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Summary. Manganese deficiency of green plants is known to affect preferentially
the activity of the oxygen evolvring system in the photosynthetic apparatus. Ou)r
studies showed that the time needed to reactivate photosynthesis in Mn-deficient algae
varies with each culture, and is often very short when Mn is added not before illuTni-
nation but during the light period. The recent finding by Cheniae and Mlartin that
the reactivation requires light, its confirmed. The pliain incorporation of 54Mn into
deficient algae as distinguished from reactivation was barely affected by light, yet
was inhibited by tuncouplers of phosph-orylation. Higher plants responded to manga-
nese deficiency either by adjusting the ntum,ber of ehloropla3ts per cell to the limited
Mn supply, or by forming disorganized chloroplasts with low chlorophyll content.
These 2 types of responses produced chlorotic plants which had either a few photo-
synthetically active or many disabled chloroplasts. Photosysterm I mediated photo-
phosphoryllation tuirned olut to be muieh more sensitive to manganese deficiency than
the sysqtem I dependent photoreducltion of NADP'.

In 193/7 Pirson (20) (liscovere(l that the low
photosynthetic activity in manganese deficient algae
could be res'tored to normal in less than an hour
simply by adding manganese salts to the suispensioni
meditum. This easy reversibility uinderlines the
special .position of the manganese deficiency among
other mineral deficiencies of green plants. A-bout
20 years after Pirson's (liscovery, KesslPer (12)
showed that manganese is not reqtire(d for the
photoreduction of CO. with hydrogeni by adapted
green algae. Subsequent studies (5, 6, 13, 22, 27,
28) are consistent wilth Kessler's interpretation that
manganese is needed only for the oxvgen evolving
system in photosynthesis. This requiremenit was
demonstrated for green algae as well as for blue-
green algae and higher plants. The present work
was started with the intention of learning more
abouit the properties of chloroplast manganese, the
uptake of manganese by deficient algae during re-
activation of photosynthesis, and the interrelations
between chloroplast struictulre and photosynthetic
activity.

Methods

MIanganese deficient Scnedesnius D. or Anki-
strodesnmis (strain Marbuirg) cells were grown
autotrophically in a mineral nitrate me(litum (14)
or heterotrophically with a suipplement of 1 %

'These studies were aided by grant AF-AFOSR-662-
65 from the Air Force Office of Scientific Research.

glucose. Autotrophically grown cells w-ere pre-
ferred in this study because during heterotrophic
growth more cell particles acculmuilate(d which ad-
sorbed added manganese uinspecifically and thereby
interfered strongly with measurements of inanga-
nese tuptake by living cells. It usuially took 10 to 18
days to grow algae with a 50 to 75 % (leficiency,
expressed as

rate of photosynthesis of deficient algae
1001 -

rate of photosynthesis after reactivationj
at 12,000 ergs sec'1 cm-2 red light.

The h gher plants were grown in a greenhouse
on a m:neral mediulm (1, 10). Lack of adequate
air condiitioninlg an(l light control limite(d the ctul-
tturing of spinach (Spinacia oleracca) to the winter
months, andl that of the coffeeweed (Cassia obtru-
sifoli(a) to the suimmer. Seeds of the tobacco plants
were obtained by coturtesy of Dr. Heggestad, Belts-
ville, Maryland.

For growing maniganese def;cient planits all trace
elements were supplied as Specipure reagents (John-
son, Matthey and Co., London, England). Unfor-
tunately, there is no easy way to determine routinely
the deficiency of leaves by analyzing them for
traces of manganese still present. In order to
compare various deficient plants, leaves were se-
lected which seemed to stiffer from the same degree
of chlorosis. WN e always inade suire that the chlo-
rotic leaves wouild become healthy looking green
leaves uipon additioll of manganese to the growth
meditum. This greening started in the loveloping
young leaves and occuirred suibsequiently in a de-
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scending fashion in the older leaves below, initially
along their veins.

Whole chloroplasts, broken chloroplasts and
sonicated chloroplast particles (obtained with a

Branson model S-125 sonifier at full Output) were

prepared according to standard procedures in 0.40 M
stucrose containing 0.05 M tris HCI (pH 7.5),
0.01 M N'aCl and 0.001 -m EDTA (9,30). The
ferricyanide Hill reaction and the photoreduction
of NADP+ were measured spectrophotometrically
(15, 29). Partially purifieed ferredoxin (3) was

prepared from various plants. Chlorophyll from
chloroplasts was determined after extraction into
80 % acetone (16), and chlorophyll from leaves
and algae was extracted with methanol at 600 and
estimated spectrophotometrically in 90 % methanol
(26).

The incorporation of manganese into algae from
growth medium buffered with 15 mm phosphate at
pH 6.6 was measured after incubation in the pres-

ence of 5-Mn2'. The aligae were collected on a

Millipore filter (1.2j%) and washed with 20 ml
100 .m EDTA, and, subsequently, with 20 ml water.
The uise of EiDTA assured the removal of un-

specifically adsorbed manganese. The same incor-
poration data were also obtained when atitotrophi-
cally grown cells were washed with puire water
alone, provided corrections were made to take care

of an adsorbed small fraction of manganese (inter-
cept with the abcissa of the plot of incorporation
vs time). The algae on the Miltlipore filter were

couinted in a crystal well detector (Nuclear Chicago)
connected to a Nuclear Chicago model 8712 timer
and printer. For colorimetric determinations of
manganese, the plant material was (ligested with
HN'03/HC'004 (8).

Photophosphorylation was measure(d as the dis-
appearance o,f Pi (11) or by usiinig 32p as tracer
(2). P-hotosynthetic oxygen evolution of algae was

followed manometrically at 22° in their culture
medium supplemented with 15 mM phosphate buffer
and equilibrated with a gas phase of 4 % in
air. Leaves or leaf sections were floated on 3 ml
0.1 M bicarbonate-carbonate buffer pH 9.0 (26).
CO2 fixation was measured as incorporation of
"-C'O2 into leaves which were kept in a gas-tight
plexiglass chamber (volume 363 cm3) maintained
at 22 to 23°. The leaves or leaf se'ctions were put
upright into wet sand, and durinig a preillumination
period of 15 minutes a constant flow of air con-

taining usually 0.5 % CO2 was bubbled through
dilute phlosphoric acid and then passed through the
chamber. Then the gas flow was stopped and the
chamber closed. A Na2'C'O03 solution of known
activity (determined after precipitation of an ali-
quot as B'aCO3) was immediately injected into a

vial holding a weighed amount (usually about 8 mg)
of BaCO3 as carrier. The carbonates were then
decomposed by 20 % H3P04 to liberate laibeled
C02. The gas phase was stirred by a magnetically
driven propeller. After 8 to 15 minutes the leaves

or leaf se'ctions were taken out, coated with a tlii
film of collodion, dried on planichets and counted
in a Nuclear Chicago model 1046 planchet counter.
The incorporation of 1'C'0, in the dark was usually
negligible. Red illumination was provided by flood-
light or projection lamps and plastic filters which
removed all visible light with wavelength shorter
than 580 mu. Light intensities were measured with
the remote probe of an Isco Model SR Spectro-
radiometer between 580 and 700 m,. In mano-

metric experiments 12,000 ergs sec-1 cm-2 red light
were usuially uised to illuminate the algae.

The electron micrographs were kindly prepared
by Dr. Georg H. Schmid (for methods see ref. 24).

Results

The Reactivation of Photosynthesis in Manga-

nese-deficient Algae. According to Cheniae and
Martin (5) light is required to restore normal
photo,synthetic activity in manganese deficient algae
when manganese has been added to the stuspension
medium. In other words, when algae have been
incubated in the presence of manganese but in
complete darkness, photosynthesis will start upon

illiumination at the same rate as is found. before
Mn has been added. 'Once the light has been turned
on, the reactivation begins and the rate of photo-
synthesis increases. First indications of a light
effect on the reactivation process had already been
seen by Pirson et al. 15 years ago (21) but these
authors did not become aware o'f their discovery,
and consequently did not design the crucial experi-
ments. -Our results lend full su,pport to the find-
ings of Cheniae and Martin (5).

The reactivation of photosynthesis was studied
by following the kinetics of the increase of the rate
of 02 evolution after addition of manganese. The
addition of 3 FM Mn2+ to an algal suspension with
about 100 jug chlorophyll per 3 ml was sufficient
to restore maximal photosynthesis in the course of

p.m Mn added

FIG. 1. Dependence of the increased steady state rate
of photosynthesis of manganese deficient Scenedesmus
D3 (95 ,ug chl) on the concentration of added Mn2+
(10,000 -ergs sec'l cm-2 red light, 22°0).
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aboutt an hour (.fig 1). Normal algae used as
controls attained a steady rate of photosynthesis
not later than 10 minutes after the light was
switched on. On the other hand, originalilv Mn-
deficient algae which had been incubatecd with
manganese in com(plete darkness for 50 minutes or
more before the onset of illumination, needed aabout
an hour or longer to reach a high constant rate
(table I). The initial increase of the rate of
photosynthesis consisted of 2 phases (fig 2): imme-
diately after the onset of the light period there was

the usual induction period of photosynthesis during
which the rate increased rather rapidly for about
5 to 10 minutes. This rise was followed by a
slower increase in the samples containing manga-
nese, which reflects the reactivation process proper.
The intercept with the ordinate of the slope of the
second phase should give us the capacity for oxygen
evolution of the algae at the beginning of illumina-

tion. Such an extrapolation clearly shows that
reactivation had occurred only to a small extent
during the dark period. The time needed to reach
the manganese induced higher steady rate of photo-
synthesis will be called the reactivation time.
Paradoxically, the reactivation time was often much
shorter when manganese was added not before but
during the light period (see table I). The depend-
ence on the light intensity is greater for the rate
of photosynthesis than for the reactivation process.
Consequently, the reactivation time became longer
at higher light intensities (fig 2). In general, the
time needed to restore normal photosynthesis varied
from experiment to experiment, and it was hard
to tell whether extremely short reactivation times
which were sometimes measured after a dark in-
cubation with manganese, indicated a reactivation
process in the dark, or a very rapid reactivation
starting at the onset of the right period. It was

not possible to obtain a clearcut pattern of response
to the addition of manganese when the algae had
been starved for 48 hours in the dark before the
experiment. The reactivation process may also be
influenced by the life cycle of the organism. Our
algae were grown in a day-night cycle of 16:8

I_
0

E

50 0

TIME (mini)

FIG. 2. Reactivation of Mn deficient Ankistrodesmus
at various light intensities. Rates of 02 evolution fro-m
manometric experiment, 160 ,ug chl, 220. 3 /AM Mn2+
added (closed symbols). 11,500 ergs sec1I cm-2 ( 0, 0);
7000 ergs sec-' cm-2 (A, A) ; 4000 ergs sec-1 cm-2
(-, E).

hours. Mature normal algae were not difficuilt to
oibtain, but Mn-deficient algae were atlways foun(d
in a stage of incomplete division. Apparentl)
manganese deficiency inhibits cell division, a con-
dition which is also the reason for the prodluction
of Ibng, undivided strings of blule-greeni algae under
the stress of manganese deficiency (22). AtteTnpts
to use defitient algae at various stages of their life
cycle have, therefore, been unsucce-ssifull.

The Incorporation of Mangta nese into Alg(ae.
The uptake of radiioactive manganese by deficient
cells, apart from the reactivation process itself,
was chosen as another approach to the problem o,f
reactivation. The amount of incorporated manga-

nese is here defined as the radioactive manganese
which remains associated with the cells after they
have been washed with 100 j.uM EDTA (see Meth-
ods). Under our experimental conditions, using
3 FM Mn2 , the amount of manganese taken up irre-
versibly followed a linear time course for about
one-half hour. After this time, a slower uiptake

Table I. Reactivation of Photosynthesis in Manganese Deficient Algae
Reactivation times were estimated froiii manometric determinations of 02 evolution at 220, but at 35° with

Synechococcus. The intensity of the red light was 12,000 ergs sec 1 cm-2.

Species Deficiency Mn2+ Time of preincubation (min) Reactivation
added + Mn - Mn time

% lkM dark red light min
Scenedesmtus 67 6 80 603 ... 80 60
Ankistrodesmuv 60 3 50 40

... 20 20
A.nkistt odesmus 75 3 50 ... 70.. -.

60 25
70 ... 140

Svnechococcus 82 3 10 ... 145
... 70 110
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FIG. 3. Inhibition by in-Cl-CCP of the incorporation

of 54Mn into manganese deficient Ankistrodesmnus (30
,ug chl). Incubation at 25° for 30 minutes with 3 ,uM
labeled Mn2+ in 12.000 ergs sec'1 cm 2 red light
(f) QC) or in the dark ( * 0).

NN-as often measure(d (see inset, fig 4). The amouint
of incorporated manganese wlas proportional to the
concentriation of algae uip to at least 100()g chloro-
phyll per ml. During the initial linear time couirse,
the rate of manganese uiptake was proportional to
the Mn concentration between 0.2 and 3 jum Mln,
anud increased fuirther by a factor of 1.7 wheni the
`Mn concentrationi was raise(l fro,m 3 ,,um to 12 ,uNM.
Tsulallv light had only a sTight stimullatory effect
oni the rate of incorporationl, at least (luring the
initial linear phase (table 11). The incorporation
of manganese muist be an "active utptake" because it
w-as inhibited 1y the same low concentrations of
carbonyl cyanide n1l-,chlorophenylhydrazonle (rn-Cl-
CCP) (fig 3) an,d of 2,4-dinitrophenol (DNP)
whilch inhibit respiratory phosphorylation, an-d was
sligh,tly retarded by anaerobic conditionis. The in-
corporation rate ha(l a strong temperature (lependl-
ence (only 15 % of the rate at 250 was fouin,d at
50). 3- (p-Chloro,phenil) -1,1 -dimethylurea (CAMU),
(lidc not affect the manganese uiptake in the light or
in the d,ark. The somewhat faster inicoriporation
in illuiminated algae, therefore, wvas nlot connected
to photosynthesis. The rate of manganiese ulptake
cotild be inhibited by increasing the pH beyond1

7.0, anid by addition of bicarbonate at pH 7.5, hut
nlot by satulrating the medium with 4 % CO.. at.
pH 6.6. These effects are probably duie to the
formation of uindissoci,ate,d manganese hydroxide,
phosphate andl carbonate.

High cionceintrations of magnesiuim in the growth
mediuim suippressed the accumulation of excess
manganese in the cell. Thuis, during growth of
green algae, mangan,ous ions appear t-o competc
with magnesium ions for the same reserve pool.
For example, the Mn contenlt of .Scenedesnius
grown in the presenice of 10 /Lt Mn (IroppedI from
40 ug Mn/mig chlorophyll to less than 2 jug Mln/mg
chlorophyll, when the Mg concenltration was raised
from ;0 m to 1 mnm. The specific affinity of the
photosynthetic system for manganese, however, is
so high that this particuilar ciompetition wvith mag-
nesium is not suifficient to indutce anl easilv de-
tectable manganese deficiency at the critical sites
even with only 1 ,uNi Mn in the mediurm.

Since the uptake of manganese by algae pro-
cee(ls rather slowly, attemipts were made to interrupt
the incorporation process by washing the cells.
Their phlotosynthetic activity ought to be a fulnction
of the amount of manganese ma,de available by
incorporation (hliring the incubation periodl uip to
the time of washing. One experiment is shown in
figuire 4. It gave the expecte(d relationship buit it
is not very typical. The majority of suich experi-
mentts failed for variouis reasolns, siuch as contamiii-
nlations with manganese (diring the filtering process
anld the suibsequent removal from the filter. More-
over, the washing with VDTA ha(l a, variety of
effects oni the photosynthetic activity which have
remainieldl uinexplainied. Becauise of the many fail-
ures in this type of experiments one should possibly
not overemphasize that the combined data of re-
activation and Mn-incorporation in figulre 4 tell uis
that about oine-half ,,g An per 1 mg chlorophyll
is nee(led for complete reactivation. However, the
nulmiber agrees well with those foulnd( by other
aulthors (sumTmarized in ref. 13) and( by uis (see
helo,w) for the manganiese colntent of nlornmal chlo-
roplasts from higher planlts or aligae.

Attempts to Extract MlIonganesc fromn Chloro-
plasts of Higher Plantts. After preliminary experi-
ments had sho\n. that a certain bound fraction of

Tahle II. Effcct of Liqht al Anoroo tst th Incorporation of Manganese inlo lIanu(anleD5ICcient Allgae
The anount of labeled Mn incorporate(d -%vas determined after 30 iilite incubationi at 200. Acrobic incorpora-

tionl in red light is equal to 100.

Alga

AnkitOrodesmus
(avg from 3 detni)
.Ankistrodcsmus
Ankistrodesmus
Svn.cchococcus
* 12,000 ergs sec cm2.

** Gas phase contained 4 % CO-.

Red light*

100
100
100**
100

Air
Darlk

80
70
85**
60

Nitrogen
Red liglit*

50
60

Dark

50
60**
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FIG. 4. Steady state photosynthesis of Mn deficient
Ankistrodesmus after incubation with 3 AM Mn24 in
the dark for various lengths of time (22. 12,000 ergs
seC-I cm-2 red light) ( * - *). Later another addition
of 3 uM Mn24 was made and the new steady state rate
recorded (A - A). The control sample was not incu-
bated with Mn2+ but otherwise identically treated
(U, E). The insert shows the incorporation of 54Mn24
from 3 ,aI labeled Mn2+ as obtained in a parallel ex-

periment.

manganese could not be extracted from active
chloroplaasts either by agents suich as EDTA (5,
28), ethylene glycol bis- (f-aminoethyl ether) -N,

N'-tetraacetate (EGTA), or by applying an electric
field of lIOOv/Cm2, we tried to isolate a fraction
from the chloroplast grana which stili containe(d
manganese in its botund form uising mechanical and

chemical proceduires. WN"hile this work mwas in
progress Cheniae et al. (5, 13) reported aboult
similar atte-mpts. These auithors describe(d the iso-
lation of a manganese containing protein fractioln
from cell free particles of Scenedesius which they
had not y3et analyzed because of its instability.

Bishop (pers-onal commuinication) has also suc-
ceeded in isolating a manganese containing protein
fraction. N'Withouit the facilities for large-scale
investigations on 54In-labeled material, we had
mostly to rely on the time-consuiming colorimetric
assay for Mn. Nevertheless ouir resuilts on the
liberation of manganese from chloroplast fragments
or fractions agreed well with those of Cheniae and
Martin (5). It was not always easy to separate
the active manganese of the chloroplasts from the
excess manganese which was often presenit in
chloroplasts of higher plants. Intereslingly, this
excess manganese could be removedl by several
washings of the chloroplast preparation with the
isolation medium containing mM EDI)TA, or by
sonication and subseqtuent sedimentation of the
sonicated chloroplast particles betweell 20,000 and
100,000 g. The amount of the manganese which
still remained with the chloroplasts or chloroplast
particles after these treatments was remarkably
constant (table III) and amounted to atbout 1 atom
of manganese per 65 molectules of chlorophyll, a

figure which agrees with those reported in the
literatuire (for a suimmarv see 13). \\Then the
lipids of the chloroplasts or chloroplast fragments
were extracted with acetone or chilled n-hutanol
(18) the manganese remained in the particulate
sediment. Althouigh this manganese could not be
washed oult by water or variouts buffers, it ha(l
now become readily removable by FDTA. The
question arises whether FDTA has l)etter access

to the lipidl free particles than to uinextracted
chloroplast particles, or whether the binding site
has been altered during the extractionl procedure.
In this context it may be mentioned that Cheniae's
(5) protein fraction also contains highly labile
manganese. Our results and the data of Cheniae
and Martin (5) (lo not confirm the earlier report

Table III. Maniganese Content of Chloroplast Prepar ations
All chloroplast treatments were done at 0 to 50; the EDTA was present in 0.4 -m sucrose containinig 0.05 M tris

buffer pH 7.5 and 0.01 M NaCl. Sonication was carried out for 8 minutes at full] ouitpuit anid the particles were col-
lected between 20,000 and 100,000 g.

M\ethod of Mn gatoms Mn/
Species Preparation Treatment determin. mmoles chl

Medicago lupulina Broken chlpl Passed through Chelex column colorim. 11
Cassia obtrusifolia Whole chlpl Washed with 5 mM EDTA colorim. 19
Cavsia obtrusifolia Broken chlpl Sonication colorim. 17
Cassia obtrwvifolia Broken chlpl None colorim. 91

Same Sonication colorim. 17
Mfedicago polymorpha Wlhole chlpl None colorim. 22

Same Sonication colorim. 17
Phvtolaeea amnericana Wlhole chlpl Washed with 1 mm EDTA colorim. 14-

Same Sonication colorim. 11
Nricotiana tabacumn JWB* Broken chlpl Washed w-ith 1 mNi EDTA 54Mn 14

W\hole leaves None 54Mn 35
Spinacia oleracea** Whole chlpl Washed with 1 mM EDTA 54Mn 14

Broken chlpl Washed with 1 mM EDTA 54Mn 14

* Mn defitcient plants supplied with 1.5 uM Mn (in 3 liters) 40 days before harvest
** Mn deficient plants supplied with 0.6 Mm Mn (in 3 liters) 20 days before harvest.
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-iv Boichenko and Iidelnova (4) that nmanganese
is associatedi with the lipid fractioni of the chloro-
plasts. It seems stuperfluouis to enumerate more
of our findings, since they agree with those pub-
lished recently by Cheniae and Martin (5). One
important exception has been our experience with
the release of Mn from chloroplasts in sli-ghtly acid
media. In 1 mmt phosphate buffer (phl 4.8) with
15 mmi NaCI only a little Mn was lost during ani
overnight inctubation at 0°. Cheniae and Martin
use(l 0.2 M phosphate buffer as suspension medium,
and found a 60 % loss of Mn at the saame pH.
(hloroplasts hecome rapidly inactivated in pture
phosphate biuffer but not in dlilute saline. There-
fore, the release of manganese in 0.2 M phosphate
hbuffer may have beer a conlseqtuence of dlamage
to the chiloroplast struicture.

Attempts to remove the hound manganese from
chloroplast particles by various liipases an,d phos-
phatases were not sulccessfull, buit the proteolytic
enzyme pronase was effective in releasilg free
manganese into the suspensioni meediuni.

Thc Fffect of Manganese Deficicncy on the
Chloroplasts of Higher Plants. The activity of
chloroplasts isol,ated frojm manganese (ieficient
higher plants has been (letermined already bv other
investigators (6, 27, 28). Becatise of the care they
need, and becatuse of their slow growth, water ctil-
tlure growtn, manganese deficienit higher plants are
more difficullt to stuldy thanl manganese (leficient
algae. Most important, how'ever, is that manganese
lefi,cienlcv affects the metabolism of the differen-
tiated origanism of a higher pl'ant in miiore general
ways than that of a simple greeii alga. The plant
first chosen for ouir stul(lies, the coffeeweed (Cosshi
obtrusifolia), responde(d to manganese deficiency
in atn unexpected way. tTnder the stress of manga-
nese (leficiency, the ne\wly developing leaflets be-

Ligt Intensty x 1 ergs/sec x cm2)

FIJG. 5. Light intensity cuirves for photosynthetic O0
evolution of Mn deficietnt leaves, determined manomet-
ricallv and cor-rected for- respirationl: 250; T+ .V-icoi-
ana tabacu,ni Jolin Williams Broadleaf, control (45 Aug
chl/cm2); T-: saille, Mn deficient (8 jig chl/cm2)
C+: Cassia obtrusifolia, control (38 Ag chl/cm2; C-
I and II: sai-ie, 2 Mn deficient leaves (9 and 11 jg
chl/cm2 resp).

came progressively- chlorotic. In earlier stages of
the deficiency they retainedI the normal green
coloration at least along the veins. Later, when
the deficiency became more severe, thev remiained
small, looked tuniformly yellowish (S to 14 ug
chl/cm2 vs abotut 40 ,ug chl/c,m2 in normal leaves)
and( became brittle and easily (letachable. Stir-
prisingly, the photosynthetic activity of many of
these apparently strongly (leficient leaves was not
as low as coulld be expected fro,m the description
in the literatilre. On the contrary, when the ac-
tivit v was calciflate(d on the basis of the little
chlorophyll present, it often came oli' he same as
for normal leaves, and(i sometimes eVeni higher.

Figuire 5 compares the light intensits ctlrves of
Mn (leficient leaves of tobacco antd (Cssio with
those of t'heir non-(leficielit controls. The culrvres
for the tobacco leaves are typical for a (liminished
photosynthetic activity duIIe to manganese deficiency
(5,20,21). In contrast to tobacco, the tipper cuirve
for a deficienit Cassia leaf ( ( (ssi1 I) shows that
the photosynthetic activity on the hasi! of chloro-
phyll is much higher than that of the control leaf.
Another cu1rve (Cossai Tf) shows a leaf with the
low photosynthetic act it\. normally ass-ociated wNith
\1n deficiency. Becaiise suich leaf ma.terial is lutn-
avoidably heterogenouis, many intermediate stages
between these 2 cuirves were observed, some risiiig
even higher than the I show ii in figure-c 5. On 2
occasionls wNe fouln(d with v\ery clh-lorotic (Cassia
leaves ain oxygeni evolultionl of 220 ,nmoles O., per
mg chliorophyll per houlr. This was atbouit twvice
the maximal rate of a normal couitrol leaf uinder
these conditions, ,xhich gave only- 125 ,imoles O.
per mg chltorophyll per hour.

Manometric measulrements of photosy-nthesis
with leaves of low chlorophyll content often re-

(lilre a large correction for their high respiration
rate. To eliminate an\- (louibt that the high rates
of photosynthesis were real, the fixatioll of '4C()
was also measuired. The saturation rates for car-
bon rlioxi(le fixatioli by manganese dleficient and
iiormal leaves from variouis plants have been sum-
marized in figulre 6. The bars represeilt the
average of at least 10 (leterminatiolls. The satuira-
tion rates in this type of experinleiit exceed those
measured as evolution of oxygen, becautse photo-
synthesis of Cassi(a leaves becomes saturated at
0.5 % COC in air. The gas phase in the Varbtirg
vessels, however, contaiined only about 0.35 % CO2
Moreover, the heat exchange of a leaf surrounded
by stirred gas may h!ave been less efficient than
in the WN arburg vessel where the leaf floated on
a bicarbonate solultion. Apart from this difference,
the l4Q¶fl, experiments confirme(d that the chloro
phyll of the mianganese deficient Cavsi, leaves had
a normtal photosynthetic activity.

Becatise manganese deficiency ought to affect
the chloroplast Hill reaction in the same manner
as phbtosynthesis, the Hill activities of variou.s
chloroplast preparations were compared. In gell-
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50 SATURATION RATE OF PHOTOSYNTHESIS SATURATION RATE OF FERRICYANIDE
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FIG. 6. Activity of leaves or chloroplasts in photo-
reactions involving photosystems I and II. Black bars:
controls; shaded bars: manganese deficient leaf material
wsith about 25 % of the normal chlorophyll content per
area (for information about the yellow tobacco mutant
"Su/su"~see 23, 24, 25). Left side: light saturation rates
for pihotoynthesis of various leaves determined by man-
ometry or 14C0., incorporation. Right side: light sat-
uration rates for ferrievanide Hill reactionl of various
chloyroplast preparations in the presenIce of 15 mM methyl-
amine (for reasons of comparison recalculated as ,umoles
0., evolved/mg chlorophyll hr).

eral, the deficient ch!lorop)lasts were much less active
tshan those of the control plant, .with the exception
of Cassia. It is unlikely, therefore, that fa-ctors
other than the activi!ty of the chloroplasts (e.g.,
the stomatal aperture) contributed signlificantly to
the differences in the photosynthetic activity of
the normal and delficienit leaves.

After testing photosynthesis an,d Hill reaction
it was interesting to see how those reactions which
invol've p)hotosystem I only would fiare in sulch a
comparisjon. Theoretically the NA!DP+ photoreduc-
tion with the ascorbate 2,6-dqichlorophenol-indo-
phenol coulple as electron donor as wrell as the
PATS mediated cyclic photophtosWphorylation shouldl
remain u1naffected by lack of manganese. Figure
7sulms up the results. The photoredulction of
NADP+ was indleed nearly unaflfected by mlanganese
deficienc.y. The photophosphoryllating activity, on
the other hand, was rather l-o,w in the deficient
chloroplasts, with the exception of 1 preparation
from slpinach. No data on the NADP+ phiotore-
ductionl and phoslphorylation of deficient Cassia
chloroplasts are availlable at the present time, but
one might expect them to be just as active in these
reactionls as they were found to be in (CO9 fixation
or Hill reaction.

Effect of Manlsganese Deficienlcy onl the Chioro-
plalst Strucsture. Mercer et al. ( 17) have shown
that the normal arrangement of the grana in spinach
chloroplasts becomes severely disorganized as the
resuolt of manganese cleficiency. Wre fou1nd the
same disorganized strulctulre in chloroplasts of de-
ficient pokeweed (Phytolacca americanal) and to-

bacco plants. The chlorophyll content of these
chloroplasts from chlorotic leaves is certainly less
than normal, because the number of chloroplasts
per cell is about the same as in the control plant.
The reverse is true for leaves from manganese
(leficient Cassia plants. They have much fewer
chloroplasts per cell, but these chloroplasts look
healthy, andl on the average the orderly arranged
grana have even more lamellar layers than the
normal ones (fig 8). It appears as if Cassia
plants try to adapt themselves to the lack of main-
ganese by packing whatever traces of manganese
are available into higher stacke(d grana of a few
chloro,plasts. Thlis was verified by analyzing chlo-
roplasts from dlearly deficient Cassiai plants color-
imetrically for their maniganese content. About
oiie-half ,ug MnI per mg chlorophyll (10 ,u atoms
Mn per mmole chl) couild be estimated as content
of the little ohloroplast material availablie for this
letermination. Of course, the chlorotic manganese
deficient leaves never reach the same photosyn-
thetic oapacity per leaf area as the healthy leaves.
This can be calculated easily from the data of
figure 5.

Discussion

The results presented in this paper can be
sunmmarized as follows. First, they support the
generally accepted idea that a special manganese
fraction in the chloroplasts of greeln plants is
essenitial for a fully functional photosystem II.
Second, they show that there is no such thing as a
n1ornal pattern of deficiency symptoms in higher
plants cultivated in absence of manganese. And
third, they make clear thiat we are far from under-
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FIG. 7. Activity of chloroplasts in photoreactions
involving photosystem I only. Black bars: controls;
shaded bars: chloroplasts from manganese deficient
plants. The same chloroplast preparations were used
in both reactions shown in the graph. Left side: light
saturation rates for photoreduction of NADP+ in the
presence of saturating (or, in one case(*), non-saturat-
ing) amounts of ferredoxin. Right side: Phenazine
methosulfate mediated photophosphorylation determined
either according to (11) at 40,000 lux, or according to
(2) at 80,000 lux(**).
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standing the steps involved in the reactivation of
photosynthesis in maIngaInese dieficienit algae.

Extensive sttudies oIn the role of manganese in
green algae have recently been puiblishe(d by Cheniae
aiil .Martin (5) ani(I l)) Kok and(I C'heiniae (13)
while this work was in progress. These atuthors
report that light is necessary to reactivate photo-
synthesis in (leficienit algae. O(lr stUdies confirm
this light requirement.

The time coulrse of reactivation, however, was
different in ouir experiments. Upon aladdition of
manganese in the light, the rate of photosynthetic
O., evoluttion increased steadily over a periodl of 3
holurs in tihe dleficienit algae of C(heniae and Mfartin,
whereas in this study the reactivation process was
fo,und to take onlly abotut 1 houtr. Any attempts to
explain these (liscrepancies can be only specuilations.
One can de(duice from the data of Cheniae and
MIartin thbat these auithors uised satuirating light
intensities for the determination of the photosvn-
thetic activity of their algae, buit they give no
informatioii about the light intensity, use*d duiring
reactivatioii. In this std(l) photosynthetic O., evo-
lutioii dutriing the reactivation process wa,as followed
coInitnulouisly ising a light initensity well below
saturation. Therefore, the light intensity may be
partly respollsil)le for the differenices metntionedI
ab)ove (see also fig 2'). Other important factors
may be the (legree of deficiency of the algae (see,
for examtuple, 21), the tetmperatuire, anti the natuire
o,f the suispensioni mendium.

The mere uiptake of manganese by algae, in
conitrast to the reactivationi process, did nlot requlire
light (table 1). Heence, if the manganese which
couild nlot be removed from the algae witfh EDTA
is not juLSt bound in the cell wall, the light requliring
step in the reactivation pro,cess mtust occuir close
to or vithin the chloroplast struictuire. It may then
be relate-d to chaniges of the lamiellar struictuire ini
the chloroplast which occuir uponii transition fromi
conyplete darkniess to light (19). 'This cani be
assuniedl to inifiltuence the access of mainganese to
its tbindinig site as well as the binding process itself.
Indeed, the reactivati-on time was generally mulch
shorter when maiiganiese was added one houir after
the ligh,t was switched on. It wotldl be advani-
tage,ous to stuld the reactivation process with cell
free prepar-ationis of chloroplasts btut so far niormal
oxygen evollutioni could niot be restoredt in isolated
maiigainese-dleficienit chloroiplas,ts. Chloroplasts of
algae are prolablv a better choice for in vitro re-
activatioii experiments because maniganiese (lefici-
eincy of higher plants induces such ani uinpredictable
variety of changes in ohloroplast strutctuire and(i
activity. An ad(Iitionial problem arises from the
gener,al lability of the oxygeni evolving system in
isolated chloroplasts or their fragments. Jtust
abouit any manipulation of this material resulIts in
some loss of system II activity which, as a ruile,
does not go h,and in hand with a release o.f manga-
nese. In fac,t, at the present time there is no

evidence that the uistial deterioratioin of the activity
of photosystem II in isolated chloroplasts resulIts
from a loss of a solulble co,factor. The more
pro,bahle reasoni is the sensitivity of 4the latnellar
structutre. Schmid anid Gaffroii (23, 25) h,ave
presente(I evidence for the sutggestion ('31 ) that
greeni plant photosynthesis can only occulr either
in grana or where at least 2 lamellae are closely
packed. We have now some sulppoPt for the con-
tentioni that it is specifically system I[ which has
this strulctuiral requiirement (7). Suich a strong
dlependtleice of photosynthetic O., evolution on a
special lamellar strui,ctuire ouight to. be contrasted
witlh I of the least struictture dependent photoreac-
tions in photosynthesis, namely the ferredoxin medi-
ate(d photoredulctiotn of -NADP+ by photosystem I.
This process occurredl with high rates in man-
ganiese deficienit chloroplasts eveni when the struc-
ttural integrity was strongly' disturbed (fig 7). On
the other hantd, the activity for cyclic photophos-
phorylation was nearly' lost in the same manganese
deficieint chloroplasts, with the exception of 1
preparation of spinach chloropdasts which possibly
suffered only from a very' slight disorganization
of their lamellar systeem. It may be, however, that
the phosphorylating cyclic electron flow involves
cofactors of photosystem 11 to a muitich greater
extent than cturrently believed. This is also indi-
cated by' t,he observation th;at low concentratiois of
D)C1U ire not withotut effect oni the photophos-
phorylation d,ependent gltucose uptake by' algae in
far red light (32).
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