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Proteorhodopsin (PR) sequences were PCR amplified from three Andean acidic hot spring samples. These sequences were simi-
lar to freshwater and marine PRs and they contained residues indicative of proton-pumping activity and of proteins that absorb
green light; these findings suggest that PRs might contribute to cellular metabolism in these habitats.

Proteorhodopsins (PRs) are retinal-binding bacterial trans-
membrane light-driven proton pumps that generate energy
from light and are considered to play an important role in carbon
cyclingand energy flux in various aquatic ecosystems (3,4, 7, 8, 10,
16). PR proteins are widespread and abundant in marine and non-
marine habitats (2, 6,9, 17, 21, 23) and are tuned to absorb differ-
ent spectral wavelengths (4, 15, 18). PRs were recently shown to
enhance survival and competition of marine Vibrio spp. cells dur-
ing starvation, consistent with the suggestion that they must have
unique functional capabilities (10).

The central Andean mountain range in Colombia is character-
ized by geothermal activity and the presence of many fumaroles
and hot springs located at high altitude (>3,400 m). A recent
analysis of the microbial community in one of these springs, El
Coquito, showed the presence of chemolithoautotrophic acido-
philes and a few phototrophic bacteria, both photoautotrophs and
photoheterotrophs, suggesting that primary production can be
driven by chemical energy in the water and by solar energy at the
surface (5). Given the high exposure to solar light at the surface
(approximately 9 to 11 wW/(cm* nm) UV-B) (12) and the rela-
tively low abundance of phototrophic bacteria identified, we hy-
pothesized that productivity in these ecosystems could also be
driven by energy-harvesting bacterial PRs. To explore this possi-
bility, we analyzed the diversity of PRs in several high mountain
acidic hot springs by PCR amplification with PR-specific primers.

Surface water samples were collected at four hot springs (A1,
A2, A4,and A5) located in the Nevados National Natural Park and
processed as described previously (5). These springs are all located
at high altitudes and are acidic, but they differ in terms of temper-
ature and water characteristics (Table 1). PCR amplification was
carried out using actinorhodopsin primers and six freshwater PR-
specific primer combinations (Table 2), as reported elsewhere (2,
20), using both control plasmid DNA (pCD1, pST84 for acti-
norhodopsins, and ebac31A08 in pPBAD.TA for freshwater primer
combinations) (3) and hot spring metagenomic DNAs in 50-pul
reaction volumes with 1 U of TucanTaq DNA polymerase
(CorpoGen, Bogota, Colombia). Amplification products were gel
purified (QIAquick gel extraction kit; Qiagen, Germany), cloned
into pCR2.1 using the TOPO TA kit (Invitrogen, San Diego, CA),
and transformed into Escherichia coli DH5a cells; individual
clones were sequenced (Macrogen, South Korea). Amplification
products were obtained for three hot spring DNAs (sites A5, A2,
and A1) using four different primer combinations. There was no
amplification for actinorhodopsins in any of the samples, even
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though Actinobacteria were detected at least at site A4 by pyrose-
quencing (5), suggesting that PR sequences were either absent or
not amplifiable with the primers used. All DNAs were amplified
with 16S rRNA gene primers 27F and 1492R (5), indicating the
absence of PCR inhibitors. From 433 cloned amplification prod-
ucts obtained with four primer combinations (mixes 1, 3, 4, and
6), 91 clones (21%) corresponded to PR-like partial genes after
sequencing and analysis using blastn and tblastx against informa-
tion in the GenBank database (based on best hit): 84 from site A5,
5 from site A2, and 2 from site Al (Table 2). These sequences
showed no similarities with other sequences in the databases, and
even though we checked for chimeras manually by BLAST analysis
of sequence fragments, it is possible that some of the observed
variability could still have been due to chimeras and/or amplifica-
tion errors. The remaining discarded sequences had stop codons
or produced hits with very low scores and poor coverage based on
comparisons using blastn and tblastx analyses. Previous studies
have also shown low recovery of PR genes (5.2%) (14), which may
result from the use of degenerate primers.

The 91 sequences (accession numbers JN648719 to JN648809)
had an average length of 351 nucleotides and similarities across
the entire sequence with other putative PRs from environmental
uncultured clones. These sequences corresponded to 22 nucleo-
tide sequences and 15 amino acid sequences with 43% identical
sites across all sequences, indicating a substantial PR diversity. A
phylogenetic reconstruction done with the 15 protein inferred
sequences and additional reference sequences showed good boot-
strap support, shared features with previously published phyloge-
netic reconstructions, and clustered our sequences into three
groups (Fig. 1). Clade hpl was formed by 11 different PR se-
quences from hot spring A5, and clade hp2 clustered 3 PR se-
quences derived from clones obtained from samples A1, A2, and
A5 that were closely related to a coastal water clone, EBAC31A08
(AF279106) (3). The PRs within clades hp1 and hp2 had 91% and
94% identical amino acid sites, respectively. A single PR sequence,
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TABLE 1 Characteristics of the sites sampled

Sample Site Al Site A2 Site A5 Site A4
Date of sampling (day/mo/yr) 07/04/2008 07/04/2008 08/04/2008 09/04/2008
Ecosystem” HAF HAF-SP SP SP
Location 4°58'13.2" N, 75°22'42" W 4°58"10.3" N, 75°22'38.6" W 4°54'32.8" N, 75°18'19' W 04°52'27"N, 75°15'51.4'W
Altitude (m) 3,464 3,876 4,363 3,973
DAPI count (cells/ml) 2.09 X 10° 9.16 X 10* 2.42 X 10* 2.35 X10°
Temp (°C) 56.9 56.8 35 28.9

pH 2.03 2.04 3.12 2.7
Acidity (CaCO,) (mg/liter) 3,633 4,525 500 500
Chloride (Cl™) (mg/liter) 653 841 139 56.6
Sulfates (SO,>”) (mg/liter) 2,681 3,239 1,052 1,003
Calcium (Ca®") (mg/liter) 195 247 256 320
Sodium (Na™) (mg/liter) 413 531 122 452
Magnesium (Mg ") (mg/liter) 282 247 134 55.3
Potassium (K*) (mg/liter) 60.8 74.3 13.5 9.25
Nitrates (NO; ™) (mg/liter) 2.44 0.51 =0.19 0.89
Total hardness (CaCOj;, mg/liter) 1,192 1,461 1,285 1,224
Total phosphate (PO,, mg/liter) 1.89 2.76 0.25 0.1

Total iron (mg/liter) 56 69.4 25.8 8.27
Total suspended solids (mg/liter) 13.6 138 28.4 =8.01
Total solids (mg/liter) 7,039 8,854 3,124 2,620
Total dissolved solids (mg/liter) 6,032 7,049 2,561 2,280

@ Ecosystem abbreviations: HAF, high Andean forest; SP, Superpdramo.

represented by 4 different nucleotide sequences from the A5 hot
spring, grouped closely with the previously identified “freshwater
clade 8” (2). Thus, the PRs identified in these hot springs clustered
in different groups and were similar to PRs from both freshwater
and marine environments.

To confirm the PRs detected using degenerate primers, in par-
ticular because of the possible errors associated with amplifica-
tion, cloning, and sequencing, we designed primers to specifically
amplify three of the newly identified sequences: JN648793 (clade
hpl), IN648742 (clade hp2), and IN648744 (Fig. 2; Table 2). PCR
amplification of the same metagenomic DNAs was carried out

TABLE 2 Primers used in this study

under more stringent conditions: 35 cycles at 95°C for 1 min, 58°C
for 30 s, and 68°C for 45 s. These PCR products were gel purified
and sequenced (Macrogen, South Korea), thus avoiding the bias
associated with sequencing single cloned sequences that might
harbor amplification errors. Amplification was successful with
primers for JN648793, using Al and A2 DNAs, and JN648744,
using A5 metagenomic DNA, and the sequences obtained were
identical to the original detected sequences, lending support to the
idea that these PR sequences were in fact present in these samples
and were not simply an artifact of amplification. Primers for
JN648742 yielded only very faint amplification bands in all sam-

. Forward primer
Primer type and b

Reverse primer

No. recovered No. of positive

designation Primer Sequence (5'-3") Primer Sequence (5'-3") with PCR® PRs¢
Degenerate primer
mixes”’
1 RYIDW MGNTAYATHGAYTGG GWAIYP  GGRTADATNGCCCANCC Al (95), A2 (54), A2 (5), A5 (84)
A5 (104)
2 RYIDW GWSIYP GGRTADATNSWCCANCC None
3 RYIDW GWAVYP GGRTANACNGCCCANCC Al (120) Al (2)
4 RYVDW MGNTAYGTNGAYTGG GWSIYP Al (21) None
5 RYVDW GWVIYP GGRTADATNACCCANCC None
6 RYVDW GWAVYP Al (39) None
7 YRYVDW  TAYMGNTAYGTNGAYTGG WGVYPI ATNGGRTANACNCCCCA None
8 YRYADW  TAYMGNTAYGCNGAYTGG WGVYPI None
Specific primers”
JN648742 JN648742-F TTCTACTTAATTCTTGCTGCT JN648742-R GCCCAGCCAAAGATGATAATA Al, A2, A5
JN648793 JN648793-F CTATCTGATCCTTTCCGCCAT JN648793-R ATATAGCCCAGCCGAAGGTGA Al, A2
JN648744 JN648744-F CTGATTACCGTTCCGCTCCTG JN648744-R ATCCGATTGTGACGATCCAGC A5

@ Degenerate primer mixes used for initial amplifications. The primers were obtained from Atamna-Ismaeel et al. (2) and Sharma et al. (20).
b Specific primers designed to amplify PR sequences from metagenomic DNA (the names shown are the PR sequences).
¢ Results shown are the sites with positive findings, with the number of positive samples at each site indicated in parentheses. For the three specific primers, the full-length genes

could not be amplified (see text).
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FIG 1 Neighbor-joining phylogenetic tree constructed using 15 inferred PR protein hot spring sequences and 70 reported sequences. Sequences were aligned
using ClustalW, and the phylogeny was constructed using the neighbor-joining algorithm with 1,000 bootstrap replicates and the program MEGA (24).
Sequences from hot spring samples are shown in gray boxes, indicating the site (A1, A2, or A5) followed by the accession number and number of represented
different nucleotide sequences (in parentheses). The number in parentheses for clade hp1 indicates the unique PR amino acid sequences. Hot spring clades (hp)
and previously reported clades (hatched boxes) (2) are indicated. Bootstrap values greater than 50% are shown. Known phylogenetic affiliations are indicated.

G-Prot, Gammaproteobacteria; A-Prot, Alphaproteobacteria.

November 2012 Volume 78 Number 21

aem.asm.org 7815


http://aem.asm.org

Bohorquez et al.

HeIix A HeIix B
10 20 50 60
caeala lecaalanaalanaalaaas } } leaaalanaal } i I
eBAC31A08 MKLLLILGSVIALPTFAAGGGDLDASDYﬁ;vsmLVTAALLASTVFFQ"RDRVSAKwKu( SLTVSGLVTGIAFWHYMYMR
JIN648742 ——————m e B
hp2
P2 { Jn6a8724
JN648729
hp1
P {JN648793 ——————————————————————— S - SN P —— e
JN648744
Helix C Helix D Helix E
90 ¢ 100 ¢ 110 120 140 160
2% el reralanad 1 n 1 | Sl Tlaberr | Il Il Il kN } }
eBAC31A08 GVWIETGDSPTVERYIDRLLTVELLICEFYLILAARINVAGSLEAKLLYGSLVMLYFGYMGEAGIMANAPAFT IGCTARY
hp2 { JIN648742 —p—————————— RYIDWLLTVPIIICEFYLILAAAINVAGSLFKRLLYGSLYMLYVFGYMGEAGIMAAWPAF T IGCLAWY
JN648724 —f—————————— RYIDWLLTVPIIICEFYLILAAAINVAGSLFKRLLVGSLVMLVFGYMGEAGIMTAWPAFIIGCLAWY
hpt { JIN648729  —f——————— RYIDWLITVPIIMVEFYLILSAIARVPAGVFWRLIIGTLVMLIGGYLGEAHYMAVMPAFIIGMLGWY
JIN648793 ————m—mm——m RYIDWLITVPLIMVGFYLILSAIARVPAGVFWRLIIGTLVMLIGGYLGEAHYMAVMPAFIIGMLGWY
L ¥IDWLITVPLIMIEFYLILSAYARVPAGIFRRIMIGTLVMLYVGGYVGEAGYAPVLPAFIVGMIGWA
www*ww:w*ww : Ve Ve e e e W W - - :\k :\h::\h:\h\hw*: \h\b:**\h Eres v\r\k\‘r*:i’ :'*-
Helix F Helix G
170 180 190 200 210 240
_q__q&.;|....|....|..__|.._.| Il Il Il ! ] Il 1 1 1
eBAC31A08 YMIYELWAGEG-RKSACNTASPAVQSAYN IIIFGWAIYPVGYFTGYLMEDGG(ALNLNLIYNLADFVNRILFGLI\M
hp2 { JN648742 YMIYELWAGEG-KSACNTASPAVQSAYN IIIFGWAIYP -—=
JN648724 YMIYELWAGEG-RKSACNTASPAVQSAYN IIIFGWAIYP
hpt { JN648729 YILFEIFFGEASRINANQAPPSVQSAFRKIMRWIVTFGWALYE
JN648793 YILFEIFFGEASRINANQAPPSVQSAFKIMRWIVIFGWAIYE
JN648744  YILYEIFAGEASKISASSAPQSVQSAFGTMRWIVTIGWAIYP

Wysia i

ke - W devewew o

W o g g vewl ko

FIG 2 Multiple alignment of PR amino acid sequences of eBAC31A08 and representative hot spring sequences from each hp clade. Positions are based on the
eBAC31A08 protein numbering system (3). Residues 97 and 108 are marked with an arrow, and position 105 is boxed. Transmembrane helices (3) are indicated,
as well as the position of the degenerate primers (gray boxes) and the specific primers designed in this study (underlined sequences).

ples (A1, A2, and A5) and insufficient amounts that could not be
further sequenced. Efforts to obtain full-length genes from met-
agenomic DNAs using reported primers (13) or the genome walk-
ing technique to amplify flanking regions (1) using a specific
primer designed within the sequences reported here were unsuc-
cessful. The lack of amplification of full-length genes could be due
to differences in the sequences themselves, preventing correct
primer annealing, or to problems stemming from the low quantity
of metagenomic DNA and its integrity after prolonged storage,
since reamplification with the 16S rRNA gene primers initially
used was no longer efficient.

It was interesting that most of the sequences were obtained
from site A5. This could be due to inefficient recovery of PR genes
from the other samples due to problems inherent to the DNA
preparation and/or amplification with the primers used. How-
ever, given the fact that with the specific primers designed here we
were able to amplify sequences from both sites A1 and A2 that
were identical to those originally detected in sample A5 using de-
generate primers (JN648793 and JN648744), it seems likely that by
changing PCR conditions and primers, more PR genes could be
recovered from sites Al and A2 than originally detected. It is also
possible, however, that these springs harbor different microbial
communities, as a result of environmental variables such as pH
and temperature, and therefore vary in terms of microorganisms
harboring PR genes.

The hot spring PR sequences were examined for conservation
of two amino acid residues in helix C, Asp at position 97 and Glu
at 108, that are key for proton-pumping activity (22). The major-
ity (90 sequences) had a conserved Glu108, and only one sequence
had a Gly at this position (Fig. 2), consistent with the vast majority
of PRs observed to date (3, 11, 19) and suggesting that PRs that
function as light-activated ion pumps involved in phototrophy
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and not as sensory receptors. However, analysis of full-length
genes is required to determine this, since the conservation of
Asp97 could not be assessed given that the forward primer used
for PCR amplification included this residue close to the 3’ end
(20). All of the PR sequences also contained a nonpolar Leu resi-
due at position 105 (Fig. 2), indicative of green-absorbing proteins
with absorption maxima (\,,,,) of 525 nm (15).

In this work we identified diverse and low-abundance PR-like
genes in microorganisms from high-mountain, shallow, oligotro-
phic hot spring waters that have high exposure to UV light (12);
these microorganisms are predicted to encode green-absorbing
proteins that may harvest the available energy. Energy derived
from rhodopsin photosystems, which is very low compared with
that from photosynthesis, could be advantageous in these acidic
hot springs by contributing to survival in ecosystems that receive
abundant sunlight and where alternative energy sources may vary
or be scarce (10, 11). Future work aimed at amplification and
cloning of a full-length gene will be required, however, to fully
assess the functionality of these proteins. This work extends pre-
vious inventories of PR genes and shows that they are present in
isolated, acidic hot spring communities where energy derived
from rhodopsin photosystems may complement a chemotrophic
lifestyle and provide an advantage to bacterial cells, helping to
compensate for changing environmental conditions.
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