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SuuuularAt. The uptake of P32 and its incorl)oration into phosphorylated comnpoull(ns
wvas examilned in the roots of barley seedlings which had been lpretreated with alumliniulmi.

The rate at which phosphortis increased in Al-roots was greater thani ill control,:
especially (luriilig the first 15 mintites of incubationi. It was showni that the increased
phosphorus in Al-roots was Pi and that it was almiiost completely exchangeable. Similar
increases over controls were found when root segments were incubated in phosphorus
solutions containing 10-3 A D)NP ancd at lowx temlperatture. The increased Pi in Al-roots
did niot result in an increase in the total amounit of l)hosphorus incorporated into phos-
phorylated compounds.

Aluminum treatnment miiarkedly decreased the incorporation of P32 into sigar phos-
l)hates but increased the pool size of ATP and other nucleotide triphosphates present in
the roots. The specific activities of P32 in ATP in Al-roots and( controls wvere similar
inidicating that the rates of ATIP synthesis wvere similar in eaclh case.

Preliniinarv investigation.s showed that aluminum citrate inhibited both lpurified yeast
liexokilase and phosphorylated sgtiar pro(ldtution by crud(le nllitoclloli(lrial extracts fron
harley roots.

T'he results suggest that there are 2 reactionis betwxecil aluminum and i phosphorts:
I ) at the cell suirface or in the free space which results in the fixation of phosphate by
an adsorption-precipitationi reactioni; 2) within the cell. possibly within the mlitochondria.
wvhich results in a imiarked decrease in the rate of sugar phosphorylation, probably effected
lIv the inhibition of hexokinase. The evidence does not suplport the view that aluminuill
enhanices l)hosl)hornus uiptake or that the stiperficial reaction betveeli aluminniitii and phos-
l)hate interferes wvith phosplhortis transport.

Cationic aluminumii is knowni to affect the growFth
of plants in 2 ways: firstly through. anl inhibitioil of
cell division in roots (6, 20), and secondly by reduc-
ing the transport of phosplhorus fronm the roots to the
shoots. This reduction in lhosphorus tranlsport re-
sults in the developmiienit of phosphoruis deficiency
symptoms in the shoots of barley plants (9). Blotlh
aluminum and phosphorus acculmiulate in barley roots
and it has been suggested that some formii of initernial
precipitation of aluminum phosphate accotunits for the
observed reduction in phosphorus tranisport to the
shoots (22, 23). Recently, several authors (14, 15)
have described experiments in which roots treate(d
with aluminum appear to have an enhanced phos-
phorus uptake. It is possible that these results, and
those of Wright (22) may be explained by an inter-
action between aluminum anid phosphorus at the root
or cell surface rather than by an effect on phos-
phorus uptake. Another p)ossibility is initerference
wzrith phosphorus tranisport within the plant. In this
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pa.ler both these l)ossibilities are examined anld a
mechlanismii suggested by wlliclh alumilium might calse
phosphorus fixation in the root.

Materials and Methods

Material. Barley seeds, Hordcuni viga rte L..
v-ar. 1'roctor (MNIarsters Seeds. King's Lynn, Eig-
land), w-ere soaked in distilled water for 6) hours and
theni -ermninated onl trays of p)olythei1e meslh \vhich
rested on the surface of a culture miiediunii. The
seedlings were grown at 25° in an aerated, phosphate-
free culture solution (pH 4.5) in which the follow-
ing compouinds were supplied in iilm concentrations:
KCI 0.5, CaCI, 2.5. NH4'-NO. 1.0, MgSO4 0.25. fer-
ric citrate 0.04 and trace element supplemenit (1).
All the chemicals were of analytical reagent grade.
D)uring this period and in subsequenlt experimental
ol)erations the plants were illumiiiinate(d continuously by
eighlt 40 wx color miiatchinig fluorescenit tubes (Comp-
ton) giving a radiant fluix of 2.7 kiloergs cm-2 . sec-1
at the level of the plants. 'rhree days after soakini-
half of the plants were placed in a culture miiedium
silmiilar to that (lescribed above but conitainiing iii 1(]-
ditioni eitlher 0.5 or 1.0 min.\ alumiiniuiii [as -\AL( S( 4 )l
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wvhile the remnaining )lant.s \\-erc retturined to fresh cul-
ttire solution without a(ldition of aluiminumi to act as
controls. After a fuirthler I or 2 days the lplants
w\ere remiov ed fromii the s>oltutionis, the roots washed
thorotighlv with (listille(l \\xater (and p)laced in radio-
active plhosplhortis ilncubhating solutionls. Followv-ing
incubatioi the roots \\ ere xxa\ shed ini clhainges of
distilled water.

Exvtroctioii a11( (Comttiqlq Procedtures. 'T'otal ra-
(lioactive phosphorus in roots an(d shoots xvas (leter-
iniie(llon 0.1 N THCl extracts of material ashed at

500° for 24 houIrs. h'l'ere xvas lo (letectal)le losses
of l)lphospl)ll)orts duiring tllis p)rocess as compared with
wc't a.shii in a miiixtuire of conmcenitracted nitric, stil-
l)hlriic ain(l perchloric acids.

Acid soluble phosphate esters lland ' iP xvere ex-
tractetl according to the schelmie described by Bieleski
anId Young (5). 'rhis scheme, which inivolves the
killing and extractioni of tissuie in a m11ethanlol-chloro-
form- formic aci(l (M\CF) solvenit, lhas l)ro'ed llmost
satisfactorv; the extracts have highi ATP/ADP ra-
tios, and the absenice of mnethlV phosphate on the chro-
mai-itograms inidicates that phlosphatase activity during
the killiing process w as negligible (4 ).

RN.\ was hvdrolv zed to nutcleotide moniophos-
lphates 1y treatnieiit of the residtie fromii the MICF ex-

tractioni with 0.3 N KOH. Total RNA was estimated
1w colorimnetric tletermiiiiationi of ribose b! the miiethod
of ()gtir alnd Rogein ( I), tusilng diltitiolls of adenos-
ilme to make a standard curve. The specific activity of
1'' in RN -\ xvas estimated 1w counlitinig the radio-
aictiv'ity of wiolonucleotide spots on chlromiiatogramiis.

Cliro;omtoqraphy. Extractts \ere applied to
\Whatman 3 MM\NT chromiiatography paper which had
been l)revioulsly treated with I % oxa"lic aci(l anid then
\\ ashed with dotible glass (listilled xx ater. A 2-di-
mnensionhal separation of p)hosphate esters anid niucleo-
tidles was effected tusinlg ii-l)rop)anol-0.880 NHTTOH-
water (6: 3: 1, v/ v) as the first solvenit, anld i- )ropyl
acetate-formiiic acid (90 %-)\xvater ( 11:5: 3 v/v) as
the seco(ld. 'T'eni mlii of 10 'ti EVDTA (lisodium salt
xwere atlted to each liter of both these solvenits.
I al)ers w-ere treated xx-ith the first solvenit for 48 hours
and x-xith the secon(l for 9 hourts. T'lhe positions of
ra(lioactive spots wvere locatedl by atitora(diography
(Ilfor(d Tndustrial Xrav film exposed for 48-96 hours).
Spots xwere cuit from the chromatograms and the ra-
lioactivitx mleasuired directly uising an end-window-
('reiger M\Iiiller tuibe. Recovery of radioactivitv ini
distilnct spots w,a-Is 85 to 95 % of that applie(d to the
starting- linle, the remnai-lider being- accotinte(l forb-
a (liffuse area of phospholipid. 'I'he sel)aratioli of
individual stigar I1ionop)hosphates x as niot verx satis
factorv anld in the data belox theV- are grotuped to-
,gether as sugar phosphate.

[deoCtificatioul of Spots. Mlarkers \xxere added
sigly to various MCF extracts and their position
miiatched with auto radiograms. Nucleotides were
(letected by their absorption of UN radiation. Sugars-
and sugar phosphates were detected by spraying
papers xvith p-anisidine reagent and heating at 1050

for 5 minutes. I'hosphate esters were detected by-
lightly spraying papers with 1 % ammoniumil molyb-
(late reagent as described by Baniduirski and Axelro(d
(2) anld exposing the air-drie(l papers to Ut\ radi-
ation.

Chemtical Estimlationl of Phiospli or ls. Phosphorus
was determined spectrophotomletrically usting the
method of Fiske and Subbarow (7) as ilo(lified b\-
Bartlett (3). Potassiumii dihvdrogen phosphate wa.s
useed to prepare standard solutionis conltaininig 0.1 to
1.0 fkmole P),.

Results

All the experimiients in this sectioln have beeni re

peated at least 3 times and the results presented beloxw
are from representative experiments.

Uptake and Distributioni of P32 i)t Wh7olc Plaiit.s
of Barle. Seedlings were treated with 0.5 nml\
aluminumn sulfate for 48 hours; untreated plants servedI
as controls. Both batches were then incubated ii
10-4 MI sodium dihydrogen phosphate plus 1 ,IC r32/
liter (carrier-free KHXP3204). Three batches of 10
plants were taken froml both treatments after 1, 10,
1O0 and 103 minutes incubation in the phosphate
medium and 'the dry weights of the shoots and roots
in each batch determined before ashing at 500° for
24 hours.

Table I shows that in the aluminumi-treated roots
(subsequently referred to as Al-roots) there Tas a
rapid initial inicrease of radioactivity in the first 10
minutes, resulting in a 4-fold increase over that in
the control plants wlhich had not been treated with
atluminutmn. The differential establishe(ludring thi.
period was miiaintainied and perhaps slightly inlcreasedl
(ltring the remainder of the experimlenit. Thuis, the
conitribution of this initial plhase of rapid uptake to
the total phosphorus in the roots decreased in signifi-
cance as the experimenit proceeded. TIn ai experi-
inent described below it was shown that mlost of the
extra phosphorus in Al-roots was held in an ex-
changeable form and was therefore takeni to be otit-
side the cell membrane (8).

Table 1. P3" Incorporated into I)ry Plant Material
Values are in counts per sec per mg. Mean of 3

replicate samples. Al-plants were pretreated with 0.5
mm aluminum sulfate for 48 hours. Control plants
grown in a similar culture medium without added altu-
minum. 0 signifies radioactivitv not significantlI
o-reater thani background.

uicubation time
(Min)

10

103

Al
(ontl-n
.ki
(ontrol
Al
Control
Al
Control

Roots
Mean -4- SD

30.3
7.3

75.0
33.8

283.5
247.3
693.4
626.4

-4-

-4-

-4-

-4-i

2.87
1.90
9.60
1.60

34.93
32.71
57.80
53.36

Shoots
Mean -4- SI)

0
0
0

)
3.8
6.5

89.5
136.2

-4-

-4-

0.64
2.05

19.23
12.66
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Fi(i. 1. lTotal radioactivity in the shoots of barley
l)lants as a fulnction of root weight. 0, Q, Roots pre-
treated with 0.5 mm aluminum sulphate for 48 hours in
a culture medium with pH 4.4. *, LI, Control roots
raised in a similar medium without aluminum.

T'he radioactivity in the shoots did not becomiie
significanit unitil the plants had beeni incubated for
100 miinutes. In the shoots of plants treated with
alumiinlumii there was approximatel- 40 % less P32/g
of tissue thani in the con-trols after 102 and 103 mmiii-
utes incubationi. At first sight this result might l)e
interpreted as a conisiderable redtictioni in phosphorus
transport. 'T'lhere is. however, another possible ex-

planation. h'l'e roots of Al-plants wvere smaller than
those of conitrol plants wlhile the sh-oots of plants in
both treatments xvere of similar weight. The smaller
roots were cauised by the inhibitory effect of aluniii-
niuiml oni cell (li-isioni (6, 20). 1in figure 1. where the
meani root w-eight of plants in each replicate is plotte(d
againist the total radioactivity ini the shoots, it is
clear that there is a linear relationiship which suggests
that the amiiount of phosphorus transported to the
shoot per unit weight of root is the same in both coni-
trol and Al-planits. Differences inl shoot concentra-
tion result froni different shoot root ratios.

Incorporation of P32-' iJltO Phosphorylated Com-

pounds in Whole Barley Roots. In an experiment
similar to the one described above, roots were in-
cubated in a medium containing 5 X 10-5 M NaH2PO,
plus 1 mc P32/liter. Samples were taken after l.

5. 20 anid 100 minites aniid the phosphorvlated coi-n

poulnds in the roots extracted in MICF.
Increases in the total radioactivity inl MCS ex-

tracts fromii Al-treated aild control roots follow a

closel- similar l)attern to tlhat observed in the gross
ul)take of P32 ill exl)eriment 1 (table IT).

PEP

s;P _

7,;1~~~~~~~~~~~~~~$

GTP; TP

1.-ExOSE P

A,

sohwMiI

FTin. 2. Autoradiographs of chromatograms of phos-
plhorylated compounds from MCF extracts of barley
roots. Roots incubated in 5 X 10-5 AI NaH,PO4 plus 1

mc P32/liter for 100 minutes. Al-100 sign-ifies roots
pretreated with 0.5 mm aluminum sulfate for 48 hours
in a culture meediumn with pH 4.4. Control 100 signifies
control roots raised in a similar medium without alumi-
nu11m.

Table II. Incorporation (f p32 into Phosphorylatcd C ompounds Extracted in MllCF
Values are in counts per sec per root. Mean of 2 replicates. Aluminum treated plants were kept in a cuiture

solution (pH 4.4) containing mm aluminum sulfate for 24 hours. Control plants were raised in a similar medium
without alumninum sulfate added ..., signifies no spot detected on autoradiograms.

1 Min
Spot Control Aluminum

GTP
GDP
UTP
ATP
ADP
Sugar P
3 P-Glycerate
Pi
TIotal

. . .

2.7
1.2
1.5
. . .

35.0
40.4

35
35

. . .

1.0

)0.7
91.7 1$

5 Min
Control Aluminum

2.4 1.5
... 1.3
2.4
9.7 6.7
2.7 2.0
26.6 3.6
4.7 1.2
93.8 541.7
33.4 560.2

20 'min
(C.ntrol Aluininum

3.7 6.9
2.7 3.1
6.6 10.4

19.2 29.3
4.2 6.2

57.5 20.5
6.4 3.1

237.3 804.0
337.( 883.5

100 Min
Control Alumliunu

11.2
7.4
9.7

36.8
11.4

160.8
33.3

524.2
794.6

22.0
7.2

14.2
56.0
9.2

66.0
15.6

1303.6
1490.8
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CChromatographic seplaratioin of these extracts
.showed that the increase(d radioactivity in the Al-
roots was principally duie to a marked increase in Pi.
(fig 2). The increased Pi in Al-roots did not re-
sult in any strikinig increase in the total inicorpor-
ation of phosphortis iluto esterified compotntlds. anid
in this respect it miiax- he regar(le(d as heing tinavail-
able for metabolism. .\liiiuminum ha(l an effect onl the
distril)ution of Pl2 in l)hos)horylated compotlnds
(table II). In all saml)les there was ta mlarked re-
(lucctioli in the counts incorporated ilnto sutg,ar phos-
l)hates anid a slight inicrease in ATrP in the 20 and
100 -minute samiiples. Both these results are coonsis-
tent with the idea that alumitimiiil (lirectly or indirectly
inhibits the phosphorylation of glucose and frtictose
which are the principal components of the suigar
phosphates described hel-e (12). This.suggests that
altuinuimt mav inhibit hexokiniase activity. 'rhe ra-
dioactivitv in other niucleotide triphosphates wN-as
greater in -Al-roots. \\ hether the increase was due
to iiwore ral)id turnover or to increased pool si7e xvas
examiiined in experimeint 3.

I ptake an(d Iiworporation of P b- RarlcY' Root
Segniients. Three-dav-old barley plantis were divided
ilnto 2 groulps. The first group was grown in a phos-
l)hate-free medium (pH 4.4) for 48 hours and the
secon(l treate(l xvith 0.5; mxt aluminium sulfate in a
similar melediumii. Samiiples of 1-cm segments were
ctit 3 mnni behind the tips of the roots anlI washed in
aerate(l distille(l water at 250 for 2 hours before use
in exlperiments. The segmnents were divided into
hatches of 5 and theil placed in sample ttubes w\Thich
wx ere kept at 250 in a xvater bath. Each tube coni-
tltiiie(l 10 nml of 2 X 10 M KIIKxp1tiS 1 uc P32
anid othel nutrients as (le,cribed aboxe. The tubes
\ere aerate(d intermittently through finie glass jets.
.\t each sampling time 6 tulbes from each treatmiienit
were takeni at ran(lom. 'T'he segmenits from 3 of these
re)licates xvere washed thoroughly xith (listilled
water a1-nd placed oIn albumini/glycerol-coatedl plan-
chets. 'T'he segments in the 3 remiiaiiiiig replicates
xwere quickly xvashed xvith cold( distilled water and
placed in 50 ml of 10-2 xi KH.,PO1 at O in ani ice
bath: thexy were removed af-ter 3(0 minuttes. xwashed

an(I p)lace(l on l)lanchets. 'T'lhe segmiients oni 1wc
planchets were dried unider ani infrared lamp and their
radioactivi,tv determiniedl clirectly using an end-wix -

dow Geiger-AMiiller tube. The albumin/glycerol coat-
ing on the l)lanchets pirevented the segmiieints curling
til) (itiring dlrying.

The increase ini the total radioactivitv of the coni-
trol ail(l Al-segmients showed a similar l)attern to that
of wxhole roots (table III). In the first fexx minuites
the ra(lioactivitv in Al-segmllents inc:rease(d miiuch more
ral)i(Il, thani in thc conitrols, and thereafter a slightly
iincreased rate was miaintained. The rapidity of the
iniltial phase ini Al-segnments suggests that there xvas
some surface reactioni between phosphorus and alutiii-
inumiii which was (tliite independenlt of the normiial tip-
take miiechanism.

\V'hein exchangeable phosphorus ini the Al- eg--
ments xxas removetl bv the treatmiienit xwith 10 'i
KH. P04 it xvas evident that the amiioulnt of phos-
llortis xvithin the cells was similar to that in the cells

Of control segments.
Aks a final test of the hypothesis, that the alumi-

numill/hosphorus interactioll is exterlnal, phosphorus
tiptake by coiutrol andl Al-segmneints xvas examine(l
ait loxx temlperature (10) and in the presence of 1()
xi dinitrophenol (DNP) The segmiienits were lpre-
paredl as above l)ut \xere l)retreate(l for 10 minuittes
with eithier 10n- x\i D)NP or- aerate(l (listilled xwater
held at 1° in an icebath.

Tfhe inctibation imie(liuli xvas the samine as that (le-
scribed above xith the excel)tion that in onie treat-
miieiut dlinitropheniol \was IAdlded to brinig the finall coin-
cenitratioil to 10V xi.

Th'lle resultts ill table IV\ iho\x that thlere is anli ap-
precial)le increase ini the radioactivity of A.l-segmiienlts
o-er a period of 1 hour in the presence of DNP anl
at lox temperature. xhereas there xas little increase
in the control segmilents. The phosphate botuid in the
p)reseilce of DNP auld at lo\v teimiperat tire \vas iearly
all exchang-eable.

Larger samilples of segimienits xxere takeni after- 20
miutites inicubationi ini 10(- - Nal-I.PO, plus 2 milc
l1)3/liter aln(d the distriltuitioil of 1P<3 ill the comlpounids
extract edI bx (914 and 0.3 N K( )H \vere examinie(l.

Table I II.1. corora)tilio of Phosplior-us by\ Barley otRo ico111cits
Values are in inuimloles P' per - ( fr wt Mean of 3 replicates wvith standard cleviation. Aluminum treatmienit

was with 0.5 mxi aluminium sulfate in a cuilture imie(Iiumii with pH 4.4 for 48 hours. Conitrol plants raised in a similar-
iediumi with iionaluminiiiumi added.

Nonexchangeable I)

14
18
92
91

399
365
478
459
786
831

-4-

-4-

-4-

-4--_
-+

-+

-+

1.8
1.8

11.5
18.3

51.9
48.5
35 6
88.3

101.6
113.9

E1xchangeable P
(byh deduction)

79
11
81
3

223
42

438
204
686

Samtple
2 Mml!

15 Miil

60) Miii

120 Muli,

240 liII

Iotal PT reatinei it

Contro li
.1\llllillUill
Conti ol
\lumiiullui
Control
AlUmillulln
Control
Aluminumi
Control
\luminuts

10,
97

103
172
402
588
520
897
990

15 17

-i-

-4-

-4-

-4-

-4-

+4

8.5
15v.1
13.2
47.0
76.3
62.1
24.5

168.1
168.9
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Table I\. In-orporation of Phosphorus by Barley Root Segments in the Presence of DAP
and at Low Temperaturc

Values are in mnumoles P per g (fr wt). Mean of 3 replicates with standard deviationi. Al-planits wvere pre-
treated with 0.5 mM aluminum sulfate for 48 hours. Control plants were grown in a similar medium with no
aluminum added.

Sample Treatment

10-3
DNP
250

2 Min Conitrol
Aluminum
Conitrol
Aluminum
Control
Aluminum
Control
Aluminum
Control
Aluminum
Control
Aluminum
Control
Aluminum
Control
Aluminum

15 Min

30 Min

60 Min

2 Min

15 Min
10

30 Min

60 Min

Total P

8.7 -+- 1.2
28.2 -+ 4.1
29.6
62.1
33.4
98.4
34.3

129.6
0.6

32.7
1.0

84.4
8.1

130.9
12.0

179.3

-5-

-I-

-i-

-

4--

-4--
4-

+I

+-
+-

4.7
5.9
5.1
7.2
3.6

14.7
0.1
5.1
0.2
1.3
1.3

12.6
2.4
18.2

Nonexchangeable P

0
0

1.0 +-
2.2 +-
5.0 -+-
3.0 +-
.2 -+-

7.1 t
0.2
0.7 -+-
0.6 -+
0.5 +-
1.9 +-
2.6 +-
2.9 +
2.5 ±

0.3
0.4
0.2
0.1
0.1
0.2

0.2
0.1
0.3
0.2
0.5
0.3
0.3

Exchangeable P
(by deduction)

8.7
28.0
28.6
59.9
28.4
95.4
32.1

122.5
0.4

32.0
0.4

83.9
6.2

151.6
9.1

176.8

Table V. Incorporation of p32 into Phosphorylated
Compounds in Root Segments

Values are in counts per sec per g (fr wt). Aluini-
num-treated roots grown in 0.5 mm aluminum sulfate for
48 hours. Controls were grown without aluminunm.
Roots incubated in 10- xr NaH2PO4 plus 2 mc P32/liter
for 20 minutes.

Control

GTP
UTP
ATP
ADP
Sugar P
3 P-glycerate
P-Enolpyruvate
P-Choline
Pi

32

169
39

933
143
53
40

2939

Aluminum treated

62
133
277
62

620
111
49
42

22,604

Table VI. Pool Sizc and Spccific Activity of P32 inI
Phosphorylatcd Co iiiponntds it .4Ahtminu nt- Treatcd

and Control Root Segments

Pool size (Total P)
/Amoles per g

fr wt
Control Aluminum

ATP 0.323
ADP 0.172
UTP 0.210
Sugar P 2.764

Specific activitv
Counts iper sec
per gnmole P

Control Aluminum

0.711 275
0.197 222
0.807 140
2.391 109

339
211
100
114

was estimated by cuttinlg otut spots on1 chronatogramis
and determining total phosphortus. T'he specific ac-
tivity of p32 in nucleotides anid sugar (table VI)
shows that the increase(l incorporation of P32 inlto
.ATP and UTP in the Al-segmientts was correlated
with an increased pool size of these compouinds. T'he
pool size of sugar phosphates was markedly reduced
in Al-segments although specific activity of p32 in
the pool was similar in both treatments. These re-
sults lead to the conclusioni that aluminum, presumii-
ably present in the mitochondria or at their surface.
markedly reduces the rate of phosphorylation of
sugars although there is a large pool of ATP presenit.

The total RNA in segments fromii both treatmlients
was similar, but the specific activity of RNA-P32 was
somewhat lower in segments from alumintumii treatedl
roots (table VII).

Preliminary experiments have shown that aluimi-
num citrate inhibits yeast hexokinase and also glucose
phosphorylation by crude extracts from barley root
mitochondria. Figure 3 shows that concentrations of
aluminum citrate in the range 5 X 10-3 a to 5 X
10-2 M result in 16 to 50 % inhibition of purified yeast
hexokinase. Similar concentrations of sodium citrate
did not inhibit. Aluminum citrate was used because
of the very low solubility of uncomlplexed aluminum
at the pH of the enzyme assay.

A fuller account of the inhibitioni of hexokinase

Table VII. Incorporation of p32 in RKVA in Segments
of Barle Roots

In MCF extracts the distributionl of P32 in nlucleo-
tides and other esters was similar to that found inl
whole roots, but the increased incorporation into ntu-
cleotide triphosphates in .\l-segments was mlorc
,tt-OI1(ronl imarked thani in e-xperimiielnt 2 (table \V).
'I'le pool size of ioticleotides and sugar phosphates

Treatment

Control
\lurnillnu

Total RNA
,g per g fr wt

1181
1385

Specific activity p32
Counts per sec

per,gg RNA-P

1.52
0.93
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'n. 3 The eftect of aluminium citrate o
of yeast hexokinase. Assay miiodifie(d fron
procedure for ATP assay (11). The acti

kinase is linked with the production of N-,
iffollowved by an increase in extinctionl
Standard conditions: Silica cells of 1 ci
temlperature 270, reactanits. ATP lmxr g

NADP 0.2 mmr MgSO_ *H ,O 10-' x. KC
HCI (pH 7.5) 0.07 Mr and 2 ,umole units gl
phate dehydrogenase (Sigma). 1 ug purified y
ase (Sigma) added after 5 minuttes. Alumin
citrate added to reactalnts before the a(lditiot
ase. Total v-olumne of reactants 2.0 nil.
aluminum citrate;: 0, 10- xi sodium citr;
10- aluinititinu citrate; (, 10-2 aluml1t i
5, X 10-2 \T altutniniumiii citrate.

by aluminiii ium citralc mand a ))w s.1i le nilechl
i.s inl preparatioll.

Discussion

It is clear from the foregoing restilt
are 2 initeractionis betx-\een aluiminumi an

in barley roots, one at the cell surface o

slpice wvhich is nonmetabolic and(I the oth
cell, perhaps in the n-itochondria, xvhich

phos)horylation1 of hexose sugars.
'I'he rapid initial incr-ease in the l)plo

tent of barley roots wvhiclh hazve l)eenl pre
altuinitim is due to inorganic phosphate.
finding has been reported recently by R
\xorking xvith the excised roots of Oniobl
(sainfoin). The persistence of the ral)id
in the presence of dinitrophenol and(c lox
an(d the almost complete exchangeability
I-hornis thus incorporated is strong evidlelic
catioll (If thl Pj at tie cell sturface.

tion1 of alumiiinumi in the cellular com"ponlents ot roots
lias shown that in roots treate(d w-ith miM alulminintii
*sulfate 85 to 95 % of the total atlmltillmm is locatedl
in the cell xvall fractioni ( Clarkson. mpunublishe(ldata
\\ ith aluminim thus located, the processes involved nll
the alumiinumin-phoslplhoruis interaction mtigh t he re-
garded as ani extensioni of the processes of phos-
phortis fixationi which hlave heen described in soils.
1tlsu ani(l Renniiie (10) have sho\\-n that (ituring the
hydrolysis of the ioIn A3l the last h-y(lroxyl group!
added to ul (OH) 2 is tinstable anid remiiains freely
exchangeable with H2PO4- in soluition. resulting in
the formiiationi of Al (O)H).,H 2P. Thus, aluminumui
hydroxide nmax fix phosphorus bl- ani a(isorptionl-)r-
cipitationl r-eaction. At the pH used in the presetit
experimenits (pH 4.4) the predomlinlanit alumlinutm ioll
species is Al(OH)29 (16); it seems probable that
hiydroxyl ionis at the root and cell surface miiay resuilt
in the precipitation of Al(OH ). Aluminum hy-
droxicle surfaces are usuallv positively charged belowx
pH 5. and ofteni below pH 6.5 to 6.7 (17). If this is

14 1'6 so. theni ani adsorption-precipitation reactioni similar
to the one described above m1ay occur. Some evi-
(leiuce to support the view that Al (( )l)3 is p)resent

)n the activity at the root surface is provided hy the ohservation
n Kornberg's that only a smiall proportioni of the alludlilluln in xxhole
it ofH 7hexo- roots or in cell wall preparatioln is exchanigeableD4PH which with other catioIns. \ hen pllalnts are growing in a

1)at
340 mEL

.soil where aluniniumii andI plhosl)horus are 1)th l)resent
ipathlength:aebtpren
lucose inl-. it is possible to envisage this adsorption-precipitation
10-1 xm, Tris- reaction as a continutouis process whichi would effec-

lucose-6-phos- tivelx redtuce the amotiunt of p)hosphortis available for
yeast hexokin- tranisport to the shoots and entry inlto the metab)olic
munm or sodium-l poolsi) the root. T'he prlecipitation of alumiiinum
n of hexok.inl- .a

Control no I)hosl)hate fronii solutions iS slo\x even in sul)ersatur-
ate rol, o ated conlditions. but it has been shoxvn byv H.su anld1
inumn citrate: Renniiie ( 10) that surfaces upon xvhich alum1inumi is

aclsorhe(l reatly accelerate the reactioni. In the pres-
ent work, where aluminiitini anid phosphate are pre-
senited to the plant separately. the reduced phosphorus

aanismin for it concentration in the shoots is niot likely to be ac-
cotunted for by this precilpitation. since. as the incetiba-
tion periodl xw as extende(d to 1 0) miniutes. the alumi-
nutm/phosphate reaction xvould hav\e reached or ap-
proache(d ec(iilibrium. T'he results also show that tlhe

that there total phosphorus actually within the cells (i.e. i1011-
id phosphate exchanlgeable) w\as similar in both altuminumti-treate(
r in the free aind control roots. In the absence of any agreemiienlt
er iiiside the about the muovemtent of phosphoruis across the root
affects the andliiLto the stele it is difficuilt to (lecide wlhether the

dlisturbances in phosphate miietabolismii, after activ-e
lphoruis conl- uptake, restult in a distuirbance of phosphorus trains-
streated with port. It xvas l)ointed ouit above that the amoulit of
A similar l)hosl)p)orus tralnls)orte(l per uniiit weight of root wa(l.

'orison ( 18) the same in p)lalnts fromii both treatments, and that
rychis sativa the concentration differenices in the shoots restilted
initial phase fromi) different shoot/root ratios inlaltimiitnum-treated
tempil)erature ain(l control plants. A more rigorous examination
of the phos- of this poin1t. which has been largely igniore(d in work
-e for tile lo hitherto, is clearly desirable. \right and Donahube
['le hlistribt- (23) report an experimlient in hich11 lplbilm-ins trlo1s-
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port to the shoots of plants pretreated for 4 weeks
with 0.4 imM aluminiulmi sulfate was coompared with
cointrol planits over an incubation perio(I of only 4
hours. The aluminumii-treated plants had. in the
author.s words, very few roots, much stunte(d anid
brittle. No weights are given by which the roots in
the 2 treatments can be compared. but atutoradiographs
of the plalnts suggest that the root size in the alnmili-
num-treate(l plants is less thalni one-tenth of that in
the conitrols grown without alumiiiunu. while the
shoots were about one-third of the size. I n these
circumstances it is hardly surprisilng to find that the
concenltrationi of phosphate in the shoots of aluminium-
treate(l pllants was lower. \Vright and Donahue's
conclusion that the reduction in transport is due to
internal precil)ilation has been questioned before (21)
anid the evidence in the present work suggests that
the l)recipitation1 is neither internal nior of iiich
significance inl phosphorus uptake and transport.

The surface reaction between phosphortis and
alumiinum is perhaps a more likely explanation of the
increased phosphorus content of snap-bean roots (14)
when aluminium was included in the ilncubation me-
dium, than ani enhancement of lhosphorus uptake.
At least sonie of the data presented by Rtandall and
Vose (15) may be interpreted similarly. These
authors (lid find, however, that certaini aluminiumii
treatmenits increase(d the transl)ort of phosphorus to
the shoots of perennial rye grass, anid suggest that at
certaini aluminium concentrations the phosphorus
transport mechanism may be enhanced.

A small proportion of the total aluminum found
in roots appears to be inside the cells and the data
above show that this fraction has an inhibitorv effect
oni the phosphorylation of hexose sugars. The de-
crease in the pool size of hexose phosphate is cou-
pled with an inicreased pool of ATP and other
nucleotide triphosphates suggest that aluminuim either
inhihits hexokiniase or combines with the substrate
to make it unavailable. The preliminiary in vitro
experiments with purified yeast hexokinase and crude
extracts from barley root mitochondria confirm that
the presence of aluiminum as aluminum citrate in-
hibits the enzyme at concentrations similar to those
of other metallic inhibitors (19). These studies also
suggest that treatment of the enzyme with aluminumii
prior to its assay does not result in a marked ilhibi-
tioni of enzyme activity.

The increased pool size of UTP and the increased
incorporation of p32 into GTP in Al-roots may re-
stult from equilibration with ATP or from a reduc-
tioll in the rate of RNA synthesis. The latter sug-
gcestion is supported by a reduction in the specific
activity of phosphorus in RNA in Al-roots. It should
be remembered, however, that during the 48-hour
treatnent of the roots prior to incubatioii in phos-
phate those roots treated with aluminumiii stoppedt
growing, whilst those in the control medium did not.
The number of cells dividing in root apices declines
sharply 6 to 10 hiouirs after treatment with mm alumzi-
tinm sulfate. Thuis, after 48 hours' incubation in

aluminumlll) sulfate the cells in the 1-cm1 segmienilt be-
hind(I thle root tip will be older than those fromii the
simlilar segmiienit in conitrol roots. My- own ob)serva-
tioii is that cell elongatioln and differentiationi are
niot illhibited by alumiiinumii treatment. The extent to
which this age difference imiay affect RNA synthesis
is unknown. A simnilar slight reduction iil the spe-
cific activity in a mietabolically labile fractioni of I)NA.\
in barle- roots has beeni reported (20).
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