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1. Introduction
The revolutionary advances of the early 1970's. rapid nucleic acid sequencing. restriction enzyme

technology, and recombinant DNA techniques, have produced an information explosion in the field of
molecular biology. Millions of base pairs worth of DNA sequences are now known and must be
analyzed: hundreds of restriction enzymes and cloning vectors must be kept track of to carry out work
in genetic engineering. Computational systems have become a necessary tool to acquire, retrieve,
manipulate, and analyze this information.

A myth of the early days of computing was that computers were excellent number manipulators, but
poor at working with other forms of information. The truth, which has emerged from two decades of
work in the field of artificial intelligence, is that computers are excellent, general-purpose symbol
manipulators. Numbers are a type of symbol, but so, too, are nucleic acid sequences, restriction
maps, and even more complex forms of knowledge like strategies for carrying out recombinant DNA
experiments.

This article will survey current applications of cnmputers to biotechnology. It will also discuss
methods of delivery of computational tools to working scientists. Finally, it will take a look at the
future of computing in the biotechnology field with an emphasis on applications to problems that
occur during the scale-up and product testing and delivery phases of industrial biotechnology.
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2. Current Applications to Biotechnology Research

Current applications can be broken up into the following broad classes of computational tools.

data collection, assembly, storage and retrieval, nucleic acid and protein sequence analysis,

restriction map generation, simulation of molecular processes, and experiment planning and

debugging. Each of these classes will be described below. (An excellent reference source for

current applications is the special issue of Nucleic Acids Research of January 11, 1982 devoted

exclusively to the subject of computers in molecular biology.)

2.1. Data Collection, Assembly, Storage, and Retrieval

An important requirement for all scientific research is the ability to collect and store the primary

data of the particular field: in the case of biotechnology, the primary data consists of nucleic acid and

protein sequences. Computer programs are now in widespread use to facilitate all aspects of

sequence data collection, verification, and correction. These programs include a variety of editing

systems that have the power to take advantage of several "smart" display terminals. In addition,

several specialized terminals for sequence entry have been developed, one example is the

IntelliGenetics Sequen TM shown below.

An interesting computational problem occurs as a result of the current limitations on DNA

sequencing: a maximum of 400 base pairs per sequencing gel is normal. The task is to combine the

results of many sequencing gels into a single long sequence. It involves finding overlaps, choosing

the best overlaps, allowing scientists to verify or correct their primary data, and combining the overlap

into a single "consensus" sequence of the molecule being studied. Several computer programs have

been developed to automate this extremely time-consuming process.

Currently, there are several major efforts underway worldwide to provide archival-quality databases

for both nucleic acid and protein sequences. The best known of these are the NIFI-supported

GENBANK (run by BBN, Inc. and Los Alamos Scier• fic Laboratory and containing well over a million

base pairs of sequence data). the European Molecular Biology Laboratory nucleic acid sequence

database, and the National Biomedical Research Foundation nucleic acid and protein sequence

databases

As the databases grow. the information retrieval problem becomes greater Computer program

now exist to search the databases in various ways. The search can be on a textual level, for example,

to locate for further analysis all hormone genes across several organisms. The search can also be for

various biological patterns for example intron•exon junctions, putative promoter sites, or splicing
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sites in nucleic acids and drug interaction or secondary structure sitesin proteins. The more

sophisticated of these programs allow the biologists to describe patterns of interest in close to

"biological English."

Storage and retrieval of other biological information is becoming increasingly important. This

information ranges from other factual information like restriction enzyme cleavage sites and cloning

vector availability and utility to more procedural and strategic knowledge like heuristics (rules-of-

thumb) for cloning into Lambda phage. See the final section of this article for a discussion of the

artificial intelligence-derived concept of an "intelligent encyclopedia" for general knowledge

management.

2.2. Nucleic Acid and Protein Sequence Analysis

Many important analytical functions are now being done routinely by computer on nucleic acid and

protein sequences. For nucleic acids, these functions include:

• determination of mono-, di-, and tri-nucleotide frequencies

• location of restriction enzyme cleavage sites (as well as other sites that can be descr:bed
as a pattern of nucleotides)

• location of pair rich regions of various types

• location of homologies, symmetries, and dyad symmetries both within and among
molecules

• translation to protein sequences

• determinatio.i of secondary structure for RNA's

For proteins, these functions include:

• determination of amino acid frequencies

• reverse translation of nucleic acid sequence

• location of possible restriction enzyme cleavage sites in the corresponding nucleic acid
sequence

• determination of secondary structure (alpha helices. beta sheets, and turns)
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• location of hydrophobic and hydrophilic regions

• comparison (both structural and functional) with other protein sequences

2.3. Restriction Map Generation

Clearly, restriction maps can be unambiguously generated from nucleotide sequences: indeed the

computer programs described in the p. evious section include that generation as one of their most-

often-used functions. However, a normal early component of many genetic engineering experiments,

prior to the availability of complete sequence data, is the determination of a restriction endonuclease

map from single, double, and (sometimes) partial and triple enzyme digest data. This determination is

normally combinatoric; in all but the simplest of cases there are many millions of possible maps that

must be considered to ensure that the best map has been chosen. A computer program called

MAPr" has been developed by collaboration between Dr. William Pearson of Johns Hopkins

University and IntelliGenetics. MAP calculates digest lengths directly from band positions on gels,

takes into account constraining information like the existence of known sites and fragments, and

presents a ranked list of all plausible maps to the experim3nter

2.4. Simulation of Molecular Processes

Computers have been used to simulate many aspects of biological systems. Two examples from

the MOLGEN project at Stanford University illustrate the range of simulated processes. The first was

on a strictly structural level. A problem in early cloning experiments was to maximize the percentage

of single inserts of a linear fragment into an opened plasmid which would then recirculanze. A

straightforward Monte Carlo simulation system t"as written, based upon the Cleoretical work of

Dugaiczyk et. al., which determined optimal initial concentrations of reactants and length of reaction

time.

The second example is more recent work to sim 'ate the structure-to-function relationship of the

Lambda phage system as it "decides" whether to act in a lytic or lysogenic manner. The artificial

intehigence-based knowledge base systems of MOLGEN were used to build a completely transparent

simulation system which has biologist-supplied knowledge about genes. protein products. and

control loci in Lambda. The system correctly predicts the behavior of Lambda when va ous

combinations of genes and control loci are mutated (including predictions of uncertainty and

instability). The knowledge-based approach allows computer-naive biologists to examine and alter

the biological information used by the simulation system without becoming computer experts.
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2.5. Experiment Planning and Debugging

The problem of planning and debugging both synthesis and analysis experiments is a difficult

cognitive task. Experiment planning entails choosing a sequence of laboratory tasks to satisfy some

experimental goal. Experiment debugging occurs in the inevitable case when something does not

work properly the first time. The MOLGEN project, a joint effort among computer scientists and

molecular biologists at Stanford University, is an eight-year effort to apply artificial intelligence to

assist scientists in solving these problems.

One discovery of the MOLGEN work is that scientists rarely plan experiments from scratch. Instead

they begin with an abstract or "skeletal" plan that is refined to a particular experiment by choosing

specific laboratory objects or techniques to "instantiate" each plan step. For example. all cloning

experiments may be thought of as arising from the following skeletal plan:

1. isolate the DNA to be cloned

2. choose a cloning vector

3. insert the DNA into the cloning vector

4. choose a host for the new hybrid molecule

5. insert the hybrid into the host

6. select for the clones of interest

The important point is that a scientist, when designing a new cloning experiment, does not reinvent

the basic strategy described above. He uses his knowledge of vectors, hosts. insertion methods. and

so on, to pick the most applicable and optimal current methods to refine the plan for his particular

cloning problem. A general purpose system, known as SPEX, has been constructed that uses the

skeletal plan method for design. SPEX makes use of a biologist-described knowledge base to

become expert in a particular area of molecular biology It is currently in use within the cloning

experiment design field.

Experiments can fail for one of three basic reasons

1. A technical error was made-the scientist added too much salt or did not run the
centrifuge at the correct speed.

2. A technique selection error was made- -the scientist picked an exonuclease when he
really wanted an endonuclease or he forgot that chaotropic solvents Interact unfavorably
with certain enzymes.

3. The overall plan was faulty- -the individual component steps of the experiment plan
worked, but the end result did not solve the original problem.
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An artificial intelligence system has been recently completed in the MOLGEN project to help a

scientist to analyze faulty experiments for these three types of problems. It uses SPEX to determine if

design choices are valid, and simulates the actions of each step to predict changes in key laboratory

parameters that may be compared to actual results to find technical errors and isolate the exact

nature and location of the flaw.

3. Delivery Methods for Computational Tools

There is a revolution occurring in modern computing. Hardware is becoming simultaneously

smaller, cheaper, and more powerful. As that occurs, delivery methods of computational tools for

biotechnology are rapidly changing. There are three basic ways of providing scientists with such

tools: timesharing, general-purpose single-user computers, and customized biotechnology

workstations.

Throughout the 1970's and the early 1980's, timesharing was the most efficient and economical

way to provide compuational resources to large groups of scientists. The Digital Equipment

Corporation (DEC) P0P-101-", System 201-", and VAXT" series of computers are the workhorse

machines for scientific timesharing in molecular biology. For example, IntelliGenetics, Inc. operates a

DEC 2060 machine which serves several hundred individual molecular biologist users. Timesharing

on a shared, Central resource is still an effective way to introduce scientists to the power of

computational tools for a very low initial entry cost.

The availability of inexpensive, relatively powerful mini and micro computers has made it possible

for many molecular biologists to purchase their own. dedicated. single-user computers These span

an enormous range of cost, computing power. and software availability and usability.

Finally, a recent trend in professional computing is the emergence of the customized workstation

computer. This is a machine that, for all purposes can be treated as another laboratory instrument

like a centrifuge or scintillation counter. It comes packaged as a hardware-software hybrid with

specially designed interfaces that allow molecular biologists to communicate in their own scientific

language. An example of such a workstation is the IntelliGenetics BION T" shown below.

4. The Future of Computers in Biotechnology

Biotechnology and computing are both changing rapidly Computing hardware will continue to get

less expensive, smaller, and more powerful Software will continue to get more expensive as the

problems become harder and the people costs rise ArtMcial intelligence systems will start to play
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increasingly important roles in managing the most precious component of a high technology

enterprise, the expertise of its scientists and engineers Some potential emerging applications are

discussed in the final paragraphs of this article.

4.1. Advanced Personal Workstations for Scientists

Approximately ten years ago computer scientists at Xerox's Palo Alto Research Center designed a

personal computer system which changed the basic nature of human interaction with computers.

The design goal for this system was to provith a highly interactive graphics interface to the user. One

might think of the computer in this sense as a dynamic "workbench" which could display informatwn

in a wide variety of forms, allowing the user to point, make comments, sketch figures. and move

chunks of information about on the screen.

Today, systems which use bitmapped graphics and pointing devices such as a mouse or lightpen

are fairly common. However, few application systems have fully exploited the capabilities of these

kinds of systems. The ability to design specialized graphics-based languages for scientists is one

area that shows significant promise. The BION T" shown previously contains such a biologist-specific

language which allows a scientist to communicate effectively with the system without learning

arbitrary computer languages.

The future of scientific workstations holds great promise to tighten the link between human and

computer. There is an increasing need to more tightly couple human problem-solving methods with

software systems. Recent research in artificial intelligence has produced the concept of the

knowledge-based system to provide such a link. Both factual and procedural knowledge. along with

the strategies tor reasoning with the knowledge are represented in a manner natural to the human

domain expert. Relatively simple reasoning methods, combined with large amounts of expert

knowledge, have succeeded in providing expert or near-expert performance in areas ranging from

molecular structure elucidation to antibiotic prescription to computer design and repair.

Significantly, the user of a knowledge-based system is able to ask how a conclusion was reached

and receive an explanation which delineates specific facts, judgements. and associations used in to

reach a particular conclusion. This allows experts to "debug" knowledge bases interactively and the

systems to begin to serve as knowledgeable problem-solving assistants.

New computer architectures have been developed which support knowledge based systems

Example systems currently available on the market are the XEROX 1100T" series of Scientific

Workstations and the Symbolics. Inc 3600T1 Workstation These systems combine facilities for
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carrying out artificial intelligence research with sophisticated interactive graphics.

4.2. The Intelligent Encyclopedia

One class of applications for knowledge based systems is the intelligent encyclopedia." An

intelligent encylopedia allows a knowledge base to become an advisory system or it can provide a

facility to "play out" the consequences of a strategy. In the figure below we show an intelligent

encyclopedia for the berries of California running on the XEROX 1100 Scientific Workstation. BERRY

allows the user to either view information about berries and their habitats or to "activate" the

knowledge and have the system become an expert advisor on a particular berry BERRY was

constructed using the Intel!'Genetics KEET" system. KEE, the Knowledge Engineering Environment,

provides a software facility for pudding intelligent encyclopedias or other knowledge-based systems.

Figure 4-1: An Intelligent Ericyclopedia for California Berries

Intelligent encyclopedias have also been applied to biotechnology. One example system built at

IntelliGenetics provides an experiment simulation environment for cloning experiments. A wide

variety of DNA structures and proteins are represented in terms of attributes relevant to experiment

planning goals. The representation of these structures can be easily changed by the user of the

system. The knowledge base contains sets of rules, described directly by a molecular biologist in

close to "biological English," for generating restriction maps and simulating recombinant DNA

experiment steps. The user can browse through the knowledge base of structures and strategies and

new structures can be generated by carrying out a simulated experiment. The figure below shows a

screen image of the knowledge base and a restriction map generated by carrying out such an

experiment.

Figure 4-2: An Intelligent Encyclopedia or Cloning Experiments

4.3. Design Aids For Scale-up

The ability of fermentation engineers to apply technical knowledge to problems in process

modeling and process scale up is of fundamental importance to the development of the

biotechnology industry. Biochemical processes are immensely complex, involving theoretical and

empirical knowledge from microbiology, molecular genetics. and biochemical engineering. The

crucial empirical knowledge tends to be Judgmental. derived by an expert after years of experience
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Heuristic knowledge, typified by good Judgment or good guessing, is an Integra+ part of expert

performance in fermentation development and control.

Expert performance in developing fermentation processes can be enhanced by providing a

supportive computational environment for the problem-solving tasks undertaken by the human

expert. Using advanced scientific workstations, the expert can build knowledge bases which capture

elements of the his experience. Knowledge bases of this type go beyond the formal mathematical

knowledge used in process modeling. The focus of knowledge representation is to capture the
informal qualitative judgements which differentiate the seasoned expert from the novice. Capturing

this knowledge and making it available to both the expert himself and less experienced colleagues
has the potential of providing significant improvements in the speed at which processes are brought

from theoretical design to actual productive use.

As an example application, consider an intelligent encyclopedia on metabolic reactions. The

knowledge base consists of metabolite descriptions, enzyme descriptions, process descriptions,
feedback control mechanisms, and related objects or processes. The focus of the encyclopedia is
not to model each step in the metabolic pathway, but to model the important dependencies of

products and intermediates on enzymes and other products. Thus, a process model in the knowledge

base would be a collection of descriptions and important data dependencies. The goal for the

knowledge base description is to have summarized process models which can be used to simulate

various metabolic reactions.

Knowledge-based systems will provide advanced planning and development environments for

fermentation designers in much the same way that knowledge-based computer-aided design systems
for integrated circuits are being used today. Much of the practical experience-based knowledge that
relies on qualitative descriptions of processes will be captured in systems that are designed to reflect

the engineer's problem-solving needs.

4.4. The Biotech Plant of the Future

As microprocessors decrease in cost and increase in power. the prospect of highly automated

systems for production in biotechnology becomes more likely Knowledge-based systems, coupled
with automated fermentation control systems. will allow the biochemical engineer to directly
communicate control strategies for processes to the fermentation plant control system. Not only will
these strategies be communicated in terms of language that is natural to the biochemical engineer,
but the systems will also be able to explain why particular actions were taken or how they diagnosed a
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particular fault condition in a process. Future biotechnology pilot plants will provide biochemical

engineers with highly improved interfaces to data. By combining this improved access to data with

the capability to tune control strategies directly, it is likely that complex processes can be unda.rstood

and controlled much more quickly than at present.
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efficient and economical way to pro-
vide computational resources to large
groups of scientists. The Digital
Equipment Corporation DEC) PDP-
10'". System 20. and VAX.'" series
of computers are the workhorse ma-
chines for scientific timesharing in
molecular biology. For example. In-
telliGenetics. Inc. operates a DEC
2060 machine that serves several
hundred molecular biologists. Time-
sharing a central resource is still an
effective way to introduce scientists to
the power of computational tools for
a very low entry cost. More recently
the availability of inexpensise. rela-
tively powerful mini- and micro-coni-
puters has made it possible for many
molecular biologists to purchase dedi-
cated. single-user computers. These
span an enormous range of cost, com-
puting. power. and software availabil-
ity and usability.
Another recent trend in profes-

sional computing is the emergence of
the customized workstation comput-
er. This is a machine that can be
treated as another laboratory instru-
ment like a centrifuge or scintillation
counter. It comes packaged as a hard-
ware-software hybrid with specially
designed interfaces that communi-
cate with molecular biologists in their
own scientific language. An example
of such a workstation is the 'meth-
Genetics B ION .

Advanced Personal Workstations for
Scientists. Approximately I0 years
ago computer scientists at Xerox's
Palo Alto Research Center designed a
personal coniputer svstem that
changed the basic nature of human
interaction with computers. This sys-
tem provided a highly interactive
graphics interface to the user. One
might think of the computer in this
sense as a dynamic "workbench" that
could display information in a wide
variety of forms, allowing the user to
point, make comments, sketch fig-
ures. and move chunks of informa-
tion about on the screen. Today. sys-
tems that use bitmappect graphics
and pointing devices, such as a mouse
or lightpen. are fairly common: how-
ever. few application ss stems have
fully exploited their capabilities. Spe-
cialized graphics-based languages tor
scientists is one .ii ea that shows signif-
it promise. Hie BION contains
.1 biologist-spet 'hi language that al-
lows a St 'roost to toniti lllll ate et ley-
tort. with the s.stein us idiom feat ti-
mg arbitrary tannputer languages.
[he !Inure of scientific htirksta-

tions huh!. great prinnise for tighten-
ing the link between human and t out-
puler. I here is an in. reasing need to
more tight'. «mole human problem-
sok mg methods us ith solo. are ...s-
tems. Ret emit few...Intl iii .mi oh( tal in. !
telligent e has prod u. erl the unit ept

of the knowledge-based system to
provide such a link. Both factual and
procedural knowledge, along with
the strategies for reasoning with the
knowledge, are represented in a man-
ner natural to the human expert.
Relatively simple reasoning methods,
combined with large amounts of ex-
pert knowledge. have succeeded in
providing expert or near-expert per-
formance in areas ranging from mo-
lecular structure elucidation to antibi-
otic prescription to computer design
and repair. Significantly, the user of
knowledge-based system is able to ask
how a conclusion was reached and to
receive an explanation which delin-
eates specific tacts, judgments. and
associations used to reach a particular
conclusion. This allows experts to
"debug" knowledge bases interactive-
ly. and the systems to begin to serve as
knowledgeable problem-solving assis-
tants.
New computer architectures have

been developed that support knowl-
edge-based %%stems. Examples of sys-
tems currently available on the mar-
ket include the XEROX I IOW" series
of Scientific Workstations and the
Symbolics. Inc. 3600" Workstation.
These systems combine facilities for
carrying out artificial intelligence re-
search with sophisticated interactive
graphics.

The Future of Computers in
Biotechnology

Biotechnology and computing are
both changing rapidly. Computing
hardware will continue to get less
expensive. smaller. and more power-
ful: software will continue to get
more expensive as the problems be-
come harder. Artificial intelligence
systems will start to play increasingly
important roles in managing the most
precious component of a high tech-
nology enterprise, the expertise of its
scientists and engineers. Some poten-
tial emerging applications are dis-
cussed in the final paragraphs of this
article.

The Intelligent Encyclopedia. One
class of applications for know ledge-
based systems is the intelligent ency-
clopedia. which allows a knowledge
base to become .111 advisors- system. or
can provide .1 Li, ilitu to -pias out the
consequences ot .1 strategy. Elgin e 2
is J trom an intelligent ency-
clopedia for the berries of Alifornia,
run on the XfIROX Illu) Scientific
‘Vorkstation. BERRY allows the user
to either stew mloi illation about ber-
ries and their habitats or to -auto ate"
the klitn. ledge and 'lase the %% stem
be. ome expel t ads 15411 on 1).11 tit -
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facility for building intelligent cries
lopedias or other knowledge-based
systems.

Intelligent encrclopedias have also
heen applied to biotechnology. One
example system built at IntelhGenet-
s provides a simulation environ-

ment for cloning experiments. A vari-
ety of DNA structures and proteins
are represented in terms of attributes
rele% ant to experiment planning; the
representation of these structures can
be easily changed by the user. The
knowledge base contains sets of rules.
described directly by a molecular biol-
ogist in close to "biological English."
for generating restriction maps and
simulating recombinant DNA experi-
ment steps. The user can browse
through the knowledge base of struc-
tures and strategies. and new struc-
tures can be generated by carrving
out a simulated experiment. Figure 3
is a display from the knowledge base
and a restriction map generated by
carrying out such an experiment.

Design Aids For Scale-up. The abili-
ty of fermentation engineers to apply
technical knowledge to problems in
process modeling and process scale-
up is of fundamental importance to
the development of the biotechnolo-
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FIGURE 2. An example of a printout generated by an intelligent encyclopedia for the berries of ICalifornia.

gy industry-. Biochemical processes
are immense's complex. involy ing
theoretical and empii R .1i information
from microbiology. molecular genet-
ics, and biochemical engineering.
The crucial empirical knowledge

tends to be judgmental. based on
years of experience. Heuristic knou
edge, ty pihed by good judgment or
good guessing, is an integral part of
expert performance in fermentation
development and control. Expertise
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