












6.7 U/mg). S0.5 decreased 3-fold (from 0.3 mM to 0.1 mM [Table 2] [see also Fig. S2 at
https://doi.org/10.6084/m9.figshare.5772963.v1]). There were profound differences in
the PEP kinetics for the two PKs, with both isoenzymes demonstrating Hill-type
cooperative binding kinetics with AMP. In the presence of 1 mM AMP, Vmax of Pyk1

FIG 2 Phenotypic characterization of pyruvate kinase mutants. (A) Wild-type and pyk1 and pyk2 transposon mutants of S. coelicolor grown
on nutrient agar and minimal medium (MM) with glucose, with strains complemented with either pyk1 or pyk2 in trans and WT strains with
additional copies of pyk1 or pyk2. (B) Growth curve of S. coelicolor WT, pyruvate kinase mutants, and complemented strains in liquid YEME
medium. (C and D) Coelimycin production yield (absorption unit [AU] per milligram of biomass) (C) and undecylprodigiosin (RED) yield
during growth in YEME medium (D). Symbols: black circles, WT; blue squares, pyk1 pyruvate kinase mutant; red inverted triangles, pyk2
pyruvate kinase mutant; purple triangles, pyk1-complemented strain; pink diamonds, pyk2-complemented strain.
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increased 5-fold (14.1 U/mg to 65.45 U/mg), S0.5 decreased more than 3-fold (3.5 to
1.1 mM), and the Hill coefficient was approximately halved (from 3.7 to 1.8). For Pyk2
in the presence of 1 mM AMP, Vmax was 9.1 U/mg compared to 0.5 U/mg without AMP,
with S0.5 increasing from 1.3 mM to 8.6 mM. Under these conditions, the Hill coefficient
increased from 1.5 to 7.1 (Table 2). Further analysis demonstrated that Pyk1 has a much
higher affinity for AMP (S0.5 � 0.01 mM) than does Pyk2 (S0.5 � 3.8 mM), with a
concomitant increase in Vmax (8.2 U/mg for Pyk1 compared to 1 U/mg for Pyk2 [see

FIG 3 (A) Semiquantitative RT-PCR of expression of pyk1, pyk2, and hrdB throughout the life cycle of Streptomyces
coelicolor. (B) Fold change expression of pyk1 and pyk2 normalized to hrdB expression from three biological
replicates measuring expression levels by qPCR on growth in minimal medium with either glucose or Tween as
carbon source during log or stationary phase comparing expression in stationary phase versus log phase (i) and
Tween versus glucose (ii). *, P value � 0.05. (C) Fitness of pyk1 (dark blue circles) and pyk2 (red squares) mutants
compared to WT and each other (relative to pyk1) in rich medium (green triangles) and minimal medium with
glucose (orange inverted triangles) as sole carbon source. Error bars represent the standard deviation from three
biological replicates, with the mean indicated. The line (at a relative fitness of 1.0) indicates the fitness of a strain
when competed against itself.
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Fig. S3C at https://doi.org/10.6084/m9.figshare.5772963.v1]). The turnover rate con-
stant (kcat) for Pyk1 was �20-fold greater (4,703 s�1) than that for Pyk2 (215 s�1

[Table 2]). Interestingly, Pyk1 was also shown to be highly stimulated by ribose-5-
phosphate (see Fig. S3 at https://doi.org/10.6084/m9.figshare.5772963.v1). Intriguingly
it is known that flux through the pentose phosphate pathway (PPP) increases during
entry into stationary phase in streptomycetes (28), suggesting that Pyk1 activity is
stimulated during periods of starvation and during antibiotic production to rebalance
reduced glycolytic flux and entry of substrates into the TCA cycle.

Pyruvate kinase mutants are less fit than wild-type S. coelicolor. Given that the
PK gene duplication has been retained in streptomycetes, it would suggest that there
is a fitness advantage conferred by having more than one copy of PK. To test this
hypothesis, we competed marked WT (with integrated empty pIJ6902, thiostrepton
resistant) with pyk1::Tn5062 (apramycin-resistant) and pyk2::Tn5066 (hygromycin-
resistant) strains to assess the relative fitness of each strain. In rich medium, where PK
should be dispensable for growth, there is no significant difference between WT and PK
mutants in terms of fitness (Fig. 3C). When the fitness of the PK mutants was assessed
in minimal medium with glucose as the sole carbon source, where PK should be
required for growth, strains with a single PK have significantly reduced fitness com-
pared to WT (Fig. 3C) (pyk1::Tn5062, P � 0.05; pyk2::Tn5066, P � 0.01). The distinct
physiological roles of Pyk1 and Pyk2 in Streptomyces suggest that the relative fitness of
each mutant would differ when competed against each other. In rich medium, the
pyk1::Tn5062 strain exhibits increased relative fitness compared to the pyk2::Tn5066
strain (Fig. 3C) (P � 0.05); however, in minimal medium with glucose as the sole carbon
source, the pyk1::Tn5062 strain is less fit than the pyk2::Tn5066 strain (Fig. 3C) (P � 0.01).
These data demonstrate that possession of two copies of PK confers increased relative
fitness to strains of Streptomyces under different physiological conditions.

DISCUSSION

Metabolic robustness is a key biological adaptation to coping with environmental
perturbation that enables an organism to persist in an environment (17). The ability of
an organism to adapt to dynamic and competitive environments requires minimization
of the effects of metabolic perturbations, which can be achieved through gene family
expansion following either gene duplication or HGT. During nutrient stress, intracellular
concentrations of key metabolic intermediates can fall, which, when coupled with
increasing demand during specialized metabolite biosynthesis, may produce metabolic
conflict in cells. PK occupies a key position in carbon metabolism, bridging glycolysis to
the TCA cycle, and plays a central role in the generation of ATP and precursors for the
synthesis of specialized metabolite precursors (acetyl-CoA, amino acids, organic acids,

TABLE 2 Kinetic characteristics of Pyk1 and Pyk2 for the substrates ADP and PEP and the
activator AMP

Substrate or activator Parameter

No AMP 1 mM AMP

Pyk1 Pyk2 Pyk1 Pyk2

5 mM PEP with ADP Vmax (U/mg) 21.0 1.2 73.3 6.7
S0.5 (mM) 0.6 0.3 0.2 0.1
kcat (s�1) 941 39 4,703 215
kcat/Km (mM�1 s�1) 1,594 145 31,359 2,388

1.5 mM ADP with PEP Vmax (U/mg) 14.1 0.5 65.5 9.1
S0.5 (mM) 3.5 1.3 1.1 8.6
Hill coefficient 3.7 1.5 1.8 7.1
kcat (s�1) 350 18 4,200 336
kcat/S0.5 (mM�1 s�1) 100 14 4,000 39

AMP Vmax (U/mg) 8.2 1
S0.5 (mM) 0.01 3.8
kcat (s�1) 423.7 42.0
kcat/S0.5 (mM�1 s�1) 42,373 11
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etc. [27]). At key branch points in metabolism, such as here, the levels of metabolites
are tightly controlled (29), and in E. coli, the flux between PEP and pyruvate is stably
maintained by two phylogenetically distinct PKs (25, 30). In the streptomycetes, a
duplication event has led to the evolution of altered substrate affinity and enzyme
efficiency in the two duplicate copies which contribute to metabolic robustness
enabling cellular processes to occur during times of perturbation, such as at the entry
into stationary phase and specialized metabolite production.

Enzyme family expansion in central metabolism is widespread in the Actinobacteria,
in particular with those genera that are extensive producers of specialized metabolites
(21) (see Table S1 at https://doi.org/10.6084/m9.figshare.5772963.v1), with the Strepto-
mycineae showing extensive enzyme family expansion in glycolysis. Within glycolysis,
only two enzyme families show duplication as a route to expansion. Borodina et al. (22)
showed that PfkA2 was the primary phosphofructokinase in S. coelicolor but did not
study the wider role of duplication or a detailed kinetic comparison of the expansion
event. The duplication of pyruvate kinase is ancient and has permitted subsequent
divergence of the gene pair to evolve distinct physiological roles, where Pyk2 appears
to function as a housekeeping PK, with a higher affinity for PEP (when AMP is low), and
Pyk1 exhibits strong activation as AMP concentrations rise. An increased AMP concen-
tration is a well-established starvation signal in bacteria (31) and may serve to increase
flux through the terminal end of glycolysis during starvation to facilitate precursor
supply for specialized metabolites. Moreover, the PPP intermediate ribose-5-phosphate
stimulates Pyk1 activity, providing a physiological link between the PPP and the
associated generation of NADPH, which has established links to synthesis of specialized
metabolites, including those overproduced by strains engineered in this work (28).
Disruption of pyk1 in S. coelicolor leads to increased levels of coelimycin and undecyl-
prodigiosin when grown in rich medium (such as in industrial situations) but no
significant increase in the yield of the polyketide antibiotic actinorhodin, which may
reflect the ranges of different metabolic control points affecting biosynthesis of chem-
ically similar specialized metabolites. The regulation of this node is known to be
controlled by at least one global regulator, ScbR2, which is encoded in the coelimycin
(cpk) biosynthetic gene cluster (BGC). ScbR2 expressed in mid-log phase has been
shown to bind to pyk2 and reduce its expression. ScbR2 is also a regulator of ACT and
RED biosynthesis in addition to the angucyclines (32). Interestingly, coelimycin was
originally considered to be a cryptic BGC and the disruption of PK activity results in
increased production of this molecule, suggesting that strategies that affect precursor
supply may activate the plethora of cryptic biosynthetic pathways in Actinobacteria and
may provide a useful strategy for studying these molecules.

Our data demonstrate that the duplication of pyruvate kinase promotes metabolic
robustness through altered kinetic parameters which increase the relative fitness of
strains and influence the production of specialized metabolites. Understanding the
evolution of central metabolism in conjunction with specialized metabolism can con-
tribute to our fundamental understanding of the ability of Actinobacteria to produce a
plethora of useful molecules and can help inform on novel approaches to metabolic
engineering and genome mining (21).

MATERIALS AND METHODS
Database generation and bioinformatics analysis. The NCBI database (https://www.ncbi.nlm.nih

.gov/genbank/wgs) was the source of actinobacterial genomes having a minimum coverage of 25� and
less than 30 contigs per mega-base pair. To ensure a wide range of phylogeny, a selection of 612 species
from 80 genera were included. Each genome was reannotated using RAST (19), and the annotation files
were used to determine the frequency of each functional annotation. The mean number of occurrences
of each functional role was calculated per genus, and examples which had a value equal to or higher than
the mean plus its standard deviation were defined as a “gene expansion event.” Each candidate protein
sequence was extracted from the actinobacterial genome database to form a BLASTP analysis working
database. The sequences were then aligned with MUSCLE v3.8.31 (33), and alignments were scrutinized
using Jalview v2.10.1 to ensure that at least 25% coverage with the query was achieved; if not, sequences
and expansions were discarded from the working database. Phylogenetic analysis of the alignments was
conducted using MrBayes (34) v3.2.3 with trees visualized in FigTree v1.4.2 (http://tree.bio.ed.ac.uk/
software/figtree/). Sequences were obtained from the NCBI gene database and aligned with ClustalW
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algorithm in MEGA v6.06 (35), and the synonymous (dS) and nonsynonymous (dN) changes were
determined using the distance model function with the Nei-Gojobori method (36) with the Jukes-Cantor
algorithm (37) bootstrap.

Growth and mutant construction in Streptomyces. A full list of strains, plasmids and oligonucle-
otides used in this study is provided in Tables S4, S5, and S6 at https://doi.org/10.6084/m9.figshare
.5772963.v1. Routine growth, spore generation, and conjugation of Streptomyces strains were carried out
according to the work of Kieser et al. (38). Antibiotic titers were determined according to the work of
Gomez-Escribano et al. (26) for coelimycin and the work of Kieser et al. (38) for RED and ACT. S. coelicolor
gene knockout mutants (�pyk1 and �pyk2) were constructed using PCR-targeted gene replacement with
an apramycin resistance cassette [acc(3)IV] using the Redirect system (39) and the primers reported in
Table S6 at https://doi.org/10.6084/m9.figshare.5772963.v1. S. coelicolor transposon insertion mutants
(pyk1::Tn5062 and pyk2::Tn5062) were constructed using Tn5062 mutagenized cosmids as described in
the work of Fernández-Martínez et al. (40). Each cosmid was first verified by restriction analysis before
being conjugated into Streptomyces. All strains were verified by PCR and sequencing of the respective
products. Growth curves were performed at a 400-ml scale in minimal medium (28) with either 1%
glucose or Tween 80 as the carbon source in 2-liter flasks containing a metal spring at 30°C and 250 rpm.

Interspecies complementation. E. coli single mutants were from the Keio collection of E. coli
BW25113 (41), and the double mutant was constructed using � Red recombination of pykF according to
the work of Datsenko and Wanner (42). Complementation studies used the Streptomyces pyk1 and pyk2
genes cloned into pET100_TOPO (Invitrogen).

E. coli growth curves were carried out in 250-ml flasks with a working volume of 50 ml of either LB
or M9 medium with 1% (wt/vol) glucose or 0.4% (wt/vol) sodium acetate as carbon source. Flasks were
inoculated from an overnight culture (1% [vol/vol]) including the appropriate antibiotics and 1 mM
isopropyl-�-D-thiogalactopyranoside (IPTG) to induce expression of the PKs. Growth was followed as
optical density at 600 nm (OD600) at 37°C with shaking at 250 rpm. The specific growth rate was
determined from the semilogarithmic plot of biomass concentration.

Protein overexpression and purification. The coding sequence of pyk1 was codon optimized for
E. coli and amplified from the vector pEX-K4 using the primers in Table S6 at https://doi.org/10.6084/
m9.figshare.5772963.v1. The native version of pyk2 was used to amplify the coding sequence using the
primers in Table S6 at https://doi.org/10.6084/m9.figshare.5772963.v1. Both coding sequences were
cloned into the pET100_TOPO vector (Invitrogen) according to the manufacturer’s instructions. Overex-
pression of pyk1 was in E. coli Origami B on LB with 1% (wt/vol) glucose at 30°C until an OD600 of 0.4 was
reached, and the expression was induced with 0.05 mM IPTG at 18°C overnight. Pyk2 overexpression was
in E. coli Rosetta using autoinduction medium [components per liter: 10 g tryptone, 5 g yeast extract,
3.3 g (NH4)2SO4, 6.8 g KH2PO4, 7.1 g Na2HPO4, 0.5 g glucose, 2.0 g �-lactose, 0.15 g MgSO4]; cells were
grown at 37°C for 2 h and then reduced to 18°C for overnight cultivation. Cells were disrupted by
sonication. Pyk1 and Pyk2 were purified by nickel affinity chromatography using HisTrap FF crude (GE
Healthcare) with binding buffer (100 mM KH2PO4 pH 7.2, 10% [vol/vol] glycerol, 100 mM NaCl, 20 mM
imidazole). Tagged proteins were eluted with increasing imidazole concentrations (elution buffer:
100 mM KH2PO4 [pH 7.2], 10% [vol/vol] glycerol, 100 mM NaCl, 1 M imidazole). Fractions (1 ml) were
collected, and the highest concentrations of protein were pooled.

Kinetic characteristics of each pyruvate kinase were determined using purified protein samples
according to the method of Bergmeyer et al. (43). Assays to determine the enzyme kinetics for each PK
under each condition were carried out in triplicate, and results were analyzed using GraphPad Prism
using the Michaelis-Menten or Hill equation where appropriate.

RNA extraction, semiquantitative RT-PCR, and qPCR analysis. Biomass of S. coelicolor came from
liquid cultures, and semiquantitative RT-PCR was carried out according to the method of Clark and
Hoskisson (7). Total RNA was used as the template for cDNA synthesis using a qPCRBio cDNA synthesis
kit (PCR Biosystems). All cDNA samples were diluted to a concentration of 10 ng/�l with each quanti-
tative PCR (qPCR) mixture containing 10 ng of cDNA (1 �l) and were then mixed with 10 �l MasterMix
(2� qPCRBio SyGreen mix Lo-ROX kit from PCR Biosystems) and 2.5 �l of each primer to a final reaction
volume of 20 �l using the Corbett Research 6000 analyzer (Qiagen).

Fitness experiments. Competitive fitness of PK mutants versus WT was estimated based on the work
of Lenski et al. (44). Briefly, spores of each strain were separately pregerminated in 2� YT medium (38)
for 7 h at 30°C and washed twice in the culture medium to be used in the fitness experiment. Germling
OD600 was determined, and a 10-ml culture was inoculated with approximately 1 � 105 CFU of each
strain. Initial and final strain densities (after 68 h of growth) were determined by plating on nutrient agar
with the appropriate selection. The net growth rate of each competitor was calculated from the data, and
the relative fitness of a strain is expressed as the ratio of its growth rate to that of its competitor. Assays
were performed in triplicate.

ACKNOWLEDGMENTS
We thank Ian Henderson and Faye Morris (University of Birmingham) for the gift of

the E. coli Keio collection mutants and David Hodgson for helpful discussions.
We thank the Scottish Universities Life Science Alliance (SULSA) for BioSkape PhD

funding to J.K.S., the Mac Robertson Travelling Scholarship awarded to J.K.S. to visit the
laboratory of F.B.-G., and the Natural Environment Research Council for grant NE/
M001415/1 to P.A.H. Work in the laboratory of F.B.-G. was funded by CONACyT, Mexico

Metabolic Robustness in Streptomyces ®

January/February 2018 Volume 9 Issue 1 e02283-17 mbio.asm.org 11

 
m

bio.asm
.org

 on F
ebruary 6, 2018 - P

ublished by 
m

bio.asm
.org

D
ow

nloaded from
 

https://doi.org/10.6084/m9.figshare.5772963.v1
https://doi.org/10.6084/m9.figshare.5772963.v1
https://doi.org/10.6084/m9.figshare.5772963.v1
https://doi.org/10.6084/m9.figshare.5772963.v1
https://doi.org/10.6084/m9.figshare.5772963.v1
https://doi.org/10.6084/m9.figshare.5772963.v1
http://mbio.asm.org
http://mbio.asm.org/
http://mbio.asm.org/


(grant 177568), and Langebio institutional funds to support P.C.-M. as a postdoctoral
fellow. L.T.F.-M. acknowledges the support of BBSRC/NPRONET (NPRONET POC028), the
British Council (275898511), and Edge Hill University for funding.

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

REFERENCES
1. Bentley SD, Chater KF, Cerdeño-Tárraga AM, Challis GL, Thomson NR,

James KD, Harris DE, Quail MA, Kieser H, Harper D, Bateman A, Brown S,
Chandra G, Chen CW, Collins M, Cronin A, Fraser A, Goble A, Hidalgo J,
Hornsby T, Howarth S, Huang CH, Kieser T, Larke L, Murphy L, Oliver K,
O’Neil S, Rabbinowitsch E, Rajandream MA, Rutherford K, Rutter S,
Seeger K, Saunders D, Sharp S, Squares R, Squares S, Taylor K, Warren T,
Wietzorrek A, Woodward J, Barrell BG, Parkhill J, Hopwood DA. 2002.
Complete genome sequence of the model actinomycete Streptomyces
coelicolor A3(2). Nature 417:141–147. https://doi.org/10.1038/417141a.

2. Hiltner JK, Hunter IS, Hoskisson PA. 2015. Tailoring specialized metabo-
lite production in Streptomyces. Adv Appl Microbiol 91:237–255. https://
doi.org/10.1016/bs.aambs.2015.02.002.

3. Wagner A. 2008. Robustness and evolvability: a paradox resolved. Proc
Biol Sci 275:91–100. https://doi.org/10.1098/rspb.2007.1137.

4. Wagner A. 2008. Gene duplications, robustness and evolutionary inno-
vations. Bioessays 30:367–373. https://doi.org/10.1002/bies.20728.

5. Treangen TJ, Rocha EPC. 2011. Horizontal transfer, not duplication,
drives the expansion of protein families in prokaryotes. PLoS Genet
7:e1001284. https://doi.org/10.1371/journal.pgen.1001284.

6. McLoughlin SY, Copley SD. 2008. A compromise required by gene
sharing enables survival: implications for evolution of new enzyme
activities. Proc Natl Acad Sci U S A 105:13497–13502. https://doi.org/10
.1073/pnas.0804804105.

7. Clark LC, Hoskisson PA. 2011. Duplication and evolution of devA-like
genes in Streptomyces has resulted in distinct developmental roles. PLoS
One 6:e25049. https://doi.org/10.1371/journal.pone.0025049.

8. Clark LC, Seipke RF, Prieto P, Willemse J, van Wezel GP, Hutchings MI,
Hoskisson PA. 2013. Mammalian cell entry genes in Streptomyces may
provide clues to the evolution of bacterial virulence. Sci Rep 3:1109.
https://doi.org/10.1038/srep01109.

9. Challis GL, Hopwood DA. 2003. Synergy and contingency as driving
forces for the evolution of multiple secondary metabolite production by
Streptomyces species. Proc Natl Acad Sci U S A 100(Suppl 2):
14555–14561. https://doi.org/10.1073/pnas.1934677100.

10. Chater KF, Biró S, Lee KJ, Palmer T, Schrempf H. 2010. The complex
extracellular biology of Streptomyces. FEMS Microbiol Rev 34:171–198.
https://doi.org/10.1111/j.1574-6976.2009.00206.x.

11. Kim J, Copley SD. 2007. Why metabolic enzymes are essential or non-
essential for growth of Escherichia coli K12 on glucose. Biochemistry
46:12501–12511. https://doi.org/10.1021/bi7014629.

12. Teichmann SA, Babu MM. 2004. Gene regulatory network growth by
duplication. Nat Genet 36:492– 496. https://doi.org/10.1038/ng1340.

13. Girard G, Traag BA, Sangal V, Mascini N, Hoskisson PA, Goodfellow M,
van Wezel GP. 2013. A novel taxonomic marker that discriminates
between morphologically complex actinomycetes. Open Biol 3:130073.
https://doi.org/10.1098/rsob.130073.

14. Chater KF, Chandra G. 2006. The evolution of development in Strepto-
myces analysed by genome comparisons. FEMS Microbiol Rev 30:
651– 672. https://doi.org/10.1111/j.1574-6976.2006.00033.x.

15. Tokovenko B, Rebets Y, Luzhetskyy A. 2016. Automating assessment of
the undiscovered biosynthetic potential of Actinobacteria. bioRxiv https://
doi.org/10.1101/036087.

16. Bibb MJ. 2005. Regulation of secondary metabolism in streptomycetes.
Curr Opin Microbiol 8:208 –215. https://doi.org/10.1016/j.mib.2005.02
.016.

17. Lenski RE, Barrick JE, Ofria C. 2006. Balancing robustness and evolvabil-
ity. PLoS Biol 4:e428. https://doi.org/10.1371/journal.pbio.0040428.

18. Nowak MA, Boerlijst MC, Cooke J, Smith JM. 1997. Evolution of genetic
redundancy. Nature 388:167–171. https://doi.org/10.1038/40618.

19. Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, Formsma K,
Gerdes S, Glass EM, Kubal M, Meyer F, Olsen GJ, Olson R, Osterman AL,
Overbeek RA, McNeil LK, Paarmann D, Paczian T, Parrello B, Pusch GD,
Reich C, Stevens R, Vassieva O, Vonstein V, Wilke A, Zagnitko O. 2008.

The RAST server: rapid annotations using subsystems technology. BMC
Genomics 9:75. https://doi.org/10.1186/1471-2164-9-75.

20. Barona-Gómez F, Cruz-Morales P, Noda-García L. 2012. What can
genome-scale metabolic network reconstructions do for prokaryotic
systematics? Antonie Van Leeuwenhoek 101:35– 43. https://doi.org/10
.1007/s10482-011-9655-1.

21. Cruz-Morales P, Kopp JF, Martínez-Guerrero C, Yáñez-Guerra LA,
Selem-Mojica N, Ramos-Aboites H, Feldmann J, Barona-Gómez F.
2016. Phylogenomic analysis of natural products biosynthetic gene
clusters allows discovery of arseno-organic metabolites in model
streptomycetes. Genome Biol Evol 8:1906 –1916. https://doi.org/10
.1093/gbe/evw125.

22. Borodina I, Siebring J, Zhang J, Smith CP, van Keulen G, Dijkhuizen L,
Nielsen J. 2008. Antibiotic overproduction in Streptomyces coelicolor
A3(2) mediated by phosphofructokinase deletion. J Biol Chem 283:
25186 –25199. https://doi.org/10.1074/jbc.M803105200.

23. Case RJ, Boucher Y, Dahllöf I, Holmström C, Doolittle WF, Kjelleberg S.
2007. Use of 16S rRNA and rpoB genes as molecular markers for micro-
bial ecology studies. Appl Environ Microbiol 73:278 –288. https://doi.org/
10.1128/AEM.01177-06.

24. Kämpfer P, Glaeser SP. 2012. Prokaryotic taxonomy in the sequencing
era—the polyphasic approach revisited. Environ Microbiol 14:291–317.
https://doi.org/10.1111/j.1462-2920.2011.02615.x.

25. Muñoz ME, Ponce E. 2003. Pyruvate kinase: current status of regulatory
and functional properties. Comp Biochem Physiol B Biochem Mol Biol
135:197–218. https://doi.org/10.1016/S1096-4959(03)00081-2.

26. Gomez-Escribano JP, Song L, Fox DJ, Yeo V, Bibb MJ, Challis GL. 2012.
Structure and biosynthesis of the unusual polyketide alkaloid coelimycin
P1, a metabolic product of the cpk gene cluster of Streptomyces coeli-
color M145. Chem Sci 3:2716. https://doi.org/10.1039/c2sc20410j.

27. Hodgson DA. 2000. Primary metabolism and its control in
streptomycetes: a most unusual group of bacteria. Adv Microb Physiol
42:47–238. https://doi.org/10.1016/S0065-2911(00)42003-5.

28. Obanye AIC, Hobbs G, Gardner DCJ, Oliver SG. 1996. Correlation be-
tween carbon flux through the pentose phosphate pathway and pro-
duction of the antibiotic methylenomycin in Streptomyces coelicolor
A3(2). Microbiology 142:133–137. https://doi.org/10.1099/13500872-142
-1-133.

29. Sauer U, Eikmanns BJ. 2005. The PEP-pyruvate-oxaloacetate node as the
switch point for carbon flux distribution in bacteria. FEMS Microbiol Rev
29:765–794. https://doi.org/10.1016/j.femsre.2004.11.002.

30. Emmerling M, Dauner M, Ponti A, Fiaux J, Hochuli M, Szyperski T,
Wüthrich K, Bailey JE, Sauer U. 2002. Metabolic flux responses to pyru-
vate kinase knockout in Escherichia coli. J Bacteriol 184:152–164. https://
doi.org/10.1128/JB.184.1.152-164.2002.

31. Brauer MJ, Yuan J, Bennett BD, Lu W, Kimball E, Botstein D, Rabinowitz
JD. 2006. Conservation of the metabolomic response to starvation across
two divergent microbes. Proc Natl Acad Sci U S A 103:19302–19307.
https://doi.org/10.1073/pnas.0609508103.

32. Li X, Wang J, Li S, Ji J, Wang W, Yang K. 2015. ScbR and ScbR2-mediated
signal transduction networks coordinate complex physiological re-
sponses in Streptomyces coelicolor. Sci Rep 5:14831. https://doi.org/10
.1038/srep14831.

33. Edgar RC. 2004. MUSCLE: a multiple sequence alignment method with
reduced time and space complexity. BMC Bioinformatics 5:113. https://
doi.org/10.1186/1471-2105-5-113.

34. Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Höhna
S, Larget B, Liu L, Suchard MA, Huelsenbeck JP. 2012. MrBayes 3.2:
efficient Bayesian phylogenetic inference and model choice across a
large model space. Syst Biol 61:539 –542. https://doi.org/10.1093/
sysbio/sys029.

35. Kumar S, Tamura K, Nei M. 2004. MEGA3: integrated software for

Schniete et al. ®

January/February 2018 Volume 9 Issue 1 e02283-17 mbio.asm.org 12

 
m

bio.asm
.org

 on F
ebruary 6, 2018 - P

ublished by 
m

bio.asm
.org

D
ow

nloaded from
 

https://doi.org/10.1038/417141a
https://doi.org/10.1016/bs.aambs.2015.02.002
https://doi.org/10.1016/bs.aambs.2015.02.002
https://doi.org/10.1098/rspb.2007.1137
https://doi.org/10.1002/bies.20728
https://doi.org/10.1371/journal.pgen.1001284
https://doi.org/10.1073/pnas.0804804105
https://doi.org/10.1073/pnas.0804804105
https://doi.org/10.1371/journal.pone.0025049
https://doi.org/10.1038/srep01109
https://doi.org/10.1073/pnas.1934677100
https://doi.org/10.1111/j.1574-6976.2009.00206.x
https://doi.org/10.1021/bi7014629
https://doi.org/10.1038/ng1340
https://doi.org/10.1098/rsob.130073
https://doi.org/10.1111/j.1574-6976.2006.00033.x
https://doi.org/10.1101/036087
https://doi.org/10.1101/036087
https://doi.org/10.1016/j.mib.2005.02.016
https://doi.org/10.1016/j.mib.2005.02.016
https://doi.org/10.1371/journal.pbio.0040428
https://doi.org/10.1038/40618
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1007/s10482-011-9655-1
https://doi.org/10.1007/s10482-011-9655-1
https://doi.org/10.1093/gbe/evw125
https://doi.org/10.1093/gbe/evw125
https://doi.org/10.1074/jbc.M803105200
https://doi.org/10.1128/AEM.01177-06
https://doi.org/10.1128/AEM.01177-06
https://doi.org/10.1111/j.1462-2920.2011.02615.x
https://doi.org/10.1016/S1096-4959(03)00081-2
https://doi.org/10.1039/c2sc20410j
https://doi.org/10.1016/S0065-2911(00)42003-5
https://doi.org/10.1099/13500872-142-1-133
https://doi.org/10.1099/13500872-142-1-133
https://doi.org/10.1016/j.femsre.2004.11.002
https://doi.org/10.1128/JB.184.1.152-164.2002
https://doi.org/10.1128/JB.184.1.152-164.2002
https://doi.org/10.1073/pnas.0609508103
https://doi.org/10.1038/srep14831
https://doi.org/10.1038/srep14831
https://doi.org/10.1186/1471-2105-5-113
https://doi.org/10.1186/1471-2105-5-113
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/sys029
http://mbio.asm.org
http://mbio.asm.org/
http://mbio.asm.org/


molecular evolutionary genetics analysis and sequence alignment.
Brief Bioinform 5:150 –163. https://doi.org/10.1093/bib/5.2.150.

36. Nei M, Gojobori T. 1986. Simple methods for estimating the numbers of
synonymous and nonsynonymous nucleotide substitutions. Mol Biol Evol
3:418–426. https://doi.org/10.1093/oxfordjournals.molbev.a040410.

37. Jukes TH, Cantor CR. 1969. Evolution of protein molecules, p 21–132. In
Munro HN (ed), Mammalian protein metabolism, vol 3. Academic Press,
New York, NY.

38. Kieser T, Bibb MJ, Buttner MJ, Chater KF, Hopwood DA. 2000. Practical
Streptomyces genetics. John Innes Foundation, Norwich, United
Kingdom.

39. Gust B, Challis GL, Fowler K, Kieser T, Chater KF. 2003. PCR-targeted
Streptomyces gene replacement identifies a protein domain needed for
biosynthesis of the sesquiterpene soil odor geosmin. Proc Natl Acad Sci
U S A 100:1541–1546. https://doi.org/10.1073/pnas.0337542100.

40. Fernández-Martínez LT, Del Sol R, Evans MC, Fielding S, Herron PR,
Chandra G, Dyson PJ. 2011. A transposon insertion single-gene knockout

library and new ordered cosmid library for the model organism Strep-
tomyces coelicolor A3(2). Antonie Van Leeuwenhoek 99:515–522. https://
doi.org/10.1007/s10482-010-9518-1.

41. Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, Datsenko KA,
Tomita M, Wanner BL, Mori H. 2006. Construction of Escherichia coli K-12
in-frame, single-gene knockout mutants: the Keio collection. Mol Syst
Biol 2:2006.0008. https://doi.org/10.1038/msb4100050.

42. Datsenko KA, Wanner BL. 2000. One-step inactivation of chromosomal
genes in Escherichia coli K-12 using PCR products. Proc Natl Acad Sci
U S A 97:6640 – 6645. https://doi.org/10.1073/pnas.120163297.

43. Bergmeyer HU, Gawehn K, Grassl M. 1974. Enzymatic assay of pyruvate
kinase, p 509 –510. In Bergmeyer HU (ed), Methods of enzymatic analysis,
2nd ed, vol 1. Academic Press, New York, NY.

44. Lenski RE, Rose MR, Simpson SC, Tadler SC. 1991. Long-term experimen-
tal evolution in Escherichia coli. I. Adaptation and divergence during
2,000 generations. Am Nat 138:1315–1341. https://doi.org/10.1086/
285289.

Metabolic Robustness in Streptomyces ®

January/February 2018 Volume 9 Issue 1 e02283-17 mbio.asm.org 13

 
m

bio.asm
.org

 on F
ebruary 6, 2018 - P

ublished by 
m

bio.asm
.org

D
ow

nloaded from
 

https://doi.org/10.1093/bib/5.2.150
https://doi.org/10.1093/oxfordjournals.molbev.a040410
https://doi.org/10.1073/pnas.0337542100
https://doi.org/10.1007/s10482-010-9518-1
https://doi.org/10.1007/s10482-010-9518-1
https://doi.org/10.1038/msb4100050
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1086/285289
https://doi.org/10.1086/285289
http://mbio.asm.org
http://mbio.asm.org/
http://mbio.asm.org/

