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Abstract

Siderophores are a diverse family of iron-chelating compounds that bind insoluble iron

from the environment which evolved as a mechanism to cope with iron limitation and are

produced by numerous species of bacteria, fungi, and plants (Pecoraro et al. 2021). However,

the ability of fungi such as fungal endophytes to produce siderophores remains relatively

understudied. Recent studies have shown fungal endophytes can detoxify polyphenols, which

could suggest the capacity for siderophore production (Nickerson et al, 2023). Here, we

investigated the siderophore production capabilities of 23 fungal endophytes species with

varying abilities to detoxify polyphenols through a modified Chrome Azurol S (CAS) assay that

detects siderophore production through the color change from blue to orange if the CAS-iron

complex is chelated by siderophores (Schwyn and Neilands 1987, Andrews et al 2019). We

found that the majority of fungal endophyte species were able to produce siderophores. In

addition, we found a correlation between the class of fungal isolates and the rate of siderophore

production. Our study helps expand knowledge of fungal siderophore production and function

in endophytes and assesses whether there is a relationship between siderophore production and

the ability of fungi to grow on phenolic compounds. The production of siderophores in fungal

endophytes presents possible biotechnological applications of fungal endophytes such as

targeted drug delivery (Varma and Chincholkar, 2007) and toxic metal bioremediation

(Swayambhu et al 2021).
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I. Introduction

Iron is an essential element for life: it is utilized in the synthesis of DNA and RNA,

proteins, and enzyme cofactors (Ye et al., 2020). However, the majority of iron on earth exists in

insoluble forms that are not readily bioavailable (Ye et al., 2020). As a mechanism to overcome

this limitation, microbes can produce siderophores: a diverse family of iron-chelating

compounds that bind insoluble iron from the environment (Ye et al., 2020). Thus, siderophore

production evolved as a mechanism to cope with iron limitation and siderophores are produced

by numerous species of bacteria, fungi, and plants (Pecoraro et al. 2021). However, most of the

current knowledge on microbial siderophore production and ecological functions comes from

bacteria.

In comparison, fungal siderophores remain relatively understudied to date, and most

siderophore research has focused only on pathogenic fungi in the genus Aspergillus (Ghosh et al

2017). Two different kinds of siderophores can be excreted by Aspergillus, one of those being

flunarizine C and its acetylated derivative triacetylfusarinine C (Schrettl et al 2010). Aspergillus

represents just one of the many genera of fungi, which are known to be highly diverse with

recent estimates of 5.1 million species (Blackwell, 2011). The majority of unknown fungi are

thought to live within plants as symbionts (Hawksworth, D. L., 1997). The lack of information

regarding fungal siderophores, particularly those produced by fungal symbionts, represents a

knowledge gap this study aimed to address.

Fungal endophytes are microbial fungi that reside asymptomatically in the cells of living

plants and can be found in all lineages of land plants (Ye et al., 2020, (Rodriguez et al. 2009).

Endophytes represent an extraordinarily diverse group of organisms and their symbiotic
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relationship with the host can aid in growth promotion, stress reduction, disease resistance, and

secondary metabolite induction (Ye et al., 2020). Recent research has shown that some

endophytes can detoxify polyphenols, which are compounds that have previously been shown to

be toxic and inhibit the growth of microbes (Nickerson et al, 2023). These fungal endophytes

are capable of polyphenol detoxification, but the exact mechanism is still unknown. It has been

hypothesized that the ability to detoxify polyphenols could be related to siderophore production

due to the necessity of metal ions in enzymes likely involved (Nickerson et al, 2023). This

suggests that tolerance and sensitivity to various chemical compounds, like polyphenols, could

be an indication of specialized metabolite compounds such as siderophores.

The goal of our research is to expand knowledge of fungal siderophore production and

function in endophytes and assess whether there is a relationship between siderophore

production and the ability of fungi to grow on phenolic compounds. Here, we characterized the

siderophore production capabilities of 23 fungal endophytes species with varying abilities to

detoxify polyphenols (Nickerson et al., 2023). We included fungal species that represent

different host lineages and fungal classes to assess the general capability of fungal endophytes

to produce siderophores in vitro. We hypothesize that fungal endophytes previously known to

be able to detoxify polyphenols will produce siderophores.

II. Methods & Materials

Twenty-three fungal species were selected from the U’Ren lab culture library. Species

represent diverse taxonomic classifications and substrates of isolation (living leaves,

decomposed leaf litter, living photosynthetic leaves, and lichen thalli). Fifteen species were
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previously screened by Nickerson et al. (2023) to assess their ability to grow in the presence of

polyphenols to assess their tolerance and detoxification capacity (Nickerson et al. 2023).

Table 1. Metadata for fungal isolates tested. Taxonomic information for each isolate.
Oak-associated individuals represent the fungal isolates previously screened against
polyphenolic compounds, while F1000 individuals are diverse isolates not yet screened against
polyphenols.

To assess siderophore production, we used a modified Chrome Azurol S (CAS)

assay that detects siderophore production through color change (i.e., color changes from

blue-green to orange if the CAS-iron complex is chelated by siderophores) (Schwyn and

Neilands 1987, Andrews et al 2019).  The production of siderophores is estimated through the

measurement of the diameter of color change (i.e., Figure 1) at days 7, 14, and 21
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post-inoculation. Fungal growth was measured by measuring the diameter of the fungal

mycelia.

Optimization of Chrome Azurol S (CAS) Assay

The CAS Assay requires 20 mL of 10 mM Fe(NO3)3, 40 mL of 10 mM chrome azurol

S, 100 mL of 10mM DDAPS, as well as a growth media layered, as the CAS Assay alone is

toxic to fungi (Schwyn and Neilands 1987, Andrews et al 2019).  Initially, we experimented

with 50mL 10X CAS assay mixed with 450mL Aspergillus minimal defined media (900mL

nanopure water, 50mL 20X Sodium nitrate salts, 10g agar, 1mL Trace elements, and 10g

D-glucose) with 10 mL of Aspergillus minimal media alone layered on top. However, the media

was not the appropriate color to enable visualization of the change from blue-green to orange.

Thus, we tested CAS Aspergillus minimal defined media with and without trace elements,

different pH levels, and autoclaving minimal media with vs. without trace elements. We

concluded from our tests that media color depended on the temperature of the media (i.e., lack

of cooling between the CAS assay layer and minimal media layer resulted in the assay staying

yellow instead of blue). Due to the nature of the assay, the correct blue color was pertinent to

assessing siderophore production. The desired blue color could not be achieved with layering

MEA over MEA+CAS regardless of pH and cooling time. The study was continued using only

MEA+CAS plates. All fungal isolates, except for one, were capable of growing without the top

layer.

CAS Assay With Malt Extract Agar (MEA) Media
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The finalized assay media included 50 ml CAS assay solution added to 500 mL of 2%

MEA (5.5 g Malt Extract, 11 g agar in 500 ml nanopure H2O) that had been autoclaved and

cooled in a 60 C water bath before adding the CAS. Three plugs of each fungal isolate were

placed into three MEA+CAS 60mm plates and one plug on a 2% MEA media as the control.

Fungal growth was measured at days seven, fourteen, and twenty-one post-inoculation.

Measurements were taken across the diameter of mycelial growth in two directions (see Fig

1A). The diameter of clearance (i.e., the color changed from blue to yellow) also was assessed

at the same time points by making two measurements across the area, covering the longest and

shortest distances. At each time point, a photo of the front and back of the plates was taken for

future measurement of color change intensity.

8



Fig 1. Siderophore assay experimental set-up and representative outcomes. A) For each
timepoint (day 7, 14, 21), two measurements of mycelial growth and clearance diameter were
recorded per replicate, and photos were taken with a ruler and the control plate in the frame. B)
Example of strong color change and clearance extending past mycelial growth. C) Example of
clearance occurring under mycelial growth. D) Growth but no clearance.

Assessment of color change intensity

In addition to measurements of clearance and growth, we measured the degree of color

change in the media using ImageJ to quantify color change associated with siderophore

production on CAS assay plates after 7 days of growth and 14 days of growth. ImageJ is a

“modern image processing platform”, developed in collaboration with the NIH and the primary

9



programmer, Wayne Rasband (Schneider, 2012). Images of all CAS plates and MEA control

were imported into the program, and a standard-sized selection box encompassed an area of

clearance analyzed the mean and standard deviation of the intensity of the red, green, and blue

color values. The standard-sized selection box was only in the clearance zone unless the growth

and clearance overlapped. Mean values were analyzed in JMP v. 16.2.0 8 using principal

components analysis and the eigenvalue corresponding to the first principal component was

saved.

Statistical analyses

Due to the size of the Petri dishes and the rate of growth of many of the fungal isolates,

we analyzed the mean growth and clearance for days seven and day fourteen but excluded the

data from day twenty-one since numerous isolates grew to the edge of the plate. We calculated

the mean growth for each isolate/replicate plate by taking the mean of the two measurements of

growth and clearance for each time point. We calculated the mean growth rate and clearance

rate by dividing the mean growth or clearance value by the number of days since inoculation.

Mean clearance and the mean clearance rate were calculated in the same manner. To assess the

impact of CAS on fungal growth, we compared mean fungal growth on MEA vs mean fungal

growth on MEA+CAS with a one-way ANOVA. Similarly, a one-way ANOVA was used to

compare mean clearance on MEA+CAS across fungal classes. The relationship between log

total growth on phenolic media from Nickerson et al., (2023) and (i) mean clearance on

MEA+CAS and (ii) the eigenvalue of color change was assessed using Pearson correlation. All

statistical analyses were performed in JMP v. 16.2.0.

10



III. Results

Impact of media type and taxonomy on fungal growth.

Twenty-two of the twenty-three fungal species grew on CAS plates. On both days 7 and

14, mean growth differed among fungal classes on MEA+CAS (one-way ANOVA day 7: F2,60

= 6.30, P = 0.0033; day 14: F2,60 = 3.83, P = 0.0271) and MEA alone (day 7: F2,18 = 6.71, P =

0.0066; day 14: F2,60 = 5.59, P = 0.0129) (Fig. 2). For both media types and timepoints,

posthoc Tukey’s HSD tests reveal Sodariomycetes (A) isolates grew significantly more than

isolates of Dothideomycetes (B) and the growth of Pezizomycetes isolates was intermediate

(AB) (Fig. 2). Statistical comparisons between media types revealed that fungal growth was

significantly higher on MEA than MEA+CAS (P<0.05) for all fungal classes, except for

Dothideomycetes on day fourteen (data not shown).
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Figure 2. Both media type (MEA vs. MEA+CAS) and fungal taxonomy impact the mean
growth of fungi. Boxplots showing the mean growth on both media types (MEA and
MEA+CAS) at days seven and fourteen after inoculation.

Impact of media type and taxonomy on the degree of siderophore production.

In all fungal classes, clearance increased for day 7 to day 14 (Fig. 3). Within each time

point, we observed no differences in clearance size as a function of class (one-way ANOVA:

day seven F2,60 = 2.34, P = 0.1056; day fourteen F2,60 = 0.086, P = 0.9180); however, the

mean amount of clearance increased for fungi in each of the classes over time (e.g.,

Dothideomycetes clearance increased from 1.10 to 2.68 mm over a 7 day period).
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Figure 3. Siderophore production of fungi as a function of class at two timepoints. Boxplots
of mean media clearance (a proxy for siderophore production) per fungal class on MEA+CAS at
days seven and fourteen post inoculation.

Relationship between fungal growth and siderophore activity.

Out of twenty-two fungal species that grew on CAS, eight did not show detectable

clearance of the media. These species included fungi from all three classes (Fig. 4). Some fungi

grew to the edges of the plates by day 14 and thus the relationship between growth and clearing

could not be assessed (Fig. 4). For growth at day 7 we observed a positive relationship between

mean growth and mean clearance for all classes except Pezizomycetes, which did not show any

clearance at day 7 but did so at day 14 (Fig. 4). By day 14, we no longer observe a strong
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positive correlation between mean growth and mean clearance. However, by day 14, there was

no clear relationship between growth and clearing (Fig. 4).

Figure 4. Relationship between mean growth of fungi on MEA+CAS and the amount of
media clearance on days seven and fourteen post inoculation. Points are colored by fungal
class (see legend). Points at 0.0 on the x-axis represent isolates that did not have any detectable
amount of media clearance. Points at 6.0 on the y-axis represent isolates that grew to the
margins of the Petri dish.

Relationship between siderophore activity and fungal growth on phenolic compounds

We examined the relationship between the ability of fungi to grow on phenolic

compounds (i.e., total normalized growth on six phenolic compounds from Nickerson et al.,

2023) and siderophore activity. We found that there was no significant relationship when fungi
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from all classes were analyzed, although there was a trend towards a positive relationship,

especially for fungi in the Sordariomycetes (Fig. 5). When the relationship between these

variables was analyzed separately for fungi in the Dothideomycetes and Sordariomycetes, we

observed that at day 7 there was a strong correlation between phenolic growth and siderophore

activity for fungi in both classes (Fig. 6). However, at day 14 there was no correlation for fungi

in the Dothideomycetes, although the correlation became stronger for Soradariomycetes at day

14 (Fig. 6). We observed a similar trend using the degree of color change (i.e., eigenvalues of

the first principal component of red, blue, and green) instead of clearance (data not shown).

Figure 5. Relationship between total fungal growth on media containing phenolic
compounds and siderophore production for all isolates assayed. Scatter plot representing the
relationship between log total growth on phenolic compounds (data from Nickerson et al., 2023)
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and mean clearance on MEA+CAS media (a proxy for siderophore production) on days seven
and fourteen after inoculation. Points are colored by fungal class (see legend). There was no
significant relationship when fungi from all classes were analyzed (P>0.05).

Figure 6. Relationship between total fungal growth on media containing phenolic
compounds and siderophore production for only isolates of Dothidiomycetes (top) and
Sordariomycetes (bottom). Growth of both Sordariomycetes and Dothideomycetes isolates on
media containing phenolic compounds (data from Nickerson et al., 2023) was highly correlated
with siderophore production (P<0.05). The strength of the relationship increased on day 14 for
isolates of Sordariomycetes, but not for Dothidiomycetes.
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IV. Discussions

Impact of media type and taxonomy on the degree of siderophore production

Twenty-two of 23 fungal species that grew on CAS showed visible clearance, indicating the

majority of the fungal species produce siderophores. Initially, there was a positive relationship

between mean growth and mean clearance for all fungal classes except Pezizomycetes, which

did not show any clearance on day 7 although did so on day 14. However, we no longer observe

a strong positive correlation between mean growth and mean clearance by day 14. The distinct

trend of siderophore production in the Pezizomycetes isolates would lead us to further

investigate if this trend is unique to all Pezizomycetes isolates.

Relationship between siderophore activity and fungal growth on phenolic compounds activity

Overall, we found there was no significant evidence of a correlation between the ability

of fungi to grow on phenolic compounds overall. However, when the relationship between these

variables was analyzed separately for fungi in the Dothideomycetes and Sordariomycetes, at day

14 the previously observed trend of a strong correlation between phenolic growth and

siderophore activity for fungi in both classes was no longer apparent for fungi in the

Dothideomycetes, although the correlation became stronger for Soradariomycetes. These results

would lead us to also further investigate this significant correlation in more Sordariomycetes

isolates.

Impact of media type and taxonomy on fungal growth

Our results showed that the majority of our fungal isolates grew on the CAS plates,

however, the growth on the MEA plates was significantly higher. These results support previous
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studies demonstrating the inhibitory nature of the CAS Assay (Schwyn and Neilands 1987,

Andrews et al 2019).  In addition, Sodariomycetes isolates grew significantly more than the

other classes, which could explain why they had significant siderophore production and a

significant relationship between fungal growth and phenolic compounds activity.

Limitations of the study

Plate size limited the study as most of the clearance and growth reached the edge of the

plate by days 20 to 21 which limited the data we analyzed. Their difference in the number of

isolates from each fungal class also restricted further data collection. An additional limitation is

a lack of assessment of biologically relevant minerals to enzymes that detoxify polyphenol

compounds such as manganese and copper,  as well as the study being performed in vitro.

Lastly, confounding in our results of mean growth may be attributed to the toxicity of the CAS

assay, which may have inhibited the growth of all isolates. Time constraints due to protocol

optimization prevented genomic analysis.

V. Conclusions

Our research aimed to assess the ability of fungal siderophore production and function in

endophytes and assess whether there is a relationship between siderophore production and the

ability of fungi to grow on phenolic compounds. Our hypothesis was partially supported, with

the majority of our fungal isolate producing siderophores, however, there was no significant

relationship found between siderophore production and the ability of fungi to grow on phenolic

compounds.
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Further questions

Our results raise further questions, such as, if we can determine the type of siderophore being

produced and if there is a correlation between the type of siderophore and the fungal class, and

identifying siderophore-related genes in the fungal endophytes. In addition, further investigating

if distinct trends in siderophore production are seen in all fungi in Pezizomycetes fungal class.

Future directions and applications

Fungal siderophores could be applied medically through targeted antibiotic delivery by

conjugating or combining antibiotics to the siderophores to better penetrate pathogens which

increases the effectiveness of the antibiotics or delivering toxic metals such as gallium,

aluminum, and cadmium to targeted pathogens through siderophores (Swayambhu et al 2021).

Additionally, fungal siderophores can be applied for bioremediation.  Due to their effectiveness

in solubilizing a wide variety of metals, they could be used to break down environmental

pollutants (Ahmed, E., 2014).
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