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RESUMO

BATALHA, Lais Silva, D.Sc., Universidade Federal de Vigosa, agosto de 2022. Diversidade
gendmica, classificacio taxonémica e detec¢ido de fagos que infectam bactérias lacteas
Streptococcus thermophilus. Orientadora: Monique Renon Eller. Coorientadores: Leandro
Licursi de Oliveira e Pedro Marcus Pereira Vidigal.

Bacteriéfagos ameagcam constantemente as culturas starter de Streptococcus thermophilus
usadas para a produgdo de queijos e iogurtes nas industrias de laticinios. Dessa forma, o
desenvolvimento de estratégias eficazes de prevencdo ¢ combate a lise por fagos
estreptococicos ¢ fundamental neste campo. Para esse fim, ¢ necessaria a caracterizacdo de
fagos que infectam S. thermophilus, compreensao da dindmica de interagdo com os hospedeiros,
expansao do conhecimento da evolugdo desses fagos e melhoramento dos métodos de deteccao.
Neste estudo, usamos uma ampla gama de métodos complementares, incluindo genomica
comparativa, analise do genoma central e filogenia de genes de assinatura, para mostrar que os
fagos que infectam S. thermophilus estdo organizados em 142 espécies e cinco géneros (trés
deles novos), e que devido a sua genética diversidade, a classificacdo em nivel de familia varia
de acordo com os critérios de classificag¢do utilizados. Também desenvolvemos um método de
PCR multiplex para detectar, em uma Unica reagdo, fagos estreptocdcicos. Com base nos
resultados da reacdo de PCR multiplex e na conservagdo dos genomas, os pares de primers
desenhados neste estudo foram capazes de detectar 53 (85,48%) dos 62 fagos disponiveis até
2018, destacando-se como uma ferramenta util para a detec¢ao rapida da maioria dos fagos que
infectam S. thermophilus. Além disso, iniciamos o desenvolvimento de imunoensaios para
detec¢do de fagos que infectam S. thermophilus, sendo um deles de fluxo lateral e o outro
baseado em vesiculas de polidiacetileno. Este estudo permitiu a ampliacdo do conhecimento
sobre a diversidade genética e evolucao dos fagos estreptococicos, além do desenvolvimento
de ferramentas para a deteccao desses virus baseadas em métodos moleculares e imunoldgicos,
fundamentais para promover estratégias de controle e minimizar falhas nos processos de

fermentagao do leite.

Palavras-chave: Biodiversidade. Cultura starter. Imunologia. PCR multiplex. Polidiacetileno.



ABSTRACT

BATALHA, Lais Silva, D.Sc., Universidade Federal de Vigosa, August, 2022. Genomic
diversity, taxonomic classification, and detection of phages infecting the dairy bacterium
Streptococcus thermophilus. Adviser: Monique Renon Eller. Co-advisers: Leandro Licursi de
Oliveira and Pedro Marcus Pereira Vidigal.

Bacteriophages constantly threaten starter cultures of Streptococcus thermophilus used for
cheese and yogurt production in the dairy industry. Thus, the development of effective
strategies to prevent and combat lysis by streptococcal phages is fundamental in this field. To
this end, it is necessary to characterize the phages that infect S. thermophilus, understand the
dynamics of interaction with the hosts, expand the knowledge of the evolution of these phages
and improve detection methods. In this study, we used a wide range of complementary methods
including comparative genomics, core genome analysis, and signature genes phylogenetics, to
show that the S. thermophilus phages are organized into 142 species and five genera (three of
them new), and that due to their genetic diversity, the classification at family level varies
according to the classification criteria used. We also developed a multiplex PCR method to
detect, in a single reaction, streptococcal phages. Based on the results of the multiplex PCR
reaction and the conservation of genomes, the primer pairs designed in this study were able to
detect 53 (85.48%) of the 62 phages available up to 2018, standing out as a useful tool for rapid
detection of most phages infecting S. thermophilus. In addition, we started the development of
immunoassays to detect phages that infect S. thermophilus, one of which is lateral flow and the
other is based on polydiacetylene vesicles. This study allowed the expansion of knowledge
about the genetic diversity and evolution of streptococcal phages, in addition to the
development of tools for the detection of these phages based on molecular and immunological
methods, fundamental to promote control strategies and minimize failures in milk fermentation

Processes.

Keywords: Biodiversity. Starter culture. Immunology. Multiplex PCR. Polydiacetylene.
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INTRODUCAO GERAL

Os bacteriéfagos (fagos) sdo um problema persistente nas industrias de laticinios pois
ameacam o desempenho das culturas starter de Streptococcus thermophilus, uma bactéria
termofilica produtora de acido latico (BAL) e fundamental na fabrica¢ao de produtos lacteos,
como queijos e iogurtes (Calasso et al., 2016; Marco et al., 2017). As consequéncias da infecgao
dessa bactéria por fagos geram problemas tecnologicos e de seguranga, que podem variar entre
fermentagao lenta, reducdo da qualidade do produto final ou falha total do processo (Briggiler
Marc6 & Mercanti, 2021; Mahony & van Sinderen, 2015).

Os fagos estreptocdcicos compartilham caracteristicas comuns, como o hospedeiro S.
thermophilus, genoma com estrutura modular, sintenia de fungdes génicas e mosaicismo
genético. No entanto, a caracterizacdo constante de isolados, sequenciamento e andlise
comparativa de genomas mostrou uma diversidade gendmica impressionante entre esses fagos
(Lavelle et al., 2018; McDonnell et al., 2016, 2017; Szymczak et al., 2017, 2019). Do ponto de
vista industrial, essa diversificacdo representa uma ameaca constante aos processos de
fermentagdo do leite. Eventos de recombinacdo entre fagos que infectam diferentes espécies
bacterianas podem resultar na extensdo da gama de hospedeiros e dificultar o controle eficiente
de infecgdes de fagos em culturas starter, que normalmente consistem em misturas de bactérias
lacticas (de Melo et al., 2018; Leroy & De Vuyst, 2004; McDonnell et al., 2016; Quiberoni et
al., 2010; Szymczak et al., 2017).

Dessa forma, o desenvolvimento de estratégias eficazes de prevengdo e combate a lise
por fagos que infectam S. thermophilus ¢ fundamental nas industrias de laticinios. A deteccao
e o monitoramento de fagos no leite, nos coprodutos lacteos € no ambiente industrial
representam uma oportunidade para que sejam tomadas medidas de controle antes que ocorram
prejuizos a qualidade dos produtos fermentados, financeiros e, eventualmente, a satide do
consumidor (Lavelle et al., 2018; McDonnell et al., 2017; Philippe & Moineau, 2021; Szymczak
etal., 2017). Para esse fim, € necessaria a caracterizacao de fagos que infectam S. thermophilus,
compreensdo da dinamica de interagdo com os hospedeiros, a expansao do conhecimento da
evolucdo desses fagos e o melhoramento dos métodos de detecgao.

Assim, no primeiro capitulo, ¢ descrito o estudo que levou a ampliagdo do conhecimento
sobre a diversidade genética e a evolugao dos fagos estreptocdcicos por meio do uso de uma
ampla gama de métodos complementares, incluindo gendmica comparativa, analise do genoma
central e andlise filogenética de genes assinatura, mostrando como os fagos de S. thermophilus

estdo organizados.
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No segundo capitulo, ¢ descrito o desenvolvimento de um método de PCR multiplex
para detectar, em uma unica reagdo, fagos estreptococicos. Essa reacdo mostrou ser uma
ferramenta 1til para a deteccao rapida da maioria dos fagos que infectam S. thermophilus.

No terceiro capitulo, detalhamos sobre o desenvolvimento de imunoensaios para
detec¢do de fagos que infectam S. thermophilus, sendo um deles de fluxo lateral e o outro
baseado em vesiculas de polidiacetileno (PDA). O imunoensaio de fluxo lateral ndo foi
efetivamente testado em fungdo da baixa fluidez do conjugado através da membrana de
nitrocelulose. Ja o imunoensaio baseado em vesiculas de PDA foi efetivo para a deteccao de
fagos que infectam S. thermophilus. Se otimizados, os prototipos de imunoensaios
desenvolvidos podem se tornar uma alternativa para a detec¢do de fagos estreptococicos na

industria de laticinios.
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CAPITULO I

Expanding the genomes insight of Streptococcus thermophilus phages through

multifaceted approach

Artigo publicado na Research, Society and Development: Batalha, LS, Vidigal PMP, Gontijo
MTP, Eller MR. 2022. Expanding the genomes insight of Streptococcus thermophilus phages
through a multifaceted approach. Research, Society and Development. v. 11, n. 10, p.

€273111032693. http://dx.doi.org/10.33448/rsd-v11110.32693

ABSTRACT

Viruses have complex evolutionary relationships and several strategies have been used
in an attempt to classify the phages that infect S. thermophilus. In this study, we used a wide
range of complementary methods including comparative genomics, core genome analysis, and
signature genes phylogenetics, to show that the S. thermophilus phages are organized into 142
species and five genera (three of them new), and that due to their genetic diversity, the
classification at family level varies according to the classification criteria used. No significantly
conserved genes were identified among the 183 genomes evaluated, however, the genes
encoding holin protein were conserved in more than 95% of genomes. The holins analysis
suggests that at least two a-helix are required for protein function within S. thermophilus
phages. This study allowed the expansion of knowledge about the genetic diversity and
evolution of streptococcal phages, both fundamental to promote control strategies and minimize

failures in milk fermentation processes.

Keywords: Biodiversity, core genome, holin, panvirome, taxonomy, signature genes, starter

culture.

1. INTRODUCTION

Advances in sequencing technologies and bioinformatics tools applied to metagenomic
studies have contributed to the continued expansion of genome databases and the understanding
of the genetic diversity of bacteriophages (phages) (Dion et al., 2020). This knowledge is
particularly important for the phages that infect Streptococcus thermophilus, a thermophilic
starter culture fundamental in the manufacture of dairy products such as cheese and yogurt (de

Melo et al., 2018). Infection of starter cultures by phages during food fermentation, particularly


http://dx.doi.org/10.33448/rsd-v11i10.32693
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in dairy fermentation, can lead to technological, economic, and environmental problems due to
delays in fermentation or incomplete fermentation of milk, change in product quality, reduced
productivity and disposal of milk, in cases of total process failure (de Melo et al., 2018; Mahony
et al., 2020; Pujato et al., 2019).

Streptococcal phages share common features such as the S. thermophilus host, genome
with modular structure, synteny of gene functions, and genetic mosaicism. However, the
constant characterization of isolates, sequencing, and comparative analysis of genomes has
shown an impressive genomic diversity among these phages (Lavelle, Martinez, et al., 2018;
McDonnell et al., 2016, 2017; Szymczak et al., 2017; Szymczak, Rau, et al., 2019). The
expansion of viral diversity at the genomic level is further highlighted by the discovery of P738
group phages (Philippe et al., 2020), in addition to the other four existing groups: Moineauvirus
(previously called cos-containing phages), Brussowvirus (previously called pac-containing
phages), 5093 and 987 (Le Marrec et al., 1997; McDonnell et al., 2016; Mills et al., 2011;
Tremblay & Moineau, 1999). Many of these phages have genes originating from non-dairy
environments, further highlighting their complex evolutionary relationships (McDonnell et al.,
2016; Mills et al., 2011). From an industrial point of view, this diversification represents a
constant threat to milk fermentation processes. Recombination events between phages that
infect different bacterial species can result in the extension of the host range and hamper the
efficient control of phage infections in starter cultures, which normally consist of mixtures of
lactic acid bacteria (LAB) (de Melo et al., 2018; Leroy & De Vuyst, 2004; McDonnell et al.,
2016; Quiberoni et al., 2010; Szymczak et al., 2017).

The phage genomes that infect S. thermophilus are under a constant process of evolution
due to the selective pressure of their hosts, both in response to natural mechanisms of resistance
to phage infection, as well as by industrialization and the use of commercial starter cultures.
The evolution mechanisms of these phages involve horizontal gene transfer, insertions,
deletions, point mutations, and exchange of modules, which promote their genetic
diversification and complex evolutionary relationships that do not follow the traditional
hierarchical phylogeny (Brussow & Desiere, 2001; Desiere et al., 1998; Lavelle, Martinez, et
al., 2018; Lavelle, Murphy, et al., 2018; Lucchini et al., 1999a; Philippe et al., 2020; Szymczak
et al., 2017). To encompass the full range of genetic diversity, the taxonomy of streptococcal
phages must be updated to provide a stable and standardized classification framework, but
dynamic, capable of accommodating revisions and reinterpretations of the perceived
relationships between these phages as knowledge about new viruses and their genomes

advances.
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Thus, our classification strategy has included a variety of classification tools that employ
very different approaches. Our analyzes ranged from clustering methods based on whole
proteome similarity, as for example ViPTree (Nishimura et al., 2017) and VICTOR (Meier-
Kolthoff & Goker, 2017), analysis of panvirome concerning gene distribution with Roary (Page
et al., 2015), intergenomic similarity using VIRIDIC (Moraru et al., 2020), and detection and
phylogeny of signature genes performed with CoreGenes (Zafar et al., 2002) and phylogeny.fr
(Dereeper et al., 2008). This multifaceted approach allowed us to gradually descend from
clustering in family level to intra-familial relationships. Despite the diversity of applied
methods, their results proved to be complementary and predominantly in agreement. All
methods converged in robust results from five genera of S. thermophilus phages (three of them
new), distributed in 142 species. With this study, we allowed the expansion of the number of S.
thermophilus phages genera and species available in the ICTV database, making sense of the

genetic diversity existing among them.

2. MATERIAL AND METHODS
2.1. Genome database
Sequences of phage genomes that infect S. thermophilus available in the

GenBank/NCBI database (https://www.ncbi.nlm.nih.gov/genbank) (Benson et al., 2012) were

retrieved in March 2022 along with other associated information. These data were
complemented with bibliographic references linked to the genomes and organized in
Supplementary Information (SI). Taxonomic classifications of S. thermophilus phages were
retrieved from the International Committee on Taxonomy of Viruses (ICTV)

(https://talk.ictvonline.org/taxonomy/). The lifestyle of the phages based on the conserved

protein domains was predicted using BACPHLIP (BACterioPHage Llfestyle Predictor)
(Hockenberry & Wilke, 2021).

2.2. Panvirome analysis and search for core genome

The panvirome of phages that infect S. thermophilus was analyzed using Roary 3.13.0
(Page et al., 2015). For this, the phage genomes were reannotated using PROKKA 1.14.5
(Seemann, 2014), selecting the annotation mode for viral genomes (--kingdom Viruses), and
the GFF (General Feature Format) files were used as input by the Roary. Protein sequences
annotated on the phage genomes were compared and grouped using a minimum percentage
identity of 40% (-1 40). After grouping, the binary matrix of presence/absence of genes that are

part of the accessory genome was used to group the phages. This matrix corresponds to the


https://www.ncbi.nlm.nih.gov/genbank
https://talk.ictvonline.org/taxonomy/
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distribution of genes that encode proteins that were shared between the analyzed genomes. The
accessory genome was considered because no genes were included in the core genome. The
dendrogram with the grouping of the binary matrix was visualized using FigTree v1.4.4.

(Rambaut, 2012). CoreGenes 5.0 (Zafar et al., 2002) was also used to identify the core genome.

2.3. Genomic organization of phages

Gene synteny and conservation of genomic structure of phages that infect S.
thermophilus were evaluated using Clinker 0.0.21 (Gilchrist & Chooi, 2020). A reference
genome was selected, including phages named: Streptococcus phage DT1 (NC _002072),
Streptococcus phage 01205 (NC _004303), Streptococcus phage 5093 (NC 012753),
Streptococcus virus 9871 (KU678389), and Streptococcus phage P738 (MK911750). These
phages were chosen because they were used as a model for the group in several studies (Deveau
et al., 2008; Levesque et al., 2005; McDonnell et al., 2017; Mills et al., 2011; Tremblay &
Moineau, 1999) or because they were the first representatives of the group (Le Marrec et al.,
1997; Lucchini et al., 1999b; McDonnell et al., 2016; Philippe et al., 2020). The products of the
predicted ORFs (Open Reading Frames) for each of the phages were manually revised based

on the genome annotations available in GenBank/NCBI.

2.4. Protein analysis

To evaluate the robustness of the Roary and CoreGenes analysis in detecting
orthologous proteins in the panvirome, a multiple alignment of holins sequence of the
streptococcal phages was performed using MUSCLE 3.8.31 (Edgar, 2004). All holin sequences
of the 183 phages were included. In addition, enzymatic catalytic domains (ECDs) of holin
families were predicted using HMMER software v3.3.2 (Finn et al., 2011). The structure of
representative holins was predicted using RoseTTAFold modeling (Baek et al., 2021). The
structures were then compared using FATCAT (Flexible structure AlignmenT by Chaining
Aligned fragment pairs allowing Twists) (https://fatcat.godziklab.org/) (Li et al., 2020) and

visualized using Mol* Viewer (https://molstar.org/) (Sehnal et al., 2021).

2.5. Taxonomic assignment

To determine the family-level classification of the S. thermophilus phages, we used (i)
the main predicted proteome-based clustering tools: VICTOR (VIrus Classification and Tree
building Online Resource) (https://ggdc.dsmz.de/victor.php) (Meier-Kolthoff & Goker, 2017),
VirClust (Virus Clusterer) (https://rhea.icbm.uni-oldenburg.de/VIRCLUST/) (Moraru, 2021)



https://fatcat.godziklab.org/
https://molstar.org/
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https://rhea.icbm.uni-oldenburg.de/VIRCLUST/
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and ViPTree (Viral Proteomic Tree) (https://www.genome.jp/viptree/) (Nishimura et al., 2017)

and we calculated (ii) shared orthologous genes. On the VICTOR analysis, all pairwise
comparisons of the amino acid sequences were conducted using the Genome-BLAST Distance
Phylogeny (GBDP) method (Meier-Kolthoff et al., 2013) under settings recommended for
prokaryotic viruses (Meier-Kolthoff & Goker, 2017). The resulting intergenomic distances
were used to infer a balanced minimum evolution tree with branch support via FastME
including SPR postprocessing (Lefort et al., 2015) for D6 intergenomic distance formula.
Branch support was inferred from 100 pseudo-bootstrap replicates. Trees were rooted at the
midpoint (Farris, 1972) and visualized with iTOL (Letunic & Bork, 2021). Taxon boundaries
at the species, genus and family level were estimated with the OPTSIL program (Goker et al.,
2009) and VICTOR used the following clustering thresholds to suggest taxon boundaries at
genus (0.749680), subfamily (0.888940) and family (0.985225) level (Meier-Kolthoff & Goker,
2017). The parameters for VirClust were: (i) protein clustering based on “evalue”, after
reciprocal BLASTp hits were removed if e-value >0.0001 and bitscore <50; (ii) hierarchical
clustering based on protein clusters (PCs) with a bootstrapping of 1000 replicates. The resulting
tree was split into viral genome clusters (VGCs) using an 0.98, 0.90 or 0.85 intergenomic
distance threshold to determine the family-level classification of the S. thermophilus phages
(Moraru, 2021). On the ViPTree analysis, a proteomic tree was constructed from the phage
genomes based on genome-wide sequence similarities computed by tBLASTx, using dsDNA
nucleic acid type and prokaryote host category. The orthologous genes identification was
performed with VirClust, based on PCs calculated with the above parameters, CoreGenes and
Roary.

In addition to the amino acid-based VICTOR analysis, the intra-familial relationships
were analyzed using (i) nucleic acid-based intergenomic similarities calculated with VIRIDIC

(Virus Intergenomic Distance Calculator) (http://rhea.icbm.uni-oldenburg.de/VIRIDIC/)

(Moraru et al., 2020) and (i1) core protein phylogeny. The thresholds used for species and genus
definition in VIRIDIC were 95% and 70% intergenomic similarity, respectively. The core
proteins analysis was conducted as follows: (i) core genes were detected and annotated with
Roary, VirClust and CoreGenes; (ii) a multiple alignment of core protein sequences was
constructed with MUSCLE, and (iii) the phylogenetic tree was constructed with phylogeny.fr
in “one click” mode (Dereeper et al., 2008). Phylogenetic trees of signature genes were rooted

using a more distant relative (outgroup) and were accompanied by bootstrap values.

3. RESULTS


https://www.genome.jp/viptree/
http://rhea.icbm.uni-oldenburg.de/VIRIDIC/

17

3.1. General characteristics of phages that infect S. thermophilus
3.1.1. Distribution and current taxonomy of S. thermophilus phages

As of March 2022, 183 complete phage genomes that infect S. thermophilus were
available in the GenBank database (SI file 1 Table S1). According to the literature, the phages
that infect S. thermophilus are distributed into five groups: Moineauvirus (59.56%, n = 109),
Brussowvirus (24.59%, n = 45), 5093 (7.10%, n = 13), 987 (7.65%, n = 14) and more recently,
the P738 group (1.09%, n=2) (Achigar et al., 2017; Ali et al., 2014; Arioli et al., 2018; da Silva
Duarte et al., 2018; Desiere et al., 1998; Deveau et al., 2008; Guglielmotti et al., 2009; Hynes
et al., 2018; Lavelle, Martinez, et al., 2018; Lavelle, Murphy, et al., 2018; Le Marrec et al.,
1997; Levesque et al., 2005; Lucchini et al., 1998; McDonnell et al., 2016, 2017; Mills et al.,
2011; Neve et al., 1998; Philippe et al., 2020; Somerville et al., 2019; Stanley et al., 1997;
Szymczak et al., 2017; Szymczak, Rau, et al., 2019; Szymczak, Vogensen, et al., 2019;
Tremblay & Moineau, 1999).

At the moment, the ICTV recognizes the existence of 10 species of phages that infect S.
thermophilus, which are classified into two genera: Moineauvirus (Moineauvirus Abc2,
Moineauvirus DTI, Moineauvirus mv7201, Moineauvirus Sfil9, Moineauvirus Sfi2l) and
Brussowvirus  (Brussowvirus  ALQI132, Brussowvirus bv858, Brussowvirus bv2972,
Brussowvirus bvO1205, Brussowvirus Sfill), all belonging to the Caudoviricetes class

(https://talk.ictvonline.org/taxonomy/, 2021 release). This classification is incomplete and does

not represent the genetic diversity among streptococcal phage populations, which requires that
a new genome-based classification of the group be proposed along with updating the ICTV

database.

3.1.2. Lifestyle of S. thermophilus phages

Based on the phage lifestyle assessment (SI file 1 Table S1, Figure 1), a total of 114
(64.05%) and 64 (35.95%) phages were identified as virulent and temperate, respectively, with
>50% probability. Five phage genomes from the Moineauvirus genus showed undefined
classification and 53.84% (n = 56) were classified as temperate. In contrast to the phages of the
Brussowvirus genus and 5093, 987 and P738 groups, which were classified as virulent in
91.11% (n=41), 92.30% (n=12), 78.57% (n=11) and 100% (n = 2) of the analyzed genomes,
respectively, with >50% probability.

3.1.3. Isolation and sampling sources


https://talk.ictvonline.org/taxonomy/
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The main sources of isolation of phages that infect S. thermophilus were cheese whey
(n=106) and cheese (n = 51), corresponding together to almost 86% of the total phages isolated
from fermentation processes. Both virulent and temperate phages were mostly isolated from
these sources, corresponding to 85.96% (n = 98) and 84.37% (n = 54), respectively. Italy (n =
48), France (n = 39) and Ireland (n = 17) are the countries where the most phages were isolated,

characterized, and sequenced (SI file 1 Table S1).
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Figure 1 - Phylogenomic tree generated by VICTOR using the amino-acid sequences of the
Streptococcus thermophilus phages. Proteome-based tree (1), phage name (2), VICTOR genus
cluster (3), VICTOR subfamily cluster (4), VICTOR family cluster (5), VIRIDIC genus cluster
(6), BACPHLIP lifestyle prediction (7), phage holins classification (8), amino-acids sequence
length - Min. (8,861), Max. (14,848) (9). See SI file 3 for high resolution version. During step
'check and map input', the VICTOR analysis skipped duplicate genomes files
'Streptococcus _phage SW32 MH892384" and 'Streptococcus phage SW33 MH892385'
(duplicates of 'Streptococcus phage SW13 MH892362'). Although these phages are
identical, they were isolated in three different countries from different samples (SI file 1 Table
S1).

3.1.4. Phage morphology and host recognition

All phages that infect S. thermophilus are to the siphovirus morphotype and have an
icosahedral capsid connected to a non-contractile tail (Lavelle, Martinez, et al., 2018; Mahony
& van Sinderen, 2014; McDonnell et al., 2017; Philippe et al., 2020). They have a limited host
range, as most isolated phages only infect their primary host and a small number infect between
two and 14 strains of S. thermophilus (Binetti et al., 2005; Lavelle, Martinez, et al., 2018;
McDonnell et al., 2017; Philippe et al., 2020; Zinno et al., 2010). Each group of phages has
individual characteristics that reflect the genetic content and morphological characteristics of
these agents, including host recognition structures at the tip of the tail. Phages from the
Moineauvirus and Brussowvirus genera are morphologically similar, displaying long tails and
often a terminal structure at the tip of the tail like a small plaque accompanied by a fiber
(Accolas & Spillmann, 1979; Lavelle, Martinez, et al., 2018; Le Marrec et al., 1997). Group
5093 phages have globular appendages attached to the tips of the long tail, and group 987
phages have tails considerably shorter than those of the other phage groups, with a broad
appendage at the tip of the tail that resembles that of the phages that infect Lactococcus lactis
of group P335 (Accolas & Spillmann, 1979; Lucchini et al., 1998; McDonnell et al., 2016,
2017; Mills et al., 2011; Szymczak et al., 2017). On the other hand, the phages of the newly
named group P738 have short tails similar to those of the group 987 phages and twisted tail
fibers composed of two or three subfibers (Philippe et al., 2020).

3.1.5. Genome type and organization

Streptococcal phage genomes have a modular structure and synteny of gene functions
(Le Marrec et al., 1997; McDonnell et al., 2016; Philippe et al., 2020; Szymczak et al., 2017;
Tremblay & Moineau, 1999). They have double-stranded DNA (dsDNA) in linear form, and
the size and GC content of the genomes range from 30 to 48 kb and 36.6 to 40.2%, respectively.
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The number of predicted ORFs (Open Reading Frames) predicted in the phage genomes ranges
from 38 to 68 (SI file 1 Table S1).

3.2. Genomic diversity of S. thermophilus phages

Panvirome analysis based on gene distribution divided the phages into five main clusters
(SI file 2), which correspond to the phage groups already described (Moineauvirus,
Brussowvirus, 5093, 987, and P738). In total, 580 genes were identified in the panvirome
analysis and, of these, almost 21% (121) are unique genes in the analyzed genomes, which
shows the genetic heterogeneity existing among the phages that infect S. thermophilus. The
panviromes of the Moineauvirus and Brussowvirus genera have greater genetic diversity, with
a total of 187 and 162 genes, respectively, and organized into several subclusters, which may
be related to the greater number of representatives already characterized. The panviromes of
the 5093, 987 and P738 groups have 100, 81 and 50 genes, respectively, but the analysis of the
genetic diversity of the phages of these groups, in turn, is limited by the smaller number of
sequenced genomes. No significantly conserved genes were identified among the 183 genomes,
considering a minimum identity of 40%. Likewise, no core genome was identified with
CoreGenes. However, two genes were present in 176 (96.17%) of the 183 analyzed genomes
using Roary. Such genes are not present in the genomes of the two phages of the P738 group
and in five phages of the Brussowvirus genus. One of these genes had its putative function
identified and corresponded to the genes encoding holin protein.

Comparative analyzes of the genetic organization and genome content of the reference
phages showed that the genomes of these phages share common features such as the modular
structure, synteny of gene functions, and high genetic variation between nucleotide sequences
(Figure 2). However, no gene product was conserved in the five genomes. The lysis module
was the only partially conserved genomic region among the phages from Moineauvirus and
Brussowvirus genera, and 5093 and 987 groups phages. Notably, the reference phage of the
P738 group was revealed to be genetically distinct from the others evaluated, sharing some gene
products in a limited way with the reference phage of the 987 group. This result confirms the
previous analysis that the lysis module is the only partially conserved genomic region among

the phages from Moineauvirus and Brussowvirus genera, and 5093 and 987 groups phages.
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» P738 group @ Moineauvirus @5093 group @987 group @ Brussowvirus
@ DNA packaging @ Tail morphogenesis @ Host lysis Hypothetical protein
@ Capisid morphogenesis @ Antireceptor/Baseplate protein Lysogeny @ DNA transcription and replication
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Figure 2 - Comparative analysis of the genetic organization and content of phage genomes that
infect Streptococcus thermophilus. Predicted ORFs (indicated by arrows) and gene products
(putative function indicated by color coding) are aligned with adjacent genomes according to
percent amino acid identity (indicated by shaded boxes).

3.3. Characterization of S. thermophilus phages-encoded holins

Multiple alignment of holin sequences encoded by the 183 S. thermophilus phages
revealed that this protein is conserved among the phages Moineauvirus genus and 5093 and 987
groups (SI file 4). Holin sequences are also conserved in phages of the Brussowvirus genus,
with the exception of five of them (MH937505, KY705285, NC 007019, MH937498 and
MH937484). The holins encoded by the two phages of the P738 group are conserved with each
other, presenting, notably, sequence similarity to the holin encoded by the phage MH937505
(Streptococcus phage CHPC1109, Brussowvirus genus). The P738 group phages
(MK911750.1 00022 and MN938931.1 00022) encode holins belonging to phage rlt holin
family (PF16945), as well as one phage (MH937505.1 00021) from the Brussowvirus genus
(Figure 1). Still in the Brussowvirus genus, four other phages (KY705285.1 00024,
NC_007019.1_00025, MH937498.1 00026, and MH937484.1 00026) encode holins from
holin superfamily VI (PF09682). The other bacteriophages (n = 176) encode holins from holin
superfamily I (PF04531).

The two sequences of the holins encoded by the P738 group phages, as well as the five
sequences of the Brussowvirus genus, were selected to verify the structural prediction to

determine possible structural conservation despite low sequence similarity (Figure 3a).
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Figure 3 - Structural prediction of representative holins encoded by Streptococcus
thermophilus phages. Multiple alignment of representative holin sequences (a). Phage r1t holin
family (PF16945) from P738 group (b, c), and Brussowvirus genus (d). Holin superfamily I
(PF04531) from Moineauvirus genus (e, g), Brussowvirus genus (f), 5093 group (h), and 987
group (i). Superfamily VI holins (PF09682) from Brussowvirus genus (j, k, 1, m). Pairwise
alignment of two a-helix in holins from superfamily VI and rlt holin family (n). Pairwise
alignment of two a-helix in holins from superfamilies I and VI (0). Pairwise alignment of two
a-helix in holins from superfamily I and r1t holin family (p).

Furthermore, these sequences were compared with the sequences of the holins encoded
by the reference phages and representative holins from each one of the predicted protein
families (PF16945, PF09682, and PF04531). Holins belonging to the phage r1t holin family
(PF16945) have two a-helix (Figure 3b-d), while superfamily VI holins (PF09682) have four
(Figure 3j-m). The structure of holins from holin superfamily I (PF04531) is conserved, with
representatives in Moineauvirus and Brussowvirus genera, and 5093 and 987 groups phages
(Figure 3e-1). These holins possess two a-helix, and the superfamily I holin encoded by some
Moineauvirus genus also have an additional helix at N-terminus (Figure 3¢). The angstrom error
estimates for the predictions are shown in SI file 5 Figure S1.

The pairwise alignment of the predicted structures revealed a significant pairwise
alignment (p-value 1.67e-05) of two a-helix in holins from superfamily VI and r1t holin family
(Figure 3n). Similar results are found for holins from superfamilies I and VI (p-value 8.13e-04;
Figure 30) and holins from superfamily I and rlt holin family (p-value 1.42e-03; Figure 3p).
The graphic representation of the alignments and the differential distance matrix decomposition
are shown in Sl file 5 Figure S2. The conserved structural region in all the alignments is within
the functional domains of each of the holin protein families, which suggests that at least two a-

helix are required for protein function within S. thermophilus phages.

3.4. Taxonomic assignment
3.4.1. Support for the description of 142 species of streptococcal phages

The intergenomic similarity between pairs of the 183 phage genomes that infect S.
thermophilus, as well as the information on the length ratio and aligned fraction of the genomes
calculated by VIRIDIC, are presented in SI file 6. The evaluated phages were divided into five
clusters, according to the phage groups already described in the literature. Additional divisions
into subclusters (internal triangles) in the Moineauvirus and Brussowvirus genera, again
highlight the genetic diversity among their members. VIRIDIC integrates the ICTV virus

classification criteria based on nucleotide identity thresholds of 95% for species. The similarity
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data of the genome pairs quantified by VIRIDIC suggest that the 183 phages that infect S.
thermophilus are organized into 142 species. The two phages of the P738 group were
considered two different species (SI file 5 Table S1, Figure S3). The 109 phages of the
Moineauvirus genus were organized into 86 species (SI file 5 Tables S2 and S3, Figure S4),
while the 45 phages of the Brussowvirus genus were organized into 35 species (SI file 5 Tables
S4 and S5, Figure S5). The 14 phages of the 987 group were distributed in seven species (SI
file 5 Tables S6 and S7, Figure S6) and of the 13 phages of the 5093 group, 12 formed different
species (SI file 5 Tables S8 and S9, Figure S7). With this study, we allowed the expansion of
the number of S. thermophilus phage species available in the ICTV database from 10 to 142,

including their taxonomic classification.

3.4.2. Support for the description of five genera of streptococcal phages

The ICTV has established 70% nucleotide identity of the full genome length as the cut-
off for genera, in addition to the presence of homologous conserved ‘signature or core genes’
and evaluated using phylogenetics. Based on the proteome-based VICTOR analysis, the
division into the five groups is also found in the VICTOR phylogeny (Figure 1). Even though
VICTOR has recommended four genera, the light-green-colored one is not monophyletic and
was split into two distinct genera as a consequence. That is, the subtree comprising phages
"Streptococcus_phage SW6 MH892351" to "Streptococcus phage SWK1 MHg892377"
formed the fifth genus.

Each genus identified in the VICTOR analysis was investigated for the presence of core
genes. The results found by Roary, VirClust and CoreGenes analysis were similar (Table 1, SI
file 1 Tables S2-S16). The P738 group phages shared at least 43 homologs proteins (91.49%).
These homologs proteins included: small/large terminase subunits, portal protein, minor/major
capsid proteins, head scaffolding protein, head-tail adaptor, major tail protein, tape measure
protein, host-specificity tail protein, holin, endolysin, DNA helicase, and primase. The phages
from this genus have genomes of, on average, 33.85 kb (37.05 %GC), encoding 47 proteins. At
the DNA level, these phages share 90.71% DNA similarity (SI file 1 Tables S2-S4, SI file 5
Table S1, SI file 6). The Moineauvirus phages shared at least 15 homologs proteins (33.33%).
These homologs proteins included: small/large terminase subunits, portal protein, major capsid
protein, head scaffolding protein, head-tail connector protein, major tail protein, antireceptor,
and holin. The phages from this genus have genomes of, on average, 35.90 kb (38.74 %GC)
encoding 45 proteins. At the DNA level, these phages share at least 44.35% DNA similarity (SI
file 1 Tables S5-S7, Sl file 5 Table S2, SI file 6).
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Table 1 - Core genes with putative functions identified for each group/genus using the Roary, VirClust and CoreGenes tools

Genus
(refeerenc Roary infomation VirClust information CoreGenes information
genome)
Gene I [ Protein Gene | Protein
D length BLAST_annot D length PHROGS_annot ID annot
gene 00 159 terminase §mall gene 160 terminase small subunit QDP43702.| putative termm_ase small
001 subunit 1 1 subunit
gene 00 425 terminase ‘large gene 426 terminase large subunit QDP43703.| putative terminase large
002 subunit 2 1 subunit
getolggoo 430 portal protein gegle_ 431 portal protein QDP‘i37O4' putative portal protein
gene_00 271 head protein gene_ 272 minor head protein QDP43705. putative head .
004 4 1 morphogenesis protein
- - - gersle_ 55 no_hit QDPAI37O6' hypothetical protein
(MKO911 gegggOO 195 scaffold protein ge161e_ 196 head scaffolding protein QDP?7O7' putative scaffold protein
750)
geggﬁOO 302 major head protein geI7le_ 303 major head protein QDP?708' major head protein
geI(;ggOO 50 hypothetical protein gege_ 51 Arc-like repressor QDP?709' hypothetical protein
gene_00 108 head-tail connector | 5~ 109 head-tail adaptor QDP43710. putative head-tail
009 9 1 connector
gegi(_)OO 103 hypothetical protein gelnoe - 104 no_hit QDPL:” H hypothetical protein
geS?TOO 116 tail protein gelnle_ 117 neck protein Nel QDP?ﬂZ' putative tail protein
geg%OO 136 hypothetical protein ge1r12e_ 137 tail completion Tcl QDP? 713. hypothetical protein




27

geg%OO 165 major tail protein & eln3€_ 166 major tail protein QDP? 714 major tail protein
geBuleZOO 104 hypothetical protein gelnf - 105 no_hit QDP? 715 hypothetical protein
gegclagOO 97 hypothetical protein geInSe_ 98 no_hit QDP? 7ie. hypothetical protein
gene 00 738 tape-measure protein | £M— 739 tail length tape measure | QDP43717. putative tape-measure
016 P P 16 protein 1 protein
gene 00 773 ho st—spemﬂmty tail | gene 774 minor tail protein QDP43718.| putative .host—sp.emﬁmty
017 protein 17 1 tail protein
gegigoo 1323 tail fiber protein gelnge_ 1324 tangstesrpirgEéi;nd QDPAi3 719. putative tail fiber protein
gero%oo 666 tail protein gelnge— 667 tail protein QDP‘Pm' putative tail protein
gerolgﬁoo 90 hypothetical protein gezrz)e_ 91 no_hit QDP‘P 721 hypothetical protein
geg;TOO 116 hypothetical protein geznle_ 117 no_hit QDP‘P 722. hypothetical protein
8333500 63 holin geznze_ 64 holin QDP? 723. hypothetical protein
geg;gOO 248 endolysin g‘gge— 249 endolysin QDP?724' putative endolysin
geggZOO 88 hypothetical protein gezr;e_ 89 no_hit QDP? 725 hypothetical protein
gegggOO 41 hypothetical protein & eznse_ 42 no_hit QDP? 726. hypothetical protein
gene 00 transcriptional gene o QDP43727.| putative transcriptional
026 75 regulator 26 76 transcriptional repressor 1 regulator
geggﬁ()() 120 hypothetical protein gezn76_ 123 nucleotide kinase QDP? 728. hypothetical protein
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geggTOO 48 hypothetical protein ge3nle_ 49 no_hit QDP413732' hypothetical protein
gegggOO 113 hypothetical protein ge;n;_ 114 no_hit QDP13734' hypothetical protein
geggZOO 75 hypothetical protein ge;l‘e_ 76 no_hit QDP?BS' hypothetical protein
gegggOO 154 hypothetical protein ge;ge_ 155 no_hit QDP? 736. hypothetical protein
gegggoo 395 helicase ge3n6e_ 396 DNA helicase QDP‘PBI putative helicase
gene 00 215 recombinase gene 207 Erf—lilfe ssDNA QDP43738. putgtivc? DNA ‘
037 37 annealing protein 1 recombination protein
gerolggoo 140 hypothetical protein ge%e_ 141 no_hit QDPLP 739. hypothetical protein
gegggOO 112 hypothetical protein ge3nge_ 113 no_hit QDPLP 740. hypothetical protein
gegfl(_)oo 274 primase giﬁ;ﬂ_ 275 polymei?ﬁprimase QDP? s putati\];:e?igcaﬁon
i Bl o R I i i e o
gegéeﬁOO 96 hypothetical protein gznze_ 97 no_hit QDP? 743 hypothetical protein
gegZ§00 57 hypothetical protein an;— 58 no_hit QDP? 744. hypothetical protein
geBlZZOO 138 hypothetical protein gzrf— 139 no_hit QDP? 745. hypothetical protein
gegngO 106 hypothetical protein ge;je_ 107 no_hit QDPLP 746. hypothetical protein
gegZEOO 92 hypothetical protein ge4n6e_ 93 no_hit QDP? 747. hypothetical protein
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& egéeﬁOO 112 hypothetical protein gzn7€_ 113 no_hit QDP? 748, hypothetical protein

gegZ§00 388 hypothetical protein ge4118e_ 390 DNA repair exonuclease QDP? 749. hypothetical protein

gene 00 terminase small gene . .. |NP 049390 | terminase small subunit
002 153 subunit ) 154 terminase small subunit 1 P27 family

gene 00 279 terminase 'large gene 230 terminase large subunit NP 049392 | putative terrmgase large
003 subunit 3 1 subunit

- - - getsle_ 60 no_hit

getolggoo 386 portal protein ger616_ 387 portal protein NP—OT9394 portal protein

gene 00 . . gene head maturation
006 222 scaffolding protein 7 223 protease

gene 00 . ) .| gene . . NP 049396 . )

Moinean 007 397 major capsid protein 3 398 major head protein 1 major head protein
virus | gene 00 head-tail connector | gene o
(NC_002| 008 104 protein 9 105 head-tail adaptor Ad1
> —
072) |gene 00 116 head-tail connector | gene_ 117 o hit NP 049398 head closure protein

009 protein 10 - A

gene_00 140 tail protein gene_ 141 no_hit NP_049399 tail protein
010 11 — 1

gene 00 . . gene . .
011 123 tail protein 12 124 tail protein

geg%OO 203 major tail protein geln3€_ 204 major tail protein NP—OT%OI tail protein

geg%oo 117 tail chaperone protein ge1n4e - 118 tail protein NP—04119402 tail protein

gene 00 .| gene . . . NP_049403 | putative tail component
014 1656 tape measure protein 15 1657 minor tail protein P protein
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- - - geln6e_ 519 minor tail protein NP—041‘9405 tail family protein
gene 00 . gene tail fiber protein and [ NP 049406 tail-host specificity
016 o14 antireceptor 17 o15 host specificity 1 protein
- - - gelnge_ 686 minor tail protein
) ) i gene 132 o hit NP 049409 DUF 1.3§6 domalp-
19 — 1 containing protein
gene 00 . gene . NP _ 049412 .
021 80 holin 2 81 holin 1 holin
- - - gene 133 transcriptional regulator NP_049433 DUF 1.4?2 domam-
43 B containing protein
g6101§§00 165 DNA binding protein - - -
geroléeﬁoo 172 HNH endonuclease - - - NP—OT9434 HNH endonuclease
gene 00 . : ) ) _
043 235 hypothetical protein
gene_00 82 hypothetical protein gene_ 83 no_hit
008 8 -
- - - getgle_ 52 no_hit
5093 gene_00 170 DNA binding protein gene_ 171 DNA binding protein YP_002925 DNA binding protein
(NC 012 012 12 093.1
75_3) geBl?ZOO 97 hypothetical protein gelr;e_ 98 no_hit
gene 00 domain-containing | gene . YP_ 002925 DUF1340 domain-
017 235 protein 17 236 no_hit 095.1 containing protein
gene 00 terminase small gene . .. | YP_002925 . :
019 148 subunit 19 149 terminase small subunit 097 1 terminase small subunit
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e 0| e | omivweline e | s | i g | Y7005 | POSX iy s
geg;TOO 502 portal protein geznle 503 portal protein YP688.21925 portal protein
geggEOO 407 minor capsid protein geznze 408 minor head protein YPT88.21925 minor capsid protein
gegggOO 205 scaffolding protein geztge 206 head scaffolding protein YPig(l).21925 scaffolding protein
geg;ZOO 281 major capsid protein geztf_ 282 major head protein YPT8(2).21925 N4_%§;Si£a§;i,lge$aj or
gero%oo 57 hypothetical protein geznse 62 no_hit YPT8(3).21925 hypothetical protein
gerolggoo 129 head-t;iloigir;nector gezn66 130 head-tail adaptor YP182.21925 hypothetical protein
gerol%OO 111 minor capsid protein gezn7e 112 head-tail adaptor

gegggOO 119 minor capsid protein geznge 120 minor head protein YPT8(5).21925 minor capsid protein
geg;§00 134 minor capsid protein ge;;- 135 minor head protein YPT8(6).21925 minor capsid protein
gegg(_)OO 167 major tail protein & 63%6— 168 major tail protein YPT8(7).21925 tail protein
R ol e B I vl B
geggEOO 219 hypothetical protein & e3nze_ 220 no_hit YPT8(9)_21925 b;}clzelrsio%fg?e}i[n
gegggOO 1528 tape-measure protein ge3n3e 1529 tail protein YPT(1)8.21925 p utativ;re(l){[l::ii;eceptor
geg;ZOO 239 distal tail protein ge;e_ 240 no_hit YPT(1)(1)‘21925 hypothetical protein
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gene 00 . . .| gene . . YP_002925 .
035 508 tail-associated lysin 35 509 tail protein 1121 endolysin
- - - ge;n;t_ 395 no_hit YPT(1)221925 antireceptor
gene 00 . gene . YP 002925 . .
039 91 holin 39 92 holin 116.1 hypothetical protein
gene 00 . gene . YP 002925 .
040 80 holin 40 81 holin 117.1 holin
- - - gznle_ 282 endolysin YPT(I)(8)21925 peptidoglycan hydrolase
gene_00 462 terminase 'large gene_ 463 terminase large subunit AMQ65697 TerL
002 subunit 2 1
gene 00 446 portal protein gegle_ 447 portal protein AMQ?5698 portal protein
003 '
gene 00 346 minor capsid protein geze_ 347 minor head protein AMQ?5699 minor capsid protein
004 .
(KI9J?783 gene 00 199 domalnr-(c)::)erilltlammg gersle_ 200 head scaffolding protein AMQ?WOO scaffolding protein
39) 005 P '
gene 00 287 major capsid protein geI6le_ 288 major head protein AMQ?WOI major capsid protein
006 '
gene 00 63 Ig QOmaln . gene 64 structural protc?ln with Ig | AMQ65702 hypothetical protein
007 containing protein 7 domain A
gene 00 110 head-tail cqnnector gene 11 head-tail adaptor AMQ65703 head-tail cqnnector
> protein 8 A protein

008




gene

AMQ65704
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gene 00 103 hypothetical protein 9 104 minor head protein 1 hypothetical protein
009 '

gene 00| 108 | capsidandscaffold gene | g neck protein Nel | AMQO3705 4 ihetical protein
010 protein 10 A

gene 00 129 capsid protein gelnle_ 130 tail completion Tcl AMQf57O6 tail terminator protein
011 '

gerol%oo 165 major tail protein gelnze_ 166 major tail protein AMQ?5707 major tail protein

gene 00 116 tail chaperone protein gelnf_ 117 tail protein AMQ?WOS tail chaperone protein
013 .

gene 00 89 hypothetical protein geltf_ 90 tail assembly chaperone AMQ?5709 hypothetical protein
014 )

gene 00 916 tape measure protein gelnse_ 917 no_hit AMQ?SHO tape measure protein
015 )

gene 00 253 tail family protein geln6€_ 254 minor tail protein AMQ?Sﬂ ! distal tail protein
016 .

geg%OO 910 tail-associated lysin geln7€_ 911 minor head protein AMQ?W 12 tail-associated lysin

gene 00 647 antireceptor gelnge_ 648 virion structural protein AMQ?W 13 antireceptor
018 .

gene 00| 8l holin e 82 holin AMQf5716 holin

021
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gene 00 . gene . AMQ65717 .
022 200 lysin 2 201 endolysin 1 lysin
gene 00 51 hypothetical protein ge4rga_ 52 no_hit AMQ?5737 hypothetical protein
040 '
gene 00 170 DNA-binding protein ge;‘nze_ 171 DNA binding protein AMQ?5739 DNA-binding protein
042 .
gene 00 79 hypothetical protein gzlf— 97 no_hit AMQ?SMI hypothetical protein
044 .
gene 00 235 hypothetical protein gznse_ 236 no_hit AMQ?5742 hypothetical protein
045 .
- - - gezrz)e_ 182 DNA binding protein NP—6?5098 hypothetical protein
geggEOO 236 hypothetical protein geznze_ 237 no_hit NP—6?5 101 hypothetical protein
gene 00 terminase small gene .
025 107 subunit 25 108 no_hit
Bn.tssow i i ) gene 412 terminase large subunit NP_695104| PBSX family tenpmase
virus 26 1 large subunit
(N;)_S(;M geggﬁOO 501 portal protein g62117e_ 503 portal protein NP—6?5 105 portal protein
gegggOO 297 minor capsid protein geznge_ 298 minor head protein NP—6?5 106 minor capsid protein
gene 00 193 capsid and gcaffold gene 194 head scaffolding protein NP 695107 DUF4§§5 domalp-
029 protein 29 1 containing protein
gegg(_)OO 119 major capsid protein ge3r:)e_ 120 major head protein NP—6?5 108 putative structural protein




35

gegggOO 114 hypothetical protein ge3nse_ 115 neck protein Nel NP_??S H3 HK97 gp10 family protein
gegggOO 128 hypothetical protein ge;n66_ 129 tail completion Tcl NP—6€5 14 Ic)il‘:;ii?jgd;rrgginr;
geg%oo 168 major tail protein ge;n;_ 169 major tail protein NP—6€51 15 major tail protein
gegggOO 117 tail chaperone protein ge;nge_ 118 tail protein NP_??S He tail assembly chaperone
geg§§00 105 hypothetical protein ge3n9e_ 106 tail assembly chaperone NP-??S 17 hypothetical protein
getolzaoo 1517 tape measure protein gf;l})e_ 1518 tail protein NP—6€5 13 putative tail protein
geroléeﬁoo 510 tail protein gznle_ 513 minor tail protein NP—§?51 19 tail family protein

) i ; gznse_ 844 adg?)i;?;f;ﬁi‘gm NP—6.?5 120 putative tail protein
geI(;ZEOO 654 tail protein gzn6e_ 670 tail protein NP_??S 124 hypothetical protein
geI(;AeﬁOO 117 hypothetical protein & 21176— 118 no_hit NP—6_?5 125 hypothetical protein
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The Brussowvirus phages shared at least 15 homologs proteins (31.25%). These
homologs proteins included: portal protein, major/minor capsid proteins, head scaffolding
protein, major tail protein, and tape measure protein. The phages from this genus have genomes
of, on average, 37.32 kb (39.34 %GC) encoding 48 proteins. At the DNA level, these phages
share at least 37.0% DNA similarity (SI file 1 Tables S8-S10, SI file 5 Table S4, SI file 6). The
987 group phages shared 23 homologs proteins (50%). These homologs proteins included: large
terminase subunit, portal protein, minor/major capsid proteins, head-tail connector protein,
head scaffolding protein, antireceptor, major tail protein, tape measure protein, holin, endolysin,
and DNA binding protein. The phages from this genus have genomes of, on average, 32.26 kb
(36.94 %GC) encoding 46 proteins. At the DNA level, these phages share at least 56.14% DNA
similarity (SI file 1 Tables S11-S13, SI file 5 Table S6, SI file 6). The 5093 group phages shared
at least 22 homologs proteins (46.80%). These homologs proteins included: small/large
terminase subunits, portal protein, minor/major capsid proteins, head scaffolding protein,
antireceptor, major tail protein, holin, endolysin, and DNA binding protein. The phages from
this genus have genomes of, on average, 34.25 kb (38.26 %GC) encoding 47 proteins. At the
DNA level, these phages share at least 64.44% DNA similarity (SI file 1 Tables S14-S16, SI
file 5 Table S8, SI file 6).

The genes encoding the major tail protein (MTP) and portal protein were detected and
annotated in the five genera by all tools (Roary, VirClust and CoreGenes) and, therefore, were
used to visualize the clades of genera in the phylogenetic analysis. All genes encoding the MTP
and Portal proteins produced a phylogenetic tree in which the genus was represented by a well-
supported clade (Figure 4, SI file 7). Based on the results of the phage genomes clustering
analyses, detection and phylogeny of the core genes, the S. thermophilus phages were classified
at genus level according to the criteria described below. The criteria for demarcating a new
genus for the phages of the P738 group were: 70% DNA sequence identity and monophyly in
the terminase large subunit (TerL), portal, and holin proteins phylogenetic trees (SI file 5
Figures S3 and S8). The criteria for demarcating Moineauvirus genus were: at least 44.35%
DNA sequence identity and monophyly in the terminase small subunit (TerS), major tail protein
(MTP), and portal proteins phylogenetic trees (SI file 5 Figures S4 and S9). The criteria for
demarcating Brussowvirus genus were: at least 37.0% DNA sequence identity and monophyly
in the major capsid protein (MCP), portal protein, and major tail protein (MTP) proteins
phylogenetic trees (SI file 5 Figures S5 and S10). The criteria for demarcating a new genus for
the phages of the 987 group were: at least 56.3% DNA sequence identity and monophyly in the
major capsid protein (MCP), portal protein, and major tail protein (MTP) proteins phylogenetic
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trees (SI file 5 Figures S6 and S11). The criteria for demarcating a new genus for the phages of
the 5093 group were: at least 64.44% DNA sequence identity and monophyly in the terminase
large subunit (TerL), major capsid protein (MCP), and major tail protein (MTP) proteins
phylogenetic trees (SI file 5 Figures S7 and S12).

Major Tail Protein (MTP)

@ P738 group e Moineauvirus 5093 group @987 group e Brussowvirus
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Figure 4 - Phylogenetic trees constructed for each genus identified in the VICTOR analysis of
the of Streptococcus thermophilus phages. The trees were constructed using the Major Tail
Protein (MTP) amino acid sequences.

The similarity data of the genome pairs quantified by VIRIDIC suggested that the 183
phages that infect S. thermophilus are organized into 42 possible genera (Figure 1, SI file 6).
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Phages from the Moineauvirus and Brussowvirus were distributed in 23 and 12 genera,
respectively, while the phages from groups 5093 and 987 were reorganized into three genera
each. However, the VIRIDIC analysis was based only on nucleotide identity thresholds of 70%
for genus level demarcation. The presence of a set of conserved genes and monophyly in the
signature genes, added to the morphological, genomic, and ecological characteristics shared by
all the phages in the same group, allow us to classify the five groups described in the literature
as being, in fact, five genera of streptococcal phages. With these results, we allowed the
expansion of the number of genera of S. thermophilus phages taxonomically classified by ICTV

from two to five, adding three new genera within the Caudoviricetes class.

3.4.3. Family level clustering of streptococcal phages

Criteria for demarcation of new families and orders are currently being defined by
ICTV, however, it has been proposed that the family-level represents a cohesive and
monophyletic group in the main predicted proteome-based clustering tools, whose members
share a significant number of orthologous genes. The result of the amino acid-based VICTOR
analysis showed that S. thermophilus phages are organized into one subfamily and one family
(Figure 1). However, VICTOR analysis does not identify the orthologous proteins that
contributed to the clustering of phages at subfamily and family levels.

It was described that a 0.90 intergenomic distance threshold applied to the PC tree in
VirClust delineated most families within Duplodnaviria realm (Moraru, 2021). Here, different
distance thresholds (0.98, 0.90 and 0.85) were applied to the hierarchical trees produced by
VirClust, to determine if one of them is suitable for defining family level clusters. When a 0.98
intergenomic distance threshold was applied to the PC tree in VirClust, the 183 phage genomes
clustered into a single VGC (SI file 5 Figure S13), however, the core proteins shared by the
phages used to define the VGC were not identified, that is, no PC was formed, generating
uncertainty regarding the clustering for demarcation of the family level. Potentially, 0.98 could
be used for order level delineation. When protein clustering was performed with the default
parameters of VirClust (0.90 intergenomic distance threshold) the resulting tree was split into
three VGCs based on PCs (SI file 5 Figure S14). The core proteins, defining each VGC, were
identified and annotated (SI file 1 Tables S17-S19). Phage genomes from P738 and
Moineauvirus genera formed one family each, sharing 44 and 19 PCs, respectively. While
phage genomes from Brussowvirus, 987 and 5093 genera formed a third family, sharing two
PCs. One of these shared PCs had its putative function identified and corresponded to the gene

encoding DNA binding protein. However, as only a small proportion of proteins were shared
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with other phages in the dataset, it increases clustering uncertainty and can indicate an incorrect
clustering (Moraru, 2021). Identical results were obtained with CoreGenes (SI file 1 Table S20).
Roary detected a single core gene among the phages of these three genera, encoding a
hypothetical protein, also detected by the other tools (SI file 1 Table S21). A total of 107 shell
genes (15% <= strains < 95%) were also found among the phages of these genera. A threshold
of 0.85 intergenomic distance applied on the hierarchical tree split the phage genomes into four
VGCs (Sl file 5 Figure S15). Phage genomes from P738, Moineauvirus and 5093 genera formed
one family each, sharing 44, 19 and 25 PCs, respectively (SI file Tables S22-S24). Phage from
Brussowvirus and 987 genera formed a fourth family, sharing seven PCs (SI file 1 Table S25).
Shared PCs by the phages of the Brussowvirus and 987 genera include the DNA binding protein,
portal protein, minor head protein, connector, major tail protein, tail protein, and other
hypothetical proteins. Similar results were obtained with CoreGenes (SI file 1 Table S26),
which identified eight orthologous proteins shared by these phage genera. Roary detected two
core genes among the phages of these genera, encoding a hypothetical protein and major tail
protein, also detected by the other tools (SI file 1 Table S27). A total of 93 shell genes (15% <=
strains < 95%) were also found among the phages of these genera.

Similar clades were obtained using the main predicted proteome-based clustering tools,
confirming that S. thermophilus phages are grouped separately into five genera in the
hierarchical clustering. However, these clades were assigned to different number of families by
the VICTOR (a single family) and VirClust analysis (one, three or four families, according to
the intergenomic distance threshold). Phylogenetic analysis of phage proteomes using ViPTree
revealed that three of the five genera phages are more closely related to each other than to any
other phages (Figure 5). The phages from Moineauvirus, Brussowvirus and 5093 genera formed
a cohesive and monophyletic group and appear to form a family separately from the P738 and
987 genera phages. Orthologous proteins shared by the phages of these three genera were
identified using Roary. A single core gene (gene encoding hypothetical protein) was included
(SI file 1 Table S28). A total of 79 shell genes (15% <= strains < 95%) and a single soft core
gene (95% <= strains < 99%) were also found among the phages of these genera. On the other
hand, the next closest relatives of P738 and 987 genera were phages that infect the pathogenic
bacteria Streptococcus pyogenes (Streptococcus phage T12, NC 028700 and Streptococcus
prophage 315.5, NC 004588) and the lactic acid bacterium Lactococcus lactis (Lactococcus
phage Tuc2009, NC 002703 and Lactococcus phage P335, DQS838728), respectively.
Moineauvirus and Brussowvirus genera shared five orthologous proteins using CoreGenes (SI

file 1 Tables S30) and two core genes detected with Roary, encoding hypothetical proteins (SI
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file 1 Tables S31). Phages from these genera also shared 70 shell genes (15% <= strains < 95%)

and two soft core genes (95% <= strains < 99%).
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Figure 5 - Parts of the proteomic tree constructed by ViPTree. The tree includes 2082 related
sequences with the 183 Streptococcus thermophilus phages. The phages of interest in this study
are indicated with red stars. The red arrow indicates the possible family-level clustering for
phages of Moineauvirus, Brussowvirus and 5093 genera. The class of the related phages and
the phylum of bacterial hosts are also annotated. The colored boxes delineate the genera. The
full phylogenetic tree created by ViPTree can be seen in SI file 8.

4. DISCUSSION

Phages have complex evolutionary relationships (Dion et al., 2020; Koonin et al., 2020)
and several strategies have been used in an attempt to classify the phages that infect S.
thermophilus. Historically, the classification of streptococcal phages was based on morphology
and the combination of the DNA packaging mode and the number of major structural proteins
(Desiere et al., 1999; Le Marrec et al., 1997; Lucchini et al., 1999a, 1999b). This classification
limited the division of phages that infect S. thermophilus to two groups: cos-containing phages,
whose phages had cohesive genomic ends when treated with restriction enzymes (Moineauvirus
genus) and two main structural proteins; and pac-containing phages, whose phages showed
absence of cohesive ends (Brussowvirus genus) and three main structural proteins (Le Marrec
et al., 1997). The discovery of phages with new properties resulted in the need to update this
classification, which led to the proposition of two new groups, 5093 (Mills et al., 2011) and 987
(McDonnell et al., 2016). Although group 5093 phages have a genomic architecture similar to
members of the Moineauvirus genus, with two main structural proteins, their genome sequences
are more similar to those of phages from the Brussowvirus genus and a streptococcal prophage
of non-dairy origin (Mills et al., 2011). The genomes of group 987 phages, on the other hand,
show genetic exchange events, exhibiting a DNA sequence relationship with the morphogenesis
modules of certain phages that infect L. lactis of the P335 group and with the replication
modules of phages that infect S. thermophilus (McDonnell et al., 2016). A fifth group, P738,
formed by two genetically distinct phages from the other phages that infect S. thermophilus was
described. These phages are closely related to each other and share similarities with non-dairy
streptococcal phages (Philippe et al., 2020).

Changes in virus classification, taxonomy, and nomenclature occur annually (Walker et
al., 2021) as a result of an increasing increase in sequenced genomes and the rise of
metagenomic studies (Al-Shayeb et al., 2020; Dion et al., 2020; Simmonds et al., 2017; Turner
etal., 2021). To accommodate the full spectrum of virus genetic divergence, ICTV changed the
hierarchical taxonomic classification structure to 15 positions, including eight major

classifications (realm, kingdom, phylum, class, order, family, genus, and species) and seven
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classifications derived from main (ICTV, 2020). At the realm level, viruses were grouped in
Adnaviria, Duplodnaviria, Monodnaviria, Riboviria, Ribozyviria, and Varidnaviria (Walker et
al., 2021). For tailed phages, it was proposed to eliminate the order Caudovirales and the
families Myoviridae, Siphoviridae, and Podoviridae (Turner et al., 2021). Without these
taxonomic levels, the Caudoviricetes class automatically integrated all tailed phages and the
criteria for demarcation of new families and orders are currently being defined by ICTV,
however, it has been proposed that they should be based on analyzes of entire viral proteomes
and consider shared orthologous proteins (Koonin et al., 2020; Turner et al., 2021).

In this study, we used a wide range of complementary methods including comparative
genomics, core genome analysis, and signature genes phylogenetics, to show that the S.
thermophilus phages are organized into 142 species and five genera, and that due to their genetic
diversity, the classification at family level varies according to the classification criteria used. In
the process of the taxons evaluation, we explored the feasibility of different demarcation criteria
and critically evaluated the usefulness of our methods for phage classification. The convergence
of results, drawing a consistent and comprehensive picture of five well-supported clades,
regardless of method, demonstrates that the tools applied here are particularly useful in S.
thermophilus phages taxonomy at species and genus levels. At the family level classification,
the S. thermophilus phages from Brussowvirus, 987 and 5093 genera formed a group sharing at
least one ortholog gene, or yet, Brussowvirus and 987 genera formed a group sharing at least
two orthologous genes. These groupings corroborates a recent study that suggested the
evolution/emergence of 5093 and 987 phages through recombination with temperate
Brussowviruses, based on phylogenetic analyzes of streptococcal phage replication modules
(Hanemaaijer et al., 2021). On the other hand, the phages from Moineauvirus, Brussowvirus
and 5093 genera formed a monophyletic group in the viral proteomic tree sharing at least one
ortholog gene. The relationship among the phages of these three genera has been described
previously (Mills et al., 2011). It was reported that the first phage of the genus 5093
(Streptococcus phage 5093, NC 012753) evolved from gene exchanges with pac-containing
phages (Brussowvirus genus), representing a hybrid phage, and that although have a genomic
architecture similar to members of the Moineauvirus genus, their genome sequences are more
similar to those of phages from the Brussowvirus genus.

Five well-supported clades were obtained using the main classification tools and the
convergence of their results for the analyzed taxa, confirm that S. thermophilus phages are
grouped separately into five genera in the hierarchical clustering, whose members do not share

a sufficiently conserved gene. However, the genes encoding holin protein is conserved in more
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than 95% of genomes. Holin superfamily I, in particular, is widespread among LAB (Fujimoto
et al., 2020). Mills et al. (2011) also observed that both endolysin and holin genes are highly
conserved in S. thermophilus phages, mainly consisting on holin superfamily I. Our study
highlights two other holin families in S. thermophilus phages, rIt family and holin superfamily
VL. Labrie et al. (2004) were the authors that first described the r1t holin family in Lactococcus
lactis phages. The authors observed that the lysis cassette of the phage r1t has the same general
lysis module features as other Lactococcus lactis phages.

Comparative genomic analyzes have shown that the genomes of these phages exhibit a
high degree of conservation within the genera defined here, particularly in the structural
modules (Lavelle, Martinez, et al., 2018; McDonnell et al., 2017; Philippe et al., 2020;
Szymczak, Rau, et al., 2019), but also exhibit nucleotide divergence between genera and
between phage within the same genus. This particularity in genomes of sharing regions of high
sequence similarity with abrupt transitions into adjacent regions without detectable similarity
is described as genetic mosaicism (Dion et al., 2020; Hendrix et al., 1999). These regions (genes
and gene blocks) have distinct evolutionary histories, due to multiple genetic exchange events
that suffer in response to the selective pressure of their hosts, which drives their diversity (Dion
et al., 2020). Streptococcal phage genomes are undergoing a process of evolution through, as
studies indicate, horizontal gene transfer, insertions, deletions, point mutations, and exchange
of genetic modules (Brussow & Desiere, 2001; Desiere et al., 1998; Lavelle, Martinez, et al.,
2018; Lavelle, Murphy, et al., 2018; Lucchini et al., 1999a; Philippe et al., 2020; Szymczak et
al., 2017). From an industrial point of view, this diversification represents a constant threat to
milk fermentation processes, as it can result in the extension of the host range and make it
difficult to efficiently control phage infections in starter cultures, which normally consist of
mixtures of lactic acid bacteria (LAB) (de Melo et al., 2018; Leroy & De Vuyst, 2004;
McDonnell et al., 2016; Quiberoni et al., 2010; Szymczak et al., 2017). As the 183 phages
evaluated were mainly isolated from industrial fermentation environments, industrialization
and the use of commercial starter cultures have likely limited the diversity of bacterial strains
in dairy environments, resulting in a high gene flow capable of generating phages recombinants

with potentially expanded lytic activity.

5. CONCLUSION
The phages that infect S. thermophilus have a remarkable genetic diversity that can
result in the extension of their host range, which poses a threat to milk fermentation processes.

Considering all the advantages and limitations of the classification tools used here, and the
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convergence of their results for the analyzed taxa, our study represents a contribution to the
expansion of knowledge about the genetic diversity and evolution of streptococcal phages. Our
work also highlights the importance of monitoring, isolating, and sequencing streptococcal
phages in industrial environments to promote control strategies and minimize failures in milk

fermentation processes.
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Figure S1 - Aﬁgstroms error estimate based”(.)n the amino acid position of réioresentative holins
encoded by Streptococcus thermophilus phages. Phage rl1t holin family (PF16945) from P738
group (a, b), and Brussowvirus genus (c). Holin superfamily I (PF04531) from Moineauvirus

genus (d, f), Brussowvirus genus (e), 5093 group (g), and 987 group (h). Superfamily VI holins
(PF09682) from Brussowvirus genus (i, j, k, 1).
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Figure S2 - Graphic representation and differential distance matrix decomposition of the
pairwise alignment of representative holins encoded by Streptococcus thermophilus phages.
Holin superfamily VI vs. Phage r1t holin family (a). Holin superfamily I vs. Holin superfamily
VI (b). Holin superfamily I vs. Phage r1t holin family (c).
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Table S1 - Summary of information retrieved from GenBank, VIRIDIC, and CoreGenes of the
Streptococcus thermophilus phages of the P738 group.

Overall | ¢y orall
Size DNA homologous
Phage name INSDC GC% | Protein | sequence g
(Kb) A proteins
identity s
Streptococcus
phage P738 MKO911750.1 | 34.04 | 37.1 48 100 100
Streptococcus
phage D4446 MN938931.1 | 33.66 | 37.0 46 90.715 93.75

(*) Determined using VIRIDIC (Moraru et al., 2020), compared to Streptococcus phage P738.
(**) Determined using CoreGenes 5.0 (Zafar et al., 2002), compared to Streptococcus phage
P738.
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Figure S3 - VIRIDIC heat map of the distribution of the two genomes the Streptococcus
thermophilus phages of the P738 group into two species based on intergenomic similarity
values (right half) and alignment indicators (left half and top bars). In the right half of the
heatmap, the color-coding allows for quick visualization of the grouping of phage genomes
based on intergenomic similarity, since the higher the intergenomic similarity value between
the phages, the darker the color. The numbers represent the similarity values for each genome
pair. In the left half, three indicator values are represented for each genome pair, in order from
top to bottom: genome aligned fraction 1 (for the genome located in this row), genome length
ratio (for the two genomes in this pair) and genome aligned fraction 2 (for the genome located
in this column). Darker colors emphasize low values, indicating pairs of genomes where only
a small fraction of the genome was aligned (orange to white color gradient), or that there is a
large difference in the length of the two genomes (black to white color gradient).

Table S2 - Summary of information retrieved from GenBank, VIRIDIC, and CoreGenes of the
Streptococcus thermophilus phages species belonging to the Moineauvirus genus.
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Over

Overall
all o
DNA o
Phace name RefSeq INSDC Size | GC | Prot seque homolo
g No. (Kb) | % | ein n(ie gous
identi ps"‘(’,f‘;‘)“
ty (%)
Streptococcus phage SW6 MEIIS ?23 34.28 3? ’ 42 70565 73.33
Streptococcus MH&g923 38. 71.16
phage SW30 751 | 34O 5 | 4] 7333
Streptococcus MH9375 39. 72.62
phage CHPC1156 080 | | g | M| e | 8444
Streptococcus phage MHO0006 38. 71.29
D1024 03.1 37.76 ) 49 1 91.11
Streptococcus phage MHO0006 39. 68.23
DI811 04.1 34.08 0 40 1 75.56
Streptococcus phage KY7052 38. 61.53
P5641 50 1 37.24 2 52 6 68.89
Streptococcus MH9374 38. 59.13
phage CHPC1062 99.1 40.04 5 >4 7 66.67
Streptococcus phage MF1613 38. 58.61
D476 731 39.71 0 54 6 68.89
Streptococcus MH9374 38.
phage CHPC877 671 39.97 4 52 | 5897 | 66.67
Streptococcus MH9374 39. 62.81
phage CHPC927 71.1 373 0 48 6 7111
Streptococcus MH9374 38. 59.57
phage CHPC930 74.1 3635 6 46 7 66.67
Streptococcus phage KY7052 38. 56.86
P7574 711 36.3 7 49 6 66.67
Streptococcus MH9374 38. 57.89
phage CHPC663 621 | 3833 | o | 02 | 4 | 7L
Streptococcus phage M19 Msg 8107 34.33 35 | 44 635332 66.67
Streptococcus phage SW3 M?E?B 37.18 3§ ] 45 | 59.11 | 66.67
Streptococcus phage 7A5 ME;' 8107 35.94 3§ | 44 60592 64.44
Streptococcus phage B0 M£§8107 36.77 358 | 47 | 62.26 | 62.22
Streptococcus phage B5 M£75 8107 35.64 33 T 42 63300 62.22
Streptococcus phage MF5807 38. 65.33
L5A] 69.1 36.88 9 44 7 62.22
Streptococcus phage A0 MEDSOT | 3548 | 0 | 44 | &30 | 6222
Streptococcus phage CO MESS 8107 34.72 33 T 42 64460 62.22
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Streptococcus

MH9374

39.

65.21

phage CHPC950 77.1 35:3 0 48 8 7556
IR
VT e [ [
Vot saz0 | a6 |5
VT sas | 3| as |55
e VT sron | 3w |68 ] o
Streptocso;l(;llls phage M§35.8107 3598 3;3. 41 65973 62.22
Streptocso;l(;l;s phage MSZ8107 3599 3;3. 44 65i5 1 64.44
Streptococcus phage 7201 N1(38_50§)2 Al;lliSO 35.47 3;3 ’ 46 54é24 66.67
e IR
s VT 3476 | 3| as |5 ]
Strepto;(())%cguls phage K35(17-0152 35.65 329. 44 56é72 62.02
Stvrgpté’f;;‘%sfzhf‘fe Mgﬁgz 38.25 35' 53 | 5873 | 77.78
e Ve s |35 [
R Vi 363 | 35| s [59] oe
Streptococcus phage SW2 MI;I; 91’23 37.22 35 47 57574 71.11
Streptococcus phage SW5 MI;I19 7136 36.84 35 47 57§89 71.11
Streptocjzgglzls phage N6C4_5011 3 FJ203.1631 34,38 33. 48 66217 63.89
Streptolc)(;g%gs phage K;(;OISZ 3553 3;3. 50 7 1&83 7111
Strepto;(;(;i)l;s phage Kgg.()l52 3596 378. 50 72§57 7333
Streptococcus phage 73 K;g .1170 36.73 388 "] 46 65&68 71.11
Strept"l‘;g‘;%uls phage K;(g _015 2| 3521 398' 47 | 64.89 | 71.11
e VT e | | w0 | O | oy
e VIR 342 | [ [T
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Streptococcus

MH9375

38.

56.48

phage CHPC1148 06.1 39.07 0 >0 7 7556
Streptocsofjgllls phage N8C7_20§)0 Ag;_lf 1 4074 367. 50 64697 75 56
e IR R
Streptocsofjilgls phage N8C7_10§)0 Agé -115 1 3737 338. 45 7 1333 75 56
?;zfg’?g‘\’ffl‘f MBS 3625 | 0| 42 | a9 | s
e Ve s |3 as |0 e
ps;;pg’;‘l’,‘é’g% Mlg ¥ a6 | V| st | 254 | s222
Streptolc)(;(g;uls phage KS;Z%Q 36.16 3;3. 48 77962 R4 44
Streptolc)(;(g;l;s phage K¥g252 3500 33. 47 77:.320 2222
Streptolc)(;(g;uzs phage KS7{57.0152 35.99 319. 47 77;3 2222
Streptococcus phage SW8 MIgI;% ?23 33.93 319 ’ 41 79&61 80
Streptococcus phage 128 K;l;;llm 34.59 33 ’ 40 78i65 80
Streptolg(;%(iilzs phage Mgl;(i% 365 319. 43 78520 22 29
Streptococcus phage SW7 MIgI29 7136 35.92 319 T 42 76&95 82.22
igzgg’;%‘,’%s M%S 9123 36.09 329 | 43 77229 82.22
igzg?;%‘;g MISI2 3650 | 0 | a2 | 7Y sam
Streptococcus phage 9A Mgf .8107 35.6 33 41 77é93 84.44
R R
TS R
T PRERHEIRE
TS VI ssaa |35 [ [T
T VI ssaa [ 35| [P
Strepto;(;(icslzs phage Kﬁgg.()lﬂ 35,66 398. 46 80901 R4 44
Strepto;cégczuls phage K§8(27.0152 34,50 33. 46 80i66 R6.67
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Streptococcus phage

KY7052

80.65

P7151 65.1 35.03 8. 47 4 88.89
Streptoli‘;clcs‘f phage 7 ﬂs 2| 3451 388' 4 | 7704 | 8222
Strepto}c)(écgczgs phage K;(37252 3451 35. 43 76397 2227
Strepto}c)(;zcsuls phage KZ&OIS2 34.99 319. 43 83335 28.89
Strepto}c)(;zcsgs phage K§6(3252 33 45 339. 43 8 1472 R6.67

Streptococcus phage SW1 MEIZS ?23 34.82 33 1 38 75414 71.11
Streptococcus phage SW9 MIgISEK ?23 34 3;3 "1 38 77&06 73.33
Streptococcus phage 9B4 M£2’5.8107 34.64 3;3 41 80952 77.78
Streptoclo6(;§1§s phage M£35.8107 3438 3;3. 38 79:.388 7778
Streptococcus phage 7T M£3.8107 35.14 3;3 ’ 41 8081 8 80
Strepto%"l‘gzs phage ngslm 36.44 398 | 40 | 8204 | 77.78
?ﬁ?;";‘z;‘i‘gs M?g?” 34.34 388' 39 80;)2 77.78
Streptococcus phage R1 M§25.8107 34.65 3;3 1 39 80é91 77.78
Streptococcus phage V2 M§5'5.8107 34.7 3;3 | 40 80;3 77.78
Streptococcus phage 53 K;I;Z.IJO 34.24 33 ’ 41 80538 80
s M 357 | as [T s
NC_002
Streptococcus phage DT1 NOC7_20})2 Al;(2).8252 34.82 319 | 45 100 100
072.2

e VI e | e [T s
VT s | 3 e 8T sew
phig:%‘l’{cl‘)’écl‘ao Mg’_ 3174 35.85 398' 45 | 76.77 | 84.44
Strept"l‘;g%%uls phage K?g_ols 2| 3617 32 45 | 74.84 | 86.67
Strepto;c;cécglis phage K§5(77.0152 35 44 398. 44 77429 28.89
Strepto;(;%%uls phage K§7(27.0152 35.4 358. 51 80&1 5 8227
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Strepto}c)(;g%gs phage K§7(37-0152 379 3;%. 51 75683 22 22
IR R
Strepto}c)(;clglgs phage KZ;OF2 3398 35. 47 85396 2227
Streptol\c/ﬁ\c/lczuss phage MS??SIW 34.06 33. 41 84i01 2227
phingg‘l’{cl‘,’écl‘gos MU 376 | %0 | 47 | 8198 | 8889
s RIS
e VT e | | e [T s
Strepto;‘;‘iggs phage &7 25 2| 3584 33 | 44 | 8406 | 8222
o VT sass || e [
Streptolc)(;(iglis phage K§1252 34.00 3;3. 45 84939 R4 44
e VT 0oz | | s [P s
e MO v [ | 5o [ e
e IR
Strepto;c;(g;uls phage K;(Zﬂﬂ 3584 319. 48 65630 20
Strepto;c;(g;js phage KSSK;OIS2 36.98 3;%. 48 622.%40 75 56
Strepto;c;(;(%s phage K§7(g.0152 3771 3;3. 48 67307 82 27
?ﬁig:gi;‘i‘;s MISS23 | 353 | 38 a3 | 0| s

(*) Determined using VIRIDIC (Moraru et al., 2020), compared to Streptococcus phage DT1.

(**) Determined using CoreGenes 5.0 (Zafar et al., 2002), compared to Streptococcus phage
DTI.

Table S3 - Strains of Streptococcus thermophilus phages in the Moineauvirus genus.

Name Accession No. Strain of:
Streptococcus phage SW30 MH&g892375.1 Streptococcus phage SW6
Streptococcus phage B5 MF580767.1 Streptococcus phage B0

Streptococcus phage A0 MF580765.1 Streptococcus phage L5SA1
Streptococcus phage CO MF580768.1 Streptococcus phage L5A1
Streptococcus Streptococcus
phage CHPC1014 MHD37485.1 phage CHPC950
Streptococcus Streptococcus
phage CHPC1048 MHD37497.1 phage CHPC1046
Streptococcus phage STP2 MF580774.1 Streptococcus phage STP1




Streptococcus phage D5842 MH000602.1 Streptococcus phage 128
Streptococcus phage SWK1 MH892377.1 Streptococcus phage SW7
Streptococcus phage SWK?2 MH&892378.1 Streptococcus phage SW7
Streptococcus phage SW21 MH892356.1 Streptococcus phage 9A
Streptococcus phage SWKS5 MH892381.1 Streptococcus phage 9A
Streptococcus phage SWK4 MH&892380.1 Streptococcus phage SWK3
Streptococcus phage P8§922 KY705283.1 Streptococcus phage P7154
Streptococcus phage P5652 KY705261.1 Streptococcus phage P5651
Streptococcus phage 16B8 MF580763.1 Streptococcus phage 9B4
Streptococcus phage 31B4 MF580764.1 Streptococcus phage 7T
Streptococcus phage SW10 MH892359.1 Streptococcus phage 7T
Streptococcus phage R1 MF580772.1 Streptococcus phage 7T
Streptococcus phage V2 MF580775.1 Streptococcus phage 7T
Streptococcus MH937492.1 Streptococcus
phage CHPC1040 phage CHPC1029
p}?;rgngﬁ%%gz 4 MHD®37480.1 Streptococcus phage P7602
Streptococcus MH937501.1

phage CHPC1073

Streptococcus phage P7134
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Flgure S4 VIRIDIC heat map of the distribution of the 109 genomes the Streptococcus
thermophilus phages of the Moineauvirus genus into 86 species based on intergenomic
similarity values (right half) and alignment indicators (left half and top bars). In the right half
of the heatmap, the color-coding allows for quick visualization of the grouping of phage
genomes based on intergenomic similarity, since the higher the intergenomic similarity value
between the phages, the darker the color. The numbers represent the similarity values for each
genome pair. In the left half, three indicator values are represented for each genome pair, in
order from top to bottom: genome aligned fraction 1 (for the genome located in this row),
genome length ratio (for the two genomes in this pair) and genome aligned fraction 2 (for the
genome located in this column). Darker colors emphasize low values, indicating pairs of
genomes where only a small fraction of the genome was aligned (orange to white color
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gradient), or that there is a large difference in the length of the two genomes (black to white
color gradient). See SI file 6 for high resolution version.

Table S4 - Summary of information retrieved from GenBank, VIRIDIC, and CoreGenes of the

Streptococcus thermophilus phages species belonging to the Brussowvirus genus.

phage 2972

A

A

Overall | Overall
Size DNA %
Phage name | RefSeq No. INSDC (Kb (EC Protei | sequen | homologo
) Yo n ce us
identity | proteins
) (%)
Streptococcus | NC 020197 | HE861935. | 45.6
phage TP-134 1 1 1 38.8 60 63.712 73.68
Streptococcus
phage CHPC92 MHDITATS 1908 | 385 | 58 | ess39 | 7719
9 .
Streptococcus | NC 022776 | HG380752 | 41.7
phage TP-778L 1 1 6 39.0 52 63.689 77.19
Streptococcus | NC 002214 | AF158600. | 39.8
phage Sfill 1 ) 1 38.6 51 81.115 82.46
Streptococcus | NC 004303 43.0
phage 01205 1 U88974.1 2 383 57 100 100
Streptococcus
phage CHPC64 MHDIT300 T 404 | 388 | 55 | 67772 | 71.93
0 .
Streptococcus
phage CHPC67 MH9317463 40.4 | 38.8 53 67.718 71.93
5 .
Streptococcus KY705280 | 35.6
phage P7954 1 9 38.9 46 66.609 63.16
Streptococcus KY705278 | 37.5
phage P7952 1 9 39.0 48 63.285 63.16
Streptococcus KY705279 | 35.7
phage P7953 1 9 39.1 43 65.749 59.65
Streptococcus MHS892362 | 36.5
phage SW13 1 9 39.2 41 64.352 59.65
Streptococcus MH892385 | 36.5
phage SW33 1 9 39.2 41 64.319 59.65
Streptococcus MH&892383 | 36.5
phage SW31 1 9 39.2 41 64.319 59.65
Streptococcus MH&892384 | 36.5
phage SW32 1 9 39.2 41 64.319 59.65
Streptococcus | NC 010353 | EF529515. | 35.5 398 46 53.091 64.91
phage 858 A 1 4
Streptococcus KY705286 | 34.4
phage P9853 1 7 39.7 45 58.222 63.16
Streptococcus KY705285 | 34.6
phage P9852 1 4 40.0 44 59.99 61.4
Streptococcus | NC 007019 | AY699705 347 | 400 44 59169 63.16
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Streptococcus
phage CHPC10 MH9317484 3‘;‘8 40.1 | 45 | 59145 | 63.16
08 '
Streptococcus MH937498 | 34.8
phage CHPC10 1 a0 | a5 | 59049 | 6316
57 '
Streptococcus
phage NC—OIBS% FJ2216752' 32'5 394 | 44 | 57827 | 59.65
ALQI3.2 '
S;Ifl:r;eog‘z;‘i‘f MHE2303 13391 309 | 46 | 58814 | 6842
pshzge)tgig(i(igsl MH8?2376 356'0 396 | 45 | 56902 | 6842
Streptococcus
phage CHPC11 MH9317507 355'3 396 | 44 | 58621 | 6491
52 '
Streptococcus MH937478 | 36.4
phage CHPC95 1 %1 393 ] 47 | 60349 | 6401
1 .
Streptococcus
phage CHPC10 MH9317502 367'4 393 | 45 | 60364 | 63.16
83 '
S;}f;l;t:;‘\);%s MHEI2363 1 3821 304 | 44 | 56935 | 6491
S};t}flzl;t:;‘\);i%s MH8?2366 3‘;8 394 | 44 | 59879 | 63.16
itlrl?;teolgggﬁs KY7(15268 3‘;'9 394 | 49 | 61.074 | 66.67
iizg?}g‘;‘;%s KY7(15269 331'4 396 | 43 | 5954 | 59.65
itﬁzlgeo;%%uls KY7015258 32'1 390 | 55 | 55414 | 57.89
itﬁzlgt:;%‘;uls KY7015277 3‘;1 398 | 47 | 47.036 | 54.39
itﬁzlgt:;%‘;uss KY7015281 32'9 389 | 50 | 55.006 | 56.14
?ﬁzzt:;gg?;s NEOR303 | HOA23 | 458 | 400 | 68 | 37.007 | 66,67
Streptococcus
phage VS- CPO29253. 1398 1 395 | 54 | 50889 | 63.16
2018a ! 8
Streptococcus
phage CHPC95 MH9517479 368'7 394 | 46 | 45287 | 50.88
; .
Streptococcus
phage CHPC10 MH9317503 368'7 394 | 47 | 45287 | 52.63

84
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Streptococcus
phage CHPC11 MH9317505 3:;7 39.3 42 38.142 40.35
09 )
Streptococcus MH937464 | 37.0
phage CHPC86 1 8' 39.1 50 43.79 52.63
9 .
Streptococcus
phage CHPC93 MH9?;7475 369'4 39.2 49 43.63 52.63
1 .
Streptococcus
phage CHPC12 MHD3709 398'3 395 | 55 | 43776 | 59.65
30 '
Streptococcus MH937510 | 36.8
phage CHPC12 1 8. 39.2 53 45.098 57.89
46 )
Streptococcus MH937494 | 420
phage CHPC10 1 2' 393 61 45.179 61.4
42 '
Streptococcus MH937457 | 383
phage CHPC12 1 8. 39.5 53 41.251 54.39
48 )
Streptococcus
phage CHPC12 MH9317511 31'5 39.8 48 42.597 52.63
47 '

(*) Determined using VIRIDIC (Moraru et al., 2020), compared to Streptococcus phage O1205.
(**) Determined using CoreGenes 5.0 (Zafar et al., 2002), compared to Streptococcus phage

01205.

Table SS - Strains of Streptococcus thermophilus phages in the Brussowvirus genus.

phage CHPC1084

Name Accession No. Strain of:
Streptococcus Streptococcus phage
phage CHPC676 MH937463.1 CHPC640
Streptococcus phage SW33 MH&892385.1 Streptococcus phage SW13
Streptococcus phage SW31 MH892383.1 Streptococcus phage SW13
Streptococcus phage SW32 MH892384.1 Streptococcus phage SW13
Streptococcus phage P9852 KY705285.1 Streptococcus phage 2972
Streptococcus
phage CHPC1008 MH937484.1 Streptococcus phage 2972
Streptococcus
phage CHPC1057 MH937498.1 Streptococcus phage 2972
Streptococcus Streptococcus phage
phage CHPC1083 MH937502.1 CHPC951
Streptococcus phage P7572 KY705269.1 Streptococcus phage P7571
Streptococcus MH937503.1 Streptococcus phage

CHPC952
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Flgure SS VIRIDIC heat map of the distribution of the 45 genomes the Streptococcus
thermophilus phages of the Brussowvirus genus into 35 species based on intergenomic
similarity values (right half) and alignment indicators (left half and top bars). In the right half
of the heatmap, the color-coding allows for quick visualization of the grouping of phage
genomes based on intergenomic similarity, since the higher the intergenomic similarity value
between the phages, the darker the color. The numbers represent the similarity values for each
genome pair. In the left half, three indicator values are represented for each genome pair, in
order from top to bottom: genome aligned fraction 1 (for the genome located in this row),
genome length ratio (for the two genomes in this pair) and genome aligned fraction 2 (for the
genome located in this column). Darker colors emphasize low values, indicating pairs of
genomes where only a small fraction of the genome was aligned (orange to white color
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gradient), or that there is a large difference in the length of the two genomes (black to white

color gradient). See SI file 6 for high resolution version.

Table S6 - Summary of information retrieved from GenBank, VIRIDIC, and CoreGenes of the
Streptococcus thermophilus phages of the 987 group.

Overall Overall %
Size DNA homologous
Phage name INSDC GC% | Protein | sequence S
(Kb) A proteins
identity (%)
)
Streptococcus phage

CHPC577 KX879641.1 | 35.13 | 36.8 50 70.098 69.39

SUEPIOSOUCUS VIS | K U678389.1 | 3273 | 37.1 | 49 100 100

SUCPIOSOUCUS VIS | KU678390.1 | 33.11 | 368 | 49 | 91425 95.92

SUCPIOSOTCUS VIS | KU678391.1 | 3281 | 369 | 48 | 91532 |  95.92
Streptococcus

phage SW22 MHS892369.1 | 31.74 | 37.3 45 83.706 85.71
Streptococcus

phage SW25 MHS892371.1 | 32.01 | 37.2 46 83.132 87.76
Streptococcus

phage SW16 MHS892350.1 | 32.11 | 37.0 45 83.93 83.67
Streptococcus

phage SW28 MH&892374.1 | 32.09 | 36.9 45 85.311 87.76
Streptococcus

phage SW17 MH&892365.1 | 32 36.8 46 85.374 87.76
Streptococcus

phage SW20 MH&892368.1 | 32.57 | 36.8 46 85.636 85.71
Streptococcus

phage SW23 MH&892370.1 | 31.42 | 37.0 45 86.736 87.76
Streptococcus

phage SW26 MH&892372.1 | 31.28 | 37.0 44 85.676 83.67

Strep Oy TS I KU678392.1 | 32.65 | 36.6 | 48 | 74.364 7755

Streptococcus phage
CHPC926 KX879642.1 | 30.08 | 37.0 44 75.588 79.59

(*) Determined using VIRIDIC (Moraru et al., 2020), compared to Streptococcus virus 9871.
(**) Determined using CoreGenes 5.0 (Zafar et al., 2002), compared to Streptococcus virus

9871.

Table S7 - Strains of Streptococcus thermophilus phages in the 987 group.

Name Accession No. Strain of:
Streptococcus virus 9873 KU678391.1 Streptococcus virus 9872
Streptococcus phage SW25 MH892371.1 Streptococcus phage SW22
Streptococcus phage SW28 MH&892374.1 Streptococcus phage SW16
Streptococcus phage SW17 MH892365.1 Streptococcus phage SW16
Streptococcus phage SW20 MH&892368.1 Streptococcus phage SW16
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Streptococcus phage SW23 MH892370.1 Streptococcus phage SW16
Streptococcus phage SW26 MH892372.1 Streptococcus phage SW16
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Figure S6 - VIRIDIC heat map of the distribution of the 14 genomes the Streptococcus
thermophilus phages of the 987 group into seven species based on intergenomic similarity
values (right half) and alignment indicators (left half and top bars). In the right half of the
heatmap, the color-coding allows for quick visualization of the grouping of phage genomes
based on intergenomic similarity, since the higher the intergenomic similarity value between
the phages, the darker the color. The numbers represent the similarity values for each genome
pair. In the left half, three indicator values are represented for each genome pair, in order from
top to bottom: genome aligned fraction 1 (for the genome located in this row), genome length
ratio (for the two genomes in this pair) and genome aligned fraction 2 (for the genome located
in this column). Darker colors emphasize low values, indicating pairs of genomes where only
a small fraction of the genome was aligned (orange to white color gradient), or that there is a
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large difference in the length of the two genomes (black to white color gradient). The red box

delineates strains.

Table S8 - Summary of information retrieved from GenBank, VIRIDIC, and CoreGenes of the

Streptococcus thermophilus phages of the 5093 group.

Overall | Overall
Size DNA %
Phage name | RefSeq No. INSDC (Kb (EC Protei | sequen | homologo
) Yo n ce us
identity | proteins
) (%)
Streptococcus | NC 012753 | FJ965538. | 37.1
phage 5093 1 1 2 38.0 48 100 100
Streptococcus KY705255 | 35.9
phage P0095 1 7 38.1 54 75.591 72.92
Streptococcus
phage CHPC12 MI02IO0T 319 ) 383 | a5 | 77348 | 70,83
32 '
Streptococcus MH892373 | 33.9
phage SW27 1 5 38.2 46 79.076 70.83
Streptococcus MH973663 | 32.0
phage SW24 1 9 383 42 82.063 72.92
Streptococcus
phage KX8719643 331'5 385 | 46 | 78685 | 7292
CHPCI1151 '
Streptococcus KY705252 | 34.5
phage P0092 1 2 38.4 50 79.363 72.92
Streptococcus KY705253 | 34.9
phage P0093 1 3 38.6 51 77.801 70.83
Streptococcus KY705254 | 33.3
phage P0094 1 3 38.5 47 79.757 68.75
Streptococcus
phage CHPC12 MK2?2161 3‘;7 38.1 45 64.44 52.08
82 )
Streptococcus MHS892367 | 35.1
phage SW19 1 5 38.1 46 66.624 56.25
Streptococcus MHS892355 | 34.5
phage SW4 1 5 38.2 47 71.759 68.75
Streptococcus
phage MEZRIVN 32 351 | 47 | 74486 | 7083
CHPC1198 ]

(*) Determined using VIRIDIC (Moraru et al., 2020), compared to Streptococcus phage 5093.
(**) Determined using CoreGenes 5.0 (Zafar et al., 2002), compared to Streptococcus phage

5093.

Table S9 - Strains of Streptococcus thermophilus phages in the 5093 group.

Name

Accession No.

Strain of:

Streptococcus phage P0094

KY705254.1

Streptococcus phage P0093
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Figure S7 - VIRIDIC heat map of the distribution of the 13 genomes the Streptococcus
thermophilus phages of the 5093 group into 12 species based on intergenomic similarity values
(right half) and alignment indicators (left half and top bars). In the right half of the heatmap,
the color-coding allows for quick visualization of the grouping of phage genomes based on
intergenomic similarity, since the higher the intergenomic similarity value between the phages,
the darker the color. The numbers represent the similarity values for each genome pair. In the
left half, three indicator values are represented for each genome pair, in order from top to
bottom: genome aligned fraction 1 (for the genome located in this row), genome length ratio
(for the two genomes in this pair) and genome aligned fraction 2 (for the genome located in this
column). Darker colors emphasize low values, indicating pairs of genomes where only a small
fraction of the genome was aligned (orange to white color gradient), or that there is a large
difference in the length of the two genomes (black to white color gradient). The red box
delineates strains.
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« P738 group
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Figure S8 - Phylogenetic trees constructed for P738 group phages using the amino acid
sequences of the terminase large subunit (TerL), portal, and holin proteins.
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Figure S9 - Phylogenetic trees constructed for Moineauvirus

proteins.
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genus phages using the amino
acid sequences of the terminase small subunit (TerS), major tail protein (MTP), and portal
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Figure S10 - Phylogenetic trees constructed for Brussowvirus genus phages using the amino
acid sequences of the major capsid protein (MCP), portal protein, and major tail protein (MTP).
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Figure S11 - Phylogenetic trees constructed for 987 group phages using the amino acid

sequences of the major capsid protein (MCP), portal protein, and major tail protein (MTP).



75

¢ 5093 group
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Figure S12 - Phylogenetic trees constructed for 5093 group phages using the amino acid
sequences of the terminase large subunit (TerL), major capsid protein (MCP), and major tail
protein (MTP).
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Figure S13 - VirClust hierarchical clustering of 183 phages that infect Streptococcus
thermophilus, based on intergenomic distances calculated using the protein cluster content. 1)
Hierarchical clustering tree. The tree was cut into smaller viral genome clusters (VGCs) using
a 0.98 distance threshold. The VGC was proposed here as a new family. 2) VGC ID. 3) Heatmap
representation of the PC distribution in the viral genomes. Rows are represented by individual
viral genomes. Columns are represented by individual PCs. The ID of each PC can be read at
the bottom of the heatmap. 4) Genome length (bps). 5) Fraction of proteins shared with other
phages (dark gray), based on protein assignment to PCs. 6) Phage names. The colored
rectangles overlapping the streptococcal phage names correspond to the genus-level grouping
proposed here.
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Figure S14 - VirClust hierarchical clustering of 183 phages that infect Streptococcus
thermophilus, based on intergenomic distances calculated using the protein cluster content. 1)
Hierarchical clustering tree. The tree was cut into smaller viral genome clusters (VGCs) using
a 0.90 distance threshold. Each VGC was proposed here as a new family. Each VGC is framed
in a rectangle in 2 and 3. 2) Silhouette width, measures how related is a virus with other viruses
in the same VGCs. Similarity to other VGCs is indicated by values closer to -1 (red). Similarity
to viruses in the same VGC is indicated by values closer to 1 (green). 3) VGC ID. 4) Heatmap
representation of the PC distribution in the viral genomes. Rows are represented by individual
viral genomes. Columns are represented by individual PCs. The ID of each PC can be read at
the bottom of the heatmap and in SI file 1 Tables S17-S19. Colors encode the number of each
PC per genome, with white signifying the PC absence, and the other colors signifying the
various degree of replication (from 1 to 4, see legend). 5) Genome length (bps). 6) Fraction of
proteins shared with other phages (dark gray), based on protein assignment to PCs. 7) Phage
names. The colored rectangles overlapping the streptococcal phage names correspond to the
genus-level grouping proposed here.
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Figure S15 - VirClust hierarchical clustering of 183 phages that infect Streptococcus
thermophilus, based on intergenomic distances calculated using the protein cluster content. 1)
Hierarchical clustering tree. The tree was cut into smaller viral genome clusters (VGCs) using
a 0.85 distance threshold. Each VGC was proposed here as a new family. Each VGC is framed
in a rectangle in 2 and 3. 2) Silhouette width, measures how related is a virus with other viruses
in the same VGCs. Similarity to other VGCs is indicated by values closer to -1 (red). Similarity
to viruses in the same VGC is indicated by values closer to 1 (green). 3) VGC ID. 4) Heatmap
representation of the PC distribution in the viral genomes. Rows are represented by individual
viral genomes. Columns are represented by individual PCs. The ID of each PC can be read at
the bottom of the heatmap and in SI file 1 Tables S22-S25. Colors encode the number of each
PC per genome, with white signifying the PC absence, and the other colors signifying the
various degree of replication (from 1 to 4, see legend). 5) Genome length (bps). 6) Fraction of
proteins shared with other phages (dark gray), based on protein assignment to PCs. 7) Phage
names. The colored rectangles overlapping the streptococcal phage names correspond to the
genus-level grouping proposed here.
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CAPITULO 11

Desenvolvimento de PCR multiplex para detec¢ao de fagos que infectam Streptococcus

thermophilus

RESUMO

As culturas starter de Streptococcus thermophilus infectadas por fagos sdo as principais causas
de falhas na fermentagdo durante a produgdo de queijos e iogurtes nas industrias de laticinios.
A deteccao precoce desses agentes representa uma oportunidade para que sejam tomadas
medidas de controle antes que ocorram prejuizos a qualidade dos produtos fermentados, perdas
economicas e, eventualmente, a saude do consumidor. Neste estudo, um método de PCR
multiplex foi desenvolvido para detectar, em uma uUnica reagdo, fagos que infectam S.
thermophilus. A estratégia para a selecdo dos alvos da PCR considerou o alinhamento das
sequéncias genomicas dos genes que codificam proteinas estruturais dos fagos, resultando na
proposicdo de trés novos conjuntos de primers baseados na proteina do capsideo. A
amplificacdo de fragmentos inespecificos na reacdo de PCR multiplex levou ao uso de apenas
dois entre os trés pares de primers propostos. Mesmo assim, os primers foram testados com
sucesso em 18 genomas virais, incluindo sete fagos cujas sequéncias genOmicas sao
desconhecidas. Com base nos resultados da reacdo de PCR multiplex e na conservagdo dos
genomas, os pares de primers desenhados neste estudo foram capazes de detectar 53 (85,48%)
dos 62 fagos disponiveis até 2018, destacando-se como uma ferramenta util para a deteccao

rapida da maioria dos fagos que infectam S. thermophilus.

1. INTRODUCAO

Os bacteriofagos (fagos) sdo um problema persistente nas industrias de laticinios pois
ameacam o desempenho das culturas starter de Streptococcus thermophilus, uma bactéria
termofilica produtora de acido latico (BAL) e fundamental na fabricacdo de produtos lacteos,
como queijos e iogurtes (Calasso et al., 2016; Marco et al., 2017). As consequéncias da infec¢ao
dessa bactéria por fagos geram problemas tecnologicos e de seguranga, que podem variar entre
fermentagao lenta, reducdo da qualidade do produto final ou falha total do processo (Briggiler
Marc6 & Mercanti, 2021; Mahony & van Sinderen, 2015). A deteccdo de fagos que infectam
S. thermophilus é, portanto, essencial para prevenir infecgdes durante as fermentacdes lacteas

em industrias de laticinios.
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Sabe-se que a principal e permanente fonte de novos fagos dentro das industrias de
laticinios ¢ por meio de leite cru, que pode conter até 10* Unidades Formadoras de Placa (UFP)
por mL (Briggiler Marcé & Mercanti, 2021; Pujato et al., 2019), os quais podem permanecer
vidveis mesmo apods tratamentos térmicos (Atamer et al., 2012, 2013; Capra et al., 2013; Marco
et al., 2019) e se propagar rapidamente durante a fermentagdo, atingindo concentracdes de até
10° UFP/mL em soro de leite (Atamer et al., 2011; Lavelle et al., 2018), até 10’ UFP/g em soro
em po (Wagner et al., 2017) e até 10° UFP/g em concentrado proteico de soro (Briggiler Marco
et al., 2022). Respingos de liquidos e deslocamento de ar ao redor de tanques de fabricacao e
outras superficies contaminadas geram aerossdis, que sdo reconhecidos como uma das
principais vias de dispersdo de fagos em laticinios (Briggiler Marcé et al., 2018; Verreault et
al., 2008, 2011), atingindo concentra¢des de até 10®° UFP/m’® no ar (Atamer et al., 2013;
Verreault et al., 2011). Uma vez que existe uma diversidade de fagos naturalmente presentes
no leite cru, capazes de permanecer vidveis apds os tratamentos térmicos mais comuns € se
disseminarem para diversos ambientes via aerossol, a auséncia de fagos nas industrias de
laticinios ¢ inatingivel (Marc¢ et al., 2012; Pujato et al., 2019).

Devido as dificuldades encontradas no controle de fagos, a industria de laticinios adotou
diferentes estratégias visando reduzir os niveis desses agentes e interromper sua disseminagao,
incluindo tratamentos fisicos (aquecimento, filtracao, alta pressdo, radiag¢do ultravioleta - UV),
quimicos (sanitizantes), biologicos (rotacao de culturas, uso de cepas com resisténcia a fagos -
BIMs) (Pujato et al., 2019), além de controle do fluxo de ar na fabrica, programas de
higienizagao e auséncia de cepas lisogénicas (Briggiler Marcé & Mercanti, 2021). No entanto,
apesar das diferentes abordagens praticas para controle, a infec¢@o das culturas starter por fagos
continua sendo a causa mais comum de fermentagdo lenta ou incompleta e produtos de baixa
qualidade na industria de laticinios (de Melo et al., 2018). A eficacia dessas estratégias ¢
limitada principalmente devido a coevolugao dinamica entre fagos e BAL, aos curtos periodos
de laténcia (20 a 40 min), ao burst size grande (at¢ 600 UFP por célula infectada) e a
termoestabilidade desses agentes aos tratamentos de pasteurizagdo comumente aplicados na
industria de laticinios (63 °C por 30 min e 72 °C por 15 s) (Atamer et al., 2011; Briissow et al.,
1998; Daly et al., 1996; Marco et al., 2019).

Os métodos atualmente disponiveis para detec¢do de fagos podem ser categorizados
com base no elemento alvo, podendo ser: o fago infeccioso (contagem de placas, teste de
atividade, teste de turbidez, mudancas de impedancia elétrica ou de condutividade) (Adams,
1959; Anderson et al., 2011; Clokie et al., 2018; Garcia-Aljaro et al., 2009; Gratia, 1936;
Houlberg et al., 2005; Hyman & Abedon, 2009; Svensson & Christiansson, 1991), a particula
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inteira do fago (microscopia eletronica de transmissao - MET, citometria de fluxo, microscopia
optica iluminada a laser - NanoSight, microscopia de epifluorescéncia e forga atomica,
espectroscopia Raman (Acar-Soykut et al., 2018; Ackermann, 2012; Anderson et al., 2011;
Brussaard et al., 2000; Michelsen et al., 2007; Tayyarcan et al., 2018; Zago et al., 2012), os
acidos nucleicos (reacdo em cadeia da polimerase - PCR simplex/multiplex, PCR quantitativa
em tempo real - qPCR, transcricdo reversa seguida de PCR - RT-qPCR, droplet digital PCR,
sequenciamento de proxima geracao - Illumina, PacBio e Nanopore) (Anderson et al., 2011;
Binetti et al., 2008; Ji et al., 2020; Klumpp et al., 2012; Morella et al., 2018; Muhammed et al.,
2017) e as proteinas (espectrometria de massa, imunoensaios) (Khan et al., 2015; Larsson et al.,
2013; Serafim et al., 2017; Stverakova et al., 2018; Wang et al., 2019). A detecgdo precoce de
fagos no leite, ingredientes e/ou nos coprodutos durante qualquer etapa do processo produtivo
se torna extremamente util, pois representa uma oportunidade para que sejam tomadas medidas
de controle antes que ocorram prejuizos a qualidade dos produtos fermentados, perdas
econdmicas e, eventualmente, a satde do consumidor. No entanto, a dindmica das industrias de
laticinios requer ferramentas rapidas para detectar com precisao os fagos nos diferentes estagios
da fabricacdo de produtos lacteos, por isso a amplificacdio de uma sequéncia gendmica
direcionada por PCR consiste em uma abordagem eficiente, ja que os métodos de detecgdo
molecular vém se tornando cada vez mais acessiveis e econdmicos (Binetti et al., 2005;
Szymczak, Vogensen, et al., 2019).

A expansdo continua dos bancos de dados gendmicos tem contribuido para a
compreensdo da biodiversidade dos fagos lacteos e fornecido novas informagdes para a
caracterizacdo e agrupamento desses agentes, essenciais para o planejamento de novas
estratégias antifagicas (Mahony et al., 2014; Mahony & van Sinderen, 2015). Varias abordagens
ja foram utilizadas na tentativa de detectar e classificar os fagos que infectam S. thermophilus
por métodos moleculares (Binetti et al., 2005; Brussow et al., 1994; McDonnell et al., 2017;
Quiberoni et al., 2006; Szymczak, Vogensen, et al., 2019). No entanto, devido a alta diversidade
genética entre os fagos e atualizagdo constante do banco de dados (Lavelle et al., 2018;
McDonnell et al., 2017; Szymczak, Rau, et al., 2019) se torna necessaria a aplicacdo de
estratégias de detecc¢do que utilizem de estudos de conservagado das proteinas virais para o maior
alcance dessas metodologias. Neste estudo, um método de PCR multiplex foi desenvolvido para

detectar, em uma unica reagao, fagos que infectam S. thermophilus.

2. MATERIAL E METODOS

2.1. Agrupamento das sequéncias das proteinas
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Em fevereiro de 2018, 62 genomas completos de fagos virulentos e temperados que
infectam S. thermophilus estavam disponiveis no banco de dados GenBank/NCBI

(https://www.ncbi.nlm.nih.gov/genbank) (Benson et al., 2012). As sequéncias das proteinas

anotadas nos genomas dos fagos foram recuperadas e agrupadas usando o CD-HIT Suite

(http://weizhong-lab.ucsd.edu/cd-hit/) (Huang et al., 2010). Os clusters foram determinados

para reunir as sequéncias das proteinas estruturais que compartilhavam pelo menos 90% de
identidade, sendo selecionadas a partir deles as sequéncias da capsid protein (proteina do
capsideo) por apresentarem o maior grau de conservacao (menor nimero de clusters formados
e maior quantidade de sequéncias agrupadas). Trés clusters reuniram as sequéncias da capsid
protein de 60 genomas (96,77% das sequéncias disponiveis): Cluster 186 (contendo 6
sequéncias), Cluster 187 (contendo 37 sequéncias) e Cluster 198 (contendo 17 sequéncias).
As sequéncias proteicas de referéncia para cada cluster foram usadas para o desenho dos

primers.

2.2. Desenho dos primers
Os conjuntos de primers foram desenhados usando o programa Primer3

(https://primer3.org/) (Untergasser et al., 2012) considerando a amplificacdo de fragmentos de

tamanhos distintos para a identificacdo dos fagos nos diferentes clusters. Para isso, as
sequéncias de nucleotideos foram obtidas a partir da traducdo reversa das respectivas
sequéncias das proteinas representativas dos trés clusters usando a ferramenta Backtranseq do
EMBOSS (McWilliam et al., 2013). A especificidade dos primers foi avaliada com a ferramenta
Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Ye et al., 2012), incluindo

sequéncias de fagos e estirpes de Lactococcus lactis como off-targets. A formagao de produtos
secundarios (hairpin, self-dimer e hetero-dimer) foi verificada utilizando a ferramenta

OligoAnalyzer (https://www.idtdna.com/pages/tools/oligoanalyzer) (Owczarzy et al., 2008).

Os primers foram sintetizados pela empresa Invitrogen (Thermo Fisher Scientific, Italia).

2.3. Padronizacio das condi¢coes da PCR multiplex
Bactérias, fagos e condicoes de cultivo

Dez fagos e seus respectivos hospedeiros da colecdo do Istituto per la Qualita e le
Tecnologie Agroalimentari (Thiene, Itdlia) e outros 12 fagos gentilmente cedidos pela
University College Cork (Cork, Irlanda) (Tabela 1) foram utilizados para a validacdo da PCR

multiplex proposta. Dentre os 22 fagos, sete deles com sequéncia gendmica desconhecida (162,


https://www.ncbi.nlm.nih.gov/genbank
http://weizhong-lab.ucsd.edu/cd-hit/
https://primer3.org/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.idtdna.com/pages/tools/oligoanalyzer
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163, 353, 453, 459, 720 e 729) foram testados na reacdo para sua identificagio. O DNA das

bactérias hospedeiras foi utilizado como controle negativo nas analises.

Tabela 1 - Lista de fagos e estirpes de Streptococcus thermophilus utilizados para a validagao
da PCR multiplex.

Fago N° de acesso no GenBank Hospedeiro Referéncia
162 - 162
163 - 163
vB SthS VA214 MG708274 214
353 - 353
453 - 453 .
459 - 459
vB_SthS VA460 MG708275 460
vB_ SthS VA698 MG708273 698
720 - 720
729 - 729
SW1151 MH892376 -
SWI3 MH892362 -
SW14 MH&892363 -
SWI15 MH&892364 -
SWI18 MH892366 -
SW19 MH892367 -
— MH973663 ) (Lavelle et al., 2018)
SW27 MH&892373 -
SW31 MH892383 -
SW32 MH892384 -
SW33 MH&892385 -
SwW4 MH&892355 -

* Micro-organismos da cole¢do do Istituto per la Qualita e le Tecnologie Agroalimentari
(Thiene, Italia).
Fonte: Autora.

A estirpe bacteriana foi cultivada overnight a 44 °C em caldo M-17 (Sigma-Aldrich,
EUA) a partir de colonias tinicas ou do estoque e os fagos foram propagados no hospedeiro
correspondente. Para isso, 10 mL de caldo M-17 contendo 1% (m/v) de CaCl. 1 M foi

adicionado de 0,1 mL da suspensdo bacteriana cultivada overnight a 44 °C, seguido por
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incubagdo da mistura a 44 °C por 1 h. Ap6s a incubacgio, foi adicionado 10 pL do estoque de
fago e a mistura foi novamente incubada overnight a 44 °C. A suspensao contendo os fagos foi
filtrada usando filtro de 0,20 pm (Corning, Alemanha) e armazenada a 4 °C. O titulo viral foi
determinado pelo método de plaqueamento em dupla camada de agar (Adams, 1959; Gratia,

1936) e expresso em termos de unidades formadoras de placas por mililitro (UFP-mL™).

Extracdo de DNA viral e bacteriano

A extracdo do DNA viral foi realizada seguindo o protocolo descrito por Binetti et al.,
(2005) com algumas modificagdes. A suspensdo contendo os fagos (10°-107 UFP-mL™") (30
mL) foi acrescentada de NaCl 1 M por 1 h a4 °C e centrifugada a 5.400 xg por 20 min a 10 °C.
Em seguida, 10% (m/v) de polietilenoglicol 8.000 g/mol foi adicionado ao sobrenadante,
seguido de incubagdo overnight a4 °C e centrifugagdo a 16.000 rpm (Centrikon T-124, Kontron,
Italy) por 2 h a 4 °C. O sedimento foi ressuspendido em 400 uL de tampao SM (gelatina 0,01%
[m/v], Tris-HCI 50 mM [pH 7,5], NaCl 100 mM, MgSO4: 7H>0 8 mM) e os fagos foram lisados
com 100 pL de solucdo de lise (EDTA 0,25 M [pH 8], Tris-HC1 0,5 M [pH 7,5], SDS 2,5%
[m/v]) a 65 °C por 30 min. Acetato de potassio 8 M (100 pL) foi adicionado e a mistura foi
incubada em gelo por 15 min antes da centrifugacdo a 14.000 rpm (Centrikon T-124, Kontron,
Italia) por 10 min a 4 °C. O DNA do fago foi recuperado a partir do sobrenadante adicionado
de igual volume de isopropanol, mantido a temperatura ambiente por 5 min e novamente
centrifugado a 14.000 rpm (Centrikon T-124, Kontron, Italia) por 10 min a 4 °C. O DNA foi
ressuspendido em 630 pL de tampao TE (Tris-HCI 10 mM [pH 7,5], EDTA 1 mM [pH 8]) na
presenca de acetato de sodio 0,3 M, precipitado novamente com igual volume de isopropanol
durante 5 min e centrifugado a 14.000 rpm (Centrikon T-124, Kontron, Italia) por 10 min a 4
°C. O DNA precipitado foi lavado duas vezes com etanol a 70% (v/v), seco e ressuspendido em
tampao TE. Para a extracdo do DNA bacteriano, S. thermophilus foi cultivado overnight a 44
°C em caldo M-17. As células coletadas por centrifugacdo foram submetidas a extracdo de DNA
total usando o protocolo de lise celular alcalino (Dellaglio et al., 1973). O rendimento e a pureza
do DNA (bacteriano e viral) foram avaliados por espectrofotometria (NanoDrop 2000c, Thermo

Scientific, EUA).

Reacoes de PCR
Para detectar os fagos que infectam S. thermophilus dentro de um dos trés clusters
(Cluster 186, Cluster 187 e Cluster 198) foi desenvolvida uma PCR multiplex usando trés

pares de primers (um por cluster), desenhados a partir das regides conservadas dos genes que
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codificam as principais proteinas do capsideo dos fagos, para os quais as sequéncias dos
genomas estavam disponiveis. As condi¢des padronizadas para as amplificacdes por PCR
foram: 94 °C x 3 min (desnaturag¢ao inicial), seguido de 35 ciclos de 94 °C x 45 s (desnaturagao),
47 °C x 1 min (anelamento), 72 °C x 1 min (extensao), com uma extensao final de 72 °C x 5
min. As reagdes de PCR foram realizadas em termociclador (Bio-Rad, Hercules, USA),
utilizando GoTaq G2 DNA Polymerase (Promega, USA) adicionado de 10 ng de DNA
(bacteriano ou viral) como molde a ser amplificado. Os produtos da PCR multiplex foram
visualizados em gel de agarose 2% (m/v) em tampao TAE (Tris-Acetato-EDTA). Os
fragmentos de 205, 366 ¢ 640 pb discriminam os fagos do Cluster 198, Cluster 186 e

Cluster 187, respectivamente.

2.4. Avaliacao da capacidade de detec¢cao dos primers

A capacidade dos primers de amplificarem as sequéncias de DNA alvo foi avaliada in
silico usando a ferramenta Finding Binding Sites and Create Fragments do programa CLC
Genomics Workbench 8.5.4 (Invitrogen, EUA). Nessa analise, os genomas do banco de dados
foram utilizados para a simulagdo de amplificacdes usando os trés conjuntos de primers
propostos, além de outros quatro conjuntos de primers desenvolvidos em estudos anteriores
(Tabela 2) (Quiberoni et al., 2006; Szymczak, Vogensen, et al., 2019). As amplificacdes foram
simuladas usando as configuragdes padrao para as condi¢des de amplificagdo da DNA
polimerase e permitindo ou ndo incompatibilidades (mismatches) no anelamento entre as

sequéncias dos primers e as regioes alvo.
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Tabela 2 - Lista de primers descritos na literatura para detec¢do dos fagos que infectam
Streptococcus thermophilus.

Ampli
Primer Sequéncia, 5’ - 3’ mp 1ot Referéncia
(pb)
FOR GGTTCACGTGTTTATGAAAAATGG (Quiberoni et al
cos 170 s
REV AGCAGAATCAGCAAGCAAGCTGTT 2006)
FOR  GAAGCTATGCGTATGCAAGT (Quiberon et al
pac 427 ”
REV ~ TTAGGGATAAGAGTCAAGTG 2006)
FOR TCTGTACCTGTCTTGTTG (Szymczak,
987 641 Vogensen, et al.,
REV GTTTGGGGAGATGGTATT 2019)
FOR CTGATGCTGGACAAAACT (Szymczak,
5093 321 Vogensen, et al.,

REV CACCTCCGAATTTAACAAC 2019)

Fonte: Autora.

3. RESULTADOS
3.1. Deteccio de fagos que infectam S. thermophilus por PCR multiplex

A reacdo de PCR multiplex contendo os trés pares de primers (Tabela 3) gerou
fragmentos inespecificos de aproximadamente 840, 730 e 440 pb. Verificou-se que os
fragmentos eram gerados a partir da combinagdo do conjunto de primers Cluster 186 na
presenca dos primers Cluster 187. Devido a isto, a reacdo de PCR multiplex foi realizada com

apenas os conjuntos de primers Cluster 187 e Cluster 198 (Figura 1).

Tabela 3 - Lista dos primers sintetizados para a diferenciacdo dos fagos que infectam
Streptococcus thermophilus.
Primer Sequéncia, 5’ - 3’ Amplicon (pb)

FOR CGTGATCGTGTTTCTGCTGA
Cluster 198 205
- VER TACGCATAGCCTCAAGACGA

FOR TGAGGAGCAGCTTCGTTATG
Cluster 186 497
- VER GCTGAATAGGAGCGCACATC

Cluster 187 FOR TGATCTTTGGGTTGCTCAGG 640

VER AGCAATCCAACCAGAAAGCC

Fonte: Autora.
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Figura 1 - Gel de agarose com os fragmentos amplificados a partir de DNA viral e bacteriano
pelo método de PCR multiplex com os conjuntos de primers Cluster 187 e Cluster 198. Linhas
(1) bactéria 459; (2) fago 459; (3) bactéria 460; (4) fago 460; (5) bactéria 698; (6) fago 698; (7)
bactéria 720; (8) fago 720; (9) bactéria 162; (10) fago 162; (11) bactéria 214; (12) fago 214;
(13) bactéria 353; (14) fago 353; (15) bactéria 453; (16) fago 453; (17) bactéria 163; (18) fago
163; (19) bactéria 729; (20) fago 729; (21) fago SW1151; (22) fago SW18; (23) fago SW14;
(24) fago SW15; (25) fago SW31; (26) fago SW13; (27) fago SW32; (28) fago SW33. Linhas
2,4,6,8,10,12, 14, 16 e 18, amplicon de 640 pb. Linhas 20, 21, 22, 23, 24, 25, 26, 27 e 28,
amplicon de 205 pb. M, marcador molecular SHARPMASS 1 kb DNA Ladder (EuroClone,
Italia).

M 12 3 4 5 6 7 8 910110 1213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28

1.000

750
5004

250

Fonte: Autora.

Os dois pares de primers detectaram com sucesso 18 fagos que infectam S. thermophilus
disponiveis neste estudo. Os outros quatro fagos disponiveis (SW4, SW19, SW24 e SW27)
pertenciam ao Cluster 186 e, portanto, ndo puderam ser detectados por esta reagdo de PCR. A
amplificacdo de fragmentos com tamanhos distintos, 640 pb (linhas 2, 4, 6, 8, 10, 12, 14, 16 ¢
18) e 205 pb (linhas 20, 21, 22, 23, 24, 25, 26, 27 e 28), permitiu a classificagdo dos fagos de
acordo com o cluster ao qual pertenciam: Cluster 187 (fagos 459, 460, 698, 720, 162,214,353,
453 e 163) e Cluster 198 (fagos 729, SW1151, SW18, SW14, SW15, SW31, SW13, SW32 e
SW33), respectivamente. A reacdo de PCR multiplex desenvolvida neste estudo também
detectou sete fagos desconhecidos. Seis deles (459, 720, 162, 353, 453, 163) foram atribuidos
ao Cluster 187 e um fago (729) ao Cluster 198.

Entretanto, a reagdo gerou também quatro fragmentos inespecificos: dois deles foram
observados nas canaletas relativas aos genomas amplificados das bactérias 353 e 163 (394 ¢
400 pb, respectivamente) e dois nos genomas dos fagos 729 e SW32 (675 e 673 pb,
respectivamente). Apesar disso, os fragmentos amplificados ndo afetaram a detec¢ao dos fagos,
uma vez que possuiam tamanho distinto dos fragmentos esperados para a amplificagdo
especifica. Com base nos resultados da reagao de PCR multiplex e na conservagao dos genomas

reunidos nos clusters, os pares de primers desenhados neste estudo foram capazes de detectar
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53 (85,48%) dos 62 fagos disponiveis até 2018, destacando-se como uma ferramenta util para

a deteccdo rapida da maioria dos fagos que infectam S. thermophilus.

3.2. Avaliacao da capacidade de deteccao dos primers

A avaliacdo da especificidade dos primers e a conservacdo das regides alvo a serem
amplificadas foram realizadas por PCRs simuladas computacionalmente. Na amplificagdo in
silico, o anelamento dos conjuntos de primers nas sequéncias dos genomas evidenciou a
presenca de polimorfismos entre as sequéncias dos primers e as dos DNA alvos dos fagos de
cada cluster. Tais polimorfismos reduzem a especificidade dos primers e, portanto, dificultaram
o anelamento durante a PCR multiplex. A presenc¢a dos polimorfismos decorre do fato de o
codigo genético ser degenerado e de os primers originais terem sido gerados a partir da
sequéncia consenso proteica traduzida. A ferramenta utilizada para a tradugao reversa utilizou
uma tabela de cédons que nao correspondia aos codons presentes no genoma dos fagos. Logo,
para a correcao dos primers, os polimorfismos nas sequéncias foram identificados e corrigidos
dando origem aos novos primers Cluster 198.2, Cluster 186.2 e Cluster 187.2 (Tabela 4).
Para isso, as sequéncias de nucleotideos foram obtidas a partir do alinhamento das sequéncias
proteicas de referéncia contra o banco de dados de nucleotideos traduzidos usando a ferramenta

tBLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al., 1990).

Tabela 4 - Lista dos primers otimizados para a diferenciacdo dos fagos que infectam
Streptococcus thermophilus.
Primer Sequéncia, 5’ - 3’ Amplicon (pb)

FOR CGTGACCGTGTTAGTGCTGA
Cluster 198.2 205
- VER TACGCATAGCTTCAAGACGA

FOR GAGTGAGAGAACGTGGGACA
Cluster 186.2 366
- VER TAGCCACAGTCTCCTCAACG

Cluster 187.2 FOR TGACCTTTGGGTTGCTCAAG 640

VER AGCAATCCAACCAGACAACC

Fonte: Autora.

Os trés pares de primers otimizados desenhados neste estudo se ligaram especificamente
a regido alvo nos genomas de 34 fagos (54,83%) com 100% de identidade de nucleotideos,
enquanto os quatro conjuntos de primers de referéncia (Tabela 2) se ligaram a regido alvo de
apenas 26 fagos (41,93%). A possibilidade de incompatibilidades (mismatches) entre as

sequéncias dos primers e as regides alvo na PCR computacional permitiu a amplificagdo de 59
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fragmentos especificos em 59 genomas (95,16%) dos 62 testados, considerando o uso dos trés
pares de primers desenvolvidos neste estudo. Enquanto isso, o anelamento com mismatches
utilizando os quatro conjuntos de primers de referéncia amplificou 513 fragmentos nos 62
genomas, evidenciando a baixa especificidade daquele grupo de primers.

Analisando os trés genomas que nao foram amplificados na PCR computacional quando
se permitiu incompatibilidades entre as sequéncias dos primers e as regides alvo, verificou-se
que dois fagos pertenciam ao grupo 987 (Streptococcus phage CHPC926 - KX879642 ¢
Streptococcus phage CHPCS577 - KX879641) e um pertencia ao grupo pac (Streptococcus
phage CHPC1109 - MH937505). Comparando o agrupamento em clusters pelo CD-HIT Suite
e os grupos de fagos estreptococicos descritos at¢ 2018 (McDonnell et al., 2016, 2017;
Szymczak et al., 2017) constatou-se que os fagos foram agrupados da seguinte forma: os fagos
do grupo 5093 no Cluster 186, os fagos do grupo cos-containing no Cluster 187 e os fagos do
grupo pac-containing no Cluster 198. Ja os fagos do grupo 987 ndo foram agrupados em
nenhum dos clusters, pois no inicio da organizag¢ao do banco de dados em 2018 existiam apenas
dois genomas sequenciados de fagos desse grupo e, como seus genomas nao se alinhavam com
os demais, estes genomas nao foram incluidos no agrupamento e posterior desenho dos primers.
Assim, nenhum dos trés pares de primers desenvolvido neste estudo € capaz de detectar fagos
do grupo 987. Ja o fago CHPC1109, possui regides em seu genoma ainda mais distintas dos
demais do grupo pac, inclusive nas regides alvo utilizadas para o desenho dos
oligonucleotideos, e ndo seria detectado por qualquer conjunto de primers (deste estudo e de
referéncia) ja desenvolvido para esse fim.

As regides alvo usadas neste estudo (genes que codificam a capsid protein) para
desenhos dos primers sdo altamente conservadas e contém apenas algumas mutacdes pontuais,
em contraste com as sequéncias que codificam a major capsid protein (flanqueada pelos
conjuntos de primers cos, pac e 5093) e a receptor binding protein (flanqueada pelo conjunto
de primers 987), cuja proposi¢do de primers levou a amplificagdao de regides inespecificas. A
analise in silico mostrou que a regido utilizada neste estudo possui maior grau de conservagao
que as utilizadas para a classificacdo desses agentes até entdo (Quiberoni et al., 2006;
Szymczak, Vogensen, et al., 2019), sendo uma melhor alternativa para proposi¢do do

desenvolvimento de moléculas detectoras, como os primers aqui descritos.

4. DISCUSSAO
Neste estudo, desenvolvemos um método molecular para deteccdo de fagos que

infectam S. thermophilus, com primers especificos para as regides alvo que apresentam maior



94

conservagdo gendmica entre os membros de cada grupo e menor probabilidade de amplifica¢ao
de fragmentos inespecificos durante a reagdo de PCR multiplex.

Virias estratégias ja foram utilizadas na tentativa de detectar e classificar os fagos que
infectam S. thermophilus por métodos moleculares. O primeiro ensaio de PCR relatado para
deteccao desses fagos em amostras de laticinios foi baseado na amplificagdo de um fragmento
de DNA conservado no genoma da maioria dos fagos da coleg¢ao Nestlé. Este fragmento cobria
parte das ORFs 271 e 504 do fago Sfill (Brussow et al., 1994). Mais tarde, Binetti et al. (2005)
desenvolveram um método para amplificar a sequéncia VR2, regido variavel do gene que
codifica a proteina do antirreceptor, permitindo a rapida detecgdo e classificagdo de alguns
fagos estreptococicos dos grupos cos-containing e pac-containing. Um método de PCR
multiplex foi desenvolvido para classificar os fagos que infectam S. thermophilus dentro dos
grupos cos-containing ou pac-containing, com base na amplificagcdo de regides conservadas nos
genes que codificam a major capsid protein nos genomas de quatro fagos do grupo cos-
containing e trés fagos do grupo pac-containing (Quiberoni et al., 2006). Fagos que infectam S.
thermophilus foram os primeiros a serem detectados, quantificados e classificados em cos-
containing ou pac-containing por PCR em tempo real (QPCR) entre as BAL em amostras de
leite (del Rio et al., 2008).

A descoberta de fagos com novas propriedades, 5093 (Mills et al., 2011) e 987
(McDonnell et al., 2016), juntamente com a maior disponibilidade de sequéncias gendmicas,
resultou na necessidade de atualizar o sistema de detec¢do e classificagdo por PCR multiplex.
Em 2017, uma melhoria no ensaio de PCR multiplex (Quiberoni et al., 2006) foi proposta
incluindo dois conjuntos de primers adicionais para a deteccdo de fagos dos grupos 5093 e 987
(McDonnell et al., 2017). No entanto, o método poderia fornecer um resultado falso-positivo
caso fagos que infectam outras espécies lacteas estivessem presentes, levando a classificacao
de fagos em grupos incorretos. A adaptagdo mais recente do método de PCR multiplex para
deteccao e classificagdo de fagos que infectam S. thermophilus foi estabelecida por Szymczak,
Vogensen, et al. (2019), os quais foram usados como padrao de comparagdao em nosso estudo.
Com base nas andlises in silico, demonstramos que os conjuntos de primers desenvolvidos neste
estudo sdo mais especificos, mesmo considerando a ocorréncia de mismatches, apresentando
menor probabilidade de amplifica¢dao de fragmentos inespecificos durante a PCR multiplex, ja
que foram desenvolvidos a partir de estudos de conservacao gendmica.

Os conjuntos de primers propostos neste trabalho consistem em uma melhoria no
processo de identifica¢do de fagos que infectam S. thermophilus por PCR multiplex. Portanto,

para a deteccao de todos os fagos conhecidos independentemente do grupo ao qual pertence,
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sugerimos a utilizagdo dos conjuntos de primers desenvolvidos neste estudo adicionados do par
de primers 987 (Szymczak, Vogensen, et al., 2019).

Como discutido no Capitulo I, atualmente, os fagos que infectam S. thermophilus estao
organizados em 142 espécies e cinco géneros (trés deles novos) e que devido a sua diversidade
genética, a classificacdo em nivel de familia varia de acordo com os critérios de classificacao
utilizados. Como perspectivas futuras, novos primers podem ser desenhados para detecgdo e
classificacdo taxondmica desses fagos estreptococicos, provenientes de diferentes amostras e

ambientes lacteos.

5. CONCLUSAO

Neste estudo, desenvolvemos uma PCR multiplex para a deteccao rdpida de fagos que
infectam S. thermophilus, com primers apresentando menor probabilidade de amplificagdo de
fragmentos inespecificos durante a reagdo, por terem sido desenhados a partir de estudos de
conservagdo gendmica. Nesse sentido, 0 método de PCR multiplex fornece uma ferramenta
adequada para detectar fagos estreptocdcicos, com potencial para a identificacdo de fagos ainda

ndo descritos, uma vez que se baseia em estudos de conservacao gendmica.
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CAPITULO 111

Desenvolvimento de imunoensaios para deteccao de fagos que infectam Streptococcus

thermophilus

RESUMO

O desenvolvimento de estratégias eficazes de prevencao e combate a lise por fagos que infectam
Streptococcus thermophilus ¢ fundamental nas industrias de laticinios. A deteccdo e o
monitoramento de fagos no leite, coprodutos lacteos e no ambiente industrial representam uma
oportunidade para que sejam tomadas medidas de controle antes que ocorram prejuizos a
qualidade dos produtos fermentados, financeiros e, eventualmente, a satide do consumidor.
Neste estudo, iniciamos o desenvolvimento de imunoensaios para detec¢do de fagos que
infectam S. thermophilus, sendo um deles de fluxo lateral e o outro baseado em vesiculas de
polidiacetileno (PDA). Para isso, camundongos foram imunizados com suspensdes de fagos
com o objetivo de produzir anticorpos anti-fagos. Os soros hiperimunes coletados ao fim do
protocolo de imunizagdo apresentaram anticorpos anti-fagos e anti-bactérias, sendo necessaria
uma etapa de purificagdo para reducdo da resposta cruzada. Os anticorpos purificados foram
entdo utilizados como moléculas de captura para o desenvolvimento de um imunoensaio de
fluxo lateral e um imunoensaio baseado em vesiculas de PDA. O imunoensaio de fluxo lateral
nao foi efetivamente testado em funcdo da baixa fluidez do conjugado através da membrana de
nitrocelulose. Os testes realizados com o conjugado e o anticorpo anti-IgG de camundongo e
os resultados do Dot-Blot sugerem que, com os ajustes adequados, a deteccdo de fagos que
infectam S. thermophilus pode ser alcancada. O imunoensaio baseado em vesiculas de PDA foi
efetivo para a deteccdo de fagos que infectam S. thermophilus, no entanto, o aumento da
sensibilidade e a quantificacdo da alteragdo colorimétrica ainda precisam ser trabalhados. Se
otimizados, os prototipos de imunoensaios aqui desenvolvidos podem se tornar uma alternativa

para a detecgdo de fagos que infectam S. thermophilus na industria de laticinios.

1. INTRODUCAO

O desenvolvimento de estratégias eficazes de prevengdo e combate a lise por fagos que
infectam S. thermophilus é fundamental nas industrias de laticinios. Neste sentido, a detec¢do
e 0 monitoramento de fagos no leite, coprodutos lacteos e no ambiente industrial representam
uma oportunidade para que sejam tomadas medidas de controle antes que ocorram prejuizos a

qualidade dos produtos fermentados, financeiros e, eventualmente, a saude do consumidor
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(Lavelle et al., 2018; McDonnell et al., 2017; Philippe & Moineau, 2021; Szymczak et al.,
2017). Para esse fim, ¢ necessaria a caracterizacdo de fagos que infectam bactérias lacticas,
compreensdo da dinamica de interacdo com os hospedeiros, bem como o conhecimento da
evolugdo de fagos e melhores métodos de deteccao (Mahony & van Sinderen, 2015; Szymczak
etal., 2017).

Dentre os inimeros métodos de deteccdo, os biossensores colorimétricos tém sido
amplamente utilizados devido a sua sensibilidade, versatilidade e simplicidade (Kim et al.,
2021; Z. Zhang et al., 2019). O polidiacetileno (PDA) constitui uma classe de polimero
conjugado (ligacdes duplas e triplas alternadas) que tem sido estudado em vérios sistemas de
detecgdo devido as suas propriedades Opticas tnicas (Hao & Zhu, 2020; Qian & Stédler, 2019;
Wegner, 1969; Yadav & Tiwari, 2021). Os PDAs sdo formados através da 1,4-polimeriza¢ao
de mondmeros de diacetileno automontados sob irradiagdo UV (254 nm) ou raios y (Carpick et
al., 2004; Wegner, 1969). A estrutura conjugada na cadeia principal do polimero permite que o
PDA possua a capacidade de transi¢do colorimétrica azul (absor¢do maxima em ~ 640 nm) -
vermelha (absor¢do maxima em ~ 540 nm) quando as interagcdes m-m na cadeia principal do
PDA sado perturbadas pelo ambiente externo (Kim et al., 2022; Qian & Stidler, 2019). A
estrutura do PDA pode ser montada na forma de filmes mono ou multicamada (Carpick et al.,
2004; Geiger et al., 2002), vesiculas (lipossomas) (de Oliveira et al., 2015) e outras estruturas
coloidais como cristais (Park et al., 2014), tubos (Wang et al., 2018) ou hélices (Meng et al.,
2017), para detec¢ao de diferentes moléculas como bacteriocinas (Yadav & Tiwari, 2021), virus
(Roh et al., 2017; Zhao et al., 2020), bactérias (de Oliveira et al., 2015; Zhou et al., 2022),
acidos nucleicos (Jung & Park, 2015), antibidticos (Kang et al., 2012), surfactantes (Y. Zhang
et al., 2017), proteinas (Jung et al., 2010) e ions metalicos (Gwon et al., 2019).

O ensaio de fluxo lateral (Lateral Flow Assay - LFA) caracteriza-se por combinar a
técnica de cromatografia com uma reagdo imunoquimica, cujo principio basico ¢ o fluxo da
amostra liquida contendo o analito ao longo do comprimento da fita por forca de capilaridade,
até que esta alcance a area de teste onde ocorre a interacdo antigeno-anticorpo (Koczula &
Gallotta, 2016). O LFA pode ser classificado como imunoensaio de fluxo lateral (LFIA) quando
a deteccdo ¢ baseada na interagdo entre anticorpo e antigeno, e ensaio de fluxo lateral de acido
nucleico (NALFA) quando a detecgdo se da pela hibridizacdo de DNA com a sonda de DNA-
alvo (Bahadir & Sezgintiirk, 2016). Esse ensaio ¢ uma plataforma baseada na sobreposigao de
membranas de papel, amplamente utilizado para deteccao quantitativa e qualitativa de diversas
classes de analitos como antigenos especificos (Boisen et al., 2015), anticorpos (Nielsen et al.,

2007), patogenos (Ilhan et al., 2021), acidos nucleicos (Zheng et al., 2021), contaminantes
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quimicos (Ngom et al., 2010), micotoxinas (Foubert et al., 2017) e virus (Thangavelu et al.,
2022; Xiao et al., 2019).

Algumas tecnologias estao disponiveis comercialmente para a detec¢do de fagos
(Charm Sciences®, BioVir Laboratories®, PROGEN®, Fitzgerald Industries International®,
MyBioSource®, United States Biological® e Creative Diagnostics®), mas nenhuma abrange
fagos que infectam S. thermophilus. Também nao existem estudos sobre o desenvolvimento de
testes imunologicos para detec¢ao de fagos estreptocdcicos. Dessa forma, o desenvolvimento
de testes rapidos, praticos, sensiveis, especificos e de baixo custo para o monitoramento desses
fagos, contribui para a redu¢do de problemas tecnoldgicos, econdomicos ¢ de seguranga nas
industrias de laticinios, além de expandir o conhecimento no campo de plataformas de

sensoriamento.

2. MATERIAL E METODOS
2.1. Bactérias, fagos e condic¢oes de cultivo

Fagos especificos que infectam a bactéria S. thermophilus, Streptococcus phage
vB SthS VA214 (ntimero de acesso no GenBank: MG708274), foram gentilmente cedidos
pelo Istituto per la Qualita e le Tecnologie Agroalimentari, Veneto Agricoltura, Thiene, Italia.
Como hospedeiro para a propagagao do fago foi utilizada a estirpe bacteriana vB_SthS VA214,
isolada de Fontina, um queijo italiano de Denominagao de Origem Protegida (DOP).

A estirpe bacteriana foi cultivada overnight a 44 °C em caldo M-17 (Sigma-Aldrich,
EUA) a partir de coldnias tnicas ou do estoque e os fagos foram propagados no hospedeiro
correspondente. Para isso, 10 mL de caldo M-17 contendo 1% (m/v) de CaCl 1 M foi
adicionado de 0,1 mL da suspensdo bacteriana cultivada overnight a 44 °C, seguido por
incubacdo da mistura a 44 °C por 1 h. Apds a incubagdo, foi adicionado 10 pL do estoque de
fago e a mistura foi novamente incubada overnight a 44 °C. A suspensao contendo os fagos foi
filtrada usando filtro de 0,20 um (Corning, Alemanha) e armazenada a 4 °C. O titulo viral foi
determinado pelo método de plaqueamento em dupla camada de agar (Adams, 1959; Gratia,

1936) e expresso em termos de unidades formadoras de placas por mililitro (UFP-mL™).

2.2. Concentracio e purificacao dos fagos

A suspensao contendo os fagos foi pré-concentrada por meio de uma ultrafiltracdo a
vacuo utilizando o dispositivo Amicon Pro Purification System (Millipore, EUA) com
membrana Amicon Ultra-0.5 de 100 kDa (Millipore, EUA). Em seguida, a suspensao fagica foi

novamente concentrada e purificada por ultracentrifugacdo com gradiente de densidade de
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cloreto de césio (CsCl) (Szymczak et al., 2017). Para isso, uma solucdo de CsC1 0,75 g-mL"!
foi adicionada a 13 mL da suspensdo fagica e a mistura foi centrifugada a 40.000 pm (rotor
Beckman Ti50) durante 24 h a 4 °C. Ao fim do processo, fracdes de 500 uL do sobrenadante
foram recuperadas e quantificadas pelo método do acido bicinconinico (BCA Protein Assay Kkit,
Boster Biological Technology). As fracdes com as maiores concentragdes de proteinas foram
avaliadas quanto a viabilidade e concentragdo de fagos por meio do método de plaqueamento
em dupla camada de agar (Adams, 1959; Gratia, 1936) e expresso em termos de unidades

formadoras de placas por mililitro (UFP-mL™).

2.3. Producio de anticorpos policlonais anti-fagos

Com a finalidade de obter anticorpos policlonais contra os fagos especificos para S.
thermophilus, camundongos foram imunizados com as fracdes virais que apresentaram maior
teor proteico. Seis camundongos adultos da linha BALB/c de 3 a 4 semanas, pesando cerca de
20 g cada, foram imunizados por inoculacdo subcutinea de 100 pg com a fracdo fagica
emulsificada com adjuvante completo de Freund (1:1 v/v) (Sigma-Aldrich, EUA). A aplicacdo
foi repetida 7 e 14 dias apoOs a primeira imunizag¢ao. Para obtencdo do soro hiperimune, os
camundongos foram anestesiados em camara de éter 25 dias apos o inicio do protocolo de
imunizagdo e o sangue foi retirado através do plexo ocular (Dunbar & Schwoebel, 1990). O
conteudo extraido foi incubado a 37 °C por 4 h para coagulagdo completa visando a obtengao
do soro. Por fim, os animais foram eutanasiados. Todo o procedimento foi aprovado pelo

Comité de Etica no Uso de Animais (CEUA) da UFV sob Protocolo niimero 43/2018.

2.4. Avaliacao da qualidade do soro hiperimune

A presenca de anticorpos anti-fagos e anti-bactéria no soro foi avaliada com o uso da
técnica de Dot-Blot (Stott, 1989). Para isso, 5 uL das suspensdes purificadas de fagos ou da
cultura bacteriana (controle) foram gotejadas separadamente na superficie de uma membrana
de nitrocelulose com poro de 0,2 um (BIO-RAD, EUA), que foi mantida em temperatura
ambiente até a completa secagem das gotas. Em seguida, a membrana foi incubada por 15 min
em solu¢do de bloqueio (tampao PBS [NaCl 137 mM, KCl 2,7 mM, Na,HPO4 10 mM, KH>PO4
1,8 mM], gelatina 3,0% [m/v]) e lavada duas vezes com PBS pH 7,2 acrescido de Tween 20
0,05% (m/v). Apos a lavagem, a membrana foi incubada por 2 h com o soro hiperimune diluido
(1:1.000) em tampao PBS pH 7,2 acrescido de gelatina 1% (m/v). Uma nova lavagem foi
realizada com PBS/Tween 20. Em seguida, a membrana foi incubada por 2 h com o anticorpo

secundario (anti-IgG de camundongo) (Sigma-Aldrich, EUA) conjugado com peroxidase
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(HRP) diluido (1:30.000) em tampao PBS pH 7,2 acrescido de gelatina 1% (m/v). Apos a ultima
lavagem com PBS/Tween 20, a membrana foi incubada com o substrato (250 pL 3,3'-
Diaminobenzidina (DAB) 1%, 250 pL H>02, 5 mL PBS pH 7.4) e a reacdo foi revelada pela

adicao de peroxido de hidrogénio.

2.5. Purificacio do soro hiperimune

Visando a redugdo da concentragdo de anticorpos anti-bactéria do soro e,
consequentemente, a reducdo de reagdes cruzadas, foi preparado um pool com suspensoes
contendo a bactéria S. thermophilus vB_SthS VA214 em diferentes fases do crescimento
bacteriano (DOsoo 0,1; 0,7 e 1,20). O pool foi centrifugado a 5.000 xg por 10 min a 4 °C e as
células bacterianas foram ressuspendidas com o soro hiperimune. Essa mistura foi deixada em
repouso por 10 min para que os anticorpos anti-bactéria fossem adsorvidos nas células
bacterianas. Por fim, o soro purificado contendo os anticorpos anti-fagos foi recuperado por
meio de centrifugacdo a 5.000 xg por 10 min a 4 °C. Esse procedimento foi realizado trés vezes

e a suspensao resultante foi avaliada conforme descrito no item 2.4.

2.6. Imunoensaio de fluxo lateral

2.6.1. Conjugacio do anticorpo anti-fago com ouro coloidal

Os anticorpos policlonais presentes no soro hiperimune purificado foram conjugados
por adsorg¢do fisica as nanoparticulas de ouro coloidal (AuNPs) (20 nm de didmetro) (Sigma-
Aldrich, EUA) estabilizadas em suspensdo de PBS 0,1 mM (Mikawa et al., 2009). A
concentracdo Otima de anticorpo a ser acrescido ao processo de conjugacao foi determinada
como descrito a seguir. Inicialmente, a concentragdo da solucdo contendo os anticorpos
policlonais foi ajustada para 1 mg-mL! utilizando tampdo PBS 20 mM pH 7,4. Em seguida, 10
pL de suspensdo contendo os anticorpos em concentracdes que variaram de 15,6 a 1.000 pg-mL"
! foram adicionados em 100 pL da suspensdo de ouro coloidal. A mistura foi incubada a
temperatura ambiente por 15 min, seguido da adi¢do de 10 uLL de NaCl 10 % (m/v) e incubagao
por 15 min. A varia¢do de coloragdo da solugdo final foi monitorada a 540 nm em leitor de
microplaca (BioTek ELx808). Foi escolhida a concentracdo de anticorpo na qual a solucao
apresentou maior absorbancia.

Apo6s a definicdo da concentracdo 6tima de anticorpo, o processo de conjugacao foi
iniciado com a adi¢ao de 62 pL do soro contendo os anticorpos policlonais em 1 mL de solugao
de ouro disperso. A mistura foi incubada a temperatura ambiente por 30 min. Em seguida, a

solucao do conjugado foi estabilizada com Bovine Serum Albumin - BSA (concentragao final
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de 1% [m/v]) durante 15 min e centrifugado a 700 Xg por 10 min a 20 °C. O precipitado foi
descartado e o sobrenadante foi novamente centrifugado a 8.100 xg por 20 min a 4 °C para
remover os anticorpos nao conjugados. Por fim, o sobrenadante foi descartado e as particulas
de ouro conjugadas aos anticorpos foram ressuspendidas em 100 pL. de tampao PBS 10 uM pH
7,4 contendo sacarose 5% (m/v), BSA 0,5% (m/v), Tween 20 0,5% (v/v) e polietilenoglicol
8.000 g/mol 0,2% (m/v). A solug@o do conjugado ouro coloidal com o anticorpo anti-fago foi

armazenada a 4 °C.

2.6.2. Montagem da fita

Para a construgdo da fita do imunoensaio de fluxo lateral foram utilizadas membranas
organizadas em um sistema de sobreposi¢do (Figura 1). Na membrana de fibra de vidro (G041,
Millipore, EUA) foi fixada a solu¢do do conjugado ouro coloidal com o anticorpo anti-fago,
que tem como fungdo a captura do antigeno (fago) caso esteja presente na amostra aplicada.
Uma membrana de celulose (Sigma-Aldrich, EUA) foi utilizada na area de aplicagdo da amostra
e na area de absor¢do, sendo esta responsavel pelo controle do fluxo da amostra ao longo da
fita. Por fim, a membrana de nitrocelulose (Hi-Flow™ Plus 135, Millipore, EUA) foi fixado, a
25 mm de sua extremidade inferior, o anticorpo de captura anti-fago. A 35 mm desta mesma
fita foi fixado o anticorpo de detec¢do anti-IgG de camundongo, responsavel pelo controle do

teste.

Figura 1 - Representa¢do esquematica da montagem da fita do imunoensaio de fluxo lateral
pela sobreposi¢do de membranas e seus principais componentes.
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Amostra Conjugado policlonal anti-1gG de
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Area do conjugado Suporte: AT Ue dlsoTgdo

Fonte: Autora.

2.6.3. Avaliacdo do imunoensaio de fluxo lateral
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O sistema de membranas do imunoensaio de fluxo lateral foi organizado sobre um
suporte de plastico de 60 mm (Figura 2). Cinco microlitros da solugdo do conjugado ouro
coloidal com o anticorpo anti-fago foram adicionados a membrana de fibra de vidro, a qual foi
deixada secar a temperatura ambiente por 4 h. As membranas foram sobrepostas a partir da
membrana de nitrocelulose (NC), que possuia uma regido central de captura de 25 mm e duas
regides adesivas em suas extremidades. Na regido adesiva da membrana de NC, definida como
o final da fita, fixou-se a membrana de celulose usada como almofada absorvente, garantindo
que pelo menos 2 mm dessa membrana se sobrepusesse na membrana de NC. Ja na extremidade
adesiva oposta da membrana de NC, foram adicionadas a membrana de fibra de vidro de 6 mm
contendo o conjugado ouro coloidal com o anticorpo anti-fago (sobreposta na membrana de
NC) e a membrana de celulose, utilizada como 4rea de aplicagdo da amostra (sobreposta na

membrana de fibra de vidro). Todas as membranas foram padronizadas com 5 mm de largura.

Figura 2 - Representacdo esquematica do imunoensaio de fluxo lateral para detecg¢do de fagos
que infectam Streptococcus thermophilus.

® Membrana de celulose @ Membrana de fibra de vidro Membrana de nitrocelulose
. Anticorpo Anticorpo
Amostra Conjugado policlonal anti-IgG de

anticorpo-AuNP anti-fago camundongo
Fluxo
/ / — >

.4

v
1
¢
¢

Fonte: Autora.

Apds a montagem da fita, foi avaliada a intera¢do entre a solugdo do conjugado ouro
coloidal com o anticorpo anti-fago e o anticorpo anti-IgG de camundongo como controle do
imunoensaio de fluxo lateral. Para isso, 2 pL da suspensdo contendo anticorpo anti-IgG de
camundongo foram aplicados sobre a membrana de NC (linha controle). Apos a secagem, 200
uL de tampao PBS foi adicionado na area de aplicacdo da amostra para promover o fluxo do

conjugado ouro coloidal com o anticorpo anti-fago até a linha controle, a fim de permitir sua
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ligacdo aos anticorpos anti-IgG de camundongo. Para a avaliagdo do imunoensaio de fluxo
lateral, 2 uLL da suspensdo contendo anticorpo anti-IgG de camundongo foram aplicados sobre
a membrana de NC (linha controle) e 2 pL da suspensao contendo anticorpo anti-fago foram
aplicados sobre a membrana de NC (linha teste). Apos a secagem, 200 uL da suspensdo
contendo fagos com titulo de 1,0 x 10° UFP-mL"! foram adicionados na area de aplicacio da

amostra.

2.7. Imunoensaio baseado em vesiculas de PDA

2.7.1. Preparacio das vesiculas

Os reagentes PCDA (4cido 10,12-pentacosadiinoico, Sigma-Aldrich, EUA) e DMPC
(1,2-dimiristoil-sn-glicero-3-fosfocolina, = Sigma-Aldrich, @ EUA) foram dissolvidos
separadamente em cloroféormio (Merck, Brasil) at¢ uma concentragdo de 1 mM. Ambas as
solugdes foram agitadas por 30 min a 300 rpm (Sartorius, Alemanha) para a completa
homogeneizagdo. As solugdes de PCDA e DMPC foram reunidas em uma propor¢ao de 3:2
(v/v) e, em seguida, o solvente foi removido por fluxo de nitrogénio. O pellet foi ressupendido
em 5 mL de agua ultrapura e a solugdo foi sonicada em desruptor de células (Unique Vira Cell,

Modelo VCX 130) a uma poténcia de 400 W por 10 min e armazenada a 4 °C por 24 h.

2.7.2. Conjugacio das vesiculas com os anticorpos

As vesiculas produzidas na etapa anterior foram convertidas em ésteres ativos pela
adi¢do de N-(3-dimetilaminopropil)-N’-etilcarbodiimida (EDC-HCI, Sigma-Aldrich, EUA) 2
mg-mL! e de N-hidroxissuccinimida (NHS, Sigma-Aldrich, EUA) 2 mg-mL™!. A suspensio foi
submetida a agitagdo magnética a 4 °C por 3 h e, em seguida, foi adicionada a solucao contendo
os anticorpos anti-fagos diluida em PBS (concentragdo final de 1 pg-mL™"). Apés 12 h de
agitacdo a 4 °C, os sitios restantes de NHS foram inativados pela adi¢do de etanolamina 2 mM
sob agitacdo por 2 h a 4 °C. A polimerizacao das vesiculas de PDA com os anticorpos foi
desencadeada pela exposi¢do da solugdo a luz ultravioleta (UV) (Spectroline) a 254 nm por 30
min. A suspensdo das vesiculas polimerizadas conjugadas com os anticorpos foi armazenada a

4°C.

2.7.3. Avaliacao do imunoensaio baseado em vesiculas de PDA
A suspensdo das vesiculas de PDA conjugadas com os anticorpos (900 pL) foi
adicionada de 100 pL da suspensdo contendo fagos com titulo de 1,0 x 10°UFP-mL"!. A mistura

foi mantida a 4 °C sob agitacao por 10 min.
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3. RESULTADOS
3.1. Concentracio e purificaciao dos fagos

A pré-concentragdo da suspensao contendo os fagos utilizando o dispositivo Amicon
resultou em um titulo viral de 5,0 x 10° UFP-mL!. No procedimento de ultracentrifugacio, nio
ocorreu a formagdo de uma fase translicida caracteristica das particulas virais e, por isso, o
conteudo do tubo foi fracionado em aliquotas de 500 pL. As fragdes coletadas foram analisadas
quanto a concentracao de proteinas (Figura 3) e presenca de particulas fagicas viaveis. As
fragdes 1, 2 e 13 apresentaram as maiores concentragdes de proteinas, correspondendo a 861,75
png-mL?, 780 pg-mL! e 862,25 ug-mL!, respectivamente. Seguidas das fragdes 3, 16 ¢ 19, que
exibiram concentragdes de proteinas de 559 pg-mL’, 511,25 pg-mL' e 411,75 pgmL™,

respectivamente.

Figura 3 - Concentracao proteica das fracdes apds a ultracentrifugacdo com CsCl. Os pontos
destacados em azul representam as fragdes selecionadas com maior teor proteico.
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Fonte: Autora.

As seis fragcdes com as maiores concentragdes de proteinas apresentaram titulo viral

entre 1,0 x 10% e 1,0 x 103 UFP-mL", sendo utilizadas para a imuniza¢do dos camundongos.

3.2. Obtenc¢ao e avaliacao do soro hiperimune

A confirmagdo da produgdo de anticorpos policlonais anti-fagos e a verificagdo de
possivel reagdo cruzada devido a presenga de anticorpos anti-bactéria no soro hiperimune foram
avaliadas pela técnica de Dot-blot. Cada um dos seis camundongos foi imunizado com uma das
fragdes da ultracentrifugagdo, sendo assim, os soros foram avaliados de forma individual pela

técnica de Dot-Blot (Figura 4). A presenga de um halo na regido onde se aplicou o antigeno
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(fagos) confirmou a presen¢a de anticorpos anti-fagos (F) nas seis amostras (1, 2, 3, 13, 16 ¢
19) de soro. Também foi possivel observar a ocorréncia de reagdo cruzada onde se aplicou o

antigeno (bactérias), devido a presenca de anticorpos anti-bactéria (B) nas seis amostras de soro.

Figura 4 - Ensaios Dot-Blot das amostras de soros hiperimune confirmando a presenga de
anticorpos anti-fagos e anti-bactéria. Reagdo antigeno-anticorpo para os fagos (F); reacgdo
antigeno-anticorpo para a bactéria (B).

B

Fonte: Autora.

Para reduzir a concentracdo de anticorpos anti-bactéria, os pellets formados pela
sedimentacao de bactérias S. thermophilus vB_SthS VA214 em trés fases de crescimento
foram ressuspendidos nas amostras de soro. As amostras de soro que apresentaram maior
reatividade ao fago (amostras 1, 2 e 3) foram reunidas e formaram a amostra 1. Enquanto as
amostras de soro que apresentaram resultados menos reativos (amostras 13, 16 e 19) deram
origem a amostra 2. Em seguida, o ensaio de Dot-Blot foi novamente realizado (Figura 5). A
presenca de um halo foi observada na regido onde foi aplicada a suspensdo contendo fagos,
confirmando a reagdo antigeno-anticorpo para os fagos. Nenhuma marcagao foi verificada na
regido onde se aplicou a suspensdo bacteriana, confirmando a eficiéncia da purificacdo das

amostras de soro.
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Figura S - Ensaios Dot-Blot com os soros hiperimune purificados. Amostras 1, 2 e 3 (1);
amostras 13, 16 e 19 (2). Reacdo antigeno-anticorpo para os fagos (F); reacdo antigeno-
anticorpo para a bactéria (B).

Fonte: Autora.

3.3. Imunoensaio de fluxo lateral

3.3.1. Conjugacio do anticorpo anti-fago com ouro coloidal

A concentracdo 6tima de anticorpo necessaria para a conjugacao com as nanoparticulas
de ouro coloidal (AuNPs) foi aquela em que a solu¢do do conjugado apresentou maior
absorbancia, definida como 62,5 ug-mL™! (Figura 6). A concentragdo minima de anticorpos
necessaria para inibir a agregacao de nanoparticulas de ouro na presenca de excesso de sal
(NaCl 10% [m/v]), é geralmente escolhida como a quantidade ideal para a conjugagcdo com

AuNPs (Safenkova et al., 2012).

Figura 6 - Variacdo da absorbancia em fun¢do da variacdo da concentracdo de anticorpo
policlonal conjugado com as AuNPs. O ponto azul corresponde a concentracdo Otima de
anticorpo (62,5 pg-mL") para a conjuga¢io com as AuNPs.
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3.3.2. Avalia¢ao do imunoensaio de fluxo lateral

A eficécia do protocolo de conjugacao foi confirmada pelo surgimento de uma marcacao
vermelha na regido da membrana de NC onde foi aplicada a suspensdo contendo anticorpo anti-
IgG de camundongo (Figura 7). A mudanga de cor indicou a interacao entre o conjugado ouro

coloidal com o anticorpo anti-fago e o anticorpo anti-IgG de camundongo.

Figura 7 - Eficacia da conjugacao do anticorpo policlonal anti-fago com o ouro coloidal. A
mudanga de cor na membrana indica a interagdo entre o conjugado e o anticorpo anti-IgG de
camundongo.

Fonte: Autora.

A fita do imunoensaio de fluxo lateral foi construida pela sobreposi¢do das membranas
de NC, fibra de vidro e de celulose, e pela disposi¢do dos elementos essenciais para o teste

(Figura 8).

Figura 8 - Fita do imunoensaio de fluxo lateral construida pela sobreposi¢ao das membranas
sobre uma placa de suporte.

Fonte: Autora.

Apos a aplicagdo da suspensdo contendo fagos, o liquido correu por toda a fita até a area
de absor¢ao, mas o conjugado ficou retido no inicio da membrana de NC Hi-Flow™ Plus 135.
Devido a baixa fluidez da amostra, a membrana de NC Unisart® CN 140 (Sartorius, Alemanha)
foi testada em alternativa a membrana de NC Hi-Flow™ Plus 135. No entanto, o uso de tal
membrana também apresentou uma baixa fluidez do conjugado ouro coloidal com o anticorpo

anti-fago.

3.4. Imunoensaio baseado em vesiculas de PDA
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Um imunoensaio para detec¢do de bacteribfagos especificos que infectam S.
thermophilus foi desenvolvido baseado nas propriedades de transi¢do colorimétrica do PDA
(Figura 9A). Apos a exposi¢ao a luz UV, as vesiculas de PDA conjugadas com os anticorpos
anti-fagos sofreram polimerizagdo formando cadeias de polimero alternadas eno-ino,
resultando em uma solugdo de cor lilas (Figura 9B). Ao adicionar a suspensdo de fagos
(antigeno) a solugdo de PDA, foi observada uma alteragdo de cor do lilas para rosa claro (Figura
9C), indicando que a imunorreagao especifica antigeno-anticorpo ocasionou alteragdo na cadeia

polimérica do PDA com consequente mudanca de cor da solugao.

Figura 9 - Etapas de producdo do imunoensaio baseado em vesiculas de PDA para detec¢ao de
fagos que infectam Streptococcus thermophilus. Solu¢do de vesiculas PCDA-DMPC (A);
vesiculas de PDA conjugadas com anticorpos anti-fagos apos a polimerizagao com luz UV (B);
detec¢do de fagos que infectam Streptococcus thermophilus com transi¢do de cor da solucao
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4. DISCUSSAO

Neste estudo, um imunoensaio de fluxo lateral foi parcialmente desenvolvido para
detecgdo de fagos que infectam S. thermophilus. Quando a solucao contendo os fagos (antigeno)
foi aplicada na area de aplicagdo da amostra, o liquido correu por toda a fita até a area de
absor¢do, mas o conjugado ficou retido no inicio da membrana de nitrocelulose. Alguns fatores
podem afetar a migracdo do conjugado pelas membranas como a incompatibilidade entre o

tamanho do conjugado e a porosidade da membrana de nitrocelulose Hi-Flow™ Plus 135 (fluxo
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de 135 segundos por 4 cm de membrana). No entanto, o tamanho do conjugado foi medido
(67,14 nm) por meio da técnica de dispersdao dinamica de luz (DLS) (dados ndo mostrados), o
qual estava dentro do limite de 300 nm recomendado para moléculas a serem usadas na
membrana Hi-Flow™ Plus 135. Além disso, de acordo com o manual do fabricante, a
conjugac¢do com o ouro coloidal resulta em pouca ou nenhuma restri¢ao ao fluxo de particulas.
As alteragdes nas caracteristicas da membrana de nitrocelulose podem ser uma alternativa para
melhorar o fluxo do conjugado, no entanto, o mesmo resultado foi obtido utilizando a
membrana de nitrocelulose Unisart® CN 140.

Uma abordagem alternativa para o desenvolvimento do imunoensaio de fluxo lateral,
nesse caso, seria a alteracdo do tamanho do conjugado. As nanoparticulas de ouro coloidal
(AuNPs) utilizadas neste estudo foram adquiridas comercialmente com tamanho médio de 20
nm, mas essas particulas podem ser sintetizadas com diferentes didmetros para formar o
conjugado (Bastus et al., 2011). O protocolo de conjugagao utilizado neste estudo se baseia em
ligacdes hidrofobicas, hidrofilicas e eletrostaticas entre a superficie dos anticorpos e as AuNPs
para formar o conjugado. Liga¢des inespecificas podem comprometer a disponibilidade dos
anticorpos de detec¢do, considerando que o fragmento de ligacdo ao antigeno do anticorpo
(Fab) pode se ligar as AuNPs, impossibilitando que este reconheca o antigeno. Uma alternativa
para otimizar o processo de conjuga¢ao poderia ter sido a utilizagdo da proteina A para mediar
a ligacdo entre o anticorpo ¢ as AuNPs. A proteina A se liga especificamente ao fragmento
cristalizavel do anticorpo e induz a imobilizagdo adequadamente orientada do anticorpo, na
qual os Fabs ficam acessiveis para interagir com o antigeno (Tajima et al., 2011; Tripathi &
Driskell, 2018). Alternativas adicionais incluem a utilizagdo de outros tipos de membranas e o
uso de tampdes com agdo solubilizante, aumentado a fluidez do conjugado pela membrana e
permitindo a detec¢do de fagos que infectam S. thermophilus por meio de imunoensaio de fluxo
lateral.

Para o desenvolvimento do imunoensaio baseado em vesiculas de PDA, conjugamos o
¢éster de NHS ao PCDA por meio de uma esterificagdo para sintetizar o PCDA-NHS e permitir
a ligacdo dos anticorpos anti-fagos ao mondmero diacetileno (4cido 10,12-pentacoadiindico,
PCDA). Apds a polimerizagdo sob irradiagdo UV a 254 nm, as vesiculas de PDA/anticorpos
apresentaram coloracao lilas, ao invés de coloragdo azul como amplamente relatado na
literatura (Hao & Zhu, 2020; Kim et al., 2021; Qian & Stddler, 2019; Z. Zhang et al., 2019). O
aparecimento de cor em materiais PDA polimerizados ¢ resultado da absor¢ao de comprimentos

de onda especificos via transi¢do eletronica n—n* das ligacdes conjugadas na estrutura do
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polimero (Carpick et al., 2004). As vesiculas ndo polimerizadas ndo apresentam absor¢do na
regido do espectro visivel.

ApOs a polimerizacao, os PDAs aparecem na cor azul, com comprimento de onda de
absor¢ao maxima em ~640 nm, mas em alguns casos, as cores roxa, rosa, vermelha, amarela e
preta podem aparecer (Okada et al., 1998). Uma série de fatores podem afetar o modo de
polimeriza¢ao dos monomeros de diacetileno e o aparecimento de cor azul. Se a distancia entre
os monomeros for muito grande ou muito pequena, a eficiéncia da polimerizacdo diminui
drasticamente ou a perturbacao da ligacdo conjugada formada pela polimerizacdo instavel
resulta em transi¢des de cores incomuns, como roxo, rosa e laranja apos a polimerizacao (Okada
etal., 1998). Além da distancia da repeti¢do, a distancia intermolecular de diacetileno e o angulo
de inclinagdo do grupo diacetileno também afetam a propagacao efetiva da polimerizacao (Kim
et al., 2021). Outro fator que poderia estar relacionado ao ndo aparecimento da cor azul, foi a
sequéncia das etapas realizadas para produgdo das vesiculas de PDA/anticorpos. Na
metodologia utilizada neste trabalho, a polimerizagdo das vesiculas sob irradiagdo UV a 254
nm foi realizada ap6s adi¢do dos anticorpos anti-fagos de acordo como descrito por de Oliveira
et al. (2015). Outros estudos relataram que para evitar danos aos anticorpos causados pela luz
UV, as vesiculas de PDA devem ser irradiadas antes da ligagdo dos anticorpos (Jiang et al.,
2015; Patel et al., 1980).

O mecanismo de transi¢ao dos PDAs entre a fase azul e a fase vermelha ainda nao foi
totalmente elucidado (Chae et al., 2016; Hao & Zhu, 2020; Kim et al., 2021; Qian & Stédler,
2019). Estudos indicam que uma rotacdo de apenas alguns graus em torno das ligagdes C—C
altera significativamente a sobreposi¢ao do orbital wt, que afeta seu estado eletronico, causando
alteragdes na absorcao da cadeia principal do polimero (Reppy & Pindzola, 2007). Dessa forma,
os PDAs sofrem uma mudanga de cor de azul para vermelho (comprimento de onda de absor¢ao
maxima em ~540 nm) quando submetidos a estimulos externos (Carpick et al., 2004). Quando
a solugdo contendo os fagos (antigeno) foi adicionada a solugdo com as vesiculas de
PDA/anticorpos, ocorreu uma imunorreacao especifica na superficie da vesicula, alterando a
cadeia do polimero com consequente transi¢do de cor da solugao.

A mudanga de cor resultante da interacao entre os fagos que infectam S. thermophilus e
as vesiculas de PDA/anticorpos, confirma que o imunoensaio desenvolvido neste estudo pode
ser usado para o monitoramento e detec¢do de fagos em industrias de laticinios. O
desenvolvimento de um biossensor baseado em PDA para a detec¢ao de virus foi relatado pela
primeira vez em 1993 (Charych et al., 1993) e, desde entdo, outros estudos demonstraram o

potencial dos PDAs para aplicacdo de sensoriamento como biossensor (Jiang et al., 2015;
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Kottappara et al., 2022; Son et al., 2019; Song et al., 2016; Zhao et al., 2020). No entanto,
componentes presentes nas matrizes alimentares podem interferir em ensaios baseados em
reconhecimento especifico (Brussow et al., 1994; Szymczak et al., 2019). Dessa forma, etapas
de preparagao de amostra como purificacao, centrifugacdo e filtragdo podem ser necessarias
para aplicagdo do imunoensaio baseado em vesiculas de PDA para deteccdo de fagos que
infectam S. thermophilus. Além disso, a sensibilidade do imunoensaio baseado em vesiculas de
PDA desenvolvido neste estudo poderia ter sido aprimorada por meio de alteracdes na
composi¢ao dos lipideos, no tamanho das vesiculas de PDA, na concentracao de anticorpos, na
propor¢ao PDA/lipideos das vesiculas e nos tempos de incubagdo. J4 a mudanga na estrutura
do PDA poderia ter sido quantificada por meio de analise Optica, como observagao

colorimétrica ou de fluorescéncia.

5. CONCLUSAO

Neste estudo, iniciamos o desenvolvimento de imunoensaios para deteccao de fagos que
infectam S. thermophilus. O método de obtencao de anticorpos anti-fagos foi efetivo, ainda que
tenha ocorrido também a producdo de anticorpos anti-bactérias. O uso de fagos purificados e
metodologias de purificagdo de anticorpos mais sofisticadas podem ser utilizadas para eliminar
a presenca de anticorpos anti-bactérias.

O imunoensaio de fluxo lateral nao foi efetivamente testado em funcao da baixa fluidez
do conjugado através da membrana de nitrocelulose. Os testes realizados com o conjugado e o
anticorpo anti-IgG de camundongo e os resultados do Dot-Blot sugerem que, com os ajustes
adequados, a detec¢do de fagos que infectam S. thermophilus pode ser alcangada.

O imunoensaio baseado em vesiculas de PDA foi efetivo para a deteccao de fagos que
infectam S. thermophilus, no entanto, o aumento da sensibilidade e a quantificacdo da alteracao
colorimétrica ainda precisam ser trabalhados.

Os prototipos de imunoensaios aqui desenvolvidos, quando otimizados, podem
apresentar uma alternativa promissora para a detec¢ao de fagos que infectam S. thermophilus

na industria de laticinios.
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CONCLUSOES GERAIS

Os diferentes capitulos nos permitiram concluir que:
- Os fagos que infectam S. thermophilus estdo organizados em 142 espécies e cinco géneros
(trés deles novos), e que devido a sua diversidade genética, a classificacdo em nivel de familia
varia de acordo com os critérios de classificacdo utilizados.
- Nao foram identificados genes significativamente conservados entre os 183 genomas
avaliados, entretanto, os genes que codificam a proteina holina foram conservados em mais de
95% dos genomas.
- A andlise de holinas sugere que pelo menos duas a-hélices sdo necessarias para a funcao da
proteina dentro dos fagos que infectam S. thermophilus.
- Com base na reacdo de PCR multiplex e na conservagdo dos genomas reunidos nos clusters,
os pares de primers desenhados neste estudo foram capazes de detectar 53 (85,48%) dos 62
fagos disponiveis até 2018.
- Os conjuntos de primers otimizados foram analisados in silico e apresentaram potencial para
detec¢do de 59 dos 62 fagos disponiveis, o que consiste em uma melhoria significativa em
comparagdo a baixa especificidade do conjunto de primers de referéncia.
- O método de obtengdo de anticorpos anti-fagos foi efetivo, ainda que tenha ocorrido também
aproducao de anticorpos anti-bactérias, os quais foram separados do soro com sucesso por meio
de uma etapa de purificagdo.
- O imunoensaio de fluxo lateral ndo foi efetivamente testado em funcao da baixa fluidez do
conjugado através da membrana de nitrocelulose. Os testes realizados com o conjugado e o
anticorpo anti-IgG de camundongo e os resultados do Dot-Blot sugerem que, com os ajustes
adequados, a deteccdo de fagos que infectam S. thermophilus pode ser alcangada.
- O imunoensaio baseado em vesiculas de PDA foi efetivo para a deteccdo de fagos que
infectam S. thermophilus, no entanto, o aumento da sensibilidade e a quantificacdo da alteracao
colorimétrica ainda precisam ser trabalhados.
- Se otimizados, os prototipos de imunoensaios desenvolvidos neste estudo podem apresentar
uma alternativa promissora para a detec¢ao de fagos que infectam S. thermophilus na industria

de laticinios.
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