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1 
Oxygen 

\VF. ALL 8flf:A'l'H£. \Ve draw air into oor lungs and 
then. puff it out again. 

·nu, a.ir \lie breath is one-fifth oxygen (OK-sih-jcn), 
and it is these atoms of oxygen that we use .  \�'e 
combine o:<ygen with substances in the body that 
contain carbon (KA 1111-bon) and 1,ydrogen (HY-druh
jen) .  The carbon combines with oxy�en to form <..'arbon 
dioxide (KAHR-bora-<ly-OK-side). ·n,c hydrogen com
bines with oxygen to form water. 

\Vheo we breathe out. then, the air from our lungs 
is missing some of the oxygen it had when we 
brc::athed in. Jostead, w-e bretlthc out carbon dioxide 
and ,vater ,,;,por. This process is called respiralio11 
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(H1• :S-p1h-RAY-i.lrnnl. from L1tin wonh meanin g "to 

breath,• over and O\(·r. -

\\e·rt.• breathin� all the time. So ,ire all 5x•o1,k· and 
.all other iuurn.tls. l\'f>J)I<· and otht'r nnimals ha ,t• been 

breathill� f ur many millaons of ye ar, \\b) h.1M1' t aU 
tht· oT)·gen in tilt' air l,t •t•n used up b) now? \\"Ii) 
h:uOt it all bt't.·n replaC'<.'<I hl C"'.trbon dioAide .and 
\\.ttN( 

And lk>" about th e ..-ubstanl't'� in tlw IKxly that 

pronde <'",1rhon and ll\d�en'? If we keep comhinmg 
them ,,ith the o��en wr hreath,• '"h) don't wt• use 
tht·rn up? 

1h 1eplact' lh(• cttrbo n iilnd hydrogt·n. we eat food 
that cont.tm\ tho�t· atoms. Bui where dOt"\: the carhon 

a.od h)drop;en in tht> food oonw from? \\C t·,\t different 
kinds of plant\, suc.-h .a� rruits and ,egetables. \\(• J.lso 

.... u animali., .. uch as c.;.11tll•, he.KB. und d1ickens th.it, in 
turn, eat planh. Tiw c.:arbon and h)drmo:en, in thl' 

�·nd, rorne from plants. w hidi t·ntl op .a.., food for J.11 
the anunuls of l lw ,�orld, 01)£• WJ\ or anotht.·r. 

But wh ere do tht' plants get tht.· <.'i.)rbon .i.nd h, dro. 
gen? ·nw) don"t e,1t. 

·nlose Jn• the two bf1t <1uestion�; I low do wt.· hr< ·uthe 

without usin'-t u1> .:i.U tlw ttlr'f How do we eat withCJut 
o,mLt up all I.ht· food� 

Plnnts are easwr to shad) th.rn air is. At least you 
<:Hn �('(' plants and Wlttch them st:row. The} wo11"t �row 
uoless )OU 1>kmt them in soil tmd water tlu..'m It 
't"'t'ms. tlwn·fort", that t•1Lh er soil or water (or hothl 
tu� to turn into plant malt-rial as pbnt,; grow. 

In 1643. a 8(•1gi.m scu-ntist. Jan B:1J)tMJ. ,-an I lt.-1· 
mont (HEL-moot. 157i-16-H), 1hough1 hl' would dt-, 
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t·ide the matter h� t·,perimeot. He wci�lwd oot a 
qo:mht) ul soil and planlt'<I a "allow tree 111 1t He 
Ll'pt the pot of wil covcn-d so that no lhine; could �t:'l 
1nto ii t"Acept tht.t ,,·,1t("r ht." 1>ut in hiimi(•lr I le ,,.:att·rt:d 
lhllt lrt.'e ror flV(' )''ears and tJwu carefuJI) uprooted II 
.ind lmoded all tlw \ot)al off thC' niol\ ha.cl into the pot. 

Helmu11t round th,,t tlw will°'� tree wc-ildwd 164 
pouf1ds. but the i,hil had k>st only t""'O ounct·,. 11(• 
dt-'Cided th.it it was not tht• soil that tum....d 11110 pl.mt 

nmterial. It wn� tl1<' water 
Jo lklmont's tune, how('\t't. it was not km),u) that 

dilfowut kind� or .atoms ex1st m tlifTcrent rnatieri,tk 
Helmont didn't know thJ.t \\atcr contaim c>nl) hydro� 
jt<:ll a.od oxygen atom\, whil e plant\ rontain'i hydro
i,ten. OX)g<'11, .md carbon dlOnlS. 

But then, -..c>1l and wtHc•r Y.'{'re not the only thm�� 
that touched th<' willow In"(· l-lelmont IMcl grc)\1/11, Air 
had tom·hed it, too. but Helmont didn't tolkt.> th.it into 
account lla.rdly an)·ont• did in those day,. You can't 

� or fed ;1ir. '-0 pt."01>le usuall) 11tnored it. 
\t>t Jl1•l111<mt did stud) Air. though 1ml in oount•< :tion 

wilh his "illow tree . He w,i.s the 6r,t to noti«• that 
tht'1t· .are dilfort·nt kind� of ,til', Becmw tlu• different 
.u" ,art• invisib)(;> .ind doo't hmt· ""> shapt_•, Helmont 
thought lht•) resembled \<Hnething tlw anci ent 
Grt ·1'k� c.:alled chao8 (KAl-os). ml'nning alljumhlt·c.l up 
and sbapel(;'i,. Helmont pronou nced the \\'()rd in h,s 

own l.tngua�l' and it bec:.illlt..' p.as. To th1\ day, w(• 'JX";d 
or �1r and other .a..irlike sub�t:.111t't".S as �,w,, 

I lc•linont fouod thut ,.,hen he hun)ed wuod, a �ni; 
t1uite different from ordmary air "°h prodoced. 
Thinf:t., wouldn't bun1 in thh j,(:U, rrom wood tlS the ) 
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Jan Baptista van Hefmont 

wt)uld burr) in air. TI\e nc::w gas dissolved in v.r;tter, 
which ordin.-try air woo1d not. The gas llelmonl stud
ied is the one we now call carbon dioxide. 

It turns out that carbon dioxide is ,·cry irnportaot to 
plant growth, but He]mont never realized that. 

Other scientists grew interested in gases. A British 
scientist, Stephen Hales ( 1 6 7 7 -1761), studied them in 
detail, and, in 1727. he wondered if a g.as might be 
involved in plant growth. However, he oouldn't figure 
out which particular gas might be the one. 

Then, in 1756, another 6ritish scientist, Joseph 
l!lack (1728-1799), studied carbon dioxide and found 
that it combined with a mineral <.-ailed lime, changing 
il into another called limesto11e. 

Then he noticed that he did not have lo expose the 
li,ne to carbon dioxide. If he just let the lime stand in 
ordinary �tir, it very slowly began to undergo the 
change. This meant there was �rbon dioxide in the 
air around \IS; maybe ju.st a little bil. but it was there. 

fo 1772, still another British scientist. Daniel H.oth
erford (RUTH-er-ford, 1 7 4 9 -1819), burned a candle 
in a closed container of air . After a while, the c�mclJe 
went out and bunted no more. It was lmown by theo 
that a hun\ing caodle produces carbon dioxide. Thnt 
made it seem as though the <.ttndlc had used all the 
air and had replaced it with carbon dioxide. 

However. carbon dioxide combin<!S with cettain 
chemicals. By adding those chemicals to the gas in tl1e 
container Ruthe1ford got rid of ttll the carboo dioxide. 
That still left plenty of gas in the container, but a 
candle would not bum in that remaining gas. 

Ruthe,forcl cle(.'·ided that air contained a ga.� that was 
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not c.arbon dioxide and that things would not bum in 
i t .  EventuaJly, that gas was named nitrogen (NlTE
ruh-jen). 

Then, io. 1774, yet another British .scientist, Joseph 
Priestky (PHEEST-lee. 1 7 33 -1604). obtained from air 
a gas in which objects burned furiousl)'. If placed into 
this gas, a thin piece of ,,,.ood that was merely smol· 
dering would inslaotly hursl iulo ffamc. The gas was 
(.'\'<�ntually n,1med oxygen. 

Finally, in 1775, a French scientist, Antoim� Lau
rent 1.a">isier (lu-vwah-ZYAY, 1 7 4 3 -1794). put all this 
together. He said that air is a mixture of two ga.•ws. It 
is ahout ·Y5 nitrogen tmd \11 oxygen. It is the oxygen 
that makes things burn in air aod it is the oxygen that 
keeps nil nnimnls, including human beings. alive. 
(111ere is a bit of carbon dioxide in the air, too. Air is 
l'i<,,i carbon dioxide.) 

Once Lavoisier had worked that out, the next ques
tion was wily all the breathing and all the fires on 
Earth didn't use up all the oxygeo aJld replace it with 
carbon dioxide? If th�1t h;;ippened, all breathing crea
tures would die and 11othing ,voul<l hurn. ,N there 
<.'(mtinoed to be plenty of breathing and 6res. and 
plenty of oxyge11 io the air, too. 

lt seemed that something replaced the oxygen in 
the air as quickly as it was used op. IJttt whnt? 

The beginning of an answel' had come with Priest
ley . In 1771, Priestley pht(...-ed a moose in a dosed 
container of air .  Eventually the mouse used up so 
much of the oxygen in its bret1thing th:1t it couldn't 
live on what was left, and il died. 

Pri(•stlcy wondered if plants ,voold also die in such 
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air. Ile remo,•e<l the rnousc, and put a spl"ig of mint in 

a glass of water into the closed 001H.airu;r in which the 

rnouse hod died. 
The little plant did ,wt die. It grew in the (.·(mtainer 

for inont'1s and did fine . \Vhat was more, at the end 
of that time, Priestley put a mouse into the container 

and it lived and raJ\ about. \.Vhafs more, a candle 

burned ill the C..'()nt:Hner. 
Priestley did not quite understand what had hap

pened, since he had not yet discovered oxygeo. Once 
Lavoisier had worked out the nature of air, however, 
ttU was clear . \Vhile aJ\imals used up the oxygen in the 
air, plants somehow put it back. As long a.� Earth was 
t'Overed with plant life, oxygen would never be used 
up. This was re..usuring to scientists of that time, but 
not so cheering today when thousands of acres or 
l'ainforcsts are being  leveled for fanning and the de
mand for wood products is clearing trees away. 
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2 
Light and 

Carbohydrates 
'WHEN OXYGEN COMHINt:.s with sobstances in the 
huinaJl hody to produce carbon dOoxide al\d water. it 
also produces energy {EN-cr-j( ."e). This term is from 
Creek words meaning ''contains work." hc;.-cause en
ergy makes it possihlc to do work. 111e chemical 
e11ergy (KEM-ih-kul) obtained from the combination 
of oxygen and body subsh\nl.-e s  makes it possible for 
us to move :md do aH the thiogs we do .  

In P:riestley
°
s time, scientists didn"t quite under

stand about energy. but later on 1nuch was discovered 
about it. lf combining oxygen with carbon and hydro. 
gen atoms to form carbon dioxide and water produced 
energy, what about tlH� reverse? \•Vhat ahoot forming 
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oxygefl agaiu and putting it back in the air. Ev(:ntllally, 
sci(·ntists learned that the energy situation would also 
reverse. Oxygen formation would use up energy. This 

meant tllat if plants formed oxygC'u they had to get 
energy to make lhat possible. \Vhere did the er"tergy 
00,1w from? 

A Dutch scientist, Jan lngenhousz (INC-e11•h.ows, 
J 730-179'J), found the answer. He k,;pt studying the 

,vay in which plants formed oxygen and. in l i79, 
notict�d tlmt this only happeoed ill thf: light. Phmts 
formed no oxyge,1 in the dnrk. 

Sunlight <..'Ontains energy. and this energy makes i t  
possible for plaots to grow and manufacture withio 
thernsC'lvcs the complicated substances that animals 

use as food. TI1e e1wrgy from sunlight a)so makes it 
possible for plants to form oxygen. 

The process of nlaking complic.1ted substances out 
of simple ones is called sy,11/iesis (SJN.thuh·sis) by 

scientists. It is from Creek words meaning "to put 
tog<'tl1er." \Vhen light energy is u.scd to make this 
possible, the proccss is "photosynthesis" (FOH-toh
SIK-thuh-.sis). meaning "to pul together by light.·· 

Photosy11th<:sis is the most important chemical 
process on Earth. It produces the food :md oxygen 
that all a.11irn:1ls, including human beings, live Oil. 

The question still remainc·d, tl10\1gh, as to what the 
source of <,:.'lrhon :1toms was. since water supplied only 
hydrogen and oxygen atoms. 

A Swiss scientist. Jean Seoebier (seh.11eh.6YAY, 
1742-1809), in 1782, was the first to suggest that the 
sour<..-e h�1d to be the carboo dioxide in the air. 

In 1804, another Swiss 'icientist, Nicolas Theodore 

20 

de Saussure (soh-SYOOH, 1767-1845), repeated Hel 
mont ·s c•xpcriment. This time, though, he carefully 
supplied the pla.111 with carbon dioxide as well as 
water. He mea.'5ured how much of each wns osed up, 
and how much weight the plant g.'lined. He was able 
to show thal the plant substance was iil<leed huilt up 
of carbon dioxide and water. 

Now the11, this is the way it looks. In plants: carl.>011 
1lioxid4: + 1cater + liP.ht e,wrgy = f<><>d + oxygen 
(photosynthesis). 

111 :lnima1s: food + oxygen = carbon rlio.ride + 

uxuer + chemical energy (respiration). 
Photosynthesis and respiratjou ,,.·ork in opposite 

directions. 'What happens is tht1t light energy is tun1ed 
ioto du.:mical ene@'· The lighl e1wrgy is used up, 
but food and oxygen arc not. Nor need we w'Orry about 
light t'ncr�,y. for the Sun has delivered it for bilJions 
of years a11.d will go on to deliver it for additional 
billions of years. 

Of the subslaoccs involved in photosynthesis and 
n.�spiration, carbon dioxide. water, and oxygen are 
quite simple. Each is <.'Omposed of small molccule.t 
(MOL-uh·kyoolz). which are comhinations of atoms. A 
carbon dioxide molecule is made up of one carhon 

atom and two oxyge11 atoms. A wMer molecule is 
made up ofh,,..o hydrogen atoms and one oxygen alom. 
An oxygen molecule is made up of two oxygen atoms . 

FO<x.l. ho,"-ever. and the material out of which living 
creatures are made have <1uitc t.•(unplicah�d mol<-cules. 

In 1815, ;.1 British scientist. V/illiam Prout (1785-
1850), was the first to divide fOod malerials into three 
main groups. Today we citll these groups: carbohy-



drates (KAllll-boh-HY-drayts), fots. and 1>roteins 
(PHO-teenz). Carbohydrates and fats both h:tve r.:ather 

large molecules that include carbon, hydrogen, and 
oxygen atoms. Proteins have particularly large mole
cules that <.·<mtain not only carbon, hydrogen, and 
oxygen atoms, but nitrogen and sulfur atoms as well. 
together with an occasio,,al sc.alh:ring of other types 
of atoms. 

Of th<"s<..� three varieties, the most common in plants 
is carbohydrates. All plants contain cellulose (SELL
yoo-lohs), which is a carbohydrate thnt i.s the principal 
substance in wood. Cellulose is firm and st.roog and 
supports the plants. Another common type of carbo
hydntte is starch. which is soft and easily digested. It 
is the principal food stored in plants. 

Once a plant has a supply of carbohydrates, it can 

easily make fat out of it, fat being a pa.rrt icularly 
oont-entrated form of food. A plant can also make 

protei11 out of <.ttrbohydrates, with the help of minerals 

that it absorbs from the water or the soil. 
Because plants contain so much in tl1e W'.r)' of car .  

bohydrate, and because carbohydrate can be used to 
form fat and protein without light energy, it seems 
reasonable to suppose that photosynthesis fOrms car
hoh)'drntes. Everything else in the plant is then made 
out of carbohydrate in ordinary chemical ways that 
,1,,vrk ln animals. too. 

TI1is was shown by a German scientist, Jl•lius von 
S"chs (ZAHKS. 1832-18.()7). In 1868. his Srst discov
ery about plants was that, io the dark, they combine 
oxygen with the matc•rial in their bodies and produce 

carbon dioxide �md water io ord(�r to make use of 
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du::mical energ)', just as animals do. In the light, 
hov.'ever, photosynthesis produces far mol'e food and 
oxygen than plants 1wcd for their own use �md that is 

why there is alw�1ys plenty for animals to eat and 
breathe. 

Then, in 1872, &,chs kept a plant in the datk long 
enough to have it combine most of its suhstan<..-e with 
oxygen. B> •  then, it was ready to have photosynthes is 
ma.oufucture more food <rt•ickly. Sachs ex()Osed the 

plant to sunlight, but covered part of the leaves wilh 
dark paper through which sunlight couldn't pass. 

As it happells, starch combines with iodine fumes 
to form a black compou1ld. Afte r  the lea\•es had been 
exposed to suoligl1t for just a little while. Sachs re. 
moved the bl.ick paper and exposed the IC'aves to 

iodine fumes. The p�trts of the leaves that had been 
exposed to the sunlight turned black at once. They 

\\.'ere filled with st:}rch that had Ix-en quickly formed 
by photosynthesis. The parts of the leaVf�s thnt had 
been covered with paper did not turn black. Tiwy 
cootaincd no starch. 

Even though photosynthesis produces carboh)' 
drat(·S so quickly, it may not be starch that is formed 
first. 

'11rnt thought arises because starch molecules are 
hu,e;e, and t'Onsist of chains of hundreds of sm aller 
molecules. \Vhat's more. it is easy to bre�lk dowo 

starch iulo the individual �mits of the chaio. 
Small fragow11 ts of starch inolocul<..·S are �·ugars. a11d 

the rnost <.'Ommon sugar or all is a singl e liok o f  the 

chain·moleculc thnt makes up starch. Thttt single link 
is calk·d glucose (CLOO-kose) .  

Von Sachs' Exporiment 

\ 
\ 
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Cellulose has a molecule that is ao evc::n longer 

c-liain of small molecules than starch is, but in cellulose 

the small molecule is also ght<.'Ose. The diOerence is 
that the glucose molecules are linked together in 

different ways. In starch, the links are easily bn>kt"n 
and when this happens in the body, we say the starch 
is digested. 

Cellulose molec-ules are linked io a much finner 

,vay and it is hard to break them down into glucose 
units. Cellulose can only be  digested by ecrt:1in one· 
celled a1)imals. (Such one...ccllc<l animals li\'e io the 
i,Hestines of termites, and that is why tcrmitt:s c-.Jn 
live on wood.) 

In animals. including human beings. c-l)<!micaJ en
ergy caJl be obtained from either carbohydrates, fats, 
or proteins. In every case, though. before energy is 

obtai ned, the substances are broken down or changed 
into glucose. The glucose enters the bloodstn.�am and 

is carried to : }JI parts of the body. Clucose is the 
substance used for chemical energy. 

It seems reasonable to suppost.\ then, that what is 
fonned by photosynthesis is glucose . The:: plant can 

rapidly combine glucose into st.arch, change the stare-Ii 

into cell ulose if it n<.'<.-ds to. or conce11trat4; it into fat, 
or add rnin�mls to make it into protein . Glucose !ins tl 
medium-si2ed 1ool ecuJe, made up of six t'tlrbon atoms, 
h"-elvt' hydrogen atoms, and six oxygen atoms, so it. 
too. ma)' not Ire the very fir.st sub.stam.-e formed hy 
photosynthesis. as we will see later . 
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3 
Chlorophyll 

Bvr !l:OW THEl\£ arises another questio11. (There are 
a1ways other ((\IC!)tions. No matter how rn\lc-11 scien
tisls discover. there are always additional puzzles. 
111at's wh�1t ma.ke.s science fon.) 

Why is it that plaots can photosynthesize and ani
mals can't? lt must be that plants h:1ve something 
:mimnls don't h.a,·e. 

\\/hat about the matter of color? Plants are green 
or, �1t lea.st. have im1>0rtant grN·11 parts. Ani111als are 
never truly green. (There are birds with green fe.:1th
ers, but feather-green is made up of completely differ 
cot chemicals than plant-green.) 

Is it re-Jlly important that plants arc greeo? It must 



hf·. There are some lh•lng things that arc Hke plants  
in mal\y ways. They seem to have the same structures. 
mnny of the same chemical substances, and so on. Yet 
these plaJHS are not green. Exampl es ;;1.re mushrooms. 
Sucl1 nong:reen plants do not photosynthesize. 

Eveo r>lants that are green onl y  photosynthesize io 
thOSf.! parts that haw· t11e green color. A t r<:f.!. for 

instance. do<'S not photos:ynthcsiz(• in its roots, bark. 
branches, or twigs, but onl y  in its green )eaves. 

In 1817. lwo Fnmch scientists, Pierre Joseph Pelle. 
tier (pd-TYAY, 1788-1842) and Joseph Bienai111e Ca
ventou (ka-vnhn-TOO, l795-I8i7), isol ated the green 
suhstan<..-e from plants. They mimed it chloroµl1 yll 
(KLA\V.roh.fil) from Greek word,; meaning ''green 

leaf ..
. 

The chlorophyll molecule, howf·ver, was a very 
complicated one, aod, for nearly a century,  scientists 
could find out little about it. Naturally. they did their 

best because they were quite certain that it was this 
substance, which existed ill green plants but not in 

animals. that made photosynthesis possible:. 
Fioally. in 1906. ans,vers hcgnn to come . This was 

tl1rou,gh the iovestigntions of a CermaJl scientist. llich
al'd Wills�ltter (VIL-shtet-ter, 1872-11),12). He wa, the 

6rst to prnpar<� chlorophy ll in pure form and to studv 

it in dctttil. · 

He fouod that it W'dS not a singl<� subst:.mce. but two 
substances with very s-imilur molecules .  He called one 
of them "chlorophyll a." It mnde up three-fourths of 
tl1e chlorophyll in plants. The other, whi cl1 m:1de up 
the 1 ·c1nai ning quarter. he call('<I ·· chlorophyll lJ .  · ·  

30 

\VillstfHter tlu;:n studied the kinds of atoms that 
made up the chlorophyll molecules. He fou11d that 
<.-arl,on. hydrogen. oxygen. and oitrogen atoms were 

presen t .  111is was not surprising. Almost <::very mole
cule in Jiving things contain carbon. hydrogen, and 
oxygen atoms, and most of them contain nitrogen 
atoms as ,veil. 

However, he a1so found atoms or an element called 
··magnesium" (mag-NEE·zee·um). This was a sur· 
prise. Chlorophyll was the first molecule from living 
beiogs that was found to contain magnesium 1lloms. 

Willst:lttcr ti,cn showed that chlorophyll a had a 
molecule built up of fifty-five carbon atoms, Si.'VCnty· 
h•/O hydrogen a.toms, four 11itroge11 atoms. five oxygen 
atoms, and one map;nesium atom. Chlorophyll /, was 
:.:almost the SilmC hut had ooly seveoty hydrogen atoms 
aod it had six oxygen atoms. 

\Villst!itter was not able to work out the exact 
arraogement of all those atoms. I le did find out, 
though, that th<• molecule contained small rings of 
atoms, with four carbon atoms and one nitrogen atom 
in each ring. Such an arrangeine,,t i s  call ed a pyrrole 
ri11g (PIR-ole). For his work. \VillsHitter r<.-e<:ived a 
Nobel Prize in chemist r y  in 1915. 

Another Cermal\ scientist. Hans Fischer (1881-
1945). canied on t he work. He showed that four 
pyrrole rings could be put together in one large ring 
called a 1>orphv1in ring (PA\.VH-fih -rin). By haviog ao 
atom of iron in the center of the porphyrin ring and 
hy haviog some chains of atoms atUlclu:,'<l to the rim of 
the ring, he ,1;,:,rkcd out the structure of a compOund 
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<·Jlled henw fllEE�I), whld1 ,i,hes lh<' red color to 
hlooJ. Hl· did this in 1930 ,md re<:civl:d the �bel 
P-ri1.t• for chemistry I lt.lt samt· ) c:.tr, 

It tuml"d out that chlorophyll r.1.ther rcM•mbled 
heme. (;hlorophyll h.td a ,nagne,iurn atom at tlw 
t,·nter of I lw J>Orph) nn rm�. inste•d of iroo. aod 111 
c:hlorophyll tbe chains or .1toms attachl-d to tht" ri m 

W('l'l' difTt"n·nt aucl more compl1cat(-d th.tu in heme, 
but Fischer mairn1,t;1 'tl lo ,,'OrL it all out. 

Tlw final proof <-Jme in 1960, wl\t"n a.o American 
scieou�t. Hobert 8oni, Woodward i 1917-19';'9), Jc..1u· 
JII)

' pul t,�ether aJl the, proper atom\ in the proax•r 
,, .. ay. in just tf1t.• on.kr that J-"15eher had �id they 0111Zht 
lo I N.· llrran�t·c.l. Woo<h,.ud endt·d with Mrnu: thing that 
ac1,,d e,actly ltk,· <hloro1>hyll obtained from i:reen 
planh. 

That 11want that F1,c•hc.·r·s stn,cture was ab!,olutdy 
right. ttnd for thi.s {o.od other import.int world \\Ood
ward receht-d the Nobd Prile in chemi"ilr) in J 96.?. 

)Ou might I hink that on<:t: o;dentuh h,ul obtained 
{;hlomphyll from ,ueen plnnh. they could uw 11,t.· 
subo;t,,nl't' to bnni;c uhout pbot�) nthf.-'sis. SupJM� you 
dissolwd chlorophyll m waft'r nnd bubbled cmhvn 

dioxide thnm!,('1 it. !Jl0t.1ld not th<' l".lrhon dio�i<le 

l·ombine w11 h Lhe water in th1.· pr<.-sen<..'t· of chloroph) 11 
lo form gluoo"'(' omd tlwn i.tnrc.:h ·.1 

\\di, pcrlup, II should. but ,t dws11'1. Chlorophyll 
work"' well inside tl1c• pl:1nt, hut 11 doesn't worl ouhidc 
the 1>lanl 

\\'h> ,hould that bt•;.I fil'Cil\1$<\ 111 the plant. c-hlom
phyll is pa rt or .i complicated system, .,ml it is 0111> 

:12 
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the chlorophyll system that work.,, not the chlorophy ll 
by its<·lf. 

All planls and tmimals are made up of cells about 
tn50 of an inch across. Some tiny plants and aHdmals 
tlre made u1> of ouly a single celJ each and arc 'iO small 
they can onl)' be seen ill a mic.:roscope. Large plants 
and animaJ s are made up of cells that arc jt•st as 
tiny, hut there ;1re a great many of those cells. A 
homan being is made up of sorne fifty trillion 

(50,000,000,000.000J cells. 
Ille cell. small as it is, is not just a bltlh of material. 

It  is mad(• up of still smaJler ohjcc;:ts c::11Jecl orga,1 clle...t 

(awr-guh-NELLZ). R>r instance. each cell has• ,m,.11 
body calk�I the ,wcleus (NYOO-klte-us) that oo"tains 

many stubby little� <;l, romosomes (KROH-moh-somez). 
The chromosomes control tht� way in which a cell 
divides into t,vo cells. lt also controls the way in which 
physic�! duu�1 cteristics are pass(!d from the original 
cell to the two C<' IIS tlmt form from it, and from p�lrents 
to children. 

In 1898 , a German scientist, Carl Bend�,. found 
that, outside the nucleus, the cell has ma11y small 
bodies which he named mitochondria (My-toh-KON• 
dree-uh). A si11gle one is called a mitoc'101ulrio11 . 

\.Vith time, it was discovered that the mitochondria 

are responsible for rc,;pirntion. Every cell with the 

ability to t'Ombine oxygell and gll• t-ose to fonn chemi
cal energy has mitochondria. and it is in the mitochon
dria th;;1t the combining takes plat�. 

The average mitochondrion is shaped like a very 
tiny football. about I/JOO() of an inch loog and 

--
Mitochondrion 

Inner 
me111()(&ne 

(C:0f'IY8'$IOl'I 

...... 

10 energy 
tAkC$ 
D'aoe hereJ 

1/25,000 of an inch wide. TI1ere migl1t be anywhere 
from scvcrnl hundred to sc·veral thousand in each cell. 

In the 1930s, scientists invented the elec tron micro
sco,,e, which can be used to study objects too small to 
see in ordioary microscopes. It was then found that 
<'V(:n the mitochondrion has a very complex structure. 
I n it arc a,Tanged :l number or specinJ protein mole
cules, called enzy1)U/-$ {EJ\-zimez). Each enzyme can 

bri11g about a particular che,nit-al change. All or them, 
working together, bring about a whole s<:ries of 
c-hangC'S that finalJ y  result irl combining glucose and 
oxygen to form chemical energ)'. 
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But if ther<! is an organelle, the mitochondrion, that 
exists in both plant and anim,tl cells to bring about 

respiration, is there ,mother orgaoellc:, in plant cells 

only, tl1at brings about phoiosynthesis? 
The answer is yes. In 1883. Julius v(m Sachs. who 

had shown that photosyothcsis formed starch, found 
that the chlorophyll in plant cells is not .spread 
through the entil'e cell. II is found in one or more 
organell es within the t-ell. Such organellc�s were even· 
tually called cl,Joroplasts (KLAW-roh-plasts). 

The chloropla.�t is two or three times as long and 
thick a.� a mitochondrion. Its structure is even more 

t'Omplicated thao that of the mitochondrion. Under 

the el<:ctron microscope, you can sec th:1t the chloro
plast is made up of tiny units, each one of ,vhich may 
con tain 250 to 300 chlorophyll mol ecules. 111ere are 
:.'11so present maoy enzymes that bri11g about certain 

reactions. 
That is why a single chlorophyll molecule can't 

photosynthesize all by itself. It has 10 ,,-ork in groups, 
and the enzymes have to be present too. 

ff n t-ell is broken up, intact mitochondria can be 

obtained pretty c..�asily. The chloroplasts, h<:ing larger 
and more complicated, arc also more fr.Jg.ile. l)sually, 
when the plant c'(!ll i� broken up, the chlon1pla.st5 abo 

l>rca.k into pieces, and the individoa] pieces do oot 
photosynth<!Sizc by themselves. 

Not until 1954. was a Polish· American scientist, 
Dani<") I. Arnon (born, 1910), able to hreak t1p plant 
cells so gently that whole chloroplasts could be ob
tain(.•() that could carry through pholosynthesis . 
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4 
Intermediates 

BUT WHY ti.JUST mitochondria aod chloroplasls be so 
complicated? \Vhy can't mitochondrfa just combine 
glucose and oxygen a1\d get carbon dioxide a1,d wa
ter- bang? Why cau·t chloroplasts just combine car
bon dioxide and water and get glucose .-u,d oxygcn
bang? It would he so simple. 

For one thing. if glucose were com bi1wd with oxy
gen all in one sttp, too much energy would be pro
duced at one time. The cells couldn't han dle: it all. Ir 

carbon dioxide and \V.:tter '"'ere combined all in one 
step, too much eneJ'b'Y ·would be requirL-<l at ooe time. 
The cells couldn't supp'ly it nll. 
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Instead, in both cases, the reaction goes little by 
liltlc::. One smaJI change is followed by anolh<!r small 
change, so that energy is produced in small amounts, 
or used op in smaJI amounts. · n-.e cells can ha11dlc the 
sm�lll amouots in either direction. 

TI1is means that aJI the little changes must be 
controlled. None most go too quickly, none too 
slowly, and they must go in the right order. This 
means that each clmnge must be cootroll<'d by an 
enzyme of its own. �1 itochondria and chloroplasts 
have to be carefully org:lllized. so that everything ,vill 
work smoothly. 

T'he little chaogcs produce a whole series of mole
cules io h(: tween glucose at on<: end and carbon 

diO:\ide and water at the other end, in eilher direction. 
These 11101(:ctil es are called luterui.etliates {in-ier 
�1EE-dee-its}. These exist only in tiny <1uantities be
cause they are sent on to the next stop and used up 
almost as quickly as they ;ire formed. 

fo 1905, a British scieoti.st, Arthur Harden (1865-
1940), was studying the way in which certain cells 

broke down glucose to alcohol nnd carbon dioxid<: .  
This change dot:S not invoh•e oxygen and is simpler 
than respiration, but it is closely related to it, aMI it is 
done in steps. 

The fact that gluoose wns breaking down l'()uld be 

seen by the appeanmce of bubbles of carbon dioxide 
in the water where the cells ,vere floating. After a 
while, though, the bubbling slo""d and stopped. The 
cells were still alive :ind there was still plenty of 
glucose present, so why should everything have 

stopped? 
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Harden folt that something required for breaking 
down the glucose had been used up. He tried adding 
<li.lTereot substances to the mixture. To his surprise, 
he found that when a small quantity of a mineral 
called a ph°"11 hote (FOS-fate) was added, the bubbling 
Shirted a..�ain. Phosphates contain atoms of the ele
meo t  p1iospl1 orus (FQS.fuh-rus) .  Until theo no 011<! 
had tho1..1ght that phosphoros had anything to do with 
glucose brnakdown. 

Hardc·n examined the glo<.'Ose mlxtore for any sub· 
stance tbat might contain phosphorus atoms. He fou11.d 
thal glucose had Ix-en altered into :i very similar sog:tr 
called fn,ctose (FROOK-tose) and that to the mole
cules of fructose ,1,,'(:r(: add<.-<l two phosphate groups. 
This compound was called fructose diphosphate 
(FROOK-tosc-dy-FOS-fatc), and it was the Rrst inter
mediate found in glucose breakdown or formation. 

For this discovery, Hard('n r<.'<:tiv<.-<l a Nobc::I Prire 
in chemistry in 1929. 

After lhal, a oumhcr of other int tnn<.'(liatcs were 
discovered. Little by little. a long chain of steps going 
from glucose a.od oxygt.�n to c;arbon dioxide and water 
was worked out. It was found that many of these 

intermediates have phosphate groups attached and 
these phosphates are very useful whe11. it comes to 
transferring energy from molecole to molecule in 
co,wenient and usable amou1'1ts. 

I f  we broke down tl1e glucose without the phosphnte 

iolcnncdiates, it ,vould be like gelling a huodred 
doll ar bill. This would be a sizable sum of money. but 
it might be useless to us. If we tried lo buy a bar of 
candy. or get on a bus, the store dealer, or the bus 
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driver, ,nig:hl riot have:: ch::..nge ::tnd wouldn't take it. 
lf, however, we w-ent to a bank :md chang<..-<J lhe 

hundrnd dollar bill into tens, fives, a1ld ooes, then the 
same hundred dollars would be much more usc:: ful. 
Everyone would take the small bills. 

The pho::tphatc: iutcnnediates offer the cells small 
bits of e11erg)'. and the body c�m o.se them e::t.sily . One 
ioterutl:diate. ade,los-ine triplwsplwte (ad-eh-NO• 
seen-try-FOS-fate). which is \1 ::tuttlly abhn'viakd ATI', 
is particularly useful. At almost e\'ery point in the 
body where energy i::t needed, ATP is usNI. 

It was much easier to work out the steps of respira
tion thun o f  photo.synthe,;is, howC.'\'c' r . 

for one thing. respiration is easily made to take 
pl ace in pi c(..'eS, .so that it can be sludied in detail, a 
little bit here, a littl e bit there. All of it can then be 
put togcthcr like a jigsaw pu 1.zl<; . Photosyntht-:sis, 
however. will only \vork wlth intact chloroplasts and 
the result is tlwu so complicated that it is aJmost 
impossibl e to work out the details. 

Then, tOQ, scientists m::..nn._gc'd to get startNI 011 the 
wrong path.. 

After n.11,. if Wt': brf•atlw in oxygen and brcatlu" out 
carhoo dioxide. the oxyge1\ must combine with c.arbon 
in the sub.stances of the body to form the carbon 
dioxide. That is certainly correct. Oxygen al so com
bines with hydn)geu in the s\lbst<m(..'eS of the body to 
form water. but scienti sts didn't seem to attach much 
impol'tance to water . \¥.:1ter make.s op at le:tst two ·  
thirds of tl,e wei ght of living thiogs. A little bit more 
o r  less water in the:: brealh d0<·.sn·t .seem to ma.Her. 

So s.cientisls concentrated on carbon dioxide. If. in 



re,;piration. o .,Jgt•n and e.Jrbo11 t'Ombined to form 

carbon dioxide. tht•) felt sure th.it in photosynthesis 
the oppo,ite mus:r t..tle place. Carbon d1oxid<.' mu,t be 

pulled apnrt h) photo�y11tlwsis. producing a carbon 

Jtom and alo;o two oxyge,n .atoms, which would com• 
hine to fonn ,,n OJ1:)'g4;!n mol<·C'ule . The O\),Cen mole• 
cul<•, wuold be released into the air. and �ix carbon 

atom, W'Ould comh1m• with water to fonn gluco�. 
Scit'nlhts thought th1� was so until 1937. 
Io thnt \.t"M. a Britiii.h \(:knhst, Rolwrt Hi.U, isolat(•d 

thlvropl.t)ti from leaves. The chloroplobb were dam. 
nSt,t--d in the (lro<-ess and '"'Ouldn ·1 photO\ynthesize. 
Hill thought wrm·thmg had bet>n '°5-t by thl' thloro
plash, �o he triec:I to add diff(·n·nt things that might 
makt• up for the Joo;�. Certain mol ecules contnlni11g 
iron are unportailt III n·�pirati on and 1h11 thou1,t.hl 
thc-y might h<.! important m photos) ntht"sts, too. J l<• 
tht.• refore addt ·d small 1ron-t'(mtaining mol4!cules to 
h" dmn:tged chloroplasts. 

\\'lw n be did !\O, the- chloropl .,�t,; started forming 
oxygt'n 1h t.lwr would if they were photos) nthf''>i1in� .  
l f  the Ol.y�c.·11 ca.me fmm hroken c..arbon dioxide mole . 
c·ult>s, .is �ckuti sts thou,ght thev "lluld, the- carbon 

ou.5,tht to hih<' t·ombined Y.ith water to form g)ucose, 
,mcl tlwn starch Mowe,er .  no glucoi,.<• or ,t.1rch 
fornwd-onl> oxy1,ti 'n. 

Thi, nus,tht mean th.1t the oxygc•n m1dlt haw c•ome, 
not from lm•aking carhon dioxide molercules apart. hut 
b, breaking water rno lecul<�s a1X1rt .  I f  ii \\'l're water 

moh..·cuJes that ,wre broken. and if rlothine; else hap· 
pened. there would be no t ·1irhon atom'i to form 

glnt'<)\t' Jnd starch. 

l low could anyon<" IK· cornplf'lel) sun·, though. 
from "hi<·h ,nolecule, o,ygen com<·1i Oxygen i� ow· 
1,tt"'n, and you can't tell hy looklll� at it what kiod or 
molec\lk it t'CJmes from. 

But it turned out that )'OU c..m, m <..'<0rlam ways. By 
J9J2, it was re.,liied tb.11 mJt tlll the atom\ of an 
elem..-nt are i1lik<•. Tite)' all l)('h.;.,'e the sanw wd}. 

diemit·.,lly. but somt"" urt • a Jjttle ht.wu:r thao others. 
In H)-29, for mstance, an Amt>rican scientist. \\'11H,un 
F'nmc-i.s Ci.auc1ue {jec ·O�E. 1895-198:!l, found thnt 
mo�t o')·gen ,Uoms are of tht• ,aine l)l)(". um .. · called 
oxyi.:t:n-16. But tlwrr a.re small c1tnmtities ortht' heav· 
ier oxyJ,:('11·18 also pre�ent .  

As tune went on. l}('ic•ntists learn('<) ho\v to sep.1mk 
the two tn)(·� of oxygen. 1'ht:·) cou ld make watn with 
molecules containing a �I deal of O\.)ftt>n· 18 .  

In 1941, a Canadian-Am<•ric.rn scientist, \t.artin Oa
\'ld !..,men (born. 1913), walere<I photosynthesizing 
planh wilh wate r  ('(mtaining .1 ,tood deal of o,)j,ten· 
18. The- plants wnt• nho exposed to ordioat) carbon 

dioxide th.u conta ined O')t,t:c.·n-16, but J.lmos-t no ox, 
�t·n.J8. 

Kamen uext )ludied tlw O\\jtell produc.·t·cl b) the 
pl.mt�. l f  the O\)�t·u was aJmo\t .;.)J oxygc·n.16. it had 
to conu,_, from the carbon d;o,1dt• If the O'<)$tt·n co il• 
tain('O .t considerAl>l<· (1 uar1tity of o,y�<.·n·lS, ii had to 

come from the water 

It tunu•d out that th,• O'l.:)•gen proclu<·t·d COlltainrd 
o,)·geo-18 in juit the amount that would he t>'<J)C!Clecl 
t f  It cam<.• from the• water tnofocule. 

Tl,Jt settled thl' matter . \\'lint hJ.ppens in photosyn
the·si.s " 1hat light en('OC\· is used hy the plant to hn•J.k 
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the water molecule into hydrogen .1toms and oxygen 
�toms. T11cn, �f tlu� chloroplasts are intact and c..·c.mtain 
all their enzymes, the hydrogen combines with carbon 
dioxide to forrn gl uc.vsc aod starch, while the oxygCll 
passes into the air. 

Sci<:ntists still needed to know the details of what 
happens after the water molecule is split. They ,,-ere 
<111itc sure that molecul es c..·tmtaining [)hosphates had 
to be involved, but how were they to 6nd out exactly 
what molecules these '"-ere? 

The trouble with working wi th o�')'gen-18 is that it 
takes a long time to sep;1rate and identify it, while the 

photo!iynthcsis iutcnnediates form and disappear very 
quickly. \Vhafs more, yoo n<•c::d <1uite a bit of the 

intermcdint<· to isolate enough oxygen-18 to ,1..-ork 
wi th, and the interrneditltcs f:xist ill ooly tiny quanti
ties. \Vhat scientists had to have was something they 
could detect in very small quantities and very quickly. 

ln 1934, two Freoch sci entists. Frederic joliot·C uric
(zho-lyoh-kyoo-IlEE, 1900-1958) and his wife, ll'ene 
(1897 - 1956), found that it is possible to make sorn,' 
atom varieties that are racli0<1ttire. These break down 
to other atoms, giving up certain radiations. ·11,c 
radiatioos are easy to detect so that radioactive varie
ties of atoms call be very easil)' and quickly detected 
and identified even if present in on1y tin)' amounts. 
for this work, the Joliot- Curies got a Nobel Prize in 

ch<:mistry in J 935. 
There are radioactive varieties of oxygen and of 

l1 ydrog<"n, but they break down and dis:�pp<":ar irl only 
minutes, so th�1t any experfrneot that uses them has to 
lw c::in·i(-<I tlu ·oug.h and compl..!ted in a very short 
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time. There 1 .. a rad1<X't"t-jvc (·<trbon ,"ant"ty. called 
tY1rbon·ll. that al�o breals down rapidl) and i, there• 
fore difficult to use. 

Bu t  in 1939. Kam('n. "'ho h.td first pn,,ed that li'°'ht 
cner,cy in photosyntht• .. is splits th ... water mole<.'Ult". 
mad<· another di.K,>''t'I)'. He found a li nd of carbon. 
(••tlled carlx,,i.14, that is radi ooc;tl\e but th.11 hreals 
clown so slowly It can last thou'iunds of)t'J.n 

Carbon JIOrtl\ are tht• most im J>ort.mt wloms io 
livinl,( lhinjt ... and oow 11 ¥.ilS possible• to trace ti, ._, 
internwdiutes i.n plK,to,y1\thesis b� u,ing carbon· II 

To do thi s, scit..·nb�h \.\l>u1d ha,<· to e�pose plant;. to 
liS(.ht and to carbon dto.xide <.'ontnining a gre,u lllany 
carhon·l4 a.tOlll'i, Tite plants 001.11d then be mashed 11p 
and scient .... ti w'Ould hm't" to Identify ju))f ,\'h1ch rnole• 
cu.Jes t.'CJnt,tilled carbof1• I ,1. Tbos(, molt.'cules u'OUld 
lia,""" �t' 11 formed thmugh photosyntht•,is. 

Stall. it's llOI t>..l't) 10 separatl" ,mal l quantitie� or 
11 11Jn) different molttules. In 19.a-4, bo,,,t=vt•r, a 
melhod was worked out b)- two Oritish '\(.'l{'ntists, 
\rcher john A>rter Marti n 1hom. 1910) :md Richard 
Laurt·nce Millmgton Sy11�1· (hom, 1911). Tlwy sho-\t>d 
that if a mixture or molecules h jJlm,ved to soaJ.. 
up,,.1nl through a plt'(.'t" of porom 1:,.,per, each difl'n· 
l'nl rnolecule will rno,"e upward at n differeot �pC'ed. 
In time the� w,11 all hf· S<!paf"31t'(I 

This Mb called papel' rhrYmwtography 1.:ROH. 
muh ·TOG·ruh·foe). �fartin and �11,ge l't'<'t.'ived a � 
bel Pri1t" In chemhtr) in 1953 for th1\ di'icovery. 

:'\� expf'riments <'C,uld be run 111 'which photo,yn· 
the11iJ:ing plants were e�posecl to t·nrbon dio'<"1de with 
c-.irboo•l4, Jnd llw mixturt' or chem icals th.u w·e, ·e 
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produced could h<! separated by paper chromatogra
phy. Scientists could easily tell which of the separated 
chemicals contained <,'arbon-14. TI·1en. because car
hon-14 lasted such a long time, scientists could work 
slowly and carefully to identify each molecule without 
losing its carbon-14 marker. 

At first, the experiments worked too w-ell. A very 
complicated mixture was form ed and separated by 
paper chromatography. Jlo,,.,e\'et, so many different 
mok"Cules containing carbon-l4 were found that scien
tists could not tell which were formed first .  

An American sci<�ntist. �elvin Calvin (born, 1911). 
realized Uiat the trick wa� lo lef the photosynthesis 
pr()C(.'<..>cl for just a few seconds. In that time, only a 
few substances would have had a chance to be pro
ducc<l, and they would be the early ones. 

Cal vin hega..n his studies in 1948 and m�1de use of 
ooc-cclled plants called algae (A L-jee) that grew in 

water. 111c alg::te were exposed to light and to ordinary 
carbon dioxide. Ont-e the algae were photosyuthesiz
ing actively, they were dr:�ined through n long glass 
tube into hot ak-ol,ol, which killed them. While they 
,1;·ere passing through the tube. carbon dioxide con
taining carbon-14 was bubbk-d through the water. 
The algae had only five second,; to work with the 

carbon-14 before they were killed. 
The algat: were rnasl1ed up a1HI the substances in 

them were separated by pt1per chromatography. 
About ninety pel'cent of all the carbon-14 wa.,; found 
in �1 singl e substance. TI1a1 compound was studied a,1d 
found to be plw.,,,hoglyceric acid (F0S,foh-glih
SEHR-ik-A$-id). 
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Phosphog,lyceric acid h:\s a molecule cootaiuing 
three carbon aloms. Ca]vin could even work oot which 
carbon atom was carborl·l4. Tllat made it possible to 
see just how the phosphoglyceric acid was formed. 

Cootinuing experimenls finally explained many of 
the detail ed changes in photosynthesis in what tumt::d 
out to be a very co1nplicaled (J.'lftt::rn. R>r his work, 
Calvin received a Nobel Prize in chemistry ill 1961. 

\.Ve know much, much more abo\lt photosynthesis 
th�m we did two e<;nt\lries ago when Priestley first 
found that plants produced oxyg<�n. llowever, we .still 
don't know all the details. 

And wr: still can't 6gure out some simpler way to 
d�1plicate what gr�n plants do in their complicat<.-d 
chloroplast$. lf,,,.e could. we mighl be able to produce 

vast quantities of sugar, starch. and other foodstuRS, 
just ma.king t1se of the energy or sunlight on carbon 

dioxide and water. That ,1,,·ollld hel p feed the peopl e 

of the world. 
\Ve have a great deal to learn before we can dt) that, 

though. 
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5 
The 

Beginning 
How 010 fHO'rOSYNTHt:SJS get started ill the first 
phu .. -e? Scientists don't ex�1ctly know. bec�1use they 
weren't there wh.en it happened. However, they can 

re�i.son how photosrnthe.si.s might h,we gotten started. 
\�hen Earth was first formed. alx,ut four and a half 

billion years ago. there was no life on it. So in the air 
th<:r<· couldn't have h<!Cn any oxygen. 

Oxygen is a very active sub.stance. It combines 
<:;lSily with many oth('r kinds of atoms. If. suddenly, 
thel'e was no life on Earth. the oxygen that is now in 
the air ,vol.lid coinhinc with <.liffcrcn·t atoms in the soil 
and, little by little. it would vanish. The only re.1.son 
o>.·-ygen exists now is that photosynthesis keeps making 
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it nut of w�ter molecule,. ln the da)·s when no life 
c.·dsted on f...arth. tht're ""35 110 photos) nthe)is, so 
there wa, also no c>ty�e11. 

The two planets dosc)t to Earth �are �1an .tnd 
\enu>. Each has ,ur. but no life. As a rnult each has 
air that con!lhl'I of nitmJ,t(·n and cnrhon dio'lidt". hut 
no oxygen. 1\-rh.aps, in Enrth"s , .... ry early dd)� its air 
.tlw corui."tt<'d of ni�c.·n and c.arhon dio:tidt·. 

\'t!nu .. \ i� too hot to ha"e li<1t11 d ,,iater und Mars •� 
too cold to have it. Earth"s te,npcrutun.· howe\'rr, ts 
just r-li.tht. so it h.1\ large OC(•.ins of wah'r, and that 
makt� all tlw di.fferenc(•, Becaus..· or the <K"(•,ms. 
E.u-th's aiT h�L' quanhhl•\ of watc·r vapor. In ; 1d clition. 
tlil're mil!ht htl\'e bet'n wme other gases present 111 
the beg_i nn,n�. O.St·, ,uch as mrthane (nwh-THAYN) 
and ammo,-do (uh· \IOH-nyuh). �lethJnc has 111<,lv
cules m.l(fe up or one carbon ntom and four hydro�en 
atolll11. Ammoni.L has moka.1les ,nad t• up of one nitro
gen atom and three h)•drogen atom, 

Nltro�e,1, c,ubon dio<11de, water, mt"thant', and am
monia all have snrnll molecult·i. TI1ese mol(•cules can 
combine m different ways to form lafl'<'r molecule·�. 
providt'd ener,(\ i\ added. 11,ere must havt� been. on 
the e.arly Earth. t'netg) �ources such G..'1 li�htoi11Jt and 
volc.·.mtc beat. ,\lost important of tlll, probubly. was 
,unlight, J>Jrticularly an energetk ki nd calk-d ultra
t Wlet lil!ht (L L--truh VJ-oh-letl. which W\' can't �t"l' 

but "hieh has enouf(h ener,gy lo g1,-e us sunhum. 
In 1952, au American ,ctcntisl. St,mley Llo)"d 

�lillt'r (born. 1930), took � mixtllft' or ,)imple wases 
SuC'h as may Ju,-e beeo lo garth's earl y air and (>,l_)st"d 

elt"'Clnc spark� throudl it ns an �:nerJt) soun.�·. After a 

Earth before life developed 
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week, he found that small molecules had combined 
iuto brger ooes. 

Later, other people exp4.:rirnented in the s�1me fash
ion and some interesting larger molecules were 

formed. 11lcse incl uded amino acids (uh-MEE-noh• 
AS-idz), which can combine into protein molecules. 
lbere were, also n11cleotldes (NYOO-klee-oh-TIDEZ), 
which can combine into nucleic acid molecules. ft is 
possible that porphyrio rings of atoms can also be 

formed in the same way. 
These compoonds are all \'Cry irnpol'tant, fx..-cause 

proteins include enzymes that control All the chemical 
cl1�mges in living things. Nudt:ic acids control cell 
division and transmit pl1ysical characteristics. Porphy
rin rings are key portions of chemicaJs that make 

l'espiration and photosynthesis possible. 
An American scientist. Sidney \\'.l.Jter R>x (born. 

1912), showed that if amino acids arc warmed, they 
c:ombine ioto protein..l ike molecules. TI1esc clump 
together into little spheres that look and act very 
much like �us. 

lt mHy be, then, th�1t on the early Earth, such 
protein cells formed. They were built up from small 
mol ecules by ultraviolet light, and some were more 
lifelike than others. Perhaps the more lifolike feel on 

th,:, less lifelike. 
Such protein cells were simple aod domsy things 

and couldn't divide and multiply very well. Tiwrc may 
also have been clumps of nucleic aci d that could divide 
very well jndc::(:<l but could hardly do a11ything else for 

lack of enzymes. 
There cam e a time, p<�rlrnps, when protein cells 
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aild nucleic acid cells combiocd. Then new cells were 

formed that were mnd1 more efficie11t. They ooold 
divide well :\nd they could perform mAny other func-,. 

lions. They may have formed as early as thr(.'C and a 
half billion years �i,go, and they are called prokaryotes 
(PROfl-ka-ree-oles). TI1ey \\rt"rc the ancestors of the 
bacteria that still live today, but the early prokaryotes 

wcr<.' probably co11siderably si1npl er than most mod
em bacteria. 

However, the air was changing. Ultraviolet light 
from the Suo split water-vapor molecules in the upper 

ai r into hydrogen and oxygen. 'l11e hydrogen ato,ns 
w-ere so small and li_gl, t that Earth·s gravity couldn't 

hold them and they escaped into S(Xtc..."e. 111e oxygen 
atoms remained i11 the opper air and the ultrAviolet 
light forced them into a high energy c...'Ombinatiorl of 
three atoms to a molt:cule instead of the tu;() in 
ordioary oxygen. This three-atom molecule is called 
();,one (OH-zone). 

Ordinary oxygen lets ultraviolet light pass through, 
but ozone does oot. '11-iis meant that, a,; the ozone 

layer huilt up in the upper ai r, less and less ultraviolet 

light reached the surface of Earth. Simple 1nol ecules 

were huilt up in smaller quantities, and the living 
cells begao to suflCI' a shortage of food and to starve. 

I fowcver, porph}•ri n ring c...'Ompounds had formed 
and cl umped togetl1t:r. They could absorb tlu' <.·nergy 
of ordinary visible light that <..'Ould pass through ozone 

without trouble. Al first the porph)•ri ns used ·the light 
in a very clumsy fashioo. hut those th:1t used it more 
efficient))' built U(l food in their own neighborhood 
nnd lived better. Millio11s of years passed and the use 
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Nostac 
(a bh.1�een algae) 
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0$C111•tona 
(a blue-g,ooo algae) 

Prok.aryotes 

(microscopic views) 

of visible light became more aJld ,nore efficient. until 
lhe porphyrin cell c;l«;velopcd molecules that , .. -ere 
growing more and more like chloJ'ophyll. TI1ey '"'ere 
becoming S(Hn(:thing like chloroplasts. There are st.ill 
ti ny bacteria-like cells today that seem to be nothing 
more thao a chloroplast. TI1ey are cya,wbacteria (SY· 
ul1 -noh-bak-TEE-ree;:-uh) and arc a sc:-<.'()nd rorm of 
prokaryote. 

The chl oroplasts broke up water mok-cules to use 
the hydrogen atoms to form food. The oxygen atoms 
goL into tl1c air au.d slowl y hcgan to accumulate there. 
Most forms of prirnitive life couldn't handle the active 
mol ecules of oxygen and were slowly poisoned. 

However, some porphyrin clumps develope<I en
zyrnes that could make use of oxygen aod extract 
energy by combining it with <;.lrbon and hydrogen. 
They ,vere Lhe a11cestors of modern mitoc:ho11dria, a11d 
still another form of prokaryote. 

A)r over two billion years prokaryotes were the only 
form of life that e><isted on Earth. 

Little by little� though, pmkaryotes combined to 
form larger, more complicated cells. Cells that con
tain<,-d nucleic acids and pn.)ICins combinc:d wi th chJo. 
roplasts and mitochondria to resembl e modern plant 
t-ells. Some combined only wi th mitochondria to be· 
come animal cells. Both linds are called eukaryotes 

(YOO-ka-rc..::--01cs). 
In the last billion years. these eukaryotes have been 

the most impc)rtant forms of life. Ucgi nning about 800 
million years �o. they combined into animals and 
plants made up of many cells. These ,vere "multice) .. 
lular" (�1 U IAee-SELL-yoo-ler) creatures. 
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The world is 110w full of multicellular plants and 
animals--whalc'S, oak lrC(!S, human beings, butter
fli<: s, roses, and so on. However, one--celled plants and 
animals still exist, and prokaryotes too. J n foct. there 
are (!V(:n b;1cteria thnt c::m't lh·e in the preseoce of 
oxygen. and that never seem to have add<..J mitochon
dria to their ceHs. 

Except for those few bacteria that cao 't liW! on 
oiygcn, and otll(.!r cr(•aturcs thot live on them, all 
forms of life depend on photOS}'tllhesis. Without pho
tOS)'nthcsis, Earth would drift l,.'lck to the W:t}' things 
were billions of years a..�o. when ooly the simplest lifo
forms existed. 

This is why ecologists today want to preserve the 
greeo growing plains and for<�sts that :,upply the ba]
ance of oxygen to our atmosphere and why enviroo
mentalists waot to stop the pollution that blocks life
giving sunlight from Earth's surf.'lce. Scie11tists 1 1eed 
to keep on asking questions a ud  finding answers to 
tl1ese problems. l11ey will add new chapters to the 
story of photosyllthesis on Earth. 
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