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Abstract

Background: Streptomyces clavuligerus ATCC 27064, the industrial producer of the B-lactamase inhibitor clavulanic acid,
carries 49 putative secondary metabolite gene clusters. These secondary metabolite gene clusters are distributed between
its linear chromosome and the 1.8 Mb-plasmid pSCL4, a rich reservoir of bioactive compound gene clusters.

Results: The transcriptome and metabolome of S. clavuligerus ATCC 27064 and the pSCL4™ derived strain, S. clavuligerus
pSCL4™, were analysed. Construction of the S. clavuligerus pSCL4™ strain resulted in the excision of a 303 kb stretch in the
right arm of the chromosome and its translocation to pSCL4, producing a 2.1 Mb plasmid named pSCL4* .

The absence of pSCL4* results in changes in the transcription level of genes encoding regulatory proteins or proteins with
various functions. Lack of pSCL4* results in upregulation of three chromosomal gene clusters for secondary metabolites
(SMCO), SMC18, for holomycin and N-propionylholothin biosynthesis, SMC11b for tunicamycin biosynthesis (located
between SMC10 and SMC11), and SMC5. The SMC10, SMC11 and SMC6 gene clusters were downregulated, resulting in
lower production of clavulanic acid, cephamycin C and desferrioxamine E, respectively. Clusters SMC8, SMC12, SMC13 and
SMC19 were also downregulated. Production levels of bioactive compounds, such as alkylresorcinol or thiol-derived
compounds, were affected in the plasmid-less strain.

Conclusions: The excision and translocation to pSCL4 of 303 kb from the right arm of the chromosome confirms that the
ends of the chromosome arms are regions of high instability and supports the hypothesis that pSCL4 might have been
excised from S. clavuligerus chromosomal right arm end. Cysteine and methionine metabolism in S. clavuligerus lacking
pSCL4* may differ from that of the wild type strain, given the absence of sulfur metabolism genes located either in pSCL4
or at the right end of the chromosome, which led to levels of dithiolopyrrolones (holomycin, N-propionylholothin) and
acetylhomocysteine thiolactone (citiolone) higher than those of the wild type strain. S. clavuligerus pSCL4~ shows strong
differences in its transcriptome and metabolome; however, the loss of 2.1 Mb DNA is dispensable in this strain.
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Background

Streptomyces clavuligerus ATCC 27064 is the industrial
producer of clavulanic acid, a f-lactamase inhibitor widely
used in combination with the semisynthetic (-lactam
amoxicillin to treat various bacterial infections. Forty-nine
putative secondary metabolite gene clusters (SMC) have
been identified in this species [1], one of the largest
number of SMCs found in any bacterium. These SMCs
are distributed between its lineal chromosome, with 24
SMCs, and a rich reservoir of secondary metabolic path-
ways, the 1.8 Mb-plasmid pSCL4, encoding 25 SMCs. S.
clavuligerus ATCC 27064 has three additional plasmids:
pSCL1, pSCL2, and pSCL3, of 11.7, 120, and 430 kb in
length, respectively [2], but SMCs have not been identified
within them so far.

Most of these gene clusters for bioactive compounds are
silent and/or cryptic [1]. Charusanti et al. [3] exploited
adaptative laboratory evolution by co-cultivation of S.
clavuligerus with a methicillin-resistant Staphylococcus
aureus strain; in this way they obtained fourteen S.
clavuligerus isolates producing holomycin, a bioactive
compound whose gene cluster is silent in the wild type
strain in tested laboratory conditions. Two of these strains
lack the whole pSCL4, and a third one lacks the leftmost
stretch of pSCL4. Also, the holomycin producer strains S.
clavuligerus oppA2:aph [4] and S. clavuligerus claR:aph
[5] showed a lower copy number of pSCL4 than the wild
type strain, suggesting that pSCL4 might be involved in
the activation of some secondary metabolite gene clusters.

To obtain a S. clavuligerus strain devoid of pSCL4, the
parA-parB genes for pSCL4 segregation were deleted in the
wild type strain [6]. S. clavuligerus pSCL4™ grew slightly
slower than the wild type strain, but was a viable strain, in-
dicating that the pSCL4 plasmid is dispensable [6]; likewise,
in accordance with previous studies [3, 6, 7], S. clavuligerus
pSCL4™ produced a large amount of holomycin.

In addition to its large potential to produce a wide
variety of bioactive compounds, the megaplasmid pSCL4
carries some regulatory genes [1]. Among them are the
only gene for a butyrolactone receptor in S. clavuligerus
genome, genes for serine/threonine kinases, genes for
pairs or orphan two-component regulatory systems, and
for other regulatory protein families. Therefore, given
the in silico cross-talk prediction between chromosomal
and pSCL4-encoded genes [1], to gain more in-depth
knowledge of the potential of S. clavuligerus in bioactive
compound production, the metabolome and transcrip-
tome of S. clavuligerus ATCC 27064 and the derived S.
clavuligerus pSCL4~ strain were analyzed.

The rapid evolution of the array of secondary metabo-
lites in Streptomyces may be due to the instability of
their chromosome ends that leads to amplifications and
deletions in the genome and contributes to transmision
of genetic information between Streptomyces plasmids
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and the chromosome. In this sense the double recom-
bination of a smaller plasmid with the chromosome
seems to be the most plausible scenario to explain the
origin of pSCL4 [1].

Our studies confirm a megaplasmid-chromosome cross-
regulation and support that pSCL4 may be originated by
excision from the right arm of S. clavuligerus chromosome
as previously suggested [1].

Results

Insights on the evolution of pSCL4

During the analysis of the transcriptome of both S.
clavuligerus pSCL4™ and S. clavuligerus ATCC 27064,
performed in the exponential and stationary growth
phases, the genes along the chromosome in S. clavuligerus
pSCL4™ were up- or downregulated in relation to the
control strain; however, the coding DNA sequences (CDS)
in the rightmost stretch of the right arm of the chromo-
some had systematically lower transcription levels in the
three sampling times (Fig. 1a). These results might be due
to a modulation of the transcription of these genes,
located close to the right telomere, as a result of the lack
of pSCL4. An alternative explanation is the absence of
these genes in the pSCL4 strain.

To determine the origin of this downregulation, the
following genes were analyzed by qPCR in both strains:
i) 10 genes located in the underexpressed region of the
right end of the chromosome (between SCLAV_5482
and the right telomere), ii) genes located in the central
region of the chromosome (SCLAV_5146, SCLAV_5308)
or located in plasmid pSCL2 (parApsci2), and iii) genes,
such as parB,scra, located in pSCL4, and therefore
absent in S. clavuligerus pSCL4™ (Fig. 1b).

The qPCR analysis showed the same number of copies
of SCLAV_5146, SCLAV_5308 and parApsci, in S.
clavuligerus pSCL4™ as in the wild type strain. As
expected, in S. clavuligerus pSCL4~ amplification of
parBpscra was undetectable, and the same occurs to the
10 genes located in the right arm of the chromosome that
were analyzed (Fig. 1b). In the DNA stretch showing lower
transcriptional signal level (Fig. 1a), the relative amount of
DNA ranged from 10° for SCLAV _5719 to 10™* for
SCLAV_5585 (Fig. 1b), suggesting that genes located
downstream of SCLAV_5491, including the right telomere,
are not present in S. clavuligerus pSCL4™. In order to deter-
mine when the translocation occurred, strains S. clavuli-
gerus ATCC 27064, S. clavuligerus parAB:aac, derived
from the wild type strain, and S. clavuligerus pSCL4™ con-
structed from S. clavuligerus parAB:aac, were analyzed by
final time PCR to test every gene between SCLAV_5487
and SCLAV_5491 (Fig. 2). While all the genes were present
in S. clavuligerus ATCC 27064 and S. clavuligerus parA-
B::aac, genes SCLAV_5489 to SCLAV_5491 were absent in
S. clavuligerus pSCL4™. This suggests that the excision
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Fig. 1 Change of gene expression level and DNA quantification of genes in S. clavuligerus pSCL4- in relation to wild type strain. a Change of
expression level of genes in S. clavuligerus pSCL4™~ chromosome at 46.5 h in relation to the wild type strain. The pattern of the change of gene
expression level was the same at 22.5 h and 60 h (not shown). b gPCR of: i) pSCL4 located genes (parBysci.4) deleted in S. clavuligerus pSCL4™, i) genes
located in plasmids different from pSCL4 (parA,sc ), iii) genes located in the central part of the chromosome (SCLAV_5146, SCLAV_5308), and iv)
genes located in the 303 kb stretch of the right arm of the chromosome (SCLAV_5482, 5485, 5487, 5491, 5521, 5580, 5585, 5692, 5719 and the right
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analyzed in S. clavuligerus ATCC 27064, S. clavuligerus parAB:aac and S. clavuligerus pSCL4™ using the indicated oligonucleotides. b Regions
amplified to determine the position in which the excision occurred in S. clavuligerus parAB:aac. The excision occurred at the 294 nt intergenic
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occurred downstream of SCLAV_5488 (Fig. 2b); therefore,
the intergenic SCLAV_5488 to SCLAV_5489 was analyzed;
a qPCR amplification product was detected in the wild type
strain, but not in S. clavuligerus parAB:aac or S. clavuli-
gerus pSCL4~ (Fig. 2b).

The amplification of genes SCLAV_5487 to
SCLAV_5491, and the lack of amplification of the
SCLAV_5488 to SCLAV_5489 intergenic region in S.cla-
vuligerus parAB:aac (Fig. 2b) suggests that those genes
were already excised from the chromosome in this
strain, and translocated to plasmid pSCL4 to form a
2.1 Mb megaplasmid named pSCL4*. The region in
which the excision may take place is 294 nt in length
(Fig. 2a) and may form a hairpin loop in all its length
with a AG value of —85.98 kcal/mol (Additional file 1:
Figure S1). This secondary structure might facilitate the
excision of the 303 kb chromosomal DNA fragment,
subsequently translocated to the megaplasmid and lost
when pSCL4* is eliminated in S. clavuligerus pSCL4".
An alternative hypothesis is that the deletion of pSCL4
parA-parB segregation genes forces the integration of
the megaplasmid in the right arm of the chromosome to
avoid its loss, but due to the large size of this plasmid,
the right arm of the chromosome might have split at
one of the chromosomal hot spots during replication.
Therefore, when we refer to the lack of pSCL4 in strain
S. clavuligerus pSCL4™, the lack of the 303 kb chromo-
somal DNA fragment is always included.

Most of the genes in the translocated chromosomal
DNA fragment encode hypothetical proteins, but others
encode regulators, proteins involved in antibiotic resist-
ance, genes with different functions and four gene
clusters for secondary metabolism (SMC20 from
SCLAV_5489, SMC21, SMC22 and SMC23).

Therefore, in the transcriptome studies presented below,
we will consider only genes up to SCLAV_5488 since the
lower expression of the final 231 CDS (SCLAV_5488 to
SCLAV_5719) is due to their absence in the studied strain.

Transcriptome analysis

To analyze possible crosstalk regulation between genes
located in S. clavuligerus chromosome and genes in the
megaplasmid pSCL4, the transcriptome of S. clavuligerus
pSCL4~ [6] was compared to that S. clavuligerus ATCC
27064, the wild type strain. Transcriptome analysis based
on microarrays showed that, as expected, the 1570 CDS
located in pSCL4 showed a negative M, value (which is
proportional to the abundance of the transcript for a
particular gene), in the plasmid-less strain due to the ab-
sence of the transcripts for these genes. In total, 210
chromosomal genes were upregulated in the strain lack-
ing pSCL4, 15 corresponding to regulatory genes and 34
included in secondary metabolites gene clusters. In
addition, 335 chromosomal genes were downregulated,
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including 30 genes encoding regulatory proteins and 25
genes located in secondary metabolites gene clusters.
Furthermore,

by metabolomics analysis, differences in secondary
metabolites produced between both strains were
identified.

Production of antibiotics

The production of clavulanic acid, cephamycin C and
holomycin was assessed in S. clavuligerus ATCC 27064
and S. clavuligerus pSCL4™ grown in SA media. The lack
of pSCL4 resulted in lower cephamycin C production
and a decrease in clavulanic acid production (about 50%
along the fermentation) (Additional file 1: Figure S2).
Holomycin, not detectable in the wild type strain, was
produced by the pSCL4 mutant at high levels (885 pg/
mg DNA at 70.5 h), as described previously [6].

Concomitantly, all the genes for clavulanic acid pro-
duction (cluster SMC10) were downregulated (Fig. 3,
upper panel). The effect was weaker for genes of the
early steps (ceaS2, bls2, pah2, cas2) than for genes of the
late steps of the pathway. This global downregulation of
the gene cluster may be consequence of claR low ex-
pression level (2.9-fold decrease), as described by Marti-
nez-Burgo et al. [5]. Lack of pSCL4 affected differently
the genes in the clavams gene cluster (SMC9) (Fig. 3,
central panel). Upregulation of cvm7, cvmll, cvml2,
cvmH and cvmP was observed at all the sampling times
but cvmn9, cvml, cvm2 and cvmi3 were downregulated.
The decrease in cephamycin C production observed in S.
clavuligerus pSCLA4, fits well with the lower expression of
the genes for the biosynthetic early (pchAB, pcbC) and late
steps (cefD, cefE, cefE, cmcH, cmcl, cmc]) of the cephamy-
cin C pathway (cluster SMC11, Fig. 3 lower panel).

All genes from hlmA to himli, for holomycin biosyn-
thesis (cluster SMC18), were strongly upregulated,
although the effect of the lack of pSCL4 on hlmK, himL
and hlmM was lower (not shown), as previously
described [7].

Lack of pSCL4: effect on expression level of chromosome

genes

Secondary metabolites gene clusters. Gene-clusters for
secondary metabolites (SMC) in S. clavuligerus have
been detected using the antiSMASH prediction method
[1, 8, 9]. Transcription levels of genes for the secondary
metabolites biosynthesis were heterogeneous. Chromo-
somal gene clusters SMC20 to SMC23 were not present
in S. clavuligerus pSCL4™ and expression of clusters
SMC14 to SMC17, for the formation of two NRPS, a
type II PKS and a phytoene/squalene type of
compound, respectively, were not affected by the lack
of plasmid pSCL4.
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Fig. 3 Effect of the lack of pSCL4 on B-lactam biosynthesis gene clusters expression. Transcription level of genes of SMC10, SMC9 and SMC11
antibiotic gene clusters. Expression of the genes for the biosynthesis of clavulanic acid (SMC10), clavams 55 (SMC9), and cephamycin C (SMC11)
in S. clavuligerus pSCL4™ is compared with those in S. clavuligerus ATCC 27064 (taken as 1.0). Bars represent the change of expression (fold) (base-
2 logarithmic scale) at early exponential phase (black bars), exponential phase (grey bars) and stationary phase growth (white bars). The name of

Tunicamycin and holomycin have been reported to be
produced by S. clavuligerus [10]. Clusters SMCS5,
SMC11b and SMC18 for a type I PKS, for tunicamycin
and for holomycin, respectively, showed all or most of
their genes upregulated in the pSCL4-less strain
(Table 1), as shown in detail for the tunicamycin and the
SMCS5 clusters (Fig. 4, lower left and upper panels).

Clusters SMC6, SMC8, SMC10, SMC11, SMCI2,
SMC13 and SMC19 encoding compounds with very
different chemical structure (lantibiotics, [-lactams,
PKS-NRPS, NRPS) or acting as siderophores [11],
showed all or most of their genes downregulated in S.
clavuligerus pSCL4™ (Table 1, shadowed in grey) as also
shown with detail for the clavulanic acid or the cepha-
mycin C gene clusters (Fig. 3, upper and lower panels)
and for genes of the SMC12 cluster (Fig. 4, lower right
panel). Other clusters SMC1, SMC2, SMC3, SMC4,
SMC7, and SMC9 showed gene- and time-dependent
up- or downregulation (Table 1, shadowed in dark grey).

The specific molecular structure of many of the
compounds formed by the SMCs of S. clavuligerus is
unknown and only the type of enzymes encoded by

some genes allows to associate a type of chemical
structure to these SMCs, but no correlation was
detected between the transcription levels of the genes
and the chemical structure of the compound produced
by the clusters.

(ii) Regulators. Forty five chromosome regulatory genes
were up- or downregulated in S. clavuligerus pSCLA™ at least
2-fold at all the sampling times (Table 2). SCLAV_2377, en-
coding the sigma factor SigE is one of the upregulated genes.
Located in the operon sigE-cseA-cseB-cseC, this gene is part
of a signal transduction pathway that allows S. coelicolor to
sense and respond to changes in the integrity of its cell
envelope [12]. Genes encoding the other three components
of this pathway (CseA, a negative regulator; CseB, a
response regulator; and CseC, a sensor histidine protein
kinase) were also upregulated. A strong effect was also
observed on the ahpDC-oxyR operon, which is activated by
OxyR, as defense response to oxidative stress [13]. These
genes were strongly upregulated at stationary growth phase
(Table 2). SCLAV_4082 (rpoE), orthologous to S. coelicolor
SigR [14], was upregulated at exponential growth phase.
RpoE controls a regulon of 113 genes involved in oxidative
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Table 1 Expression patterns in genes located in
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secondary metabolites gene clusters

Cluster Genes Product Expression pattern
SMC5 SCLAV_0446-0497 | Type I PKS Most of the genes up d at the two first sampling times
SMC11B SCLAV_4276-4287 | Tunicamycin All the genes up-regulated at the three sampling times
SMC18 SCLAV _5267-5278 | Holomycin All the genes up-regulated at the three sampling times
SMC6 SCLAV_1942-1955 | Siderophore Most of the genes do lated at the three sampling times
SMC8 SCLAV_2456-2469 | Lantibiotic All genes downregulated specially at the two first times
SMC10 SCLAV _4178-4197 | Clavulanic acid All the genes downregulated at the three sampling times
SMCI11 SCLAV_4198-4217 | Cephamycin C All the genes downregulated at the three sampling times
SMC12 SCLAV_4387-4392 | Lantibiotic All genes downregulated at the three sampling times
SMC13 SCLAV_4460-4486 | PKS-NRPS Most of the genes dow d at the three sampling times
SMC19 SCLAV 5325-5347 | NRPS Most of the genes downregulated, especially at the two final sampling times
SMC1 SCLAV_0001-0026 | Macrolide type IPKS | Genes upr d and genes do lated at the three sampling times
SMC2 SCLAV_0082-0105 | Unknown type Genes upr d and genes do lated at the three sampling times
SMC3 SCLAV_0148-0152 | Siderophore Genes up d and genes downregulated at the three sampling times
SMC4 SCLAV_0153-0172 | Terpene synthase Genes upr d and genes d d at the three sampling times
SMC7 SCLAV_2274-2302 | NRPS Genes upr d and genes do lated at the three sampling times
SMC9 SCLAV_2920-2935 | Clavams Genes upregulated and genes downregulated at the three sampling times
SMC20 to SMC23 These clusters are not present in Streptomyces pSCL4

stress control. Sixty four genes of this regulon were slightly
upregulated (equal to or higher than 1.5-fold in at least one
of the three sampling times) as described for S. clavuligerus
AclaR [5]. The antisigma RsrA coding gene was also slightly
upregulated at exponential growth phase.

The lack of pSCL4 resulted in thirty regulatory genes
downregulated with a minimal 2-fold difference at all the
sampling times (Table 2). A slight downregulation was ob-
served on SCLAV_0691 and SCLAV_3814 genes, that en-
code S. coelicolor SigB and SigQ sigma-like factors,
respectively, involved in morphological differentiation [15,
16] and on SCLAV_3146, encoding a transcriptional factor
similar to S. coelicolor AtrA [17, 18]. Strongly downregu-
lated was SCLAV_2573, for a transcriptional regulator
similar to S. coelicolor WbIA [19]. Two additional tran-
scriptional regulators of unknown function shown in
Table 2 were also downregulated.

(iii) Genes with diverse functions. In addition to the
genes already mentioned, 446 genes encoding proteins

with different functions in the cell, were affected in the
pSCL4"™ strain, 161 upregulated and 285 downregulated
(Fig. 5a). The most upregulated genes were SCLAV_0783
to SCLAV_0785, orthologous to SCO1557 to SCO1559,
which encode a methionine transport system [20]. Expres-
sion of some of these genes will be discussed below in
relation to the metabolites produced by S. clavuligerus.

(iv) Differentiation. S. clavuligerus pSCL4~ shows a
very poor or null aerial mycelium or spores forma-
tion [6]. Concomitantly, several genes involved in dif-
ferentiation were affected by the lack of pSCL4
(Additional file 1: Table S1). Seven genes involved in
cell wall and membrane biogenesis were upregulated
including SCLAV_5204, which encodes a SsgA-like
protein (SALP) involved in peptidoglycan synthesis
and the thickening of the spore cell-wall [21]. Also
upregulated was SCLAV_1824, which encodes a small
mechanosensitive channel involved in hypoosmotic
stress protection [22] and, as previously mentioned,
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Fig. 4 Effects of the lack of pSCL4 on putative gene clusters for secondary metabolites biosynthesis. Change of expression (fold) of the
upregulated SMC5 (upper panel) and SMC11b (lower left panel), clusters, and the downregulated SMC12 (lower right panel) gene clusters of S.
clavuligerus pSCL4™ in comparison with those in S. clavuligerus ATCC 17064 (taken as 1.0). Only the exponential phase samples are shown for
SCM5. Bars represent the change of expression (fold) (base-2 logarithmic scale) at early exponential phase (black bars), exponential phase (grey
bars) and stationary phase growth (white bars). The gene SCLAV_0465 has no probe in the microarrays. The SCLAV_ number of the genes is
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Table 2 Genes encoding regulatory proteins® which are up- or down-regulated in S. clavuligerus pSCL4"

Gene Product M BH-corrected P-value Fold change

225h 465h 60h 225h 465h 60h 225h 465h 60h

Up-regulated
SCLAV_2377  ECF-subfamily RNA polymerase sigma factor 242 191 176 180E% 143E% 261E™* 536 377 339
SCLAV_2378  Lipoprotein cseA 130 083 123 155E% 108E® 898E® 246 177 235
SCLAV_2379  Transcriptional regulatory protein cseB 134 108 171  135E% 65289 556E%° 254 211 3.26
SCLAV_2380  Sensor protein 160 122 219  607E% 5176 920E® 304 233 456
SCLAV_3934  Alkyl hydroperoxide reductase ahpD 061 124 366  334EY" 215692 227EY 153 237 1263
SCLAV_3935  Alkyl hydroperoxide reductase 057 127 390 335E°" 129E% 382E% 149 241 1489
SCLAV_3936  Putative LysR-family transcriptional regulator 1.1 148 206 14769 109E% 209 216 279 417
SCLAV_4082 RNA polymerase sigma factor RpoE 123 164 066 261E® 106E® 826E% 235 3.1 158
SCLAV_4083  Putative anti-sigma factor 106 130 029 463E% 520E% 456E°" 208 246 122

Down-regulated
SCLAV_0691  RNA polymerase sigma factor 7135 7162 7121 266E% 3198 378E% 255 308 232
SCLAV_2573  WhiB-family transcriptional regulator 274 7347 447 605E™" 3129 992EY 668 1111 2216
SCLAV_2833  Putative serine/threonine kinase anti-sigma factor 116~ 170 7254 477E% 2926% 322E%° 224 324 581
SCLAV_3047  Predicted transcriptional regulator T143 274 245 253E% 541E® 140E% 269 670 547
SCLAV_3146  TetR-family transcriptional regulator 104 120 155 519E® 116E® 507E® 206 229 293
SCLAV_3422  Transcriptional regulator 180 265 379 307E® 137 201E® 349 627 1382
SCLAV_3814  ECF-subfamily RNA polymerase sigma factor 127 7108 171 563E® 138897 104E% 242 211 327
SCLAV_4929  Regulatory protein 171 7198 390 707E® 164E% 149E% 328 394 1492

“Only some of the most affected genes are shown

SCLAV_2573, which encodes a WhiB-like transcrip-
tional regulator affecting morphological differenti-
ation [19].

Twenty six genes related to environmental adaptation
and differentiation, were downregulated in the pSCL4~
strain, including SCLAV_5177 and the block of genes
from SCLAV_5181 to SCLAV_5192, downregulated in
the three sampling times. These genes are orthologous
to S. coelicolor mce operon, likely involved in survival in
natural environment [23].

Aerial mycelium and sporulation of S. clavuligerus
AclaR, which is defective in amfS expression [5], are
extracellularly complemented by cross-feeding both by
the wild type strain and by S. clavuligerus pSCL4~
(Fig. 5b). This indicates that S. clavuligerus pSCL4~
forms the SapB peptide encoded by amfS [24], as
occurs with the wild type strain. The lack of extracel-
lular complementation between the wild type strain
and S. clavuligerus pSCL4~ (Fig. 5b) may be explained
by the downregulation of atrA, wblA, sigB, sigQ and/
or upregulation of sigE in the pSCL4-minus strain.

Validation of the transcriptome data

The transcriptome data previously showed was
validated with 46.5 h RNA samples using RT-qPCR.
Twelve genes were validated, including genes for the

biosynthesis of clavulanic acid (oppA2), cephamycin C
(pcbC), holomycin (hlmA); several genes encoding regula-
tory proteins (SCLAV_3410, SCLAV_4464, SCLAV_4650,
SCLAV_5308), as well as five genes for miscellaneous pro-
teins (Additional file 1: Figure S3A). The RT-qPCR values
consistently confirmed the transcriptome data obtained in
the microarrays. A Pearson’s correlation coefficient of 0.99
between the data from the two techniques was obtained
(Additional file 1: Figure S3B).

Metabolomic analyses: Effect of the lack of pSCL4 on
secondary metabolites production

The ability of S. clavuligerus pSCL4™ to produce second-
ary metabolites is lower than that of the wild type strain
since 25 clusters for secondary metabolism are located
in pSCL4 [1] and 3 clusters in the translocated 3’end
region of the chromosome, all of which are deleted in S.
clavuligerus pSCL4". Indeed, concentrated broth extracts
of S. clavuligerus pSCL4™ and S. clavuligerus ATCC
27064 analyzed by HPLC, showed notable differences in
the 210 nm absorption pattern (Fig. 6a).

S. clavuligerus ATCC 27064 and S. clavuligerus pSCL4
~ were grown in SA medium up to stationary phase as
indicated above. For each strain, one 100 ml sample con-
taining broth and mycelium was analyzed. Both strains
produced compounds with structure of cyclic peptides,
identical to those with siderophore activity (Fig. 6b). A
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Secondary metabolism biosynthesis and catabolism (9)

Translation, ribosome structure,
biogenesis (10)

Modification
posttranslational,
protein turnover,
chaperons (6)

Signal transduction (10)

Replication, recombination,
repair (11) \
Defense mechanisms (12)

Inorganic ions transport
and metabolism (13)

Transcription (3)

Nucleotides transport

Coenzymes (16) and metabolism (2)

Energy conversion

(23) Unknown

Envelopes function (199)

biogenesis (32)

Lipid transport

Carbohidrate transport
L____and metabolism (35)

and metabolism (32)
Amino acids transport and metabolism (32)

claR::acc

Fig. 5 Effects of the lack of pSCL4 on genes with different functions.
a The pie chart shows miscellaneous genes affected in S. clavuligerus
pSCL4™ classified by their role in the cell according with the COG
database. The number of genes affected is indicated in parenthesis.
b Effect of the lack of pSCL4™ and claR in the formation of aerial
mycelium and spores. S. clavuligerus ATCC 27064, S. clavuligerus
pSCL4™ and S. clavuligerus AclaR=aac were grown in plates of ME
medium during 9 days. Note the extracellular complementation on
the formation of aerial mycelium between the wild type strain, or S.
clavuligerus pSCL4™, and S. clavuligerus AclaR:aac, and the lack of
effect of S. clavuligerus ATCC 27064 on S. clavuligerus pSCL4™

peak of desferrioxamine E (nocardamine) was present in
the broth extract of both strains (peaks 3 and 10, Fig. 6a)
at different concentrations. In addition, the wild type
strain showed small amounts of demethylenenocardamine
and deoxynocardamine (peak 2, Fig. 6a) which were not
detectable in the mutant. These desferrioxamine-related
compounds have been previously described in a
Streptomyces sp. isolated from a marine sponge [25].

Several organic acids present in extracts of the wild
type strain, were not detectable in the S. clavuligerus
pSCL4"™ strain. These compounds derived from linear
organic acids, i.e., 8-amino-2-methyl-7-oxononanoic acid
(peak 4), or from resorcinol (1,3-benzenediol), i.e.,
2-hexyl-5-methyl-resorcinol (with the same molecu-
lar mass as 2-butyl-5-propyl-resorcinol) that appears
as mixtures in peaks 5 and 6 (Fig. 6b).

The most characteristic peaks found in S. clavuligerus
pSCL4~ extracts were compounds containing sulfur,
which are not detectable in the wild type strain. The
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aromatic sulfur compounds, N-acetylhomocysteine thio-
lactone (citiolone) and the potentially toxic N-propionyl-
3-aminodihydro-2(3H)-thiophenone, were identified in
peaks 7 and 8, respectively (Fig. 6b). Both compounds
have relatively similar structures and their biochemical
origin is probably the lactone derived from homocyst-
eine (2-amino-4-sulfanyl-butanoic acid) with N-acetyl or
N-propionyl substitutions.

The other sulfur compounds found in S. clavuligerus
pSCL4™ belong to the dithiolopyrrolone family (Fig. 6b),
which corresponds well with the high production of holo-
mycin (peak 9) and the high expression level of the holo-
mycin biosynthesis genes in this strain (not shown).
Surprisingly, the largest peak for a dithiolopyrrolone in
our chromatogram corresponds to N-propionylholothin
(peak 11), (with molecular weight identical to that of thio-
lutin). N-propionylholothin has been already described in
an uncharacterized Streptomyces strain producing cepha-
mycin C [26], supporting that peaks 11 corresponds to N-
propionylholothin rather than to thiolutin, that has never
been detected in S. clavuligerus. The MS and UV absor-
tion spectra of all the compounds differentially produced
by the wild type strain and the pSCL4™ mutant are shown
in Additional file 1: Figure S4.

As far as we know, with the exception of the dithiolo-
pyrrolones, all the other compounds found by HPLC-MS
in this work, i.e., nocardamine and their derived analogs,
homocysteine-derived lactones, linear organic acids or
resorcinol-derived compounds, have never been previ-
ously described in S. clavuligerus.

Discussion

Medema et al. [1] proposed that pSCL4 might have
evolved by recombination between a small plasmid and
the S. clavuligerus chromosome. After excision, the mega-
plasmid would carry a large fragment of the chromosome.
Excision of pSCL4 from the chromosome occurred mainly
at a specific site to give a 1.8 Mb pSCL4 plasmid [1, 27],
but different excision sites in the chromosome might exist.
In the process of deleting the parABpscra genes [6] we
enriched and amplified a clone in which a chromosomal
DNA fragment (303 kb, 231 CDS) was excised from the
right arm of the chromosome and translocated to pSCL4
(1.8 Mb) resulting in the 2.1 Mb pSCL4* megaplasmid.
The claim that all the genes in the chromosome are
present in the megaplasmid-less S. clavuligerus strain ob-
tained by adaptive evolution [3] suggest that these authors
obtained a 1.8 Mb pSCL4™ in which no translocations
ocurred.

The translocation of these chromosomal genes to the
megaplasmid in S. clavuligerus parAB::aac is confirmed
by their loss, as shown by PCR and by their low
transcriptional signal level, in S. clavuligerus pSCL4".
Our finding confirms that the ends of the chromosome
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. a Components determined in S.

arms are regions of high instability [28] and supports the
hypothesis that pSCL4 might have been excised from
the chromosomal right arm end [1]. As a result of the
lack of S. clavuligerus parAB:aac right telomere, this
strain might have a circular chromosome, as described
previously for other telomere-less linear Streptomyces
genomes [29-31].

Deletion of only one regulator encoding gene, claR,
located in the clavulanic acid cluster, produced multiple
effects on the transcriptome of S. clavuligerus AclaR [5]
and affected several gene clusters for secondary metabol-
ism in this strain. There are 132 regulatory genes located
in pSCLA4. It contains genes for two component systems
(17), for regulators of the LysR-type (4), AraC-type (7),
TetR-type (10), ArsR-type (7), MarR-type (6), SARP-type

(3), XRE-type (5) and genes for different types of
additional regulators, including sigma factors (6), and
the only butyrolactone-receptor protein (SCLAV_p0894)
in S. clavuligerus [32, 33]. Lack of plasmid pSCL4 has,
not surprisingly, a broad and large effect. These regulators
might act directly, or in cascade, on multiple genes located
in secondary metabolites clusters, or encoding miscellan-
eous genes or regulators located in the chromosome.

In agreement with the lower clavulanic acid production
in S. clavuligerus pSCL4™, genes of the SMC10 cluster (for
clavulanic acid formation) are slightly downregulated. Also
downregulated are the clusters SMC6 (for desferrioxamine
E), SMC11, SMC12 and SMCI19.

In the upregulated gene clusters is especially import-
ant the upregulation of cluster SMC18, for holomycin
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biosynthesis [7], which correlates well with the produc-
tion of this dithiolopyrrolone in S. clavuligerus pSCL4™
cultures. Also upregulated are SMC5, and SMC11b for
tunicamycin biosynthesis. These results agree with the
holomycin-tunicamycin overproduction described by
Kenig and Reading [10] in the S. clavuligerus IT1 strain.
However, tunicamycin was not detected in our samples.
A rich array of different compounds was found in the
broths of the wild type and the pSCL4~ strain cultures.
Desferrioxamine E was present in the supernatants of
both strains, confirming that the siderophore biosyn-
thesis cluster is located in the chromosome. Clusters
SMC3 and SMC6 are candidates to encode nocardamine
biosynthesis enzymes. Both clusters, but specially SMC6,
are downregulated in the pSCL4-less strain, what may
agree with the absence of desferrioxamine -related
demethylenenocardamine and deoxynocardamine, and
the lower amount of desferrioxamine, in this strain.
Alkylresorcinols are autoregulators in some Gram-positive
bacteria reported to interact with DNA and modify its struc-
ture and viscosity [34]. To our knowledge this is the first
time that they have been found in Streptomyces, and they
appear to be encoded by genes located in pSCL4 since they
were not detected in the S. clavuligerus pSCL4™ strain.
Cysteine and methionine metabolism in S. clavuligerus
pSCLA4™ differs from that of the wild type strain due to the
absence of many sulfur metabolism genes that are located
either in pSCL4 or at the right end of the chromosome
(Additional file 1: Figure S5A, B). However, transcriptomic
studies and the formation of metabolites by this strain
confirms that enough flow exists to homocysteine and
cysteine, the precursors of N-acylhomocysteine lactones
and dithiopyrrolones, respectively. The lack of genes metX
and metY, located in at the right end of the chromosome
in S. clavuligerus pSCL4™, suggests that homocysteine
formation from homoserine is very low or non-existing
in this strain (Additional file 1: Figure S5A, B), but it
can be still formed from methionine by the upregulated
genes metK and sahH through S- adenosyl methionine
and S-adenosylhomocysteine, respectively. S. clavuli-
gerus pSCLA™ also lacks the pSCL4-located metE gene,
to form methionine from homocysteine, but overex-
presses the paralogous metH gene (Additional file 1:
Figure S5A). Cysteine, is formed by the cysteine
synthases encoded by SCLAV_4724 and SCLAV_2020,
the last one being upregulated at stationary growth phase.
Also, the cystathionine-y-lyase (cysA) contributes to cyst-
eine formation (Additional file 1: Figure S5B). However,
the genes SCLAV_5668, encoding a cystathionine-y-
synthase, and SCLAV_p1477, encoding a cysteine syn-
thase, do not exist in S. clavuligerus pSCL4-; in addition, a
gene homologous to metC, for a cystathionine p-lyase [35]
has not been detected in S. clavuligerus genome. Sulfur
metabolism in Streptomyces is still poorly understood, and
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more biochemical studies are required to know relation-
ship between genes and enzymes and regulatory mecha-
nisms in Streptomyces cysteine-methionine metabolism.

Dithiolopyrrolones production in S. clavuligerus pSCL4
fits well with the high expression of the holomycin cluster
genes [7] of this strain. The metabolomic studies indicated
that the largest peak in this group of compounds corre-
sponds to N-propionylholothin. Holomycin was purified
from an uncharacterized S. clavuligerus mutant by Kenig
and Reading [10] and later by De la Fuente et al. [36] and Li
and Walsh [37] from mutants lacking the oppA2 gene; in
both cases the purification was made from cultures grown
in complex medium. The N-acetyltransferase encoded by
hlmA has wide substrate specificity, an apparent Km of
15 pM for propionyl-CoA [37] and is able to form N-
propionylholothin. The formation of detectable amounts of
N-propionylholothin might respond to abundant propanoyl-
CoA levels in the cells, in our culture conditions.

In summary, S. clavuligerus ATCC 27064 survival is not
affected by the lack of 2.1 Mb of genetic information,
although the amount and type of secondary metabolites
produced and the expression of many genes located in the
chromosome is altered. This study provides insight into
the cross-talk between the chromosome and the pSCL4
megaplasmid.

Conclusions

The translocation of DNA fragments from the right arm
of the chromosome to plasmids may be frequent in S.
clavuligerus, as the deletion of the parAB,scia genes
resulted in translocation of a 303 kb DNA fragment.
The 1.8 Mb plasmid pSCL4 is dispensable and its lost
originates the deletion of the translocated DNA chromo-
somal fragments, showing in a high plasticity of the S.
clavuligerus genome. While S. clavuligerus strains cured
of pSCL4 are viable, this genetic element carries infor-
mation for secondary metabolites biosynthesis, and for
regulatory elements that may modulate the expression of
chromosomal genes. Therefore the number and production
level of secondary metabolites in the cured strain differs
from the wild type S. clavuligerus. Of special interest is the
lower production of clavulanic acid by S. clavuligerus
pSCL4™ and its high production of sulfur related me-
tabolites, probably due to the alteration of the meta-
bolic pathways leading to sulfur-containing amino
acids in this strain.

Methods

Strains and culture conditions

S. clavuligerus ATCC 27064, as control strain, and the
holomycin high producer S. clavuligerus pSCL4™ strain
[6], lacking plasmid pSCL4, were used in transcriptome
experiments. S. clavuligerus parAB:aac, the parental
strain for S. clavuligerus pSCL4™, was used to locate the
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translocation of the right arm of the chromosome. The
clavulanic acid non-producer, non-sporulating S.
clavuligerus AclaR:aac [5] was included in sporulation
studies. The strains were pregrown in Trypticase Soy
Broth (TSB) for 24 h at 28 °C and 220 rpm shaking to an
optical density at 600 nm (ODgqp) of 6.5. These seed cul-
tures were used to inoculate (5%, v/v) duplicated 500-ml
triple-baffled flasks containing 100 ml of defined SA
medium [38], and cultures were grown for 72 h under the
same conditions. ME medium [39] was used to analyze
aerial mycelium formation and sporulation of the strains.

Antibiotic assays

Clavulanic acid and cephamycin C were quantified as
indicated by Pérez-Redondo et al. [40] Holomycin was
determined by bioassay against Micrococcus luteus
ATCC 9341 as described by De la Fuente et al. [36].

Nucleic acid isolation and RT-qPCR

DNA was isolated as previously described [41]. Relative
amount of DNA from the analyzed genes in the right
arm of the chromosome, and in plasmids pSCL2 and
pSCL4, was quantified by qPCR using 20 ng DNA as
described by Lee et al. [42]. The genes analyzed were
parApscra, parBpscra, SCLAV_5146, 5308, 5482, 5485,
5487, 5491, 5521, 5580, 5585, 5692, 5719, and a region
located in the right telomere including the right end of
SCLAV_5719 (nucleotides 6,760,214 to 6,760,380), at
12 nt from the end of the chromosome. The chromo-
somal gene hrdB was used as control.

RNA isolation, purification and integrity analysis, and
RT-qPCR were performed as indicated previously [5].
The oligonucleotides used in this work are shown in
Additional file 1: Table S2.

Microarray design

The microarrays used in this work have been already
described [5]. RNA was extracted from the culture sam-
ples at exponential (22.5 h, 46.5 h) and stationary (60 h)
phase, and analysis were performed for two biological rep-
licates for each condition (two strains and three growth
times). Labeling of RNA preparations with Cy3-dCTDP,
labeling of genomic DNA as the reference sample with
Cy5-dCTP (2.5 pmol/50 pl hybridization solution), and
the purification procedures were carried out as described
previously [43]. The hybridization conditions, washing,
scanning with Agilent Scanner G2565BA, and the quanti-
fication of the images were accomplished as previously de-
scribed [44].

Transcriptome analysis

Transcriptome analysis was performed as indicated by
Martinez-Burgo et al. [5]. The M, transcription values
obtained are proportional to the abundance of the
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transcript for a particular gene [45] and correspond to the
transcription values of the six experimental conditions,
mutant versus wild type, corresponding to the three studied
growth times. For each gene, M, values and P values were
calculated (three sets of values, one for each comparison).
M, values are the binary log of the differential transcription
between the mutant and the wild-type strain. The
Benjamini-Hochberg (BH) false-discovery rate correction
was applied to the P values. For each comparison, a result
was considered statistically significant if the BH-
corrected P value was <0.05. A positive M, value indi-
cates upregulation, and a negative M, value indicates
downregulation. In this work, we study those genes
with M, value < -1 in the three sampling times or M,
value >1 in the three sampling times.

Metabolomic analysis

S. clavuligerus ATCC 27064 and S. clavuligerus pSCL4™
were grown in SA medium up to stationary phase as
indicated above. For each strain, one 100 ml sample,
containing broth and mycelium, was extracted with 1
volume of ethyl acetate with HCl 1%. Extracts from
200 ml of culture were concentrated, and dried samples
were resuspended into 100 pL of methanol; 2 uL sam-
ples were analyzed in an HPLC Agilent 1200 Rapid
Resolution connected to a mass spectrometer maXis
from Bruker using a Zorbax SB-C8 (2.1x30 mm,
3.5 um particle size) column. The mobile phase was
composed by two solvents containing each ammonium
formate 13 mM, and trifluoroacetic acid 0.01%: solvent
A, water:acetonitrile 90:10; solvent B, water:acetonitrile
10:90. Elution was performed with a 0.3 ml min~! flow,
and the following gradient composition: 90:10 v/v 0 min,
0:100 v/v 6 min, 0:100 v/v 8 min, 90:10 v/v 8.1 min,
90:10 v/v 10 min.

Mass spectrometer was adjusted in positive mode ESI
(Electrospray lonization), using 4 kV in the capillary, a
drying gas flow of 11 L min™" at 200 °C and a nebulizer
pressure of 2.8 bar. Equipment calibration before sample
injection was performed using the ions cluster formed by
the trifluoroacetic acid (TFA) in the presence of Na" ions.
Before the chromatographic front was detectable, every
injected sample was recalibrated using TFA-Na. Every
chromatographic run was processed using the internal
Bruker algorithm for the components extraction, and the
more intense peaks, both by positive TIC and for 210 nm
absorbance, were analyzed to interpret their exact mass
and molecular formula. Both the retention time (RT) and
exact mass were used as guideline to search in the High
Performance Mass Spectrometry (HPMS) databases from
MEDINA Foundation. When a match between the sample
RT and mass, and the HPMS databases was found, a
search in the Chapman & Hall Dictionary of Natural
Products was performed to obtain the formula.
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Bioinformatic analysis

The 294 nt intergenic region between SCLAV_5488 and
SCLAV_5489, was analysed by the M. Zuker’s DNA Fold
Server (http://unafold.rna.albany.edu/).

Additional files

Additional file 1: Figure S1. Intergenic region from SCLAV_5488 to
SCLAV_5489. Possible hairpin loop formed (AG = —85.98 kcal/mol) in the
294 nt excision region. The hairpin loop were predicted according to the M.
Zuker's DNA Fold Server http//unafold. rna.albany.edu/). Figure S2.
Antibiotics production. S. clavuligerus ATCC27064 (white circles) and S.
clavuligerus pSCL4™ (black circles) were grown in SA medium, and
production of clavulanic acid (left panel), cephamycin C (central panel) and
holomycin (right panel) was quantified. Figure S3. RT-qPCR validation of
the microarray data. (A) Genes tested: comparison of the data obtained for
each gene analyzed in microarrays experiment (Mc values) and by RT-gPCR
[log, -2E(AACY)]. (B) Representation of the correlation between the results
showed in panel A. Figure S4. MS and UV absortion spectra of the
compounds detected in S. clavuligerus and the pSCL4~ mutant. Only
holomycin and N-propionyl holothin, detected in the mutant, have been
described previously. Figure S5. Transcriptomic data of Methionine and
Cysteine Metabolism Genes. A) Change of expression level of genes related
to methionine or cysteine metabolism in S. clavuligerus pSCL4-. Genes not
present in S. clavuligerus pSCL4™ since they are in the megaplasmid are
indicated with double asterisk (**); those genes present among the 231 CDS
absent at the right arm of the chromosome are indicated with single asterisk
(¥). B) Pathways of methionine and cysteine metabolism in Streptomyces. Open
arrows indicated upregulated genes in the pSCL4- strain. Steps carried
by enzymes encoded by genes not present are marked with a black
circle. Table S1. Effect of lack of pSCL4™ in genes involved in cell envelope
formation and morphological differentiation. Table S2. Oligonucleotides
used in this work. (PDF 2056 kb)
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