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ABSTRACT OF THE THESIS

The effect of environmental variables in the human oral cavity on the balance
between epiparasite TM7x and its host bacterium Actinomyces odontolyticus

strain XHOO1.

by

Alison Fuijii
Master of Science in Microbiology, Immunology, and Molecular Genetics
University of California, Los Angeles, 2016

Professor Wenyuan Shi, Chair

TM7x is a recently cultivated bacterium of the phylum Candidatus Saccharibacteria
(formerly TM7). TM7x is an ultrasmall bacterium and an obligate parasite that attaches to the
surface of its bacterial host, Actinomyces odontolyticus strain XHO01 (XH001). This episymbiotic
pair are native to human subgingival plaque and display dynamic interaction during in vitro
cultivation. Furthermore, an inverted relationship in abundance between Saccharibacteria and
Actinomyces has been documented in healthy and periodontal conditions, implicating their
association with periodontal status. In this thesis, | examine the impact of variable physiological

factors associated with periodontitis, and other potential changes in the human oral cavity on



the population dynamics of in vitro grown TM7x /XH001 episymbiont. Hydrogen peroxide as
well as high concentration of sodium chloride and potassium chloride were found to reduce the
amount of TM7x and result in increased relative abundance of TM7x-free XHOO1 in the XH001 /
TM7x co-culture. In addition, fetal bovine serum increased the amount of TM7x attachment on
XHO0O01 cells to the point where XHO01 growth was severely inhibited. Furthermore, XHO01
monocultures are more resistant to alteration of their preferred microaerobic environment,
while heat shock (at 42°C) did not shift the population balance between XH001 and TM7x.
These data may lead us toward further understanding the environmental and host factors

which modulate the balance between this parasite and its bacterial host.
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Introduction:

Bacteria surround us; they are in our environments, in our homes, in our food, in our pets, and
even in us. While many of us are accustomed to thinking of bacteria as germs that make us sick,
the majority of bacteria cause us no harm, and many are actively beneficial: they help us digest
food, protect us from pathogenic bacteria, and even maintain a healthy immune system (1-3).
The communities of bacteria that live in and on our bodies are often complex ecosystems with
hundreds to thousands of different microbial species (4). This complexity may lend the
microbiome resilience, but it also creates an obstacle to our understanding of diseases caused
by the disruption of these ecosystems (5). Because we cannot attribute a single pathogen to the
development of many diseases such as inflammatory bowel disease, dental caries, and
periodontitis (6-8), we must look at the entirety of the microbial community’s members.

Though culture-independent sequencing and metagenomic techniques have done a
great deal to reveal the makeup of the human microbiome, our understanding is far from
complete because many members have never been cultivated and studied in the laboratory (9-
12). Without the ability to study these species in the laboratory, the physiological properties of
uncultured microbes remain unknown.

One clue as to why some species have never been successfully cultivated lies in a
member of the ultra-small phylum Candidatus Saccharibacteria, formerly Candidate Phylum
TM7. Culture-independent sequencing has revealed that Saccharibacteria are found
ubiquitously in natural environments such as soil and seawater, as well as in many human body
sites (13-16). Members of Saccharibacteria have small genomes of around 1000 kb and lack

biosynthetic pathways that would be expected in free-living bacteria (13, 17). Until recently,



they have not been successfully cultivated in laboratory conditions. The Shi group at UCLA was
the first to culture a phylotype of TM7, and dubbed it TM7x (18). He et al. isolated TM7x, an
ultra-small, 700-kb genome TM7 phylotype from the human oral cavity, finding its growth
required the presence of another oral bacteria, Actinomyces odontolyticus strain XHO01
(XHO01). The reduced genome and lifestyle of TM7x indicates that other TM7 phylotypes as
well as many other uncultured bacteria may be obligate symbionts: only be cultivable with
support from other species.

While TM7x cannot grow without XHOO1, the reverse is not true of its partner.
Monocultures of TM7x-free XHOO1 have been successfully cultivated (18). Though the
XH001/TM7x co-culture has stable growth that can be maintained indefinitely with both
partners persisting in culture, XHOO1 grows faster and is able to reach a higher cell density
when it is in monoculture than when it is associated with TM7x (19). Under nutrient restricted
conditions, this trend is exacerbated: TM7x appears to cause extra harm to its host, with XHO01
losing viability much faster than in monoculture (18). XHO0O1 monoculture is able to grow to a
greater cell density than the XHO01/TM7x co-culture, and when attached by TM7x, XH001 up-
regulates key stress-response genes (19), which is consistent with the proposed parasitic
relationship between the two partners.

Actinomyces odontolyticus strain XHOO1 has variable morphology, found as short rods,
long rods, or in branched, hyphal form (19). When in monoculture, XHOO1 cells have a smooth
surface, whereas when co-cultured with TM7x, XHOO1 cells appear bumpy, due to the surface
attachment of TM7x cocci, forming a “grapes on a vine” structure (18, 19). TM7x has thus been

characterized as a parasitic epibiont and its XHOO1 as its host basibiont. We see from this



previous work by Bor et al. and He et al., that there is a dynamic interaction between these two
species and can be modulated by laboratory conditions. It is not just in lab where this
interaction might have an affect, but also in their natural habitat: the human microbiome.
Human mucosal inflammatory diseases are often dysbiotic in nature; caused by a shift in
the microbial community from one which is well tolerated, to one which is pathogenic (20, 21).
Candidatus Sachharibacteria is commonly overrepresented in diseased microbial communities,
such as bacterial vaginosis, inflammatory bowel disease, and periodontitis (22-25). Periodontitis
is an inflammatory gum disease characterized by the deepening of gingival sulcus, the space
between the gums and the tooth, into a periodontal pocket (26). A previous study sampling
human oral subgingival plaque, 97% of samples showed presence of TM7 (25). While the
majority of people have oral Saccharibacteria, in healthy oral communities, the proportion of
Saccharibacteria is generally only ~1% of the total microbial community. Metagenomic analyses
comparing healthy communities to periodontial communities reveal an association between
periodontitis and a higher proportion of Saccharibacteria in the subgingival plaque, up to ~20%
of total microbial load (24, 27). Somewhat contrarily, Actinomyces prevalence is associated with
healthy gingiva (25). Periodontitis is considered a disease of dysbiosis; it is not associated with a
single pathogen, but rather a shift in the subgingival microbial community. The same species
are present in both health and in disease, but the relative proportion of each tend to be altered
disease as compared to health. As there are hundreds of microbial species in the oral cavity, the
details of all these interactions are still unclear, but understanding the dynamics of inter-
microbial and host factors are key toward furthering our understanding and the development

of therapies to prevent and treat periodontitis and other diseases of dysbiosis.



In periodontitis, a physically deeper pocket develops between the tooth and the gum.
This occurs in a cycle of increased microbial load, increased microbial diversity, the dominance
of certain species (28), and host immune response, including inflammation and extravasation of
immune cells from the tissues and into the gingival sulcus, which can ultimately result in bone
loss and the further deepening of the periodontal pocket (26, 29). The progression of
periodontitis proceeds as a balance between host, microbial, and environmental factors. TM7x
is a member of a candidate phylum, Saccharibacteria, associated with periodontitis, while its
host, Actinomyces odontolyticus, is associated with periodontal health. We chose to explore the
interaction between these two oral symbionts within the frame of physiological oral
environmental changes, with a focus on conditions related to periodontitis.

The conditions examined were hydrogen peroxide concentration, high salt and high
osmotic concentration, long-term nutrient deprivation, presence of serum, and heat shock.

We examined the effect of hydrogen peroxide on XHO01 and TM7x, as hydrogen
peroxide naturally occurs in the oral cavity from host and microbial sources, as well as is
commonly introduced via oral health products such as toothpaste or mouthwash. Macrophages
use hydrogen peroxide to fight pathogens, but periodontitis has been reported to be associated
with a decrease in macrophage activation (30). Some bacteria produce hydrogen peroxide.
Notably, periodontitis is associated with a reduction in hydrogen peroxide producing bacteria,
such as Streptococcus sanguinis (28, 31).

XHO001 and TM7x were tested in culture medium with added salt. The salt concentration

in the gingival crevicular fluid is higher than that of saliva, but lower than blood. This variable



may also be impacted by the depth of the pocket in periodontitis, as well as increased exudate
and bleeding, which often accompany periodontal disease (26, 28).

While the gingival sulcus is low in oxygen, it is not completely anaerobic (26).
Additionally, as the plaque is a three dimensional and heterogeneous biofilm, there are varying
concentrations of O, within plaque (32, 33). In deep periodontal pockets, oxygen concentration
drops even further than the healthy gingival sulcus (26). XHO01 monoculture and XH001/TM7x

co-culture were tested in anaerobic, microaerobic, and anaerobic conditions.

Materials and Methods:

Growth conditions. Planktonic cultures of Actinomyces odontolyticus strain XHOO1 monoculture
and XH001/TM7x co-culture were grown at 37°C in brain heart infusion (BHI) medium in
microaerobic conditions, unless otherwise noted. Planktonic cultures were grown for 24 hours
then passaged to partially mimic continuous culture where nutrient is not the limiting factor.
Passages were performed by diluting previous culture into fresh BHI medium at a variable total

volume, but at a 1:10 volume split ratio, unless otherwise noted.

Incubation conditions. Cultures were grown at 37°C under either aerobic (ambient air, ~21%

0,, 0.04% CO,, 0.9% Ar, 78% N,), microaerobic (2.6% O,, 5% CO,, balanced with N,), or

anaerobic (0% O,, 5% CO,, 5% H,, balanced with N,) conditions.

Media preparation. The appropriate amount sodium chloride, potassium chloride, mannitol, or

hydrogen peroxide were dissolved in previously autoclaved BHI medium and then sterile



filtered through a 0.22 um syringe filter (Millipore). Fetal bovine serum at 10%, and non-
essential amino acids (alanine, arginine, asparagine, aspartic acid, cysteine, glutamic acid,
glutamine, glycine, proline, serine, and tyrosine), were added to RPMI media (Life
Technologies). Media was incubated for at least 24 hours in the appropriate oxygen

concentration environment prior to culture inoculation.

Culture growth and TM7x attachment assessment. Phase contrast imaging was used to visually
assess the amount of TM7x attachment on the host cells, XHOO1. Cells were directly observed
and imaged using Nikon Eclipse E400 microscope equipped with a Nikon Plan Fluor x100/1.30
oil immersion objective.

Also used as an indicator of amount of TM7x attachment was colony morphology, with
irregularly shaped colonies used as a proxy for TM7x-attached XH001, and round smooth
colonies used a proxy for TM7x-free XHOO1 (note: TM7x alone has not been found to form
colonies without XH001). Colonies were plated at varying serial dilutions from 1/10° - 1/10,
incubated for three days in microaerobic conditions at 37°C, and then visually assessed for
morphology using a light microscope.

Total culture (both XHO01 monoculture as well as XH001/TM7x co-culture) growth and
health was assessed by optical density (OD) using 600nm wavelength spectrophotometric
reader, and colony forming units (CFU). Plates for colonies were 5% sheep blood 1.5% agar in

Brain Heart Infusion (BHI) medium.



PCR. TM7x detection was performed via PCR amplification. We used TM7x-specific 16S primers
(400F: 5’- TATGAGTGAAGAATATGAC -3’ and 1110R: 5’-CAGTCCAAGTAGAAAAATAC -3’). Each
50-uL PCR assay contained 100 ng of purified genomic DNA, 40 pmol of each primer, 200 uM
each dNTP, 4.0 mM MgCI2, 5 uL of 10x PCR buffer, and 2.5 units of Tag DNA polymerase
(Invitrogen). Cycling conditions were 96 °C for 3 min, followed by 35 cycles at 94 °C for 1 min,
64 °C for 1 min, and 72 °C for 1 min, with a final extension period of 5 min at 72 °C. The

resulting PCR products were evaluated by 1% agarose gel electrophoresis.

Results:

TM7x-associated and TM7x-free XH001 exhibit different colony morphologies. When in co-
culture with TM7x, not all XHOO1 cells are TM7x-attached (Figure 1), but quantifying
attachment, in terms of how many XHOO1 cells are free of TM7x and how many are TM7x-
attached, has previously been elusive. However, recent work | assisted with, led by Dr. Batbileg
Bor of the Shi research group, has developed a method to quantify the portion of XHOO1 cells
attached by TM7x. This method relies on the visual assessment of agar-plated colonies grown
from XH001/TM7x co-culture. While XHOO1 monoculture almost exclusively forms smooth,
round colonies when plated on BHI blood agar plates, the XH001/TM7x co-culture shows a
mixed population of colony morphologies: some round with smooth edges as seen in the XHO01
monoculture, and others with jagged edges and irregular shapes (Figure 2A). We termed these
“regular” and “irregular” colonies, respectively. | performed colony PCR on 20 individual
colonies of each morphology type to detect the presence of TM7x. Of the irregular colonies,

95% were positive for TM7x, while only 15% of the regular colonies were positive for TM7x



(Figure 2B). This finding has led us to use colony morphology as a reasonable proxy for

proportion of TM7x attachment within a mixed population.

Hydrogen peroxide decreases TM7x in XHO01/TM7x co-culture. To assess the effect of
hydrogen peroxide on XHO01 and TM7x, mono- and co-cultures were grown in a range of
hydrogen peroxide concentrations from 0 to 5 mM, in BHI, under microaerobic conditions at
37C. Increased hydrogen peroxide concentration led to overall inhibition of bacterial growth as
indicated by the reduction in CFU, with a concentration of 2 mM or higher resulting in no
colony growth. While total CFU/mL had an inverse correlation with H,0, concentration, the
percentage of irregular colonies also decreased with increased H,0, concentration (Figure 3A),
indicating that there were fewer TM7x-associated XHOO1 cells at higher H,0, concentrations.
This dose-dependent effect was observed after 24-hour incubation.

To investigate the effect of hydrogen peroxide on TM7x attachment over a longer
exposure period, XHO01 monoculture as well as XHO01/TM7x co-culture were grown in 0.5 mM
H,0, for six days, passaged at a 1:10 ratio and plated for CFU and colony morphology each day.
While the CFU/mL stayed relatively stable over the experiment, the percentage of irregular
colonies in the co-culture was reduced from 73% irregular at day O, to 4% at day 6 (Figure 3B).
Interestingly, the lowest CFU counts for the co-culture occurred during the days in which the
irregular colony percentage was decreasing. At those same time points, the XHO01 monoculture
did not have reduced CFU, indicating that the TM7x-free XHOO1 cells may have been less

sensitive to the hydrogen peroxide condition than the TM7x-attached cells.



High salt concentration reduces TM7x attachment. To test whether high salt concentrations
affect the balance between XH001 and TM7x, XHO01 monoculture and XHO01/TM7x co-culture
were grown in BHI alone, BHI supplemented with 250 mM NaCl, or 250 mM KCI, or 500 mM
mannitol as no-salt condition with the same osmolarity. Phase contrast images of XHO01/TM7x
co-cultures indicate that high salt medium reduces the amount of TM7x attachment, while
mannitol does not (Figure 4A). Cultures in their respective salt conditions were grown for 5
days, and passaged each day. Samples were plated each day for CFU and colony morphology
assessment. In the XHO01/TM7x co-culture, the percentage of irregular colonies in the 250 mM
NaCl and 250 mM KCIl media dropped from a starting point of 31% at time zero, to 12% and 3%
after one day, respectively (Figure 4B). By the end of the five-day experiment, there were no
detectable irregular colonies in either high-salt condition. The BHI-only and BHI + mannitol, by
contrast, maintained a high proportion of irregular colonies throughout the experiment.

To test whether the TM7x had been completely eliminated from the co-culture, |
performed PCR to detect TM7x on the passage 5 cultures. No TM7x was detected in the high-
salt co-cultures, but it was detected in the BHI and mannitol co-culture samples (Figure 4C).

The CFU results show some fluctuation in both the monoculture and the co-culture, but
there is no strong trend to indicate that high salt had an extreme effect on the growth of
XH0O01. The CFU for the co-culture in the mannitol treatment was the lowest. This result is also
accompanied by the observation that under phase contrast, there sometimes appears to be
greater TM7x attachment and greater distended morphology of the XHOO1 cells than in the BHI
only sample (data not shown) although the irregular colony proportion is not significantly

higher.



A shorter term study was conducted over a 24 hour time frame in order to elucidate
details in the changes of TM7x attachment that occur during the lag, log, and stationary growth
cycle. Mono- and co-culture were inoculated into BHI only, BHI + 250 mM NaCl, BHI + 250 NaCl,
or 500 mM mannitol. With samples plated for CFU and colony morphology at time 0, 6, 12, 18,
and 24 hours post inoculation (Figure 4D). The trend seen over this 24-hour time course is
consistent with that of the five-day experiment (Figure 4B). All cultures experienced increased
CFU over the experiment, as expected. Co-cultures in the mannitol and BHI-only conditions had
increased irregular colony percentage over time, while the NaCl and KCI conditions had
decreased irregular colony percentage. Notably, the strongest trend in terms of colony
irregularity was the mannitol co-culture: colony irregularity percentage increased steadily over
the time course, which is consistent with my observations of TM7x over-attachment on XHO01
by phase contrast imaging (Figure 4A).

Although the high salt conditions in this five-day experiment indicate that TM7x is
entirely eliminated (Figure 4B), this may not necessarily be the case. In a similar experiment, |
grew the XHO01 mono- and XHO01/TM7x co-cultures in the various salt conditions for seven
passages, and then passaged them into BHI only. After 6 more passages in BHI, | performed PCR
to detect TM7x (Figure 4E). In all three biological replicates of co-culture in BHI + 250 mM KCl,
TM7x was absent. However, in two of three biological replicates of co-culture in BHI + 250 mM
NaCl, TM7x was amplified. It may be the case that a small number of TM7x cells were able to
persist throughout the initial seven passages in high concentration NacCl, then able to expand

once normal salt concentration medium was available. Overall, the phase contrast, colony

10



morphology, and PCR data indicate that high salt reduces TM7x preferentially while having

minimal effect on its host.

TM7x and XHO0O01 both persist under long-term nutrient depletion. In nutrient replete
conditions, with passaging of culture at a 1:10 ratio into fresh media each 24 hours, the balance
between TM7x and XHOO1 remains relatively stable. Over a ten-day experiment, the amount of
TM7x attachment fluctuated between ~40-75% irregular colony proportion (Figure 5A) In 2015,
He et al. (18) demonstrated that in nutrient-depleted conditions (96 hours post-inoculation
with no new media added), XHOO1 cells co-cultured with TM7x lose viability to a greater degree
than those in monoculture.

In order to test what happens to the balance between XHO01 and TM7x under longer-
term nutrient depletion conditions, | inoculated XHO01 monoculture and XHO01/TM7x co-
culture in BHI and incubated them in microaerobic conditions at 37°C for 36 days without
adding fresh media. Samples were plated for colony morphology at days 1, 3, 7 and 10. Over
the ten days with no nutrient addition, the percent of irregular colonies dropped to an average
of 4%, indicating there were fewer viable TM7x-attached XHOO1 cells in the nutrient-depleted
cultures than in the nutrient-replete cultures (Figure 5B).

Small volumes were taken from the long-term cultures at day 7, day 14, day 21, and day
36 post-inoculation, and secondarily inoculated in fresh BHI medium. These secondary cultures
were passaged each day for a series of days until TM7x was detected (Figure 5C). After a 24-
hour period post-secondary-inoculation, XHOO1 growth was visible in both mono- and co-

cultures (Figure 5D). TM7x, however, was not immediately detectable by phase contrast or by
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colony morphology. At time points day 7, day 14, and day 21, each secondary co-culture
eventually gave rise to visible TM7x, though the longer the nutrient depleted culture had
incubated, the more passages it took for TM7x to re-emerge, with day 21 secondary culture
taking eight passages for re-emergence (Table 1). At day 36, the secondary culture was not
passaged until re-emergence, but PCR was performed after three 1:10 split passages. TM7x was
detected in faint bands in both co-culture biological duplicates, but not in the XHO01
monoculture (Figure 5E). While this hints that TM7x persists to at least 36 days under starvation
conditions, the presence of TM7x in the 3X passaged secondary culture does not necessarily
indicate the presence of viable TM7x cells, as the PCR product may have been an amplification
of trace TM7x DNA from the original culture. We conclude that under starvation conditions,
fewer viable XHOO01 cells are TM7x-attached, but both species co-exist viably for at least 21

days.

Serum induces TM7x over-attachment. In the inflammatory state of periodontitis, there is an
increased amount of serum exudate released into the gingival crevicular fluid (18, 20). To test
whether serum has any effect on the population dynamic between XH001 and TM7x, we
started with a serum-free, chemically defined medium, RPMI. This medium alone could not
support growth of either the mono- or co-culture (Figure 6A), but when 10% FBS was added,
XH001 monoculture was able to grow to its maximum OD of ~1 within 24 hours (Figure 6B). The
co-culture was only able to grow to an OD of ~1 for the first 24 hours after being subcultured
from a BHI-grown culture. At each passage in RPMI + FBS thereafter, the OD of the co-culture

diminished dramatically (Figure 6B). At passage 3, co-culture OD was so low, the culture was

12



not diluted by passaging, but allowed to recover. After 48 hours of no passaging, the OD of the
co-culture had returned to its normal maximum level, of ~0.6-1.0. Upon passaging again, the
co-culture OD again was greatly reduced.

Alongside this slow growth, phase contrast images show XH0O1 cells with much higher
than normal amounts of TM7x attachment (Figure 6C). Additionally, the XHOO1 forms highly
distended and hyphal morphology, which is indicative of stress (19). Because the XH001
monoculture did not display these stress markers, it may be the over-attached TM7x causing

stress and lowering the viability or growth rate of XHOO1.

Microaerobic environments are preferred by XHO01 in mono- or co-culture, but XH001 in
monoculture tolerates anaerobic and aerobic conditions better than XH001 in TM7x co-
culture. To assess how oxygen concentration affects XHO01 and TM7x, XHOO01 monocultures
and XHO01/TM7x co-cultures were grown in ambient aerobic conditions, in anaerobic
conditions, and in microaerobic conditions (2.6% O,). Passages were performed such that all
cultures at the beginning of each 24-hour growth cycle had equal OD. As monitored by OD, the
aerobic and anaerobic mono- and co-cultures grow poorly when compared to the microaerobic
cultures, with the aerobic condition showing the least growth (Figure 7A).

Mono- and co-cultures were initially grown in microaerobic conditions, then inoculated
1:10 into BHI pre-incubated in microaerobic, anaerobic, or aerobic conditions. Cultures were
followed for 48 hours with no nutrients added post inoculation, and plated for CFU counting
and colony morphology observation. Irregular colony percentage rose and then dropped for co-

cultures in all oxygen conditions (Figure 7B). Comparing XH001 monoculture to XH001/TM7x

13



co-culture by CFU, the co-culture was more sensitive to non-preferred oxygen concentration,
with lowest growth in the aerobic environment (~21% O,) (Figure 7C). Preliminarily,
microaerobic and anaerobic growth conditions did not show a trend in terms of increase or
decrease in irregular colony percentage over a three-day experiment (Figure 7D). However, a

longer time course experiment may yield different results.

Heat shock does not affect XH0OO01 viability or TM7x attachment. In order to assess what effect
heat shock may have on XHO01 and TM7x, mono- and co-cultures were incubated in a 42C
water bath for 0, 1, 5, 10, 30, and 60 minutes. No appreciable difference in CFU or in proportion

of irregular colonies were observed for all the time points tested (Figure 8).

Discussion:

The hydrogen peroxide data is compelling in that there was a marked reduction of TM7x
at even low concentration of H,0,, 0.5 mM, which is within the relevant range for peroxide-
producing plaque bacteria (34). Hydrogen peroxide produced by host cells or hydrogen
peroxide-producing oral commensal bacteria could play a crucial role in inhibiting TM7x growth
and keep its population in check. Under periodontal disease condition, the shift of the
commensal microbiome, such as the decrease in the abundance of H,0,-generating
Strepctococci (28), as well as the impaired function of macrophages (30) could result in
imbalance of population between TMx and its host, leading to the over-growth of TM7x, which
could potentially further impact the progression of disease. As TM7x is the first cultured

member of Candidatus Saccharibacteria, more phylotypes of this clade and their putative hosts

14



should be characterized and evaluated to determine whether the lifestyle and phenotype of
TM7x is representative of other members of this clade.

In periodontitis, inflammation and increased serum exudate are common (26). The
XH001/TM7x co-culture in RPMI with 10% FBS showed over-attachment and high amounts of
free-floating TM7x by phase contrast imaging, concurrent with decreased growth rate of
XH001, as measured by OD (Figure 6). In vivo, excess serum in the gingival crevicular fluid might
increase the attachment of TM7 to the point of suppressing the growth of host Actinomyces,
partially explaining why periodontitis is associated with greater abundance of TM7 and a lower
abundance of Actinomyces (28). We are focusing on a very specific model here; while 97% of
people may have TM7 in their subgingival plaque, that doesn’t mean they all have this
TM7x/XHO001 pairing. More examples of widespread TM7 parasitic behavior and its role in
periodontitis have yet to be discovered, but future work along this avenue could be elucidating.

While the 250 mM NaCl and KCI conditions led to a decrease in TM7x attachment
(Figure 4B), it is unlikely that physiological conditions would allow for salt concentrations as
high as 250 mM, as blood serum sodium concentration is only ~140 mM (35), and potassium
concentration is only ~5 mM (36). A titration of salt concentrations in a physiologically relevant
might be useful to assess whether salt concentration could modulate the Actinomyces/TM7
balance in vivo. In a preliminary experiment culturing TM7x/XH001 co-culture in BHI + 196 mM
KCI, there was no full clearance of TM7x as assessed by phase contrast imaging (data not
shown). However, whether TM7x attachment was reduced is unknown, as colony morphology

was not analyzed in this experiment.
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Mannitol was used in order to increase osmolarity without the ionic and specific
physiological effects of NaCl and KCIl. Mannitol was chosen because it is non-fermentable by
Actinomyces odontolyticus. My data indicates that mannitol may increase TM7x attachment on
XHO0O01 (Figure 4A). Whether this trend is consistent and the reason for it still needs to be
explored. Raising the osmolarity of the culture medium with amino acids or organic buffers may
be another method to determine if increased osmolarity leads to increased TM7x attachment.

There is an interesting phenomenon regarding the re-appearance of TM7x in co-cultures
after it seems to have disappeared. TM7x appeared to be eliminated from the co-culture
following seven days in 250 mM NaCl, only to be detected via PCR after six more days in BHI-
only (Figure 4E). In the long-term starvation experiment, TM7x re-emerged after days when no
TM7x was visible (Figure 5D, E, Table 1). How TM7x is able to persist through these conditions is
under further investigation at this time. Based on unpublished EM data from the Shi research
group showing what looks to be a TM7x cell inside of an XHOO1 cell, TM7x may survive by
becoming intracellular when environmental conditions are harsh.

Though we have identified some potentially influencing factors, the physical and
molecular mechanisms of how TM7x attachment is increased or decreased are not known.
Transmission EM images from He et al. indicate that TM7x-attached cells have a severely
compromised membrane (18). Thus, it is possible that TM7x attachment to XH0O1 sensitized
the XHOO1 to hostile environments due to loss of membrane integrity. The decreased
proportion of irregular colonies in hydrogen peroxide and high salt may be due to TM7x-
attached XHO0O1 cells dying, allowing TM7x-free cells to take over, or these conditions may be

directly cytotoxic to TM7x. More experimentation is in progress to determine the physical and

16



biochemical mechanisms involved in the shifting balance between the parasite and host
populations.

While Saccharibacteria abundance in microbial communities is associated with
inflammatory disease (22-25), it is unknown at this time whether TM7x or other
Saccharibacteria members are directly pathogenic. Additionally, it is implausible that all human-
associated species within the candidate phylum are equally disease-associated. However, TM7x
and XHOO1 represent a novel inter-bacterial relationship, and greater understanding of this type
of bacterial symbiosis is integral in understanding human microbiota and dysbiosis. Whether
Saccharibacteria abundance is incidental rather than causal in disease, shifting the microbial
balance back toward a community that is more health-associated by reducing Saccharibacteria
may be a worthwhile aim for therapeutic interventions. Studying this partnership, or rather,
rivalry, could lead to the discovery, characterization, and cultivation of other such relationships

in the bacterial domain.

17



Figure 1. Morphology of Actinomyces odontolyticus strain XH001 (XH001) and TM7x under
phase contrast imaging. A) Monoculture of XHOO1. All cells appear as short rods. B) Co-culture
of XHO01 and TM7x. TM7x-attached XHOO1 cells are long, branched, and decorated with small
cocci. TM7x-free XHOO1 cells appear as short rods with no surface-attached cocci. Note: both
images are equally scaled.
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Irregular

i - - - - . - [ S PPy S —————

Regular
TINT
i

Figure 2. Colony morphology is indicative of TM7x attachment. A) Left, colony morphology of
XH001 monoculture is round and smooth. Right, colony morphology of TM7x/XH001 co-culture
contains round, smooth colonies and irregular colonies. B) Colony PCR of regular and irregular
colonies from plated co-culture. Top, TM7x was detected in 19/20 irregular colonies. Bottom,
TM7x was detected in 3/20 regular colonies.
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Figure 3. Hydrogen peroxide reduces TM7x attachment on XH001. A) Dose response of mono-
and co-culture to H202, after 24 hours incubation. B) CFU and colony morphology of co-culture
grown and passages for six days in either 0 mM (blue) or 0.5 mM (red) H202.
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Figure 4. High NaCl and KCI concentrations reduce TM7x attachment.

A) Representative images from phase contrast imaging of XH001/TM7x co-culture after seven
passages in BHI only, BHI + 500 mM mannitol, BHI + 250 mM NaCl, or BHI + 250 mM KCI. B)
HX001/TM7x co-cultures grown in BHI, salt or mannitol conditions for five days and analyzed
for colony forming units (CFU/mL) and colony morphology. Dotted lines, CFU/mL. Columns,
percentage irregular colonies out of total colonies. C) Agarose gel of PCR products for detection
of TM7x. Amplified DNA was isolated from culture after five days of growth and passaging in
BHI only, high concentration NaCl, KCl or mannitol. XH/TM, XHO01/TM7x co-culture. Numbers (-
1, -2) represent biological duplicates. D) 24-hour time courses of XHO01 monoculture (blue) and
XH001/TM7x co-culture (red) in various salt and osmotic conditions. Dotted lines, CFU/mL.
Columns, percent irregular colonies from plated co-culture. E) Agarose gel of PCR products for
detection of TM7x. Amplified DNA was isolated from culture after seven days of growth and
passaging in conditions as labeled followed by six days of growth and passaging in BHI only.
Numbers (-1, -2, -3) represent biological triplicates.
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Figure 5. XH001 and TM7x re-emerge after long-term nutrient depletion. A) Proportion of
irregular colonies in XH001/TM7x co-culture under nutrient-replete conditions. Co-cultures
were passaged every 24 hours for 10 days, using one part previous culture to nine parts fresh
BHI medium. B) Proportion of irregular colonies in XH001/TM7x co-culture under nutrient-
depleted conditions. Co-cultures were inoculated into fresh BHI medium, with no fresh medium
added for 10 days. C) Representative phase contrast image of XHO01/TM7x co-culture, after
long-term nutrient-depletion conditions, then re-inoculation into fresh medium, but before
TM7x re-emergence. D) Representative phase contrast images of initial TM7x re-emergence
after secondary inoculation, post-long-term nutrient depletion. Red circles indicate presence of
TM7x (small cocci) attached to surface of XHOO1 (larger rods). E) Agarose gel of PCR products
for detection of TM7x after 36 days of nutrient-depleted incubation. Volumes from 36-day-old
mono- and co-cultures were inoculated into fresh medium and allowed to grow for 3 days
(passaging 1:10 each day). DNA was isolated from these cultures and amplified using TM7x-
specific PCR primers. XH/TM indicates XH001/TM7x co-cultures. Numbers (-1, -2) represent
biological duplicates.
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Day post-inoculation,| Passages for TM7x
continuous culture re-emergence
7 3
14 4
21 8
36 N/A

Table 1. Longer-term starvation leads to slower TM7x re-emergence when nutrients are
added. Left, number of days XHO01/TM7x co-culture was incubated for without adding any
fresh media. Right, the numbers of days, passaged at 1:10 split volume each day, it takes for
TM7x to be observed via phase contrast, after inoculation into fresh medium from starved co-
cultures.

29



OD (600 nm)

© o o o
o N M o 0

OD (600 nm)
o O O O
O N D O O B

1.2

==
N

RPMI only

| -
i NE=
P1 P2 P2d2

Passage #

RPMI + 10% FBS

‘\

P1

P2

P3 P4 P4d2

30

P5

e=G==XH001
«==XH001/TM7x-1
XH001/TM7x-2

==G==XH001
«=I=XH001/TM7x-1
XH001/TM7x-2



RPMI + 10% FBS

BHI

C XH001/TM7x XHO001

Figure 6. RPMI + fetal bovine serum increases TM7x attachment and decreases XH001
growth. A) XHO01 monoculture and XHO01/TM7x co-culture initially grown in BHI and then
passaged into RPMI only. Y axis, optical density of cultures read at 600nm wavelength. X axis, P
indicates passage number, with P2d2 indicating passage 2 day 2 (no dilution of culture into
fresh media). Numbers (-1, -2) represent biological duplicates. B) XHO01 monoculture and
XH001/TM7x co-culture initially grown in BHI and then passaged into RPMI + 10% fetal bovine
serum + non-essential amino acids. OD was not read on passage 4 day 1, but was read again on
passage 4 day 2 (P4d2). C) Representative phase contrast images from XHO01 monoculture and
XH001/TM7x co-culture in RPMI + FBS or BHI. All four images are equally scaled.
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Figure 7. XH0O01 prefers microaerobic oxygen concentrations, and fares better in mono, rather
than co-culture. Mono- and co-cultures were first grown in microaerobic conditions before
inoculated into media that had been prepared in the desired oxygen environment. A) Optical
density measurement of XHO01 monoculture and XHO01/TM7x co-culture in microaerobic
(2.6% 02), anaerobic (0% 02), and aerobic (~21% 02) conditions, over 3 passages, split by OD.
B) and C) Mono- and co-cultures were incubated in microaerobic, anaerobic, and aerobic
conditions for 48 hours. Samples at time points indicated were plated for CFU and colony
morphology. Dotted lines represent co-culture CFU, solid lines represent monoculture CFU, and
columns represent percent irregular colonies. D) CFU and colony morphology of co-culture in
microaerobic and anaerobic conditions, passaged for 3 days, split 1:10 each day.
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Figure 8. Heat shock at 42C does not affect CFU or colony morphology proportion within a 60-
minute time span. XH001 monoculture and XHO01/TM7x co-culture were incubated in a 42C
water bath from between 0 and 60 minutes. Dotted lines represent CFU/mL and column
represent percent irregular colonies.
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