taxa in nature (Whitton et al. 2002). Their

tissues can be simple/undifferentiated/differentiated and extremely morphologically
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complex. Their size can range from cells of a few micrometers to as long as one
hundred meters, across freshwater, terrestrial, and marine environments (Round
1965). They also vary in their intracellular and extracellular biochemical composition,
with diverse cell walls, lipid/carbohydrate contents, and pigments, and even in their
motility, as some species are non-motile, others amoeba-like, and others motile
(Round 1965; Whitton et al. 2002). According to Baker (1948), the fact that such
photosynthetic organisms depend on the sun for acquisition of food, and thus there
was probably no selection for a specific feeding mechanism, may explain the huge
diversity in shapes, sizes, and cell contents that we observe in algae. Still, our
knowledge of what caused the morphological leap to complexity is limited. We need
a more solid understanding of what causes seemingly simple single cells to become a

more complex form, a multicellular group.

General aim and experimental prey-predator species
The general aim of this thesis is to answer why and how single-celled algae form
multicellular groups. These two questions are famously known as the ultimate (fitness
consequences) and proximate (mechanistic) explanations of a behaviour, respectively
(Mayr 1961; Tinbergen 1963; Kruuk 2003; Bateson and Laland 2013). These
perspectives are not competing. On the contrary, together they provide a fuller
understanding of an organism’s behaviour, e.g. group formation. As our model system
we chose the freshwater algae Chlorella sorokiniana, Chlorella vulgaris, and
Scenedesmus obliquus, upon exposure to the predators Ochromonas, Tetrahymena,
and Daphnia.

The freshwater Chlorophyte algae have been in existence and dividing for
over two billion years (Knoll 2003; Teyssedre 2006). Chlorella and Scenedesmus are

among the most common genera in this taxon (Trainor 1998). They are immotile,
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eukaryotic, and mainly unicellular. Cells generally divide via two nuclear divisions
inside the parent cell, and exit through an opening in the cell wall, giving rise to four
offspring. The outcoming cells may either separate becoming unicells or stay together
as a colony (Hoek et al. 1995; Yamamoto et al. 2004; Yamamoto et al. 2005). We
chose Chlorella sorokiniana, Chlorella vulgaris, and Scenedesmus obliquus as our
model system since they belong to a taxon, the Chlorophytes, where a major transition
to multicellularity has occurred, and therefore they are potentially a good model for
elucidating the first step in the evolution of multicellularity; group formation. Another
reason we chose these unicellular/facultatively multicellular species is because of
their flexibility in their ability to form groups enabling us to measure under which
circumstances they may form groups and measure the costs and benefits of group
living.

Ochromonas is a motile, freshwater, single-celled, spherical, cylindrical to
pyriform in shape, phototactic, mixotrophic and heterotrophic predator. It has two
unequal flagella. The long flagellum creates currents in the liquid that bring food
particles to the cell membrane, to the base of the flagellum, where particles are
engulfed via phagocytosis (Fenchel and Kinne 1987; Sleigh 1989). Ochromonas is
known to be a size-selective feeder, readily ingesting prey of 4-15 um in diameter, but
rejecting smaller ones (Lu 1988; Seale et al. 1990; Boraas et al. 1998).

Tetrahymena i1s a motile, freshwater, unicellular, ovoid to pear shaped,
phototactic ciliate, uniformly covered by around 500 cilia (Kim et al. 2009). Its
doubling time is around 2-3 hours, and it acquires food into its gullet via phagocytosis
(Collins and Gorovsky 2005; Orias et al. 2011).

Daphnia is a motile, freshwater, phototactic, multicellular crustacean of a few

millimeters in length (De Meester and Dumont 1988; De Meester and Dumont 1989).
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Eggs hatch into juveniles when their mother molts, and the juveniles then go through
a series of molts and instars before reaching adulthood (Clare 2002; Ebert 2005).
Daphnia’s life span is approximately eight weeks, although it wvaries with
environmental factors such as temperature, oxygen levels, and food availability, with
unstable conditions usually leading to shorter lifespans (Pietrzak, Bednarska, et al.
2010; Pietrzak, Grzesiuk, et al. 2010). Visual senses, like their compound eye allow
them to identify light and movement, while their olfactory senses allow them to locate
food, relatives, and potential predators (Young 1974; Consi et al. 1990; Roozen and
Liirling 2001). In their natural environment, during the day they move to deeper
layers of water to avoid predators, while at night they move to upper layers grazing on
phytoplankton, bacteria, detritus, and fungal spores (Hanski and Ranta 1983; Gliwicz
1986; Ebert 2005; Coors et al. 2009). Their body is surrounded by a transparent shell-
like structure, the carapace, thus making visible what they have eaten (Clare 2002;
Ebert 2005). Upon eating green algae, Daphnia become transparent with a tint of
green/yellow (Hartmann 1985; Meise et al. 1985; Knisely and Geller 1986). Daphnia
have a multitude of filter feeding structures, hidden in the carapace, constantly
moving, and thus difficult to directly observe (Hartmann and Kunkel 1991). Filtration
rates may vary with temperature, body size, food density/quality, oxygen
concentration, and pH. Appendages in the carapace produce water currents, and setae
on their legs filter the food particles, before reaching their mouth, esophagus, midgut,
and hindgut (Hanski and Ranta 1983; Roozen and Liirling 2001; Ebert 2005).
Daphnia display selectivity on certain food depending on food concentrations, and the
age and size of Daphnia. For instance, Daphnia prefer smaller and flagellate algae
rather than large spherical and coccoid algae (Hartmann 1985; Meise et al. 1985; Bern

1990).
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We chose to examine algal group formation upon exposure to a biotic factor,
the above-mentioned predators Ochromonas, Tetrahymena, Daphnia, since the two
former predators are of similar size to the algae, and thus a size advantage of group
formation may exist, though in the larger predator Daphnia such size benefit may not
exist. The use of predators belonging to a range of different taxa also makes our
predator-prey system more taxonomically general. Furthermore, these algae have
been found to co-exist worldwide with such predatory beasts, and thus this biotic
pressure may be an ecologically plausible scenario.

These five prey and predator genera are broadly distributed around the world
(Figure 1.1; Trainor 1998). In several locations the prey and predators co-exist
indicating that our system has ecological relevance (Figure 1.1). Still, one must be
cautious with this interpretation because even if two genera have been found in the
same location, they may have been observed/isolated at different points in time. For
instance, 7. thermophila is usually abundant during a specific period, June till
September (Doerder et al. 1996). Therefore a shared location in this map does not

directly imply co-existence.
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Figure 1.1. Worldwide distribution of Chlorella (green), Scenedesmus (yellow),
Ochromonas (blue), Tetrahymena (red) and Daphnia (pink) (A). There are several
locations where the predators and prey appear in the same location. In locations where
two or more genera were found, we describe the colours above the marker. Zoomed-
in sections of the USA (B) and Europe (C) provide more detail. We made this map
using  habitat information from UTEX  (https://utex.org), iNaturalist
(https://www.inaturalist.org), CCAP (https://www.ccap.ac.uk), and the mapping tool

fortress.maptive.

Chapter aims and objectives

In chapter 2 I examine whether the algae C. sorokiniana, C. vulgaris, and S. obliquus
form multicellular groups in response to live Ochromonas spp., T. thermophila, and
D. magna, and/or their supernatant. If algae form groups in response to predator
supernatant, this would indicate that group formation is an algal behavioural response,
and not just selective grazing on single cells, or movement of the predators causing
grouping. I also test whether Ochromonas, T. thermophila, and D. magna cause a

significant reduction in algal densities, an indication of predation.
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My findings that algae form groups in response to predators led me to further
explore how algae form groups in response to predation in chapter 3. Groups may
form by algae remaining together after division and/or by aggregating. The way in
which algae form groups is important in the evolution of cooperative behaviours and
whether groups make the major transition to multicellularity, since group formation
by remaining with parents leads to a higher kin selected benefit than aggregating with
potential non-relatives.

In chapter 4 I experimentally quantify the benefit of group formation when the
algae C. sorokiniana are exposed to the small predator Ochromonas and the larger
predator D. magna, and also the cost of group formation. Furthermore, I conduct a
meta-analysis to test whether the benefit of group formation in algae is higher in the
presence of smaller predators, and whether the cost of group formation is higher
under limited resources.

My observation that C. sorokiniana forms groups in response to the larger
predator D. magna even though there appears to be no survival benefit, since groups
are ingested as well as single cells by the Daphnia, led me to ask why algae form
groups in the presence of Daphnia. In chapter 5 I examine whether group formation in
C. sorokiniana leads to higher algal group survival rates passed the gut of D. magna

and/or improved ability to kill the predator once ingested.
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Chapter 2: Predation and the formation of multicellular groups in
algae*

W— — — AR P ]

e S AL R XL

(2nd drawing in chapter 3) almost ten years ago by
simply drawing one by one small circles next to each other, little did I know that this
would be the focus of my DPhil research... multicellular group formation.

RIAT

When making these drawings

*Published as Kapsetaki S. E., Fisher R. M., and West S. A. "Predation and the
formation of multicellular groups in algae." Evolutionary Ecology Research 17.5
(2016): 651-669 (appended).
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Abstract

Background: The evolution of multicellular organisms must, at some point, have
involved the congregating of single-celled organisms. Algal species exist that
sometimes live in groups and sometimes live as single cells. Understanding the
conditions that lead to algal assemblage in such cases may cast light on the selective

forces that favour multicellularity.

Hypothesis: Forming groups could defend algae against predation if predators are

unable to engulf large-sized entities.

Organisms: Three algal prey (Chlorella sorokiniana, Chlorella vulgaris, and
Scenedesmus obliquus) and three predators (Ochromonas spp., Tetrahymena

thermophila, and Daphnia magna).

Methods: We tested the tendency to aggregate in all nine different prey—predator

combinations.

Results: At least two of the predators, Ochromonas and Daphnia, were significant
predators because their presence decreased algal density. In all nine combinations,
adding the predator species led to the formation of algal groups. In three
combinations, adding merely products of the predators in the absence of the predators

themselves stimulated group formation.

Keywords: Chlorophyceae, group formation, group size, induced defence,

multicellularity.
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Introduction

The tree of life can be viewed as a hierarchy of major evolutionary transitions in
individuality (Maynard Smith and Szathmary 1995; Bourke 2011; West et al. 2015).
In each of these transitions, a group of individuals that could previously replicate
independently formed a mutually dependent cooperative group. For example, genes
formed genomes and cells formed multicellular organisms. Major evolutionary
transitions can be divided into two steps: the formation of a cooperative group, and
then the transformation of that group into a new higher level of individual (Bourke
2011; West et al. 2015). The major transitions approach emphasizes that classic
problems in the study of evolutionary ecology, such as group formation and
cooperation, are fundamental to understanding the development of complex life on

Earth (Davies et al. 2012).

We focus on group formation in the transition from single-celled to
multicellular life. A number of ecological factors have been suggested to drive the
formation of multicellular groups (Grosberg and Strathmann 2007; Claessen et al.
2014). Groups may be able to make more efficient use of extracellular factors, such as
the invertase produced by the yeast Saccharomyces cerevisiae to break down sugars
(Koschwanez et al. 2011; Koschwanez et al. 2013; Biernaskie and West 2015).
Cooperative groups may be better able to disperse, as illustrated by the fruiting bodies
of Dictyostelium slime moulds (Smith et al. 2014) and Myxococcus bacteria (Velicer
and Yuen-tsu 2003). Groups may be better able to store resources, allowing
individuals to cannibalize group-mates under conditions of starvation (Kerszberg and
Wolpert 1998; Raven 1998; Szathméry and Wolpert 2003). Groups may also be better
at predating (Dworkin and Bonner 1972; Nichols et al. 2009; Roper et al. 2013), such

as ‘wolf-pack feeding’ in myxobacteria (Dworkin and Bonner 1972; Berleman and
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Kirby 2009). Finally, defence against predation has been argued to favour the
formation of groups, in algae and bacteria, because predators could have problems
engulfing larger-sized entities (Stanley 1973; Boraas et al. 1998; Grosberg and

Strathmann 2007; Claessen et al. 2014).

We examined the response of three freshwater unicellular Chlorophyte algal
species (Chlorella sorokiniana, Chlorella vulgaris, and Scenedesmus obliquus) to
three predatory species (the flagellate Ochromonas spp., the ciliate Tetrahymena
thermophila, and the crustacean Daphnia magna) (Fig. 2.1). Our aims were to
examine the generality and nature of the response to predators, and to use our results
to test the utility of different species combinations for studying the evolutionary
ecology of group formation in algae. In these nine ‘algal-putative predator’
combinations, we measured the influence of adding live predators on the proportion
of algal cells in groups, the mean group size, and algal density. We complemented
these experiments with behavioural observations to determine the extent to which the

putative predators were actually predating the algal species.

The addition of predators could lead to the formation of groups for three broad
reasons. First, individuals could facultatively form groups in response to the presence
of predators. Second, the extent of group formation could be a fixed strategy, but by
preferentially feeding on smaller groups, predators adjust the group size distribution.
Third, the presence and movement of predators could move the algae into each other,
and hence produce clumps. We distinguished the first possibility from the other two
by examining whether the products of predators stimulate group formation in the
absence of actual predators. This also requires that the algae use predator products as

cues of the presence of predators (Lampert et al., 1994; Yasumoto et al., 2005;
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Uchida et al., 2008; Fisher et al., 2016).
Materials and methods

Species and growth conditions

Algae. We grew Chlorella vulgaris (axenic from CCAP; strain number 211/11B),
Chlorella sorokiniana (non-axenic from CCAP; strain number 211/8K), and
Scenedesmus obliquus (non-axenic from CCAP; strain number 276/3A) cultures in
Bolds Basal media at a light/ dark cycle of 16:8 hours. We treated 1-mL samples from
the non-axenic cultures with 500 ug-mL™" of the antibiotic rifampicin (a concentration
that inhibited bacterial growth on KB agar plates). After 24 hours, we diluted these
algal cultures 1:300 in Bolds Basal media and left them to grow in a 1-litre
Erlenmeyer flask with shaking at 220 rpm and 22°C for at least a week prior to each
experiment. We maintained the algae in all three cultures in a unicellular state at a

density of ~10° cells - mL™

Protists. We grew Tetrahymena thermophila (axenic from CCAP; strain number
1630/1M) in Proteose Peptone Yeast extract (PPY) media in 20-mL flat-bottomed
flasks at 25°C and a light/dark cycle of 16:8 hours. We grew Ochromonas spp. (from

Corno and Jiirgens 2006) in PPY media in the dark.

Daphnia. We cultured Daphnia magna, obtained from a local fish store (The Goldfish
Bowl, Oxford), in 1-litre jars with Tetra flake food at room temperature and constant

air flow to allow for oxygenation.
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Fig. 2.1. The species used in the present study: (A) Chlorella sorokiniana, (B)
Chlorella vulgaris, (C) Scenedesmus obliquus, (D) the flagellate Ochromonas, (E) the

ciliate Tetrahymena thermophila, and (F) the crustacean Daphnia magna.

Experiment 1: Testing for group formation and size change upon exposure to
predators

We tested whether the addition of a predator led to the algae being more likely to
form groups and/or increase their group size. For the Chlorella sorokiniana—
Ochromonas spp. combination, we used thirty 50-mL falcon tubes
(www.evolutionary-ecology.com/data/ 3034Appendix.pdf, Fig. S1). In each tube, we
added 19.6 mL of C. sorokiniana to either 0.4 mL of PPY in the control or 0.4 mL of

Ochromonas spp. in the treatments. We incubated the tubes at 20°C and a light/dark
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cycle of 16:8 hours using fluorescent illumination and kept the tube caps loose to
allow for oxygenation. We randomized the tubes on tube racks to take into account
any possible variation in treatments, such as position-derived differences in exposure

to light.

We collected samples at four time points after adding the putative predator: at
1, 24, 48, and 72 hours. On each occasion, we tilted the falcon tubes five times, to
adequately mix the cultures, and transferred 200 uL of each culture into a 96-well
plate. We minimized any possibility of sampling error by obtaining an image from the
centre of each well with a VisiCam digital camera under an inverted microscope
(VWR, Model XDS-3) at 20% magnification. We performed image analysis by ‘blind
counting’, where we did not know whether we were counting a treatment or a control
well, to minimize bias. We quantified the proportion of cells in groups (number of
algal cells in groups/total number of algal cells) and the mean group size. We define a
group as >3 cells in contact with each other. The experimental procedure was the
same for the remaining combinations, except for variation in the concentrations of
algae and putative predators, the total volume used per tube, and the number of

independent replicates for each combination, which we describe in Table 2.1.

Experiment 2: Testing for group formation upon exposure to predator products

Experimental tube cultures

We tested whether the addition of predator products led to algae forming groups. In
the combination of C. sorokiniana with Ochromonas spp., we used nine 50-mL falcon
tubes for the control without predator products, and nine 50-mL falcon tubes for the
treatment where we added predator products. In each tube we placed 4.04 mL of C.

sorokiniana to either 0.96 mL of filtered PPY in the control or 0.96 mL filtered liquid
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from a culture of Ochromonas in the treatment. The filter we used in both cases had a
pore diameter of 0.22 um. We kept the tube caps loose to allow for oxygenation and
randomized all 18 tubes on a tube rack in an incubator at 20°C with a light/dark cycle

of 16:8 hours using fluorescent illumination.

We obtained samples at five time points after adding the predator products: 1,
24,48, 72, and 96 hours. At each time point, we tilted the falcon tubes five times, and
transferred 200 uL of each culture into a 96-well plate. We minimized any possible
bias in the collection of our data by shaking the cultures and then taking samples. We
took one image from the centre of each well using a VisiCam digital camera under the
inverted microscope at 20x magnification, and quantified the proportion of cells in
groups. We followed the same experimental procedure for the remaining eight
combinations, except for variation in the concentrations of algae and putative predator
products, which we describe in Table 2.1. In the combinations with D. magna, instead
of PPY, we added 0.96 mL of filtered Bolds Basal media to the algae in the control

set.
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Table 2.1. Concentrations, total volume per tube or well, and number of independent

replicates used in the experiments.

Final concentration

of putative
predators (cells/mL,
individuals/mL Total
Final or predator volume (mL) Number of
concentration of  products from x per tube, independent

Experiment algae (cellssfmL) individuals/mL)  well or flask  replicates

C. sorokiniana with 1 2% 10° 1x10° 20 30%
Ochromonas spp. 2 1x10° 2% 10* 5 9
3 3% 10° 4x10° 5 9
4 3%x10° 3% 10* 1 42
C. vulgaris with 1 1x10° 6x10° 20 9
Ochromonas spp. 2 1x10° 2% 10* 5 9
3 2% 10° 3% 10° 5 9
4 3% 10° 5% 10* 1 42
S. obliquus with 1,3 2x10° 3% 10° 5 9
Ochromonas spp. 2 1x10° 2% 10* 5 9
4 1x10° 2x10* 1 42
C. sorokiniana with 1 3% 10° 1x10* 20 30*
T, thermophila 2 1x10° 3% 10° 5 9
3 3% 10° 4x%10° 5 9
4 2% 10° 1x10° 1 42
C. vulgaris with 1 2% 10° 2% 10* 20 30%*
T, thermophila 2 1x10° 3x10° 5 9
3 2% 10° 4x10° 5 9
4 4x10° 9% 10* 1 42
S. obliquus with 1 2x10° 4x10° 5 9
T thermophila 2 1x10° 3% 10° 5 9
3 1x10° 4% 10° 5 9
4 5% 10° 1x10° 1 42
C. sorokiniana with 1,3 9% 10° 1 5 9
D. magna 2a 1x10° 3 5 9
2b 2% 10* 0.2 50 9
4 9% 10° 1 1 3
C. vulgaris with 1,3 5% 10° 1 5 9
D. magna 2a 1x10° 3 5 9
2b 2x10* 0.2° 50 9
4 5% 10° 1 1 3
S. obliquus with 1,3 2% 10° 1 5 9
D. magna 2a 3% 10° 3 5 9
2b 8% 10° 0.2" 50 9
4 5% 10° 1 1 3

Notes: Experiment 1: testing for group formation and size change upon exposure to predators. Experiment 2:
testing for group formation upon exposure to predator products. Experiment 3: testing for predation by measuring
algal density. Experiment 4: testing for predation by observing ingestion. In Experiment 3, for the combinations
of S. obliquus with Ochromonas spp. and S. obliquus with T. thermophila, we placed 4.04 mL of algae in the tubes
with an additional 0.96 mL of PPY in the control set and 0.96 mL of the putative predator in the treatment
set. Also in the same experiment, for the combinations with Daphnia (G-I), we placed 5 mL of algae in all tubes
with an additional five Daphnia in each tube of the treatment set.

=3y Maan =9, Magn =9, N =95 **nyy =6, Nygn =9, Mgy =9, Nygp = 6; 40 adult Daphnia in 200 mL of filtered
Daphnia water.

We use the term ‘predator products’ to refer to anything present in the

predator culture that can pass through a 0.22-um filter. The filtered medium could

contain products released from the predators, or even intracellular products released
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from fractured/dead predator cells.

Experimental flask cultures

We used the same methodology in all experiments to test the effect of predator
products on group formation. However, in a previous study using Scenedesmus with
Daphnia, Lampert et al. (1994) found that predator products did influence group
formation. Consequently, we repeated the three combinations with Daphnia,
following Lampert and colleagues’ methodology. We transferred 200 mL of filtered
Bolds Basal media and 200 mL of filtered water from the 1-litre culture jar of D.
magna into two separate 250-mL Erlenmeyer flasks. In the latter, we added 40 adult
Daphnia. We kept both flasks in an incubator for 24 hours at 22°C with a light/dark
cycle of 16:8 hours using fluorescent illumination. We then added 2 mL of filtered
liquid from the flask containing the filtered Bolds Basal media to 3 mL S. obliquus
and 45 mL Bolds Basal media, in nine 250-mL Erlenmeyer flasks, for the treatment
without the predator products. In the treatment with the predator products, we added 2
mL of filtered liquid from the flask containing the Daphnia to 3 mL S. obliquus and
45 mL Bolds Basal media, in nine 250-mL Erlenmeyer flasks. In all cases we used a
filter with a pore diameter of 0.22 ym. We randomized all 18 flasks on a shaker at 280
rpm in an incubator at 22°C with a light/dark cycle of 16:8 hours using fluorescent

illumination.

After 1, 24, 48, 72, and 96 hours, we transferred a sample of 200 L from each
of these flasks to a 96-well plate and took a photo from each well under the inverted
microscope at 20x magnification. We performed image analysis using Image J

software (Cell Counter plugin) and measured the proportion of cells in groups.

We followed the same methodology in the combinations of C. sorokiniana
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with D. magna and C. vulgaris with D. magna, apart form the algal concentrations

used, which we describe in Table 2.1.

Experiment 3: Testing for predation by measuring algal density

We tested whether the addition of a predator had a significant impact on the algal
populations. In the combination of C. sorokiniana with Ochromonas spp., we used
nine 50-mL falcon tubes for the control without Ochromonas, and nine 50-mL falcon
tubes for the treatment where we added the Ochromonas predator. In each tube we
placed 4.04 mL of C. sorokiniana to either 0.96 mL of PPY in the control or 0.96 mL
of Ochromonas spp. in the predator treatment. We incubated the tubes at 20°C with a
light/ dark cycle of 16:8 hours using fluorescent illumination and kept the tube caps

loose to allow for oxygenation.

We obtained random samples at two time points: 0 hours, just before adding
the putative predator, and 24 hours, after adding the putative predator. At each time
point, we tilted the falcon tubes five times and transferred 200 uL of each culture into
a 96-well plate. We took images with a VisiCam digital camera under the inverted
microscope at 20x magnification. From these images, we counted the total number of
algae and converted to logjo cells - mL™. We divided the algal density at 24 hours by
the density at 0 hours to determine the relative change in algal density. We followed
the same procedure for the rest of the predator—prey combinations, with the
concentrations, total volume used per tube, and number of independent replicates

described in Table 2.1.
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Experiment 4: Testing for predation by observing ingestion

Protists

We tested whether the protists ingested the algae by observing the protists’ behaviour.
For the C. sorokiniana with Ochromonas spp. combination, we added 980 uL of C.
sorokiniana and 20 uL. of Ochromonas spp. to each of 42 wells. We incubated the 24-
well plates at 20°C with a light/dark cycle of 16:8 hours using fluorescent
illumination. We observed the protists at seven time points: 1, 24, 48, 72, 96, 120, and
144 hours. At each time point we observed six independent wells. We followed one
protist per well for 1 minute under an inverted microscope at 20x magnification to
detect any ingesting activity towards unicells. Over the seven time points, we
observed 42 protists in total. We took videos manually with a digital camera (Canon
PowerShot A2600). We performed the same experiment for C. vulgaris with
Ochromonas spp., S. obliquus with Ochromonas spp., C. sorokiniana with T.
thermophila, C. vulgaris with T. thermophila, and S. obliquus with T. thermophila.

The concentrations used are listed in Table 2.1.

Daphnia

We tested whether Daphnia ingested the algae by observing the colour of Daphnia’s
gut in the presence of algae. We transferred 1 mL of C. sorokiniana, 1 mL of C.
vulgaris, 1 mL of S. obliquus, and 1 mL of Bolds Basal media as a control, into four
separate wells on a 24-well plate. We added one Daphnia to each of the four
treatments, and replicated each treatment three times. We incubated the plate at 20°C
with a light/dark cycle of 16:8 hours using fluorescent illumination. After 24 hours,
we removed 900 L from each well in order to minimize movement of the Daphnia,

and took images of Daphnia’s gut with a digital camera (Canon Powershot A2600)
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under an inverted microscope at 4x magnification. The concentrations of algae that

we used are listed in Table 2.1.

Statistical analysis

We carried out all analyses in R v. 3.2.3 (R Development Core Team, 2015). In the
experiments where all data points were from different cultures and hence statistically
independent (Experiment 1: C. sorokiniana with Ochromonas spp., C. sorokiniana
with T. thermophila, C. vulgaris with T. thermophila), we estimated the overall
difference in the proportion of cells in groups between the treatments with and
without a predator, using a generalized linear model (‘glm’ package) with
quasibinomial errors, to account for overdispersion of the data; for the mean group

size we used a generalized linear model with Gaussian errors.

In the experiments where our data were repeated measurements from the same
cultures (Experiment 1: C. vulgaris with Ochromonas spp., S. obliquus with
Ochromonas spp., S. obliquus with T. thermophila, C. sorokiniana with D. magna, C.
vulgaris with D. magna, S. obliquus with D. magna; Experiment 2: all algal-predator
combinations), we compared the proportion of cells in groups across time between the
treatments with and without a predator by fitting a generalized mixed-effects model
with Penalized Quasi-Likelihood (‘glmmPQL’ package) using quasibinomial errors;
for the mean size we used the same generalized mixed-effects model (glmmPQL), but
with Gaussian errors. We then performed a Wald test on the overall effect of predator
treatment to estimate P-values. We treated the interaction between predator treatment
and time (Treatment % Time) as a fixed effect, and the repeated measurements as

random effects (1 | Subject).
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Results

Do algae form groups in response to predators?

In all nine combinations, we observed significant group formation in response to the
presence of the predator (Fig. 2.2; see figure legend for statistics). In most
combinations, the proportion of cells in groups began to increase 24 hours after
addition of the putative predator (Figs. 2.2A—H). In the combination S. obliguus with
D. magna, the response appeared to be much faster, with the proportion of cells in
groups going from only 14 + 2% of cells before the Daphnia were added, to 80 + 3%
of cells just one hour after the Daphnia were added (Fig. 2.21; glm at ‘time point 1

hour’, F=202.7, P <0.0001).

Ochromonas spp. Tetrahymena thermophila Daphnia magna
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Fig. 2.2. Proportion of cells in groups plotted against time in the presence (solid line)
and absence (dashed line) of the putative predator. In all nine combinations, the
proportion of cells in groups was higher in the presence of the putative predator [A:

generalized linear model (glm), F =11.93, P <0.01; B: generalized mixed-effects
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model using Penalized Quasi-Likelihood (glmmPQL), P <0.0001; C: glmmPQL, P
<0.0001; D: glm, F =77.23, P <0.0001; E: glm, FF =66.047, P <0.0001; F:
glmmPQL, P <0.0001; G: glmmPQL, P <0.0001; H: glmmPQL, P <0.001; I:
glmmPQL, P <0.0001]. The term ‘predator’ in the legend refers to a putative
predator. The asterisk represents a significant difference (P < 0.05) in the overall main

effect of treatment across time. Error bars represent standard error of the mean.

Does group size change?

Group size increased in the presence of the predator in seven combinations (Figs.
2.3C-I and 2.4C-I). For example, in the S. obliquus with D. magna combination, the
mean group size increased from 3.3 + 0.1 before the Daphnia was added, to 9.7 £ 0.8
just one hour after adding the Daphnia (Fig. 2.31; glm at ‘time point 1 hour’, F=51.1,
P <0.0001). The two combinations in which group size did not increase were C.
sorokiniana with Ochromonas and C. vulgaris with Ochromonas. The different algal
species formed different types of groups (Fig. 2.5). In Chlorella, groups were
irregularly shaped. In Scenedesmus, groups varied in size and morphology — for
example, we observed four-celled (Fig. 2.5E) and eight-celled groups, where cells
were attached sideways, as well as chain-like groups, where cells were attached by

their ends (Fig. 2.5C, D).
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Ochromonas spp. Tetrahymena thermophila Daphnia magna
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Fig. 2.3. Mean group size plotted against time in the presence (solid line) and absence
(dashed line) of the putative predator. In seven combinations, the mean algal group
size was higher in the presence of the putative predator (C: glmmPQL, P < 0.0001; D:
glm, F=1148, P<0.01; E: glm, F=63.39, P <0.0001; F: glmmPQL, P <0.0001;
G: glmmPQL, P <0.0001; H: glmmPQL, P =0.011; I: glmmPQL, P <0.0001). In
two combinations, the mean group size did not increase in the presence of the putative
predators (A: glm, F =2.07, P =0.156; B: glmmPQL, P =0.3). The asterisk
represents a significant difference (P < 0.05) in the overall main effect of treatment

across time. Error bars represent standard error of the mean.
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Ochromonas spp. Tetrahymena thermophila Daphnia magna
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Fig. 2.4. Distribution of group sizes in the presence (solid bars) and absence (open
bars) of the putative predator after 72 hours (A—F) and 48 hours (G—I). Group sizes

‘1’ and ‘2’ refer to a unicell and a paired cell, respectively.

Do algae form groups in response to predator products?

In three combinations — C. vulgaris with T. thermophila (Fig. 2.6a.E), C. sorokiniana
with D. magna (Fig. 2.6a.G), and S. obliquus with D. magna (Fig. 2.6b.1) — algae
formed groups in response to predator products. In the experiments conducted in tube
cultures, we observed group formation in two combinations (Figs. 2.6a.E, G). We
repeated the combinations with Daphnia using Lampert and colleagues’ (1994)
methodology, and observed that in S. obliquus with D. magna, the algae formed

groups in response to Daphnia products (Fig. 2.6b.1).

Do the predators impact algal density?

The addition of the potentially predatory species led to a decrease in algal density in
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five of nine combinations (Figs. 2.7A, B, G-I). The four combinations in which we
did not observe a decrease in algal density were: S. obliquus with Ochromonas spp.
(Fig. 2.7C), C. sorokiniana with T. thermophila (Fig. 2.7D), C. vulgaris with T.

thermophila (Fig. 2.7E), and S. obliquus with T. thermophila (Fig. 2.7F).

Predator behavioural observations

In relation to Ochromonas, 9.5% of the time (4/42 observations) we observed
Ochromonas capturing C. sorokiniana (Fig. 2.8A); 7.1% of the time (3/42) capturing
C. vulgaris (Fig. 2.8B); and none of the time (0/42) Ochromonas exhibiting any
ingesting activity towards S. obliquus. Regarding Tetrahymena, 7.1% of the time
(3/42) Tetrahymena ingested C. sorokiniana (Fig. 2.8D); 80.9% of the time (34/42) C.
vulgaris algae were visible inside Tetrahymena (Fig. 2.8E); and 2.3% of the time
(1/42) S. obliquus was seen inside Tetrahymena (Fig. 2.8F). Considering Daphnia,
100% of the time (3/3) Daphnia’s gut was green in the presence of the algae (Figs.

2.8G-1).
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5um

Fig. 2.5. Characteristic algal group types: (A) three-celled group observed in C.
sorokiniana and C. vulgaris cultures; (B) four-celled group observed in C.
sorokiniana and C. vulgaris cultures; (D) three-celled group observed in S. obliquus

cultures; (C, E) four-celled groups seen in S. obliquus cultures.
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Fig. 2.6. Proportion of cells in groups plotted against time in the presence (solid line)

and absence (dashed line) of predator products. (a) Experiment in tube cultures. In
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two combinations, the proportion of cells in groups was higher in the presence of the

predator products (glmmPQL, E: P <0.01; G: P <0.0001). In five combinations, the

proportion of cells in groups did not increase (glmmPQL, A: P =0.052; B: P =0.059;

C: P=0.063; D: P=0.3; I P =0.76). And in two combinations, the proportion of

cells decreased in the presence of the putative predators (glmmPQL, F: P <0.01; H: P

<0.001). (b) Experiment in flask cultures. In the case of S. obliquus with D. magna,

the proportion of cells in groups was higher in the presence of the predator products

(glmmPQL, I: P <0.01). In the other two combinations, the proportion of cells in

groups did not increase (glmmPQL, G: P =0.46; H: P = 0.92). The asterisk represents

a significant difference (P < 0.05) in the overall main effect of treatment across time.

Error bars represent standard error of the mean.
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Fig. 2.7. Algal density (after 24 hours relative to time 0) in the presence (grey) and

absence (white) of the putative predator. In five combinations, the algal density

decreased in the presence of the putative predator (two-sample #-test, A: d.f. =16, P
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=0.041; B: d.f. = 16, P <0.0001; G: d.f. = 16, P < 0.0001; H: d.f. = 16, P <0.0001; I:
d.f. =16, P <0.001). In four combinations, the algal density did not decrease in the
presence of the putative predators (two-sample z-test, C: d.f.=16, P=0.987; D: d.f.
=16, P =0.120; E: d.f. =16, P =0.075; F: d.f. =16, P =0.313). The asterisk
represents a significant difference (P < 0.05) in the overall main effect of treatment

across time.

Ochromonas spp. Tetrahymena thermophila Daphnia magna

Capture of alga on mouth pore Ingestion of alga Green gut
_ v :
~a)

Chlorella
sorokiniana

Capture of alga on mouth pore
_ .

Chlorella
vulgaris
Alga inside Tetrahymena and
movement across vacuoles
C
Scenedesmus -
obliquus

Fig. 2.8. Direct observations of protists’ feeding behaviour and Daphnia’s gut.
Images A, B, and D—F are video snapshots. Black arrows show algae. (A) Capture of
unicellular C. sorokiniana by Ochromonas. Chlorella sorokiniana rotates upon
contact with Ochromonas’s mouth pore and flagella (A2); it then stops rotating and
remains in contact with Ochromonas (A3). (B) Capture of unicellular C. vulgaris by
Ochromonas. Chlorella vulgaris rotates upon contact with Ochromonas’s mouth pore

and flagella (B1, B2); it then stops rotating and remains in contact with Ochromonas
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(B3). (C) — indicates no observed feeding behaviour towards the alga. (D) Ingestion of
unicellular C. sorokiniana by T. thermophila. Chlorella sorokiniana passes through
Tetrahymena’s mouth pore (D2, D3). (E) Left image: Tetrahymena cultured in Bolds
Basal media without algae for 24 hours. White arrows show empty vacuoles, which
are indicative of starvation (Nakajima et al., 2009). Right image: Tetrahymena
cultured with C. vulgaris for 24 hours. Green algae are visible inside Tetrahymena.
(F) Unicellular S. obliquus inside T. thermophila and passage from one vacuole to
another: At first, S. obliquus is enclosed in the frontal vacuole of 7. thermophila (F1).
Next, the frontal vacuole and an adjacent vacuole join and form a larger vacuole (F2).
Scenedesmus obliquus is initially positioned in the centre and is then gradually
positioned in the lower part of the large vacuole (F2). The large vacuole splits into
two separate vacuoles, and S. obliquus is enclosed in the second vacuole (F3). Scale
bars on images A, B, and D-F are 5 um. (G) Left image: Gut coloration of D. magna
after 24 hours with no added algae. Right image: noticeable green gut 24 hours after
adding C. sorokiniana. (H) Green gut 24 hours after adding C. vulgaris. (I) Green gut
24 hours after adding S. obliquus. After 72 hours, green algal cultures (bottom left

tube: without Daphnia) had become almost transparent due to grazing by D. magna

(bottom right tube: with Daphnia).

Fig. 2.9. Group formation in C. sorokiniana upon predation by D. magna. Cultures of
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C. sorokiniana, incubated 72 hours in the absence (A) and presence of D. magna (B).
Groups of C. sorokiniana are visible in the liquid culture (B) as well as two Daphnia

(arrows).

Discussion

Overall, in the nine ‘algal-predator’ combinations that we tested: (1) the presence of
live predators led to a higher proportion of cells going into groups in all nine
combinations (Fig. 2.2), and groups being composed of larger numbers of cells in
seven combinations (Fig. 2.3); (2) the presence of predator products induced algal
group formation in three combinations (Fig. 2.6); (3) the presence of predators
resulted in a decrease in algal density in five combinations (Fig. 2.7), and behavioural

observations consistent with predation, in eight combinations (Fig. 2.8).

Response to predators

In all nine combinations, the addition of predators led to a higher proportion of cells
in groups (Fig. 2.2), and in seven combinations, predators led to the formation of
larger groups (Figs. 2.3 and 2.4). In certain combinations, such as C. sorokiniana with
D. magna and S. obliquus with D. magna, this group formation was so extreme that
groups were visible with the naked eye (Fig. 2.9). That predation induced group
formation in all combinations suggests that group formation can be a relatively
general response to predators. However, it has previously been found that the alga
Scenedesmus acutus does not form groups in the presence of the predators Chydorus
sphaericus, Cyclops agilis or Cypridopsis vidua (Van Donk et al. 1999), indicating
that the response to predation is not a completely general response by all related

species.

Previous studies have shown group formation in three combinations that were
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the same or very similar to the nine that we examined. Von Elert and Franck (1999)
have shown that S. obliquus forms groups in the presence of D. magna, but they did
not measure the proportion of cells in groups. Fisher et al. (2016) showed that the
proportion of C. vulgaris cells in groups increased in the presence of 7. thermophila,
in 24-well plates. Boraas et al. (1998) found that C. vulgaris formed groups upon
predation by Ochromonas vallescia. Our study differs from that of Boraas et al.
(1998) in that they used C. vulgaris CCAP 211/8A with O. vallescia in chemostat
cultures, and did not statistically analyse group formation, whereas we used C.
vulgaris CCAP 211/11B with Ochromonas spp. in tube cultures. Our data suggest that
the algae may produce different group sizes in response to different predators,
possibly because optimal group size depends upon the type of predator (Figs. 2.2 and
2.3). However, our study was not designed to test this hypothesis, as the different
species were studied at different times, and so future work will be required to

formally test this.

Is group formation a behavioural response of the algae?

We tested whether algae form groups facultatively, in response to cues of predator
presence, by exposing algae to filtered liquid from a culture of live predators. We
found that in three combinations — C. vulgaris with T. thermophila (Fig. 2.6a.E), C.
sorokiniana with D. magna (Fig. 2.6a.G), and S. obliquus with D. magna (Fig. 2.6b.1)
— the algae responded to predator products by forming groups. In the other six
combinations, we cannot exclude the possibility of group formation being a
behavioural response, since the group-inducing signal may be the actual presence of

predators, or cues from algal fed predators.

Group formation in response to predator products has been previously
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observed in the case of C. vulgaris with T. thermophila in 24-well plates (Fisher et al.,
2016) and in S. acutus (later classified as S. obliquus; www.ukncc.co.uk) with D.
magna in flask cultures. However, in our experiment with tube cultures we did not
observe group formation in S. obliquus in response to Daphnia (Fig. 2.6a.1). This
discrepancy may have been due to differences in methodology, which differed in
many respects (see Methods). Therefore, we repeated our three combinations with
Daphnia using Lampert and colleagues’ (1994) methodology; when we did this, we
found group formation in S. obliquus in response to Daphnia products (Fig. 2.6b.I),
confirming Lampert and colleagues’ finding, but no group formation in C.
sorokiniana (Fig. 2.6b.G). This emphasizes that methodological differences between
experiments can produce contrasting results. Previous studies have identified a
compound, 8-methylnonyl sulphate, that is produced by D. magna and induces group

formation in Scenedesmus (Yasumoto et al. 2005; Uchida et al. 2008).

Our study raises a number of questions to do with how groups form. Groups
can form by the association of the daughter cells with the parent cell after cell
division, or by the aggregation of cells. The mechanism matters, because cooperation
is more likely to be favoured with parent—daughter cell associations, as this leads to a
higher relatedness (Fisher ef al., 2013). Previous studies have shown that S. acutus
(Lurling and Van Donk, 2000) and C. vulgaris (Boraas et al., 1998) form groups
through such parent—daughter cell associations. Although we did not directly test how
groups form, our observation that S. obliguus forms groups within 1 hour (Fig. 2.2I),
before the cells have divided, indicates that S. obliguus may be forming groups by
aggregation. Another issue is that group formation may be facultative, or a fixed
genetic response. Although we did not test between these alternatives, the speed with

which groups formed, and the fact that it could be driven by predator products (see,
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for example, Fig. S2: 3034Appendix.pdf), suggest a facultative response, with groups

being formed under certain conditions.

Predation

We found that the presence of predators led to a decrease in algal density, consistent
with significant predation, in five combinations (Figs. 2.7A, B, G-I). We did not
observe decreased algal density in four combinations: S. obliguus with Ochromonas
spp. (Fig. 2.7C), C. sorokiniana with T. thermophila (Fig. 2.7D), C. vulgaris with T.
thermophila (Fig. 2.7E), and S. obliquus with T. thermophila (Fig. 2.7F). Fisher et al.
(2016) did not observe a decrease in the density of C. vulgaris upon predation by T.
thermophila either. In these four cases (Figs. 2.7C-E, F), Ochromonas spp. and T.
thermophila were either poor predators, or algal group formation was so successful
that it prevented the algae being grazed upon. Nakajima et al. (2013) suggested that

aggregation of C. vulgaris reduces the rate of ingestion by 7. thermophila.

Our behavioural observations (Figs. 2.8A, B, D, F-I) suggested that in eight
combinations the predators were eating the algae. Specifically, Ochromonas spp.
captured C. sorokiniana (Fig. 2.8A) and C. vulgaris (Fig. 2.8B) on its mouth pore.
The algae rotated as soon as they reached the flagella of Ochromonas and then
stopped rotating. Although this observation may at first not directly imply ingestion,
Boraas et al. (1992) reported that as soon as 50% of the C. vulgaris cell is enveloped
by Ochromonas, the C. vulgaris cell stops rotating and then the cell is ‘drawn into the
body of O. vallescia’. This suggests that our observation may be a preliminary step
before ingestion. In the cases of T. thermophila with C. sorokiniana (Fig. 2.8D), C.
vulgaris (Fig. 2.8E), and S. obliquus (Fig. 2.8F), we clearly saw ingestion of the algae

and presence of the alga inside 7. thermophila, respectively. Chlorella vulgaris algae
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have been previously observed inside vacuoles of 7. thermophila (Nakajima et al.,

2009).

In all the combinations with D. magna (Fig. 2.8G-I), we observed a green
coloration of Daphnia’s gut. This has previously been seen in the combinations of D.
magna with C. vulgaris (Ryther, 1954) and S. obliguus (Liirling and Verschoor 2003),
but not with C. sorokiniana. In the combinations with Daphnia, the benefit of group
formation may be to increase survival during gut passage, rather than to decrease
predation. For example, Daphnia induced the non-gelatinous unicellular
Sphaerocystis schroeteri to form gelatinous groups, and these groups passed through
Daphnia’s gut, where they gained nutrients from the remains of edible algae and
Daphnia’s metabolites. The algae then emerged intact from Daphnia’s gut, due to
their protective gelatinous sheath (Porter 1976; Kampe et al., 2007). In another
experiment, D. magna ingested the algae C. vulgaris and then green masses of

undigested C. vulgaris were excreted from D. magna’s gut (Ryther, 1954).
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Abstract

Background: Theory suggests that how groups are formed can be a major influence
on the evolution of cooperation, and whether cooperative groups make the major
evolutionary transition to a higher level individual. The formation of clonal groups,
by remaining with parents (subsocial group formation) leads to a greater kin selected
benefit of cooperation, compared with formation of groups by aggregating, with
potential non-relatives (semisocial group formation). Freshwater algae form
multicellular groups in response to the presence of predators, but it is not clear
whether they form groups by remaining together or by aggregation.

Organisms:  The  freshwater  algae Chlorella  sorokiniana, Chlorella
vulgaris and Scenedesmus obliquus, and the freshwater crustacean predator Daphnia
magna.

Results: Fluorescence microscopy and time-lapse photography revealed that, in
response to predator supernatant/live predators, these algae form groups by both
remaining with parents and aggregation. Additionally, different algal species form
mixed-species multicellular groups in response to predation.

Conclusion: The observation of aggregation, even between species: (i) emphasises
the likelihood of direct fitness benefits of forming groups to avoid predation; and (ii)
strengthens the across species correlation between the method of group formation and

whether multicellularity is facultative or obligate.

Keywords: predation, Chlorophyceae, induced defense, aggregation, multicellularity.
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Introduction

There have been at least eight independent major transitions to obligate
multicellularity on Earth (Maynard Smith and Szathmary 1995; Bonner 1998;
Grosberg and Strathmann 1998; Grosberg and Strathmann 2007; Bourke 2011; Fisher
et al. 2013). All these transitions from single cells to an obligate multicellular lifestyle
arose from daughter cells remaining attached to their parent cell after division (Raven
1998; Kirk 2005; Grosberg and Strathmann 2007; Michod 2007; Fisher et al. 2013).
This pathway towards social group formation is also known as ‘subsocial’, a term first
used to describe the social lifestyle of insects (Michener 1969; Bourke 2011). The
high degree of relatedness and minimal conflict between members of such a group
can favour extreme levels of cooperation, alignment of interests, and interdependence
between members, which are defining features of major transitions in individuality
(Hamilton, 1964; Maynard Smith and Szathmary, 1995; Boomsma, 2007, 2009;
Fisher et al., 2013; West ef al., 2015). In contrast, other species, such as slime moulds
and Pseudomonas biofilms, only form multicellular groups facultatively, under
certain conditions, and have not made the major transition to obligate multicellularity
(West et al., 2015). The formation of these facultative multicellular groups often
occurs via cells aggregating together. Because these cells are not necessarily related,
group formation via aggregation can lead to more potential for conflict.

Many freshwater algae form multicellular groups in response to predators
(Solari et al. 2015; Kapsetaki et al. 2016). However, it is not known if these algae
form groups by daughter cells remaining with their parents, or by potentially
unrelated cells aggregating together. For example, Boraas ef al. (1998) and Lurling
and Van Donk (2000) suggested that group formation in Chlorella vulgaris &

Scenedesmus obliquus was via daughter cells remaining within the parent cell wall
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after division, similar to multicellular filament formation in the bacteria
Flectobacillus sp. (Corno and Jiirgens 2006), and subsocial palmelloid formation in
Chlamydomonas induced by the predator Brachionus (Lurling and Beekman 2006;
Harris 2009). In contrast, Chlamydomonas forms groups by aggregation in response
to the predator Peranema (Sathe and Durand, 2016) and S. obliquus forms predator-
induced groups within 1 hour, which is faster than its division time, indicating
aggregation (Kapsetaki et al. 2016).

In this study we determine how three algal species, Chlorella sorokiniana, C.
vulgaris, and S. obliquus, form groups in response to the presence of predators. We
dyed algae of the same species with two different fluorescent dyes, and then exposed
them to either live Daphnia, or the supernatant from cultures in which Daphnia had
been growing. We have previously shown in all three of these algal species that live
Daphnia and/or the supernatant from Daphnia cultures induces group formation
(Kapsetaki et al. 2016). The appearance of dichromatic groups, composed of
individuals dyed with each colour, would indicate at least some aggregation. We
examine group formation caused by both Daphnia and the supernatant from Daphnia
cultures, so that we can distinguish between the behaviour of the algae and any
aggregation or breaking up of groups that could have been caused by the movement
of Daphnia. To further validate our findings we used an additional technique, time-

lapse photography, to observe how single cells form multicellular groups.

Materials and Methods

Strains

We maintained the algae Chlorella sorokiniana 211/8K (non-axenic from CCAP),

Chlorella vulgaris 211/11B (axenic from CCAP), and Scenedesmus obliquus 276/3A
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(non-axenic from CCAP) in Bolds Basal media at 20°C in a light/dark cycle of 16:8
hours fluorescent illumination. We added 500 ug - mL™ of the antibiotic rifampicin to
I-mL samples of the C. sorokiniana and S. obliquus cultures, and diluted them 1:300
after 24 hours in Bolds Basal media (Kapsetaki et al. 2016), to eliminate bacteria in
the cultures. We maintained the cultures in 1-litre Erlenmeyer flasks shaking at 220
rpm, light/dark cycle of 16:8 hours fluorescent illumination, and a temperature of
20°C before using these cultures in experiments.

As predators, we used Daphnia magna (Sciento, UK), which we fed 5 mL S.
obliquus (10° cells - mL™") every 4-5 days. We maintained the Daphnia in 500-mL

jars at 20°C with a light/dark cycle of 16:8 hours.

Fluorescence experiments

Same species

We tested how algae form groups by dyeing two cell cultures of the same species with
two different fluorescent dyes, mixing them, and then inducing group formation by
adding live predators, or predator supernatant. We followed a modified version of the
manufacturer’s recommended staining procedure (Thermo Fisher Scientific,
CellTracker™ Fluorescent Probes). We centrifuged the exponentially growing C.
sorokiniana at 100 x g for 10 minutes and resuspended the pellet in CD-CHO
Medium (Gibco, Carlsbad, CA). We then split this culture in equal volumes and
added the fluorescent dye CellTracker™ Green BODIPY (final concentration 20 M)

to one culture, and CellTracker™ Violet BMQC (final concentration 20 « M) to the

other culture. We diluted stock dyes in 10 mM DMSO. We covered the two cultures

with aluminium foil and left them shaking at 170 rpm overnight at room temperature,
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centrifuged both cultures at 100 x g for 10 minutes and resuspended in Bolds Basal
media to remove the dyes.

We sonicated the two algal cultures (10 by 1 second pulses, amplitude 20%) to
break up any groups that may have formed during the dyeing process, diluted both
cultures to 10° cells - mL™', and then mixed them together in a 1:1 volume ratio. We
added 4.04 mL of the dyed algae in 50-mL falcon tubes to either 0.96 mL of filtered
Bolds Basal media (referred to as media in the remainder of this manuscript), 5 adult
Daphnia, or 0.96 mL filtered liquid from the Daphnia culture (predator supernatant;
final concentration of 3 individuals per mL). The filter we used in all experiments had
a pore diameter of 0.22 um. We define ‘predator supernatant’ as anything present in
the predator culture that can pass through the 0.22-um filter. This filtered liquid may
contain products released from the predators, and/or products from grazed/ungrazed
S. obliquus. We replicated each treatment three times. We kept the falcon tube caps
loose to allow for oxygenation and randomised the tubes on a rack in an incubator at
20°C with a light/dark cycle of 16:8 hours using fluorescent illumination. After 0 and
24 hours, we tilted the falcon tubes five times to mix the culture, and collected 20 uL
samples.

We constructed fluid tunnel slides by placing a cover slip onto two strips of
Scotch™ double-sided tape on a microscope slide and pipetting the 20 pL algal
samples between the cover slip and the slide. We sealed the coverslip with nail
varnish, and imaged the samples using a Zeiss Axio Zoom V16 fluorescence
stereoscope (Carl Zeiss, Oberkochen, Germany). As excitation/emission spectra for
the violet and green dye, we used 405 nm/475 nm and 488 nm/538 nm, respectively.
We took 9 images per replicate (9x3=27 images per treatment), and quantified the

proportion of cells in monochromatic groups (number of algal cells in monochromatic
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groups/total number of algal cells) and dichromatic groups (number of algal cells in
dichromatic groups/total number of algal cells). In many cases the exact number of
cells in a 3-dimensional group, especially in large groups, was difficult to determine
from the 2-dimensional images (e.g. Fig. 3.1), as many cells were ‘hidden in the
background’. We counted what we saw in the 2-dimensional images.

We followed the same procedure for C. vulgaris and S. obliquus, but in the
case of S. obliquus we obtained samples at 48 hours instead of 24 hours, as predator-
induced group formation had previously been observed at these time points

(Kapsetaki et al., 2016).

Different species

To assess whether different species of algae group together, we followed the same
experimental procedure as above, except that in the initial steps we dyed a culture of
C. sorokiniana with the green dye and a culture of C. vulgaris with the violet dye. In
the combination C. sorokiniana with C. vulgaris we obtained samples at 0 and 24
hours, in C. sorokiniana with S. obliquus and C. vulgaris with S. obliquus we

collected samples at 0 and 48 hours.

Time-lapse photography

We also tested how C. sorokiniana forms groups using time-lapse photography. We
added 4.04 mL of C. sorokiniana (initial concentration 10° cells - mL™) to 0.96 mL of
filtered D. magna water (final concentration of 3 individuals per mL) in a 50-mL
falcon tube. We maintained the tube at 20°C with 16:8 hours light:dark cycle with
fluorescent illumination. After 10 hours, we diluted the culture using Bolds Basal
media to a final concentration of 4 x 10° cells - mL" and transferred 1 mL of the

diluted culture onto a 24-well plate. We placed the 24-well plate at room temperature
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under a phase-contrast microscope (Nikon ELWD 0.3, magnification 20x, LWD), and
set the digital camera (Nikon D300, Japan), which was attached to the microscope, to
take photos every minute for a total of 96 hours. We assembled the photos into a
movie of 4 frames per second using “Time Lapse Assembler” (Version 1.5.3).

From the end of the movie, we randomly chose a cell in a multicellular group
and tracked it back in time, stopping at the first instance at which it joined this group.
We noted whether it joined the group by aggregation (attaching to a group or pair) or
by remaining attached to a mother cell after division. We defined a multicellular
group as > 3 cells in close proximity that could not be distinguished as separate cells.
We tracked 50 cells in total, each from a different randomly selected group. Out of
these 50 cells, we measured the proportion that joined their group by aggregation. The
remaining proportion of cells joined their group as a result of division from their
parent cell. However, we were not able to distinguish whether this was just division as
part of their normal life cycle or actual group formation. We also measured the time
these cells spent with their parent cell after division.

We followed the same experimental procedure for C. vulgaris and S. obliquus.

Statistical analysis
We performed statistical analyses using R, version 3.2.3. To compare the proportion
of cells in monochromatic groups between the media, predator supernatant and live
predators treatments in the fluorescence experiments, we used generalised linear
models (glm), specifying the family as quasibinomial to account for overdispersion of
the data. We performed the same test to compare the proportion of cells in
dichromatic groups between the three treatments.

We tested whether group formation was the result of random aggregation in

the fluorescence experiments. Random group formation would lead to the proportion
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of each colour of cells in groups following a binomial distribution. We used the
regression method of Green et al. (1982), to compare the observed variance with that
expected from a binomial distribution. The observed variance (V,) is given by: s*(1 —
r%), where s° is variance in the number of green cells per group, and r the regression
coefficient in the relationship between the number of green cells in a group and group
size. The expected variance (V.) is given by: ap(1-p), where a is group size, and p the
expected proportion of green cells. Specifically p is: (b + ra)/a, where b represents the
intercept. We tested whether the observed variance was significantly higher than
binomial. Under the null hypothesis of random aggregation, the residual statistic x* =
(Vo/Ve)/(N-2), should come approximately from a chi-squared distribution with N-2

degrees of freedom, where N is the number of groups sampled (Green et al. 1982).

Results

Within-species group formation

Consistent with previous results, we found that all three algal species, C. sorokiniana,
C. vulgaris, and S. obliquus, formed groups in response to predators/predator
supernatant (Fig. 3.2; glm, media vs. predator supernatant & live predators, C.
sorokiniana: F=131.29, P <0.001, df =7, C. vulgaris: F = 82.07, P <0.001, df =7,
S. obliquus: F'=8.79, P = 0.02, df = 7). The statistical analysis for each treatment pair
is presented in Table S3.1.

When we added predators or predator supernatant, the proportion of cells in
dichromatic groups, which indicates at least some aggregation, was between 7.1% and
70.8% (Fig. 3.2). For all three algal species, the proportion of cells in dichromatic
groups was higher with predator supernatant or live predators than when just media

was added (Fig. 3.2; glm across the three treatments, C. sorokiniana: F = 13.08, P =
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0.006, df = 6, C. vulgaris: F = 39.79, P < 0.001, df = 6, S. obliquus: F = 20.26, P =
0.002, df = 6; glm, media vs. predator supernatant & live predators, C. sorokiniana: F
=20.22, P =0.002, df =7, C. vulgaris: F=53.14, P <0.001, df =7, S. obliquus: F =
25.14, P=10.001, df=17).

We also found that the distribution of green cells in groups showed
significantly more than binomial variation, in all three algal species when exposed to
either predator supernatant or live predators, except for C. sorokiniana upon exposure
to live predators (Table 3.1). Binomial variation would have been consistent with
completely random group aggregation, and so our finding of greater than binomial
variation suggests some tendency to form groups with algae of the same colour.

Time-lapse experiments of C. sorokiniana in the presence of predator
supernatant revealed that out of the 50 observed cells, each belonging to a different
group, 47 had joined their group by aggregation. In C. vulgaris and S. obliquus, 31
and 22 of the observed cells had joined their group by aggregation when exposed to
predator supernatant, respectively. The remaining cells, 3 in C. sorokiniana, 19 in C.
vulgaris, and 28 in S. obliquus, joined their group as a result of division from their
parent cell, though we could not distinguish whether this was simply division as part
of their life cycle or actual group formation. These cells spent on average 31.8 + 20.6
hours (mean + s.e.m.), 10.8 = 2.6 hours, and 51.6 + 4.4 hours with their parent cell

after division, respectively.

62



Fig. 3.1. Representative images of dichromatic groups within (A) and between (B)
species. (A) Green- and violet-dyed Chlorella sorokiniana form a dichromatic group
in the presence of Daphnia. (B) Green-dyed Chlorella sorokiniana and violet-dyed
Chlorella vulgaris form a mixed-species dichromatic group in the presence of

Daphnia.
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Fig. 3.2. Within-species group formation. The proportion of cells in groups is plotted
in the absence of predators (media), the presence of predator supernatant and the
presence of live predators. The cells are divided between those in groups containing
only violet- or green-dyed cells (monochromatic), and those in groups containing a
mixture of violet- and green-dyed cells (dichromatic). The different panels show
results for the three different algae species: (A) C. sorokiniana after 24 hours; (B) C.
vulgaris after 24 hours; and (C) S. obliquus after 48 hours. The Y-axes differ between

panels. The error bars are standard errors of the mean for each of these two colour
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combinations. For all species, we found that: the presence of live predators or
predator supernatant led to increased group formation and increased proportion of

cells in dichromatic groups, suggesting a role of aggregation.

Between-species group formation

We found that all three combinations of algal species, C. sorokiniana with C.
vulgaris, C. sorokiniana with S. obliquus, and C. vulgaris with S. obliquus, formed
multicellular groups in response to predators or predator supernatant (Fig. 3.3; glm,
media vs. predator supernatant & live predators, C. sorokiniana with C. vulgaris: F =
96.12, P <0.001, df =17, C. sorokiniana with S. obliquus: FF = 33.02, P < 0.001, df =
7, C. vulgaris with S. obliquus: F=57.21, P <0.001, df=17).

After adding predators or predator supernatant, the proportion of cells in
dichromatic groups (suggesting some between-species group formation) was between
14.8% and 46.8% (Fig. 3.3). In all three algal species combinations, the proportion of
cells in dichromatic groups was higher with predator supernatant or live predators
than when just media was added (Fig. 3.3; glm across the three treatments, C.
sorokiniana with C. vulgaris: F = 11.10, P = 0.009, df = 6, C. sorokiniana with S.
obliquus: F = 15.19, P = 0.004, df = 6, C. vulgaris with S. obliquus: F = 36.90, P <
0.001, df = 6; glm, media vs. predator supernatant & live predators, C. sorokiniana
with C. vulgaris: F = 23.88, P = 0.001, df = 7, C. sorokiniana with S. obliquus: F =
27.42, P=0.001, df =7, C. vulgaris with S. obliquus: F = 67.91, P <0.001, df = 7).

Additionally, in all three algal species combinations the distribution of green
cells in groups showed significantly more than binomial variation when exposed to
predator supernatant or live predators (Table 3.1). This suggests a greater than

random propensity to form groups with members of the same species.
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Fig. 3.3. Between-species group formation. The proportion of cells in groups is
shown in the absence of predators (media), the presence of predator supernatant and
the presence of live predators. The cells are divided between those in groups
containing only violet- or green-dyed cells (monochromatic), and those in groups
containing a mixture of violet- and green-dyed cells (dichromatic). The different
panels show results for the three different algal species combinations: (A) C.
sorokiniana with C. vulgaris after 24 hours; (B) C. sorokiniana with S. obliquus after

48 hours; and (C) C. vulgaris with S. obliquus after 48 hours. Y-axes between panels
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have different values. Error bars represent standard errors of the mean for each of
these two coloured types. In all three combinations, we found that: the presence of
live predators or predator supernatant led to increased group formation, and increased

proportion of cells in dichromatic groups, indicating between-species group

formation.
Number of
Observed variance/ groups
Algae Predators Expected variance sampled X?-value P-value
Within species
Chlorella sorokiniana supernatant 4.81 4 9.62 0.008
live 1.63 3 1.63 0.201
Chlorella vulgaris supernatant 7.49 36 254.71 <0.001
live 68.20 6 272.81 <0.001
Scenedesmus obliquus supernatant 23.75 221 5201.83 < 0.001
live 55.57 54 2889.77 <0.001
Between species
Chlorella sorokiniana & supernatant 6.22 32 186.78 <0.001
Chiorelia vulgaris live 17.90 12 179.03 <0.001
Chlorella sorokiniana & supernatant 17.48 24 384.61 <0.001
Scenedesmus obliquus
live 24.00 28 624.07 <0.001
Chlorella vulgaris & supernatant 66.78 163 10752.68 <0.001
Scenedesmus obliquus live 39.29 58 2200.58 <0.001

Table 3.1. Comparison of the proportion of green-dyed cells in groups relative to a
random binomial variance. We show analyses for when the different coloured cells
(green & violet) are the same species, or different species, and when group formation
was induced by either predators or predator supernatant. A value of observed/
expected variance (V,/V.) >1 would imply overdispersion, where groups tend to show
a bias to one of the two colours. In all cases within species and between species,

except C. sorokiniana in the presence of live predators, mixing was non-random.
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Discussion

We found group formation in all three algal species, C. sorokiniana, C. vulgaris and
S. obliquus, in response to live predators/predator supernatant (Fig. 3.2), consistent
with previous results from these and other algae species (reviewed in Kapsetaki et
al., 2016). In all three species, when we dyed algae two different colours and mixed
them we found that they formed dichromatic groups, suggesting that some group
formation is via individuals aggregating together (semisocial group formation; Figs.
3.1A & 3.2). This result was supported by direct observation in all three species, with
time-lapse photography, where we observed individuals coming together. In each of
these species, the distribution of dyed-cells in groups showed greater than binomial
variation, and so group formation was not only due to random aggregation (Table
3.1). This suggests that either some group formation is via offspring remaining with
their parents (subsocial group formation), or that there is some spatial clustering of
cells (Table 3.1). Finally, we found that individuals of these three species also form
groups with each other, leading to mixed-species groups, again emphasizing the role
of group formation via aggregation (Figs. 3.1B & 3.3).

Previous studies have suggested the necessity of cell division for group
formation (Lampert et al. 1994; Trainor 1998). C. sorokiniana, C. vulgaris and S.
obliquus acquire energy from sunlight and nutrients in their environment, leading to
an increase in cell size, after which the parent cell divides into daughter cells inside
the cell wall (Nilshammar and Walles 1974; Trainor et al. 1976; Boraas et al. 1998;
Trainor 1998; Yamamoto et al. 2005). Then, in response to predation, as reported in
C. vulgaris and S. obliquus (Boraas et al. 1998; Lurling and Van Donk 2000),
daughter cells fail to break free from the parent cell wall, leading to group formation.

(13

As stated clearly by Liirling (2001), in Scenedesmus “...colony formation is not
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clogging of individual cells, but the result of a reproductive process”. In contrast to
this assumption, we have found that a significant fraction of group formation is via
aggregation (Figs. 3.1 & 3.2). Our results do not exclude the possibility that some
group formation is via remaining with parents, because group formation is not purely
random (Table 3.1), and with time-lapse photography, we observed some cells
forming groups by division. Although we could not identify whether this was just
division, as part of their life cycle or actual group formation (e.g. Movie S3.1). By
further analysing our time-lapse data, we found that in all three algal species, daughter
cells spent more time on average with their parent cells after division in the presence
than in the absence of predator supernatant (Appendix: Time-lapse analysis), though
these two treatments were not conducted at the same time. These observations support
the idea of some group formation by remaining with parent cells.

Bonner (1998) suggested that group formation by remaining with parents is
more likely to have evolved in aquatic species, whereas we are more likely to see
group formation via aggregation in terrestrial species (Bonner 2003; Velicer and Vos
2009). Group formation by aggregation has been considered more difficult in water
because cells disperse easier in water than on land (J.T. Bonner 2009; Bourke 2011).
How can we explain the group formation by aggregation that we have observed in
non-motile aquatic species (Yamamoto et al. 2005)? These algae seem to randomly
move in the liquid culture, consistent with Brownian motion. In the presence of just
predator supernatant we saw cells dividing and the daughter cells dispersing, cells
dividing and the daughter cells remaining with their parent cell, and several cases
where a group formed both by cells remaining with parents and by aggregation
(Movie S3.2 & S3.3).

We found that not only did algae form groups via aggregation, but they also
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grouped with other species (Fig. 3.3). This would be expected if rapid group
formation provided a direct benefit in defence against predators. Between-species
multicellular aggregates have been observed previously in C. vulgaris with the
bacteria Bacteroidia, Flavobacteria, Betaproteobacteria,
Gammaproteobacteria and filamentous blue-green algae (Gutzeit et al. 2005; Lee et
al. 2013; Quijano et al. 2017), between different species of Chlamydomonas (Sathe
and Durand, 2016) and in Dictyostelium amoebae (Kaushik et al. 2006; Sathe et al.
2010; Sathe et al. 2014). Examples of mixed-species multicellular groups also exist in
bacterial biofilms, such as Pseudomonas suringae with Pseudomonas agglomerans,
and Acinetobacter with Pseudomonas putida (Monier and Lindow 2005; Hansen et al.
2007), where groups may provide protection against grazing by predators (Matz and
Kjelleberg 2005; Chavez-Dozal et al. 2013; Friman et al. 2013).

We found that group formation was not random, either within or between
species (Table 3.1). There are a number of possible explanations for this. First, some
group formation could be via remaining with parent cells. For example, the algae
Chlamydomonas can form groups by both remaining with parents and aggregating
(Lurling and Beekman, 2006; Harris, 2009; Sathe and Durand, 2016). Second,
clumping of the same clone/species might occur just through spatial clustering after
division (i.e. limited dispersal in a structured population). Third, individuals might
discriminate who they form groups with, as has previously been observed in
Dictyostelium amoebae (Mehdiabadi et al. 2006).

To conclude, across species, there is a correlation between the method of
group formation and whether multicellularity is facultative or obligate (Grosberg and
Strathmann 2007; Fisher et al. 2013; Fisher et al. 2016). All the known major

transitions to obligate multicellularity have arisen via offspring remaining with their
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parent cell (Fisher et al. 2013). In contrast, transitions to facultative multicellularity
have occurred via both aggregation and remaining with parents (Fisher et al. 2013).
Consequently, our result that facultative group formation in algae is via aggregation,
strengthens the across species correlation between the method of group formation and

whether multicellularity is facultative or obligate.
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Appendix

Movie S3.1. (https://youtu.be/ftUyxO5ShEw4) A single cell of Scenedesmus obliquus
divides, forming a group of seven cells, in the presence of supernatant from a culture
of Daphnia magna. An example of cell division where we cannot distinguish whether
this is simply division as part of the alga’s normal life cycle or actual group
formation. This movie is a short section from our time-lapse experiment. Each second
of the movie represents 4 minutes in real time.

Movie S3.2. (https://youtu.be/8Mf8i jLwWEI) This movie shows a cell of C. vulgaris

dividing with the daughters sticking to the parent cell (red arrow: 1:54) and other cells
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dividing with the daughter cells dispersing (black arrows at 0:46, 1:12, 1:33, 1:42,
6:03, 6:12, 6:17). The algal culture is exposed to supernatant from a culture of
Daphnia magna. This movie is a short section from our time-lapse experiment. Each
second represents 4 minutes in real time.

Movie S3.3. (https://youtu.be/4F6ylfWXEks) This movie shows aggregation of cells
(blue arrows at 0:08, 2:51, 3:43, 4:19, 6:50), cell division with daughter cells
dispersing (black arrows at 4:26, 8:31), and daughter cell attachment after division
(red arrow at 8:41). The movie is a short section from our time-lapse experiment with
Chlorella sorokiniana. The algae are exposed to supernatant from a culture of

Daphnia magna. Each second represents 4 minutes in real time.

Proportion of cells in groups Proportion of cells in dichromatic groups
overall . . predator overall . . predator
comparison media vs. med@ VS supernatant | comparison media vs. meqla s supernatant
predator live . predator live )
across supernatant redators vs. live across supernatant redators vs. live
treatments P P predators treatments P P predators
Chlorella * * * * *
sorokiniana <0.001 0.001 0.002 0.98 0.006 0.17 0.01 0.19
Chilorella . . . . . .
vulgaris < 0.001 <0.001 < 0.001 0.97 < 0.001 0.003 <0.001 0.19
Scenedesmus . * * * * *
obliquus 0.002 0.001 0.07 0.01 0.002 0.001 0.01 0.13

Table S3.1. Statistical analysis of the proportion of cells in groups and the proportion
of cells in dichromatic groups across treatments, in the within-species fluorescent
experiments of C. sorokiniana, C. vulgaris and S. obliquus. The “overall comparison
across treatments” columns show P-values from generalised linear models across the
three treatments (media, predator supernatant, live predators), using the quasibinomial
family to account for overdispersion. The remaining columns show P-values from
Tukey post-hoc tests testing for significant differences between treatment pairs.
Asterisks indicate significant values (P < 0.05).

Time-lapse experiment of algae in Bolds Basal media

Materials & Methods
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We tested how C. sorokiniana forms groups in the absence of predators using time-
lapse photography. We added 4.04 mL of C. sorokiniana (initial concentration of 10°
cells - mL™) to 0.96 mL of filtered Bolds Basal media in a 50-mL falcon tube. We
maintained the tube at 20°C with 16:8 hours light:dark cycle fluorescent illumination.
After 10 hours, we diluted the culture using Bolds Basal media to a final
concentration of 4 x 10° cells - mL™" and transferred 1 mL of the diluted culture to a
24-well plate. We placed the plate at room temperature under a phase-contrast
microscope (Nikon ELWD 0.3, magnification 20x, LWD), and set the digital camera
(Nikon D300, Japan), which was attached to the microscope, to take photos every
minute for 96 hours. We assembled the photos into a movie of 4 frames per second
using “Time Lapse Assembler” (Version 1.5.3).

From the end of the movie, we randomly chose a cell in a group and tracked it
back in time, stopping at the first instance at which it joined this group. We observed
30 cells, each from a different randomly selected group that had joined their group as
a result of division from their parent cell, and measured the time they spent with their
parent cell after division. We followed the same experimental procedure for C.
vulgaris and S. obliquus.

Results
Out of the 30 cells we tracked, we found that in the absence of predators, the average
time daughter cells spent with their parent cell was 2.0 = 1.3 hours (mean + s.e.m.) in

C. sorokiniana, 5.2 = 2.1 hours in C. vulgaris, and 38.0 + 4.2 hours in S. obliquus.
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Chapter 4: The costs and benefits of multicellular group
formation in algae*

Mag= 5.00 K X 1pm WD = 2.9 mm EHT = 5.00 kv Signal A= SE2 Date :28 May 2018 Time :13:59:31
Merlin-60-62 — | Probe = 300 pA System Vacuum = 1.16e.006 mbar
Column Mode = Analytic Scan Speed =7 Line Int. Busy N=4 CC Pressure = 0.0 %

Our ability as humans to quickly identify human faces led me to notice a cell in the
group displaying a ‘human-like happy face’ (image courtesy: Koen Evers). It looks
like someone’s happy to be in a clump (!), while others look rather grumpy.

So let’s look at the benefits and costs of clumping...

* Submitted at Evolution as: Kapsetaki S.E., West S.A. “The costs and benefits of
multicellular group formation in algae”.
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Abstract

The first step in the evolution of complex multicellular organisms involves single
cells forming a cooperative group. Consequently, to understand multicellularity, we
need to understand the costs and benefits associated with the formation of
multicellular groups. Green algae offer excellent opportunities for studying
multicellular group formation, because group formation is facultative, and can be
experimentally induced. This allows group formation to be experimentally
manipulated independent of its potential benefits and costs. We found that in the algae
Chlorella sorokiniana: (1) the presence of the flagellate Ochromonas danica or the
crustacean Daphnia magna leads to the formation of multicellular groups; (2) the
formation of multicellular groups reduces predation by O. danica, but not by the
larger predator D. magna; (3) under conditions of relatively low light intensity, where
competition for light is greater, multicellular groups grow slower than single cells; (4)
in the absence of live predators, multicellular groups break up at a rate that does not
vary with light intensity. A meta-analysis of four different algal species revealed that
the benefit of group formation is higher when algae are exposed to smaller predators,
and the cost of group formation is significantly higher under resource limiting
conditions. Our results show that multicellular group formation can be favored to
avoid small predators, but that multicellular group formation can also lead to growth
costs, explaining why multicellular group formation is facultative, in response to the

presence of predators.

Keywords: predation, major evolutionary transitions, cooperation, multicellularity,

Chlorella
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Introduction

A blue whale is a cooperative group of about 100 quadrillion cells (Zhang et al.
2005). In order for such a large and complex multicellular organism to have evolved,
the single-celled ancestor of this species must have joined together to form a
cooperative multicellular group (Maynard Smith and Szathmary 1995; Grosberg and
Strathmann 2007; Michod 2007; Bourke 2011; Claessen et al. 2014; West et al.
2015). This poses an evolutionary problem, because grouping together is likely to
have costs, such as increased competition for resources, which would have to be
outweighed by any benefits of group formation. The costs and benefits of
multicellular group formation cannot be examined in complex multicellular
organisms, like the blue whale, because they cannot complete their life cycle as single
cells (they are obligately multicellular). In addition, such species also exhibit division
of labor between different cells, a subsequent elaboration, which only arose after the
formation of multicellular groups. Consequently, if we want to understand the factors
that favored the initial evolution of multicellular groups, we need to examine species
that can exist both as single cells and multicellular groups (facultatively
multicellular), and before division of labor has evolved. Possible benefits to forming
multicellular groups include that multicellular groups are better able to defend against
predators, disperse, or forage for food and resources (Strassmann et al. 2000;
Grosberg and Strathmann 2007; Bourke 2011; Koschwanez et al. 2013; Claessen et

al. 2014; Smith et al. 2014; Biernaskie and West 2015).

Facultatively multicellular algae offer excellent opportunities for measuring
the benefits and costs of multicellular group formation. Many species of green algae
live as single cells, until certain ecological conditions, such as the presence of

predators, cause them to form multicellular groups (Van Donk et al. 2011; Fisher et

76



al. 2016; Kapsetaki et al. 2016). Previous work examining the costs and benefits of
group formation in algae has produced mixed results. Some studies have found that
group formation provides a defense against predators, but others have not (Hessen and
Van Donk 1993; Lampert et al. 1994; Liirling and Van Donk 1996; Liirling 1999).
One possible reason for this variation is that forming groups provides a defense
against relatively small predators, but not against relatively large predators that can
consume groups. If group formation has costs, then this could help explain why group
formation is only facultative, in response to predators. Most studies have failed to find
a cost of group formation, in terms of increased competition for resources (Riegman
et al. 1992; Peperzak 1993; Boraas et al. 1998; Lurling and Van Donk 2000; Jakobsen
and Tang 2002; Lurling and Beekman 2006). However, costs and benefits will depend
upon environmental conditions, and the conditions that influence group formation
could have confounding influences. For example, a failure to find a cost of group
formation, in terms of decreased growth rates, may reflect experiments being carried
out in benign environments, where resources were not limiting (Lurling and Van

Donk 2000; Jakobsen and Tang 2002; Lurling and Beekman 2006).

We examined the costs and benefits of multicellular group formation in the
algae Chlorella sorokiniana. This species forms multicellular groups facultatively, in
response to the presence of a number of predators, including the flagellate
Ochromonas spp., the ciliate Tetrahymena thermophila, and the crustacean Daphnia
magna (Kapsetaki et al. 2016). We have previously shown that group formation can
also be induced by the addition of products from a culture of one of these predators,
D. magna, in the absence of actual predators (Kapsetaki et al. 2016). We exploited
this as an experimental tool, to manipulate whether cells are in groups, independently

of other factors.
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We had four specific aims. First, we tested whether multicellular group
formation led to reduced predation by the flagellate predator Ochromonas danica or
by the crustacean predator D. magna. We used O. danica and D. magna because: (i)
both species predate C. sorokiniana sufficienctly to impact population density, and
(i1) O. danica is approximately 100 times smaller than D. magna, allowing us to
examine whether group formation provides a benefit against a small and a large
predator (Kapsetaki et al. 2016). O. danica like many flagellate and ciliate predators
is of similar size to algal cells whereas the larger predator D. magna can be much
larger than groups, and so predation could potentially be more impaired by group
formation in the case of O. danica (Liirling et al. 1997; Boraas et al. 1998; Kapsetaki
et al. 2016).

Second, we tested whether, in the absence of predators, multicellular group
formation led to reduced growth. We examined for this potential cost of group
formation under conditions of both high and low light availability, because the growth
cost of forming groups could depend upon environmental conditions (Liirling and
Van Donk 2000; Jakobsen and Tang 2002; Lurling and Beekman 2006).

Third, we tested whether multicellular groups broke up, and returned to single
cells, in the absence of predators, and whether this varied between high and low light
availability. If group formation is costly, then we would expect group breakup to be
favoured when the benefit (predator avoidance) was not there, and especially under
conditions where resources are limiting, and hence the costs of group formation are
higher (Dehning and Tilzer 1989; Boraas et al. 1998; Verschoor et al. 2009).

Fourth, we performed two meta-analyses including our data, testing whether
the benefit of group formation is higher upon exposure to small predators, and

whether the cost of group formation is higher when resources are limited.
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Methods

Strains

We maintained the algae Chlorella sorokiniana (non-axenic from the Culture
Collection of Algae and Protozoa; strain number 211/8K) in Bolds Basal media at
20°C at a light:dark cycle of 16:8 hours fluorescent illumination. To eliminate bacteria
from the cultures, we added 500 ugmL™" of the antibiotic rifampicin to 1-mL samples
of C. sorokiniana, and diluted the samples 1:300 after 24 hours in Bolds Basal media
(Kapsetaki et al. 2016; Kapsetaki et al. 2017). We maintained the cultures in 1-L
Erlenmeyer flasks shaking at 220 rpm, at 20°C and a light:dark cycle of 16:8 hours

fluorescent illumination, before using the cultures in experiments.

As putative predators, we used Ochromonas danica (axenic from the National
Center for Marine Algae and Microbiota; strain number CCMP 3279) cultured in 2.5
mL Proteose Peptone Yeast extract (PPY) media diluted in 7.5 mL dH,O, and
Daphnia magna (Sciento, UK), which we fed 5 mL Scenedesmus obliquus (10° cells
mL™") every 4-5 days. We maintained the O. danica culture in a 50-mL Falcon tube
and the D. magna in 500-mL jars and at 20°C and a light:dark cycle of 16:8 hours
fluorescent illumination. Before using O. danica in experiments, we reverse-filtered
the culture with Bolds Basal media to remove O. danica from the nutrient rich PPY
media and thus minimise the possibility of PPY-induced group formation in C.
sorokiniana (Fisher et al. 2016; Kapsetaki et al. 2016). The filter we used in all
experiments had a pore diameter of 0.22 um. The resulting final concentration of O.

danica that we used in experiments was 1.5 x 10° cells mL™".

To induce group formation in the algae C. sorokiniana, we used filtered liquid

from the predator D. magna (Kapsetaki et al. 2017). D. magna is a much larger
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predator, whose extracts have a much larger influence on group formation, and hence

allow us greater experimental power (Kapsetaki et al. 2016; Kapsetaki et al. 2017).

Experiment 1: Is there a fitness benefit of being in a group?

Ochromonas predator

Our previous work with C. sorokiniana used a different Ochromonas species,
Ochromonas spp.. Consequently, our first aim was to test whether the algae C.
sorokiniana form groups in response to live O. danica and/or supernatant from O.
danica. We added 1 mL of C. sorokiniana (10° cells mL™) with 0.75 mL filtered
Bolds media to either: (1) 0.75 mL of O. danica; (2) 0.75 mL filtered liquid from the
culture of O. danica; (3) 0.75 mL filtered Bolds media as a negative control of group
formation; or (4) 0.75 mL filtered liquid from the culture of D. magna (final
concentration of 3 individuals per mL) as a positive control of group formation in 50-
mL Falcon tubes (15 replicates per treatment). We randomized the tubes on tube racks
incubated at 20°C and a light:dark cycle of 16:8 hours fluorescent illumination. We
kept the tube caps loose to allow oxygenation. We collected samples at 0 and 24
hours by tilting each tube 5 times to adequately mix the cultures, and transferring 50
uL from each culture into a 96-well plate. We minimized sampling bias by obtaining
an image from a random area of each well with a VisiCam digital camera under
an inverted microscope (VWR, Model XDS-3) at x20 magnification. In these 2-
dimensional images, we quantified the proportion of cells in groups (number of algal
cells in groups/total number of algal cells). We define a group as >3 cells in contact
with each other, but found the same qualitative results when analysing mean group
size. In several cases the exact number of cells in 3-dimensional groups, especially in

large groups, was difficult to determine from the 2-dimensional images, as many cells
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were ‘hidden in the background’. For consistency, we counted what we saw in the 2-
dimensional images. We counted paired cells as single cells in all the experiments.
Second, we tested whether O. danica is a predator of C. sorokiniana and
whether groups of C. sorokiniana have a higher fitness relative to single cells when
exposed to O. danica. We added 4.04 mL of C. sorokiniana (10° cells mL™) to either:
(1) 0.96 mL of filtered liquid from the culture of D. magna (final concentration of 3
individuals per mL) (n=10 ‘multicellular’ cultures); or (2) 0.96 mL of filtered Bolds
media in a 50-mL Falcon tube (n=10 ‘unicellular’ cultures). We maintained the 20
tubes at 20°C at 16:8 hours light:dark cycle fluorescent illumination for 96 hours. We
mixed replicates of the same treatments resulting in two cultures, and diluted both
cultures to 40 algal cells per field of view at x20 magnification. We then created four
experimental treatments in a 2x2 factorial design, with multicellular or unicellular
cultures, and with or without the addition of O. danica predators. We did this by
combining into 50-ml Falcon tubes 0.75 mL of filtered Bolds media with: (1) I mL of
the multicellular culture, and 0.75 mL of O. danica; (2) 1 mL of the multicellular
culture, and 0.75 mL filtered liquid from the culture of O. danica; (3) 1 mL of the
unicellular culture, and 0.75 mL O. danica; or (4) 1 mL of the unicellular culture, and
0.75 mL filtered liquid from the culture of O. danica. We replicated each treatment 30
times. We randomized the tubes on tube racks, keeping the tube caps loose to allow
oxygenation, and incubated at 20°C and a light:dark cycle of 16:8 hours. After adding
the predator treatments, we collected samples at 0 and 3 hours, sampling as described
above, to measure the total number of algal cells and the proportion of cells in groups.
A potential complication with this experiment is that the addition of O. danica
predators induces multicellular group formation in the algae, which could reduce the

difference between our treatments in the proportion of algae in multicellular groups.
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To avoid this, we quantified predation just 3 hours after adding predators - live O.
danica induces group formation in C. sorokiniana after 24 hours, but not after 3 hours

(see results; Kapsetaki et al. 2016).

Daphnia predator

We performed three experiments to test whether group formation is beneficial in
terms of avoiding predation by D. magna. We examined whether cultures of
unicellular algae experience a larger decrease in density than multicellular cultures
after exposure to: (1) mixed sizes of D. magna; (2) small-, medium-, or large-sized D.
magna; and (3) whether cells that were in multicellular groups were less likely to be
predated by D. magna in cultures that contained both multicellular groups and
unicells. This combination of experiments allowed us to test if multicellular group
formation helped reduce predation, if this benefit only occurred with certain size D.
magna, or if D. magna preferentially fed on unicells/smaller groups.

First, we examined whether unicellular cultures decrease in density more than
multicellular cultures after adding mixed sizes of D. magna. We added 4 mL of C.
sorokiniana (10° cells mL™) to either: (1) 1 mL of filtered liquid from the D. magna
culture (final concentration of 3 individuals per mL) (n=30 ‘multicellular’ cultures);
or (2) 1 mL of filtered Bolds media in a 50-mL Falcon tube (n=30 ‘unicellular’
cultures). We kept tubes at 20°C at 16:8 hours light:dark cycle fluorescent
illumination for 96 hours. We mixed replicates of the same treatments resulting in two
cultures, and diluted both cultures to 10° cells mL'. We then created four
experimental treatments, with multicellular or unicellular cultures, and with or
without the addition of D. magna predators of mixed sizes. Specifically, we combined
into 50-ml Falcon tubes: (1) 4.5 mL of the multicellular culture, and 0.5 mL of

filtered liquid from the culture of D. magna; (2) 4.5 mL of the multicellular culture,
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and 0.5 mL with 15 individuals D. magna of various sizes; (3) 4.5 mL of the
unicellular culture, and 0.5 mL of filtered liquid from the culture of D. magna; or (4)
4.5 mL of the unicellular culture, and 0.5 mL with 15 individuals D. magna of various
sizes. We replicated each treatment 18 times. We randomized tubes on tube racks,
keeping the tube caps loose allowing gas exchange, and incubated at 20°C and a
light:dark cycle of 16:8 hours. After adding the predator treatments, we collected
samples at 0 and 12 hours, sampling as described above, to measure the total number
of algal cells and the proportion of cells in groups.

Second, we tested whether groups of C. sorokiniana have a benefit in terms of
avoiding predation by small, medium, or large D. magna. We carried out this
experiment because any benefit of avoiding predation could vary with predator size,
and so could have been masked by using D. magna of variable sizes. We followed the
same protocol as above, but instead of the treatments where we added D. magna of
various sizes, we had three separate treatments where we added small (<2 mm),
medium (2-3 mm), or large (>3 mm) D. magna.

Third, we tested whether multicellular groups of algae were less likely to be
predated by D. magna in cultures that contained both multicellular groups and
unicells. We carried out this experiment in case the benefit of avoiding predation was
only realized when there was a range of group sizes available, for example if D.
magna preferentially feed on unicells. We differentiated between cells that were from
multicellular or unicellular cultures by marking them with different fluorescent dyes.
We prepared unicellular and multicellular cultures by either adding filtered Bolds
media or filtered D. magna supernatant to the algae C. sorokiniana, then separated

each culture in two separate treatments, dyed each treatment with either a green or
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violet fluorescent dye, mixed together the differently-dyed multicellular and
unicellular cultures at a 1:1 ratio, before adding the D. magna.

We added 2.5 mL of C. sorokiniana (10° cells mL™) in 50-mL falcon tubes to
either 2.5 mL of filtered Bolds media, or 2.5 mL filtered liquid from the D. magna
culture (final concentration of 3 individuals per mL) (6 replicates per treatment). We
kept the falcon tube caps loose to allow for gas exchange and randomized tubes on a
rack in an incubator at 20°C with a light/dark cycle of 16:8 hours using fluorescent
illumination.

After 48 hours, we mixed together the tubes from the same treatments and
followed the protocol for fluorescently dyeing cells as described in Kapsetaki et al.
2017. We centrifuged the cultures at 100 x g for 10 minutes and resuspended the
pellet in CD-CHO Medium (Gibco, Carlsbad, CA). We then split each culture in
equal volumes and added the fluorescent dye CellTracker™ Green BODIPY (final
concentration 20 uM) to one culture, and CellTracker™ Violet BMQC (final
concentration 20 ¢M) to the other culture. We diluted stock dyes in 10 mM DMSO.
We covered the four cultures with aluminium foil, left them shaking at 170 rpm
overnight at room temperature, then centrifuged both cultures at 100 x g for 10
minutes, and resuspended in Bolds media to remove the dyes.

We diluted the cultures to 10° cells mL™', and mixed together the multicellular
green-dyed culture with the unicellular violet-dyed culture, and the multicellular
violet-dyed culture with the unicellular green-dyed culture at a 1:1 volume ratio.

We then combined into 50-ml Falcon tubes: (1) 1 mL of the multicellular
green:unicellular violet culture and 3 medium-sized D. magna; (2) 1 mL of the
multicellular violet:unicellular green culture and 3 medium-sized D. magna. We used

18 replicates for each treatment. We randomized tubes on tube racks, keeping the tube
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caps loose to allow oxygenation, and incubated at 20°C under fluorescent
illumination. After adding the predators, we collected 20 4L samples at 0 and 3 hours,
constructed fluid tunnel slides (Kapsetaki et al. 2017), and imaged samples under a
Zeiss Axio Zoom V16 fluorescence stereoscope (Carl Zeiss, Oberkochen, Germany)
at x100 magnification. We took 3 images per replicate and measured the number of
green and violet cells. We averaged these 3 experimental replicates to a single data

point, leading to 18 independent data points per treatment.

Experiment 2: Is there a fitness cost of being in a group?
We examined whether cells growing in groups have lower growth rates than cells
growing as unicells, and whether this was influenced by light availability. We
manipulated light availability by wrapping some tubes uniformly with aluminum foil
up to the 30-mL indication (Fig. 4.4A), which reduced light and subsequent algal
growth (see results). We transferred 4.04 mL of C. sorokiniana (10° cells mL™) to
either: (1) 0.96 mL of filtered Bolds media in Falcon tubes; (2) 0.96 mL of filtered
Bolds media in Falcon tubes wrapped with aluminum foil (see Fig. 4.4A); (3) 0.96
mL of filtered liquid from the culture of D. magna (final concentration of 3
individuals per mL) in Falcon tubes; or (4) 0.96 ml of filtered liquid from the culture
of D. magna in Falcon tubes wrapped with aluminum foil. We used 5 independent
replicates for each treatment. We randomized tubes on tube racks and incubated them
at 20°C at a light:dark cycle of 16:8 hours fluorescent illumination, keeping the tube
caps loose to allow for oxygenation. After adding the predator treatments, we
collected samples at 0 and 96 hours, using the abovementioned sampling protocol,
and measured the total number of algal cells and the proportion of cells in groups.
Next, following our observation of lower algal growth in multicellular cultures

than unicellular cultures grown in darkness, we examined whether this decline was
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due to competition of cells for light, supporting the hypothesis that multicellular
group formation is costly, or simply due to multicellular groups sinking to the bottom
of tubes, thus cells inhibiting other cells from exposure to light essential for their
growth. We performed the same experiment as above, but instead of the dark
treatments we used ‘dark with hole’ treatments where we removed aluminium foil
from the bottom of the tubes creating a hole through which light could pass (see Fig.

4.5A). We used 15 independent replicates per treatment.

Experiment 3: Do groups revert to unicellularity faster in the dark?

In this experiment, we tested whether the rate at which groups of C. sorokiniana
break up, from multicellular groups to single cells (unicells), is influenced by the light
level. We placed 4.04 mL of C. sorokiniana to either 0.96 mL of filtered Bolds media
(n=18), or 0.96 mL filtered liquid from the D. magna culture (final concentration of 3
individuals per mL) (n=18) in 50-mL Falcon tubes. We kept the tube caps loose to
allow for oxygenation and randomized all 36 tubes on tube racks in an incubator at
20°C with a light:dark cycle of 16:8 hours using fluorescent illumination. On day 4,
we covered the 18 tubes which had been treated with D. magna supernatant in
aluminium foil (see Fig. 4.4A), and left the remaining 18 tubes without aluminium
foil. After adding the D. magna supernatant we obtained samples on day 0 (0 hours),
1 (24 hours), 4, 7, 10, and 13, using the sampling protocol described above, and
quantified the proportion of cells in groups. In the beginning of the experiment, the
proportion of cells in groups did not differ between the four treatments (anova-glm,

F3,32 = 007, P= 097)

Meta-analyses

We assessed whether the benefit of algal group formation, i.e. multicellular algae
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having higher survival rates than unicellular algae, is higher when exposed to smaller
predators (‘benefit meta-analysis’); and whether the cost of algal group formation, i.e.
multicellular algae having lower growth rates than unicellular algae, is higher under
resource-limiting conditions (‘cost meta-analysis’).

We collected data by searching on Google Scholar and Web of Science using
the following keywords, "alga*” OR “microalga*” OR “Chlorophyceae” OR
“Chlorella” OR “Scenedesmus” AND “coenobi*” OR "multicellular group*” OR
"group formation" OR "colon*” OR “clump*” OR "colony formation" OR
“multicell*” OR “aggregate” OR “flocculation” OR “floc*” OR “mean particle
volume” AND “predator*” OR “graz*” "benefi*” OR "cost*” OR "grazing
resistance*” OR “sink*”, and searched studies backwards and forwards without
constraint on publication year. This search led to a total of ~1830 studies. We
removed duplicate and ineligible studies (see Fig. S4.2, Table S4.1). We collected
data on mean number of algae, mean algal growth or clearance rate, standard
deviations, sample size, and predator size or resource availability (high and low levels
of light or nutrients). When studies did not provide means or standard deviations in
the text, we obtained these manually from figures wusing the software
WebPlotDigitizer. For the ‘benefit meta-analysis’ we included studies that compared
clearance/growth rate values of unicellular and multicellular algal cultures upon
predation, and for the ‘cost meta-analysis’ we included studies that compared growth
values of unicellular and multicellular algal cultures under high and low resources.
We only used studies where we had data available for two or more predator
sizes/resource availability per algal species. For the ‘benefit meta-analysis’ we used
three studies (including this study) of 22 effect sizes in total and four algal species,

and for the ‘cost meta-analysis’ we used seven studies (including this study) of 22
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effect sizes in total and four algal species.

Statistical Analysis

We performed most of our statistical analyses with generalized linear models, in the
statistical package R (version 3.2.3; ‘glm’ package; Crawley 2012; R Core Team
2015). When analysing the proportion of cells in groups, we assumed binomial errors,
with the family “quasibinomial” to correct for data overdispersion. We carried out our
analyses by step-wise deletion to the minimal adequate model. The only analysis
which we did not carry out with a generalized linear model, was when examining the
effect of Daphnia size (large, small, medium) on algal density where we carried out a
regression analysis using a linear model and when examining how groups break up in
experiment 3. In the latter, because our data were repeated measures over time we
fitted a generalized mixed-effects model with Penalized Quasi-Likelihood
(‘glmmPQL’ package) using quasibinomial errors. We treated the interaction between
the two treatments (“light with Daphnia supernatant”, “dark with Daphnia
supernatant”) and time as a fixed effect and the repeated measurements across time as
random effects. We set Day 4 as the starting time point in our analysis for comparing
how groups break up over time in light versus darkness, since that is when the tubes
were separated into light and dark conditions.

For the meta-analyses, we analyzed data using the multivariate meta-analysis
model (‘rma’ function) in the R package ‘metafor’ (Viechtbauer 2010). In the ‘cost
meta-analysis’ we categorized data on a scale of low (0) and high (1) resource
availability. For the ‘benefit meta-analysis’, we measured the average size (um) of
every predator species and normalized these data by measuring the square root per
average predator size. We built separate regressions for each species treating resource

availability (‘cost meta-analysis’) or the square root of average predator size (‘benefit
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meta-analysis’) as a fixed effect in our model. We determined whether the mean slope
across the four species was different from zero by building a regression (‘rma’
function) and treating resource availability*species (‘cost meta-analysis’) or the
square root of average predator size*species (‘benefit meta-analysis’) as fixed effects
in our model. As effect sizes we used the natural log-transformed ratios of the mean
number of algae/algal growth rate in unicellular cultures divided by the mean number
of algae/algal growth rate in multicellular cultures (‘cost meta-analysis’); and the
natural log-transformed ratios of the mean clearance rate of algae in unicellular
cultures divided by the mean clearance rate of algae in multicellular cultures when
studies only provided values of clearance rates, or the mean total number of algae in
multicellular cultures divided by the mean total number of algae in unicellular
cultures when values of total algae were provided (‘benefit meta-analysis’). Using the
effect size as a standardized scale to compare data across studies allows us to see the
overall pattern even though there may be differences in experimental techniques
between studies. We measured variances using Hedges' et al. (1999) variance
equation [V = s172/(n1*Y172) + s272/(n2*Y2"2), where V = variance; nl, n2 =
sample sizes of each treatment; s1, s2 = standard deviations of each treatment; Y1, Y2

= means of each treatment].

Results

Experiment 1: Is there a fitness benefit of being in a group?

Consistent with our previous results, we found that the algae C. sorokiniana form
multicellular groups in response to the addition of live O. danica or supernatant from
a culture of D. magna (Fss = 123.14, P < 0.0001; Fig. 4.1; Kapsetaki et al. 2016),

but not in response to supernatant from a culture of O. danica (F,s7= 1.50, P = 0.22;
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Fig. 4.1A). We exploited this by using D. magna supernatant as a way to
experimentally manipulate the extent to which cultures of C. sorokiniana were in

multicellular groups.
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Figure 4.1. Group formation in the algae C. sorokiniana. (A) The addition of both
live O. danica predators and D. magna supernatant, but not the addition of O. danica
supernatant, led to an increase in the proportion of cells in multicellular groups. These
results are in comparison to our control treatment, where we added filtered media.
Error bars show 95% confidence intervals (15 independent replicates per treatment).
(B) Single cells of the algae C. sorokiniana (red arrow) are smaller than their O.
danica predator (black arrow). Multicellular groups of C. sorokiniana (white arrow)
can be similar in size or larger than their O. danica predator. (C) Group formation in
the algae C. sorokiniana is visible to the naked eye. The two tubes show C.
sorokiniana incubated for 96 hours in the presence (left) and absence of D. magna
supernatant (right). Groups of C. sorokiniana are visible on the left where

multicellular group formation had been induced.
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Ochromonas predator

We found that the formation of multicellular groups in the algae C. sorokiniana
reduced predation by O. danica (Fig. 4.2). Three hours after adding O. danica
predators, the number of algal cells was significantly lower in the experimental
replicates containing unicellular algae relative to those where we had induced
multicellular group formation prior to adding the predators (interaction term: Fi 1=
8.19, P = 0.004). Furthermore, the algal density in our treatment where we induced
multicellular groups prior to adding predators was not significantly different from our
two controls, where we added O. danica supernatant rather than live O. danica to

either unicellular or multicellular groups (£2.116= 0.10, P = 0.89; Fig. 4.2B).
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Figure 4.2. The benefit of multicellular group formation in the algae C.
sorokiniana upon predation by O. danica. (A) The proportion of algal cells in
multicellular groups was manipulated by adding D. magna supernatant. The addition
of D. magna supernatant, prior to adding O. danica predators, led to a significantly
higher proportion of cells in multicellular groups, as also shown in Figure 4.1. In
contrast, the proportion of cells in multicellular groups did not change significantly in
response to three hours exposure to O. danica predators. (B) Multicellular group
formation prevented predation by O. danica. Three hours after adding O. danica
predators the total number of algal cells was reduced in the cultures containing
unicellular algae, but not in the cultures containing multicellular algae. These
differences are compared to the control treatments where we did not add O. danica
predators. In both plots, error bars indicate 95% confidence intervals (30 independent

replicates per treatment).

Daphnia predator

In contrast, in all three of our experiments with D. magna, formation of multicellular
groups by the algae C. sorokiniana did not reduce predation (Fig. 4.3). First, the
number of algal cells in unicellular and multicellular cultures did not decrease at
different rates after adding mixed sizes of D. magna (interaction term: Fj¢3= 0.41, P
= 0.52; Fig. 4.3A). Second, when we added different sizes of D. magna, the predation
rate did not differ between unicellular and multicellular cultures (interaction term:
F3136=1.92, P = 0.12; Fig. 4.3B). The reduction in number of algae (predation) was
greater with larger D. magna (Fig. 4.3B; linear model, adjusted »* = 0.38, Fy 106 =
68.71, P < 0.0001). Third, in multicellular (dyed green or violet):unicellular (dyed
violet or green) algal cultures, the proportion of cells originating from the

multicellular culture did not change significantly after adding medium-sized D.
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magna, suggesting that multicellular groups were not differently predated than
unicellular groups (F170= 0.25, P = 0.61; Fig. 4.3C). In both cultures, medium-sized
D. magna decreased total algal density after 3 hours (Fie = 15.39, P = 0.0002),

indicating predation.
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Figure 4.3. Multicellular group formation does not reduce predation by D.
magna. (A) The rate at which D. magna predators predated algae did not vary
significantly dependent upon whether the algae were in multicellular groups. (B)
Across different sized D. magna predators, the rate at which they predated algae did
not vary significantly dependent upon whether the algae were in multicellular groups.,
Larger D. magna caused a larger decrease in algal density. (C) In mixed algal
cultures, there was no significant difference in the rate at which D. magna predated
multicellular groups versus unicells. Error bars in all plots A-C represent 95%

confidence intervals (18 independent replicates per treatment). (D) A multicellular
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group (white arrow) of C. sorokiniana can be seen inside the D. magna, indicating
ingestion. A single cell of C. sorokiniana (red arrow) outside the D. magna is shown

for size comparison.

Experiment 2: Is there a fitness cost of being in a group?

We examined the cost of multicellular group formation by comparing the growth rate
of populations with different proportions of cells in multicellular groups under
conditions of high resource availability (light) and low resource availability (dark). As
in our benefit experiment, we manipulated the proportion of cells in multicellular
groups by adding in D. magna supernatant (Fig. 4.4B; F 15 =269.28, P <0.0001).

We found that whether populations were maintained under light or dark
conditions did not influence the proportion of cells growing in multicellular groups
(Fig. 4.4B; F117 = 0.54, P = 0.46; interaction term: £ ;6 = 1.93, P = 0.18). Growing
cells under relatively dark conditions led to reduced growth rate when algae were in
multicellular groups, but not when they were growing as unicells (Fig 4.4C; F) 16 =
12.56, P = 0.002). This suggests that the costs of multicellular group formation are
greater when light is more limiting.

An alternate hypothesis for our above result is that in the dark treatment,
multicellular groups have higher sinking rates than single cells, sink to the bottom of
the tube, and due to the density of algae in the precipitate receive less light and thus
grow less than single cells in the dark. To distinguish between these two hypotheses,
we repeated our experiment, but instead allowed light to pass through the bottom of
tubes covered in aluminium foil (‘dark with hole’ treatments; Fig. 4.5A), thus
enabling growth of any precipitate which may have formed in the multicellular
culture. We found that multicellular cultures also grew less than unicellular cultures in

the ‘dark with hole’ treatments, suggesting that multicellular cultures experienced
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greater competition (Fig. 4.5C; Fis¢ = 6.19, P = 0.01),. Algae formed larger
precipitates in single-celled cultures than in multicellular cultures (Fig. S4.1), further
supporting the hypothesis that the observed decrease in algal density (Fig. 4.4C) is

due to multicellular groups competing for light, not due to sinking.
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Figure 4.4. The cost of group formation in the algae C. sorokiniana. (A) We used
aluminium foil to reduce the light availability. The left tube is the ‘light’ treatment
and the right tube is the ‘dark’ treatment. (B) The addition of D. magna supernatant
led to a higher proportion of cells being in multicellular groups. Light levels did not
influence the proportion of cells in multicellular groups. (C) Algae with more cells in
multicellular groups grew to lower cell densities under dark, but not light, conditions.
This suggests there is a cost of multicellular group formation, but only when light is
limiting. In plots B and C, error bars show 95% confidence intervals (5 independent

replicates per treatment).
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Figure 4.5. The cost of group formation is not due to sinking. (A) The first two
cultures from the left are the ‘light’ treatments, and the remaining two are the ‘dark
with hole’ treatments. In the latter, light was allowed to pass from the bottom of tubes
by creating a small hole in the aluminium foil. (B) The proportion of cells in groups
was not influenced by light levels. (C) Multicellular cultures grew less than
unicellular cultures in the ‘dark with hole’ treatment, but not in the ‘light’ treatment,
indicating that this decreased growth is not caused by sinking, i.e. cells restricting
other cells access to light. Both plots show error bars of 95% confidence intervals (15

independent replicates per treatment).
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Experiment 3: Do groups break up faster in the dark?

Examining the treatments where we used extract of predator culture to induce
multicellular group formation, groups gradually break up over time (Fig. 4.6;
glmmPQL, P < 0.0001). The rate at which groups broke up did not vary significantly
depending upon whether cells were maintained in the dark or light (Fig. 4.6; from

Day 4 onwards, glmmPQL, P = 0.47).

0.50'
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0.25

Proportion of cells in groups

0.00'

Figure 4.6. Multicellular groups of the algae C. sorokiniana did not break up
faster in the dark than in the light. At time point 0, we exposed 50% of the 36
replicate tubes of algae to D. magna supernatant (solid line) leading to an increase the
proportion of cells in multicellular groups. On day 4, we wrapped 50% of the tubes in
aluminium foil, to produce a ‘dark’ treatment. The rate at which multicellular groups
of algae broke up did not vary depending upon whether they were kept in light or dark

conditions. Error bars show 95% confidence intervals.
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Meta-analyses

By gathering data from three studies on the benefit of algal group formation and
performing a meta-analysis, we found that in C. sorokiniana, S. acutus, and S.
obliquus, but not in S. subspicatus, the benefit of being in a group, as expressed by the
log-transformed number of multicellular/unicellular algae, is greater upon exposure to
smaller predators (multivariate meta-analysis model; slopecs. = — 0.0082, Pcs =
0.0016, ncs. = 5; slopes.a. = — 0.0147, Ps, = 0.0059, ns.. = 11; slopes,. =— 0.26, Ps,.
<0.0001, ng,, =4; slopess. =—0.103, Pss. = 0.31, ng s = 2). Overall, across these four
algal species the benefit of group formation is higher when algae were exposed to
smaller predators (Fig. 4.7; multivariate meta-analysis model; slope = — 0.008, P =
0.0016, n = 22; the slope is significantly different than 0).

Furthermore, in C. sorokiniana and Phaeocystis globosa, but not in S. acutus
and S. obliquus, we found that the cost of group formation, as expressed by the log-
transformed number of unicellular/multicellular algae, is higher under limited
resources (multivariate meta-analysis model; slopecs = — 0.73, Pcs. < 0.0001, ncs. =
4; slopep, = — 0.33, Pp, < 0.0001, np, = 8; slopesa. = 0.11, Ps, = 0.21, nga = 4;
slopeso. =—0.03, Ps,. = 0.69, ng,, = 6). Overall, in these four algal species the cost of
group formation is higher in resource-limiting conditions (Fig. 4.8; multivariate meta-
analysis model; slope = — 0.72 + 0.25, where 0.25 represents the 95% CI, P <0.001, n

= 22; the slope is significantly different than 0).
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Figure 4.7. The benefit of algal group formation is higher upon exposure to
smaller predators. Each data point in this meta-analysis is a different experimental
study with a specific value for the benefit of group formation and average predator
size (total n = 22 studies). Values on the y-axis represent the log-transformed mean
number of multicellular algae/mean number of unicellular algae. Different shapes

show the four different algal species.
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Figure 4.8. Algal group formation is more costly under limited resources. Each
data point in the meta-analysis is a different experimental study with a specific value
for the cost of group formation and resource availability (total n = 22 studies). Values
on the y-axis represent the log-transformed mean number of unicellular algae/mean

number of multicellular algae. Different shapes show the four different algal species.

Discussion

We found that in the algae C. sorokiniana the formation of multicellular groups can
provide both a benefit in the presence of the small predator O. danica, but not the
larger predator D. magna, and a cost. In particular, group formation: (1) reduces
predation by O. danica (Fig. 4.2B); (2) doesn’t reduce predation by D. magna (Fig.

4.3); and (3) leads to reduced algal growth under conditions of relatively low light
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intensity due to competition for light (Fig. 4.4C, 4.5). Over time, in the absence of
predators, multicellular groups break up, but the rate of break up did not vary
depending upon whether algae were grown in the dark or light (Fig. 4.6). Our meta-
analyses showed that group formation in algae is more beneficial upon exposure to
smaller predators, and that group formation is more costly under limited resources
(Fig. 4.7, 4.8). However, both meta-analyses would certainly benefit from larger
statistical power by the addition of future studies on the benefit and cost of group

formation in algae.

Multicellular group formation in algae

Previous studies formally examining the benefits of multicellular group formation in
algae have produced mixed results (Hessen and Van Donk 1993; Liirling 1999;
Herron et al. 2018). In Scenedesmus acutus, S. obliquus and Scenedesmus
subspicatus, group formation has been suggested to reduce predation by the predators
Brachionus calyciflorus (Liirling 1999), D. magna (Hessen and Van Donk 1993), and
Daphnia cucullata (Liirling and Van Donk 1996; Liirling et al. 1997), but not in S.
obliquus upon exposure to the predators D. magna (Liirling et al. 1997) or Daphnia
pulex (Liirling and Van Donk 1996). Multicellular groups might escape predation for
a number of reasons, including being too large for predators to ingest, being better
able to survive the predator’s gut, or by sinking to a predatory free zone (Ryther 1954;
Porter 1976; Dehning and Tilzer 1989; Sterner 1989; Kretzschmar et al. 1993; Kampe
et al. 2007). Others have claimed but not formally shown that several protists,
including Gyrodinium dominans, Ochromonas vallescia, and Euplotes sp., are able to
ingest single algal cells but cannot ingest groups of algae (Weisse and Scheffel-Moser
1990; Boraas et al. 1992; Boraas et al. 1998; Tang et al. 2001; Jakobsen and Tang

2002; Long et al. 2007). We found that multicellular group formation reduces
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predation of the algae C. sorokiniana by a small predator (O. danica), but not by a
large predator (D. magna) (Fig. 4.2B, 4.3A, 4.3D). We confirmed that our negative
result with D. magna was not due to a reduction of predation by only certain size D.
magna (Fig. 4.3B) or by an effect on relative predation rates when different size
groups were available (Fig. 4.3C). Our ‘benefit meta-analysis’ also showed that group
formation is more beneficial upon exposure to smaller predators (Fig. 4.7). Out of the
four species in the meta-analysis, S. subspicatus is the only species where the benefit
of group formation is not higher upon exposure to smaller predators. However, this is
the only species out of the four, know to produce spines, which may serve as an
additional predator defense mechanism apart from group formation (Hessen and Van
Donk 1993; Panci¢ and Kierboe 2018).

Previous studies formally testing for a cost of multicellular group formation
have tended to obtain positive results (Lurling and Van Donk 2000; O’donnell et al.
2012; Wang et al. 2014; Wang et al. 2015; Zhu et al. 2015; Zhu et al. 2016). Potential
costs of group formation include resource competition, a cost of producing
extracellular adhesive molecules, and higher sinking rates (Reynolds 1984; Lancelot
and Mathot 1985; Kirk 1994; Trainor 1998; Ploug et al. 1999; Liirling 1999; Tollrian
and Dodson 1999). However, lower growth rates of multicellular groups have not
been detected in the algae S. acutus (Lurling and Van Donk 2000), Chlamydomonas
reinhardtii (Lurling and Beekman 2006), and Phaeocystis globosa (Jakobsen and
Tang 2002) in high nutrients. Furthermore, multicellular groups of Phaeocystis sp.
outcompete single cells in environments high in nitrate and irradiance, rather than
grow slower, although formal measurements have not been taken in these studies
(Riegman et al. 1992; Peperzak 1993). Multicellular groups have higher sinking rates

in Scenedesmus, but not in P. globosa (Conway and Trainor 1972; Lurling and Van
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Donk 2000; Jakobsen and Tang 2002). A possible explanation for the negative results
is that the costs only manifest under certain conditions such as when resources are
more limiting (Lampert et al. 1994; Boraas et al. 1998; Tollrian and Harvell 1999;
Tollrian and Dodson 1999; Lurling and Van Donk 2000; Jakobsen and Tang 2002).
We found that multicellular groups grow at lower rates than single cells, but only
when the algae are kept under lower light availability, and hence when competition
for light in the tube is greater (Fig. 4.4C, 4.5). This pattern was also apparent in the
‘cost meta-analysis’ we conducted across four different algal species revealing that
algal group formation is overall more costly under limited resources (Fig. 4.8).

In the absence of predators, we might expect groups to be broken up when
competition for resources, and hence the cost of being in a group, is greater. However,
we did not find that groups broke up more quickly in the dark (Fig. 4.6). Previous
studies have suggested that Scenedesmus acuminatus, S. obliquus, and C. vulgaris
break up groups quicker in the dark (Dehning and Tilzer 1989; Boraas et al. 1998;
Verschoor et al. 2009). This contradiction could reflect different selective regimes,
different costs and benefits, mechanistic constraints, and/or differences in the way
groups form. For instance, some algae display constant stickiness independent of
nutrient availability (Kierboe et al. 1990; Kierboe et al. 1994). More generally, the
variation across previous studies raises many questions regarding the benefits and
costs of group formation. For example, does predator size affect the benefit of group
formation? Our observations that groups survive predation by the small predator O.
danica, but not the larger predator D. magna (Fig. 4.2B, 4.3), and our ‘benefit meta-
analysis’, suggest that the benefit of algal group formation is higher upon exposure to

smaller predators. Also, apart from group formation, algae may defend themselves
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against predators in many ways, including vertical migration, toxin production,

thicker cell wall, spine and cyst formation (Van Donk et al. 2011).

Multicellular group formation and major transitions

Our results add to a growing body of research showing how multicellular group
formation can provide benefits (Grosberg and Strathmann 2007; Michod 2007;
Claessen et al. 2014; Lyons and Kolter 2015). In several bacterial species and
freshwater algae, such as C. reinhardtii, multicellular groups are successful in
avoiding predation (Hahn et al. 1999; Matz et al. 2004; Corno and Jiirgens 2006;
Lurling and Beekman 2006; Queck et al. 2006; Jezberovd and Komarkova 2007;
Yang et al. 2009; Becks et al. 2010; Herron et al. 2018). The mucilaginous matrix of
groups can serve as storage for energy and trace elements (Lancelot et al. 1994).
Groups of mycobacteria and choanoflagellates are better at foraging (Dworkin and
Bonner 1972; Berleman and Kirby 2009; Nichols et al. 2009; Roper et al. 2013), and
fruiting bodies of slime moulds and Myxococcus bacteria are better at dispersal
(Velicer and Yuen-tsu 2003; Smith et al. 2014). Groups may be more efficient in
using extracellular factors, such as the invertase produced by the yeast
Saccharomyces cerevisiae, to break down sugars, or the proteases used by bacteria to
break down proteins (Koschwanez et al. 2011; Darch et al. 2012; Koschwanez et al.
2013; Biernaskie and West 2015). A key future step is to determine why, once groups
have formed, cells evolve to perform different tasks (Gavrilets 2010; Ackermann
2015; West and Cooper 2016; Cooper & West 2018). Once this division of labor
becomes so extreme, that the different cell types are dependent upon each other, then
a major transition is made to obligate multicellularity, and a new higher level

organism (Maynard Smith and Szathmary 1995; Bourke 2011; West et al. 2015).

104



Authors’ contributions

S.E.K. conducted the study. Both S.E.K. and S.A.W. conceived, designed, analyzed

and wrote the study.

Acknowledgements

We thank: Lindsay Turnbull and Nick Harberd for providing temporary lab space;
Kevin Foster for providing access to the fluorescence stereoscope; Andrew
Beckerman, Jay Biernaskie, Michael Bonsall, Michael Brockhurst, Philip Downing,
Rebecca Goldberg, Roberta Fisher, and Gijsbert Werner for helpful discussion or
comments. This research was funded by the European Research Council (to S.A.W.),
the Alexander S. Onassis Public Benefit Foundation, and the A.G. Leventis

Foundation (to S.E.K.).

Competing interests

We declare we have no competing interests.

105



Supplementary Material

light dark with hole

No Daphnia No Daphnia
supernatant  supernatant  supernatant supernatant

Figure S4.1. Algae precipitate when not exposed to Daphnia supernatant. The
first two cultures from the left show the ‘light’ treatments, and the remaining two
cultures show the ‘dark with hole’ treatments after removing the foil from the bottom
of the tubes revealing the precipitate present in the treatments that have not been
exposed to D. magna supernatant. Such a precipitate is not visible in the treatments
with D. magna supernatant. This image shows the cultures 96 hours after exposure to
either D. magna supernatant/no supernatant and grown in ‘light’/’dark with hole’, but
importantly before the tubes were tilted to collect samples of which counts are shown
in Figures 4.5B and 4.5C in the main text. Tilting breaks the precipitate, leaving the

algae homogenised in the solution.
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Figure S4.2. PRISMA Flowchat.

Publications/theses/bioRXiv studies found on Google Scholar and Web of Science
and through backwards/forwards search using the terms ("alga*” OR
“microalga*” OR “Chlorophyceae” OR “Chlorella” OR “Scenedesmus”) AND
(“coenobi*” OR "multicellular group*” OR "group formation" OR "colon*” OR
“clump*” OR "colony formation" OR “multicell*” OR “aggregate” OR
“flocculation” OR “floc*” OR “mean particle volume”) AND

(“predator*” OR “graz*” "benefi*” OR "cost*” OR "grazing resistance*” OR
“sink*” ): ~ 1,830

Literature search

1t step: Removed ~1783 studies with irrelevant titles/abstracts, studies that
were duplicates, and studies that did not refer to green algae

Excluded o i
ineligible studies 2 . step . 27 step .
For the “benefit” meta-analysis: For the “cost” meta-analysis:
Removed 16 studies (see list of Removed 29 studies (see list of
excluded studies and reasons for excluded studies and reasons for
exclusion in Supplementary Table) exclusion in Supplementary Table)
Number of papers/
theses in the meta- “Benefit” meta-analysis: 3 ‘ ’ “Cost” meta-analysis: 7
analysis (including
this study)
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Table S4.1. Excluded studies from the meta-analysis and reason for exclusion.
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Movie

shows the flagellate predator Ochromonas danica unable to ingest a multicellular

group of the algae Chlorella sorokiniana.
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Chapter 5: Benefit of algal group formation upon ingestion

by the predator Daphnia: better ability to kill the predator

Delicious ‘choco-clumps’ I made for my lab-mates on my birthday. The predators
(Daphnia) came and ate them...Goodbye clumps, what a great adventure it has been -

I’ll miss you!

But wait, will I see you again at the end of the tunnel?!
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Abstract

The first step in the evolution of multicellularity is group formation. This leads to the
question of why single-celled organisms form groups. I have shown in the algae
Chlorella sorokiniana, that the formation of groups reduces ingestion by a small
predator, the flagellate Ochromonas, but does not reduce ingestion by a larger
predator, the crustacean Daphnia magna. So why do individuals of C. sorokiniana
form groups in the presence of D. magna? We found that when exposed to Daphnia
products: (1) C. sorokiniana cells form sticky multicellular groups that the mobile
predator D. magna ingests; (2) some algae can survive inside the gut of the predator
and pass alive through the digestive track; and (3) the ingested multicellular groups
are better able than unicells to kill these predators. This advantage of algal group
formation in terms of better ability to kill their predator may provide an additional

explanation to the evolution of multicellular groups.

Introduction

The evolution of multicellularity throughout the tree of life began by single cells
forming a group (Bourke 2011; West et al. 2015). Why would single cells invest
energy, such as the production of adhesive extracellular material and/or have less
access to nutrients/sunlight, in forming a cooperative group (Reynolds 1984; Lancelot
and Mathot 1985; Kirk 1994; Trainor 1998; Ploug et al. 1999; Liirling 1999; Tollrian
and Dodson 1999; Liirling and Van Donk 2000; Chapter 4)? This step of single cells
coming together can be beneficial when food is scarce, such as in the case of stalk
formation in slime moulds or wolf-pack feeding in myxobacteria (Dworkin and
Bonner 1972; Velicer and Yuen-tsu 2003; Berleman and Kirby 2009; Smith et al.
2014), and even when predators are present (Hessen and Van Donk 1993; Boraas et

al. 1998; Grosberg and Strathmann 2007; Claessen et al. 2014; Kapsetaki et al. 2016;
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Herron et al. 2018; Chapter 4). Forming a group in algae is most often known to
provide a benefit in terms of protection from ingestion by small predators, such as
Ochromonas (Boraas et al. 1998; Panci¢ and Kierboe 2018; Chapter 4).

However, C. sorokiniana forms groups in response to the large predator
Daphnia even though there appears to be no survival benefit, i.e. multicellular and
single-celled algae of C. sorokiniana are ingested at roughly equal amounts by the
large predator D. magna (Chapter 4). So why does C. sorokiniana form groups in
response to Daphnia? One explanation may be that groups are better than single cells
at surviving through the predator’s gut, as is known for several prey species across the
tree of life (Table 5.1). Specifically, researchers have suggested that, once ingested,
multicellular algal groups of Chlorella vulgaris and Sphaerocystis shroeteri can
survive digestion through the Daphnia’s gut (Ryther 1954; Porter 1976; Lampert
1987; Kampe et al. 2007). Such algal-predator relationships could be mutualistic or
parasitic. In the former case, the resistant algal groups may be better than single cells
at trading photosynthates in return for phosphorus, other nutrients from algal remains
or from Daphnia metabolites inside the gut, and gut passage (Porter 1976; Epp and
Lewis 1981). In the latter, multicellular algae do not provide photosynthates in return,
and are better than unicells at using Daphnia’s luxurious localised source of nutrients
in the gut (Porter 1976; Gladyshev et al. 2000), and/or surviving digestion in the gut,
due to their group size or hardness, such as the formation of a protective gelatinous
extracellular sheath (DeMott 1995). According to Van Donk et al. (1999), “large
gelatinous colonial chlorophytes may be ingested, but are hardly digested by
zooplankters like Daphnia (Porter 1976), resulting in depressed zooplankton growth

rates (Vanni and Lampert 1992; Stutzman 1995)”.
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Table 5.1. Examples of prey surviving passed the predator’s digestive track.

Prey

Predators

References

Pelagic larvae of

lamellibranchs

Polychaete (Chaetopterus

variopedatus)

(MacGinitie 1939)

Nematode worms
(Caenorhabditis

elegans)

Slugs

(Petersen et al. 2015)

Plant seeds & wasps
(Megastigmus
aculeatus nigroflavus)

inside seeds

Mockingbird (Mimus polyglottos)

(Nalepa and Piper

1994)

Bromeliad ostracods

(Elpidium)

Tadpoles (Scinax perpusillus),

mouse

(Lopez et al. 2002)

Shells (Mytilus)

Herring gull (Larus argentatus),
Opystercatcher bird (Haematopus

ostralegus)

(Cadée 1989; Brown

and Kotler 2007)

Snails (Tornatellides

Japanese white-eye (Zosterops

(Wada et al. 2012)

boeningi) Jjaponicus) and the brown-eared
bulbul bird (Hypsipetes amaurotis)
Oysters Opystercatchers (Haematopus (Cadée 2008)

(Crassostrea gigas)

ostralegus)

Gastropod mollusks

Fish (Asemichthys taylori)

(Norton 1988)

Cycolopoid eggs

Bluegill sunfish

(Vinyard 1979)
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(Cypriodopsis vidua)

Copepod eggs Turbot fish (Scophthalnius (Conway et al. 1994)
(Eurytemora, Maximus)
Euterpina)
Calanoid eggs Baltic herring fish (Clupea )
(Flinkman et al.

(Eurytemora) harengus membras) 1994)
Eggs of copepods, Larvae of catfish (Heterobranchus | (Saint-Jean and
cladocerans, and longifilis) Pagano 1995)
rotifers
Crustacean eggs Fish (Jarnagin et al. 2000)
(Bythotrephes
cederstroemi)
Copepod eggs Fish (Bartholme¢ et al.
(Eudiaptomus, Cyclops, 2005)
Macrocyclops)
Mussels (Dreissena) Round goby (Neogobius (Mack and Andraso

melanostomus) 2015)

Adult clams and

Sea star (Astropecten irregularis)

(Christensen 1970)

gastropods
Opisthobranchs Sea slugs (Navanax inermis) (Paine 2011)
Mussels (Mytilus Sea anemones (Actinia equina)

(Davenport et al.
edulis)

2011)
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(Peterson 1987)

Diatoms Larval caddisfly (Neophylax
autumnus)
' (Devercelli and
Diatoms Crabs (4degla uruguayana)
Williner 2006)
' (Nicotri 1977)
Diatoms Gastropods
) Gastropods (Amphibola (McClatchie et al.
Diatoms
1982)
crenata)
(Gladyshev et al.
Green algae Crustaceans (Gammarus lacustris)
2000)

(Botryococcus)

Gelatinous green algae

Cladoceran (Daphnia)

(Porter 1975)

(Peterson and

Algae Tadpoles (Limnodynastes
Boulton 1999)
tasmaniensis)
_ . . . (Underwood and
Bacteria and epiphytic | Snails (Lymnaea, Planorbis)
Thomas 1990)
algae

Bacteria, algae, and

small zooplankton

Copepods

(Turner and Ferrante

1979)

Bacteria
(Chromobacterium

violaceum)

Flagellates (Ochromonas)

(Matz et al. 2004)

We examine whether multicellular group formation in the Chlorophyte algae

C. sorokiniana helps algal cells survive passage through the gut of their predator D.
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magna, and/or helps algal cells to kill this predator. Specifically, we test: (1) whether
multicellular algal groups versus single cells have an extracellular gelatinous sheath;
(2) whether algae can remain alive inside the Daphnia’s gut; (3) whether algae can
survive passage through a Daphnia’s gut; (4) whether multicellular versus unicellular
algae have higher survival rates during passage through the Daphnia gut; and (5)

whether ingestion of multicellular or unicellular algae affects Daphnia survival rates.
Methods

Strains

We used the algae Chlorella sorokiniana (non-axenic from the Culture Collection of
Algae and Protozoa; strain number 211/8K) as prey, grown in Bolds Basal media
(Sigma) at 20°C and a light:dark cycle of 16:8 hours fluorescent illumination. In order
to eliminate bacteria from the cultures, we added 500 ug mL™ of the antibiotic
rifampicin to 1-mL samples of C. sorokiniana, and diluted samples 1:300 after 24
hours in Bolds Basal media (Kapsetaki et al. 2016; Kapsetaki et al. 2017; Chapter 4).
Before using the algae in experiments, we maintained cultures in 1-L Erlenmeyer
flasks shaking at 220 rpm, at 20°C and a light:dark cycle of 16:8 hours fluorescent

illumination.

We used Daphnia magna (Sciento, UK) as predators, which we fed 5 mL
Scenedesmus obliquus (10° cells mL™) every 4-5 days. We maintained the D. magna
in 500-mL jars and at 20°C and a light:dark cycle of 16:8 hours fluorescent

illumination.
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Observations of algae on the sides of tubes and Scanning Electron Microscopy
imaging

We examined whether Daphnia products induce the algae C. sorokiniana to form: (1)
multicellular groups; (2) groups adhesive to plastic; (3) groups surrounded by an
extracellular sheath; and (4) whether live Daphnia can remove and ingest the groups
adhered to the plastic. We transferred 4.04 mL of C. sorokiniana (10° cells mL™) to
either 0.96 mL of filtered Bolds media in Falcon tubes (BD Biosciences), or 0.96 mL
of filtered liquid from the culture of D. magna (final concentration of 3 individuals
per mL) in Falcon tubes. We used 25 independent replicates per treatment,
randomized tubes on tube racks and incubated tubes at 20°C at a light:dark cycle of
16:8 hours fluorescent illumination, keeping the tube caps loose to allow for
oxygenation.

First, to test whether Daphnia products induce algal group formation, after
adding the predator treatments, we collected samples at 0 and 96 hours by tilting the
tubes five times and transferring 50 4L from each culture into a 96-well plate. We
minimized sampling bias by obtaining an image from a random area of each well
with a VisiCam digital camera under an inverted microscope (VWR, Model XDS-3)
at x20 magnification. We measured the total number of algal cells and the proportion
of cells in groups; as group we define >3 cells in close proximity. We counted paired
cells as single cells in all experiments.

Second, to test whether algae adhere to the sides of tubes, we took photos of
the bottom half of the tilted tubes using a digital camera (Canon PowerShot A2600)
at 0 and 96 hours. We took separate photos including one tube per treatment. In
each of these photos we selected a rectangular area from the cone-shaped region of

each tube, that had no bright reflection from the light and measured its greenness
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index [greenness index = mean green intensity/(mean red intensity + mean blue
intensity + mean green intensity)] using ImageJ. At the final 96-hour time point

we also performed the following experiments.

Third, we examined the sides of tubes at high-resolution microscopy for the
presence of any adhesive algal cells and an extracellular sheath surrounding groups
and/or single cells. We discarded the liquid culture from three Falcon tubes from the
treatments of algae with filtered Bolds media, and algae with filtered Daphnia
products. We carefully removed a small cuboid piece of plastic (~ 4 mm) from the
bottom of each tube using a pre-heated scalpel, and sent these samples for imaging
under a Scanning Electron Microscope (SEM). The tube samples were connected to a
metal stub using Silver DAG and coated with 5 nm platina. This final SEM sample-
preparation step and SEM images were obtained by Koen Evers (Department of
Materials, University of Oxford). In these microscopy images we measured the total

number of algal cells and the proportion of cells in groups.

Fourth, we tested whether Daphnia can remove and ingest the observed green
material from the sides of tubes. We removed the liquid culture from 12 tubes of C.
sorokiniana with Daphnia products, added 4 mL filtered Daphnia media with 15
Daphnia in six tubes, and 5 mL filtered Daphnia media in the other six tubes. The
filter used in all experiments had a pore diameter of 0.22 ym. We left the 12 tubes for
four hours at 20°C and light:dark cycle of 16:8 hours fluorescent illumination. We
tilted the tubes fives times and obtained images of the bottom half of the tubes prior-
and post-addition of the Daphnia using a digital camera (Canon PowerShot A2600)
and measured the tubes’ greenness index, and obtained images of the bottom

section of three tubes per treatment after four hours using SEM. We also obtained
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images of each Daphnia’s gut prior and 4 hours after adding the Daphnia to the tubes
using a digital camera (Canon PowerShot A2600), and measured their greenness
index in the beginning of the experiment and after 4 hours by averaging the 15 gut

greenness index values per tube to a single data point (n = 6) at each time point.

Testing whether algae can survive inside the Daphnia’s gut

In order to examine whether algae can survive inside the gut of the Daphnia, we first
collected 35 Daphnia and left them in 2 mL Bolds media in the dark overnight at
room temperature. We then fed the surviving Daphnia 1 mL C. sorokiniana (10°
cells mL™") for 10 minutes, washed each Daphnia 3 times in 2 mL dH,O, and left
them for 3 hours in dH,O. We transferred each Daphnia on a separate 1% agar-Bolds
Petri dish for 48 hours at 20°C and 16:8 light dark cycle until the Daphnia died and
their gut contents were immobile. We then obtained images once every day for three
days under an inverted microscope (magnification: X10) to measure the number of
algae in a particular location in their gut over time. The majority of the Daphnia left
on the Petri dish either had body sections, such as the gut, broken/dislocated during
the process of dying/drying up on the Petri dish, or their gut contents were too dense
to distinguish individual algal cells. Only in 3 out of 35 Daphnia, cells of C.
sorokiniana were clearly distinguishable and measurable inside the gut.
Measurements of the number of algal cells were taken in a section of the lower region
of the gut, which was consistent across individuals and across time, because the
anterior and middle area of the gut were most often surrounded by other dense body

segments, thus not allowing clear observation of the gut’s contents.
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Testing whether algae can survive passed the Daphnia’s gut

We examined whether: (i) unicellular algae and multicellular algae can survive
passing through the gut of a Daphnia; (i1) the survival of multicellular groups is
higher than that of single cells when passing through the gut of a Daphnia; and (iii)
eating multicellular groups leads to higher death rates in Daphnia than eating single
cells. We followed a similar protocol to Porter (1976), who studied the survival of
Sphaerocystis algae passed the gut of Daphnia, but not Daphnia death rates. We
prepared unicellular and multicellular algal cultures by adding filtered Bolds media or
Daphnia products to a culture of C. sorokiniana for 96 hours, respectively. After the
81-hour time point, we starved 293 Daphnia for 15 hours in 2 mL dH,O in the dark
(24-well plates covered in aluminum foil) to remove S. obliquus, and washed each
Daphnia twice in 50 mL dH,O. We fed each of 50 Daphnia 1 mL unicellular C.
sorokiniana (10° cells mL™), each of the other 50 Daphnia with 1 mL multicellular
culture of C. sorokiniana (10° cells mL™"), and each of the remaining 193 Daphnia
were fed no algae for 30 min. We washed each Daphnia twice with 50 mL dH,O, and
kept each Daphnia in the dark in 2 mL filtered Daphnia media until the Daphnia
moulted. We checked for moulting every seven hours. During these starvation,
washing, and moulting steps, 185 Daphnia died in total. When a Daphnia had
moulted, we collected the live Daphnia and not its exoskeleton, washed the Daphnia
twice in 50 mL dH,O, and left the Daphnia for 2 days in 2 mL filtered Daphnia
media. After 2 days we noted the number of dead and alive Daphnia. We then
collected 1 mL of the medium in Eppendorf tubes, without collecting the dead/alive
Daphnia or any exoskeleton if present, and left the medium for seven days in 16:8
hour light:dark conditions at 20°C to allow algal growth, and at the final time point

observed each Eppendorf tube to check for the presence of any C. sorokiniana.
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Statistical analysis

For all analyses we used R version 3.2.3 (Crawley 2012; R Core Team. 2015). We
analysed the difference in the number of algae on the sides of tubes, and the number
of algae in the liquid culture (filtered Bolds media and Daphnia supernatant
treatments, or Daphnia supernatant and Daphnia supernatant with live Daphnia)
using a generalized linear model (‘glm’ package) with Gaussian errors to account for
data overdispersion. For estimating the difference in the greenness index, the
proportion of algae on the sides of tubes, and the proportion of algae in groups in the
liquid culture between the treatments, we used the same model but specified family as
quasibinomial, to account for overdispersion of the data.

When data were repeated measurements from the same individuals or cultures
(experiments testing whether “Algae can be alive inside the Daphnia’s gut” and
“Daphnia’s gut greenness index”) we compared algal numbers over time using a
generalized mixed-effects model with Penalized Quasi-Likelihood (‘glmmPQL’
package) and Gaussian errors; for comparing the gut greenness index over time we
used the same generalized mixed-effects model (glmmPQL), but with quasibinomial
errors. We treated time as a fixed effect, and the repeated measurements as random
effects (1 | Subject).

We performed Pearson’s chi-square test to compare death rates of Daphnia
fed unicellular, multicellular, or no C. sorokiniana. For analysing differences in
survival rates of unicellular versus multicellular algae passed the predator’s gut,
instead of Pearson’s chi-square test, we used Fisher’s exact test due to small sample

sizes.

120



Results

Predator products induce algal group formation and stickiness of algal groups to
plastic

As in our previous experiments, we found that algal cultures exposed to Daphnia
supernatant form multicellular groups in liquid culture (Fig. 5.1F; generalized linear
model (glm) by 96 hours, Fi4s = 263.42, P < 0.0001; non significant difference
between treatments in the proportion of cells in groups in the beginning of the
experiment, glm at 0 hours, F4g3 = 0.03, P = 0.86). Cultures exposed to Daphnia
supernatant contained similar amounts of total algae in the culture compared to
cultures exposed to filtered media (Fig. 5.1E, glm, Fi4 = 2.01, P = 0.16; non
significant difference between treatments in the beginning of the experiment, glm at 0
hours, F143=0.11, P=0.73).

Also, algae with Daphnia supernatant displayed greater ‘stickiness’ to the
plastic tubes, as shown by the higher greenness index (Fig. 5.1A; glm at 96 hours, F-
148 = 41.84, P < 0.0001; non significant difference in greenness in the beginning of
the experiment, glm at 0 hours, F 43 = 2.38, P = 0.13). Imaging of tube sections from
the two treatments under a Scanning Electron Microscope clearly revealed the
presence of an extracellular sheath surrounding the multicellular groups, though this
sheath was not as clearly visible around unicells (Fig. 5.1B). Quantification of algal
cell numbers and proportion of cells in groups from these images revealed that more
cells are stuck on the sides of tubes containing cultures exposed to Daphnia
supernatant than cultures exposed to just filtered Bolds media (Fig. 5.1C, glm, F4 =
523.8, P < 0.0001), and these algae on the sides of the tubes are predominantly

multicellular (Fig. 5.1D, glm, F;4=130.61, P <0.001).
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Daphnia can remove and ingest the sticky green material from the sides of tubes

The observed green material, number of algae, and proportion of cells in groups on
the sides of tubes, was reduced in the presence of live Daphnia (Fig. 5.2A; glm, F| 19
=43.16, P < 0.0001; Fig. 5.2B; Fig. 5.2C, glm, F; 4 = 521.43, P < 0.0001; Fig. 5.2D,
glm, F4 = 130.61, P < 0.001), and the greenness index of the Daphnias’ gut was
increased, indicating ingestion of the algae (Fig. 5.2E, glmmPQL, n = 6, P =

0.0002).

Algae can be alive inside the Daphnia’s gut
Cells of C. sorokiniana were visible inside the gut of dead Daphnia (Fig. 5.3). Over
three days, the number of algal cells increased significantly, implying that algal cells

can survive in the gut (Fig. 5.3, glmmPQL 48 versus 96 hours, ni = 3, P = 0.002).

Algal survival through Daphnia’s gut and higher Daphnia death rates when fed
multicellular algae

After feeding the Daphnia unicellular or multicellular C. sorokiniana for 30 minutes,
the Daphnias’ guts were green, indicating ingestion (n = 100). When Daphnia were
fed C. sorokiniana, and the Daphnia were washed several times, left to moult and
survived moulting, the majority of tubes did not contain algae (Table 5.2; 22 tubes out
of 28, 12 out of 13, 9 out of 10, and 23 out of 26), indicating digestion of the algae by
the Daphnia. However, we saw algae in 21.4% of the tubes when Daphnia were fed
unicellular C. sorokiniana (Table 5.2; 6 out of 28 tubes), and algae in 7.6% of the
tubes (1 out of 13 tubes) when Daphnia were fed multicellular C. sorokiniana,
indicating algal survival passed the gut. These survival rates of unicellular versus
multicellular algae passing through the Daphnia’s gut did not differ significantly

(Table 5.2; Fisher’s exact test: P = 0.09). Still, the Daphnia died at higher rates when
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they were fed multicellular rather than unicellular C. sorokiniana; with the highest
death rates appearing when the Daphnia were not fed any algae (Table 5.2; chi-square

test: y° = 39.9, df =2, P <0.0001).
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Figure 5.1. Predator products induce multicellular group formation in C.
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after exposure of algal cultures to either filtered media or Daphnia supernatant. The
greenness index of tubes (25 independent replicates per treatment (irpt)) (A), the
number of algae (nip: = 3) (C) and proportion of cells in groups on the sides of tubes
(nirpe = 3) (D), the number of algae (E) (nip: = 25) and proportion of cells in groups in
the liquid culture (nip,e = 25) (F) is higher in algal cultures exposed to Daphnia
supernatant than filtered media. (B) Representative Scanning Electron Microscope

images of tube sections from the two treatments. Error bars show 95% confidence

intervals (CI).
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The tube greenness index (nipr= 6) (A), the number of algae (nipr= 3) (C), and the
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proportion of cells in groups on the sides of tubes (nipr = 3) (D), decreases in the
presence of live Daphnia. The greenness index of the Daphnia’s guts increases four
hours after Daphnia are placed inside the ‘green-sticky’ tubes, indicating ingestion of

the green algae (independent replicates in total (na) = 6) (E). Error bars show 95%

CL
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Figure 5.3. Algal growth inside the gut of dead Daphnia. The number of algae in
the lower region of the gut increases over three days (i = 3). Error bars show 95%
CI. Representative images are shown at each time point. Arrows indicate some areas

of algal growth over time.
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Daphnia were Number of wells in which Number of wells in which % Wells in
fed: Daphnia was alive Daphnia was dead which Daphnia
was dead
Number | Number | % Number | Number | %
of tubes | of tubes | Tubes of tubes | of tubes | Tubes
with w/o with with w/o with
algae algae algae algae algae algae
Unicellular 6 22 21.4 9 26.3
C. sorokiniana
Multicellular 1 12 7.6 23 66.6
C. sorokiniana
No algae 0 0 NA 31 100.0

Table 5.2. Effect of eating unicellular, multicellular, or no C. sorokiniana on the
death rates of D. magna (bold black), and percentage of tubes with algae
indicating algal survival through the gut of live (bold dark green) and dead

Daphnia (bold light green).

Discussion

C. sorokiniana forms multicellular groups in response to predator products from
Daphnia (Fig. 5.1F; Kapsetaki et al. 2016; Kapsetaki et al. 2017; Chapter 4). We also
found that: (1) Daphnia products induce stickiness of algal groups to plastic (Fig.
5.1); (2) Daphnia can remove and ingest these sticky algal groups from the sides of
tubes (Fig. 5.2); (3) algae can be alive inside the Daphnia’s gut (Fig. 5.3); (4) algae
can survive passage through the Daphnia’s gut (Table 5.2); and (5) algal groups are
more likely than unicells to kill their predator D. magna (Table 5.2). These findings in
the Chlorophyte algae C. sorokiniana follow almost exactly Van Donk et al. (1999)
description that “large gelatinous colonial chlorophytes may be ingested, but are
hardly digested by zooplankters like Daphnia (Porter 1976), resulting in depressed

zooplankton growth rates (Vanni and Lampert 1992; Stutzman 1995)”.

Survival inside and passed the predator’s gut

Our observation of algal growth inside the gut of dead Daphnia (Fig. 5.3) might be an
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indication that algae can survive in the gut, or an indication that they had not been
yet/fully digested when the Daphnia died. Daphnia is a small crustacean that is
mostly transparent, so the ingested algae (Fig. 5.2 & 5.3) could potentially still be
exposed to sunlight and thus be able to grow inside the gut if they have not been
digested by the Daphnia. In fact, colonial algae of Sphaerocystis can gain nutrients
inside the Daphnia’s gut, which stimulates algal carbon fixation and cell division
(Barlow and Bishop 1965; Porter 1976).

Approximately 10-20% of algae were able to survive passage through the gut
of Daphnia (Table 5.2). Similar survival rates have been observed in several other
predator-prey species. For instance, 14.3% and 16.4% of snails survive passed the gut
of Japanese white-eyed birds and brown-eared bulbuls (Wada et al. 2012), 53 to 75%
of Ostracoda, 46 to 92% of Hydrobia spp., 94% of B. cederstroemi eggs, and 26% of
the ostracods Cypridopsis can survive passed the gut of fish (Vinyard 1979; Aarnio
and Bonsdorff 1997; Jarnagin et al. 2000; Jarnagin et al. 2004). Also, more than 90%
of the green colonial algae Sphaerocystis schroeteri ingested by D. magna can survive
undamaged passed the predator’s gut (Porter 1976), and when these algae are
abundant they can be ingested multiple times, one to four, per day by the Daphnia

(Haney 1973).

Survival passed the predator’s gut as a means of prey dispersal

C. sorokiniana are immobile algae, whereas their predator D. magna is mobile.
Therefore, C. sorokiniana may disperse to further locations whilst in the gut of
Daphnia. Throughout the tree of life, dispersal of prey by predators has been seen in
ostracods, mudsnails, mollusks, snails, and eggs of crustaceans dispersed by fish and
birds (Norton 1988; Aarnio and Bonsdorff 1997; Jarnagin et al. 2004; Brown and

Kotler 2007; van Leeuwen et al. 2012; Van Leeuwen et al. 2012; van Leeuwen and
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van der Velde 2012; Wada et al. 2012). Also, Daphnia eggs can be dispersed via fish-
eating birds and mammals feeding on invertebrate predators of Daphnia (Mellors
1975). Seeds and eggs of the aquatic beetle Macroplea mutica can be dispersed via
ducks across 75 km (Figuerola and Green 2002; Laux and Koelsch 2014), and seeds
of the fig Ficus glabrata can travel unaffected passed the gut of fish across a 6 km-

river (Horn 1997).

Multicellular groups are better able than single cells to kill their predator

Once dispersed by the predator Daphnia, algal groups may be better than unicells at
killing their predator as a means of escape. Prey often kill their predator, either by
producing toxins or by causing predator starvation by being indigestible. When
bacteria are ingested by the flagellate predator Ochromonas, they can escape by
killing the predator with toxins (Matz et al. 2004). In our experiments, we found
higher death rates when D. magna had ingested multicellular algal groups of C.
sorokiniana rather than single cells. We know that Daphnia decrease algal density in
both unicellular and multicellular cultures of C. sorokiniana indicating almost equal
ingestion of unicells and multicellular groups (Chapter 4). Thus, the difference in
death rates between Daphnia exposed to unicells or multicellular cultures (Table 5.2)
cannot be explained due to differences in Daphnia ingestion rates. There may be
differences in the digestibility of multicellular groups versus single cells. We
observed stickiness of algal groups to plastic, similar to previous findings of C.
sorokiniana biofilms having elevated attachment to polystyrene foam and
polycarbonate disks (Fig. 5.1; Johnson and Wen 2010; Blanken et al. 2014), but have
not yet identified the exact nature of the ‘sticky’ substance. The ‘sticky’ substance
may be an extracellular sheath produced by the algae C. sorokiniana in multicellular

groups and surrounding them, as has been previously seen surrounding colonies of
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Chlorella vulgaris (Boraas et al. 1998), but not in single cells (Fig. 5.1B, 5.1C, 5.1D).
Apparently, the extracellular gelatinous sheet surrounding algal colonies can protect
algae from digestion by the predators D. magna (Porter 1975; Porter 1976). For
instance, colonies of the green algae Botryococcus with a thick mucilaginous sheath
survive through the gut of the small crustacean Gammarus (Gladyshev et al. 2000),
and snails probably resist digestion in bird’s guts due to their shell and mucus
protecting them from the acidic gut environment (Wada et al. 2012). Nongelatinous
single-celled algae such as cryptomonads, diatoms, and nannoplankton, and fungal
zoospores without thick cell walls or sheaths are easily digested by Daphnia and other
zooplankton (Porter 1975; Porter 1976; Beakes et al. 1988). We did not observe
differences in the digestibility of unicells and multicellular groups as measured in
terms of algal survival passed the Daphnia’s gut (Table 5.2). However, we observed
higher death rates in Daphnia fed multicellular C. sorokiniana, which could indirectly
indicate differences in digestibility. Multicellular groups with their gelatinous sheath
may be less digestible than unicells or they may be causing blockage in certain
regions of the gut (e.g. Movie S5.1), leading to Daphnia malnutrition, starvation and
eventually death (Van Donk et al. 1999). In summary, once the multicellular algal
groups inside the gut have used the predator to disperse and/or acquire nutrients, they
may Kkill their predator Daphnia as a mechanism of escape.

Future studies testing whether algal ingestion by predators actually favours
algal dispersal, whether groups are better than single in gaining nutrients from the gut,
and whether the algae provide anything in return to the Daphnia, would help us better
understand these algal-predator interactions and the benefit of algal multicellular

group formation upon exposure to Daphnia.
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Time-lapse video showing temporal blockage of a clump in the middle region of the

oesophagus of Daphnia magna that was fed multicellular Chlorella sorokiniana.

130



Chapter 6: General Discussion

Overview
Each previous chapter contains an extensive discussion relevant to that particular
study. The aim of this chapter is to summarise the main results in the thesis, discuss

them in a more general context, and highlight new directions for future research.

Summary of main results

We found that the algae C. sorokiniana, C. vulgaris, and S. obliquus form
multicellular groups in response to the predators Ochromonas, T. thermophila, and D.
magna (Chapter 2). In three predator-prey combinations, this group formation could
be induced just by predator products (Chapter 2), and these groups formed via
aggregation and by remaining stuck to the parent cell after division (Chapter 3).
Different algal species could also come together and form multicellular groups
(Chapter 3). In chapter 4 we illustrated that this group formation is beneficial when
algae are exposed to the small predator Ochromonas, but not the larger predator
Daphnia, and found fitness costs of group formation under limited resources. Finally,
in chapter 5 we found that the algae C. sorokiniana can survive through the gut of D.
magna, and group formation may provide a benefit in terms of better ability to kill the

Daphnia.

Clarification: What is a predator?

Ochromonas, Tetrahymena, and Daphnia, caused a significant decrease in algal
density (Chapters 2 & 4). Still, some algae of C. sorokiniana could survive passed the
Daphnia’s gut (Chapter 5). Therefore, does Daphnia fit the definition of a predator of
C. sorokiniana? According to several dictionaries, a predator is an animal that obtains

food by killing and consuming other organisms (Hornby 1974; Dictionary 2006;
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Dictionaries 2009; Dictionary 2015). Some of the ingested C. sorokiniana were not
killed by the Daphnia, they survived through its gut, but because the majority of the
ingested C. sorokiniana were killed by the Daphnia, in this thesis we include Daphnia

in the definition of a predator.

Group formation: additional proximate explanations

Predatory group-inducing cues

An encounter with a predator is usually lethal. In response, organisms have evolved
ways of detecting the predator before the close encounter. Humans for instance use
their visual, acoustic, and olfactory senses to detect predators (e.g. Fig. 6.1). Similar
to olfactory senses, algae have evolved mechanisms detecting chemical messages
predictable and reliable of the presence of predators (Dicke and Sabelis 1988; Vet and
Dicke 1992; Van Donk et al. 1999; Tollrian and Harvell 1999; Bronmark and
Hansson 2000; Wisenden 2000). In chapter 2 I found that Ochromonas and Daphnia
significantly decreased algal density, indicating that they are algal predators, and live
predators induced group formation in all nine predator-prey combinations. The algae
C. sorokiniana, C. vulgaris, and S. obliquus also formed groups in response to filtered
liquid from the predator cultures. We chose this filtering method instead of a specific
chemical cue because: (1) a specific predatory group-inducing chemical had not yet
been identified for C. sorokiniana and C. vulgaris; (2) it was far more inexpensive;
and (3) we expected it would probably more likely resemble natural circumstances
where algae are exposed to a variety of chemicals, and not just one. Still,
sophisticated biochemical studies have revealed that in Scenedesmus, group formation
can be induced by just one predatory molecule; the anionic surfactant 8-methylnonyl

sulphate isolated from Daphnia, and the similar-structured manmade sodium dodecyl
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sulphate and FFD-6 (Liirling and Beekman 2002; Liirling 2006). FFD-6 actually
induces group formation in Scenedesmus without affecting algal growth (Yasumoto et
al. 2005; Liirling 2006; Yasumoto et al. 2006; Uchida et al. 2008). Interestingly
another chemical, metribuzin, can reverse Scenedesmus groups back to single cells by
inhibiting algal growth (Liirling 2011). The amphiphilic structure of these info-
chemicals provides clues as to how they may function. Amphiphilic means that these
molecules possess both hydrophilic and lipophilic groups, where the former allow
their dispersal in water, and the latter possibly enable their absorption through the
algal cell membrane, respectively (Von Elert and Franck 1999; van Holthoon et al.

2003).

Figure 6.1. Crocodylus niloticus (here covered in algae) is responsible for some of
the most deadly attacks on humans. Source: Wikipedia Creative Commons

Attribution 2.0.

Predator-induced group-adhesive substance

Once the predatory chemical has been detected, algae form groups by aggregating, by
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remaining attached after division, and even by coming together with different algal
species (Chapter 3). Algal groups of C. sorokiniana are also able to stick to plastic
and are surrounded by an extracellular sheath (Chapter 5). In our study we did not
identify the exact nature of this adhesive and/or extracellular substance. However,
other studies have shown that there are localised thickened plaques on the cell walls
of Chlorella, Scenedesmus, and Coelastrum colonies (Table 6.1), which grow and
fuse, facilitating cell aggregation (Atkinson et al. 1972; Marchant 1977; Boraas et al.
1998). Apparently, algae produce extracellular polysaccharides that increase cell
stickiness and aggregation (De Philippis and Vincenzini 1998; Van Rijssel et al. 2000;
Pajdak-stds et al. 2001; Thornton 2002). Specifically, it is known that in the presence
of Daphnia water, the parent cell of Scenedesmus produces additional cell wall
material, total polysaccharides, which connect cells in the colony (Trainor 1998; Yang
et al. 2007). The surrounding cell wall of Chlorella and Scendesmus colonies is
usually composed of a series of polysaccharide sporopollenin-containing layers, the
outer layer being most often mucilaginous and invisible (Round 1965; Atkinson et al.
1972; Pickett-Heaps 1975). Future studies on the exact biochemical pathways and the
genomic toolkit regulating the synthesis of this cell wall adhesive material would help
us for example: (1) measure the cost of making this material by comparing cell-wall-
producing and non-producing strains (having knocked-out specific genes involved in
cell wall-synthesis); (2) test whether this adhesive material is absolutely necessary for
group formation; (3) and examine whether chemically or genetically engineered
overexpression of this material makes groups more stable and irreversible over time.
For instance, in the Volvocine algae, innovations in genes (e.g. duplications) involved
in producing the extracellular matrix, have played a key role in the evolutionary

transition from single cells to obligate multicellularity (Merchant et al. 2007;
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Prochnik et al. 2010).

Table 6.1. Scanning Electron Microscopy images of algal colonies.

Algae

Algal colony

Chlorella sorokiniana

Chlorella vulgaris

Scenedesmus sp.

Green alga Coelastrum

Figures reproduced from

| this study

Boraas et al. 1998

Qiao et al. 2015

Marchant 1977
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Group formation: additional ultimate explanations

Clump: why reverse?

In our study we see that single cells form groups in response to predators, and this
group formation provides a benefit upon exposure to small predators (Chapters 2, 4 &
5). However, over time, groups reverse back to single cells (Chapter 2; Liirling 1998;
Fisher et al. 2016), indicating that these multicellular groups are not a major
transition, they are not an obligately multicellular organism. They are a minor
transition in multicellularity, a facultatively multicellular organism. Why do they
reverse? This reversal may be explained by: (1) the fitness costs associated with group
formation (Chapter 4); and (2) the way in which groups form, both subsocially and
semisocially (Chapter 3), where in the latter case conflicts can arise among cells due
to the possibility of non-relatives joining the group. Taking this point further, it would
be interesting to examine whether groups composed of different algal species break
up into single cells faster, i.e. are less stable, over time, presumably due to higher

conflict among cells, than groups composed of members of the same algal species.

Why be plastic versus fixed?

C. sorokiniana, C. vulgaris, and S. obliquus display the plastic phenotypic response of
group formation depending on the presence or absence of predators. Phenotypic
plasticity is defined as a single genotype producing multiple phenotypes depending on
the environment (Schlichting and Pigliucci 1998; DeWitt and Scheiner 2004). Such
facultative group formation in response to predators appears in many taxa across the
tree of life (Fig. 6.2; Trainor et al. 1971). But why do algae display such a plastic
response and not just a fixed phenotype? Over evolutionary time, such plastic

responses are usually favoured when organisms face variable environments (Karban
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and Baldwin 1997; Agrawal 1998; Tollrian and Harvell 1999; Tollrian and Dodson
1999; Agrawal 2001). Plasticity is often favoured under: (1) high spatial variation; (2)
high dispersal; (3) high temporal variability, (4) reliable environmental cues; (5) high
genetic variability for plasticity; (6) low costs of plasticity; and (7) when specific
phenotypes are optimal under different environmental conditions (Padilla and Adolph
1996; Reed et al. 2010; Hendry 2015). Quoting Darwin (1859), “...it is not the
strongest that survive or the most intelligent, but the ones most responsive to change”.
Algae live in environments of rapid changes in various factors, including predation
pressure, at different temporal and spatial scales, thus favouring phenotypic plasticity
(Round 1965; Sterner 1989). Future attempts to examine the exact timing/duration of
the predatory danger and long-term costs of the inducible defence of group formation,
would improve our understanding of the exact conditions favouring such inducible

defences versus a fixed phenotype (Lima and Bednekoff 1999).

Land plants GREEN ALGAE

Red algae

Brown algae

BACTERIA

ARCHAEA EUKARYOTES

Figure 6.2. Taxa where the facultative formation of multicellular groups, in response

to predators, has been studied. Previous studies have examined both bacteria (4

137



genera, 4 species: Microcystis, Flectobacillus, Comamonas and Cyanobium), and
green algae (6 genera, 13 species: Scenedesmus, Desmodesmus, Coelastrum,
Phaeocystis, Chlamydomonas, Chlorella) (Hessen and Van Donk 1993; Liirling and
Van Donk 1997; Boraas et al. 1998; Van Donk et al. 1999; Von Elert and Franck
1999; Hahn et al. 1999; Liirling 1999; Jakobsen and Tang 2002; Ha et al. 2004;
Jezberova and Komarkova 2007; Yang et al. 2009; Becks et al. 2010; Fisher et al.,
2016). The distribution of these species within those groups suggest multiple
independent evolutions of facultative multicellular group formation and/or multiple
losses. Images from left to right show: Microcystis
(https://en.wikipedia.org/wiki/Microcystis#/media/File: Microcystis_aeruginosa.jpeg),
Flectobacillus  (image courtesy of Lorenzo Santorelli), Desmodesmus
(https://en.wikipedia.org/wiki/Desmodesmus#/media/  File:Desmodesmus-arm-atus-
var-armatus.JPQG), Scenedesmus
(https://en.wikipedia.org/wiki/Scenedesmus#/media/File:Scenedesmus GLERL.jpg)

and Chlorella vulgaris (courtesy of Stefania Kapsetaki).

What abiotic factors favour multicellularity?

We know quite a lot about the role of relatedness (Hamilton 1964; Maynard Smith
and Szathmary 1995; Grosberg and Strathmann 1998; Queller 2000; Michod and
Roze 2001; Grosberg and Strathmann 2007; Bourke 2011; Kuzdzal-Fick et al. 2011;
Fisher et al. 2013) and ecology, such as the biotic factor of predation (e.g. this study),
in social group formation and the transition to obligate multicellularity. But little do
we know about the abiotic factors favouring the evolution of multicellularity. Are
there any particular abiotic factors favouring a minor or major transition in
multicellularity across all the algal taxa on the tree of life? There are hints suggesting

three abiotic components favouring multicellularity. First, as mentioned in the
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previous paragraph, in contrast to variable/fluctuating environments favouring the
evolution of unstable reversible multicellular groups, a more stable environment may
favour a fixed phenotype, an irreversible obligately multicellular group. Second, low
temperatures, as seen in the algae Scenedesmus, trigger multicellular group formation
(Egan and Trainor 1989; Trainor 1992; Trainor 1993). Third, across the multitude of
freshwater, marine, terrestrial, or even a combination of these habitats colonised by
algae, Bonner (1998) has suggested that aqueous environments favour multicellular
group formation by cells remaining stuck together after division, a mechanism of
group formation that has given rise to all the known obligate multicellular organisms
on the tree of life. A future comparative project across algae investigating any
patterns between such abiotic components - stable, cold, and/or aqueous environments
- and multicellular complexity would certainly enhance our understanding of the

evolution of multicellularity.

Concluding remarks

This thesis contributes to the fields of evolution and ecology by providing a more
solid understanding of multicellular group formation, how and why single cells form
groups and the role of predation in inducing the minor transition from single cells to

multicellular groups.
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ABSTRACT

Background: The evolution of multicellular organisms must, at some point, have involved
the congregating of single-celled organisms. Algal species exist that sometimes live in groups
and sometimes live as single cells. Understanding the conditions that lead to algal assemblage in
such cases may cast light on the selective forces that favour multicellularity.

Hypothesis: Forming groups could defend algae against predation if predators are unable to
engulf large-sized entities.

Organisms: Three algal prey (Chlorella sorokiniana, Chlorella vulgaris, and Scenedesmus
obliquus) and three predators (Ochromonas spp., Tetrahymena thermophila, and Daphnia
magna).

Methods: We tested the tendency to aggregate in all nine different prey—predator
combinations.

Results: At least two of the predators, Ochromonas and Daphnia, were significant predators
because their presence decreased algal density. In all nine combinations, adding the predator
species led to the formation of algal groups. In three combinations, adding merely products of
the predators in the absence of the predators themselves stimulated group formation.

Keywords: Chlorophyceae, group formation, group size, induced defence, multicellularity.

INTRODUCTION

The tree of life can be viewed as a hierarchy of major evolutionary transitions
in individuality (Maynard Smith and Szathmary, 1995; Bourke, 2011; West er al, 2015). In each of these
transitions, a group of individuals that could previously replicate independently formed a
mutually dependent cooperative group. For example, genes formed genomes and cells
formed multicellular organisms. Major evolutionary transitions can be divided into two
steps: the formation of a cooperative group, and then the transformation of that group
into a new higher level of individual (Bourke, 2011; West es al, 2015). The major transitions
approach emphasizes that classic problems in the study of evolutionary ecology, such as
group formation and cooperation, are fundamental to understanding the development of
complex life on Earth (Davies ez al, 2012).
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We focus on group formation in the transition from single-celled to multicellular life.
A number of ecological factors have been suggested to drive the formation of multicellular
groups (Grosberg and Strathmann, 2007; Claessen ef al., 2014). Groups may be able to make more efficient
use of extracellular factors, such as the invertase produced by the yeast Saccharomyces
cerevisiae to break down sugars (Koschwanez e al, 2011, 2013; Biernaskie and West, 2015). Cooperative
groups may be better able to disperse, as illustrated by the fruiting bodies of Dictyostelium
slime moulds (Smith er al, 2014) and Myxococcus bacteria (Velicer and Yuen-tsu, 2003). Groups may
be better able to store resources, allowing individuals to cannibalize group-mates under
conditions of starvation (Kerszberg and Wolpert, 1998; Raven, 1998; Szathmary and Wolpert, 2003). GI’OllpS
may also be better at predating (Dworkin and Bonner, 1972; Nichols er al., 2009; Roper et al, 2013), such as
‘wolf-pack feeding’ in myxobacteria (Dworkin and Bonner, 1972; Berleman and Kirby, 2009). Finally,
defence against predation has been argued to favour the formation of groups, in algae and
bacteria, because predators could have problems engulfing larger-sized entities (Stanley, 1973;
Boraas et al., 1998; Grosberg and Strathmann, 2007; Claessen et al., 2014).

We examined the response of three freshwater unicellular Chlorophyte algal species
(Chlorella sorokiniana, Chlorella vulgaris, and Scenedesmus obliquus) to three predatory
species (the flagellate Ochromonas spp., the ciliate Tetrahymena thermophila, and the
crustacean Daphnia magna) (Fig. 1). Our aims were to examine the generality and nature of
the response to predators, and to use our results to test the utility of different species
combinations for studying the evolutionary ecology of group formation in algae. In these
nine ‘algal-putative predator’ combinations, we measured the influence of adding live
predators on the proportion of algal cells in groups, the mean group size, and algal density.
We complemented these experiments with behavioural observations to determine the extent
to which the putative predators were actually predating the algal species.

The addition of predators could lead to the formation of groups for three broad reasons.
First, individuals could facultatively form groups in response to the presence of predators.
Second, the extent of group formation could be a fixed strategy, but by preferentially
feeding on smaller groups, predators adjust the group size distribution. Third, the presence
and movement of predators could move the algae into each other, and hence produce
clumps. We distinguished the first possibility from the other two by examining whether the
products of predators stimulate group formation in the absence of actual predators. This
also requires that the algae use predator products as cues of the presence of predators
(Lampert et al., 1994; Yasumoto et al., 2005; Uchida et al., 2008; Fisher et al., 2016).

MATERIALS AND METHODS

Species and growth conditions

Algae. We grew Chlorella vulgaris (axenic from CCAP; strain number 211/11B), Chlorella
sorokiniana (non-axenic from CCAP; strain number 211/8K), and Scenedesmus obliquus
(non-axenic from CCAP; strain number 276/3A) cultures in Bolds Basal media at a light/
dark cycle of 16:8 hours. We treated 1-mL samples from the non-axenic cultures with 500
ug-mL™" of the antibiotic rifampicin (a concentration that inhibited bacterial growth on
KB agar plates). After 24 hours, we diluted these algal cultures 1:300 in Bolds Basal media
and left them to grow in a 1-litre Erlenmeyer flask with shaking at 220 rpm and 22°C for at
least a week prior to each experiment. We maintained the algae in all three cultures in a
unicellular state at a density of ~10° cells- mL ™.
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Fig. 1. The species used in the present study: (A) Chlorella sorokiniana, (B) Chlorella vulgaris,
(C) Scenedesmus obliquus, (D) the flagellate Ochromonas, (E) the ciliate Tetrahymena thermophila, and
(F) the crustacean Daphnia magna.

Protists. We grew Tetrahymena thermophila (axenic from CCAP; strain number 1630/1M) in
Proteose Peptone Yeast extract (PPY) media in 20-mL flat-bottomed flasks at 25°C and a
light/dark cycle of 16:8 hours. We grew Ochromonas spp. (from Corno and Jiirgens, 2006) in PPY
media in the dark.

Daphnia. We cultured Daphnia magna, obtained from a local fish store (The Goldfish Bowl,
Oxford), in 1-litre jars with Tetra flake food at room temperature and constant air flow to
allow for oxygenation.



654 Kapsetaki et al.

Experiment 1: Testing for group formation and size change upon exposure to predators

We tested whether the addition of a predator led to the algae being more likely to form
groups and/or increase their group size. For the Chlorella sorokiniana—Ochromonas spp.
combination, we used thirty 50-mL falcon tubes (www.evolutionary-ecology.com/data/
3034Appendix.pdf, Fig. S1). In each tube, we added 19.6 mL of C. sorokiniana to either
0.4 mL of PPY in the control or 0.4 mL of Ochromonas spp. in the treatments. We incubated
the tubes at 20°C and a light/dark cycle of 16:8 hours using fluorescent illumination and
kept the tube caps loose to allow for oxygenation. We randomized the tubes on tube racks to
take into account any possible variation in treatments, such as position-derived differences
in exposure to light.

We collected samples at four time points after adding the putative predator: at 1, 24, 48,
and 72 hours. On each occasion, we tilted the falcon tubes five times, to adequately mix
the cultures, and transferred 200 uL of each culture into a 96-well plate. We minimized
any possibility of sampling error by obtaining an image from the centre of each well
with a VisiCam digital camera under an inverted microscope (VWR, Model XDS-3) at
20x magnification. We performed image analysis by ‘blind counting’, where we did not
know whether we were counting a treatment or a control well, to minimize bias. We
quantified the proportion of cells in groups (number of algal cells in groups/total number of
algal cells) and the mean group size. We define a group as > 3 cells in contact with each
other. The experimental procedure was the same for the remaining combinations, except
for variation in the concentrations of algae and putative predators, the total volume used
per tube, and the number of independent replicates for each combination, which we
describe in Table 1.

Experiment 2: Testing for group formation upon exposure to predator products

Experimental tube cultures

We tested whether the addition of predator products led to algae forming groups. In the
combination of C. sorokiniana with Ochromonas spp., we used nine 50-mL falcon tubes
for the control without predator products, and nine 50-mL falcon tubes for the treatment
where we added predator products. In each tube we placed 4.04 mL of C. sorokiniana to
either 0.96 mL of filtered PPY in the control or 0.96 mL filtered liquid from a culture
of Ochromonas in the treatment. The filter we used in both cases had a pore diameter of
0.22 um. We kept the tube caps loose to allow for oxygenation and randomized all 18 tubes
on a tube rack in an incubator at 20°C with a light/dark cycle of 16:8 hours using
fluorescent illumination.

We obtained samples at five time points after adding the predator products: 1, 24, 48, 72,
and 96 hours. At each time point, we tilted the falcon tubes five times, and transferred
200 uL of each culture into a 96-well plate. We minimized any possible bias in the collection
of our data by shaking the cultures and then taking samples. We took one image from
the centre of each well using a VisiCam digital camera under the inverted microscope at
20x magnification, and quantified the proportion of cells in groups. We followed the same
experimental procedure for the remaining eight combinations, except for variation in the
concentrations of algae and putative predator products, which we describe in Table 1. In
the combinations with D. magna, instead of PPY, we added 0.96 mL of filtered Bolds Basal
media to the algae in the control set.
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Table 1. Concentrations, total volume per tube or well, and number of independent replicates used in

the experiments

Final concentration

of putative
predators (cells/mL,
individuals/mL Total
Final or predator volume (mL) Number of
concentration of  products from x per tube, independent
Experiment algae (cells/mL) individuals/mL)  well or flask  replicates

C. sorokiniana with 1 2% 10° 1x10° 20 30*
Ochromonas spp. 2 1x10° 2x10* 5 9
3 3% 10° 4%10° 5 9

4 3% 10° 3% 10* 1 42
C. vulgaris with 1 1x10° 6% 10° 20 9
Ochromonas spp. 2 1x10° 2x10* 5 9
3 2% 10° 3% 10° 5 9

4 3% 10° 5% 10* 1 42
S. obliquus with 1,3 2% 10° 3% 10° 5 9
Ochromonas spp. 2 1x10° 2x10* 5 9

4 1x10° 2% 10* 1 42

C. sorokiniana with 1 3x 10° 1x10* 20 30%
T. thermophila 2 1 x10° 3x10° 5 9
3 3% 10° 4x10° 5 9

4 2% 10° 1x10° 1 42

C. vulgaris with 1 2% 10° 2% 10* 20 30%*

T. thermophila 2 1 x10° 3x10° 5 9
3 2x10° 4x10° 5 9

4 4%10° 9% 10* 1 42
S. obliquus with 1 2x10° 4x10° 5 9
T. thermophila 2 1 x10° 3x10° 5 9
3 1x10° 4x10° 5 9

4 5% 10° 1x10° 1 42
C. sorokiniana with 1,3 9% 10° 1 5 9
D. magna 2a 1 x10° 3 5 9
2b 2x10* 0.2" 50 9
4 9% 10° 1 1 3
C. vulgaris with 1,3 5% 10° 1 5 9
D. magna 2a 1 x10° 3 5 9
2b 2x10* 0.2" 50 9
4 5% 10° 1 1 3
S. obliquus with 1,3 2% 10° 1 5 9
D. magna 2a 3x10° 3 5 9
2b 8x10° 0.2" 50 9
4 5% 10° 1 1 3

Notes: Experiment 1: testing for group formation and size change upon exposure to predators. Experiment 2:
testing for group formation upon exposure to predator products. Experiment 3: testing for predation by measuring
algal density. Experiment 4: testing for predation by observing ingestion. In Experiment 3, for the combinations
of S. obliquus with Ochromonas spp. and S. obliquus with T. thermophila, we placed 4.04 mL of algae in the tubes
with an additional 0.96 mL of PPY in the control set and 0.96 mL of the putative predator in the treatment
set. Also in the same experiment, for the combinations with Daphnia (G-1), we placed 5 mL of algae in all tubes
with an additional five Dap/hnia in each tube of the treatment set.
Np=3, Ny =9, Nygn =9, Nypn=9; **nyy =06, Ny =9, Nygn =9, npp, = 6; 40 adult Daphnia in 200 mL of filtered

Daphnia water.
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We use the term ‘predator products’ to refer to anything present in the predator culture
that can pass through a 0.22-um filter. The filtered medium could contain products released
from the predators, or even intracellular products released from fractured/dead predator
cells.

Experimental flask cultures

We used the same methodology in all experiments to test the effect of predator products on
group formation. However, in a previous study using Scenedesmus with Daphnia, Lampert
et al. (1994) found that predator products did influence group formation. Consequently,
we repeated the three combinations with Daphnia, following Lampert and colleagues’
methodology. We transferred 200 mL of filtered Bolds Basal media and 200 mL of filtered
water from the 1-litre culture jar of D. magna into two separate 250-mL Erlenmeyer flasks.
In the latter, we added 40 adult Daphnia. We kept both flasks in an incubator for 24 hours
at 22°C with a light/dark cycle of 16:8 hours using fluorescent illumination. We then added
2 mL of filtered liquid from the flask containing the filtered Bolds Basal media to 3 mL
S. obliquus and 45 mL Bolds Basal media, in nine 250-mL Erlenmeyer flasks, for the
treatment without the predator products. In the treatment with the predator products,
we added 2 mL of filtered liquid from the flask containing the Daphnia to 3 mL S. obliquus
and 45 mL Bolds Basal media, in nine 250-mL Erlenmeyer flasks. In all cases we used
a filter with a pore diameter of 0.22 um. We randomized all 18 flasks on a shaker at
280 rpm in an incubator at 22°C with a light/dark cycle of 16:8 hours using fluorescent
illumination.

After 1, 24, 48, 72, and 96 hours, we transferred a sample of 200 uL from each of these
flasks to a 96-well plate and took a photo from each well under the inverted microscope
at 20x magnification. We performed image analysis using Image J software (Cell Counter
plugin) and measured the proportion of cells in groups.

We followed the same methodology in the combinations of C. sorokiniana with D. magna
and C. vulgaris with D. magna, apart from the algal concentrations used, which we describe
in Table 1.

Experiment 3: Testing for predation by measuring algal density

We tested whether the addition of a predator had a significant impact on the algal
populations. In the combination of C. sorokiniana with Ochromonas spp., we used nine
50-mL falcon tubes for the control without Ochromonas, and nine 50-mL falcon tubes
for the treatment where we added the Ochromonas predator. In each tube we placed
4.04 mL of C. sorokiniana to either 0.96 mL of PPY in the control or 0.96 mL of
Ochromonas spp. in the predator treatment. We incubated the tubes at 20°C with a light/
dark cycle of 16:8 hours using fluorescent illumination and kept the tube caps loose to
allow for oxygenation.

We obtained random samples at two time points: 0 hours, just before adding the putative
predator, and 24 hours, after adding the putative predator. At each time point, we tilted the
falcon tubes five times and transferred 200 uL of each culture into a 96-well plate. We took
images with a VisiCam digital camera under the inverted microscope at 20X magnification.
From these images, we counted the total number of algae and converted to log,, cells-mL™".
We divided the algal density at 24 hours by the density at 0 hours to determine the relative
change in algal density. We followed the same procedure for the rest of the predator—prey
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combinations, with the concentrations, total volume used per tube, and number of
independent replicates described in Table 1.

Experiment 4: Testing for predation by observing ingestion

Protists

We tested whether the protists ingested the algae by observing the protists’ behaviour. For
the C. sorokiniana with Ochromonas spp. combination, we added 980 uL. of C. sorokiniana
and 20 uL of Ochromonas spp. to each of 42 wells. We incubated the 24-well plates at
20°C with a light/dark cycle of 16:8 hours using fluorescent illumination. We observed the
protists at seven time points: 1, 24, 48, 72, 96, 120, and 144 hours. At each time point
we observed six independent wells. We followed one protist per well for 1 minute under an
inverted microscope at 20x magnification to detect any ingesting activity towards unicells.
Over the seven time points, we observed 42 protists in total. We took videos manually
with a digital camera (Canon PowerShot A2600). We performed the same experiment
for C. vulgaris with Ochromonas spp., S. obliquus with Ochromonas spp., C. sorokiniana
with T. thermophila, C. vulgaris with T. thermophila, and S. obliquus with T. thermophila.
The concentrations used are listed in Table 1.

Daphnia

We tested whether Daphnia ingested the algae by observing the colour of Daphnia’s gut in
the presence of algae. We transferred 1 mL of C. sorokiniana, 1 mL of C. vulgaris, 1 mL of
S. obliquus, and 1 mL of Bolds Basal media as a control, into four separate wells on a
24-well plate. We added one Daphnia to each of the four treatments, and replicated each
treatment three times. We incubated the plate at 20°C with a light/dark cycle of 16:8 hours
using fluorescent illumination. After 24 hours, we removed 900 xL from each well in order
to minimize movement of the Daphnia, and took images of Daphnia’s gut with a digital
camera (Canon Powershot A2600) under an inverted microscope at 4x magnification. The
concentrations of algae that we used are listed in Table 1.

Statistical analysis

We carried out all analyses in R v. 3.2.3 (R Development Core Team, 2015). In the experiments where
all data points were from different cultures and hence statistically independent (Experiment
1: C. sorokiniana with Ochromonas spp., C. sorokiniana with T. thermophila, C. vulgaris
with T. thermophila), we estimated the overall difference in the proportion of cells in groups
between the treatments with and without a predator, using a generalized linear model (‘glm’
package) with quasibinomial errors, to account for overdispersion of the data; for the mean
group size we used a generalized linear model with Gaussian errors.

In the experiments where our data were repeated measurements from the same cultures
(Experiment 1: C. vulgaris with Ochromonas spp., S. obliquus with Ochromonas spp.,
S. obliquus with T. thermophila, C. sorokiniana with D. magna, C. vulgaris with D. magna,
S. obliguus with D. magna; Experiment 2: all algal-predator combinations), we compared
the proportion of cells in groups across time between the treatments with and without a
predator by fitting a generalized mixed-effects model with Penalized Quasi-Likelihood
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(‘glmmPQL’ package) using quasibinomial errors; for the mean size we used the same
generalized mixed-effects model (glmmPQL), but with Gaussian errors. We then performed
a Wald test on the overall effect of predator treatment to estimate P-values. We treated the
interaction between predator treatment and time (Treatment X Time) as a fixed effect, and
the repeated measurements as random effects (1 | Subject).

RESULTS

Do algae form groups in response to predators?

In all nine combinations, we observed significant group formation in response to the
presence of the predator (Fig. 2; see figure legend for statistics). In most combinations,
the proportion of cells in groups began to increase 24 hours after addition of the putative
predator (Figs. 2A-H). In the combination S. obliquus with D. magna, the response
appeared to be much faster, with the proportion of cells in groups going from only 14 £+ 2%

Ochromonas spp. Tetrahymena thermophila Daphnia magna
A D
1.0¢ * 1.0° — with predator o
- - without predator
Chiorelld ) 51 0.5- 51
sorokiniana
—————g s 5(:?.—__{: e ey |

., 0.0 4 ; "l 0.0 : . 00, : .
=3 1 24 48 72 1 24 48 72 1 24 48 72
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Chlorella 5 05 0.5- 0.5

vulgaris 5 P g r,/’______./{
€ 0.0 4 , | 00 , M bl .
S 1 24 48 72 1 24 48 72 1 24 48 72
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a c F

1.0 ¥ 1.0 *
Scenedesmus
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Fig. 2. Proportion of cells in groups plotted against time in the presence (solid line) and absence
(dashed line) of the putative predator. In all nine combinations, the proportion of cells in groups was
higher in the presence of the putative predator [A: generalized linear model (glm), F=11.93, P <0.01;
B: generalized mixed-effects model using Penalized Quasi-Likelihood (glmmPQL), P <0.0001; C:
glmmPQL, P <0.0001; D: glm, F=77.23, P<0.0001; E: glm, F=66.047, P <0.0001; F: glmmPQL,
P <0.0001; G: glmmPQL, P <0.0001; H: glmmPQL, P <0.001; I: glmmPQL, P <0.0001]. The term
‘predator’ in the legend refers to a putative predator. The asterisk represents a significant difference
(P <0.05) in the overall main effect of treatment across time. Error bars represent standard error of
the mean.
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of cells before the Daphnia were added, to 80 £ 3% of cells just one hour after the Daphnia
were added (Fig. 2I; glm at ‘time point 1 hour’, F=202.7, P <0.0001).

Does group size change?

Group size increased in the presence of the predator in seven combinations (Figs. 3C-I and
4C-I). For example, in the S. obliquus with D. magna combination, the mean group size
increased from 3.3 0.1 before the Daphnia were added, to 9.7 £ 0.8 just one hour after
adding the Daphnia (Fig. 31; glm at ‘time point 1 hour’, F=51.1, P <0.0001). The two
combinations in which group size did not increase were C. sorokiniana with Ochromonas
and C. vulgaris with Ochromonas. The different algal species formed different types of
groups (Fig. 5). In Chlorella, groups were irregularly shaped. In Scenedesmus, groups varied
in size and morphology — for example, we observed four-celled (Fig. SE) and eight-celled
groups, where cells were attached sideways, as well as chain-like groups, where cells were
attached by their ends (Fig. 5C, D).

Ochromonas spp. Tetrahymena thermophila Daphnia magna
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61 67
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B E H
S 15 15 % 15 *
2 121 121 12-
Chlorella gn 9 9 9
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SETTes == - e - - o papere et |
g 3L , : 3¢ ; : - 31t = . ‘
1 24 48 72 1 24 48 72 1 24 48 72
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obliquus 6 61 /—0—_—‘ 61 -
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Fig. 3. Mean group size plotted against time in the presence (solid line) and absence (dashed line) of
the putative predator. In seven combinations, the mean algal group size was higher in the presence
of the putative predator (C: glmmPQL, P <0.0001; D: glm, F=11.48, P<0.01; E: glm, F=63.39,
P<0.0001; F: glmmPQL, P<0.0001; G: glmmPQL, P<0.0001; H: glmmPQL, P=0.011;
I: glmmPQL, P < 0.0001). In two combinations, the mean group size did not increase in the presence
of the putative predator (A: glm, F=2.07, P =0.156; B: glmmPQL, P =0.3). The asterisk represents
a significant difference (P < 0.05) in the overall main effect of treatment across time. Error bars
represent standard error of the mean.
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Fig. 4. Distribution of group sizes in the presence (solid bars) and absence (open bars) of the putative
predator after 72 hours (A-F) and 48 hours (G-I). Group sizes ‘1’ and 2’ refer to a unicell and a
paired cell, respectively.

Do algae form groups in response to predator products?

In three combinations — C. vulgaris with T. thermophila (Fig. 6a.E), C. sorokiniana with
D. magna (Fig. 6a.G), and S. obliguus with D. magna (Fig. 6b.1) — algae formed groups in
response to predator products. In the experiments conducted in tube cultures, we observed
group formation in two combinations (Figs. 6a.E, G). We repeated the combinations
with Daphnia using Lampert and colleagues’ (1994) methodology, and observed that in
S. obliquus with D. magna, the algae formed groups in response to Daphnia products
(Fig. 6b.1).
Do the predators impact algal density?

The addition of the potentially predatory species led to a decrease in algal density in five of
nine combinations (Figs. 7A, B, G-I). The four combinations in which we did not observe
a decrease in algal density were: S. obliguus with Ochromonas spp. (Fig. 7C), C. sorokiniana
with T. thermophila (Fig. 7D), C. vulgaris with T. thermophila (Fig. 7E), and S. obliguus with
T. thermophila (Fig. 7F).

Predator behavioural observations

In relation to Ochromonas, 9.5% of the time (4/42 observations) we observed Ochromonas
capturing C. sorokiniana (Fig. 8A); 7.1% of the time (3/42) capturing C. vulgaris (Fig. 8B);
and none of the time (0/42) Ochromonas exhibiting any ingesting activity towards
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S5pum

Fig. 5. Characteristic algal group types: (A) three-celled group observed in C. sorokiniana and
C. vulgaris cultures; (B) four-celled group observed in C. sorokiniana and C. vulgaris cultures;
(D) three-celled group observed in S. obliquus cultures; (C, E) four-celled groups seen in S. obliquus
cultures.

S. obliquus. Regarding Tetrahymena, 7.1% of the time (3/42) Tetrahymena ingested
C. sorokiniana (Fig. 8D); 80.9% of the time (34/42) C. vulgaris algae were visible inside
Tetrahymena (Fig. 8E); and 2.3% of the time (1/42) S. obliquus was seen inside Tetrahymena
(Fig. 8F). Considering Daphnia, 100% of the time (3/3) Daphnia’s gut was green in the
presence of the algae (Figs. 8G-1).

DISCUSSION

Overall, in the nine ‘algal-predator’ combinations that we tested: (1) the presence of live
predators led to a higher proportion of cells going into groups in all nine combinations
(Fig. 2), and groups being composed of larger numbers of cells in seven combinations
(Fig. 3); (2) the presence of predator products induced algal group formation in three
combinations (Fig. 6); (3) the presence of predators resulted in a decrease in algal density in
five combinations (Fig. 7), and behavioural observations consistent with predation, in eight
combinations (Fig. 8).
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Fig. 7. Algal density (after 24 hours relative to time 0) in the presence (grey) and absence (white) of
the putative predator. In five combinations, the algal density decreased in the presence of the putative
predator (two-sample f-test, A: d.f. =16, P=0.041; B: d.f. =16, P <0.0001; G: d.f. =16, P <0.0001;
H: d.f. =16, P<0.0001; I: d.f. =16, P<0.001). In four combinations, the algal density did not
decrease in the presence of the putative predator (two-sample z-test, C: d.f.=16, P=0.987;
D: d.f =16, P=0.120; E: d.f. =16, P=0.075; F: d.f. =16, P=0.313). The asterisk represents a
significant difference (P < 0.05) in the overall main effect of treatment across time.

Response to predators

In all nine combinations, the addition of predators led to a higher proportion of cells in
groups (Fig. 2), and in seven combinations, predators led to the formation of larger groups
(Figs. 3 and 4). In certain combinations, such as C. sorokiniana with D. magna and
S. obliquus with D. magna, this group formation was so extreme that groups were visible
with the naked eye (Fig. 9). That predation induced group formation in all combinations
suggests that group formation can be a relatively general response to predators. However, it
has previously been found that the alga Scenedesmus acutus does not form groups in the
presence of the predators Chydorus sphaericus, Cyclops agilis or Cypridopsis vidua (van Donk
et al, 1999), indicating that the response to predation is not a completely general response by
all related species.

Previous studies have shown group formation in three combinations that were the same
or very similar to the nine that we examined. Von Elert and Franck (1999) have shown that
S. obliquus forms groups in the presence of D. magna, but they did not measure the
proportion of cells in groups. Fisher et al. (2016) showed that the proportion of C. vulgaris
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cells in groups increased in the presence of 7. thermophila, in 24-well plates. Boraas et al.
(1998) found that C. vulgaris formed groups upon predation by Ochromonas vallescia. Our
study differs from that of Boraas et al. (1998) in that they used C. vulgaris CCAP 211/8A
with O. vallescia in chemostat cultures, and did not statistically analyse group formation,
whereas we used C. vulgaris CCAP 211/11B with Ochromonas spp. in tube cultures. Our data
suggest that the algae may produce different group sizes in response to different predators,

Ochromonas spp. Tetrahymena thermophila Daphnia magna

Capture of alga on mouth Ingestion of alga Green gut

Chlorella
sorokiniana

Capture of alga on mouth

Chlorella
vulgaris

Alga inside Tetrahymena and
movement across vacuoles

Scenedesmus
obliquus

Fig. 9



Predation and the formation of multicellular groups in algae 665

possibly because optimal group size depends upon the type of predator (Figs. 2 and 3).
However, our study was not designed to test this hypothesis, as the different species were
studied at different times, and so future work will be required to formally test this.

Is group formation a behavioural response of the algae?

We tested whether algae form groups facultatively, in response to cues of predator presence,
by exposing algae to filtered liquid from a culture of live predators. We found that in
three combinations — C. vulgaris with T. thermophila (Fig. 6a.E), C. sorokiniana with
D. magna (Fig. 6a.G), and S. obliquus with D. magna (Fig. 6b.1) — the algae responded to
predator products by forming groups. In the other six combinations, we cannot exclude
the possibility of group formation being a behavioural response, since the group-inducing
signal may be the actual presence of predators, or cues from algal fed predators.

Group formation in response to predator products has been previously observed in the
case of C. vulgaris with T. thermophila in 24-well plates (Fisher ez al, 2016) and in S. acutus (later
classified as S. obliquus; www.ukncc.co.uk) with D. magna in flask cultures. However, in our
experiment with tube cultures we did not observe group formation in S. obliquus in response
to Daphnia (Fig. 6a.1). This discrepancy may have been due to differences in methodology,
which differed in many respects (see Methods). Therefore, we repeated our three com-
binations with Daphnia using Lampert and colleagues’ (1994) methodology; when we did this,
we found group formation in S. obliqguus in response to Daphnia products (Fig. 6b.1),
confirming Lampert and colleagues’ finding, but no group formation in C. sorokiniana

Fig. 8. Direct observations of protists’ feeding behaviour and Daphnia’s gut. Images A, B, and
D-F are video snapshots. Black arrows show algae. (A) Capture of unicellular C. sorokiniana by
Ochromonas. Chlorella sorokiniana rotates upon contact with Ochromonas’s mouth pore and flagella
(A2); it then stops rotating and remains in contact with Ochromonas (A3). (B) Capture of unicellular
C. vulgaris by Ochromonas. Chlorella vulgaris rotates upon contact with Ochromonas’s mouth
pore and flagella (B1, B2); it then stops rotating and remains in contact with Ochromonas (B3).
(C) — indicates no observed feeding behaviour towards the alga. (D) Ingestion of unicellular
C. sorokiniana by T. thermophila. Chlorella sorokiniana passes through Tetrahymena’s mouth pore
(D2, D3). (E) Left image: Tetrahymena cultured in Bolds Basal media without algae for 24 hours.
White arrows show empty vacuoles, which are indicative of starvation (Nakajima er al, 2009). Right
image: Tetrahymena cultured with C. vulgaris for 24 hours. Green algae are visible inside Tetrahymena.
(F) Unicellular S. obliquus inside T. thermophila and passage from one vacuole to another: At first,
S. obliquus is enclosed in the frontal vacuole of 7. thermophila (F1). Next, the frontal vacuole and an
adjacent vacuole join and form a larger vacuole (F2). Scenedesmus obliquus is initially positioned
in the centre and is then gradually positioned in the lower part of the large vacuole (F2). The large
vacuole splits into two separate vacuoles, and S. obliquus is enclosed in the second vacuole (F3).
Scale bars on images A, B, and D-F are 5 um. (G) Left image: gut coloration of D. magna after
24 hours with no added algae. Right image: noticeable green gut 24 hours after adding C. sorokiniana.
(H) Green gut 24 hours after adding C. vulgaris. (I) Green gut 24 hours after adding S. obliquus. After
72 hours, green algal cultures (bottom left tube: without Daphnia) had become almost transparent due
to grazing by D. magna (bottom right tube: with Daphnia).

Fig. 9. Group formation in C. sorokiniana upon predation by D. magna. Cultures of C. sorokiniana,
incubated 72 hours in the absence (A) and presence of D. magna (B). Groups of C. sorokiniana are
visible in the liquid culture (B) as well as two Daphnia (arrows).
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(Fig. 6b.G). This emphasizes that methodological differences between experiments can
produce contrasting results. Previous studies have identified a compound, 8-methylnonyl
sulphate, that is produced by D. magna and induces group formation in Scenedesmus
(Yasumoto et al., 2005; Uchida et al., 2008).

Our study raises a number of questions to do with how groups form. Groups can form
by the association of the daughter cells with the parent cell after cell division, or by the
aggregation of cells. The mechanism matters, because cooperation is more likely to be
favoured with parent—daughter cell associations, as this leads to a higher relatedness (Fisher
et al., 2013). Previous studies have shown that S. acutus (Lirling and Van Donk, 2000) and C. vulgaris
(Boraas et al., 1998) form groups through such parent-daughter cell associations. Although we
did not directly test how groups form, our observation that S. obliquus forms groups within
1 hour (Fig. 2I), before the cells have divided, indicates that S. obliquus may be forming
groups by aggregation. Another issue is that group formation may be facultative, or a fixed
genetic response. Although we did not test between these alternatives, the speed with which
groups formed, and the fact that it could be driven by predator products (see, for example,
Fig. S2: 3034 Appendix.pdf), suggest a facultative response, with groups being formed under
certain conditions.

Predation

We found that the presence of predators led to a decrease in algal density, consistent
with significant predation, in five combinations (Figs. 7A, B, G-I). We did not observe
decreased algal density in four combinations: S. obliquus with Ochromonas spp. (Fig. 7C),
C. sorokiniana with T. thermophila (Fig. 7D), C. vulgaris with T. thermophila (Fig. 7E),
and S. obliquus with T. thermophila (Fig. 7F). Fisher et al. (2016) did not observe a decrease
in the density of C. vulgaris upon predation by T. thermophila either. In these four
cases (Figs. 7C-F), Ochromonas spp. and T. thermophila were either poor predators, or algal
group formation was so successful that it prevented the algae being grazed upon. Nakajima
et al. (013) suggested that aggregation of C. vulgaris reduces the rate of ingestion by
T. thermophila.

Our behavioural observations (Figs. 8A, B, D-I) suggested that in eight combinations
the predators were eating the algae. Specifically, Ochromonas spp. captured C. sorokiniana
(Fig. 8A) and C. vulgaris (Fig. 8B) on its mouth pore. The algae rotated as soon as they
reached the flagella of Ochromonas and then stopped rotating. Although this observation
may at first not directly imply ingestion, Boraas et al. (1992) reported that as soon as 50%
of the C. vulgaris cell is enveloped by Ochromonas, the C. vulgaris cell stops rotating and
then the cell is ‘drawn into the body of O. vallescia’. This suggests that our observation may
be a preliminary step before ingestion. In the cases of T. thermophila with C. sorokiniana
(Fig. 8D), C. vulgaris (Fig. 8E), and S. obliguus (Fig. 8F), we clearly saw ingestion of the
algae and presence of the alga inside 7. thermophila, respectively. Chlorella vulgaris algae
have been previously observed inside vacuoles of 7. thermophila (Nakajima et al., 2009).

In all the combinations with D. magna (Fig. 8G-I), we observed a green coloration of
Daphnia’s gut. This has previously been seen in the combinations of D. magna with
C. vulgaris (Ryther, 1954y and S. obliquus (Lirling and Verschoor, 2003), but not with C. soroki-
niana. In the combinations with Daphnia, the benefit of group formation may be to increase
survival during gut passage, rather than to decrease predation. For example, Daphnia
induced the non-gelatinous unicellular Sphaerocystis schroeteri to form gelatinous groups,


http://www.evolutionary-ecology.com/data/3034Appendix.pdf

Predation and the formation of multicellular groups in algae 667

and these groups passed through Daphnia’s gut, where they gained nutrients from the
remains of edible algae and Daphnia’s metabolites. The algae then emerged intact from
Daphnia’s gut, due to their protective gelatinous sheath (Porter, 1976; Kampe er al,, 2007). In another
experiment, D. magna ingested the algae C. vulgaris and then green masses of undigested
C. vulgaris were excreted from D. magna’s gut (Ryther, 1954).
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Figure S1. Comparison of the proportion of cells in groups between 50-mL
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falcon tubes and 24-well plates. In order to decide whether the 50-mL falcon
tubes or the 24-well plate was the most suitable system to measure the
proportion of cells in groups, we conducted the following experiment. We used
nine 50-mL falcon tubes for the control and nine for the treatment, as well as
nine wells on a 24-well plate for the control and nine for the treatment. In each
tube we added 19.6 mL of C. vulgaris (1 x 10° cells mL™") to either 0.4 mL of
PPY in the control or 0.4 mL of Ochromonas spp. (6 x 10° cells mL'1) in the
treatment set. We used the same cultures of C. vulgaris and Ochromonas spp.
for the 24-well plate experiment. We added 980 uL of C. vulgaris in each well
and 20 pL of PPY and Ochromonas spp. in the control and treatment,
respectively. We incubated the falcon tubes and the 24-well plate at 20°C light-

dark 16:8 hour cycle and kept the tube caps loose to allow for oxygenation. We
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collected samples at seven time points after adding the putative predator: 1, 24,
48, 72, 96, 120, and 144 hours. At each time point, we tilted the falcon tubes
five times, to homogenize the solution, and transferred 200 pL of each culture
into a 96-well plate. We acquired microscopy images of these subsamples and
of the 24-well plate using a VisiCam digital camera under an inverted
microscope (VWR International, Model XDS-3) at 20x magnification. We then
quantified the proportion of cells in groups. In both cases the proportion of cells
in groups was higher in the presence of the predator (tubes: gimmPQL, P <
0.0001; plates: gimmPQL, P < 0.0001). In the 24-well plate, in the absence of
Ochromonas spp., 85% of cells were in groups within 72 hours. For this reason
we chose to conduct our experiments using 50-mL falcon tubes. Error bars

represent standard error of the mean (+ se).
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Figure S2. Proportion of C. sorokiniana cells in groups over 480 hours in
the presence (solid line) and absence (dashed line) of Daphnia products.
This Figure is an extension of Figure 6a.G. In the beginning of the experiment,
the proportion of cells in groups did not differ significantly between the two
treatments (glm at ‘time point O hours’, F = 1.84, P = 0.192). After 48 hours, the
proportion of cells in groups increased in the presence of the Daphnia products
(glm at ‘time point 48 hours’, F = 68.12, P < 0.0001), and the cells became
again unicellular after 480 hours (glm at ‘time point 480 hours’, F = 2.31, P =

0.147). Error bars represent standard error of the mean (z se).
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How do algae form multicellular groups?

Stefania E. Kapsetaki, Alexander Tep and Stuart A. West

Department of Zoology, University of Oxford, Oxford, UK

There have been at least eight independent major transitions to obligate multicellularity on
Earth (Maynard Smith and Szathmary, 1995; Bonner, 1998; Grosberg and Strathmann, 1998, 2007; Bourke, 2011; Fisher et al.,
2013). All of these transitions from single cells to an obligate multicellular lifestyle arose from
daughter cells remaining attached to their parent cell after division (Raven, 1998; Kirk, 2005;
Grosberg and Strathmann, 2007; Michod, 2007; Fisher e al, 2013). This pathway towards social group
formation is also known as ‘subsocial’, a term first used to describe the social lifestyle of
Insects (Michener, 1969; Bourke, 2011). The high degree of relatedness and minimal conflict between
members of such a group can favour extreme levels of cooperation, alignment of interests,

ABSTRACT

Background: Theory suggests that how groups are formed can have a significant influence on
the evolution of cooperation, and whether cooperative groups make the major evolutionary
transition to a higher-level individual. The formation of clonal groups, by remaining with
parents (subsocial group formation), leads to a greater kin selected benefit of cooperation,
compared with formation of groups by aggregating, with potential non-relatives (semisocial
group formation). Freshwater algae form multicellular groups in response to the presence of
predators, but it is not clear whether they form groups by remaining together or by aggregation.

Organisms: The freshwater algae Chlorella sorokiniana, Chlorella vulgaris, and Scenedesmus
obliquus, and the freshwater crustacean predator Daphnia magna.

Results: Fluorescence microscopy and time-lapse photography revealed that, in response to
predator supernatant/live predators, these algae form groups by both remaining with parents
and aggregation. Additionally, different algal species form mixed-species multicellular groups in
response to predation.

Conclusion: The observation of aggregation, even between species: (1) emphasizes the likeli-
hood of direct fitness benefits of forming groups to avoid predation; and (2) strengthens the
across-species correlation between the method of group formation and whether multicellularity
is facultative or obligate.

Keywords: predation, Chlorophyceae, induced defence, aggregation, multicellularity.
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and interdependence between members, which are defining features of major transitions in
indiViduality (Hamilton, 1964; Maynard Smith and Szathmary, 1995; Boomsma, 2007, 2009; Fisher ef al., 2013; West et al.,
2015). In contrast, other species, such as slime moulds and Pseudomonas biofilms, only form
multicellular groups facultatively, under certain conditions, and have not made the major
transition to obligate multicellularity (west es ar, 2015). The formation of these facultative
multicellular groups often occurs via cells aggregating together. Because these cells are not
necessarily related, group formation via aggregation can lead to more potential for conflict.

Many freshwater algae form multicellular groups in response to predators (Solari ez af, 2015;
Kapsetaki et al, 2016). However, it is not known if these algae form groups by daughter cells
remaining with their parents, or by potentially unrelated cells aggregating together. For
example, Boraas et al. (1998) and Lurling and Van Donk (2000) suggested that group formation
in Chlorella vulgaris and Scenedesmus obliquus was via daughter cells remaining within the
parent cell wall after division, similar to multicellular filament formation in the bacteria
Flectobacillus sp. (Cormno and Jirgens, 2006, and subsocial palmelloid formation in
Chlamydomonas induced by the predator Brachionus (Lurling and Beekman, 2006; Harris, 2009). In
contrast, Chlamydomonas forms groups by aggregation in response to the predator
Peranema (Sathe and Durand, 2016) and S. obliquus forms predator-induced groups within 1 hour,
which is faster than its division time, indicating aggregation (Kapsetaki et al., 2016).

In this study, we determine how three algal species, Chlorella sorokiniana, C. vulgaris, and
S. obliquus, form groups in response to the presence of predators. We dyed algae of the same
species with two different fluorescent dyes, and then exposed them to either live Daphnia or
the supernatant from cultures in which Daphnia had been growing. We have previously
shown in all three of these algal species that live Daphnia and/or the supernatant from
Daphnia cultures induces group formation (Kapsetaki er al, 2016). The appearance of
dichromatic groups, composed of individuals dyed with each colour, would indicate at least
some aggregation. We examine group formation caused by both Daphnia and the
supernatant from Daphnia cultures, so that we can distinguish between the behaviour of
the algae and any aggregation or breaking up of groups that could have been caused by the
movement of Daphnia. To further validate our findings, we use an additional technique,
time-lapse photography, to observe how single cells form multicellular groups.

MATERIALS AND METHODS

Strains

We maintained the algae Chlorella sorokiniana 211/8K (non-axenic from CCAP), Chlorella
vulgaris 211/11B (axenic from CCAP), and Scenedesmus obliquus 276/3A (non-axenic
from CCAP) in Bolds Basal media at 20°C under a light/dark cycle of 16:8 hours using
fluorescent illumination. We added 500 ug-mL™" of the antibiotic rifampicin to 1-mL
samples of the C. sorokiniana and S. obliguus cultures, and diluted them 1:300 after 24
hours in Bolds Basal media (Kapsetaki e al, 2016), to eliminate bacteria in the cultures. We
maintained the cultures in 1-litre Erlenmeyer flasks shaking at 220 rpm, a light/dark cycle of
16:8 hours using fluorescent illumination, and a temperature of 20°C before using these
cultures in experiments.

As predators, we used Daphnia magna (Sciento, UK), which we fed 5 mL S. obliquus
(10° cells-mL™") every 4-5 days. We maintained the Daphnia in 500-mL jars at 20°C with a
light/dark cycle of 16:8 hours.
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Fluorescence experiments

Same species

We tested how algae form groups by dyeing two cell cultures of the same species with two
different fluorescent dyes, mixing them, and then inducing group formation by adding live
predators or predator supernatant. We followed a modified version of the manufacturer’s
recommended staining procedure (Thermo Fisher Scientific, CellTracker™ Fluorescent
Probes). We centrifuged the exponentially growing C. sorokiniana at 100 g for 10 minutes
and resuspended the pellet in CD-CHO Medium (Gibco, Carlsbad, CA). We then split this
culture in equal volumes and added the fluorescent dye CellTracker™ Green BODIPY (final
concentration 20 uM) to one culture and CellTracker™ Violet BMQC (final concentration
20 um) to the other culture. We diluted stock dyes in 10 mm DMSO. We covered the
two cultures with aluminium foil and left them shaking at 170 rpm overnight at room
temperature, centrifuged both cultures at 100 g for 10 minutes, and resuspended them in
Bolds Basal media to remove the dyes.

We sonicated the two algal cultures (10 one-second pulses, amplitude 20%) to break up
any groups that may have formed during the dyeing process, diluted both cultures to
10° cells-mL™", and then mixed them together in a 1: 1 volume ratio. We added 4.04 mL of
the dyed algae in 50-mL falcon tubes to either 0.96 mL of filtered Bolds Basal media
(referred to as media in the remainder of this manuscript), 5 adult Daphnia, or 0.96 mL
filtered liquid from the Daphnia culture (predator supernatant; final concentration of three
individuals per millilitre). The filter we used in all experiments had a pore diameter of 0.22
uM. We define ‘predator supernatant’ as anything present in the predator culture that could
pass through the 0.22-uM filter. This filtered liquid may contain products released from the
predators, and/or products from grazed/ungrazed S. obliquus. We replicated each treatment
three times. We kept the falcon tube caps loose to allow for oxygenation and randomized
the tubes on a rack in an incubator at 20°C with a light/dark cycle of 16:8 hours using
fluorescent illumination. After 0 and 24 hours, we tilted the falcon tubes five times to mix
the culture, and collected 20-uL samples.

We constructed fluid tunnel slides by placing a cover slip onto two strips of Scotch™
double-sided tape on a microscope slide and pipetting the 20-uL algal samples between the
cover slip and the slide. We sealed the coverslip with nail varnish, and imaged the samples
using a Zeiss Axio Zoom V16 fluorescence stereoscope (Carl Zeiss, Oberkochen, Germany).
As excitation/emission spectra for the violet and green dye, we used 405 nm/475 nm and
488 nm/538 nm, respectively. We took nine images per replicate (9 x 3 =27 images per
treatment), and quantified the proportion of cells in monochromatic groups (number of
algal cells in monochromatic groups/total number of algal cells) and dichromatic groups
(number of algal cells in dichromatic groups/total number of algal cells). In many cases, the
exact number of cells in a three-dimensional group, especially in large groups, was difficult
to determine from the two-dimensional images (e.g. Fig. 1), as many cells were ‘hidden in
the background’. We counted what we observed in the two-dimensional images.

We followed the same procedure for C. vulgaris and S. obliquus, but in the case of
S. obliguus we obtained samples at 48 hours instead of 24 hours, as predator-induced group
formation had previously been observed at this time point (Kapsetaki et al., 2016).
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Fig. 1. Representative images of dichromatic groups within (A) and between (B) species. (A)
Green- and violet-dyed Chlorella sorokiniana form a dichromatic group in the presence of Daphnia.
(B) Green-dyed Chlorella sorokiniana and violet-dyed Chlorella vulgaris form a mixed-species
dichromatic group in the presence of Daphnia.

Different species

To assess whether different species of algae group together, we followed the same
experimental procedure as above, except that in the initial steps we dyed a culture of
C. sorokiniana with the green dye and a culture of C. vulgaris with the violet dye. In the
combination C. sorokiniana with C. vulgaris, we obtained samples at 0 and 24 hours;

in C. sorokiniana with S. obliquus and C. vulgaris with S. obliquus, we collected samples at
0 and 48 hours.
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Time-lapse photography

We also tested how C. sorokiniana forms groups using time-lapse photography. We added
4.04 mL of C. sorokiniana (initial concentration 10° cells-mL™") to 0.96 mL of filtered
D. magna water (final concentration of three individuals per millilitre) in a 50-mL falcon
tube. We maintained the tube at 20°C with a light/dark cycle of 16: 8 hours using fluorescent
illumination. After 10 hours, we diluted the culture using Bolds Basal media to a final
concentration of 4 x 10° cells-mL™" and transferred 1 mL of the diluted culture onto a
24-well plate. We placed the 24-well plate at room temperature under a phase-contrast
microscope (Nikon ELWD 0.3, 20x magnification, LWD) and set the digital camera (Nikon
D300, Japan), which was attached to the microscope, to take photos every minute for a total
of 96 hours. We assembled the photos into a movie of 4 frames per second using ‘Time
Lapse Assembler’ (v.1.5.3).

From the end of the movie, we randomly chose a cell in a multicellular group and tracked
it back in time, stopping at the first instant at which it joined this group. We noted whether it
joined the group by aggregation (attaching to a group or pair) or by remaining attached to a
mother cell after division. We defined a multicellular group as >3 cells in close proximity
that could not be distinguished as separate cells. We tracked 50 cells in total, each from a
different randomly selected group. Using these 50 cells, we measured the proportion that
joined their group by aggregation, the remaining cells joining their group as a result of
division from their parent cell. However, we were not able to distinguish whether this was
just division as part of their normal life cycle or actual group formation. We also measured
the time these cells spent with their parent cell after division.

We followed the same experimental procedure for C. vulgaris and S. obliquus.

Statistical analysis

We performed statistical analyses using R v.3.2.3 (R Development Core Team, 2017). To compare the
proportion of cells in monochromatic groups between the media, predator supernatant, and
live predators treatments in the fluorescence experiments, we used generalized linear models
(glm), specifying the family as quasibinomial to account for overdispersion of the data. We
performed the same test to compare the proportion of cells in dichromatic groups between
the three treatments.

We tested whether group formation was the result of random aggregation in the
fluorescence experiments. Random group formation would lead to the proportion of each
colour of cells in groups following a binomial distribution. We used the regression method
of Green et al. (1982) to compare the observed variance (V,) with that expected from a
binomial distribution. The observed variance is given by s*(1 — r*), where 5” is variance in the
number of green cells per group and r is the regression coefficient in the relationship
between the number of green cells in a group and group size. The expected variance (V) is
given by ap(l — p), where a is group size and p is the expected proportion of green cells.
Specifically, p is (b + ra)/a, where b represents the intercept. We tested whether the observed
variance was significantly higher than binomial. Under the null hypothesis of random
aggregation, the residual statistic, x* = (V,/V,)/(N — 2), should come approximately from a
chi-squared distribution with N — 2 degrees of freedom, where N is the number of groups
sampled (Green er al, 1982).
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RESULTS

Within-species group formation

Consistent with previous results, we found that all three algal species — C. sorokiniana,
C. vulgaris, and S. obliguus — formed groups in response to predators/predator supernatant
(glm, media vs. predator supernatant and live predators: C. sorokiniana, F=131.29,
P <0.001, df=7; C. vulgaris, F=82.07, P<0.001, df=7; S. obliquus, F=8.79, P=0.02,
df=7) (Fig. 2). The statistical analysis for each treatment pair is presented in Table S1
(www.evolutionary-ecology.com/data/3099 Appendix.pdf).

When we added predators or predator supernatant, the proportion of cells in dichromatic
groups, which indicates at least some aggregation, was between 7.1% and 70.8% (Fig. 2).
For all three algal species, the proportion of cells in dichromatic groups was higher with
predator supernatant or live predators than when just media was added (glm across the
three treatments: C. sorokiniana, F=13.08, P=0.006, df=6; C. vulgaris, F=39.79, P <
0.001, df =6; S. obliquus, F=20.26, P =0.002, df = 6; glm, media vs. predator supernatant
and live predators: C. sorokiniana, F=20.22, P=0.002, df=7; C. vulgaris, F=53.14,
P <0.001, df =7; S. obliquus, F=25.14, P=0.001, df=7) (Fig. 2).

We also found that the distribution of green cells in groups showed significantly
more than binomial variation in all three algal species when exposed to either predator
supernatant or live predators, except for C. sorokiniana upon exposure to live predators
(Table 1). Binomial variation would have been consistent with completely random group
aggregation, and so our finding of greater than binomial variation suggests some tendency
to form groups with algae of the same colour.

Time-lapse experiments of C. sorokiniana in the presence of predator supernatant
revealed that of the 50 observed cells, each belonging to a different group, 47 had joined
their group by aggregation. In C. vulgaris and S. obliquus, 31 and 22 of the observed cells
respectively had joined their group by aggregation when exposed to predator supernatant.
The remaining cells (3 in C. sorokiniana, 19 in C. vulgaris, and 28 in S. obliquus) joined their
group as a result of division from their parent cell, although we could not distinguish
whether this was simply division as part of their life cycle or actual group formation.
These cells spent on average 31.8 £20.6 hours (mean+ SEM), 10.8 2.6 hours, and
51.6 = 4.4 hours respectively with their parent cell after division.

Between-species group formation

We found that all three combinations of algal species — C. sorokiniana with C. vulgaris,
C. sorokiniana with S. obliqguus, and C. vulgaris with S. obliquus — formed multicellular
groups in response to predators or predator supernatant (glm, media vs. predator
supernatant and live predators: C. sorokiniana with C. vulgaris, F=96.12, P <0.001, df =7,
C. sorokiniana with S. obliquus, F=33.02, P <0.001, df="7; C. vulgaris with S. obliquus,
F=5721, P<0.001, df =7) (Fig. 3).

After adding predators or predator supernatant, the proportion of cells in dichromatic
groups (suggesting some between-species group formation) was between 14.8% and 46.8%
(Fig. 3). In all three algal species combinations, the proportion of cells in dichromatic
groups was higher with predator supernatant or live predators than when just media was
added (glm across the three treatments: C. sorokiniana with C. vulgaris, F=11.10,
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Fig. 2. Within-species group formation. The proportion of cells in groups is plotted in the absence
of predators (media), the presence of predator supernatant, and the presence of live predators. The
cells are divided between those in groups containing only violet- or green-dyed cells (monochromatic),
and those in groups containing a mixture of violet- and green-dyed cells (dichromatic). The different
panels show results for the three different algae species: (A) C. sorokiniana after 24 hours;
(B) C. vulgaris after 24 hours; and (C) S. obliquus after 48 hours. The values of the y-axes differ
between panels. The error bars are standard errors of the mean for each of these two colour com-
binations. For all species, we found that the presence of live predators or predator supernatant led
to increased group formation and increased proportion of cells in dichromatic groups, suggesting a
role of aggregation.

P=0.009, df=6; C. sorokiniana with S. obliqguus, F=15.19, P=0.004, df=6; C. vulgaris
with S. obliquus, F=36.90, P <0.001, df = 6; glm, media vs. predator supernatant and live
predators: C. sorokiniana with C. vulgaris, F=23.88, P=0.001, df =7; C. sorokiniana with
S. obliqguus, F=27.42, P=0.001, df=7; C. vulgaris with S. obliquus, F=67.91, P <0.001,
df=17) (Fig. 3).

Furthermore, in all three algal species combinations the distribution of green cells in
groups showed significantly more than binomial variation when exposed to predator
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Table 1. Comparison of the proportion of green-dyed cells in groups relative to a random binomial

variance

Number of

Algae Predators V,JV,  groupssampled y’-value P-value

Within species

Chlorella sorokiniana supernatant 4.81 4 9.62 0.008
live 1.63 3 1.63 0.201

Chlorella vulgaris supernatant 7.49 36 254.71 <0.001
live 68.20 6 272.81 <0.001

Scenedesmus obliquus supernatant ~ 23.75 221 5201.83 <0.001
live 55.57 54 2889.77 <0.001

Between species

C. sorokiniana and C. vulgaris  supernatant 6.22 32 186.78 <0.001
live 17.90 12 179.03 <0.001

C. sorokiniana and S. obliquus ~ supernatant  17.48 24 384.61 <0.001
live 24.00 28 624.07 <0.001

C. vulgaris and S. obliquus supernatant  66.78 163 10752.68 <0.001
live 39.29 58 2200.58 <0.001

Note: Analyses are shown for when the different coloured cells (green and violet) are the same or different species,
and when group formation was induced either by predators or predator supernatant. A value of observed/expected
variance (V,/V,) > 1 would imply overdispersion, where groups tend to show a bias to one of the two colours. In
all cases within species and between species, except C. sorokiniana in the presence of live predators, mixing was
non-random.

supernatant or live predators (Table 1). This suggests a greater than random propensity to
form groups with members of the same species.

DISCUSSION

We found group formation in all three algal species — Chlorella sorokiniana, C. vulgaris, and
Scenedesmus obliguus — in response to live predators/predator supernatant (Fig. 2), con-
sistent with previous results using these and other algae species (reviewed in Kapsetaki er al, 2016). In
all three species, when we dyed algae two different colours and mixed them, we found that
they formed dichromatic groups, suggesting that some group formation is via individuals
aggregating together (semisocial group formation; Figs. 1A, 2). This result was supported
by direct observation in all three species, with time-lapse photography, where we observed
individuals coming together. In each of these species, the distribution of dyed cells in groups
showed greater than binomial variation, and so group formation was not only due to
random aggregation (Table 1). This suggests that either some group formation is via off-
spring remaining with their parents (subsocial group formation) or that there is some spatial
clustering of cells (Table 1). Finally, we found that individuals of these three species also
form groups with each other, leading to mixed-species groups, again emphasizing the role of
group formation via aggregation (Figs. 1B, 3).
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Fig. 3. Between-species group formation. The proportion of cells in groups is shown in the absence of
predators (media), the presence of predator supernatant, and the presence of live predators. The cells
are divided between those in groups containing only violet- or green-dyed cells (monochromatic), and
those in groups containing a mixture of violet- and green-dyed cells (dichromatic). The different
panels show results for the three different algal species combinations: (A) C. sorokiniana with
C. vulgaris after 24 hours; (B) C. sorokiniana with S. obliquus after 48 hours; and (C) C. vulgaris with
S. obliqguus after 48 hours. The values of the y-axes differ between panels. Error bars represent
standard errors of the mean for each of these two coloured types. In all three combinations, we found
that the presence of live predators or predator supernatant led to increased group formation and
increased proportion of cells in dichromatic groups, indicating between-species group formation.

Previous studies have suggested that cell division is necessary for group formation
(Lampert ef al., 1994; Trainor, 1998). Chlorella sorokiniana, C. vulgaris, and S. obliquus acquire energy
from sunlight and nutrients in their environment, leading to an increase in cell size, after
which the parent cell divides into daughter cells inside the cell wall (Nilshammar and Walles, 1974;
Trainor et al., 1976; Boraas et al., 1998; Trainor, 1998; Yamamoto et al., 2005). Then, in response to predation, as
reported in C. vulgaris and S. obliquus (Boraas et al., 1998; Lurling and Van Donk, 2000), daughter cells
fail to break free from the parent cell wall, leading to group formation. As stated clearly by
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Liirling (2001), in Scenedesmus * . . . colony formation is not clogging of individual cells, but
the result of a reproductive process’. In contrast to this assumption, we have found that a
significant fraction of group formation is via aggregation (Figs. 1, 2). Our results do not
exclude the possibility that some group formation occurs through remaining with parents,
because group formation is not purely random (Table 1), and with time-lapse photography
we observed some cells forming groups by division. However, we could not determine
whether this was just division as part of their life cycle or actual group formation (e.g.
3099Appendix — Movie S1). By further analysing our time-lapse data, we found that in all
three algal species, daughter cells spent more time on average with their parent cells after
division in the presence than in the absence of predator supernatant (3099Appendix — Time-
lapse analysis), although these two treatments were not conducted simultaneously. These
observations support the idea of some group formation by remaining with parent cells.

Bonner (1998) suggested that group formation by remaining with parents is more likely to
have evolved in aquatic species, whereas we are more likely to see group formation via
aggregation in terrestrial species (Bonner, 2003; Velicer and Vos, 2009). Group formation by aggrega-
tion has been considered more difficult in water because cells disperse easier in water than
on land (Bonner, 2009; Bourke, 2011). How can we explain the group formation by aggregation that
we have observed in non-motile aquatic species (Yamamoto er al, 2005)?7 These algae seem to
move at random in the liquid culture, consistent with Brownian motion. In the presence of
predator supernatant only, we saw cells dividing and the daughter cells dispersing, cells
dividing and the daughter cells remaining with their parent cell, and several cases where a
group formed both by cells remaining with parents and by aggregation (3099Appendix —
Movies S2 and S3).

Not only did algae form groups via aggregation, but they also grouped with other species
(Fig. 3). This would be expected if rapid group formation provided a direct benefit in
defence against predators. Between-species multicellular aggregates have been observed
previously in C. vulgaris with the bacteria Bacteroidia, Flavobacteria, Beta-proteobacteria,
Gamma-proteobacteria, and filamentous blue-green algae (Gutzeit et al., 2005; Lee e al., 2013; Quijano
et al, 2017), between different species of Chlamydomonas (Sathe and Durand, 2016), and in
Dictyostelium amoebae (Kaushik er al, 2006; Sathe e al, 2010, 2014). Examples of mixed-species
multicellular groups also exist in bacterial biofilms, such as Pseudomonas suringae with
Pseudomonas agglomerans, and Acinetobacter with Pseudomonas putida (Monier and Lindow, 2005;
Hansen e al, 2007), Where groups may provide protection against grazing by predators (Matz and
Kjelleberg, 2005; Chavez-Dozal et al., 2013; Friman et al., 2013).

We found that group formation was not random, either within or between species
(Table 1). There are a number of possible explanations for this. First, some group formation
could be via remaining with parent cells. For example, the algae Chlamydomonas can form
groups by both remaining with parents and aggregating (Lurling and Beekman, 2006; Harris, 2009; Sathe
and Durand, 2016). Second, clumping of the same clone/species might occur just through spatial
clustering after division (i.e. limited dispersal in a structured population). Third, individuals
might discriminate who they form groups with, as has previously been observed in
Dictyostelium amoebae (Mehdiabadi er al., 2006).

In conclusion, across species there is a correlation between the method of group forma-
tion and whether multicellularity is facultative or obligate (Grosberg and Strathmann, 2007; Fisher et al.,
2013, 2016). All the known major transitions to obligate multicellularity have arisen via off-
spring remaining with their parent cell (Fisher e aZ, 2013). In contrast, transitions to facultative
multicellularity have occurred via both aggregation and remaining with parents (Fisher et af,
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2013). Consequently, our finding that facultative group formation in algae is via aggregation
strengthens the across-species correlation between the method of group formation and
whether multicellularity is facultative or obligate.
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