Optical mapping and sequencing of ethanologenic E. coli strain KO11 genome
reveals 20-copy tandem duplication of Z. moblilis pdc and adhB genes
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ABSTRACT

E. coli KO11 was engineered to produce ethanol by inserting the
pyruvate decarboxlase (pdc) and alcohol dehydrogenase (adhB) genes
from Zymomonas mobilis. Production of succinate, an unwanted
byproduct, was eliminated by mutating fumarate reductase (frd). The
KO11 genome was sequenced by 454 technology and assembled with
Newbler to produce 196 contigs. An optical Ncol restriction map of the
entire KO11 genome was generated to enable closure of the

contigs. Gaps were filled by sequencing PCR products extending
between adjoining contig ends. The optical map of KO11 showed an
apparent tandem repeat region, which was confirmed by additional Aflll
and BamHI maps of KO11l. Each repeat was ~10 kb in length, and
present in approximately 20 copies. The repeat region was in between
contigs that flanked the pfIB gene, which was used as the insertion site
for the pdc, adhB and chloramphenicol resistance (cat) genes. The
sequence coverage of contigs lying within the pdc, adhB and cat genes
was about 20-fold higher than the average sequence coverage,
consistent with tandem duplication of the foreign genes, which were
Inserted as a circularized DNA fragment. Selection for higher levels of
chloramphenicol-resistance originally allowed isolation of strains with
higher expression of both pdc and adhB, and hence improved
fermentation performance, by increasing the number of gene

copies. The chromosomal sequence of the parent strain ATCC 9637 (W)
has also been completely assembled, showing extensive
rearrangements in KO11, and enabling detection of changes in KO11
that may contribute to improved fermentation properties.

INTRODUCTION

E. coli W, originally isolated by S. A. Waksman, grows fast, uses a wide
range of carbon sources including sucrose, and degrades many aromatic
compounds. Biocatalysts from our laboratory that produce ethanol, lactic
or succinic acids are derived from E. coli W [1]. Recently the complete
genomic sequence of E. coli W was published [2], and a group at the
Department of Energy’s Joint Genome Institute (DoE JGI) has deposited
88 sequence contigs covering the entire chromosome [3].

The ethanologenic strain KO11 [4] uses E. coli W as a platform.
Zymomonas mobilis genes encoding the ethanol pathway were
transferred into E. coli W. KO11 ferments glucose or xylose to ethanal,
and has been transferred serially for >20 y using Luria-Bertani nutrients
or corn steep liguor. During transfers selections were made for improved
growth. An obligate linkage between growth and ethanol production
coselected for increased ethanol yields and rates.

The sequence of an early version of KO11 (ATCC 55124) has been
deposited in Genbank by DoE JGI [5]. In this study we determined and
compared the fully-assembled genomic sequences of E. coli W and of a
later version of KO11 after extensive transfers.

RESULTS

The sequence of E. coli W was assembled from 454 sequence data
using an optical restriction map to guide contig assembly. The W
genome spans 4,897,452 bases and encodes 4,680 proteins, of which
801 are not present in E. coli K-12. In addition E. coli W contains
plasmids pRK1 (102.5 kb) and pRK2 (5.4 kb).

A comparison of the Ncol optical map of W with the predicted Ncol
maps of all available complete E. coli genomes was made with
MapSolver software (OpGen), yielding the tree shown below.
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The KO11 genome is 5,021,750 bases in length, and carries plasmid
PRK2 but not pRK1. Assembling KO11 contigs was difficult, but
optical restriction maps of the KO11 chromosome allowed completion
of the assembly process. The Ncol map for KO11 is shown below.

Figure 2. Optical restriction map for KO11.
Immobilized high molecular weight DNA was digested
with Ncol, stained with a fluorescent dye, and the
lengths of the resulting fragments measured by
microscopy. The circular map (right) covers 4.93 Mb,
and was assembled from restriction maps with Ncol
for individual DNA molecules (above). On average the
depth of coverage is at least 30. Ncol fragments are
colored to allow better visualization of the genome
assembly. Similar maps were constructed with Aflll
and BamHlI.

A comparison of the Ncol optical maps for W and KO11 (Fig. 3)
revealed an unexpectedly large insertion in KO11 at the site where
foreign genes had been introduced. Optical mapping of KO11 with
Aflll and BamHI (Fig. 3) showed that the insertion consisted of
approximately 20 copies of a 10 kb repeat.
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Figure 3. Optical maps for W (ATCC 9637) and KO11 aligned using MapSolver
(OpGen), showing the insertion of the tandem repeat region (~20 copies) in KO11.
The top 2 lines are Aflll maps; the middle two BamHI; and the lower two Ncol. Note the
regular repeat structure of the inserted region evident from the Aflll and BamHI maps.

Sequence coverage for contigs including the pdc, adhB, and cat
genes was higher than average sequence coverage by a factor of
~25, consistent with a tandem repeat of these genes (Fig. 4).
Amplification of the cat gene in response to selection for higher levels
of Cam-resistance presumably resulted in concomitant amplification
and increased expression of the pdc and adhB genes.
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Figure 4. Sequence coverage over the KO11 region including the Z. mobilis pdc and
adhB genes. Atemplate containing only one copy of the foreign inserted genes was used
for this assembly. Numbers at the bottom are coordinates on the KO11 genome. The
numbers over the blue arrows show the average sequence coverage for the indicated
regions. Note the high sequence coverage (1770) for the pdc-adhB-cat region,
approximately 25—fold higher than coverage to the left and right.

KO11 contains multiple copies of the 1.3 kb insertion sequence 1S10,
but E. coli W has no IS10 insertions. Transposon Tnl0 containing
IS10 at each end was introduced with K-12 DNA into KO11 during
strain construction. The initial KO11 sequenced by the DoE JGI [5]
contains only one IS10. However, our KO11 sequence reveals 30
different sites for 1IS10 (Fig. 5).
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Figure 5. Alignment of W (ATCC 9637) and KO11 genomes using progressive Mauve.
E. coli W is at the top. Blocks of the same color are conserved in the two strains, and
connected by lines. KO11 blocks are in the same orientation as in W if they appear above
the black line, and opposite if below. White areas indicate regions that are present in only
one strain. The tandem repeat region in KO11 is shown by the black bar below the white
area, and IS10s in the repeat are shown by a single red triangle. 1S10 insertions not
associated with chromosomal rearrangements are shown by black triangles. The IS10
insertions at block junctions associated with inversions and deletions are numbered and
shown by blue arrows. One inversion was produced by recombination between Mu prophage
sequences (indicated by “Mu”) but all other rearrangements involved IS10 elements.
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The E. coli W genes absent from KO11 were placed in functional
groups, and displayed as a pie chart (Fig. 6). Prophage genes were
preferentially deleted in KO11.
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Figure 6. Functional groups for all W genes and for genes deleted in KO11.

A similar analysis was applied to genes that were altered in KO11
either by containing Single Nucleotide Polymorphisms (SNPs) or
Insertion of IS10 (Fig. 7). Genes involved in transport appear to
contain more mutations than would be expected if the mutations
were distributed over the functional groups at random.
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Figure 7. Functional groups for W genes and for genes altered in KO11.

CONCLUSIONS

Completely assembled and annotated genomic
sequences were obtained for E. coli W and KO11

E. coli W Is closely related to group B1 commensal strains

KO11 contains a tandem duplication of ~20 copies of the
Z. mobilis pdc and adhB genes

KO11 contains IS10 at 30 different sites, and has
chromosomal rearrangements relative to the parent W
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