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WSiumnarylJ2. Nonlatitotrophic C(., nietal)olism ill Opiiiti(t cIciItoc(rp(1o roots was sttldie(l
with teclhniiquies of manometry and(l radiometry. The roots were grown in a one-quarter
streingtll nutrient solution for several days; the distal 2 cim was use(I for physiological
sttudies. The roots assimlilatedl significant quailtities of 14CO., andl apl)eared to show a
crassulacean-tyl)e aci(l metabolismfl with respect to quality all(I quantity. Mlost of the
'4C activity was associated with the distal portion of tlle elongating root indicatino cor-
relation with metabolic activity. The 14CO. assimilationl was comparable to a crass-
ulaceani leaf succulent, hut 3 timies greater thani that founldI for stemii tissue of the salmle
Opuntia species.

The rates of 0. anid CO2. exchange anid estim-iated CO., fixationl xere 180. 123, and
57 pul/g per hour. A respiratory quotienit of 0.66 was founid.

The pro(lucts of 14C0. fixation were simiiilar in most respects to reported experimiients
w ith leaf suicculenits. Equilibration of the predominiatit mlalic acidl with isocitric, succimic.
and fumllaric acids was nlot evi(Ielit. The latter observation was interl)retedl as metabolic
isolationl of the fixation l)roducts rather thani poor citric aci(l cycle activity.

A ral)id turniover of the fixed "CO., wvas measure(I by followiiig (lecarboxlyatioll
kiinetics and( by pro(ltdct analysis after a l)ostincul)ation perio(l. The first order rate
conistanlt for the steady state release was 4.4 X 10- mmi -' with a half-timie of 157.5
iliinutes. .\mino acids decaved at a more rapid rate thall organlic acids.

Nouiphotosynithetic ilncorporationi of CO., with the
subsequent formliationi of organic acids is widespreatl
in living organiismiis alnd miiay very well be ubiquitous.
Succulent planits, as is well kniowni, are clharacterized
b1 a high capacity for nionautotrophic CO., fixationl
concomitant with ani acctumultlation of organic acids
(10). For the most l)art, malic acid is the predom-
inanit diurlnally fluctuatinig acid, however, certaini
halophytic succulenits accumiiiulate more amllilno acids
(20). Data obtained in our laboratory ind(licated
that stem tissue fromli members of the Cactaceac has
the capacity for a true crassulacealn-type acid metab-
olism. but to a much lesser degree than the crass-
ulaceani leaf succulenlts (1 5).

CO2 fixation by root tissuie has been demon.strated
by several workers (see 6); Ilowever. based oni RQ
data, this dloes niot appear to be quantitatively signlifi-
cant (3. 7, 17). It is of interest, therefore, to inives-
tigate the patterni of CO., fixationi in roots of a plalnt
capable of high levels of dark CO., fixationi to (leter-

inie if a trule acid metabolisAI is operative.

1 Supported l)y a grant from the Nationial Science
Foundation (GB-2547).

2National Science Founidatioin Postdoctoral Fellovv
(1964-1965)

The presellt stu(lv was iniitiated to determiinle the
capacity for nionlautotrophic CO., fixationl b Opitiitia
roots anid to evaluate the sul'sequeiit utilization of
the fixed carboni. This research is a part of aii
extenisive investigation in our laboratory conlcerninig
metabolism of (lesert planits.

Materials and Methods

joints of Opiintita echiunocarpa Engel. andl Bigel.
were collected fromii planits growing in the Auiza-
Borrego Desert of Southerni California. In the lab-
oratory, terminial joints w,vere separated and (Iried in
the (lark at roomii teml)erature unitil visible root pri-
mordia had forn-ed on the areoles (fig 1). The
joilts with visible priniiordia were placed in an aer-
ated, one-quarter strenigth Hoaglanid's solution unider
contintuouis incani(lescelnt light (4.8 X 105 ergs/cn12
per sec). The w\ater bath temperature was maini-
taimed at about 280. \VNithin several (lays, uniiformii
adventitious rolots 10 to 1; cm in length lhad devel-
ope(l. These roots were removed frolml the joints
and washed thoroughly with di-stilled wvater before
subsequent treatmlienits. Clonal roots wxere used withini
in(lividual experimienits. Respiratory quotienits were
(leternliniied at 300 in a \\arburg apparatus. The
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FIG. 1. Terminal joint of Opuntia echitnocarpa show-
ing root primordia oni aeroles after 3 weeks drying.

10 ml of phosphate buffer at 250. Sample sizes,
other than those stated, were about 0.2 g fresh weight.

Results

Respirators' Quiotienit. M anometric analyses indi-
cated that 0., consumption was linear with time all(l
comparable to active plant tissue (fig 2) (5). CO,
evolution was somewhat erratic, but on the average
linear. Assuming that the RQ would b)e 1 without
CO., fixation, we have estimated that 57.0 ,ul/g per
hour of CO, was fixed. The 0., uptake and CO.,
evolution rates were 180 and 123 Al/g per hour respec-
tively. The apparent respiratory quotient for the
8-hour period was 0.66.

Lonigituidin al Avssiilation of CO,. The longitu-
dinal pattern of 1"CO., assimilation vwas similar to
tvpical inorganic cation or anionl uptake (fig 3)

reaction flasks containie(d 2 ml of 0.01 m Tris buffer
(pH 7.3) anid about 0.1 g fresh weight of root tissue
cut from the first 2 cmii (see fig 3).

The longitudinal distribution of assimilated CO.,
was (letermiinled by incubating wvhole root sections ill
HI'CO3-, cutting the roots into 1 or 2-cm segments.
and placing them (lirectlv into liquid scintillation
counting vials for radioactivity analysis.

Organic acids were separated and determined by
1-dimensional thin-layer chromatography (16).
Amino acids were eluted from a Dowex 50 columin
with 2 N NH40H (2) and separated on Silica gel
H in a chloroform-methanol-ammiionia developer made
in the ratio of 25 to 25 to 7 (20 % ammonium hy-
cIroxi(le). The nieutral fraction referred to in the
text was the material which passed through both
Dowex 1 (formate form) ailcl Dowex 50 (hydrogen
form) columns. Other thani those outlined above, all
procedures and techniques of sa,mple preparationi,
product separation and identification, and radioac-
tivity counting were described earlier (16).

Exchange and decarboxylation of fixed 14CO0
were followed in a closed system with a 1-liter Cary-
Tolbert ion chamber and a Cary Model 31 vibrating
reedl electrometer. The '4C detectioll efficiency of
the entire system (1.5 liters) was a!bout 21 % with
a flow rate of 1 liter per minute. After a 2-hour
14CO., fixation period, the washed root sections were
placed in a 100 ml round bottoml flask containing 10
ml of i1/15 phosphate buffer at pH 6.4. A continu-
ous recor(l of the releasedl "CO., was obtained by
attaching the flask to the closed circulating system
an(l bubbling the air stream through the buffer.

All incujbations were conducted with "CO2 sup-
plied as NaH14CO, in 1 N NaOH (2.2 ,uc/,umole).
Longitudinal distribution analysis was conducted in
WVarburg vessels containing 1 Juc of 14C (0.02 ml)
in 2 ml of the phosphate buffer for 2 hours at 300.
All other incubations were conducted in 125 ml
modified Erlenmeyer flasks with 50 ,uc (1.0 ml) in
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hours
FIG. 2. Respiratory gas exchange by Opunetia echino-

carpa roots. An apparent RQ of 0.66 is indicated.
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FIG. 3. Longitudinal distribution of fixed and labile
"4C in Opuntia echinocarpa roots. DPM's are plotted
against the mean length of segment.
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(8, 13). In the experinmenit reported, there was more
I 4C activity in the first 1 cm of root than in the
medium (134,000 dpmii in the root as compared to
109,500() dp in the me(lium on1 a v/v basis). The
upper curve of fig 3 (lelicts the stable fixation l)rodl-
uicts expressed oni a freslh weight basis. The lower
currve represents radioactivity which was removed
froni the countinig vials by lowerinig the pH to 2 and/
or vigorous swirlinlg. WNe have interpreted this loss
as readily exchangeable CO., or possibly apparent
free space CO., with respect to dark fixationi. In this
particular experiment (fig 3), the exchangeable CO.)
calculated to be 12.1 % of the total uptake (consid-
erinig only the distal 2 cmii of root tissue). Autora-
(lio'raiLms of whole root sections showed the same l)at-
terni of 14CO.. fixatioln.

Products of CO., Fixation. The products of a
2-lhour 1 4CO., fixationi period were (Iuite simiiilar tc
those reported for crassulaceain leaf stucctulents (11).
In general, about 80 % of the I4C activxity was foutnd(l
in the organic aci(l fractioni and( about 20 % in the
amiino aci(d fraction. Little or nio activity was (le-
tected as lipoidal comlpouinds anld no activitv was
ever detected in carbohydrates or other neutral com-
pounds. Fromn 0.5 to 2.0 % of the total uptake was
detected as insoluble residues after complete extrac-
tion (chloroform-methanol-water extraction (16) fol-
lowed by 100 % ethaniol). Malic acid was the pri-
miary stable product of the fixation with lesser
aiimounts of 14C detected in citric acid, isocitric acid,
aspartic aci(d, glumatic acid, and alanine. Only trace
amoulntls of activity were detecte(d as succinic or
ftumiiaric acids (table I). Similar products were
obtained in the dark or in light of 1.35 X 105 ergs/
Cmil per sec. Tn the latter experiment, the roots were
in colntiniual light from timiie of dlevelopllent in the
culltture flasks to liquid nitrogeni freezinlg at the end
of the incu,bation. The above listing of products
(loes not imply that these were the only labeled metab-
olites resulting from the fixationi, but only that they
were labeled sufficiently for detection with the chro--
matographic procedures.

Decayl of Products. In order to follow the fate
of the incrorporated carbon, experimlenlts were de-

Tahle I. LoIag-Terma (2 hrs) Produicts of .Vonautotropihic
14( 0, Intcorporation by Oputntia Roots

Data are expressed as a percentage of total activity on
chromatoplates. Raw dlata (Wpm) are giveni in paren-
tlheses for the organic acid cliromilatoplate.] Unaccounlted
for percenitages represent activity at origins.

Organic acid*

Fumaric

Succinic

Isocitric*-
Malic
Citric

Trace
Trace
1.6

66.4
11.4

(14)
(52)
(140)
(6260)
(900)

Amnino aci(d

Aspartic
Glutamic
Alanine
Unknown

2.9
7.4
4.6
3.9

* 80 % of total activity.
Estinmated as the lactone (see 16).

PtIYSTOLOGY

signied in which the tissue was incubated inl nonradio-
active butffer for several hours after a 2-hour incU-
bation period. Tissue was sampled after the initial
incubation period anid againi at the end of the postiin-
cubation period. The timiie course of release wNas
followed in the manntier (lescribed above. The data
(table II) inidicated that at least 50 % of the stable
products were lost (luring a 2-hour postincuibation
period. On a percentage basis, the organic acids
increased and the amilno acids decreased. In the
experiment reported in table II, the water soluble
compounds deoreased in activity by 72 %. There
was a 67 % and 90 % decrease in activity associated
with organic acids and amino acids respectively.
The insoluble resi(lue decreased only 19 % in activity
and accouinted for a greater percentage of the total

Table II. Products of 2-Hootr Nonantotropliic I4
Incorporationl lby Opuntia Roots and Rcoiainfing

Activity after a SuZbsequecnlt 2-h1our
Postintcbation Period

Product

Lipid
\Water soluble
Anion
Neutral
Cationi

Insoluble
Total

Inicubation
dpm/g

20,000
2,820,000
2,198,000

0
(622,000
17,200

2,857,200 1

Postinicubation
% dpm/g %

0.7
98.7
76.9
0.0

21.8
0.6

00.0

3500
788,000
724,000

0
64,000
14,000

805,500

0.4
97.8
90.0
0.0
7.9
1.7

100.0

activity after the postincubation period thani after
the fixation period. In general, there was signifi-
cant loss of activity from all fractions.

It was of interest to determine the chanlges inl
organic acids during a postinicubation period. Ili
1 such experiment, with a 2-lhour fixation1periodl,
3,160,000 dpIml/g fresh weight of '4C were incor-
porated. After a 7.5-hour postincubation period, a
similar sample contained 796,000 dpnm/g. Of the
total organiic acids (75 % of total uptake in the re-
ported experiment), 85.8 % or about 2.030,000 dpm/g
were detected in malic acid and 14.2 % or about
340,000 dpmii/g in citric acid. At the enid of the post-
incubation period, the organic aci(ls accounted for
88 % of the total activity or about 700,000 dpmii/g.
There was 77.2 % or about 540,000 dpm/g as mlalic
acid aild 22.8 % or about 159,000 dpm/g as citric
a-ci(l. \Vhereas tile total activity ha(l decrease(d
74.8 %, malic had decrease(l 73.4 % anid citric only
53.2 %. These data (1o not ilndicate whether or nlot
malic acid was coniverted to citric acid, or if there
was a different decay rate. Even after the postinctu-
bation of 7.5 hours, only trace amounts of activity
could be detected in the other citric acid cycle acids.

A graphical analysis of the time course of the
decrease in activity withinl the tissue showed a 2

phase reaction (fig 4). If graphed semilogarithfmic-
ally (upper curve, fig 4), the data followed a Cllt-vi-
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FIG. 4. Time course of decrease in 14C in root tissue
of Opuntia echinocarpa roots after a 2-hr fixation period.
The points of phase 1 were calculated from the differ-
ence between the actual datum poiInts of the upper curve

and the extrapolation of phase 2.

linea,r line. When the linear portion of the upper

curve (fig 4) was extrapolated to the y-axis, the
estimated activity could be subtracted from the actual
datum points. A plot of the calculated values re-

sulted in a second first order curve (phase 1, fig 4).
The first order rate constants were 103 X 10-3 1 mill-'
and 4.4 X 10-3 Illill-n for phases and 2 respectively.
The half-times for the reactions were 6.72 minutes
and 157.5 minutes for phases and 2. The ratio
of the rate constants (and the half-times) was 23.4.

Comparison between 14CO2 Uptake in Roots anzd
Stems. The magnitude of the 14CO fixation in root
tissue was assesse(l by comparing the root tissue with
stem tissue from the same species and the leaf tissue
from a typical crassulacean succulent, Dutdleya
saxosa (Jones) Britt. and Rose. Experimental plants
of the latter 2 were kept for at least 3 weeks in a

growth chamber on 8-hour days (light, :5 X 104
ergs/Cm2 per sec; day teml)eratture, 290; night tenm-
perature 180; relative humiiidity both (lay aIl(l night
50 %). The tissue for analysis (ca. 1 g of 1 nlm
thick discs of stem tissue sampled with a No. 5 cork
borer and ca. 1 g of 1-mm thick sections of leaf tis-
sue) was sampled at the end of the 8-hour light period
and incubated in the same manner as the root tissue.
Quantitatively, the root tissue was quite comparable
to the crassulacean succulent (table III), whereas
the stem tissue of Opuntia echinocarpa incorporated
considerably less 14C into stable products.

Table 111. Tixwo-Houtr Nonauttotrophlic I4C0., Fi.xatiom
of a Leaf Succuilenit and a Stent Sitccuilent

The leaf succulent was I)udleya sa.rosa (Jones) Britt.
and Rose. and the stem succuleint was Optunitia echinocm-pt
Engel. and Bigel.

clpm ,u/g
% Anion
% Cation

l1eaf succulent
Leaf

2,892.000
89.0
11.0

Stem succulent
Stem Root

852,000
78.6
21.4

2,456,000
79.0
21.0

Discussion

The CO., metabolism of Opuniitia roots is similar
in most respects to typical crassulaceani-type acid
metabolism. TI'he high rate of CO, fixation and rela-
tively low respiratory qluotients attest to this conclu-
sion. One mighlt not expect a diurnial flucttiationi
suclh as was founl(d in clhlorophyllous tissue (9)); how-
ever, experinments wvere not designe(l to test such a
cycle. A deplendenlce on the chlorophyllous stem tis-
sue would certainly be predicted. Since the adven-
titious roots were rapidly elongatinig, high rates of
metabolism (CO., fixation) would be expected.

Lonigitutdinal Assimilation of CO,. The gross
pattern of CO, uptake by Opnniitia roots was similar
to typical inorganic cation or anioni uptake (8, 13).
i.e., more accumulated toward the distal end. The
greater uiptake toward the tip might have been due to
greater CO. permeability; however, the free CO.,
toward the base was at least equal to, and probably
greater than, the free CO2 at the tip (fig 3). This
suggested that permeability was not a significant
factor with respect to uptake. These results were
found with intact root sectionis anid 1 to 2 cim seg-
ments. Fadeel (4) found, nevertheless, a measurable
resistanice to CO. (liffusion bv' root epidermis. In
our experiments, we found an accumiiulationl of 14C
at the root tip against a 14C concentration gradient.
These findings were important since they indicated
that 14CO. fixation was not simply an equilibrationl
with free CO., in the root or in the medium. In
chlorophyllous wheat roots which were in the (lark,
Fadeel (3) found an accumllulationl of free CO.2 as
high as 10% by volume; the greatest concentration
was toward the tip correspon(ling to the greatest O.0
consumption. Sinice more free CO., (endogenlous)
would be present in the tisstue at the tip, and since
the 14CO., will diffuse indlepeni(lent of 12CO., there
would be greater diltutionl of the '4CO.2 by 12C)., at
the tip than away from the tip. TI'le result woul(d
be that the 12CO., would act as a coml)etitive inhibitor
with respect to 14CO_ fixationi, andl proportionately
less 14CO2 would be fixed per unit of enzyme(s).
For this reason considerablv more enzymnatic activity
was probably present toward the tip.

Respiratory Quiotientt. The respiratory quotient
of nonsucculent root tissue is seldom much less than
one. Machlis (7) found average values ranging
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from (0.93 to 0.99 for barley roots. In the case of
added HCOC respiratory quotients decreased signifi-
cantlvN (17). Fadeel. (3) measuredl a respiratory
1uotienlt of 0.85 for flax roots, but lie attributed the

lo\v valtue to the oxidation of lipids 1b the Vounig
root l)rel)arationls. Hifs dlata with wvheat, onl the other
hand, showed a resl)iratory (luotienit of 1 .0. The
respiratory quiotielnts of Opiututi(a roots, without a(lde(l
HCO, -, inidicated a significant fixationi of CO., which
was greater tlhani that for roots of nonsucculents
(fig 2 ) Furthermiore, the fixation was (Itlanitita-
tively comiparable to leaf tissuie of crassulacean sutccu-
lenits (table III).

IPr.odn/icts of CO., fixationi. In general, ithe products
of thle carboxylation reactionis were l)relictaible from
the cuirrenit literatture (11): however, the lack of ap-
l)reiabl)ly labeled isocitric, suicciiiic, and(I fumiiiaric aci(ds
may' be significant. In Opttintia stemii tissuie, as mullch
as 10 % suiccinic aci(l was fouinId( in the organiic aci(l
fraction (115). Thle latter 2 observations might indi-
cate lowv citric aicid cycle activity in the roots (cf. 11.
14 ), but the respiratorv (lata votul(l niot stul))ort suclh a
concltlsioni. It seeme(1 more prol)able that stuclh obser-
vations reflected little equilibration of the lpriniary
prodlucts (miialic, citric, aspartic, an(d gluminatic) with
other metabolites. A lack of equilibration was quite
clear fromii ouir postilniti)ation experimeilts. V'arner
ain(l PBtrrell (18) were able to (lemonstrate sonice re-
(listrilbutioll of the label in Brvoph v/lboi leaves, never-
theless, their data iii(licated a loss of activity prinmarily
bV a reversal of the fixatioln reactionis.

Dccav of Produtcts. A rapid turnover of the in-
corporated 14C \was indicated by ouir (lata. Under
the coil(litioiis of ouir exl)eriliients, 50 % or iiiore of
the '4CO., fixe(d inlto stable lprodtlcts \was release(d in
a subsequent 2-houir lerio(l. The kinietics of release
wvere al)l)arently biplhasal (fig 4). Onie nii,gh-t as-
ssumlle that the first or rapid phase represenited ex-
changeable CO.,, i.e., free CC). or HCO.- salts, which
\vas present in the tissuie and in equilibriuim with the
labeled incubation atmosphere, however, in the exleri-
miienit reported, 16.3 % of the total fixed 14C was lost
1y the rapi-d phase and(I 35:i.7% 1b the slower phase.
Furthermirore, the lhalf-timiie for the latter was 2.63
houirs, in )oor agreemllenit with the actuial extractioni
of stable lprodlucts fromn the tissue (table TI). The
latter inidicatedl 50 % or mzore of the fixe(d 14C was
lost itl the 2-hour p)ostinlcull)ationl perio(d. Blo(th phases,
therefore, lprol)ably relpresentel actual decarboxyla-
tioi.s. T'he rapid release ( phase 1 ) may lhave beeii
the re.sult of the change in CO,, when the tissue was
transferre(d fromii the inctubation flasks to the post-
incutbation flasks, i.e., phase 1 may be artifactual.
Refixation of released '-'CO, may have complicated
our nmeasuremients; however, the very low specific ac-
tivitv resultiing from the release(d l4CO, into a volume
of 1.5 liters and the smiiall quantity of root tissue (ca.
0.1 g) should preclude signiificant errors.

In the experimeint rep)orted in table II, there was
a 67 % decrease in organiic acicIs and a 90 % decrease
in amino acidls dluriing the postincthation period. On

a perceintage basis (after the postiniculbation), there
was more activity, associated wvith the organic acids
than the amiino aci(ds. It was evident that the rate
of aniino aci(d (lecay' w,as greater than that for organic
acids. Although kinietic (lata would be niecessarv foir
a (lefimiite alnalysis, in all prol)al)ility tran.samaninase
activity (19) accoulnte(d for iiiucl of the amiiio acid
(lecay observed. \NVe have evidence (to be rel)orted
later, aind see ref. 15) that in stemii tissue aspartic and
glutamic acids decay at a greater rate than alaninie.
D)uring the decay l)rocess, there was iio evi(lence for
equilibration of label with organiic acids other than
possibly citric aci(l. In sum, there was a relatively
rapid turnlover of the fixed 14CO.) anid little equili-
bration of the ¶)rinmary products Nith other conistitui-
enits. \Ne did, how ever, (letect a smiiall percentage
of activitv in insoluble comlponents which (lid niot
(lecay as rapi(lly as the water soluble compoundi(ls.

Phosphoenolpyruivate carboxylase is imiplicated in
the fixation of Co. by stctulenlt plants anld11y root

tisstle (6. 12). Sinice fixation via this eiizyniie is niot
reversible (1). tllhe imechanlismii of C( )., release is an

iniportanlt questioni. 'lThe metabolic p)athway concerni-
inig fixationi anid subsequent release is cuirrelntly being
ilivestigatedl in ouir laboratory.
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