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ABSTRACT A single liter of water contains hundreds, if not thousands, of bacterial
and archaeal species, each of which typically makes up a very small fraction of the
total microbial community (�0.1%), the so-called “rare biosphere.” How often, and
via what mechanisms, e.g., clonal amplification versus horizontal gene transfer, the
rare taxa and genes contribute to microbial community response to environmental
perturbations represent important unanswered questions toward better understand-
ing the value and modeling of microbial diversity. We tested whether rare species
frequently responded to changing environmental conditions by establishing 20-liter
planktonic mesocosms with water from Lake Lanier (Georgia, USA) and perturbing
them with organic compounds that are rarely detected in the lake, including 2,4-
dichlorophenoxyacetic acid (2,4-D), 4-nitrophenol (4-NP), and caffeine. The popula-
tions of the degraders of these compounds were initially below the detection limit
of quantitative PCR (qPCR) or metagenomic sequencing methods, but they increased
substantially in abundance after perturbation. Sequencing of several degraders (iso-
lates) and time-series metagenomic data sets revealed distinct cooccurring alleles of
degradation genes, frequently carried on transmissible plasmids, especially for the
2,4-D mesocosms, and distinct species dominating the post-enrichment microbial
communities from each replicated mesocosm. This diversity of species and genes
also underlies distinct degradation profiles among replicated mesocosms. Collec-
tively, these results supported the hypothesis that the rare biosphere can serve
as a genetic reservoir, which can be frequently missed by metagenomics but en-
ables community response to changing environmental conditions caused by or-
ganic pollutants, and they provided insights into the size of the pool of rare
genes and species.

IMPORTANCE A single liter of water or gram of soil contains hundreds of low-
abundance bacterial and archaeal species, the so called rare biosphere. The value of
this astonishing biodiversity for ecosystem functioning remains poorly under-
stood, primarily due to the fact that microbial community analysis frequently fo-
cuses on abundant organisms. Using a combination of culture-dependent and
culture-independent (metagenomics) techniques, we showed that rare taxa and
genes commonly contribute to the microbial community response to organic pollut-
ants. Our findings should have implications for future studies that aim to study the
role of rare species in environmental processes, including environmental bioremedia-
tion efforts of oil spills or other contaminants.
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Extant biodiversity is recognized as telling the evolutionary history of life while also
providing an evolutionary scaffold for the future. Consequently, one of the great

challenges for environmental microbiology is to better understand how the inventory
of biodiversity determines the evolutionary path(s) that will shape the future. Microbial
communities in terrestrial or aquatic habitats are typically composed of hundreds of
distinct species (1–3), each of which typically makes up a rather small fraction of the
total community, and these organisms contain hundreds of species-specific genes of
unknown function (4, 5). The pool of low-abundance species has been termed the “rare
biosphere” (6), although the definition of “rare” is typically based on arbitrary cutoffs in
abundance, e.g., �0.1% of the total community (7, 8). A quantitative understanding of
the contributions of this rare biosphere to the process of community response and
adaptation within periods of time that are relevant for human activities (e.g., days to
months) remains elusive.

It has been suggested that most bacterial species found in a given habitat represent
important and ancient players of the indigenous community and contribute substan-
tially to community function and resilience, for instance, by serving as a source of
genomic innovation through the species-specific metabolic diversity they harbor (6, 9).
It is also thought that the majority of this species diversity represents a sort of
“biological detritus” accumulating from a combination of very efficient microbial
dispersal and slow decay kinetics of individual cells (10). Furthermore, the high biodi-
versity observed in several habitats results, at least in part, from sequencing artifacts
(11) or free DNA released from dead cells (12). These two contrasting views are not
necessarily mutually exclusive; for instance, while the majority of rare species may never
contribute to community function and adaptation, it can be hypothesized that a
fraction of them do infrequently contribute to adaptation, depending on the specific
selection pressures from the changing environment. Although few examples have been
reported in which low-abundance species were shown to carry out major ecological
roles (see, e.g., references 13–15), our understanding of the frequency and the mech-
anisms by which low-abundance species and genes, as opposed to abundant species,
participate in the community response to perturbations is far from complete. Obtaining
a quantitative view of the number of species, or sequence-based operational taxonomic
units (OTUs), representing each of these two perspectives within representative eco-
systems will lead to a better understanding and modeling of the extant biodiversity.
Obtaining a quantitative understanding of the process will require following the
temporal changes in the composition and activity of natural microbial communities
after perturbations in well-replicated experiments/samples using high-resolution ap-
proaches.

To provide novel insights into the issues discussed above and test prevailing
hypotheses about the ecological role of the rare biosphere, we set up parallel 20-liter
laboratory mesocosms, in triplicate, containing a well-characterized planktonic com-
munity from Lake Lanier (Georgia, USA) [(16, 17) and challenged them with frequently
used organic compounds that were not detectable at the limit of detection of
high-performance liquid chromatography (HPLC) analysis in the lake water column
at the time of sampling or other times. (Using compounds that are abundant in the
lake would not have been as informative about the rare biosphere, since they
typically select for abundant community members.) The compounds included
2,4-dichlorophenoxyacetic acid (2,4-D), a widely used herbicide; 1,3,7-trimethyluric
acid (caffeine); and 4-nitrophenol (4-NP), a precursor compound of several fungicides
and a decomposition product of pesticides. The tested compounds were added to the
mesocosms at concentrations 10 to 20 times higher than the limit of detection (�5 �M)
to allow for robust determination of their biodegradation profiles. These compounds
were also chosen because their biodegradation pathways and the underlying genes are
known, which facilitated analysis. The mesocosms were sampled repeatedly for met-
agenomic analysis to follow the evolution of the bacterial communities and identify
which populations responded to the treatment (e.g., became enriched or depleted over
time). Parallel unamended mesocosms served as controls and references. The results
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allowed us to rigorously test the hypothesis that low-abundance members, as opposed
to genes of the major components of the community, provided the metabolic
diversity that enabled the community to respond to these changing conditions.
Further, the data provided insights into the variability and redundancy of the
responding low-abundance populations in different samples from this freshwater
ecosystem, as well as the genetic diversity of the catabolic genes underlying the
biodegradation of the added compounds.

RESULTS
Mesocosm biodegradation profiles. Year-round metagenomic data sets, similar in

sequencing effort to the data sets reported here from the mesocosms, from the exact
same site and sampling depth have been determined previously (see, e.g., references
16 and 17). Analyses of those data sets showed that the (known) biodegradation genes
for the above-mentioned organic compounds were not detectable, further confirming
our HPLC results that the compounds are, in general, rare in the water column of the
Lake Lanier, from where the inoculum water for the mesocosms originated. These
previously determined data sets have also revealed the taxa that are abundant in the
water column and their seasonal abundance patterns (see, e.g., reference 16), which
were used as reference points in the assessment of the contributions of the rare versus
abundant populations during the mesocosm experiments. These data sets also re-
vealed that 30 to 40% of the total populations sampled in Lake Lanier at any time point
represent rare species (17); thus, our sequencing effort adequately sampled the rare
biosphere. The results from the 2,4-D mesocosms are preferentially reported below for
simplicity purposes, since similar results were largely obtained with the caffeine and
4-NP mesocosms, unless noted otherwise.

The three replicate mesocosms revealed three distinct 2,4-D biodegradation profiles.
In mesocosm I, 2,4-D was completely degraded within �10 days. After three 2,4-D
respikes, degradation was robust and faster (�2 days), even after doubling the 2,4-D
concentration during the last respike (Fig. 1). In contrast, mesocosms II and III showed
much slower 2,4-D biodegradation. Mesocosm II never completely degraded 2,4-D,
even after a 40-day period, while mesocosm III demonstrated complete degradation
within �21 days and weak degradation after one respike. Variability was also observed
in the 4-NP and caffeine mesocosms, albeit degradation profiles were more similar
among the three replicate mesocosms in these cases than in the 2,4-D mesocosms (Fig.
S1). Degradation of 4-NP and caffeine took much longer, at least 20 days, and was often
incomplete, while respike events typically showed even slower degradation.

To test whether the observed differences in the 2,4-D degradation profiles were
attributable to nutrient limitation (e.g., nitrogen) or change in pH (e.g., the final pH in
mesocosms II and III was below 6), small volumes (�2 ml) from mesocosms II and III
were removed and supplemented with ¼-strength minimal salts basal (MSB) medium
containing 7.6 mM (NH4)2SO4. The resulting microcosms showed complete 2,4-D
removal in less than a day (data not shown). Mesocosm I apparently did not require the
addition of nutrients, even though all mesocosms were inoculated with the same
homogenized lake water. Therefore, the reason underlying the variation observed in
degradation profiles, at least for the 2,4-D mesocosms, was presumably due to lack of
nutrients (e.g., nitrogen) and/or lower pH, which apparently affected the response of
the rare biosphere, e.g., the results implied that different rare taxa or genes, with
different nutrient requirements and physiological adaptations, were activated in each
mesocosm.

Degraders are members of the rare biosphere. To determine whether degrada-
tion of the added organic compounds was due to abundant or low-abundance
member(s) of the initial (inoculum) microbial community, 2,4-D degraders were isolated
from the three mesocosms at the last sampling time point (i.e., time post-enrichment
[TPE]) (mesocosm 1 [M1] at TPE, time [T] � 19 days; mesocosm 2 [M2] at TPE, T � 39
days; and mesocosm 3 [M3] at TPE, T � 23 days). One representative isolate per
mesocosm based on colony morphology was chosen for further analysis and genome
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sequencing (morphologies were typically similar between colonies from the same
mesocosm). Their genomes were sequenced and assigned to the Burkholderia, Sphin-
gopyxis, and Variovorax genera for mesocosms I, II, and III, respectively, based on 16S
rRNA gene sequence and whole-genome-based average nucleotide identity (ANI) (18)
analysis. The relative abundances of the degraders during the mesocosm incubation
were assessed based on the number of metagenomic reads from each sampling point
mapping onto their genome sequence at high stringency (�99% nucleotide identity,
excluding the rRNA gene operon, which is highly conserved). All three 2,4-D degraders
recruited essentially no reads (Fig. 2) and were under the detection limit (�0.0001% of
total community, estimated based on spiking in silico a target genome into the
mesocosm metagenome and requiring a minimum 0.1� coverage at the whole-
genome level for robust detection) in the initial microbial community (T � 0 meta-

FIG 1 Degradation profiles of the triplicate 2,4-D mesocosms. The black line in each figure indicates the
2,4-D concentration over time, and the gray line represents the abiotic (negative) control (2,4-D in
sterilized lake water). The black arrows indicate the time points at which DNA was extracted. The
mesocosms were run in parallel, using the same mixed (homogenized) water as inoculum; hence, only
one abiotic control was employed for all three mesocosms.
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genome). However, all three 2,4-D degraders, especially the Burkholderia sp. strain KK1
population in 2,4-D mesocosm I, increased in abundance in their corresponding
mesocosm by at least four orders of magnitude by the time the added 2,4-D was
completely biodegraded (making up �0.24% of total community, or more, at T � 10
days). The abundance of Burkholderia sp. KK1 was even higher at the last sampling time
point (TPE, T � 19 days), i.e., after three 2,4-D respikes, making up �0.82% of the total
community. This level of enrichment was also consistent with theoretical calculations
based on the energy available for growth on 2,4-D as a sole source of carbon and
energy (see supplemental material).

FIG 2 Relative abundance of 2,4-D degraders and genes from each mesocosm. The abundance of 2,4-D
degraders was calculated as the fraction of total metagenomic reads mapping on the corresponding
genome sequences (identity �99% and length �80 bp) in each metagenomic data set (black line,
primary y axis). The abundance of 2,4-D genes was measured by genome equivalents, i.e., the percentage
of total cells encoding the gene (bars, secondary y axis). BE, bottle effect; TPE, time post-enrichment, i.e.,
time for the last sampling time point from which the degraders were also isolated.
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Similar results were observed for the 4-NP and caffeine mesocosms. The 4-NP
degraders were isolated from 4-NP mesocosm I (4-NP-M1) at T � 17 days (T17) and were
assigned to Pseudomonas. The predominant caffeine degraders were isolated from
caffeine mesocosm I (Caff-M1) at T25 and assigned to Pelomonas. During enrichment,
these degraders became abundant, similar to the results reported above for 2,4-D
degraders, albeit the level of enrichment of the caffeine degrader was an order of
magnitude less pronounced (Fig. S2). These results confirmed our hypothesis that the
added compounds selected for rare members of the original lake microbial community.

Abundance and phylogeny of 2,4-D, 4-NP, and caffeine biodegradation genes.
The known genes responsible for 2,4-D degradation are the tfdABCEDF gene cluster (19)
and the cadABCD gene cluster (20), and they were all present in at least one of our
isolates. In brief, cadABCD encodes a protein complex that catalyzes the first step of the
2,4-D biodegradation pathway, which converts 2,4-D to 2,4-dichlorophenol (2,4-DCP),
similar to tfdA; the tfdBCEDF cluster encodes enzymes for the subsequent steps. Hence,
the tfdA and cadABCD genes represent robust biomarkers of 2,4-D degradation. The tfd
gene cluster was present in the genome of the Burkholderia sp. strain KK1 isolate from
mesocosm I and in assembled contigs from all mesocosms after perturbation. In fact,
three tfd operons were identified in the genome of Burkholderia sp. KK1. Two of them,
one complete and one that contained only the tfdBCE genes, showed 100% nucleotide
identity to those in the previously reported pM7012 plasmid of Burkholderia sp. strain
M701 (21). The third complete tfd gene cluster in the KK1 genome showed 100%
nucleotide identity to that of the previously reported pJp4 plasmid of Ralstonia
eutropha JMP134 (22). The cad gene cluster was present in the Sphingopyxis sp. KK2
isolate and was detected in lower abundance in metagenomes from mesocosm I at TPE
(T � 19 days) than in those from in mesocosms II and III.

The abundances of 2,4-D biodegradation genes during enrichment were deter-
mined based on genome equivalents (see Materials and Methods for details). The
results for tfdA genes are preferentially reported below for simplicity. Consistent with
the metagenome-based abundances of the isolates reported above, no tfd gene was
detectable in the original inoculum (T � 0 metagenome), while the percentage of total
cells (i.e., genome equivalents) containing 2,4-D biodegradation genes increased over
time (Fig. 2 for 2,4-D and Fig. S2 for 4-NP and caffeine catabolic genes). Phylogenetic
analysis of the tfdA genes recovered in assembled contigs from all three 2,4-D meso-
cosms and isolates revealed that although the two tfdA alleles in the KK1 genome were
present in the metagenomes, the most abundant tfdA alleles in the metagenome
formed a new cluster that was divergent from previously identified tfdA genes or those
present in Burkholderia sp. strain KK1. They showed 83% and 92% amino acid identity
at maximum, respectively (and complete conservation of protein length, functional
domains, etc.; Fig. 3). Therefore, additional 2,4-D degraders were present in the meso-
cosm compared to the isolates obtained (see also community composition analysis
below). No further isolation efforts were performed in order to obtain these abundant
populations in culture, since the goal was not to isolate all degraders in the mesocosms.

The phylogenetic analysis also revealed several additional “tfdA-like” genes present
in the 2,4-D mesocosms. The genes are distant homologs (showing �40% amino acid
identity; Fig. 3) of experimentally verified tfdA genes. These tfdA-like genes, also known
as tfdA� (23), are ubiquitously found in both 2,4-D degraders and non-2,4-D degraders,
and the proteins that these genes encode, TfdA�, likely do not contribute to 2,4-D
biodegradation. For instance, it has been reported that TfdA� proteins show weak
�-ketoglutarate-dependent 2,4-D dioxygenase activity (1/1,000 of specific activity)
compared to that of the TfdA protein of pJp4 (24). Thus, these gene alleles were not
discussed further, although several of them increased in abundance during our incu-
bation, indicating that they might be involved in 2,4-D biodegradation or the by-
products.

In addition to tfd genes, the cad gene cluster was also enriched during selective
growth in all 2,4-D mesocosms, especially in mesocosms II and III (Fig. 2). The enzymes
encoded by this complex are thought to catalyze the initial step of 2,4-D biodegrada-
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FIG 3 Phylogeny of all tfdA and tfdA-like genes recovered from the three 2,4-D mesocosms and isolates. The tree was built using the
neighbor-joining method as implemented in Geneious (version 8.1.8) based on an amino acid sequence alignment. The abundance
(genome equivalents) of tfdA-like|contig02531-3 (originally identified from mesocosm III in TPE [T � 23 days] sample), tfdA|contig12396-2
(originally identified from mesocosm II in TPE [T � 39 days] sample), and tfdA|contig38919-2 (originally identified from mesocosm I at T �
10 days sample), as well as tfdA genes recovered in the isolate genomes are represented by a pie chart next to the gene name. Blue
denotes tfdA genes contained in our isolates, and orange denotes tfdA or tfdA-like genes identified from metagenomes. Note that only
one tfdA gene of strain KK1 can be detected in M1.T10 and M2.TPE metagenomes.
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tion in Bradyrhizobium sp. strain HW13 (analogous to the function of tfdA) (25). cad
gene clusters were identified only in the Sphingopyxis sp. KK2 isolate obtained from
mesocosm II among our isolates. Collectively, our results suggested that various alleles
of 2,4-D biodegradation genes (tfd or cad) and distinct populations were enriched in
the three mesocosms and that substantial gene functional redundancy may be present
among the low-abundance organisms, even in relatively small volumes of lake water.

4-NP can be degraded by either the hydroquinone (HQ) (26) or the hydroxyquinol
(BT) pathways (27). The HQ pathway is the predominant pathway in Gram-negative
bacteria, such as Pseudomonas sp. strain WBC-3 (28). The HQ gene cluster pdcABCDEFG
was found in two pieces, on contig26 (pdcABDE) and contig116 (pdcCDEFG) in the
4-NP-degrading Pseudomonas sp. strain KK4 isolate, showing 90.4% nucleotide identity
to the previously described gene cluster. Several pdc genes were also identified in
assembled metagenomic contigs from the 4-NP mesocosm I metagenome, and the
abundances of all pdc genes increased from undetectable levels to about 1% of the
total cells containing the genes during the incubation time, with the exception of pdcF
(fig. S2). Notably, the coverage of all 4-NP genes (5.4�) was substantially higher than
that of the isolate genome (3.1�), indicating that additional 4-NP degraders that were
not isolated were present in the mesocosms (or multiple gene copies were encoded by
the mesocosm population).

Caffeine degradation occurs via the N-demethylation pathway, which involves five
enzymes encoded by ndmABCDE (29). The ndm genes were previously described in the
caffeine degrader Pseudomonas putida CBB5, where they were contained on a 13.2-kb
genomic DNA fragment (29, 30). Homologs were identified on contig10 in our Pelo-
monas sp. strain KK5 genome with �50% amino acid identity to the previously reported
ndmABCDE genes. Caffeine degradation can also occur via the C-8 oxidation pathway
(31). One of the key enzymes for the C-8 oxidation pathway is caffeine dehydrogenase
(cdh), which contains three subunits (cdhABC) (32). The abundances of the ndmABCDE
and cdhABC genes also increased during mesocosm incubation, although the level of
increase was not consistent among all genes of the ndmABCDE operon, unlike the 4-NP
and 2,4-D degradation genes (Fig. S2).

Quantitative PCR analysis of 2,4-D degradation genes. To confirm that no major
DNA sequencing or library creation biases affected our metagenome-based findings
and likely obtain higher-sensitivity measurements of gene abundance, tfdA gene
sequences in the genome of Burkholderia sp. strain KK1 were quantified in the 2,4-D
mesocosm community DNA samples by quantitative PCR (qPCR). In general, the results
were consistent with the metagenomic findings. In particular, at two early time points
of the 2,4-D mesocosm I (T � 0 and 8 days), the abundances of tfdA genes were not
quantifiable (i.e., were below the detection limit of 44 gene copies). At later time points
(T � 14 days and TPE [T � 19 days]), the two tfdA genes increased in abundance by at
least one order of magnitude (relative to the detection limit of 44 copies) and were
robustly detected by qPCR (Fig. S3). These results confirmed that the tfdA genes were
present in a rare fraction of the original lake microbial community and became
abundant after perturbation.

Genetic basis of Burkholderia sp. strain KK1 2,4-D biodegradation genes.
Comparative analysis of the Burkholderia sp. strain KK1 contigs against available se-
quences (21, 22) suggested that all tfd genes were present on a putative megaplasmid
(568,203 kb). Characteristic genes of plasmids, such as a Walker-type ATPase (33) and
a centromere-binding protein (parB), were also found in contigs that were linked, based
on paired-end read mapping or PacBio data, to the contigs that contain the tfd gene
cluster. Considering that (i) the structure of the KK1 plasmid showed high similarity with
pM7012 and pJp4 transmissible plasmids from Burkholderia sp. M701 (21) (two-way
average amino acid identity [AAI], 99.25%; standard deviation [SD], 6.25%) and Ralsto-
nia eutropha JMP134 (22) (one-way AAI, 47.97%; SD, 15.60%) (Fig. S4); and (ii) shared all
tra genes required for transmissibility except for traI (relaxase), which is not always
necessary for plasmid conjugation, the KK1 plasmid is also probably mobile (or was
mobile in the recent past). Further, the �100-kb-long region that included the three tfd
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gene clusters (positions 376592 through 424188) also encoded many direct and
inverted repeated sequences, insertion sequences, transposases, phage integrases, and
many hypothetical proteins. Thus, it is appears as if this region represents a highly
dynamic and mosaic part of the genome.

Furthermore, we isolated a Novosphingobium sp. (Alphaproteobacteria) able to
degrade 2,4-D from our mesocosms. Its genome sequence revealed cad genes showing
100% nucleotide identity with a homolog from a previously described conjugative
plasmid, pCADAB1, encoded by Sphingobium sp. ERG5 (Alphaproteobacteria) (20). The cad
gene cluster identified in the Novosphingobium sp. was also flanked by mobile elements.
Collectively, these results indicated that the 2,4-D degradation genes are transferred
horizontally, either within Lake Lanier or, possibly, during the enrichment process in our
mesocosms (see also Discussion below).

Microbial community taxonomy shifts during enrichment. To assess community-
wide responses to the added organic substrates, the taxonomic and functional gene
content shifts at the whole-community level were also examined. First, we examined
the average coverage of the corresponding microbial community by each meta-
genomic data set using Nonpareil, with default parameters (34), and found it to be
between �0.55 and �0.9 (Fig. S5), meaning that at least 55% (for 2,4-D mesocosms,
coverage was �73%) of the total extracted unique (nonredundant) DNA was se-
quenced. This level represents an appropriate coverage for statistically robust compar-
isons of gene and species relative abundance between metagenomic data sets (35).
Based on both MyTaxa taxonomic assignments of metagenomic contigs and QIIME
analysis of 16S rRNA gene fragments contained in the metagenomic reads, the com-
munity diversity of the 2,4-D mesocosms was much higher at the beginning than at
later time points, presumably due to the strong selection pressure of the substrate and
death due to restricted growth conditions (e.g., lack of primary production, 2,4-D
toxicity to some community members). Overall, at least 2,640 OTU were estimated to
be present in the T � 0 sample, but after enrichment (TPE [T � 19 days]), there were
only 896 OTU remaining, an �66.1% reduction in total OTUs (Table S3). The Burkhold-
eriaceae OTU showed among the strongest enrichment in mesocosm I, and the longest
16S rRNA gene sequence fragment (264 bp) representing this OTU showed 100%
nucleotide identity to the Burkholderia sp. KK1 isolate (Fig. 4). Notably, the Coma-
monadaceae OTU also increased in abundance relative to the T � 0 metagenome. The
representative 16S rRNA gene sequence of this OTU showed 99.6% nucleotide identity
to the previously identified Delftia acidovorans strain P4a (36), which can completely
degrade 2,4-D using its tfd gene clusters contained on a catabolic transposon (this
sequence was not among the ones recovered in our metagenomic data set).

A total of 1,157 and 925 OTU were estimated to be present in TPE samples from
mesocosms II and III (Table S3), which represented an �56.2% and �64.9% reduction
in OTU richness compared to that at T � 0, respectively. The relatively smaller reduction
in OTUs correlated with incomplete 2,4-D biodegradation (and hence, weaker selection
pressure) in these mesocosms relative to mesocosm I, which robustly degraded 2,4-D
with associated growth of several populations. In mesocosms II and III, the taxa that
were enriched over time included Legionellaceae (Gammaproteobacteria), Coma-
monadaceae (represented by our isolates from Variovorax sp. strain KK3) (Betaproteo-
bacteria), and Sphingomonadaceae (represented by our isolates from Sphingopyxis sp.
[Alphaproteobacteria]), while Planctomycetaceae (Planctomycetes) and Acidimicrobiaceae
(Actinobacteria) decreased in abundance (Fig. 4). Members of Sphingomonadaceae and
Variovorax are known to encode 2,4-D biodegradation capabilities and were previously
detected as the predominant 2,4-D degraders isolated from agricultural soils heavily
treated with 2,4-D (37–39). These two groups were represented by our isolates, and
their 16S rRNA gene sequences showed 98.9% nucleotide identity to previously iden-
tified degraders. On the other hand, Legionellaceae encompasses one genus, with
about 50 named species, mostly of clinical relevance (40); hence, it is likely that this
family also contained yet-to-be-described 2,4-D degraders or organisms that benefit
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from by-products of 2,4-D degradation. Therefore, it appears that the original lake
inoculum contained more than one known and also some poorly characterized 2,4-D
degraders, and all of them benefited from 2,4-D directly or indirectly, using by-
products. (It should be noted, however, that no high-molecular-weight intermediates or
by-products of the 2,4-D degradation pathway were detected by HPLC; however, if the
intermediates are consumed rapidly, they typically cannot be detected).

For the 4-NP and caffeine mesocosms, the trends in total OTU shifts were similar to
those of 2,4-D. Several OTUs encompassing known 4-NP degraders increased in abun-
dance, such as Pseudomonadaceae (Gammaproteobacteria), represented by our Pseu-
domonas sp. isolates (at least 5-fold increase), Streptomycetaceae, and Acidimicrobiaceae
(Actinobacteria), as well as taxa that do not include any known 4-NP isolates, such as
other unclassified Actinobacteria (Fig. S6). This finding agreed with those of previous
studies (28, 41) that identified Pseudomonas sp. strain WBC-3 as a 4-NP degrader,
sharing 98.3% 16S rRNA gene sequence identity to our isolates. Notably, we have
observed unclassified Actinobacteria that increased in abundance during 4-NP pertur-
bation, which echoed several previous studies (42–44). However, the representative 16S
rRNA gene sequence of the Actinobacteria OTU showed only 83% nucleotide identity to
the previously described 4-NP isolates (Arthrobacter protophormiae), indicating that our
4-NP degraders belong to a novel Actinobacteria clade.

To date, only about 35 strains have been isolated and experimentally characterized
as caffeine degraders that belong to phylogenetically diverse taxa of bacteria (45), such
as Rhodococcus spp. and Pseudomonas sp. strain CBB1. These strains degrade caffeine
via C-8 oxidation pathways, whereas Pseudomonas sp. strain CES, Pseudomonas putida
CBB5 (46, 47), and Serratia marcescens degrade caffeine via N-demethylation pathways
(48). For the caffeine mesocosms (Fig. S6), the abundance of Comamonadaceae (Beta-
proteobacteria) substantially increased (4-fold more abundant), and its longest 16S
rRNA gene fragment identity to our isolates was 100%. Additional OTUs that increased
in abundance in the post-enrichment metagenome included Burkholderiaceae (Beta-

FIG 4 Shifts in microbial community composition over time in the 2,4-D mesocosms. Results shown are based on total 16S rRNA gene-containing reads
recovered from each metagenomic data sets and classified at the family level. Only taxa that recruited more than �2% of total reads are shown; white numbers
represent relative abundance. The data sets are as follows: original lake (LLDEC13), 2,4-D mesocosm I at T � 0, 10, 14, and 19 days samples (M1.T0, M1.T10, M1.T14,
and M1.TPE, respectively); 2,4-D mesocosm II at TPE (T � 39 days) sample (M2.TPE); 2,4-D mesocosm III at TPE (T � 23 days) sample (M3.TPE); bottle-effect
metagenome (BE). The purple star denotes the family that the Burkholderia sp. KK1 isolate was assignable to (100% 16S rRNA gene identity). The blue and green
stars denote the family that the Sphingopyxis sp. strain KK2 and the Variovorax sp. strain KK3 isolates were assignable to (99% and 100% 16S rRNA gene identity,
respectively).
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proteobacteria), uncultivated members of Acidimicrobiaceae (Actinobacteria), and Pro-
teobacteria (showing �85% 16S rRNA gene identity to any cultured taxon in the
Greengenes database). Therefore, it appears that several caffeine degraders which were
not represented by our isolates may also have contributed to the entire microbial
community. More notably, Burkholderiaceae have not been reported as caffeine de-
graders yet (reviewed in reference 45), indicating that the corresponding OTUs might
represent new caffeine degraders (or be associated with by-products).

Microbial community functional shifts during enrichment. In order to compare
community gene content shifts in the 2,4-D, 4-NP, and caffeine metagenomes
before and after perturbation, we determined the relative coverage (�) of each
protein-coding gene and compared the predicted protein functions based on Gene
Ontology (GO) terms (49). For 2,4-D (Fig. 5), the most enriched genes (i.e., those
showing �6-fold difference in abundance relative to T � 0) were associated with (i)
cell motility, (ii) energy generation and maintenance, (iii) transporters, (iv) viral
functions, and (v) several genes associated with 2,4-D biodegradation, e.g., catechol-1,
2 dioxygenase (19-fold difference), hydroxyquinol 1,2-dioxygenase (14-fold), 2,4-
dichlorophenol 6-monooxygenase (11-fold), and chlorocatechol 1,2-dioxygenase (27-
fold). The 2,4-D mesocosms II and III exhibited similar profiles, except that enriched
genes also included genes encoding proteins involved in phosphate metabolism, which
might represent a sign of phosphorus limitation in these mesocosms. Overall, however,
the majority of gene functions did not change in abundance, e.g., 70.7% of total
functions detected changed by less than 2-fold in abundance between T � 0 and TPE.

For 4-NP and caffeine (Fig. S7), several of the enriched genes were similar to those
for 2,4-D, such as those for bacterium-type flagella, transmembrane transport activity,
and viral activities. Enriched genes also included (i) phenol catabolic process (6-fold
more abundant), presumably reflecting 4-NP biodegradation by-products; (ii) spore
germination (54-fold more abundant), probably due challenging growth conditions;
and (iii) caffeine-related catabolic pathways, including urate/purine-containing com-
pound metabolism (39-fold more abundant), xanthine oxidase/dehydrogenase (6-fold
more abundant), and demethylase activity (1.7-fold more abundant). Further, genes
associated with maintenance of clustered regularly interspaced short palindromic
repeat (CRISPR) elements and membrane signal transduction activity showed 5-fold
and 8-fold higher abundance in caffeine and 4-NP mesocosms, respectively, likely
reflecting active viral predation.

The results reported above were presumably attributable, at least in part, to the
strength of the selection pressure applied by the addition of the organic compound
and were not related to bottle effects from the incubation. Consistent with this
interpretation, the data sets from the bottle-effect (BE) control, i.e., lake water incu-
bated without the addition of the organic substrate, resembled the T � 0 (initial)
community much more than those from the TPE (final sampling point) for the meso-
cosms amended with the three compounds used in this study, both in terms of taxon
composition and gene functions (Fig. S8). For instance, the BE data sets had a small
decrease, if any, in the number of OTUs detected relative to the T � 0 data set,
compared to about 66% of the OTUs becoming undetectable in the 2,4-D mesocosms
(Table S3), and no bacteriophage genes were strongly enriched in BE versus T � 0 data
sets (Fig. 5 and S7). Further, the mesocosms showing robust biodegradation (e.g., 2,4-D
mesocosm I) showed, in general, a greater reduction in OTU number than in meso-
cosms with low or incomplete biodegradation, consistent with lower competition
among cooccurring microbial populations and selection pressures in the mesocosms
with incomplete biodegradation. In agreement with these OTU diversity patterns,
PCR-based 16S rRNA gene copy counts, and presumably cell counts (assuming no major
change in the average rRNA copy number of the microbial community), were lower in
TPE samples from the three 2,4-D mesocosms than in the T � 0 or BE samples,
corroborating in part the strong selection pressure presented by 2,4-D addition and,
probably, its toxicity to some community members (Fig. S9).
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DISCUSSION

Bacteria able to grow on the compounds used here have been recovered from
various habitats using standard enrichment and isolation procedures and have been
shown to be widespread in nature (see, for instance, for 2,4-D references 24 and 37).
What is lacking is a quantitative understanding of how often such organisms are
members of the rare biosphere and how exactly they contribute to the microbial
community response upon the addition of the organic compound, i.e., what molecular
(e.g., clonal amplification and horizontal gene transfer) and ecological (e.g., competition
and cooperation) mechanisms take place during the enrichment period until the

FIG 5 Microbial community gene content shifts in 2,4-D mesocosm I. The relative coverage (x axis) of genes (y axis) was calculated by summing the length of
all reads mapping on the gene (a minimum cutoff for a match of �80 bp alignment length and �97% nucleotide identity was used) and dividing it by the
length of the gene sequence. The most differentially abundant genes between T0 (T � 0) and TPE (T � 19 days) metagenomes were grouped by their GO terms
and are shown on the graph. The GO accession number is also provided, followed by the GO description. BE, bottle-effect metagenome (control incubation
with no 2,4-D added); CoA, coenzyme A.
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disappearance of the added substrate. The results presented here provided some new
insights into these issues.

The three 2,4-D mesocosms showed substantially different 2,4-D biodegradation
profiles. Sequencing of time-series samples revealed that these profiles were due to
variation in the pool of rare taxa in the inoculum for each mesocosm, even though the
inocula originated from the same mixed (homogenized) lake water collected in a single
sampling trip to Lake Lanier (i.e., a founder effect). All organisms enriched during
the incubation period represented initially rare populations in situ, e.g., those below the
detection limit of metagenomic analysis in the T � 0 sample or in the year-round data
sets available (16, 17). These populations were usually assignable to different species in
each replicate mesocosm and encoded distinct versions of the biodegradation en-
zymes, which were closely related to experimentally verified enzymes. For instance, we
found that the microbial communities of the 2,4-D mesocosms II and III, which showed
slow degradation, contained different degradation genes than those in mesocosm I
(exhibiting robust degradation), including several homologs of tfdA�, which typically
show weak 2,4-D degradation (24). 2,4-D mesocosms II and III were also enriched in
phosphorus metabolism genes, a possible sign of phosphorus limitation in these
mesocosms. The addition of nutrients, such as ¼-strength MSB liquid medium, a source
of phosphorus among other nutrients, to microcosms originating from mesocosms II
and III greatly increased the degradation rate. These findings show that not only were
different taxa enriched in each mesocosm, but also, each of these taxa has different
nutrient requirements and contains genes that have different biodegradation kinetics
and/or regulation. No abundant organisms in T � 0 or promiscuous degradation
enzymes, which could act on the added substrates cometabolically or after being
mutated, were found to become strongly enriched during the incubation period.
Collectively, these findings showed that the rare biosphere enabled a microbial com-
munity response to the changing conditions (i.e., promoted the degradation of the
added organic compounds); however, the specific taxa and genes involved (those
enriched during this process) were highly varied. Thus, the random presence/absence
of degrading populations in relative small-volume inocula due to their low in situ
abundance and/or random activation of the genes contained by these taxa apparently
played a key role during community response, while the pool of rare species and taxa
contributing to the response is large, at least based on the 2,4-D mesocosms. These
findings were also consistent with recent studies that have highlighted the importance
of stochastic processes, e.g., variation in abundance, extinction, speciation, and evolu-
tion, in mediating microbial community response to perturbations (see, e.g., references
50 and 51).

Another interesting observation was that at least three distinct tfd operons (Fig. 3)
and several abundant OTUs/population coexisted after the addition of 2,4-D, without
any one population outcompeting the remaining ones. These results could be attrib-
utable to different kinetics of the Tfd enzymes, e.g., enzymes with high versus low
affinity for the substrate, or differential bacteriophage or protozoan predation of the
abundant populations. The differential predation scenario has been well documented
several times (33, 52–54), and preliminary findings reported by this study (discussed
below) indicated that differential phage predation may be occurring in our mesocosms.
However, whether or not this scenario fully applies to our mesocosm incubations
remains to be experimentally tested.

Because the mesocosms were perturbed with 2,4-D, the microbial community was
under strong selection pressure. The organisms that were capable of using the 2,4-D as
a sole carbon and energy source for growth became more abundant and gained an
advantage compared to other populations. For 2,4-D degraders, their degradation
genes were often found on a large plasmid (e.g., the Burkholderia sp. strain KK1 plasmid,
at �570 kb). Annotation of the KK1 plasmid showed that it carries all necessary tra
genes for transmission. Comparison of the KK1 plasmid against those available in the
public databases showed very high nucleotide identities (�99%) to plasmids that have
been shown to be mobile (Fig. S4) and carried several repeat sequences and sequences
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encoding phage integrases and transposases, which suggests that the plasmid and its
tfd gene clusters have undergone intensive genetic recombination events recently.
Finally, the plasmid-to-chromosome ratio in strain Burkholderia sp. KK1, grown in
isolation and harvested and sequenced at the mid- to-late-exponential phase, was
�1.4, while the same ratio in the mesocosm increased over time: T � 0, not applicable
[NA]; T � 10 days, 1.30; T � 14 days, 2.0; and TPE (T � 19 days), 2.9. These findings
indicate that other members of the community might have acquired the plasmids
during the incubation. The alternative hypothesis that the plasmid copy number
increased due to selection pressure does not appear to be as parsimonious, because
the ratio after the first 2,4-D spike-in event was close to the pure isolate ratio (1.3 versus
1.4). Therefore, it is intriguing to hypothesize that the KK1 plasmid is also mobile and
was transferred horizontally during the incubation period, between cooccurring mem-
bers of the community, due to strong selection pressure, thus mediating the microbial
community response to the added 2,4-D. However, whether or not such a molecular
mechanism played an important role during the incubation awaits experimental veri-
fication; related to this, it should be mentioned that sequencing of the early time point
samples (e.g., T � 8 days) provided only a couple metagenomic reads mapping on the
plasmid or the tfd gene clusters, and hence, it was not possible to assemble the
biodegradation genes from these time points and determine the genetic background
in which the genes resided. Our estimates based on Nonpareil (Fig. S5) indicated that
about two orders of magnitude more sequencing would have been required (about 1
Tbp in order to provide almost complete community coverage), which is prohibitively
expensive currently.

In addition to degradation genes, the relative abundances of several genes associ-
ated with phage proteins, flagellar motility, chemotaxis, and conjugative transfer
increased in TPE samples relative to initial (t � 0) or the bottle-effect (BE) data sets (Fig.
5 and S7). These results were likely attributable to the stressful environmental condi-
tions, e.g., toxicity of added organic compounds, lack of nutrients, and bacteriophage
predation. Consistent with these interpretations, �66% of all OTUs decreased in
abundance at the end of each mesocosm incubation but not in the data set from the
bottle-effect incubation (Table S3). The degrading populations did not make more than
2 to 5% of the total at maximum; hence, the strong reduction in OTU numbers in the
2,4-D mesocosms relative to the control cannot be merely attributed to higher relative
abundance (and hence, more frequent sampling by sequencing) of the responding
populations but reflect, at least partly, true difference in OTU diversity. Under such
stressful conditions, lysogenic bacteriophages can transition to a lytic phase (55–57).
Moreover, the patterns observed might also be attributed, at least partly, to a “kill the
winner” scenario (52). Under this scenario, the most successful population, i.e., the one
with efficient biodegradation genes under the growth conditions of our mesocosms, is
preferentially targeted by bacteriophages. The decrease in the most abundant (allelic)
variety of the tfd operon at the last sampling time point after exponential growth in the
three preceding sampling points that followed the addition of 2,4-D (Fig. 2, top) is
consistent with the patterns expected under the kill the winner scenario. Cell motility
is also expected to increase due to the nutrient-limiting conditions and the lack of
continuous stirring of our mesocosms.

The concentrations of the organic compounds used in the mesocosms may appear
relatively higher than their typical concentrations in the no-source environments, and
these concentrations have certainly driven, in large part, the strong selection and OTU
patterns described above. However, both the abundant and the rare members of the
community experienced the same concentrations, and the concentrations were found
not to be highly toxic based on our preliminary microcosm experiments. Therefore, our
results should be still meaningful for the role of the rare biosphere in the community
response to perturbations. Further, the high similarity between the communities at the
initial state (T � 0) and the endpoint of the bottle-effect (BE) controls, especially
compared to the communities that experienced the organic compounds (e.g., see Fig.
5 and S8), suggested that the OTU/gene patterns described are largely due to the
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selection pressure of the added compounds as opposed to the incubation conditions,
time, or the bottle effect. The high similarity between the T � 0 and BE metagenomes
also indicated that further replication of the control mesocosms was probably not
necessary.

Overall, our results strongly support the hypothesis that the rare organisms and
genes serve as a genetic reservoir that can respond quickly to environmental pertur-
bations, such as the addition of organic pollutants or toxins. Our results also revealed
that metagenomics, based on current best practices and costs, cannot always reveal the
full metabolic potential of rare organisms and thus should be used in conjunction with
other techniques, e.g., enrichment/isolation studies or qPCR, if the goal is to assess
functions encoded by rare community members. The results and methodology re-
ported here should have applications in future studies that aim to study the role of rare
microbial community members in environmental processes, including environmental
bioremediation efforts that involve biostimulation or natural attenuation.

MATERIALS AND METHODS
Site description and sampling. Water samples were collected on 15 December 2013 from Lake

Lanier, GA (34°15=43�N, 83°57=7�W). This seasonally stratified lake is a manmade reservoir located in the
northern part of the state of Georgia, is approximately 150 km2 in surface area, and serves as the primary
drinking water resource for the Atlanta metropolitan area. A horizontal sampler (Wildco Instruments,
Yulee, FL, USA) was used to collect samples of planktonic microbial communities at a depth of 5 m below
the surface, near the Browns Bridge. This depth was chosen because it represents the well-oxygenated
and highly productive layer of the water column and has been extensively characterized previously by
metagenomic surveys (see, e.g., references 16 and 17).

Mesocosm experiment setup, sampling strategy, and DNA extraction. Glass bottles (20 liters)
used for the mesocosms were rinsed with 10% freshly prepared hydrochloric acid, followed by three
washes with distilled water and sterilization by autoclaving prior to addition of 18 liters of lake water.
Aerobic mesocosms were established in triplicate and incubated at room temperature with gentle
mixing in the dark. The initial added concentrations of 2,4-D, caffeine, and 4-NP were 40 �M, 100 �M,
and 150 �M, respectively. The concentrations were chosen based on prior microcosm trials to not be
highly toxic for the lake microbial communities and to allow effective monitoring by HPLC. Two controls
were established for each compound: one abiotic control containing sterilized lake water (autoclaved for
180 min) supplemented with each of the three compounds, and a bottle-effect (BE) control with
nonsterilized lake water, incubated under the same conditions without the addition of the compounds.
A filtration system was used to collect samples for DNA sequencing, essentially as described previously
(16). Briefly, a total of 1 liter or 5 liters of water was prefiltered through AP filters (�5-�m pore size;
Millipore, Billerica, MA, USA) and GF/A filters (�1.6-�m pore size; Whatman, Little Chalfont, UK), and cells
were collected on Sterivex filters (�0.22-�m pore size; Millipore). Large-volume samples (5 liters) were
taken right after the compounds disappeared for DNA and isolation work; small-volume samples (1 liter)
were taken at regular intervals (about every 7 days) to provide additional intermediate time points for
DNA sequencing, as needed, and for monitoring (see Fig. 1 and S1). Filters were stored at �80°C until
used for DNA extraction. A phenol-chloroform DNA extraction protocol was used as described previously
(16). DNA from metagenomes or isolates was prepared using the Illumina Nextera XT DNA library
prep kit and sequenced on an in-house Illumina sequencer (either MiSeq or HiSeq 2500) using a 2 �
150-bp or 2 � 250 paired-end read strategy. DNA was extracted from pure cultures using the
QIAamp DNA minikit (Qiagen, Valencia, CA).

HPLC analysis. The concentrations of 2,4-D, 4-NP, and caffeine in the mesocosms were measured by
high-performance liquid chromatography (HPLC). All mesocosms were mixed on stir plates for approx-
imately 30 min before �1-ml samples were removed. HPLC was performed on an Agilent 1100 system
(Santa Clara, CA, USA) equipped with a diode array detector, an autosampler, and an Ascentis Express C18

(reversed-phase) HPLC column (Bellevue, WA, USA). The HPLC analytical protocols were as follows. For
2,4-D, the mobile phase consisted of a 50:50 ratio of 0.5% trifluoroacetic acid in water to 0.05%
trifluoroacetic acid in acetonitrile. For caffeine, the mobile phase consisted of a 65:35 ratio of 0.1%
trifluoroacetic acid in water to 0.05% trifluoroacetic acid in acetonitrile. For 4-NP, the mobile phase
consisted of a 90:10 ratio of 0.1% trifluoroacetic acid in water to 0.05% trifluoroacetic acid in acetonitrile.
For all methods, the autosampler and column heaters were maintained at 4°C and 45°C, respectively.

Isolation and growth of bacteria. For isolation procedures, 1-liter samples were removed from the
last sampling time point (denoted TPE, for time post enrichment) from all 2,4-D mesocosms. The sample
identifications (IDs) were: M1.TPE (19 days), M2.TPE (39 days), and M3.TPE (23 days); the 4-NP sample ID
was 4-NP-M1 (17 days [T17]), and the caffeine sample ID was Caff-M1 (25 days [T25]). The 2,4-D degraders
were isolated using 10-fold serial dilutions in 12-well plates filled with selective enrichment medium, a
¼-strength liquid minimal salts basal (MSB) medium (58), containing 7.6 mM (NH4)2SO4 as a nitrogen
source and 40 �M 2,4-D. Individual colonies that appeared after 5 days of incubation were tested for the
ability to degrade 2,4-D in liquid MSB with and without a carbon or nitrogen source. The confirmed
colonies were restreaked consecutively at least four times to ensure purity. Similar procedures were used
for caffeine and 4-NP degraders. Isolates were identified by sequencing of the 16S rRNA gene (16S) using
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universal primers (8F forward primer 5=-AGAGTTTGATCCTGGCTCAG-3= and 1492R reverse primer 5=-GGT
TACCTTGTTACGACTT-3=) and/or the whole genome.

Metagenome assembly and sequence analysis. Metagenome and genome sequences were
trimmed using SolexaQA (59), with a Phred score cutoff (-h) of 20 and a minimum fragment length of 50
bp, as described previously (60). Only paired reads with both sisters longer than 50 bp after trimming
were used further (Tables S1 and S2). Genomic and metagenomic reads were assembled according to a
previously described hybrid-assembly protocol (61). Burkholderia sp. strain KK1 was also sequenced using
the PacBio technology at the Genomic Facility of Duke University and assembled with SPAdes (version
3.6.2), using the default settings (62), based on both Illumina and PacBio reads in order to obtain a
complete genome sequence. Subsequently, the contigs obtained were reorganized and further joined
using RAGOUT (63) and Burkholderia sp. strain RPE67 (accession no. PRJDB1660) as a reference for closing
chromosome I.

Prodigal (version 2.6.2) (64) with the single model (-p single) was used to predict proteins in isolate
genomes. Gene functional annotation was performed by a BLASTP search of the predicted protein
sequences against the Swiss-Prot database (65) and the SEED database using subsystems categories (66).
Only best matches of at least bit score 60 were considered for functional annotation. MyTaxa (67)
was used for taxonomic classification of contigs, with default parameters. A phylogenomic approach
was used to further corroborate the Swiss-Prot findings and identify 2,4-D, 4-NP, and caffeine
degradation genes in the isolate genomes as follows. Well-characterized reference sequences of
genes that encode 2,4-D, 4-NP, and caffeine catabolic enzymes were downloaded from GenBank
(68). A BLASTP search was then performed with these reference protein sequences against the
predicted metagenome (or genome) proteins, using default settings with an E value cutoff of 0.001
and an identity threshold of �35%. All matching sequences were further evaluated by visually
inspecting neighbor-joining phylogenetic trees built using reference protein sequences from
GenBank (e.g., whether the unknown/query sequences clustered with previously characterized/
reference ones or formed distinct clades instead).

Metagenomic reads encoding 16S rRNA gene fragments were extracted using Parallel-Meta (version
2.4) (69), with default settings, except that the RDP database was used as a reference (option -d R). The
16S rRNA gene coding sequences were identified taxonomically using the QIIME pipeline (version 1.8.0)
(70), with full-length closed-reference operational taxonomic unit (OTU) picking at 97% nucleotide
sequence identity based on the August 2013 Greengenes release 13-5 database. Sequences that failed
to align to reference taxa using the RDP Classifier at 50% confidence (71) were also removed from further
analysis. Alpha diversity was measured by several methods, as previously implemented (72, 73), i.e.,
observed OTUs, Chao1 lower-boundary OTUs with 95% confidence intervals (CI), corrected Shannon
index using the Chao-Shen estimator (74), and Bayesian-corrected Shannon index (Dirichlet Prior
Bayesian Estimators of Entropy, parameter a � “ML” [maximum likelihood]) (Table S3). Beta diversity was
measured by the Bray-Curtis dissimilarity metric.

Assessment of abundances of isolates and biodegradation genes. The abundances of isolates
and genes were assessed by BLASTN searches against their corresponding metagenomes using �150 bp
for alignment length and �99% identity cutoff for a match. The relative abundances of isolates and
genes were calculated as the ratio of the total length of all reads mapping on a reference isolate genome
or gene sequence divided by the total length of the reference sequence (� coverage or sequencing
depth). To calculate the genome equivalent for each gene/function, i.e., the fraction of total cells
containing the gene, an in-house ruby script was used, essentially as described previously (60). Briefly, the
script is used to detect and extract reads containing any of 91 essential protein-coding genes (universally
conserved single-copy) (75) from the Genome Property database (entry ID, GenProp0799, named
“bacterial core gene set, exactly 1 per genome”) (76). The median sequence depth for each single-copy
gene was determined based on the number of reads mapped to a gene (cutoffs used, length �80 bp and
identity �97%) divided by the length of the gene (reads per base pair). The genome equivalent of a
target gene was estimated as the ratio of its sequence depth divided by the median sequence depth of
the 91 marker genes. Differentially abundant genes or taxa among the samples were identified using the
DESeq2 package (77).

tfdA primer design, plasmid cloning, and quantification of tfdA and 16S rRNA genes by qPCR.
Two copies of the tfdA gene, which encodes the enzyme for the first step in 2,4-D biodegradation
pathway, were identified in the Burkholderia sp. strain KK1 assembled plasmid, and a primer set was
designed based on the alignment of the two tfdA genes (Table S4). One tfdA gene, which showed 100%
nucleotide identity to a homolog in the reference pM7012 plasmid (21), had a 100% identity match to
both forward and reverse primers. The other tfdA gene, which had 100% identity to a homolog in the
reference pJp4 plasmid (22), had 100% identity to the forward primer but had a 2-bp mismatch at the
5= end of the reverse primer. Therefore, the primer set was expected to amplify both genes but not
necessarily with the same efficiencies. Another version of the tfdA gene was identified from mesocosm
I metagenomic contig01889 at TPE (t � 19 days) (denoted tfdA|contig01889-4); however, the alignment
between the primer set and this metagenomic tfdA gene was low, especially for the reverse primer (95%
nucleotide identity with forward primer and 42% identity with reverse primer).

The TOPO-TA cloning kit (pCR2.1-TOPO vector; Invitrogen, Carlsbad, CA, USA) was used to make the
qPCR standard plasmid, and a single-copy tfdA (142-bp) insertion was confirmed by Sanger sequencing.
The tfdA cloning was performed according to the methods described below. Briefly, the 142-bp fragment
of the tfdA gene amplicon was cloned into the pCR2.1 vector, as directed by the manufacturer, and
subsequently introduced into Escherichia coli DH5� cells by heat shock at 42°C for 30 s. Plasmid
extraction was performed after 12 h of growth at room temperature on a shaker (�200 rpm) with 2 ml
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of the overnight culture using the QIAprep miniprep kit. For qPCR, 10-fold serial dilutions of the standard
plasmid were used to generate a standard curve over the dynamic range from 44 gene copies to 4.4 �
107 gene copies, respectively. The Power SYBR green PCR master mix (Thermo Fisher Scientific) was used
in a total volume of 20 �l, with each reaction mixture containing 1� PCR master mix, 250 nM each
primer, and 2 �l of template DNA. The amplification was carried out on an Applied Biosystems 7500 Fast
real-time PCR system using the following parameters: 2 min at 50°C and 10 min at 95°C, followed by 40
cycles of 15 s at 95°C and 1 min at 60°C. Dissociation curves were generated using the following
parameters: 15 s at 95°C, 1 min at 60°C, and 15 s at 95°C to ensure specificity of the PCR. A single peak
was observed during the melting curve analysis. The PCR amplification efficiency was 96% and the slope
and R2 of the standard curve were �3.47 and 0.999, respectively. The qPCR quantification of tfdA was first
tested and validated with a serial dilution experiment of Burkholderia sp. strain KK1 genomic DNA before
being applied to mesocosm DNA samples. To validate the qPCR assay, the Burkholderia sp. strain KK1
abundance estimate obtained by qPCR (1.96 � 108 cells/ml) was compared with the abundance
determined by microscope-based direct cell counting using 4=,6-diamidino-2-phenylindole (DAPI)
(1.19 � 108 cells/ml). The tfdA gene abundance in mesocosm DNA estimated by qPCR was calculated by
taking the direct gene count from the instrument and factoring in the dilution factor of the DNA assayed,
the volume of diluted DNA used per reaction (2 �l), the total volume of DNA extracted, and the volume
of sample from which the DNA was extracted, as described previously (78). All unknown samples,
standards, and a blank were assayed in triplicate. The average of the results from the triplicate
experiments was used to quantify the abundance of tfdA genes obtained by qPCR (converted to number
of tfdA gene copies per milliliter). The mesocosm DNA samples were diluted in water with a 32-fold
dilution factor (DF), since the undiluted samples inhibited the qPCR amplification. Total bacterial 16S
rRNA genes were also quantified by the same qPCR procedure described above in order to examine shifts
in the total number of bacteria during perturbations (assuming a stable average 16S rRNA gene copy
number) in the 2,4-D mesocosms. For the 16S rRNA gene qPCR assay, the efficiency was 94%, and the
slope and R2 of the standard curve were �3.458 and 1, respectively. The 16S rRNA gene qPCR primers
(Table S4) and standard plasmid (pBAV1-16S) used were described previously (78).

Accession number(s). The metagenomic data used in this study were deposited in GenBank under
the Lake Lanier BioProject no. PRJNA214105, with Sequence Read Archive (SRA) accession numbers as
follows: SRR3568916 (original lake water; sample ID LLDEC13); SRR3570947 (bottle-effect control; sample
ID BE); SRR3568955, SRR3569300, SRR3569349, SRR3569558, SRR3569624, and SRR3569810 (2,4-D me-
socosms; sample IDs M1.T0, M1.T10, M1.T14, M1.TPE, M2.TPE, and M3.TPE, respectively); SRR3571025 (4-NP
mesocosm; sample ID 4-NP-M1); and SRR3571354, SRR3571355, and SRR3571293 (caffeine mesocosms;
sample IDs Caff-M1, Caff-M3, and Caff-BE, respectively). The whole-genome sequences of isolates can be
found under the following accession numbers CP015999 to CP016006 (Burkholderia sp. strain KK1),
LYVN00000000 (Sphingopyxis sp. strain KK2), LYVO00000000 (Variovorax sp. strain KK3), LYVP00000000
(Pseudomonas sp. strain KK4), and LYVQ00000000 (Pelomonas sp. strain KK5).
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