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/ THE INFLUENCE OF SALTS ON THE ACTIVITY OF PARTICULATE
CYTOCHROME OXIDASE FROM ROOTS OF HIGHER PLANTS12

GENE W. MILLER AND HAROLD J. EVANS
NORTH CAROLINA STATE COLLEGE, RALEIGH, NORTH CAROLINA

Recent investigations by Webster (21) have shown
that cytochrome oxidase is widely distributed in
higher plant species and it has been suggested (7)
that this enzyme may play a major role in the termi-
nal transfer of electrons in plant respiration. Lunde-
gardh (13) reported that the absorption spectrum of
bundles of roots from wheat and other cereals re-
vealed the existence of a complete cytochrome oxidase
which was similar to that observed in animal tissues
and many miicroorganisms. He calculated that this
system was responsible for 50 to 75 % of the total
aerobic respiration. Fritz and Beevers (6) observed

1 Recei-ed April 3, 1956.
2 Contribution from the Division of Biological Sci-

ences, North Carolina Agricultural Experiment Station
and published with the approval of the Director as
paper No. 725. This research was supported in part by
a grant from the Chilean Nitrate Educational Bureau.

that extracts from etiolated pea, wheat and barley
seedlings contained cytoehrome oxidase at all stages
of development. When the amount of enzyme in the
tissues was evaltuated in terms of activity at an in-
finite concentration of cytochrome c, it was concluded
that shoots or roots of peas, and shoots of either bar-
ley or wlheat contained sufficient amount of the en-
zyme to account adequately for the respiration of
these tissues. The roots of barley and wheat also
containedl the enzyme but the amounts extracted were
not capable of mediating all the respiratory oxygen
absorption. The results with wheat were in good
agreement with those reported by Lundeghrdh. It
would appear that the importance of cytochrome oxi-
dase in many higher plant species may approach that
of this enzy-me in the respiration of animals and aero-
bic microorganisms.

Several investigators have observed that salts
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stimulated the activity of cytochromne oxidase prepa-
rations from animal tissues. According to Smith (17)
the activity of the enzyme in particulate fractions of
kidney or heart was markedly increased by salt. The
maximum effect was obtained with NaCl at a concen-
tration of 0.11 M. A similar observation was made by
Riley (16) who reported that a concentration of
0.1 MI NaCl increased the activity of a cvtochrome
oxidase preparation from mouise melanomas bv 40 %.
Meguimu (15) has reported that univalent cation salts
at a concentration of 0.05 M maximally increased the
activity of cytochrome oxidase from ox heart muscle.
Divalent cation salts were stimulatory at lower con-
centrations.

There are relatively few experiments reported in
the literature concerning the influence of salt on the
activity of cytochrome oxidase from higher plant tis-
sues. Lundegardh (12) added macerated wheat roots
to a solution containing reduced cytochrome c and ob-
served that 41 % of it was oxidized in five minutes.
In a comparable experiment where the solution con-
tained KNO3 or KCl at a concentration of 0.1 MI,
73 % of the reduced evtochrome c was oxidized in a
5-minute period. Weinstein et al (22) observed the
greatest cytochrome oxidase activity of a homogenate
of sunflower leaves in a phosplhate buffer (mixture of
Na2HPO4 and KH2PO4) at pH 6.0 and at a concen-
tration of approximately 0.13 MI. The activity was
markedly depressed with buffer concentrations greater
or less than this value. No attempt was made to dis-
tinguish between the effect of anions and cations or to
determine whether or not an osmotic phenomenon
was involved.

It has been well established (14) that the addition
of salts to plant tissues containing low salt content,s
markedly increased their respiratory rates. This in-
creased respiration is sensitive to heavy metal in-
hibitors and carbon monoxide inhibition is reversed by
liglht indicating the involvement of cytochrome oxi-
dase. In view of the possible significance of these ob-
servations in an understanding of the mechanism of
the salt accumulation and of the brief reports that the
activity of plant cytochrome oxidase per se was in-
fluenced by salts, the experiments reported here were
initiated in an effort to provide more detailed infor-
mation on the influence of salts on cytochrome oxidase
from plant sources. The experimental evidence also
may have an important bearing, on the role of certain
cations in plant metabolism.

-MATERIALS AND MXIETHODS
PREPARATIONS: Particulate preparations used in

the various experiments were made from the roots of
soybean (Glycine Max Merr.), tobacco (Nicotianta
Tabacum L.), oat (Avenza sativa L.) or spinach
(Spiniacia oleracea L.) plants which were grown in
flats of sand in the greenhouse. The age of the seed-
lings ranged from 6 to 20 days. Extracts of root tis-
sue were prepared as outlined by Webster (21) with
the exception that the isolation medium contained
0.3 MI sucrose and 0.05 \I tris (hydroxymethyl) ami-

nolmiethane (Tris) buffer instead of plhosp)hate buffer.
In the preparation of the extracts 1 gin of roots was
ground in a cold nmortar with 20 ml of a col(d solution
of buffer andl sucrose, then homogenized for 1 mintute
with a Ten Broeck homogenizer and( centrifuged at
1000 x g for 15 miiinutes. The sul)ernatant was de-
cainted and centrifuged alt 20,000 x g for 15 minutes.
The particles wsere collecte(d and washed w\itli 10 ml of
the sucrose-buffer soluition then suspended in a volume
of sucrose-buffer equiv.lent to one fifth the originail
volume of the homogenate. Extracts lprel)ared by this
proce(lire were use( in all exp)eriments except that re-

porte(d in figuire 4. Ini this experiment (fi(r 4) the ex-
tract was prel)ared as described tabove, wsith the ex-
ception thalt buffer was omitted from the isolation
meditum. Also the suispension of particles used in this
experiment was dialyzed over night in 2 liters of 0.3 AI
sucrose in an effort to remove endogenous salts.

A stock solution of 12 mg,/ml of cytochrome c
(Sigma Chemnical Company of St. Louis, 'Missouri) in
0.05 MI Tris buffer at pH 7.0 was chemlcally redtuced
witli sodium hvdrosulfite (3) and thoroughly aerated
before use. The concentration of the stock solution
was determined by use of the difference in molar ex-
tinction coefficients of oxidized and re(luced cvto-
chrome c at 550 m,u which is 1.96 x 104 (8). The
stock solution of cvtochrome c used in the experiment
reported in figure 4 and the extract used in this ex-
periment were dialyzed overnight against a 0.3 MI
sucrose solution before they were used. After dialysis
the reduced cytochrome c concentration was deter-
mined by the spectrophotometric procedure. Solu-
tions of reduiced( cytochrome c were relatively stable
wlhen store(l at - 100 C.

Tris salts of Cl- and phosphate (miixture of
H.PO4- and HPO4=) used in the experiments reported
in figure 3 were prepared by adding sufficient amounits
of appropriate acids to Tris base to adjust the 1H to
7.0. Tris buffer used in the various l)rocedures was
prepared by neutralization with HCl uintil the desired
pH value was obtained. The soluition of NaHCO3
used in the experiments reported in figure 2, was ad-
justed to pH 7.5 by bubbling CO2 into tlhe solution.

In the experiment involving purification of the
enzyme extract with ion resins, a mixture of hydroxyl
saturated anion resin IRA-400 and hydrogen saturated
cation resin IR-120 (both obtained fromii RohmII and
Haas Company, Philadelphia) were mixed together in
proportions that resulted in a pH of 6.5 in distille(d
water. The enzyme was dialyzed for 12 hours against
a suspension containing 5 gm of mixed resins in 2
liters of cold distilled water.

STANDARD ASSAY: Enzyme activities were assayed(
spectrophotometrically at 550 my wvitlh a Beckman
DU spectrophotometer (3). The reaction mixture in
a final volume of 1 ml contained the following con-
stituents in micromoles: 25 Tris buffer at pH 7.0,
0.051 reduced cytochrome c, desired concentration and
type of salt, and enzyme containing 0.1 to 0.2 mg
l)rotein. Enzyme activity is indicated as the decrease
in optical density per mg protein between 15 and 75
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seconds after the reaction was started by the addition
of the enzyme. Reduced cytochrome c was not oxi-
dized when boiled enzyme was used in the assay pro-

cedure with or without the various experimental addi-
tions to the mixture. Under the conditions of the
experiments the oxidation rates remained linear for at
least two minutes which is in agreemnient with the ob-
servations of Fritz and Beevers (6). The mixture was

stirred prior to each reading in order to prevent errors
due to the settling of particles in the euvette. The
various experiments were run three times and the re-

sults averaged. Aaximum deviation from the mean
was 8 % but in the majority of experiments the de-
viation was much less than this.

OTHER MIETHODS: Aliquots of purified assaIV mix-
tures were ashed in a muffle furnace at 6000 C and
analy zed for Na and K by use of a Perkin-Elmer
flame photomiieter (23). Protein content of extracts
was estimatecl by use of either Folin's phenol reagent
(11) or by total N analyses (20). Results with the
(lifferent methods were in good agreement.

EXPERIMENTAL RESULTS
EFFECTS OF AVARIOUS CATIONS: Extracts of roots

from four plant species were prepared and the effect
on the activity of cyrtochrome oxidase of chloride salts
at varying concentrations observed. In figure 1 A the
influence of chloride salts on cytochrome oxidase ac-
tivitv of extracts from soybean roots is shown. Addi-
tions of univalent cation salts resulted in a striking
increase in activity. A maximum stimulatory effect
was exhibited at a concentration near 0.1N and
greater concentrations were inhibitorx. It is of in-
terest to note that chlorides of Na' and Li' at opti-
mum concentrations activated less than chlorides of
K. and NH4> The degree of activation at optimum

TABLE I
EFFECT OF VARIOUS ANIONS AND CATIONS ON THE

ACTIVITY OF CYTOCHROME OXIDASE FROM AN
EXTRACT OF SOYBEAN ROOTS *

CONC OF ADDED SALT (N) OR SUCROSE (M)
ADDITIONNS

0.00 0.05 0.10 0.20

- O.D. chanige per itmlie per. tig protein
Varilous anions

NaCl 0.23 0.37 0.65 0.45
NaBr 0.23 0.35 0.70 0.40
NaI 0.23 0.38 0.65 0.43
Na3 Citrate 0.23 0.40 0.70 0.45

Various cations or

sucrose
NaNO3 0.23 0.40 0.68 0.40
KNO3 0.23 0.40 0.70 0.45
Ca(NO3)2 0.23 0.42 0.12 0.05
Mg(NO3)2 0.23 0.40 0.18 0.05
SUcrose 0.23 0.20 0.18 0.15

* The standard assay procedure was used with the
addition of salts or sucrose as indicated. One tenth ml
of soybean root extract containing 1.6 mg l)rotein per ml
was uised as the enzymii1e.

TABLE II
EFFECT OF COMBINATIONS OF SALTS ON CYTOCHRONIE

OXIDASE ACTIVITY FROM AN EXTRACT OF
SOYBEAN ROOTS *

TOTAL SALT CONC (N)
SALTS

0.00 0.05 0.075 0.10 0.15 0.20

- O.D. change per min per mg protein
NaCI 0.33 0.52 0.73 0.77 0.67 0.37
KCI 0.33 0.55 0.70 0.79 0.67 0.40
1/2 KCI + ½ 1NaC 0.33 0.47 0.70 0.80 0.67 0.37
CaCl2 0.33 0.50 0.30 0.20 0.10 0.08
'/2 CaCI + '/, KCl 0.33 0.50 0.45 0.35 0.15 0.13

* The standard assay pirocedu1ire was used with the
addition of salts as indicated. The assay included 0.10
ml soybean extiact containing 1.4 mg protein per ml.

univralent salt concentration in this particular experi-
ment was greatest with the least hvdrated cations
possessing, greatest relative mobilities (9). Divalent
cation chloridles activated slightl up to 0.05N, but
increasedl concentrations cauisedI a sharp dlecline in ac-
tivitv resultingf in almost complete inhibition at 0.2 N.
CaClo at concentrations below 0.05 N stimulated en-
zyme activity more than \IgCl, at comparable con-
centrations. At all except low concentrations, uini-
valent cation salts were more effective than the
divalent ones. The influence of nitrate salts of Ma,
Ca++ K+ and Na+ on cytochrome oxidase activity of
soybean extract was similar to that observed with the
respective chloride salts (table I). These results were
not included in figure 1 because the effect of the two
anions were so similar that an overlapping of many
curves woould have resuilted. The data in this table
also show that variouis concentrations of sucrose had
little effect on the activity of the enzyme.

The effect of chloride salts of variouis cations on
the activity of cvtochrome oxidase from roots of to-
bacco, spinach and oat is shown in figures 1 B, 1 C and
1 D and the results are generally comparable with
those obtained with soybean. In all experiments with
the exception of those where extracts of oat roots were
used, KCI at optimum concentrations stimulated en-
zyme activity slightly more than NaCl. The effect of
divalent cation salts on cytochrome oxidase activity
from oat and spinach extracts was similar to that ob-
served with soybean, but with extracts from tobacco,
MgCl2 was considerably more effective than CaCl2 at
low as well as at high concentrations. This is particu-
larlv noticeable at the concentration of 0.05 N.

It is apparent, from figure 1 that univalent cation
salts have siiiiilar effects on enzyme activity. The ac-
tivating effect of combinations of salts as compared
with single salts is shown in table II. A mixture con-
taining equal concentrations of NaCl and KCI be-
haved in a manner similar to the same total concen-
tration of either of the single salts indicating an addi-
tiv-e effect of univalent cation salts. The activation of
cytochrome oxidlase by an equal mixture (N) of CaCl2
an(cl KCI was similar to that noted with the single
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CONCENTRATIONS OF SALTS IN ASSAY (NORMALITY)
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FIG. 1. Effect of various concentrations of salts on the cytochrome oxidase activity of extracts from roots of
several plant species. Procedure was that of standard assay with variations in concentration and type of salt as

indicated. The enzyme preparations were from the following species: A-0.10 ml soybean extract containing 1.2
mg protein per ml; B-0.10 ml tobacco etxract containing 1.3 mg protein per ml; C-0.10 .ml spinach extract
containing 1.7 mg protein per ml; D-0.10 ml oat extract containing 1.4 mg protein per ml.

In this figurie and the subsequent figures the O.D. changes are negative.

salts up to a total concentration of 0.05 N. At greater
concentrations an interaction between Ca++ and K+
salts was apparent as indicated by the difference in
enzyme activities obtained from combinations of salts
as compared with single salts. Where Ca++ was at
maximum stimulatory level, the addition of univalent
cation salts suppressed activity.

EFFECT OF VARIOUS ANIONS: Univalent and di-
valent cation salts differ in their influence on cyto-
chrome oxidase activity but the effect is not inde-
pendent of the anion present. It can be seen from
figure 2 that sodium salts of Cl-, N03-, and S04= were

equally effective in activation of the enzyme. The
sodium salts of Br-, 1- and citrate (tri-sodium) influ-
enced the activity in a manner similar to the chlorides
as shown in table I. From figure 2 it is apparent that
the addition of phosphate (HP04 + H2PO4) in-

creased the activity of the enzyme from soybean roots
to a greater degree than other anions. The increased
stimulatory effect of phosphate also was observed with
extracts of spinach, oat and tobacco roots. The stim-
ulation from phosphate salt at most concentrations
was approximately 20 % higher than that of other
salts. The effect of phosphate was manifested at con-

C- SPINACH 0 NoCi

A KCI

0 CoCi2

X MgcI2
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FIG.. 2. The effect of vrarious concentrations of so-
dium salts on the activity of cytochrome oxidase from
soybean roots. The procedure of standard assay was
followed with the exception that all determinations were
made in 0.025 M Tris buffer at pH 7.5. The assay mix-
tures contained variable concentration and kinds of
salts as indicated. The preparation of the bicarbonate
solution is described in Materials and Methods. Assays
included 0.1 ml soybean extract containing 1.7 mg prO-
tein per ml.

w 0 TRISPHOSPHAT-
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e O~~~~~~~~~~SUCROSE
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centrations as low as 0.0005 i\M. Bicarbonate salts at
the same pH and cation concentration as the above
mentioned salts resulted in little activation at concen-
trations that were optimum for other salts and pro-
nounced inhibition at high concentrations. This in-
hibition was noted with extracts of various plant
species.

REQUIRE-MENT OF SALT FOR ACTIV-ITY: In the ex-
periments where the effect of various cations and
anions on the activity of cytochrome oxidase was
studied, marked stimulation was noted from added
salts. Since all these assay mixtures contained
0.025 MI Tris chloride as a buffer, it was deemed neces-
sary to test the influence of various concentrations of
buffer on the enzyme activity. The results of such an
exeriment are reported in figure 3. Tris salts of Cl-
and phosphate (mixture of H2P04- and HP04=) ac-
tivated the enzyme in a manner similar to other uni-
valent cation salts. The difference in stimulation
between chloride and phosphate salts was observed
again and indicated a specific action of the phosphate
ion. Tris phosphate at concentrations of 0.0125 M
resulted in marked increases in activity when com-
pared with Tris chloride at the same concentrations.

An experiment was set up to determine enzyme
activity in an assay mixture containing no added Tris
or inorganic salts. The preparation of materials is
described in 'Materials and MIethods. Enzyme activ-

o 0 NaCI
n 0.90 4 KCI

0 CoC12
X MgCI2

0.80
z

go 0.70

a0.60

iO 0.30

0.20

d

0.05 0.10 0.15 0.20
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FIG. 3. Effect of various concentrations of Tris salts on the activity of cytochrome oxidase from soybean roots.
The standard assay procedure was used with variation in buffers (preparation of Tris phosplhate and Tris chloride
is described in Materials and Methods) as indicated. Extracts were prepared in either Tris chloride or Tris phos-
phate depending on which buffer was used in the assays. Assays included 0.1 ml soybean extract containing 1.1 mg
protein per ml.

FIG. 4. The influence of salts on activity of cytochrome oxidase from soybean roots in a purified medium
(see Materials and Methods). The assay mixture in a final volume of 1 ml contained 0.051 micromoles of dialyzed
reduced cytochrome c; 0.1 ml dialyzed extract containing 1.6 mg protein per ml, and the concentration and types
of salts indicated. No buffer was used in the assay mixtures and the pH varied between 5.2 and 5.3 dturing the
determinations. All salt solutions were adjusted to pH 5.2 before use.
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ity was present in this purified medium as shown in
figure 4, and the salt stimulation was similar to pre-
vious experiments where buffers were used. An analy-
sis of a sample of the entire purified reaction medium
showed that concentrations of 1.5 x 10A4 M potassium
and 7.5 x 1O5 M sodium were present in the mixture.

In another experiment, dialysis of the enzyme
against a mixed resin, as described in Materials and
Methods, failed to decrease the cytochrome oxidase
activity in the reaction mixture containing no added
salts. An analysis of the entire reaction mixture un-
der these conditions showed 1.25 x 104A potassium
and 6.3 x 10-5 MNI sodiuim were present. In another at-
tempt to remove salts, the enzyme preparation was
placed for 30 minutes in a cold Gooch crucible in con-
tact with a mixture of the anion and cation resins de-
scribed in Materials and Methods. The enzyme was
recovered by suction and assayed for activity but no
absoltute dlependlence on salt was observed.

DISCUSSION
The results of these experiments clearly show that

both type and concentration of salts in contact with
suspensions of p'articulate matter from roots of various
plant species profoundly influenced the cytochrome
oxidase activity of the particles. When the anions were
held constant as the chlorides (fig 1 and table I) the
various cations up to a1 concentration of 0.05 N gen-
erally resulted in similar effects on the activity of cyto-
chrome oxidase. When concentrations of cations
greater than 0.05 M were added to assays then uni-
valent cations continued to stimulate activity up to a
concentration of 0.12 MI whereas concentrations of
divalent cations greater than 0.06 M were inhibitory.
When the results were plotted on an ionic strength
basis different effects of univalent and divalent cations
were observed at concentrations greater than 0.07N.
The influence of salts on the activity of cytochrome
oxidase from soybean roots is not independent of the
amion associatecd with salt as indicated by the results
in figure 2 and table I. The sodium salts of NO3-,
S04, C1-, I- and citratc at comparable pH values
were strikingly similar in their effect on the activity.
Sodium phosphate (Na2HPO4-NaH2PO4) on the other
handI consistently increased activity to a greater de-
gree than the other sodium salts. The specific inhibi-
tory action of bicarbonate ions on cytochrome oxidase
has been observed consistently with enzyme prepa-
rations from various species and is the subject of
another communication.

In view of the relatively high concentrations of
salts required for maximum cytochrome oxidase ac-
tivity in isolated particulate matter from soybean root
and the relatively low concentration of salts needed
for maximum salt respiration of intact tissues (4) one
might conclude that enitirely different phenomena
were involved in each catse. These differences may be
accounted for by assuming that intact tissues possess
a greater accumulatory capacity for salts than the
particulate preparations containing cytochrome oxi-
dase.

It seems possible that different concentrations and
types of salts may influence cytochrome oxidase activ-
ity by their effects on the physical structure of the
particles. Stafford (18) has established that cyto-
chrome oxidase in higher plant tissue occurs in intra-
cellular particles of the size of mitochondria. Farrant
et al (5) have shown with the electron microscope
that mitochondria from red beet prepared in 0.45 %
KCI appeared as large diffuse discs whereas those pre-
pared in 30 % sucrose appearedl as compact spheres.
It has been demonstrated that the cytochrome oxidase
activity of particles isolated from animal livers was
strongly affected by the physical state of the particles
and that salts markedly influenced the physical ap-
pearance of them (2). One might speculate that the
type and concentration of the various salts used in
the experiments reported in this manuscript affected
the physical properties of the particles and therefore
possibly altered the accessibility of the enzyme to
either oxygen or reduced cytochrome c. A micro-
scopic examination of the particles from soybean seed-
lings in both water and 0.1 N KCI indicated dimeni-
sions of mitochondrial size, but no gross differences in
physical structure were observed. It is necessary to
conduct more detailed studies with these particles be-
fore a definite conclusion concerning the effect of salt
on gross structure can be made.

Since it has been clearly established (5) that beet
mitochondria possess a membrane and that cyto-
chrome oxidase is associated with mitochondria (18),
it is necessary to consider the possibility that the vari-
ous reactants in the cytochrome oxidase reaction have
to penetrate a membrane during the course of the
enzymatic reaction. In this event various species and
concentrations of ions would very likely have differ-
ential effects on membrane permeability (22) and(
therefore the rates of the enzymatic reaction. Lehn-
inger (10) has pictured an "internal" and "external"
pathway of electron transport from the substrate to
molecular oxygen in mitochondrial preparations. Ex-
ternally added reduced cytochrome c apparently does
not penetrate to the internal site of electron transport
within the mitochondrial body unless some alterations
are made in mitochondrial permeability or structure.
Apparently it is necessary for electrons to be trans-
ported through the "internal" pathway in order to
obtain oxidative phosphorylation. Information con-
cerning the relationship of salts to the pathway of
electron transport and to oxidative phosphorylation in
plant mitochondria remains for future study.

In an effort to explain the influence of salts on the
oxidation-reduction balance of cytochromes in living
wheat roots, Lundegardh (14) proposed that if two
molecules capable of undergoing oxidation-reduction
were separated from each other, apparently in some
structural unit, they may fail to react unless salts are
present in the surrounding medium. In this proposal
the movement of ions may compensate for the electro-
static potential between the reactants involved in the
oxidation-reduction. In order to apply this general-
ized explanat,ion to the cytochrome oxidase reaction it
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seems that particulate cytochrome oxidase would be
necessary to meet the structural requirements of a salt
dependent system. If cytochrome oxidase were in
true solution and in intimate contact with a solution
of reduced cytochrome c it seems logical to expect that
no salt influence Nould be manifested if the general
mechanism proposed by Lundegardh is operative.

The striking stimulatory action of univalent cation
salts on the activity of cytochrome oxidase may have
a bearing on the role of univalent cations in plant
metabolism. It is well established that K+ is the
major cation in plant tissues and that Na+ will par-
tially replace K+ in its role as a univalent cation in
certain species. Since Na+ and K+ are approximately
equally effective in the activation of cytochrome oxi-
dase it seems that this enzyme may represent a meta-
bolic site where replacement could occur. It is of
interest to note that dry plant tissues containing 2 to
4 % K (1) would contain a concentration calculated
on a fresh tissue basis of approximately 0.05 to 0.1 N.
As already indicated this range in concentration of
univalent cation salts markedly stimulated the activ-
ity of cytochrome oxidase in vitro. A a.icant

physiological role of univalent cations other than K+
and Na+ in the activation of cytochrome oxidase in
vivo seems unlikely in view of either the low concen-
trations or relative toxicities of other such cations that
are normally present.

SUMMARY
A study has been made of the influence of various

concentrations and kinds of salts on the activity of
cytochrome oxidase associated with particulate prep-
arations showing characteristics of mitochondria from
the roots of certain higher plant species.

The activity of the enzyme from all the species
studied including soybean, tobacco, oat and spinach
was markedly influenced by salts. When the anions
were held constant as chlorides and the effect of cat-
ions compared on an equivalent basis, increasing con-

centrations of univalent cation salts stimulated ac-

tivity until a maximum effect was obtained at a

concentration of approximately 0.12 N. Concentra-
tions greater than this resulted in a progfressive decline
in activity. The addition of chloride salts of divalent
cations was less stimulatory than salts of univalent
cations. The maximum increase in activity was ob-
tained at a concentration of near 0.05 N and greater
concentrations were inhibitory. The concentration of
Tris chloride used as a buffer also influenced the ac-

tivity of the enzyme.
Experiments were conducted with extracts from

soybean roots where the cation of salts was kept con-
stant as Na+ and the influence of equivalent concen-

trations of anions stuidied. Cl-, NO3-, S04=, Br-, I-
and citrate influenced the activity in a similar manner

but phosphate (H9P04- + HPO4=) resulted in approxi-
mately 20 % greater activity than other anion salts.
The effect of NaHCO3 on the activity when compared
with other anion salts at the same pH values was in-
hibitory.

An absolute salt requiremcnt for cytochrome oxi-
dase activity was not demonstrated; however, analy-
ses of purified assay mixtures indicated the presence

of small concentrations of both Na+ and K+.
The influence of salts on the activity of cytochrome

oxidase was not an osmotic manifestation since vari-
ous concentrations of sucr- e in the assay medium had
no appreciable effect.

The experimental result- are discussed in relation
to the possible mechanism ti the differential action of
various salts and also in relation to the possible role
of certain cations in plant metabolism.

The authors gratefully acknowledge the technical
assistance of Mrs. Thea Schostag.
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X
OVERW'INTERING TRENDS OF COLD RESISTANCE AND CARBOHYDRATES

IN IEDIUM RED, LADINO, AND COMMON WHITE CLOVER 1'2

0. CHARLES RUELKE3 AND DALE SMITH
DEPARTMENT OF AGRONOMY, WISCONSIN AGRICULTURAL EXPERIMENT STATION,

MADISON, WISCONSIN

Medium red clover, Trifoliumii prateutse L., and
ladino clover, Trifolium repens L., are used exten-
tively in the northern areas of the United States in
lhay and pasture mixtures while common white clover,
Trifolizim repens L., occurs naturally in most of the
closely grazed pastures. Unfortunately, these true
clovers are often killed or weakened duiring the winter
months, and maintaining stands over winter is one of
the important problems related to their culture in the
north. A better understanding of the overwintering
physiology of these legumes is needed in order to pro-
vide information that will aid in the maintenance of
stands during the winter period.

Several workers have studied the trend and devel-
opment of cold resistance in alfalfa during the fall
and winter months (2, 3, 5, 8, 14). Similar work with
red, ladino, and common white clover is limited. Bula
and Smith (2) compared the cold resistance trend in
medium red clover with that in Ranger alfalfa and
biennial sweetelover under Wisconsin conditions. The
trends in field-grown seedling plants of alfalfa and
sweetclover were similar although sweetelover devel-
oped resistance more rapidly and reached a higher
level than alfalfa. Red clover developed cold resist-
ance later, more slowly, and did not reach as high a
level as alfalfa or sweetclover. Most of the resistance
in these legumes was developed by the time of the
first sampling following permanent freezing of the soil
surface in late November to mid-December. Cold re-
sistance in red clover and alfalfa began to decrease
after mid-February while it was retained longer in
sweetclover. Cold resistance was not lost rapidly
until after the snow was gone and the soil surface
thawed in late March. Bula et al (3) have shown
further with alfalfa that certain responses differed
when the same varieties were grown at diverse lati-
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Agricultural Experiment Station.
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tu(des. Smithi (15) has compared the survival of
field-hardened stolons of common white and ladino
clover "*A ien encased in solid ice at non-injurious tem-
peratures during winter dormancy. The more severe
injury sustained by ladino appeared to be associated
with the larger stolons and the higher level of meta-
bolic activity during winter dormancy.

The overwintering of such legumes as alfalfat,
sweetclover, and red clov-er has been shown to be
associated with a high level of carbohydrate storage
and with subsequent changes in certain carbohydrate
components (2, 3, 7, 8, 9, 10, 16, 17, 19). Wood and
Sprague (21) at New Jersey have reported that the
more cold-hardy clones of ladino clover were higher
in most carbohydrate fractions during the winter
than the less hardy ones. Changes in the levels of
sucrose, total sugars, and total polysaccharides in the
hardy clones were made at a more gradual rate dur-
ing winter. Fall cutting decreased some carbohydrate
fractions and increased others but had no measurable
influence on low temperature survival. Tesar and
Ahlgren (18) at Wisconsin have shown that the per-
centages of total available carbohydrates in ladino
clover stolons in November were not significantly dif-
ferent even though various heights and frequencies of
cutting were applied during the growing season.

The investigations reported here deal with the
trends of cold resistance and the trends of certain
carbohydrate fractions from fall to spring in the over-
wintering parts of medium red, ladino, and common
white clover, and the relationship of these trends to
the prevailing weather. The studies were made at
Madison, Wisconsin, during the winters of 1952-53
and 1953-54.

MATERIALS AND METHODS
Wisconsin-grown seed of medium red clover, Tri-

folium pratense L., and of ladino and common white
clover, Trifolium repens L., was seeded in rows and
in broadcast plots during June of 1952 and of 1953.
Plants grown in rows were used in the cold tests initi-
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