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Mendel
and
Pea Plants

WE 410, k30w that ch:ldien usually reseinble their par
ents A child will have some features like these of its
father, uthers like thase of its mother Bithars or sis-
ters will often lenk alike:.

Tall parents will have tall children: bluc-cved parents
will have blue-eved children; bluck-skinned parents will
have black skinned children.

These physicol charectevistics are inherited

This is true not only of huruan beings, but also of
animals and plants. Young living things resemble thcir
parents. An oak tree docs net give birth to 4 rafle,
and ao vyster dues not give birth v a dandelive. For
that matter. two beagles do nut give birth to a spaiel.

How does inheritance take place in such a way that
physical chaiacteristics arc passed on from parents to
their young?

it is bard to tell in huraan beings. In the first plase,
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GREGOR JOHANN MENDEL 1822-1884

there ale so many different chaeactenistics that it is hard
to keep track of 1]l of them. Then, too, it takes a Jonyg
tisne for children to grow up so thal vou can study their
characteristics and cempare them to those of their par
ents. 1t would also help to have a great nurber of chil-
dren so that you could study many cases, and a single
pair of human beings don't really have enough of them.

Finally, vou cant actually experiment You can't try
to art:mge to have a man with a loag nose manv a
wnimao with a shoit nose in order to see what the noses
are like in their children. Yeu can't then arrange to have
a man with a shod nose marmy « woman with a long
nose % see if that makes a dilferenec. Yo just have wo
[ook amund fer those peuple who are alveady married
and try to find interesting cases aruong them. That can
take a long, long time.

Over a century agn. ihough, an Aushian monk
namned Gregor johann Mendel (MEN-del, 1822_1884)
had an idea

What Mendel really wanted was to he a high school
teacher, hut he had to pass an examinution for that job.
and he filed three times He was 1ery disappuinted,
but he decided he would feel better if he devoted hine
self to his hobby. which was hotany, the study of plants.

That was wlien an idea (ame to him. In 1857, he
decided that breeding plants was the hest way to study
the inhentunoe of physical chavacteristics For one
thing, plants stay put, so you uan cuntiol them easily

‘Then, too, you can easily contrel plant biccding
Plants produce sex cells in the flower At the senter of
wost flowels there is a pistil containing an ¢€¢ cell in
the ocule You can take pollen (contuining a sperm cell)
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CROSS-SECTION OF A FLOWER

faiom one plant and put it on the pistil of anuther plant
in any combination vou wish. This is cross-pollination
Whea the polleo lands on the top of the pistil it grows a
tube down which the sperm cell tiavels. It unites wilh
the eag ocll in the ovile in a prucess called fertiliza-
tion. After fertiliaation, the ovules develop into seeds
which can be planted and which will quickdy grew
Then you can compare the characteristics of the new
plants with the uld ones thst pioduced the pollen
=ains and the ovules,

ln fuct. you cun take the pollen from s partcular
plant and put it on a pistil of the same plant (cglf- pei
lination) The seeds that would be preduced in this way
would have but one parent that was hoth father and
mother. Thut could simplify things
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MENDEL'S GARDEN IN BRONN, AUSTRIA

For cight years, Mendel pollinated pea plants in dif-
ferent ways and studied the results

As an example, je started with pea plants that were
yuite short when they were full-grewn-—only ahout ane
and one-hall feet high. Tie sclfpollnuted o kage num-
ber of them. and once the seeds were formued, he
planted them. Every one of the seeds that he planted
grew into a short pea plant. The short jwea plants &
true.

He also worked with pea plants of a diffcient variety
thuat grew to be yuite wmll—sk to seven feet high. He
selt:pollinated a large number of them imd then
planted the seeds. He found that some of those tall 13
phols produced seeds that grew' into tall pea plants
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every time. They also bin.d true Other wll wea plants,
however, produced seeds that did not breed tive when
they were self-polinated. About three-quarters of their
seeds grew to be tall pea plants, but one-cuarter grow
mto short pea plants

Mendel was astonlshed. All the tall pea plants looked
exactly alilee so far as height was esaecrncd. Why
should some brrecd tiue emd some not?

He tried another experiment. This tim¢ he cross-
pollinatcd He took the pollen from tial pea plants that
bred tiue and put it en the pistils of short pea plants
He also teek 1otien from short pea plants and put it on
the pistils of tall pea plants. The seeds that fermed
would have two prrents, one tall and one short. Weuld
some of the plants be tall and sewne short, or would
they all be medium height?

Again Mendel was astunished. for neither of those
things huppened. There were no shorl pea plants and
no medum-height pca plants, Every last seed. even
though it was from one tall and one short plant, grew
into a tall pea plant Each one was just as tall as it
would hame been f both the pollen grains and the
ovules had eewmc from tall pea planks. The shortuass
characteristic had simply disappeaivd

Mendc] then tovk these wll pea plants he had grewn
and self-po.linated theni. Nosie of them bred true! Of
the sceds they produced. about three.quarters grew
into tall plants, and one-euarter into short plants,

1he shortness characteristic had not disappeared
after all. It had just hidden for one generation and then
appeared in the next.
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Mendel explained this by supposing that every phast
had two fectors inside itself that contmlled the inhcri-
tance ol a particnlar physical ehuructenstic—one con-
tributed by each parent. (What eaactly those laciors
might be, Mendel didu't know, of ceursc)

The factor that brought about tallness could be calle:d
1" and the factor that brought shout shortness could be
cilled s

A shorl plant would have two s so that we could
desciibe it as ss. Each sperm eell produced by an %
plant «ould hae one of the two factors and so would
have an 5. In the same way. each egg cell would have
ans

When a sperm cell from a short pea plant combined
with an ¢gg ¢oll frum a short pea plant. the seed would
reseive an s from the sperm cell and another s frum the
eqg cell “1he seed would be ss and would grow into a
shoit pea plant. This weuld happen to all shoit pea
plasts, and theyv would breed true.

A tall pea plant might have two factors for tallness. It
weild e IT. Evesy spenn cell and egg eell it pro-
duced would be a 7, aind the combination would be 1T,
50 that the seeds would grow into tall pea plants Such
tall pea plants would also breed tnie.

But suppose the sperm eell fiom a shorl plant were
combimed with an egg ¢eTl rum a tall plant. A sperm
ol & would combine with an egg cell T, and the seed
formed would be s7. 1f the sperm cell fiom a tall plant
were combined with the egg cell of a short plant, a
sperm ccll 7 weuld combine with an egg eell s to lormn
a seed that weuld be Ts. Either way, a7 or Ts. the
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seeds would prxluce il pea plants. The T would
drevn out the effixt <t the s. Tallnes; would be domé
nent (from a Latin word mcsning “master”) and short-
ness would b recessice (frem a Liutin word meaning “to
draw hack')

But syppose you were to take a tall plant that is 7's
{or sT) and use it to produce new plants. It wewld pre-
duce sperm ce.ls that contain one of the factars- —either
one. llalf the sperin cells would be 7. and half would
be s. The same would be true of the em eells; half
would be 7' and hall would be s

[f the spern cells were alivwed to combine with the
egg cells, each sperm cell T would combine with either
a: egg cell T or an el cell # to produce a seed that
would be either 1T or Ts. Each sperm cell s would
combine with either an egg ol T or an egg cell s w0
preduse a seed tha would be either sT or #s.

teur kinds of seeds would be produced: TT, Ts, sT,
and ss, all in equal gnantittes. The IT, Ts, and s7'
sceds would all grow to be tall pea plants, wh.le the ss
seeds would giuw te be shon: pea plants. All together.
three-quartess of the seeds would glve rise to tall
plants. and one-quarter to short plants. The 1T plants
and the ss plaots would breed tiue: the 7's plants and
the sT plants (both of them tall) would not breed true.

Mendd tes:ed his pea plants for other characte:istics
and feund that his explanation warked b0’ those charac:
teristics, 8. He tried combinations of ¢haracteris tics,
studying plants that hod grecn seeds and that grew tall,
others that had green seeds and grew short. still uthers
that bad yellow seeds and gr:w tall. and, finally some

thut had vellow sceds and grew short He found that he
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could eaplain which would Dreed true in both chiaru-
teristics at once and which would not, and what prypos
tions of all the different ldnds he would get

Onee Mendel had it all worked out, he realized that
scicntb ts might not bisten to him. Afler all, he was just
a monk who was an amalcar butanist and he hadn't
cven passed the test that would have enabled him to be
a teacher in a high schoul.

lle thought, therefere. that he had be:tter send a
sopy of the paper he wrote to some important profes-
sional botanist. If that betanist thought Mcndel's work
was worthwhile, he wonld sponvor it. and then scien
tists would bisten.

Mendcl sent it to a Swiss botanist, Kad Wilhclm von
Nigeli (fon-NAY-guh-lee, I81%1891) Yon Nigeli was
onc of the most importimt botanisss in Euripe, and he
must have beea getting a great deal of mail from people
of all suits who wanted %o interest him in Lheir ideas
Probably. von Nigel glanced casuudly at Mendel's work
and thought; just another amateur

He sent the matcrial back tv Mendel, who was terri-
bly disconraged. In 1885 and 1869, Mendel managed %o
get his papers publisti<) in a respectable seientitic jonr-
nal, but not a really large one. Sinec no vne sponsored
the paper;, other botanists paid no attention to them.

Mendel was so discowaged that he never did any
more bnegding experiments. He becane abbot of his
monastery in 1868 and dcveicd himself entirely % his
monastcry work. He died in 1884, not knowing that he
would someday be famons Von Nigeli died in 1891,
ntyver drezaming that he had made a ter-ible mistake
and that despite all his saentific work, he would he
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remembered most of all for not having jaid allention %o
Mcndel,

But then, for over thicty vears after Mendel's papers
were published, no one else puid attention 10 him,
either.

20

De Vries
and
Mutations

Tue matrmtance of physical characteristics does not al
ways pruseed as expected. Plants and animals do oe
always praduc: young that completely resemble them-
sclves.

Every one in a while, young plants or animals ae
Lum that are diBerent froru their parents. and Fern
their beothers and sisters. It is as though sumething has
gune wrong with whatever it is that controls herodity

®ften it is clexwr that somelhing has really gone
wrang, because the young plant or animal s all dis-
torted, one way or ancther, and decsn't live long, Thece
may be two-headed calve: vand other deformitics. Thev
weee olve called sports, as though nature was plaving a
grim sort ol gaate

In days past. many people theught that such a dis
torted birth was a waming from superaatural pewers
Since the birth was “agamst nature,” it might wedl be
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In 171, fr instance, a Massachusets farmer named
Seth Wright discovered that ane of his sheep had given
birth to a lamb with vy short leys. It was healthy in
all other ways \hen the lamb Erew up, he was unable
be jump over the fenees with his short less, so he waws
forced to swy in the pasture

HUMAN HAND WITH SIX FINGERS —A MUTATION

ihat uther things could happen that were also agminst
nature. Nerveus people exprected enil things to be on
the way, Sports were therefore also called mensters.
from a Latia word measing an “onien” or “warming,”
Spoits were chiefly noticed among domestic ammals,
but only farmers and herdsmen paid attention, and
usunlly they died or were Idlled. VWhen sports eccuced
in human births, they were usnally hilden away, and

uften died.
Scientists gencrally paid no attentiun to them, even
though some sports were usefil, SHEEP WITH SHORT LEGS
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Wiright saw that this would be wyeful, singe he didn't
have to woiry about that particular sheep getting out of
the pasturc and having to be chased. He bred the
sheep and found that this resulted in other short-legped
lasubs. In a few ycars, he had a whole herd of such
sports.

Eventuslly the becd ditd out, but another short
legged sport showed up in Norway, and agein such
berds were developed. Even so, that didn't seem to
attract the attention of scientists who might be inter
ested in heredity

But then, in 1886, a Buich Lotanist, Hugo de Vries
(duh-VREEZ, 1848-1935) nuticed something mteresting

HUGQO DE VRIES AND HIS PRIMROSES

An Amenican plant, the evening primrose, had heen
inhoduced into the Netherlands, and de Vrics ame
across 3 oolony of these plants @owing in an unused
meadow: They must all have giown fiom the seeds of a
paticular plant that had soruchow taken wnt there, and
yet de Vries sould see at once that some of them were
quitc diffierent frum the others

The different ones weie sports, but they were quite
ablc to gruw and fuurish. Jle dug up some and brought
them back to bhis own garden, where he experimented
with them quite us Mendel had done with his pea
plaats (though, at the time, de Viies knew nothing
about Mendel)

B¢ Vries tound that while seecls Irein the cvening
primroses usvally produced plants just lilee the plant
that had produced the seds, cvery oncce in & while the
new plant was quite difflerent fromm the old. De Vries
lled such 3 sudden change in heredity 8 wmatafion,
from a iatin weid for “change.” Since then, scientists
dun't speak of sports or munsters, but only of muti
tions

In his wurk, de Vries nuticed the same things that
Mendel had noticed. He gathered figures carctully. to
show what preportion of plants bad a particular charac-
teristic and what propartion another characteristir. Jile:
Mendel, he kund that to explain bis observations. be
bad to assuine that cach plant ceutained hwo factors
contro ling each physisal characteristic, that one lactor
was present in the pollen gigins arad onc in the ovules,
and that these combmed with each other according to
chanm.



By 1998. de Vries was ready to publish his wurk, to
describe his lutws of inkeritanes.

"Ry other botanists, unknown to de¢ Vres and to
each ether. had also worked out the same laws of inher:
itance, and both of them weve also 1eady to publish in
1900 They were a GGeriman botsnist, Kad Ejich Cor
rens (KAWR-enz, 1864 -1933) and an Austrian botanist,
Eiich Tschermak von Sevsenegy (CHER-mahk jen ZY
wnck. 1871-1962)

Each one of these three botanists, before publishing
his wurk. leeked through earlicr scientific joumals to
see what had alrcady been done in the ficld. Ima@ne
the amazement of each one when he came across Men-
del’s popers and suw that Mendel had figuied out the
laws of inheritance exactly as he had. Only Mendel had
done 1t ncarly forty years belere

All thiee botanists, de Viits, Coirens, and Tscher
mak von Scysvne published their papers in 1900,
but each one e fiill cridit to Mendel. That is why we
now speak of the Mendzlian laws of inheritence and
why Mendel is now Funous. Of ovurse, he was dead
long befere his wurk ‘was rediscovered.
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Flemming
and
Chromosomes

MEANWRILE, THrOUCHOULI THE 1888s, scientisk were
looking at vacious parts of plants and animals. They
used microscopes in order to see all the tiay details
They kept noticing structures in hving oiganisms that
were tee smal to be seen except with a mictoscepe.
and these structures they cdled cells

Cells were more clearly seen in plants than in ani-
mals. In 1838, a German botimist Matthias Jakob
Schleiden (SHLY.den, 1864_1881), announced that all
plants were made up entirely of cells, which were sepa
1ated trom each other by thin walls He said that cells
were the building blocks of plant life

‘The next year, a Gennan biologist Thendor Schwann
(SHVAHN. 1810-1882) breadened the idea He said
that all ammals, as well as all plants, were made up of
cells, and that in animals they were sepaated from
cach other by cven thinner merobranes. Schleiden and
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Schvvam had thus advanced what came to he called the
el theory of life, and it tumezd out that they were
corvect.

In 1845, a German biolo@st, Kitd von Siebold (ZEE-
Lo hlt, 1804-1585), showed that miaescopic bving things
ookl cven be made up of a singe cell.

Any living thing large enough e be seen with the
naked eve i mude up of a number of eels of different
kinds, and is called a mulecellular ergantsm thee larger
the oranism, the greater the number of cells. Mult
cellular organisins @ow hy adding to the number of
¢ells that make them up, and every one of them started
as a single cell. In ammals and plants the oiidinal single
cell is an esg cell

nucleus iy
4 i o .I__ i
chromaltin fﬂ i ' it LT
3 B I :
- :
cell membrane ‘

ANIMAL CELL
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PLANT CELL

nucleus

chromalin




A buman being contains abat 30  hillion
(56.000.000.000 .(KX) cells when it is fisly grewn, but it
bepins life as a smgle cell That single cell divides into
two. The eells @ow and then divide in two again, It
only takes about ferty-five divisions for a single od to
become filty trillion.

But how do cells divide? Whal takes place inside the
eell ducing the division?

You mizht suppese that cells arc just tiny- diops of
liquid that split in twe the way a water droplet inight
split to form twe droplets. Thul <snt be 50, howener,
becarrs¢ under the microscope you can see that the cell
is not just a drop of liquid. [t cotains still smaller
structurvs inside iwelf.

Even belore the ccll theory was worked out, some
soentists had noticed a small <tructure, suirounded by
a thin menbrane of #3 own, near the center of the eell.
In 183], & Scottish botanist, Robert Brewn (1773-1858),
found this storcture s fHequently that he suggested
that 1]l cells had it He called the sinall structure a
nudeus {ron a Latm sund meaning “little nut,” ke~
cuuse the structure lay at the center of the cell like a
little nut within a roomy shel.

Schleiden, one of the louvuders of the cell theory
thought the nucleus might be the key to cell divisjon.
lte thought that perhaps ncw celly budded out fran
the swixxc of the nucleus

Van Nigeli (the inan who had falled to see the impor
tance of Mendel's work) showed in 1846 that this was
not so. Still, the nucleus had to be anvolved in eell divs
sion somehow; I a cell is divided into twe pieces, and if
omne piece has the nucleus while the other does uot, the
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plece without the 1wdeus dies ‘1he picce of the cel
with the muclews recorers, grows, and continues te
divide,

Yet how were scientists cw+ geing to find out just
what happened during the division? The contents of
the ovll are transparent VWhatever is seen looks ike a
dim shadow. Magnification doesn't help much here It
just ruales the shadow bigger. but the details still don't
really show:

In the 18508 and afterward, howeser, chemists were
learning to produce all kinds of chemicals that \veren't
found in nature. In particulsr, they worked had to pro
duce colored chemicals: chemicalls thal: could be used
%0 dve textiles in briliant colors thut wouldn't wash out
or fade in the sunlight. Dyes hewsine a huge new in
dustrv.

it oounred to sors biologists that ¢clls ¢eukd be
dyed as we.l If there were all sorws of different struc-
turess inside a ¢cll, they might have different cliemical
makeups. Some parteular dye might combine with
some structcturebot not with othexrs Then, under the
micsesonpe. some parts of the cell's interior might be
biightly oolored, and other parts might not be. In that
way, the interior eould be studied more easily.

During the 1870s. a German biologist, Wialther
Flamning (843-1903), uscd dves in this way, He fiound
one d¥e that was absoibed by certain regions mside the
nuclens bot by nothing clsc in thiz ¢cll. Under the mii
crescope, those regiions could therefore be seen easiiy.

Flemming called the matenal inside the nucleus,
wihich absoibed the dve, clromatin (KR@OH-muhtin),
frem & Greek word for “culor™
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what ¥Flemming did next was to look at a section of
rupidly growing tissite under the micoscope Most of
the cells were at diflerent stages of cell division. as one
would wpexet sinee it was growing, but nothing was
cleardy visible without the dye

Flemmmng dyed the tissue and then put it under the
micrescope. Of course, the dye, in ce mbining with ma-
terial in the cell, poisoned the cells and killed them, so
that the process of cell division did unt actually cen-
tinue. However, different cells weie killed at difierent
stages of cell division. It was like looking at difficrent
still pictures from a moving picture, in jumbled orde::
I{ you studicd it hard cnough, yeu could put all the
stills into the right order and, in that way, igwe out
what was lappening

Flemming very carefully weiked out the order ol
events in coll division and, in 1882, publivhed a book in
which he described all the details

As the precess of cell division begins, the chrematm
material comes together within the nudeus and Jhoas
tiny ruds, likke stubby bits of microsoupic spaghetti.
Flemming called each of these reds a chromosome
{KROI }moh-sohm}, from Greek words meaning “col-
ored body" ®f course. diramasnmes show no celor naj=
urally, but they weie colored after being exposed to
Flemming's special dye.

As «¢]l dwision continues, each chiromosome ferms
another one just like itsdf; so that cach enc is doubled.

Then the membiane of the nucleus seems to mele
aray. All the daible chiomosemes gther near the cen-
ter of the cell and then mowe apat, Of each double
chiomoseme, onc moves Wvasird one ¢nd of the celt and
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MITOSIS SHOWING THE FORMATION AND DIVISION
OF CHROMOSOMES

the other towaid the opposite end. 1o this way, there is
a complete s:t of chromosnines at each end of the el

A membiane appeary wuraund each sct of chremo.
somes so thut a new nudeus is formed at each ¢nd of
the cell. The cell ihen pinches together at the center
and sepanites. There are then twa) cells, each with its
own nucleus

Others centinued Flemmings werk. One of them
was a Belgian biologist named Edoiard von Bencden
{bch-NAY-den, 1846.1910)

In 1887, Beneden sheved that all the cells in 4 pax
ticular bpe of plant or animal always have the same
number of chtomosomes. In cell division, ths number

is first doubled, so thar sfter a divisioy wach daughtec
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cell alwuy~ has the same number of chromosemes as
the miginal cell had.

{for instance, we now kv that every' bmnan cell
has 46 chromosomes. Yhen a burnan cell divides, each
chromosome forns one like itself so that there are 92
chromosomes in the cell. 46 uf these chiomosomes go
to one end of the <¢)] and 46 to the vther. n the end
theje are twe oxlls, each with 46

MEIOSIS

reduclon division of a
female primary sex cell

reduclion division of a
mele primary sex cell

// \\\
EE :~' : __;..‘,
.y O )
= \f; &/’

T
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When sex ¢clls are fiiimed, each @ets only half ¢ set
of chiomosomes. This precess is called raciosis and the
division that takes T8« iy called a reduction division.
This mexns that in plants and animals, spern ovlls and
ewg eells have only hal: the nuanal number of chreme-
somes, Thus, in human bemg@s. though there are 46
chromasomes in ecach @ell, sperm ¢xlls and egg cells have
only 23 chromosomes.

\When a human sperm cell combines with a hurnan
egg cell, the 23 chnemosomes of une are added to the
23 chromosomes of the other; The result is a “kertilind
egg sl centaining 46 chiomosomes, half from the fa.
ther and half from the mother

As the furtilized es cell divides and divides and di-
vides, every new cell that is formed has 46 chromo-
sorucs, half ike those from the father and hall like
those frem the mother



4 Morgan
and
Fruit Flies

Biowecsrs ON'T SEE the redl imp®i:auee of the work
of Flemming and Benederh until 1998, when de Vries,
Correns. and Tschermak van Seysenegg tediseencrod
the Mendelian Jaws of inhetitance Then it was possible
to see that the chiomosomes fit the Mendelian laws
perfectly.

The Arst to peint this out was the American biologist,
Walkter Stanboreugh Sutton (1877<1816) In 1992 when
he was only twenty-five he published a paper in which
he shevwed that all the dhremosmines existed in pairs
which wete very similar v each ether in stucture. In-
stead of thinking of human cells as eentaining 46 chro
mosoenes. they sbould be thought of as contaning 23
chromosome pairs

Tticn, in 1993, he showsed that sperm cells and egg
cells have one of each pair of chromosomes. The 23
chrumesomes they each have are a kind of half sct (It's
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Y chroamosome
X chromosome

THE 46 CHROMOSOMES IN A HUMAN MALE BODY
CELL IN 22 PAIRS + 2 SEX CHROMOSOMES

like imagining every cell as contaiming all the letteis of
the alphabet, both cupital and small. In thal casc the
sex cells would also have every Ictter of the alphabct

but only the capituls—or only the small letters.)

The fitihized eag cell has 23 chromosome pairs
agiin. bnt of cach pair, one comes firan the father and
one from the mether

Think beck to Mendel's pea plants.

Suppose there were a chromusome in the pea-plaut
cell that controled talness or shortness. "1t chromo-
some might be a 7 or an 4 The chromosome would
also have its partner. which would also help to control

33

HUMAN SEX CELLS

tallness or shortness, and &t would be « Tor am # also
As a result, the chiomowome Dair would be T, Ts. T,
or 8.

The spern cell of 2 1T plant would always have just
one chromnosorne of the pair and weuld be a T The
sperm cell of an 35 plmt would always have ane chio
mosome of the pair aud would aways be a s. In the
case of an sT plant or a Ts plant, the sporw vlls weald
get one of the par, so that half of them would be s and
half would be 7. The same woulkl be truc of the ogg
cells. If vou imaginc sperin oulls and egg cells combin-
ing to form seeds, ind remember thut T & dominant
over s, then Wl of Mendel's laws would work out.
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It was truly amazing Without knowing anything
about chiwomosomes, and by just ise}ang at the result of
his pea-plaut pollinations. Mendel had described ex-
actly what chremosomes do

®f course, there were bound to be sume puzeling
points Fa' one thing, there werent cneugh chiomo
somes Human oells huve 23 pairs of chiomosomes, hut
if euch pair contriilled one physical characteristic that
would he 23 charucteristics, and that just isn't hdiev-
able. Human beings inherit tac more than 23 physicad
charactenistics.

The answer to that pioblem is actually a simple one.
1t must be that small pe rtions of each chcemox )y me o n
trd particular charac~eiistic:s. These portions sccur all
along the length of the chromosome, like beads on a
string Tlherc may be dosens. hundreds, even thou
ssnds of such postions on each chiomosume.

1n 1989, a2 Danish botanist, Wilhelm Ludvig johann-
sen (yoh-HAN-sun, 1857-1927) supgested that each
chirunosome paiion that contivks a physical charac
teristic be called a gene (JILEN), fom a Greek word
meaning ‘to give biith to” The suggestion was
adoupted. and from then on everyone sonsidered ch o
mosoiney to be stnngs of genes

But there wen: other problems, ton--harder ones
For instance what produces males and fmales?
Among human beings (and many other animals). lislf
the ¢hildren born are male and half are eemide. Male-
ness and femaleness are very important physical charac-
teiistics, vet they dont fullew Mendelian laws Men-
deian laws show a new generation to possexs all of une
characteiistic and tone #f the other. or to be divided up
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3tol. Atno time do they show a dividon ofl o], as in
malmess and Femi:lencss.

This was one of the preblems that iaterested amn
Amencan hidlogst, 1homas Hun! Morgan (1866-1¢945)
To mvestigase it. he began %0 make use. in 1968, of a
small insect called a fruit ily. Jts scientific name is Dro
sophila {drob-SOF-ih-lub) The advantages ¥ using it
weswe that it bred vwry quickly and prodused many
voung It was small and didn’t require nuch reum or
much fkeeding. and its cells had only four pairs of chre-
mosomes.

Fruit iles usvally have red eyes, but occasionaly
Moigan came across ove with white cycs When Moz
#8n put 4 white-eyed male with a red-eyed female i a
bottle, all the of)3pring wen: nd-cved. That was to be
cxpected by the Mendelian laws if red eyes were dom &
nant over white eves

When Moigan bred the red-eyed clspiing among
themseles, the n:sult was red eves and white evesin a
3 to 1 divison. Agam, this was whal Mendelian bws
prediced.

There was. however:, a surprise! All the white-eyed
fies weie male! Why was that?

Morgen looked more closely at the chremosomes of
the fwit Fly Jt tumed out that the femaes had feur
peifect pairs. Ore of these paiis was what Morgan de-
cided to call a pair of X~chiomosomes blale lruit flics
hud three perfect pairs. but hasl only one X-chrome-
some. “Jhere was no partner to it.

This meant thal when a female fruit fly foimied egg

eells. cach egg cel would have one of each chrome-
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FRU/T FLIES

some pair, and each would theefore have one X-chro.
maosomne

When male fuit llics formed spemm eells, each ce.l
would have one of each of three chiomosome pairs, hut
the X-chromosome wwidd have no partner That meant
that halt th¢ spenn cells would have an X.chremosome
and half would not

If a fruitfly egg cell combincd with a sperin cell son
taining an X-chiornosome, the fertiized egg cel would
have two Xchromosomes and would develop into a
female. If the egg (el combined with a sperm cel that
did ne! contain an X-chiomesome, the fertilizcl egg
<ell would have only one X-chromoswnc and would de-
velop into a malle

Since the twe types of sperm cells oecur in equayl
numbers. half the festilized eyg cells weuld develep
into males and half ink fernales

(This sort of thing also happens in human beings.
Wemen have 23 pertect pairs of chromosomes in each

e
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CHAROMOSOMES OF THE FRUIT FLY

oell. Men haw 22 pefiect pairs plus an X~ dirumosome,
which has as its partner just a little stul called a Y-
chromosome.)

How does this explain the reasen why the white
eyed fruit flies were all males?

The gene tha controls eye color in truit flies is on
the X-chromosome. & female fiait fly wwith a red-eye
gene en hoth X.chiomesomes (RR) has rod (yes. Fven
if she has a whiteeye gene on one of the chremosomes
(Rw or wR), she has red eyes, for wed ¢yes are domi
nant over white eyes. @nly if there were a whiteeye
gene on each X-chromosome (1xw) would a female have
white eves. Howerer the white-ele gene is (uite rarc,
so to have it on both Xchromosomes is very rare in-
deed. and one haidly ever finds a tomale fruit ly with
white eyes.

In males. there might be a red-eyw gene on the sin
gle X.chremosome (R0), and it would then have rod
eyes. There might also e a male with a vadite-eye gene
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on the X-<chremosome ¢:#). aud it wnuld have white
eves. One whiteeye gene is enough, for there would
be no second X-chtomosome in a male that wonld canry
a dominant md-cye gene

Suppose a white-eyed male (108} were raated with an
odirary redcyed femsle (38) Each egg cell would be
R, but there would be two kinds of sperm ¢xlls, w :mil
0. Half the i rtilizedd e cells would get the X-chromo
some with the «w and would he &« 1wy would all be
fernales and would all have red eyes. The ethec half
would get no X-chromosouie and would be RO These
weuld 51 be males and would all haie red eyes

But what ¥ these red-cwd offspring, femile Aie and
mxle R, were mated among themselies? Hall the ogg
cells weuld be X and half would be «. Either one of
them might get an X-chromosome from the sperm <cells
and would then produce females. [n that case, half the
females would be Rte. half weuld be &X. and all wxmid
have wd cyes.

On the other hand. the egg ctlls midht get no X-
chmwosoine frum the sperm and ssould then preduce
males. In that case, half thc males would be RO and
have red eyes, wh:le half the males would he w0 and
have white eves. This mcans that vne guarter o all the
offspring «halfl of the half that acc nale} would have
while eyes and they would alf be males exactly as Mor
gan observed.

Morgin described. the ey eenlorcharacteristie in fuit
flies as sex-finkved Sex-linkage c:im be importanl in
homan beings. too. Color bliudnes: for instmoe, is
sex-hnked in human beings. [t is almost abvays males,
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A CROSS BETWEEN MEMBERS OF THE F 1 GENER-
ATION
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and hanlly ever fernales. who are cdor.hlind, And it is
fe males who camry thal characteristic in their genes
witheut showing it. and who can pass it en) to their %ons
inot to their daughters)

There are other kinds of linkage, too. Every timne a
chiomosome is passed on frum parent o child, a whole
stiing ol genes is passed on. Ever): chatacteristic een-
trolkad by each of these genes is passed on.

Thus. if some characteristic of fuit-flv wings and
some characteristic of huit-fly ¢ are on the same
chremosome. they should dways be inherited togethet
‘The joung should always have either both or neither.

Morgan was able %0 show that this was exactly what
heppened in fruit flies. and by 1910 Sutton's suggestion
was preven that the chromosomes were Mendels fac-
tors. (Morgan won a Nobel Prize in 1933 for his work..)

Still, Jinkege is not pufiect. Fruit flies might inherit
characteristic A and characteristic B together orer and
ovex agn, so it might seem beyend doubt that both
charactcristics were on the same chromosome—and
then somcthing would go wrong. There weuld always
be a few &uit fiies who would inherit characterstic A,
but not characteristic B, or vice versa Then, if these
fruit flies thal showed hmken linkege were hred among
themsdlvey, the Ime chaiacteristics would stay unlinked
in their ofspring

Morgan could see what was happening ‘The chomo-
somes don't line up nestly at ocll division like soldiers
on parade. They look like a ta:agle of spaghatti The twe
chremasomes of a pair are bent amvund each other and
sometimes exchange parts, This is called cvsstng over

The part with tle gene contrelling characeristic 8
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might join tha other member of the pair. The equiv
alent part of the second <liremesome might jein the
first, which weuld then have a shghtly differtnt génc
producing a somewhitt ditencat chara aeristic than the
usual ene. The egg cell or sperm cell gets a chrome
some that contains the gene the characteristic 4, but
dhanacieristic B is in a ferm slightly diff erent fiom its
accustomed furm.

lo 1911, Morgan discisced. the cressing-over of chro
mosemes with a twenty+ear-old student of his, Alfed
Henrv Sturtevant (STUR-ub-vant, 1881-1970) Sturte-
vaiit had an exciting idea If twe genes were far apar
on a chromosome, ulmost any aessever weuld separate
them. A dividing line almost anywhere on the chrom«-
seme would do the trick.

L€ on the other hand. two genes were close together
an the chromesome, they wuuld hardly cver be se pa
rated by aessing-wer, The dividing (ine would have to

™
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CROSSOVER OF CHROMOSOMES

wild type mutanl type
long / short
feelers E = 1,_. feelers
-
' 2
long wings s shaort wings
long legs H f/"( '7 short legs
. \

gray body o7 buack body

-

27 purple eyt

A SIMPLIFIED GENE MAP SHOWS THE POSITION
OF CERTAIN GENES ON ONE OF THE FRUIT FLY'S
CHROMQOSOMES,

51



take place just between the two, wund there wouldn't be
much room fer that,

Therefore, if ene were to study hew oben different
sets of chai-acteristics become unlinked. one could fig
ure: out how far apjart the ditferent characieristic's are on
the chromosome-

As the distance betweren more and more sets of
characteristics was worked out, one might find that two
genes are ut opposite ends of a chromosome. A third
gene might be semewhere in between, but consider
ably closer to the second A fourth gene might be &irly
clase to the fiist, and so on. and %0 an.

Before long there would be a chiomesome niap.
which would locate every gene and identify the physi-
cal characteristic it sonholled. In 1913, when he was
still only tweuty-thaw, Sturtevant publishe:d a paper in
which he described how his idea worked. For vears af-
teeward. he precluced better and better chromosome
maps

By 1951, be had worked out a chromosome map that
shewed the location of all the genes an all Jour fruit fly
chromosemes
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Muller and
X-rays

VWHY sueuL® THERE be bth a r:d-eye gene and a
white.eye gene, each capable of being in the same pasi-
tion on a chromosome, v that one chroinosorne might
hav one and its pair night have the other? ARe all,
the red.eye gene is the normsl one fur that charactoris
tic: it is certaindy the most cominon of the two It must
have been the one that existed to bedn with, and at
every cell division another red eye gene must have
been fermed. VVhere, then, do the unusual white-eye
genes some from?

‘e 1act is that mutations do take place, as de Vries
had shown.

P)e Voes had. however wesked only with plants, and
the question arose as to whether animals undergo m v
tations, too. Cerminly. theie were many reports of 1nu
tations among domestic animals, like those shortdesged
sheep, but scientiss would feel more comlortable if

3



they ovuld study mutibons in their own laboratonies
and not have to depend on ceports from farmer; and
herd snien.

Morgan, in his experiments with firit Rics, notic:ed
that every once in a wihile a mutation would take place
For mstance, he might star: with adcved fruit flies
that beed true. All their offspring would be red-eycd.
and all the offspring of those ofspring would be red-
eyed, too. ‘Lhere would be no sign of white eyes any-
where,

But then, every once in a while, a whiteeyed fiuit
fly weuld appear Where did it come from?

Moagkn had unother student, Heowann Joseph
Muller (18%-1967), who wus particularly interested in
this mutation problem. His notioa was that cach gene
had to be mude up of utoms in a verv cemphicated ar
rangement During ceil division, cach gene on each
chiomosome symehow has %o produce another gene ox-
actly like itsell wath all the atoms precisely in place.

Most eof the time, this was done, but it was only nat-
uial to suppose that every onec in a while there would
be a misake:. Some atems would get out of place, and
the sene that was preduced wouldn't work quite in the
way it was supposed %0, 1t would be a diffenent gene
variety, and the color of the cye, or the shape of the
wing. would be diffierent as a result

Anything that made it harder to keep the atoms in
phicoe. or that made it easier #or them to get out of
place, should then increase the number of nutations.

For instance, al atoms vibiate, or jiggle. This is the
eBect of the cnergy they conmin The higher the tem-
perature, the greater the energy they contain, and the
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more rapidly they jiggle. Muller reasoned that { all the
atoms were jiggling more rapidly than usial, it would
be harder to preduce a complicated gene with all the
atoms exaclly in phcx:

If this 1easoning of Mutlers was 1ight. then muta-
tions would incre:se i he kept the fuit ftics at a slightly
higher temperature than usual

In 1918, Muller tried this, und he discvsered that he
was quite 1nght. The number of mumtions did ge up
with temperature

It wesn't cnough. though. Thie aumber didn't go up
very much, and Muller couldn’t impruve thing by con-
tnuing to mise the temperature If he 1aised the tera-
peiature too much, the fruit flies would die. Was there
something besides heai: that would stir up the atoms
and get in the wayv of a perfect dup.icatien of a genef

Only about a yuacter of a century Lilere, Xauays
weile discovered. These are a high-energy kind df radia-
tion. If an X-ray hiw a comptivated sct of atoms, it sets
them :ll to (uiveriag stiongly—so strongly that the
whdle asvay might break apa t. \What's more, X-1uys sun
pencteate matter o thal theys can teach the dvemo-
somes nside the fruit fly verv easily; they wouldn't be
stopped at the skin.

1t seemed to Muler that it would be much better to
expaose fnat flics to X-rays than to an intrvase in tem-
pelature locreasing the temperature adbected afl the
atoms without exceptions; X-rays abected only those
atoms they; struck. 1{'X-rays hit a gene, the gene wondd
be broken up, but the rest of the fruit fivs body would
be lefi. intact. That meant that he could add a grear. deal
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of energy: to the chromnesomes without killing the Fruit
fly altegcther

By 199G. it was clear that he had hit the bull's-eye.
X-rays worked us he suspected they would. The muyt;+
tion rate went way up

‘s dscevery was usefal in that it supplicd biole-
gists with a great masy mutictions of all sove, which
thcy could use to study the detaik of inheritance, b
map chromosomes, and s on. (Muler reseived a No-
Il Pnze in 1946 for this waork.)

It also explained what malees X-rays and other enc e
gete kinds of radiation so dasgcious to people, It up-
sets the functien of the chromosomes. From then on,
Muller woned hard to wam people agninst usng X-
rays necdlessly

It showed. too, how it was that mut.tions teek place
under natural ovnditions.

All living thmgs arc eenstantly exposed to dillierent
kiads of energ¢r. There are highly eaergctic paiticles
caled cosmiic rays tha constently bombard the earth.
Thee ae energetic paticles and i1adiation thut arise
frem tiny anounts of mdivacive atoms which arc al
ways present everywhere aheut us. There (s enen sun-
light and certaiu cturmicals that oocur amound us natu-
call: All of these things can interfare witl the perect
duplication of genes and all cm work to praduce dif
lerent varieties of pacticular genes

This means that exery gene that human beings (and
other bving thinge. tee) possess exists in many vari-
eties. This makes heredity a far more complicated ma.¢
tcr thim it wweuld be if ¢cvery gene existed in one vari-
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ety Think of all the different shapes and sizes of noses;
al the differenias in hands, ews. height, cdoring.
teeth, voice. and so on. Itis Because of this varicty that
you cm so casily reeogoize evenone vou know by ap-
pearance, by voice, by manner of walking, ai1d in wmany
other ways.

Then, tee, ¥ there were no muitations so that al
genes existed in a single variety, all membeis of a spe
cies vwruld look alike,

As it is, every single living thing has 1 own nix of
hundrcds or thousands of genes :md is difficrent trom
every other. Among animals of'a paiicuar kind, some
are Raster, some are smarter, some ctn hide maurc casily,
some can Jive better on a particular vanety of food—all
because cach has ik own complicated combination of
geries.

This means that soruc¢ individual animals can manage
to survive more successfully than others of the samc
kind. Some varieties of gcnes, or <embinations of vari-
ches, ae more uselul in the long run. Other varieties
are particulacly useless urxl pul their owneis under
sinch a disadvantage that they don't live long

Useless genes tend to dimmish in munber as plaots
or animils than pussesg them die quickly Those genes
may uever completely vanish, for ncw cxamples will
turn up every oncc in a while as new mutations They
will nnt flourish, howexer

Useful gene vadicdics that give a advantage to those
living things that possess them will enable those per
ticular crewtuics to live longer and better. and to have
more children (many of whom will be kikely to inhent



that gene viuiety) Such a gene tvie will increase and
besome more and more common.

1he waY in which useli] gencs become more wide-
spread, and useless genes lew widespread, is culled
natural selechion. Natural fores (the need of Jiving
things to cempete with each other for fead and mates
and saf:ty) select the useful gene varieties and nakes
them commos.

Most mumtions: that take place result in rather poor
gene vaiieties, and even very bhacmiul ones. That
doesnt matter It is the vury few useful mutagions
which increase and spread.

Each different kind of plant or animal experiences
mutstions and natural selection and therefyre comes to
fit its environment morc and more eficiently. Enough
changes might take place over a few million vews to
tum one kind of avimal into a slightly diffcrent (and
more elfiment) kind, or into two or more difiecent
kinds.

There is a slow ecolution, so that birds and maru-
mals, for instanee. giadually arose ty slow stages.
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HONEYCREEPER BIRDS WITH CURVED BILLS
EVOLVED FROM A COMMON FINCH.LIKE AN
CESTOR.

throngh random ruutation and natura: selextion, frova
reptiles. Fiora simple insect-eating ynammals reseru-
hling present-day tree.shrews, such ammals as lemurs,
monkevs, and pes gradually developadd.

Severa]l million vears ago, sume irather primitive ape—
like mammals spllt ¢p into several valieties by way of
taadom mutation and natural sclection, and one of
those varieties esentually' developed into modern mam.

@ur present understanding of this process began. in
pmt, bocase a monk coutdnt pass the test that woald
have allowed him tv serve as a kacher, so that he de-
cided tu wjterest himself instead m the growing and
hreeding of pes. plants.



