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To REPROPUCTION,
WITHOUT WHICH

OUR SUBJECT,

OUR AUTHORS,

AMD OUR READERS
WoULD PAVE BEEN
IMCOSSIBLE ...




( ,
IN ANGIENT TIMES,
IENT TIHES.
e ANCESTORS |
HAD A FIRST-WAND
KNOWLEDGE OF
NATURE. 10 THoSE
DAYS, EVERYONE WAS
N BIOLOGIST, AV

The WoRLD WAS
A CLASSRooM If

‘M I P SCIENTIAC

~




| W THEIR EARLIEST GLIMMERINGS OF THOUGHT, IT5 SAWD, )
PEOPLE MADE NO DISTINCTION BETWEER LIVING PAND
NON-LIVING THINGS. EVERYTRING WAS SUPPDSED TO

BE ALIVE, A FIT SUBECT OF "BIOLOGICAL" RESEARCH.

TAIS INCLUDED
TREES.-

... ANIMALS...

--AND THE
VERY{ STopes
THemsELves!




[ 1N THE COURSE OF THEIR STUDIES, OUR ANCESTORS MUST

HAVE NOTICED AN OBVIOUS FACT: SOME TRINGS TENDED
To REFROPUCE THEMSELVES.

... AND, TO THe
PRIMITIVE

MIND, r\";;\,ltj\w
SEEMED THAT
EVEN ROCK'S
COULD “GIVE
BIRTH TO_ |
L\TTLE PEBBLES




NO CONNECTION BETWEER REPRODUCTION AND SEX.

THE NIBE MONTRS BETWEERN CONCEPTIOP APD BIRTH WAS
SUPPOSEDLY ENOUGH To STYMIE THE SMARTEST STONE-
AGER... AND WHAT Doks SeX HAVE To Do Wik THE
REPRODUCTION OF ROCKS 22 '

( Mp\w SCHOLARS BELIBVE THAT TRIM[TIVE PeofLe SAW )

FOR WEEKS IVE
geer WATCHIMG, AND

\ DON'T THIpK
THeY Do \T...

WwE MusT
ADMIT, THIS
TieoRyY
LEAVES VS
SLIGHTLY
SKEPTIcAL.
IT SEEMS
oA \BLE
TAAT MEN
MIGRT RAVE
VISSED THE
COMNECTION,
BUT CouLd
WOMEN
%
WAAT WAS v 1.2
ey

0
OWN poDies 1!

EVER NOTICE
ANYTRING FUMNY
ABOUT BABIES
AND SEX?



ENLIGHTENMENT  CAME,
ACCORDING TO THS THEORY,
WHEN YEOPLE RARST
PONESTICATED ANIPIALS —
AVD M THEIR RePRODUCTIVE

o
(Ul CLOSE-UP D OF TR - @
MATING [V OVE SeASop, @ %@a
BIRTH IN ANOTHER.
@)
79 M -y
. ﬁ)) A
PR XTI i
Wt A e BRI o op de B FRHY
5 A
oot ) ST

MEN KD SOMETHING
To DO WITH MAKIWG
YABIES... |TS 5pD

T0 PNE CAUSED
Plo CUMES N
SOUETY, Sut As
YATHERS Dy
vATERYITY  SdiTs,
MARRIAGE, PND THE
PATRIAR CHy — BUT THiS
1 A BIOLOGY BOOK,
M NE WOPT 60
(PTO ML TRAT...

Eep... EEP--7



ALOND WITR Tiis
(AME THe FOTION
THAT LIKE
REALLY X
GENETIC IDEIQ--

AND S0 BEOMY

CRACTICAL GENETICS,

0R “saLecive
BREEPING." Tie
HERDERS BeroPy)
CONTROLLING TWAR
ANMALS MATING,
CROOSING The
5 bt
0QUCTION,
AVD (£TTING k
RID OF THE
“WORST:

RESULT €

p BRED of
YRoUD TOUGR,
WILD APIMALS
WAS RepUCeD

TO 5OMETING
pociLe, woolY,
WD SHEEFISHY



4 m THE SAME T| ME, PEOPLE WeRe DoMESTICATING PMA/Tsﬁ

EARLY FARMERS (JSeD THE SAME METHODS AS THE
AMIMAL HERDERS, WEEDING 0UT UNDESIRABLE STRAINS
AND PLAVTING ONLY THE BEST SEEDS.

THIS HAPPENED ALMOST EVERYWHERE M THE WORLP : SCRAWNY
WEEDS AND GRASSES WERE GRADUALLY TURNED (VT RCH,
YRODUCTIVE CROPS. RICE, WHEAT BARLEY, pND DATES IV ASIA 5
CORY, SQUASH, TOMATOE?, POTATOE,, AND PEFPERS IN AMERICA; YAMS,

YEANUTS, AND GOURDS [N AFRICA —ALL SPECIALLY [MPRoVED BY
HUMAYS I

UMA...

EVERYIWHERE
BUT EUROPE,
TUAT LS.




gé)/?m HAVE
Too... THeYRE
st |ESS al
NO\SY ABOUT |T
‘EFZMN ANIMALS.
R ON
PEOPLE NoTicep
THE IMPORTANCE
OF FOLLINATION :
FOLLEN DUST
MUST LAND ON
A FLOWER
BEFORE |T CAM
YRoDUCE
FERTILE SEEDS.

DAVGHTER, LET
ME TeLL you
ABOUT Tue BIRDS
AND THE RUMANS. .

THe EARLY
FARMERS REALLY
DIDN'T KNow
WHY PoLLINKTION
WORKED —40
They ApDED
SOME MAé/C,
JUsT o &
0P THE SpFE
S10€...

ThesE ARe
NMARINY PRIESS,
TOLLINATING

A DATE PALM,
PROUND 60D 8.C.

*Puik PUKS
WHAT BIFD
SUITS, Humpp

WRAT WouLD

@‘\’FI?N IF WE
PYT WEAR Tiest
BIRD sUITs?




This CoMBIRNTION OF SCIENCE MNP MAGIC 15 Nicely ,LL%T?M%
B4 N BIBLE STORY.. GENESIS, CAAYTER %0, oR...

THE CHSE o Tcoms Thol

-H"’ TS STORY , THE PATRIARCK JACOB AGREES To TEND The
"CFLOCK OF WS FATHERW-LAW LABAN. S PAYMENT JpcoB
MAY TAKE ALL THe “SPECKLED MND SPOTTED™ ANINIALS FOR HIMSELF,
\WRILE LABAN KEEYS THE PURE BLACK ONES. THE Tuo 6ROUPS ARE
NOT To |PTERBREED.

THe BIBLE DESCRIBES JACOB'S FERTILITY MAGIC CARERULLY:
WE STRIFFED T BARK FROM. WiLLoW Robs, AWD “MADE THE WHITE
MFEAR WHICH WAS [N THE ROPS! THEN SeT THEM NeAR Te
WATERING HOLE.




\ SU@(aTZST fou
READ THE
ORlcoll)N AL To SE€
WY LABAN
DESERVED

THE IPEA BEHIND JACOB'S AcTiop 1S
| TWAT LIKE BEGETS LIKE: -,
B SHOWING THE WHITE |y THE
WiLLoW RoDs, HE WAS TRYING
10 BRING OUT THE [WHITE |y
LABAN'S BLACK ANIMALS I

TS 15 caLL
e €D SYMAATHETIC

THE TONT, GENETICALLY SPEAKING, 15 THIs: IN FACT, THE PURE

BLACK PVIMALS BARE SPECKLEP OFFSPRING —ARD So
JACOB'S FLOCK INCREASED ! Y 27

WELL COME
BACK To THIS
LATER !

RERE WE SEE ACCURATE GEMNETIC OBSERVATION SIDE-BY-S\DE
WITH A NEAR TOTAL LACK OF (JNPERSTANDING.

LABAN CERTAINLY
PIDN'T 6ET | T/

10



/" oMe OTHER GENETIC [Temo FROM ANCIENT KISTORY: \

THe CAINESE
DISCOVERED
“WALTZING™ MICE,
LC\ SAUTATTlﬁN WHICH
ANSES THE
ANIMAL To STAbLER
AROUND N
CIRCLES.

TAE HINDUS OBSERVED
TUAT CERTAIN DISEASES
MAY "RUN IV THE
FAMILY. MOREQVER,
THEY CAME TO BELIEVE
THAT CHILDREN
INBERIT ALL THEIR
PARENTS CRARACTERISTICS.
A MMAN OF BASE
DESCENTS (AN NEVER
ESCAYE WS ORIGINS, !

5N THE LAWS OF
MANU...

g

XENOPHOR, & GREEX,
R L,
HoNDsT




SEVERM OTHER GREEKS, TRINKING
MORE DEEPLY TdAN XENOTHON,

DEVELOYED THE FIRST REML THEORIES
OF HEREDITY — N OTAER WORDS,

Tke! ADDRESSED THE QUESTION :
Wy Do CHILDRER RESEMBLE THEIR
YARENTS 7°

EXCEPT THE
oES WHO

RESEMBLE THE
MILKMAR 7

ACTUALLY, ONE PHILOSORHER,
SOCRATES, WONDERED
WHY They SOMETIMES
VON'T .. ke USED

TO 58 THNT THE Sons
OF GRENT STATESMEY
Were USVALLY (AZY
PID Good [ NOTHINO .
E SHOULD ALwAYS

BEAR TS (8 MIPD,
TUAT NOT BvERy QUALITY
\& INHERITED)..

ntopruenresy , e s
UNPLINCHIG HONTSTY,
50CRNTEA TROVOKED Tie
ATiENMS T WUT Rim To

DEATH...

12



THE MOST COMERENT
GREEK THEORY OF
HEREDITY WAS THAT
OF THE FAMOUS DOCTOR
HIFFOCRATES.

(

WIPPoCRATES
RECOONIZED TAAT
THE MALE COPTRIBUTION
T A CUILY'S
HEREDITY 15 (ARRIED
IN TREALSOE(Z’EM

4 ,

A ‘ﬂk)teo N{m%ﬁ WAS
n SIMLAR FLUD I
womey-

THESE FLUIDS, HE REASONED,
WERE MADE THROVOHOUT THE
BOpY, PND TueN COLLECTED 10 THE
REPRODUCTIVE ORGAVS,

A\

CERRTE B

(/TP B B\ &
& i1 ¥
= N

The SEMen

FrROM THE HIPOERS
HAD THE MATERIAL
To MpKe MORE
FINGERS 3 THAT
From Tie WAIR
mppE HAIR, €l
€r¢c EMC.--

AT 100, N SORT OF
mcf’%‘?m FLUIDS TOOK TLACE,

AND WHETHER (K€ CHILD'S HANDS
WERE MORE LIKE MOM'S OR DADS
DEFENDED N (UH0SE FINbER-SEMEY
Woy ouT !

A -

ﬂ\\

G~
(/== Z& =
(&=




UNFORTUNATELY, THE GREEK WROSE \PEAS MOST [NFLUENCED
LATER GEVERATIONS WAS NOT HIRPoCRATES, BUT
ARISTOTLE. WeeN 1T CAME To SCIENCE, ARISTOTLE

NEVER LET WIS IGNORANCE STAND IN TRE WAY OF HIS
TACORIES |

ARISTOTLE — CALLED "THE PERIPATETIC" BECAUSE HE PACED

WAILE WE LECTURED — BELIEVED THUAT ALL INHERITANCE CAME
YRoM TUE FATHER... TRE MALE sEMgd, P€ SAD, DETERMINED
THE BABY'Ss YoRM, WHILE THE MOTHER MERELY PROVIDED

The MATERIAL YRoM WKl THE BABY WAS MADE ...

BUT, ARI —
TreN WHERE Do
GIRLS CoMe

fRom 2




\ES, THERE WAS NO GETTING AROUND IT... THIS SEEMED To
\MPLY THAT ALL CHILDREN OUGHKT To Be BOYS... WHO KNows?
MAYBE TS REVEALED SOME GUBCONICIOUS (VIS OF
ARISTOTLE'S... THE ANCIENT GREEKS PID VALUE BOYS
MoRe HIGHLY TAAN GIRLS.

W mY VERSION of
TRE \DEAL STATE, ALL
CHILOSOPHERS  wouLD
BE REQUIRED To éeT
PREGONIT, AT LEAST
ONCE...

TRILOSOPHER
COULD WARDLY
16VORE THe
EXISTENCE OF
FEMALE
BABIES.

He PATCHED
Up s THeoRY
BY DECLARING

15



\

, A FINE THEORY ... pXCEPT
Wk05€ FLUIpS THAT 1T DoESN'T ACCOUNT
MADE MY 5peckLES? ngz CHILDReN Who Dy

FRoM BOTH PAR@TT.%Q
BROWN-t6D PEOPLE OFTeN
HAVE BLUE-E1ED BABIES,
AND DON'T FoReET JACHE'S

KFEKLED GOATS.

NG FHILOSOPIER,
EMFPEPOCLES,
ThOUGRT TS
MIERT RESULT
FRoM THeE
MOTHER'S
ONLING
LONGINELY

N sTATUES e _
DURING A\
PREGIMILY. Y

" WATS WRONG,
LAY LST 4
YOVR MARBLE= -

U




bReeK CviLvzATioN MAY pve TERISHED, 8o

u.mf




Gﬂﬁ OREEK

MWANTLE PASIED
To_Tve

JRORTARE,

Who HAD

[\TTLE TasTE
fOR PHILOSOPHY ..
THEY PREFERRED
Tre TECHNOLOGY

WHAT WAS Your
CRAME

THE
5CleNCe OF
LiFE.

THe ONLY GENETIC IPEA Thegy ADPED WAS THAT MARES
COULD BE FERTILIZED BY THE WIND.. -

\ =5
A———————— o

e

/

= tﬁg‘é% fDF@ == =

2 vie. 1 st 15 LEE TN =

S RAGI = = =

W{S;&‘{RON(’ == 3
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oC|gCe FADED

FURTRER ... THEDRIES
0F REREDITY GAVE
WM To mere
LISTS OF “MONSTROUS
BIRTHS ...

50Me OF TG

MAY WELL BE

GENUINE — BUT

'W& T ARE we To

MPKE OF STORIES

s s oo
Iy

WeANey [P A

THUNDERCLIP ¢

THERE'S ALWKYS THe
CHANCE T WAS JusT
A TpLL TALE.- OR
SOMEOPES \DEX OF
h JOKE..

\ )
0\
NS

\.‘

-
LAY - -
) L <aode TS L
Al = ‘>‘_'\v 4
: 3 LR
2y A\ )
- AR IR XY
< ‘l‘\\ -’ 2
. \\\- 7
T
\ .‘:. . A
Nl X
\ - - Y, N
S ) o W
v-a%
-2

SN

- &\




ONG MEDIEVAL (DEA E5PECIALLY
\MYEDED UNDERSTANDING. IT WAS CALLED:

ORIPRTING

WITH THe GREEKS,
TS WAS THE
BELIEF THAT
LIVING
ORGANISMS
Coulp ARISE
(SpopTANEOUSLY")
koM NOp-
LIVING MATTER.

MAGEOTS VERE

o Sl
M|

MEAT .. HORSEAAIR

TURMD VTO

~ [VORMS... Ap

fRoes, MICE, VD

puEsS
NOTN%W% 5LIME
CoME To Ligg I




15 NOT RMEp To
|MAARE Wiy
SYONTINEOLS

LR K0P SHMED
CLAVABLE:

IN & WORLD
WHERE sLIME
OVE SAW |7
Harren

QERy pay!

s
vou 566 WOW BELIEE |V STONTRNEDYS JOT MUCH
GEMVERATION CONFLICTS ITH FAMILY RESEM -
“OEPETIC" TAINKING? |F A fROG BLANCE, 15

CoMEn YROM 5L IME, \T
VOBEN'T MAKE Myci

SEPSE TO TAUK ABOUT
\WHERITED QUALITIE,
POES \T 22

BUT— A5 WE MENTIONED SCIENCE MARCAES OP..

SR

A 1N THE ™
CEPNTURY, p S|IMPLE
EXYERIMENT
SUCCEASFULLY
CUALLENGED
45PONTANEOUS
OENERATION--

21



THE ELEOANT
DEMONSTRATION

WAS PERFORMED

RRNNER W
:, (1 R0 SN

\
)

h\
P\
~

@)

A
R

N
« ShTY -\"0\

[ Repl_fLACED Fleces oF FRooM

MERT 10 JARS... SOME OF Tie 1RS
He CARPED TIOHTLY (WTH CHEESE-
CLOTH, WRILE LEAVING THE REST

over 10 THE FLIES.. oo

AFTER SOME TIME HAD FASSED,
REDl FOUND MAGEOTS ONLY |p
Te oved MARs.

Toe MAOLOTS GREW, STIFFENED INTO
COCOONS, AND FINALLY EMERAD Mo
LY fORMED FLIES!

Tous, Rept WAD spolp TRAT
MAGLOTS CoMi ERoM FLIES | AND
FLIES CoME FROM MAGLOTS.
NOTHNG VISIBLE KND BEED
‘SPoN TANEOUSLY BENERATED” TROM
L\TW ROTTING MEAT ¥

22
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BUT THE SPONTANEOUS

GENERATORS'  WEREN'T -7
POUN. 4€T..

50~ WE WERE
WROPG ABOUT
FLIES .. so
WHAT?

PEOPLE STILL BELIVED
TRAT FLEAS CAME fRoM
SAND, WEEVILS FRoM
GRAP, EELS FROM THE
DEW, ETC, EIC, €TC...

¥ KK YN X N XK KM, I HK XK XX XL ¥

FLERS, EELS, AND
WEEVILS, 1N TURR,
WERE DIsYosep of
B4 ANTON VAN
LEEVWENHOEK
(“LAY-veR- pook ), AV
AMATRUR DUTCH
SCEPTIST AND THE -
YIRsT To MAKE
SHSTEMATIC UE

OF THE
MICROSCOFE.

23



UsING Mo siMmpLe

INSTRUMENT — JusT

EEAE&EL LENT EvEPIECE
— LeEUWEP ok

YOLLOWED THe LIFE

HISTORIES OF VARIOUS

SMALL CREATURES.

RIS TREATISE op

T FLEA \s A

CLASSIC K

TS MilTE D
PESYISED CRENTURE,
(' weoTe] “I> ENDOWED
Wik AS CREAT A

YERFECTION |0 (T5 KD
NS PN LARGE ANMAL .

Dﬂé PloCoveReD TUAT FLEAS, Like TISH, DObS, ARD
HUMANS | WERE SEXVAL BEINGS !

Yes... LEQIWERROEK HAS
ALREADY CORRUPTED
Tie MORALS oF

MARK MY (W0RDs :
TREE [NQUIRY M)
OMY LEPD To

24



- —
THE DUTCH SclepTisT
MAPE TWO MORE
GREAT DISCOVER(ES!

e (AS THe FIRST
T0 5€E
BACTERIA,

TE ULTRA-SMALL
ORGANISVS (i

©~2, A
AAVE Belomg (CRADBNO—
S0 |MCORTANT [V %a@é%;%
MODERN 6ENETICS g,’@ 20O,
REEMRA . 25 C(
S »
~
A Loy
K t
Y
GPERM CELLS.
o e Il einG seMe,
< B L 99 | Loumeiock 5w
= 1% MILLIORS OF TeAe
=\ .J'O % 9ec 49/ ™ “WoRms."
=\, ¢ ? gf g /
—



DotV o A Wiote
CAxP OF WORMS..0R THAT

1T SPAWRED WRONG IDEAS..
YR (NSTANCE, LEBUWER(OEK
WMSELF BELIEVED EACH KM
CELL COUTAIMED A COMPLETe
NEW ORGANIM [N -
MINIETURE .

THE 0BVIOUS PROBLEM WAS :
\F THIS "“PRe-FORMED"
ORCANISM WAS A Boy AT
MUST ALREADY WAVE TIWN
TESTICLES, WHICH WOULD
CONTAIN MINIATURE
SPERM, WHICA WouLlp
EACA WAVE EVEN TiMER
PREYORMED ORGANISMS. ..
AD INFINITUM ET
ABSURDUM 1l

26



' O
.'-1,7 ] 7 ._'
"" P 4 /
>

(45 Lopb A5 WERE TALKIFG (amyt)

B

(e

LEEUWENHOEK
PECULATED
POUT SPERM

OTHER SCIENTISTS

WERE (OXING

INTO THe
FEMALE
ROLE (N

REPRODUCTION.-

LEMMEg SEE

| ﬁ
o 1\ sl ipor )
SCIENTIFAC.--

[ 7 WILuAm HARVEY A
(1578-\e57) STUDIED
- f — ThE DEVELOPMENT
= [ = OF Tie CHICK EMBRYO
= Z) AND CONVINCED

WMSELE THAT ALL
ANIMALS MUST COME
YROM EG6GS. “EX
OVO OMRIA," KE SAID:
“OUT oF Eblb, ALL.

27



HARVEY BEGAN THE HUNT FOR THE MAMMALIAN Ee6.

WE YERSVADED THE

KING To LET Jim

LOOK FOR MAMMA(L
EGG5 IN THE RoyaL
DEER PARK ... DozZENS
OF DISSECTED DEER
LATER, HARVEY HAD
T0 ADMIT FAILURE.

> SIbW-
6VESS | LAD

FOR 200 YEARS THE
WUNT WENT ON... AND
STILL NO ONE QouLp

LOCATE THE ELUSIVE
E6G.

ﬂr‘é NOT WARD To SeE WHY KOT. NOT OBLY 1S THE MAMMAUAY )
E6G. WICROSCOPIC, ITS ALSo FARLY RARE...

MAMMALS ‘LAY’ l

VERY FE) EGGS-
A Humpp FEMALE
PRODUCES ONLY
ONE A MONTH,

IV CONTRAST

T0 THE MALE

AVD W5
Ta?é“of WILLIOW
OF SPERM

CELLS .

28




BUT THE SEARCK
WENT ON-THERE WeRE
SOLID REASONS iR

[ BELEVING MAMMALS
HAD EGHS: WE HAVE
OVARIES AND OVIDUCTS..

“Yen,
teofle ARE
JUST MGHLY
EVOLVED |
CRICKEDS:

IT WOULD 8% PReT™Y
SIWY PoT 0 RAVE
ELLS, ToO...

L

1 FACT, SCIENTISTS GREM 50 SURE E6bS WERE THERE, TAT
WHEN OpE WRS FINALLY seelN —A Do6S E66, (N 1827 —
\T CAME AS MORE OF A RELIEE THAY A SURPRISE !

,

Toe ONLY RemAINIpL N
RIODLE WAS ANSWERCD
ey OSCAR (fﬁrwze ;
0BSERVED THAT -
FERTILIZATION
WAS The OPIoP Of
p SIPOLE SpeRM
[P D S(R6LE gt




SOME PROERESS % #2

HAD BEEV &
MADE |p Tie > \‘QI /] %
QU%T\ON OF ”?’,—”:4 &
PLANT SEX. :;;'f’é
.;":.- 4 e,
(4 1700, THE

SEXVAL NATURE OF
PLANTS NAD BEEn
LARGELY ResoLveD
BY CAMERARIVS
(\bb5-1721), WHOSE
NAME EVEN 500NDS
LKE A PLAMNT..

CAMERPRIUS SHOWED THAT FLOWERS BORE SEX OR6ANS
QUITE LIKE THOSE OF ANIMALS. |

WD THEY STIAS
[ WEm RIGHT IV




N’Tﬂﬂ%\\

Tie MALE YPRTS, ANTHERS,
CONTNP Vova wmgu THE FEMALE VART |5
5 LIKE SPERM (N AVIMALS. Tae STIGMA, To WK
THe FPoLLeN 'ATTACHES.

Tre ULy JUST To
(OR ParT of COMPLICATE
iT) Tvey MATTERS,
PENE TRATES s s w“’q""ﬁm :
To
ChVSiNG e
Serns ORGANS
AYD So THEY
o peveld CMY FERTILIZE
THeMsELVES.

MY MOTIER
GRID BABIES
COME FROM

EP\BL‘i I8006 POTH
PLANTS va ANIMALS
WeRe KNOWN To BE
EXVAL ... Tie MALE
RIBUTED YoLLgr OR

SRERM ; THE FEMALE E06°... iV
AD STONTANEOUS GENERATION > )
WA ON Y15 LAST Y A
L7 — pLMOST... 772

31



~

AW iTn Al

TS TALK
ABOUT SCIENTISTS,
LET US NOT
foReET
THE PRACTICAL
GENETL CI15T5 -

TIME OF GREAT
PRoGRESS WHEY
|
LEAD, MORE OR
Le%% DIRECTLY
To THE !
ProCoVERy{ OF
THE GEVE.

- | J

32




( LETS SEE WHAT THEY ALRERDY KNgwW FROM memycez\

SoMe STABLE VARIETIES NEARLY ALWAYS
0 BREED TRUE, THEIR- OFFSFRING HAVING
THE SAME CHARACTERISTICS AS THEIR
PARENTS. SOME COMMOY EXAMPLES
MACKINTOSK PPPLES, ARRBIAY HOKRS
LABRADOR RETRIEVERS, YEOFLE WITH
BLUE EYES , ErC Ec ETC..

oN The OTHER RAND, S0ME
BREEDING GROVFS SHol GREAT
VARIATION. JACOB'S FLOEK 15
AN EXPMPLE OF VARIABLE
CoLoR. PEOPLE WITH BROWN BHES

CAY RNVE BLUE-E4ED cmwizev)

\T 15
SOMETIMES |
PoS518LE TO \MP0BLE PYBRIDS*
M

ATE PARENTS
FRoM TWO DIFFERENT
VARIETIE® TD FORM

HYBRIDS.

FOR EXAMPLE, A
MULE 15 PALF HORSE
AND HALF DONKERY.
OF COURSE, NOT ALL
WYBRIOS ARE
PosslBLE

-

33



ﬂ'\‘fﬁﬂllﬁ ARe Dirricy
‘T“OFREDICT...TAEFIY T
AY SEBM VIRTUALLY
\DENTICAL TO OME
PAREPT OR THeY
YW OMRNE
FERTURES OF BOTA —
QND EN AYBRIDS
REED WITH HYBRIDS,
T RESULT (s
VARIATION |V The

EXTREME I
ALL VARIETIEA
EVEN STABLE |

© 0155, DCAGIONALLY

PROVUCE "SPORTE " —
OFFSPRING lergaefw
RO\ EYTHER YAREMT.
TWEE ARE of Tey
BRosHLY DEFECT|VE
MONSTROSITIES"...

T SOMETIMES THE
SPORT DIFFERS 01)1»(
SUIOHTLY, LIKe

THE STUBBY- LEGGED

SHEEP WHICH
MPPEPR oU
o0, ED AROUND




G‘( CROSSING Tiese SYoRTS BACK WITH
NORMAL TYPES, 19T CENTURY TARMERS
WAD MANAGED To CREATE SEVERAL pew
STABLE VARIETIES. THeRE WERE NEW TYPeS
OF WMEAT, TEAS, AVD STRAWBERRIES

PORVLESS CATTLE, AND STUBBY- LEAGED

\

Iy 5

BUT \T WAS STILL o WATTER
OF TRIAL AVD ERReR... (T
PIONT ALWAYS WORK...
e e
pe A SCEPTIAC Wiy
0F SELECTIPG

_e}w(xpTA(aeoue

RAITS To

CREATE el

\f we collp
PREED N SIX-LEGGED
YWORs€, WE'D
CLEMY VP P
GLVE!

A A

VARIETIES. THREE-LEGGED

21/~ Coul
\, ﬁ} ‘ \\JDGTGLLT
= Sy ) WALK!
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DESPITE A 600D DEAL
OF WORK, NO TRULY GENERAL
LAWS OF [NWERITAVCE (WERE
DISCoVERED.

. P

SoMe_INUESTIOATORS  CONFUSED THEMSELVES BY CROS3ING
PREEDS THAT DIFFERED I To0 MARY CHA@A(‘.TERléﬂCé..{

e
CAREFUL CoubT
OF THE NUMBER
OF VARIETIES
PRoODUCED
ROM EACH
CROSS .

INDED, THE SROBLEM SEeMED
HOPELESS... GRADUALLY CIEPTISTS
GAVE UF TRYING AWD TURFED To
ERGIER CROBLEMS ... MDD THAT 15 Wi,
WHEL THE (AWS OF IQHERITANCE WeRe
AVALLY flovBep ouT Tve

DIsCoVERY WA [NORED FOR -

THETY YEARS... J
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e

( M@ML‘@ RINDGYGENEE
IL@ AWN@ Y

Fiety veass or Reseaen
HAD FAlLeR To AIND
AN PRECISE (AW OF

(0] ( ue {
FDRmULA bff \’os‘sneﬁe T

WAS JOB R Rlpé
— = SUTERHUMAY pa 6&)
Tﬁ‘f UNLIN\ITED TIME pv
\ o |T MATPENED, A

)

N\\Rﬂaw OF LUCK,

\__N0 WOUDER 1T WAPPERED o A MOVASTERY... /

GRECR MENDEL

wzz - 1884) WAS pp
AVGUSTIAR MONK
FRom DRUNY, BUSTRIA.
IV 5 SPARE TiMe,
MENDEL BRED

PEA PLANTS IV

THE MONASTERY
GARDEVS,
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r'Wr MEVDEL WAS
NOT JUST AN
AMATEUR GARDENER,
BVT A 5CIENTIST
WRO STUDIED WS TFen
YLANTS mOST

- CAREFULLY —
HE CALLep THEM
RIS ‘CHILpREN. *

CHOOSING PEAS WAS THE MIRACLE OF Luck: THEY ARE PERFECTLY
SUTEY To GENETIC RESEARCH, WITH A NUMBER of STABLE
VARIETIES WHICH MAY FORM (pRIDS -

THERE WAS

MDA |
SWORT OPE ... . 2
¢ 06 T{fe MPDE SMOOTH,

ROUPD PEAS, WRILE
ANOTHER'S WERE LUMPY
MWD WRINKLED...

THERE WeRe GREEN PEAS APD YELLOW) GREY SeED-CoATs AND
WRITE) WAITE FLOWEA3 AWD PURPLE. THERE WERE DIFFERENCES
W Te CoLoR oF Te UNRIPE {oD5, Tie ColoR OF SekD
ALBUM(P, AND THE YOSTION OF THe FLOWERS-

. _
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EVER{ YEP FLoWER

UNLESS

“?)% bOTH MAL€

B (G
LY

CERTIL| ZC/ \‘AMlLY ?LM’PI%

THEMSELVES.

R

¥ _.
—HoW MENDEL MADE HYBRIDS 2

mf;T HE sp\%%o THEN &\e DUSTED THE
STIGMA WITH
WHILE STILL |MMATURE .
To P evép*r I TR {;%LDLNQPT@K@’ %

"SELNG .

ﬁPALLY We T u%f% 6%65 N TS

M
T0 ou MY
Sag T M g ML | e wow
oLy ///, 7 PR T0 \% PLAYING | )
\ {’/7;‘ %ﬁg‘“ oL CEPLRAN(
D ohzerTAGE
\ & R Gaon
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NAPPEVED ey A TALL PLANT WAS CRos5p
\M\ﬁ//\z\%ﬁﬁirm‘}?ﬂﬁﬂe MIGRT EXPELT MeDIUM- S12ED PLAVTS,

[ MQIDEL'S FEST WAOR RESULT WAS THe DISCNERY OF j
p

MENDEL EXPRESSED
i e
A
J;As DoMINANT
OVER SKORTESS

(¥ PERST), Twe
RAIT OF SHOFT -t
v_THEY Voo Fae
OE TRAT WAS
FoUND T §6
POMINAVT,

oD 565 ARE
A
PINCHED |, 6REY see).
WOATS AN HitiTe
S8 -CoATS, ETC

ETC €rc¢....

(
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WHEN THE HYBRIDS : CONTINUING THE \

SELE- FERTILIZED, ABOVT T hiop.
WERE SHORT. 73 ABVUT ONg TALL (N
THREE YRODUCED

ONLY TALLS, WRILE
THE OTHERS \IELDED
BOTH TALLS AND
SHETS IV THE
RATIO p?o Ri I
THE SHORTS

ONY SHORTS.

THe RECESSIVE
TRATT REAPPEARED /




[ .
ﬂENDELS INTERPRETATION @I@
THERE 1S
1, G2y

SOMETHING

Ip POLLa) Apo A+4)2'
E6G WHCH oo
DETERMINES Ere

THE HEIGHT OF TER PLANTS.
TS “SOMETR|NG WE CALL A

GEEINE.

EACK CoLLER GRAIS AND EGG HAS ONE REIGHT GEFE, SO
L TRE VLANT YORMED BY THEIR Uptop HAS TWO.

The GEPE MY BE ONE OF TO DISTINCT TYPE5, OR

ST

foR TALLNESS ; |
THE OTHER OPE, ., ﬂ
I fOR SHORTNESS. A a

f A PLAPT MAY HAVE THE SAME OR DIFERerT ALLELES. A

THe ALLde A

\> DOMIVAUT OV
a. TRAT 15, Tie
PLANT WITH TRE
COMBIBATIOY Aa
l> TALL. The
ALLELES Do NOT
‘BLEMD."

_




BREEDS WTA
AA 7 foLLen A
Eolo EACH GET

THE GEYE...

(N TS CASE,
THE ALLELES
286 TAeTsnme ~
OFFsfRING WILL
AGAIN BE AA. OR
TU. LIKEWSE,
aa CAY LD
ONU dd. TAeE
(\Wg %'\msue
5 w
VARIETIEA .

MENDELS FgsT

WERID WAS A-

CRo%S BETWEEY

AA AND aa -

Tie ToLLep (R €6)
, W |

e e (R Uy

m gfz CONTAINS

RESELT
Ay, WHA
\% TALL -
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KWMP Tee RYERID
et FERTILIZES,
\T5 ALLELES

A WD a ARE SORTER
OUT RAPDOMLY
AMONG THE TOLLEN
ORAWS BND E6E5.
BoTh A AD @
ARPEAR , AND IV
RouiLy EQUAL
PROYORTIONS.

A a A

Wiep E6c5 APD PoLleR UPITE, THERE ARE FOUR POSSIBILITIES -

Hey! e 60T
QD OF THE WIMP!

SHORT (oL LEX TALL PolLEr sopT oW 4 ToLLep,
ST ot " SYoRT gob L

WHICH ARE
SuMwaRIZED (N
THS SGUARE:
EACR (b51BLE
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(

HERE PGNP ARE Tie
WERIDS DESCENDANTS,
AS MEAVDEL 0R%RWD
TremM.” Tie ARsT
CANERKTION PoRERs
%m\ THe CRO-AING

QUARE

% TRUE-BREEDING
TALLS (AA)

L oTALLS WHICA
2 MAY BREED
SHORTS  (Aq)

L TRUE-BREEDIpE
SHORTS (da)

£




‘f MEIDEL ALSO CROSSED SMOOTH-PEA PLANTS [ITH WRINKLED, N
PURPLE FLoWERs WITH WiiTe, €Tc €TC ETC. IN EUERY CASE,
le YOUND THE CHARACTERISTIC To BE COPTROLLED BY

D SINGLE GEPE WITK Two DIFFERENT ALLELES, oE of
WAICH WAS DOMINANT OVER THE OTHER.

So \T SeeMeD THAT
ouer Mp ve6
[eErRe BOTH FulL
OF ThesE LITTLE
"SOMETRINGS," OPE

EVERY
WREOITARY TeMIT
OF THE OROMPISM.
PRETTY CRolDep !

\_ | _
WITROUT EVER SEEING A
OENE, MENDEL COPCLUDED
TUAT HEREDITY (S
CONTROLLED BY THesE
“NTOMS OF [NERTARCE,"
WHCH NEVER BREAK oK
BLEND, MAINTAINING
THEIR CHARACTER TRom
CANERATI0P TO
(GEMERATION.-

LORD KpOWS
THEY WwsT
Be Tivy /!
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Ié'é\(,t‘{, MENDEL NAOE CROS°Co =
Twegh TLANTS DIFFERING It o gk
TWo CHARACTERIGTICS — PR EXaMPte, | T

A TALL TLANT WiTH SMOOTH SegD5 AND

A SHoRT YLAT Wi WRINKLED SeeDs.
6 QUESTION HERE 1+ ARE REIGHT
AND SMOOTHNES CORRELATED SOMEHOW,
DR Do THEY ACT |NDERERDENTLY [uuew
THE PLART REPRODUCES 22

CALL THE ALLELE FOR
SMOOTA 5EED5 S, AUD
TRAT fOR ug

UK(ED
DOMIKAT 50 LT G

SING TALLNEES
D SMOOTHNES
ARE DOMINANT




NOW FOR THE SELF-foLLINKTIOR OF THE HYBRID:

q Q

,‘;ﬂ THE GENES FOR HAGKT
I

0 T

> OF eneq O%RSRW?%

ALL THESE ?06449(,6
COLLENS MID E665 WOULD
BE EQUMLY LIKELM -

8
I IKCA
CASE, THE

CROSSING
<K souwe

LOOKS
LIKE THS.

Q D T 15 WAAT merpet
0BSERVED — k RATIO of
RS

T
g\m _m(éOMﬁl NATIONS,
! AASS% 3 TALL WRIKLED | OF /NDE, EA/HD?%;%

i Pm;s gi&{g’ ggﬁ* TA‘%
I a09S o
LS o swmaen | Sy pgtgeany
. . o ¢ ,
D aass | ST WRNKLED | SO Tar ﬂﬁf%ﬁgw

VoN'T QUITE T |
& QUITE TRUE ! )
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NOW TAAT WEVE Seeh
ROw GENES WORK,
HERE'S A BIT OF
GENETICS JARGOP,
IN CASE You sHOULD
EVER WpNT TO .
EAVESDROP op A
MODERL GENETICIST.

TS 68)-Tek DEAL
MeAvS ELEPHANT
BUCKs, BABY.. WERE
TALKING RECOMBIDAYT
BANK A

PROTESSOR . .

WELL... NOT THAT KinvD
OF JARGOP--

CAETICISTS DISTINGUISH d

BETWOERY AN ORGANISMS 8 '
FPHENOTYPE —WRAT IT
LOOKS LIKE — AVD IT5
GENOTYPE — WAAT
ALLELES IT WAS.

[ o OREAISM 15
| Homozyeous WiTa
fiesreCT 1o A
bIVEN GAVE IF 1o
Two ALLELES Mge
THe SAME, MWD
HETEROZY6005

\F Tiley'Re ~ Homozyeous RETEROZYGOVS
DIFFEREPT.

So Now You Kyow
WHAT A BENETICIST
MEANS BY - 4
“PHENOTYPICALLY SMOOTH,

GENOTYPICALLY
HETEROZ 60U 5.
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seeLl \T

“Ncwwr ALLY — WERE
NO ¢!

T ONDERSTHD JACH> @
0 7
SPELKLED FLOCK : % /// I‘

THE Allete
fOR A BLACK CDAT,
‘%L \T B, WS
INMT. THERC
WAs dLso ;\Mz
RECESSIVE
ALLELE , w, IR
WHIE SPeCkLES.
MANY OF LABMN'S
PHENOTYRicALLY
PLACK APIMALS
SELRETLY (NRBORED
5 w, 50 TeIR
KIDS WERE
SOMETIMEL SPECKLEDT

IN OTUgR
WORDS —

Those GOATS
WERE
HETEROZY- GOATS!

¥ ACTVALLY, THE GENETICS OF CoAT COLOR ARg MORE COMPLEX BU
SAME : RECESSIVE ALLELES. ¢ PLEX, BUT THE PRINCIPLE 15 THE

50



9 O
S IT YollTe
N i\ O T pAsK?

GHERITYEE How b
, How ¢
YU TEL 1T AA
\f\ETﬂZOZYéoTG ? ®

FOR |NSTANCE, (N HUMAPS BROWN EYES ARE DOMINART OVER
BLUE. CALL THE GENES B AND b, BESCECTIVELY.

—

-
Mo CAY WE TELL |F
= TiI5 BROWK- BYeD Persor
1o PP ok B 7

R

ove WAY 15 To SORRY.-| RAVE
CRO%S MM WITH A To BACk OUT OF
RECES%IVE WOMOZYHOTE— TS EXRERIMENT..
16, A BLUEL-EYED MonK'S Yows,
PERSON, Lob. YoU KNOW-..

IE AW OF THE LITTLE
HYBRIDS HAS BLUE EYES,

THE BROWN-EYED FARGT MUST
HAVE BERN N HWETERUZYGOTE,
Bb. \F HE JAD BCEN BB
ALL The CHILDRE® WoOLD
Bave Beg b WITH

BROWY ©YES.
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For EXAMPLE, MY FIRST

WIFE HAS BROWP BYES, MWD | pAvE
BLUE EYES. ONE OF OUR SONS

HAS BLUE EYES; ONE WAS BROWK
Y65, THEReYoRE, MY FgsT

WEE MUST Be HETEROZY6OUS.

(THE BLUE-Bred BoY MusT HAVE

ONE ALLELE FRom HER.)

TRY Dolp( THE SQUARE ! y =

NOW THAT
TUATS SETTLED
LETS GET A
DIVORCE !

My SECOND WIFE HAS BLUE EYeS LIKE ME. IF OUR CRILD RAD

BROWN EXES, WHAT Wwoulp We MAXE OF TUATZ BETTER
NSK THE MILKMAN 1

27 ON.--
HHoBeE 1T Whs
A GPORT.. THAT
WOULD EXPLAIN
IT...REN HEH. --
SRRy
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SoNe EXAMPLES
Of DOMINANT YD

RECESSWE GEAES
IN RUMANS :

sl BROUN EYES AR
Pomw}\m' OVER BLE

ﬁ CoLOR V510N [5
DOMINANT ougr COLOR

BLILDNES.

HARY HEADS> ARE
DOMINAKT OVER BALD
OMNES.

ﬁ Tre ABiLLTY To CURL
Tae TNOUE 15 DOMNMIT
ove@ THE [BRBILLTY TO
CUfL Tie ToNGVE.

* evéfTﬂR\Swrpove? %5

NGRS (00D ot TR

DOUBLE DOSE OF RECEHIVES
ALSO CAUSE SUCH
RARE DISEASES AS HEMD -
PRILIA Y SICKLE-CELL ANEMIA,
TAY-SACHS SYNDROME
TUALASSEMA, vWARﬁs}v\
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HEREDITARY TRAITS ARE
ﬂé}ovfxpev By GEMES [MICH
RETAIN THEIR YOEMTITY P
HYBRIDS . GENGS PARE NEVER
BLENDED ToGETHER.

No CoMPROMISE
Wik Recessives. )

ONE ORM (‘ALLELE") of
N GENE MAY BE
O DOMINANT  OVER MWOTIER.
T RECEHIVE Gales WILL
200 0P LATER I

EbLS> RRE PRODUCED, THEY
EACR GET opE CXY.

@
A2 o -
E@

— //
EACK PDULT  OR6ANISM ’
Wiey YoLLER of SPERM D AND o6 RANDOMLY AD

INDEPADENTLY.  ALL COMBINATIONS
OF MLELES hRe ERQUALLY
L\eLy:

AABBCCDDEEFFGGHH
Aa BBCCDDEEFFGGHE\

L CON N
2""/.'//1 a7

(A @, P -

»> WBLL SEE SHORILY AT AOT 8, THEE ks A Oocrir

T... DOMINANCE (S SOMETIMES OOLY PRATIAL...
ARE ORGANISMS WITH ONLY p SINGLE SET OF BENES - AD G(IAHFER ?»\Tﬂ
YoUR SET5.. - PID DEVITIONS (oM INDEPEUDERT NSSORTMENT TuR

OUT To B0 VERY \MPORTAWT...
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~

MENDEL PRESENTED RIS THEORY N 1865 To THE BRUNN \
NATURAL SCIENCE SOCIETY... |T PUT THEM To SLEEP.

0 FORTUUATev(

DBODY CARED PBOUT
THE PROBLEM ANY
e 0T o Facicp.

|
AND, 566(065 S(N
\859, BIOLOGISTS
HAD BEEV. DISTRACTED
BY THE New THEORY
OF EVOLUTION,
AND COULDN'T BE
BOTHERED WITH
MENDEL'S EQUATIONS.

W THE TIME MENDEL DIED, THE SCIERTIFIC CoMMUNITY HAD TOTALLY
fORCOTTEN MIS WORK. MY TIME WILL COME,“ He SAID, NOT
LoNe BAORE s DEATR I 128Y...

some FIELDS NEVER
GO VT OF FASHON. -




Now Yoll SEC THEM...

e

WAILE MEVDELS WORK Lpv
NEGLECTED, OTHERS WERE
FINDING  WONDERFUL THINGS
N Te MiCcrRo-woRLD.

NowADAYS, WE
Take T PR
ORANTED THAT ALL
LIVING THINGS
ARE MADE UP

OF CELLS —
BUT TS WASKT
FULLY AP-
PREUATED UNTIL
The LKTE

/9™ CEFTVURY.

AS FAR BACK AS THE (600’
ROBERT HOOKE (I(35-(703) HAD
NOTICED THE CELLULAR :
STRUCTURE OF CORK.
BUT IT WASMT UNTIL THE
[800S TUAT SCIENTISTS,
ARMED WITR BETTER
WMICROSCOPES, REALI2ED
THAT ALL oF US PARE
Dvipep V1o LITTLe
CAOMPARTMENTS.
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THE AVERAGE HUMAR CobTaps

TRILLIONS OF CELLS . \

OTHER CREATURES, SUCH

205 5VROT0ZOA% e
5T OF f 9NO

CJZL. ceu,sﬂ Coxte' v

ALL SAACES ARD Sies.

THeRE |5 NO
STONTAPEOUS
GENERATION
oF CEL(S!
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R

AS MICRoSCORES

\MPROVED , THE CELLS
INTERNAL STRUCTURE
EMERGED .

FIRST OF ALL, THERE
WAS THE NUCLEUS —
AD WITHIN THe
NUCLEUS MpS
SOMETHING WEIRD...

N g

oMg

STRINGY 0BJELTS swbepiLy
PYPEARED, DoUBLEY

AND THER VANISED!

THE5E WERE TVBBED
“"CHROMOEOMES "

AD WERE T4 5€
OF M0k D/

CHROMOSOMES,
AT
e MATCRIALIZE FROM

THEq sL1p

Tie AR AND They ¥ AND
DISAPFEAR. The _gga;
MILEMAP:

] g V.
eer?”
COMSULT N A exten”
PN
T ] Ap TN

o .
/P
N "‘% S ckances!
‘ 5=
/‘ 'AI \; 'l.
j\ ; _ }‘z‘ &

T WAS FAINALLY AoReed —
CetRoMoSOMES Dop'T ReALLY
VE-MATERIALIZE oF DISHOLVE .
THEYRE JUST Teo SKINNY
MoST OF THE TIME To BE

> 7"??/45’7/’5' o VISIBLE WITH A COWEMTIONAL
oW MICBoSCOPE. DURING CELL

(A

Dinsion, toweler, Tiey
COIL P, BECoMG THICK
ENOVEH Tp SEE.




CARERUL STUDY REVEALED WHAT UAPPENS To CHROMOSOMES
DURING CELL DIVISION.

FIRST-WHLE STILL INVISIBLE—

Y alp
O Mosome WPLIAE  DioRTan. Beoe

&EN, B SIBLE
THEMSE|VES, REMANING ATIACRD  WND MiCRO5COPE -
l/\;f(' ﬁé\e 8$P0T CAUWRD Twe CEVTRY-

THE MemBRANE AROUND TAE The CENTROMERES V|V/tV? AS
i U AN
g VP '

4
ue CHROMDSOoMES MRRIVE HE MUCLEAR (MIEMBRAVE RE-
g'r TWe OVFO/SV}TE voLeS, %RM& THE CHRoMoSOMES

WY The SUNULE Disperses.  UNWIND ITO [NVISIBILATY 3 AP
e CaL VIVIDES,

TS WRDeELs 15 CALLED
MITO6/5.
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KTHE fROCESS OF MITOSIS & OXTREMELY . \
ACCURKTE. 1T ENSURES TANT GVERY *DAUGHTER .
CElL GETS A PERECT MWD CoMALETE SET
b o Sl e W e
Q 0 O 0 O
SAME | 6\/&% CBLL . CACH spetits Has \is
CWPRACTERISTIC (HROMOSOME NUMBER .. A .

)

Voo MaY
RWE NOTICED
THAT ALL

"
iiees
€ EVEN.
THERE |5
A @000

11:;\&‘( YoIvT5

O Tiw

%gﬂ‘gmofy()m%
e

VERY MATZRIAL

OF HERED\TY
ITseLe !
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- AN % "
\1111'\41 R Y

SOOOOOOOOOOOOOO Ooo

SPERM AND EGH MRE |-
SINGLE CELLS WiTH :
ONLY WALF THE NoRMAL |2

 NOMBER, oF CHRoNoSoHES - -

—

- 0
- OOCOOOOOO OOOQOOOooco’\O \\

Ay AN O B AN B A A B

\

IT WORKS LIKE THS:

THE SPERM AND EGO—
Tie GERM CELLS OF

GAMETES, AS Tm;y

ARG |<|u0uwf- EACH
CARRIES A PALF seT
OF CAROMOSOMES.
T FETIUZATION, TWelR . oo 7
éu&cta WITE, SNING z6tf ce NG
T(*&le ZF?ZHOLIZ;D %ﬂ)@u t Z 5%
0 P s . ~ -’:_
COMVLemwr OF CHROMOSMEs, . ,//i// _
PRoM TS CAL ARGE E
AL OTHERS BY MHTDSIS. Vs

S —
61



~

MOKLOVER 1T (RS
DISCoVEReD (BY THE
AMERICMV  OILLIAM SUTTOP
IN Go2) THAT EACH
CUROMOSOME FROM
THE SPERM CAp BE
MATCHED WITK A
VIRTUALLY \DEMTICAL
ONE YROM THe Ceo.
(IT5 EASIER To See WHep
Tigy'Re DogLed M0
CONTRACTED.)

Thus, Tiege 6 REALLY ALREADY TWo COPIES OF EUERY
OkRoMosoME [N T CELL. TiESE ARE CALLED “Homolo6oUs

PaIfe"— toMoLocous' MEAVING “SpME SHAPE." J

HUMADS, TOR EXAMELE, ITK 46 CRoMosome3, REALLY kAve
73* HOMOLOGOUS PAIRS @ ONE FroM GACH TMR CoME) froM

MOM M0 ofe oM DAD.

>/
THIS SVOGESTS

% THAT THERE

l MUST BE A
SPECIAL KIND

| OF CELL PIVISION
JUST FOR MAKING

WITH OpE ‘
XA 26 EACEPTON, BAMETES...
WE'LL EXPLMY Lier!
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Tylué PROCESS, CALLED MEIOSIS, 15 ACTUALLY A DoUBLE
Diviclop:
AS N MiTosls, THE CHRomosoMes  &UT “TheN THE HomoLd6pus

DovBLe pND Tiaey - gg%og{ggqmes PAIR OFF -

b N 4 SR
eﬁé ’gﬂpow ﬁﬁg %A\?ﬁ{g /7 \\\
ABERS MOTE THE /) \
foRM DIFFeReENCE
AND Tie FROM
CHROMOSOME MiTos|s!

QUARTETS, | )]

(“TeTeADS')

LINE Up. f f[ j

W )
(MORE o1 W
5 LATer!) \\ J ////

WHEY THey Reacu Tue CoLe?, THE CHROMOSOMEZ Tiep
6PINDL6K6<(AF 1SHES  PND NEJKE SEPARATE, AS IN MITD5(S.
FKINDLES TORM “THE OTHER WAY,”

==

W
=X\
=

—
\K/ ‘
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Mgods RESULTS
W FOUR CELLS,
EACH (TR HALF
THe CHROMOSOMES
OF THE ORILIVAL.
COWT EM —

% V5 6 W e

CAE.

(W T WHICH <ORY CHooLos) OF EACK CHREMDSONE 6005
TO WAICK CELL 15 COMPLETELY RANDOM.
EACA OF Tuese COMBIDNTIOPS

> BRUALLY AS
UKE BS /e | = T
— - +
— | 3 E_‘—'__:l- C:ZD-
— | = = | =
/| e — | e — 1=
| e — | 0= =
— — | —=
c—— | o—3 | —
g S—— | = san | SEm
o -— p— - — -
M | = = | e
o pro— =1 | =
— —3 | ——
[P [E——— N [——
— o e A—
] o - p—

NN AT 15, THE CHRoOMOSOMES 0pgY THE LAW OF
Q/////’] INPEPENDERT ASSORTMENT.

J
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NCE MEI0AS D MITosIS
WERE UNDERSTOOD, BIOLOGISTS \ 1/
BEGAN TO SUSPET TUAT N ~
CAROMOSOMES MIGKT GOVERY )
KEREDITY... THEY LOOKED B

AGMY AT OATTERNS of [\
lNM\TApg&... AVD 5CIENCE

7 hoAD WRGHED— BACKIWARD)
To Tue LAWS OF MEpDELY

TowhD Te D OF Tio 19™ 'ceuruw‘ TReE SeenTicTs
MORKING [NDEFEPDERTLY, MORE OR LESS IPLICATED Tie
AUSTRAN MOPKS PXPERIMEDTS AND RESULTS. Tiey WeERE:

s



[k e yerg 1900, ALL THREE SeARCHED Ti SeieNTicic
LIBRARIES TOR PRECURGORS OF THEIR OWN WORK, Aup ALL
FOUND GREGOR MEVDEL |

. ooPs!
e
" \

ANIGHED KICKING -
Tﬂemeewé, DeViaes, N
CORRENS, D Tl mAK -
PNNOUNCHD MEOELS

DISCoVERY To Tike
WORLD: (0T

DILL(AM SUTTOR WD

(R Ty W X - "y
‘ ( - ///
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To SUMMARIZE:

AT v oo T Rl

7
CRROMOSOMES BEUAVE LIKE GENES. THEY
RETAIN THER IDEATITY [N RYBRIDS, AOD Tuey

SGOREOATE |WOEYNDEVTLY WHEY ORM Ceuls
MRE MADE. TWREXDRE, IT'S LoGICAL TO
ASSUME TUAT GENES LIE OB CHROMOSOMES.
(TheRe MOST g€ MAVY eg¥%s oN BA Op6,
BECAISE TaeRE NMUST BE MR MORE GeNgs
T T vA DOZY CHRoMOSOMES TYRICAL OF
MoST ofues ) |

/' ; ‘ - 77! ‘orq i :-’, ”~‘
A Wy = N gy A

T DISCOVRY OF HOMOLOGOUS PMRS ReALLY CINMED Tite
cobNgcTiop To MENDEL'S FINDINGS. ReEMeMexr \ BACH cetd
Sy, HAS A PAIR of ALLELES HOR EAt GEle.

NOW 1T WAS ReAAZED TRAT:

57 b= THE TWO COPIES oF
sk A GIVEN GENE LIE AT

THE SAME PoINT ON

HOMOLOGOUS CHRoMoSoMES.

Tugp AW TS TORRS oUT To
T OTiek Bo TRVUE-- BUT ONCE
CPY MOST  peope LOOKED MORE
i peerLy (Mo Tie MATTER,
HeRe: .
— Ty DI5CoVERED A
Few TS Mepoer
HAON'T ReALIZED...
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@012 ORE TPl NOT ALL OREAPIEMS
UAVE N DouBle Ser oF
CHROMOSOMES. MMIY LOWER SPeuts,
léu(e Some FUNGL, ANE JUST R QIN6LE
ET.

L
T
(OioM
L WITH A
SIN6LE SET 0F
CHROMOSOMES (5

calleo HAFPLOID,
BODY CALS N{)é
DIPLOD Wil OUR

GERM “(3EX) CELLS
ARE HAPLOID.

DRLoID DROMISMS [MCLIDE ALL Tie
FAMILIAR MAMMALS AID BIRDS D MAVY ~
LTS, RAPLOIDS INCLUDE MALL Hope B, MAY
NGl MO NSEYUM. ONE-CoUED CREATURES.

(06 ML TigL,
o

TeRe S0
POLYPLOID OROMISMS,
Witk MULTIOW 6B Of
CRoMosoME- A
SRIMUS I NOMBR (X
N DAY TLMOTS

Me oLy PLop.

(NOT Fehs, Troook )

T OTHER MNP PRoBLEM WiTte MENDELS Tie0
R e e D et 20T e

P ReuSe MEASURE OF HOW WRONG |T Whs LeD
To Twe PBILITY To MAP oUT gXACTLY WHERE OP THE
ClRoMOsME EAUK OF [T5 GV MIGHT LLE ... ReAD ON..
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To MENDEL —AND S
HERS — EENES |vere
JUST ABSTRACTIONS,
LETTERS Mou CoULD JustLe
To EXPLAIN AYO PRepiT

How HEREXTARY QUAL\TIES
WoULD Be PASSED

ALoNG To FVTURE
GENVERATIONS.

Now \T APPEARED THAT
6@6‘7 ACTUAL|
PHYSICAL oBJecTs. ity @
LAY IN SOME ORDER ALONG
Te CHRoMOSOMES OF
gveRy CeLL | AVD THE Two
ALLELE OF eAlh GRE
WERE ON THE TwO
CHROMoSOMES oF A
HomMeloe905 PAIR.

Bumpes N
THE ROAD!

ONE MI(GHT WONDER

IF ITS possiBLe To
MAKE A GEAME MAP
ShoWING JUST WHeeE

N EAGL (WRoMO-
S0ME ALL THESE

R\ KL
IR

3 < \\\{\\;.\\\ Q .

N
\
%5)
\
X

o2 HEREDITARY UWTS

ZANS: , MIGAT e




THE pNSWER To THIS

DEPENDED ON A SEEMING

FARAPOX  TOR \¥ ONE

RESPECT MENDEL'S FIPDINGS
CONFLICTED WITA THE
0BSERVEP BEHAVIOR of )
CRRoemoSOMES $

NAMELY —
The PRINCIPLE OfF
INDEPENDENT
AS0RTMENT /

e

OBSERVE : THE NUMBER OF GENES MVST BE TREMENDOUS To
GOVERN A CoMPLEX ORGANISM, BUT THE NUMBER OF
CHROMOSOMES [N A CELL 15 FAIRLY SMALL. A TEA PLANT HAS
JUST 7 FAIRS OF CAROMOSOMES, A HUMAN 23

CopCLUSION
MANY GEVES
Op EACH

CHRoME50ME !

.serm, er

e
<

THE PRogLEM: (F TWO GENES LIE OV
Tﬁ‘e s.fms CHROMOSOME » HOW CAN
THEY BE INDEPENDENT 27 AFTER
ALL, CHROMOSOMES DON'T BREAK ATART,
Do THEY ? SNOVLDN'T PIFFER?'; P

PHYSICALLY

LINKED— BY ThE

GENES SOMETIMES BE LINKE CHROMOSOME !

" A

f

SO — Yo GENES
ASSORT |INDEPEN-
mt PENTLY OR NOT?
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WELL, \T TuRNE oUT
T 8¢ S0RT of WALF-AND- HALF..

” THERE 15 LINKAGE BETWEEY CERTAIM

OCENES ... @UZ—

r7g

[ ~4
‘e

CHROMOSOMES ALSO ENOAGE IV A
©ooD DEAL OF GENE SWAFFING,
OR (AS TS CALLED) CRoSSING OVER.

— _J

T ILLUSTRATE, LETS LOOK
WITh MUTANT
MAYOUNAE ™

AT THE EXAMPLE OF THE
ORVLP‘RV GPRDEN- VARIETY
ToOMATO.

LAND TRY NOT To EAT
THE EXAMPLE UNTIC
PETER CLASD..

Ia



TomAToES HAVE A SKIN-
TOXTURE 6ENE MITH A
Recessle AULELE, p,
WHICK CAUSES HAIRY FRUIT
(0F coURSE, You Dop't
OFTEN SE€ TUESE P
T MARKET /)

LIKEWISe, Ty, HEIGHT 6ENE HAS A RECEAVE ALLELE, o )

CAUS(NG DWARF PLANTS,

The ResPeLTIVE
DoMINART ALLELE?
ARE P*, WHICH
CAUSES SMOOTH
”’eu FRUIT, MVD dﬂ
£ WHICK MKKES
TR ¥ TaL PLANTS
To 657 Tie PRINGIOLE
0F INDERDELT
PSSORTMERT, WE
CH CROSS A
Double ReCESHAVE,
ppdd, WITH A
HETEROZYOTE,
W*dd* . |

HAIRY, DWARF

ppdd

72
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SMooTd, TALL

pptdd*



SUEPoSE MENDEL WAS RIGHT, AW THE p's WERE NDepgODERT
OF THE d's.

2 g

" WoULD MAKE BA-
z WeTes Witk ALt
« COMBIPATIONS
OF §'5 MWD
_ ds.

CROSSIND  [NITH
THE DoupLe
Rﬁ(ﬁéwe

{4
6IvES THS

Y SMOOTR, TALL ‘1 NAIRY, TALL ;( SMooTh, DWARE & HAIRY, DWARF

73



0w SoPpose p AD A LIE P Tag SAME CARoMOSOME -
t‘fﬂ@ Tre H\(bg\o pptddt KA ITs ALLELES of A
KOMOLO GOVS PR

I TS CA56, ONLY To Tyeed OF GAMETES Chp Be MPDE
pd PHD p'd", FATIGR TRh Tho fOUR PREDICTED BY MabeL .

\—

CROSSING  WITH ?uc Dovele
RECrANEG ppdd, ve 6eT

L SMooTH, TALL 5 HAIRY, DWARF
2 1 )
fr"dd* P 44
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AND OF CDURSE,
Pho's Op THE

Whey THE CROS 15
AT Dot O
T
‘gcmALw GET: A 90%0
SPLIT OR PN EguAL
4- W\ 3eUT -

PROPORTIONS -

( IT SeeMS TRKT NEITHER
PREDICTION |5 CORRECT.
ALL POUR TYPES Do
APPEMR , BUT IV TheSE

SMOOTH, DWARF ~ MAIRY, DWARF

SMOOTH, ;‘ ALL HAIRY, TALL y ]
pprdd ppdd * pptd pp d
\ 487 2% 2% 48 % J
\T5 0., 115 CERTAINLY
¢ T CLOSER 10 THE
l.ou?s';v%w&. PREDICTION BASED OR
URKAGE TUAY To
MEVDEL'S. BUT IF
P AD & ARE
LINKED, Tiep
WHERE DID THOSE
2% COMBIPATIONS
COME FRom 22
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NOT T0 PRoLONG THe MY5TERY — THE GEVES p AND A ARE OV THE )
SpME C(HROMOSOME, BUT CHRoMoSOMES (AN EXCHANGE GEVES.
IT'5 CALLED CKOSSING OVER :

DURING MEIOSIS, HOMOLOGUES a1 CERTMN TPoIpTs, SEEMIVGLY
LINE UP WITH CORRESPONDING  “Closey” KT RANDOh, THE
ALLELES 0PPoSITE ONE MOTER.  CHROMOSOMES TOUCH :

Frd* >
P &*
SOME SEOGMENTS CROSS WHEN THEY GEPARATE, THEY
OVER - HAVE NEW CoMBIMATiOpS
OF ALLELES.
A+
: e :
d
¢ d

WHEN TAAT HAPPENS To OUR
HETCROZYEOTE, S0ME OF THE
RESULTING GAMETES (£T THE
'RECOMBINANT * CHROMOSOMES .
HENCE THE EXCEPTIONAL CROSSES/

k

OTe: THANKS To
ERL%I&D OVER, Ti
{RomOSOMES {OU
YAs5 ALONO To YOUR
OFFSTRING ARE NOT K
EXACTLY YOUR owp,
PRUHLLD Tobe
ComBlieNTop, T

o

IR S%72D 5




—~
(e CRocslng oveR whs

DISCOVERED, \T WAS
go\a( LY Seen To BE THE
Y T0 HFOMosomE

@Fp.p-f‘

TWOo GENES WHICA
ARE CLOSE
ToGETHER PRE
RAREL SEVARATED
oss

(bFeAT@F meccé
THeY ARe
SEPPRATED MORE

TREQUENTLY,
AJD (T VERY THAT 15,
CREAT DISTNPCES | CRo55106 VAR
Tty ACT ‘i‘.i%ﬁéi”s"éé T
COMSLETELY DISTANGE !

INDERENDEMTLY.




' ol g =
s LA "VQV.,.;- =S %4"’.‘:'1 AN ot Bt VAN DV N o 3 = o e g g R — ‘\\

S0 WERES HOW You MAKE A GENE MPP WITHOUT eveR SEENG N\

(

-

»
'.‘~‘

TR TLOT THEM OUT: ThosE

MO5T CLOSELY LINKED
NILL BE o Lot
TO %TREE\ . ':
6TC/ ! c”’ 2R :

‘\ A SINGLE GENE - )
) /
N fiRsT MAKE A VAST MUMBER OF (q
| CRosHE5 BETWEEN \WDIVIDUALS 4
N VIFFERING IN VARioU5 PAIRS
) OF TRMTS... /
! ‘
’ /
X AF c PE F cu - /
,4 ol 21l.0 .o]-% 4g .lq(.‘H_ | (
5 alo || 3|3 gs] ] w '!‘\
! , Sk VEXT, SEE HoW OFTER EACH PAR
oo I | sppaTep By cRoSsING
) DoY) a0 . OVER (Y LopkiNe AT THE
J £ |-3]5¢ OFFSPRING) . f
WARR \
¢
H

ey

F

ARy
g/

PG s - = - O
s

~radd

SINGE 1912, MAPPING HAS pegp
MYLIED To A VARETY OF
OROMISMS. NEMRLY 1000 GENES
HAVE BEew MAPPED IN THE
PACTERWM £ Cor/; ApoVT Zoo
IN The ToMATO; 200 | THE
ROUSE MoUBE " pNp A FEW
AUNDRED IN Humap Perues,
ALTKOVGH TS Wps- povE BY
PIFFEREPT MEAPS...

Tuey Wop T
LET 05 PO

BREEDING
exPER MEYT5...

W
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S0 FAR, We JAVE peed)
THIKWO OF CRES A
"WTOMS OF [NHERITANCE —
UNCANGING, IMMUTABLE
UITS OF KeredITY.

A SL6HT
ELAGGERATIOP!

NoT QWY ARE CePes
MUTABLE, BYT TheY
VO MUTATE RoM
TiME TO TIME , OWIN6
To CoPYiNG ERRORS
AND VARIOUS
ENVIRONMENTAL
|NFLUENCES.
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THese MUTATION% il
MEANS “CAANGES |V
LXTIP - PRe FAIRLY RARE -

Tre CRAMCE OF ANDING
A MUTATION |p A

OWEN 6ENG 1D MY [NDIVIDUAL

6l SOME GERES
R&) MORE PROpE To
CHAVOE TRAN OTeRS!

EVEN RT Tis RATE, Ty Do ADD UP/ A wUMAN HAS SoME
200,000 GENES, SO WE CARRY AN AVERAGE OF TWO N
MUTATIONS  ATIECE.

OREPT
SUADES!

A CHARGE
rOF ohxs MAY

CAVSE 6R06S
DEYECTS, BUT
MOST OF TiE
TIME, MUTATIONS
ARE MORe
SUBTLE.

NED AL LOOK
LIKE

MONSTERS.
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SOMETIMES, MUTATIONS
MERELY ResuLT M

A NEW RECESSIVE
ALLELE, L\WE HAIRINESS
IV ToMATOES.  You
DON'T SEe ANYTHING AT
ALL UNTIC TwO
IWDIVIDUALS WITH TRE
SAME MUTATION MATE
T0 FORM N ROMOZYOOTE,
Then

Vi 2
S e 2

v

“, 74,.;'4"!
d Y
l‘\ y ‘{ 2

SOMETIMES MUTATIONS ARE (oMPLETE({ SILENT — pRODUCING NO
CHANGE AT ALL——ASD SOMETIMES THEY CAUSE CHANGES SO

SLIGHT AS To 6€ BARELY PERCEYTIBLE....

7
L\KE AW
aTFA " H: "’/;

\\

MiLLIMETER

T PR So OFTerﬁ

T“"’f?ﬁ‘f ?egﬁ;f;
A OA 1Y

A

To Tk
Lueky MUTART U
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Kmvmous ARe NOT
ALWMS SEONTANEOUS..
FAR Sﬁigg g&sﬂtt
1510

%&e ﬁgﬂ,‘f% %R 'ﬁc@em

L FREgUEpCY
OF MUTATION--.
Ve RGENTS AR
CALLED MUTAGENS.

TR

—

)

\‘1

)
/., )‘)")‘

~

S 7 Some CREMICALS
ARE MUTAGENS... $

\‘%N‘w
‘\

)

\

P?O 15 Mos-r RA Z /—

DIATION- HERMAN MOLLER WAS THE FIRST To
DEMONSTRATE Te MUTAGBRIC POWER OF 4-RAYS, IN 9L7 Wﬁ
HE IRRADIATED FRUIT FLIES (M FAVORITE ARIMAL oF 66VE’rf’asT6)-




éﬂUTATaoP IN BODY CELLS (SUMATIC CELLS, AS DISTINGT FRom

ERM CELLS) MAY BE INDLVED N CANCER... IT MAKES
(s:gtls/e THE GEVES CoNTROL BVERYTHING ABOUT THE
)

INCLUDING THE PROCESS OF DISIOP. ALTHOUSH
TeRE ARE STILL MANY MYSTERIES ABOUT CANCER  IT
INVOLVES MUTATIONS THAT LEAD THE CELL To Diviog
kOUT OF CONTRoL.

4

WY MUTAGRIC AORVTS ARE WSo CARCIMIGEMIC (Criep-
CM5E) —WCH 15 WY Tue FOD + DRuG PEOPLE LOOK
DOT FOR WUTAGENIC FooD KDDITiVES... AD Wiy You  SouLD
LIMIT YOUR SUNBRTHING, EFETINLY \& ou HAVE PALE

KN (ULTRAVIOLET LiGHT |5 MUTAGRVIC )

EOMEED
£




BUT OF COURSE \TS
IN THE OBNES...
NOT (oNG PFTER .
HOMOLo6OVS
CHRoMOSOMES WERE  /
DISCOVERED,
SOMEPODY  NOTICED
AN EXCERTION:
HUMAN MALES HAVE
ONE PAIR THAT 15
NOT WomoLoGOVS ¥

THE LARGER OF THESE CiRomoSOMES
WAS CALLED X 5 THE SMALLER, V¥

THE OMLY GBRETIC DIFFEREACE BETWEEN (HUMAP) MALES AND
FEMALES |5 THIS:

THe OTHER 22 0THER PAIRS OF CHROMOSOMES ARE THE SAME.
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ﬁm‘s JUST MAKE \
FEES ) e
o ot &)
BABIES N T
BIGKT AMOUNTS.
U0 @

MEI0SIS PRODUCES EOGS (ARRYING THE X CHROMOSOME ; SPERM
ARE EQUALLY DIVIDED BETWEEN X AND J/ —

‘:l

B0




HOWEVER, THE

BASIC GENETIC QUESTION
REMAIRS:  WHICH
GENES ARE RESPONSIBLE
FOR (HAT?

1% IT THE Y CHRoMoSome
TWAT MAkes A

MALE, OR DOES IT
TAKE A DOUBLE

DOSE 0 X TO

MAKE A FEMALE?
WHAT WOULD HAPPEN
TO SOMEBODY Wi
TWO Y CHROMOSOMES
AND A Y 27

This ACTOALLY THESE QUESTIONS ARE ANSWERED BY LQOKING
HAPPENS I AT CASES OF FAULTY MEIO6]S... SOMETIMES

THERE (S AN ERROR IN MAKING SPERM:

NO SeX CHRoMoSoMe

BOTH SEX g
CHRomosoMes

The XXY (“KLEINFeELTERS

SYNDROME') 6ROWS UP MALE.

vl N Tue YRESENGE oF Two

X CKROMOSoMES, Tikg | CAUSES

g\‘f(ﬂ‘%‘w The QINGLE X
ows W feMALE,

oS Te
\ TWAT mAKes

. .
)

“KLENFELTERS
FIDROME*
*TURNERS HNDROME"
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THeR ABNORMALITY 15 THE “SUPER MALE ComBivpTiop XYY,
A‘%u’fgfowﬁé IN ABOUT ONE BIRTA I8 A THOUSAPD. § YY CHiDRep
oRowW WP To Be NORMAL MALES — EXCEPT THAT & op

IN PRISON ABOUT 20 TIMES MoRe OFTER) THAW THE ResT ofF
The POPULATION. PBOUT 5% of ALL PRISONERS HAVE

AN OXTRA ¥ CHROMOSOME. SOME SAY :

BEWARE
Tve CRIMipAL
KARYOTPE *

XENoTYPE = AN DRGAMIOM'S PATTERY OF CHRoMOSOMES

am—

MpST GVETIUSTS WOULD BE MoRe CAUTIoVS.. THE VAST
MAJORITY (OVER 95 %) OF XYY MALES ARe MOT |

PRISON... 50 TS IMROSSIBLE To SAY TWAT THE
WKARIOTYPE (AUSES CRWIVALATY ! 1 XYY

88



DO ANIMALS
Do IT WITH
X5 MD Vis?

(F'NOT NECESSARILY. SEX DETEI?MI\

NATioP 15 HANDLED ALL S0RTS
OF WS, TROUGH MANY, MASY

Heles WE Tie sAmMe SYSTEM
a‘; W6 DO . ENG

BUT AMONG BRDS 1T'S ST Tie
OFFos! TE —

AVD BEE> ARE ReALLY Bep-TARFE:
MaLES DEVELCY RO UNFERTILI2ED
ev5. Tae're AL HAFLO/D,
Wereks AL DIPLOIDS Pee remile
(The VAST W oRTY oF THE WVE )-
oTMRWISE, BES HAKE PO et
sex (ROMOSOMES.

Wil You Listed

To M7 | SWEAR,
BUSTER, 115 LIE
Yov'Ke onLy HALF
THERE SoMETMES!
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[ They THERE ARE THE TRUE ODDITIES, WITH Mo GENETIC \
VIFFEREVE PeETWERY MALE AVD FEMALE AT ALL...

WHEN THE LARVA OF Tue MARVE WoRM
BONELLIA SETTLES ON THE OCEAN
YWOR | IT DEVELOPS |NT> N METER -
LONb FEMALE.

by Vo PacE
o2 W10 ,
| L CEVTI ME
o WY« Lobp)){o‘ w{fp
Vi NSIDE THE
/ PEMALE !
(, _ ,
el -

(A SOMETIMES
SINPLY SUBTLE... > ARG o0 ADY
CERTAIN fRoToZ0A L o\
HAVE Tiwo SEXES, Nz M
BUT Ty DIHER ;
ONLY IN A QINGLE
CENG... THESE
ORGAVEMS USYALLY
eRRODUCE ASERVALLY,

RO

PRRTNER MUST ROt

6O OASY !
\_
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“RAVED CENES

oW BACK To HUMAN/y
M WEVE SeeN TMAT ALL
Tae 6085 ACCOWTING FOR
PURELY SEX-RELATED MATTERS
HAVE ACCUMULATW oW JusT
W0 CrRoMoSomes, ' for-

femALe , Y R MALE.. &

ﬂﬁg THERE ANY
OTHEFR GEAES
ON THESE CHRANO:

Z&ME@’ tida p

([ Tiere's A Go0p REASOP T ASK: WUMANS EXHIBIT SEVERAL A
VEreLTs AT ATEAR TO PE SEX~LINKEL

*wmun A FAlLuxe oF THE BLOOD To CLOT. WEMOPHILIACS Cap BLEEDY To DEATH

FROM A SMALL QUT
91




FRom Tiis

You MIGRT

QONCLUPE

TWAT THESE

oeNES LIE

N Tite Y

CHRoMoSOME —

BUT ‘101/'[7

BE WRopo !

ACTVALLY,

HEMDPHIUA

COLOR- E’)LIHDV@ﬁ

P rEREDTARY

BALDNE Pge

ALL CAVSED

Ey‘/ CESSIVE
LES

unue op Twe

X CeRoM050ME"!

("TAKE THE EXAMPLE OF BALDNESS: )

BALD

L

Koo x

THE REASON WoMEN ARE RARELY
PALD lny T EVEN IF THEY HAVE
The BALV €55’ ALLELe o g X
(KROMOS0ME, THEY USUALLY HAVE The
POMINANT NON-BALD OV T OTHeR .

pap

gUT \T SHOWS Up [V MEN BECAUSE
THE 'Y CHROMOSOME }IAS NO
ALLELE FOR TAAT 6ENE AT ALL.
IV THE ABSENCE OF A DomiNANT
ALLELE, THE RECESHIVE |4
EXVRE%ED” '
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- LET'S SEE ROW THESE SEY-LINKEP GENES ARE PASSED ALONG:

Suefose A
NORMAL WOMAY
(XX) HAS
CHILDREN BY

A BALD MAY

Y ).

6

I

THE DWGHTERS (XguoX
ARe AL CARRlegs(..f“p"oT)
iRy e e A
V )
THE SONS T NORMAL.

LA\ IF Yo W
>>>> /_7> lokmL, You cau't

KWRW BALDMESS
FROM YOuR FATHER |
NOKT GENERATION = SUPP0se
ONE OF Tie CPRRIERS
MARRIES A
NORMAL MAV.

Op Tie AVERA6S,
HALF THE DAVGKTERS
WILL B CARRIERS, AND
HALE THE SONS WILL
Be BALD!

WM\ You CA INHERIT

BALDNESS FROM

ORAVDYATHER !



HEMOFHILI1A FolLows
THE SAME PATTERN.

WAS QUEEN VicToriA
OF ENGLAND, (o
WAS A CARRIER.

THE MOST FAMOUS EXMMPLE

THERE & NO RecoRl OF HEMOPHILIA 1IN VICTORIA'S
PVCESTORS 90 WE MAY ASSUME THE DEFECT PYTEARED

\V HER GENES p5 A SPONTAVEOUS MUTATION. THIS HAPPENS

WITH HEMOPHILIA IN AN EATIMATED 1 CASE IN BYERY

50,000 TARENTS.

6\ -~
&

[&) )
»

sy

= OUR
ORAVDMOTHER
< - A
%4 MUTAVT !
TS ¢
I } \ ('
&y
7 <

\ \\\
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HEMOPHILIA 15 PASSED PLONG VST LIKE BALDVESS, AD
You (AN seEE THE PATTERN I V\CTORINS FAMILY TREE

OT‘D () = VORMAL FEMALE

@ - fEMALE VICToRIA | ALBERT
CARFIER = NogmaL MALE
- mAle HemoflILIAC |

L g S0 ol
= & b0 o ot

ila 365w bmt mhddlme

[ VICTORINS NUMERUS BRoOD INTERMARRIED WITH THE ROYAL
HOUSES OF EUROYE, SPREADING THEIR MEDICAL PROBLEMS
INTO PRUSSIA, SPAIN, AND PRE-REVOLUTIONARY RUS5SIA..

wAIT! pON'T
SW0T! N SERATCH
COULD Be FATAL!

\
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JUST LOOK

Mo FaR 5CIENCE RAD (ome
By Te EARLY |q™ CEMTURY:
MEVDEL AVD KI5 REIRS
WAD YOLISHED OFF ALL
THo5E OLD PUZZLES - e
RoLE OF MOTHER Avp FATHER,
m% NS?;M}E OFWHKBR%@M Nes M

ORTS T |
SEX, AVD pvey WHAT CAUSES
The QUAL\T IES OF LIVING ‘
THIVES...

ALL THESE WAD
pEEr EXPLAINED qﬁlﬁ WHY Do 66NET|@
E D

(N TeRMS OF AR VO!NTED BEAR
GENES ...

6EvEs AAD BERY
LOCATED, WALPED,

MWD THER.

YATTERNS OF
INJERITAVCE
AVALYZED. Now JusT
ONE RQUESTION
REMAWNED ~-

GET KEADY
To TRAVEL To
UMEXVLo RED
TERRITORY /
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WHATSIEINGEE |

HERE WE SEE A
COUPLE OF TYPICAL
LIFE FORMS: A
CORILLA AND A

PANANA ... THE
QUESTION 15 ~—

ROW Do TAE GENES
WORK To MAKE THE
GORILLA A GORILLA
AND THE BANANA A
BANANA... 22

3
7‘& ;3 a
AP S
4
J O e v )’ LD
7 6 N co
‘ 9, "vy“
,,v y p
/] /¢
‘ ’ t.,
///
L,
= S s BLUA
~CF o
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\

FROM HERE YoU CAN SEE
HowW THE GORILLA 15
MADE OF CELLS - To
UNDERSTAND THE APE,
WE'LL UAVE TO MAKE 8%
OfF WRAT 6OESL OO IS TRESE
TINY CHeMIcAL FACTORIES.

ONFORTUPKTELY,
NOT ALL

- GORILLA
CELVS PRE
MIKE ---
Tuese RED
BLOOD CEWS
MRE DIFFERENT
FROM SKIN
CELLS IP
QEVERAL
WAYS --

\\




(SIMILARLY, THE BANANA PRESENTs A WIDE DIVERSITY )
OF CELL TYVES...

...EACK OF WHICH
\S FILLED WITK ALL
SORTS OF Ve

(" MGG BANAVAS AND GORILLAS EXTREMELY AARP TO )
FOURE OUT £7 |

HAM... TLE 6OLOT
BODY CONNECTED To Tue
ENDOPLASMIC RETICULUM...
Tae ENDOPLASMIC RETIC-
VLUM CONNECTED To

THEe NUCLEAR MEMBRAVE.
--- NUCLEML MEMBALAVE
COMNECTER To. ..
SBIGK <




WHy DIDN'T 1
WSTEN TO IAY MAMA
AND BECOME A

I EACT, GORILLAS Am
BANANMS PRE 50
COMPLICATED, THAT
OR MANY YEARS
SCENTISTS DESYAIRED
STHND!

MOLBEWLPR GERETICS

INSTEAD, THEY
STUDIED A MUCH
SIMPLER ORGANIFM:
A TNy CREATURE

FOUND LINING BY

Tve BILL/ION — ,
RGHT...IN... HERE Y

o
‘Q\
\)

o PRl
Nl

Z

TAS (5 THE
BACTERIUM,
ESCHEREUIA
COLL, TRAT
THRIVES IN THE
INTESTINES OF
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WE TEND 70

TAINKC OF PACTERIA

IN TERMS OF DISEASE,
BUT E.COLI (M5 \T5
USUALLY CALLED) 15
ACTUALLY QOITE
BENIGN AND USEFUL ...

LIKE OTHER BACTERIA,
E.CoL( 15 FAR

LESS COMPLEX THAV
TS cELLS oF HIGHER
UFE FOoRMS. T
LACKS MOST OF THEIR
[OTERNAL ORGANIZATION,
AND (TS CHEMISTRY,
WHILE (OMPLICATED
ENOVCH, 15 MUCH
SIMPLER THAN THAT

OF APES AND BANARAS.

[LET 5 GET INSIDE
ONE OF THESE

E. Coll MOD 56E
HoW [T LOOKS...




THAT TANGLED
mpss 15 THE SINGLE
CHROMOSOME
CONTPINING THE
GENETIC MATERIAL .
TRAILING OFF Tie
CHROMDSOME PRE
SoME Lopb
STRANDS WITK
povple BALLS
SLIDING ALOYG
THEW, THE SITE

OF Some
ACTIVITY .

TAIS 1S TPE ViEW
TRoM INSIDE THE BACTERIUM
E.COLN /7 ALTHOUGH 1T
LOOKS PRETTY COpFUSING
AT FIRST, we CAN MAKE

OUT A Few oBVIoUS
FEATURES!
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. IV Tae MiDOLE
GROUND, SOME
PULLING APART APD
RUTTING TOGETHER
V/'\_R|0U6 LONG,
STRINGY THINOS
AND ALL AROUND
ARE TINY BITS

OF RAW MATERIAC
WATER. (CP‘P‘T Do
WitsooT T )

Qq

. THs b5 The RITURe WE NegD TO
=] DERSTAND. Tp DO 8p, WeLL
e WaVE To 68T EVeN SMALLER APO
23 LOOK AT EACH PIECE [P TURM:
g
” _ /é‘\ X e 1
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NTROGEN

SURPRISING AS 1T MAY SEEM,
ALMOST EVERYTAING [N THAT SOLFUR
COMPLEY PICTURE (5 MADE O€ — —
JUST SIX DIEFERENT ELEMENTS .

IN TAB CELL THESE ATOMS ARE JORED TOGE THER To
FORM MOLECULES.

| THE SIMPLEST AND MOST
ABUNDANT BY FAR 1S

WATER , 1,0

.

AMOTHER SMALL ONE IS
THE PYRAMID - SHAPED
PHOSFHATE, TO4.

A BIT BIGOER ARE \
THE RING-SHAPED
SUGARS- TIIS ORE
15 GLUCOSE, C¥.0, -
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[ BOT MOST (KiNDS OF MOLECULES
IN TRE LWVING CELL ARE ENORMOVS,
CoM5ISTING OF TUOUSAPDS OF
ATONS. Tuese MACROMOLECULES,
Thoubr [ARGE, ARE GENERALLY
MADE B STRINGING TOOETHUER

MANY (DPIES OF IDENTICAL
SUB-ONITS,

SURROURDED
By SUOPAR !
M 18 HeAvER!

FOLYSACCHARIDES  FOR
EXAMPLE , ARE JUST CHAINS OF
SUGAR MOLECULES. TYPICAL
PoLySACCHARIDES ARE

STARCH ANO CELLULOSE.

-

———T,

=y
HH

‘,\

LIPIDS ARE A CLASS )
OF MORE COMPLEX
MACROMOLECULES,
HAVING AT LEAST OpE
END WHICA 15 REPELLED
BY WATER. LIPIDS
FORM p mAJOR
COMPONERT 0OF

CELL MEMBRAVES
AND INCLUDE THE
ANIMAL ¥AT5 AWD
VEGETABLE OILS.
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NRE THE MUCLEIC ACIPS MWD PROTEINS... WATCH CLOSELY:

THE BUILDING BLOCKS fop
NUICLEIC PCIDS PRE

CALLED MUCLEOTIDES.

AN INDIVIDOAL NUCLEOTIDE
\TSELE WAS 3 COMPONENTS:
A SUGAR, N FHOSFHATE,
AND A BASE, LIKE 50 —

| @Tau MORE COMPLEY BUT MO5T [MPCRTANT IN GEVETICH, |
\f

HOSPHATE
e

THese PRE HOOKED TOGETHER TO MAKe A LOMMUMUMUE

SUOAR-PHOSPRATE  “BACKBONE™ WITH A SEQUENCE OF BASEs
STICKING  OFF :

%w;ar—- base
/
phosphate
\éuqqr - bﬂ§v€
phoe/hah?
Sugay — base THS MAY 6O oN

/ YOR MILLIONS 0OF
pho&p\hdi’é NUCLEOT|DES ! |
ETC Y

THE SUBAR MAY BE ONE OF TWO KIND5, WAICH [WE ILLUSTRATE

WERE WITROUT ALL THEIR PESKY HYDROGEN AToMS.
JsT CLUTTER UP THE ?ICTURE!)V {DROGER. RToMS. (Tvef

< You s€€? ope

©) (55 OXY6EN!
) VEOX{RIPOSE |
— ),
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THE PHOSPHATE | Soa oA

&P

()€
FRoM THE ¥ {0
SUGAR e
Like 50: ¢ @ &
o‘a-:' ©
y HA
KELL TOUCH THE BASES > ©
‘W JUST SMY THeRE o}
ARE 5 KINDS WITH THe L >ic]
MICKNAMES A4.C,6,7, gy O
AND 0. e o
N AW GIVEN WUCLEIC b
e By
L R :
THE SANE Y9G |
NueLee ACIDS WITH ofiee
RIBOSE PRE CALLED &
RIBONUCLEIC ACID 3, (7]
OR KNA. Those WITh ’
DEOXYRIBOSE ARE <4 %
CAULED DNA (Deoxy- EN
RIBONUCLEAC ACD, OF 8 Q G
Coukse 1.
Ah ©
e s (inf ‘5 erepeeT R (7
BE D 7 %
FROM OUE NUCLEOTIDE To Sq
Tee NEXT, aViNe NUCLEIC ACIDS K
THE ATPEPRANCE OF MESSAGES GO 6 U]

N 50ME 45TRANGE MOLECOLAR (ANGUAGE!
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IT WOULD

ok 1o
€

To BX(;LNP"-

RGeS

PRE THe MOST COMPLICATED
MACROMOLECULES OF ALL.
THE BIOLOGIST MAX fERVTZ
a\l?wT Rﬁ %M:)SQQMOETJ &fr
5 (AREER — AVALMZIN
ONE O THEM = HEMOGLOBIN,
TE PROTEWN THAT CARRIES
OXYGEN TUROVGH THE
BLOODSTREAM . FOR Tikts,
PERUTZ RECEVED Tue
NOBEL PRIZE IV 1902 ..

YET IV A CERTAN SEN5E, PROTEVS ARE SIMPLE, Too: LIKE
OTHER MACROMOLECULES , THEY ARE LONG CHAINS OF SMALLER
SUBUNITS .

ACTUALLY, HEMOGLOBIN 15
ﬂﬁ&,?\;mﬂ &’F 30%44 CUAINS,
W X
6”1MM?[7R|CAL TWGLE.

l a i
L A

“HWCA

0F PROTEIN
MOLECULES fRE
AMING Aclps,
(NICA pRE OT
NAMED  AFTER

IDI AMIN,
THE FORMER
DICTATOR OF
UGANDA. .




THE TYPICAL Ao ACID
LoOKS LIKE THIS -

Tk N
L} 0 0 “
COMPLICATES - MRTTERS ...

— ¢ GLYCNE |5
2 QUG SIMPLE:

CYSTEINE CONTARS
SULFUR:

ool ~ PHEN L AL ANINE
/®‘@ HAS A RING:
e Oy e
@ vO-2%@
W A-@Hr
ASPARAGINE WAS 4 »
EXTRA NITROGED
¢ d ©®
. ,‘@é@f@:
H- @ /]
/NH

LEVCINE \
HAS A BRANCH:

d 4 .
O-0-&

TRYPTOPHAN
HAS RINGS OF
RINGS

Y 2
®




EVERY TRoTEN HAS A PRECISE NUMBER
AND SEUENCE OF AMINO ACIDS.
MWUTUAL ATTRACTIONG AMoNb THEM
CAUSE THE CHAY To Coit UP INTO A
FAIRLY CoMPACT, BUT FLEXIBLE SHATE.

OFTEN, M Wi a
HReMOOLLOBIY, ‘Za/g(zp‘t

PoLYPEPTIDE CHAINS
MAf COIL TOGETHER

(" WAAT Do PROTEINS \
PO FoR A CELL?
You PROBABLY THINK
OF THEM B9 SoMETiYNE

TRAT ENRHES
SAAMPe0. -

OR MMYBE You
KWOW ABOUT Tie
YROTER (M
AVOERVAILS, FEATHERS,
AND HAMR.--

BUT ACTUALLY,

M05T PROTElNS

ARE SOMETHING il = L
ELSE POAN ... é\ ’ Eﬂﬁm
> L g

MOST

PROTEINS
ARE

ENZYMES Y/




[ ENZIMES ARE PROTEINS WHICH TAKE APART OR puT |
TOGETHER OTHER MOLECVHLES. EACHA ENZYME S
RESPONSIBLE FOR JUST ONE SPECIFIC REACTION.

A TYPICAL ENZYME LIES THE ENZYME BINDS To THE
IN WAIT FOR THE RIGHT SMALL
MOLECULES TO COME AROUND. MoLecuLes

/

v4

- AND COMBINES THEM... Mﬁolé\ ,{é\g A@%CM

\%F ) 6Pro°

55y ¢ Yohe sy
>

<

THE ENZYME ITSELF REMAINS  IN A SIMILAR WAY, PIGESTIVE
UNCHANGED (N THE PROCESS. ENZYMES BREAK DOWN LARGE
MOLECVDLES. SEVERAL KINDS,
fOR EXAMPLE, CHOP SULARS
CEF POLYSACCRARIDES K
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[ THESE PROTEINS ARE 50 [MPORTANT BECAUSE VIRTUALLY

EVERY ONE OF LIFES CHEMICAL REACTIONS 15 DRIVEN BY
SOME ENZYME .

WHEN CHEMICALS COME
UP THROUGH THE R00OTs
OF THE BANANA TREE,
ThE PLANTS ENZYMES
CONVERT THEM

INTO TRE CONSTITUENTS
OF A BANANA...

THeN, WAEN TRE GORILLA
EATS THE BANANA, THe
ACES ENZIMES DIGEST
TUE FROIT AND TURN

IT INTO M APE ...

... AND LIKEWBE FoR
E - COUH, WRICH HAS
\T5 OWN ENZYMES...!

AND WHAT
00 YOU SUR-
RoSe MAKES "
THE ENZYMES'

-. Pg ﬁém
i¢ made by
its @mym@sﬁ

Il \I' i

" . P N A SN, S L A

e ¢ @ ©. @ @ @
- ) ot
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O GENE, CITE ENTYME ) '

THAE RELATIONSW(P
BETWEEN GENES AND
ENZYMES FIRST
BECAME CLEAR
THE 19103, TRANKS
To EXPERIMENTS
PEREORMED BY
B10LO6ISTS GEORGE
BEADLE AND
EDWARD TATUM ,
WORKING WITH
MUTANT STRAINS
OF THE COMMON

" BREAD MolLp
NEUROSPORA
GROWN 1IN BATIS
oF CAEMICAL
NOTRIENTS.

EACKY MUTANT wps
FOURD To REQU(RE
MORE CHEMICAL
NUTRIENTS IN ITS
DIET THAN ERE NEEDED
@y NORMAL MOLD
OR EXAMPLE, ONE
MUTANT KAD O BE
FeD AN EXTRA AMIND
ACAD | WHILE ANOTHER
O\ReD A
CERTAIN VITAMIP -

i —
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_

[ Tue ReEASOD, TA .. WHILE
FOUND, WpS Tuf-;’ TUE MUTANTS
NORMAL MoLD COULD NOT-
WAS PBLE TO BELAUSE THEY
MANUFACTORE MCKEZ;
Tie MISSING SOM‘E
NUTRIENTS FROM J&Eg%m&s
OTHER CHEMICALS-- T Do SO.\(-

RY EXHAUSTINE
CROSS-BREEDING
ANVD SIOCHEMICAL
ANALSIS, THE
SCLENTISTS DISLOVERED
TwS: THE MUTATION
OF A SINGLE GENE
(LED TO THE LACK
OF A SINGLE
ENZYME ...

The mebabolic role
of bhe denes 15 to make
enzymes ,and edch
i gene is responsible Sor
g one, specific enzyre.

IN SHORT:
ONE GENE,
ONE ENZYME /

!
' vy e T . i o
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r(So THATS WHAT GENES PO—MAKE R
ENZYMES — BOT STILL NOBODY

UNDERSTOOD EXACTLY WHAT

THEM WERE ... TROUGK A FIRST

STEP IV THAT DIRECTION HAD

BEEN MADE |V THE 19905

Y FRED CRIFFITH...

By
ACCDENT,
REALLY !

_ p
(" GRIFFITH WORKED WITH Two The OTHER LACKED A )
STRAINS OF THE PNEUMONI(A CERTAIV ENZYME USED [N
BACTERIUM PNEUMOCOCCUS. b WIAKING Tug THOK puTeR
Wps THe VIRULENT “WILD TYPE' CAPSULE S6EN Iv THE WILD
FOUMD N TyeE.

&\
—=
/

WHEN INJECTED INTO MICE,  Tue MUTANT PNVEUMO -
Tie WILD TYPE INVARIABLY  COCCUS, ON THE OTHER
CAUSED DISEASE ... HAND, HAD NO EFFECT.




0
(-F THE WILD TYPE, MANGLING
AND KILLINO THEM

W gy \‘\‘0

NOW 6RIFFITH  BOILED SOME |

J/

(" As EXPECTED, THESE HEAT. )
KILLED BACTER(A DID pO
HARM.

APE D‘{OU
K

MY _NERVES
ARE sroT !/

ORIFFITA MIXED Somg
HEAT-KILLED WILD TYPE
W\TR LYVE MUTANTS.

(THER, JUST To BE THOROUGH | | DESPITE THE FACT THAT

EACR IN6REDIENT WAS
WARMLESS IN ITSELF ——

[ WoT oLy DID THe
MICE Die, BUT
LIVE WILD-TYPE
FNEUNOCOCCUS
WERE FOUND N
THEIR BODIES !
GRIFFITH COULDN'T
FIGURE Tus OUT
AT acL i
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KEVENTUALL\I, IT WAS UNDERSTOOD THIS WAY - ﬁ

THE GENES

oF TRE WILD
TYPE RAD
SURVIVED THE
BOILING AND
INFILTRATED
THE LIve
MUTANTS,
TRANSFORMING
THE HPARMLESS
BACTERIA INTD
THE DEADLY
WILD TYeE ¥

J

IN THE 1940's, oSwALD AVERY SET OUT To \DENTIFY
THIS"TRANSFORMING FACTOR”

BOILING BACTERIA

BY THE VATFUL, /
AVERY PRECIPITATED,
EXTRACTED,
CENTRIFUGED,
ANALMZED,

OVER AND OVER...

UNTIL KE HAD

A THIMBLEFUL.

OF PURE

GENETIC

MATERIAL ... \\
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gy AVERT ANNOUNGED {1 RESULTS IN (940, FEW SeIeNTSTS
GELIEVED HMIY B | B
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e DRIRAL STNRENGE

BeFoRE AVERY
SCIENTISTS RAD

PAD LITTLE
ATTENTION To DN A.

= THEY HKNew (T
CONTAINED THE SUGAR
PEOXYRIBOSE,

PLENTY OF FHOSWTE
AND FOUR BASES.

ONA?
15 THAT A
GOVERNMENT

AGENCY 7

Tue FOUR BASES: ARE KNOWN AS A, C, G, AND T, WHicH
AEE SHORT FOR:

2 “\ A
B O=q /@ B
“L@// < C? (?
ﬂ Py
%/@w \@ H
J H
élvaﬁme @\tTOélﬁF/
H
H l
9.,&9\@/@\@* N e
| \ LN 1N @/G\H
b_@w //G\Q/ ~H

H
@UANINE ﬁwma

THESE WERE A%SUMED TO BE PRESENT |N EQUAL PROPORTIONS,
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AFTER AVERY, HOWEVER, RESEARCHERS BEGAN To LOOK

MORE CLOSELY...

BY STUDYING X-RAY
PICTURES OF DN A
ROSALIND FRANKLIN
WAS ABLE TO SHOW
THAT THE DN A
MOLECOLE PrRODABLY
WAD THE CORKsCREW
SHACE OF A HELIX
WITh TWo or THREE
CRAING ...

BUT WAS T Two
Ok THREE ...?

ERWIN CHARGAFF FoUNY-
@ Tug OMROSITION OF

PDNA VARIED FRom
ONE 9PECiES To ANOTHER,
N PARTICLULAR N THE
RELATWE AMOUNTS OF
e BASES ACT, G.

B NANYDONA,
THE NUMBER ofF A%
WAS THE SAME AS
THE NUMBER OF T 5;
SIMILARLY, THE
NUMBER OF C% WaS
EQUAL TO THE
NUMBER OF G’ .

WRAT DID THIS MEAV ?
CHRARGAYE COULDN'T 9AY...




IN 1952 JAMES WATSON AND FRANCIS CRICK CRACKED
THRE PUZILE.

BY PLAYING WITK SCALE-MODEL ATOMS, THEN OBSERVED
TRAT ADENINE FITTED TOGETHER WITH THYMINE,
WHILE GUAMINE PAIRED NATURALLY WITh CVTOSINE.

—

EA(R PASE PAIR
WOULD BE HELD
TOGETHER BY
HYODROGEN BONDING,
A WEAK ATTRACTION
THAT MAY OCCUR

BETWEEN A H{DROGEN
ON ONE MOLECULE
AND A Now- HYDROGEY

ATOM 0P ANOTHER
MOLECULE.

y -,

v, 7.
Lo/,
(7Y%

\'T WAS ALSO CLEAR A DID NOT AT
WITR C, NOR G WITU T,

You REPEL ME ¥
m

H
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—

EACH OF THESE Two
BASE PAIRS %
NEARLY FLAT:

$0 WATSON AND
CRICK PROPOSED TO
STACK THEM LP

ONE AFTER ANOTHER,
LIKE STAIRSTEPS. |
Two SUOAR- PROSPUATE
STRANDS WIND
AROUND THE

ONE COMPLICATION:

THE Two STRANDS

WIND N OPPOSITE
DIRECTIONS : TUE
SUGARS OV ORE STRAND
ARE "UPSDE DOWR"
COMPARED WITH TuosE
O THE OTHER STRAND —

T SU6AR
; PHOSPHATE
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Tms MODEL CLEARLY
EXCLAIN'S CHARGAFFS

OBSERVATION THAT THE

NUMBER OF 75 15

EQUAL TO THE NUMBER

OFAS: T AND A ARE

ALWAYS PAIRED TOGETHER!

TAIS |5 Tue PRINCIPLE
OF COMPLEMENTARITY :
EACA BASE CAp PAIR
WITH ONLY OPE OTHER,
CALLED IT5 COMPLEMENT.

WATS()P A CRICK 60T
Tue DEA Il TreY (WRoTE:

‘It has not escaped
oﬁre rotace that_,

t iving ... im-
medilﬁ.clynguggeste l
a possible copying
mechanism Gor
the genetic

matérial,”

TA
N FACT, \T 15 ThE KeN
ce To THE GENES MAIN
FUNCTIONS: REPLICATION
GC MDD PROTEIN GINTHESIS.
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RERRICATION

GENE -COPMING, OR DN A REPLICATION, AS WATSON AND
CRICK SAW, 15 SIMPLE |0 PRINCIPLE. EACH STRAND OF
THE DOUBLE HELIX CONTAINS THE INFORNATION
NECESSARY TO MAKE ITS COMPLEMENTARY STRAND.

[ SCHEMATICALLY, 1T WORK'S LIKE THIS: WHEN THE DN A )
1> READY To MULTIPLY, ITS TWO STRANDS PULL APART:

_

T

N[
ALOVG EACA ONE, A NEW STeaND |[ WE WIND UP WITH Two )
fFoRms (N Tueo!guw PossiBLE way: || COPIES OF Tue ORIbISpL.
¢ @ / C @
C @ ¢ G
AT T A
& 6 G
AT T A
A o T A
_ ' I\
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IN PRACTICE, THE
PROCESS OF REPUKA-
TioN 19 FAR MORE
COMPLICATED.

EVEN IN THE MUCH-
STODIED E.COoL/
IT IS |MPERFECTLH
UNDERSTOOD -

[

et

N £ CoLl REPLICATION Bebins WHEn A “SNIPPING” ENZYME
CUTs THE DN A STRANDS APART AT A SMAULL ReoiOp CALLED
THE ORIGIN.

126
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K
"%,
\O’.
b
\Cﬁ g
&
%
% P b Tée NEIHBORAOOD ARE PLERTY
b OF FREE MUCLEOTIDES , THE
BOILDING BLOCKS FOR THE New
STRANDS. BACH NUCLEDTIDE
ORN%GSTS OF A SUOAR, ONG OF THG
OUR BASEH, AVD TUREE Puos-
Y. PAATES TRAILING ALOKG.
_



WHEN A FREE NUCLECTIOE
MEETS \T5 (OMPLEMENTARY
BASE ON THE OV A, IT
STICKS, WHILE THE ‘WRONG
NOCLEOTIDES BOLNCE
AWP.

AS THE “"SNPPING'
ENZYME OPENS THE
DMVA FURTHER,
MORE NUCLEOT|DES
ARE ADDED, AND A
"CLIPPING" ENZMME
PUT5 Tem To6ETHER,
KNOCKING OFF THE
EXTRA PHOSPRATES.

TAIS PROCEEDS ALONG BOTMA STRANDS\
y AIMULTANEQUSLY — IN OPPOSITE

DIRECTIONS. THE “CL\RPPING' EN-
@MG CAN GO ONLY ONE WAV,

UNNING SMOOTHLY DOWN OpE
STRAND, WHILE BACKING UP THE
OTHER IV A SERIES OF $PURTS.

)

~M\Any

LR TR R




(0/‘06 REPLICATED, THe
TWO NEW CAROMOSOMES

WAVE TO BE DISERTANG(LED
$0 THAT CELL DIVISION
CAN OCCUR.

Tue RICTURE WE W @
WAVE OF DN A S =
g&?_tflccﬂﬂo,\) 15 STILL o

EICHY, FOR EXAMPLE E
UNWINDING THE TWO | @

STRANDS OF THE
PouvBLE HELIX
INVOLVES ROTATIONS
AT SPEEDS over
8000 R,

How THIS RAPPENS
\o STILL NOT
WELL

UNDERSTOOD.

KX F KR e A R W e e oo A pF K

WHATEVER THE DETAILS,
THe PRINCIPLE OF
COMPLEMENTARITY 1S
THE KeY To RePL CATION.
AS WELL AS TO THE
GENE'S SECOND MAIN

- FONCTION :




NZ{Mes AND
—0THER PROTE|MS
COME N MAVY
SHAPES, BUT |N
AN IMPORTANT

RESYECT THEY ARE
ALL ALK

UNFOLD ANY PROTEIN,
AND You'LL YIND 118
GMPLY A CHAN OF

AMIpO ACIDS,

(ACTUALLY, MANY PROTEINS NEED N
HELP FROM ANOTHER “CHAPERONE
PROTE® TO FoLD UP.

(LET 60 OF Tie ENDS,

AD THE PRoTOW
WILL RE-FOLD [T5E,
ow#to 10 Tile MUTUML
ATRACTIONS pMOPD
Tie CoMPONENTA.

¥

L — TART 15° THE SEQUENCE  DETERMINES Tre STRUCTURE]
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IN VIEW OF THe RELATIOVSK? BETWEEN GENES ARD PROTEIMS,
THIS SUGOESTS TUAT THE SEQUEMCE of DNA MosT
%%M%?Nw TARALLEL OR REFLECT THE SEQUENCE O THE

(¢ .

A C C
AT 6 )T GN
T/T 6? G/C T
NE S sc

lllw\,\bll l\,jww\»

S RG 6LN
VAL 7 A
-0~ P -0-0-0-O0-@-0-O0-0-"
@ , o e
d @ g i
g @0
® @

The sequonce of

base pairs may be
thought of as a seres
of “words” specif ing
’Dhe order of am%;o
acids in 6aoh protein.
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To MAKE Tue ﬂ

TRANSLATION FRom
DN A “WORDS” To
AMpo AcDS, S0ME
SOPMSTICATED
MOLECULAR MACK(RERY
CoMes INTo PLAY...

A "MESSENGER MoLECULE

/} &Rwﬂ@ TROM D A.
— 7! v e —

&t
6 7 7 v ! N 4 ,.;"‘; 4 4 7 Q. ‘
f VACuU CAA C/\@@UUAAGU.GA ZGCYa
yee h 8
s B FAMILY (1%

\
S of

N

Sh “TRANSLATOR" £
: 0 CONY '
- ) \ OO A LARE BODY (M
w J hoont o KOLDS THING I8
N P((ng' PLAE D HEARS [ORM
X | Tie Bopo BETIEED
Two AMINO ACDS.

rﬁ ALL THREE of

¥/ K PGENTS
ARe PAETLY OR
ENTIRELY MADE of
THAT OTHER
NUCLEIC ACID




RN A — RIBONUCLEIC ACID —RESEMBLES S

DNA: A SUGAR-PHOSPAATE BACKBONE Al
WITH A SERIES OF BASES ATTACHED. s

(a

15 SUGAR 1S RIBOSE, 4 ]
= QR THAY DEOXRIBOSE,  \— 354G

RUA 16 USUALLY ® &b

SINGLE. - STRANDED O3

ANO IT 15 MUCH SPORTER—

R T 2°
0 R \ 5
MiLLIOP OR MORE (0 PN AY © &
) ®
C
(®
AND FINALM, WHILE THE BASES A,C, AND G “ !
PRE THE Same AS IV UNA, RNUA PAS IN ) @ ‘.:,,
OLACE O T ANOTHER BAsE CALLeD umacit (') a
¢
&0; H\ .—/ @ C
@
| , X
6> & @ e
§ T @ QP
- D@
Uraer v X &4
2
. () ()
| £

WHICH, LIKE THYMIME , 1S COMPLEMENTARY

10 APENINE:
#

\
—n-©)
S - H
w \y
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ﬂ

( PROTEIR SUNTHESIS BebiNS When A KEGIOP OF DN A
15 TEASED AVART AND A MOLECULE OF RMA IS
BUILT ALONO ONE STROWO BY AN ENZMME CALLED
RNV A POLYMERASE. Tils PROCESS (5 CALLED

TRANSCRIPTION. L/'/r///
7.y 7
T HAPPERS A5 IV a), |
ON A REPLICATION: EAH -
BASE OF THE RNA 1S ]

(bM?beMEPTAP\/ 0 THE
CORRESPOPONG BASE

oy TG DAL .
(2 - o ‘
/o ‘e.'. v
L ‘ .t.". ’
PG THIS RNA 15 CALLED Tue
= ’ MESSENGER, OR mRNA |
R PECAUSE IT CARRIES THE

GENETIC MESSAGE FRoM THE
'. ~ DNA To THe PROTEIR FACTORY,
@

Tne "WORDS"
OF THe
MESSAGE

ARE TRIPLETS
OF BASES —
A-U-6, A-C-A,
%CCPEEAL
NAME FOR OME

oF peseckars . ey o)
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Em3W%mw
STANDS FOR N Sip6LE
AMINO ACID, PUD THE
WHOLE mRNA STRAND
ENCODES A YROTEIMY
(0R SEveRAL PROTES)-
ITS JusT LiKe A
Meoshoe IV CODE —

THE GENETIC COPE 2

’
v

RACKING TiiS CoDE BELM [P
1901, WHer MARSHALL
NIRENBERE WPS PNBLE TO MAKE
P SPECIAL mRVA, WHOSE ORLY
BASE WPS URACIL, RefeATeD OUR
AND OVER - “ pPoLy- ()"

e —
WWUManumumW

FROM \T HG OBTAINGD M PROTEW
RASTIVG EVTIRELY oF Tre AMWO
ACID FHENYLALANYNE -

5@@ VUL WAS Tie CoDOY FOR PhgrL ALANIGE .

VexT Tuey DecoDep
YoLY-A, AYD

YO(«Y ’C\ P‘pD

LY -V6, Poly-vev,
¢, ETc, ETC,

ONTIL Tue cope
Whs PppcLy
PROKEY —

VUV —> Phe

Tue COMPLeTE
QODE The(LE




FIRST LETTER

sECOND LETTER

v C A G

vuu Ucu | UA ' U6L v

U uuc} L G UA‘é} TYR U(Z(,]( Cys .
Uggk Lev 322 gggi Stop VGA  5Tof |
v V66 TRE | 5§
Cov cev CAU% s g@\) v §
cuUC Ccc CAC 6C c

¢ CUA Lev CCA% tho CART i c@A%AK(’ A 5
cve CC6 cw% C66 ‘ ;m;
ALY ACU ARV e v

A AUCS e ACC L 1 AAC ps® I\GCE Sev | .
ALA ACh AAAzS Lys A@A% iro | P
AUG mMeT | ACG AAG N6 6
G 6Ly GAU 660 Y

G| SV Lyn | 965 A (’AC§ WPl eecl gy | C
GUA 6CA @AA% oo | GEA A
Ve 6C0 6AG 666 ;

ke cove 1S REDUNDANT: WiTy G+

PoSSIBLE CODOPS, BUT ONLY 20 AMIKO
ACIDS, THERE MUST BE "SYNONYMS,”
DIFFERENT CODOPS WHCH ENCODE THe SAME
AMINO ACD.

HERE PRE “SToP” SIGNALS. TRREE Copows
Do POT £PCope MY AMIBO ACID KT AL
THESE SERVE To TERMWNTE Messhats.

SoMg
SALIENT

A&S@g Tie ConE 1S NOR-OVERLAPPING . Tig “WoRDS
FOLLOW EACH OTHER WITHOUT GAPS OR OVERLACS.
We'LL SEE SHoRTLY HOw (T KNOWS WHERG To START ...




FTR(E ACTUAL TRANSLATORS

-

OF THE OEVETIC

ODE ARE A GROVP

of RVA MOLECULES
CALLED TRANSFER RVA,
OR tRMA. 0WING TO
PAIRING AMOPO 1TS
PASES, tRUAS

TwiST T g %

INTO Tme) Key SHPE D

A

The Loo?

gND OF tRYA
RAS TiREE
UNPAIRED BASES.
TS “ANTICODON
MAY BIWD
WiTH THE
COMCLEMED TARY
CopPop OF
mRVA.

AT Tue “TAIL"

a0 of
RN 5 A
SITE POR
ATTACHING
k sivoLe
AMIPD ACD.
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FOP EACH ANTICODON, ?IM

WRICK RECOLPVZES T ke |
AND ATTACHES THE )

THe
ACPROPRIATE AMINO ACID
TO ITS ERMA. %E)Jggvop

To Tk
COMPLEMENTPRY
Copon

or

MESSAGE.

SCAEMATICALLY, THIS
1% THE WAY A
IsTF'\%% OfAegs

5 TRANSLAT

INTo A <€ & OF
AMIPO ACIDS.

ﬂ@W@V@E@@

|
%\%’mm To MAKE
IT_WoRK: THe
RIBOSOME.
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oresl N

THe FINAL INGREDIENT v THE PROTENN-
MAING APPARATUS |5 AN 0BIECT
TAAT ROLDS BVERITHING o PLACE,

TS 15 THE
RIBOSOME , A
DOVBLE BALL OF
WRAPPED UP WITH
RNA Tws

RNA 15 CaLLED
RIBOSOM AL RNA,
rRNA FOR SHORT:

THE RIBOSOME HAS TWO
5L0TS v WHICH MOLECULES
OF £RNA CAN FIT SNUGLY.

— o,
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NOW TO MAWE A PROTE !

[WHEN THE mRVA READS
OUT THE DA SEQUENCE,

T ENTERS A 5€n

OF R(BOSOMES.

(" 0lE vwoLe AT A TIME, A RIBO- )
S0ME BINDS OMTD THE mRNVA.

f THE BINDING SITE 15
LOCATED AT OR NEAR T

CODON A-U- 6.

’

€

=

==
Y/
. 7

(THUS, A6 1S ALWAYS The
FIRST ‘WORD" OF EveRy :\ess%c—:,

o

=

\

™
A

'y 4
A A\

[ 4G PND THE NEXT

Z A\ =
T A

7z
7

CODON EACKH. BOMD WITH
COMPLEMENTARY  tRNA s,
WHICK FIT INTO THE SLOTS
ON TUE RIBOSOME.

O~
A = >

=
.
.




[ EACK tRNA CARRIES 0 [ AN ENZMME N THE RIBOSOMEW
ACl%M(AE{] THE Fff?ng g;]emuﬂ LINGS THe Two AMINO ACIDS,
ALWAMS BEING METHIONINE , AND THE FIRST tRMA FLOATS
WHICK 60ES WITH A-U- 6. A

( THE RIBOSOME THEN MOVES

) [ ANoTHER €RMA AND AMRO
DOWN THREE MORE BASES. ACID BIND ON-

THE AMINO ACIDS
ARE LINKED; THE
"EMPTY tRNA 5
DISCARDED; APD S0
THE RIBOSOME MOVES
ALONO THE MESSALE,
PILING U9 pMpD ACIDS,
WHICR FOLD THEMSELES
INTo A PRoTE.
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[ Tuis erocess apTivves | {17 STors BECAUSE THERE (5 )
UNTIL THE RIBOSOME REACHES NO tRNA WITH Al ANTICODON
ONE OF THE "STOP" SI6MALS . 5 MATCH.

z
[ The COMPLETED PROTEIV 1S5 CLIPPED OFF BY ANOTHER A
RIBOSOMAL gN2YME.

\T 1S ALS0 ComMop
AT TS YooT For THE
PROTEIN TO BE TIDIED
UP IN VARIOYS WAYS.

OFF To VO TS JOB:
STRUCTURE, ENZYME,
OR WHATEVER.. ..

r . .
FINALLY, THE RIBOSOME, ..AND THE New
MESSAGE, AND tRMA MACROMOLECULE GOES
DISsocATE ...
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ﬂ: THE LIVING CELL, ALL THESE PROCESSES ARE GOING ON )
TOCETHER. THIS 1S How 1T LOOKS IN E.COLJ.

IN BACTERIA GENERALLY,
PROTEIN-BUILDING BEGINS
WHILE THE wRNA IS
STILL BEINE TRANSCRIBED
FRomM TiE GENE.

Y o _ &’,
o= __
@ (?“’.“' 3] = \
>
& T e
@Y
THE MESSAGE 5 READ BY SEVERAL ';'-‘ ‘
RIBOSOMES AT ONCE. NOTE HOW \ \
THE PROTEN FoLDS INTO 1T FINAL %

FORM AS IT 1S BEING ASSEMBLED.

P

S fff_j/n
7
'S, e

//

AND Now YoU UNDERSTAND
kow 6GENEs WORK —
IN E.COLI




For A MOMENT
mow MUCH WE'vE

ALREADY FOUND
IV THE

CHROMOSOME .

™GO0 aapme ev

(& - Qo T ARE SepuerCes

.. SeQUENTES FOR
mBNA, WHICH ARE
TRANSLATED INTO
YROTEIN ---

... AUD SeQuep(es
YOR RIBOSOMAL
RNA, Wi
HT5 DIRECTLY
INTo THE
STRVCTRE (F
Tite R\GOSoME .

[ TRULY, Tue DNA 15
Tue BLUEYRIET OF
ALL THE CELL'S
ESATIAL PARTS.

u
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WE BEOAP BY ASKING AgouT
GORILLAS AND BAYANAS piD
ENDED UP - INSIDE SOME INSl6-
&F&)Cm"\ TLI(;FLE BVG, € (OL/...
N WE SAY Apout
OTHER. LiFe tormg 7 ¢ "

FIRST SOME MoRE JARGON: THE CELLS OF PLANTS, AIMALS, )
AND Oier MOVANCED CREATURES — Ib FACT. ANY ceLL WITH A
NUCLEUS — 15 CALLED N EUCARVOTE ("You-CARRY-oNT"),
MEANING “6opp NUCLES" N GREEK-

EVCARYOTES CONTMY ALL
SORTS (OF BoDIS, BUT
THE KEY 15 Tie NUCLEUS
WiCH CONTAING THE
CHROMOSOMES.

-~ THE TIY BACTERIP, WITH THEIR SIMPLER
STRUCTURE, ARE CALLED PROCARYOTES -
' ("PRo- CPRRY-0BT5™), MEANING *BEFDRE
NUCLEVS® IN GRERK-

THe en 15
TWAT PROCARYOTES
MOST UAVE eVoLed

Fo e .
%ogepfom];umr@ .

EVCARYOTE.

\_
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[ eucAR{OTES PPD PROCARYOTES
SUPRE THE GAME BASIC GENETiC
EQUIEMEVT -

A v6CcC6CAUVULAA

e { 1 | W N N W

TMESSENGER TRANSEER
RNA RMA ;

\_

m .
= IN ALL LIFE, THE (GENETIC
7 CODE IS THE SAME —

MY TIME ...

gﬁg’;’(g"‘(mgﬁ(vesﬁ , LeTs HAVE V(L BRING
TUAT We ALL ‘Pze Jﬁ:\g}w
Come oM A B!

CoMMOP AVCESTOR.

N | _J

AND EU...

To BeoIp

WITH, PUCARYOTES
HAVE ALL Tigir
RIBOsOmES
WTSDE ThE

NUCLES, SEPARATED g

FROM THE @E1ES
BY A MEMBRAUE.

LIKE KISSING
TAROUGOH RLASTIC...

145



|

e

N
N
\J

NS

W -ty W
8
<
n

INDEED, HoW DO )
EVCARYDTES MAKE PROTEINS:
THE PNSWER 15 THAT
THE NUCLEAR MEMBRANE
HAS PORES. TRESE ARE
Bib ENOUOR To ALLOW
NA AND VARIOUS
ENZ\MES, Like RUA TOUY-
MERASE, TO PR THRWEK, 23
BOT RIBOSOMES ARe
Too Bi6 To FIT.

LS

v/
gt <

2
)
X

e
@ b 22

WITHIN THE NUCLEUS, mRNA 1S MADE PS [N BACTERIA — BOT
Tep COME CERTAIY MODIFLCATIONS...

AT THE "START END
|5 (BUALLY ADDED
A MODIFIED, UPSIDE -
DOWN GUANINE
CAFT

AT Tre OTieR
END @085 A
ey
fivcwvno%
MAKING A PoLY-A
TAIL WP TO .
SeVeRAL HUNDRED
NUCLEDTIOES |K
LENGTA.

b )
3 -/
U "q .
L4
a 4
; 5 _
©’
Q P
~ g X4
7, / ,}’,.
a7 10
QTN

THE FUNCTION OF THESE AND OTuer
ADJUSTMENTS To EUCARYOTIC mRMA 1S
UNKNOWN,
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GuE NEXT MOVE CAME AS A GREAT SURPRISE To GEMET(C(STS . w

A COMPLEX OF PROTEIN AND RNA GRABS The vwRNA, FORMING
LoOPS, LIWKE THIS —

THE CoMpLEx —CALLED A SPLICEOSOME —
THEN SHEARS OFF THE LOOP, PW(ARDS 1T, 4PLICES THE

)

REMAINING PIECES TOoGETHER, AND DEPARTS.

¢ 1
THIS 15 BIZARRE! EucARyotic GeVes contaN JUNK DNA —

NON - COpING MESSACE SEQUENCER TUAT UAJE To BE CUT pUT
BEFORE TWE GENE CAN BE EXPRESSED!!

To Keep
SPLiCEoSoMES
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|5 MOST MY5TeRious !l
RIGHT 1N THE MODLE
OF & PERFECTLY 600D

GEME, TRERE MAY BE 6ENE
CEVERM. MEANINGLESS EVDs
SEQUENCES, ERCH

KUNDREDS OF

NUCLEDTIDES LOPG-- THESE
ARE CALLED

WHAT THevLe
DOING THERE |
15 ANYBODYS
GUeEsSS |

1 000000
OEeM6 “JUNK
BEOIS

FOR Some REASON, BUCARYOTES SEE
FIT TO LEME (NTRONS IN THE
CUROMOSOME ;, ONLY REMOVING THEM
FROM mRNA AFTER TRANVSCRIPTiON .

THE INTRONS ARE SoMEHOW

RECOONIZED 8Y TRE SPLICEOSOMES
(BuNDLES oF PROTEIN AND RNA {w

RESEMBLING A RIBOSOME),
IWHICH GRAB THEIR ENDS Anp
SNIP THeM OVUT BEFORE
PROTEIN SYNTHEBIS.

NoTe TUAT Tie REMOVAL MUST
pe PERFECT EVERY TIME. A
SMFT OF WST 0N hsE
WoULh TuRow OFF EVERYTHING
“DOWNSTREAM”  RUININD

ThE PROTEIN. MOST MYSTERIOVS. -

E—
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/

y

-

0 FAR,

ALL THS
IACTIOR 16
STILL TAKING
PLACE |VSIDE

UITABLY Cexbep
ThiLeEp Mp
TRINMED, 15
REAY To
GO...

AS 1T PASSEL THROUGH The WWCLEAR sy =
MEMBRAYE, THE RIBOSOMES BEBIN T
‘ReADING ouT" THE PROTEIM, Mok Tite 2 7
SAME AS IN YROCARYOTES. p 7.

-

FIVALLY THE
PROTEN 605 OFF
To DO |15 JOB;
THE mRNA 15
BRokeyp Dowp
PTo “SCRAP",
ggVUgReTPRRTs
TURN 10O
TRE NUCLEVS
FOR RECYCLING,
TOGETHER WITH
TkE ENZYMES
THAT VO THE JoB -
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“MM" mlm m...
1000 NUEOTIDE PER
GENE - THAT'S 200

MiLLiof -~ My MY

ANGTHER

DIFFERENCE BETWEER EU AW 2
A BACTERIUM |5 1Y THE SHEER y
NUMEER OF GENES = 200,000 Q\

N A RUMAY, qo00 |y €. COLY,

g
T

@\zmks LG

IN YouR 6UT!

To HELP OROANZE ALL L2

THAT STORAGE, BUCARYOTES .
WRAP Twelk DPA  AROUD | 28
PROTEN “SPo0LS " S
EAGK “SPodL" —OR NUCLEOSOME =

CORE, To B PROPER —
CONSISTS OF SEVERAL \
YRoTEIS BOUMD ToGETMER: i e

EACH CoRe MAS B SPIRPL
GROOVE toR THE D N A
WHCR MAKES TWO
TURNS MROUMD T,
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WHeN p BUCARYOTIC CELL WANTS To DIVIiDE, DN A REPLICATION -
BEGING AT MAMY SITES AT ONCE (UNLIKE Iy E. CO
A AR B T ONce (UNLIKE Iy E. COLI, WHERE

WAILE REPLICATION 15
STILL [P PROBRESS,
The TwD MEW STRAPDS pre
ALEEADY WINDING ONTD NUCLEDSOME
COReS. ONE STRAD INHERMTS The
OLD CoRes, AND THE OTHER GETS A
New SeT.

: AS WEVE Seep, JUST

BEORE CeLL DIVISION,
Tue CHROMOSOMES
SHORTEN AND THICKEV.
Ts MUST INVOLVE
SOME WKY OF
PACKING Tie
NUCLEDSOMES, BUT
The ARRANGEMENT
I
PROBLEMS. @ ;
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SIS %
ﬁ PECOLIARITY

OF IUCARYOTIC GENES © THEY

: RBOR L0TS OF SO-CALLED
A’EPE 1TIVE DN A... TRESE PRE
CES OF NUCLEOTIDES WK
R em THEMGELVES MANY TIMES.

o"’o, we UMW
EXAMFL& HAVE ONE
N ENCE OF SOME

v 300 phse PARS
WRICK APPEARS NEARLY

P A MILLION TIMES .
o Tus 19 A SUBSTAPTIAL
CHUNK OF OUR ToTpL !

WART CAN 1T
MEAP 224/
"'/.,r o000, ;.qf“'" -
N .M ;
THEsE ' s, o2 NG
UL 0 N‘e SEUENE> mme RAVE
gggﬁé‘(éﬁ{?@gﬁ% OF NWOLEVTIOS | g SEQUENCE of 300
et b Lo e [
OF 0-CALLED v MILLIOP Mg, N

REPETITWE D ¥ A




a [ ' )

A T0SSIBLE ANSWER 15 THAT
THESE SERQUENCEE COPAST
OF “SELFISH DN A’
WHICK COPTRIBUTES NOTHING

| To TRE OREAPISM . ENCoD(Pb
NO ENZYMES , (T MAY BE
NST “HITCHING M RIDE”

<

0N OUR CHROMOSOMES I

e | MTY of

S of
EVCPRYOTIC GCEVES: | PUCLEDTIDES
TN RPRBOR (0T5 RepeAT
O S0-CAULED

RECCTI TWE D PN

WHERE MIGHT TiesE \
EENETIC WMTCHAIKERS

Gold To
kAnsAs cry?




%)ﬂe POSSIBILATY 15 WIRUSES ARE THE SIMPLEST
T LIVING TRINGS KNOWN —
T _THe Come tran \F THEY'RE TRULY ALIVE AT
ALL... TWeY'Re SORT ofF
ALIVE MWD NOT ALIVE...

EVER SIMPLER AMD SMALLER
TRAP A BACTERIUM, A
VIRUS W oY Two CARYS
A BIT oF NUCLEIC ACID

PRACPED VP ¥ A PROTE/N
COAT :

\NL2 B ACIO, WHCH
N S 08 M Be DY A

Des Tie
PROTEIN conT
oS
NDED 1Of-
REPLICATIOP -
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BT A VIRUS

CAN'T REPRODUCE

ON (TS OWN,

BOCAVSE (T LACKS

KiBosoMes AND

THE REST oOF VIRUSES

Al cre Ry
ROTEN- MAKIN '

WU‘VM%T Wf-ﬂ”{;‘fw

A VIRUS CAY VIRAL DM A

OpLY “Lie* AS A
PARASITE, BY
INVGADING A

Ho>T CaLL

AND TAKING OVER
IT> Rig0sOmMes,
ENZIMES, D
ENERGY.

I
2 7,
. II
( / X
i

OME IT GETS 175 DN OR RUA [NTo THE HOST, THE
VIRUS BEGINS Tp REPRODUCE WILDLY. STRAINING Te
Cen To TRE BURsTIpG QT !
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THATS A TYPICAL LIFE-STYLE (OR NOM-LIFE-STYLE) foR A
VIRUS, BUT SOME VIRUSES ARE EVEN SNEAKIER: THEY
ACTUALLY INSERT THEIR @ENES INTO THE HoST CELL'S DpA.

%@@Eg J

RNA VIRUs ENCODING
AN ENZUME TUAT
MAKES A DNA oty
OF 175 RNA AND
SPLICES T INTD THE
HW06T CHROMOSOME.

THIS 15 ONE ReASON
WHY SOME VIRAL
WFECTIONS ARE ,
INCURABLE = TE VIRUS
OEVES CW'T RE
COTTEP RID oF

YOUR OWN CHROMOSOMES
MAY BE DIRECTING

THE PRODUCTION OF
MORE VIRUSES |l ThE

AIDS virus worgs
THS WAY.
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\T5 (OSSIBLE TAAT SOME
0f Tie WITRIE
AND “JUNK" p N

N OUR CHROMOSOMES
mpY HAVE Come fRom
Tds SOURCE: ANCIEPT
VIRUSES THAT MANAGED
10 INSERT

TR REREDITARY
BLUERRINT VT OUR
ANCESTORS P N A.

SuBVERSWE
ELEMEPTS!

IF SO, ThE
A Ay e
M

EVOLVED AS A
VEFENSE
AOAINST
\NA?;FO?Rl ATE
SEQUENCES STUCK
W0 Tiie MDDLE
OF GEMES.

-

GENES DOouN.

~ THeRe'S ANOTHER Co f

Why A CeUL .
CH) CONTAD WITH
PARASITIC D P A:
IT CNY SIMPLY
SHUT THOSE

TS fow (e
T
Wev% 2
THEY RE THERE,
BUT WE
|GNORE THgM !

Tee BpTILE
AGAINST
VIRUSES 15
NEVER -
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oW THAT

WE Kuow
WHAT ceVEs
REALLY ARE,
we CAN GET A
W\ BETTER
ORASP OF
MUTATION AND
POMINANCE.

A MUTATION Ip

A ORVE |5 JusT

A CHANGE IV THE

PNA'S SEQUENCE

OF NUCLEDTIDES.
EN A MISTAKE

AT JUsT ONE

FOSITION (A

HAVE & PROFOVMD

ErrecT.

Hege 16 A SMALL

BUT DEVASTATING
MUTATION IN THE

GENE TOR HEMOGLOBIY,

e PROTEIN WHICH
CARRIES OXYGEN
N THE BLOOD.

Goop GEME

158
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( 113*6_ REASOV, OF COURSE, 15 :
RAT THE CHANOE 15 REFLECTED
N THE PROTEIN WHICK THE
‘ %gk:g{? Egg_,QD%% gIRZLDT@F mRNA
" WRo

0 TTIT o4 %

A &

LY,

THIS ESPECIALLY DIASTROUS MUTAT(OY, WHICH INTERRUPTS
THE PROTEIN IV THE MIDDLE, CAUSES A SERIOUS CONDITION
CALLED THALASSEMNA, AN INRBILITY To MAKE HEMOGLOB)

H.
THE VICTIM SUFFERS FROM A PAISFUL LACK OF OXY6EN. j

SOMETIMES A CHANGE MAY MAKE NO DIFFERENCE AT ALL. IF
You REFER BACK To THE CODE TAPLE, ouLL RECALL THAT
\TS SOMEWHAT REDUNPANT — MEANING THAT ONE AMINO

ACID MAY BE ENCODED BY SEVERAL DIFFERENT CODONS.

v

C KTNr‘\')ls 15 A Néﬁ.
A o GLN oAt HTATODS!
o
K¢
a rD>6LN
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occhstopiy, Tie “MSTAKEY AMpo ACID M BT N fAIRLy )
weLL (THOUGR USUALLY (e TuAW PERFECTLY ).

SoMETIMES —ONUE [¥ & Blue MOOY— Tite PROTEIV
WY R NORK BETTER Tapp PEFURE.

BUT MosT
OF THE TIME,
iy
l
T CROTER. - °
TS MU -
EASIER TO
R e
To (MCROVE (T
¢ Vv DovgT <
IT, TeY MMCING
RADOM CRANKS  F
[N S0ME
KOUSEHOLD 4

MELIANGE! A K e * ) &
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(%

WE NOTED TUAT MosT
MUTATIONS PRE
KECESSIVE. Now wE
CAN SEE WHY -

A MUTATION USUALLY
CAVSES N INABILITY
To MAKE M BVZYME.

M THE EXAMULE rpote,
THe MUTANT GepE
FAILED To MAKE
KeMocLog (.

\\ W
RoWRVER, WE
T/ WAk Two SETS
0F CARoMOSOMEA.
EVEFY (F A MUTATION
ACTECTS ONE OF THeM,
THE “INSURANCE" CEnE
WILL STiLL PRoDYCE 175
ENZYME.

' @q) (p.81)

6ooD e BAD CEVE
HeMo6LoB(k No HEMos oDl

ONLY THE UPLUCKY
SO (WITH

A Dovele

DosSe ofF WUTANT
N WILL

BE APFLICTED
TR

TRALASEMIA .

p
Mu

\J

\ ’

161

WHEN YouR Gaerc
WSULAVGE (APsEs,
TUATS Wiked Qou
BETTCR GET MEDICAL
NSURANCE !




WE DION'T MENTION 1T 2
EARLIER, BUT SOME ALLELES
ChY BE

@@m TATA
m@a\m@vﬂm[g‘&mm 06006 fOR
HETEROZYLOTE MAKES 1" VouR BLOOD ;E%
BOTH PHueNDTY(ES, %’W SERUPCe A Loop
M BKAVPLE |5 BLOOD ks & TVPE A BLOW
GROUPS.
| LOVE
Vpeiery
¢ HoMOLYEOUS for
1% Vou UNE TYPE B

BLOOD.

N b
THeRe 15 A GBRETICALLY A HETERO-
DETerMNED SEQUENCE — - zyw};gf MAKES
OF 5UGPRS LYING ON Tig poTH SEQUENE,
SUREME OF Eep BLOOD MWD HAS THPE AB
Cats. ope ALLELE 1M BLO0D.
MK SeQuee A.
m&eﬁ Najm, 1° ——— @wkﬂ%éﬂm
CE B. . N\ D
Zaalce v W ) MLELL, 19 MmNt
— 4 /  NO SuLAR
== ?ﬂé@%@o 1
A ® RECESSIVE .

162




ppD (5
Lone K>
We/Lg on
Ui A

Ul
DELICIOvS
TPl —

BLOOD CALS ILLUSTRATE
ANOTUeR Commop
PACT oF LIFE:
ONE K/IND OF
CELL CAN TURN
INTo AMOTHER T
KIND 0F CELL . 1

’/% -
dg 4l
Ny
o
/l

163

. A RED BLOOD CELL BEENS

ITS EX\STENCE AS A BONE

MARROW CELL,
A PERFECTLY
Coop
EVCARYOTE,
BuT
LACKING 1P
HEMOGLORI.
AT SoMe YOINT,
A MARROW Cold \
Beoibs To B>
CARDOE ... ¢
AMOP6

/
/4
N
MAKE KeMoGlogy . ~

EVENTUMALY, (T
EMERecs A A

Tie YoNT |5 Ti(S = Tue
HEMOGLOBIN GEVE
WP THERE ALL TRE
TIME, BUT IT WASP T
7 MWAYS PXPRESSED —
Wiice BRINGS US To
OUR NEXT SuBJELT...



ALL THE HIGHER LIFE
FORMS EXHIBIT AN
\MPRESSIWVE COLLECTIOP Of
CeLL TYPES® NERVE,
BLOOD, MUSCLE, SKIN, EXE,
LYMPL, ETC ETC ETC...

ALL THESE
CELLS HAVE
PRECISELY

¥ps USUAL, THERE PRE EXCEPTIONS !
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CLEPELY, DIfFERENT
OGENES COME
INTO PLAY

Iv DIFFERENT
CELLS... S0
EACH CELL MusT
%?ve WAYS

“DECIDING

WHICH 6EE,

TO "TURp oN*
AVD (WHEY

0 PO \T...

OTHERIISE,
ONE DREADS
Tie ResULTs !

EVEN THE LoWLY BACTERIUM NEEDS To REGULATE (TS GEVES.
WHEN FoOp 15 AVAILABLE, IT NEEDS To MAKE EvzyMEs To

DIGEST (T; WHEN 1T RUNS LoW ON Ap AMIPO ACID, IT RAS
To SWWTHESIZE MORE; ETC ETC ETC..

AS V4SUAL

THe QUESTION
HAS Beed
MOST THOROUAKY
STodiep W

E L.
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ITHe FIRST To FIRD A
FORM OF GENE REGULATIOP
WERE THE FRENCH
SCIENTISTS JACQUES
MONOD PND
FRANCOIS JACOB,

IN THE LATE |9505.
They eXAMiNED
E.COLI's PBILTY
To VIGEST THE
SVUGAR LACTOSE.

(f’p The

Z oS ThE '.‘;.‘/’ ‘
CoLL WALL — \E
Lok

YRESENCE A
OF LACTOSE, =

WO VNG, e
CALL Tiem s

L

-
= N
1)

\J

\ ¥ REAL NAMES - BETA-GALACTOSIDASE AVD PERMEASE, RESPECTIvELY
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[ WTHOUT Gowe W70
THE DETAILS OF
THREIR EXPERIMENTS,
WHICH [eReE QUITE
INOLVED, HERE ARE
SOME OF 'MOpOD AMD
JACOBS MAY
RESULTS -

TS EXpRmedT
WAS MoRreE

DIFFICULT Thb®
A CHEESE
SovgFLE!

FIRST, THey foUND THAT THE GEES foR
Y A Z | cplled “lac Y M “lac )
LAY ToCETHER, SIDE- BY- 5IDE, Op THE
CHROMOSOME. - SUCR A CLUSTER OF 665,
ENODINL RELATED ENZYMES pp
REGULATED TocETHER, 15 CALLED M

OPERON:

s 15 THe “lac oPerop

WERE NBOUT To EXCLMB
\_ T pagr!

AT THE STPRT OF TS

(AND BVERY) OPEROP 15 P
FPROMOTER REGION, HERE
CALLED lac ¢. Tims 16

THE SITE WHERC THE ENIYME
RNA FOLMERASE BIWDS
ONTO THE DNA To BE&IR
TRANSCRBING THE MESSAGE
INTD wRNA. (see p 133.)
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[Errt

TIPe OF REGULATIOP
|6 S|MPLE :

Some YROMOTER
Rewiops ARE

MORE ATTRACTIVE

TO RN A OLYMERASE
THAN OTHERS.

¥

THE éENe FOR A
MUCK-USED ENZYME
LAS A ?ROMOT(C‘R
WIERE YoLYMERASE
WAY EASILY BEDIY
TRANSCRIPTION,
MILE A GEMNE
ENCODING M eVZYmE
KEEDZD Iy SMALL
T e e
c "D
?RoMoTeR REGION-

rWum ABOUT
THE LACTOSE
OFEROY, WHOSY
EN2{MES ARE
SOMETIMES NEDOED
IV QUANTITY
(WHeY [ACTose
5 FRESNT),
Wr OTHERWISE
0T VDED

P«T ALL 27




MONOY + JACOBS \DEA:
THERE IS A TRoTEMp,

" [REPRESSeR,

WAICK SIT5 on THE DNA
AT A SPoT BETWEEW
THE YROMOTER MYD
THE FIRST GEME, lac Z-
TS SPOT |$ CALLED

W CIPERATOR
lac O.

- Tie REPRESSoR — .
WAICH THE FREVG (65
SLIENTISTS NEVER 7
OBSERVED DIREQLY —
SIMPLY BLOCKS Tye
ACTION OF RVA foL{MERASE
AND S0 .SpUTS DoWp

THE ENTIRE OFPERCY.

R -

4 )
ONE MORE TRING ABOUT THE REPRESSOR: IT CAD ALSO BIND
T0 Lﬁgms“fyf— BUT DOIpG 50 CAVSES Tue REFRESSOR To
"TLEX" AND RELEASE THE DPA: -

¥ ACTUALLY NoT (ACTOSE ITSELE, BT A DERWATIVE SUBSTANCE — BUT NEVER mip ¥/
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(|0 THE NORMAL STATE OF |
AFFAIRS, THE REPRESSOR SITS
ON W OPERATOR, REPRESSING
THE GENE :

~

" ALONG COMES A UITTLE
LACTOSE, ATTRACTING THE

REPRESSOR *

(T FLEXES, ORMSPING THE SVOAR, )
%yo RUA (OLYMERMSE SLIPS
HROUGH

[ THE ENTIRE ORCROP 15 THEN
EXPRESSED REPEATEDLY.

-

_J/

(1€ Newlf MADE PRoTemS )
BRING I MORe LACToSE APD
DioesT |\T...

CFIMALLY, LHEP ALL THE LACRSE )
15 Gopg, THE REFRESSOR vp-
PLexes  Anp RETURMS To 1TS
5007 Op Te CHROMOSOME.




REPRESSORS

TURN oUT To BE

A Commop why

T0 REGULATE

“INDUCIBLE" ENZYMES —

IE, ENIMES WHICK

ARE MADE [N

RESFONSE To A

CHEMICAL~L|KE

LACTOSE ..

BUT DESPITE Tuis

BRILLIANT [DEA,

MoNOD AND JACOB

CoULD Naer

ggg\él\w FIND A

E50R. T

MAINED A
EoRETICN. YOSSBILITY ..

These
REPRESSORS ARe
MORE ELUSIVE TRAN
P PERFECT

SAUCE BEARNAISE ..

- UNTIL 467, (gD WALTER GILBERT PRD B. MOLLER HILL, USING

VERY REANED TEGNIQUES, WERE MBLE To ISOLKTE THE ELUS|VE
(RoTeNs. - \ |

THER RESULTS MADE
PCAIV (WHY AT

HAD Bey So HARD
To AND TieEMm -

A SINGLE E. CaLt
BACTERIUM HAS
ONLY FIVE To
TEN MoLECULEs
0F LAC REFREZLOR
LATER, GILBERT
MANACD To
BRAD MUTANT
E.COLI TukT
RooVED IT

IN MUt [ MROER
AMOUNTS ...




NOTHER METHOD OF Gep
RE(oULATlON (G0ES B‘r THE NAME oF

AWENUAW@N

s GoverNS Ay €. CoLt
OPEROP REsPOPSIBLE foR
CONSTRUCTIPL THE AMiMO
ACD HISTIPINE.

W 175
E%OF (
ELW‘EP TuATION

(" Then £ cou
RUNS Low o8
TAIS ESSERTIAL

SUFF. THE
BACTERIOM PRODUES
A GROUP OF
/V//Vf PROTEINS,
WH CAp
BUILD WsTiDE
MOLECULES
YROM SCRATCH.

A
ENZYMRTIC
aéglemew

%
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("M BERORE, ALL O ENZYMe5 HNE THER Genes CUSTERED )
INTo AN OFEROD, WITH AP INMAL PROMOTER RESION -

UNLIKE THE LAC OpeROp,
TS e HAS N TLAG
FOR P KEPREESOR.

INSTEAD, THERE 15 A
"LEADER SEGPUENCE “

_/~= . ENCODING A PEPTIDE
N ') Z RICH |0 RISTIDINE —
., = THE VERY STUFF WE'Re
& : . TRYING To MANUFACTURE.

\. _ _/

" RNA ToLyMERASE BeGINS BY \ [
THE LEADER SEQVENCE NG
TRANSCRIBING THE LEADER 7 wsﬂpwesaﬁfeﬁ R_owp 2

SEQUEN (€ .

(\F HISTIDINE |5 PLENTIRUL , THE
Rigosome ZipS ALONG, Anp
A LooP FORMS IN THE wmRNA .

TS LooP BUMpS THE
RVA POLYMERASE OFF THE
OPERON, HALTING TRANSCR(PTON .

0
o . ‘ S
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I¥, ON THE OTHER HAND, HISTipINE
17 IN SHORT SUPPLY, THE
RIBOSOME FALLS BEAIND THE

COLYMERASE. Ve

THE ARST (00P, ENMBLES THE
OFCERON (5 TXPRESSED |

W THIS CASE, n DIFFERENT
Loo? FORMS, Wiich, By PRevENTING

POLYMERASE To GO ON, AND THE

(" THE NewLY MADE PROTEINS
60 TO WORK ASSEMBLING
RGTIPIE. (

A SWORTAGE oF
RSTIDINE TURNS TWE
GENE ON , WHiLE

A RISTIDINE GLUT
TURNS \T

OFF.
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Tﬂg TORTRAT OF THE
GEVE, AS SKETCHED BY
MENDEL, AUD FILLED [0
E*é?wee% @eserzmops
ICT &NV OBECT
FIKED A0 UNCHANGING,
NSIDE FROM OCCASIDPAL
MUTATIONS.

MORE RECENT DISCOVERIES SHow ) GeENE
MORE MOVABLE AVD TLASTIC... IN PACT, Yine!

AV IMEORTANT MEAMVS of e REGULATIOP
DEVENDS O WHAT [We MIGKT CALL-- \

JURPING CENES,

AN PVIYME
(OR ENTYMES)
WRICR CAD
Cse A
PARTICULAR




How DoES THIS REGULATE

A GEVE? LETS LooK

AT THE HYPOTHETiCAL GEPE X.
THE INVERTING EVIYME,

WHICK We- MGHT As ',
WElL THINK OF AS “FLICPASE,
15 ENCGODED INTo A REBIop
UPSTREAM FROM GENE X'S
PRoMOTER: ,

[—"FLippase™ GENE —

SOMEROW, WHED IT'S TIME To ST OFF 6ENE X, THE
FLIPPASE GENE |S ACTWATED, MAKING THE ENZYME.

\T IWERTS A SeoMePT
INCLUDING (TS5 owp

6ENE PND GENE X'S
PROMOTER.

OcPARATED fRom
TS PROMOTER,
©OENE X RAS BEEY
SILEPCED. THER,
c%%g T$r; TIME

o Tu
T BACK Oy
THE |NVERTED
Reolon |5
RE-INVERTED,
BRINUING THE
X~ PRoMOTER
INTO PLACE.




gum MOVABLE
SECTIONS OR L7

0
( -0 9D |
ARE Commop |v BoTy — .
PROCARYOTES MYD &=

CUCARYOTES. BEAIDES
INVERTING, TreY CMY
JUMP FRom PLACE
To PLACE, From
CUROMOS0ME To
?5{‘? Mrggzg\refopTBE
TRANSPoSONS 15
STILL A MYSTERY.

F THE MOST SPECTACULAR EXAMPLES OF JuMPING GGNES ARE A
THe 065 ERCODIG ANTIBOPIES ¥

ANT(BODIES ARE
YROTEINS (WIICH
ERVE A5 TaE BopY's
Derepsiie WeATorS.
THEY ATTACK
BACTERIA, VIRUSES,
AD OTHER

RARMEUL. [IWVADERS.
THERE ARE LITERALLY
BILLIQPS oF
?:Téb’TlAL ANTIBODIES
EACH KEYED TO

THE EXACT SHAPE

OF IT5 “eVemy .-
HOW CAY SO mAY

BE ENCODED
6eNES ? ¥
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(" RATHER THAD PWING BILLIONS OF GeNEs R AVTIBODIES,
Tre CHROMOSOMES CARRY A “TooL KIT™ OF A FW HUNDRED
'PARTIAL GENES. |

2/ 1Y
508y

CELLS, THESE
BITS OF DA
ARE (VT UP

eACH
RECOMBIVATION
SPELLING OUT

?E,VP@PAN@EP, g

wow TeE ORGANISM REGULATES TS PROCESS 15 STILL A RIDDLE,
RS PRE MOST MATTERS OF BUCARYOTIC GENE REGULATION : Te
QUESTION OF PEMOGLOBIN (- 163 ), TOR EXAMPLE, REMAINS
WITROUT AN ANSWER. |

VTS5 CLEPR THAT
The FLEXIBLE GENES
0F EUCARYOTES
ILL BE AN ACTIvE
REA OF RESEPRCH
IN YEARS TO
me.




DENETIE NN

LIVING CELLS ARE
NOT THE ONLY OMES
CAVABLE OF REARRANGING
GENES Il Nop SCIENTISTS
T00 HAVE THE fOWER-

.. GREATER POWER
THAN BIOLOO|5TS
HAVE EVER KNOWP-.-




p
FOR ONE TN, FeEOTLE
CAN NoW SPLICE
TWO PIELES OF DY A
IV THE TEST TUBE —
JUST LIKE SPLICING

FiLm...

(2o ) - Izé CALL \T J
, "GOPZILLA 1"
L %/ !

THE COMBIVATIONS CAV BE PRETTY BIZARRE: MOST COMMONLY,
WAV GENES ARE ATTACHED TO THO% Of A BACTERIUM
LIKE £. Cocy...

VLU Amcn 6005
- LiTTLE ACRE" To
“WVA VILLA®..

WRAT ARE You —
A MAN 0& A
MICRoBE 2

THIS 15 WHAT
You CALL




THE KeY 15
THE GRO of
ESSENTIAL ENZyMes
WE'VE SEeN
HOVERIM> AROUND
TAE CHRoMOSOME,
i
ORKER
MIN\S]C:EFRlp(g To
st e
Gmévww'
NWIND,
e
REFLICATE,
AD ﬂu
ECV“KRAL ws!

QERU
YoUD CARE
To €XPRESS
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GENE SPLILING DEFENDS
0P A SPECIAL TyPE Of
CUTTING BNZYme
CALLED A ReSTRICTION
ENDONUCLEASE, R
RESTRICTION ENzZYME
FOR SHUORT,

A RESTRICTION
ENZYME
MAKES A
"STAGGERED
NicK"

IN DOA

AT A
SPecifc
SERUENCE
OF PASEs.

THE ENZYME ECO-Ri
R EXAMPLE, RECOONIZES
0Ly THE SEQUENCE
G AATTC-

CTTAAG:

£F & B o

Ts CREATES TWO TieCes
OF DNA [0iT IDERTICAL
T-T-A-A “TAILS." (BECAUSE -
C-T-TAR-6 |5 Tie SAME AS
"\ COMPLEMERT READ
BACKWARDS 1)

| -0 |
Q B
A T
| A T

18



E.COLI VSES
ECO-RY TO
(vop vp
"ENEMY" VIRAL
DbA,

SUT RUMAYS
HAVE QUT

IT To

CONSTRUCTIVE
USE.

PO.. STOCK SUARES
IN GENETIC ENGINGERIPG
CoMPAPIES..

(TRW BEGiv WITH DA YROM TiWp DIFFERENT SOURCEs, SAY N

E. Cout PND RUMAP, A TRERT BOTH WITH EZCO-RI 1 THe
SAME TEST TUBE. | ,
)

TS GIVES THEM BOTH
THE "SELF- BACKWARDS -

(ODMPLEMENTARY " TAIL
T A TR TAIL,
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THE TA|LS SNAP TOGETHER, AWT AFTER :I'REATMENT WITH
LIGASE, PV ENV2YME THAT SEALS NICKS IN THE SUGAR-
YROSPUATE CRAIN, THE RECOMBINANT DN A 15

CompLeTe!
HUMAP
MAVIPULATED! ; V
Al AT
T/ |A Z
. e
€. coLl » -\ VAR,
DN A . v ll>a d/(;;sr
JoB/
/

WuaT CAV - -
You DO T
TAIS RYBRID
MOLECULE?
WHAT WAPPAS

-




THE TECHVIQUE 15 CALLED

GENE
CLAMG,

AUD \T WORKS LIKE

FIRST, CROOSE A Humay
GENE ' ENCODING SOME
USEFUL PROTEN.

15 THERE A
YRoTEN
TRAT PUTS
You THROUGH
MEDICAL
SCHopL ?

FoR YourR BACTERIAL

DVA,vou VEED
SOMETHING THAT (WILL
ge REPLICATED oNCe
IT9 RETURNED TO
THE CELL — A

VEETOR! So-CALLD.

LUCKILY, E. COLI RAS SmalL
RINGS OF PNA CALLED
PLASMIPS , SECPRATE FROM
THE CHROMOSOME. YoU CHOOSE
(OR ErGINEER!) A PLASMID
CONTAINING THE SEQUENCE
G-A-A-T-T-C, AND REMOVE IT
ERom THE .BACTERIUM.

JUST AS pOVE, YV SPLICE
THE HUMAV GENE INTO THE
PLASMID —

-~

N
| \

AND PUT T BACK INTo
€ coLl!.

AHSTER! zwws
Q'\uer’ SEQUENCEI
_WMWWWo
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THE PLASMID
IS REPLICATED
ALONG WITH

EVERYTHING
ELSE N

THE BACTERWUM.

lc)’\THlN AHI;EVUEI \?\OURQ'

£ CAN

BILLION BACTERIA IN A
FEW PROPS OF CUCTURE —
AND A BILL\ON (op/es OF
THE HUMAY GENE I/

\F WE'VE

| INCLUDED THE
PROPER REGULATORY
REOIONS AS WELL,
THE BACTERIA
%J*OULD EXPRESS

HE GENE, AND

We CAN eXTRACT
UPSTANTIAL
AMOUNTS OF

THE HUMAN
YROTEAN. .
MIRAeYLOYS!
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[ The. TRACGDURE S00D5 SIMALE —ARD, I FRINCIFLE, \T 15 I8

PRACTICE I T.CA® PE MOST CoMPLICATED, BIT The foLKS |9
The LABS HAVE SoLVED MosT of Those PRACTICAL PRoBLEMS,
WE CAP NOw CLONE JusT ABOVT PWY GEVE (WE WANT... VSUALLY
IN E COU, BUT OTHER FAST-GROWING ORGANISMS
Wor<, A5 WeLL, EVEN EVCARYOTES (IKE YEAST —

w! MoT ONLY
oo | FULFILL THE
g\ég&mvm DAILY

I OF
VITAMINS A gD, ADK,
BUT ALSO | TASTE
LWKE ROAST puckiivé
AD PREVEPT

CANCER. !

"BREAD of Ti€ TUTURE!

\T5 EVep (o5IBLE T0 CLONE GaY5 INT0 Humap Cgus,
BUT %BFMZ IT ONLY WORKS P A DISK, NOT [V A REAL

PeRsoy
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-

AT (EAST 3 TROTEINS NOW PRODUCED BY RECOMBINART DPA )
HAVE MgDIcAL fossipiiTies...

HUMAN GROWTH HoRmMoNE
PREVEVTS oNE OF
PWARFISM. PEOPLE WHOsE
GENETIC MAKE-UP WoULD
OTHERWISE LEAVE THEM
A BIT "SHORT," CAN
G6ROW NORMALLY IF
GIVEN ADEQUATE .
DORES. <0 FAR :
PEMAND STILL EXCEDs
SUpPLY, BUT NOT
OR “LONG" !

.

e —————

INGULIN, WHICH CLer THEM EAT CA@
E;feAKs Powy SUGAR

IN TE BLooD, HAS
LOPG PEEN MADE BY
OTHER MEANS... BUT
SHOULD NOW eecoMe
MORE CLENTIFUL, AD
R55181N CHEAVER,
MAKING LIFE EASIER

FOR DIABETICS —

A

\
>

.

INTERFERON, Tre IT MAY CURe CANCER
VIRuS - FIGHTER, U5ew TO O0R THE Commop CoLD ! |
pE 20 ZCARCE \T COST

A TRILLION DOLLARS

o WITH \T, TuousH

AN OUNCE —BUT NoW IT5 f
(WADE ez THE VATFUC BY
&{% P ebe o

TV \ E
KNOWS emcnz H);O\AOTP T

CUMCAL TRIALS copTINVE
AMD WOH pofes...




OF PROFITS

FRoM \’R%‘Trelps,

VENTURE

CAPITALISTS
{

|ND

SORT 0F

ENTERPRISE -

T GENETIC _

ENGINEERNG -.

COMPANY, )

BACK IV THE UPERSITY, TS |5 THE CAUSE OF SOME CONCERN...

\% FREE |NQUIRY
C0551BLE \F OUR

DO W (AT
To PIRTY OUR

Ps WITH
/’»5% MONEY?




(.. WHICH RASK'T SLowep | )

THE GROWTH OF IWDUSTRY %= ot
S /" WHERE

/| GET MY HANDS )
\_ DIRTY 92 /

UNNERSITY,
T00...
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Wﬂo WILL
OWN Tie
ATENTS 0P THE

NEW Tec\VoLoGY?
WHAT EXACTLY
CAN o PATepT,
PNYWAY? A plece
oF EQUPMEYTR
PV EXFER MENTAL
fRoCEDURE ?

£
?—'o/Lf//; 20/

ot
o
N\ S

WMM.. MAYBE |
{ SHOULD TALK To A
() ELDO

‘e

l‘ L

e 5597,

VAT e =y 000 a0 6

» RASOANS ’.‘0,’0"30 *

f :’ 411‘ SO /-'
P

TS QUESTION WAS ALREADY GONE To THE SUPREME COURT

WAICK RULED THAT NEWLY INVENTED LIFE FORMS May

pE YATENTED !

- e,
00 e T

BILLoN YEH
iLLION Y€

WORTH oF BACK
RoyALTIES

(50 THE TRESURE
15 OV-.. ' WHY 5touLD
YROFEgsoRs OAFccuse g?% %
(ﬁe‘*ﬁﬁ‘@ s CAMpUS }"Cgl,ég’g&gg .

“""»&BSC%QK%”“ | OF THG SNALL
‘gr)vsl; T fvp DARTER'S
TR, DRo%CTs - MATIRG CYel,
CAANGED FOR NO REMAIN
NS
COURSE

Teds T

\ JEALOVSY... )

: g




g

FORGET_ABoUT MONEY... WHAT ABOUT \ N

UR HEALTH 27 Yrom THe FIRST DAYs
oF é;;plguc ENGIVEERING, PEOPLE KAV

ABOUT BREEDIVe MONGTE]
IN Te LAB 1) d TER*

THE FEAR WAS THAT TAMPERING WTR £ COLIS DNA MIGHT
CREATE A SUPER-DEADLY GERM BY ACCIDENT.

REMEMBER, E. CoLl
LIVES |V THE AUMAY
INTESTINE — IF A
VIRULENT STRAP sHoup
ESCA%E  FROM e
L8, Tieke Moty

6 ¢
‘j@r'?( N(i\o‘ 1540

D

WAVE THOUGHT
PRANKENSTEING MOpSTER
WOULD LOOK

LIKE Tws?

ACCORDINGLY, SCIENTISTS VOLUWTARILY APOPTED GUIPELINES

To LIMT POTENTIAL KAZARDS...
)
Emuoyees ST

WhR HANDS AFTER
COMBIVING EPES
' —_—




SINE THE EARLY DS,
TRE FEAR WAS FADED...

v HASN'T
VAPPErED YET,
50 IT fl‘x’ T

WAPP AT
ALL!

THe MoST ENCOURAGIVG TIING IS THIS: THE STRMP OF E.DLI
USUALLY USED FOR CLONING GERES HAS GROWD So *DoMESTioaTeD
DIRING |T5 YEARS IN THE Lp®, TRAT IT CAR Ko LoNGER SURVIE

IN THE HuMAp GUT!!

|

93 CGd MAee TheRe'S NOTING To WORRY ABOUT:-
) THOUGH \T5 TRUE THAT THE SAFEGUARDS

ADOPTAY BY UNNERSITIES DON'T GeVERALLY APPLY
To YRIVATE CoMPARIES
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WHATS MUCK MORe Lltrety
15 THAT SOMEONE (MILL MAKE A

VEADLY GERM ON PURPoSE.
Jko WOULD WMWT To Do
WAT, YoU psk?

Tue GENERALS HAVE Beg KNowpn To TURN PEW
TeCavoLOGY To MILITARY USE, AND

TAEY USVALLY FIND SCIENTISTS
To OBLIEE. .. |

Re(eNT APTER
ME: “ITS PURE
RESEARCH I*




WE CAY TAKE SOmE
COMPORT PROM THE FACT
THAT BIOLOGICAL WARFARE

[5 BAVMED BY
WTERMATIOPAL TREATY,
BUT YOV NEVER
KNOW.-
— DOES THIs POTENTAL FOR Pagm
\T'5 A PouTiep MEAN THAT GeNg SPLICING
QUESTION pAISED SHOULD BE SToppep 27
B A SCIEVTIFIC ALMOST WITHOUT EXcerTiop,
Bilideo | IS e de
2041 | EJECT THE MEDICAL
20" CENTURY Lite. POVAR(EAS AlLopo Meg&‘ THE

MILITARY USes 17

BESIDES, THE YOISoNS THAT COULY BE MADE THIS WAY ARE
PROBABLY NO WORSE THAN THE ONES THAT ALREADY EXIST WHILE

MEDICAL ADVANCES fROMISE TO BE TRULY REVOLUTIONARY.
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%0 FAR, THE 5VCCeB5E3 IN THIS HELD
HAVE CoME (N VIRUSES, BACTERA,
YEAST, AND PLANTS, BUT WE'RE
GETTING MUCH CLOSER T
WoRKING DIRECTLY WiTu HUMAN

BEINGS.

\
£ o 4 Baesd ek
4.2 " gee 78 o 5y
< s K
o 5 v /s
ra Py ..
7
-

WA MAKINE TesTs OF RUMANS
SCIENTISTS \UST oPPLy B DIFFERENT
STANPARP fRomM TUAT GolerN)Y
EXPERIMENTS ON AMIMALS 0R
BACTERIA.

THATS WY WE KIow So Weel

WHNT CAUsEs CANCER N FATS..

Row Couly Yov -4
ASK FOR

DO AN OXPERIMENT * )
To AND THE VoLUNTERS
CAUSES OF ,
CANCER IN
HUMANS 77

o <
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ANHICH |5 To 5AY, EXPERIMENTS O AUMANS STIR U
CO?«’TKOVEK’#, A 600D EXAMELE BEWNL RECEAVT AT'1?'5MPr5 \
To TREAT THALASSEM/A.

AS YU Rechll,
TS (ONDITION (5
o DEAOGL OBIN
ca&ev o !

MSTAKEN “$TOP"
CoPON |V TWE WODLE

OF Tie 686 FOR
ONE OF 115 CUAINS.

THALBSSEMA VICTIMS

CP;V SUFFER FROM

ANEMA, BONG DEFORMITIES, MO =

WEART PROBLEMS. Z

0| RequiRe PREQUEMT

BLOOD TRANSFUSIONS

e P T
) T i

LwE Lope. o

(" WITH THE SUCCEss
OF BECOMOINANT DA,
DOCTORS BEOAN
To ¢ THAT
THE DiSepSE COULD
BE CURED 8Y
SPLICING A GOOD
GENE JPTO A

HUMAN CHROMOSOME.

N _
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SOUNDS GOOD), EXCEPT THAT THE-SAME
ACPROACA HAD ALREADY FAILED REPEATEDLY
I MICE. STILL, A TEAM OF DOCTORS
FRom U.C.L.A. DECIDED To TRY \T op
HUMANS ANYWAY.. !

THEY REMOVED BONE 265
MARROW CELLS FROM
TWO PATIENTS THIGH

- 6OOp
€S, ( REMEMBER A
Yoo %%%%%%YNE’ W GoNE S
e .
"éwov CELLS.) SPLICED |N-
THE THIGN
\RRADIATED
Bt | )
1(9(5{;‘7 NZ?URROW |
7
Tie NEW .
CEULS TiE
eDLe).

AND THE

RESULF? e e
o)
M hing”

(4INCE THeN, THE
EXPERIMENT HAS
WORKED — IN MICE.)
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THE DOCTORS TOOK A LOT OF FLAK FOR TWiS EXPERIMENT,

SEVERAL OBJECTIOMs WERE RAIseD:

N e 4 ' .

NOT EVey A FART OF Te | | THe EXPERIMENT WAS )
PROCEDURE WAD EVER DISAPPROVEP BY U.C.LA.'
WoRKED |v ANIMALS. 1T CoMMITTEE ON HUMAN SUBJEGS
STILL NOT AT ALL U5E. WOWEVER, iT HAD BEEN
CLEAR HOW To INSERT A APPROVED BY THE Two
RUMAY REMOGLOBIN GENE HoSPITALS IT WAS
INTO A MAMMAL cetd | CARRIED OUT (0 ITALY AND
SUCR A WA TUAT 175 I5RAEL). |
EXPRESSED IV ANY_QUAY-
Y. | e o

. C S v

(e RADIATION CeRTAWY | [ AFTERWARDS, THE DoCioRs )
- DIDN'T HELP THE PATIENTS. || WERE DISCIPLIVEV, ONE 0F Them

LOSING Ri6 POSITION A5
%Tl"?uﬂeﬁug@ggfogéé’ DE?}\RTM_ENg CHAIRMAW ...
WHAT WAS BEIVO DONE, WP 90‘7 ‘1(‘){\31 %/}lw\glép
Tuey GAVE THEIR COPSEMT. EXFERIMENTS CAY

PANGEROVS |




ﬁf COURSE, THERE

ARE FEWER RESTRICTIONS
ON PLANT AND ANIMAL
EXPERIMENTS THAN 0N
HUMANS.  (Tiis BoTHERS
S0ME PEOPLE, BY THE
Wh.)

\—

NT
LE6AL [wVErst

DEFE oAl
FUD  pceise

%o PROGRESS WAS BEEN MORE RAPID AMONG PLANTS AND ANIMALS.
ALREADY THERE ARE BREEVS OF CoTroN, ToMATO, AN
ToBACCo WITH Aw ADDED BACTERIAL GEPE THAT MAKES THEM

Yotsoloys To \WWSECTS.

et ¥ VA

2] ToBACCO (WAS ALREA
BIsoNeUs T

FORTUNATELY, -

RUMANTS .-

SQENTISTS ARE EXCITED ABoUT
TRANSGENIC MNIMALS — ANIMALS
THAT CONTAIN A FEW GENES
FROM ANOTUER SPECIES,

‘M HAVING
THE STRANGEST
CRAVING FoR

DINNER...

ONE EXAMOLE ARE PI65 WITH
BOVINE GROWTH HORMONE. THEY
GROW FASTER AND LEANER, BUT
ALS0 UAVE OTHER PROBLEMS, LIKE
ULCERS AND ARTHRITIS —S0 You'LL

HAVE To WAIT FOR THAT “PBORK“
LHOP.
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TRAVGEN(L PLANTS AND
ANIMALS CAN PASS ON YoU DON'T HAVE 1O MAKE THE
THEIR NEW GENES To THEIR BABY PERFECT — JUST BETTER
OFFSPRING, BECAUSE THE TUAN ANYONE ELSE'S...
GENES ARE INSERTED AT A
VERY EARLY STAGE OF
PEVELOPMENT, ALLOWING
THEM To GET INTO SPERM
AND EGG CELLS. PERFORMING
THESE EXPERIMENTS ON
RUMANS WOULD THEREFORE

RAE s0Me HARD BTRICAL
[495V€ES .

rBu‘r (WE'RE GETTING CLOGER. THERE ARE ALREADY LIVING “TEST 'l’uaej
BABIES" — FERTILIZED W A TEST TUBE AND THEN, AFTER M FEW
DIVIGIONS, IMPLANTED IN THE MOTHER’S WoMB, WUERE THEY
DeveLopep NATURALLY.

WEY, Mom!
WOW YA DOjy'2

1’0 SAY,

“DoN'T DRoP
TUAT TE5T
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/Tie 0BYjoUS VOXT STER
WOULD BE To ENGINEER
THe EMBRYO |V Tie
TesT Tuek ...

TS QULD Rf\yee Rt \\
GENE THERAPY — N
FIXINe SPeUrC 5 —

To... WHD KNOWS WHAT 21

¥ y

AT THE EXTREME, IT MAY BECOME (osSIBLE To CLOWE
PEOPLE. THE Bokb5 NUCLBUS WOULD BE ReMovep
ALTOGETHER AND REPLACED WITH A pucless tRom AROTHER
PERSOp.

o1
Yoy
XYM

-

l]tBTeP«V.
Tﬂeklé\TT e
W\{)ULDC?NF:L
oAl
TO WWW" i
OR WAATRVER - V=2
POpATED
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- SOUD  FAR-FETCHED? WELL SCIENTISTS HAVE ALREADY
SUCCEDED I CLOMING MICE MID FROGS...

L

e TECHUQUE MAKES |T Possipie
MAKE MULTIPLE CovIES OF LIVING o
WPMDUALS! 16 Tilis™ wpaT e WANT
To BecoMe, A WORLD o CLONES 22

A PRN1I PN
> -~

v MiGHT wew AsK:
WHO WILL BE CLoNep?

S
Mopey 2 wiL lgfae LeoAL” WEAKLY
WILL TeRe s€ PeoPLE

EREEDERS SELGONG, Tie -
WO5T “FIT" foR RePRoDUTIV? o

w =
T {{,~ Sz
N ZT 7T T THE LAST TIME ANYONE
7] TRiED To BREED A MASTER

RACE, IT WAS AN UNHAPPY
L/.:,/\ EX?ERléNCE. To SAY THE LEAST..
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0r WAYge WERE BEL Too 6LOOMY... WABE THE FUTURE
WiLL BE A GLORIOVS TIME WHEN PEOPLE WILL BE

ENGINEERED TO AT CLOTHES INSTEAD OF VICE VERSA

Po You HAVE
700 BLUE BLAZERS
INA 42 REGULAR?

wE (AL BREED
G XN’ Llf)ewzoém
X oReelLNSHoa?\ E
VINK RMRY
p /\
agp B INCEEASE THE .
D 10 UMBER. oF GEPES
%GT FOR oK VILRENT

CAL \ To S(Reg® puT
%ﬁg‘ﬁg%z, cmmc RN(S-'

LIKE THe

Bw(k
et ”“"}w///
NTMOSPHERIC
0Zope Il
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T5 NOT ONLY OUR
b T
0 WO
APOVT... THERE %
15 ALSO e 4
GENETIC
PIVERSITY
0F Tie
ENTIRE
PLAVET.
Iz
oy

AN\ A \T's MARDLY NEWS TAAT ALL
A\ \\ . LIFE 15 IO TER DEPENDENT.-
/2N 60RILLA ERTS BAPRPA,
N, BANANA EATS CHEMICALS FRom
THE SOIL; SOME OF THE CAEMICALS
CET THERE TROM BACTERIAL
ACTIOP; OTHER BACTERIA AID
THE ARES DI6ESTioN) STILL
OTHeRS BRENK DOWN (15

WASTEG PRODUCTS , ETC EIC
€fc. .

WITH 0UR EXPLODIPG YOPULATION,
RESOURCE - K0GGIPG, MODERP AGRICOLTURE,
AND CoLLUTION, pRe CHANGING THE
EW\;:NMQW S0 DRASTICALLY THAT

xUNV DS OF ALANT A ABIMAL
fECIES GO EXTINCT EVERY YEAR.
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(" TWAT MEANS FEWER AUD FAWER DIFFERERET Gedes )
BEMALY IV THE BIOSPHERE. ONCE GONG, TheY'RE 60NE FOREVER !

TS INCREASIDOLY TRREATENS
LIFE AS A WHOLE...
K%R EXAMPLE, |F THERE

€ OpLY 5 KINDS of
PCPLE, They mAY ALL
BE WipED OUT BY A VIRWS
O BLIGHT...
WHEREAS, IF THERE WERE
%0 VARIETIES, CUAPLES

ME BeET TWAT SOME™
oF Them Tf& &e

RESISTAIT MY SURVIVE -

([ SeVeRAL CoupTRIES ARE RDDRESSIPE

UNFORTUNATELY,
TMS PROBLEM, SAVIVG AS mApY |

A B o licue P B B0
Thelk s ANIMALS.,




PERHAPS GENETIC ENélt\EEBlﬂéﬂ

CraATING VR ooy on THE OTHER
i BINATIONS,

BUT THIS 15 STILL v THE RAND, THE

FUTURE...

o GENETIC

@ ENGINEERING
WiLL B¢

o | UMITED BY

o5 THe umitep
NUMBER

o OF ALLELES
LEFT To

RECOMBINE.

WE FIND OURSELVES N —7 -
POWERS. COMFROPTES"BY OUR OWP AWESOME

N The
RAND, weope Q
YAce TIHE
BLIND PoWER -

THAT \
oREsTe eRopes
The soi,

T

MARGIN.
FARMLAND
INTO DESERT
- PND DEPLETES
THe HeacTy
PIVERSITY
OF THE
oeNe Pool ...




o) THE OTHER HAND, WE MUST DEAL
WITH THe GRowING POWER OF
GENETIC ENGINEERING- IT

- YROMISES — OR THREATENS —TO C
ALTER THE VERY NATURE OF O
HUMADITY. (T RAISES QUESTIONS 0

WHICH We BARELY HAVE A -

VOCABULARY TO DISCUSS MUCH

LESS s0cIAL AP FOLITICAL G
INSTITUTIONS TO DECIDE.

A
¢ C
[03
—
".“7‘
-
\
/////'/q —

WITH ToWeR COMES Tie RestopsiBILTY of CHOOSING WISELY .
IN YART.. TS DEPENDS OP ACCURATE INFoRMATION. M A SENSE,
WE HaVE COME FULL CRCLE, To A TIME WieN EVERYONE
MWST BE A BIOLOGIST, AND THE WORLD IS A CLASSRoOM!
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Adenine, 120, 122
AIDS virus, 156
Alleles, 42—50, 54
co-dominant, 162
combinations of, 54
recessive, 81
Amino acids, 108-111
Anthers, 31
Antibodies, 177-178
Anticodon, 136-137
Aristotle, 14-15
Asparagine, 109
Assortment, independent, principle of, 48,
70
Attenuation, 172-174
Avery, Oswald, n8-1i9

Bacteria, 2§ - -

Baldness, hereditary, 91—93

Base pairs, 122~123
sequence of, 130

Bases, 106, 107

Beadle, George, 114

Bibliography, 210

- Biological warfare, 194~195

Blood groups, 162

Body cells, 83

Bone marrow cell, 163

Bonellia marine worm, 9o

Bovine growth hormone, 201

Breeding, selective, 6

Camerarius, 30

Cancer, 83

Carbon, 104

Cell division, 57

Cells, 5664, 97-101
turning into other kinds of cells, 163
types of, 98—99, 164

Cellulose, 105

Centromere, 59

“Chaperone” protein, 129

Chargaff, Erwin, 121
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Chromosome mapping, 69—78
Chromosome number, 60
Chromosomes, 5870, 102
genes on, 67, 69—71
“recombinant,” 76
in sperm and egg, 61-62
X and Y, 85-89, 91—93
“Clipping” enzyme, 127
Cloning genes, 185-188, 193
Cloning people, 203
Co-dominant alleles, 162
Codons, 133-137
complementary, 136137
Color-blindness, 91-92
Complement, 124
Complementarity, principle of, 124, 128
Complementary codon, 136-137
Correns, Carl, 65-66
Crick, Francis, 122-125
Crops, productive, 7
Crossing over, gene, 71, 76-77
Crossing square, 44-45, 48, 73-74, 93
Cysteine, 109
Cytosine, 120, 122

Darwin, Charles, 55
Deoxyribonucleic acid, see DNA entries
Deoxyribose, 106
DeVries, Hugo, 65-66
Digestive enzymes, 112
Diploid organisms, 68, 89
Diversity, genetic, 206—208
Division, cell, 57
DNA (deoxyribonucleic acid), 107, 119,
181
“junk,” 147 '
recombinant, 180, 184, 188
repetitive, 152-153
“selfish,” 153
sequence of, 129-130
DNA replication, 125-128
Dominant trait, 4048
examples of, 53
Double helix, 123-125



E. coli, see Escherichia coli
Eco-R1 enzyme, 182183
Egg, 29

chromosomes in, 61-62

mammalian, 27-29
Empedocles, 16 .
Endonuclease, restriction, 182
Engineering, genetic, 179-195, 206209
Environment, 206, 208 '
Enzyme Eco-R1, 182183 )
Enzymes, 112-116, 129, 181

“clipping,” 127

digestive, 2.

genes and, 114-116

“inducible,” 171

“snipping,” 126127
Escherichia coli (E. coli), 100~-102,

185-186, 192193

histidine and, 172-174

lactose and, 166—i71

replication, 126
Eucaryotes, 144-148
Experiments on humans, 196-199,

202-20§

Extinction, species, 206—208

Fertility magic, 9

Fertilization, 29
‘plant, 31

Flippase gene, 176

Flowers, 30-31

Franklin, Rosalind, 121

Gametes, 61
Gene cloning, 185188, 193
Gene expression, 174
Gene mapmaking, 69—78
Gene mutation, 79-83, 158161
Gene regulation, 164-178
Gene splicing, 180-184
Gene suppression, 174
Gene swapping, 71, 7677
Gene therapy, 203
Generation, spontaneous, 20~23
Genes, 42, 54, 96
bacterial, 201
on chromosomes, 67, 69—71
dominant and recessive, 40-48, 53
enzymes and, 114-116
flippase, 176
Jjumping, 175-178

partial, 178

sex-linked, 91-95
Genetic code, 134-137, 145
Genetic code table, 135
Genetic diversity, 206~-208
Genetic engineering, 179-195, 206—-209
Genetic engineering company, 189
Genetic research, peas in, 38-49
Geneticists, 32
Genetics, practical, 6
Genotype, 49
Gilbert, Walter, 171
Glucose, 104
Glycine, 109
Gonick, Larry, 215
Griffith, Fred, u6-1ny .
Growth hormone, human, 188
Guanine, 120, 122
Guanine “cap,” 146

Haploid organisms, 68, 89
Harvey, William, 27-28
Helix, double, 123-125
Hemoglobin, 108, 158-159, 197-199
Hemophilia, 91, 94-95, 200
Hereditary baldness, 91-93
Hereditary traits, 54
Heredity, theories of, 12
Hertwig, Oscar, 29
Heterozygote, 4952
Hippocrates, 13
Histidine, 172~174
Homolog, 64
Homologous pairs, 62—64, 67
Homozygote, 49, 51
Hooke, Robert, 56
Human growth hormone, 188
Humans, experiments on, 196-199,
202-20§

Mendel and, 39
Hydrogen, 104
Hydrogen bonding, 122 -

Immunodeficiency diseases, 200

Independent assortment, principle of, 48,

.70
“Inducible” enzymes, 171
Inheritance, 11
Insulin, 188
Interferon, 188

Introns, 148
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Jacob, Frangois, 166-167, 169 ' Nitroges; 104

Jacob’s flock, 9—10, 33, 50 Nuclear membrane, 146
Jumping genes, 175-178 Nucleic acids, 106107, 154
“Junk” DNA, 147 Nucleosome core, 150

. Nucleotides, 106, 126-127, 148
Karyotype, 88 Nucleus, cell, 58, 144

Kleinfelter's female, 87 o 69—
perator, 169-170

Lactose, 166-171 Operon, 167, 173-174

Leader sequence, 173 8:':"" lf6
Leewenhoek, Anton van, 23-26 o 1y 3
Leucine, 109 : xygen, 104
Ligase, 184

Partial genes, 178

Like begets like” notion, 6, 10 Pasteur, Louis, 57

Lipids, 105

_ Patents, 191
Loops, mRNA, 147-148 Peas in genetic research, 38-49
_ People

Macg‘omolechles, 104-105 cloning, 203
Maglq, .8—10 _ primitive, 1-4

fertnl_tty, 9 Peptide, 110

sympat.hg'.tlc, 10 , Perutz, Max, 108
Mammal}an cgg, 27-29 ' Phenotype, 49
Mapmaking, gene, 69~78 Phenylalanine, 109, 134
Matine worm Bonellia, 90 Phosphate, 104, 106, 107
Marrow cell, 163 Phosphorus, 104
Ma.tm.g, 5 - . . Plant sex, 3031
Meiosis, 63—64, 86 Plasmids, 185

faulty, 87 Pneumococcus, 16-117
Me_nde!, Gregor, 37-48, 55 Pollen, 31

hy.bnfis and, 39 Pollination, 8

principal results, 54 Poly-A tail, 146
“Messenger molecule,” 131 Polypeptide, 1o
Messenger RNA, see mRNA entries Polyploid organisms, 68
Mgthl(lnme. 40 ' Polysaccharides, 105
Mice, “waltzing,” 11 . ‘ Primitive people, 1-4
Mgcro.sco_pe, 23-24 Principle
Mitosis, §9—60 of complementarity, 124, 128
Mold, Neurospora, 14-115 . of independent assortment, 48, 70
Molecules, 104-105 Procaryotes, 144-145
Monod, Jacques, 166-167, 169 Productive crops, 7
mRNA (messenger RNA), 133, 139, 142, Promoter region, 167-169

143, 149,173 Protein chain, 1o-

edmpg of, 157 __ Protein coat, 154
ml}NA loops, 147-148 : Protein synthesis, 133
Miiller, Hermann, 82 Proteins, 106, 108-113, 129
Miiller-Hill, B., 17 “chaperone,” 129
Mutagens, 82 Protozoa, 57, 90

Mutation, gene, 79-83, 158161
Recessive allele, 81

Nerve cells, 98 Recessive genes, 200
Neurospora mold, 114-115 ~ Recessive traits, 4041, 161
Nirenberg, Marshall, 134 examples of, 53
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“Recombinant™ chromosomes, 76
Recombinant DNA, 180, 184, 188
Red blood cells, 98, 163
Redi, Francesco, 22
- Repetitive DNA, 152-153
Replication
DNA, 125-128
E. coli, 126
Repressive tolerance, 157
Repressor, 169-171
Reproduction, v, 3-5
Restriction endonuclease, 182
Retrovirus, 156
Ribonucleic acid, see RNA entries
Ribose, 106, 132
Ribosomal RNA (rRNA), 138, 143
Ribosome, 138-143
RNA (ribonucleic acid), 107, 132
messenger, see mRNA entries
ribosomal, 138, 143
transfer, see tRNA
RNA polymerase, 133, 167-168, 173-174
rRNA (ribosomal RNA), 138, 143

Selective breeding, 6
“Selfish” DNA, 153 °
Semen, 13, 14, 25—26
Sequence
of base pairs, 130
~ of DNA, 129130
Sex, 4-5
determination of, 84-87
plant, 30-31
Sex-linked genes, 91-95
Sickle-cell anemia, 200
“Snipping” enzyme, 126127
Socrates, 12
Somatic cells, 83
Species extinction, 206208
Sperm, 25-26, 28, 29
chromosomes in, 61-62
spindle, 59, 63
Splicing, gene, 180-184 -
Spliceosome, 147
Spontaneous generation, 20-23
Sports, 34-35, 52

Square, crossing, 44-45, 48, 73-74, 93

Stable varieties, 33
Starch, 105

Stigma, 31

“Stop” signals, 135, 141

Sugars, 104-107

Sulfur, 104

Sunbathing, 83

Sutton, William, 62, 66
Sympathetic magic, 10

Tatum, Edward, 114

“Test tube babies,” 202-203
Tetrads, 63

Thalassemia, 159, 161, 197, 200~201
Thymine, 120, 122

" Transcription, 133, 148, 173

Transfer RNA, see tRNA

Transforming factor, 18

Transgenic animals, 201, 202

“Translator” molecules, 131

Transposons, 177

tRNA (transfer RNA), 136-137, 138,
- 139-141, 143

Tryptophan, 109

Tschermak, Erich von, 6566

Turner’s female, 87

Ultraviolet light, 83
Uracil, 132 -

Varieties, stable, 33

Vector, 185

Victoria, Queen of England, 94-95
Viruses, 154-157

“Waltzing™ mice, 1
Warfare, biological, 194-195
Water, 104

Watson, James, 122-125§
Wheelis, Mark, 215

. Worm, marine, Bonellia, 9o

X chromosome, 85-89, 91—93 -
X-rays, 82

Xénophon, 11

XXY syndrome, 87

XYY karyotype, 88

Y chromosbme, 85-89, 91-93
Yeast, 187

Zygote, 61
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