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Fig. S1. EMSAs with EBP-DBDs and DNA fragments containing the putative dev and nla4 operon promoters. The assays were performed with fragments of the
dev (A) and nla4 (B) operon promoters, as well as the following EBP-DBDs: none (lane 1), Nla4-DBD (lane 2), Nla6-DBD (lane 3), Nla18-DBD (lane 4), Nla28-DBD
(lane 5), and ActB-DBD (lane 6).

Table S1. Alignment of tandem repeat half sites at EBP promoters

Promoter fragment 1 2 3 4 5 6 7 8 9 10

EE1 sites*
nla28EE1-1 nla28P1 C C A T G C G G T T
nla28EE1-2 nla28P1 C A A C G T T G G C
actEE1-1 actBP1 C C G C G G C G T C
actEE1-2 actBP1 C C A C G G G G A T
nla6EE1-1 nla6P1 C A A C G C C A T C
nla6EE1-2 nla6P1 C A C C G C C T C G
Consensus C C/A A C G C C G T C
% 100 100 67 83 100 50 50 67 50 50

EE2 sites†

nla28EE2-1 nla28P2 C T C C G C A G T T
nla28EE2-2 nla28P2 C T C C C C A G A C
actEE2-1 actBP1 C T T C A A G C A C
actEE2-2 actBP1 G T T C G A G G C G
nla6EE2-1 nla6P1 C C T C G C C T T G
nla6EE2-2 nla6P1 C T T C A A G C T G
Consensus C T T C G C/A G G T G
%‡ 83 83 67 100 50 100 50 50 50 50

*EE1 sites were those identified in promoter fragments that were found to bind the Nla6-DBD protein (nla28P1,
nla6P1, and actBP1) using the program Consensus (1). The program is designed to find shared motifs and
patterns in DNA among separate sequences. The six individual enhancer elements were aligned to get the
consensus for Nla6-DBD binding.
†EE2 sites were those identified in promoter fragments that were found to bind the Nla28-DBD protein
(nla28P2, nla6P1, and actBP1) using Consensus. The six individual enhancer elements were aligned to get the
consensus for Nla28-DBD binding.
‡Numbers shown represent the percentage of instances that a particular nucleotide was found at a particular
location.

1. van Helden J (2003) Regulatory sequence analysis tools. Nucleic Acids Res 31:3593–3596.
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Table S2. Developmentally regulated operons with putative σ54 promoters*

Preaggregation Aggregation

Activation time (hours of development) 1 2 4 6 12
Number of operons with putative σ54 promoters 135 15 4 75 8

To test our method experimentally, we randomly selected four putative σ54 promoters from this dataset and
performed site-directed mutagenesis on the conserved dinucleotides in their −12 and −24 regions. We also
created a 1-bp deletion in the spacer between these regions. The in vivo developmental activities of mutant
promoters were as follows: promoters carrying mutations in their −12 region had activities ranging from 18–
35% of WT, promoters carrying mutations in their −24 region had activities ranging from 5–15% of WT, and
promoters with a 1-bp deletion in their spacer region had activities ranging from 2–7% of WT.
*Developmentally regulated operons contain genes whose expression increased 1.5-fold or greater at any time
point during the preaggregation or aggregation stage of development compared with vegetative growth (0 h).
To be designated a developmentally regulated operon with a σ54 promoter, DNA upstream of the first gene in
the operon had to contain a potential binding site for σ54-RNA polymerase (1) and a potential EBP binding site
(2–5). The numbers of operons so defined that are activated during the preaggregation or aggregation stage of
fruiting body development are shown. To test the error rate in the method used, we analyzed 11 known σ54

promoters and 24 known non-σ54 promoters via Promscan (6–33). We also analyzed M. xanthus intragenic
regions via Promscan to confirm that Promscan does not find σ54 promoters in locations where they are unlikely
to reside. Based on these tests and those described below, we estimate that our analysis had a false-positive rate
of about 4% and a false-negative rate of about 19%. With this detection sensitivity, we found that 237 (28%) of
the developmentally regulated operons activated during preaggregation or aggregation have putative σ54

promoters.
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Table S3. Strains and plasmids used in this study

Strain or plasmid Relevant characteristics Source

M. xanthus strains
DK1622 WT M. xanthus (1)
AG304 pNBC4::nla4, Kanr (2)
AG306 pNBC6::nla6, Kanr (2)
AG318 pNBC18::nla18, Kanr (2)
AG328 pNBC::nla28, Kanr (2)
AG1114 pNBC6::nla6, Kanr; This study

pNBC32::nla28, Tetr

DK10603 ΔactB (3)
Plasmids
pET102/D-TOPO Ampr Invitrogen
pMBP-parallel1 Ampr (4)
pCR 2.1-TOPO Ampr, Kanr (Invitrogen)
pREG1727 Kanr R. Gill (5)
pKG14 Nla6-DBD90*/pMBP-parallel1 This study
pKG15 Nla28-DBD81*/pMBP-parallel1 This study
pKG16 Nla4-DBD85*/pMBP-parallel1 This study
pKG17 ActB-DBD64*/pMBP-parallel1 This study
pNBC103 Nla18-DBD76*/pET102D, Ampr This study
pNBC104 Nla28-DBD76*/pET102D, Ampr This study
pKG20 pCR 2.1-TOPO::nla28p418† This study
pKG21 pCR 2.1-TOPO::nla6p207† This study
pKG22 pKG20, g401t_g402t This study
pKG23 pKG20, g413t_c414t This study
pKG24 PKG20, g404del This study
pKG25 pREG1727::nla28p418 This study
pKG26 pKG25, g401t_g402t This study
pKG27 pKG25, g413t_c414t This study
pKG28 pKG25, g404del This study
pKG29 pKG21, g173t_g174t This study
pKG30 pKG21, g185t This study
pKG31 pKG21, g180del This study
pKG32 pREG1727::nla6p207 This study
pKG33 pKG32, g173t_g174t This study
pKG34 pKG32, g185t This study
pKG35 pKG32, a180del This study

*Numbers shown correspond to the number of amino acids comprising the DBD of the indicated EBP.
†Number of bases in the promoter fragment used.
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Table S4. Bacterial primers used in this study

Primers Sequence Amplicon size

Primers used to make EBP-DBD fragments
actB-DBD (MBP) fwd 5′gagctgtcgctgaaggacatcgg3′
actB-DBD (MBP) rev 5′cgcgagcgcggagctgtag3′ 192 bp
nla4-DBD (MBP) fwd 5′agtgacctgcctgaatccgtg3′
nla4-DBD (MBP) rev 5′cccgacaccgacgactga3′ 255 bp
nla6-DBD (MBP) fwd 5′cacaccttccggctgccctt3′
nla6-DBD (MBP) rev 5′ctcgttcgtcatccgctga3′ 270 bp
nla18-DBD up 5′caccctgccgccgccttcggacgac3′
nla18-DBD down 5′cgccggtgacgtgtccaggcc3′ 229 bp
nla28-DBD up 5′caccacgggcgtcctggggccccag3′
nla28-DBD down 5′cgactcggcctccggggcctc3′ 229 bp
nla28-DBD (MBP) fwd 5′ctggcgctcaacgtgacggg3′
nla28-DBD (MBP) rev 5′gccccggaggccgagtcgtag3′ 243 bp

Primers used in RT-QPCR
16s up 5′caagggaactgagagacagg3′ 220 bp
16s down 5′ctctgtaccggccattgtagc3′
actB up 5′gatgaagatgggcgccagcga3′
actB down 5′gtgaatctcccgcgcgatgac3′ 301 bp
nla4 up 5′gacgtggaagtggtgctgatg3′
nla4 down 5′ctttcccgtgccggactcacc3′ 318 bp
nla6 up 5′ctgaaggaggagctgccggac3′
nla6 down 5′ctgatggacacgctggccttg3′ 305 bp
nla18 up 5′gcgccagcacctcatcctcga3′
nla18 down 5′gatgagcacgtccgactcgcc3′ 295 bp
nla28 up 5′cgtggtggtggtgacagcctt3′
nla28 down 5′caccatctccttccccgtgc3′ 307 bp
MXAN4899 up 5′aaggtcgagctgggcaaga3′
MXAN4899 down 5′agatgaggttgcagtccacg3′ 262 bp

Primers used to generate promoter region fragments
actBP1 up 5′ccgccgtcgtggagtc3′
actBP1 down 5′cggctgcatgaggtcaaa3′ 185 bp
actBP2 up 5′ggcatcgtcgagaagtcg3′
actBP2 down 5′ccccttcgagctgcggat3′ 157 bp
dev up 5′gcatgcatcagcgaa3′
dev down 5′ccaacatgcgcaggt3′ 70 bp
MXAN4899P1 up 5′tgctggaaacactggcgcgg3′
MXAN4899P1 down 5′cagtcgaagcgcgcgttcaa3′ 169 bp
MXAN4899P2 up 5′agccacctgaagccaccc3′
MXAN4899P2 down 5′atgcagcgcctgcgctt3′ 179 bp
nla4P1 up 5′atgcaggccagcgcccgg3′
nla4P1 down 5′gcaggaggttgcgcccaac3′ 134 bp
nla4P2 up 5′tgctggagctggacgacgc3′
nla4P2 down 5′aagccggacttcgacgccac3′ 148 bp
nla6P1 up 5′tgacgtgggccacatgatggagga3′
nla6P1 down 5′tgttcggcgagttctaccggga3′ 201 bp
nla6P2 up 5′tacatccgccggactgga3′
nla6P2 down 5′tccaccggctacaacggcgc3′ 166 bp
nla28P1 up 5′′gcgtcatctggttgcagggt3′
nla28P1 down 5′gctcgagcggaatacccgt3′ 151 bp
nla28P2 up 5′agggattgagcaggcggc3′
nla28P2 down 5′gctcaagtgctccgtcatcgtc3′ 159 bp

Primers used for RT-PCR
nla28operon fwd 5′agggaacgcacgtggtggt3′ 174 bp
nla28operon rev 5′agcaagcgctggagcaaat3′
nla6operon fwd 5′tgttcacagttgggcgttgacct3′ 198 bp
nla6operon rev 5′tcacacgtgtcgcgttcgtcat3′

Primers used to generate mutations in the nla6 and nla28 promoter regions
nla6 promoter

g173t_g174t 5′atcgccaacgcgggccttttgcgcatcgtg3′
g173t_g174t-anti 5′cacgatgcgcaaaaggcccgcgttggcgat3′
g185t 5′cctggtgcgcatcgttttcggcgagttctac3′
g185t-anti 5′gtagaactcgccgaaaacgatgcgcaccagg3′
a180del 5′ggcctggtgcgctcgtgttcggcg3′
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Table S4. Cont.

Primers Sequence Amplicon size

a180del-anti 5′cgccgaacacgagcgcaccaggcc3′
nla28 promoter

g401t_g402t 5′ccaactggagtccgcgctttagcgggtgct3′
g401t_402t-anti 5′agcacccgctaaagcgcggactccagttgg3′
g413t_c414t 5′gagcgggtgcttttggagcgcgc3′
g413t_c414t-anti 5′gcgcgctccaaaagcacccgctc3′
g414del 5′gagtccgcgctggacgggtgctgc3′
g414del-anti 5′gcagcaccctgccagcgcggactc3′

fwd, forward; rev, reverse.
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