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To gain a predictive understanding of the interspecies interactions within microbial communities that govern community func-
tion, the genomic complement of every member population must be determined. Although metagenomic sequencing has en-
abled the de novo reconstruction of some microbial genomes from environmental communities, microdiversity confounds cur-
rent genome reconstruction techniques. To overcome this issue, we performed short-read metagenomic sequencing on parallel
consortia, defined as consortia cultivated under the same conditions from the same natural community with overlapping species
composition. The differences in species abundance between the two consortia allowed reconstruction of near-complete (at an
estimated >85% of gene complement) genome sequences for 17 of the 20 detected member species. Two Halomonas spp. indis-
tinguishable by amplicon analysis were found to be present within the community. In addition, comparison of metagenomic
reads against the consensus scaffolds revealed within-species variation for one of the Halomonas populations, one of the Rhodo-

bacteraceae populations, and the Rhizobiales population. Genomic comparison of these representative instances of inter- and
intraspecies microdiversity suggests differences in functional potential that may result in the expression of distinct roles in the
community. In addition, isolation and complete genome sequence determination of six member species allowed an investigation
into the sensitivity and specificity of genome reconstruction processes, demonstrating robustness across a wide range of se-

quence coverage (9X to 2,700 X ) within the metagenomic data set.

Microdiversity refers to the diversity of organisms that are
closely related phylogenetically yet exhibit different meta-
bolic activities and therefore occupy distinct niches. Genomic
studies comparing multiple strains of the same species have re-
vealed that while much of the genome sequence is highly con-
served, significant functional variation can exist, arising from
changes in gene function due to mutation, the introduction of
genes by horizontal gene transfer, or changes in gene regulation
due to mutation or genome rearrangement. Microbial commu-
nity diversity is usually measured via sequencing of either all or a
part of the 16S rRNA gene. It is well established that bacteria that
have near-identical or identical 16S rRNA sequences can have
significantly divergent genome complements, cell morphologies,
and metabolic functions (1-4).

Recent developments in sequencing technologies and analysis
have enabled cultivation-independent sequencing of intact mi-
crobial communities (metagenomics) and prediction of func-
tional potential of individual microbial populations within a com-
munity. Early metagenomic work employed the same technology
used for isolate genome sequencing, the Sanger method, which
provided only a limited sequencing depth. Nonetheless, initial at-
tempts to reconstruct member genomes in very-low-diversity
communities or abundant members of complex communities
were successful (5, 6). Innovations in sequence assembly (7-9),
the use of differential coverage binning (10, 11), parsing mate pair
linkages (12), and improved methods of evaluating sequence
composition (13, 14) continue to improve our ability to recon-
struct genomes from community metagenomic samples. These
improvements are revolutionizing microbial ecology by enabling
species-resolved genomic analysis of organisms without the need
for prior cultivation, thus providing a mechanism for prediction
and modeling of ecosystem function for communities that were
previously intractable.
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Genome reconstruction consists of two steps; first, the metag-
enomic sequence is assembled to create contigs (or scaffolds if
clone mate information is available), and then the contigs are
segregated into “bins” of sequences with similar characteristics.
The characteristics used to segregate contigs include %G+C, k-
mer content, estimated relative abundance, and predicted phylog-
eny. The resulting bins are analyzed to determine if they represent
asingle organism or more than one (testing the resolving power of
the criteria) and to estimate how much of the total genomic com-
plement was recovered in the reconstruction process (complete-
ness). This is typically done by comparing the amount of sequence
recovered to the genome size of sequenced near neighbors or by
enumerating genes conserved across all fully sequenced bacterial
or archaeal genomes.

Despite the successes in extracting reconstructed genomes
from a variety of environmental metagenomes, significant chal-
lenges still exist in reconstructing entire communities as assem-
blages of individuals. The process of obtaining and segregating the
sequence of all members of a community is difficult because many
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environments have high species richness (number of taxa pres-
ent), with most members present at a low relative abundance (15).
For low-abundance organisms, gathering enough sequence data
to sufficiently sample their genomes for assembly may potentially
be solved by simply increasing the number of sequence reads gen-
erated; however, there are concomitant increases in sequencing
and computational expenses, as well as the inherent difficulty of
working with large data sets. Microdiversity further hampers ge-
nome assembly and segregation, as current assembly, coverage,
and composition analysis techniques are insufficient for distin-
guishing many closely related genomes. To date, only one com-
munity, composed of only five members, has been comprehen-
sively sequenced and reconstructed (16).

To overcome the limitations of current approaches for identi-
fying and resolving microdiversity in complex communities, we
explored the use of parallel, enriched consortia. In this “divide-
and-conquer” strategy, multiple subcultures with overlapping
membership are generated from a parent community under the
same culture conditions. Generating parallel consortia accom-
plishes (i) reduction of a community’s complexity; (ii) selection
for metabolically compatible organisms, whose interactions
might have ecological relevance; (iii) acquisition of data sets
among which direct comparisons can be made; and (iv) in some
cases, expansion of rare populations. We have applied this strategy
to investigate a cyanobacterial mat community that forms season-
ally in the mixolimnion of an epsomitic, hypersaline lake (Hot
Lake, Oroville, WA). Despite extreme variation in environmental
parameters (e.g., temperature, incident light, and salinity) over
the course of the year, once established, the Hot Lake mat exhibits
little change in membership (17). Mat diversity ranges between
~500 and 1,000 operational taxonomic units (OTUs) through-
out the seasonal cycle (17). Two unicyanobacterial consortia
(UCC-A and UCC-O) were developed from the mat through
physical isolation of individual filaments of two morphologi-
cally distinct cyanobacteria and serial passage (18). The hetero-
trophic membership of these consortia was estimated to over-
lap almost completely, with 14 of 15 heterotroph OTUs present
in each, although at differing relative abundances.

Here we report the discovery and resolution of microdiversity
using parallel consortia of tractable complexity. This work re-
vealed 20 organisms present in the UCC-A and UCC-O consortia,
uncovering two Halomonas species that were identical over their
V4 region and therefore identified as a single OTU by amplicon
analysis, and evidence of genetically distinct subpopulations of
several organisms within the community. Genome analysis sug-
gests that different mechanisms drive functional specialization in
these instances of interspecies and intraspecies microdiversity. In
addition, we tested the rigor of generally accepted genome recon-
struction techniques by comparison against six complete isolate
genomes, finding them to be quite robust. This validation of the
reconstruction process lends high confidence to the accuracy of
the final reconstructed genomes.

MATERIALS AND METHODS

DNA source and sequencing. Unicyanobacterial consortia UCC-A and
UCC-O were generated as previously described (18). Briefly, biomass
from the green lamina of a Hot Lake microbial mat sample harvested 7
July 2011 was cultivated on Hot Lake autotroph medium (HLA) plates at
~20 wE/m?/s. Filaments of each of the two cyanobacteria growing on the
plates were separated and individually enriched, forming two parallel en-
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richment cultures that were sequentially passaged every 28 days. To gen-
erate DNA for metagenomic sequencing, enrichment cultures of consor-
tia UCC-O and UCC-A were harvested 3 weeks postpassage and physically
homogenized, and DNA was extracted as described previously (18). Suc-
cinctly, DNA was extracted from 1 ml of homogenized culture using the
MasterPure Complete DNA and RNA purification kit (Epicentre, Madi-
son, WI) according to the manufacturer’s instructions. For each sample,
0.5 lane of Illumina HiSeq 2500 paired-end (2 X 150 bp) metagenome
sequencing was performed at the U.S. Department of Energy’s Joint Ge-
nome Institute (JGI) under Community Sequencing Project (CSP) 701.
Briefly, 500 ng of genomic DNA was sheared using the Covaris E210
instrument (Covaris) and size selected using Agencourt Ampure Beads
(Beckman Coulter). The DNA fragments were treated with end repair,
A-tailing, and adapter ligation using the TruSeq DNA Sample Prep kit
(Mumina) and purified using Agencourt Ampure beads (Beckman
Coulter). The prepared libraries were quantified using KAPA Biosystem’s
next-generation sequencing library quantitative PCR (qPCR) kit and run
on a Roche LightCycler 480 real-time PCR instrument. The quantified
libraries were then prepared for sequencing on the Illumina HiSeq se-
quencing platform utilizing a TruSeq paired-end cluster kit, v3, and Illu-
mina’s cBot instrument to generate a clustered flow cell for sequencing.
Sequencing of the flow cell was performed on the Illumina HiSeq2000
sequencer using a TruSeq SBS sequencing kit 200 cycles, v3, following a
2 X 150 indexed run recipe.

Strains Porphyrobacter sp. HL-46, Halomonas HL-48, Algoriphagus
marincola strain HL-49, Idiomarinaceae bacterium HL-53, Marinobacter
excellens strain HL-55, and Marinobacter sp. HL-58 were isolated as pre-
viously described (18), and genomic DNA was extracted from them using
the MasterPure Complete DNA and RNA purification kit as described
above. Halomonas sp. HL-93 was isolated, its genomic DNA was ex-
tracted, and its 16S rRNA gene was sequenced and analyzed in the same
manner as previously described (16); sequencing was performed by Func-
tional Biosciences (Madison, WI). Isolate genomes were sequenced and
assembled by the JGI under CSP 701 using the Pacific Biosciences
(PacBio) sequencing technology (19). A Pacbio SMRTbell library was
constructed and sequenced on the PacBio RS platform, which generated
210,195 filtered subreads totaling 641.0 Mbp. All general aspects of library
construction and sequencing performed at the JGI can be found at http:
/Iwww.jgi.doe.gov. The raw reads were assembled using HGAP (version
2.3.0) (20).

Metagenome sequence assembly. Raw sequence reads were quality
trimmed using Trimmomatic (21) with a quality cutoff of 20, a window of
4 nucleotides (nt), and a length cutoff of 30 nt. Only paired-end reads
(~88% of the trimmed reads and ~70% of the original data set) were used
in assembly. UCC-A and UCC-O reads were assembled separately and
also as a coassembly, resulting in three scaffold sets. Assembly was per-
formed using IDBA-UD (8) with a minimum contig size of 250. Resulting
scaffolds with length of =2 kb were considered further due to the discrim-
ination limits of the binning algorithms (22, 23).

Scaffold binning. For each assembly set, read coverage was deter-
mined for each scaffold against both the UCC-A and UCC-O trimmed
read data sets. Reads were aligned against scaffolds using Bowtie 2 (24);
SAMtools (25) was used to calculate per-base coverage, and a custom
script was used to calculate average coverage across the length of the scaf-
fold. For each assembly set, UCC-A read coverage was plotted against
UCC-O read coverage. Manual inspection of node density on the plot was
used to determine the initial coverage ranges defining bins, which were
then refined using a cutoff of +2 standard deviations from the mean. An
equivalent examination of the G+C nucleotide composition was used to
both verify consistency within bins and further separate bins whose read
coverage overlapped. This process segregated scaffolds into consistent or-
ganism-specific bins (similar to what is described in reference 10) (Fig. 1);
however, to ensure that there was no subjective bias in the approach, the
assembly sets and corresponding coverage data were evaluated using
MaxBin v2.0, which examines coverage and nucleotide composition and
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A performs expectation maximization analysis to computationally bin se-

UCC-A quences (26). MaxBin results verified the majority of the bin relationships

predicted by our manual process (see Table S1 in the supplemental mate-

rial). The final scaffold set for each genome bin was chosen from the

assembly (UCC-A, UCC-O, or coassembly) that resulted in the most se-

1000 & iat quence across the fewest scaffolds (Fig. 1). The accuracy of the binning

A 1// process was evaluated and refined through conserved single-copy gene

2 analysis (see below). Genome bins were evaluated for consistency using

the tetra-ESOM protocol outlined in reference 22, using an evaluation
window of 5 kb.

Estimation of taxonomy and completeness of genomic content.
Coding regions (CDS) were predicted with Prodigal (27) using normal
mode and the default translation table. An estimated taxonomy was as-
signed to each genome bin using AMPHORA?2 (28) using the Prodigal
gene predictions and the provided reference alignments. Alignments were
trimmed, the default Zorro cutoff of 0.4 was used, and maximum likeli-
hood was used for phylotyping. Some bins contained a partial or, in one
case (Bin01), a complete 16S rRNA gene. These sequences were compared

o against the Silva database and an internal database of Hot Lake microbial

o1 T e —— mat-derived 16S rRNA clones (17, 18) to provide additional phylogenetic

UCC-Aread coverage information.

A representative phylogenetic tree for the reconstructed genomes was

B constructed by first aligning RpoC protein sequences from every organ-

UCC-A+UCC-O ism and the type strains of neighboring genera (if available) using

MUSCLE (29) as implemented in and under the default parameters of

MEGAS5.2.2 (30). In the event that the genus type strains were not se-

quenced, the nearest sequenced neighbors were included. Because rpoC,

1000 T the gene encoding the B’ subunit of RNA polymerase, is divided in cya-

. nobacteria into rpoCI and rpoC2, only positions 667 to 2263 of the align-

d ment, which correspond to the portion of the alignment covered by

RpoC2, were used to construct the phylogenetic tree. A neighbor-joining

tree was constructed in MEGA5.2.2 using a Poisson model, pairwise de-

letion of gaps, and uniform rates of mutation among sites and tested using

1,000 bootstrap replications. The neighbor-joining tree was compared

with a corresponding maximum likelihood tree generated in MEGA5.2.2.

The maximum likelihood phylogeny was generated using complete dele-

tion of gaps, a Jones-Taylor-Thornton substitution model (31) with uni-

form rates of mutation among sites, and the nearest-neighbor interchange

maximum likelihood heuristic method. The maximum likelihood phy-
logeny was tested using 500 bootstrap replications.

O Completeness of genomic content was estimated using the conserved

01, : S T e single-copy gene (CSCG) procedure previously described (32). Briefly, a

UCC-A read coverage library of 140 Pfam hidden Markov models (HMMs) representing 102

proteins found in a single copy in a majority of sequenced bacterial ge-

C nomes was searched against the predicted coding genes (CDS) of each bin.

UcCcC-O The percentage of models matched by CDS sequences within a bin is

assumed to approximate the percentage of total genome content present

(see Table S2 in the supplemental material). Bins containing multiple

copies of any CSCGs were reexamined for scaffolds with anomalous read
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TABLE 1 UCC metagenome assembly statistics

No. of % of Total

input reads No. of length
Assembly reads (10°) placed scaffolds (Mb) Ny,
UCC-A 139 98.0 22,055 67.9 35,571
UCC-O 125 98.4 16,859 59.4 56,494
Coassembly 264 97.7 24,629 85.0 43,762

using Bowtie2 (24), as described above. Sequence polymorphism loca-
tions were identified using the BamTools piledriver script (33; see the
github website for Piledriver by A. R. Quinlan). Resulting variant posi-
tions were mapped to predicted CDS and intergenic positions.

Genome bin comparison. The accuracy of the reconstructed genome
bins was assessed by aligning the binned scaffolds against the complete
genome sequence using nucmer (34). Scaffolds that aligned to the genome
with >98% identity across >90% of the sequence were considered
mapped.

Growth curves. Halomonas sp. strains HL-48 and HL-93 were cul-
tured for growth phenotype experiments at 30°C in 25 ml of HLN me-
dium (HLA medium + 5mM NH,Cl) (18) + 5 mM carbon source (either
sucrose or glucuronate) with shaking. Overnight cultures of HL-48 and
HL-93 were used as an inoculum and were diluted to optical density at 600
nm (ODy,,) of ~0.02 in 25 ml of fresh medium to start the growth exper-
iment. Planktonic growth was monitored at a wavelength of 600 nm using
a SmartSpec Plus spectrophotometer (Bio-Rad).

Nucleotide sequence accession numbers. The sequences generated
in this study are available through DDBJ/EMBL/GenBank under acces-
sion numbers NZ_JQMU00000000.1 (Porphyrobacter sp. HL-46),
NZ_JMMC00000000.1 (Halomonas sp. HL-48), NZ_JAFX00000000.1
(Algoriphagus marincola strain HL-49), LN899469 (Idiomarinaceae bacte-
rium strain HL-53), NZ_JYNR00000000.1 (GI:761631804; Marinobacter
excellens HL-55), NZ_JMLY00000000.1 (GI:654325145; Marinobacter sp.
HL-58), LTHN00000000 (Bin01), LIHO00000000 (Bin02), LIHP00000000
Bin03), LJSH00000000 (Bin04), LJSG00000000 (Bin05), LJST00000000
Bin06), LJSU00000000 (Bin07), LJSFO0000000 (Bin08), LINT00000000
Bin09), LJXT00000000 (Bin10), LJZR00000000 (Bin11), LJSV00000000
Bin12), LJZS00000000 (Bin13), LJZQ00000000 (Bin14), LJSW00000000
Bin15), LJZT00000000 (Bin16), LJSX00000000 (Bin17), LJSY00000000
Bin18), LLEX00000000 (Bin21), and LKOZ00000000 (Bin24).

o~~~ o~ o~ —~

RESULTS

Parallel consortia enhance scaffold segregation. Metagenomic
reads derived from UCC-A and UCC-O were assembled both sep-
arately and together (Table 1). In all cases, sequences assembled
extremely well, with ~98% of quality-trimmed reads being placed
in scaffolds of 250 nt or more and N, values of 35,571 nt, 56,494
nt, and 43,762 nt for UCC-A, UCC-O, and the coassembly, re-
spectively. Previous amplicon sequencing revealed that the two
communities have almost entirely overlapping membership, al-
though the relative abundances of the member species vary be-
tween the two cultures (18). Because the phylotypes present in
each consortium were nearly identical, we compared coverage dif-
ferences between the two metagenomic data sets to segregate scaf-
folds into organism-specific bins (numbered 01 to 24 [Fig. 1]).
Bin20, Bin22, and Bin23 comprised extrachromosomal elements
that could not be associated with an organism and are not consid-
ered further here; Bin19 was determined to be a second cyanobac-
terial chromosome and combined with Bin11. Read coverage was
calculated for the scaffolds in each data set and plotted as an esti-
mate of relative scaffold abundance in the two cultures (Fig. 1).
High-abundance (>100X read coverage) organisms assembled
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well without coassembly. Bin01, Bin02, Bin03, Bin04, Bin05, and
Bin15 were composed of relatively few, long scaffolds in each as-
sembly set (Fig. 1 and Table 2). Several organisms appeared to be
either absent or in extremely low abundance in one UCC or the
other, resulting in construction of scaffolds from only one of
the data sets: Bin06, Bin07, and Bin16 were constructed from the
UCC-0O-only assembly, and Bin10, Bin11, and Bin12 were derived
from the UCC-A-only assembly. Assembly of low-abundance or-
ganisms shared between the cultures improved modestly with
coassembly. For example, Bin10 improved to 190 scaffolds cover-
ing 3.8 MD, from 254 scaffolds covering 3.44 Mb in UCC-A (and
essentially no assembly in UCC-O), while Bin21 improved to 391
scaffolds covering 1.27 Mb from 289 scaffolds covering 0.91 Mb in
UCC-O, and Binl4 improved to 51 scaffolds covering 3.77 Mb
from 92 scaffolds covering 3.66 Mb in UCC-O.

Identification and deconvolution of microdiversity. The
presence of closely related organisms within a metagenomic data
set can lead to poor assembly or misassembly (9, 35). Evidence of
this sort of interference can be observed within the assembly re-
sults by examining scaffold count and length relative to read cov-
erage (36). A distinct Bin13 was derived from UCC-A, but in the
UCC-O data set the assembly was significantly worse (compare
the tight cluster of long scaffolds in Fig. 1A to the diffuse cloud of
shorter scaffolds in Fig. 1C). A horizontally elongated cloud of
short scaffolds appears at ~10X UCC-O read coverage, and Bin13
displays reduced UCC-O read coverage (Fig. 1C) relative to the
UCC-A plot (Fig. 1A), suggesting a conflated assembly of reads
from more than one organism. Coassembly yielded a moderate
Bin13 assembly (Fig. 1B), and Bin06 scaffolds plotted exclusively
at the y axis. A tetranucleotide frequency-based emergent self-
organizing map of the UCC-O scaffold data set shows overlapping
clustering of Bin13 sequences with an additional set of scaffolds
(Fig. 2) assigned to Bin06. Comparison of the scaffolds in these
two sets indicates an average nucleic acid identity of ~85%, with
some sequence regions displaying better than 95% identity. This
level of nucleotide identity is interpreted as indicating organisms
related at the genus level (37), although the value may be artifi-
cially depressed due to regions of higher identity being coas-
sembled into Bin13 and thus absent from Bin06. Thus, estab-
lishment of the parallel consortia enabled the resolution of
interspecies microdiversity through alternate community mem-
bership.

Bin18 displayed evidence of multiple related strains, which
could represent distinct ecotypes of the species. Coverage analysis
showed higher read coverage for Bin18 in UCC-A than in UCC-O
(~30X for UCC-A versus ~7X for UCC-O). Despite this, the
UCC-O scaffold set assembled into fewer, longer contigs than that
of UCC-A, having 87 contigs with an average length 0of 42,351 and
a total length of 3.7 Mb versus UCC-A’s 212 contigs with an aver-
age length of 16,258 nt and a total length of 3.4 Mb. Coassembly
did not improve results, yielding a scaffold set of 252 contigs with
an average size of 9,716 nt and a total length of only 2.3 Mb (the
decrease in total sequence length was likely due to a decrease in the
number of scaffolds reaching our inclusion cutoff of 2 kb). This
result is strongly suggestive of assembly interference due to the
presence of intraspecies microdiversity in UCC-A. That is to say
that sequence and structural differences between two or more very
closely related organisms cause multiple assembly solutions (bub-
bles and dead ends) within the assembly graph and result in
shorter contigs/scaffolds. Comparison of UCC-A reads against the
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TABLE 2 Genome-resolved bins derived from UCC-A and UCC-O samples and genomes from isolated members

No. of Length Avg % Estimated %
Taxonomic group Bin Identification scaffolds (Mb) G+C CDS cmp*
Reconstructed genomes
Alphaproteobacteria Bin04 Oceanicaulis 9 2.76 62 2632 99.3
Alphaproteobacteria Bin08 Rhodobacteraceae 43 3.64 66 3638 100.0
Alphaproteobacteria Binl5 Erythrobacteraceae 63 3.04 68 2886 100.0
Alphaproteobacteria Bin21 Porphyrobacter sp. HL-46 392 1.27 64 1597 41.0
Alphaproteobacteria Binl7 Rhizobiales 47 3.80 64 3463 99.3
Alphaproteobacteria Bin05 Rhodobacteraceae 24 3.04 62 2953 100.0
Alphaproteobacteria Bin07 Rhodobacteraceae 34 3.42 64 3314 100.0
Alphaproteobacteria Bin09 Rhodobacteraceae 206 4.11 71 4123 87.6
Alphaproteobacteria Binl2 Rhodobacteraceae 52 3.73 63 3612 100.0
Alphaproteobacteria Binl8 Rhodobacteraceae 87 3.68 67 3700 100.0
Alphaproteobacteria Bin24 Rhodobacteraceae 145 0.41 68 592 14.6
Bacteroidetes Binl0 Algoriphagus marincola HL-49 190 3.80 42 3552 97.1
Bacteroidetes Bin01 Bacteroidetes 21 3.37 51 2723 98.5
Cyanobacteria Binll P. priestleyi strain Ana 99 5.47 48 4873 99.3
Megaplasmid 18 0.39 48
Cyanobacteria Binl6 Phormidium sp. strain OSCR 175 4.66 51 4180 99.3
Gammaproteobacteria Bin06 Halomonas sp. HL-93 176 3.26 57 3504 69.3
Gammaproteobacteria Binl3 Halomonas sp. HL-48 34 3.55 59 3253 99.3
Gammaproteobacteria Bin02 Idiomarinaceae bacterium HL-53 15 2.69 47 2500 100.0
Gammaproteobacteria Binl4 Marinobacter excellens HL-55 51 3.77 56 3515 91.2
Gammaproteobacteria Bin03 Marinobacter sp. HL-58 21 4.24 57 3856 99.3
Isolate genomes
Alphaproteobacteria Porphyrobacter sp. HL-46 2 3.17 64 2956 100.0
Bacteroidetes Algoriphagus marincola HL-49 1 4.18 42 3767 98.5
Gammaproteobacteria Halomonas sp. HL-48 1 3.74 59 3331 99.3
Gammaproteobacteria Idiomarinaceae bacterium HL-53 1 2.74 48 2528 100.0
Gammaproteobacteria Marinobacter excellens HL-55 1 4.00 56 3572 100.0
Gammaproteobacteria Marinobacter sp. HL-58 1 4.29 58 3873 99.3

“ cmp, completeness.

Binl8 sequence (taken from the UCC-O assembly) revealed
17,885 single-nucleotide polymorphism (SNP) locations. Intrigu-
ingly, there are regions of Bin18 scaffolds where one set of reads
aligns perfectly to the bin, and another set displays a consistent
pattern of mismatches (Fig. 3A). This type of variation is very
similar to that observed between the Ferroplasma acidarmanus

FIG 2 Region of an emergent self-organizing map based on tetranucleotide
content showing Bin06/Bin13 scaffolds from UCC-O assembly. Analysis was
performed on 5-kb windows. Cyan, bin06 scaffold windows; orange, bin13
scaffold windows. The grouping and overlap of the two sets indicate similar
sequence composition, which complicates both assembly and binning.
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fer] isolate genome and an environmental population (6, 38) and
suggests that the Bin18 scaffold set from UCC-A is a composite
assembly of two ecotypes. At SNP locations, the variant base was
observed in 30 to 40% of the reads, indicating that two ecotypes
were present in UCC-A at an approximately 2:1 ratio. The average
sequence identity between equivalent Binl8 scaffold sets from
UCC-A and UCC-O was ~98%; however, each of the bins con-
tained a subset of scaffolds with breakpoints not found in the
other assembly set. This could be due to structural differences
between the chromosomes of the ecotypes, in the form of either
rearrangements or alternate insertion locations of mobile ele-
ments, or it could be due to assembler error.

We examined the genome bins for other examples of intraspe-
cies microdiversity by aligning the UCC-A and UCC-O reads
against the scaffolds and examining sequence variance. Similar to
the Bin18 Rhodobacteraceae species, the Bin17 Rhizobiales species
contains sites that display an elevated frequency of SNPs within
the UCC-A community (Fig. 3B), while in UCC-O, Halomonas sp.
HL-48 (Bin13) shows a pattern of elevated SNP frequency (Fig.
3C). One possibility is that these SNPs represent closely related
sequence regions between Bin13 and the other Halomonas isolate,
Bin06; however, Bin06 does not show a similar pattern, and thus
we conclude that this is evidence of microdiversity within Bin13.
Reexamination of the assembly plots (Fig. 1) shows that all three
of these genome bins display similar behavior: good assembly
from the metagenomic data set in which they do not show micro-
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FIG 3 Sequence polymorphisms suggest the presence of microdiversity. (A) The UCC-A metagenomic read data set was searched against the Bin18 scaffolds
reconstructed from the UCC-O assembly, and the alignments were visualized using IGV (50). Consistent patterns of polymorphisms (blue, red, green, and black
bars) are apparent in a subset of the reads, indicating the presence of two Bin18-like organisms in UCC-A. (B and C) Scaffolds from genome bins were searched
against the UCC-A (B) and UCC-O (C) read sets, and positions displaying variation (SNP or indel) were tallied. Bin17 and Bin18 show evidence of microdiversity
in UCC-A, while Bin13 shows evidence of microdiversity in UCC-O. Bins for which a majority of genome positions could not be evaluated due to low coverage

were not plotted.

diversity and poor assembly (regardless of high sequence cover-
age) in the metagenomic set in which there appear to be multiple
variant strains. Curiously, Bin14 also displays assembly anomaly,
assembling unusually well for low-coverage data from UCC-O,
and assembling poorly from nearly equivalently low coverage data
from UCC-A. In spite of this, the variance analysis does not indi-
cate that microdiversity is present in UCC-A, suggesting that the
modest difference in coverage between the two data sets resulted
in significantly improved assembly. Therefore, not all situations in
which an organism assembles well from one consortium and
poorly from another are indicative of microdiversity.

Resolution of microdiversity reveals true community com-
position. Binning distinguished 24 distinct sequence sets. Several
methods were employed to quality check and refine bin member-
ship. The predicted protein complement of each bin was searched
against a select Pfam HMM database of conserved single-copy
genes (32), and the number of models with members and the
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number of members per model were tallied for each bin. The
percentage of models with members estimates the completeness of
genomic information within a bin, and the number of members
per model measures specificity: each bin should have one protein
and one protein only that is a member of each family; more than
one protein per family would indicate that genomic information
from another species is present in the bin. Bins were refined using
CSCG data (see Materials and Methods), eliminating scaffolds
containing duplicate genes, and adding scaffolds with comple-
mentary genes (that also met compositional and coverage crite-
ria). We also assessed the CSCGs as phylogenetic markers, ensur-
ing taxonomic consistency within each bin. From this analysis, 15
of the 20 genome bins were estimated to contain >95% of their
respective genome complement (Table 2).

Previous amplicon-based analysis (18) indicated that the UCC
communities each contained a single cyanobacterium and associ-
ated cohorts of 14 (UCC-A) and 15 (UCC-O) heterotroph OTUs.
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Taxonomic analysis of the bins based on a CSCG (DNA-directed
RNA polymerase subunit B [rpoC]) (Fig. 4) identified the 24 bins
as the two key cyanobacteria (one with a megaplasmid), two
members of Bacteroidetes, 5 members of Gammaproteobacteria, 12
members of Alphaproteobacteria, and three putative megaplas-
mids without a known host (Table 2). The greater resolution pro-
vided by the metagenomic data distinguished two halomonads
(Bin06 and Bin13) that clustered into one OTU in the amplicon
analysis (see below). Also, two additional Rhodobacteraceae spe-
cies were revealed; each either had clustered into other OTUs clas-
sified as Rhodobacteraceae in the amplicon analysis or did not meet
the abundance criteria previously employed. Only one bin could
confidently be taxonomically assigned at the species level based
upon AMPHORA analysis alone (Binl0 to Algoriphagus marin-
cola), underscoring the genomic novelty present within these
communities.

Previously, a halomonad was isolated from UCC-O as Halo-
monas sp. HL-48 (18), and here it has been confirmed as identical
to Binl13 by comparing the rpoC sequence of the isolate with the
genome bin (data not shown). The genomic evidence of two Ha-
lomonas spp., where amplicon analysis had identified only one,
prompted isolation of the Bin06 halomonad (isolated as Halomo-
nas sp. HL-93). The full-length 16S sequence is >98.8% identical
to that of HL-48 and exactly matches a clone sequence derived
from UCC-O (OCL_P1G6) that was previously thought to be an
error-containing representation of the HL-48 sequence (see Fig.
S1in the supplemental material). The two 16S sequences are iden-
tical across the V4 region queried by amplicon analysis in our
previous analysis (18); thus, the most abundant read from that
OTU (representing 89% of the total reads) exactly represents both
species.

Predicted functional impact of microdiversity. Gause’s com-
petitive exclusion principle (39) states that species competing for
resources within an ecological niche cannot coexist at stable pop-
ulation abundances. Thus, it was of interest to see if the observed
microdiversity in the Halomonas and Rhodobacteraceae species
translated into significant differences in predicted function for
these organisms that suggested they may occupy distinct niches.
Bin06 (3,423 predicted CDS) contains 759 genes not found in the
complete Halomonas sp. HL-48 (Binl3) genome (3,331 CDS).
The reverse comparison is not informative, since the genome con-
tent of Bin06 is incomplete, and thus any genes absent in compar-
ison with HL-48 could exist in the genome but be located within a
sequence gap. Of these genes unique to Bin06, 362 were assigned
to a specific function and functional role (Table 3; see also Table
S3 in the supplemental material). In particular, an operon pre-
dicted to encode metabolism of glucuronate was identified.
Growth assays using HL-48 and HL-93 (the cognate isolate for
Bin06) have demonstrated that HL-93 can grow using glucuro-
nate as a sole carbon source while HL-48 cannot (Fig. 5).

The presence of both strains of the Bin18 Rhodobacteraceae

members of the consortia are in bold. Where possible, the type strains of
genera were included as references and are denoted by a superscript T; in cases
where the type strains were not sequenced, the nearest sequenced neighbor was
included. Bootstrap values exceeding 80% are reported next to the nodes to
which they refer. Nodes of the neighbor-joining tree that were duplicated in
the maximum likelihood reconstruction are denoted with a red diamond; as
expected, most nodes that were not duplicated displayed low bootstrap values
in either the neighbor-joining or maximum likelihood trees, or both.
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TABLE 3 Functional role categorization of genes found in Bin06 but
not Halomonas sp. HL-48

TABLE 4 Functional role categorization of Rhodobacteraceae Bin18
genes containing SNPs

No. of genes found

to be Bin06
Functional role category” specific
Amino acid metabolism 15
Carbohydrate metabolism 13
Cell motility and adherence 9
Cell structure, growth, and death 18
Defense and invasion systems 13
Energy metabolism 2
Fatty acid and lipid metabolism 3
Intracellular trafficking, assembly, and processing 19
Metabolism of other amino acids and amines 1
Mobile and extrachromosomal element functions 28
Nucleic acid metabolism 4
Prosthetic groups, cofactors, and carriers 4
Regulatory functions 71
Signal transduction 12
Translation 5
Transport and binding proteins 131
Xenobiotics biodegradation and metabolism 27
Unknown function/no function assigned 384

“ Role categories based on KEGG assignment.

species in UCC-A and only a single strain in UCC-O suggests that
these organisms exhibit distinct functions. The strong sequence
conservation between the two supports the assumption that gene
content should also be highly conserved; however, gene content
analysis similar to the above is not possible due to the incomplete
status of both genomes. Another possible mechanism driving
functional distinction between the strains may be alternate regu-
lation of gene expression. Mapping SNPs identified within the
UCC-A read data set (see above) against the annotated Bin18 se-
quence revealed that ~9% of the SNPs map evenly across inter-
genic regions. This figure approximates the 9.2% of genome se-
quence that is intergenic, indicating that there is generally not a
strong bias of SNPs to putatively regulatory intergenic regions.
The rest of the SNPs map to 2,630 of the 3,700 predicted coding
regions and 1 of the 36 identified tRNA genes. Of these, 892 genes

—@— HL-48 Sucrose
= 0.1 ~O— HL-93 Sucrose
© —W¥— HL-48 Glucuronate

(=] —/\— HL-93 Glucuronate
(@]
g
0.01
0.001 T T T T 4 1
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FIG 5 Growth of Halomonas sp. strains HL-48 and HL-93 on sucrose and
glucuronate. Cultures of Halomonas sp. strains HL-48 and HL-93 in HLN
medium were supplemented with 5 mM sucrose or glucuronate and grown
for 90 h.
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No. of genes

Functional role category” Silent  Disrupted  Altered
Amino acid metabolism 57 2 122
Carbohydrate metabolism 57 3 109
Cell motility and adherence 15 1 21
Cell structure, growth, and death 14 3 15
Defense and invasion systems 25 0 35
Energy metabolism 70 4 72
Fatty acid and lipid metabolism 25 3 43
Glycan biosynthesis and metabolism 14 1 66
Intracellular trafficking, assembly, and 48 8 90

processing
Mobile and extrachromosomal element 5 2 14

functions
Natural products biosynthesis 0 0 1
Nucleic acid metabolism 52 6 112
Prosthetic groups, cofactors, and carriers 36 1 63
Regulatory functions 76 3 76
Signal transduction 34 0 26
Transcription 11 0 5
Translation 52 4 98
Transport and binding proteins 156 14 250
Xenobiotics biodegradation and 6 0 19

metabolism
No assigned function 139 48 411
Total 892 103 1,648

@ Role categories based on KEGG assignment.

contained only silent mutations, even though some carried up to
31 SNPs. However, in 89 genes, SNPs or indels were predicted to
prematurely truncate translation by introducing stop codons or
frame shifts. The effect of this potential loss of function is difficult
to predict. The plurality of affected genes are transporters with
unspecified substrates or have no annotated function (Table 4; see
also Table S4 in the supplemental material). In addition, SNPs
altered the protein sequences of 1,648 genes with annotated func-
tions in amino acid, nucleic acid, and carbohydrate metabolism
and transport. Thus, it appears more likely that functional diver-
sity in the Bin18 strains might arise from alteration or loss due to
sequence polymorphism rather than due to changes in regulation.

Evaluation of reconstructed genomes. To validate the robust-
ness of the genome reconstruction method and CSCG analysis,
confirm that our isolates were identical to the dominant members
of the consortia, and identify portions of the genome that did not
assemble well enough to be included in genome bins, we com-
pared the reconstructed genome bins to the complete genome
sequences of six member species isolated from the consortia: Id-
iomarinaceae bacterium strain HL-53, Marinobacter sp. HL-58,
Algoriphagus marincola strain HL-49, Halomonas sp. HL-48, Ma-
rinobacter excellens strain HL-55, and Porphyrobacter sp. HL-46.
These organisms correspond to Bin02, Bin03, Binl0, Binl3,
Binl14, and Bin21, respectively. Importantly, these organisms were
present at a range of abundances within the UCCs, allowing us to
examine reconstruction accuracy as a function of sequence cover-
age. Only in the case of Porphyrobacter sp. HL-46 did the addition
of the isolate sequence significantly improve the completeness of
our genomic information for the organism; Bin21 had only ~4X
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read coverage between the two UCCs, resulting in moderate ge-
nome reconstruction (see above). The complete genomes were
searched against their cognate bins (Fig. 6) and the total scaffold
sets from the assembly from which the bin had been derived (Fig.
1), and the accuracy of binning procedures was evaluated using
principles of signal detection theory. We measured the number of
correct detections (CD; scaffolds correctly assigned to a genome
bin), the number of false positives (FP; scaffolds incorrectly as-
signed to a genome bin), and the number of missed detections
(MD; scaffolds not assigned to a genome bin that should have
been). Specificity is measured by the ratio CD/N, where N is the
total number of scaffolds in the bin. Sensitivity is measured by
the ratio CD/(CD + MD). Three bins (Bin02, Bin10, and Bin03)
were fully precise, containing all scaffolds that belonged and only
those scaffolds (Table 5). Another two bins (Binl13 and Binl14)
contained only scaffolds that belonged but were missing a few,
totaling 76 kb and 110 kb, respectively. Even the low-coverage
Bin21 had 388 of 391 (99%) scaffolds correctly assigned, with the
three false positives totaling 7,578 bp, and was missing only 22
scaffolds, totaling 109 kb. Thus, the binning process outlined here
was highly accurate, even for low-abundance organisms. Errors in
the process appear more likely to occur for shorter sequences,
suggesting that binning accuracy will be lower when assembly
yields mainly short (<5-kb) scaffolds. The specificity and sensi-
tivity of the reconstruction process demonstrated by this analysis
lend confidence that the other bins are of equal quality and thus
good representatives of the genomic content present in these com-
munity members.

We also used isolate genomes to evaluate the accuracy of the
CSCG-estimated completeness analysis. First, it should be noted
that running the analysis on complete genomes can result in a
prediction of less-than-fully complete genomic information. For
example, the Marinobacter sp. HL-58 complete genome scored as
only 99.3% complete. This was due to the lack of a match to the
IF3_N model, although HL-58 does have a protein identified as
translation initiation factor IF-3 and that hits the IF3_C model.
Thus, in this case, a lack of sensitivity in the model resulted in an
underestimation of completeness. This type of problem is ex-
pected to be amplified in phylogenetic branches that are poorly
represented in the sequence databases and thus not present in the
seed alignments from which the CSCG HMMs are built. The ac-
curacy of CSCG-based completeness analysis was evaluated by
comparing completeness estimates to the percentage of total ge-
nome sequence contained within a bin. The agreement between
the two measures was quite good (Table 5); however, it should be
noted that some of the genes in this analysis, in particular the
ribosomal protein genes, are frequently found together in long
operons, and thus misbinning of a relatively short segment of
genomic sequence could have an exaggerated effect on complete-
ness estimations.

DISCUSSION

We have reconstructed near-complete genomic information from
short-read metagenomic data for 17 of 20 species present in the
UCC-A and UCC-O communities. The use of parallel consortia
was critical to distinguishing closely related organisms at both the
species and subspecies taxonomic levels. This strategy was able to
resolve microdiversity between organisms classified within a sin-
gle OTU in our previous amplicon analysis. For example, a second
Halomonas species was discovered in UCC-O that was either ab-
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sent or at very low abundance in the UCC-A metagenomic sam-
ple. Reconstruction also uncovered two previously undiscovered
Rhodobacteraceae species, resulting in seven genomes of Rhodo-
bacteraceae species, in contrast to amplicon assessments that sug-
gested only five Rhodobacteraceae species in the consortia.

These results demonstrate the limitations of 16S rRNA-based
amplicon surveys in evaluating the composition of even simple
communities or in estimating community function. The implica-
tions of this problem are illustrated by reexamining previously
reported community successional dynamics in these consortia
based upon 16S rRNA abundances (18). The genome reconstruc-
tions now suggest that our quantitative PCR assay targeted against
the 16S rRNA of Halomonas sp. HL-48 likely represented the com-
bined abundance of the two halomonads. Therefore, OTU clus-
tering may have masked any difference in the dynamics of the two
organisms as the consortial biofilms assembled, which is signifi-
cant in that the halomonads differ over ~25 to 30% of their gene
content and likely have distinct metabolic roles. Based upon the
moderate abundance of the closely related halomonads and the
difficulty of separating them by compositional analysis, it is likely
that attempts to reconstruct their genomes directly from the mat
instead of through parallel consortia would have lumped them
together into “metaorganisms.” Such conflations hamper our
ability to understand the relationship between member functional
capacity and dynamics in community structure.

Assembly dynamics and SNP analysis suggested the presence of
multiple variants of the Bin18 Rhodobacteraceae species, one being
present in UCC-O and two being present in UCC-A. The level of
sequence similarity between the two organisms (estimated to be
~98% nucleic acid identity across ~93% of the gene content)
made it impossible to disentangle the two genomes in the UCC-A
assembly; however, the maintenance of both variants over contin-
ued serial passage suggests that they occupy distinct realized
niches in UCC-A. Studies of coresident, closely related species
have demonstrated various optimal growth conditions (e.g., nu-
trient concentration, light intensity or wavelength, pH, tempera-
ture, etc.) or differences in susceptibility to predation by viruses
that circumvent direct competitive exclusion (40-42). It should be
noted, however, that the species examined in these studies were
resolvable by 16S rRNA analysis and thus were not as closely re-
lated as the Bin18 variants. Another possibility is that one of the
two subpopulations could be a “social cheater,” benefiting from
an activity that the other population expresses and gaining a fit-
ness advantage by not incurring the cost of expressing that activity
(43, 44). Examining the abundance and expression dynamics of
the variant Rhodobacteraceae Bin18 strains in both consortia will
permit the resolution of functional differences between these two
populations and provide insight into why both populations persist
in UCC-A. Although their functional potential appears to be sim-
ilar because of similar gene content, SNP analysis indicates a large
number of genes with potentially altered function and, in some
cases, loss of expression. Thus, these modest changes in genome
sequence could have significant impact on function and may de-
fine distinct niches for these organisms. It is also possible that
activities specific to one or the other of the subpopulations are
encoded by genomic islands or other variable regions that were
not captured in our genome reconstructions. It has been hypoth-
esized that the biogeochemical function of microbial communi-
ties can be predicted by 16S rRNA amplicon sequencing (45), but
our observations and those of others (e.g., references 4, 46, 47, and
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FIG 6 Comparison of binned scaffolds versus cognate complete genome sequences. Binned scaffold sequences were searched against complete genome
sequences from cultured isolates using nucmer, and alignment regions were plotted using mummerplot. (A) Bin21 (3.8 X) versus Porphyrobacter sp. HL-46; (B)
Bin10 (10X) versus Algoriphagus marincola strain HL-49; (C) Bin14 (11X) versus Marinobacter excellens strain HL-55; (D) Bin13 (30X) versus Halomonas sp.
HL-48; (E) Bin03 (120X) versus Marinobacter sp. HL-58; (F) Bin02 (2,700X) versus Idiomarinaceae sp. HL-53. The strong diagonals demonstrate consistent
coverage across the length of the genome and an absence of sequence that does not map to the genome. Horizontal and vertical dotted lines represent scaffold
boundaries.
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TABLE 5 Comparison of genome-resolved bins to complete genome sequences

% of isolate genome binned

Isolate bin (read coverage) from metagenome”

No. of missed scaffolds
(length; sensitivity)

Bin estimated
completeness (%)

No. of mapped
scaffolds (specificity)

Porphyrobacter sp. HL-46 Bin21 (3X) 40
Halomonas sp. HL-48 Bin13 (70X) 95
Algoriphagus marincola HL-49 Bin10 (10X) 91

Idiomarinaceae strain HL-53 Bin02 (2,380X) 98
Marinobacter excellens HL-55 Binl4 (17X) 95
Marinobacter sp. HL-58 Bin03 (130X) 99

41 388°/391 (0.99) 22 (109 kb; 0.95)

99.3 34/34 (1.00) 7 (110 kb; 0.83)
97.1 190/190 (1.00) 0 (0 kb; 1.00)
100 15/15 (1.00) 0 (0 kb; 1.00)
91.3 55/55 (1.00) 4 (76 kb; 0.93)
99.3 21/21 (1.00) 0 (0 kb; 1.00)

“ Ratio of the total length of binned scaffolds to the total length of the isolate genome sequence.
b Ten of the 388 Bin21 scaffolds only partially aligned against HL-46 (>50% scaffold length), but with =99% identity.

51) suggest that metabolic diversity hidden within OTU designa-
tions makes such predictions unreliable.

The diversity and microdiversity present in natural communi-
ties complicate all aspects of genome reconstruction and make
evaluation of the accuracy of the processes and results difficult.
Studies performed in very simple communities have benefited
from restricted diversity; however, even in the low-diversity Iron
Mountain mat communities, microdiversity within the Ferro-
plasma type II populations was detected (6). One question that
arises is how microdiversity affects assembly. In this study, we
used a deBruijn graph assembler (IDBA_UD) (8). SNPs or indels
within the read data set cause paths in the graph to splitand merge
(referred to as “bubbles”). Most deBruijn graph assemblers per-
form “bubble merging” by default to achieve a consensus assem-
bly, wherein the shortest path with the greatest read support is
chosen and the other is disregarded. This process will mask SNP
level microdiversity. Many assemblers also perform a “read error
correction.” In IDBA_UD, “erroneous” reads (i.e., those that are
not identical to the consensus sequence) that align against the
consensus with >95% identity and 3 or fewer mismatches are
candidates for correction. If every position in the consensus contig
is confirmed by =80% of the supporting reads, the read is cor-
rected to the confirmed sequence and considered support for the
contig. Many of the SNP positions observed in Bin18 would not
meet these correction criteria because the minority allele fre-
quency averages 30%, and thus the contigs would not be consid-
ered “confirmed.”

One method used for evaluating results from genome recon-
struction is examining the content of conserved single-copy genes.
Various forms of this analysis have been used since the earliest
genome reconstructions, and it has proven to be fairly robust.
Reported CSCG lists, however, including the one used in this
study, usually include a large number of ribosomal proteins, many
of which are typically linked in long operons. This can lead to
skewed completeness estimates with the presence or absence of a
relatively small amount of sequence. For example, Marinobacter
excellens strain HL-55 has a region of 13,625 bases that contains 16
of the genes in the CSCG list. Thus, if only that region was omitted
in a genome reconstruction, the CSCG analysis would indicate
only 88% completeness, whereas the reconstruction would in fact
be 99.7% complete. Another problem is that gene variability can
cause low scores versus the models, falsely lowering completeness
estimations. In addition, our concept of which genes are univer-
sally conserved shifts as more genome sequences are collected,
especially from poorly characterized phyla. CSCG analysis has also
been used phylogenetically to evaluate consistency in taxonomic
assignment across a binned scaffold set. This type of analysis, how-
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ever, does not have the resolution to resolve misassignment be-
tween closely related species. Also, novel phyla that have recently
been targeted for reconstruction (11, 48) frequently do not yet
have a good set of reference sequences, making it difficult to de-
termine if such consistency is present.

Because we had access to organisms isolated from our experi-
mental cultures, we were able to obtain complete genome se-
quences and assess the quality of our reconstructed genomes by
direct comparison. It is important to note that these sequences
were not available at the time of binning, so both were entirely de
novo. Still, for all the bins tested, save Bin21, binning specificity
was perfect. Because of low relative abundance in the sample, Por-
phyrobacter sp. HL-46 was poorly represented in the metagenomic
data set and therefore yielded shorter scaffolds with lower cover-
age. Shorter sequences are more susceptible to read coverage and
compositional skew, and this is likely the reason for the reduced
specificity. We have also demonstrated that our process was un-
able to detect only 3% or less of sequence present within the set of
scaffolds under consideration (i.e., >2 kb). These missed detec-
tions may be due to either constrained gene sequences skewing
compositional analysis or sampling bias skewing read coverage.
Opverall, these results demonstrate that binning by differential cov-
erage and nucleotide composition, supplemented by evaluation of
CSCG content, results in highly accurate genome bins across or-
ganisms ranging over 2 orders of magnitude in coverage levels
(2,300X, Idiomarinaceae bacterium HL-53; 9X, A. marincola
strain HL-49).

To date, UCC-A and UCC-O are the most complex commu-
nities for which a comprehensive species-resolved genomic data
set exists. Until now, genome reconstruction techniques have
been applied almost exclusively toward investigation of particular
species within a community, rather than attempts to describe a
community in toto. While this can be critical to understanding the
function and role of the specific organism in its environment, in
order to understand the principles governing community forma-
tion and dynamics, the specific interactions between different
members, and the impact of community function upon the envi-
ronment, a complete foundational knowledge of the genomic po-
tential of each member organism is necessary. Such information is
critical to the interpretation of other omics technologies that are
now being applied to environmental samples, such as transcrip-
tomics and proteomics. This allows the identification of which
species is performing which function within the community, en-
abling investigation into how energy and nutrients enter a system
and flow between community members. Understanding the con-
tribution of microdiversity to community functional responses to
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shifts in environmental conditions requires a genome-resolved
understanding of function.

Organismal diversity remains the major hurdle to comprehen-
sive reconstruction of complex natural communities. Species
richness in most natural communities is on the order of hundreds
to thousands of organisms (49). Microdiversity, the presence of
closely related strains that share high average nucleotide identity
yet have distinct physiology, can confound both assemblers and
binning protocols and thus make a species-resolved understand-
ing of community function a near impossibility. Here we have
evaluated a strategy to investigate the complex interactions that
drive community formation and dynamics by cultivating and se-
quencing parallel consortia. This approach has the benefit of sim-
plifying overall community complexity to a tractable level and
also, in some cases, selecting for a single variant of multiple closely
related species that would otherwise impede assembly and
binning. This helps bring us closer to fulfilling the promise of
metagenomics—the ability to gain a species-resolved ecological
understanding of communities directly from environmental sam-
ples—and serves as a useful intermediate between environmental
metagenomics and single-cell amplified genomics.
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