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paired RNA Radiocarbon and 
sequencing Analyses Indicate the 
Importance of Autotrophy in a 
shallow Alluvial Aquifer
Brian J. Mailloux1, Carol Kim1, tess Kichuk1, Khue Nguyen1, Chandler precht1, shi Wang  2, 
talia N. M. Jewell2, Ulas Karaoz2, eoin L. Brodie  2, Kenneth H. Williams2, Harry R. Beller 2 & 
Bruce A. Buchholz  3

Determining the carbon sources for active microbial populations in the subsurface is a challenging 
but highly informative component of subsurface microbial ecology. this work developed a method to 
provide ecological insights into groundwater microbial communities by characterizing community RNA 
through its radiocarbon and ribosomal RNA (rRNA) signatures. RNA was chosen as the biomolecule 
of interest because rRNA constitutes the majority of RNA in prokaryotes, represents recently active 
organisms, and yields detailed taxonomic information. the method was applied to a groundwater 
filter collected from a shallow alluvial aquifer in Colorado. RNA was extracted, radiometrically 
dated, and the 16S rRNA was analyzed by RNA-Seq. The RNA had a radiocarbon signature (Δ14C) of 
−193.4 ± 5.6‰. Comparison of the RNA radiocarbon signature to those of potential carbon pools in 
the aquifer indicated that at least 51% of the RNA was derived from autotrophy, in close agreement 
with the RNA-Seq data, which documented the prevalence of autotrophic taxa, such as Thiobacillus 
and Gallionellaceae. Overall, this hybrid method for RNA analysis provided cultivation-independent 
information on the in-situ carbon sources of active subsurface microbes and reinforced the importance 
of autotrophy and the preferential utilization of dissolved over sedimentary organic matter in alluvial 
aquifers.

Shallow aquifers are often characterized as oligotrophic environments in which a heterotrophic microbial lifestyle 
is supported by surface-derived allochthonous organic matter1, although recent studies have demonstrated the 
importance of chemolithoautotrophy in some aquifer environments2–4. Determining the source of allochthonous 
and/or autochthonous carbon utilized by microbes can be difficult in aquifer systems. Potential carbon sources 
include dissolved organic carbon (DOC) transported from the surface5, dissolved inorganic carbon (DIC) from 
recharge, respiration, or mineral dissolution6, carbon associated with mineral grains (sediment organic carbon 
and adsorbed organic carbon)7,8, and carbon-rich material deposited with sediment (e.g., buried plant material 
or peat layers)9–12. Understanding these sources is critical for constraining the biogeochemical reactions that can 
control water quality and biogeochemical feedbacks to the atmosphere13–15.

RNA profiling with next-generation sequencing technologies (RNA-Seq) and radiocarbon analysis of RNA 
offer insights to constrain carbon utilization by microbes in a shallow aquifer, but to our knowledge these tech-
niques have not yet been used in combination. DNA- or RNA-sequence-based techniques have been used to 
infer heterotrophic vs. autotrophic lifestyles. Examples include targeting genes for diagnostic taxa (e.g., use of 
16S rRNA gene-based primers to target lithoautotrophic, Fe(II)-oxidizing Gallionella)16 or targeting genes/tran-
scripts for diagnostic metabolic pathways, for example, for RubisCO of the Calvin-Benson-Bassham cycle3,17,18 
or for the reductive tricarboxylic acid cycle6. In addition to such targeted (e.g., PCR-based) studies, metagenomic 
and metatranscriptomic studies have also revealed information about heterotrophic vs. autotrophic lifestyles 
in the subsurface. For example, genome reconstruction based upon metagenomic data from aquifer sediment 
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has strongly indicated an autotrophic lifestyle for prominent but uncultivated subsurface microorganisms19. 
Metatranscriptomic (RNA-Seq) and metagenomic analysis of an alluvial aquifer near Rifle, CO, highlighted the 
unexpected abundance and activity of a small group of autotrophic taxa both before and during injection of 
nitrate into a suboxic aquifer2. Still, comparatively few studies have sequenced RNA from the subsurface to better 
understand the importance of autotrophy vs. heterotrophy among uncultivated subsurface microbes.

Radiocarbon analysis is a sequence-independent method that has been used to determine carbon sources 
in surface waters and in the subsurface, based on the study of targeted biomolecules, such as phospholipid fatty 
acids (PLFA) and DNA7,20–23. Such radiocarbon techniques are most powerful when different carbon sources (e.g., 
organic and inorganic carbon) have distinct radiocarbon signatures. PLFA are components of the cell walls of 
active microbial populations and can provide information on bulk microbial populations in addition to microbial 
functional groups. PLFA are typically analyzed in sediment samples24,25 but have also been analyzed in aqueous 
samples26,27. Radiocarbon analysis of DNA represents carbon utilized for cell division but has the potential to 
represent both active and non-viable cells28 and also potentially long-lived ‘relic-DNA’29. RNA is conventionally 
thought to offer advantages over DNA for representing active, or recently active, microbes, although there are 
caveats for equating rRNA with actively growing or metabolizing cells30. In aquifer systems, radiocarbon analysis 
has indicated the importance of allochthonous carbon, such as petroleum products in contaminated aquifers31, 
and advected DOC in alluvial aquifers with geogenic arsenic21,32. In the deep subsurface, radiocarbon analysis 
of PLFA has been able to identify autotrophy23,27. Stable isotope analysis, but not radiocarbon analysis, has been 
performed on environmental RNA samples33,34.

The goal of this work was to develop and test a cultivation-independent method that analyzes both the radi-
ocarbon and rRNA signature of unamplified RNA from the same environmental sample, and that collectively 
characterizes community carbon utilization under in situ conditions. The method was applied to a filtered 
groundwater sample from a geochemically reduced zone of a shallow alluvial aquifer near Rifle, CO, where mul-
tiple potential carbon sources co-occur. The radiocarbon and RNA-Seq results, while addressing diverse sample 
properties, indicated a strikingly similar conclusion about the quantitative role of autotrophy in the subsurface 
microbial community.

Results and Discussion
Radiocarbon Method Validation Using Escherichia coli Grown with Characterized Carbon 
sources. Growth media that contained carbon with end-member radiocarbon signatures [acetate, lysogeny 
broth (LB), and dextrose] were utilized to validate the RNA radiocarbon purification method. Commercially 
available acetate is derived mostly from petroleum and thus possesses a highly negative radiocarbon signa-
ture (Δ14C) and a comparatively old C age. In practice, a sample with little to no radiocarbon has a Δ14C value 
approaching −1000‰ and contains carbon more than 50,000 years old. In contrast, LB and dextrose are derived 
from recent photosynthetically derived material and have a contemporary signature with a positive Δ14C value 
and a modern age (Table 1). Above-ground testing of nuclear weapons before the adoption of the Limited Test 
Ban Treaty of 1963 produced a bomb pulse of 14C in the atmosphere resulting in radiocarbon values with a frac-
tion modern greater than 1 and a positive Δ14C value35. The use of the different growth media in the laboratory 
offered a controlled approach to validate the extraction and radiocarbon analysis procedure.

Twenty-four RNA samples extracted from E. coli grown with the different media were analyzed for their 
radiocarbon signatures to develop the current method (Table 1), which was adapted from previously described 
methods for isolating DNA21,35. Whole E. coli cells grown with LB and suspended in sterile water before the 
extraction procedure were less positive in Δ14C than the medium, but still modern (Table 1). Initial testing indi-
cated that presence of SDS (sodium dodecyl sulfate) as a surfactant could not reproduce the modern signatures 
(three samples had a negative Δ14C value), so CTAB (hexadecyltrimethyl ammonium bromide) was used instead 
(Table 1). In addition, RNA purification columns were avoided, as they can contaminate samples with variable 
amounts of petroleum-derived carbon36. E. coli grown with acetate had an RNA radiocarbon signature close to 
that of the pure acetate medium (Table 1). However, subtle changes to the procedure to optimize RNA recoveries 
had a substantial impact on the radiocarbon signature of E. coli controls grown with LB. Seven samples extracted 
using water-saturated phenol (pH 6.6) all produced non-modern, more negative RNA signatures than the cells 
(Table 1). This was independent of the purification steps, which included multiple types of phase-lock gel tubes, 
ethanol washes, and CsCl centrifugation. None of these purification steps could remove the petroleum-derived 
contamination from the RNA. Water-saturated phenol is generally recommended for RNA extractions, as it 
increases yields of RNA while removing DNA37; however, in this case, residual C from the phenol treatment could 
not be fully removed, skewing the radiocarbon signature of the RNA.

Ten samples were extracted using Tris-saturated phenol (pH 7.9) (Table 1). When using the large phase-lock 
gel tubes with LiCl, the Δ14C values of the three samples were all negative, although two were considered modern. 
Seven samples using the small phase-lock gel tube all had Δ14C signatures that were modern, with only one nega-
tive value (Table 1). The results were highly reproducible with a mean and standard deviation of 8.7 ± 8.6‰, with 
the standard deviation close to the average analytical error of 7.9‰. The use of CsCl centrifugation did not change 
the Δ14C signature, but this step was omitted because of the resulting loss of RNA. In addition, after the LiCl step, 
the spectrometric 260/230 nm and 260/280 nm ratios indicated that the RNA was largely free of contaminants, 
with almost all values greater than 2.0 (Table 1). The amount of DNA as determined by fluorescence was low, 
<5%, in all samples (Table 1). The final recommended procedure used phenol at pH 7.9, the small phase-lock gel 
tubes, and LiCl.

The final method still produced a Δ14C value that was more negative than the LB and the washed cells 
(Table 1). The average Δ14C value for the four RNA samples using the final method was 6.4‰, compared to 
the average E. coli cells of 25.7‰, a difference of 19.3‰. Trials included E. coli cells grown with dextrose in M9 
minimal medium to simplify conditions relative to LB (i.e., growth medium containing a single carbon source). 
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For this medium, the Δ14C value of E. coli RNA was 37.8 ± 4.2‰, compared to the dextrose medium value of 
55.6 ± 3.5‰, a difference of 17.8‰. Whole E. coli cells grown with dextrose were not analyzed, but given the sin-
gle carbon source, we assume that the signature of E. coli cells would have been similar to the RNA and dextrose. 
It is not clear if the consistent 17–20‰ difference between the radiocarbon signatures of RNA vs. the growth 
medium (for LB or dextrose) was due to petroleum-derived contaminants in the RNA or isotopic fractionation 
during growth. For example, there could be relic carbon from the extraction buffers or carbon leaching from 
plastic or the Milli-Q system that was not removed. An extraction without cells did not have enough carbon for 
radiometric analysis and could not be used to trace exogenous carbon sources. Regardless, the radiocarbon sig-
natures of the RNA and the medium/cells were consistent and comparable, and indicated that the method could 
be used to assess a range of carbon sources in the environment.

Rifle aquifer. Radiocarbon data. Monitoring well LQ107 is located within a so-called “naturally reduced 
zone” of a shallow alluvial aquifer near Rifle, CO38. The well was sampled to determine if radiocarbon and 
RNA-Seq analyses could be combined to better understand carbon sources for microbes in aquifer systems. 
Approximately 23,520 L of groundwater were filtered (0.2-μm) and the RNA was extracted from the filter for 
radiocarbon and sequence analysis.

Medium
Surfac-
tant

P:C 
pHa

P:C 
Tubesb LiClc CsCld

Fraction 
Modern Δ14C (‰)

14C age 
(yrs) 260/280e 260/230e

Percent 
DNA (%)f

Amount 
RNA (μg)g CAMSh

100% EtOH Pure Medium, No Prep 1.0491 ± 0.0037 40.8 ± 3.7 >Modern 173559

100% EtOH & 
DEPC Pure Medium, No Prep 1.0504 ± 0.0037 42 ± 3.7 >Modern 173560

CTAB in water Pure Medium, No Prep 0.0048 ± 0.0001 −995.2 ± 0.1 42900 ± 170 174198

LB medium Pure Medium, No Prep 1.0675 ± 0.0039 59.9 ± 3.7 >Modern 143162

Acetate Pure Medium, No Prep 0.1414 ± 0.0008 −860 ± 1 15,715 ± 45 149428

Dextrose Pure Medium, No Prep 1.0633 ± 0.0035 55.6 ± 3.5 >Modern 149098

E. coli Pure Medium, No Prep 1.0302 ± 0.0039 24.8 ± 3.9 >Modern 174199

E. coli washedi Pure Cells, No Prep 1.0321 ± 0.0043 26.6 ± 4.3 >Modern 174200

LB SDS 7.9 small no no 1.0094 ± 0.007 1.6 ± 7.0 >Modern na na na na 167573

LB SDS 7.9 small yes no 1.0021 ± 0.0067 −5.7 ± 6.7 >Modern na na na na 167574

LB SDS 7.9 small yes yes 0.9687 ± 0.0132 −38.7 ± 13.2 260 ± 110 na na na na 167575

LB SDS 7.9 small yes yes 0.9639 ± 0.0255 −43.5 ± 25.5 300 ± 220 na na na na 167676

LB CTAB 6.6 small no no 0.9711 ± 0.0038 −36.7 ± 3.8 235 ± 35 2.08 2.1 10.6 197 176279

LB CTAB 6.6 small no yes 0.9259 ± 0.0061 −81.3 ± 6.1 620 ± 60 1.99 1.99 <1% na 172417

LB CTAB 6.6 small no yes 0.9351 ± 0.0044 −72.2 ± 4.4 540 ± 40 2.06 2.18 <1.3% na 172418

LB CTAB 6.6 small no yes 0.8836 ± 0.0041 −123.5 ± 4.1 995 ± 40 1.88 2.17 5 na 173313

LB CTAB 6.6 small no yes 0.9297 ± 0.004 −77.7 ± 4 585 ± 35 1.92 2.23 <1% na 173315

LB CTAB 6.6 small no yes 0.9189 ± 0.0089 −88.4 ± 8.9 680 ± 80 1.98 2.34 2.7 60 175675

LB CTAB 6.6 large no no 0.9862 ± 0.0038 −21.7 ± 3.8 110 ± 35 2.12 2.07 10.0 283 176278

LB CTAB 7.9 large no no 0.9854 ± 0.0047 −22.6 ± 4.7 120 ± 40 2.05 1.95 6.8 164 176274

LB CTAB 7.9 large yes no 1.0000 ± 0.0043 −8 ± 4.3 Modern 2.07 2.05 0.7 127 176277

LB CTAB 7.9 large yes no 1.0056 ± 0.006 −2.5 ± 6 Modern 2.07 2 0 62 176275

LB CTAB 7.9 small no no 1.0236 ± 0.0069 15.7 ± 6.9 >Modern 2.03 2.24 na 83 167569

LB CTAB 7.9 small yes no 1.0277 ± 0.0054 19.8 ± 5.4 >Modern 2.05 2.28 4.7 143 167570

LB CTAB 7.9 small yes no 1.0032 ± 0.007 −4.7 ± 7 Modern 2.01 1.72 0.5 na 169942

LB CTAB 7.9 small yes no 1.0125 ± 0.0164 4.3 ± 16.4 >Modern 2.03 2.28 1.6 21 176276

LB CTAB 7.9 small yes no 1.0145 ± 0.0044 6.3 ± 4.4 >Modern na na na 340 176271

LB CTAB 7.9 small yes yes 1.012 ± 0.0111 4.2 ± 11.1 >Modern 2.00 2.4 3.8 49 167571

LB CTAB 7.9 small yes yes 1.0235 ± 0.0043 15.6 ± 4.3 >Modern 2.09 2.1 na 203 167572

Acetate CTAB 7.9 small yes no 0.1629 ± 0.0053 −838.4 ± 5.3 14580 ± 270 2.03 2.17 0.6 na 169940

Dextrose CTAB 7.9 small yes no 1.046 ± 0.0042 37.8 ± 4.2 >Modern 2.1 2.26 1.1 na 169941

LQ107-RNA 
−50 μgC CTAB 7.9 small yes no 0.8129 ± 0.0056 −193.4 ± 5.6 1660 ± 60 1.95 2.13 na na 169943

Table 1. Summary of Radiocarbon Results. Results are shown for growth media, chemicals used for 
RNA extraction, pure cells, and extracted RNA with the steps for each extraction indicated. aThe pH of 
Phenol:Chloroform. bType of Phenol:Chloroform tube utilized. cUtilization of a LiCl precipitation step. 
dUtilization of CsCl ultracentrifugation. eThe spectrophotometric ratio of the RNA to determine purity 
measured on a NanoDrop. Values near or above 2.0 indicate nucleic acids free of contaminants. fThe percent 
DNA determined fluorescently with a Qubit Fluorometer. gThe amount of RNA was estimated from the 
NanoDrop concentrations. hThe CAMS accession number. iE. coli was washed and/or resuspended in DNA-
grade sterile water.
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The radiocarbon data from well LQ107 are summarized in Fig. 1. The Δ14C value of the RNA was 
−193.4 ± 5.6‰. The Δ14C values of the DIC and DOC were −157.7 ± 1.7‰ and −231.0 ± 1.7‰, respec-
tively. In the aquifer, the average Δ14C value of the sediment organic carbon (SOC) and plant material were 
−504.4 ± 173.0‰ (n = 20) and −55.1 ± 61.8‰ (n = 8), respectively12. The range in radiocarbon values for 
potential carbon sources is much larger than the variability in radiocarbon signatures associated with the E. 
coli controls, indicating the method can be utilized to determine in situ carbon sources. Assuming that the RNA 
represents carbon from a linear combination of autotrophy and heterotrophy, the percent of RNA carbon from 
DIC was calculated with a DOC or SOC end-member. The DIC-DOC pair indicated 51.2% autotrophy and the 
DIC-SOC pair indicated 89.7% autotrophy. This assumes no contribution from buried plant material, as this 
plant material could not have been the primary source of carbon for the RNA, given the radiocarbon signatures 
(Fig. 1). However, the exact source of the DOC is not known and could be a mixture of carbon leaching from 
the soil horizon and buried plant material, along with the older sedimentary organic carbon. In this analysis, we 
used end-member radiocarbon signatures as the most parsimonious approach, but acknowledge that DOC is 
not a homogeneous compound but rather a heterogeneous mixture from multiple sources, each with potentially 
different bioavailability and/or radiocarbon signatures39. Nonetheless, as described below, the rRNA sequencing 
analysis supports the conclusions of the linear end-member mixing approach used for radiocarbon.

Community rRNA sequencing results. Sequence analysis of an aliquot of the RNA sample from Well LQ107 
revealed the community composition of putatively active microbes at the time of sampling (Supplementary Data 
Files 1 and 2). A striking aspect of the RNA-Seq analysis was the predominance of lithoautotrophic bacteria 
(i.e., bacteria that use CO2 as a carbon source and inorganic compounds as electron donors) among the most 
abundant taxa (Fig. 2). The five most abundant taxa were all closely related to lithoautotrophic members of the 
β-proteobacteria that use reduced S compounds (such as H2S) and/or Fe(II) as electron donors, including the fol-
lowing (Figs 2 and 3): Thiobacillus (e.g.40–42), Sideroxydans and/or other Gallionellaceae family members (e.g.43), 
and Sulfuricella (e.g.44,45). The close phylogenetic relationships among the five most abundant taxa and experi-
mentally characterized lithoautotrophic, β-proteobacterial isolates are depicted in Fig. 3. Other lithoautotrophic, 
S-oxidizing bacteria occurring among the 20 most abundant taxa included Sulfurimonas spp., which belong to 
the ε-proteobacteria (e.g.46) (Fig. 2). Nitrosospira and Nitrosomonas spp., which can use ammonia as an electron 
donor, were also present among the top 20 taxa (Fig. 2). Overall, among the 20 most abundant taxa in the sample, 
bacteria closely related to known lithoautrophic bacteria (with 96% average sequence identity) constituted ca. 
72% of the population (Fig. 2). If this analysis is expanded to all taxa that constituted at least 0.1% of the commu-
nity (139 taxa and 80.7% of all taxa detected; Supplementary Data File 1), then bacteria closely related to known 
lithoautrophs constituted ca. 52.5% of the population.

Thus, RNA-Seq analysis provided strong evidence of lithoautotrophic bacterial activity in the Rifle aquifer. 
Notably, these results are very consistent with a recent study of the Rifle aquifer2, in which Fe(II)- and S-oxidizing 
lithoautotrophic bacterial strains belonging to Sulfurimonas and the Gallionellaceae were found to be highly 
active, collectively accounting for ca. 80% of the metatranscriptome (community gene expression). Further, a 
different Rifle aquifer study indicated the predominance of another S-oxidizing lithoautotrophic bacterium, 
Candidatus Sulfuricurvum sp. RIFRC-1, that constituted ca. 47% of the aquifer sediment community based upon 
metagenomic data19.

Combining radiocarbon and RNA-Seq data. Radiocarbon and RNA-Seq analysis of RNA are both resource- and 
time-intensive methods that can currently only be performed on a small number of well-constrained samples, 

Figure 1. Summary of radiocarbon data from Well LQ107, a shallow alluvial aquifer near Rifle, CO. (A) Δ14C 
values of parameters measured from the well and aquifer. (B) Estimates of the amount of RNA from autotrophy 
from the DIC-DOC and DIC-SOC pairs in panel A. The plant carbon cannot be paired with DIC, as the plant 
radiocarbon is more positive than both DIC and sample RNA. The sediment and plant data are from Janot  
et al.12 and all the data are presented in the supplementary information. The RNA, DIC, and DOC are based on 
single samples whereas the plant (n = 8) and SOC (n = 20) are based on multiple samples.

https://doi.org/10.1038/s41598-019-46663-1
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but together can offer novel insights. Targeting RNA in environmental samples makes processing more difficult 
than DNA analyses, but ensures a focus on predominantly active microbes. While PLFA analysis also targets 
active microbes, it provides much less detailed taxonomic information than rRNA sequencing. In this study, two 
methods that target RNA but independently provide estimates of carbon sources through either a geochemical 
measurement or a taxonomic assessment indicated the important role of autotrophy in a subsurface microbial 
community. This mirrors recent findings at Rifle and other sites2,6,47.

The data also provided information on the probable source of the organic matter used by heterotrophs. In 
order for the radiocarbon-based estimates of autotrophy (ca. 50 to 90%; Fig. 1) to match the amplification-free, 
16S rRNA-based estimates (ca. 50%) (Fig. 2), heterotrophs would need to have used the end-member DOC as 
their carbon source, and the end-member SOC is probably not a major contributor to microbial respiration or 
biomass. This is consistent with other alluvial aquifers in which recent, advected carbon sources were prefer-
entially utilized over sediment-associated carbon21,32. It is not clear why SOC is not utilized by the microbes in 
alluvial aquifers, but multiple ecosystem properties might account for this stabilization39, even though sediment 
organic matter could be bioavailable once it is released from the sediment48. In this shallow alluvial aquifer, it 
appears that heterotrophic redox reactions are supported by DOC, while reduced inorganic compounds mix 

Figure 2. RNA-Seq results showing the relative abundance of the top 20 reconstructed sequences in the Rifle 
aquifer RNA sample, along with cumulative abundance of all sequences (blue) and lithoautotrophic sequences 
(red). Closest matching taxa based on 16S rRNA analysis are indicated on the x-axis (asterisks indicate 
lithoautotrophic taxa and numbers in parenthesis indicate % sequence identity to best 16S rRNA match). See 
text for discussion of assignment of heterotrophic versus autotrophic taxa. Phylogenetic relationships of the five 
most abundant taxa (indicated with circled numbers) are shown in Fig. 3.

Figure 3. Phylogenetic relationships of the five most abundant taxa to the most closely related isolates, which 
have been experimentally confirmed as lithoautrophic bacteria (see text and Fig. 2). Numbers preceding isolate 
species names are GenBank accession numbers for their 16S rRNA gene sequences, and circled numbers 
correspond to taxa indicated in Fig. 2. Rhodopseudomonas palustris HaA2 is used to outgroup root the tree. 
Node confidences based on bootstrapped trees are noted next to the nodes. The scale bar represents percent 
sequence difference.

https://doi.org/10.1038/s41598-019-46663-1
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with oxidants delivered to the aquifer during seasonal hydrologic fluctuations49 to support a thriving and diverse 
chemolithoautotrophic community that accounts for approximately half of the active, planktonic, microbial bio-
mass. The combination of next-generation sequencing of unamplified 16 S rRNA with radiocarbon analysis of 
RNA could be a powerful, cultivation-independent method for understanding subsurface carbon dynamics under 
in situ conditions.

Methods
site overview. Groundwater samples were collected in August, 2011 from monitoring well LQ107, located 
in a shallow alluvial aquifer near Rifle, Colorado. The well is 6.1 meters deep and screened over the bottom-
most 3 meters. The water table varies from approximately 1.8 to 4.1 meters below the land surface, depending 
on river stage in the Colorado River, which adjoins the site to the south. An extensive overview of the site was 
presented by Williams et al.50. The well is located in the naturally reduced zone, as indicated by redox-sensitive 
elements (Fig. 4) with lithological and mineralogical properties analogous to those described by Campbell et al.38.  
Dissolved Fe and Mn were at elevated concentrations, along with arsenic. Sulfate is present and relatively stable 
over time. Microbially mediated Fe(III) and sulfate reduction at the site have contributed to the presence of 
reduced Fe- and S-containing compounds in the aquifer, including Fe-sulfide minerals, such as FeS and FeS2. DIC 
and DOC concentrations are relatively constant over time. The alluvial Rifle aquifer is underlain by the imperme-
able Wasatch Formation at a depth of 5.5 meters at well LQ107.

Groundwater filtration. Groundwater samples were collected from monitoring well LQ107 in August 2011 
using a peristaltic pump; groundwater was pumped through a 0.2-μm nylon 10-inch filter cartridge (Filtersource, 
Hamburg, NY) for 4 days at 3.8 liters per min for a total volume of 23,520 L. The high flow rate through the filter 
maintained the temperature of the filtered residuum at an aquifer temperature of ca. 13 °C over the sampling 
duration. The filter was kept in the dark during filtering to limit microbial activity, and then immediately frozen at 
−20 °C and shipped frozen to Barnard College, where it was stored at −80 °C until processing.

RNA extraction and purification. The complete RNA extraction and purification procedure is presented 
in the SI. An abbreviated version that highlights less conventional portions is presented here. The frozen filter 
was cut into ~1-inch rings with a sterilized electric saw, then cut into small sections and the outer-shiny layer was 
placed in a 50-mL tube. The RNA extraction buffer was 2% CTAB, 1.4M NaCl, 20 mM EDTA (pH 8), and 100 mM 
Tris-Cl (pH 8), with 64 mg lysozyme and 16 mg proteinase-K added along with 1.7 g of 3-mm sterile beads. The 
mixture was vortexed, incubated for 30 min at 55 °C, decanted, and washed a second time with 1x Tris-EDTA 
(TE). The extract was purified using phenol:chloroform in two rounds with Phase Lock Gel (PLG) tubes (a.k.a. 
MaXtract High Density, Qiagen, Germantown, MD), which were made with a silicone lubricant51. The first round 
used 50-mL PLG tubes and the second round used either 50-mL or 1.5-mL PLG tubes (this was an important var-
iable, as discussed earlier). In addition, the phenol was tested as both water-saturated (pH 6.6) and Tris-saturated 
(pH 7.9), and again, this was an important variable. The extracts were precipitated with isopropanol, washed with 
70% ethanol, and resuspended in DNA-grade sterile water. The RNA was further purified with LiCl and/or CsCl 
ultracentrifugation (see SI). DNase treatment was not utilized at this point to avoid adding any excess carbon 
to the sample that could impact radiocarbon dating; however, DNase was used prior to RNA-Seq analysis, as 
described below. The purity and amounts of RNA were assessed with a NanoDrop Spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA) and verified with a Qubit Fluorometer (Thermo Fisher) using both RNA and 
DNA kits. RNA was stored in DNA-grade sterile water at −80 °C until RNA-Seq or radiocarbon analysis.

Figure 4. Summary of groundwater chemistry at Well LQ107 over a ca. 2-year period preceding sampling for 
the current study. The blue shading represents the distribution of the samples. The orange line represents the 
median, the notch in the box represents the 95% confidence level for the median, the edge of the box is the 
quartile range, the whiskers are the total data range, and the circles are outliers.
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RNA controls. Two end-member cases were used to test the RNA extraction procedure. E. coli (strain ATCC 
700891, ATCC, Manassas, VA) was grown with either sodium acetate (Fisher Scientific, Pittsburgh, PA) or dextrose 
(Fisher) with M9 medium52 or lysogeny broth (LB) (Fisher). Acetate is mostly petroleum-derived and is an older 
end-member, whereas LB contains yeast extract as a carbon source and provides a modern radiocarbon end-member 
along with dextrose. Cells were grown and diluted multiple times (to dilute out previous carbon signatures), pelleted, 
resuspended in 5 mL of DNA-grade sterile water, and stored at −80 °C until 1 mL was used for extractions.

Radiocarbon analysis. Purified RNA samples suspended in water and process controls were shipped to Lawrence 
Livermore National Laboratory (LLNL) for accelerator mass spectrometry (AMS) sample processing and analyses 
through the natural carbon preparation laboratory. RNA storage is not critical for radiocarbon analysis, as storage 
at room temperature results in RNA degradation, but not mineralization. Samples were transferred to quartz com-
bustion tubes and lyophilized to dryness. Isotopic standards NIST SM 4990C Oxalic Acid II and IAEA C-6 sucrose 
were dissolved in water to produce secondary standards with similar masses as the RNA and lyophilized with the 
samples. After removal from the lyophilizer, all dry samples, controls, and standards received excess CuO and 
were promptly evacuated and sealed with a H2/O2 torch. The sealed tubes were placed in a furnace set at 900 °C for 
3.5 h to oxidize all carbon to CO2. The evolved CO2 was purified, trapped, and reduced to graphite using standard 
techniques53,54. Graphite samples were measured at the Center for AMS at LLNL using the HVEE FN AMS system 
operating similarly to our previous analyses of DNA21. Most samples were too small to obtain CO2 splits for δ13C 
analyses. Based on a few large sample splits, a fractionation correction of δ13C = −20 ± 2‰ was used for RNA 
samples. The measurement error was determined for each sample and ranged between ±4‰ and 11‰ (1SD) for 
samples with greater than 25 μg carbon. All data was reported as decay-corrected ∆14C55 and post-bomb F14C56.

Metatranscriptome analysis. RNA purification, RNA-Seq library construction, and sequencing: Samples for 
molecular analysis were kept at −80 °C and shipped on dry ice to Lawrence Berkeley National Laboratory. Total 
isolated RNA was further purified using the Qiagen RNeasy cleanup kit following the manufacturer’s instruc-
tions with a modification for DNase digestion: after the first wash of the RNeasy mini spin column with 250 μL 
buffer RW1, 80 μL of DNase I incubation mix (10 μL DNase I stock and 70 μL buffer RDD) was directly loaded 
onto the column and incubated at room temperature for 15 min. The purified sample was analyzed for quality 
with a Bioanalyzer 2100, using RNA 6000 Pico Chips (Agilent Technologies, Wilmington, USA) and was quan-
tified with a Qubit fluorometer, using a Broad Range RNA kit (Agilent Technologies). The cDNA library was 
prepared with 60 ng total RNA and was constructed as described by Jewell, et al.2. Briefly, we used a TruSeq RNA 
Sample Preparation Kit v1 (Illumina), with a single modification: the protocol began with the “Elute, Prime, and 
Fragment” step by adding 13 μL of the “Elute, Prime, and Fragment Mix” to 5 μL of purified RNA. The cDNA 
library concentration was assessed using the KAPA SYBR FAST qPCR Kit following the manufacturer’s instruc-
tions (KapaBiosystems, Boston, USA). Quality was assessed with a Bioanalyzer using a DNA 1000 chip (Agilent 
Technologies). The sample was sequenced by the Vincent J. Coates Genomics Sequencing Laboratory at U.C. 
Berkeley on an Illumina HiSeq4000 with paired-end, 100-bp reads.

Ribosomal 16S rRNA sequence assembly: Near-full-length ribosomal 16S rRNA sequences were recon-
structed from total RNA reads using a large database of candidate rRNA genes with a templated assembly 
approach (EMIRGE57). EMIRGE reference databases were constructed using the SILVA SSU SEED database 
(release 123)58 and 16S rRNA sequences from metagenome-assembled genomes59, resulting in a final candidate 
database of 13,386 sequences with taxonomic labels. EMIRGE was parameterized to run in single-end mode to 
iterate 40 times, to merge 97% identical sequences, and to accept the reference sequences that were at least 30% 
covered lengthwise. 16S rRNA gene relative abundances were estimated based on normalized priors from the 
final EMIRGE iteration. The data is available as a fasta file in the supplemental material and as GenBank SRA 
BioProject PRJNA483050.

Phylogeny inference for 16S rRNA sequences. For Fig. 3, EMIRGE-reconstructed sequences (n = 5) 
were searched against SILVA SSU Reference NR sequences using the SINA 1.2.11 “search tool”60. For each Rifle 
sequence, sequences of neighbors with >95% sequence identity were collected. The reconstructed sequences 
and their close relatives were merged into a single file, sequence headers were annotated with the taxonomic 
labels, and aligned to SILVA seed alignment, and a maximum-likelihood phylogeny was inferred with RAxML61 
(GTRGAMMA model of rate heterogeneity) using Rhodopseudomonas palustris HaA2 as an outgroup with 1000 
bootstrapped trees to estimate node confidences (“raxmlHPC-SSE3 -f a -m GTRGAMMA -# 1000”). The result-
ing tree was visualized with Dendroscope62.

Data Availability
Data that support the findings of this study are available within the paper, its supplementary information files, 
and data repositories cited therein, including NCBI GenBank Sequence Read Archive (SRA) (https://trace.ncbi.
nlm.nih.gov/Traces/sra/sra.cgi) BioProject PRJNA483050. The relative relative abundances of each taxon are in 
Supplemental File 1 and the the reconstructed 16S rRNA gene sequence data for each taxon in FASTA format are 
in Supplemental File 2.

References
 1. Ghiorse, W. C. & Wilson, J. T. In Advances in Applied Microbiology Vol. 33 (ed. Allen I. Laskin) 107–172 (Academic Press, 1988).
 2. Jewell, T. N. M., Karaoz, U., Brodie, E. L., Williams, K. H. & Beller, H. R. Metatranscriptomic evidence of pervasive and diverse 

chemolithoautotrophy relevant to C, S, N and Fe cycling in a shallow alluvial aquifer. The ISME Journal 10, 2106, https://doi.
org/10.1038/ismej.2016.25, https://www.nature.com/articles/ismej201625#supplementary-information (2016).

https://doi.org/10.1038/s41598-019-46663-1
https://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi
https://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi
https://doi.org/10.1038/ismej.2016.25
https://doi.org/10.1038/ismej.2016.25
https://www.nature.com/articles/ismej201625#supplementary-information


8Scientific RepoRts |         (2019) 9:10370  | https://doi.org/10.1038/s41598-019-46663-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

 3. Alfreider, A., Vogt, C., Geiger-Kaiser, M. & Psenner, R. Distribution and diversity of autotrophic bacteria in groundwater systems 
based on the analysis of RubisCO genotypes. Systematic and Applied Microbiology 32, 140–150, https://doi.org/10.1016/j.
syapm.2008.11.005 (2009).

 4. Herrmann, M. et al. Large Fractions of CO2-Fixing Microorganisms in Pristine Limestone Aquifers Appear To Be Involved in the 
Oxidation of Reduced Sulfur and Nitrogen Compounds. Applied and Environmental Microbiology 81, 2384–2394, https://doi.
org/10.1128/aem.03269-14 (2015).

 5. Murphy, E. M., Davis, S. N., Long, A., Donahue, D. & Jull, A. J. T. Characterization and isotopic composition of organic and 
inorganic carbonin the Milk River Aquifer. Water Resources Research 25, 1893–1905 (1989).

 6. Alfreider, A. & Vogt, C. Genetic Evidence for Bacterial Chemolithoautotrophy Based on the Reductive Tricarboxylic Acid Cycle in 
Groundwater Systems. Microbes and Environments 27, 209–214, https://doi.org/10.1264/jsme2.ME11274 (2012).

 7. Petsch, S. T., Eglinton, T. I. & Edwards, K. J. 14C-Dead Living Biomass: Evidence for Microbial Assimilation of Ancient Organic 
Carbon During Shale Weathering. Science 292, 1127–1131 (2001).

 8. McMahon, P. B. & Chapelle, F. H. Microbial production of organic acids in aquitard sediments and its role in aquifer geochemistry. 
Nature 349, 233–235 (1991).

 9. McArthur, J. M. et al. Natural organic matter in sedimentary basins and its relation to arsenic in anoxic ground water: the example 
of West Bengal and its worldwide implications. Applied Geochemistry 19, 1255–1293 (2004).

 10. Trembath-Reichert, E. et al. Methyl-compound use and slow growth characterize microbial life in 2-km-deep subseafloor coal and 
shale beds. Proceedings of the National Academy of Sciences 114, E9206–E9215, https://doi.org/10.1073/pnas.1707525114 (2017).

 11. Routh, J., Grossman, E. L., Murphy, E. M. & Benner, R. Characterization and origin of dissolved organic carbon in Yegua ground 
water in Brazos County, Texas. Ground Water 39, 760–767 (2001).

 12. Janot, N. et al. Physico-Chemical Heterogeneity of Organic-Rich Sediments in the Rifle Aquifer, CO: Impact on Uranium 
Biogeochemistry. Environmental Science & Technology 50, 46–53, https://doi.org/10.1021/acs.est.5b03208 (2016).

 13. Tesoriero, A. J. & Puckett, L. J. O2 reduction and denitrification rates in shallow aquifers. Water Resources Research 47, https://doi.
org/10.1029/2011WR010471 (2011).

 14. Fendorf, S., Michael, H. A. & van Geen, A. Spatial and Temporal Variations of Groundwater Arsenic in South and Southeast Asia. 
Science 328, 1123–1127, https://doi.org/10.1126/science.1172974 (2010).

 15. Newcomer, M. E. et al. Influence of Hydrological Perturbations and Riverbed Sediment Characteristics on Hyporheic Zone 
Respiration of CO2 and N2. Journal of Geophysical Research: Biogeosciences 123, 902–922, https://doi.org/10.1002/2017JG004090 
(2018).

 16. Wang, J., Muyzer, G., Bodelier, P. L. E. & Laanbroek, H. J. Diversity of iron oxidizers in wetland soils revealed by novel 16S rRNA 
primers targeting Gallionella-related bacteria. The ISME Journal 3, 715, https://doi.org/10.1038/ismej.2009.7 (2009).

 17. Watson, G. M. F. & Tabita, F. R. Microbial ribulose 1,5-bisphosphate carboxylase/oxygenase: a molecule for phylogenetic and 
enzymological investigation. FEMS Microbiology Letters 146, 13–22, https://doi.org/10.1016/S0378-1097(96)00417-X (1997).

 18. Alfreider, A., Vogt, C., Hoffmann, D. & Babel, W. Diversity of Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase Large-Subunit 
Genes from Groundwater and Aquifer Microorganisms. Microbial Ecology 45, 317–328, https://doi.org/10.1007/s00248-003-2004-9 
(2003).

 19. Handley, K. M. et al. The complete genome sequence for putative H2- and S-oxidizer Candidatus Sulfuricurvum sp., assembled de 
novo from an aquifer-derived metagenome. Environmental Microbiology 16, 3443–3462, https://doi.org/10.1111/1462-2920.12453 
(2014).

 20. McCallister, S. L., Bauer, J. E., Cherrier, J. E. & Ducklow, H. W. Assessing sources and ages of organic matter supporting river and 
estuarine bacterial production: A multiple-isotope (Delta C-14, delta C-13, and delta N-15) approach. Limnology and Oceanography 
49, 1687–1702 (2004).

 21. Mailloux, B. J. et al. Advection of surface-derived organic carbon fuels microbial reduction in Bangladesh groundwater. Proceedings 
of the National Academy of Sciences 110, 5331–5335, https://doi.org/10.1073/pnas.1213141110 (2013).

 22. Hansman, R. L. et al. The radiocarbon signature of microorganisms in the mesopelagic ocean. Proceedings of the National Academy 
of Sciences 106, 6513–6518, https://doi.org/10.1073/pnas.0810871106 (2009).

 23. Simkus, D. N. et al. Variations in microbial carbon sources and cycling in the deep continental subsurface. Geochimica et 
Cosmochimica Acta 173, 264–283, https://doi.org/10.1016/j.gca.2015.10.003 (2016).

 24. Cowie, B. R., Greenberg, B. M. & Slater, G. F. Determination of Microbial Carbon Sources and Cycling during Remediation of 
Petroleum Hydrocarbon Impacted Soil Using Natural Abundance 14C Analysis of PLFA. Environmental Science & Technology 44, 
2322–2327, https://doi.org/10.1021/es9029717 (2010).

 25. Pearson, A., McNichol, A. P., Benitez-Nelson, B. C., Hayes, J. M. & Eglinton, T. I. Origins of lipid biomarkers in Santa Monica Basin 
surface sediment: a case study using compound-specific [Delta]14C analysis. Geochimica et Cosmochimica Acta 65, 3123–3137, 
https://doi.org/10.1016/s0016-7037(01)00657-3 (2001).

 26. Mailloux, B. J. et al. A carbon free filter for collection of large volume samples of cellular biomass from oligotrophic waters. Journal 
of Microbiological Methods 90, 145–151, https://doi.org/10.1016/j.mimet.2012.04.016 (2012).

 27. Mills, C. T. et al. Microbial carbon cycling in oligotrophic regional aquifers near the Tono Uranium Mine, Japan as inferred from 
delta C-13 and Delta C-14 values of in situ phospholipid fatty acids and carbon sources. Geochimica et Cosmochimica Acta 74, 
3785–3805, https://doi.org/10.1016/j.gca.2010.03.016 (2010).

 28. Lomstein, B. A., Langerhuus, A. T., D/’Hondt, S., Jorgensen, B. B. & Spivack, A. J. Endospore abundance, microbial growth and 
necromass turnover in deep sub-seafloor sediment. Nature 484, 101–104, http://www.nature.com/nature/journal/v484/n7392/abs/
nature10905.html#supplementary-information (2012).

 29. Carini, P. et al. Relic DNA is abundant in soil and obscures estimates of soil microbial diversity. Nature Microbiology 2, 16242, 
https://doi.org/10.1038/nmicrobiol.2016.242 https://www.nature.com/articles/nmicrobiol2016242#supplementary-information 
(2016).

 30. Blazewicz, S. J., Barnard, R. L., Daly, R. A. & Firestone, M. K. Evaluating rRNA as an indicator of microbial activity in environmental 
communities: limitations and uses. The ISME Journal 7, 2061, https://doi.org/10.1038/ismej.2013.102 (2013).

 31. Ahad, J. M. E., Burns, L., Mancini, S. & Slater, G. F. Assessing Microbial Uptake of Petroleum Hydrocarbons in Groundwater Systems 
Using Natural Abundance Radiocarbon. Environmental Science & Technology 44, 5092–5097, https://doi.org/10.1021/es100080c 
(2010).

 32. Whaley-Martin, K. J. et al. Stimulation of Microbially Mediated Arsenic Release in Bangladesh Aquifers by Young Carbon Indicated 
by Radiocarbon Analysis of Sedimentary Bacterial Lipids. Environmental Science & Technology 50, 7353–7363, https://doi.
org/10.1021/acs.est.6b00868 (2016).

 33. Pearson, A. et al. Quantifying Microbial Utilization of Petroleum Hydrocarbons in Salt Marsh Sediments by Using the 13C Content 
of Bacterial rRNA. Applied and Environmental Microbiology 74, 1157–1166, https://doi.org/10.1128/aem.01014-07 (2008).

 34. Moerdijk-Poortvliet, T. C. W. et al. A versatile method for simultaneous stable carbon isotope analysis of DNA and RNA nucleotides 
by liquid chromatography/isotope ratio mass spectrometry. Rapid Communications in Mass Spectrometry 28, 1401–1411, https://doi.
org/10.1002/rcm.6919 (2014).

 35. Spalding, K. L., Bhardwaj, R. D., Buchholz, B. A., Druid, H. & Frisen, J. Retrospective Birth Dating of Cells in Humans. Cell 122, 
133–143 (2005).

https://doi.org/10.1038/s41598-019-46663-1
https://doi.org/10.1016/j.syapm.2008.11.005
https://doi.org/10.1016/j.syapm.2008.11.005
https://doi.org/10.1128/aem.03269-14
https://doi.org/10.1128/aem.03269-14
https://doi.org/10.1264/jsme2.ME11274
https://doi.org/10.1073/pnas.1707525114
https://doi.org/10.1021/acs.est.5b03208
https://doi.org/10.1029/2011WR010471
https://doi.org/10.1029/2011WR010471
https://doi.org/10.1126/science.1172974
https://doi.org/10.1002/2017JG004090
https://doi.org/10.1038/ismej.2009.7
https://doi.org/10.1016/S0378-1097(96)00417-X
https://doi.org/10.1007/s00248-003-2004-9
https://doi.org/10.1111/1462-2920.12453
https://doi.org/10.1073/pnas.1213141110
https://doi.org/10.1073/pnas.0810871106
https://doi.org/10.1016/j.gca.2015.10.003
https://doi.org/10.1021/es9029717
https://doi.org/10.1016/s0016-7037(01)00657-3
https://doi.org/10.1016/j.mimet.2012.04.016
https://doi.org/10.1016/j.gca.2010.03.016
http://www.nature.com/nature/journal/v484/n7392/abs/nature10905.html#supplementary-information
http://www.nature.com/nature/journal/v484/n7392/abs/nature10905.html#supplementary-information
https://doi.org/10.1038/nmicrobiol.2016.242
https://www.nature.com/articles/nmicrobiol2016242#supplementary-information
https://doi.org/10.1038/ismej.2013.102
https://doi.org/10.1021/es100080c
https://doi.org/10.1021/acs.est.6b00868
https://doi.org/10.1021/acs.est.6b00868
https://doi.org/10.1128/aem.01014-07
https://doi.org/10.1002/rcm.6919
https://doi.org/10.1002/rcm.6919


9Scientific RepoRts |         (2019) 9:10370  | https://doi.org/10.1038/s41598-019-46663-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

 36. Falso, M. J. S. & Buchholz, B. A. Bomb pulse biology. Nuclear Instruments and Methods in Physics Research Section B: Beam 
Interactions with Materials and Atoms 294, 666–670, https://doi.org/10.1016/j.nimb.2012.08.045 (2013).

 37. Chomczynski, P. & Sacchi, N. Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction. 
Analytical Biochemistry 162, 156–159, https://doi.org/10.1016/0003-2697(87)90021-2 (1987).

 38. Campbell, K. M. et al. Geochemical, mineralogical and microbiological characteristics of sediment from a naturally reduced zone in 
a uranium-contaminated aquifer. Applied Geochemistry 27, 1499–1511, https://doi.org/10.1016/j.apgeochem.2012.04.013 (2012).

 39. Schmidt, M. W. I. et al. Persistence of soil organic matter as an ecosystem property. Nature 478, 49–56 (2011).
 40. Kellermann, C. & Griebler, C. Thiobacillus thiophilus sp. nov., a chemolithoautotrophic, thiosulfate-oxidizing bacterium isolated 

from contaminated aquifer sediments. 59, 583–588, https://doi.org/10.1099/ijs.0.002808-0 (2009).
 41. Hutt, L. P. et al. Permanent draft genome of Thiobacillus thioparus DSM 505(T), an obligately chemolithoautotrophic member of the 

Betaproteobacteria. Standards in Genomic Sciences 12, 10–10, https://doi.org/10.1186/s40793-017-0229-3 (2017).
 42. Beller, H. R. et al. The genome sequence of the obligately chemolithoautotrophic, facultatively anaerobic bacterium Thiobacillus 

denitrificans. Journal of Bacteriology 188, 1473–1488, https://doi.org/10.1128/jb.188.4.1473-1488.2006 (2006).
 43. Emerson, D. et al. Comparative genomics of freshwater Fe-oxidizing bacteria: implications for physiology, ecology, and systematics. 

Frontiers in Microbiology 4, https://doi.org/10.3389/fmicb.2013.00254 (2013).
 44. Watanabe, T., Kojima, H. & Fukui, M. Complete genomes of freshwater sulfur oxidizers Sulfuricella denitrificans skB26 and 

Sulfuritalea hydrogenivorans sk43H: Genetic insights into the sulfur oxidation pathway of betaproteobacteria. Systematic and Applied 
Microbiology 37, 387–395, https://doi.org/10.1016/j.syapm.2014.05.010 (2014).

 45. Kojima, H. & Fukui, M. Sulfuricella denitrificans gen. nov., sp. nov., a sulfur-oxidizing autotroph isolated from a freshwater lake. 
International Journal of Systematic and Evolutionary Microbiology 60, 2862–2866, https://doi.org/10.1099/ijs.0.016980-0 (2010).

 46. Sievert, S. M. et al. Genome of the Epsilonproteobacterial Chemolithoautotroph Sulfurimonas denitrificans. Applied and 
Environmental Microbiology 74, 1145–1156, https://doi.org/10.1128/aem.01844-07 (2008).

 47. Kellermann, C. et al. Microbial CO2 fixation potential in a tar-oil-contaminated porous aquifer. FEMS Microbiology Ecology 81, 
172–187, https://doi.org/10.1111/j.1574-6941.2012.01359.x (2012).

 48. Neumann, R. B., Pracht, L. E., Polizzotto, M. L., Badruzzaman, A. B. M. & Ali, M. A. Biodegradable Organic Carbon in Sediments 
of an Arsenic-Contaminated Aquifer in Bangladesh. Environmental Science & Technology Letters 1, 221–225, https://doi.
org/10.1021/ez5000644 (2014).

 49. Yabusaki, S. B. et al. Water Table Dynamics and Biogeochemical Cycling in a Shallow, Variably-Saturated Floodplain. Environmental 
Science & Technology 51, 3307–3317, https://doi.org/10.1021/acs.est.6b04873 (2017).

 50. Williams, K. H. et al. Acetate Availability and its Influence on Sustainable Bioremediation of Uranium-Contaminated Groundwater. 
Geomicrobiology Journal 28, 519–539, https://doi.org/10.1080/01490451.2010.520074 (2011).

 51. Mukhopadhyay, T. & Roth, J. A. Silicone lubricant enhances recovery of nucleic acids after phenol-chloroform extraction. Nucleic 
Acids Research 21, 781–782, https://doi.org/10.1093/nar/21.3.781 (1993).

 52. Sambrook, J. A. & David, R. Molecular Cloning: A Laboratory Manual Third edn, Vol. 3 (Cold Spring Harbor Laboratory Press, 
2001).

 53. Vogel, J. S., Southon, J. R. & Nelson, D. E. Catalyst and Binder Effects in the Use of Filamentous Graphite for Ams. Nuclear 
Instruments & Methods in Physics Research Section B-Beam Interactions with Materials and Atoms 29, 50–56 (1987).

 54. Santos, G. M., Southon, J. R., Druffel-Rodriguez, K. C., Griffin, S. & Mazon, M. Magnesium perchlorate as an alternative water trap 
in AMS graphite sample preparation: A report on sample preparation at KCCAMS at the University of California, Irvine. 
Radiocarbon 46, 165–173 (2004).

 55. Stuiver, M. & Polach, H. A. Reporting of C-14 Data - Discussion. Radiocarbon 19, 355–363 (1977).
 56. Reimer, P. J., Brown, T. A. & Reimer, R. W. Discussion: Reporting and calibration of post-bomb C-14 data. Radiocarbon 46, 

1299–1304 (2004).
 57. Miller, C. S., Baker, B. J., Thomas, B. C., Singer, S. W. & Banfield, J. F. EMIRGE: reconstruction of full-length ribosomal genes from 

microbial community short read sequencing data. Genome Biology 12, R44, https://doi.org/10.1186/gb-2011-12-5-r44 (2011).
 58. Quast, C. et al. The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids 

Research 41, D590–D596, https://doi.org/10.1093/nar/gks1219 (2013).
 59. Anantharaman, K. et al. Thousands of microbial genomes shed light on interconnected biogeochemical processes in an aquifer 

system. Nature Communications 7, 13219, https://doi.org/10.1038/ncomms13219 https://www.nature.com/articles/
ncomms13219#supplementary-information (2016).

 60. Pruesse, E., Peplies, J. & Glöckner, F. O. SINA: accurate high-throughput multiple sequence alignment of ribosomal RNA genes. 
Bioinformatics (Oxford, England) 28, 1823–1829, https://doi.org/10.1093/bioinformatics/bts252 (2012).

 61. Stamatakis, A. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics (Oxford, 
England) 30, 1312–1313, https://doi.org/10.1093/bioinformatics/btu033 (2014).

 62. Huson, D. H. & Scornavacca, C. Dendroscope 3: An Interactive Tool for Rooted Phylogenetic Trees and Networks. Systematic 
Biology 61, 1061–1067, https://doi.org/10.1093/sysbio/sys062 (2012).

Acknowledgements
Support was provided by NIGMS P41GM103483, NIEHS Superfund Research Program grant P42-ES010349, 
DOE-DE-SC0006796, NSF 1521258, Barnard SRI and Columbia Earth Institute. We would like to acknowledge 
the support of K. Santos and A. Keimowitz. The RNA-Seq and sample collection portion of this work was 
supported as part of the Genomes to Watershed Scientific Focus Area at Lawrence Berkeley National Laboratory 
funded by the U.S. Department of Energy, Office of Science, Office of Biological and Environmental Research 
Subsurface Biogeochemical Research program under Award Number DE-AC02-05CH11231. Work at the 
Center for Accelerator Mass Spectrometry was performed under the auspices of the U.S. Department of Energy 
by Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344. Reviewed and released as 
LLNL-JRNL-744481. This work used the Vincent J. Coates Genomics Sequencing Laboratory at UC Berkeley, 
supported by NIH S10 Instrumentation Grants S10RR029668 and S10RR027303. Part numbers do not represent 
an endorsement and simply denote what was used in this study.

Author Contributions
K.W. was responsible for field experimental design and sample collection. B.M., C.K., T.K., K.N. and C.P. 
performed RNA extraction and isolation, and RNA radiocarbon method development. H.B., E.B., S.W., T.J. and 
U.K. conducted RNA sequencing preparation and data analysis. B.B. carried out radiocarbon measurement and 
data analysis. The manuscript was written by B.M., H.B., B.B., E.B., S.W. and U.K.

https://doi.org/10.1038/s41598-019-46663-1
https://doi.org/10.1016/j.nimb.2012.08.045
https://doi.org/10.1016/0003-2697(87)90021-2
https://doi.org/10.1016/j.apgeochem.2012.04.013
https://doi.org/10.1099/ijs.0.002808-0
https://doi.org/10.1186/s40793-017-0229-3
https://doi.org/10.1128/jb.188.4.1473-1488.2006
https://doi.org/10.3389/fmicb.2013.00254
https://doi.org/10.1016/j.syapm.2014.05.010
https://doi.org/10.1099/ijs.0.016980-0
https://doi.org/10.1128/aem.01844-07
https://doi.org/10.1111/j.1574-6941.2012.01359.x
https://doi.org/10.1021/ez5000644
https://doi.org/10.1021/ez5000644
https://doi.org/10.1021/acs.est.6b04873
https://doi.org/10.1080/01490451.2010.520074
https://doi.org/10.1093/nar/21.3.781
https://doi.org/10.1186/gb-2011-12-5-r44
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/ncomms13219
https://www.nature.com/articles/ncomms13219#supplementary-information
https://www.nature.com/articles/ncomms13219#supplementary-information
https://doi.org/10.1093/bioinformatics/bts252
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/sysbio/sys062


1 0Scientific RepoRts |         (2019) 9:10370  | https://doi.org/10.1038/s41598-019-46663-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-46663-1.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-46663-1
https://doi.org/10.1038/s41598-019-46663-1
http://creativecommons.org/licenses/by/4.0/

	Paired RNA Radiocarbon and Sequencing Analyses Indicate the Importance of Autotrophy in a Shallow Alluvial Aquifer
	Results and Discussion
	Radiocarbon Method Validation Using Escherichia coli Grown with Characterized Carbon Sources. 
	Rifle aquifer. 
	Radiocarbon data. 
	Community rRNA sequencing results. 
	Combining radiocarbon and RNA-Seq data. 


	Methods
	Site overview. 
	Groundwater filtration. 
	RNA extraction and purification. 
	RNA controls. 
	Radiocarbon analysis. 
	Metatranscriptome analysis. 

	Phylogeny inference for 16S rRNA sequences. 

	Acknowledgements
	Figure 1 Summary of radiocarbon data from Well LQ107, a shallow alluvial aquifer near Rifle, CO.
	Figure 2 RNA-Seq results showing the relative abundance of the top 20 reconstructed sequences in the Rifle aquifer RNA sample, along with cumulative abundance of all sequences (blue) and lithoautotrophic sequences (red).
	Figure 3 Phylogenetic relationships of the five most abundant taxa to the most closely related isolates, which have been experimentally confirmed as lithoautrophic bacteria (see text and Fig.
	Figure 4 Summary of groundwater chemistry at Well LQ107 over a ca.
	Table 1 Summary of Radiocarbon Results.




