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Abstract

Despite many examples of obligate epibiotic symbiosis (one organism living on the surface of
another) in nature, such an interaction has rarely been observed between two bacteria. Here, we
further characterize a newly reported interaction between a human oral obligate parasitic
bacterium TM7x (cultivated member of Candidatus Saccharimonas formerly Candidate Phylum
TMT7), and its basibiont Actinomyces odontolyticus species (XHO001), providing a model system to
study epiparasitic symbiosis in the domain Bacteria. Detailed microscopic studies indicate that
both partners display extensive morphological changes during symbiotic growth. XH001 cells
manifested as short rods in monoculture, but displayed elongated and hyphal morphology when
physically associated with TM7x. Interestingly, these dramatic morphological changes in XH001
were also induced in oxygen-depleted conditions, even in the absence of TM7x. Targeted qRT-
PCR analyses revealed that both the physical association with TM7x as well as oxygen depletion
triggered up-regulation of key stress response genes in XH001, and in combination, these
conditions act in an additive manner. TM7x and XHOO1 co-exist with relatively uniform cell
morphologies under nutrient-replete conditions. However, upon nutrient depletion, TM7x-
associated XH001 displayed a variety of cell morphologies, including swollen cell body, clubbed
ends and even cell lysis, and a large portion of TM7x cells transformed from ultrasmall cocci into
elongated cells. Our study demonstrates a highly dynamic interaction between epibiont TM7x and
its basibiont XHOO1 in response to physical association or environmental cues such as oxygen
level and nutritional status, as reflected by their morphological and physiological changes during
symbiotic growth.
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Introduction

A recurring theme in ecology is that organisms of different species interact with each other
in a variety of ways. However, intimate relationships, such as obligate epibiont symbiosis,
where an organism lives exclusively on the surface of other organisms, are mainly observed
between interacting pairs with at least one eukaryote [1]. Only a few examples of
prokaryote-to-prokaryote obligate epibiotic interactions have been reported [2-4]. This is
surprising considering the large diversity of prokaryotic organisms that have been detected
by DNA sequence-based techniques [5-8]. The infrequent reporting of obligate epibiont
interactions between prokaryotes can be largely explained by our inability to cultivate and
study many of the microorganisms from the environment and the human body. Culturing
these bacterial species in order to study their intra- and inter-species interactions is one of
the major challenges in current microbiology. The ability to cultivate these species will
allow for better understanding of their roles in microbial ecology, as well as microbial
community-based pathogenesis.

There are numerous examples of epibiotic interactions between different bacterial species,
such as phototrophic microbial consortia from lakes, corn-cob forming consortia from the
oral cavity, and methane-oxidizing consortia from deep-sea sediments [9-11]. However,
these symbiotic interactions are not obligate; bacteria involved in these consortia can also
grow independently. To our knowledge, the only known obligate epibiotic relationships
between bacterial species are predatory bacteria such as Vampirococcus and Micavibrio, and
their respective bacterial prey, which include a variety of species [2, 4, 12, 13]. For this type
of obligate epibiotic interaction, the predatory bacteria live on the surface of the prey and
feed by leeching externally, which often results in killing of the prey in a short period of
time.

Recently, we described a unique and intimate relationship between two bacterial species,
TM7x (TM7 phylotype) and Actinomyces odontolyticus strain XH001 which were co-
isolated from the human oral cavity [14]. TM7x is characterized as an obligate epibiont
parasite (epiparasite) that lives on the surface of its host XH001 (referred to as the
basibiont). Unlike predatory bacteria, TM7x shows a high degree of specificity for its
basibiont. Furthermore, TM7x does not immediately induce cell death like most predatory
bacteria, but rather maintains a stable parasitic relationship with XH001 under nutrient-
replete conditions, suggesting a novel class of bacteria-to-bacteria interaction.

TM7x belongs to the TM7 phylum which, among other uncultivated phyla [15], has long
been referred to as “microbial dark matter,” due to its cosmopolitan existence without a
cultivable representative [14]. This phylum was recently renamed Saccharibacteria [16],
after an additional TM7 genome was reconstructed from metagenomic reads and combined
with the existing partial single cell TM7 genomes that were available [17, 18]. The
cultivated oral TM7 described here is currently designated as Saccharibacteria oral taxon
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TM7x (NCBI Taxonomy ID: 1476577) and a complete genome has been deposited
(ACCESSION CP007496) [14]. Our recent study revealed that TM7x has an ultrasmall cell
size (200-300nm), a reduced genome, and is devoid of many biosynthetic pathways
including de novo biosynthesis of all essential amino acids [14]. Moreover, the TM7 phylum
was recently included in the proposed candidate phyla radiation (CPR), a subdivision of the
domain Bacteria, due to these shared genomic characteristics with other novel genomes
discovered in the bacterial domain [19]. Ultrasmall cells in groundwater have also been
subsequently reported and suspected to belong to candidate phyla [20]. Although it is a
typical constituent of the human microbiome, TM7 has been implicated in multiple human
mucosal diseases such as vaginosis, inflammatory bowel disease, and periodontitis [16, 17,
21-34]. An increase in abundance of TM7 members (as high as 21% of the whole oral
bacteria population in some cases) was detected in patients with various types of
periodontitis [35-39]. However, little is known about the role of TM7 in the pathogenesis of
these mucosal diseases.

Although it serves as a basibiont for TM7x, A. odontolyticus strain XHO001 can also be
cultured independently of TM7x [14]. Similar to many other oral Actinomyces spp, A.
odontolyticus can be found among the healthy human oral flora. However, it is also
considered an opportunistic pathogen and has been implicated in many diseases, such as
childhood caries, periodontitis, human oral carcinomas [40-45], and most notably,
Actinomycosis, the formation of painful abscesses in the mouth, lungs, or gastrointestinal
tract [46, 47].

The identification of the unique TM7x/XH001 interaction provides a new model system to
study obligate epiparasitic symbiosis in the domain Bacteria. In an effort to further
characterize the intimate interaction between epibiont TM7x and its basibiont, we performed
a detailed phenotypic and physiological analysis. Microscopic analysis revealed reciprocal
morphological changes in the two interacting partners during their symbiotic growth under
varying nutritional conditions. Furthermore, we demonstrate that the TM7x-induced
morphological changes in XHO01 can be partially recapitulated by depleting oxygen in the
absence of TM7x. Most intriguingly, we present evidence suggest that TM7x-induced
morphological changes in XHOO01 are a result of a cellular stress response and negatively
affect XHOO1 cell growth.

Materials and Methods

Bacterial strains and growth conditions

XH001 monoculture and XH001/TM7x co-culture were isolated from the oral cavity as
described in our previous study [14]. Strains were cultured in Brain Heart Infusion (BHI) at
37°C under different oxygen conditions as specified in the main text: anaerobic (0% O,, 5%
CO,, 5% Ho, balanced with N»), microaerophilic (2.6% O,, 5% CO,, balanced with N),
high oxygen (19.7% O, 5% CO», balanced by N») and atmospheric conditions (~21% O,
0.04% CO,, 0.9% Ar, 78% N»). To acquire growth kinetics and phase contrast images, three
independent cell cultures were grown under the specified oxygen condition for two passages
(1 mL culture inoculated into 10 mL BHI and incubated 24 hours each) before being re-
inoculated into 20 ml fresh BHI with a starting ODggq of 0.03. Cells were grown for two
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passages to insure homogeneity. Subsequently, cell density was measured using Spectronic
Genesys 5 spectrophotometer.

Phase Contrast Imaging and Quantification

Phase contrast images were acquired during growth at each time point as indicated in the
growth curve. At early time points, due to low cell density, we concentrated the cells by
centrifugation and resuspended the cell pellets in a smaller volume of fresh medium. Cells
were directly observed and imaged using Nikon Eclipse E400 microscope equipped with a
Nikon Plan Fluor 100x/1.30 oil immersion objective.

For cell length and branch point analysis, XH001 monoculture and XHO01/TM7x co-culture
were grown in microaerophilic condition for 24 hours (after two passages) before samples
were collected and observed under a phase contrast microscope. Due to the formation of
micro-aggregates in XH001/TM7x co-culture, samples were treated with mild sonication
(see supplementary methods) before images were acquired as described above. Images of
XHO001 were processed using tools available in SciPy version 0.10.0 [48] and scikit-image
version 0.14.0 [49] to obtain the length and degree of branching of each bacterium.

For each image, we performed the following operations:

1. We eliminated large-scale artifacts such as uneven illumination by performing a
strong Gaussian blur of the image and then subtracting this from the original image.

2. We used Otsu’s method to threshold the image. Henceforth, as “region” is defined
as a collection of connected pixels in a thresholded image.

3. We cleared regions that were either touching the border of the image or below a
size of 50 pixels.

4. We skeletonized the image using the skimage.morphology.skeletonize function and
labeled the non-adjacent skeletonized regions. These regions are only one pixel
thick and may be branched.

5. For each region in the skeletonized image, we converted the pixels into a
connectivity matrix, $A$, where $A _{ij} > 0% if pixels $i$ and $ j$ are nearest
neighbors. This connectivity matrix describes a graph.

6. We checked the graph for cycles. If there is a cycle, the graph is neglected. Thus,
we only analyze trees. XH001 had 17/811 cycles and XH001/TM7x had 41/912.

7. Using the connectivity matrix, we computed the shortest path between each pair of
pixels using the scipy.sparse.csgraph.shorestpath function.

8. Of all these shortest paths, we report the longest as the cell length.

9. Again using the connectivity matrix, we computed the number of leaves (vertices
of degree one), $n _\ mathrm{leaves}$, of the branched structure. We used the
number of leaves as a metric for the degree of branching. We assume we have only
vertices of degree one or three, so the number of branch points (vertices of degree
three) is $n _\ mathrm{leaves} — 2$.
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The source code is available upon request.

Attachment of TM7x to XHO01

Phase contrast images revealed that TM7x associated with XHO0O01 at the highest abundance
ratio when cultured under microaerophilic condition, thus this condition was used for
establishing symbiotic growth. After 24 hours of growth at 37°C, 2 ml of the co-culture was
re-inoculated into 20 mL fresh BHI medium, incubated for 24 hours, then followed by
another 10-fold dilution in 200 ml fresh medium, and incubated for an additional 24 hours.
Cells were collected by centrifugation at 13 000 x g for 10 minutes and the resulting cell
pellet was re-suspended in 1 ml fresh BHI. Cell suspension was passed through 1cc Insulin
Syringe (U-100 28g %%, Becton Dickinson 329410) for 10 minutes under sterile conditions to
physically separate TM7x from XHOOL. The disassociated TM7x cells were collected by
filtering the solution through a 0.22 um Millex GP filter unit (SLGP0O33RB).

To re-attach TM7x to XH001, 1 ml XH001 monoculture at ODggg of 0.2 was centrifuged at
13000 x g for 5 minutes, and the cell pellet was re-suspended in 200 pl BHI medium
containing the isolated TM7x collected as described above. Mixed cells were grown under
microaerophilic conditions for 8 hours at 37°C to allow the establishment of symbiosis
followed by addition of 800 pl of fresh BHI. Cultures were further incubated for 24 hours
before 50 pl of the culture was re-inoculated into 2 ml fresh BHI. Cells were similarly
passaged every 24 hours thereafter.

Isolation of mMRNA and construction of cDNA

For mRNA isolation, cells were grown in a 100 ml culture in BHI under the appropriate
oxygen condition for 24 hours. Cells were collected by centrifugation at 13 000 x g for 5
min. Total RNA was isolated using High Pure RNA Isolation Kit (Ref 11828665001), and
RNA Clean Concentrator Kit (ZYMO RESEARCH RNA Clean Concentrator: Cat#R1015)
was used to clean up the RNA. Further purification of the RNA required the use of a
modified version of Ambion TURBO DNA-FREE Kit protocol (Cat# AM 1907). Briefly, 1
ul of 10x TURBO DNase Buffer and DNase were added to the 6 pl of concentrated RNA.
The samples were mixed gently and incubated at 37°C for 1 hour. Samples were then spiked
with 1 ul of additional TURBO DNase and incubated at 37°C for 1 hour. To inactivate the
DNase, 1 pul of DNase InactivationReagent was added and incubated for 5 minutes at room
temperature. Sample was centrifuged at 10 000 x g for 1.5 minutes and the supernatant
containing the RNA was transferred to a new tube. The RNA samples were tested for DNA
contamination by PCR using universal 16S bacterial primers (015: 5/-
ACTACGTGCCAGCAGCC-3 and 016: 5-GGACTACCAGGGTATCTAATC-3). Once
the RNA was free of DNA, it was reverse-transcribed into cDNA using Takara PrimeScript
15t strand cDNA Synthesis Kit (Cat# 6110A). The cDNA library was confirmed by PCR
with universal bacterial primers (see above), A. odontolyticus specific 16S primers (966F:
5-ACGGCGGCACTGCAGAGATGTG-3 and 1410R: 5'-
CCACAAACGCGGTTAGGC-3") and TM7x specific 16S primers (400F: 5’-
TATGAGTGAAGAATATGAC-3 and 1110R: 5-CAGTCCAAGTAGAAAAATAC-3).

Microb Ecol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bor et al.

Page 6

Quantitative Real-Time PCR (qRT-PCR)

gRT-PCR was performed using the iQ SYBR Green supermix (Bio-Rad Laboratories, Cat#
170-8882) on a Bio-Rad iQ5 real-time PCR detection system (Bio-Rad Laboratories, Inc.,
CA). The final gRT-PCR mixture (20 pl) contained 1x iQ SYBR Green supermix, 1ug
cDNA, and 4.25 uM of the appropriate forward and reverse gRT-PCR primers (Table S1)
designed for selected stress response genes. The reactions were incubated at an initial
denaturation at 95°C for 3 min, followed by a 40-cycle amplification consisting of
denaturation at 95 °C for 10 s, annealing at 60 °C for 30 s, and extension at 72 °C for 15 s.
All primers pairs were checked for primer-dimer formation by using the dissociation curve
analysis. The critical threshold cycle (C;) was defined as the cycle in which fluorescence
became detectable above the background fluorescence, and is inversely proportional to the
logarithm of the initial number of template molecules. To calculate the fold change in
MRNA expression, we used the equation developed by Michael W. Pfaffl [50]. To
determine primer efficiency, a standard curve was plotted for each primer set with C; values
obtained from amplification of known quantities of XH001 gDNA. We also crosschecked
the sequences of the five stress genes in the TM7x genome to ensure that TM7x did not
contain these sequences. Each assay was performed with at least two independent RNA
samples in triplicates.

Fluorescence In Situ Hybridization (FISH) imaging

FISH was carried out as previously described [14] with modifications. The cells were fixed
using 4% formaldehyde for 3 hours and permeabilized by 2 mg/ml lysozyme in 20 mM Tris
at pH 7.0 for 9 minutes at 37°C. Fixed cells were resuspended in 500 pl of hybridization
buffer (20 mM TriseCl, pH8.0, 0.9 M NaCl, 0.01% SDS, 30% deionized formamide) and
incubated at 37°C for 30 minutes. TM7x-specific (TM7-567: Cy5-5’-
CCTACGCAACTCTTTACGCC-3) and A. odontolyticus-specific (M33910: Cy3-5'-
CAGTGTCGCCGTGCAT-3’) probes were used to stain the cells for 3 hours at 42°C. In
Figures 5, 6 and S3, we assigned white color to Cy5-labeled TM7x to provide the best
contrast. Cells were then washed three times with 0.1x saline-sodium citrate buffer, 15
minutes each, and mounted on the cover slip with SlowFade Gold anti-fade reagent
(Invitrogen, Ref: S36937). Cells were visualized with a Leica SPE | inverted confocal
microscope equipped with an ACS APO 100x/1.15 oil CS immersion objective. We
repeated each experiment and FISH analysis at least 3 times and showed only representative
images in the figures.

Scanning Electron Microscope (SEM) sample preparation and imaging

Cells were grown overnight under the indicated gas conditions (main text) and washed with
1ml PBS. Isolation of TM7x was conducted as described above. Samples were pelleted by
centrifugation at 13 000 x g for 5 minutes and resuspended in 1ml of fixative solution (3%
glutaraldehyde buffered by 0.1M phosphate) and incubated at room temperature for 2—4
hours. Samples were pelleted by centrifugation and washed with 0.1M phosphate buffer four
times. Samples were dehydrated with ethanol using a gradient until the water was replaced
with 100% ethanol. Samples were transferred to plastic-coated copper quantifoil grids by
incubation with the samples for 15 minutes. The grids were transferred to the chamber of a
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Tousimis Autosamdri-810 Critical Point Dryer and critical point drying was performed as
per the manufacturer’s instructions. Grids were imaged directly using the appropriate SEM
holder or were adhered to SEM stubs via silver paste and coated with iridium using the
South Bay Technology lon Beam Sputtering/Etching System. Imaging was performed using
a ZEISS Supra 40VP SEM operating at 1kV under high vacuum.

Growth kinetics and morphology of XHOO1 as mono-species or as basibiont to TM7x

The oral cavity is a semi-oxygenated environment where saliva, supragingival tooth
surfaces, and subgingival pockets harbor 40-114 (~5-15%), 60 (~8%) and 5-27 (~0.6—
3.7%) mm Hg oxygen tension, respectively (in comparison, atmosphere has 155 mm Hg or
21% oxygen) [51, 52]. Therefore, we monitored the growth and morphology of XHO001 as
mono-species, as well as when forming symbiosis with TM7x, under microaerophilic
conditions (2.6% O, and 5% CO5). XH001 monoculture had a short lag-phase (~2 hours)
and an approximately 16-hour exponential-phase with doubling time of ~2.5 hours (Figure
1A). The cell density plateaued at ~20 hours (stationary phase) and slowly decreased
thereafter (death phase). The XH001/TM7x co-culture exhibited similar growth kinetics and
plateaued around ~22 hours and had a doubling time of ~3 hours (Figure 1A). XH001 cells
from monoculture displayed short rod morphology during growth (Figure 1B, a—d).
However, multiple condensed spotty structures were observed throughout the cell body at
later growth stages (Figure 1B, d) such as death-phase (~48 hours).

Interestingly, a more dynamic morphological change was observed in XHOO01 cells
physically associated with TM7x. In early lag phase, TM7x-associated XH001 cells
exhibited elongated and hyphal (branched) morphology (Figure 1B, €), whereas during
exponential phase, the majority of the cells exhibited a short rod shape (Figure 1B, f). When
entering stationary phase, the co-culture was again dominated by long and hyphal XH001
cells that were heavily decorated with TM7x (Figure 1B, g). In addition, as TM7x-
associated XHO001 increased in cell length during stationary phase, we also observed micro-
aggregate formation (Figure S1A). During death phase, we frequently observed XHO001 with
large clubbed-ends, swollen cell shape, and cell lysis, which were not observed in XH001
monoculture (Figure 1B, h).

In order to validate the TM7x-induced morphological changes in XH001, we performed a
re-attachment experiment. Individually isolated TM7x cells were collected by repeatedly
passing the co-culture through a 28-gauge needle followed by filtering the mixture through
0.22-micron filter. The isolated TM7x cells were then co-incubated with a pure culture of
XHO001. Light microscopy showed that XHO01 in pure culture initially manifests as short
rod cells, but becomes long and hyphal after establishing the physical association with
TM7x (Figure S1B-D). Our data suggests that the physical attachment with TM7x induces
elongation and hyphal formation in XHOO01. Moreover, this association slightly decreases the
apparent doubling time of XHO001 compared to that of monoculture. Note that the cell
density measurements of the growth curve account for both XH001 and TM7x and
therefore, the decrease in the doubling time of XH001 we observe in co-culture is likely
greater than represented in the graph. Additionally, the exact cell enumeration in the co-
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culture is difficult to obtain due to the micro-aggregation facilitated by the elongated XH001
cells.

Quantification of XHOO1 elongation and branching

To further characterize the XH001 morphological changes that occur in the presence of
TM7x, we evaluated the cell length and the number of branch points. We developed and
utilized a python based software that segments the phase-contrast images followed by
skeletonizing each bacterium to determine cell length and number of branch points (see
Materials and Methods). The results revealed a striking difference between XHO001 cells
grown in monoculture and those forming a physical association with TM7x under
microaerophilic condition for 24 hours. XH001 from monoculture had an average cell length
of ~1.7 micrometer (um), whereas TM7x-associated XH001 averaged ~3.7 um (Figure 2A).
Some of the XHOO01 cells in co-culture were as long as ~20 um in length, while the longest
XHO001 cell length observed in monoculture was only ~8 um. Furthermore, ~37% of the
XHO001 cells analyzed had one or more branch points during co-culture growth compared to
only ~5% in monoculture. ~13% of the co-culture and ~1% of the monoculture XHOO01 cells
had two or more branch points. Our quantitative data clearly indicate that TM7x induced
significant elongation and branching in XH001.

The effect of oxygen availability on the morphology of XHOO01 as monospecies or as
basibiont to TM7x

Although the majority of Actinomyces spp., including oral species, are classified as
facultative anaerobes with an obligate carbon dioxide requirement, they demonstrate a wide
range of oxygen preferences and tolerances during in vitro culture [53]. To determine the
optimal oxygen condition, XH001 monoculture and XHO01/TM7x co-culture were
incubated under conditions with varying oxygen and carbon dioxide concentrations. In high
oxygen (19.7% O, 5% CO,) conditions, both mono and co-culture displayed retarded
growth compared to microaerophilic conditions (both yielding a doubling time of ~4 hours,
Figure 3A, B). Under the same conditions, XH001 monoculture demonstrated short rod
morphology akin to cells grown in microaerophilic conditions (Figure S2A), while in the co-
culture, XH001 displayed similar elongated and hyphal morphology, although with a
reduced number of associated TM7x (Figure 3C, a—d). This observation suggests that an
increase in oxygen negatively impacts the growth of both XH001 and TM7x. Under normal
atmospheric conditions, where oxygen is high (20.9%) and carbon dioxide concentrations
are low (0.04%), XHO0O01 in both mono and co-culture completely ceased growth (Figure 3A,
B). Morphology of the XHOO1 in mono and co-culture under this condition assumed short
branching-filaments, branching rods, and diphtheroid forms after 24 hours of growth (Figure
S2B, C). Therefore, carbon dioxide is absolutely necessary for XH001, and therefore
enables TM7x growth.

In anaerobic growth conditions (0% O, and 5% CO,), mono or co-culture growth was
decreased relative to microaerophilic conditions and plateaued at a much lower cell density
(Figure 3A, B). Likewise, the co-culture had decreased growth when compared to
monoculture (doubling time of ~5 and ~4 hours respectively, Figure 3A, B). Most
interestingly, an XHO001 monoculture incubated in anaerobic conditions exhibited elongated
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and hyphal morphology, including clubbed-ends, swollen cells, and cell lysis throughout all
stages of growth comparable to the observed morphologies of XH001/TM7x co-culture
experiencing nutrient depleted environments under microaerophilic condition (Figure 3D, a—
d). However, these morphological alterations were reversible, switching from short rod
XHO001 cells to long and branched, then back to short rod morphology when oxygen levels
switched from 2.6% to 0% and back to 2.6%, respectively (Figure S2D-F). The TM7x-
associated XHO001 cells incubated in anaerobic condition also had very similar morphology
to XHO001 monoculture (Figure 3D, e-h). These results indicate that the depletion of oxygen
induces a cellular response in XH001 similar to the response observed when associated with
TM7x.

Association with TM7x and depletion of oxygen induces stress response in XHOO1 in an
additive manner

Several lines of evidence suggest that the observed morphological changes in XH001 during
its symbiotic growth with TM7x is likely due to a stress response: 1) Increase in cell length
is generally correlated with a sub-lethal stress response [54]; 2) Our previous transcriptomic
study and live/dead staining suggest that TM7x is parasitic to XH001, and may cause cell
stress and a decrease in viability [14]; and 3) there is a correlation between cell elongation/
branching and decreased growth rate. To test this, we performed targeted qRT-PCR to
monitor the mRNA levels of five stress related genes that were up-regulated in the previous
transcriptomic data (see Methods) [14]. gRT-PCR analysis revealed increased expression of
kefA, which encodes part of the potassium efflux system, heat shock protein 60 [groES], and
universal stress protein family in XH001 during symbiotic growth with TM7x under
microaerophilic conditions. The expression of genes encoding Chaperone protein DnaJ and
putative NADPH-quinone reductase was not changed compared to XH001 monoculture
(Figure 4). Meanwhile, the XH001 monoculture under anaerobic conditions showed even
higher mRNA expression levels of all genes except NADPH-quinone reductase compared to
co-culture, suggesting that stress induced by oxygen depletion is more severe than that
caused by establishing an epiparasitic relationship with TM7x under microaerophilic
conditions. Most intriguingly, when serving as basibiont for TM7x and incubated in an
anaerobic condition, XH001 displayed the most drastic increase in all stress response genes
evaluated, with several genes increasing 1000-fold or higher, indicating an additive effect of
these conditions. These results suggest that the XH001 morphological changes due to TM7x
binding or depletion of oxygen are likely a result of a cellular stress response.

Morphological changes in TM7x during epibiotic growth with XHO01

The low resolution of the phase contrast microscope allowed us to characterize the
morphology of XH001, but not TM7x. To monitor the possible morphological changes in
TM7x, which are ultrasmall cocci with a diameter of 200-300 nm (measured previously by
Transmission Electron Microscope (TEM)) during early symbiotic growth with XH001 [14],
we employed Fluorescence In Situ Hybridization (FISH) staining followed by fluorescence
confocal microscopy. To distinguish between XH001 and TM7x, we developed
fluorescently tagged XH001- and TM7x-specific FISH probes targeting the 16S rRNA gene.
Using these probes, we visualized the morphology of TM7x associated with XHO001 over
different growth phases under microaerophilic conditions. As expected, XH001 monoculture
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cells exhibited short rod morphology when stained with an XH001-specific probe
throughout all stages of growth (Figure S3A, only 24 hr shown). We did not observe non-
specific staining of XH001 monoculture with TM7x specific probes (Figure S3A). During
lag, exponential, and stationary phase of the co-culture, TM7x mostly appeared as cocci
with a diameter of 0.5-1 um, although we also observed a slightly elongated form of TM7x
(1-2pm) that is much smaller than XH001 (Figure 5A—C). Cocci cell diameter, however, is
different from our previous measurements as well as measurements through SEM imaging
(200-300 nm, see following section). The observed discrepancy is likely due to the low
quality resolution of the FISH images. Consistent with our phase contrast images, TM7x
associated XHOO1 frequently displayed elongated and hyphal morphology except during
exponential phase, where short rod morphology dominated (Figure 5B). During death phase,
in addition to cocci and short rods, we also observed elongated TM7x cells that were 2-5 pm
in length (Figure 5D). These elongated forms of TM7x were also enriched in the XH001/
TM7x co-culture grown in anaerobic conditions (Figure 3D, g, h, 5E, S3C). Our FISH
imaging does not clearly indicate whether these are chains of multiple cells or a single,
elongated TM7x cell. Similar to the phase contrast images, XH001 in mono and co-culture
under anaerobic conditions demonstrated elongated and hyphal morphology, as well as
clubbed-ends and swollen cell shape (Figure S3B, C). Moreover, FISH imaging showed
non-uniform staining of XHO0O01, possibly due to leakage of cytoplasmic content, which
supports the hypothesis that XHOO01 is highly stressed in an anaerobic environment (Figure
S3B, C).

Fluorescent images also revealed that individual TM7x cells decorating XH001 could be
classified into distinct subsets based on their morphology. Specifically, TM7x morphology
ranged from cocci (Figure 6A), cocci with various tail lengths (Figure 6B-D), two
connected cocci (Figure 6E), or two slightly separated cocci (Figure 6F). These distinct
morphologies can be observed during all growth phases and suggest that TM7x may
undergo bud formation and growth.

Morphology of XHO01 and TM7x under Scanning Electron Microscopy (SEM)

To acquire more detailed knowledge of the morphological dynamics of XH001 and TM7x,
SEM was used to visualize XH001 and TM7x. SEM images confirmed the short rod
appearance of XHO001 in monoculture as well as the more elongated and branched
morphology of XHO0O01 in co-culture that is heavily decorated with TM7x (Figure 7A, B).
XHO001 in mono and co-culture in a microaerophilic and nutrient rich condition displayed
smooth cell surfaces without any appendages (pili and/or flagella). Similar to our FISH
images, SEM revealed TM7x cells with different morphologies, such as short rods as well as
elongated cells. Notably, the TM7x morphology resembled budding yeast or budding
bacteria (Figure 7B inset) [55, 56], supporting our speculation that TM7x growth occurs by
budding. Furthermore, when TM7x cells were isolated from co-culture using a 0.22-micron
filter, SEM images revealed individual, non-XH001 attached TM7x with a coccoid
morphology with a diameter of ~200 nm (Figure 7C), confirming our previous
measurements with TEM sections [14]. Cells grown in anaerobic conditions exhibited
aggregation under SEM, consistent with our phase contrast and FISH images (Figure 7D).
Nevertheless, we were still able to visualize the elongated morphologies of XH001 and
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TM7x. Some of the XHOO1 cells appeared contracted with pitted surfaces (data not shown),
reflecting a potential stressed state. Similar “stress-related” cell surface morphologies have
been reported in other bacteria, but with less severe changes in the membrane surface [57,
58]. Overall, the SEM images validated our observation of elongated and branched XH001,
and further revealed that stressed XHOO1 has uneven surfaces.

Discussion

Using novel cultivation methods, a member of the Phylum Candidatus Saccharibacteria
(formerly TM7) was recently isolated from the human oral cavity (designated Candidatus
Saccharibacteria oral taxon TM7x) as an obligate epibiont parasite growing on the surface of
its host bacterial species A. odontolyticus (XH001) [14]. In this study, we further reveal the
dynamic interaction between the two partners, as reflected by their reciprocal morphological
changes and induction of stress genes during co-culture growth. Elongation and cell
branching were the most substantial morphological changes in XH001 induced by the
symbiotic association of TM7x. Previous studies have indicated that Actinomyces spp.
assumes different morphologies ranging from short curved rods to filamentous hyphal cells.
Other morphologies include, but are not limited to, clubbed-ends, diphtheroid arrangements,
short chains, small clusters such as spider colonies, and coccoid shape [53]. These cell
morphologies are thought to be dynamic and determined by different environmental
conditions such as growth media and temperature [53]. Our findings are consistent with
these studies to the extent that XHO001 can take different cell morphologies when
experiencing different growth conditions. More importantly, we determined that the
observed transformation from short rods to elongated and branched morphology in XH001
is likely a result of a cellular stress response induced by TM7x, as revealed by our targeted
gRT-PCR analysis (Figure 4, 8a). To our knowledge, this is the first evidence that cell stress
is linked to elongated and hyphal morphology of Actinomyces species. Intriguingly, these
morphological changes, as well as up-regulation of stress-related gene expression, can be
recapitulated in a heightened manner by incubating XH001 monoculture in anaerobic
conditions (Figure 8b). This is an indication that TM7x and anaerobic environments may
induce similar morphological changes in XHO0O01 as a result of the same cellular stress
response. Supporting this hypothesis, association with TM7x and cultivation under
anaerobic conditions resulted in an additive effect on the up-regulation of stress response
genes in XHO001 (Figure 8c). However, the molecular mechanisms by which TM7x
association or anaerobic environment induces the stress response have yet to be elucidated.

In many bacterial species, one of the main cellular responses to external insults or internal
stress is elongation of the cell body [54]. In the current study, we reveal a novel culprit for
induction of the stress response, XH001’s obligate epibiotic partner, TM7x. Since TM7x is
an epibiotic parasite that exists on the surface of its basibiont, we speculate that the
induction of the stress response in XHO001 that results in cell elongation allows TM7x
greater surface area in which to grow. Under nutrition-replete conditions, TM7x causes
moderate elongation and branching in XH001 presumably by keeping its basibiont relatively
healthy (Figure 8a). The balance between achieving greater surface area for growth and
maintaining basibiont viability plays an important role in determining the success of the
epibiotic relationship. Under nutrition-depleted conditions, however, the balance shifts, with
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TM7x causing severe cell morphology and cell lysis in XHO0O01, similar to that of a predatory
bacteria (Figure 8c). In plant symbiosis, the terms biotroph (a parasite that depends on the
host’s survival), necrotroph (a parasite that kills the host) and hemi-biotrophs (a parasite that
displays characteristics of both) are used regularly [59]. These terms can be applied to
bacterial symbiosis, as we see the relationship between TM7x and XHO0O01 shift from
biotrophic (early nutrient replete-condition) to necrotrophic (late nutrient deplete-condition),
which is in contrast to predatory bacteria in which the interaction is mainly dominated by a
necrotrophic relationship. It is fascinating that biotrophic and necrotrophic symbiosis not
only exists in higher organisms, but also among the most basic life forms, bacteria. Future
studies are needed to explore this dynamic interaction between TM7x and XHO0O1 at the
molecular and genetic level.

TM7x grows dependently on the surface of basibiont XH001 and has different
morphologies, such as cocci and a filamentous cell body. More intriguingly, our data
suggest that TM7x might divide by budding. The FISH and SEM images clearly reveal
TM7x morphologies that may reflect different budding stages (Figure 6 and 7). Without
analyzing large number of cells, however, we could not determine if the different
morphologies are correlated with specific growth phases. Previous studies show that Alpha-
proteobacteria Hyphomonas, Pedomicrobium and Ancalomicrobium, as well as
Planctomyces maris grow by budding [56], although they are all free-living bacteria. In
contrast, TM7x seems to bud while attached to XH001. Future studies are needed to
understand the mechanism of budding and the physical association of TM7x with XHO0O01. In
addition, we also observed an elongated form of TM7x. This morphology was observed
most frequently when the co-culture was incubated under microaerophilic conditions for
long periods of time (nutrient-depleted) or incubated under anaerobic conditions (Figure 8c),
suggesting that elongation of TM7x may also be a result of a stress response.

Both A. odontolyticus and TM7 are known members of the healthy bacterial flora of the oral
cavity with increased abundance in certain disease conditions. The intimate interaction
between TM7x and XH001 demonstrated in our study offers a glimpse into additional ways
bacteria may interact with each other within the oral cavity and possibly in other body sites
where TM7 members are detected. This unique interaction provides a great model system
for understanding the intricacies of bacteria-to-bacteria hemi-biotrophic symbiosis and the
impact of this interaction relative to bacterial ecologically-induced human diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Growth and morphology of XH001 monoculture and XH001/TM7x co-culture. (A) Mono

(triangle, black solid line) and co-culture (circle, blue broken line) cell densities were
determined by measuring the optical density at 600 nm (ODgqg). Each point represents the
average of three independent cultures (error bars, SD). The time points were connected by
straight line to guide the eye. (B, a—d) XH001 monoculture grown in microaerophilic
conditions has short rod morphology from early to late growth phases. The lower images are
a higher magnification of the boxed region in the upper image. During death phase (B, d),
many of the cells had condensed dot structures within the cell body (arrow heads). (B, e-h)
TM7x-associated XH001 have elongated and hyphal morphology from early to late growth
phases. During exponential phase (B, f), many of the XH001 cells are short rods similar to
XHO001 alone. At death phase (B, h), many of the XHOO01 cells display large clubbed-ends
(arrow heads), swollen cells, and cell lyses (open arrow head). During all growth phases,
XHO001 was heavily decorated with TM7x. All scale bars indicate 5 um.
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Figure2.
Quantification of cell length and branch points in TM7x associated XH001. Mild sonication-

dispersed co-culture cells were quantified by python-based image analysis software (see
Materials and Methods) that automatically quantifies the longest length of the XHO0O01 cells,
and number of branch points. (A) n is the total number of cells measured from multiple
microscope slides prepared from three independent mono or co-cultures incubated under
microaerophilic conditions. Error bars are not shown as we combined the data to show the
cell length distribution. Student’s t-test was used to determine significance (p<0.001) (B)
Each bar shows the percent of cells in A (from n cells) that had one or more, or two or more
branch points. TM7x-associated XH001 is ~7 times more likely to have one or more branch
points or ~13 times more likely to have two or more branch points compare to XH001 alone.
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Oxygen depletion-induced morphological changes in XH001 mono and co-cultures. (A-B)
Cell density measurements of XH001 mono (A) or co-culture (B) under microaerophilic
(2.6% Oy, 5% COy, triangles, black broken line), high oxygen (19.7% O,, 5% CO; squires,
blue solid line), atmospheric (20.9% O,, 0.04% CO», diamonds, green solid line) or
anaerobic (0% O,, 5% COs, circles, red solid lines) conditions. The dashed lines are the
same data points from Figure 1. Each point represents the average of three independent
cultures (error bars, SD). (C, D) Phase contrast images of cells grown under indicated
conditions (see also Figure S2). (C, a—d) Co-culture grown under high oxygen condition for
indicated amount of time. XH001 alone (D, ad) or with TM7x (D, e-h) grown under
anaerobic condition for indicated amount of time. In these images, we can clearly see
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clubbed-ended (filled arrow heads) and swollen (arrows) XH001 cells as well as elongated
TM7x cells (open arrow heads). All scale bars indicate 5 um.
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Figure4.
Stress response of XHO01 under TM7x-associated and/or anaerobic conditions. We tested

MRNA levels of 5 stress genes using gRT-PCR in XH001 grown with TM7x under
microaerophilic (blue) or anaerobic conditions (green), or XH001 alone grown under
anaerobic conditions (orange), and compared that to XH001 monoculture grown under
microaerophilic conditions (gray). Each bar represents the average of three independent
experiments (error bars, SD).
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Figureb.
Morphology of TM7x during growth. Co-culture grown under microaerophilic conditions

was FISH stained using TM7x-specific (white, TM7567) and XH001-specific (red,
M33910) DNA-probes that target the 16S rRNA gene (see Materials and Methods). Green is
a universal DNA dye, syto9, which stains both XH001 and TM7x DNA and RNA. XH001
monoculture staining is shown in Figure S3. At time points 0 (A), 24 (C) and 48 (D) hours,
XHO001 had long and hyphal morphology. At 13 hours (B), many of the XHO0O01 cells were
short rods. TM7x also assumed different morphologies. At time points 0-24 (A-C) hours,
TM7x appeared as small cocci or short rods. At 48 hours (D), the elongated form of TM7x
was observed more frequently (white arrow head). (E) Interestingly, TM7x also assumed an
elongated morphology when the co-culture was incubated under anaerobic conditions (white
arrowhead). Long TM7x can be observed throughout all time points of the growth but only t
= 24 hours is shown in E. All scale bars indicate 5 um.
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Figure®6.
Bud-like morphology of TM7x. (A-F) Magnified images of TM7x from the co-culture

stained with a TM7x-specific FISH probe. Representative images were selected from FISH
staining of co-culture grown under microaerophilic conditions. These images are not a time
series, but rather a collection of different cells from the FISH imaging. XH001 staining is
not shown. Different stages of bud growth can be seen throughout all time points of the co-
culture growth. These images were further analyzed by graphing the length (x-axes) versus
fluorescent intensity of Cy-5-TM7567 (y-axes) along the red line drawn across the budding
cells (see red line in A). (A) Representative image of cocci TM7x is shown. (B) Very
beginning of bud formation is shown by one large coccus with a small tail-like formation.
(C) Further bud development is evidenced by a clearer tail-like formation. (D) Two
connected cells are represented. One cell is smaller than the other, possibly formed from the
tail-like structure. (E) Two cells that have clear separation but still connected by weak
fluorescent signal. (F) Finally, two cells that are separated and have clear boundaries. The
scale bar in the images are not displayed since the graph is accurately showing the cell
length.

Microb Ecol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Bor et al.

Page 23

XHO001/TM7x

Figure7.
Morphology of XH001 and TM7x under SEM. (A) XH001 monoculture grown under

microaerophilic conditions shows short rod morphology with smooth surfaces. (B) Co-
culture grown under microaerophilic conditions reveals elongated and branched XHO001
cells decorated with smaller cells, presumably TM7x. Inset shows a zoomed-in image of the
smaller TM7x (box with dashed line) that seems to be budding. (C) Isolated TM7x using
0.22-micron filter shows cocci TM7x with diameter of ~200 nm. (D) Co-culture grown
under anaerobic conditions shows elongated XHO001 decorated with many elongated TM7x.
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Diagram depicting morphological changes of XH001 and TM7x under different conditions.
XHO001 and TM7x bacteria are shown in red and gray respectively. Arrows represent the
changes in condition of the culture environment: (a) attachment of TM7x to XHO001 under
microaerophilic nutrient-replete environment, (b) incubation of XH001 alone under oxygen

deplete environment, and (c) co-culture under nutrient or oxygen deplete condition.
Increasing dark color in the background represents increase in stress response genes.
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