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ABSTRACT  Localized and systemic fungal infections caused by Candida 
albicans can lead to significant mortality and morbidity. However, severe 
C. albicans infections are relatively rare, occurring mostly in the very young, 
the very old, and immunocompromised individuals. The fact that these infec-
tions are rare is interesting because as much as 80 percent of the population 
is asymptomatically colonized with C. albicans. It is thought that members of 
the human microbiota and the immune system work in concert to reduce 
C. albicans overgrowth through competition and modification of the growth 
environment. Here, we report that Escherichia coli (strain MG1655) outcom-
petes and kills C. albicans (strain SC5314) in vitro. We find that E. coli produc-
es a soluble factor that kills C. albicans in a magnesium-dependent fashion 
such that depletion of available magnesium is essential for toxicity. 
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INTRODUCTION 
In order to combat the spread of antifungal resistance, we 
need to develop novel therapeutics to maintain our ad-
vantage over fungal infections. Microbial competition ex-
periments have been an important tool for the discovery of 
novel antimicrobials since the work of Alexander Fleming, 
and the use of the “Waksman platform” to identify strep-
tomycin and neomycin. These experiments can also pro-
vide important insight into the ways that microbial compe-
tition shape a healthy human microbial flora [1]. The hu-
man flora consists of bacteria, fungi, viruses, and some 
parasitic eukaryotes [2]. It is thought that this complex 
community and the interactions within it have coevolved 
to maintain relative homeostasis [2]. In most cases, the 
human microbiota is a net benefit to the host, aiding in 
processes ranging from nutrition to protection from infec-
tion. Thus, the disruption of the healthy microbial commu-

nity, termed dysbiosis, is associated with numerous nega-
tive health outcomes, including Candida overgrowth [3-5].  

The nature of microbial interactions that maintain a 
healthy microbiota has been the subject of significant re-
search since the turn of the twentieth century [6]. We now 
understand that interactions within this community can be 
very complex, ranging from cooperation to predation [7, 8]. 
Significant work has also been done to identify interactions 
between commensal bacteria and fungal pathogens. For 
example, recent studies have indicated that Staphylococcus 
aureus mucosal infection is promoted via an interaction 
with invasive C. albicans hyphae [9]. Similarly, Candida 
colonization of the respiratory tract may promote Pseudo-
monas aeruginosa infections in susceptible individuals [10, 
11]. Interestingly P. aeruginosa has the opposite effect in 
vitro, interacting with fungal filaments to induce fungal 
death through the production of phenazine derivatives [12, 
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13]. C. albicans also forms mutually beneficial biofilms with 
a variety of pathogens and commensal bacteria, which 
increases pathogenicity while also providing bacteria pro-
tection from the host and antimicrobials [1, 9, 13]. These 
polymicrobial communities may help commensal bacteria, 
but they can also promote fungal pathogenesis. For exam-
ple, E. coli can contribute to bladder colonization and infec-
tion by C. albicans [14].  

Not all C. albicans-bacteria interactions are mutually 
beneficial. In multiple examples, colonization with specific 
bacterial species has been shown to reduce Candida load 
and pathogenesis. Perhaps the most commonly used ex-
amples are vaginal and oral lactobacilli providing protec-
tion from vaginal and oral candidiasis, respectively [15]. In 
fact, this is a somewhat controversial assessment, and the 
in vitro and in vivo data are inconclusive. Some studies 
indicate that pH reduction associated with lactic acid-
producing bacteria (LAB) inhibits C. albicans growth in vitro 
[16, 17], while other epidemiological studies do not show a 
significant correlation between LAB load and a reduction in 
fungal colonization or pathogenesis [1]. Evidence from 
studies testing the probiotic impact of LAB—usually Lacto-
bacillus gasseri and related species—is also mixed, with 
some studies showing robust protection from candidiasis 
and others showing no improvement over control or pla-
cebo [4, 15, 18, 19].  

In addition to the potential anti-Candida activity of lac-
tobacilli, there is some evidence that enteric bacteria such 
as E. coli can be antifungal. The E. coli probiotic strain Nis-
sle 1917 (serovar O6:K5:H1) provides protection from nu-
merous pathogens in vitro, including C. albicans [20]. It is 
thought that this protection results from the immunomod-
ulatory activity of Nissle, although this assumption has not 
been directly tested [21-23]. In addition to Nissle, several 
other E. coli strains have been found to inhibit 
C. albicans [24]. Hummel et al. performed both in vitro and 
in vivo studies, finding that naturally occurring E. coli 
strains can not only inhibit fungal colonization, but also 
induce a zone of inhibition on a Candida lawn. This result 
indicates that the anti-Candida activity of E. coli may utilize 
a soluble factor in addition to immunomodulation. Other 
studies have also found that E. coli and its lipopolysaccha-
ride can modulate fungal growth and biofilms in vitro [25, 
26]. Together, this work indicates that E. coli could inhibit 
and possibly kill C. albicans during a polymicrobial interac-
tion. To decipher this interaction, we chose to co-culture E. 
coli (strain MG1655) and C. albicans (strain SC5314) in vitro. 
We found that E. coli rapidly kills C. albicans via a soluble 
factor in a manner that is inversely dependent on the 
availability of magnesium. 

 

RESULTS AND DISCUSSION 
To define the interaction between E. coli and C. albicans in 
vitro, we cultured both organisms as monocultures and co-

culture in YPD medium at 37C with vigorous shaking. Seri-
al dilutions of the cultures were plated on solid YPD sup-
plemented with ampicillin to quantitate C. albicans and 
solid LB supplemented with amphotericin B to quantitate E. 

coli. We found that E. coli grew equally well in the pres-
ence and absence of C. albicans (Figure 1A). Conversely, 
C. albicans growth was impacted by E. coli co-culture when 
compared to C. albicans grown alone, showing growth in-
hibition by six hours (Figure 1B). Interestingly, the number 
of viable Candida cells began to decrease after six hours of 
culture and was eventually reduced 5000-fold by 16 hours 
when compared to the six-hour time point. This result indi-
cates that E. coli is not only inhibitory of C. albicans but 
also robustly fungicidal. To determine whether fungal cell 
numbers or growth phase was important for fungicidal 
activity, we delayed the addition of E. coli until 6 hours 
after the initiation of Candida culture – about the time C. 
albicans reaches maximum density. We found that the 
bacteria had a robust fungicidal effect even when the 
E. coli was added to fully dense fungal culture, reducing 
fungal counts by approximately 1500-fold from the maxi-
mum density (Figure 1B). This indicates that E. coli can in-
duce fungal death even in dense culture and demonstrates 
that E. coli has robust fungicidal activity.  

Our data indicate that E. coli can induce conditions that 
lead to fungal death during in vitro co-culture with 

FIGURE 1: E. coli kills C. albicans in culture. (A) Percent survival of 
E. coli cultured alone or in co-culture with C. albicans. (B) Percent 
survival of C. albicans cultured alone or in co-culture with E. coli 
added at T=0 hours or at T= six hours. Data shown reflect mean ± 
SD of n = 3. Statistical significance was calculated using a two-way 
ANOVA in Prism 7.0. For each time point, both C. albicans + E. coli 
media types were compared to the C. albicans media control. P-
values were subsequently corrected for multiple comparisons 
using the Bonferroni method. **** denotes an adjusted p-value 
of less than 0.0001. No time points were found to be statistically 
significant in Figure 1A. 
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C. albicans. This phenotype can result from close interac-
tion between bacterial cells and fungal cells, as is seen in 
the case of Candida and P. aeruginosa [12], or from the 
production of a fungicidal compound. To test whether 
E. coli produces a toxic soluble factor, we collected condi-
tioned media at six hours from C. albicans and E. coli mon-
ocultures and from the co-culture. The respective condi-
tioned media were filtered and buffered with PBS (pH 7.4) 
prior to the addition of fresh log-phase C. albicans cells. 
We found that over a 16-hour experiment, cells grown in 
C. albicans conditioned media did not display a reduction 
in colony forming units (CFU). On the other hand, E. coli 
conditioned media and media from the co-culture induced 
a 100-fold drop in viable CFUs (Figure 2A). We also found 
that media from the co-culture was somewhat more toxic 
than media from E. coli alone, although the difference was 
not consistently statistically significant. These results indi-
cate that E. coli secretes a powerful fungicidal element and 
that its production may not be significantly stimulated by 
the presence of C. albicans.  

To further explore the impact of conditioned media on 
fungal death, we conducted additional endpoint experi-
ments that quantified fungal viability after 16 hours (Figure 
2B). If fungal toxicity in conditioned media resulted from 
the presence of a soluble factor, we would anticipate that 
the toxic activity would dissipate with dilution. We found 
that diluting the co-culture conditioned media with PBS did 
not significantly impact toxicity at a 1:2 dilution and at a 
1:10 dilution (Figure 2B). However, the 1:100 dilution com-
pletely abolished fungicidal activity, indicating that the 
E. coli-produced factor behaves as a dilutable molecule. 
Next, we sought to test the thermal stability of the fungi-
cidal activity by boiling the co-culture conditioned media 
for ten minutes prior to testing fungicidal activity. We 
found that boiling reduces fungicidal activity by an order of 
magnitude but did not completely abolish it, indicating that 
the fungicidal molecule is relatively heat stable. Other 
studies have indicated that bacteria can produce bacterioc-
ins like fungicidal peptides [27, 28]. We suspect that E. coli 
could be producing a similar fungicidal peptide. We ex-
posed co-culture conditioned media to proteinase K (Pro K) 
digestion for 2 hours at 56°C. This treatment did not re-
duce antifungal activity, indicating that the secreted mole-
cule is insensitive to Pro K under the tested conditions 
(Figure 2 B). However, this is not a conclusive indication 
that the antifungal molecule is not a peptide. It is possible 
that Pro K activity was inhibited by conditioned media 
components or that the peptide sequence/structure is not 
cleavable by Pro K. 

During this work, we noticed reduced fungicidal activity 
when the co-culture was conducted in different batches of 
YPD powder purchased from Fisher Scientific. While this 
result was rare, it indicated that media content might play  
a role in the competitive interaction and fungicidal toxicity 
of the produced factor. YPD is not a defined media, thus 
some variability is possible from batch to batch. However, 
yeast nitrogen base (YNB), typically used to make synthetic 
dextrose complete (SDC) media, is defined, containing set 
concentrations of vitamins, metals, and trace elements 

 
FIGURE 2: E. coli produces a soluble fungicidal molecule. (A) Percent 
survival of C. albicans cultured in the indicated conditioned media 
collected after 6 hours of co-culture. Statistical significance was calcu-
lated using an unpaired two-tailed t-test in which the E. coli and the C. 
albicans + E. coli medias were compared to the C. albicans media 
control. (B) Percent survival of C. albicans cultured in the indicated 
conditioned media for 16 hours. Statistical significance was calculated 
using a one-way ANOVA in Prism 7.0. P-values were subsequently 
corrected for multiple comparisons using the Bonferroni method. All 
conditions were compared to the C. albicans media control. (C) Per-
cent survival of C. albicans cultured in E. coli + C. albicans conditioned 
media for 16 hours. Compounds were added at the concentrations 
consistent with standard YNB [Boric acid (0.5 mg/L), Copper (II) sulfate 
pentahydrate (0.04 mg/L) Sodium molybdate (0.2 mg/L), Potassium 
iodide (0.1 mg/L), Calcium chloride dihydrate (100 mg/L), Potassium 
phosphate monobasic anhydrous (1000 mg/L) and Magnesium sulfate 
anhydrous (500 mg/L)]. Statistical significance was calculated using a 
one-way ANOVA in Prism 7.0 to compare all conditions to the used 
media control. P-values were subsequently corrected for multiple 
comparisons using the Bonferroni method. Statistical significance is 
shown (*p > 0.05; **p > 0.01 ***p > 0.001). 
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that are essential for fungal growth. Since metals and trace 
elements are most likely to be limiting in growth media, we 
chose to focus on these molecules. To test the impact of 
metals and trace elements on toxicity, we added either 
single compounds or mixtures of compounds at concentra-
tions found in YNB to our conditioned co-culture media. 
We found that the addition of magnesium alone was suffi-
cient to disrupt all fungicidal activity and actually restore 
fungal growth in previously toxic conditioned media. This 
result may seem to indicate that magnesium limitation is 
the cause of the toxicity. However, this is not the case be-
cause Figure 1B demonstrates that the toxicity is dilutable 
and heat labile. If magnesium limitation were the sole 
cause of toxicity, we would anticipate that dilution of con-
ditioned media would enhance fungicidal activity rather 
than abolish it. Additionally, when C. albicans was grown in 
media lacking magnesium (SDC - Mg), we observed growth 
arrest but not toxicity (Figure 2C). While these results do 
not indicate that magnesium limitation is the cause of tox-
icity, they do indicate that efficient killing requires magne-
sium limitation. 

To further explore the impact of magnesium on toxicity, 
we titrated varying amounts of MgSO4 into co-culture con-
ditioned media. We found that the addition of magnesium 

begins to reduce toxicity at concentrations above 15 M 

and promotes growth after 125 M (Figure 3A). This indi-
cates that magnesium limitation may be the cause of C. 
albicans growth limitation in YPD. To quantify magnesium 
levels in conditioned media at multiple time points, we 
utilized a colorimetric magnesium assay kit (MAK026 SIG-
MA). We found that in a YPD C. albicans-E. coli co-culture, 
magnesium levels are completely depleted by four hours 
(Figure 3B) – a time that coincides with the first detectable 
toxicity during co-culture (Figure 1B). The depletion of 
magnesium by C. albicans alone displayed different kinetics 
but was also complete by five hours. This result supports 
our assessment that magnesium depletion alone is not 
sufficient to induce toxicity because we found that condi-
tioned media collected from a C. albicans monoculture was 
not toxic despite the complete depletion of magnesium by 
six hours (Figure 3B). Finally, we found that magnesium 

levels drop rapidly but do not fall below 60 M in the E. 
coli monoculture. This may explain the slightly reduced 
toxicity of E. coli conditioned media when compared to the 
co-culture. 

Next, we tested the impact of ethylenediaminetet-
raacetic acid (EDTA), a magnesium chelator, on the toxicity 
of conditioned media. We found that the addition of EDTA 
did not have a statistically significant impact on the toxicity 
of the co-culture conditioned media. However, it did have 
a significant impact on the toxicity of E. coli monoculture 
media, restoring it to the same toxicity as the co-culture 
media. Combined with results from Figure 3B this observa-
tion may indicate that chelating the remaining magnesium 
in the E. coli media promoted toxicity, further supporting 
the role of magnesium depletion in E. coli-mediated killing 
of C. albicans. However, because EDTA can also chelate 

FIGURE 3: E. coli toxicity depends on magnesium limitation. 
(A) Percent survival of C. albicans cultured in E. coli + C. albicans 
conditioned media with the indicated concentrations of added 
MgSO4. To calculate statistical significance, percent survivals were 
first log10 normalized to stabilize variances. Paired, two tailed t-
tests were performed to compare every condition to the negative 

control (0 M). (B) Quantified magnesium concentration in condi-
tion media. (C) Percent survival of C. albicans cultured in the indi-
cated conditioned media for 16 hours. EDTA was added at 500 μM 
final concentration. Data shown reflect mean ± SD of n = 3. Statis-
tical significance was calculated using a paired two-tailed t-test 
(*p > 0.05; **p > 0.01 ***p > 0.001). 
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other divalent ions, such as calcium, we must also consider 
the possibility that these other ions may play a role. 
 
CONCLUSION 
In this work, we found that E. coli kills C. albicans when co-
cultured in vitro. We assert that this activity results from a 
soluble factor produced by E. coli in a manner that is inde-
pendent of the presence of fungal cells. We also found that 
magnesium limitation is required for the observed toxicity. 
While we hope that this work can lead to the identification 
of novel antifungal therapeutics in the future, we are also 
cognizant that the requirement of magnesium limitation 
may somewhat limit the therapeutic use or clinical rele-
vance of our discovery. The total magnesium in human 

serum ranges from between 1000 and 500 M [29]. This is 
significantly higher than the maximum concentration un-
der which we see toxicity in vitro. This indicates that if the 
toxic E. coli-C. albicans interactions were to occur in vivo, 
they would need to happen in microenvironments within 
the host where magnesium concentrations are naturally 
lower or depleted by fungal or bacterial growth; however, 
we envision that local conditions in the host are sufficient 
to deplete magnesium, promote interactions between E. 
coli and C. albicans, and induce the observed fungicidal 
activity.  

We view this work as a critical first step in defining the 
identified competitive interaction between Candida and 
E. coli. The next steps should involve the fractionation of 
conditioned media for the identification of the active com-
pound and the screening of E. coli knockouts to identify 
genes required for its production. Perhaps the most im-
portant and interesting observation presented here is the 
role of magnesium limitation in toxicity. Thus, explaining 
this observation could be the most interesting next step. 
We hypothesize that three potential factors could explain 
this observation. First, the toxic compound produced by E. 
coli may only be active on non-growing fungal cells and 
thus magnesium limitation promotes toxicity by blocking 
fungal growth. Second, the compound may require active 
import that is induced by magnesium restriction. Finally, 
the compound may be inhibited by magnesium binding. By 
identifying how magnesium regulates toxicity, we may find 
methodologies that maintain toxicity under physiological 
conditions. 

Based on magnesium ion sensitivity and heat instability, 
we suspect that the detected antifungal activity is likely 
caused by a peptide. Bacteria produce a wide array of an-
timicrobial bacteriocin peptides and bacteriocin-like extra-
cellular metabolites to control surrounding microbial popu-
lations [30, 31]. Some of these bacteriocins can also display 
significant antifungal activity [27, 28, 32]. Like other bacte-
ria, E. coli also produces multiple bacteriocins, including 
colicins and microcins [33, 34]. While these are mostly an-
tibacterial in nature, it is possible that bacteriocins pro-
duced by E. coil under our experimental conditions have 
antifungal properties. Most intriguingly, some studies indi-
cate that bacteriocin toxicity is impacted by divalent cati-
ons such as magnesium. For example, the antimicrobial 

activity of a bacteriocin from Streptococcus sanguinis is 
accentuated with decreasing external concentrations of 
Ca2+ [30]. In other cases, antimicrobial properties are in-
creased when Ca2+, Fe+3 and Mg+2 concentrations are in-
creased [35-37]. Thus, the modulation of bacteriocin activi-
ty by divalent cation concentrations presents a possible 
connection to our observed magnesium results. 
 
MATERIALS AND METHODS 
Co-culture experiments were conducted in YPD incubated at 
300 rpm and 37°C. YPD liquid medium was sterilized by filtra-
tion rather than autoclaving to preserve nutritional content. 
Overnight fungal cultures of C. albicans (strain SC5314) were 
diluted to an OD600 of 0.07 and allowed to grow to an OD600 of 
0.2. Overnight cultures of E. coli (strain MG1655) were grown 
in LB and were subsequently diluted 1:200 into fresh YPD and 
allowed to grow to an OD600 of 0.2. When both fungal and 
bacterial cultures reached 0.2, they were centrifuged and re-
suspended in fresh YPD. Final culture experiments were start-
ed in 250 mL flasks (25 mL of culture) with C. albicans diluted 
to an OD600 of 0.1 and E. coli diluted to 0.001. Over the next 16 
to 20 hours, CFUs were measured by plating eight serial dilu-
tions onto YPD agar plates with 100μg/mL of ampicillin (to 
detect C. albicans) and on LB with 100 μg/mL of amphotericin 
B (to detect E. coli). CFU/mL was converted to percent survival 
for analysis.  

Conditioned media was made by filtering growth media 
through a 0.2-micron filter and by adding PBS (pH 7.4) to a 
final concentration of 0.1X. The final solution was stored for 

up to two weeks at 4C. Conditioned media experiments were 
initiated by diluting PBS-washed log-phase C. albicans into 
0.5 mL of conditioned media to an OD600 of 0.1. Kill curves 
were conducted in 24-well plates incubated at 300 rpm and 
37°C. CFUs were again measured by plating eight serial dilu-
tions onto YPD agar plates. 

Pro K treatment was conducted by incubating conditioned 
media buffered with 0.1X PBS with 100 µg/mL of Pro K (NEB) 
for two hours at 56°C. Magnesium was quantitated in condi-
tioned media using a colorimetric magnesium assay kit 
(MAK026 SIGMA) according to manufacturer’s instructions. 
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