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Summary

Probiotics are living microorganisms that are increasingly and successfully used for
the therapy of various diseases. The most common use of probiotics is the therapeutic
and preventive application for gastrointestinal disorders. The probiotic Escherichia coli
strain Nissle 1917 (EcN) has been proven to effectively prevent and alleviate intestinal
diseases, including various types of inflammatory bowel disease. Despite the
widespread medical application of EcN, the underlying mechanisms of its protective
effect remain elusive. The present work aimed to establish an insect model system to
enable further research on the modes of action of EcN and the dynamics of adaptation
to a novel host organism. Using a long-term serial passage approach, we orally
introduced EcN to the host, the red flour beetle Tribolium castaneum. After multiple
cycles of intestinal colonization in beetle larvae, several attributes of the passaged
replicate lines were assessed. We observed phenotypic changes in growth and motility
but no genetic changes in the lines after passaging through the host and its flour
environment. One of the EcN lines exposed to the host displayed peculiar
morphological and physiological characteristics showing that serial passage of EcN

can generate differential phenotypes.
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Introduction

Probiotics are the most prominent defensive microbes in humans. They are in use for
thousands of years and studied for over a hundred years as therapeutics for dermal,
vaginal and intestinal infections (Borges et al., 2014; Roudsari et al., 2015; Santacroce
et al.,, 2019). Oral intake as a treatment against various gastrointestinal disorders,
including severe bacterial infections, is the most widespread application of probiotics
(Islam, 2016). As antibiotic resistance of pathogens might grow to a global public
health problem with unforeseeable severity, the need for safe and well-characterized
biotherapeutics asks for further research on the protective mechanisms of established
probiotics (Imperial and Ibana, 2016; O'Toole et al., 2017).

A commonly used and medically important probiotic is the gram-negative bacterium
Escherichia coliNissle 1917 (EcN). It belongs to the large family of Enterobacteriaceae
and the E. coli serotype group 0O6:K5:H1 (Faubion and Sandborn, 2000). EcN was
introduced as the pharmaceutical preparation Mutaflor® by Alfred Nissle, after
isolating it from the feces of a WWI soldier and characterizing its antagonistic effects
against pathogenic Enterobacterales (Nissle, 1919). To date, Mutaflor® is a
commercially available drug against intestinal diseases like Crohn's disease and
ulcerative colitis (Pharma-Zentrale GmbH, 2020).

While the microbial characteristics (Blum et al., 1995) and the genetic background
(Grozdanov et al., 2004; Reister et al., 2014) of EcN are well-studied and determined,
the mechanism of probiotic activity remains elusive. The protective effects of EcN are
considered to be linked to several particular properties and fitness factors. EcN
secretes two bactericidal microcins, which have been shown to drive microbial
competition (Sassone-Corsi et al., 2016; Vassiliadis et al., 2010). Biofilm formation as
well as outcompeting pathogens regarding iron uptake (Deriu et al., 2013) are thought

to be factors contributing to the probiotic properties of EcN (Boudeau et al., 2003).

EcN has shown high colonization success in gnotobiotic rats (Lorenz and Schulze,
1996) and piglets (Mandel et al., 1995) upon oral exposure, while also most
conventionally kept mice and rats retain a long-term EcN colonization of their guts
(Schulze et al., 1992). In humans, however, only certain specific conditions allow
stable, long-term colonization of the intestines. An extensive clinical study on healthy

adults by Kurtz et al. (2018) suggests that a natural intestinal microbiome might
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interfere with EcN preventing a long-term colonization and that the kinetics of EcN in

the human system are highly variable.

In addition to the importance for colonization, the communication of EcN with epithelial
cells has been shown to have numerous effects on the host’s immune system (Hafez
et al., 2010; Sabharwal et al.,, 2016; Thomas and Versalovic, 2010). Well-studied
immunomodulatory effects are the induction of the antimicrobial peptide human (3-
defensin-2 (HBD2) (Wehkamp et al.,, 2004) and the regulation of T-cell activation,
expansion and apoptosis (Guzy et al., 2008; Sturm et al., 2005; Thomas and
Versalovic, 2010). Directly interacting with the intestinal epithelial cells, EcN is
proposed to prevent a compromised epithelial barrier, which is considered a key
mechanism in the development of intestinal diseases (Ukena et al., 2007). EcN has
been shown to inhibit “leaky gut” symptoms, which are associated with diseases like
coeliac or Crohn’s disease, by enhancing the integrity of the mucosal surface of the
intestinal epithelium (Souza et al., 2016; Ukena et al., 2007; Zyrek et al., 2007).

Although application of EcN is usually safe, a few studies call for careful usage under
specific conditions (Dziubanska-Kusibab et al., 2020; Gronbach et al., 2010; Glnther
et al., 2010). As a safety relevant aspect, not much is yet known about the phenotypic
and genomic plasticity of EcN under different growth conditions that may contribute to
bacterial adaptation to different hosts or environments.

While mammals remain the most widely used model systems in research on infectious
diseases and host-microbe interactions, alternative models might provide important
benefits and are increasingly recognized as promising alternatives (Adiba et al., 2010;
Lionakis, 2011). Among other factors, high costs, time-consuming maintenance, and
the ethical concerns of infecting mammals with pathogens drive the substitution of
insect models for mammals as host systems (Cutuli et al., 2019; Perini et al., 2019;
Scully and Bidochka, 2006). Regarding microbial pathogenesis, insects and mammals
show certain parallels in the structure of protective tissues (reviewed in Scully &
Bidochka, 2006) and they share a highly conserved innate immune system with
analogous signaling pathways (Heine and Lien, 2003; Hoffmann et al., 1999).
Tribolium castaneum is an established model organism and represents the benefits
that insect model systems come with: T. castaneum has a short life cycle, high
fecundity and can be inexpensively maintained, allowing experiments with large

sample sizes (Sokoloff, 1977). It allows for RNAI studies using specific and efficient
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knockdowns of genes by larval or parental dsRNA injection (Bucher et al., 2002;
Tomoyasu and Denell, 2004). As a member of the largest eukaryotic order,
Coleoptera, T. castaneum makes a more suitable representative of other insects,
since it is evolutionary more basal than Lepidoptera and Diptera (Misof et al., 2014).
That makes the red flour beetle a commonly used insect model in various fields of
research including development, evolution, immunity and host-pathogen interactions
(Altincicek et al., 2008; Brown et al., 2009; Milutinovi¢ et al., 2013; Suzuki et al., 2008).
Moreover, identification of various extra- and intracellular signaling pathways of the
innate immune system, including many proteins with human homologs (Zou et al.,
2007) allows for extensive and conclusive studies of T. castaneum immune system
and its interactions with microbes. T. castaneum and its pathogens have become well-
established models, in particular forimmuno-ecological and evolutionary studies (e.qg.,
Bérénos et al., 2011; Blaser & Schmid-Hempel, 2005; Ferro et al., 2019; Khan et al.,
2017; Milutinovi¢ et al., 2013; Roth et al., 2009; Tate et al., 2017). Additionally, T.
castaneum has been proposed as a screening system for potential drugs as well as
pharmaceutical side effects (Bingsohn et al., 2016; Brandt et al., 2019). Grau et al.
(2017) used T. castaneum for in vivo characterization of a probiotic Enterococcus
mundltii isolate from Ephestia kuehniella larvae and suggested T. castaneum as an

alternative model for the pre-screening of probiotics.

We here aimed to make use of these strengths of the T. castaneum system to further
investigate the possible adaptation of EcN to a new host and its environment. To
better understand phenotypic and genomic plasticity of EcN as mechanisms that can
contribute to bacterial host adaptation, a serial passage experiment was performed,
using multiple cycles of intestinal colonization in beetle larvae (Figure S1;
Supplementary data). We observed a significant effect of eight serial passages on
growth, motility and colony morphology of the passaged lines, suggesting that EcN
could adapt to novel environments. However, we did not observe any changes on the
genomic level, suggesting that adaptation had happened on the phenotypic and/or
epigenetic level.

Furthermore, we assessed the effects of EcN treatment on the host system by
monitoring life history traits (survival, pupation, eclosure) and measuring expression
levels of antimicrobial peptides (AMPs) in T. castaneum larvae after oral exposure.

Additionally, a putative protective effect against the beetle’s natural pathogen Bacillus
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thuringiensis tenebrionis (Btt) was analyzed by coinfecting larvae with EcN and Bit.
Even though we did not observe any effect on the host, changes in phenotypic
attributes suggest that EcN could phenotypically adapt to novel environments or

unusual hosts, such as during the intestinal passage in T. castaneum larvae.

Results

Serial passages of EcN had no effect on persistence in the host but
changed phenotypic characteristics of EcN

Persistence of EcN in T. castaneum did not increase after serial passages

A central aim of the serial passage experiment was to establish EcN lines that are able
to stably colonize the T. castaneum host. For the ancestral EcN, preliminary
experiments showed an exposure-time-dependent EcN persistence of 4 to 7 days in
T. castaneum larvae, upon oral exposure (Figure S2; supplementary data). Originating
from one ancestral clone, 10 EcN lines were passaged (L1 - 10) in the host (larvae-
passaged), while 6 lines served as controls for the larval environment (flour-passaged)
without being exposed to T. castaneum. We exposed 48 naive larvae to each of the
lines by keeping them separately in wells of 96-well plates for 48 h. We expected to
select for persistence in the serial passage. We thus focused on measuring the
persistence of the passaged lines compared to the ancestral strain after completing
eight infection cycles. The persistence of the passaged lines was compared to the

ancestral strain by testing individual larvae for the presence of EcN.

To analyze the persistence of the serially passaged EcN in the T. castaneum host, we
performed an infection experiment that included all larvae-passaged EcN lines after 8
passages, as well as the ancestral strain. After 48 h on an EcN diet, we transferred all
larvae to flour diet without EcN and sampled for the following 7 days, a subset of 20
larvae per replicate each day (Transparent methods; supplementary data). We did not
detect a significant difference in the ability to persist in the beetle larvae between the
ancestral strain and any of the passaged lines (Figure 1). One day after exposure, the
passaged EcN lines varied in persistence in the beetle larvae with an average
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persistence rate of 46 %, while 75 % of the tested larvae treated with the ancestral
strain harbored EcN. Over time, the rate of larvae harboring EcN decreased, and after
7 days, the mean persistence rate was 5 %. In two lines (L9 and L10) EcN was not

found anymore.

Replicate
= ancestral
0.8 JE—
—_—2
-_ 13
—_— L4
—_— L5
-_ 16
—_—L7
-_— L8
- 19

= |10

Days since exposure

Figure 1. Persistence of EcN in T. castaneum larvae after serial passage. Proportion of
larvae harboring EcN after 48 h of exposure. Ten passaged EcN lines (L1-10) and the
ancestral strain were monitored. 20 larvae per replicate and day were tested for bacterial
presence or absence (n = 1584).

Host and flour-passaged lines showed increased growth rate compared to ancestral
EcN

To characterize putative trade-offs resulting from adaptation to the new environment
upon serial passage, we investigated potential effects on bacterial growth parameters.
The absorbance of liquid cultures inoculated with a standardized number of cells was
monitored for 24 h (Figure 2). Six of the larvae- and flour-passaged replicate lines as

well as 6 ancestral clones (pseudo-replicates) were measured every 15 min.
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Figure 2: EcN growth curves and attributes. A) Differences in the growth rates between the
passaged lines and the ancestral strain (Kruskal-Wallis X? = 10.889, Df = 2, p = 0.00432). B) Differences
in the carrying capacities (Kruskal-Wallis X2 = 12.316, Df = 2, p-value = 0.00211). C) Optical density
(absorbance) of bacterial liquid cultures at A = 600 nm. D) Principal component analysis of growth rate,
carrying capacity, generation time and the area under the curve. Six replicates per treatment were
analyzed: Larvae-passaged (L2, L3, L5, L6, L8, L9), flour-passaged (F1-6), ancestral (A1-6, pseudo-
replicates). Measurements were taken every 15 min for 24 h at 30 °C. A - ancestral strain, F - flour-
passaged bacteria, L - larvae-passaged bacteria. Statistical differences between the treatments are
marked with letters a and b.

The curves of all lines follow a similar, logarithmic growth (Figure 2C). The maximum
or intrinsic growth rate (r) turned out to be significantly higher in the evolved lines
(Figure 2A), while the ancestral lines appeared to grow to a higher density than the
passaged lines. Analysis of the growth capacities (K) confirmed a significantly higher

maximum density in the ancestral lines (Figure 2B).

We performed a principal component analysis (PCA) of r and K, as well as generation
time and the area under the curve to visualize similarities and differences in these
attributes between the individual lines (Figure 2D). The area under the curve is a
conclusive parameter because it integrates the contributions of the growth rate,
carrying capacity, and the initial population size, into a single value. The PCA revealed
that the growth parameters of the ancestral lines appear distinct from the evolved
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ones, which cluster together. The passaged line L9, however, showed distinctive

growth characteristics dissimilar to all other lines (Figure 2D).

Larvae- and flour-passaged EcN lines were more motile than the ancestral strain

Differences in the motility of bacterial lines can, similar to growth, indicate trade-offs
linked to a putative adaptation to the novel larval environment. Therefore, we assessed
the swarming distance on soft agar plates of 3 technical replicates of 6 of the larvae-
passaged (L) and flour-passaged lines (F) as well as 6 pseudo-replicates of the
ancestral strain (A) after 6 h (Figure 3A) and 9 h (Figure 3B). Out of the 10 larvae-

passaged lines we chose 6 that showed a trend of elevated persistence.

After 6 h at 30 °C the larvae-passaged lines, as well as the flour lines showed
significantly higher motility than the ancestral strain (average swarming distance: L
passaged lines: 4.76 mm, F passaged lines: 4.36 mm, A strain: 3.58 mm). This
difference was still observed after 9 h of incubation. No significant difference between
the passaged lines was detected but the larvae-passaged lines tended to be more
motile than the flour-passaged lines at both time points. Despite the elevated motility
of the passaged lines, the line L9 showed particularly low average swarming distances

of 3.78 mm after 6h and 8.06 mm after 9 h (Figure S3; Supplementary data)
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Figure 3: EcN motility. Differences in swarming ability between the evolved lines and the
ancestral strain. The radius of the swarmed areas on 0.3 % agar plates was measured after 6
h (3 A) and 9 h (3 B) post inoculation. Triplicates of six replicates per treatment were analyzed:
Larvae-passaged (L2, L3, L5, L6, L8, L9), flour-passaged (F1-6), ancestral (A1-6, pseudo-
replicates). 3A is showing motility per treatment after 6 h (anova, Df=2, F=17.4, p <0.001). 3B
is showing flagella motility after 9h per treatment (anova, Df=2, F=8.06, p <0.001). Statistical
differences between the treatments are marked with letters a and b.

Colony morphology of one replicate line changed after passages through the host

To investigate possible differences in colony morphology we grew three colonies of
the following replicate lines on dye supplemented agar plates: Larvae-passaged (L2,
L3, L5, L6, L8, L9), flour-passaged (F1-6), ancestral (A1-6, pseudo-replicates). The
synthesis of cellulose and curli fimbriae, components of the extracellular matrix were
visualized using the dyes Calcofluor White (under UV) and Congo Red, respectively
(Cimdins and Simm, 2017; Zogaj et al., 2001). While E. coli K-12 colonies generally
produce more curli fimbriae than cellulose at 30 °C, thus appearing as brown and
smooth colonies, EcN displays a pdar (pink, dry and rough) colony morphotype
(Cimdins and Simm, 2017; Grozdanov et al., 2002). One of the passaged lines, L9,

appeared to display a slightly stronger fluorescence upon Calcofluor White staining, in
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addition to a more wrinkled colony outline, which may indicate increased cellulose
expression (Figure 4).

Figure 4: EcN L9 colony morphology. EcN colonies grown on Congo Red (left) and
Calcofluor White plates (right). Triplicates of six replicates per treatment were tested: Larvae-
passaged (L2, L3, L5, L6, L8, L9), flour-passaged (F1-6), ancestral (A1-6, pseudo-replicates).
Triplicates of the lines L8 (top row) and L9 (middle row) are shown. E. coli K-12 MG1655
served as a control (bottom). The plates were grown for 96 h at 30 °C. Morphology of the line
L8 showed typical EcN morphology.
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Genome of EcN remained unchanged after serial passage

The morphology and the strongly diminished growth and motility of the host-passaged
line L9 suggested that a mutation might have occurred and defined these properties.
Therefore, we analyzed the genomic variabilities of the draft genome sequences of
this and two other lines, which showed elevated motility (L2, F4). Both variant
detection and pan-genome analysis of these isolates showed the absence of genome-

level differences compared to the ancestral strain.

EcN did not influence host mortality or gene expression

EcN did not provide a survival benefit to the host upon pathogen exposure

EcN shows probiotic activity in humans, and we were thus interested in its putative
beneficial effects on the survival and development of T. castaneum larvae upon Bit
infection. Beetle larvae were first orally exposed to EcN (‘pretreatment’), followed by
oral exposure to Bft 3 days later (‘treatment’). EcN for the pretreatment were derived
from the ancestral strain or either of three of the larvae-passaged EcN lines. For this,
lines L2, L3, and L6 were selected, because they showed a tendency for above-
average persistence (Figure 5). As additional controls, the commensal E. coli K-12
strain MG1655 (K12) served as a general control for bacterial pretreatment, and

unexposed PBS controls were included for both pretreatment and treatment.

The Btt infection strongly reduced larval survival (Figure 5), whereas the EcN
pretreatment did not have any strong effect on larval survival of the Btt infection. Only
larvae pretreated with one of the host-passaged EcN lines (line 6) showed a slightly
increased survival, while E. coli K-12 pretreatment slightly reduced survival, an effect
that was significant only in direct comparison of these groups (x2 = 16.91, Df = 5,
p=0.0046) but not when compared to the PBS control.

In addition to assessing the effects of EcN exposure on survival, we monitored the
pupation and eclosure rates of the larvae for 4 weeks but did not observe any

significant differences (Figure S4, S5; Supplementary data).
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Expression of immune-related genes did not change in Tribolium castaneum upon oral
uptake of EcN

We assessed the expression levels of several immune genes by RT-qPCR to
characterize a possible differential immune reaction of T. castaneum to the exposure
to ancestral EcN. The selected genes code for the AMPs Attacin2, Cecropin2,
Defensin2, and Defensin3 (Yokoi et al., 2012), as well as for an Osiris16-like protein,
which was found to be involved in oral immune priming with Btt (Greenwood et al.,
2017). The expression patterns were measured in larvae, after oral exposure to
ancestral EcN or E. coli K-12 (as a control) for 72 h (6 replicates of 5 pooled larvae
per treatment). We did not find any statistically significant differences in gene

expression to PBS-exposed control larvae (Figure 6).
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Figure 5: T. castaneum survival upon EcN pretreatment. Survival of 14 day-old beetle
larvae exposed to EcN-containing flour diet for 72 h (5.3 x 100 cells / g flour), before transfer
to Btt-containing flour (3.3 x 10'° spores / g flour). Three passaged EcN strains (L2, L3, L6) as
well as the ancestral strain were used for pretreatment. PBS and K-12 strain MG1655 served
as a negative control for pretreatment and treatment. The larvae were individualized in 96-well
plates (n = 2128). ** p = 0.0046. Full lines show survival of larvae challenged with Btt while

dashed lines are PBS control.
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Figure 6: Differential expression of AMPs and Osiris16. Expression patterns assessed by
RT-gPCR on RNA extracted from 6 replicates of 5 pooled larvae/treatment. Tribolium
castaneum larvae that were orally exposed to EcN, E. coli K-12 MG1655 and PBS for 72 h.
The genes coding for the AMPs Attacin2 (Att2), Cecropin2 (Cec2), Defensin2 (Def2) and
Defensin3 (Def3) as well as for an Osiris16-like protein were analyzed. PBS treatment served
as a negative control. ACp values were calculated using the expression of the housekeeping

genes ribosomal protein L13a (Rpl13a) and ribosomal protein 49 (Rp49).
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Discussion

Serial passage experiments are important tools to understand the evolution of bacteria
in new environments, in particular new hosts, and to adapt bacteria to new
experimental host systems. We performed a serial passage experiment of the human
probiotic EcN in an invertebrate host, larvae of the red flour beetle T. castaneum, as
well as in their environment and food source, i.e., flour. We observed clear changes in
key phenotypic parameters of the bacteria, which surprisingly did not lead to increased

persistence of the bacteria in this novel host, nor to any genetic changes.

By extracting EcN after an increasingly long duration in the larval system, selection for
persistence was expected, but the selection pressure exerted by the novel
environment might not have been sufficient. Additionally, the selection pressure
exerted by desiccation in the flour might outweigh the effects of the serial passage in
the host.

Both larvae and flour-passaged lines showed increased growth rates in liquid culture,
but a decreased carrying capacity relative to the ancestral strain (Figure 2). Somerville
et al. (2002) also found significantly elevated growth rates in Staphylococcus aureus
upon serial passage in vitro and suggested that the difference was based on the more
efficient utilization of available nutrients upon serial passage. Likewise, the nutrient-
scarce environment of the flour and the larval gut during passage might have selected
for efficient nutrient uptake, leading to increased growth, in our experiment. The
reduced carrying capacity could be caused by a trade-off for the increased growth

rate.

The assessment of motility upon passage showed a significantly higher swimming
capability on soft agar for the evolved lines compared to the ancestral strain (Figure 3).
Taxis of E. coli bases on the expression of flagella and is thought to be very costly,
leading to infrequent expression (Soutourina and Bertin, 2003). The biosynthesis of
flagella has been shown to be strongly regulated by environmental factors including
pH, salinity, temperature, and presence of D-glucose (Li et al., 1993; Soutourina et al.,
2002). Moreover, Landini & Zehnder (2002) demonstrated that the flagellar motility of
E. coliis induced by oxygen-limited conditions. Thus, the difference in motility between
the passaged lines and the ancestral strain might have resulted from the extreme


https://doi.org/10.1101/2021.01.04.425298

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.04.425298; this version posted January 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

environmental conditions during the passage, which could have promoted the
expression of flagella. Apart from motility, flagella play a major role in the adhesion of

EcN to host cells and biofilm formation (Kleta et al., 2014).

The larvae-passaged line L9 appeared to display a slightly stronger fluorescence upon
Calcofluor White staining, in addition to a more wrinkled colony outline (Figure 4). An
increased fluorescence on Calcofluor White suggests a higher cellulose concentration
in the extracellular matrix, which is linked to the wrinkled colony phenotype (Zogaj et
al., 2001). Since L9 is one of the lines that were passaged through the host, it is
conceivable, that the novel phenotype arose in an adaptive process to the larval
environment. However, the low persistence of L9 indicates that this phenotype is not
associated with colonization success (Figure 1). Nevertheless, the peculiar features
of L9 are a proof-of-principle that serial passage of EcN can generate differential
phenotypic characteristics. The morphology and the strongly diminished growth and
motility of the larvae-passaged line L9 suggested that a mutation might have occurred
and defined these properties. However, draft whole genome sequences of this and
two other lines, which showed elevated motility (L2, F4) did not reveal any genetic

difference to the parental strain, suggesting possible epigenetic variations.

Oral previous exposure of T. castaneum larvae to serially passaged or ancestral EcN,
prior to exposure to the entomopathogen B. thuringiensis tenebrionis (Btt), did not
significantly improve host survival (Figure 5). Only one of the larvae-passaged lines
(L6) appears to induce a slightly elevated survival rate, compared to pretreatment with
E. coli K-12 strain MG1655. In conclusion, EcN does not seem to act as a probiotic in

T. castaneum that protects against pathogens, at least not against Btt.

The antagonistic activity of EcN against pathogens might need specific requirements
and an unaccustomed microbiome, as well as suboptimal environmental conditions in
the beetle gut might have impaired its probiotic effect in the novel host. For example,
iron homeostasis has been shown to play a major role in infectious diseases and
successfully competing for iron is thought to be a central mechanism of the
antagonistic effect of EcN against pathogens (Deriu et al., 2013; Weiss, 2013).
Furthermore, Sassone-Corsi et al. (2016) demonstrated that elevated concentrations
of environmental iron inhibit the microcin production of EcN. Moreover, the bactericidal
activity of EcN'’s siderophore microcins M and H47 has been shown to be restricted to
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members of the Enterobacteriaceae family with no activity against gram-positive

bacteria, including Bacillus (Vassiliadis et al., 2010).

Another probiotic effect of EcN could be the enhancement of the integrity of the gut
epithelium. In mammals, EcN induces the upregulation of the structural protein Zonula
occludens-1 (ZO-1), which binds to both, actin filaments and the tight junction protein
occludin, structurally linking tight junctions to the cytoskeleton (Ukena et al., 2007;
Wittchen et al., 1999; Zyrek et al., 2007). The insect homolog of ZO-1 is the Drosophila
discs-large tumor suppressor protein (Dgl), which has been shown to have a similar
function to that of ZO-1 in septate junctions, the invertebrate homolog of tight junctions
(Harden et al., 2016; Willott et al., 1993). ZO-1 and Dgl, however, show distinct
differences in the secondary and tertiary protein structure and the regulation of
expression might differ considerably despite the homology in function (Willott et al.,
1993). These dissimilarities could adversely affect or completely impair the stabilizing

effect of EcN on the epithelial permeability of T. castaneum.

The absence of any effects on survival, pupation and eclosure of beetles after EcN
exposure as well as expression levels of several tested immune genes (mostly AMPs;
Figure 6) suggest that there was no impact on the immune response and development
of T. castaneum. Yokoi et al. (2012) investigated the expression of AMPs upon
exposure to multiple microorganisms including E. coli strain DH5a and found all of the
AMPs that were tested in the present study upregulated. However, the effect was
observed in pupae and the microorganisms used in their study were directly injected,
instead of oral exposure (Yokoi et al., 2012). However, similarimmune genes as tested
here (Osiris 16) were differentially regulated upon oral infection or priming of T.
castaneum with the entomopathogen Bit (Behrens et al., 2014; Greenwood et al.,

2017), pointing towards less immunogenic effects of EcN upon oral exposure.

In conclusion, this exploratory study did not show any increased colonization success
nor protective effect of EcN upon 8 serial passages through T. castaneum larvae.
However, we observed phenotypic changes in growth attributes and maotility in lines
that were passaged through the host as well as those passaged through flour only.
Moreover, the peculiar characteristics of one of the lines (L9) show that serial passage
of EcN can generate differential phenotypes, even in the absence of changes on the
genomic level. A longer duration of the serial passage experiment might be necessary
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to lead to genomic changes and yield further valuable insight into the adaptation of

EcN to a novel host environment.

Limitations of the study

One of the main goals of this project was the establishment of a novel model system
for studying the human probiotic EcN. An invertebrate system could facilitate research
on this widely used probiotic. However, we were not able to increase persistence of
the passaged EcN lines. A probable reason is an insufficient number of passages,
given the reported low intrinsic mutation rates of E. coli: 4.1 x 10 for strain REL606;
(Wielgoss et al., 2011) to 1.0 x 1073 mutations per genome per generation for K-12
strain MG1655 (Lee et al., 2012). Estimating the number of generations that the
bacterial lines went through in the performed serial passage experiment is rather
difficult since it is not apparent if and how fast EcN replicates within the host or the
flour. Jerome et al. (2011) showed that adaptation of a human intestinal bacterium to
a novel mouse model host is possible within as few as 3 passages but suggest that a
fundamental ability to colonize a broad host spectrum and high standing genetic
diversity may be crucial to long term persistence. We started our serial passages with
a single clone eliminating standing genetic diversity, which selection could have acted

on.

The sensitivity and precision of the plating method that was used to measure
persistence after serial passage are not determined and might have been insufficient
for a conclusive analysis. Due to a limited number of exposed larvae, the persistence
was only observed for 7 days after exposure, which did not allow for assessing
differences in long-term colonization success.

Despite the strong phenotypic changes that line L9 shows after serial passage through
the host, we do not know how stable these changes are, since they were not tested
after culturing without selection in the host or flour. Epigenetic mechanisms such as
inheritance of DNA methylation patterns are recognized in bacterial biology
(Casadesus and Low, 2006). Considering we did not observe any genomic
differences, we are suggesting that observed phenotypic differences could arise from

epigenetic processes, but further analysis should be done to confirm this.

Differences between vertebrate and invertebrate physiology are limitations that could

prevent the attempted establishment of invertebrate model systems for vertebrate
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probiotics. Despite parallels between mammals and insects in how they deal with
microorganisms, the immunological and physiological differences between the
intestinal environments of T. castaneum and humans might prevent successful
adaptation of EcN to an invertebrate gut. One of the mechanisms important for EcN
colonization is binding to the host’s gastrointestinal mucus with the flagellum as the
major adhesin (Troge et al.,, 2012). Only recently, Dias et al. (2018) showed that
several insects produce mucous substances, including the mealworm beetle
Tenebrio molitor, a close relative of T. castaneum. However, mammals and insects
differ strongly in chemical and enzymatic composition of the gastrointestinal mucus
layer (Dias et al., 2018; Juge, 2012). Moreover, the differing body temperature of the
host species might be another important factor preventing adhesion and growth in the
host gut (Gill et al., 2019; Moghadam et al., 2018).
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Resource of availability
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J. Kurtz (joachim.kurtz@uni-muenster.de is the lead contact for this paper.

Materials

All passaged EcN lines are available upon request from J. Kurtz.

Data and code availability

All data and R scripts used to run statistical analyses and produce the figures
discussed in this paper are deposited in the following GitHub repository:
https://qithub.com/Bio-nic/serial_passage Nissle

The genome sequencing data will be uploaded to the NCBI BioProject database
under the following accession: PRINA684051

Methods

All methods can be found in the Transparent methods file submitted along with the
manuscript.
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