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Abstract 
The striped plateau lizard, Sceloporus virgatus, lays and abandons its eggs during 
monsoon season, leaving them vulnerable to fungal pathogens in the nest soil. One 
hypothesized mechanism for protection in the absence of parental care is the vertical 
transmission of microbes from parent to offspring. These microbes may remain on the 
eggshell to fend off fungal pathogens throughout the remainder of incubation. To 
investigate this, fungi found on failed eggs were challenged against bacteria from 
female lizards’ cloacae and observed for antifungal action. 5 of 16 cloacal strains 
showed weak to strong antifungal action against a panel of fungi, providing 
experimental evidence for the horizontal transfer hypothesis. Whole genome 
sequencing of one isolate with strong antifungal capabilities revealed several putative 
genes likely to produce proteins or secondary metabolites with antifungal capabilities.   
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PART I:  

Background 

The Microbiome 

The microbiome is the cumulative network of microorganisms that live in and on 

a host organism. Microbiome constituents have a symbiotic relationship with their host, 

utilizing the host organism for shelter or nutrition and sometimes performing beneficial 

functions in exchange. Organisms and their symbionts maintain their relationships 

throughout generations and even coevolve (Limborg & Heeb 2018). Symbiotic 

relationships are integral to the survival of many organisms in part because of those 

beneficial functions. Examples of mutualism, a type of symbiotic relationship where both 

host and symbiont benefit, are ubiquitous throughout nature (McFall-Ngai, 2013). The 

types of benefits are just as varied as the hosts. Riftia, deep sea tube worms with no 

access to oxygen, harbor sulfur-oxidizing bacteria in their internal cavities. These 

bacteria take in sulfur-based compounds from the water surrounding the Riftia and 

oxidize them, starting a process that results in the production of alternative electron 

acceptors and ultimately energy molecules (Minic & Hervé 2004). Due to this 

relationship, the bacteria get adequate shelter and nutrients while Riftia can live in an 

environment without oxygen.  

For aphids, their obligate endosymbionts help them synthesize essential 

biomolecules. Aphids eat sap, which is low in nutrients in general but particularly in 

essential amino acids. It is rich in asparagine and some amino acid precursors, which 

are taken in by the aphids and delivered to their endosymbionts, Buchnera. Buchnera 
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then collaborate with the aphids to complete the biosynthetic pathway to create amino 

acids, taking some of them in return (Hansen 2011).  

Soybeans, like most other plants, have complex communities of bacteria on and 

in their root nodules. These bacteria take up inorganic sources of nitrogen from the 

environment to use in cellular processes, releasing bioavailable ammonia as a 

byproduct. The plants can then take up this nitrogen to create biomolecules such as 

proteins and nucleic acids and release organic molecules that are used by the bacteria 

in root nodules (Wang 2009).  

In animals such as humans, the gut and skin microbiome are often studied in the 

context of competition. Permanent members of microbial communities on the body fill 

ecological niches and coexist with the host. This makes it difficult for interlopers—

environmental strains and opportunistic pathogens—to get a foothold in the body. In this 

way, the pre-existing community of microbes serve as a defense mechanism for the 

host. This is incredibly important for organisms to have as they encounter opportunistic 

pathogens constantly in the air, water, soil, and in food when applicable. Most 

organisms employ their microbiome in similar ways but to diverse ends. One of these 

ends is microbially-conferred reproductive benefits. These are slightly less studied than 

the aforementioned examples and are what members of the Weiss lab study in 

Sceloporus virgatus, the striped plateau lizard.  

 

Sceloporus virgatus 

Sceloporus virgatus is native to Southwestern Arizona, Southeastern New 

Mexico, and the mountainous regions of Mexico. Mothers carry their eggs for about a 
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month and during that time eat very little in an effort to preserve space for their eggs.  

Females lay one clutch of 10-12 eggs a year, triggered by the first rains of monsoon 

season in June and July. Once they lay their eggs in their burrow, they fill it and then 

camouflage the nest site to limit vulnerability to predators. Like most lizards, this species 

does not provide parental care past this, so the eggs are left on their own at the nest 

site. The clutch is vulnerable to many environmental dangers, such as extreme weather 

events and infection by opportunistic pathogens in the soil. Due to the conditions of 

monsoon season being humid, wet, and warm, fungal pathogens are of particular 

concern and increase egg mortality in reptiles (Moreira 2005, Sarmiento-Ramírez 2014). 

This is also problem for egg-laying amphibian species such as the red-backed 

salamander and mountain yellow-legged frog (Lauer 2007, Woodhams 2007).  

 Despite overwhelming obstacles, S. virgatus manages to survive and thrive in 

this environment year after year. Due to this, Drs. Weiss and Martin suspect that there 

is another protective mechanism at play concerning the eggs, namely a microbial one. 

Other species have been shown to have a number of protective qualities and 

mechanisms that keep eggs safe outside of parental care. In reptiles and closely related 

clades such as birds and amphibians, there is evidence of a vertical transfer of the 

parent’s microbiome to the offspring. One study done on woodlarks and skylarks show 

that in the process of incubating their eggs, they also transfer their microbiome to their 

offspring through contact with the skin and feathers (Van Veelen 2018). Microbial 

transmission has also been seen in the Upupa epops, a species of hoopoe. Specifically, 

U. epops secrete fluid from their uropygial glands that contain bacteria, which cover the 

eggs and nest. These bacteria have been shown to produce antimicrobial compounds 
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that may contribute to the microbes’ success during niche competitions (Martin-Platero 

2006). This mechanism is similar to the one employed by hawksbill turtles. A recent 

study found that these turtles may be transferring specifically their cloacal microbiome 

to their eggs. The bacteria that are part of the permanent cloacal community in 

hawksbill turtles demonstrated the ability to produce antimicrobial compounds that 

specifically inhibit the colonization of the fungus Fusarium (Sarmiento-Ramírez 2014). 

Members of the Fusarium genus are aggressive pathogens known to colonize eggs 

(Kunert 1993, Jestoi 2009). Plenty of other fungi infect amphibians and their eggs, but 

different species have unique microbial mechanisms to combat them. Studies done on 

salamanders have shown that their skin bacteria are capable of inhibiting the growth of 

local pathogenic fungi (Lauer 2007, Becker 2009). The mountain yellow-legged frog 

also has skin bacteria with antifungal capabilities (Woodhams 2007).  

Though the production of antimicrobial molecules is a survival mechanism for the 

bacteria, it additionally serves as a protective mechanism for the eggs so that 

opportunistic pathogens cannot colonize them. As with the aforementioned symbiotic 

relationships, it is theorized that the hoopoe, hawksbill turtles, and other species like 

them may have evolved to harbor bacteria with these capabilities in order to ensure 

offspring survival (Oliver 2013). Vertical transmission increases their individual fitness, 

as the adaptive potential from having a flexible and protective microbiome can offset the 

costs and infrequency of reproduction (Hauffe & Barelli 2019). This is particularly 

important to Sceloporus virgatus, as females only lays one clutch a year.  
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Previous Research 

Previous research done by the Weiss lab has contributed evidence towards a 

hypothesis of vertical transfer of protective microbes to eggs. Dr. Weiss has looked 

indirectly at the possibility of transmission of cloacal microbes to eggs and found that 

eggs that were laid naturally through oviposition had greater hatch rates as compared to 

eggs that were removed via dissection. This observation suggested that some aspect of 

natural oviposition, possibly contact with the cloaca, improved egg success. Like the 

other species with microbially-conferred reproductive benefits, it is possible that bacteria 

from the cloaca were being passed onto the egg and improving hatch success. To 

follow up, she and members of the Martin lab jointly looked into the cloacal microbiome 

to see what kinds of bacteria characterize it (Martin 2010). They found that a largely 

homogenous group of bacteria represented what they thought to be the permanent 

cloacal community (Figure 1). 
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Figure 1. Female S. virgatus cloacal community breakdown. The diversity of 
females’ cloacal microbiome is less than expected. Serratia, Pantoea, and Enterobacter 
comprise the main bulk of the bioload. Serratia are known to produce antimicrobial 
compounds such as chitinases and prodigiosin. A larger percentage of these bacteria in 
the cloaca prior to oviposition could contribute to the protective mechanism (Martin 
2010). 
 

One type of bacterium present in the cloaca in high amounts is Serratia, which is 

known for producing a bright red pigment called prodigiosin (Kerr, 1999). Prodigiosin 

has a broad range of bioactivity including antibacterial, antifungal, antitumor, and 

cytotoxic effects (Kalbe, 1996) and may contribute to egg protection. Certain strains of 

Serratia also produce chitinases that are known to break down the chitinous cell walls of 

fungi, including Fusarium (Li et al. 2015; Aziz, 2005, Someya 2005). Analysis of S. 

virgatus nest sites revealed that Fusarium is common to the soil and is likely to be one 

of the strains that colonizes failed eggs. While the coexistence of these two, likely 

antagonistic, microbes in the same environment could be a coincidence, the presence 

of antimicrobial-producing Serratia in the cloaca suggests a potential mechanism of egg 

protection.  

 

Aim 

The immediate aim of this study was to experimentally confirm the antifungal 

capabilities of the S. virgatus cloacal microbiome in order to assess its potential to 

confer protection if deposited on eggs. To do this, cloacal bacteria and fungi from failed 

eggs were isolated, identified, and challenged against one another to test for antifungal 

capacity.  
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Materials and Methods 

Sample collection. Fungi used in challenges were sourced from swabs of failed eggs 

taken in the 2017 field season by previous Weiss lab members. All swabs used to 

collect the samples for this study were part of the ESwab liquid storage system (Copan). 

Eggs were collected from females and incubated in individual cups of vermiculite mixed 

with a soil-water slurry (0.8mL slurry (1g soil/10mL water) per 1g vermiculite). Soil was 

from potential nest sites. Eggs were incubated in the lab at 30°C for up to 8 weeks, at 

which time the eggs that had failed were swabbed. Those swabs were placed in a buffer 

and glycerol solution (500mL sample solution (Amies) + 500mL 50% sterile glycerol) 

and stored at -80°C for later use.  

Bacteria used in experiments were from the July 2017 and 2019 field seasons 

and taken by former and current lab members respectively. In 2017 female Sceloporus 

virgatus individuals were captured in their natural habitat and swabbed. Cloacal swabs 

were places in Amies solution and shaken to release bacteria into solution. The same 

method was used in the 2019 season with female lizards that were transported to 

Tacoma and induced in the lab. In 2019, ~20μL of sample solution was immediately 

plated on LB and used for isolations. All unused sample solution was stored at -80°C for 

Illumina sequencing.   

 

Bacterial isolations and culturing. Testing for antifungal action requires the use of 

genetically pure strains which have to be cultured from frozen stores. Bacterial cultures 

were grown on Luria Bertani (LB) media (see Appendix). Media was inoculated with a 

diluted amount of the cloacal sample and left to grow at room temperature for 
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approximately 3 days or as long as it took for significant colony growth. For isolations, 

morphologically unique colonies were sampled from plates and re-plated in triplicate to 

isolate a genetically pure sample. Isolated bacteria were vouchered as living cultures in 

25% glycerol. For each subculture, 500μL of 50% glycerol solution was combined with 

500μL overnight liquid culture. These tubes were placed into storage at -80°C. 

 

Fungal isolations and cultures. Fungal cultures were grown on Malt Extract Agar, 

Nutrient Broth, and Potato Dextrose Agar medias (see Appendix). For isolations, media 

was inoculated with a diluted amount of stored failed egg solution and left to grow for up 

to a week or until morphologically distinct mycelia appeared. 0.5mm plugs of nutrient 

media with morphologically distinct fungal growths were removed and placed on new 

plates to grow. This process was continued for 3 cycles or until fungal growths were 

morphologically consistent. Fungi were vouchered as living cultures in sterile water. A 

4cm strip of agar with mycelium was cut from each subculture plate and placed into a 

2mL tube. This tube was filled completely with sterile water, sealed with Parafilm, and 

stored at room temperature. 

 

Bacterial DNA Extraction and PCR. Extraction and PCR were done simultaneously 

using CloneID™ 1X Colony PCR Master Mix (Lucigen). A sample of a single colony of 

bacteria was taken using a sterile pipette tip and mixed with 45μL of master mix in a 

PCR tube. 1μL of both forward 27F and reverse 1492R primers (50μM, Operon 

Technologies) were added and the solution was flicked gently to mix. E. coli genomic 

DNA was used for a positive control, and water was used for a negative. The PCR tube 
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was then placed in the MyCycler 96-Well PCR Thermal Cycler (Bio-Rad) and subjected 

to the following protocol. Amplification success was assessed via gel electrophoresis 

(see Appendix).  

Protocol: 

98°C for 5min 
95°C for 10min 
95°C for 1min 
55°C for 1min 
72°C for 1:30min 

return to step 3:  35x more 
72°C for 7min 
4°C ∞ 

 
 

Bacterial PCR Product Cleanup and Sequencing. If a PCR reaction succeeded in 

amplifying DNA, the product was purified with the QIAquick PCR Purification Kit 

(Qiagen) and its concentration was assessed via Qubit protocols (see Appendix). 

Samples were sent to undergo Sanger sequencing at Eton Bioscience or Macrogen. 

Returned sequences were run through the National Institute of Health’s BLAST tool 

(Atschul 1990) and the Ribosomal Database Project’s Classifier tool (Wang 2007) to get 

taxonomic classifications.  

 

Fungal DNA Extraction. DNA was extracted using the Extract-N-Amp™ Tissue PCR Kit 

and solutions (Millipore Sigma). For each extraction, a plug of agar with living fungus 

was taken from an active culture. The majority of the agar was removed, and the 

mycelium itself placed in an Eppendorf tube and covered with 100μL extraction solution. 

The solution was pulverized with a micropestle for 10 seconds and spun at 14000 x g 

for 10 seconds. The tube was then immediately placed in a heating block at 95°C and 
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left to incubate for 10 minutes. The solution was then diluted with 100μL dilution solution 

and stored at 4°C for later use.  

 

Fungal PCR and Sequencing. PCR was done with forward primer ITSF1 (Sigma 

Aldrich) and reverse primer LR3 (Sigma Aldrich). As in Table 1, primers were combined 

with other PCR reagents and subjected to the following protocol in the thermal cycler. 

3μL of crude PCR product were assessed via gel electrophoresis to check if the 

amplification succeeded. If successful, the remaining PCR product was processed using 

Applied Biosystems™ ExoSAP-IT™ purification protocol and its concentration 

measured via Qubit protocol (see Appendix). Samples were sent to undergo Sanger 

sequencing at Eton Bioscience. Returned sequences were run though BLAST and T-

BAS (Carbone 2019) to get taxonomic classifications.  

 

Table 1. Fungal PCR recipe and protocol.  

Reagent Amount/single reaction (μL) 

ReadyMix 10 

Forward primer (10 μM) 0.8 

Reverse primer (10 μM) 0.8 

PCR Water 4.4 

DNA (Template or Extractions) 4 
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Protocol: 
94°C for 3min 
94°C for 30sec 
54°C for 30sec 
72°C for 1min  

return to step 2:   34x more 
10min at 72°C 
Chill at 4°C ∞ 

 

Spread-Patch Challenge. For each challenge, a fungal suspension was made by 

applying 3mL saline (0.9%) to a lawn of fungus on a plate of MEA media. A toothpick or 

micropipette tip was used to scratch gently on the lawn, dislodging spores and hyphae 

into the saline until the liquid was cloudy all the way through. The suspension was 

transferred to an Eppendorf tube and vortexed briefly. 100-200μL of suspension was 

spread on LB media and left open in a vertical laminar flow hood until dry. Then, pure 

strains of bacteria were streaked in small diagonal lines, or “patched”, on the surface of 

the suspension using sterile toothpicks. Each experimental setup included a bacterial 

control with only patches, fungal control with only suspension, and at least two 

experimental plates with patches on suspensions (Figure 2). Up to 9 strains were 

patched on a plate, including positive and negative control strains. Plates were placed in 

the 37°C incubator for 3 days or until fully grown.  
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Figure 2. Spread/patch setup. This challenge involves a bacterial control (far left) and 
a fungal control (far right) to assure compatibility with the media as well as an 
experimental plate combining both bacteria and fungi (middle). Small amounts of 
bacteria are taken from an actively growing plate and are “patched” with a sterile 
micropipette tip or toothpick onto media inoculated with a saline/spore suspension. 
 
 

Assessing Antifungal Capacity. During incubation, the fungal suspension and bacterial 

patches would grow dense and cover the area of contact with the plate. Antifungal 

action was characterized as the inability of the fungus to grow in, on, or around a 

bacterial patch, forming a “zone of clearing” or ZOC (Figure 3). These zones were 

demonstrative of the bacteria’s capacity to defend itself from and/or kill fungus by 

secreting a compound that had antifungal activity. Experimental plates were run at 

minimum in duplicate, and often in quadruplicate. Quantitative data regarding the 

strength of antifungal activity could not be taken due to natural variation in microbial 

growth across plates. A qualitative description was given to each unique bacterial/fungal 

interaction based on its antifungal action in each trial. Replicate trials received the same 

treatment and the initial qualitative description was altered to better reflect the overall 

performance. After challenges and data collection concluded, each description was 

categorized as strong, weak, or no inhibition for calculating percentages. Descriptions 

were given a numeric score and color to represent the level of antifungal activity (Table 

2). Numeric scores and colors were assigned solely for the purpose of creating a heat 

map (Figure 5) and are not representative of quantitative measures of antifungal 

activity.   
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Figure 3. Diagram of predicted results. In the case of no inhibition (right), the fungus 
will grow in, on, and around the bacteria. In the case that the bacteria have antifungal 
capabilities, ZOC should form around the patches where the fungus cannot grow or 
where it is actively killed.  
 

Table 2. Qualitative assessment of antifungal action. For each trial, individual 
interactions were assessed qualitatively for antifungal action. Replicate trials repeated 
this process to produce an overarching “qualitative description” of the interaction across 
trials. These overall descriptions were then sorted into “categories” that roughly 
represent their consistency and strength of antifungal action. Numerical scores and 
colors were assigned to aid in the visual representation seen in the heat map of 
antifungal activity (Figure 5).  
 

Numeric 
Score Color Qualitative Description Antifungal Activity 

Category 

6  Definite inhibition, replicable across plates and trials Strong 

5  Probably inhibition, mostly replicable across plates 
and trials Strong 

4  Potentially inhibition, somewhat across plates and 
trials Weak 

3  Potentially inhibition, mixed results between plates 
and trials Weak 

2  No inhibition, replicable None 

1  Possibly promotes growth, consistent across plates None 

0  Test failed, strains incompatible with each other or 
media n/a 
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Results 

Isolates from cloacal and failed egg swabs. Isolations from cloacal swab samples from 

various field seasons yielded 17 bacterial strains. Multiple round of sequencing 

elucidated taxonomic classification of 11 strains to the genus or species level and 1 to 

the family level (Table 3). As for fungi, 11 morphologically distinct strains were isolated 

from failed egg swabs and underwent triplicate isolation procedures. Sequencing results 

showed that two of the strains were genetically similar enough to be considered the 

same strain. Multiple rounds of sequencing elucidated the taxonomic classification to 

the genus or species level of all but three strains (Table 4).  

 

Table 3. Bacterial strains isolated from cloacal swabs and their taxonomic 
classifications. Identification was assigned by matching a sample’s 16S sequence to 
known sequences in BLAST and the Ribosomal Database Project. Each strain also has 
a percentage of fungi it was able to successfully inhibit and the number of fungi it was 
tested against. Not all fungal and bacterial combinations were compatible with the 
challenge format, so some bacteria were not tested against all fungi (<9 fungi) or at all 
(n/a).  
 

Bacterial Strain Taxonomic Classification % of Fungi 
Inhibited 

# Fungi 
Tested 

GH31 thick cream Serratia marcescens  100% 8 

GH44 -3 (colony 2) Enterobacter sp.  50% 8 

GH41 (colony 1) Serratia sp. 44% 9 

1351.1 medium intense 

yellow 
Serratia sp. 44% 9 

GH49 (colony 1) Salmonella enterica 37.50% 8 

GH51 (colony 2) Enterobacteriaceae sp.  25% 8 

GH31 sad gray Salmonella sp. 25% 8 
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GH49 (colony 2) Enterococcus sp.  12.50% 8 

GH35 white disk Salmonella sp.  12.50% 8 

1353.1 big thick 

white/yellow 
Buttiauxella sp.  11% 9 

AP Raised unidentified 11% 9 

AP Flat unidentified 11% 9 

GH51 (colony 1) Enterococcus faecalis 0% 8 

AP Textured Salmonella enterica 0% 9 

1353.1 small gray/white unidentified n/a n/a 

Small pale yellow opaque 

on edge 
unidentified n/a n/a 

1353 DTIC hollow g unidentified n/a n/a 

 

 

Table 4. Fungal strains isolated from failed egg samples and their taxonomic 
classifications. Identification was assigned by matching a sample’s ITS1 and ITS2 
sequences to known sequences in BLAST. One isolate, “scrambled egg”, was found to 
be a mixed culture after challenges had concluded. Another sample, “fried egg”, is given 
two taxonomic names due to the similarity of the two. N. rubicola is known to form multi-
strain complexes with F. solani. 
 

Fungal Strain Taxonomic Classification % Identity 

Cloud Purpureocillium lilacinum 99% 

Helena’s mold Aspergillus sydowii 99% 

Fried egg Neocosmospora rubicola or Fusarium solani 97% 

Lightning Penicillium canescens 97% 
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Classic teal Penicillium sp.  97% 

Grinch Penicillium sp. 96% 

Blueberry Aspergillus insuetus 96% 

Orange sponge unidentified n/a 

White target unidentified n/a 

Scrambled egg unidentified, mixed n/a 

 

Antifungal action of cloacal isolates on failed egg fungi. The antifungal capacity of 

individual cloacal isolates against a panel of fungi from failed eggs was tested and their 

relative antifungal capabilities qualitatively measured. Many unique interactions 

developed zones of clearing, as expected (Figure 4). Only 13 of the isolated cloacal 

samples were usable in the spread/patch challenge format. Salmonella strains from 

Frances Gilman’s research, F3B and M10A, were also tested. Only 9 failed egg fungal 

strains underwent challenge protocol, as the tenth was not compatible with the testing 

method. Out of 152 unique fungal and bacterial interactions, 9% showed strong, 

replicable inhibition across trials, involving 8 bacterial strains. Another 13% showed 

possible antifungal action, which is a category that covers all interactions that showed 

variable or weak antifungal action across trials. This encompassed 9 strains of bacteria. 

Finally, 79% showed no inhibition at all, which involved 4 strains in their entirety and 

numerous other unique interactions. A visual representation of data can be seen in the 

heat map in Figure 5. Percentages of successful antifungal interactions for each strain 

can be found in Table 3. 
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Figure 4. Fully-grown spread patch challenges exhibiting zones of clearing. ZOCs 
are marked by circles. ZOCs that were consistent across plates and trials were 
considered “strong” (blue circles) whereas ZOCs that were less replicable were 
considered “weaker” (red circles).  

 

 

Figure 5. Heat map of antifungal assay results. The color gradient represents 
qualitative data on antifungal action, with darker colors being more activity and lighter 
being less. 11/16 experimental strains showed antifungal activity of some level against 
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at least one fungus. Several strains showed particularly broad antifungal activity: 
Serratia 41, Serratia 1353, Serratia marcescens 31, S. enterica 49, and Enterobacter 
44.   
 

 

Discussion 

Culturable Cloacal Constituents  

The sequencing work done for this project demonstrated that the majority of the 

culturable strains isolated from the cloaca matched expectations founded on previous 

work done in the Martin and Weiss labs (Figure 1). Serratia were found to be a relatively 

large percentage of the culturable strains, with 3 out of 12 identified strains (25%) being 

positively identified as such. Other genera that were anticipated to be present were 

Salmonella and Enterobacter, which are both Gammaproteobacter known to inhabit the 

gut environment of animals and live in the soil. The isolated genera were all 

Gammaproteobacteria with the exception of GH49 (colony 2) and GH51 (colony 1), 

which were Enterococci. They are more closely related to Streptococcus, which was 

found in cloacal samples but not at the level that members of the Gammaproteobacter 

genera were (Martin 2010). However, there was no evidence of Pantoea in the 

recovered bacteria. Pantoea is a relatively “new” genera, as it was only made separate 

from the genus Enterobacter in 1989 and is still largely indistinct with very few species. 

Due to its novelty, it is possible that many databases have algorithms that more closely 

identify members of Pantoea to Enterobacteria, and so they are classified as so. Two 

strains used for challenges, GH44 -3 (colony 2), an Enterobacter, and GH51 (colony 2), 

of family Enterobacteriaceae, could be Pantoea that were unable to be fully identified. In 

addition, 5 strains isolated from cloacal samples remain unidentified and could be 



 Perotti 22 

members of any genus. Next steps will involve replicating sequencing results to solidify 

taxonomic classifications and sequencing DNA from the remaining unidentified strains. 

 

Failed Egg Fungi 

The sequencing work done on the fungi isolated from failed eggs showed that the 

majority of the culturable strains largely matched expectations founded on previous 

work done in the Weiss lab by Connie Sugawara. This previous work suggested that the 

fungi that most commonly associated with Sceloporus virgatus eggs were of the division 

Ascomycota. Previously identified strains include Phlebia, Penicillium, Trichiderma, 

Aspergillus, and Fusarium, among others. The strains identified in this project were 

exclusively Ascomycota, specifically members of the genera Penicillium, 

Purpureocillium, Aspergillus, and Fusarium (Table 4). Aspergillus strains are known for 

their aggressive pathogenicity (Olias 2011). Fusarium, as discussed earlier, has been 

found to colonize and kill the eggs of other species (Kunert 1993, Jestoi 2009). This 

makes it an excellent candidate for the active agent of S. virgatus egg unviability rather 

than just an opportunistic colonizer. Finding Fusarium on Sceloporus virgatus eggs 

enables the results of this work to be generalized and applied to other systems such as 

the affected species mentioned in the Introduction.  

 

Antifungal Profiles of Serratia 

As expected from the cloacal profile, Serratia made up a considerable portion of 

the culturable cloacal strains. They were additionally 3 of the 5 the strongest candidates 

for antifungal action (Figure 5). This makes them the strongest contenders for the 
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agents of the potential antifungal protective mechanism employed in the S. virgatus 

system. The miscellaneous Enterobacter and surprise Salmonella enterica also serve 

as potential avenues for exploration, especially considering the fact that their antifungal 

action profiles—which fungi they could inhibit and to what level—were similar to the 

Serratia strains. While the Enterobacter was expected to have some capacity, as many 

soil-associated bacteria are likely to have antimicrobial capacity due to antagonism in 

their environment, the Salmonella enterica was unexpected. S. enterica is a gut-

associated bacterium, which we expected to find in the cloaca since it serves as the 

excretory channel for the lizards. However, it is unexpected that it would demonstrate 

nearly the same patterns of inhibition as two of the Serratia strains. S. enterica is known 

to have robust antimicrobial resistance genes due to the manner of chemicals it is 

exposed to in the gut, but the reverse is not necessarily the case (Parry 2003). It could 

be that in the process of cohabitation with other microbes in the gut or cloaca, including 

eukaryotes, it developed antifungal capacity in order to maintain its niche in the 

microbiome, possibly through horizontal gene transfer and/or natural selection. That 

evolution could explain this strain’s potency, but also that of the Serratia strains.  

 

An Integrative Protective Mechanism 

This study found that a remarkable 9% of unique bacterial and fungal interactions 

showed evidence of strong, replicable antifungal action, involving 8 strains. Setting 

aside the possibility that some of these morphologically distinct strains are actually 

identical, it is quite a large percentage. There are systems in which a single type of 

microbe conveys most or all of the protective effect to its host, such as in 
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Janthinobacterium lividum’s relationship with a number of amphibian hosts (Becker 

2009). Here, we see evidence of multiple microbes conveying different levels of 

antifungal protection, contributing to a hypothesis of an integrated protective 

mechanism. This mechanism is realistic in an ecological context. Even when organ-

based divisions are drawn, the microbiome is a remarkably diverse community. 

Constituents of all domains of life interact with each other, creating unique effects. Such 

complexity cannot be replicated in reductionist experiments such as challenges, but 

these results suggest that there are multiple agents, if not systems, involved in an 

antifungal protection mechanism. Interaction complicates the study of the mechanism 

itself by being irreproducible in lab and obscuring individual contributors. Future work on 

this topic will attempt to confirm whether the mechanism of protection is partially or 

entirely based in microbial interactions. Experiments will involve assessing the relative 

presence of bacteria in the general S. virgatus female population. In order for there to 

be a functional mechanism, the microbial agents of that mechanism must be present in 

cloacal samples. Illumina sequencing protocols will enable members of the Weiss and 

Martin labs to assess whether the bacteria found during this project are ubiquitous in the 

S. virgatus system or were present by chance.  
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PART II:  

Background 

In order to investigate the structure, function, and evolution of an organism’s 

genetic material, contemporary molecular biologists use genomics. This approach can 

be taken from a functional or structural perspective. Functional genomics entails 

experimental assessment of gene function and protein interactions. While this approach 

has its benefits, this current study took a structural genomics approach to assess 

possible antifungal mechanisms of S. virgatus cloacal bacteria. With this approach, 

gene clusters and products can be interrogated in silico. With whole genome 

sequencing, open reading frames are marked and their sequences matched to existing 

genes with functionally confirmed products. This enables hypotheses to be made on the 

basis of the presence of genes and helps to narrow the search for the antifungal agent 

or pathway itself.  

 

Aim 

Based on the antifungal activity profile, one cloacal isolate with strong antifungal 

capabilities (Serratia 41, Figure 5) was selected to undergo whole genome sequencing 

and analysis to identify candidate pathways and secondary metabolites that could be 

responsible for the demonstrated inhibitory effect. Further work in the lab will 

functionally assess whether any of the identified candidates are contributors to 

antifungal action.  
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Materials and Methods 

Whole Genome Sequencing. The University of Puget Sound does not have sequencing 

capabilities so live cultures of Serratia marcescens and Serratia 41 were sent to the 

Microbial Genome Sequencing Center (MiGS) for sequencing. They utilized Illumina 

and Oxford Nanopore sequencing technology to produce raw reads for processing. 

MiGS assembled an annotated the reads. Quality control and adapter trimming was 

performed with bcl2fastq and porechop (Wick 2018) for Illumina and ONT sequencing 

respectively. Hybrid assembly with Illumina and ONT reads was performed with 

Unicycler (Wick 2017). Assembly statistics were recorded with QUAST (Gurevich 2013). 

Assembly annotation was performed with Prokka (Seemann 2014). 

 

Bioinformatics. UniProt was utilized to research putative genes identified by the 

annotation process (UniProt Consortium). 16S sequences were matched to existing 

organisms using BLAST. Genes that produce secondary metabolites with antimicrobial 

capabilities were identified using a program called antiSMASH (Blin 2019). Strict 

alignment parameters were used to identify putative gene clusters.  

 

Results 

Genome statistics. A sample of Serratia 41 was sent in for whole genome sequencing. 

From what was recovered, this strain has 6 contigs, 2 of which are greater than 50k 

base pairs and the rest greater than 10k but less than 25k. The total length of the 

genome is 5,811,127 bp. GC content was 59.3%. The N50 and N75 were 2,002,726. 

L50 and L75 were 2. The number of N’s per 100kbp was 0.  
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Putative genes of interest. The genome assembly of Serratia 41 included 6 genes of 

interest that were chosen for further experimental and theoretical research (Table 5). 

These genes produce a 2-nitroimidazole transporter, chitinase B, ferri-bacillibactin 

esterase, validamycin A dioxygenase, aclacinomycin methylesterase, and 4'-

demethylrebeccamycin synthase. 

 
 
Table 5. Six genes of interest positively identified in the genome of Serratia 41. 
Gene product, location(s) in the genome, source organism, and potential function in 
Serratia are included. Source organism and potential function were extrapolated from 
the UniProt database.  
 

Gene Product 
Position(s) 
in Genomes 

(nt) 
Organism of 

Origin 
Posited 

Function 

nimT 2-nitroimidazole 
transporter 

1,192,302-> 
1,193,522 Escherichia coli 

Immunity to 2-
nitroimidazole, 
which could 
allow Serratia to 
export 2-
nitroimidazole, 
an antifungal 

chiB Chitinase B 749,791 -> 
751,290 

Serratia 
marcescens 

Antifungal, 
breaks down 
chitinous cell 
walls of fungi  

besA Ferri-bacillibactin 
esterase 

1,475,187 -> 
1,476,101 Bacillus subtilis 

Cleaves 
bacillibactin to 
use bioavailable 
iron. 
Bacillibactin can 
be used 
antagonistically 
as an 
antimicrobial 

vldW Validamycin A 
dioxygenase 

1474450 -> 
1475472 

Streptomyces 
hygroscopicus 
subsp. limoneus 

Creates part of 
the validamycin 
complex which 
has potent 
antifungal and 
antimicrobial 
activity 
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rdmC Aclacinomycin 
methylesterase 

392813 -> 
393718 

Streptomyces 
purpurascens 

End product of 
the biosynthetic 
pathway is 
cytotoxic and 
inhibits 
topoisomerase 
activity 

rebG 
4'-

demethylrebeccamycin 
synthase 

850489 -> 
851820 

Lentzea 
aerocolonigenes 
(Lechevalieria 
aerocolonigenes) 
(Saccharothrix 
aerocolonigenes) 

Product is 
cytotoxic due to 
intercalating 
ability and 
obstruction of 
topoisomerases 

 

 

Secondary metabolites. Utilizing the program antiSMASH, 11 putative genes within 

Serratia 41’s genome that result in products with antimicrobial capacity were identified 

(Table 6). 3 of them had 100% similarity to a known gene that produces an antifungal. 

Most of these identified secondary metabolite-producing genes have products that have 

been functionally characterized to be at least antibacterial in nature. The biosynthetic 

gene cluster for prodigiosin was present and had a 12% similarity to the literature 

standard.   

 
Table 6. Serratia 41’s putative genes and their antimicrobial secondary 
metabolites. Data is taken from antiSMASH. The genome region, product type, and 
base pair location are given for each putative gene. Accompanying information is for the 
most similarly known cluster and what type of molecule it produces, as well as the 
molecule’s identity and gene cluster’s similarity to the sample genome.  
 

Region Type From To 
Most Similar 
Known Cluster 

Type Similarity 

1.1 NRPS 165,746 227,796 ravidomycin Polyketide 5% 

1.2 NRPS 1,664,989 1,721,847 rhizomideA-C NRP 100% 

1.3 NRPS, 

T1RKS 
1,953,514 2,009,235 paenilamicin NRP + Polyketide 14% 

2.1 NRPS 491,701 547,324 turnerbactin NRP 15% 
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2.2 NRPS 639,317 697,268 colicin V RiPP 1% 

2.3 thiopeptide 1,299,221 1,325,664 colicin V RiPP 1% 

3.1 NRPS 180,443 250,012 enterobactin NRP 12% 

3.2 hserlactone 466,545 487,189 n/a n/a n/a 

3.3 betalactone 746,005 771,667 n/a n/a n/a 

3.4 NRPS 1,144,247 1,189,955 prodigiosin Polyketide 12% 

5.1 hserlactone 53,426 71,391 AQ-256/270a/284a Polyketide Type II 25% 

 

Discussion 

Candidate Genes 

The first putative gene that could be a candidate of interest codes for the 2-

nitroimidazole transporter. This transporter is responsible for both influx and efflux of 2-

nitroimidazole, a molecule with general antimicrobial qualities, including antifungal 

activity (Ellis 1964). Being able to produce this transporter would effectively make this 

strain resistant to the effects of 2-nitroimidazole, which would be beneficial to the 

organism (Ogasawara 2015). Additionally, it could be that this transporter is being used 

as part of an antagonistic mechanism. 2-nitroimidazole production and transport have 

been studied previously in Streptomyces eurocidicus as part of its defense system 

against competitors (Seki 1970). While there was no evidence of a biosynthetic pathway 

for 2-nitroimidazole in Serratia 41, it could be that this strain is producing and excreting 

the compound to be used as an antagonistic molecule capable of killing or inhibiting the 

growth of local competitors, namely fungi. If this is true, this system could be a potent 

antifungal mechanism. To test whether this gene is functional in Serratia 41, simple 

tests involving exposure to increasing concentrations of 2-nitroimidazole will be 

administered.  
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 The next gene of interest codes for ferri-bacillibactin esterase. This enzyme is 

responsible for cleaving bacillibactin, a siderophore or iron-chelating transport molecule, 

and enabling a cell to utilize the bioavailable iron it carries (Miethke 2006). Siderophores 

are extremely important molecules for microbes, as nearly every living organism 

requires iron for metabolic processes and bioavailable iron is rare in the environment 

(Winkelmann 2002). This gene is typically associated with the Bacillus genus, as they 

make bacillibactin. It is likely that Serratia 41 received this gene via horizontal gene 

transfer, though there is a limited possibility that Serratia 41 naturally evolved a similar 

gene. In and of itself, being able to take in siderophores from the environment is a huge 

evolutionary advantage. If this strain is effective at taking up the siderophores, that 

would deplete the environment around it of iron, effectively starving the other microbes. 

This process has been proven to kill fungi, including Fusarium (Yu 2011). This is a very 

promising mode of killing for Serratia 41 and could explain the strength of the antifungal 

capabilities it demonstrates.  

A third gene of interest is chiB, which codes for chitinase B. This is an enzyme 

that breaks down the bonds between the monomers of the cell-wall component chitin. 

Fungi, crustaceans, and insects all have cell walls or exoskeletons that are composed 

largely of chitin. When in contact with such constructs, chitinase B indiscriminately 

severs molecular bonds at any point in the chitin polymers. This enzyme is meant for 

brute destruction as opposed to fine-tuned accession of sugars for metabolism. Serratia 

41 was found in the cloaca, but it could also be a member of the gut microbiome. Given 

this possibility, it could be that chitinase B plays a role in digestion. The main food 

source for S. virgatus is insects. The lizards would likely need a gut-based mechanism 
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of breaking down those polymers further. If Serratia 41 is uniquely a cloacal constituent, 

this enzyme is likely used in an antagonistic manner to fend off fungi that colonize 

eggs.  

Serratia 41 also has the ability to make validamycin B using validamycin A 

dioxygenase. The validamycins are a group of antimicrobial compounds that can form a 

larger complex (Kameda 1988). These compounds have antifungal properties both 

individually and in complexes (Guirao-Abad 2013). The gene that codes for the 

dioxygenase enables this strain to convert one antifungal compound to another and is 

likely part of a larger biosynthetic pathway that creates all the complex modules. 

Whether or not this entire pathway is present is unknown, but this gene alone is enough 

to make this a potential pathway for antagonistic action against local fungi. 

The final genes of interest are rdmC and rebG, which code for aclacinomycin 

methylesterase and 4'-demethylrebeccamycin synthase. These enzymes are part of two 

biosynthetic pathways that produce cytotoxic molecules. Those molecules, 

aclacinomycin A and rebeccamycin respectively, intercalate into DNA and interact with 

topoisomerases, inhibiting essential processes involving DNA such as replication, 

repair, and RNA synthesis (Oki 1979, Bush 1987, Bailly 1997). 

For many of these putative genes, part or most of the larger biosynthetic pathway 

was not present in the genome as detected by sequencing procedures. While this could 

be due to genome shrinkage, it is more likely that they are a result of horizontal gene 

transfer (HGT) or holes in the genome coverage. For HGT, microbes in diverse 

environments sometimes “swap” genes, which accounts for a portion of the natural 

diversity in microbes. Often, resistance genes like nimT are picked up by organisms that 
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did not originally have them. These genes confer an environmental advantage to the 

organism via providing new mechanisms of defense or predation (Lerminiaux & 

Cameron 2018, Gyles & Boerlin 2013, Deng 2019). In the case of genome coverage, it 

is not a matter of it being missing from the genome but rather a side effect of 

methodology. Genomes are of considerable size and it is difficult to quickly and 

effectively sequence and assemble them without inaccuracies (Pop 2002). It could be 

that some genes of interest were not recovered during sequencing or were sequenced 

inaccurately and no longer closely resemble the original. This obstacle is also relevant 

in the case of the secondary metabolites recovered from the Serratia 41 genome.  

 Future work with these results will involve functional genomics work. Transposon 

mutagenesis will be used to investigate which putative gene(s) is involved in the 

antifungal mechanism. This method works by cloning Serratia 41 genes individually into 

a different microbe, usually E. coli. Those transgenic cells will then be used in 

challenges to test whether the additional gene is capable of generating the desired 

effect, in this case producing zones of clearing on fungal suspensions. In the future, lab 

members may explore other options such as knockout lines to confirm the involvement 

of specific gene clusters.  

 

Secondary Metabolites 

11 secondary metabolite-producing gene clusters were identified in Serratia 41 

(Table 6). The potential molecules coded for by these sequences have a variety of 

antimicrobial and cytotoxic activity. Some, like ravidomycin and colicin V are known for 

their antibacterial or antitumor activities but have no known antifungal activity (Sehgal 
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1983, Gerard 2005). However, most have potential or demonstrated antifungal 

capabilities. Prior to discussion, it is important to note that genome coverage was likely 

an issue for this sample. Most of the identified metabolite-producing genes were only 

partial matches to identified clusters. At least for prodigiosin, the biosynthetic cluster is 

definitely present. This strain of Serratia has demonstrated the ability to produce the 

pigment while growing on MEA. Due to this, further discussion will be couched in the 

knowledge that the similarity values seen in Table 6 are tentative.  

 Many of the identified secondary metabolites do not have established antifungal 

capabilities but are rather implicated in antifungal action or mechanistically capable of 

inhibiting fungal growth. This is true of the homoserine lactone (HSL) and beta lactone 

(BL) gene clusters identified in the Serratia 41 genome. These clusters were not given 

similarity levels simply because they are broad categories with hundreds of possible 

product compounds. The former compounds are known for their involvement in quorum-

sensing (Fuqua 2001, Schaefer 2008). When bacteria are present in a great enough 

density, they begin to exhibit group gene expression. This expression is conducted by 

HSLs and can result in anything from pigment production to changes in motility 

(Morohoshi 2007, Chu 2010, Patriquin 2007). It can also promote the release of 

antimicrobial molecules for defense or predation (Duerkop 2009, Whitehead 2002), 

which could be happening with fungi and other microbes on eggs. Knocking down HSL 

expression in Burkholderia strains has been shown to decrease that strain’s antifungal 

capabilities, suggesting there is an existing pathway in bacteria that involves density-

based antagonism or defense from fungi (Zhou 2013). As for BLs, they are not generally 

known for their toxicity or antibiotic activity, but one, Hymeglusin, has antifungal and 
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antibacterial activity (Skaff 2012). While this is actually seen in literature as a Fusarium 

natural product (Tomoda 2004), it is possible that Serratia 41 has the metabolic 

pathways to produce similar BLs and utilize them in an antagonistic manner. Similarly, 

the siderophores turnerbactin and enterobactin, if produced, could be involved in an 

antagonistic mechanism involving iron-sequestering. As discussed earlier with regard to 

besA, siderophores simultaneously allow microbes to obtain an essential cofactor and 

starve local competitors. Neither of them has demonstrated antifungal effects, but the 

possibility remains.  

 Rhizomide A is designated by antiSMASH as an antimicrobial molecule. 

Rhizomides are a class of non-ribosomal peptide synthetases that are natural products 

of several types of bacteria but studied largely anecdotally, with little published research 

done on it and none on its antifungal capabilities specifically. Thus far, rhizomide A but 

not B or C has been shown to be weakly cytotoxic when produced by some members of 

the Burkholderiales order (Wang 2018). Paenilamicin is also a nonribosomal peptide 

and involved in polyketide synthesis, two categories of metabolites that traditionally 

have antifungal activity (Simpson & Amos 2017). Research on this compound has found 

that it is released by bee larvae parasites as a way to maintain their ecological niche 

when competing with local microbes (Müller 2014). It does not contribute to the killing of 

the larvae, just the competitors. Despite their proven activity, the research done on them 

is limited. Functional testing investigating their potential role will likely be undergone for 

the sake of thoroughness.  

Finally, putative biosynthetic genes for pigment molecules prodigiosin and 

anthraquinone (AQ-256/270a/284a) were present. Pigment molecules are known for 
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their bioactivity and cytotoxicity (Narsing Rao 2017). As this strain is of the Serratia 

genus, it was expected that genes for prodigiosin would be present, even if they were 

not actively expressed. On typical lab media used for challenges, LB, this strain is an 

off-white color, suggesting that prodigiosin is not produced or part of the antifungal 

mechanism. This strain does turn red on MEA, suggesting expression of prodigiosin 

requires specific compounds, but its antifungal capacity as measured in this study is 

separate from that. Further work on this strain will involve challenges on alternative 

media types to survey changes in antifungal activity that emerge as a result of 

prodigiosin expression or differing nutritional availability. As for the putative 

anthraquinone-producing genes, anthraquinones are used in industry for things like dye 

supplements and as redox catalysts in synthesis. There is very little biological research 

done on these molecules. Most of it is done on the greater class of molecules, 

polyketides, which are common natural products in plants and microbes. These have a 

wide range of activity and are known to inhibit fungal activity (Simpson & Amos 2017). 

Anthraquinone polyketides like the cluster that may be in Serratia 41 have the chemical 

and functional elements to be antifungal in nature but lack functional testing, which will 

be pursued by the Weiss and Martin lab members.  

Regardless of their level of similarity to known gene clusters or the relative 

potency of their antifungal properties, all of these putative gene clusters that produce 

secondary metabolites are avenues for further study. However, their presence in the 

genome is not enough to confirm them as agents of this protective mechanism. In 

addition to functional testing, it is necessary to confirm exactly what compounds are 

actively being produced in antagonistic conditions. This can be accomplished by matrix-
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assisted laser ionization time-of-flight imaging mass spectroscopy, or MALDI-TOF IMS. 

This technique can detect the organic molecules being produced by a culture in real-

time. This information is integral to confirming the protective mechanism, as it enables 

further work to be focused on only the metabolites that are actually produced, as 

opposed to the considerable list of candidates compiled in this study.  

 

References 

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., & Lipman, D. J. (1990). Basic local 
 alignment search tool. Journal of Molecular Biology, 215(3), 403–
 410. doi:10.1016/s0022-2836(05)80360-2  
Aziz, N. H. (2002). The role of chitinase of Serratia marcescens in controlling the 
 production of zearalenone by Fusarium graminearum. Acta Microbio. Pol., 51(2): 
 131-137.  
Bailly, C., Riou, J.-F., Colson, P., Houssier, C., Rodrigues-Pereira, E., & Prudhomme, 
 M. (1997). DNA Cleavage by Topoisomerase I in the Presence of 
 Indolocarbazole Derivatives of Rebeccamycin†. Biochemistry, 36(13), 3917–
 3929. doi:10.1021/bi9624898  
Becker, M. H., Brucker, R. M., Schwantes, C. R., Harris, R. N., & Minbiole, K. P. C. 
 (2009). The Bacterially Produced Metabolite Violacein Is Associated with Survival 
 of Amphibians Infected with a Lethal Fungus. Applied and Environmental 
 Microbiology, 75(21), 6635–6638. doi:10.1128/aem.01294-09  
Blin, K., Shaw, S., Steinke, K., Villebro, R., Ziemert, N., Lee, S. Y., … Weber, T. 
 (2019). antiSMASH 5.0: updates to the secondary metabolite genome mining 
 pipeline. Nucleic Acids Research, 47(W1), W81–W87. doi:10.1093/nar/gkz310  
Bush, J. A., Long, B. H., Catino, J. J., & Bradner, W. T. (1987). Production and 
 biological activity of rebeccamycin, a novel antitumor agent. The Journal of 
 Antibiotics, 40(5), 668–678. doi:10.7164/antibiotics.40.668  
Carbone, I., White, J. B., Miadlikowska, J., Arnold, A. E., Miller, M. A., Magain, N., … 
 Lutzoni, F. (2019). T-BAS Version 2.1: Tree-Based Alignment Selector Toolkit for 
 Evolutionary Placement of DNA Sequences and Viewing Alignments and 
 Specimen Metadata on Curated and Custom Trees. Microbiology Resource 
 Announcements, 8(29). doi:10.1128/mra.00328-19  
Chu, W., Vattem, D. A., Maitin, V., Barnes, M. B., & McLean, R. J. C. (2010). Bioassays 
 of Quorum Sensing Compounds Using Agrobacterium tumefaciens and 
 Chromobacterium violaceum. Quorum Sensing, 3–19. doi:10.1007/978-1-
 60761-971-0_1  
Deng, Y., Xu, H., Su, Y., Liu, S., Xu, L., Guo, Z., … Feng, J. (2019). Horizontal gene 
 transfer contributes to virulence and antibiotic resistance of Vibrio harveyi 345 



 Perotti 37 

 based on complete genome sequence analysis. BMC Genomics, 
 20(1). doi:10.1186/s12864-019-6137-8  
Ellis, G. P., Epstein, C., Fitzmaurice, C., Goldberg, L., & Lord, G. H. (1964). Antifungal 
  activity of some imidazole derivatives. Journal of Pharmacy and Pharmacology, 
  16(6), 400–407. doi:10.1111/j.2042-7158.1964.tb07482.x  
Fuqua, C., Parsek, M. R., & Greenberg, E. P. (2001). Regulation of Gene Expression by 
 Cell-to-Cell Communication: Acyl-Homoserine Lactone Quorum Sensing. Annual 
 Review of Genetics, 35(1), 439-468. doi: 
 10.1146/annurev.genet.35.102401.090913  
Gerard, F., Pradel, N., & Wu, L.-F. (2005). Bactericidal Activity of Colicin V Is Mediated 
 by an Inner Membrane Protein, SdaC, of Escherichia coli. Journal of 
 Bacteriology, 187(6), 1945–1950. doi:10.1128/jb.187.6.1945-1950.2005  
Guirao-Abad J. P., Sánchez-Fresneda, R., Valentín, E., Martínez-Esparza, M., 
 Argüelles, J. C. (2013). Analysis of validamycin as a potential antifungal 
 compound against Candida albicans. International Microbiology: the Official 
 Journal of the Spanish Society for Microbiology. 16(4):217-225. doi: 
 10.2436/20.1501.01.197. 
Gurevich, A., Saveliev, V., Vyahhi, N., & Tesler, G. (2013). QUAST: quality assessment 
 tool for genome assemblies, Bioinformatics, 29 (8): 1072-1075. doi: 
 10.1093/bioinformatics/btt086 
Gyles, C., & Boerlin, P. (2013). Horizontally Transferred Genetic Elements and Their 
 Role in Pathogenesis of Bacterial Disease. Veterinary Pathology, 51(2), 328–
 340. doi:10.1177/0300985813511131  
Hansen, A. K., & Moran, N. A. (2011). Aphid genome expression reveals host-symbiont   

cooperation in the production of amino acids. Proceedings of the National 
Academy of Sciences, 108(7), 2849–2854. doi:10.1073/pnas.1013465108  

Hauffe, H. C., & Barelli, C. (2019). Conserve the germs: the gut microbiota and adaptive 
 potential. Conservation Genetics. doi:10.1007/s10592-019-01150-y  
Jestoi, M., Rokka, M., Järvenpää, E., & Peltonen, K. (2009). Determination of Fusarium 
 mycotoxins beauvericin and enniatins (A, A1, B, B1) in eggs of laying hens using 
 liquid chromatography–tandem mass spectrometry (LC–MS/MS). Food 
 Chemistry, 115(3), 1120–1127. doi:10.1016/j.foodchem.2008.12.105  
Kalbe, C., Marten, P., & Berg, G. (1996). Strains of the genus Serratia as beneficial 
 rhizobacteria of oilseed rape with antifungal properties. Microbiological Research, 
 151(4), 433–439.doi:10.1016/s0944-5013(96)80014-0  
Kameda, Y., Asano, N., Matsui, K., Horii, S., & Fukase, H. (1988). Structures of minor 
 components of the validamycin complex. The Journal of Antibiotics, 41(10), 
 1488–1492. doi:10.7164/antibiotics.41.1488  
Kerr, J. R. (1999). Bacterial inhibition of fungal growth and pathogenicity. Microbial 
 Ecology in Health and Disease, 11(3), 129–142. doi:10.1080/089106099435709  
Kunert, J., Chmelík, P., & Bič, V. (1993). Fusarium solani: Invader of the ophidian eggs 
 of Elaphe guttata in captivity. Mycopathologia, 122(2), 65–68. 
 doi:10.1007/bf01103601 
Lauer, A., Simon, M. A., Banning, J. L., André, E., Duncan, K., & Harris, R. N. (2007). 
 Common Cutaneous Bacteria from the Eastern Red-Backed Salamander Can 



 Perotti 38 

 Inhibit Pathogenic Fungi. Copeia, 2007(3), 630–640. doi:10.1643/0045-
 8511(2007)2007[630:ccbfte]2.0.co;2  
Lerminiaux, N. A., & Cameron, A. D. S. (2018). Horizontal transfer of antibiotic 
 resistance genes in clinical environments. Canadian Journal of 
 Microbiology. doi:10.1139/cjm-2018-0275  
Li, P., Kwok, A., Jiang, J., Ran, T., Xu, D.,... Leung, F. (2015). Comparative Genome 
 Analyses of Serratia marcescens FS14 Reveals Its High Antagonistic Potential. 
 PloS one. doi:10.e0123061. 10.1371/journal.pone.0123061.  
Limborg, M., & Heeb, P. (2018). Special Issue: Coevolution of Hosts and Their 
 Microbiome. Genes, 9(11), 549. doi:10.3390/genes9110549 
Martin, M. O., Gilman, F. R., & Weiss, S. L. (2010). Sex-specific asymmetry within the 
 cloacal microbiota of the striped plateau lizard, Sceloporus virgatus. Symbiosis, 
 51(1), 97–105.doi:10.1007/s13199-010-0078-y  
Martin-Platero, A. M., Valdivia, E., Ruiz-Rodriguez, M., Soler, J. J., Martin-Vivaldi, M., 
 Maqueda, M., & Martinez-Bueno, M. (2006). Characterization of Antimicrobial 
 Substances Produced by Enterococcus faecalis MRR 10-3, Isolated from the 
 Uropygial Gland of the Hoopoe (Upupa epops). Applied and Environmental 
 Microbiology, 72(6), 4245–4249. doi:10.1128/aem.02940-05  
McFall-Ngai, M., Hadfield, M. G., Bosch, T. C. G., Carey, H. V., Domazet-Lošo, T., 
 Douglas, A. E., … Wernegreen, J. J. (2013). Animals in a bacterial world, a new 
 imperative for the life sciences. Proceedings of the National Academy of 
 Sciences, 110(9), 3229–3236. doi:10.1073/pnas.1218525110  
Miethke, M., Klotz, O., Linne, U., May, J. J., Beckering, C. L., & Marahiel, M. A. 
 (2006). Ferri-bacillibactin uptake and hydrolysis in Bacillus subtilis. Molecular 
 Microbiology, 61(6), 1413–1427. doi:10.1111/j.1365-2958.2006.05321.x  
Minic, Z., & Hervé, G. (2004). Biochemical and enzymological aspects of the symbiosis  
 between the deep-sea tubeworm Riftia pachyptila and its bacterial endosymbiont. 
  European Journal of Biochemistry, 271(15), 3093–3102.   

doi:10.1111/j.1432-1033.2004.04248.x  
Moreira, P. L., Barata, M. (2005). Egg mortality and early embryo hatching caused by 
 fungal infection of Iberian rock lizard (Lacerta monticola) clutches. The 
 Herpetological Journal, (15)4, 265-272.  
Morohoshi, T., Shiono, T., Takidouchi, K., Kato, M., Kato, N., Kato, J., & Ikeda, T. 
 (2007). Inhibition of Quorum Sensing in Serratia marcescens AS-1 by Synthetic 
 Analogs of N-Acylhomoserine Lactone. Applied and Environmental Microbiology, 
 73(20), 6339–6344. doi:10.1128/aem.00593-07  
Müller, S., Garcia-Gonzalez, E., Mainz, A., Hertlein, G., Heid, N. C., Mösker, E., … 
 Süssmuth, R. D. (2014). Paenilamicin: Structure and Biosynthesis of a Hybrid 
  Nonribosomal Peptide/Polyketide Antibiotic from the Bee Pathogen 
 Paenibacillus larvae. Angewandte Chemie International Edition, 53(40), 
 10821–10825. doi:10.1002/anie.201404572  
Narsing Rao, M. P., Xiao, M., & Li, W.-J. (2017). Fungal and Bacterial Pigments: 
 Secondary Metabolites with Wide Applications. Frontiers in Microbiology, 8. 
 doi:10.3389/fmicb.2017.01113   



 Perotti 39 

Ogasawara, H., Ohe, S., & Ishihama, A. (2015). Role of transcription factor NimR 
 (YeaM) in sensitivity control of Escherichia coli to 2-nitroimidazole. FEMS 
 Microbiology Letters, 362(1), 1–8. doi:10.1093/femsle/fnu013  
Oki, T., Kitamura, I., Yoshimoto, A., Matsuzawa, Y., Shibamoto, N., Ogasawara, T., … 
 Umezawa, H. (1979). Antitumor anthracycline antibiotics, aclacinomycin A and 
 analogues. I. Taxonomy, production, isolation and physicochemical properties. 
 The Journal of Antibiotics, 32(8), 791–800. doi:10.7164/antibiotics.32.791  
Olias, P., Gruber, A. D., Hafez, H. M., Lierz, M., Slesiona, S., Brock, M., & Jacobsen, I. 
 D. (2011). Molecular epidemiology and virulence assessment of Aspergillus 
 fumigatus isolates from white stork chicks and their environment. Veterinary 
 Microbiology, 148(2-4), 348–355. doi:10.1016/j.vetmic.2010.08.029  
Oliver, K. M., Smith, A. H., & Russell, J. A. (2013). Defensive symbiosis in the real world 
 - advancing ecological studies of heritable, protective bacteria in aphids and 
 beyond. Functional Ecology, 28(2), 341–355. doi:10.1111/1365-2435.12133  
Parry, Christopher M. (2003). Antimicrobial drug resistance in Salmonella enterica, 
 Current Opinion in Infectious Diseases: 16(5), 467-472.  
Patriquin, G. M., Banin, E., Gilmour, C., Tuchman, R., Greenberg, E. P., & Poole, K. 
 (2007). Influence of Quorum Sensing and Iron on Twitching Motility and Biofilm 
 Formation in Pseudomonas aeruginosa. Journal of Bacteriology, 190(2), 662–
 671. doi:10.1128/jb.01473-07  
Pop, M., Salzberg, S. L., & Shumway, M. (2002). Genome sequence assembly: 
 algorithms and issues. Computer, 35(7), 47–54. doi:10.1109/mc.2002.1016901  
Sarmiento-Ramírez, J. M., van der Voort, M., Raaijmakers, J. M., & Diéguez-Uribeondo, 
  J. (2014). Unravelling the Microbiome of Eggs of the Endangered Sea Turtle 
 Eretmochelys imbricata Identifies Bacteria with Activity against the Emerging 
 Pathogen Fusarium falciforme. PLoS ONE, 9(4), e95206. 
 doi:10.1371/journal.pone.0095206  
Schaefer, A. L., Greenberg, E. P., Oliver, C. M., Oda, Y., Huang, J. J., Bittan-Banin, G., 
  … Harwood, C. S. (2008). A new class of homoserine lactone quorum-sensing 
 signals. Nature, 454(7204), 595–599. doi:10.1038/nature07088  
Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics, 
 30(14), 2068–2069. doi:10.1093/bioinformatics/btu153  
Sehgal, S. N., Czerkawaski, H., Kudelski, A., Pandev, K., Saucier, R., & Vézina, C. 
 (1983). Ravidomycin (AY-25,545), a new antitumor antibiotic. The 
 Journal of Antibiotics, 36(4), 355–361. doi:10.7164/antibiotics.36.355 
Seki, Y., Nakamura, T., & Okami, Y. (1970). Accumulation of 2-Aminoimidazole by 
 Streptomyces eurocidicus. The Journal of Biochemistry, 67(3), 389–
 396. doi:10.1093/oxfordjournals.jbchem.a129262  
Simpson, D., & Amos, S. (2017). Other Plant Metabolites. Pharmacognosy, 267–
 280. doi:10.1016/b978-0-12-802104-0.00012-3  
Skaff, D. A., Ramyar, K. X., McWhorter, W. J., Barta, M. L., Geisbrecht, B. V., & 
 Miziorko, H. M. (2012). Biochemical and Structural Basis for Inhibition of 
 Enterococcus faecalis Hydroxymethylglutaryl-CoA Synthase, mvaS, by 
 Hymeglusin. Biochemistry, 51(23), 4713–4722. doi:10.1021/bi300037k  
Someya, N., Nakajima, M., Watanabe, K., & Akutsu, K. (2005). Synergistic Antifungal 
 Activity of the Culture Filtrates of Serratia marcescens Strain B2 and Chemical 



 Perotti 40 

 Fungicides against the Sclerotial Viability of the Rice Sheath Blight Pathogen, 
  Rhizoctonia solani. Biocontrol Science, 10(3), 97–100. doi:10.4265/bio.10.97  
Tomoda, H., Ohbayashi, N., Morikawa, Y., Kumagai, H., & Ōmura, S. (2004). Binding 
  site for fungal β-lactone hymeglusin on cytosolic 3-hydroxy-3-methylglutaryl 
 coenzyme A synthase. Biochimica et Biophysica Acta (BBA) - Molecular and Cell 
 Biology of Lipids, 1636(1), 22–28. doi:10.1016/j.bbalip.2003.11.005   
The UniProt Consortium. (2019) UniProt: a worldwide hub of protein knowledge, Nucleic 
 Acids  Research, 47(D1), D506–D515, doi:10.1093/nar/gky1049 
Van Veelen, H. P. J., Salles, J. F., & Tieleman, B. I. (2018). Microbiome assembly of 
 avian eggshells and their potential as transgenerational carriers of maternal 
 microbiota. The ISME Journal, 12(5), 1375–1388. doi:10.1038/s41396-018-0067-
 3  
Wang, Y., Li, P., Cao, X., Wang, X., Zhang, A., & Li, X. (2009). Identification and 
 expression analysis of miRNAs from nitrogen-fixing soybean nodules. 
 Biochemical and Biophysical Research Communications, 378(4), 799–803. 
 doi:10.1016/j.bbrc.2008.11.140  
Wang, Q., Garrity, G. M., Tiedje, J. M., & Cole, J. R. (2007). Naive Bayesian Classifier 
  for Rapid Assignment of rRNA Sequences into the New Bacterial Taxonomy. 
 Applied and Environmental Microbiology, 73(16), 5261-5267. doi: 
 10.1128/aem.00062-07  
Wang, X., Zhou, H., Chen, H., Jing, X., Zheng, W., Li, R., … Zhang, Y. (2018). 
 Discovery of recombinases enables genome mining of cryptic biosynthetic gene 
 clusters in Burkholderiales species. Proceedings of the National Academy of 
 Sciences, 201720941. doi:10.1073/pnas.1720941115  
Wick, R.R. (2018) Porechop: an adapter trimmer for Oxford Nanopore 
 reads. https://github.com/rrwick/Porechop. Accessed February 25, 2020. 
Wick, R.R., Judd, L.M., Gorrie, C.L., Holt, K.E. (2017). Unicycler: Resolving bacterial 
 genome assemblies from short and long sequencing reads. PLoS Comput Biol 
 13(6):  e1005595. https://doi.org/10.1371/journal.pcbi.1005595 
Winkelmann, G. (2002). Microbial siderophore-mediated transport. Biochemical Society 
  Transactions, 30(4), 691–696. doi:10.1042/bst0300691  
Woodhams, D. C., Vredenburg, V. T., Simon, M.-A., Billheimer, D., Shakhtour, B., Shyr, 
 Y., … Harris, R. N. (2007). Symbiotic bacteria contribute to innate immune 
 defenses of the threatened mountain yellow-legged frog, Rana muscosa. 
 Biological Conservation, 138(3-4), 390–398. doi:10.1016/j.biocon.2007.05.004  
Yu, X., Ai, C., Xin, L., & Zhou, G. (2011). The siderophore-producing bacterium, Bacillus 
 subtilis CAS15, has a biocontrol effect on Fusarium wilt and promotes the 
 growth of pepper. European Journal of Soil Biology, 47(2), 138–
 145. doi:10.1016/j.ejsobi.2010.11.001  
Zhou, H., Yao, F., Roberts, D. P., & Lessie, T. G. (2003). AHL-Deficient Mutants of 
 Burkholderia ambifaria BC-F Have Decreased Antifungal Activity. Current 
 Microbiology, 47(3), 174–179. doi:10.1007/s00284-002-3926-z  
 
 
 
 



 Perotti 41 

Appendix 
 
 
QIAquick PCR Purification protocol. All solutions and tubes used in this protocol are kit-
based. 1mL of overnight culture was spun down at 14,000 x g for ten minutes. The 
supernatant was discarded and the pellet resuspended in 800μL of Lysis Buffer. The 
suspension was transferred to a Bead Tube and supplemented with 100μL Lysis 
Enhancer. Tubes were then incubated at 65°C for 10 minutes and shortly after 
homogenized by horizontal bead-beating. The suspension was spun down at 14,000 x g 
for 2 minutes and then transferred to a clean Eppendorf tube. 900μL Binding Buffer was 
added and then the 700μL of the suspension was loaded onto the provided spin 
column-tube assembly. The assembly was spun multiple times to account for the full 
volume of the suspension. 500μL of Wash Buffer was added and the suspension spun 
down. After the flow-through was discarded, 100μL of Elution Buffer was used to elute 
the DNA from the filter. DNA was stored at 4°C prior to sequencing.  
 
 
ExoSAP purification protocol. Fungal PCR cleanup was done with Applied 
Biosystems™ ExoSAP-IT™ purification protocol. PCR tubes with product were first 
supplemented with water, bringing the total volume of each tube to around 20μL. 1μL of 
Exosap was added to each tube and pipetted to mix. The tubes were then run in the 
thermal cycler at 37°C for 1 hour and then 87°C for 10 minutes. Tubes were stored at 
4°C until they were shipped for sequencing.  
 
Gel Electrophoresis. Successful amplification was evaluated by gel electrophoresis. 3μL 
of sample was combined with 2μL of 400X SYBR Green™ dye and 1μL 10X loading 
dye and loaded onto the gel. Samples were run on a 1% agarose (Bio-Rad) gel at 85 
mV for 45 minutes. Gels were imaged with the Bio-Rad Gel Doc XR.  
 
Qubit Concentration Assessment. Samples were tested for adequate concentration 
using the Qubit® dsDNA HS Assay kit and solutions. Standards were prepared by 
mixing 190μL of the Qubit working solution with 10μL of their respective standard 
stocks. For clean PCR products, 2μL were added to 198μL of the working solution. All 
samples and stocks were then incubated in darkness for two minutes and kept covered 
until use. Concentration was measured using the Qubit® 3.0 Fluorometer.  
 
 
Media Preparation. Media is made by combining nutritional elements with water and 
then heating them in an autoclave to sterilize. For solid media, such as on plates, 2% 
bacteriological agar (Difco) is added. Media recipes used in this study are listed below.  

a. Luria Bertani (LB) 
i. tryptone...10g/L 
ii. NaCl….5g/L 
iii. yeast extract...5g/L 

b. Nutrient Broth (NB) 
i. mix (Difco) 
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c. Potato Dextrose Agar (PDA) 
i. potato starch...0.4g/L 
ii. dextrose...2g/L 

d. Malt Extract Agar (MEA) 
i. premix (Oxoid) 

 


