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Metabolic engineering is often facili-
tated by cloning of genes encod-

ing enzymes from various heterologous 
organisms into E. coli. Such engineer-
ing efforts are frequently hampered by 
foreign genes that are toxic to the E. 
coli host. We have developed PanDaTox 
(www.weizmann.ac.il/pandatox), a web-
based resource that provides experimen-
tal toxicity information for more than 1.5 
million genes from hundreds of different 
microbial genomes. The toxicity predic-
tions, which were extensively experimen-
tally verified, are based on serial cloning 
of genes into E. coli as part of the Sanger 
whole genome shotgun sequencing pro-
cess. PanDaTox can accelerate meta-
bolic engineering projects by allowing 
researchers to exclude toxic genes from 
the engineering plan and verify the clon-
ability of selected genes before the actual 
metabolic engineering experiments are 
conducted.

Metabolic Engineering and the 
Problem of Toxic Genes

Metabolic engineering is a rapidly grow-
ing field where enzymatic pathways for 
the biosynthesis of desired molecules 
are genetically engineered into model 
microorganisms in order to harness bac-
terial productivity into industrial use.1 
Metabolic engineering is often practiced 
in close connection with synthetic biology 
and systems biology, as significant theo-
retical modeling is conducted in order to 
model pathways to be engineered into a 
given organism.2-5

The bacterial species Escherichia 
coli is one of the most widely used 
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microorganisms in metabolic engineer-
ing and had been utilized for numerous 
bio-production applications. For exam-
ple, massive production of precursors for 
the antimalarial drug artimisinin was 
facilitated by inserting genes from several 
microorganisms into E. coli;6,7 polyketides, 
which are the precursors for many antibi-
otics, have been produced within E. coli 
by introducing a combination of genes 
from three different bacteria into this 
organism;8 various nutritional molecules 
such as acetate, pyruvate, succinate and an 
array of amino acids are also among the 
products produced within E. coli through 
metabolic engineering.9 Recently, meta-
bolic engineering has taken center stage in 
the global efforts for the design and gen-
eration of biofuel-producing organisms, in 
attempts to generate biological alternatives 
to fossil fuels.1,10

Thousands of microbial genomes 
have been sequenced to date5,11 and these 
genomes cumulatively harbor millions of 
enzymes that can be used as “building 
blocks” in the toolbox of the metabolic 
engineer. Following detailed planning of 
the pathway of new enzymes to engineer 
into E. coli, the metabolic engineer will 
usually search for these enzymes in the 
set of available genomes and will select 
genes encoding the desired enzymes from 
organisms in which these genes exist. The 
selected genes will then be cloned into 
E. coli with or without optimization for 
expression through codon and promoter 
alterations.3,12

One of the major hurdles in such meta-
bolic engineering efforts is genes that are 
toxic to the receiving organism.4,6 Many 
enzymes are toxic to E. coli when cloned 
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These, in turn, enrich the toolbox of met-
abolic engineers with numerous potential 
enzymes and pathways, but also increase 
the challenge in selecting the proper genes 
from the proper organisms. PanDaTox, 
which contains toxicity information for 
over 1.5 million microbial genes, can 
accelerate metabolic engineering by help-
ing scientists to avoid toxic genes and 
to select genes that were experimentally 
proven to be clonable within E. coli. With 
the rapidly growing interest in metabolic 
engineering both in the academy and in 
the industry, we expect PanDaTox to form 
a useful tool for the community.
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In an earlier study as well as in our 
recent study (references 13 and 14), we 
have demonstrated that gaps in microbial 
genome sequences are frequently caused 
by genes that are toxic to the E. coli host. 
These genes inhibit E. coli growth when 
cloned into it and are hence missing from 
the set of sequences available for genome 
assembly. Following gap closure (which 
is performed by cloning-independent 
methods), these toxic genes can read-
ily be identified. By experimenting with 
cumulatively more than 100 gap-residing 
genes from numerous different organisms, 
we have verified that our gap-based pre-
diction of gene toxicity exceeds 80% of 
accuracy.13,14

The accuracy in our predictions of gene 
clonability into E. coli stems from several 
factors. First, the high sequencing cover-
age, needed for proper genome assembly, 
dictates that on average more than 25 
independent clones would contain each 
gene. This ensures that the absence of a 
specific gene from the set of sequencing 
clones is not likely to occur by chance only 
and provides high statistical power for 
identification of toxic genes. Furthermore, 
the diversity of cloning libraries used for 
genome sequencing, where some clones 
are propagated on a high-copy number 
plasmid while others are found on single-
copy plasmid allows us to differentiate 
between stronger and weaker toxicity, 
i.e., differentiate between genes that will 
be toxic only when highly expressed and 
those which are toxic even in low doses.

PanDaTox contains data on over 
40,000 genes that are predicted to be toxic 
to E. coli based on their clonability. It 
allows text-based searches for enzymes of 
interest according to multiple keywords, 
as well as sequence-based searches (blast) 
with a user-provided gene; homology 
searches enable checking whether homo-
logs of a selected toxic gene are also toxic 
when cloned from a different genome; and 
clone coverage analysis allows the user to 
evaluate the toxicity inference. PanDaTox 
presents toxicity information in both 
graphical and numerical manners and 
provides links to the experimental results 
collected.

With the advent of cheap genome 
sequencing, sequences of whole micro-
bial genomes accumulate at a rapid pace. 

into this organism heterologously and 
their toxicity may stem from generation 
of toxic intermediates or other incom-
patibility issues.13 Attempts to engineer 
a toxic gene into E. coli will usually fail 
to produce viable clones and will signifi-
cantly slow down the engineering project. 
Furthermore, since the experimental pro-
cedures in metabolic engineering projects 
are significantly longer and more expen-
sive as compared with the theoretical 
design, months of effort and considerable 
funds expenditure could be wasted due to 
toxic genes.

PanDaTox: The Pan Genomic  
Database of Genes Toxic to  

Bacteria

We have recently introduced PanDaTox, 
the pan genomic database of genes and 
genomic elements that are toxic to bac-
teria (www.weizmann.ac.il/pandatox).13 
PanDaTox contains experimental toxic-
ity information for over 1.5 million genes 
from hundreds of microorganisms and 
reports the results of cloning attempts for 
each of these genes on single-copy and 
multiple-copy vectors within E. coli (Fig. 
1). This resource is expected to accelerate 
metabolic engineering efforts by allowing 
researchers to perform a-priori exclusion 
of toxic genes from the engineering plan, 
and on the other hand, a-priori verifica-
tion of clonability of selected genes before 
the actual experiments.

Although our identification of toxic 
genes was based on massive experimental 
cloning of over 9 million clones into E. 
coli, this was not an intentionally-designed 
experiment. In fact, the detection of toxic 
genes was a by-product of the Sanger whole-
genome sequencing procedure through 
which hundreds of microbial genomes had 
been sequenced. Within this procedure, 
multiple copies of the sequenced genome 
are randomly fragmented into overlapping 
pieces of DNA that are serially inserted 
into E. coli on plasmids. These fragments 
are then sequenced and assembled based 
on sequence overlaps. While usually most 
fragments can be cloned into the E. coli 
host, a small fraction of the genome fails 
to be cloned and this results in sequence 
gaps that interfere with proper genome 
assembly (Fig. 2).
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Figure 1. The PanDaTox online web tool. PanDaTox holds toxicity information for over 1.5 million genes. It presents detailed information for genes of 
choice; allows searching by multiple keywords; and provides links to multiple external sources. The home page provides access to the database; the 
gene page holds multiple clickable details on gene annotations, sequences, toxicity analyses and presents results of experiments done with these 
genes (when applicable); the search page enables searching for genes of interest by keywords and various filters; the homologs page presents toxicity 
of homologs from other genomes. Users can also search for their genes of interest by sequence-based search (using the Blast page).
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Figure 2. Genes that are toxic to E. coli are exposed as a byproduct of the microbial genome sequencing process. The sequenced genome is physi-
cally sheared into overlapping fragments of DNA, which are transformed into E. coli bacteria. Fragments are sequenced and assembled into contigs. 
Toxic genes result in E. coli growth inhibition and are hence not properly sequenced, creating “gaps” in genome assemblies. After gap closure the gap 
sequences are retrieved. Post-analysis of gap-residing genes exposes the toxic genes.


