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Section 1 : Overview of approaches to estimate conjugation rate.
Section 1a : Overview of theoretical frameworks

In this section, we highlight three key methods for estimating conjugation rate.
While outlining the theoretical frameworks, we highlight the key distinctions and
theoretical assumptions of each approach. Levin et. al. (1) introduced a simple
mathematical model describing the change in density of donors, recipients and
transconjugants over time (given by dynamic variables D;, R;, and T, respectively). In
this model, each population type grows exponentially at the same growth rate . In
addition, the transconjugant density increases because of conjugation events both from
donors to recipients and from existing transconjugants to recipients at the same
conjugation rate y. The recipient density decreases due to these conjugation events. The
densities of these dynamic populations are described by the following differential
equations (where the t subscript is dropped from the dynamic variables for notational
convenience):

dD
=D, [1.1]
dR
—; = WR— YDR —yTR, [1.2]
T
=7 = YT+ yDR+YTR. [1.3]

Equations [1.1]-[1.3] contains four notable assumptions. First, conjugation is
described by mass-action kinetics, where conjugation events are proportional to the
product of donor and recipient cell densities, which is a reasonable assumption in well-
mixed liquid cultures (1). Second, the model assumes a negligible rate of plasmid loss, a
process whereby a dividing plasmid-containing cell produces one plasmid-containing
daughter cell and one plasmid-free daughter. These first two assumptions exist in all the
conjugation rate estimates we discuss. Third, the growth rate is the same for all cell types
(i.e., in the language of equations [1]-[3], ¥p = ¥r = Y, = ). Fourth, the plasmid
conjugation rate is the same from donors to recipients as from transconjugants to
recipients (i.e., in the language of equations [1]-[3], yp = yr = y). More specifically,
equations [1.1]-[1.3] are a special case of equations [1]-[3] where growth and conjugation
is assumed to be homogeneous across strains.

Popular rate estimation methods solved the set of ordinary differential equations
from the Levin et. al. model (or a variation) to find an estimate for the conjugation rate y.
The various methods differ by the assumptions used to find the analytical solution. Levin
et. al. was the first to derive an estimate for the conjugation rate (y) by making three
additional simplifying assumptions. First, the change in cell density of donors due to
growth is assumed to be negligible (i.e., dD/dt = 0). Likewise, the change in cell density
of recipients due to growth and to conjugation (i.e., transformation into transconjugants)
is assumed to be negligible (i.e., dR/dt = 0). Finally, transconjugants are assumed to be
rare in the population such that the increase in transconjugant cell density is primarily
through plasmid conjugation from donors to recipients (i.e., in equation [1.3], yYDR > YT +
yTR). All of these assumptions are satisfied if the cell growth rate is zero (¢ = 0), the
conjugation rate (y) is small, the system starts without transconjugants (T, = 0), and the
densities of donors and recipients remain much greater than the density of
transconjugants for the period under consideration (D > T and R > T). Using these
simplifying assumptions, Levin et. al. solved for an expression of the conjugation rate in
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terms of the density of donors, recipients, and transconjugants (D, R, and Tz,
respectively) after a period of incubation  (see the GitHub Appendix | for a few different
approaches to the derivation).

T

Yp

We label the expression in equation [1.4] as the “TDR” estimate for the conjugation rate,
where the letters in this acronym come from the dynamic variables used in the estimate.
Besides the model assumptions of homogenous growth rates and conjugation rates, the
most notable assumption used in the TDR derivation is that there is little to no change in
the population densities due to growth. Thus, laboratory implementation that respects this
assumption can be difficult (see section 1b for details). Regardless, TDR is a commonly
used estimate (1-4).

Simonsen et. al. derived the other most widely used estimate for conjugation rate
¥, which importantly expands application beyond the TDR method by allowing for
population growth (5). Indeed, they allowed for the rate of population growth to change
with the level of a resource in the environment, adding a dynamic variable for the resource
concentration. In addition, the conjugation rate can also change with the resource
concentration. The authors focus on a case where both growth and conjugation rates vary
with resource concentration according to the Monod function. This choice was informed
by experimental results showing that cells enter stationary phase and conjugation ramps
down to a negligible level as resources are depleted (1). This pattern occurs for various
plasmid incompatibility groups, but not all (6). Simonsen et. al. used this updated model
to derive an estimate for plasmid conjugation rate (see GitHub Appendix II for the
derivation).

! (1 L NE) ! 15
o =win Ri D/ (N; — No) [1.5]

We refer to equation [1.5] as the “SIM” estimate for conjugation rate throughout the
manuscript, where SIM stands for “Simonsen et. al. Identicality Method” since the
underlying model assumes that all strains are identical with regards to growth, and donors
and transconjugants are identical with regards to conjugation rate. The SIM estimate
involves measuring the density of the initial population (N,), and the final density of donors
(D), recipients (R;z), transconjugants (T;), and the total population (N;) after the incubation
time . The SIM estimate is popular since it allows for the use of batch culture in the
laboratory (see Section 1b for details). Thus, it circumvents the constraints of the
laboratory implementation of TDR; however, the underlying model holds the same
assumptions as before: homogeneous growth rates and conjugation rates.

Huisman et. al. recently updated the SIM model, further extending its application
by relaxing the assumption of identical growth and transfer rates for all strains (7).
Specifically, the authors introduced population specific growth rates for donors, recipients,
and transconjugants (Yp, ¥, and Y, respectively) and population specific conjugation
rates for donors and transconjugants (y, and y;). Huisman et. al. made three additional
simplifying assumptions. First, conjugation and growth rates are assumed to be constant
until resources are depleted, eliminating the additional resource concentration equation
added in the SIM approach. Second, the increase in recipients due to growth greatly
outpaces the decrease in recipients due to conjugation (i.e., YzR > yp DR + yTR). Third,
the increase in transconjugants due to growth or plasmid conjugation from donors to
recipients greatly outpaces the increase in transconjugants due to plasmid conjugation
from transconjugants to recipients (i.e., Y+T + ypDR > y;TR). These model conditions
are reasonable if the system starts with donors and recipients present but transconjugants
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are absent, the system is tracked for a short period of time £, conjugation rates are low
relative to growth rates, and the transconjugant conjugation rate (y;) is not much higher
than the donor conjugation rate (yp). With these added assumptions, equations [1.1]-[1.3]
can be reformulated as the following approximate system of equations:

dD
= YD, [1.6]
dR
YT YrR, [1.7]
dT
= = ¥rT+voDR, [1.8]

Huisman et. al. used these equations to derive an estimate for the donor conjugation rate

T.
Yo = Wp +Yr — Y1) (DERE — DtOROe‘»"Tf)’ [1.9]

where different cell types now can have different growth rates (see GitHub Appendix Il
for the derivation). We term equation [1.9] as the ASM estimate for donor conjugation
rate, where ASM stands for “Approximate Simonsen et. al. Method”.

For all methods (TDR, SIM, ASM, and LDM), we summarize model variables and
parameters in Table A. In addition, all variables used in the conjugation estimates are in
Table B. Lastly, all assumptions underlying each estimate are in Table C.

Table A: Variables and parameters used in plasmid dynamic models.

Variable/ Description Relevant Units
Parameter P Estimate(s)
. TDR, SIM,
D Donor density ASM. LDM
- . TDR, SIM, cfu
R Recipient density ASM, LDM —
, , TDR, SIM,
T Transconjugant density ASM. LDM
Y Growth rate (not population specific) TDR, SIM
Yp Donor growth rate ASM, LDM 1
Yg Recipient growth rate ASM, LDM hr
Yr Transconjugant growth rate ASM, LDM
y Conjugation rate (not population specific) TDR, SIM
. . : 1
¥p Donor-recipient conjugation rate ASM, LDM m
cfu-hr
Yr Transconjugant-recipient conjugation rate | ASM, LDM
Table B: Variables and parameters used to estimate* conjugation rate
Variable/Parameter | Description Relevant Estimate Units
P Incubation time (final | TDR, SIM**, ASM, hr
sampling time) LDM
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129

Initial donor and recipient

Do, Ro densities ASM, LDM
Y Final donor and recipient
D, R; densities TDR, SIM, ASM, LDM | fu
T; Final transconjugant density | TDR, SIM, ASM ml
Ny, N; Initial and  final total SIM

population density
Yr Transconjugant growth rate | ASM hr—1

. Probability a population has

Po(t) no transcgnjugaﬁts LDM
* The laboratory estimates are used here (see Section 1b)
** |f the SIM assay is conducted on exponentially growing cultures (see Section 1c) £
along with N, and N; can be used to estimate iy (otherwise, an independent estimate
of Y is needed).

Table C: Summary of modeling assumptions.

Assumption TDR | SIM | ASM | LDM
Conjugation events follow mass-action kinetics X X X X
The plasmid loss rate of the focal plasmid is zero X X X X
The cell populations do not change in size due to growth X
Processes of conjugation and growth are not resource

X X X
dependent*
The cell populations grow exponentially (i.e., constant X X

growth rate)
The growth rate is identical for all cell types X X

The transconjugant conjugation rate is not high relative to X X X
the donor conjugation rate

* The SIM model can incorporate resource-dependent growth and conjugation if (1) growth and transfer
rates are homogeneous and (2) the functional form for resource dependence is the same for growth and
transfer.

Section 1b  : Alternative laboratory forms for conjugation estimates

Often the conjugation estimates can be re-written into a form of the equation that
is more amenable to laboratory implementation. Here we walk through rearranging the
equations for a subset of the estimates.

For the SIM estimate, we start with equation [1.5]. If the entire period from t = 0 to
t = £ involves exponential growth, then N; = Nye¥¢. In such a case, ¥ = (1/£) In(N;/N,).
We arrive at the alternative laboratory form for SIM

1 T No\1InN; — In N
= Lin (14 22 M) o Znfy
t Rz D¢ N — N,
We note that equation [1.10] is appropriate for some “truncated” versions of the

SIM approach, but not generally applicable to the standard overnight version in
which the culture does not grow exponentially across the entire assay.

[1.10]
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To rearrange the ASM estimate, we start with equation [1.9]. While the equations

Yp = (1/0) In(Dg/D,y) and Y = (1/t) In(R;/R,) again provide estimates on donor and

recipient growth rates, we cannot express the transconjugant growth rate (y ;) as a simple

expression of time and initial/final densities of members of the mating culture. However,

data from a transconjugant monoculture supply an estimate for this parameter. Thus, we
arrive at the laboratory form for ASM

1 T;

== ({nDzR; —InDyR,) — } =

14)) {t( iR oRo) — Y7 (DfRf — DOROeV’Tt)

To rearrange the LDM estimate, we start with equation [11]. Since D; = Dye¥pt

and R; = Rye¥r¢, it is the case that ¥, = (1/£) In(D;/D,) and ¥, = (1/) In(R;/R,). So,

we have
1 In (g—g) +In (g—;)

= =1 f
14)) 7 np(t) DoRy — D7R;

[1.11]

After rearrangement, we have
In(DgRg) — In(DyRy)

1
== —1 t
Yp =% {—Inp, (D)} DR, — DyR,

In the laboratory, we measure an estimate (p,(t)) of the probability that a population has
no transconjugants (p,(t)) which is simply the fraction of the populations (i.e., parallel
cultures) that have no transconjugants at the incubation time £. In addition, if a 1 ml
volume is not used for each mating culture (assuming that all cell densities are measured
in cfu/ml units), then we must add a correction factor f (see Section 5 for details and an
example). Thus, we arrive at the laboratory form for the LDM, which is equation [13].
lanRf —In DORO
DRz — DoRy

Yo = L= Inpo(®)

Section 1c  : Overview of laboratory implementations

In this section, we compare the laboratory implementations of the various
estimates: TDR, SIM, and ASM. Each method is explained either as recommended by its
authors or the most simplified protocol to acquire the information for the estimate. For
each, we describe proper laboratory implementation for the approaches based on the
model and derivation assumptions used to acquire the estimate. Note in this section, we
do not explore the assumptions that are violated due to the biological entities being tested
(i.e., specific species or plasmids) which can result in violations such as unequal
conjugation rates or growth rates. These are explored in the main text and Section 4 via
stochastic simulations. Thus, we focus solely on the parameters under the experimenter’s
control. For ease of reference, key implementation differences are highlighted in Table D.

The TDR estimate has a simple form (equation [1.4]). Donors and recipients are
mixed in non-selective growth medium and incubated for a specified time t. Typically,
densities after the incubation time are determined using selective plating. The derivation
assumes the density in donors and recipients does not change due to growth which sets
specific constraints on the implementation of this approach. In the original study, Levin
et. al. used a chemostat to keep the population constant (1). Other studies shorten the
incubation time t such that population growth is negligible and use various laboratory
tools to detect the small number of transconjugants (3, 4).

The SIM estimate is not built on an assumption of unchanging population densities.
Donor and recipient populations in exponential phase are mixed in non-selective growth
medium. The initial population density (N,) is determined by dilution plating on non-
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selective medium. After the mating mixture is incubated (for a period of ), the final
densities (D;, R, Tz, and N;) are determined by dilution plating on selective and non-
selective media. To implement SIM as written in equation [1.10] (see Section 1b), the
specified incubation time £ must occur well before stationary phase is reached to collect
proper data for estimating the population growth rate (¢ = (InN; — In N,)/t). There is an
alternative option for implementing the SIM using equation [1.5]. The donor and recipient
populations are mixed and incubated under batch culture conditions (specifically
exponential and stationary phase). However, the (maximum) population growth rate ()
needs to be determined with two additional samplings from the mixed population at times
t, and t,, both occurring within exponential phase:

)= In (Ntb/Nta)

tp —tq

The population densities N, and N;, can be estimated either through colony counts from
plating or optical density from a spectrophotometer. Either way, the timing of exponential
phase is important for this approach and at least some analysis during this phase is
required regardless of the implementation strategy.

For the ASM estimate, donor and recipient populations in exponential phase are
mixed in non-selective medium. Initial densities (D, and R,) are determined by plating
dilutions on the appropriate selective media. After the donor-recipient co-culture
incubates for a specified time (%), final densities (D;, Rz, and T;) are determined by plating
dilutions on the appropriate selective media. From the transconjugant-selecting agar
plates, a transconjugant clone is incubated in monoculture then sampled twice (at times
t, and t,) in exponential phase to measure the transconjugant growth rate (Y, =
ln(Ttb/Tta) /(t, —tz)). The authors point out a critical consideration for proper
implementation of the ASM is the incubation time . Not only is sampling in exponential
phase important, but if the incubation time £ is too long and passes a critical time (t.,;+)
the approximations used to derive the ASM break down. To avoid overshooting t.,;;, the
authors recommend sampling as soon as measurable transconjugants arise. To
determine that the incubation time used was below the critical time (t.,;;), @ second assay
is recommended by the authors to measure the transconjugant conjugation rate y;, which
will determine if the original incubation time  was below t.,;; for measuring the donor
conjugation rate. This second assay would have the transconjugant clone become the
donor in the mixture, while a newly marked recipient must be used so that donors and
recipients can be distinguished using selective plating.

Each method has aspects of implementation in common. Each one shares the
basic approach of mixing donors and recipients over some incubation time ¢. Each
estimate requires reliable selectable markers to differentiate donors, recipients, and
transconjugants. However, all estimates have some constraints on initial densities and
time of measurement. This can occur because the experimenter needs to capture
conjugation events (all estimates require this), avoid population growth (TDR), or keep
growth exponential (ASM, and at least parts of SIM). Even so, each method has clear
distinctions. The most notable is the incubation time £ (i.e., the end of the assay). The
TDR method is constrained to conditions where no change in population size due to
growth can occur. For SIM, initial and final sampling are not constrained to a particular
phase of growth; however, measurement of the growth rate must occur during the
exponential growth phase. For ASM, initial sampling is in early exponential phase, and
the final sampling needs to occur during a specific time window. In other words, the assay
needs to be long enough that measurable transconjugants appear, but short enough so

[1.12]
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that assumptions are not violated (which can occur if transconjugant density becomes too
large).

Table D: Comparison of implementations.

Summary TDR | SIM | ASM | LDM
Assay conditions minimizing the change in density due to X

growth

Minimize incubation time necessary for producing X
transconjugants

An incubation time results in a subset of parallel populations
having no transconjugants

Assay occurs over a period of exponential cell growth X* X X

Assay requires multiple parallel mating cultures to obtain
one estimate

Assay requires a measurement of transconjugant density X X X
Assay requires a measurement of population growth rate X*
Assay requires a measurement of transconjugant growth X
rate

* For the SIM assay, either the entire assay is conducted over exponentially growing
cultures or an independent estimate for (maximum) population growth rate is needed.

Section 2 : Derivation of p,(t) for the LDM estimate

In this section, we will continue to assume an experimental volume of 1 ml for the co-
culture such that the density of cells per ml is equivalent to the cell count numerically. We
will not explicitly track units in this section, but we deal with the case of an arbitrary
experimental volume in Section 5.

We define p, (t) to be the probability that there are n transconjugants at time t, where n
is a non-negative integer (i.e., p,,(t) = Pr{T; = n}). We focus here on the probability that
transconjugants are absent (namely, where n = 0) and derive an expression for p,(t). By
definition py(t + At) = Pr{T,; 5, = 0}. However, Ty, o, = 0 implies T; = 0, SO we can write
po(t + At) = Pr{(Tynr = 0) N (T; = 0)} = Pr{Tpp = 0| T, = 0} Pr{T; = 0},
Given that p,(t) = Pr{T, = 0}, we can use equation [9] to write the following time-
increment recursion for p,(t):
po(t + At) = (1 —yp DR A)po (1).

This can be simplified as follows

po(t + At) — py(t)
° AL = —¥Yp DRy ().

Taking the limit as At — 0 gives
I Po(t + At) — po(t) _ dpy(t)
1m = .
At—0 At dt
Therefore, we have the following differential equation:

dpo(t)
c(i)t = —YpD¢Rpo ().
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We are assuming D, = Dye¥Pt and R, = Rye¥Rt. We note that these assumptions are
reasonable if the densities of donors and recipients are reasonably large and the rate of
transconjugant generation per recipient cell (ypD; + yT:, or if T, =0, simply y,D;)
remains very small relative to per capita recipient growth rate (yy). Under these
assumptions, our differential equation becomes:

dpo(t)
(;t = —ypDoRoe WP ¥R p, ().

We solve this differential equation via separation of variables, integrating from O to our
incubation time of interest t:

t t
-f de (t) — f _yDDoROe(¢D+¢R)tdtﬁ
Do (t) ,
: —YpDoRy ‘
ln p t)lt - (¢D+¢R)t
oo = o .
- —YpDoRy —YpDoRy
In p,(F) — Inp, 0) = m e Wp+YR)t _ m _

Given that p,(0) = 1,

N D
Inp, () = %( e Wp+YR)E _ 1),

po(t) = exp {—¢YDD(;D 0 ( Wp+yPRIE _ 1)}

which is equation [10].
Section 3 : Derivation of mutation rate from the Luria-Delbrick experiment

Here we derive the classic estimate of mutation rate from Luria and Delbriick. We assume
that there is a population of wild-type cells that grow according to the following equation:

N, = Nye¥nt, [3.1]

where N, is the number of wild type cells at time ¢t and ) is the per capita growth rate.
The wild-type population dynamics are assumed to be deterministic (a reasonable
assumption if the initial population size is reasonably large, i.e., N, > 0). We are also
ignoring the loss of wild-type cells to mutational transformation, but this omission is
reasonable if the mutation rate is very small relative to per capita wild-type growth rate.

Let the number of mutants be given by a random variable M,. This variable takes
on non-negative integer values. For a very small interval of time, At, the current number
of mutants will either increase by one or remain constant. The probabilities of each
possibility are given as follows:

Pr{Meine = M} = 1 — (uNy + Yy M)At [3.3]

The two terms on the right-hand side of equation [3.2] give the ways that a mutant can be
generated. The first term measures the probability that a wild-type cell undergoes a
mutation (u is the mutation rate). The second term gives the probability that a mutant cell
divides and produces two mutant cells (i, is the mutant growth rate). Equation [3.3] is
the probability that neither of these processes occur.
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Analogous to the procedure in Section 2 (with py(t) = Pr {M, = 0}):

Po(t + At) = (1 — uN At)po (¢).
By rearranging, taking the limit as At — 0, and utilizing equation [3.1], we have

dp,(t
pc(i)if ) = —puNoe¥Nlp, (t).
This differential equation can be solved in an analogous way as well
£ £
dpo(t) f
= | —uNye¥ntdt,
of Po(t) . °

t

)

. —uN,
Inpo()]f = ——2 g¥nt
Y 0

N

. —uN - —uN,
Y Y

Because we assume M, = 0, we must have p,(0) = 1, and

.~ —HUN P
Inp,(£) = 0 (e¥nt —1).
Y
Solving for the mutation rate u
. Y
=—Inpy(t) ————,
u pO( )No(ell’Nt _ 1)
which is equation [12]. This equation can also be expressed as:
_ ~_ Yn
p=—1Inp,(t) N — Ny

To recover Luria and Delbrtick’s original formulation, consider a new time variable

z defined as follows:
t
Z= ty/In2’
where t; is the period required for population doubling during exponential growth.
Because
Nye¥nt = N,2t/ta,

it is the case that

1
le N td/ln 2
Therefore, z = 1yt and the equation N, = Nye¥~t can be expressed as
NZ = Noez

Performing the same analysis on this new equation gives the original formulation (their
equations [4] and [5], where our u is given by their “a” and our Z is given by their “t”):
_—Inpy(2)
Nz =N

Section 4 : Extended Simulation Results
Section 4a : Extended stochastic simulation methods

To systematically explore the effects of heterogeneous growth and conjugation
rates (as well as non-zero rates of plasmid loss) on the accuracy and precision of
estimating the donor conjugation rate (y,), we developed a stochastic simulation
framework using the Gillespie algorithm. We ran sets of simulations sweeping through
parameter values. Each simulation examined a biological process (i.e., growth,

10
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conjugation) in isolation by manipulating one or two of the relevant parameters. For
Section 4b-d, we used a “baseline” set of parameters (Y, = Y = Y =1, and
Yp = ¥r =1 x 107 and initial densities (D, =R, =1 x 102 and T, =0) unless
otherwise indicated. For each initial parameter setting, we simulated 10,000 parallel
populations and calculated the conjugation rate using various methods (TDR, SIM, ASM,
and LDM). The incubation time selection criteria used for the SIM estimate was also used
for the TDR and ASM estimates (see Materials and Methods and Table E). However,
given that all our simulated populations increase in size over the incubation time, a
fundamental assumption of the TDR approach is broken for all the runs (i.e., no change
in the density due to growth). The TDR estimate was included to be comprehensive (and
illustrate that violation of the no growth assumption leads to systemic bias). Also, we note
that we calculated the ASM metric in all scenarios and that in some cases the incubation
time £ passed the critical time threshold (t.,;;) where the ASM assumptions break down
(see Section 1a). The ASM estimate was included in all scenarios to be comprehensive
and illustrate that implementing the assay after t..;; can lead to bias. Given that the
chosen incubation time £ to evaluate these simulations is early, it highlights that for some
parametric combinations proper implementation of the ASM metric is not possible. Given
that the Gillespie algorithm is computationally expensive and the large number of
simulations needed to sweep through parameters, we chose low initial densities and high
conjugation rates for the baseline condition. In Section 4e, we demonstrate that the trends
shown for the baseline condition are also observed with more realistic parameter values
and higher initial densities.

Table E: Specific incubation times (%) used in stochastic simulations to compare
across parameter settings. Each row lists the relevant figure and the corresponding x-
axis value. Time is given in hours. For each parameter setting, the incubation time £ for
the LDM estimate is set to the average t*, and for the SIM estimate is given by the time
point for which an average of 50 transconjugants is reached.

Figure x-axis value tipm (T
Fig 4, Fig Aa 0.0625 4.34 7.89
Fig 4, Fig Aa 0.125 411 7.49
Fig 4, Fig Aa 0.25 3.7 6.78
Fig 4, Fig Aa 0.5 3.1 5.67
Fig 4, Fig Aa 1 2.35 4.27
Fig 4, Fig Aa 2 1.61 2.86
Fig 4, Fig Aa 4 1.01 1.74
Fig 4, Fig Aa 8 0.6 1

Fig 4, Fig C 1x10° 2.35 4.27
Fig 4, Fig C 1x 108 2.35 4.27
Fig 4, Fig C 1 x 107 2.35 4.27
Fig 4, Fig C 1 x 106 2.35 4.27
Fig 4, Fig C 1x10° 2.35 4.25
Fig 4, Fig C 1 x 10 2.33 4.11
Fig 4, Fig C 1x 103 2.16 3.4
Fig 4, Fig C 1 x 102 1.44 2.02
Fig Ab 0.0625 4.35 8.18
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Fig Ab 0.125 411 7.66
Fig Ab 0.25 3.71 6.85
Fig Ab 0.5 3.1 5.69
Fig Ab 1 2.35 4.27
Fig Ab 2 1.61 2.86
Fig Ab 4 1.01 1.74
Fig Ab 8 0.6 0.99
Fig Ba 0.0625 3.3 6.4
Fig Ba 0.125 3.22 6.23
Fig Ba 0.25 3.07 5.89
Fig Ba 0.5 2.8 5.26
Fig Ba 1 2.35 4.27
Fig Ba 2 1.78 3.07
Fig Ba 4 1.2 1.99
Fig Ba 8 0.74 1.15
Fig Bb 0.0625 3.31 6.45
Fig Bb 0.125 3.23 6.27
Fig Bb 0.25 3.07 5.92
Fig Bb 0.5 2.8 5.27
Fig Bb 1 2.35 4.27
Fig Bb 2 1.78 3.07
Fig Bb 4 1.2 1.97
Fig Bb 8 0.74 1.15
Fig Bc 0.0625 2.64 4.59
Fig Bc 0.125 2.62 4.57
Fig Bc 0.25 2.59 4.54
Fig Bc 0.5 2.52 4.46
Fig Bc 1 2.35 4.27
Fig Bc 2 1.97 3.62
Fig Bc 4 1.34 2.31
Fig Bc 8 0.8 1.29
Fig D 0.00001 2.35 4.27
Fig D 0.0001 2.35 4.27
Fig D 0.001 2.35 4.27
Fig D 0.01 2.36 4.29
Fig D 0.1 2.47 4.49

Section 4b  : The effect of unequal growth rates

We expanded the analysis used in Fig 4a by calculating a conjugation rate
estimate with two additional estimates, TDR and ASM (Fig Aa). We simulated an
additional biological scenario (Fig Ab) in which growth rates differ due to the host; i.e.,
where recipients and transconjugants grow faster (Y, < ¥ = Yg) orslower (Yp > Yy =
Yr) than the donors. This captures the situation in which the recipient (and therefore
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342 transconjugant) is a different strain or species from the donor and differs in growth rate.

343 Like the conclusions drawn from Fig 4 with the effects of plasmid carriage, the LDM
344 exhibited high accuracy and precision relative to other metrics.
345

a LDM SIM TDR ASM

A *+++—$%% ++++—$%% ++++_$%%

= 107
o107 . . . . . . . . . . . .
E 0.1 1.0 10.0 0.1 1.0 10.0 0.1 1.0 10.0 0.1 1.0 10.0
‘QE-; plasmid—containing cells growth rate (hr™")
@ b LDM SIM TDR ASM
g 107 :
g 10—5 ; . é . : ‘ : H
1076 | o e e = e #++#—$$ _ iéé +++#—%$%
107 ’ **+$_$_ !
1078 1 .
10°1 . . . . . . . . . . .
0.1 1.0 10.0 0.1 1.0 10.0 0.1 1.0 10.0 0.1 1.0 10.0
recipients and transconjugants growth rate (hr")
346 Fig A: The effect of heterogenous growth rates on estimating conjugation rate. The
347 Gillespie algorithm was used to simulate population dynamics. 100 estimates of the donor
348 conjugation rate are shown for each parameter combination (summarized using boxplots
349 with the same graphical convention as in Fig 3). The gray dashed line indicates the true
350 value for the donor conjugation rate (here, 10~°). The boxes in gray indicate the baseline
351 parameter setting, and all colored boxes represent deviation of one or two parameters
352 from baseline. The baseline parameter values were Y, = Y = Y, =1,and yp, = y; =
353 107, The dynamic variables were initialized with D, = R, = 10?> and T, = 0. All
354 incubation times are short but are specific to each parameter setting (see Materials and
355 Methods and Table E for details). The LDM, SIM, TDR, and ASM estimates are in
356 separate plots with estimate specific colors (brown, orange, cyan, and green,
357 respectively). Zero estimates were set to 10 (the lowest y-value) for plotting on a log
358 axis. (a) Unequal growth rates were explored over a range of growth rates for the plasmid-
359 bearing strains, namely ¥, = Y € {0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8}. (b) Unequal
360 growth rates were explored over a range of growth rates for the recipients and
361 transconjugants, namely ¥ = ¥, € {0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8}. The data and
362 code needed to generate this figure can be found at https://github.com/livkosterlitz/LDM
363 or hitps://doi.org/10.5281/zen0d0.6677158.

364
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365
366
367
368
369
370

371
372
373
374
375

conjugation estimate (ml cfu™ hr™)

In addition, we explored the effect of a single population (donor, recipient, and
transconjugant) growing faster or slower in isolation (Fig B). Notably, a faster
transconjugant growth rate led to very large variance with the other metrics (TDR, SIM,
and ASM). Therefore, some parameter settings shown in Fig Bc have a large proportion
of the simulations yielding a zero estimate at the specific incubation time. Given the log-
axis, the zero estimates were placed at the lowest y-value for plotting purposes.

a LDM SIM TDR ASM

Ei++++—+++ %%%$—$++ %%%é—*++ %%%é_**+

1078 1

0.1 1.0 10.0 0.1 1.0 10.0 0.1 1.0 10.0 0.1 1.0 10.0
donor growth rate (hr™")

LDM SIM TDR ASM

1077 1

e b et

1078 1

1079 1

0.1 1.0 10.0 0.1 1.0 10.0 0.1 1.0 10.0 0.1 1.0 10.0

recipient growth rate (hr‘1)

LDM SIM TDR ASM

10‘6--1--!-+-i-—-!-$E _l_.,..,.-i-—é L = .
: . = :

1078 1

0.1 1.0 10.0 0.1 1.0 10.0 0.1 1.0 10.0 0.1 1.0 10.0
transconjugant growth rate (hr™")

Fig B: The effect of population-specific heterogenous growth rates on estimating
conjugation rate. Boxplots are using the same graphical representation as Fig A. (a, b,
c) Unequal growth rates were explored over a range of growth rates for the donors,
recipients, and transconjugants, respectively, namely ¥, € {0.0625, 0.125, 0.25, 0.5, 1,
2, 4, 8}). Zero estimates were set to 10 for plotting on a log axis. The data and code
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376 needed to generate this figure can be found at https://github.com/livkosterlitz/LDM or

377 https://doi.org/10.5281/zen0do0.6677158.
378
379 Section 4¢c  : The effect of unequal conjugation rates
380
381 We expanded the analysis used in Fig 4b by calculating a conjugation rate
382 estimate with two additional estimates, TDR and ASM (Fig C). Like the conclusions drawn
383 from Fig 4b with the effects of heterogenous conjugation rate, the LDM exhibited high
384 accuracy and precision relative to other metrics.
385
LDM SIM TDR ASM

.-; 10721

£ 0] L L -

E _6 . L N ) N 1 . . H 1 4 .

e R e s CoTeos o o e -

c ' ‘ e bl sl alax -

§,10—8_ | | | | | | — | | e | | e

g 10% 10°® 10" 1072 108 10° 10™* 1072 10 10°% 10" 107? 10® 10°® 10" 107?

transconjugant conjugation rate (ml cfu™" hr™")
386 Fig C: The effect of heterogenous conjugation rates on estimating conjugation rate.
387 Boxplots are using the same graphical representation as Fig A. Unequal conjugation rates
388 were probed over a range of transconjugant conjugation rates, namely y € {10, 10%,
389 107, 106, 10%, 104, 103, 10°%}. Zero estimates were set to 108 for plotting on a log axis.
390 The data and code needed to generate this figure can be found at
391 https://github.com/livkosterlitz/L DM or https://doi.org/10.5281/zenodo.6677158.
392 Section 4d : The effect of a non-zero plasmid loss rate
393 We extended the base model (equations [1] - [3]) to include plasmid loss due to
394 improper plasmid segregation. Thus, transconjugants are transformed into plasmid-free
395 recipients due to improper segregation of the plasmid at rate t,. The donors are
396 transformed into plasmid-free cells due to improper segregation of the plasmid at rate 7.
397 Therefore, the extended model (equations [4.1] - [4.4]) tracks the change in density of a
398 new population type, plasmid-free former donors (F). In total, the extended model
399 describes the change in density of four populations (D, R, T, and F) due to various
400 biological parameters: growth rates (Y, ¥g, ¥, and ¥g), conjugation rates (Ypr, Yrr>
401 Ypr,» @nd yrp), and plasmid loss rates (t, and 7). Importantly, we note that all conjugation
402 rates are dyad-specific (i.e., donor-recipient-specific); therefore, our simulation framework
403 is built to allow all rates to be unique. Since the new population type is a possible plasmid
404 recipient, the subscript on the conjugation rate parameter now indicates the plasmid-
405 bearing cell type and the plasmid-free cell type (e.g., yrr indicates the conjugation rate
406 between a transconjugant and a plasmid-free former donor).
dD
P YpD + (yprD + yrrT)F — 75D, [4.1]
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dR

P YrR — (YprD + yrrT)R + 7T, [4.2]
dT
€ YrT + (vprD +yrrTIR — 77T [4.3]
dF
Frin YpF — (yprD + yrpT)F + 1pD. [4.4]
407 Plasmid loss due to improper segregation is a common occurrence in plasmid
408 populations and violates a model assumption underlying all the conjugation rate
409 estimates. We simulated a range of plasmid loss rates, ranging from low (tp, = 7, =
410 0.0001) to high (zp = = = 0.1). The LDM had high accuracy and precision across all
411 parameter settings (Fig D). The effect of plasmid loss was undetectable even for an
412 extremely high loss rate (t, = t; = 0.1). Similarly, the effect of plasmid loss was
413 undetectable on the other conjugation estimates compared to their performance with a
414 zero loss rate. Thus, we find that all estimates appear robust with regards to an
415 introduction of plasmid loss.
. LDM SIM TDR ASM
‘T‘_E 1074
% 107°
€ : : . ; ; H . i
R ek e o i R T TR T nh ol ale no
===
S
S 100
g 10° 107 107 10 107" 10 107" 107 10 107" 107 107 107 107% 107" 107 107* 107 107 107
plasmid loss rate (hr™")
416 Fig D : The effect of non-zero plasmid loss rates on estimating conjugation rate.
417 Boxplots are using the same graphical representation as Fig A. We explored improper
418 plasmid segregation by considering a range of plasmid loss rates 7, = t € {0.00001,
419 0.0001, 0.001, 0.01, 0.1}. The data and code needed to generate this figure can be found
420 at https://qgithub.com/livkosterlitz/LDM or https://doi.org/10.5281/zen0do.6677158.
421
422 Section 4e : The effect of incubation time using realistic parameter settings
423
424 We expanded the analysis used in Fig 3 by calculating conjugation rate with two
425 additional estimates, TDR and ASM. In addition, we explored the effects of incubation
426 time in conjunction with other heterogenous parameter settings and a non-zero plasmid
427 loss rate using realistic parameter settings. Given the computational expense of using
428 realistic parameter values and higher initial densities, we explored five parameter
429 combinations and the results are summarized in Fig E. We set more reasonable initial
430 densities of the donors and recipients (D, = R, = 1 X 10°) and a conjugation rate that is
431 often reported in the literature (ypr = ¥pr = ¥rr = Yrr = 1 X 1071%) unless otherwise
432 indicated. The conjugation rate was estimated for each method at 30-minute intervals.
433 For each time interval, we applied estimate-specific filters. For the LDM estimate, a 30-
434 minute interval was shown if at least one parallel population had zero transconjugants.
435 For the other estimates (SIM, TDR, and ASM), the 30-minute interval were shown if at
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436
437
438
439
440
441
442
443

444
445
446
447
448

least 90 percent of the simulated populations contained transconjugants at the incubation
time.

The LDM estimate had high accuracy over all incubation times for all scenarios
with precision increasing through time for the range explored. The other estimates also
become more precise over time. However, their greater precision over time was
sometimes accompanied by decreased accuracy. We note these inaccuracies recaptured
the qualitative patterns revealed in the parameter sweeps. Again, the LDM estimate
performed as well or better than other estimates across incubation times.

a LDM SIM TDR ASM
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Fig E : The effect of incubation time () on estimating conjugation rate. The Gillespie
algorithm with equations [4.1]-[4.4] was used to simulate population dynamics. Donor
conjugation rate for each parameter combination was estimated at 30-minute intervals
(summarized using boxplots with the same graphical convention as in Fig 3). The gray
dashed line indicates the true value for the donor conjugation rate (here, 1071%). The
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baseline parameter values were Yp = Yp = Yr =V =1, Ypr =Vpr = V1R = V1F =
1 x 107, and 7, = t; = 0. The dynamic variables were initialized with D, = R, = 10°
and T, = F, = 0. The LDM, SIM, TDR, and ASM estimates are in separate plots with
estimate-specific colors (brown, orange, cyan, and green, respectively). (a) Baseline
parameters were simulated as the non-heterogenous parameter comparison. (b) An
unequal growth rate was simulated with ¥, = ¥, = 0.5. (c) An unequal growth rate was
simulated with ¥, = ¥, = 2. (d) An unequal conjugation rate was simulated with y;z =
1078, (e) A non-zero plasmid loss rate was simulated with 7, = 7, = 0.0001. The data
and code needed to generate this figure can be found at
https://github.com/livkosterlitz/LDM or https://doi.org/10.5281/zenodo.6677158.

Section 4f  : Modified Levin et. al. model with Monod growth and conjugation

To investigate the incongruency observed between the SIM and LDM estimates
for the cross-species mating assay in Fig 6, we extend equations [4.1]-[4.4] to incorporate
batch culture dynamics by tracking the change in resource concentration:

2% = p(CID + ¥or (CODF + yrp(CITF — T5(CD, [4.5]
O YR(OR = Yor(©DR ~ Y1a(OTR + T2 (C)T, [4.6]
i—: =7 (O)T + ¥pr(CIDR + ¥z (O)TR — 71(O)T, [4.7]
Z—f = %p(C)F = ypr (C)DF — y7x(C)TF + ,(C)D, [4.8]
‘;—f = —¥p(C)D + Yr(OIR + Y7 (O)T + P (C)F)e. [4.9]

where e is the amount of resource required to produce a new cell. With the addition of a
resource equation, there is an added assumption that growth, conjugation, and plasmid
loss are Monod functions of resource concentration C:

Yx(C) = Yxpan (ﬁ) [4.10]
Yxy (€) = ¥xvmmax (QCT), [4.11]
% (C) = Tx,ax (QC?) [4.12]

where @ is the half saturation constant, and 5. ., Vxy ., @d 7x, . are the maximum

growth, conjugation, and plasmid loss rates for relevant cell types X and Y, respectively.
In other words, growth, conjugation, and plasmid loss decline and eventually turn off as
resource concentration goes to zero.

Section 4g : Deterministic simulations with the Monod model using cross-
species case study parameters

Here, we used equations [4.5]-[4.12] that incorporate batch culture dynamics to
simulate the cross-species case study with the experimental parameters to investigate
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507

the incongruency observed between the SIM and LDM estimates for the cross-species
mating assay in Fig 6. Most of the parameters were from the average of six experiments
(Dy =1.17 x 10°% R, =3.33 x 104, ¢, =1.91, Y = 1.47, ¥, =1.48, ypr = 1.96 x 1013, and
vrr = 1.96 x 10°7) with the remaining parameters informed by the 24 hour densities as to
mimic the batch culture conditions of the experiment (C, =4.41 x 10°, Q =1 x 107, and e
= 1). We used the numerical solution to calculate the SIM estimate over time.

We compared the numerical solution to the actual experimental measurements
from the cross-species experiments. The simulated density and conjugation estimate (Fig
Fa solid lines) were similar to the average experimental densities and the experimental
SIM estimate (Fig Fa circle data points). Thus, the experimental LDM estimates for the
cross-species (ypr = 1.96 x 10°1%) and within-species (yrz = 1.96 x 10°7) conjugation rates
along with the measured growth rates are sufficient to recapture a relatively inflated
experimental SIM estimate. In contrast, a simulation with homogenous conjugation rates
using either the cross- or within-species conjugation rate does not closely align with the
experimental data (Fig Fb and c, respectively). These simulations also demonstrate that
the heterogeneity in the measured growth rates is insufficient to produce the mismatch
observed in the experimental data (Fig Fb and c). This was worth checking given that
heterogeneity in growth rates violates a modeling assumption of the SIM approach. This
adds further support that the parametric heterogeneity (i.e., yp # yr) in the conjugation
rates is the potential cause for the incongruency between the LDM and SIM estimates
reported in Fig 6.
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Fig F : Numerical simulation of extended model with Monod functions using
experimental parameters. Deterministic numerical solutions of equations [4.5]-[4.12]
showing donor, recipient, and transconjugant densities (red, blue, and purple solid
trajectories, respectively) increasing over time using experimental parameter estimates
(Dy =1.17 x 10°%, R, =3.33 x 104, ¢, =1.91, Y, = 1.47, Y, =1.48, ypr = 1.96 x 1013, and
Yrr = 1.96 x 10°7) and batch culture parameters (C, = 4.41 x 10% Q =1 x 107, and e = 1)
unless otherwise indicated. The averaged experimental data is overlayed onto each part
(circle data points) at both incubation times (grey dotted line att =5 and t = 24). (a) The
numerical solution with the experimental parameter estimates were close to the
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experimental measurements. (b) A scenario with homogenous low conjugation rates (ypg
= yrr = 1.96 x 1013 deviates markedly from the experimental measurements. (c) A
scenario with homogenous high conjugation rates (ypr = yrr = 1.96 x 107) deviates
substantially from the experimental measurements. The data and code needed to
generate this figure can be found at htips:/github.com/livkosterlitz/LDM or
https://doi.org/10.5281/zenodo.6677158.

Section 4h  : Violation of the Levin et. al. model Monod equation assumptions

In this section, we explored a violation of a modeling assumption in the SIM
approach by using a model variation where the functional form of the growth rates and
conjugation rates are not proportional. This is relevant given that there are plasmid
systems that will readily violate this proportional assumption (e.g., IncP plasmids). Here,
we assume that while growth rates follow the Monod equation, conjugation rates are not
dependent on resource and remain constant after resources are depleted. We found that
using this model and the same experimentally measured parameter values in Fig F
resulted in a higher SIM estimate as the culture enters stationary phase (Fig Ga)
compared to the scenario where conjugation rates are proportional to growth rates (Fig
Gb). Itis worth noting that by using this new model and these particular parameter values,
the recipient pool is completely depleted which coincides with the SIM estimate no longer
being a finite, positive value. This differs from Fig Gb where the SIM estimate hits an
asymptote remaining at a finite, positive value. In this case, the recipient pool is not
depleted because in this version of the model (Section 4f) the conjugation rates approach
zero as the resources are depleted. We acknowledge that a violation of the proportional
assumption would lead to an inflation of the SIM estimate, which is the same pattern we
show in our experimental results in Fig 6. However, we used an IncF plasmid in our
experiment which was the plasmid system used in the original SIM study where the
experimental results were consistent with a proportional relationship. We note that this
analysis is relevant to other plasmid systems where this assumption is known to be
violated or has not been experimentally validated.
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Fig G: Numerical simulation of a modified model with constant conjugation rates
with Monod functions for growth. The same equations and parameters from Fig F are
used throughout unless otherwise indicated. (a) A model modification is made where
conjugation rates are no longer proportional to growth rates. Specifically, conjugation
rates are constant (i.e., not resource dependent). (b) The same panel in Fig Fa for
comparison. The data and code needed to generate this figure can be found at
https://github.com/livkosterlitz/LDM or https://doi.org/10.5281/zenodo.6677158.

Section 5 : Experimental volume unit conversion using f

In this section, we walk through the addition of f to the LDM estimate. This is
important to maintain the typical units ml/(h - cfu) used for reporting the conjugation
rates. In the original differential equations [1]-[3], the units of the dynamic variables were
cfu/ml. If we want to deal with numbers instead of density, the let us define a new volume
unit termed the “evu” standing for “experimental volume unit” where we will assume there
are f evu’s per ml. Focusing on the number of donors in the experiment (which we label
D), we have the following conversion:

5<cfu> p(51)

=" _evu

evu f_
ml
Focusing on the numerical values (and ignoring the units for what follows), we have

- D
D=-,
f
s R
fl
w_T
I3

In our original differential equations, let us multiply both sides of all the differential
equations by 1/f, yielding:

1dD _ 1 D
fdt l”Df ’
1dR 1 1
Far =Yg j—fR — (ypD +)’TT)17R;
1dT 1 1
Fdt = IIJT]?T + (vpD + VTT)]_CR'
This can be reworked as
b _ .
5 dt ~ ¥oD,
dR - -
P YrR — (ypD +yrT)R,
dT - -
It follows that:
db _ .
_ dt ¥oD,
dR

E = I/JRﬁ - (fVDE + fVTT)R,
dT g - o\
rTi T + (fyoD + fyrT)R.
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If we let

?D = fyDJ
and
Yr = fvr
then the above system becomes
b _ -
5 ac -~ ¥ob
dR - U= L o
P YrR — (¥pD + ¥:T)R,
aT e e
— =yT + (#pD + ¥;T)R.

dt
This set of equations tracks the number of cells (per evu). Thus, if the above equations
were used, then the derivations of the LDM estimate could flow exactly like we show in
Section 2. That is, the following will be correct:
Yp + g )

Yp = —Inp, ) <EO§O(6(¢D+¢R)E — 1)
Note, no correction is needed on p,(t) as everything is in terms of numbers, which was
how this quantity was derived. Because D = ? and R = ;, we can rewrite the above as

Vo = ~Inpo(®) | gl o
P ° && (e(llJD‘HIJR)f — 1)
fr

Vo _ _ t Yo+ Vi

Because y, = % we have
_ . Yp + g
Yp = f{ In pO(t) <D0R0(e(1/)D+1PR)f _ 1)

Note that if our evu was 1 ml, then f = 1 and we could use our estimate exactly as written
in equation [11]. Generally, we have to correct our original metric by multiplying by f.

Or:

Section 6 : Extended Experimental Methods and Results
Section 6a : Strains.

Escherichia coli K-12 BW25113 from the Top Lab was used as the ancestor of the
three E. coli strains in this study. To derive the first strain, E. coli BW25113 was grown
overnight and plated onto LB agar supplemented with 100 ug ml-* streptomycin. A single
streptomycin-resistant colony was selected and used to create an isogenic glycerol stock,
E. coli K-12 BW25113 strR, to be used as the plasmid-free E. coli recipient in this study
(hereafter ‘E(D)).

To derive the second strain, E. coli K-12 BW25113 was mixed with a host carrying
the focal conjugative plasmid and incubated overnight in LB medium to facilitate plasmid
transfer. The focal plasmid was the modified IncF conjugative plasmid F'42 (hereafter
‘pF’) in which a tetracycline resistance gene was inserted using lambda red recombination
(8). The mixture was plated onto LB agar supplemented with 100 yg ml-* ampicillin (host
selection) and 15 pug mi? tetracycline (pF plasmid selection) to select for E. coli K-12
BW25113 host containing the pF plasmid. A single colony was selected and used to
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create an isogenic glycerol stock to be used as the plasmid-containing E. coli donor in
this study (hereafter ‘E(pF)’).

To derive the third strain, E(pF) was mixed with E(&) and incubated overnight in
growth medium to facilitate plasmid transfer. The mixture was plated onto LB agar
supplemented with 100 ug mlt streptomycin (host selection) and 15 ug ml tetracycline
(plasmid selection) to select for E. coli K-12 BW25113 strR host containing the pF plasmid.
A single colony was selected and used to create an isogenic glycerol stock to be used as
a representative isogenic E. coli transconjugant in this study, hereafter ‘Et(pF) where the
T subscript is added to distinguish this strain from the plasmid-bearing E. coli E(pF) strain,
which is susceptible to streptomycin.

The Klebsiella pneumoniae strain Kp08 from Jordt et. al. (9) was used as the
ancestor for the K. pneumoniae strain in this study. Kp08 was grown overnight and plated
onto LB agar supplemented with 30 ug ml* nalidixic acid. A single nalidixic-acid-resistant
colony was selected and used to create an isogenic glycerol stock, K. pneumoniae Kp08
nalR. Kp08 nal® was mixed with E(pF) and incubated overnight in growth medium to
facilitate plasmid transfer. The mixture was plated onto LB agar supplemented with 30 ug
ml* nalidixic acid (host selection) and 15 ug mi! tetracycline (plasmid selection) to select
for K.pneumoniae Kp08 nalR host containing the pF plasmid. A single colony was selected
and used to create an isogenic glycerol stock to be used as the plasmid-containing K.
pneumoniae donor in this study (hereafter ‘K(pF)’). See Table F for a quick overview of
the strains used in this study.

Table F: The strains used in this study. Antibiotic abbreviations are as follows: tet =
tetracycline, str = streptomycin, and nal = nalidixic acid, and the ‘R’ superscript indicates
drug resistance in the strain.

Strain | Host Plasmid
E(pF) | E. coli K-12 BW25113 F'42 tetR
K(pF) K. pneumoniae Kp08 nal® | F'42 tetR
E(9) E. coli K-12 BW25113 strR? | None

Et(pF) | E. coli K-12 BW25113 strR | F'42 tetR

Section 6b  : Growth rate assays.

The strains (Table F) were inoculated into LB medium from frozen glycerol stocks
and grown overnight. The plasmid-containing cultures were supplemented with 15 ug ml-
L tetracycline to select for maintenance of the plasmid. The saturated cultures were diluted
100-fold into LB medium to initiate a second 24 hours of growth (in order to acclimate the
previously frozen strains to laboratory conditions). The acclimated cultures were then
diluted 10,000-fold into LB growth medium and dispersed into 27 wells in a deep-well
microtiter plate at a volume of 100 ul per well. Every hour, 30 yl was removed from three
wells to determine cell density via selective plating (Fig Ha). The three replicate plates
were averaged to estimate the cell density at each hour. The growth rates were calculated
by taking the slope of each neighboring time point using equation [1.12] (Fig Hb). Using
the growth rate calculated over time, an incubation time was chosen that coincided with
the population growing at or near the maximum growth rate for each strain to ensure
bacterial cultures entered the phase of maximal or close to maximal growth rate before

23



647
648
649
650

651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674

the start of the conjugation assay. Thus, the growth rate estimates over time were used
solely for determining the pre-assay growth period before the conjugation assay is
executed and not to calculate the LDM estimate itself. A pre-assay growth period of 4
hours was used for both donors, E(pF) and K(pF), and the recipient, E(9D).
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Fig H: The change in density and resulting growth rates of the relevant strains. (a)
Monocultures of K(pF), E(9), and E(pF) (red, blue, and, purple, respectively) were tracked
over 9 hours of growth via plating. Bars indicate the standard error of the mean of three
replicate cultures, but the standard error was so small in all cases that it is not visible in
the plot. Note that at 3 hours a data point is missing for both K(pF) and E(Q) due to plating
error resulting in zero colonies and therefore no density estimate was available. (b) Using
equation [1.12], the growth rates were calculated by taking the slope of a line connecting
a focal point and the closest point earlier in time (in part a). This growth rate estimate is
plotted at the focal point’s time (in part b). The data and code needed to generate this
figure can be found at https://github.com/livkosterlitz/L DM or
https://doi.org/10.5281/zen0do.6677158.

Section 6¢  : Minimum inhibitory concentration (MIC) assays.

The strains (Table F) were grown from glycerol stocks with two overnight
incubations as previously described in Section 6b. The acclimated cultures were diluted
100-fold into LB growth medium and dispersed into a column of wells in a deep-well plate
at a volume of 500 pl per well. Then 500 pl of dual-antibiotic medium (streptomycin and
tetracycline) was added to each well at increasing concentrations, forming a 2-fold
gradient across the column. We note that the ratio of the two antibiotics was kept constant
over the gradient. For each strain, this was repeated in three columns. After an overnight
incubation, the well with the lowest concentration of the dual antibiotic medium across all
replicates with no turbid growth was identified as the strain-specific MIC (Table G). The
concentration chosen for the transconjugant-selecting medium must be above the donor
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and recipient MIC, but below the transconjugant MIC. For this study, we proceeded with
7.5 ug mit tet + 25 ug mit str.

Table G: The dual-drug gradient MIC for the strains of interest. The antibiotics used
in the gradient were specific to the resistance profile of the transconjugant Et(pF);
streptomycin (str) and tetracycline (tet). The MIC data was used to identify the antibiotic
concentration for the transconjugant-selecting medium used in both conjugation assays;
cross- and within-species.

Strain | Cell type Str and tet gradient MIC

E(pF) Donor 1.88 ug mit tet + 6.25 ug mi* str
K(pF) Donor 1.88 ug mlt tet + 6.25 ug mi? str
E(D) Recipient 3.75 yg mlt tet + 12.5 yg mlit str
Et(pF) | Transconjugant | 15 ug mlttet + 50 ug ml* str

Section 6d : Extinction probability assays.

A key component of the LDM conjugation protocol is differentiating parallel donor-
recipient co-cultures that contain transconjugants from those that do not. This is done by
adding transconjugant-selecting medium prepared at antibiotic concentrations below the
MIC of the transconjugant and above the MIC of the donor and recipient. Given the low
numbers of transconjugants in the co-cultures, the results from a recent study of
Alexander and MacLean (10) have high relevance. First, the authors show that levels of
antibiotic below the MIC of the resistant strain are sufficient to decrease the chance of
outgrowth with very low cell numbers (e.g., a single cell). In the context of our current
study, if the concentration of antibiotics in the transconjugant-selecting medium is too
high then co-cultures that contain transconjugants could produce a non-turbid culture
because the transconjugant cell(s) fail to establish a lineage. Therefore, to avoid
spurious non-turbid wells in the LDM protocol, the probability that a transconjugant cell
fails to establish (the transconjugant extinction probability) should ideally be O in the
transconjugant-selecting medium. Second, the authors show that the presence of a
sufficiently dense sensitive cell population in the environment can decrease the extinction
probability of the resistant type. In the context of our current study, the presence of
donors and recipients in the cultures may decrease the transconjugant extinction
probability. Overall, a non-zero transconjugant extinction probability could lead to
a biased estimate of the conjugation rate; therefore, it needs to be explicitly checked.

Inspired by the approach of Alexander and MaclLean, we developed a similar
approach to estimate the extinction probability of a transconjugant cell. First, we assume
that a transconjugant cell has zero probability of extinction in antibiotic-free medium.
While this assumption may be misplaced, it provides a starting point, and may itself be
checked if there are reasons to doubt it holds. Second, we assume that a transconjugant
cell has a specific probability of extinction in transconjugant-selecting medium with certain
antibiotic concentrations given by the variable x, which is denoted r,.. Third, we assume
that the lineage from every transconjugant cell in a population goes extinct independently.
Consider a population of transconjugants distributed into many subpopulations containing
transconjugant-selecting medium such that the average number of cells per
subpopulation is initially T. Assuming an initial Poisson distribution, the fraction of
subpopulations that leave zero transconjugant descendants, P, is:
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By our assumption, when considering antibiotic-free medium, which we represent as x =

0, we have

P, = e~ T(1-m) — T
Thus, it is the case
T = — ln Po.

Given that
Px — elnPO(l—n'x)’
we have a form to calculate the extinction probability in the transconjugant-selecting
medium in the laboratory
In P,
" InP,

where P, is the fraction of non-turbid wells with transconjugant-selecting medium and P,
is the fraction of non-turbid wells with antibiotic-free medium.

In the laboratory, we used the protocol implemented by Alexander and MacLean
to estimate m, with a few adjustments. Briefly, the transconjugants were diluted (4 x 10’
fold) and 50 pl aliquots were dispensed into all wells in a deep-well microtiter plate. For
the antibiotic-free condition, the wells were filled with LB medium to a final volume of 1
ml. For the transconjugant-selecting condition, the wells were filled with LB medium
supplemented with transconjugant-selecting antibiotics (7.5 ug mi! tet + 25 yg ml? str,
see Section 6c¢ for details) to a final volume of 1 ml. Both deep-well plates were incubated
for 4 days. Using equation [6.1], we calculated a transconjugant extinction probability of
0.95 in the antibiotic concentration used for the transconjugant-selecting medium in this
study.

Given that the extinction probability was non-negligible (i.e., @, > 0), we ran a
subsequent assay to estimate m, in the presence of sensitive cells (donors and recipients)
at approximately the final densities that occur when the transconjugant-selecting medium
is added for both mating assays (cross- and within-species, see Table H) reported in this
study. This provided a more accurate m, for correcting the LDM estimate (see Section 7).
In this experiment, the deep-well microtiter plates are prepared the same as above but
supplemented with donor and recipient cells at the appropriate densities. As a result, we
calculated mating-specific transconjugant extinction probabilities (Table H). These
mating-specific transconjugant extinction probabilities (given in Table H) were used to
correct the LDM estimate from each experimental replicate using equation [7.1].

Given the non-negligible extinction probability in the selective liquid medium, the
extinction probability on the selective agar plates needed to be determined. We ran a
subsequent assay to estimate m, for the donor-, recipient-, and transconjugant-selecting
agar plates. Briefly, the monocultures of each strain were diluted (10 and 10%) and
plated onto antibiotic-free plates and the appropriate selecting plates. We used a slightly
altered form for calculating the agar extinction probability
Cx
Co’
where C, is the number of colonies on the antibiotic-infused plate and C, is the number of
colonies on the antibiotic-free plate for the same diluted culture. Using equation [6.2], we
calculated each strain’s extinction probability (see Table I for the antibiotic concentration
used in the selective agar plates in this study). These strain-specific extinction

6.1]

T, =

6.2]

T, =1—
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probabilities were used to correct the density estimates from each experiment. We note
that correcting the density estimates for the 24-hour data in 3 out of the 6 experiments
resulted in negative estimates for the recipient density data. We can explain the negative
estimates as follows. Given the high transconjugant extinction probability on the
transconjugant-selecting agar plates (see Table ), the transconjugant density increases
after the correction. Indeed, the transconjugant population can become more common
than the “estimated” recipient population. We say “estimated” because there are no agar
plates that select only for recipient cells. Specifically, the “recipient-selecting” agar plates
allow for both recipient and transconjugant growth. To determine the recipient density, we
subtract the transconjugant density from the density of cells calculated from the “recipient-
selecting” agar plate counts. When the transconjugants are more abundant than—or at
relatively similar densities to—recipients, the exact recipient density cannot be
determined due to its relative scarcity. Specifically, the subtractive plating scheme could
result in a negative value. We note that this happens rarely given that transconjugant
densities are typically orders of magnitude lower than recipients. In the cases of high
conjugation rates and long incubation times, this issue is more likely to arise. If the
recipient density went negative after subtraction, then the non-subtracted recipient
density was used instead. An overestimate for recipient density leads to an underestimate
for the SIM estimate at 24 hours; therefore, the differences between the cross-species
LDM and SIM estimates shown in Fig 6 are conservative.

This section highlights the importance of non-zero extinction probabilities in
selective conditions in the laboratory. Therefore, the extinction probabilities in selective
liqguid-medium and selective-agar plates need to be explicitly checked. If the extinction
probabilities are indistinguishable from zero in each selective condition used, then the
user can proceed, and no adjustments are necessary. However, a non-zero extinction
probability is likely and can be a source of bias if not considered. We recommend two
solutions. The first is to find a selection condition where the extinction probability is
indistinguishable from zero. This option leans on the result from the Alexander and
MacLean study which shows that the antibiotic concentration being sufficiently below the
MIC of the focal strain can lower the extinction probability to a point that is
indistinguishable from zero. We recognize that this solution may not be possible. For
instance, the donor and recipient MIC for the transconjugant-selecting condition may be
too close to the transconjugant MIC, such that there are no antibiotic concentrations that
yield a zero transconjugant extinction probability and still counterselect donors and
recipients. In this case, the user would proceed with the second solution where the
extinction probabilities are used to compute a corrected estimate. This second solution
was used in this study (see Section 7).

Table H: Mating-specific transconjugant extinction probabilities with
transconjugant-selecting liquid medium. The donor and recipient densities were
estimated using selective plating and were close to the final densities in the LDM
conjugation protocol. Transconjugant-selective medium was prepared at the
concentration used throughout the study (7.5 ug ml- tet + 25 ug ml str).

Mating Donor density | Recipient density T,
within-species 4 4
E(pF) to E(D) 5x 10 2x10 0.95
CroSS-Species 1x 108 7 x 108 0.93

K(pF) to E(®@)
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Table I: Strain-specific extinction probabilities with selective-agar plates. Donor-,
recipient-, and transconjugant-selective plates were prepared at concentrations that
were used throughout the study (7.5 ug ml? tet, 25 ug ml? str, and 7.5 ug ml? tet + 25
ug ml?t str, respectively).

Strain Selective-plate type T,
E(pF) Donor 0.30
K(pF) Donor 0.21
E(9D) Recipient 0.55

Er(pF) Transconjugant 0.99

Section 6e : Choosing an incubation time and initial density for executing the
LDM conjugation assay.

To find an incubation time and initial densities for executing the LDM protocol, all
strains (Table F) were prepared using the procedure in Section 6b. We mixed
exponentially growing donors and recipients in a large array of parallel co-cultures for a
full factorial treatment of three initial densities and four incubation times (Fig la). We note
that the resolution of initial densities and incubation times can be adjusted as needed.
This is particularly useful if the conjugation rate is completely unknown. Alternatively,
there could be good reasons for longer incubation times such as slow growth rates. For
ease of explanation, we illustrate the protocol with a concrete example. Four columns
were used for each initial density (104, 10°, and 108 cells per ml) where 2 rows were used
for each incubation time (0, 1, 2, and 3 hours) resulting in 8 wells per density-time
treatment. For each dilution, the exponentially growing donor and recipient cultures were
diluted by the specific factor, mixed at equal volumes, and dispensed into the wells in the
corresponding four columns at a volume of 100 pl per well (Fig Ia, black-bordered wells).
At each incubation time, 900 ul of transconjugant-selecting medium (7.5 pug mi?
tetracycline and 25 ug ml* streptomycin; see Section 6¢ and 6d) was added to each well
in the corresponding two rows (Fig Ib, yellow-background). After the last time point (t = 3
hours), the deep-well plate was incubated for 4 days. After the long incubation, we
assessed the co-cultures within each time-density treatment for presence or absence of
transconjugants by recording the turbidity (4 columns x 2 rows = 8 wells; Fig Ic). There
were three outcomes possible for each time-density treatment: none of the co-cultures
have transconjugants (gray-filled dot), all co-cultures have transconjugants (purple-filled
dot), or there is both transconjugant-containing and transconjugant-free co-cultures (light-
purple dot). The goal is to identify a density-time combination with the last outcome (i.e.,
both turbid and non-turbid co-cultures). These treatments meet the p,(f) condition (i.e.,
0 < po(t) < 1). As a general expectation, a high donor conjugation rate (y,) will require
shorter incubation times than a lower rate for a given initial density. For our matings
(within- and cross-species), we found multiple density-time combinations that met the
Po (£) condition. For the within-species mating assay, we chose a 103-fold dilution and an
incubation time of 1 hour and 15 minutes. For the cross-species mating assay, we chose
the 103-dilution and a 4-hour incubation time.

Even though multiple density-time treatments met the p,(f) condition, the final
choice could not be made without the information from the controls. Thus, an additional
deep-well plate was created (Fig Id) to accompany the density-time plate containing the
co-cultures (Fig la). This deep-well plate had the same factorial layout for densities (four
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columns) and incubation times (two rows) except the 8 wells within each treatment are
not exclusively co-cultures. 3 of the wells contained monocultures of the three strains.
Specifically, 100 ul of donor, recipient and transconjugant cultures were each placed in
their own well (Fig Id red-, blue- and purple-bordered wells). At a later point in the assay,
these monocultures allowed us to determine that transconjugant-selecting medium
prohibited growth of both donors and recipients, while permitting growth of
transconjugants at each density-time treatment. An additional 2 wells contained
monocultures of donors and recipients which are used to create a co-culture (in an empty
well, dash-bordered well) during the assay itself at each incubation time (for each initial
density). An additional 2 wells contained 100 ul of donor-recipient co-cultures which were
used for selective plating to verify that the donors and recipients maintain a constant
growth rate. At each incubation time, three events occurred in rapid succession. First, 30
Ml was removed from each of the wells used to determine densities via selective plating.
Second, donor and recipient monocultures were mixed at equal volumes into the empty
well (Fig Id, indicated by the gray arrows). Importantly, this well served as a control to
verify that new transconjugant cells did not form via conjugation after transconjugant-
selecting medium was added. Third, 900 ul of transconjugant-selecting medium was
added to the first row of wells at the relevant time point (yellow background). The deep-
well plate was incubated for 4 days. For the density-time combinations chosen, the control
wells verified that the transconjugant-selecting medium operated as expected. In addition,
the selective plating indicated the conditions under which the donors and recipients
maintained constant growth.
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849 Fig I: Overview for finding an incubation time and initial densities for executing the
850 LDM. (a) the microtiter plate map designating the placement of the co-cultures over 10-
851 fold increases in initial densities (different shades of gray). For simplicity, donors and
852 recipients are at the same proportion in each co-culture. (b) Using the microtiter plate
853 from part a, transconjugant-selecting medium (yellow-background) is added at each time
854 designated by two rows in the microtiter plate. Two example wells from different density-
855 time combinations are highlighted on the left. In the top example well, transconjugant-
856 selecting medium is added immediately, inhibiting growth of donor and recipient cells
857 (grey dashed cells), and resulting in a non-turbid well as no transconjugants formed. In
858 the bottom example well, the donor and recipient population in the co-culture grow until
859 transconjugant-selecting medium is added at 3-hours, inhibiting growth of donors and
860 recipients, and permitting growth of the formed transconjugants. (c) After a lengthy
861 incubation of the microtiter plate from part b, there are two well-types in the microtiter
862 plate (bottom-left): transconjugant-containing (purple-filed) and transconjugant-free
863 (gray-filled). For each density-time treatment, the 8 mating wells are considered as a
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group resulting in one of three outcomes (top): all transconjugant-free wells (gray dot), all
transconjugant-containing wells (purple dot), a proportion of both well types (light-purple
dot). Any treatment with a light-purple dot represents a viable combination of initial
densities (D} and R{) and incubation time (t'). (d) The microtiter plate with the control
wells is set up with the same factorial layout used in part a except the 8 wells in each
density-time treatment are not all co-cultures (black-bordered circles). Donor, recipient,
and transconjugant monocultures serve as controls (red-, blue-, and purple-bordered
wells, respectively). For the empty well (dash-bordered circles), donor and recipient
monocultures are mixed into the empty well (indicated by grey arrows) to create a co-
culture control at each time point to verify that diluting with transconjugant-selecting
medium effectively prevents conjugation. In addition, the co-cultures are sampled at each
time point to uncover densities and determine whether donors and recipients maintain
constant growth. Subsequently, transconjugant-selecting medium is added to the
microtiter plate at the same times as the microtiter plate in part a. The control wells
inoculated with transconjugants should be turbid (purple-filled) while the monocultures
with donors and recipients should be non-turbid. In addition, the co-cultures created at
each time point for the different initial density treatments should be non-turbid.

Section 7 : Probability generating function, low-order moments, and failure to
establish

The aim of the first part of this section is to explore the connection between mutation and
conjugation processes further. In the second part of this section, we derive a general
expression for the LDM estimate that incorporates cases when the transconjugant doesn’t
always establish a successful lineage (i.e., non-zero extinction probability).

Keller and Antal (11) studied a generalization of the process explored by Luria and
Delbriick (12). To start, Keller and Antal consider a wildtype population expanding from a
single cell as follows:
N, =f(t) = e

Each wildtype cell generates a mutant cell at a rate v, which grows as a stochastic birth
process with rate a (Keller and Antal studied a supercritical birth-death process, but we
will focus on the special case of a pure birth process). In this case, mutants form at a rate
V'f(t), such that the times of mutant arrival conform to a non-homogeneous Poisson
process. We note that if we start with N, cells, then mutants form at a rate Nyv'f (t).
Alternatively, we can set v = N,V', such that mutants form at a rate vf(t), which is the
case explored by Keller and Antal.

Keller and Antal derive the probability generating function for the total number of mutants

at an arbitrary time:
) (1 K; 1+ K 1))}
=

G(z,t) = exp {% (F (l,zc; 1+ K;

where F is the Gaussian hypergeometric function and k =

Our process of interest (the formation and growth of transconjugants) can be seen as an
instance of their formulation by making the following substitutions:

6 =yYp + g,
v =Y¥pDyRy,
a = “./)T.
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With these substitutions, the generating function becomes:

_ YpDoRo Yp + l/JR Yp+p z _ -
G(z,t) = exp {l/)D + Yg F <1 Yr o Yr z-—1 eV t)
Yp + lpR ¢D +iYr  Z
— eWp+YR) ro o rR,
et (1, Lo br g Yot 2_1))}-

Because

62,0 = ) pa®"

the probability of zero transconjugants now becomes straightforward (given

Yp+yYr Yp+ig — 1)
F(1, TR, 1 4 Yo ;0) = 1):

—YpDoRy
(t) =G(0,t) =ex {— eWp+YrR)t _ 1 },
Po P Yp +Yr ( )

which agrees with the result from Section 2.

Making the appropriate substitutions, we can also write the mean and variance (egs. 8
and 9 from Keller and Antal) for the transconjugants:

YDDORoe(wD+¢R)tt lflpD + l/)R = lp'[‘
E[Tt] = yDDORO(e(¢D+¢R)t — ell)Tt) . "
1Yy RFVYr
Yp +Yr —Pr
Var[T;]
2¥pDo Ry e2Wptyrit _ o (Yp+rit _
( v ) — ¥pDoRye ¥ ¥Rt if Yp + Yr = Pr
D R
2¥pDoRy (e ¥pt¥RIt/Z _ o(bp+PR)E .
pDoRo( " ) + 2ypDoRye ¥¥RItE if Yy + Y =2¢r
D R
R {Zewﬂ(wT = (o + ) — %7 @by — (p + Ya)) + (p + wR)e@D*‘f’R”}otherwise
|Vp%0%0 QYr — Wp + Y Wr — (p + Pr)

We provide derivations for these expressions in GitHub Appendix VI. In all cases, the
variance grows relative to the mean over time (see GitHub Appendix VII for the
derivations).

In our experiment, at time £, medium selecting for transconjugants is added to every
mating culture. If every transconjugant always establishes a successful lineage, then
every mating culture with one or more transconjugant cells at time £ will produce a turbid
culture after a lengthy incubation. A more realistic scenario would be to assume that every
transconjugant cell fails to establish a lineage with some probability, which we call «. If
failure to establish occurs independently for each transconjugant, then the probability of
a non-turbid culture after incubation (P,;) when selective medium was added at time ¢ is:

Py = z pn(f)nn_
=0

However, this is equivalent to an appropria_te evaluation of the generating function:
Py = G(m, D).
This can be rewritten as
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YpDoRo Yp + IPR _ ¢D +Yp W T
¢D+¢R<F(1’ vr Yr ‘m—1° )

— eWp+yYRIER (Llle; I/JR; l/)Dl;' Yr > T 1))}
T T -

Pnt:exp{

Solving for y,, yields

_ —In (Ph) Wp + Yr) (Wp+PR)E Yp + lpR ) l/)D + lpR n
v DoRy (e x <1’ Yr Yr m— 1>

_ F<1,¢D +Yr Yptip e“l’Tf)> B

b T Ty med
If the values of D, and R, are not the total initial numbers, but cell densities (cfu/ml) in
some volume for the mating culture (such that there are f experimental volumes per ml)
and we wish to measure conjugation rate in units ml/(h - cfu), then must add a correction

factor (see Section 5), yielding

vy = f—ln (Poo) Wp + ¥g) (¢D+¢R)tp< Yp +Pr l/)R

DoR, Y
lpD + l/)R T
-1
Yp +YPr Yp+yp w —rt
—F(l, o ;14 o ¢ t))

First of all, we note that if every transconjugant establishes a lineage (i.e., T = 0), then
P, = po(t) and equation [7.1] reduces to

—In (po (D) Wp + Yr)
DyRy(e®@p*¥R)E — 1)’
which, using the maximum likelihood estimate for p, (), can be rewritten as

1 ... INDgR; —InDyR
vo =z =g @15

DR — DoRy
and this is simply equation [13].

Yp =

However, equation [7.1] is the more general expression. In Section 6d, we discuss a
method for estimating . The maximum likelihood estimate for P, is the fraction of empty
wells in the LDM protocol. Before, we called this p,(f), however, when there is positive
probability that a transconjugant cell fails to establish (i.e., = > 0), then generally P, >
po(£). Thus, we will denote the maximum likelihood estimate as P, (the fraction of non-
turbid wells).

If we let the density of transconjugants in a monoculture at times 0 and £ be T§" and T;",
respectively (see Section 6b) the following is the more general conjugation rate estimate
(where all growth rates have been converted into estimated densities):

—In (Pnt)g
t

DeReF (1,161 + 1 ——)

-1
DOR01 1 K, 1 I K, m
’ ’ ’ 7-[ 1 ]E

Yo =1
[7.2]
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972 and
InDzR; — In DyR
973 = _ S _ £ nt,; 070
InT{" — InTg" InT;" — InTg"
974
975 Section 8 : Variance in Estimates
976 Here we will focus on two estimates, ASM and LDM, and ask about their variance
977 (enabling us to compare precision). We will focus exclusively on the contributions to this
978 variance coming from the stochasticity in the transconjugant numbers (i.e., ignoring
979 contributions coming from assessment of initial and final donor and recipient populations).
980 Details on some of the derivations in this section are given in Github Appendix VII.
981
982 We start with the ASM estimate (here we express the estimate in terms of growth rate
983 parameters):
_ Yp +Yr —Yr
984 Y0 = DRy (eWo+ R — grt) Tz
985 Because we are only focusing on the contribution of the transconjugant variation, all
986 parameters (initial densities and growth rates will be taken to be fixed). Thus, we can think
987 about the ASM estimate as a random variable I'ygy, Where
988 Fasm = ¢1T%,
989 where the constant c; is
+ —
990 o = Yo +Yr—YPr _
DORO(e(¢D+1PR)f — ell)Tt)
991 The variance of the ASM estimate is then
992 var(Tagm) = ¢, 2{var(T;)}.
993 But we have a closed form expression for var(T;). If Y & {Yp + Yr, Wp +Yr)/2}, we
994 have
995 Var(FASM)
996 _Yo@p +r —r) |(Wp + Wr)eWPrYRL 4 (hp + g — 29hr)e¥™t — (hp + Pp — Pr)2e°¥T
DyRy Wp + g — 207) (eWpHbR)E — gri)?
997 The formulas for Y =, + Yi and 2y =P, + P, could also be derived via simple
998 substitution (note, ’ lli/)mﬂp ¢, = 1/(DyRote¥p*¥R)%) These formulas allow us to project
T¥YD R
999 variance in the ASM estimate over time due to transconjugant variation if all parameters
1000 are known.
1001
1002 We now turn to the LDM estimate:
_ g Yp + g
1003 Yo =~ Inpo(®) (DORO(e(U)DH/)R)E — 1) '
1004 What we actually measure is the number of populations (or wells) that have no
1005 transconjugants (call this w) out of the total number of populations (or wells) tracked (call
1006 this W). As we show in Github Appendix IV, the maximum likelihood estimate of p, (%) is
- w
1007 Do () = w
1008 Of course, from experiment to experiment, there will be variance in the number of
1009 populations with no transconjugants. Let us consider a random variable F, which
1010 represents the fraction of total populations that have no transconjugants. The expectation
1011 of F is (we drop the time argument for notational convenience):
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E[F] = p,.
The second central moment of F is

var[F] = po(1 — po)_

Because we are only focusing on the contribution of the transconjugant variation, all
parameters (initial densities and growth rates will be taken to be fixed). Thus, we can think
about the LDM estimate as a random variable I py,

[ipm = ¢, InF,

o= Yp + Pp
2 D0R0(3(¢D+¢R)f — 1) '

The variance of the LDM estimate is then
var(T.py) = ¢, 2{var(InF)}.
Here we use a first-order Taylor series approximation for In F centered at E[F]:

F
InF = ﬁ + ln(E[F]) - 1.

where the constant ¢, is

And we have
[In F] 1(1 1)
var|in = .
| o Wipy .
This approximation will be accurate when the deviation between F and E[F] is very small

(i.e., IF- f[]] « 1). As W (the number of replicate populations in the experiment) gets large,

the distribution of F will tighten around E[F], making the approximation more reasonable.

Now, we have the following expression for p, (reintroducing the time argument):

x —YpDoRy i
po(E) = exp {— eWpt¥R)t _ 1 }
° TR )

Therefore,

1 YpDoRy i
InF:l ~ < {— Wp+vR)t _q }_ 1),
Val:'[ n F¢] exp Yot U (e | ) |
where we make the time dependence of F clear. Returning to the variance for the LDM
estimate,

2
1 Yp + g YoDoRo .
~ — D700 (,(ptpRrIE _ -
Var(FLDM) W<DORO(6(¢D+¢R)E 1) ( { ( 1)} 1)

If we define
Yp +Pg
DyRy(e@p*+¥R)t — 1Y

var(Iypm) = %(e(f_?> - 1).

In Fig J, we explore the variances (approximate in the case of LDM) as a function of time.
The LDM estimates (for two different numbers of populations) are more precise (lower
variance) for much of the time range. However, if the time gets too high (£ = 5 for the
parameter set shown in Fig J), then the LDM variance blows up (while the ASM variance
remains very low). In a case like this, the LDM is predicted to be more precise when the

$i =

then we have
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time of the assay is sufficiently low. In GitHub Appendix VI, we demonstrate this precision
advantage for the LDM estimate mathematically. Also in GitHub Appendix VII, we derive
an approximation for the variance for the SIM estimate, which demonstrates that the
variances for the SIM and ASM estimates are extremely similar.

variance

6.x10721

LDM ASM
5.x107%1
4.x10721
3.x10721
2.x10-2tf V=10
1.x10721}

W=100 AJ

—— time
1 2 3 4 5 6

Fig J : The variance of the ASM (green) and LDM (brown) estimates. Different
numbers of populations (W) are used for the LDM estimates, as indicated. The
parameters used here are y, = 1072, D, = R, = 10*, Y, = 1, and Yz = Py = 1.5.

As illustrated in Fig J, the variance in the LDM estimate changes with the number of
populations (W). How does this number affect the variance in the LDM estimate? Here
we use simulations to further explore this question. In Fig Ka, we present the variance of
LDM estimates as a function of incubation time () and the number of populations (W).
Generally, as the number of populations decreases or as the boundaries of the time
interval are approached (where nearly none or all of the populations have
transconjugants) the variance in the LDM estimate rises. The exception seems to be for
times that are very long, but the low variance is likely a result of having many infinite
estimates that are not included in the estimate variance (Fig Kb). Both infinite estimates
(Fig Kb) and zero estimates (Fig Kc) are more likely as the number of populations
decreases; in other words, the interval of incubation times producing non-zero finite
estimates increases with the number of populations. Generally, the greater the number
of populations and the more intermediate the incubation time (e.g., where approximately
half of the populations have transconjugants), the lower the variance.

Suppose an experimenter is considering some number of wells (populations) and wants
to decide how many estimates to produce. For instance, with 500 wells, the experimenter
could decide to run a single LDM assay and obtain a single estimate (with W = 500) or
perhaps instead could run 5 assays (with W = 100), 10 assays (with W = 50), 50 assays
(with W = 10) or 100 assays (with W = 5) for 5, 10, 50, and 100 estimates, respectively.
Does it make a difference to the precision or accuracy to split or lump wells? Here we
explore this question through simulation. How do we compare different partitions of wells?
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Let us consider some total number of wells, call this W*, and consider some factor of W*,
which we will call W'; i.e., W*/W' = n, where n is an integer. Here we will compare a
single estimate with W* wells with the mean of n estimates that each use W' wells. Thus,
for Fig Kd, each point for W = 500 is a single estimate, where each point for W =5, W =
10, W = 50, and W = 100 is the mean of 100, 50, 10, and 5 estimates, respectively. With
these comparisons in mind, we see two slight effects of different partitioning patterns.
First, the variance is a bit higher for the single estimate coming from the largest number
of wells. We attribute this shift to the fact that other quantities involved in the estimate
(e.g., density of donors and recipients) are only being computed once for each point for
W =500 in Fig Kd, whereas these quantities are being computed multiple times for
smaller W values, such that anomalous values would tend to get muted as the estimates
were averaged. The second effect is a more notable one. We see that as the number of
wells per estimate goes down, slight inaccuracies in the estimate start to occur. Why does
this happen?

To answer this question, let us consider the LDM estimate:

Vo = —lnpoof)( Vot Ve )
DORO(eW)D'H/}R)t — 1)

The main thing that will be affected by the number of populations is p,(t). Specifically, as

W decreases, the variance in the fraction of populations without transconjugants

increases. Suppose that we have n LDM estimates under consideration, and for each one

a value p, (%) is needed. Here we define:

i1 Po,i (E)

Do (f) = n

where g, ;(?) is the fraction of populations without transconjugants for the i" estimate.
Now, by Jensen’s inequality, we have:

N n
“In 100, (D) Yp + g < lz ) Yp + Pg
n DyR, (e(IIJDHI)R)f — 1) n Po,i DoR, (e(¢D+1pR)f _ 1)

i=1

n

—=C I,DD + I,DR 1 ~ IibD + I,DR
—Inp,(t — <—z—lnA-t .
ol )<D0R0(e(wo+wk)t -1)) n& Po (D) DRy (e @p*¥mi — 1)

As W gets large, the value p, (%) is close to p,(t) for smaller W values. Thus, using the
terminology from above:

n
1 !
Yp[W*] < EZ Yo[W'],
i=1

where y,[W*] is the conjugation rate for the largest number of wells (W*), and y,[W';] is
the conjugation rate for the i'" assay using a smaller number of wells (W’). Thus, we see
that as we partition wells into smaller numbers per estimate, the mean estimate will rise,
which is what we see in Fig Kd. Consequently, we recommend a reasonably large number
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1122 of wells in the LDM assay. A number between 50 and 100 appears sufficient to avoid

1123 inaccuracy and is also convenient when using a microtiter plate format for populations.
a estimate
500 (log10)
100 +
= 50
10 1
5 4
0 1 é 3 4
Time (hr)
b number of
500 4 infinite
estimates
100 A I 100
= 50 75
10 1 50
5 | I 25
5 1 2 5 4 0
Time (hr)
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500 1 Z€ero
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100 +
= 50 A 75
10 1 I 50
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5 1 2 3 4 0
d Time (hr)
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@
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1124 Fig K: The variance of LDM estimates using stochastic simulation. Different number
1125 of populations (W) are used for the LDM estimates, as indicated. The parameters used
1126 here are the same baseline parameters in Fig A which were Y, = Yz = Y, =1, and
1127 Yo = ¥r = 107%. The dynamic variables were initialized with D, = R, = 10% and T, = 0.
1128 (a) The variance among the 100 estimates is given at 15-minute intervals where more
1129 than 1 out of the 100 calculated estimates produced a finite non-zero value. We ignore
1130 infinite estimates in the calculation of the variance. (b) The number of estimates with an
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infinite value out of the 100 calculated. (c) The number of estimates with a zero value out
of the 100 calculated. (d) A total of 500 populations is partitioned in different ways—split
into 100 groups of 5 populations (W=5), 50 groups of 10 populations (W=10), 10 groups
of 50 populations (W=50), 5 groups of 100 populations (W=100), or a single group of 500
populations (W=500). Each plotted point is the mean conjugation rate of the rates
calculated for each group (where the number of populations within each group vary as
indicated by the W value) at a specific incubation time (£ = 2.35) selected using the criteria
described in the Materials and Methods. We ran the partitioning analysis 10 times using
a new set of 500 populations. The data and code needed to generate this figure can be
found at https://github.com/livkosterlitz/LDM or https://doi.org/10.5281/zen0do.6677158.

Section 9 : Random effects on estimate accuracy and precision

In this section we explore, through simulation, some of the consequences of other random
effects on the LDM and SIM estimates. Some of these effects are a consequence of
experimental protocols. For instance, both approaches require dilution and plating in the
laboratory to estimate donor and recipient density (and the SIM approach also uses
dilution and plating to estimate transconjugant density). Because dilution and plating are
subject to random sampling effects, there will be density-estimation errors introduced by
these procedures. Other random effects are features of the cells under study. As we
describe in Section 6d and 7, there can be a non-zero probability that any cell will fail to
establish a lineage. For instance, a donor cell may fail to form a colony on a plate after
incubation on selective medium, or a lone transconjugant cell in a well may fail to yield a
turbid culture after incubation in selective medium. Again, there will be stochasticity in the
number of cell lineages that go extinct, which will lead to error in calculating key quantities
needed for the estimates (even with corrections). Here we explore the consequences of
some of these random effects.

Random effects in dilution, plating, and failure to form colonies: We ran our stochastic
simulations as before (Section 4), but instead of using the simulated numbers of cells
directly for our estimates, we wrote a dilution-plating subroutine to simulate how cell
density would be gauged in the lab. Suppose that a cell population has an actual density

of N, cells/mL. A 10-fold dilution series is generated recursively by diluting 100uL into
900uL. Thus, the density of cells in the first dilution is:

N_; = rv[Poisson(0.1N,)]

where rv[d] is a random value for a variable with a distribution given by d. The density of
cells in the second dilution is:

N_, = rv[Poisson(0.1N_,)].
More generally, the i!" dilution has density:
N_; = rv[Poisson(O.lN_(i_l))]

Now 100uL of each dilution in the entire series is plated, where the number of bacterial
cells from the i™ dilution landing on the plate is:

B_; = rv[Poisson(0.1N_;)]
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Finally, the number of colonies forming (given an extinction probability of ) on the i
dilution plate is:

C_; = rv[Binomial(B_; 1 — m)]

We pick the dilution plate with the maximum number of colonies in the range between 30
and 300. If every dilution plate is below 30 colonies, we simply use the plate with the
maximum number of colonies. For generality, let’s suppose we select the i dilution plate.
We compute the cell density of the undiluted culture as:

C_; ... cells
Nggy = —— X 1041 ——
st 1—m mL

Given the random effects of dilution, plating, and cell lineage extinction, it is likely that
N.s: Will deviate from the actual cell density N,.

For the SIM estimate, we use this procedure to generate the density of donors, recipients
and transconjugants that are used in the estimate. For the LDM estimate, we use this
procedure to generate the density of donors and recipients that are used in the estimate.
Also, if the extinction probability of transconjugants in the wells is non-zero, we must also
track a monoculture of transconjugants in order to estimate the transconjugant growth
rate needed for the LDM correction (equation [7.1]), and we use the above procedure to
estimate the transconjugant densities in these cases.

Random effects in wells with transconjugants: However, we also need to calculate the
fraction of wells with transconjugant-selecting medium that are not turbid for the LDM
estimate. Here the actual simulated number of transconjugants in a given population at
the end of the assay is T;. The number of lineages that do not go extinct is

L_; = rv[Binomial(Tz, 1 — m)]

If L_; > 0, then the well is turbid, whereas if L_; = 0, then the well is non-turbid. The
proportion of non-turbid wells out of a total of W wells (P,;) can then be calculated. If we
have this quantity and all the relevant cell densities, we can then use equation [7.2] to
calculate the corrected LDM estimate.

Results: We show the results of adding these random effects in Fig L. Each rectangle
represents 100 estimates for a combination of the incubation time (£) and an extinction
probability (rr), which, for simplicity, we assume is the same for all cell types both on plates
and in wells. For reference, estimates without the random effects of dilution, plating, and
extinction are given in the bottom row of each plot. Estimates with the random effects of
only dilution and plating can be found in the row with zero extinction probability in each
plot. We note that as the extinction probability increases, the end point of the assay must
also increase (to obtain sufficient colonies and turbid wells), thus, the range of incubation
times shift with this quantity.

As random effects are added, both the LDM and SIM estimates of the donor conjugation
rate tend to deviate more from the actual value, but there is not systematic deviation (Fig
La). Not surprisingly, as random effects are added, the variance in estimates rises, but
this effect is more pronounced for the SIM estimate (Fig Lb). For both approaches, a zero
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estimate is possible (when there are no transconjugant colonies or no turbid
transconjugant wells) and for the LDM estimate an infinite estimate is possible (when all
the transconjugant wells are turbid). However, we see these extreme values occur
primarily at the boundaries of the time interval for incubation times (Fig Lc and Ld).
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Fig L : The random effects of dilution, plating, and failure to establish on the
accuracy and variance of the LDM and SIM estimates. Different extinction probabilities
are used, as indicated. The parameter values and initial densities are the same as Fig Ea
which were Y, = Y = Yy = 1landyp, = yr =1 x 10~ The dynamic variables were
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initialized with D, = R, = 10° and T, = 0. The scenario with no dilution plating and a zero-
extinction probability (the bottom row in each panel) is the data from Fig Ea. The mean
deviation (a) and variation (b) of each set of estimates is given at 15-minute time intervals
where at least 75 out of the 100 calculate estimates produced a finite non-zero value. (c)
The number of infinite estimates out of the 100 calculated in the relevant intervals. (d)
The number of estimates with a zero value out of the 100 calculated in the relevant
intervals. We note that the Gillespie algorithm is computationally expensive when the
densities get very large. Therefore, due to the longer incubation times needed for the SIM,
only 100 populations of the 10,000 were simulated through the later time intervals until
on average a population density of 1 x 10° is reached (i.e., t = 8.5 h). The remaining 9,900
populations, used to compute p,(t) for the LDM, were run until an average of 100
transconjugants was reached (i.e., £ = 6.9 h). This explains the truncation of the SIM
estimates at 8.5 hours and the LDM estimates 6.75 hours, which is most notable in the
scenario where the extinction probability is 0.99. The data and code needed to generate
this  figure can be found at  hitps:/github.com/livkosterlitz/LDM or
https://doi.org/10.5281/zen0do0.6677158.
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