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Computer science analogies can aid
sion, including the storage of genetic
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the understanding of gene expres-

information on chromosomes and

the fate of genes that are no longer used. Computer science analogies can
also aid the understanding of species interactions (for example, computer

viruses) and natural selection.

any teachers and authors
have used computer sci-
ence concepts to explain
molecular genetics to stu-
dents or to a general audi-
ence (Dawkins 1996a; Coen 1999;
Davies 1999). We find that computer
science analogies are also useful in ex-
plaining ecological concepts. We are
not aware of any one publication that
brings together computer analogies of
molecular and ecological concepts. We
do not intend this brief summary as an
exhaustive list of analogies between
computer science and biology.

We summarize the analogies be-
tween biology and computer science
listed in Table 1.
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The alphabet

Computers encode software informa-
tion in “machine language” with an
alphabet of two letters, usually desig-
nated 0 and 1. DNA is the software of
the cell. It contains the instructions,
which must be read and implemented
by the hardware, which is pretty much
everything else. DNA encodes the
cell’s software using an alphabet with
four letters, now familiar to the public
at large: the nitrogenous bases adenine
(A), cytosine (C), thymine (T), and
guanine (G). Therefore, both cells and
computers store information digitally.
Four letters can store more informa-
tion than two, relative to the length of
the software message. A byte of com-
puter information, consisting of eight
bits, allows 2® or 256 options, whereas
eight bits of DNA information allow
48, or more than 65,000 options. It is
therefore conceivable that computers
based upon strands of DNA could
eventually handle much more complex
computations, and much more rapidly,
than conventional computers (Winfree
and Gifford 2000).

The words

Computers organize bits of informa-
tion into bytes, each of which speci-
fies a letter or function. Cells orga-
nize DNA information into codons,
cach of which consists of three bases
and corresponds to one amino acid.

The files

Computers organize bytes into files,
user-defined units of meaningful in-
formation. Cells organize codons into
genes, each of which specifies the
structure of one protein or portion of
a protein.

The locations

How can a computer find a file on a
disc? The zeros and ones make sense
only if the computer knows where to
begin reading the sequence. Some
computer operating systems use a file
allocation table (FAT) or a virtual file
allocation table (VFAT) to keep track
of where everything is stored on a
disc. The FAT maintains an indexed
table of locations for all files. A disc
has concentric circles called tracks
that the computer divides radially into
sectors. The outermost circle on a disc
is track 0, and its first sector is sector
0. The computer stores the FAT in
sector 0 (Figure 1a). Ifa disc is highly
fragmented, the files are in
nonadjoining sectors all over the disc
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Matrix of biology and computer science concepts presented in this article.
Biology ' Computer science
1. Digital alphabet consists of bases A, C, T, G 1. Digital alphabet consists of 0, 1
2. Codons consist of three bases 2. Computer bits form bytes
3. Genes consist of codons 3. Files consist of bytes
4. Promoters indicate gene locations 4. File-allocation table indicates file locations
5. DNA information is transcribed into hnRNA and 5. Disc information is transcribed into RAM
; processed into MRNA
6. mRNA information is translated into proteins 6. RAM information is translated onto a screen
or paper
7. Genes may be organized into operons or groups with 7. Files are organized into folders
similar promoters
. 8. “Old” genes are not destroyed; their promoters 8. “Old” files are not destroyed; references to their
\ become nonfunctional. location are deleted
-
Y 9. Entire chromosomes are replicated 9. Entire discs can be copied
B 10. Genes can diversify into a family of genes through 10. Files can be modified into a family of related
‘ duplication files
- b ! 11. DNA from a donor can be inserted into host 11. Digital information can be inserted into files
= i chromosomes
‘:' | | 12. Biological viruses disrupt genetic instructions 12. Computer viruses disrupt software instructions
:: 13. Natural selection modifies the genetic basis of 13. Natural selection procedures modify the
3 organism design software that specifies a machine design
‘ 14. A successful genotype in a natural population 14. A successful website attracts more *hits” than
outcompetes others others
- I
0 Figure 1b); a defragmented disc has  have existed as separate fragmentson  otide ribonucleoproteins snip out the
| 22 files stored in adjoining sectors a disc, but the computer puts the frag- intron transcripts, leaving a finished,

) =
iy €D
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“igure 1c) (Pfaffenberger 1999). The
macleus of the cell does not have a

=z cell has a promoter site (in the

D a zzulatory region) that indicates
: were the gene begins. However, just

i 2 file is not necessarily located all

me = one sector on a disc, so a gene is
file “necessarily a single uninterrupted
file rzich of DNA in the cell. A gene can
ack ccur at several locations (exons),

rarated by introns (Alberts et al.

*22) (Figure 2).

chs “anscription
T ‘i computers and cells transcribe
drsc == stored information.
ChO 2. For the computer to use the in-
[ m ~mztion on the disc, it transcribes
ohir nformation, still in the form of

T . : and ones, into its random ac-
ds ' memory (RAM). The file may
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ments together in the right order in
the RAM transcript. The RAM infor-
mation is temporary. Furthermore, the
RAM contains not only the file infor-
mation itself but also information
about how to use the files (for ex-
ample, disc operating systems and
word processing software) (Pfaffen-
berger 1999).

b. The cell uses DNA informa-
tion first by transcribing it into RNA.
The genetic information may have ex-
isted as separate exons, spaced by in-
trons, but in the finished mRNA, the
introns are absent. The computer
avoids transcribing junk from a disc
because it transcribes only those por-
tions indicated by the FAT. In contrast,
the cell transcribes the whole stretch
of DNA, starting at the promoter, in-
trons and all, producing heteronuclear
RNA (hnRNA). Then small nucle-

or “processed,” mRNA molecule
(Figure 2). The DNA also stores in-
formation that is analogous to word
processing software. The cell tran-
scribes this information into transfer
RNA (tRNA) and ribosomal RNA
(rRNA), both of which become a part
of the hardware that puts the genetic
information to use (Alberts et al.
1999).The computer information re-
mains on the disc. The computer tran-
scribes, but does not alter, the infor-
mation on the disc. Therefore the
computer can transcribe the file over
and over. Similarly, the DNA remains
in the nucleus. The nucleus tran-
scribes only the information, not the
DNA bases themselves.

Translation
Both computers and cells translate
their stored information.
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a. In the computer, the
RAM contains informa-
tion that is, like the origi-
nal file, just zeros and
ones. The computer and
associated hardware can
translate the RAM infor-
mation into pixels of col-
ored light on a screen or
pixels of ink on a paper.
This translation process

o Organization of computer files on a com-
puter disc. (a) Simplified view of tracks and sectors.
Sectors 0 and 1 are the FAT. (b). A fragmented disc.

CONTAIN

SECTORS

0,1 FAT
2,3,9,10,11,13,22,23,24,25,26 File 1
4,5,6,7,8,27,28 File 2
14,15,16,17,18,19,20,21 File 3
29,30,31 Free

does not wipe out the

ever go away; they just
lose the use of their
regulatory regions.
These old genes, as
well as extra unused
copies of genes, have
accumulated over time.
They contribute to the
99 percent of the DNA
in vertebrate nuclei that
is not transcribed and is
popularly called “junk

RAM. Therefore the file (a)
can be displayed or printed
repeatedly.

b. In the cell, the
mRNA directs the transla-
tion process. Because each
codon determines one
amino acid, the sequence
of codons in the mRNA
determines the sequence
of amino acids in the re-
sulting protein. It really is
translation, because the in-
formation has changed
from the nucleic acid lan-

DNA” (Alberts et al.
1999).

Just as the “junk”
files on a disc represent
a record of past com-
puter activity, part of the
junk DNA is also a
record of past genes,
and the mutations that
have accumulated in
them over evolutionary
time. Inserting numbers
into the FAT can reacti-
vate old files.

Similarly, nuclei

guage (with its DNA and
RNA dialects) to the pro-
tein language, which has
an alphabet of 20 amino
acids and a couple of com-
mands. The necessary
hardware includes tRNA
and ribosomes (Alberts et
al. 1999).

(b)

Folders

The computer may orga-
nize files into folders,
where the user specifies a
set of related files. Simi-

can occasionally reacti-
vate old genes. This can
sometimes occur spon-
taneously, as when
horses occasionally
grow some of the extra
toes that their ancestors
possessed, but usually it
requires  artificial
stimulation, as in the
transplantation  of
mouse embryo cells
that stimulated a
chicken embryo to de-
velop teeth (its own

larly, the regulatory region
of each gene, in addition to

teeth, not mouse teeth)
(Gould 1983). The bird

identifying the gene’s loca-

tion, also determines the conditions
under which the gene will be acti-
vated. The nucleus may activate sev-
eral or many genes simultaneously, or
several genes may share a common
function, analogous to the files in a
folder. Examples include the lac op-
eron in the bacterium Escherichia
coli, and homeobox genes that deter-
mine spatial pattern of development
(Coen 1999).

Old files

A cell’s DNA, like an old floppy disc,
contains an invisible record of past
activity. The FAT indicates only the
files currently in use. When a com-
puter deletes a file, it does not wipe
the slate clean, but removes the ref-
erence to it in the FAT. The file is
still there, but the computer can no
longer find it. This is also what hap-
pens with genes. Old genes hardly

tooth genes had not
been used for millions of years, but
were still there, having been copied
each generation
The analogy is not perfect. A
computer disc is a certain size, and
any space not filled with either cur-
rent or junk files is filled with ze-
ros left over from its original for-
matting. There is no DNA analog of
the truly empty disc space waiting
to be filled.
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Replication
When a computer cop-
ies a disc, it replicates

the whole disc, copying 0,1 FAT
?“ th?tb(llts of mforma' 17,18,19,20,21,22,23,24,25,26,27,28 File 1
ion. It does not copy .

. : 2,3,4,5,6,7,8 F
one file at a time. This 3.4.56.7, !Ie 2
replication process, LIBAL IR0 1218 ea
therefore, copies all of 29,30,31 Fres

SECTORS ' : CONTAIN

because each type of virus
is the ultimate parasite—a
set of instructions that re-
produces the parasite at the
expense of the host. Just as
different biological viruses
infect cells in different
ways, computer viruses in-
fect different sectors of

the junk data of dis-
carded files. DNA rep-
lication copies all parts
of every chromosome,
junk and all. In both
cases, hardware is
needed to do this. In the
cell, it is the DNA poly-
merases and helicase; in
the computer, it is the
magnetic read/write
head.

Diversification
Sometimes you may

software.

A biological virus is a
set of nucleic acids, pack-
aged in protein, that instruct
your cells about how to
make copies of the virus’s
nucleic acid and its protein.
The virus software subverts
your cells’ replicative hard-
ware. The new copies of the
virus can then disperse to
new hosts. At the same
time, some damage may re-
sult to your body. Some vi-
ruses operate outside of the

begin with one original

cell nucleus, while others

file, then modify it in

different ways and give each modi-
fied file a new name, producing a
family of related files. This is analo-
gous to gene families, in which sev-
eral genes (such as the globin genes)
have been modified for different
functions from a single ancestral
gene.

Genetic engineering

It is very easy for a computer to in-
sert one file, or information from a
notepad, into another file. This is be-
cause all the information is in the
same digital format. Genetic engi-
neering has been producing
transgenic organisms for more than
two decades with a high degree of
success because all species use the
same genetic code. The problem is
not in putting the DNA from one spe-
cies into the chromosomes of an-
other. The problem is, will the result-
ing mixture work? Will it, when
rranslated, result in an organism
whose components function to-
gether? (You can mix the parts of a
tvpewriter and a car, but will the re-
sult be anything other than a pile of
parts?) Our technology is currently
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crude enough that we are, more or
less, shooting genes from one spe-
cies into the chromosomes of an-
other. This is analogous to inserting
a file from one disc into a file on an-
other disc, somewhat at random,
which sometimes produces an im-
proved file, but often just creates
confusion.

Genetics and Evolution:

Darwin in Cyberspace

Computers no longer exist completely
in isolation from one another. Now,
computers interact, just as individu-
als interact within populations and
ecological communities. We consider
two examples.

1. Computer parasites. Internet
connections allow files to travel from
one computer to another, like mi-
crobes traveling from one human
host to another. Some of these mi-
crobes are parasitic, bringing harm
to the host. In cyberspace, a com-
puter file traveling from one site to
another can be parasitic, harming the
recipient like a germ. The analogy
between computer viruses and bio-
logical sets of viruses is very close

insert themselves into the
chromosomes. Some viruses are
lytic—they cause the cell to die, and
have quick and drastic (acute) eftects
on the host. Others are lysogenic—
they blend into the genes and allow a
gradual replication of viruses, result-
ing in a long-lasting (chronic) infec-
tion. In contrast, bacteria are cells that
reproduce themselves, but cause dis-
ease by replicating inside of a host.
They do not (with exceptions such as
the plant parasite Agrobacterium
tumefaciens) insert their genes into
the host chromosomes.

A computer virus is a set of soft-
ware instructions that tells your com-
puter to make copies of it and send
these copies to other computers. In the
meantime the virus instructions may
damage your computer software.
There are several kinds of computer
viruses. File viruses attach themselves
to command and executable files
(with .com and .exe extensions).
When the computer executes the com-
mands in these files, it replicates and
spreads the virus. Boot sector viruses
are present in the sector of a hard or
floppy disc to which the computer re-
fers when booting up when first acti-
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vated (Kaspersky Anti-
Virus 2000).

Other viruslike soft-
ware are given biological

: Storage of genetic information on
chromosames and transcription. (Adapted from
Alberts et al. 1998.)

Chromosome with 3000 genes

more successful than oth-
ers. Their fitness can be
measured, as is the fitness
of individual organisms, by

names. A bacterium is a l

] their reproduction. A suc-

program that spreads from
one system to another by

Small portion of chromosome, containing five genes

copying itself. It acts inde-
pendently, rather than in-
fecting other programs. A
rabbit is a program de-

I ¥ W W 0§ |

!

One gene (about ten thousand base pairs)

cessful homepage is one
that is replicated many
times on the screens of
other computers around the
world (that is, it has a lot of
hits or visits), if the purpose
of the website is to convey

signed to exhaust a system
by replicating itself without
limit. A worm is a program

Regulatory
region

information. If its purpose
is to sell something, its suc-

that spreads throughout a
network. Finally, computer
scientists will sometimes
insert software that con-
tains a virus signature into
a computer disc in the hope
of fooling the computer vi-
rus into believing the virus

|
RNA transcript [ 1]

I] Intron [S%Gld I
|

cess is measured in terms
of the number of sales, not

the number of visits. How

oA
RNA SPIicing INIENE- R

does natural selection oper-
ate in cyberspace?

One prerequisite for
natural selection is limited
resources. It may appear

code has already been ex-
ecuted. They refer to this process as
immunization!

In biology, the most successful
parasites are generally those that do
the least amount of damage to the
host. The host remains healthy enough
to get its food and to circulate among
the other members of its species.
Natural selection therefore often fa-
vors parasites that have the mildest
effects on the host and favors hosts
that most effectively resist the para-
sites. The parasitic symbiosis there-
fore slowly evolves toward commen-
salism, a process called balanced
pathogenicity. It may not work, how-
ever, if the parasite disperses very
quickly, in which case it does not mat-
ter to the parasite that its host has died.
By analogy, if a computer virus im-
mediately shut down your computer,
that would be the end of the line, and
the virus would never travel further.
An effective computer virus does not
disable your computer until your com-
puter has sent out numerous copies
of the virus to other computers. The
perfect virus would, of course, be
commensalistic and cause no damage
whatever, but this would be no fun for
the cyberpranksters to write.

2. Natural selection. Natural se-
lection is the Darwinian process by

which evolution usually occurs. From
among the variations that exist in the
population, some are more success-
ful at reproduction and therefore are
better represented in the next genera-
tion (see Weiner 1994 for a nontech-
nical description). Computers can
carry out a similar process, as some
software files or subroutines work
better than others, and survive into the
next iteration or generation. Two ex-
amples of natural selection among
computer programs follow.

a. Natural selection in computer-
aided design. Computer simulations
of natural selection are common, such
as the computer simulation of the evo-
lution of the eye as described in
Dawkins (1996b). Computer scien-
tists have also designed evolvable al-
gorithms (Maynard Smith and
Szathmary 1999). Computers, using
natural selection algorithms, can de-
sign robots (Miller 2000; Pollack
2000).

b. Natural selection among
websites. Websites are the foci at
which browser files on one computer
can contact HTML files on another.
From this interaction arises evolution.
The evolution of the internet seems
to follow, to a certain extent, Darwin-
ian principles. Some websites are

that there is no limit to the
number of websites that are possible.
However, representation in cyber-
space sometimes costs something to
the website author; the website cre-
ator may conclude that it is not worth
the cost if there are few hits or sales.
Servers are, moreover, finite in their
capacity. There is no more room for
every possible website than there is
for every offspring of every flower,
bird, or mammal.

Another common characteristic
of natural selection is competition
among the members of a population.
Similar websites compete for visitors.
Which ones are the most successful?

To answer this question, imagine
yourself as a pollinator approaching
a field of flowers. What is it that you
want from the flower? What is it that
attracts you to a certain flower? These
are not likely to be the same thing. A
flower’s bright color attracts you, but
what you really want is nectar and/or
pollen. The brightest flower is not nec-
essarily the one with the best rewards.
Nevertheless, once you visit and ex-
plore a flower, you will most likely
have pollinated it.

Pollination biology is filled with
examples of nonmutualistic interac-
tions between flowers and pollinators
or potential pollinators. The hammer
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orchid, for example, mimics the ap-
pearance and scent of a female wasp,
attracting male wasps to mate with it.
A male wasp must be tricked twice—
the first time, he receives the pollen;
the second time, he deposits it. Many
species of flowers attract flies with
their putrid odor, dark meat colors,
and location near the ground. These
flowers offer the fly no real meat for
its maggots. One African water lily
even kills some of the flies that visit
it. On the other hand, some insects act
as nectar thieves by chewing holes in
the corolla and drinking the nectar
from outside. Clearly, successful pol-
lination depends upon the attraction,
not necessarily the reward, of polli-
nators (see Barth 1991 for more ex-
amples).

In cyberspace, the search engine
helps you find websites, so the search
engine is analogous to the colors and
scents of the flowers over which you
fly, or surf. Like any pollinator, you
have certain things in mind for which
you are looking, and you provide this
information to the search engine. In
the experience of amateur surfers, the
search engine rarely finds fewer than
1000 matches, most of which are not
helpful. Frequently the surfer uninten-
tionally encounters pornographic
page matches. This happens because
the search engine reads through the
META tags of the web pages. The
META tags contain information that
will not show up on the screen when
the web page is visited. This informa-
tion can be relevant to the web page,
or it can be terms that are almost or
wholly irrelevant but which the web
page author knows lots of people are
looking for. In this way, a web page,
like an orchid, can lure visitors that
had no intention of visiting it or any-
thing remotely like it. Of course, nei-
ther you, nor the pollinator, needs to
actually enter. The pollinator can sit
on the lip of the corolla and decide to
fly away, and you can take one look
at the list of matches provided by the
search engine and not call up any of
the irrelevant ones.

Ten students in a college
nonmajors’ general biology class at

VoLume XXXII, Numser 3

Southeastern Oklahoma State Uni-
versity participated in a discussion
on these topics in July 2001. They
had previously been introduced to
molecular genetics and natural selec-
tion concepts in a traditional format.
They took a 14-question true-false
pre-test, which contained genetics
questions but no computer science
questions, after this instruction. Then
they received a discussion matrix
similar to Table 1 but with the com-
puter science analogy boxes left
blank. They worked in small groups
to suggest analogies 1 through 6, and
as a whole class on the remaining
analogies. An extra-credit post-test,
identical to the pre-test and given the
next class period, showed a signifi-
cant 26 percent improvement (95
percent confidence interval 9 percent
to 43 percent, n = 10). An extra-credit
open-ended question on the next
regular quiz asked them to explain a
similarity or difference between ge-
netics and computer science. Six stu-
dents referred to the digital code, one
to transcription, and one to viruses,
as similarities; two others made less
specific references. Similar results
were obtained from a general biol-
ogy class in July 2002.

Using Analogies Wisely

Although we want to avoid giving stu-
dents the impression that computers
or robots are alive, we can still make
profitable use of the many similari-
ties between computer science and
genetics. Some of these similarities
are actual shared concepts, while oth-
ers are analogies, but both are useful.
The instructor can adjust the level of
difficulty to suit either general edu-
cation or advanced biology and com-
puter science classes. We hope that
this will improve both biology and
computer science education, and en-
courage the awareness of the overlap
between what are often seen as totally
distinct fields of interest.
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