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RESUMO

Microrganismos podem alternar comportamentos individual e coletivo em resposta
a interagOes positivas ou negativas. Em patdgenos, muitas dessas interagoes
influenciam importantes determinantes de viruléncia, como: formagao de biofilme,
plasticidade fenotipica e secrecao de metabolitos toxicos. Esta tese explora as
interagoes do patdgeno humano Cryptococcus spp. por meio de quatro estudos, cada
um evidenciando aspectos complementares em sociobiologia. O estudo (i)
demonstrou que a organizagdo geométrica das células na etapa inicial da formagao
de biofilme é um requisito importante para o desenvolvimento de ultraestrutura
madura. Em (i) diferentes morfotipos capsulares foram identificados e classificados
por modelos computacionais. O estudo (iii) abordou as interagoes interespecificas
entre Cryptococcus neoformans e a bactéria Serratia marcescens. Nessa competi¢ao, um
interessante padrao foi observado: a bactéria migrou em direcdo ao fungo
impactando a viabilidade celular e determinantes de viruléncia de C. neoformans.
Em (iv) as interagOes inter-reinos de C. neoformans foram estudadas em um nivel
maior de complexidade: uma comunidade composta por 8 microrganismos
relevantes no trato respiratorio foi utilizada para explorar a dinamica e montagem
de populagoes. Os resultados demonstraram a existéncia de estados alternativos de
equilibrio dominados por importantes patdgenos, bem como os mecanismos que

governam essas comunidades.



ABSTRACT

Microorganisms modulate their behavior both individually and collectively in
response to interactions with other microorganisms. For pathogens in particular,
such interactions influence key virulence factors such as biofilm formation,
phenotypic plasticity, and toxin secretion. This thesis explores the interactions of
the human pathogen Cryptococcus spp. in four studies, each focusing on a
complementary aspect of microbial sociobiology. The first study (i) demonstrated
that the geometric organization of cells in the initial step of biofilm formation is an
important requirement for the development of mature ultrastructures. In the second
study (ii), different capsular morphotypes were identified and classified by
computational modeling. The third study (iii) focused on the interspecies
interactions between Cryptococcus neoformans and the bacteria Serratia marcescens.
An interesting phenomenon was observed in those competitions: the bacteria
consistently migrated toward the fungus, impacting the latter’s viability and
virulence factors. Finally, in study (iv), the cross—- kingdom interactions of C.
neoformans were examined at a higher degree of complexity: a set of eight
microorganisms relevant to the respiratory tract, including C. neoformans, was used
to investigate population dynamics and community assembly. The results revealed
the existence of alternative stable states dominated by important pathogens, in

addition to the mechanisms that govern such communities.
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1 INTRODUCAO

1.1 Sociomicrobiologia

As interagOes microbianas emergem em multiplas escalas de complexidade, e
por consequéncia o sucesso da colonizacdo demonstra padrdes sociais de
cooperagao. A ideia de microrganismos exercendo sociabilidade pode ser recebida
com desconfianga, no entanto colaboragoes interdisciplinares tém aprofundado
experimentalmente as evidéncias de comportamento social em microrganismos,
tanto na natureza quanto no hospedeiro’. Quanto ao conceito, um comportamento
é social quando ha consequéncias para ambos os componentes da interacao' 2. Nessa
perspectiva, até mesmo uma populacdo clonal pode demonstrar padrdes sociais.
Essa constatacao é observada quando o consumo de nutrientes pela comunidade
afeta o desenvolvimento individual; levando a emergéncia de competi¢cdes por
exploragdo como resposta a escassez de recursos’. Ha também interacoes
intraespecificas que sao positivas; a comunidade pode cooperar para modificar o
seu entorno quando as condigdes sao adversas*. No eixo da microbiologia
integrativa, autores tém demonstrado que além dos microrganismos serem sociais,
eles também enfrentam dilemas na tomada de decisdes® e manifestam padroes de
estratégia evolutiva em seus comportamentos®. Algumas dessas estratégias ja foram

caracterizadas molecularmente” 8.
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Populagoes clonais podem apresentar variabilidade fenotipica. No
laboratdrio essas variagoes sdao evidenciadas em experimentos simples, como a
medicao de células cultivadas em diferentes condi¢des ambientais ou até mesmo a
variabilidade observada entre diferentes replicatas da mesma condicao. Alguns
estudos demonstram que a estocasticidade na expressao génica pode resultar em
multiplos fenotipos em uma mesma populagao clonal *°. As principais vantagens
adaptativas que emergem dessa heterogeneidade estao usualmente associadas a
estratégias de sobrevivéncia da populagao, como: (i) resposta a incerteza, quando
populagdes apresentam diferentes fendtipos para garantir sua propagacao caso o
ambiente mude inesperadamente. Essa estratégia inclui microrganismos cuja
populacdo é composta por persisters ou fendtipos dormentes. Dessa forma, a chance
de sobrevivéncia é maior caso a populagao sofra um estresse catastrofico'’; (ir)
divisaio de trabalho, demonstrado em Salmonella typhimurium em que
subpopulagoes fenotipicamente diferentes atuam em conjunto durante a infecgao e

aumentam o sucesso de colonizagao!*.

1.2 Comunidades microbianas estruturadas
Microrganismos podem formar estruturas multicelulares funcionais, como
biofilmes. Comunidades estruturadas na forma de biofilme sao revestidas por uma

matriz extracelular de composicao diversa. Em bactérias e leveduras as principais
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etapas da formacao de biofilme incluem: (1) adesado inicial, (2) colonizacdo da

superficie, (3) formagao de microcoldnias, (4) maturacao e (5) dispersao (Figura 1).

Figura 1| Representagdo geral da formacao de biofilme. Essa representacdo abrange a maior parte
dos microrganismos, porém, multiplos processos podem acontecer ao mesmo tempo e alguns deles
podem ser marcados por particularidades de uma espécie, como a ultraestrutura na fase de

maturagao?s.

A matriz do biofilme apresenta duas fung¢des principais: protecao contra
agentes antimicrobianos e estratificagdo dos microrganismos em processos de
divisao de trabalho e colaboragao social'®!®. A ultraestrutura observada em
biofilmes resulta das interagdes dentro da comunidade® 2. Um exemplo é a
presenga de canais bem definidos em biofilme de Bacillus subtilis que fornecem um

sistema para transporte liquido e regulacao de térmica (Figura 2).
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Figura 2| Caracteriza¢do de canais em biofilme de B. subtilis. (A) Biofilme de B. subtilis em meio
solido apods 60 h. (B) Imagens de microscopia apds micro—inje¢do de marcador fluorescente nos
canais do biofilme. (C) Microscopia eletrénica de varredura. (D) Ilustragao da evaporagao que ocorre

na superficie do biofilme e promove regulagao térmica. Modificado de Wilking, et al.2

1.3 Dinamica de comunidades

Onivel mais complexo das interagdes microbianas ocorre na microbiota de um
hospedeiro, onde as comunidades que estao em equilibrio passam a integrar o
ambiente de forma funcional®. Essa associagao é evidenciada no trato respiratdrio;
interagOes interespecificas positivas e negativas promovem resisténcia a
colonizagao por patdgenos?. Ha concretas evidéncias de que alteragdoes na
microbiota resultam em uma variedade de doencas ?°. Dessa forma, a caracterizagao
das intera¢des microbianas é fundamental para entender como ocorre a regulagao
estrutural de uma comunidade e os fatores que podem impactar a sua resiliéncia.

A dinamica de comunidades microbianas pode ser determinada
laboratorialmente através de experimentos em microcosmos: ambientes
controlados que mimetizam propriedades importantes de um sistema. Uma das
estratégias € iniciar pela unidade fundamental das intera¢oes interespecificas, os

pares de microrganismos®. Nessa abordagem cada espécie em um par compete
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duas vezes: como residente (maior abundancia relativa, por ex. 95%) ou invasor
(~5%). As competicOes sao propagadas até que o estado de equilibrio seja atingido,
ou seja, nao ocorram flutuagdes nas abundancias relativas. Os regimes em equilibrio
podem ser trés: exclusao competitiva se o vencedor nao depender da abundancia
inicial; coexisténcia se ambas as espécies forem detectadas no estado de equilibrio;
ou bistabilidade se o vencedor da competigao for o microrganismo em maior
abundancia inicial, possibilitando que o sistema apresente dois estados alternativos
de equilibrio # (Figura 3).

Bistabilidade

(a ou b podem ganhar)

Exclusao
(a perde para b)

0| el H P

Coexisténcia

Residente: a 100] g o = = 1001 g I 100{ o o = = =
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ew
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Ciclo de propagagao
Figura 3| Regimes de intera¢des microbianas. Cada microrganismo em um par é competido duas
vezes: como residente (maior abundéncia relativa) ou invasor. Os co-cultivos sdo propagados até o
equilibrio para determinagao da abundancia relativa final. Os regimes podem ser trés: (A) exclusdo,
se vencedor ndao depender da abundancia inicial; (B) coexisténcia entre as duas espécies
independentemente da abundancia inicial e (C) Bistabilidade, em que dois estados alternativos de

equilibrio podem ser atingidos dependendo da abundancia inicial de cada espécie.
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Ap0s avaliar todos os regimes possiveis, as interagOes entre pares podem ser
combinadas para construir uma rede que permite extrair dados quantitativos, fazer
predigOes estruturais e entender a dindmica de comunidades mais complexas. A
predicao de comunidades a partir de competicdes em pares de espécies pode ser
realizada com uma precisao de até 90%?. Essa predicao apresenta limitagOes
quando as espécies apresentam bistabilidade ou dependem de sua densidade

populacional para melhor desempenho (efeito Allee)?.

1.4 Modelo de estudo: Cryptococcus spp.

Durante os avangos acerca do microbioma, as comunidades fungicas
receberam pouca atengao em comparagao as comunidades bacterianas®. Existe
atualmente o entendimento de que as interagdes bacterianas—fungicas tém efeitos
importantes sobre a saide humana, ainda que pouco exploradas®-*. A maior parte
dos estudos, utilizando Candida albicans, tém mostrado uma miriade de mecanismos
que impactam a viruléncia e sobrevivéncia desse modelo em comunidades
microbianas mistas® 3. Relativamente poucos estudos tém explorado interagdes
entre bactérias e Cryptococcus spp., e até esse momento a dinamica dessas interagoes
em comunidades complexas nao foi descrita¥.

As leveduras Cryptococcus neoformans e Cryptococcus gattii sao 0s agentes
etiologicos criptococose (Figura 4). A infeccao ocorre apds a inalagao e posterior

trafego do fungo pela cavidade nasal seguida de deposi¢ao no trato respiratdrio,
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onde pode causar pneumonia. Dependendo do estado imunolégico do hospedeiro,
a levedura se dissemina até o sistema nervoso central onde frequentemente causa
meningoencefalite, manifestacao mais grave da doenga que geralmente ocasiona o
Obito® ¥. A criptococose se destaca com uma incidéncia estimada de 230.000 casos
por ano com cerca de 80% de letalidade em regides onde o tratamento é escasso®.
Interessantemente, ha evidéncias de que variagdes fenotipicas em isolados de

Cryptococcus spp. estao relacionadas com o progresso da doenga*..

Figura 4|Imagem de microscopia eletrdnica de varredura de isolado clinico de Cryptococcus gattii.
Destaca-se a presenca da capsula polissacaridica do fungo em disposi¢ao geométrica com as células

adjacentes.
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A formacao de biofilme por C. neoformans vem sendo frequentemente relatada
em dispositivos médicos, incluindo: cateteres ventriculares utilizados para aliviar a
pressao intracraniana em casos de meningite*>*, fistulas para hemodialise®,
valvulas cardiacas artificiais*® e protese de quadril*-*. Além disso, foi demonstrado
que criptococomas sao estruturas semelhantes a biofilmes, revestidos por
polissacarideos®.

Casos de co-infec¢ao em humanos ja foram descritos entre C. neoformans e
bactérias, incluindo Klebsiella pneumoniae e Streptococcus pneumoniae. Em alguns
casos a abordagem terapéutica padrao para tratamento da criptocococose foi menos
eficaz e as infecgOes apresentaram sitios de infeccao diferentes dos esperados na
patogénese da criptococose 0%,

Nesse contexto, C. neoformans é um modelo importante para estudar a
amplitude das interagdes que ocorrem em comunidades formadas por individuos
da mesma espécie e comunidades mistas, incluindo: (i) ultraestrutura e dinamica de
formacao de biofilme; (i7) deteccao de diversidade morfoldgica em populagao
clonal; (iii) interagao competitiva entre bactéria e fungo e, (iv) regulacao e montagem

de comunidades do trato respiratorio.

18



2 OBJETIVOS

A presente tese teve por objetivo explorar as intera¢des populacionais de
Cryptococcus spp., a fim de avaliar padrdes associados a sociobiologia em

comunidades clonais e mistas.

2.1 Objetivos especificos

— Explorar a organizagao ultraestrutural e geométrica de biofilmes formados por
Cryptococcus spp.

— Utilizar machine learning na detecgao de populagdes morfologicamente diferentes.
— Explorar o espectro de interagao entre Cryptococcus e bactérias ambientais, com
énfase em interagoes competitivas.

— Elucidar a dinamica populacional de Cryptococcus e bactérias presentes na
cavidade nasal e identificar parametros de regulacao da estrutura de comunidades

clinicamente relevantes.
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3 RESULTADOS

Os resultados desta tese estao distribuidos em quatro capitulos.

3.1 Capitulo I: Geometrical Distribution of Cryptococcus neoformans Mediates
Flower-Like Biofilm Development.

Publicado na Frontiers in Microbiology, 2017.
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Microbial biofilms are highly structured and dynamic communities in which phenotypic
diversification allows microorganisms to adapt to different environments under
distinct conditions. The environmentally ubiquitous pathogen Cryptococcus neoformans
colonizes many niches of the human body and implanted medical devices in the form
of biofilms, an important virulence factor. A new approach was used to characterize the
underlying geometrical distribution of C. neoformans cells during the adhesion stage
of biofim formation. Geometrical aspects of adhered cells were calculated from the
Delaunay triangulation and Voronoi diagram obtained from scanning electron microscopy
images (SEM). A correlation between increased biofilm formation and higher ordering of
the underlying cell distribution was found. Mature biofim aggregates were analyzed by
applying an adapted protocol developed for ultrastructure visualization of cryptococcal
cells by SEM. Flower-like clusters consisting of cells embedded in a dense layer of
extracellular matrix were observed as well as distinct levels of spatial organization:
adhered cells, clusters of cells and community of clusters. The results add insights into
yeast motility during the dispersion stage of biofilm formation. This study highlights the
importance of cellular organization for biofilm growth and presents a novel application of
the geometrical method of analysis.

Keywords: biofilm, cryptococcus, scanning electron microscopy, geometrical, fungi

INTRODUCTION

Microorganisms have been traditionally analyzed using planktonic microbial cells; however, this
lifestyle is not necessarily related with the growth of microbes in their most prevalent habitat.
Recent approaches in confocal microscopy and molecular biology have provided evidence that
biofilm formation represents the most common mode of microbial growth in nature (Costerton
et al., 1995; Jabra-Rizk et al., 2004; Ramage et al., 2009; Martinez and Casadevall, 2015) and is
a response to ecological competition in the environment (Oliveira et al., 2015). A wide range of
microorganisms are able to switch from a planktonic to a colonial lifestyle in the form of a biofilm,
creating aggregated communities that are enclosed by an extracellular matrix (ECM) (Costerton
et al., 1995).
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C. neoformans Flower-Like Biofilm Development

Microbial biofilms are now recognized as highly structured
and dynamic communities, in which phenotypic diversification
allows microorganisms to adapt to diverse environments under
different conditions (Watnick and Kolter, 2000; Parsek and
Fuqua, 2004; Drescher et al., 2016; Gulati and Nobile, 2016;
Sheppard and Howell, 2016). Importantly, biofilms can be
composed of thousands of cells encased in a matrix and attached
to a surface, but they can also contain as few as tens of cells
arranged as small clusters or aggregates (Stacy et al., 2016).
Open channels interspersing the microcolonies allow water
and nutrients to reach their interior and contribute to the
nutrition and formation of mature biofilms, possibly mimicking
a primitive circulatory system. Waste products might also be
removed through this system (Flemming and Wingender, 2010).

Cells growing within biofilms exhibit unique phenotypic
features compared to their planktonic counterparts, with the
increased resistance to antimicrobial agents provided by biofilms
being the more drastic example (Martinez and Casadevall, 2006a;
Clatworthy et al,, 2007; Lewis, 2008; Ramage et al., 2009).
Biofilm formation in the environment and in the host can be
induced by sub-lethal concentrations of antibiotics or secondary
metabolites, respectively (Kumar and Ting, 2013; Oliveira et al.,
2015). In this context, biofilm formation is an important feature
of Cryptococcus neoformans because it is an environmentally
ubiquitous fungal pathogen that causes cryptococcosis, a lethal
disease with a worldwide distribution related to bioclimatic
conditions as well as to soil characteristics and land use (Cogliati
et al.,, 2017). Almost 200,000 deaths per year are estimated to
be due to cryptococcal meningitis (Rajasingham et al., 2017).
The major virulence factor of this fungus is the polysaccharide
capsule that surrounds the cell wall and is responsible for
fungal attachment to surfaces and subsequent biofilm formation
(Martinez et al., 2010; de S Araujo et al., 2016). The C. neoformans
capsule is composed mainly of glucuronoxylomannan (GXM),
a polysaccharide generated intracellularly and exported to the
extracellular space via vesicle-mediate secretion (Rodrigues et al.,
2007). GXM is also a constituent of the cryptococcal biofilm ECM
(Martinez and Casadevall, 2005; Park et al., 2009).

C. neoformans can form biofilms on medical devices,
including ventriculoatrial shunt catheters (used to manage
intracranial hypertension), peritoneal dialysis fistulae, cardiac
valves and prosthetic joints (Walsh et al., 1986; Braun et al,
1994; Banerjee et al., 1997; Johannsson and Callaghan, 2009; Shah
et al., 2015). On biotic surfaces, after traversing the blood brain
barrier in meningoencephalitis, C. neoformans has the ability to
form biofilm-like structures known as cryptococcomas (Aslanyan
etal, 2017).

Although previous studies using confocal microscopy
provided initial insights into cryptococcal biofilm structure,
conventional scanning electron microscopy (SEM) techniques
do not preserve the mature biofilm ultrastructure (Martinez
and Casadevall, 2005, 2007). The highly hydrated matrix is
greatly deformed and the cell samples undergo distortion and
may present artifacts. Also, C. neoformans capsule is sensitive
to dehydration and is easily disrupted during routine sample
preparation (Edwards et al, 1967; Sakaguchi, 1993). As a
consequence, considerable effort is currently being spent on

the development of new methods and instrumentation for
its visualization. By applying an adapted protocol for SEM,
we characterized the underlying geometrical structure of cell
distribution during biofilm formation. The degree of order was
numerically quantified and we revealed a correlation between
higher levels of biofilm formation and more ordered underlying
structures. Order/disorder are very relevant in physical systems.
In crystals, for example, deformations can only occur near defects
due to the high energetic cost of their occurrence elsewhere.
Besides, some phase transitions are defect mediated. Moreover,
in the last decades the interplay among defects, geometry and
statistical physics has been highlighted (Nelson, 2002). Here
we propose the application of parameters designed to measure
order in physical systems (Nelson and Halperin, 1979; Aeppli
and Bruinsma, 1984; Okabe et al., 2000; Bernard and Krauth,
2011; Borba et al., 2013) to the microbial populations. We also
investigated the details of the ultrastructural organization of
cryptococcal biofilms and show that cryptococcal cells aggregate
with a specific ordered structure favoring biofilm formation as
compared to disorganized conglomerates.

MATERIALS AND METHODS

Microorganisms

C. neoformans var. neoformans B3501 strain, serotype D (ATCC
34873), is a strong biofilm former on different surfaces (Martinez
and Casadevall, 2005). This serotype has an increased risk of
infections for patients with skin lesions (Dromer et al., 1996).
C. neoformans var. grubii strain H99 serotype A (ATCC 208821)
is responsible for the vast majority of central nervous system
infections, particularly in HIV infected patients. The acapsular
cap67 mutant was obtained by chemical mutagenesis of B3501
(Fromtling et al., 1982). C. neoformans var. grubii strain H99
was employed as a recipient for creating the grasp hypocapsular
mutant involved in unconventional protein secretion (Kmetzsch
et al, 2011). All of the strains were kept frozen in glycerol and
subcultured at the time of the experiment. Standard biosecurity
safety procedures been carried out according to our institution
guidelines (www.cbiot.ufrgs.br/index.php/manual/).

Quantification of Cryptococcus

neoformans Biofilm Formation by XTT

Cells were grown for 24 h at 30°C, in 25 ml of Sabouraud broth
media in a rotary shaker at 150 rpm. Then, the cells were collected
by centrifugation at 3,000g for 5min, washed three times
with phosphate-buffered saline pH 7.2 (PBS), counted using
a hemacytometer and suspended at 107 cells/ml in DMEM—
Dubelcco’s modified eagle media high glucose (GIBCO, USA)
at pH 7.4. After that, 500 pul of the suspension were added
into individual wells of polystyrene 24-well plates (Greiner Bio-
One, AUS) containing sterile glass coverslips and incubated
at 37°C for 48h. Following incubation, wells were washed
in triplicate with PBS to remove any planktonic cells. Then,
300 pl of XTT salt solution (1 mg/ml in PBS) and 24 pl of
menadione solution (1mM in acetone; Sigma-Aldrich) were
added to each well. Microtiter plates were incubated at 37°C
for 5h. Mitochondrial dehydrogenases in live cells reduce XTT
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tetrazolium salt to XTT formazan, resulting in a colorimetric
change, which was measured in a microtiter reader at 492 nm
(SpectraMax i3). Microtiter wells containing only culture media
but no C. neoformans cells were used as negative controls.

Scanning Electron Microscopy Preparation
An improved protocol developed for visualization of
C. neoformans planktonic cells by electron microscopy was
recently described (de S Aratjo et al., 2016). Here, we modified
a few parameters in order to preserve the ultrastructure of
the biofilm stages. Briefly, after the incubation period (4h for
adhesion or 48h for mature biofilm) as previously described,
the wells containing the coverslips were washed three times
with PBS. After washing, cryptococcal adhered cells were fixed
with 500 pl of 2.5% glutaraldehyde type 1 (Sigma Aldrich,
USA) diluted in 0.1 M sodium cacodylate buffer pH 7.2 and
for 15min at room temperature. Then, the wells were washed
three times in 0.1 M sodium cacodylate buffer pH 7.2 containing
0.2M sucrose and 2mM MgCl, with the aid of two pipettors,
which were used for addition and concurrent removal to avoid
air exposure. Adhered cells were dehydrated in a series of
freshly made solutions of graded ethanol (30, 50 and 70%, for
5 min/step, then 95% and twice 100%, for 10 min/step). The
dehydration was closely monitored to prevent biofilm matrix and
capsule polysaccharide extraction. Samples were then subjected
to critical point drying (EM CPD 300, Leica) immediately
after dehydration, mounted on metallic stubs, sputter-coated
with a 15-20nm gold-palladium layer and visualized in a
scanning electron microscope (Carl Zeiss EVO® MAI10 or
EVO® —50 HV Carl, Oberkochen, Germany), operating at 10
kV. Microscopic fields were selected by random scanning and
photo documented. The experiment was performed in three
independent replicates.

Time-Lapse Microscopy

C. neoformans B3501 cells were prepared as described above
and suspended at 10° cells/ml in DMEM. After that, 1 ml of the
suspension was added into individual wells of glass and incubated
for 4h at 37°C. Following incubation, wells were washed in
triplicate with PBS to remove planktonic cells. Then, 1 ml of
DMEM was replaced and the wells incubated for 48 h at 37°C on
an Espectral FV 1000 system. Time-lapse imaging was performed
at 30-60 s intervals.

Geometric Analysis

The strains were allowed to grow for 4h (adhesion stage) in the
conditions described above. Following the incubation, the wells
were washed three times and prepared for SEM. Images were
treated with the software Image] (versionl.48k, Java 1.8.0_65
(64-bit); National Institutes of Health, USA, [http://imagej.nih.
gov/ij]) to extract information for further statistical analysis. An
ellipse was fitted to each of the particles in the image and its area
was calculated. Since only the center coordinates of each ellipse
are necessary for the analysis of the neighboring cells network, we
represent particles with circles of fixed radius such that their areas
are equal to the average ellipse area. Once the centers are defined,
it is possible to establish the nearest neighbors of each cell n; by
means of a Delaunay triangulation and Voronoi tessellation using

Fortune’s algorithm (Fortune, 1987) with the software voronoi
(version 1, Steve J. Fortune, Bell Laboratories, USA [http://ect.
bell-labs.com/who/sjf/voronoi.tar]) With this information, it is
possible to obtain the number of nearest neighbors and distance
distributions, allowing one to calculate average parameters that
quantify order in the spatial distribution of cells for each sample
image.

To calculate the local variance in the number of neighbors
Wb, first the average number of neighbors was calculated for the
sample

1 N
n=(m) =3 m (1)
i=1

where N is the number of cells whose distance to any image
border is not within 5% of the system size. Cells close to the
border were not taken into account to calculate bulk properties.
The local variance was defined as

wh = (n; — n)%, )

and the global variance was defined as its average
LN
o=ty =) My 3)
i=1

Following Borba et al. (2013) we calculate the local order
parameter

1
Ve = - E cos (60ijk) , (4)
l]:1

where 8;;. are the angles formed by the two line segments joining
site i and two of its consecutive neighbors (Figure 1). A given
set of points (an image) can then be characterized by the average
value of this quantity

N
. 1 .
— (i) = — i
Ve = (V) = ;_1 V- ©)
For a triangular lattice of points, every site will have ¥} = 1,

since every site has six neighbors and six angles equal to 60°.
Therefore, ¢ = 1 characterizes a perfect hexagonal symmetry
(Borba et al., 2013). On the other hand, for a set of randomly
distributed points, a value of ¢ close to 0 is expected.

In order to analyze the probability of generating a given value
of ¥ from a random distribution of points, we generated 1,000
sets of randomly distributed non-overlapping disks with areas
equal to the average area of a cell in a box of the same size
as that of the image. For such an ensemble with N, images
(sets of points), one can calculate the average of Y and its
standard deviation. Then, it is possible to apply a Student-¢ test
to evaluate the possibility that the values of ¢ for experimental
configurations of cells present the same distribution as those
for a random configuration generated by the deposition of non-
overlapping disks. The one-tailed test for samples with unequal
variance was calculated using LibreOffice (version 4.2.8.2 Build
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ID: 420m0 (Build: 2); LibreOffice, The Document Foundation,
[http://www libreoffice.org]). The p-values of the test were
obtained for the 3 pairs of data: (a) 5 samples of B3501 with 1,000
sets of non-overlapping disks (p ~ 3.7 x 1077); (b) 5 samples
of H99 with 1,000 sets of non-overlapping disks (p ~ 0.35); (c)
5 samples of B3501 with 5 samples of H99 (p ~ 1.1 x 1079).
In Figure S1 we show the corresponding network for a set of
randomly distributed non-overlapping disks and the distribution
of ¥ for 1,000 random sets.

RESULTS

Biofilm Formation and Analysis of Cellular
Adhesion Geometry

To characterize the underlying geometric structure of cell
distribution in the initial steps of biofilm formation (after

incubation for 4h), SEM images were examined. This analysis
considered the wild type strains C. neoformans B3501 and H99,
the hypocapsular grasp mutant (Kmetzsch et al., 2011) and the
acapsular cap67 mutant (Fromtling et al., 1982). To take into
account differences in adhesion of the cells to the substrate, we
analyzed conditions differing only in the presence or not of poly-
L-lysine (PLL). Pre-treatment with PLL increases the number
of adhered cells, as expected, but did not influence the cell
organization (Figure 2).

To classify the spatial distribution of cells, we used four
measures: average number of nearest neighbors # and its variance
W2, intercellular distances, and the average degree of hexagonal
order v¢. This last measure has been applied to study the
liquid-hexatic transition (Nelson and Halperin, 1979; Bernard
and Krauth, 2011) and also to the study of nanoporous alumina
arrays in which case the ordering and organization are crucial
for engineering applications (Borba et al., 2013). Among the

FIGURE 1 | Values of 1//é for a site in a triangular lattice (left) and for a random distribution of neighbors (right).

FIGURE 2 | Geometric distribution of cells in the initial steps of biofilm formation, after incubation for 4 h. C. neoformans B3501, H99, hypocapsular grasp mutant and
acapsular cap67 mutant strains adhered in non-covered glass coverslips (Top) and PLL covered glass coverslips (Bottom).
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FIGURE 3 | Analysis of the local order parameter, wé, for samples with poly-L-lysine. Left column C. neoformans B3501. Right column C. neoformans H99. (A) SEM
image of cryptococcal cells after 4 h of adhesion. (B) Network of adhered cells; nearest neighbors were obtained by Delaunay triangulation (blue line segments). Red
circles represent cell centers in the bulk of the sample. Vertices without circles near the borders represent cells that were discarded from the analysis (distance to the
border within 5% of system size) to minimize border effects. (C) Voronoi diagram of the sample. The color code represents wé. (D) Distribution of l//é. The blue curve is
a Gaussian fit to the data points, grouped into bins. The red vertical line displays the average value g of the local order parameter wé (Left: yg = 0.22, total number
of cells in the image Nyt = 1066, number of analyzed cells N = 837, average number of neighbors n = 6.01. Right: ¥ = 0.06, Ntot = 885, N = 699,n = 6.01).
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parameters used, ¥ was the one with more conclusive results
(Table S1).

The variance of the number of nearest neighbors pu,
(Equation 2) was found to be low, in the range 0.7-2.1, indicating
that the majority of cells have a number of nearest neighbors
very close or equal to the average n = 6 (see Figure S2 for
the local values j}). This fact reinforces that it is adequate to
use Y, a measure appropriate for hexagonal symmetry. For
its quantification, we first measure the local order parameter
¥i (Equation 4), that indicates how isotropically arranged the
nearest neighbors of the i cell are. If the cells are found in
a perfect triangular lattice, all sites have six nearest neighbors
and the lines joining the i cell with two of its consecutive
neighbors form an angle of 60°. In this case of perfect hexagonal
symmetry, the average of ¥/} over the whole sample will attain
its maximum value ¢ = 1. For a random distribution of cells,
with angles differing from one another, the local values yr; will be
smaller and their average, ¥, will be negative and close to zero
(Figure 1). In the case of partial ordering, one finds intermediate
values 0 < ¥ < 1. In Figures 3A,B, we present the Delaunay
triangulation (Okabe et al., 2000), that determines the network
of nearest neighbors, combined with SEM of the adhesion stage
of biofilm formation with PLL biofunctionalization for B3501
and H99 (wild types). Acapsular cap67 mutant and hypocapsular
grasp mutant were not analyzed since they organize in 3D
aggregates.

In Figure 3C, cell color is related to wé. It also shows the
Voronoi diagram (Okabe et al., 2000), which separates the figure
into polygons such that every point in a polygon is closer to the
cell inside it than to any other cell. The distribution of ¥} for each
image is presented in Figure 3D with a Gaussian fit to the data.
The red vertical line represents the average value .

The quantification of biofilm formed after 48 h of incubation
was based on 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium-hydroxide (XTT)
reduction assay measurements which determines the absorbance
(A (492 nm)) of metabolic activity and correlates with biofilm

FIGURE 4 | Correlation between biofilm formation measured by the XTT
reduction assay (A (492 nm)) @nd the order parameter g for the two strains
with and without PLL.

formation and fungal cell number. We found a correlation
(r? = 0.98, Figure 4) between higher levels of biofilm formation
[A (492 nm)] and more orderly underlying structures < v >,
where the angled brackets represent an average over 5 images
in the early phase of biofilm formation, since the first layer
of cells on a substrate is not necessarily characteristic of a
random deposition. For instance, C. neoformans strain B3501,
known as a strong biofilm producer has < s > = 0.20 and
A (492 nm) = 1.38, while strain H99, a weak biofilm producer, has
< Y > = —0.04 and A (493 nm) = 0.44 without PLL (Figure 5).

Special attention should be given to these two strains in
the presence of PLL; the better-known biofilm producer B3501
has a significantly more orderly disposal than H99, with an
approximately equal number of cells (Figure 2). These results
endorse that the difference in biofilm formation is not due simply
to different numbers of cells due to the low adhesion of H99
in the absence of PLL. For both mutants cap67 and grasp, it
was not possible to calculate ¢ due to the formation of cell

FIGURE 5 | Poly-L-lysin influence on g is strain dependent. v is determined
for five independent images of C. neoformans H99 and B3501 incubated in
plates treated or not with Poly-L-Lysin. Data is presented as symbols and are
also represented by the Median and inter-quartile ranges. Statistically
significant differences were marked (***p < 0.001; ***p < 0.0001) according
to ANOVA test followed by Tukeys multiple comparison test.

TABLE 1 | Values of g for 5 samples of each of the strains B3501 and H99
(without PLL).

Biological replicate ¥e values of C. neoformans strains

B3501 H99
1 0.213 —0.058
2 0.200 —0.029
3 0.200 —0.058
4 0.185 —0.039
5 0.199 0.006
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agglomerates that result in 3D structures. Nevertheless, this does
not weaken the conclusion that a non-random disposal with
a regular distance and number of neighbors between cells is
important for biofilm formation, given that the cells are closely
packed together in these agglomerates.

High values of ¢ for C. neoformans B3501 in the range
0.18-0.21 (without PLL, Table S1) for the 5 biological replicates
analyzed are indeed representative of a non-random distribution
since a Student-¢ test to evaluate the possibility that such values
arise from a random deposition of non-overlapping disks with
the same average area as the cells yields a p-value p &~ 3.7 x 1077
(Figure S1). For the five samples of C. neoformans H99, we
obtained p & 0.35 when comparing its ¢ values to those of
the randomly deposited non-overlapping disks. The same test
applied comparing C. neoformans B3501 with C. neoformans H99
yielded p ~ 1.1 x 107°. Therefore, it is plausible to conclude
that the C. neoformans H99 samples present an essentially
random distribution, whereas C. neoformans B3501 do not
(Table 1).

The orderly distribution of cells even during the detachment
stage of biofilm is a process that occurs dynamically (Figure 6,
Movie S1). From the snapshots, it can be seen that new cells
that flow into the already populated region do so by following
almost the same paths and tend to maintain a more or less regular
distance from other cells. This suggests that the ordering stems
from some interaction between the cells: this behavior is similar

to equally charged spheres (not in electrolyte solutions), which
tend to auto-organize due to the electrical repulsion among
themselves (Figure 5). The nature of such interaction, however,
remains a point of further investigation (since the typical distance
between the cells is considerably larger than the Debye length
of an electrolyte solution as the cellular medium). On the other
hand, our results also suggest that this effective repulsion may
depend on the capsule integrity since both mutants with capsular
defects tend to agglomerate into compact clusters of cells.

C. neoformans Biofilms Are Organized in

Flower-Like Clusters

We believe that the organized geometrical structure is an
important factor for the next steps of biofilm formation. The
strain B3501 was used for ultrastructure analysis of biofilm
due to its significantly more orderly disposal during adhesion
stage (Figure2) and strong biofilm formation (Martinez and
Casadevall, 2007). The applied protocol allowed the detailed
observation of preserved cryptococcal biofilms by SEM. Our
findings contrast with available data of confocal and optical
microscopy in which resolution and detail are limited, but
converge in biofilm thickness in the range of 50-76 um, as
well its complexity (Martinez and Casadevall, 2006a,b, 2007;
Robertson and Casadevall, 2009). The images showed the ECM
embedding cells organized into biofilm clusters with both
amorphous and organized flower-like structures of the mature

FIGURE 6 | Time-lapse microscopy of C. neoformans B3501 flow during various stages of biofilm formation. Initial steps of biofilm formation (A-C). From 24 h
onwards, cells enter the vision field from the top (D) and auto-organize (E~F). Cells tend to follow similar trajectories. Snapshots from the Movie S1.
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biofilm (Figures 7A-D). The vertical growth seems to dominate
cluster expansion with regions of high ECM densities. Isolated
yeast cells were found both attached to the surface and cluster-
associated (Figures 7A,C,D).

Interestingly, an unexpected phenotype of a few cells located
at cluster boundaries, resembling bridges and involved in
anchoring the clusters, can be observed. These cells are elongated
and interconnect surface substrate and clusters (Figures 8A-C).
We found ECM micro channels displaying a well-designed
structure associated with cryptococcal cells (Figure 8D). For
some soil bacteria, the presence of ECM micro channels
are required for cell alignment and advancement on surfaces
(Berleman et al., 2016).

Cryptococcal Biofilms Form a Social

Community of Clusters
Even within a community composed of genetically identical
microbial cells, there exists high heterogeneity in morphology
and physiology of its sub-populations (Lidstrom and Konopka,
2010). Wang et al. (2013), discovered that C. neoformans
responds in a paracrine manner to a secreted protein responsible
for colony communication and morphology (Wang et al., 2013).
To synchronize social microbial behavior, extracellular signals
must disseminate across the community and reach adjacent
cells. Here, we speculate the existence of a hierarchical biofilm

organization composed of a cluster community. The SEM
images show that small clusters (Figures 9B-D) are adjacent
to the mature biofilm cluster (Figure 9A). We hypothesize
that a feedback response of mature clusters signaling leads
to the formation of small aggregates surrounded by ECM.
The clustering process may implement a secondary signaling
for functional or phenotypic switch in a paracrine manner,
as supported by Wang et al. (2013). This process seems to
trigger an autoinducer activity by stimulating neighboring cells
to phenocopy the mature cluster.

DISCUSSION

The hallmarks of this study were the use of a numerical measure
to quantify the geometrical order of the first layer of adhered cells
in the process of biofilm formation as well as the detection of
well-shaped ultrastructure of C. neoformans biofilms. To verify
the relation between cellular order and biofilm production, we
analyzed C. neoformans H99 and the mutants grasp and cap67,
and the usual model C. neoformans B3501. Once we showed
that there is indeed a correlation between increased order and
increased biofilm production, we focused on the standard strain
to further study the ultrastructure.

This analysis was made possible by the introduction of a
modified protocol for SEM visualization of microbial biofilms,

FIGURE 7 | SEM of C. neoformans B3501 displaying flower-like clusters. Biofilm presented complex structure and spatial organization. (A) The dotted square
indicates cryptococcal cells attached to the surface. (A,B) Biofilm clusters with amorphous and asymmetrical structure (red arrows) and mature biofilm with flower-like
shapes (green arrows). Flower-like cluster shown in higher magnification (C,D) with embedded cells in the ECM (pink arrows).
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FIGURE 8 | SEM of C. neoformans B3501 showing phenotypic cell change and biofilm channel. Anchoring cells (pink arrows) are observed located at the base of
some flower-like (A,B) and amorphous (C) clusters boundaries. Micro channels (yellow arrow) are found associated with cells (D).

due to the fact that standard protocols greatly distort the matrix.
To minimize artifacts, a shortened time of fixation and careful
dehydration is optimal for ultrastructural SEM analysis (Joubert
et al., 2015). The ultrastructure preservation was achieved
by combining appropriated techniques, a reduced period of
incubation during SEM preparation and good grade reagents.

Distinct levels of spatial organization were observed: adhered
cells, clusters of cells, as well as the community of clusters. The
affinity of attachment to different surfaces is strongly related to
the presence of the cryptococcal capsule. In fixed C. neoformans
cells, the fibers surrounding the cell (capsule filaments) directly
stretch and link cells to surface, promoting attachment (de S
Aratjo et al., 2016).

Cryptococcal biofilm formation seems to be driven by a
communication system via adhesion/matrix protein signaling
(Wang et al., 2013) and directional proliferation of the original
adhered cells. Cfl1, the first prominent ECM secreted protein
of C. neoformans, is highly expressed in subpopulations located
at the periphery of a mating community and is concentrated
in the extracellular matrix boundary. This protein orchestrates
yeast-hypha morphotype transition, cell adhesion, and virulence.
This suggests that Cfll possibly serves as a signal regulating
morphotype transition in the cells enclosed or adjacent to the
ECM (Wang et al., 2012, 2013; Wang and Lin, 2015).

We hypothesize that the reversible cell attachment is mediated
by capsule interactions and the orderly distribution of cells, as

described above. As the capsule is primarily responsible for the
high negative zeta potential of C. neoformans cells, variations in
the structure of GXM could also influence the Zeta potential.
However, zeta potential determinations of C. neoformans H99
and B3501 strains did not reveal major differences (Kozel and
Gotschlich, 1982; Nosanchuk and Casadevall, 1997; Cordero
et al,, 2011). In this way, we assume that biofilm formation
capability is a serotype-dependent process and is influenced by
either biological or environmental factors. Based on this, the
resulting patterns observed for H99 and B3501 strains cannot
be explained by charge distribution. The ordering reported
is due to an effective repulsion among cells, the nature of
which remains a mystery. It may be due to chemical sensing
or excluded volume that hinders the free motion of cells
(Movie S1), in which cells flow following similar paths and
tend to adhere at an approximately constant distance from one
another.

Our data supports that once irreversible attachment occurs,
cryptococcal cells may form a narrow ECM layer around the
cell body where cells rapidly proliferate, but the surface-attached
and peripheral anchored cryptococcal cells may restrict their
expansion to the plane. As initial small clusters proliferate,
their shape increasingly becomes anisotropic. At this point,
the biofilm consists of several layers of cells grouped into
clusters resembling extremely organized flower-like patterns.
After maturation, cells may detach as microcolonies or as isolated
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FIGURE 9 | SEM of C. neoformans B3501 organized in a community of clusters. (A) Higher magnification image of a mature biofim. (B-D) Small amorphous clusters
(red arrows and dotted arc) surround the mature biofilm (green arrow).

FIGURE 10 | Scheme of C. neoformans B3501 biofilm formation. (1,2) Adhesion of planktonic cells follows an approximately hexagonal distribution. (3) Cluster
expansion and shaping. (4) Flower-like mature biofilm. (5) Detachment of microcolonies or planktonic cells. (a) SEM of biofilm development stages.
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planktonic cells, which auto-organize following an approximately
hexagonal distribution. Cells tend to follow similar trajectories
and may initiate the process again (Figure 10 and Movie S1).

Yan et al. (2016) discovered that the cluster ultrastructure of
Vibrio cholerae biofilm results from the combination of expansion
and confinement of surface-attached cells that generates an
effective anisotropic stress. Such stress overpowers the cell-to-
surface adhesion force for cells at the cluster center, causing
these cells to realign in the vertical direction and forcing
the transition from 2D expansion to 3D growth (Yan et al,
2016). Moreover, if selection pressure is high, it has been
shown that clusters of Pseudomonas aeruginosa have higher
fitness than isolated cells because cells at the top of the
clusters have better access to nutrients (Kragh et al., 2016).
Cluster morphogenesis results from a great number of variables
capable of shaping the ultrastructure. Physical and demographic
processes are demonstrated to act as key factors in biofilm
architectures (H6dl et al., 2014). Cryptococcal cells are likely
most susceptible to the hydrodynamics constraints due to low
motility. In contrast, more motile microorganisms may escape
these constraints and develop biofilm morphogenesis related
to cellular migration and biofilm coalescence (Hodl et al,
2014).

Mathematical studies have related that biofilm architecture
depends on the availability of nutrients, carbon and oxygen,
uptake processes linked to hydrodynamics and diffusion
limitation of substrate transport through the biofilm. More
generally, metabolic capabilities, genotypic and phenotypic
adaptations could result in different behaviors within the biofilm,
allowing organisms to choose between a number of strategies
(Klapper and Szomolay, 2011; Klapper, 2012).

Interestingly, for V. cholerae the presence of low cell number
in cluster biofilm results in increased volume when compared
to biofilms with a larger population. The hypothesis is that the
significant changes in cell-cell spacing between small and large
clusters in biofilms are due to strong temporal variation in ECM
composition or production levels per cell (Drescher et al., 2016).
In agreement, the flower-like clusters of C. neoformans present
a high volume of ECM and relatively low cell concentration, as
supported by our findings. For instance, the shunting procedures
used to treat cryptococcal meningitis hypertension are risk
associated and have historically discouraged surgeons due to its
complications (Liu et al., 2014; Cherian et al., 2016) since it can
provide a surface for cryptococcal attachment. It is common
knowledge that uropathogenic strains of Escherichia coli can
successfully adhere to and colonize the kidney, despite the
presence of high flow rates. Since kidney tubules are narrow
(<50 m), bacterial attachment patterns at even very small
spatial scales can easily block them, increasing the severity of
kidney infection (Melican et al., 2011).

The architectural flower-like cluster organization observed in
serotype D B3501 strain might provide the yeast cells with a
protected niche against antifungals, host defenses, environmental

predators and dehydration. Physical differences in C. neoformans
serotypes A and D biofilms may reflect the predilection of some
serotype D strains for peripheral tissue (e.g., skin) whereas the
structure of serotype A biofilms may select these strains in tissues
such as the lungs (Abdulkareem et al.,, 2015). As demonstrated,
cryptococcal cells may detach from the biofilm in an organized
manner. It is plausible to assume that organization may be needed
for the successful dissemination to the host. In fact, researchers
showed that Candida albicans detached cells from biofilms are
more metabolically active than planktonic cells (Uppuluri et al.,
2010).

Upon this scenario, special treatment of the devices or the
use of materials that hinder the initial organization may be used
clinically to avoid the development of infection, by disrupting the
initial organization. Moreover, the introduction of an objective
measure of order (1¢) obtained from an image may facilitate the
analysis of whether a given surface is prone to biofilm formation.

Continued studies are required to provide a greater
understanding of the importance to investigate the complications
of cryptococcal meningoencephalitis associated to the spatial
distribution of clusters, as well as new methods of imaging for
helping the development of new anti-biofilm targets.
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Figure S1 Set of randomly distributed non-overlapping disks and distribution of 14 for 1000 random
sets. A) Blue line segments compose the Delaunay triangulation network for a randomly distributed
set of disks, which are not allowed to overlap (the minimum distance between 2 disks is 2R, where the
disk radius is R = 7.6 pixels, corresponding to the average cell radius of Fig. 2A). To minimize border

effects, disks lying close to a boundary (a distance within 5% of the figure length) were discarded
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(black dots) for the calculation of ¢ (g = 0.0096, N = 867, Niot = 1064). B) Distribution of 14 for
1000 independent samples with the same parameters: the vertical line corresponds to the average
(Y6) = —0.013816. The dimensions of the box are L, = 1024 and L, = 768 pixels, equal to those

of the image in Fig 2A.
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B3501 H99

Figure S2 Analysis of the variance of the number of nearest neighbors, ub, for samples without Poly-

L-lysine. Left: C. neoformans B3501. Right: C. neoformans H99.
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Phenotypic heterogeneity is an important trait for the development and survival of many
microorganisms including the yeast Cryptococcus spp., a deadly pathogen spread worldwide. Here,

we have applied scanning electron microscopy (SEM) to define four Cryptococcus spp. capsule
morphotypes, namely Regular, Spiky, Bald, and Phantom. These morphotypes were persistently
observed in varying proportions among yeast isolates. To assess the distribution of such morphotypes
we implemented an automated pipeline capable of (1) identifying potentially cell-associated objects

in the SEM-derived images; (2) computing object-level features; and (3) classifying these objects into
their corresponding classes. The machine learning approach used a Random Forest (RF) classifier whose
overall accuracy reached 85% on the test dataset, with per-class specificity above 90%, and sensitivity
between 66 and 94%. Additionally, the RF model indicates that structural and texture features, e.g.,
object area, eccentricity, and contrast, are most relevant for classification. The RF results agree with
the observed variation in these features, consistently also with visual inspection of SEM images. Finally,
our work introduces morphological variants of Cryptococcus spp. capsule. These can be promptly
identified and characterized using computational models so that future work may unveil morphological
associations with yeast virulence.

The methodological advances achieved during the last decade allowed the study of phenotype heterogeneity in
clonal cells. Particularly, the use of microorganism models has challenged the classical view of the phenotype
determinacy based on the genotype and environmental context! .

It is generally accepted that phenotypic heterogeneity leads to an increase in fitness and diversity inde-
pendently of genetic mutations®. In this regard, microbial populations benefit from the ability to switch mor-
photypes and create resilient subpopulations better equipped to adapt and survive in diverse environmental and
host niches. This morphotype heterogeneity is evident in a wide range of characteristics, many of which are
fundamental to microbial virulence’.

A central requisite in such studies is the use of powerful detection methods and the application of statis-
tics®. In particular, image analysis is a common task within the machine learning field'!’. Yet, the literature on
classification of electron microscopy-derived images for biological applications is notably sparse. As such, most
algorithmic implementations focus on simpler methods for image data generation’?.

The human pathogenic yeasts belonging to the Cryptococcus complex have been consistently used as a model
for the study of pathogenicity and for the development of better therapeutic approaches. Infections caused by this
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Figure 1. Morphological diversity of the cryptococcal capsule based on SEM analysis of a clinical isolate of

C. gattii. (A) SEM image showing the coexistence of different morphotypes, which were classified on the basis
of morphological characteristics including fiber abundance, capsule thickness, size and apparent texture. The
capsular morphotypes were named regular (B), spiky (C), bald (D), and phantom (E). Scale bars: 10 pm (A) and
5pum (B-E).

yeast kill 180,000 people around the world every year'. In addition, the treatment of cryptococcosis is unafforda-
ble in most in developing countries'**>.

An important trait for cryptococcal virulence is the presence of a polysaccharide capsule, which has been well
described at the molecular and functional levels'®!”. Capsular morphology includes a huge heterogeneity among
distinct isolates and even in clonal isolates. This cellular diversity has been exploited in terms of drug resistance
and pathogenic potential'®-%.

The study of phenotype heterogeneity is hampered by the lack of proper detection methods and statistical
analyses. In order to further explore this morphotype diversity, we implemented an automated image analysis
pipeline. This machine learning approach is capable of detecting and classifying capsular morphotypes, being
applicable to cell type quantification in microscopy-based experiments. While not a high-throughput technique
per se, SEM does yield vast amounts of complex data. Here, we describe the adaptation of one algorithmic imple-
mentation for the analysis and classification of Cryptococcus spp. capsular morphotypes captured using scanning
electron microscopy (SEM). Our model substantially increases data analysis efficiency and provides a template
for future machine learning applications within microbiology.

Results

Cryptococcus spp. exhibit distinct capsule morphotypes under scanning electron micros-
copy. The analysis of Cryptococcus spp. morphology by SEM revealed different capsular morphotypes within
clonal microbial cultures (Fig. 1A). From the visual observations, we named four different morphotypes which
persistently appeared in varying proportions among different yeast isolates. These morphotypes were defined as
regular (Fig. 1B), spiky (Fig. 1C), bald (Fig. 1D) and phantom (Fig. 1E).

Image segmentation with ebimage. Cryptococcus SEM raw images (N =11, total cells =811) were pro-
cessed using the EBImage package available from Bioconductor'?. Shortly, the pipeline segments images based
on pixel intensity spatial distributions. Background is separated from potentially cell-derived entities. Objects
comprised of too few pixels were discarded, and remaining instances were visually classified as their respective
cellular morphotypes, artifacts, or unidentified (cells of unknown morphology), Fig. 2.

For each identified object, features such as pixel intensity, moment (e.g. eccentricity), shape and texture
were extracted using the corresponding commands from the EBImage package!?. Over 50 features per cell were
obtained, the majority of which were invariant to cell position and/or rotation.

Visualizing overall profiles with principal component analysis. The final data matrix obtained was
composed of over 800 cells (rows) and over 50 features (columns). In order to verify whether there were clear
groupings among the observations, exploratory analysis was performed through Principal Component Analysis
(PCA)?!. This procedure achieves dimensionality reduction by projecting the data matrix into a new subspace,
composed of linearly independent vectors (Principal Components — PCs), which can be treated as new, uncorre-
lated features. These new features are ordered decreasingly in terms of total explained variance and hence can be
used to visualize global tendencies of the original data in lower dimensional space.

Figure 3 shows the PCA for the SEM images. Each axis is a Principal Component (PC) with its corresponding
proportion of explained variance. Each point in the plot represents a single cell, and the colors represent the cell
morphotypes. Points that lay closer together have similar overall profiles across all original features, while distant
observations in the chart tend to be distinct in nature. The data captured the differences among the capsular
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Figure 2. Illustration of image segmentation from a SEM image. The colors were randomly chosen to represent
the distinct objects detected by EBImage. Unique identifiers are assigned to each object, and those were used
for posterior manual labeling. Note that most cells are well distinguished, although marginal objects tend to

be merged together, as illustrated by C96 at the very bottom. These merged cells, as well as other non-cellular
objects, were all treated as artifacts. Cells that were not displayed entirely in the field of view such that no visual
classification was possible were considered unidentified. Scale bar: 10 pm.

Figure 3. PCA of SEM image data. Each point represents a single cell, each color represents a given label: bald
(red), regular (green), spiky (blue), phantom (purple), artifact (orange) or unidentified (grey). The left chart
shows PC1 and PC2, resembling a “front view” of PCA. Bald, spiky, and regular cells show grouping patterns,
although artifacts differ greatly. Unassigned cells appeared well distributed all over labeled cells, which indicates
they may belong to any morphotype. The right chart shows a “top view”, confirming the previous observations.

morphotypes, although clustering is hindered by partial overlap. This was further tested using a non-parametric
version of multivariate ANOVA, which is capable of testing whether groups of observations show significantly
different centroids®?. Considering only those objects with actual cell morphotype labels, PERMANOVA revealed
significant overall differences across cell types (P < 0.001). Also, the artifact observations were placed distant from
all the labeled cells, indicating that their profiles differed in great extent. Finally, unidentified objects appeared
distributed throughout the regions populated by labeled cells, which suggests they display cell-like properties and
probably correspond to actual cells that failed to be manually classified into their corresponding morphotypes.

Cellular morphotypes significantly differ in shape, moment, pixel intensity, and texture. To
further investigate morphological differences across identified cells, we used robust methodologies to compare
basic (pixel-intensity related), shape, moment (eccentricity), and texture features across morphotypes. Figure 4
illustrates how the cells differ. The red lines connect the means, and pairwise comparisons were performed using
Wilcoxon test. Although significant differences were often observed, note how pixel intensities do not seem to
differ as much as contrast. Not surprisingly, mean radius seems to vary coordinately with major axis size.

As there were over 50 features to compare, we adapted a common analysis strategy from the genom-
ics literature. Using robust regression, we estimated the means of each cell morphotype for all features. After
multiple-comparison correction of P- values, non-significant regression coeflicients were set to zero and contrasts
were used to compose the estimated expectations. Translation- and rotation-variant features were left aside, as
these represent positioning rather than cell type morphology. The scaled estimates were used to construct the
heatmap shown in Fig. 5. We observed greater differences among shape and Haralick features, suggesting shape
and texture are major components of morphological differentiation, consistent with visual inspection.
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Figure 4. Capsular morphotypes differ significantly in mean radius, major axis size, mean pixel intensity, and
contrast. Each point represents a single cell, and a small noise was added to each position to avoid overlap.
Differences in shape (mean radius) tend to correlate with differences in moments (major axis), but also with
texture (contrast). Pixel intensities (basic feature) differed significantly, but effect sizes do not seem to be nearly
as large. The types of the features are named as defined in the EBImage R package. Red lines connect the means.
Overall and pairwise comparisons computed with Kruskal-Wallis and Wilcoxon tests, respectively. ‘p < = 0.05;
p<=0.01;""p<=0.001; """p < =0.0001.

Machine learning predicts cellular morphotype. In order to assess the degree with which the identi-
fied morphotypes were differentiable, we performed supervised classification using a Random Forest (RF). We
split the cells into training and test sets with representative proportions of target labels (capsular morphotypes).
Seventy five percent of the data were assigned to the training set. Using repeated 10-fold cross validation, we
applied the Rborist algorithm (from within the Caret R package interface) to perform grid search on hyperpa-
rameters that were relevant for classification optimization?**. The optimized parameters included the number
of randomly selected predictors considered at each split within each tree (known as mtry or predFixed) and the
minimal node size (minNode) considered for all trees in the RF model.

At this stage, the random forest was built of over 2,000 decision trees. Each tree splits the data into recursive
partitions in a way that minimizes a function of node impurity, often the Gini index or Entropy'’. By consid-
ering an aleatory subset of predictors at each split (“random”), the algorithm yields many uncorrelated trees.
Among this aggregation of trees (“forest”), the majority vote for each observation is taken as its actual class.
Supplementary Fig. S1 depicts the classification performance as a function of the number of randomly selected
predictors for 10 different values of minimum node size. Using the training set, the top-performing hyperparam-
eter values observed were 11 randomly selected predictors at each split and 7 as the minimum node size.

Once the RF classifier was built, we used it to predict the morphotype classes in the test set. This included the
three cell types (bald, regular, and spiky), as well as artifacts and unassigned (unidentified) cells. This approach
allowed for cell identification in the presence of unwanted objects, which are inherent to (and a current challenge
for) high- throughput image segmentation®. Phantom cells were not included in as the sample size was consid-
ered too small for predictive modeling. The results are shown in Fig. 6. The overall accuracy was computed as the
proportion of total correct predictions, settling at 85%. The model presented highly specific predictions for all
classes (mean 96%, standard deviation 3.5%), while sensitivity varied more broadly (mean 86%, standard devi-
ation 12.2%). Bald cells yielded the lowest sensitivity value (66%), while the greatest sensitivities were reported
for regular cells, unidentified objects, and artifacts (93%, 94%, and 94%, respectively). All target classes showed
specificities above 91%. Balanced accuracy (mean 91%, standard deviation 6.9%) was computed as the average
between sensitivity and specificity for each group, ranging between 81% (bald) and 97% (artifact).

One of the main challenges for the predictive performance is the bias from manual labeling. This manual pro-
cess is often affected by image-to-image variability, which itself can also be a source of bias. One way to overcome
this issue is to increase the number of images analyzed. Nevertheless, such a procedure also relies on operator
availability. Here, we used the so-called confusion matrix?, a cross-tabulation of observed and predicted classes,
to observe error tendencies from our model (Fig. 7). Columns represent the predicted morphotypes and rows
represent the references. The correct predictions are in the principal diagonal, which represents the sensitivity
values as the numbers shown are the relative proportions from row-wise calculations.
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Figure 5. Capsular morphotypes differ significantly in intensity, shape, moment, and texture. We estimated the
expected value (mean) for each cell morphotype across all features using robust regression. The scaled values are
represented as color intensities, i.e., the greater the intensity, the greater a given cell type differs from the cross-
group average for the corresponding feature. Non-significant regression coefficients were set to zero and in
these cases the resulting color corresponds to the baseline (estimate for regular morphotypes). Near-zero values
mean the cell morphotype was close to the cross-group average.

From the confusion matrix, it was clear that many bald cells are mislabeled as spiky, and many spiky as regular.
These were the main errors leading to the two lowest sensitivity values observed (66% and 83%, for bald and spiky
cells, respectively). These results may be affected by biases in visual labeling as these are often misinterpreted by
the human eye. Also, unwanted objects (artifacts and unidentified) were mostly detected as such.

To further investigate the sources of error, the same results were plotted in Fig. 8 as a heatmap of class prob-
abilities. As expected, unequal probabilities yield mostly correct predictions, and the classification challenges
exposed by the confusion matrix were generally represented by cells with similar probabilities of morphotype
assignment and, therefore, difficult to visually differentiate (e.g. bald versus spiky). These results indicate that
manual labeling may be a major issue in predictive modeling of Cryptococcus spp. morphotypes using SEM
images. However, such an effect may be resolved, for instance, with greater sample sizes. Nonetheless, it was clear
that the pipeline showed satisfactory performances for object detection and classification, thereby enabling auto-
mated cellular morphotype analysis in SEM-derived Cryptococcus spp. images.
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Figure 6. Random Forest prediction performance. Bald (red), spiky (green), regular (blue), artifact (purple)
or unidentified (orange) morphotypes are shown. Performance values were sensitivity (left panel), specificity
(middle panel), and average (balanced accuracy, right panel).

Figure 7. Cross-tabulation of observed and predicted values from RF classifier on the test set (confusion
matrix). Proportions were calculated on a row-wise basis so that the principal diagonal shows the sensitivity
values for each class, i.e., the proportion of cells labeled in each class and detected as such. For example, 92% of
regular cells were correctly classified, while 8% were mistakenly predicted as spiky.

Image labeling with predicted morphotypes. A drawback from random forest analysis, however, is the
lack of interpretability*. Even though a given tree can be visualized from the resulting RE, this is not representa-
tive of the ensemble model. In order to overcome this issue, we plotted the actual predictions over the subjects of
study. Figure 9 shows the original images along with the predicted annotations. The gray labels represented the
correct predictions, while the red labels represented classification errors with the actual class within parentheses.
The annotated objects were sparse as most observations were used for model building (comprising the training
set). The visualization, hence, was constructed over the test set solely (N =202). The green lines highlighted the
detected objects from the automated segmentation procedure.

Variable importance. A useful application of random forest classifier is to infer variable importance, i.e., to
estimate how important a given feature is for the overall classification task. For instance, features that cause major
decreases in the Gini index, a measurement of node impurity, tend to show higher importance. Figure 10 shows
such a measurement for all features considered during model building. Feature names describe source (e.g. pixel
intensities or objects’ binary masks), type (e.g. “s” for shape, “h” for haralick), and label (e.g. “radius.max” stands
for maximum radius). For instance, to compute “binary - s.radius.sd”, the EBImage package uses the binary mask
generated from objects’ segmentation (1 = foreground, 0 =background) and calculates the standard deviation of
a set of radius measurements obtained for a given object.

Among the features with highest mean decrease in the Gini index, moment and shape features were notably
prevalent - followed by Haralick features. This observation suggests that objects’ structural characteristics had
the highest influence on classification. Texture measurements also showed persistently high values, while basic
features were less frequent among the most relevant variables. Indeed, the 5-quantile of pixel intensities, as meas-
ured after top hat transformation (top hat - b.q005), appeared among the 5 with the greatest mean decrease in
Gini index. Feature cumulative information is what builds the random forest classifier, so assessment of individual
predictors would not be representative. Still, each variable may leave clues about the partitions that the many
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Figure 8. Heatmap of class probabilities obtained from the RF model. (A) The predicted probabilities are
represented in the first five rows. (B) The predicted classes and reference labels are displayed on the remaining
two rows. Most mismatches between predicted and reference rows (classification errors) occurred among
objects difficult to differentiate even visually. This observation indicates that biases from manual labeling might
be a significant challenge for classification accuracy.

Figure 9. Original images with classification annotations. The predicted classes were mapped to their
corresponding objects and drawn on top of the original images. Objects detected in the segmentation step are
highlighted in green. Correct predictions are shown in gray, while misclassifications appear in red (with correct
label in parentheses). Scale bar: 10 pm.

decisions trees produce at each recursive split. A Principal Coordinate Analysis was performed to yield a glimpse
into the classification mechanism performed by the RF algorithm (see Supplementary Fig. S2). The actual relation-
ships, distributions, and correlations for five of the most relevant features are detailed in Supplementary Fig. S3.
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Figure 10. Feature importance and the mean decrease in the Gini index. Features are colored by type and may
be calculated from three different sources: pixel intensities, segmentation-derived binary masks (i.e. images
encoded as matrices in which identified objects are represented by 1, while background is coded as 0), and
morphological top-hat transformations of pixel intensities.

Discussion

Image analysis is a common task in machine learning, being especially valuable for biomedical applications®.
Most research efforts, however, have been focused on technologies effortlessly adaptable to high-throughput
processing, e.g., light and fluorescence microscopy techniques?’-?°. While not as scalable, SEM produce
high-resolution images for detailed phenotypic characterization at the single-cell level, shedding light onto oth-
erwise obscure microbial diversity profiles®’. Still, proper characterization relies on reproducible observation of
cellular morphotypes, which encouraged the study herein presented.

C. gattii and C. neoformans are deadly pathogens with major mortality impacts worldwide!?. The heteroge-
neity of its morphotypes has been demonstrated to be clinically relevant both in terms of virulence and drug
resistance'®. Here, we extensively characterized distinct capsule morphotypes and constructed a random forest
classifier to predict such morphotypes in SEM-derived images. Based on the EBImage R package, the pipeline
properly identified objects that potentially represented actual cells, differentiating these from the image back-
ground. After cell segmentation, feature extraction, and manual labeling, the cells showed significantly different
shapes, moments, textures, and pixel intensity patterns. The differences detected were sufficient to yield reasona-
ble predictions of cell subtypes using machine learning algorithm.

Model assessment revealed that class prediction was partially hampered by morphotypes difficult to differen-
tiate visually, even for experienced operators. Nonetheless, random forest achieved satisfactory predictive per-
formance through model tuning using grid search across relevant hyperparameters. The algorithm is known
to reduce prediction variance as in bagging?. Although both techniques rely on ensembles of decision trees,
RF de-correlates the generated trees by selecting a randomly-chosen subset of original features at each split.
Suited for multi-class problems, our model was able not only to identify cell morphotypes, but also artifacts that
remained from cell segmentation and even cells that could not be visually classified, e.g., cells that were only
partially displayed in the image frame. Furthermore, random forest models have the advantage of generating

SCIENTIFIC REPORTS |

(2020) 10:2362 | https://doi.org/10.1038/s41598-020-59276-w



www.nature.com/scientificreports/

estimates for variable importance. Our pipeline produced over 50 features of different types. In partial accord-
ance with visual intuition, the decrease in Gini index, caused by variable permutations, indicated that structural
features are most relevant for class prediction, followed by texture - although pixel intensities yielded important
characteristics as well.

Finally, concerns may be risen regarding the biological meaning of the presented morphotypes. It is still
unknown whether polysaccharide serotype and capsular morphotypes are correlated. However, the reported varia-
tion of capsular architecture within a single serotype of C. gattii argues against this hypothesis®'. This highlights the
importance of further investigation of capsular populations across genotypes and serotypes of Cryptococcus spp.

In conclusion, this study has applied computational tools to investigate clinically-relevant microbial mor-
photypes detected by SEM. We described Cryptococcus spp. capsular morphotypes in terms of shape, moments,
texture, and pixel intensities. We also demonstrate these cellular morphotypes can be accurately predicted using
machine learning techniques, which also gave insight into which features were most relevant for describing cell
differences. It is clear that regular, bald, spiky, and phantom cells comprise significantly divergent morphotypes. It
remains to be investigated, however, to which extent these cellular variations may affect virulence potential, drug
susceptibility, and clinical practice.

Materials and Methods

Cryptococcal strains and growth conditions. A total of 11 isolates (C. gattii strains: R265, WM 161 and
7 clinical isolates; C. neoformans strains: 2 clinical isolates) were included in this study. Cells were grown for 24 h
at 30 °C in 25mL of YPD broth in a rotary shaker at 150 rpm. The cells were counted using a hemocytometer and,
to induce capsule formation, suspended at 10° cells/mL in capsule-inducing minimal medium (3 uM thiamine,
15mM glucose, 10 mM MgSO,, 29.4 mM KH,PO, and 13 mM glycine) following incubation for 72h at 37 °C with
5% CO,.

Sample preparation for SEM image acquisition. Capsule-induced cells were collected by centrifuga-
tion at 3,000 g for 5 min, washed three times in PBS and fixed (2.5% glutaraldehyde type 1 in 0.1 M sodium caco-
dylate buffer) for 1h. Then, cells were washed in post-fixative solution (0.1 M sodium cacodylate buffer, 0.2 M
sucrose and 2 mM MgCl,), and adhered onto coverslips coated with 0.01% poly-L-lysine, for 30 min. The cover-
slips containing cryptococcal adhered cells were dehydrated in solutions of graded ethanol (30, 50 and 70%, for
5 min/step, then 95% and twice 100%, for 10 min/step). Samples were subjected to critical point drying (Critical
Point Dryer CPD030 - Balzers), mounted on metallic stubs, coated with a 15-20 nm gold layer, and visualized in
a scanning electron microscope (Zeiss Auriga), operating at 5-10kV.

Image pre-processing and object identification. Based on the EBImage R package, we defined an
automated segmentation pipeline capable of properly separating actual cell-associated pixels from background
noise'? For preprocessing, all 11 images were primarily set to grayscale mode and 1024 x 724 pixels. Adaptive
thresholding was performed using linear filtering. The local calculated background was removed from the orig-
inal images for the construction of binary masks: in which 1 represents an object-associated pixel (foreground),
and 0 represents the background, for each position in the image matrices. However, as the objects in these binary
images often presented holes and blurred separations, they were propagated towards more lenient, fully filled
binary masks through Voronoi tessellation®. Segmented objects with less than 1000 pixels were considered as
obvious artifacts and hence assigned to the background.

Feature extraction. The identified objects proceeded to feature extraction, which included basic (e.g. inten-
sity mean and standard deviation), shape (e.g. area, max radius, mean radius), and moment (e.g. eccentricity)
variables. Texture was analyzed using gray-scale co-occurrence matrices as in EBImage’s implementation of orig-
inal Haralick features!'>**. Variable names were coded as follows: x.s.y.z in which x is a placeholder, s is the feature
source (e.g. binary mask or original image), y is the type (e.g. basic, shape), and z is the actual feature name (e.g.
mean, area, radius). The feature type is identified as “s”, “b”, “m”, and “h” for shape, basic, moment, and Haralick
features, respectively. Feature source varied among “0”, “a”, and “Ba” for binary mask, original images, and top-hat
transformed images, respectively. Note that only translation- and rotation-invariant features were kept for model
construction to avoid spatial biases - i.e. cells being classified based on position-related characteristics. The final
data set was comprised of 811 cells and 54 features.

The identified objects were manually labeled as regular (N =285), bald (N = 129), or spiky (N =261) morpho-
types. Borderline cells detected by the pipeline were labeled as unidentified when manual labeling was hampered
(N'=74). Also, as the high-throughput image processing yields artifacts, these were also labeled accordingly and
considered for modeling (N =62).

Random forest classifier. The labeled objects were then used to train a random forest (RF) model for
morphotype classification. The optimization process was performed using the interface available from the Caret
R package®. The RF algorithm chosen was the implementation from the Rborist R package, which allows for par-
allelism and fast optimization (within Caret) of two of the most relevant hyperparameters: minimal node size and
number of randomly selected predictors at each split*. The optimal values were 9 and 10, respectively. The orig-
inal data set was split into training and testing sets in a way that original class distributions were retained - using
the sample.split function from Catools R package. All modeling optimization was carried out using repeated
10- fold cross validation (10 times) performed entirely on the training data set. Random Forests were constructed
with 2000 trees each. The phantom capsular morphotypes were left aside as their total count was considered too
low for model fitting (less than 3% of total cells).
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Statistical analysis. Non-parametric comparisons were performed using Kruskal-Wallis and Wilcoxon
tests. Robust regression was carried out using M estimator as implemented in the MASS R package®.
Benjamini-Hochberg procedure was used for multiple comparisons correction of P-values. An alpha level of 0.05
was used as significance threshold in hypothesis testing.

Code availability

All code and raw data are available at https://github.com/giulianonetto/crypto_classification. The pipeline is
capable of (i) identifying potentially cell-associated objects in the SEM-derived images; (ii) computing object-
level features; and (iii) classifying these objects into their corresponding classes.
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Supplementary Fig. S1. Tuning random forest hyperparameters. Accuracy estimations were
generated from 10-fold cross-validation repeated 5 times. The training set comprised 75 %
of all data. The best performance was achieved considering 11 randomly selected predictors
at each split and having 9 as the minimum node size. Tuning procedure was performed
using Rborist implementation from within the Caret modeling interface. The dashed line

represents the highest accuracy point.



Supplementary Fig. S2. Principal Coordinate Analysis (PCoA) derived from sample
proximities estimated by RF model. The random forest algorithm yields estimates of
observations’ proximities. A distance matrix was constructed by subtracting these values
from one, serving as input for PCoA (also known as Multidimensional Scaling). The star
shape is typical of this analysis (proximity plot). While unidentified objects and artifacts
seem gathered in the middle, cell classes tend to form groupings apart from each other.
Here we only visualize two dimensions from estimated proximity values - while the model

itself considers the actual feature space.



Supplementary Fig. S3. Correlations among the five most relevant features and their
distributions. As indicated by the mean decrease in the Gini index, the five most important
features seem to include shape, moment, and basic characteristics. Note that x.Ba.b.q005,
the 5-quantile of pixel intensities after top hat transformation, is the only basic feature
among the top 10 variables - others include texture (Haralick) features. Expectedly, objects’
area and radius mean are highly correlated, which also happens between eccentricity
calculated with reference images (x.a.m.eccentricity) and with the binary mask
(x.0.m.eccentricity). However, the correlation values vary across classes. Additionally, notice
that two-dimensional scatter plots fail to separate object classes completely - it is the

features’ cumulative information that is used by the RF algorithm to make predictions.
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In nature, microorganisms often exhibit competitive behavior for nutrients and limited space, allowing
them to alter the virulence determinants of pathogens. The human pathogenic yeast Cryptococcus neo-
formans can be found organized in biofilms, a complex community composed of an extracellular matrix
which confers protection against predation. The aim of this study was to evaluate and characterize
antagonistic interactions between two cohabiting microorganisms: C. neoformans and the bacteria Ser-
ratia marcescens. The interaction of S. marcescens with C. neoformans expressed a negative effect on
biofilm formation, polysaccharide capsule, production of urease, and melanization of the yeast. These
findings evidence that competition in mixed communities can result in dominance by one species, with

Keywords: direct impact on the physiological modulation of virulence determinants. Such an approach is key for
Antagonism understating the response of communities to the presence of competitors and, ultimately, rationally
Bacteria designing communities to prevent and treat certain diseases.

Biofilm © 2020 British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Interspecies interaction
Yeast

1. Introduction

Throughout the years, microbiology has focused mainly on the
study of single-species cultures. However, in the last decade several
works have explored a new paradigm regarding complex commu-
nities: the behavioral modulation of organisms when co-cultivated
with other species (Friedman and Gore, 2017; James et al., 1995; Nai
and Meyer, 2018; Rader et al., 2016). This new approach is based on
the fact that microorganisms live in dynamic and diversified
groups, rather than alone in the microenvironment. Furthermore,
studying monocultures does not allow for a complete under-
standing about the functions and composition of a community,
especially with regards to human pathogens (McCully et al., 2019).
Understanding the role of microorganisms and their associations
with one another could lead to the identification of new antifungal
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activities and, subsequently, to new treatment strategies for
infection-related diseases.

In nature, microorganisms often exhibit competitive behavior
due to scarce nutrients and limited space (Friedman and Gore,
2017). Recent studies have revealed interactions between close
constituents of the human skin microbiota, such as Staphylococcus
epidermidis and Propionibacterium acnes, which showed antimi-
crobial activities (Christensen et al., 2016). Similarly, the probiotic
yeast Saccharomyces boulardii can display a strong negative effect
on Candida albicans’ ability to form biofilms on plastic surfaces, as
well as a significant inhibitory effect on the adhesion of Candida
glabrata (Krasowska et al., 2009; Tomicic et al., 2016). Antagonistic
mechanisms can also be demonstrated upon intercolonial contact,
where motile Bacillus subtilis cells emerge from the mature biofilm
to engulf the competing Bacillus simplex colony (Rosenberg et al.,
2016).

The human pathogenic yeasts belonging to the Cryptococcus
complex have been consistently used as a model for the study of
pathogenicity and for the development of better therapeutic ap-
proaches (Mayer and Kronstad, 2019b). Cryptococcus neoformans
(Cn) that live in soils, on trees and in bird droppings have also been
described in interkingdom interactions (Dhamgaye et al., 2015;

1878-6146/© 2020 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
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Rella et al., 2012). The soil bacterium Bacillus safensis can block
several virulence determinants of Cn, including the production of
melanin and the antiphagocytic polysaccharide capsule (Cordero
et al,, 2018; Saito and Ikeda, 2005). It has been proved that the
lack of capsule formation genetically results in strongly reduced
fungal virulence (Kwon-Chung and Rhodes, 1986). B. safensis also
presented activity against filamentation and biofilm formation in
C. albicans. Bacterial chitinase activity against fungal cell wall chitin
was pointed as a factor that contributes to the antipathogenic effect
of B. safensis (Mayer and Kronstad, 2017).

Cn has several virulence determinants, one being biofilm for-
mation: A complex community of cells that is irreversibly associ-
ated with a surface and enclosed in a matrix of primarily
polysaccharide material (Martinez and Casadevall, 2015). This
attribute of resistance ensures their survival both on biotic and
abiotic surfaces (Camacho and Casadevall, 2018), and serves as a
barrier against antimicrobials, allowing for the identification of
yeast in the pigeon gastrointestinal tract, mainly in urban areas
(Chitty et al., 2019). Pigeons have an important role in the disper-
sion of Cn propagules in the environment. Fungal infections occur
through the inhalation of spores and may lead to pneumonia and
meningoencephalitis in the case of immunocompromised in-
dividuals (Camacho and Casadevall, 2018; Nielsen et al., 2007).
Cryptococcal meningitis is a neglected infection, which affects
approximately 220,000 people per year, causing an estimated
181,000 annual deaths (Rajasingham et al., 2017).

The aim of this work was to evaluate and characterize the
antagonistic interactions between Cn and Serratia marcescens (Sm),
an environmental microorganism isolated from pigeon excreta at
the Parque Farroupilha in the city of Porto Alegre, RS, Brazil. Sm is a
gram-negative bacteria member of the Enterobacteriaceae family
which can cause nosocomial infections, urinary tract infections and
respiratory diseases (Mahlen, 2011; Moradigaravand et al., 2016;
Szewzyk et al.,, 1993). We found that the interaction of Sm with
Cn has a negative effect on the virulence determinants of the yeast,
including biofilm formation, production of urease and poly-
saccharide capsule formation. When incubated in contact on solid
medium, the fungal colony is completely engulfed by the neigh-
boring bacterial colony and a lower concentration of the fungus can
be seen in the contact zone.

2. Materials and methods
2.1. Strains and culture conditions

C. neoformans var. neoformans wild-type strain B3501 (serotype
D) and C. neoformans var. grubii wild-type strain H99 (serotype A)
were used in this study as wild-type controls. Two mutant strains
H99F and B3501F expressing a far-red fluorescent protein Tur-
boFP635 (Katushka) generated in the laboratory were used for
biofilm quantification and colony interaction through the detection
of fluorescence by Living Image 3.1 Software on IVIS Lumina II. To
generate the recombinant strains the 532 bp and 619 bp fragments
corresponding to the histone H3 promoter region and terminator
region of C. neoformans were amplified by PCR. The plasmid
PTURBO-FP635-N contains the Katushka coding sequence, which
was also amplified. The PCR products were analyzed in an agarose
gel (0.8%) and purified using the Illustra GFX PCR DNA and Gel Band
Purification Kit (GE Healthcare). These fragments were fused by
PCR and cloned in the plasmid pJAF15 using the enzyme infusion
according to the clontech protocol. The product was transformed
into Escherichia coli TG-2 cells. The construct was confirmed by PCR
and by cleavage with Pvull and Xhol. Approximately 10 pg of the
resulting vector was used to perform biolistic transformation
(Toffaletti et al., 1993). Transformants were selected on YPD agar

medium supplemented with 200 pg/mL of the antibiotic Hygrom-
ycin to select cells containing the Kanamycin resistance marker.
Overnight cultures of fungal strains were grown in liquid YPD
medium (2% p-glucose, 2% peptone, 1% yeast extract) in a shaking
incubator at 30 °C and 180 rpm and the isolated bacteria were
grown in liquid LB (1% Bacto-tryptone, 0.5% yeast extract, 1% NaCl)
in a shaking incubator at 30 °C and 180 rpm.

2.2. Isolation and identification of bacteria

Dry excreta of pigeons were collected at the Parque Farroupilha
in Porto Alegre, RS, Brazil (—30.04°S, —51.22°W). Samples were
suspended in sterile saline solution, homogenized in vortex and
spread in Petri dishes containing Niger seed agar (5% Guizotia
abyssinica, niger seed, 0.1% p-glucose, 0.1% KH,PO4, 0.1% creatinine,
1.5% agar) they were then incubated at 30 °C. Afterwards, bacterial
colonies were randomly isolated from Cn-positive plates based on
morphological differences. Subsequently, a screening was per-
formed to evaluate the antibiofilm activity of dual-species (yeast-
bacteria) in comparison to the monocultures. The bacteria that
showed significant antagonist activity against Cn biofilm formation
was selected for further investigation and identified by sequencing
of 16S rDNA region using universal primers 16F27 (AGA GTT TGA
TCM TGG CTC AG) and 16R1492 (TAC GGY TAC CTT GTT ACT T)
according to previous protocols (Mulet et al., 2012). The identifi-
cation was performed by comparing and filtering the sequences
using the GenBank BLAST tool from the National Center of
Biotechnology Information (NCBI). Matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF MS)
analysis was performed at the Hospital de Clinicas of Porto Alegre
in order to confirm the results (Patel, 2019; Pavlovic et al., 2012).

2.3. Biofilm assays

The impact of interspecies interactions on fungal biofilm for-
mation was evaluated with Cn strain B3501, a strong biofilm former,
and the selected bacteria Sm. Bacterial and fungal inoculums of 24 h
at 37 °C were washed twice with phosphate-buffered saline (PBS),
resuspended in RPMI-1640 medium (0.52% medium Gibco; 1.73%
MOPS buffer; pH 7; sterilized by filtration) and adjusted to the
corresponding optical density of 107 cells/mL (Kong et al., 2016). Sm
and Cn were grown individually or mixed (Cn and Sm 1:1) in a 96-
well microtiter plate in quadruplicate at 37 °C for 48 h. The plate
was incubated at 60 °C for 1 h; it was then stained with crystal
violet and incubated again at 80 °C for 15 min. The wells were then
washed and dimethyl sulfoxide (DMSO) was added until the
reading of OD at 570 nm (Ravi et al., 2009). To quantify the yeast in
mixed biofilm, we repeated the experiment as described above
using the fluorescent strain B3501F of Cn. The emitted fluorescence
was measured by SpectraMax i3 (excitation/emission at 588/
635 nm).

2.4. Capsule formation

For the analysis of polysaccharide capsule formation, Cn H99
alone as well as a mixture of Cn H99 with Sm were adjusted to
10° cells/mL. The volume of 70 pL was added to 2 mL of medium
containing 10% fetal calf serum (FCS) and incubated at 30 °C for 72 h
under shaking (Mayer and Kronstad, 2017). Next, samples were
stained with India ink to enable visualization of the polysaccharide
capsule and visualized by optical microscopy (Zeiss Axioskop). Fifty
cells of each condition were measured, and cell size measurements
were performed using Image] 1.48.
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2.5. Quantification of GXM by ELISA

To verify if there was a defect in capsule attachment to the cell
wall of Cn, an enzyme-linked immunosorbent assay (ELISA) was
performed for quantification of GXM secreted by C. neoformans
when co-cultivated with S. marcescens. The inoculums of the yeast
and the bacteria were washed and incubated in fetal calf serum
(FCS) at 2 x 107 cells/mL for 48 h. After incubation, the cells were
centrifuged for 20 min at 8000 rpm, 10 min at 8000 rpm and 10 min
at 8000, transferring the samples to new Eppendorf’s. In the ELISA
plate, 75 uL of a 10 pg/mL solution of pure GXM was added to the
first well, while in the others, 50 pL of PBS were added and a serial
dilution was performed. The plate was incubated for 1 h at 37 °C
and the supernatant was then discarded. It was added 200 pL of
PBS + 1% BSA and the plate was incubated overnight at 4 °C to block
the reaction. The supernatant was discarded and the plate was
incubated for 1 h at 37 °C with 50 pL per well of 1 pg/mL of primary
antibody 18B7 in PBS + 1% BSA. Again, the supernatant was dis-
carded and the plate was washed three times with PBS + TWEEN
20 0.05%. The plate was incubated for 1 h at 37 °C with 50 pL per
well of 1:2000 of secondary antibody IgG in PBS + TWEEN 20
0.05% + 1% BSA. It was washed three times with PBS + TWEEN 20
0.05% and 50 pL of TMB was added per well. After the wells changed
their color, 50 pL of 0.4 M H,SO4 was added to stop the reaction and
read on the spectrophotometer at 450 nm. Concentration of GXM
was normalized by the number of the cells.

2.6. Cell wall integrity

Cells of Cn were visualized on confocal microscopy to verify its
effect on the cell wall and capsule. First, the samples were washed,
inoculated 1 x 108 cells/mL in FCS and incubated for 48 h at 37 °C.
Cells were fixed with paraformaldehyde 4% for 30 min at 30 °C and
washed with PBS. They were centrifuged for 2 min at 6000 rpm and
a solution of PBS + 1% BSA was added and the samples were
incubated for 30 min at 37 °C. After washing, the samples were
incubated with 5 pug/mL of calcofluor at 37 °C for 30 min and then
washed again with PBS. The cells were incubated with 10 pg/mL of
18B7 at 37 °C for 30 min and were washed again. They were
incubated with secondary antibody IgG at a dilution of 1:200 at
37 °C for 30 min and washed with PBS. Finally, the samples were
resuspended in 10 puL of PBS and placed on a slide for visualization
in the confocal microscope.

2.7. Urease activity

The evaluation of Cn urease production during interaction with
Smwas performed in Urea broth (0.1% peptone, 0.1% p-glucose, 0.5%
NaCl, 0.2% KH3PO4, 2% urea, 0.0012% phenol red, sterilized by
filtration). The fungal and bacterial cultures were inoculated in YPD
broth and LB broth respectively, at 180 rpm for 24 h. Next, the
cultures were adjusted to ODggo nm = 1 and mixed at a ratio 1:1.
Mono and co-cultures were incubated on Urea medium at 37 °C
with agitation for 6 h. Then, 200 uL were transferred to a new 96-
well microplate and measured the ODsgp nm for quantification (Fu
et al., 2018). A CFU counting of the cultures was performed to
assess cell viability.

2.8. Melanin production

To test the effect of Sm on the melanin production of Cn, over-
night cultures were washed with PBS and adjusted to 107 cells/mL.
Subsequently, the cultures were mixed together at a ratio 1:1 and
4 pL were inoculated on L-3,4-dihydroxyphenylalanine (0.02% 1-
DOPA, Sigma, 0.27% p-glucose, 0.246% MgSO4 heptahydrate, 0.4%

KH,PO4, 0.0975% glycine, 3 uM thiamine, sterilized by filtration)
agar and incubated at 37 °C for 48 h.

2.9. Interspecies interaction in colonies

Cultures of Sm and Cn were grown at 37 °C for 24 h with shaking
(180 rpm). Next, cell concentration was adjusted to 107 cells/mL
and the bacterial and fungal inoculums were pipetted onto YPD
agar. Inoculums were spotted alone, mixed, or in contact with each
other. Plates were incubated at 37 °C for 48 h (McCully et al., 2019).
To evaluate the region of contact between the two colonies at the
cellular level, the border of the Cn colony was sectioned with a
coverslip and observed under a microscope.

2.9.1. Scanner-based time-lapse of interspecies interaction

To visualize the development of mixed and direct contact col-
onies we performed a real time scanner-based time-lapse. Briefly,
5 uL of the inoculums were dropped onto YPD agar surface, fol-
lowed by the incubation of the plates at 37 °C for 48 h. Colonies
growth was automatically photographed every 1 h using the Epson
Perfection V800 Photo Scanner. Each experiment was performed
thrice.

2.9.2. Fluorescence detection of C. neoformans

To visualize the presence of Cn colony when mixed or when in
contact with Sm, the fluorescent strain H99F was used. After 48 h of
incubation at 37 °C, images of the colonies were acquired using the
IVIS Lumina II system and analyzed with the Living Image Software.

2.10. Scanning electron microscopy of colonies

Ultrastructural analysis was performed by scanning electron
microscopy (SEM) of Cn—Sm colonies grown side by side at 37 °C for
48 h. (SEM) preparation was performed according to Lopes and
Vainstein, 2017 with minor modifications (Lopes et al., 2017). After
incubation, intact colonies were cut from the agar plates, carefully
placed in 12 well microplates and fixed (2.5% glutaraldehyde and
0.1 M cacodilate 7.2 pH) for 1 h at room temperature. The wells
were washed twice with a post-fixative solution (0.1 M cacodilate,
2 mM MgCl, and 0.2 M Sucrose) and subsequently dehydrated in
ethanol (30% for 5 min, 50% for 5 min, 70% for 5 min, 95% for 10 min,
100% for 10 min and again 100%). Samples were then subjected to
critical point drying immediately after dehydration, mounted on
metallic stubs, sputter-coated with a 15—20 nm gold-palladium
layer and visualized in a scanning electron microscope (Carl Zeiss
EVO MA10) operating at 10 kV. The experiment was performed in
three independent replicates.

2.11. Percentage of cell survival in fungal and bacterial interaction

To determine the percentage of survival of fungal and bacterial
cells after 2 h of co-cultivation, pre-inoculums of Cn H99 and Sm
were washed and adjusted to a final concentration of 108 cells/mL
in RPMI-1640 medium. Fungal and bacterial cells were mixed in
2 mL (ratio of 1:1) and incubated at 37 °C under agitation. Non-
mixed samples were used as controls. After incubation, yeast and
bacterial cells suspension were serially diluted and plated to
determine the percentage of survival by CFU assay (Abdulkareem
et al., 2015). To quantify Cn, 20 pL of suspensions were plated
onto YPD agar supplemented with chloramphenicol (0.15 g/L;
Sigma) to inhibit bacterial growth and incubated at 30 °C for 48 h;
while 20 pL of bacterial cultures were plated on LB agar and sup-
plemented with amphotericin B (0.2 pg/mL) to inhibit fungal
growth, and incubated at 37 °C for 24 h (Abdulkareem et al., 2015).
Colony forming units (CFU) were counted and the data analyzed.
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2.12. Statistical analyses

Statistical analyses were performed with the GraphPad software
(La Jolla, CA). Group comparisons were submitted to multiple
comparison analysis of variance (ANOVA) and paired comparisons
were performed with the Student’s t test. Collection of data for
analyses included average values of extracellular urease (absor-
bance units), capsule size (mm), biofilm formation (absorbance and
fluorescence units), and CFU counting.

3. Results
3.1. Isolation and identification of antagonistic bacteria

Essentially, ecological communities developed a significant
survival strategy in the microenvironment that includes protection
of cells from hostile agents (Flemming et al., 2016), which allowed
the emergence of defensive mechanisms. Therefore, we decided to
investigate the effects of microorganisms found in the same niche
of Cn and their competitive behaviors in the yeast. Pigeon drop-
pings were collected from Parque Farroupilha in Porto Alegre.

Afterwards, 1.05 x 10* CFU per gram of excreta was isolated after
48 h of cultivation in Niger medium. After cultivation, 55
morphologically different colonies were selected. From the isola-
tion of the microorganisms, we performed interaction experiments
for screening (Fig. S1). One species was selected for subsequent
studies whose antagonistic effects on C. neoformans were more
expressive for identification. Molecular identification by 16S DNA
sequencing and confirmation by MALDI-TOF MS analyses revealed
99% similarity of the environmental microorganism to
S. marcescens subsp. Marcescens.

Through light microscopy and Gram staining, it was possible to
compare normal morphologies of Cn (Fig. 1A) and Sm (Fig. 1B) to the
deformed Cn cells by the competing bacteria as observed in Fig. 1C.

3.2. Suppression of biofilm formation of C. neoformans by
S. marcescens

Biofilm constitutes an attached polymicrobial community
composed of an extracellular polymeric matrix that confers toler-
ance to antimicrobials and resistance to predators and other envi-
ronmental agents (Martinez and Casadevall, 2015). Due to the fact

Fig. 1. Visualization of the cells of C. neoformans and S. marcescens and the effect of their interaction on biofilm formation. (A) Light microscopy showing Cn and Sm cells after 48 h of
interaction. Samples were stained by Gram. Monoculture of C. neoformans. Scale bar 20 pm. (B) Monoculture of S. marcescens. (C) Co-culture of C. neoformans and S. marcescens.
Dashed arrow pointing to cells with morphological alterations and normal arrow pointed to normal fungal cells. Scale bar 10 pm. (D) Quantification of biofilm formation of Cn strain
B3501 and Sm were grown individually or mixed (1:1) in microplate at 37 °C for 48 h and quantified with Crystal Violet method. Results of three independent experiments. (E)
Fluorescence detection of C. neoformans biofilm co-incubated (1:1) with bacteria using the fluorescent mutant Cn B3501F. Experiment was performed three times. P-value sig-
nificance was calculated by Student’s t-test. Data obtained by SpectraMax i3. ***P < 0.001; *P < 0.05. (For interpretation of the references to color/colour in this figure legend, the

reader is referred to the Web version of this article.)
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that targeting virulence determinants may provide new opportu-
nities for antifungal therapy (Clatworthy et al., 2007), we first
explored the biofilm formation of C. neoformans strain B3501
(strong biofilm-forming) when mixed with Sm. Cultures were
grown individually or together in RPMI-1640. Association with Sm
showed a significant decrease on biofilm formation after 48 h of co-
cultivation in comparison to the yeast alone (Fig. 1D). This negative
outcome was confirmed using the fluorescent mutant H99F which
revealed the reduced presence of yeast within the mixed biofilm
(Fig. 1E).

3.3. Inhibition of cryptococcal capsule by S. marcescens

Since S. marcescens demonstrated a negative effect on Cn biofilm
formation, we hypothesized that other virulence-determinant
characteristics of yeast pathogenicity would also be attenuated.
Given this need to characterize the resulting phenotypes of poly-
microbial interactions we investigated polysaccharide capsule
production, urease enzyme secretion and melanization. Capsule is
considered the most explored determinant of Cn (O'Meara and
Alspaugh, 2012). It is composed of glucuronoxylomannan (GXM)
which is also found in the biofilm matrix and plays a relevant role
during the cryptococcal infection (Aratjo et al., 2016; Vecchiarelli,
2000). Consequently, this determinant has become an important
target in the prevention or treatment of cryptococcosis. Thus, a
capsule induction experiment using fetal calf serum (FCS) was
performed according to Mayer and Kronstad (2017) protocol . As
observed in Fig. 2A—B, a significant decrease in polysaccharide
capsule thickness was observed.

3.4. Cell wall integrity

The integrity of the cell wall of Cn was evaluated in order to
verify the damage of the bacteria and if there was a defect in the
capsule attachment to the cell wall during the interaction. The re-
sults of a quantification of GXM assay revealed that the Cn culture
resulted in the decrease of the secretion of GXM (Fig. 3C). In
addition, even though the concentration of the polysaccharide is
normalized by the number of cells of C. neoformans, the result
revealed that there was alteration.

Confocal microscopy was performed to correlate the capsule
formation and quantification of GXM assays with an overview of Cn
cell components by fluorescence. Blue-stained regions (MAb 18B7)
represent the capsule, while blue-stained regions (calcofluor)
indicate cell wall or capsule polysaccharides. As shown in
Fig. 3A—B, the production of capsule of C. neoformans was reduced
when interacted with the bacteria, as expected according to other
experiments, and the cell wall, indicating that the chitinases of
S. marcescens could influence on integration of calcofluor on cell
wall or it could have had a defect in its formation.

3.5. The anti-melanization activity of S. marcescens

Next, we verified the fungal melanin production under mono
and co-cultures. Melanin is a pigment present on cell wall and has
physicochemical properties related to protection from antimicro-
bial molecules and antioxidation (Cordero et al., 2017). Cn and Sm
strains grew alone and in contact with each other on filter-sterilized
L-DOPA agar (a melanization-inductive medium) for 48 h. Brown
pigmentation in the colonies suggests melanin production. We
found that the bacteria caused a reduction on cryptococcal colony
melanization, due to the appearance of a light brown color in the
center (Fig. 2C).

3.6. Cryptococcal urease is inhibited during interaction with
S. marcescens

After we found the reduction of important virulence de-
terminants by bacteria such as biofilm and capsule formation, we
focused on its influence on fungal urease enzyme release. Urease
facilitates invasion and dissemination of Cn cells across the
blood—brain barrier through the hydrolysis of urea into ammonia
(Fuetal, 2018; Singh et al., 2013), increasing pH levels and allowing
their transmigration in Trojan Horse mechanism (Santiago-Tirado
et al., 2017; Sorrell et al., 2016). We therefore co-incubated both
fungal and bacterial cultures into Urea broth, a medium that pro-
motes the visualization of the release of urease by color alteration.
Interaction with Sm demonstrated significant reduction on enzyme
secretion (Fig. 2D), confirming the capacity of competing bacteria in
disarming multiple virulence determinants in yeasts. Furthermore,
it can be seen that viability of Cn decreases drastically when co-
cultivated in a medium which induces production of urease with
Sm in relation to the pure culture (Fig. 2E).

3.7. C. neoformans’ colony is predated and engulfed by
S. marcescens

Another form of microbial organization found in nature is col-
ony biofilms. The study of these systems allows the spatial char-
acterization and evaluation of eco-evolutionary dynamics (Nadell
et al., 2016), including the multi-species interactions. The colonies
can serve as a protection strategy against harmful agents. To verify
the antagonism from another perspective between Cn and Sm, we
performed a real time scanner-based time-lapse to explore inter-
species interactions by growing colonies onto solid medium.

Fungal and bacterial prewashed monocultures were inoculated
side by side and a scanner registered the entire event for 48 h. Upon
first contact, the bacteria began to expand around the fungal colony
(Fig. 4). This engulfment became apparent between 12 h and 24 h of
inoculation but Cn continued to grow despite the apparent preda-
tion of the bacteria (Movie S1). Previous studies demonstrated that
the antagonistic behavior could be changed by neighboring col-
onies (Kinkel et al., 2014; Rosenberg et al., 2016). We repeated the
experiment using the mutant H99F to detect only Cn. Colonies in
direct contact and fungi-bacteria mixture were cultivated for 48 h.
As shown in Fig. 5, no yeast was detected in the mixed colony
(Fig. 5D) but in contact, there was a higher concentration of Cn cells
opposed to the neighboring colony (Fig. 5E). Moreover, when the
colonies were cut with a coverslip, cryptococcal cells (left side) can
be seen meeting the surface of bacterial colony (right side) in
Fig. S2.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.funbio.2020.03.004.

For another complex and spatial perspective of the colonies, we
analyzed the antagonistic interaction by scanning electron micro-
scopy. Bacterial and fungal strains were cultivated at the same
conditions as described above. As expected, the microorganisms
were clearly distinguished from each other. Surprisingly, it was
possible to identify both of them in the center of the fungal colony
(Fig. 6A—B) but only Sm was detected in the edge of the colony
interaction, opposite side of the Sm colony; clearly engulfing Cn
(Fig. 6C—D).

3.8. The percentage of survival of S. marcescens increases faster
than C. neoformans

Microbial proliferation is extremely necessary in the competi-
tion for limited space and nutrients in the wild. To compare
whether the competition affects cell viability, a CFU counting of the
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Fig. 2. Modulation of virulence determinants of the pathogen Cn by Sm. (A) Light microscopy of Cn strain H99 cells after co-cultivation with Sm. Evaluation of bacterial effect on
yeast polysaccharide capsule formation. Bacterial and fungal cultures were incubated alone or mixed in fetal calf serum at 30 °C for 72 h. Scale bar 5 um. (B) Fungal cell capsule
thickness measurements. Fifty cells at each condition were analyzed. P-value significance was calculated by Student’s t-test. (C) Antimelanization effect resulted from antagonistic
interaction of fungal and bacterial strains. Cultures of C. neoformans strain H99 were grown mixed or aside to the competing colony in .-DOPA agar in order to stimulate melanin
production (D) Quantification of Cn urease production isolated or co-incubated with Sm (1:1) in Urea broth. After 6 h of shaking at 37 °C, the absorbance at ODsgg nm Was read. Pink
color represented the product of urea hydrolysis, indicating urease production. (E) Cell viability of C. neoformans in monoculture and after interaction with the bacteria. Scale bar
0.5 cm. **P < 0.01; *P < 0.05. (For interpretation of the references to color/colour in this figure legend, the reader is referred to the Web version of this article.)

fungal and bacterial cultures co-cultivated with each other was
performed (Abdulkareem et al., 2015). Our results demonstrated
that Sm displayed higher survival percentage than Cn, suggesting
that Sm, in addition to predating the competing cells, proliferates
faster after 2 h of bacterial—fungal interaction in comparison to the
monocultures (Fig. 7). In summary, the dual-species interaction
enhances drastically Sm replication (Shatzkes et al., 2016).

4. Discussion

Microbial communities are commonly found in nature as bio-
films. The polysaccharide matrix of biofilms is responsible for
community coalescence and protection from antimicrobial agents
and also from the host immune system (Beloin et al., 2014). Pre-
vious studies have shown that biofilms are responsible for 80% of

infectious diseases in animals and humans (Abdullahi et al., 2016).
In addition, about 61% of biofilm infections in humans are trans-
mitted by animals, highlighting the importance of their study in
medicine (Garcia and Percival, 2011). The social interactions be-
tween microorganisms in these systems are related to intercellular
communication (Flemming et al., 2016) and consequently increase
the metabolic flexibility of the community and its structure. It is
possible to classify these interplays from their phenotypic effect on
the population. Microorganisms are capable of altering the viru-
lence determinants of pathogen and can thus influence the func-
tions of the community they inhabit (Dhamgaye et al., 2015). Many
studies have shown the occurrence of competitive behavior in
interactive multi-species communities. These interactions can lead
to evolutionary strategies such as rapid proliferation and
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Fig. 3. Evaluation of the cell wall of C. neoformans. (A) Confocal microscopic images of
C. neoformans strain H99 cells. Samples and inoculated 1 x 106 cells/mL in FCS and
incubated for 48 h at 37 °C. The plate was incubated with 5 pg/mL of WGA, followed by
5 pg/mL of calcofluor and 10 pg/mL of 18B7 at 37 °C for 30 min. Then it was incubated
with secondary antibody IgG and placed on a microscope slide. The red color repre-
sents the production of capsule of C. neoformans, whereas the blue color represents
the cell wall. (B) Reduction of capsule after interaction with Sm and cell wall pro-
duction. (C) Quantification of GXM by ELISA. Cells were incubated in fetal calf serum
(FCS) at 2 x 107 cells/mL for 48 h. Concentration of GXM in each condition was
normalized by the number of cells. Scale bar 40 um. **P < 0.01. P-value significance
was calculated by Student’s t-test. (For interpretation of the references to color/colour
in this figure legend, the reader is referred to the Web version of this article.)

metabolites that negatively affect competitor strains (Ghannoum,
2016). Dealing with these competitive strategies is extremely
necessary.

Cn is an encapsulated pathogen that causes life-threatening
meningoencephalitis worldwide. In the wild, it can be found
linked to pigeon excreta, however, the animal is not affected by
yeast. This statement suggests that the gastrointestinal tract of pi-
geons may have fungicidal activity (Mayer and Kronstad, 2019a).

Also, it was already reported that avian macrophages its higher
body temperature can suppress the growth of cryptococcal cells
(Johnston et al., 2016). An important aspect to be explored would be
the importance of interactions of avian microbiota in
cryptococcosis.

In this paper, we approach this perspective of fungal—bacterial
associations of components found in the same medium. For this,
we isolated bacteria from pigeon excreta in Porto Alegre, RS, Brazil,
for exploratory studies of polymicrobial interactions with Cn. One
bacterium stood out for its antagonistic behavior with the fungus,
as demonstrated in the colony interaction and virulence determi-
nant modulation experiments. The bacteria Sm is usually found in
the environment, but can be considered an opportunistic pathogen
in cases of nosocomial infections (Szewzyk et al., 1993). In this
study, an anticryptococcal activity on the interactions between
these two microorganisms was observed; this emphasizes the
concept that specialized avian microbiota can protect bird against
pathogen infections.

Light microscopy demonstrated that the bacteria caused
morphological changes in several Cn cells, so that they appeared to
be degraded. However, the percent cell survival experiment
revealed that there was no change in the number of fungal cells
after interaction. Experiments were performed to verify whether
some virulence determinants of pathogenic yeast would be altered
during co-cultivation with Sm. Among them, biofilm formation,
urease secretion, capsule formation and melanization were evalu-
ated. The results showed that the bacteria were able to drastically
reduce all the tested virulence determinants of Cn. In fact, the
integrity of the cell wall was verified and it was compromised. The
inhibition of biofilm caused by the interaction could be due to the
bacterial blockage by the fungus on adhering to the substrate or
even by the secretion of antifungal molecules (James et al., 1995).
These findings evidence that competition in co-cultures can result
in dominance by one species, while the competing group persists in
the medium.

Interactions with colonies in solid medium were also per-
formed. Real time scanner-based time Ilapse displayed the
engulfment of fungal colony by bacterial colony and its retraction

Fig. 4. Isolated and in contact colonies of C. neoformans and S. marcescens onto YPD agar. Real time scanner-based time lapse showed fungal colony engulfment by bacteria after 12 h
of inoculation and yeast remoteness to the opposite side of contact zone between 24 and 48 h. Scale bar 0.5 cm.



636 L. Haleva et al. / Fungal Biology 124 (2020) 629—638

Fig. 5. Cn detection using the fluorescent mutant H99F after cultivation with Sm (A) Quantification of colonies fluorescence. (B—E) Pictures taken by IVIS Lumina of antagonistic
interaction onto YPD medium after 48 h of incubation. (B) Cn monoculture. (C) Sm monoculture. (D) Bacterial and yeast colonies in contact, respectively. Scale bar 0.5 cm. *P < 0.05.

P-value significance was calculated by Student’s t-test.

to the other side. Although this antagonistic phenotype was
present, Cn colony was resistant to the threat. For this, analyzes
were performed using fluorescent mutant to detect yeast and
scanning electron microscopy to visualize the interaction in more
detail.

In conclusion, this research allowed the physiological charac-
terization of the antagonist interaction between two pigeon

droppings cohabiting microorganisms. Understanding mechanisms
of competition assist in the determination of the morphology and
functions of a community. Studies on multi-species interactions
may provide new strategies for antifungal therapy and develop-
ment of probiotics to treat infections. Our results evidence the
complexity of interspecies interactions, especially when it comes to
competition with a pathogen.

Fig. 6. Images of scanning electron microscopy showing details of Cn colony at the center and edge after interaction with S. marcescens. Colonies were grown at 37 °C for 48 h. (A—B)
Center of the yeast colony showing the presence of both species. (C—D) Colony edge indicating only the presence of bacteria. Scale bar 0.5 pm.
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Fig. 7. Cell viability of Sm was higher than C. neoformans after co-cultivation. Percent
survival was determined by incubating mixed cultures for 2 h following CFU counting.
Monocultures were used as controls. Experiment was performed three times inde-
pendently. **P < 0.01. P-value significance was calculated by Student’s t-test.
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3.4 Capitulo IV: Allee effects underly multistability in the nasal microcosm.

Manuscrito em preparacao, referente ao periodo sanduiche no GoreLab.

Participacao no Trabalho: Concepc¢ao do estudo, desenho experimental, execugao dos experimentos,
andlise interpretagao de dados e redagdo da primeira versao do manuscrito.
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4 DISCUSSAO GERAL

A complexidade dos sistemas microbianos pode ser comparada mediante dois
parametros principais: a composicdo da comunidade e a estrutura do meio
ambiente. Isto ¢, se 0o niumero de espécies na comunidade aumenta, a rede de
interagOes torna—-se mais complexa. Também, conforme a complexidade do meio
ambiente aumenta, o sistema pode gerar padroes de interacdao antes inexistentes®.
Na pratica, isso significa dizer que a complexidade das interagoes aumenta de
ambientes liquidos para ambientes sélidos, bem como de monoculturas para
comunidades mistas. De fato, quando dois microrganismos competem em meio
solido, como quando agar é um componente, padroes de segregacao populacional
na colonia mista podem observados . Essa classificagao de complexidade é o ponto
de partida para discutir a cronologia dos estudos desta tese.

Em Cryptococcus spp., a presenca de comunicagao celular pode ser mediada
por fatores como: vesiculas extracelulares”, moléculas quorum sensing,
componentes capsulares® e proteinas secretadas®. Como consequéncia, ha
possibilidade de heterogeneidade funcional, incluindo: dorméncia, plasticidade
fenotipica, formagao de biofilme, entre outros.

As populagOes clonais estao entre os sistemas mais simples que podem ser
explorados. Ainda assim, sao governadas por uma miriade de fatores que impactam

a dinamica intraespecifica, tanto em biofilmes quanto em suspensao. A formacao de
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biofilme por C. neoformans demonstra padroes de interacao coletiva bastante
ordenados, demonstrados no capitulo I. Esses padroes foram identificados em fases
distintas: (7) no inicio, em que a distribuicao geométrica das células em superficie é
importante para as etapas subsequentes da formacgao de biofilme, (i7) na maturacao,
em que a ultraestrutura flower—like, foi observada em associagao com as células
formadoras (células adjacentes ao cluster, por exemplo) e (iii) na dispersao, em que
a motilidade passiva em C. neoformans foi demonstrada na comunidade. E
importante destacar que a motilidade passiva em comunidades é um padrao
evolutivo de interacdo que emerge como solugao a auséncia de motilidade ativa ou
as dificuldades impostas por elevadas densidades populacionais em um sistema®.
Populagoes clonais também podem apresentar alteracdes morfologicas,
embora sejam menos exploradas pela dificuldade de deteccao e consequentemente
analises estatisticas. As principais alteragdoes morfologicas descritas em Cryptococcus
spp. incluem: alteracoes de superficie celular e alteracdes no tamanho da célula. No
capitulo II, a deteccao de diferentes morfotipos foi aprofundada mediante a
utilizacdo de microscopia eletronica de varredura de alta resolugao. Foram
observados 4 morfotipos frequentemente distribuidos entre os 11 isolados
analisados. A implementacao de uma pipeline de andlise de imagem automatizada
permitiu a classificagio automatizada desses morfotipos alternativos em

Cryptococcus e também a selecdo de caracteristicas importantes para essa
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diferenciacdo. Os mecanismos que regulam essas alteragdes sao conhecidos apenas
parcialmente e em morfotipos estudados ha mais tempo, como células Titas®" ©2.

Além das alteracdes observadas em comunidades clonais, fenotipos
competitivos podem estar presentes em colonias de microrganismos. De fato, a
surpreendente capacidade de S. marcescens migrar sob a colonia de C. neoformans e
causar dano ¢ uma clara demonstragao de um fendtipo competitivo, como
demonstrado no capitulo III. Presumidamente, essa interagao deveria promover a
coexisténcia dos dois microrganismos pois coabitam o mesmo nicho; o que nao
acontece. Assumindo o resultado encontrado, a pergunta poderia ser: porque essa
competi¢ao ocorre? Ou porque S. marcescens € mais agressiva que C. neoformans? As
forcas por trds das interagoes competitivas sao manifestadas em trés situagoes
principais: (i) quando as espécies tém preferéncia por nutrientes similares; (ii)
quanto as espécies estao misturadas em um mesmo ambiente onde nutrientes e
metabdlitos sao compartilhados e (i) quando a densidade celular é maior do que a
disponibilidade de recursos®.

Ainda que C. neoformans seja inibido por S. marcescens isso nao significa que
em um ambiente colonizado por multiplas espécies isso seja regra. Na presenca
outras espécies, forgas estabilizadoras podem surgir em algumas intera¢oes®. Por
exemplo, se em um mesmo ambiente C. neoformans coexistir com uma espécie que

exclua S. marcescens, a chance de Cryptococcus colonizar o ambiente é aumentada
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(Figura 4). Essa rede de interagOes tem grande relevancia em ambientes onde

patogenos e comensais estao frequentemente em contato.

Figura 5| Demonstragao esquematica da interagdo Serratia marcescens—Cryptococcus neoformans (Sm—
Cn) na presenga de um invasor a. (A) Interagdes em pares de espécies resulta em regimes distintos.
(B) Topologia do trio composto por Cn—Sm—a. (C) A predi¢do da comunidade resulta em coexisténcia
entre Cn—a. Essa predigao é fundamentada em regras de montagem de comunidades anteriormente

publicadas?.

A microbiota de humanos e outros hospedeiros é composta por diversos
microrganismos pertencentes a distintos reinos, e a complexidade de interacoes
nesses ambientes pode determinar trajetoria e montagem de comunidades. Por
exemplo, no intestino infantil foi demostrado que a microbiota ¢ estabelecida a
partir da colonizagao pioneira por alguns microrganismos. Também foi
demonstrado que interacoes diretas entre diferentes reinos fundamenta a dinamica
nesse sistema. Destaca-se que o género Cryptococcus foi o mais abundante em 5%
das amostras analisadas®.

A motivagao do estudo apresentado no capitulo IV foi entender como ocorre
a regulacao e dinamica de comunidades microbianas relevantes para o sistema

respiratdrio, especificamente a cavidade nasal. Esse ambiente foi escolhido por ser
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o sitio anatomico primdrio de invasao, ou ambiente de laténcia, do modelo
escolhido nesse estudo. Dessa forma, a hipotese considera que interagdes podem ser
determinantes na exclusao ou colonizac¢ao de C. neoformans no microcosmo nasal.
Também foram estudados os efeitos de variagdes de pH, dentro da faixa fisioldgica,
na transicdo de regimes de interacdo. Esse capitulo adicionou uma substancial
complexidade em relacdao ao estudo anterior: a dinamica de comunidades foi
explorada a partir de 8 microrganismos, que corresponderam a 28 pares
propagados em diferentes condigOes até o equilibrio.

Os resultados demostraram a existéncia de comunidades que sao governadas
por dois mecanismos distintos: (i) resposta a modificagdes ambientais, em que
diferentes comunidades sao geradas a partir de mudangas de pH, como no par
Burkholderia cenocepacia — Klebsiella pneumoniae; e (ii) multiestabilidade, em que uma
comunidade pode adotar composicoes diferentes na mesma condigao ambiental
(Figura 6). Comunidades com estados alternativos foram observados entre o
subgrupo formado por: Moraxella catarrhalis, Staphylococcus aureus, Staphylococcus

epidermidis e C. neoformans.
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Figura 6| Transi¢des em sistemas microbianos. Diferentes tipos de comunidades podem ser gerados
a partir de (A) mudangas lineares, como as causadas por gradientes em um sistema; ou ainda
transi¢des que geram estados alternativos de equilibrio que sao de dificil reversao (B). Estados
alternativos de equilibrio incluem bistabilidade (em pares de espécies) ou multiestabilidade em

sistemas com maior numero de espécies .

Os resultados desse estudo demonstram que efeitos Allee e mudanca de pH
pelas espécies sao direcionadores de estados de equilibrio alternativos no subgrupo
de espécies selecionado e podem explicar diversidade tanto no hospedeiro humano
quanto na natureza. Destaca-se a interacdao no trio C. neoformans, Staphylococcus
epidermidis e Moraxella catarrhalis, em que a presenga de S. epidermidis como residente
facilita a invasao de M. catarrhalis mesmo na presenca de seu competidor C.
neoformans.

A descoberta de multistabilidade em comunidades clinicamente relevantes,
pode trazer luz a questionamentos com respostas ainda incompletas, como: Porque
individuos sauddveis apresentam maior susceptibilidade a processos infeciosos do
que outros? Se uma comunidade microbiana € multiestavel, as forcas de interagao

podem ser determinantes e as diferencas entre fatores ambientais e genéticos em
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hospedeiros tém menor impacto, pois o estado de equilibrio da comunidade pode
ser consequéncia de eventos passados e nao necessariamente de diferencas entre
hospedeiros . Isso porque uma das propriedades de multistabilidade é histerese: a
tendéncia de um sistema conservar as suas propriedades apds uma perturbagao, ou
ainda, preservar uma deformacao estrutural®. A prova de conceito de estados
alternativos (bistabilitade) em humanos foi demonstrada no sistema intestinal em
um estudo com mais de 1000 adultos. Os autores identificaram distribui¢oes
bimodais na microbiota que nao estao relacionadas com mudangas da dieta a curto
prazo®.

Dessa forma, elucidar os mecanismos que governam diferentes tipos de
comunidades, bem como identificar microrganismos que interagem fortemente
gerando estados alternativos constituem topicos promissores em microbiologia

integrativa.
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5 CONCLUSAO

Microrganismos demonstram fendtipos cooperativos e competitivos que
permitem a coloniza¢do na natureza e no hospedeiro. O comportamento de uma
célula pode impactar a divisao e sobrevivéncia de células adjacentes, em uma
demonstracgao de tragos sociais dentro da perspectiva evolutiva. Nesse contexto, o
patogeno Cryptococcus spp. € um modelo de estudo que permite explorar
comportamentos sociais orquestrados para garantir sua sobrevivéncia em
diferentes ambientes: de comunidades clonais estruturadas a redes de interacoes
intraespecificas.

Este estudo demonstrou que a organizagao espacial de células é uma etapa
importante para a formacao de biofilme. Também, demonstramos morfotipos
celulares presentes em uma mesma populagao clonal e implementamos uma pipeline
automatizada que pode auxiliar estudos futuros na identificacao e caracterizagao
funcional dessas populagdes. Por fim, elucidamos a dinamica que regula a
montagem de comunidades associadas a microbiota nasal e o impacto de gradientes

tisioldgicos nessas populagoes.
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