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Abstract

Peptide mass fingerprint (PMF) matching is a high-throughput method used for protein spot identification in connection with
two-dimensional gel electrophoresis (2DE). However, the success of PMF matching largely depends on whether the proteins to
be identified exist in the database searched. Consequently, it is often necessary to apply other more sophisticated but also time-

consuming technologies to generate sequence-tags for definitive protein identification. On the other hand, modern sequencing
technologies are generating a large quantity of DNA sequences, first in unfinished form or with low genome coverage due to
the time-consuming and thus limiting steps of finishing and annotation. We recently started to sequence the genome of Bacillus
megaterium DSM 319, a bacterium of industrial interest. In this study, we demonstrate that a protein database generated from
merely three-fold coverage, unfinished genomic sequences of this bacterium allows a fast and reliable protein spot identification
solely based on PMF from high-throughput MALDI-TOF MS analysis. We further show that the strain-specific protein database
from low coverage genomic sequence greatly outperforms the commonly used cross-species databases constructed from 13
completely sequenced Bacillus strains for protein spot identification via PMF.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Proteomic study by combining two-dimensional
gel electrophoresis (2-DE) and mass spectrometry has
been well established during the last decade. Bene-
fited from the rapid progress of mass spectrometric
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technology, protein identification via matrix-assisted
laser desorption/ionisation-time of flight mass spec-
trometry (MALDI-TOF MS) data, also called peptide
mass fingerprinting (PMF) matching, has become a real
high-throughput method and is currently widely used.
However, PMF matching largely depends on the pres-
ence of the proteins in the database searched. Since
protein sequences of the specific organism under study
are not always available, it is often necessary to resort to
cross-species protein identification (Barrett et al., 2005;
Mathesius et al., 2002; Cordwell et al., 1995; Kim et al.,
2004). This means that homologous proteins from other
organisms are used for spot identification. Depending
on the organisms studied, the possibility and reliability
of cross-species spot identification via PMF matching
varies very much. In most cases, the results of cross-
species protein identification are not satisfying. Con-
sequently, it is necessary to apply other more sophis-
ticated but also time-consuming technologies, such
as sequence-tags using peptide fragment information
obtained from nanoelectrospray ionisation quadrupole-
time-of-flight tandem mass spectrometry (ESI-QqTOF
MS/MS) or from MALDI two-stage time-of-flight tan-
dem mass spectrometry (MALDI-TOF/TOF MS/MS),
etc. to ultimately identify the spots on 2-D gels (Barrett
et al., 2005; Marrero et al., 2004; Kim et al., 2004).

On the other hand, modern sequencing technolo-
gies and projects are generating a large quantity of
DNA sequences in an ever astonishingly faster speed
(http://www3.ebi.ac.uk/Services/DBStats/). Although
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The gram-positive bacterium Bacillus megaterium
is a promising host for the production of diverse het-
erologous proteins and vitamins due to its intrinsic
favourable properties such as low protease activity and
high secretion capability (Vary, 1994; Malten et al.,
2005a,b). Recently, we investigated B. megaterium as
one of the preferred protein production organisms, for
which the protein expression profiling in fermentation
processes was studied by 2-DE analysis (Wang et al.,
2005). One-hundred sixty-seven spots were identified
via peptide sequencing using peptide fragment infor-
mation obtained from ESI-QqTOF MS/MS. To better
understand the metabolism and its genetic regulation
at a genome level we recently started to sequence
the genome of the B. megaterium strain DSM 319.
In this study, we generate a protein database for B.
megaterium based on genomic sequence of a 3.47-
fold coverage. We further demonstrate that this protein
database allows a fast and reliable protein spot iden-
tification solely based on peptide mass fingerprinting
from high throughput MALDI-TOF MS experiments.
A comparison with a reference protein database gen-
erated from other 13 sequenced bacilli strains shows
that the use of this strain-specific database greatly
outperforms the commonly used cross-species spot
identification.

2. Material and methods
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he finishing step and annotation process are still
ime consuming, the generation of low coverage of
enomic sequences has become very fast and rel-
tively inexpensive. Many early-stage low-coverage
enomic sequences are actually publicly accessible.
s reported by NCBI (state of October 2005), 263
icrobial genomes were completed and 520 are still in

rogress. The situation is even more drastic for eukary-
tes: only 18 of the 266 eukaryotic genome sequencing
rojects were complete. How to make use of these
ow-coverage unfinished genomic sequences to accel-
rate proteomic study is still a challenge. Previously,
e showed how high-quality and nearly finished raw
enomic sequences of Klebsiella pneumonia can be
sed to help protein identification (Wang et al., 2003).
o our knowledge, no work has been so far reported
n the use of even lower-coverage unfinished genomic
equences in proteomic analysis.
.1. Genomic sequence

The genome of the bacterium strain B. megaterium
SM 319 was sequenced using whole genome shot-
un approach with 3.47-fold genomic coverage in
ooperation with GATC Biotech AG, Germany. The
enomic sequence was assembled into 1025 contigs
>1 kb) (status: November 2004). The size of the largest
ontig is 47,077 bp and the average size is 4269 bp.
he total size of these sequences is 4,375,263 bp

n comparison to the estimated genome size of
.8 Mbp.

.2. Construction of protein database from
nfinished genomic sequence

In our previous work (Sun and Zeng, 2004), a
omolog-based method called “IdentiCS” was devel-

http://www3.ebi.ac.uk/services/dbstats/
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oped to identify protein coding sequences from unan-
notated low-coverage bacterial genome sequence. This
method was demonstrated to be well tolerant to
sequence errors that can cause major problems such
as unusual stops (fragmented CDSs) and transcrip-
tion frame shifts (wrong protein sequences) in gene
prediction with many other gene-finding programs.
Therefore, it is particularly well suited for the analy-
sis of the low-coverage, unfinished genomic sequence
of B. megaterium. All sequences from Swiss-Prot
Release 45.0 of 25 October 2004 and TrEMBL Release
28.0 of 25 October 2004, obtained from the ftp
server of the Swiss Institute of Bioinformatics (SIB)
(ftp://ftp.expasy.org/databases/uniprot), were used as
reference sequences in “IdentiCS” to annotate the
unfinished genomic sequences. 4845 potential CDSs
were found with a cut off of BLAST (program tblastn,
Altschul et al., 1997) E-value at 1e−5 and annotated.
These proteins form a database for our local Mascot
server with the name “bmeg”.

2.3. Improved protein database “bmegMEC”

Like other homolog-based CDS prediction pro-
grams, “IdentiCS” cannot predict organism-specific
CDSs that have no similarities to any proteins in the
available protein databases. To complement this point,
another computer program “CRITICA” (Badger and
Olsen, 1999) was also used for CDS prediction from the
raw genomic sequences. This program combines com-
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Fig. 1. Handling the incompleteness of genomic sequences. Pep-
tide fragments locating at the end of different contigs were merged
together to form a more complete protein by using its most identical
homologous protein of known sequence as a key. By incorporation
of the corresponding sequence of the key protein, the “missing”
sequences can be filled within a merged protein (gap) (A) or at end
of an incomplete protein (B) to form a hybrid protein.

and therefore facilitate the identification of the related
proteins.

The scoring algorithm of the commercial software
MASCOT is not published. However, it was men-
tioned that the MASCOT score is a probability-based
MOWSE score (http://www.matrixscience.com/help/
scoring help.html). MOWSE score is calculated as:

score = 50, 000

Mprot ·
∏

n

mi,j

where Mprot is the molecular weight of the correspond-
ing protein and the product term

∏
nmijis calculated

from the MOWSE factor elements mi,j for each match
between the experimental data and theoretical pep-
arative analysis with more common non-comparative
ethods such as dicodon bias. It was considered to

e a method well suited for analyzing novel genomes.
35 CDSs that were additionally found by CRITICA
ere transferred to the database “bmeg”, resulting in

n extended database.
The protein database of B. megaterium was further

mproved by a treatment of partial proteins locating
t the end of contigs. Because of the incompleteness
f the genomic sequence, some proteins were sepa-
ated as two fragments on the ends of two contigs
Fig. 1A). As a result, it is difficult to identify the cor-
esponding protein spots from 2DE by comparing with
ither of the two fragments using MALDI-TOF MS
ata, i.e. none of these two fragments can give sig-
ificant scores for an unambiguous identification. As
escribed more in detail below, merging two fragments
ogether can result in an increase of the Mascot score

ftp://ftp.expasy.org/databases/uniprot
http://www.matrixscience.com/help/scoring_help.html
http://www.matrixscience.com/help/scoring_help.html
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tide masses calculated from the protein. The merge of
two end fragments increases both the molecular weight
Mprot and the total number n of peptide mass matches.
Since the value of mi,j corresponding to each match is
usually much smaller than one (Pappin et al., 1993),
the overall effect of merging can lead to increases of
MOWSE scores in most cases.

From the original prediction of IdentiCS, 304 CDSs
are identified as partial fragments and therefore merged
into 152 more complete proteins. Finally an improved
database “bmegMEC” (improved bmeg database by
Merging Ends and Critica) was created that includes
4541 proteins directly from the original prediction of
IdentiCS, 152 merged proteins and 335 proteins from
the prediction of CRITICA.

2.4. Reference protein databases used for
comparison

Complete genome sequences of other 13 bacilli
strains are currently available. It was desired to
test whether these genome sequences can be use-
ful for spot identification in our 2DE study with B.
megaterium. The protein sequences of these organ-
isms were downloaded from KEGG (ftp://ftp.genome.
jp/pub/kegg/genomes/) and formatted as a reference
database “13bacilli”.

The non-redundant database NCBInr from NCBI is
a frequently used protein database for protein identifi-
cation. The taxonomic division “Bacteria” of NCBInr
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which carries the gene of a dextransucrase from
Leuconostoc mesenteroides. To further characterize
the physiological responses of this strain to a high
cell density cultivation (HCDC) process as well as to
the induction of the heterologous protein production,
2-DE experiments were carried out with cell samples
taken from a HCDC cultivation at different times.
For MALDI-TOF MS analysis protein spots excised
from 2-DE gels were subjected to tryptic digestion
according to a method described previously (Wang
et al., 2005, 2003) with slight modifications. Briefly,
protein spots were washed twice with Milli-Q water,
dehydrated with acetonitrile, digested overnight with
trypsin (sequencing grade modified, Promega Corp.)
at 37 ◦C, and desalted using the Montage ZipPlateC18
(Millipore Corp.) that can parallel desalt 96 digested
protein samples. Subsequently, the tryptic peptides
obtained were analyzed by MALDI-TOF MS with
a Bruker Ultraflex time-of-flight mass spectrometer
(Bruker Daltonics GmbH, Germany) as described
before (Wang et al., 2003).

2.6. Protein spot identification

Peptide masses obtained from MALDI-TOF MS
analysis were used for protein identification by PMF
using the strain-specific protein database “bmeg” as
well as “bmegMEC”. In addition, two reference pro-
tein databases described above, namely the database
“13bacilli” and the non-redundant database NCBInr
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as also used here as a reference database. The
atabase “13bacilli” is a subset of this division. It
hould be mentioned that 572 proteins from the species
. megaterium (279 non-redundant ones with less than
5% identity to each other) are also included in this
ivision.

.5. Preparing protein spots from 2-DE
xperiments for MALDI-TOF MS analysis

In a previous works we demonstrated that B.
egaterium is a promising host for the production of
heterologous dextransucrase (Malten et al., 2005a,b;
ang et al., 2005), in which B. megaterium strain
S941, developed from the B. megaterium wild-type

train DSM 319 by gene replacement of the major
xtracellular protease (Wittchen and Meinhardt, 1995),
as transformed with the plasmid pMM1520dsrS,
ith restriction to taxonomic division “Bacteria”, were
lso used for comparison. The reliability of protein spot
dentification was validated using the MASCOT score,
I value, molecular weight and the ESI-QqTOF results
rom Wang et al. (2005).

. Results

.1. Spot identification with the databases “bmeg”
nd “bmegMEC”

Three hundred forty-four protein spots were cut and
nalyzed by MALDI-TOF MS. 50.9% (175 spots) of
hem were identified by PMF using at least one of
he databases mentioned in Section 2 (Fig. 2). With
he exception of six spots, all the other spots were
dentified by applying the database “bmegMEC”, indi-

ftp://ftp.genome.jp/pub/kegg/genomes/
ftp://ftp.genome.jp/pub/kegg/genomes/
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Fig. 2. Comparison of the number of spots identified by peptide mass fingerprint using different protein databases described in this work: A, bmeg;
B, bmegMEC; C, 13bacilli; D, NCBInr-Bacteria. All identified spots have a MASCOT score greater than the significance level corresponding
to p <0.05, being 49, 50, 61 and 73 for the four databases respectively. The numbers in parentheses show the total number of spots identified by
the corresponding database. Other numbers show the number of spots identified by different combinations. Only true positive identifications are
countered.

cating the usefulness of the improved strain-specific
database. All protein spots identified with the database
“bmeg” could also be identified with “bmegMEC”. The
identification score of nine spots was, however, higher
with “bmegMEC” than with “bmeg”. This is because
all corresponding proteins in the “bmegMEC” but not
in the “bmeg” database were merged from their par-
tial fragments. As expected, the merge influenced the
overall PMF matching scores positively. But there are
also three spots, whose MASCOT score with “bmeg”
was slightly higher than that with “bmegMEC”. We
checked and confirmed that all the three proteins in
“bmegMEC” were merged from a larger and a much
smaller peptide fragments. By chance, none of the pep-
tide masses determined by MALDI-TOF MS matched
to the smaller peptide fragments (Fig. 3.). According to
the score-calculating formula, the term Mprot became
bigger while the term

∏
nmi,j remained unchanged,

leading to the results of lower MASCOT score with
“bmegMEC”. There are five spots that can only be
identified with “bmegMEC” but not with “bmeg”. All
of them were CDSs additionally predicted by the CDS
prediction program CRITICA.

Fig. 3. Merging two protein fragments to form a protein of more
complete sequence can in certain cases cause decreased MASCOT
scores.

3.2. Cross-species protein spot identification

The presence of complete genome and proteome
sequences for as many as 13 bacilli in the public
database has been considered as a good starting point
for the functional genomic analysis of B. megaterium.
However, to our surprise, this did not help much for
protein spot identification using peptide mass finger-
printing. Merely 19 protein spots, corresponding to
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Fig. 4. Matches of peptide masses of a protein of interest to its homologous proteins rely on sequence identities and protein sizes. Results are
from in silico experiments with four groups of proteins from E. coli (see text for detail). Variables in the regression equation: y, number of
matches; x, identities; y0, x0, A1 and t1, regression constants; R2, the square of the correlation coefficient.

10.8% of all the identified spots, were identified as true
positive by using the protein database “13bacilli” or
the NCBInr-Bacteria database. Among them, six spots
were only identified with NCBInr-Bacteria but not
with “13bacilli”, because all proteins corresponding
to these six spots are exclusively from the species
B. megaterium that were already included in the
NCBInr database. Three spots could be identified
with “13bacilli” but not with NCBInr-Bacteria, as
the MASCOT scores for these three spots were
not significant enough, when the NCBInr-Bacteria
database was applied.

Although nine spots were identified with both
“13bacilli” and “bmegMEC”, the MASCOT scores
using “13bacilli” were usually much lower than the
scores using “bmegMEC”. Moreover, the cross-species
spot identification generated a quite large number of
false positives. With the databases “13bacilli” and
NCBInr-Bacteria, 13 and 12 spots, respectively, were
identified as significant but the identification was
proved false. Generally, the false positive spots can also
be identified using the “bmegMEC” database, how-
ever, as different proteins with more significant scores.
Some of the results were also verified by additional

peptide fragmentation through ESI-QqTOF MS/MS
analysis. In several cases, the false “matched” homolo-
gous proteins are of much smaller molecular weight
than calculated from the 2-DE gels. Therefore, this
kind of cross-species matching was clearly a random
false positive matching. Nevertheless, the relatively
high number of false positive matches makes protein
spot identification by cross-species database searching
generally unreliable.

It should be mentioned that there were six spots,
which could only be identified with “13bacilli” or
NCBInr-Bacteria but not with “bmegMEC”, as were
verified by additional peptide fragmentation through
ESI-QqTOF MS/MS analysis. The corresponding pro-
teins were confirmed to be absent in the database
“bmegMEC”, obviously because of the incompleteness
of the genomic sequences of the B. megaterium strain
studied.

3.3. Peptide mass matches strongly depend on
sequence identity

The above results clearly showed that for protein
spot identification through peptide mass fingerprint-
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ing, using a strain-specific protein database generated
from low-coverage genomic sequences is much more
helpful than using protein sequences of even closely
related species. In fact, for the first time the avail-
ability of the “bmegMEC” database has significantly
facilitated our high-throughput protein identification
via PMF.

To quantitatively understand the reason behind
it, we did a further in silico experiment (Fig. 4.).
Four groups of proteins were selected from the pro-
teome of the well-sequenced Escherichia coli K12
(http://www.ncbi.nih.gov/genomes/lproks.cgi), repre-
senting proteins of different lengths, i.e. 1100 amino
acids (aa), 700 aa, 400 aa and 150 aa, respectively.
Each protein was queried against the NCBInr database
to find homologs with sequence identity greater than
50%. Each protein and its homologs were in silico
digested with trypsin (the applied digestion rule was
XXXX(K or R)(not P)XXXX). The generated pep-
tide fragments with more than three amino acids were
taken into account to calculate the number of matches
between the protein and its homologs. Such matching
resembles the real process of searching with experi-
mentally measured peptide masses from MALDI-TOF
MS analysis in a specific protein database through
PMF searching programs such as MASCOT, ProFound,
and PeptIdent. The number of matches was plotted
against the identity level in Fig. 4. A statistical analysis
showed that there is roughly an exponential relation-
ship between the number of matches and the identity
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tity produces less than four matches for a protein with
150 aa, that makes an identification almost impossible.
This is especially true when taking into consideration
that not all peptide fragments that are obtainable from
a theoretical digestion of a protein can be detected
by mass spectrometric analysis, i.e. the sequence
recovery of a protein from MS analysis can never
reach 100%.

It is clear that match numbers, or the possibility
to identify a protein using peptide masses, is highly
dependent on the identity level between the protein
studied and its homologous protein in the queried pro-
tein database. Consequently, the questions are how
high the identities of homologous proteins among dif-
ferent species within the same genus or even among
the subspecies of a specific species are and whether
the identities are high enough for cross-species pro-
tein identification via PMF. Table 1 shows the number
of proteins whose sequences are at least 90% iden-
tical between each two of the completely sequenced
14 bacilli strain. Between different subspecies (see
the boxes in Table 1), such number corresponds to
58–96% of the proteins of the species in the first col-
umn, indicating a high possibility to identify these
proteins by querying the protein database of another
subspecies. Systematical comparison of proteins from
variant E. coli subspecies gave the same results (data
not shown). If comparing different species of the same
genus (here Bacillus), some species are still highly
related to each other (e.g. B. anthracis, B. cereus and B.
t
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evel. In other words, the number of matches dramati-
ally decreases with the decrease of the identity. Each
ecrease of 10% in identities causes a decrease of about
0% in the number of matches. For instance, a protein
f 1100 aa has 80 matches at identity 100%, 40 matches
t identity 90%, 20 matches at identity 80%, and
o on.

Fig. 4 also shows that the matching numbers
ecreases with the decline of the protein length as
ell. This is reasonable since smaller protein gen-

rates less number of peptide fragments during an
nzymatic digestion. This fact makes the identifica-
ion of small proteins rely much more on the presence
f highly (if not completely) identical homologs in
he protein database used. As an example, 80% of
dentity can sometimes produce above 20 matches for

protein with 1100 aa, that still makes the protein
dentification possible. In comparison, 90% of iden-
huringiensis), whereas the others demonstrate much
emote relations (e.g. B. licheniformis, B. clausii, B.
alodurans, B. subtilis and B. megaterium). This is
onsistent with the prevalent knowledge that all the
erobic spore-forming bacteria were lumped into the
enus Bacillus, even though their GC content, physi-
logy, sporulation, etc. are sometimes very different.
n fact, only 4% of the 5028 CDSs of B. megaterium
re at least 90% identical to CDSs of the other bacteria
ncluding all the 13 sequenced Bacillus species. Ninety
ercent of its CDSs have homologs from the public
atabase with an identity level lower than 80%. It is
hus understandable why the application of the cross-
pecies protein database “13bacilli” only resulted in
he identification of a few protein spots for B. mega-
erium.

A number of protein spots in our study can also
e identified against partial proteins in the “bmeg-

http://www.ncbi.nih.gov/genomes/lproks.cgi


J. Sun et al. / Journal of Biotechnology 124 (2006) 486–495 493

Ta
bl

e
1

Pe
rc

en
ta

ge
of

pr
ot

ei
ns

w
ith

at
le

as
t9

0%
co

di
ng

se
qu

en
ce

id
en

tit
ie

s
be

tw
ee

n
di

ff
er

en
ts

pe
ci

es
of

th
e

ge
nu

s
B

ac
il

lu
s

St
ra

in
of

B
ac

ill
i

A
bb

r.
N

um
be

r
of

C
D

Ss
A

tl
ea

st
90

%
id

en
tic

al
to

ba
n

ba
a

ba
r

ba
t

bc
e

bc
a

bc
z

bt
k

bl
i

bl
d

bc
l

bh
a

bs
u

bm
g

B
.a

nt
hr

ac
is

A
m

es
ba

n
55

02
88

.1
96

.4
89

.9
61

.5
70

78
.6

77
.2

0.
47

0.
49

0.
10

0.
10

0.
36

0.
34

B
.a

nt
hr

ac
is

A
20

12
ba

a
58

74
87

.3
92

.5
91

.2
61

.2
69

.5
80

78
.6

0.
47

0.
47

0.
15

0.
13

0.
45

0.
37

B
.a

nt
hr

ac
is

A
m

es
05

81
ba

r
58

37
90

.9
88

.2
84

.7
57

.9
67

74
.1

72
.9

0.
44

0.
46

0.
10

0.
10

0.
34

0.
32

B
.a

nt
hr

ac
is

St
er

ne
ba

t
52

87
93

.7
95

.7
93

.6
66

73
.9

86
.4

85
.1

0.
49

0.
51

0.
11

0.
11

0.
37

0.
35

B
.c

er
eu

s
A

T
C

C
14

57
9

bc
e

53
55

63
.3

62
.7

63
.3

64
.3

63
.7

64
.3

65
.9

0.
52

0.
54

0.
11

0.
13

0.
37

0.
35

B
.c

er
eu

s
A

T
C

C
10

98
7

bc
a

58
80

65
.9

65
66

.8
65

.6
58

.1
66

.7
65

.4
0.

45
0.

47
0.

1
0.

11
0.

4
0.

32
B

.c
er

eu
s

Z
K

bc
z

51
34

83
.7

84
.3

83
.7

86
.7

66
.8

75
.9

85
.1

0.
5

0.
52

0.
11

0.
13

0.
38

0.
37

B
.t

hu
ri

ng
ie

ns
is

se
r.k

on
ku

ki
an

97
-2

7
bt

k
51

97
81

.5
82

.3
81

.6
84

.7
67

.8
73

.7
84

.2
0.

5
0.

51
0.

11
0.

13
0.

38
0.

34
B

.l
ic

he
ni

fo
rm

is
A

T
C

C
14

58
0

bl
i

41
97

0.
64

0.
54

0.
64

0.
64

0.
66

0.
64

0.
64

0.
64

96
.2

0.
28

0.
38

7.
5

0.
69

B
.l

ic
he

ni
fo

rm
is

D
SM

13
bl

d
41

96
0.

69
0.

54
0.

69
0.

66
0.

71
0.

69
0.

66
0.

66
95

.8
0.

28
0.

38
7.

5
0.

69
B

.c
la

us
ii

K
SM

-K
16

bc
l

41
08

0.
14

0.
14

0.
14

0.
14

0.
14

0.
14

0.
14

0.
14

0.
29

0.
29

1.
5

0.
17

0.
09

B
.h

al
od

ur
an

s
C

-1
25

bh
a

40
66

0.
14

0.
14

0.
14

0.
14

0.
17

0.
17

0.
17

0.
17

0.
34

0.
36

1.
5

0.
22

0.
14

B
.s

ub
ti

li
s

16
8

bs
u

41
06

0.
51

0.
48

0.
51

0.
51

0.
51

0.
58

0.
51

0.
51

7.
7

7.
7

0.
17

0.
21

0.
75

B
.m

eg
at

er
iu

m
D

SM
31

9
bm

g
50

28
0.

49
0.

57
0.

49
0.

49
0.

49
0.

51
0.

49
0.

49
0.

71
0.

71
0.

13
0.

17
0.

77

T
he

bo
xe

s
sh

ow
co

m
pa

ri
so

ns
be

tw
ee

n
su

bs
pe

ci
es

.O
th

er
hi

gh
ly

re
la

te
d

sp
ec

ie
s

ar
e

un
de

rl
in

ed
.A

s
an

ex
am

pl
e,

th
e

nu
m

be
r

“8
8.

1”
(i

n
th

e
fir

st
lin

e,
fif

th
co

lu
m

n)
m

ea
ns

88
.1

%
of

th
e

C
D

Ss
of

B
.a

nt
hr

ac
is

A
m

es
(b

an
)

w
er

e
fo

un
d

at
le

as
t9

0%
id

en
tic

al
to

ce
rt

ai
n

C
D

Ss
of

th
e

ot
he

r
B

.a
nt

hr
ac

is
su

bs
pe

ci
es

A
20

12
(b

aa
).

MEC” database. The existence of such partial pro-
teins is because of the incompleteness of the raw
genomic sequence. On the other side, these protein
spots could not be identified by using cross-species pro-
tein database “13bacilli”. This means that more peptide
mass matches can be achieved against partial but com-
pletely identical sequences than against homologous
proteins, which are complete but not completely iden-
tical.

4. Discussion

A low-coverage genomic sequence has several neg-
ative impacts on spot identification via PMF. First,
low-coverage means low quality. High quantity of
sequencing errors, e.g. base exchange, deletion and
insertion, often cause problems for coding sequence
prediction, such as transcription frame shift or unusual
stop codons. In our work, such problems were basically
solved by applying the homology-based CDS predic-
tion program “IdentiCS”. In addition, the drawback
of homology-based methods in finding strain-specific
CDSs can be compensated by using ab initio gene-
finding programs such as CRITICA and GeneMarks
that apply non-homology information.

Second, low-coverage also means incomplete. If
experimental gap closure such as by generating more
coverage of genomic sequences or by variant finishing
s
C
c
d

(

trategies (International Human Genome Sequencing
onsortium, 2004) is not possible, the following con-
epts can be used for the improvement of the protein
atabase quality:

1) Integration of known sequences of the organism
of interest from public database. As mentioned in
Section 2 of this paper, NCBI ENTREZ integrated
database has included 572 proteins from B. mega-
terium, of which 279 are non-redundant. For 114
of them no corresponding coding sequences were
found in the low-coverage genomic sequence of the
B. megaterium strain DSM 319. They were there-
fore added directly to the “bmegMEC” database.
Another 28 proteins partially overlapped with the
genomic sequence. They were then used to sub-
stitute the incomplete partial proteins. The new
protein database generated was named as “bmeg-
MECI”. Several spots previously only identified
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with NCBI-Bacteria are now able to identified with
bmegMECI.

(2) Joining fragments of a protein that locate on the
ends of two contigs by using homologous pro-
teins from public database as a key (Fig. 1A). This
was proved to generally increase the spot iden-
tification scores in this work. The gap inside a
merged protein can be further artificially filled with
the corresponding sequence of its most identical
homologous protein (Fig. 1A). Similarly, a bro-
ken fragment, which cannot be joined to any other
fragment can be extended by using the “missing”
sequence from its most identical homologous pro-
tein (Fig. 1B).

(3) Gaps in genomic sequence can be inferred by com-
parative genomics if the genomic sequences of its
close relatives are available. Missing CDSs within
such gaps can be taken from the related genomic
sequences and integrated to the constructed protein
database.

5. Conclusion

The results of this work demonstrated that the
protein database generated from the low-coverage
raw genomic sequence of B. megaterium is useful
for a fast and reliable protein identification solely
based on peptide mass fingerprint (PMF) from high-
t
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t
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Westphal for her excellent technical assistance in 2-
DE experiments and protein sample preparation for MS
analysis. The authors are grateful to the GBF MS ana-
lytic group, especially J. Majewski and A. Meier for
their support in the MALDI-TOF MS analysis.
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