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Microbiome management in the social amoeba
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ABSTRACT Social amoebae and humans use common strategies to orchestrate their interactions
with the bacteria in their respective environments and within their bodies.These strategies include
the elimination of bacteria by phagocytosis, the establishment of mutualistic interactions, the
elaboration of physical barriers, and the deployment of innate immune cells. Many of the molecu-
lar mechanisms that humans and social amoebae employ differ, but there are striking similarities
that may inform studies in each organism. In this topical review we highlight the similarities and
consider what we might learn by comparing these highly divergent species. We focus on recent
work in Dictyostelium discoideum with hopes of stimulating work in this area and with the expec-
tation that new mechanistic details uncovered in social amoebae-bacteria interactions will inform

microbiome management in humans.
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Introduction

The interactions between host eukaryotes and their bacterial
associates are regulated by host effectors that recognize bacteria
and facilitate their destruction or maintenance. These effectors are
found across extant eukaryotes, but prior to the advent of metazoa
complex interactions between amoebae and bacteria were shaped
by at least a billion years of evolution in shared environments.
Today, it is well established that complex communities of bacte-
ria with interconnected metabolisms significantly influence the
physiology of their eukaryotic hosts. An increasing recognition of
the importance of the microbiome in human development, health,
and well being, drives the study of host effectors that control its
bacterial composition (Peterson and Artis 2014, Singh et al., 2017,
Dominguez-Bello et al., 2019). Social amoebae like Dictyostelium
discoideum recognize specific bacterial species and respond in
specific ways to effect advantageous interactions when feeding
on them and during their multicellular phase. Likewise, bacteria
have acquired diverse means to optimize their survival in the soil
and avoid deleterious interactions with amoebae. The bacterial
diversity faced by D. discoideum in the soil is similar in important
ways to the challenges that humans face in maintaining a healthy
microbiome. In the soil there are bacterial species that are highly
pathogenic to amoebae and those that are less so that can serve
as a food source for D. discoideum. Examining amoebae-bacteria

interactions in an experimentally tractable model organism like D.
discoideum provides an opportunity to identify novel mechanisms
mediating host-microbe interactions that may inform microbiome
regulation in humans.

The social amoeba D. discoideum lives in the forest soil pre-
dating on bacteria and once food is depleted they begin a highly
coordinated developmental process consisting of transcriptional
and morphological changes (Fig. 1; Kessin 2001, Rosengarten et
al., 2015). Amoebae prey on bacteria and divide mitotically and
their exposure to different bacterial species results in specific
transcriptional responses that serve to optimize survival (Nasser
et al,, 2013). Amoebae use phagocytosis to manage bacterial
populations during growth, a cellular process that has a common
heritage across eukaryotic phylogeny, though humans no longer
rely on the process for nutrients (Boulais et al., 2010). Once
starved, cells commit to development and lose their phagocytic
capacity (Katoh etal., 2007, Roberge-White etal.,2011). Amoebae
aggregate and follow a stereotypic morphogenesis to produce a
fruiting body consisting of a sorus of reproductive spores held aloft
by dead cellular stalk (Kessin, 2001). The amoebae are vulnerable
to infection by pathogens during development, especially during
the motile slug stage that can last for days and where slugs may
traverse bacteria-rich locales. However, D. discoideum has innate
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Fig. 1. Dictyostelium discoideum life cycle. Amoebae predate on bacteria and divide
mitotically (inner circle). Once a cell begins to starve, it emits a pulse of cAMP that
propagates through surrounding cells beginning development. Amoebae then aggregate,
undergo cellular differentiation, and pass through distinct morphogenetic stages to reach
the fruiting body consisting of a sorus of reproductive spores held aloft by dead stalk cells

(from Farinholt 2019).

immune system comprised of Sentinel cells that make up ~1% of
the slug cells population and which function like human neutrophils
in that they respond to invading pathogens and clear them from
the slug ‘body’ by phagocytosis and through the elaboration of
DNA-based extracellular traps (ETs) that kill bacteria (Chen et al.,
2007, Zhang et al., 2016).

Even with the evolutionary distance separating amoebae and
humans (~1 billion years) and the radically differing lifecycles, spe-
cific similarities persist in their interactions with bacteria (Eichinger
etal.,2005). Forexample, intracellular bacterial pathogens infect D.
discoideumand humans in ways that share significant mechanistic
details. Legionella pneumophila infects D. discoideum amoebae
and human macrophages using the same type-1V secretion sys-
tem and D. discoideum has provided a simple model to study the
persistence of L. pneumophila within the phagolysosome and to
develop potential new therapies (Hagele 2000, Cosson and Soldati
2008, Clarke 2010, Bozzaro and Eichinger 2011, Harrison et al.,
2015). Similarities between human and amoebal interactions with
bacteria have led some to hypothesize that the selection imposed
on bacteria by amoebal predation caused bacteria to develop
mechanisms that are useful for escaping the humanimmune system
(Molmeret et al., 2005, Casadevall and Pirofski 2007, Adiba 2010).
Amoebae are also potential environmental reservoirs for known
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pathogens such as Yersinia pestis (Casadevall and
Pirofski 2007, Markman et al., 2018). This suggests
thatunderstanding effectors that govern interactions
between amoeba and bacteria will provide insightinto
human immune effectors and identifying amoeba-
resistantbacteria mightuncover new potentialhuman
pathogens (Greub and Raoult 2004).

Inthis review we consider three aspects of microbi-
ome managementin D. discoideum; asthe amoebae
grow in plagues on bacterial lawns, how they maintain
bacteria during multicellular development, and their
use of DNA-based extracellular bacterial traps. In
each of these cases, lectins are critical determinants
of amoebal microbiome management with implica-
tions forhuman microbiome management. Described
below are analyses of four families of protein lectins
secreted from D. discoideum amoebae exposed to
K. pneumoniae food bacteria, with functional infor-
mation for two of them in microbiome management:
the cadherin-related proteins CadA, Cad2 and Cad3;
the H-type discoidin | lectins Discoidin-IA (DscA),
and Discoidin-IC (DscC); the concancavalin A lectin
related IliE proteins, IliE-1 and lliE-2; and the Ricin
B lectin related Cup proteins, CupA-J (Eichinger et
al., 2005). Our goal is to compare amoebae with
humans so we now briefly review the use of lectins
in mammalian microbiome management.

Microbiome managementin the mammalian
gut

The maintenance of mammalian microbiomes
involve the opposing processes of inclusion and
exclusion of specific bacterial species within spe-
cialized niches with natural selection favoring the
outcome of retaining beneficial commensals while
eliminating pathogens (Ley et al., 2008). Compositional control of
the microbiome is often studied in the mammalian small intestine
where resident adaptive and innate immune cells within the epi-
thelium of the mammalian small intestine control lumenal bacteria
with a variety of effectors (Peterson and Artis 2014, Langdon et al.,
2016, Singh et al., 2017). Stem cells reside at the bottom of the
villi, in the crypts, where they differentiate into nutrient absorbing
epithelial cells and specialized innate immune Goblet and Paneth
cells. These cells secrete proteins into intestinal crypts, preventing
infiltration of bacteria through antibacterial, spatial-restricting, or
agglutinating activities.

The main mechanism for preventing bacterial access to the
host gut epithelium is through the formation of a physical barrier
(Peterson and Artis 2014). This barrier is comprised of proteins and
small molecules that act together to prevent access to the host and
limit the toxicity and infectivity of bacteria. This barrier is known to
be essential because some gut-resident microbes are beneficial
commensals when stably sequestered in this gut barrier, but are
pathogenic if allowed to enter the epithelium (Sina et al., 2017).
Mucin proteins form the mucus lining of the gut and are critical for
barrier formation. Goblet cells secrete soluble mucins and mem-
brane associated mucins that interact to form the gel-like mucus
that provides a ~50-um physical barrier between the epithelium
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lectin-based barriers. (A) The mouse
gut maintains a 50-um barrier between
luminal bacteria and the host using mucus,
lectins and antimicrobials (Corfield 2018).
When these systems are perturbed as in a
Myd88”* mutant mouse, the lectin Regllly is
not produced and the barrier breaks down
(Vaishnava et al., 2011). (B) Amoebae main-
tain separation at the growing edge using
CadA as a lectin that agglutinates the food
bacteria. When this is knocked out in cadA
mutant amoebae the bacteria and amoeba
mix as illustrated in the upper right-hand
panel (Farinholt et al., 2019).

and the microbiome (Corfield 2013, McCauley and Guasch 2015,
Corfield, 2018). Current models suggest that mucus forms from
highly crosslinked mucins that produce net-like structures that are
stratified into adense tightly epithelium-associated lowerlayerand a
less dense, more fluid upper layer (Ambort et al., 2012, Johansson
etal.,2008). The general utility of mucus in microbiome control has
not been thoroughly explored and the evolution of mucin homo-
logs is not well understood, but mucin related proteins have been
identified in frogs (Xenopus), ghost sharks, chickens, comb jellies
(Cnidaria, Proifera, and Ctenophora), and D. discoideum (Lang et
al., 2016). The D. discoideum cotE gene produces a spore coat
protein that contains mucin-like repeats, but it is not known if it
functions in other contexts as a mucin. Nonetheless, the phyloge-
netic distribution suggests that mucin-like proteins arose prior to
the advent of metazoan species so it is possible that mucins are
utilized by non-metazoan eukaryotes to provide separation from
environmental microbes.

The Paneth cells found in the bottom of intestinal crypts secrete
proteins that spatially separate bacteria from host and they also
contain specialized secretory granules filled with antimicrobials
(Ouellete 2010, Porter etal., 2002). One granule-associated protein
in the mouse, Regllly, is part of the Reg (regenerating gene family
protein 1) gene family and the human homolog HIP/PAP and is a
C-type lectin (Cash et al., 2006). C-type lectins are a superfamily
of Ca?-dependent carbohydrate-binding proteins that participate
in many physiological functions including immunity (Zelensky and
Gready 2005, Brown et al., 2018, Mayer et al., 2017). In mice,
Regllly binds the peptidoglycan of Gram(+) bacteria and has no
measureable affinity for the surface carbohydrates of Gram(-)
bacteria (Cash et al., 2006). Consistent with this, Regllly has anti-
bacterial activity towards Gram(+) bacteria and low activity towards
Gram(-) bacteria (Cash et al., 2006, Miki et al., 2012, Mukherjee
et al., 2014). The ability of Regllly to selectively target Gram(+)
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bacteria is an example of protein specificity leveraged to control
specific resident microbes. The ~50-um barrier of the intestinal
epitheliumis absentin Regllly” mice, underscoring the importance
of this lectin in barrier immunity (Fig. 2A, Vaishnava et al., 2011).
Other members of the Reg gene family expand this control as
exemplified by mouse RegllIf that kills both Gram(-) and Gram(+)
bacteria (Miki et al., 2012, Stetler et al., 2011). The expression of
Regllly and Reglllp is stimulated by symbiotic bacteria through
Toll-like receptor (TLR) signaling, suggesting that C-type lectins
have evolved as mediators of innate immunity (Cash et al., 2006).

Human defensins represent another peptide family required for
spatial separation between host and microbiome through direct
antimicrobial activity and spatial restriction. Defensins are small (<5
kDa) cationic peptides with activity against Gram(+) and Gram(-)
bacteria, fungi, and viruses. Human a-defensin HD5, a 32-residue
peptide secreted by Paneth cells, has bactericidal activity against
Gram(+) and Gram(-) bacteria (Nakamura et al., 2016). HD5 ag-
glutinates bacteria and induces cellular elongation and blebbing
of bacterial cells leading to death (Chileveru et al., 2015). Interest-
ingly, the mouse homolog of HD5, cryptdin-4, shows relatively low
bactericidal activity towards commensals while efficiently clearing
pathogenic species from the gut (Nakamura et al., 2016). Mice
deficient in the defensing-maturation metalloprotease MMP7 have
altered microbiome compositions, increased infection risk, and
bacteria have direct access their gut epithelia (Salzman et al.,
2010). Although similar in sequence and structure to HD5, human
a-defensin HD6 is secreted by Paneth cell in the gut for a distinctly
different function (Szyk et al., 2006, Masuda et al., 2011). Unlike
HD5, HD6 demonstrates little bactericidal activity for any bacterial
species that have been tested (Ericksen et al., 2005). Instead,
HD6 agglutinates bacteria and protects mice from translocation of
Salmonella typhimurium to lymph nodes (Chu et al., 2012). Since
HD5 and HD6 are likely products of a gene duplication event, it
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is interesting that HD6 maintained its agglutinating activity over
time while its bactericidal activity was lost.

The key strategy that mammals use in establishing a barrier
in the gut that separates bacteria from host cells allows them to
manage their microbiome at a distance by secreting effectors
into the barrier; anti-bacterial proteins and peptides, and lectins.
The importance of a properly functioning mucus barrier is evident
in inflammatory bowel diseases (IBD) such as Crohn’s disease
(CD) (Strugala et al., 2008, Sina et al., 2018). A hallmark of IBD
is epithelial associated bacteria where dysregulated antimicrobial
and agglutinating proteins compromise the spatial separation
(Vaishnava et al., 2011, Wehkamp and Stange 2010, Gassler
2017, Nishida et al., 2018). Tissue samples from patients with CD,
or ulcerative colitis (UC), present with bacteria adhering to the
gut mucosa, indicating a failure of the normal barrier, leading to
widespread inflammation (Swidsinski et al., 2005). Thus mammals
normally fine-tune their microbiome by either killing pathogenic
bacteria or retaining commensal bacteria, all while keeping the
bacteria a safe distance from the epithelial surface.

Microbiome management by social amoebae during
vegetative growth

It is not obvious that unicellular amoebae manage bacterial
populations during vegetative growth in the traditional sense of
establishing and maintaining a microbiome. However, amoebae
grow in colonies and when the bacterial food supply is plentiful
they form plaques — uniform circles of feeding amoebae on lawns
of food bacteria on agar plates in the laboratory, and (one imag-
ines) varied plaque geometries on three-dimensional collections
of bacterial food in the wild. Additionally, recent evidence sug-
gests that D. discoideum amoebae grow in cooperative groups,
suggesting the intercellular communication does occur during
the growth (Rubin et al., 2019). Amoebae also maintain intricate
transcriptional differences when growing on different food bacteria
so this may represent, in part, a response in the environmental
bacteria (Nasser et al., 2013). Several recent studies implicate the
lectins discoidin IA (DscA), discoidin IC (DscC), and the cadherin-
related adhesion protein DACAD-1 (CadA) in the control of the D.
discoideumbacterial interactions during vegetative growth (Dinh et
al., 2018, Farinholt et al., 2019). As outlined below, these studies
suggest that the amoebal plaque in fact operates as a tissue of
cells managing a microbiome on the outside where environmental
bacteria are held at bay so that the amoebae have access to food
without risking exposure to bacterial toxins or potential pathogens.

The previously unknown vegetative function of CadAin bacterial
control was suggested by transcriptomic and proteomic analyses
of amoebae-bacteria interactions (Nasser et al., 2013, Dinh et al.,
2018), but it was first characterized in studies of amoebal cell-cell
adhesion during development (Wong et al., 2002). CadA is a 24-
kDa protein that adopts a two-domain secondary structure, both
folding into Greek key motifs common in immunoglobulins (Lin et
al., 2006). The n-terminal domain is a member of the py-crystallin
family with three Ca?* binding sites and it is connected to the c-
terminal cadherin-related domain by a short linker. Synthesized
as a soluble protein, the c-terminal domain of CadA anchors the
proteinto the membrane and homotypic bindingis achieved through
N-to-N terminal domain binding that requires Ca?* (Lin etal., 2006).
Without a signal sequence or transmembrane domain, CadAlocal-

izes to the contractile vacuole membrane and is exported through a
non-canonical process (Sesaki et al., 1997). Prior to export, CadA
binds calmodulin on the cytosolic membrane of the contractile
vacuole in a calcium dependent manner (Sriskanthadevan et al.,
2009, Sriskanthadevan et al., 2013). Time-lapse microscopy of
amoebae expressing CadA-GFP showed vesicular structuresinthe
lumen of the contractile vacuole suggesting export occurs through
invagination of the contractile vacuole membrane and secretion of
the resulting CadA-containing vesicles. Cells in the multicellular
slug of D. discoideum are organized into tissues that will give rise
to the terminally differentiated cell types. Prespore cells reside in
the posterior 80 percent of the slug while prestalk cells make up
the anterior 20 percent. Mutant cadA- slugs displayed cell-type
proportioning and cell sorting defects, with a 2.5-fold increase in
prestalk cells, and fruiting body morphogenesis was delayed by
6 hours (Wong et al., 2002, Sriskanthadevan et al., 2011). The
relatively subtle developmental defects observed in cadA knock-
out mutants may be due to its function being compensated for by
expression of the highly related Cad3 protein.

The potential of a vegetative function for CadA was revealed
when the cadA gene was found to be induced in D. discoideum
growing on K. pneumoniae and other Gram(-) bacteria (Nasser
et al., 2013) and when it was identified by mass spectrometry as
being specifically secreted during growth (Dinh et al., 2018). Plating
cadA- amoebae on K. pneumoniae or E. coliresults in decreased
viability compared to wild-type amoebae, while with species of
Gram(+) bacteria (B. subtilis, M. luteus, S. aureus) cadA-amoebae
are as viable as wild type amoebae. These data imply that CadA
is necessary for growth on thick lawns of Enterobacteriaciae. This
viability defect is not observed at low bacterial densities, or when
exogenously purified CadA is supplied to the mutants growing on
high-density bacteria, indicating that the essential function of CadA
during growth on high-density bacteria is carried out extracellularly
(Farinholt etal.,2019). Itis plausible that high-density bacteria pres-
ent an environment that is more challenging to amoebal survival,
especially individual amoebae attempting to form a clonal plaque,
which is what the viability assay assesses. The ability to observe
cadA-mutant amoebae form plaques on low-density bacterial
lawns revealed the essential function of CadA. Plaques formed
by cadA- amoebae on low-density bacterial lawns are irregularly
shaped with diffuse edges and satellite colonies, whereas wild-type
amoebae always produce sharp-edged plaques. It turns out that
this plague morphology is the result of reciprocal intercalation of
the two species across the plaque border, with amoebae travelling
outward into the bacterial lawn and live bacteria persisting within
the plaque itself (Fig. 2B, Farinholt et al., 2019). Wild-type plaques
have distinct borders with live bacteria present solely outside of the
growing edge (Dinh, et al., 2018). These observations suggest that
CadA functions to maintain a robust plaque border that excludes
live bacteria from intermingling with the amoebae.

Aclue to CadA’s function came when it was discovered to have
lectin activity and to bind to bacteria (Farinholt et al., 2019). CadA
protein binds to abroad spectrum of bacterial species, butitinduces
agglutination only of K. pneumoniae and E. coli, two species of
Enterobacteriaciae, but not other bacteria that were tested (Farinholt
et al., 2019). The fact that CadA binds bacteria is not completely
unexpected since another cadherin-related protein, RapA2 from
Rhizobium, binds acidic bacterial exopolysaccharides on the
surface of the cells that produce it (Abdian et al., 2013). RapA2
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has two highly similar cadherin-like domains and if both domains
have lectin activity it would explain how it causes agglutination and
biofilm formation. CadA has one cadherin domain on its c-terminus
that likely contains the carbohydrate binding activity and it forms
homodimers through the interaction of its n-terminal domains, a
structure that would allow it bind to two bacterial cells (Lin et al.,
2006). An indication of CadA’s function in vivo comes from its
ability to spatially restrict the growth of K. pneumoniae and E. coli
colonies, a property that correlates with its agglutinating activity
for the bacterial species that were tested (Farinholt ef al., 2019).
Significantly, CadA appears to be secreted at the highest levels at
the very edge of amoebal plaques, suggesting that it agglutinates
bacteria at the plaque edge and restricts bacteria from entering the
plaque. If this is idea is correct, how are the agglutinated bacteria
presented to amoebae for feeding? Clues to the function of CadA
at the plaque edge came from examining amoebae feeding on
CadA agglutinated bacteria compared to clumps of bacteria formed
mechanically by centrifugation. Vegetative amoebae surrounding
ovoid clumps of bacteria is, in principle, functionally equivalent to
amoebal plaques on bacterial lawns with the topology inverted.
Using bacterial clumps as surrogates for the growing edges
plaques, the organization imposed by CadA agglutination was
observed to significantly alter amoebal predation (Farinholt et al.,
2019). Amoebae chemotax more efficiently towards CadA-clumped
bacteria and persist at the clump edge, feeding in an organized
way from the outside of the clump inward until all of the bacteria
are consumed. In stark contrast, amoebae approach mechanically-
clumped bacteria chaotically, without directed motility, and they
feed by penetrating the clump, creating a “swiss cheese” effect.
Interestingly, the directed motility of amoebae to CadA-clumped
bacteria can be completely abolished by flooding the environment
with 100-uM folate, suggesting that folate is released from CadA-
clumped bacteria in a way that creates a chemotactic gradient. If
the comparison to the plaque edge is valid, these results explain
why wild-type amoebae remain inside the amoebal plaque border
and migrate outward as they consume bacteria while cadA mutant
amoebae migrate outside of the plaque and allow live bacteria
to encroach into the plaque (Fig. 2B). The current available data
indicate that CadA is secreted during growth on specific bacteria
to create a barrier to protect the amoebae and to allow for efficient
predation at the plaque edge. Presumably this barrier would form
continuously at the growing plaque edge, moving as the plaque
expands. D. discoideum encodes two paralogs of CadA; Cad3
(73% amino acid identity) and Cad2 (30% amino acid identity)
(Eichinger et al., 2005). These proteins have not been studied,
probably because their genes are expressed at very low levels
during development, but they were identified along with CadA in
the sectretomes of growing amoebae (Dinh et al.,, 2018). Cad2
and Cad3 have c-terminal cadherin-related domains but are quite
different in their amino acid sequences from CadA (Eichinger et
al., 2005). Perhaps they carryout functions similar to CadA at the
plague edge for different species of bacteria. It would be of inter-
est to examine the growth on different species of bacteria of the
Cad single mutants, all Cad double mutant combinations, and the
Cad triple mutant.

CadA is also required to temper the toxicity of its food bacteria
and this may explain the low viability of cadA mutants. Steady-
state levels of cytosolic reactive oxygen species (ROS) are much
higher in cadA- amoeba exposed to K. pneumoniae (Farinholt et
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al., 2019). Current information does not exclude the possibility
that CadA functions intracellularly to moderate potential toxicity
during the intracellular digestion of bacteria. However, given that
the viability of cadA mutants can be restored by externally sup-
plied CadA protein, we favor the hypothesis that its agglutinating
activity is what limits the toxicity of environmental bacteria.

Though still in its early stages, the available data on the role
of the plaque edge in microbiome management by D. discoideum
suggests that amoebae form an expanding barrier as they predate
on bacteria. Similar to the epithelium in the mammalian gut, this
requires the secretion of lectins that agglutinate specific bacte-
rial species, forming a moveable interface with the bacteria as
amoeba grow outward. Presumably, D. discoideum uses other
mechanisms to handle non-Enterobacteriaciae bacteria, possibly
lectins as we suggest below, and secrete additional effectors in
response to different bacteria as the plague expands. The social
amoebae’s plaque barrier and human’s intestinal barrier are
analogous strategies for microbiome management that share the
key mechanistic feature of bacteria-specific lectins thatimmobilize
bacteria to prevent potentially harmful contact with the host (Fig.
2). Studying bacterial management at the amoebal growing edge
may uncover additional mechanistic similarities that might inform
studies of the human gut microbiome.

Microbiome management by social amoebae during
multicellular development

Like many organisms D. discoideum also develops symbioses
with bacteria during its multicellular phase. This manifests as a
microbiome comprised of multiple species of bacteria living inter-
andintracellularly. As described in recent work from the Strassmann
and Queller laboratories, D. discoideum symbiotic bacteria afford
benefits similar to the microbiomes of metazoa (Brock et al., 2011,
Brock etal., 2013, Stallforth etal., 2013, DiSalvo et al., 2015, Brock
et al., 2016). About 30% of D. discoideum strains isolated from
the wild carry bacteria through their entire life cycle, within cells
and in the interstitial space of aggregates and slugs, ending up as
endosymbionts within encapsulated spores (Brock et al., 2011).
These wild strains, termed ‘carriers’, feed and develop normally
but maintain live populations of bacteria through repeated cycles
of growth and development in the laboratory, while non-carriers
remain axenic. For example, carriers harboring Burkholderia
grown on lawns of fluorescently labeled K. pneumoniae food
bacteria produce spores containing fluorescent bacteria. The
carrier phenotype itself is infectiously induced in the amoebae by
defined species of the Burkholderia genus in a manner that allows
additional species of bacteria to be carried (DiSalvo et al., 2015).
Several different species of Burkholderia have been isolated and
characterized and they vary in their ability to induce the second-
ary carriage of food bacteria like K. pneumoniae (Haselkorn et
al., 2018, Khojandi et al., 2019). Carried endosymbiotic bacteria,
or the interstitial co-carried bacteria within sori, are hypothesized
to provide a presumptive food source for the time when spores
germinate and reemerge as feeding amoebae. This led to the apt
initial description of carriers as “farmers” (Brock et al., 2011). The
different species of carried bacteria are beneficial as they can act
as afood source, they can aid in the defense against non-farmers,
or induce toxin resistance (Brock et al., 2011, Brock et al., 2013,
Brock et al., 2016).
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Some carried commensal bacteria protect D. discoideum
amoebae from fungi through secretion of antifungal molecules
(Stallforth et al., 2013). D. discoideum can grow on P. fluores-
cens PfB-QS161 (PfB) but not P. fluorescens PfA-QS161 (PfA),
though both bacterial strains are carried by amoebae. Chemical
characterization of PfA cultures identified pyrrolnitrin secreted in
the media which is a known antifungal molecule (el-Banna and
Winkelmann 1998) and which is also toxic to Acanthamoeba
castelanii amoebae (Jousset et al., 2010). Since pyrrolnitrin is
necessary for P. fluorescens to form symbiotic relationships with
plants, it was plausible that a similar relationship existed with
amoebae (Walsh et al., 2001; Haas and Keel 2003). Differences
in toxicity of pyrrolnitrin toward carrier and non-carrier strains of
D. discoideum would indicate adaptation to lethal symbionts.
D. discoideum carrier strains exposed to P. fluorescens during
growth showed no decrease in spore production, which is a proxy
for overall amoebal health (Stallforth et al., 2013). Interestingly,
carriers exposed to pyrrolnitrin produced more spores than control
carriers that were not exposed. This suggests that D. discoideum
carriers have adapted to a toxin from a non-food bacterium to
leverage a potential antifungal fitness advantage.
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Fig. 3. Lectins determine the D. discoideum mi-
crobiome at different life-cycle stages. Feeding D.
discoideum amoebae secrete CadA lectin that ac-
cumulates at the plaque edge that forms a transient
protective interface with their food bacteria by lectin
agglutination (Farinholtetal., 2019). The function of the
interface can be visualized by staining for live bacteria
(green) present in the bacterial lawn and dead bacteria
(red) that are only found amongst the feeding wild-type
amoebae (“+CadA, upper left panel). When CadA is
not present, as is the case of cadA- mutant plaques,
the interface is not formed and live and dead bacteria
are seen within the amoebal plaque (“-CadA, upper
middle panel). A bright-field image of a plaque is shown
also shown (upper right panel). The amoebal innate
immune cells (Sentinel cells, Chen et al., 2007) patrol
the mobile D. discoideum slug (middle right panel)
and produce antibacterial extracellular traps (ETs)
made of mitochondrial DNA, antimicrobial proteins,
and adhesins that can cause specific bacteria to bind
ETs (Farinholt, 2019). CadA is one of these adhesins
required for Enterobactericiae to bind to ETs, as seen
with ETs produced by wild-type Sentinel cells (“+CadA
middle left panel). Enterobactericiae do not bind to the
ETs produced by the Sentinel cells from cadA mutants
(“-CadAcenter middle panel). Another lectin, discoidin
IA (DscA), binds to bacteria when added exogenously
the end of the D. discoideum growth phase (+DscA)
andinduces bacterial endosymbiosis, in which bacteria
(green) end up within the spores (lower panels,; Dinh
etal., 2078).
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Induction of bacterial carriage and endosymbiosis by
discoidin lectin

Wild D. discoideum carrier strains make a distinctive transition
from growth to development. In contrast to non-carriers, carriers
initiate development before all of the food bacteria in the local
environment are consumed (Brock et al., 2011). This characteristic
along with the fact that the innate immune Sentinel cell popula-
tion differentiates after aggregation, rendering carriage less likely,
prompted the examination of vegetative cells for potential protein
effectors of bacterial carriage. Indeed, the secretomes of carrier
and non-carrier strains exhibit significant differences in protein
content, with the most striking difference being the secretion of
CadA, Cad2, Cad3, DscA, and DscC in all carriers strains that
have been examined (Dinh et al, 2018). The developmental
functions of the discoidin proteins and CadA have been studied
for decades providing a strong foundation for investigations of
their potential role(s) in microbiome management. This previous
work uncovered characteristics of these proteins that predicted
they might be important for mediating amoebae-bacteria interac-
tions and their secretion during the growth of carriers was the first
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indication this is the case.

The D. discoideum genome contains four discoidin | genes,
dscA, dscC, and dscD that produce lectins belonging to discoidin
I (Discl) family, and the dscE gene that produces the discoidin I
lectin (Eichinger et al., 2005, Mathieu et al., 2010, Aragao et al.,
2008). All discoidin genes are developmentally induced during
early developmental aggregation and during growth on Gram(-)
bacteria (Rowekamp et al., 1980, Strmecki et al., 2007, Nasser
et al., 2013). Early studies identified galactose-rich carbohydrate
binding partners of Disclinamoebae (Barondes et al., 1974, Chang
etal., 1975, Cooper et al., 1983). Inmunohistochemistry has been
used to co-localize Discl with the identified endogenous amoebal
carbohydrates throughout development (Cooper et al., 1984).
The protein localized diffusely on the cell surface of developing
but not vegetative amoebae of laboratory strains. This suggests
the lectin binding activity of Discl functions on the surface of the
amoebae, however the protein lacks a signal sequence. Discl was
later shown to be packaged in multi-lamellar bodies for secretion,
likely through binding to undigested glycans remaining from food
bacteria (Barondes et al., 1985). It is therefore possible that discoi-
din plays a role in the packaging of live bacteria into multi-lamellar
bodies, for release into the environment, that has been recently
been observed in D. discoideum (Paquet and Charrette 2016). In
addition to its carbohydrate binding activity, a potential ~67-kDa
Discl receptor was identified that interacts with Discl through
protein-protein interactions (Gabius et al., 1985).

High-resolution crystal structures of ligand-free and GalNac-
bound DscA were successfully solved showing that DscA forms
a homotrimer with the monomers in parallel orientation (Mathieu
et al., 2010). Discl monomers have n-terminal Discoidin domains
and c-terminal H-type lectin domains connected by a short linker.
The lectin binding activity of Discl requires divalent cations and,
indeed, the structure revealed Ca?* ions at each monomer inter-
face within the trimer suggesting a role in forming the quaternary
structure (Alexander et al., 1983, Mathieu et al., 2010). It is likely
that trimerization is required for carbohydrate binding as depletion
of divalent cations prevents Discl from binding Sepharose 4B.
While only the DscA structure has been studied DscC and DscD
differ from DscA by only 13 and 9 amino acids, respectively, so
they are likely to fold and trimerize in a similar manner to DscA.

Specific secretion of DscA and DscC by carriers at the growth
to development transition suggested a function for these lectins
in bacterial carriage. The C-terminal H-type lectin domain of Discl
shows micromolar binding affinity to Galp1-3GalNAc, amoiety found
on the surface of D. discoideum and on bacterial cells, suggest-
ing that Discl functions by binding to bacteria (Vinogradov et al.,
2002). Indeed, DscA does bind to K. pneumoniae with micromolar
affinity and to protect the bacteria from killing by antibacterial pro-
teins produced by the same carrier cell population that secretes
DscA (Dinh et al., 2018). The protection afforded bacteria by a
Discl coat suggests an obvious means by which bacteria might
survive predation by amoebae, leading to persistence during D.
discoideumdevelopment. Still, it was unexpected that DscA-coated
bacteria were found to induce carriage of K. pneumoniae by D.
discoideum and initiate bacterial endosymbosis within amoebae.
A single application of exogenous DscA to these food bacteria
results in the bacteria persisting longer than lectin-free bacteria
inside of vegetative amoebal cells and some bacteria remaining
as live bacterial endosymbionts within encapsulated spores at the
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end of development (Fig. 3; Dinh et al., 2018). The process begins
through an alternative bacterial uptake mechanism that we have
termed lectin-induced modified bacterial internalization, or LIMBI
(Dinh et al., 2018).

Our understanding of how bacteria persist through the 24-hour
developmental cycle in D. discoideum carriers is limited. Phagocy-
tosis mediated by lectins (lectinophagocytosis) has been described
in mammals, where exogenous bacterial lectins, or plant-produced
lectins, that are bound to bacteria bind to mammalian host glyco-
proteins prior to uptake (Bar-Shavit and Goldman 1976, Gallily et
al., 1984, Ofek and Sharon 1988). Lectinophagocytosis reduces
the number of bacteria killed compared to normal phagocytosis
in human neutrophils suggesting protection of bacteria by lectins
may be similar to LIMBI (Ofek et al., 1995). In fact, DscA-coated
bacteria also undergo internalization and persist in mammalian
macrophage (RAW264) cells, suggesting that LIMBI is conserved
in eukaryotes (Dinh et al., 2018). Furthermore, there is also pre-
liminarily evidence that plant lectins allow for internalization and
maintenance of bacteria in mammalian cells lines suggesting that
LIMBI may occur with dietary lectins in animal digestive tracts
(Dinh et al., 2018). If LIMBI proves to be operational in mammals,
in vivo, the means by which lectin-coated bacteria escape intracel-
lular digestion is an important area of study that could help direct
microbiome studies in humans.

Working outthe intracellular handling of lectin-coated bacteriain
D. discoideumis important asitis likely to be central to understand-
ing microbiome formation. Does the binding of secreted Discl in
carrier strains select for, protect, or possibly even exclude specific
bacteria from carriage? It is possible that each Discl member, or
indeed the other secreted lectins described below, have differ-
ent affinities for different bacterial species, or that ensembles of
lectin-coated bacteria work together to tailor the D. discoideum
microbiome. Bacterial carriage induced experimentally with puri-
fied DscA also provides a possible mechanism for the carriage
induced by Burkholderia, but relationship between Discl and the
carriage phenotype induced by Burkholderiahas notbeen clarified.
Precocious secretion of Discl by carriers isolated from the wild
correlates with the carriage phenotype and the laboratory experi-
ments show that DscA is sufficient for carriage, but it is unlikely
that all aspects of bacterial carriage are mediated by one protein.
We hypothesize that Discl mediates significant aspects of carriage
because we have been able to cure wild-isolate carrier strains of
their Burkholderia associates and they revert to a Discl secretion
phenotype of non-carriers, that is they secrete Discl only during
development (unpublished observations). Moreover, these cured
strains revert back to precocious Discl secretion during growth
whenthey are re-infected with Burkholderia. This result strengthens
the correlation between Discl secretion and the carrier phenotype.
Finally, the cured carriers do not carry, but they can be induced
to carry K. pneumoniae through development with the application
of exogenous DscA to these food bacteria (unpublished observa-
tions). These observations strongly suggest that Discl secretion
and binding of bacteria is part of the Carrier phenotype that is
induced by Burkholderia associates.

Bacterial extracellular traps in amoebae and humans

Mammalian innate immune systems consist of motile tissue
residentor free circulating cells such as neutrophils, basophils, mac-



454 T. Farinholt et al.

rophages, and eosinophils. These cells chemotax toward chemical
signals (e.g. IL-8 and hydrogen peroxide) released by cells at the
site of acute infection (Kienle and LAmmermann 2016, Vargas et
al., 2017, Yousefi et al., 2008, Yousefi et al., 2009, Yousefi et al.,
2012). Upon arrival they phagocytose bacteria, secrete antimicrobial
proteins and peptides, and release reticulated DNA extracellular
traps (ETs) that bind and kill bacteria (Brinkmann et al., 2004).
Neutrophils rapidly release ETs coated with azurophilic granule
proteins through an unknown mechanism (Papayannopoulos 2018).
The reticulated DNA provides structure, allowing antimicrobials to
be delivered directionally without diffusion into the surrounding tis-
sues. Stimulation of toll-like receptors (TLRs) by pathogens leads
to the release of reactive oxygen species by the NADPH oxidase,
Nox2 (Brinkmann et al., 2004, Shiu and Gaspari 2017). Genetic
ablation or pharmacological inhibition of NADPH oxidase activity
blocks the release of ETs (Amini et al., 2018).

Some bacterial strains evolved methods to avoid killing by ETs.
GroupA Streptococcus, a causative pathogen in necrotizing fasciitis
(NF), produces a strong DNase (Sda1) that rapidly destroys ET
structures rendering them inert (Buchanan et al., 2006). This may
explain the correlation between DNase expression and a bacterial
strain’s virulence. Another means of avoiding phagocytosis that
bacteria often employ is aggregation, necessitating killing by ETs.
For example, Mycobacterium bovis aggregates stimulate ETosis
in a size dependent manner and ETosis in the lungs was only
observed following exposure to clumps of Klebsiella pneumoniae
and not planktonic bacteria (Branzk et al., 2014, Papayannopoulos
et al., 2010). These data indicate ETosis is important for handling
difficult to phagocytize bacteria.

Precise physiologic control of ET release is important as under-
or over-activation results in disease. Patients with chronic granu-
lomatous disease (CGD) or myeloperoxidase deficiency present
with widespread bacterial and fungal infections (Metzler et al.,
2011, Fuchs et al., 2007). Regaining NADPH oxidase activity by
gene therapy restores ET production and alleviates chronic lung
infections (Bianchi etal.,2011). Increased presence of ETs through
erroneous release, or decreased ET clearance efficiency, can lead
to vasculitis (Kessenbrock et al., 2009), thrombosis (Fuchs et al.,
2010, Martinod and Wagner 2013), lupus nephritis (Hakkim et al.,
2010), and are causative in the pathophysiology of cystic fibrosis
(Law and Gray 2017).

Slugs of carrier strains present an interesting opportunity to study
microbiome maintenance in the presence of an innate immune
system. For interstitial bacteria to survive during the development
of carriers they must evade the Sentinel cells that ‘patrol’ migrat-
ing slugs and remove bacteria either by phagocytosis or by killing
them on extracellular DNA traps (Chen et al., 2007, Zhang et al.,
2016, Zhang and Soldati 2016). Sentinel cells were discovered
when slugs were made to traverse across agar containing fluo-
rescent dies as proxies for environmental toxins. Concentrated
fluorescent puncta were observed in slugs travelling across the
agar that were continuously deposited behind the slug in the slime
sheath but maintained a constant number within the slug (Chen
et al., 2007). Similar to phagocytic cell types in the human innate
immune system, Sentinel cells use phagocytosis to clear the slug
of harmful bacteria and toxins. Constant numbers of S cells are
observed in slugs traveling over long periods of time suggesting
that Sentinel cells continually differentiate (Chen et al., 2007).
Sentinel cells isolated from slugs migrating over ethidium bromide

agar have a higher mutation rate and lower viability compared to
non-Sentinel cells from the same slugs so it has been hypothesized
that Sentinel cells protect slugs by sacrificing their own viability as
they sequester toxins (Chen et al., 2007).

Key cellular requirements for ET release from Sentinel cells
appear to be conserved with humans. As with humans, D. dis-
coideum ET release requires ROS produced by NADPH oxidase
(Zhang et al., 2016). The D. discoideum genome has three genes
that encode NADPH oxidases (NoxA, NoxB, NoxC) that are each
homologous to human Nox2 (Lardy et al., 2005), and NoxABC-KO
triple mutants are defective in ET release (Zhang et al., 2016).
The addition of exogenous catalase enzyme to Sentinel cells also
suppresses their ET production, supporting this genetic inference
(Zhang et al., 2016). TLR signaling is also a shared requirement
between amoebae and humans since signaling through the one
Toll/Interleukin-1receptor (TIR) domain protein in D. discoideum
(TirA) is required for ET release (Zhang et al., 2016). That ETs are
required to eliminate bacteria during D. discoideum development
comes from the findings that tirA- mutants are more sensitive to
killing by L. pneumophila and tirA- and noxABC- mutants contain
live bacteria in their developing structures (Chen et al., 2007,
Zhang et al., 2016). These data indicate that ETs do in fact play a
role in microbiome management during D. discoideum develop-
ment and suggests the innate immune function they provide can
be overcome by Burkholderia induction of bacterial carriage, or
by DscA-mediated LIMBI.

So how do carriers maintain a microbiome in the presence of
an innate immune system in the slug? It turns out that carrier slugs
have a smaller percentage of Sentinel cells compared to non-
carriers suggesting that a characteristic of the carrier phenotype is
lower levels of Sentinel cell differentiation (Brock et al., 2016, Dinh
et al., 2018). Although, reduced Sentinel cell populations would
be expected to increase susceptibility to environmental toxins in
carriers, the spore deficit of carrier strains harboring Burkholderia
does not worsen in the presence of toxins whereas non-carriers
display reduced spore production in the presence of toxins (Brock
et al., 2016). This suggests that the D. discoideum microbiome
may benefit host cells during development by providing detoxify-
ing activity directly or by inducing increased toxin resistance in
the host cells. There is some recent evidence that such benefits
result from co-evolution of carrier amoebae with specific species
of Burkholderia (Shu et al., 2018).

Anumber of studies have focused onidentifying proteins associ-
ated with ETs that decorate the structure and provide antimicrobial
activity (e.g., Papayannopoulos 2018). While ET-associated anti-
microbials have been identified, much less is known about factors
regulating bacterial adherence to ETs. Adherence of bacteria to
ETs exposes them to high local concentrations of antimicrobials
allowing for efficient killing, so understanding how bacteria as-
sociate with ETs is potentially important for understanding how
ETs kill bacteria. It is thought the reticulated DNA structure of ETs
is naturally ‘sticky’, but there have been no studies that address
this potential mechanism directly. CadA was identified as an ET-
associated protein in a crude purification of D. discoideum ETs and
given the bacterial agglutination function of CadA, it was plausible
that bacterial adhesion to ETs was mediated by CadA. Indeed,
there is a clear correlation between the agglutination of bacteria
by CadA and a requirement for CadA in the adherence of those
species of bacteria to ETs (Farinholt, 2019). K. pneumoniae and E.
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TABLE 1

SECRETED LECTINS OF D. DISCOIDEUM

Protein Family (members) Mutant Phenotype

Lectin Class Reference(s)

Cadherin (CadA, Cad2, Cad3)
Discoidin | (DscA, DscC, DscD)
IiE (IliE-1, iE-2)

Cup (CupA-J)

Low viability on Gram(-) (cadA’)

Slow growth on Gram(-) (dscA-D antisense strain)
No growth on Gram(+) (iliET")

No mutant [produced on Gram(-)]

Farinholt et al., 2019
Mathieu, et al., 2010; E. Nam, unpublished
Farbrother et al., 2006; Nasser et al., 2013
C. Dinh, unpublished

Cadherin-related

H-type (C-terminus); F-type (N-terminus)
Concanavalin A

Ricin B

coli do not adhere to ETs produced by cadA- mutants while other
species were indifferent to the presence of CadA. Additionally,
exogenous CadA added to ETs produced by cadA- cells restores
the adherence of K. pneumoniae and E. coli. Moreover, cadA ETs
kiled K. pneumoniae at a significantly less efficiently, but this
deficiency can be rescued by adding exogenous CadA protein
back to the assay. These data indicate efficient killing of specific
bacterial species by ETs requires adherence through a specific
binding protein, allowing D. discoideum ETs to work as bacterial
“flypaper”. CadA is the first example of an ET-associated bacterial
adhesion protein, and this opens up the possibility of uncovering
additional such proteins that are necessary for ET function both
in amoebae and possibly in humans. For example, P. aeruginosa
and M. luteus are agnostic to CadA’s presence on D. discoideum
ETs so other proteins, possibly lectins, are likely needed for adhe-
sion of these bacteria.

Conservation of immune cell ET function from amoebae to
humans indicates common selective pressure served to preserve
this defense strategy in evolution (Brinkmann et al., 2004, Palic et
al., 2007, Chuammitri et al., 2009). If D. discoideum ETs are in fact
homologous to human ETs it would put the advent of ETs back to
over 1 billion years ago (Zhang and Soldati 2016). Conservation of
the cellular requirements for ET release suggests that further study
using genetically tractable amoebae will identify novel regulators
in humans. The discovery of a new bacteria-specific ET adhesion
protein offers the motivation to seek out similar accessory proteins
in humans, which may translate into a better understanding of how
ETs prevent (and cause) disease in humans.

Microbiome control by lectins

Microbiome managementrequires that hosts recognize species-
specific molecules that are abundant on the bacterial surface, so
cell surface glycans make optimal targets. Bacteria have abundant
surface carbohydrates such as the lipopolysaccharide (LPS) of the
Gram(-) bacteria K. pneumoniae (Vinogradov et al., 2002). These
polymers of monosaccharides (e.g. glucose, galactose, mannose,
etc.) have a variety of chemical linkages and conformations. Given
the variation of glycans and their potential as unique identifiers it
is no wonder that early immune signaling employed carbohydrate-
binding lectins to decipher microbially complex environments.
Lectins have been identified in the genomes of almost every organ-
ism, functioning in numerous biological pathways (Abhinav et al.,
2016, Xia et al., 2017, Breitenbach et al., 2018). The evolutionary
ramification of lectins has resulted in over 20 different families that
have been classified based on their saccharide binding specificity
and structure of the carbohydrate recognition domains, many of
which are present in D. discoideum (Eichinger et al., 2005).

An incomplete patchwork of data suggests that lectins evolved
as early immune molecules that are still used by humans for

microbiome management. And while the method of bacterial
recognition in humans has evolved to use more specific cellular
systems, secreted lectins are still used for microbial control on
epithelial surfaces. Lectins have been identified as important an-
timicrobials in the human gut, such as Regllly discussed above,
targeting specific bacteria through lectin binding and preferential
elimination of pathogenic bacteria (Cash et al., 2006, Miki et al.,
2012, Mukherjee et al., 2014). Given the diversity and the versatil-
ity in glycan binding that the lectins encompass it is tempting to
speculate that they have additional roles in modulating metazoan
microbiomes, beyond sequestration and elimination functions, such
as the maintenance of specific bacterial ensembles.

Transcriptomic and proteomic studies have identified at least
four families of lectins that D. discoideum expresses or secretes
in response to exposure to different bacterial species (Table 1). In
addition to CadA and DscA described above, iliE encodes a con-
canavalin A homolog that was identified by differential expression
analysis to be expressed during growth on Gram(+) bacteria, sug-
gesting a role for IliE in protection from, predation on, or digestion
of Gram(+) bacteria (Nasser et al., 2013). Moreover iliE mutants
are unable to grow on lawns of Gram(+) bacteria which predicts
that IliE-1 and IliE-2 have lectin activity and bind to Gram(+) bac-
teria, like concanavalin A (Nasser et al., 2013, Doyle and Birdsell
1972). It is also worth considering that IliE proteins function like
CadA and form a protective barrier at the plaque edge when D.
discoideum amoebae are growing on lawns of Gram(+) bacteria.
Another predicted lectin gene family are encoded by the cupgenes,
cupA-J, which are predicted to contain aricin B superfamily domain
found in AB toxin systems, glycosidases, and proteases (Hazes
and Read 1995, Hazes 1996, Hirabayashi et al., 1998). These
proteins were identified as being secreted after exposure of D.
discoideum amoebae to Gram(-) bacteria (C. Dinh, unpublished).
They represent anotherfamily of lectins that should be examined for
roles in microbiome control. For the myriad of lectins that amoebae
secrete, glycan-mediated ‘pulldown’ proteomics might be useful
for identifying which bacterial glycans each of these lectins bind
(Gesslbauer et al., 2016, Lopez Aguilar et al., 2017).

There is the possibility for significant regulatory flexibility in
microbiome control in D. discoideum with the 18 identified lectins
distributed amongst four lectin protein families. Lectin function
could also be expanded by lectin-lectin interactions. While only
DscA has been directly demonstrated to be sufficient for carriage,
the high degree of similarity of DscC and DscD to DscA suggests
these two lectins will be involved as well. For the discoidins, many
possible heterotrimers are theoretically possible given the similarity
in primary amino acid sequence. Such discoidin hetero trimers,
and indeed the three homotrimers, may functionally interact by
binding the same species of bacteria, or different species, af-
fording the amoebae opportunity to fine-tune the composition of
their microbiome. Differential secretion of DscA, DscC, and DscD
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homotrimers elicited by different bacteria may provide additional
avenues of regulation. Given the coordinate secretion of CadA,
Cad2, Cad3, DscA and DscC during the growth to development
transition these lectins may influence each other’s function directly.
For example, the agglutination of bacteria by CadA at the growing
edge may block the binding of DscA while bacterial densities are
high. Following depletion of the bacteria, agglutination by CadA
would become less efficient allowing Discl proteins to coat bacteria
and induce carriage.

Summary

The existence of microbiomes throughout eukaryotic species and
their importance to the survival of those species allows us to study
evolutionarily conserved aspects in simpler model organisms such
as D. discoideum. Multiple systems operate within the human gut
to prevent bacteria from escaping the lumen and penetrating into
the tissues, and any defect in those functions leads to debilitating
inflammatory diseases. ltappearsthat D. discoideumalso employs
multiple mechanisms to control its bacterial microbiome during
growth and during development to moderate bacterial toxicity. The
dynamics in bacterial composition of the microbiome is also similar
in the two systems in that the inclusion or exclusion of a bacterium
depends on the presence of other bacterial species. The amoebal
plaque edge is analogous to the human gut epithelium with dense
bacterial populations apposed to a thin border of amoebal cells
(Figure 2). In both species, the barrier function that depends on
host-derived lectins allows bacteria to be used as food directly
(social amoeba) or provide nutrients indirectly (humans) while
preventing direct exposure to host cells - the intestinal mucosa
or the interior of the amoebal plaque. The mechanistic similarities
between D. discoideum effectors in the soil and human effectorsin
the gut suggests that novel findings in socialamoebae may translate
into a deeper understanding of the management of microbiome
homeostasis in humans.
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