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Abstract

For more than thirty-five years since their discovery, the function of retrons, DNA sequences that
code for a reverse transcriptase and a unique single-stranded DNA/RNA hybrid called multicopy
single-stranded DNA (msDNA), in bacteria were unknown. Less than two years ago, compelling
evidence was presented that retrons can protect bacteria from infections from lytic phage via an
abortive infection mechanism. When infected with the virulent mutant of the phage lambda, A VR,
and to a lesser extent other lytic phages, the retron designated Ec48 is activated, the Escherichia
coli bearing this element die, and the infecting phage is lost. Using mathematical models and
experiments with E. coli and AR we tested the hypothesis that Ec48 as an abortive infection
system protects populations of bacteria from infection with lytic phage and we also tested the
hypothesis that phage-mediated selection is responsible for the evolution and maintenance of
retrons. The results of this jointly theoretical and experimental investigation question this
ecological role of retrons, and lytic phage as the selective pressure responsible for the evolution
and maintenance of retrons in bacterial populations. We found that when confronted with phage,
the retrons fail to provide an advantage to bacteria in mixed (retron” and retron) populations.
Ultimately, bacteria with classical phage resistance are selected over bacteria utilizing retron-
mediated abortive infection.

Significance Statement

For thirty-six years, retrons have been known in bacteria. There have been numerous studies of
the molecular biology and distribution of retrons. Recently, retrons have been used for genome
editing, and are a tool considered to rival CRISPR-Cas for this purpose. However, only two years
ago a function was identified for retrons: protection against infections with lytic bacteriophage.
With a combination of mathematical modeling and experiments with retron-encoding E. coli we
explore the ability of the retrons to protect bacterial populations from bacteriophage and the
selective pressures responsible for their evolution. The results of this jointly theoretical and
experimental study question whether protection against phage is the selective force responsible for
the evolution and maintenance of retrons in bacterial populations.
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Introduction

Retrons, DNA sequences that code for a reverse transcriptase and a unique single-stranded
DNA/RNA hybrid called multicopy single-stranded DNA (msDNA), were first discovered in 1984
(1) and were the first example of a reverse transcriptase coded for by bacteria (2, 3). Retrons were
initially found in Myxococcus xanthus, but subsequently have been found in a number of bacterial
species, including Escherichia coli (4, 5). Like CRISPR-Cas, retrons are being employed for
genome engineering (5-7), and are capable of doing editing tasks that cannot be done by CRISPR-
Cas (8). As was the case with CRISPR-Cas (9), for most of the time since its discovery the function
of retrons was not known. That changed less than two years ago. Millman and collaborators
presented compelling evidence that retrons in E. coli can defend against infections with lytic
phages (10).

The mechanism by which retrons protect bacteria from lytic phages is known as abortive infection
(abi), in which the infected cell dies and the infecting phage is lost (11). From an evolutionary
perspective, abi is intriguing. With other anti-phage defenses, like envelope resistance, restriction-
modification, and most CRISPR-Cas systems in the presence of phage, these defense mechanisms
are to the advantage of the individual bacteria expressing them. That is not the case for abortive
infection. It has been postulated that abi is an altruistic character which provides an advantage to
the population of clonal bacteria coding for these defense genes (12, 13). Individual cells that
commit suicide due to phage infection, prevent the phage from infecting and killing other members
of the population.

Previous work on abortive infection systems have shown the conditions under which abi systems
have an advantage, and therefore, have provided a framework for testing other potential abortive
systems. Fukuyo and colleagues as well as Berngruber and colleagues (12, 13), showed the
protective role of abortive-infection mechanisms including specific conditions such as physically-
structured environments. Consequently, our Ec48 retron, which activates an abortive infection
system, should be able to protect in similar conditions, however, both of these studies neglected to
consider the contribution of classical resistance in their models and experiments with abortive
phage infection.

Using a mathematical model of the population and evolutionary dynamics of bacteria and phage
in mass culture, we explore the capacity of retron-mediated abortive infection to protect
populations of bacteria from infection by lytic phages. We further explore the ability of phage-
mediated selection to favor retron-mediated immunity over envelope resistance. Using the retron-
encoding E. coli employed by Millman and colleagues (10) and a virulent mutant of the phage
lambda, AR, in liquid and structured (soft agar) cultures, we test the hypotheses generated from
our theoretical analysis and those of Fukuyo and colleagues (12) and Berngruber and colleagues
(13). The results of our experiments support the proposition that both in liquid and physically
structured communities, retrons can protect populations of bacteria from infection by phage, but
only when there are no other phage-sensitive bacterial populations supporting the replication of
these bacterial viruses. Our results imply, consistent with the predictions of our models, that our
abi system must be nearly 100% effective. These experiments also confirm the prediction that in
mass, liquid culture with phage, retrons cannot evolve (increase when rare) in communities of
bacteria without this defense system. Contrary to the prediction and experimental observations of
Fukuyo and colleagues (12) our soft agar experiments suggest that even in this physically
structured habitat, in the presence of phage, retrons cannot evolve solely by triggering abortive
infection. The results of our experiments also provide evidence that the retron-mediated abi is only
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one element of this protection and invasion process. Within short-order of the bacterial populations
confronting phage in liquid and soft agar culture, A VIR resistant retron” and retron” bacteria emerge
and become the dominant populations of bacteria.

Results

A model of retron-mediated abortive infection

Figure 1. Model of the population and evolutionary dynamics of lytic phage with retron-mediated
abortive infection. There are five populations: a lytic phage, P; a phage-sensitive retron-encoding
(retron”) population, E; a phage-resistant retron” population, E;; a phage-sensitive (retron’)
population, N; and a phage-resistant (retron’) population, N,. The phage can adsorb at rates 6, and
d. to the N and E populations and replicate on N but only on a fraction (1-q) of the E population,
bursting B, and e phages particles, respectively. Bacteria can transition to (Lar, ler) and from (pm,
Lre) their resistant and phage-sensitive states.

To build the theoretical background to generate our hypotheses, design our experiments, and to
interpret their results, we generated a mathematical model. This model is based on the interactions
of the populations illustrated in Figure 1, along with the definitions and assumptions detailed in
the methods section. In accord with this model, the rates of change in the densities of bacteria and
phage and the concentration of the limiting resource are given by the system of time-dependent,
coupled differential equations listed in Equations (1) — (6).
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96 ¥(R) = ﬁ
97 Eq. (1)
dR
98 Ez—‘P(R)-e-(vn-N+vnr-N,.+ve-E+ver-Er)
99 Eq. (2)
dN
100 E:W(R)'(vn'N_Sn'N'P+(|-lrn'Nr_unr'N))
101 Eq. (3)
dN
102 dtr:lP(R)'(vnr'Nr_(l-lrn'Nr_l-lnr'N))
103 Eq. (4)
dE
104 E:W(R) '(ve'E_(l-lre'Er_u-er'E))
105 Eq. (5)
dE
106 dtr = Y(R) - (ver E, — (l-lre “Ep — ey E))
107 Eq. (6)
dp
108 EZW(R)'(811'Bn'P'N'_Se'P'CI'E‘l'(l_Q)'Se'P'E'Be)
109 Eq. (7)

110 Computer simulations of the population densities in retron-mediated protection against phage
111  infection

112 We open this consideration of the population and evolutionary dynamics of retron-mediated
113  abortive phage infection with an analysis of the ability of retrons to provide populations protection
114  from predation by lytic phage. For this theoretical and the subsequent experimental considerations
115  ofretron-mediated abi, we present the predicted and observed densities of bacteria and phage when
116 their populations first encounter each other, time 0, and at 24 hours (Figure 2). The values of the
117  parameters used in these simulations are listed in the legends to this figure and Table S1. We
118  performed an analysis to determine the minimum efficacy of retron-mediated abortive infection
119  needed to protect populations from phage infection based on a range of values of abi effectiveness
120 (qof 0.1 to 1.0, with steps of 0.01). We found that at least 98% of the population had to abort the
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infection to protect the population from phage. In other words, q must be at least 0.98 for retron-

mediated abi to be protective. With these results in mind, we selected a q value of 1.00 and 0.95,
to illustrate abortive infection success and failure, respectively figures 2A and 2B.
A 1010 Retron* no phage Retron* with phage Retron™no phage Retron™ with phage
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5 B Retron* w/phage
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Figure 2. Computer simulation results without resistance. Changes in the densities of a retron”
bacterial population in the absence (blue) and presence (orange) of phage (red) and a retron
bacterial population in the absence (green) and presence (purple) of phage at 0 (Initial) and 24

hours (Final). Standard parameters, k=1, e= 5x1077 pg/cell, ve =

von=2.0 h'!, 8:=8,=2x107 h''cell

!, Ba=Pn=60 phages/cell, un=pm =per=r=0. A- A completely effective (q=1.00) retron positive
(retron™) bacterial population in the absence and presence of phage. B- An incompletely effective
(q=0.95) retron” in the absence and presence of phage. C- Invasion of a completely effective
(q=1.00) retron® population into a high density of retron” bacteria in the absence and presence of

phage.
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135  Ascan be seen in Figure 2A, a completely effective retron-mediated abi defense system (q=1.00)
136  is able to protect a population of retron” bacteria from predation by phage. By 24 hours, the phage
137  population is gone and the retron” population is at its maximum density. When the retron™ are
138 confronted with phage, by 24 hours the bacteria are present at a low density, but there is a
139  substantial density of free phage. The ability of the retron to prevent the ascent of the phage and
140  protect the bacterial population is critically dependent on the efficacy of retron-mediated abortive
141  infection (Figure 2A, 2B). When a mixed initial population of the retron” and retron™ bacteria are
142  confronted with phage, the phage replicate on the retron™ cells, the phage population increases in
143 density and the retron® bacteria not only doesn’t become established but is lost entirely (Figure
144  2C).

145

146  In Figure 3, we present the results of our experimental tests of the retron protection hypotheses
147  presented in Figure 2 using the retron® E. coli Ec48 (10) and a lytic mutant of the phage lambda,
148  AVIR As aretron control, we use a AVIR sensitive E. coli C. As anticipated from the model (Figure
149  2A), when confronting the retron” population by 24 hours, the AY® population is gone or nearly
150  so, and the bacterial density is at the level of a phage-free control (Figure 3A). The results of the
151  control experiment with the AR and the retron” sensitive strain are inconsistent with the prediction
152  of the model (Figure 2B). As anticipated by the model, the phage density increased over the 24
153  hours, but contrary to what is expected from the model (Figure 2A), the bacteria are not lost, but
154  rather increased to the density anticipated in the absence of phage (Figure 3B). Also contrary to
155  the prediction of the model (Figure 2C), in the presence of phage, the retron” population does not
156  become extinct when initially rare relative to the retron” cells line. One possible reason for this, is
157  that the bacteria recovered at 24 hours from the retron” population are resistant to AVIR, To test this
158  hypothesis, we employed the cross-streak method on colonies isolated at 24 hours to determine
159 their susceptibility to AV!R (Table S3). By this criterion, the vast majority of the initially sensitive
160  retron” bacteria recovered at 24 hours are resistant to AVR. This is also the case for the retron®
161  bacteria recovered at 24 hours.

162
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163

164  Figure 3. Experimental results, changes in the densities of bacteria and phage at 0 (Initial) and
165 24 (Final) hours. Retron™ bacteria in the absence of phage (blue) and in the presence of A VIR

166  (orange), a retron” population of bacteria in the absence (green) of phage (red) and in the

167  presence (purple) of phage. The data are the means and standard errors of the phage and bacterial
168  densities of three independent replicas. A- Retron” and a retron” populations in the absence and
169  presence of the lytic phage A VIR, B- Invasion experiments. A co-culture of a low density of

170  retron’ bacteria and a high density of retron” bacteria in the absence and presence of AVIR,

171  To elucidate the reasons for the deviation from the predictions of the model, we performed new
172 computer simulations with our model, but now allowed for the generation of a AR resistant retron*
173  population (E;) and a AR resistant retron” (N;) bacterial population (Figure 1). As noted in
174  Chaudhry et al (14), there is a high rate of generation of AVIR resistant bacteria for E. coli,
175  suggesting transition rates, perand pre, of 107 per cell per hour. If we allow for that high transition
176  rate for sensitive retron” cells, wnrand pm of 10 per cell per hour, both the phage and resistant
177  bacteria ascend (Figure 4). This parallels our observation in the previous experiments with AVIR
178 and asensitive E. coli (Figure 3C). This is consistent with what we observed. If we allow for phage
179  resistant mutants to be generated in our model, the retron® population can increase in density
180  (Figure 4B, hashed orange), but the dominant population will be phage-resistant retron cells
181  (Figure 4B, hashed purple).

182
183
184
185
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191  Figure 4. Computer simulations with resistance. The simulation conditions are similar to those in
192  Figure 2C but allow for the generation and selection of resistance, per = pre = pnr = tm = 107 per
193  cell per hour. Changes in the densities of bacteria and phage at time 0 (Initial) and 24 (Final) hours
194  for two invasion conditions. Shown in the left side of this figure, are the densities of retron® (blue)
195 and retron” (green) bacteria in the absence of phage. On the right side are the densities of retron”
196 (orange) and retron bacteria (purple) in the presence of phage (red). The densities of phage
197  resistant mutants are noted by bars with white hashing, while the sensitive populations are
198  overlayed on the same bars. A- Simulations with a complete effective retron-mediated abi system
199 (g=1.00). B- Simulations with a less-than completely effective retron-mediated abi system
200 (g=0.95).
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201  Retron-mediated abortive infection in a physically structured environment

202  With our demonstration of the failure of retrons to evolve in well-mixed culture, we performed
203  parallel experiments in structured environments comparable to those employed by Fukuyo and
204  colleagues (12). To explore the contribution of physical structure we performed the retron
205 protection and the invasion when rare experiments depicted in Figure 3B in soft agar. As observed
206  in liquid culture, in the physically structured habitat of soft agar, retron-mediated abi system
207  protect the bacterial population from being killed off by the phage and prevents the replication of
208  the phage (Figure 5). The retron-lacking population grows to maximum density and the phage are
209  lost. As observed in liquid culture (Figure 3B), the retron™ population is not favored by phage-
210 mediated selection. Also, as observed in liquid culture, all of the AV™R exposed bacteria recovered
211  at 24 hours were resistant to the phage (Table S3).

Retron growth Retron and phage Invasion control Invasion with phage

=S
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-
o
®
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Retron* w/phage
B Retron”
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1 1
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|

T T T
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212

213 Figure 5. Experimental replicates of the results presented in Figure 3, but in a structured
214  environment, presented as means and standard errors from three independent replicas. Shown are
215  the densities of retron” (blue) and retron (green) bacteria in the absence of phage, and the densities
216  of retron” (orange) and retron” bacteria (purple) in the presence of phage (red).

217  Discussion

218  Our mass action (liquid culture) models predict that a retron-mediated abortive infection system
219  can prevent the populations of bacteria coding for them from being invaded by lytic phages, but
220  only if the retron-mediated abi is nearly completely effective and when there are no other bacterial
221  populations that can support the replication of the phage. The results of our experiments, like those
222 of Millman and colleagues (10) with the retron-encoding abortive infection system in E. coli, Ec48,
223 and the phage AV'R, are consistent with these predictions. In addition to this protection result
224 occurring in liquid culture, our results demonstrate that this protection against lytic phages happens
225  in physically structured populations of bacteria maintained in soft agar. Our model also predicts if
226  retron-mediated abortive infection is less than 98% effective, with more than 2% of infections
227  being lytic and producing phage, or when there are retron” populations that can support the
228  replication of the phage, retrons will not be able to protect a population from predation by lytic
229  phages. We were unable to formally test this < 98% efficacy hypothesis experimentally, because
230  our experimental results show that the retron-mediated abortive infection is overshadowed by
231  selection for resistance to the phage. However, since our retron” population was capable of
232  eliminating the phage population when alone, we interpret this to suggest that the efficacy of the
233 Ec48 abortive infection system is over 98%. Even though this retron-mediated abortive infection
234 system is highly effective, when the bacteria are capable of generating envelope resistant mutants,

10
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235 in the presence of phage, retron” or retron™ resistant mutants ascend to dominate the bacterial
236  populations.

237  Our model predicts that even if a retron-mediated abi defense system is 100% effective in
238  preventing lytic phage replication, and there is an abundance of phage, the retron™ population will
239  not be able to evolve by abortive infection alone. Stated another way, retron” bacteria will not be
240  able to become established in a population of retron” bacteria of similar fitness. Our experiments
241  testing this hypothesis were consistent with this prediction. In liquid culture, the retron-expressing
242 populations were unable to become established in populations dominated by retrons™ competitors.
243 In these experiments, the E. coli population surviving this encounter with AVIR, was dominated by
244 retron-lacking AV'R resistant mutants.

245  Our failure to see the ascent of retron” bacteria in soft agar is inconsistent with the prediction of
246  the agent-based models Fukyou and colleagues (12) and Bergruber and colleagues (13) which
247  demonstrated that in physically structured communities, there are conditions where, in the
248  presence of phage, bacteria with abi systems can invade and become established in populations
249  dominated by abi- cells sensitive to that phage. By adding A phage bearing a DNA
250 methyltransferase Fukuyo and colleagues (12) constructed an E. coli with an abi system. Upon
251 infections with a clear mutant of the phage lambda, A" (which cannot form lysogens) cells with
252  this abi construct die and the infecting phage is lost. In the physically structured habitat of soft
253  agar (12, 15), in the presence A" this abi-encoding E. coli has an advantage over E. coli without
254  this abi system, but not in a habitat without this structure. Similar results were obtained by
255  Berngruber and colleagues (13) with a /it mutant E. coli which, upon infection with the lytic phage
256  To, dies and aborts the infection. In their experiments with E. coli growing as colonies in structed
257  environments, depending on the number and size of the colonies, bacteria with their /i¢ abi system
258  were substantially more fit than the competing population of abi” E. coli. In neither of these studies,
259  was the abortive infection able to evolve in liquid culture. Contrary to the results of Fukuyo and
260  colleagues (12), with the retron-mediated abi AR system used in this study, the retron-encoding
261  population was unable to evolve in the physically structured habitat of soft agar.

262

263  We end on a somewhat philosophical note. People commonly assume that the phenotype observed
264  is the object of natural selection. For example, resistance generated by modifications of the
265  receptor sites to which phage adsorb evolves through selection mediated by phage. That selection
266  can be easily demonstrated by exposing sensitive bacteria to phage. There is, however, another
267  side to this. Clearly, the receptor sites to which the phage adsorb did not evolve to adsorb phage,
268 no more than CRISPR and retrons evolved to enable molecular biologists to do genome editing.
269  Throughout this investigation we, and almost all of the abortive infection articles cited, implicitly
270  or explicitly assert that abi evolved in response to selection mediated by phage. Could it be that
271  retrons and other abi systems evolved and are maintained by selection for factors other than as
272  defenses against phage infection?
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273 Materials and Methods

274  Mathematical modelling
275

276  In Figure 1, we illustrate our model of the population dynamics of lytic phage and bacteria with
277  and without a retron-mediated abortive infection system and envelope resistance. There is a single
278  population of phage, P, particles per ml and four bacterial populations of bacteria, E, E;, N, and N;
279  cells per ml. The phage sensitive retron population, E, has a functional abi system. Though it also
280  has a function abi system, the E; population is refractory to the phage. The N and N; populations
281  areretron negative, retron’, that are, respectively sensitive and resistant to the phage. When a phage
282 infects a bacterium of state E, there is a probability q (0 < q < 1), that the bacteria will die and the
283 infecting phage will be lost. The N population and 1-q of the E population support the replication
284  of the phage while E;and N; are refractory to the phage.

285  The bacteria grow at maximum rates, Ve, Ver, Vn, and var, per cell per hour, for E, E;, N and N,
286  respectively with the net rate of growth being equal to the product of maximum growth rate, Vimax
287  and the concentration of a limiting resource, r pg/ml, vmax\y(R) (16), Eq (1). The parameter k, the
288  Monod constant, is the concentration of the resource, at which the net growth rate of the bacteria
289  is half its maximum value. By mutation or other processes, the bacteria change states, E->E; and
290  E~2E atrates per and pire, per cell per hour, and N->N; and N2> N at rates pnrand pm.

291  The limiting resource is consumed at a rate equal to the product of yw(R), a conversion efficiency
292  parameter, e pg/cell (17) and the sum of products of the maximum growth rates of the bacteria and
293  their densities. We assume phage infection is a mass action process that occurs at a rate equal to
294  the product of the density of bacteria and phage and a rate constants of phage infection, d. and o,
295  (ml-cells/hour) for infections of E and N, respectively (18). Infections of N by P produce B, phage
296  particles, and the (1-q) of the infections of E by P that do not abort, produce . phage particles. To
297  account for the decline in physiological state as the bacteria approach stationary phase, R=0, we
298  assume phage infection and mutation rates decline at a rate proportional to Eq.1. The lag before
299 the start of bacterial growth and latent period of phage infection are not considered in this model
300 or the numerical solution employed to analyze its properties.

301
302 Growth media and strains

303  Bacterial cultures were grown at 37 °C in MMB broth (LB broth (244620, Difco) supplemented
304  with 0.1 mM MnCl; and 5 mM MgCl,). The E. coli strain containing the Ec48 retron plasmid
305 was obtained from Rotem Sorek. The sensitive E. coli used for controls was E. coli C marked
306  with streptomycin resistance, and the Ec48 was marked with ampicillin resistance to differentiate
307 in the invasion experiments. The AVIR phage lysates were prepared from single plaques at 37 °C
308 in LB medium alongside E. coli C. Chloroform was added to the lysates and the lysates were

309 centrifuged to remove any remaining bacterial cells and debris. The AV'R strain used in these

310  experiments was obtained from Sylvain Moineau.

311  Sampling bacterial and phage densities

312  Bacteria and phage densities were estimated by serial dilution in 0.85% saline followed by
313  plating. The total density of bacteria was estimated on LB hard (1.6%) agar plates. In invasion
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314  experiments, diluted samples were placed on LB hard (1.6%) agar plates supplemented with

315  ampicillin (2.5%) or streptomycin (4%) plates to distinguish retron™ and retron™ E. coli. To

316  estimate the densities of free phage, chloroform was added to suspensions before serial dilution.
317  These suspensions were plated at various dilutions on lawns made up of 0.1 mL of overnight LB-
318  grown cultures of E. coli C (about 5x10°% cells per mL) and 4 mL of LB soft (0.65%) agar on top
319 ofhard (1.6%) LB agar plates.

320 Resistance Testing with Cross Streaks

321  Bacteria were tested by streaking in straight lines ten colonies from 24-hour plates across 20 pL
322 ofa VR lysate (>10® plaque-forming units [pfu]/mL) on LB hard (1.6%) agar plates.

323 Susceptibility to AV® was noted as breaks in the lines of growth. Continuous lines were

324  interpreted as evidence for resistance.

325 Growth Rate Estimations

326  Growth rates were estimated in a Bioscreen C. 48-hour overnights of each strain to be tested
327  were diluted in MMB broth to an initial density of approximately 10° cells per ml. 10 replicas of
328  each strain were loaded into 100-well plates and grown at 37c with shaking for 24 hours taking
329  OD (600nm) measurements every five minutes.

330 The Liquid culture experiments

331 Bacterial overnight cultures grown at 37 °C in MMB Broth were serially diluted in 0.85% saline
332 to approximate initial density and 100 pL were added to flasks containing 10 mL MMB. AVIR
333  lysate (>10% pfum/ml) was serially diluted to an MOI of ~1 and 100 pL was added to the

334  appropriate flask. These flasks were sampled for both phage and bacterial initial densities (t = 0
335 h) and were then grown at 37°C with constant shaking. The flasks were, once again, sampled for
336  phage and bacterial densities (t = 24 h).

337  Experiments in soft agar cultures

338  Bacterial cultures grown at 37°C in MMB and AYR lysate were serially diluted in 0.85% saline to
339  appropriate initial densities. The final dilutions were sampled for phage and bacterial initial
340  densities and 100 pL of diluted phage and bacteria were added to 4 mL of LB soft (0.65%) agar
341  and poured into small petri dishes which were grown at 37°C. After 24 hours, the agar was placed
342  into a tube containing 6 mL of saline, vortexed and sonicated in a water bath for 1 hour. These
343  tubes were serially diluted and sampled for final phage and bacterial densities.

344  Numerical solutions — computer simulations.

345 To analyze the properties of this model we use Berkeley Madonna to solve the differential
346  Equations (1) — (7). The growth rate and phage infections parameters used for these simulations
347  are those estimated for E. coli and AV'R. Copies of this program are available at www.eclf.net.
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