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Barbara J. MacGregor,? Jennifer F. Biddle,” Andreas Teske?

Department of Marine Sciences, University of North Carolina, Chapel Hill, Chapel Hill, North Carolina, USA%; College of Earth, Ocean, and the Environment, University of

Delaware, Lewes, Delaware, USA®

The draft genome sequence of a single orange Beggiatoa (“Candidatus Maribeggiatoa”) filament collected from a microbial mat
at a hydrothermal site in Guaymas Basin (Gulf of California, Mexico) shows evidence of extensive genetic exchange with cyano-
bacteria, in particular for sensory and signal transduction genes. A putative homing endonuclease gene and group I intron
within the 23S rRNA gene; several group II catalytic introns; GyrB and DnaE inteins, also encoding homing endonucleases; mul-
tiple copies of sequences similar to the fdxN excision elements XisH and XisI (required for heterocyst differentiation in some
cyanobacteria); and multiple sequences related to an open reading frame (ORF) (00024_0693) of unknown function all have
close non-Beggiatoaceae matches with cyanobacterial sequences. Sequences similar to the uncharacterized ORF and Xis ele-
ments are found in other Beggiatoaceae genomes, a variety of cyanobacteria, and a few phylogenetically dispersed pleiomorphic
or filamentous bacteria. We speculate that elements shared among filamentous bacterial species may have been exchanged in
microbial mats and that some of them may be involved in cell differentiation.

Large vacuolate Beggiatoaceae are conspicuous members of mi-
crobial mats at sites where hydrothermal fluids reach the sur-
face in Guaymas Basin, a sedimented midocean spreading center
in the Gulf of California (1). They may belong to two or more
candidate genus-level groups in a recently proposed reorganiza-
tion of the group (2, 3). Beggiatoaceae are also found in a variety of
freshwater and hypersaline environments; of particular relevance to
this paper, they form multispecies hypersaline microbial mats in
Guerrero Negro (Baja California, Mexico) together with Cyanobac-
teria, Chloroflexi, Bacteroidetes, and a diversity of other bacteria and
archaea (2, 4). The near-complete genome sequence of a single or-
ange Guaymas Basin vacuolate Beggiatoa (“Candidatus Maribeggia-
toa”) filament, referred to here as the BOGUAY sequence, was re-
cently obtained (B. J. MacGregor, J. F. Biddle, C. Harbort, A. G.
Matthysse, A. Teske, submitted for publication) (5). A complete ge-
nome for the freshwater Beggiatoa alba B18LD (NCBI project ID
62137) and partial genomes for two filaments (BgP and BgS) from
Baltic Sea harbor sediment (6) are available for comparison.

The BOGUAY genome annotation, like most others, identified a
variety of possible mobile or formerly mobile elements (introns, in-
teins, homing endonucleases) and genes likely delivered by them (re-
striction-methylation and toxin-antitoxin systems). Their phyloge-
netic affiliations may provide clues to the evolution of the
Beggiatoaceae and the mat communities they are found in. We pres-
ent evidence here that the marine BOGUAY lineage, cyanobacteria,
and diverse filamentous gliding bacteria have a history of genetic ex-
change, which appears to have been less extensive and/or less well
preserved in the freshwater Beggiatoa alba. A first genome-wide com-
parison of BOGUAY-predicted proteins with the public databases
suggests that signal transduction genes and some cell wall biogenesis
genes have been especially successful in transfers.

MATERIALS AND METHODS

Retrieval of orange filaments for sequencing. Core 4489-10 from RV
AtlantisstHOV Alvin cruise AT15-40 (13 December 2008; latitude,
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27°0.450300'N; longitude, 111°24.532320"W; depth, 2,001 m) at Guay-
mas Basin, Mexico, contained orange mat material, which was removed to
a 50-ml Falcon tube with seawater and refrigerated overnight (also de-
scribed in reference 5). The orange tuft was nicely reestablished the next
day. A large portion was placed in sterile seawater-0.1% agar and incu-
bated at room temperature with the motion of the ship, and then a portion
of this was transferred to sterile seawater in a petri plate. Single filaments
were selected using a 10-pl pipette tip. Three microliters of liquid was
drawn up as the pipette tip was centered on a filament head under X40
magnification in a dissecting microscope. Filaments were immediately
expelled into sterile 500-pl tubes and frozen at —20°C. The sequenced
filament had a diameter of 35 to 40 pm.

Amplification of single-filament DNA. Filament DNA was initially
amplified with the RepliG minikit (Qiagen, Germantown, MD) with the
following modifications. Solution DLB was prepared by adding 500 .l of
DNase/RNase-free water (Qiagen) to the DLB stock in the kit. Solution
D2 was prepared by adding 5 pl dithiothreitol (DTT) from the kit to 55 pl
resuspended DLB solution. PicoGreen dye stock (Invitrogen, Carlsbad,
CA) was diluted 1:10 in PCR-grade water. Frozen filaments were thawed
and centrifuged briefly. All liquid was removed from the tube (~3 pl),
and the filament was visible at the bottom. A total of 1 pl of 1 X phosphate-
buffered saline (PBS) and 1.5 pl solution D2 were added. Tubes were
vortexed, centrifuged briefly, and incubated 10 min onice, and then 1.5 pl
of stop solution was added. The entire volume was transferred to a QPCR
plate (Stratagene, La Jolla, CA), and 15 pl reaction buffer, 1 pl RepliG
phi29 polymerase, and 0.25 pl diluted PicoGreen dye were added. The
reaction was placed in an MX3500P QPCR machine (Stratagene) and
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observed every 10 min for 1.5 h at 30°C. Negative controls using water or
the seawater sorting solution in place of the filament mixture showed no
increase in PicoGreen fluorescence during this time. Reactions were
stopped by incubation at 65°C for 3 min.

To dilute the phi29 polymerase founder effect, this initial amplifica-
tion was split in 6 aliquots and amplified further using the RepliG Midi kit
(Qiagen) according to the manufacturer’s instructions with minor mod-
ifications, including the addition of 1 .l of diluted PicoGreen dye into the
reaction mixture and incubation of the reaction at 30°C for 4 h with
observation of PicoGreen fluorescence every 10 min by the QPCR ma-
chine. Negative controls of water or the seawater sorting solution again
showed no increase in PicoGreen fluorescence during this time.

Confirmation of single-filament amplification. Products from the
RepliG reactions were diluted 1:10, and 2 pl of this was used as the tem-
plate in a PCR using primers B4 and B7 (7), which amplify the intergenic
spacer between the 16S and 23S rRNA genes. A single PCR product was
seen for the BOGUAY filament sample in all amplifications, suggesting
that a single species was present. No amplifications were seen for the
negative controls. To confirm this, PCR was repeated using primers B8F
and B1492R to amplify the full 16S rRNA gene of the amplified filament.
PCR products were cloned in TOPO TA cloning vectors (Invitrogen) and
transformed into Escherichia coli. Cloned products were sequenced via
colony amplification by Genewiz (Plainsfield, NJ) using M13 priming
sites. Over 30 clones were examined, all of which were identical products,
confirming that most likely one species was present.

Preparation of DNA for genome sequencing. To remove potential
chimeric structures from the amplified DNA, individual RepliG Midi re-
actions were pooled and treated with SI nuclease at 37°C for 1 h. DNAs
were then precipitated and concentrated. Aliquots were run on a 0.8%
Tris-acetate-EDTA (TAE) agarose gel and showed that most of the prod-
uct was high-molecular-weight (HMW) DNA, and a total of 48 pg of
DNA had been amplified from a single orange filament. Samples were
then sent to the JCVI for further sequencing.

Sequencing at JCVIand open reading frame (ORF)-naming conven-
tion. The sample was subjected to quality control by 16S rRNA gene PCR
amplification and sequencing of 384 clones, all of which had identical
sequences matching the one previously obtained at UNC. A 454 paired-
end library was prepared and sequenced on a GSFLX titanium sequencer
(454 Life Sciences). Assembly was performed using the Celera assembler,
and annotation was done via the Newbler pipeline. A total of 99.3% of the
sequence was assembled into 822 contigs, suggesting that good coverage
was achieved. A total of 4.7 Mb of sequence was recovered, with 80% of the
sequence forming large (=15-kb) contigs. Annotated sequences are re-
ferred to by 5-digit contig and 4-digit ORF numbers, e.g., 00024_0691.

Annotation at UNC. Additional sequence analysis was carried out
using a combination of the JCVI-supplied annotation, the IMG/ER (8)
and RAST (9) platforms, and BLASTN, BLASTX, BLASTP, PSIBLAST, and
DELTABLAST searches of the GenBank nr databases. Nucleic acid and
amino acid sequence alignments were generally performed in MEGA5 (10)
using MUSCLE (11); for several amino acid alignments, the NCBI CO-
BALT aligner (12) gave a subjectively better result. Maximum-likelihood
phylogenies were inferred in ARB (13) with RAXML rapid bootstrapping
(14) and Bayesian phylogenies in MrBayes 3.2 (15).

RESULTS AND DISCUSSION

The various potential mobile elements identified to date in the
BOGUAY genome exhibit two distinct types of phylogenetic his-
tory, as reconstructed from present-day sequences. Homing en-
donucleases, group I and group Il introns, GyrB and DnaE inteins,
fdxN excision-like elements, and multiple copies of an ORF of
unknown function all have close cyanobacterial relatives and a
limited range of other bacterial affiliations, while restriction-mod-
ification and toxin-antitoxin systems generally have (as expected)
a much wider distribution. These patterns are discussed in the
following sections. Putative transposons will not be discussed
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here; their identification and classification varied widely among
automated annotations (JCVI, IMG/ER, UniProt), and many of
them appear to be split between ORFs and thus may be relict
elements.

A discussion of the evidence for the purity and completeness of
the draft genome is presented first, as an essential basis for the rest
of the discussion.

Genome identity: 16S rRNA gene sequence. The orange
Guaymas Beggiatoa genome sequenced (referred to here as the
BOGUAY genome) includes a single set of rRNA genes, with the
16S rRNA gene sequence falling with the “Candidatus Maribeg-
giatoa” (3) group (see Fig. S1 in the supplemental material). Note
that the orange Guaymas Beggiatoaceae are not monophyletic: the
16S rRNA gene from the genome-sequenced filament discussed
here is highly similar to 16S rRNA gene sequences from filaments
collected in 1996 and 2009 but not to a second orange filament
collected in 2008. The four filaments came from different sites;
whether mixed populations exist is not known. Near-complete (B.
alba), partial (Beggiatoa PS, BgP) or very partial (Beggiatoa SS,
BgS) genome sequences are available for three of the other species
and strains shown. The BOGUAY 23S rRNA gene is interrupted
by a homing endonuclease gene and an intron sequence, discussed
below.

Genome completeness. Because the BOGUAY genome is not
completely assembled, the annotation of ribosomal protein, RNA
polymerase, tRNA, and tRNA synthetase genes was examined as a
test of genome coverage and purity.

Ribosomal proteins. A complete set of ribosomal protein
genes was identified (see Table S1 in the supplemental material),
and six contigs have been provisionally connected (see Fig. S2 in
the supplemental material) into an extended fragment with po-
tential S10, spc, and alpha operons (16, 17). The remaining ribo-
somal protein genes are also generally found in conserved neigh-
borhoods, except that L28 is downstream of the 55 rRNA gene
rather than adjacent to L33, and S21 is separated from S9 and L13.

RNA polymerase. A putative RNA polymerase a-subunit gene
(rpoA) was found, as expected, in the alpha operon (16, 17). Sin-
gle-copy RNA polymerase 3 and 3’ subunit genes (rpoB and rpoC)
are often found between an S12 gene downstream and additional
ribosomal protein genes upstream, but in the BOGUAY sequence,
rpoB and associated ribosomal protein genes are in the center of
one contig, and copies of rpoC are annotated on two others (see
Fig. S2 in the supplemental material). Two rpoC copies have also
been noted in some cyanobacteria (18). The putative rpoC copies
both have high-scoring BLAST hits to other gammaproteobacte-
rial B’ subunit genes, with the top hit in both cases to the same BgP
predicted protein (ZP_01998875.1; this is annotated as rpoA but is
clearly mislabeled). The BOGUAY 00100_0018 predicted amino
acid sequence has a gap of ~75 amino acid (aa) residues beginning
at approximately position 982 and another of ~18 aa near the C
terminus, relative to other B’ subunit sequences, so it may have an
altered (or no) function. The other copy (BOGUAY 01343_3638)
is near the end of a short contig and might be connected to the
assemblage containing the o subunit gene, but there is no evidence
for this in the existing sequence data. In light of this possible gene
rearrangement, it is interesting that a transposase gene (BOGUAY
00680_3522) is annotated at the downstream end of the proposed
alpha operon (see Fig. S2 in the supplemental material).

Candidate genes for several RNA polymerase sigma factors
(07° [00397_1682], RpoN [00721_4589], RpoH [00906_2621,
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00938_0742], RpoS [01092_1316], and RpoD [01192_0215])
have also been annotated but will not be further discussed here.

tRNAs. Forty-six tRNA genes, covering all 20 standard amino
acids, were identified by JCVI, RAST, and JGI using tRNAScan-
SE-1.23 (19, 20), with three tRNAs (tRNA-Leu-GAG, tRNA-Tyr-
GTA, tRNA-Val-TAC) represented twice (see Table S2 in the sup-
plemental material). Initiator methionine (iMet, fMet), extension
methionine (eMet), and lysylated isoleucine (klle) tRNAs, which
share the anticodon CAT, were identified via the TFAM Web
server (21) and tRNA database (tRNdb) (22). Consistent with the
identification of tRNA-klle-CAT, the draft genome includes a
predicted gene for tRNA(Ile)-lysidine synthetase (BOGUAY
00794_2073), which changes the specificity of one class of tRNA-
CATs from methionine to isoleucine by modifying their antico-
don C to lysidine (23). Methionyl-tRNA formyltransferase,
for formylation of initiator methionine, was also identified
(BOGUAY 00472_0536).

After application of the standard wobble-base rules (24),
tRNA-Arg-TCT and tRNA-Leu-TAA remained missing. Directed
BLASTN searches with the uninterrupted cognate genes from Beg-
giatoa alba B18LD revealed that these contain inserts, with the
sequence coding for the first 38 tRNA bases (up to the end of
the predicted anticodon loop) separated from the remainder of
the genes by spacers of 272 and 316 nucleotides (nt), respectively
(see footnote to Table S2 in the supplemental material). This is a
common position for self-splicing group I introns in bacterial and
chloroplast tRNAs (25). The BOGUAY inserts appear to have at
least some of the conserved group I intron secondary structures
(not shown), but proof that they can excise would require exper-
imentation. The total of 48 tRNA genes is relatively few compared
to other bacteria (26), a trait which has been correlated with slow
growth and slow response to changes in nutrient concentrations
(27, 28).

tRNA synthetase genes. A complete set of tRNA synthetase
genes was found (see Table S2 in the supplemental material). Like
many species in all three domains of life (29), the BOGUAY ge-
nome apparently does not possess a dedicated asparaginyl-tRNA
synthetase. Instead, tRNA-Asn may first be ligated with aspartate,
which is then amidated by aspartyl-glutamyl-tRNA amidotrans-
ferase (GatCAB). A putative gatCA was located in the center of one
relatively long contig (BOGUAY 00150; 40,422 bp) and gatB on a
separate, smaller one (BOGUAY 00338; 3,292 bp). An apparent
amplification or sequencing error splits gatA into two ORFS
(00150_0829, 00150_0828), with both fragments having high-
scoring matches to other putative gatA sequences (not shown).

In summary, although the single-filament BOGUAY genome is
not closed, genes encoding complete sets of ribosomal protein,
tRNA, and tRNA synthetase genes could be identified. While in-
dividual genes may certainly have been missed, it seems unlikely
that entire multienzyme pathways were, but (as with any se-
quence-based predictions) experimental proof will be needed.

Homing endonuclease gene and a group I intron in the 23S
rRNA gene. The inferred phylogeny of the BOGUAY 23S rRNA
gene (see Fig. S3 in the supplemental material) is congruent with
that of the 16S rRNA gene (see Fig. S1 in the supplemental mate-
rial), atleast so far as 23S rRNA sequences are available to date, but
it contains two intervening elements (Fig. 1A) similar to ones
found in the rRNA genes of diverse species (e.g., see references
30-32), including other giant sulfur bacteria (33). In orange
Guaymas Beggiatoa, a putative group I catalytic intron is found at

3976 aem.asm.org

E. coli position 1917, in the loop of predicted helix 69, and a pu-
tative LAGLIDADG homing endonuclease at E. coli position 1931,
in a predicted unstructured region between helices 69 and 71 (Fig.
1B). These positions and several nearby ones also harbor interven-
ing sequences in a small but phylogenetically diverse group of
other bacteria and archaea, hinting at a possibly complex history
of exchange, decay, and preservation for these elements.

The phylogeny of the BOGUAY 23S homing endonuclease was
inferred by both maximum-likelihood (Fig. 2) and Bayesian (see
Fig. $4 in the supplemental material) methods, which yielded sim-
ilar results. The BOGUAY 23S homing endonuclease gene is affil-
iated with those from Synechococcus sp. C9 and Synechococcus livi-
dans C1 (34), with additional similar sequences in a few widely
divergent bacteria (e.g., several Chlamydiales, some Thermotoga
species, a few Coxiella burnetii strains) and eukaryotic organellar
genomes (particularly in green algae). Close relatives of the intron
sequence are also sporadically distributed (Fig. 3) but limited to
bacteria, with the nearest relative so far in the giant sulfur bacte-
rium Thiomargarita sp. NAM092. Given that sequences similar to
both the intron and homing endonuclease genes are found to-
gether in BOGUAY, Synechococcus sp. C9, and several Coxiella
burnetii strains, they may have been transmitted together, with the
intron perhaps lost more easily over time. Synechococcus and Beg-
giatoaceae species can be found together in microbial mats (e.g.,
see reference 35), which may be favorable environments for gene
exchange. Coxiella burnetii is a gammaproteobacterium only
known to grow as an intracellular pathogen (36), but its DNA has
been detected by PCR in a variety of terrestrial (37) and marine
(38) environments, and one strain has been found infecting a
Steller sea lion (39), making genetic exchange between Coxiella
and Beggiatoaceae a possibility. As more giant sulfur bacterial
chromosomal sequences become available, however, there may be
evidence for vertical transmission of 23S rRNA introns within this
group.

Whether there is a selective advantage to producing rRNA with
intervening elements is (so far as we are aware) an open question;
perhaps it provides an additional control on the rate of ribosome
production or protection against other nucleases recognizing the
conserved target sites. It will be interesting to see if these elements
are a general feature of deep-sea Beggiatoaceae; they are not found
in B. alba L18D, and a BgP fragment (BGP_R0100; 329 bp) has
similarity to BOGUAY 23S sequences to either side of the intron
and homing endonuclease but not to the elements themselves.
The BgS genome does not appear to include any contigs spanning
the insert region.

Group I introns in tRNA genes. The BOGUAY tRNA-Leu-
TAA and tRNA-Arg-TCT genes contain inserts at position 38, the
end of the anticodon loop, which may be group I self-splicing
introns (see Table S2 in the supplemental material). The first self-
splicing bacterial intron discovered was in the anticodon loop of a
cyanobacterial tRNA-Leu-TAA (40, 41), and introns in this tRNA
are widespread among cyanobacteria and chloroplasts (e.g., see
references 42 and 43). At least one has been found in a gamma-
proteobacterium (44). Group I introns have also been identified in
the tRNA-Arg-CCT of several alphaproteobacteria (45, 46),
tRNA-Ile-CAT of a betaproteobacterium (45), and tRNA-fMet of
some cyanobacteria (47). They are not easily found in databases
because their primary sequences are variable, and automated an-
notation programs generally do not recognize the short-flanking
host gene fragments. The closest relative of the BOGUAY tRNA-
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A) Orange Guaymas Beggiatoa (Maribeggiatoa) contig 00660 (7595 bp)

LAGLIDADG
tRNA- tRNA- Groupl homing hyp.

lle- Ala- Partial c:'atalytlc endo-  partial prot. adenylate

. GAT TGC 235 intron nuclease 53¢ 55 L28 cyclase?

> » P > >

ORF: 3612 3611,3610 3609 3608 3607, 3606, 3605 3604

B) 23S rRNA intervening sequences near helices 69-71 (in bp)

E. coli position:

1910 1920
| I

BOGUAY sequence:

Helix number: 69 69
BACTERIA

Orange Guaymas Beggiatoa 311
Thiomargarita sp. NAM092 785%
Thermotoga spp. -
Coxiella spp. 288
Simkania negevensis Z -
ARCHAEA

Cand. Nitrosocaldus sp. -

Cand. Korarchaeum cryptofilum OPF8

* Inserts encoding putative LAGLIDADG endonucleases

FIG 1 Position of intervening sequences in the 23S rRNA gene. (A) The orange

GGCCGTAACTATVAACGGTCGICTAAYW G GTYAG

1930 1950 1960
| | |

L..TGGCGGGTAAWGTTCCGACC

71 71
- - 649* -

- _ 276 717+

- - 700% =

- - - 721%

- - 661% -

756% - - -

- 545% _ -

Guaymas Beggiatoa genome sequence includes a single set of rRNA genes. The

figure combines JGI and RAST annotations; the 23S rRNA gene was not annotated by JGI and therefore has no number. It contains putative intron and homing
endonuclease insertions, separated by 14 bp of apparent rRNA sequence. The intron sequence overlaps the upstream portion of the 23S gene by 4 bp. (B) The
orange Guaymas Beggiatoa intervening sequences are in the predicted helix 69 loop and between helices 69 and 71 of the predicted rRNA structure, a region in
which a variety of other bacteria and archaea also harbor putative introns and homing endonucleases, as outlined in the figure. These were identified primarily
by searching the Silva (75) LSURef 111 database for 23S rRNA gene sequences longer than 3,000 bp and refining the alignment to place the intervening sequences

precisely.

Leu-TAA was within the cognate gene of the cyanobacterium Lep-
tolyngbya sp. PCC 6703 (AY768525). Directed searches with the
BOGUAY tRNAs and their introns identified similar sequences in
the BgP but not B. alba genomes.

Group II catalytic introns. Five possible self-catalytic group II
introns were found in the BOGUAY genome (Fig. 4; see also Fig.
S5 in the supplemental material). Group II introns were originally
discovered in eukaryotic organelles but have since been found in
many bacteria and some archaea (reviewed in reference 48). They
transpose as RNA: the intron self-catalytically splices from its host
RNA, splices into a DNA target site, and is then reverse transcribed
to become part of the genome at the new location. The enzymes
required for reintegration are often encoded within the introns
but may sometimes act in trans. The short (79- or 80-bp) lariat-
encoding regions of the five BOGUAY group II intron candidates
are highly similar to one another (two are identical) and have
some close matches in the BgP and BgS, but not B. alba, genomes.
The closest relatives of these sequences (only a few of which have
been annotated as introns) are all from cyanobacteria, specifically
Trichodesmium erythraeurm IMS101 and several Arthrospira spe-
cies. These do not seem to be embedded in similar genes (not
shown), although identifying split genes is not always straightfor-
ward. The most parsimonious explanation would be a single
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transfer from a cyanobacterium into the lineage encompassing
these three marine Beggiatoaceae (BOGUAY, BgP, BgS) after its
divergence from the B. alba lineage, but additional genome se-
quences are needed to confirm this. It should also be pointed out
that the several functions encoded by a single mobile element may
be subject to different evolutionary pressures, so the true phylog-
eny may not be captured by simple sequence comparisons (49).

Four of the five putative BOGUAY group II introns are adja-
cent to possible reverse transcriptase and/or transposase genes
(see Table S3 in the supplemental material), but because three of
the sequences are close to the ends of their contigs, it is not clear
what the full complement of associated genes might be. The fourth
(00500_2973) is located in the immediate neighborhood of three
possible transposases, a possible DNA-binding protein, a possible
endonuclease, and a possible retron-type reverse transcriptase.
The fifth (00593; positions 280 to 358) is located on a short contig
(1,600 bp) with a possible toxin-antitoxin gene pair as the only
other identifiable ORFs. Whether these elements are still mobile is
not known.

GyrB and DnaE inteins. Inteins are amino acid sequences that
excise self-catalytically from their host proteins posttranslation-
ally, leaving a functional host protein (“extein”; reviewed in refer-
ence 50). They may encode homing endonucleases, which make
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ACU25394.1 Trebouxia suecica (chloroplast)
ACU25387.1 Trebouxia angustilobata (chloroplast)
AAL34389.1 Chlorosarcina brevispinosa (chloroplast)
AAL34311.1 Pedinomonas tuberculata (chloroplast)
AFA35829.1 Choricystis chodatii (chloroplast)
AFA35833.1 Coccomyxa rayssiae (chloroplast)
AAL34315.1 Pterosperma cristatum (chloroplast)
AAL77608.1 Monomastix sp. M722 (chloroplast)

Gammaproteobacteria
Cyanobacteria
Thermotogales

YP_002601068.1 Monomastix sp. OKE-1 (chloroplast) Chloroflexi
AAA20591.1 Acanthamoeba castellanii (mitochondrion) .

89 YP_665642.1 Nephroselmis olivacea (mitochondrion) Aqulcalgs

; AAG61147.1 Chlorella vulgaris (mitochondrion) Chlamydiales

YP_635905.1 Oltmannsiellopsis viridis (chloroplast)
AAL34374.1 Lobochlamys segnis (chloroplast)
AAL34366.1 Chlamydomonas frankii (chloroplast)
AAL34360.1 Chlamydomonas mexicana (chloroplast)
AAL34368.1 Chlamydomonas geitleri (chloroplast)
YP_002000425.1 Oedogonium cardiacum (chloroplast)
ABD91529.1 Synechococcus sp. C9
ABD91526.1 Synechococcus lividus C1
BOGUAY 00660_3608
BAL53026.1 uncultured Chloroflexi bacterium (gold mine metagenome)
AAX98676.1 Candidatus Fritschea bemisiae (whitefly endosymbiont)
ABM89081.1 Chlamydiales symbiont of Xenoturbella westbladi (marine worm)
YP_665682 Mesostigma viride (mitochondrion)
AAD38228.1 Simkania negevensis (human intracellular bacterium)

Chlorophyta
Viridiplantae
Amoebozoa

o Thermotoga spp. [8 sequences]

BAL58010.1 uncultured Chloroflexi bacterium (gold mine metagenome)
YP_003473665.1 Thermocrinis albus DSM 14484

ABD91528.1 Synechococcus sp. C9

YP_002601069.1 Monomastix sp. OKE-1 (chloroplast)

0.10

FIG 2 Putative homing endonucleases encoded within 23S rRNA genes. Relatives of BOGUAY 0660_3608 were identified by BLASTX searches of the GenBank
nr and JCVI IMG/ER databases (March 2013). Inferred amino acid sequences were aligned in MEGAS5 (10) with MUSCLE (11). The first 100 hits were used for
initial neighbor-joining trees, which were pruned to focus on the most closely BOGUAY-related sequences before further analysis. The maximum-likelihood
phylogeny was inferred in ARB (13). All four combinations of the PROTGAMMA and PROTMIX rate substitution models and WAG and cpREV amino acid
substitution models were tested with RAXML (14) new rapid hill climbing. The PROTGAMMA/cpREV combination gave the best likelihood score and was used
for RAXML rapid bootstrap analysis with 1,000 bootstraps. Numbers represent bootstrap values for each node, and circles indicate uncertain branch points.
Bayesian analysis also identified cpREV as the best-fitting amino acid substitution model for these data (see Fig. S4 in the supplemental material). Numbers at
nodes represent bootstrap values for each node, and circles indicate uncertain branch points. The scale bar represents amino acid changes per position.

double-stranded cuts in target genes into which the intein genes  supplemental material), and one in the putative DNA polymerase

are spliced from an existing integrated copy. The BOGUAY ge-
nome encodes at least two possible inteins, one in the putative
DNA gyrase B subunit gene gyrB (Fig. 5A; see also Fig. S6A in the

III alpha subunit gene dnaE (Fig. 5B; see also Fig. S6B in the sup-
plemental material), which belong to an intein family also found
in proteins, including replicative DNA helicase, GyrA, and ribo-

100%| AJ556793.1 Thermotoga subterranea QO

CP000812.1 Thermotoga lettingae TMO QO
HQ213630.1 Uncult. Solirubrobacterales (Arctic soil)
AY705476.1 Uncultured bacterium ALT16 (Altamira cave)
DQ421380.1 Synechococcus sp. C9 *

100%’j BOGUAY 00660_3609 ¥
FR774200.1 Thiomargarita sp. NAM092 *

AE016828.2 Coxiella burnetii RSA 493 4¢
28%| CP000890.1 Coxiella_burnetii RSA 331 *
73%| CP001020.1 Coxiella burnetii CbuK Q154 O

CP000733.1 Coxiella burnetii Dugway 5J108-111 O

CP001019.1 Coxiella burnetii CbuG Q212 *
0.10

97%

74%

Gammaproteobacteria
Cyanobacteria
Thermotogales
Acidobacteria
Actinobacteria

* Species also has homing endonuclease within 23S rRNA gene
O Close relatives have homing endonuclease within 23S rRNA gene

FIG 3 Putative group I introns within 23S rRNA genes. Relatives of BOGUAY 0660_3609 were identified by BLASTN searches of the GenBank nr and JCVI
IMG/ER databases; all are located within 23S rRNA genes. As shown, there were very few full-length or nearly full-length matches. Species which also have
putative 23S homing endonucleases are indicated by black stars, and species whose close relatives do are indicated by open circles (compare to Fig. 2). Nucleic acid
sequences were aligned in MEGAS5 (10) using MUSCLE (11). Maximum-likelihood phylogenies were inferred in ARB (13) with RAXML rapid bootstrapping
(14), using the GTRGAMMA rate distribution model and 1,000 bootstraps. Numbers at nodes represent bootstrap values for each node, and circles indicate
uncertain branch points. The scale bar represents base changes per position.
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— Beggiatoa sp. PS, contig 00231 (756-826)

0.99

BOGUAY, contig 00632 (52225-52147)
[ BOGUAY, contig 00762 (2923-2845)

—41

Beggiatoa sp. PS, contig 24845 (233-311)
BOGUAY, contig 00593 (280-358)

BOGUAY, contig 00647 (325-399)

Fogs— Beggiatoa sp. SS, contig 144 (16-94)

0.63

Mobile Elements in Orange Guaymas Beggiatoa

Beggiatoaceae
Cyanobacteria

Beggiatoa sp. SS, NZ_ABBY01000346 (350-428)

BOGUAY, contig 0500 (10070-10133)
Beggiatoa sp. PS, NZ_ABBZ01000876 (130-208)
Trichodesmium erythraeum IMS101, CP000393.1 (6441831-6441909)

Trichodesmium erythraeum IMS101, CP000393.1 (678613-678523)

0.93 0.62

0.97

0.93

Trichodesmium erythraeum IMS101, CP000393.1 (675675-675753)

Trichodesmium erythraeum IMS101, CP000393.1 (2498900-2498991)
Arthrospira platensis C1, AFXD00000000 (230031-230109)
Arthrospira platensis NIES-39, AP011615 (2828610-2828688)

Arthrospira sp. PCC 8005, NZ_ADDHO01000086 (27273-27352)

0.07 Arthrospira maxima CS-328, NZ_ABYK01000020 (20742-20820)

<| Trichodesmium erythraeum IMS101, CP000393.1 [10 sequences]

FIG 4 Inferred phylogeny of candidate BOGUAY group II catalytic introns and related sequences. Four sequences annotated as BOGUAY group Il introns were
used for BLASTN searches of the IMG/ER database (cutoff E value of 9e—06, cutoff score of 58 bits). For sequences not previously annotated (the majority),
genome positions are indicated. Three Crocosphaera watsonii sequences were used to root the tree. Nucleic acid sequences were aligned in MEGA5 (10) using
MUSCLE (11). Phylogenetic analysis was carried out in MrBayes 3.2 (15) (2 runs of 4 chains each, 1.5 million generations) using the GTR base substitution and
invgamma rate variation models. With the first 25% of generations discarded, the final statistics indicated that convergence was reached between the two runs
(data not shown). The scale bar represents base changes per position. See Fig. S5 in the supplemental material for the phylogeny inferred by neighbor joining.

nucleoside diphosphate reductases in a wide variety of bacterial
and archaeal genomes. Both sequences encode possible homing
endonucleases of the LAGLIDADG family (reviewed in reference
51), and both cluster with cyanobacterial sequences, although the
identity of the closest relative varies with the phylogenetic infer-
ence method used (maximum likelihood or Bayesian analysis).
The noncyanobacterial matches are more phylogenetically diverse
than for some of the other BOGUAY elements discussed here. For
the GyrB intein, these include halophilic archaea (notably Halo-
quadratum walsbyi, “Walsby’s square bacterium” [52]) and two
species of sulfur-oxidizing gammaproteobacteria (Fig. 5A), while
the BOGUAY DnaE intein is related to a planctomycete and a
Bacteroidetes sequence (Fig. 5B). GyrB inteins have not yet been
found in other Beggiatoaceae species, but Beggiatoa alba B18LD
encodes a possible DnaE intein (more distantly related than the
sequences shown here), BgP encodes a DnaB one, and the partial
BgS genome includes a short contig encoding a fragment of a
replicative DNA helicase (BGS_0184) and a possible N-terminal
intein fragment (BGS_0185). The inteins in the different Beggiato-
aceae may have been introduced independently, but inferring the
evolutionary history of inteins is complicated by the fact that the
endonuclease function can be supplied in trans and could therefore
decay rapidly in species that happen to bear or obtain a second, com-
patible intein.

As expected, the exteins of the BOGUAY GyrB and DnaE in-
teins appear to be gammaproteobacterial and closely related to
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sequences from other Beggiatoaceae (see Fig. S7 in the supplemen-
tal material), and their positions are similar to that predicted from
the 16S rRNA phylogeny (MacGregor et al., submitted) (53).

Additional N- and C-terminal intein fragments have been an-
notated in the BOGUAY genome (00251_2940 and 00127_3146,
respectively), which are positioned at the end of their contigs in
such an orientation that they could be joined end to end. The
concatenated ORFs would encode the uncharacterized conserved
protein RtcB (COG1690) containing an endonuclease-bearing in-
tein, with the intein most similar to possible cyanobacterial inteins
and the extein most similar to predicted proteins from BgP, B.
alba, and many other gammaproteobacteria (not shown).

Sequences related to fdxN excision elements. The BOGUAY
genome includes multiple copies of ORFs similar to cyanobacte-
rial XisH and XisI genes, most found in pairs. They have also been
noted in the BgP and BgS genomes (6), and a single xisI-like ORF
is found in B. alba L18D (BegalDRAFT_0886). These elements
have been best studied in the diazotrophic cyanobacterium
Anabaena (Nostoc) sp. strain PCC 7120, in which terminal differ-
entiation of cells within filaments to nitrogen-fixing heterocysts
requires excision of DNA fragments interrupting three nitrogen
fixation genes, each of which is associated with a site-specific re-
combinase (nifD/XisA, hupL/XisC, fdxN/XisF) (54, 55). Excision
of the fdxN element also requires XisH and Xisl, which are en-
coded within the excised fragment along with XisF. Their mode of
action is not known.
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A) BOGUAY GyrB intein and related sequences

CRC_01164 Cylindrospermopsis raciborskii CS-505
CRD_00599 Raphidiopsis brookii D9
MC7420_309 Coleofasciculus chthonoplastes PCC 7420
Tery_3961 Trichodesmium erythraeum IMS101
100 |~ [BOGUAY 01113_1161 (intein without endonuclease)]

Synechocystis spp. (4 sequences)

FR746099 Haloquadratum walsbyi C23
Halar_2635 halophilic archaeon sp. DL31
VAB18032_13715 Verrucosispora maris AB-18-032
Alvin_1987 Allochromatium vinosum DSM 180
OSCT_2440 Oscillochloris trichoides DG6
Cyan8802_1675 Cyanothece sp. PCC 8802
PCC8801_1648 Cyanothece sp. PCC8801
CY0110_12402 Cyanothece sp. CCY0110
L8106_15929 Lyngbya sp. PCC8106
Npun_R6421 Nostoc punctiforme PCC 73102
OSCT_0894 Oscillochloris trichichoides DG6
ECTPHS_09328 Ectothiorhodospira PHS-1

0.10

GyrB inteins

Inteins in
hypothetical
proteins

dCTP 35%;
deaminase
inteins

Gammaproteobacteria
Cyanobacteria

Actinobacteria

Chloroflexi
Bacteroidetes 31%p
Planctomycetes 38%gh
Deinococci f
Firmicutes 21%
Aquificales 195

Archaea

Desku_3545 Desulfotomaculum kuznetsovii 177 DSM 6115
B128DRAFT_00859 Thermus igniterrae ATCC 700962
RLTM_08244 Thermus sp. RLM

MeichDRAFT_1677 Meiothermus chliarophilus ALT-8 DSM 9957
Mrub_2587 Meiothermus ruber DSM 1279

NC_014974 Thermus scotoductus SA-01

»” Rhodothermus marinus strs. (3 sequences)
NZ_ABBZ01000574 Beggiatoa sp. PS
a{] Nostoc punctiforme strs. (2 sequences)

e Cyan7882_2654 Cyanothece sp. 7822

100% OSCI_2300004 Oscillatoria sp. PCC 6506
Cyan7425_0288 Cyanothece sp. PCC 7425
APO012205 Synechocystis sp. PCC 6803 str. GT-S
NC_00911 Synechocystis sp. PCC 6803
SYNPCCP_2552 Synechocystis sp. PCC 6803 str. PCC-N
SYNPCCN_2552 Synechocystis sp. PCC 6803 str. GT-I

B) BOGUAY DnaE intein and related sequences

51 Thermus spp. (6 sequences)

Alvin_0467 Allochromatium vinosum DSM 180
ThimaDRAFT_4162 Thiocapsa marina 5811 DSM 5653
Trad_2353 Truepera radiovictrix DSM 17093
GobsU_010100012782 Gemmata obscuriglobus UQM 2246
BOGUAY 00337 2021 (intein onl
Tery_1889 Trichodesmium erythraeum IMS101

MC7420_2413 Coleofasciculus chthonoplastes PCC 7420
PERMA_0903 Persephonella marina EX-H1
Rmar_1917 Rhodothermus marinus DSM 4252
A390DRAFT_022215 Lamprocystis purpurea DSM 4197
Thi970DRAFT_3239 Thiorhodovibrio sp. 970

Hhal_0653 Halorhodospira halophila SL1

BGS_0185 Beggiatoa sp. SS
CwatDRAFT_6199 Crocosphaera watsonii WH 8501
ECTPHS_00480 Ectothiorhodospira sp. PHS-1
BCB4264_A3587 Bacillus cereus B4264 (XRE family transcriptional regulator intein)
HMPREF1014_01385 Bacillus sp. 7_6_55CFAA_CT2 (hypothetical protein intein)
BcerKBAB4_5745 Bacillus weihenstephanensis KBAB4 plasmid (DnaB intein)
Krac_10863 Ktedonobacter racemifer DSM 44963 (ATPase intein)
Fleli_2398 Flexibacter litoralis Fx 11 DSM 6794
Halhy_3634 Haliscomenobacter hydrossis O DSM 1100
Dester_1454 Desulfurobacterium thermolithotrophum DSM 11699
100%

DnaE inteins

Streptomyces cattleya strs. (2 sequences)

DnaB inteins

0.05

FIG 5 Inferred maximum-likelihood phylogeny of the putative BOGUAY GyrB and DnaE inteins. Relatives of the BOGUAY sequences (highlighted by boxes)
were identified by BLASTX searches of the GenBank nr and JCVI IMG/ER databases. The first 100 hits were used for initial neighbor-joining trees, which were
pruned to focus on the most closely Beggiatoa-related sequences before further analysis. Inferred amino acid sequences were aligned in MEGAS5 (10) using
MUSCLE (11). Maximum-likelihood phylogenies were inferred in ARB (13) with RAXML rapid bootstrapping (14), using the PROTMIX rate distribution model
and WAG amino acid substitution model. Five hundred bootstraps were used for panel A, and 1,000 were used for panel B. Numbers at nodes represent bootstrap
values for each node, and circles indicate uncertain branch points. The scale bar represents amino acid changes per position. Bayesian trees are presented for

comparison in Fig. S6 in the supplemental material.

There are at least 12 sets of genes encoding putative XisHI
homologs in the BOGUAY genome, plus a lone Xisl gene at the
beginning of a contig (see Table S4 in the supplemental material).
The phylogenetic trees (Fig. 6) suggest that xisI and xisH were
acquired as a pair on one or more occasions and have diverged as
pairs, with xisH being lost or decaying more rapidly (for example,
compare XisH 1 and 6 with XisI 1, 6, and 11). No associated
recombinase could be identified, although one XisHI copy (on
contig 00833) is flanked by putative genes for the RecB family and
CRISPR-associated endonucleases. Sequences similar to xisHI
have so far been found primarily in cyanobacteria and in only a
few phylogenetically dispersed noncyanobacterial genomes, rep-
resenting either filamentous or pleiomorphic species (see Table S5
in the supplemental material). Of genomes studied to date, the
cyanobacterium Coleofasciculus (Microcoleus) chthonoplastes PCC
7420 (filamentous, nondiazotrophic) (56) and the sphingobacte-
rium Haliscomenobacter hydrossis (filamentous) (57) have been
annotated with a number of these elements comparable to that in
the BOGUAY genome.

Whether any xisHI-like proteins are or were involved in gene
inversions outside the cyanobacteria is not known, but gene rear-
rangements promoting cell differentiation (e.g., heterocyst for-
mation) might be of particular benefit to filamentous species. Sac-
rificial dead cells (necrosomes) which serve as filament breakage
points have been observed in several Beggiatoaceae strains (58),
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and as far as we are aware no mechanism governing their forma-
tion has been identified. The “White Point filament” strain can
attach by holdfasts to solid substrates or form rosettes with other
cells (59), suggesting specialization by terminal cells. Variable cell
morphology has been reported for some close relatives, including
several Thiothrix species (gliding gonidia, holdfasts, rosettes, spi-
ral filaments) (60, 61). Any gene rearrangements induced by an
Xis-like system might also be more easily tolerated in filamentous
species, to the extent that they are able to share cellular contents
between individuals, possibly making these elements more likely
to persist and evolve new functions. Large bacteria such as the
vacuolate Beggiatoaceae can also possess multiple nucleoids per
cell, possibly allowing for coexistence of wild-type and mutant
alleles.

Sequences similar to ORF 00024_0693. ORF 00024_0693,
found on the contig encoding an abundant orange cytochrome
that helps give orange Guaymas Beggiatoaceae their color (5), may
be derived from a mobile element. There are at least 28 more
similar ORFs annotated in the BOGUAY genome, and they are
found in the other sequenced Beggiatoaceae genomes as well (27 in
BgP, 1in BgS, and 1 in B. alba; Fig. 7). The BgP and especially BgS
genomes are incomplete (6), so their lower copy numbers may be
an artifact, but the B. alba genome is considered complete. A single
copy has been annotated in one related sulfur oxidizer (Thiothrix
nivea DSM 5205), but as previously noted in relation to some of
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3
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FIG 6 Sequences related to XisH and Xisl. The trees include all sequences annotated as XisH, XisI, or fdxN excision-control proteins in IMG/ER (as of August
2012). A neighbor-joining tree was first constructed with all the inferred amino acid sequences, and the database was then divided into XisH- and XisI-like
sequences. BOGUAY ORFs found adjacent to each other are indicated by boldface numbers; see Table S4 in the supplemental material for details. There is one
additional putative partial XisI gene and 4 partial or split XisH genes in the BOGUAY genome. Phylogenetic analyses were conducted in MEGA5 (10), with
sequences aligned by MUSCLE (11). Evolutionary histories were inferred by neighbor joining (76) with 500 bootstrap replicates (77). Evolutionary distances were
computed by the Poisson correction method (78) and are in units of amino acid substitutions per site. All ambiguous positions were removed for each sequence
pair. For XisH, the analysis involved 114 amino acid sequences, and there were 330 positions in the final data set. For Xisl, 171 amino acid sequences and 260
positions were used. The scale bar represents amino acid changes per position. RAXML and Bayesian analyses gave similar groupings (not shown).

the BgP copies (6), nearly all other annotated copies are found in  gliding bacteria (see Table S5 in the supplemental material). Only
cyanobacteria, often in multiple copies per genome. The cyano- a few of these ORFs have been assigned a possible function. The
bacterial species represented include both unicellular (e.g., Cyan- BOGUAY ORF 01192_0187 has been annotated as a type I restric-
othece spp.) and filamentous (e.g., Nostoc punctiforme) types, but  tion enzyme R protein N terminus by IMG/ER, which would be
the noncyanobacterial species represented are all filamentous consistent with a mobile-element origin(s) for these sequences.

July 2013 Volume

79 Number 13

aem.asm.org 3981


http://aem.asm.org

MacGregor et al.

2Lgg

R ,\* IMG “0693” sequences
3 [ ] 55’ abbreviation Species in tree
s @ LI &7 Gammaproteobacteria

%‘% 3 3 s & BOGUAY Orange Guaymas Beggiatoa 29
2¢S %.0 S @ & BGP Beggiatoa sp. PS* 27

%3 283 § 8 e >, . BGS Beggiatoa sp. SS* 1

‘."ag:\";”‘:’;},%yﬁ" 2 g 8 § 3 “i Q,ooso’ @,/;z?’ BegalDRAFT Beggiatoa alba B18LD 1

Q NRERS 5 & g 3 R Thini Thiothrix nivea DSM 5205 1

< Y RoRdaN o 9f o X" G0 ke .
Tty a SEENE S Sasud & FF Chloroflexi
o A2 HE B 898888 S8 LA CCHmeta  Candidatus Chlorothrix halophila 5
Soran ws \| o5 S0 RoseRS Roseifl RS-1 1
s )@;/g 7 3\’9‘@ 2.3 € \5;\0‘;\ @\@@@@5 osel oseiflexus sp. RS-
SN . .
0;06 ;@‘g‘gj ¢°ee°° ¥ Rcas Roseiflexus castenholzii DSM 13941 1
Oscqyy %/?Q)?j .
oo T F,gggq; o05° Bacteroidetes
Bog,CUAY e oee \ o Flexi Flexibacter litoralis Fx 11 DSM 6794 1
E°‘317:\: 00251 gE:‘ s RS 25
o E,Gg’fzg{ & o Cyanobacteria

Tery 3292 «CH00° - Anabaena sp. 90 1
ng,;‘isj{% 2o «Gﬁg qoued 4 Ava Anabaena variabilis ATCC 29413 1
B0t ngp «89:‘( 00097 3074 PCC7424 Cyanothece sp. PCC 7424 1

0025, o omes 3412 Cyan7425  Cyanothece sp. PCC 7425 4
“Eﬁ&ﬁ?«?&e = BocuAY 00780_1610 Cyan7822 Cyanothece sp. PCC 7822 2
SouR o ‘agi'én‘i& - SQBUAY 00117_155, PCC8801 Cyanothece sp. PCC 8801 2
e N e, 8682 T Cyan8802  Cyanothece sp. PCC 8802 2
07 (0 Qqﬁ;;é;%z’@% c@ 8‘5;329 CRC Cylindrospermopsis raciborskii CS-505 2
SEETE &0 L8106 Lyngbya sp. PCC 8106 1

%o“@&g Sove Oot’;&‘egif‘zzr\ " 5275, MC7420 Microcoleus chthonoplastes PCC 7420 12
S 288 %, °o<f‘(§%;b A e N9414 Nodularia spumigena CCY9414 1
§ sy 1 %, g Aazo Nostoc azollae' 0708 1
/N (3 N\ g

£ 01;5 g 0%& o’a):?o % Npun Nostoc punctiforme PCC 73102 3
? / io %oo ‘\’% Y %, OsscyDRAFT Oscillatoriales sp. JSC-12 2
fe g’é %m% 923 "‘%e«%«?v%% 4 OSCl Oscillatoria sp. PCC 6506 2
h0El. e3 B ERSTRT S o CRD Raphidiopsis brookii D9 2

0.1 J5%e 985" 238> )1‘3_’ K5y CcYB Synechococcus sp. JA-2-3Ba(2-13) 1

§/ §32888 % o T, Syn60A14  Synechococcus sp. PE A1-1 60AY4M2 1

S8z b % & Syn63A14  Synechococcus sp. PE A1-1 63AY4M1 1

g

181€

Lep,
€ 0y,
ey

b

FIG 7 Sequences related to hypothetical protein BOGUAY 00024_0693 (arrow). The IMG/ER database was searched with the nucleic acid and inferred amino
acid sequences of ORF 00024_0693 (BLASTX, cutoff score of 55 bits, E value of 9¢e—06; BLASTP, 56 bits, E value of 3e—06). Only BOGUAY 01192_0187 (star)
has been annotated in IMG/ER with a possible function, containing a possible type I restriction enzyme R protein N-terminal domain (pfam04313). An ORF
from Cyanothece sp. PCC 7822 (circle) has been assigned to a plasmid rather than a chromosome. Phylogenetic analyses were conducted as described for Fig. 6.
The analysis involved 121 amino acid sequences. All ambiguous positions were removed for each sequence pair. There were a total of 328 positions in the final
data set. The scale bar represents amino acid changes per position. RAXML and Bayesian analyses gave similar groupings (not shown).

One of the two Cyanothece sp. PCC 7822 copies has been assigned
to a plasmid (Fig. 7), and the “Nostoc azollae” ORF Aazo_2772 has
an N-terminal 141-aa segment similar to the 0693 elements and a
longer C-terminal segment which is a predicted IS4 family trans-
posase. Database searches with this sequence yielded many related
putative transposase-associated elements, largely in cyanobacteria
(not shown). However, there is no obvious relationship between
the 0693-like sequences and other mobile elements identified to
date in the BOGUAY genome (transposases, XisHI genes, toxin-
antitoxin or restriction-modification system genes). Where two
0693 elements are found on the same contig (01192_0187,
01192_0199; 00826_3884, 826_3885; 01185_3406, 01185_3412),
their sequences are sufficiently different that they do not appear to
be recent duplications.

The phylogenetic distribution of the xisHI and 00024_0693-
like elements is therefore similar, including a wide range of cya-
nobacteria (motile and nonmotile, filamentous and unicellular,
diazotrophic and nondiazotrophic, differentiating and nondiffer-
entiating) but only a few other bacteria, whose shared character-
istic appears to be filamentous or pleiomorphic cell morphology.
Given the known habitats of the strains concerned (see Table S5 in
the supplemental material), microbial mats or (very recently) ac-
tivated sludge (57) seem a likely environment for gene exchange.
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The large surface area of filaments, particularly vacuolated ones,
should increase the likelihood of encounters with mobile ele-
ments, which could mean higher uptake rates. There may also be
elements (e.g., transducing phage) specializing in attachment to
cell surface components shared among filamentous species, such
as an element of the gliding motility apparatus.
Restriction-modification systems. Restriction-modification
systems generally combine methylation of specific DNA se-
quences with double-stranded DNA cutting by nucleases recog-
nizing unmethylated copies of the same sequence, either within
the recognition sequence or at a specific or undefined distance
from it. The most common role of restriction-modification sys-
tems is thought to be defense against foreign DNA, such as phage:
restriction sites on host DNA are protected by methylation, but
incoming DNA is not, unless it derives from a source with a cog-
nate system. There is extensive evidence for horizontal transfer
of restriction-modification systems (e.g., see references 62 and
63), and there are often systems of multiple origins within a
single genome (e.g., see reference 64). These may still be asso-
ciated with evidence of mobile elements, including long in-
verted repeats and transposase genes (e.g., see reference 65).
The pace of genetic exchange is such that even strains of the
same species may have quite different restriction enzyme com-
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plements. There are also examples of restriction-modification
system components that have apparently been adopted for
other functions, such as methylation control of gene expression
(e.g., see references 66 and 67).

For the BOGUAY genome, closest relatives of possible restric-
tion-modification genes found by JCVI, IMG/ER, RAST, or
BLASTX searches for one enzyme type in the neighborhood of the
other were identified by BLASTX searches of REBASE, a curated
database of DNA and RNA modification enzyme sequences (68),
summarized in Table S6 (see Tables S7 to S9 for details) in the
supplemental material. Unlike the mobile elements discussed
above, these have a wide range of phylogenetic affiliations, both
bacterial and archaeal, with no special concentration of cyanobac-
terium-like sequences. The likely role of restriction enzymes in
defense against foreign DNA should favor maintenance of a varied
arsenal.

Toxin-antitoxin systems. Toxin-antitoxin (TA) systems typi-
cally consist of a cotranscribed long-lived bacteriostatic or bacte-
ricidal toxin and short-lived antitoxin (recently reviewed in refer-
ences 69 and 70). Modes of toxin activity include translation
inhibition, mRNA cleavage, and DNA gyrase inhibition. TA sys-
tems were originally discovered on plasmids, where they can serve
as maintenance mechanisms; cells that lose the plasmid, or do not
acquire it upon cell division, will be killed or inhibited by the toxin
as the antitoxin decays. They have since been found on both mo-
bile elements and chromosomes of many bacteria and archaea. A
single chromosome may bear multiple copies of multiple classes of
TA elements (see reference 71 for a compilation), which appears
to be the case for the BOGUAY genome as well.

Putative toxin and antitoxin genes were identified from the
combined JGI and RAST annotations plus directed searches
(BLASTX with flanking DNA, or BLASTP with unannotated
nearby ORFs), mostly for antitoxins in the neighborhood of or-
phan toxins (summarized in Table S10 in the supplemental mate-
rial). One antitoxin may neutralize more than one type of toxin,
and toxins with different modes of action may have similar struc-
tures (reviewed in reference 72), so the groupings here should be
considered provisional. There may be decayed, inactive loci (73)
included. Toxins and their corresponding antitoxins are typically
cotranscribed, at least in the well-studied cases. Many of the
BOGUAY elements are in pairs or found at the ends of contigs,
such that the paired element may simply not have been sequenced
or connected (see Table S11 in the supplemental material). The
pairs are not always the expected ones, however; the classification
system and/or assignment of sequences to groups may need re-
finement.

Examples of the inferred phylogeny of a toxin and an antitoxin
are shown in Fig. S8 in the supplemental material. They are similar
to those of the restriction-modification systems (not shown) and
in clear contrast to those of the other putative mobile elements
discussed here. BOGUAY sequences may group with other Beg-
giatoaceae sequences, suggesting divergence within this lineage,
but the next-closest neighbors for the examples shown include
Gammaproteobacteria, Cyanobacteria, Deltaproteobacteria, and
Alphaproteobacteria.

Genes possibly exchanged between cyanobacteria and the
BOGUAY strain. For a first overview of the genes that may have
been transferred (in one direction or the other) with the various
cyanobacterium-affiliated mobile elements, we have analyzed the
results of a BLASTP search of the UniProt (74) database with the
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BOGUAY genome, which reported matches above a cutoff value
(E value = 1.00e—05), in order, to a maximum of five. Given the
large number of sequenced gammaproteobacterial genomes,
matches outside this group are suggestive (although not proof) of
gene exchange. Once sequences putatively encoding elements
such as restriction enzymes, transposases, XisH elements, and tox-
in-antitoxin systems were removed, some 228 ORFs with at least
one high-scoring cyanobacterial match remained. Of these, 121
have so far been annotated only as a hypothetical protein or sim-
ilar in BOGUAY (see Table S10 in the supplemental material). Of
the remaining 107, some 33 can be classified as sensory and signal
transduction proteins (see Table S11 in the supplemental mate-
rial). Without knowing their specificity, it would be risky to spec-
ulate on possible evolutionary advantages, but species living in the
same microbial mat might benefit from similar sensory systems.
ORFs putatively encoding enzymes involved in cell wall and mem-
brane biogenesis and possibly chromosome partitioning are also
represented, as are possible proteins for Mn/Zn and ferrous iron
uptake, Na*/Ca™ exchange, and multidrug efflux. The other ma-
jor category of similar genes appears to be proteins possibly in-
volved in secondary metabolite synthesis.

Perspectives. One question arising from this consideration of
possible mobile elements in the BOGUAY genome is their role
over shorter and longer time scales. In the short term, perhaps
there is cell differentiation along filaments by an Xis-like gene
inversion or rearrangement mechanism. This might be investi-
gated by single-cell sequencing or targeted gene amplification of
dissected filaments. In the longer term, what mobile elements and
gene rearrangements are seen in filaments of different colors or in
Beggiatoaceae collected from different locations (for example, at
hydrothermal sites compared to cold seeps)? If found, these might
be clues to key physiological differences. In the very long term,
how much of the evolution of microbial mat communities is re-
corded in the gene mosaics of their current inhabitants? Orange
Guaymas Beggiatoa would seem to have spent some time in the
company of cyanobacteria before colonizing the deep-ocean floor,
not unexpected given the current geographical distribution of
Beggiatoaceae and/or to have an active genetic connection with
extant surface-dwelling species or strains. The inferred phylogeny
of some carbon metabolism genes, on the other hand, has sug-
gested interspecies gene transfers at hydrothermal sites (B. J.
MacGregor, unpublished data). It may also be instructive to
search for genes with phylogenies similar to that of the XisHI
elements, which seem to be shared among filamentous species.
Continued study of the Beggiatoaceae-hosting microbial mats of
Baja California, Guaymas Basin, and elsewhere could help to an-
swer some of these questions.
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