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Abstract 

 

Genetically engineered microbes (GEMs) hold the potential for many different soil applications. 

However, the relationship between GEMs and bacteria of the natural soil microbiome is 

unknown. This research utilizes growth curves and co-cultures, analyzed by flow cytometry, to 

develop assays for defining relationships between the engineered bacteria P. putida and soil 

strains C. freundii or B. thailandensis. Here we show that flow cytometry can be used to 

correlate monoculture growth with co-culture growth to differentiate neutral or non-neutral 

relationships under a variety of growth conditions. We observe that the growth temperature and 

media composition affect the nature of co-culture relationships. However, more experimentation, 

including addition of a viability dye and cytometric analysis by FlowJo will be critical in 

producing more concrete definitions of the relationships between the species tested.  
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Background 

 

Genetically engineered microbes (GEMs) are used for many different soil applications, such as 

biosensing, bioremediation, pathogen control, and many more (Sayler & Ripp, 2000). However, 

the relationships between GEMs and predominant bacterial soil species are unknown. The 

unknown relationships between bacterial species are an important topic of study because the 

addition of GEMs to the natural soil microbiome could affect the GEMs ability to perform their 

designed function(s) and/or lead to unwanted effects, such as horizontal gene transfer and natural 

microbiome disruption (Stirling & Silver, 2020). 

 

This work specifically focuses on the soil bacterium Pseudomonas putida and its relationships 

with other bacteria of the natural soil microbiome, in particular, Citrobacter freundii and 

Burkholderia thailandensis. P. putida has been known for its “versatile metabolism and low 

nutritional requirements” (Weimer et al., 2020). Such features, along with its readily editable 

genome, make P. putida an ideal species for biotechnological applications. This bacterium has 

been shown to function in biosensing, bioremediation, bio-manufacturing, formation of 

biopolymers, and plant fertilization (Weimer et al., 2020). The extensive potential of P. putida in 

biotechnology has made it a highly desirable species for genetic engineering. 

 

As with any two species that interact in an ecological system, different bacteria have 

relationships between them. There are six types of possible ecological relationships that can be 

shared between two species, which are outlined in Figure 1. Out of those six, there are three 

relationships that are considered negative interactions: parasitism, amenalism, and competition. 

Two relationships are considered positive interactions: mutualism and commensalism. A neutral 

relationship is also possible, in which the presence of one species has no effect on the growth or 

survival phenotypes of the second species, and vice versa. For a relationship to be considered 

negative, at least one of the species in it is “losing,” that is, there is some negative impact of one 

species on the growth or survival of the second species. To be considered a positive interaction, 

at least one is “winning,” that is, one species is conferring some benefit from the co-existence 

from the second species, beyond its performance in monoculture. The exception is parasitism, in 

which one species is winning and one is losing but is considered a negative relationship.  
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Figure 1: Summarizing chart of ecological relationship types between members of different species. From Faust & 

Raes (2012). 

 

The measurement of these relationships is not always simple. Figure 2 shows the same six 

relationships detailed above, displayed as 100% stacked column graphs. As shown in Figure 2, 

when measuring the percentage of the culture represented by each of two species in a co-culture 

experiment, a given graphical pattern could represent up to three different types of ecological 

relationships. Thus, it is not possible to discern relationships simply by measuring the amount of 

each organism in the sample. Additional research and analysis will be required to determine the 

exact relationship. 

 

 
Figure 2: Exemplar 100% stacked column graphs, representing each of the nine possible relationship types 

highlighted in Figure 1. 

 

Research with P. putida has investigated its relationships with species such as L. monocytogenes 

and E. coli, however, current studies have not examined its relationships with native soil species 
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(Giaouris et al., 2013 and Molina-Santiago et al., 2017). Giaouris et al. (2013) found that when 

P. putida was grown in co-culture with L. monocytogenes to form biofilms, the resistance of P. 

putida to benzalkonium chloride, a common ingredient in wet wipes, hand, and surface 

sanitizers, was greatly increased. This example could represent either a mutualistic, 

commensalistic, or parasitic relationship, because P. putida is benefitting from the relationship 

by developing increased resistance to the biocide. The authors Giaouris et al. do not explicitly 

discuss the change in L. monocytogenes viability between mono- and co-culture conditions 

(Giaouris et al., 2013). Molina-Santiago et al. (2017) examined the relationship between P. 

putida and E. coli. The team found that the growth of those two bacteria in co-culture results in 

transcriptional changes within the carbon metabolism pathways of both species, and that the two 

species participated in horizontal gene transfer with each other. Further experimentation would 

need to be completed looking at the impact of these transcriptional changes and gene exchange 

on the bacteria’s viability and functionality to determine what the exact relationship between P. 

putida and E. coli is in the conditions used. More research into the relationships of P. putida and 

bacteria of the natural soil microbiome is needed to unlock the potential for use of engineered P. 

putida for soil applications. 

 

The goal of this research is to define the relationships between engineered P. putida and native 

soil species. In the end, we found that by utilizing data from monoculture and co-culture growth 

analyses, it is possible to determine the presence of a neutral or non-neutral relationship, under a 

variety of growth conditions, between engineered P. putida and the soil bacterium, C. freundii or 

B. thailandensis. These relationships were also shown to be affected by the growth temperature 

and media composition of the cultures. More experimentation, including the addition of a 

viability dye, will be essential for defining exactly what type of ecological relationship is present 

between the two species being tested.  
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Materials and Methods 

 

Bacterial Strains and Plasmids 

The primary strains used in this study are outlined in Table 1 below.  

 

Table 1: Soil-derived bacterial strains used in this study, and their key features. 

 Species #1 Species #2 Species #3 

Phylum/Class Gammaproteobacteria Betaproteobacteria Gammaproteobacteria 

Family Pseudomonadaceae Bacillaceae Enterobacteraceae 

Genus Pseudomonas Burkholderia Citrobacter 

Species 

(ATCC#) 

Pseudomonas putida 

(ATCC 700007) 

Burkholderia thailandensis 

(ATCC 700388) 

Citrobacter freundii 

(ATCC 8454) 

Optimal Growth 

Medium 

Nutrient agar or 

nutrient broth 

Nutrient agar or nutrient 

broth 

Nutrient agar or 

nutrient broth 

Optimal Growth 

Temp. (°C) 

30 30 37 

 

The P. putida strain, KT2440, and plasmids for gene expression and genomic integration, were 

kind gifts from Dr. Adam Guss of Oak Ridge National Laboratory. Using a genomic integration 

system created by the Guss lab (Elmore et al., 2017), the fluorescent protein tdTomato was stably 

integrated into the P. putida genome (strain created by Dr. A.F. Carrillo, Farny lab, WPI). The 

tdTomato signal is used to identify the P. putida strain in co-culture by flow cytometry.  

 

To express mScarlet in E. coli, the coding region of mScarlet-I (Bindels et al., 2017) fused to the 

strong promoter J23101 was obtained by gene synthesis and cloned into pSB1C3 using the 

EcoRI and PstI restriction sites (plasmid created by Dr. Natalie Farny, WPI).  

 

Soil Extract Production 

Liquid soil extract for bacterial culturing was prepared by combining 100g of Miracle-Gro 

Performance Organics Potting Soil Mix with 500mL of 1X PBS in a 1L Erlenmeyer flask. The 

flask was then placed into a shaking incubator set at 220rpm and 37°C for at least 2-3 hours. 

Following the incubation period, the soil/PBS mixture was strained through a French press into 

Büchner funnel vacuum filtration system. The Büchner funnel was lined with two pieces of 

Whatman filter paper, one grade 4 piece layered on top of a grade 1 piece. After filtration 

through the vacuum system, the extract was filtered through a sterilizing 0.2-micron filter unit 

and the resulting liquid stored at 4°C until used for culturing. 

 

Growth Curves by Spectrometry and Flow Cytometry 

For all growth curves, each strain was prepared as an overnight culture at its optimal growth 

temperature in Luria-Bertani (LB) broth. The OD600 of each overnight culture was measured 
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using a spectrophotometer, and cultures were diluted, if needed, with LB broth or PBS, 

depending on the final growth medium, to get a reading within the linear range of the 

spectrophotometer (OD600 = 0.1-1.0). 

 

Individual cultures were prepared by calculating the volume of overnight culture and LB broth or 

soil extract needed to get an OD600 of 0.1, at a chosen final volume. Examples of these 

calculations are shown in Figure 3. 

 

 
Figure 3: Example starting calculations for individual cultures for co-culturing trials. 

 

Cultures were grown at varying growth conditions. These conditions altered media (LB broth or 

soil extract) or growth temperature (25°C, 30°C, or 37°C). Samples were taken at the 0-, 1-, 2-, 

3-, 4-, 5-, and 24-hour time points. 

 

For growth curves that were examined by spectrometry, the machine was blanked with either LB 

broth or soil extract, depending on the growth medium of that culture, and then an OD600 

measurement was taken of a 1mL sample of each culture. If any samples exceeded the linear 

range of the spectrophotometer, they were diluted and remeasured, and the resulting OD600 

value was corrected based on the dilution factor used. 

 

For growth curves that were examined by flow cytometry, each sample taken was prepared in 

triplicate using the “Flow Cytometry” protocol outlined below, and the stopping rules set to 

10uL of sample run. The 0–5-hour time points were prepared on the sample plate, which was 

stored at 4°C between taken samples each hour to prevent continued growth in the cultures. The 

24-hour time point was run on a separate plate the following day. 

 

Co-Culturing 

For all co-cultures, each strain was prepared as an overnight culture at its optimal growth 

temperature and in LB broth. The OD600 of each overnight culture was measured using a 

spectrophotometer, and cultures were diluted, if needed, with LB broth or PBS, depending on the 

final growth medium, to get a reading within the linear range of the spectrophotometer (OD600 = 

0.1-1.0) and greater than 0.5.  
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Each individual culture was prepared by calculating the volume of overnight culture and LB 

broth or soil extract needed to get an OD600 of 0.5, at a chosen final volume. Co-cultures were 

prepared by calculating the volume of each overnight culture and LB broth or soil extract needed 

to get each strain at an OD600 of 0.25, a total OD600 of 0.5, at a chosen volume. Examples of 

these calculations are shown in Figures 4 and 5.  

 

 
Figure 4: Example starting calculations for individual cultures for co-culturing trials. 

 

 
Figure 5: Example starting calculations for co-cultures for co-culturing trials. 

 

After individual and co-cultures were prepared at a final, total OD600 of 0.5, a set of 0-hour time 

point samples were prepared in triplicate for flow cytometry using the “Flow Cytometry” 

protocol outlined below, and the stopping rules set to 50,000 events counted of 600 seconds of 

run time. The remaining cultures were diluted 1:10 to an OD600 of 0.05 and left for 24 hours at 

varying growth conditions. These conditions altered media (LB broth or soil extract) or growth 

temperature (25°C, 30°C, or 37°C). The 24-hour time point samples were also analyzed by flow 

cytometry, using the same stopping rules as the 0-hour time point samples. 
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Live/Dead Cell Preparation 

To test the effectiveness of the Live-or-Dye viability cell stain, the following strains were 

prepared using this protocol, adapted from (Robertson et al., (2019)) and  

(Molecular Probes Inc., (2004)): P. putida, B. thailandensis, and C. freundii. The strain was 

cultured overnight in 5mL of LB broth and then diluted to 2.5mL at an OD600 of 0.4-0.6 in 1X 

PBS. The 2.5mL of culture was transferred to a 15mL conical tube and concentrated by 

centrifugation at 3,900 rpm for 15 minutes. Without disturbing the pellet, the supernatant was 

poured off and then resuspended in 0.2mL of fresh 1X phosphate-buffered saline (PBS). The 

resulting suspension was split equally into two tubes, one containing 2mL 1X PBS (for the live 

cultures) and one containing 2mL 70% ethanol (for dead cultures). Both samples were then 

incubated at room temperature (~25°C) for 1 hour, mixing by hand every 15 minutes.  

 

Live/Dead Cell Staining for Discrimination by Flow Cytometry 

The following protocol, adapted from (Biotium, 2021), was used after the creation and any 

experimental incubation of co-cultures to stain for live-dead discrimination by flow cytometry 

using Biotium’s Live-or-Dye™ 488/515 fixable viability staining kit. Each co-culture was 

diluted to an OD600 of 0.1 in LB Broth at a total volume of 3mL into 50mL conical tubes. The 

diluted culture was centrifuged at 2,000rpm for 5 minutes and the supernatant poured off. The 

pellet was washed in 1mL of 1X PBS and once again centrifuged at 2,000rpm for 5 minutes. The 

cells were then resuspended to an OD600 of 0.01 by adding 30mL of 1X PBS and 30uL of 

488/515 Fixable Dead Cell Dye was added to the resulting suspension. The tube was then 

wrapped in aluminum foil to prevent light exposure and incubated on ice for 30 minutes. 

Following the incubation, tube tube of cells was washed with 30mL of 1X PBS and centrifuged 

at 2,000rpm for 5 minutes. The final pellet was resuspended in 30mL of 1X PBS and ready for 

analysis by flow cytometry. 

 

Flow Cytometry Preparation and Analysis 

To prepare samples for flow cytometry, a solution of 25mL of 1X PBS and 100uL of kanamycin 

(50 mg/mL stock, KAN) was prepared and vortexed. Into a 96-well plate, 150uL of the 

PBS+KAN solution was added to any well that would contain liquid culture sample. For each 

sample being run, 50uL of liquid culture was added to a well containing the PBS-KAN solution. 

After all samples were loaded, the second to last well was loaded with 200uL of flow cytometry 

calibration beads, and the last well was loaded with 200uL of 10% bleach. The plate was then 

run on a Beckman Coulter CytoFlex Flow Cytometer. 

 

Raw cytometric data was analyzed primarily by using the TASBE analytics suite (Beal, 2019) in 

MATLAB; other data sets were examined by using the FlowJo software (BD Bioscience). Data 

sets analyzed by TASBE gated for only red cells, and the white cell count was calculated by 

subtracting the number of red cells from the total cell count. Analysis by FlowJo allowed for 

gating of both red and white cells. 
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Results 

 

Growth Curves by Spectrometry 

Growth curves were needed to measure monoculture growth rates which could be used as a 

baseline measurement for comparison with the results of co-cultures. The curves were generated 

for P. putida, B. thailandensis, and C. freundii at varying growth conditions, which included 

temperature (25°C, 30°C, or 37°C) and medium (LB broth or soil extract). Species growth was 

measured by optical density at 600nm, via a spectrophotometer, at the 0-,1-, 2-, 3-, 4-, 5-, and 

24-hour time points. As shown in Figure 6, all three species of bacteria showed relatively similar 

trends and levels in growth across the varying conditions tested. However, outliers of these 

trends were seen in four of the generated graphs. Two of these showed 24-hour growth 

measurements significantly higher than the other species grown in those conditions. The first, 

seen in Panel C, is P. putida when grown in LB broth at 30°C. Second, shown in Panel F, is B. 

thailandensis when grown in soil extract at 25°C. The other two outliers showed 24-growth 

measurements significantly lower than the other species grown in those conditions. First, seen in 

Panel B, is B. thailandensis when grown in soil extract at 37°C, and the second, shown in Panel 

D, is C. freundii when grown in soil extract at 30°C. Overall, we observed that all three species 

grew with similar kinetics at 37°C in LB broth and in both media types at 25°C, while certain 

species displayed significantly different growth kinetics at the other growth temperatures and 

media.  
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Figure 6: Growth of P. putida, B. thailandensis, and C. freundii, measured by spectrometry at 600nm. Growth 

conditions varied by temperature (25°C, 30°C, or 37°C) and/or medium (LB broth or soil extract). Measurements 

were taken at the 0-, 1-, 2-, 3-, 4-, 5-, and 24-hour time points. Each curve represents the averaged values of three 

biological replicates, each completed in technical triplicate. Error bars represent standard error of the mean. 

 

Growth Curves by Flow Cytometry versus Spectrometry 

While growth measurements are traditionally measured via spectrometry here, we developed 

assays for culture growth measurements via flow cytometry. Spectrometry required lots of time 

and materials, and other experiments in this paper showed that it is not always a reliable method 
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for measuring P. putida growth (see “Testing RFP’s Role in Co-Culturing Results”). Therefore, 

the goal of utilizing flow cytometry was to circumvent these issues and costliness to produce 

growth curves similar to those produced by spectrometry. The curves were generated for P. 

putida, B. thailandensis, and C. freundii, each grown at their optimal growth temperature, 

reference Table 1, in LB broth. Measurements were taken at the 0-, 1-, 2-, 3-, 4-, 5-, and 24-hour 

time points. The growth curves generated by spectrometry are shown in Panel A of Figure 7, and 

the curves generated by flow cytometry are shown in Panel B. The final measurement of B. 

thailandensis taken by spectrometry was greater than the other two species but was lesser than 

them when measured by flow cytometry. We observed similar growth kinetics across both 

methods of measurement, other than the apparent inversion of B. thailandensis. However, it is 

important to note that this difference may not be statistically significant and will require further 

statistical analysis to investigate.  
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Figure 7: Growth of P. putida at 30°C, B. thailandensis at 30°C, and C. freundii at 37°C in LB broth, measured by 

spectrometry at 600nm, in Panel A, and by flow cytometry in Panel B. Measurements were taken at the 0-, 1-, 2-, 3-, 

4-, 5-, and 24-hour time points. Each curve represents the averaged values of three biological replicates, each 

completed in technical triplicate. Error bars represent standard error of the mean. 

 

Co-Culturing P. putida and C. freundii 

The goal of co-culturing was to determine if the growth of P. putida was altered when placed in 

co-culture with another strain and begin to define the relationship between the two strains based 

on the relationships depicted in Figures 1 and 2. This set of co-cultures examined P. putida and 

C. freundii. The control 0-hour ratio measurement for P. putida and C. freundii, grown in both 

LB broth and soil extract, was not 50/50, and P. putida counts were consistently lower than they 

were calculated to be. When comparing this starting ratio to the 24-hour measurements grown in 

LB, seen in Panel A of Figure 8, P. putida levels increased when grown at both 25°C and 30°C, 

however, when both species were grown at 37°C, P. putida levels dropped. When the co-cultures 
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were grown in soil extract, seen in Panel B of Figure 8, P. putida levels increased at each 

variable growth temperature. In the end, we observed that P. putida increased its growth as a 

percentage of the co-culture the most in LB broth at 25°C, and decreased as it progressed to 

37°C. In soil extract had the least growth at 25°C and increased as it progressed to 37°C.  

 

 
Figure 8: Resulting ratios of P. putida and C. freundii co-cultures grown in LB broth, in Panel A, and in soil extract, 

in Panel B. A control ratio was measured at the 0-hour time point and a final measurement taken at the 24-hour time 

point for each growth temperature variation (25°C, 30°C, and 37°C). Cell counts were calculated via flow cytometry 

and analyzed with the TASBE analytics suite for MATLAB (Beal et al., 2019). Each bar represents the averaged 

values of three biological replicates, each completed in technical triplicate. Error bars represent standard error of the 

mean. 
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Co-Culturing P. putida and B. thailandensis 

This set of co-cultures sought to understand the dynamics between P. putida and B. 

thailandensis, with the same overall goal as with the co-cultures run on P. putida and C. freundii.  

Similar to the control 0-hour ratio measurement for P. putida and C. freundii, starting ratios of P. 

putida and B. thailandensis were not 50/50, and P. putida was once again consistently lower than 

expected. When comparing these starting ratios to the 24-hour measurements grown in LB, seen 

in Panel A of Figure 9, P. putida levels decreased when grown at both 25°C and increased when 

grown at 30°C. When the co-cultures were grown in soil extract, seen in Panel B of Figure 9, P. 

putida levels increased at each variable growth temperature. Overall, we saw that the growth of 

P. putida increased with temperature from 25°C to 30°C in both LB broth and soil extract. 
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Figure 9: Resulting ratios of P. putida and B thailandensis co-cultures grown in LB broth, in Panel A, and in soil 

extract, in Panel B. A control ratio was measured at the 0-hour time point and a final measurement taken at the 24-

hour time point for each growth temperature variation (25°C and 30°C). Cell counts were calculated via flow 

cytometry and analyzed with the TASBE analytics suite for MATLAB (Beal et al., 2019). Each bar represents the 

averaged values of three biological replicates, each completed in technical triplicate. Error bars represent standard 

error of the mean. 

 

Testing the Effect of Red Fluorescent Proteins on OD600 Measurements 

Throughout the co-culture experiments, it was observed that the number of P. putida cells 

identified by flow cytometry was always significantly less than the 50% target that was 

attempted to establish using OD600 measurements. As a result of the P. putida counts always 

being less than 50/50 when used in starting co-culture ratios, this set of experiments aimed to 
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determine if there was a possible interference in the OD600 measurement by the red fluorescent 

protein (RFP, tdTomato) used to differentiate P. putida from the other species, such as described 

by Hecht et al. (2016), or if the P. putida itself was causing issues when performing initial 

calculations from the OD600 measurements. To test this hypothesis, untagged P. putida was co-

cultured with a strain of E. coli that was tagged with the RFP mScarlet, and the initial ratios were 

calculated and displayed in Figure 10. The initial ratios for these new co-cultures also showed a 

less than 50/50 ratio with P. putida having counts less than the E. coli strain. Therefore, we 

showed that potential interference with the OD600 measurement by RFP did not explain the 

consistent underestimation of P. putida by spectrometry. 

 

 
Figure 10: Resulting 0-hour ratios of mScarlet E. coli and KT2440 P. putida co-cultures grown in LB broth, left bar, 

and in soil extract, right bar. Cell counts were calculated via flow cytometry and analyzed with the TASBE analytics 

suite for MATLAB (Beal et al., 2019). Each bar represents the averaged values of three biological replicates, each 

completed in technical triplicate. Error bars represent standard error of the mean. 

 

Cytometric Analysis of Co-Cultures by TASBE versus FlowJo 

Much of this research was analyzed raw flow cytometry data with the TASBE analytics suite for 

MATLAB (Beal et al., 2019). However, this was a very time-consuming method and there was 

no easy way to gate for white cells, only red, so it is probably ratios were misrepresentative 

because debris in samples was likely counted as white cells. Another popular software used for 

cytometric analysis is FlowJo, which is known for its simple user interface and gating abilities on 

large, complex samples. To test the analytic abilities of both methods, a data set of both co-

cultures, and all their respective variables were analyzed with both tools. The results of the P. 

putida and C. freundii co-cultures are shown in Figure 11. From Panel A, LB broth culture 

analysis by TASBE, to Panel B, LB broth culture analysis by FlowJo, the relative trends of ratio 
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change from the 0-hour measurement to the 24-hour measurements were the same for each of the 

different growth temperatures. However, the ratio seen in Panel A for the 37°C culture showed a 

nearly perfect inversion to the ratio seen in Panel B, where P. putida becomes the dominating 

culture when compared to C. freundii. The results from Panel C, soil extract culture analysis by 

TASBE, to Panel D, soil extract culture analysis by FlowJo, the relative trends are the same 

across all growth temperatures analyzed. 

 

The results of the P. putida and B. thailandensis co-cultures are shown in Figure 12. From Panel 

A, LB broth culture analysis by TASBE, to Panel B, LB broth culture analysis by FlowJo, the 

relative trends of ratio change from the 0-hour measurement to the 24-hour measurements were 

the same for the 30°C sample but changed for the 25°C sample. It is important to note, the 30°C 

sample showed no presence of B. thailandensis. The results from Panel C, soil extract culture 

analysis by TASBE, to Panel D, soil extract culture analysis by FlowJo, the relative trends are 

the same across all growth temperatures analyzed. 

 

Overall, analysis by FlowJo produced graphs and trends similar to those generated by TASBE 

analysis; the few outliers that showed drastic changes in the ratio between the species showed an 

increase in P. putida levels. This can likely be attributed to the ability to gate for and get total 

white cells counts in FlowJo, which is not something that could be done in TASBE. However 

more analysis by FlowJo will be needed to determine the exact reason for the changes in ratios 

between analytic techniques. 
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Figure 11: Resulting ratios of P. putida and C. freundii co-cultures grown in LB broth, Panels A and B, and in soil 

extract, Panels C and D. Cell counts were calculated via flow cytometry and analyzed with FlowJo, in Panels B and 

D, or the TASBE analytics suite for MATLAB, in Panels A and C (Beal et al., 2019). Each bar represents the 

averaged values of a single biological sample measured in triplicate. Error bars represent standard error of the mean. 
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Figure 12: Resulting ratios of P. putida and B. thailandensis co-cultures grown in LB broth, Panels A and B, and in 

soil extract, Panels C and D. Cell counts were calculated via flow cytometry and analyzed with FlowJo, in Panels B 

and D, or the TASBE analytics suite for MATLAB, in Panels A and C (Beal et al., 2019). Each bar represents the 

averaged values of a single biological sample measured in triplicate. Error bars represent standard error of the mean. 

 

 

Live/Dead Analysis of Co-Cultures by Flow Cytometry 

While the results of the co-cultures and growth curves can provide basic information on the 

relationships of the species in the co-culture, they cannot give any data on the viability of the 

cells. Therefore, this set of experiments utilized a Live/Dead cell stain, outlined in Figure 13, to 

measure viability of the species in the cultures, so in future experiments the relationship between 

the two species in co-culture can be more specifically defined.  
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Figure 13: Four different cells differentiated by color using integrated fluorescent tagging (P. putida), and the use of 

a green-channel cell permeable viability dye. 

 

In order to visualize both live and dead cells within a culture, cultures of P. putida and C. 

freundii were ethanol fixed to kill the cells, then mixed back into live cultures, stained with the 

live/dead stain, and analyzed by flow cytometry. Seen in Figure 14, the use of this dye was able 

to produce four, distinct populations in a co-culture sample, and each of these populations can 

define a species type and its viability state as predicted in Figure 13. While this stain was only 

used on one sample in this research, there are future implications for its use in defining bacterial 

relationships. The population representing living P. putida is noticeably smaller than the others, 

however visualization of the pellet of these cells was lost during the centrifugation process, so 

this was not unexpected. In the end, the ability to produce four, distinct populations indicates that 

we will be able to implement this viability dye into all future co-culture experiments to further 

inform the defined relationship between species in said co-culture. 
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Figure 14: Results of Live/Dead trial collected from flow cytometry and analyzed in FlowJo. Four distinct 

populations are present in the field. The bottom left indicates living white cells, the top left is dead white cells, the 

top right is dead P. putida, and the bottom right is living P. putida.  
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Discussion 

 

Relationship Analysis of P. putida and C. freundii in Co-Culture 

Based on the results of the growth curves displayed in panels A, C, and E of Figure 6, it was 

expected, in a neutral relationship, that the amount of P. putida would increase compared to C. 

freundii when grown for 24h at 30°C and 37°C in LB broth, and that the ratio between the two 

species would remain relatively the same when grown in the same medium for 24h at 25°C. 

These expected results were not shown in the ratios produced in panel A of Figure 8.  Instead, P. 

putida levels, when grown in LB broth for 24h, increased significantly at 25°C and decreased 

slightly at 37°C. However, P. putida levels did increase, as expected, when grown in LB broth 

for 24h at 30°C, but not as drastically as what was predicted by Figure 6.  

 

When grown in soil extract, the growth curves in panels B, D, and F of Figure 6 predicted that 

there would be no significant difference in the ratio of P. putida to C. freundii when grown in 

soil extract for 24h at 25°C and 37°C, and that there would be in increase in P. putida levels 

when grown in the same medium for 24h at 30°C. Panel B of Figure 8 shows that there was an 

increase in P. putida at all temperatures tested.  

 

Relationship Analysis of P. putida and B. thailandensis in Co-Culture 

The growth curves in panels A, C, and E of Figure 6 show an expected increase, in a neutral 

relationship, in the levels of P. putida compared to B. thailandensis when grown for 24h in LB 

broth at 30°C, and that the ratio between the two species would have no change when grown in 

the same medium for 24h at 25°C. The expected increase of P. putida levels at 30°C was seen in 

the ratios in panel A of Figure 9, however, an unexpected slight decrease in P. putida levels was 

exhibited at 25°C.  

 

Growth curves seen in panels B, D, and F of Figure 6 predicted an increase in B. thailandensis 

compared to P. putida when grown in soil extract for 24h at 25°C and no change in the ratio 

between the two species when grown the same medium for 24h at 30°C. The resulting ratios in 

panel B of Figure 9 show an increase in P. putida at both 25°C and 30°C, which was unexpected 

for both sets of growth conditions tested. 

 

Defining Microbial Relationships 

Expected results of co-culturing based on growth curves suggest a neutral, competitive, or 

mutualistic relationship between the two species being cultured in those growth conditions. Any 

unexpected results, suggest that there is a parasitic, amenalistic, or commensalistic, relationship 

between the two species in those growth conditions. However, at this stage of experimentation it 

cannot be determined what the exact relationship is between the two species, even if the results 

were expected. This can be determined by further research implementing the Live/Dead dye to 

determine the viability of each species throughout growth in co-culture. 
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Kehe et al. (2021) showed that microbes of the Pseudomonadaceae and Enterobacteraceae 

families show a greater than expected prevalence of positive interactions (i.e., mutualism and 

commensalism) between species when grown in varying carbon conditions. This contradicted 

previous work by Foster & Bell (2012), which suggested that microbes in co-culture exhibited 

more negative interactions (i.e., parasitism, amenalism, and competition). Continuing 

experimentation with the strains used in this study could give more information on the exact type 

of relationships between these species when grown in different environmental conditions.  

 

Similar to the other studies in the research of soil derived microbes, this work has yet to generate 

a growth environment similar to that of the real-world which contains many diverse bacteria. 

There is a limited supply of readily available species that could be easily cultured in the media 

and conditions used here. As this research continues, the movement to more than two species per 

co-culture will be critical in determining how the interplay of multiple species affects the growth 

and viability of target microbes and GEMs. Further, the implementation of Live/Dead viability 

dye in all future co-cultures will allow for more specific definition of the relationships between 

species in co-culture. Other future additions to this research include continued analysis with 

FlowJo cytometric analytic software, with emphasis on gating white and colored cells to remove 

debris counts from the final ratios, which, in theory, will help with correcting the difference in 

ratios between FlowJo and TASBE. Additional experiments may involve the addition of a 

defined carbon source to the soil extract cultures to determine if the carbon in LB broth plays a 

role in the ratios produced and finding a work-around the challenges encountered when taking 

OD600 measurements of P. putida. 

 

The results of this work and future research from it, will allow for large scale models of soil 

environments to be developed, in which potential SynBio microbes’ viability and environmental 

impact can be tested prior to their use in the real world. Knowing this, researchers can make 

hypotheses and test the engineered microbes for potential negative effects they may have when 

used in the environment.  
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Appendix 

Appendix A: Raw data from growth curves by spectrometry 

 
*Estimated value  
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Appendix B: Raw data from growth curves by spectrometry versus flow cytometry 

 
*Estimated value 
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Appendix C: Raw data from co-cultures of P. putida and C. freundii 
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Appendix D: Raw data from co-cultures of P. putida and B. thailandensis 
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Appendix E: Raw data from testing RFP’s role in co-culturing results 
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Appendix F: Raw data from cytometric analysis of co-cultures by TASBE versus FlowJo 

 


