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1 | INTRODUCTION

Abstract

Anoxygenic, photosynthetic bacteria are common at redox boundaries. They are of
interest in microbial ecology and geosciences through their role in linking the carbon,
sulfur, and iron cycles, yet much remains unknown about how their flexible carbon
metabolism—permitting either autotrophic or heterotrophic growth—is recorded in
the bulk sedimentary and lipid biomarker records. Here, we investigated patterns of
carbon isotope fractionation in a model photosynthetic sulfur-oxidizing bacterium,
Allochromatium vinosum DSM180". In one treatment, A. vinosum was grown with CO,,
as the sole carbon source, while in a second treatment, it was grown on acetate.
Different intracellular isotope patterns were observed for fatty acids, phytol, individual
amino acids, intact proteins, and total RNA between the two experiments.
Photoautotrophic CO, fixation yielded typical isotopic ordering for the lipid biomark-
ers: 513C values of phytol > n-alkyl lipids. In contrast, growth on acetate greatly sup-
pressed intracellular isotopic heterogeneity across all molecular classes, except for a
marked *3C-depletion in phytol. This caused isotopic “inversion” in the lipids (5*°C
values of phytol < n-alkyl lipids). The finding suggests that inverse 51C patterns of n-
alkanes and pristane/phytane in the geologic record may be at least in part a signal for
photoheterotrophy. In both experimental scenarios, the relative isotope distributions
could be predicted from an isotope flux-balance model, demonstrating that microbial
carbon metabolisms can be interrogated by combining compound-specific stable iso-
tope analysis with metabolic modeling. Isotopic differences among molecular classes
may be a means of fingerprinting microbial carbon metabolism, both in the modern

environment and the geologic record.

systems (Canfield, 1998), euxinia reigns in productive environments
(Overmann, Beatty, Hall, Pfennig, & Northcote, 1991; Schunck et al.,

The contribution of anoxygenic photosynthesis to the carbon cycle
is linked to the magnitude and geochemical impact of the sulfur and
iron cycles, and both are important factors in understanding Earth’s
transition from the lower-oxygen Proterozoic to the higher-oxygen
Phanerozoic (Johnston, Wolfe-Simon, Pearson, & Knoll, 2009). While
ferruginous conditions are thought to dominate in low-nutrient anoxic

2013) or in locations where free sulfide from pore waters or bottom
waters intersects with phototrophic microbial mats (Meyer et al., 2011;
Voorhies et al., 2012). In such environments, microbial photosynthesis
ultimately preserves a rich organic geochemical record (Brocks et al.,
2005; French, Sepulveda, Trabucho-Alexandre, Groceke, & Summons,
2014; Grice et al., 2005; Johnston et al., 2010; Meyer & Kump, 2008;
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Pancost et al., 2004). However, the balance of microbial carbon input
to the total preserved organic matter or to the lipid biomarker record
remains difficult to interpret.

Photosynthetic micro-organisms use a variety of pathways to fix
carbon. Most common is the Calvin-Benson-Bassham (CBB) cycle
(Calvin & Benson, 1948), in which the primary CO,-fixing enzyme is
ribulose-bisphosphate carboxylase oxygenase (Rubisco). Alternatively,
some taxa use the reverse tricarboxylic acid (rTCA) pathway to fix car-
bon via the carboxylases of central metabolism (Evans, Buchanan, &
Arnon, 1966). Most critically, many CBB-pathway phototrophs also
are capable of heterotrophy and/or mixotrophy, assimilating organic
carbon substrates in addition to or instead of fixing CO, (Bryant et al.,
2012; Madigan & Jung, 2009). Such species, which includes all sul-
fur oxidizers and many cyanobacteria (Michelou, Cottrell, & Kirchman,
2007), may express their flexible carbon metabolisms differently
depending on environmental growth conditions, ultimately affecting
the record of carbon preservation.

Although the relative contribution of microbial carbon fixation
by the CBB-pathway relative to rTCA and other enzymatic pathways
remains uncertain in some settings (Campbell, Engel, Porter, & Takai,
2006; Hanson, Alber, & Tabita, 2012; Luo et al., 2014; Van Der Meer,
Schouten, De Leeuw, & Ward, 2000), in general, the total organic
carbon (TOC) isotope record of the Proterozoic and Phanerozoic is
consistent with dominance of the CBB cycle through most of Earth
history (Hayes, Strauss, & Kaufman, 1999). The bulk 513CTOC record of
a CBB-driven ecosystem includes all sources that produce and assimi-
late this carbon, including both oxygenic and anoxygenic phototrophs,
and heterotrophic consumers. As a result, the relative importance not
only of these functional groups, but also more generally of algal versus
microbial, photic versus aphotic, and planktonic versus benthic carbon
contributions can be challenging to decipher from the sedimentary
record and may have fluctuated through time (Damste & Schouten,
1997; Des Marais, Strauss, Summons, & Hayes, 1992).

In parallel with questions about the variability of bulk organic mat-
ter sources, lipid biomarkers from the Proterozoic and Phanerozoic
show different patterns of carbon isotope distribution. Pristane and
phytane are diagenetic hydrocarbon products of phytol, the esterified
side chain of chlorophyll, and thus are attributable to photosynthetic
organisms. Straight chain, or n-alkyl, lipids are membrane hydrocar-
bon components of all bacteria and eukaryotes, both autotrophic
and heterotrophic. In sediments of the Proterozoic—and especially in
Ediacaran records—pristane and phytane are depleted in *°C relative
to n-alkyl lipids. This pattern represents an inversion of normal isoto-
pic signatures, and it largely disappears from the sedimentary record
near the Cambrian boundary (Kelly, Love, Zumberge, & Summons,
2011; Logan, Hayes, Hieshima, & Summons, 1995; Logan, Summons,
& Hayes, 1997), although it returns episodically in the Paleozoic (Grice,
Schaeffer, Schwark, & Maxwell, 1996; Grice et al., 2005; Guthrie,
1996; Joachimski et al.,, 2001; Nabbefeld etal., 2010; Schwab &
Spangenberg, 2004).

Such a pattern is “inverse” to normal biosynthetic expectations
(Hayes, 2001), because in photosynthetic taxa fixing carbon by
the CBB pathway, phytol (the precursor to pristane and phytane) is
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13C-enriched relative to fatty acids (FAs) by ca. 2-4%. (Jahnke et al.,
2004; Sakata etal., 1997; Schouten et al.,, 1998). This relationship
holds both for organisms that use the mevalonic acid (MVA) pathway
for isoprenoid synthesis, as well as for taxa that use the alternative
methylerythritol phosphate (MEP) pathway (Hayes, 2001; Rohmer,
Knani, Simonin, Sutter, & Sahm, 1993). Photosynthetic biomass syn-
thesized according to the standard CBB paradigm cannot have rela-
tively 3 C-poor phytol as is seen commonly in Proterozoic rocks.
Explanations for the “inverse” pattern most often invoke the pres-
ence of anomalously 13C-enriched n-alkyl material relative to a pri-
mary pristane/phytane source (Logan et al., 1995). Values of 5%3C for
n-alkyl lipids from the Ediacaran are on average 1.5%o. more positive
than the kerogen from which they are extracted (Logan et al., 1995,
1997) and have been attributed to heterotrophic bacteria. This expla-
nation is invoked by analogy to the 1BC-enrichment in eukaryotic het-
erotrophs that is caused by preferential loss of 12CO2 during respira-
tion (Deniro & Epstein, 1978). Recent modeling exercises, however,
have questioned whether microbial systems could sustain enough tro-
phic depth to generate a sufficiently large isotope effect, suggesting
that additional processes are needed (Close, Bovee, & Pearson, 2011).
One possibility is that patterns of intracellular carbon isotope dis-
tribution may be more flexible in phototrophic, CBB-utilizing micro-
bial taxa than is presently recognized. To date, these patterns, both
for lipids and for other biomolecular classes, are assumed to con-
= s13¢ N 613CPhy-
Hayes, 2001). Patterns that deviate from this order are

. . <13 13

form to a single pattern: & CSugar >8 Cprotein
13

tol >87°C

assumed to require alternative pathways of carbon fixation other than

biomass

n-alkyl (

the CBB cycle and reflect the use of different enzymes for intracellu-
lar biosynthetic processes (e.g., rTCA in the Epsilonproteobacteria or
the 3-hydroxypropionate pathway in the Chloroflexi; Van Der Meer,
Schouten, & Damste, 1998; Van Der Meer et al., 2001). More stud-
ies are needed for bacteria that employ flexible carbon metabolisms,
including CBB-cycle taxa that can grow heterotrophically or by mix-
otrophy. Understanding the biological underpinning of intracellular
carbon isotope patterns helps illuminate the corresponding record in
ancient sediments. Although the full suite of biomolecules is lost, rocks
preserve isotopic signatures of macromolecular materials and bulk bio-
mass (in kerogen) and of lipids (in bitumen).

To address this issue, here we conducted two chemostat-controlled
growth studies of the model phototroph, Allochromatium vinosum DSM
180". The Chromatiaceae are believed to play a major role in anoxy-
genic photosynthesis in the environment, leaving biomarker evidence
of photic zone euxinia via the carotenoid lipid, okenone (Brocks et al.,
2005; French, Rocher, Zumberge, & Summons, 2015). Allochromatium
vinosum is metabolically versatile, with phototrophic growth possible
on CO,, malate, acetate, and other low molecular weight organic acids
(Imhoff, 2005); it will even grow chemoautotrophically in the dark
(Kampf & Pfennig, 1980). Recent work on its genome, proteome, and
metabolome establishes a strong base of complementary informa-
tion (Weissgerber, Sylvester, Kroninger, & Dahl, 2014; Weissgerber,
Watanabe, Hoefgen, & Dahl, 2014; Weissgerber et al., 2011). By
employing continuous-culture conditions, rather than a series of batch
cultures, we ensured that all biomass samples for the various analyses
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were taken at steady state and that the cells were metabolically stable.
The results provide a frame of reference for parallel “~omics” studies,
yielding metabolic insights: Namely, we show that the resulting intra-
cellular patterns of *3C distribution are predictable, influenced strongly
by the mode of carbon incorporation, and distinct in the geologically
preservable lipids.

2 | MATERIALS AND METHODS

2.1 | Bacterial strain, chemostat setup, and
monitoring

A stirred 8-L culture of A.vinosum DSM 180" was grown anaerobi-
cally in a 10-L bioreactor with continuous medium (4.3L/day) and
10% CO, in N, controlled by a BIOSTAT® B plus integrated system
(Sartorius, Germany). The CO, was from a cylinder with known e
value of -37.1%.. pH was controlled at 7.5 by an auto-balancing pro-
gram that injected 1 N HCl or 1 N NaOH as needed. Redox potential,
pH, temperature, and optical density were monitored throughout the
incubations, with periodic external calibration of the sensors (Fig. S1).
Light intensity was ca. 5 pmol quanta m~2 s71. Culture outflow was col-
lected in sterile glass bottles at 4°C. The culture was grown in two
modes. In autotrophic mode, it was grown photolithoautotrophically in
medium containing 6.4 mm NH,Cl, 4.6 mm KCI, 2.5 mm HEPES, 2.5 mm
MgCl,, 1.7 mm CaCl,, 1 mm KH,PO,, SL12B trace metals, and vitamin
B,,- Sodium sulfide (1.3 mm) was added continuously as the electron
donor by gas-tight syringe pump to maintain a redox potential below
-200 mV. In heterotrophic mode, the culture was grown photoor-
ganoheterotrophically with the addition of 15 mm sodium acetate with
known 8'°C content of -46.0%o as the carbon source. Sodium thio-
sulfate (4.0 mm) was added as the reducing agent instead of sodium
sulfide, and the gas flow was changed to 100% N,. Culture outflow
was harvested daily by centrifugation (4,000 g, 15 min), and cell pel-
lets were stored at —20°C (for isotopes) or —80°C (for proteomics).
Dissolved inorganic carbon (DIC) concentration, 513C of biomass, opti-
cal density, and particulate organic carbon also were monitored daily.

2.2 | Bulk 8!3C analysis of cells

Bulk values of §'°C were measured in two ways. Aliquots of harvested
cell pellets were acidified with 1 N HCI to remove DIC, dried in a tin
capsule (Costech), and analyzed by elemental analyzer (EA)-IRMS
(Stable Isotope Laboratory, http://www.mbl.edu/ecosystems/silab/).
Separately, pellets from 1 ml of culture were washed with 50 mm
NaCl, centrifuged at 4,000 g, and resuspended; 1 pl of this concen-
trated cell culture was analyzed by spooling-wire microcombustion-
IRMS (SWiM-IRMS; Mohr, Tang, Sattin, Bovee, & Pearson, 2014;
Sessions, Sylva, & Hayes, 2005).

2.3 | Compound-specific §*3C analysis—amino acids

Cell pellets (25 mg) were washed with 50 mm NaCl and resuspended
with 6 N HCI in Pyrex culture tubes. Norleucine (Sigma-Aldrich)

was added as internal standard. After purging under N,, the sam-
ples were hydrolyzed at 110°C for 20 hr and then dried under N, at
65°C. Hydrolysates were dissolved in 0.01 N HCI, filtered through
0.2-um Acrodisc syringe filters and redried. Amino acids (AAs) were
derivatized following a modified method from Silfer, Engel, Macko,
and Jumeau (1991). Dried hydrolysate was esterified with acidified
(20% acetyl chloride) isopropanol at 110°C for 1 hr. Esterification
was terminated by chilling, and solvent was removed with N, at
0°C followed by rinses with CH,Cl,. The esterified samples were
then acylated with 25% trifluoroacetic anhydride (Sigma-Aldrich) in
CH,CI, at 100°C for 15 min, dried, and dissolved in ethyl acetate.
A mixed standard of 15 AAs (Sigma-Aldrich) was prepared in par-
allel through the esterification and acylation. Individual AAs were
identified and quantified by Agilent 6890N gas chromatograph
with a 30 x 0.25 mm Agilent DB-5MS column coupled to an Agilent
5973 mass spectrometer (GC-MS; Table S1). Isotope analysis was
performed by gas chromatography-isotope ratio mass spectrom-
etry (GC-IRMS; Thermo Delta V Advantage connected to a Trace
GC Ultra via a GC Isolink interface; 30 m x 0.25 mm, HP-5MS col-
umn). Each sample was measured in triplicate. Corrections for car-
bon added during derivatization were calculated using the mixed AA
standards analyzed in parallel. Eleven AAs were chromatographically
resolved by GC-IRMS: Ala, Gly, Thr, Leu, lle, Pro, Asx (Asp + Asn), Glx
(Glu + GIn), Phe, Lys, and Tyr; Ser and Val were suspected to have

co-eluted and could not be reported.

2.4 | Compound-specific §:3C analysis—lipids

Lipids were extracted from centrifuged cell pellets (Bligh & Dyer,
1959), and the total lipid extract was further separated over SiO,
gel (Close, Wakeham, & Pearson, 2014), eluting glycolipids in 75%
ethyl acetate/25% methanol (v/v) and phospholipids in 100% metha-
nol. Glycolipids and phospholipids were transesterified to FA methyl
esters (FAMEs; 5% HCl/methanol (v/v), 70°C, 4 hr) and extracted into
hexane/CH,Cl, (9:1, v/v). FAME derivatives of n-C,,,, n-C ., and
n-C,,, FA standards with known 53C were prepared in parallel to
correct for the 13C content of the derivative carbon introduced during
transesterification. FAMEs were identified on the same GC-MS as for
AAs. For analysis of phytol, centrifuged cell pellets were hydrolyzed
in 0.5 N KOH in methanol (70°C, 3 hr), then the base lysates were
extracted and separated over SiO, gel as described above. Alcohol
fractions were derivatized to acetates (acetic anhydride/pyridine, 1:1),
along with external standards of n-C,,~OH and stigmasterol (Aldrich).
FAME and phytol 8*3C values (Fig. $2) were determined by GC-IRMS,
as described for AAs.

2.5 | Protein stable isotope fingerprinting

The §%3C values of individual proteins were measured by pro-
tein stable isotope fingerprinting (P-SIF; Mohr etal., 2014).
Briefly, proteins were extracted from cell pellets by sonication
in B-PER protein extraction reagent (Thermo Scientific). After
centrifugation at 16,000 g, proteins were precipitated from the
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supernatant in acetone, then resuspended in 100 mm NH,HCO,
pH 9. Multidimensional protein chromatography was used to sepa-
rate each extract into 960 fractions: first by strong anion exchange
(Agilent PL-SAX column; 4.6 x 50 mm, 8 pm) on an Agilent 1100
series HPLC with DAD detector and fraction collector (20 frac-
tions), then by reverse phase (Agilent Poroshell 300SB-C3 column,
2.1 x 75 mm, 5 um; 48 fractions). Fractions are split into 96-well
plates, with 70% of each fraction for isotope analysis and 30%
retained for tryptic digestion and peptide sequencing. Plates for
isotope analysis were dried by centrifugal vacuum evaporation and
then resuspended with the help of a mild Fenton oxidation and UV
radiation. Values of §'3C were measured by SWiM-IRMS with auto-
mated injections (Fig. S3).

2.6 | Nucleic acid §*°C analysis

Cell pellets were washed in 50 mm NaCl, centrifuged (12,000 g), and
extracted using an Ambion PureLink RNA Mini Kit according to manu-
facturer’s instructions. RNA was recovered in RNAse-free H,0. To
remove residual carbon from extraction buffers, samples were fur-
ther cleaned by reprecipitation methods developed specifically for
e analysis of RNA (Pearson, Sessions, Edwards, & Hayes, 2004;
Pearson et al., 2008). RNA was resuspended in H,O and analyzed by
SWiM-IRMS.

2.7 | Proteomics

Protein stable isotope fingerprinting plates were alkylated with
iodoacetamide and digested with trypsin (overnight, 37°C; Mohr et al.,
2014). Digests were dried by vacuum centrifugation, resuspended in
H,O with 2% acetonitrile, 0.1% formic acid, and identified by capillary
LC-MS/MS using an Agilent 1200 Series HPLC (Kinetex C 4 column;
2.1 x 100 mm, 2.6 um in particle size) and an Agilent 6520 quadru-
pole time-of-flight mass spectrometer (QToF-MS/MS). Bulk protein
extracts for comprehensive proteomics were similarly digested with
trypsin, then separated into fractions on an Agilent 1200 Series HPLC,
followed by analysis on a Thermo Scientific LTQ Velos Orbitrap
Mass Spectrometer (3 pm trap column, 5 um analytical C,4 column).
Peptides were identified in SpectrumMill (Agilent Rev.A.03.03.084 SR
4) by searching all MS? spectra against databases of predicted pro-
teins for A. vinosum DSM 180" downloaded from NCBI (http://www.
ncbi.nlm.nih.gov/). lon abundance data were normalized to z-scores
and matched to the KEGG Orthology (Weissgerber et al., 2011; Table
S2). Clustering was performed in Matlab R2015b.

2.8 | Isotope flux-balance model

A cellular isotope mass balance model (Hayes, 2001) of coupled,
first-order differential equations was solved to steady state in Matlab
R2015b using Monte Carlo resampling approaches (randsample) and
the ode23 integrator. In addition to carbon incorporation from ace-
tate and CO,, the model contains modules for the TCA cycle, ana-
plerotic reactions (phosphoenolpyruvate carboxylase [PEPC]; and
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phosphoenolpyruvate carboxykinase [PEPCK]), and other internal
carboxylations (malic enzyme [ME]; pyruvate synthase [PS]). All enzy-
matic processes included in the model were detected in the expressed
proteome.

The model has 23 internal metabolite fluxes (¢,_,5), seven out-
put fluxes to generate the molecular classes that collectively yield
“biomass” (¢,,_50), and two substrate exchange loops that allow for
isomerization and isotopic homogenization (¢, 5,; Tables S3 and S4).
Consensus values for the proportions of biomass output (¢,,_5,) were
determined from the measured AA compositions (Table S1), typical
lipid yields of 10%-15% of biomass, and the metabolite abundances
determined by Weissgerber, Watanabe, et al. (2014) for similar exper-
iments. Given these known product ratios and the fixed stoichiom-
etry of the intracellular reaction network, the only degrees of free-
dom are the relative fluxes through network branch points. There are
four such constraints (unknowns) that must be imposed to solve the
model: three internal branch points (C, isocitrate lyase; K, PEPCK vs.
PEPC; and ¢, the magnitude and direction of carbon flow between
pyruvate and PEP), plus the net biomass (B, biomass produced vs. co,
respired). All other fluxes are governed by stoichiometric dependence.
To run the model in autotrophic mode (cp2 = 1), we assumed no acetate
uptake (¢, = 0); the converse was assumed when modeling acetate
assimilation.

The model additionally requires that kinetic isotope effects (¢) are
specified for all fluxes. Reactions that do not change the net number
of C-C bonds, for example, isomerizations, were assumed to have val-
ues of ¢ = 0. The fractionation by PEPC (O'Leary, Rife, & Slater, 1981),
which uses HCO, as a substrate, was specified relative to CO, by
adjusting for the equilibrium isotope effect (Sequil_Hco:aecoz? Table S3).
All other values of € (e iccos €ppri Epepek: aNd Erespiraﬁon) were assumed
to be unknowns falling within initial boundary ranges constrained by
prior literature (Table S3).

Solutions were obtained by Monte Carlo trials (n = 50,000 for
autotrophic; n = 4,000 for heterotrophic) in which the unknown fluxes
(B, C, K, @) and isotope effects were resampled from broad initial
ranges (Table S3). Error in the model output was determined by com-
paring the predicted values for each subcellular pool (e.g., FA, Asx) to
the experimental values. Optimization was defined as the minimum
sum of absolute values of the differences, and for each scenario (CO2
or acetate-assimilating), the “best” solution was defined as the average
of the five best trials. Because the values of ¢ must be the same for
both culture conditions, the autotrophic scenario was run first and the
best-fit isotope effects were imposed on the acetate scenario, reduc-
ing the number of trials needed to sample the variable space for the

latter simulation.

3 | RESULTS AND DISCUSSION
3.1 | Photoautotrophic and photoheterotrophic bulk
biomass

A stable daily optical density for A. vinosum DSM 180" (Abs,yq) of
0.52 + 0.15 (autotrophic experiment) and 0.50 + 0.06 (heterotrophic
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TABLE 1 Summary of §'3C data (%o, +10) for chemostat cultures of Allochromatium vinosum DSM180"
Substrate
co, -37.1
Acetate -46.0
Biomass EA SWiM Esubstrate-bio
Photoautotrophy -59.9+0.1 -59.1+1.9 24.3
Photoheterotrophy -459+0.3 -45.8+0.8 -0.1
Proteins, nucleic acids All Prot. Q1&2 Prot. RNA Ehio-protein e
Photoautotrophy -57.8+1.8 -58.2+0.9 -579+0.3 -1.8 -2.1
Photoheterotrophy -46.6 +1.2 -46.7 £0.7 -45.3+0.5 0.8 -0.6
Lipids Fatty-Acids Phytol €hio-FA Epio-Phytol
Photoautotrophy -644+0.5 -62.3+2.0 4.8 2.6
Photoheterotrophy -46.3+0.3 -51.2+0.3 04 5.6

experiment), pH (7.46 +0.06, autotrophic; 7.63 +0.02, hetero-
trophic), and E, (-177 £ 59 mV, autotrophic only) was observed
throughout the sampling periods (Fig. S1). The autotrophic condi-
tion was maintained for >2 months. The heterotrophic condition was
started from fresh inoculum and maintained for 1.5 months. Under
these chemostat conditions limited by phosphate, there is an excess
supply of carbon substrate—either CO, or acetate. This enables us
to compare relative variations in intracellular §!°C values caused by
expression of different carbon metabolic pathways, without con-
cern that these fractionations are induced by temporal variations
in carbon limitation, for example, as would be observed in batch
cultures. Correspondingly, the §13C values of whole cells remained
stable, =59.1 + 1.9%. and -45.8 + 0.8%., as measured daily (Fig. S1;
Table 1). For each experiment, samples from multiple consecutive
days were homogenized and then subdivided for the various organic
chemical and isotopic analyses, smoothing out the already small day-
to-day variability.

During photolithoautotrophic growth, H,S and other reduced
sulfur species serve as electron donors for CO, fixation using
Rubisco form IA (Viale, Kobayashi, & Akazawa, 1989; Weissgerber
et al.,, 2011). During photoorganoheterotrophic growth, the cells
use acetate as both the carbon substrate and the electron donor
(Weissgerber, Sylvester, et al., 2014; Weissgerber, Watanabe, et al.,
2014). The measured 8'°C values of bulk biomass reflect the iso-
tope fractionations associated with these processes, relative to
the initial substrates. Our results show a fractionation (esubstrate_bio;
e=1,000 x (a5 = 1), where a,,;=(5,+ 1,000)/(5; + 1,000)) of
24.3%o for CO, fixation, typical of other reports of microbial type
IA and IB Rubisco (Guy, Fogel, & Berry, 1993; Scott et al., 2007) and
consistent with an earlier study of A. vinosum (Quandt, Gottschalk,
Ziegler, & Stichler, 1977). In contrast, ¢
for acetate assimilation (Table 1). Although growing heterotrophi-

substrate-bio Was €ssentially 0%o
cally, this culture did not experience a “typical” bulk *3C enrichment
of ca. 1-1.5%o relative to substrate, as is observed for higher hetero-

trophs growing on complex food sources (Deniro & Epstein, 1978).

3.2 | Fatty acids and phytols

Fatty acids were measured (as FAMESs) in lipid fractions nominally rep-
resenting original glycolipids and phospholipids, although there were
no significant differences observed between the two classes. Four to
five major FA were identified in both experiments, with relative abun-
dances agreeing with previous reports (Imhoff & Bias-Imhoff, 1995):
Cig107 > Ci6:107 > Ci60 > Cigigs > Cigo- The relative abundances
were the same in heterotrophic and autotrophic cells, in agreement
with observations of unaltered lipid composition in A. vinosum when
grown on malate versus CO, (using several different sulfur species as
electron donors; Weissgerber, Sylvester, et al., 2014).

Constant §'3C values for all FA, -64.4 + 0.5%o and -46.3 + 0.3%o
in autotrophic and heterotrophic cultures, respectively, confirm a lack
of isotopic discrimination during chain-length extension or desatu-
ration (Table 1; Fig. S2). Expressed fractionation relative to biomass
(€4;0-pa) OF 4.8%0 during growth on CO, is typical of other bacterial and
algal photoautotrophs (Sakata et al., 1997; Schouten et al., 1998), and
slightly larger than Escherichia coli grown on glucose (~3%.o; Blair et al.,
1985; Monson & Hayes, 1982). Fractionation was effectively absent
when acetate was the carbon source, in agreement with observations
of E. coli grown on acetate (Deniro & Epstein, 1977).

Phytol also was *3C-depleted relative to biomass in both the
autotrophic and heterotrophic cultures (Sbio-phytol of 2.6%o and 5.6%o,
respectively). However, fractionation for phytol varied in both magni-
tude and direction relative to FA: Phytol was ca. 2%. enriched in 3C
relative to FA in the photoautotrophic culture, but ca. 5%. depleted in
13C relative to FA in the photoheterotrophic culture (Table 1, Figure 1).
The 2%o0 enrichment relative to n-alkyl lipids in the photoautotro-
phic culture is consistent with other reports of CO,-fixing organisms
(Hayes, 2001; Sakata et al., 1997; Schouten et al., 1998, 2008). The
only report of which we are aware that compares phytol °C patterns
for photoheterotrophy versus photoautotrophy is for the related
taxon, Chromatium tepidum (Madigan, Takigiku, Lee, Gest, & Hayes,
1989). In this organism, phytol also was more strongly *C-depleted
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FIGURE 1 The relative distribution of 8*3C values for molecular
classes and bulk biomass of Allochromatium vinosum DSM 180" grown
on CO, or acetate shows the reorganization of phytol and fatty acids,
as well as a compressed range for biomacromolecules relative to bulk
material, when cells are grown photoheterotrophically on acetate

for the acetate-grown culture than for the autotrophic culture, but n-

alkyl lipids were not reported for comparison.

3.3 | Amino acids

Amino acid concentrations were relatively constant in both auto-
trophic and heterotrophic cells, with Asx, Glx, and Leu being the
most abundant AAs (Table S1). Their carbon isotopes (individual

TABLE 2 Carbon isotope data for
individual amino acids

AA Family
Asx A

Thr A

Lys A

lle A

Gly PGA

Ala Py

Leu Py

Glx aKg

Pro aKg

Tyr PEP/E4P
Phe PEP/E4P
Mean §%3C AA

613 proteome’

codon-weighted®

%, , = 1,000((6

mean

oebiology S RTREEE

613CAA values) exhibited significant intracellular variations in both
the autotrophic and heterotrophic cultures (range of 20%0 among
individual AAs). Such large intracellular carbon isotope variability
is seen in other taxa and is presumed to be associated with the
diverse metabolic pathways involved in AA synthesis (Abelson &
Hoering, 1961; Larsen, Taylor, Leigh, & Brien, 2009; Macko, Fogel,
Hare, & Hoering, 1987; Scott et al., 2006). Total AAs from photoau-
totrophy were ca. 2%o *C-enriched relative to bulk biomass, while
total AAs from photoheterotrophy were ca. 0.5%o 13C—depleted
relative to bulk biomass (Figure 1). There was no significant differ-
ence between simple mean and codon-weighted approaches to
averaging the net values of §'3C,, (Table 2), so fractionations (e,,)
were calculated relative to the simple mean. Within the individual
AAs, Asx, Gly, and Thr were the most 13C-enriched, while Leu, lle,
and Phe were the most 13C—depleted (Figure 2). These relative pat-
terns in '3C distribution generally were similar for both cultures,
with the major exceptions being a ca. 6-7%o. relative enrichment for
glutamate-family AAs (Glx and Pro) and a ca. 3-4%o depletion for
aspartate-family AAs (Asx, Thr, and Lys) in the acetate-assimilating

culture.

3.4 | Protein and nucleic acid stable isotope ratios

Unlike the variability among individual AAs, carbon isotope values for
whole proteins were fairly constant: 1.8%o **C-enriched and 0.8%o
13C-depleted in autotrophic and heterotrophic cells, respectively
(Table 1, Fig. S3). This is also in good agreement with the average AAs.
Proteins from both experiments exhibit a Gaussian distribution of
5%3C values, and the width of this fit scales with protein concentration
(which in turn determines the measurement precision; Mohr et al.,
2014). The standard deviation of values (1c) is <1%o. for the more

Photoautotrophy Photoheterotrophy
513C (%o) ean (%o)? 513C (%o) enn (%o)?
-47.1+04 -10.2 -39.2+0.6 -7.5
-49.9+0.8 =73 -42.4+0.2 -4.1
-50.0+0.5 -7.2 -43.3+0.8 -3.2
-65.7+0.3 9.5 -53.9+0.3 8.0
-49.6 +0.1 -7.6 -38.9£0.2 -7.8
-58.5+0.3 1.8 -50.7+0.3 4.6
-65.9+04 9.7 -53.2+0.2 7.2
-58.7+0.1 2.0 -41.9+0.3 -4.7
-60.1+£0.2 3.5 -44.1+0.5 -2.4
-56.8+1.1 0.0 -47.6 +0.8 1.3
-62.9 £0.5 6.5 -54.8 +0.2 8.9
-56.8+0.4 -46.4+0.4

-571 -46.2

+1,000)/(5,, + 1,000) - 1).

bCodon—weighted mean values calculated in proportion to genome-wide codon usage (http://www.
kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=1049).
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FIGURE 2 Individual amino acids from photoautotrophic and
photoheterotrophic cultures grouped by biosynthetic category as
defined in Hayes (2001). gpa IS Calculated as the fractionation relative
to the mean for all measured AAs. By convention, positive values of ¢
imply discrimination against 23C (i.e., lle is the most 3C-depleted AA);
the y-axis is inverted to the intuitive direction

abundant proteins but larger for the low-concentration proteins, sug-
gesting that o is a measure of aggregated analytical errors, rather than
actual intracellular variability. Similar results were observed for the
cyanobacterium Synechocystis sp. PCC 6803 (Mohr et al., 2014). The
8'3C,,, and 51°C
values is expected, as protein accounts for the quantitative majority

relative agreement between average 5°C

protein’ biomass

of cell carbon. It is not necessarily a given, however, that within these
averages, 8*°C values of individual proteins would have a narrow range.
Although proteins reflect mass-weighted mixtures of the AAs, differ-
ences in timing of synthesis, resource allocation, and various post-
translational modifications (PTM; Weissgerber, Sylvester, et al., 2014;
Weissgerber et al., 2011) could induce isotopic variability. Our results
show that these metabolic variations and carbon added by PTM have
little impact on 8*3C signatures of individual proteins within the cell.

Values of §*3C for extracted nucleic acids were similar to observa-
tions for proteins, with e,;; s Of =2.1%0 and -0.6%. in autotrophic
and heterotrophic cells, respectively (Table 1, Figure 1).

3.5 | Proteomics

Enzymes of key biosynthetic pathways had different abundances
between the two cultures. Similar to a recent proteomic study
of A.vinosum DSM 180" grown autotrophically and on malate
(Weissgerber, Sylvester, et al., 2014), differences were observed for
both carbon-assimilating and energy-metabolism enzymes (Figures 3,
4, Table S2). Differences in protein expression between the two con-
ditions were compared using cluster diagrams (largest relative differ-
ences per KEGG category; Figure 3). These differences were mapped
onto a metabolic pathway diagram (Figure 4) to highlight the enzymes
that showed the greatest relative changes within the carbon-fixing
and central metabolic pathway modules.

Examples of relatively increased enzyme concentrations in the
acetate-assimilating culture include higher levels of dethiobiotin syn-
thase and 3-oxoacyl-ACP synthase. The first makes biotin, an essential

cofactor for carboxylation reactions such as conversion of acetyl-CoA
to malonyl-CoA; while the second participates in acetyl chain elonga-
tion, a step for building the C, acetate substrate into larger metabo-
lites. The acetate-assimilating culture also contained relatively higher
guantities of enzymes involved in polysaccharide cycling, for example,
glycogen phosphorylase, possibly to increase cellular storage products
during conditions of repressed CO,-fixation. Examples of increased
abundance for the autotrophic culture include glyceraldehyde-3-
phosphate dehydrogenase and transketolase, both necessary for the
production of simple sugars as the primary metabolites in CO,-fixation
by the CBB cycle. The greatest relative change in expression, however,
was ME (discussed below). Finally, A. vinosum also contains two sets of
Rubisco genes (Viale et al., 1989). Our protein results indicate rbcAB is
expressed more strongly in the CO, culture and rbcSL more strongly in
the acetate culture. The latter is associated with carboxysome genes
and is expressed preferentially at low CO, concentrations (Badger &
Bek, 2008; Weissgerber et al., 2011). Preferential expression of rbcAB
during autotrophy also was observed by Weissgerber, Sylvester, et al.
(2014), but they were unable to detect the products of rbcSL during
growth on malate, while here we were able to detect low-level rbcSL
expression during growth on acetate. Measurable Rubisco in the het-
erotrophic culture is consistent with its use in recycling intracellular
CO, or for CO, fixation at the low background concentration of the
growth medium.

3.6 | Isotope flux-balance model

The isotopic patterns observed in the two cultures can be understood
as resulting directly from the route of carbon entry into metabolic
pathways, in combination with the isotope effects expressed in the
formation of central intermediates. To examine the resulting frac-
tionation, we constructed a steady-state, isotope flux-balance model
following the branched reaction network approach of Hayes (2001).
The model takes a simplified approach to central metabolism and can
simulate acetate assimilation or CO, fixation by changing the input
fluxes (@, = acetate; ¢, = CO,; Tables 3, S4, Fig. S4).

The model was solved for the relative carbon fluxes in photo-
autotrophic versus photoheterotrophic A. vinosum as well as the
513C values for the resulting biomass pools (Table 3, Figure 5). The
predicted fraction of initial carbon flux (¢, or ¢, = 1) assimilated to
biomass, B, is 0.69 for autotrophy and 0.87 for photoheterotrophic
acetate assimilation. Total carbon input to the cell, however, includes
both this initial flux and the significant additional carbon derived
from anaplerotic carbon fixation (PEPC and/or PEPCK). Accounting
for this extra carbon in the photoautotrophic scenario results in a
net B yield of 0.53, and an anaplerotic flux equal to 22% of the total
carbon input. The corresponding budget for the acetate-assimilating
scenario is 29% of cell carbon incorporated by anaplerotic reac-
tions, and a net B yield of 0.61. These values of B are within the
range reported for a similar metabolic flux study on Synechocystis sp.
PCC6803 (Yang, Hua, & Shimizu, 2002). The estimates of anaplerotic
carbon fixation are higher than previously reported for photohetero-
trophic bacteria (Tang, Feng, Tang, & Blankenship, 2009), although
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TABLE 3 Optimized results of isotope flux-balance model; see also Tables S3, S4, and Fig. S4

Biomass yield® Relative fraction

P30; N-Alkyl lipids (fatty acids) 0.15

@,g; Isoprenoid lipids 0.01

¢, Ala; Leu+ (Ala; Leu, Val) 0.14

©,4; Gly+ (Gly, Ser, Cys, Tyr, Trp, Phe; sugars of NA) 0.27

@,5; Asx; Thr+ (Asx; Thr, Lys, lle, Met; 50% of NA bases) 0.22

(o6 Glx; Pro+ (Glx; Pro, Arg, His; 50% of NA bases) 0.21

Isotope effects® € (%o)

€Rubisco 27

€pepci €ps 25

€pEpC -7¢

Erespiratory 0

EppH 8.5¢

Flux assumptions Autotrophic Heterotrophic

¢4; Acetate uptake 0 1

@, CO, uptake 1 0

@317 AcCoA carboxylase 0 >0

P18’ Pyruvate dehydrogenase >0 0

Autotrophic Heterotrophic

Solutions Tested Optimal Tested Optimal

Tunable parameters
B; Fraction of carbon input = biomass 0.3t0 0.7 0.69 0.6t0 0.9 0.87
C; Isocitrate lyase branch point (¢,,/(¢g + ¢o)) 0.0t0 0.3 0.12 0.05t0 0.2 0.097
K; Relative PEPCK versus PEPC ((p7/(p6) -0.41t00.3 -0.38 -0.8t0 0.8 -0.36
@5 PEP © pyruvate 0.2t0 0.8 0.27 -14t00.2 -0.71

Fluxes
@347 Pyruvate synthase (PS) 0 0.35
Pg180 Pyruvate dehydrogenase (PDH) 0.38 0
96191 PEPC (HCO;) 0.87 0.75
@7.90; PEPCK (CO,) -0.33 -0.27
Pg g5 Citrate synthase, aconitase 0.71 1.36
@405 Isocitrate dehydrogenase 0.48 0.97
@11 997 2-0xoglutarate dehydrogenase 0.27 0.63
¢4,; Malate oxidoreductase -0.098 0.46
P1323 Malate dehydrogenase (malic enzyme) 0.41 0.32
@145 Isocitrate lyase 0.13 0.20
Pre Malate synthase 0.088 0.13
28295 Deoxyxylulose-5-phosphate synthase 0.007 0.009

#Determined from measured AA abundances (this work) and metabolite abundances (Weissgerber, Watanabe, et al., 2014).

bConsensus values from Monte Carlo trials based on literature ranges (e.g., Hayes, 2001); see Table S3.

‘e = €pgpe ~ (Sequi,Hco3<—>coz) = 2%o - (9%0) = =7%o, approximated at 25°C; PEPC from O’Leary et al., 1981.

INet ¢ for production of acetate from pyruvate (7-12%o) is half the position-specific fractionation (15-23%o; Deniro & Epstein, 1977; Melzer & Schmidt,

1987; Monson & Hayes, 1982); consensus from model trials is 8.5%o.

Yang et al. (2002) reported that PEPC accounted for 25% of assimi-
lated carbon in Synechocystis grown mixotrophically and on glucose.
Similarly, anaplerotic contributions in eukaryotic algae generally are
assumed to average ~10% of carbon fixation, but wider ranges (up to

27%) have been reported under some growth conditions (Cassar &
Laws, 2007). In both model solutions for A. vinosum, the large anaple-
rotic flux is attributed entirely to the activity of PEPC, and PEPCK
is predicted to operate only in the decarboxylation direction. This
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Energy metabolism

f Cytochrome b/b6 protein
o Adenylylsulfate reductase, beta
ATP synthase F1 subunit delta
Cysteine synthase B
Phosphofructokinase
Ribulose-bisphosphate carboxylase
Adenylylsulfate reductase, alpha
Ribulose-bisphosphate carboxylase —
Sulfide-quinone reductase
Serine-pyruvate transaminase
A Glycine hydroxymethyltransferase
SoxB
Phosphoketolase
Ribulose-phosphate 3-epimerase
Phosphoribulokinase
SoxY
Ribulose-bisphosphate carboxylase
Cytochrome ¢1
Ubiquinol-cytochrome ¢ reductase —
DsrB protein
Pyruvate, phosphate dikinase
Glyceraldehyde-3-phosphate dehydr.
Glutamate synthase
ATP synthase F1 subunit beta
ATP synthase F1 subunit alpha
Transketolase
Glutamine synthetase
Flavocytochrome ¢ sulfide dehydrogenase
Malate dehydrogenase

.JﬁE'I —_— =

pre N

Terpenoid and polyketide metabolism
— Acetyl-CoA acetyltransferase
O-methyltransferase family 2

Cofactor and vitamin metabolism
= ATP synthase FO subunit B =]

Lipid metabolism

7-cyano-7-deazaguanine reductase
Precorrin-8X methylmutase

Geranylgeranyl reductase

Glycine hydroxymethyltransferase
Glutamate-1-semialdehyde-2,1-aminomutase
Biotin synthase

Light-independent protochlorophyllide red. N
Branched-chain amino acid aminotransferase
Magnesium chelatase subunit H

Magnesium protoporphyrin O-methyltransferase
UbiD family decarboxylase

Light-independent protochlorophyllide red. N
0O2-independent coproporphyrinogen il oxidase
Glutamyl-tRNA synthetase

NAD+ synthetase

Cobyric acid synthase CobQ

3-oxoacyl-ACP synthase Il

Dethiobiotin synthase
Bacteriochlorophyll/chlorophyll synthetase
5,10-methylenetetrahydrofolate reductase

Diacylglycerol kinase

Arylesterase

AMP-dependent synthetase and ligase
Acetyl-CoA carboxylase, carboxyl transf.
CDP-diacylglycerol/serine O-phosphatidyltransf.
Acetyl-CoA carboxylase, biotin carboxylase
Phosphatidylserine decarboxylase
AMP-dependent synthetase and ligase
3-oxoacyl-ACP synthase IlI
Phospholipid/glycerol acyltransferase
Peroxiredoxin

3-hydroxyacyl-ACP dehydratase

UDP diphosphate synthase Glycerol-3-phosphate dehydrogenase
= Phytoene desaturase Fatty acid/phospholipid synthesis protein PlsX
Phytoene desaturase { 3-oxoacyl-ACP reductase
Polyprenyl synthetase Malonyl CoA-acyl carrier protein transacylase
1-OH-2-Me-2-(E)-butenyl 4-diP. synth. E Short-chain dehydrogenase/reductase SDR
E 1-deoxy-D-xylulose 5-P reductoisom. 3-hydroxyacyl-ACP dehydratase

Geranylgeranyl reductase

[ Transketolase

Carbohydrate metabolism
Glycogen/starch phosphorylase PR
Phosphofructokinase o
Glycogen debranching enzyme GlgX L
B-phosphogluconolactonase
Pyruvate carboxyltransferase
Ribulose-bisphosphate carboxylase
3-isopropylmalate dehydratase
Isocitrate lyase

Glycine hydroxymethyltransferase —
Glycogen/starch phosphorylase
Citrate synthase |
Transketolase

Nucleotide sugar dehydrogenase U
Phosphoketolase

Malate synthase G

Ribulose-phosphate 3-epimerase

Citrate synthase |

6P-gluconate dehydrogenase, decarbox.
NADP-dependent isocitrate dehydr.
Pyruvate, phosphate dikinase
Glyceraldehyde-3-P dehydrogenase
Ribulose-bisphosphate carboxylase
Transketolase

Glutamine synthetase

Malate dehydrogenase

CO, Acetate

Acetyl-CoA acetyltransferase
3-oxoacyl-ACP synthase Il

Amino acid metabolism

CO, Acetate

Carboxynorspermidine decarboxylase

Pyruvate carboxyltransferase

Glutamate 5-kinase

Cysteine synthase B

Tryptophan synthase subunit alpha

Pyruvate carboxyltransferase
Phospho-2-dehydro-3-deoxyheptonate aldolase
Asparagine synthase family amidotransferase
Prephenate dehydrogenase

Aspartate kinase

Acetylornithine and succinylornithine aminotransf.
Branched-chain amino acid aminotransferase
Serine--pyruvate transaminase
3-isopropylmalate dehydratase small subunit
Glycine hydroxymethyltransferase
3-dehydroquinate synthase

2,3,4 5-tetrahydropy.-2,6-dicarb. N-succ. transf.
Adenosylhomocysteinase
S-adenosylmethionine synthetase
Adenylosuccinate synthetase
Argininosuccinate synthase
O-acetylhomoserine/O-acetylserine sulfhydrylase
Glutamate synthase

Catalase/peroxidase HPI

Glutamine synthetase

FIGURE 3 Cluster diagrams showing proteins with the largest differences in relative detection between the two experiments, as grouped by
KEGG orthology. Differences are calculated as the difference between z-scored abundance, rather than absolute abundance, to normalize the
two experiments to a uniform scale. Enzyme names, EC numbers, and scores, Table S2

is consistent with the interpretation generally applied to PEPCK
in higher plants (including C, plants) (Chen, Walker, Acheson, &

3.6.1 | The importance of malic enzyme

Leegood, 2002; Leegood & Walker, 2003; Urbina & Avilan, 1989), In agreement with a large anaplerotic flux, in both cases the model
although the enzyme is believed to operate reversibly in marine algae predicts the majority of oxaloacetate (OAA) is produced by PEPC-
(Raven & Beardall, 2015). mediated carboxylation of PEP, rather than from cyclic return flow
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FIGURE 4 Condensed metabolic map showing differences
between Allochromatium vinosum DSM 180" grown on CO,

(green) or acetate (brown). The enzymes highlighted with colored
arrows are those from Figure 3, with the color specifying in which
experiment the activity was enhanced. Some intermediate pathway
steps are omitted for simplicity. Enzyme names, EC numbers, and
scores, Table S2

through the TCA cycle. In CO,-fixing A. vinosum, all malate appears
to exit the TCA cycle by decarboxylation to pyruvate, where it
is then further decarboxylated to acetyl-CoA and finally reincor-
porated with OAA into citrate. OAA in the photoheterotrophic
scenario instead derives both from PEP and from cyclic return of
malate = OAA in the TCA cycle. The malate = pyruvate (ME) exit
route is somewhat diminished in this scenario, although still signifi-
cant. Associated with these differences, the largest relative change
in protein expression between the two experiments is the enhance-
ment of ME (E.C. 1.1.1.40) during photoautotrophy (Figures 3
and 4).

This finding suggests a different interpretation of the results of
Weissgerber, Sylvester, et al. (2014) and Weissgerber, Watanabe, et al.
(2014), who also found evidence for an important role for ME during
both heterotrophic growth on malate and autotrophic growth on CO,.

They suggested that ME is under reversible control in A. vinosum:
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decarboxylating when malate is the primary carbon substrate, but car-
boxylating during autotrophy, that is, performing anaplerotic replen-
ishment of TCA cycle intermediates. Instead, our model indicates that
the function of ME during autotrophic growth is decarboxylation. This
may be a common feature in bacterial photoautotrophy, as the cya-
nobacterium Synechocystis sp. PCC6803 gave similar results (Bricker
et al., 2004; Yang etal., 2002; Young, Shastri, Stephanopoulos, &
Morgan, 2011). Malic enzyme may be a critical gatekeeper that pro-
motes extensive carbon fixation into the C, intermediate, OAA, by lim-
iting the amount of OAA that returns via the TCA cycle. Moreover, as
A. vinosum has a complete TCA cycle—unlike Synechocystis and other
cyanobacteria (Tang, Tang, & Blankenship, 2011)—the enhanced PEPC
and ME activity in this taxon cannot be due to the need to compen-
sate for TCA cycle deficiencies. Rather, it suggests that this mecha-
nism, which has biochemical similarity to the C, pathway of plants and
diatoms (Reinfelder, 2011), may be broadly distributed among photo-
synthetic bacterial taxa to promote the formation of C, acids.

3.6.2 | Controls on the 3C distribution of lipids

The model, despite its relative simplification of cellular metabolic net-
works, can adequately explain the patterns of 5'3C values observed
for the cellular biomass components (Figure 5). Errors for the FA and
isoprenoid predictions are within 0.6%o of observations in the pho-
toautotrophic scenario and within 0.3%o. in the photoheterotrophic
scenario; that is, the model easily generates the isotopic inversion of
phytol relative to FAs. The model also confirms that the 13C-enriched
character of Asx for both experiments (error of —0.9%. for the auto-
trophic model; error of 0.0%. for the photoheterotrophic model) is
due to the large flux from PEP = OAA by PEPC, which is specific for
HCO,.

Acetogenic lipids have 8'3C signatures that reflect acetyl-CoA
(ACC), which during growth on acetate is derived directly from
substrate assimilation. Further polymerization of ACC to FA is not
accompanied by significant fractionation, that is, e, = 0%o, con-
sistent with earlier observations (Deniro & Epstein, 1977; Figure 6a).
In contrast, FA are depleted in 3C relative to pyruvate (PYR) in the
CO,-fixing experiment due to fractionation during the decarboxyl-
ation of pyruvate by pyruvate dehydrogenase (PDH). The observed
value of g, -, is ca. 5%o, while the model prediction is closer to
6%o (Figure 6b). The magnitude of this fractionation is controlled
by the critical branch point between the path PEP - PYR — ACC
(¢ = 0.38) versus the path PEP = OAA (¢ = 0.87). This is equivalent
to directing 30% of the carbon to ACC. Because the isotope effect
is expressed specifically at the C-2 position of pyruvate (Monson
& Hayes, 1982), ec_, is 17%o, or twice that presumed for net reac-
tion of PDH (epp,; = 8.5%0). The 5-6%o &, , fractionation for the
synthesis of FA by autotrophic A. vinosum is twice as large as the
ca. 3%o &;, 5 Values reported for studies of E. coli growing on glu-
cose (Blair et al., 1985; Monson & Hayes, 1982), despite the similar
value of e, = 21%o for E. coli PDH (Melzer & Schmidt, 1987). Highly
fractionated FA are direct evidence for a relatively small flux in the
direction of PEP = PYR = ACC (fyyg ; acci Figure 6b). If this finding
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FIGURE 5 Results of the isotope flux-balance model calculated for phototrophic growth of Allochromatium vinosum DSM 180" on (a)

CO, and (b) acetate. Colored arrows show fluxes that are predicted to change direction between the two scenarios; widths of all arrows are
proportional to the predicted fluxes. Isotope results are shown in the order: model, experimental data. Abbreviations: FA, fatty acids, n-

alkyl lipids; ISP, isoprenoid lipids; ALA, alanine; GLY+, glycine-family amino acids; ASX, aspartate-family amino acids; GLX, glutamate-family
amino acids; AC, acetate; ACC, acetyl-CoA; PYR, pyruvate; PEP, phosphoenolpyruvate; OAA, oxaloacetate; CIT, citrate; IC, isocitrate; AKG,
2-oxoglutarate; SUC, succinate; FUM, fumarate; MAL, malate; GY, glyoxylate. Full model topology and parameters are shown in Fig. S4, Tables

S3, and S4.

can be generalized to other photoautotrophic bacteria, the extent of
13C-depletion in FAs relative to biomass may be an indicator of the
importance of PEPC activity (C, acid production). Similarly, in exper-
iments with Synechocystis sp. UTEX 2470, the FA were 13C-depleted
relative to biomass by an average of 9%o., leading the authors to
conclude that only 22% of the carbon entering the PEP + PYR pool
was decarboxylated to ACC (Sakata et al., 1997), even less than for
A. vinosum.

Other phototrophic microbial communities and environmental
isolates are consistent with these interpretations. Microbial mats and
microbialites in lakes show values of e ., between 5%o and 7%o
(Brady, Druschel, Leoni, Lim, & Slater, 2013; Brady et al., 2010), while
stromatolites from Shark Bay, Australia, also have values of e .\
ca. 7%o (Pagés et al., 2014). Phormidium isolates from Yellowstone
National Park mats show larger ¢, ., values (ca. 10%o, Jahnke et al.,
2004), similar to the fractionation observed by Sakata et al. (1997).
Together, the data point to greater fractionation in the synthesis of FA
by microbial photoautotrophs relative to heterotrophic bacteria, with
the greatest fractionation occurring among cyanobacteria (Blair et al.,
1985; Monson & Hayes, 1982; Teece, Fogel, Dollhopf, & Nealson,

1999). This may be understood—somewhat counterintuitively—as

the result of the relatively high flux of PEP through C, carbon fixation
during photoautotrophy.

Isoprenoid lipids in photoautotrophs generally are °C-enriched
relative to FA (Hayes, 2001). Most bacteria—including A. vinosum,
other sulfur-oxidizing phototrophs, and cyanobacteria—synthesize
isoprenoids from PYR and glyceraldehyde-3-phosphate (G3P), form-
ing 2-C-methylerythritol-4-phosphate (MEP; Lichtenthaler, Rohmer,
& Schwender, 1997; Rohmer etal., 1993). Our model generates
MEP-pathway isoprenoids solely from pyruvate, because although
G3P is more closely related to PEP, the model treats PYR and PEP
as isotopically equivalent. We then apply an empirical fractionation
of g

isoprenoid

fit with the autotrophic phytol data (Figure 5). The magnitude of this

= 4%o associated with synthesis of MEP, to achieve best

number may be associated with the condensation of PYR and G3P, or
with the subsequent decarboxylation of MEP. Formulated in this way,
the model can predict the sensitivity of SBCPhytol values to changes in
metabolite flux. For example, if the fraction of carbon flowing to ACC
decreases, the §'3C values of both Ala and phytol should decrease in
parallel with the isotopic composition of FA (Figure 6b). Alternatively,
if foyrsacc approaches 0.5, the value of 613CPhyt°| should approach
s1%C

biomass*
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FIGURE 6 Diagrams summarizing the modeled flows of carbon that influence lipid 13¢ distributions in Allochromatium vinosum. (a) During
acetate assimilation, FA and biomass are isotopically identical. PYR, the precursor to phytol and Ala, contains contributions both from the activity
of pyruvate synthase (PS) and from the flow from MAL = PYR. “New PYR” is 3C-depleted, but it is counterbalanced isotopically by MAL, such
that total PYR, Ala, and phytol are predicted to have low sensitivity to changes in metabolic flow ratios over the entire mid-range of f,-_pyg-
This implies that phytol should be consistently **C-poor relative to biomass in acetate-assimilating taxa. The data and model agree within 0.3%.
for both lipid classes. (b) During CO,-fixation, carbon flow is split between decarboxylation of PYR to ACC (by PDH) and carboxylation of PEP to
OAA (by PEPC). In this metabolic mode, PYR, Ala, phytol, and FA all are expected to respond in parallel to changes in the relative flow of carbon
through this branch point. The data and model are offset by 0.6%o in opposing directions for the two lipid classes, indicating the model does not

completely capture all processes affecting *°C distributions

The acetate-assimilating, photoheterotrophic scenario is not
similarly sensitive. Isoprenoids and Ala-family AAs are the most
13C-depleted constituents of the cell during growth on acetate
(Tables 1 and 2). As PYR is immediately downstream of ACC in this
scenario (via PS, epg = 25%o), its isotopic composition will reflect a bal-
ance between the 13C-depleted flux from ACC and the *®C-enriched
flux from malate (similar to Asx and GIx). A relatively larger respira-
tory demand would increase the flow from ACC — CIT, decreasing
the fraction from ACC = PYR (fycc_,pyg) @and yielding more strongly
13C-depleted “new PYR” (Figure 6a). The effect of this change on the
net §3C value of PYR, however, is minimal, because it is offset by an
increased relative flux from malate. This implies that during acetate
assimilation, PYR, Ala, and isoprenoids are all relatively insensitive
to changes in fcc_pygs and they should be ca. 4-7%o **C-depleted
relative to biomass assuming f,-_,pyg > 0.25 (Figure 6a).

These results may provide some insight to prior observations. In
CO,-fixing C. tepidum, phytol was 13C—depleted relative to biomass by
ca. 3%o (Madigan et al., 1989). This is virtually identical to our result for
A. vinosum and suggests such a value may be typical for Chromatiaceae.
However, the CO,-fixing cyanobacteria that have greater 13C-depletion
in their FA—e.g., the Phormidium isolates from Yellowstone National
Park—also have more '°C-depleted phytol (ca. 4-6%o *°C-depleted

relative to biomass; Jahnke et al., 2004). Similar relative fractionation
was observed for phytol from Synechocystis UTEX 2470 (Sakata et al.,
1997). These observations agree with the idea that FA and phytol in
photoautotrophs should change in tandem because their respec-
tive metabolic precursors PYR and ACC should isotopically covary
(Figure 6a). Strongly 13C-depleted phytol and n-alkyl lipids relative to
sedimentary organic matter may be an indicator of significant cyano-
bacterial input. In contrast, while acetate-assimilating photohetero-
trophs also would be a source of 3C-depleted phytol, the n-alky! lipids
from these organisms would be isotopically similar to bulk carbon.

Other discussions of the relative 3C patterns between isoprenoids
and biomass have focused largely on eukaryotic algae (e.g., Schouten
et al.,, 1998, 2008). Although more complicated to interpret than bac-
teria, some of the same principles may apply. In particular, despite the
variability in absolute values of ¢, ., and Ehio-Phytol for various algal
taxa, the difference between MEP-pathway phytol and plastidic FAs is
a remarkably constant 3 + 1%o (Hayes, 2001); this generalizes to ca.
2-3%o and 5-6%o 13C-depletion relative to biomass for phytol and
n-alkyl lipids, respectively, similar to the CO,-fixing Chromatiaceae but
less fractionating than the cyanobacteria.

Finally, these predictions apply only to isoprenoids made by the
MEP pathway. The classical mevalonate (MVA) pathway of eukaryotes
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(Bloch, Chaykin, Phillips, & Dewaard, 1959) yields isoprenoids from
acetate and would be affected—especially in photoautotrophy—by the
isotope balance around ACC. The MVA pathway is rare in bacteria,
occurring in some Firmicutes, Actinobacteria, and a few, often by hor-
izontal gene transfer (Boucher & Doolittle, 2000; Lombard & Moreira,
2011), so would not be expected to quantitatively affect the sedimen-

tary record of preserved bacterial lipids.

3.7 | Implications for interpreting the geologic record

Our results highlight the importance of understanding intracellular
carbon isotope patterns when interpreting both the molecular level
and bulk geochemical record of carbon preservation. The data for
A. vinosum, when viewed in the context of other microbial photoau-
totrophic studies, help decipher the mechanisms underpinning lipid
isotope signatures in the sedimentary record, as well as the patterns
of these lipids show relative to the associated kerogen. Specifically,
these signatures may reflect the importance of metabolic flexibility in
how micro-organisms assimilate carbon in response to local environ-
mental conditions. The new framework may thus help to illuminate the
sources of organic matter buried in the geologic record.

The isotopic offsets for phytol and FA relative to biomass in the
CO,-fixing A. vinosum culture are similar to the Phanerozoic average
values of 2-3%. and 4-5%o more negative than kerogen for pristane/
phytane and n-alkyl lipids, respectively (Hayes, 2001; Logan et al.,
1995, 1997). These offsets are typical of most Phanerozoic rocks,
with some notable exceptions (e.g., Grice et al., 2005). As such, the
A. vinosum data are broadly similar to marine algal production, both at
the bulk and molecular level (Hayes, 2001; Schouten et al., 1998), and
this isotopic pattern may be typical of CBB-pathway photoautotrophy
in both anoxygenic phototrophs and eukaryotes. In contrast, larger
13C depletions in both pristane/phytane and n-alkyl lipids relative
to biomass (e.g., Jahnke et al., 2004) may be diagnostic for systems
dominated by cyanobacterial CO, fixation. The larger relative fraction-
ation may be attributed to a hypothesized greater flux through PEP
carboxylase.

The interpretive challenge therefore is the mixed situation: If n-
alkyl lipids are relatively **C-enriched in the presence of *3C-poor pris-
tane/phytane, then the explanation may be the enhanced assimilation
of acetate throughout the microbial community—including by cyano-
bacteria, by anoxygenic phototrophs including sulfur oxidizers, and/or
by heterotrophs. Isotopic reversal of n-alkyl lipids and pristane/phy-
tane in the geologic record may thus be a biosignature for enhanced
preservation of the products of (photo)heterotrophic carbon cycling,
if such a cycle can generate significant acetate. However, by defini-
tion, net heterotrophy cannot exceed photoautotrophy. Therefore, to
preserve “inverse” isotopic patterns in the geologic record, there also
must be (i) at least some expression of the Logan et al. (1995, 1997)
effect and/or (ii) widespread preservational biases, caused by local dia-
genetic effects and/or by shifts in overall facies preservation in the
rock record.

Complex modes of carbon and energy cycling in microbial mats
may influence the isotopic characteristics of organic carbon preserved

in benthic ecosystems. Idea (ii) may be consistent with a sedimentary
record that contains a disproportionate amount of benthic mat-derived
carbon in which phototrophy and fermentation are major co-occurring
processes. A possible modern analog for such a scenario is the microbial
mat ecosystem from Middle Island Sinkhole, Lake Huron (Voorhies et al.,
2012). In that environment, benthic sulfide flux supports a persistently
low-O, community dominated by Phormidium spp., which overlay layers
of sulfur-oxidizing chemosynthetic bacteria and sulfate reducers. Net
primary production by the Phormidium mat is not oxygenic, but rather
may switch between sulfide oxidation and O, production depending
on sulfide availability. The mat is believed to store excess photosyn-
thetic carbon reserves in order to ferment them to acetate at night, as
has been hypothesized for phototrophic mats in other contexts (Nold &
Ward, 1996). This may then permit assimilation of the resulting acetate
by the other members of the bacterial community.

If such systems are similar to Proterozoic microbial mats, carbon
produced by these processes may then be preferentially sequestered
according to the recently proposed “mat seal” hypothesis (Pawlowska,
Butterfield, & Brocks, 2012). In this hypothesis, 13C-enrichment of n-
alkanes is proposed to result from heterotrophic reworking, following
the Logan et al. (1995) interpretation. Instead, here we would argue
that such isotopic enrichment would also be at least in part a primary
biosynthetic signal due to assimilation of acetate, and burial and long-
term preservation of the lipid products of these pathways would be
enhanced. To test these ideas, more work is needed to investigate other
modern analog systems, as well as to examine more complex fermen-
tative pathways (e.g., lactate fermentation; Teece et al., 1999) that may
exert different influences on intracellular isotopic patterns. Regardless,
our observations for the metabolically flexible, anoxygenic phototroph
A. vinosum indicate that microbial taxa that live at redox boundary
zones may switch their patterns of lipid §3C values in response to dif-
ferent metabolic modes of carbon incorporation, and these patterns
could persist if microbial mats are preferentially preserved in the geo-

logic record.
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