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Abstract

Identifying the genes required for the growth or viability of an organism under a given condition is an important step toward

understanding the roles these genes play in the physiology of the organism. Currently, the combination of global transposon muta-

genesis with PCR-based mapping of transposon insertion sites is the most common method for determining conditional gene essen-

tiality. In order to accelerate the detection of essential gene products, here we test the utility and reliability of a DNA microarray

technology-based method for the identification of conditionally essential genes of the bacterium, Escherichia coli, grown in rich med-

ium under aerobic or anaerobic growth conditions using two different DNA microarray platforms. Identification and experimental

verification of five hypothetical E. coli genes essential for anaerobic growth directly demonstrated the utility of the method. How-

ever, the two different DNA microarray platforms yielded largely non-overlapping results after a two standard deviations cutoff and

were subjected to high false positive background levels. Thus, further methodological improvements are needed prior to the use of

DNA microarrays to reliably identify conditionally essential genes on genome-scale.

� 2004 Elsevier Inc. All rights reserved.
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With the rapidly increasing numbers of fully se-

quenced genomes, there is an increasing need for a com-

prehensive understanding of the roles of the thousands

of genes that make each organism unique. However,

the function of more than 35% of the genes in even

the most closely studied model organisms, such as Esch-

erichia coli, remains poorly understood, while their indi-

vidual analysis represents a substantial challenge. An
important step toward understanding the function of

uncharacterized genes is to identify which gene plays

an essential role in cell growth and survival, and under

what conditions such genes are essential [1].
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In recent years, a number of new experimen-

tal approaches have been developed to determine gen-

ome-wide gene essentiality. These include systematic

knockouts in Saccharomyces cerevisiae [2,3] and Caenor-

habditis elegans [4], RNA interference in C. elegans [5],

and genetic footprinting in several microorganisms

[1,6,7]. Standard genetic footprinting consists of three

main steps that include random transposon mutagenesis
of a large number of cells, selective outgrowth of the

mutagenized population, and determination of transpo-

son insertion sites in the genome using PCR and gel elec-

trophoresis [8,9]. Although this is a rather precise, semi-

automatic analysis, transposon insertions are detected

individually using position-specific PCR primers fol-

lowed by electrophoretic resolution of the amplification

products on agarose gels. Thus, the readout phase of
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this process is time- and labor-intensive, which substan-

tially limits the utility of the approach.

DNA microarrays have been used for genome-wide

monitoring of gene expression [10], DNA copy-number

changes [11], and the detection of DNA–protein interac-

tion [12]. Recently, several attempts to accelerate the
transposon insert detection phase of genetic footprinting

by utilizing DNA microarrays for detecting transposon

insertions have been reported [13–15]. The general strat-

egy involves digesting transposon-mutagenized genomic

DNA and adding a linker to the end of the DNA frag-

ments to serve as a priming site for subsequent PCR

amplification. DNA sequences within the transposon

serve as the corresponding matching primer sites.
Mutagenized genomic DNAs from different growth con-

ditions are fluorescently labeled and compared by

hybridization to DNA microarrays.

In this study, we report the results of a genetic foot-

printing approach to identify E. coli MG1655 genes that

are selectively essential under aerobic vs. anaerobic

growth conditions by using two different custom-built

E. coli DNA microarrays. Our results demonstrate that
although this approach provides high throughput read-

out of putative essential and non-essential genes, the

assortment of essentiality is affected by the large number

of false positive data points. However, the procedure did

allow us to hypothesize that the genes for a number of

hypothetical proteins were essential for anaerobic

growth, some of which were confirmed experimentally.

Thus, although the method lacks precision it can be use-
ful for discovering conditionally essential genes.
Materials and methods

Bacterial strain, growth conditions, and transposon mutagenesis.

Escherichia coli strain MG1655 (F�, k�, ilvG, rfb50, rph1) [16] was used

throughout this work. Generation of the transposon mutant library

and outgrowth of the mutagenized population were performed, as

described [17]. Briefly, a transposon library was constructed by incu-

bating transposon DNA EZ::TN<KAN-2> with the hyperactive Tn5

EZ::TN transposase [18] (Epicentre Technologies) to form a transpo-

some complex, which was subsequently transformed to electrocompe-

tent E. coli cells by electroporation. Cultures were immediately diluted

with LB-based rich medium with supplements, incubated at 37�C for

40min, and then used to inoculate a BIOFLO 2000 fermentor (New

Brunswick Scientific) containing the same medium supplemented with

kanamycin (10lg/ml). For aerobic growth, dissolved oxygen was held

at 30–50% of saturation. For anaerobic growth, N2 gas was continu-

ously sparged into the medium throughout the fermentation. The

medium and growth conditions were designed to minimize the number

of genes required for cell survival. After�20 population doublings cells

were collected and genomic DNA was isolated.

Specific mutant strains of E. coli MG1655 with transposon inserts

in individual gene were obtained from Frederick Blattner�s lab (Uni-

versity of Wisconsin, Madison, WI; described at http://www.

genome.wisc.edu). Non-stringent anaerobiosis (microaerophilia) was

performed by growing cells on plates incubated in a GasPak jar under

a reduced H2 and CO2 atmosphere. Strict anaerobiosis was obtained

by growing cells in Hungate tubes (Bellco Glass) completely filled with
LB agar containing 3.2mM sodium sulfide, using Resazurin (0.2mg/

100ml) as a redox indicator [19].

Construction of E. coli MG1655 microarrays. We used two different

microarrays for the experiments. For the construction of the first set of

microarrays, unique cDNA fragments corresponding to each predicted

ORF of E. coli MG1655 were produced by PCR amplification from

genomic DNA. To ensure that each primer pair would amplify the

most unique 200–350 base pair region within each ORF, the PCR

amplification product sequences were compared with all others in the

genome by BLAST analysis [20]. Sequences producing the minimum E

values, relative to all other ORFs in E. coli, were selected. Of the 4485

E. coli ORFs listed in the ERGO database [21], unique primers were

found for 4442 ORFs (sequences available upon request). Most of the

remaining ORFs represent genes that are shorter than 240bp. Thus,

each predicted ORF of E. coli MG1655 was represented by a fragment

predicted to minimally cross-hybridize with other E. coli MG1655

sequences. These fragments varied in length from 200 to 350bp, with a

median length of �300bp.

After two rounds of PCR amplification the final products were

purified on 384-well format ArrayIt PCR purification Kits (TeleChem

International). PCR products were resuspended in 15ll spotting buffer

(3· SSC (1· SSC is 0.15M NaCl plus 0.015M sodium citrate), 1.5M

betaine) and printed in triplicate onto amino-alkylsilane coated slides

(Sigma) with an OmniGrid arrayer (Gene Machines) equipped with

Telechem SMP3 split pins. The DNA was cross-linked to the slides

with UV light and baked in a vacuum oven at 60�C for at least two

hours. Residual salt and unbound DNA were removed by rinsing the

slides with 0.5% sodium dodecyl sulfate and water. The slides were

stored desiccated at RT until use.

The second set of microarrays containing full-length E. coli ORFs

was printed as previously described [22] and was augmented to contain

stable RNAs as well as various other controls, e.g., E. coli genomic

DNA.

Generation of sample RNA. Five micrograms of mutagenized

genomic DNA was partially digested with HinP1 I or HpyCH4 IV

(New England Biolabs), 0.5ll of 10U/ll for 15min at 37�C. Frag-
ments from both enzymes� digestion (larger than 500bp) were purified

from a 1.2% agarose gel with a QIAquick Gel Extraction Kit (Qiagen).

The resulting size-selected, purified DNA fragments were ligated to a

Y-shaped adaptor modified from Badarinarayana et al. [13] (CGG

ACGCTACGTCCGTGTTGTCGGTCCTG and ACTACGCACCG

GACGAGACGTAGCGTC) using T4 DNA ligase (Invitrogen) at

16 �C overnight.

After the Y-shaped adaptor was ligated to the transposon-mutag-

enized DNA fragments, the DNA was re-digested with PflM I (New

England Biolabs), 1ll of 8U/ll for 1h at 37�C. A 1ll aliquot of the
digest was used as template in two separate PCRs containing 0.5lM
the adaptor primer (ACTACGCACCGGACGA) and 0.5lM of one of

the transposon-specific primers (primer 1: GTTCCGTGGCAAAG

CAAAAGTTCAA or primer 2: CCGACATTATCGCGAGCCC

ATTTAT), 0.2mM dNTP mix, PCR buffer (Invitrogen), and 0.5ll of
5U/ll Taq polymerase (Invitrogen). Cycling conditions were 95�C for

1min; 25 cycles of 94�C for 30s, 55�C for 30s, and 72�C for 1min; and

72 �C for 5min. Two microliters of the undiluted PCR was used as

template for secondary PCR amplification using the same adaptor

primer and one of the second, nested transposon-specific primers

containing T7 promoter sequence (primer 3: GCGAAATTAATA

CGACTCACTATAGGGTTCCGTGGCAAAGCAAAGTTCAA or

primer 4: GCGAAATTAATACGACTCACTATAGGGCAAGACG

TTTCCCGTTGAATATGGC). PCR conditions were 95�C for 1min;

5 cycles of 94�C for 30s, 72�C for 1.5min; 5 cycles of 94�C for 30s,

70 �C for 30s, and 72�C for 1min; and 25 cycles of 94�C for 30s, 67�C
for 30s, and 72�C for 1min; and 72�C for 5min. PCR products (200–

500bp) were purified from agarose gel and precipitated and resus-

pended in 15ll TE.
One microgram of the secondary PCR product was used as tem-

plate in an in vitro transcription reaction using T7 polymerase from the

http://www.genome.wisc.edu
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MEGAscript kit (Ambion). After transcription, template DNA was

removed by incubation with DNase I (Ambion), followed by phe-

nol:chloroform extraction and isopropanol precipitation. The RNA

from these reactions (about 100lg) was stored frozen at �70�C until

use.

Synthesis of fluorescent cDNA from RNA. Twenty micrograms of

RNA template and 10lg of random hexamer primers (Invitogen) were

mixed together in 14ll RNase-free water. Primer annealing was

accomplished by incubating for 10min at 70 �C, followed by quenching

at least 1min on ice. cDNA was synthesized with SuperScript II reverse

transcriptase (Invitrogen) in the presence of deoxynucleoside triphos-

phates (dATP, dGTP, dCTP, each at 0.5mM, dTTP at 0.3mM) and

0.2mM amino-allyl dUTP (Sigma). In successive order 6ll of 5·
SuperScript II reaction buffer (Invitogen), 3ll of 10· dNTP mix, 3ll of
0.1mM DTT, 1ll RNaseOUT (40U/ll, Invitrogen), and 3ll of

SuperScript II reverse transcriptase (200U/ll) were added to the

annealing mix. The reaction was incubated at 25�C for 10min, then at

42�C for 2h before terminated by heating at 70�C for 10min. The

RNA template was hydrolyzed with 10ll of 1N NaOH and 10ll of
0.5M EDTA for 15min at 65�C. The reaction was neutralized by

adding 25ll of 1M Tris–HCl (pH 7.4). Unincorporated amino-allyl

dUTP and Tris were removed by filtration (Microcon YM-30, Milli-

pore). cDNA was transferred into a dark tube and dried in a Speed

Vac concentrator (Eppendorf). The cDNA pellet was resuspended in

9ll of 0.1M sodium bicarbonate buffer (pH 8.5–9), and added to a dry

aliquot of Fluorolink Cy5 or Cy3 Monofunctional Dye (Amersham),

then mixed and incubated for 1h at room temperature in the dark.

4.5ll of 4M hydroxylamine (pH 8.5–9.0) was added for 15min at

room temperature to quench unreacted Cy5 or Cy3 dye derivatives.

The labeled cDNAs were purified with a PCR purification kit (Qia-

gen), dried, and stored at �20 �C.
Microarray hybridization. Arrayed E. coli slides were prehybridized

in 5· SSC, 0.1% SDS, and 0.1mg/ml BSA for 1h at 42�C, rinsed with

water, and dried. Labeled cDNA were resuspended in 10ll water and
mixed with 115ll ArrayHyb Hybridization Buffer (Sigma), 2ll
blocking buffer (salmon sperm DNA (10mg/ml)), denatured at 95–

100�C for 2min, and hybridized to the slides. Hybridization was

performed in a Gene TAC Hybridization Station (Genomic Solutions).

The slides were rinsed with 1· SSC, 0.1% SDS, washed sequentially at

room temperature for 5min in 1· SSC, 0.1% SDS, and 0.1· SSC, 0.1%

SDS, 1min in 0.1· SSC, and finally rinsed with water. Slides were dried

and scanned using the GenePix 4000B scanner (Axon Instruments), the

data were analyzed with GenePix Pro 4.0 software (Axon

Instruments).

The hybridizations of microarrays containing the full-length E. coli

ORFs were performed, as described previously [22].

Data analysis. Each microarray experiment was performed twice,

with dye swapping, and each ORF-specific probe was printed in

triplicate on both microarray slides. The spot-specific log-ratio

[SSLR] for each probe spot was defined as the base-10 logarithm of

the fraction I635/I532, where Ik represents the fluorescence intensity at

wavelength k (measured in nm). The numerator and the denominator

of this fraction were defined as follows: I635 = F635 � B635 and

I532 = F532 � B532, where Fk and Bk represent the median foreground

and background fluorescence intensities, respectively, estimated at

wavelength k (nm). We eliminated the data corresponding to flagged

spots, or to spots with less than 50% of the pixels 2 SD above both

backgrounds. Next, we computationally improved the log-ratio of the

microarray data to take into account the effects of the printing

procedure, using MATLAB (MathWorks), as follows [23,24]. Three

copies of the E. coli genome were printed on each slide by means of

an 8-tip print head, resulting in 24 groups of probe spots. Therefore,

we averaged all SSLR-s within every one of the 24 groups of probe

spots on the slide and subtracted the result from all SSLR-s in that

group. Next, we rescaled the resulting SSLR-s making sure that all

SSLR-s within all 24 groups have the same standard deviation; we

averaged all the improved SSLR-s corresponding to the same ORF-
specific probe within one slide and used the resulting experiment-

specific log-ratios (ESLR-s) in our further analysis. For one micro-

array experiment, the number of averaged SSLR-s was typically

equal to 3, but varied from 1 to 6 in some cases (due to flagged

entries and duplicate probe spots on the slide).

To take dye swapping into account before comparing the results of

the repeated experiments, we reversed the sign of all ESLR-s in one of

the experiments. At this point, we also applied a ‘‘replicate trim’’ as

described [25] to eliminate ESLR-s which were significantly different in

the replicate experiments. Shortly, we assessed the distribution of the

quantity DESLR = ESLR1,i � ESLR2,i for all data points in common

between the replicate experiments 1 and 2, and eliminated data for

which DESLR was more than two standard deviations away from the

mean. To assess the reproducibility of our results, we calculated the

cross-correlation coefficient between the ESLR-s of all ORF-specific

probes common in the two experiments, defined as:

q ¼ hESLR1;iESLR2;ii � hESLR1;iihESLR2;ji
r1r2

;

where ESLR1,i represents the ESLR of the gene with ORF i in exper-

iment 1, the brackets represent averages over all ORFs, and r1 (r2) rep-
resents the standard deviation of ESLR-s in experiment 1 (2), defined

as:

r1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Nc � 1

XNc

i¼1

ESLR1;i � hESLR1;ji
� �2

vuut ;

where Nc represents the total number of gene entries in common be-

tween the two datasets.
Finally, for every ORF-specific probe present in both datasets, we

averaged the two ESLR-s to obtain the Average Log-Ratio (ALR).

Using the ALR-s, we created a histogram for each experiment, as

shown in Fig. 2.

The data from the full-length genomic microarrays were processed

similarly, except that there was only one whole genomic probe printed

on each slide.
Results

Analysis of genetic footprinting in E. coli by DNA

microarrays

Recently, we completed a genome-wide essentiality

study of E. coli MG1655 grown aerobically in rich LB-
based medium, in which the analysis of transposon

insertion sites in the surviving pooled mutant popula-

tions was determined using a PCR-based readout meth-

od [26]. At the same time, we also generated a

transposon insertion library in E. coli cells that were

subjected to growth selection in the same medium but

under anaerobic condition. Both libraries contain about

2 · 105 independent insertion mutants. We have subse-
quently used the two transposon-mutagenized genomic

DNA pools to identify conditionally essential genes that

were specific for aerobic or anaerobic growth, respec-

tively. The general experimental approach is illustrated

in Fig. 1. Briefly, after transposon mutagenesis, genomic

DNA was isolated, digested by restriction enzymes, and

the DNA fragments were ligated to a specific Y-linker

modified from that previously described by Badarinara-
yana et al. [13]. The DNA fragments flanking the



Fig. 1. Schematic diagram of the experimental protocol. (A) Immediately after the transposon mutagenesis, each mutagenized E. coli cell contains a

single transposon insertion (triangle), and every gene of the E. coli genome (boxes with letters) at least one individual cell of the population is

mutated. Pools of mutants are grown under aerobic or anaerobic conditions with antibiotic selection, ensuring the survival of only transposon-insert

containing cells. In this example gene A is non-essential in either growth conditions (i.e., the transposon insert is tolerated); genes B and C are

essential only under aerobic or anaerobic condition, respectively; and gene D is essential for both conditions. Target DNA that is complementary to

chromosomal DNA flanking each transposon insertion is generated from the two pools, labeled with different fluorophores (Cy5 or Cy3), and

hybridized to microarray slide. Probe A that represents gene A on the slide is hybridized by target DNA from both pools; probe B and probe C are

hybridized by only targets from anaerobic and aerobic conditions, respectively; there is no hybridization on probe D because no target DNA is

generated from either pools. (B) The protocol for amplification and labeling of chromosomal DNA flanked transposon insertions. See Materials and

methods for details (Figures modified from [14]).
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transposon insertions were enriched by PCR amplifica-

tion with primers specific for the inserted transposon se-
quence and the Y-shaped adaptor. Subsequently, these

target DNAs were labeled and hybridized to the two

separate types of DNA microarrays. The reproducibility

of the approach was ensured by repeating the whole

experiment with the Cy3 and Cy5 labels exchanged.

Figs. 2A and B depict the log ratios measured in one

experiment vs. the other with correlation coefficient of

0.950 for partial cDNA microarray and 0.989 for full-
length cDNA microarray, respectively, indicating that

the procedure is highly reproducible.

Assessment of microarray data for conditional gene

essentiality

When using the partial cDNA microarray for read-

out, after omitting flagged and low-intensity spots, we
detected transposon insertions in 3504 of the 4442

ORF-specific probes present on the microarray. Statisti-

cal analyses of the log ratio of all detected genes in the

aerobic versus anaerobic conditions revealed a standard

deviation of 0.58 from the mean, indicating that there is

95.5% confidence that any log ratio is significant if the
value is greater than 1.16 (two standard deviations from

the mean) (Fig. 2C). Based on this criterion, the major-
ity of genes proved dispensable under both conditions,

only 73 genes (2.1%) being asserted as indispensable un-

der anaerobic-, and 118 genes (3.4%) as essential under

aerobic condition (The list of all 3504 genes and their

log ratios are available in Table S2 of the Supplementary

Material). Note, if a gene is essential for both growth

conditions, the signal of the corresponding probe on

the microarray is absent after hybridization. Thus, these
genes (319 total) are not included in the data above. Due

to the failure of PCR amplification from both DNA

pools or the failure of hybridization, these may include

genes falsely labeled as essential. However, we found

many genes in this group whose function is known to

be essential for growth, such as those encoding ribo-

somal proteins (e.g., rplD, rplL, rplS, rplT, rpsB, rpsK,

rpsM, and rpsQ) or proteins involved in DNA replica-
tion (e.g., dnaB, dnaN, dnaQ, and dnaT). A list of these

319 genes is provided in Table S3 of the Supplementary

Material.

A potential drawback of partial cDNA microarray

analysis arises from the characteristics of this type of

microarrays. Specifically, the gene probes deposited on



Fig. 2. Distribution of transposon insertions detected by DNA microarrys. (A,B) Plot of log ratio from two independent experiments with dye

swapping using partial cDNA- (A) and full-length cDNA microarray (B). See Materials and methods for the calculation of the cross-correlation

coefficient between the two experiments. (C,D) Histogram plot of the log ratio of aerobic probe to anaerobic probe for each ORF on the partial (C)

and full-length (D) cDNA microarrays. Gray histogram: total microarray data; red histogram: microarray data for the genes asserted as essential

under aerobic condition by PCR-based genetic footprinting [26]. The data represent the average of two replicated experiments. Significant log ratio

change (log ratio = 1.16 for (C) and 0.94 for (D)) is indicated with dashed arrows. Genes negatively selected only under anaerobic condition are >1.16

(0.94), and genes negatively selected only under aerobic condition are <�1.16 (�0.94). Genes negatively selected under both conditions are not

included in the analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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the microarray slides correspond to a unique �300bp

segment of almost all predicted ORFs in E. coli

MG1655. Although this design minimizes cross-hybrid-

ization among the various ORF sequences, it may result

in false positive results when used to identify essential

genes due to the fact that if the transposon insertion sites
are not directly adjacent to the sequences printed on the

array, there may be no hybridization with the target se-

quence on the microarray, even when the PCR amplifi-

cation of the insert specific genes is successful.

To formally analyze the potential contribution of this

disadvantage, we also used full-length cDNA micro-

array slides for the readout, and after data analysis were

able to assort 3496 gene-specific spots on the slides for
essentiality study (The names and corresponding log ra-

tios are available in Table S4 of the Supplementary

Material). Using the two standard deviations cutoff

(with a cutoff value of 0.94), most genes were asserted

as non-essential, only 87 genes (2.4%) appearing indis-

pensable under anaerobic-, and 108 genes (3.0%) as

essential under aerobic growth conditions (Fig. 2D)

(The lists of these essential genes are in Tables S5 and
S6 of the Supplementary Material).

To further interpret conditional gene essentiality, we

analyzed the data in a functional context, and aerobi-

cally and anaerobically essential genes were compared

by using the GenProtEC database [27], which contains

functional classification of all known genes and pre-

dicted ORFs in E. coli (as of April, 2004). (The details
of the functional categories are included in the Supple-

mentary Material). Although more than one-third of

essential genes are uncharacterized under both condi-

tions, many genes directly involved in aerobic or anaer-

obic respiration are asserted as essential under the

corresponding growth condition.

High ratio of false positives in both types of DNA

microarray data

To determine the analytical power and overlap of the

obtained data, we first compared the results of the two

types of microarrays. We found that the log ratios mea-

sured in both microarrays have a correlation coefficient
of 0.65, demonstrating moderate overlap between the

two data sets. There were 73 genes and 118 genes

asserted as essential under anaerobic- and aerobic-con-

ditions by partial cDNA microarray, while the full-

length cDNA microarray identified 87 genes and 108

genes were asserted as essential under anaerobic- and

aerobic-conditions, respectively. Of these essential

genes, only 19 anaerobic-, and 30 aerobic genes were
commonly identified as essential by both types of micro-

array data (Fig. 3).

In a previous gene essentiality study by genetic foot-

printing and PCR-based readout, of the 4442 ORFs in

E. coli we assessed the essentiality of 3746 genes under

aerobic growth condition [26]. Within that set 620 genes

were identified as essential and 3126 genes as dispens-



Table 1

Growth of mutant strains with deleted gene products predicted to be

essential by DNA microarrays

Gene name Blattner number Growth under strict

anaerobic condition

agaBa b3138 Yes

alra b4053 Yes

atpDa b3732 No

fadL b2344 Yes

fimBa b4312 Yes

fimIa b4315 No

gcvA b2808 Yes

moaA b0781 Yes

moaCa b0783 Yes

menB b2262 Yes

mrcA b3396 Yes

mutL b4170 Yes

nikCa b3478 Yes

oppA b1243 Yes

pgi b4025 Yes

rnk b0610 Yes

selA b3591 Yes

soxR b4063 Yes

tolC b3035 Yes

uup b0949 Yes

yacH b0117 No

yafU b0218 No

yciIa b1251 No

yeiH b2158 Yes

yhiM b3491 No

yieO b3754 No

nrdGb b4237 No

[MG1655]c Yes

a These genes also predicted to be essential by full-length

microarrays.
b nrdG mutant strain: positive control for anaerobic growth

restriction [19].
c Wild type MG1655: negative control for anaerobic growth

restriction.

Fig. 3. Gene essentiality compared between microarray data. The

Venn diagrams of the results obtained from the two types of DNA

microarrays are shown.

352 X. Tong et al. / Biochemical and Biophysical Research Communications 322 (2004) 347–354
able for cell survival (The detailed essentiality results are

available at the authors� website at: www.oltvailab.

northwestern.edu/pubs/JBact2003). Although the PCR-

based analytical phase of that process is extremely time-

and labor-intensive, transposon insertion sites can be

defined very precisely, allowing this method to serve as

a �gold-standard� against which all other analytical tech-
niques can be compared. Of the 620 essential genes, in

the present study we asserted only 46 genes by the par-

tial cDNA microarray (7.4%) and 38 genes by the full-

length cDNA microarray (6.1%) as aerobically essential

(Figs. 2C and D). Also, when we considered the genes

that were asserted as essential by both PCR- and micro-

array-based readout approaches, the microarray ap-

proach recognized only �39% (partial cDNA
microarray) and �35% (full-length cDNA microarray)

of the true positives.

On the other hand, 73 (partial cDNA microarray)

and 87 (full-length cDNA microarray) genes were as-

serted by DNA microaray approach as anaerobically

essential. Of the 73 anaerobically essential genes identi-

fied by the partial cDNA microarray, 26 mutant E. coli

MG1655 strains, in which that gene is individually dis-
rupted, are available (http://www.genome.wisc.edu).

All the mutant strains grew well under aerobic condi-

tions, and their growth also appeared unimpaired under

microaerophilic growth conditions. Only 7 of the 26 mu-

tant E. coli strains did not grow under strictly anaerobic

conditions (Table 1). While the positive control nrdG

mutant strain, whose missing gene product has been

shown to be essential for strict anaerobic growth [19],
did not grow, the negative control wild type E. coli

MG1655 grew normally. Of the 26 tested mutants, the

gene products of 8 were also asserted by full-length
ORFs DNA microarray as anaerobically essential, but

only 3 of these did not grow under strictly anaerobic

growth condition (Table 1). Thus, the ratio of true pos-

itives detected by both DNA microarrays was approxi-

mately 30% for identifying anaerobic essential genes.
Discussion

Although E. coli has been the focus of intense bio-

chemical and genetic scrutiny, global genomic essential-

ity data have become available only recently for this

organism [26]. In this study, we coupled the genetic foot-

printing approach to a procedure allowing a rapid,

DNA microarray-based readout for genome-wide detec-

tion of conditionally essential genes. We tested the util-
ity of this strategy by examining the differences in

essential genes between aerobic and anaerobic E. coli

cultures using two different DNA microarrays. Both

microarray platforms identified a number of E. coli

genes that appeared to be significantly negatively

http://www.oltvailab.northwestern.edu/pubs/JBact2003
http://www.oltvailab.northwestern.edu/pubs/JBact2003
http://www.genome.wisc.edu
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selected under anaerobic or aerobic growth conditions,

although the data from the two platforms were signifi-

cantly non-overlapping, especially when the cutoff was

applied (Fig. 3). Among these genes, many have been re-

ported to be involved in anaerobic respiration (e.g.,

fdhD, fdhF, and menB) or aerobic respiration (e.g., ubiA,
ubiB, ubiF, and cydA). Moreover, we identified some

uncharacterized genes as essential for anaerobic growth

(yacH, yafU, yciI, yhiM, and yieO) and confirmed the

predicted phenotype by testing their growth under

strictly anaerobic condition.

In spite of these limited successes, in its present for-

mat DNA microarray readout seems not appropriate

for the accurate assessment of conditional gene essenti-
ality on a genome-wide scale. Compared to the results

of standard genetic footprinting for genes asserted under

aerobic growth condition [26], and the experimental re-

sults of anaerobic growth (Table 1), the DNA micro-

array platform has a high number of false positives.

The error rate can arise from several possible reasons.

First, the insertion of transposons into the genomic

DNA is a random event, so the transposon insertion
sites in the genomic DNA templates are variable under

the two growth conditions being compared. Moreover,

in some cases genes can tolerate transposon inserts with-

in certain restricted loci without a detrimental effect on

the corresponding gene product, especially when the

transposon insertion occurs at or close to the gene�s 3 0

end. All of these variables contribute to the difference

of two DNA pools after growth selection. Second,
non-specific PCR amplification artifacts may also play

an important role for false positives. For example, genes

thyA, ynaJ, and ybeY were asserted as anaerobically

essential, but we considered them likely to be false pos-

itives due to non-specific PCR amplification, because

there is no transposon insertion in these genes under aer-

obic growth conditions based on previous genetic foot-

printing result [26]. Third, high-stringency PCR
amplification is needed in order to avoid the generation

of non-specific PCR products produced from the Y-link-

er-specific primer alone. However, high-stringency con-

ditions may lead to an unavoidable loss of at least

some of the specific PCR products amplified by the Y-

linker-specific and transposon-specific primers (espe-

cially, when the PCR templates are from two different

DNA pools, which may produce even more uneven
amplification products). For example, the products of

genes dmsC and hyfD (dimethyl sulfoxide reductase

chain C and hydrogenase 4, respectively) are involved

in anaerobic respiration [28,29], but in the microarray

analysis they were asserted as essential under aerobic

growth conditions. This discrepancy may be the result

of failed PCR amplifications from the aerobic DNA

pool, since our previous study found two transposon
insertion sites in each gene under aerobic growth condi-

tions [26]. Fourth, using a restriction enzyme that
cleaves the E. coli genome with a relatively high fre-

quency may separate the target site on the microarray

from the transposon insertion site within a given gene,

resulting in a lack of hybridization when using the par-

tial cDNA microarray. However, the high rate of false

positives using the full-length cDNA microarray sug-
gests that this is a relatively minor problem. Lastly, in

the previous reports the T7 promoter has been incorpo-

rated into the transposon [13,14]. The promoter se-

quence within the transposon could provide an extra

degree of specificity in the complex PCR that amplifies

transposon–chromosomal junctions, and reduce the

non-specific background amplification.

To address these issues we modified several parame-
ters of the original protocol [13,14]. First, we used partial

digests instead of complete digests and used the restric-

tion enzyme, HpyCH4 IV, to cut genomic DNA. This

restriction enzyme cleaves the E. coli genome less fre-

quently (�3000cuts/genome) than HinP1 I (�8000cuts/

genome), but has the same overhang allowing the same

Y-linker to be utilized. Second, to increase the specificity

of PCR amplification, we applied a semi-nested PCR
procedure, i.e., in the first round of amplification, an

external transposon-specific primer and Y-linker primer

were used, followed by amplification with an internal

transposon-specific primer and Y-linker primer in the

second round. In order to fully utilize the entire length

of partially digested DNA fragments, we also used two

pairs of transposon-specific primers to amplify regions

both 3 0 and 5 0 ends of the transposon insertion site.
Third, to reduce the non-specific PCR products pro-

duced from the Y-linker primer only, we cut the Y-linker

tagged genomic DNA with a second restriction enzyme

(PflM I) prior to PCR amplification. This restriction en-

zyme specifically recognizes the transposon DNA up-

stream from the transposon-specific primer binding-site

and cleaves the E. coli genomic DNA relatively infre-

quently (�350 restriction sites/E. coli genome).
In summary, the present study indicates that

although the DNA microarray-based approach for

detecting essential genes following global transposon

mutagenesis is conceptually straightforward, the techni-

cal challenges remain substantial. Despite these chal-

lenges the method has been proven to be useful for

identifying an essential role for five hypothetical genes

in E. coli grown under anaerobic conditions.
Note added in proof

An alternative experimental approach to detect trans-

poson insertion sites by DNA microarray analysis in E.

coli has been recently communicated: K. Winterberg,

W.S. Reznikoff: Using HAIL, Hybridization Analysis
of Insertion Libraries, to Map Chromosomal Locations

of Tn5 Transposon Insertions in Escherichia coli K-12,
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