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Supplementary materials and methods
Alignment and statistical analyses of cDNA sequences

The 50-bp cDNA sequences were aligned to all metagenome scaffolds as described previously (Liu et al. 2011). Statistical analyses of the alignments were also performed in the same manner as in Liu et al. (2011) except that mRNA sequences counts for genes in each population were normalized to the total number of mRNA sequences of that population. It should be noted that this normalization method not only accounts for differences in cell abundances in the biological samples but also accounts for differences in the overall transcript abundances among the different samples. Therefore, the normalized expression levels of a gene are not absolute but are reported relative to the overall transcript counts of the population to which a given gene has been assigned. Only genes from the “OS GSB” population (“Ca. T. aerophilum”) and a few genes from other populations (mainly Synechococcus spp.) are discussed in this study. Details of the diel transcription profiles for other populations in the microbial mat will be presented elsewhere.
Clustering of genes and visualization of clusters

Genes were clustered by their temporal transcription patterns using Cluster (Eisen et al. 1998). Normalized expression levels of genes were imported into Cluster, adjusted by a log transformation, centered by mean, and then clustered using the k-means algorithm with k=10, runs=1000, and other standard parameters. The resulting clusters and transcription patterns of genes in each cluster were visualized using Java Treeview (Saldanha, 2004).

Searches for transcripts derived from genes potentially missing in the “OS GSB” metagenome
The sequences of cDNAs in color space were transformed into nucleotide space using a PERL script supplied in the bwa-software package (Li et al. 2009). These sequences were then searched using the BLASTX algorithm (Altschul et al. 1990) against a group of C. thalassium proteins representing physiologically important genes that are potentially missing from the “OS GSB” genome. Those cDNA sequences that aligned to target proteins were subsequently aligned to the NCBI nr-database to determine whether they were likely to originate from the “OS GSB” genome by manually investigating their closest relatives in the Genbank NR database.
Supplementary Results and Discussion
Amino acid biosynthesis
Several genes encoding enzymes for amino acid biosynthesis that are highly conserved in all other GSB were missing in the “Ca. T. aerophilum” metagenome. Except for the transaminases and amino-acyl tRNA synthetases, all of the genes encoding enzymes involved in the biosynthesis of branched-chain amino acids were missing from the metagenome and metatranscriptome. Given the number of missing genes in one pathway, and the detection of transcripts of homologous genes in other populations (Table 1), it is safe to assume that “Ca. T. aerophilum” lacks most or all of these genes, and thus it lacks the ability to synthesize valine, leucine, and isoleucine by the pathways employed by the majority of bacteria. These same genes were similarly missing in “Ca. C. thermophilum” genome (Garcia Costas et al. 2012), and interestingly, both organisms apparently have a complete set of genes for the degradation of branched chain amino acids. The convergent absence of genes for the traditional pathway for branched-chain amino acid biosynthesis in two phylogenetically distant organisms from the same community suggests that other organisms in the mat provide these amino acids or precursors that can be converted into them. Garcia Costas et al. (2012) hypothesized that “Ca. C. thermophilum” may synthesize branched amino acids by an alternative route using the enzymes normally employed for the degradation of branched amino acids, and the same could be true for “Ca. T. aerophilum.” No matter which scenario is correct, these observations provide additional strong support for the conclusion that “Ca. T. aerophilum” is a photoheterotroph.

Several other genes, including aspC, cysE, glyA, serB, and tyrA, were also missing in the metagenome. Transcripts of two highly conserved genes, aspC and glyA, were detected, but the searches for transcripts for the other three genes were inconclusive (Table 1). Whether cysE, serB, and tyrA are truly absent from the “Ca. T. aerophilum” genome remains to be rigorously tested, and it seems premature to conclude that “Ca. T. aerophilum” is unable to synthesize cysteine, serine, or tyrosine. Like most GSB, “Ca. T. aerophilum” lacks genes for assimilatory sulfate reduction and thus cannot produce sulfide for the synthesis of cysteine and methionine by this mechanism. It is presently unclear how “Ca. T. aerophilum” obtains sulfide for the synthesis of cysteine and methionine. 
Quinone and vitamin B12 biosynthesis
“Ca. T. aerophilum” lacked genes involved in the biosynthesis of two important compounds normally synthesized by GSB. Except for menA and menG, most of the men genes for menaquinone biosynthesis were missing from the metagenome, and none of the genes encoding enzymes of the alternative menaquinone biosynthesis pathway (Hiratsuka et al. 2008) were present. Surprisingly, three genes encoding enzymes of ubiquinone biosynthesis, ubiA, ubiE, and ubiG, were present in the metagenome, but these genes obviously do not constitute a complete pathway for ubiquinone biosynthesis. Given that “Ca. T. aerophilum” has three different quinol oxidoreductases (see above), it is highly unlikely that “Ca. T. aerophilum” is unable to synthesize at least one type of quinone. However, based upon the metagenome, it is currently uncertain whether that quinone is menaquinone, ubiquinone, both, or some other chemically distinct quinone.
The “Ca. T. aerophilum” metagenome was missing three conserved genes (cobDPQ) required for the synthesis of vitamin B12. Similarly, five genes, cbiD, cbiJ, cbiGF, cbiCH, and cbiET, encoding enzymes, three of which are bifunctional, of vitamin B12 biosynthesis in C. thalassium were also missing. Therefore, it is highly unlikely that “Ca. T. aerophilum” can synthesize vitamin B12. Vitamin B12 can probably be obtained from other organisms in the mat, including Synechococcus (Bhaya et al. 2007) and Roseiflexus spp. (genome data in Genbank), which have the genes necessary to produce this compound.
Potential Glycolate metabolism

Other than acetate and propionate, glycolate is another potential carbon and electron source for “Ca. T. aerophilum.” At high irradiance levels, cyanobacteria photorespire and generate glycolate (Eisenhut et al. 2008). It has been shown that Synechococcus spp. in the microbial mats of Mushroom Spring excrete glycolate when the mats become supersaturated with O2 during midday (Bateson and Ward 1988). The “Ca. T. aerophilum” metagenome encodes both glycolate oxidase and formate oxidase, but glyoxylate oxidase and oxalate decarboxylase were missing or could not identified. It remains to be determined whether “Ca. T. aerophilum” can oxidize glycolate completely.
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Supplemental Figure 1. Sequence identity between Chlorobi 16S rRNA sequences from the Mushroom Spring microbial mat and “Ca. T. aerophilum” 16S rRNA sequence. 446 sequences averaging 816 bp were amplified by PCR using bacterial 16S rRNA primers 37F and 1392R from mat samples processed as described previously (Klatt et al. 2011), sequenced by Sanger sequencing and assigned to Chlorobi using RDP classifier (Wang et al. 2007) with at least 50% confidence. 1566 sequences averaging 213 bp generated by pyrosequencing of cDNA, and assigned to Chlorobi in a previous study (Liu et al. 2011). Those sequences were aligned to “Ca. T. aerophilum” 16S rRNA sequence using BLASTN.
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Supplemental Figure 2. A “Ca. T. aerophilum” gene neighborhood with putative photosynthesis/chlorosome-related functions. Transcript levels for all genes in this neighborhood increased during the night. Genes conserved among chlorosome-containing organisms are labeled. 
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Supplemental Figure 3. Phylogenetic trees of concatenated PetA and PetB (A) and CydA-like (B) proteins of “Ca. T. aerophilum,” “Ca. C. thermophilum,” and some closely related proteins. Trees were generated using MEGA program with neighbor-joining algorithm with 100 bootstrap samplings. Bar denotes 0.1 changes per amino acid site.
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Supplemental Figure 4. Hypothetical model of “Ca. T. aerophilum” metabolism and interactions with Synechococcus spp. in the Mushroom Spring microbial mat during a diel cycle. Cellular processes shown here are proposed major metabolic pathways. Blue arrows mark flow of electrons. 
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Supplemental Table 1. List of 125 conserved genes among 12 GSB genomes that are missing in “Ca. T. aerophilum” metagenome. Locus tags and annotations in C. tepidum were used to represent each gene.
	CT0005 conserved hypothetical protein 

	CT0075 cytochrome c-555 

	CT0084 prephenate dehydrogenase 

	CT0091 phosphohistidine phosphatase SixA 

	CT0117 sulfide-quinone reductase, putative 

	CT0122 conserved hypothetical protein 

	CT0173 phosphoserine phosphatase 

	CT0189 conserved hypothetical protein 

	CT0190 hypothetical protein CT0190 

	CT0230 NAD-dependent epimerase/dehydratase family protein 

	CT0254 outer membrane protein OmpH 

	CT0258 conserved hypothetical protein 

	CT0272 hypothetical protein CT0272 

	CT0339 conserved hypothetical protein 

	CT0351 isocitrate dehydrogenase, NADP-dependent, monomeric type 

	CT0361 membrane protein, putative 

	CT0370 conserved hypothetical protein 

	CT0398 conserved hypothetical protein 

	CT0402 glutamate synthase, small subunit 

	CT0403 conserved hypothetical protein 

	CT0450 molybdenum ABC transporter, ATP-binding protein 

	CT0451 molybdenum ABC transporter, permease protein 

	CT0453 molybdenum transport system protein ModD 

	CT0455 ABC transporter, ATP-binding protein 

	CT0464 membrane fusion protein, putative 

	CT0512 glutamine amidotransferase, class I 

	CT0545 S-adenosylmethionine:tRNA ribosyltransferase-isomerase 

	CT0578 ribonucleotide reductase family protein 

	CT0612 2-isopropylmalate synthase 

	CT0613 3-isopropylmalate dehydratase, small subunit, putative 

	CT0614 3-isopropylmalate dehydratase, large subunit, putative 

	CT0615 3-isopropylmalate dehydrogenase 

	CT0616 ketol-acid reductoisomerase 

	CT0617 acetolactate synthase, small subunit 

	CT0618 acetolactate synthase, large subunit 

	CT0619 dihydroxy-acid dehydratase 

	CT0704 zinc protease, putative 

	CT0709 hypothetical protein CT0709 

	CT0718 N-(5'-phosphoribosyl)-anthranilate isomerase 

	CT0754 thiol peroxidase 

	CT0757 ATPase, AAA family 

	CT0796 band 7 family protein 

	CT0829 heat shock protein HtpG 

	CT0889 phosphoglycolate phosphatase 

	CT0938 cobyric acid synthase 

	CT0939 aminotransferase, class II 

	CT0940 cobalamin biosynthesis protein CbiB 

	CT0945 cobalamin biosynthesis protein CobP 

	CT0949 hypothetical protein CT0949 

	CT0966 aspartate aminotransferase, putative 

	CT0968 conserved hypothetical protein 

	CT0981 phospho-2-dehydro-3-deoxyheptonate aldolase

	CT0982 conserved hypothetical protein 

	CT0996 8-oxoguanine DNA glycosylase, putative 

	CT1051 hypothetical protein CT1051 

	CT1077 hypothetical protein CT1077 

	CT1088 citrate lyase, subunit2 

	CT1089 citrate lyase, subunit1 

	CT1090 prolipoprotein diacylglyceryl transferase 

	CT1196 conserved hypothetical protein 

	CT1219 conserved hypothetical protein 

	CT1286 multidrug resistance protein, FusA/NodT family 

	CT1288 multidrug resistance protein, AcrA/AcrE family 

	CT1303 ABC transporter, ATP-binding protein 

	CT1318 comA2 protein 

	CT1328 conserved hypothetical protein 

	CT1391 chloride channel, putative 

	CT1418 deoxyuridine 5'-triphosphate nucleotidohydrolase 

	CT1436 serine acetyltransferase 

	CT1437 6-pyruvoyl tetrahydrobiopterin synthase, putative 

	CT1442 thiamine biosynthesis protein ThiC 

	CT1457 glutamate 5-kinase 

	CT1473 gamma-glutamyl phosphate reductase 

	CT1479 UDP-N-acetylmuramate:L-alanyl-(-D-glutamyl-meso-diaminopimelate ligase 

	CT1493 xanthine/uracil permease family protein 

	CT1509 CAAX prenyl protease 1, putative 

	CT1528 homocitrate synthase 

	CT1533 nitrogenase iron protein 

	CT1534 nitrogen regulatory protein, P-II family 

	CT1535 nitrogen regulatory protein, P-II family 

	CT1536 nitrogenase molybdenum-iron protein, alpha subunit 

	CT1537 nitrogenase molybdenum-iron protein, beta subunit 

	CT1539 nitrogenase iron-molybdenum cofactor biosynthesis protein NifN, putative 

	CT1540 NifB protein 

	CT1541 ferredoxin, 2Fe-2S 

	CT1576 ribosomal protein L31 

	CT1590 serine hydroxymethyltransferase 

	CT1611 ribosomal protein L28 

	CT1624 dihydrodipicolinate synthase 

	CT1699 prismane family protein 

	CT1726 membrane protein, putative 

	CT1727 glutaredoxin family protein 

	CT1772 ribulose bisphosphate carboxylase, large subunit 

	CT1832 conserved hypothetical protein 

	CT1838 menaquinone-specific isochorismate synthase 

	CT1839 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate synthase 

	CT1845 thioesterase, menaquinone synthesis gene 

	CT1846 naphthoate synthase

	CT1847 O-succinylbenzoate-CoA synthase 

	CT1848 O-succinylbenzoic acid--CoA ligase 

	CT1856 serine esterase 

	CT1890 collagenase 

	CT1898 protoporphyrinogen oxidase, putative 

	CT1901 ABC transporter, ATP-binding protein 

	CT1958 magnesium protoporphyrin O-methyltransferase (BchM)

	CT1959 magnesium-protoporphyrin IX monomethyl ester oxidative cyclase (BchE) 

	CT1983 prokaryotic and mitochondrial release factors family protein 

	CT1987 glycosyl transferase 

	CT2013 hypothetical protein CT2013 

	CT2040 succinate/fumarate oxidoreductase, putative 

	CT2044 CBS domain protein 

	CT2046 hypothetical protein CT2046 

	CT2047 AcrB/AcrD/AcrF family protein 

	CT2049 LipD protein, putative 

	CT2056 mannose-1-phosphate guanylyltransferase, putative 

	CT2102 CrcB protein 

	CT2111 conserved hypothetical protein 

	CT2113 fatty acid/phospholipid synthesis protein PlsX 

	CT2128 ribosomal protein L35 

	CT2133 ribosomal protein S18 

	CT2176 ribosomal protein S14 

	CT2214 exodeoxyribonuclease, small subunit 

	CT2220 conserved hypothetical protein 

	CT2224 chorismate mutase, putative 

	CT2229 conserved hypothetical protein 


Supplementary Table 2. List of groups of genes whose patterns of transcript levels are summarized in Figure 4. Only genes included in the original annotation of the metagenome (Klatt et al. 2011) and those whose transcript abundance data are of any statistical significance are shown here. In a few cases, the previous annotation entries have been corrected or refined here. 
	Gene name
	Annotated function

	“Ca. T. aerophilum” photosynthesisa

	pscA
	photosystem P840 reaction center, large subunit

	pscC
	reaction center cytochrome c-551

	pscD
	photosystem P840 reaction center protein PscD

	fmoA
	bacteriochlorophyll a-binding FMO protein

	csmA
	bacteriochlorophyll a-binding protein (CsmA) 

	csmC
	chlorosome envelope protein C (CsmC)

	“Ca. T. aerophilum” bacteriochlorophyll biosynthesis

	bchS or bchTb
	magnesium chelatase, bacteriochlorophyll c-specific subunit

	bchI
	magnesium chelatase subunit I

	bchD
	magnesium chelatase subunit D

	bciB
	3,8-divinyl protochlorophyllide a 8-vinyl reductase

	bchN
	light-independent protochlorophyllide a reductase N subunit

	bchB
	light-independent protochlorophyllide a reductase B subunit

	bchX
	chlorophyllide a reductase, X subunit

	bchY
	chlorophyllide a reductase, Ysubunit

	bchZ
	chlorophyllide a reductase, Z subunit

	bchC
	2-desacetyl-2-hydroxyethyl bacteriochlorophyllide a dehydrogenase

	bchP
	geranylgeranyl reductase

	bchG
	bacteriochlorophyll a synthase

	bchQ
	bacteriochlorophyll c 82-methyltransferase

	bchK
	bacteriochlorophyll c synthase

	“Ca. T. aerophilum” central carbon metabolismc

	“Ca. T. aerophilum” complex I (type 1 NADH deydrogenase)

	nuoAb
	NADH dehydrogenase I, A subunit

	nuoBb
	NADH dehydrogenase I, B subunit

	nuoCb
	NADH dehydrogenase I, C subunit

	nuoDb
	NADH dehydrogenase I, D subunit

	nuoE
	NADH dehydrogenase I, E subunit

	nuoHb
	NADH dehydrogenase I, H subunit

	nuoIb
	NADH dehydrogenase I, I subunit

	nuoJb
	NADH dehydrogenase I, J subunit

	nuoKb
	NADH dehydrogenase I, K subunit

	nuoLb
	NADH dehydrogenase I, L subunit

	nuoMb
	NADH dehydrogenase I, M subunit

	nuoNb
	NADH dehydrogenase I, N subunit

	“Ca. T. aerophilum” PetAB complex

	petAI
	Rieske [2Fe-2S] subunit of cytochrome b-Rieske complex

	petBI
	cytochrome b subunit of cytochrome b-Rieske complex 

	“Ca. T. aerophilum” PetAB-CydA complex

	petAII
	Rieske [2Fe-2S] subunit of cytochrome b-Rieske complex

	petBII
	cytochrome b subunit of cytochrome b-Rieske complex 

	cydA like
	cytochrome bd-quinol oxidase subunit I-like

	“Ca. T. aerophilum” ACIII (alternative complex III)

	
	[4Fe-4S] containing molybdopterin oxidoreductase

	
	quinol:cytochrome c oxidoreductase quinone-binding subunit 1

	
	quinol:cytochrome c oxidoreductase membrane protein 1

	
	quinol:cytochrome c oxidoreductase membrane protein 2

	
	quinol:cytochrome c oxidoreductase pentaheme cytochrome

	
	quinol:cytochrome c oxidoreductase monoheme cytochrome

	
	alternative complex III-associated cytoplasmic protein

	“Ca. T. aerophilum” complex IV (cytochrome c oxidase)

	coxA
	cytochrome c oxidase, subunit I

	coxB
	cytochrome c oxidase, subunit II

	coxC
	cytochrome c oxidase, subunit III

	coxD
	cytochrome c oxidase, subunit IV

	Synechococcus spp. photosynthesis

	psaA
	photosystem I core protein PsaA

	psaB
	photosystem I core protein PsaB

	psaD
	photosystem I reaction center subunit II

	psaE
	photosystem I reaction center subunit IV

	psaF
	photosystem I reaction center subunit III

	psaI
	photosystem I reaction center subunit VIII

	psaJ
	photosystem I reaction center subunit IX

	psaL-1
	photosystem I reaction center subunit XI

	psbB
	photosystem II P680 chlorophyll A apoprotein

	psbC
	photosystem II 44 kDa subunit reaction center protein

	psbD-1
	photosystem II protein D2

	psbD-2
	photosystem II protein D2

	psbH
	photosystem II reaction center protein PsbH

	psbJ
	photosystem II reaction center protein J

	psbT
	photosystem II reaction center protein T

	Synechococcus spp. nitrogen fixation

	nifB
	nitrogenase cofactor biosynthesis protein NifB

	nifD
	nitrogenase molybdenum-iron protein alpha chain

	nifE
	nitrogenase MoFe cofactor biosynthesis protein NifE

	nifH
	nitrogenase iron protein

	nifK
	nitrogenase molybdenum-iron protein beta chain

	nifN
	nitrogenase molybdenum-iron cofactor biosynthesis protein 

	nifW
	nitrogenase stabilizing/protective protein NifW

	Synechococcus spp. fermentation

	pflB
	formate acetyltransferase

	adhE
	bifunctional acetaldehyde-CoA/alcohol dehydrogenase


a. The pscB gene is present in both the metagenome and metatranscriptome but was not previously annotated.

b. Two different copies of this gene are included here.
c. Genes in this category are listed in detail in Figure 5. 
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