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ABSTRACT The upper green layer of the chlorophototrophic microbial mats associ-
ated with the alkaline siliceous hot springs of Yellowstone National Park consists of
oxygenic cyanobacteria (Synechococcus spp.), anoxygenic Roseiflexus spp. and sev-
eral other anoxygenic chlorophototrophs. Synechococcus spp. are believed to be the
main fixers of inorganic carbon (C), but some evidence suggests that Roseiflexus
spp. also contribute to inorganic carbon fixation during low-light, anoxic morning
periods. Contributions of other phototrophic taxa have not been investigated. In order
to follow the pathway of C; incorporation into different taxa, mat samples were incu-
bated with ['3C]bicarbonate for 3 h during the early-morning, low-light anoxic period.
Extracted proteins were treated with trypsin and analyzed by mass spectrometry, lead-
ing to peptide identifications and peptide isotopic profile signatures containing evidence
of 13C label incorporation. A total of 25,483 peptides, corresponding to 7,221 proteins,
were identified from spectral features and associated with mat taxa by comparison to
metagenomic assembly sequences. A total of 1,417 peptides, derived from 720 proteins,
were detectably labeled with 3C. Most '*C-labeled peptides were derived from proteins
of Synechococcus spp. and Roseiflexus spp. Chaperones and proteins of carbohydrate me-
tabolism were most abundantly labeled. Proteins involved in photosynthesis, C, fixation,
and N, fixation were also labeled in Synechococcus spp. Importantly, most proteins of
the 3-hydroxypropionate bi-cycle for C; fixation in Roseiflexus spp. were labeled, estab-
lishing that members of this taxocene contribute to C; fixation. Other taxa showed much
lower ['3C]bicarbonate incorporation.

IMPORTANCE Yellowstone hot spring mats have been studied as natural models for
understanding microbial community ecology and as modern analogs of stromato-
lites, the earliest community fossils on Earth. Stable-isotope probing of proteins (Pro-
SIP) permitted short-term interrogation of the taxa that are involved in the impor-
tant process of light-driven C; fixation in this highly active community and will be
useful in linking other metabolic processes to mat taxa. Here, evidence is presented
that Roseiflexus spp., which use the 3-hydroxypropionate bi-cycle, are active in C; fix-
ation. Because this pathway imparts a lower degree of selection of isotopically heavy
C; than does the Calvin-Benson-Bassham cycle, the results suggest a mechanism to
explain why the natural abundance of '3C in mat biomass is greater than expected
if only the latter pathway were involved. Understanding how mat community mem-
bers influence the '3C/'2C ratios of mat biomass will help geochemists interpret the
13C/12C ratios of organic carbon in the fossil record.
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Steinke et al.

icrobial communities are the primary catalysts of biogeochemical systems on

Earth (1), yet relating the taxa comprising a community to the specific metabolic
processes they perform is difficult. The recent development of stable-isotope probing
(SIP) of proteins (Pro-SIP) has provided an elegant solution to this problem (2-5). In any
system with a sufficiently high metabolic rate, compounds labeled with stable isotopes
can be incorporated into proteins. In this case, some of the peptides comprising the
protein will become labeled and can thus be differentiated by mass spectral shifts
during proteomics analysis (5). The amino acid sequence of the labeled peptides can
then be associated with taxa through phylogenetic comparisons, and the functions of
these proteins can also be inferred. Recent examples of the use of Pro-SIP include (i)
identification of toluene-degrading taxa in a constructed wetland model (6), (ii) iden-
tification of acetate-oxidizing bacteria in an anaerobic digester (7) and in a benzene-
mineralizing, sulfate-reducing consortium (8), and (iii) tracking protein synthesis in an
anaerobic methane-oxidizing mesocosm derived from a marine methane seep com-
munity (9). One distinct advantage of Pro-SIP, which can be a problem with other
biomarkers (see below), is that it requires only that some proteins within an organism
are being synthesized at the time of the experiment. In the present study, we report on
the use of Pro-SIP to determine which taxa participate in photosynthetic bicarbonate
fixation in the hot spring microbial mat community of Mushroom Spring, which has
been studied as a model for understanding principles of microbial community ecology
and as a modern analog of stromatolites, the oldest fossil communities on Earth
(10-12).

It was initially thought that unicellular cyanobacteria of the genus Synechococcus
were solely responsible for fixation of inorganic carbon (C) in this mat system and that
their metabolic products were cross-fed to community members, such as the filamen-
tous Chloroflexi (i.e., Chloroflexus and Roseiflexus), which were known to be photohet-
erotrophic in culture (10, 13, 14). Support for the inference of photoheterotrophy also
came from microautoradiographic evidence of the uptake of “C-labeled fermentation
products and glycolate by filamentous community members (15, 16). Although one
Chloroflexus strain had been shown at the time to be capable of photoautotrophy (17),
this activity was thought to be impossible in mats made oxic by oxygenic photosyn-
thesis, such as that performed by Synechococcus. It was thought at the time that
anoxygenic photoautotrophy required anoxic conditions and inorganic reductants,
such as H,S and H,, which were unlikely to be present under oxic conditions.

Natural abundance data of '3C in lipid biomarkers had suggested, however, that in
addition to oxygenic photosynthesis by Synechococcus spp. key anoxygenic pho-
totrophic mat inhabitants, Roseiflexus spp., might also be performing bicarbonate
fixation (18, 19). The lipid biomarkers of Roseiflexus spp. were observed to be isotopi-
cally heavier than those of Synechococcus spp., which was unexpected if Roseiflexus
species incorporated Synechococcus species excretion products photoheterotrophically
(i.e, you are what you eat). Because Roseiflexus spp. use the 3-hydroxypropionate
bi-cycle to incorporate bicarbonate in a photomixotrophic metabolism and because
this pathway leads to fixed carbon that is isotopically heavier than the carbon fixed by
the Calvin-Benson-Bassham cycle used by Synechococcus spp., this could be a mecha-
nism explaining the observed isotopically heavier Roseiflexus species lipid biomarkers.

We focused on the low-light, early-morning period when the mat is in shadow
because of its proximity to a forested hill. Although Synechococcus spp. perform
light-limited, oxygenic photosynthesis at this time, the low rate of oxygen evolution is
completely offset by the rate of oxygen consumption due to aerobic respiration. Thus,
the mat remains anoxic, and reductants (H, and H,S) are still available for an extended
period of time after sunrise (20). Initially, we based inferences on methods that do not
directly link functions with the taxa performing them. For instance, we reported that
light-stimulated ['“C]bicarbonate fixation into mat biomass during the low-light period
occurs in the presence of either visible or infrared light and that incorporation could be
stimulated by addition of H, and H,S (20). Seeking a stronger link between function and
taxa, we studied SIP labeling of lipid biomarkers in Synechococcus spp. and Roseiflexus
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TABLE 1 Number of mass spectral features, peptides, proteins, and '3C-labeled peptides
and proteins that are unique to taxa and their associated proteins

No. of mass No. of No. of

spectral No. of No. of peptides proteins
Taxon features peptides proteins labeled labeled
Roseiflexus 48,703 9,070 1,865 426 137
Synechococcus 39,184 3,674 1,322 177 59
“Ca. Thermochlorobacter” 2,641 654 271 29 18
“Ca. Roseilinea” 2,441 501 174 4 3
Chloracidobacterium 817 148 73 2 3
Armatimonadetes 523 128 67 2 2
Pseudothermotoga 381 123 63 1 1
Chloroflexus 1,026 104 34 5 4
Unknown 1,145 273 212 2 2
Other 5,942 1,118 844 13 13
Total 102,803 15,793 4,925 661 242

spp. and concluded that both appear to fix bicarbonate at this time of day (20). We
subsequently confirmed early-morning incorporation of ['3C]bicarbonate into biomass
fractions derived from Percoll gradient centrifugation that contained predominantly
either Synechococcus spp. or Roseiflexus spp. (21). However, these approaches may have
suffered from the presence of unknown community members with the potential to fix
bicarbonate, which might have copurified with more abundant organisms in the Percoll
fractions analyzed. Indeed, more recent comprehensive analyses of the major taxa (also
called taxocenes, as these are groups containing many species united by their phylo-
genetic similarity) inhabiting the upper 1 to 2 mm of the photic zone of this mat based
on metagenomic assembly clusters (22, 23), 16S rRNA iTag sequences (24), and culti-
vation methods (25, 26) have reinforced these concerns. As listed in Table 1, the mat
community contains not only oxygenic photosynthetic cyanobacteria (Synechococcus
spp.) and anoxygenic Roseiflexus spp. (22) but also other filamentous Chloroflexi (Chlo-
roflexus spp. and “Candidatus Roseilinea gracile”) and two other aerobic/microaero-
philic, anoxygenic chlorophototrophs, Chloracidobacterium thermophilum (25, 27-30)
and “Candidatus Thermochlorobacter aerophilum” (25, 31), which may be capable of
light-dependent bicarbonate assimilation (26, 28-30, 32). Because of the potential of
Pro-SIP to relate incorporated '3C with identifiable proteins derived from all of these
mat taxa, we applied this technique to revisit the question of which taxa incorporate
13¢C, in this system.

RESULTS

A ["3C]bicarbonate uptake experiment was conducted on mat samples obtained
from and incubated at a 60°C site in Mushroom Spring between 0600 and 0900 h when
the system was in shade. The initial downwelling irradiance was 16.69 umol photons
m~2 s~ ', and this value increased to 157.39 umol photons m=2 s=' by 0657 and
remained near this level until the end of the incubation period. Proteins extracted from
these samples after incubation were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS).

The Mushroom Spring early-morning metaproteome. Interrogation of an assem-
bled, translated, and annotated metagenome of Mushroom/Octopus Springs (22) with
the collected mass spectral data led to the identification of 25,483 peptides (the full
data set is provided in Data Set ST in the supplemental material), which were derived
from 7,221 identified proteins (Data Set S2). Because we were able to associate the
annotated proteins with metagenomic sequence assemblies for each of the major taxa
inhabiting the mat, each identified protein could further be associated with one of the
predominant mat inhabitants. However, because some conserved peptides are shared
by members of more than one taxocene, we used a “unique-to-taxon” subset of
peptides for all quantitation (Fig. TA). Calculations performed to determine either the
number of identified peptides or the number of mass spectral features associated with
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FIG 1 Contributions of major mat taxa to the Mushroom Spring metaproteome (A) and to '3C-labeled
peptides (B) based on peptides unique to taxa.

specific taxa produced very similar results (Table 1). The predominant peptides of the
proteome were those associated with members of the genera Synechococcus and
Roseiflexus. Peptides associated with “Ca. Thermochlorobacter,” Chloracidobacterium,
“Ca. Roseilinea,” Chloroflexus, Armatimonadetes, and Pseudothermotoga (23) were de-
tected significantly less frequently. Organisms belonging to the genus Roseiflexus
contributed the most peptides (57%) to the metaproteome, followed by Synechococcus
(23%), “Ca. Thermochlorobacter” (4%), and “Ca. Roseilinea” (3%). Organisms belonging
to the genera Chloracidobacterium, Chloroflexus, and Pseudothermotoga and members
of the Armatimonadetes each contributed fewer than 1% of the identified peptides. The
relative contributions of each of these taxa to the overall community are comparable
to their estimated contributions from the metagenome, rRNA sequences derived from
metatranscriptome sequencing, or iTag analyses (Table 2). Furthermore, very similar
results were reported for the midday Octopus Spring 60°C mat metaproteome (33). The
functions associated with the proteins detected in the early-morning metaproteome
from Mushroom Spring (Fig. 2A) were also similar to those detected in the Octopus
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TABLE 2 Contribution by mat taxa to the Mushroom Spring metaproteome, the metagenome, the metatranscriptome, and '3C-labeled
peptides

Taxon contribution (%) by:

MS Metagenome 16S rRNA  16S rRNA in mRNA in % labeled peptides
Taxon features Peptide recruitment? amplicon® metatranscriptomec metatranscriptomec associated with taxa
Roseiflexus 47.4 57.4 16.0 339 41.0 42.0 5.1
Synechococcus 38.5 233 29.8 374 21.0 21.0 6.1
“Ca. Thermochlorobacter” 2.7 4.1 6.5 2.2 13.0 8.0 4.6
“Ca. Roseilinea” 2.3 3.2 0.8 1.2 0.6
Chloracidobacterium 0.8 0.8 9.7 5.2 6.0 3.0 2.0
Armatimonadetes 0.5 0.9 7.0 0.8 13
Pseudothermotoga 0.4 0.8 8.1 0.8
Chloroflexus 1.0 0.7 9.4 1.2 4.6

aFrom reference 22.

bFrom reference 23. The absence of a numerical value indicates that no values were presented for these taxa.

From reference 34. The absence of a numerical value indicates that no values were presented for these taxa; the value for Roseiflexus was actually reported as that
for Chloroflexi and would have also included Chloroflexus.

Spring midday metaproteome. Notable exceptions were N, fixation and fermentation
proteins from Synechococcus, which were detected only in the early-morning metapro-
teome from Mushroom Spring.

Labeled peptides. Protein extracts were analyzed by isotope ratio mass spectrom-
etry to determine the extent of enrichment in 3C during the incubation period. Pooled
unlabeled samples (i.e., incubated with ['2C]bicarbonate) showed a bulk isotopic
composition of —15.0%o (*0.02%o0 standard deviation), typical for hot spring cyanobac-
terial mats (18, 19). However, pooled '3C-labeled samples were heavily enriched
(+221%0 * 3%o). In LC-MS/MS analysis of the peptide spectra obtained from samples
incubated with 2CO,, only the typical isotopic distribution pattern of masses was
observed, with four or five peaks in the isotopic envelope (Fig. 3A and B). However, after
incorporation of '3C, the number of ions observed in the isotopic envelope increased,
and the envelope developed a “tail” of ions of higher mass (Fig. 3, compare A and B to
C and D, respectively). This change was due to the incorporation of '3C into the protein;
the amount incorporated was sufficient to change the isotopic ratio but small enough
to not dramatically change the overall character of the mass spectrum of the peptide.
Automated analysis of trypsin-digested proteins in samples using SIPPER (see Materials
and Methods) detected '3C labeling of 1,417 peptides that were derived from 720
proteins (Data Sets S1 and S2). Thus, 5.6% of the total identified peptides were
detectably labeled with '3C. As shown in Fig. 1B (and Table 1), '3C labeling of peptides
that were unique to taxa was predominantly associated with Roseiflexus spp. and
Synechococcus spp. and, to a much lower degree, with peptides and proteins of “Ca.
Thermochlorobacter,” Chloroflexus, and other mat taxocenes (Table 1).

The labeled proteins presumably included constitutively produced proteins and
those proteins that are specifically synthesized during this early-morning, low-light
period. The functions associated with labeled peptides resembled those of proteins
without labeled peptides, with the notable exception of proteins associated with
protein folding (compare Fig. 2A and B). Members of this functional category were
labeled to a disproportionately high degree compared to labeling of proteins of other
functional classes (Fig. 2B).

Functional analysis of labeled proteins observed within taxocenes. Because
members of Synechococcus and Roseiflexus were most heavily labeled, here we restrict
detailed consideration to the results for these two taxa. The extent of labeling in
proteins of various functional classes is summarized in Table 3, and the reader is
referred to supplemental Data Set S2 for a listing of all labeled proteins identified.

(i) Synechococcus spp. The most heavily labeled Synechococcus species peptides
were associated with transcription, protein synthesis, and protein folding, and these
comprised half of the total labeled peptides detected from Synechococcus spp. Proteins
associated with carbohydrate metabolism (e.g., enzymes involved in glycolysis and
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FIG 2 Functions determined by number of peptides unique to taxa in the Mushroom Spring metapro-
teome (A) and '3C-labeled peptides (B).

glycogen metabolism), photosynthesis (e.g., photosystems | and Il, phycocyanin and
allophycocyanin, and other phycobilisome components), carbon fixation (e.g., ribulose
bisphosphate carboxylase subunits and carbon concentrating mechanism proteins),
and nitrogen fixation (e.g., a nitrogenase subunit) were also labeled significantly,
together accounting for nearly 16% of the labeled Synechococcus species proteins
identified. The most heavily labeled of these were proteins associated with the Calvin-
Benson-Bassham cycle and carbon-concentrating mechanisms, with three different
labeled proteins detected, two of which were detected with six to eight different
labeled peptides (Table 4). Seven different proteins associated with the light-harvesting
apparatus were detected, two of which were detected with two different labeled
peptides (Table 4). Two labeled peptides associated with a nitrogen fixation protein
were detected (Table 4).

(ii) Roseiflexus spp. As shown in Table 3 and similar to the results for Synechococcus
spp. described above, the most heavily labeled Roseiflexus species peptides were those
associated with transcription, protein synthesis, and protein folding, comprising about
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FIG 3 Representative mass spectra showing the tailing effect of the mass envelope observed when '3C is
incorporated into peptides. Panels A and C show the mass envelopes for peptide mass identification number
17551702, a peptide derived from chaperonin GroEL, Roseiflexus sp. RS-1 (m/z 495). Panels B and D show the mass
envelopes for peptide mass identification number 237519566: TCP-1/Cpn60 chaperonin family, Synechococcus sp.
JA-2-3B’a(2-13) (m/z773). Panels A and B show mass evelopes for peptides derived from the samples incubated
with H'2CO,~ while panels C and D show the extended isotopic envelopes that result from the incorporation of

H13CO,~

45% of the labeled peptides detected for Roseiflexus spp. This result suggests that the
early-morning, low-light period is a time of biosynthesis and growth for these organ-
isms. Peptides associated with carbohydrate metabolism, carbon fixation (e.g., enzymes
of the 3-hydroxypropionate pathway), fatty acid metabolism (e.g., synthases, reducta-
ses, and acyl carrier protein), and vitamin cofactor metabolism were also significantly
labeled, accounting collectively for ~18% of the total labeled Roseiflexus species
peptides detected. Considering the hypothesis that Roseiflexus spp. fix bicarbonate
under the low-light conditions of the shaded, early-morning, anoxic mat, it is worth
noting that the evidence for labeling of proteins in the 3-hydroxypropionate pathway
is especially strong. Eight different proteins in this pathway/process were labeled, four
of which were detected by labeling of two to four different peptides (Table 5).

DISCUSSION

The high biomass availability and activity of the Mushroom Spring microbial mat
enabled the use of Pro-SIP to relate a specific activity of central importance to the
community, i.e., uptake and incorporation of '3C-labeled bicarbonate, to the taxa
conducting this activity in short-term incubations even under the relatively low light
energy conditions of early morning. At this time of day transcription is far from
maximum, which occurs near midday (31, 34). The opportunity to view short-term
13C-labeled substrate utilization patterns in a microbial community using Pro-SIP was
similar to earlier radiotracer work using '*C-labeled compounds. However, in those
cases, association with taxa required detailed postlabeling work, such as fluorescence
in situ hybridization probing and microautoradiography (see, e.g., reference 35), which
targets specific taxa but not all taxa. Using Pro-SIP, we were able to associate the
activity in question, uptake and incorporation of ['3C]bicarbonate, with both Synechoc-
occus spp. and Roseiflexus spp., directly confirming earlier inferences based on SIP of
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TABLE 3 Functional classes of labeled proteins for Synechococcus and Roseiflexus

Synechococcus profile (no.) Roseiflexus profile (no.)

Peptides unique Labeled Labeled Peptides unique Labeled Labeled
Function(s) to taxa proteins peptides to taxa proteins peptides
Amino acid metabolism 148 1 3 514 6 10
Carbohydrate metabolism 284 3 5 1,304 10 18
Carbon fixation 56 3 10 449 1 25
Cell division 24 2 2 30 2 6
Cell wall synthesis 14 0 0 42 1 1
Defense mechanism 48 1 1 268 3 3
DNA processes 34 2 3 115 3 3
Electron carrier 56 1 2 105 1 1
Fatty acid metabolism 29 0 0 547 12 21
Fermentation 40 1 1 109 2 9
Metabolic process 40 1 1 196 1 2
Nitrogen fixation 65 2 4 55 1 1
Nitrogen metabolism 20 0 0 20 1 1
Nucleotide binding 3 0 0 42 2 3
Nucleotide metabolism 67 1 2 190 2 4
Oxidative phosphorylation 64 1 6 85 1 1
Photosynthesis 467 7 9 16 1 1
Porphyrin and chlorophyll metabolism 29 0 0 171 2 2
Protein folding 286 6 63 399 1 125
Protein synthesis 318 9 21 664 15 46
Proteolysis 134 1 1 163 3 3
Signal transduction 81 2 3 277 5 1
Stress defense 176 2 3 188 5 10
Structure 42 1 2 11 0 0
Survival 1 0 0 17 1 2
Transcription 89 2 8 263 7 21
Transport 395 4 10 508 7 13
Unknown 604 4 18 1,963 11 69
Vitamin cofactor metabolism 139 2 2 365 10 14

lipid biomarkers unique to these community members (20). The evidence came from
not only the labeling of peptides associated with these taxa but also the labeling of
multiple unique peptides from numerous proteins associated with the Calvin-Benson-
Bassham cycle and the 3-hydroxypropionate bi-cycle that must be present if Synechoc-
occus and Roseiflexus taxocenes perform these activities, respectively.

Importantly, Pro-SIP allowed us to ascertain that other taxa with the potential to fix
bicarbonate incorporated much less labeled bicarbonate, suggesting that they do not
strongly contribute to bicarbonate fixation in the mat during this early-morning time

TABLE 4 List of '3C-labeled proteins associated with Synechococcus species light-harvesting apparatus, carbon uptake and fixation, and
nitrogen fixation

Function and common name No. of labeled peptides unique to taxa

Light harvesting
Photosystem | reaction center subunit IV PsaE
Photosystem | reaction center subunit Il PsaD
Phycobilisome rod-core linker polypeptide Cpcg1
Photosystem | reaction center subunit Ill PsaF
Allophycocyanin, beta subunit ApcB
Allophycocyanin, alpha subunit ApcA
Phycocyanin beta subunit CpcB

_ e s NN

Carbon uptake and fixation

Fructose-bisphosphate aldolase, class Il, Calvin cycle subtype; fructose-bisphosphate aldolase 8
Carbon dioxide concentrating mechanism protein CcmK 1
Carboxysome major structural protein CcmK1 1

Nitrogen fixation
Nitrogenase component |, alpha chain; nitrogenase NifD 3
NifH 1

April 2020 Volume 86 Issue 7 €01829-19 aem.asm.org 8

1sanb AQ 020z ‘62 1990100 uo /Bi0 wse wae//.dny wolj papeojumoq


https://aem.asm.org
http://aem.asm.org/

Hot Spring Mat Taxa Incorporating '3C; into Proteins Applied and Environmental Microbiology

TABLE 5 List of "3C-labeled proteins associated with the Roseiflexus species 3-hydroxypropionate pathway

Common name? No. of labeled peptides unique to taxa
Polyfunctional acrylyl-CoA reductase (NADPH), 3-hydroxypropionyl-CoA dehydratase,

3-hydroxypropionyl-CoA synthetase, Pcs 4
Bifunctional malonyl-CoA reductase, 3-hydroxypropionate dehydrogenase (NADP+) Mcr 4
Acetyl-CoA carboxyl transferase alpha chain (EC 6.4.1.2), acetyl-CoA carboxyl transferase

beta chain (EC 6.4.1.2), propionyl-CoA carboxylase beta chain (EC 6.4.1.3) 2
Mesaconyl-C4-CoA hydratase, Meh 2
Acetyl-CoA carboxylase biotin carboxylase subunit, AccC 1
Succinyl-CoA:L.-malate CoA transferase subunit B, SmtB 1
Methylmalonyl-CoA epimerase, MceE 1
Succinate dehydrogenase and fumarate reductase iron-sulfur protein 1

aCoA, coenzyme A.

period. As shown in Table 2, the percentages of “Ca. Thermochlorobacter” and Chlo-
roflexus peptides that were labeled were similar to those of Synechococcus and Rosei-
flexus spp., but these populations are in very low relative abundance in the mat at this
temperature. The percentages of peptides of other low-abundance taxa were labeled
to a proportionately lower degree. Thus, it is likely that these taxa serve as internal
controls for the possible transfer of fixed C from primary producers to secondary
consumers, which was obviously not very large during the short 3-h period investi-
gated. Additional evidence suggesting that it would be difficult to explain the heavy
labeling of Roseiflexus as resulting from cross-feeding from Synechococcus spp. was the
large amount of ['“C]bicarbonate incorporation during the early-morning, anoxic pe-
riod that was observed to occur in the presence of infrared light and the absence of
visible light used by Synechococcus spp. (20).

The enhanced labeling of peptides associated with protein folding raises the
question of why some proteins become more heavily labeled than others or, alterna-
tively, why the labeled peptides of some proteins are more readily detected than
labeled peptides of other proteins. As light energy becomes available to the mat
community, transcription increases dramatically (31). One possibility is that these
proteins are needed for intense protein production at this time. Another is that these
are large water-soluble proteins whose greater numbers of peptides offer more chance
of label being detected. Additionally, we know nothing of how rapidly these proteins
are turned over relative to turnover of other proteins, and rapid turnover would likely
increase the rate of replacement of '2C by '3C atoms.

The early-morning metaproteome for the Mushroom Spring mat compares well with
the metaproteome previously described from the midday Octopus Spring mat at a
comparable temperature (33). The exception of nitrogen fixation and fermentation
enzymes, which were detected only in the early-morning Mushroom Spring mat, is
likely correlated with differences in proteins present (or absent) at different times of
day. Nitrogen fixation specifically occurs during low-light, anoxic periods in both mats
near dawn (and dusk), and nitrogenase is inactivated and presumably is proteolytically
degraded when O, levels rise as sunlight increases and as the rate of oxygenic
photosynthesis exceeds the rate of aerobic respiration (36, 37). It will be interesting to
determine if changes in protein labeling associated with other specific and different
functions can be observed during the diel cycle, especially as large differences in
transcription over a diel cycle are evident (31, 34, 38). For instance, the absence of
labeled peptides associated with the Roseiflexus species light-harvesting apparatus in
the early-morning proteome is consistent with diel transcriptome data that have shown
that transcript levels for most genes encoding components of the photosynthetic
apparatus are highest during the night, which is when one would expect these proteins
to be made (38). Another intriguing transcriptional pattern has led to the suggestion
that Roseiflexus spp. may contribute to bicarbonate fixation throughout the day
through photomixotrophic use of the 3-hydroxypropionate bi-cycle (38). Interestingly,
the lower degree of labeling of Roseiflexus-specific wax ester biomarkers during the
afternoon was the basis for previously inferring that this process did not occur (20).
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FIG 4 Model of inorganic carbon flow to predominant phototrophic taxa, Synechococcus spp. and Roseiflexus spp., of the Mushroom
Spring mat at 60°C based on '3C labeling and natural abundance studies. Bold arrows and text indicate the fluxes and metabolisms
supported by the data presented in this and previous studies. Question marks indicate photic metabolisms that are suspected or

hypothesized, as described in the main text.

However, the labeling experiment in that study was done just before the transcription
of wax ester synthase begins in the evening (38). The low degree of ['3C]bicarbonate
incorporation into Roseiflexus species biomarkers may thus have been a consequence
of wax esters not being synthesized in the afternoon. Hence, application of Pro-SIP
should provide a more direct way of testing this hypothesis, and these experiments are
in progress.

Figure 4 shows a modified version of a model we presented originally in van der
Meer et al. (20). It has been updated to highlight subsequent studies that have
sharpened our view of (i) the use of C, by different phototrophic taxa in the mat and
(i) how this is likely to affect the carbon isotope signature of the mat. The earlier model
was based on three main observations. First, Nold and Ward (39) showed that glycogen
was the major product of daytime, light-driven uptake of bicarbonate and that stored
glycogen was fermented to acetate and propionate in darkness. van der Meer et al. (21)
confirmed the diel cycling of glycogen and showed further that this occurred in both
Synechococcus- and Roseiflexus-enriched populations, and Kim et al. (40) confirmed the
nighttime accumulation and daytime uptake of these fermentation products. Second,
van der Meer et al. (20) demonstrated the incorporation of ['3C]bicarbonate into lipids
of what we then called green nonsulfur-like bacteria (now known to be Roseiflexus spp.)
in the anoxic mat in early morning. Third, van der Meer et al. (20) also provided
evidence for H, and H,S accumulation during sunset and sunrise, which could provide
reductants for photoautotrophy by Roseiflexus spp. The diel cycling of H,S and H, in the
mat have subsequently been further documented by Dillon et al. (41) and Revsbech et
al. (42), respectively. Roseiflexus spp. were thought at that time to conduct photohet-
erotrophic metabolism during the day, using light energy to incorporate glycolate and
products of nighttime glycogen fermentation.

The updated model demonstrates what we have learned more recently about the
metabolisms of major mat phototrophic inhabitants and mechanisms by which they
can influence the stable isotopic signature of mat biomass. First, van der Meer et al. (21)
showed that Synechococcus species glycogen is isotopically heavy. Thus, nighttime
fermentation of glycogen and cross-feeding of fermentation products the next morning
might indirectly contribute to isotopically heavier Roseiflexus cell components (Fig. 4,
bold arrows spanning afternoon to morning). Second, the present study established
that Roseiflexus spp. fix C; in the anoxic morning mat (Fig. 4, bold arrows in the morning
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panel). This is important because it suggests that the 3-hydroxypropionate pathway
used by these organisms can directly influence the stable carbon isotope signature of
the mat.

These observations help us understand why the natural abundances of '3C in
Octopus Spring and Mushroom Spring mat biomasses are shifted from what would be
expected for systems in which photoautotrophy is dominated by Synechococcus spp.,
which use the Calvin-Benson-Bassham cycle for C; fixation (43). An isotopic fractionation
between C; and cellular organic matter of —20 to —25%o is usually associated with this
cycle, but the 8'3C signatures of mat biomass are -13.2 to -16.9%o, and §'3C differences
between mat organic matter and endogenous C; (apparent A§'3C) are —-6.4 to -10.1%o
(18, 19). It has been known for some time that some Chloroflexus strains could be grown
photoautotrophically by making use of the 3-hydroxypropionate bi-cycle (43), which
imparts a lower degree of isotopic fractionation between C; and cellular organic matter
than the Calvin-Benson-Bassham cycle (-13.7%o) (17, 44). However, our early models of
the metabolisms of Chlorofiexi (initially Chloroflexus and later, after 16S rRNA analyses,
also Roseiflexus) were biased by fact that these organisms seemed to grow better
photoheterotrophically in laboratory culture. The observations we present here indicate
that Roseiflexus spp. can directly incorporate C; by the 3-hydroxypropionate bi-cycle,
thus directly leading to the production of isotopically heavier mat biomass. If Roseiflexus
spp. are found to use this pathway to fix C; throughout the day, as suggested by the
diel transcription patterns (38), photoautotrophy (or photomixotrophy) by these or-
ganisms could also be an important part of the explanation of why the isotopic
signature of the mat biomass is so heavy.

MATERIALS AND METHODS

Field site. Samples were collected from Mushroom Spring, Yellowstone National Park, WY (latitude
44,5387, longitude 110.798). The temperature of the source pool fluctuated from 66.4 to 67.1°C when
measured at 1830 on 18 June 2009.

12C- and '3C-labeled incubation solutions. Stock solutions of 58 mM NaH'3CO, (99%; Cambridge
Isotope Laboratory, Andover, MA) and NaH'2CO, in anoxic double-distilled H,O (ddH,0) were prepared
in advance. On site, unfiltered spring water was acidified to <pH 5 with 0.1 N HCl and sparged with
nitrogen gas to remove dissolved bicarbonate and oxygen. The stock solutions of bicarbonate were used
to restore the spring water to a pH of 7 to 7.5, which is within the normal range for this mat (45), and
thus produced incubation solutions for which the natural bicarbonate was replaced with either
NaH'3CO; or NaH'2CO,. These solutions were maintained at approximately 55°C until use.

Sampling. Twenty cores (extracted with a no. 4 cork borer [diameter, 8.75 mm] and with the deeper,
orange-red undermat layers removed) were taken from a slow-flowing side channel at a temperature of
60°C at 0530 (predawn) on 19 June 2009. Cores were separated into four vials (five cores per vial), and
5 ml of the incubation solutions was added to the cores (two vials with 2C and two vials with '3C; see
above) at 0550. The sample incubations were initiated at 0601 in a small pool where the measured
temperature was 63°C. This pool was in the shadow cast by an adjacent hillside throughout the
incubation period. Visible irradiance (400 to 700 nm) was monitored with an LI-192 irradiance sensor
(Li-Cor, Lincoln, NE, USA). Incubations were stopped by freezing samples on dry ice at 0900, the time
when sunlight began to illuminate the incubation area directly.

Protein extraction. Core samples incubated with '2C-labeled buffer were combined, core samples
incubated with '3C-labeled buffer were combined, and the two sample sets were subsequently treated
identically. Cores were lyophilized, and approximately 0.05 g of the crushed core material was placed into
1.5 ml of a buffer consisting of 0.1 M triethylammonium bicarbonate (TEAB), 0.1% Triton X-100, and 6 M
guanidine, pH 8.5, containing one Roche miniprotease inhibitor tablet per 10 ml. Samples were then
subjected to bead beating for two bursts lasting 30s in a Mini-BeadBeater 8 (Biospec Products,
Bartlesville, OK) (with maximum homogenization at 3,200 oscillations per min using 1 ml of 425- to
600-um acid-washed glass beads [Sigma, St. Louis, MO]). Homogenates were centrifuged at 11,000 X g
for 10 min to pellet insoluble material. Proteins from the resulting supernatants were precipitated with
5 volumes of 0.1 M ammonium acetate in 100% methanol overnight at -20°C. Samples were centrifuged
for 10 min at 800 X g at 4°C, and the protein pellets were washed once in 0.08 M ammonium acetate in
80% (vol/vol) aqueous methanol. After centrifugation, the pellets were washed in 80% (vol/vol) aqueous
acetone. Pellets were resuspended in a minimal volume (20 to 500 wl) of 5mM TEAB, 8 M urea, 2%
(wt/vol) Triton X-100, and 0.1% sodium dodecyl sulfate (SDS), pH 8.5, and an aliquot was subjected to
amino acid analysis to determine the protein concentration.

Trypsin digestion. Briefly, 250 g of protein (in 40 ul) was reduced by treatment for 1 h at room
temperature with 50 mM tris(2-carboxyethyl)-phosphine (1 mM final concentration), and the cysteines
were blocked by treatment for 10 min at room temperature with 200 mM methylmethane-thiosulfonate
(0.125 mM final concentration). These samples were then diluted 1:10 by addition of 360 ul of 50 mM
TEAB, pH 8.5, and 25 ug of TPCK (L-1-tosylamido-2-phenylethyl chloromethyl ketone)-treated trypsin
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(Applied Biosystems, Foster City, CA) was added to each sample. An additional aliquot of trypsin (5 ug)
was added to the samples after 2.5 h of incubation; the samples were incubated overnight at 37°C and
then dried under vacuum.

Strong cation exchange chromatography. Trypsinized samples were resuspended in 10 mM
KH,PO, (250 ul) containing 25% (vol/vol) acetonitrile, pH 3 (buffer A), and the pH was adjusted to 2.7 to
3 with 85% (vol/vol) phosphoric acid. Each sample was loaded onto a PolySulfoethyl A SCX column
(100 by 4.6 mm; inside diameter, 5 um; particle size, 300 A [PolyLC Inc, Columbia, MD]) and analyzed
using a Magic 2002 high-performance liquid chromatograph (HPLC; Michrom Biosciences, Inc., Auburn,
CA). The elution gradient was 135 min (200 ul min—") and consisted of 0% buffer B (buffer B is buffer A
with 500 mM KCl, pH 3.0) for 45 min, 0% to 12% B for 15 min, 12% B to 50% B for 45 min, 50% B to 100%
B for 15 min, and then 100% B for 15 min. Fractions (200 wl per fraction) were taken at 1-min intervals;
most peptides eluted between 60 and 105 min. Fractions containing peptides were dried and resus-
pended in 50 ul of 2% (vol/vol) acetonitrile-0.1% (vol/vol) formic acid.

Mass spectral analysis. Individual fractions from the 45 fractions that contained the majority of the
peptides from mat samples incubated with '2C- or 3*C-labeled bicarbonate solutions were subjected to
capillary LC-MS/MS analysis using a linear trap quadrupole (LTQ)-Orbitrap Velos mass spectrometer
(ThermoFinnigan, Somerset, NJ). For details concerning the MS analysis, see Slysz et al. (5).

Data analysis. Raw data from the LTQ-Orbitrap Velos instrument were first processed by DeconMSn
(46) to determine the monoisotopic mass and charge state of precursor ions accurately; this was followed
by SEQUEST searching (3-Da tolerance for parent ion; 1-Da tolerance for fragments; no enzyme defined;
no modifications defined) of the MS/MS data against the translated and annotated metagenome from
Mushroom Spring and Octopus Spring (22). SEQUEST results for all data sets were rescored using MS-GF
(47, 48), and peptides with an MS-GF spectral probability of less than 4 X 10~° (false-discovery rate of
1%) were included in a reference peptide database for subsequent use in data analysis (49). For each data
set, LC-MS/MS mass and normalized elution time features were extracted using DeconTools (50, 51) and
VIPER (52) and matched to peptides in the reference database. False-discovery rates of the identification
process were estimated using STAC as previously described (53).

Data sets were subjected to analysis by SIPPER (5) to determine the presence of '3C labeling in the
peptides. SIPPER determination of peptide labeling was made using the “tight” filter, which returns a
false-positive rate of 5% to 10% (see reference 5 for a full discussion of the factors influencing label
incorporation). The SIPPER determination of labeling was correlated with the reference peptide database
(as determined by MS-GF; see above). The determination of the taxonomic sources and predicted
functions of the proteins from the translated, annotated metagenome were updated using NCBI BLAST
with the NCBI nonredundant (nr) database and a custom database representing taxocene clusters
detected by Klatt et al. (22) (see Data Set S2 in the supplemental material). We determined the peptides
that appeared uniquely in one of the eight taxa listed in Table 1 (or were unique but did not fit into one
of these taxa) and used the number of unique-to-taxon peptides for all quantitation except where
specifically noted otherwise.

Bulk *C measurement. Bulk isotope analysis was used to verify incorporation of '>C; into the
proteins extracted from mat samples. Briefly, we used a Costech ECS 4010 CHNSO elemental analyzer
(Costech, Valencia, CA) coupled to a Thermo Scientific (Bremen, Germany) Delta V Plus isotope ratio mass
spectrometer. Samples were loaded into tin capsules for introduction to the elemental analyzer, where
sample combustion was performed using a reactor (maintained at 1,020°C) loaded with cobaltic oxide
and chromium oxide catalyst, and subsequent reduction was performed by a reactor filled with copper
catalyst and maintained at 650°C. In-house glutamic acid standards (8'3C of 16.73%o and —11.09%o) were
calibrated against U.S. Geological Survey (USGS) 40 and USGS 41 standards (54) (applied 6'3C values of
-26.39%0 and +37.63%o, respectively) and used as a basis for a two-point data correction (55). We report
all bulk isotope content in standard delta () notation as follows: 8 = (R, mpie/Rstandara —1) X 1,000, where
Rampie is the measured '3C/'2C ratio of a sample, and R4 is that of a standard. In this case we
reference all isotope measurements to Vienna Pee Dee Belemnite (VPDB) with an R, 4..q Of 0.0112372.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 2.4 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.5 MB.
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