
Supplemental Material 

Timing between successive introduction events determines establishment success in 

bacteria with an Allee effect.  

 

Supplemental Methods 

 

Determining the effect of storing the engineered bacteria temporarily at 4oC 

To determine if bacterial density changes significantly when bacteria were held at 4 ºC 

during our multiple introduction experiment, we prepared and diluted bacteria as described in 

“Multiple introductions experiment (main text)” without IPTG in the medium. We placed the 

bacteria at 4oC, and measured CFUs after 0 hrs, 12 hrs, and 24 hrs of storage time as previously 

described (1). We then compared the density between the time points using a two-tailed t-test. 

A minimum of three biological replicates were used for analysis.  

 

Determining growth rate 

An overnight culture was diluted 1000-fold into 200 μL of fresh M9 medium (without 

IPTG) that was contained in the well of a 96-well plate (Genesee Scientific). The media in the 

microplate was overlaid with 70 μL of mineral oil, and placed in a Victor X4 microplate reader 

that was preheated to 37oC. Every 10 min, the plate was shaken with a radius of 0.1 mm for 

10 seconds on the fast setting, and OD600 was measured. Growth was determined by fitting a 

linear line through the region of the growth curve where there was a linear increase in growth. 

The slopes of these linear lines (R2  0.99) were then compared using a two-tailed t-test. Three 

biological replicates were performed.  

 



Estimating the magnitude of  

To determine the amount of time required for bacteria to grow (required to estimate 

the magnitude of ), bacteria were diluted 20-fold in M9 medium with IPTG and various 

percentages of casamino acids. The diluted bacteria were then grown, and OD600 was 

measured, as described in “Determining growth rate.”  was then estimated as described below 

in “Parameter estimation.” A minimum of three biological replicates were used for analysis.  

 

Determining the Allee threshold in M9 medium with different percentages of 

casamino acids 

To determine if changing the percentage of casamino acids in the growth medium 

changed the Allee threshold, bacteria of various initial densities (as performed in figure 1c) 

were inoculated into medium (with IPTG) containing different percentages of casamino acids.  

After 24 hrs, the change in CFUs and OD600 was quantified. A statistical analysis was 

performed to determine if changing the percentage of casamino acids significantly influenced 

the Allee threshold. To accomplish this, initial densities were binned based on average growth 

dynamics observed when measuring CFUs (a lack of or consistent decrease in CFU, a decrease  

to no change in CFU, a consistent increase in CFU, bin ranges reported in figure S4). A two-

tailed t-test was used to compare between the binned ranges to examine if there was a 

difference in the change in CFUs (figure S4d) and OD600 (figure S4e). 

 

Model development   

The mathematical model (Eq. 2.1 and 2.2, main text) is from a previously published 

manuscript from the senior author. For a full derivation of the model, including alternative 

formulations (using stochastic differential equations, assuming leaky expression of AHL, basal 



death rate) that lead to qualitatively similar results observed in a previous manuscript, please 

consult (1). 

To simulate experiments where two introductions of bacteria were performed, we 

initialized the simulation using a given initial density, C, of bacteria. After time , which 

represents the time of the second introduction, we added in a second density, C, of bacteria. 

These bacteria were added to the total amount of bacteria remaining at time . For simplicity, 

we did not account for the additional medium/nutrients that was added at the second 

introduction event as the volume of medium is relatively small (max 19 L) relative to the total 

volume of medium in the well (500 L). It is unlikely that a small increase in nutrients at time 

 can account for the dynamics that we observed in our experimental system. For the majority 

of the simulations, we used a value of t = 150 hrs so that the system reaches steady state.  

 

Parameter estimation  

 The values of parameters used in our model are located in Table S3. We estimated  

from growth curves of bacteria grown in the absence of IPTG (1). We estimated the value of 

kdA from previously published literature (2). Note that a previous publication has observed 

that AHL degrades according to first order kinetics (3). We estimated the value of kA from 

previously published literature (4, 5).  

 We estimated the order of magnitudes of  and  by considering the length of the ccdB-

lacZ and ccdA genes and proteins, transcription (6) and translation rates (7) in exponentially 

growing E. coli, the folding time for the proteins (~10-20 s), the estimated molecular weight 

of the CcdB-LacZα (~ 21 kDa) and CcdA (~8 kDa) proteins and the volume of a bacterial 

cell (~ 4 x 10-15 L) (8). Using this data, we estimated that  and  should have orders of 



magnitude of 0.001 M/hr and 0.001 M, respectively. We then fit the values of these 

parameters to our experimental data. A more detailed description and derivation of  and  

can be found elsewhere (1).  

 To estimate , we estimated the time point at which bacteria stopped growing due to 

inhibition by CcdB (figure S3, region indicated with solid arrows, experiment performed as 

described above). We then estimated the time point at which bacteria began growing again 

due to AHL and rescue via CcdA (figure S3, region indicated with dotted arrows). The time 

between these two time points represents the total time required to synthesize, and use, AHL 

for growth. We estimated the value of this time and divided it in half to account for additional 

molecular interactions that lead to relief from CcdB including synthesis of CcdA, the time 

required to CcdA to bind to and inhibit CcdB, and the time for cells to recover from CcdB 

poisoning (9).   

 To estimate the range of C in our experiments, we determined the carrying capacity of 

M9 medium containing IPTG (3.12 x 107 CFU/mL +/- 2.82 x 107). We then estimated the 

value of C which would represent ~104 CFU/mL (Allee threshold), which was on the order 

of magnitude of 0.001. 

 We note that the estimated values of these parameters are in line with two of our 

previous publications that have used the same bacteria under similar growth conditions (1, 

10).  

 

Simulations using coupled gene expression and growth  

 Previous studies have indicated that increasing growth rate will increase the number 

of proteins per cell (11). In our system, increasing growth rate could increase , , and kA.  To 

simulate the effect of coupling gene expression to growth rate, we simulated two scenarios: 



the effect of increasing , , and kA with increasing growth rate, and the effect of increasing 

just kA  with increasing growth rate. We assumed that the expression of all three would increase 

identically as both are driven by very similar promoters (Plac vs. Plac/ara) and are induced using 

IPTG. Based on a previous publication, we assumed that doubling the growth rate would 

increase the amount of protein by approximately 25% (11). We scaled the interactions between 

, , and kA, and  using this approximation.  

 

Supplemental Results 

Simulation results using coupled gene expression and growth  

Simulations using coupled gene expression and growth produced the same qualitative 

trends as uncoupled gene expression and growth (figure S6d).  With uncoupled growth, as  

is decreased, the values of  that lead to growth contract. Eventually, growth is not observed 

for all values of   if  is sufficiently small. When the value of kA was coupled to , our model 

predicts that the values of   that lead to growth decreases faster with decreasing  and that 

the bacteria will fail to grow at higher values of  (figure S6d, bottom panel). As compared to 

the simulation with uncoupled gene expression and growth (figure S6d, top panel), the curve 

maintains its same general shape but shifts to the right. When the values of , , and kA were 

coupled to , our model predicts that the values of   that lead to growth decreases slower 

with decreasing  and that the bacteria will fail to grow at lower values of  (figure S6d, bottom 

panel). As compared to the simulation with uncoupled gene expression and growth, the curve 

shifts slightly to the left but maintains its general shape.  

 

 



Supplemental Figure Legends: 

 

Figure S1: Diagram of gene circuit conferring the Allee effect to our engineered 

bacteria. An IPTG inducible Plac promoter regulates expression of the toxin protein CcdB, 

which kills the cell by inhibiting gyrase (12). The luxR/luxI quorum sensing system is activated 

by IPTG via the Plac/ara promoter. The LuxI protein produces an acylhomoserine lactone 

(3OC6HSL, AHL), which can be shared amongst all members of the bacterial population. 

Once AHL has reached a sufficiently high concentration, it binds to the LuxR protein, and 

drives expression of the ccdA gene (regulated by the Plux promoter). The CcdA antitoxin protein 

prevents cell death, and allows growth, by interfering with the CcdB toxin protein (13). 

Construction and additional testing of circuit functionality can be found in (1).   

 

Figure S2: Temporarily storing the engineered bacteria at 4oC does not decrease cell 

density. We serially diluted bacteria near the Allee threshold in M9 medium (without IPTG), 

and stored the bacteria at 4oC. CFUs were measured upon serial dilution (time = 0 hrs), and 

after 12 and 24 hrs. P > 0.5 when the 0 hr measurement is compared to 12 and 24 hr 

measurements (two-tailed t-test). Standard deviation from a minimum of three replicates. This 

indicates that in our multiple introductions experiment, large changes in CFUs in the second 

introduction event cannot account for the growth dynamics observed. 

 

Figure S3: Growth dynamics of bacteria with Allee effect circuit activated. OD600 initially 

increased but was then stalled after approximately ~400 min (~ 6 hrs, indicated by solid 

arrow), which indicates the time point at which CcdB inhibits cell growth. To estimate , we 

identified the region where growth resumed due to the accumulation of AHL (indicated by 



dotted arrow).  was then estimated as described in Supplemental Methods. Standard deviation 

from a minimum of three biological replicates. 

 

Figure S4: The effect of changing the percentage of casamino acids in M9 medium on 

the Allee threshold. 

a) Growth rate of the bacteria in M9 medium (no IPTG) with different percentages of 

casamino acids. Standard deviation from a minimum of three biological replicates. 

Comparison between 0.1% and 1%, P < 0.01. Comparison between 0.1% and 2%, P 

< 0.001. Comparison between 1% and 2%, P < 0.01 (two-tailed t-tests).  

b) Change in CFUs of bacteria grown in medium for 24 hrs with different percentages 

of casamino acids (with IPTG). Final CFU did not increase, on average, if initial CFU 

was below 104 CFU/mL. Statistical analysis showing that the Allee threshold does not 

change with the percentage of casamino acids in M9 medium in figure S4d. For panels 

b-e, 0.1% = light blue, 2% = dark blue.  

c) OD600 at 24 hrs of bacteria grown as in panel b. OD600 did not increase at or below the 

Allee threshold (P > 0.17 when ~104 is compared to zero, both growth media, one-

tailed t-test).  

d) The change in CFU over 24 hrs for engineered bacteria grown in medium with 

different percentages of casamino acids. To determine if the Allee threshold changed, 

we binned the initial densities at, near, and above the Allee threshold. P values (two-

tailed t-test) > 0.35 for all comparisons between media for each binned initial density 

range. This indicates that the growth trends, as measured using CFU, were the same 

between each binned range. Binned initial density ranges (CFU/mL) <103 = 2.5 x 10-



2 – 3.7 x 103, ~104 (Allee threshold) = 4.2 x 103 - 5.3 x 104, >105 = 1.1 x 105 – 6.0 x 106 

CFU/mL. 

e) OD600 at 24 hrs of engineered bacteria grown as in panel b. Using similar binned ranges 

as above (panel d), we compared OD600 between binned initial densities from bacteria 

grown in the different media. While the binned density encompassing the highest 

initial densities was different (owing likely to growth rate, P < 0.001, two-tailed t-test), 

the binned densities encompassing the Allee threshold and below were not different 

(P > 0.34, two tailed t-test). This indicates that the growth trends, as measured using 

OD600, were the same between the two lowest binned ranges. Binned initial densities:  

<103 = 1.4 x 102 – 3.55 x 103, ~104 (Allee threshold) = 4.2 x 103 - 5.3 x 104, >105 = 

1.85 x 105 – 3.9 x 107 CFU/mL. 

 

Figure S5: Control experiments and simulations for our multiple introduction 

experiments.  

a) OD600 of bacterial populations after two introduction events of the same cell density 

(two 10 L introduction volumes), and either without IPTG in the medium (red circles, 

4.28 x 104 CFU/mL +/- 8.02 x 104) or above the Allee threshold (with IPTG, blue 

circles, 4.91 x 105 CFU/mL +/- 4.13 x 105). Standard deviation from a minimum of 

three biological replicates. OD600 at 36 hrs. Green shaded region indicates growth (one-

tailed t-test, Table S4). Zero hr data point (no second introduction) shown as a control. 

b) Simulations using our mathematical model (Eq. 1-2, main text) showing the change in 

bacterial density (C) as a function of initial C. With the circuit OFF (= 0), C increases 

regardless of initial C (except for when initial C  1, carrying capacity and above). With 

the circuit ON (= 0.0048), growth occurs if initial C is sufficiently high. t = 36 hrs. 



Model development and parameter estimation in Supplemental Methods, and Table 

S3. 

 

Figure S6: Sensitivity analysis and control simulations when manipulating the growth 

rate of the bacteria. 

a) Simulations showing the effect of changing  on value of A at t = 24 hrs. Initial C = 

0.003.  = 0. No second introduction. 

b) Simulations showing the effect of one initial introduction event (C = 0.003, circuit 

ON). Without the second introduction event, regardless of , growth does not occur. 

For panels b, c, d and e, t = 150 hrs. For b and c, value of  indicated in panel. 

c) Simulations showing the effect of inactivating the circuit ( = 0, and C = 0.003 for 

both introduction events). Growth occurs (C increases) at all values of  and . 

d) Simulations showing how coupling gene expression (kA, , and  ) with growth () 

affects the values of  that lead to an increase in C. Top panel: Simulation using 

uncoupled growth replotted from figure 3b as a comparison. Bottom panel: Coupling 

between kA, and  plotted in the bright purple line. Coupling between kA, , and ,  

and  plotted in the dark purple line.  

e) Simulations showing how changing the values of parameters kA, kdA and  affect the 

relationship between  and . Values used for simulations throughout the manuscript 

indicated with *. Changing the values of kA, kdA and  serves to shift the region that 

allows for growth (increase in C) to higher or lower values of . The qualitative shape 

of the curves is generally maintained except for when  is very small (0.1).  



 

Figure S7: Simulations showing how changing the values of parameters kA, kdA and  

affects the greatest value of  that leads to growth (increase in C). Values used for 

simulations throughout the manuscript shown in the center panels. Changing the values of kA, 

kdA and  serves to shift the region that allows for growth to higher or lower values of initial 

and second C. The qualitative shape of the landscape plot is generally maintained. 

 

Figure S8: Control simulations using different values of C for the first and second 

introduction events.  

a) Simulation showing the effect of one initial introduction event (circuit ON,  = 0.0048). 

Without the second introduction event, regardless of C, growth does not occur. Initial 

C indicated on plot. In both panels, lines are stacked on top of each other. For both 

panels, t = 150 hrs.  

b) Simulations showing the effect of inactivating the circuit (  = 0). Growth occurs 

(increase in C) at all values of C and . Total C = 0.006.  

 

Figure S9: Simulations showing the dynamics of C and A when varying the density of 

C introduced in the first and second introduction events. The value of initial C is indicated 

along the left hand side of the plots. Green shading indicates growth (increase in C ) at t = 150 

hrs. Total C for each simulation = 0.006. The value of  is indicated along the top of each 

column. The same axes scales are used for C and A in each plot.  
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Supplemental Tables: 

Table S1. Examples of studies linking, or not linking, propagule pressure to 

establishment success. 

 Main Finding Reference 

Propagule 
pressure 
promotes 

establishment 
success 

Canopy disturbance and propagule pressure of exotic plant 
invasion are most important predictors of Alliaria petiolata, 
Berveris thunbergii, and Microstegium vimineum establishment and 
invasion. 

(14) 

A positive correlation exists between propagule pressure and 
probability of Bythotrephes longimanus establishment. 

(15) 

There is a positive correlation between interception frequency 
(surrogate of propagule pressure) and establishment for 
Scolytinae and Cerambycidae species. 

(16) 

Using an ecological modelling approach, the product of 
propagule size and frequency correlate more strongly with 
invasion success than either single component alone. 

(17) 

Increasing propagule pressure increased establishment in Daphnia 
magna.  

(18) 

Propagule pressure is positively related to establishment success 
from re-analysis of New Zealand bird introduction data. 

(19) 

Propagule 
pressure does not 

promote 
establishment 

success 

Initial releases of New Zealand bird species explain 
establishment success as opposed to introduction frequency 
and high introduction number 

(20) 

Three estimates of propagule pressure (number of introduced 
individuals, number of areas introduced, and number of years 
during which species was planted) for 130 species of woody 
plants did not predict successful establishment and invasion. 

(21) 

Propagule pressure does not determine invasion success for 
communities with high invasion resistance, particularly for 
species Urochloa platyphylla, Digitaria sanguinalis, Abutilon 
theophrasti, and Amaranthus retroflexus, which experience strong 
density-dependent inhibition. 

(22) 

Using Pseudomonas chlororaphis, Pseudomonas putida, and Escherichia 
coli, establishment and invasion success does not depend only 
on propagule pressure. 

(23) 

Propagule pressure did not influence establishment for 
Linepithema humile in field studies. 

(24) 



 

Table S2. The effect of propagule size and number on establishment success from 

select experimental studies.  

Component 
of Propagule 

Pressure 

Effect on 
Establishment 

Success 

Finding Reference 

Propagule  
size 

 

Positive 

Increasing the propagule size of the invasive fish 
Pseudorasbora parva increased establishment success.  

(25) 

Increasing propagule size of Watersipora subtorquata 
increased establishment success in disturbed and 
undisturbed environments.  

(26) 

Increasing the propagule size Microstegium vimineum seeds  
can reduce the inhibitory effects of an unsuitable growth 
environment, which could enhance establishment success.  

(27) 

Increasing propagule size increased the establishment 
success of Crassostrea gigas. 

(28) 

Large propagule size and a high number of source 
populations increased colonization probability of Aquarius 
najas. 

(29) 

Increasing the propagule size of Botrylloides violaceus larvae 
increased the number of individuals that became 
established 

(30) 

Negative 

Changing propagule size did not have a significant effect 
on establishment success of Daphnia magna. Immigration 
rate (propagule size x propagule number) was more 
important in determining establishment. 

(18) 

Propagule 
number 

 

Positive 

Increasing the propagule number increased the number of 
individual C. gigas that successfully colonized, and 
increased the long term survival of the population.  

(28) 

Increasing propagule number increased the probability of 
establishment of T. castaneum in simulated microcosm 
experiments. 

(31) 

Increasing propagule number of Skistodiaptomus oregonensis 
increased the percentage of populations that became 
established.  

(32) 

Negative 

Increasing the propagule number of Hemimysis anomala 
decreased population  persistence. 

(33) 

Increasing propagule number of Tribolium castaneum 
increased the mortality of founding individuals.  

(34) 

No effect 

The timing between introduction events had no effect on 
the establishment of T. castaneum populations  

(34) 

Changing propagule number did not have a significant 
effect on establishment success of D. magna.  

(18) 

Propagule number did not have an apparent influence on 
establishment success of P. parva. However, only one 
propagule size (above the threshold required for 
establishment) was examined.  

(25) 



Table S3. Baseline parameters used in our model (Eq. 2.1 and 2.2).  

Parameter  Description  Value  Reference 

 Half maximal killing ability of 
CcdB 

0.007 μM Estimated as 
described above 

 Killing rate of CcdB 0.0048 μM/hr 

kA Synthesis rate of AHL  0.25 μM/hr (4, 5) 

kdA Degradation rate of AHL 0.15 /hr (2) 

μ Maximum growth rate 0.5 /hr (1) 

τ Time delay of the activation of 
gene expression by the LuxR-AHL 
complex 

7 hrs Estimated as 
described above 
(figure S3) 

 Time between the first and second 
introduction events 

0.001 - 50 hrs.  

 

 

 

 

 

 

 

 



Table S4. A summary of P-values obtained in our multiple introduction experiments. P values were determined using a one-tailed t-

test and compared against zero. Significance level was determined using a Benjamini-Hochberg procedure. Bolded P values indicate that 

OD600 values for that condition were not statistically different than zero (i.e., no growth).   

 

IPTG 

Percentage 
of 

Casamino 
Acids 

Introduction 

Volumes (L) 
0 hr 

Time to second introduction  

figure 

2 hr 4 hr 6 hr 8 hr 10 hr 12 hr 14 hr 16 hr 20 hr 24 hr 

NO 

2 % 

 
10 
 

 
10 
 

< 
0.001 

< 
0.001 

< 
0.001 

< 
0.001 

< 
0.001 

< 
0.001 

< 
0.001 

< 
0.001 

< 
0.001 

< 
0.001 

< 
0.001 

S5a 

YES 

< 
0.001 

0.025 - 0.037* 0.016 0.028 0.002 - - - 0.001 

1 0.008 
< 

0.001 
< 

0.001 
< 

0.001 
< 

0.001 
< 

0.001 
< 

0.001 
0.013 1 0.211 

2a, 3a, 
4a  

15 5 1 0.019 
< 

0.001 
< 

0.001 
< 

0.001 
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