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Abstract 

The majority of soil microbial biodiversity is uncultured in the laboratory. In part, the 

inability to cultivate many microbial lineages may be because these uncultured 

microbes are oligotrophic and do not grow on typical high-nutrient growth media. While 

there are several microbial cultivation methods designed to isolate microbes inhabiting 

oligotrophic marine environments, these methods are challenging to implement in soil. 

My thesis research directly addresses the need for new microbial cultivation methods 

for soil oligotrophs. I developed a cell separation protocol to extract viable microbes 

from shallow subsurface soils and used the extracted cells for high-throughput dilution-

to-extinction. We reported the impacts of substrate concentration on culturability of 

microbes inhabiting a shallow subsurface soil in a conifer forest in Tucson, AZ. 

Substrate concentration significantly influenced the culturability of Actinobacteria from 

these locations. Our results indicate that the dilution-to-extinction method, combined 

with the optimized method for separating viable cells from soil, is suitable for the 

isolation of oligotrophic microbes from shallow subsurface soils. 
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Chapter 1: Introduction 

Microbes are globally abundant and ubiquitous in soils, where they play crucial roles 

in Earth’s biogeochemistry, soil fertility, and contaminant remediation [1–4]. For 

example, new sustainable agricultural practices include the use of microbes because of 

their ability to increase plant nutrient uptake, growth, and nitrogen fixation [1, 5]. 

Additionally, microbes are capable of contaminant degradation [3]. In addition to these 

interactions at the soil surface, microbes in the subsurface participate in terrestrial 

system processes such as the turnover of natural organic carbon and soil formation [2, 

6]. These subsurface environments typically contain lower nitrogen, phosphorus, and 

organic carbon than surface soils, and they experience less fluctuation in temperature 

and moisture [7–12]. While previous studies of soil microbiomes have primarily focused 

on surface soils, the microbial taxa present in subsurface soil environments are often 

distinct from those at the surface and underrepresented in microbial culture and 

genome databases [13, 14].  

Soil microbial communities are tremendously diverse with tens of thousands of 

unique phylotypes in a single gram of soil [15, 16]. Our ability to infer specific 

environmental roles for individual microbial taxa is hindered by our inability to grow and 

study the majority of this microbial diversity under defined laboratory conditions. A 

recent DNA-based molecular study showed that although soil microbial communities are 

diverse, only ~2% of the total microbial taxa detected in soils account for almost half of 

16S RNA gene sequences recovered from soil microbial communities worldwide [16]. 

Of these abundant and ubiquitous microbes, ~82% have no representative genome 

sequence match at ≥97% 16S rRNA gene sequence identity. While 16S rRNA gene 

7



 

 

sequence information can provide insight into microbial ecology and how microbes are 

distributed, it is limited in its ability to identify variations between strains and the 

presence of novel genes [17, 18]. 

An important aspect to understanding the vast soil microbial diversity is to culture 

and study microbes in pure laboratory culture. It is estimated that one-quarter of 

microbial cells on Earth belong to phyla with no cultured relatives, so cultivating these 

organisms could provide key insights into ecosystem functions, novel cellular 

metabolisms, and interpretation of metagenomic datasets [19, 20]. Genomes, 

transcriptomes, and proteomes of cultured cells in controlled experiments can illuminate 

ecologically-relevant characteristics of microbial cells [21]. These insights into cell 

function can generate information about the emergent principles of the cells themselves 

as well as the communities in which they exist. Molecular data can be used to inform 

which taxa should be targeted for cultivation and why they are important [21]. Many of 

the currently uncultivated microbes likely have novel biosynthetic pathways and 

unknown biochemical features [22]. Uncultured microbes are expected to offer 

innovative solutions for biotechnology, agriculture, and public health [23]. 

One possible explanation for why a large portion of this microbial biodiversity is 

recalcitrant to cultivation attempts is that many uncultivated lineages may be so-called 

‘oligotrophs.’ Oligotrophy refers to the paradoxical physiology of microbes that grow 

optimally when nutrient availability is low. Oligotrophs dominate non-host-associated 

microbial environments globally [24]. These cells tend to be small, slow growing, and 

have unusual or combinatorial nutrient requirements [25–27]. In many cases, 

oligotrophic microbes are inhibited by high carbon content in routine microbial growth 
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media, possibly resulting in ‘substrate accelerated death’ [28]. Additionally, microbes 

may not grow on petri plates because of competition with fast-growing strains on the 

plate or because of the production of antibiotics by rapidly growing strains [29, 30]. 

Another potential explanation is that oligotrophs may rely on metabolic processes that 

do not adapt well when taken from a low-nutrient environment and are placed into a 

high-nutrient environment [30]. For example, high nitrogen and phosphorus levels shift 

bacterial communities to favor taxa that thrive in nutrient-rich conditions over 

oligotrophic taxa [31].  

There are three types of oligotrophs that can be cultivated: 1) cells that grow on 

nutrient-poor medium but cannot be subsequently recultivated; 2) microbes that grow on 

nutrient-poor medium but can be subsequently recultivated on nutrient-rich medium; 

and 3) microbes that require special nutrient-poor medium for both isolation and 

recultivation [32]. Although the mechanisms that delineate these categories are not well 

understood, it is accepted that these groups of oligotrophs contain more similarities than 

merely being able to thrive under nutrient-poor conditions. For example, they tend to 

grow slower and to lower final cell densities than microbes cultured on higher-nutrient 

growth medium. Because of this, typical methods for evaluating growth such as colony 

enumeration, microscopy, and turbidity, are more challenging to implement while 

monitoring oligotrophic growth [20].  

One approach to culturing abundant oligotrophic microbes is called ‘dilution-to-

extinction’ culturing. The dilution-to-extinction approach is based on the growth of cells 

in small volumes of low-nutrient media which selects for the most abundant microbes 

instead of the most nutrient-tolerant [33, 34]. The growth media used in these 
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experiments contain substrate concentrations that are typically several orders of 

magnitude lower than common media formulations [34]. The combination of highly 

sensitive detection of microbial growth at low nutrient concentrations together with high-

throughput screening techniques (including arrayed microscopy or flow cytometry) 

allows for quick detection of oligotrophic growth [33, 35, 36]. While dilution-to-extinction 

culturing has previously been used to isolate microbes from marine environments, it is 

more difficult to use for soil samples because soil and sediments are among the most 

complex of all environmental samples, often containing tens of thousands of 

uncultivated microbial taxa in a multidimensional-organic matrix [37]. To isolate soil 

oligotrophs by dilution-to-extinction, the microbial cells must first be separated from the 

soil particles [38]. This separation step is essential for removing cells adhered to 

particles made of organic matter and minerals either directly or through electrostatic 

interactions [39]. Additionally, the presence of soil aggregates makes it difficult to 

accurately quantify cells—a key component of dilution-to-extinction cultivation [40].  

In this thesis, I developed cell separation protocols to detach viable cells from 

shallow subsurface soil samples using buoyant density centrifugation and used these 

separated cells to inoculate dilution-to-extinction experiments in a defined growth 

medium. I screened these cultures for growth using high-throughput flow cytometry. I 

calculated the differences in culturability across microbial growth medium formulations. 

This is the first such application of high-throughput dilution-to-extinction methods for soil 

samples.  
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Chapter 2: Influence of substrate concentration on culturability of heterotrophic 

soil microbes isolated by high-throughput dilution-to-extinction cultivation 

 

SUMMARY OF RESEARCH 

Here we use high-throughput dilution-to-extinction to isolate shallow subsurface 

microbes from a conifer forest in Arizona, USA. We hypothesized that the concentration 

of heterotrophic substrates in microbiological growth medium would affect which 

microbial taxa were culturable from these soils. To test this, we diluted extracted cells 

into two custom-designed and defined growth media that differed only by a 100-fold 

difference in the availability of amino acids and organic carbon. Across both media, we 

isolated a total of 133 pure cultures—all of which were classified as Actinobacteria or 

Alphaproteobacteria. The substrate availability dictated which actinobacterial phylotypes 

were culturable but had no significant effect on the culturability of Alphaproteobacteria. 

We isolated cultures that were representative of the most abundant phylotype in the soil 

microbial community (Bradyrhizobium spp.) and representatives of five of the top 10 

most abundant Actinobacteria phylotypes, including Nocardioides spp., Mycobacterium 

spp., and several other phylogenetically divergent lineages. Flow cytometry of SYBR 

green-stained cells showed that cultures isolated on low-substrate medium had 

significantly lower nucleic-acid fluorescence than those isolated on high-substrate 

medium. These results show that the concentration of substrates in culture medium 

influences the culturability of specific microbial lineages and that dilution-to-extinction is 

an effective method to isolate abundant soil microbes.  
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MY CONTRIBUTION  

 My contributions to the paper titled “Influence of substrate concentration on the 

culturability of heterotrophic soil microbes isolated by high-throughput dilution-to-

extinction cultivation” now published in mSphere (Bartelme R, J Custer et al., 2020; 

Appendix 2), are as follows: 

 I separated viable cells from freshly collected soils and enumerated the separated 

cells on the Guava EasyCyte flow cytometer. Using these cell counts, I inoculated 

dilution-to-extinction experiments across different medium concentrations and pH 

values (pH 4, 7, and 11). After incubation, I screened the experiments for growth using 

high-throughput flow cytometry at 4 and 11 weeks. No wells showed growth in pH 4 

media and only minimal growth was observed at pH 11, therefore our publication 

focused on pH 7 samples only. I calculated the percent culturability of the experiment 

from the number of positive wells relative to the number of inoculated wells. I 

contributed to data organization and manuscript preparation.  

 I separated viable cells from freshly collected soils and enumerated the separated 

cells on the Guava EasyCyte flow cytometer. Using these cell counts, I inoculated 

dilution-to-extinction experiments across different medium concentrations and pH 

values (pH 4, 7, and 11). For reference, the pH of the subsurface soil locations ranged 

from 6.26 (Table 1.2.2 in Appendix 1). After incubation, I screened the experiments for 

growth using high-throughput flow cytometry at 4 and 11 weeks. No wells showed 

growth in pH 4 media and only minimal growth was observed at pH 11, therefore our 

publication focused on pH 7 samples only. I calculated the percent culturability of the 

experiment from the number of positive wells relative to the number of inoculated wells. 
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I contributed to data organization and manuscript preparation. A brief summary of the 

methods I used follow. The full details can be found in the Methods section in Appendix 

2. 

 

 Cell separation: I modified the cell extraction method reported by Khalili et al., 2019 

to extract viable cells [40]. The main major modification was to exclude glutaraldehyde, 

a fixative that kills cells, since the cells were to be used for downstream cultivation. In 

brief, I prepared the soil-buffer slurry (137.5 mM NaCl, 26.78 mM tetrasodium 

pyrophosphate, and 0.27% (v/v) Tween 80), vortexed, and carefully layered it over 80% 

(w/v) NycodenzTM solution in 50 mM tetrasodium pyrophosphate (see Appendix 1.1 for 

1.1). I centrifuged the tubes and extracted 3 × 0.5 mL aliquots from the resulting 

buoyant density cell separation. Because there is little organic matter in shallow 

subsurface soils, the location of cells in the buoyant density centrifugations was difficult 

to identify visually. To ameliorate this, we compared the appearance of the buoyant 

density centrifugation tubes after separation of shallow subsurface soils (with no visible 

organic matter) to a surface soil with visible organic matter (Figure 2.1). The soil with 

high organic matter content shows a delineation between the NycodenzTM and 

supernatant after centrifugation at ~25 mm from the bottom of the tube, which is where 

we obtained our samples for cultivation (Figure 2.1). After extracting cells from the 

buoyant density separation, I washed the extracted cells and resuspended the cell 

pellets in 137.5 mM NaCl. 
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 Dilution-to-extinction: I 

fixed cells extracted from the 

buoyant density 

centrifugation tubes with 

1.75% formaldehyde and 

stained them with SYBR 

Green I for 3.5 h at room 

temperature in the dark. I 

used a Millipore Guava flow 

cytometer to enumerate the 

cells as described 

elsewhere [25]. I diluted the 

enumerated cells into Artificial Subterranean Medium (ASM) -high or ASM-low nutrient 

medium (Appendix 2) to a density of 5 cells mL-1 and aliquoted 1.0 ml of the dilute cell 

suspension into the wells of polytetrafluoroethylene 96-well microtiter plates (Cowie 

Technology, New Castle, DE) so that on average each well contained 5 cells. Plates 

were covered with plastic lids that allow air circulation and incubated at 16ºC in the dark 

under aerobic conditions. I screened the dilution-to-extinction plates for growth by fixing 

100 µl aliquots with 1.75% formaldehyde and staining them with a 1:4,000 dilution of 

commercial SYBR Green I stock for 18 h in the dark at room temperature and counting 

by flow cytometry (EMD-Millipore Guava EasyCyte). I screened plates for growth at 4 

and 11 weeks after inoculation. Positive cultures were defined as cultures that 

Figure 2.1: Images of buoyant density centrifugation tubes of a surface 

soil (left) and subsurface soil (right) after centrifugation.  
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exceeded 1.0 × 104 cells ml-1, which is based on the sensitivity of the flow cytometer.  

 

 Actual and theoretical culturability estimates: I estimated culturability by using the 

equation: V = -ln(1-p)/X, where V is the estimated culturability, p is the proportion of 

inoculated cultivation chambers that displayed measurable growth (number of chambers 

positive for growth ÷ total number of chambers inoculated), and X is the number of cells 

added to each cultivation chamber as estimated from dilutions [35]. I estimated the 

number of pure cultures (û) as follows: û = -n(1-p) × ln(1-p), where n is the number of 

inoculated growth chambers and p is the proportion of inoculated wells displaying 

growth [35].  

 

 Culture transfer and storage: I contributed to subculturing growth chambers that 

were positive for growth into 25 ml of the respective growth medium (ASM-high or ASM-

low) in acid-washed, sterile polycarbonate flasks (Figure 2.2). These cultures were 

incubated at 16ºC with shaking at 50 RPM. At the time of subcultivation, I assigned 

cultures a unique Arizona Culture Collection (AZCC) number. I contributed to monitoring 

the subculture flasks for growth for 2 months by counting cell densities with the Guava 

EasyCyte Flow Cytometer, as described above. Subcultures displaying growth within 

two months were cryopreserved in 10% glycerol and stored at -80ºC. If no growth 

appeared within two months, the cultures were discarded and the assigned AZCC 

number was retired.  
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Figure 2.2: Image of cultures 

subcultured from positive growth 

chambers into 25 mL flasks.  

 

Culture identification: I contributed to identifying cultures by full length 16S rRNA 

gene sequencing. Briefly, I filtered 5-10 ml of cell biomass from 25 mL cultures on to 

0.2 µm-pore size Supor filters and extracted DNA using a Qiagen PowerSoil DNA 

extraction kit following the manufacturer's instructions. For these samples, I amplified 

full-length 16S rRNA genes from the resulting DNA using the 27F-1492R primer set 

(27F, 5′-AGAGTTTGATCMTGGCTCAG-3′; 1492R, 5′-ACCTTGTTACGACTT-3′ [41]). 

The reaction mix consisted of Promega’s GoTaq HotStart 2× PCR master mix with final 

concentrations of 0.4 μM 27F and 0.4 μM 1492R primers, and 1 μl of template DNA, in a 

total reaction volume of 25 μl. PCR reactions were cycled with the following program: 1 

× 94°C for 10 min followed by 36 cycles of: 94°C for 45 s, 50°C for 90 s, 72°C for 90 s; 

and a single 72°C extension for 10 min. 

  

HOW THE RESEARCH CONTRIBUTES TO THE FIELD 

Culturing environmental microbes in the lab is crucial for understanding the 

factors underlying their relative abundance, distribution, and role in soil fertility and 

biogeochemistry. Subsurface soil environments typically contain low nutrient contents 
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(see Appendix 1.2 for soil source nutrient information), and microbes that thrive in these 

environments do not grow well under typical laboratory conditions. By using high-

throughput dilution-to-extinction methods to isolate subsurface soil microbes, we show 

that culturability is greatly impacted by the concentration of growth substrates in the 

culture medium. This information can be used to design experiments that maximize the 

culturability of previously uncultured soil microbes.  
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Chapter 3: Separation of viable microbes from soil matrices 

 

ABSTRACT 

The majority of soil microbial biodiversity is uncultured in the laboratory. In part, 

the inability to cultivate many microbial lineages may be because these uncultured 

microbes are oligotrophic and do not grow on typical growth media. While there are 

several microbial cultivation methods designed for microbes inhabiting oligotrophic 

marine environments, these methods are challenging to implement in soil. This chapter 

describes the optimization of a NycodenzTM buoyant density centrifugation method to 

separate viable cells from soil that are suitable for cultivation approaches that target 

oligotrophic microbes. Here we show that microbial cells are present—but differentially 

distributed—throughout the resulting buoyant density profile. The greatest number of 

cells accumulated at the NycodenzTM interface, regardless of soil source. However, the 

number of cells at this interface was soil-specific. This suggests that buoyant density 

centrifugation might be useful to differentially separate for specific microbial populations 

on the basis of where they migrate in the buoyant density separation. To test this 

hypothesis in future experiments, we will quantify the types and relative abundances or 

microbial taxa from individual fractions to determine if different microbial taxa localize at 

different fractions on the density gradient after centrifugation.  
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INTRODUCTION 

Dilution-to-extinction culturing has resulted in successful culturing of previously 

uncultured bacteria from marine environments, but these approaches are challenging to 

implement for soil microbes [34, 35, 39]. The first step in dilution-to-extinction 

approaches is to accurately count the microbial inoculum (Figure 3.1). Direct counts can 

be obtained through microscopy or flow cytometry. In contrast to aquatic systems, 

accurate direct counts of microbes are challenging to obtain from soil because of 

interferences by the soil matrix (organic and mineral constituents) [42].  

 

Figure 3.1: Flow chart describing the high-throughput dilution-to-extinction process. 

 

One way to circumvent the difficulty of obtaining direct counts from soil is to 

separate microbial cells from the soil particles before preparing direct counts. There are 

two steps in the soil microbial extraction process: dispersion and separation. The 

dispersion step uses physical or chemical means to dislodge any bacteria that are 

Count microbial inocula with flow 
cytometry or microscopy

Dilute to 1-5 cells per growth chamber in 
miniaturized cultivation chambers (such 
as 96-well plate microtiter plates)

Incubate

Screen plates for growth using flow 
cytometry or microscopy

Cryopreserve cultures
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encompassed by soil aggregates [39]. Physical dispersion methods include sonication, 

blending, grinding, or shaking to extricate cells. To increase dislodgement efficiency, 

sometimes chemical dispersion is used following a physical dispersion method. 

Chemical dispersion involves using a chemical dispersion agent such as Chelex to 

dislodge cells from soil particles [39]. 

Once the soil matrix and cells are dispersed, they must be separated from each 

other. An example of a separation method is densitometry, which separates cells by 

their density. During density gradient centrifugation, cells migrate through a density 

gradient until they reach a density that matches their own. A similar approach is buoyant 

density centrifugation which separates cells by ‘floating’ them on the surface of a dense 

medium while denser soil particles pellet through the separation medium. NycodenzTM is 

an effective non-toxic density gradient/buoyant density centrifugation medium that can 

be used to separate microbial cells from soil [43–45]. NycodenzTM is less viscous than 

other gradient mediums such as metrizamide and sucrose solutions, and it is relatively 

easy to remove from samples in comparison to other gradient media [44]. However, this 

method results in significantly lower biodiversity of extracted cells than is present in the 

original soil, and taxonomic bias in which cells are preferentially extracted can occur 

[46].  

Here, we optimize the NycodenzTM buoyant density centrifugation method to 

extract viable cells from assorted soil samples. The key distinction between our method 

and previous studies is that we are separating viable cells instead of fixed dead cells. 

Our hypothesis is that different soil microbial taxa will partition at different locations in 

the buoyant density cell separation, owing to subtle differences in cell density. By 
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deducing the specific location of individual microbial populations in the buoyant density 

cell separation, we can extract specific fractions that are enriched in microbial 

populations of interest to use for culturing. In an effort to test our hypothesis, we 

attempted to extract DNA from the fractions for microbial community analyses. As we 

describe below, the number of cells in each buoyant density centrifugation fractions did 

not yield enough DNA for successful PCR.  
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Figure 3.2: Experimental design for the  NycodenzTM buoyant density cell separation and subsequent 

fractionation and screening. 

METHODS 

Soil sources: Soils were collected in May of 2018 from field sites within the Santa 

Catalina Critical Zone Observatory outside of Tucson, AZ, USA: Mount Bigelow, 

Biosphere 2, Oracle Ridge, and Marshall Gulch (Table 1.2.1 in Appendix 1). At each 

site, we dug a 60 cm pit and collected horizontal soil cores into sterile plastic bags from 

depths of 0 cm and 50 cm. laboratory, we sieved the soils to 2 mm and stored at 4ºC 

until cell separation (up to 381 days).  Soil characteristics were analyzed for each soil 

and are summarized in Tables 1.2.1, 1.2.2, and 1.2.3 in Appendix 1. 

Experimental design overview: We blended the soil samples collected from 50 

cm at each site in a cell extraction buffer. This soil slurry was split into three equal 

portions and carefully layered over NycodenzTM for buoyant density centrifugation 

(Figure 3.2, number 2). Thus, three technical replicate buoyant density cell extractions 

were prepared from each soil sample. The replicates were then centrifuged 

simultaneously (Figure 3.2, number 3). Each resulting buoyant density cell separation 

was fractionated in 500 µL fractions (Figure 3.2, number 4). Each fraction was washed 

(Figure 3.2, number 5) and counted using flow cytometry (Figure 3.2, number 6).     
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NycodenzTM buoyant density centrifugation protocol: I measured buffer and 

NycodenzTM amounts by mass instead of volumes to obtain more consistency across 

replicate samples. I prepared the soil slurry by combining 0.5 g soil in a cell extraction 

buffer consisting of 40 g saline solution plus 4.8 g of TSP-Tween solution. I blended the 

soil-buffer solution with an immersion blender for two minutes on ice. After blending, 

samples were allowed to settle for five minutes on ice. I layered 15 g aliquots of the soil-

buffer solution over 14.3 g of the NycodenzTM solution in sterile 50 ml polycarbonate 

centrifuge tubes (Figure 3.3a) and centrifuged the tubes at 17,000 × g for 2 h at 16°C in 

a JA-17 rotor in a Beckman Coulter Avanti J-25 centrifuge. The resulting tube contained 

a large supernatant fraction and a pellet (Figure 3.3b). 

 

Figure 3.3: Appearance of NycodenzTM buoyant density separation tubes before (a) and after (b) centrifugation. 

The supernatant contains the separated viable cells which will be used for further analysis and culturing. 
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Buoyant-density fractionation protocol: I removed tubes very carefully from the 

centrifuge to minimize disruptions to the buoyant density cell separation. I transferred 

500 µL fractions of the NycodenzTM density gradient, from the top of the tube, to 1.5 mL 

microcentrifuge tubes containing 1 mL of the TSP-50 buffer (Appendix 1.2). A total of 

48 × 500 µL fractions were collected from each buoyant density centrifugation tube. We 

performed three replicate buoyant density centrifugations per soil sample for a total of 

144 samples per soil (48 fractions × 3 replicates = 144 samples) These fractions were 

briefly vortexed and centrifuged at 17,000 × g for 25 minutes. I extracted the 

supernatant completely (without disrupting the pellet) and resuspended the cell pellet in 

800 µL of 0.9% saline solution. We further partitioned the cells resuspended in 0.9% 

saline for flow cytometry and microbial community analysis. 

Flow cytometry of gradient fractions: We fixed 200 µL fractions with 0.9% 

formaldehyde and 2.4% SYBR Green I (prepared in in 0.2 µm-filtered Tris-EDTA [TE] 

buffer). Stained fractions were incubated overnight (~12-18 h) in the dark at room 

temperature. We ran the samples on a Guava EasyCyte Flow Cytometer with the 

following PMT voltages: Side Scatter 999V, Green Fluorescence 716V, Yellow 

Fluorescence 250V, and Red Fluorescence 250V.  

DNA extraction protocols: I attempted to extract DNA from individual fractions 

using a variety of approaches, including: i) the Joint Genome Institute (JGI) CTAB/NaCl 

protocol (Appendix 3); ii) DNeasy PowerSoil kit (according to the manufacturer’s 

instructions) ; iii) DNeasy blood and tissue kit (according to the manufacturer’s 

instructions); and iv) a phase lock gel protocol (Appendix 4).  
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Amplification of 16S rRNA gene amplicons: To profile the composition of the 

microbial communities in each fraction, I amplified 16S rRNA gene amplicons from the 

extracted DNA using the following PCR reaction mix (per reaction): 12.5 µL of GoTAQ 

Green master mix, 9.5 µL nuclease-free water, 0.5 µL of each 10 mM primer 515-f 

primer (5’-GTGYCAGCMGCCGCGGTAA-3’) and 806-r primer (5’-

GGACTACNVGGGTWTCTAAT-3’) and 1 µL extracted DNA for use as template for the 

reaction [47, 48]. We included a positive control (Escherichia coli genomic DNA) and 

negative control (nuclease-free water), as appropriate. PCR reactions were cycled with 

the following program: 1 × 94°C for 3 min (the ‘hot start’ reaction), followed by 35 cycles 

of: 94°C for 45 s, 50°C for 60 s, 72°C for 90 s; and a single 72°C extension for 10 min 

[45, 49]. After amplification, PCR products were verified on a 1% agarose gel stained 

with SYBR Green-I. 
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RESULTS 

 Across all soils, the distribution of cell densities in the buoyant density separation 

ranged from levels below our limit of quantification (≤1×104 cells mL-1) to 4.84×106 cells 

mL-1. Microbial cells were present throughout the NycodenzTM density gradient for all 

four soil sampling locations 

(Figure 3.4). The highest cell 

densities appeared between 

fractions 30 and 35 in all 

soils (Figure 3.4). From 

largest to smallest, the 

number of total extractable 

cells (reported as mean ± 

standard deviation, n=3) in 

individual subsurface soil 

was Bigelow (1.41×107 ±  

2.69×106)> Marshall 

(1.25×107 ± 1.81×106) > 

Biosphere 2 (1.19×107 ± 

5.18-106) > Oracle Ridge 

(3.1×106 ± 1.89×106). 

None of the DNA 

extraction protocols yielded 

enough DNA for 

Figure 3.4: Distribution of NycodenzTM-separated cells from 

subsurface soils collected at the four Catalina-Jemez Critical Zone 

Observatory sites. Each point is the cell density of an individual 

fraction. The lines are loess-fit regressions. Cell densities that fell 

below the limit of detection by flow cytometry (1 × 104 cells ml-1) are 

not illustrated and were not used in analyses. 
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amplification. We speculate that there are several factors that contributed to this. First, I 

observed precipitates in the majority of the tubes, even after completion of the DNA 

extraction. This occurred with both the JGI CTAB/NaCl protocol (see Appendix 3) as 

well as the phase lock gel protocol (see Appendix 4). I suspected that these precipitates 

were residual salts, so I remade all of the DNA extraction reagents to eliminate the 

possibility that the reagents were not prepared correctly. I identified a few errors. For 

example, the SDS I had been using was 20% instead of 10%. After remaking all 

reagents, I continued to experience issues with precipitates across the protocols. Since 

these samples were low biomass (less than 5 ×106  cells ml-1) and in low volumes (0.5 

mL), the total number of cells in a given sample never exceeded 2.5 ×106 cells total. It 

was difficult to find a protocol that produced DNA suitable for downstream PCR from low 

densities such as these. I tried many widely used DNA extraction techniques such as 

DNeasy PowerSoil kit, DNeasy blood and tissue kit, and the JGI CTAB/NaCl protocol. In 

all cases, I was unable to amplify gene products with the PCR methods detailed in the 

methods section. 
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DISCUSSION 

The development of a reproducible cell extraction method was an iterative 

process that required several modifications. For example, the first variation of this 

protocol called for an overnight shaking step of the soil slurry. However, the cell 

densities of individual fractions varied widely both across fractions in a single buoyant 

density centrifugation separation and across the three replicates for a single soil. For 

example, I often observed that two of the three replicates for a given soil had similar 

distributions of cell counts across the separation, while the third replicate produced a 

distinct distribution of cell counts (Figure 3.5a). To attempt to ameliorate this 

reproducibility issue, I abandoned the shaking step and replaced it with a blending step. 

I changed this aspect of the protocol to eliminate the possibility that the incongruence 

between replicates was caused by differential dispersion of microbes—particularly those 

found in cell aggregates. That is, I wanted to maximize the dispersion of soil to release 

bacteria trapped within soil aggregates [39]. While the shaking step resulted in gradients 

with visible organic particles (small aggregates, parts of roots, etc.) throughout the 

aqueous layer, the blending step helped break down and disperse this organic matter. 

The blending step helped improve replicability across replicates (Figure 3.5b).  
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Figure 3.5: Examples of cell counts across replicate buoyant density gradient separations of subsurface soil 

samples from Mt. Bigelow conducted with a shaking step (a) and with a blending step (b).  

A second optimization of the buoyant density cell separation was that I 

lengthened the centrifugation time from one hour to two hours in length. My rationale for 

this was that perhaps by allowing buoyant density gradient to centrifuge longer, the 

three replicates would form more similar cell separations. Additionally, in the original 

protocol, the 0.5 mL fractions were cleaned with TSP-50, I changed this and instead 

cleaned them with distilled water in the final protocol. I did this to reduce background 

noise during the flow cytometry steps that might be affecting the cell counts.  

An alternative hypothesis as to why the cell separation was not reproducible 

across replicates is that the tubes were not carefully removed from the ultracentrifuge, 

resulting in disturbance of the cell layering prior to fractionation. Since the centrifuge 

rotor used is a fixed-angle rotor, the cell separation forms at an angle during 

centrifugation and shifts back to horizontal upon removal. I took additional care in 
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removing the tubes to limit the movement of the tubes themselves as well as the cell 

separation. To minimize any movement of the cell separation, I took the tubes out of the 

centrifuge one at a time and fractionated one by one. I fractionated the tubes directly 

adjacent to the centrifuge rather than moving them to the main lab area. These 

modifications minimized the effect of microturbation on the cell separation and greatly 

improved the reproducibility of the technique. 

Most buoyant density centrifugation protocols collect the faint whitish band 

directly above the NycodenzTM after centrifugation [50–53]. Here we illustrate that high 

cell densities are found across a wide span of the NycodenzTM separation and that the 

number of cells extracted using in the NycodenzTM separation is soil-specific, likely due 

to differences in the amounts of cells present in the original soils themselves (Figure 

3.4). Thus, a main finding of this work is that the distribution of cells separated by 

buoyant density centrifugation spans the entire separation tube. If cells of different taxa 

can be differentiated by their location in the cell separations, this optimized method 

could help researchers target specific microbial taxa for cultivation studies, potentially 

maximizing their chances of isolating that specific organism.  

 Future research is needed to determine distribution of different taxa throughout 

the observed density gradient. The next step of this project is to find a DNA extraction 

protocol that is suitable for low volume, low biomass samples. Magnetic beads are 

popular to use for low biomass samples, so the MAGMax Microbiome Ultra Nucleic Acid 

Isolation Kit made by ThermoFisher Scientific might be an ideal option. In addition, a 

Bioanalyzer can be used to verify the presence of a faint PCR product, as suggested by 

the Earth Microbiome Project [47, 48]. Nested PCRs are also possibilities to confirm the 
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presence of dilute PCR products that are not visible on a gel. Once a successful DNA 

extraction protocol has been determined, 16S rRNA gene amplicon sequencing and 

PCR can be conducted to identify the microbial species present in each fraction. 

Additionally, community analysis for fractions from all four sites will be conducted to 

compare types and relative abundances of microbial taxa extracted across soils and 

how they are distributed in the cell separations. 
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CHAPTER 4: CONCLUSION 

Little is known about the characteristics and functions of the uncultured microbial 

majority [54]. This thesis outlines two approaches for separating viable cells from soils 

and new methods for cultivating subsurface soil microbes, with a focus on microbes that 

live an oligotrophic lifestyle. First, we sought to answer if substrate concentration in 

growth medium affects the culturability of microbes. We found that substrate 

concentration did affect the culturability of Actinobacteria but not Alphaproteobacteria 

[14]. Second, I investigated whether microbial taxa were differentially distributed across 

fractions of buoyant density centrifugation cell separations. I found that cells were 

distributed throughout the aqueous phase after centrifugation, with elevated 

concentrations just above the NycodenzTM layer. However, attempts to extract DNA 

were ineffective, so I was unable to determine which taxa were present in each fraction. 

By increasing the culturability of soil microbes under laboratory conditions and 

determining the location of those microbes throughout the buoyant density cell 

separation, scientists can learn more about how these organisms interact with each 

other and how they function in the environment. 

Most subsurface soils are highly oligotrophic environments, thus the microbes 

that inhabit them are adapted to low nutrient concentrations. Laboratory growth media 

commonly contain high nutrient concentrations. For reasons that are unknown, these 

high nutrient conditions can inhibit the growth of oligotrophic microbes from oligotrophic 

environments [25, 28, 53, 55–57]. One way to circumvent some of the challenges 

associated with culturing oligotrophs is to use alternative approaches that combines 

extended cultivation times with sensitive detection of microbes. An example of such a 
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method, dilution-to-extinction, can be used to isolate microbes using low-nutrient media 

[14, 34–38]. In many cases, dilute growth media results in higher culturability of novel 

microbes than substrate-rich growth media [52, 53, 56, 57]. Once cultivated, the 

microbes can be screened for growth using techniques such as flow cytometry that are 

suitable for low biomass samples.  

This thesis used high-throughput dilution-to-extinction techniques previously 

used with marine microbes to cultivate shallow subsurface microbes. Since soil samples 

have organic matter and minerals that are not present in marine samples, it is 

necessary to include a cell separation step. Many established protocols that use 

NycodenzTM buoyant density cell separation only use 1 mL directly above the 

NycodenzTM after centrifugation [45, 49–51], but here we show that cells are found 

throughout the separation tube. Because of this, current research methods could be 

excluding important taxa or large amounts of cells present in a given soil sample. Once I 

optimized the NycodenzTM buoyant density protocol for soil samples, we conducted an 

experiment to determine if substrate concentration has an effect on culturability. Our 

results show that substrate concentration is an integral part in making some cells grow 

under laboratory conditions. This new knowledge about the effect of substrate 

concentration on culturability as well as the optimized NycodenzTM buoyant density cell 

separation method can be used to enrich for novel bacterial taxa. 

The optimized methods described in this thesis could potentially increase the 

ability to isolate and culture previously uncultivated bacteria such as the candidate phyla 

radiation. The candidate phyla radiation is a recently announced bacterial expansion of 

the tree of life. “Candidate phyla” describes that this group lacks cultured 
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representatives [58]. In other words, the candidate phyla microorganisms lack cultured 

representatives. This new branch represents more than 15% of all known bacterial 

diversity and is hypothesized to contain more than 70 different novel bacterial phyla 

[59]. Culturing the candidate phyla would result in valuable information regarding the 

tree of life [58–61]. The utilization of the optimized NycodenzTM buoyant density cell 

separation protocol could aid in cultivating these heretofore uncultivated and elusive 

microorganisms.  

We show that dilution-to-extinction techniques can be used to cultivate abundant 

oligotrophic soil microbes. These results are similar to those observed for oligotrophic 

microbes in other environments [33, 36, 55, 62, 63]. Since the mechanism of substrate-

induced growth inhibition is largely unknown, future research is needed to illuminate the 

molecular mechanisms of this inhibition in order to determine new cultivation 

approaches for isolating oligotrophic soil microbes. In addition, we show that there are 

cells distributed throughout the buoyant density cell separation after centrifugation, 

indicating that current methods might be enriching for certain microbial populations. 

Additionally, further research must be conducted to determine if taxa are distributed 

differentially throughout the NycodenzTM gradient. If taxa are indeed differentially 

distributed, researchers could use this optimized cell separation method to enrich for 

certain organisms of interest. 
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APPENDIX A: NycodenzTM Buoyant Density Cell Separation 

1.1 Reagents 

1) TSP-tween: 250 mM tetrasodium pyrophosphate (TSP) and 1.3% Tween 80  

2) TSP-50: 50 mM TSP, filter sterilized through 0.2 µm filter 

3) NycodenzTM: 0.974 mM NycodenzTM in TSP-50 

4) Sterile saline: 0.154 mM NaCl in water, filter sterilized through 0.2 µm filter 

5) Tris-EDTA buffer (TE): Add 1 mL of 1M Tris-Cl and 0.2 mL 0.5M EDTA to 98.8 

mL of distilled water. Filter sterilize using 0.2-µm-filtered. 

 

1.2 Soil Source Information 

Table 1.2.1: Soil source general information 

Site Latitude/Longitude Depth  Date Collected Fractionated 

Mt. Bigelow 32.42 °N, -110.72 °W 50 cm 5/5/2018 5/21/2019 

Biosphere 2 32.33 °N, -110.50 °W 50 cm 5/23/2018 5/28/2019 

Oracle Ridge 32.27 °N, -110.44 °W 50 cm 5/24/2018 5/23/2019 

Marshall Gulch 32.25 °N, -110.46 °W 50 cm 5/25/2018 5/30/2019 
 

Table 1.2.2: Soil source properties 

Site Moisture content (%) pH Elec. Cond. 
(mmhos/cm) 

% Organic  Matter 

Mt. Bigelow 14.94 6.3 0.02 1.0 

Biosphere 2 4.17 7.4 0.05 1.4 

Oracle Ridge 4.17 6.26 0.02 0.5 

Marshall Gulch 11.11 5.88 0.03 1.8 

 

Table 1.2.3: Soil source nutrient content (in ppm) 

Site NO3-N  P  K  Zn  Fe  Mn  Cu  

Mt Bigelow 0.7 2.17 32.8 0.05 9.26 0.14 0.87 

Biosphere 2 0.8 5.39 13 0.02 2.05 0.15 0.6 

Oracle Ridge 0.6 3.35 11.8 0.01 10.9 0.28 0.28 

Marshall Gulch 0.6 2.06 18.1 0.06 28.1 0.29 0.92 
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ABSTRACT The vast majority of microbes inhabiting oligotrophic shallow sub-
surface soil environments have not been isolated or studied under controlled
laboratory conditions. In part, the challenges associated with isolating shallow
subsurface microbes may persist because microbes in deeper soils are adapted
to low nutrient availability or quality. Here, we use high-throughput dilution-to-
extinction culturing to isolate shallow subsurface microbes from a conifer forest
in Arizona, USA. We hypothesized that the concentration of heterotrophic sub-
strates in microbiological growth medium would affect which microbial taxa
were culturable from these soils. To test this, we diluted cells extracted from soil
into one of two custom-designed defined growth media that differed by 100-
fold in the concentration of amino acids and organic carbon. Across the two me-
dia, we isolated a total of 133 pure cultures, all of which were classified as Acti-
nobacteria or Alphaproteobacteria. The substrate availability dictated which
actinobacterial phylotypes were culturable but had no significant effect on the
culturability of Alphaproteobacteria. We isolated cultures that were representative
of the most abundant phylotype in the soil microbial community (Bradyrhizobium
spp.) and representatives of five of the top 10 most abundant Actinobacteria
phylotypes, including Nocardioides spp., Mycobacterium spp., and several other
phylogenetically divergent lineages. Flow cytometry of nucleic acid-stained cells
showed that cultures isolated on low-substrate medium had significantly lower
nucleic acid fluorescence than those isolated on high-substrate medium. These
results show that dilution-to-extinction is an effective method to isolate abun-
dant soil microbes and that the concentration of substrates in culture medium
influences the culturability of specific microbial lineages.

IMPORTANCE Isolating environmental microbes and studying their physiology
under controlled conditions are essential aspects of understanding their ecology.
Subsurface ecosystems are typically nutrient-poor environments that harbor di-
verse microbial communities—the majority of which are thus far uncultured. In
this study, we use modified high-throughput cultivation methods to isolate sub-
surface soil microbes. We show that a component of whether a microbe is cul-
turable from subsurface soils is the concentration of growth substrates in the
culture medium. Our results offer new insight into technical approaches and
growth medium design that can be used to access the uncultured diversity of
soil microbes.

KEYWORDS genome streamlining, microbial cultivation, oligotrophy, soil microbial
ecology
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Soil microbial communities are tremendously diverse and mediate crucial aspects of
plant fertility, biogeochemistry, pollutant mitigation, and carbon sequestration

(1–4). While the diversity and community composition of surface soils have been
relatively well described, we know far less about the microbes inhabiting deeper soils
(defined here as �10 cm below the surface), despite their key roles in soil formation
and mineralization of key plant nutrients. In contrast to surface soils that are typically
rich in plant-derived compounds, subsurface soils are often characterized by smaller
amounts of mineralizable nitrogen, phosphorus, and organic carbon—much of which
has a long residence time and is relatively recalcitrant to microbial degradation (5–9).
The temperature and soil moisture of subsurface soils are also less variable than those
of shallower soils that are exposed to seasonal changes in temperature and precipita-
tion (10). These relatively stable and low-nutrient conditions found at depth constrain
both the amount of microbial biomass present in the subsurface and the structure of
these microbial communities (11–14). Many of the microbial taxa that are abundant in
these subsurface environments are underrepresented in microbial culture and genome
databases (11). Thus, there are large knowledge gaps in our understanding of the
biology of a major fraction of subsurface soil microbes.

Because subsurface soils are low-nutrient habitats, part of the challenge associated
with culturing and studying the microbes that live belowground may be that they
require low nutrient concentrations in order to be isolated or propagated in the
laboratory (15). These microbes—often referred to as “oligotrophs”—are capable of
growing under conditions where the supply or quality of nutrition is poor. Although
oligotrophs dominate most free-living microbial ecosystems (16), the concept of olig-
otrophy itself is enigmatic. There is no coherent definition of what constitutes oligo-
trophic metabolism aside from their ability to grow at “low” nutrient concentrations—a
definition that itself is arbitrary (17, 18). Kuznetsov et al. (19) identified three groups of
cultivatable oligotrophs: (i) microbes that can be isolated on nutrient-poor medium but
cannot be subsequently propagated, (ii) microbes that can be isolated on nutrient-poor
medium but can be subsequently propagated on nutrient-rich medium, and (iii)
microbes that require special nutrient-poor medium for both isolation and propaga-
tion. Although the molecular and genetic mechanisms that distinguish these three
categories are poorly understood, several traits of oligotrophs have emerged from the
study of microbes that numerically dominate oligotrophic ecosystems. For example,
oligotrophs are typically small, slowly growing cells (20–23). The genome sizes of
numerous lineages of microbes that dominate oligotrophic marine ecosystems tend to
be highly reduced—an indication that microbial oligotrophy may be tied to reduction
of genome size (24–26). These “streamlined” genomes often code for fewer copies of
the rRNA gene operon and transcriptional regulator genes than microbes with larger
genomes, suggesting that oligotrophs lack the ability to sense and rapidly respond to
variable environmental conditions (12, 16, 92). Instead, genomic inventories of marine
oligotrophs suggest a reliance on broad-specificity, high-affinity transporters that are
constitutively expressed (22, 26–28).

While the activities of abundant and ubiquitous microbes that inhabit oligotrophic
marine environments have been extensively investigated in recent years (24, 29, 30), far
fewer studies have focused on the activities of microbes that dominate oligotrophic soil
environments. Several soil studies used low-throughput techniques to show that
reduced-nutrient solid media facilitated the isolation of important soil microbes that
were previously uncultured (31–34). While several agar-based high-throughput ap-
proaches have been used to isolate diverse microbes (35, 36), these approaches may
not be appropriate to isolate microbes that thrive at micromolar amounts of growth
substrate and do not form detectable colonies on solid media. Here, we adapt existing
high-throughput dilution-to-extinction protocols, originally developed for isolating
abundant aquatic oligotrophic bacteria, to facilitate the isolation of soil microbes. We
hypothesized that the concentration of heterotrophic growth substrates in a growth
medium would constrain which taxa were able to be isolated on a custom-designed
defined artificial medium. We tested this by extracting cells from oligotrophic subsur-
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face soils using Nycodenz buoyant density centrifugation (37) and inoculating high-
throughput dilution-to-extinction experiments in two defined media that contained a
100-fold difference in the amounts of heterotrophic growth substrates. We isolated
several bacteria that were representative of abundant phylotypes found in the original
soil microbial community and two lineages representative of uncultured groups of
microbes. In these experiments, the substrate concentration significantly influenced
which actinobacterial genera were culturable in the laboratory but had no effect on
which alphaproteobacterial lineages were culturable. Moreover, we show that cells
isolated on low-nutrient medium had significantly lower SYBR green I nucleic acid
fluorescence, suggesting that microbes isolated on low-nutrient medium may contain
reduced nucleic acid content relative to those isolated on higher-nutrient medium.

RESULTS

We collected shallow subsurface soil (55 cm) from the Oracle Ridge field site in a
midelevation conifer forest that is part of the Santa Catalina Mountains Critical Zone
Observatory in Arizona, USA. These soils contained very small amounts of total organic
carbon (0.095%) and N-NO3 (0.3 ppm), indicating they were highly oligotrophic (see
Fig. S1 in the supplemental material). We adapted existing high-throughput dilution-
to-extinction approaches designed for aquatic microbes (38, 39) to culture soil mi-
crobes from these samples (Fig. 1). The primary modification to existing protocols was
to add a buoyant density centrifugation cell separation step to detach inoculum cells
from mineral soils prior to diluting cells into growth medium. To do this, we vortexed
soil in a cell extraction buffer containing a nonionic surfactant and a dispersing agent.
We layered this soil-buffer slurry over 80% Nycodenz and centrifuged it. During
centrifugation, the mineral components of soil migrated through the Nycodenz, while
cells “floated” on the surface of the Nycodenz. We extracted cells located at the
Nycodenz interface, stained them with SYBR green I, and counted them on a flow
cytometer. This extraction yielded 1.28 � 105 cells ml�1 from 0.5 g wet soil. We diluted
the extracted cells to an average of 5 cells well�1 in deep-well polytetrafluoroethylene
96-well plates containing a custom-designed and defined growth medium that we
named artificial subterranean medium (ASM), with low or high concentrations of
heterotrophic growth substrates (ASM-low and ASM-high, respectively) (Fig. 1). The
ASM-low and ASM-high media contained identical inorganic mineral and vitamin
amendments but a 100-fold difference in the concentration of organic carbon and
amino acids (Table S1). We designed these media to facilitate the growth of diverse
chemoheterotrophic microbes by including an array of simple carbon compounds,
polymeric carbon substrates, and individual amino acids (Table S1). We prepared
triplicate 96-well plates for each growth medium formulation. These dilution-to-
extinction experiments were screened for growth with flow cytometry after 4 weeks of
incubation and again after 11 weeks of incubation (Fig. 1). Wells displaying growth
(defined as those wells displaying 1.0 � 104 cells ml�1) were subcultured into larger
volumes and subsequently cryopreserved and identified by 16S rRNA gene sequencing
(Fig. 1).

Across the two medium types, a total of 214 wells (119 for ASM-low and 95 for
ASM-high) displayed growth after 11 weeks of incubation. We successfully propagated
182 (85%) of the cultures frommicrotiter plates to polycarbonate flasks containing fresh
medium. Of the cultures that successfully propagated, we confirmed that 73% (133
cultures) were pure cultures by amplifying and sequencing full-length 16S rRNA gene
sequences from genomic DNA extractions. The remaining 49 cultures were mixed
(forward and reverse 16S rRNA sequence reads did not assemble due to base ambi-
guities) or, in rare instances, did not amplify under several amplification conditions. We
defined microbial culturability using Button’s definition of microbial “viability” as
determined in dilution-to-extinction experiments (40). Here, “culturability” is defined as
the ratio of cells that grew into detectable cultures to the total number of cells initially
diluted into a cultivation chamber (40). The culturability metric described here is
informative to evaluate the suitability of a growth medium to isolate microbes and can
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be applied across medium formulations and experiments so that different experiments
can be directly compared. By the end of the experiment, we approached �20%
culturability across the two medium formulations (Fig. 2). In general, microbial cultur-
ability was higher for ASM-low than for ASM-high, but this effect was significant only
after 4 weeks of incubation (Fig. 2; Wilcoxon rank sum test, P � 0.05 at 4 weeks).

We assigned taxonomy to each 16S rRNA gene sequence using the SILVA
database. All pure cultures isolated on ASM-low and ASM-high belonged to one of
two bacterial phyla: Actinobacteria (110 cultures; 83% of the pure cultures) or
Proteobacteria (23 cultures, all Alphaproteobacteria; 17% of the pure cultures)
(Fig. 3). Across all experiments, the genera assigned to bacteria isolated on ASM-low

FIG 1 Dilution-to-extinction workflow. Soils were collected and brought to the lab, where they were
homogenized in cell extraction buffer, layered over a Nycodenz solution, and centrifuged (A). The cell
layer was extracted from the Nycodenz solution and counted with flow cytometry (B). Counted cells were
diluted into growth medium in 96-well microtiter plates to an average density of 5 cells well�1 (C). After
incubation, the 96-well microtiter plates were screened for growth with flow cytometry, and wells
displaying growth were subcultured into larger volumes (D). After incubating the subcultures, flasks
displaying growth were identified by 16S rRNA gene sequencing and molecular phylogeny (E). Aliquots
of these identified subcultures were cryopreserved at �80°C (F).
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were significantly distinct from those isolated on ASM-high (Kruskal-Wallis rank sum,
�2 � 19.05, P � 1.28 � 10�5). However, these differences were largely driven by
significant differences in culturability across medium types for the Actinobacteria but
not for the Alphaproteobacteria (Dunn test, P � 0.000 for Actinobacteria and P � 0.128
for Alphaproteobacteria).

Just over half of the Alphaproteobacteria (57%) were isolated on ASM-low medium,
and the remaining 43% were isolated on ASM-high (Fig. 3 and Fig. S2). Cultures that
were classified as Bradyrhizobium spp. were the most frequent alphaproteobacterial
isolates (13 isolates), seven of which were isolated on ASM-low medium. Cultures
classified as Reyranella spp. and Nordella spp. were also isolated on both ASM-high and
ASM-low medium. Of the remaining five Proteobacteria cultures, three were isolated on
ASM-low (Afipia [1 culture], Rhizobiales [1 culture], and Bauldia [1 culture]), and two
were isolated on ASM-high (Pseudolabrys [1 culture] and a Xanthobacteraceae sp. [1
culture]). The actinobacterial cultures belonged to three classes: Actinobacteria (107
cultures), Thermoleophilia (2 cultures), and Acidimicrobiia (1 culture). Of these Actino-
bacteria, 65 (59%) were isolated on ASM-low, and 45 (41%) were isolated on ASM-high.
The cultures were numerically dominated by two genera that were differentially
isolated on ASM-low and ASM-high: Nocardioides and Mycobacterium. Nocardioides spp.
(46 cultures) were exclusively isolated on ASM-low medium (Fig. 3 and Fig. S3). Other
cultures that were isolated on ASM-low included those classified as Arthrobacter (3
cultures), Marmoricola (2 cultures), Nakamurella (2 cultures), Aeromicrobium (1 culture),
Blastococcus (1 culture), and Patulibacter (1 culture) (Fig. 3 and Fig. S3). While the
majority of cultures classified as Mycobacterium sp. were isolated on ASM-high (38
cultures), we isolated seven mycobacterial cultures on ASM-low medium—five of which
form a phylogenetically distinct cluster from those isolated on ASM-high (Fig. 3 and
Fig. S3). Other actinobacterial cultures isolated on ASM-high included Jatrophihabitans
(4 cultures), Conexibacter (1 culture), and Amycolatopsis (1 culture).

Interestingly, we isolated what are likely the first members of two novel actino-
bacterial lineages on ASM-low. The first such culture—Microtrichales sp. strain
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FIG 2 Microbial culturability (v) was greater on ASM-low than on ASM-high. Bar heights are the mean
percent culturability � standard deviation in 96-well microtiter plates (n � 3) as calculated from the
initial cell inoculum and the proportion of wells positive for growth (40). Double asterisks indicate
Wilcoxon rank sum test P values of �0.05.
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AZCC_0197—belongs to the Microtrichales order of the Acidimicrobiia class. The best
16S rRNA gene sequence match to an existing isolate is 93.4% identity to Aquihabitans
daechungensis strain G128. However, strain AZCC_0197 more closely matched numer-
ous 16S rRNA gene sequences from environmental clones of uncultured Acidimicrobiia.
The second lineage—Frankiales sp. strains AZCC_0102 and AZCC_0072—were classi-
fied as members of the Frankiales order of the Actinobacteria class with best matches
of �97% nucleotide identity to existing Frankiales isolates (41).

Several of the microbes we isolated were representative of abundant members of
the subsurface soil microbial community at the Oracle Ridge site. We matched the 16S
rRNA gene sequences from our cultures to the phylotypes derived from the 55 cm
Oracle Ridge soil sample. The 16S rRNA gene sequences from our cultures matched 13
phylotypes (at 97% identity [Fig. 4]) that account for 11.0% � 1.6% (mean � standard
deviation [SD], n � 3) of the total amplifiable microbial community. For example, the
16S rRNA gene sequences from our Bradyrhizobium isolates match a single Bradyrhi-
zobium phylotype that was the most abundant phylotype at 55 cm (relative abundance
of 5.7% � 0.3% [mean � SD, n � 3] [Fig. 4]). Additionally, we isolated representatives of
abundant Actinobacteria (Fig. 4), including two Mycobacterium phylotypes (the 11th
and 17th most abundant phylotypes overall), Nocardioides (the 13th most abundant
phylotype overall), and two Arthrobacter phylotypes (16th and 1,271st most abundant
phylotypes overall). The other Actinobacteria cultured in these experiments represent
rarer phylotypes in bulk soils. The 16S rRNA gene sequences from several of our pure
cultures did not match any of the phylotypes derived from these soils at �97% identity,
including Nakamurella (2 cultures), Nocardioides (5 cultures), Mycobacterium (1 culture),
Jatrophihabitans (1 culture), Patulibacter (1 culture), Conexibacter (1 culture), Rhizobiales
sp. (1 culture), Reyranella (1 culture), and Microtrichales sp. strain AZCC_0197.

FIG 3 ASM-low and ASM-high cultured distinct Alphaproteobacteria (a) and Actinobacteria (b). Bar heights are the
number of cultures obtained for each taxon and are colored by the medium type on which they were isolated. The
genera assigned to bacteria isolated on ASM-low were distinct from those isolated on ASM-high (Kruskal-Wallis
rank sum, �2 � 19.05, P � 1.28 � 10�5). These differences were driven by differences in culturability across medium
types for actinobacterial genera but not for alphaproteobacterial genera (Dunn test, P � 0.000 for Actinobacteria
and P � 0.128 for Alphaproteobacteria).
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In many environments, relative nucleic acid content can be estimated with flow
cytometry analysis of cells stained with nucleic acid-staining dyes (42–44). Given that
many microbes inhabiting low-nutrient environments exhibit reduced genome sizes,
we sought to determine whether the nucleic acid fluorescence measured for our
cultures partitioned by the growth medium on which they were isolated. For each
culture, we identified the closest match to an available genome sequence and found
that the genome length of these “best hit” matches was significantly correlated with
the average fluorescence of SYBR green I stained cells (Spearman’s rho � 0.3,
P � 0.0012), indicating that the nucleic acid fluorescence we quantified by flow cytom-
etry may be indicative of genome size differences. We found that cultures isolated on
ASM-low exhibited significantly lower mean nucleic acid fluorescence than those
isolated on ASM-high (Fig. 5) (Kruskal-Wallis rank sum �2 � 24.8, P � 6.27 � 10�7). The
overall mean fluorescence was not significantly different across the phyla assigned to
each isolate (Kruskal-Wallis rank sum �2 � 0.210, P � 0.647) but was significant across
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individual genus assignments (Kruskal-Wallis rank sum �2 � 62.4, P � 2.98 � 10�6).
Moreover, the mean nucleic acid fluorescence values within a given genus were similar
(Fig. S4). For example, Mycobacterium isolates had relatively high nucleic acid fluores-
cence, regardless of which medium they were isolated on (Fig. S4). In contrast,
Nocardioides (ASM-low) and Jatrophihabitans (ASM-high) displayed relatively low nu-
cleic acid fluorescence. Interestingly, we observed a clear nucleic acid fluorescence
dichotomy across the Bradyrhizobium isolates isolated on ASM-high (Fig. S4).

DISCUSSION

We designed a proof-of-concept workflow to determine the feasibility of high-
throughput dilution-to-extinction cultivation for the isolation of soil microbes. The
method was based on a workflow for isolating microbes from oligotrophic marine
environments (38). However, unlike aquatic samples, microbial cells in soils are heter-
ogeneously dispersed within, or attached to, a complex matrix comprised of noncellular
organic matter and minerals. The complexity of this soil matrix complicates accurate
enumeration of viable cells because mineral and organic matter can interfere with flow
cytometry. To circumvent these issues, we separated cells by gently shaking soils in a
cell extraction buffer containing a dispersing agent and a nonionic surfactant. Cells
were separated from this slurry by buoyant density centrifugation (Fig. 1). This proce-
dure allowed cells to be floated on top of a dense solution of Nycodenz while allowing
minerals to migrate through the Nycodenz solution (45).

We estimated the expected culturability and calculated the actual culturability using
the statistical framework of dilution culture growth outcomes described by Button et al.
(40). The expected number of pure cultures (û) was estimated across all experiments
using the formula û � �n(1 � p) � ln(1 � p), where p is the proportion of wells
displaying growth (214 growth chambers displaying growth/576 chambers inocu-
lated � 0.37) and n is the number of inoculated chambers (576 chambers in total).

FIG 5 The mean nucleic acid fluorescence of taxa isolated on ASM-low was significantly lower than for
those microbes isolated on ASM-high. Points are the mean natural logarithm (ln) of the quantified nucleic
acid fluorescence (in arbitrary units [AU]) of fixed and SYBR green I stained stationary-phase cultures. The
mean fluorescence value was obtained from manually gated histogram plots of fluorescence within
the Guava EasyCyte software. Only those cultures that were defined as pure cultures are plotted. The
horizontal line in each plot is the mean fluorescence value, and the box surrounding the mean is a 95%
confidence interval. Shading illustrates the relative distribution of fluorescence values within each
medium type.
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Based on this equation, we expected û � 168 pure cultures across all experiments. The
number of pure cultures we obtained (133 cultures) was within 21% of this value.
However, this result is conservative because it does not account for the cultures that
were initially scored as positive for growth but could not be successfully subcultured.
Some of these cultures may be oligotrophic taxa that were initially cultivatable but
failed to successfully propagate, as described by Kuznetsov et al. (19). Alternatively,
cultures that failed to propagate from microtiter plates to larger volumes might have
been false positives, where flow cytometer instrument noise or well-to-well carryover
was mistaken for a low-density culture. The mean culturability we observed for a given
experiment (1.4% to 11% [Fig. 2]) was comparable to dilution-to-extinction cultivation
studies of marine microbes, which report 0.5% to 14.3% culturability (39). Similar to
previous observations for soil microbes (33), we observed increased culturability with
longer incubation times (Fig. 2). We speculate that the culturability was higher on
ASM-low than on ASM-high because the cells were extracted from an extremely
oligotrophic soil sample (see Fig. S1 in the supplemental material), and perhaps the
results would have been different if the original inoculum originated from more
productive soils.

The concentration of heterotrophic growth substrates in the isolation medium
significantly influenced our ability to isolate certain actinobacterial lineages (Fig. 3). In
particular, Nocardioides were exclusively isolated on ASM-low and most Mycobacterium
isolates were isolated on ASM-high. We designed our media to include a defined but
diverse range of carbon substrates that have been successfully used to isolate chemo-
heterotrophic microbes from soil or oligotrophic taxa from other environments (33, 46).
Organic carbon type and availability are crucial for heterotrophic soil microbes because
carbon acts as both a source of electrons for respiration and a nutrient for growth. To
accommodate this requirement, many common microbial growth medium formula-
tions for heterotrophic microbes supply diverse growth substrates (yeast extract or
casein digests, for example), usually at concentrations much higher than are normally
available in situ. Two key assumptions made with these common medium formulations
are that (i) microbes will use only the relevant constituents and any remaining com-
pounds will have minor or no effect on microbial growth and (ii) microbes grow
optimally in the laboratory when nutrient availability is much greater than their
half-saturation constant (47). While many commonly studied microbes have the capac-
ity to grow on complex, high-nutrient formulations, environmental nucleic acid data
inform us that the vast majority of Earth’s microbes remain uncultured (46, 48). Our
results indicate that the concentration of nutrients in a growth medium may be as
important as the constituents of the growth medium for cultivation of uncultured
environmental microbes.

Numerous studies have demonstrated that dilute growth medium is superior to
substrate-rich growth medium for the isolation of novel soil microbes (33, 34, 49, 50).
However, the physiological explanation of why low-nutrient medium facilitates the
growth of diverse microbes, or high nutrient concentrations inhibit the growth of some
taxa, remains unclear. One possible explanation for these concentration-dependent
effects may be that growth medium formulations applied at high concentrations
contain large amounts of inhibitory substances—substances that are reduced to non-
inhibitory levels in dilute medium formulations. For example, a key amino acid trans-
porter in Chlamydia trachomatis can be blocked by nonessential amino acids, prevent-
ing the transport of required amino acids, resulting in growth inhibition (51). A similar
phenomenon was demonstrated in the extreme marine oligotroph “Candidatus Pe-
lagibacter ubique,” where alanine was conditionally required for cell division but
abolished growth at higher concentrations (52). Furthermore, reactive oxygen species
can be produced during the autoclaving of nutrient-rich medium that either directly
inhibit growth or combine with organics in the medium to form inhibitory compounds
(53, 54). Finally, growth inhibition may be the result of misbalanced regulation of
growth or accumulation of nutrient storage structures (poly-�-hydroxybutyrate, for
example), ultimately leading to cell lysis (55). A better understanding of the mecha-
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nism(s) that enables growth on low-nutrient medium—or prevents growth on high-
nutrient medium—may help us design better strategies for isolating uncultivated
lineages. Critically, the collection of cultures we describe here, which were isolated on
medium with identical constituents applied at different concentrations, is a first step
toward an experimental method capable of addressing these questions.

While several of the taxa we isolated were abundant microbial members of the
shallow subsurface microbial community (Fig. 4), other isolates were rare or not
identified in the cultivation-independent soil microbial community. The cultivation of
additional microbial phylotypes that were not observed in molecular analyses of the
same samples has been observed (56, 57). The dilution-to-extinction approach we used
here favors the cultivation of abundant microbes in a given sample (40), such that the
isolation of rarer taxa or taxa that were not observed in the original sample was
unexpected. There are several possible explanations for this observation. First, the
buoyant density separation protocol that we used to separate cells may have intro-
duced biases. Nycodenz cell separation approaches do not recover all microbial cells
from soil, and the separable fraction can be compositionally distinct from the nonsepa-
rated soils (58). These effects could potentially skew the proportions of microbes that
were diluted into microtiter plate wells. Alternatively, the absence of a particular taxon
in a soil microbiome analysis may be the result of insufficient sequencing depth (56).
Moreover, the “universal” primers used in the soil microbiome analysis (59) may not
have primed DNA from some of the divergent lineages we cultured as efficiently as
other phylotypes in the soil microbiome, resulting in either underrepresentation of
these phylotypes in the original community or no amplification at all. We do not have
sufficient evidence indicating which of these scenarios may explain our ability to
culture cells that were not apparent in the microbiome analysis. Finally, as is true in any
microbial cultivation experiment, there were many taxa that we did not isolate. In
particular, these soils contained high relative abundances of Verrucomicrobia related to
“Candidatus Udaeobacter copiosus” (60) and Acidobacteria (subgroup 6), which belong
to highly sought-after lineages of uncultured microbes (61). The reasons for not
isolating these (and other) lineages are numerous but may be the result of inappro-
priate medium composition (62, 63), toxic compounds in the cell separation constitu-
ents, long doubling times (��6 days), or dormancy (reviewed in reference 64).

We provide evidence that microbes cultured from oligotrophic soils on low-nutrient
medium may have reduced nucleic acid content relative to microbes isolated on richer
medium (Fig. 5). Depending on the taxa in question, and their effective population size,
microbial genome reduction can be driven by either genetic drift or “streamlining”
selection (reviewed in reference 65). Genome streamlining is strongly linked with
microbial oligotrophy in free-living aquatic microbes as a mechanism to reduce the
overhead cost of replication in periodically nutrient-limited environments (reviewed in
reference 21). However, direct evidence for genome streamlining in terrestrial microbes
has been elusive. For example, metagenome-assembled genomes of abundant and
ubiquitous uncultured Verrucomicrobia suggest that some lineages may contain re-
duced genome sizes (60). A more recent study showed that fire-affected warm soils
selected for groups of microbes with significantly smaller genomes than cooler soils
(66). Yet, there are few definitive ways to identify the growth preferences of taxa with
reduced genomes short of culturing them and studying their growth dynamics under
controlled conditions. The appearance of reduced nucleic acid content in cultures
isolated on ASM-low may be an indication that genome reduction may be a successful
life strategy for soil oligotrophs. Alternative explanations for the apparent differences in
nucleic acid content in microbes cultured in ASM-low may be that (i) the ploidy of
stationary-phase cells grown in ASM-low may be lower than those isolated in ASM-high,
(ii) unknown cellular constituents of cells grown in ASM-low may quench SYBR green
I fluorescence in the assay conditions we used, or (iii) cells isolated in ASM-high may
form small microaggregates that are not completely dispersed prior to flow cytometry.

The development of cultivation techniques emphasizing the high-throughput and
sensitive detection of microbial growth on low-nutrient medium revolutionized the
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field of aquatic microbial ecology by culturing microbes that were previously “uncul-
turable” using standard techniques (38, 39, 67–69). Here, we show that similar cultiva-
tion principles facilitate the cultivation of abundant soil microbes. We demonstrate
that, in addition to scrutinizing the nutritional composition of a given growth medium,
the concentration of growth substrates in the growth medium must also be considered.
Although we do not yet understand the mechanism of substrate-induced growth
inhibition, there is evidence that this phenomenon is widespread and may impede
laboratory cultivation efforts. Future studies to deduce the molecular mechanisms of
substrate-induced growth inhibition will likely lead to new cultivation approaches that
will allow us to isolate abundant free-living oligotrophic microbes.

MATERIALS AND METHODS
Soil source and nutrient analysis. Fresh soil samples were collected from a soil pit on 16 August

2017 at the Oracle Ridge site in the Catalina Jemez Critical Zone Observatory (coordinates: 32.45 N,
�110.74 W, elevation 2,103 m). The mean annual precipitation at Oracle Ridge is 87 cm year�1, and the
mean annual surface temperature is 12°C (70). The soils were Typic Ustorthent (70). The dominant
vegetation at the site is ponderosa pine (Pinus ponderosa), with sparse Douglas fir (Pseudotsuga
menziesii). We collected �300-g subsamples from 0 cm, 10 cm, 20 cm, 30 cm, 40 cm, and 55 cm depths.
Soils were kept cool with ice packs for �4 h while in transit to the laboratory. At the laboratory, the soils
were sieved to 2 mm and kept at 4°C for 50 days, at which point cells were separated from mineral soil.
Standard soil chemical analyses were performed at the Colorado State University Soil Water and Plant
Testing Laboratory using their standard protocols. We analyzed the microbial community composition at
each depth (see “Soil microbial community analysis” below) and conducted cultivation experiments from
the 55 cm soil sample.

Soil microbial community analysis. We extracted DNA from 1.0 g subsamples (n � 3) using MoBio
PowerSoil DNA extraction kits according to the manufacturer’s instructions. We amplified 16S rRNA gene
fragments using 515F-Y (5=-TATGGTAATTGTGTGYCAGCMGCCGCGGTAA-3=) and 926R (5=-AGTCAGTCAG
GGCCGYCAATTCMTTTRAGT-3=) (71). PCR products were purified using the QIAquick PCR purification kit
(Qiagen, Germantown, MD) per manufacturer’s specifications. Cleaned products were quantified using
Tecan fluorometric methods (Tecan Group, Mannedorf, Switzerland), normalized, and pooled for Illumina
MiSeq sequencing using custom sequencing primers and the MiSeq Reagent v2 500 cycle kit (Illumina,
San Diego, CA) according to the manufacturer’s protocols. We identified phylotypes based on the
generation of de novo operational taxonomic units (OTUs) from raw Illumina sequence reads using the
UPARSE pipeline at a stringency of 97% identity (72). Paired-end reads were trimmed of adapter
sequences, barcodes, and primers prior to assembly. We discarded low-quality and singleton sequences
and dereplicated the remaining sequences before calculating relative abundances. Chimera filtering of
the sequences was completed during clustering, while taxonomy was assigned to the OTUs with mothur
(73) using version 123 of the SILVA 16S rRNA database (74) as the reference. We generated OTU and
taxonomy assignment tables for subsequent analyses.

Cell separation. Cells were separated from sieved soils using buoyant density centrifugation with
Nycodenz modified from reference 37 to isolate viable cells. Briefly, we added 0.5 g wet soil to 44.8 ml
of cell extraction buffer (137.5 mM NaCl, 26.78 mM tetrasodium pyrophosphate, and 0.27% [vol/vol]
Tween 80). The soil-buffer slurry was vortexed for 30 s and shaken horizontally on a platform shaker for
2 h at 4°C. We layered 15-ml aliquots of this soil-buffer slurry over 10.0 ml of 80% (wt/vol) Nycodenz
solution in 50 mM tetrasodium pyrophosphate. We used 50 ml Nalgene Oak Ridge high-speed polycar-
bonate centrifuge tubes for buoyant density centrifugations. Tubes containing the soil-buffer solution
with Nycodenz were centrifuged at 17,000 � g for 30 min at 16°C. We extracted three 0.5-ml aliquots
from the resulting buoyant density preparation at a location of �25 mm above the bottom of the tube
(coincident with the approximate level of the top of the Nycodenz solution) to sterile microcentrifuge
tubes containing 1.0 ml 137.5 mM NaCl. The microcentrifuge tubes containing Nycodenz/NaCl were
vortexed and centrifuged for 20 min at 17,000 � g. The resulting cell pellets were resuspended in
137.5 mM NaCl, pooled, and stored at 4°C.

Medium design rationale. The ASM media were custom designed to facilitate the growth of a broad
range of soil chemoheterotrophic microbes (see Table S1 in the supplemental material). Both ASM-high
and ASM-low were buffered with phosphate. To this, we added minerals at concentrations derived from
an “artificial rainwater” recipe (75), trace elements as described in trace element solution SL-10 with the
addition of LaCl3, and vitamins as described elsewhere (52). We added heterotrophic growth substrates
that included 21 amino acids and a diverse range of simple carbon substrates including 2-C substrates
(glycerol and acetate), 3-C substrates (pyruvate), 4-C substrates (succinate, butyrate, and isobutyrate), 5-C
substrates (ribose and valerate), a 6-C substrate (glucose), an 8-C substrate (N-acetylglucosamine), and a
10-C substrate (decanoic acid) (Table S1). We also added several polymeric growth substrates including
pectin, methylcellulose, alginate, starch, and xylan (Table S1). We calculated the added carbon amount
to be �200 mg C liter�1 for ASM-high and �2 mg C liter�1 for ASM-low.

Dilution-to-extinction. An aliquot of cells extracted from the buoyant density separation was fixed
with 1.75% (final [vol/vol]) formaldehyde and stained with SYBR green I (final stain concentration was a
1:4,000 dilution of commercial stock) for 3.5 h at room temperature in the dark. Cells were enumerated
using a Millipore Guava flow cytometer, as described elsewhere (52). We diluted cells into artificial
subterranean medium (ASM)-high or ASM-low nutrient medium (Table S1) to a density of 5 cells ml�1
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and aliquoted 1.0 ml of the dilute cell suspension into the wells of 2 ml polytetrafluoroethylene 96-well
microtiter plates (Cowie Technology, New Castle, DE) so that on average each well contained 5 cells.
Plates were covered with plastic lids that allowed air circulation and incubated at 16°C in the dark under
aerobic conditions. We screened the dilution-to-extinction plates for growth by fixing (1.75% formalde-
hyde) and staining (1:4,000 dilution of commercial SYBR green I stock) aliquots for 18 h in the dark at
room temperature and counting by flow cytometry (EMD-Millipore Guava EasyCyte), as described
previously (52). We screened plates for growth at 4 and 11 weeks after inoculation. Positive cultures were
defined as cultures that exceeded 1.0 � 104 cells ml�1.

Actual and theoretical culturability estimates. Culturability estimates were determined by the
equation V � �ln(1 � p)/X, where V is the estimated culturability, p is the proportion of inoculated
cultivation chambers that displayed measurable growth (number of chambers positive for growth/total
number of chambers inoculated), and X is the number of cells added to each cultivation chamber as
estimated from dilutions (40). The number of pure cultures (û) was estimated as follows: û � �n(1 � p) �
ln(1 � p), where n is the number of inoculated growth chambers and p is the proportion of inoculated
wells displaying growth (40).

Culture transfer and storage. We subcultured positive growth chambers into 25 ml of the respec-
tive growth medium (ASM-high or ASM-low) in acid-washed, sterile polycarbonate flasks and incubated
them at 16°C. At the time of transfer, we assigned cultures a unique internal identification number for
our Arizona Culture Collection (AZCC). Flasks were monitored for growth every other week for 2 months.
Flasks displaying growth within 2 months were cryopreserved in 10% glycerol and stored at �80°C. If no
growth appeared within 2 months, the cultures were discarded and the assigned AZCC number was
retired.

Mean fluorescence calculations. We calculated the mean fluorescence of each culture from the
subcultures grown in 25 ml volumes at 12 to 15 weeks after inoculating. Culture aliquots were fixed and
stained for 15 to 18 h as described above under “Dilution-to-extinction.” We manually gated histograms
of the intensity of SYBR green I fluorescence (in arbitrary units) and extracted the mean fluorescence of
the gated peak for each culture using the GuavaSoft software package. “Best hit” genomes were
determined by subjecting the full-length 16S rRNA gene sequence of our isolates to a BLAST search
against the NCBI Microbial Genomes database using web-blast (76). We extracted the total genome
length from each best-hit genome.

Culture identification. Cultures were identified by full-length 16S rRNA gene sequencing. Briefly, we
filtered 5 to 10 ml of cell biomass from 25 ml cultures onto 0.2 �m pore size Supor filters and extracted
DNA using a Qiagen PowerSoil DNA extraction kit according to the manufacturer’s instructions. We
amplified full-length 16S rRNA genes from the resulting DNA using the 27F-1492R primer set (27F,
5=-AGAGTTTGATCMTGGCTCAG-3=; 1492R, 5=-ACCTTGTTACGACTT-3= [77]). The reaction mix consisted of
Promega’s GoTaq HotStart 2� PCR master mix with final concentrations of 0.4 �M 27F and 0.4 �M 1492R
primers, and 1 to 11.5 �l of template DNA, in a total reaction volume of 25 �l. The thermocycling profile
was once at 94°C for 10 min followed by 36 cycles of 94°C for 45 s, 50°C for 90 s, and 72°C for 90 s, and
a single 72°C extension for 10 min. The resulting amplicons were cleaned and Sanger sequenced from
both the 27F and 1492R primers by Eurofins Genomics (Louisville, KY, USA) using their standard
techniques. Sequences were curated using 4Peaks (78) and Geneious Prime v2019.0.1 (79). Reads were
trimmed and assembled using the moderate setting in Geneious. Forward and reverse Sanger PCR reads
that failed to build a full-length 16S rRNA gene with these metrics were considered “mixed” cultures and
not analyzed further.

Culture taxonomy and determination of taxonomic differences across growth medium formu-
lations. High-quality full-length 16S rRNA gene sequences from the cultures were used to assign
taxonomy and reconstruct phylogenetic relationships. We assigned taxonomy to all assembled 16S rRNA
gene sequences using the SILVA database SINA aligner v128 (80). A Shapiro-Wilk test of normality was
conducted in base R (81) on the distribution of SILVA genus assignments from both medium types. After
concluding the data were nonparametric, we performed a Kruskal-Wallis test in R (assigned genus �
medium type). We performed a post hoc analysis (Dunn test, in R) to determine whether culturability
within a phylum varied by growth medium type.

Taxonomic selection for phylogenetic reconstruction. To reconstruct a phylogeny of full-length
16S rRNA genes, our culture sequences were compared to NCBI’s Microbial Genomes and environmental
sequence databases using web-blast (76). The top five hits for each sequence from each NCBI database
were chosen based on the highest percent coverage and lowest E value score and included in the
reconstruction. Escherichia coli K-12 was used as the outgroup of the alphaproteobacterial phylogeny,
and Bacillus subtilis was used as the outgroup for the actinobacterial tree. These sequences aligned with
MAFFT (82) with turn checking enabled. The alignment was then trimmed using trimAl (83) with the
“automated1” setting to optimize sequence trimming for maximum-likelihood (ML) phylogenetic anal-
yses. We reconstructed phylogenetic relationships from this trimmed alignment in the CIPRES Gateway
(84). Maximum-likelihood (ML) trees were constructed using IQ-TREE with 10,000 ultrafast bootstrap trees
and Bayesian Information Criterion to select the best-fit nucleic acid substitution model (85, 86). For
Actinobacteria, we used the SYM�R10 model, and for Alphaproteobacteria, we used the GTR�F�I�G4
model. After an initial round of ML trees, sequence alignments were heuristically curated with IQ-TREE
to eliminate sequences that appeared in the tree more than once. Finalized ML trees were then imported
into the ARB environment (87), where any duplicate sequences from our AZCC cultures were added to
the ML trees through ARB’s quick add parsimony function. Final trees were visualized with FigTree (88).

Environmental contextualization of AZCC isolates. We matched the AZCC isolate full-length 16S
rRNA gene sequences against a database of the clustered OTUs from the shallow soil depth profile
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samples (see “Soil microbial community analysis” above) using the usearch_global command (89) at a
stringency of �97% identity, in both strand orientations, with maxaccepts � 1 and maxrejects � 0.

Data availability. Full-length Sanger-sequenced 16S rRNA gene sequences are available on NCBI
GenBank under accession numbers MK875836 to MK875967. Illumina data from the 55-cm Oracle Ridge
community are available on the NCBI SRA under accession numbers SRR9172130 to SRR9172198.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, EPS file, 1.3 MB.
FIG S2, PDF file, 0.4 MB.
FIG S3, PDF file, 0.6 MB.
FIG S4, EPS file, 1.5 MB.
TABLE S1, XLSX file, 0.01 MB.
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 13 

Supplementary Table 1. Artificial Subterranean Growth Medium (ASM) -low and -high 14 

composition including concentrations of carbon sources, amino acids, vitamins, trace metals, 15 

amino acids, and inorganic nutrients.  16 

 17 

Supplementary Figure 1: The soils used for cultivation were oligotrophic. (A) points are the 18 

measured soil organic carbon content of 184 soil samples collected from shallow subsurface pits 19 

located across the United States (from ref. (11)). (B) points are the measured NO3-N content of 20 

121 soils (113 surface soils) collected across the United States from (91, 92). The organic carbon 21 

percent and NO3-N measured in our 55 cm sample from Oracle Ridge is illustrated with a red 22 

dashed line in both panels. Our sample falls on the low end of both organic carbon content and 23 

NO3-N content across this broad selection of soils. 24 

  25 

 26 

Supplementary Figure 2: Alphaproteobacterial IQ-TREE Maximum Likelihood Full 27 

Length 16S rRNA gene sequence phylogeny. The tree was constructed using a GTR+F+I+G4 28 

nucleotide substitution model iterated over 10,000 ultrafast bootstraps. The scale bar indicates 29 

the FigTree proportionally transformed branch length. The 16S rRNA gene sequence from E. 30 

coli K-12 was used as an outgroup. Clade bootstrap support is indicated by colored nodes as 31 

indicated in the legend. This tree includes 16S rRNA gene sequences that amplified from all pure 32 

alphaproteobacterial cultures isolated in this study (bolded black leaves denoted with ‘AZCC’), 33 

as well as their best sequence matches to NCBI microbial genomes (dark blue leaves), NCBI 16S 34 

rRNA gene sequences from cultured isolates (orange leaves), and NCBI 16S rRNA gene 35 

sequences from environmental clones (green leaves). The medium concentration on which each 36 

AZCC culture was isolated are indicated by colored bars on the right side of the phylogenetic 37 

tree (red for ASM-high and blue for ASM-low).  38 

 39 

Supplementary Figure 3: Actinobacterial IQ-TREE Maximum Likelihood Full Length 16S 40 

rRNA gene sequence phylogeny. The tree was constructed using a SYM+R10 nucleotide 41 

substitution model iterated over 10,000 ultrafast bootstraps. The scale bar indicates the FigTree 42 

proportionally transformed branch length. The 16S rRNA gene sequence from B. subtilis DSM-43 

10 was used as an outgroup. Clade bootstrap support is indicated by colored nodes as indicated 44 

in the legend. This tree includes 16S rRNA gene sequences that amplified from all pure 45 

56



 

2 

actinobacterial cultures isolated in this study (bolded black leaves denoted with ‘AZCC’), as well 46 

as their best sequence matches to NCBI microbial genomes (dark blue leaves), NCBI 16S rRNA 47 

gene sequences from cultured isolates (orange leaves), and NCBI 16S rRNA gene sequences 48 

from environmental clones (green leaves). The medium concentration on which each AZCC 49 

culture was isolated are indicated by colored bars on the right side of the phylogenetic tree (red 50 

for ASM-high and blue for ASM-low). Actinobacterial classes are indicated by colored vertical 51 

bars to the right of the tree figure: Thermoleophilia (purple), Acidimicrobiia (teal), and 52 

Actinobacteria (Orange-Red). 53 

 54 

 55 

Supplementary Figure 4: Distribution of nucleic acid fluorescence values by Phylum (a) 56 

and Genus (b). Data are natural logarithm-transformed nucleic acid fluorescence values of fixed 57 

and SYBR Green I-stained stationary phase cultures. Plots show all genera with n ≥ 3 cultures in 58 

one or both media types. Shaded regions illustrate the distribution of fluorescence values within 59 

culture media groups.  60 
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Bacterial DNA Isolation 
CTAB Protocol 

Bacterial genomic DNA isolation using CTAB 
 

Version Number:  3   
Start Production Date:  8-25-04 
Stop Production Date:  (current) 
Authors:   William S. and Helene Feil, A. Copeland   
Reviewed by:   M. Haynes 11-12-12 

Summary 
This scaled up CTAB method can be used to extract large quantities of large molecular weight DNA 
from bacteria and other microbes. 

Materials & Reagents 
Materials/Reagents/Equipment    Vendor  Stock number 
 
Disposables 
1.5-mL microcentrifuge tube     Eppendorf 22 36 320-4 
50-mL Nalgene Oak Ridge polypropylene centrifuge tube VWR  21010-568 
10-mL pipette       Falcon  357551 
1-mL pipette tips      MBP  3781 
 
Reagents 
CTAB  (*see preparation notes at end)    Sigma  H-6269 
NaCl        Sigma  S-3014 
TE buffer (10mM Tris; 1 mM EDTA, pH 8.0).      Ambion  9858 
Lysozyme       Sigma  L-6876 
Proteinase K       Qiagen  19131 
5M NaCl       Ambion  9759 
10% SDS       Sigma  L-4522 
Chloroform       Sigma  C-2432 
Isoamyl alcohol      Sigma  I-9392 
Phenol       Sigma  P-4557 
Isopropanol       VWR  PX-1835-14 
Ethanol       AAPER  --------- 
DNase-free RNAse I (100 mg/mL)    Epicentre N6901K 
Molecular biology grade DNase-free water 
 
Equipment 
Hot Plate 
250 mL glass beaker 
Magnetic stir rod 
Thermometer 
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Automatic pipette dispenser 
Sorval 500 Plus centrifuge (DuPont, Newtown, CT) 
65°C water bath 
37°C incubator/heat block 
56°C heat block 

Procedure 
Cell preparation and extraction techniques. 
(Modification of “CTAB method”, in Current Protocols in Molecular Biology) 
 
Cell growth: 
To minimize gDNA sampling bias (e.g., excess coverage of sequences around the origin of replication) 
please take precautions NOT to proceed with DNA isolation while most of the cell population is in the 
stage of active DNA replication.  We recommend collaborators to check the cell growth prior to DNA 
isolation.  DNA should be prepared from cell culture that is either in late log phase or early stationary 
phase.  If the cells are in the early log phase, the culture should be placed on ice or 4°C to slow down 
the growth and allow DNA replication to complete prior to cell lysis and DNA isolation. 
 
If at all possible, please produce more DNA from a single isolation event than is strictly required for 
library creation and freeze aliquots of the extra DNA. Then, should more DNA be required for finishing it 
will be available. If extra cells are available instead, please consider storing extra aliquots in 15-40% 
glycerol at -80°C. 
 
 1.5ml 30ml 60ml 
1. Grow cells (see above) in broth and pellet at 10,000 rpm for 5 min or scrape from plate. 

2. Transfer bacterial suspension to the appropriate centrifuge tube. 

3. Spin down cells in microfuge or centrifuge at 10,000 rpm for 5 minute. 

4. Discard the supernatant. 

5. Resuspend cells in TE.         

6. Adjust to OD600 ! 1.0 with TE buffer (10mM Tris; 1 mM EDTA, pH 8.0) 

7. Transfer given amount of cell suspension to a clean centrifuge tube. -------    740!l 14.8ml 29.6ml 

8. Add lysozyme (conc. 100mg/ml).  Mix well.     ------------------------------------- 20!l 400!l 800!l 

 This step is necessary for hard to lyse gram (+) and some gram (–) bacteria.  

9. Incubate for 30 min. at 37°C. 

10. Add 10% SDS. Mix well.          --------------------------------------------------------- 40!l 800!l 1.6ml 

11. Add Proteinase K (10mg/ml). Mix well.        ---------------------------------------- 8!l 160!l 320!l 

12. Incubate for 1-3 hr at 56°C. If cells are not lysed (as seen by cleared solution with increased viscosity) 

incubation can proceed overnight (16 hrs). 

13. Add 5 M NaCl. Mix well.        ----------------------------------------------------------- 100!l 2ml 4ml 
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14. Add CTAB/NaCl (heated to 65°C). Mix well.         --------------------------------  100!l 2ml 4ml 

15. Incubate at 65°C for 10 min. 

16. Add chloroform:isoamyl alcohol (24:1). Mix well.       ---------------------------- 0.5ml 10ml 20ml 

17. Spin at max speed for 10 min at room temperature. 

18. Transfer aqueous phase to clean microcentrifuge tube (should not be viscous). 

19. Add phenol:chloroform:isoamyl alcohol (25:24:1). Mix well.      --------------- 0.5ml 10ml 20ml 

20. Spin at max speed for 10 min at room temperature. 

21. Transfer aqueous phase to clean microcentrifuge tube. 

22. Add chloroform:isoamyl alcohol (24:1). Mix well.       ---------------------------- 0.5ml 10ml 20ml 

23. Spin at max speed for 10 min at room temperature. 

24. Transfer aqueous phase and add 0.6 vol isopropanol (-20°C). 

 (e.g. if 400 µl of aqueous phase is transferred, add 240 µl of isopropanol.             ---- Add 0.6 vol. ---- 

25. Incubate at -20°C for 2 hrs to overnight. 

26. Spin at max speed for 15 min at 4°C. 

27. Wash pellet with cold 70% ethanol (directly from -20°C freezer), spin at max speed for 5 min. 

28. Discard the supernatant and let pellet dry at room temp. This may take some time (20 min. to several hours, 

depending on humidity). 

29. Resuspend in ~170 !l of DNase-free water. Proceed to RNAse treatment. 

1.1 Set up the following reaction in a 1.5ml microcentrifuge tube (multiple reactions can be done 

in different tubes): 

Note: RNase I @ 10U/!l, one unit digests 100 ng of RNA per second 

DNA (in H20)   170!l 

10X RNase I buffer    20!l 

RNase I     10!l 

200ul 

1.2 Mix & Spin down. 

1.3 Incubate tube at 37°C for 1 hr. 

Checkpoint: Check a small aliquot (5ul) on an agarose gel with a no treatment control. Run gel 
10-15 min. If there is only a trace of RNA, proceed with next step, heat inactivation. If a large 
amount of RNA is still present, add another 10!l of RNase I and repeat the incubation. 
 
1.4 Heat inactivate enzyme at 70°C for 15 min. 

1.5 Place tube on ice to cool. 

2. Ethanol Precipitation 

2.1 Add 1/10 volume of 3M Sodium Acetate to your sample. 

2.2 Add 2.5 volumes of 100% ethanol. 
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2.3 Mix and spin down sample. 

2.4 Place at -80°C for 30 min (-20°C 2 hrs to overnight). 

2.5 Spin sample at 4°C for 20 min to pellet DNA. 

2.6 Carefully, pour off supernatant. 

2.7 Wash pellet with 70% ethanol (cold). 

2.8 Spin sample at 4°C for 3-5 min. 

2.9 Pull off all ethanol with pipet tip. 

2.10 Air dry pellet (or vacuum dry for 5-15 min using no heat). 

2.11 Resuspend pellet with 100 !l of TE. 

2.12 If multiple reactions, combine them. 

2.13 Run 1 µl in a 1% agarose gel to check quality. 

     2.14 Store DNA @ -80°C or -20°C. 

 

Measure DNA concentration with fluorometer dsDNA assay (Qubit or equivalent) or UV absorption 
(Nanodrop). The 260/280 ratio should be approximately 1.8. The 260/230 ratio should be 1.8 – 2.2 for 
pure DNA. Note that residual phenol absorbs strongly at 270 nm and will inflate the apparent DNA 
concentration. If using Nanodrop check whether the peak (which should be at about 258 nm) is shifted 
toward 270 nm. Note that the JGI requires submission of a Qubit/fluorometric measurement. 
Nanodrop readings are not acceptable QC measurements for the JGI. 
 

Notes and precautions. 

-In step 1, do not use too many bacterial cells (an OD600 of not more than 1.2 is recommended), or DNA 
does not separate well from the protein.  
 
-Most of the time, inverting several times is sufficient to mix well.  Shaking too hard will shear the DNA. 

-Use any protocol for DNA precipitation, the one in this protocol works well. 

Reagent/Stock Preparation 
 
CTAB/NaCl (hexadecyltrimethyl ammonium bromide) 

 Dissolve 4.1 g NaCl in 80 ml of water and slowly add 10 g CTAB while heating ("65°C) and stirring.  
This takes more than 3 hrs to dissolve CTAB.  Adjust final volume to 100 ml and sterilize by filter or 
autoclave. 
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