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Abstract Escherichia coli KO11 (ATCC 55124) was
engineered in 1990 to produce ethanol by chromosomal
insertion of the Zymomonas mobilis pdc and adhB genes
into E. coli W (ATCC 9637). KO11FL, our current labora-
tory version of KO11, and its parent E. coli W were
sequenced, and contigs assembled into genomic sequences
using optical Ncol restriction maps as templates. E. coli W
contained plasmids pRK1 (102.5 kb) and pRK2 (5.4 kb),
but KO11FL only contained pRK2. KO11FL optical maps
made with AfIII and with BamHI showed a tandem repeat
region, consisting of at least 20 copies of a 10-kb unit. The
repeat region was located at the insertion site for the pdc,
adhB, and chloramphenicol-resistance genes. Sequence
coverage of these genes was about 25-fold higher than
average, consistent with amplification of the foreign genes
that were inserted as circularized DNA. Selection for higher
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levels of chloramphenicol resistance originally produced
strains with higher pdc and adhB expression, and hence
improved fermentation performance, by increasing the gene
copy number. Sequence data for an earlier version of
KO11, ATCC 55124, indicated that multiple copies of pdc
adhB were present. Comparison of the W and KO11FL
genomes showed large inversions and deletions in
KO11FL, mostly enabled by IS/0, which is absent from W
but present at 30 sites in KO11FL. The early KO11 strain
ATCC 55124 had no rearrangements, contained only one
IS10, and lacked most accumulated single nucleotide poly-
morphisms (SNPs) present in KO11FL. Despite rearrange-
ments and SNPs in KO11FL, fermentation performance
was equal to that of ATCC 55124.

Keywords Optical mapping - Fermentation - Ethanol -
Escherichia coli - Genome sequencing

Introduction

Escherichia coli serves as a workhorse biocatalyst for the
production of biochemicals and heterologous proteins. The
advantages of E. coli include the availability of excellent
genetic tools, an extensive background knowledge of phys-
iology, and the recognition that commensal strains are safe
hosts for biotechnology applications. E. coli W (ATCC
9637) is a particularly fast-growing strain that was origi-
nally isolated and deposited at the American Type Culture
Collection (ATCC) by S. A. Waksman. In addition to faster
growth than K-12 strains, E. coli W utilizes a wide range of
carbon sources including sucrose [22], and can degrade
many aromatic compounds [11]. ATCC 11105 [4], a deriv-
ative of E. coli W, has been used industrially to produce
penicillin G acylase [28, 31]. E. coli W also served as the
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parent for patented biocatalysts that produce ethanol, lac-
tate, alanine, and succinate [13, 18].

E. coli W was used in one of the earliest examples of
metabolic engineering. The Zymomonas mobilis genes
encoding a pyruvate to ethanol pathway (pdc, adhB) were
assembled into an artificial operon for the production of
ethanol, the PET (pyruvate to ethanol) operon [16]. Using
an adjacent cat gene with its own promoter for selection,
this cassette was integrated into the pfIB region of the
E. coli W chromosome [25]. A circularized 8.6-kb Sall
fragment from pLOI1510 containing the pdc—adhB—cat genes
flanked by portions of pflB was introduced into wild-type
E. coli, and chloramphenicol-resistant recombinants selected.
Expression of pdc—adhB was driven by the native pfIB pro-
moter after integration. Subsequently, a fumarate reductase
(frd) mutation was added by conjugation from a K-12 strain
to produce strain KO11 (ATCC 55124) [25]. The transfer
of the frd mutation was achieved by selection for the
closely linked zjd::Tn/0 mutation conferring tetracycline
resistance. Strain KO11 was shown to efficiently ferment
all hexose and pentose sugars that comprise lignocellulose
into ethanol. Following construction of KO11 and the early
patent deposit at the ATCC (ATCC 55124), this strain was
serially transferred in our laboratory for over 20 years in
liquid medium and on plates using either Luria—Bertani
(LB) nutrients or corn steep liquor (CSL) media containing
various levels of chloramphenicol [37].

Derivatives of KO11 have been developed by a combi-
nation of genetic engineering and metabolic evolution
(serial transfers with growth-based selection), resulting in
improved ethanologens that can grow well in minimal
medium [38, 39] and produce a variety of different bio-
chemicals as dominant fermentation products including
L-alanine [42], succinate [40, 43], L- and D-lactate [36], and
L-malate [41]. In KO11 and its derivatives, growth is obli-
gately linked to the production of a specific fermentation
product (oxidation of NADH), providing a powerful basis
for strain improvement.

Experiments using adaptive laboratory evolution to select
for strains with desired characteristics were pioneered by the
Lenski group [23]. Adaptive laboratory evolution together
with whole genome sequencing of E. coli [2, 15] has been
highly successful in identifying a small number of mutations
that are crucial for improved growth under specified condi-
tions. As the basis for an analogous investigation of chromo-
somal changes in KOIl1-derived biocatalysts, we have
sequenced the genomes of the parent E. coli W, and our labo-
ratory strain of KO11, denoted KO11FL after 20 years of
serial transfers. During the course of our research, the com-
plete genomic sequence of the parent strain E. coli W was
published [1], and the Department of Energy (DOE) Joint
Genome Institute deposited 88 sequence contigs of the E. coli
W chromosome (GenBank accession NZ_AEDF00000000).
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DOE researchers also deposited a sequence for the early ver-
sion of KO11 (ATCC 55124), denoted EKO11(GenBank
accession CP002516.1) that differs considerably from our cur-
rent laboratory strain (KO11FL).

In this study, we report a comparison of KO11FL to the
parent E. coli W and the earlier version of KO11 from DOE
JGI (EKO11; ATCC 55124). Serial cultivation and selec-
tion in the laboratory have resulted in extensive IS/0 trans-
position, several gene deletions and rearrangements, and
the development of approximately 25 tandem repeats of the
ethanol cassette (Z. mobilis pdc, adhB, and cat) in
KO11FL.

Materials and methods
Genome sequencing and assembly

Genomic DNA was submitted to Integrated Genomics
(Chicago, IL) for shotgun 454 sequencing. Reads were
assembled with Newbler (Roche). To close gaps between
contigs, Sequencher 4.1 (Gene Codes Corporation) was
used to assemble Sanger sequencing reads from PCR prod-
ucts spanning neighboring contigs. Next generation
sequencing data using Illumina paired-end short-read tech-
nology was provided by the Tufts University Core Facility
(Boston, MA). These were assembled using Geneious soft-
ware [12].

Generation and analysis of optical maps

Strains E. coli W (ATCC 9637) and KO11FL were grown
on LB-agar plates and submitted to OpGen (Gaithersburg,
MD) for optical mapping [29]. Briefly, high molecular
weight DNA was extracted directly from the cells, and sin-
gle DNA molecules were immobilized along an optical sur-
face by flowing the DNA through microfluidic channels.
Following digestion with a restriction enzyme, the DNA
was stained with a fluorescent dye, and the lengths of the
fragments measured by fluorescence intensity. Overlapping
single molecule maps were assembled using Optical Map
Assembler software (OpGen) to create a circular map
spanning the entire genome with coverage of approximately
30-fold. MapSolver™ Software was used to place the pre-
dicted restriction maps of large contigs (>50 kb) resulting
from the Newbler assembly on the optical map scaffold,
enabling gaps between contigs to be predicted and filled by
PCR.

Annotation

Initial annotation was provided by the xBASE bacterial
genome annotation service [7]. The Prokaryotic Genomes
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Automatic Annotation Pipeline (PGAAP) service at the
National Center for Biotechnology Information (NCBI)
was used as a secondary source. Annotation was completed
manually by using BLAST at NCBI, EcoCyc [19], and IS
Finder [30]. Fully assembled genomic and plasmid
sequences for E. coli W (WFL) and KO11FL have been
deposited at GenBank. The accession numbers for E. coli
W, W plasmid pRK1, and W plasmid pRK2 are CP002967,
CP002968, and CP002969, respectively. Accession num-
bers for E. coli KO11FL and plasmid KO11FLpRK?2 are
CP002970 and CP002971, respectively. Note plasmid
pRK1 was absent in KO11FL.

Comparison of bacterial genomes

The progressive Mauve algorithm [10] was used both as a
stand-alone program and as a plugin within Geneious to
compare the E. coli W and KOI11 genomes. Progressive
Mauve was suitable for assessing rearrangements, large-
scale insertions, and large deletions. For reliably detecting
and enumerating small-scale differences [single nucleotide
polymorphisms (SNPs) and small insertions or deletions
(indels)] between strains, the sequencing reads for one
strain were assembled against the template of the other
strain with Geneious, and the “Find Variations/SNPs” tool
was used to detect polymorphisms, with a minimum variant
frequency of 0.9, minimum coverage of 5, and with adja-
cent variations merged. Reciprocal assemblies were done
where possible to confirm differences between strains.

Fermentation conditions

Fermentation performance of KO11 (patent deposit; ATCC
55124) was compared to our current laboratory strain,
KO11FL, using complex (Luria broth) and defined mineral
salts (NBS; [5]) media. Frozen stock cultures (—80°C)
were grown overnight on plates containing 5% xylose using
both media. Seed cultures were grown in each respective
medium (250-ml flask containing 100 ml broth; 4-6 h incu-
bation, 37°C, 150 rpm). Small fermenters (500 ml contain-
ing 350 ml broth, 14% xylose) were inoculated at an initial
density of 16 mg dew 17!, Growth and ethanol were moni-
tored [24] during incubation (37°C, 150 rpm). 2 N KOH
was added automatically to maintain pH 6.5.

Results and discussion

Sequencing of E. coli W (ATCC 9637) and comparison
with other E. coli strains

The sequence of the E. coli W genome was assembled from
454 data using an optical map as a guide for contig place-

E. coli total DNA

v v

Newbler de novo assembly Assembly of single molecule
of sequencing reads restriction maps by OpGen

v v
v v

Placement of contigs on Placement of contigs >50 kb on
K-12 template Optical Map with MapSolver

\/

Filling of gaps by PCR and
Sanger sequencing

v

| Draft genome sequence |
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paired-end reads
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Annotation using PGAAP, xBASE,
and BLAST searches

v

Final annotated genome sequence

~

Fig. 1 Workflow for sequencing, optical mapping, sequence assem-
bly, and annotation

ment [21]. Subsequently W was resequenced using the
Ilumina platform. Figure | shows the workflow for
sequencing, optical mapping, and annotation. The W
genome spans 4,897,452 bases and encodes 4,626 proteins,
of which 801 are not present in E. coli K-12 strain MG1655
[3]. E. coli W was originally reported to carry three plas-
mids [31], but only two were found: pRK1 (102.5 kb) and
pRK2 (5.4 kb). pRK1 belongs to the incompatibility group
I1 (IncIl), and is similar to the 100-kb plasmid pSE11-1
from E. coli SE11 [26]. pRK2 is 99% identical to pSE11-5
(5.4 kb) from the same strain. Our sequence for E. coli W
(denoted WFL) is in excellent agreement with the sequence
of Archer et al. [1] with one exception: the G segment of
bacteriophage Mu was in the opposite orientation in their
sequence relative to ours. In spite of the many differences
between E. coli W and E. coli K-12, the W genome is colin-
ear with the K-12 genome, as are most E. coli genomes that
have been sequenced.

Restriction maps of entire chromosomes provide a broad
and minimally biased basis for phylogenetic comparisons
of E. coli strains. The relationship of E. coli W was investi-
gated by comparing the Ncol optical map with the predicted
Ncol maps of all available complete E. coli genomes using
MapSolver™ software (OpGen) and the UPGMA clustering
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method. From this comparison, E. coli W (Fig. 2) is most
closely related to the commensal strains IAIl [34] and
SE11 [26] in the B1 phylogenetic group. K-12 strains clus-
ter with the A group, a sister group of B1, and pathogenic
strains are found in groups D, E, and B2 [14]. Very similar
trees (not shown) were obtained when the AfIIl and BamHI
maps for E. coli W predicted in silico were compared with
in silico maps for the other E. coli strains. The overall
grouping of strains and the closeness of E. coli W and SE11
(Fig. 2) agree with the tree created by more traditional
methods using the sequences of selected housekeeping
genes [1]. Using genomic restriction maps to construct phy-
logenies therefore appears to be a reliable method. The sim-
ilarities between the optical maps of the W and SEI1l
chromosomes and between the sequences of plasmids
pRK1/pSE11-1 and pRK2/pSE11-5 suggest that SE11 is
the closest known relative of E. coli W.

Sequencing and optical mapping of KO11

The strategy used to sequence E. coli W (Fig. 1) was
applied to strain KO11FL. Assembling contigs for KO11FL
following Roche 454 sequencing proved a major challenge.
The initial assembly of the 454 reads with Newbler pro-
duced a total of 192 contigs ranging in size from 103 to
393,989 bp. Many gaps were filled manually by PCR
amplification and sequencing, including gaps that were bor-
dered by repetitive DNA such as rRNA operons, rks genes,
and mobile elements including IS621 (6 copies), IS609
(4 copies), and IS3 (3 copies). Some gaps resulted from the
presence of multiple copies of the IS/0 element in
KO11FL, although IS70 was not present in the parent strain
W. In some cases, adjoining contig ends were predicted by
aligning KO11FL contigs using either W or K-12 as tem-
plate, but the gaps could not be readily bridged by PCR,
suggesting that the gaps were too large, or that the contig
ends were adjacent in W and K-12 but not in KO11. To
solve this problem, an optical map for KO11FL was con-
structed after digestion with Ncol. Aligning the contigs
with the optical map allowed ends of neighboring contigs to
be identified, and also provided an estimate of length for
missing sequences [21]. This strategy was used to fully
assemble the genomic sequence of KO11FL. The complete
sequence obtained from Roche 454 pyrosequencing was
confirmed using Illumina technology. The final genomic
sequence for KO11FL was 5,021,182 bases in length. Plas-
mid pRK2 is present (5.4 kb), differing from the pRK2 in
W by a single base. The larger plasmid, pRK1, was absent
in KO11FL.

A comparison of the optical maps of W and KO11FL
revealed large-scale rearrangements, including inversions
and deletions. Although W and K-12 were colinear, this
was not the case for KO11. In addition, an unusual 160-kb
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Fig. 2 Phylogeny of E. coli genomes based on MapSolver™ align-
ment of optical Ncol restriction maps. The Ncol restriction map for W
was clustered with in silico restriction maps for available sequenced

E. coli strains. The phylogenetic group that each strain belongs to is
shown where known

region was found in the KO11 Ncol map that was not pres-
ent in W (Fig. 3) or in any known E. coli strain in the dat-
abases. Additional optical mapping of the KO11 genome
with AfIIl and BamHI confirmed the existence of this
region, and estimated that it consisted of 34 and 24 repeats,
respectively, of a 10-kb sequence (Fig. 3). For the AflII
map, each 10-kb region was made up of a 7.6-kb and a
2.5-kb fragment. For the BamHI map, fragments were
approximately 5.5 and 4.8 kb. The variation in the apparent
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extent of the repeat region with different restriction
enzymes may reflect difficulties in aligning tandem repeats
with the OpGen assembly software, in much the same way
that DNA sequence assembly programs sometimes fail to
correctly assemble repetitive sequences. Misassembly of
the DNA fragment data could result in under- or overesti-
mation of the number of repeats. By looking at the AfIII
data for individual DNAs spanning the tandem repeat
region, multiple molecules were seen with approximately
20 copies of the 10-kb repeat. Although the number of
repeats need not be constant in a cell population, the aver-
age number of repeats in the chromosome was at least 20.
Contigs on either side of the “repeat region” flanked the
pflB region that was used as the insertion site of the PET
operon containing the Z. mobilis pdc adhB and cat genes.
However, the 10-kb length of each repeat exceeded the 8.6-
kb size of the original PET construct (circularized Sall frag-
ment of pLOIS10 [25]) by approximately 1.4 kb. This
difference was accounted for by the presence in the repeat
of the insertion sequence IS0 (1.3 kb).

Sequence coverage using Illumina data (Fig. 4) provided
an independent estimate of copy number for the repeat
sequence. The pdc, adhB, and cat genes had approximately
25-fold higher coverage than the regions to either side, and
regions elsewhere in the genome. A similar higher coverage
(approximately 21-fold) for the pdc, adhB, and cat genes
was seen with the original 454 sequence data (not shown).
There is precedent for detecting large genomic duplications
in E. coli by higher sequence coverage [9]. No other
regions in the KO11 genome were found to be at higher
than expected coverage. The optical mapping and sequence
coverage data are consistent with tandem duplication of the
pdc, adhB, and cat genes, which were introduced as a circu-
lar DNA [25]. Recombination between monomer circles
could have created dimers that were integrated into the
chromosome by single crossover events, creating tandem

O T ey
KO11FL Neol

repeats. We propose that selection for increased levels of
chloramphenicol resistance [25] led to amplification of the
inserted genes to 20-25 copies, thereby increasing gene
expression and improving fermentation. Routine propaga-
tion of KOI1 in our laboratory involved growth on LB
plates with chloramphenicol alternating between levels of
50 and 600 pg/ml. Plates were incubated under argon in
sealed containers, in the presence of trace amounts of oxy-
gen. Each time, selections were made for large colonies to
maintain vigor and high expression of ethanol genes.

The DOE JGI sequence for an early version of KO11
(ATCC 55124) was deposited as GenBank accession
CP002516.1, and the genes prefixed with EKO11. The
sequence includes versions of plasmids pRK1 (pEKO1101,
GenBank accession CP002517) and pRK2 (pEKO1102,
GenBank accession CP002518). Our current version of
KOI11 (KO11FL, GenBank accession CP002970) is quite
different (Table 1). Also, the JGI genome sequence for
KO11 was reported to contain only one copy of the inserted
pdc, adhB, and cat genes. However, we were able to esti-
mate the sequence coverage for each of the 127 KOI11
(ATCC 55124) contigs deposited in GenBank before the
genome assembly was completed. Coverage was calculated
from the contig length and the number of sequencing reads
for each contig. Average coverage of contigs #123, 268,
276, and 277 that together span the pdc—adhB—cat region
was respectively 16.4-, 15.4-, 16.5-, and 19.2-fold higher
than for the surrounding regions and the genome as a
whole. Thus amplification of the pdc—adhB—cat genes
occurred early, prior to the patent deposit of KO11 (ATCC
55124).

Rearrangements and IS 70 elements in KO11

The genomes of W and KO11FL were aligned using pro-
gressive Mauve [10], an algorithm that is capable of
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Fig. 4 Sequence coverage over the KO11FL region including the
Z. mobilis pdc and adhB genes. A template containing only one copy
of the foreign inserted genes was used for this assembly of Illumina
short-read paired-end data. IS70 was absent from the template. Numbers

Table 1 Comparison of KO11 (ATCC 55124) and KO11FL

KO11 KO11FL
(ATCC 55124)
Plasmid pRK1 (102.5 kb) Present Absent
Plasmid pRK2 (5.4 kb) Present Present
Estimated copy number ~19 ~21-25
of pdc—adhB—cat genes
IS 10 insertion sites 1 30
1S621 5 6
1S609 4 4
ISEc31 2% 2
1S3 3 3
1S150 1? 1
Major rearrangements relative to W 0 4
Total DNA deleted relative to W (kb) 0 122
Total SNPs and indels relative to W 1,382 1,473
SNPs in K-12-derived region relative to W 1,369 1,370
SNPs outside K-12 region relative to W 13 103

Numbers listed for transposons are chromosomal insertion sites for
1S70, and chromosomal copy number for other insertion sequences

4 pEKO1101, the pRKI1 equivalent in KO11(ATCC 55124), contains
one additional copy of each of IS/50 and ISEc31

handling the large-scale rearrangements found in many
bacterial chromosomes. In order for alignment to
occur, the genomes of W and KO11FL were split by pro-
gressive Mauve into eight locally colinear blocks
(LCBs).

@ Springer

pdc adhB cat

at the bottom are coordinates on the template. The numbers over the
arrows show the average sequence coverage for the indicated regions.
Note the high sequence coverage (1,770) for the pdc-adhB-cat region,
approximately 25-fold higher than coverage to the left and right

One major inversion between LCB1 and LCB8 at the
ends of the W genome (Fig. 5) was apparently caused by a
duplication of prophage Mu sequences, as these were pres-
ent in inverted orientation at the breakpoints in KO11FL.
Note that W contains only one copy of prophage Mu. All of
the other observed inversions and deletions were caused by
recombination between the insertion sequence IS/0. The
genome of KO11FL contained a large number of IS/0
insertions (Table 1), in contrast with W, which lacks IS70.
Outside the repeat region in KO11FL, there are 29 intact
IS710 s (#1-26, 28-30, each 1,337 bp), and one partial IS/0
(#22A) which is immediately adjacent to IS/0 #22. In addi-
tion, a single copy of IS70 (#27) is present in each of the
estimated 25 copies of the tandem repeat. The most likely
step for the introduction of IS/0 into KO11 involved P1
transduction of an frd deletion from E. coli K-12 strain
DWI12 [zjd::Tnl0 A(frdABCD)] into the Hfr strain KL282
by selection for tetracycline resistance conferred by the
linked Tn/0 insertion [25]. From there zjd::Tnl0 and A(frd-
ABCD) were transferred to KO4, an intermediate in the
construction of KO11, by conjugation. Tn/0 contains two
copies of 1S70 flanking the fet® gene. Although loss of tet-
racycline resistance was selected during strain construction,
IS10 transposition occurred at some point.

The sites of the IS/0 insertions and the functions of genes
inactivated by IS70 insertion or adjacent to an insertion site
are listed in Table 2. Transposition of IS/0 occurs randomly
and is accompanied by duplication of a 9-bp sequence within
the target gene [20]. Each IS/0 should lie between two
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A [S70in KO11 from transposition
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Fig. 5 Alignment of W (ATCC 9637) and KOI11FL genomes by
Mauve. The genome of E. coli W (center) is the reference genome,
with the early KOI11 strain ATCC 55124 (GenBank accession
CP002516.1) shown above and KO11FL (this work) below. Note that
the genomes of W (ATCC 9637) and KO11-JGI are in reverse orienta-
tion. Locally colinear blocks (LCBs) of the same color are conserved
in the two strains, and connected by /ines. Blocks in KO11FL are in the
same orientation as in W if they appear above the black line, and in the
opposite orientation if they appear below. White areas indicate regions
that are present in one strain but not the other. The tandem repeat

copies of a 9-bp repeat, which will be different for each inser-
tion site. The bulk (25/30) of the IS/0s in KO11FL conform to
this pattern, and therefore these IS/0s have not contributed to
rearrangements following insertion. In these cases the
sequences flanking each IS/0 insertion in KO11FL are adja-
cent in the W genome. However, if homologous recombina-
tion has occurred between IS/0 elements at different
locations, the intervening region can be either inverted or
deleted, if the IS/0s are in opposite or the same orientation,
respectively. Another consequence of such rearrangements is
that the remaining IS/0 elements are flanked by non-identi-
cal 9-bp sequences (Fig.6). Recombination in KOI11FL
between 1S70 #3 and #7, which have opposite orientations,
has caused inversion of LCB3 (Fig.5) containing genes
KO11FL_03245 to KO11FL_04375 [including K-12 ortho-
logs b3659 (setC)-b3874 (yihN)] relative to W, and has
shuffled the 9-bp repeats to either side of the original 1S70
insertion sites (Fig. 6).

Rearrangements have also been promoted by IS70 #19,
20, and 22A/22 (adjacent partial and intact IS/0). The final
consequences are inversion and transposition of feaR
(b1384)-mcbR (b1450), shown as LCB6, transposition of
marB (b1532)-ydeN (b1498), shown as LCBS, and two
separate deletions. The first deletion of 18 kb removes
genes bcgA—ydfK matching WFL_08140-WFL_08230, and

635
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Mu>Y
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region in KO11FL is represented by the black bar below the white area
in the KO11FL genome. IS/0 insertions that are not associated with
chromosomal rearrangements are shown by black triangles. The orig-
inal IS70 insertion in KO11 (ATCC 55124) is shown by the open black
triangle within the region introduced from K-12 (short blue bar).
IS10 s within the tandem repeat in KO11FL are represented by a single
red triangle. IS 10 insertions located at block junctions, i.e., associated
with rearrangements, are numbered and their orientation shown. The
phage Mu segments in KO11FL are indicated

the second of 64 kb removes genes yncD—ydeM matching
WFL_07730-WFL_07955 and corresponding to K-12
genes b1451-b1497. Some deletions in KO11FL appear
within LCB alignments in Fig. 4, and include a 40-kb lambda
prophage from intS (WFL_12425)—tor] (WFL_12720) in
W, which appears as the white region in LCB4 in the W
genome. Supplementary Table S1 lists all genes deleted in
KO11FL.

The genes present in W but absent from KO11FL were
grouped by function (Suppl. Fig. S1), and the proportions
in the different groups compared with all genes from E. coli
W. From this analysis the prophage group contains the larg-
est proportion (44%) of the deleted genes. The remaining
genes missing from KO11FL did not include any in the fol-
lowing groups: amino acid metabolism, cell structure,
cofactors, DNA processes, fatty acids and phospholipids,
and nucleotide metabolism. Presumably the 122 kb of DNA
absent from KO11 did not contain any genes that were
essential for growth or fermentation.

In contrast to our current laboratory KO11FL strain, the
sequence of the original KOI11 from DOE JGI (ATCC
55124, GenBank accession CP002516.1) reveals an IS7/0
insertion at only a single site, between yjeJ and yjeK. One
complete and two partial copies of IS/0 are present at this
location. Our KO11FL contains a remnant of IS/0 at the

@ Springer



636

J Ind Microbiol Biotechnol (2012) 39:629-639

Table 2 1S/0 insertions in KO11FL

Insertion Inserted into Function of target or adjacent gene(s)

1S10 #1 yjeS Predicted alkyl sulfatase

IS10 #2 ompL Predicted outer membrane porin L

IS10 #3 ompL//KO11FL_03245% Predicted outer membrane porin L//hypothetical protein

IS10 #4 mdtL Drug/chloramphenicol transport protein (MFS family)

IS10 #5 KOIIFL_04085 Hypothetical protein

IS10 #6 vihF Hypothetical protein

IS10 #7 ompL//KO11FL_04385% Predicted outer membrane porin L//hypothetical protein

IS10 #8 sip—-KO11FL_0525 ot Starvation lipoprotein—hypothetical protein

IS10 #9 KOIIFL_05645 Hypothetical protein

IS70 #10 yqiG Predicted S-transferase

IS10 #11 ebgC Evolved f-p-galactosidase, 5 subunit; cryptic gene

IS710 #12 KOIIFL_08470 Fragment of type III secretion system protein

IS10 #13 hydN Electron transport protein

IS710 #14 YfgF Cyclic di-GMP phosphodiesterase

IS10 #15 yeeN Hypothetical protein

IS10 #16 arpB_1 Fragment of putative ankyrin repeat protein

IS10 #17 ian—rspB“L Predicted defective phage integrase—predicted oxidoreductase

IS10 #18 cspB-essQ' Phage cold shock protein—phage prediced S lysis protein

IS710 #19 pinQllfeaR* Predicted phage site-specific recombinase//regulatory protein
for 2-phenylethylamine catabolism

IS70 #20 mcbRIIbcgA* DNA-binding transcriptional dual regulator//6-phospho-f-glucosidase

IS10 #21 ydeK-lsrK" Predicted lipoprotein—autoinducer-2 kinase

IS10 #22A, #22* ydeN//feaR* Putative sulfatase//transcriptional activator for 2-phenylethylamine catabolism

IS10 #23 ynal Conserved inner membrane protein, MscS family

IS10 #24 chaA Sodium ion:proton antiporter

IS10 #25 csgF Curli assembly component

IS10 #26 yedT Diguanylate cyclase

IS10 #27 focA—ycaOJr Formate transporter—protein involved in -methylthiolation
of ribosomal protein S12

IS70 #28 phoA Alkaline phosphatase

1S10 #29 KO11FL_22295-KO11FL_22305" Lateral flagellin—Tlateral flagellar transcriptional regulator

1S10 #30 idnK p-Gluconate kinase, thermosensitive

* Two genes separated by // indicates that the regions to either side of the IS/0 match genes that are not adjacent in E. coli W

T Two genes separated by a dash (-) indicates that the IS0 is located in an intergenic region between coding sequences

4 IS10 #22A (partial IS10) and #22 are immediately adjacent

same location, resulting from nearly precise excision of
IS/0 [27]. The genomes of W and the early KOI11
sequenced by DOE JGI are colinear (Fig. 5), indicating that
none of the IS/0-promoted rearrangements had occurred at
the time of deposit (ATCC 55124), and that the prophage
Mu-promoted inversion took place after construction of the
original KO11. None of the IS/0-promoted 18-kb and
64-kb deletions or the 40-kb prophage deletion described
above for KOI11FL had occurred in ATCC 55124
sequenced by DOE JGI. Although amplification of the pdc—
adhB—cat region (15-19 copies) was inferred from
sequence coverage data for KO11 (ATCC 55124), the copy
number of contig 214 matching part of IS/0 was 3.8, well

@ Springer

below the coverage expected if every copy of the repeat
contained IS/0 in this early KO11 strain. The occurrence of
tandem copies of pdc—adhB—cat therefore appears to pre-
date insertion of IS/0 into this region.

Small-scale sequence differences between KO11FL and W

We identified sites where the sequence of KO11FL was
different from the sequence of the parent strain W. The total
number of point mutations, including SNPs and small
indels, was 1,473 in the regions of W and KO11FL that
were common to both strains. Of these, 1,370 mapped to a
region that had been introduced from K-12 into KOI11
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Fig. 6 Inversion of genes in between two IS0 elements. The fop line
shows the arrangement of genes in the parental strain W (ATCC 9637),
with the region that becomes inverted indicated by the grey arrow. The
next line shows insertion of IS70 at two sites, #3 and #7, generating
9-bp repeats A A and B B flanking each IS70. Homologous recombi-
nation between the two IS/0s generates the arrangement seen in
KOI11FL (lower line), with inversion of the region between the IS70s,
including the 9-bp repeats A and B, which become A, and B,. The

experimentally determined sequences of A and B, to either side of
IS70#3 and A

rov and B adjacent to IS/0 #7 are shown. The IS/0 elements
#4, 5, and 6 within the inverted region are not represented here

during strain construction [25]. The endpoints of this 125-kb
region were within the uvrA and mutL genes, and were
precisely defined by the tight clustering of sequence differ-
ences. As expected, the remnant IS/0 sequence was inside
this region. Of the 1,370 SNPs within the K-12 derived
uvrA—mutL region, 1,165 were within coding sequences. Of
these, 973 were synonymous, 192 caused single amino acid
substitutions, and none caused protein truncation.

The locations and protein consequences of the 103
SNPs/indels that were outside of K-12-derived genes are
listed in Supplementary Table S2. For the 103 differences,
one was within a tRNA gene (aspU), 20 were intergenic,
and the remaining 82 were within protein coding sequences
(CDSs). Of the 82 within CDSs, 21 were synonymous, 53
caused single amino acid substitutions, 5 created premature
stop codons, and 3 caused frameshifts by insertion of one
base (two occurrences) or 2 bases (one occurrence). The
bulk of the differences between KO11FL and W (101/103)
were not present in early KO11 sequenced by DOE JGI,
suggesting that they had occurred during propagation of
KO11 in our laboratory over the past 20 years. The two
mutations in common in KO11FL and DOE JGI sequence,
relative to E. coli W, caused an Asn to Lys substitution in
PtsG, the glucose-specific PTS permease, and a premature
stop codon in the malP gene encoding maltodextrin phos-
phorylase, which functions in glycogen degradation.

Comparison of ethanol production (14% xylose)

The performance of the patent deposit strain of KOI11
(ATCC 55124) and strain KO11FL were very similar in
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Fig. 7 Comparison of fermentation performance of KO11 (ATCC
55124) and KO11FL. Ethanol production and growth were measured
in complex (Luria broth, LB) and defined (NBS) media containing
14% xylose. a Ethanol production. b Cell growth. Open circles, KO11
(patent deposit ATCC 55124) in LB; filled circles, KO11FL (current
laboratory strain) in LB; open triangles, KO11 (ATCC 55124) in NBS;
filled triangles, KO11FL in NBS

both complex and mineral salts media despite the large
number of additional mutations and chromosomal rear-
rangements in KO11FL. Both grew rapidly in Luria both
and produced 58 g 17! ethanol after 96 h (Fig. 7). In defined
mineral salts NBS medium, however, neither strain effec-
tively fermented 14% xylose. Subsequent ethanologenic
strains [17, 24, 36] have been metabolically evolved to
grow and ferment well in defined mineral salts media.

Conclusions

The finding that KO11FL contains tandem repeats of the
inserted pdc—adhB—cat region provides a mechanism for
high-level expression, and is consistent with selection for
increased chloramphenicol resistance. The presence of mul-
tiple copies of IS/0 and IS70-promoted rearrangements in
KO11FL was unexpected. In KOI11FL the mutations
caused by IS/0 did not improve performance. However, in
other bacterial strains, IS70 insertion has proven beneficial
[6, 8, 32, 33], and in the ethanologen EMFR9 insertion of
IS70 into yghC increased resistance to furfural [35].
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Sequence analysis of further strains will yield a more com-
plete picture of the kinds of mutations that have occurred,
and a better understanding of how adaptive laboratory evo-
lution operates.
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