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Phylogenetic and Chemical Diversity of a Hybrid-Isoprenoid-
Producing Streptomycete Lineage

Kelley A. Gallagher, Kristin Rauscher, Laura Pavan loca, Paul R. Jensen

Scripps Institution of Oceanography, Center for Marine Biotechnology and Biomedicine, University of California San Diego, La Jolla, California, USA

Streptomyces species dedicate a large portion of their genomes to secondary metabolite biosynthesis. A diverse and largely
marine-derived lineage within this genus has been designated MAR4 and identified as a prolific source of hybrid iso-
prenoid (HI) secondary metabolites. These terpenoid-containing compounds are common in nature but rarely observed as
bacterial secondary metabolites. To assess the phylogenetic diversity of the MAR4 lineage, complementary culture-based
and culture-independent techniques were applied to marine sediment samples collected off the Channel Islands, CA. The
results, including those from an analysis of publically available sequence data and strains isolated as part of prior studies,
placed 40 new strains in the MAR4 clade, of which 32 originated from marine sources. When combined with sequences
cloned from environmental DNA, 28 MAR4 operational taxonomic units (0.01% genetic distance) were identified. Of these,
82% consisted exclusively of either cloned sequences or cultured strains, supporting the complementarity of these two ap-

proaches. Chemical analyses of diverse MAR4 strains revealed the production of five different HI structure classes. All 21
MARA4 strains tested produced at least one HI class, with most strains producing from two to four classes. The two major
clades within the MAR4 lineage displayed distinct patterns in the structural classes and the number and amount of HIs
produced, suggesting a relationship between taxonomy and secondary metabolite production. The production of HI sec-
ondary metabolites appears to be a phenotypic trait of the MAR4 lineage, which represents an emerging model with which

to study the ecology and evolution of HI biosynthesis.

he genus Streptomyces is extraordinarily diverse, with nearly

600 formally described species (http://www.ezbiocloud.net).
These filamentous, Gram-positive bacteria have been heavily ex-
ploited for their ability to produce structurally diverse secondary
metabolites, many of which have become useful pharmaceutical
agents (1, 2). Streptomyces spp. are generally saprophytic and are
known soil inhabitants, where they play important ecological roles
in the breakdown of recalcitrant organic materials (3) and the
suppression of plant pathogens (4). They are also widely distrib-
uted in marine sediments (5, 6), form symbiotic relationships with
plants (7) and insects (8), and are observed in association with
marine sponges (8). Some streptomycete lineages have been ob-
served broadly both in soils and in marine sediments (9), suggest-
ing a high degree of environmental flexibility.

The ecological functions of most streptomycete secondary me-
tabolites have not been defined, and thus, potential links between
secondary metabolite production and environmental adaptation
remain largely unknown. One example where such links have
been reported is the production of thaxtomins by the phytopatho-
gen Streptomyces scabies. These phytotoxins are the causal agent of
potato scab disease, and the transfer of the associated biosynthetic
genes among related streptomycetes allows strains to emerge as
new pathogens (10). Another example is the production of the
antifungal agent candicidin by Streptomyces spp. involved in the
tripartite mutualism with attine ants and their fungal gardens
(11). Although streptomycetes have been observed broadly in
ocean sediments, we are aware of no evidence linking the produc-
tion of a specific class of secondary metabolites to the survival of
Streptomyces spp. in the marine environment.

The MAR4 streptomycete lineage was first recognized as part
of a survey of cultured marine actinobacteria (12). Prior to the
present study, the S. aculeolatus and S. synnematoformans type
strains were the only nonmarine strains recognized within this
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clade (13). These strains were derived from a terrestrial soil sample
and a sand dune sample, respectively, and are the only formally
described species within the clade.

The MAR4 lineage has been linked to the production of hybrid
isoprenoid (HI) secondary metabolites (13), which are of mixed
biosynthetic origin and include an isoprene-derived moiety. The
attachment of isoprene, the building block of terpenes, to a sec-
ondary metabolite can occur on a variety of biosynthetically dis-
tinct chemical scaffolds, including phenazines, polyketides, pep-
tides, aminocoumarins, phenylpropanoids, and alkaloids (14).
While terpenoids are relatively common plant secondary metab-
olites (15), they are considered a rare part of actinomycete second-
ary metabolism (16). Nonetheless, actinomycete-derived Hls,
such as the commercially important aminocoumarin antibiotics
(17), can display potent biological activities and thus are relevant
targets for drug discovery efforts.

The major goals of this study are to expand our understanding
of the diversity and distributions of actinomycetes in the MAR4
lineage and to test for correlations between MAR4 phylogeny and
HI production. To assess the diversity within this group, comple-
mentary culture-based and culture-independent methods were
applied to marine sediment samples collected off the Channel Is-
lands, CA. In addition, strains previously identified as MAR4 can-
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didates on the basis of prior research or derived from publically
available sequence data were also analyzed.

MATERIALS AND METHODS

Sample collection. Two hundred thirty-two near-shore sediment samples
were collected from five sites (34°02.67'N, 119°32.67'W; 33°59.65'N,
119°33.39'W; 34°03.08'N, 119°34.51'W; 34°01.99'N, 119°42.14'W;
34°03.29'N, 119°49.16'W) surrounding Santa Cruz Island, CA, from 20
to 22 September 2010. Surface sediment samples from water depths of 8 to
12 m were collected in sterile 4-oz Whirl-Pak bags (Nasco, Modesto, CA)
by divers. Two cores were collected at one site (34°01.99'N, 119°42.14'W)
using a handheld coring device. These were cut into 1- to 3-cm sections
immediately after collection and stored frozen. A subset of the samples
from each site was processed for actinomycete cultivation immediately
after collection. All remaining samples were stored at —20°C before fur-
ther processing.

Sixty-eight additional surface sediment samples were collected from 53
sites along the coast between Ventura and Long Beach, CA, and surrounding
Santa Cruz Island. These samples were collected at depths from 5 to 833 m
using a modified surface-deployed sampler (model 214WA110; Kahlsico, El
Cajon, CA) on 4 to 5 December 2010. Samples were stored on ice for at most
3 days before processing and storage at —20°C.

Strain isolation. All samples were processed using previously de-
scribed methods, including treatments that select for spore-forming acti-
nomycetes (18-20). The 232 samples collected in September 2010 were
processed using up to four methods. These included serial dilution, heat
shock, drying, and enrichment culturing (20), followed by plating on agar
media. The 68 samples collected in December 2010 were processed by
serial dilution and plating. All samples were inoculated onto the following
media prepared with 18 g agar: Al (10 g soluble starch, 4 g yeast extract, 2
g peptone, 1 liter seawater), 50% A1,20% A1, B1 (2.5 g peptone, 1.5 gyeast
extract, 1.5 ml glycerol, 1 liter seawater), Difco marine broth 2215 (Bec-
ton, Dickinson and Company, Sparks, MD), and SWA (1 liter seawater, 1
ml trace mineral solution [21]). All plates contained 100 p.g/ml cyclohex-
imide to reduce fungal growth.

Serial dilutions (1:50, 1:1,000, and 1:10,000) were made in sterile sea-
water. Heat shock was performed on samples diluted 1:4 in sterile seawa-
ter, followed by heating at 55°C in a water bath for 6 to 9 min. Twenty-five
microliters of each dilution was inoculated onto agar medium and spread
with a sterile glass rod. For the drying treatment, sediment samples were
air dried in a laminar flow hood for at least 24 h and stamped onto agar
medium using a sterile foam plug. The enrichment cultures consisted of
1.5 ml of sediment in a 15-ml test tube containing 10 ml of either sterile
seawater and 1% chitin or 20% A1 supplemented with either polymyxin B
sulfate (5 pug/ml), novobiocin (25 pg/ml), kanamycin (20 pg/ml), or no
antibiotic. The tubes were incubated without shaking at room tempera-
ture for 100 days. The supernatant was then serially diluted as described
above, and 25 l was plated prior to treatment and following heat shock
treatment. The underlying sediment was dried and stamped as described
above.

All plates were incubated for up to 90 days at room temperature fol-
lowing inoculation. Actinomycete colonies were identified by colony
morphology, texture, and spore formation and transferred with sterile
toothpicks onto medium Al. This process was repeated until pure cul-
tures were obtained, as evidenced by uniform morphology. Pure strains
were cultured in liquid A1 and stored at —80°C with 10% glycerol added
as a cryoprotectant.

DNA extraction, PCR amplification, and sequencing. Genomic
DNA was isolated using the DNeasy protocol (Qiagen Inc., Valencia, CA)
with previously described modifications (19) and stored at —20°C. The
16S rRNA gene was PCR amplified using primers FC27 and RC1492 (see
Table S2 in the supplemental material). Each 20-ul PCR mixture con-
tained 20 to 50 ng genomic DNA, 200 pM (each) the forward and reverse
primers, 2.5 mM MgCl,, PCR buffer (Applied Biosystems), 2 U AmpliTaq
Gold DNA polymerase (Applied Biosystems), 400 uM deoxynucleoside
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triphosphate mixture, and 7% dimethyl sulfoxide. The PCR protocol con-
sisted of 12.5 min at 94°C and 35 cycles of 1 min at 94°C, 1 min at 63°C,
and 1 min at 72°C, followed by 7 min at 72°C. The PCR products were
purified using a Zymo Clean and Concentrator kit (Zymo Research) ac-
cording to the manufacturer’s protocol and sequenced by Sanger se-
quencing (SeqXcel, Inc., San Diego, CA).

eDNA extraction and PCR. Environmental DNA (eDNA) was ex-
tracted and purified from frozen sediment samples according to the
PowerSoil DNA isolation protocol (MoBio, Carlsbad, CA), with the bead-
beating step extended to 1 h. Purified DNA was stored at —20°C. Two
seminested PCR protocols were used to specifically amplify MAR4 16S
rRNA genes from eDNA (see Tables S2 and S3 in the supplemental mate-
rial). The primer sets were designed on the basis of a 16S rRNA alignment
of previously identified MAR4 strains and several non-MAR4 Streptomy-
ces spp. Primer specificity was confirmed using the Probe Match program
(22) (http://rdp.cme.msu.edu/probematch/search.jsp). PCRs were car-
ried out as described above with various annealing temperatures (see Ta-
ble S3 in the supplemental material). Due to the low yields of eDNA, only
5 to 10 ng was added to each 20-pl PCR mixture during the first round of
amplification. PCR products from the first round were purified with the
Zymo Clean and Concentrator kit (Zymo Research) and immediately
used in the second round of amplification with an annealing temperature
of 60°C.

Clone libraries. Purified PCR products derived from eDNA were
cloned using a TOPO TA cloning kit (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s protocol with the following modifications. The
6-pl cloning reaction mixtures contained 4 pl PCR product, 1 .l salt
solution, and 1 pl TOPO vector. The entire volume was used in the trans-
formation of competent TOP10 cells. Plasmids were purified and se-
quenced by Sanger sequencing using primer M13 (SeqXcel, San Diego,
CA, and Beckman Coulter Genomics, Danvers, MA). Forward and reverse
reads were obtained for each clone, yielding approximately 950 bp per
clone. Chimeric clones were identified using the Bellerophon program
(23) and removed from the analysis.

Identification of MAR4 sequences. Phylogenetic analyses included
previously identified MAR4 16S rRNA gene sequences (13), as well as
strains cultured as part of the present study and strains cultured as part of
prior studies (9, 12, 19) that were subsequently considered MAR4 candi-
dates on the basis of sequence data or the production of HI secondary
metabolites. Diverse MAR4 sequence representatives (accession numbers
KC261629, KC261602, EF121313, KC261627, KC261626, X87316,
NRO041166, EF538742, KC261604, JF346436, EF581384, KC261611, and
KC261615) were additionally used as BLASTn queries of the NCBI data-
base. Redundancies were removed from the top 100 hits, and the remain-
ing sequences were subjected to phylogenetic analysis along with the
cloned sequences generated as part of the present study. 16S rRNA gene
sequences were aligned using the MUSCLE program (24). Maximum like-
lihood phylogenies were built using raxmlGUI (25) and the GTR+G sub-
stitution model with 100 thorough bootstraps. Maximum parsimony
trees were created using PAUP* (26). The tree topology and position of
the previously identified MAR4 strains within the least inclusive node
were used to identify the MAR4 lineage. The strains within this lineage
were clustered into operational taxonomic units (OTUs) on the basis of a
16S rRNA sequence distance of 0.01 using the mothur program (27, 28)
with no terminal gap penalty and an average neighbor algorithm with
precision set at 100.

Secondary metabolite analysis. Twenty-one MAR4 strains, up to five
strains from each available OTU, were chosen for secondary metabolite
analysis. Nine strains were cultured in duplicate to assess the reproduc-
ibility of the analyses. Each strain was cultured in 25 ml medium Al at
27°C with shaking at 230 rpm for 4 to 7 days, after which 10 ml was
inoculated into 1 liter of medium Al in a 2.8-liter Fernbach flask. Follow-
ing 3, 5, and 7 days of growth, 45 ml was extracted with an equal volume of
ethyl acetate. The ethyl acetate extract was separated and dried under
vacuum. On day 9, the remainder of the culture was extracted and dried.
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The extracts were analyzed by liquid chromatography (LC)-mass
spectrometry (MS) (Hewlett-Packard series 1100) using UV detection, a
reversed-phase C,4 column (4.6 by 100 mm; pore size, 5 um; Phenome-
nex Luna), and a solvent gradient from 10% to 100% CH;CN in water.
Low-resolution mass spectra were obtained in the positive mode (electro-
spray ionization [ESI] voltage, 6.0 kV; capillary temperature, 200°C; aux-
iliary and sheath gas pressure, 5 units and 70 Ib/in?, respectively). LC
traces were generated at 210 and 254 nm, and the UV absorbance spectra
associated with each peak were evaluated by comparison to an in-house
spectral library (see Fig. S2 in the supplemental material). Peaks were
assigned to a particular compound class if they had a UV matching score
0f 900 or greater, as reported using the Agilent Technologies (Santa Clara,
CA) ChemStation software, and a mass within the range previously re-
ported for compounds in that class. Positive scores ranged from 903 to 999
(mean, 969.2; median, 973.5). Some peaks assigned to the napyradiomy-
cin and marinone classes eluted with 100% CH;CN and were assigned
solely on the basis of highly diagnostic UV spectra. Peaks with absorption
spectra characteristic for phenazines but with masses that could not be
assigned to compounds in the lavanducyanin class were analyzed by high-
resolution LC-tandem MS (MS/MS; 6530 Accurate Mass quadrupole
time-of-flight [Q-TOF] system; Agilent Technologies) using the column
and conditions described above. High-resolution MS/MS data were ob-
tained in the positive mode (ESI voltage, 4.5 kV; ion source and drying gas
temperatures, 350°C; drying gas pressure, 11.0 liters/min; collision en-
ergy, 20 V). The total number of peaks associated with each compound
class was recorded for each strain. The area under each peak was measured
at 254 nm for the napyradiomycin and phenazine classes and 210 nm for
the marinone, lavanducyanin, and nitropyrrolin classes. In cases where
multiple peaks were detected within one compound class, the area under
the peaks (mass absorbance units multiplied by time) was summed and
divided by the total number of peaks, resulting in an average area per peak
for each compound class.

Nucleotide sequence accession numbers. The GenBank accession
numbers generated as part of this study are KC261602 to KC261629 (cul-
tured strains) and KC477442 to KC477620 (cloned sequences).

RESULTS

MAR4 diversity. The 16S rRNA gene sequence diversity of the
MAR4 clade was evaluated using cultured strains and cloned se-
quences generated from marine sediment samples collected off
the Channel Islands, CA. In addition, strains cultured as part of
prior studies and sequence data from public databases were also
evaluated. Cultivation efforts applied to 300 sediment samples
yielded 155 strains with morphological features typical of the ge-
nus Streptomyces, including the production of aerial hyphae,
tough, leathery colonies, and spores. NCBI BLAST analyses of 16S
rRNA gene sequences indicated that 125 of these strains were most
closely related to Streptomyces spp. A maximum likelihood phy-
logeny placed five of these strains (CNY-714, CNY-715, CNY-716,
CNY-717, and CNY-718) within a consistent and well-supported
node that contained the 17 previously identified MAR4 strains
(13) (see Fig. S1 in the supplemental material). These strains were
obtained using a variety of media and processing methods (see
Table S1 in the supplemental material). Phylogenetic placement
within this node was used to assign these and other strains and
cloned sequences to the MAR4 lineage.

Culture-independent analyses performed on four of the Chan-
nel Island sediment samples using MAR4-specific 16S rRNA
primers yielded 196 nonchimeric sequences, of which 179 fell
within the MAR4 clade (GenBank accession numbers KC477442
to KC477620). An additional 15 strains, isolated as part of prior
studies (9, 12, 19) and considered candidates for the MAR4 clade
on the basis of preliminary sequence data or secondary metabolite
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TABLE 1 Sources of MAR4 strains and sequences identified in this
study

No. of cultured isolates No. of cloned sequences

Source (% marine) (% marine)
Channel Islands 5 (100) 179 (100)
Prior studies” 15 (100) 0

NCBI 20 (55) 1(0)

Total 40 (79%) 180 (99)

@ This proportion considers only the 38 strains for which an environmental origin was
available.
b From references 9, 12, and 19.

analysis, were also confirmed to be members of this lineage. To
further expand the search, 13 diverse MAR4 sequences were used
as queries of the NCBI database. The top 100 BLAST matches
yielded 465 nonredundant sequences, of which 21 fell within the
MAR4 lineage. These consisted of 20 cultured strains and one
cloned sequence (Table 1). Slightly more that 50% of these were of
marine origin.

In total, 801 candidate MAR4 sequences were analyzed as part
of this study. Phylogenetic analyses placed 220 of these sequences
in the MAR4 clade (Table 1). The inclusion of the 17 previously
identified MAR4 strains (13) with the 40 strains identified here
raises the total number of cultured strains that can be placed in
this lineage to 57. A comprehensive phylogeny of the 57 cultured
strains and representative cloned sequences defines the extant di-
versity of the MAR4 lineage (Fig. 1), which encompasses 4.1% 16S
rRNA sequence divergence within the genus Streptomyces. The
MAR4 lineage includes the S. synnematoformans and S. aculeolatus
type strains, which are the only named species within the clade. It
consistently bifurcates into two distinct yet poorly supported sub-
clades, each of which contains one of the type strains. Only one
strain within the MAR4 node (the strain with accession number
X87316) does not fall within these two subclades.

The MAR4 lineage as currently described is largely of marine or-
igin, with 46 of 57 cultured strains and 179 of 180 cloned sequences
originating from the marine environment (see Table S4 in the sup-
plemental material). The 12 sequences that are not linked to the ma-
rine environment include 1 sequence cloned from a uranium-con-
taminated subsurface sediment (GenBank accession number
HM186499), three strains isolated from terrestrial sources (accession
numbers NR041166, EF121313, and AB373966), six strains isolated
from Lechuguilla Cave, NM (accession numbers JQO014364,
JQ014418, JQ014483, JQ014508, JQ014513, and JQO14571), and
two sequence deposits that include no environmental source in-
formation (accession numbers X87316 and HQ992743).

Cultured and culture-independent MAR4 diversity. The 16S
rRNA sequences within the MAR4 clade were clustered at a ge-
netic distance of 0.01 (29), a value commonly used to delineate
actinomycete taxonomic units (30, 31). This resulted in 28 OTUs
(Fig. 2), of which 14 were comprised entirely of cloned sequences,
8 were comprised entirely of cultured sequences, and 6 were com-
prised of both cultured and cloned sequences. Thus, most OTUs
(82%) were comprised entirely of either cultured strains or cloned
sequences, with little overlap between the two. OTUs 13 and 17
contained 105 and 37 clones, respectively, which accounted for
71% of the cloned sequences. Each of these OTUs also contained 3
to 5 cultured strains. Approximately one-half of the cultured
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NRO041166 Japan soil, S. aculeolatus type strain
K0261613 CNQ-. 260 Callfornla

KC477500 G-407-5-12 Santa Cruz Island, clone
AB373966 Japan soil
EF538742 mangrove

EU267797 marine sediment
KC261614 CNQ-139 California
KC477495 7-280-6-D10 Santa Cruz Island, clone
KC477442 7-153-6-D06 Santa Cruz Island, clone
KC477452 7-153-6-H04 Santa Cruz Island, clone

KC477449 7-153-6-A08 Santa Cruz Island, clone
KC477446 7-153-6-A09 Santa Cruz Island, clone
KC477447 7-153-6-A05 Santa Cruz Island clone
KC477443 7-153-6-H10 Santa Cruz Island, clone
KC477509 7-280-6-G10 Santa Cruz Island, clone
KC477497 7-280-6-E09 Santa Cruz Island, clone
o KC261629 CNX-198 California

MARA4 clade
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GQ163473 S. violaceoruber
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KC261628 CNS 284 Palau
KC477581 G- 26 6-29 Santa Cruz Island, clone
KC477596 G-407-5-3 Santa Cruz Island, clone
KC477575 G-407-5-1 Santa Cruz Island, clone
HM186499 uranium contaminated sediment, clone
KC261602 CNX-435 California

EU214946 CNS-776 California

** [u] KC261627 CNH-099 California
] DE ;

KC261626 CNB-632 California

EU214926 CNQ-181 California
EF121313 Egypt sand dune, S. synnematoformans type strain

EF371440 S. rimosus

FIG 1 16S rRNA gene phylogeny of the MAR4 clade. The maximum likelihood (ML) phylogeny includes all cultured MAR4 strains and a representative from
each OTU (Fig. 2) that contains only cloned sequences. Sequences are identified by NCBI accession number followed by the strain number and source, when
available. Sequences added to the NCBI database as a result of this study are indicated in bold. * and ** indicate that the clades represented by the S. aculeolatus
and S. synnematoformans type strains, respectively. Maximum likelihood and maximum parsimony (MP) trees had no conflicting nodes. Bootstrap (maximum
likelihood) and jackknife (maximum parsimony) values higher than 50% are indicated.

strains fell within OTU 14, which did not include any cloned se-
quences. Overall, 88% of the MARA4 strains and cloned sequences
were assigned to 3 of the 28 OTUs. The five MAR4 strains cultured
as part of this study all fell within OTUs containing previously
isolated strains, while the 179 cloned sequences fell within 20
OTUs, of which 14 were composed entirely of Channel Islands
clone sequences.

A rarefaction curve generated from the combined MAR4 OTU
data reveals a steep slope, indicating that considerable diversity
has yet to be sampled (Fig. 3) (29). This result is supported by the
Chaol and abundance coverage estimator (ACE) richness estima-
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tors, which predict that continued sequencing will yield from 58 to
86 OTUs. Individual rarefaction curves of cultured strains and
cloned sequences similarly revealed that more sampling will yield
additional MAR4 diversity.

HI production by MAR4 strains. A phenotypic trait previ-
ously associated with the MAR4 clade is the production of HI
secondary metabolites (13). To further explore the relationships
between HI production and MAR4 phylogeny, we analyzed the
culture extracts of 21 diverse MAR4 strains over a 9-day cultiva-
tion period. These strains belonged to 9 OTUs that were broadly
distributed throughout the MAR4 clade and included representa-
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FIG 2 Distribution of MAR4 sequences among OTUs with an average neighbor clustering distance of 0.01.

tives from both the S. synnematoformans and S. aculeolatus clades
(see Table S4 in the supplemental material). Based on UV absor-
bance and mass spectral data, we observed the production of com-
pounds in four previously reported HI classes. These classes were
the napyradiomycins (32), the marinones (33, 34), the lavan-
ducyanins (35), and the nitropyrrolins (36) (Fig. 4). In addition, a
compound with a UV spectrum that was diagnostic for
phenazines but that did not match any of these four classes was
also detected. Further investigation of this compound by high-
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resolution MS/MS revealed a parent ion, [M + H] ", with an exact
mass of 377.2236 and a fragmentation pattern consistent with
phenazine-1-carboxylic acid (37, 38) with methyl and monoter-
pene substituents (see Fig. S3 in the supplemental material). These
results provide preliminary evidence that the unknown com-
pound is a prenylated phenazine, which we have tentatively as-
signed to a fifth HI class while further structural characterization is
ongoing.

All 21 of the MAR4 strains investigated produced at least one
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FIG 3 Rarefaction curve for MAR4 cultured, cloned, and combined sequences. Chaol and ACE richness estimates are indicated.
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FIG 4 Previously reported hybrid isoprenoid structure classes detected from MAR4 strains. The terpene-derived portion of each molecule is highlighted in red.

HI and, in most cases, produced more than one (Fig. 5). In many
cases, multiple derivatives within the same structural class were
observed from a single strain. The S. aculeolatus and S. synnema-
toformans lineages showed differences in the numbers and types of
HI secondary metabolites produced, with the former including
the only four strains observed to produce nitropyrrolins. In addi-
tion, the majority of the strains tested in the S. aculeolatus clade
(10 of 14) produced napyradiomycins, whereas only 1 strain in the
S. synnematoformans clade produced a napyradiomycin. Eight of
the S. aculeolatus strains also produced more than one napyradio-
mycin derivative; in comparison, the S. synnematoformans strain
produced only one. The opposite pattern was observed with the
marinones, with all of the S. synnematoformans strains producing
multiple derivatives but the S. aculeolatus strains producing only
one. Interestingly, no strain produced multiple compounds in
both the napyradiomycin and marinone classes.

In cases where strains produced multiple derivatives within a
compound class, they generally produced more of each derivative
than strains that produced only a single compound. This is best
observed with napyradiomycin production, in which case the S.
aculeolatus clade produced more peaks per strain (Fig. 5) and the
average area under each peak was 25.3 times larger than that in the
S. synnematoformans clade (Table 2). Similarly, the average area
under each marinone peak in the S. synnematoformans clade,
within which all strains produced multiple derivatives, was 4.3
times larger than that in the S. aculeolatus clade, where only one
derivative was produced. The relative amounts and number of
derivatives of the lavanducyanins and the uncharacterized preny-
lated phenazine produced by both clades were similar; however,
both compound classes were observed more consistently from
members of the S. synnematoformans clade. No major differences
were observed between duplicate extracts except for strain CNQ-
181, where a lavanducyanin peak was observed in only one of the
replicates (data not shown).

DISCUSSION

The MAR4 lineage of streptomycetes has been reported to be
largely of marine origin and recognized as a source of the rare HI
class of bacterial secondary metabolites (13, 39). The aim of the
present study was to further explore the diversity and distribution
of this lineage through the application of culture-dependent and
culture-independent methods and through the mining of publi-
cally available sequence data. Secondary aims were to characterize
the numbers, types, and relative amounts of HI secondary metab-
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olites produced by these bacteria and to search for correlations
between MAR4 phylogeny and HI production.

The MARA4 lineage is defined on the basis of a well-supported
node observed in the 16S rRNA gene phylogeny (Fig. 1). The pres-
ent study expands the number of cultured strains within this lin-
eage from 17 to 57. Seventy-nine percent of these strains, includ-
ing strains reported from eight independent research groups and
strains from a range of sample types (see Table S4 in the supple-
mental material), originated from marine sources, suggesting that
the lineage may preferentially occur in marine habitats. At the
level of resolution obtained in this study, there is no evidence for
specific marine or terrestrial lineages within the MAR4 clade, sug-
gesting that strains are broadly distributed across these environ-
ments. Interestingly, the six strains isolated from Lechuguilla
Cave, NM, do not cluster together, suggesting that the cave system
has been colonized multiple times. However, a more highly re-
solved phylogeny generated using less conserved loci will be
needed before conclusions can be drawn about intraclade rela-
tionships and biogeographic patterns within the MAR4 lineage.

Of the 125 Streptomyces spp. cultured as part of this study, only
5 fell within the MAR4 clade, suggesting that these bacteria are
rare members of the streptomycete community. The 20 additional
MARA strains identified on the basis of NCBI sequence deposits
further support the rarity of this group, given the nearly 30,000
NCBI sequence deposits labeled “Streptomyces 16S.” While it re-
mains possible that the selective cultivation methods typically em-
ployed for Streptomyces spp. are not particularly effective for this
group, only one MAR4 clone was detected among the 589 envi-
ronmental Streptomyces 16S sequence deposits in the NCBI data-
base. Despite this apparent rarity, the results of a culture-indepen-
dent analysis performed on a subset of the Channel Island
sediment samples revealed that considerable MAR4 OTU diver-
sity has yet to be obtained in culture. Surprisingly, 82% of the
OTUs were comprised entirely of either cloned or cultured se-
quences. These included several OTUs from the Channel Island
sites with which both techniques were performed yet only cul-
tured OTUs were observed. Similar observations have been made
for soil samples (40) and could reflect the presence of readily cul-
tured members of the rare biosphere that remain undetected in
clone libraries due to low abundance. These observations support
the application of both culture and culture-independent methods
in the assessment of MAR4 diversity.

The results presented here further establish the production of
HI secondary metabolites as a phenotypic trait of the MAR4 lin-
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TABLE 2 Relative compound production for members of the S.
aculeolatus and S. synnematoformans clades

Avg area under the peak (no. of peaks) for:

S. aculeolatus S. synnematoformans

Compound clade clade Ratio
Napyradiomycin 1,451 * 312 (41) 57 (1) 25.6:1
Marinone 380 * 234 (8) 1,638 * 470 (28) 1:4.3

Lavanducyanin 2,216 + 1,120 (5) 1,347 + 474 (7) 1.6:1

Nitropyrrolin 447 + 102 (20) ND

Prenylated phenazine 661 * 364 (2) 878 * 364 (7) 1:1.3

@ Values represent the average area under the peaks associated with each compound
class * standard error of the mean. ND, not detected.
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eage, with all 21 of the strains tested producing HI secondary
metabolites. These compounds could be delineated into five
structural classes, including a prenylated phenazine that could not
be assigned to a known chemical class. Surprisingly, many strains
produced multiple HI classes, suggesting that they possess more
than one pathway associated with HI biosynthesis.

Despite the lack of statistical support for the intraclade rela-
tionships in the MAR4 phylogeny, distinct patterns were observed
in the production of HIs by the two clades defined by the S. acu-
leolatus and the S. synnematoformans type strains. These patterns
suggest that an investment in the production of either the napyra-
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diomycin or marinone class appears to be a phenotypic trait that
differentiates the two clades. The relationship between napyradio-
mycin production and the S. aculeolatus clade is further supported
by an independent study of the MAR4 strains CNH-070 and
CNQ-329, which yielded six novel and three known napyradio-
mycin derivatives (43). In addition, the S. synnematoformans clade
preferentially produces the prenylated phenazine, while the only
strains observed to produce the nitropyrrolin class were in the S.
aculeolatus clade. Prenylated pyrroles are rare in nature; to the best
of our knowledge, the only other streptomycete-produced com-
pounds of this type are the glaciapyrroles isolated from a marine
sediment-derived Streptomyces sp. (41) and a pyrrolostatin pro-
duced by a Brazilian soil streptomycete (42). Future comparative
genomic studies will provide better resolution of the lineage spec-
ificity of the biosynthetic pathways associated with these com-
pound classes as well as the full HI biosynthetic potential of MAR4
strains.

The enrichment of HI secondary metabolites in the MAR4 lin-
eage provides evidence that positive selection has favored their
production. While the natural functions of MAR4 HIs have yet to
be defined, it will be interesting to evaluate nonmarine MAR4
strains to determine if this enrichment represents a marine adap-
tation. Ultimately, identifying the ecological functions of HI sec-
ondary metabolites and how they may enhance survival in specific
habitats remain important goals for future studies of MAR4 bac-
teria.
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