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Abstract
The lack of new antibiotics capable of treating the ever-increasing number of
antibiotic-resistant bacterial infections reflects the difficulty of finding new antimicrobial
compounds. Most antibiotics were originally discovered from microorganisms that were grown
in isolation. The interspecies interactions involved in co-culturing microbes, growing two or
more strains together, can impact the types and increase production levels of antimicrobial
compounds compared to monocultures. The purpose of this study was to determine whether
co-culturing antibacterial producers would result in increased antibiotic production. Mixed
student samples from the EMU Tiny Earth lab were utilized for this study because there was a
higher chance that interspecies interactions were responsible for previously observed antibiotic
activity. The samples were purified and antibiotic activity was verified by testing against safe
relatives to the ESKAPE pathogens. Strain genera were determined with PCR and 16s rRNA
gene sequencing. Co-cultures of previously mixed strains were plated on solid TYME media
with and without physical contact and the zones of inhibition (ZOI) were measured; isolates with
the highest levels of activity were then co-cultured in liquid EPSM to extract their secondary
metabolites, including any potential antibiotics. Overall, there was no difference between size of
ZOIs when co-cultures were physically separated versus when mixed together. Further, the
majority of organic extracts from co-cultured strains had no difference in diameter of ZOIs.
Organic extracts of strain EMU 941 had a large ZOI against S. aureus and seemed to induce

production of antibiotics by strain EMU 942 when co-cultured. These results indicate
co-culturing has the potential to induce antibiotic production, but more research is necessary to
determine which strains act as inducers and producers.
Introduction
History of Antibiotics
The discovery of penicillin by Alexander Fleming in 1928 is widely considered to be the
most significant discovery in modern medicine; the introduction of antibiotics has saved
countless lives and allowed better control of infectious disease (Aminov 2010). Prior to this
discovery, many bacterial infections and other serious diseases would spread through populations
quickly and were often fatal. The “golden age” of antibiotic discovery from the 1940s to 1960s
soon followed as researchers found several new classes of antibiotics. Unfortunately, over time,
discoveries of new antibiotic classes dwindled, and fewer new antibiotics were introduced into
medical practice (Aminov 2010, Davis et al. 2016, Adnani et al. 2017). In addition, due to
overuse of available antibiotics, new pathogenic bacterial strains began popping up in hospitals
that were resistant to and unable to be treated by antibiotics (Aminov 2010).
Strains with resistance to common antibiotics come about as a result of antibiotics being
prescribed for non-bacterial infections, prophylactic antibiotic treatments, and patients not
completing their prescribed antibiotic series (WHO 2020). The idea of antibiotic resistance has
been around since the 1940s and was even addressed by Alexander Fleming during his speech
for the Noble Prize (Aminov 2010). The rise of multi-drug resistant strains of bacteria has led to
what some call the resistance era, and current research in the field of antibiotics aims to tackle
these often-fatal infections (Aminov 2010, Davis et al. 2016, Liang et al. 2019). The Centers for
Disease Control (CDC) estimates that there are roughly 2.8 million antibiotic-resistant infections

in the US every year with about 35,000 ending in death. One particularly dangerous pathogen,
methicillin-resistant Staphylococcus aureus (MRSA), was first isolated in 1961 and has become
resistant to many antibiotic classes. MRSA infections result in longer hospital stays and higher
mortality rates compared to methicillin-susceptible S. aureus (Gajdacs 2019). MRSA was first
observed only in nosocomial outbreaks (cases starting within a hospital), but since the 1980s, it
has become more common in community settings and is now classified by the CDC as a
high-priority pathogen. Several high-priority antibiotic-resistant pathogens have been dubbed the
“ESKAPE” pathogens including Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterococcus sp. (Davis
et al. 2016, Gajdacs 2019).
Bacterial competition in natural vs. laboratory environments
Interactions between bacterial species can lead to cooperation or inhibition, altering the
synthesis of metabolites and causing strains to produce antibacterial compounds (Yu et al. 2019).
Many of these competitive interactions are a result of extracellular signals released by bacterial
strains at a certain population density level and when resources become scarce (Abisado et al.
2018). For example, quorum sensing is a type of cell-to-cell signaling that is activated when
populations reach a certain density as a way to alter gene expression and enhance both
cooperation and competition (Abisado et al. 2018, Liang et al. 2019). Bacterial species use
quorum sensing as a way to lower the metabolic costs that come with producing toxins, such as
antibiotics, and this system relies on signals in the external environment that are provided by
other species in the general vicinity (Abisado et al. 2018).This suggests that the production
certain natural products with antimicrobial properties is linked to specific bacterial interactions

that cause stress to one or more strains, and without these stressors the bacterial strain(s) may not
produce any at all.
Soil ecosystems host abundant microbial species that are in constant contact with each
other and compete with each other for limited resources (Onaka et al. 2011, Liang et al. 2019, Yu
et al. 2019). Historically most antibacterial compounds have been derived from soil bacteria,
such as the class Actinomycetes. This group includes the genus Streptomyces, which produces
roughly half of all clinical antibiotics (Kumar et al. 2019, Liang et al. 2019). However, the vast
majority of bacterial species present in soil remain uncultured in a lab because we are unable to
replicate the environment conditions that allow these strains to grow. For example, many
laboratories grow soil microbes on individual plates, or monocultures, which does not allow for
many of the complex interactions normally present in soil habitats that are required for the
growth of some organisms (Onaka et al. 2011, Abisado et al. 2018).
Past standard laboratory practices to find and produce antibiotics involved monocultures
(one strain per plate or beaker) that would not induce the production of antibacterial compounds
requiring interactions due to the individual strains not having other species to interact with
(Onaka et al. 2011, Abisado et al. 2018). Some researchers returned to soil ecosystems in search
of new antibiotic producers (Davis et al. 2016), and other laboratories used soil-derived strains in
different experimental conditions to see if that had an impact on antibiotic production (Kumar et
al. 2019, Yang et al. 2020). One idea for inducing production of compounds not seen in
monocultures is to simply grow more than one strain together on a plate or in liquid media.
Co-culturing, a method in which multiple bacterial strains are grown together, has become a
popular way to induce antibiotic production as it is thought that the increased density and variety
of species would more closely replicate the natural environment for these organisms (Onaka et

al. 2011, Abisado et al. 2018, Liang et al. 2019, Yu et al. 2019). Increased competition between
species and limited resources in the media could lead some strains to produce antibacterial
compounds in order to combat their competitors (Nonaka et al. 2011, Onaka et al. 2011, Abisado
et al. 2018).
Co-cultures and bacterial competition
Co-culturing is often the preferred method of obtaining antibacterial compounds because
this method is more effective than monocultures as the bacterial interactions can increase
competition and consequently secondary metabolite production, including some that exhibit
antibacterial activity (Nonaka et al. 2011, Onaka et al. 2011, Abisado et al. 2018, Liang et al.
2019, Yu et al. 2019). There are many strategies for co-culturing that differ in the species
researchers have chosen to analyze as well as co-culturing conditions. For example, one
approach involves selecting several producer strains and heat-killed inducer strains in order to
pinpoint which strains’ cellular components cause the producers to increase antimicrobial
production (Liang et al. 2019). This was not considered a true co-culture since only one strain
grows and produces natural products and antimicrobials, but this method still allows for the
inducer’s cell components that survived degradation in the autoclave, such as fragments of the
cell wall, to interact with the producers and cause metabolic changes (Liang et al. 2019). The
resulting data were promising and showed how interactions between species can lead to
production of beneficial compounds, with one Streptomyces species producing hydrazodomycin
D when plated on media containing heat-killed Mycobacterium smegmatis (Liang et al. 2019).
Hydrazodomycin D is a new member of a family of natural products that contains a hydrazide
group (RNHNH2) and is weakly active against MCF7 breast cancer cells.

There are many proposed methods for co-culturing, including adding multiple strains to
the same plate or flask with a pathogen and comparing the resulting antibacterial activity to that
of the same strains grown in monocultures (Figure 1 and Table 1). Co-culturing has also been
shown to induce and increase antimicrobial production in fungal strains (Nonaka et al. 2011). A
liquid co-culture of the fungal strains Penicillium pinophilum FKI-5653 and Trichoderma
harzianum FKI-5655 led to the production of one new compound as well as enhanced production
of several already known compounds (Nonaka et al. 2011) (Figure 1A, Table 1). Liquid
co-culturing fungi with bacteria has had similar results, as demonstrated with the fungus
Rhinocladiella similis 35 inducing the bacterium Streptomyces rochei MB037 to produce
polyketides with antibacterial and antifungal activity that were not seen in monocultures (Yu et
al. 2019) (Figure 1B, Table 1). Some studies have observed increased production of various
secondary metabolites between two bacterial strains grown in the same culture. For example,
co-cultures of mycolic acid-containing Tsukamurella pulmonis TP-B0596 grown with one of
several Streptomyces species either with or without physical contact resulted in many natural
products that were previously not seen, including the novel antibiotic alchivemycin A (Onaka et
al. 2011) (Figure 1C, Table 1). This induction was only seen with living cells in physical contact
which implied physical interactions between the strains was necessary for secondary metabolite
production (Onaka et al. 2011). Another co-culture experiment with a custom co-culturing setup
allowing for chemical but not physical contact between strains (Figure 1D, table 1) resulted in
the discovery of a new anti-Gram-positive antibiotic called keyicin that is produced by a
Micromonospora species when grown with a Rhodococcus species (Adnani et al. 2017).

Figure 1 Mechanisms of co-culture. (A) Strains grown on separate plates and then co-cultured in liquid media
(Nonaka et al. 2011). (B) Strains grown in separate liquid cultures then co-cultured in liquid media (Yu et al. 2019).
(C) A dialysis-culture flask with mixed cellulose ester dialysis membrane physically separating the two strains while
allowing chemical interactions versus flask with the strains in physical contact (Onaka et al. 2011). (D) A custom
vessel created to allow chemical contact but not physical contact between strains, which were then plated on solid
media (Adnani et al. 2019).
Table 1 Past research involving co-cultures.

Antibacterial Discovery and the Tiny Earth Project
As the effectiveness of current antibiotics has decreased, many scientists have returned to
more traditional methods of plating environmental samples in the hope that they find new species
with new antibacterial metabolites. The Tiny Earth Project started in 2017 with a focus on using
undergraduate students to crowdsource the discovery of new antimicrobials from soil microbes.
Eastern Michigan University (EMU) adopted this format for introductory biology labs beginning
in 2018. The Tiny Earth Project was originally created by Jo Handelsman in 2012 and is now a
consortium of over 700 universities that includes over 10,000 students a year in the effort to find
new antibiotics through crowdsourcing while educating and engaging students in a laboratory
setting (Davis et al 2016, Hurley et al 2021). The curriculum includes choosing a soil sample,
plating serial dilutions, growing strains to test for antibiotic activity against safe relatives to the
ESKAPE pathogens and sequencing the 16S rRNA gene region to identify the

antibacterial-producing microbe (Davis et al 2016). However, these strains may not have been
fully purified into individual strains because the students are mainly novices in the microbiology
laboratory.
Research plan and hypothesis
For this study, I took samples isolated from soil samples by students in the EMU Tiny
Earth lab. Becuase these students were novices in the microbiology lab, some of their samples
were not fully purified and contained more than one bacterial strain, resulting in mixed samples.
I purified these mixed samples in order to obtain independent strains to use for sequencing and
co-culturing. These strains were tested against five pathogens to determine whether antibacterial
activity was observed (Figure 2). All strains were sequenced using 16s rRNA sequencing to
identify the genus of the strain, and this data was entered into the Tiny Earth database. Strains
that had previously been mixed were then tested against Staphylococcus aureus both as
monocultures and as a co-culture, and changes in activity (size of ZOI) were analyzed. I
hypothesized that co-cultures would result in one or more strains having higher levels of
antibiotic production compared to their monocultures, and thus would have greater inhibitory
activity against the safe relatives to the ESKAPE pathogens (larger ZOI). Co-cultures that
produced ZOI against S. aureus were grown in liquid media, as both monocultures and
co-cultures, and the extracts were tested against S. aureus and Escherichia coli to determine the
level of antibiotic production and how it was altered by co-culturing. Liquid culturing allowed
greater control over levels of the bacterial strain(s) present in culture, necessary to produce
enough antibiotic for medication production.

Figure 2 Graphic example of strains on a plate covered with a pathogen (medium green), zoom in shows one strain
with a zone of inhibition (ZOI, light green).

Materials and Methods
Purification of mixed samples
To find mixed cultures among the student samples, 59 frozen samples from past
semesters of the Tiny Earth lab at EMU were streaked onto plates with TYME media (developed
by Dr. Price and Tiny Earth lab students; Table 3). TYME media is a nutrient-limited media that
has been observed to increase antibiotic production by providing nutrient stress, increasing the
likelihood that the bacteria will produce compounds to compete with others. It was expected that
several samples would contain more than one bacterial strain due to the students not having
experience in a microbiology laboratory and not fully purifying the strains they isolated from
their soil samples. The plates were placed in an incubator at 30⁰C for one week to allow the
bacteria to grow and divide. The strains were analyzed for any signs of a mixed culture such as

colonies with different morphologies (color, texture, size, etc.). The independent strains were
re-streaked and once pure were stored frozen in 20% glycerol for later use.
Table 3 Composition of TYME media used for the entire experiment (Mohamed et al 2021).

Testing against safe relatives of ESKAPE pathogens; verification of Tiny Earth information
After purification, the newly isolated singles from the mixed strains were tested against
the 5 safe relatives of ESKAPE pathogens: Mycobacterium smegmatis, Staphylococcus aureus,
Pseudomonas aeruginosa, Escherichia coli MG 1655, and Escherichia coli 15X (Table 2). The
safe relative was spread on a TYME media plate and purified strains were patched on top to
verify the antibiotic activity previously seen in the Tiny Earth lab. The zones of inhibition (ZOI;
distance between the edge of the strain to the point that the safe relative was completely killed
off) were observed and measured, and this new information was then used to update the Tiny
Earth lab database.
PCR and Sanger Sequencing
After the purification and in conjunction with the testing of the isolated strains, all
individual strains, regardless of antibacterial activity, underwent the same 16s rRNA gene
procedures as done in the Tiny Earth labs to determine the identity of the microbe because the

genus of a strain often dictates whether it is likely to produce antibiotics, and in order to obtain
the data necessary to update the Tiny Earth database.
Table 4 Primers used for PCR on 16s rRNA gene.

A pipette tip was used to touch a colony and obtain a small sample of cells and mix them
with PCR lysis buffer. The samples were lysed by being incubated at 105⁰C for 3 minutes then
vortexed for 5-10 seconds and kept at -80⁰C for at least 10 minutes. The sample lysate was
transferred to a PCR tube and GoTaq Green, 27F primer, and 1492R primer were added to target
the 16s rRNA gene (roughly 1500bp; Table 4), and the tubes were spun and put in the
thermocycler to run on the TinyEarth PCR reaction program (Table 5). To visualize PCR
products, the samples were run in a 1% agarose gel for about 20 minutes at 110V and imaged
with the BioRAD GelDoc imaging system. Samples that did not produce a band on the gel image
had PCR repeated until a band was present.
Table 5 Thermocycler program for PCR reaction.

After PCR was performed to extract and isolate the 16s rRNA gene, the samples that produced a
band on the gel image were prepared for Sanger sequencing to determine the genus of the
bacteria. ExoRI and shrimp alkaline phosphatase (SAP) were added to the samples to prepare
them for Sanger sequencing and incubated for 15 minutes at 35°C and 15 minutes at 80°C. PCR
products with a strong band were then diluted 1:40 with ddH2O, and submitted to Eton
Biosciences, Inc. (Union, New Jersey) for Sanger sequencing using the 27F primer. The resulting
sequences were analyzed using SnapGene software and put into the NCBI nucleotide BLAST
search to determine the identities of the strains.
For PCR reactions that repeatedly failed, BioRad InstaGene Matrix was used to make
semi-crude genomic DNA for use in the PCR reactions. Briefly, cells were suspended in 1 mL of
autoclaved water in a microcentrifuge tube which was then centrifuged for 1 minute at
10,000-12,000 x G. Supernatant was removed, 200 µL InstaGene matrix was added to the
resulting pellet, and the tubes were incubated at 56⁰ for 15-30 minutes. They were vortexed for
10 seconds and placed in a 100⁰C heat block for 8 minutes, centrifuged again for 2-3 minutes at
10,000-12,000 rpm. For PCR, 2 µL supernatant was used in place of the sample lysate. Extra
supernatant was stored at -20⁰C and was vortexed before use.
Strain EMU941 had the largest ZOI of all monocultures and co-cultures against S.
aureus, however a sufficient band wasn’t produced after many rounds of DNA extraction and
PCR, so another method was used. Extraction of gDNA was performed using the Invitrogen
PureLink™ Microbiome DNA Purification Kit by Thermo Fisher Scientific following the
manufacturer’s instructions. This kit is meant for extracting DNA from soil and other difficult
samples and utilizes extra lysis step and high-quality purification, so using it for a challenging

microorganism could allow better extractions. The resulting extract was used in place of sample
lysate for PCR.
Co-culturing on solid media
To identify the effects of co-culturing strains on antibiotic production, strains originally
found in mixed cultures were plated independently as well as with the other strain(s) in the
mixed culture using Staphylococcus aureus as a target organism. Cultures that had 3 independent
strains had plates with the three possible pairs of independent strains in addition to a plate with
all three strains together (Figure 3). Co-cultured strains were placed on each plate with a wooden
toothpick in three different ways: next to each other but not touching, ~3-4mm apart; or on top of
each other (physically touching), to determine whether chemical or physical contact is necessary
for enhanced production of antimicrobials (Figure 4). Plates were incubated at 30⁰C for 7 days to
allow for growth and inhibition. The ZOIs were observed on the second, fourth, and seventh days
and measured on the seventh day.

Figure 3 Plates for 3 strains that were previously a mixed culture with antibiotic activity: (A) strain 1 (orange) and 2
(yellow) together, (B) strain 1 and strain 3 (blue) together, (C) strain 2 and 3 together, and (D) all three strains
together.

Figure 4 Two methods for co-culturing strains A (orange) and B (yellow); physical separation of strains will require
chemical interaction for cell-to-cell communication, while strains on top of each other have chemical and physical
interactions.

Co-culturing in liquid media
For the co-cultures that developed a ZOI against S. aureus on solid TYME agar, liquid
media was also used to test for antibiotic production. The strains were grown on TYME agar
plates in a 30⁰C incubator for 3-7 days before a colony was added to 5 ml liquid TYME media
and grown for 4 days in a 30⁰C shaker at 300 rpm. EPSM liquid media was prepared following
the TYME media preparation, omitting the glucose and agar and adding potato starch (5 g/L). To
inoculate the larger cultures, the liquid TYME with the strain was added to EPSM liquid media
in a 1:100 ratio and the flasks were placed on a shaker at room temperature for 7 days at 200
rpm. On day 4, sterile Amberlite XAD16N bags were made and added to the cultures. The
Amberlite bags were removed on day 7, rinsed with cold water, washed with di-deionized water,

and dried with paper towels. The bags were added to a vial containing 20 mL of 50% ethyl
acetate/50% methanol and placed on a tabletop shaker for 30 minutes at 300 rpm to extract
compounds from the Amberlite.

Figure 5 Process of making liquid co-cultures (strain A=blue, strain B=pink). Strains were grown on TYME plates
for 4 days before being inoculated into liquid EPSM media. Amberlite bags were used to extract compounds which
were then dried down and resuspended in 1:1 ethyl acetate:methanol. Resulting extracts were plated against S.
aureus and E. coli on TYME plates and ZOI were measured on days 1 and 7.

Amberlite bags
To analyze the levels of antibiotics produced by the bacterial strains in liquid
monocultures and co-cultures, Amberlite bags were utilized to extract the antibacterial
compounds. Amberlite is a resin that is used to bind chemical compounds in liquid cultures in
order to extract and test these compounds for antibacterial activity. To prepare the Amberlite
bags, 1.5 g of Amberlite XAD16N per culture was washed 3 times with acetone and once with
dideionized water. The Amberlite was reweighed and was distributed evenly into pouches of
filter membrane. The pouches were dried with paper towels and fully sealed, then autoclaved
using a 20-minute gravity with no dry time cycle. The pouches were allowed to cool before
being added to each culture with sterile tweezers.
Testing liquid culture extracts

To determine the antibiotic production of the strains grown in liquid cultures, extracts
were plated against S. aureus (Gram-positive) and E. coli (Gram-negative). The pathogen was
spread onto a TYME plate and small filter disks (6mm diameter) were placed on top with a
sterile needle. Two 5-µL aliquots of organic extract were added to the filter disc, allowing the
first aliquot to dry before the second aliquot was added. The plates incubated at 30⁰C for one
week, with pictures taken on days one and seven. ZOI were measured to determine levels of
antibiotic production.
Results
Purification and Testing Against Pathogens
Of the 59 cultures from the Tiny Earth lab at EMU tested here, thirteen were found to
contain mixed cultures and were fully purified into independent strains. There were three mixed
cultures that contained three species and ten cultures that contained two species, for a total of 29
individual strains that were used for the remaining experiments. When tested against the five
target organisms (Mycobacterium smegmatis, Staphylococcus aureus, Pseudomonas aeruginosa,
Escherichia coli MG 1655, and Escherichia coli 15X-ARP) all individual strains showed activity
against at least one target organism.
PCR and Sanger Sequencing
Of the 75 total strains from both the mixed cultures and already independent cultures,
only 33 were able to be sequenced; this included eleven of the 29 strains previously mixed
cultures. This was because many strains did not have clear bands in the gel images after several
rounds of PCR and the InstaGene matrix treatments (Figure 6). Because the focus of my
experiment was inhibition activity, I chose to stop sequencing to get the rest of my data and try

sequencing by another method for any strains that showed promising activity. Of those
sequenced, there were three Pseudomonas, three Bacillus, three Microbacterium, one
Achromobacter, one Rudaibacter, and one Sinorhizobium strain.

Figure 6 Successful and failed DNA extractions in gel. Extracts producing a heavy band were diluted with ddH2O
before being used for sequencing. Failed extractions were repeated until a successful band was present.

Co-culturing on Solid Media
For co-culturing on solid media, only S. aureus was used for testing inhibitory activity
because it showed the most activity during the testing of all 75 original isolates. Of the thirteen
original mixed cultures, one triple culture and six double cultures exhibited a ZOI against S.
aureus and were selected for growth in liquid cultures. There wasn’t a significant difference in
size of ZOI between the strains when physically separated versus when in physical contact
(Figure 7).

Figure 7 Co-cultures of strains EMU889/EMU890, EMU899/EMU900, and EMU905/EMU906 on TYME plates,
tested against S. aureus. Top row has strains physically separated, and bottom row has strains mixed as indicated.

Co-culturing in Liquid Media
In order to extract enough compound to synthesize antibiotics for use in the medical field,
bacteria need to be capable of producing antibiotics in liquid media. To analyze levels of
antibacterial compound production in liquid cultures and the effects of co-culturing, EPSM
media was inoculated with either the independent strains or combined strains and chemical
extractions were generated for each condition. The chemical extractions were then tested for
anti-bacterial activity using E. coli and S. aureus to determine the general activity against
Gram-positive and Gram-negative organisms. For many of the co-cultures, an increase in the size
of ZOIs was not observed but were either equal to or less than the diameter of the corresponding
monocultures. For chemical extracts with anti-microbial activity, the ZOIs for E. coli were
smaller compared to the ZOIs for S. aureus. For E. coli, three organic extracts from co-cultures
that had slightly increased activity compared to the respective monocultures including the
co-cultures for strains EMU911/EMU912, EMU912/EMU913, and EMU911/EMU912/EMU913

(Figure 8). For S. aureus, the co-culture EMU911/EMU913 had a slightly larger ZOI compared
to the respective monocultures (Figure 8). Interestingly, strain EMU941 had a primary and
secondary ZOI with the secondary being much larger in diameter than its primary ZOI (Figure
9). This effect was also observed during co-culture with EMU942 (Figure 10). Strain EMU933
and the co-culture EMU932/EMU933 had large ZOIs, however they were cloudy and not as well
defined as those for other strains, suggesting that there was only a partial inhibition of growth
(Figure 11).

Figure 8 Extracts from strains 911, 912, and 913 and their various co-cultures tested against E. coli (left) and S.
aureus (right). ZOI present against S. aureus were larger in comparison to those on E. coli, and none of the
monoculture extract had ZOI against E. coli.

Figure 9 Picture of S. aureus plate on day 7. Strain 941 has produced two ZOI, the primary being roughly 4 mm in
diameter and the secondary about 10 mm in diameter and slightly lighter.

Figure 10 Extract from the monocultures of strains 941, 942, 946, and 947 as well as the co-cultures 941/942 and
946/947 as indicated plated against S. aureus. The primary ZOI present on day one (roughly 4 mm) for strain 941 is
also present on day seven in addition to a larger secondary ZOI (roughly 10 mm).

Figure 11 Extracts from monocultures of strains 932 and 933 as well as their co-culture. ZOI for 933 and 932/933
are large (7mm and 6mm respectively) however are cloudy indicating less S. aureus being killed.

Interaction between EMU941 and EMU946 extracts

During the liquid media trials, the ZOI produced by the organic extract from strain
EMU946 monoculture was increased on the side nearest to the organic extract from strain
EMU941 monoculture (Figure 12). This was observed during both trials, however in the second
trial the filter papers containing the extracts were farther apart, so this increase was not as
apparent.

Figure 12 ZOI of organic extracts from strains EMU941 and EMU946 on day seven during the first (A) and second
(B) trials. The extract from strain 941 produced a large ZOI and seemed to increase the efficacy of the extract from
strain 946, as evidenced by the ZOI produced being larger on the side near 941. The filter papers were farther apart
during the second trial, producing a less apparent interaction.

Discussion
The purpose of this study was to determine whether co-culturing antibacterial producers
would result in increased antibiotic production. To do this, I selected mixed samples from the
EMU Tiny Earth lab and purified the individual strains, then tested the monocultures and
co-cultures against pathogens both on plates and after making extractions from liquid cultures.

Contrary to my original hypothesis that co-cultures would result in increased antibiotic
production, I found that the majority of the co-cultures had the same size or smaller ZOIs
compared to the monocultures against S. aureus and E. coli. There were a few co-cultures with
increased production: EMU911/EMU912, EMU912/EMU913, and EMU911/EMU912/EMU913
had slightly larger ZOI against E. coli, and EMU889/EMU890, EMU911/EMU912, and
EMU911/EMU913 had slightly larger ZOI against S. aureus. Strain EMU941 had a significant
ZOI against S. aureus as a monoculture (10 mm) and might have induced production of
antibiotics by EMU942 in co-culture, however additional testing would be required to determine
which strain produced the antibiotics in co-culture.
Physical contact between co-cultured bacterial strains did not appear to have any impact
on antibiotic production. On solid media, there was not a visible difference between the sizes of
the ZOI between the strains when physically separated and when mixed together. This indicates
that chemical signaling plays a larger role in the communication mechanisms that induce
antimicrobial activity than physical contact between strains. If physical contact was necessary to
induce antibiotic production, then larger ZOIs would have been seen when strains were mixed
together. Other studies have also found that communication pathways such as quorum sensing do
not require physical contact, and novel antibiotics have been produced even when co-cultured
strains are physically separated (Adnani et al. 2017). Using filter membrane or other porous
materials to separate strains while still allowing chemical communication have been observed to
induce antibiotic production in other studies, also supporting the importance of chemical
communication (Adnani et al. 2017). There are other studies that have shown physical contact is
necessary to induce production (Onaka et al. 2011), so the identity of the strains used in the
co-culture may change whether physical contact is required.

Plated co-cultures did not appear to have significantly different ZOIs compared to the
respective monocultures, but there could have been differences in the amount of each strain
present in the co-cultures, which may have impacted the results. Having a greater amount of one
strain would make it much easier for that strain to outcompete the other strain than if there were
more equal cell numbers. It is possible that the strain which was overpowered would have
synthesized a novel antibiotic to kill off the competition had it not been decimated before its
secondary metabolism had begun. Co-culturing in liquid media can circumvent this issue by
allowing more control over the amount of each strain inoculated into the larger flask, which is
one reason liquid media trials were performed for this experiment.
Overall, there were few organic extracts from liquid co-cultures that had greater activity
against E. coli or S. aureus than the organic extracts from the monocultures of the involved
strains. Co-culturing strains in liquid media largely had no impact on antibiotic production and
several resulted in decreased production compared to the respective monocultures, however, a
few co-culture extracts did produce larger ZOIs. In previous co-culturing experiments,
co-stimulation was observed to increase antibiotic production in certain co-cultures, however it
often took many pairwise matches to find inducer and producer pairs (Tyc et al. 2014, Mohamed
et al. 2021). In the tests for anti-E. coli activity, the organic extracts of liquid co-cultures for
EMU911/EMU912, EMU912/EMU913, and EMU911/EMU912/EMU913 had small halos
around the filter paper on days one and seven indicating some antibacterial activity. In contrast,
the monoculture extracts for these strains as well as the co-culture extract for EMU911/EMU913
had significantly less or no visible activity on day one and day seven. Specifically, the extract
from the EMU912 monoculture had a small barely visible halo around the filter paper on day one
that was grown over with bacteria by day seven. It is possible that strain EMU912 produces low

levels of an antibiotic during monoculture but produces much more of the antibiotic when
co-cultured with strains EMU911 and/or EMU913. This conclusion is also supported because the
organic extracts from co-cultures with strain EMU912 had activity while the organic extract from
the co-culture without EMU912 did not have notable activity. Further research and analysis
would be necessary to determine what antibiotic(s) are produced by strain EMU912 when
co-cultured with either EMU911 or EMU913 versus in monocultures, as well as if this antibiotic
has activity against other pathogens.
Interestingly, when organic extracts from EMU911/EMU912, EMU912/EMU913,
EMU911/EMU913, and EMU911/EMU912/EMU913 were tested against S. aureus, the organic
extract from the co-culture EMU911/EMU913 had a larger ZOI than the respective monocultures
on days one and seven, while all other co-culture extracts for this group of strains had no change
in the diameter of their ZOI compared to their monocultures. In addition, strain EMU913 also
exhibited activity against S. aureus that was not observed for E. coli. It is therefore possible that
the antibiotic produced by EMU913 either elicited the activity from strain EMU911 or had
increased production during the co-culture. More testing would be necessary to determine which
of these possibilities is correct, and if the antibiotic produced has activity against other
pathogens, however in either case this would be a co-culture leading to increased production;
EMU911 monoculture had no ZOI, EMU913 monoculture had a ZOI of 1mm, and the co-culture
EMU911/EMU913 had a ZOI of 2mm. It is interesting that the co-culture extracts from
EMU911/EMU912, EMU912/EMU913, and EMU911/EMU912/EMU913 produced zones of
inhibition against Gram-negative E. coli but none against Gram-positive S. aureus; it is known
that Gram-positive organisms are easier to develop antibiotics for due to the differences in cell
wall and cell membrane structures of the two groups (Rice 2006, Giske et al. 2008, Lewis 2020).

The largest ZOI present against either E. coli or S. aureus was that of the organic extract
from the monoculture of strain EMU941, however this activity was not seen in the co-culture
with EMU942. Strain EMU941 had a much larger ZOI indicating greater antibacterial activity
against S. aureus when grown in liquid culture, likely due to an increased concentration of the
antibiotic it produced in the organic extract compared to simply placing the strain on a plate.
When cultured on solid media EMU941 produced a ZOI roughly 2 mm against S. aureus, while
the extract already had a large (4 mm) diameter primary ZOI visible on day one, and by day
seven it had expanded by more than two times to form a secondary ZOI (10 mm). The secondary
ZOI was slightly lighter than the primary ZOI, indicating the bactericidal activity of the
compound was lessened as it diffused outward. In addition, there appeared to be a synergistic
relationship between the extracts from the monocultures of EMU941 and EMU946 as evidenced
by an increased ZOI where the two interacted. It would be interesting to analyze how the strains
interact when co-cultured, however a synergistic relationship between antibiotics may not
necessarily indicate a positive interaction between living species. More research would be
necessary to determine the identity of the antibiotic produced by EMU941 in addition to how it
interacted with the antibiotic from EMU946, as well as how co-culturing would impact the
antibacterial activity of these organisms.
The surrounding environment of a bacterium can impact its metabolism and alter the
compounds it synthesizes. While this study specifically examined the impacts of co-culturing,
the type of media chosen for an experiment is another important factor to consider. This study
used TYME media for all solid trials and EPSM media for all liquid trials. TYME is a nutrient
limited media which has been observed, both in our research laboratory and the EMU Tiny Earth
lab, to increase the likelihood that the bacterial strains being examined will produce antibiotics

(Mohamed et al 2021). By limiting the levels of nitrogen and carbon available for the strains,
TYME creates an optimal environment for greater levels of antibiotic production as the strains
must increase secondary metabolism to outcompete others for scarce resources (Mohamed et al
2021). This is likely the reason the ZOIs were larger when strains were grown on solid TYME
media than after being grown in liquid EPSM, as EPSM media includes potato starch which
makes it more nutrient rich. It is possible that this change in media led some strains to decrease
secondary metabolism and consequently antibiotic production as there was not as urgent a need
to compete with other strains for nutrients. Further research is required to determine how much
media impacts antibiotic production and what media may be optimal for stimulating secondary
metabolism.
Conclusion
In this study, the impact of co-culturing antibiotic-producing bacteria on the production
of antibiotics was analyzed. On solid TYME media, strains were both physically separated and
mixed together to determine whether physical contact influenced antibiotic production. It was
observed that strains produced the same size zones of inhibition both with and without physical
contact, indicating chemical signaling plays a larger role in interspecific interactions resulting in
antimicrobial production. In liquid media, extracts from bacterial monocultures and co-cultures
were compared when tested against Gram-positive S. aureus and Gram-negative E. coli, and
seven co-cultures with larger diameter zones of inhibition were identified; three co-cultures had
increased activity against E. coli, and four against S. aureus. While these results provide
promising support for the benefits of co-culturing, it should be emphasized that finding bacterial
strains that induce and produce in these circumstances is of great importance. Growing strains on
nutrient-limited media has been observed to increase the likelihood of producing secondary

metabolites even without co-culturing (Mohamed et al 2021), so maintaining the experimental
strains on TYME media might have primed them to express genes that would kill off any
possible competitors. Not all combinations resulted in increased antibiotic production, and some
led to decreased levels of antibiotics, indicating strain selection may be as influential as culture
conditions. My experiment used previously mixed cultures that already expressed antibacterial
activity, meaning previously observed activity might have been a result of the combination of
strains which was then replicated in co-culture. This could be the reason that seven of the total
ten co-culture extracts exhibited increased activity against S. aureus or E. coli when previous
experiments of a similar nature had less success in finding inducer/producer strain combinations.
The use of proper media conditions and beneficial interactions certainly holds potential
for the discovery of novel antibacterial compounds that may be used against multidrug resistant
bacterial infections. It has been shown in several studies that co-culturing bacteria may lead to
the expression of genes not otherwise expressed in monocultures in order to better compete with
the additional strain. My findings indicate that using strains that had previously been a mixed
sample in a co-culture has a greater likelihood of inducing this activity than using strains from
separate samples, however the number of co-culture extracts with increased antibiotic production
was still low considering how many combinations were tested. While more research is necessary
to discover strains that act as inducers and producers, and what media provides the best
environment for antibiotic production, co-culturing certainly holds potential for the ongoing
battle against the bacterial superbugs.
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