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RESUME POUR LE GRAND PUBLIC

Les mécanismes sous-jacents a 1'évolution et a la coexistence des
bactéries étroitement apparentées de l'intestin de 1'abeille

domestique, Apis mellifera

Silvia Brochet, Département de Microbiologie Fondamentale

On vit dans un monde dominé par des étres minuscules : les bactéries. Ces
microorganismes peuvent vivre dans n’importe quel environnement: du sol gelé en
permanence des régions arctiques jusqu’aux lacs acides situés dans les crateres de volcans
actifs. Mais cela n’est pas nécessaire d’aller si loin: les bactéries vivent aussi dans nos
intestins, ou elles constituent le microbiote intestinal. Ici, les bactéries sont organisées en
communautés de plusieurs especes parmi lesquelles peuvent coexister aussi bien des
bactéries extrémement similaires que des complétement différentes. Le principe de
I'exclusion compétitive stipule que plus deux especes sont similaires, moins elles ont de
chances de coexister dans le méme environnement. Ceci est di au fait qu'elles ont des
exigences similaires et se disputent 1'espace et les nutriments jusqu'a qu'une des deux
exclue l'autre. Mais comment les especes étroitement liées du microbiote intestinal
peuvent coexister? Et est-ce-que ces especes, si similaires, ont toutes la méme fonction?

Pour répondre a ces questions, dans cette these j’ai utilisé comme modele des
bactéries du microbiote intestinal des abeilles melliferes qu'on appelle Lactobacillus
Firm5. Différentes variétés de Firmb existent: ces bactéries se divisent en quatre especes
qui se divisent en différentes souches. En réalisant des expériences durant lesquelles j’ai
colonisé des abeilles sans microbiote avec des souches de différentes espéces, j’ai démontré
que celles-ci peuvent coexister grace au partage des différents composants du pollen, la
principale source alimentaire des abeilles, évitant ainsi I'exclusion compétitive. Au
contraire, j'ai observé qu’il y a moins de chance que les souches de la méme espece
coexistent. Pourtant, certaines souches de la méme espece peuvent coexister, ce qui
indique que la coexistence de différentes souches pourrait étre spécifique a la souche et
non a l'espece a laquelle la souche est associée. Enfin, j'ai observé que différentes especes
et souches de Firm5 peuvent avoir des fonctions différentes, ce qui pourrait avoir un
impact sur les autres membres de la communauté et sur 1’hote.

En résumé, dans cette these j'ai souligné l'importance d'étudier les bactéries
étroitement liées dans les communautés bactériennes naturelles, car en dépit d'étre tres
similaires, elles peuvent toujours se comporter tres différemment. En étudiant de cette
fagon les communautés bactériennes naturelles, on obtient des connaissances qui peuvent
nous aider a mieux comprendre leurs fonctions dans le contexte de 1’hote et

éventuellement des autres environnements naturels qu’elles occupent.



SUMMARY

Bacterial communities colonize nearly all environments on our planet. One of the
most remarkable feature of many of these communities is that they are highly diverse,
and that closely related species and strains of the same species often co-exist. How such
diversity has emerged and is maintained in natural microbial communities, and to what
extent interactions at the species-level differ from those at the strain-level has largely
remained elusive. In this thesis, I addressed these questions focusing on the honey bee
gut symbiont Lactobacillus Firmb. This bacterial clade is one of the most abundant and
widely distributed gut symbiont of social bees and has diverged into four species which
coexist in honey bees and harbor a large extent of strain-level diversity. The experimental
tractability of the bee system allowed me to investigate interactions of Lactobacillus
Firmb5 in vitro and in vivo at the species- and strain-level and to identify causes and
consequences of bacterial coexistence.

In the first chapter (Chapter I) we investigated whether the coexistence of the
four Lactobacillus Firmb species in the honey bee gut is dependent on the diet of the
host. We selected one strain for each species and passaged them in vivo and in wvitro
under two different nutrient conditions, i.e. in the presence of simple sugars only or in
the presence of pollen. We found that the four species were able to coexist only in the
presence of pollen. Metatranscriptomics and metabolomics analysis showed that the four
species utilize distinct carbohydrates present in pollen suggesting that resource
partitioning of the bee diet facilitates the coexistence of the four related Firmb species.

In Chapter II we turned the focus towards the question of whether there are
differences in interaction and coexistence between strains that belong to the same
(conspecific) or a different (allospecific) species. We hypothesized that conspecific strains
of Lactobacillus Firmb would engage in stronger negative interactions than allospecific
strains and be less likely to coexist when compared to allospecific strains. To test this,
we colonized microbiota-depleted bees with all possible pairwise combinations of twelve
strains (three strains of each species). The vast majority of strains mutually inhibited
each other independent of the species affiliation. However, conspecific strains had less
symmetrical abundances than allospecific strains in these two-member communities.
Moreover, serial passaging of a subset of these communities through gnotobiotic bees
revealed that allospecific pairs, were more likely to stably coexist than conspecific pairs.
However, this was not the case for all pairs highlighting that sometimes strain-specific
features and not species identity determine coexistence. These results reproduce the co-
occurrence patterns observed in the microbiota of honey bees in nature, and suggest that
the divergence of Firmb into the four different species was driven by adaptation to
different ecological niches provided by the pollen diet in the honey bee gut.
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Finally, in Chapter III we addressed the question whether the presence of four
different Lactobacillus Firmb species and divergent strains of these species has any
functional consequences. We used the same strains as studied in Chapter II to colonize
microbiota-depleted (MD) bees, and assessed the production of different short chain fatty
acids (SCFAs) in the gut and the hemolymph of the host. While we did not detect any
accumulation of SCFAs in colonized (CL) vs MD bees in the hemolymph, five out of the
six detected SCFAs had elevated levels in CL vs MD bees in the gut. While some SCFAs
(acetate and succinate) were accumulated by all strains, others (lactate, butyrate and
formate) were produced in a species- or strain-specific way. These results indicated that
different species and strains of Lactobacillus Firmb produce different metabolites in the
gut. As SCFAs are key metabolites for the interaction with other bacteria and with the
host, our results suggest that the presence of different species and strains of Lactobacillus
Firm5 has functional consequences for the bee gut microbiota and the host.

In summary, our results show that resource partitioning of dietary nutrients plays
a key role in facilitating the coexistence of closely related bacterial species in the animal
gut. We find that sometimes strain identity rather than species identity determines the
outcome of bacterial interactions in the gut. Moreover, closely related species and
different strains within these species can generate different fermentation products. This
is likely to be relevant for the interactions with bacterial communities and the impact
on the host. Therefore, our findings highlight the importance of studying natural bacterial
communities at the level of individual species and strains.
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RESUME

Les communautés bactériennes colonisent presque tous les environnements de
notre planete. L'une des caractéristiques les plus remarquables de la plupart de ces
communautés est qu'elles sont tres diverses et que des especes et des souches de la méme
espece étroitement apparentées coexistent souvent. Comment une telle diversité a-t-elle
émergé et s’est maintenue dans les communautés microbiennes naturelles, et dans quelle
mesure les interactions au niveau de 'espece different-elle de celles au niveau de la souche
sont des questions restées largement insaisissables. Dans cette these, j'ai abordé ces
questions en me concentrant sur le symbiote intestinal de 1'abeille mellifere Lactobacillus
Firm5. Firm5 est I'un des symbiotes intestinaux les plus abondants et les plus largement
distribués des abeilles sociales. Il a divergé en quatre especes qui coexistent chez les
abeilles melliferes et abritent une grande diversité au niveau des souches. La tracabilité
expérimentale de 1'abeille comme organisme model m'a permis d'étudier les interactions
de Lactobacillus Firmb in vitro et in vivo aussi bien au niveau de 1'espece que de la souche
et également d'identifier les causes et les conséquences de la coexistence bactérienne.

Dans le premier chapitre (Chapitre I), nous avons examiné si la coexistence des
quatre especes de Lactobacillus Firmb dans l'intestin de 1'abeille dépendait du régime
alimentaire de 1'hote. Nous avons sélectionné une souche pour chaque espece et les avons
passées in vivo et in vitro dans deux conditions nutritionnelles différentes, c'est-a-dire en
présence uniquement de sucres simples ou en présence de pollen. Nous avons constaté
que les quatre especes ne pouvaient coexister qu'en présence de pollen. L'analyse
métatranscriptomique et métabolomique a montré que les quatre especes utilisent des
glucides distincts présents dans le pollen, ce qui suggere que la répartition des ressources
du régime alimentaire des abeilles facilite la coexistence des quatre especes Firmb
apparentées.

Dans le Chapitre II, nous nous sommes concentrés sur la question de savoir s'il
existe des différences d'interaction et de coexistence entre des souches appartenant a la
méme espece (conspécifique) ou a une espece différente (allospécifique). Nous avons émis
I'hypothese que les souches conspécifiques de Lactobacillus Firmb s'engageraient dans des
interactions négatives plus fortes que les souches allospécifiques et seraient moins
susceptibles de coexister par rapport aux souches allospécifiques. Pour tester cela, nous
avons colonisé des abeilles appauvries en microbiote avec toutes les combinaisons
possibles par paires de douze souches (trois souches de chaque espeéce). La grande
majorité des souches s'inhibaient mutuellement indépendamment de l'affiliation a
I'espece. Cependant, les souches conspécifiques avaient des abondances moins uniformes
que les souches allospécifiques dans ces communautés a deux membres. De plus, le
passage en série d'un sous-ensemble de ces communautés a travers des abeilles

12



gnotobiotiques a révélé que les paires allospécifiques étaient plus susceptibles de coexister
de maniere stable que les paires conspécifiques. Cependant, ce n'était pas le cas pour
toutes les paires, soulignant que parfois des caractéristiques spécifiques a la souche et
non l'identité de 1'espece déterminent la coexistence. Ces résultats reproduisent les
modeles de cooccurrence observés dans le microbiote des abeilles melliferes dans la nature
et suggerent que la divergence de Firmb dans les quatre especes différentes est due a
l'adaptation a différentes niches écologiques fournies par le régime pollinique dans
I'intestin des abeilles melliferes.

Enfin, dans le Chapitre III, nous avons abordé la question de savoir si la présence
de quatre especes différentes de Lactobacillus Firm5 et de souches divergentes de ces
especes a des conséquences fonctionnelles. Nous avons utilisé les mémes souches que celles
étudiées au chapitre II pour coloniser des abeilles appauvries en microbiote (MD) et
évalué la production de différents acides gras a chaine courte (AGCC) dans 1'intestin et
I'hémolymphe de 1'h6te. Bien que nous n'ayons détecté aucune accumulation d'AGCC
chez les abeilles colonisées (CL) vs MD dans 1'hémolymphe, cing des six AGCC détectés
présentaient des niveaux élevés chez les abeilles CL vs MD dans l'intestin. Alors que
certains AGCC (acétate et succinate) ont été accumulés par toutes les souches, d'autres
(lactate, butyrate et formiate) ont été produits d'une maniere spécifique a 1'espece ou a
la souche. Ces résultats indiquent que différentes especes et souches de Lactobacillus
Firm5 produisent différents métabolites dans 1'intestin. Comme les AGCC sont des
métabolites clés pour l'interaction avec d'autres bactéries et avec 1'hote, nos résultats
suggerent que la présence de différentes especes et souches de Lactobacillus Firmb a des
conséquences fonctionnelles pour le microbiote intestinal de 1'abeille et 1'hote.

En résumé, nos résultats montrent que la répartition des ressources des nutriments
alimentaires joue un role clé en facilitant la coexistence d'espeéces bactériennes
étroitement apparentées dans l'intestin des animaux. Nous constatons que parfois
l'identité de la souche plutét que l'identité de 1'espece détermine le résultat des
interactions bactériennes dans l'intestin. De plus, des especes étroitement apparentées et
différentes souches au sein de ces especes peuvent générer différents produits de
fermentation. Ceci est susceptible d'étre pertinent pour les interactions avec les
communautés bactériennes et l'impact sur 1'hote. Par conséquent, nos résultats
soulignent 1'importance d'étudier les communautés bactériennes naturelles au niveau des

especes et des souches individuelles.
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PREFACE

WHY ARE THERE SO MANY KINDS OF BACTERIA?

“Our planet, the Farth, is, as far as we know,
unique in the universe. It contains life. Even in
its most barren stretches, there are animals.
Around the equator, where those two essentials
for life, sunshine and moisture, are most
abundant, great forests grow. And here plants
and animals proliferate in such numbers that we
still have not even named all the different species.
Here, animals and plants, insects and birds,

mammals and man live together in intimate and

complex communities, each dependent on one
another. Two thirds of the surface of this unique
planet are covered by water, and it was here
indeed that life began. From the oceans, it has
spread even to the summits of the highest
mountains as animals and plants have responded

to the changing face of the Earth.”

Sir David Attenborough (Opening narration of
‘The Living Planet’, 1984)

These beautiful words that Sir David Attenborough uses to describe the world of
animals and plants could be used to describe the world of bacteria as well. Bacteria are
unicellular microorganisms that colonize nearly all environments on our planet. Not only
can they resist to extreme conditions such as high temperatures or pressure, but they
also colonize all kinds of animals and plants, often providing beneficial services to their
eukaryotic hosts. Bacterial life, as for the life that Sir Attenborough refers to, is extremely
diverse. A large number of different phyla, families, species, and strains can
simultaneously thrive in the same environment with emerging properties that are key for
ecosystem functions.

But why are there so many kinds of bacteria? In his article “Homage to Santa
Rosalia or why are there so many kinds of animals?”, the ecologist George Evelyn
Hutchinson asked himself a very similar question (Hutchinson 1959). Hutchinson was in
Sicily, visiting the sanctuary of Santa Rosalia (Palermo), looking for a pond to observe
some aquatic insects of the Corizidae family. He eventually found two different species
of these insects and noticed that their breeding periods were offset: while one species was

concluding the breeding season (as there were only females present) the other species was
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starting it (as there was an equal mix of males and females). These observations inspired

him to ask some questions:

“It was not until I asked myself why the larger general question as to why there are such an
species should breed first, and then the more enormous number of animal species.”

general question as to why there should be two

and not 20 or 200 species of the genus in the George Evelyn Hutchinson (“Homage to Santa
pond, that ideas suitable to present to you began Rosalia or why are there so many kinds of
to emerge. These ideas finally prompted the very animals?” The American Naturalist, 1959)

To address this general question Hutchinson introduced the revolutionary concept
of ecological niche as an “n-dimensional hypervolume”, which includes the resources (e.g.
space and nutrients) that a species requires to persist within an environment (Hutchinson
1957). His species-specific and quantitative definition led to the development of several
niche-related theories such as the niche partitioning concept, i.e. the idea that coexisting
species have different niche-requirements (Chase and Leibold 2009).

Some say that this article has provoked most of the ecological research on
biodiversity in the last half a century. Certainly this paper still inspires generations of
ecologists in search of the causes of diversity (including myself!). Indeed, the questions
that Hutchinson asked himself 60 years ago are not yet fully answered at the present
day.

In my PhD work, I used the honey bee gut microbiota to explore some of these
questions. With this model I wanted to investigate why there are so many kinds of
bacteria within natural bacterial communities. In particular, I wanted look for answers
to questions such as: Which are the factors that facilitate the coexistence of several
different kinds of bacteria within the same environment? Which interactions dominate
within a community and do they depend on how related the different kinds of bacteria
are? Is there a correspondence between how many kinds of bacteria there are and the

amount of functions of a bacterial community?
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INTRODUCTION

DIVERSITY IN NATURAL BACTERIAL COMMUNITIES

The structure of diversity

Diversity is one of the intrinsic properties of bacterial communities. The word
‘diversity’ literally means “a different range of things or people” (Cambridge English
Dictionary). When microbiologists use the term diversity, they are referring to the
number and types of microbial variants that can be found within a community. There
are three main levels at which diversity can be measured or three main ‘types’ of
diversity: alpha diversity (the diversity among species within one community), beta
diversity (the diversity within the range of several communities or ecosystems) and
gamma diversity (the diversity in the range of all communities) (Whittaker 1972). This
thesis mostly focuses on alpha diversity, which measures diversity within a community
and how individual species divide resources. In contrast, beta and gamma diversity
measure diversity across communities (Sepkoski 1988).

The alpha diversity of a community is described by two main types of indexes: 1)
species richness (which measures the species content of the community, i.e. the number
of species) and ii) equitability (which measures the evenness of species distributions within
the community, i.e. the relative abundances of different species) (Thukral 2017). In
particular, to assess the richness of a community, the phylogenetic diversity between
individuals is measured and used to classify them in tazonomic hierarchies that start
from the highest rank (i.e. phylum), passing by intermediate ranks (i.e. family, and genus)
to the lowest ranks (i.e. species and strains). The definition of species, while still
controversial to some extent (Caro-Quintero and Konstantinidis 2012; Doolittle 2012), is

‘group of individuals who form a coherent genomics cluster’ (Van Rossum et al. 2020).
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At the same time, despite the genetic similarity, within species additional variance is
found at the level of individual strains, for which there is not an universal definition yet.
Strains are typically delimited by tens of single nucleotide variants (SNVs), even if in
theory genomes with as few as one SNV difference could be referred to as different strains
(Van Rossum et al. 2020). The lower the rank, the higher the number of features that
are shared between the individuals of that rank (Philippot et al. 2010). Richness can be
assessed by counting the number of variants per taxonomic rank.

The amount of diversity-richness that can be measured can greatly vary between
different bacterial communities. In fact, depending on the rank that is used to describe
a bacterial community, the amount of diversity that is detected can differ. For example,
while soil-associated bacterial communities are very diverse at the deep-phylogenetic level
in that they consist of more than 20 different bacterial phyla (Dunbar et al. 1999), the
communities residing in the gut of animals (mammals, birds, amphibians, reptiles, fishes
and invertebrates including insects) are typically dominated by only two different phyla
(i.e. Firmicutes and Bacteroidetes) (Backhed et al. 2005; Eckburg et al. 2005). Instead,
communities in the animal gut contain a lot of diversity at the shallow phylogenetic
level, i.e. at the level of different genera and species, resulting a ‘fanlike’ structure
(Béckhed et al. 2005; Eckburg et al. 2005; Lozupone et al. 2012). These two patterns of
diversity in microbial communities can be pictured like trees that can be found in nature
with different types of branching (Dethlefsen et al., 2007), as illustrated in Figure 1.
The diversity in communities found in soil is represented by a tree whose branches arise
at all distances from the root (Figure 1), while in gut-associated communities diversity
is represented by a palm tree with few branches arising close to the root and with many

branches arising close to the branch tips (Figure 1).
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strain

species

genus

family

phylum
Figure 1: Trees with different types of branching representing different patterns of microbial diversity.
On the left: tree representing microbial diversity in soil-associated communities: new branches arise at all distances
from the root indicating high amounts of diversity at the level of distantly related lineages (phyla). On the right: tree
representing microbial diversity in gut-associated communities: few branches arise close to the root and many arise

close to the branch tips indicating low amounts of deep-diversity and high amounts of diversity at the shallow level.
Adapted from Dethlefsen et al., 2007 and Ellegaard et al., 2019.

Bacterial communities frequently undergo temporal changes in taxonomic
composition and hence in diversity. From when the first few founders or pioneering
individuals colonize a new niche to the full establishment of the community, the amount
of diversity present can dramatically shift. One example is the assembly of the human
gut microbiota. It is known that the infant gut is at first colonized by few founder species,
to which other species will add up over time and who will experience changes in their
distribution within the community (La Rosa et al. 2014). In fact, the community
composition changes gradually over time as the phylogenetic diversity increases while at
the same time major taxonomic groups experience drastic shifts in abundance
corresponding to changes in diet or health (Koenig et al. 2011). In particular, it was
shown that there are age-specific community types succeeding in the infant gut until
around 5 years of age, when the gut microbiota acquires an adult-like configuration but
still lacks the richness typical of the adult gut microbiota (Roswall et al. 2021). Moreover,

the diversity of gut-associated communities can also fluctuate during adult life, as it was
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shown for example for the Hazda people from Tanzania, whose microbiome changes
seasonally with some taxa becoming undetectable due to radical dietary shifts linked to
the seasonal availability of different food sources (Schnorr et al. 2017). Another example
of bacterial communities whose diversity fluctuates depending on season are marine
bacterial communities, such as the ones found in the Western English channel, which
experience strong seasonal patterns of species diversity and richness (Caporaso et al.
2012), as well as soil bacterial communities, especially within soil microaggregates

(Upton, Bach, and Hofmockel 2019).

How to assess diversity in bacterial communities

Before DNA sequencing techniques became available, microbiologists were
assessing diversity in bacterial communities by distinguishing bacteria based on their
morphology (e.g. cells shape and size) and their physiology (e.g. relationship to oxygen,
light and temperature) (Atlas 1984). From the very beginning, when for the first time in
history Robert Hooke looked into a microscope and observed microorganisms around 300
years ago, microbiologists developed several methods to define different groups of
bacteria based on this kind of characteristics, some of which are still used today.
However, the majority of these methods require the cultivability of bacteria, which is not
always possible, and they are often not enough accurate. A more accurate alternative to
compare and classify bacteria is to sequence bacterial DNA to look at differences in the
genetic material of the isolates. The DNA sequencing methods that are currently used to
measure diversity in bacterial communities are mainly two: 16S rRNA gene sequencing
and shotgun metagenomics sequencing (Figure 2).

The 16S rRNA gene was used for the first time to classify bacteria in 1977 by
Carl Woese, who defined it a “molecular clock”. Since this gene is universally conserved
among bacteria in that it experiences slow rates of evolution, it allows to infer

phylogenetic relationships between bacteria and ultimately to classify them
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taxonomically. With this method, DNA is extracted from the sample and one or more
hypervariable regions of the 16S rRNA gene are amplified by PCR using nearly universal
primers and sequenced (Figure 2.A). One of the first methods that was developed to
analyze 16S rRNA data was based on clustering similar sequences in Operational
Taxonomic Units (OTUs) using a 97% sequence-identity threshold, corresponding to the
genus/species-level of diversity. Still, this method carries the risk of grouping multiple
similar variants into a single OTU. A more recently-developed approach allows to group
sequences into more fine-grained units of diversity referred to as ASVs or ESVs
(Amplicon Sequence Variants or Exact Sequence variants) (Callahan, McMurdie, and
Holmes 2017). This approach only clusters identical sequences into units (the
ASVs/ESVs). This is possible thanks to a sequencing run-specific error model that is
built during the analysis and which results in the correction and/or exclusion of low-
abundant sequences suffering from sequencing errors (Callahan, McMurdie, and Holmes
2017). However, even with the ASV method, it needs to be noted that 16S rRNA gene
based analyses have limitations for categorizing diversity in natural microbial
communities (Ellegaard and Engel 2016). The same divergence in the 165 TRNA gene
sequence can correspond to different levels of divergence in the rest of the genome across
different bacterial lineages. Moreover, even bacteria identical in the 16S rRNA gene can
harbor large differences in the accessory genome, which is often crucial for adaptation to
specific environments (Biller et al. 2015; Ellegaard and Engel 2016, 2019; Touchon et al.
2009). While it is difficult to relate ASVs to a certain taxonomic level, this type of
approach should be appropriate to resolve communities down to the genus- but not to
the species- and strain-level (Figure 2.A).

Less conserved genes than the 16S rRNA have been targeted in amplicon
sequencing to assess diversity in communities beyond the species-level (Ogier et al. 2019;
Poirier et al. 2018; Wright, Erik S. 2016). These approaches are limited in the taxonomic

range of the primers used to amplify the gene of interest if compared to the universal
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primers targeting the 16S rRNA gene, but they provide more resolution. In fact, using
primers targeting selected marker genes allows to discriminate between strains of the
same species. For example, Wright et al. used an 80 nucleotide long sequence region of
the rpoB gene to be able to successfully discriminate between 18 different strains of
Streptomyces (Wright, Erik S. 2016).

In contrast to amplicon sequencing approaches, in shotgun metagenomics the
entire gene content in natural microbial populations is sequenced (Ellegaard and Engel
2019; Engel, Martinson, and Moran 2012; Qin et al. 2012) (Figure 2.B). With this
method, whole genomic DNA is extracted from a sample and directly subjected to
sequencing without prior pre-amplification of a specific gene of interest. The entire
genetic content is subsequently sequenced and de novo assembled into so-called MAGs
(Metagenome Assembled Genomes) or mapped to a reference database for analysis
(Figure 2.B). The entire gene content can be considered to place genomes into
phylogenetic context or to assess diversity based on the accessory gene content or SNVs
in the core genome. These approaches allow to discriminate bacteria to a deeper level of
diversity, beyond the genus level, i.e. until the ‘species’ and the ‘strain’level (Figure
2.B). Metagenomics also allows to assess the functional properties of a community, as
functions can be predicted for the entire gene content of the sample (Figure 2.B). The
drawback of shotgun metagenomics is that this method is relatively expensive, needs
more input material, and may not allow to detect very rare species as the required
sequencing depth cannot be achieved. Moreover, the analysis tools that are available for
metagenomics data are not yet as standardized and ready-to-use as the ones for 16S
rRNA data. However, as the sequencing costs have gone down, sequence library
preparations protocols improved and new powerful analytical tools have been developed,
shotgun metagenomics becomes more and more popular in recent years. One of the first
studies using shotgun metagenomics sequencing was published in 2004, when Venter et

al. analyzed seawater samples and identified 148 previously unknown bacterial genera,
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1800 different bacterial species and over 1.2 million previously unknown genes (Venter
et al. 2004). Metagenomics revealed that the diversity measured using the 16S rRNA
method represents just the tip of the iceberg of the total diversity that is actually present
in natural bacterial communities. Consequently, it is possible that at one point shotgun

metagenomics approaches will to a large part replace amplicon sequencing methods.
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Figure 2: Methods to study diversity within natural bacterial communities. A. 16S rRNA sequencing.
Following DNA extraction of the sample material, selected hypervariable regions included in the 16S rRNA gene are
amplified using conserved primers and subjected to high throughput sequencing. Following the sequences clustering
mapping bacteria can be assigned to different taxonomic ranks based on the > 97 % similarity cut-off. B.
Metagenomics sequencing. DNA is extracted from a sample and subsequently fragmented and all fragments are
sequenced. Sequences are assembled to re-construct entire genomes or mapped against a reference-genome database.
This methods allows to gain insights into the whole community diversity (and function) beyond the genus level.

Maintenance of diversity

While diversity within microbial communities can vary, natural bacterial
communities rarely consist of pure cultures of single strains. They typically harbor a few
to up to hundreds of different genera, species or strains. Different factors are likely to
contribute to the maintenance of diversity in communities. First of all bacteria are
metabolically extremely diverse, i.e. they can use distinct compounds available in the

environment to obtain the carbon and nitrogen necessary for energy production and for
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biomass building. Moreover, bacteria themselves can create new niches. They can modify
physical, chemical or biological properties of the environment thereby facilitating the
growth of other species (Madi et al. 2020). For instance a new bacterial variant may be
able to integrate in a given community by growing on the metabolic waste products of
another bacterium, thus establishing a cross-feeding interaction. For example, Blasche et
al. showed that for the production of kefir, a fermented milk-drink, cross-feeding
interactions between the community-fermenters are crucial, in that early milk-colonizers
open the niche for the followers making available otherwise inaccessible metabolites
(Blasche et al. 2021). This concept is referred to as ‘Diversity Begets Diversity’ (DBD),
i.e. existing diversity promotes the accumulation of further diversity for instance via
niche construction (Madi et al. 2020). In particular Madi et al., show that DBD is
stronger in low diversity communities and weaker in more diverse communities,
hypothetically because of niche saturation (Madi et al. 2020).

However, many bacteria have overlapping metabolic capabilities, and, since the
diversity of nutrients that can be used is not infinite, there is a limit to the amount of
cross-feeding interactions that can exist. In fact it has been recently shown that bacterial
species benefit more from interacting with metabolically dissimilar partners, both
considering their phylogenetic distance and the dissimilarity of their metabolic networks
(Giri et al. 2021). Still, in nature we observe that often closely related bacteria with very
similar metabolic capabilities are able to coexist. This is in contradiction with the
competition-relatedness hypothesis (CRH), which predicts that the more closely two
organisms are related the more likely they will compete strongly and eventually exclude
each other due to overlapping niches. The overlap in the niche requirements will drive
to the dominance of the variant with a fitness advantage over the other, e.g. a faster
duplication time. This was recently tested experimentally by Ratzke et al., who
established that more closely related bacteria interact more strongly and that stronger

negative interactions resulted in the exclusion of species from the community and hence
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a decrease in diversity (Ratzke, Barrere, and Gore 2020). This demonstrates that there
is an important link between interbacterial interactions and diversity in microbial
communities (Ratzke, Barrere, and Gore 2020). It thus appears puzzling why closely
related bacteria would coexist and be stably maintained in natural communities.

The CRH concept was first suggested in Darwin’s most notorious work “The
origin of species” (1859) and it was then formulated by Gause in 1935 after having
gathered experimental evidence such as in a study where he mixed different species of
protozoa (Darwin 1858; Gause and Witt 1935). Gause observed that when the two species
Paramecium aurelia and Paramecium caudatum were grown together the latter was
always declining to the point of extinction (Gause and Witt 1935). On the other hand,
when one of the two previously mentioned species were coupled with Paramecium
busaria, the two protozoan species could coexist (Gause and Witt 1935). Gause could
demonstrate that coexistence was promoted by the fact that while P. aurelia and P.
caudatum consume more effectively bacterial components suspended in the upper layer
of the liquid, P. bursaria prefers to feed on yeast cells settling on the bottom of the liquid
(Gause and Witt 1935). Gause thus found one of the possible solutions for the diversity-
CRH paradox: diversity maintenance thanks to ecological differentiation in space or
nutrient source (Gause and Witt 1935). This is also what Darwin guessed for the 14
closely related finch species that he saw coexisting on the Galapagos islands and that
harbor remarkable diversity in their beak form and consequently in their food-targets
(Darwin 1858). This kind of phenomenon is known as niche partitioning, i.e. division of
limited resources by species within an ecological niche. Evidence of niche partitioning
within bacterial communities was gathered by Wilson et al. (1994), who worked on
epiphytic bacterial populations and observed that the level of coexistence between
different strains was inversely correlated with their ecological similarity (Wilson and
Lindow 1994). By growing bacterial isolates individually on different substrates, they

also obtained each strain approximate carbon sources utilization profile and identified a
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number of overlapping carbon sources for which the more similar strains were likely
competing (Wilson and Lindow 1994). In addition, Baran et al. (2015) investigated the
role of bacterial substrate specialization in maintaining soil-communities diversity (Baran
et al. 2015). They identified the pool of available metabolites in the shared niche and
observed that individual isolates used only a small fraction of these, indicating resource
partitioning among isolates (Baran et al. 2015).

The maintenance of diversity through niche partitioning among bacteria is likely
an effect of natural selection acting on the community. At the same time, in host-
associated communities, selection acting on the host can also promote diversity
maintenance in order to augment redundancy and increase the stability of the community
in the face of environmental disturbances (Foster et al. 2017; Ley, Peterson, and Gordon
2006).

Another solution is presented by the ‘kill the winner’ hypothesis which proposes
that classical predator-prey dynamics facilitate competing strains to coexist. The
predator would decrease the population of a dominant strain, thereby facilitating other
strains to take over the available niche space, only to be targeted by another predator
when having reached high enough numbers. This would lead to oscillations of different
strains in the community but never to the dominance of a single strain. Phages and
protists are typically predators of bacteria in natural microbial communities and hence
have been suggested to promote coexistence by hindering the growth of single-dominant
strains (Koskella and Brockhurst 2014). For example, Brockhurst et al. showed that in
presence of phages specifically infecting the dominating competitor in a community
including Pseudomonas fluorescens and Pseudomonas aeruginosa enhanced the evenness
of bacterial coexistence (Brockhurst et al. 2006)

At the same time, neutral processes can also play a role in maintaining diversity
within natural bacterial community. The neutral theory predicts that all the individuals

of a community are competitively equivalent and that differences in their abundance and

26



frequency are due to stochastic events (Hubbell 2001). An example of a neutral process
is the species-area relationship, which predicts that there is a positive correlation between
habitat size and diversity (Arrhenius 1921). Bell et al. experimentally validated this
theory by measuring bacterial genetic diversity in water-filled tree-holes of different size
and by concluding that diversity in this system increased with increasing three-hole size
(Bell et al. 2005). Another example of neutral process are priority effects, for which the
first species that colonizes an environment gains an advantage over the late arriving ones.
Cheong et al. recently showed that priority effects (but also interbacterial competition)
play a crucial role in shaping fungal-bacterial biofilm structure and in affecting their
pathogenicity (Cheong et al. 2021). Finally, populations bottlenecks due to random
sampling/dilution of bacterial populations, are another example of a neutral process that
could contribute to diversity maintenance within bacterial communities (Wein and

Dagan 2019).

DIFFERENT TYPES OF BACTERIAL INTERACTIONS
AND HOW TO MEASURE THEM

We have seen from the previous chapters that interbacterial interactions are key
for understanding the composition and dynamics of microbial communities. One way to
study interactions between bacteria is by comparing the growth of a bacterium alone
and when in presence of another bacterium in a pairwise manner. Depending on how the
abundance of the first bacterium is affected by the presence of the second in co-culture
if compared to mono-culture, the interaction is defined (Mitri and Foster, 2013) (Figure
3). If neither species is affected in their growth by the other’s presence, it means that
the two species are essentially non-interacting (neutrality) (Figure 3). Two species are
interacting positively (cooperation) when their growth is enhanced in co-culture if

compared to mono-culture (Figure 3). In this case the sum of the bacterial loads of the
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two species when grown together is higher than the sum of the bacterial loads of the two
species grown individually (Figure 3). On the other hand, two species are interacting
negatively if one species is positively affected and the other is negatively affected or if
they are both negatively affected (parasitism and mutual inhibition respectively) (Figure
3). In both of these cases the sum of the bacterial abundances when the species are
together is lower if compared to when the two species are grown alone (Figure 3). If
one of the two species is positively or negatively affected by the association while the
other is not affected the interaction is defined as commensalism and amensalism,
respectively (Figure 3). However, defining this type of interaction is ambiguous as in
principle all interactions must have an effect on both partners, even if they could simply
be too small to measure without the right method and the appropriate resolution (Figure

3).
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Figure 3. Assessing bacterial interactions by comparing growth in mono-culture vs co-culture. Each
species (Bacterium A and B) is mono-cultured and co-cultured within the same condition. By comparing the growth
(cell number) in mono-culture and co-culture for both species one can infer interactions. If there is no difference
between mono and co-cultures, there are no interactions ongoing (neutrality). If one species is positively or negatively
affected from the association and the other is not, the interaction is defined respectively commensalism and amensalism.
The two species are cooperating if they are both positively affected by the association. If one species is positively
affected and another is negatively affected or if they are both negatively affected by the association, they are interacting
negatively (parasitism and mutual inhibition respectively). Adapted from Mitri and Foster (2013).
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Studying pairwise interactions can be very valuable as it can provide a bird’s-eye
view of the stimulatory/inhibitory interactions in a community (Momeni, Xie, and Shou
2017). In addition, this approach can be complemented with other culture-based assays,
such as growth in another species spent-media to check for instance for cross-feeding
interactions, but also with screenings of the bacterial genomes to better understand the
mechanisms underlying the interactions (Mitri and Richard Foster 2013). Pairwise
interactions can also be combined and used to predict the composition of multispecies
communities. The idea is that we can predict that in an community consisting of strains
A B, and C, if A and B (pairwise) interact positively with each other but negatively
with C, C will likely go extinct. For example, Friedman et al. could predict survival in
three-species competitions using pairwise competition outcomes with an accuracy of
~90% (Friedman, Higgins, and Gore 2017). However, in some cases higher order
interactions (i.e. interactions between more than two species) are needed to predict the
composition of multispecies communities. In this case C would not go extinct in the ABC
community even if in mono-association with A or B it would be negatively affected
because when the three are together the interaction dynamics would change. For
example, Mickalide et al. observed that the outcome of a species invasion of a community
was not predictable using pairwise interactions, suggesting that higher order interactions
might be important (Mickalide and Kuehn 2019).

In addition to this, there are some important factors that need to be considered when
studying bacterial interactions, such as the interaction-distance, the interaction-
environment and the interaction-level. The interaction-distance is the range within which
two species can interact and have an effect on each other growth. It was recently shown
that bacteria interact only with their immediate neighbors, making the spatial
arrangement of different species central for determining the type of interactions (Dal Co

et al. 2020; Nadell, Drescher, and Foster 2016).
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The environment also has an important influence on the interactions of bacteria. We
know that an environment that is toxic for bacteria can promote positive interactions
while an environment with increased nutrient availability can magnify negative
interactions between genotypes (Piccardi, Vessman, and Mitri 2019; Ratzke, Barrere,
and Gore 2020). It could be that a toxic environment requires more species that interact
positively and facilitate each other, for instance to achieve detoxification, while within a
more permissive environment the fact of having more species would just increase
competition and mutual exclusion (Piccardi, Vessman, and Mitri 2019).

In addition, since bacterial communities include high extents of coexisting variants
of the same species (i.e. strains), there is the need of carefully consider at which level of
diversity it is appropriate to study interactions. Recently Goyal et al. tracked strain-
level interactions within microbial communities associated with pitcher plants and
observed that even extremely closely related strains exhibit vastly different interactions
dynamics and that interactions in microbial communities might be strain-specific and
not species-specific (Goyal et al. 2021).

Finally, it is important to keep in mind that in order to gain insights about the
relevance of interactions between bacteria to determine the community-composition, it
is necessary to study them over time. In fact, it could be that two species are interacting
negatively in that they reach lower biomass when they are found together if compared
to when they are alone, but this does not tell us much about these species ability to
coexist over time. It could be that one strain ends up dominating and excluding the
other, but it could as well be that the two strains are able to coexist even while competing
(i.e. interacting negatively). The only way to investigate this is to measure interactions

between species over-time, doing time-course studies.
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FROM GENETIC TO FUNCTIONAL DIVERSITY

In the previous sections we described genetic diversity as an intrinsic property of
bacterial communities, which can fluctuate depending on several factors. Nevertheless, it
is still debated if the genetic diversity that we observe in such great amounts in natural
bacterial communities corresponds to comparable amounts of functional diversity
(Griffiths, Ritz, and Wheatley 1997). With metagenomics we can study the functional
diversity of bacterial communities by measuring the number of genes that have a
functional annotation, i.e. are predicted to carry out a certain function. One can speculate
that the more different genes are present, the more the community will be functionally
diverse. However, it is not yet clear if functional diversity at the genetic level necessarily
leads to functional diversity at the phenotypic level, which could be for instance
resistance to pathogen invasions or community metabolic-output in terms of
fermentation products.

One way to investigate the correspondence between genetic and functional diversity
in bacterial communities is by manipulating the genetic diversity of the community and
monitoring changes in function. For example, Wagg et al. created a declining gradient
of bacterial and fungal diversity among soil-plant ecosystems and observed that all
monitored ecosystem functions (e.g. plant biomass production and litter decomposition)
changed significantly depending on the soil biodiversity-level (Wagg et al. 2021).

Understanding the relationship between the functioning of an ecosystem and its
diversity has broad implications that go far beyond the study of microbial communities.
In particular, the negative impact of humans on almost all ecosystems on our planet and
the resulting loss of biodiversity has received a lot of attention in past decades (Loreau
et al. 2001). The general assumption that a more diverse community is a better

community started to catch on, but it is not that simple and the link between the
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diversity and the emergent functional properties of a community has not been established

yet (Shade 2017).

DIVERSITY WITHIN GUT-ASSOCIATED COMMUNITIES

One of the most studied natural bacterial communities is the one of the
microorganisms that live in the digestive tracts of animals: the gut microbiota. While gut
microbiota research has received a lot of attention in recent years, this area of research
is in fact not as new as we may think. The very first microbes that were ever observed
were those that Antonie van Leeuwenhoek isolated from his oral and fecal microbiota
(he called them “animalcules”) around 1670-80s. However, it is true that with the access
to the genetic information of microbes, in particular when sequencing technologies
became broadly available, research on the gut microbiota took off. One of many
important findings based on sequencing early on was the fact that the bacterial
communities in our digestive systems are surprisingly diverse with few distantly related
lineages but many closely related species and strains. Diversity within species is generated
by continuous processes of variation generation, selection and drift (Van Rossum et al.
2020). As to why gut-associated communities are characterized by this kind of diversity
structure, it could be because bacteria from only a few phyla contain the basic metabolic,
physiological or structural features allowing them to adapt to and thrive in the gut
environment (Ley, Peterson, and Gordon 2006). Indeed, the host is a harsh environment
to colonize and adapt to, especially because of its immune system (Hooper and
MacPherson 2010). This adaptation may have happened many times independently in
different bacterial lineages within these phyla. Alternatively, it is possible that only a
few founder lineages within these phyla were able to colonize the gut and subsequently
diversified in situ into a vast array of ecologically different subdivisions (Moeller et al.

2016). There is evidence that this second hypothesis is the most likely: first, most gut-
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associated bacteria live exclusively in this environment, second, it was shown that
bacterial communities co-diversified with their hosts (Ley et al. 2008). It is thus likely
that gut-bacteria have evolved in situ from a restricted number of founder species.

As to how the peculiar structure of diversity of gut-associated communities is
maintained, there are few studies that approached this question experimentally.
Although it has been suggested, there is no study that evaluated the impact of resource
partitioning in terms of nutrients or space in facilitating the coexistence of closely related
bacteria (Ley, Peterson, and Gordon 2006). Rawls et al. showed that the host can select
its microbial constituents by transferring the zebrafish gut-community to germ-free mice
and observing that the adult mouse cecum was able to support the microbial consortium
after having heavily altered and shaped its composition (Rawls et al. 2006). The two
main reasons for why the host could select for maintenance of diversity are: i) to promote
functional redundancy and reduce the loss of function associated with the loss of variants
in case of dysbiosis and ii) to get all the available gut-niches filled to prevent pathogen
invasion (Foster and Bell 2012; Haag et al. 2012). Moreover, there are few studies that
highlighted the role of phages in maintaining diversity within gut-associated bacterial
communities either through kill-the-winner dynamics (Ventura et al. 2011) or by
promoting the evolution of different phage-resistance mechanisms (Hussain et al. 2021).
The ‘diversity begets diversity’ idea has also been explored in gut associated communities
by Madi et al., who showed that in the animal distal gut (where the diversity is relatively
low) there is a strong positive effect of diversity on diversification (Madi et al. 2020).
Finally, the role of neutral processes such as priority effects in shaping and maintaining
diversity in microbiomes has been established in several models (Debray et al. 2021). For
example, Lee et al. showed that early arriving Bacteroides strains in the mouse gut
saturate the available niches forcing the following strains to occupy the less protected

ones (S. M. Lee et al. 2013).
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Still, more experimental studies are needed to gain insights about diversity and
its maintenance within gut-associated communities. For such studies, experimentally
tractable communities of reduced complexity, usable for both in vivo and ex vivo studies
(in vitro models), allowing to test the effect of different factors (e.g. nutrient availability)
on diversity are necessary (Douglas 2019). The human gut microbiota, although it is an
extremely relevant community, has several study-limits. In addition to the important
ethical constraints that come with it, the bacterial community associated with the human
gut is extremely complex, consisting of hundreds of different bacterial species and
thousands bacterial strains of which only a minority can be cultured ez vivo (Ericsson
and Franklin 2015). One of the most used vertebrate-models to study gut-associated
communities are mice but, although they are extremely useful and allowed to make
groundbreaking discoveries in the field, they are a relatively expensive model that also
presents ethical constraints (Loan et al. 2015). On the other hand, lower vertebrate and
invertebrate species have been proposed as cost-effective models of animal microbiomes
of lower complexity that allow to perform extended experimental screenings with high
numbers of replicates (Douglas 2019). One of these models is the microbiota associated

with the gut of honey bees (Douglas 2019).

THE HONEY BEE GUT MICROBIOTA

The honey bee gut microbiota as a model

Honey bees (Apis mellifera) have recently emerged as versatile models for gut
microbiota research. The bacterial community associated with the bee gut is relatively
simple as it is dominated by few core bacterial lineages that specifically colonize this
environment and are present in the guts of most adult worker bees regardless of their

geographic origin, their age, or the season (Kesnerova et al. 2020; Kwong et al. 2017).
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Importantly, all these lineages can be cultured (and some even genetically modified) in
the laboratory (Zheng et al. 2018). Moreover, microbiota-depleted bees can be reared in
the laboratory without the use of antibiotics and colonized with single isolates or with
defined synthetic communities (KeSnerova et al. 2017). This allows to perform
experiments with large sample sizes that are inexpensive and without the ethical
constraints of other animal models or humans (Zheng et al. 2018). With this model,
coexistence, interactions, and function of gut bacteria can be tested both in wvitro in
culture tubes and in vivo within the honey bee gut.

The honey bee gut microbiota is not only a suitable model to study bacteria-
bacteria interactions, but also to study bacteria-host interactions. In fact, several
functions have been associated with the gut microbiota that are likely to impact bee
health and disease, including nutrient digestion, production of fermentation products,
immune system stimulation, behavioral modulation, or pathogen resistance (Engel,
Martinson, and Moran 2012; F. J. Lee et al. 2015; Raymann, Shaffer, and Moran 2016;
Steele et al. 2021; Zheng et al. 2016). The honey bee is a very important pollinator with
huge ecologic and economic value and it was recently object of global concern due to
high seasonal mortality rates (Johnson 2013). Therefore, studying the honey bee gut
microbiota is not only relevant for fundamental science, but also because it can help us

to come up with new strategies to improve bee health on the long run.

Diversity within the honey bee gut microbiota

The first studies investigating the honey bee gut community, using terminal
restriction profiling of 16S rRNA gene fragments and metagenomics, identified a limited
number bacterial groups or clusters, belonging to few distantly related bacterial lineages,
that were not assigned to a specific taxonomic rank (Babendreier et al. 2007; Cox-Foster
et al. 2007). Based on follow-up studies, it was then established that the community

associated with the bee gut is composed of eight core bacterial lineages, named
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phylotypes, which share > 97 % of sequence identity in the 16S rRNA gene and which
belong to the Firmicutes, Actinobacteria and Proteobacteria phyla (Kwong and Moran
2016; Martinson et al. 2011; Powell et al. 2014) (Figure 4.A).

The assembly and maintenance of the bee gut microbiota across a bees’ life is
influenced by the holometabolism of honey bees, which have a larval and adult life stage.
During the larval life stage, the gut is colonized by relatively few bacteria. These are
shed or killed during metamorphosis, and hence young adult honey bees emerge from the
brood cells without microbiota in their gut. It is supposed that the characteristic gut
microbiota of the adults is picked up from the hive environment after pupal-eclosion or
via social interactions with older nestmates (Powell et al. 2014). Bacteria colonize the
gut during the 2 days post-eclosure but the establishment of more consistent core
communities seems to be achieved within 4-6 days post-eclosure (Engel, Bartlett, and
Moran 2015; Martinson, Moy, and Moran 2012; Powell et al. 2014). This kind of feature
can be exploited to get microbiota depleted bees for the laboratory, i.e. by pulling bee
pupae from frames before they eclose and by letting them ultimate their development in
a sterile environment (Kesnerova et al. 2017; Zheng et al. 2018)

The abundance of the different community members and the overall diversity
structure of the bee gut microbiota varies among the different organ sections (Martinson,
Moy, and Moran 2012). The ileum and pylorus regions are dominated by the core Gram-
negative species (Snodgrassella alvi, Gilliamella apicola and Frischella perrara) while the
rectum region is dominated by the Gram-positive species (Lactobacillus Firm4 and Firmb
and Bifidobacterium) (Engel, Bartlett, and Moran 2015; Martinson et al. 2011;
Martinson, Moy, and Moran 2012; Powell et al. 2014) (Figure 4.A). Moreover, the bee
gut community structure also experiences changes related to the bee life cycle (Kesnerova
et al. 2020). In fact, Kesnerova et al. showed that total bacterial loads in nurse-bees
(young worker bees that stay inside the hive to take care of the larvae) and winter bees

(bees with an extended lifespan that ensure colony survival during the winter season)
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are higher than in foragers (older worker bees that forage pollen) (Kesnerova et al. 2020).
Moreover, winter bees displayed the lowest community alpha diversity (Kesnerova et al.
2020). A possible explanation for these changes in community structure across these
different ‘bee-types’ could be the dietary differences between them: while foragers mainly
feed on nectar and honey, nurses and winter bees consume also pollen (Kesnerova et al.
2020).

Although the bee gut community is relatively simple at the phylotype-level, recent
genomic analyses revealed that there is extensive diversity within phylotypes (Ellegaard
et al. 2015; Ellegaard and Engel 2016, 2019; Engel, Martinson, and Moran 2012) (Figure
4.B and C). In fact, most phylotypes have diverged into 2-4 distinct bacterial lineages
or sequence discrete populations that share < 85% pairwise average nucleotide identities
(gANI) and that we call species (Ellegaard and Engel 2019) (Figure 4.B). This is also
true for other gut-communities associated with different bee species, such as Apis ceranae
or different Bombus species, reminiscent of the fanlike architecture typical of gut-
associated communities described above (Figure 1, palm tree) (Ellegaard et al. 2019,
2020). Moreover, species contain further diversity at the level of individual strains
(Figure 4.C). While species are present in honey bee colonies worldwide and consistently
co-occur in individual bees, the total diversity of strains present in a colony was found
to be substantially higher than the diversity present within a given bee, suggesting that
strains of the same species segregate into different host individuals (Figure 4.C)
(Ellegaard et al. 2020; Ellegaard and Engel 2019). In fact, bees differ from one another
based on their strain profiles (Figure 4.D) (Ellegaard and Engel 2019).

Why the phylotypes of the bee gut microbiota have diversified into different
species and strains and how these can coexist has remained elusive. As strains of the
same species can harbor markedly different gene content, the gut microbiota of individual

bees may be functionally different across bees, despite being conserved at the species
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level. This may have consequences for the impact of the gut microbiota on the host and

its implication in health and disease.
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Figure 4: Diversity of the honey bee gut microbiota. A. Community composition across samples at the
phylotype level. Bee age group and colony origin are indicated on top of the graph by grey bars. Phyla-classification
information for each phylotype with correspondent gut-region occupied is displayed on the right. B. Community
composition across samples at the species level for three of the core gut-microbiota members: Lactobacillus Firm5 (4
species), Lactobacillus Firm4 (2 species) and Bifido (2 species). Bee age group and colony origin are indicated on top
of the graph by grey bars C. Boxes: percentage of polymorphic (variable) sites per species/phylotype within samples.
Red diamonds: total fraction of polymorphic sites across the study. D. Principal coordinate analysis of Jaccard
distances calculated between pairs of bees based on the shared variome for the phylotype Lactobacillus Firm5. Adapted
from Ellegaard et al., 2019.

Diversity within the phylotype Lactobacillus Firm5

A striking example of how diversity beyond the phylotype level is structured in

the honey bee gut microbiota is Lactobacillus Firm-5 (Ellegaard and Engel 2019) (Figure

38



5.A). Lactobacillus Firm5 consists of four species which co-occur within individual bees:
Lactobacillus apis (Firmb-1), Lactobacillus helsingborgensis (Firm5-2), Lactobacillus
melliventris (Firmb-3) and Lactobacillus kullabergensis (Firmb5-4) (Ellegaard and Engel
2019) (Figure 4.B, and 5.A). The four species harbor a very high amount of species-
specific (or non-conserved) gene families, suggesting that they evolved by adapting to
different ecological niches, which would allow them to coexist (Ellegaard et al. 2019)
(Figure 5.B). Comparative genomics showed that this phylotype is characterized by an
exceptionally large number of genes belonging to the COG functional category “G” and
that these are mainly genes coding for phosphotransferase transporters (PTS) for the
import of sugars (Ellegaard et al. 2015) (Figure 5.C). Interestingly, functions for the
breakdown, transport and metabolism of carbohydrates are among the genes that vary
the most across species, i.e. that are less conserved, suggesting that adaptation to
different nutrient-derived carbohydrates might facilitate coexistence (Ellegaard et al.
2019). Lactobacillus Firm5 is a facultative anaerobe, which lacks a respiratory chain and
converts sugars into organic acids via fermentation. Importantly, in a recent
metabolomics study this phylotype was shown to specifically employ as metabolic
substrates pollen-derived compounds such as flavonoids (e.g. Rutin) and pollen-coat
phenolamides (Kesnerova et al. 2017) (Figure 5.D).

Each Firmb5 species harbors further diversity at the strain level and the amount
of variants detected differs between species (Figure 4.C and 5.A). Moreover, in all four
species, the amount of strain-level diversity is higher across bees than within bees
(Figure 4.C). While adaptation to different ecological niches likely promoted the
evolution of the four species allowing their coexistence, conspecific strains may be
functionally too similar to coexist. Moreover, it is not clear if to the genetic diversity
found within the Firmb phylotype there is a correspondent functional diversity, for

instance in the species or strains metabolic output.
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Figure 5: The phylotype Lactobacillus Firm5. A. Intra-phylotype diversity of Lactobacillus Firm5. Maximum-
likelihood core genome phylogeny. Different shades of blue represent different species. The scalebar corresponds to
0.05 substitutions per site. Adapted from (Ellegaard and Engel 2019). B. Firm5 gene families. Non-conserved =
fraction of gene families present in every genome of a species; conserved = fraction of gene families present in at least
one genome of a given species. Numbers above the graph indicate total number of lineage-specific gene families for
each host group. Adapted from (Ellegaard et al. 2019). C. Categories of Clusters of Orthologous Groups (COGs) for
species specific gene families. Each color represents a different COG (see legend). Adapted from (Ellegaard et al. 2019).
D. Top panel: line graph showing the growth of Lactobacillus Firm5 in control medium (grey lines) and in pollen-
conditioned medium (orange lines) at time points Oh and 16h. Values are the mean of five replicates, with error bars
indicating standard deviation. ***P < 0.001 (Welch’s t test). Bottom panel: Volcano plots of significance (Welch’s t
test Benjamini and Hochberg adjusted [BH adj.] P value) versus loga (fold change) show metabolic changes in pollen-
conditioned medium at time point 16 h relative to 0 h. Ions identified as pollen derived are highlighted in black. Ions
annotated as glycosylated flavonoids, flavonoid aglycones (non-glycosylated flavonoids), or putative flavonoid
breakdown products are shown in color (green: glycosylated flavonoids, red: flavonoid aglycones, violet: aromatic
compound degradation intermediates, black: pollen metabolites) when they displayed logs(fold changes) >= |1|. Other
annotated ions are plotted in grey. Adapted from (Kesnerova et al., 2017).
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OBJECTIVES OF THE THESIS

The overall objective of my PhD thesis was to study diversity within natural
bacterial communities. In particular, I was interested in understanding how closely
related bacteria are maintained within communities and how such species/strain-level
diversity can impact the functional diversity of a bacterial community.

To reach these objectives, I focused on the honey bee gut microbiota, specifically
on the phylotype Lactobacillus Firm5, which, as mentioned above, diverged into four
species that consistently coexist within the honey bee gut and which harbor further

diversity at the strain-level.

In the first results chapter (Manuscript I), I tested the hypothesis that the
different Lactobacillus Firm5 species can coexist thanks to the partitioning of nutrients
derived from the pollen-diet of the host. To do so, I selected one strain for each of the
four species and I performed experiments both in vivo and in vitro under different dietary
conditions. Moreover, to better understand the underlying mechanisms of coexistence I

applied metatranscriptomics and metabolomics analyses.

In the second results chapter (Manuscript II), I changed my focus from species-
level to strain-level diversity. In particular, I wanted to test if interactions and
coexistence between Firm5 strains are different depending on whether they are
conspecific (i.e. from the same species) or not. To this end, I selected three strains for
each Firmb species and tested interactions in vivo in a pairwise manner, characterizing
them qualitatively and quantitatively and highlighting the differences between
conspecific and allospecific strains. To test for coexistence differences, I serially passaged
pairs of conspecific and allospecific strains in vivo across gnotobiotic bees and in vitro in

culture tubes.
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In the third results chapter (Manuscript III), I wanted to test if the genetic
diversity within the Firm5 phylotype impacts the functional output of the community.
In particular, I investigated if there were differences between Firmb species or strains in
the accumulation of main fermentation products, i.e. short chain fatty acids (SCFAs). I
therefore mono-colonized microbiota depleted bees with the same strains that I selected
for Manuscript II and I used metabolomics GC-MS analysis to evaluate the production

of SCFAs in the bees guts and hemolymph.
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MANUSCRIPT I: NICHE PARTITIONING
FACILITATES COEXISTENCE OF CLOSELY
RELATED HONEY BEE GUT BACTERIA

SUMMARY

In this Manuscript we investigated the effect of
resource partitioning in facilitating the coexistence of the

four species of the honey bee gut symbiont Lactobacillus

Firm5 (Lactobacillus apis, Lactobacillus helsingborgensis,

Gut communes

Lactobacillus melliventris and Lactobacillus kullabergensis). ~ Closely related bacteria in the
gut of honeybees can coexist in

communities by sharing diet-

To this end, we selected one strain representative _ :
derived nutrients.

for each Firmb species, we mixed them and we serially  pigest - aug31, 2021
Our paper highlighted in eLife

passaged them both in vivo through gnotobiotic bees and in ™" ‘
digest, i.e. a platform where plain

language summaries of eLife papers

vitro in liquid cultures under two different nutrient- are made available.
treatments: in the presence of pollen (bee diet) or in the presence of simple sugars. Our
hypothesis was that the presence of pollen, a rich and heterogeneous nutrient source
consisting of a variety of substrates (e.g. different sugars especially in the form of
polysaccharides), facilitates the coexistence between the four species favoring resource
partitioning and holding back competitive exclusion. On the other hand, we hypothesize
that the presence of simple sugars as the only carbon source available in the shared niche
would not allow coexistence but rather promote stronger competition resulting in
competitive exclusion and ultimately in the dominance of only one species (the one that
has a fitness advantage over the others, e.g. a faster duplication time). Although we

found that the four species were competing in both nutrient treatments, they were able

to stably coexist, both in vivo and in wvitro, only in presence of pollen, supporting our
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initial hypothesis. In presence of simple sugars only one dominant species was detectable
at the end of the passaging experiments and interestingly it was not the same species to
dominate in vivo and in vitro.

We then investigated the underlying molecular mechanism of coexistence in vivo
and in vitro using both metatranscriptomics (to understand if different species were
upregulating different genes for the utilization of pollen-substrates) and metabolomics
(to understand if different species were consuming different pollen-substrates). Our
results strongly indicate resource partitioning as the basis of the coexistence between the
four Firm5 species, independent of the environment (in vitro or in vivo). In fact, using
metatranscriptomics we found that all four species upregulated different genes for the
utilization of different carbon sources (carbohydrate transport and metabolism functions)
in presence of pollen both in vivo and in vitro. We also compared the different species
transcriptomes in vitro when cultured individually (mono-cultures) and together (co-
cultures). Interestingly, we identified no transcriptional changes when comparing mono-
cultures and co-cultures of the four Lactobacillus species, indicating that they are likely
not cross-feeding. In addition, using metabolomics on the pollen-supplemented medium
in which we grew the four species separately and comparing before and after growth, we
found that the four species consumed different pollen-metabolites, in particular distinct
glycosylated secondary plant metabolites.

In summary, our results show that the four Firmb species coexistence is facilitated
by the partitioning of the pollen diet of the bee. Our results emphasize the advantages
of using the honey bee model to study bacterial coexistence and interactions as they can

be tested in vivo and recapitulated in vitro.

The Supplementary Figures of this paper can be found in the Annex (I) of this
thesis. The Supplementary Files of this paper can be found online

(https://elifesciences.org/articles /68583 /figures#content, see Additional Files).
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Summary Figure by Julia Schwartzman - highlight for our eLife paper
(DOI: 10.7554/eLife.72380)

Increasing Capacity to Species:

. . Si4

.
'

Sugar Pollen resources

V y

l + So+S3 +

How a diet of pollen allows closely related species of bacteria to coexist in the gut of honey bees. Brochet

et al. created an artificial microbial community made up of four species that are commonly found in the gut of honey
bees (S1, S2, S3, S4) and studied the growth of this model community in vivo (bee symbol) and in vitro. When grown
with just one resource (sugar) available, one species (S1 in this instance) consumed the resource at a faster rate than
the other species (see key at top left), even though all four species were capable of consuming sugar (as indicated by
green dots). However, pollen offers multiple nutrients (as represented by the six columns in the figure), which the four
species of bacteria consume in different ways. For example, S3 is unable to consume the nutrient represented by
column 1 (indicated by a diagonal line), but can consume the nutrients represented by the other five columns:
moreover, it consumes some nutrients at a higher rate than other species. If the consumption profiles of the four species
complement each other (as is the case for the four species studied), they can coexist when grown in the gut of honey
bees fed a diet of pollen or when cultured on pollen in the laboratory.
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Niche partitioning facilitates coexistence
of closely related honey bee gut bacteria
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Switzerland; ?Institute of Molecular Systems Biology, ETH Ziirich, Zirich,
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Abstract Ecological processes underlying bacterial coexistence in the gut are not well
understood. Here, we disentangled the effect of the host and the diet on the coexistence of four
closely related Lactobacillus species colonizing the honey bee gut. We serially passaged the four
species through gnotobiotic bees and in liquid cultures in the presence of either pollen (bee diet)
or simple sugars. Although the four species engaged in negative interactions, they were able to
stably coexist, both in vivo and in vitro. However, coexistence was only possible in the presence of
pollen, and not in simple sugars, independent of the environment. Using metatranscriptomics and
metabolomics, we found that the four species utilize different pollen-derived carbohydrate
substrates indicating resource partitioning as the basis of coexistence. Our results show that
despite longstanding host association, gut bacterial interactions can be recapitulated in vitro
providing insights about bacterial coexistence when combined with in vivo experiments.

Introduction

Gut microbial communities are usually dominated by few bacterial phyla and families, but contain a
high extent of species- and strain-level diversity (Ley et al., 2008; Dethlefsen et al., 2007). Accord-
ing to the competition-relatedness hypothesis, the more closely two organisms are related the more
likely it is that they will compete and exclude each other due to overlapping niches (Elton, 1946).
Therefore, it has remained unclear how closely related microbes can be maintained in the gut, or in
any other natural microbial ecosystem.

The high concentration of nutrients and the structured environment of the gut may allow function-
ally redundant species or strains to coexist (Ley et al., 2006). The host may even select for such
redundancy, as it can increase the stability and resilience of the microbiota against environmental
disturbance (Ley et al., 2006; Foster et al., 2017). Phage predation can also contribute to the main-
tenance of diversity by imposing kill-the-winner dynamics and hindering the outgrowth of a single
dominant strain (Koskella and Brockhurst, 2014). Another possibility is that closely related species,
and even strains of the same species, have functionally diverged from each other and occupy distinct
ecological niches (Chesson, 2000, Bittleston et al., 2019). The genomic flexibility of bacteria facili-
tates adaptation to different nutrients, provided in the diet or by the host (Berasategui et al., 2017,
Martens et al., 2008), or result from interactions with other bacteria (Madi et al., 2020), such as
cross-feeding (Goldford et al., 2018) or cooperative glycan breakdown (Rakoff-Nahoum et al.,
2016).

Few experimental studies have investigated the coexistence of bacteria in host-associated micro-
bial communities. The high diversity in these ecosystems and the resistance of many host-associated
bacteria to experimental manipulations introduce considerable challenges for such approaches
(Ortiz et al., 2021; Venturelli et al., 2018). Moreover, community dynamics observed in vivo can be
difficult to reproduce under laboratory conditions, as the host presents a highly specialized
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elLife digest Microbes colonize nearly every environment on Earth, from the ocean and soil to
the inner and outer surfaces of animals, such as the gut or skin. They form communities that are
usually made up of a diverse range of bacteria, often containing closely related species — a key
factor for a successful community.

But closely related bacteria can battle for the same resources, so it is unclear how they manage
to live alongside each other without competing against one another. While diet is thought to play a
key role in enabling closely related bacterial species to co-exist in the gut of an animal, experimental
evidence is lacking, due to the difficulty in replicating these systems in the laboratory.

One strategy for investigating microbial communities is using honeybees. A major dietary source
for honeybees is pollen, which can also be applied in the laboratory to grow diverse types of
bacteria found in the honeybee gut. In addition, scientists can generate bees that lack microbial
communities in the gut, allowing them to add specific types of bacteria to study their impact.

Brochet et al. used this approach with Western honeybees to assess whether diet enables closely
related bacteria to live alongside one another in the gut. First, they colonized bees that lacked gut
microbes with four closely related bacteria of the genus Lactobacillus, alone or together, and fed
the bees either sugar water or sugar water and pollen. After five days, the gut bacteria were
analysed. This revealed that bees fed on sugar water only had one dominant Lactobacillus species
present in their gut, while bees fed with additional pollen harboured all four Lactobacillus species.
Further analysis of these four bacterial species revealed that each of them activates distinct genes
when grown on pollen, allowing the different species to consume specific nutrients from broken
down pollen.

These findings show that closely related bacteria can coexist in the gut by sharing the different
nutrients provided in the diet of the host. Consequently, differences in dietary intake in honeybees
and other animals may affect the diversity of gut bacteria, and potentially the health of an animal.

nutritional and spatial environment. Thus, there is a need for in vitro models that can reproduce eco-
logical interactions observed in vivo, from simple co-culturing setups (Li et al., 2019) to sophisti-
cated ‘organoids-on-a-chip’ systems (Jalili-Firoozinezhad et al., 2019; Nikolaev et al., 2020).

The gut microbiota of the Western honey bee (Apis mellifera) is composed of a few deep-branch-
ing phylogenetic lineages (phylotypes) belonging to the Firmicutes, Actinobacteria, and Proteobac-
teria phyla (Martinson et al., 2011, Kwong and Moran, 2016). Most of these lineages are
composed of several closely related sequence-discrete populations, hereafter referred to as species,
each of which contains further diversity at the strain-level (Ellegaard and Engel, 2016;
Ellegaard and Engel, 2019, Engel et al., 2012; Ellegaard et al., 2015). Microbiota-depleted bees
can be generated and experimentally colonized with synthetic communities of different strains.
Moreover, most community members can be cultured in pollen, which is the major dietary source of
honey bees (Kesnerova et al., 2017). This experimental tractability offers an excellent opportunity
to probe the coexistence of bacteria in the gut of their native host and in controlled laboratory cul-
tures using similar nutritional conditions.

One of the most abundant and diverse phylotype of the honey bee gut microbiota is Lactobacillus
Firm5 (Ellegaard and Engel, 2019). This phylotype consists of facultative anaerobes that ferment
sugars into organic acids and utilize various pollen-derived glycosylated plant compounds, such as
flavonoids (Kesnerova et al., 2017). Lactobacillus Firm5 is specific to social bees but has diverged
into many different species of which four are specifically associated with the Western honey bee,
Apis mellifera: Lactobacillus apis (Lapi), Lactobacillus helsingborgensis (Lhel), Lactobacillus mellivent-
ris (Lmel), and Lactobacillus kullabergensis (Lkul). The four species are consistently present in the gut
of individual honey bees suggesting that they can share the available niches and stably coexist
despite their phylogenetic relatedness. Genomic analysis has revealed that these species share
<85% pairwise average nucleotide identities (QANI) and exhibit high levels of genomic variation in
terms of carbohydrate metabolism (Ellegaard and Engel, 2019; Ellegaard et al., 2015). However,
whether the coexistence is facilitated by adaptation to different nutritional niches, and to what
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extent the host environment, the diet, or the interactions with other community members matter is
currently unknown.

Here, we tested under which conditions the four Lactobacillus Firm5 species can coexist and
investigated the underlying molecular mechanism. We serially passaged the four species in vivo
through gnotobiotic bees and in vitro in liquid cultures, and applied RNA sequencing and metabolo-
mics analysis. Our results show that the coexistence of the four species is mediated by the partition-
ing of nutrients derived from the pollen diet of
bees and is largely independent from the pres-
ence of the host or other community members.
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Results . Jaa‘aa ;
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Lactobacillus species in the honey 5 10 .
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Lactobacillus Firm5 species (Lapi, Lhel, Lmel, and
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dietary conditions. To this end, we colonized £ 108
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gut by counting CFUs (Figure 1A, C Sugar water + Pollen grains (SW+PG)
Supplementary file 3). When mono-colonized, 10"

the four species established in the gut of micro- ? 108 l’iT:'iL\i“-i’.ﬁﬁ"ﬁ
biota-depleted bees independent of the dietary 2 10° e et
treatment (Figure 1A). In the SW treatment, the § 104 s
colonization levels were generally lower than in 104
the SW+PG treatment (Figure 1A, ANOVA & 100

g-value < 0.01) confirming previous results that
pollen increases the total bacterial load in the
gut (Kesnerova et al., 2020). There was no sta-
tistically significant difference between the total
bacterial loads of the mono-colonizations and
the co-colonizations in either dietary treatment,
with the exception of the mono-colonization

Figure 1. The presence of dietary pollen facilitates the
stable coexistence of the four Lactobacillus species in
the honey bee gut. (A) Bacterial abundance (CFUs) in
the gut of gnotobiotic bees (n = 7-10) colonized with
the four species separately or together under two

with Lkul, which showed higher loads than the
co-colonizations in SW (Figure 1A, ANOVA
g-value < 0.01). Consequently, the sum of the
bacterial loads of the mono-colonizations
exceeded the total bacterial load of the co-colo-
nizations in both dietary treatments, suggesting
that the species engage in negative interactions
when colonizing the honey bee gut together.

To test if the four species can stably coexist in
the bee gut, we serially passaged the community
seven times in microbiota-depleted bees under
both dietary conditions (SW and SW+PG). After
each passage (i.e. after 5 days of colonization),
we used amplicon sequencing of a

different dietary conditions. Bees were sampled five
days after colonization. Statistical differences (ANOVA
with Tuckey post-hoc test and BH correction) are
depicted by different letters. (B, C) Changes in the
absolute abundance of each member of the four-
species community across the seven serial passages
(P1-P7) through the gut of gnotobiotic bees. The
absolute abundance of each species was determined
by multiplying the total number of CFUs with the
relative abundance of each species in the community.
Grey areas represent the limit of detection which can
vary depending on the sequencing depth of each
replicate (see Materials and methods). Therefore, the
average limit of detection and the 95% confidence
intervals are shown.
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discriminatory housekeeping gene fragment (see Materials and methods) in combination with CFU
counting to determine the absolute abundance of each species in the community. We observed clear
differences between the two dietary conditions in the ability of the four species to coexist across the
passages (Figure 1B-C, Supplementary file 4). In the SW treatment, all species were initially detect-
able in most samples (P1, Figure 1B). However, three species (Lapi, Lmel and Lkul) steadily
decreased in abundance in the subsequent passages resulting in a rapid dominance of Lhel
(Figure 1B). Lmel and Lkul reached the detection limit and Lapi decreased to around 10* bacteria/
gut by passage five (P5, Figure 1B). Only Lhel was stably maintained across all seven passages and
was present at around 1000x higher abundance than Lapi at the end of the experiment (10 bacte-
ria/gut, Figure 1B). In the contrary, in the SW+PG treatment, all four species were detectable in all
passages at around 10° to 10® bacteria/gut, and displayed a highly stable abundance profile over
time (Figure 1C).

In summary, these findings show that the four species can stably coexist in vivo when bees are
fed pollen, but not when they are only fed sugar water. This is consistent with the idea that pollen
facilitates niche partitioning in the honey bee gut by offering competing species different ecological
niches facilitating their coexistence.

In vitro co-culture experiments recapitulate the nutrient-dependent
coexistence of the four Lactobacillus species

We next tested if the four species can also coexist in vitro, outside of the host environment, under
different nutrient conditions. To this end, we cultured the species alone or together in minimal
medium supplemented with either glucose (G), pollen extract (PE), or entire pollen grains (PG). All
four species were able to grow when cultured alone under the three nutrient conditions (Figure 2—
figure supplement 1, Supplementary file 3). Growth yields of Lhel, Lkul, and the co-culture were
slightly lower in PE and PG than in G, and Lmel showed lower growth yields than some of the other
species in PE and G (Figure 2—figure supplement 1, ANOVA g-value < 0.01). As in vivo, the total
bacterial loads of the co-cultures were not consistently different from those of the mono-cultures
(Figure 2—figure supplement 1), suggesting that the four species have overlapping metabolic
niches and engage in negative interactions with each other.

We then serially passaged the co-cultures 21 times under the three different nutrient conditions
by transferring an aliquot after 24 hr of growth into fresh culture medium (1:20). The absolute abun-
dance of each strain was determined after every other passage by combining amplicon sequencing
with gPCR (see Materials and methods). As for the in vivo experiment, we observed clear differences
in the growth dynamics of the four species, both over time and between the glucose and the pollen
culture conditions (Figure 2, Supplementary file 4). In the presence of glucose, three of the four
species (Lhel, Lmel, and Lkul) steadily decreased in abundance over time (Figure 2A), with two of
them reaching the limit of detection (<10° bacteria/ml) after about 11 passages (P11). In contrast,
Lapi was stably maintained at high abundance (10° bacteria/ml) until the last passage (Figure 2A)
and hence dominated the co-culture for most of the transfer experiment. In the presence of PE or
PG, the four species revealed very different growth behaviors (Figure 2B and C). None of the spe-
cies decreased over time, and after 21 transfers all species still yielded between 10® and 107 bacte-
ria/ml.

To look at changes in community composition over time, we measured the community stability
(temporal mean divided by temporal standard deviation of the species abundances) in sliding win-
dows of five passages. Little to no change in community stability was observed for the two pollen
conditions throughout the experiment, whereas in glucose the community reached a stable state
after ~11 transfers (Figure 2D). To compare the growth yields of each species across the three nutri-
ent conditions, we only considered the passages after which community stability was reached (P13-
21). With the exception of Lapi all species reached higher yields in the presence of pollen as com-
pared to glucose (Figure 2E, ANOVA g-value < 0.01). Notably, Lmel was the only species that
showed improved growth in PG as compared to PE (Figure 2A-C).

In summary, these findings show that the nutrient-dependent coexistence of the four Lactobacil-
lus species observed in vivo can be recapitulated in vitro in a simple co-culture experiment, suggest-
ing that the partitioning of pollen-derived nutrients is sufficient for enabling coexistence. Similar
results were obtained for a second in vitro experiment which included the same nutrient conditions,
but was only conducted for ten transfers (Figure 2—figure supplement 2).
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Figure 2. The stable coexistence of the four Lactobacillus species can be recapitulated in vitro in the presence of pollen. (A-C) Changes in total
abundance of the four species when serial passaged in co-culture for 21 times in minimal medium supplemented with (A) 2% (w/v) glucose, (B) 10% (v/v)
pollen extract, and (C) 10% (v/v) pollen grains. The absolute abundance of each species was determined by multiplying the total number of CFUs with
the proportion of each strain in a given sample as based on amplicon sequencing (see Materials and methods). Gray areas indicate the limit of
detection as explained in the Materials and methods. (D) Community stability of each replicate calculated based on the species abundances for a
sliding window of five passages with a step size of 1. (E) Absolute abundance of each species across the three treatments considering the replicates of
passages 13-21, which is when the community reached stability. Statistical differences (ANOVA with Tuckey post-hoc test and BH correction) are
depicted by different letters.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Colony-forming units (CFUs) per ml of culture after 24 hr of growth of the four species in mono-cultures (n=3) or in co-culture

(n=3) in the presence of 2% (w/v) glucose (G), 10% pollen extract (PE), or 10% pollen grains (PG).
Figure supplement 2. Second in vitro transfer experiment.

The four Lactobacillus species upregulate divergent carbohydrate
transport and metabolism functions in the presence of pollen during
gut colonization

Given the impact of pollen on the coexistence of the four Lactobacillus species, we tested if genes
involved in nutrient acquisition and metabolism were differentially expressed between the dietary
treatments. To this end, we carried out RNA sequencing of the four-species community in honey
bees that were fed either sugar water (SW) or sugar water and pollen grains (SW+PG) (Figure 3A).
Multidimensional scaling (MDS) of the normalized read counts mapped to each species revealed
that most samples clustered by treatment (SW+PG versus SW) (Figure 3—figure supplement 1),
indicating that all four species exhibited dietary-specific transcriptional responses.
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Figure 3. Transcriptome analysis of the four Lactobacillus species during co-colonization of gnotobiotic bees. (A) Schematic outline of the RNA-Seq
experiment. (B) Number of differentially regulated genes (log2FC > |2| and p-value < 0.01) in each species during co-colonization of gnotobiotic bees
fed either pollen and sugar water (PG+SW) or sugar water only (SW). Up- and down-regulated genes are shown in different gray tones. (C) COG
categories of genes up- or down-regulated by the four species in SW+PG if compared to SW. For COG definitions, see Supplementary file 2 (D)
Functional sub-categories of COG ‘G’ genes upregulated in SW+PG if compared to SW. (E) Barplot displaying numbers of gene families differentially
regulated in one species, two species, three species, or four species. Gene families differentially regulated in only one species are split into those that
have homologs in the other species or that are species-specific.(F) Venn diagram showing overlap of gene families (based on gene homology)
differentially regulated in the four species. (G) Transcripts per million (TPM) for two representative samples of the SW+PG and the SW treatments over
a genomic region of Lkul encoding Lactobacillus-specific surface proteins. The genomic region of Lkul is compared to a similar region identified in Lmel
which is also differentially regulated across the two treatments (expression profile not shown). Similarity between genes is shown by vertical lines. Gray
tones indicate level of similarity. Surface protein-encoding genes are show in grey with the different domains and motifs shown according to the color

legend.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. MDS plots of in vivo RNA-seq samples.

We found a total 687 genes (181 to 217 genes per species) to be differentially expressed (log,FC
> |2| and p-value < 0.01) between the two dietary treatments (Figure 3B). ‘Carbohydrate transport
and metabolism’ (Cluster of orthologous group category G, COG G) was by far the most abundant
functional category among the genes upregulated in the SW+PG treatment relative to the SW treat-
ment (Figure 3C, 17.1-37.6% of all upregulated genes). In three of the four species (Lmel, Lhel, and
Lkul), this category was significantly enriched among the upregulated genes (Fisher's exact test,
p<0.01, Supplementary file 6). The largest fraction of the upregulated COG G genes encoded PTS
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transporters (Figure 3D, Supplementary file 5), followed by other sugar transporters (e.g. ABC
transporters), and enzymes involved in sugar cleavage and conversion (Figure 3D). Among the
downregulated genes, COG G genes were not abundant (5.1-7.8%) (Figure 3C). Instead, the cate-
gory ‘Amino acid metabolism and transport’ (COG E) was enriched in Lapi (Fisher’s exact test, p <
0.01, Supplementary file 8), and genes encoding ABC-type amino acid transporters were present
among the downregulated genes in all species (Supplementary file 5).

We next clustered all genes by homology into gene families. While most of the differentially
expressed genes (89%) belonged to gene families with homologs in multiple species, differential
expression was typically observed for just one of the species (Figure 3E-F). This suggests that the
presence of pollen triggers distinct transcriptional changes in the four species during gut coloniza-
tion. Indeed, gene annotation analysis allowed us to identify several species-specific metabolic func-
tions among the differentially regulated genes (Figure 4, Supplementary file 5). For example, Lhel
specifically upregulated three PTS gene clusters for the uptake and metabolism of sugar alcohols
and one gene cluster for ribose utilization. In contrast, Lmel upregulated several gene clusters
involved in the cleavage of xylose, mannose, rhamnose, and arabinose from polysaccharides or other
glycosylated compounds. Lmel also upregulated a gene cluster for the synthesis and the transport of
bacteriocins in the presence of pollen. Lkul upregulated a starch utilization gene cluster, which in

A b-glucanase (GH16) B a-mannosidases (2xGH38)
b-xylosidase (GH39
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Figure 4. The four Lactobacillus species upregulate different carbohydrate metabolism functions during gut
colonization of gnotobiotic bees. (A) Lhel, (B) Lmel, (C) Lkul, (D) Lapi. Only enzymes and transporters that are
upregulated in a species-specific manner in the pollen treatment versus the sugar water treatment are shown. The
figure is not exhaustive, but highlights the main differences that could be identified based on gene annotations
among all differentially regulated genes (Supplementary file 6). Glycosidases belonging to different CAZyme
families are represented by different colors. ABC: ABC transporters, PTS: phosphotransferase system transporters.
Numbers indicate EC numbers of upregulated enzymatic steps.
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part was also differentially regulated in Lmel. In addition, this species upregulated an oligopeptide
transporter gene cluster that was present in some of the other strains but not differentially regu-
lated. The fourth species, Lapi, also differentially expressed genes belonging to COG ‘G’ (mainly
PTS transporters), but fewer ones, and with similar functional annotations as found in the other three
species. However, Lapi was the only species that upregulated two conserved deoxycytidine kinase
genes encoding enzymes involved in nucleoside salvage pathways.

Besides these species-specific transcriptional changes, a number of interesting functions were dif-
ferentially regulated in more than one species. For example, we found evidence for citrate fermenta-
tion in Lhel and Lkul. Both species upregulated genes encoding a citrate lyase for the conversion of
citrate into oxaloacetate and acetate in the presence of pollen (Supplementary file 5). Lhel, Lmel,
and Lkul upregulated genes for the uptake and metabolism of glycerol. Moreover, all four species
upregulated gene clusters encoding surface proteins with leucine-rich repeat (LRR) regions, LPXT
cell-wall anchoring motifs, and SLAP (S-layer associated protein) domains (Figure 3G).

Altogether, these results suggest that the four species utilize different carbohydrate-related
resources from pollen, which supports the niche partitioning hypothesis as the basis for coexistence.

Transcriptional responses to pollen are similar in vivo and in vitro

In vivo gene expression differences between the two dietary conditions could be influenced by the
host or by bacteria-bacteria interactions. Therefore, we carried out an additional transcriptomics
analysis to disentangle the contribution of each of these factors to transcriptional changes in the
four Lactobacillus species. We grew the four species in vitro in either co-culture or mono-culture,
and with either pollen extract (PE) or glucose as growth substrate (G) (Figure 5A). As for the in vivo
RNA-Seq analysis, MDS plots of the normalized read counts indicated that the four species exhibit
treatment-specific transcriptional responses (Figure 5—figure supplement 1).

For each species, whether grown alone or in co-culture, we found between 159 and 393 genes to
be differentially regulated between the PE and the G treatment (Figure 5B, log,FC > |2| and p-val-
ue<0.01). As in vivo, Carbohydrate transport and metabolism (COG ‘G’) was the predominant func-
tional category among the upregulated genes in the presence of pollen (Figure 5C) and enriched in
all eight comparisons (four species, each alone or in co-culture, Fisher's exact test p-value < 0.01,
Supplementary file 8). Moreover, 25.3-36.9% of the genes upregulated in vivo were also upregu-
lated in vitro in the presence of pollen. In particular, the species-specific carbohydrate metabolism
functions described above (Figure 4) showed a similar transcriptional response to pollen in vivo and
in vitro (Figure 5D). In contrast, most of the putative adhesin genes upregulated in vivo were not
upregulated in vitro during growth in pollen or had relatively low transcripts per million (TPM). This
suggests that these genes are either expressed in response to the host environment, or the presence
of entire pollen grains or sugar water, both of which were only included in the in vivo but not in the
in vitro experiment (Supplementary file 9). It is also noteworthy that fewer genes were downregu-
lated than upregulated in pollen relative to glucose, and that the COG category ‘G’
enriched among the downregulated genes, which is concordant with our in vivo transcriptome analy-
sis. (Supplementary file 8). Based on these results, we conclude that each species upregulates spe-
cific operons for the transport and utilization of different carbohydrates (e.g. sugar alcohols and
glycans) in response to the presence of pollen, independent of the host environment.

was not

The presence of other community members has little impact on the
transcriptional profile of the four species
We found that a large fraction of the genes upregulated in PE relative to G in the mono-cultures
were also upregulated in the co-cultures (58.2-87.8%, Figure 5E). In particular, the gene clusters
identified to be regulated in a species-specific manner (see above) showed highly concordant gene
expression profiles in vitro independent of the presence/absence of the other Lactobacillus species.
This was confirmed by the direct comparison of mono-culture and co-culture conditions. In compari-
son to the nutritional treatments, fewer genes (9-149 genes) were differentially expressed between
co-culture and mono-culture treatments (log,FC > |2| and p-value<0.01), (Figure 5F).

We could not find any consistent pattern across the four species in terms of COG category
enrichment (Supplementary file 8). Moreover, only a few genes were differentially expressed in
more than one species (6.25-30%), or across both nutrient conditions (1.86-5.33%). Citrate
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Figure 5. Transcriptome analysis of the four Lactobacillus species grown in vitro in pollen extract or in glucose. (A) Scheme of the 2x2 experimental
design. Species were grown alone or together, in either glucose (G) or pollen extract (PE). (B) Number of differentially requlated genes in each of the
four species in the presence of PE if compared to G. Mono, mono-culture, Co, co-culture. Up- and down-regulated genes are shown in different gray
tones. (C) COG categories of genes up-regulated by the four species in the presence of PE if compared to G. The colors are the same as in Figure 3C.
For COG definitions, see Supplementary file 2 Heatmap displaying normalized counts of selected genes differentially regulated across the in vivo and
in vitro RNA-Seq experiments. We selected metabolic genes and gene clusters that were identified in the in vivo experiment to be differentially
regulated across the two treatments and which could be assigned a putative function based on annotation. Counts were normalized for each gene and
dataset separately, that is in vivo, co-cultures, and mono-cultures. (E) Venn diagrams displaying the overlap of the genes differentially regulated
between the PE and G treatment when the four species were grown in co-culture (Co) and mono-culture (Mono). (F) Number of differentially regulated
genes in each of the four species in co-culture relative to mono-culture. Up- and down-regulated genes are shown in different gray tones. (G)

Figure 5 continued on next page
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Transcripts per million (TPM) over a genomic region of Lkul and Lmel encoding genes for citrate fermentation (i.e. citrate operon) for a representative
sample of the co-culture and the mono-culture treatment when grown in PE.
The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. MDS plots of in vitro RNA-seq samples.

fermentation genes were upregulated in Lkul in co-culture relative to mono-culture when grown in
pollen, whereas in Lhel the opposite was observed (Figure 5G). Also of note, the oligopeptide trans-
porter system which was upregulated in vivo in Lkul in the presence of pollen, was also upregulated
in vitro in the presence of pollen, but only when other species were present. These two specific
examples show that a few metabolic functions are differentially regulated in response to other bacte-
ria, but not always in the same direction across species, or only in a specific nutrient condition. We
thus conclude that the main factor driving changes in gene expression in the four strains is the pres-
ence of pollen, rather than the presence of other Lactobacillus species.

Metabolomics analysis reveals differences in flavonoid and sugar
metabolism across the four Lactobacillus species

Our transcriptome analyses suggest that differences in sugar metabolism may enable the four spe-
cies to coexist in the presence of pollen in vitro and in vivo. To assess species-specific metabolic
changes when grown in pollen, we profiled the metabolome of the pollen extract medium before (t
= 0 hr) and after bacterial growth (t = 16 hr) using Q-TOF-based untargeted metabolomics
(Fuhrer et al., 2011). We annotated a total of 657 ions of which 406 could be reliably categorized as
pollen-derived ions, as opposed to ions originating from the base medium (see
Materials and methods, Supplementary file 10, Figure 6—figure supplement 2). The metabolo-
mics data clearly separated the four species indicating distinctive metabolic changes and thus cor-
roborating the transcriptome results (Figure 6—figure supplement 1). A total of 76 pollen-derived
ions showed a significant decrease in abundance over-time (log2FC < —1 and p-value<0.01, Stu-
dent’s t-Test, BH correction) (Figure 6A, Supplementary file 10). Of those, 24 ions decreased in
abundance in all four species, another 24 ions decreased in abundance in only a subset of the spe-
cies, and the remaining 28 ions decreased in abundance in only a single species (Figure 6A). lons
annotated as glycosylated flavonoids were among the top ions responsible for the separation of the
four species in the PCA (Figure 6—figure supplement 1). Lmel depleted six different ions anno-
tated as flavonoids (isoorientin 2"'-O-rhamnoside, quercetin-3-O-glucoside, vitexin, rutin, luteolin-7-
O-(6""-malonylglucoside), and quercetin-3-O-beta-D-glucosyl-(1->2)-beta-D-glucoside), while Lapi
depleted three ions annotated as flavonoids (isoorientin 2''-O-rhamnoside, quercetin-3-O-glucoside,
vitexin) (Figure 6A, Figure 6—figure supplement 3). In contrast, Lkul only depleted the flavonoid
ion annotated as isoorientin 2'-O-rhamnoside, and no flavonoid ion changes were identified for Lhel
(Figure 6A, Figure 6—figure supplement 3).

To corroborate the species-specific utilization of flavonoids, we incubated each of the four spe-
cies in base culture medium supplemented with rutin. We observed the formation of a yellow insolu-
ble precipitate only in the wells incubated with Lmel (Figure 6B). Metabolomics analysis confirmed
that rutin was depleted in these wells and that the yellow precipitate corresponded to an accumula-
tion of quercetin, the water-insoluble, deglycosylated aglycone of rutin (Figure 6C). These findings
are consistent with our transcriptome results which show that Lmel is the only species that upregu-
lated a rhamnosidase gene known to cleave rhamnose residue from rutin (Beekwilder et al.,
2009; Figure 4).

Other ions with species-specific abundance changes included a plant-derived glycosylated com-
pound belonging to the iridioids class (i.e. antirrhinoside, depleted in the presence of Lapi), a com-
ponent of the outer pollen wall (i.e. 9,10,18-trihydroxystearate, accumulated in the presence of
Lmel) and cyclic nucleotides (depleted in the presence of Lhel, Lmel, and Lkul) (Figure 6A and Fig-
ure 6—figure supplement 3). Lhel was the only species depleting an ion corresponding to sugar
alcohols (mannitol, D-sorbitol, or L-glucitol) (Figure 6A and Figure 6—figure supplement 3) consis-
tent with the specific upregulation of sugar alcohol PTS transporters in this species (Figure 4).

Brochet et al. eLife 2021;10:e68583. DOI: https://doi.org/10.7554/eLife.68583 10 of 23


https://doi.org/10.7554/eLife.68583

e Llfe Research article

Ecology | Microbiology and Infectious Disease

A

Lapi Lhel Lmel Lkul
‘9 7] Antirrhinoside : : N : : 7 : : 7] : :
' ' ' ' 3',5'-Cyclic-CMP ' ' '
¢ 3.5-CyclicCMP i i 910,18 o
i \ : : i Isue\a: : : i : :Trihydroxystearaie i : :
~ © |owercetnzo & i T S 3,5-CyclicCMP | 1
0] glucoside ! ! ! ! ! ! rog!
=) Vitexin * ; Lo R 38 I
® A i e I vo | ® B %0 A SR
? © v of . ;; o8 Ruercetin3- d, ’ ..W I
o o® @ oo *g 84% glucoside | g0 d I3 Yo - Ok
~ 90 o oot e 158 830 48 e .
© _ - \ o e . N . - R . -8
‘5') < Isoorientin :a/ o :".‘:. ® %% b .509 .é
(@] 2"-O-rhamnoside ;'.:’E ;",,ﬁ 3 i.:, f. R 1 H
- s e 1 e i ‘e i
~ S .:.’.:.. ............. I ...:;‘.I,‘ .............. e .:_.9:. .............. O -:;;T-‘ ............
; “i : y : Isoorientin .: : Isoorientin ‘; g;
m : |- : _ : H : . 2"-0-rhamnoside: : _12"-O-rhamnoside : :
© T T T T T T T T T T T T T T T T T T T T T T T T T T
-6 -4-20 2 46 -6-4-202 46 -6-4-202 46 -6-4-202 4 6
log2FC
4 species () 3 species @ 2 species @ 1 species
B . ) — Lapi — Lmel
D D-Glucitol Citrate* — Lhel — Lkul
e Lapi Lhel e Lmel o Lkul
0.0 0.0 } ]
2
25
[
N -25
ke
-5.0
-5.0
-7.5
C 0 8 16 24 0 8 16 24
Rutin (m/z 609.145)  Quercetin (m/z 625.140) Glucose* D-Fructose*
0 0
Lkul -
d o o
-5
q
> 4
Lmel| ol o 9
) -10
6 24 2 0 2 4 64 20 2 4 6 | L |
-15
log2FC log2FC o s 16 o4 o s 16

hours

hours

Figure 6. Metabolomics analysis shows differences in the utilization of pollen-derived glycosides across the four Lactobacillus species. (A) Volcano plots
displaying ions with significant fold changes (FC) for each of the four species after 16 hr of growth in pollen extract versus glucose. Each dot
corresponds to an ion in the untargeted metabolomics dataset. Different colors represent ions that significantly change over time in one, two, three, or
four species. Dashed black lines represent the significance thresholds: p-value < 0.01 and log2FC < —1 or > 1. (B) Culture wells of the four species
grown in cfMRS + 0.05% rutin after 16 hr of incubation. The yellow precipitate is only visible for Lmel. (C) Rutin and quercetin detection in spent
medium of Lmel and Lkul grown in cfMRS + 0.05% rutin after 16 hr of incubation (n=5). (D) Changes in key metabolites during growth measured by GC-
MS (n=5). Log2FC relative to time point O is plotted. Time is reported in hours. * Indicates metabolites whose identity was confirmed using analytical
standards. For m/z values see Supplementary file 10.
The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. PCA in vitro metabolomics.
Figure supplement 2. Definition of pollen-derived ions.
Figure supplement 3. Untargeted metabolomics: key metabolites discussed in the main text.

Figure é continued on next page
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Figure 6 continued

Figure supplement 4. GC-MS detection of key metabolites over time.
Figure supplement 5. Logistic regression growth curve of the four species.

Based on the untargeted metabolomics analysis, we conclude that the four species target differ-
ent metabolites, in particular secondary plant metabolites present in pollen. In order to assess differ-
ences in the utilization of simple sugars and acids in more detail, we analyzed the supernatants of
cultures of the four strains after 0, 8, 16, and 24 hr of growth using GC-MS. We used a semi-targeted
approach, where we identified a subset of metabolites by preparing analytical standards and the
others by using a reference library (see Materials and methods). We identified 113 metabolites of
which 46 showed a significant change in abundance in at least one strain between timepoint 0 hr
and 24 hr (log,FC > |2| and p-value < 0.01, Student’s t-Test, BH correction) (Supplementary file
10). All four species showed mixed substrate utilization, that is they utilized several substrates simul-
taneously. Moreover, most substrates were utilized by all four species, but often at different rates.
Many metabolites that we identified with the GC-MS had annotations comparable to the ones found
in the Q-TOF-based experiment. For example, we detected a compound annotated as sugar alco-
hol, that is glucitol, that was consumed most efficiently by Lhel as observed in the previous analysis
(Figure 6C). Moreover, all four species consumed the carboxylic acids citrate and malate (Figure 6C
and Figure 6—figure supplement 4), which corresponded with the results of the Q-TOF-based
experiment. Interestingly, Lkul and Lhel consumed citrate at the fastest rate and they were also the
two species that upregulated gene clusters for citrate fermentation in the presence of pollen in vivo
and in vitro (Figure 4).

Lmel consumed several simple monosaccharides (such as glucose, fructose, allose, and mannose)
at a slower rate than the other species, although having a similar growth profile (Figure 6C, Fig-
ure 6—figure supplements 4-5). This could indicate that Lmel has specialized in the metabolism of
pollen-derived glycosylated compounds (such as rutin, Figure 6B-C) at the expense of fast con-
sumption of generic substrates, which accords with the upregulation of several gene clusters for the
cleavage of such sugars from polysaccharides or other glycosides (e.g. flavonoids) in presence of
pollen (Figure 4).

In summary, our metabolomics results show that the four species specialize in the utilization of
different pollen-derived compounds, and that the observed metabolite changes are to some extent
consistent with the transcriptional changes observed in the presence of pollen relative to the pres-
ence of simple sugars.

Discussion

Ecological processes governing the coexistence of microbes have been probed in the laboratory
using microbial communities of different complexity (Goldford et al., 2018; Ortiz et al., 2021,
Wright and Vetsigian, 2016; Friedman et al., 2017; Piccardi et al., 2019; Deines et al., 2020;
Logan, 2017). However, few studies have examined the impact of the host on the coexistence of
bacterial symbionts of animals (Ortiz et al., 2021; Deines et al., 2020). In particular, little is known
about the extent to which closely related species and strains can be stably maintained
(Bittleston et al., 2019). We capitalized on the experimental tractability of honey bees and their gut
microbiota and used a bottom-up approach to study the coexistence of four closely related, natu-
rally co-occurring Lactobacillus species. We disentangled the effect of the diet and the host on the
interactions between the four species by serially passaging them through gnotobiotic bees or in cul-
ture tubes, under two nutrient conditions (pollen versus simple sugars). Our results show that the
dynamics in the four-species community is governed by negative interactions, because the growth of
each member was lower in co-culture than in mono-culture, independent of the environment (host
or culture tube) and the nutrient condition (pollen or simple sugars). This is consistent with previous
observations that negative interactions predominate in nutrient-rich environments (Piccardi et al.,
2019; Foster and Bell, 2012, Berry and Widder, 2014; Coyte et al., 2015; Ghoul and Mitri,
2016). Moreover, the four Lactobacillus species harbor relatively small genomes (1.5-2 Mb) with a
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conserved and streamlined core metabolism and similar auxotrophies, suggesting overlapping nutri-
tional requirements (Ellegaard et al., 2019; Ellegaard et al., 2015; Kwong and Moran, 2016).

The coexistence of bacterial symbionts can be facilitated by the host, for example by providing a
spatially structured environment that results in the physical separation of competing strains
(Gude et al., 2020; Kim et al., 2008; Mitri et al., 2016; Hallatschek et al., 2007), or by secreting
metabolites that support niche specialization (Schluter and Foster, 2012; McLoughlin et al., 2016).
However, in the case of the four Lactobacillus species, such host-related features seem not to be suf-
ficient to support coexistence, because the four-species community was rapidly dominated by a sin-
gle species, when passaged through gnotobiotic bees that were fed a simple sugar diet. In contrast,
when providing a more diverse nutrition in the form of pollen, we found that the four species were
stably maintained both in vivo and in vitro. We thus conclude that the coexistence of the four Lacto-
bacillus species in the honey bee gut primarily depends on the pollen diet of the host and not the
host environment itself.

The challenges in replicating the native environment such that it is possible to study relevant
interactions of host-associated microbes in vitro are formidable. These were highlighted in a recent
study on the microbial community associated with the freshwater polyp hydra that could not recapit-
ulate the coexistence of the dominant microbiota members in vitro (Deines et al., 2020). Here, we
aimed to approximate the nutritional conditions in the honey bee gut by culturing the bacteria in
pollen infused media, that is the natural diet of bees. In both the in vivo and in vitro transfer experi-
ment, we assessed the effect of pollen on the dynamics of the community by comparing it to a sim-
ple sugar treatment. Although not identical, the nutritional conditions in vitro were sufficiently
similar as to recapitulate the overall community dynamics observed in vivo: pollen nutrients sup-
ported the stable coexistence of the four species, while the simple sugars led to the dominance of a
single species. As the bee and members of the bee gut microbiota pre-digest pollen and sugars
upstream of the rectum, it is difficult to exactly replicate the metabolic environment of the rectum.
For example, sucrose is largely absorbed via the midgut epithelium and cleaved into glucose and
fructose by host enzymes, while fermentative bacteria such as Gilliamella apicola degrade and mod-
ify a diverse range of carbohydrates in the ileum (Kesherova et al., 2017, Crailsheim, 1988). These
metabolic alterations may explain some of the differences observed between the in vivo and in vitro
experiments, such as the dominance of different species in the simple sugar conditions (sucrose and
glucose, respectively). We therefore suspect that different species would dominate in vitro or in vivo
with an alternative simple sugar composition.

Our findings are consistent with the consumer-resource model, which predicts that the number of
species that can coexist depends on the number of available resources (Tilman, 1986). Correspond-
ingly, in the presence of a single substrate, such as in the case of glucose in vitro, competition for
the same nutrient results in the competitive exclusion of all but one species. However, depending on
the nutrient availability, the dietary transit time, the crosstalk with the host, or the spatial structure
of the gut, the ecological processes governing bacterial coexistence may differ across host-associ-
ated microbiomes. For example, the Lactobacillus species of the honey bee gut microbiota primarily
colonize the luminal space of the rectum, where partially digested pollen accumulates. In contrast,
some of the Proteobacteria of the bee gut microbiota adhere to the epithelial surface of the ileum
(Zheng et al., 2018). We expect that in the latter case interactions with the host play a more impor-
tant role for microbial coexistence than in the case of the Lactobacilli in the rectum.

Although ecological interactions in bacterial communities have been investigated across a wide
range of experimental systems, few studies have tackled the molecular mechanisms underlying coex-
istence. In some cases, cross-feeding of metabolic by-products facilitates the maintenance of diver-
sity in bacterial communities, such as after passaging leaf and soil samples in single carbon sources
(Goldford et al., 2018). However, cross-feeding does not seem to play an important role in main-
taining coexistence of the four Lactobacillus species in this study. Unlike the above example, feeding
a single carbon source led to the extinction of all but one species. Our metabolomics analysis also
did not reveal any major metabolites that could potentially be cross-fed, that is were produced by
one species and utilized by another. Finally, we identified no transcriptional changes that would sug-
gest cross-feeding activities when comparing mono-cultures and co-cultures of the four Lactobacillus
species.

Instead, our combined transcriptomics and metabolomics analyses suggest that coexistence is
facilitated by specialization toward distinct pollen-derived nutrients. We found that all four species
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upregulated carbohydrate transport and metabolism functions dedicated to the utilization of differ-
ent carbon sources in the presence of pollen when colonizing the bee gut, and these changes were
reproducible in vitro. Our metabolomics analysis identified a number of pollen-derived glycosides
that were utilized in a species-specific manner. In particular, Lmel specialized in the utilization of fla-
vonoids at the expense of simple sugars, which may explain why this species rapidly went extinct in
presence of only simple sugars during the transfer experiments. While the importance of pollen-
derived flavonoids in niche partitioning needs to be validated, the species-specific deglycosylation
of these secondary plant compounds illustrates that the four species have different hydrolytic capa-
bilities that may also be involved in the cleavage of other carbohydrates. The metabolic specializa-
tion on plant glycans may be a common phenomenon in animal gut communities, as similar
transcriptional changes have been described in other gut symbionts when the host diet was supple-
mented with specific plant glycans (Sonnenburg et al., 2005; Zheng et al., 2019).

In contrast to the species specific metabolism of glycoside, we observed few differences in the
utilization of simple saccharides among the four species in our time-resolved GC-MS analysis. While
this may seem surprising, theoretical work has established that resource preference for at least one
substrate is sufficient to explain coexistence (Meszéna et al., 2006). Moreover, it is plausible that
the four species utilize the same sugars, but extract them from different pollen-derived glycans, such
as starch, hemicellulose, flavonoids, or other glycosylated secondary plant metabolites.

While this work focused on niche partitioning based on degradation of complex carbohydrates, it
is noteworthy that all four Lactobacillus species engaged to a variable extent in co-fermentation of
the carboxylic acids citrate and malate present in pollen. The two species, Lkul and Lhel, that upre-
gulated citrate fermentation pathways in the presence of pollen also consumed citrate at the fastest
rate. Citrate co-fermentation has been linked to competitive advantages in lactic acid bacteria,
though whether the varying levels of co-fermentation contribute to colonization stability in this sys-
tem remains an outstanding question (Laétitia et al., 2014; Magni et al., 1999; Jimeno et al.,
1995).

Previous work suggested that the large diversity of carbohydrate transport and metabolism func-
tions in the accessory gene pool of Lactobacillus Firm5 is an adaptation to the pollen-based diet of
the host and a consequence of the nutrient competition with closely related species (Ellegaard and
Engel, 2019; Ellegaard et al., 2019). Our findings support this hypothesis and provide the first
experimental evidence for a link between the coexistence of the four Lactobacillus species, the large
diversity of carbohydrate metabolism functions in their genomes, and the pollen diet of the host.
Moreover, these results suggest that dietary differences between host species or natural variation in
pollen diversity influence the diversity of Lactobacillus Firm5 and could, for example explain why the
Asian honey bee, Apis cerana, harbors only one species of this phylotype in its gut (Ellegaard et al.,
2020).

However, we have only tested a single strain of each of the four species. Therefore, given the
extensive genomic diversity within these species (Ellegaard and Engel, 2019), more work is needed
to determine if the identified patterns of coexistence reflect stable ecological niches occupied by
the four species or are rather the result of the specific strains selected for our experiments. In a
recent study on pitcher plant microbiomes, it was shown that even strains that differ by only a few
base pairs can have different ecological trajectories in communities and coexist over extended
period of time (Bittleston et al., 2019). Expanding our approach to strains within species presents
an exciting next step to understand at which level discrete ecological niches are defined in the bee
gut and how diversity can be maintained in such ecosystems.

Materials and methods

Designation Source or reference Identifiers Additional information

Lapi https://doi.org/10.1371/journal.pbio.2003467 Genome |ID: 2684622912
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Strain, strain Lhel https://doi.org/10.1371/journal.pbio.2003467 Genome ID: 2684622914

background

(Lactobacillus helsingborgensis)

Strain, strain Lmel https://doi.org/10.1371/journal.pbio.2003467 Genome ID: 2684622913

background

(Lactobacillus melliventris)

Strain, strain Lkul https://doi.org/10.1371/journal. pbio.2003467 Genome ID: 2684622911

background

(Lactobacillus kullabergensis)

Commercial QlAquick Gel Qiagen #Cat 28706X4

assay or kit Extraction Kit

Commercial Nucleospin RNA Macherey-Nagel #Cat 740903

assay or kit clean-up kit

Commercial Zymo-Seq RiboFree  Zymo Research #Cat R3000

assay or kit Total RNA Library kit

Software, algorithm R Studio software R Studio RRID:SCR_000432

(https://www.rstudio.com)

Software, algorithm Integrative Integrative Genomics Viewer RRID:SCR_011793

Genomics Viewer (https://software.broadinstitute.org/

software/igv/)

Culturing of bacterial strains

We used the following four bacterial strains of Lhel, Lmel, Lapi, and Lkul for our experiments:
ESLO183, ESLO184, ESL0185, and ESLO186 (Kesnerova et al., 2017). All strains were precultured on
solid De Man — Rogosa — Sharpe agar (MRSA) (supplemented with 2% w/v fructose and 0.2% w/v
L-cysteine-HCI) from glycerol stocks stored at —80°C. MRSA plates were incubated for three days in
anaerobic conditions at 34°C to obtain single colonies. Single colonies were inoculated into a liquid
carbohydrate-free MRS medium (cfMRS; O’ Donnell et al., 2011) supplemented with 4% glucose
(w/v), 4% fructose (w/v), and 1% L-cysteine-HCI (w/v) and incubated at 34°C in anaerobic conditions
without shaking.

In vivo transfer experiments

Bacterial colonization stocks were prepared from overnight cultures by washing the bacteria in
1xPBS, diluting them to an ODggo = 1, and storing them in 25% glycerol at —80°C until further use.
For colonization stocks containing all four species, cultures adjusted to an ODgo9 = one were mixed
at equal proportions. Microbiota-depleted bees were obtained from colonies of Apis mellifera carn-
ica located at the University of Lausanne following the procedure described in Kesherova et al.,
2017. Colonization stocks were diluted ten times in a 1:1 mixture of 1xPBS and sugar water (50%
sucrose solution, w/v) and 5 pL were fed to each bee using a pipette. Five days post-colonization, 10
rectums were dissected and homogenized in 1xPBS. An aliquot of each homogenized gut was used
for CFU plating to enumerate the total bacterial load and for amplicon sequencing to obtain the rel-
ative abundance of each community member (see below). To serial passage the community through
microbiota-depleted bees, the ten homogenized gut samples from the same treatment were pooled
together and stored in 25% glycerol at —80°C until a new batch of microbiota-depleted bees was
available. At the day of colonization, a frozen aliquot of the pooled gut homogenate was thawed,
diluted ten times in a 1:1 mixture of 1xPBS and sugar water (50% sucrose solution, w/v), and fed to
newly emerged microbiota-depleted bee as described above. This was repeated for a total of six
serial passages. Throughout the experiments all bees were kept on either a sugar water or a sugar
water/pollen diet according to the two dietary treatment. Food was provided ad libitum.

In vitro transfer experiment
Each of the four strains was cultured in liquid medium overnight for about 16 hr as described above.
The cultures were re-inoculated at an ODggo = 0.3 in fresh medium and let grow for another 4 hr at
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34°C with shaking (700 rpm). Bacterial cells were then washed with 1xPBS, mixed in equal propor-
tions, and inoculated at an ODggg = 0.05 in triplicates in 96-deep well plates (SIGMA) containing
cfMRS medium supplemented with either 2% glucose (w/v), 10% pollen extract (v/v), or 10% pollen
grains (v/v) in a final volume of 500 uL per well. Detailed information about pollen extract prepara-
tion can be found in the Supporting methods section of Kesnerova et al., 2017. Pollen grain solu-
tions were prepared by adding 1.250 ml of ddH,O to 80 mg of pollen grains crushed with the
bottom of a 15 mL falcon tube. The plates were incubated for 24 hr at 34°C under anaerobic condi-
tions without shaking (300 rpm). After 24 hr of incubation, an aliquot of each sample was subjected
to CFU plating to enumerate the total bacterial load. Then, 1% of each culture (i.e. 5 pulL) was trans-
ferred to a plate with fresh medium supplemented with the appropriate carbon sources and incu-
bated again. These transfers were repeated 10, respectively, 20 times for the two independent
experiments. After each transfer, cultures were washed once with 1xPBS and stored at —20°C for
amplicon sequencing analysis. CFUs were counted after 24 hr and at the final transfer.

Amplicon sequencing

The relative abundance of the four strains across all transfer experiments was obtained using ampli-
con sequencing of a 199 bp long fragment of a housekeeping gene encoding a DNA formamidopyri-
midine-glycosylase which allows to discriminate the four strains from each other (Ellegaard et al.,
2019).

For the in vitro transfer experiments, the PCR fragment was amplified from crude cell lysates.
They were generated by mixing 5 L of culture with 50 pL of lysis solution, containing 45 uL of lysis
buffer (10 mM Tris- HCI, 1 mM EDTA, 0.1% Triton, pH 8), 2.5 uL of lysozyme (20 mg/ml, Fluka), and
2.5 uL of Proteinase K solution (10 mg/ml, Roth). The samples were incubated for 10 min at 37°C, for
20 min at 55 °C, and for 10 min at 95 °C, followed by a short spin before preparing the PCR (1 min,
1500 rpm). For the in vivo transfer experiment, DNA was isolated from the homogenized gut sam-
ples using the hot phenol protocol used in Kesherova et al., 2017.

To amplify the gene fragment and to add the Illumina barcodes and adapters, the two-step PCR
strategy published in Ellegaard et al., 2019 was used. For the first PCR, 5 uL of DNA or 5 uL of cell
lysate were mixed with 12.5 uL of GoTaq Colorless Master Mix (Promega), 1 uL of forward and
reverse primer (5 UM, see Supplementary file 1) and 5.5 pL of Nuclease-free Water (Promega). The
PCR | was performed as follows: initial denaturation (95°C — 3 min), 30 times denaturation-annealing-
extension (95°C - 30 s, 64°C — 30 s, 72°C - 30 s), final extension (72 °C — 5 min). To purify the ampli-
cons, 15 pL of PCR product were mixed with 5 pL of a 5X Exo-SAP solution (15% Shrimp Alkaline
Phosphatase — 1000 U/ ml — NEB, 10% Exonuclease | - 20,000 U/ ml — NEB, 45% glycerol 80% and
30% dH20). and incubated for 30 min at 37°C and for 15 min at 80°C. For the second PCR reaction,
5 uL of purified PCR products were mixed with the same reagents as before. The PCR program was
the same as above with the exception that the annealing temperature was set to 60°C and the dena-
turation-annealing-extension steps were repeated for only eight times. The barcoded primers are
listed in Supplementary file 1. The amplicons of the second PCR were purified using the Exo-SAP
program as described above.

To prepare the sequencing of the amplicons, DNA concentrations were measured using Quant-iT
PicoGreen for dsDNA (Invitrogen). Each sample was adjusted to a DNA concentration of 0.5 ng/uL
and 5 pL of each sample were pooled together. The pooled sample was loaded on a 0.9% agarose
gel and gel-purified using the QlAquick Gel Extraction Kit (Qiagen) following the manufacturer’s
instructions. The purified DNA was prepared for sequencing following the lllumina MiniSeq System
Guide for ‘denaturate and dilute libraries’ and then loaded on a lllumina MiniSeq Mid Output
Reagent Cartridge using the correspondent MiniSeq flow cell. lllumina reads were demultiplexed by
retrieving the unique barcodes of the different samples and quality-filtered using Trimmomatic
(Trimmomatic-0.35) (LEADING:28 TRAILING: 29 SLIDING WINDOW:4:15 MINLEN:90). Each forward
and reverse read pair was assembled using PEAR (-m 290 n 284 j 4 -q 26 v 10 -b 33) (Zhang et al.,
2014), and the assembled reads were assigned to the different strains based on base pair positions
with discriminatory SNP. See details in Supplementary material.

To obtain absolute abundance data for each strain, we combined the relative abundance data
from the amplicon sequencing with CFU counts obtained from plating homogenized bee guts in the
case of the in vivo experiments (see above) or by carrying out qPCR with Lactobacillus-specific pri-
mers as described in Kesnherova et al., 2017 in the case of the in vitro co-culture experiments
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(Supplementary file 1, Supplementary file 4). For the in vitro transfer, the stability of the four-spe-
cies community over time was calculated using the codyn R package (Hallett et al., 2020).

RNA extraction and sequencing

For the in vivo RNA sequencing, microbiota-depleted bees were colonized with the four species
community as described above and fed with either sugar water and pollen grains or with sugar water
only. After 5 days of colonization, the rectums of five bees per treatment (all kept in the same cage)
were dissected and snap-frozen in liquid nitrogen in separate tubes containing glass beads (0.1 mm
dia. Zirconia/Silica beads; Carl Roth). For RNA extraction, the tissue samples were suspended in 1
mL of TE buffer and homogenized using a bead beater (45 m/s, 6 s). Then, 200 pL of an ice-cold
STOP solution (95% v/v ethanol, 5% v/v Aqua phenol [Roth]) was added to 1 ml of homogenate and
snap-frozen again in liquid nitrogen. Tubes were then thawed on ice and a previously developed hot
phenol RNA extraction protocol was followed (Sharma et al., 2010). For the in vitro RNA sequenc-
ing, bacterial strains were cultured in triplicates in cfMRS supplemented with either 1% w/v glucose
or 1% w/v pollen extract. After 16 hr of growth, 200 uL of STOP solution was added to 1 mL of cul-
ture followed by the same steps as described above.

After the precipitation step, samples were treated with DNasel (NEB) to degrade DNA. RNA sam-
ples were purified using Nucleospin RNA clean-up kit (Macherey-Nagel) following the manufacturer’s
instructions. RNA was eluted in RNase free-water and stored at —80°C until further use. RNA concen-
tration and quality were assessed using Nanodrop (ThermoFisher Scientific), Qubit (ThermoFisher
Scientific, RNA - High Sensitivity reagents and settings) and Bioanalyzer (Agilent). High-quality RNA
samples were selected to prepare RNA libraries. For the in vivo RNA sequencing, libraries were pre-
pared using the Zymo-Seq RiboFree Total RNA Library kit (Zymo Research). The libraries were
sequenced by the GTF facility of the University of Lausanne using HiSeq 4000 SR150 sequencing
(150 bp reads) (lllumina). For the in vitro RNA sequencing, libraries were prepared following the pro-
tocol developed by Avraham et al., 2016. Libraries were then prepared for sequencing following
the lllumina MiniSeq System guide for denaturate and dilute libraries. Libraries were sequenced
using the lllumina MiniSeq technology using High Output Reagent Cartridges (150 bp reads) and
MiniSeq flow cells.

RNA sequencing analysis

For the in vitro samples, raw reads were demultiplexed using a script provided by Dr. Jelle Slager
(Personal communication) For the in vivo samples, the reads were already demultiplexed by the
sequencing facility. For both experiments, the reads were trimmed with Trimmomatic (Trimmomatic-
0.35) (LEADING:30 TRAILING: 3 SLIDING WINDOW:4:15 MINLEN:20). The quality of the reads was
checked using FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). For the in vivo
samples, trimmed reads were sorted with sortmerna-4.2.0 to select only the non-rRNA reads for the
downstream analysis. Reads were mapped onto the genomes of the selected strains (Ellegaard and
Engel, 2018) (Lapi, Lhel, Lmel, and Lkul) using Bowtie (bowtie2-2.3.2). Gene annotations for the four
genomes were retrieved from IMG/mer (Chen et al., 2021). Mapped reads were quality filtered for
the alignment length (CIGAR > 100 bp) and for the allowed mismatches in the sequence (NM = 0-
1). Quality filtered reads were then quantified using HTseq (Version 0.7.2). Differential gene expres-
sion between samples cultured in pollen extract and samples cultured in glucose, and between
mono-cultures and co-cultures, was calculated using the R package EdgeR (Robinson et al., 2010).
Counts per million were calculated and only genes with at least one count per million were used for
the analysis. EdgeR fits negative binomial models to the data. The counts were normalized for RNA
composition by adjusting the log,FC according to the library size, and the quantile-adjusted condi-
tional maximum likelihood (qCML) method was used to estimate the common dispersion and the
tag-wise dispersion. Finally, the differential gene expression was determined using the exact test
with a false discovery rate (FDR) <5%. COG annotations were obtained from IMG/mer, and the
enrichment analysis for COG categories tested using the Fisher’s exact test. Transcripts per million
(TPM) were visualized using the Integrated Genome Browser software (Freese et al., 2016).
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Untargeted metabolomics

Metabolites were extracted from liquid cultures supplemented with 10% (w/v) pollen extract at the
inoculation time and after 16 hr of incubation at 34°C. For each liquid culture sample, 300 uL was col-
lected and centrifuged (20,000 g, 4°C, 30 min), then 200 uL supernatant was transferred to a new
tube and stored at —80°C. After collection of all samples, they were prepared for metabolomics anal-
ysis. The samples were thawed on ice and centrifuged again (20,000 g, 4°C, 5 min), then diluted 10
times with ddH,O. For metabolomics analysis, 25 uL of each diluted sample was sent in a 96-well
plate on dry ice to the laboratory of Prof. Uwe Sauer for analysis (ETH Zurich, Switzerland). Three
replicates of a pollen-extract dilution series (10 serial 2x dilutions) as well as undiluted pollen-extracts
and water used for performing the dilution series were included in the metabolomics analysis.
Because of the insolubility of flavonoid aglycones in a water matrix, metabolites from liquid cultures
supplemented with rutin were extracted using a methanol-extraction protocol at the time of inocula-
tion and after 16 hr of growth by adding 200 pL of methanol pre-cooled to —20°C to 100 uL of cul-
ture. Tubes were vortexed thoroughly and incubated for 5 min (4°C, shaking 14,000 rpm). Samples
where then incubated at —20 °C for 1 hr and centrifuged (20'000 g, 5 min). A total of 200 uL of the
supernatant was transferred to a new tube and diluted 10 times in 70% methanol and 25 pL of each
diluted sample was sent to Zurich in Eppendorf tubes sealed with parafilm on dry ice. For untargeted
metabolomics analysis, each sample was injected twice (technical replicate) into an Agilent 6550
time-of-flight mass spectrometer (ESI-iFunnel Q-TOF, Agilent Technologies) as detailed in
Kesnerova et al., 2017. In brief, m/z features (ions) were annotated by matching their accurate
mass-to-sum formulas of compounds in the KEGG database accounting for deprotonation (-H™).
Alternative annotation can be found in Supplementary file 10. When available, metabolites catego-
ries were assigned to ions based on KEGG ontology.

Metabolomics data analysis was carried out using R version 3.6.3. Variation of raw ion intensities
obtained from untargeted metabolomics analysis for the two technical replicates was determined by
assessing the correlation between ion intensities of the respective technical replicates. Then, mean
ion intensities of technical replicates were calculated. Time point comparisons (T = 0 hr vs T = 16 hr)
were performed using t-tests with Benjamini-Hochberg (BH) correction for multiple testing. log,FC
values between the two time-points were calculated with respect to the mean intensity in the TO
time point. To identify pollen-derived ions, and distinguish them from background originating from
culture medium and experimental noise, the ion intensities of the pollen dilution series were plotted
for each ion and the R (2) of the obtained linear fit was extracted. In addition, we calculated the
log,FC difference between undiluted pollen and water. The R (2) values were then plotted against
the log,FC values, and stringent thresholds (R, > 0.75 and log,FC > 2) were chosen to discriminate
ions that are likely pollen-derived (Figure 6—figure supplement 3). All ions were included for down-
stream analysis (e.g. PCA) and then they were discriminated between pollen-derived and non-pol-
len-derived.

Semi-targeted metabolomics via GC-MS

Soluble metabolites were extracted from liquid cultures supplemented with 10% pollen extract (w/v)
at the inoculation time and after 8, 16, and 24 hr of incubation. For each liquid culture sample, 300
uL was collected and centrifuged (15,000 g, 4°C, 15 min). Then, 200 pL was transferred to a new
tube, snap-frozen in liquid nitrogen, and stored at —80°C. Once that all the samples were collected,
soluble metabolites were extracted. To extract soluble metabolites, tubes were thawed on ice, and
75 uL of sample was combined with 5 puL of 20 mM internal standard (norleucine and norvaline,
(Sigma-Aldrich) and U-"3C¢ glucose [Cambridge Isotope laboratories]). A volume of 825 uL of cold
methanol:water:chloroform (5:2:2) solution was added to the sample and vortexed for 30 s. The
tubes were incubated at —20°C for 90 min and vortexed 2x for 30 s during the incubation. Tubes
were centrifuged for 5 min at 10,000 g at 4°C. The supernatant was removed and extraction was
repeated using 400 pL of ice cold chloroform:methanol (1:1), tubes were vortexed and left on ice for
30 min. Tubes were centrifuged 5 min at 8000 rpm at 4°C and the liquid phase was transferred to
the previous extracted aqueous phase. A total of 200 uL of water was added and tubes were centri-
fuged 5 min at 8000 rpm. The aqueous phase was transferred to a 2 mL microcentrifuge tube. The
aqueous extract was dried using a vacuum concentrator at ambient temperature overnight (Univapo
150 ECH vacuum concentrator centrifuge). Once dried, the samples were dissolved in 50 uL of 20
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mg/ml methoxyamine hydrochloride in pyridine for 1.5 hr at 33°C followed by derivatization with
N-Methyl-N-(trymethylsolyl)trifluoroacetamide (MSTFA, Sigma Aldrich) for 2 hr at 35°C.

Aliquots (1 ulL) were injected on an Agilent 8890/5977B GC-MSD. The samples were injected in
split mode (20:1) with an inlet temperature of 250°C. The VF-5ms (30 m x 250 um x 0.25 um) column
was held initially at 125°C for 2 min, ramped at 5°C / min to 250°C, ramped at 15°C to 300°C, and
held for 5 min. The MS was run in full scan mode (50-500 m/z) at a speed of 5 Hz. Peaks from the
total ion chromatogram (TIC) were identified by matching retention times and spectra to an in-house
library that was built by comparing selected T=0h and T=24h samples against the NIST library, as
well as our library of analytical standards. Compounds are noted as either confirmed with our own
standards, or the best match and associated matching factor against the NIST library are reported
(Supplementary file 10). Peaks were picked and integrated using the Agilent MassHunter Quantita-
tive Analysis software. Peak areas were normalized to the internal standards. The data were proc-
essed using R version 3.6.3 and mean intensities and log,FC between time-points were calculated as
described above for the untargeted metabolomics analysis.

Analysis-code and data availability

The complete custom code for all the analyses is available on GitHub: (https://github.com/silviabro-
chet/Brochet_2021_elife, copy archived at swh:1:rev:237a27{757296372f0333d298dfb7c7656861e03;
Brochet, 2021). The amplicon sequencing data and the RNA sequencing data are available under
the NCBI Bioproject PRINA700984 and the GEO record GSE166724. All differential expression anal-
ysis results of this study are included in Supplementary file 10.
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MANUSCRIPT II: STRAIN-STRAIN
INTERACTIONS WITHIN THE HONEY BEE
GUT

SUMMARY

In this Manuscript we investigated if strains from the same species (conspecific)
and from different species (allospecific) of bee-gut phylotype Lactobacillus Firm5 differ
in how they interact and coexist. Our hypothesis was that interactions and coexistence
between closely related bacteria depends on their phylogenetic distance, with more closely
related strains (conspecific) interacting more negatively and being less likely to coexist if
compared to less closely related strains (allospecific).

To test this hypothesis we selected 12 different Firm5 strains, 3 for each of the
four Firmb species, and we colonized microbiota depleted bees with all possible
conspecific and allospecific pairwise combinations (for a total of 66 different pairs) as
well as with the 12 strains individually. 10 days post-colonization we analyzed each gut-
community using an amplicon sequencing protocol that we designed to target and
distinguish between the selected Firmb strains.

We inferred interactions between strains by measuring the effect of each strain on
another based on the comparison of the colonization levels of each strain in mono-
colonization and in co-colonization. Negative interactions governed most pairs of strains
that were interacting significantly during gut colonization (n = 59). The majority of
Firm5 strains were mutually inhibiting each other (53/59) and in a subset of pairs (6/59)
one strain was facilitated while the other was inhibited (parasitism). Neither the type
nor the strength of the interactions that we measured correlated with the phylogenetic

distance between strains or with their differences in the accessory gene content. Still, we
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found that pairs of conspecific strains tended towards a more skewed community
composition, with one strain dominating over the other, while allospecific pairs tended
towards a more even community composition.

These results show that negative interactions dominate among Firm) strains,
independently of their phylogenetic relatedness. Still, depending on the species-affiliation,
the competition outcome in strains proportions can vary, which we reasoned could
potentially affect strains coexistence over time. To investigate if these differences in
strains proportions within pairs corresponded to differences in the ability to coexist
between conspecific and allospecific strains we randomly selected four conspecific strains
pairs and four allospecific strains pairs and we passaged them for three times across
microbiota-depleted bees. We also did a similar experiment in vitro in culture tubes
supplemented with water extracts of pollen grains.

While allospecific strains were always able to coexist in the bee gut, three out of
four combinations of conspecific strains could not coexist. This indicated that allospecific
strains are more likely to coexist if compared to conspecific strains. Still, the fact that
there was one combination of conspecific strains that could coexist suggests that
coexistence within Firmb species might be to some extent strain-specific. Further
experiments including additional combinations of conspecific strains are needed to
confirm these findings. In addition, we observed similar results in wvitro but with a
tendency of having a lower coexistence maintenance also within allospecific pairs of
strains as well. The in vitro data is however still highly preliminary and the results need

to be further validated.
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INTRODUCTION

Natural microbial communities are considered to be highly complex. They usually
consist of several different bacterial species that occupy the same physical space and that
interact with each other. Moreover, there is additional variation found within species in
terms of strain-level and genomic diversity (Dethlefsen, McFall-Ngai, and Relman 2007;
Ellegaard and Engel 2016; Louca et al. 2017; Van Rossum et al. 2020; Venter et al. 2004).

Bacterial species are defined (with some controversies) as ‘coherent genomic
clusters’ that are functionally distinct to one another and thus expected to coexist e.g.
by avoiding mutual exclusion thanks to resource partitioning (Chun et al. 2018; Van
Rossum et al. 2020). The definition of strain is also highly debated, as in principle one
single nucleotide variant (SNV) is sufficient to define a strain but i) it is not clear if this
is a biologically relevant definition and ii) even with metagenomics it is complicated to
distinguish particularly closely related strains (especially in absence of a comprehensive
database of reference sequences) (Van Rossum et al. 2020). Ratzke et al. recently
established that more closely related bacteria interact more strongly and that stronger
negative interactions result in the exclusion of the ‘weaker’ variants from the community
(Ratzke, Barrere, and Gore 2020). Hence, conspecific strains are in principle not expected
to coexist within bacterial communities, as they are too similar to each other.
Nevertheless, it could be that conspecific strains harbor (little) but functionally distinct
strain-specific (accessory) genes that could allow them to differentiate and coexist. In
this case, the coexistence of bacteria would be determined at the level of the strain rather
than at the level of species (Dana E. Hunt, Lawrence A. David, Dirk Gevers and Eric J.
Alm 2008). Interestingly, a recent study tracking microbial communities associated with
pitcher plants showed that interactions between closely related strains (differing as little
as by 100 base pairs) can exhibit vastly different dynamics, suggesting that intra-specific

interactions govern the community dynamics over time (Goyal et al. 2021). In addition,
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it appears that macroecological properties of the human gut microbiome such as its
stability is determined at the strain-level (Wolff, Shoemaker, and Garud 2021). Still, it
is not yet clear which kind of interactions are common among conspecific strains, if they
are different if compared to the interactions between the allospecific ones and if these
differences influence strains coexistence.

An experimentally tractable bacterial community suitable to investigate about
this this is the gut microbiota of the honey bee (Apis mellifera) (Zheng et al. 2018). This
community is dominated by eight deep-branching phylogenetic lineages (phylotypes) that
diverged into several closely related species, which contain further diversity at the strain
level (Ellegaard et al. 2015; Ellegaard and Engel 2016, 2019; Engel, Martinson, and
Moran 2012; Kwong and Moran 2016). This model allows to study inter- and intra-
specific interactions both in vitro, as all the community-members can be cultured in the
laboratory, as well as in wivo, as microbiota-depleted bees can be generated and
experimentally colonized with synthetic communities of different strains (Kesnerova et
al. 2017; Zheng et al. 2018).

In this study we used one of the most abundant phylotypes of the honey bee gut
microbiota, i.e. Lactobacillus Firmb, to study differences in interactions and coexistence
between conspecific and allospecific strains. Firm5 has diverged into four different species
whose coexistence is facilitated by the partitioning of the pollen diet of the bee
(Manuscript I). Strain-diversity is found within species and the amount of conspecific
strains that can be detected within bees varies depending on the species (Ellegaard and
Engel 2019). It’s not known which interactions dominate at the strain level within the
Firmb phylotype and which is their impact on coexistence: it could be that conspecific
strains compete more strongly as they are more closely related and exclude one another.
On the other hand, it could also be that interactions are strain-specific and depend on

which strain is present and not to which species it belongs to.
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In this study we selected three strains for each of the four Firm5 species and we
mixed them in all possible pairwise combinations (12 conspecific combinations and 54
allospecific combinations). We fed each combination (co-colonizations) as well as the 12
strains individually (mono-colonizations) to microbiota-depleted bees. To measure
interactions, we calculated the effect of each strain on the other by comparing
colonization levels in mono-colonizations and in co-colonizations in conspecific and
allospecific pairs. Moreover, to investigate coexistence, we selected eight pairs of strains,
four including conspecific strains and four including allospecific strains, and we passaged
them both in vivo in microbiota-depleted bees and in vitro in culture tubes. Our results
show that negative interactions dominate strain-level diversity within the bee gut and
that their strength does not correlate with relatedness. However, conspecific pairs
resulted in less even communities, with one strain generally dominating over the other.
Our passaging experiments indicated that these pairs were less likely to co-exist than

pairs of strains from different species.

RESULTS

Systematic pairwise colonization of gnotobiotic bees with 12

strains of Lactobacillus Firm5 belonging to four different species

In order to explore strain-level interactions within the bee gut, we selected three
strains from each of the four Lactobacillus Firmb species (in total 12 strains, see Materials
and methods, Annex (II) - Supplementary Table 1). We colonized microbiota-
depleted bees with each of the 12 strains separately as well as in all 66 possible pairwise
combinations (Annex (II) - Supplementary Table 2) (Figure 1.A). Ten days post-
colonization, we dissected the distal hindgut of each bee (rectum) and determined the
total bacterial abundance of each community member combining CFUs plating with

amplicon sequencing of a house-keeping genes that allows to discriminate the selected
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strains (Figure 1.B, see detailed methods in Manuscript I). We analyzed a minimum of
three and a maximum of five individual bees per treatment resulting in a total of 332
bees that were analyzed for this experiment.

We obtained between 1,000 and 55,000 (in average = 8,000) reads per sample
(Figure 1 - figure supplement 1.A, Annex (II)). Our limit of detection (LOD) for
the two strains in a given sample varied from 10* to 10° copies per bee gut depending on
the sequencing depth and the total bacterial abundance in each sample (Figure 1 -
figure supplement 1.B, Annex (II)). The total number of CFUs per gut ranged from
5.0x10® to 5.0x10% indicating that all strains were able to colonize microbiota-depleted
bees (Figure 1 - figure supplement 1.C, Annex (II)). Amplicon sequencing revealed
that the two strains of the inoculum dominated the communities in most of the analyzed
samples (94.7% of all samples had > 90% of all reads assigned to the two focal strains)
suggesting that the colonization worked as expected (Figure 1 - figure supplement
2, Annex (IT)). Only a few bees had marked cross-contaminations with other strains
(i.e. > 10% of the reads were assigned to a strain not present in the inoculum) (Figure
1 - figure supplement 2, Annex (II), red zone). These samples were excluded from
further analysis.

While we aimed at colonizing all bees with equal proportions of the two strains
(see Materials and methods), one of the strains was often more abundant than the other
(Figure 1 - figure supplement 3.A, Annex (II)). However, there was no correlation
between the proportions of the strains in the inoculum and in the gut ten days post
inoculation, indicating that interactions with the host, the diet, or the other community
members influence community composition (Figure 1 - figure supplement 3.B,

Annex (II)).
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Figure 1: Experimental design and analysis strategy of the pairwise interaction experiment. A. Twelve
strains (different colors) from the four Firmb species (different shapes, Lapi, Lhel, Lmel and Lkul) were selected to
analyze species- vs strain-level interactions in the bee gut. Microbiota-depleted bees were colonized with each of the
12 strains separately as well as in all 66 possible pairwise combinations (n=5). B. 10 days post-colonization the rectum
of the gnotobiotic bees was subjected to CFUs plating and amplicon sequencing to determine the absolute abundance
of each of the two community members in each strain pair. C. In order to determine the interactions governing each
strain pair, the effect of one strain on the other was calculated by computing for each strain the ratio between the
bacterial loads in the co-colonization versus the mono-colonization condition. The reciprocal effects of the two strains
were used to determine the type of the interaction governing in each pair (mutual inhibition — MI, amensalism — A,

parasitism — P, neutralism — N, commensalism — C, mutual facilitation — MF).

Negative interactions dominate among strains of

Lactobacillus Firm5

In all samples, both strains were detected after 10 days of colonization suggesting
that none of the strains was able to completely outcompete the other strain. To analyze
the type of interaction governing each pair of strains we used a similar approach as Kehe
et al. (Kehe et al. 2021). We determined each one-way interaction by calculating the
effect of a given strain on another measuring the ratio between the yield of the co-
colonization and the yield of the mono-colonization (see Materials and methods,
Formula 1). If the yield of a strain in co-colonization was lower in presence of the second
strain, the effect (< 1) was classified as negative (-), if it was higher the effect (> 1) was

classified as positive (4), while if there was no effect (= 1) it was classified as neutral
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(0). These one-way interactions were then used to determine the bidirectional
interactions for each pair of strains both qualitatively and quantitatively. Six different
bidirectional interactions can be determined based on the reciprocal one-way interactions
(-/-, -/0, +/-, 0/0, +/0, or +/+; Figure 1.C). Importantly, bidirectional interactions
can be measured both qualitatively and quantitatively. For example, we can infer that
two strains are interacting through mutual inhibition (-/-) and also determine the extent
to which they inhibit each other: one strain may have a much stronger inhibitory effect
on the other strain than vice versa.

To be able to capture qualitative and quantitative aspects of interactions, we
considered all bidirectional interactions as polar coordinates (or vectors) of angle (8) and
of radius (r), which respectively measure the type and the strength of the interaction
(see Materials and methods, Formula 2) (Figure 2.A). To determine if a given pair
exhibits a robust type of interaction we calculated the vectors dispersion (p, 0 = high
dispersion, 1 = low dispersion) across the analyzed replicates. We then used circular
statistics (see Materials and methods) to test which vectors had significantly high p to
explain an interaction. For 59 out of 66 pairs, the two strains had a statistically
significant interaction type (Pycke’s test, p < 0.05), i.e. their correspondent vectors were
concentrated around one preferred direction and were not dispersed around the circle
(Figure 2.B) (Pycke 2010). Of these significant interactions, 53 were categorized as
mutual inhibition (average 6 = -65.6 ° +/- 10.9) and 6 as parasitism (average 6 =-37.2°
+/-7.9) (Figure 2.B). The value of 6 does not only indicate which type of bidirectional
interaction exists but also how balanced this interaction is among the two strains (see
Figure 2.A). The closer 8 is to -90°, 0° or +90°, the more the two strains are
respectively equally inhibiting or facilitating each other (Figure 2.A). The values of 6
that we measured across the different interacting pairs variated substantially, from -
24.2° to -87.8 ° (average = -60.8 * ), indicating that in some pairs the interactions were

more balanced than in other pairs (Figure 2.A).
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The r values of the interaction vectors varied substantially across pairs ranging
from 0.1-10.9 (average = 2.8) indicating that some pairs had stronger effects on each
other than others.

All this taken together, we can conclude that the large majority of the interactions
between Firmb strains are negative, but that there is variation in the reciprocal inhibitory

effect of the two strains on each other and the strength of their interactions.

Negative interactions between strains from different

species are less biased

Our results suggest that in terms of the type of interaction, it does not matter
whether two strains are from the same or a different species: negative interactions
predominate among Lactobacillus Firmb. However, our results suggest that there may be
quantitative differences between strains that could depend on the species-affiliation. For
example, conspecific strains may interact more strongly with each other or have less even
effects on each other.

We correlated both the r (interaction strength) and the 6 (interaction type) values
with both the genetic distance and the differences in the accessory gene content between
strains, but could not find any significant correlation (Figure 2 - figure supplement
1, Annex (IT)). However, strain pairs from different species (allospecific strains) had
lower 6 values (mean = -66.5°+/- 14.1) than strain pairs from the same species
(conspecific strains) (mean = -71.4° +/- 12.6) (Figure 2.C), suggesting less even
reciprocal effects between conspecific strains. These findings were consistent with
differences observed in the relative abundance of strains in pairs consisting of conspecific
versus allospecific strains. Allospecific pairs were normally distributed around equal
proportions of the two strains in the community (Shapiro-Wilk normality test, p <

0.07611) (Figure 2.D). In contrast, conspecific pairs followed a non-normal distribution
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with a larger variation the proportions of the two strains in the community (Shapiro-
Wilk normality test, p < 0.000279) (Figure 2.D).

These results show that phylogenetic relatedness between strains does not
influence the strength with which the strains interact nor the type of bidirectional
interactions between strains. However, it appears that strains from the same species
interact in a more biased way, i.e. strain A has a stronger influence on strain B, than

vice versa, explaining the less even community compositions of conspecific pairs.
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Figure 2: Polar coordinates describing Firm5 strain-strain interactions. A. Polar plot displaying means of
replicates for each strain-pair (n=3-5) as vectors of angle 8 (type of interaction) and length r (strength of interaction).
The different colors represent the different interaction types (mutual inhibition — MI, amensalism — A, parasitism —
P, neutralism — N, commensalism — C, mutual facilitation — MF). Note that A, N, and C only exist if the angle 8 is
exactly, -45°,0°, and 45 ° | respectively. Asterisks show the 8 values where interactions between strains are balanced.
B. Statistical analysis of vectors dispersion between the replicates of each strain pair. Each point represents one pair
of strains. p is a measure of the vectors dispersion between the different replicates of a strain pair. It can range from
0 (high dispersion) to 1 (low dispersion). The significance of p was tested for each vector for each replicate using
circular statistics (see Materials and methods). C. Polar plots displaying means of vector replicates for each strain
pair divided into pairs of strains from the same species and different species. D. Histogram displaying the distribution
of the distance from even proportions between the two strains in each of the 66 pairs. Pairs including strains from the

same species and pairs including strains from different species are displayed in yellow and grey respectively.
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Coexistence of strains from different species, competitive

exclusion of strains from the same species in vivo

Although none of the tested strains was able to outcompete any of the other
strains in our pairwise colonization experiments, the disproportional abundances of some
of the conspecific pairs suggest that these strains may not be able to coexist over time.
To explore this further, we serially passaged four randomly selected pairs of each
conspecific and allospecific strains through gnotobiotic bees for a total of three times
(Figure 3.A). After each passage (i.e. after 7 days of colonization), we used amplicon
sequencing in combination with CFUs counting (see Manuscript 1) to determine the
absolute abundance of each strain in each pair (Figure 3.B).

In three out of the four conspecific strain pairs (pairs 31, 57 and 65), one of the
two strains steadily decreased in abundance, with two of them reaching the limit of
detection after one and two passages, respectively (Figure 3.B). In contrast, in the
fourth pair (pair 1), while the two strains exhibited clear differences in the bacterial loads
in the gut, none of them decreased in abundance over the three passages suggesting stable
coexistence (Figure 3.B). A similar pattern was observed for all four pairs of allospecific
strains. Both strains were detected in all passages across all four pairs, with none of them
reaching the limit of detection (Figure 3.B). None of the strains showed a trend towards
decreasing total abundance from passage to passage (Figure 3.B). However, two pairs
(pairs 11 and 13) exhibited slightly more variation in bacterial abundance over the three
passages (especially at P1) than the other two pairs (pair 7 and 43) (Figure 3.C). In
summary, we show that only one out of four combinations of conspecific strains, but all
four combinations of allospecific strains can stably coexist over three passages through
microbiota-depleted bees.

In order to investigate to what extent the host environment influences the
interactions and coexistence patterns of conspecific and allospecific strains, we serially

passaged the same four conspecific and allospecific pairs in vitro in a minimal medium
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supplemented with water extracts of pollen grains for four times every 24 hours (Figure
3 - figure supplement 1, Annex (II)). The absolute abundance of each strain in the
pair was determined as described above for the in vivo experiment. The in vitro results,
although preliminary, show a similar trend as the in wvivo results. In fact, the three
conspecific pairs that could not coexist in vivo, also show a similar trend in vitro, with
one of the two strains of the pair decreasing in its abundance and the other remaining
constant (Figure 3 - figure supplement 1, Annex (II)). Interestingly, the same
strain combination that was able to coexist in vivo also seemed to be able to coexist in
vitro (Figure 3 - figure supplement 1, Annex (II)). In contrast, the results between
the in wvitro and in vivo experiment were less congruent for the allospecific strain pairs.
In fact, only two out of four pairs (7 and 13) showed signs of coexistence over time
(Figure 3 - figure supplement 1, Annex (II)).

In summary, we can conclude that the in vitro results for the conspecific, but not

the allospecific strain pairs correspond to the in vivo ones.
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Figure 3: Differences in the coexistence of strain pairs in gnotobiotic bees. A. Experimental setup of the
in vivo passaging experiment including four pairs of each two strains of the same (pairs 1, 31, 57, and 65) and two
strains of different species (pairs 7, 11, 13, and 43). Microbiota-depleted bees were colonized with the selected strain
pairs and seven days post-colonization the rectum was dissected. An aliquot was used to plate CFUs and perform
amplicon sequencing. The remaining gut content of each replicate was pooled to colonize a new batch of microbiota
depleted bees. In total three passages through gnotobiotic bees (P0-P2) were performed. B. Bacterial counts per
rectum (n=10) for the two strains in each of the eight tested strain pairs across the three passages (P0-P2). Counts
were determined by multiplying the total number of CFUs with the relative abundance of each strain in the
community. Grey areas represent the limit of detection: the 95% confidence intervals of the limit of detection are

shown in light grey.

DISCUSSION

According to the bacterial species concept proposed by Cohan (2002) bacteria
diversify into species because they occupy distinct ecological niches. In contrast, strains
within species are supposed to have overlapping niches (Van Rossum et al. 2020). This
implies that conspecific (from the same species) and allospecific (from different species)

strains interact differently with each other, with different consequences on their ability

81



to coexist. However, both conspecific and allospecific strains often co-occur in natural
microbial communities (Van Rossum et al. 2020), putting this concept into question.

Here we studied pairwise interactions and coexistence between conspecific and
allospecific strains of the honey bee gut symbiont Lactobacillus Firmb during gut
colonization. The four selected species form a monophyletic clade within the lineage of
Lactobacillus Firm5 and mostly occur in the gut of honey bees suggesting that these
bacteria have diversified into different strains and species in the bee gut environment.
This makes them particularly interesting candidates to investigate the type of
interactions that governs them.

A first observation that we made was that the proportions of the strains in the
rectum at the end of the experiment did not reflect the strains ratio in the inoculum.
This finding is in line with the niche-theory, which predicts that the assembly of
microbiomes is governed by deterministic processes, such as interactions with the partner
strain, the diet or the host (Jeraldo et al. 2012; Sun et al. 2019).

In our case, all strains were mutually inhibiting each other except of six pairs in
which we observed interactions of the parasitism type. This was independent of whether
the two strains came from the same or a different species and confirms our previous
results where we had tested a four strain community of Lactobacillus Firm5 and also
found negative interactions (see Manuscript I). This is likely because, since a single Firmb
strain is sufficient to reach the carrying capacity (i.e. the average maximum population
size, (McArthur 2006)) of this phylotype in the rectum, when other strains are present
they are compelled to mutually inhibit one another to share the niche. Currently, we do
not know if the observed negative interactions result from bacterial warfare, utilization
of the same nutrients, or competition for space. We showed (Manuscript I) that the
presence of pollen increases the carrying capacity of this phylotype in the gut. This
indicates that the carrying capacity is limited either by the availability of ‘broad

spectrum’ pollen-derived compounds (such as co-factors, nitrogen and carbon sources) in
)
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the rectum or by the niche space that might increase (especially the amount of surface
available) in presence of pollen. Moreover, as we found some statistically significant
differences in the bacterial load between strain pairs in mono- and co-colonization, some
strains may have less overlapping niches than others. Finally, we observed variation in
the relative strains proportions across different strain pairs, indicating that the strength
of the negative effects quantitatively differs between pairs. The measurement of
interactions-balance (how skewed are strains proportions within pairs) and strength (how
strongly are strains negatively affecting one another in co- vs to mono-colonization)
allowed us to assess such quantitative differences between strain pairs and test whether
they could be linked to features of the combined strains, such as their relatedness.

We didn’t find any correlation between the variation in interactions-balance and
strength neither with the phylogenetic distances between strains nor with their
differences in the accessory gene content. This could be because the differences in
interactions-balance and strength are due to few specific genes that don’t have an effect
on the phylogenetic distance between strains. In line with this, we showed previously
(Manuscript 1) that shared genes, and not necessarily strain-specific genes, are
differentially regulated in conditions where divergent strains of Firm5 coexist. Moreover
it could be that the accessory gene content includes genes that don’t contribute to niche
differentiation thus blurring any signal of niche differentiation.

The evidence that interactions within the Firm5 phylotype are mostly negative
and don’t correlate with phylogenetic relatedness is coherent with the fact that these
bacteria are extremely closely related. They are all fermenters that share similar
metabolic strategies and that lack a TCA cycle, suggesting that they are likely not
engaging in cross-feeding interactions. Moreover, this is in line with the conclusions of
several papers that highlighted that competitive interactions dominate in the bacterial
world (Foster and Bell 2012; Kehe et al. 2021). In addition to the competition for similar

resources, another reason that could explain why negative interactions dominate is that,
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on the contrary, investing in positive interactions could be evolutionary disadvantageous
as it creates interdependencies between bacteria that are likely to become unreliable and
unstable for example facing environmental disturbances (Foster and Bell 2012).

But can measuring interactions help us to predict bacterial coexistence? In some
cases, yes. For example, Piccardi et al. observed that when the shared environment is
toxic, the interactions between the members of a four species community are positive,
allowing them to coexist (Piccardi, Vessman, and Mitri 2019). This is likely due to the
fact that a subset of species participates to the detoxification of the environment, making
it less toxic for their own survival and at the same time accidentally allowing the other
species to survive (Piccardi, Vessman, and Mitri 2019). On the other hand, when the
shared environment is not toxic but rich in nutrients, negative interactions dominate
among the four species and only the detoxifier ones can persist (Piccardi, Vessman, and
Mitri 2019).

Contrarily, in our case the dominance of negative interactions is not translated in
the absence of coexistence among strains. In fact, by serially passaging selected
conspecific and allospecific strain pairs through gnotobiotic bees and monitoring the
abundance of both strains at each passage we observed that the majority (5/8) of these
pairs (although they were competing) could coexist over time. This is also what we
showed in our previous study (Manuscript I) as the four Firm5 species could coexist in
presence of pollen while competing with one another. It could be that certain Firmb
strains compete because of the saturated carrying capacity of the system in mono-
colonization (as mentioned above) and at the same time manage to coexist by specializing
on a subset of pollen-derived substrates. In addition, the fact that strains don’t
necessarily exclude one another could be advantageous in that neighboring strains can
potentially leak metabolic by-products promoting cross-feeding interactions or can
contribute to the resistance to the invasion of alien species by filling of all the available

niches.
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In particular, by studying coexistence over time, we found that strains were able
to coexist within all four tested allospecific stain pairs. In contrast, in three out of the
four tested conspecific strain pairs, one of the strains steadily decreased in abundance
over the three passages. This suggests that conspecific strains are less likely to coexist.
These results are in line with our previous study where we showed that four strains, each
from a different Lactobacillus Firmb species were stably coexisting in the bee gut in the
presence of pollen (the same conditions as used here). In any case, an important
conclusion that we can draw from our experiments is that not all combinations of strains
from the same species will necessarily result in competitive exclusion. As a matter of fact,
in one of the four tested conspecific strain pairs, both strains (ESL0185 and ESL0263)
were maintained at similar bacterial loads across the three passages. Interestingly, these
two strains were coexisting over time with non-balanced proportions, i.e. ESL0263 was
always much more abundant than ESL0185, indicating that interactions-balance is also
not always a good predictor of coexistence over time. ESL0O185 and ESL0263 belong to
L. apis, the species with the lowest number of COG ‘G’ genes (carbohydrate transport
and metabolism category) and phosphotransferase transporters (PTS), that are
contrarily very abundant in the other species and are likely important for the import and
the utilization of pollen-derived carbohydrates (see Manuscript I, Ellegaard et al., 2020).
It could be that these two strains, as they appear to be slightly less specialized to use
pollen carbohydrates if compared to the other species, manage to coexist by partitioning
other types of substrates.

How do these results compare to the distribution of different Firm5 species and
strains in naturally colonized bees? It was shown by a recent metagenomics study from
our lab that the four Firmb species consistently coexist in individual bees. In contrast,
strains of the same species showed the tendency to segregate between individual bees

(Ellegaard and Engel 2019). Our results seem to recapitulate this as allospecific strains
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coexisted more often than conspecific strains. Conspecific strains can also (more rarely)
coexist perhaps thanks to niche segregation.

Our study presents some limitations. First of all, due to the laborious nature of
gnotobiotic bee experiments and the availability of cultured isolates, we could only
include a relatively small number of strains per species (three). This has limited the
number of conspecific strain combinations we could test. More pairs of strains would
need to be included in these experiments to test the statistical significance of the
difference between allospecific and conspecific strain pairs. Moreover, our in vitro study
needs to be expanded with more replicates and passages to better disentangle strains
dynamics ex vivo and understand to which extent interbacterial interactions or host
interference are important to predict community dynamics.

Finally, in this study we measured interactions and coexistence in a pairwise
manner. We can therefore not exclude that there could also be higher order interactions
arising when more than two species are mixed, even if there is evidence that pairwise
interactions have been proven meaningful to describe bacterial dynamics within
populations (Foster and Bell 2012). In addition, in our study we are only considering a
subset of Lactobacillus Firm5 strains in absence of the rest of the bee-microbiota
members. Interactions between Firmb strains could change in presence of the other
microbiota members as they would potentially fill niches that in our experiment remain
available or they could engage in cross-feeding interactions based on byproducts of other
phylotypes.

Despite these limitations altogether these results show that the outcome of
bacterial interactions cannot simply be predicted from the phylogenetic relatedness of
bacteria and that it is important to consider strain-level variation when monitoring
bacterial community dynamics. This was also highlighted in a recent study by Goyal et
al., who showed that even extremely closely related bacterial variants (differing by only

100 base pairs!) can exhibit vastly different coexistence patterns (Goyal et al. 2021).
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MATERIALS AND METHODS

Culturing of bacterial strains

For this study we used 12 Lactobacillus Firmb strains, 3 for each of the four
species (Lactobacillus apis, Lactobacillus helsingborgensis, Lactobacillus melliventris and
Lactobacillus kullabergensis, see Supplementary Table 1, Annex (II)). All strains
were precultured on solid media and subsequently inoculated in liquid media for

overnight growth as described in Manuscript I — Materials and methods.

in vivo colonization and passaging experiments

Bacterial colonization stocks were prepared as described in Manuscript 1 —
Materials and methods. Colonization stocks detail (ID and content) is reported in
Supplementary Table 2 (Annex (II)). All colonization stocks were diluted ten times
in a 1:1 mixture of 1xPBS and sugar water (50% sucrose solution, w/v) and colonization
stocks for mono-colonizations were diluted 50 times more to achieve more comparable
bacterial levels as for the co-colonizations. 5 pL of diluted stocks were fed to each bee
using a pipette. Bees were kept on a sugar water + pollen diet and food was provided ad
libitum. Ten days post-colonization, five rectums were dissected and homogenized in
1xPBS. An aliquot of each homogenized rectum was used for CFU plating to enumerate
the total bacterial load and for amplicon sequencing to obtain the relative abundance of
each community member.

For the eight Firm5 communities that were passaged across bees to investigate
coexistence over time, a total of ten rectums were dissected seven days post-colonization,

pooled together, stored and then used to feed another batch of microbiota-depleted bees
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as described in Manuscript I — Materials and methods. At the same time, after every
passage, an aliquot of each homogenized rectum was used to plate CFUs and to perform

amplicon sequencing analysis. This was repeated for a total of three serial passages.

In vitro passaging experiment

Each strain was cultured in liquid medium overnight and subsequently re-
inoculated as described in Manuscript I — Materials and methods. Strains were then
mixed in equal volumes and inoculated at an ODgoy = 0.05 in triplicates in 2mlL
Eppendorf tubes containing 1.350 mL of carbohydrate-free ¢cf MRS medium (Mortera et
al. 2013) supplemented with 10 % water extracts of pollen grains. Detailed information
about pollen extracts preparation can be found in the Supporting methods section of
Kesnerova et al., 2017. Then, 1 % of each culture (i.e. 15 uL) was passaged to a tube
with fresh medium and incubated again. These passages were repeated 3 times and after
each transfer cultures were pelleted by centrifuging (5 min, 5000 g), supernatants were
discarded and pellets were stored at -20° C for amplicon sequencing analysis. At every
passage an aliquot of each culture was used for CFU plating to enumerate the total

bacterial load.

Amplicon sequencing

The relative abundance of each strain across all experiments was obtained using
amplicon sequencing of a 199-bp long fragment which allows to discriminate the 12
strains from each other, as described in Manuscript I — Materials and methods. In brief
the amplicon, after a lysis step, is amplified either from gut homogenates or from cells
pellets resuspended in 1xPBS (200 puL) with a two-step PCR protocol interspersed with
purification steps. During the first PCR the amplicon is amplified with specific primers

(see Materials and methods of Manuscript I) and during the second PCR sample-specific
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barcodes are annealed to it (Supplementary Table 3, Annex (II)). For barcode-
combinations to strains-combinations correspondence, see Supplementary Table 4

(https://drive.switch.ch/index.php/s/T5Yrul AnXjEMC{V).

Finally, DNA concentrations are measured and each sample is adjusted to a
concentration of 0.5 ng/uL prior of being pooled together. After that, the pooled samples
are loaded and purified from an agarose gel, the DNA is prepared for sequencing following
the Illumina Miniseq guidelines and then loaded on a Illumina MiniSeq Mid Output
Reagent Cartridge using the correspondent MiniSeq flow cell. The sequencing output is
analyzed (as described in Manuscript I — Materials and methods) using the scripts
available on github and the relative abundance of each strain in each samples is obtained.
To obtain absolute abundance data for each strain, we combined the relative abundance
data from the amplicon sequencing with CFU counts obtained during the in vivo and in

vilro experiments.

in vivo interactions analysis

To infer interactions for each combination-pair, for example of strain A and strain
B, the log, of the ratio between the abundance of A in co-colonization with B and the

abundance of A in mono-colonization is calculated (Formula 1).

A in co — colonization with B

log?2
092( mean(4 in mono — colonization)

Formula 1: Calculation effect of one strain on the other comparing mono- and co-colonization
abundances.

The resulting number can be either positive (strain B is facilitating strain A),
negative (strain B is inhibiting strain A) or it can be “1” (strain B has no effect on strain
A). In this study we never obtained a round “1” as a result when using Formula 1, thus

neutrality and interactions such as amensalism (one strain inhibited and the other not
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affected) or commensalism (one strain facilitated and the other not affected) were not
considered. By using this formula in each direction for each strain-pair a measure of the
effect of each strain on another is obtained (Effect of A on B; Effect of B on A). By
combining each strain’s effect on another the interaction type is inferred. If both strains
inhibit each other the interaction is defined as mutual inhibition, while if both strains
are facilitating each other the interaction is defined as mutual facilitation. If one strain
is facilitated and the other is inhibited by the association the interaction is defined as
parasitism. Moreover, by combining each strain’s effect on another cartesian coordinates
to plot and visualize each pair interaction on a cartesian plane are obtained (Effect of A
on B; Effect of B on C, see Supplementary Figure 1 - Annex (II)). Based on the
quadrant in which the point corresponding to the pair-interaction falls the interaction
can be assessed: mutual facilitation pairs fall within the (+,+) quadrant, mutual
inhibition pairs fall within the (--) quadrant and parasitism pairs fall within the (-,+)
quadrant. In order to obtain a quantitative measure of interactions we converted

cartesian coordinates (x,y) in polar coordinates (r, 6) (Formula 2).

(r,0) = (Vx2 + y2,tan — 1 (yx))
Formula 2: Conversion of cartesian coordinates into polar coordinates.

Every coordinate is thus converted from a point of coordinates x and y into a
vector whose length (r) describes the distance of the vector from the center and whose
angle (0) describes the position of the vector on the plane. In particular r can be used as
a measure of the strength of the interaction and 6 can be used as a measure of which is
the type of interaction as it indicates in which plane-quadrant the pair is located as well
as a measure of how symmetrically strains are interacting. To determine within which
pairs strains were interacting significantly, a p measure of the dispersion of the replicate

vectors for each pair was calculated. Pycke’s test was used to determine which pairs
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replicate vectors were concordant and thus indicating that the measured interaction was

significant (Pycke 2010).

Code and data availability

The complete custom code for all the analyses is available on GitHub:

(https://github.com/silviabrochet /strain-level-interactions). We are currently uploading

the amplicon sequencing data under an NCBI Bioproject.
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MANUSCRIPT III: SCFAS PRODUCTION
BY DIFFERENT LACTOBACILLUS FIRMS
SPECIES AND STRAINS

SUMMARY

In this Manuscript we investigated if to the genetic-diversity that is found in
natural bacterial communities there is a correspondent functional-diversity. In other
words, we asked if in microbiomes each genotype has a distinct function (making the
community functionally synergistic) or if all genotypes have the same function (making
the community functionally redundant).

To this end, we selected 12 different strains of the bee-gut phylotype Lactobacillus
Firm5, 3 for each of the four Firmb species, and we used them to mono-colonize
microbiota-depleted bees. 5 days post-colonization we measured the production of short
chain fatty acids (SCFAs) both in the bee gut as well as in the hemolymph. SCFAs are
the main products resulting from the microbial fermentation of substrates that are not
digestible by the host and they have been shown to be an important energy source for
the host. Here we measured the production of the SCFAs acetate, butyrate, formate,
lactate, propionate and succinate in bees mono-colonized with individual Firmb strains
if compared to non-colonized bees (microbiota-depleted control, MD).

While in bees hemolymph we could not detect any difference in SCFAs
accumulation between colonized (CL) and MD bees, in the bee gut five out of six SCFAs
that accumulated in at least one mono-colonization treatment if compared to the MD
control. Some SCFAs, such as acetate and succinate, were produced by all Firm5 strains.
Others, such as lactate and butyrate, were produced in a rather species-specific way,

with two species accumulating lactate and two species accumulating butyrate.

93



Interestingly, the accumulation of lactate was species-specific only in vivo and not in
vitro, suggesting that all four species have the ability of producing lactate. The fact that
the two species that accumulate butyrate instead of lactate in vivo harbor specific lactate
permeases genes and genes involved in the butyrate metabolism pathway suggests that
they are producing lactate and subsequently converting it to butyrate. Finally, there was
one SCFA, i.e. formate, that was accumulated in a strain-specific way.

These results suggest that, depending on the type of SCFA, its production can be

common across all strains or it can be rather produced in a species/strain-specific way.

INTRODUCTION

Microbes play key roles for ecosystem functioning and health. For example,
microbial communities associated with ocean and soil are essential to fulfill important
functions such as nutrient recycling and carbon storage (Bardgett and Van Der Putten
2014; Moran 2015). Plant-associated microbial communities are crucial for promoting
plants health by preventing pathogen-colonization through competition or through the
production of toxic compounds (Berendsen, Pieterse, and Bakker 2012). Finally, host-
associated microbial communities protect against pathogens and contribute to host
nutrition by fermenting non-digestible dietary components into short chain fatty acids
SCFAs) that can be absorbed by the host (Flint et al. 2012).

At the same time, microbial communities are genetically diverse, i.e. they typically
consist of many different bacterial phyla, families, genera, species and strains. Moreover,
the degree of their complexity can vary across different environments (Locey and Lennon
2016). For example it is estimated that while a single gram of soil can harbor up to
50’000 bacterial species, the human gut generally includes a maximum of 400 bacterial

species (Lloyd-Price, Abu-Ali, and Huttenhower 2016; Roesch et al. 2010).
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How the genetic diversity of microbiomes is linked to their functional output is a
standing question in the field (Louca et al. 2018). On one hand, the function of a
microbial community depends on the concerted action of functions carried by individual
members of the community (Armstrong et al. 2018). On the other hand, many members
of a community have identical functional capacities and occupy similar ecological niches
indicating that microbial communities contain a lot of functionally redundancy (Moya
and Ferrer 2016). For host microbial communities, it is possible that competition for
nutrients in the gut drives bacterial diversification resulting in bacteria occupying
divergent niches. However, the host may select for functional redundancy in the
microbiota to increase the robustness against e.g. pathogen attacks, or the resilience
against environmental fluctuations or to produce a more diverse set of host-beneficial
bacterial products.

Here, we looked into this question by focusing on the honey bee gut microbiota.
Honey bees harbor a specialized and experimentally tractable bacterial community in
their gut. This community consists of 8 deep-branching bacterial lineages (or phylotypes)
which can be cultured in the lab and that can be used to colonize microbiota-depleted
bees (Kwong and Moran 2016; Martinson et al. 2011; Zheng et al. 2018). Here we focused
on one of the most abundant phylotypes of the bee gut microbiota, i.e. Lactobacillus
Firmb5. Lactobacillus Firmb is a facultative anaerobe that converts sugars into organic
acids (such as SCFAs) via fermentation. In honey bees, this phylotype comprises four
divergent species and each of these contain a substantial amount of strain-level diversity
(Ellegaard and Engel 2019). In our previous work, we showed that the four Firm5 species
consistently coexist in the bee gut due to niche differentiation and resource partitioning
of carbohydrates present in the pollen diet (Manuscript I). In contrast, strains of the
same species tend to segregate into different host animals and are less likely to coexist
due to competitive exclusion (Ellegaard and Engel 2019). Whether differences in species-

or strain-level composition of this phylotype result in any differences in the metabolic
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output of the microbiota has not been addressed, but could have important implications
for the host.

To test if the genetic diversity impacts the functional output of the Firmb
phylotype in the bee gut, we selected three divergent strains for each species and
measured their effect on SCFAs production in the rectum and the hemolymph of
gnotobiotic bees. We decided to look both at the gut and the hemolymph to assess the
direct metabolic output of the community in the gut and its effect on the metabolism of
the host.

We found that colonization with bacteria of the phylotype Firm5 affected the
SCFA profiles in the gut but not in the hemolymph. Interestingly, while some SCFAs
(i.e. acetate and succinate) were produced in similar quantities by all species indicating
redundant metabolic output, other SCFAs (i.e. butyrate, lactate and formate) were
produced in a species-specific or strain-specific manner indicating that the species- and
strain-level diversity both may impact the metabolic output of the gut microbiota in

bees.

RESULTS

Colonization with Lactobacillus Firm5 strains impacts SCF As

production in the gut but not in the hemolymph

To study the production of SCFAs by Lactobacillus Firm5 in the gut and in the
hemolymph we performed two independent replicates of the same gnotobiotic bee
experiment. In both experiments, we mono-colonized microbiota-depleted (MD) bees
with 12 different strains of Lactobacillus Firm5, three for each of the four species (see
Manuscript II) (Figure 1.A). Five days post-colonization, we dissected the rectum and
determined the bacterial loads based on CFUs plating (Figure 1.A and Figure 1 -
figure supplement 1, Annex (IIT)). In both experiments all strains successfully

colonized reaching bacterial abundances higher than 5x107 cells per rectum. As expected,

96



no culturable bacteria were detected in the MD bees control (Figure 1 - figure
supplement 1, Annex (III)). Homogenized rectum tissue and hemolymph from
experiment 1 and experiment 2, respectively, were subjected to GC-MS analysis to
measure the production of six SCFAs (acetate, butyrate, formate, lactate, propanoate
and succinate). These SCFAs were selected based on a previous study about SCFAs in
the honey bee gut (Zheng et al. 2017) (Figure 1.A).

There was a clear difference in the SCFAs profiles of the rectum and the
hemolymph samples (Figure 1.B and C). The SCFAs profiles of colonized (CL) bee
rectums clustered separately (first PCA axis) from the MD ones, while the all replicates
tended to cluster together within treatments (Figure 1.B). Moreover, in the rectum the
SCFAs profiles of the bees colonized with the different Firmb strains clustered separately
according to species-affiliation on the second PCA axis (Figure 1.B). In the rectum 5
out of 6 SCFAs (all but propanoate) were significantly accumulated in the CL bees if
compared to the MD control (Figure 2). On the other hand, the SCFAs profiles that
we detected within the hemolymph of CL bees did not cluster separately from the ones
of MD bees and neither by species (Figure 1.C). Moreover in the hemolymph none of
the 6 measured SCFAs was accumulated significantly in the CL bees if compared to the
MD control (Figure 2 - figure supplement 1, Annex (III)).

These results suggest that the colonization with Lactobacillus Firm5 effect SCFAs

production in the bee rectum rather than in the bee hemolymph.
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Figure 1: Production of SCFAs by Lactobacillus Firm5 strains. A. Scheme of the experimental design. Two

independent replicates of the same gnotobiotic bee experiment were carried out. Microbiota depleted bees were mono-

colonized with 12 strains of Lactobacillus Firm5 belonging to the four Lactobacillus Firmb species (Lapi, Lhel, Lmel,

Lkul). Five days post colonization, the rectum of each bee was dissected and an aliquot was used to plate CFUs.

Aliquots of bee rectums or bee hemolymph (respectively from experiment 1 and experiment 2, n = 10) were subjected

to GC-MS analysis to detect the presence of SCFAs. B. Principal component analysis (PCA) of SCFAs detected in

the rectum samples and C. PCA of SCFAs detected in hemolymph samples. The first two PCA dimensions are

displayed (PC1 and PC2). SCFAs responses were normalized by the internal standard and the gut mg or the

hemolymph pL and subsequently converted to z-scores (see Materials and methods). All replicates are displayed (each

point represents a bee, n = 10). The ellipses delimit the different species (different colors) and the MD control (black).

Different patterns of specificity for SCF As production

in the bee gut

We then focused on SCFAs production within the rectum in order to investigate

differences within the Firm5 phylotype.

Acetate and succinate accumulated in the rectum in all colonizations relative to

MD bees (Figure 2). In contrast, lactate only accumulated in bees colonized with the

strains of the two species Lapi and Lmel while butyrate exclusively accumulated in bees
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colonized with the strains of the other two Firmb species, Lhel and Lkul (two out of
three strains for Lkul) (Figure 2). Concordantly, lactate and butyrate were the two
SCFAs that were driving most of the separation of the different Firmb species in the
rectum across the second PCA axis (Figure 1 - figure supplement 2, Annex (III)).
Finally, formate was produced in a strain-specific way. Two strains of Lapi, all strains
of Lhel, one strain of Lmel and two strains of Lkul produced this SCFA (Figure 2).

To link the differences in SCFA profiles to differences in genomic features of
different Firmb strains, we looked at the KEGG gene annotation of the publicly available
genomes of the 12 strains. All Firm) strains harbored the genes to produce acetate and
lactate starting from pyruvate (Figure 2 - figure supplement 2, Annex (III)).
Notably, the strains of Lhel and Lkul, which did not increase lactate levels in the gut of
CL bees, harbored a gene encoding a lactate permease that can import extracellular
lactate from the environment (Figure 2 - figure supplement 2, Annex (III)). Most
of the genes of the butyrate metabolism were absent from Firmb genomes, except for the
gene encoding for an enoyl-CoA hydratase (converting hydroxybutyryl-CoA to crotonyl-
CoA) in all strains of Lhel and in one strain of Lkul (ELS0351, Figure 2 - figure
supplement 2, Annex (III)). Interestingly, these were precisely the strains which
showed increased butyrate levels. Although propanoate levels were not increased in CL
vs MD bees, all strains harbored the genes to produce propanoate starting from the
oxidation of odd-chain fatty acids and a subset of amino acids (Figure 2 - figure
supplement 2, Annex (III)). Moreover, all Firm5 strains had almost all the genes to
produce the TCA cycle intermediate succinate (Figure 2 - figure supplement 2,
Annex (III)), yet there were differences in the amount of succinate produced in the
presence of different strains. Finally, Firm) strains lack genes to convert pyruvate to
formate despite the fact that some strains were able to accumulate this SCFA (Figure

2 - figure supplement 2, Annex (III)).
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Differences in species-specific lactate accumulation in vivo vs in

vitro

All Firm5 species harbor the genes necessary to produce lactate as a result of
sugars fermentation (Figure 2 - figure supplement 2, Annex (III)) and we showed
previously (Manuscript I) that all four Firm5 species can produce lactate in wvitro
(ESL0185, ESL0183, ESL0184 and ESL0186). Why do we see lactate production by all
species ez vivo but only by two out of four species in vivo? It could be that lactate is
accumulated by all four species in vivo as well and later re-absorbed to be reconverted
to another product. Interestingly, the two species that don’t accumulate lactate in vivo
harbor specific lactate permeases that could promote the reabsorption of lactate (Figure
2 - figure supplement 2, Annex (IIT)). Alternatively, it could be that solely the
lactate produced by Lhel and Lkul is taken up by the host. This could be possible if, for
instance, Lhel and Lkul produce another isomeric form of lactate than Lapi and Lmel.
Since GC-MS analysis cannot discriminate between the two isomeric forms of lactate (D-
/L-lactate), to test this hypothesis we used a kit to measure the accumulation of D/L-
lactate both in wvitro and in wvivo in presence of a lactate-accumulating strain (Lapi
ESLO0185) or non-accumulating strain (Lhel ESL0183) (Figure 2 - figure supplement
3, Annex (IIT)). While the results of this enzymatic assays were in accordance with our
GC-MS analysis for the species-specific production of D-lactate in wvivo, there were no
differences in the isomeric form of lactate as all strains produced D-lactate only (Figure

2 - figure supplement 3, Annex (III)).
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Figure 1: SCFAs production in the bee rectum upon colonization with different Lactobacillus Firm5
strains. Boxplots displaying the z-score for each measured SCFA for each treatment (see Materials and methods).
Significant differences between the Firm5 treatments and the microbiota-depleted (MD) control was measured using
Wilcoxon signed rank tests (ns: p > 0.05; *: p <= 0.05; **: p <= 0.01; ***: p <= 0.001; ****: p <= 0.0001).

DISCUSSION

In this study we investigated if different species and strains of the bee gut
phylotype Lactobacillus Firmb are functionally different by measuring SCFAs production
in the bee gut and hemolymph.

We found SCFAs production (significant accumulation in CL vs MD bees) in bees

rectums but not in hemolymph. This is in contrast with a previous study by Zheng et

101



al. where the authors showed that, although it’s lower than in bees gut, there is an
impact of the gut microbiota on the bees hemolymph metabolic profile (Zheng et al.
2017). In particular Zheng et al. could detect the SCFA butyrate only in the hemolymph
of CL bees (Zheng et al. 2017). So why we didn’t detect any SCFAs production in CL
bees hemolymph? It could be because, while Zheng et al. used the entire community and
we only used individual Firmb strains, the effect could not be strong enough. In fact, it
could be that the individual Firm5 strains produce very low amounts of SCFAs that are
absorbed and used up so fast in the bee hemolymph that we cannot detect them. It could
also be that the strains that we tested are not responsible for SCFAs accumulation in
bees hemolymph or that our hemolymph sampling method does not allow to detect
SCFAs accumulation as we could only sample limited amounts of material per bee.

As for SCFAs production within the bee gut, previous studies showed that, in
presence of the entire community, acetate and succinate are the most abundant SCFAs
produced by bee-gut bacteria (Callegari et al. 2021; Zheng et al. 2017). In addition,
succinate was shown to be a cross-fed metabolite between two bee-gut symbionts
(Kesnerova et al. 2017). Interestingly, acetate and succinate are the two SCFAs that
were accumulated by all the Firmb5 strains that we tested. While all strains harbor the
complete gene-pathway to produce acetate, they miss few genes involved in the
production of the TCA cycle intermediate succinate (in particular for the conversion of
pyruvate into oxaloacetate). This could be because of insufficient/not accurate gene
annotation or because they use alternative genes to produce this SCFA.

On the other hand, we showed that other SCFAs such as lactate, butyrate and
formate are accumulated in a species- or strain-specific way in the bee gut. This is the
first evidence that to the intra-phylotype genetic-diversity of Lactobacillus Firmb there
is a correspondent functional diversity. Previous studies showed that there are differences
between hive-bees in the Firm5 composition both at the species and as well as at the

strain level. In fact, Ellegaard and Engel (2019) showed that the relative abundances of
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Lactobacillus Firmb species in the gut can change depending on bees age and that
different bees can display different strain-profiles, as strains (especially from the same
species) are likely segregating across bees due to competition (Ellegaard and Engel 2019).
This makes very relevant the fact that Firmb species and strains are functionally different
as it could mean that bees have functionally distinct microbiotas depending on the age
group and even depending on the individual bee. Further studies are needed to
investigate the impact of the microbiota functional differences on host physiology.

In particular, lactate was accumulated in the bee gut only by two out of four
Firmb species, i.e. Lapi and Lmel. The two other species, Lhel and Lkul, complementarily
accumulated another SCFA, i.e. butyrate. One explanation for this could be that Lhel
and Lkul produce lactate and then they use their species-specific lactate permease to re-
absorb lactate from the extracellular space and reconvert it to pyruvate and subsequently
to butyrate (Bourriaud et al. 2005; Detman et al. 2019). Interestingly, all strains from
these species (except one) harbor a specific gene encoding for an enzyme involved in the
butyrate metabolism pathway. As for why this difference in lactate accumulation is only
found in vivo and not in witro is not yet clear. In this study we demonstrated that this
is not due to the differential absorption by the host of different lactate isomers produced
by Lhel and Lkul. Instead, one possibility could be that we are sampling at different
time-points of growth between the in vivo and in vitro experiments. Alternatively, it
could be that in wvivo the host environment triggers the expression of the lactate
transporters. In support to this idea, in a previous study we showed that lactate
permeases are among the genes upregulated by two Lhel and Lkul strains in vivo in
presence of pollen if compared to in absence of pollen (See Manuscript I). Another
possibility is that the difference in pH between the in vivo and the in vitro conditions is
responsible of the differences observed in lactate accumulation. In fact Wang et al.
recently showed that lower pH levels led to lactate accumulation and butyrate production

reduction (Wang et al. 2020).
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Finally, we found that formate was produced in a strain-specific way within the
Firmb5 phylotype. This finding, together with our findings of Manuscript II, i.e. that
interactions and coexistence dynamics can be strain-specific, strongly suggests that there
could be a subset of Firmb strain that, independently of their species affiliation, have
unique characteristics.

This study presents some limitations. In fact here we are not considering the entire
bee-gut microbiota community but just a subset of strains from one of the eight
phylotypes. It could be that the SCFAs profiles in the gut (and in the hemolymph) are
different in presence of the entire conventional bee community (as showed in Zheng et
al., 2019 and Callegari et al., 2021). This could be due to the fact that different
phylotypes could be capable of producing additional SCFAs or that there could be cross-
feeding interactions between them. Moreover, here we are measuring SCFAs production
in the gut at a given time-point post-colonization while there could be differences in
SCFAs accumulation before or after this time-point.

In this study we also investigated about the correspondence between the
differences in SCFAs production and the differences in gene content within the Firmb
phylotype. However, only for acetate and lactate accumulation profiles in the gut we
found consistent annotations in the correspondent metabolic pathways. As for the other
SCFAs, we found either little or no correspondence between their accumulation profiles
and their gene annotations for the correspondent metabolic pathways. This could be due
to the fact that their gene-annotations might be missing, wrong or they not accurate
enough. For example it could be that some enzymes, even if they can potentially catalyze
more than one reaction, have a unique annotation and they are included in a single
pathway.

Future studies should focus on uncovering the impact that differential SCFA
production profiles in the gut could have on interbacterial interactions and on the bee

physiology. Our results indicate that that Firmb species and strains are not functionally
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equal and thus their presence could affect in different ways the other members of the
bee-gut community and the host. Lactate, for example, could be an important SCFA in
this regard. In fact, it was shown that high levels of lactate in the gut are detrimental as
this SCFA has the potential to lower the pH leading to acidosis, colitis and changes in
the microbiota leading to the proliferation of pathogens that benefit from the perturbed
gut environment (Gillis et al. 2018; Vernia et al. 1988). Lactate does not accumulate in
the gut of healthy individuals thanks to the lactate-utilizing bacteria that can use lactate
for growth (in particular Firmicutes) converting it into butyrate and propanoate
(Duncan, Louis, and Flint 2004). It could thus be that the lactate ‘homeostasis’ in the
bee-gut is maintained thanks to the equilibrium between the four coexisting Firmb

species: two lactate accumulators and two lactate converters.

MATERIALS AND METHODS

Culturing of bacterial strains

For this study we used the same 12 Lactobacillus Firm5 strains that we used in
Manuscript II, 3 for each of the four species (Lactobacillus apis, Lactobacillus
helsingborgensis, Lactobacillus melliventris and Lactobacillus kullabergensis, see
Manuscript II, Supplementary Table 1, Annex (II)). All strains were cultured as

described in Manuscript I — Materials and methods.

in vivo colonization

Bacterial colonization stocks for mono-colonizations using each of the 12 strains
individually were prepared as described in Manuscript [ — Materials and methods. Bees

were colonized as described in Manuscript I and II (see Materials and methods) and were
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kept on a sugar water + pollen diet. For the rectum experiment, five days post-
colonization, ten rectums were dissected per treatment and homogenized in 1xPBS. For
each rectum-homogenate sample, 300 puL were collected and centrifuged (15,000 g, 4°C,
15 min). Then, 200 pl. were transferred to a new tube, snap-frozen in liquid nitrogen,
and stored at —80°C prior GC-MS analysis. For the hemolymph experiment, five days
post-colonization hemolymph was extracted from 10 bees per treatment as described in
Borsuk et al. (Borsuk et al. 2017), snap-frozen in liquid nitrogen and stored at —80°C
prior GC-MS analysis. In both experiments an aliquot of each homogenized rectum was

used for CFU plating to enumerate the total bacterial load.

GC-MS analysis

Once that all the samples were collected, SCFAs metabolites were extracted. To
extract soluble metabolites, tubes were thawed on ice, and 100 pL. of sample was
combined with 20 pL of 1 mM internal standard (*C isovalerate - Cambridge Isotope
Laboratories, Inc). The mixtures of samples and standard were acidified with 5 pL of
11% HCI and 500 pL of Diethyl Ether were added immediately after. Samples were
incubated for 10 min in a thermoblock C (Eppendorf) (1°C, 2000 rpm shaking). Tubes
were centrifuged (13’000 g, 4 ° C, 5 min) and 80 pL of the upper phase were transferred
to glass GC-MS vials with 0.3 mL glass insert (Agilent).

Derivatization was performed by adding 20 uL. MTBSTFA + 1% t-BDMS (Sigma-
Aldrich), vortexing briefly and then incubating for 1h at 30°C. Samples were run on a
single quadrupole GC-MS system (Agilent 8890-5977B) equipped with an autosampler.
Samples were injected (1uL) in split mode (15:1) at an inlet temperature of 150 °C with
a helium gas column flow rate of 1 ml/min on an Agilent VF-5ms column (30 m, 0.25
mm, 0.25 pm). The oven was held initially at 35 °C for 2 min and ramped at 5 °C / min
to a final temperature of 250 °C for 1 min. The MS was operated in selected ion

monitoring (SIM) mode.
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Peaks from the total ion chromatogram (TIC) were identified by matching
retention times and spectra to an in-house library. Peaks were picked and integrated
using the Agilent MassHunter Quantitative Analysis software. Peak areas were
normalized to the internal standards and to the rectum mg or to the hemolymph pL. Z-
scores were calculated by multiplying the normalized data by the average of all the

normalized data and dividing by the standard deviation across all the normalized data.

D-/L-lactate assays

D- and L-lactate isomers were detected within bee gut homogenates and bacterial
liquid cultures using the D-/L-lactic Acid (D-/L-lactate) (Rapid) Assay Kit (Megazyme).
The samples were either bees rectums that were colonized with individual strains for 5
days (as described above) and homogenized in 1XPBS or liquid cultures of individual
strains after overnight growth in ¢fMRS supplemented with pollen extracts (see Materials
and methods Manuscripts I and II). Briefly, 10 pL of sample, HO (negative control) or
D-/L-lactic acid standard solution (positive control) were added to a suspension including
the kit’s buffer, NAD" and D-Glutamate-pyruvate transaminase suspension and the
absorbances were read at 340 nm. After the addition of either L-lactate dehydrogenase
to detect L-lactate or D-lactate dehydrogenase to detect D-lactate, the reaction of lactate
oxidation to pyruvate with the conversion of NAD' in NADH+H" was produced. The
amount of NADH formed in the above coupled reaction is stoichiometric with the amount
of D or L-lactic acid. The difference of absorbance given by the NADH accumulation is
thus measured (absorbance at 340 nm) and the g/L of the different lactate isomers is

calculated as described by the kit manufacturer.
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Code and data availability

The complete custom code for all the analyses is available on GitHub:

(https://github.com/silviabrochet /SCFAs production).
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GENERAL DISCUSSION

Manuscript I: Coexistence among
Firm5 species

IA. In presence of pollen the four Firm5 species coexist, IB. Firm5 species coexistence is
in absence of pollen only one species remains facilitated by the partitioning of
(both in vivo and in vitro) pollen-derived substrates

Manuscript II: Interactions and coexistence
among Firm5 strains

- - - IIB. Pairs of strains from the same species
lIA. Interactions between Firm5 strains are (same color, different shade)

mainly negative as their colonization abundance have more skewed proportions
is lower in co-colonization if compared to mono-colonization  than pairs of strains from different species
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lIC. Strains from the same species are less
likely to coexist over time

Manuscript lll: Function of Firm5 species and strains

lll. Some SCFAs (acetate and succinate) are produced
by all Lactobacillus Firm5 strains
while others (lactate, formate and butyrate)
are produced in a strain/species-specific way
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Schematic view of the main results of this thesis divided by Manuscript.
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THIS THESIS CONTRIBUTES TO THE QUESTION: WHY ARE
THERE SO MANY KINDS OF BACTERIA?

As mentioned in the introduction, around 60 years ago the ecologist George
Evelyn Hutchinson posed a question that became central in ecology and that still remains
largely unanswered: why are there so many kinds of animals? (Hutchinson 1959). During
my PhD I aimed at contributing to answer to this question and, as a microbiologist, I
transposed it to the microbial world asking: why are there so many kinds of bacteria?
More precisely, I asked how bacteria coexist and interact within communities and if this
depends on their relatedness. Moreover, I asked if genetically distinct bacteria are also

functionally distinct within communities.

To address these questions I used as a model the bacterium Lactobacillus Firm5,
one of the symbionts of the bacterial community associated with gut of the honey bee
(Apis mellifera). The honey bee gut microbiota is a highly relevant study model not only
because it is associated with one of the most widespread pollinators worldwide (and it
can impact its physiology, see Zheng et al., 2017, and protect it from pathogens, see
Steele et al. 2021) but also because it is highly experimentally tractable (Johnson 2013;
Zheng et al. 2018). In fact, this community is an ideal model to study bacterial
coexistence and interactions both in wvivo and in vitro (Kesnerova et al. 2017). In this
thesis I selected the bee-gut phylotype Lactobacillus Firm5 because it is one of the most
abundant members of the community and one of the most divergent ones, as it diversified
into species and strains that can be cultured in the laboratory and used to colonize
microbiota-depleted bees (Ellegaard et al. 2015; Ellegaard and Engel 2019; Kesnerova et
al. 2017). This phylotype is thus particularly fit to study patterns of coexistence,

interactions and function among closely related bacteria within communities.

110



The choice of Lactobacillus Firmb was also motivated by the will of experimentally
validate what was suggested in a recent metagenomics study from our lab (Ellegaard and
Engel 2019). This study showed that Lactobacillus Firm5 species are consistently
detected within individual bee guts while exhibiting high levels of genomic variation in
terms of carbohydrate metabolism, suggesting that their coexistence might be facilitated
by the adaptation to different niches (Ellegaard et al. 2015; Ellegaard and Engel 2019).
In contrast, strains within species were proposed to be less likely coexisting as they were
tending to segregate across individual bees (Ellegaard and Engel 2019). If this is the case,
i.e. that different Firmb species always coexist while strains within species do not,
individual bees could have either functionally similar bacterial communities if functions
are common to all species (or species-specific) either functionally distinct profiles if each
strain is functionally different (Ellegaard and Engel 2019). Given these premises, we
experimentally investigated coexistence, interactions and functions among the different

Lactobacillus Firmb species and strains.

Negative interactions dominate among Lactobacillus Firmb

strains

When we used four strains from different Firm5 species (Manuscript I) and pairs
of conspecific or allospecific strains (Manuscript II) we observed that negative
interactions were dominant, as the abundance of Firm5 strains in mono-colonization was
always higher than in co-colonization. This could be because Firm5 strains are compelled
to compete in order to partition a niche (the bee rectum) whose carrying capacity can
be attained in mono-colonization. Our results thus strongly suggest that competition is
dominant and the default interaction-type in the bacterial world (as it was also pointed
out by Foster and Bell (2012) and Kehe et al. (2021)). Still, the fact that the interactions
that we measured at one fixed time point are negative, cannot be directly linked to the

ability of strains to coexist. To gain insights about coexistence (and the mechanism
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allowing it) it is needed to serially passage communities and observe dynamics over time.
The number of time-points (or passages) to consider is likely different depending on the
community type. One way to determine the appropriate number of passages to perform
is to measure when the community reaches stability by grouping the passages into sliding

windows (as we did in Manuscript I).

Resource partitioning facilitates coexistence

at the species level

Even if the four Firmb species were negatively interacting, in Manuscript I we
showed that they were at the same time able to coexist thanks to the partitioning of
different pollen-derived substrates by passaging them through gnotobiotic bees in the
presence or in the absence of pollen. Interestingly, we showed that the four species have
sort of a streamlined way of using different pollen-derived substrates that is set in motion
in response to the presence of pollen and not to the presence of other species. This
together with the facts that i) Firm5 species harbor a large repertoire of genes for the
transport and utilization of pollen-derived carbohydrates and ii) Firm5 species have never
been isolated from other environments than the bee gut, ultimately suggest that these
species have co-evolved within the gut adapting strongly to and specializing on the pollen
diet of the bee.

It is puzzling to think that on the other hand in Apis cerana, a closely related bee
species to A. mellifera that feeds on pollen as well, there is only one species of
Lactobacillus Firm5 (specific to this bee type) (Ellegaard et al. 2020). Why are these two
bee species so different in the diversity of this phylotype? Why in A. cerana we don’t
see the parallel evolution of different Firm5 species (with different pollen-preferences) as
in A. mellifera? It could be that, as suggested by Ellegaard et al., the A. mellifera gut-
community is more diverse if compared to A. cerana because A. mellifera has a more

generalist pollen-diet including different floral pollen-types or because it occupies a larger
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geographical area (species-area relationship) (Ellegaard et al. 2020). It could also be that
in A. cerana the divergence within the Firm5 phylotype is still ongoing and that new

species (and strains) will appear.

Conspecific strains are less likely to coexist than allospecific

strains

Concordantly with our four-strain experiments, our pairwise-interaction
experiments showed a tendency of strains from different species to maintain relatively
equilibrated proportions and our pairwise-passaging experiments showed that they were
able to coexist over time. On the contrary, strains from the same species had more biased
proportions within pairs, with one strain often dominating over the other, and three out
of four of the pairs tested not able to coexist over time.

Although these results show that allospecific strains are more likely to coexist
than conspecific strains, one of the pairs of conspecific strains that we tested was able to
consistently coexist over time (both in wvivo and in wvitro). This finding needs to be
carefully considered as it suggests that by classifying bacterial strains into species we are
not classifying them based on the ecological niche that they occupy. This could be due
to the fact that these strains genomes are dynamic and in fact could still be involved in
a process of diversification for example by horizontal gene transfer, as it was suggested
by Ellegaard et al. (2019). Moreover, this result is in accordance with what was recently
pointed out in a study by Goyal et al., where the authors conclude that even strains
differing by few SNPs differences can result in very different community-dynamics over-
time (Goyal et al. 2021). Altogether these results highlight the importance of studying

strain-level diversity in bacterial communities.
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Different Firm5 species and strains within species produce

different SCF As

Our results show that Firmb species and strains not only differ in
substrate-utilization and coexistence dynamics, but are also to some extent functionally
distinct as they can produce different types of short chain fatty acids (SCFAs). This,
similarly as before with coexistence, suggests that classifying strains into species can give
us only a limited definition of their functional capabilities. These differences in strains
functional profiles could be very relevant in that two bees harboring different Firmb
strain-profiles would consequently be functionally different, which could have
repercussions on the other community members as well as on the physiology of individual
hosts.

Regarding the species-specific patterns of SCFAs production that we observed, it
is tempting to think that as among the four coexisting Firmb species two are producing
lactate and two are producing butyrate (likely following lactate reconversion), this could
create a balance in the production-conversion rates of lactate. This might consequently
help to maintain adequate pH levels in the gut and thereby facilitate the community
stability or having a beneficial effect on the host. However, these conclusions are still
speculative and would need to be validated for example by investigating if a community
dominated by lactate accumulators and lacking lactate converters is more susceptible to
pathogen-invasion. At the same time, it would be relevant to test if non-regulated lactate

accumulation in the gut can have an effect on the physiology of the bee host.

TAKE HOME MESSAGES

In summary, our results highlight the importance of studying natural bacterial
communities both at the species as well as at the strain level. In fact, we showed that
while coexistence among Lactobacillus Firm5 species is the rule and it relies on resource

partitioning, coexistence within species is not common but can happen and it could be
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specific to a set of species or strains. Moreover, we showed that not only coexistence but
also function can change depending on the species and on the strain that is present.
These are aspects that can influence both the other community-members as well as the
host (or eventually the environment in which the community is found). In addition, it
looks like communities of Firm) strains pairs assemble following deterministic rules. In
fact, the assemble of Firm5 communities at the strain-level do not depend on their initial
abundance. The assembly could thus be the result of species/strain-specific interbacterial
interactions or, in alternative, it could be due to a host-promoted filtering-effect.
Secondly, our results hint that coexistence and competition are not incompatible
bacterial ‘behaviors’: on the contrary, bacteria can coexist thanks to resource partitioning
due to diet-specialization while competing at the same time (e.g. for space and for other
common limiting resources). It could be that this community, in which there are very
likely longstanding evolutionary relations between the different members, evolution
selected for compatible genotypes that can be maintained either at the level of individual
bees or in the colony or that have evolved to achieve a balance between competition and

coexistence.

FUTURE DIRECTIONS

How generalizable are our findings to the other bee-gut

phylotypes?

In this study we focused on one of the eight phylotypes of the honey bee gut
microbiota. In order to understand how generalizable are the results that we obtained
with Firmb, future research should expand to study species- and strain-level diversity in
the other bee-gut phylotypes. To this end, the amplicon sequencing approach that we
used to study different Firm5 strains could be applied to other phylotypes as well. In

fact, diversity within phylotypes is also common across the other bee-gut members:
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Gilliamella diverged into three different species and Bifidobacterium and Lactobacillus
Firm4 diverged into two different species (Ellegaard and Engel 2019).

It could be that we would observe different types of bacterial interactions and
coexistence dynamics in phylotypes that colonize different compartments of the bee gut.
This could be because, depending on the gut-region, the niche can change for example in
terms of available nutrients and space. Moreover, we know that while Firm5 is mainly
found in the luminal space of the rectum, other phylotypes such as Gilliamella are found
adhering to the epithelial surface of the ileum (Zheng et al. 2018), which could suggest
that interactions and coexistence within these latter phylotypes are more influenced by
the host (as they are found in direct contact with it) than in Firm5. On the other hand,
it could be that we would observe similar patterns of interactions and coexistence in
phylotypes that colonize the same niche as Firmb, i.e. Bifidobacterium. Interestingly,
also Bifidobacterium, as Firm5, was found to harbor genes encoding key functions for
the uptake and the degradation of polysaccharides such as cellulose and hemicellulose
(Ellegaard and Engel 2019).

In addition, by including other bee-gut phylotypes we could investigate if and
how interactions and coexistence among Firmb species and strains are influenced by their
presence. It could be that the presence of strains from other phylotypes would restrict
the amount of available niches and thus increase competition and mutual exclusion. It
could also be that cross-feeding interactions might arise across different phylotypes,

either in a species or strain specific way.

What is the effect on or of the host?

Future studies could investigate more on if and how species- and strain-level
diversity impacts host physiology. It would be important to get insights on whether the
amount of species and strain-level diversity has an effect (positive or negative) on the

honey bee, as this insect is a very important pollinator whose activity was recently
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threatened by high seasonal mortality rates (Johnson 2013). Moreover, it would be
relevant to understand if certain combinations of strains are more beneficial or
detrimental to the host physiology. To this end, there is the need of finding new and
meaningful ways to measure bee physiological parameters that could be impacted in
response to changes to the microbiota. A promising method are tracking systems that
monitor how bees behave and interact with nestmates (Geffre et al. 2020). Studying how
and if diversity has an impact on honey bees could be an important contribute to
understand how to improve bees health.

In addition, future research should also focus on investigating the possible
influence of the host on the community assembly as well as on bacterial interactions and
coexistence. In this study we did this to some extent as we tested bacterial coexistence
both in wvivo and in witro at the species level. In this way we could confirm that
coexistence at the species level in Firmb is facilitated by the partitioning of pollen and
not by the host. It would be necessary to screen also interactions and coexistence at the
strain level ex vivo to understand if the host plays a role at this level of community-

diversity.

Which strain-number combinations

is more insightful?

In this thesis we studied coexistence between species and strains combining
Lactobacillus Firm5 isolates by four (one combination) in Manuscript I and by two
(pairwise) in Manuscript II. Using more combinations of strains by four would be useful
to understand if four allospecific strains will always coexist while for example a
combination of two allospecific and two conspecific strains would result in the presence
of only two strains by the end of the experiment (one per species). Moreover, it could be
that for example the conspecific pair that we see coexisting in our experiment could not

coexist if there were also strains representatives of other species as they could decrease
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the amount of available niches. Still, this kind of experiment is extremely laborious, as
the possible combinations by four that should be tested considering the 12 Firmb strains
from the four species are almost five hundred. Because by four combinations are so
numerous, it is more convenient experimentally to test interactions and coexistence
between strains in a pairwise manner and then eventually measure higher order
interactions by inferring models using pairwise interactions data (Friedman, Higgins, and
Gore 2017).

Still, even considering pairwise combinations of strains as we did in our case, the
experiments sample size, due to experimental limitations, remains limited. A solution
could be to test all 12 Firmb strains (or even more strains) at the same time as a unique
multi-species/strain community in several replicates and observe if, after passaging, there
is only one strain left per species or multiple depending on the species. Moreover, one of
the factors limiting the sample size of our experiments is the number of replicate bees
that can be handled in a single run. In addition, bee experiments can be performed only
during the summer season, when it is possible to harvest microbiota depleted bees. One
way around this would be thus to try to screen for bacterial interactions and coexistence

in vitro first.

To conclude, in this thesis we highlight the importance of studying closely related
bacteria within microbial communities. No matter how closely related bacterial species
and strains are, they can still be highly different in how they assemble and thrive within
a community. Future research should continue to focus on studying this level of diversity

to better understand community dynamics within the bee gut community and beyond.
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ANNEX

ANNEX (1)
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Figure 2—figure supplement 1: Colony-forming units (CFUs) per ml of culture after 24 hr of growth
of the four species in mono-cultures (n=3) or in co-culture (n=3) in the presence of 2% (w/v) glucose
(G), 10% pollen extract (PE), or 10% pollen grains (PG). Statistical differences: ANOVA with Tuckey post-

hoc test (BH correction), represented by different letters.
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Figure 2—figure supplement 2: Second in vitro transfer experiment. Changes in total bacterial abundance
of the four species across the 11 serially passaged co-cultures in minimal medium supplemented with either 2% (w/v)
glucose (A), 10% pollen extract (B), or 10% pollen grains (C). The absolute abundance of each species was determined
by multiplying the total number of CFUs with the proportion of each strain in a given sample as based on amplicon

sequencing. Gray areas (light gray = 95% CI) represent the limit of detection as explained in Figure 1 (see Materials
and method).
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Figure 3—figure supplement 1: MDS plots of in vivo RNA-seq samples. Counts per million (cpm) were
calculated for each sample (n=>5) and visualized using multidimensional scaling (MDS) plots. X- and y-axis axes show
first and second MDS dimension, respectively. Shapes size correspond to the samples libraries size. A few samples of
the SW treatment did not cluster with the other replicates (two samples for Lmel, and one sample for each Lhel and

Lkul), in part because relatively few reads mapped to the reference genomes of these strains.
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Figure 5—figure supplement 1: MDS plots of in vitro RNA-seq samples. Counts per million (cpm) were
calculated for each sample (n=3) and visualized using multidimensional scaling (MDS) plots. X- and y-axis axes show
first and second MDS dimension, respectively. Filled shapes represent mono-culture samples and empty shapes

represent co-culture samples. Shapes size corresponds to the libraries size of that sample.

133



® Lapi @ Lmel

Lhel @ Lkul
Quercetin 3-O-beta-D-glucosyl-(1->2)-beta-D-glucoside
3',5-Cyclic AMP y
0.2 4 Luteolin 7-0- /
i (6"-malonylglucoside)
Cmate~ L 3.5 Cvc\ic ’\gbela Alznyl
U ’1Llys|ne/
o\ 2.3-Cyclic
= 2- Furoat r UmMP Rutln
o~ 3-Butyn-1-al 7
o
o [ _J
-~ . > Leucyl-leucyl-norleucine
N g | futeolin & o oveem, lsoorentin 2™
(A Quercef] in < = > Quercetin rhamnoside
Gossypetin y \ 3-O-glucoside
N 3-0< N\ o
O Methylquercetin N Vitexin
o N\
910,18 3
Purine ,10,18- Antirrhinoside
mononucleotide ~ Trihydroxystearate ntirthinoside ™ Sugars
-0.2
-0.2 0.0 0.2

PC1 (46.42%)
Figure 6—figure supplement 1: PCA in vitro metabolomics. Principal component analysis (PCA) of the
metabolome profile of each species based on the log2FC values calculated between the two time-points for each ion.
The larger the distance between species on the PCA axes, the more they differ in their metabolome profiles. The
arrows, that is the environmental vectors, point in the direction of the maximum correlation with the environmental
variable, that is the ions. The ions on the tip of the longest arrows are the ones that explain the most of the distribution

of the data within the PCA. Only the top 24 ions explaining the data distribution are displayed.
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Figure 6—figure supplement 2: Definition of pollen-derived ions. Volcano plot displaying R2 values obtained
from the pollen dilution series regression lines and the log2FC calculated between undiluted pollen extract and water.
The lines represent the thresholds that we set to define an ion as pollen-derived: log2FC > two and R2 > 0.75. Within

the light green area are included the ions that we consider pollen-derived (n = 406).
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Figure 6—figure supplement 3: Untargeted metabolomics: key metabolites discussed in the main text.
In vitro metabolomics of spent medium of the four species grown in ¢fMRS + PE for 16 hr. The log2FC was obtained

comparing the ion intensities at the end and at the beginning of the experiment.
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Figure 6—figure supplement 4: GC-MS detection of key metabolites over time. Log2FC relative to TO is

plotted. Time is reported in hours. For m/z values see Supplementary file 10.
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Figure 6—figure supplement 5: Logistic regression growth curve of the four species. Growth-curve data
were obtained for the four species at the four time-points included in the second metabolomics experiment (growth in
presence of pollen extract) by qPCR (copy number) and fitted to a standard form of the logistic equation. Each point

represents one replicate (n=>5).
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ANNEX (II)

Supplementary Table 1: List of bacterial strains used in this study.

Species Strain Reference
Lactobacillus apis ESL0263 (Ellegaard et al. 2019)
ESL0185 (KeSnerova et al. 2017)
ESL0353 (Olofsson et al. 2014)
Lactobacillus helsingborgensis ESL0183 (KeSnerova et al. 2017)
wkb8 (Kwong et al, 2014)
ESL0354 (Olofsson et al. 2014)
Lactobacillus melliventris ESL0184 (KeSnerova et al. 2017)
ESL0260 (Ellegaard et al. 2019)
ESL0350 (Olofsson et al. 2014)
Lactobacillus kullabergensis ESL0186 (Kesnerova et al. 2017)
ESL0261 (Ellegaard et al. 2019)
ESLO0351 (Olofsson et al. 2014)

Supplementary Table 2: List of all possible combinations between the 12 selected Lactobacillus Firm5 strains.

Combination ID Strain 1 Strain 2
1 ESL0185 ESL0263
2 ESL0185 ESL0353
3 ESL0185 ESL0183
4 ESL0185 ESL0354
5 ESL0185 wkb8

6 ESL0185 ESLO184
7 ESL0185 ESL0260
8 ESL0185 ESL0350
9 ESL0185 ESL0186
10 ESL0185 ESL0261
11 ESL0185 ESLO0351
12 ESL0263 ESL0353
13 ESL0263 ESL0183
14 ESL0263 ESL0354
15 ESL0263 wkb8

16 ESL0263 ESLO184
17 ESL0263 ESL0260
18 ESL0263 ESL0350
19 ESL0263 ESL0186
20 ESL0263 ESL0261
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21 ESL0263 ESL0351
22 ESL0353 ESL0183
23 ESL0353 ESL0354
24 ESL0353 wkb8

25 ESL0353 ESLO184
26 ESL0353 ESL0260
27 ESL0353 ESL0350
28 ESL0353 ESL0186
29 ESL0353 ESL0261
30 ESL0353 ESL0351
31 ESL0183 ESL0354
32 ESL0183 wkb8

33 ESL0183 ESLO184
34 ESL0183 ESL0260
35 ESL0183 ESL0350
36 ESL0183 ESL0186
37 ESL0183 ESL0261
38 ESL0183 ESL0351
39 ESL0354 wkb8

40 ESL0354 ESLO184
41 ESL0354 ESL0260
42 ESL0354 ESL0350
43 ESL0354 ESL0186
44 ESL0354 ESL0261
45 ESL0354 ESL0351
46 wkb8 ESLO184
47 wkb8 ESL0260
48 wkb8 ESL0350
49 wkb8 ESL0186
50 wkb8 ESL0261
51 wkb8 ESL0351
52 ESLO184 ESL0260
53 ESLO184 ESL0350
54 ESLO184 ESL0186
55 ESLO184 ESL0261
56 ESLO184 ESL0351
57 ESL0260 ESL0350
58 ESL0260 ESL0186
59 ESL0260 ESL0261
60 ESL0260 ESL0351
61 ESL0350 ESL0186
62 ESL0350 ESL0261
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63 ESL0350 ESL0351
64 ESL0186 ESL0261
65 ESL0186 ESL0351
66 ESL0261 ESL0351

Supplementary Table 3: List of barcoded primers used in this study.

ID Sequence

B1F= CAAGCAGAAGACGGCATACGAGATTAAGAGGCGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATACGTACGTAGACGGCCAGT
B2F= CAAGCAGAAGACGGCATACGAGATGCGAATTCGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTACGTACGTAGACGGCCAGT
B3F= CAAGCAGAAGACGGCATACGAGATACTGAGCTGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCGTACGTAGACGGCCAGT
B4F= CAAGCAGAAGACGGCATACGAGATTTAGGCACGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGTACGTAGACGGCCAGT
B5F= CAAGCAGAAGACGGCATACGAGATCTCCGATTGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATACGTACGTAGACGGCCAGT
B6F= CAAGCAGAAGACGGCATACGAGATTTCACAGGGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTACGTACGTAGACGGCCAGT
B7F= CAAGCAGAAGACGGCATACGAGATCAGAGGTAGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCGTACGTAGACGGCCAGT
B8F= CAAGCAGAAGACGGCATACGAGATGGCATCATGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGTACGTAGACGGCCAGT
B9F= CAAGCAGAAGACGGCATACGAGATTATGACCGGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATACGTACGTAGACGGCCAGT

B10F= | CAAGCAGAAGACGGCATACGAGATATACGCTGGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTACGTACGTAGACGGCCAGT
B11F= | CAAGCAGAAGACGGCATACGAGATACGTTCTCGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCGTACGTAGACGGCCAGT
B12F= | CAAGCAGAAGACGGCATACGAGATAATTGGCCGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGTACGTAGACGGCCAGT
B13F= | CAAGCAGAAGACGGCATACGAGATCATGGCATGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATACGTACGTAGACGGCCAGT
B14F= | CAAGCAGAAGACGGCATACGAGATACTCGGTAGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTACGTACGTAGACGGCCAGT
B15F= | CAAGCAGAAGACGGCATACGAGATGAGTTCCAGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCGTACGTAGACGGCCAGT
B16F= | CAAGCAGAAGACGGCATACGAGATGATGCGAAGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGTACGTAGACGGCCAGT
B17F= | CAAGCAGAAGACGGCATACGAGATCCTTACGTGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATACGTACGTAGACGGCCAGT
B18F= | CAAGCAGAAGACGGCATACGAGATTCACGTTCGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTACGTACGTAGACGGCCAGT
B19F= | CAAGCAGAAGACGGCATACGAGATCGTGATCAGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCGTACGTAGACGGCCAGT
B20F= | CAAGCAGAAGACGGCATACGAGATTGCATTCCGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGTACGTAGACGGCCAGT
B21F= | CAAGCAGAAGACGGCATACGAGATTCTGGACAGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATACGTACGTAGACGGCCAGT
B22F= | CAAGCAGAAGACGGCATACGAGATTGAGCAAGGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTACGTACGTAGACGGCCAGT
B23F= | CAAGCAGAAGACGGCATACGAGATTGACCTGAGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCGTACGTAGACGGCCAGT

B24F= | CAAGCAGAAGACGGCATACGAGATCCCTCGGCGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATACGTACGTAGACGGCCAGT

B1R= AATGATACGGCGACCACCGAGATCTACACGCCTCTTATCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGACTGACTGCCTATGACG
B2R= AATGATACGGCGACCACCGAGATCTACACCAGCGTATTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGACTGACTGCCTATGACG
B3R= AATGATACGGCGACCACCGAGATCTACACGAATTCGCTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGACTGACTGCCTATGACG
B4R= AATGATACGGCGACCACCGAGATCTACACAGCTCAGTTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGTGACTGACTGCCTATGACG
B5R= AATGATACGGCGACCACCGAGATCTACACGTGCCTAATCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGACTGACTGCCTATGACG
B6R= AATGATACGGCGACCACCGAGATCTACACACGTAAGGTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGACTGACTGCCTATGACG
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B7R= AATGATACGGCGACCACCGAGATCTACACCCTGTGAATCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGACTGACTGCCTATGACG
B8R= AATGATACGGCGACCACCGAGATCTACACTACCGAGTTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGTGACTGACTGCCTATGACG
B9R= AATGATACGGCGACCACCGAGATCTACACGGAATGCATCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGACTGACTGCCTATGACG
B10R= | AATGATACGGCGACCACCGAGATCTACACAATCGGAGTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGACTGACTGCCTATGACG
B11R= | AATGATACGGCGACCACCGAGATCTACACGAGAACGTTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGACTGACTGCCTATGACG
B12R= | AATGATACGGCGACCACCGAGATCTACACGGCCAATTTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGTGACTGACTGCCTATGACG
B13R= | AATGATACGGCGACCACCGAGATCTACACTTCGCATCTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGACTGACTGCCTATGACG
B14R= | AATGATACGGCGACCACCGAGATCTACACATGCCATGTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGACTGACTGCCTATGACG
B15R= | AATGATACGGCGACCACCGAGATCTACACTGATCACGTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGACTGACTGCCTATGACG
B16R= | AATGATACGGCGACCACCGAGATCTACACTACCTCTGTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGTGACTGACTGCCTATGACG
B17R= | AATGATACGGCGACCACCGAGATCTACACTGGAACTCTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGACTGACTGCCTATGACG
B18R= | AATGATACGGCGACCACCGAGATCTACACGAACGTGATCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGACTGACTGCCTATGACG
B19R= | AATGATACGGCGACCACCGAGATCTACACCGGTCATATCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGACTGACTGCCTATGACG
B20R= | AATGATACGGCGACCACCGAGATCTACACATGATGCCTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGTGACTGACTGCCTATGACG
B21R= | AATGATACGGCGACCACCGAGATCTACACCCCTACAGTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGACTGACTGCCTATGACG
B22R= | AATGATACGGCGACCACCGAGATCTACACACATTATTTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGACTGACTGCCTATGACG
B23R= | AATGATACGGCGACCACCGAGATCTACACACCCATGTTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGACTGACTGCCTATGACG
B24R= | AATGATACGGCGACCACCGAGATCTACACAAGTGTTGTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGTGACTGACTGCCTATGACG

Figure 1 - figure supplement 1: Quality-control strain-strain interactions experiment. A. Total number
of reads obtained after sequencing all samples (all replicates included). B. Limit of detection (LOD) calculated as the

ratio of the CFUs and total number of reads for each sample (all replicates included) C. CFUs/rectum calculated for

A. B.

60000
108
% 40000
g a 108
I o
° - 4
¥ 20000 10
102
100
C Samples Samples

1010,

€
2
|5
Qo
%108
>
[
&)
1068
Co-colonizations Mono-colonizations
(1-66) (67-78)

each sample (means of nun = 3, standard deviation from the mean is displayed).

140




c

S

T

S 08

o

o

o 0.6

S

2 04

=

©

§ 0.2
0.0 | | L]

Samples

Figure 1 - figure supplement 2: Contamination verification strain-strain interactions experiment. The
plot displays the proportion of contaminant-strains (that should not be detected in a given pair) within each sample,
i.e. within each pair. The light red area (contamination proportion > 10%) includes all the samples that were excluded

for the downstream analysis.
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Figure 1 - figure supplement 3: Inocula-samples verification strain-strain interactions experiment. A.
Barplot displaying the relative abundances found in the experiment inocula-samples, either in the paired strains
condition or in the individual strains condition. Different colors represent different strains. B. Correlation between

strains proportions within the inocula and strains proportions at the end of the experiment. R? = 0.00022.
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Figure 2 - figure supplement 1: A. Correlation between each vector’s r (interaction-strength) and the 12 strains
core-genes-based phylogenetic distance (R? = 0.076) or accessory gene content differences (R* = 0.043). Means of
replicates (n=3-5) are displayed. B. Correlation between each vector’s 8 (interaction-type) and the 12 strains core-
genes-based phylogenetic distance (R? = 0.0062) or accessory gene content differences (R? = 0.012). Means of replicates

(n=3-5) are displayed. Dark yellow = conspecific strain-pairs; grey = allospecific strain-pairs.
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Figure 3 - figure supplement 1: In vitro passaging of same-species or different-species Firm5 pairs.
Bacterial counts per mL (n=3) across the four in vitro passages (P0-P4) of the eight different Firm5 strains pairs (four
including strains from the same species and four including strains from different species) were determined by
multiplying the total number of CFUs with the relative abundance of each strain in the community. Grey areas

represent the limit of detection: the 95% confidence intervals of the limit of detection are shown in light grey.
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Supplementary Figure 1: Cartesian plot of strains effects on each other. The two cartesian axes (Effect of
A on B and Effect of B on A) represent the results of the calculated effect of one strain on another, which is obtained
by computing the ratio between the colonization abundance of the strain in presence of the other strain and the

colonization abundance of the strain alone.
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ANNEX (III)
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Figure 1 - figure supplement 1: CFUs measured within bees rectums. A. CFUs measured for the experiment
1, where we measured SCFAs production in the rectum. B. CFUs measured for the experiment 2, where we measured

SCFAs production in the hemolymph. Statistical differences (ANOVA with Tuckey post-hoc test and BH correction)
are depicted by different letters.
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Figure 2 - figure supplement 1: SCFAs production in the bee hemolymph upon colonization with
different Lactobacillus Firmb5 strains. Boxplots displaying the z-score for each measured SCFA for each treatment
(see Materials and methods). Significant difference between the Firm5 treatments and the microbiota-depleted (MD)
control was measured using Wilcoxon signed rank tests (ns: p > 0.05; *: p <= 0.05; **: p <= 0.01; ***: p <= 0.001;
0, <= 0.0001).
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Figure 1 - figure supplement 2: PCA plot highlighting SCFAs that explain data dispersion. Principal
component analysis (PCA) of SCFAs detected in the rectum and hemolymph samples. SCFAs responses were
normalized by the internal standard and the gut mg or the hemolymph pL and converted to z-scores (see Materials
and methods). All replicates are displayed (each point represent a bee, n = 10). The ellipses delimit the different
species (different colors) and the MD control (black). The arrows, that represent the environmental vectors, point in
the direction of the maximum correlation with the environmental variable, that are the different SCFAs. The SCFAs

on the tip of the longest arrows are the ones that explain the most of the distribution of the data within the PCA.
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Figure 2 - figure supplement 2: Schematic view of enzymatic pathways leading to the production of
the SCF As analyzed in this study. EC numbers in red indicate enzymes that are present in all the selected Firmb
strains while EC numbers in black indicate enzymes that are not detected in the selected Firm5 strains or, in bold,

detected in only a subset of Firm5 strains (see squares colors).
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Figure 2 - figure supplement 3: D-/L-lactate measurements. The presence of D/L-lactate was measured both
in vitro and in vivo for strains ESL0183 (Lhel) and ESL0O185 (Lapi). The positive control consists of a equal mixture
of D-/L-lactate.
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