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ABSTRACT

Chlorophotoautotrophy, the use of chlorophylls to convert light energy into chemical energy for carbon dioxide

fixation, is the primary metabolic process linking the inorganic and organic carbon pools on Earth. To understand

the potential effects of various environmental constraints on the evolution of chlorophototrophy better, we stud-

ied the distribution, diversity, and abundance of chlorophylls and genes involved in their synthesis along geother-

mal gradients in Yellowstone National Park, Wyoming. Genes involved in chlorophyll biosynthesis were

constrained to temperatures of less than �70 �C and were only detected at this elevated temperature when the

pH was in the circumneutral to alkaline range. The upper temperature limit for the detection of chlL ⁄ bchL1 and

bchY2 decreased systematically with increasingly acidic pH, an observation likely attributable to sulfide, which

upon oxidation, generates acidic spring water and reduces the availability of bicarbonate the preferred source of

inorganic carbon for phototrophs. Spring pH was also the best predictor of the phylogenetic diversity of

chlL ⁄ bchL communities. The phylogenetic similarity of chlL ⁄ bchL genes between sites was significantly corre-

lated with that of chlorophylls. The predominance of chlorophyll a and bacteriochlorophyll a among extracted

pigments was consistent with predominance of chlL ⁄ bchL genes affiliated with the Cyanobacteria and Chloro-

flexiales, respectively, and might be related to the fact that the majority of these organisms are photoautotrophs.

Together, these results suggest that a combination of temperature, pH, and ⁄ or sulfide influences the distribution,

diversity, and evolution of chlorophotrophs and the chlorophylls that they synthesize.

Received 18 April 2011; accepted 23 August 2011

Corresponding authors: E. S. Boyd. Tel.: 406 994 7213; fax: 406 994 5407; e-mail: eboyd@montana.edu

J. W. Peters. Tel.: 406 994 7211; fax: 406 994 5407; e-mail: john.peters@chemistry.montana.edu

INTRODUCTION

The current upper temperature limit for chlorophyll (Chl)-

based, phototrophic metabolism is considered to be

�73 �C, and chlorophototrophy at this temperature is com-

monly encountered in geothermal environments with cir-

cumneutral to alkaline pH (Brock & Brock, 1968; Brock,

1973; Boyd et al., 2010; Cox et al., 2011). In environments

with acidic pH, chlorophototrophic metabolism is restricted

to temperatures of less than �56 �C (Brock, 1973; Toplin

et al., 2008). At temperatures above these limits, primary

productivity occurs via the activity of chemolithoautotrophs

(Boyd et al., 2009b). In addition to constraints imposed by

pH and temperature on the distribution of chlorophoto-

trophic metabolism (Boyd et al., 2010), sulfide has been

suggested to constrain the distribution of bacteriochloro-

phylls (BChls) in YNP springs (Cox et al., 2011) because of

the inhibitory effects of sulfide on some but not all oxygenic

phototrophs (Cohen et al., 1986; Miller & Bebout, 2004).

In many thermal features of Yellowstone National Park, WY

(YNP), the formation of sulfuric acid caused by the biotic

and abiotic oxidation of sulfide results in acidic conditions

(Fournier, 2005; Nordstrom et al., 2005). Thus, the pH-

dependent distribution of chlorophototrophy in thermal fea-

tures of YNP noted previously may reflect constraints

1 chlL ⁄ bchL: gene encoding the L protein (ChlL ⁄ BchL) of dark-

operative protochlorophyllide reductase (DPOR).
2 bchY: gene encoding the Y protein (BchY) of chlorophyllide oxido-

reductase (COR).
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imposed by elevated concentrations of sulfide in spring

waters.

Eukaryotic algae and cyanobacteria are oxygenic chloro-

phototrophs that oxidize water and release O2 to generate

energy and reducing power to drive cellular synthesis and

metabolism. In contrast, anoxygenic photoautotrophs gener-

ate energy and reducing power through the oxidation of

reduced sulfur compounds, hydrogen, or ferrous iron (Black-

enship et al., 2007). All chlorophototrophs, whether anoxy-

genic or oxygenic, use photochemical reaction centers that

contain (B)Chls to convert light energy into stored chemical

potential energy (Bryant & Frigaard, 2006). Two types of

photochemical reaction centers are known, denoted type 1

and type 2. Type-1 reaction centers produce weak oxidants

and strong reductants (reduced Fe ⁄ S clusters), and type-2

reaction centers produce strong oxidants and weak reductants

(reduced quinones) (Blankenship & Hartman, 1998; Bryant

& Frigaard, 2006). Oxygenic chlorophototrophs contain

both types of reaction centers in the form of Photosystems I

and II, with water oxidation being catalyzed by the latter. In

contrast, anoxygenic phototrophs characteristically produce

only a single type of reaction center, which can be of either

type (Bryant & Frigaard, 2006).

All chlorophototrophs synthesize two types of pigments:

BChls and ⁄ or Chls, which function in both light harvesting

and photochemistry, and carotenoids, which primarily act as

photoprotective pigments but can also function in light har-

vesting (Frank et al., 1999; Chew & Bryant, 2007). Thirteen

types of Chls (Chl a, b, d, f; divinyl-Chl a and b; and

81-hydroxy-Chl a) and BChls (BChl a, b, c, d, e, and g) have

been identified in bacteria (Chew & Bryant, 2007). Each

absorbs unique wavelengths of light that extend from the near

UV to the near infrared (Chew & Bryant, 2007; Chen et al.,

2010). The absorption spectral differences associated with

these (B)Chls allow visible and near-infrared light to be parti-

tioned among the various members of phototrophic commu-

nities, which leads to niche differentiation and the coexistence

of multiple chlorophototrophic populations within ecosys-

tems (Stomp et al., 2004; Ward et al., 2006). The diversity in

(B)Chl structures and thus their light-harvesting properties

results from the activities of enzymes that act late in the

Chl ⁄ BChl biosynthetic pathway (Suzuki & Bauer, 1995;

Armstrong, 1998; Chew & Bryant, 2007). One such enzyme

is the dark-operative protochlorophyllide (Pchlide) oxidore-

ductase (DPOR), which catalyzes the light-independent

stereo-specific reduction in the D-ring of Pchlide a resulting

in chlorophyllide a (Chlide a) (Brocker et al., 2010; Muraki

et al., 2010) in all anoxygenic phototrophs (Yamazaki et al.,

2006). DPOR is encoded by chlN ⁄ bchN, chlB ⁄ bchB, and

chlL ⁄ bchL and is evolutionarily related to nitrogenase (Hearst

et al., 1985; Burke et al., 1993; Suzuki & Bauer, 1995;

Armstrong, 1998). Although all cyanobacteria encode for

DPOR, similar to eukaryotic algae and plants, they also

possess a light-dependent protochlorophyllide reductase

(POR) enzyme that can catalyze this reaction (Suzuki & Bau-

er, 1995; Reinbothe et al., 2010). Chlide a can be further

modified by a number of enzymes to produce Chl and BChl

derivatives specialized to use a spectrum of light energies

(Blankenship & Hartman, 1998; Chew & Bryant, 2007).

Chlide oxidoreductase (COR) reduces the B-ring of Chlide a

in pathways leading to BChl a, b, and g in various anoxygenic

phototrophs (Watzlich et al., 2009). COR is a multi-enzyme

complex related to DPOR by gene duplication and is encoded

by bchX, bchY, and bchZ (Lockhart et al., 1996; Nomata et al.,

2006; Chew & Bryant, 2007).

PCR primers for the specific amplification of genes involved

in photosynthetic pigment (BChl ⁄ Chl) biosynthesis have

recently been developed to examine the ecology of photo-

trophic populations. For example, PCR primers for the spe-

cific amplification of the L protein of DPOR (encoded by chlL

in algae and cyanobacteria and by bchL in anoxygenic photo-

trophs) have been developed as proxies to characterize the

distribution of chlorophototrophs in geothermal springs in

YNP (Boyd et al., 2010). In addition, PCR primers for the

specific amplification of bchY, encoding a component of

COR, have been developed as a proxy to characterize the

distribution and diversity of anoxygenic phototrophs (Proteo-

bacteria, Chlorobi, Chloroflexi, Acidobacteria, and Firmicutes)

in the East Mediterranean Sea and in Lake Kinneret in Israel

(Yutin et al., 2009). Thus, both genetic and biochemical

markers are now available for use in examining the ecology of

chlorophototrophic populations in natural environments. In

this study, we characterized spatial patterns in the distribu-

tion, diversity, and abundance of chlL ⁄ bchL and bchY and the

composition and diversity of Chls and BChls along geother-

mal gradients in YNP. An integrated statistical and phyloge-

netic framework was employed to decipher linkages between

the phylogenetic diversity of Chl ⁄ BChl biosynthesis genes,

the relative distribution of different chlorophototrophic

pigments, and the environment. Collectively, these results

suggest that a combination of temperature, pH, and ⁄ or

sulfide influences the distribution, diversity, and evolution of

chlorophotrophs.

MATERIALS AND METHODS

Sample collection and DNA extraction

Mat and ⁄ or sediment samples were collected from 105

springs from four geographically distinct locations in YNP.

Samples were collected from the Witch Creek area near Heart

Lake (HL), in and around Imperial Geyser (IG) located within

the Lower Geyser Basin, from the thermal features along the

north shore of Nymph Lake (NL), and from thermal features

in the One Hundred Springs Plain area of Norris Geyser Basin

(NG). Mat or sediment samples were collected aseptically with

flame-sterilized spatulas, transferred to sterile 1.5-mL centri-

fuge tubes, and flash frozen in a dry ice ⁄ ethanol bath. Samples

Environmental constraints defining the distribution, composition, and evolution 237

� 2011 Blackwell Publishing Ltd



were transported to the laboratory at Montana State Univer-

sity on dry ice and stored at )80 �C until further processed.

Genomic DNA was extracted from approximately 100 mg of

mat or sediment using a combined chemical (sodium dodecyl

sulfate and Tris-buffered phenol) and physical (ballistic bead

beating) protocol as previously described (Boyd et al.,

2007b). Extractions were performed in duplicate, pooled,

and quantified by agarose gel electrophoresis using the High

DNA Mass Ladder (Invitrogen, Carlsbad, CA, USA).

Approximately 5 ng of template from each DNA extraction

was subjected to PCR amplification of SSU rRNA genes to

ensure that the extracted DNA was suitable for PCR. SSU

rDNA amplication was performed using the archaeal primer

931F (5¢-AAGGAATTGGCGGGGGAGCA-3¢) or bacterial

primer 1070F (5¢-ATGGCTGTCGTCAGCT-3¢) in combi-

nation with the universal primer 1492R (5¢-GGTTACC

TTGTTACGACTT-3¢) as previously described (Boyd et al.,

2007a). An annealing temperature of 55 �C was used for

both reactions.

Chemical analyses

The 105 mat or sediment samples collected from four loca-

tions in YNP were initially chosen to include the wide range

temperature and pH combinations in the thermal features of

YNP. The temperature and pH of each sampling site were

determined using a model 59002-00 Cole Parmer tempera-

ture-compensated pH meter. Forty-one sites where chloro-

phototrophs were present were chosen for detailed chemical

and biological analyses. Unless otherwise stated, all aqueous

geochemical measurements were taken on site at the time of

sample collection. Ferrous iron (Fe2+) and total sulfide (S2))

were quantified onsite using Hach ferrozine pillows and Hach

sulfide reagents 1 and 2, respectively, and a Hach DR ⁄ 2000

Spectrophotometer (Hach Company, Loveland, CO, USA).

For total ammonia, nitrate (NO�3 ), and nitrite (NO�2 ) deter-

minations, source water (10 mL) was filter-sterilized

(0.22 lM) into sterile tubes and stored at )20 �C for transport

to the laboratory. A SEALQuAAtro instrument (Seal Analy-

tical, West Sussex, UK) was used to determine the concentra-

tions of these analytes. The instrument was calibrated daily

with fresh standards. Conductivity was measured using a YSI

model 33 S-C-T meter (Yellow Springs Instrument Com-

pany, Inc., Yellow Springs, OH, USA); measurements were

standardized to a common temperature of 25 �C (Condstd) as

previously described (Hamilton et al., 2011a).

PCR amplification of chlL ⁄ bchL and bchY

Primers chlL ⁄ bchL-54F (5¢-CARATYGGHTGYGAYCCNAA

RCAYGA-3¢) and chlL ⁄ bchL-167R (5¢-AAYGRYTTYGAYD

SBWTHTTYGC-3¢) (Integrated DNA Technologies, Coral-

ville, IA, USA) were used to amplify a �340-bp fragment of

chlL ⁄ bchL as previously described (Boyd et al., 2010) using

10 ng of genomic DNA as template. Primers bchY_fwd (5¢-
CCNCARACNATGTGYCCNGCNTTYGG-3¢) and bchY_rev

(5-GGRTCNRCNGGRAANATYTCNCC-3¢) were used to

amplify a �500-bp fragment of bchY as previously described

(Yutin et al., 2009) using 10 ng of genomic DNA as tem-

plate. In contrast to bchY, which is only present in anoxygenic

phototrophs, nearly all chlorophototrophs except some algae

and plants encode chlL ⁄ bchL (Suzuki & Bauer, 1995; Chew &

Bryant, 2007; Willows, 2007).

The chlL and bchL PCR products from a total of 16 sites,

spanning the range of spring types from which the gene was

recovered, were chosen for more in-depth sequence analysis.

PCR products were purified using the Wizard PCR Preps

DNA Purification System (Promega, Madison, WI, USA),

quantified using the Low DNA Mass Ladder (Invitrogen),

cloned using the pGEM-T Easy vector system (Promega), and

sequenced using the M13F-M13R primer pair as previously

described (Boyd et al., 2007a).

Phylogenetic analysis of chlL and bchL

Putative chlL and bchL sequences were translated using the

ExPASY proteomics server (http://www.expasy.ch/tools/

dna.html). Inferred amino acid sequences were aligned using

CLUSTALX (version 2.0.8) (Larkin et al., 2007) using the

Gonnet 250 protein weight matrix. ClustalX was also used to

create a pairwise sequence identity matrix that served as an

input for the program DOTUR (Schloss & Handelsman, 2005).

DOTUR was used to identify unique operational taxonomic

units (OTUs), to perform rarefaction analyses, and to assess

sequencing depth, using a sequence identity threshold of 99%

(0.01) (Table S1). BLASTp was used to determine the phylo-

genetic affiliation of each sequence, at the order level of taxo-

nomic classification (Table S2 and Fig. 4).

The phylogenetic position of each unique chlL or bchL

OTU obtained from each environment (a total of 138

sequences), as identified using DOTUR, was evaluated using

MRBAYES (version 3.1) (Ronquist & Huelsenbeck, 2003).

The outgroups for the phylogenetic analyses of chlL and bchL

were the paralogous nifH genes from Nostoc sp. PCC 7120

(AF012326) and Pelobacter carbinolicus DSM 2380

(CP000142). Tree topologies were sampled every 1000 gen-

erations for 3.375 · 106 generations using the generalized

time reversible (GTR) evolutionary model with gamma-

shaped rate variation with a proportion of invariable sites as

recommended by MODELTEST (version 3.8) (Posada, 2006). A

consensus phylogram was generated from 344 trees sampled

at likelihood stationarity (standard deviation of split frequen-

cies <0.04). The chlL ⁄ bchL gene consensus phylogram was

rate-smoothed using the data-driven penalized likelihood

(PL) approach (Sanderson, 2002) as implemented in APE (ver-

sion 2.5) (Paradis et al., 2004) within R (version 2.10.1) using

an alpha smoothing parameter of 0.50. PHYLOCOM (version

4.0.1) (Webb et al., 2008) was used to construct a commu-
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nity phylogenetic distance matrix using Rao phylogenetic dis-

tances as previously described (Boyd et al., 2010). Detailed

methods describing diversity statistics and the community

ecological analyses are included in the Supporting Informa-

tion. Nucleotide sequences from representatives of each of the

138 unique chlL and bchL OTUs identified with DOTUR

have been deposited in the GenBank, DDBJ, and EMBL data-

bases under accession numbers JF828768 to JF828906

(Table S2).

Quantitative PCR

Quantitative PCR (qPCR) was used to estimate the number

of bchL and bchY templates associated with the sixteen mat

and sediment samples, which were chosen for in-depth analy-

sis using previously described methods (Boyd et al., 2011;

Hamilton et al., 2011b). Two bchL and two bchY plasmid

clones were used to generate standard curves for use in relat-

ing the template copy number to threshold qPCR amplifica-

tion. Amplicons for chlL ⁄ bchL and bchY were produced from

plasmid clone templates using PCR conditions specific for

each gene, as described earlier. PCR products were purified

and quantified fluorimetrically using a NanoDrop 1000 Spec-

trophotometer (ThermoFisher, Waltham, MA, USA). For

quantification of chlL and bchL, a standard curve was gener-

ated above five orders of magnitude that ranged from

2.63 · 102 to 9.63 · 107 copies of template per assay

(R2 = 0.991). The detection limit for the chlL ⁄ bchL qPCR

assay was �20 copies of template per assay. For quantification

of bchY, a standard curve was generated over five orders of

magnitude that ranged from 4.86 · 102 to 7.47 · 107 copies

of template per assay (R2 = 0.994). The detection limit for

the bchY qPCR assay was also �20 copies of template per

assay. Genomic DNA from the 16 environments was quanti-

fied fluorimetrically as described earlier, and qPCR reactions

were assayed using a Rotor-GeneQ quantitative real-time

PCR machine (Qiagen, Valencia, CA, USA). qPCR reactions

(20 lL) containing a final primer concentration of 500 nM

were performed in optically clear 0.5-mL PCR tubes (Corbett

Research, Sydney, NSW, Australia) using the Sso-FastTM

EvaGreen Supermix (Bio-Rad Laboratories, Hercules, CA,

USA). All reactions were performed in triplicate using the

following cycling conditions: initial denaturation (95 �C for

10 min) followed by 40 cycles of denaturation (95 �C for

10 s), annealing (56.5 �C for amplification of chlL ⁄ bchL,

51 �C for amplification of bchY for 15 s), and extension

(72 �C for 20 s). The specificity of qPCR reactions was veri-

fied using melting curves.

Pigment extraction and HPLC analysis

Pigment extraction and HPLC analyses were performed as

previously described (Frigaard et al., 2004). Mat or sediment

samples were concentrated by centrifugation (12 000 g), and

pigments were extracted from �200 lL pellets by sonication

in acetone ⁄ methanol (7:2, v ⁄ v). Extracts were centrifuged

(12 000 g) to remove debris and filtered through a 0.22-lm

Teflon syringe filter. Pigments were separated by HPLC (Agi-

lent Model 1100; Agilent Technologies, Palo Alto, CA, USA)

equipped with a diode array detector (model G1315B) on a

25 cm by 4.6 mm analytical discovery 5-lm C18 column

(Supelco, Bellefonte, PA, USA); the system was controlled by

AGILENT CHEMSTATION software (Agilent Technologies).

Statistical analyses

Euclidean distance matrices were constructed that described

the between-site dissimilarity in environmental geochemistry

(all parameters considered together), pigment composition

(normalized to relative abundance), carotenoid composition

(normalized to relative abundance), order-level taxonomic

affiliations (normalized to relative abundance), the abundance

of chlL ⁄ bchL (normalized to copies per ng DNA), and abun-

dance of bchY (normalized to copies per ng DNA). Mantel

tests were used to quantify the relationships among these

matrices, as well as the Rao phylogenetic distance matrix,

using the program XLSTAT (version 2009.5.01, New York,

NY, USA). Ten thousand permutations employing two-tailed

t-tests were used to determine the strength and significance of

the relationships between matrices, respectively. Principal

component-based factor analysis employing Pearson corre-

lation and Varimax rotation (Kaiser normalization) was

performed to identify linkages between the taxonomic,

Chl ⁄ BChl, and carotenoid compositions of the phototrophic

communities using XLSTAT software. The number of factors to

retain was determined empirically by examining scree plots of

axis eigenvalues for the characteristic ‘‘elbow’’. Axes with

eigenvalues below this ‘‘elbow’’ bend were not included in

the Varimax rotation. Pearson linear regressions were used to

identify relationships between individual parameters. Pearson

linear regressions were also performed using XLSTAT. Second-

order polynomials were used to describe the relationship

between phylogenetic diversity and single environmental

variables because ecologically, it is unlikely that a metabolic

guild would have a multi-modal or a linear response to a single

variable.

RESULTS AND DISCUSSION

Environmental constraints on the distribution of chlL, bchL,

and bchY

The distribution of chlL and bchL as proxies for chlorophoto-

trophy (oxygenic and anoxygenic phototrophs, respectively)

was examined in 105 mat and sediment samples from

YNP geothermal springs spanning a temperature range of

16–93 �C and a pH range from 1.9 to 9.8. Amplicons for

chlL ⁄ bchL of the predicted size were detected via PCR in
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DNA extracts from 68 of the 105 samples, all of which were

derived from sites having temperatures of <70 �C (Fig. 1A).

Amplicons for bchL and chlL were universally detected in

samples collected from environments with temperatures

<70 �C when the pH was alkaline to slightly acidic (pH >4.0).

In contrast, the successful amplification of bchL and chlL in

this study was generally constrained to samples obtained from

lower temperature environments (<52 �C) when the spring

pH was acidic (<4.0). These data indicate that a combination

of temperature and pH is likely to constrain the distribution of

organisms encoding chlL or bchL within the Yellowstone geo-

thermal complex. These findings are consistent with the previ-

ous efforts to characterize the constraints on the distribution

of Chl biosynthesis in YNP springs (Boyd et al., 2010), as well

as previous efforts to characterize the distribution of photo-

synthetic pigments in YNP microbial mats (Brock & Brock,

1968; Brock, 1973; Cox et al., 2011). However, in contrast

to previous studies, which failed to find evidence for Chl-

based phototrophy above a temperature of 52 �C in acidic

environments (pH <4.0), bchL and chlL sequences were

detected in two sites with temperatures of �60 �C and pH of

2.0 and 3.5 (Fig. 1A). To investigate whether these sequences

were likely to be derived from organisms indigenous to these

springs, we quantified the abundance of bchL and chlL

sequences in each sample. qPCR analysis indicated that the

bchL ⁄ chlL sequences in these two environments were present

at relatively low abundances (<100 copies ng)1 DNA). The

low abundance values suggested that these chlL ⁄ bchL genes

probably originated from soils that surround these thermal

features. However, further sequence analyses and physiologi-

cal experimentation will be required to provide conclusive evi-

dence that these bchL ⁄ chlL amplicons truly have an exogenous

origin.

The distribution of anoxygenic phototrophs in the 105

geothermal spring samples was determined by screening for

bchY, a gene involved in the biosynthesis of BChls a, b, and g

in these organisms. Amplicons for bchY of the predicted size

were detected in 54 of the 105 samples screened. When plot-

ted as a function of pH and temperature, the distribution of

bchY was similar to that observed for chlL ⁄ bchL (Fig. 1A,B).

Like chlL ⁄ bchL, bchY was detected universally in DNA extracts

from mat ⁄ sediment samples collected from environments

with temperatures <70 �C when the pH was in the alkaline to

circumneutral range (pH >5.0) (Fig. 1B). The upper temper-

ature limit for the detection of bchY in acidic environments

(pH <5.0) was �46 �C (Fig. 1B). When compared to

chlL ⁄ bchL (Fig. 1A), the distribution of bchY (Fig. 1B)

appeared to be constrained by pH to a greater extent.

Although Chl a and BChl a have similar susceptibilities to

demetalation (Kobayashi et al., 1998), structural differences

in the cell walls or photosynthetic apparatus of different chlo-

rophototrophs could cause differential sensitivity to acidic

pH conditions. In samples collected from acidic (pH <3.0)

environments, bchY was only detected in seven samples in

environments with temperatures lower than �46 �C
(Fig. 1B) compared to 16 environmental samples in which

chlL ⁄ bchL sequences were detected (Fig. 1A). Because

chlL ⁄ bchlL genes are found in both oxygenic and anoxygenic

chlorophototrophs but bchY is only found in anoxygenic

organisms (Chew & Bryant, 2007), these results suggest that

the distribution of anoxygenic chlorophototrophs is more

constrained by temperature and pH than the distribution of

oxygenic phototrophs.

In addition to temperature and pH, the distribution of

chlL ⁄ bchL and bchY genes was examined as a function of

sulfide concentration in 57 of the 105 environmental samples

for which sulfide data were available (Tables 1 and S5). With

the exception of one environmental sample (total sulfide con-

centration = 34.1 lM), chlL ⁄ bchL genes were not detected in

springs with total sulfide concentrations of >5 lM in the

springs examined in the present study (Fig. 2). The distribu-

tion of bchY as a function of sulfide was similar to that

observed for chlL ⁄ bchL. This suggested that sulfide influences

the distribution of both oxygenic and anoxygenic photo-

trophs to a similar extent. This is consistent with recent

observations on pigmented biofilms characteristic of chloro-

phototrophic populations in outflow channels of thermal

features with depleted sulfide concentrations of less than

�500 lg L)1 or �16 lM (Cox et al., 2011). Considering

that some anoxygenic chlorophototrophs (e.g., Chlorobiales,

Chromatiales, and some Chloroflexiales) use sulfide and other

reduced sulfur compounds as electron donors (Blackenship

A B

Fig. 1 The presence (blue diamond) or absence

(red circle) of chlL ⁄ bchL (Panel A) and bchY (Panel

B) in the 105 mat and sediment samples plotted as a

function of spring water pH and temperature.
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et al., 2007; Bryant et al., 2011), the observation that chloro-

phototrophy is suppressed by increasing sulfide concentration

is not intuitive. These observations strongly suggest that the

majority of the phototrophs in the sites examined in this study

are not oxidizing sulfide.

Diversity of bchL in the YNP geothermal complex

Sixteen environmental samples in which chlL ⁄ bchL amplicons

of the predicted size were detected were chosen for more

detailed biological and chemical analyses. These environments

were selected in an attempt to sample the physical and chemi-

cal diversities of sites in which the chlL ⁄ bchL genes were

detected (Table 1). These 16 samples were collected from

environments spanning a temperature range from 22.5 �C to

69.0 �C and a pH range from 2.06 to 9.30. A total of 485

chlL ⁄ bchL amplicons were sequenced with an average of

30 sequences per site (Table S1). Rarefaction analyses indi-

cated that the predicted chlL ⁄ bchL sequence richness (>78% of

predicted total) had been sampled with an average sequencing

depth of 93.2% of the predicted total across all 16 environ-

ments (Table S1). Phylogenetic reconstruction of representa-

tive OTUs from the total 485 sequences (Table S2) yielded a

statistically well-supported phylogram which facilitated an

examination of the constraints on the phylogenetic diversity

and structure of the chlL ⁄ bchL sequences. Dq, an abundance-

weighted b-diversity metric, was used to examine the phyloge-

netic diversity and structure of chlL ⁄ bchL genes from these

environments. Higher values of Dq are observed in assem-

blages with greater branch lengths (greater phylogenetic

diversity) relative to the total sequence pool (all sequences

in the phylogeny). Dq varied from 0.18 to 0.60 in the 16

chlL ⁄ bchL communities (Table 2). Dq was significantly corre-

lated with sample site pH [second-order polynomial

R2 = 0.54 (Fig. 3A)]. This suggested that pH influences the

phylogenetic diversity of chlL ⁄ bchL assemblages in the YNP

geothermal complex. Interestingly, the phylogenetic diversity

of chlL ⁄ bchL sequences was greater in acidic and alkaline envi-

ronments, but decreased Dq values were observed in environ-

ments that ranged in pH from 4.0 to 6.0 (Table 2), albeit few

environments within this pH realm were sampled in the

present study. This is attributable to the fact that few environ-

ments within YNP are within this range of pH (Brock, 1971),

and of those, few are thought to support photosynthesis (Cox

et al., 2011).

Springs in YNP are generally either acidic (sulfuric acid

buffered) or alkaline (carbonate buffered). This is because of

the boiling of hydrothermal fluids in the subsurface under

high pressure, which leads to the partitioning of various sol-

utes and volatile gases into either the vapor phase or hot-water

phase (Fournier, 2005; Nordstrom et al., 2005). Vapor-

dominated (sulfide-rich) springs are generally acidic whereas

springs dominated by hot-water phase (sulfide-depleted) liq-

uids are generally neutral to alkaline. Springs with circumneu-

tral to slightly acidic pH (e.g., pH 4–6) are generally the result

of dilution of vapor-dominated water with meteoric fluid, the

extent of which can be affected by water table drawdown as a

function of seasonal changes in precipitation and hydrology

(Nordstrom et al., 2005). Nonstable systems such as these

might be expected to select for higher biological diversity,

which in turn would enable the metacommunity to respond

to changes in both physical and chemical conditions in these

environments (McCann, 2000), a feature that has been linked

to increased ecosystem function and stability (Tilman et al.,

1997). To the extent to which genetic diversity correlates with

functional diversity, the low phylogenetic diversity associated

with chlL ⁄ bchL assemblages sampled from slightly acidic

springs appears to contradict this paradigm. This could

Table 1 Physical and chemical data for the YNP thermal features chosen for in-depth analyses in the present study

Site (YNP ID)

GPS

Latitude Longitude pH

Temp.

(�C)

Salinity

(&)

Total sulfide

(lM)

Fe2+

(lM)

NO)
2

(lM)

NO)
3

(lM)

Total

ammonia (lM)

NG22 (NA) N 44�43¢58.9¢¢ W )110�42¢33.2¢¢ 2.61 22.5 2.3 BD* 6.8 0.03 0.91 87.8

NL6 (NA) N 44�45¢06.9¢¢ W )110�43¢42.8¢¢ 2.06 32.7 2.6 BD* 30.1 0.27 BD* 26.7

IG3 (NA) N 44�31¢54.6¢¢ W )110�52¢33.3¢¢ 6.38 35.5 0.6 1.3 BD* 0.31 0.22 12.2

NG20 (NA) N 44�43¢35.8¢¢ W )110�42¢32.9¢¢ 3.01 39.2 1.5 3.8 19.8 0.07 0.43 94.1

IG28 (NA) N 44�31¢54.6¢¢ W )110�52¢33.3¢¢ 8.80 43.8 1.5 BD* BD* 0.26 0.46 5.8

HL1 (NA) N 44�18¢17.8¢¢ W )110�31¢19.9¢¢ 8.49 47.7 1.1 0.1 0.2 0.87 1.98 8.6

IG30 (NA) N 44�31¢54.6¢¢ W )110�52¢33.3¢¢ 9.00 47.9 0.1 0.4 BD* 0.25 0.39 5.0

HL8 (NA) N 44�18¢14.1¢¢ W )110�31¢16.7¢¢ 9.36 48.4 2.0 0.6 0.5 0.70 1.02 4.6

IG11 (NA) N 44�31¢54.6¢¢ W )110�52¢33.3¢¢ 8.50 52.4 1.8 2.5 BD* 0.16 0.34 1.1

NL4 (NA) N 44�45¢12.7¢¢ W )110�43¢30.8¢¢ 7.08 53.3 3.5 3.3 0.7 0.17 BD* 1.9

HL9 (NA) N 44�18¢15.8¢¢ W )110�31¢23.0¢¢ 9.45 54.5 2.4 34.1 5.2 0.12 0.39 1.6

NL2 (NA) N 44�45¢12.7¢¢ W )110�43¢30.8¢¢ 6.75 58.0 3.0 4.4 1.6 0.20 0.19 2.6

NG14 (NBB113) N 44�43¢35.8¢¢ W )110�42¢32.9¢¢ 7.46 60.2 3.0 BD* BD* 0.34 0.95 13.8

NG19 (NA) N 44�43¢40.4¢¢ W )110�42¢36.9¢¢ 4.43 64.8 2.5 1.1 11.0 0.03 0.80 111.9

HL15 (NA) N 44�18¢17.2¢¢ W )110�31¢23.9¢¢ 8.88 67.0 3.1 2.3 0.2 0.64 0.64 4.9

HL5 (HLFNN164) N 44�18¢14.1¢¢ W )110�31¢16.7¢¢ 9.30 69.0 2.8 0.4 9.3 0.86 0.45 3.9

NL, Nymph Lake; IG, Imperial Geyser within the Lower Geyser Basin; HL, Heart Lake Geyser Basin; NA, not available; NG, Norris Geyser Basin; BD, below detection.

*Method detection limits for Fe2+ = �180 nM; NO)
3 = �7 nM; Total sulfide = �150 nM.
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indicate that the chlorophototroph populations that inhabit

this narrow pH realm are constrained by other parameters, in

addition to pH.

Spring salinity was also a strong predictor of chlL ⁄ bchL Dq

(second-order polynomial R2 = 0.37) (Table 3). The trend

noted in the regression suggests that Dq is highest in environ-

ments with low salinity (<2.5%) and decreases markedly in

samples with salinities greater than 2.5% (Fig. 3). The role of

pH and salinity in constraining the phylogenetic diversity and

structure of chlL ⁄ bchL communities was verified using

community ecological approaches, the results of which are

presented in Table S3 and in the Results in Data S1. Strong

correlations between the phylogenetic composition of func-

tional guilds (e.g., hydA and nifH as proxies for fermentative

bacteria and diazotrophs, respectively) and salinity have previ-

ously been noted in microbial communities inhabiting

YNP springs (Boyd et al., 2010; Hamilton et al., 2011a).

Importantly, no correlation was noted between spring pH

and salinity in this work, suggesting that these two parameters

independently influence chlL ⁄ bchL diversity. In YNP springs,

elevated salinity is typically reflective of a greater extent of sub-

surface water–rock interaction owing to longer residence time

or contact with different rock types (Fournier, 2005; Nord-

strom et al., 2005). The mechanism by which salinity influ-

ences phototrophic metabolism and how it may constrain

diversity is currently not known. Nevertheless, the influence

of salinity on phototroph diversity, as observed here, is consis-

tent with the previous reports, which indicates that salinity

A

B

Fig. 2 The presence (green fill) or absence (no fill) of chlL ⁄ bchL amplicons

plotted as a function of the total sulfide concentration and temperature of

spring water (Panel A) and the total sulfide concentration and pH of spring

water (Panel B).

Table 2 Phylogenetic diversity metrics for the 16 chlL ⁄ bchL assemblages

Plot pH

Temp.

(�C) Dp NRI P-value* NTI P-value*

NG22 2.61 22.5 0.46 2.01 0.04 0.91 0.19

NL6 2.06 32.7 0.26 0.47 0.24 0.64 0.28

IG3 6.38 35.5 0.29 0.32 0.31 )0.13 0.48

NG20 3.01 39.2 0.39 1.10 0.12 2.18 0.01

IG28 8.80 43.8 0.47 )0.79 0.17 )0.31 0.39

HL1 8.49 47.7 0.57 )0.10 0.49 0.63 0.26

IG30 9.00 47.9 0.54 )0.57 0.27 )0.11 0.44

HL8 9.36 48.4 0.55 1.16 0.11 )0.73 0.24

IG11 8.50 52.4 0.56 )0.30 0.40 0.38 0.37

NL4 7.08 53.3 0.18 1.69 0.08 1.66 0.07

HL9 9.45 54.5 0.60 )0.70 0.21 )0.55 0.71

NL2 6.75 58.0 0.23 0.49 0.24 0.61 0.30

NG14 7.46 60.2 0.18 2.45 0.02 0.38 0.36

NG19 4.45 64.8 0.39 0.45 0.28 2.31 0.01

HL15 8.88 67.0 0.45 0.17 0.39 0.59 0.29

HL5 9.30 69.0 0.38 1.12 0.11 1.96 0.02

Dq, Rao’s quadratic entropy; NRI, net related index; NTI, nearest taxon index.

*Statistical confidence (P-value) determined by comparison to randomly

generated phylogenies.

A B

Fig. 3 Relationship between Rao’s phylogenetic

diversity (Dq) and spring pH (Panel A) and spring

salinity (Panel B). A second-order polynomial fit and

associated R2 value are depicted for each relation-

ship.
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influenced the cellular growth and CO2 fixation activities

differentially in a number of phototrophic lineages (Vonshak

et al., 1988; Karsten, 1996; Moisander et al., 2002). This

suggests that phototrophic strains are adapted to specific

salinity regimes (Abed et al., 2007). In addition, the diversity

and abundance of phototrophs have been observed to

decrease in response to increasing salinities in cyanobacterial

mat communities (Abed et al., 2007).

Composition of chlL ⁄ bchL Assemblages

A matrix describing the dissimilarity in the taxonomic compo-

sition of the chlL ⁄ bchL genes between sites, when binned at

the order level, was significantly correlated with a matrix

describing the between-site chlL ⁄ bchL Rao phylogenetic dis-

similarity (Mantel R = 0.76, P-value <0.01) (Table 3). This

suggested that the order-level assignments based on the

chlL ⁄ bchL sequences recovered were correct descriptors of

community composition at the phylogenetic level. The major-

ity of chlL ⁄ bchL amplicons recovered in the present study are

most closely related to organisms affiliated with the Cyanobac-

teriales (49.3% of total chlL ⁄ bchL sequences), the Chloroflexi-

ales (36.7% of total chlL ⁄ bchL sequences), or the Bangiales

(5.6% of total chlL ⁄ bchL sequences) (Table S4). This indicates

that these are the primary bacterial (Cyanobacteriales and

Chloroflexiales) and algal (Bangiales) chlorophototrophic lin-

eages in the springs analyzed (Fig. 4). Cyanobacterial chlL

sequences were detected in 15 of the 16 environments ana-

lyzed and bchL sequences affiliated with the Chloroflexiales

were detected in all 16 environments analyzed. Sequences

affiliated with the Bangiales were identified in 3 of the 16 envi-

ronments analyzed. More than half (160 of 268) of the cyano-

bacterial-like chlL sequences recovered in the present study are

most similar to Synechococcus sp. JA-3-3AB and Synechococcus

sp. JA-2-3B2a, both of which were isolated from thermal fea-

tures within YNP (Allewalt et al., 2006; Bhaya et al., 2007).

Similarly, all of the Chloroflexiales bchL sequences recovered

are most similar to bchL sequences from YNP cultures, includ-

ing Roseiflexus sp. RS-1 (van der Meer et al., 2010) and Chlo-

roflexus sp. Y-400-fl (Ruff-Roberts et al., 1994), or to closely

related strains isolated from hot springs in Japan, including

Roseiflexus castenholzii DSM 13941 (Hanada et al., 2002)

and Chloroflexus aggregans DSM 9485 (Hanada et al., 1995).

The only algal chlL sequences recovered are most similar to

the Porphyra purpurea, which is within the same taxonomic

order, Bangiales, as Cyanidium sp., which are commonly

detected in the acidic springs in YNP (Lehr et al., 2007;

Toplin et al., 2008). The remaining �8% of the bchL

sequences recovered are most closely related to Candidatus

Chloracidobacterium thermophilum (Bryant et al., 2007) or

members of the Rhodospirillales, Chlorobiales, and Chromati-

ales. The distribution of bchL affiliated with these groups was

more restricted in the environments examined. This suggested

that these lineages have much narrower ecological niches than

those occupied by Cyanobacteria and Chloroflexiales, which

are presumably the dominant autotrophic organisms in many

chlorophototrophic communities in YNP. Organisms affili-

ated with Candidatus Chloracidobacterium thermophilum,

the Rhodospirillales, the Chlorobiales, and the Chromatiales are

likely to be photoheterotrophic or photomixotrophic (Bryant

et al., 2011), which would presumably result in subdomi-

nance when compared to Cyanobacteria and Chloroflexiales.

Despite evidence that the phototrophic component of

lower-temperature (<56 �C), acidic environments in YNP is

dominated by eukaryotic algae (Brock, 1973; Lehr et al.,

2007; Boyd et al., 2009b), the majority of the sequences

Table 3 Mantel R (top diagonal) and P-value (bottom diagonal) for regressions of matrices describing the between-site dissimilarity in the variables depicted. Mantel

R values that are statistically significant (P < 0.01) are denoted in bold

Variable Dq Order Env. Geochem.* Pigment chlL ⁄ bchL chlL ⁄ bchL (Oxy)� bchY

Dq – 0.76 0.02 0.41 )0.11 0.25 0.25

Order <0.01 – )0.11 0.48 )0.17 0.22 0.16

Env. Geochem.* 0.82 0.58 – 0.04 )0.01 )0.12 0.07

Pigment <0.01 <0.01 0.70 – 0.04 )0.11 0.09

chlL ⁄ bchL 0.22 0.06 0.90 0.68 – )0.07 0.57

chlL ⁄ bchL (Oxy)� 0.01 0.02 0.19 0.24 0.44 – 0.03

bchY 0.01 0.10 0.42 0.30 <0.01 0.38 –

*Env. Geochem. matrix was constructed using all measured environmental variables (see Table 1).

�Relative abundance of chlL ⁄ bchL genes attributed to oxygenic phototrophs.

Fig. 4 Order-level phylogenetic affiliation of the 485 chlL ⁄ bchL sequences

recovered from the 16 sites.
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recovered in the present study were affiliated with bacterial

phototrophs. The method to extract DNA from the sedi-

ments ⁄ mats used in the present study was identical to that

used previously to examine rbcL diversity, which resulted in

the recovery of sequences that were most closely affiliated with

eukaryotic algae (Boyd et al., 2009a). This suggests that the

extraction method was capable of lysing algal cells. Further-

more, the chlL ⁄ bchL primers align with eukaryotic chlL

sequences, suggesting that they should effectively amplify

algal sequences. Instead, the low number of algal sequences

recovered in the present study probably reflects the fact that

not all eukaryotic algae encode DPOR (Suzuki & Bauer,

1995; Willows, 2007). Indeed, blast analyses against the gen-

ome sequence of Cyanidioschyzon merolae 10D (Matsuzaki

et al., 2004), a eukaryotic phototroph that among sequenced

organisms is most closely related to the Cyanidium spp.

known to inhabit acidic geothermal springs (Lehr et al.,

2007), failed to detect homologs of chlL but detected multi-

ple copies of genes encoding light- and NADPH-dependent

protochlorophyllide reductase (LPOR).

Abundance of chlL ⁄ bchL and bchY

Quantitative PCR was used to determine the abundance of

chlL ⁄ bchL and bchY, which served as proxies for the abun-

dances of total chlorophototrophs and anoxygenic photo-

trophs, respectively, in each of the 16 sites chosen for in-depth

chemical and biological analyses. The chlL ⁄ bchL abundance

varied from�740 copies ng)1 DNA to�13 600 copies ng)1

DNA (Fig. 5) and was not significantly correlated with envi-

ronmental geochemistry when all parameters are considered

together [Mantel R = )0.01, P-value = 0.90 (Table 3)] or

with any individual geochemical parameter (individual param-

eter correlation data not shown).

The abundance of bchY ranged from �80 copies ng)1

DNA to �4800 copies ng)1 DNA (Fig. 5). The abundance

of bchY was significantly correlated with the abundance of

chlL ⁄ bchL [Mantel R = 0.57, P-value <0.01 (Table 3)] and

was always less than or equal to (within the standard deviation

of measurement) the abundance of chlL ⁄ bchL. This finding is

consistent with the observation that all chlorophototrophs

that encode bchY also encode bchL (Suzuki & Bauer, 1995;

Chew & Bryant, 2007). Like chlL ⁄ bchL, the abundance of

bchY was not significantly correlated with environmental

geochemistry when all parameters are considered together

(Mantel R = 0.07, P-value = 0.44) or to any individual

environmental parameter (data not shown).

When compared to bchY, the difference in abundance of

chlL ⁄ bchL should give an approximation of the abundance of

oxygenic phototrophs in the 16 sites. Based on this assump-

tion, the abundance of oxygenic phototrophs in the 16 sites

ranged from 0 copies ng)1 DNA to�5700 copies ng)1 DNA.

The abundance of chlL ⁄ bchL genes attributable to oxygenic

phototrophs was also not significantly correlated with envi-

ronmental geochemistry when all parameters are considered

together [(Mantel R = )0.12, P-value = 0.20) (Table 3)]

or to any individual environmental parameter (individual

parameter correlation data not shown).

Pigment composition of YNP photrophic communities

The methanol-soluble pigments from each of the aforemen-

tioned 16 environments were analyzed to establish links

among pigment composition, chlL ⁄ bchL diversity, and the

chlL ⁄ bchL and bchY. Four (B)Chl photosynthetic pigments

were identified in the 16 mat extracts: Chl a, BChls a and c,

and pheophytin a (Pheo a) (Tables 4 and S6). Chl a was

detected in 14 of the 16 mat extracts, in relative abundances

ranging from 20.5% to 100.0% of the total pigment extract.

BChl a was detected in 13 of the 16 environments, in relative

abundance from 1.1% to 96.0% of the total extractable Chls.

BChl c was identified in seven of the 16 environments, in

which it ranged in relative abundance from 3.3% to 39.5% of

the total extractable pigments. Only three of the 16 environ-

ments contained detectable Pheo a, which ranged from 4.0%

to 60.5% of the total extractable pigments. Pheo a is a minor

component of Photosystem II (Umena et al., 2011), and the

presence of such large amounts of this pigment in only three

environments suggested that there were large numbers of

dead cells in which Chl a had become demetallated (Schanderl

et al., 1962). Thus, Chl a and BChl a were generally the most

abundant (B)Chls in the mats examined.

A matrix that describes the between-site dissimilarity in

pigment composition was not significantly correlated with

a matrix that described between-site environmental geo-

chemical dissimilarity (Mantel R = 0.04, P-value = 0.68)

Fig. 5 Abundance of chlL ⁄ bchL (gray bars) and bchY (red bars) in the 16 geo-

thermal springs arranged by increasing sample site temperature as assessed

using quantitative PCRs. Spring designations correspond to those presented in

Table 1. The assays were performed in triplicate, and the results are presented

as the mean of the triplicate measurements; error bars represent the standard

deviations. Copy number is presented as copy number per nanogram total

DNA.
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(Table S3). Likewise, the relative abundance of Chl a, BChl a,

and BChl c was not significantly correlated with individual

geochemical parameters (data not shown). However, a signifi-

cant correlation was noted between a matrix that described

the between-site (e.g., between environment) dissimilarity in

pigment composition and the between-site chlL ⁄ bchL Rao

phylogenetic dissimilarity matrix (Mantel R2 = 0.41, P <

0.01). Likewise, a significant correlation was noted between

the between-site pigment dissimilarity matrix and a matrix

that describes the between-site dissimilarity in chlL ⁄ bchL

taxonomic composition (Mantel R2 = 0.48, P-value <0.01).

The latter relationship was expected because the matrix

describing the between-site chlL ⁄ bchL Rao phylogenetic dis-

similarity and a matrix describing the taxonomic dissimilarity

were significantly correlated (Mantel R2 = 0.76, P-value

<0.01). Together, these results suggest a relationship between

the evolution of chlL ⁄ bchL as a proxy for chlorophototrophs

and the composition of the pigments that are biosynthesized

by these organisms.

A principal component-based factor analysis was used to

uncover relationships between the relative abundance of indi-

vidual pigments and the relative abundance of specific groups

of phototrophic organisms. After extracting eigenvalues from

the normalized data, the data were best explained by two fac-

tors (A and B). The Varimax rotated factor loadings (r values)

for the 11 variables are shown in Table 5. Factor A (30.0% of

variance explained) is associated with the relative abundance

of chlL ⁄ bchL genes that were affiliated with the Chloroflexiales

(r = )0.94) and the Cyanobacteriales (r = 0.85) and the rela-

tive abundances of BChl a (r = )0.93) and Chl a (r = 0.83).

Thus, Chloroflexiales-like organisms are likely responsible for

the synthesis of BChl a, whereas Cyanobacterial-like organ-

isms are likely responsible for the synthesis of Chl a. There-

fore, the correlation of the abundance of Cyanobacterial-like

organisms with the abundance of Chl a supports the results

drawn from the clone library data, which indicated a signifi-

cant association between the abundance of Cyanobacteria and

Chl a. These results are consistent with the fact that all known

cyanobacteria synthesize Chl a (Hohmann-Marriott & Blan-

kenship, 2011). Interestingly, most Chloroflexus spp. produce

BChl c and BChl a; however, members of the genus Roseiflex-

us lack BChl c (Hanada & Pierson, 2006; van der Meer et al.,

2010). The significant correlation between the abundance of

genes affiliated with these organisms and the relative abun-

dance of BChl a suggested that the Chloroflexiales-like organ-

isms examined are likely to be Roseiflexus-like. Consistent

with this observation, the majority of Chloroflexiales-like

sequences were most closely affiliated with Roseiflexus spp.

(Table S2). Factor B (27.2% of the variance explained) associ-

ates the relative abundance of chlL ⁄ bchL gene sequences affili-

ated with the Bangiales (r = 0.36), unclassified Acidobacteria

(r = 0.39), Rhodospirallales (r = 0.87), Chlorobiales (r = )0.29),

and Chromatiales (r = )0.26) with the relative abundance of

BChl c (r = 0.82) and Pheo a (r = 0.90). Considering that

only members of the Bangiales, Chlorobiales, and Candidatus

Chloracidobacterium thermophilum synthesize Chl a (Bryant

et al., 2007), this correlation is intriguing. It is possible that a

member of some other group represented here might

synthesize a Chl (i.e., Chl a) that has not normally been

attributed to these organisms or that an unknown group of

organisms synthesizes Chl a in these environments.

Given the strong associations noted between the diversity

of chlL ⁄ bchL genes and the pigments typically synthesized by

Bangiales, Cyanobacteriales, Chloroflexiales, Acidobacteria,

Rhodospirallales, Chlorobiales, and Chromatiales, we examined

the pigment composition in relationship to the abundance of

chlL ⁄ bchL and bchY. The abundance of Chl a was correlated

with the abundance of chlL ⁄ bchL genes attributable to oxy-

genic phototrophs (Pearson R2 = 0.23, P-value = 0.06) (data

not shown), which supports the relationship noted between

Table 4 Percent total of each (Bacterio) chlorophyll extracted from the 16

sites. Raw data are listed in Table S5

Site Bchl c Chl a Phe a Bchl a

NG22 39.5 – 60.5 –

NL6 – 100.0 – –

IG3 – 76.4 23.6 –

NG20 – 81.9 3.9 14.2

IG28 – 24.6 – 75.4

HL1 3.3 84.5 – 12.2

IG30 11.5 20.5 – 68.1

HL8 – 88.6 – 11.4

IG11 9.4 73.5 – 17.1

NL41 4.0 – – 96.0

HL9 13.4 74.1 – 12.5

NL2 – 98.9 – 1.1

NG14 3.6 89.9 – 6.4

NG19 – 91.2 – 8.8

HL15 – 83.0 – 17.0

HL5 – 59.7 – 40.3

Table 5 Total variance loading for each parameter as represented by factors A

and B. The best correlations between variables and factors are in boldface, while

those among them that are significant (R2 > 0.5) are bold italic

Taxonomic and Chl ⁄ BChl* composition

A (30.0%) B (27.2%)

Bang 0.25 0.36

Cyano 0.85 )0.09

Chlorof )0.94 )0.17

Acid )0.06 0.39

Rhodo 0.12 0.87
Chlorob )0.10 )0.29

Chrom 0.12 )0.26

Bchl c )0.17 0.82
Chl a 0.83 )0.49

Phe a 0.07 0.90
Bchl a )0.93 )0.20

Bang, Bangiales; Cyano, Cyanobacteriales; Chlorof, Chloroflexiales; Acid,

Acidobacteria; Rhodo, Rhodospiralles; Chlorob, Chlorobiales; Chromo,

Chromatiales; BChl, bacteriochlorophylls.

*Correspond to those presented in Table S5.
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the abundance of Chl a and the abundance of chlL genes affili-

ated with Cyanobacteriales, as described earlier. Likewise, the

abundance of BChl a positively correlates with the abundance

of bchY (Pearson R2 = 0.30, P-value = 0.03) (data not

shown), which is consistent with the relationship noted above

between the abundance of BChl a and the abundance of bchL

genes affiliated with the Chloroflexiales. These data suggest a

positive correlation between the abundance of individual pig-

ments and the abundance of genes which encode for (B)Chl

biosynthesis proteins.

CONCLUSIONS

In this study, we examined the distribution, diversity, and

abundance of chlorophylls and the genes that are involved in

their synthesis along geothermal gradients in YNP to under-

stand better the constraints on the evolution of chlorophoto-

trophic metabolisms. The distribution of bchL, chlL, and bchY

in the springs examined was constrained to environments with

temperatures <70 �C. Below this temperature limit, the distri-

bution of these genes largely appeared to be constrained by

pH and sulfide. Numerous hypotheses have been put forth

regarding the mechanism by which temperature limits chloro-

phototrophy, including arguments regarding protein stability

(Kempner, 1963) and the functionality of the CO2-assimilat-

ing mechanism under thermal stress (Meeks & Castenholz,

1978), among others (Cox et al., 2011). Likewise, inhibition

of photosystems by sulfide has been suggested to be the basis

of the relationship noted between the distribution of chloro-

phototrophy and sulfide (Cox et al., 2011). However, the

unique distribution patterns of phototrophs as a function of

temperature, pH, and sulfide observed herein and in other

work (Boyd et al., 2010; Cox et al., 2011) cannot be the

result of any one of these aforementioned mechanisms alone,

because the influence of temperature on the distribution of

phototrophs is stronger under acidic conditions. Moreover,

numerous chlorophototrophs are tolerant of much higher sul-

fide concentrations (in excess of 1.0 mM) (Cohen et al., 1986;

Miller & Bebout, 2004; Myers & Richardson, 2009) than the

apparent upper concentration limit for the distribution of

phototrophs in YNP springs in the present study (�5 lM) and

as documented previously (�15 lM) (Cox et al., 2011).

Numerous anoxygenic phototrophs (Blackenship et al.,

2007; Bryant et al., 2011) as well as several cyanobacteria

(Cohen et al., 1986) are capable of utilizing sulfide as an

electron donor during photoautotrophic growth; such organ-

isms should not be constrained by sulfide concentrations of

�5 lM.

The influence of sulfide on the distribution of photosynthe-

sis may be due to the fact that high sulfide concentrations tend

to lead to the production of sulfuric acid, which acidifies the

spring water (Nordstrom et al., 2005). Under acidic condi-

tions, the majority of inorganic carbon is in the form of

aqueous CO2 with very little bioavailable bicarbonate, the

preferred source of inorganic carbon for bacterial phototrophs

as their primary electron acceptor (Meeks & Castenholz,

1978; Berg et al., 2010). Importantly, the solubility of

calcium carbonates decreases substantially with increasing

temperature with the effect becoming more pronounced

when inorganic carbon concentrations are far from saturation

(Weyl, 1959). The negative relationship between the solubil-

ity of carbonates as a function of increasing temperature

(Weyl, 1959) would presumably impose similar limitations on

bicarbonate availability to bacterial chlorophototrophs as

acidic pH would. Thus, the combined influence of low pH,

which is likely mediated by biotic and ⁄ or abiotic sulfide oxida-

tion (Nordstrom et al., 2005), and elevated temperatures

would result in even lower availabilities of inorganic carbon.

Without sufficient inorganic carbon to serve as the oxidizing

agent, photoautotrophs can become severely photoinhibited,

leading to severe oxidative stress (Murata et al., 2007). Care-

ful biochemical and physiological experimentation with

relevant laboratory cultures could help to elucidate the

relative importance of inorganic carbon limitation under

acidic and ⁄ or high temperature in limiting chlorophototroph-

ic metabolism.

Spring pH and salinity were the best predictors of the phy-

logenetic composition of chlorophototrophic communities.

The between-site phylogenetic similarity of chlL ⁄ bchL genes

exhibited a strong correlation with the between-site similarity

of Chls. This suggests a tendency for chlorophototrophs to

synthesize compositions of (B)Chls that are similar to their

ancestors. However, the fact that the phylogenetic diversity of

chlL ⁄ bchL was significantly correlated with individual environ-

mental parameters (e.g., pH and salinity), while the composi-

tion of Chls was not, suggests that phototrophic lineages have

evolved to inhabit new environments but have largely main-

tained the characteristic (B)Chl composition of their ances-

tors. This is probably tightly correlated with the types of

reaction centers they produce (Bryant et al., 2011) and the

inherent energetics of the electron transport chains that

co-evolved with these reaction centers (Sadekar et al. 2006).

The dominant chlorophototrophs across YNP are likely to be

fully autotrophic or principally so, as indicated by a predomi-

nance of chlL and bchL genes affiliated with the Cyanobacteri-

ales and Chloroflexiales, and the relative abundance of Chl a

and BChl a pigments. The other populations, including

phototrophic members of the Acidobacteriales (e.g., Candid-

atus Chloracidobacterium thermophilum) and Chlorobiales,

were much less abundant and less broadly distributed, which

is consistent with their photoheterotrophic or photomixo-

trophic physiologies (Bryant et al., 2011). The metabolic

relationships between and among the chlorophototrophs of

different phyla in YNP microbial mats likely co-evolved over

very long periods of evolutionary time to their present state of

co-dependency.

The bchL ⁄ chlL assemblages recovered from YNP springs

revealed evidence of ecological structure. This indicates that
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bchL and chlL lineages are nonrandomly distributed in YNP

and are subject to ecological filtering as a result of both con-

temporary and historical constraints imposed by the environ-

ment. Thus, environmental factors not only constrain the

distribution of chlorophototrophs in YNP springs, and they

also constrain the diversity and diversification of chlorophoto-

trophs in the YNP geothermal complex. These findings are

consistent with a growing body of literature documenting the

influence of extreme and dynamic environmental conditions

on the composition and structure of microbial communities

that inhabit YNP springs (Boyd et al., 2010; Hamilton et al.,

2011a; also see the Supporting Information). Such conditions

tend to limit the complexity of communities and may facilitate

adaptive radiation as constituent species evolve to inhabit new

ecological niches (Ward, 2006; Melendrez et al., 2011).
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