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ABSTRACT

Microbial sulfur metabolism, particularly the formation and consumption of insoluble elemental sulfur (S0), is an important
biogeochemical engine that has been harnessed for applications ranging from bioleaching and biomining to remediation of
waste streams. Chlorobaculum tepidum, a low-light-adapted photoautolithotrophic sulfur-oxidizing bacterium, oxidizes multi-
ple sulfur species and displays a preference for more reduced electron donors: sulfide > S0 > thiosulfate. To understand this
preference in the context of light energy availability, an “energy landscape” of phototrophic sulfur oxidation was constructed by
varying electron donor identity, light flux, and culture duration. Biomass and cellular parameters of C. tepidum cultures grown
across this landscape were analyzed. From these data, a correction factor for colorimetric protein assays was developed, enabling
more accurate biomass measurements for C. tepidum, as well as other organisms. C. tepidum’s bulk amino acid composition
correlated with energy landscape parameters, including a tendency toward less energetically expensive amino acids under re-
duced light flux. This correlation, paired with an observation of increased cell size and storage carbon production under elec-
tron-rich growth conditions, suggests that C. tepidum has evolved to cope with changing energy availability by tuning its pro-
teome for energetic efficiency and storing compounds for leaner times.

IMPORTANCE

How microbes cope with and adapt to varying energy availability is an important factor in understanding microbial ecology and
in designing efficient biotechnological processes. We explored the response of a model phototrophic organism, Chlorobaculum
tepidum, across a factorial experimental design that enabled simultaneous variation and analysis of multiple growth conditions,
what we term the “energy landscape.” C. tepidum biomass composition shifted toward less energetically expensive amino acids
at low light levels. This observation provides experimental evidence for evolved efficiencies in microbial proteomes and empha-
sizes the role that energy flux may play in the adaptive responses of organisms. From a practical standpoint, our data suggest that
bulk biomass amino acid composition could provide a simple proxy to monitor and identify energy stress in microbial systems.

Microbes that synthesize or degrade insoluble sulfur minerals
are instrumental in the biogeochemical sulfur cycle (1) and

have been applied for biomining (2, 3) and sulfide remediation
(4–7). However, little is known about how these organisms re-
spond to fluctuations in available energy due to shifts in electron
donor identity, fixed carbon availability, or light in the case of
phototrophic bacteria. A deeper understanding of microbial strat-
egies for coping with energy fluctuations has the potential to im-
prove microbe-catalyzed industrial processes (8) and to impact
our understanding of microbial ecology as shaped by energy avail-
ability (9). Furthermore, a specific understanding of these adap-
tations among microbes capable of degrading elemental sulfur
could inform new technologies for mitigating the effects of sulfur-
metabolizing microbes on disturbed ecosystems (e.g., waste sulfur
piles from petrochemical refining), particularly if coupled with
recent advances in systems and synthetic biology.

Microbes that produce insoluble elemental sulfur (S0) as an
intermediate of reduced sulfur compound oxidation and subse-
quently oxidize S0 to sulfate include both chemotrophs (genera
Acidothiobacillus and Beggiatoa, order Sulfolobales) and pho-
totrophs (families Chromatiaceae and Chlorobiaceae). S0 may be
deposited either extra- or intracellularly (10, 11). The Chlorobi-
aceae are obligate anaerobes that use sulfide and other reduced

sulfur compounds as electron donors for anoxygenic photosyn-
thesis and transiently deposit S0 as extracellular globules (12–15).
Unlike the more metabolically versatile species of the family Chro-
matiaceae, which are capable of dark, aerobic chemotrophic
growth in addition to phototrophic sulfur oxidation (16), all of
the characterized members of the family Chlorobiaceae are obli-
gate anaerobic photolithoautotrophs, although some Chlorobi-
aceae assimilate simple organic carbon compounds (acetate,
pyruvate) (17). Chlorobaculum tepidum produces and degrades
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insoluble extracellular S0 as an obligate intermediate of sulfide
oxidation, grows rapidly (15, 18), is genetically tractable (19–23),
and has a sequenced genome (24), making it an ideal platform for
studying S0 metabolism by systems-based methods.

Systems-based methods require reproducible growth under
controlled conditions and robust methods of biomass quantita-
tion, both of which are challenging for C. tepidum. For example,
consistent growth on S0 as the sole electron donor has only re-
cently been reported (14). Extracellular S0 complicates growth
measurements by standard methods (i.e., optical density and dry
weight) because S0 adds turbidity (18, 25) and mass. Therefore,
colorimetric protein assays are the methods of choice for biomass
determinations of C. tepidum (12, 18, 25). However, differences
between the amino acid compositions of biomass and protein
standards and interference from a range of compounds (26), in-
cluding photosynthetic pigments, mean that colorimetric protein
assays often do not reflect the absolute protein concentration.
While pigment extraction prior to protein measurement is com-
mon (12, 18, 25), the effects of extraction and of varying pigment
content, induced by changes in light level (27, 28) and electron
donor (12), have not been investigated systematically.

Design-of-experiments methodology (29, 30) was used to as-
sess protein-based biomass quantitation methods and the re-
sponse of C. tepidum across a factorial space defined by the elec-
tron donor, light flux level, and culture duration. This space—the
“energy landscape” of phototrophic sulfur oxidation (Fig. 1)—
was designed to alter pigment content by altering energy availabil-
ity. C. tepidum displayed shifts in biomass amino acid composi-
tion, cell volume, and storage carbohydrate content across the
energy landscape, suggesting that C. tepidum alters its physiology
in response to energy availability to a greater extent than previ-
ously appreciated. While bias in the amino acid composition of
highly expressed proteins toward energetically inexpensive amino
acids has been inferred by bioinformatic analyses for a range of
organisms (31–33), this work reports an experimentally measured
shift in bulk amino acid composition for a single organism as a
function of growth conditions. This observation implies that rel-
atively simple bulk biomass measurements can be used to infer
details about the energy status and adaptation of microbes.

MATERIALS AND METHODS
Experimental design. A three-by-three factorial experiment was em-
ployed to examine C. tepidum growth and characteristics as a function of
the electron donor type, light flux level, and culture duration at three
levels per factor. The I-optimal design was created by using JMP Pro (SAS
Institute Inc.) and contained 48 independent cultures performed in six
culturing blocks (see Table S1 in the supplemental material). This design
enabled quantitative analysis of the effects of simultaneous changes in the
energy landscape parameters on various measured responses (cell size
attributes, total carbohydrate [TC], amino acid composition) by a sec-
ond-order interaction polynomial model, Y � �0 � � �i xi � �i�j �ij xi

xj � � �ii xi xi � �, where Y is the measured response, xi are experimental
factors, �0,i,ij,ii are coefficients determined from multiple regression, and �
represents random error. �0 is the mean value of the response; main-effect
terms (�i) represent a factor’s direct effect, cross-interaction terms (�ij)
represent the synergistic impact of two factors, and polynomial terms (�ii)
represent nonlinear effects. Culturing block was investigated as a factor,
except for analyses with amino acid analysis (AAA)-derived data as the
dependent variable(s), which were conducted on a subset of the full design
(see Table S1 in the supplemental material).

Bacterial strains and growth conditions. C. tepidum strain WT2321,
a plating strain derivative of the original TLS1 isolate (15, 20), was grown
in 20-ml cultures with a 10-lb in�2 gage (177-kPa) headspace composed
of 95% N2 and 5% CO2 passed through a heated copper scrubber. Exper-
imental cultures were inoculated to 4 	g protein ml�1 from precultures
derived from cryogenic stocks and grown at 45 to 46°C in a heated rotis-
serie culturing system. This system provided improved culture-to-culture
consistency in light exposure and mixing relative to stirred water bath
cultures (see Text A in the supplemental material for details). A light field
of 35 	mol photons m�2 s�1 was provided from 100 W Reveal incandes-
cent bulbs (GE Lighting) measured with a quantum PAR sensor (LI-
COR). To obtain 5 and 20 	mol photons m�2 s�1 light, individual cul-
tures were shaded by using printed transparency films. Culture durations
(Fig. 1) were selected to capture mid-exponential-, late-exponential-, and
early-stationary-phase cells at a light flux of 20 	mol photons m�2 s�1.

Culture medium. Sulfur-free Pf-7 medium (15) was prepared by
omitting sulfide and thiosulfate from Pf-7 prepared as previously de-
scribed (12). Electron donors were added to individual tubes from con-
centrated, anoxic stock solutions. Sulfide stocks were pH neutralized (34),
and biogenic S0 was purified as previously described (14). The electron
donor concentrations in uninoculated medium were sulfide at 3.4 
 0.2
mM, S0 at 9.3 
 0.3 mM, and thiosulfate at 10.2 
 0.1 mM. Acetate was
added to all cultures at an initial concentration of 7.4 
 0.3 mM.

Quantification of sulfur compounds and acetate. Measurements
were performed as described previously (12, 35), with the following mod-
ifications. Elemental sulfur was extracted from cell pellets with 10:1 (vol/
vol) chloroform-methanol prior to quantitation by reversed-phase high-
performance liquid chromatography. Sulfate was quantified by ion
chromatography with suppressed conductivity detection (Metrohm) with
an A Supp 5 100- by 4-mm column eluted with 3.2 mM Na2CO3–1.0 mM
NaHCO3– 6.5% (vol/vol) acetone in ultrapure water. Standard curves
were prepared from sodium sulfide nonahydrate (ACS; Fisher), elemental
sulfur powder (USP; Fisher), sodium thiosulfate pentahydrate (�99.5%;
Sigma-Aldrich), sodium sulfate (�99%; Sigma-Aldrich), and sodium ac-
etate (�99%; EM Science).

Protein and BChl c determinations. C. tepidum cells collected by cen-
trifugation (16,873 � g, 5 min) were lysed with 0.25 M NaOH (10 min),
neutralized with an equal volume of 0.25 M HCl, centrifuged gently to
pellet S0 (14 � g, 1 min), and diluted with 0.25 M NaCl prior to protein
quantitation. Bradford assays were performed with Protein Assay Dye
Reagent Concentrate (Bio-Rad Laboratories) in accordance with the
manufacturer’s instructions by using either the absorbance at 595 nm or
the ratio of absorbances at 595 and 470 nm as the measured response (36,
37). Bicinchoninic acid (BCA) assays were performed with the Pierce BCA
kit (Thermo Scientific) and incubation at 37°C; the ratio of sample to

FIG 1 Schematic of the energy landscape of phototrophic sulfur oxidation.
The energy landscape of phototrophic sulfur oxidation is constructed from
three factors at three levels, i.e., (i) electron donor identity (sulfide, S0, or
thiosulfate), (ii) light flux (5, 20, or 35 	mol photons m�2 s�1), and (iii)
duration of batch culture (10, 18, or 26 h).
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working reagent was increased to 1:2 (vol/vol). The observed technical
variation for all protein assays is reported in Table S2 in the supplemental
material. Bovine serum albumin (�98%; EM Science OmniPur) was used
as a protein standard. Pigments were removed from extracted (EX) sam-
ples by methanol extraction (�20°C, 10 min) prior to lysis, whereas whole
(WH) samples with pigment intact were analyzed without prior extrac-
tion. Bacteriochlorophyll c (BChl c) in the extracts was determined by
absorbance at 669 nm (ε � 86.0 liters g�1 cm�1 [38]).

AAA. Lyophilized cell samples were hydrolyzed (1% [vol/vol] phenol
in 6 N HCl, 110°C, 24 h), and amino acids were separated by ion-exchange
chromatography (Hitachi L-8800) with sodium citrate buffer as the mo-
bile phase. The hydrolysis destroys Cys, Met, and Trp and converts the
amide amino acids Asn and Gln to Asp and Glu, respectively. Biomass
amino acid molar composition was calculated on the basis of the molar
quantities of the individual amino acids measured in a sample.

Microscopy and cell volume measurements. Culture aliquots were
fixed with 0.37% formaldehyde and stored in the dark (4°C). At least three
phase-contrast images at a total magnification of �1,000 were collected
for each culture with an AxioImager Z1 light microscope and a 100� oil
immersion objective lens (Zeiss). Images were thresholded and masked by
using ImageJ (version 1.49t, http://imagej.nih.gov/ij) default settings and
a 15.5-pixel 	m�1 scale. The particle analyzer function in Fiji (http://fiji
.sc/Fiji) was used to extract area and perimeter measurements of cell-like
objects from the images by using predetermined area and circularity cri-
teria. Extracted objects were validated as cells by cross-referencing with
the original images. Dividing, clumped, or out-of-focus cells and other
debris were manually excluded so that only well-resolved cells were re-
tained in the final data set. Cell images were modeled as the two-dimen-
sional projection of a cylinder with hemispherical end caps to calculate
cell diameter, length, and volume from area and perimeter measurements.
Diameter, length, and volume measurements displayed lognormal distri-
butions across the data set and within cultures and were log transformed
and averaged by culture prior to analysis by least-squares linear models.

Cellular carbohydrate analysis. Cellular carbohydrates were mea-
sured by the anthrone-sulfuric acid assay (39) adapted to a 96-well format
(40, 41). Cell pellets were extracted with acetone (10 min, �20°C) to
remove interfering pigments (42). Extracellular carbohydrates were re-
moved by resuspension in a solution of 0.85% NaCl, centrifugation
(16,873 � g, 5 min), and removal of the supernatant (39). Pellets were
resuspended in water, and sample aliquots (45 	l per well) were trans-
ferred to a polypropylene 96-well plate (VWR). Samples were mixed with
150 	l anthrone reagent (2 g liter�1 anthrone [Acros Organics] in 98%
sulfuric acid [EM Science]). For each sample, one aliquot was mixed with
sulfuric acid without anthrone as a negative control and one aliquot was
spiked with 5 	g glucose as a positive control. The covered plate was
incubated at 4°C for 10 min at 95 to 105°C for 20 min and cooled at room
temperature for 20 min. The absorbance at 620 nm was measured along
with a glucose standard curve (0.5 to 10 	g glucose per well).

Statistical analysis. JMP Pro was used for all statistical analyses and
preparation of box-and-whisker plots. In box-and-whisker plots used
throughout, the middle line indicates the median value, boxes span the
25th to 75th quantiles, and the whiskers represent either 1.5� the inter-
quantile range from the end of the box or the upper and lower data points
(excluding outliers).

The effect of the energy landscape on univariate responses was ana-
lyzed by least-squares fitting of the data to the second-order interaction
polynomial model described above in the paragraph on experimental de-
sign. Log-transformed and averaged cell dimensions were fitted by
weighted least-squares analysis, using the inverse of the variance of the cell
dimension measurement as the weighting variable, to account for the
large range of cell sizes observed within each population. Analysis of vari-
ance (ANOVA) was used to assess overall model significance by F test,
which can assess multiple coefficients simultaneously, and to estimate
parameter coefficient values, where the significance of individual param-
eters was determined by t test. Insignificant parameters, defined as P �

0.2, were sequentially eliminated to improve model significance and pa-
rameter estimates, and only parameters with t-test probabilities (P values)
of �0.01 were considered to have a significant effect on the measured
response. Light and culture duration factors were coded between �1 and
1 before model fitting. In some cases, using culture attributes (e.g., growth
rate, etc.) as factors provided more meaningful relationships than the
original energy landscape parameters, and the factors identified as pro-
ducing significant effects are specified in the relevant sections below.

Amino acid composition data were fitted by multivariate ANOVA
(MANOVA), which enabled analysis of the effects of the energy landscape
on amino acid composition as a whole, as well as on individual amino
acids. The statistical significance of effects in MANOVA is determined by
F test, to enable the assessment of multiple coefficients simultaneously;
approximated F ratios for categorical factors in MANOVA were calcu-
lated by Wilk’s lambda.

RESULTS
Calibration of indirect protein assays provides accurate predic-
tion of absolute biomass protein concentration. As intended in
the experimental design, cultivation of C. tepidum across all 27
energy landscape treatments (see Table S1 in the supplemental
material) produced biomass with BChl c contents spanning 0.10
to 0.24 	g of BChl c 	g of protein�1. Photosynthetic pigment
interference in indirect protein assays, specifically, the Bradford
and bicinchoninic acid (BCA) methods, was assessed by compar-
ing protein measurements of WH and methanol-extracted (EX)
samples. Two versions of the Bradford assay were used: standard
(BrS), which measured A595, and ratio (BrR), which measured the
A595/A470 ratio to provide better sensitivity and linearity than the
standard assay (36, 37). The performance of the indirect assays
was benchmarked against direct quantitation of protein by AAA
measurements on WH samples, which displayed �5% error with
bovine serum albumin as a standard (data not shown).

Indirect protein assays were highly correlated with AAA mea-
surements (Table 1; Fig. 2), with the highest accuracy exhibited by
BCA assay of EX samples (normalized root mean square error
[nRMSE] � 16%; Table 1; see Text B in the supplemental material
for calculations of accuracy metrics). The BCA assay overpre-
dicted protein in WH samples (nRMSE � 37%), particularly for
early- to mid-exponential-phase cultures (Fig. 2A, inset). Both
versions of the Bradford assay underpredicted protein (nRMSE �
�25%), regardless of whether pigments were removed, with
BrR-WH measurements the least accurate (nRMSE � 38%).

The accuracy of all assays except BCA-WH was improved by a
linear correction function as follows: Corrected � (Indirect � �0) �
�1

�1. Parameters �0 and �1 were obtained from the intercept and
slope, respectively, of least-squares linear regressions of indirect
protein measurements against AAA measurements (Table 1; see
Text B in the supplemental material for details). Although
BCA-WH exhibited the smallest absolute RMSE when corrected
by a linear correlation function, it had the highest nRMSE due to
proportionally large deviations for low-density cultures (Table 1;
Fig. 2A, inset). Corrected Bradford assay measurements of EX
samples demonstrated the smallest nRMSE (13% for BrS and 12%
for BrR), a slight improvement in prediction accuracy over the
uncorrected BCA-EX measurements.

Thus, for routine use with highly pigmented organisms like C.
tepidum, BCA-EX measurements should provide the best results
without the need for a correction factor. For the subsequent ex-
periments, however, we employed corrected BrR-Ex measure-
ments based on the improvement in overall accuracy.

Chlorobaculum tepidum Energy Landscape
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Comparisons of WH and EX protein measurements suggest
characteristics of the internal metabolite pools of C. tepidum.
While methanol extraction improved the accuracy (i.e., lowered
the nRMSE) of the Bradford and BCA assays, this step could re-
move protein and/or soluble pools from biomass samples. Indeed,
methanol extraction reduced the measured protein mass by 9%,
on average (see Fig. S1A in the supplemental material; P � 0.001,
one-tailed test), as measured by AAA of 16 pairs of WH and EX
samples (see Table S1 in the supplemental material). Further-
more, the amino acid composition was altered between WH and
EX samples, indicating that extraction preferentially removed Ala,
Pro, and Glx (see Fig. S1B in the supplemental material; see Text C
in the supplemental material for details). This was interpreted as
loss of the soluble pools of these amino acids. However, there was
no obvious relationship between the extent of depletion of Ala,
Pro, or Glx and the energy landscape (data not shown).

Comparing BCA-WH and BCA-EX measurements revealed an
interesting bias in BCA-WH error. While there was no relation-
ship between BCA-EX error and energy landscape parameters, the
tendency of BCA-WH to overpredict protein was greatest among
samples from sulfide- and S0-grown cultures, at early times or low
light levels, but not with thiosulfate-grown cultures (see Fig. S2 in
the supplemental material). These observations suggest that C. tepi-
dum possesses one or more internal pools of methanol-soluble met-
abolic reductants that artificially increase the signal of the BCA-WH
assay, which is based on the reduction of Cu(II) to Cu(I).

C. tepidum cell size variations across the energy landscape
are associated with the production of storage carbohydrates. As
cell size provides an indicator of the physiological state of mi-
crobes (43), we assessed changes in C. tepidum cell dimensions
across the energy landscape and found that the growth rate posi-
tively correlated with cell length (R2 � 0.38; P � 0.0001) and cell
volume (R2 � 0.34; P � 0.0001) but did not correlate with cell
diameter (see Fig. S3 in the supplemental material). Increases in
cell volume with higher growth rates is a well-established phe-

nomenon (44), but the large variability in cell volume at a partic-
ular growth rate suggested that additional factors were influencing
cell size (43). Adding parameters for electron donor identity and
acetate availability revealed that these factors affected cell size be-
yond the effect of growth rate (Fig. 3A). Growth on sulfide led to
larger (21%, P � 0.0001) and longer (17%, P � 0.0001) cells than
growth on S0 and thiosulfate but had a negligible effect on cell
diameter (see Fig. S4 in the supplemental material). Acetate de-
pletion decreased the cell volume by 29% through the combined
effects of decreased length (17%; P � 0.001) and decreased diam-
eter (8%; P � 0.0001).

As the accumulation and depletion of storage carbohydrates
are known to influence cell volume (39, 40), TC was measured in
biomass samples from across the energy landscape. Growth on
sulfide increased the TC-to-protein ratio of C. tepidum by 72%, on
average (P � 0.0001). The corresponding increase in the cell vol-
ume and TC-to-protein ratio of sulfide-grown cultures (Fig. 3B)
provides evidence that growth on sulfide leads to enhanced glyco-

TABLE 1 Accuracy of Bradford and BCA (indirect) protein assay
measurements in predicting direct protein quantitation by AAA

Assay correction, pigment
status, and assay method R2 �1 �0

RMSE
(	g/ml) nRMSE (%)

Without correction
WH cell pellet

BCA 0.989 26 37
BrS 0.966 38 25
BrR 0.969 56 38

EX cell pellet
BCA 0.983 12 16
BrS 0.971 40 29
BrR 0.983 43 33

After correctiona

WH cell pellet
BCA 1.07 15.0 10 24
BrS 0.734 2.61 18 15
BrR 0.604 1.52 17 15

EX cell pellet
BCA 0.981 3.30 12 18
BrS 0.734 �0.57 16 13
BrR 0.714 �2.11 12 12

a Corrected � (indirect � �0) � �1
�1.

FIG 2 Calibration of indirect protein measurements against AAA. Values
from BCA and Bradford assays are plotted versus direct protein quantitation
by AAA for WH samples (A) and EX samples (B) along with the linear least-
squares regression. Insets show low-concentration regions. The solid black
identity reference line indicates equality between indirect and AAA protein
determinations. The vertical error bars for indirect assay measurements rep-
resent the standard errors of triplicate determinations; horizontal error bars on
AAA measurements represent propagation of the pooled standard error for
four replicated AAA analyses.
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gen production relative to C. tepidum growth on S0 or thiosulfate.
Interestingly, the TC-to-protein ratio was not correlated with ac-
etate depletion; thus, decreased cell volume in acetate-depleted
cultures is not a result of storage carbohydrate degradation.

C. tepidum amino acid composition varies across the energy
landscape. The bulk amino acid composition of C. tepidum bio-
mass, as determined from the AAA measurements (see Fig. S5 in
the supplemental material), exhibited statistically significant
changes across the energy landscape. MANOVA produced a
highly significant (P � 0.0001) second-order interaction model
(see Materials and Methods), revealing that the electron donor
(P � 0.0006), light level (P � 0.0001), and culture duration (P �
0.002) affected the abundance of specific amino acids (where the
interaction of the light level and culture duration had a weak ef-
fect, P � 0.04). The electron donor had the most significant effect
on Gly (P � 0.0001; see Fig. S6A in the supplemental material),
which was enriched on sulfide and depleted on thiosulfate. In-
creasing light decreased the Asx content (P � 0.0003; see Fig. S6D
in the supplemental material) and enriched for Lys (P � 0.0015;
see Fig. S6F in the supplemental material). Increased culture du-
ration enriched for Pro (P � 0.0008; see Fig. S6C in the supple-
mental material) and decreased Arg (P � 0.002; see Fig. S6B in the
supplemental material) and Gly (P � 0.007; see Fig. S6A in the
supplemental material).

Light flux affects biomass amino acid composition according
to amino acid biosynthetic cost. A closer inspection revealed that
light induced subtler changes in nearly all amino acids. High light
flux enriched for amino acids with high biosynthetic ATP require-
ments, while low light flux enriched for amino acids with low
biosynthetic ATP costs (Fig. 4A; values for photosynthetic bacteria
from reference 45). When the cost of amino acid synthesis for C.
tepidum biomass (Pavg) was calculated by using the amino acid
composition data and the energetic costs of synthesizing each
amino acid in terms of the ATP required per amino acid (45),
Pavg was positively correlated with light flux (Fig. 4B; P � 0.002
for light as a single factor, P � 0.0008 when including culture
duration as a nonlinear effect). The mean change in Pavg be-
tween the low- and high-light conditions was 0.14 
 0.04 ATP per
amino acid. Different amino acids did not contribute equally to
the change in Pavg—for example, Lys was the largest contribu-
tor, while Pro and Thr slightly opposed the overall trend (see Table
S3 in the supplemental material). However, excluding individual
amino acids from the Pavg calculation did not eliminate the re-

FIG 3 Effects of the electron donor and acetate depletion on cell volume and
storage carbohydrate accumulation across cultures at different growth rates. Box-
and-whisker plots of culture-averaged log-transformed cell volumes (A) and total
culture carbohydrate (B) normalized to culture protein binned by growth rate and
classified by electron donor identity and acetate (Ac) availability. The number of
cultures in each grouping is indicated above the box. Acetate was fully depleted by
the 26-h time point for S0- and thiosulfate-grown cultures at the medium (20
	mol photons m�2 s�1) and high (35 	mol photons m�2 s�1) light levels.

FIG 4 Light level affects variation in amino acid abundance according to biosynthetic cost. (A) Mean values of the normalized difference from the average
composition are plotted as a function of light. Statistical significance: *, P � 0.05; **, P � 0.01; ***, P � 0.001. Amino acids are arranged in order of increasing
biosynthetic cost (ATP required per amino acid) using values for phototrophic bacteria (45). The average amino acid biosynthetic cost for C. tepidum biomass
(21.8 ATP molecules per amino acid) is indicated by the vertical dashed line. Error bars represent the standard error of the mean within each light level. (B)
Box-and-whisker plot representation of the distribution of the measured Pavg values for low, medium, and high light levels.
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lationship between Pavg and light flux (see Table S4 in the sup-
plemental material), consistent with a globally coordinated alter-
ation of biomass composition.

As C. tepidum is known to increase its BChl c content and
chlorosome volume fraction in response to decreased light flux
(27, 28), we considered the possibility that the observed bias in
amino acid composition at low light levels could be the result of
increased abundance of chlorosome-associated proteins. The
BChl c-to-protein ratio increased with decreasing light for sulfide-
and S0-grown cultures, as expected (see Fig. S7A in the supple-
mental material), although this was not the case for thiosulfate-
grown cultures. We found that the BChl c-to-protein ratio
strongly correlated with the overall amino acid composition (P �
0.0003 by MANOVA), and cultures with similar BChl c-to-pro-
tein ratios clustered together in a principal-component analysis
plot (see Fig. S6B in the supplemental material). However, the
BChl c-to-protein ratio did not correlate with Pavg (P � 0.8; see
Fig. S6C in the supplemental material), suggesting that the bias in
composition toward amino acids with lower biosynthetic costs is
not merely the result of increased chlorosome and chlorosome
protein abundance.

There was no correlation between Pavg and growth rate (P �
0.8; data not shown). All cultures achieved exponential growth,
with maximal rates observed from 0 to 10 h. Growth rates of
low-light cultures were lower with all electron donors (	 � 0.09 to
0.11 h�1) than those of medium-light (0.19 to 0.22 h�1) and high-
light (	 � 0.23 to 0.25 h�1) cultures. Growth rates of cultures
grown at medium (by 37 to 62%) and high (by 65 to 76%) light
levels were lower after 10 h, but cultures continued to grow
through 26 h.

DISCUSSION
Prior extraction of biomass samples improves the accuracy of
indirect protein assays. Bradford and BCA protein assays are sim-
ple, rapid, and inexpensive yet exhibit protein-to-protein variabil-
ity, measure protein indirectly relative to a chosen protein stan-
dard, and are subject to interference from a range of compounds,
including photosynthetic pigments (26). As C. tepidum pigment
content changes in response to the electron donor (12), light in-
tensity (27, 28), and culture duration, we used cultures grown
across the energy landscape to examine this interference by using
AAA as the “gold standard” for protein quantitation (46).

This work established that BCA-EX measurements provided
good overall accuracy in predicting C. tepidum protein without
correction. This method should provide a convenient and more
generally applicable method of protein determination for photo-
synthetic biomass samples. Slightly improved accuracy was ob-
tained from BrR-EX and BrS-EX measurements with an empirical
correction function (Table 1; Fig. 2). However, we expect that the
correction factor will vary between organisms based on different
pigment contents and this will need to be determined for each
organism independently. This study provides a road map for how
to carry out such a correction, if desired.

Extractable pools inferred from protein analyses. Pigments
are typically removed by methanol extraction, and we found that
this introduced changes in biomass amino acid composition by
preferential extraction of alanine, proline, and glutamate/glu-
tamine. This result was interpreted as the loss of free intracellular
amino acid pools in C. tepidum, as these amino acids are observed
as free pools in other microorganisms (47, 48). Prior studies of C.

tepidum indicate that glutamine synthase/glutamine aminotrans-
ferase (GS/GOGAT) is the main route of ammonium assimilation
in C. tepidum (49), which would be expected to contribute to free
pools of glutamate and glutamine. Alanine dehydrogenase (ADH)
has been suggested as an alternative ammonium assimilation
pathway in “Chlorobium chlorochromatii” (50), which is consis-
tent with our observation of an extractable alanine pool. This is
further supported by C. tepidum transcriptome sequencing data
(51), which showed that genes for GS/GOGAT (CT1411, CT0401,
CT0402) and ADH (CT0650, CT0706) were expressed at similar
levels. The significance of free proline in C. tepidum is not clear,
but free-proline pools have been associated with osmotic stress
(44, 47, 52), where converting glutamate to proline enables an in-
crease in the intracellular solute concentration without requiring ad-
ditional positively charged solutes to balance the charge (52).

The overestimation of protein by BCA-WH, but not BCA-EX,
measurements for a subset of the energy landscape treatments
provides evidence for the transient accumulation of an intracellu-
lar, methanol-extractable compound that increases the reduction
of Cu(II) to Cu(I) in the BCA assay. The increase in the BCA-WH
protein signal was predominantly observed in cells grown on sul-
fide or S0, particularly at short culture durations or low light levels
(see Fig. S3 in the supplemental material), and was not present in
cultures grown with thiosulfate as the electron donor or where the
electron donor was largely exhausted. The increase in BCA-WH
could be due to intracellular pools of sulfide or polysulfide, which
have been detected in C. tepidum (unpublished data). Intracellular
pools of polysulfides but not sulfide have also been observed in the
purple sulfur bacterium Allochromatium vinosum (53). While in-
tracellular pools of thiosulfate and sulfite have been previously
quantified in C. tepidum (54, 55), these compounds are not solu-
ble in methanol and would be unlikely to be extracted.

C. tepidum cell size changes suggest storage compound for-
mation. A positive relationship between the growth rate and cell
size of heterotrophic bacteria such as Escherichia coli and Salmo-
nella enterica serovar Typhimurium is textbook material (44), but
whether this property translates to less-well-studied systems like
C. tepidum is not clear. Growth rate and cell size correlate across
different species of cyanobacteria and heterotrophic bacteria, but
data on changes within a given species are lacking (56). Cell size
was observed to correlate with the growth rate of Chromatium
minus, a purple sulfur phototrophic bacterium, where large vari-
ations in cell volume among cells of a constant growth rate were
attributed to intracellular storage of sulfur and glycogen (57). The
Chlorobiaceae synthesize glycogen in the light as a carbon storage
compound and ferment the stored glycogen in the dark to provide
maintenance energy (17, 58–61).

After accounting for growth rate differences, C. tepidum cells
grown on sulfide were larger than on S0 or thiosulfate, a difference
that appears to be due to the accumulation of glycogen in sulfide-
grown cells (Fig. 3B). While degradation of glycogen was previ-
ously described upon the transition from sulfide oxidation to S0

oxidation for members of the family Chromatiaceae (62, 63), this
work directly compared glycogen production levels during the
oxidation of different electron donors in the family Chlorobiaceae.
Enhanced glycogen storage on sulfide suggests that C. tepidum
may use glycogen synthesis in part to cope with and/or store excess
reducing power available during sulfide oxidation. This is consis-
tent with the induction of a high-velocity, low-affinity sulfide:
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quinone oxidoreductase (CT1087) whose physiological role
seems to be primarily sulfide tolerance (51, 64, 65).

The parallel effect of culture parameters on cell length and
volume, but not on cell diameter, suggests that C. tepidum mod-
ulates cell size by altering length rather than diameter. Because C.
tepidum chlorosomes are arranged at the perimeter of cells, the
chlorosome concentration per unit of cell volume will be maxi-
mized by a smaller diameter. Thus, maintaining the cell diameter
may be advantageous for maximizing the light-harvesting poten-
tial of the cells.

Amino acid composition changes induced by energy land-
scape parameters suggest that biosynthetic streamlining at low
energy can be observed with bulk measurements. At the outset,
we did not expect to observe significant changes in amino acid
composition across the energy landscape because we felt that pro-
tein expression changes would be too subtle to be detected in bulk
biomass measurements. However, the data clearly indicate that C.
tepidum biomass composition detectably shifts across the energy
landscape. Furthermore, these shifts appear to be sensible in the
context of the energy landscape when interpreted on the basis of
the energetics of amino acid biosynthesis. The Pavg decreased in
response to decreased light flux, amounting to a difference of
0.14 
 0.04 ATP per amino acid from the high-light to the low-
light conditions (Fig. 4B), which translates to a savings in amino
acid synthesis costs of 0.64% from 21.87 ATP molecules per
amino acid at high light levels. As noted above, tryptophan, the
most energetically expensive amino acid (76.3 ATP molecules per
amino acid [45]), is not measurable by the AAA method em-
ployed. Trp shares chorismate as a biosynthetic intermediate with
Phe and Tyr, which both contribute positively to the Pavg change
in response to light. Thus, we expect that Trp would also positively
contribute to an observed change in Pavg.

This bias of C. tepidum toward using less energetically expen-
sive amino acids at reduced light flux could potentially be an
evolved response for coping with ATP limitation, as members of
the family Chlorobiaceae are adapted to lower light flux than other
phototrophs (16, 66). Interestingly, the first- and third-lowest-
cost proteins in the C. tepidum proteome on a per amino acid basis
(calculated by using the approach of Smith and Chapman [45])
are associated with light harvesting (chlorosome proteins CsmD
and CsmF), and the fourth-lowest-cost protein is associated with
ATP generation (ATP synthase subunit c).

Efficiency in the primary sequence of proteins has been ob-
served previously; highly expressed bacterial genes (as assessed by
major codon usage) tend to code for proteins that use less ener-
getically expensive amino acids (31–33), and extracellular pro-
teins tend to be composed of less energetically expensive amino
acids than intracellular and membrane proteins (45). Further-
more, a survey of yeast transcriptomic data found that resource
limitations (e.g., salt stress, reduced exogenous amino acid avail-
ability, etc.) induced gene expression changes that varied inversely
with the length of the coded proteins (67). However, whereas
these previous studies were based on inferences from bioinfor-
matic analyses and omics data sets, this work reports an experi-
mentally measured shift in an organism’s bulk amino acid com-
position in response to growth conditions. That the bias toward
amino acids with lower biosynthetic cost appears to be indepen-
dent of BChl c content (see Fig. S7C in the supplemental material)
suggests that this effect is the result of global changes in C. tepidum
protein expression, and possibly evolved efficiency in the primary

sequence of proteins important at low light levels, rather than a
mere consequence of increased chlorosome expression.

While a 0.64% cost savings in the energy requirements of
amino acid synthesis at first glance appears quite small, long-term
evolutionary success can be built on such incremental advances.
Estimating that that amino acid biosynthesis accounts for 57% of
the cellular energy budget of a reverse tricarboxylic acid cycle au-
totroph (68), this change in Pavg would translate to a 0.37%
increase in the growth rate, enabling a 10�6 initial proportion of
the population to achieve �99% of the population within 7,300
doublings. This is roughly 20 years, assuming a doubling time of 8
h, which is consistent with the measured growth rate of C. tepidum
under the low-light conditions of this study. While this time frame
is long compared to typical laboratory growth experiments, 20 years
is short compared to evolutionary time scales; for example, there is
evidence that populations of green sulfur bacteria have consistently
occurred in the Mediterranean Sea for �200,000 years (69) and po-
tentially �2,000,000 years (70) and that purple sulfur bacteria have
inhabited Mahoney Lake for �9,000 years (71). Furthermore, the
energy savings and selection coefficient for this advantage (2.5 �
10�3 generation�1, calculated in accordance with reference 72) are
similar to the advantage for switching from low-frequency to high-
frequency codons in highly expressed proteins (31, 73).

The fact that the biases in the cost of amino acid synthesis were
detectable by bulk analysis of biomass rather than by fine-grained
omics-type analyses emphasizes the role that energy flux may play
in the evolved adaptations of organisms and provides experimen-
tal evidence for evolved efficiencies in microbial proteomes. Thus,
future systems-based studies that explore the response of C. tepi-
dum and other environmental microbes to changing energy flux
have the potential to provide deeper insight into the environmen-
tal pressures that have shaped proteins critical for life in low en-
ergy flux environments.

Concluding remarks. The factorial approach employed in this
work, coupled with efforts to reduce culturing variability and es-
tablish robust biomass quantitation, enabled a systematic analysis
of the effects of electron donor, light flux level, and culture dura-
tion, as well as their interacting effects, on the physiology of C.
tepidum. Through the range of treatments produced by this ap-
proach, protein-based biomass quantitation methods were cali-
brated and previously unidentified traits of C. tepidum were re-
vealed. These include changes in glycogen storage as a function of
electron donor and overall biomass amino acid composition in
response to growth conditions. Our observation of a bias in the
amino acid composition toward less energetically expensive amino
acids under low-light conditions provides a “real-time” experimental
observation of whole-biomass amino acid compositional shifts in re-
sponse to energy limitation. Thus, measurements of biomass amino
acid composition have the potential to provide a simple, useful means
to assess and diagnose energy stress or adaptations in applications
such as bioreactor process monitoring. The experimental design ap-
proach employed here enabled simultaneous examination of multi-
ple factors that revealed subtle and interacting-factor effects that
would have remained hidden in studies with single-factor designs.
The generalized approach of carefully designed “landscape”-type
studies can be extended to many other systems to enable the identi-
fication of previously undetected interactions in problems impacted
by multiple interacting factors.

Chlorobaculum tepidum Energy Landscape
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