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Safe experimentation addressing the spread of epidemic disease requires extreme care. Risks can be avoided
through the development of model systems where analogs of epidemic processes can be manipulated in the lab-
oratory and compared with predictions from mathematical models. Here we describe an integrated mathematical
and experimental analysis of a vector-borne disease. The experimental system we developed, “malaria in a Petri
dish,” requires alternating host bacteria to propagate a dimorphic virus. Unlike typical vector-borne diseases,
this model system uses only nonhazardous and inexpensive materials. We quantified the growth properties of
the hosts and viral forms and examined the spread of the virus between independent bacterial microcolonies
in an immobilized suspension. The combined model and experiment found the spatial constraints imposed
by alternating microcolony infections strongly inhibited the spread of the disease. Our mathematical model
allowed us to mimic the propagation of the infections and predicted how propagation increased when the
spatial heterogeneity was decreased. The model also correctly predicted the efficiency of herd immunity when

immunizing a fraction of the bacterial population.
DOI: 10.1103/PRXLife.1.013015

I. INTRODUCTION

Vector-borne diseases play a substantial role in public
health. The World Health Organization estimates more than
one-sixth of human infections are due to vector-borne diseases
causing more than 700 000 deaths annually [1]. Vector-borne
diseases can be caused by bacteria, viruses, or parasites.
Transmission of a vector-borne disease to humans is mediated
by a second host, called a vector, which is most often a
bloodsucking insect. Vector-borne diseases include such clas-
sic horrors as malaria, sleeping sickness, dengue, and yellow
fever. Vector-borne diseases continue to emerge as, for exam-
ple, Lyme disease (reviewed in [2]). In the case of malaria,
dengue, and yellow fever, the vector hosts are mosquitoes.
Tsetse flies are the vector hosts of sleeping sickness, while
ticks are the vector host for Lyme disease.

To examine the spread of a vector-borne disease, we de-
veloped a model system based on two viruses that infect the
bacterium Escherichia coli, bacteriophages (phages) A and
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M13. The model system allowed us to not only examine the
spread of this vector-borne disease but to examine the effects
of partial immunization and spatial separation between the
two host types.

Phages A and M13 display several properties that allow
them to emulate vector-borne disease. They bind to different
surface features of E. coli in order to infect. These surface fea-
tures can be removed by mutation. Both phages are temperate;
that is, they can persistently infect their hosts without killing
the host bacteria. Furthermore, they are well-characterized,
nonhazardous model systems whose genetics can be easily
manipulated.

Phage X is a double-stranded DNA virus whose wild-type
genome length is 48514 base pairs [3]. It recognizes the
E. coli surface protein, LamB, which is part of the E. coli
maltose-utilization system [4,5]. M13 is a filamentous single-
stranded DNA virus whose wild-type genome length is 6407
nucleotides [6]. M13 recognizes the E. coli surface structure,
the F-pilus (reviewed in [7]). The F-pilus is part of a bacterial
gene transfer system that requires cell-cell contact. Neither
the maltose-utilization system nor the F (or fertility) factor
are required for growth of E. coli under most conditions.
Therefore, strains of E. coli can be constructed that permit
entry of only one and not the other phage.

When wild-type A infects a sensitive E. coli, the phage
can enter one of two developmental pathways (reviewed in
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[8]). The infecting phage can enter lytic development where
the host produces on the order of 100 progeny phages that
are released by lysis of the infected bacterium. Alternatively,
the infecting phage can enter lysogenic development where
it represses most of its genes and integrates its genome into
the E. coli chromosome. In the lysogenic state it produces a
cytoplasmic protein, the A repressor. The A repressor is the
product of the A ¢l gene and prevents lytic development of not
only the resident prophage but also of superinfecting A phages.
That is, the lysogen is immune to superinfection by A.

The single-stranded M 13 genome is made double stranded
upon infection of the host and replicates in the cytoplasm.
M13 does not lyse the host to release progeny phages; instead
the host secretes progeny phages without killing the bacterium
[7]. Wild-type M13 encodes both its DNA replication sys-
tem and the structural proteins of the phage capsid in its
genome. However, only a small portion of the M13 genome,
the intergenic (IG) region, is necessary to direct a circular
DNA molecule to produce a single-stranded circle that will be
encapsidated and secreted [9]. The rest of the necessary M13
genes must be in the same bacterial cell but can reside on a
different DNA molecule. M13 development is not inhibited
by the A repressor.

II. RESULTS

A. The dimorphic bacteriophage

We prepared a dimorphic bacteriophage, 1S3243, starting
with materials used to make large [10] DNA origami [11].
The dimorphic bacteriophage could be produced in two forms
depending on the host bacterium it infects (Fig. 1).

AS3243 contains the following features in its 48 892-base-
pair genome: Most of its genome is that of wild-type A. The
genome also contains a ColEl origin of replication that will
allow it to replicate as a double-stranded circle on infecting a
A-immune host. It also encodes a thermolabile form of the A
repressor, CI857, which will enter A lytic development when
infecting a sensitive host at elevated temperatures. However, it
retains sensitivity to the wild-type A repressor and will not en-
ter A development when infecting a host containing the wild-
type A repressor. It contains the M 13 IG region that will allow
it to be replicated by the M13 replication system [12] produc-
ing a single-stranded, circular DNA (see Fig. S1 of the Supple-
mental Material [13]). The circular, single-stranded DNA is
packaged and secreted in an M13 form if the host encodes all
of the M13 proteins. Last, it contains the gene for green fluo-
rescent protein (GFP), gfp, under control of the regulatable lac
operator. Infected bacteria will fluoresce green when excited
with the correct wavelength of light, making it possible to
track the infection by monitoring GFP fluorescence. Construc-
tion of 1S3243 is described in Materials and Methods.

These features of AS3243 make it possible to emulate
a vector-borne disease by choosing a suitable pair of host
strains. These are strains of E. coli that are only susceptible to
infection by the phage form produced by the other host strain
and are unable to be infected by the phage form produced by
their own type.

B. Two hosts

If 2S3243 infects a bacterium whose cytoplasm does not
contain the A repressor it develops like phage A and packages
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FIG. 1. Top: Schematic summarizing the two-host requirement
for spread of the dimorphic phage. Bottom [(a)—(c)]: Lawn with E.
coli strain(s) exposed to the A form of the phage. Green fluorescence
is shown. Top agar in panels (a) and (b) contained S3247, an F~
strain that can be infected by the A form and produce the M13
form. Top agar in panels (b) and (c) contained S3253, an Hfr strain
that can be infected by the M13 form and produce the A form of
phage. Both strains are /ac/™ and could express GFP if infected.
Panels (a)-(c) show that both F~ and Hfr strains were needed to
observe green fluorescence. The values on the top refer to the number
of A-form plaque-forming units (PFU) used to initialize infection.
Bacteria were used at our standard concentrations (see text).

double-stranded DNA with cohesive ends into A phage parti-
cles. If grown on a A-immune host harboring an M13 helper
plasmid, it produces an approximately 6-micron-long M13
based on genome lengths and length of wild-type M13 phage
[14]. The M13 helper plasmid we used, pSB4423, contains all
the genes of M 13 but lacks the M 13 origin of DNA replication
[10]. The A form requires LamB, the A receptor, for infection.
The gene encoding the A receptor is deleted with AmalBI01.
The M13 form requires the F-pilus for infection. When the F
plasmid is integrated into the bacterial chromosome the strain
is designated Hfr. Properties of host strains are summarized in
Table I and Materials and Methods.

C. Both host types are necessary for the infection to spread

The upper panel of Fig. 1 illustrates why both host types
must be present for the infection to spread. Only the A devel-
opmental pathway, not the M13 developmental pathway, of
AS3243 is repressed by the wild-type A repressor expressed
from the host chromosome. S3247 infected with AS3243
therefore continues to grow, producing both GFP and progeny
viruses in its M13 form. The M13-form progeny cannot di-
rectly infect S3247 as this strain lacks the F-pilus necessary
for M13 infection. However, the M 13 form can infect the Hfr
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TABLE I. Summary of the behaviors of the hosts after infection at 37 °C with AS3243. The parentheses for GFP refers to a transient signal
because the bacteria lyse upon infection. The strains used in this study and the preparation of the dimorphic bacteriophage are described in

Materials and Methods.

Strain Infected by A form Infected by M13 form Post-infected state Progeny phages GFP produced
KS3 - + lives none +

KS5 + - lives none +
S3247 + - lives M13 form +
S3248 + - lives M13 form -
S3249 - + dies A form —
S3253 — + dies A form (+)

strain, here S3253. This strain does not support production
of the M13 form because it lacks the genes encoding M13
proteins. Upon infection of S3253, the A form begins devel-
opment, leading to subsequent release of progeny phages in
their A form. The gfp gene of AS3243 can be transcribed in
S3253, but after lysis accompanying release of the A form,
GFP will no longer be localized. S3253 cannot be infected
directly by the A form as it lacks the surface protein necessary
for X infection.

The requirement for both hosts is visualized experimen-
tally in the lower portion of Fig. 1. A soft-agar overlay
contained the F~ and/or the Hfr strain. The number of bac-
terial cells occupying each spot at our standard concentration
was A1.2 x 10° for the F~ strains and 1.2 x 10° for the Hfr
strains (9 mm diameter). The initial density of total bacteria
was 3 x 107/ml in the top layer and 2 x 10°/ml in terms
of total agar (food availability). Dilutions of the A form of
AS53243 were spotted on top of the soft agar and the plates
were incubated at 37 °C overnight. All experiments were con-
ducted in a minimal-glycerol-casamino acids (MC) medium
(Materials and Methods). GFP production was visualized us-
ing a 465-nm lamp and 520-nm long-pass filter. The green
channel is illustrated in the figures, where GFP fluorescence
from infected cells can be seen as a light zone. Fluorescence
was only observed if both hosts were present Fig. 1(b)].
The fluorescence also varied with the concentration of added
phage. The same conclusions were reached when infections
were initiated with the M13 form (see Supplemental Material
Figs. S2 and S3 [13]).

D. The fluorescence signal arises mainly from the F~ hosts

The promoter of gfp in AS3243 is regulated by the lac
repressor. If the bacterial host produces the lac repressor,
especially from the lac repressor overproduction allele, lacI,
the transcription of gfp from the infecting phage will be re-
duced. Conversely, if the bacterial host lacks the gene for
the lac repressor, as when the entire lac operon is missing,
Alac, the transcription of gfp from the infecting phage will be
increased.

We used the Alac and lacI? alleles to distinguish the GFP
production of hosts that propagate the A form from hosts
that propagate the M13 form of 153243 in mixed infections.
Figure 2 illustrates our results. As in the experiment above,
cultures of the indicated bacterial strains were dispersed in a
soft-agar overlay and dilutions of AS3243 as either the A form
or the M13 form were spotted on the surface. After overnight

growth at 37°C fluorescence produced by GFP was visual-
ized. Expression of GFP was observed if only the F~ host
lacks the lac repressor. Expression of GFP was not observed
if only the Hfr host lacks the lac repressor. GFP produced in
the Hfr strain can diffuse away from the spot after cell lysis
caused by the development of the A form. Additional strain
combinations can be seen in Supplemental Material Figs. S2
and S3 [13].

E. Immune hosts and single-cycle infections

The strategy to restrict phage propagation to a single cycle
of infection is depicted in the left portion of Fig. 3. To restrict
the propagation of the dimorphic phage to a single cycle we
prepared two additional host strains, KS5 and KS3 (Table I
and Materials and Methods). KS5, like S3247, can be infected
only by the A form of A53243 but unlike S3247 produces no
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FIG. 2. Mixed lawn with two E. coli strains illustrating an initial
infection with either of the phage types can give green spot, provided
that the F~ strain can express GFP. (a) GFP expression if only the F~
strain was deleted for the lac repressor gene (here described as lac™).
The F~ strain was S3247 and the Hfr strain was S3249. (b) GFP
expression if only the Hfr strain was deleted for the lac repressor
gene (here described as lac™). The F~ strain was S3248 and the Hfr
strain was S3253. In the upper row of each panel the spots contained
the A form of the phage. In the lower rows of each panel are the
spots with the M13 form. The plaque-forming units on the top refer
to number of viable phages in each initial spot. Bacteria were used at
our standard concentrations (Methods).

013015-3



K. SNEPPEN et al.

PRX LIFE 1, 013015 (2023)

10*pfu
i

FIG. 3. Single-cycle experiments. We prepared a set of host
strain pairs that could support (a) multiple cycles of infection or
[(b), (c)] only a single cycle of infection. The permitted cycles are
depicted in the left set of drawings. All hosts were /acI~ and allow
the phage-encoded GFP to be expressed. Bacteria were used at our
standard concentrations (Methods). The number of phages as PFU
per spot are cited above the right panels. The right panels are offset to
accommodate the different numbers of phages necessary to observe
fluorescence in the phage spots. The upper row of spots in each panel
were initiated with the A form of the dimorphic phage. The lower row
of spots in each panel were initiated with the M13 form. The scale
bar in (d) represents 1 cm and all panels are the same scale. Phage
preparations in this experiment were fractionated with polyethylene
glycol to remove contaminating GFP produced during phage growth
([15] and Supplemental Material [13]).

progeny, neither the A nor the M13 form. Like S3247, KS5
is lacl~ allowing the phage-encoded GFP to be expressed.
KS3, like S3253, can be infected only by the M13 form but
unlike S3253 produces no progeny, neither the A nor the M13
form. Like S3253, KS3 is lacI™ allowing the phage-encoded
GFP to be expressed. Thus, if KS5 replaces S3247 or KS3
replaces S3253, only a single cycle of phage propagation can
take place.

Fluorescence from the propagation of the dimorphic phage
can be seen in Fig. 3. Figure 3(a) shows the fluorescence
induced when multiple cycles of phage infection were per-
mitted. When infected by only 10 000 plaque-forming units
(PFU) of either form, the combination of S3247 and S3253
produced obvious fluorescence. In contrast, both single-cycle
host pairs required at least a thousand times the number of in-
put phage to generate the fluorescence produced with multiple
cycles of phage propagation.

If S3253 was replaced with KS3, 107 PFU were neces-
sary to produce a similar amount of fluorescence [compare
Figs. 3(a) and 3(b)]. KS3 can be infected by the M13 form and

produce GFP but cannot produce the A form. It also cannot be
infected with the A form.

Similarly, if $3247 is replaced with KS5, 107 PFU of either
form produced barely detectable fluorescence [Fig. 3(c)].
KSS5 can be infected by the A form and produce GFP but not
progeny phages. KS5 lacks the F-pilus and cannot be infected
by the M 13 form. Both the bacteria in Fig. 3(d) can be infected
and produce GFP but neither can produce progeny phages.
In summary, on the order of 1000 times as many infectious
phages were required to produce the same amount of
GFP fluorescence if only a single cycle was permitted than if
multiple cycles were permitted. The difference in fluorescence
between Figs. 3(b) and 3(c) is likely due to a decreased copy
number in absence of M13 helper in KS5 and thus failure of
the infecting phage to replicate from the M13 origin [12].

Spots in Figs. 3(b)-3(d) with the highest number of phages
were initiated with many more phage than available bacteria.
Since these spots failed to produce bright fluorescence in the
single-cycle hosts, continued reinfection must have been nec-
essary to produce a strong fluorescence signal when multiple
cycles were permitted.

F. Model
1. Equations and parameters

The top drawing in Fig. 1 outlines the microbial
experimental system for a vector-borne disease consisting of
two bacterial strains f = F~ and v = Hfr (v for vector) that
are both essential for propagating the dimorphic phage. Here
we model this system for bacteria suspended in top agar with
food resources corresponding to the total volume of agar.

The A form of the phage is quantified by its density P, and
infects the f = F~ strain, leading to infected F~ host labeled
f*. These subsequently produce the M13 form measured in
terms of concentration P,,. The M13 form of the phage infects
the v = Hfr strain, leading to lysis and production of 8, of the
X form. The standard approximation for well-mixed infections
fails to fit the experimental data as it does not take into account
that phages have to alternate between colonies of different
types of bacteria. We here modify the equation to take into ac-
count adsorption to colonies of hosts [16]. The model is based
on an extension of [16] that takes this requirement of alternat-
ing between the two colony types in each replication cycle.
The equations for time development of f, f*, and P, read

d
d_]; = Iﬂffc - nAPAfavai + Fcuref*cy (1)
d Ny
% = nkpkfavai_fla'i'rfflcv (2)
df; ki ki .
— = fi_1— — fi— + T+ fiC, =2,3,..., 3
7 f1Tm frm+ 1t i 3)
d * km * *
; = fn_ + 1—‘ff C— 1—‘curef C, 4)
t Tm
dP,
7 = Quf*C — NyPpVars — L0SS Py, )

where we assume F~ cells grow in latency as A development
is repressed. Measurements of parameters for growth rates
and phage production are quantified in Fig. 4 and tabulated
in Table II. The limited resources are taken into account
by C=1—(@+vl+f+ fF+ f*)/K, with capacity K.
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FIG. 4. Parameter estimations: Experimental data on bacterial growth after establishing steady state and phage production in MC broth
(dots), and model fits represented with lines. (a) Growth of S3247, an F~ strain with helper for producing the M13 form (I'y = In(2)/72 min).
(b) Growth of S3249, an Hfr strain for producing the A form. Panels (a) and (b) each show independent experiments, defining F~ doubling to
72 min and Hfr doubling to 64 min. (¢) Production of M13 form after infection of S3247 with 1S3243. It is fitted by a 130-min latency with
k = 3 steps, subsequent production of 2.4 M13/hour if curing rate I'cye = 0.8;. (d) Production of the A form after infection of S3249 with
the M13 form of AS3243. A 150-min latency with k = 10 steps and a burst 8 = 70 fit data. Experiments shown in panels (c) and (d) were
each performed once. Experimental details are described in the Supplemental Material [13]. We also present alternative model fits, using
exponentially distributed latency times (k = 1 step) or a different burst size. The grey areas in (c) and (d) mark incubation times after which

the culture was diluted.

The concentrations v* =), v; and f* =3, f; represent
the respective hosts in latency states. At the end of the
Supplemental Material [13] we show that the organization of
f and v into colonies can be taken into account through the

effective absorption and adsorption rates (Fig. S5):

(U + UL>1/3
Vabs = Vo ’
Vo
UL
Vavai = Vabs €XP _m
4( Vo )
FAfA e\
Jabs = fo<—> ;
fo
U
_ [
favai —fabs exp _4((f+fL+f*))2/3
Vo

f=1r

host density by the initial host densities of respectively

and v = vy. Here the total absorption to colonies

is set by fus and vy, dependent on type of colony. Given
that a phage is adsorbed to the colony, the chance to be

adsorbed to an uninfected cell is estimated by assuming that

already-

surface

infected host cells are randomly distributed on the
of the colonies. The exponential distribution used in

calculating available susceptible hosts v,y,; and f,y,; comes

from calculating the chance to encounter a noninfected cell

on the surface of a spherical colony with a number of bacteria

given by (v + v")/vg and (f + f£ + £*)/fo, respectively.
The equations for production and decay of P, are

This represents phage access to bacteria that are assigned
to two types of spherical colonies, each of which contains
a number of bacteria determined by dividing the current
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FIG. 5. Simulations of model with figures showing infected F~ and grey curve marking the population of uninfected F~. All cases start
with a mixed lawn of 2 x 10°/ml E. coli partitioned in 91% F~ and 9% Hfr. (a) Green areas mimic a spot infection of 10.000 A-form phages.
Dashed lines model a lawn that only permits a single cycle but with an initial phage load that is 1000-fold higher [mimicking the leftmost case
in Figs. 3(b) and 3(c)]. (b) Simulations started with 0.7 x 10° PFU/spot of either the A form or the M13 form [compare to Fig. 2(a)]. Dashed
curves mark single-cycle simulations at the same starting conditions. The dark green solid curve marks simulations with ten times lower initial

bacterial density.

where we assume that the infected Hfr host does not
grow during the latency period for development of the X
form [17].

Most of the parameters are fitted to appropriate mea-
surements of bacteria growth as culture turbidity (A600 or
absorbance at 600 nm) measurements, and phage yield as PFU
(see Fig. 5). Parameters are listed in Table II.

We also consider the effect of partial immunization. This
is implemented by assigning a fraction of host cells able
to adsorb phages but does not produce progeny phages. In
simulations we assigned half the host cells of either F~ or
Hfr to be immune, keeping total initial host density at our
standard value. These immune colonies contribute to a phage
loss proportional to both their density and radius. For standard
density the host number in each colony reaches about 1500,
reflecting growth of 2 x 10% hosts/ml to an assumed carrying
capacity of 3 x 10° bacteria/ml.

G. Insilico infections

Figure 5 illustrates the simulated development of the F~
strain in a mixed lawn of 91% F~ and 9% Hfr following
infection. In initial experiments we found a 10:1 ratio of
F~ to Hfr was necessary to give a visible GFP signal. The
mixed population was infected with either the A or the M13
form of A.S3243 and allowed to grow until the nutrients were
depleted. As the great majority of GFP fluorescence came
from infected F~ bacteria (Fig. 2), we show here only the
corresponding density of the infected F~ strain. The 24-hour
value of each curve simulates an experimental measurement.
The figure shows simulations for the full system, some vari-

ants, and situations where one or the other of the E. coli hosts
cannot develop progeny phages.

The requirement of a tenfold difference in the ratio of
the two strains may be due to the relative burst sizes of
the two infections. The F~ produced few M13-form progeny
while the Hfr produced many A-form progeny. The starting
concentration of all bacteria is 2 x 10%/ml when counting
volume of both top and bottom agar in a spot. Although the
bacteria are limited to the soft agar or the upper 10% of the
column volume, the total volume in a spot defines the carry-
ing capacity because the bottom agar provides the nutrients.
We simulated the effect of this separation by adjusting the
equations with 11 times higher n values than in Table II but
with densities and carrying capacity as if the entire column
volume was available. That is, not only are nutrients from the
entire column volume assumed to be available but phages are
assumed to be lost when entering the bottom agar. Notice that
the grey curve in Fig. 5 represents the population of uninfected
F~ bacteria, thereby giving an overall scale for the signal.

1. Calibration of model: Single-round experiments

The simulation parameters are taken from Table II, where
the expected diffusive loss from the 0.7 mm top agar to
the bottom agar is about 1/650 min (assuming a diffusion
constant of 6.2 um?/s reported for phage A [21]). D was mea-
sured to 7 um?/s for the filamentous phage fNEL of length
1.4 um [22], and we accordingly chose the same loss term for
the two phage forms.

Figure 3(b) illustrates that single-round infections of the
F~ strain required about 1000 times as many phages to cause
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TABLE II. Model parameters used in the in silico model of the considered two-host in vivo model of a vector-borne disease. Bacterial
growth was monitored by A600 after dilution to the linear range of our spectrophotometer. A density of 10% cells/ml by counting bacteria
with a Petroff-Hausser chamber generated an A600 of 0.18. We further measured growth of the infected F~ strain, S3247, and found that it
was the same as the uninfected strain. The curing rate of infected F~, 0.8y or 55% per host generation, is substantially larger than the 10%
per generation reported for wild-type M13 [18]. High curing rate is needed to reproduce the inefficient final infection of F~ in single-round
experiments [Fig. 3(b)]. The factor 1/2 in 2, is included because half the M13-form phages produced by an F~ colony are expected to be lost
by secretion into the colony.

Parameter Meaning Value Source
ry Growth rate (F7) In(2)/(72 min) Fig. 4(a)

[eure Loss of infectivity 0.8T'f Fit to Fig. 2(b)

r Growth rate (Hfr) In(2)/(64min) Fig. 4(b)

K Carrying capacity 3.1 x 10°/ml Saturated broth culture
fo Initial F~ 1.6 x 103 /ml Measured

Vo Initial Hfr 1.6 x 10%/ml Measured

I Adsorption of A 0.65/min/(10°/ml) From Ref. [19]

N Adsorption of M13 0.09/min/(10°/ml) From Ref. [20]

Loss;, Loss of A phage 1/(650 min) Loss from 0.9 mm with 6.2 um? /s diffusion
Loss,, Loss of M13 phage 1/(650 min) Estimated as Loss;,

Q. Production of M13 0.040/minx 0.5 Fig. 4(c)

T Latency time (M13) 130 min Fig. 4(c)

k, Latency form factor 3 Fig. 4(c)

B Burst of A 70 Fig. 4(d)

T; Latency time (A) 150 min Fig. 4(d)

k;, Latency form factor 10 Fig. 4(d)

similar low GFP signal as the multiple rounds of infections
shown in Fig. 3(a). The 107 PFU for single-round propaga-
tion corresponds to a multiplicity of infection of about 50
and should accordingly give a much larger final GFP signal
if the initially infected F~ were maintaining their infections
throughout the experiment. Introducing a curing rate I'cye of
0.8T'f allowed us to approximately match the single-round
experiment with 107 A-form PFU to 10* A-form PFU in the
multiple-round experiments. This curing further predicts a
slightly weaker GFP signal when using 10* M13-form PFU
in the multiple-round experiment (solid red curve). The pre-
dicted accumulation of GFP from single-round M13 infection
does not match the experiment in Fig. 3(c) because the in-
fected KSS5 strain is producing less GFP than the infected
S53247.

We have also attempted to reproduce the experiment with
a simpler well-mixed version of our model. This is obtained
by setting feon = f, feol—an = f + f=+ f*, veon = v, and
Veoll_al = U + vE. In that case a moderate fit to Fig. 3 re-
quires tenfold lower adsorption rates of both phages, and
also a tenfold higher loss rate of phage A. This points
to the fact that a well-mixed model grossly overestimates
the availability of hosts for infection, and requires un-
realistically “weak” phages for reproducing the observed
results.

2. Predictions and test: Colony sizes

Figure 5(b) shows four infection trajectories that all are
initiated with a spot of 7 x 10° phages distributed above a
volume of approximately 0.7 cm? [as experiment in Fig. 2(a)].
The green area and lines correspond to infections initiated
with the A form, while the red curves correspond to infections

initiated with the M13 form. Dashed curves show develop-
ment of single-cycle infections. In our model multiple cycles
of infection only exceed the yield of single-cycle infections
after about 6-8 hours, reflecting long latency times and slow
adsorption when host densities are low.

Figure 5(b) also illustrates a simulation where the initial
bacteria density is reduced by a factor of 10. This results
in about the same final total number of bacteria, but dis-
tributed in tenfold-larger colonies. Thus, the typical colony
sizes change from about 1500 to about 15 000. The prediction
of our colony-based model is that these larger colonies delay
transmission of the phages. The dark green curve in the fig-
ure shows the model predicts about a factor-of-10 reduction in
total final infected F~ hosts, compared to the case with smaller
colonies.

To test the above prediction we infected a tenfold diluted
version of our mixed culture. To make a quantitative predic-
tion we measured the lowest phage inoculum that allowed
us to detect a final GFP signal, and we do this both with
standard and changed density of hosts in the lawn. Starting
with a concentration of 10’7 PFU/ml, the phage concentration
was serially diluted threefold before spotting on the bacteria
except in an initial M13-form experiment where the phages
were serially diluted tenfold before spotting. Care was taken
that the green channel was free of saturated pixels and the
average grayscale value of pixels adjacent to the spot was
subtracted from the average grayscale value within the spot to
quantify the fluorescence. The limit of detection was defined
as when the fluorescence fell to below half the higher concen-
trations. The resolution in Table III is limited by the threefold
dilution between the PFU steps. We made the measurements
independently several times, reported by different colors in
Table II1.
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TABLE III. Initial phage infection needed to cause a detectable
GFP signal. Colors indicate independent repeats of the measure-
ments. Higher numbers imply a correspondingly weaker infection
propagation. The top portion of the table varied the initial bacterial
density, in factors of the basic level By = 2 x 106 /ml (partitioned in
91% F~ and 9% Hfr). The lower portion of the table assigns 50% of
host bacteria of one strain to be immune. If the F~ was 50% immune,
KSS5 replaced half of S3247. If the Hfr was 50% immune, KS3
replaced half of S3253. The ratio in column 3 is obtained by dividing
the observed threshold with the corresponding value without immune
fraction. The “Ratio model” in column 4 shows the predictions of our
model using the measured relative growth rates of the F~ strains, KS5
and S3247. KS5 grows approximately 25% faster than normal S3247
(Supplemental Material Fig. S4 [13]). Assuming equal growth rates
for KS5 and S3247, the “Ratio model” predicts only 6.6- and 5-fold
effects for infections by the A and M13 forms, respectively (instead
of 50- and 40-fold shown above when measured growth rates were
considered).

Bacterial Ratio Ratio

density A-form PFU per spot data model

x0.1 3.7 x 105, 1.2 x 10° 9 12

x1 4.1 x 104, 1.4 x 10* 1 1

x 10 1.4 x 10%, 4.6 x 10° 0.3 0.7
M13-form PFU per spot

x0.1 1.0 x 107,3.3 x 10° 18 25

x1 3.7 x 10%,3.7 x 10° 1 1

x10 4.1 x 104, 4.1 x 10* 0.1 0.3

Immune A-form PFU per spot

Strain (50%)

none 4.1 x 10*,4.1 x 10*,4.1 x 10* 1 1

F~ 3.3 x 109, 1.1 x 10%, 1.1 x 10° 45 50

Hfr 1.2 x 10°,4.1 x 10%, 1.2 x 10° 23 33
M13-form PFU per spot

none 3.7 x 10°, 1.0 x 10° 1 1

F~ 1.0 x 107, 1.0 x 107 63 40

Hfr 1.1 x 105, 1.0 x 10° 2 5

The third column in Table III shows the ratio of the ini-
tial phage inoculum to reach the threshold level of detected
GFP under the given condition compared with the number of
phages used under standard conditions:

__ phage (Initial bacteria = 0.1 x standard)

Ratio — -
phage (Initial bacteria = standard)
This ratio was used to quantify the efficiency of phage
propagation. The lawn initiated with diluted bacteria re-
quired a ninefold-higher initial A-form phage density to
produce the same final GFP fluorescence as observed with
the standard lawn initiated with 1.2 x 10°/ml F~ and 1.2 x
103/ml Hfr. This means the infection was effectively re-
duced by a factor of 9 due to formation of ten times larger
colonies. Noticeably, an increased density of the bacteria
had a less pronounced effect, as a tenfold-larger initial host
density only causes a 1/0.3 = 3-fold increase in infection
spreading.
In the simulation the above ratio is measured by changing
initial phage load until the obtained f* just reaches 107 /ml.
The model predictions for the ratio in Table III are indepen-

dent of the choice of this arbitrary threshold. The table shows
that the model for colony-based propagation closely matches
the experimentally measured ratios, both for small and large
colonies and in particular for the increased effect of colony
structure when we initiate the infection by M13 form instead
of the A form.

3. Predictions and test: Partial immunization

The experimental system also allowed us to consider miti-
gation of epidemic spreading. To do this we considered partial
immunization; strains in the initial lawn were partly replaced
by immune hosts of either F~ (KS5) or Hfr (KS3). In this
case we fixed the total initial host density in the mixed lawn to
the standard value. The lower part of Table III quantified the
effect of replacing 50% of the S3247 with KS35, or replacing
50% of S3253 with KS3. We observed a substantial effect
with the F~, while the effect of Hfr immunization was much
weaker. The model predictions for immunizations are within
the experimental accuracy.

Initially, our model underestimated the large effect of
immunizing half of the F~ population. This disagreement
between the model and the experiment led us to examine the
growth rates of S3247 and KS5. We replicated the growth con-
ditions at the start of the infections and found KS5 grew 25%
faster than S3247 (see Supplemental Material Fig. S4 [13]).
Incorporating the growth rate difference allowed our model
predictions to match the experiment within the resolution of
our experimental data (Table III).

An interesting aspect of this system is that the two
hosts showed different sensitivity to partial immunization.
By analogy with a malaria epidemic, immunizing F~ could
correspond to a vaccination of half the human population. Im-
munizing Hfr or reducing Hfr could correspond to a strategy
of partly draining a swamp inhabited by a disease-transmitting
mosquito.

III. DISCUSSION

We developed a model system for the spread of a
vector-borne disease using nonhazardous surrogates. The
model system integrates experiments with an in silico model.
The experimental system relies on a derivative of the bacterial
virus, bacteriophage A, with a life cycle that requires two
hosts. We quantified the growth properties of the phage and
hosts and examined the spread of the phage where the two
bacterial hosts grow as independent microcolonies. We also
developed an in silico model that described the spread of
the phage within and between the microcolonies or bacterial
communities. Furthermore, we experimentally tested the
in silico model and observed the predicted dependence
on the distance between colonies and the effect of partial
immunization or herd immunity.

The in silico model extends standard models for well-
mixed phage-bacteria systems [23-26] with the more difficult
host location associated with colony formation [16]. The
model was simplified by ignoring spatial fluctuations and
assuming both susceptible and already-infected hosts were
randomly mixed at the surface of each colony. All param-
eters were experimentally determined, with the curing rate
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of infected F~ adjusted to reproduce experimentally obtained
ratios of F~ infected hosts in single- and multiple-round ex-
periments. The model and experiment quantified the extent
that virus propagation in the agar gel was reduced when
each replication required diffusion to a new host colony.
The predicted effect of colony formation was confirmed ex-
perimentally by varying the initial concentration of bacteria
(Table III).

In the language of the vector-borne disease, malaria, immu-
nizing of F~ would correspond to either vaccinating humans
or adding animals that the mosquito may infect but which do
not allow for transmission back to another mosquito. This last
mechanism possibly reduced malaria in northern Europe [27]
and the USA [28] more than a century ago.

This model of a vector-borne epidemic permitted ex-
ploration of disease propagation and mitigation strategies.
Examples were explored in Table III which considered the
effect of separating hosts into more spatially segregated com-
munities, and on immunizing (vaccinating) half of one of the
hosts against transmitting the disease. We learned that spatial
organization had a clear effect, with larger separation leading
to much less disease spreading. In fact about a factor-of-10
reduction in infections was obtained by a twofold increase
in the distance between the two host types. We also found
that a twofold reduction in the fraction of either of the two
hosts able to propagate the phage led to less infection of F~.
The results of both tests are shown in Table III. Thus, we
have developed an integrated model system for vector-borne
disease that may easily be adopted to test mitigation strategies
in terms of immunization and changed spatial organization of
one or both host types.

Our model system has quite different infection parameters
than real vector-borne diseases. The latency time and
propagation of the disease take place on timescales of
bacterial generations, while vector-borne diseases have
spreading dynamics that are much faster than the generation
time of humans. This means that accurate modeling of
our system was needed in order to allow generalization to
parameters for more realistic scenarios of humans and their
counterparts in a particular vector-borne disease. Furthermore,
infection of our immune strain, KS5, produced a weaker GFP
signal [Figs. 3(c) and 3(d) vs Fig. 3(b)] than from infection
of the productive strain, S3247. The difference in GFP
production could in part be due to a higher copy number
of the infecting S3243 in the presence of the M13 helper
plasmid. We ignored this difference in our analysis of disease
spreading.

The model worked remarkably well, in spite of ignoring
spatial fluctuations that could occur as rare early infections
of especially the minority strain Hfr create hot spots for
infection between particularly close F~ and Hfr colonies.
This may also serve as an explanation for the marginally
smaller effect of 50% immunization of the Hfr strain in the
experiment (2-2.3) compared to the model (3.3-5): With
50% immune Hfr colonies there would be twofold fewer
infectious pairs of close colonies, with subsequent rounds
of infection acting primarily between the fully infectious
pairs.

Our two-host phage propagation system presents a nontra-
ditional way to mimic outbreaks of a vector-borne disease.

It differs in a number of ways from what we would expect
in an eventual epidemic involving humans. As pointed out
above, the phages have a latency that is longer than the
lifetimes of hosts, while the exposed state in vector-borne
diseases is of the order of weeks and thus much shorter than
a human lifetime. Furthermore, our experimental setup is a
batch culture and thus limited to a few rounds of infection.
This last limitation may be lifted by considering continu-
ous flow systems, for example, using a microfluidics system
[29-31]. This would also allow us to study both the micro-
scopic spreading pattern and the impact of different spatial
organizations.

We would like to point out some other features of vector-
borne disease that could be examined by the dimorphic phage
system. An obvious one is the role of mosquito magnets. That
is, a subpopulation of hosts is bitten more frequently [32]
and this subpopulation has a greater probability of spreading
disease (for example, [33]). In our system, would a subset of
sensitive, hyper-infectable host bacteria counter the reduction
in spread by an immune subpopulation? Conversely, would
hyper-infectable immune hosts protect sensitive hosts bet-
ter? Mosquito magnets are becoming more easily identifiable
[34,35]. In the case of limiting the availability of vaccines
or future antimalarial prophylaxis, could the gains of treating
mosquito magnets first be quantified?

Seen from a greater perspective, our construct has
peculiarities and limitations. However, normal diseases will
also greatly differ from each other in their spreading pattern:
Some will be endemic, and others epidemic, and some will
have alternating infection entries into their host (bubonic
versus pneumonic plaque) while others will be dominated
by superspreaders [36] facilitated by, for example, mosquito
magnets. Some of these features can be implemented in
our construct and used to think about vector-borne disease
spreading in a wider perspective than provided by already
established models [37].

IV. MATERIALS AND METHODS

A. Bacterial genotypes and construction of 153243

Detailed construction of AS3243 and its preparation as A
and M13 forms are described in the Supplemental Material
[13]. The A form was induced from a lysogen of HO480 [38].
Contaminating A form was removed from preparations of the
M13 form by heat inactivation [39,40].

Genotypes of all E. coli strains used in this study are
described in Table I of the Supplemental Material [13]. Other
than HO480, all F~ strains were derived from MC4100 [41].
All the Hfr strains were derived from S971 [42]. The defec-
tive A prophage in KS5, S3207, S3208, S3247, and S3248
is described in [43]. pSB4423 is an M13 helper plasmid
[10] and pACYC184 [44] is the parental vector plasmid of
pSB4423.

Our original motivation in preparing AS3243 was to im-
prove yield and simplify the preparation of large scaffolds
for DNA origami [10,11]. After constructing AS3243 a sur-
vey of growth media identified conditions for improved yield
and could bypass the requirement for phage purification by
isopycnic centrifugation.
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The dimorphic phage AS3243 was derived from AcI857
nin5 and harbors a 2275-base-pair M13 phagemid, pIO13,
inserted into its Xbal site. pIO13 is pSB4434 [45] with the
insertion of a ptac-gfpmut2 [46] fusion. The IG region of
plO13 was derived from the M13-related bacteriophage, f1,
and directs DNA synthesis and packaging by M13 proteins
[9]. The initial clone of AS3243 was selected as a lysogen
of HO480 resistant to 50 pg/ml ampicillin at 30°C. The
orientation of the inserted phagemid was determined by PCR.
AS3243 packages the standard map of A into M13 in the 5'-3'
orientation. A second dimorphic phage, AS3242, bears pIlO13
in the opposite orientation. AS3242 packages the standard map
of A into M13 in the 3’-5' orientation. AS3242 produced spots
with less fluorescence than AS3243 and was not characterized
further in this study.

B. Spot tests, method

Log-phase cultures were established in Yeast Extract
Tryptone medium (YT) [47] supplemented with 15 pg/ml
chloramphenicol at 37 °C. Our standard inoculum used 1.1 x

10% F~ cells and 1.1 x 107 Hfr cells in less than 1 ml YT
broth. The mixed cultures were diluted with 3 ml molten F-top
[47] and cast over MC agar ([48,49] and Supplemental Mate-
rial [13]). After the soft agar overlay gelled, 10 ul samples of
phages in a modified Tris-magnesium gelatin (TMG) buffer
([50] and Supplemental Material [ 13]) were spotted on the soft
agar. Spots were allowed to soak into the agar at room temper-
ature and the Petri dishes were incubated overnight at 37 °C.

Note added in proof. The DNA sequence of lambdaS3243
is on GenBank with accession number OR474059.
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