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The availability of ∼200 nearly completed
genome sequences and >900 additional se-
quencing projects underway is changing the
very fabric of biological research endeavors.
With access to enormous amounts of se-
quencing data and rapidly expanding cloned
gene collections, scientists have the opportu-
nity to pursue research projects at any scale,
from highly focused, one-gene-at-a-time
studies to broader, more global genome and
proteome-wide approaches. Although the
former efforts are well within the standard
purview of traditional research laboratories,
global approaches necessitate a more com-
plex collaborative environment involving
multidisciplinary teams from academia, gov-
ernment, and industry. Such “large-scale sci-
ence,” most recently demonstrated by the
Human Genome Project, also demands open
access to data and resources, regardless of
where the primary data are generated, and a
commitment to provide as complete a re-
source as is feasible. This special issue focuses
on creating, improving, and using cloned
“ORFeomes” and exemplifies successful part-
nerships between academia and industry. In
this perspective we argue that long-term aca-
demia–industry collaborative relationships
provide optimal solutions to the specific
problems of discovery science.

From Blueprints to Finished Goods

The human genome sequence and that of
various model organisms provide a necessary
framework for a transition from molecular bi-

ology to systems biology. Although the hu-
man genome sequence is sometimes referred
to as the “parts-list,” it is crucial to realize
that genome sequence annotations, as they
are available today, provide rough drafts of
blueprints for the parts. The challenge to es-
tablish the precise number of parts, namely,
the encoded proteins and RNAs, their actual
structure, and their respective interactions,
requires a dedicated effort to convert the
blueprints into an accessible warehouse of
available, well-characterized manufactured
parts.

This issue of Genome Research highlights
recent developments in the generation of
various genome-wide resource collections
that are expected to contribute to a more in-
tegrated understanding of biological pro-
cesses (Ideker et al. 2001; Vidal 2001). As
such, the efforts described herein (Dricot et
al. 2004; Dupuy et al. 2004; Lamesch et al.
2004; Rual et al. 2004a,c), along with other
established collections of cDNAs and ORFs
(Hudson Jr. et al. 1997; Strausberg et al. 2002;
Carninci et al. 2003; Reboul et al. 2003) con-
stitute a foundation on which it will be pos-
sible to investigate and manipulate both spe-
cific genes and proteins and the global net-
works in which they participate. The creation
of multiple types of genome resources, from
large-insert genomic DNA libraries to special-
ized collections of individually cloned genes,
cDNAs, and ORFs and their utilization across
multiple disciplines as a way to understand
biology from a systems approach is a direct
consequence of the highly collaborative, in-
terdisciplinary efforts such as those required
for the Human Genome Project. However, to
take full advantage of the growing collection
of genome sequences and associated data-
bases requires focused and committed efforts
to create comprehensive resource collections
that are not encumbered in any way (Collins
et al. 2003a).

The public availability of ∼200 genome
sequences for humans, model organisms, and
microbial species (Bernal et al. 2001) has pro-
vided tremendous impetus for creation of
large-scale sets of cloned genes, expanding by
orders of magnitude the numbers of genes
and proteins readily accessible for further
study (for review, see Rual et al. 2004b). Effi-
cient utilization of these gene resources will
require the deployment of robust and facile
technologies for isolating full-length open
reading frame (ORF) clones in order to carry
out proteome-wide, protein-based studies
and corresponding promoter regions for tran-
scriptional regulation and localization stud-
ies. Analogous to the collaborative efforts at
sequencing the human genome, “discovery
science” will depend on collaborative ar-
rangements involving both public and pri-
vate partnerships (Committee on Large-Scale
Science and Cancer Research 2003). A signifi-
cant aspect of these collaborative enterprises
is that the results and corresponding re-
sources must be available to the public in an
open-access setting, free of intellectual prop-
erty (IP) entanglements.

Academia–Industry Collaborations:
A Relationship Fostered
by Governmental Action

Relationships among United States colleges
and universities and commercial firms have
existed since at least the 1860s, when the
Morrill Act established the United States
land-grant system of colleges, which fostered
the transfer of new agricultural methods and
technologies to farm operations (for review,
see Hasselmo and McKinnell 2003). The Mor-
rill Act also provided a mechanism for the
federal government to fund investigator-
initiated research projects (Committee on
Large-Scale Science and Cancer Research
2003), a prelude to the subsequent develop-
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ment of extramural funding by the National
Institutes of Health (NIH).

Throughout the 20th century, scientists
have relied on commercial firms to provide
critical reagents, materials, and technical
know-how for their investigator-initiated ef-
forts. For example, Fisher Scientific, founded
in Pittsburgh in 1902 by Chester Garfield
Fisher, was one of the first commercial
sources of equipment and reagents for United
States laboratories, initially as a reseller of
quality instruments imported from Europe
(http://www.fisherscientific.com). Various
products from Fisher were used in govern-
ment laboratories during the Manhattan
Project to build the atomic bomb, one of the
first of many “big science” projects under-
taken by the United States government.

Although academic research has relied
on industry for consumables and technology,
much of the intellectual foundation and ini-
tial proofs-of-principle supporting a signifi-
cant fraction of commercially available prod-
ucts generally derive from academic research
endeavors. Obviously, both groups have de-
veloped seminal technologies (see below),
and industry has provided the necessary
means by which individual discoveries be-
come value-added reagents, quickly and effi-
ciently disseminated to the entire research
community. The wealth of antibody-based
commercial products available online from
over 250 suppliers (for listing of companies
with online antibody resources, see http://
www.antibodyresource.com/) is directly at-
tributable to the research efforts of Kohler
and Milstein (1975) and is just one example
of the commercialization process. It can be
argued that this plethora of antibody prod-
ucts is available because there were no pat-
ents filed on the initial hybridoma technol-
ogy by the inventors.

Commercialization Versus
Public Access

Commercialization of the knowledge arising
from academic and governmental research in
the United States was inefficient at best prior
to 1980. In that year, the United States Con-
gress passed the Bayh-Dole and Stevenson-
Wydler Acts, which changed the landscape of
academia–industry relations. By these two
acts, congress set forth a policy to expedite
commercialization of products resulting from
the federal government’s investment in basic
research (Blumenthal 2003; Committee on
Large-Scale Science and Cancer Research
2003; Hasselmo and McKinnell 2003). A ma-
jor consequence of the Bayh-Dole Act was a
shift in Federal policy that allowed the IP
rights resulting from the fruits of federally
funded research to remain with the academic
centers where the innovations were made.
This decentralization of IP management,

combined with incentivized academia, be-
came a motivating factor in the transfer of
technology to the commercial sector (Com-
mittee on Large-Scale Science and Cancer Re-
search 2003).

Prior to embarking on a full-scale effort
to sequence the human genome, NIH was ac-
tively involved in filing patents on expressed
sequence tags (ESTs); this activity elicited
concern among many scientists (Olson 2002;
Sulston and Ferry 2002), with public debate
actually having an impact on the Human Ge-
nome Project (Sulston and Ferry 2002). For-
tunately, there was a growing sentiment for
public release of data that had evolved from
the collaborative efforts to sequence model
organisms, notably the Caenorhabditis elegans
sequencing effort, coupled with a commit-
ment by Merck to fund efforts leading to the
public release of over 400,000 ESTs (Sulston
and Ferry 2002). Concern over ownership of
and restricted public access to the human ge-
nome resulted in the Human Genome Project
providing daily release of DNA sequences to
public databases once NIH abandoned its ef-
forts to pursue patent protection on human
genes (Olson 2002; Sulston and Ferry 2002).
This very successful mechanism of public re-
lease of data has subsequently been adopted
by the rat and mouse sequencing consortia
(Waterston et al. 2002; Gibbs et al. 2004) and
by the SNP Consortium to map human single
nucleotide polymorphisms (SNPs; Holden
2002). The SNP Consortium is particularly
noteworthy in that 13 companies provided
funding to generate a SNP map in which all of
the data were to be in the public domain with
no IP entanglements. Clearly, the corpora-
tions funding the SNP project and Merck
funding of EST sequencing concluded that
the overall goals of the respective projects
outweighed the potential monetary value ac-
cessible through patent protection of a small
fraction of the total data set.

Today, as a direct consequence of the
Human Genome Project and the develop-
ment of super high-throughput sequencing
technologies, DNA sequencing has become
a commodity in which academia and in-
dustrial laboratories can “outsource” their
sequencing (Salisbury 2004). The trend to
commodity-based reagents and services
for sequencing has enhanced collaboration
between academic and industry because
the critical issue is assigning functions to
a gene rather than simply sequencing a
gene. Our own efforts at ORFeome cloning
and interactome mapping have benefited
by access to such IP-neutral relation-
ships with corporations (Walhout et al.
2000a; Reboul et al. 2001, 2003; Lamesch
et al. 2004; Li et al. 2004), albeit not with-
out initial concerns over “ownership” issues
that were eventually resolved by adhering
to open access principles and practices (see
below).

Large-Scale Resource Collections:
Build-It-By-Collaboration

Public–private partnerships are considered
critical elements for the future of basic and
clinical research in the recently announced
NIH “Roadmap” (http://nihroadmap.nih.
gov/) and for successful outcomes involving
“large-scale science” projects according to a
recent report from the National Academy of
Sciences (Committee on Large-Scale Science
and Cancer Research 2003). However, build-
ing large-scale resource collections requires
substantial and secured funding. Inevitably,
these efforts entail extensive collaborations
between public and private institutions, an
issue that NIH has recently embraced
through various initiatives such as the EN-
CODE Project (http://www.genome.gov/
10005107). In academia, the traditional ten-
ure-track, independent investigator–based
environment is not ideally suited to large-
scale, resource-building projects because the
emphasis of such projects is perceived to be
not based on hypothesis-driven inquiry
(Committee on Large-Scale Science and Can-
cer Research 2003). Nevertheless, academia is
insulated from the uncertainties of the busi-
ness climate, which allows projects to be
completed even when corporate partners are
unable or unwilling to continue their in-
volvement in the project due to a change in
the partner’s strategic direction. Industry, on
the other hand, is well suited to carry out
large-scale “production” style work and can
keep overall costs low due to economies of
scale. By incorporating industrial quality as-
surance and assessment practices and meth-
ods of production, suitably funded academic
laboratories can embark on large-scale re-
source building projects and achieve a high
degree of success. The major academic/
institute sequencing centers that carried out a
substantial portion of the full-scale sequenc-
ing of the human genome had adopted such
production-style manufacturing processes
(Hawkins et al. 1997; Huang 1999; Stojanovic
et al. 2002; Collins et al. 2003b).

Completely Complete?
A key aspect of the Human Sequencing Con-
sortium of public and private agencies is that
the project has forged ahead with completing
the sequencing effort and making the data
freely available as they are generated. Al-
though completion of the sequencing effort
is essential for the building of comprehensive
cDNA and ORFeome resources, it is arguably
the hardest aspect of any sequencing project.
Annotation and reannotation of partial and
completed genomes have become the rate-
limiting steps for building comprehensive re-
sources of cloned ORFs and cDNAs as exem-
plified by the ongoing reannotation of ge-
nome sequences (Bernal et al. 2001; Gene
Ontology Consortium 2001; Flybase Consor-
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tium 2002, 2003; Garrels 2002; Crowe et al.
2003; Daraselia et al. 2003; Kellis et al. 2003,
2004; Meyers et al. 2003; Stein et al. 2003;
Gibbs et al. 2004; Imanishi et al. 2004;
Lamesch et al. 2004). As we use genome se-
quences to move further into the “discovery
science” phase of resource building, efforts
comparable to genome reannotation, that is,
iterative versions of cDNA, ORFeome, and
promoterome collections, will be required to
achieve an acceptable level of completeness
(Lamesch et al. 2004). Furthermore, compre-
hensive databases that compile multiple fea-
tures for each gene and protein, are regularly
updated, and are readily accessible to the en-
tire scientific community will be essential for
moving “discovery science” and systems bi-
ology forward (Costanzo et al. 2000; Bernal et
al. 2001; Gene Ontology Consortium 2001;
Matthews et al. 2001; Garrels 2002; Flybase
Consortium 2003; Prince et al. 2004). Our
own efforts in generating the C. elegans
ORFeome and promoterome have been
guided by the premise that “single-pass”
high-throughput cloning has a success rate of
∼65%, mainly due to limitations in gene an-
notation. To clone the remaining 35% re-
quires integration of data from multiple ven-
ues, including genome reannotation and
comparative genomic analyses. These subse-
quent efforts to build upon the initial suc-
cesses are analogous to improved versions of
computer software. As with multidisciplinary
efforts to reannotate genomes, academia–
industry collaborative endeavors to achieve
completeness in ORFeome and promoterome
resources will be essential.

The C. elegans ORFeome Project:
A Microcosm of Genome-Wide
Resource Building

The C. elegans ORFeome project could not
have been undertaken without some form of
collaboration, especially with respect to the
actual cloning of ORFs and their subsequent
structural analyses. In that regard, we were
fortunate to have Research Genetics (Res-
Gen), Life Technologies, Inc. (LTI), and Ge-
nome Therapeutics Corporation (GTC) as col-
laborators during the entire project. Each of
the three collaborating institutions provided
critical expertise to the overall project, and
key individuals from each institution are co-
authors on the various publications that re-
sulted from this project.

We relied on ResGen for pairs of oligo-
nucleotides, each primer nearly 50 nucleo-
tides in length to accommodate the dual
needs of being ORF-specific and containing
the necessary elements for recombinational
cloning (Hartley et al. 2000; Walhout et al.
2000b; Marsischky and LaBaer 2004), synthe-
sized and delivered in 96-well format at a
time when few groups were even contemplat-
ing high-throughput synthesis of thousands

of primers for PCR, and for help in overall
organization of clone collections. Robotic-
based liquid handling systems are still a rare
entity in most academic laboratories, whereas
companies such as ResGen had already devel-
oped processes for reliably handling large re-
source collections. Understanding those pro-
cesses and learning from ResGen were impor-
tant for our overall organization of the project.

Standard methods using restriction en-
donucleases for cloning ORFs are adequate at
small scale but inefficient when attempting
to clone entire ORFeomes (see Brasch et al.
2004; Marsischky and LaBaer 2004). Fortu-
nately, we had been working with researchers
at LTI on the commercialization of yeast two
hybrid assay systems (Vidal et al. 1996). This
established relationship subsequently
evolved into a collaboration furthering the
development of the Gateway recombina-
tional cloning system. The collaborative ef-
forts resulted in adapting Gateway for PCR-
based cloning of C. elegans ORFs (Hartley et
al. 2000; Walhout et al. 2000a) as the system
was evolving from a basic corporate research
and development project to a manufactu-
rable product. Essentially, we were able to
both access Gateway as a “beta-tester” (Mac-
Neil 2004), albeit for a very large project in-
volving 19,000 reactions, and expand the
capabilities of the product. Although the
specific components of Gateway can be
produced successfully, nominally in small
quantities, in any well-equipped molecular
biology laboratory, a quality-controlled
manufacturable process capable of producing
large quantities of a critical reagent is a hall-
mark and strength of successful biotech com-
panies. It made more sense to use the exper-
tise at LTI than to try and cut corners by pro-
ducing the critical reagents in-house.

The use of the Gateway technology did
pose a potential problem, namely, the issue
of clone ownership and the risk that there
would be legal entanglements that would re-
duce or prevent open access to any gene
cloned that way. For model organisms such
as C. elegans, clone ownership was not an is-
sue because it was very unlikely that a C. el-
egans gene might be the basis of a commercial
product or human therapeutic agent,
whereas for human genes, there was concern
over such ownership issues. Invitrogen,
which had acquired the rights to Gateway via
acquisition of LTI in 2001, eventually re-
sponded to these concerns by publicly an-
nouncing a policy of open access to any
gene cloned by using Gateway technology,
most notably human genes obtained from
the Mammalian Gene Collection (www.
invitrogen.com/gateway/; http://home.
businesswire.com/portal/site/google/index.
j sp?ndmViewId=news �view&newsId=
20040504006140&newsLang=en), thereby
clearing the way for the development of Hu-
man ORFeome resource collections (Rual et

al. 2004c), analogous to what was done for C.
elegans (Reboul et al. 2003). Such open access
to physical resources complements the basic
principles enunciated by Collins et al.
(2003a) for access to other resource collec-
tions and databases.

Any cloning project is heavily depen-
dent on DNA sequencing. Our ability to pro-
vide experimental verification of C. elegans
predicted genes and to correct predicted ex-
on–intron structures was based on obtaining
high-quality sequences in a high-throughput
manner. GTC, one of only two corporate en-
tities that participated in sequencing efforts
of the Human Genome Project (Lander et al.
2001), was able to provide sequencing ser-
vices to the ORFeome project (and the inter-
actome mapping project as well) at costs well
below rates charged by core facilities in aca-
demia. In this regard, GTC was transitioning
from conducting high-throughput genome
sequencing to providing custom sequencing
services on a smaller scale to multiple cus-
tomers, both academic and industrial. Our
need for sequencing individual ORF clones
nicely coincided with their need to adapt to a
changing market. Three separate and distinct
collaborations all focused on the single goal
of obtaining a comprehensive version of the
C. elegans ORFeome.

Collaborations Come and Go,
the Science Stays

All academia–industry collaborative ventures
are at risk of being prematurely dissolved due
to the vagaries of funding mechanisms and
the business climate. This risk is heightened
as the scale of the project increases, particu-
larly when one partner is providing a unique
component. In the worst-case scenario, the
loss of a single partner can derail the entire
enterprise. To guard against such an outcome
in large-scale science projects requires one
partner to serve as the “epicenter.” Because
the business climate is generally less stable
than academia, academic laboratories are the
logical choice to be the focal point for such
projects.

Ironically, all three of our corporate col-
laborators had “disappeared” prior to the
publication of the C. elegans ORFeome (Re-
boul et al. 2003). The GenomeVision Se-
quencing Services of GTC was sold in 2003 to
Agencourt Biosciences Corporation, with
whom we now collaborate for our sequencing
needs. During the creation of the C. elegans
ORFeome, Invitrogen acquired our other in-
dustrial partners, ResGen and LTI. Because
each partner was making significant contri-
butions to the project, we were naturally con-
cerned that the original arrangements might
be abrogated in some fashion or that the
project could be compromised or delayed.
Fortunately, those fears were unfounded and
we maintained our productive collaboration
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with all of the groups, most likely because the
project had internal champions supported by
strong interpersonal relationships in which
“good faith” promises were every bit as im-
portant as any legally binding contracts. Had
we been unable to access the technologies
provided by our partners, the project would
have been terminated.

As the ORFeome project continued to-
ward its version 1.1 completion and the in-
teractome mapping project moved forward,
our relationship with Invitrogen, now the
owner of Gateway cloning technology devel-
oped by LTI, evolved from a customer-based
one to a more collaborative one, which
helped secure our access to Gateway. We also
maintained working relationships with those
individual collaborators who moved into other
ventures after the Invitrogen acquisitions.

Large-Scale Science Requires
“Disruptive Technologies” That Arise
Anywhere and Impact All

In the past 30 years, there have been five ma-
jor technologies that have exploded across
the entire breadth of biological research, dis-
rupting how molecular biology was formerly
done. These are the generation of stable hy-
bridomas leading to monoclonal antibody
production in 1975 (Kohler and Milstein
1975), the ability to directly sequence DNA in
1977 (Sanger et al. 1977), the development of
PCR in 1985 (Saiki et al. 1985, 1986), the use
of immobilized arrays of nucleic acids for
analyzing gene expression profiles across
large numbers of genes (Schena et al. 1995,
1996), and the capability to specifically
knockdown expression of any target protein
through the use of small RNAs that catalyze
the degradation of specific mRNAs (Fire et al.
1998; Montgomery et al. 1998; Timmons and
Fire 1998; Timmons et al. 2001). Although
hybridomas and DNA sequencing came out
of publicly funded laboratories, the initial
version of PCR was developed at Cetus and
licensed to Roche. Today, there are a myriad
of ways in which PCR, and related technolo-
gies, is used to selectively amplify target
nucleic acids. Although many of these meth-
ods have been developed in academic and in-
dustrial laboratories, virtually all aspects of
PCR are performed by using commercially
available reagents and equipment with the
exception of the source of template, and even
then there are commercial sources of many of
the standard cDNA libraries used for PCR. Mi-
croarray technology and RNAi were both de-
veloped in academic laboratories, and pub-
lished methods allow one to carry out either
technique by using standard reagents and
minimal investment in equipment (Alizadeh
et al. 1999; Cheung et al. 1999; Paddison et
al. 2004). However, industry has responded
in rapid fashion (Lipshutz et al. 1999) such
that the commercially available systems for

conducting microarray studies have taken
over the field while suppliers of commodity
reagents have blanketed the research land-
scape with RNAi-based products (for a partial
listing of companies offering products for
RNAi, see http://www.biocompare.com/
nature/jump/1065/siRNA-Technology.html).

The above examples demonstrate that
academic laboratories have had a complex re-
lationship with industry throughout the 30-
year history of the biotech revolution. How-
ever, this complexity can be distilled to four
distinct modes: (1) discoveries made in aca-
demic laboratories lead to the creation of new
companies, new products, and new technolo-
gies through licensing efforts. These technol-
ogy transfer activities are a direct conse-
quence of the 1980 Bayh-Dole Act. (2) New
technologies, products, and equipment de-
veloped in industry become key reagents/
platforms/assays for academic projects. Such
products can be accessed via collaboration,
“beta testing,” or direct commercial pur-
chase. (3) Industry provides contract services
to academics. Both the service provider and
academic customer may collaborate to im-
prove the service product and avoid encum-
brances. (4) Large-scale projects necessitate
that academic laboratories and industry col-
laborate as full partners in which IP issues,
project management, and staffing be well es-
tablished before the project begins.

Collaborations Beget Collaborations

The various “omic” efforts described in this
special issue further demonstrate the utility
of collaborative efforts between academic
laboratories and industry. The C. elegans
ORFeome, interactome, and promoterome
projects (Reboul et al. 2003; Dupuy et al.
2004; Lamesch et al. 2004; Li et al. 2004) were
accomplished because of active involvement
by our collaborative partners. Particularly in
the case of the C. elegans ORFeome project,
our corporate collaborations exemplified all
four aspects above in that technology devel-
opment, “beta testing,” contract sequencing,
and project integration all played a role in the
overall process. In addition, a successful col-
laboration actually generates more work for
all parties. We continue to collaborate with
nearly all of the individuals from industry
who participated in the initial development
of the C. elegans ORFeome (Reboul et al. 2001,
2003) despite the fact that many of them
have changed companies. This continued in-
teraction demonstrates that the formation of
personal relationships among the partners is
ultimately the critical factor to maintaining
collaborations.
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