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Figure 15. Role of TezRs in chemosensing and bacterial memory.

Growth of control B. pumilus or E. coli and their counterparts lacking primary TezRs on M9
medium with and without dexamethasone (DEX) or lactose (LAC) was monitored over time. (A)
Control B. pumilus and B. pumilus TezR_R1Y grown in M9 medium with or without
dexamethasone. (B) Control E. coli and E. coli TezR_R1% grown in M9 medium with or without
dexamethasone. (C) Pretreatment of control E. coli with dexamethasone for 20 min followed by
TezR_R1 removal and subsequent growth on M9 medium supplemented with dexamethasone.
(D) Biochemical profile of control B. pumilus and B. pumilus TezR_R1¢ grown on minimal M9
medium without (M9) or with dexamethasone (M9+DEX). Green denotes positive test reaction
results, red denotes negative results. Values show representative results of three independent
experiments. (E) Control E. coli and E. coli TezR_R1¢ grown in M9 medium with or without lactose.
(F) Pretreatment of control E. coli with lactose for 20 min followed by TezR_R1 removal and
subsequent growth on M9 medium supplemented with dexamethasone. (G) Time required for
dexamethasone-naive and dexamethasone-sentient control E. coli to commence growth on M9
medium supplemented with dexamethasone. (H) Time required for dexamethasone-naive and
dexamethasone-sentient control B. pumilus to commence growth on M9 medium supplemented
with dexamethasone. (I) Minimal time required for TezR_R1 of E. coli to start sensing
dexamethasone. The X-axis represents the time lag of control E. coli upon initial and second
exposure to DEX. (J) Time to the start of DEX utilization (tlag) by dexamethasone-naive and
dexamethasone-sentient B. pumilus. The experimental protocol is shown to the left. The tlag after
each passage in M9 medium with or without dexamethasone is shown to the right as a heat map,
whose color scale ranges from white (0 h) to red (5 h). (K) Minimal time required for TezR_R1 of

B. pumilus to start sensing dexamethasone.

The effect of the binding of propidium iodine (PI) on the functionality of TezRs


https://doi.org/10.1101/2021.09.11.459467

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.11.459467; this version posted November 8, 2021. The copyright holder for this

749
750
751
752
753
754

755

756

757
758
759

760

761

762
763
764
765
766
767

768
769
770

771
772
773

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

To further confirm the role of TezRs in cell signaling we inactivated them using PI, which is known
to bind both DNA and RNA without penetrating the live cells (70). Similar to the observation
where both TezR_D1/R1¢ were removed, Pl-treated B. pumilus exhibited the identical pattern of
increase in lag phase and delay in the uptake of dexamethasone when incubated in minimal
media (Fig. 17). Thus, these results imply that not only TezRs destruction , but also abrogation of

their functions by PI binding, modulates the sensory and regulatory activities of the cell.
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Figure 17. Inactivation of TezRs with PI.

Time required for dexamethasone-sentient B. pumilus control (control), or B. pumilus following
TezR_D1/R1 destruction (TezR_D1/R1%) or with TezR inactivated with Pl (Pl TezR_D1/R19) to

commence growth on M9 medium supplemented with dexamethasone.

Role of reverse transcriptase and integrase in functioning of the TRB-receptor system

We hypothesized that formation and functioning of TezRs could be associated with reverse
transcription and that affecting the corresponding enzymes might prevent the restoration of TezRs
after their removal. Recent data suggest that non-nucleoside reverse transcriptase inhibitors
(RTIs), originally designed to block HIV reverse transcriptase, interact non-specifically with
different transcriptases (71, 72). Here, we used non-nucleoside RTIs against control S. aureus

and S. aureus lacking primary TezRs.

The RTls etravirine and nevirapine did not exhibit any antibacterial activity against S. aureus and
presented a MIC > 500 pg/mL (Supplementary Table 5). Thus, in this experiment we used very

low doses of RTIs, more than 100 fold lower than their MICs.

Addition of RTIs to the medium did not alter growth dynamics of control S. aureus (measured as
OD600), but affected growth of S. aureus lacking primary TezRs (Fig. 18A). Specifically, RTIs
inhibited growth of S. aureus TezR_D1% (p < 0.05 for all), but not S. aureus TezR_R19. Even more
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surprisingly, treatment of S. aureus TezR_D1/R1% with RTIs accelerated bacterial growth. We
suggest that the inhibitory effect of RTls on growth of bacteria lacking TezRs can be explained by

the requirement for these receptors when cells are grown in liquid media.

Next, we investigated the onset of a signal transduction cascade following the interaction between
TezRs and ligands. We hypothesized that the response to stimuli might also depend on
recombinases. To verify this possibility, we used raltegravir, an inhibitor of viral integrase known
to cross-react with bacterial recombinases due to structural and functional similarity with
HIV integrase (73, 74). Using a nontoxic concentration of raltegravir (Supplementary Table 5), we
successfully blocked the activation of bacterial enzymes of control B. pumilus in response to
dexamethasone (Fig. 18B). As a result, the biochemical profile of control B. pumilus grown on M9
medium supplemented with dexamethasone and raltegravir was almost identical to that of B.
pumilus grown on M9 without dexamethasone. This allowed us to assume that raltegravir blocked

signal transduction from TezRs following substrate recognition.

To confirm that the raltegravir-inducted response of B. pumilus to dexamethasone was not the
result of any toxic effect, we measured OD600 of control B. pumilus when raltegravir was added
to the medium at different time points (Fig. 18C). Addition of raltegravir to dexamethasone-
sentient control B. pumilus grown on M9 with dexamethasone led to inhibition of bacterial growth
only when it was added together with the cells, but lost its inhibiting function if added 2 h after
growth had started (Fig. 18C). We believe that raltegravir inhibited signal transduction from TezRs

occurring during the first 2 h, but had no control over it once the signal had already been relayed.

Given that we previously showed how the loss of TezRs enhanced survival at higher
temperatures, we hypothesized that raltegravir might block signal transduction from TezRs and
lead to higher heat tolerance even in bacteria with intact TezRs. S. aureus treated or not with
raltegravir were gradually heated up to 65 °C and the presence of viable bacteria was analyzed.
S. aureus treated with raltegravir could survive at temperatures over 15 °C higher than those of
cells not treated with raltegravir (Fig. 18D). These data add another line of evidence supporting

the involvement of the TRB-receptor system in intracellular signal trafficking.
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Figure 18. Role of reverse transcriptase and integrase in the TRB-receptor system.

(A) Effect of RTIs on bacterial growth and memory. Heat map representation of growth by control
S. aureus, S. aureus TezR D19 S. aureus TezR_R1Y and S. aureus TezR_D1/R1¢ upon
treatment with RTIs. Nevirapine (NVP) and etravirine (ETR) were added to the broth and OD600
was monitored hourly for 6 h at 37 °C. OD600 is labeled by a color scale, from white (minimal) to
red (maximum). Values show representative results of three independent experiments. (B)
Biochemical profile of control B. pumilus grown on M9 minimal medium without (M9) or with
dexamethasone (M9+DEX), and with or without adding raltegravir (RAL). Green denotes positive
test reaction results, red denotes negative results. Values show representative results of three
independent experiments. (C) Raltegravir (RAL) added together with B. pumilus grown on M9
medium with dexamethasone (DEX) or 2 h after the plating of control B. pumilus on M9 with DEX
(blue triangles with red line). (D) Heat map showing the effect of raltegravir on signal transduction
from TezRs in relation to temperature tolerance in control and raltegravir-treated (control+RAL)
cells. CFU are labeled by a color scale, from white (minimum) to blue (maximum). Values show

representative results of three independent experiments.
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DISCUSSION

Here, we describe for the first time the most external receptive system in bacteria, named “TRB-
receptor system”, which oversees almost all aspects of cell behavior and memory. Such a
universal receptive system, implicated in sensing a wide range of chemical, physical, and
biological factors, has not been described previously in eukaryotes or prokaryotes.

The system is composed of previously uncharacterized nucleic-acids based receptors capable
of sensory and regulatory function, as well as reverse transcriptases and integrases. Our study
shows a unique composition of these receptors, which we named TezRs. In contrast to known
receptors formed by proteins, TezRs are formed by DNA and RNA molecules (75). The selective
removal of different TezRs led to individual alterations in cell functioning and remarkably impacted
the transcription of various genes, which highlights the specific role of each of the discovered
TezRs.

We first showed that the TRB-receptor system functioned robustly across different bacterial types
and played a previously unexplored and critical role in the regulation of microbial growth in liquid
and solid media, as well as in collective behavior. These processes are known to be tightly
regulated by numerous genes and post-transcriptional events (76). Loss of different TezRs
resulted in changes to growth kinetics, biofilm formation, and cell size. The maost significant
alterations were noted for biofilms formed by motile bacteria lacking TezR_D2. These biofilms
were characterized by formation of dendritic-like colony patterns, typical of cells with an increased
swarming motility (77). Given that swarming motility is a hallmark of bacterial multicellularity, it is

possible that TezRs patrticipate in the regulation of this process (78).

Biofilm dispersal allows bacterial cells to leave a biofilm and migrate to a more favorable
environment for resettlement. Previous evidence suggests that biofilm dispersal is modulated by
the alteration of environmental conditions or gene activity (56, 80, 75). However, our data
validated that this process is also modulated by TezRs, without any other direct dependency on

exogenous or endogenous genetic stimulus.

Furthermore, we observed that TezRs controlled sporulation, which represents another important
bacterial indicator of the interaction with the external environment (81). The TRB-receptor system
exerted divergent effects on sporulation and loss of particular TezRs could either increase or
totally inhibit this process. Given that sporulation is a stressful event for the cell and its initiation
is tightly regulated in response to an unfavorable environment, increased sporulation following
loss of TezR_D1, TezR_R1, and particularly TezR_R2 raises the question of the role of these
TezRs in such context (82). The inhibition of sporulation following removal of TezR_D2 under
normal and stressful conditions adds another line of evidence suggesting that TezRs supervise

known regulatory pathways and known receptors responsible for sporulation.
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We also found that primary TezRs regulated the rate at which cells entered dormancy and
determined the persistence rate, thus defining a bet-hedging strategy of cells. Even though the
molecular mechanisms underlying persister formation have been intensively studied and are
believed to be achieved through the modulation of multidrug efflux pumps, DNA repair, and ROS
production, as shown here the understanding of this important phenomenon is incomplete (83—
85).

To evaluate the role of the TRB-receptor system in bacterial adaptation to a variety of chemical
and physical factors, we began by looking at the regulation of bacterial survival at high
temperatures. In a set of experiments, we showed that all primary TezRs and TezR_R1 in
particular were key regulators of survival under thermal stress and their removal enabled cells to
tolerate up to 20°C higher temperatures than those managed by control bacteria. We reasoned
that, because loss of TezRs before the heating step but not after it increased survival, TezRs
might be involved in thermosensing and supervise the corresponding response. This idea was
supported by the notion that intracellular mMRNA and RNA thermosensors could react to an altered
temperature, which thus modulated translation (86). We found that the TRB-receptor system
orchestrated the cell response to UV exposure. When bacteria are exposed to UV light, they
respond to DNA damage by a highly regulated series of events known as the SOS response,
which ultimately dictates whether the cell should survive or induce cell death (87, 88). Loss of
RNA-based TezRs increased survival after UV exposure, which can be explained by modulation
of SOS-induced cell death (89).

An interesting finding regarding the regulation of cell responses to variations in gas composition
was observed when the obligate aerobe P. putida could grow under anoxic conditions following
the removal of TezR_R1 or TezR_R2. Notably, this finding is echoed by recent theoretical studies
suggesting that growth of P. putida under anoxic conditions would require numerous additional
genes and a massive restructuring of its transcriptome to find alternative means of ATP synthesis
(46, 48). We reasoned that RNA-based TezRs could be implicated in sensing of the gas content
or stimulate genetic variability to enable the selection of clones capable of growing under anoxic

conditions.

Examining the bacterial response to other physical factors, we found that TezRs were involved in
sensing and regulation of the response to changes in the geomagnetic field (known as
magnetoreception) and light. Non-magnetotactic and non-photosynthetic B. pumilus with intact
TezRs sensed inhibition of the geomagnetic field and the presence of light in the environment, as
manifested by changes in biofilm morphology and expanded growth. We found that RNA-based
TezRs are implicated in sensing of the geomagnetic field and light and that, in the case of their
loss, bacteria could not start responding to alterations in these factors for a few hours, most likely

until these TezRs were restored. It is surprising, since until now, the identity of a magnetic sensor
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in non-magnetotactic bacteria remained enigmatic; however, some studies show that different

bacteria even lacking magnetosomes are capable of sensing the geomagnetic field (25,26).

Interestingly, the ability of TezRs to interact with the magnetic field could be explained by the
nucleic-acid structure of these receptors, owing to the alleged paramagnetic properties of nucleic
acids and their ability to emit or transmit electromagnetic waves (90—94).

It has not escaped our attention that the observed altered responses to these physical factors by
bacteria lacking RNA-based TezRs happened only as long as DNA-based TezRs were present.
It is possible that different TezRs interact with each other to form functional complexes in which
they affect each other’s functioning. This observation corroborates the fact that selective or
combined removal of various TezRs triggered different transcriptomic clustering. Notably, the
most significant impact on the transcriptome profiles, with the upregulation of the highest number
of genes was triggered by the individual loss of RNA-based TezRs.

Studying the role of the TRB-receptor system in response to different chemical and physical
factors, we were surprised by how cells lacking both RNA- and DNA-based TezRs continued
responding to some of these factors. Although TezR_D1/R1¢ bacteria displayed an increased
survival at higher temperatures, their survival did not differ from that of control cells under altered
UV, light, and gas content conditions. Indeed, combined cleavage of different TezRs triggered
individual responses that were often more than just the sum of alterations triggered by the loss of
each individual TezR. Thus, we named cells lacking primary DNA- and RNA-based TezRs that
exhibited an unexpected response to stimuli “drunk cells.” The paradoxical behavior of “drunk
cells” could be explained by the existence of internal (i.e., cytoplasmic) TezRs (TezR i), which
could be activated following the loss of primary TezRs. The existence of cytoplasmic receptors in
bacteria was only recently shown, but these receptors are protein-based and respond only to

chemosensing (95).

The present results also expanded our understanding of the TRB-receptor system in the control
of mutational events and recombination frequency. We found that TezRs regulated spontaneous
mutations and that it was possible to either inhibit this process through loss of TezR_D1 or
increase it via combined removal of TezR_D1/R1. We did not look deeper into this phenomenon;
however, we believe that alterations of these TezRs could possibly control the mismatch repair
system, which is known to be responsible for spontaneous mutagenesis (96). The control of
bacterial variability by the TRB-receptor system is also supported by increased recombination

frequency following TezRs destruction during infections of bacteria by phages (97).

Our findings support a role for TezRs in microbial virulence and pathogenicity. TezRs regulate
production of virulence factors, such as hemolysin and lecithinase, as well as in vivo bacterial
dissemination. These properties are known to play an important role in the spreading of infections,

but their underlying molecular mechanisms are only now beginning to be elucidated. In fact, given
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that loss of TezRs inhibited bacterial dissemination, nucleases produced by macroorganisms

could actually constitute a protective mechanism (98, 99).

Finally, we studied the role of TezRs in bacterial chemotaxis, which is one of the primary means
of bacterial adaptation (37). We found that TezRs controlled chemotaxis and that removal of
certain TezRs could either promote or inhibit this process, or even cause a switch from positive
to negative chemotaxis. Because the loss of TezRs did not affect bacterial motility but modulated
chemotaxis, we conclude that TezRs control and oversee the function of transmembrane methyl-
accepting chemotaxis proteins, which are believed to be the primarily regulators of chemotaxis
(100). In bacteria, chemotaxis can be viewed as an intrinsic element of chemoreception. Thus,
not surprisingly, we discovered that TezRs played a primary role in both processes. We found
that the existence of TezRs was a prerequisite for different bacteria to utilize well-recognized
factors such as lactose, as well as synthetic xenobiotics. The fact that lactose utilization, which is
one of the most well described examples of chemoreception, depends on TezRs can be explained
by the overseeing function of the TRB-receptor system over the lac-operon. We reasoned that
the controlling role of TezRs in sensing different substances including xenobiotics suggested how

different bacterial chemoreceptors were under the control of the TRB-receptor system.

The ability of cells to sense environmental factors and nutrients is also related to cell memory.
Participation of DNA- and RNA-based TezRs in cell memory formation to known nutrients and
xenobiotics was supported by the difference in time required to sense and trigger substrate
utilization by naive and sentient bacteria. Given that genome rearrangement occurs during cell
memory formation, we suggested, and for the first time confirmed, that bacterial memory
formation could be blocked by recombinase inhibitors (101). Together, these results highlighted
how loss of TezRs could modulate genome rearrangement during bacterial memory formation
(101). Intriguingly, our results showed that TezRs of sentient bacteria exhibited faster substrate
recognition than naive cells and that this difference could be passed on through multiple
generations. It is tempting to speculate that TezRs of sentient cells do not only maintain a memory
of previous interactions, but that they also exhibit faster substrate recognition, which implies a
selection of cells whose TezRs have higher affinity for previously encountered substrates. This
characteristic shares similarity with the adaptive strategy of immune cells, whose secondary and
more pronounced response is based on their affinity for antigens and the higher number of cells

possessing relevant receptors (102—-104).

We hypothesized that cell memory formation included several processes. First, substrate is
sensed by TezRs. Second, this event triggers gene expression or rearrangement to utilize the
substrate. Third, TezRs with a memory of this substrate and ability to recognize it in follow-up
contacts are formed. The formation of TezRs with memory to previous events was proved by the
possibility to erase this memory via loss of TezRs in substrate-sentient cells. Indeed, three

repeated rounds of TezRs loss led to “forgetting” of the initial contact with the substrate. We
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named such cells “zero cells”. “Zero cells” did not “remember” previous interactions with the
substrate and required the same time to start its utilization as substrate-naive cells. We concluded
that removing TezRs and forming “zero cells” altered the activity of genes or triggered genetic
networks rearrangements. Therefore, we report for the first time that, by affecting TezRs, it is
possible to control memory formation and “forgetting”, both of which are critical aspects of memory

regulation. This finding opens a wide range of possibilities for directed cellular programming (105).

To address the question of how TezRs were formed, we hypothesized that this process involved
different types of DNA and RNA transcription events (106). Even though reverse transcriptases
have been found in a wide range of bacteria, their structure and function remain enigmatic (107).
Bacterial retroelements with reverse transcription activity (mainly represented by group Il introns
associated with the CRISPR-Cas system), diversity-generating retroelements (producing
hypervariable proteins mediating adaptation to a changing environment), Abi-related reverse
transcriptases, and retron reverse transcriptases encoding extrachromosomal satellite multicopy
single-stranded RNA/DNA structures remain all poorly understood (108-111). In addition, there
are various reverse transcriptases of unknown function. In support of this idea, we observed
inhibition of bacterial growth when cells lacking primary DNA-based TezRs (and not control,
vehicle-treated cells) were treated with reverse transcriptase inhibitors. Accordingly, we
speculated that this occurred due to inhibition of TezRs restoration by reverse transcriptases.

We have not specifically investigated the mechanism of TezRs translocation to the cell surface,
but the observed upregulation of proteins associated with type VIl secretion system (T7SS)
following the loss of DNA-based TezRs alone or in combination with RNA-based TezRs, raises
the question about T7SS involvement in translocation of DNA-based TezRs. Although, T7SS has
not yet been fully characterized, and the intricate molecular mechanisms underlying its function
remains elusive, the T7SS secretion machinery is attributed to bacterial pathogenicity and is also

known to be a part of curli biogenesis machinery that requires extracellular DNA (112, 113).

Trying to answer the question of how the signal from TezRs was processed further downstream
in the cells, we found that the integrase inhibitor raltegravir blocked the bacterial response to the
xenobiotic dexamethasone (74). As consumption of the latter was found to be controlled by
TezRs, this finding suggested that bacterial recombinases might be implicated in the processing
of stimuli from TezRs. Taken together, these results allowed us to conclude that recombinases

and reverse transcriptases were part of the TRB-receptor system.

Taking into consideration the nucleic acids-based chemical nature of TezRs, it is worthwhile
revisiting some of the existing paradigms of microbiology associated with nucleic acids. Thus,
some biological effects so far associated with the action of nucleases against bacterial biofilms
and inhibition of bacterial adhesion, might actually stem from previously overlooked changes to

TezRs with subsequent loss of their receptive and regulatory function (44, 114, 115). Our data
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might also shed the light on the role of nucleic acids identified on cell surfaces, which have been
described in some organisms but their contribution to cell functioning remained poorly defined
(116-118).

The model used in this study and based on the use of nucleases to remove TezRs relevant to
natural conditions. Many bacteria secrete nucleases in the extracellular environment,
suggesting that the destruction of TezRs may be a conserved and previously overlooked

mechanism to gain a fithess advantage over competing strains (99, 119).

Along with the nucleases we used Pl which is known to bind both DNA and RNA without
penetrating live cells (120). As expected, bacteria following Pl treatment behaved similarly as the
“drunk cells” after the destruction of primary DNA and RNA formed TezRs. Therefore, not only
their destruction but also their inactivation due to Pl binding could significantly affect the receptive
and regulatory functions of TezRs.

Future studies of the TRB-receptor system will require the development of new tools, coupled
with an interdisciplinary approach that bridges microbiology and molecular biology. They should
focus on the structural aspects of TezRs, as well as the molecular mechanisms of their formation
and translocation to the cell surface. The functioning of bacterial TezRs across different
organisms, as well as the mechanisms of their interaction with ligands and signal transduction

should also receive attention.

Considering the various cell features that are regulated by TezRs, we hypothesize that their
specific functions stem from their physical characteristics, such as length and presence of specific
loops or nucleic acids conformations (121, 122). A better understanding of these properties could

lead to further and more accurate sub-classification of TezRs.

In follow-up studies, it will be critical to pay attention to the association of primary and secondary
TezRs with the cell surface, and the way signals from these TezRs are transmitted further
downstream in the cells. Based on our data, we speculate that secondary TezRs may exist as
free receptors not bound to cell structures. However, we could not determine how TezRs
interacted with protein receptors performing the same function. One can assume that some

TezRs might be an integral, sensing (i.e. ligand-binding) part of such a protein receptors.

Moreover, given the recently discovered ability of DNA molecules to modify and misfold proteins,

it is intriguing whether TezRs could possess a similar chaperoning function (27, 123-125).

We are only starting to understand the sensory, receptive, and regulatory roles, as well as the
structure of TezRs. Nevertheless, the need to deepen our knowledge in this field does not
diminish the importance of the present observations. Finally, we believe that upcoming studies
will expand our understanding of the whole set of sensing and regulatory processes involving
TezRs.
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Conclusion

In this study, we describe for the first time the most external bacterial receptive and regulatory
system, which enables sensing and response to numerous chemical (including xenobiotics),
physical, and biological stimuli. This system consists of DNA- or RNA-based receptors, which we
termed TezRs and classified based on the type of nucleic acids and localization. Besides TezRs,
the system includes also reverse transcriptases and integrases.

Through removal of different TezRs, it is possible to modulate the cells’ responses to external
stimuli, as well as that of known receptor-mediated signaling pathways. Importantly, loss of TezRs
can cause unexpected activity and rapid changes to cell properties; we termed these cells “drunk

cells”.

We characterized also the role of TezRs in cell memory formation and maintenance. Importantly,
by affecting the TRB-receptor system, it is possible to erase the memory of previous events,
leading to “zero cells”, whose existence opens new possibilities for regulating bacterial cells and

populations.

In summary, the discovered TRB-receptor system enables the regulation of diverse cellular
processes, including those whose modulation was previously poorly explored. Crucially, it also

enables bacteria to survive in the face of constant changes to surrounding environmental factors.

MATERIALS AND METHODS

Bacterial and phage strains and culture conditions

Bacillus pumilus VT1200, Staphylococcus aureus MSSA VT209, Staphylococcus aureus SA58-
1, Pseudomonas putida VT085, and Escherichia coli LE392 infected with bacteriophage ALZ1
[gpD-GFP b::ampR, kanR] bearing ampicillin and kanamycin resistance were obtained from a
private collection (provided by Dr. V. TRB). Escherichia coli ATCC 25922 was purchased from
the American Type Culture Collection (Manassas, VA, USA). Bacterial strains were passaged
weekly on Columbia agar (BD Biosciences, Franklin Lakes, NJ, USA) and stored at 4 °C. All
subsequent liquid subcultures were derived from colonies isolated from these plates and were
grown in Luria-Bertani (LB) broth (Oxoid, Hampshire, UK; Sigma-Aldrich, St Louis, MO, USA),
Columbia broth (BD Biosciences) or nutrient broth (CM001; Oxoid), if not stated otherwise. Other
liquid media included M9 Minimal Salts (Sigma-Aldrich). For experiments on sold media, bacteria
were cultured on Columbia agar, nutrient agar (CM003; Oxoid), TGV agar (TGV-Dx, Human
Microbiology Institute, New York, NY, USA), LB agar (Sigma-Aldrich), Aureus ChromoSelect Agar
Base (Sigma-Aldrich), tryptic soy agar (Sigma-Aldrich), and egg-yolk agar (Hardy Diagnostics,

Santa Maria, CA, USA). Sheep red blood cells were purchased from Innovative Research (Peary
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Court, MI, USA). All cultures were incubated aerobically at 37°C in a
Heracell 150i incubator (Thermo Scientific, Waltham, MA, USA) if not stated otherwise. For
anaerobic growth experiments, P. putida VT085 was plated on agar and cultivated in AnaeroGen
2.5-L Sachets (Oxoid) placed inside a CO2 incubator (Sanyo, Kitanagoya, Aichi, Japan) at 37 °C
for 24 h.

Reagents

Bovine pancreatic DNase | with a specific activity of 2,200 Kunitz units/mg and RNase A (both
Sigma-Aldrich) were used at concentrations of 1 to 100 pg/mL. Ampicillin, kanamycin, rifampicin,
vancomycin, nevirapine, etravirine, raltegravir, lactose, povidone iodine and dexamethasone

were obtained from Sigma-Aldrich.

Classification and nomenclature of TezRs

We classified TezRs based on the structural features of their DNA- or RNA-containing domains,
as well as association with the bacterial cell surface determined by the possibility of being washed

into culture medium or matrix (Table 2).

Table 2. Classification of TezRs in bacteria.

Name of the receptor | Description of the receptor

Primary TezRs

TezR_D1 DNA-based receptors located outside the membrane; they
participate in cell regulation and are stably associated with the cell

surface.

TezR_R1 RNA-based receptors located outside the membrane; they
participate in cell regulation and are stably associated with the cell

surface.

Secondary TezRs

TezR_D2 DNA-based receptors located outside the membrane; they
participate in cell regulation and can be easily washed out along with

culture medium or matrix.

RNA-based receptors located outside the membrane; they
TezR_R2 participate in cell regulation and can be easily washed out along with

culture medium or matrix.

To describe bacteria with certain destroyed TezR, we marked them with the superscript letter “d”

— meaning destroyed.
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An example of E.coli with destroyed primary DNA formed TezR will be designated as “E. coli
TezR_D1%, where TezR stands for TRB receptor and is followed by an underscore, then a capital
letter representing the type of nucleic acid (D for DNA), followed by an Arabic numeral
representing that it is a primary receptor, and “d” superscript meaning that this receptor was
destroyed. The same principle of naming is applicable for bacteria with other destroyed TezRs.
Cells with multiple cycles of TezRs destruction and restoration were named “zero cells” and are

designated by a superscript letter “z” placed after the letter “d”.

Removal of TezRs

To remove primary TezRs, bacteria were harvested by centrifugation at 4000 rpm for 15 min
(Microfuge 20R; Beckman Coulter, La Brea, CA, USA), the pellet was washed twice in phosphate-
buffered saline (PBS, pH 7.2) (Sigma-Aldrich) or nutrient medium to an optical density at 600 nm
(OD600) of 0.003 to 0.5. Bacteria were treated for 30 min at 37 °C with nucleases (DNase | or
RNase A), if not stated otherwise, washed three times in PBS or broth with centrifugation at
4000 x g for 15 min after each wash, and resuspended in PBS or broth. Bacteria, whose TezRs

were deleted or made non-functional, were marked with the superscript letter “d”.

To study secondary TezRs, 1.5% TGV agar was used. After autoclaving at 121 °C for 20 min, the
agar was cooled down to 45 °C and DNase | or RNase A, or a mixture of the two, was added,

mixed, and 20 mL of the solution was poured into 90-mm glass Petri dishes.

For biofilm formation assays, bacteria were separated from the extracellular matrix by washing
three times in PBS or broth with centrifugation at 4000 x g for 15 min after each wash. Then, 25
uL of suspension containing 7.5 log10 cells was inoculated into the center of the prepared solid

medium surface supplemented or not with nucleases and incubated at 37 °C for different times.
Inactivation of TezRs

To inactivate primary TezRs, bacteria were harvested by centrifugation at 4000 x g for 15 min
(Microfuge 20R; Beckman Coulter, La Brea, CA, USA). The pellet was washed twice in PBS, pH
7.2 (Sigma-Aldrich). Bacteria were treated with PI for 30 min at 37 °C. If not stated otherwise, the
Pl-treated cells were washed three times in PBS with subsequent centrifugation at 4000 x g for

15 min, and resuspended in PBS or nutrient medium.

Growth curve

For growth rate determination at the various time points, stationary phase bacteria were washed
from the extracellular matrix, treated with nucleases (10 pg/mL), and 5.5 logl0 cells were
inoculated into 4.0mL Columbia broth. OD600 was measured on a NanoDrop

OneC spectrophotometer (Thermo Scientific).
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Bacterial viability test

To evaluate bacterial viability, bacterial suspensions were serially diluted and 100 pL of the diluted
suspension was spread onto agar plates. Plates were incubated at 37 °C overnight and colony

forming units (CFU) were counted the next day.

Biofilm morphology

To culture bacterial biofilms, we prepared glass Petri dishes containing TGV agar supplemented
or not with 100 pg/mL DNase | or RNase A, or a mixture of the two. Then, 25 pL of a suspension
containing 5.5 log10 cells was inoculated in the center of the agar and the dishes were incubated
at 37 °C for different times. The biofilms were photographed with a digital camera (Canon 6;
Canon, Tokyo, Japan) and analyzed with Fiji/lmageJ software (126).

Fluorescence microscopy

Differential interference contrast (DIC) and fluorescence microscopy were used to confirm the
destruction of primary TezRs with nucleases. Bacteria treated or not with nucleases were sampled
at OD600 of 0.1, washed from the matrix, fixed in 4% paraformaldehyde/PBS (Sigma-Aldrich) for
15 min at room temperature, and stored at 4 °C until use. Bacteria were centrifuged at 14,000 x
g and cell pellets were dispersed in 10 yL PBS, incubated with SYTOX Green at a final
concentration of 2 yM, and mounted in Fluomount mounting medium. Cells were imaged using
an EVOS FL Auto Imaging System (Thermo Scientific) equipped with a 60x or 100x objective and

2x digital zoom.

Membrane-impermeable SYTOX Green stained cell surface-bound DNA and RNA. A reduction
of green fluorescence compared to the untreated control, enabled the visualization of alterations
elicited by nuclease treatment. Dead cells with permeable membranes showed a higher level of
green fluorescence and were discarded from the analysis. No post-acquisition processing was
performed; only minor adjustments of brightness and contrast were applied equally to all images.
ImageJ software was used to quantify the signal intensity per cell; at least five representative

images (60x field) were analyzed for each case (127).

Light microscopy-based methods

Samples were imaged on an Axios plus microscope (Carl Zeiss, Jena, Germany) equipped with
an ApoPlan x100/1.25 objective. Images were acquired using a Canon 6 digital camera. Cell size
was determined by staining cell membranes with methylene blue or Gram staining (both Sigma-

Aldrich) and quantification in Fiji/lImageJ software. Values were expressed in px2 (126).

Assays of RNase internalization

The internalization of RNase A was visualized in B. pumilus. B. pumilus (5.5 logio cells/ml) in PBS

were incubated with fluorescein isothiocyanate (FITC) labeled RNase A at 37 °C for 15 or 60
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minutes as previously described (128). Bacteria were washed three times with PBS to remove
any unbound protein. After washing the bacteria is cultivated for 2h in LB broth, washed to remove
residual media components, and placed on a microscope slide for visualization. Fluorescence
was monitored using a fluorescence microscope (Axio Imager Z1, Carl Zeiss, Germany). To
visualize the internalization of RNase A, the biofilms of B. pumilus incubated with 100 pg/mL
fluorescein-labeled RNase A were obtained as described earlier. After 24 h of growth at 37 °C,
bacteria were washed three times with PBS to remove unbound proteins, and placed on a
microscope to monitor the fluorescence using a fluorescence microscope (Axio Imager Z1, Carl

Zeiss, Germany).

Generation of RNA sequencing data

To isolate RNA, the cell suspension obtained 2.5h post-nuclease treatment were washed thrice in
PBS,pH 7.2 (Sigma) and centrifuged eachtime at 4000x g for 15 min (Microfuge 20R,

Beckman Coulter) followed by resuspension in PBS.

RNA was purified using RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. The
quantity and quality of RNA was spectrophotometrically evaluated by measuring the UV
absorbance at 230/260/280 nm with the NanoDrop OneC spectrophotometer

(ThermoFisher Scientific).

Transcriptome sequencing (RNA-Seq) libraries were prepared using an lllumina TruSeq Stranded
Total RNA Library Prep kit. RNA was ribodepleted using the Epicenter Ribo-Zero magnetic gold
kit (catalog no. RZE1224) according to the manufacturer’s guidelines. The libraries were pooled
equimolarly and sequenced in an lllumina NextSeq 500 (lllumona, San Diego CA) platform with
paired 150-nucleotide reads (130MM reads max).

Analysis of RNA sequencing data

Sequencing reads were mapped corresponding to the reference genome of S. aureus NCTC
8325 (NCBI Reference Sequence: NC_007795), and expression levels were estimated using
Geneious 11.1.5. Transcripts with an adjusted P value of < 0.05 and logz fold change value of +
0.5 were considered for significant differential expression. PCA, volcano plots and Euclidean
distances plots were generated using the ggplot2 package in R, and the Venn diagram was

obtained using BioVenn (129).
Sporulation assay

Sporulation was analyzed under the microscope by counting cells and spores in 20 microscope
fields and three replicates. For each image, we calculated the number of spores and the number

of cells. Then, we plotted the ratio of spores to the combined number of cells and spores in each
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bin. Sporulation under stress conditions was carried out by heating the bacterial culture at 42 °C

for 15 min.

Modulation of thermotolerance

Overnight S. aureus VT209 cultured in LB broth supplemented or not with raltegravir (5 pg/mL)
was separated from the extracellular matrix by washing in PBS and then diluted with PBS to
ODG600 of 0.5. Bacteria were left untreated or treated with nucleases to remove primary TezRs
and 5.5 log10 CFU/mL were placed in 2-mL microcentrifuge tubes (Axygen Scientific Inc., Union
City, CA, USA). Each tube was heated to 37, 40, 45, 50, 55, 60, 65, 70 or 75 °C in a dry bath
(LSETM Digital Dry Bath; Corning, Corning, NY, USA) for 15 min. After heating, control S. aureus
were immediately treated with nucleases to delete primary TezRs, washed three times to remove
nucleases, serially diluted, plated on LB agar, and the number of CFU was determined within 24
h.

Modulation of thermotolerance restoration after TezRs loss

To determine the time it took for thermotolerance to be restored in bacteria following TezRs
removal, overnight S. aureus VT209 cultures were treated with 10 pg/mL DNase | or RNase A, or
a mixture of the two. Bacteria lacking TezRs were inoculated in LB broth and sampled hourly for
up to 8 h. The samples were heated at the maximum temperature tolerated by the bacteria and
viability was assessed as described in the previous section. Untreated S. aureus were used as a
control and were processed the same way by heating at the lowest non-tolerable temperature,
serially diluted, plated on LB agar, and assessed for CFUs within 24 h. Complete restoration of
normal temperature tolerance coincided with growth inhibition at higher temperatures. The

experiment was not extended beyond this time point.

Bacteriophage infection assay

An overnight E. coli LE392 culture was diluted 1:1000 and grown in liquid LB broth supplemented
with 0.2% maltose and 10 mM MgSO4 at 30 °C for 18-24 h, until OD600 of 0.4. Cells were
separated from the extracellular matrix by three washes in PBS and centrifugation at 4000 x g for
15 min and 20 °C after each wash, followed by resuspension in ice-cold LB broth supplemented
with 10 mM MgSO4 to OD600 of 1.0. Approximately 10 yL of plaque-forming units of the purified
A phage was added to 200 L E. coli LE392 with intact TezRs. The suspension was incubated for
30 min on ice and another 90 min at room temperature to ensure that the phage genome entered
the cells (Single-Cell Studies of Phage A: Hidden Treasures Under Occam’s Rug). The remaining
phages were removed by three washes in PBS and centrifugation at 4000 x g for 15 min and 20

°C after each wash.
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Bacteria were treated with nucleases to destroy primary TezRs, followed by three centrifugation
steps at 4000 x g for 15 min and 20 °C. Control E. coli were not treated with nucleases. After that,
100 pL of bacterial suspension was plated as a lawn on LB agar supplemented with 10 pg/mL
kanamycin and 100 pg/mL ampicillin, incubated for 24 h at 30 °C, and the number of Amp/Kanr

colonies was determined.

Persister assay

E. coli ATCC 25922 were treated with nucleases to remove primary TezRs, inoculated in LB broth
supplemented with ampicillin (150 pug/mL), and incubated at 37 °C for 6 h. Samples taken before
and after incubation with ampicillin were plated on LB agar without antibiotics to determine the
CFU (®). The frequency of persisters was calculated as the number of persisters in a sample

relative to the number of cells before antibiotic treatment in each probe.

Analysis of virulence factors production

S. aureus SA58-1 were treated with nucleases to remove primary TezRs and resuspended in
PBS to 6.0 log10 CFU/mL.

The hemolytic test was performed as previously described with minor modifications (130). Briefly,
bacterial cells were plated in the center of Columbia agar plates supplemented with 5% sheep
red blood cells and incubated at 37 °C for 24 h. A greenish zone around the colony denoted a-
hemolysin activity; whereas (B-hemolysin (positive) and y-hemolysin (negative) activities were
indicated by the presence or absence of a clear zone around the colonies. The size of the

hemolysis zone (in mm) was measured.

Lecithinase activity by bacteria with intact TezRs or lacking TezRs was determined by plating
cells on egg-yolk agar and incubation at 37 °C for 48 h. The presence of the precipitation zone
and its diameter were evaluated (131).

UV assay

S. aureus VT209 were treated with nucleases to remove primary TezRs. Control probes were left
untreated. Bacteria at 8.5 log10 CFU/mL in PBS were added to 9-cm Petri dishes, placed under
a light holder equipped with a new 254-nm UV light tube (TUV 30W/G30T8; Philips, Amsterdam,
The Netherlands), and irradiated for different times at a distance of 50 cm. After treatment,
bacteria were serially diluted, plated on nutrition agar plates, incubated for 24 h, and CFU were

determined.

Animal models

All animal procedures and protocols were approved by the institutional animal care and use

(IACUC) committee at the Human Microbiology Institute (protocol: # T-19-204) and all efforts were
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made to minimize animal discomfort and suffering. Adult C57BL/6 mice weighing from 18 to 20 g
(Jackson Laboratories, Bar Harbor, ME, USA) were fed ad libitum and housed in individual cages
in a facility free of known murine pathogens. Animals were cared for in accordance with National
Research Council recommendations, and experiments were carried out in accordance with the

Guide for the Care and Use of Laboratory Animals (132).

Animals were randomly designated to four groups of eight mice each, which were used to
measure the load of S. aureus SA58-1. Mice were anesthetized with 2% isoflurane, and
intraperitoneally injected with nuclease-treated S. aureus at 10.1 log10 to 10.2 log10 CFU/mouse.
Control animals received untreated S. aureus SA58-1. After 12 h, mice were euthanized by CO2
and cervical dislocation, and the bacterial load in the peritoneum, liver, spleen, and kidneys was
determined by serial dilution and CFU counts after 48 h of culture on plates with selective S.
aureus agar. Cell morphology was determined under an Axios plus microscope, following staining

with a Gram stain kit (Merck, Darmstadt, Germany).

Magnetic exposure conditions

The effect of the TRB-receptor system on regulation of B. pumilus VT1200 growth when exposed
to regular magnetic and shielded geomagnetic fields was assessed. B. pumilus lacking primary
and secondary TezRs were obtained as previously discussed. Final inoculi of 5.5 log10 CFU/mL
in 25 uL were dropped in the center of agar-filled Petri dishes. Magnetic exposure conditions were
modulated by placing the Petri dish in a custom-made box made of five layers of 10-um-thick p
metal (to shield geomagnetic field) at 37 °C for 24 h. Biofilm surface coverage was analyzed using

Fiji/lmageJ software and expressed as px2 (127, 133).

In a second experimental, B. pumilus VT1200 with intact TezRs and missing TezR_R1 were
exposed to regular magnetic conditions or a shielded geomagnetic field as described above, and
colony morphology was analyzed after 8 and 24 h. Images of the plates were acquired using a

Canon 6 digital camera.

Estimation of spontaneous mutation rates

To calculate the number of mutation events, we used E. coli ATCC 25922, treated with nucleases
to remove primary TezRs or untreated controls, and standardized at 9.0 log10 cells. The number
of spontaneous mutations to RifR was used to estimate the mutation rate. This was determined
by counting the number of colonies formed on Mueller-Hinton agar supplemented or not with
rifampicin (100 pg/mL). After incubation at 37 °C for 48 h, CFU as well as rifampicin resistant
mutants were counted and the mutation rate was calculated by the Jones median estimator
method (134).

Light exposure experiments
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B. pumilus VT1200 lacking primary and secondary TezRs were obtained as described previously.
An aliquot containing 5.5 log10 bacteria in 25 pL was placed in the center of Columbia agar plates,
which were then incubated at 37 °C for 7 or 24 h while irradiated with halogen lamps of 150 W
(840 Im) (Philips, Shanghai, China). Colonies were photographed with a Canon 6 digital camera.
The distance between the light source and the sample was 20 cm. Control probes were processed

the same way, but were grown in the dark.
Chemotaxis and dispersal measurements

The assay was performed as described previously with some modifications. Briefly, assay plates
containing TGV agar were prepared by adding 250 pL fresh human plasma to a sector comprising
1/6 of the plate. The plasma was filtered through a 0.22-um pore-size filter (Millipore Corp.,
Bedford, MA, USA) immediately prior to use. Written informed consent was obtained from all
patients to use their blood samples for research purposes, and the study was approved by the
institutional review board of the Human Microbiology Institute (# VB-021420).

B. pumilus VT1200 devoid of primary and secondary TezRs were obtained as described
previously. An aliquot containing 5.5 log10 cells in 25 pL was placed in the center of the plates,
which were then incubated at 37 °C for 24 h and photographed with a Canon 6 digital camera.
Chemotaxis was evaluated by measuring the migration of the central colony towards the plate
sector containing plasma. Colony dispersal was assessed based on the appearance of small

colonies on the agar surface.
Effect of reverse transcriptase inhibitors and integrase on bacterial growth

Minimum inhibitory concentrations (MICs) of nevirapine and etravirine against S. aureus VT209
were evaluated. S. aureus VT209 with intact or missing primary TezRs were obtained as
described previously. Bacteria were incubated in LB broth supplemented or not with nevirapine
(5 ng/mL) or etravirine (5 ug/mL). These values corresponded to > 1/100 their MICs. Growth was
monitored by measuring OD600 during the first 6 h of incubation at 37 °C and recorded at hourly

intervals on a NanoDrop OneC spectrophotometer.
Biochemical analysis

Biochemical tests were carried out using the colorimetric reagent cards GN (gram-negative) and
BCL (gram-positive spore-forming bacilli) of the VITEK® 2 Compact 30 system (BioMérieux,
Marcy I'Etoile, France) according to the manufacturer’s instructions. The generated data were

analyzed using VITEK® 2 software version 7.01, according to the manufacturer's instructions.

Recognition of lactose and dexamethasone
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The role of the TRB-receptor system in the recognition of lactose and dexamethasone was
investigated with E. coli ATCC 25922 and B. pumilus VT1200. Bacterial suspensions of control
bacteria and those lacking primary TezRs were adjusted to a common CFU value and incubated

in fresh M9 medium supplemented or not with 146 mM lactose or 127 mM dexamethasone.

The lag phase, representing the period between inoculation of bacteria and the start of biomass
growth, was measured by monitoring OD600. The lag phase reflects the time required for the

onset of nutrient utilization (64, 65).
Cell memory formation experiments

The onset o bacterial memory was defined as the time required for dexamethasone to start being
consumed (time lag) in dexamethasone-naive and dexamethasone-sentient B. pumilus VT1200
and E. coli ATCC 25922. To study the first exposure to dexamethasone, B. pumilus or E. coli with
intact TezRs were incubated in fresh M9 medium supplemented or not with 127 mM
dexamethasone for 24 h. To study the second exposure to dexamethasone, bacteria were taken
after 24 h of cultivation from the first exposure to dexamethasone and washed three times in PBS
with centrifugation at 4000 x g for 15 min and 20°C after each wash. Bacteria were adjusted to a
common OD600 and incubated again in fresh M9 medium supplemented with dexamethasone.
During the first and second exposures to dexamethasone, samples were taken at hourly intervals
for the first 6 h and OD600 was measured with a NanoDrop OneC spectrophotometer to
determine the lag phase. The different time lag between the first and second exposures to

dexamethasone represented the formation of memory (135).
Evaluation of the role of TezRs in memory formation

To study the role of TezR_R1 in remembering previous exposures to nutrients, we assessed the
difference in the time required for TezR_R1 of dexamethasone-naive and dexamethasone-
sentient E. coli ATCC 25922 to sense and trigger dexamethasone utilization. The two E. coli cell
types with intact TezRs were pretreated with 127 mM dexamethasone for 5, 10, 15 or 20 min.
Next, bacteria were treated with RNase A to remove TezR_R1, and inoculated in fresh M9
medium supplemented with dexamethasone. The lag phase prior to dexamethasone consumption

was determined by monitoring OD600 every hour.
Memory loss experiments

THE role of TezRs in bacterial memory loss was studied by comparing the lag phase of
dexamethasone-naive and dexamethasone-sentient B. pumilus VT1200 with intact TezRs (14).
Bacteria were cultivated in M9 medium supplemented with 127 mM dexamethasone for 24 h,
centrifuged at 4000 x g for 15 min, and washed in M9 medium without dexamethasone. The cells
then underwent repeated rounds of TezR_R1 removal and restoration, followed by growth in M9

broth without dexamethasone. After 24 h of cultivation at 37 °C, bacteria were isolated from the
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medium, TezR_R1 were removed again, and bacteria were re-inoculated in fresh M9 broth. In
total, cultivation in M9 broth followed by TezR_R1 removal was repeated three times. Samples
were taken prior to every TezR_R1 removal step, bacteria were washed, inoculated in M9 broth
supplemented with dexamethasone, and the time lag to dexamethasone consumption was

assessed by monitoring OD600.

After the third set of cultivation in M9 broth, bacteria were centrifuged and inoculated in fresh M9
broth. They were then cultivated for 24 h, centrifuged, washed, and inoculated in M9 broth
supplemented with dexamethasone to mimic a second contact with dexamethasone. The time lag
to dexamethasone consumption was assessed by monitoring OD600. Bacteria from the control

group were processed the same way, but without undergoing TezR_R1 removal.
Raltegravir in cell memory formation experiments

The MIC of raltegravir against S. aureus VT209 was evaluated. To determine the effect of
raltegravir on bacterial memory, B. pumilus VT1200 were grown on fresh M9 medium
supplemented or not with 127 mM dexamethasone, with or without additionally supplementation
with raltegravir (5 pg/mL, a 100-times lower concentration than the MIC). The biochemical profile
of cells was analyzed with a VITEK® 2.

To evaluate the maximal time required for raltegravir to affect dexamethasone utilization, B.
pumilus VT1200 were grown in M9 broth supplemented with 127 mM dexamethasone, while
raltegravir was added at 0 h, 15 min, 30 min, 1 h or 2 h. The samples were taken at hourly intervals
for the first 6 h to measure OD600 and determine the lag phase.

Statistics

At least three biological replicates were performed for each experimental condition unless stated
otherwise. Each data point was denoted by the mean value * standard deviation (SD). A two-
tailed t-test was performed for pairwise comparisons and p < 0.05 was considered significant.
Bacterial quantification data were log10-transformed prior to analysis. Statistical analyses for the
biofilm assays and hemolysin test were performed using Student’s t-test. Data from animal and
sporulation studies were calculated using a two-tailed Mann-Whitney U test. GraphPad Prism
version 9 (GraphPad Software, San Diego, CA, USA) or Excel 10 (Microsoft, Redmond, WA,

USA) were applied for statistical analysis and illustration.

Supplementary Table 1. Effect of primary TezR_D1/R1 removal on bacterial size.

Supplementary Table 2. Effect of primary TezRs removal on the size of B. pumilus VT1200

biofilm.
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