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 24 

Abstract 25 

 Molecular techniques continue to reveal a growing disparity between the immense 26 

diversity of microbial life and the small proportion that is in pure culture. The disparity, 27 

originally dubbed “the great plate count anomaly” by Staley and Konopka, has become even 28 

more vexing given our increased understanding of the importance of microbiomes to a host and 29 

the role of microorganisms in the vital biogeochemical functions of our biosphere. Searching for 30 

novel antimicrobial drug targets often focuses on screening a broad diversity of microorganisms. 31 

If diverse microorganisms are to be screened, they need to be cultivated. Recent innovative 32 

research has used molecular techniques to assess the efficacy of cultivation efforts, providing 33 

invaluable feedback to cultivation strategies for isolating targeted and/or novel microorganisms. 34 

Here, we aimed to determine the efficiency of cultivating representative microorganisms from a 35 

non-human, mammalian microbiome, identify those microorganisms, and determine the 36 

bioactivity of isolates. Molecular methods indicated that around 57% of the ASVs detected in the 37 

original inoculum were cultivated in our experiments, but nearly 53% of the total ASVs that 38 

were present in our cultivation experiments were not detected in the original inoculum. In light 39 

of our controls, our data suggests that when molecular tools were used to characterize our 40 

cultivation efforts, they provided a more complete, albeit more complex, understanding of which 41 

organisms were present compared to what was eventually cultivated. Lastly, about 3% of the 42 

isolates collected from our cultivation experiments showed inhibitory bioactivity against a 43 

multidrug-resistant pathogen panel, further highlighting the importance of informing and 44 

directing future cultivation efforts with molecular tools.  45 

Importance 46 
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Cultivation is the definitive tool to understand a microorganism’s physiology, 47 

metabolism, and ecological role(s). Despite continuous efforts to hone this skill, researchers are 48 

still observing yet-to-be cultivated organisms through high-throughput sequencing studies. Here, 49 

we use the very same tool that highlights biodiversity to assess cultivation efficiency. When 50 

applied to drug discovery, where screening a vast number of isolates for bioactive metabolites is 51 

common, cultivating redundant organisms is a hindrance. However, we observed that cultivating 52 

in combination with molecular tools can expand the observed diversity of an environment and its 53 

community, potentially increasing the number of microorganisms to be screened for natural 54 

products. 55 

 56 

Introduction 57 

 Molecular techniques and sequencing technologies have helped to describe many 58 

microbial communities and provide tools that allow us to study representative microorganisms 59 

and their activities without isolation. Application of molecular approaches to the study of 60 

microbiology have led to the discovery and characterization of rare biospheres of the most 61 

extreme environments (1) and enabled researchers to decipher the metabolic potential and 62 

activity of microorganisms from the human gut (2) to the bottom of the ocean (3). Now, changes 63 

in microbial community structure and function can be monitored with molecular techniques 64 

throughout the course of a disease (4) or with changing environmental conditions (5), such that 65 

we may begin to predict the roles of microbial populations and outcomes over time (6, 7).  66 

Isolating, or even just cultivating representative microorganisms is still considered the 67 

best means towards understanding their physiology, metabolism, and potential ecological roles, 68 

but this remains to be a major hurdle. The degree to which any microbial community is 69 
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represented in culture varies considerably. Since Staley and Konopka coined the term “great 70 

plate count anomaly” (8), numerous studies have sought to quantify the culturable organisms 71 

from various biomes (see (9) for a compiled list of most probable number (MPN) based 72 

approaches). A recent study estimated that 81% of all microbial cells on Earth belong to 73 

uncultured genera or higher classifications and about 25% of microbial cells are from uncultured 74 

phyla (9). Specifically, 26% of marine, 31% of host-associated, 31% of eutrophic lakes, and 30% 75 

of soil metagenomic sequences have cultured representatives at the family level (9). Not 76 

surprisingly, human associated microbiomes have more cultured representatives, likely affected 77 

by a focused effort (10). Sequencing technology has shed light onto the previously unknown 78 

diversity of the microbial world, outpacing our ability to cultivate these organisms by an 79 

estimated rate of 2.4- and 2.5-fold for bacteria and archaea, respectively (11).  80 

Efforts to isolate yet uncultured microorganisms have gathered momentum as researchers 81 

have begun to apply new technologies and innovations (12-14). Microbiologists routinely 82 

manipulate the composition of growth media and treatments of the inocula in order to increase 83 

the diversity of microorganisms represented in culture (e.g., (14-22)). As an example, treating an 84 

inoculum with ethanol can select for spore-forming bacteria by killing vegetative cells and 85 

leaving spores intact that would otherwise be overgrown and remain un-isolated (23). 86 

Furthermore, antioxidants in media can support the cultivation of both aerobic and anaerobic 87 

organisms, by using compounds that alleviate oxidative stress (24, 25). With the goal of this 88 

study being to cultivate many, different microorganisms, the approaches described above were of 89 

particular interest. We hypothesized that they would select for gut-associated bacteria; 90 

antioxidants would help mitigate oxygen stress for organisms best suited for microoxic or anoxic 91 

environments, and ethanol treatment would reduce the abundant vegetative cells, allowing us to 92 
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better access the many spore-forming taxa that reside in the gut.  93 

When cultivation approaches are coupled with molecular analyses, the total diversity and 94 

identity of cultivated taxa can be determined (26-28), and specific, targeted taxa can be detected 95 

(13). More recently, high throughput sequencing has made it possible to quantify exactly what 96 

proportion of the original sample has been cultivated (26, 29, 30). Studies using this approach 97 

showed that roughly 23% of microorganisms in bovine rumen fluid were cultivable in liquid 98 

enrichments (29), while 96% of those in human bronchoalveolar lavage samples (30), and 60% 99 

of those detected in/on American toads (26) were cultivated. A recent study characterized the 100 

microbial diversity within the same inoculum spread onto both high- and low-nutrient media by 101 

harvesting biomass on each plate and identifying all taxa present (26). Their approach built upon 102 

a previous study that sought to isolate abundant but yet-uncultured taxa using defined, low 103 

nutrient media and a PCR-based screening approach using group specific primers, termed plate-104 

wash PCR (PWPCR) (13). Medina et al. confirmed that low nutrient-media would allow for the 105 

growth of a more diverse subset of bacteria from the original sample and that molecular 106 

screening (i.e., 16S PWPCR) is a practical way to characterize the microbial community growing 107 

on an entire agar plate (26). This data is invaluable in identifying medium composition, inoculum 108 

treatments, and incubation conditions that can target certain taxa, or maximize the cultivated 109 

diversity for large-scale isolation efforts (see 16, 18).  However, these studies using solid agar 110 

plates may have overestimated diversity for some taxa by focusing on the relative abundance of 111 

taxa in their analyses (see Discussion). 112 

 Pure cultures have always been the “gold standard” for the in-depth study of 113 

microorganisms. The need for isolation is especially important when screening for the 114 

production of secondary metabolites for drug discovery. Historically, the process of isolating 115 
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microorganisms for drug discovery has relied mainly on high throughput cultivation efforts that 116 

increase the number of isolates being screened (e.g., (31-33)), enrich for bioactive production 117 

from known producers like Streptomycetes spp. (34), or focus on novel or rare taxa thought to 118 

have uncharacterized biosynthetic capabilities (35-37). We aimed to do the same by sampling a 119 

diverse, host-associated microbial community and cultivating them under conditions designed to 120 

obtain as many different organisms as possible through the use of different media types. 121 

Screening cultivated microorganisms with the broadest diversity is expected to provide the 122 

greatest chance of uncovering natural products that are novel drug targets. Previous studies have 123 

focused on extreme environments for novel natural products (38), but we expand on this idea to 124 

include non-human mammals. We predicted that this would increase the diversity of 125 

microorganisms and compounds screened for useful antimicrobial compounds and argue that the 126 

shared life-history between a host and its host-associated microbial communities may produce 127 

compounds that are relatively less cytotoxic to the host. This idea was originally supported by a 128 

survey of microbiomes collected from roadkill mammals, which produced two new cyclic 129 

lipodepsipeptides of pharmaceutical interest (33). 130 

 Here, we sought to use both general and selective media along with various treatments to 131 

the inocula to collectively enrich for as many different microorganisms as possible from the oral 132 

and gut microbiomes of a roadkill mammal (racoon). The goals for this study were to (i) 133 

compare the diversity of cultured bacterial communities on multiple types of media combined 134 

with various treatments of the inoculum, (ii) determine which media, treatments, or combination 135 

cultivated the highest richness of bacterial taxa, and (iii) determine how many isolates produced 136 

bioactive molecules against a panel of multi-drug resistant pathogenic microorganisms.  137 

 138 
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Materials and Methods 139 

Sample Collection and Storage 140 

A 3 mile stretch of Oklahoma State Highway 9 in Norman, OK between the University of 141 

Oklahoma, Norman campus and Lake Thunderbird was used for our opportunistic sampling area. 142 

This well-traveled highway runs through undeveloped prairie, scrub and forest, cattle ranches, 143 

and rural residential land, providing many mammalian roadkill specimens. Sample collection 144 

was conducted under Oklahoma Scientific Collector Permit #5250 (33). The oral cavity and 145 

rectum of a racoon (Procyon lotor) deceased less than 8 h was sampled in triplicate (n=3) with 146 

sterile, nylon swabs. To ensure equal biomass was collected for immediate sequencing and 147 

subsequent cultivation, two swabs were used to sample each orifice simultaneously (to increase 148 

amount of sample) and stored together in a sterile conical tube containing 3.0 mL 1X PBS, stored 149 

on ice, and immediately transferred back to the laboratory (under 45 minutes). At the laboratory, 150 

each set of swabs was vortexed to suspend cells. A 900 µL aliquot of the cell suspension 151 

intended for molecular analysis was centrifuged at 10,000 x g for 1 min, the supernatant was 152 

removed. The cell pellet was resuspended in 750 mL of BashingBead Buffer (Zymo Research 153 

Corp.) and transferred to BashingBead Lysis Tubes (Zymo Research Corp., Irvine, CA) prior to 154 

lysis through homogenization in a Mini-BeadBeater-8 (BioSpec Products Inc., Bartlesville, OK) 155 

at maximum speed for 45 seconds. Homogenized samples were then stored at -20˚C until needed 156 

for DNA extraction. For cultivation, the remaining 2.1 mL of the cell suspension for each sample 157 

was serially diluted with PBS. Aliquots of 50 µL from the 100-10-6 dilutions were spread onto 13 158 

different media/treatment combinations (see Table S1). This 2.1 mL volume represented the 159 

exact amount needed for cultivation with no suspension left over so that the 100 dilution was not 160 

diluted and represented the surface area of the swab. In all, each inoculum was spread onto the 161 
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agar media, in triplicate, for each media type and incubated for 6 days at 30˚C.  162 

 163 

Culture-Dependent Bacterial Community Analysis 164 

Cultivation was conducted with a combination of broad-spectrum media with decreased 165 

nutrients and selective media in order to “cast a wide net” and maximize the cultivable diversity 166 

of each inoculum (see quasi-factorial design in Table S1). The media used included 0.1X 167 

strength tryptic soy broth (Bacto, USA) with 1.5% agar, ROXY and derivatives with hemin (0.1 168 

g/L) and alpha-ketoglutarate (2.0 g/L) (25), 0.25X strength R2A medium (15), and blood agar 169 

(per L: 10.0 g meat extract, 10.0 g peptone, 5.0 g sodium chloride, 15 g agar, 5% sheep’s blood 170 

(ThermoFisher, USA), pH 7). To date, this is the first instance using ROXY medium and plate-171 

wash PCR techniques. In addition to different media types, one variation included the 172 

pretreatment of the inocula for 4 hours in 70% ethanol at 22-24˚C (23). Catalase (40,000 U/L) 173 

was added as a treatment to TSA, ROXY and R2A to remove peroxides produced during 174 

autoclaving (19, 20). The last treatment included the addition of streptomycin at 50 mg/L as a 175 

broad spectrum selection agent against Gram-negative and some Gram-positive species (39).  176 

To test which combinations of media and treatments resulted in cultivated communities 177 

that represented the diversity observed in the original sample, we grew each inoculum (mouth or 178 

rectum) on each combination of media/treatment types and sequenced the resulting biomass. 179 

 180 

Collection of Total Biomass from Agar Plates, DNA Extraction and PCR (PWPCR) 181 

Biomass was harvested from each agar plate in order to identify the microorganisms 182 

present and to compare this to culture-independent analyses of the inoculum. The biomass from 183 

each agar plate was harvested by adding 2.0 mL of PBS to the surface of the plate and 184 
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suspending the colony biomass by agitation with a sterile spreader. The suspended colony 185 

biomass was collected and transferred to a 2.0 mL microcentrifuge tube, pelleted at 10,000 x g 186 

for 1 min, and resuspended in 750 uL of BashingBead Buffer (Zymo Research Corp.). Each 187 

sample was transferred to a BashingBead Lysis Tube (Zymo Research Corp.) and homogenized 188 

for 45 seconds at maximum speed using a Mini-BeadBeater-8 (BioSpec Products Inc., 189 

Bartlesville, OK). The lysed samples were stored at -20˚C until DNA was extracted. 190 

 191 

DNA Extraction and Sequencing 192 

Before DNA extraction, each sample was thawed on ice and homogenized for 30 seconds 193 

at maximum speed using a Mini-BeadBeater-8 (BioSpec Products Inc., Bartlesville, OK). DNA 194 

was extracted according to manufacturer specifications using the Zymo Quick-DNA 195 

Fungal/Bacterial Miniprep kit (Cat# D6005, Zymo Research Corp., Irvine, CA). For community 196 

characterization, a conserved region of the SSU rRNA gene of most bacteria, archaea, and 197 

eukarya was amplified using primers 515F-Y and 926R (40) via the following PCR protocol: 198 

initial denaturation at 94˚C for 2 min, followed by 30 cycles of denaturation at 94˚C for 45 s, 199 

annealing at 50˚C for 45 s, and extension at 68˚C for 90 s, with a final extension at 68˚C for 5 200 

min. These primers produced two amplicons, a ~400 bp fragment for bacteria and archaea, and a 201 

600 bp fragment for eukaryotes. The forward primer 515F-Y (5’-GTA AAA CGA CGG CCA 202 

G CCG TGY CAG CMG CCG CGG TAA-3’) contains the M13 tag (underlined) fused to the 5’ 203 

end of the forward primer (41). The reverse primer 926R (5’-CCG YCA ATT YMT TTR AGT 204 

TT-3’) was unmodified from Parada et. al 2015. Each PCR contained 5 PRIME HOT master mix 205 

(1X; 5 PRIME Inc., Gaithersburg, MD), 0.2 µM of each primer, and 3.0 µL of extracted DNA at 206 

a final volume of 50 µL. The amplified fragments were purified using Sera-Mag magnetic beads 207 
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(GE) with the AmPureXP (Beckman Coulter) protocol at a final concentration of 1.8x v/v. After 208 

purification, 3 µL of each PCR product, 1x 5 PRIME HOT master mix (Quantabio, 209 

Massachusetts, USA), 0.2µM of the 926R primer, and 0.2 µM of a specific 12 bp oligonucleotide 210 

was used in a separate barcoding PCR (6 cycles) in 50 µL reactions to attach a unique barcode to 211 

amplicons of each library. The same thermocycler protocol was used as above but only run for 6 212 

cycles. The now barcoded amplicons were purified using Sera-Mag (GE) beads with the 213 

AmPureXP (Beckman Coulter) protocol to a final volume of 40 µL, quantified using the QuBit 214 

HS DS DNA assay kit (Thermo Fisher Scientific Inc., Waltham, MA), and pooled in equimolar 215 

amounts. The pooled, barcoded amplicon libraries were then concentrated to a final volume of 40 216 

µL (209 ng/ µL) with an Amicon-Ultra filter (Millipore, Burlington, MA, USA) following 217 

manufacturer’s protocol. The combined amplicon libraries were denatured according to Miseq 218 

library preparations protocol (Illumina, San Diego, CA, USA). The sample was loaded at a 219 

concentration of 10 pM and sequenced using 2x250 paired-end strategy on the Miseq (Illumina 220 

San Diego, CA, USA) platform for 251 cycles.  221 

 222 

ASV Inference and Bacterial Community Characterization 223 

Barcodes from raw SSU rRNA amplicon sequences were removed and demultiplexed 224 

using QIIME v 1.9.1 (42). Demultiplexed reads were trimmed for adapters and quality filtered as 225 

a part of the dada2 pipeline (43) and amplicon sequence variants (ASVs) were inferred using the 226 

forward reads (203 bp). Taxonomy was assigned using the SILVA database v32 (44, 45). The 227 

final dataset consisted of ~1.7 million reads resulting in 463 ASVs with a median of 17,347 228 

sequences per sample (min = 132, max= 266,678).  229 

 230 
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Data Availability: Sequence data has been deposited at NCBI’s Sequence Read Archive (SRA) 231 

database under accession number PRJNA675861.  232 

 233 

Data Analysis 234 

Community diversity was analyzed using the phyloseq (46) and vegan (47) packages in 235 

R. Relative abundance was only used to directly assess the diversity of the original inocula. 236 

Presence/absence and richness were used as the main metrics to compare cultivated samples 237 

because of the variation in biomass (i.e. colony size) between microbial colonies on and between 238 

agar plates. Also, because of the sampling procedure with duplicate swabs used in triplicate, the 239 

data from the molecular control was pooled for analysis since the variability in swabbing would 240 

be different than the variability of triplicates resulting from cultivation. 241 

Alpha diversity was calculated using richness of ASVs, while beta diversity was 242 

measured with non-metric multidimentional scaling (NMDS) using Jaccard distances. Statistical 243 

comparisons across media types, treatment, and orifices where done using permanova with the 244 

adonis2 function in the vegan package (47). Due to the nestedness of orifice and cultivation 245 

conditions, orifice was used as a strata or fixed factor, and media and treatment were used as 246 

predictor variables (~media*treatment). Communities were also compared without using orifice 247 

as a fixed factor to capture any influence that orifice could have on the cultivable communities. 248 

To fully understand the significance described in the permanova, a permdisp with the betadisper 249 

function in vegan was used to describe any within sample variance (i.e. across replicate agar 250 

plates) that could explain any significant differences detected in the permanova. Hypothesis 251 

testing via anova with permutations (n=999) was used with permdisp to determine any 252 

significant differences in variation within samples.  253 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 24, 2020. ; https://doi.org/10.1101/2020.11.19.390864doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.19.390864


12 

 To identify certain ASV families more associated with an orifice, medium, or treatment, a 254 

species indicator analysis was performed using the indicspecies package (permutations = 999) 255 

(48, 49).  256 

 257 

Bioassays and Isolate Identification 258 

 Colonies were selected for isolation based on morphology, with the intent of sampling as 259 

many different colony morphologies as possible. From average of 8.1 x 1010 CFUs/mL cultivated 260 

across all medium types and dilutions, a total 238 colonies were chosen for isolation based on 261 

differential colony morphology from the mouth and rectum on a subset of the media types (0.1X 262 

TSA, ROXY with alpha-ketoglutarate and hemin, and 0.25X R2A). To determine bioactivity, 263 

soft agar overlays in 0.1X TSA (0.8% agar) were used to test for growth inhibition of a panel of 264 

drug-resistant pathogens (Klebsiella pneumonia ATCC# 13883, Enterococcus faecium ATCC# 265 

51559, Pseudomonas aeruginosa ATCC# 10145, and Candida albicans ATCC# 565304). To 266 

prepare for the bioassay, pathogens were incubated overnight, shaking at 250 rpm at 30°C, in 267 

0.1X tryptic soy broth (TSB) (Bacto, USA). A 400 µL aliquot of each pathogen was used to 268 

inoculate 3.6 mL of molten TSA soft agar (at 55 ºC), mixed, and immediately poured onto a 269 

0.1X TSA agar plate for a final overlay volume of 4 mL. Colony material from each isolate was 270 

transferred to the bioassay plate with a sterile toothpick by etching an ‘X’ into the overlay. The 271 

inoculated bioassay plates were incubated at 30 ºC for 24 hours. Inhibition of the pathogen in the 272 

overlay was characterized by a zone of clearing surrounding the isolate (Figure S1). For 273 

cryopreservation, each isolate was grown in 5 mL of 0.1X TSB in a 16 x 150 mm test tube 274 

shaking at 250 rpm for 48 h. An aliquot of 800 uL of the culture was transferred to a 2 mL screw 275 

cap tube, along with 200 uL of 80% glycerol, for a final concentration of 20% glycerol. After 276 
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mixing by vortex for 30 s, it was then stored at -80ºC. 277 

 Partial SSU rRNA sequences were used to identify each isolate. Genomic DNA was 278 

extracted from each isolate using QuickExtract (Lucigen, Wisconsin, USA) according to 279 

manufacturer’s protocol from the above mentioned 0.1X TSB cultures. The SSU rRNA gene was 280 

amplified using primers 8F (3’-ATGC-5’) and 1492R (3’-ATGC-5’) at a concentration of 0.2 281 

μM, 1x 5 PRIME HOT master mix (Quantabio, Massachusetts, USA) , and 2.0 μL of DNA 282 

template per 50 μL reaction via the following PCR protocol: initial denaturation at 94˚C for 2 283 

min, followed by 30 cycles of denaturation at 94˚C for 30 s, annealing at 55˚C for 45 s, and 284 

extension at 72˚C for 45 s, with a final extension at 72˚C for 10 min. Amplified fragments were 285 

purified using Sera-Mag magnetic beads (GE) with the AmPureXP (Beckman Coulter) protocol 286 

at a final concentration of 1.8x v/v. Purified amplicons (a total of 192 samples) were sent for 287 

Sanger sequencing using the 8F primer (Genewiz, New Jersey, USA). Resulting sequences and 288 

chromatograms were assessed for quality using IGV (50). Sequences with low quality (< Q20) 289 

were removed, low quality ends were trimmed with MEGA X  (51), and the final sequences were 290 

identified using the SILVA v. 132 classifier online server (44). A total of 117 isolates had 291 

suitable reads and met quality thresholds for taxonomic identification. 292 

 293 

Results 294 

 295 

Cultivated Microbial Diversity Differed Between Orifice and Cultivation Condition 296 

 As expected, a library of SSU rRNA genes from the original inocula showed that it had 297 

higher richness (alpha diversity) than the cultivated organisms from both orifices (Figure 1). The 298 

microbial community sampled from the rectum had higher overall richness (153 ASVs) 299 
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compared to that of the mouth (86 ASVs) (Figure 1). Overall, we were able to cultivate 57.3% of 300 

the ASVs detected in the inocula (58.1% from the mouth and 57.5% from the rectum). 301 

Interestingly, about half (52.7%) of the ASVs detected from the cultivation experiments were not 302 

represented in either library from the inocula (i.e. molecular control) (Figure 2). The number of 303 

ASVs detected on a certain medium or treatment differed between orifices. For instance, 304 

cultivation on TSA medium treated with catalase resulted in only 29 ASVs from the rectum 305 

inoculum compared to around 70 different ASVs from the mouth. The fewest number of ASVs 306 

was detected on the ROXY medium amended with alpha-ketoglutarate and hemin from both the 307 

mouth and rectum. The cultivated beta diversity differed based on orifice and cultivation 308 

condition. Specifically, community structure differed based on orifice and treatments, more so 309 

than base medium type (Figure 3). Differences in the cultivated community composition and 310 

diversity between medium and treatment confirmed that, collectively, using different cultivation 311 

techniques increased the number of organisms cultivated from each inoculum.  312 

 313 

Selective Treatments Increased Cultivated Richness Compared to Media Type or Orifice 314 

 An indicator species analysis was used to determine which microbial families were 315 

significantly associated with certain conditions. A total of ten families were identified to be 316 

significantly (p < 0.05) associated with orifice, media type, and/or treatment. Only one family, 317 

Aeromonadaceae was significantly associated with a particular orifice, the mouth. This family 318 

was also the only family significantly (p = 0.001) associated with a certain base medium type, 319 

ROXY (Table 1). Treatment of the medium and/or the inoculum selected for the most diverse set 320 

of indicator species, with a total of 9 families significantly (p < 0.05) associated with a certain 321 

treatment or treatments (Table 1). Certain bacterial families like Staphylococcaceae and 322 
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Paenibacillaceae were associated with the ethanol pretreatment of inocula, whereas the 323 

Wohlfarhtimonodaceae and Metaschinikowiceae were more associated with the addition of 324 

streptomycin to media (Table 1). 325 

Despite some unique taxa being associated with certain conditions, much of the cultivable 326 

microbial diversity was shared between the mouth and the rectum (Figure 4), indicated by the 327 

lack of significant differences in community structure described by the permanova and permdisp 328 

analyses (discussed below). Based on molecular analyses, 27 families where shared between the 329 

mouth and rectum before cultivation, while 6 families were unique to the mouth and 6 families 330 

were unique to the rectum. Negative cultivation controls (e.g., PBS) yielded no growth, 331 

supporting the assumption that any biomass collected from plates originated from the inoculum. 332 

Lastly, our cultivation experiments led to the detection of 18 families from the mouth and 8 333 

families from the rectum that were not detected with direct molecular analysis of the inoculum. 334 

This accounted for around half (52.7%) of the ASVs detected during cultivation (Figure 2). This 335 

could be explained by differences in biomass and growth characteristics not being captured by 336 

sequence data from the inocula (discussed below). 337 

 338 

The Raccoon Microbiome Contained Cultivable Bioactive Bacteria 339 

 A total of 238 isolates were collected from a subset of media (0.25X R2A, 0.1X TSA, 340 

and ROXY with alpha-ketoglutarate and hemin). Many of these isolates were expected to be 341 

redundant, since the diversity of the initial inoculum was low (Figure 1). This was confirmed 342 

with many isolates redundant at the genus level and the majority of the identifiable isolates 343 

belonging to genera Serratia (34.2%) and Klebsiella (17.9%) (Figure S2). Each of the 238 344 

isolates was assayed for antimicrobial activity against a panel of multi-drug resistant pathogens. 345 
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A total of 7 isolates showed antimicrobial activity, identified as a zone of clearing of one of the 346 

antibiotic resistant panel organisms. This equated to a ~3% “hit” rate against already resistant 347 

organisms. Six of these isolates were recovered from the mouth, while one, a Bacillus sp., was 348 

recovered from the rectum. Three isolates were recovered from R2A, 3 from TSA and 1, an 349 

Enterobacteriaceae sp., from ROXYakgh. Three showed activity against Klebsiella pneumonia, 350 

three against Enterococcus faecium, and one, a Pseudomonas sp., against Candida albicans. Five 351 

of the isolates were identified by partial 16S rRNA sequence identity (Table 2).  352 

 353 

The Composition of Cultivated Taxa was Highly Variable 354 

Due to the nestedness of this experiment (i.e. taxa observed during cultivation theoretically 355 

would be observed in sequencing), the stratification of taxa based on sampled orifice was 356 

corrected for hypothesis testing with permanova by defining orifice as a stratum in the adonis2 357 

function in the vegan package (47). The majority of the explained variation and significant 358 

differences in cultivated taxa were due to treatment of the inoculm or medium type (F= 2.44, R2 359 

= 0.12, p = 0.001), while base medium type alone explained only ~5% of the observed variation 360 

(F= 1.54, R2 = 0.05, p = 0.002)(Figure 5). The interactions of base medium and treatment only 361 

explained ~6% of the variation (F= 1.52, R2= 0.06, p= 0.208). An analysis of variances 362 

(permdisp) was used to determine if any significance was driven by a dispersion effect rather 363 

than a location effect for orifice, base medium type, treatments, and medium+treatments. Mean 364 

distances to centroids did not differ significantly for orifice (F=0.69, p=0.41; Mouth 0.51; 365 

Rectum 0.53) or medium+treatment (F= 1.38, p=0.20; TSA=0.47, TSAcatalase=0.52, 366 

TSAstrep=0.51, TSAethanol=0.45, R2A=0.44, R2Acatalase=0.47, R2Aethanol=0.45, 367 

Blood=0.45, Bloodethanol=0.50, Bloodstrep=0.53, ROXY=0.48, ROXYcatalase=0.49, 368 
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ROXYgh=0.52), meaning little inter-sample variation was detected between replicates. In 369 

contrast, the mean distances did differ for treatment (F=3.3, p=0.02; alpha-370 

ketoglutarate+hemin=0.52, no treatment (base)=0.50, catalase=0.53, ethanol=0.49, 371 

streptomycin=0.56 ) and base medium type (F=4.4, p=0.01; Blood=0.56, R2A=0.50, 372 

ROXY=0.53, TSA=0.55 ). The significance in dispersion within the treatment and media could 373 

correspond to the significance in permanova results, where much of the variation explained in 374 

the permanova may be due to the intrinsic variability and stochasticity among replicates of the 375 

same inoculum.  376 

  377 

Discussion  378 

 We used mouth and rectal samples from a roadkill mammal (raccoon, Procyon lotor) to 379 

(1) compare the diversity of cultured bacterial communities on multiple media types and/or 380 

treatments of the inoculum, (2) determine which media/treatments cultivated the highest richness 381 

of bacterial taxa, and (3) determine if any isolated organisms produced bioactive molecules 382 

against a drug resistant pathogen panel. The occurrence of antimicrobial resistance is increasing 383 

at a faster rate than new therapies are entering the market (52, 53). Since nearly two-thirds of our 384 

current antimicrobial drugs are linked to microorganisms (52, 54), one of our goals was to 385 

cultivate a diverse array of bacteria from a non-human mammalian microbiome and screen these 386 

isolates for the production of antimicrobial metabolites. Growing microbial populations in the 387 

laboratory that are representative of the overall microbial diversity within an inoculum continues 388 

to be a major limitation for the field of microbiology. Here, we sought to use a combination of 389 

selective medium types and treatments of the inocula that might enrich for certain groups present 390 

in the oral and gut microbiomes of a roadkill racoon. In order to capture a more comprehensive 391 
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sample of microbial diversity, we used high-throughput sequencing of 16S rRNA gene amplified 392 

libraries to characterize the original inocula and the cultivated populations that were washed 393 

from the surface of agar media.   394 

We anticipated finding a significantly lower percentage of cultivable organisms relative 395 

to the molecular-based measures of diversity from each orifice, which we described as the 396 

cultivated percentage. We also anticipated that the identity of recovered taxa would be similar 397 

between media types and even orifices. The differences between organisms cultivated on 398 

different media, from different orifices was low. However, when observing the significance 399 

described in the permanova and permdisp, the percentage of explained variation was low. This 400 

suggested that the stoichiometry of diverse and variable inocula could play a large part in the 401 

outcome of this and any similar cultivation experiment. Based on the low percentage of 402 

explained variation, we also approached this data set from the perspective of the unobserved or 403 

residual variation, such that some of this discussion will aim to pose questions about what makes 404 

cultivation so difficult. Overall, we observed that cultivation yielded not just a fraction of what is 405 

detected in sequence data, but rather expanded the total diversity observed in the original sample. 406 

 407 

Cultivation can be optimized at large scales 408 

 Convergence of microbial communities occurred between the mouth and rectum for both 409 

the molecular samples and the cultivated communities. This was expected since as an animal 410 

undergoes decomposition, the microbial diversity decreases, especially in rectal communities 411 

(55), and becomes dominated by only certain taxa, namely Proteobacteria (56). In our samples, 412 

despite being a single time point roughly 8 hours after death, the mouth was dominated by 413 

Proteobacteria while the rectum samples contained mostly Firmicutes, Proteobacteria, and 414 
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Bacteroides (Figure S3). Overall, about 87% of the microbial families detected in the molecular 415 

controls were shared between the mouth and rectum. This increase in shared taxa was also 416 

expected, as the proportion of cultivable organisms was expected to be lower (57) and the 417 

differences in diversity would not be detected through the selection of cultivability. Because of 418 

the small proportion of molecularly characterized microorganisms that are routinely recovered in 419 

the laboratory, we employed multiple variations in cultivation, like medium type and inoculum 420 

treatments to “cast a wider net.” 421 

Treatments selected for organisms that can withstand ethanol stress (e.g., spore-formers), 422 

or were streptomycin resistant. These had a greater effect on the cultivable diversity compared to 423 

changes in base medium alone, likely because the base media shared many of the same 424 

oxidizable substrates (see media recipes in methods section). It was logical to hypothesize that 425 

the inoculum exposed to selective treatments could have decreased cultivated richness compared 426 

to the same inoculum on an untreated medium of the same type, since the selective agent would 427 

inhibit the growth of a portion of the population. Instead, the cultivable richness and diversity 428 

varied for the same treatments on different base medium types and between orifices (Figure 1 429 

and Figure 5). This could be due to the treatments selecting for specific groups of taxa (i.e. 430 

antibiotics) or creating an environment where certain taxa were able to out-compete on non-431 

selective medium (i.e. low nutrients, increased incubation and slow growers) (17). Specifically, 432 

medium amended with catalase or streptomycin and inocula treated with ethanol resulted in 433 

cultivated organisms not identified on other plates, or even the molecular controls in some cases 434 

(Figure 4). One possible explanation would be that this was due to the inherit stochasticity 435 

associated with cultivation (discussed below). Despite the variability, we were able to cultivate 436 

roughly 57% of the species richness observed with molecular approaches. Previous studies 437 
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measuring cultivation success with high-throughput sequencing have reported similar levels of 438 

cultivable richness from the skin of toads (~60%) (26) and rumen fluid (23%) (29). Medina et al. 439 

(2017) reported greater variation in cultivability between inocula (different animals). Our data 440 

showed that more variability in cultivated taxa was observed between selective additions to the 441 

medium or treatments of the inocula (Figure 5), and not the inocula (different orifices) (Figure 442 

3). Similar to Zehavi et al, (2018), different medium types and treatments increased the 443 

cultivable proportion of the original sample.  444 

  445 

Bioactivity and phylogenetic diversity of isolates 446 

 The research reported here was based on previous success of using roadkill mammals as a 447 

source of antimicrobial-producing microorganisms (33). Our intent was to quantify and broaden 448 

the diversity of cultivated bacteria by the addition of various media and treatments. This affect 449 

was measured by using plate-wash PCR and SSU rRNA gene sequencing. Simultaneously, 450 

colonies were also picked for isolation from replicate plates (n = 3), identified through SSU 451 

rRNA sequencing, and screened for antimicrobial production. Overall, 7 of the 238 recovered 452 

isolates showed bioactivity against the antibiotic-resistant pathogen panel, resulting in a ~3% hit 453 

rate. A total of five bioactive isolates were successfully sequenced and met our quality control 454 

standards described in the methods. Three belonged to the phylum Proteobacteria (class 455 

Gammaproteobacteria) and two belonged to the phylum Firmicutes. Two isolates were identified 456 

as a Bacillus sp. and a Pseudomonas sp., both genera known to contain species that produce 457 

bioactive compounds (33, 58-61).  Interestingly, the isolates identified as an Enterococcus sp. 458 

and Klebsiella sp. showed inhibitory activity to a member of its own genus, Enterococcus 459 

faecium and Klebsiella pneumonia, respectively. This finding was consistent with the hypothesis 460 
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that closely-related organisms often have a negative effect on each other due to resource overlap 461 

(62), which has been demonstrated for these genera (63). In addition, some populations could be 462 

making antimicrobials, like bacteriocins, that effect close relatives (64).  463 

 464 

Cultivation Yields Complex Data 465 

The cultivation and isolation of many organisms at once can be incredibly laborious. New 466 

technologies and approaches can help increase throughput, which is necessary to overcome the 467 

re-isolation of abundant, common, and easy to cultivate organisms. However, it is still important 468 

to be able to assess the efficacy of any cultivation effort. Unfortunately, we uncovered an 469 

intrinsic property of cultivation that is not readily realized unless assessed at a large scale, 470 

variability. Here, we did not detect the same cells (e.g., colonies measured in PWPCR) 471 

consistently growing on replicate plates (Figure S4).  472 

 Neither differences in cultivation strategy nor orifice sampled could explain the majority 473 

of the observed variation in community structure (Figure 5). We can attribute unexplained 474 

variance (i.e. residuals) observed between communities (i.e. beta diversity) to stochastic effects 475 

of cultivation, but that is not fundamentally measurable in this case. We can speculate that 476 

randomness would play a role in cultivation as samples are diluted (27, 29) or the spatial 477 

heterogeneity of the inoculum is altered, as demonstrated on a much larger scale using leaf litter 478 

(65). In these instances, we could expect different inocula resulting in different assemblages of 479 

cultivated organisms. We also know that microorganisms immobilized on an agar surface are 480 

still able to interact through motility or diffusion of metabolites, making certain competitive 481 

adaptations more advantageous (64). In this experiment, the agar media allowed physical 482 

separation of individual cells in the inocula and constrained microbial populations to form 483 
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colonies, potentially forcing interactions with neighboring colonies that could result in 484 

competition and inhibition of growth through secondary metabolite production (64). The 485 

randomness of which populations are in close proximity to one another could play a role in 486 

which members will thrive from the same inoculum source, affecting the outcome of which taxa 487 

are cultivated (66). 488 

Cultivation on agar plates warrants special consideration when discussing diversity. The 489 

relative distribution of populations on an agar surface affects their prevalence and the overall 490 

composition of the cultivated community. Further, the physiology and colony morphology of 491 

each population dictates their prevalence and that of the surrounding populations on an agar 492 

surface. Colony size, especially surface area, is impacted by traits such as growth rate, surface 493 

motility (i.e., gliding motility, swarming), presence of inhibitory metabolites, and the availability 494 

of resources. These differences in biomass distribution were important when deciding how to 495 

measure diversity, a critical metric for assessing cultivation on an agar surface. Unlike liquid 496 

cultures, varying biomass (i.e. colony size) from different taxa that might produce an equal 497 

number of colonies can over-estimate the relative abundance of that taxon, studies relying on 498 

relative abundance to characterize diversity should consider this (26, 30). If a population (A) has 499 

more proficient growth and forms a larger colony than population (B), DNA extracted from each 500 

population would indicate that taxon A was more abundant in the original inoculum, incorrectly 501 

representing the evenness of the original inoculum. This is especially true when relative 502 

abundance is calculated based on equimolar DNA concentration during library prep. To mitigate 503 

any biased evenness, species richness and Jaccard distances was used to measure alpha and beta 504 

diversity, respectively. 505 

 In this data set, about half of the ASVs detected after cultivation were not detected in the 506 
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molecular controls. This same phenomenon was observed by Zehavi et al. 2018 when cultivated 507 

rumen OTUs outnumbered the OTUs detected in the original rumen sample and its dilutions 508 

(1,012 out of 1,698) (29). This discrepancy may speak to the power of cultivation relative to the 509 

power of direct molecular analyses in describing the diversity of a community. However, both of 510 

these approaches come with their own caveats. Cultivation makes assumptions about an 511 

organism’s ability to grow in the laboratory, while sequencing is dependent on methodology, 512 

sequencing chemistry and sampling depth. In this study, rarefaction curves indicated that 513 

sequencing efforts were sufficient (Figure S5). One potential explanation for the large proportion 514 

of ASVs not detected in the controls could be that in combination with the different media and 515 

treatments, we were able to give some of the less abundant microorganisms a growth advantage. 516 

For example, two families, Wohlfarhtimonodaceae and Metaschinikowiceae, were more 517 

associated with the addition of streptomycin to media (Table 1), and not detected in the 518 

molecular controls (Figure 4). Streptomycin may have selected against the more abundant or 519 

more competitive organisms, allowing taxa from these families to grow.  520 

 521 

Cultivation is critical to answer broad challenges of microbial ecology like deciphering 522 

microbial metabolisms or specific challenges like obtaining new isolates for antibiotic discovery. 523 

The study of pure cultures remains the best approach to comprehensively describe an organism’s 524 

physiological and metabolic properties, and efforts to optimize cultivation strategy have proven 525 

successful (13, 14, 16, 18, 21, 23, 28, 67-69). Our data adds to previous studies (26, 29) that also 526 

sought to assess how medium type and treatment could increase cultivated diversity, but adds the 527 

goal of “casting a wider net” to increase the diversity of bioactive isolates. We were able to add 528 

to our library of bioactive isolates and show that microbiomes from roadkill mammals are a 529 
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useful source of bioactivity, as observed in Motley et al 2017. Lastly, we showed that through a 530 

thoughtful cultivation approach driven by bulk molecular analysis of cultivated taxa, we could 531 

cultivate a larger proportion of the diversity within an inoculum and even taxa not detected in the 532 

molecular controls. This work adds to the growing assessment of cultivation strategies using 533 

newer tools, like high-throughput sequencing, and shows how these methods can be applied to 534 

drug discovery efforts. Cultivation is influenced by many factors, and this work highlights some 535 

of those intricacies, like variability and stochasticity. Cultivation is complex and challenging but 536 

cultivating in combination with molecular tools can expand the observed diversity of an 537 

environment and its community.  538 
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 553 

 554 

Tables and Figures 555 

Figure 1:  Alpha diversity of the mouth and rectum. For the controls, richness, measured using 556 

ASVs, was higher in the rectum than the mouth. For cultivated communities, richness varied 557 

based on medium type and treatment. Points represent each medium or treatment type, indicated 558 

by color (n=3). Molecular 16S/18S refers to the directly sequenced inoculum sample (n=3).  559 

 560 

Figure 2: Distribution of ASVs between cultivation and molecular controls. The majority of 561 

ASVs detected in the original inocula were shared between the mouth and rectum, while 562 

approximately half of all ASVs detected through cultivation were not detected in the directly 563 

sequenced samples. 564 

 565 

Figure 3: Beta diversity measured in Jaccard distance and NMDS ordination. Differences in 566 

microbial community structure were driven by orifice and treatment, specifically ethanol and 567 

streptomycin. Shape corresponds to orifice sampled, while color differentiates between 568 

treatments of the medium or inoculum. 569 

 570 

Figure 4: Heatmaps describing presence absence of taxonomic families observed in the (a) 571 

mouth and (b) rectum. Purple indicates that a family was observed while grey indicates that a 572 

family was absent. The dendrograms highlight clusters of families observed during cultivation. 573 

 574 

Figure 5:  Percent of variation described by permanova models based on (a) media and treatment 575 
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with orifice as a stratum, (b) orifice and treatment, and (c) pairwise comparisons of treatments on 576 

media types. Largely, the differences in community structure during cultivation could not be 577 

explained by media, orifice, or treatment alone. In all graphs, residual variation (in grey), is the 578 

proportion of variance not explained by the model. 579 

 580 

Table 1. Taxonomic associations with media type using Indicator Species Analysis  
Grouping Factor Condition Indicator ASV Family Index Value p value 

Orifice Mouth Aeromonadaceae 0.483 0.007 
     

Media Type ROXY Aeromonadaceae 0.589 0.001 
     
 Blood + TSA + R2A Cladosporiaceae 0.604 0.026 
     

Treatment Ethanol Staphylococcaceae 0.562 0.014 
  Paenibacillaceae 0.408 0.041 
     
 Streptomycin Wohlfahrtiimonadaceae 0.408 0.034 
  Metschnikowiaceae 0.408 0.030 
     
 Ethanol + Streptomycin Peptostreptococcaceae 0.669 0.003 
     
 Catalase + Ethanol + Streptomycin Aspergillaceae 0.692 0.004 
  Cladosporiaceae 0.633 0.006 
     
 Catalase + Ethanol + Streptomycin + 

No Treatment 
Debaryomycetaceae 0.899 0.002 

  Clostridiaceae 1 0.860 0.006 
 581 

 582 

 583 

 584 

 585 

Supplementary Material: 586 

Table 2. Cultivated bioactive isolates  
Isolate SILVA Taxonomy Orifice Medium Activity Against 

     RC2RCR2A30-212 Bacillus sp. Rectum R2A Klebsiella pneumoniae 
RC2MOR2A30-238 Pseudomonas sp. Mouth R2A Candida albicans 
RC2MORGH30-018 Enterobacteriaceae Mouth ROXYgh Enterococcus faecium 
RC2MOTSA30-050 Enterococcus sp. Mouth TSA Enterococcus faecium 
RC2MOTSA30-142 Klebsiella sp. Mouth TSA Klebsiella pneumoniae 
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Figure S1: Bioassay plate showing three isolates generating a zone of inhibition within pathogen 587 

overlay. 588 

 589 

Figure S2: Pie chart of 117 identified isolates at the genus level. 590 

 591 

Table S1. A quasi-factorial approach using targeted media and treatments for gut microorganisms.  
 Media 

Treatment/ Selection agents 0.1 TSA ROXY  0.25 R2A Blood Agar 
None X X X X 

Catalase X X X  
Hemin and alpha-ketoglutarate  X   

70% ethanol X  X X 
Streptomycin X  X X 

 592 

 593 

Figure S3: Phylum-level characterization of molecular controls, triplicates shown for mouth 594 

(RC2M) and rectum (RC2R).  595 

 596 

Figure S4: Bar chart describing the variability of consistent recovery of ASVs, data subset. Y 597 

axis indicates how many replicates of TSA plates in which the top 25 ASV were observed. Color 598 

corresponds to orifice.  599 

 600 

Figure S5: Rarefaction curves showing plateaued sequencing depth of (a) cultivation samples 601 

and (b) molecular controls. 602 

 603 

 604 

 605 
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