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ABSTRACT
CHLAMYDOMONAS REINHARDTII, A MODEL FOR QUORUM SENSING AT
THE INTERKINGDOM INTERFACE
by Timothy Charles Haire,
B.S., Florida Institute of Technology
Chairperson of Advisory Committee: Andrew Palmer, Ph.D.
Microbial communities significantly impact the processes of the eukaryotic
hosts they colonize. In many cases, symbiotic organisms both pathogenic and
mutualistic coordinate their efforts through a process called quorum sensing (QS).
QS is driven by low-molecular weight signals that regulate gene expression at
threshold inducer concentrations, allowing phenotypic switching to be driven by
cell density. These quorum sensing signals are subject to eukaryotic perception, and
quorum associated phenotypes can directly influence the growth and development
of eukaryotes.
Eukaryotic perception of quorum sensing signals has been chiefly studied
in plants, and to a lesser extent mammalian systems, yet no delineated model or
system exists for the unicellular eukaryotes, with whom cohabitate often playing
niche roles. Understanding if and how these eukaryotes detect and influence
quorums is a crucial piece of the microbiome dialogue. The plant-like unicellular
eukaryote, the model algae Chlamydomonas reinhardtii, which produces microbial
quorum regulating compounds and co-exists with many QS bacteria in both soil
and aquatic communities, was investigated as a model for quorum sensing.
iii

To examine if C. reinhardtii could sense and respond to quorum sensing,
we established methods for microplate culture and phenotypic analysis. This
system was used to measure the effects of quorum sensing compounds on growth
and viability. Unlike plants, C. reinhardtii, is not stationary, such as plants, and
exhibits cellular motility. Methods were therefore developed to also accurately
measure C. reinhardtii motility, and to quantify the effects of quorum sensing
signals on this process.
Although the motility methods established were a significant improvement
from preexisting manual methods, C. reinhardtii generally did not exhibit any
phenotypic changes upon exposure to autoinducers. The most active autoinducer
was that from Sinorhizobium meliloti, which reduced C. reinhardtii viability as
scored through esterase activity and membrane integrity, yet did not notably alter
growth. Experimental measures of cell viability in biological research typically
examine individual variables, for example, esterase activity is used as a metabolic
indicator. These variables are naturally modulated in living cells for many reasons,
however, and do not necessarily reflect viability modulation, but potentially an
adaptation to new conditions. It is therefore important to interpret viability
measurements in the context of cell growth. Without a decrease in cell
concentration, it was surmised that the quorum sensing autoinducers may be
subject to degradation, which was confirmed through liquid chromatography mass
spectrometry (LCMS), highlighting an exuded factor. However, minimal media
growth studies determined that autoinducer supplements rescued reduced growth
iv

phenotypes. Furthermore, coculture with Sinorhizobium meliloti improved growth
of both species under different initial culture densities.
These studies indicate that C. reinhardtii is a strong negative regulator of
quorum sensing autoinducers, that growth is stable after direct exposure to
autoinducers, and under competitive conditions (nutrient limitations or coculture),
growth can be improved through exposure to autoinducers or co-culture. These
findings highlight similarities between plants in degradation and mimicry to
remodel the quorum sensing landscape. As many eukaryotic quorum sensing
interactions are not reproducible from autoinducer signals alone, the need to
explore co-culture studies is evident. Unicellular eukaryotes, such as C. reinhardtii
in this study, may play equal if not more significant roles in regulating microbial
quorums than traditionally examined eukaryotes, such as plants.
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CHAPTER I: BACKGROUND
THE MICROBIOME – THE OTHER PART OF YOU
Communities of microorganisms, or microbiomes, accumulate both inside
and outside of eukaryotes. These collectives are heterogeneous populations of both
unicellular prokaryotes and eukaryotes which may significantly alter host
metabolism, drug sensitivity, nutrient acquisition, and more (Enright et al., 2016;
Huang et al., 2014). The impact of these diverse populations are influenced by both
microbiome composition and density (Egamberdieva et al., 2008; Mendes et al.,
2011). The microbiome also contributes to disease resistance as potential pathogens
must compete with both mutualists and commensalists for available resources
(Willing et al., 2011; Lundberg et al., 2013). For example, the rhizosphere, the area
immediately surrounding the roots of plants, harbors an estimated 1011 microbial
cells/gm of root tissue and may consist of as many as 104 different species
(Berendsen et al., 2012). Rhizosphere mutualists often produce factors which can
limit the success of prospective pathogens though priming the immunity of
prospective partner species (Figure I.1; Venturi and Keel, 2016). A barrier to
modeling the emergent phenotypes of microbiomes is our limited understanding of
the signals which direct and coordinate these heterogeneous populations.
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Figure I. 1 Overview of rhizosphere microbiome interactions. Plants and their
cohabitant microorganisms produce and respond to a variety of
chemical signals in their environments. The outcome of these
interactions depends on the factors and organisms present, and often
provoke stress or immunity related processes. (Venturi and Keel, 2016)
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QUORUM SENSING – REGULATING MICROBIOME ACTIVITY
Many of the phenotypes associated with bacteria comprising the microbiota
such as virulence factor production, biofilm formation, bioluminescence, and
nitrogen fixation are coupled to population density based process called quorum
sensing (QS) (Engebrecht et al., 1983; Kievit and Iglewski, 2000; Singh et al.,
2000; Smith et al., 2002; Brenner et al., 2007; Cooper, 2007; Gurich and Gonzalez,
2009; Dickschat, 2010; Wielbo et al., 2010; Fan et al., 2011; Hong et al., 2012;
O’Loughlin et al., 2013; Verma and Miyashiro, 2013; Yong and Zhong, 2013). QS
utilizes diffusible low-molecular weight signals, generically classified as
autoinducers (AI), which have relatively short half-lives. Their inherent half-lives
provide a relationship between AI concentration and population abundance. These
AIs regulate the changes in gene expression associated with quorum mediated
phenotypic switches (Miller and Bassler, 2001). By restricting gene expression to
specific cell densities these cells limit the commitment of valuable resources to cell
densities at which they have a greater chance of being successful. For example, a
single cell producing the exopolysaccharides associated with a biofilm is unlikely
to provide substantial structural support, while a biofilm produced by 105 cells will
be considerably more difficult to remove.
The best characterized AIs are the N-acylated-L-homoserine lactones
(AHLs), which direct QS in a large and diverse assortment of Gram-negative (Gm-)
bacteria (Figure I.2). The best studied class of bacterial QS strategies is the Luxtype, which utilize AHL AIs signals. AHLs share a common homoserine lactone
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Figure I. 2 Vibrio fischeri's Lux quorum sensing system. LuxI-type proteins
produce AHLs, which can diffuse out of the cell. Upon reaching a
threshold concentration they associate with LuxR-type receptors and
regulate changes in gene expression (Li and Tian, 2012).
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(HSL) head group, followed by an acyl chain of varying length with or without a
hydroxyl or keto group present at the 3 position (Figure I.3), and are the products of
LuxI type synthase genes (Eberhard et al., 1981; Miller and Bassler, 2001). AHLs
are designated by their chain length and the specific substitution at the 3 positions;
3-oxo-C6, for instance is a homoserine lactone with a six-carbon acyl chain bearing
a keto group at the C-3 position.
Short chain AHLs are membrane permeable, while long chain AHL
transport is facilitated by membrane bound proteins (Pearson et al., 1999). Inside
the cell, AHLs mediate the proper folding, homodimerization, and stabilization of
cognate LuxR-type receptors. These receptors' N-terminal domains are responsible
for AHL binding (Hanzelka and Greenberg, 1995), while the C-terminal domains
recognize and bind to specific DNA sequences in the promoter region (lux box)
(Egland and Greenberg, 2001). Upon binding to these ‘boxes’, LuxR can function
as either a transcriptional repressor or activator, the latter via RNA polymerase
recruitment (Stevens et al., 2011). LuxR type receptors are typically paired with a
cognate synthase gene, for example, LuxI and LuxR, which are responsible for
bioluminescence in Vibrio fischeri (Engebrecht et al., 1983).

6

Figure I. 3 Structure of the AHL auto-inducers used. The generic AHL structure is
depicted at the top; X indicates modifications that occur at the 3’ C, and
n indicates the acyl chain length (Stevens et al., 2011).
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EUKARYOTIC SENSITIVITY TO QUORUM SENSING SIGNALS
Since many microbial QS phenotypes, such as resource sharing in
mutualists or virulence factor production in pathogens, can profoundly impact
prospective hosts, it is not surprising that eukaryotes have evolved to detect and
respond to AHL signals. However, no dedicated AHL receptors have been
identified in eukaryotes, and the direct mechanisms by which these QS signals
influence eukaryotes is unclear. It is apparent that there may not be a conserved
single route by which AHLs influence eukaryotes. Possible mechanisms include
membrane destabilization (Leadbetter and Greenberg, 2000) and/or non-specific
binding to receptors for other metabolites. (Rajamani et al., 2008). AHLs may not
even be the relevant signal, but may require enzymatic processing to yield the
effective signal (Palmer et al., 2014). Generally, eukaryotes exposed to AHLs
exhibit altered levels of gene expression (Shiner et al., 2005). Whether this is due
to directly activating/repressing genes, modulating protein stability, or if this is a
secondary effect from intermediary signaling it is unclear. Regardless of the means,
measurable cell and organism-wide physiological changes have been observed
(Teplitski et al., 2011).
Exposure to AHLs mediate a wide variety of responses in plants, including
changes to biomass, root architecture, phytohormone concentrations/sensitivity
(altering development), disease resistance, and induction of AHL
mimics/quenchers (Figure I.4). For example, AHL treatment prior to pathogen
exposure and transgenic lines expressing AHL synthases increased resistance in
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plants likely due to increased accumulation of salicylic acid, a phytohormone
which induces plant system acquired resistance (Fray et al., 1999; Schenk et al.,
2012; Grant and Lamb, 2006; Schuhegger et al., 2006; Teplitski et al., 2011;
Nazzaro et al., 2013). Additionally, AHL signal mimics and/or degrading enzymes
have been shown to inhibit QS phenotypes in host-associated microbial populations
(Nazzaro et al., 2013).
One of the best studied AHLs is 3-oxo-C12 the primary QS signal of the
opportunistic animal and plant pathogen Pseudomonas aeruginosa (Papaioannou et
al., 2013). This AHL has been directly implicated in apoptosis, cytoskeletal
restructuring, reduced tight-junction function, and immunomodulation in animal
cells (Teplitski et al., 2011). In plants, 3-oxo-C12 modulates root elongation and
increases the production of, or sensitivity to, the phytohormones auxin and ethylene
(Ortíz-Castro et al., 2008; Schenk et al., 2012; Palmer et al., 2014).
Specialized host-symbiont interactions, such as nitrogen fixation or
bioluminescence, are reliant upon proper coordination between eukaryotic hosts
and Gm- QS communities. Such interactions are largely driven by the exchange of
chemical signals between partners and AHLs may well play a role in coordinating
behavior BETWEEN kingdoms as well as within the bacterial populations. For
example, chemical signals from both the legume (flavonoids) and nitrogen fixing
bacteria (AHLs and Nod factors) indicate host/symbiont proximity, entry of the
symbiont
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Figure I. 4 Systemic effects of AHLs on plants. Plant development (hormone
ratios) and defense (salicylic acid presence) are directly altered, and
detection of AHLs leads to mimic/quencher production (Teplitski et al.,
2011).
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into the host, and tissue specialization (nodule) to foster this interkingdom resource
sharing interaction (Cooper 2007; Palmer et al., 2011; Palmer et al., 2016).
In Euprymna scolopes, the Hawaiian bobtail squid, bioluminescent bacteria
symbionts, V. fischeri, are acquired early in life. The squid host regulates the Lux
quorum sensing activity of this internal microbial population to induce
bioluminescence for nighttime camouflage from predators (Verma and Miyashiro,
2013). Squid chemical cues (N-acetylneuraminic acid) attract V. fischeri on
mucosal surfaces, which then pass through epithelial openings through attractantbased screening (chitin derived oligosaccharides) to deeper cavities (Verma and
Miyashiro, 2013). The population of bacteria is then maintained internally within a
specialized light organ for the remainder of the squid’s life, sharing resources and
housing in return for host evasion of predators (Verma and Miyashiro, 2013).
These specialized interactions are complex and impact community populations,
with QS signaling poised at the center of this interkingdom dialogue.

CHLAMYDOMONAS REINHARDTII - A MODEL EUKARYOTE FOR
CHARACTERIZING SENSITIVITY TO QUORUM SENSING SIGNALS
Not all eukaryotes that associate with QS bacteria are hosts, and in some
cases, they may be members of the microbiota themselves (Turner et al., 2013).
Signaling between rhizosphere inhabitants is a developing field, and the
complexities are not yet fully understood. Many plants, algae, and fungi play roles
in exuding factors or in their responses to such factors, and often both sides of
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communication are involved (Huang et al., 2014). Notable examples of this
complicated dialogue include symbioses between plants and arbuscular
mycorrhizal fungi or nitrogen fixing bacteria, such as Sinorhizobium meliloti
(Berruti et al., 2016; Penterman et al., 2014). These symbioses are enhanced when
both fungi and bacteria are present, highlighting the dynamic and collaborative
environment that is the rhizosphere (Galleguillos et al., 2000). However, the role of
AHLs in regulating the interkingdom community of the microbiota is unclear. Most
quorum sensing literature has focused on specific bacterial species or signals in
isolation, rather than in their natural environments (Teplitski et al., 2011). Even
less of this research is focused on the role of quorum sensing populations and their
signals in eukaryotic species, and works to date that examined unicellular
eukaryotes have been limited to the detection of AHL mimics (Hartmann and
Schikora 2012; Gao et al., 2003; Teplitski et al., 2004). Eukaryotic sensitivity to
quorum sensing signals has been established in multicellular hosts, but a model
unicellular eukaryote is needed to first elucidate the role of AHLs in unicellular
cohabitants, and ultimately to model microbiome responses to AHLs (Mathesius et
al., 2003).
Chlamydomonas reinhardtii (Cr), a unicellular phototrophic alga with a
single chloroplast, moves via two flagella and can reproduce both sexually or
asexually. It is routinely utilized as a model system to study photosynthetic
biochemistry, ciliary motility, and cellular reproduction (Harris, 2001). Genetic
investigations are very tractable with Cr, as it offers well characterized nuclear,
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mitochondrial, and chloroplast genomes. Cr has been the subject of numerous high
throughput screening studies as it is cultivated more cheaply and rapidly than many
other eukaryotic systems (i.e. plant and animal) (Marshall 2009; Engel et al., 2011;
Alfred et al., 2012). The Chlamydomonas Resource Center
(www.chlamycollection.org) supports this research community as a repository for a
wide variety of characterized strains, methodologies, and educational kits.
This algae’s ability to modulate bacterial QS has been previously
investigated using a variety of bacterial strains with Gm- QS reporters including:
Las, Cep, Cvi, Lux, and Ahy (Pseudomonas aeruginosa, Burkholderia cepacia,
Chromobacterium violacein, Vibrio fischeri, and Aeromonas hydrophila species,
respectively) (Teplitski et al., 2004). AHL reporter lines typically express a specific
receptor protein (R-type protein) as well as a reporter gene such as GFP, -gal, or
luciferase, coupled to a promoter region containing the receptor binding site (lux
box). AHLs interact with their receptor proteins, which dimerize, bind to DNA,
recruit RNA polymerase, and activate expression of the given reporter.
The Las and Cep QS systems in reporter strains Escherichia coli JM109
pSB1075 (Las) and Pseudomonas putida pAS-C8 (Cep), native to Pseudomonas
aeruginosa and Burkholderia cepacia, respectively, were stimulated by culture
filtrates from Cr (Teplitski et al., 2004). Lumichrome and its precursor, riboflavin,
were found in Cr filtrates and activated Las signaling. Reporter, LasR gel shift and
docking studies indicated these compounds partially mimicked the native 3-oxoC12 ligand in activity, binding, and active site docking from modeling (binding and
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modeling shown in Figure I.5; Rajamani et al., 2008). The Cep reporter activity of
Cr filtrates was found to be reliant on a lactone ring structure, a core component of
native AHLs. Filtrate from an AiiA lactonase, an enzyme that catalyzes the
hydrolysis of AHL lactone rings, expressing Cr strain gave a significantly
diminished response (Figure I.6) (Rajamani et al., 2011). These experiments
demonstrate Cr’s capacity to regulate different QS systems. However, the extent of
Cr exudates to modulate QS activity remains unexplored and other fractions may
well have useful activity. Furthermore, the extent to which AHLs influence the
growth and activity of Cr remains uncertain. I propose that Cr will serve as a
model system for understanding AHL effects at the level of the microbiome, which
consists of both prokaryotes and eukaryotes.
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Figure I. 5 C. reinhardtii secreted autoinducer mimic interacts with LasR. A)
radiolabeled gel shift assay with Las receptor and promoter incubated
with different ligands. Lane(s) 1: promoter without LasR, 2: promoter
with LasR and no inducer/analogue, 3-7: promoter with LasR and
increasing amounts of autoinducer mimic lumichrome (Lum.), 8:
promoter with LasR and native ligand (3-oxo-C12 AHL). B) Simulated
binding pocket of LasR with 3oxoC12 red, lumichrome blue, and
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riboflavin green (lumichrome precursor compound) (Rajamani et al.,
2008).

Figure I. 6 C. reinhardtii secreted autoinducer mimics stimulate CepR reporters. A)
AiiA lactonase AHL degradation mechanism. B) CepR reporter activity
was reduced in the presence of AiiA AHL lactonase. C) Autoinducer
mimic reporter activities were also reduced in the presence of AiiA
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AHL Lactonase native C8 ligand (B) or a purified Cr mimic (Rajamani
et al., 2011).
It should also be noted that the effect of cultures or exudates on QS reporter
strains can often be confounded, as the organisms chosen for housing the reporter
constructs are often not the native organisms, and may not interact the same
(Moore et al., 2014). The reporter systems examined previously with Cr correspond
to well-investigated QS signaling systems in literature, yet may be subject to
predictability concerns with the Lux, Ahy, and Las systems, which used E. coli
based reporter systems instead of the native organisms. For example, Moore et al.,
determined that drug efflux pumps in Pseudomonas aeruginosa significantly
altered the effects of potential QS modulators relative to E. coli reporter lines
(Moore et al., 2014).
Sensitivity to AHLs has been demonstrated across kingdoms with cell
growth, motility, and resource acquisition modulations (Bauer and Mathesius,
2004; Wielbo et al., 2010; González and Venturi, 2013; Yong and Zhong, 2013).
Unicellular eukaryotes such as Cr are just as likely to detect and respond to these
signals, and must therefore be considered to adequately model how the QSregulated events actually occur in the rhizosphere.
This dissertation describes my accounts in examining the effects of quorum
sensing on Cr motility and growth. Method development was needed before I could
begin this process, and chapters II (microplate methods) and III (motility methods)
describe and evaluate the methods used. The subsequent analyses of Cr through
these methods comprises chapter IV, and specifically addresses whether AHL
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autoinducers impact motility, growth, and viability, as well as introduce
preliminary co-culture investigations. The final chapter, V, reviews my findings
and presents a model for Cr quorum sensing interactions.
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CHAPTER II: MICROPLATE METHODS FOR GROWTH AND PHENOTYPIC
ANALYSIS OF CHLAMYDOMONAS REINHARDTII
INTRODUCTION
Microplate-based screening of large compound libraries and/or mutants is a
powerful tool for drug discovery, functional genomics, and dissecting biological
processes (Serrano et al., 2015; Dan et al., 2006; Engel et al., 2011a). Highthroughput and related approaches typically involve the dispensing and growth of
cells into small volume wells that are subsequently analyzed for changes between
control and test samples by one or more spectrophotometric approaches such as
absorbance, fluorescence, or luminescence. Typical flask-based methods require
larger spaces and greater media volumes, often 100 or 1000-fold more than
microplates. As a result, microplates facilitate the rapid analysis of significant
sample sizes at reduced costs. In many cases they provide the only cost and/or time
effective way to screen assays with 100+ possible distinct entries (Zhu et al., 2014).
Adapting any cell line or microorganism growth to microplate-based
approaches comes with distinct challenges. For example, with such small volumes
of media it is important to balance sample aeration with evaporation, which can
often generate plate-based artifacts. Second, the turbulent patterns that influence
culture aeration, and ultimately growth, depend greatly on the type of vessel as well
as fluid volume (Duetz et al., 2000). Ultimately, cells cultured in flasks and those
cultured in microplates may have different doubling times, cell morphologies, etc.
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and care should be taken to evaluate these concerns whenever new microplatebased assays are being developed.
The unicellular alga Chlamydomonas reinhardtii (Cr) is a model organism
for investigating cellular phenomena such as photosynthesis and motility, as well as
sexual and asexual reproduction (Zaffagnini et al., 2012; Renaut et al., 2006;
Marshall 2009). This photoautotroph has minimal nutrition requirements, is
genetically tractable with full sequences of its chloroplast, mitochondrial, and
nuclear genomes available, and has an extensive strain repository. These
advantages have made this an ideal organism for the biotechnology sector, most
notably in the areas of biofuel and protein production (Scranton et al., 2015). Cr
has also served as a proxy organism for both plants and humans, as a model for
photosynthesis or ciliary diseases respectively (Dent et al., 2001; Stolc et al.,
2005). Cr-based studies can provide essential preliminary results in less time, at
reduced costs, and without the other restrictions associated with multicellular
plants, animals, or eukaryotic tissue culture.
In addition to the challenges associated with transitioning any
microorganism from flask to microplates, there are several microalgae related
features that may further complicate such an effort (Van Wagenen et al., 2014).
Aeration and photoperiod are particularly important components in the growth of
Cr, as well as other photoautotrophs. Additionally, the current standard for
determining Cr concentrations is through manual counts of fixed cells using a
hemocytometer, which is impractical for plate based assays, that can easily exceed
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100 individual samples (Therien et al., 2014). Optical density has been previously
explored as a measure of cell concentration, but has lacked verification or
correlation to actual cell concentrations (Chen, 1996; Kong et al., 2010; Alfred et
al., 2012). Resolving this discrepancy would support this automation-compatible
approach based on spectrophotometry to nondestructively quantify large sample
sizes or limited sample volumes. Cr cells range from 75-150 μm3, depending on
nutrient availability, cell age, or stage of development, potentially complicating
absorbance-based correlations to cell concentrations (Umen and Goodenough,
2001). Also, despite its motility, Cr populations are prone to settling in liquid
media unless constantly agitated complicating measurement efforts (Wakabayashi
et al., 2011; Nonaka et al., 2016).
In both plants and algae, chlorophylls and carotenoids play integral roles in
light harvesting and mediating stress responses to a variety of endogenous stimuli,
including salinity, pathogenic infections, and oxidative stress. Changes in
photopigment concentrations can be effective markers of these stimuli (Havaux,
2014; Peñuelas et al., 1993; Lobato et al., 2010). Unlike plants, which require
homogenization and extraction to quantify photopigments, liquid Cr cultures could
immediately be analyzed with commonly available spectrophotometry equipment.
If these in vivo measurements could be reconciled with extractions, it would
significantly increase the value of Cr as a model system for photosynthesis.
Given the broad utility of Cr, establishing microplate-based approaches for
the culture and screening of this unicellular algae would dramatically expand the
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tools available for researchers utilizing this model organism. Currently, there are no
validated methods for microplate-based culture of Cr, limiting the predictive power
of studies with this model organism. Literature examples have focused on the
results of their experimentations without prior method justifications or validation
(Marshall, 2009; Engel et al., 2011). If microplate culture conditions were
established for this alga, then cell populations could be reliably analyzed
throughout their growth phases, allowing for live assays to be conducted. Here we
present a robust microplate-based assay that permits real-time measurements of Cr
cultures, provides validation for various viability assays to assess toxicity in Cr,
highlights a novel real-time method for in vivo photopigment measurement, and
ultimately expands the utility of this model organism.

MATERIALS AND METHODS
CULTURE CONDITIONS
The common wild type Cr strain CC-124, also known as 137c, was chosen
for this study and obtained from the Chlamydomonas Resource Center
(http://www.chlamycollection.org/). Growth conditions varied throughout trials in
terms of media, vessel type, microplate shaker speed (all flasks were grown at 100
rpm), and photoperiod as indicated. Cultures were established at room temperature
(~22 °C) with an overhead fluorescent light source (4783.33 ± 532.46 (SE)) with
Tris-Acetate-Phosphate (TAP) media, Tris minimal media (reduced carbon), or
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TAP supplemented with 2% glucose or variants (Table II.1) (Gorman and Levine,
1965). Liquid cultures were inoculated from pre-grown plates, and grown for 48 hr.

Table II. 1 Recipe for TAP and Tris-minimal mediums. For Tris-minimal medium
glacial acetic acid is omitted, and the final solution is adjusted to pH 7.0
with HCl (https://www.chlamycollection.org/methods/media-recipes/).

TAP medium for 1L (adjust final pH to 7.0)
1M Tris base (e.g. Trizma)
Phosphate Buffer II
Hutner's trace elements
Glacial acetic acid

Amount required
20 ml
1.0 ml
1.0 ml
1.0 ml

Phosphate Buffer II (for 100 ml)
K2HPO4
KH2PO4

10.8 g
5.6 g

Solution A (for 500 ml)
NH4Cl
MgSO4 7H2O
CaCl2 2H2O

20 g
5g
2.5 g

Aliquots from these cultures were diluted to (2.5 ± 0.5) x 105 cells/mL at the onset
of each experiment. Cr was grown in either 125 mL flasks or 96 well microplates in
either 1/5 (25 mL) or 2/3 (200 µL) total vessel volumes respectively to ensure
aeration. An improved Neubauer hemocytometer and light or confocal laser
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scanning microscope (200-400x magnification) were used to measure cell
concentrations manually. Hemocytometers are specialized slides, which enclose a
specific volume, typically 0.1 mm3, over an etched grid. Concentration of particles
or cells is determined through manual counting of items within the enclosed
volume.
Flask and microplate cultures of Cr were grown for 72 hrs under day:night
(16:8 hrs) and continuous photoperiods examining different microplate shaking
speeds (100, 150, and 300 rpm). Each sample type had 3 biological replicates. Cell
concentration was measured with a hemocytometer at each timepoint (0, 3, 6, 9, 12,
24, 36, 48, and 72 hrs) in triplicate. Growth curves were plotted from these results,
and were compared to the 100 rpm flask with the R statsmod
compareGrowthCurves function with a threshold of p < 0.05.
Cultures were then grown in either flask or microplates (100 and 300 rpm,
respectively) with TAP, Tris-minimal, or TAP + 2% (w/v) glucose. Each sample
type had 4 biological replicates. Cell concentrations were manually measured with
a hemocytometer at 0, 24, and 48 hrs, and then analyzed with either a Welch’s
ANOVA and Dunnett’s t-test post hoc comparison at each timepoint to the flask
TAP control, or an independent t-test at each timepoint between vessels of the same
media type. Light microscope images were recorded at 48 hrs for each at 400x final
magnification.
Microplate cultures were also grown with increasing concentrations (0, 0.5,
1, and 2% v/v) of dimethylsulfoxide (DMSO). Each sample type also had 4
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biological replicates. Cell concentrations were measured at 0, 24, and 48 hrs with a
hemocytometer, and light microscope images were also recorded at 400x final
magnification. A Welch’s ANOVA and Dunnett’s t-test were used to determine
statistical significance at p < 0.05 for each time point.
Fluorescein diacetate (FDA λex: 493 nm, λem: 523 nm) was added at a final
concentration of 2.4 µM (1 µg/mL) to Cr cultures (TAP + 0.5% DMSO). Samples
were incubated in the dark at room temperature for 30 min before measuring
fluorescence. Heat treating the samples for 30-60 min at 90°C was used to establish
cell death and act as a negative control for viability (Vavilala et al., 2016). A
modified version of FDA, 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA),
was used to measure reactive oxygen species (ROS) at a final concentration of
100 µM (48.73 µg/mL). Incubation times and measurement settings were identical
to FDA. Two Promega viability kits were also used – CellTox Green Cytotoxicity
Assay (membrane integrity) and RealTime-Glo MT Cell Viability Assay (reducing
potential). These kits were multiplexed, testing both assays simultaneously in each
sample, in accordance to manufacturer instructions as an endpoint assay following
heat treatment. All viability assays performed utilized an i3 Spectramax plate
reader equipped for absorbance, luminescence, and fluorescence measurements.
Cell concentration and percent viability were recorded, and a Welch’s ANOVA
was performed for each at 48 hrs.
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AUTOMATED CELL CONCENTRATION ESTIMATION
The absorbance spectrum of Cr cultures (TAP + 0.5% DMSO) was
examined at 1 nm intervals from 300-800 nm using an i3 Spectramax plate reader.
Cell concentrations were measured in triplicate with a hemocytometer, and OD550
was also recorded for each individual sample. Microplates containing 200 µL
aliquots were affixed securely with sterile TempPlate clear sealing film, and mixed
30 s prior to recording absorbance. Manual measurements were correlated to OD550
measurements with a third order polynomial, the raw OD550 values were converted
through their respective polynomials to generate predicted values, and the
predictions were then compared to hemocytometer measurements with regression
analysis.
IN VIVO PHOTOPIGMENT MEASUREMENTS
Photopigment concentrations were measured with the standard
Lichtenthaler 80% acetone extraction method – cell cultures were pelleted through
centrifugation (8 min, 10,000 xG), resuspended in an equal volume of 80%
acetone, vortexed (30 sec), centrifuged under the same conditions again, and the
resultant supernatant was measured spectrophotometrically at 470, 647, 663, and
750 nm (Lichtenthaler, 1987). These wavelength measurements were blanked by
subtracting A750 from each other value before calculating pigment concentration
with the equations in Table II.2. For in vivo measurements, cell cultures were
directly measured at 470, 650, 680, and 750 nm with A750 used again as a blank.
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The extraction values were correlated to the in vivo values for each pigment with
third order polynomials, and regression analysis was also performed between the
predicted and actual measures.

Table II. 2 Equations used to determine photopigment concentrations in 80%
acetone.

Chlorophyll A (µg/ml) = 12.25(A663) - 2.79(A647)

Chlorophyll B (µg/ml) = 21.5(A647) - 5.1(A663)
Total Carotenoid (µg/ml) = [1000(A470) - 1.82(Chlorophyll A
µg/ml) - 85.02(Chlorophyll B µg/ml)]
/198
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RESULTS
MICROPLATE GROWTH
To establish microplate methods for Cr, cultures of CC-124 were initially
examined to determine potential differences in growth between flask and
microplate vessels with varying photoperiods and shaker velocities. Cultures were
grown for 72 hours with either a 16:8 hr day:night cycle or a continuous
photoperiod. The 16:8 photoperiod more closely approximates native lighting
conditions, while continuous photoperiods are commonly used to induce higher
growth rates. Microplates were grown at 100, 150, or 300 rpm, and the cell
concentrations were manually measured in triplicate at 0, 3, 6, 9, 12, 24, 36, 48, and
72 hr intervals. A growth curve for each photoperiod (day:night 16:8 or
continuous), shaker speed (in rpm), and vessel type (flask or plate) was generated
(Fig II.1 A/B). The microplate curves were compared against the flask control. The
day:night photoperiods 100 and 300 rpm microplates exhibited slower growth over
the first 36 hrs or higher growth after 24 hrs respectively, thus indicating speed
between these as ideal (p = 0.0304; p = 0.025). By increasing the speed to 150 rpm
in the continuous photoperiod microplate sample growth was elevated to that of the
control. The 300 rpm microplates from the continuous photoperiods were slightly
higher but not significantly different from their flask controls over the first 36
hours, and converged at 48 hrs onward. We concluded that a 150 rpm continuous
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photoperiod with an experimental timeframe of 48 hrs was closest to standard flask
conditions based on similarities in growth kinetics determined in our lab.
In order to determine the effects of different Cr growth media across vessels, cell
growth was examined. As 300 rpm microplate cultures with a day:night
photoperiod (16:8) displayed the most pronounced growth, these conditions were
evaluated against flask grown cultures in TAP, nitrate free (Tris-minimal), and
carbon supplemented media (TAP + 2% glucose) (Figure II.2). Omitting nitrate
reduced Cr growth compared to standard media consistent with previous literature
(Dean et al., 2010). At 24 hrs in Tris-minimal media flask growth was reduced
53.1% compared to TAP medium (p = 0.001), while microplate growth was not
significantly different. At 48 hrs, flask and microplate growth in Tris-minimal
media were both decreased compared to TAP (93.4%, 10.2% respectively [both p <
0.001]). The opposite treatment (increasing carbon supply) did not appreciably
increase growth over 48 hrs. Generally, microplate-cultured samples closely
mimicked those of their flask counterparts at 48 hours; however, at 24 hours,
reduced/supplemented carbon media exhibited increased growth (158.7% /120.9%
[p = 0.006/0.004], respectively). We concluded that while acetate is required to
achieve growth rates similar to standard TAP media, Cr growth does not benefit
from glucose supplementation. Additionally, all media types examined were
equivalent between flask and microplate counterparts at 48 hrs, further supporting
the use of this timeframe for experimentation.
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Figure II. 1 Comparing the effects of shaking speeds on C. reinhardtii growth in
flasks and microplates. CC-124 cultured with TAP medium (n = 3 at
each data point) under A) 16hr:8hr day:night light cycles in a flask
(blue), microplate at 100 (orange), or microplate at 300 rpms (grey) or
B) continuous lighting in a flask (blue), microplate at 150 (orange), or
microplate at 300 rpms (grey). R statsmod curve comparison tool was
used to indicate statistical significance at p < 0.05.

30

Figure II. 2 Effects of media type on C. reinhardtii growth in microplates and
flasks. CC-124 was cultured with different media in either a flask
(blue; 100 rpm) or microplate (orange; 300 rpm) under 16:8 hr day:
night light cycles, and cell concentrations were measured at 24 and 48
hrs (n = 4 at each data point). A Welch’s ANOVA and Dunnett’s t-test
were used to determine statistical significance compared to Flask TAP
controls at p < 0.05 for each time point and pair wise independent ttests between each equivalent flask and microplate sample (bars).
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Dimethylsulfoxide (DMSO), is a commonly utilized solvent for small
molecule screening in biological assays, and has been previously evaluated in Cr
(Alfred et al., 2012). However, DMSO becomes toxic to cells at higher
concentrations, and a dosing range which would not alter the growth of Cr needed
to be established (Alfred et al., 2012). Microplate cultures of Cr were therefore
evaluated for growth at 0, 0.5, 1, and 2% DMSO (v/v) (Figure II.3). Increasing
DMSO concentrations lead to a decrease in cell concentrations, most notably at 24
hrs (1%: 50.0% [p = 0.002], 2% 86.2% [p < 0.001]), and, to a lesser extent, at 48
hrs (2%: 38.5% [p = 0.003]). 0.5% DMSO did not appreciably change compared to
the untreated control. From this, we conclude that 0.5% DMSO is an acceptable
concentration range for studies with small molecules at 24 and 48 hr timeframes.
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Figure II. 3 Effects of dimethyl sulfoxide on C. reinhardtii growth. CC-124 was
cultured with liquid TAP medium and 0 (blue), 0.5 (orange), 1 (grey),
or 2% (yellow) DMSO in microplates at 100 rpm under 16:8 hr
day:night light cycles; cell concentration was measured at 0, 24, and 48
hrs (n = 4 at each data point). A Welch’s ANOVA and Dunnett’s t-test
were used to determine statistical significance at p < 0.05 for each time
point.
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Cell viability must also be considered to avoid unintended stresses not
readily noticeable from growth rates alone. However, the hydroxyproline-rich cell
wall of Cr may act as a barrier to cell viability kits commonly used with
microplate-based systems (Azencott et al., 2007). Investigation was merited as
these kits may require additional steps such as sonication or electroporation, or
even preclude assays which cannot overcome this barrier. Fluorescein diacetate
(FDA), a fluorescence-based viability indicator used previously in Cr was chosen
as a standard for comparison with other viability markers (Amano et al., 2003). Cr
microplate cultures were used to evaluate the ability of the following viability
assays to distinguish heat treated samples (negative controls) against untreated
controls: (i) FDA - metabolic activity measured by esterase cleavage of indicator
(increased assay measurement indicates increased esterase activity), (ii) H2DCFDA
- reactive oxygen species detection by esterase cleavage of a then oxidizable
indicator (increased assay measurement indicates increased reactive oxygen
species), (iii) Promega’s CellTox Green Cytotoxicity - membrane integrity
measured by membrane impermeable DNA binding indicator (increased assay
measurement indicates increased DNA binding/decreased membrane integrity), and
(iv) Promega’s RealTime-Glo MT Cell Viability assay - redox maintenance
measured by a reduceable indicator (increased assay measurement indicates
increased reducing potential).
As shown in Figure II.4, the FDA assay’s fluorescein incorporation is
limited to visibly intact cells without significant background staining, indicating
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fluorescence measurements were not including activity from non-viable or lysed
cells. The metabolic activity (FDA) and reducing potential (Promega RealTimeGlo MT Cell Viability) assays exhibited reduced viability when scored against
controls (4.8% [p < 0.001], 65.2% [p = 0.064]) (Figure II.5). Heat treatment of Cr
thus leads to a reduction in esterase enzyme activity and the ability of cells to
maintain redox potential. The reactive oxygen species assay (H2DCFDA) noted no
change, which is likely due to bypassing apoptosis through rapid cell death with
this extreme heat treatment (30-60 min, 95ºC). The membrane integrity assay
(Promega CellTox Green Cytotoxicity) had significantly higher DNA binding
compared to the control (10,115.0% [p < 0.001]), which was expected as the heat
treatment should induce cell lysis and expose DNA. While there was notably less
reducing potential in heat treated Cr samples, the variability between replicates was
high, and only the metabolic activity (FDA) and membrane integrity assays
(CellTox Green) yielded statistically significant results. We therefore concluded
that Promega’s CellTox Green Cytotoxicity assay was also suitable for
measurements in Cr with heat treated negative controls, in addition to FDA.
AUTOMATED CELL CONCENTRATION ESTIMATION
Manually measuring Cr cell concentration is time consuming and subject to
sampling and human errors; automating these measurements would reduce these
negative factors and is necessary for making Cr viable for any sort of highthroughput, real-time assays. To correlate manual cell concentration counts to
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Figure II. 4 Fluorescent labeling of viable C. reinhardtii cells with fluorescein
diacetate. Laser scanning confocal microscope images (200x; Left –
bright field, Center – fluorescence, Right – overlay) of FDA viability
assay in a healthy Cr population at an excitation of 493 nm and
emission of 523 nm. Green cells (fluorescein fluorescing) indicate
viable organisms.
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Figure II. 5 Effects of heat treatment on C. reinhardtii cell viability. CC-124
cultured with liquid TAP medium + 0.5% DMSO in microplates at 150
rpm under continuous lighting for 48 hrs. Various viability assays were
examined using heat treated (30-60 min at 90°C) controls (dark grey),
and untreated healthy cultures (white). Results are normalized to
untreated controls (FDA n = 3, H2DCFDA n = 8, Membrane Integrity
and Reducing Potential kits n = 5). An independent t-test was used to
determine statistical significance at p < 0.05 for each assay.
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absorbance an appropriate wavelength was first identified. The full absorbance
spectrum of Cr cultures in 1 nm increments noted a relatively signal-free region
around ~550 nm between the chlorophyll peaks (Figure II.6). This measurement
(OD550) was used to build a correlation from in vivo values to known cell
concentrations, and the resultant predictions had an R2 of 0.94. This assay
accurately predicts cell concentrations from 2.8 x 105 cells/mL and higher with an
average absolute value of percent deviation from known at 16.16% ± 1.38 (SE).
IN VIVO PHOTOPIGMENT CONCENTRATION ESTIMATION
Often used as a model for plants, Cr has the potential to deliver rapid
preliminary results. To build on this potential, Cr was next evaluated to determine
whether in vivo photopigment concentrations could be accurately measured. In
order to develop a non-destructive assay for measuring photopigment (chlorophyll
a, b, and total carotenoids) concentrations, differences in the absorbance maxima of
each pigment between in vitro and in vivo assays must be determined. The full
spectrum generated in the cell concentration – OD550 study above indicated right or
red shifting of chlorophyll a (A663A680) and b (A647A650) nm maximas from
their maximas in 80% acetone (Lichtenthaler, 1987). The red-shifted (increased
wavelength) in vivo absorbance maximas were used in place of the customary in
vitro values to generate representative pigment amounts (Figure II.7).
Representative chlorophyll a, b, and total carotenoid values were correlated to
known values, and the predicted values corresponded to the actual with R2 values of
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Figure II. 6 Estimation of C. reinhardtii cell concentration with optical density.
CC-124 cultured with liquid TAP medium in microplates at 150 rpm
under continuous lighting for 48 hrs. (Left) in vivo Cr absorbance
spectrum. Note pigment free zone in spectrum ~550 nm. (Right) Cell
concentration was correlated to optical density (OD) at 550 nm with a
third order polynomial: Cell Concentration = (216943.62865) +
(8483581.18024 * (OD550)) + (46233131.66360 * (OD5502)) + (36516574.24930 * (OD5503)); manually measured cell concentration
(dark grey), predicted cell concentration from OD550 (white). An R2
correlation was established through regression analysis between actual
and predicted values.

39

Figure II. 7 Estimation of C. reinhardtii photopigment concentrations in vivo. CC124 cultured with liquid TAP medium in microplates at 150 rpm under
continuous lighting for 48 hrs. (Top) Photopigment measurements of
uncorrected in vivo values (blue), predicted in vivo values (grey;
equations used for predictions indicated for each pigment) and
extraction values (orange). An R2 correlation was established through
regression analysis between actual and predicted values (top). (Bottom)
Predicted in vivo photopigment measures were normalized to extraction
values (predicted/extraction) for Chlorophyll A (white), Chlorophyll B
(light grey), total carotenoids (dark grey), and total chlorophyll (dotted)
(n = 8). A Welch’s ANOVA was used to determine statistically
significant results between actual and predicted at a threshold of p <
0.05 (bottom).
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1.00 for each. Predicted pigment abundance was normalized to extraction values,
and samples above 2.18 x 106 cells/mL closely follow known values, while below
this threshold the equation loses predictive power. We thus concluded that this in
vivo assay produces accurate predictions of photopigment abundance with a lower
limit of quantification at cell concentrations of 2.55 x 106 cells/mL, and an average
absolute value of percent deviation from known at 2.52% ± 0.68 (SE).

DISCUSSION
Culture and analysis of biological systems in microplates facilitates data
acquisition while drastically reducing costs associated with expensive reagents. Cr
is a widely adopted unicellular eukaryote model system, and although other
microalgae have been adapted to microplate-based culturing and high-throughput
methodologies, there have been no previously validated methods for Cr (Held,
2011; Van Wagenen et al., 2014). Few examples of microplate cultured Cr exist in
literature, yet data to validate the use of those methods was not presented
(Marshall, 2009; Engel et al., 2011). By evaluating growth across different vessels,
media, and concentrations of a common carrier solvent (DMSO), we sought to
develop validated microplate methods for Cr. Furthermore, we have evaluated
different viability assays and presented methods to quantify cell and photopigment
concentrations in vivo. These newly developed methods increase the type and
quantity of experiments researchers can readily perform in Cr, further supporting
its use as a model system.
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Using our empirically developed microplate culture conditions (2/3 well
volume, 150 rpm, 0.5% v/v DMSO) we examined growth the effects of carbon
modulation across vessel types for consistency. Cr strain CC-124 is known to
utilize acetate as a sole carbon source, and cannot metabolize glucose (Hoober,
1989; Heifetz et al., 2000). Our microplate method modeled flask growth
reductions in the absence of acetate, and lacked growth increases in the presence of
glucose in these media environments. These results demonstrate our method is not
only valid in standard TAP media.
Cell viability or health is not accounted for by any single factor, and is
influenced from both biotic and abiotic stressors, such as toxins, nutrient limitation,
pH, temperature, and UV radiation (Fulda et al., 2010). Most viability indicators
only measure a specific component (oxidation state, membrane integrity, etc.),
which can generate conflicting results. Multiplex assays, such as the readily
available Promega kits, have great value to researchers as they can measure
multiple variables from the same samples. It was our goal to broaden the available
viability tools for Cr studies; however, the assays that most clearly distinguished
heat treated cells from controls were esterase activity (FDA) and membrane
integrity (Promega CellTox Green Cytotoxicity). Heat treated controls were not
able to be visualized with FDA microscopically, as the untreated samples were
(Figure II.4), due to the cells not remaining intact during treatment. Both esterase
activity (FDA) and membrane integrity (Sytox) have already been used with
success in Cr (Amano et al., 2003; Sato et al., 2004). Heat stress induced a
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reduction in reducing potential (RealTime-Glo MT Cell Viability), but the variation
was high preventing statistical significance from being established. Larger sample
sizes (n > 5) may help to resolve this issue. Our lack of success in discerning
reactive oxygen species levels as a viability indicator under heat stress was
suspected to be due to our heat treatment drastically exceeding the levels seen in
other ROS studies (90ºC compared to 42ºC) (Huang et al., 2015; Prasad et al.,
2016) . The high temperature used in our studies potentially bypassed stress based
ROS generation, by denaturing the biomolecules responsible for its production, and
we recommend not exceeding 42ºC for future heat stress studies. FDA and DNA
binding dyes remain valid choices for viability assays in Cr, and were validated for
use in our microplate-based method.
Quantifying Cr cell concentrations through OD measures have been
previously presented, yet have not provided data to validate their use (Chen, 1996;
Kong et al., 2010; Alfred et al., 2012). Additionally, some of the methods which
validated their correlations with hemocytometers use wavelengths overlapping
photopigments, such as chlorophyll a and b, and present the possibility for their
growth results to be skewed (Piasecki et al., 2009). By selecting a pigment-neutral
wavelength and predicting values from absorbance-based correlations to manual
measures, we avoided those issues. Our procedure reduced both time and error
associated with the process, was not subject to photopigment interference, and
monitored in vivo cell populations without sample loss to aliquots for manual
measures.
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Quantifying photopigments is traditionally a terminal process, whereby
samples are extracted in solvents and measured spectrophotometrically
(Lichtenthaler, 1987). Alternatively, photosynthetic throughput or capacity can be
approximated through fluorescence measures, but not the concentration of
pigments themselves, which can be indicative of physiological states (Silva, 2016;
Peñuelas et al., 1993; Lobato et al., 2010; Havaux, 2014). Additionally,
quantification in plants requires homogenization, while liquid Cr cultures can be
readily measured. To our knowledge no absorption spectroscopy-based
methodology previously existed for determining photopigment concentrations in
vivo. Chlorophyll a and b are bound to protein in vivo, which induces a red shift, or
wavelength increase (lower energy) towards the red end of the visible spectrum
(Davis et al., 1981; Morosinotto et al., 2003). This complicates interpreting
absorbance spectra from living samples. Using these shifted values directly in place
of their solvent peaks was unable to reproduce accurate results for chlorophyll a. As
the equations to quantify chlorophyll a, b, and total carotenoids all utilize the
wavelength value from chlorophyll a, it became vital to resolve this discrepancy.
We overcame this hurdle by correlating the in vivo measurements (with shifted
maxima) to their standard extraction values first. The resultant values were
effective at predicting photopigment concentrations over a wide range of cell
concentrations.
Our efforts validate the use of microplate culture and evaluation of Cr under
varying conditions. We have provided reproducible methods to measure cell and
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photopigment concentrations through absorbance measurements in vivo. These
resources demonstrate a significant advancement in tools for photosynthesis studies
and highlight the increasing utility of Cr as a model system. Furthermore, our
methods enable high sample size and low volume screens of Cr, which was directly
applicable to our goal in examining the influence of N-acyl-homoserine lactone
chemical signals (substantially costly) from cohabitant microbial populations.
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CHAPTER III: MICROSCOPY METHODS FOR ANALYSIS OF CELLULAR
MOTILITY
INTRODUCTION
The flagellum is crucial for a number of vital processes in cells (Moran et
al., 2014). This highly conserved complex nanomachine has been implicated in
cellular motility, survival, differentiation, reproduction, cell division, and feeding
(Diniz et al., 2012). Motility (taxis) is a crucial component in the colonization of
prospective hosts by unicellular pathogens such as Trypanosoma brucei, or by
mutualists, such as members of the paraphyletic group of bacteria collectively
referred to as Rhizobia (Langousis and Hill, 2014; Webb et al., 2014). These
organisms must integrate a variety of biotic and abiotic stimuli, all of which may
influence motility, and ultimately select for cues to direct positive (towards) or
negative (away) taxis.
Regulating and understanding motility in these unicellular organisms may
have considerable benefit to human health and agricultural yields, as well as other
areas of research. Unfortunately, due to their small sizes (< 10 m) and variable
movement rates (10-200 m/sec), manually tracking and modeling a statistically
viable number of samples is not possible. Furthermore, this approach misses subtle
changes in motility that could help uncover how signal responses are coordinated.
As a result, motility mutants are often only characterized qualitatively and relative
to controls (Kim et al., 2013). Automated cell tracking should overcome these
issues, but most of the software available requires specialized hardware in addition
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to a microscope or tracks cultured cells from larger multicellular organisms (Soil et
al., 2001; Eisenbach 2009). Such cells are often significantly larger in size and
move more slowly.
The unicellular alga Chlamydomonas reinhardtii is a model organism for
the study of flagellar motility (Marshall, 2009). This photoautotroph has minimal
culture requirements, is genetically tractable, and has an extensive strain repository
including numerous motility mutants (Luck et al., 1977; Huang et al., 1981; Huang,
Ramanis, Dutcher, et al., 1982; Huang, Ramanis, and Luck, 1982; Kuchka and
Jarvik, 1982; Segal et al., 1984; Kuchka and Jarvik, 1987; Barsel et al., 1988;
Kamiya, 1988; Bloodgood and Salomonsky, 1989; Kamiya et al., 1991;
Shimogawara et al., 1998). Early efforts to quantify Chlamydomonas motility
largely focused on high-speed photographic evidence, which was then analyzed by
manually tracking (Racey et al., 1981). However, this method is time-consuming,
prone to error, and is unable to observe population-level effects that may only be
resolved by automated image analysis. An early work attempted this process, but
has become technologically out of date with modern computers and is no longer
compatible with current operating systems (Kondo et al., 1988). Modern
procedures have been developed, but depend on software packages not publicly
available (Marshall, 2009; Engel et al., 2011) or require specialized equipment
(Furuta et al., 2009; Martinez et al., 2012; Fujita et al., 2014).
Automated tracking software can analyze a highly variable number of
individual organisms within the same video, compared with manual tracking. This
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analysis is completed by systematically examining frames of the video for the
presence of the cells, and then tracking each individual alga across multiple frames.
Computer analysis can rapidly produce data regarding velocity, directionality, cell
size, cell density, and other factors.
In an effort to improve the utility of this model organism we have
developed a standardized method to characterize motility in C. reinhardtii
employing only publicly available software packages and standard microscopy
equipment thereby expanding the Cr toolbox for a larger cross section of labs. Our
approach allows us to identify individual particles (cells) as well as global
information on direction, velocity, and size. Phototaxis and nutrient availability
effects on wildtype C. reinhardtii were characterized as well as a series of motility
deficient mutant lines. Our work provides new tools for evaluating and modeling
motility in this model organism and establishes the methodology for conducting
similar experiments on other unicellular microorganisms. Finally, our studies reveal
several interesting aspects of algae motility under nutrient deprivation which only
emerge during population-wide studies.
MATERIALS AND METHODS
ALGAE GROWTH & MEDIA
C. reinhardtii wild-type (CC-124) and mutants (see Table 1) were acquired
from the Chlamydomonas Resource Center (http://www.chlamycollection.org/)
(Luck et al., 1977; Huang et al., 1981; Huang, Ramanis, Dutcher, et al., 1982;
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Huang, Ramanis, and Luck, 1982; Kuchka and Jarvik, 1982; Segal et al., 1984;
Kuchka and Jarvik, 1987; Barsel et al., 1988; Kamiya 1988; Bloodgood and
Salomonsky, 1989; Kamiya et al., 1991). Individual lines were maintained by
streaking cultures on plates of TAP media (refer to Table II.1 for composition) on a
monthly basis. Liquid cultures were prepared by growing lines individually in 25
mL of TAP media for 24, 48, or 72 hours under a 16:8 hour day/night cycle
(~13800 W/m2 ) at room temperature on a shaker (~150 rpm) (Gorman and Levine,
1965). Minimal media studies were performed in either: nitrogen-free or low (50%)
nitrogen TAP media. Nitrogen-free and low nitrogen media were made by omitting
or halving NH4Cl when preparing standard TAP medium and adjusting the pH with
HCl to 7.0.
DATA COLLECTION
All motility data was acquired in a dark room to minimize the influence of
background lighting effects. 200 μL aliquots of cells were fixed in 1.76%
formaldehyde and manually counted for concentration using a hemocytometer at
400x, while the remainder of the culture was incubated at room temperature in the
dark for 30 minutes; no appreciable growth occurred in this timeframe (Cr doubling
time is ~8 hrs) (Kropat et al., 2011). C. reinhardtii cultures were vortexed for ~30
seconds to re-suspend any settled algae. 30 µL aliquots were placed on a slide and
viewed under an Olympus CH30 binocular microscope at 100x magnification.
ToupView software (www.touptek.com) was used to collect videos with the
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AmScope FMA050 fixed microscope camera. Videos were collected with a frame
rate of 7.5 frames per second for approximately 30 seconds.
LIGHT INTENSITY STUDIES
Light intensity studies were completed using a Leica 13410311 Illuminator
dissection scope leveled with the microscope platform. This allowed for the light to
pass perpendicular to the slide across the sample. Light intensity settings were
measured in lux using a Dr. Meter Digital Lux Meter LX1330B. 30 µL cultures
were loaded onto slides and exposed to 0 W/m2, 4465 W/m2, 11090 W/m2, 25060
W/m2, 49160 W/m2, or 75170 W/m2 immediately before data collection.
Video Analysis- Videos were imported into Fiji for splitting and tracking
analysis (Schindelin et al., 2012). Calibration was done using a micrometer ruler
slide to determine pixel length. To analyze tracks, the pre-installed Fiji plugin
TrackMate was utilized.(Tinevez et al., 2017) Cell size was also determined
through Fiji. The resulting files were saved from Fiji as .csv; “Spots in tracks
statistics,” “Track statistics,” and “Links in tracks statistics.”
To determine the directionality of each track, the files “Spots in tracks
statistics,” “Track statistics,” and “Links in tracks statistics” were combined using
the statistical computing software R using the RStudio interface (www.rstudio.com;
R Development Core Team 2016; code found in supplemental.) This allowed for
the creation of a new file in Tab Delimited Text format containing direction vectors
of all cell tracks. This resulting combined R file was graphed using the Chemotaxis
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and Migration Tool (www.ibidi.com). Histograms of population-level behaviors
were generated by the data-analysis package in Excel. Average velocities of tracks
were determined using the “Track statistics” file. Units were converted to µm/s by
dividing the time of the video by the number of image slices.

RESULTS AND DISCUSSION
VIDEO BASED ANALYSIS OF CC-124 (WILDTYPE) MOTILITY
First, our tracking procedure was evaluated using the common CC-124
wildtype strain of C. reinhardtii. Preliminary studies suggested that the bulk of the
population was motile after 72 hours of growth, so our tracking efforts were
focused on this time. A representative image slice extracted from one of the videos
is shown in Figure III.1A and corresponds to a cell density of ~1.0 x 107 cells/mL.
Then, the directionality of the algae tracked across the slide was evaluated.
In the absence of external stimuli, we hypothesized motility would be equally
distributed across the image. Vector data, acquired during our analysis of the
videos, allowed us to test this hypothesis using the web-based chemotaxis tool
(www.ibidi.com). The chemotaxis software output has two main graphical
components aside velocity histograms – the track and rose plots (Figure III.1B-C).
Track plots provide a visual representation of each cells movement path from a
central origin that represents its initial position when measurement began. Rose
plots provide a visual representation of movement direction binned into 8 evenly
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divided regions. The size of rose plot components, ‘petals’ or ‘slices’, correspond
to the proportion of the measured cells examined which moved in that components
direction (as from their original position). We observed that CC-124 tracks were
uniformly distributed, consistent with our hypothesis (Figure III.1B and III.1C,
respectively). These preliminary results suggest there is no directionality bias in our
analysis that might skew any efforts to use this technique for chemotaxis.
Next, the average velocity of CC-124 populations was determined. Both
experimental as well as biological replicates were performed. Each of the triplicate
72 hr videos yielded 3000-6000 individual tracks, from which a mean velocity of
40 ± 5 µm/sec (Figure III.1D). These movement speeds are slower than those
derived from previous studies, which typically range from 80-200 µm/s (Racey et
al., 1981; Marshall 2009; Engel et al., 2011). However, our track velocities
confirmed an upper velocity of ~ 93 m/sec, in the range of these previously
reported values. One of these prior studies measuring velocity tracked far fewer
cells and also recorded shorter time periods, while the others did not directly track
cells at all (Racey et al., 1981; Marshall 2009; Engel et al., 2011). As a result, these
studies may not have accurately represented sample velocities.
Then, a histogram was generated to visualize the distribution of cell
velocities (Figure III.1E). Over 50% of the total tracks for each sample (3000-6000
tracks/video) were within the 31-50 µm/s range, consistent with the overall average
velocities. The average cell area was also confirmed to be 18 ± 8 µm, consistent
with standard CC-124 measurements. Chlamydomonas reinhardtii is known to
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aggregate into higher order structures (tetrads), which could influence the number
of counts per image, skewing results. However, closer inspection of individual
frames confirmed that tetrads were successfully identified as distinct individual
cells with unique, albeit roughly identical, tracks (Figure III.2). Taken together,
these findings support the use of our automated approach with common lab
equipment to successfully track and quantify Chlamydomonas motility.

Figure III. 1 Components of motility assay output in C. reinhardtii. A) Image slice
from CC-124 72 hour culture. B) Movement plot of tracks originating
at set coordinate. C) Rose-plot histogram of directionality of CC-124
under no-light conditions. D) Average velocity in μm/s with standard
error of triplicate CC-124 72 hour flasks. E) Histogram showing the
distribution of tracks across specific velocity ‘bins’. Results are
expressed as the mean of 3 videos with error bars indicating standard
error.
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Figure III. 2 Motility method distinction of overlapping cells. (Left) Tracked cells
are highlighted (purple) by Fiji using the TrackMate plug-in. (Right):
Enlarged image slice of CC-124 cells with single and overlapping C.
reinhardtii cells accurately distinguished from one another.

VISUALIZING PHOTOTAXIS IN CC-124
Although phototaxis is a commonly observed phenotype in C. reinhardtii, a
clear model of the taxis response was only recently established (Wakabayashi et al.,
2011). Oxidation of the cell cytoplasm induced migration towards light sources
(positive phototaxis), while excessive light collection through photosynthesis
causes a

reduction of the cytoplasm and migration away from light sources

(negative phototaxis; Wakabayashi et al., 2011). We attempted to use light stimulus
and the known light sensitivity (negative phototaxis) of CC-124 to further validate
our video capture approach and model light induced migration of Chlamydomonas
(Witman, 2009). Phototaxis induction was performed by placing a narrow beam of
white light perpendicular to the focal plane of the slide. Using this setup, we
progressively increased light intensity from 0 (no light) to a maximum of ≈75000
W/m2. As seen in Figure III.3A, there was no significant correlation between light
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intensity and velocity, supporting cell reorientation as the primary reaction. The
chemotaxis and migration tool was utilized to provide rose-plots for ≈4450 W/m2,
≈25000 W/m2, and ≈75000 W/m2 light levels (Figure III.3 B-D). These plots
exhibited an alteration in cell track orientation across the slide. Specifically, we
observed the reorientation of algae in opposition to the externally provided light
path, as was expected from previous literature (Witman, 2009). These findings
confirm the ability of our approach to detect changes in directionality even across
the narrow window provided by the microscope camera (8.19 mm diagonally
across the camera window).

Figure III. 3 Effect of light intensity on C. reinhardtii motility. A) Average velocity
in μm/s with standard error of CC-124 72 hour cultures at varying
light intensities (W/m2). B-D) Rose-plot histograms for light at
intensities of: 4465 (low), 25057 (medium), or 75172 (high) W/m2,
respectively. Light source originates from the bottom of the image
(i.e. six o’clock; arrow).
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CHARACTERIZING C. REINHARDTII MOTILITY MUTANTS
Many different C. reinhardtii motility deficient strains are available at
www.chlamy.org, including a bundled education motility kit. In order to determine
candidates for negative motility controls and better characterize this kit aimed
towards educational experiments, we obtained the absolute and relative cell
velocities for the different strains (Table III.1). Strain CC-2228 (also referred to as
oda1) lacks outer arms on its flagellar dynein, the protein motor that drives beating,
and has been shown to exhibit reduced motility compared to CC-124 (Marshall,
2009). Our methods were quite different, however our groups both scored the
velocity of CC-2228 at approximately 25 wt. %. Furthermore, the velocity range of
the other kit strains examined spanned 3-115 % wt. %. Strains with shorter or
longer flagellar length (CC-3663 and CC-2288) exhibited relatively moderate
velocity reductions (50 or 80% wt., respectively), while those with defects in the
radial spokes (CC-1032 – 6% wt.; CC-602 – 5% wt.) or the central pair of
microtubules (CC-1036 – 3% wt.). A current model suggests that the radial spokes
act in concert with the central pair to modulate the size and shape of the flagellar
bend (Smith and Yang, 2004). We concluded that the minimal velocity exhibited in
CC-1036, which lacked its central microtubule pair, supports its use as a negative
control of motility in our assay.
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Table III. 1 Motility kit strains analyzed for cell velocities. Results are displayed in
distance over time and percent wild type (wt.).

Strain ID

Phenotype

Average Velocity
± Standard
Deviation
(µm/s)

CC-125

Phototactic
aggregation

46 ± 2

115

1.8 ± 0.6

5

2.32 ± 0.03

6

1.3 ± 0.3

3

9±4

23

32 ± 1
20 ± 0.4

80
50

CC-602
CC-1032
CC-1036
CC-2228
CC-2288
CC-3663

Fails to assemble
radial spoke-heads
Lack radial spokes
Lacks central pair of
microtubules
Lacks outer dynein
arms
Long flagella
Short flagella

%
wt.
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IDENTIFYING NUTRIENT FACTORS INFLUENCING MEDIA
COMPOSITION
In addition to light, other abiotic factors can play an important role in
motility. These effects can arise either by chemotactic effects or by influencing
flagellar assembly (Ermilova et al., 2003; Yi et al., 2017 Mar 27). In order to test
the response of algae to nutrient scarcity, we grew cultures in either low nitrogen
(50%) or nitrogen-free media. As seen, nitrogen-free samples are essentially nonmotile, with the highest distribution having velocities of 1-10 m/sec (Figure III.4).
The 50% N samples displayed a larger distribution of tracks with velocities ranging
from 51-70 m/sec (average 5000 tracks/video). These findings suggest that
nitrogen influences motility, consistent with prior studies that did not measure
speeds directly (Byrne et al., 1992). Additionally, ammonium, nitrate, and nitrite
direct motility or taxis in the absence of light (at night), maintaining the role of
nitrogen as a core nutrient in Chlamydomonas (Ermilova and Zalutskaya, 2014).
Furthermore, these findings underscore the utility of the video capture approach to
quantitatively measure the effects of motility variations, which may not be
immediately obvious from visual inspections of cultures. A more thorough study of
the effects of culture composition on motility is currently underway.
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Figure III. 4 Effects of nitrogen limitation on C. reinhardtii motility. Histograms
with distributions of velocity across CC-124 cultures grown in
different media (TAP, N-Free TAP, or 50% N-TAP). Results are the
mean of three videos with standard error.
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CONCLUSION
Advances in automated image analysis have made it possible to investigate
population-wide motility responses in Chlamydomonas reinhardtii without
specialized equipment. C. reinhardtii is utilized as a model system for many
different biological phenomena, and by reducing the equipment requirements and
using publicly available software, we have expanded its use to non-specialized
researchers, such as those of undergraduate education-focused institutions. Our
methods allow researchers to examine the effects of changing environmental
conditions, different strains, and the influence of nutrient availability on motility.
We demonstrated success in measuring velocity distributions, reorientation to
phototropic stimulus, and the effects of nitrogen restriction. These techniques
provide quantifiable data which can be exploited to improve modeling efforts and
statistical power. Additionally, these motility methods provide a means for our lab
group, which does not have expensive software or specialized hardware, to
examine the effects of small molecule chemical signals from cohabitant microbial
populations, the N-acyl-homoserine lactones.
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CHAPTER IV: C. REINHARDTII SENSITIVITY TO QUORUM SENSING
INTRODUCTION
Host eukaryotes can be dramatically influenced by the microbiota that
populate them both internally and externally. Pathogenicity as well as specialized
mutualistic interactions, such as bioluminescence and plant nodulation, are well
recognized examples of host-microbial interactions that can significantly alter the
health, growth, and development of eukaryotes (Figure IV.1) (Hartmann and
Schikora, 2012). The signaling mechanisms governing these interactions have been
gaining interest in regard to regulation, so negative interactions such as
pathogenicity might be disrupted without selecting for resistant phenotypes (Deep
et al., 2011).
In bacteria, these phenotypes are accomplished, largely, through a
population density dependent process called quorum sensing (QS) (Figure I.1). QS
systems produce autoinducers with relatively short half-lives, which regulate gene
expression at threshold concentrations, thereby reaching a ‘quorum’ and
coordinating a population wide phenotype (Miller and Bassler, 2001). Gram
negative bacteria utilize AHL (N-Acyl homoserine lactone) autoinducers, which
perturb a wide array of eukaryotic systems in addition to coordinating phenotypes
(Teplitski et al., 2011). These autoinducers are temperature- and pH-sensitive, and
undergo hydrolysis in aqueous solutions with a half-life of approximately 48 hrs
(Yates et al., 2002; Breitbach et al., 2011; Figure IV.2). This hydrolysis occurs
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about the oxygen of the lactone ring, after which the signals are no longer
perceived by microbes (Wang et al., 2004). In this way, the AHL signals are
representative of the population sizes.

Figure IV. 1 Quorum sensing mediated microbial and symbiotic phenotypes
(adapted from
https://sites.tufts.edu/quorumsensing/quorumsensing101/;
http://web.mst.edu/~djwesten/quorum_sensing.html)
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Figure IV. 2 Generic N-acyl-homoserine lactone (AHL) autoinducer structure and
changes under hydrolysis. X indicates modification at 3’ position and
n indicates chain length.
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Plants and animals are not only susceptible to the phenotypes regulated by
quorum sensing, but also the autoinducers themselves (Teplitski et al., 2011). This
provides an opportunity for hosts to respond by either degrading these signals
before a ‘quorum’ is reached, or producing autoinducer mimics to initiate a
‘quorum’ prematurely (Atkinson and Williams, 2009). Eukaryote and prokaryote
communities each seek to regulate their surroundings in their own best interests,
which requires either dominating alternative signals already present in the system,
or preemptively adapting (Figure IV.3).
The rhizosphere microbiome, however, hosts a variety of microorganisms in
addition to bacteria, which play prominent roles in this niche (Mendes et al., 2013).
QS may also have a considerable impact on these organisms, which in turn could
influence the QS process itself. Chlamydomonas reinhardtii (Cr) is a natural
unicellular alga cohabitant with numerous species of QS bacteria over a broad
environmental range (Harris et al., 2009). Like plants, Cr has previously been
shown to secrete, or exude, compounds capable of regulating QS (Teplitski et al.,
2004; Rajamani et al., 2008; Rajamani et al., 2011). There have been no studies,
however, examining the potential influence of the microbial signaling compounds
(AHLs) on this alga (Figure IV.4).
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Figure IV. 3 Quorum sensing interaction diagram between microbes, plants, and
animals. Microbial autoinducers (orange) and analogs from plants
(green) and animals (red) are denoted by differently colored
pentagons. Scissors indicate degrading factors of these autoinducers,
such as enzymes. Microbes produces autoinducers, which effect
themselves, plants, and animals. Plants and animals effect microbes
directly with autoinducer analogs and indirectly through degradation
of their autoinducers.
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Figure IV. 4 Quorum sensing interaction diagram between C. reinhardtii and
microbes. Microbial autoinducers (orange) and C. reinhardtii (Cr)
analogues (light green) are denoted as pentagons. Cr analogs are
known to affect microbes, but Cr has not been investigated regarding
autoinducers.
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Further investigation into how AHLs alter the behaviors of inhabitants of
the microbiome, both prokaryotic and eukaryotic, is vitally important if we are to
successfully model the various factors that drive behavior of this complex
heterogeneous system. Prior investigations in eukaryotic perception of QS have
been limited to multicellular systems, and the impact of QS on unicellular
eukaryotes has not yet been established (Teplitski et al., 2011). As the bulk of
eukaryotic organisms examined in the context of quorum sensing are plants and Cr
is an established proxy plant model that has previously demonstrated quorum
interactions, I chose this organism to begin investigating eukaryotic QS interactions
at the unicellular level (Hartmann and Schikora, 2012; Teplitski et al., 2004;
Rajamani et al., 2008; Rajamani et al., 2011). Plants, for which Cr is frequently
used as a model, exhibit modulations in growth and development in response to QS
signals, and degrade the AHL signals themselves (Harris, 2001; Palmer et al.,
2014). The effects of AHLs on the motility, growth, and viability of Cr were
examined, as well as the effects of co-culturing Cr with cohabitant quorum sensing
microbes. We tested the hypothesis that Cr would be similarly sensitive to AHLs,
as in plants, and would have measurable reductions in growth and health at high
concentrations of AHL exposure or co-culture.
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MATERIALS AND METHODS
MOTILITY ASSAY
Strain CC-124 was pregrown on TAP plates for a week and then cultured in
liquid TAP media, for 72 hrs, after which the cultures were divided into two equal
volumes. These were pelleted, and rinsed 3 times in equal volumes of TAP or Nfree media to allow comparisons to nitrogen deficiency. These cultures were
aliquoted to 96 well microplates (n = 9) to which 100% (v/v) DMSO stocks of
3oxoC12 acyl homoserine lactone was added to in 0, 1, 10, or 50 µM
concentrations, and brought to a final volume of 200 µL (DMSO final
concentration of 0.5% v/v). These were incubated for 5 hrs motility was recorded
and analyzed through the microscopy- and tracking software-based methods
presented in Chapter III. The results were analyzed with pairwise independent t
tests at each treatment level between TAP and N-free media samples, or through a
Welch’s ANOVA with a Dunnett’s T-test post hoc for each media type.
GENERAL METHODS FOR REMAINING EXPERIMENTS
The methods described in chapters II for culture conditions and analysis
were used throughout this work. Strain CC-124 was utilized with Tris Acetate
Phosphate (TAP) medium at pH 7.0 in 96 well microplates. Experimentation
occurred over 48 hr timeframes with continuous lighting and 150 rpm shaking
speed. All AHLs were purchased from Cayman Chemical.
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GROWTH AND VIABILITY SCREENS
Growth of Cr was measured after exposure to 0.1, 1, 10, or 100 µM doses of
the following autoinducer stocks in DMSO (FC 0.5% v/v): C6 AHL, 3oxoC6 AHL,
C8 AHL, 3oxoC8 AHL, 3oxoC12 AHL, 3oxoC14 AHL, and C16 AHL. Multiple
trials were conducted and grouped with cumulative sample sizes of n = 16 for
controls and n = 8 for treatments. Cell concentrations were measured through
OD550 as noted in Chapter II, and were normalized to controls treated only with
0.5% (v/v) DMSO. Cr cells were also screened against high doses of AHLs (C6,
C8, 3oxoC8, 3oxoC12, 3oxoC14; 100 and 500 µM) with a control n = 8 and
treatment n = 24. Cell concentration and FDA viability were measured and
normalized to DMSO only controls. Following exposure to 100 µM 3oxoC14
AHL, an additional viability test for membrane integrity, with the Promega CellTox Green Cytotoxicity assay, was also performed as noted in Chapter II. A
Welch’s ANOVA and Dunnett’s T test were performed to determine overall
statistical significance of AHL treatments and any individual treatment type to the
control.
LCMS ANALYSES
Since hydrolyzed AHLs are not the active signal in microbes, and their
activity has not been established in Cr, we determined the integrity of our stocks
through analytical chemistry (Yates et al., 2002). Stocks frozen at -20ºC in 100%
DMSO were verified following dilution to 100 µM in fresh TAP prior to analysis.
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Additionally, samples of TAP, TAP + AHLs, Cr in TAP, Cr in TAP + AHLs, and
Cr exudate or secretions (0.25 micron filtered supernatants of pelleted 48 hr
cultures) were examined to confirm the 48 hr half-life noted in literature, and also
to measure for potential Cr degradation of AHLs (Yates et al., 2002; Breitbach et
al., 2011).
Liquid chromatography mass spectrometry (LCMS) analysis was performed
with an Agilent 1290 Infinity LC and 6120 quadrupole MS with a Zorbax 1.8
micron SB-C18 column. Samples were frozen and stored in a -20ºC freezer before
lyophilization. Lyophilized samples were resuspended in 1:1 HPLC grade or higher
methanol:acetonitrile, and filtered through 0.25 micron PTFE filters before
analysis. Deoxycholic acid (Sigma) was used as an internal standard in
quantification measurements at 0.1 or 1 mg/mL concentrations in the same 1:1
solvent mixture. The LC conditions were as follows: injection volume – 2 µl (10
µL for exudate degradation study), column temp – 37ºC, flow rate – 0.3 mL/min,
and a gradient (A:B) of A) water B) acetonitrile – 0 min 80:20, 7 min 50:50, 12
min 20:80, 14 min 80:20, and halted at 20 min. The MS conditions were as follows:
dual mode detection APCI/ES, positive polarity mode, capillary voltage of 3 kV,
sheath gas of 11 mL/h, nebulizer pressure of 20 psi, and desolvation temperature of
200ºC (in Lau et al., 2013).
Seeds of Arabidopsis thaliana were surface sterilized with 90% ethanol for
3 minutes then transferred to plates of Murashigie and Skoog (MS) growth media
(0.1x MS, pH: 5.8, 10 g/L agar) for germination. 5 day old seedlings were
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transferred to growth plates (0.5xMS, 10g/L agar, 10 g/L sucrose, pH: 5.8)
containing the indicated AHL concentration. Seedlings were grown at 22oC on a
16:8 day:night cycle for 14 days then measured for total primary root length a
common phenotypic response to AHL exposures (Palmer et al., 2014). Statistical
significance was determined through using T tests paired to the untreated control
samples.
MINIMAL MEDIA GROWTH STUDIES
Cr was grown over 24 hrs in minimal TAP media (adjusted to pH with HCl)
that was acetate-free, nitrogen-free TAP (omitted NH4), or 50% Nitrogen (1/2 NH4)
TAP. Initial cell concentration was recorded at (9.95 ± 3.2 SE) x 105, and at the end
of the 24 hr growth period with or without 50 µM C16 AHL supplementation. An
independent T test was used for statistical comparison between treated and
untreated controls. A follow up screen of Cr growth was performed with AHL
supplements in 50% N TAP media over a 24 hr period. This follow up test
evaluated the addition of C6, 3oxoC6, 3oxoC8, 3oxoC12 AHLs, and L-homoserine
on Cr growth, and was statistically analyzed using a Welch’s ANOVA and
Dunnett’s T tests to quantify statistical significance.
CO-CULTURE
Cr was co-cultured with quorum sensing cohabitant microbe Sinorhizobium
meliloti Rm1021 (Sm), as it had the most significant effects in our growth screens
described herein (Figure IV.8). Cultures of Cr and Sm were pre-grown in 50:50
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TAP:LB (1/2x FC of each) flasks for two days. Half of the experimental samples
were directly co-cultured from these pre-grown flask cultures at 1.5 mL each
(50:50) in a 12 well microplate (3 mL total), or diluted (n = 3 for each type). The
pre-grown culture of Cr was (2.68 ± 0.28) x 106 cells/mL, and was diluted to (2.89
± 0.29) x105 cells/mL representing an 11% dilution factor. Manual counts of Sm
were not possible without CFU measurements at this time, and the cultures were
diluted based on Cr manual measurements alone. This dilution factor was used to
dilute the Sm culture as well. In this way, there were two sets, diluted and direct
cultures, of each sample type, Cr, Sm, and Cr + Sm. Thereby allowing for
comparison between growing and terminal cultures after the 48 hr experimental
timeframe.
RESULTS
First, Cr motility was evaluated after 5 hr exposures to 3oxoC12 AHL. This
AHL is known to perturb a wide variety of eukaryotic processes, but cellular
motility, as seen in C. reinhardtii, has not been previously examined (Teplitski et
al., 2011; Hartmann and Schikora, 2012). This quorum sensing autoinducer, from
Pseudomonas aeruginosa, has been shown to alter growth, development, nutrient
acquisition, and physiology of plants (Teplitski et al., 2011; Hartmann and
Schikora, 2012; Palmer et al., 2014; Palmer et al., 2016). We tested the hypotheses
that motility would be affected similarly, and simultaneously evaluated nutrient
limiting conditions (cultures exposed to limited nitrogen conditions 5 hours; Figure
IV.5). Motility speeds decreased as a function of autoinducer concentration in TAP
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media (0-50µM, 39.2-36.8 µm/sec; p = 0.027), yet the reverse was true in nitrogenfree media (0-50µM, 33.3-39.9 µm/sec; p < 0.001). When comparing the effect of
nutrient limitation on this interaction at each level, only the control and 50 µM
dosed samples noted significant results (39.2 – 33.3 and 36.8 – 39.9; p < 0.001 and
p = 0.005). No significant motility modulation occurred from exposure to the P.
aeruginosa autoinducer 3oxoC12 AHL.

Figure IV. 5 Effects of quorum sensing chemical autoinducer exposure on C.
reinhardtii motility speed. Strain CC-124 was grown in TAP media
(light grey) and Nitrogen free TAP media (dark grey) samples are
scored adjacent (n = 9). Statistical significance was determined through
independent t-tests at each autoinducer concentration (p < 0.05), and a
Welch’s ANOVA and Dunnett’s t-test were used to determine
significant results as compared to the control values (bars; p < 0.05).
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The effects of common Cr cohabitant quorum sensing microbe AHLs were
screened to evaluate whether cohabitant microbes might affect Cr growth. The
following AHLs were used at concentrations of 0.1, 1, 10, and 100 µM: C6
(Chromobacterium violacein), 3oxoC6 (Vibrio fischeri), C8 (Burkholderia
cepacia), 3oxoC8 (Agrobacterium tumefaciens), 3oxoC12 (Pseudomonas
aeruginosa), and 3oxoC14 (Sinorhizobium meliloti). The upper and lower
boundaries of these concentrations were selected because 0.1 µM was previously
shown to improve plant growth, while 100 µM induces significant inhibition of
plant growth (Palmer et al., 2014). No significant changes in Cr growth were
observed in any of these treatments (Figure IV.6).
AHL hydrolysis is a common route of deactivation of these signals (Yates
et al., 2002). While plants are able to distinguish hydrolyzed AHLs, we wanted to
initially confirm that only intact, unhydrolyzed, AHLs were being evaluated
(Palmer et al., 2014). The stocks used in the previous growth tests were therefore
assayed for integrity using LC-MS. An internal standard was used, as we only
sought to characterize the chemical composition of these stocks, and not their
concentrations. In these experiments, hydrolysis was identified by a mass peak
approximately 18 molecular weight units higher than the native compound,
corresponding to the addition of H2O at the carbonyl of the lactone ring. Our stocks
had the intact, intended molecules, based on molecular weight (M), M + H
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Figure IV. 6 Effects of quorum sensing autoinducers (AHLs) on C. reinhardtii
growth. Cultures were exposed to AHLs for 48 hrs prior to
measurements (control n = 24 and treatments n = 8 in each data point
respectively). The color code across the bottom indicates AHL
concentration. Results are shown as normalized to DMSO only
control. A Welch’s ANOVA and Dunnett’s t-test were used to
determine statistical significance (p < 0.05).
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(protonated form), and the only other traces were minor and likely L-homoserinelactone (mw = 102) and other remnants from synthesis, with no signs degradation,
indicating that they were fairly pure solutions (Figure IV.7-8). Structural changes,
including hydrolytic degradation, are the only factors that have been implicated
with reducing the activity of AHL molecules (Dong and Zhang, 2005; Kim et al.,
2005; Czajkowski and Jafra, 2009). Furthermore, to demonstrate biological activity
of our stocks, the 3oxoC12 AHL was tested with the model plant, Arabidopsis
thaliana, and was found to induce expected growth increases at sub-micromolar
concentrations and decreases at higher concentrations (Figure IV.9; Palmer et al.,
2014).
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Figure IV. 7 Example liquid chromatography — mass spectrometry result of AHL
stock analysis. The 3oxoC12 AHL autoinducer is depicted above the
example data, and indicates the structural differences generated during
hydrolysis of the lactone ring. Liquid chromatography (top data pane)
and mass spectrometry (bottom data pane) portions are depicted in
panels (mw refers to molecular weight). The mass peaks
corresponding to the molecular weight of the AHL and its protonated
forms are indicated by mw or mw +H respectively. Tan-highlighted
segments indicate where hydrolysis products would appear. If AHL
hydrolysis had occurred, the liquid chromatography pane would have
earlier elutions due to increased interactions of the hydrolyzed product
with the solvent front, and the mass spectrometry pane would have
chemical species 18 molecular weight units higher than that of the
actual AHL.
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Figure IV. 8 Liquid chromatography – mass spectrometry confirmation of AHL
stock integrity. Each outlined panel represents the LC chromatogram
(top) and MS spectra of the labeled peak for the given AHL.
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Figure IV. 9 Confirmation of stock 3oxoC12 AHL biological activity. Arabidopsis
thaliana seedlings (5 day old; n = 20 for each sample), were exposed
to 3oxoC12 AHL at 0, 0.1, or 50 µM for 14 days prior to root length
measurements. T-tests paired to the untreated control were used to
determine statistical significance (p < 0.03).
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Next, growth and viability were investigated over 48 hrs under high AHL
concentrations to determine if increased concentrations were able to produce any
effects (Figure IV.10). 100 µM samples were repeated to have a base for
comparison with the initial screen (Figure IV.6), yet indicated a significant result
about 3oxoC14 AHL in contrast to the first study (90.38% Control ± 3.97 SE; p =
0.008). The first sets 100 µM 3oxoC14 AHL was also lower than the control, but
had wider error bars that likely prevented statistical significance from being
established (96.49% ± 11.96 SE). The remaining 100 µM samples were unchanged
from the preceding screen in Figure IV.5. Growth under 500 µM AHL supplements
yielded statistically significant values at C6, which were increased (119.52% ± 2.80
SE; p = 0.049), and at 3oxoC12, which were decreased (60.01% ± 1.61 SE; p <
0.001). At 500 µM, solubility limits were approached, and C16 was omitted as
precipitate was formed. Viability, as scored by FDA, only had one AHL with
significant differences, and it was a reduction compared to the DMSO only control
at both 100 and 500 µM treatments – 3oxoC14 (59.95% ± 2.48 SE / 46.28% ± 1.38
SE; p = 0.001 / p = 0.041). The remaining 500 µM samples were unchanged as
compared to controls. Since 3oxoC14 AHL treatment produced changes in FDA
measured esterase activity in Cr, it was selected for further viability analysis about
membrane integrity (Figure IV.11). This autoinducer also caused a significant
decrease in membrane integrity as compared to the untreated control (29.98%
decrease ± 0.90 SE; p < 0.001).
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Figure IV. 10 Quorum sensing autoinducer (AHL) screen of C. reinhardtii growth
and viability (FDA). Cultures were exposed to AHLs for 48 hrs prior
to measurements (n = 24 in each data point). The color code across the
bottom indicates AHL concentration. Growth is depicted in A, FDA
viability in B, and a bar is drawn at the DMSO only control
normalized values of 1. A Welch’s ANOVA and Dunnett’s t-test were
used to determine statistical significance (p < 0.05).
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Figure IV. 11 Effects of 3oxoC14 AHL on C. reinhardtii membrane integrity.
Cultures were exposed to AHLs for 48 hrs prior to measurements (n =
5 in each data point). Untreated controls are depicted on the left, and
100 µM 3oxoC14 AHL supplemented are on the right. An independent
t-test was used to determine statistical significance (p < 0.05).

The apparent absence of AHL effects on Cr growth and reproduction at
physiologically relevant concentrations led us to consider whether Cr might be able
to degrade these autoinducers. For example, plants are able to degrade AHLs into
L-homoserine and the corresponding fatty acid, both of which can be metabolized
(Palmer et al., 2014). To determine if degradation was occurring in Cr, media and
culture samples with and without AHLs were examined with LC-MS (Figure
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IV.12; Table IV.1). Cr cultures had no detectable autoinducer production as
measured through LC-MS, which was noted in earlier studies, and therefore could
not exhibit any degradation (Teplitski et al., 2004). The AHL sample without Cr
degraded in the media appreciably over the course of 48 hrs (68.77% ± 5.03 SE), as
expected from literature (Breitbach et al., 2011). Cr cultures degraded the
autoinducer substantially more than it degraded on its own in the media (99.55% ±
0.34 SE), and exudates of Cr approximated this effect (89.90% ± 1.34 SE).
The observation that AHLs could be degraded by Cr, raised the possibility
that the algae may be able to use this secondary metabolite as a nutrient source.
This would not be unprecedented, as it was reported that this alga is capable of
utilizing the tris(hydroxymethyl)aminomethane (Tris) contained in TAP media as a
nutrient source for either carbon or nitrogen (A.G., Palmer, personal
communications). To determine if AHLs could be metabolized as an energy source
in Cr, AHL supplemented cultures were grown in acetate free, nitrogen-free, and
50% nitrogen or media and growth was recorded (Figure IV.13). C16 AHL was
used, as it had the longest acyl chain, and inherently the largest carbon supply per
molecule of the AHLs used in our studies. All nutrient deficient media samples
showed increased growth with 50 M C16 relative to untreated controls (carbonfree, 9%; nitrogen-free, 46%; 50% nitrogen, 52%; respectively: p = 0.001).

83

Figure IV. 12 Degradation of 3oxoC12 AHL in C. reinhardtii culture. Example
liquid chromatography mass spectrometry (LCMS) results of quorum
sensing autoinducer degradation (expected m/z circled). Initial (0 hr)
and endpoint (48 hr) measures are top and bottom respectively. LC
chromatograms are the main components, and include inset MS
spectrums for the boxed elutions.

Table IV. 1 Percent loss of quorum sensing autoinducer (AHL) after exposure to
different TAP medium solutions. Cr denotes C. reinhardtii culture,
autoinducer denotes 3oxoC12 AHL, and Cr exudate denotes cell free
filtrate of Cr. These data represent the results of 3 samples for each
type pooled for LCMS analyses.
Sample
Loss
± SE
Cr
n/a
n/a
3oxoC12 Autoinducer
68.77%
5.03
3oxoC12 Autoinducer + Cr
99.55%
0.34
3oxoC12 Autoinducer
+ Cr exudate
89.90%
1.34
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< 0.001, p < 0.001), which supports the ability of this AHL to be metabolized by Cr
and serve as a growth supplement (Figure IV.13).
Since the 50% nitrogen media highlighted the most pronounced changes in
Cr growth, it was chosen to screen different AHLs to determine the range which Cr
was capable of using as a nutrient source. The following compounds were
screened, and largely increased growth (Figure IV.14): C6 AHL (-11%; p = 0.019),
3oxoC6 AHL (no change; p = 1.000), 3oxoC8AHL (+20%; p < 0.001), 3oxoC12
AHL (+39%; p < 0.001), C16AHL (+52%; p < 0.001), and L-homoserine (+46%, p
< 0.001). Excluding the 6 carbon chain varieties (C6 and 3oxoC6 AHLs), growth
improvements were seen in an acyl chain length dependent manner, increasing
growth with increasing chain length.
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Figure IV. 13 C. reinhardtii growth in different minimal media over 24 hours (N
denotes nitrogen). Results are displayed as normalized to untreated
controls (light grey) with 50 µM C16 AHL treated samples (dark
grey) paired at each media type (n = 9 in each data point). A Welch’s
ANOVA and Dunnett’s t-test were used to determine statistical
significance (p < 0.05).
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Figure IV. 14 C. reinhardtii growth in 50% nitrogen media supplemented with
quorum sensing autoinducers. 50 M of the indicated AHL was
incubated with cell cultures over 24 hours. Results are displayed as
normalized to untreated controls (n = 9 in each data point). A Welch’s
ANOVA and Dunnett’s t-test were used to determine statistical
significance (p < 0.05).
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Last, to determine if our AHL screens approximate interactions between
microbiome cohabitants, Cr was preliminarily examined for growth effects upon
co-culturing with cohabitant quorum sensing microbes (Figure IV.15). The
Sinorhizobium meliloti (Sm) autoinducer, 3oxoC14, had AHL induced reductions
in esterase activity and membrane integrity, and therefore this organism was chosen
for coculture study. Both direct terminal cultures, and dilutions of these terminal
cultures were used to determine potential differences in growth effects between
initial culture concentrations. The cocultured straight cultures (undiluted) produced
an improvement in Sm growth (49.74% ± 1.24 SE vs. 1031.58% ± 25.67 SE; p <
0.001), while no statistically significant difference was seen in Cr growth. Diluted
cultures, however, noted an improvement in Cr growth (177.03% ± 19.51 SE vs.
389.53% ± 42.92 SE; p = 0.039), while, a reduction was seen in Sm growth
(547.33% ± 13.62 SE vs. 369.51% ± 9.20 SE; p < 0.001).
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Figure IV. 15 Growth effects of mono- and co-culture of C. reinhardtii and S.
meliloti at different starting densities. Growth is presented as the
percent change from original concentrations. Comparisons were made
between cocultured versions and monocultured versions, and
significant results are denoted with an * and lines denoting pairing.
Statistical significance was determined with independent t-tests (p <
0.05).
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DISCUSSION
QS regulates phenotypic changes throughout host associated microbiomes,
influencing the growth and development of eukaryotes, that in turn influence the
QS process itself (Hartmann and Schikora, 2012; González and Keshavan, 2006).
Eukaryotes often sense the QS signals, autoinducers, providing an opportunity to
respond by either encouraging positively perceived interactions, such as symbioses,
or discouraging negatively perceived interactions, through production of
autoinducer analogs or by degrading autoinducers. Our understanding of these
interactions has been limited to multicellular eukaryotes, such as plants and
mammals, and very little has yet been uncovered about the unicellular cohabitants
of QS microbes, such as Cr (Bauer and Mathesius, 2004; Teplitski et al., 2011).
Non-motile plants can induce localization of quorum sensing microbes
through chemotaxis, and further experimentation is needed to determine if this
holds true with algae, such as Cr (Antunez-Lamas et al., 2009; Webb et al., 2014).
We have, however, determined that the speed of motile algae Cr is not affected in
response to QS autoinducers. Cr typically regulates its surroundings based on light
and nitrogen availability, which may be more vital to its survival than modulating
its proximity to surrounding QS microbes populations (Ermilova and Zalutskaya,
2014).
Unexpectedly, growth was altered when Cr was exposed to QS autoinducers
examined over the biologically relevant concentration range (0.1 – 100 µM). This
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represents a marked digression from all previously examined eukaryotes (Teplitski
et al., 2011; Hartmann and Schikora 2012; Palmer et al., 2014). For example,
plants exhibit a biphasic response, that typically notes a growth increase at
submicromolar concentrations and a decrease at higher concentrations (>50 µM)
(Palmer et al., 2014). These growth modulations are seen in root length and
biomass as well as shoot biomass (Schenk et al., 2012). Given AHL susceptibility
to hydrolysis, the inactivity of hydrolyzed AHLs in microbes, and the unknown
interactions of AHLs with unicellular eukaryotes, our autoinducer stocks were
analyzed, but were found intact without hydrolysis (Breitbach et al., 2011; Wang et
al., 2004). If our experiments were dosed with intact AHLs as intended, then Cr
could have been insensitive or have developed mechanisms, such as autoinducer
degradation, to avoid the influence of AHLs, similarly to multicellular eukaryotes
(Teplitski et al., 2011).
As a natural cohabitant of many QS microbes, Cr was thought to perhaps
only respond to strong concentrations of AHLs , such as those found in biofilms
(Huang et al., 2007). However, as only minimal growth effects occurred at doses
exceeding biological relevance (500 µM), this was not likely the case. Conversely
to multicellular eukaryotes, in which 100 µM was found sufficient to alter growth,
immune, and apoptotic responses (Teplitski et al., 2011; Schenk et al., 2012). The
Sm autoinducer, 3oxoC14 AHL, reduced membrane integrity and esterase activity,
while avoiding major growth changes. Limited studies exist for similar measures in
eukaryotic systems exposed to AHLs; however, a variety of AHLs were found to
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produce lesions or activate genes thought to mediate maintenance of membrane
integrity (Sbarbati et al., 2009). The decreased membrane integrity may be simply
due to transient destabilization seen while AHLs pass the lipid bilayer. QS
signaling is necessary for coordinating plant symbiosis in the nitrogen fixing
microbe Sm, and a number of enzymes, including esterases, are upregulated post
inoculation with nodule specific targeting (Gurich and Gonzalez, 2009; Pringle and
Dickstein, 2004; Coque et al., 2008; Meckfessel et al., 2012). These results support
the involvement of esterase type enzymes in processing AHLs.
Plants and other multicellular eukaryotes are known to degrade AHLs
through various enzymatic processes, and Cr may be employing similar methods to
avoid growth modulation (Teplitski et al., 2011). As the exudates examined in our
studies were 48 hours old at the time of AHL loading, and the degradation was
nearly complete, it was likely that the degradation activity was even closer to that
of the cell suspensions, and indicates an exuded factor is either solely responsible
for AHL degradation, or a prominent contributor. These data indicated that Cr, and
potentially other unicellular eukaryotes, can exert negative regulation on microbial
quorums. Plants and mammals may be more sensitive to their microbiome
cohabitants in order to gain perceived advantages associated with colonization of
beneficial species.
We found AHLs were metabolized instead of simply being deactivated
through degradation, and this metabolism improved Cr growth in a chain length
dependent manner, analogous to previous research in Arabidopsis thaliana (Palmer

92
et al., 2014). The fatty acid and L-homoserine products generated through cleavage
of the AHL amide bond both have the potential to function as metabolites. The
former in rounds of fatty acid oxidation to generate components for the citric acid
cycle as well as electron transport and oxidative phosphorylation (Kong et al.,
2017). Furthermore, growth on L-homoserine, one of the two proposed products of
enzymatic cleavage of AHLs in the A. thaliana study, was also able to restore
growth suggesting a comparable mode of cleavage may occur in algae. Lhomoserine is a branch point in amino acid biosynthesis in Cr and could
subsequently be re-processed to drive basic metabolism (Lapina et al., 2016).
In plants AHL cleavage is catalyzed by the enzyme fatty acid amide
hydrolase (FAAH; Palmer et al., 2014). However, a BLAST (basic local alignment
search tool - blast.ncbi.nlm.nih.gov) search using the sequence for Arabidopsis
thaliana FAAH identified no homologues in Cr, and no such enzyme has been
reported in the literature. Yet enzymes associated with the synthesis of N-acylethanolamines, the natural substrates for FAAH, have been found (Blancaflor et al.,
2014). Mammals also have FAAH enzymes, but their potential roles in AHL
processing have not yet been investigated (Giang and Cravatt, 1997). However,
paraoxonases, esterase type enzymes, have been demonstrated to degrade specific
AHLs in human epithelial cell cultures (Teplitski et al., 2011). Although the
specific mechanisms through that Cr processes AHLs yet elude us, our preliminary
results demonstrated a reduction in esterase activity only with 3oxoC14 AHL,
indicating that Sm quorum sensing signals may not be metabolized to the same
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extent as 3oxoC12 AHL. We propose radiolabeled AHL degradation studies with
3oxoC12, 3oxoC14, and Cr cultures to identify degradation products, determine if
the Sm AHL is specifically excluded, allow tracking these products through
metabolic pathways, and help shed light on how this unicellular eukaryote is
processing quorum sensing signals.
QS interactions with eukaryotes often rely on the exchange of multiple
factors in the environment for proper coordination of phenotypes (Gurich and
Gonzalez, 2009; Verma and Miyashiro, 2013). Additionally, Cr growth was
modulated in our co-culture studies, while growth remained relatively unchanged
during AHL exposures. A previous Cr and Sm co-culture study demonstrated
increased growth under heat stress, which was attributed to microbial resource
sharing (Xie et al., 2013). Further investigation is needed to determine the optimal
dosing concentrations for improving growth in coculture with these organisms, but
it does appear that these microorganisms interact cooperatively under different
environmental conditions. Symbiotic studies between Sm and Medicago truncatula
are typically performed in nitrogen free media, as nodulation is significantly
improved when nitrogen is a limiting resource (Journet et al., 2006). Our most
pronounced results were also produced under nutrient limited conditions, with
nitrogen limitation being the most significant. Together, these results indicate that
trans-kingdom quorum sensing interactions are encouraged when nutrients are in
limited supply in the environment or through the presence of competitors.
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Cr is more resilient than multicellular eukaryotes examined in its ability to
avoid growth effects from QS autoinducer exposure, with no notable changes
across numerous AHLs and biologically relevant concentrations. Furthermore, only
one autoinducer of an innocuous plant nodulating microbe, Sm, was able to reduce
esterase activity, and we suggest this is a specific exclusion due to the cooperativity
seen in both our coculture studies and another groups (Xie et al., 2013). Cr owes
this resilience to its ability to thoroughly degrade AHLs, as evidenced from cell
culture and exudate degradation studies. The bulk of this activity, if not its entirety,
was due to an exuded factor, and highlights the ability of Cr to exert substantial
control over the quorum signaling in its local environment. Our research highlights
the significance of unicellular eukaryote Cr and its roles in regulating microbial
quorums. Further study is needed to explore the potential for Cr-derived factors in
manipulating negative quorum interactions, such as toxin production and biofilm
formation, and also to determine whether the Sm interactions are an effect of
coordinated mutualism, or rather a side effect of utilizing excess metabolites from
the partner species.
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CHAPTER V: SYNTHESIS AND CONCLUSIONS
Eukaryotes, such as plants and animals, are substantially influenced by the
microorganisms in their environments, many of which directly colonize hosts, and
influence their growth and development (Hartmann and Schikora, 2012;
Papaioannou et al., 2013). Bacteria often engage hosts through symbiotic
phenotypes, such as pathogenic or mutualistic behaviors, and coordinate these
processes through quorum sensing (Gurich and Gonzalez, 2009; Verma and
Miyashiro, 2013). Quorum sensing is a signaling system, which drives gene
expression changes in a population wide manner to synchronize phenotypic
switching (Miller and Bassler, 2001). This is accomplished through autoinducer
production, which bind receptors that regulate gene activity upon reaching
threshold concentrations, dubbed reaching a ‘quorum’.
Quorum sensing was first investigated in microbial systems directly, to gain
an understanding of the mechanisms behind these coordinated events (Turovskiy et
al., 2007). Since then it was discovered that most examined eukaryotes are
sensitive to the signals, or autoinducers, utilized by the microbes in addition to the
phenotypes caused by quorum sensing themselves (Teplitski et al., 2011; Schenk et
al., 2012). Such effects include changes in growth, health, defense, development,
and resource acquisition (Hartmann and Schikora, 2012). These broad effects
underscore the importance for understanding how these signaling systems intersect
with eukaryote hosts if we are to be able to model or manipulate quorum
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interactions. Unfortunately, much of this work is still developing, and plants remain
the most thoroughly delineated eukaryote in terms of its perception and responses
to autoinducer signals (Bauer and Mathesius, 2004; Hartmann and Schikora, 2015).
Many of the organisms that comprise the same environments, however, are
unicellular eukaryotes, and very little has been known about their role(s) in these
interkingdom signaling events.
I sought to examine the role of unicellular eukaryotes in quorum sensing
through my dissertation, and began by examining potential model system
candidates. With the bulk of the preexisting research focused on plant responses, I
looked to single celled photoautotrophs for comparative value, specifically the
model eukaryote Chlamydomonas reinhardtii. This alga is routinely used to model
photosynthesis, reproduction, and motility, and has specifically been utilized as a
unicellular proxy for plants and mammals (Dent et al., 2001; Harris 2001; Pazour
and Witman, 2009). C. reinhardtii was previously implicated in exuding
compounds capable of modulating quorum responses in different bacterial systems,
yet much of this work was unclear as to biological relevancy in concentrations, and
no works to date have examined its perception or responses (Teplitski et al., 2004;
Rajamani et al., 2008; Rajamani et al., 2011). Given the comparative value,
precedence, and resources of this model eukaryote, it was chosen for further study
in this dissertation.
Plants exhibit root structure changes in the presence of autoinducers, and
can also direct microbial localization, indicating that quorum sensing plays a role in
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directing colonization through growth and co-localization (Sanchez-Contreras et
al., 2007; Hartmann and Schikora, 2015). C. reinhardtii is motile, unlike plants,
and was analyzed to determine if motility was altered in the presence of AHLs. We
hypothesized autoinducers would cue C. reinhardtii to the presence of a microbial
populations, perhaps as indicators of competitors or cooperators, and motility
would be modulated (Chandler et al., 2012). This, however, was not the case,
potentially because the directing processes of C. reinhardtii motility, light and
nitrogen stimulus, are of greater importance to its survival (Ermilova and
Zalutskaya, 2014).
Plant growth responses to AHL autoinducers typically have followed two
trends: 1) autoinducer chain length has been positively correlated with activity, and
2) a biphasic behavior has been seen in growth, with increases at low levels of
exposure, and decreases at high levels of exposure (Palmer et al., 2014). My initial
screens spanned the biologically relevant concentration range, and yielded no
notable differences, which starkly contrasts plant research (Teplitski et al., 2011;
Hartmann and Schikora, 2012; Palmer et al., 2014). Upon confirming the integrity
of autoinducer stocks with LCMS and biological activity through A. thaliana
growth studies, it became clear that there were two likely options for this resilient
behavior – that C. reinhardtii was insensitive to these signals or that the
autoinducers were being degraded.
A screen of autoinducers was performed at concentrations much higher than
are seen in nature, approaching solubility limits, to determine if any toxic effects
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could be produced, and the only two autoinducers with significant differences had
divergent responses, with one actually promoting growth (Huang et al., 2007;
Palmer et al., 2014). Viability analyses were performed through esterase activity
measures to ascertain population health across the same sample sets, and neither of
the two significant growth results diverged significantly from the control. However,
an autoinducer from Sinorhizobium meliloti induced a dose-dependent decrease in
esterase activity, indicating the first biologically relevant response seen in C.
reinhardtii from quorum sensing signals.
These results indicated that degradation was, in fact, the most likely
explanation for the lack of growth responses seen. This turned out to be the case in
our experiments, and two-day old exudates reproduced most of the degradation
seen from cell culture samples, indicating an exuded factor was largely if not
entirely responsible. Plants have been shown to degrade and metabolize AHLs, but
in an intracellular manner (Götz et al., 2007; Palmer et al., 2014). The C.
reinhardtii strain (CC-124) used in our investigations utilizes acetate as a sole
carbon source, outside photosynthesis, thus indicating it is unlikely that the alga is
simply feeding opportunistically on AHLs. The intercellular degradation of AHLs
seen in C. reinhardtii, indicates that its role may be in part to disrupt microbial
quorums from being reached, potentially a trait of other unicellular eukaryotes. We
propose examining other unicellular eukaryotes, such as yeast, for their abilities to
externally degrade AHLs to test this hypothesis. Given this pronounced
degradation, it was hypothesized that the autoinducers may be utilized as a nutrient

99
source, which was previously demonstrated in Arabidopsis thaliana (Palmer et al.,
2014). Our C. reinhardtii investigations uncovered a chain length correlated
response, with increasing growth as autoinducer chain length increased, mimicking
previous research in plant systems (Palmer et al., 2014).
A model to describe the quorum sensing discoveries from this study in C.
reinhardtii in the context of pre-existing literature has been developed (Figure V.1).
AHL production by microbes, AHL mimic production by plants and C. reinhardtii,
and the degradation and subsequent metabolism of AHLs by plants has been
previously established (Miller and Bassler, 2001; Mathesius et al., 2003; Teplitski
et al., 2004; Palmer et al., 2014). Additionally, the growth modulation of plants is
thought to be caused by an increased production of ethylene from AHLs as
precursors, and the subsequent stimulation of auxin production from ethylene
(Palmer et al., 2014). A novel finding of this study is that C. reinhardtii also
degrades AHLs, but does so in its surroundings (extracellularly) as opposed to
plants, which do so internally (Palmer et al., 2014). The thorough AHL degradation
seen from C. reinhardtii cultures accounts for the lack of growth modulation this
study encountered. Dense microbial quorums can produce biofilms that may act as
impenetrable barriers. Single celled eukaryotes, such as C. reinhardtii, often rely on
motility to properly localize to light and nitrogen sources. C. reinhardtii’s ability to
degrade microbial quorum sensing autoinducers extracellularly provides a unique
way for this alga to avoid restriction or entrapment due to biofilms. Disruption of
quorums in microbiomes may also prevent or diminish the effects exerted by
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autoinducers on their colonized eukaryotes, such as plants in the rhizosphere. C.
reinhardtii, and potentially similar behaving single celled eukaryotes, could be
significantly reducing the availability of autoinducers – this may be why plant
degradation of autoinducers is less extensive and only seen internally. The
mechanisms for degradation and subsequent metabolic products formed by AHLs
from C. reinhardtii, are the next goals in elucidating C. reinhardtii microbiome
quorum sensing interactions. Additionally, another future goal is to determine if C.
reinhardtii diminishes plant growth effects in situ, through examining plants, C.
reinhardtii, and quorum sensing microbes concurrently.
Many quorum sensing interactions with eukaryotes rely on the exchange of
multiple factors from both sides, in addition to autoinducers, and thus investigation
of co-culturing C. reinhardtii with a quorum sensing microbe was merited (Cooper,
2007; Gurich and Gonzalez 2009; Verma and Miyashiro, 2013). S. meliloti was
chosen for this purpose, as its autoinducer produced the only measurable changes in
relevant ranges. Preliminary investigation indicated that growth of both organisms
could be improved, but that further experimentation was necessary for optimization
of inoculation conditions.
This first work examining quorum sensing from the perspective of the
unicellular eukaryote, C. reinhardtii, has made significant progress towards
understanding their roles in microbiome signaling environments. The growth
stability, strong negative regulation of autoinducers, metabolism of autoinducers,
and coculture growth improvements exhibited in C. reinhardtii emphasize the need
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Figure V. 1 Comparative model for plant and C. reinhardtii quorum sensing
interactions. N-acyl-homoserine lactones (AHLs) are produced by
microbes, and induce effects in the growth of plants and C. reinhardtii,
who in turn produce AHL mimics (Mathesius et al., 2003; Teplitski et
al., 2011; Teplitski et al., 2004). AHLs are degraded intracellularly by
fatty acid amid hydrolase (FAAH) in plants (Palmer et al., 2014), while
the intercellular mechanism for C. reinhardtii is currently unidentified.
Both organisms metabolize AHLs as an energy source. Plant growth
modulation by AHLs were reported to be due to an increase in
phytohormones auxin and ethylene, with the former shown to be a
metabolic product of AHLs (Palmer et al., 2014). However, plant
growth effects may be reduced or avoided in situ due to local
autoinducer degradation from unicellular eukaryotes, such as C.
reinhardtii. New components discovered through our research are
highlighted in yellow.
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to more thoroughly investigate unicellular cohabitants. The role of C. reinhardtii,
may be to negatively regulate the dynamic quorum sensing systems in microbiome
bacterial inhabitants, who in turn pursue different strategies for nutrient acquisition
and competition/cooperation with other cohabitant populations (Reuter et al., 2016;
Blanchard et al., 2016). More research is needed to understand how different
eukaryotes may alter the outcome of quorums, but it is now clear that this
interkingdom dialogue is not restricted to multicellular eukaryotes, such as plants
and animals, and unicellular eukaryotes can significantly alter the landscape of
microbial quorum signaling.
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