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In silico design and testing of environmental primer pairs with metagenomic data are beneficial for capturing
a greater proportion of the natural sequence heterogeneity in microbial functional genes, as well as for
understanding limitations of existing primer sets that were designed from more restricted sequence data. PCR
primer pairs targeting 10 environmental clades and subclades of the dimethylsulfoniopropionate (DMSP)
demethylase protein, DmdA, were designed using an iterative bioinformatic approach that took advantage of
thousands of dmdA sequences captured in marine metagenomic data sets. Using the bioinformatically opti-
mized primers, dmdA genes were amplified from composite free-living coastal bacterioplankton DNA (from 38
samples over 5 years and two locations) and sequenced using 454 technology. An average of 6,400 amplicons
per primer pair represented more than 700 clusters of environmental dmdA sequences across all primers, with
clusters defined conservatively at >90% nucleotide sequence identity (�95% amino acid identity). Degenerate
and inosine-based primers did not perform better than specific primer pairs in determining dmdA richness and
sometimes captured a lower degree of richness of sequences from the same DNA sample. A comparison of dmdA
sequences in free-living versus particle-associated bacteria in southeastern U.S. coastal waters showed that
sequence richness in some dmdA subgroups differed significantly between size fractions, though most gene
clusters were shared (52 to 91%) and most sequences were affiliated with the shared clusters (�90%). The
availability of metagenomic sequence data has significantly enhanced the design of quantitative PCR primer
pairs for this key functional gene, providing robust access to the capabilities and activities of DMSP dem-
ethylating bacteria in situ.

Dimethylsulfoniopropionate (DMSP) is an abundant or-
ganic sulfur compound produced by marine phytoplankton as
an osmolyte and for antioxidant purposes (5, 19, 27, 34, 36, 38).
Upon cell lysis, DMSP and its degradation products are re-
leased into the surrounding seawater, thus providing bacterial
communities with reduced organic carbon and sulfur (20) as
well as contributing significantly to ocean-atmosphere sulfur
flux (1, 24). Marine organisms capable of DMSP degradation
can use either of two environmentally significant pathways.
One route, known as the cleavage pathway, can lead to degas-
sing of DMSP-derived sulfur from surface waters in the form
of dimethylsulfide (DMS), an important catalyst in cloud for-
mation. The second, a bacterium-specific route known as the
demethylation pathway, results in DMSP-derived sulfur com-
pounds (such as methylmercaptopropionate [MMPA] and
methanethiol [MeSH]) that typically remain within the marine
microbial food web. Studies show that certain groups of bac-
teria can mediate either or both competing pathways (11, 35),
although the predominant route of DMSP degradation is
through demethylation (18, 20, 21). Significant biogeochemical

data for bacterially mediated DMSP flux are now available (21,
33) and have allowed us to establish a framework for under-
standing this process in the marine environment (32). Yet the
underlying genetic basis by which bacterioplankton perform
and regulate these globally important sulfur transformations is
relatively unknown.

The identification of dmdA (15), the gene encoding a DMSP
demethylase that mediates the first step in the demethylation
pathway, provides a key genetic tool for understanding the fate
of DMSP in ocean waters. dmdA is highly abundant in marine
metagenomic data sets, with thousands of homologs (15, 16)
identified in the Global Ocean Survey (GOS) Sargasso Sea
(37) and 2007 GOS (29) data sets. These findings indicate an
important ecological role for dmdA in natural bacterioplank-
ton communities. Two pressing areas for gene-based research
include characterizing the diversity, abundance, and distribu-
tion of demethylating bacteria in the marine environment and
determining how bacterial communities regulate DMSP fate
via demethylation.

Here we describe our strategy for designing and testing
dmdA primers to study the diversity of DMSP demethylating
bacterial genes in marine environments. We took advantage of
the non-PCR-amplified dmdA homolog sequence reads iden-
tified in the 2007 GOS release to design universal and clade-
specific primer pairs for dmdA sequences. An in silico primer-
testing pipeline checked specificity against metagenomic reads
and identified mismatches to iteratively improve primer de-
sign. Primer pairs were tested empirically on free-living bacte-
rial communities in nearshore waters of Sapelo Island, GA,
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using pyrosequencing to examine the deep diversity of dmdA
amplicons. Selected primer pairs were then used to compare
dmdA richness in gene reservoirs of the free-living and parti-
cle-associated communities.

MATERIALS AND METHODS

Design of dmdA primer pairs. Metagenomic reads used in dmdA primer design
were obtained from the Global Ocean Sampling (GOS) metagenome (29), with
dmdA homologs in each of the five major clades (A through E) (Fig. 1) identified
as previously described (16). DmdA sequences that were not in one of the major
clades (11% of 1,701 total sequences) were labeled as unclassified. These were
used in primer design for the universal primer but not for the clade or subclade
primers. To identify subclades, the nucleotide sequences from the five major
clades were clustered using MEGA version 3.1 (pairwise alignment, Jukes-Can-
tor algorithm, neighbor-joining model, 100 bootstrap replicates) (16) or Ge-
neious Pro 3.5.6 (9) Tree-Builder (Tree global alignment: cost matrix 65%
similarity [5.0/�4.0], gap open penalty 12, and gap extension penalty 3, with
Jukes-Cantor algorithm, neighbor-joining model). Glycine cleavage T protein
(gcvT) and related aminomethyl transferase (AMT) sequences served as out-
groups. Subclades were defined as sequence clusters with bootstrap values of

�50% which captured at least 10% of the reads in a clade. However, not all
subclades had conserved regions appropriate for primer design, and the ones that
did not could not be considered further (see below).

Subsets of dmdA nucleotide sequences were globally aligned with BioEdit
sequence alignment editor (14) and Geneious Pro 3.5.6 (9) programs using
ClustalW. Primers were either designed manually or with the aid of Beacon
Designer (Premier Biosoft International, Palo Alto, CA) primer design software.
Primer pairs were designed to target amplicons without degeneracies (“specific”
primer pairs) or included degenerate or inosine (a nucleoside that pairs indis-
criminately) bases (“degenerate” and “inosine” versions) to accommodate com-
mon mismatches between primers and GOS reads that emerged from in silico
testing (see below).

Bioinformatic pipeline: in silico primer tests. All primer pairs were iteratively
tested in silico for specificity against the 1,701 dmdA sequences from the 2007
GOS release (see Fig. S1 in the supplemental material). Each GOS dmdA read
was aligned to the dmdA gene from Ruegeria pomeroyi DSS-3 (SPO1913; 1,095
bp) to determine whether it contained the full region targeted by a given primer
pair. Those that did (designated “reads in range”) were used for primer testing;
those that did not were excluded. Primer pair specificity was then quantitatively
assessed against GOS reads using an exact sequence and pattern (ESP) search
program (http://web.chemistry.gatech.edu/�doyle/espsearch/) to determine the

FIG. 1. Amino acid tree of representative GOS DmdA sequences. The wedge size is approximately proportional to the number of sequences
within the group. Selected DmdA homologs from cultured marine bacteria are included. “Additional cultured Roseobacters” includes Roseobacter
denitrificans Och114, Roseobacter sp. Azwk3b, Roseobacter sp. MED193, Roseovarius sp. 217, Roseovarius nubinhibens ISM, Roseovarius sp.
TM1035, and Ruegeria sp. TM1040. Related glycine cleavage T (gcvT) and aminomethyltransferase (AMT) sequences serve as outgroups.
Bootstrap values of �50 have been removed for clarity. The neighbor-joining tree was made with Jones-Taylor-Thornton distances. The exact
position of the cluster designated clade C/1 can vary depending on the sequences included in the tree (data not shown).
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percentage of reads successfully targeted by the primer pair. Sequences with
mismatches were mined for number, location, and base of the mismatch. As a
quality control check, the pipeline also determined if primers would bind non-
specifically to sequences in nontarget dmdA clades (including unclassified dmdA
sequences).

A separate in silico test of nonspecific binding of primers was also carried out
against GOS metagenomic reads from three southeastern U.S. coastal sites
(JCVI sites GS13, GS14, and GS15 [29]). All dmdA sequence reads were re-
moved from these samples, and the remaining 394,170 reads were queried,
allowing up to six total mismatches for forward-plus-reverse primers.

Primer pairs were either accepted or rejected based on results of the in silico
testing and, if rejected, were iteratively redesigned. Degenerate and inosine
bases were incorporated into some finalized primer pairs if there were common
mismatches, especially at a position away from the 5� end.

DNA samples. Surface water was collected between October 2000 and April
2005 at two sampling sites at the Sapelo Island Microbial Observatory (SIMO)
(http://simo.marsci.uga.edu) in coastal Georgia. The Dean Creek site is a salt
marsh tidal creek, and the Doboy Sound site is a coastal ocean inlet. To obtain
each DNA sample, approximately 20 liters of water was filtered sequentially
through 8.0-�m-, 1.0-�m-, and 0.2-�m-pore-size polycarbonate membrane filters
(Poretics Corp., Livermore, CA), with two replicate samples obtained at each
location on each date. Cells captured on the 1.0-�m filter (particle associated)
and the 0.2-�m filter (free living) were stored at �20°C until DNA extraction
with the PowerMax Soil DNA Isolation Kit (MO BIO Laboratories Inc., Carls-
bad, CA). A total of 76 DNA extracts, representing 38 samples of each size
fraction (free living, 0.2 to 1.0 �m; particle associated, 1.0 to 8.0 �m), were used
in this study (see Table S1 in the supplemental material). These samples were
separately pooled by size fraction in equal amounts to produce composite free-
living and particle-associated DNA samples. Each composite sample encom-
passed temporal (seasonal/yearly) and spatial (tidal creek and coastal sound)
variability at the SIMO site.

PCR amplicon preparation and sequencing. Primer pairs giving single ampli-
cons of the correct size from the composite SIMO DNA were chosen for analysis
by sequencing. Amplicons suitable for 454 sequencing were prepared by modi-
fying each primer pair with an adaptor sequence at the 5� end of the forward
primer according to the method of Huber et al. (17). Additional four-base key
sequences in between the adaptor and primer sequence were used to distinguish
inosine and degenerate primer sequences.

The typical PCR mix consisted of 0.5 U of Invitrogen (Carlsbad, CA) high-
fidelity platinum Taq polymerase, 0.2 mM deoxynucleoside triphosphates
(dNTPs), and 2 mM MgSO4, although modifications of the MgSO4 concentra-
tions were used for some primer pairs. Primer concentrations ranged from 0.2 to
0.8 �M in final concentrations in a 25.0-�l reaction volume. PCR conditions were
as follows: initial denaturing at 94°C for 2.0 min, 30 to 40 cycles of denaturing at
94°C for 20 s, annealing at various temperatures (Table 1) for 30 s, extension at
68°C for 30 s, and a final extension at 68°C for 5.0 min. All PCRs were carried
out in duplicate using 24 ng template DNA and then pooled before sequencing.
For the clade C/2 inosine primer pair, four PCRs were pooled because of low
amplicon abundance. Pooled products were cleaned (QIAquick PCR purifica-
tion kit; Qiagen, Valencia, CA) and stored at �20°C; for some products, an
additional gel excision step was included (QIAquick gel extraction kit; Qiagen,
Valencia, CA). Amplicons were cleaned using the AMPure purification method
(Agencourt Bioscience Corp., Beverly, MA) according to the 454 Life Sciences
protocol (Roche Diagnostics Corp., Branford, CT), with modifications to the
volume of purified PCR products (30.0 �l) and AMPure beads (50.4 �l). Prod-
ucts were quantified spectrophotometrically and combined in equal concentra-
tions in four separate pools based on primer and size fraction. Four-region 454
FLX LR70 sequencing was carried out at the University of South Carolina
EnGenCore facility.

Clustering and clade designations. After removal of low-quality reads (quality
score, �20; �0.03% of sequences), primer sequences were stripped from the
remaining 252,319 reads. For the universal primer pair, sequence data were
obtained for the first �250 bases. For the other primer pairs, the full amplicon
was sequenced. Within a primer pair (including specific, degenerate, and inosine
versions when applicable) sequences were clustered based on 90% nucleotide
identity (Cd-hit clustering [23]). Given an error rate for 454 sequencing of 0.3%
(25), sequencing errors should not change cluster assignments, but would inflate
estimates of unique sequences.

Amplicon sequences were annotated by BLASTx analysis using a default
maximum E value of 10 against an in-house database which consisted of DmdA
and related non-DmdA sequences from the GOS metagenome and cultured
organisms. This analysis was used to distinguish correct target sequences from
closely related paralogous sequences and to classify amplicons by clade. The high

E value cutoff reflected the short length of the query sequences (e.g., 39 bp for
the clade D/1 amplicons after primer sequences were stripped), but most hits had
percent similarities of �90%. The BLAST database consisted of 3,280 total
protein sequences (assembled from the Sargasso Sea GOS data set, the 2007
GOS data set, the Indian Ocean GOS data set, and cultured organisms; see
references 15 and 16 and http://camera.calit2.net), including sequences from
clade A (n �146), clade B (n �76), clade C (n �407), clade D (n �1,792), and
clade E (n �19), as well as unclassified DmdA sequences (n �217), and non-
target gcvT and aminomethyltransferase sequences (n �623). Of the 3,280 se-
quences in the database, �20 were DmdA sequences from cultured organisms.

Richness and shared sequence analyses. To account for differences in the
number of amplicons sequenced for each primer pair (ranging from 2,000 to
12,000 sequences), a resampling approach was used in which 1,000 sample
populations of the same size were randomly drawn from the amplicon pools
being compared. This approach was used to normalize the number of 90% dmdA
clusters in comparisons between primer pairs and size fractions. Statistical sig-
nificance was assigned based on the distribution of pairwise differences between
the 1,000 random populations using a 95% confidence interval (12). Rarefaction
curves for a primer pair was based on 90% sequence clusters using EcoSim 7.0
(13) with 1,000 resamplings.

Nucleotide sequence accession number. The nucleotide sequences of dmdA
454-sequenced PCR amplicons were deposited in the GenBank Short Read
Archive (SRA) under the accession number SRA008804.8.

RESULTS

In silico dmdA primer design. The 1,701 dmdA sequences
identified from the 2007 GOS metagenome (16) served as the
database for designing hierarchical PCR primer pairs for the
DMSP demethylase gene (Fig. 1). Primer design efforts fo-
cused on a universal primer pair, to capture as many dmdA
sequences as possible from marine environmental samples, as
well as on clade and subclade primer pairs to capture con-
served sequence subsets within the five known clades of dmdA.
Multiple alignments of a subset of target sequences (up to 50)
were used for initial primer design. We avoided AT-rich re-
gions (particularly problematic for clades C and D), long nu-
cleotide repeats, sequences that might lead to primer dimers,
and regions with high degrees of similarity to glycine cleavage
T genes or other related non-dmdA genes. Primer pairs were
tested in silico against the remaining sequences, followed by
design optimization to complement the greatest number of
identified dmdA sequences. The pipeline (see Fig. S1 in the
supplemental material) simultaneously checked for matches to
nontarget sequences, including sequences in the incorrect
dmdA clade or subclade, or sequences of paralogous genes
(i.e., gcvT and related aminomethyltransferases; Fig. 1).

While the original goal was to design all primers for use in
quantitative PCR (qPCR), sufficiently conserved primer
areas flanking a small (�250-bp) region of the gene could
not be identified for a universal primer pair. However, a
universal dmdA primer pair amplifying a larger region (537
bp) from sequences in all five protein clades and targeting
�90% of 2007 GOS dmdA reads in range, with �2 mis-
matches per primer when degeneracies were included, was
identified (Table 1).

A clade-specific qPCR primer pair was designed for clade D;
clades A, B, C, and E were highly diverse at the nucleotide
level and primers were targeted instead to the abundant sub-
clades (Table 1 and Fig. 1). Although smaller subsets of diverse
sequences were not considered in primer design with this ap-
proach, they accounted for only �20% of the 1,701 GOS dmdA
sequences. In order to accommodate as many sequences as
possible, clade and subclade primer pairs were designed with-
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out degeneracies (“specific” primer pairs) or included degen-
erate or inosine (a nucleoside that pairs indiscriminately) bases
(“degenerate” and “inosine” versions) to accommodate com-
mon mismatches. When primer design was completed, the
clade and subclade primer pairs targeted an average of 70%
(with �4 mismatches) or 80% (with �6 mismatches) of dmdA
reads in the correct clade (Table 1; see Table S2 in the sup-
plemental material), although the success rate was as low as
20% for one primer pair. Preliminary subclade C/1 and D/2

primers targeted few sequences based on results of the bioin-
formatic analyses and were not considered further.

An in silico check for nonspecific primer binding was carried
out against non-dmdA metagenomic reads from three coastal
sites in the 2007 GOS (sites GS13, GS14, and GS15 [29]); these
were selected because they are geographically closest to the
source of environmental DNA used in this study (see below).
Fewer than 150 of the �350,000 non-dmdA metagenomic
reads were complementary to both primers in any pair, even

TABLE 1. Eighteen dmdA primer pairs (including degenerate and inosine versions) targeting 10 sequence groups and results of in silico
testing against the 2007 GOS data set

Primer
name

Primer
version

dmdA
positiona

Amplicon
length
(bp)

Primer sequenceb Annealing
temp (°C)

No.
of target

GOS
reads

No.
of target

GOS reads
in ranged

No. (%) of reads in range
binding primers

�4
mismatches

�6
mismatches

dmdAU NDe 157–694 537 dmdAUF160: GTICARITITGGGAYGT 32 and 41c 1,701 1,041, 1,093 993, 991 (93) ND
dmdAUR697: TCIATICKITCIATIAIRTTDGG

A/1 Specific 368–596 228 A/1-spFP: ATGGTGATTTGCTTCAGTTTCT 53 30 16 13 (81) 15 (94)
A/1-spRP: CCCTGCTTTGACCAACC

A/2 Specific 339–486 147 A/2-spFP: CGATGAACATTGGTGGGTTTCTA 59 16 10 4 (40) 7 (70)
A/2-spRP: GCCATTAGGTCGTCTGATTTTGG

Degenerate 339–486 147 A/2-dgFP: YGATGAWCATTGGTGGGTTTCKA 58 16 10 8 (80) 9 (90)
A/2-dgRP: GCCATYARGTCGTCYGATTTTGG

Inosine 339–486 147 A/2-inoFP: IGATGAICATTGGTGGGTTTCIA 57 16 10 8 (80) 9 (90)
A/2-inoRP: GCCATIAIGTCGTCIGATTTTGG

B/3 Specific 169–323 154 B/3-spFP: GATGTCTCCTGCCAACGTCAGG
TCGA

62 4 3 3 (100) 3 (100)

B/3-spRP: ACCGGGTCATTGATCATGCCTGCG

B/4 Specific 361–553 192 B/4-spFP: ATTGCCGACTCGGATGTTCT 58 5 4 4 (100) 4 (100)
B/4-spRP: CAAGAAGGTCAAACATGGCAAAC

C/2 Specific 291–482 191 C/2-spFP: AGATGAAAATGCTGGAATGATA
AATG

50 141 94 19 (20) 44 (47)

C/2-spRP: AAATCTTCAGACTTTGGACCTTG
Degenerate 291–482 191 C/2-dgFP: AGATGAAAATGCWGGRATGATA

AATG
52 141 94 44 (47) 55 (60)

C/2-dg RP: AAWTCTTCAGAYTTTGGACCTTG
Inosine 291–482 191 C/2-inoFP: AGATGAAAATGCIGGIATGATA

AATG
52 141 94 44 (47) 57 (61)

C/2-inoRP: AAITCTTCAGAITTTGGACCTTG

D/1 Specific 268–356 89 D/1-spFP: AGATGTTATTATTGTCCAATAATT
GATG

49 402 268 110 (41) 189 (71)

D/1-spRP: ATCCACCATCTATCTTCAGCTA

D/3 Specific 347–473 126 D/3-spFP: AATGGTGGATTTCTATTGCAG
ATAC

54 262 155 94 (61) 116 (75)

D/3-spRP: GATTTTGGACCTTGTACAGCCA
Degenerate 347–473 126 D/3-dgFP: AATGGTGGRTTTCTATTGCWG

ATWC
56 262 155 113 (73) 137 (88)

D/3-dgRP: GATTTWGGMCCTTGYACAGCCA

D/all Specific 984–1089 105 D/all–spFP: TATTGGTATAGCTATGAT 42 1,125 457 190 (42) 320 (70)
D/all–spRP: TAAATAAAAGGTAAATCGC

Degenerate 984–1089 105 D/all-dgFP: TATTGGTATWGCWATGAT 41 1,125 457 324 (71) 394 (86)
D/all-dgRP: TAAATRAAAGGYAAATCGC

Inosine 984–1089 105 D/all-inoFP: TATTGGTATIGCIATGAT 48 1,125 457 346 (76) 417 (91)
D/all-inoRP: TAAATIAAAGGIAAATCGC

E/2 Specific 154–287 133 E/2-spFP: CATGTTCAGATCTGGGACGT 57 4 2 2 (100) 2 (100)
E/2-spRP: AGCGGCACATACATGCACT

Degenerate 154–287 133 E/2-dgFP: CATGTTCAGATMTGGGAYGT 56 4 2 2 (100) 2 (100)
E/2-dgRP: AGCGGCAYATACATGCACT

a Position numbers based on the full-length dmdA sequence in Ruegeria pomeroyi DSS-3 (SPO1913).
b Degenerate codes are as follows: R, A or G; Y, C or T; W, A or T; M, A or C; K, G or T.
c Two annealing temperatures were used in separate PCRs.
d “Reads in range” refers to sequences that span the full region between the forward and reverse primers, allowing both to be tested for complementarity. In the

case of the universal primer pair, the larger amplicon size required that the forward and reverse primers be tested with different subsets of reads, resulting in different
numbers of reads in range for each primer.

e ND, not done.

612 VARALJAY ET AL. APPL. ENVIRON. MICROBIOL.



with an allowance of six mismatches per primer pair, and none
of these would produce an amplicon of the correct size. Over-
all, final primer designs from the bioinformatic pipeline re-
sulted in 22 primer pairs (which included degenerate and in-
osine versions where applicable) to 14 target groups: one
universal target group, one clade-specific target group (clade
D), and 12 subclade-specific target groups (three in clade A,
four in clade B, one in clade C, two in clade D, and two in clade
E) (Table 1; see Table S2 in the supplemental material).

Experimental primer testing. All in silico-tested primer pairs
(including degenerate and inosine versions) were tested exper-
imentally using composite DNA from free-living bacterio-
plankton communities (0.2- to 1.0-�m size fractions) collected
over 5 years at the Sapelo Island Microbial Observatory
(SIMO; http://simo.marsci.uga.edu) (see Table S1 in the sup-
plemental material). DNA from 38 different samples was com-
bined in order to capture the temporal and spatial variability of
dmdA sequences at this coastal site, while keeping the number
of amplicon pools to a reasonable level for sequencing. Of the
14 target groups, dmdA primer pairs to four (A/3, B/1, B/2, and
E/1) did not produce amplicons from the composite DNA
samples. Since these primers passed all bioinformatic criteria,
they are described in the supplemental material (see Table S2)
for potential use in PCR-based analyses of dmdA sequences in
other marine environments. The remaining 10 groups were
targeted by 18 primer pairs (including degenerate and inosine
versions [Table 1]) that successfully produced amplicons from
the composite DNA sample.

Amplicons were sequenced using 454 pyrosequencing tech-
nology and annotated based on the best hit in BLASTx analysis
against our 3,280-member dmdA database (Table 2). An in
silico test of known dmdA sequences with priming sites

trimmed indicated that the BLAST analysis was accurate in
assigning sequences to clades despite the short amplicons pro-
duced by some primer pairs (e.g., clade D/1 primers produce a
39-bp trimmed amplicon). For each primer pair, we deter-
mined (i) the percentage of correct sequences retrieved by the
primers (as opposed to sequences with best hits to the wrong
clade or to dmdA paralogs, or sequences that had no hit; some
of these might include novel dmdA genes) and (ii) the richness
of dmdA sequence clusters retrieved by the primers, defining
clusters at a �90% nucleotide (�95% amino acid) identity
level and using a resampling approach to normalize for differ-
ences in the number of sequences between primer pairs (see
Materials and Methods).

For the universal primer pair, the majority of the sequences
were dmdA (94%), with only a small number having better
homology to paralogous genes or having no hits in the BLAST
analysis (6%) (see Table 1; two different annealing tempera-
tures were tested for the universal primer pair, but both
yielded similar numbers of correct dmdA sequences). Cluster
analysis indicated that 116 dmdA clusters were retrieved from
the composite free-living bacterioplankton DNA, and these
sequences represented all five major clades (Fig. 2). Clade A
and D amplicons were the most abundant in terms of both
numbers of sequences and numbers of clusters (Fig. 2).

For most specific clade and subclade primer pairs, at least
90% of the sequences were dmdA from the correct target clade
(Table 2). The majority of nonspecific hits were to unclassified
dmdA sequences, and fewer than 1% of the hits were to paralo-
gous proteins. For most subclade primers, �98% of the am-
plicons hitting the correct clade also hit the correct subclade
(Fig. 2). Summing across all specific primer pairs for the tar-
geted clades and subclades, cluster analysis indicated that 600

TABLE 2. BLASTx and clustering results for dmdA amplicons of the free-living size fraction from southeastern U.S. coastal seawatera

Primer name Clade Subclade
% with correct

clade(s)
targeted

% with correct
subclade (of

correct clade)
targeted

% with incorrect
clade targeted % not dmdAb No. of sequences

resampled

Normalized no.
of dmdA
clustersc

dmdAU All All 94.0 N/A N/A 6.0 400 51
A/1-sp Clade A Subclade 1 99.2 99.8 0.5 0.3 2,500 30
A/2-sp Clade A Subclade 2 98.7 97.8 0.3 1.0 3,500 25
A/2-dg Clade A Subclade 2 99.1 99.4 0.1 0.8 3,500 24
A/2-ino Clade A Subclade 2 99.4 99.4 0.05 0.5 3,500 20*
B/3-sp Clade B Subclade 3 97.6 97.9 1.5 0.9 5,500 46
B/4-sp Clade B Subclade 4 33.6 99.3 65.4 0.9 1,500 20
C/2-sp Clade C Subclade 2 92.5 68.8 6.3 1.2 1,200 23
C/2-dg Clade C Subclade 2 64.2 81.8 33.8 2.0 1,200 35*
C/2-ino Clade C Subclade 2 71.7 98.8 26.2 2.2 1,200 20
D/1-sp Clade D Subclade 1 88.4 97.8 0.5 11.2 6,000 200
D/3-sp Clade D Subclade 3 99.6 91.5 0.10 0.3 4,300 30
D/3-dg Clade D Subclade 3 95.3 96.7 4.6 0.1 4,300 32
D/all-sp Clade D All 99.3d N/A 0.2 0.5 4,500 82
D/all-dg Clade D All 99.9d N/A 0.1 0 4,500 68*
D/all-ino Clade D All 99.8d N/A 0 0.2 4,500 74*
E/2-sp Clade E Subclade 2 96.65 99.99 1.58 1.77 3,000 43
E/2-dg Clade E Subclade 2 98.97 99.78 0.51 0.51 3,000 35*

a For particle-associated data, see Table S3 in the supplemental material. N/A, not applicable.
b Includes sequences with hits to gcvT and those with no hits.
c Average of 1,000 resamplings (see Materials and Methods) using the population sizes indicated in the “No. of sequences resampled” column. Cluster numbers

marked with an asterisk were significantly different (P � 0.05) from that obtained by the specific version of that primer pair.
d For the D/all-sp primer pair, 16.2% of the hits were to subclade D/1 and 2.5% to subclade D/3; for the D/all-dg primer pair, 13.8% of the hits were to subclade

D/1 and 6.7% to subclade D/3; and for the D/all-ino primer pair, 4.4% of the hits were to subclade D/1 and 6.3% to subclade D/3. The remaining correct hits were
to clade D sequences not classified within a subclade.
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total clusters and up to 17,203 unique nucleotide sequences
were retrieved (from a total of 62,606 sequences). dmdA rich-
ness cannot be compared between clades or subclades using
these primer pairs, however, because the regions of the gene
targeted by the primers differ.

Specific versus degenerate primer pairs. Primer pairs with
degenerate or inosine positions were included for some target
groups if the bioinformatic pipeline indicated that they might
substantially improve retrieval of dmdA diversity. The degen-
erate/inosine primer pairs were no more likely to retrieve in-

correct sequences than the specific primers (Fig. 2), indicating
that the modifications did not cause undue problems with
nonspecific amplification. However, they were also no more
likely to retrieve a higher degree of richness of dmdA se-
quences than the specific primers (as defined by 90% nucleo-
tide sequence clusters) (Table 2) except for clade C/2 inosine
primers. Moreover, most of the dmdA sequences retrieved with
modified primers were the same as those retrieved with the
specific primers (see Fig. S2 in the supplemental material), and
a similar percentage of unique clusters were captured with the
modified and specific primers. Thus, for this particular func-
tional gene, primers modified with degenerate or inosine bases
did not retrieve a richer sequence library. Based on the similar
performances of these primer types and potential complica-
tions of using modified primers in future qPCR applications,
only amplicons of the specific versions of the primer pairs were
used in a subsequent comparative analysis of free-living versus
particle-associated bacterioplankton communities.

dmdA in free-living and particle-associated bacterial com-
munities. The dmdA sequences amplified with the universal
primer pair from southeastern U.S. coastal waters had compa-
rable clade distributions in both the particle-associated (1.0- to
8.0-�m) and free-living (0.2- to 1.0-�m) size fractions. Clades
A and D made up the majority of sequences in both fractions
(Fig. 2A; see Table S3 footnote in the supplemental material).
The universal primer pair targeted a higher number of appar-
ent non-dmdA sequences in the particle-associated fraction
(19%) than in the free-living fraction (6%) (Table 2; Table S3)
but also showed a higher richness of correct dmdA clusters in
the particle-associated community (Fig. 3). The clusters shared
between the two communities accounted for most of the se-
quences (91%), and unique clusters were small (�2 sequences
per cluster).

Amplicon richness and composition for clades and subclades
of dmdA retrieved with the specific primer pairs were also
comparable for free-living and particle-associated bacteria (see
Table S3 in the supplemental material). An average of 60% of
the clusters were shared across size fractions (Table 3). While
four of nine subclade primer pairs showed a significant differ-
ence in the number of unique clusters retrieved between size
fractions (Table 3), the degree of richness was higher in the
particle-associated fraction in some cases (clade C/2) and in
the free-living fraction in some cases (clades A/2, B/3, and D/1)
(Fig. 3). However, unique clusters typically had few sequences
and, as with the universal primer pair, an average of 90% of the
dmdA sequences obtained with clade and subclade primer
pairs were members of clusters shared across the size fractions.

DISCUSSION

The advent of metagenomic sequencing offers a significant
advantage in environmental primer design. Previously, se-
quences from cultured organisms or small environmental clone
libraries formed the basis for primer sequences. Yet how well
those primers targeted the full natural gene diversity, and
therefore captured gene abundance, distribution, and expres-
sion in complex bacterial communities (3, 31), was not known.
Ecologically relevant sequences from metagenomic data are
now available for designing primers for field studies (6). Here
we made use of the thousands of dmdA homologs from marine

FIG. 2. Annotation of free-living (0.2- to 1.0-�m) amplicon se-
quences from dmdA primer pairs based on best hits in a BLASTx
analysis against known dmdA sequences. (A) Universal primer pair.
(B) Clade and subclade primer pairs, including specific, degenerate,
and inosine versions.
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metagenomic data to design optimized primer pairs and then
systematically assessed the primers by deep sequencing of am-
plicon populations. The substantial nucleotide sequence diver-
sity in the GOS data set for this single gene made it necessary
to target groups at the subclade level. Similarly high levels of
richness have been found for another widespread and abun-
dant marine bacterial gene, the gene for proteorhodopsin (3).

When primers were tested on coastal DNA, more than 90%
of the amplicons were from the correct dmdA target group.
The universal primer pair captured all five clades, with a sig-
nificant proportion of correct sequences classified as clade A
(43%) or D (37%). These two clades harbor genes from cul-
tured roseobacters and SAR11 members, respectively, and
were also abundant among dmdA genes retrieved from coastal
and open ocean sites in the GOS data set (16). Other primer
pairs for clades and subclades of dmdA were likewise highly
specific in targeting correct sequences. Overall, the dmdA am-
plicons formed hundreds of clusters at �90% nucleotide iden-
tity (�95% amino acid identity, based on manual alignments of
translated sequences from a subset of clusters) and did not

FIG. 3. Rarefaction curves of dmdA amplicons from free-living and particle-associated bacterioplankton communities based on 90% nucleotide
identity clusters. (A) Universal dmdA primer pair. (B) Selected subclade primer pairs.

TABLE 3. Unique and shared clusters and percent
shared sequences between size fractions for 10

dmdA primer pairs

Primer
name

% Unique
clustersa %

Shared
clusters

% Sequences in
unique clusters % Sequences

in shared
clustersFree

living
Particle

associated
Free
living

Particle
associated

Univ 24 43* 33 3 6 91
A/1-sp 7 15 78 �1 �1 99
A/2-sp 33* 10 57 7 �1 93
B/3-sp 31* 5 64 27 �1 73
B/4-sp 10 6 84 �1 �1 �99
C/2-sp 23 33* 44 2 �1 98
D/1-sp 29* 17 54 21 �1 79
D/3-sp 19 15 66 �1 �1 �99
D/all-sp 21 22 57 11 �1 88
E/2-sp 15 13 72 5 �1 95

a Average of 1,000 resamplings (see Materials and Methods) using population
sizes indicated in Table 2. Cluster numbers marked with an asterisk were signif-
icantly higher (P � 0.05) than those obtained for the other size fraction.
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reach full saturation even after �6,400 sequences per primer
pair. Since a composite DNA preparation from 38 samples was
used to assess primer performance (to increase the likelihood
of target genes for each primer pair being tested), we do not
yet know how abundance and composition of the dmdA pool
vary over time and space; these vetted qPCR primers now
provide a robust tool to address dmdA dynamics in this and
other locations.

The modification of primer sequences with degenerate bases
or inosine has been used previously to improve PCR primer
annealing when target sequences are heterogeneous (3, 10, 22,
31, 39). For environmental primers, such modifications might
allow more of the natural diversity of a functional protein to be
captured (39) although potentially at the expense of nonspe-
cific binding. In this study, modified primers were no more
prone to nonspecific amplification than specific primers. Yet
while we expected that amplicons from the unmodified parent
primers would be a subset of those from the modified primers,
surprisingly this was not the case for this study. Generalizing
across the primer pairs tested, the degenerate and inosine
primers captured an equally diverse but slightly different suite
of sequences compared to those captured by the specific prim-
ers. These empirical results guided us toward the use of the
specific clade and subclade primers in subsequent analyses. We
did not design or test a specific version of the universal dmdA
primer.

In the first use of these primer pairs, we asked whether the
composition of the dmdA reservoir (based on 38 pooled sam-
ples spanning 5 years) differs between free-living and particle-
attached bacterial communities in southeastern U.S. coastal
waters. The GOS metagenomic data set, which comprises the
largest collection of environmental dmdA sequences to date, is
heavily biased toward free-living cells (defined as �0.8 �m in
diameter), providing little information on representation of
the major clades and subclades of dmdA in particle-associated
communities. DMSP concentrations are locally higher in ma-
rine particle “microenvironments” than in bulk seawater (20),
since the primary source of DMSP is phytoplankton cells, rais-
ing the issue of whether particle-associated demethylation is
driven by a different suite of dmdA orthologs. Differences in
dmdA composition between the two size fractions could reflect
ecological advantages conferred by differing kinetic parame-
ters of the major clades (e.g., Km and kcat) (28). Alternatively,
taxonomic differences between marine bacterial size classes, as
has been shown previously (8), may drive differences in the
composition of the dmdA reservoirs. In either case, gene com-
position might provide insights into rates of, or controls on,
DMSP demethylation. DMSP lyase activity (i.e., the competing
pathway for DMSP degradation) has been shown to be greater
in particle-associated microbial communities than in free-living
microbial communities (4, 30).

Here, we used a 1.0-�m-pore-size filter to operationally sep-
arate free-living from particle-associated bacteria, and we con-
ducted a comparative analysis of their dmdA reservoirs. While
the universal primer pair suggested greater overall sequence
richness in the particle-attached communities (Table 3), results
were mixed for individual clade and subclade primer pairs: one
primer pair also displayed a significantly higher degree of rich-
ness in the particle-associated fraction, three displayed signif-
icantly higher richness in the free-living fraction, and five

showed no difference. Since clade D primers likely target
dmdA sequences in SAR11 populations (15), we predicted
greater richness for this clade of planktonic oligotrophs (26) in
the free-living size fraction, and this was the case (Fig. 3). Since
clade A primers target dmdA sequences in Roseobacter cells
(and other taxa), we predicted greater richness for this clade of
surface colonizers (2, 7) in the particle-associated fraction, but
this was not the case. Yet despite these significant differences
in cluster richness for some primer pairs, the vast majority of
sequences were assigned to clusters that were shared between
free-living and particle-attached cells (Table 3). Since our
primers were designed from the GOS metagenome, which
includes mostly free-living bacterioplankton in the 0.2- to
0.8-�m size range, we cannot rule out the possibility that they
systematically miss dmdA diversity in particle-associated bac-
teria. Better metagenomic coverage of larger size classes of
marine particles in future sequencing efforts will provide a
mechanism to check, and if necessary redesign, dmdA primers.

The availability of metagenomic sequence data has greatly
improved our ability to design qPCR primers to assess abun-
dance, diversity, and expression of microbial functional genes
in the environment. In the case of the DMSP demethylase,
knowledge of how dmdA genes vary over time and space, and
how their expression changes in response to DMSP dynamics
and environmental drivers, will increase understanding of the
marine bacterial communities that regulate sulfur emission
from the ocean surface.
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