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ABSTRACT

QUANTITATIVE ANALYSIS AND IMAGING-BASED INSIGHTS INTO THE
CHARACTERISTICS AND MECHANISMS OF YEAST

PATTERN FORMATION

Lin Chen, M.Sc
Supervisory Professor: Gabor Balazsi, PhD.

On-Site Advisor: Yi Xu, Ph.D.

Biofilm formation is a common lifestyle adapted by bacteria and fungi in
response to various environmental stresses. Bacterial and fungal biofilms adhering to
medical devices convey resistance to antibiotics or biocides, causing high rates of
clinical infections. Microorganisms are protected from harsh environmental conditions
by reduced stress penetration through the complex biofilm architecture with distinct
patterns. Although the molecular regulations of surface patterning have been well
characterized in bacteria, the mechanisms underlying the complex pattern formation in
eukaryotic biofilms remain unclear.

This dissertation aims to investigate the salient features of robust colony

expansion in yeast biofilms and the processes driving the complex pattern development.



Various salient features of Saccharomyces cerevisiae colony expansion, such as of the
change of size, shape, and surface pattern properties were analyzed quantitatively for
various combinations of agar and sugar concentrations. | found that the size and
irregularity of the FLO11 expressing colony, and wavelength of the pattern were all
monotonically decreasing with agar density. These trends were consistent regardless of
sugar sources. Using a mathematical model, | also demonstrated that the differential
expansion pattern between the center and the edge of the colony due to the spatial
differences in glucose concentration affected the convexity of the expansion curve.

| found that pattern formation in S. cerevisiae was not caused by localized cell
death as in Bacillus subtilis biofilms. Using quantitative measurement and physical
models, | found that the surface pattern of S. cerevisiae was consistent with hierarchical
wrinkling, determined by the physicochemical properties and thickness of the layered
structures of the yeast biofilm and the viscoelastic agar. Furthermore, | found that
two-dimensional expansion conferred a competitive advantage for FLO11 sectors
during head-to-head competition with flo771A cells. Overall these results suggested that
two-dimensionality of expansion conveyed by FLO11 directs rapid colony expansion
with high irregularity at the rim, hierarchical wrinkling pattern, and competitive

advantage during head-to-head competition.
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Chapter 1

Introduction

Biofilms, known as the major form of existence for many bacteria in various
environments, have gained interest in the 70s (1). Biofilms are multicellular structures
developed by microorganisms in response to various environmental cues in nature, in
order to adapt to harsh environments (2, 3). A wide range of genetics, microscopy and
computational methods have been developed to reveal the complex development of
biofilms, which consist of organized structures with layers of specialized cells displaying

distinct metabolic states (4-11).
1.1 The influence of biofilms on industry and medicine

Biofilms with distinct patterns have been observed to cause detrimental effect in
various industries, from water system, heat-exchange system, food industry and
dentistry to medicine (4, 12-20). The prevalence of biofilms not only results in high
economic costs for cleaning the contaminated devices, but also imposes emergent

threats to human health (12).
1.1.1 The corrosion of water systems by biofilms

The components of water distributions systems, such as water pipes and

drinking water devices, are found to be the habitats for various biofilms, such as those
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caused by Campylobacter (21), Escherichia coli (22-31), Pseudomonas aeruginosa (25,
30, 32, 33), which cause contamination to the drinking water, resulting in increasing
health concerns (16, 34). For instance, on water pipe surfaces, sulfate-reducing
bacterial (SRB) biofilms reduce sulfate to hydrogen sulfide, resulting in the mobilization
of ions due to differential physicochemical properties (4, 35-40). Therefore, the
adherence of SRB biofilms to the water pipe surfaces could cause severe metal
corrosion of the water distribution systems, resulting in a burden for the economy (4, 17,

27).

1.1.2 Biofilm contamination in food industry

Pathogenic bacteria, existing in the form of biofilms, are known to cause
contamination to food processing systems (17, 41-44). The Center for Disease Control
and Prevention (CDC) reported 48 million cases of foodborn diseases in 2013 in USA
(CDC 2013). After pasteurization, the attachment of biofilms, composed of
Staphylococcus aureus (45), Listeria monocytogenes (46, 47), Klebsiella oxytoca (48),
Bacillus cereus and Pseudomonas fluorescens (49), to the milk processing components
that were made of various materials (45, 50), results in the persistent contamination of
the milk products. Biofilms could also gradually accumulate in the ready-to-eat meat,
resulting in severe problems for food safety and quality (51). Biofilm contamination in
the food industry also occurs through the food processing equipment, food processing

environment and food handler (52, 53).



The contamination of biofiims, composed of Legionella pneumophila,
Staphylococcus xylosus, Listeria monocytogenes, to food industry is also associated
with their capacity to attach to a diverse range of the materials important to food
processing environments, from stainless steel, polyethylene, polypropylene, acetal
resin, rubber to glass (12, 44, 54-57).

The capability of biofilms to attach to various materials leading to persistent
contamination in the food industry, is related to the physicochemical interactions
between biofilms and the substrates, the nutrients in the environment, as well as the
biofilm architecture development upon attachment (54, 55, 58-60). Therefore,
understanding the mechanisms underlying the biofilms architecture development and
their physical interactions with the surface are critical to the development of potential

treatments for biofilms in the food industry.

1.1.3 Medical relevance of biofilms

Biofilms, in the form of dental plaques, cause various dental infectious diseases,
ranging from caries to periodontal disease (19, 20, 61-63). Dental plaques are formed
by the attachment of mixed species, such as the initial establishment of Streptococci,
followed by the accumulation of Actinomyces, and then the attachment of anaerobic
Gram-negative bacteria (62, 64). The mixed species interact with each other through
lectin bonds to aggregate and assemble into biofilms (65-69). The adhered biofilms in

the mouth are resistant to the physical stress caused by the salivary flow shear force



(61).

Besides dental plaques, biofilms also impose threats to public health as a
dominant causes for health-care related nosocomial infections, with 2 million cases
including about 100,000 deaths annually (2, 53, 70-77). Biofilms cause high mortality
rates through adherence to hospital medical equipment, invasive devices, such as
pyrolytic carbon heart valves, catheters, intubations, and prostheses, made from
various materials ranging from metal, rubber, plastic to glass (53, 78, 79).

Therefore, understanding of the process of complex biofilm formation on
biomaterial and abiotic surfaces will promote the treatment or cleaning process to

remove persistent biofilms in food industry or medical devices (12).

1.1.4 Drug resistance of biofilms

The organization and morphology are critical for controlling infections caused by
biofilms grown on organs or medical devices (78). The phenotypic variants of S. aureus
biofilm with distinct colony morphologies render different sensitivity and persistence to
antibiotics, suggesting the importance of biofilm structures to the S. aureus persistence
(80). The distinct morphology of the Pseudomonas aeruginosa biofilm adapted in the
cystic fibrosis-affected lung plays a role in the aggravation of the disease (81). The
phenotypic variant of P. aeruginosa, rugose small-colony variants (RSCV) with a
rougher colony than wild type, demonstrates higher resistance to a wide range of

antiobitcs, ranging from tobramycin, tetracyclin to kanamycin (82). Uropathogenic



strains of Escherichia coli (UPEC), which is the major cause of urinary tract infections
(UTls), organizes into biofilm-like structures encased in matrix with close interaction
with the environment, resulting in billions of cost in medical expense and afflicting the
public health (83-86). This organized structure contributes to the persistence of bladder
infections despite of diversity in host defense (86, 87).

Bacterial biofilms are known to confer antibiotic resistance via many
mechanisms including expressing multi-drug resistant pumps. The multiple antibiotic
resistance (mar) gene encoding efflux pumps confers multidrug resistance in E. coli to a
large spectrum of biocides, ranging from various toxic chemicals, antibiotics to
disinfectants (88).

In addition to the conventional drug resistance pumps, biofilms cand also provide
physical shield to protect microbes from various antibiotics and biocides. For instance,
E. coli and P. aeruginosa biofilms that do not express mar or mexAB-oprM multidrug
pump genes still confer resistance to antibiotics, such as ciprofloxacin (89-91).

Actually, the multicellular biofilm structure conveys a conspicuous advantage in
protecting microbes within the biofilm, which requires thousands-fold-higher
concentrations of antibiotics compared to planktonic microbes (92, 93). The complex
structure of the biofilms and the physical properties of the extracellular matrix (ECM)
contribute to the antibiotic resistance and persistence of biofilm infections (92). The
biofilm matrix significantly enhances drug resistance through the reduction of antibiotic

penetration inside the biofilms (92). For instance, Klebsiella pneumoniae biofilm

5



markedly reduces the penetration of ampicillin and ciprofloxacin compared to planktonic
cells (94, 95). The exopolysaccharides of the P. aeruginosa biofilm also serve as a
barrier, which significantly inhibit the penetration of polypeptides and aminoglycosides
drugs, such as gentamicin and amikacin (96-99).

The architecture with diverse metabolic states in the heterogeneous biofilms also
contributes to its drug resistance (92). Biofilm structures, such as voids, markedly
increase the oxygen transfer at the surface of the biofilm and create a gradient of
oxygen with the minimal level at the bottom layer of the biofilm (100, 101). The cells with
low metabolic activity in the deeper layers of the biofilms, associated with oxygen
limitation, are critical for the antibiotic resistance in P. aeruginosa (101). The spatial
differential distribution of substrates in the biofilm microenvironment also leads to
gradients of metabolic products and pH levels, which reduce the sensitivity of the
biofilm to aminoglycoside antibiotics (102-104).

Therefore, this dissertation investigated the adhesin-mediated biofilm
development and architecture organization, as well as the adherence of the biofilm to
surfaces with various physical properties, which are important to the biofilm eradication

in various industries.

1.2 Biofilm development, architecture, and organization

As the structures and development of biofilms in various microorganisms have

been suggested to be associated with drug resistance and environmental stresses,, the



complexity of biofilms structures have raised increasing interests a(5, 105).

The complexity, the differentiation and the organization of biofilms into a variety
of patterns and morphological structures, as well as the consequent behaviors to
convey expansion advantage, resistance to antibiotics, and persistence in infection
have been extensively studied and found to be critical to the treatment, as well as to
establish a model for the complex development in higher organisms (2, 4, 5, 106, 107).
Biofilms enable the sharing of common goods via physiological cooperation to combat
environmental variations (5). The transportation of nutrients through channels of the
biofilm shares similarity with the circulation system in higher organisms (10, 108, 109).
The physical stress and forces are critical for bacterial biofilm pattern formation,
therefore, understanding multicellular traits and the architecture of the patterning in
biofilm will shed light on the spatial organization and physicochemical interactions that

shape the development in higher organisms (2, 110).

1.2.1 Biofilm development

Biofilm development undergoes various stages, including the initial attachment
to surfaces or adjacent cells, then further development and maturation upon stable
attachment, followed by the detachment, and eventually dispersal to release
pathogenic planktonic cells to the environment leading to persistence in infection (111,
112).

The initial attachment of biofilms involves the motility of cells, the physical



property of surfaces, the adherence of cells to surfaces upon external stimulations,
leading to the enhancement in ECM synthesis, which is composed of DNAs,
polysaccharides, adhesins, lipids and various proteins (5, 113-118). For instance, the
initiation of the P. aeruginosa biofilm attachment is sensitive to the external stimuli
through signaling pathways, resulting in a monolayer of cells attached to the surfaces
initially (2, 118-122). Surface roughness and the hydrophobicity of the surface materials
contribute strongly to the attachment speed and area (123).

Following the initial attachment and EPS production, biofilms gradually develop
into a matured form with high resistance to antibiotics and persistence in infection (124,
125). Biofilms undergo maturation through the production of various secondary
metabolites, such as arginine, as well as the exchange or release of genetic materials,
such as DNA from dead cells (2, 126-134). The matured biofiims possesses a
structured polymeric network with enhanced biocides resistance (135). Cells within
matured biofilms also cooperate to adapt to various environmental stresses. Multidrug
pumps and antibiotics degrading enzymes are increasingly expressed by biofilms under
stresses (2, 136-142). Due to the diversity in the composition of the biofilm EPS,
obtaining effective treatments to eradicate the matured biofilms is difficult (Sutherland et
al., 2001).

The detachment stage of biofiim development involves the segregation and
release of cells from the biofilm upon sudden deprivation of nutrients (2). Biofilm

detachment is dependent on the various enzymes that degrade the EPS, as well as the
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physical shear stress (2). Biodegradation of the EPS through polysaccharases, lyases,
proteases (65), and the interruption, as well as promotion of quorum sensing (143, 144)

can be used to disturb the matured biofilm (145).

1.2.2 Environmental cues that affect biofilm formation

Complex biofilm development in various species is sensitive to different
environmental conditions, resulting in morphogenesis adapted to nutrient deprivation,
physical property of the surface, temperature, oxygen and pH gradients (53, 146-150).

The formation of biofilms is sensitive to the change, limitation and balance of
nutrients, such as carbon, nitrogen source and phosphorus (65, 151). Upon nutrient
deprivation, Pseudomonas sp. strain S9 enhances the production of EPS with reduced
association to the cell surfaces, leading to the increase in the viscosity of the biofilm
(152). In contrast, P. aeruginosa increases the EPS and alginate production to facilitate
the attachment to the abiotic surface, and utilizes extracellular DNA as the nutrient
source during starvation (145, 153-155). The balance between various nutrients is also
important to biofilm formation. The lack of lactose results in significant increase in the
biomass production in Citrobacter sp. that overexpresses phosphatase, while the
deprivation of nitrogen or phosphorus causes the reduction in the wet biomass of the
biofilm (156).

Biofilms cells also sense the osmolality changes in their environments (157, 158).

In a high salt environment, E.coli lowers its own motility by reducing the expression of



the flagella gene, which encodes flagellin (fliC), meanwhile increasing the expression of
porin gene ompC, and enhancing the EPS colonic acid production (157, 159), leading

to enhanced biofilm development (160, 161).

1.2.3 Biofilm architecture

Biofilms develop complex and distinct structures during development in
response to various environments. The complex architecture is structured by the
secreted ECM that supports and protects cells within the organized structure (65, 162).
The dynamic organization of the polysaccharides and the interaction with a mixture of
macromolecules, such as DNA, lipids and proteins form the EPS, contribute to the
structured and diverse architecture of the biofilm (65, 163, 164).

EPS, a complex gel-like structured network connected via hydrogen bonds,
serves as stable mechanical support for the cells that adhere to each other within the
biofilm (4, 65, 113, 164, 165). Within the biofilm environment, water is trapped by the
EPS network and serves as the solvent for a variety of substances, such as nutrients
and ions that are transported within the biofilm (113, 166). The matrix of the biofilm also
provides support for enzymes to utilize the macromolecules and nutrients that could
benefit the cells within the biofilm (113).

It was recently reported that E. coli biofilms forming inside the agar demonstrates
a novel multicellular behavior, which is composed of multilayered and equally spaced

“coronal spikes” forming in a ring shape (167). The coronal morphology is organized
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and facilitated through cell-cell aggregation and cell-cell clumping, which increases the
viscoelasticity property of the sessile community to exploit the environment for food
sources more thoroughly (167). The crowning behavior is suppressed by glucose,
independent of the well-known transcriptional regulatory network consisted of
cAMP-CRP complex (167).

It was reported that E. coli biofilms have the capacity and plasticity to spatially
organize its architectures in response to a variety of physical and chemical changes in
the environment (167-169). For instance, Peterson et al. visualized via
confocal-laser-scanning-microscopy that P. aeruginosa biofilms undergo efficient
rearrangement and regain the architecture after transient deformation due to external
stress, whereas a strain deficient of EPS production lacks the capacity to retain the
colony morphology and structure (65, 169).

The physical properties of the biofiims contribute to the adherence and
colonization of biofilms to various surfaces (4, 170). Hydrophobicity and the charges on
the cell membranes are critical for the physicochemical property of biofilms and their
adherence to different surfaces (171-173).

The hydrophobicity on the surface of the Streptomyces coelicolor cells is
important for the hyphae formation and biofilm development (174). Bacteria also
express various kinds of lipoproteins or lipopeptides as biosurfactants to establish
initiation, development and maintenance of the structures of biofilms (175-177).

Biosurfactants, such as rhamnolipid, secreted by P. aeruginosa, increase the solubility

11



of organic substances in the environment to facilitate nutrient uptake and also promote
the shedding of the biofilms membrane bound lipopolysaccharide (LPS) to obtain a
hydrophobic membrane surface during biofilm migration at later development phases
(177-179). The enhancement of hydrophobicity and viscosity via biosurfactants also

facilitates the rapid expansion of the biofilm (180)

1.2.4 Biofilm patterns

An essential trait of the biofilm architecture is the sophisticated patterns
developed on biofilm surfaces (181). Differentiated colony morphological patterns,
named morphotypes, are systematically categorized as chiral, tip-splitting and vortex
(182). The T subtype demonstrates a complex morphology, with faster spreading on
hard agar (182). Even within the same branch of the complex pattern, the bacterial
density is non-uniformed (182). The morphological phenotypes are sensitive to
environmental cues and employ adaptation via morphotype transitions. Ben-Jacob et al
showed that Bacillus subtilis biofilms develop distinct morphology in response to
chemical concentrations in the environment (181). The microscopic organization of the
colony is denser and compact at the edge of colony on higher agar concentration and
sparser with increasing inter-bacterial distances at lower peptone and agar levels (181).
It is suggested that the limited availability of peptone induces chemotaxis, resulting in
the development of macroscopically distinct morphological changes, from compact and

dense structure at high peptone level, to large colony with thick and equally spaced
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branches with high level of ramification at intermediate peptone concentration, to small
and compact colony with thin and dense branches at low peptone levels (181). The
balance between the diffusion of substrate and the growth was suggested to contribute
to the surface patterns, texture and organization of the biofilm, indicated by
computational simulations (183). The mechanism underlying B. subtilis biofilm
formation was suggested to be caused by buckling by local cell death to release
mechanical stress accumulated within the biofilm during development (11).

Distinct surface patterns are also observed in eukaryotic cells. Smooth,
semi-fluffy and fluffy colonies, are found in feral S. cerevisiae strains in response to
diverse environments (184). The structural complexity of the pattern is determined by
the ECM, the significant composites of which are Aqy1, a water channel aquaporin
protein to retain water, and FLO771 that adheres to cells and surfaces (184). It is,
therefore, important to uncover the mechanisms underlying surface pattern formation,

which is significant for eukaryotic biofilm formation (185, 186).

1.2.5 Pattern formation in non-biological systems

In comparison to pattern formation in biofilms, Ben-Jacob, et al. found that
similar morphological characteristics occur in non-biological systems (181). The
compact pattern with intense ramified branches resembled the dynamic Hele-Shaw
pattern of granular substances after injecting air to the center (187, 188). The fractal

pattern is also observed in thin oil layer, similar to the diffusion limited aggregation
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simulation (189).
It is known that physical stresses in materials could induce hierarchical wrinkling,

leading to multiple orders of wrinkling pattern formation (Figure 1) (190, 191).
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hierarchical nested

UV irradiation wrinkle structures

silica-polymer hybrid film

Figure 1. Hierarchical wrinkling in non-biological systems. Silica
film generates hierarchical wrinkles on top of the photomonomer
substrate upon stress, such as irradiation (Modified from Tokudome et
al., 2012). [Permission to reprint obtained from Journal (191)].
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The top elastic layer generates nested wrinkles with wavelengths at several
length scales, ranging from nanometers to millimeters due to the stretching relative to
the substrate layer, in response to stress (Figure 1) (190, 191).

The wavelengths of the wrinkles of the elastic layer on top of the viscoelastic
thick substrate layer is derived theoretically by 1=h *(E,/ E.)"”, where h is the height
of the top elastic layer, E, and E, are the Young moduli of the top skin layer and the
substrate measured by sharp atomic force microscope (AFM) respectively (190). The
wrinkling process is triggered by mechanical stress accumulation within the biofilm. The
wavelength of the wrinkles depends on the Young’s Modulus of the top film and
substrate, the height of the top film, and thickness of substrate if the substrate is thin
(Figure 1) (190, 191).

Viscoelastic soft polymer networks, such as agar, undergo rearrangement under
stress. The viscoelastic substrate maintains both the elastic property, as well as the
viscous property. Elasticity is the capability of the cross-linked polymer networks of
substance to reverse the deformations caused by mechanical stresses (192-194).
Dynamic nanoindentation and scanning electron microscope (SEM) are used to
measure the viscoelastic mechanical properties of the elastic agar (195).

Similar to non-biological materials, the architecture of the biofilms is also
associated with biophysical properties of the biofilm (196). EPS, composed of strong
cohesive polymer networks, contributes to the physicochemical property of the biofilm

to endure the hydrodynamic shear force (168, 197). The elasticity of the biofilm has
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been measured by AFM (196, 197). Understanding the physical properties underlying
the complex patterns is critical to the removal and disinfection process of the adhesive
biofilm (197).

The attachment, maturation and detachment of the biofilm to various surfaces
are dynamic processes involving chemical binding as well as physical interactions
between cells and surfaces (118). However, how the physicochemical interaction
influences the development of biofilm architecture remains unclear. Therefore, it is
important to reveal the association of the mechanical and physicochemical properties of
the biofilm and various environments, and its contribution to biofilm architecture
development. Therefore, | hypothesize that the physicochemical properties of the
biofilm and the agar substrate contribute to the pattern formation through hierarchical
wrinkling. This dissertation systematically and quantitatively characterized the colony
expansion traits, such as the size and the irregularity of the colony on various agar and
nutrient conditions. Furthermore, | determined the dependence of pattern formation on
environmental cues by quantifying the wavelengths of the patterning in various
conditions, and found that the wavelengths were decreasing with agar density. This
study provided evidence that the hierarchical wrinkling, dependent on the

physicochemical properties of the biofilms and the agar, causes pattern formation.

1.3 Multicellularity in yeast

Pattern formation during biofilm development is one of the most important social
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behaviors employed by feral and non-standard yeast strains (4, 186, 198). Wild yeast
strains demonstrate great capacity in coping with various environmental stresses by
forming multicellular structures (199-201). The complex and dynamic multicellular
structure confers prominent traits, such as stratification of specialized cells (9), and

resistance to antibiotics through cooperation (201).

1.3.1 Multicellular behaviors

Wild yeast strains exhibit diverse multicellular behaviors through cooperation
(199). Cell clumping conveys a remarkable advantage in survival under nutrient
deprivation by expressing invertase to enhance sucrose breakdown into
monosaccharides (199, 200). In the brewing industry, yeast cells form flocs and
sediment to the bottom at the end of the fermentation process, which benefits the
separation of flocs from bulk products (202). The flocculation process is directed by a
series of cell-to-cell and cell-to-surface adhesion genes, including FLO11, FLOS, FLOS,
and FLO1 (203-206). Flocs improve the adaptation of cells to environmental stresses,
such as the pH level, temperature, oxygen level, and nutrient deficiency (202). The
protection of cells within the flocs from harsh environments, such as antibiotics and
ethanol stress, depends on the development of architectures that exclude potential
cheaters, which utilize without contributing to the common goods, to the exterior of the

flocs to shield the rest of the flocs from stresses (201, 202, 207).
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1.3.2 Biofilm formation directed by FLO171 and its regulation in S. cerevisiae

One remarkable multicellular phenotype of feral and non-standard S. cerevisiae
is biofilm formation (146, 186). Reynolds and Fink found that the presence of the
adhesin Flo11p is sufficient for a complex pattern formation and rapid colony expansion
during biofilm development on soft agar (0.3%) (146, 186).

The FLO11 gene is also known as MUC1, which regulates pseudohyphal growth,
and is homologous to the STA gene and SGA gene, encoding secreted and
sporulation-specific glucoamylases in yeast (208-210). Flo11p is similar to the
transmembrane adhesin in mammalian cells, known as mucin, which is the major
component of mucous barrier and functions in tumor adhesion, progression, and
invasion (211-214).

Flo11p is an adhesin, independent of sugar, which contains an N-terminal
peptide binding domain, conveying hydrophobicity to the cell membrane, followed by a
central domain consisting of threonine and serine repeats, generating variants of the
adhesin, and a C terminal domain of a glycosylphosphatidylinositol (GPI) anchor,
providing the anchoring of the adhesin onto the cell wall (207, 215-222).

In response to environmental stresses, the adhesion conveyed by FLO1717 allows
the attachment of yeast to biomaterials and abiotic surfaces, and to neighboring cells
through calcium dependent cell-cell adhesion (9, 186, 204, 210, 223-225).

FLO11, one of the largest promoters in yeast with 3 kb in length (226), is

regulated through the convergence of various signaling pathways integrating diverse
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environmental cues (227).

To sense the environment and undergo phenotypic switches to adapt to the
stress robustly and quickly, S. cerevisiae regulates FLO11 gene expression by the
transcription factor Mot3 (228). The switch of Mot3 to the prion state [MOT3+] conveys
heritable and immediate changes to the multicellular behaviors of S. cerevisiae, such as
invasive and filamentous growth, to adapt to environmental stresses, such as starvation,
hypoxia and high ethanol level (228). In addition, FLO71 transcription is also
upregulated post-transcriptionally in response to environmental cues, such as the
deprivation of nutrients (229). The mRNA of FLO11 repressors, such as NRG7 and
NRG2, is reduced by mRNA deadenylation by exonuclease Ccr4, resulting in the
upregulation in FLO711 expression (229). The heterogeneity of morphological
phenotypes is associated with various states of FLO771 expression, regulated by
noncoding RNA, which is modulated by Flo8p, Sfl1p and chromatin silencer Rpd3L (229,
230).

The responses of S. cerevisiae to nitrogen deprivation, high osmolality and
alcohols in the environment converge to the MAPK pathway (231-235). The MAPK
pathway controls FLO11 expression through the initiation of ammonium permease
Mep2 activation upon nitrogen starvation stress (236). The subsequent signaling
proteins are activated in the MAPK cascade, from MAPKKK Ste11, MARPKK Ste7, to
MARK Kss1 (237, 238). The MAPK relay eventually leads to invasive and filamentous

yeast growth through the activation of FLO1717 via transcription factors Ste12 and Tec1
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(239-241).

High concentration of environmental carbohydrates, such as glucose or sucrose,
evokes Ras/cAMP/PKA pathway to activate FLO71 gene expression either through the
activation of Flo8p, an important transcription activator of FLO171, or through the
inhibition of transcription repressor Sfl1 that silences FLO11 chromatin through histone
deacetylase Hda1 (242, 243). In addition to the traditional transcription activation,
chromatin remodeling facilitates the fast fluctuation of FLO71 promoter activity to adapt
to the diverse environmental changes (244). FLO11 directed morphogenesis in S.
cerevisiae could also be regulated through feedback loops. Aromatic alcohols, such as
phenylethanol, tryptophol, are repressed by high ammonium concentration. The
feedback between Aro9, Aro10 and aromatic alcohols through Aro80p, together with
the activation of Aro9, Aro10 under high cell density by Aro80p, resulting in the
filamentous morphology through Tpk2p activated Flo11p pathway (245).

It is known that S. cerevisiae undergoes morphogenetic switch in response to
various environmental cues by integrating various complex transcriptional and
posttranscriptional modulations (246-248). However, it is still unclear how FLO711
mediates complex pattern formation in S. cerevisiae, an important morphological trait of
the biofilm consisting of a central hub with intense primary wrinkles and radial
secondary wrinkles. Understanding the mechanisms underlying the organized pattern
development in S. cerevisiae via mathematical and physical models and characterizing

the significant traits of the S. cerevisiae biofilm surface structure will reveal how
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physicochemical stress shapes organized multicellular structure development in various
organisms.

This dissertation investigates different characteristics of the FLO771 directed
biofilms expansion in various conditions, and further illustrates how patterns develope
upon physical and mechanical stress during colony expansion, as well as the benefits

of forming the structured patterns during colony expansion.
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Chapter 2

Salient traits of S. cerevisiae colony expansion in

response to various environmental cues

2.1 Introduction

Many important traits of social behaviors are eliminated from laboratory yeast
strains for easy handling and genetic manipulation. Wild S. cerevisiae strains that
express cell surface adhesins have the capacity of developing various multicellular
behaviors, from flocculation, clump formation, to biofilm development (186, 200, 201,
249-253). Quantitative analysis on the features of the multicellular structure is important
to reveal critical physicochemical processes that cause structural development in S.
cerevisiae. Furthermore, the mathematical models and systematic analysis developed
to elucidate colony development in yeast could be used as a model system to
understand the complex developmental process and its regulation in higher organisms,
such as adhesin mediated carcinogenesis (254, 255).

Various morphological changes in S. cerevisiae are sensitive to environmental
cues through complex genetic regulation converging on FLO11 (9, 256). FLO11 directs
rapid expansion of the S. cerevisiae biofilm upon nutrient deprivation (186). During the
deprivation of nitrogen source, FLO11 modulates pseudohyphal formation in diploid
cells due to sustained attachment between mother and daughter cells in the unipolar

axial orientation (257-260). FLO11 also regulates invasive growth in haploid cells in
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response to dextrose deficiency in the environment (261, 262). Another remarkable
multicellular behavior directed by FLO11 is biofilm formation, composed of complex
pattern development and rapid mat expansion in semisolid agar surfaces (186).

The genetic networks that convert the environmental cues to the modulation of
morphological changes through FLO11 are well studied (260, 262-264). However, the
morphology of the biofilm and the patterning have only been identified in very low agar
density within a short time course. The detailed characterization of the morphological
changes in response to various environmental cues requires further identification of
environmental factors that affect the morphological changes. In this chapter,
quantitative analysis methods were used to systematically characterize, during the
entire biofilm development time course, the morphological changes of yeast colonies in
response to various conditions, such as different sugar sources, different agar and
sugar concentrations..

Based on the analysis of the colony expansion features, | found that the
expansion curve had distinct convexity upon different initial glucose concentration. In a
previous report, a glucose gradient was observed across the colony during expansion
(146). Glucose level is gradually decreasing from the rim to the center of the colony,
which confers a better cell-surface adherence in the center compared to the rim due to
the repression on Flo11p by high glucose concentration (146). In this chapter, the
unique colony expansion properties were identified by a mathematical model to be

associated with heterogeneous modes of growth upon different nutrient levels.
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In this chapter, further analysis of the morphological traits also indicated changes
associated with agar density, continued in chapter 3 to identify how the physical

properties contribute to the complex and organized pattern formation.

2.2 Materials and Experimental Methods

2.2.1 Strains, Media and Growth conditions:

The haploid S. cerevisiae strains TBR1 (=~ 1278b, mata, FLO11, tryp) and
TBR5 (21278b, mata, flo11 A, tryp) were used. To characterize colony expansion
characteristics, a volume of 0.5 ulof FLO77 or flo11 A cells (at OD around 0.3) were
inoculated onto YPD agar plates (20 ml media per plate, Fisher scientific, Cat#:
0875714G) at various high (1.5%, 3.0%, 6.0%) agar concentrations in combination with

glucose (0.5%, 1.0%, 2.0%).

2.2.2 Plate Imaging and Microscopy:

Plates with yeast strains were imaged under a Biorad imager or Leica MZ6
stereo microscope with Nikon DS-Fi1 camera and Nikon Digital sight DS-U3 camera

controller and analyzed for colony size.

2.2.3 Image Processing.

To analyze images for the study of colony shape, Javad Noorbakhsh from the
Department of Physics, Boston University, used an image processing procedure

consisting of two stages of dish detection and colony detection to analyze the images |
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obtained experimentally. To detect the Petri dish, he assumed that the dish was
perfectly circular and used an algorithm that searched for circular objects with sizes
close to the dish size. This algorithm functions by looping through different threshold
values and binarized the image. It then chooses the threshold value that produces the
most circular object (through minimizing a cost function) and thresholds the image to
detect the dish. The dish is then removed from the image, leaving only the colony and a
background.

To detect the colony, images were binarized by thresholding. The threshold was
determined for each image by producing its intensity histogram. Each histogram
contained two main peaks that corresponded to background and foreground. The
threshold value was determined by finding the local minimum between these two peaks.
This procedure was successful at accurately detecting colonies in almost all images.
The few images missed by the algorithm were analyzed through choosing the threshold

manually.

2.2.4 Analysis of the colony expansion time course and the non-circularity of the

colony rim.

Javad Noorbakhsh performed the P2A analysis on the images | obtained
experimentally. The P2A method thresholded the image to find the colony boundary

and then derivatives (Equation 1.1).

PZ

P2A = .
4AXTXA 1.1
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where P was the perimeter of the colony in pixels calculated by the function bwperim in
Matlab in 8-connected mode. A was the area of the colony calculated by counting the
total number of pixels in the colony. Note that P2A had been defined, such that it was
invariant under scaling of the image and only responded to the changes in the shape of
the colony boundary. Furthermore its value was equal to one for a perfect circle and
would increase as the colony boundary became more irregular. Thus, P2A was used to

measure the deviation of the shape of the colony rim from a circle.
2.2.5 Mathematical modeling of differential growth of the FLO71 directed biofilm.

The growth of the center of the colony was modeled by the modification on the
Michaelis-Menten equation (265). Glucose (G) formed complex (C) with a mother cell
(No), then the glucose (G) was converted to a daughter cell (N,) (Equation 1.2).

G+NO§C SN+ N, (1.2)

The mother cell (N,), glucose (G) and daughter cell (N,) in this equation
resembled the enzyme, substrate and product in the Michaelis-Menten equation
respectively. Equation (1.3) was different form the Michaelis-Menten equation in the
sense that the daughter cell (N,) generated from Equation (1.2) became a mother cell
(N,) and re-entered Equation (1.2) to repeat the process until glucose was used up in

the center of the colony.

N, - N, (1.3)
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The initial condition was the initial glucose (G,) provided to the colony from the
media, which was retained in the daughter cells (N,), mother cells (N,), the complex (C),
and the remaining glucose (G), while not in the initial cells inoculated to the plate (N))
(Equation 1.4). The total number of cells in the center is composed of both the mother
cells and daughter cells (Equation 1.5).

N,+ G+C+ N,—N; = G, (1.4)
Ny =N,+N,= Gy +N,— C—G (1.5)

The following ordinary differential equations (Equation 1.6 - 1.9) described the
changes of glucose (G), the complex (C), the mother cell (N,) and daughter cell (N,,)
over time. The rates of reactions for complex formation, complex decomposition,
daughter cell generation, and the conversion from daughter cell to mother cell were

indicated by f, b, ¢, v respectively.

dG

P —f*G*N,+bx*C (1.6)
dc
Ezf*G*No—b*C—c* C (1.7)
dN,
pral —f*G*N,+b*xC+c*xC+v=*N, (1.8)
dN,
i cxC—v=*N, (1.9)

It has been reported previously that the rim of the FLO71 colony had access to a
sufficient level of glucose during colony expansion (146). Therefore, the growth on the
rim of the colony was modeled as linear growth due to sufficient glucose. Specifically,

the mother cell generated a daughter cell in the orientation from the center to the rim
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(Equation 2.0). The extension of the rim of the colony over time was associated with the
growth rate (g) and the diameter of the cell (D) (Equation 2.0).
—=gxD (2.0)

The size of the S. cerevisiae cell was 4.5 ym, which was measured by Nexcelom
Vision CBA version 2.1.4.2 on the thresholded image with only single cells (See
Methods in Chapter 4), and was the same as in previous reports (266).

In order to find the relationship between the colony radius and the cell number,
which represented the growth at the rim and the center of the colony respectively,
experimental data was used. Specifically, the image of the colony was used for
obtaining the radius of the colony at certain time points, when the total cell number of
the entire colony was measured through ODggo. The entire colony, with radius of the
colony measured, was collected with a specific amount of media, followed by ODegoo nm
measurement. The cell number was then calculated using the ratio that 1ml of cells with
ODeoo nm at 1.0 indicating 1.5 * 107 number of cells (267). Then the ratio of the cell
number and colony radius (mm) was 2.2 * 10’ mm™.

2.2.6 Growth rate measurement for FLO11 and flo11A.

FLO11 and flo11 A cells were inoculated to yeast extract peptone galactose
(YPGal) media with 0.5% galactose, at the same starting ODggo nm = 0.005. Three
independent replicates were initiated from three different colonies of FLO77 or flo11 A.
The optical density of the cultures was mostly measured at interval of 2- to 4- hours for

the 57 hour assay. The cultures were incubated in a 311DS Shaking Incubator. Growth
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curve was plotted in Graphpad Prism. The distribution of the FLO717 and flo11 A cells
composed of both the clump form due to incomplete separation and single cells form
was obtained by Nexcelom Vision CBA version 2.1.4.2. FLO11 and flo11 A cells with or
without clumps were imaged by Nexcelom with threshold on the diameter of the object.
The image of single cell was obtained from disguising the clumps from the image
containing both clumps and single cells with Matlab script, and then the diameters of

single cells of FLO11 and flo11 A were counted in Nexcelom.

2.3 Results

2.3.1 The influence of the environment and FLO1717 on colony size.

How the presence of a functional FLO71 gene influences colony expansion
under various nutrient conditions on agar plates was first investigated. To address this
question, the areas of FLO11 and flo11 A colonies that expanded under nine different
combinations of YPD agar (1.5%, 3.0%, and 6.0%) and glucose (0.5%, 1.0%, and 2.0%)
concentrations were obtained. FLO171 colonies (Figure 2A, C) expanded faster than
flo11 A colonies (Figure 2B, C) and reached larger maximum size in all conditions

tested, in agreement with previous observations in soft agar (186).
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Figure 2. Colony size and irregularity for various glucose and
agar concentrations. (A, B) Images of FLO11 (A) and flo11A (B)
on YPD plates containing different glucose (0.5%, 1.0%, 2.0%) and
agar (1.5%, 3.0%, 6.0%) concentrations around day 20. (C, D) The
expansion of colony area (C) and the irregularity (D) of FLO11 (red
curves) and flo11A (green curves) colonies over the 60-day time
course. FLO11 colonies (red curves) demonstrated higher maximum
colony size (C) with higher irregularity (D) at the colony rim than the
flo11A colonies (green curves) in all conditions tested. The
maximum colony size (C) of both FLO11 (red curves) and flo11A
(green curves) colonies increased with glucose and inversely
depended on agar concentrations. The irregularity of FLO11 (D)
(red curves) inversely depended on both the agar and the glucose
concentrations, compared to the minimal irregularity of flo11A (D)
(green curves) colonies throughout the time course at all conditions
tested. Thinner curves were different replicates and thicker curves
were their average up to a time when all the replicates were present.
(Analysis performed by Javad Noorbakhsh)
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To further investigate whether similar trends appear independent of sugar
sources, galactose was used in replacement of glucose. Colonies expanded on
surfaces at conditions (0.5%, 1.0% and 2.0% galactose (Figure 3), in combination with
1.5%, 3.0% and 6.0% agar) the same as on glucose (Figure 2) surfaces.

In order to elucidate the critical environmental conditions that affected colony
expansion, the detailed features of colony expansion were captured among various
conditions. The maximum colony area increased with the glucose concentration, but
had an inverse dependence on agar density, regardless of FLO717 status (Figure 2).
The time that colonies took to reach the maximum colony area increased with agar
density, with no consistent dependence on glucose concentration for colonies on

different agar density surfaces, regardless of FLO11 status (Figure 4E, F).
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Figure 3. FLO11 colonies expanded faster and were more irregular than flo71A
colonies on YPGal plates. (A-D) On YPGal plates with galactose as the sugar
source, the colony size (A) and the irregularity of FLO11 colony measured by P2A
(C) increased along the time course, with higher value compared to flo11A (B, D) at
most conditions. The conditions included three agar densities at 1.5%, 3.0%, 6.0%
(as A15, A30 and AGO respectively in the figure legend) and three glucose
concentrations at 0.5%, 1.0%, and 2.0% (as G05, G10, and G20 respectively in the

figure legend). (Analysis performed by Javad Noorbakhsh)
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Figure 4. Colony characteristics as functions of agar
and glucose concentration. (A-D) The maximum colony
area (A, B) and the irregularity of the colony rim (C, D) of
both FLO11 (A, C) and flo11A (B, D) colonies inversely
depended on agar density. The maximum colony area (A,
B) increased and the maximum irregularity of the colony
rim (C, D) decreased with glucose concentration,
regardless of FLO11. (E-H) Colonies approached the
maximum area (E, F) and the irregularity (G, H) faster at
lower agar density regardless of FLO71. (Analysis
performed by Javad Noorbakhsh)
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FLO11 colonies expanded to reach larger colony sizes at each condition (Figure
2, 3). The above observations suggested that the properties of FLO117 colony
expansion followed similar trends on different sugar sources (Figure 2, 3).

| further tested whether faster FLO1717 colony expansion could be related to faster
growth rate and/or larger cell size of FLO11 compared to flo11 A cells. FLO11 and
flo11 A cells grew at comparable rates in liquid cultures (Figure 5) arguing against a

significant difference in their growth rates.
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Figure 5. No significant growth difference between FLO177 and flo11A S.
cerevisiae cells in liquid media. On 0.5% galactose YPGal liquid media, (A)
No significant difference throughout the 57-hour growth curves between
FLO11 and flo11A cells. Three independent replicates of FLO71 (red) and
flo11A (green) were shown as error bars for the average curve. (B, C, D, E)
The distributions of cells and clumps diameters between FLO11 (B, C) and
flo11A (mutant) (D, E) at 28 hours (B, D) in exponential growth and at 48 hours
(C, E) in stationary phase were similar.
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Moreover, FLO11 and flo11 A cells had similar cell size distributions (Figure 5).
FLO11 and flo11 A cells also had similar cell size at 4.5 um. The distribution of the
FLO11 (Figure 5B, C) and flo11 A (Figure 5D, E) cell and clump diameters were similar
at either exponential (Figure 5B, D) or stationary phase (Figure 5C, E). Therefore, some
other mechanisms, such as the FLO171 directed two dimensional growth due to close
attachment to the surface, might underlie the faster expansion of FLO71 colonies

compared to flo11 A colonies in the same agar and sugar conditions.

2.3.2 The influence of the environment and FLO1717 on colony shape.

The second colony characteristic investigated was the colony shape, quantified
by analyzing the irregularity of the colony rim (see Methods). The dimensionless P2A
ratio, defined as P%/4 n A, where P is the perimeter, and A is the area of the segmented
object. The P2A ratio takes its minimal value of 1 for a perfect circle, and increases as
the object becomes more irregular. The P2A method is more sensitive to small
fluctuations at the colony rim.

At each combination of glucose and agar concentrations, P2A method indicated
more pronounced colony rim fluctuations in FLO11 colonies compared to flo171 A
colonies (Figure 2D). The irregularity at the rim of FLO71 colonies increased over time
for all colonies. The maximum irregularity reached at the end of the time course
decreased with both agar and glucose concentrations (Figure 2D, 4C, D). The

irregularity of the colonies rims saturated at a much earlier time than the area of the
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colonies, regardless of FLO11 status (Figure 4G, H). The trends of the expansion of
FLO11 colonies over a wide range of agar levels and sugar concentrations were
consistent between trials, and were independent of sugar sources (Figure 2, 3).
These findings indicated that the characteristics of colony expansion, such as
expansion rates and the non-circularities on the boundary of FLO11 colonies were
robust and consistent between trials, which were dominated mainly by FLO11
expression and the expansion conditions, such as agar densities and glucose levels

(Figure 5, 6).

2.3.3 Heterogeneous modes of cell growth within the colony determine the

convexity of the expansion curve in response to various glucose levels.

Colony expansion was modeled as heterogeneous cell growth, which consisted
of growth in the colony center (a modified Michaelis-Menten equation) and linear growth
on the rim of the colony (Figure 6A). The ratio of the cell number to the radius (mm) of
the colony was 2.2 * 10" mm™ (See Methods in Chapter 2). The time dependence of
glucose (G), daughter cells (N,;), mother cells (N,), the cell-sugar complex (C), and the
radius (R) of the colony (Equation 2.0-2.4) were derived from Equation 1.6-2.0. The

parameters were f = 0.3; b = 0.0001; ¢ = 0.01; v=0.01; g = 0.000167.

dG

E:—f*G*NO+b*(K*G*NO) (2.0)
dn,
el cx(K*xG+*Np)—v*(Gog—C— G— N, +N;) (2.1)

% =—f+xG*Ny,+(b+c)*K+xG*Ny+vx (Go—C— G— N, +N;) (2.2)
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Figure 6. Mathematical model for colony expansion. (A) Schematic on the
different modes of growth on the center composed of initial inoculated cells (N;), old
cells (N,) that generate new cells (N,), and on the edge composed of cells generated
from center to edge. (B) Cell growth at the edge of the colony (green line) was
observed as it exceeded expansion of cells in the center throughout the time course.
(C-E) The expansion of cells in the center (blue line) represented the entire colony
(yellow line) at certain time point when the center approached and pushed the edge
when the colony grew to certain size. The expansion curve was concave at lower
glucose concentration (C), and became more convex with the increase in glucose
level (D, E). The cells on the edge, total cells in the center, the sugar level, the cells of
the entire colony, the daughter cells (New Cells), the mother cells (Old Cells) and the
complex in the center were represented in green, blue, magenta, red, yellow, cyan
and black curves respectively.
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Ezf*G*N,,—(b+c)*(K*G*NO) (2.3)
dR
E:g*4'5 (2.4)

Initial glucose (Gy) (Equation 1.4) corresponded to the starting glucose level that
was initiated in the plate in the experiment (Figure 2). When colony expanded on media
with very low glucose concentration, the center of the colony expanded slowly, and was
not able to approach the rim of the colony, therefore linear growth at the edge of the
colony was observed (Figure 6B).

At medium initial glucose level, the expansion in the center was more rapid than
the colony rim after a certain time point. Therefore, the behavior of the entire colony
was represented by the center of the colony after an initial lag, replacing the behavior of
the edge of the colony that was observed initially. Therefore, the overall colony
expansion curve was concave at the intermediate glucose level in this colony
expansion model (Figure 6C), which agreed with the experimental data on the concave
colony expansion curve on 0.5% glucose concentration (Figure 2C).

With the increase in the starting level of glucose, the center of the colony pushed
the edge from very early time, leading to the representation of the expansion curve of
the entire colony by the cells in the center for most of the time course (Figure 6D, E).
Thus, the overall expansion curve switched from concave at medium initial glucose
concentration (Figure 6C), to more and more convex curve when the initial glucose was

increasing (Figure 6D, E), which agreed with the trend observed experimentally (Figure
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2).

The mathematical model on the heterogeneous cell growth between the center
and the rim of the colony captured the trend of the convexity change of the expansion
curve in response to various initial glucose concentrations observed in the experiment
(Figure 2, 6). The findings suggested that the observed unique property of the
expansion curve may be due to the distinct modes of growth within the colony,
depending on whether the center of the colony could overtake the edge during colony

expansion.

2.4 Discussion

Microbial biofilm formation has received considerable attention. In the 1990s
there was a surge of interest in quantitative characterization of microbial colony as
physicists forged connections to non-equilibrium growth phenomena (181, 268, 269).
Although many recent studies describe phenomenological associations of various
molecular and physical processes with biofilm development, it is unclear whether there
is a dependence of the salient traits of the colony expansion on various environmental
cues. The mechanism underlying the distinct expansion behavior on different
environmental conditions still remains unclear.

Deeper understanding of colony development requires systematic imaging on
pattern development, quantitative data analysis from images, and mathematical models.

This work represents a step in this direction by systematically extracting and quantifying
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features in expanding yeast colonies.

This Chapter used quantitative methods to analyze the salient features of yeast
colonies during their expansion on agar plates: colony size and rim irregularity. By
comparing FLO11 cells to otherwise isogenic flo11 A cells, it was observed that the
FLO11 gene increased the rate of colony expansion, enhanced rim irregularity in all the
sugar and agar concentrations tested. These trends were consistent among three
different trials with glucose (Figure 2), as well as a trial with galactose, indicating the
robustness of colony expansion features, which was independent of the sugar source
(Figure 3). Seeking a unifying explanation for these experimental observations, |
proposed a simple mathematical model to capture these differences. The model
qualitatively reproduced colony expansion curves under different growth conditions.

Overall, this chapter not only quantitatively characterized the salient traits of S.
cerevisiae colony expansion that the value of both colony size and the irregularity of the
colony rim of FLO11 were higher than flo711 A colonies at various of glucose and high
agar concentrations, but also identified that the convexity of the distinct expansion
curve observed in the quantitative analysis to be defined by the differential growth
modes within the colony in response to various initial glucose levels.

The inverse association of the colony size and the irregularity with agar density
revealed in this chapter suggested that the physical properties of the biofilm and the
substrate were also important for the biofilm formation and organized patterning, which

was further investigated in Chapter 3.
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Chapter 3

Mechanisms Underlying Pattern Formation in S.

cerevisiae
3.1 Introduction

3.1.1 Biofilm architecture development in microorganisms.

Biofilms in various species undergo complex spatiotemporal development to
form organized structures. E.coli biofilms exhibit heterogeneously structured layers of
cells, with the outside layer composed of ovoid cells at stationary phase and the inside
layer of a growth zone formed by actively dividing cells (270). Similar structures are
observed in eukaryotes, as in S. cerevisiae biofilms, where metabolically active cells in
the cavity of the biofilm are encased and protected by the ECM (9). The high level of
organization of biofilms in adaption to nutrient limitation resembles a simplified version
of the differentiation and organization of specialized cells in higher organisms (9, 270).

Biofilms also form complex surface architectures composed of spatially
organized surface patterns, with cell-free channels, which transport water, dissolvable
nutrients and waste products within the biofilm (10, 271, 272). This nutrient
transportation through interconnected channels within the biofilm shares common traits

with the simplified circulation system in higher organisms (272).
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3.1.2 Hierarchical model in non-biological system.

The complex patterning extending to multiple scales is also observed in
non-biological systems (190, 273, 274). Theories of elastic skin-viscoelastic substrate
(ESVS) sandwich systems indicated that an elastic thin surface Polydimethylsiloxane
(PDMS) film on the substrate generates hierarchical wrinkles over several scale when
exposed to ultraviolet and ozone radiation (190). The disturbance of the equilibrium
between the stresses accumulated in the top elastic skin layer and the viscoelastic
bottom substrate layer results in the wrinkling pattern extending to several scales,
where the strains accumulated saturate the scale of the previous wrinkle (190, 273,
274).

The hierarchical wrinkling model derived from non-biological systems in previous
reports showed that the wavelengths of the patterns at different scales are associated
with the Young’'s Modulus of both the elastic top thin film and the bottom viscoelastic
substrate layer, the height of the thin top film of the previous wrinkle, and the thickness
of thin substrate (190, 195). Hierarchical wrinkling in non-biological systems suggest
the importance of the physical properties of surface and substrate layers to pattern

development (Equation 2.6, 2.7).

3.1.3 Physicochemical property of biofilm.

The physical properties, such as the hydrophobicity and tension accumulated

through the interaction between the biofilm and the abiotic surface, are not only
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important to the biofilm attachment to low energy surfaces, but are also critical to the
pattern development of the biofilm (257, 275).

The capability of biofilms attaching to various biological and abiotic surfaces in
nature is associated with its physicochemical property (12, 276), which is contributed by
the viscous matrix that encases the cells (275). The ECM is composed of networks of
interconnected polysaccharides, the modification of which could alter the
hydrophobicity, dynamics and stability of the biofilm, resulting in the change in the
elasticity, in order to protect the biofilm from mechanical shear stress (4).

In Gram-negative bacteria, the hydrophobicity of the matrix could be enhanced
through the alterations of the O-antigen of the lipopolysaccharide, in order to confer
attachment to hydrophobic abiotic surfaces (2, 277). It has been reported that the
acetylation of the polysaccharide of the Rhizobium meliloti cells in a biofilm promotes
the organization of the polysaccharides network, resulting in higher elasticity (278, 279).
The alteration of the physical properties of the matrix in Arthrobacter viscosus cells is
triggered by deacetylation of the alginate via carboxylesterase (280).

The physical properties are critical to the biofilm development and pattern
formation, and | also found that agar density played an important role in determining the
biofilm expansion features (Figure 2, 4, 8). Therefore, | investigated whether yeast
biofilms developed patterns due to hierarchical wrinkling, similar to non-biological
systems. The cross-sectional view of the yeast colonies in previous studies suggested

that yeast biofilms are composed of layered structures of cells and ECM (9). |
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hypothesized that the primary wrinkle is triggered on the top layer of cells, which
interacts with ECM substrate. As stress accumulated, cells with ECM could generate
secondary wrinkles on top of the agar substrate. The ESVS model for yeast is
composed of ESVS Thin model and ESVS Thick model specifically, depending on the
thickness of the substrate (see Methods) (190, 274, 281).

In this Chapter, | quantitatively analyzed the pattern formation on different agar
densities and glucose concentrations, and fitted the data with the ESVS Thin and Thick
model. | found that ESVS Thin model fitted the primary wrinkle and ESVS Thicker
model fitted the secondary wrinkle much better than the agar-independent model.
These findings suggested that the yeast biofilm is much more complicated than
non-biological ESVS systems, as it is composed of multi-layered structures of cells, and
ECM with different physical properties, which interact with the agar substrate, leading to

complex pattern formation.

3.2 Materials and Experimental Methods

3.2.1 Strains, media and growth conditions.

For manual measurement of the wavelength in pattern formation, a volume of 0.5
ulof FLO11 orflo11 A parental strains (at ODgoo nm 0.5) in liquid culture were
inoculated onto yeast extract peptone dextrose (YPD) media agar plates (6-well plate,
BD, Cat#: 353046) at various low (0.3%, 0.6%, 0.9%) and high (1.5%, 3.0%, 6.0%) agar

concentrations in combination with various glucose concentrations (0.5%, 1.0%, 2.0%).
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For each colony, the arc-length distances between primary wrinkles or
secondary wrinkles were measured, at a certain radius that was positioned both within
the colony and close to the outside rim. Primary wrinkles or secondary wrinkles were
distinguished by the random positioned short first degree structure and the radially
positioned thick secondary wrinkles bundled from thin secondary wrinkles, respectively.
The number of arc-length distances of primary wrinkles were measured corresponding
to each agar concentration, which were obtained over the range of glucose
concentrations. The arc-length distances of primary or secondary wrinkles were
measured for FLO11 colonies expanding on all agar concentration tested. Based on the
strong influence of agar on the secondary wrinkles pattern formation on FLO171 colony,
which is slightly effected by the change of glucose concentration, the arc-length
distances measured on each agar level consisted of three glucose conditions. There
were three replicates for most agar and glucose combinations. The total number of
arc-length distances for primary and secondary wrinkles measured on each agar level

were listed in Table 1.

3.2.2 Detection of death patterns in S.cerevisae.

Since FLO11 colonies expand rapidly with stable patterns forming on 0.6% agar
and 1.0% glucose YPD plates, this agar surface was then used as the substrate for the
detection of cell death pattern during mat formation. 5 1 M sytox (SYTOXR Green

Nucleic Acid Stain, Life Technologies) was added to the YPD agar to detect the viability
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of cells during pattern formation. A time-lapse movie examining cell death ina FLO11
colony was created by imaging with bright field and FITC filter under Nikon Eclipse Ti
microscope for forty one hours with 10 minute intervals. The negative controls were
FLO11 colonies expanding on 0.6% agar and 1.0% glucose YPD plate without sytox, in
the presence or absence of 3% hydrogen peroxide. 3% hydrogen peroxide was applied
in the YPD plate as a positive control for cell death, as it was previously reported that
the survival rate of S. cerevisiae was below 0.01 under the treatment of 0.017%
hydrogen peroxide (Jamieson, 1992). The positive control was YPD plate with 5 »

M sytox and 3% hydrogen peroxide added at 15 hours. The contrast was adjusted to

the same level for experimental images and controls.
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Agar | Agar

Number of Primary
147 207 158 169 106 51
Wrinkles measured

Number of Secondary

49 116 80 87 73 42
Wrinkles measured

Table 1. The number of distances measured for primary and secondary
wrinkles.
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3.2.3 Colony freezing and cryosectioning.

To culture colonies for cryosectioning, a volume of 0.5 ulof FLO11 orflo11 A
(at ODeoo around 0.3) were inoculated onto YPD agar plates (6-well plate, BD Falcon,
Cat#: 353046) with 1.0% glucose in combination with various agar concentrations
(0.6%, 1.5%, or 3.0%). At day 9 after inoculation, the colonies were cut for frozen blocks
for cryosectioning. Radial and across- secondary wrinkles blocks that were oriented
parallel or perpendicular to the direction from the center to the rim of the colony were
cut out of the colonies with a scalpel and then immersed in clear frozen section
compound (VWR, CA95057-83B). The blocks were frozen in a HistoChill Cryobath (SP
Scientific, FTS system), and then sectioned with 4 1 m thickness for each cross
section slice. Each block was cryosectioned at radial or across- secondary wrinkles

orientation for six slices, respectively.

3.2.4 Plate imaging and microscopy.

For manual measurement of the wavelength in pattern formation, colonies on 0.3%
agar density were imaged at day 4, and colonies on 0.6%, 0.9%, 1.5%, 3.0%, 6.0%
agar concentrations were imaged with a Leica MZ6 stereo microscope with Nikon
DS-Fi1 camera at day 24. For cryosectioning, colonies were imaged under the Leica
microscope before and after removing blocks for frozen and cryosectioning, and the
cryosectioned slices were imaged under a Nikon Eclipse TE2000-E microscope with a

4X magnification objective using a QIClick camera and montaged via Photoshop CS.
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3.2.5 ESVS model for S.cerevisae colony.

To investigate the mechanisms underlying the hierarchical wrinkling patterns of
the S.cerevisae colony expanding on the surfaces with various agar concentrations, |
applied “The Hierarchical Wrinkling Pattern Model for Viscoelastic Skin and Substrate”
ESVE model from the Genzer group to correlate the wavelengths of S. cerevisiae
colonies ("skin") to various agar (“substrate”) concentrations (Efimenko et al., 2005; Fu
et al., 2009; Nayar et al., 2012). The wavelengths of the hierarchical wrinkles of
colonies depend on the Young's Modulus of both the colonies ("skin") and the agar
("substrate") surfaces (Efimenko et al., 2005; Fu et al., 2009).

The Young's modulus for each agar surface in the model (see Methods) was
obtained from previous report from Hodge group through nanoindentation, (Nayar et al.,
2012). Specifically, the Young’'s modulus was calculated from:

E=y(EE ) (2.5)
where the storage modulus E’ and the loss modulus E” were the dynamic modulus,
measured by Nayar et al., 2012. The Young’'s Modulus E in correspondence to various
agar concentrations are shown in Table 2 (Nayar et al., 2012).

To obtain the wavelengths of the hierarchical wrinkles of the colony in the model
(see Methods), the height of the smooth yeast skin and the primary wrinkle were
measured respectively. The height of the smooth colony and primary wrinkles, which

were 80 pm and 350 um measured from cryosectioned colonies (on YPD media with
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1.5% agar and 1.0% glucose), were used in the following model to obtain the
wavelength of the primary wrinkles and secondary wrinkles.

The hierarchical wrinkling model showed that the wavelengths of the secondary
wrinkles of S. cerevisiae colonies were decreasing with the increase of agar levels,
which indicated the dominance of agar in determining the wavelengths of secondary
wrinkles.

We then applied the ESVS Thin Substrate (Equation 2.6) and Thick Substrate

(Equation 2.7) model to obtain the wavelengths of the pattern for yeast colony

respectively.
A = 1 Y _yeast 1
= (hH)z(a2x2+bx)6 (2.6)
1
A= 27

where x indicates the percentages of agar, A is the predicted wavelength of the
wrinkling pattern in S. cerevisiae. The heights of yeast cell layer (h) and ECM substrate
(H), used in ESVS Thin Substrate model (Equation 2.6) were both 80 1 m, the yeast
Young’s modulus was 112 KPa, the coefficient a, b for x were 1.81e-007 and 3.2051
respectively. The heights of yeast cell and ECM layer used in ESVS Thick Substrate
model (Equation 2.7) were 325 1 m, the yeast Young’ s modulus was 8000 KPa, the
coefficient a, b for x were 798500 and 3823 respectively, which was obtained from
fitting a quadratic polynomial equation (Equation 2.8) to the data on the Young’s
Modulus of agar versus various agar densities from Nayar 2012 (195).

f(x) = ax? + bx + ¢ (2.8)
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where a, b, c were 798500, 3923, 83.3 from the fit respectively, the R-square was 0.999.
Geometric mean of wavelengths were used. The height for calculating the wavelengths
of primary and secondary wrinkles were measured from the cross section of the FLO11
colony. | also verified that the fitting of the model to the data is not affected by the

change in yeast Young’s Modulus over a wide range of values.
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148 5KPa

148KPa

160KPa 3KPa 160KPa

500KPa 8KPa 500KPa

2274 15KPa 22KPa 2274 1KPa

Table 2. Young's modulus in response to various agar concentrations
(Modified from Nayar et al., 2012).
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3.2.6 Manual measurement on the wavelength of colony patterns.

For each colony, the arc-length distances between the primary or secondary
wrinkles were measured, at a certain radius that was positioned in the outside rim of the
colony. The primary and secondary wrinkles were distinguished as the randomly
positioned short first-degree structures or the radially positioned thick bundles of thin
wrinkles respectively. The arc-length distances of primary and secondary wrinkles were
measured for FLO11 colonies on each combination of agar and glucose concentrations.
Based on the strong influence of agar on the wavelengths of secondary wrinkles on
FLO11 colony, which was slightly effected by the change of glucose concentration, the
arc-length distances measured on each agar level consisted of three glucose conditions
with replicates. Most agar and glucose combinations had three replicates. The total
number of arc-length distances of primary or secondary wrinkles measured for each
agar density were shown in Table 1. The wavelengths of the wrinkles were obtained
from Equation 2.9, 3.0.

A = gxe (2.9)
6 = 2Xarcsin (%) (3.0)
where d was the diameter of the circle that harbored the measured arc-length distances;
di: the arc-length distance between primary wrinkles or between secondary wrinkles; 0 :
angles between primary or secondary wrinkles; A : wavelength for primary or
secondary wrinkles. The distances (d;) between adjacent primary or secondary wrinkles

were measured around a circle near the colony rim. The diameter of the circle (d) and
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the diameter of the plate in the image were also measured. Knowing the actual
diameter of the plate (3.5 cm), we could therefore estimate the actual radius of the circle
(d), as well as the inter-secondary wrinkles and inter-primary wrinkle distances (d;). The

analysis on wavelength was performed in Matlab R2010b.
3.2.7 Fast Fourier Transformation analysis on secondary wrinkles frequencies.

Images were converted to grayscale and colonies were segmented based on
pixel brightness and radius, using a Gaussian mixture model. Yeast colonies were
converted to radial coordinates using the imgpolarcoord Matlab file written by Juan
Carlos Gutierrez and Javier Montoya. The image data lines at each radius within a
section were Fast Fourier Transformed (FFT). The mean and standard deviations of the
FFT intensities within each section were then calculated, and used to create the mean

spectra and the standard deviation of the spectra. Finally, the heights of the peaks were

calculated as s(k ) = log,, #(m, k) +log,, (- n,k) with a t-statistic defined in Equation 3.1.

t(j,k) = max \/’;(2‘2)1‘;(’(‘]('_]3) (3.1)
N

where m,n€{1,2,3} . The mean and standard deviation of spectral intensity
corresponding to k are y(k),a(k). N is the number of spectra used to calculate u(k)and
a(k). Peak with highest s was chosen as the frequency of secondary wrinkles.
Wavelengths were then calculated by dividing the outermost perimeter of a section by

the number of secondary wrinkles (or oscillations) corresponding to the corresponding
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frequency. The Fast Fourier Transformation was performed by Rhys Adams.

3.2.8 Comparison of fitting between ESVS Thin and Thick model and

agar-independent model to wavelengths of pattern of FLO7117 colony.

ESVS model includes the ESVS Thin and Thick model and agar-independent
model, which were fitted to the manual measured wavelength for the hierarchical
wrinkles (including both the primary and secondary wrinkles) with one parameter, such
as the Young’'s Modulus of substrate or yeast free.

The ESVS Thin model and Thick model were used based on the thickness of the
substrate (Equation 3.2, 3.3) (273, 274).

A= (s (3.2)

A= h(i_’:)i (3.3)
h, H, Em, Eprepresented the height of the top film and substrate, the Young’s Modulus
of the top film and substrate respectively. Incorporating the height of the yeast biofilm
and the association of agar density and the Young’'s Modulus of agar (195), the ESVS
model with the free parameter, which was the Young's Modulus for ECM substrate or
the Young’'s Modulus for the yeast biofilm, suggested the relationship between the
wavelengths of the primary wrinkle for ESVS Thin (Equation 3.4) and Thick model
(Equation 3.6), or secondary wrinkle for ESVS Thin (Equation 3.5) and Thick model
(Equation 3.7) respectively, which were fitted to the data. The Young’s Modulus of the

yeast used was 0.019 KPa, which was the bacterial biofilm Young’s Modulus (282).
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The height of the agar 6236(um) in Equation 3.7 was calculated by Equation 3.8,

A= (80(um)x80(um))%><i/(azlej;fgz”a) (3.4)
A= (325(um)x6236(um))§xi/(az;zflff:;jm) (3.5)
A= (80(1um)) xj(azx;;g;jm) (3.6)
A= (325(um)) xi/(azlejif;‘zKpa) (3.7)
Vagar = TR%H (3.8)

where R is the radius (1.75 cm) of the 6-well plate (BD Falcon, Cat#: 353046), Vjgar is
the volume of the agar (6 ml).

The agar-independent model was shown in Equation 3.9. The fittings were
performed with Matlab curve fitting tool — cftool.

cxx? (3.9)
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3.3 Result

3.3.1 Pattern formation in S. cerevisae.

The characteristic investigated in this chapter was pattern formation on colony
surfaces during expansion. Initial patterns in FLO71 colonies typically appear as
irregular wrinkles developing into a “hub”, a thickening mass of cells in the colony center.
After a few days, as the colony expanded beyond the wrinkled hub, wrinkles emerge in
the radial direction, some of which bundled into thicker secondary wrinkle-like
structures. As the colony area increases, radial secondary wrinkles appear de novo
between two existing secondary wrinkles or by branching, with apparently quasi-regular
spacing. In contrast, flo11 A colonies appear smooth, without any obvious surface
patterns (Figure 2B).

To determine whether the distances between primary and secondary wrinkles
are regular, and whether they depend on agar and glucose concentrations, the surface
patterns of individual colonies were measured manually. The narrow distributions of
inter-wrinkle distances suggested regular spacing for the primary wrinkle, as well as the
secondary wrinkle (Figure 8). Additionally, through colony expansion, the spacing
between primary and secondary wrinkles were regular and were maintained to be
constant during expansion. Moreover, the number of primary and secondary wrinkles
increased towards the colony edge, indicating that pattern formation had a tendency to

preserve inter-primary wrinkle and inter-secondary wrinkles arc-lengths rather than
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arc-angles (Figure 2).

3.3.2 The absence of localized cell death pattern in S. cerevisae.

Next | investigated the mechanisms underlying wrinkle formation. Considering
recent evidence for non-uniform cell death causing bacterial colony wrinkling (11), |
tested whether it played a role in the formation of yeast colony surface patterns. By
incubating yeast colonies on media with SYTOXR Green Nucleic Acid Stain, the pattern
of cell death was indicated by green fluorescence. In contrast to bacteria, | observed
uniform and minimal distribution of cell death from inoculation throughout colony
maturation when expanding on plate with SYTOXR Green Nucleic Acid Stain (see
Methods), arguing against the role of non-uniform cell death in pattern formation by

yeast colonies (Figure 7).
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Figure 7. Cell death was minimal and uniform during FLO171 colony expansion.
(A) No particular death pattern has been detected on 0.6% agar and 1.0% glucose
YPD plate with 5 uM Sytox green nucleic acid, at 19:40 hours, 26:20 hours, 30:50
hours, 41:40 hours and 67:40 hours after inoculation. (B-C) FLO11 colony incubated
with 5 pM Sytox was imaged before (at 14 hours after inoculation) (B) and after
adding of 3% H,0, (at 15 hours after inoculation) (C) as positive control. Minimal cell
death was detected (bottom panel) in the former, and uniform cell death was
observed for the latter at 36 hours. (D-E) In the absence of Sytox as a negative
control, no fluorescence was observed before (at 20 hours) (D) or after (at 42 hours)
(E) adding 3% H,0O, at 21 hours. (F) No fluorescence was observed for FLO11wt
colony with neither Sytox nor H,O,. (A-F) Bright field and FITC channel were shown
on the top and bottom panels respectively.
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The positive control of 3% H>O; treated FLO71 colony expanding on 5 uM
sytox YPD plate showed bright fluorescence (Figure 7). Thus, FLO11 colony develops

wrinkling formation in the absence of specific cell death pattern.

3.3.3 The wavelength of patterning measured manually

. The results revealed regular spacing for the primary wrinkles, as well as thicker
secondary wrinkles (Figure 8). This process was maintained following physical laws in
order to preserve the dominant frequency of wrinkles along with the colony expansion.
As the patterns developed by the yeast biofilms preserve arc-lengths rather than
arc-angles (Figure 2), the wavelength could be used as a marker for pattern formation.
To determine whether the distances between primary and secondary wrinkles have a
dependence on agar and glucose concentrations, | investigated colony surface patterns
of individual colonies by manual measurement. The secondary wrinkles development
started initially with thin and short secondary wrinkles, which bundled together to form
thick secondary wrinkles, the frequencies of which were determined by agar levels,

rather than glucose concentrations (Figure 8).
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Figure 8. Distributions of inter-spoke distances (wavelengths) of FLO77 colony.
(A, B) The distribution of wavelength of both wrinkles (1) (A) and spokes (2) (B) were
insensitive to the change of glucose concentrations. (C, D) The distribution of
wavelength of spokes (2) (D) from manual measurements shifted to shorter wavelength
with the increase in agar density. The wavelength of the wrinkles (1) (C) was insensitive
to the change of agar levels. Primary wrinkle and spokes were indicated by (1) and (2)
respectively in the figure legend. The unit for the wavelength in all panels were pym.
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Average Wavelength of
414 304 292 298 236 281
Primary Wrinkles (um)

Average Wavelength of

3617 1747 1339 1100 730 574
Secondary Wrinkles (um)

Table 3. Average wavelengths for primary and secondary wrinkles.
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Therefore, the results suggested that the viscoelasticity of the agar is critical to
the wavelength of the patterns. Thus, this chapter further analyzed and characterized
the wavelengths of the pattern formation. The measured wavelengths for the
shorter-wavelength wrinkles changed very slightly with the increase of agar levels. On
the contrary, the average wavelengths of the longer-wavelength wrinkles were highly
affected by the concentrations of agar (Table 3). The wavelengths decreased sharply
with the increase of agar concentrations across the range of low agar levels (0.3%,
0.6%, 0.9%, 1.5%, and 3%), while they approached a plateau from 3% to 6% agar
levels (Figure 9).In concordance with ESVS model, this study suggested that the
evenly distributed wrinkles in our pattern-forming S. cerevisiae are generated due to the
hierarchical wrinkling of the colony in correspondence to the Young’'s Modulus
properties of the complex yeast biofilm and the agar surface (Efimenko et al., 2005; Fu

et al., 2009).
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Figure 9. Analysis of the wavelengths of colony surface patterns. (A) The
wavelengths of spokes (2) measured manually decreased with increasing agar density,
while the wrinkles wavelengths (1) from both manual measurements, and FFT estimates
from the 3 glucose concentrations were insensitive to the change of agar density. The
wavelength of the wrinkles was shorter than that of the spokes among all agar levels
tested. The wavelength of spokes measured experimentally was fitted by ESVS model.
The inserted image showed the distances between adjacent primary wrinkles (red line)
or two secondary spokes (green line) measured at the outer radii. (B) The Secondary
wavelengths plotted as a function of section radius, independent of time for FLO11
colony at 0.5% glucose and 0.9% agar. (C) Same as (B), but for a flo11A colony at 0.5%
glucose and 0.9% agar. FFT measurement was applied only on the secondary spokes.
Each dot (C, D) represented a colony from a replicate and a time point. (D) The percent
of significant points (defined as peak height > 1.5) was plotted as a function of agar. The

numbers (FLO11 or flo11A) are shown in white inside of the circles. FFT analysis was
performed by Rhys Adams.
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3.3.4 Hierarchical wrinkles of yeast pattern

A striking observation was the existence of two different scales in the surface
patterns of the FLO71 colonies (Figure 10). This pattern is similar to the hierarchical
wrinkling observed in a related mechanical system: the wrinkling in a thin elastic film on
top of a viscoelastic substrate during substrate shrinkage (Figure 1)(190, 191). The
shrinkage of the substrate relative to the film should cause similar strain as the
stretching of the growing yeast colony relative to the agar substrate.

Therefore, | considered two different modes of colony expansion depending on
the presence/absence of a functional FLO117 gene. If FLO11 was present, presumably
cells were constrained to grow two-dimensionally into a multi-layered structure, as an
elastic skin made of cells and extracellular matrix attached to the viscoelastic agar (283).
In contrast, cells without FLO77 were assumed to expand in three dimensions without

any constraints due to the absence of strong attachment to the agar.
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Figure 10. FLO71-induced wrinkles on the colony surface. (A, D) Frozen
blocks oriented across-spokes (blue box indicating estimated location) and
radially (yellow box indicating estimated location) were cut from the FLO11 (A)
or flo11A (D) S. cerevisiae colonies on 1.5% agar and 1.0% glucose YPD plates.
The scale bar was 7500um. (B) Montage of the cryosections oriented across-
spokes of a FLO11 colony (A) indicating wrinkles (red box) and spokes (green
box). (C) Radial cryosectioning of the FLO171 colony (A). (E, F) Montage of the
cryosections oriented across-spokes (E) or radially (F) for a flo11A colony (D).
The scale bar (B, C, E, F) was 500um. (G) A schematic showing primary wrinkle
formation (red dashed line), the saturation of which upon increasing stress leads
to the higher degree spokes formation (green dashed line). Agar on which the
colony expands is shown in blue. (H) The Young’s Modulus of the substrate
material — varies on various agar percentages (Modified from Nayar et al., 2012).
[Reprinted from (195) under the Creative Commons License].
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Cryosections of FLO11 and flo11A colonies suggested that hierarchical wrinkles
occurred in and only in FLO11 colonies. The cryosectioning of the FLO11 colonies
grown on various agar concentrations (0.6%, 1.5%, 3.0%) demonstrated two degrees of
wrinkling patterns as compared to the smooth and dome-shaped flo11 A colonies,
which were flat without any wrinkling structure on the cross-sectional view in both radial
or across- secondary wrinkles orientation on all agar concentrations tested (Figure 10,
11).

The radial oriented cryosections showed shorter-wavelength wrinkles on top of
comparatively flat surface (Figure 10C, F). The apparent longer-wavelength secondary
wrinkles viewed from across-secondary wrinkles cryosections suggested the
emergence of secondary wrinkles that extended from the center to the rim of the colony
(Figure 10B, E). On various agar surfaces (0.6% to 1.5% to 3.0%), the wavelengths of
secondary wrinkles decreased along with the agar concentration (0.6% to 1.5% to 3.0%)

(Figure 10).

3.3.5 ESVS model on yeast pattern formation.

Theories of elastic skin-viscoelastic substrate (ESVS) sandwich systems can
capture two limiting cases [38]. First, if the thicknesses of the skin and substrate are
comparable then the wavelength depends on H, the substrate thickness (Equation 3.2).
If the stress continues to increase, the amplitude of primary wrinkles increases until

saturation, after which secondary wrinkles start forming according to the similar formula,
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independent of the thickness of the substrate (Equation 3.3) (190). This process of

hierarchical wrinkling can continue until wrinkles appear at several length scales (190).
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Figure 11. The cross-sectional view of hierarchical wrinkles of a FLO11
colony. (A, FF K) FLO11 colonies on 0.6%, 1.5%, or 3.0% agar were
cryosectioned at across-spokes (blue indicated estimated location) and radial
(yellow indicated estimated location) orientations. Scale bars were 7.5 mm. (B, D,
G, I, L, N) On 0.6%, 1.5%, or 3.0% agar, the cross-sectional view of the across-
spokes (blue) oriented section from FLO171 colonies, two degrees of wrinkling
composed of shorter-wavelength wrinkles at the surface of the colony (red box)
and the longer-wavelength spokes underneath it (green box). (C, E, H, J, M, O)
On 0.6%, 1.5%, or 3.0% agar, only shorter-wavelength wrinkles were shown on
the radial (yellow) cross-sectional view of the FLO11 colonies. (B, C, G, H, L, M)
Images were taken under Nikon Eclipse TE2000-E Microscope, (D, E, I, J, N, O)
Images were taken under Leica MZ6 stereo microscope (See Methods). Overall,
the hierarchical wrinkles were observed on FLO71 colonies on various agar
conditions. (B-E, G-J, L-O) Scale bar were 500 pm.
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If the theory for hierarchical wrinkling in ESVS sandwich systems applies to
FLO11 colonies, the spatial frequencies should follow formulas as describe above.
Indeed, fitting these models indicated that inter-secondary wrinkles spacing had an
inverse dependence on the agar density as expected from the physical ESVS theory of
wrinkling when the substrate is thick (Figure 9A). In contrast, only the thin substrate
ESVS model could fit the spacing of primary wrinkles, which was less agar
density-dependent (Figure 12). These findings suggested that primary wrinkle formation
does not directly involve the agar, but another thin substrate that sits below the top layer
of cells. The density and thereby the elasticity of the matrix could nonetheless correlate
with the density of agar, which must be the source of water for the matrix. Indeed,
confocal microscopy previously suggested the existence of at least 4 layers (agar, yeast
attached to agar, extracellular matrix, and yeast exposed to air) in yeast colonies (9).
Therefore, the prime candidate for the thin substrate is the extracellular matrix
squeezed between two cell layers. The spacing of both the spokes and primary wrinkles
was independent of glucose concentrations (Figure 8, 11A), as expected from the
ESVS model. The wavelengths corresponding to dominant frequencies had a tendency
to stabilize around specific values towards the outer radii of FLO11 colonies (Figure 9B,
C). These wavelengths were the most significant and tightly peaked within Fourier
spectra for a wide range of agar concentrations (0.6-1.5%) (Figure 9A, D). Except for
the lowest agar concentration (agar=0.3%), wavelengths obtained for FLO717 colonies

were consistently more significant than for those obtained for flo11 A colonies (Figure
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9D). Finally, the dominant wavelengths (even if sometimes non-significant) tended to
decrease with increasing agar concentration, resembling the agar-dependence of
inter-spoke arc-lengths (Figure 9A), and were only moderately affected by the glucose

concentration (Figure 8).

3.3.6 ESVS model fitted the data on wavelengths of the hierarchical wrinkles

better than an agar-dependent model.

In order to further validate that ESVS model explains pattern formation well, |
compared the fitting of the ESVS model and the agar-independent model (see Methods)
(273, 274) to the data on the wavelengths of both primary and secondary wrinkles.

The ESVS Thick model fitted the hierarchical wrinkling data with R-square of
-0.24 and 0.89 for primary and secondary wrinkles respectively, while ESVS Thin model
fitted the primary and secondary wrinkles with R-square of 0.63 and 0.6 respectively.
However, the agar-independent model had R-square of 0 for both primary and

secondary wrinkles.
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Figure 12. The fit of physical models to data on primary and secondary
wrinkles. On YPD media with various agar densities (0.3%, 0.6%, 0.9%, 1.5%,
3.0%, and 6.0%), the geometric mean of wavelength of the primary (A, C, E) and
secondary wrinkles (B, D, F) were plotted in magenta and green respectively. (A, B)
ESVS Thick model fitted primary (A) and secondary wrinkles (B) with R-square at -
0.24 and 0.89 respectively. (C, D) ESVS Thin model fitted primary (C) and
secondary wrinkles (D) with R-square at 0.63 and 0.6 respectively. (E, F) Agar-
independent model fitted primary (E) and secondary wrinkles (F) with R-square at 0

for both.
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Therefore, the ESVS model exhibited better fitting to the primary and secondary
wrinkles comparing with the agar-independent model (Figure 12). Specifically, the
ESVS Thin model and Thick model explained the primary and secondary wrinkles well
respectively (Figure 12). This further indicated that the physical property of the yeast
biofilm and substrate are critical for both scale of wrinkles, and the hierarchical wrinkling

triggers the pattern formation in yeast (Figure 12).

3.4 Discussion

In this Chapter, it was indicated that the wrinkling pattern observed on the yeast
colony surface is triggered by hierarchical wrinkling similar to sandwich systems
consisting of an elastic skin on top of a viscoelastic substrate. Microbial biofilms
typically contain an extracellular matrix secreted by cells, creating a connective medium
across the colony that acts as an elastic skin (284). It is indicated from this study that
the expansion of the FLO711 colony that attached closely to the agar can cause strain,
which generates pattern through hierarchical wrinkling.

The agar-independent model didn’t fit the wrinkling pattern at all suggesting that
the physical properties of the yeast biofilm and the substrate are critical to the pattern
development. Furthermore, the distributions of the wavelengths of the primary and
secondary wrinkles along agar densities were fitted well by the ESVS Thin and Thick
model respectively (Figure 12). These findings suggested that, due to the complexity of

the sandwich system composed of layered cells and ECM in yeast, the wrinkling pattern
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at two different scales were generated through the interaction between the
corresponding substrate and top layers. Specifically, upon stress, the primary wrinkle of
cells on top of the enriched ECM is generated through the wrinkling of both layers, while
the secondary wrinkle of cells with ECM expanding on the agar substrate is then
generated if stress keeps accumulating.

The differential growth in the center and the colony rim were identified to
contribute to distinct colony expansion in response to different nutrient levels in Chapter
1, the ESVS model could be further modified to distinguish the effect of the compact
center, as well as the less dense rim on the elasticity of the biofilm.

In previous studies, the differentiation of biofilms into organized architectures in
nature is found to result in both the physiological and the spatial separation of
specialized cells. The structures of biofilms are sensitive to the environment and
develop distinctively upon different stresses (3, 285-288), The limitation in oxygen,
nutrients, and the stresses from antibiotics in the environment shape the colony
morphology by organizing in to layers of metabolically active or inactive cells with
differential diffusion rates to better protect the actively dividing cells, in order to provide
better survival strategy in harsh environments (289, 290). It is therefore interesting to
further investigate whether the stresses in nature could alter the wavelengths of pattern
formation and the colony morphology through the quantitative analysis methods
developed in Chapter 2 and 3, to better understand the crosstalk between physiological

activity and the spatial organization of the multicellular structure.
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Chapter 4

Biological function of two-dimensional expansion

4.1 Introduction

Biofilm wrinkling in other organisms has been shown to perform specific
biological functions. For example, wrinkling is induced under anoxic environment,
increasing the oxygenation in Pseudomonas aeruginosa colonies (148). The channels
underneath wrinkles are suggested to transport liquid within Bacillus subtilis biofilms
(10).

In previous chapters, FLO11 was suggested to enable the biofilm cling to the
surface closely and fit cells in a very thin film, leading to rapid colony expansion (Figure
2). Therefore, it is also important to understand whether the two-dimensional expansion
could convey an advantage during colony expansion, in order to benefit cells to
approach nutrients in the environment more efficiently.

Previously, Korolev and colleagues (291, 292) showed that two differently
labeled S. cerevisiae strains should segregate into single-colored sectors as initial
spatial non-homogeneities amplify through a “founder effect” during colony expansion.
The boundaries of such single-colored sectors should reveal any competitive
advantage between the two strains (or lack thereof).

In this chapter, | demonstrated that despite that FLO71 and flo11 A cells

exhibited comparative growth rate and similar size in the liquid culture (Figure 5),
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FLO11 directed two-dimensional growth conveyed expansion advantage during
head-to-head competition with flo77 A cells on semi-solid surface. Specifically, the
sectors of FLO11 had outward curvature against adjacent flo11 A sectors, despite of
labeling method or initial mixing ratio of the two strains. FLO71 sectors sustained the
surface patterning indicating two-dimensional growth and maintained the advantage
until taking over the colony, leaving the flo7171 A cells to annihilation in the center of the
mixed colony. This finding suggested that the unique modes of expansion conveyed by

FLO11 could benefit the colony in the process of nutrient foraging.

4.2 Materials and Experimental Methods

4.2.1 Strains, media and growth conditions.

For competition experiment, a volume of 0.5 11 liquid culture of mixed
populations with ODggp nm at 0.3 of FLO77 and flo11A (one of which was labeled by
mCherry) at 1:1 ratio were inoculated in the center of yeast extract peptone galactose

(YPGal) plates with 1.0% agar and 0.5% galactose, which were incubated at 30°C.

4.2.2 Fluorescently labeled strains.

We integrated GFP or mCherry into the native GAL1 locus of TBR1 or TBR5
strains respectively, using the histidine auxotrophic marker. Transformation was
performed with a modified lithium acetate procedure (Gietz & Schiestl, 2007; Gietz et al.,

1995). Synthetic drop-out media (SD -his -tryp) was used for selection (all reagents
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from Sigma, Inc.). FLO11, FLO11-mCherry, flo11 A, and flo11 A-mCherry strains were
incubated under 30°C to reach stationary phase, shaking at 300 rpm (311DS Shaking

Incubator).

4.2.3 Plate Imaging and Microscopy:

The mCherry transformation into cells were confirmed for fluorescence under
Nikon Eclipse TE2000-E microscope with QIClick camera with 20X or 40X objectives
under TxRed filters for 8 days. The competition mixes and controls were imaged under
a Leica microscope with a Nikon camera at day 5 after inoculation. For the competition
experiment, FLO11-GFP, FLO11-mCherry, flo11 A-GFP, and flo11 A-mCherry strains
were transformed, inoculated at various ratios (1:1, 1:3, 3:1), and imaged by Nikon
Eclipse TE2000-E microscope with QIClick camera, and Leica MZ6 stereo microscope

with Nikon DS-Fi1 camera and Nikon Digital sight DS-U3 camera controller.

4.3 Result

4.3.1 Competition between FLO11 and flo11 A

Considering that FLO1717 colonies expanded faster in all sugar-agar combinations
than their flo17 A counterparts when the colonies were expanding separately (Figure 2),
| tested whether the two-dimensional expansion of FLO71 cells could still convey a
competitive advantage over the flo11 A strain during expansion. In particular, | wanted

to know if inter-strain interactions could mitigate the growth advantage of FLO1717 strains,
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which could not be predicted by single strain expansion (Figure 2).

Specifically, if the sectors occupy approximately the same arc-angle 0 (r)
around the colony’s periphery over time (Figure 13A), there is no competition. However,
if the arc-angle 0 (r) occupied by the unlabeled strain, for instance, increases at the
expense of the arc-angle occupied by the other strain labeled by mCherry, then the
unlabeled strain is determined to have a competitive advantage (Figure 13B), and vice

versa (Figure 13C).
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Figure 13. FLO11 cells out-expanded flo711A cells during head-to-head
competition. On 1.0% agar, 0.5% galactose YPGal plates, (A, B, C) Schematic
showing the range expansion of mixed populations segregated into sectors with
constant or gradually changing sector angles along the radius due to the difference
of fitness between the particular sector and the adjacent sectors (Hallatschek et al.,
2007; Korolev et al., 2012). (D, E) Minimal competitive advantage is observed
between isogenic cells of unlabeled and mCherry labeled flo11A sectors. (F, G)
Minimal competitive advantage was observed between unlabeled and mCherry
labeled FLO11 sectors. (H, I) Unlabeled FLO71 sector out-expanded mCherry
labeled flo11A sectors with a conspicuous increase in the unlabeled sector angle, in
comparison to minimal competition between isogenic cells (D-G). (J, K) Reverse
labeling of (H, /) showed that mCherry labeled FLO11 sectors overtook the mixed
colonies after some time, despite of the initial lack of expansion advantage against
unlabeled flo11A sectors. Bright field (D, F, H, J) and mCherry (E, G, I, K) were
shown respectively. Contrast is adjusted in Adobe Photoshop CS for mCherry
images.
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| used these theoretical results to judge whether two-dimensional expansion of
FLO11 cells was associated with an advantage during head-to-head competition. To
examine competition in mixed colonies, | labeled either FLO117 cells or flo11 A cells, by
placing a chromosomally integrated mCherry reporter under the control of an extra copy
of the GAL1 promoter into each strain (Methods). 1:1 mixes of labeled FLO11 cells and
unlabeled flo11 A cells, vice versa (Figure 13) and single strain controls (Figure 14)
were prepared, and inoculated onto agar plates. As the colony rim was not highly
irregular initially (Figure 2), and the competitive advantage was observable before the
colonies became highly irregular (Figure 2, 13), the theory by Korolev et al. should
apply. Moreover, since the theory refers to the shapes of sectors inside the colony (i.e.,
inward- or outward-curving sector boundaries), then the moderate irregularity at the

colony rim should not affect the claims on the competitive advantage/disadvantage.
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Figure 14. Same-strain controls for competition between FLO771 and
flo11A colonies. (A) On 1.0% Agar YPD plates with 0.5% galactose, unlabeled
FLO11 expanded with regular pattern formation. (B) Pattern forming mCherry
labeled FLO11 colony was visualized by mCherry fluorescence throughout the
colony (right panel). (C) Unlabeled flo11A colony expanded without pattern. (D)
mCherry labeled flo11A colony was visualized by mCherry fluorescence (right
panel) with no pattern formation. Contrast is adjusted in photoshop for mCherry
images.
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| found that well-mixed liquid cultures (1:1 ratio) inoculated onto agar plates,
resulted in distinct red and unlabeled sectors (Figure 13). Examining the sectors that
formed when mCherry-labeled FLO11 cells were mixed with unlabeled FLO117 cells (or
when mCherry-labeled and unlabeled flo7171 A cells were mixed), revealed a lack of
significant competition, except for a small fitness cost associated with mCherry
expression (Figure 13D-G). Importantly, the mixtures of labeled and unlabeled FLO11
cells preserved the colony expansion and pattern formation characteristics of FLO11
strains grown alone under the same conditions (Figure 13). These data, taken together
with the similarity of FLO77 and flo11 A cell sizes and growth rates in liquid cultures
(Figure 5), indicated that the two-dimensionally constrained expansion mode of FLO71
cells gives them advantage over flo11 A cells when they expand on agar plates.

When a mixture of flo11 A (labeled) and FLO11 (unlabeled) cells were
inoculated onto a plate, FLO11 sectors not only preserved the surface patterning
(visualized in bright field), but also displayed a strong outward curvature at the expense
of flo11 A sectors (Figure 13H, I). The arc-angle 6 of the flo11 A colony (mCherry
labeled) decreased with the radius (Figure 13I) compared to the control mixtures
(Figure 13D-G). Interestingly, however, mCherry-labeled FLO11 cells seemed to gain
competitive advantage against flo11 A cells only after colonies grew for a substantial
time, indicating that a sufficiently large sector of these cells had to be established, or the
sugar levels on the plate had to drop before they could outcompete flo11 A cells. Once

that happened, not only did the FLO171 gene convey a competitive advantage, but the
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FLO11 cells eventually enveloped the flo11 A sector (visualized by mCherry in Figure
161) by coalescing with the adjacent FLO71 sector (Figure 13H). This halted the spread
of the flo11 A colony (Figure 13l).

Overall, FLO11 gene directed two-dimensional expansion conveyed a
competitive advantage in head-to-head competition with flo77 A. The widening of
FLO11 sectors along the radius, and the envelopment of the outside rim of flo11 A cells
by FLO11 cells indicated that FLO11 cells robustly out-competed flo11 A cells during
colony expansion (Figure 16). The result was consistent among three different

replicates (Figure 13, 17, 18).

4.3.2 Competition between FLO11 and flo11 A labeled by GFP or mCherry

We observed similar behavior with reverse labeling (Figure 13J, K). We further
confirmed these observations with FLO771 and flo11 A strains labeled either by GFP or
by mCherry.

When the mixtures of FLO77 and flo11 A cells competed on 1% agar and 1%
galactose YPGal plates, the mCherry labeled FLO11 sectors out-expanded the GFP
labeled flo11 A sectors, which were annihilated at the later time points (Figure 15A).
The reverse labeling confirmed the competitive advantage of the GFP labeled FLO71
colony at the later time point, despite the absence a significant advantage initially
(Figure 15B). Therefore the above results of the out-expansion of FLO11 against flo11

A cells was consistent between different labeling methods (Figure 13, 15).
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Figure 15. FLO11 cells out-expanded flo11A cells during head-to-head
competition. On 1% Agar and 1% galactose YPD plate, (A) The mixture of
mCherry labeled FLO71 out-expanded GFP labeled flo11A cells, which were
annihilated eventually. (B) The reverse labeling revealed the out-expansion of
GFP labeled FLO11 sectors over mCherry labeled flo11A sectors from a later time
point, despite of initial limitation of FLO1717 cells in the center of the mixed colony.
(C) The mixture of flo11A colonies labeled with GFP or mCherry respectively
showed minimal competition. (D) GFP labeled FLO71 colony visualized by GFP
fluorescence formed pattern on 1% agar surface with 0.5% galactose. (E) On 1%
agar and 1% galactose surface, mCherry labeled FLO1771 colony was visualized by
mCherry fluorescence. (A-E) Bright field, GFP and mCherry were shown on the
left, middle and right columns respectively. The out-expansion of FLO11 sectors
over flo11A cells were consistent and independent of fluorescence labeling
(Figure 13).
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4.3.3 Ratio dependent competition between FLO11 and flo11A.

Extending from the head-to head competition between FLO77 and flo11 A
(Figure 13), we studied the dependence of competition on the mixing ratio between the
two strains. Expanding on the 1.5% agar YPGal plates with 1.0% galactose, the mixture
of FLO11 colonies not only robustly preserved their pattern formation in the sectors, but

also out-expanded the flo11 A cells at all mixing ratios (1:3, 3:1, or 1:1) (Figure 16).
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Figure 16. Ratio-dependent head-to-head competition between FLO71
and flo11A cells. On 1.5% agar YPD plates with 1.0% galactose, (A) flo11A
and FLO11 labeled by GFP (middle panel) or mCherry (right panel)
respectively were mixed at the ratio of 1:3 (A), 1:1 (B), 3:1 (C), and imaged
at day 4. (A-C) Evident expansion advantage of mCherry labeled FLO11
was observed initially at lower mutant ratio (A). The increase in the mutant
ratio delayed the evident advantage of FLO1717 to later time, eventually led to
the annihilation of flo11A cells (C). (D-F) Reverse labeling of FLO11 and
flo11A labeled by GFP (middle panel) or mCherry (right panel) respectively
were mixed at the ratio of 1:3 (D), 1:1 (E), 3:1 (F), and imaged at day 7.
FLO11 exhibited expansion advantage robustly at all mixed ratios, and the
strength of the advantage was ratio dependent.
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The GFP labeled flo11A revealed a competitive disadvantage from the start time
point and throughout the competition, in the sense that the flo11A (GFP labeled)
sectors showed decreased sector angles along the expanding radius (Figure 16 A-C).
The higher the mixing ratio to start with, the more rapid the decrease of the flo11 A
(GFP labeled) sectors (Figure 16). Over all mixing ratios tested, FLO171 cells revealed
robust competitive advantage over its mutant counterpart, as all flo11 A sectors were
annihilated by the FLO11 (mCherry labeled) cells eventually (Figure 16A-C).

Varying the percentage of flo11 A versus FLO11 cells did not alter these results
(Figure 16A-C). With a higher initial FLO11 percentage, the competitive advantage of
the FLO11 colony over the flo11 A colony was even more evident (Figure 16A-C).

The reverse labeling confirmed this advantage. flo11 A (mCherry labeled)
sectors showed sharply decreased sector angles as the mixed colonies expanded at all
ratios tested (1:3, 1:1, 3:1), which indicated the competitive advantage of the FLO11
sectors (Figure 16D-F). The competitive advantages conveyed by two-dimensional

expansion of the FLO11 sectors were ratio dependent (Figure 16).
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flo11A vs.

flo114

FLO11 vs.

FLO11

FLO11 vs.

flo11A

flo11A vs.

FLO11

Figure 17. FLO11 cells out-expanded flo11A cells during head-to-head
competition. Replicate #2 of competing FLO71 and flo11A cells on 1.0% agar,
0.5% galactose YPD plates. (A, B) Minimal competition between isogenic strains of
unlabeled and mCherry labeled flo11A sectors. (C, D) Minimal competition was
observed between unlabeled and mCherry labeled FLO11 sectors. (E, F) unlabeled
FLO11 sector out-expanded mCherry labeled flo11A sectors with a conspicuous
increase in the unlabeled sector angle. (G, H) Reverse labeling of (E, F). Bright field
(A, C, E, G) and mCherry (B, D, F, H) were shown respectively. Contrast is adjusted
in Adobe Photoshop CS for mCherry images.
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FLO11
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FLO11

Figure 18. FLO11 cells out-expanded flo11A cells during head-to-head
competition. Replicate #3 of competing FLO771 and flo11A cells on 1.0%
agar, 0.5% galactose YPD plates. (A, B) Minimal competition between
isogenic strains of unlabeled and mCherry labeled flo11A sectors. (C, D)
Minimal competition was observed between unlabeled and mCherry labeled
FLO11 sectors. (E, F) unlabeled FLO11 sector out-expanded mCherry
labeled flo11A sectors with a conspicuous increase in the unlabeled sector
angle. (G, H) Reverse labeling of (E, F). Bright field (A, C, E, G) and
mCherry (B, D, F, H) were shown respectively. Contrast is adjusted in
Adobe Photoshop CS for mCherry images.
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4.4 Discussion

In this Chapter, | showed that the pattern forming FLO11 cells were able to
expand with advantage against flo11A cells during head-to-head competition (Figure
13-18). This advantage is likely to be conferred by the modes of growth of pattern
forming colony that enable the FLO11 cells to expand as a thin film in two dimensions,
which facilitates the occupancy of larger area, compared to flo717 A cells expanding in
three dimensions.

Identifying the modes of expansion, the underlying mechanisms of patterning
and the related features of pattern formation quantitatively facilitate the understanding
on the biological function of the yeast biofilm. Without a physical sciences perspective,
molecular and cell biological considerations will be insufficient to understand the
intricacies of biofilm formation. Overall, this work is an example for how the adhesin
mediated complex pattern formation could provide a competitive advantage spatially,
which is not simply due to growth advantage in the environment with sufficient nutrients.

In this study, the results agreed among different labeling methods. However, the
reverse labeling revealed a delay in exhibiting the advantage of pattern forming cells
when FLO11 cells were labeled by mCherry (Figure 13J, K). The burden of expressing
this fluorescent protein was also observed in the controls (Figure 13D-G), where
FLO11-mCherry cells revealed moderate disadvantage. Further quantitative analysis
could be performed to normalize the competitive advantage conferred by FLO171, to

take into account the cost from expressing the fluorescent markers.
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Future experiments could be performed to include a variety of environmental
stresses, such as pH, oxygen and nitrogen starvation, to further illustrate the benefit of
generating patterns for survival in harsh environments (146, 202, 228, 237, 247, 257,
293-296). The change of the angle of the FLO71 sectors along the radius could be
quantitatively analyzed and systematically characterized, in order to compare the

advantage of pattern forming FLO11 cells on various environments.
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Chapter 5

Discussion and future directions

The multicellular structure development by microbes has received a surge of
interest over recent decades (297, 298). The diverse cooperative behaviors adopted by
microbial cells have been utilized as model systems to study the complex structural and
functional development of multicellular architecture (299-301). Genetic engineering,
microscopic imaging and mathematical modeling of the spatial organization of distinct
patterns in various bacteria reveal the importance of chemical gradients in shaping the
self-organization of complex patterns through quorum sensing (302-304), long range
inhibition and short range activation (305), and chemotaxis (306). However, it remains
unclear how the physicochemical properties contribute to the distinct biofilm colony
expansion in response to various nutrients levels, and trigger the emergence of
complex patterns in eukaryotes.

Therefore, | investigated how the hierarchical wrinkling mediated by the physical
property of the biofilm and agar substrate triggered pattern formation in yeast. This
dissertation further developed quantitative methods to systematically characterize the
biofilm expansion and identified the wavelengths of the patterns, followed by
mathematical modeling in combination with microscopic imaging methods that
uncovered the underlying unifying mechanisms for distinct colony expansion and

complex pattern formation (Figure 19).
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5.1 Distinct colony expansion conveyed by Flo11p

Previous studies identified that Flo11p drives rapid colony expansion on
semi-solid surfaces within a short time course (146, 186, 307). To comprehensively
understand how the traits of yeast colony expansion change on various environmental
conditions, | extended the study to a range of glucose concentrations in combination
with various agar densities in an around 60-day time course. | observed rapid colony
expansion with high irregularity formed at the colony rim directed by Flo11p, in
comparison to small, circular and smooth flo11A colonies at all conditions tested (Figure
2-4). The above traits followed similar trends consistently on glucose and galactose,
indicating the robustness of colony expansion independent of sugar source.

The quantitative analysis revealed distinct colony expansion curves, depending
on different sugar concentrations, as the convexity of the expansion curve increased
with glucose concentration. Reynolds et al previously reported a spatial distribution of
glucose along the radius of the colony with its maximum at the colony rim (146). The
microscopic imaging on colony expansion further suggested that there could be a
differential modes of growth between the center and the edge of the colony during
expansion. | used a mathematical model that distinguished the growth in the center and
linear growth at the edge of the colony to qualitatively reproduce the colony expansion
curve with increase in convexity in response to higher glucose concentration. The result
indicated that the differential modes of growth between the center and the edge of the

colony in response to the gradient of nutrients along the colony expansion explains the
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distinct colony expansion curves observed experimentally (Figure 6). Future versions of
the mathematical model need to incorporate the spatial effects of FLO711 on colony
expansion to distinguish the two-dimensional and three-dimensional expansion in the
presence or absence of FLO1717 respectively.

Future experiment and analysis are needed to study the effect of environments,
such as glucose and galactose (146) that influence the colony morphology, colony
expansion rate and irregularity, in a broad spectrum of conditions, including anaerobic
environment, various pH value and aromatic alcohols, to quantify the association
between environmental cues and multicellular behaviors .

The anaerobic environment is closely associated with multicellular structural
development from bacteria to tumors. P. aeruginosa undergoes morphological changes
including wrinkling in order to maintain global redox homeostasis (148). Angiogenesis is
adopted by tumors to increase oxygen circulation during hypoxia (308). Under
anaerobic environment, | found that the S. cerevisiae colony exhibit neither fast colony
expansion nor complex and organized patterns in comparison to the colony with access
to oxygen. It could be further investigated whether a minimal oxygen level or particular
media are required to maintain basic features of colony expansion, such as colony area,
irregular rim and patterning, by using a gradient of oxygen concentration (mixture of
oxygen and nitrogen) and various media.

Similar to glucose gradients within the colony, there is also a gradient of pH level

observed along the radius of the colony (146). In a previous report, high pH values
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disturb adhesion over the entire colony and direct a more circular colony rim (146).
Future experiments could be done to quantitatively analyze the change of rim
irregularity in response to various pH concentrations.

Aromatic acids, positively auto-regulating their own expression through
transcription factor Aro80p, are also found to be positive regulators for FLO717 driven
pattern formation (245). Future experiments on finding the inhibitor of aromatic acid
synthesis in S. cerevisiae, which in turn could be activated by aromatic acid, will provide
evidence for the long-range inhibition and short-range activation theory for pattern

formation (309-311).

5.2 Hierarchical wrinkling triggers pattern formation in Flo711 colony

The colony expansion mediated by adhesin FLO711 enables the close
attachment of the biofilm to the agar surface by squeezing cells in two dimensions. The
constraints in dimensionality during colony expansion lead to rapid colony expansion
with complex pattern development (Figure 19).

The pattern development is composed of small primary and large secondary
wrinkles extending from the center to the edge of the colony. The wavelength of primary
and secondary wrinkles remain constant, kept consistent through the initiation of a new
secondary wrinkle in the middle of two secondary wrinkles or branching out from a
previous secondary wrinkle as the colony expands radially. To reveal the underlying

mechanism for pattern formation, | utilized the wavelengths as the marker for the
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pattern. The wavelength of the secondary wrinkle is inversely correlated with the
density of agar, in the absence of a clear dependence on glucose concentration, which
suggests a correlation between the physical property of the colony and the organized
surface pattern (Figure 9).

Similar patterns are observed in non-biological systems, where elastic thin skin
generates wrinkles at several length scales on top of a viscoelastic substrate in
response to stress (Figure 1) (190, 191, 273, 274, 312). This dissertation demonstrated
that similar to the non-biological system, the constraint in the dimensionality of yeast
colony expansion generates patterns due to hierarchical wrinkling. More complicated
than the non-biological system, this dissertation illustrated that the yeast biofilm may
generate primary wrinkle through the interaction between top cell layer and ECM
substrate, both of which are thin layers, while the secondary wrinkle is generated
through the cells with ECM expanding on top of the thick agar substrate. The
understanding on the physical properties of the multi-layered sandwich system, which
results in complex pattern formation, not only reveals novel mechanisms underlying
biological patterning, but also provides valuable tools to study complex multicellular
structure development. Further experiment and analysis, such as AFM, could also be
used to measure mechanical strains accumulation and the initiation of the wrinkling
pattern during biofilm development to further elucidate the critical role of physical
properties in generating patterns. To assess the effect of adherence on wrinkling

pattern formation in response to mechanical stress accumulation, future experiments
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could focus on how the change of the adherence between cell and agar surfaces, as
well as the alteration of the viscoelastic properties of the substrate could influence the

wrinkle formation.

5.3 FLO11 directed two-dimensional expansion confers competitive advantage

during head-to-head competition

This dissertation illustrated that two-dimensional growth conveys competitive
advantage during colony expansion, independent of labeling methods (Figure 19). The
higher ratio of FLO77 and flo11 A cells with different color labels in the initial mixture
confers more apparent competitive advantage (Figure 13-18). The absence of growth
difference between FLO71 and flo11 A cells in liquid culture suggests that the spatial
limitation of nutrient favors the cells that adhere to the surface and expand
two-dimensionally to confer rapid expansion (Figure 5, 13).

In order to quantitatively define the competitive advantage during head-to-head
competition, further computational analysis could be done to quantify the change of the
sector angle along the radius normalized by the minimal competitive advantage (or
disadvantage) between isogenic strains. We observed in this study that the FLO11
sectors exhibited a delay in showing the competitive advantage when the strain was
labeled with mCherry compared to non-labeled strain. Future experiments and
quantitative analysis could be implemented to reveal whether the initial absence of

advantage is due to the initial suppression on FLO171 expression and pattern formation
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before certain time point by RT-PCR. Linear inoculation instead of radial expansion
could be done to reveal whether there is a threshold of expanding domain area for the

competitive advantage to occur.
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Figure 19. Summary. FLO11 directed two-dimensional colony expansion triggered salient features.
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Previous reports indicated that heterogeneously structured pattern formation
conveys other functional benefits to the biofilm. The organized secondary wrinkles in B.
subtilis increase the permeability locally to facilitate the nutrient transportation along the
colony (10). Therefore, genome-wide high-throughput analysis using microarray or
whole genome sequencing on the expression pattern between the spatially
differentiated secondary wrinkles region and the interim region between secondary
wrinkles might reveal whether FLO71 shares similar spatial expression pattern with
other functional genes related to osmolality, such as the HOG pathway, environmental
signaling, such as the MAPK pathway, and drug resistance, such as the PDR5
multi-drug resistance pump (9, 247, 257, 294, 313-316).

Overall, this dissertation identified the dependence of adhesin mediated yeast
distinct yeast colony expansion and the wavelengths of patterns on various glucose and
agar concentrations through quantitative analysis. It also revealed the competitive
advantage of FLO11 directed two-dimensional expansion (Figure 19). The ESVS model
that fitted well the experimental data suggested that the pattern is triggered through
hierarchical wrinkling. The mathematical and physical models developed in this
dissertation could serve as potential tools for understanding the heterogeneous modes
of growth and wrinkling pattern in other microbes in response to physical stresses

during complex multicellular structure development.
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