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SUMMARY 

Spinach plants were grown in nutrient-culture solutions containing reduced 
levels of all the macro- and micro-nutrient elements except cobalt and chlorine. 
The rates of photosynthesis (carbon dioxide fixation in the light expressed on 
a per unit chlorophyll or per unit fresh-weight basis) and respiration (carbon 
dioxide evolution in the dark expressed on a per unit nitrogen or per unit 
fresh-weight basis) for whole plants were measured using infra-red gas analysis 
techniques. Measurements were made when the plants displayed clear symp- 
toms of deficiency relative to control plants. 

All nutrient deficiencies except iron and molybdenum depressed photo- 
synthesis when chlorophyll was the basis of eatculation; manganese-, copper-, 
phosphorus- and potassium-deficient plants showed the greatest depression. 
Alternatively when photosynthesis was ealculated on a fresh weight basis 
calcium was the only deficiency which had no affect. Similarly when respi- 
ration was calculated on a nitrogen basis all deficiencies except iron, molyb- 
denum and nitrogen result in depressed rates but when respiration was 
expressed on a fresh-weight basis potassium deficiency resulted in enhaneed 
respiration rates and nitrogen, phosphorus, sulphur, manganese, zinc and 
molybdenum deficiencies resulted in reduced respiration rates. 

INTRODUCTION 

A number of stndies have been made of the effects of mineral 
nutrient deficiencies on carbon assimilation in plants. Experiments 
on different higher plants have established that  deficiencies of 
manganese, potassium, molybdenum, nitrogen, magnesium and 
calcium all depress photosynthesis 4 6 7 n 15 i6. In the ease of green 
algae it has been shown that  deficieEies of manganese, potassium, 

* Located at Merbein, Victoria. 
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phosphorus, nitrogen, magnesium, fron and sulphur all reduce photo- 
synthesis 14. With algae it has been possible to show that when the 
deficient element is resupplied in some cases there can be a rapid 
(1-2 hours) recovery of photosynthesis which preceeds the formation 
of new chlorophyll. Such recovery occurs in the cases of manganese, 
potassium and phosphorus deficiencies and it has been suggested 
that  responses of this type occur with elements that  play a direct role 
in photosynthetic reactions 24 

An extensive s tudy on the effects of mineral nutrient deficiencies 
on the photosynthetic reactions of higher plant chloroplasts has 
been made using chloroplasts isolated from tomato and spinach 
plants 17 la. In these experiments Hill activity, expressed on a per 
unit chlorophyll basis, was regarded as an index of the ability of 
chloroplasts to perform photochemical reactions. Chloroplasts iso- 
lated from plants deficient in most nutrient elements have an im- 
paired ability for dye reduction. On a per chlorophyll basis manga- 
nese deficiency caused the greatest impairment while the chloroplasts 
of iron-deficient plants had the same ability to reduce dye as control 
chloroplasts. In this investigation chloroplasts from healthy and 
deficient plants were assayed over a range of light intensities up to 
saturation and from these results tentative conclusions were pro- 
vided on whether particular deficiencies affected dark reactions or 
photochemical steps of the Hill reaction. 

The aim of the present experiments was to determine what effects 
nutrient-element deficiencies have on overall carbon assimilation 
at the whole plant level. Gas analysis methods were employed and 
in this way data were obtained on the effects of mineral-nutrient 
deficiencies on both C02 fixation in the light (photosynthesis) and 
on C02 evolution in the dark (respiration). The one plant species 
(Spinacea oleracea) was used throughout so that  the effects of differ- 
ent deficiencies could be compared one with the other. The CO2 
fixation results were expressed on the basis of chlorophyll present 
in the leaves in order to eliminate the complicating effects of various 
deficiencies on the formation of chlorophyll itself and to permit 
comparisons of the photosynthetic efficiency of the actual chloro- 
phyll present in plants of differing nutritional status. The CO2 
evolution data were expressed per unit of insoluble nitrogen present 
in the plant as it was considered that this parameter is a better  
approximation of the overall metabolising mass of a plant than is 
dry or fresh weight. 
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METIcIODS 

(a) Water cultu«e methods 
Spinach plants  (Spinacea olemcea) were rout inely  grown in nu t r ien t  cul- 

tures in a growth cabinet  in which the  t empera tu re  was main ta ined  a t  22°C. 
The  plants  were g iven  a 12-hour day wi th  a l ight  in tens i ty  of approx ima te ly  
3000 f t  candles. Seeds were germinlated in vermicut i te  in the  dark at  21°C and 
af ter  14 days the  seedlings were tranlsferred to nu t r ien t  cultures. The plants  
were grown in six inch d iameter  plast ic pots  I i t ted  wi th  disposable plast ic 
liners. Each  po t  held 8 plants  and containled 2.5 1 of solution. P lan t  age was 
measured  as the  t ime from t ransplant ing  to nu t r i en t  cultures. 

Pur i f ica t ion and prepara t ion  of the  nu t r ien t  solutions was as previously  
described 17. The  water  used to prepare  cultures deficient  in copper  (and ap- 
p ropr ia te  controls) was passed over  a column containing Chelex- 100 chelat ing 
resin (Bio-IRad Laboratories)  to r emove  con tamina t ing  copper. I t  was 
necessary to provide  supp lementa ry  levels of most  of the  nu t r i en t  e lements  
to ob ta in  plants  in the  size range 1-5 g fresh weight.  Supp lementa ry  levels 
added to the  appropar i te  deficient  nu t r ien t  solutionls were N 0.56 mM,  K 
0.028 mM,  P 0.01 mM, Ca 0.1 mM,  Mg 0.02 mM, S 0.01 mM,  B 0.0014 mM,  
Fe  0.00037 m M  and Mn 0.000018 mM.  

The Merbein exper iments  used plants  grown in a glasshouse. The  glass- 
house t empera tu re  was main ta ined  at  approx imate ly  25°C by day and 20°C 
by night  and growth rates were simi!ar to those obta ined in the  control led 
env i ronment  cabinet .  

(b) Measurement o/ photosynthetic rates 
Most of the  measurements  of gas exchange were made  in a perspex cuve t t e  

15 cm d iameter  and 23 cm high which was main ta ined  at  21.5 ± 0.2°C by  
immers ion  in a wa te r  ba th  a t  approx imate ly  8°C. Precise t empera tu re  control  
was obta ined by  a hea t ing  strip located inside the  cuve t te  and regula ted  by  a 
contac t  t he rmomete r  and relay. Tempera tu re  was recorded using a thermis tor  
sensor placed near  the  p lan t  leaves. The  air in the  cuve t te  was stirred vigor-  
ously by  means  of a small  electric fan inside the  cuvet te .  

I l luminat ion  for studies of photosynthes is  was provided  by  5 Phil ips 
Photo l i t a  Type  SM 250V 300W lamps arranged in a circle around the  cuvet te .  
This  a r rangement  of l ights pe rmi t t ed  i l luminat ion of in tac t  spinach plants  so 
t h a t  the  leaves of a nlumber of plants  could be s imul taneously  exposed to 
direct  light. The l ights were normal ly  supplied with  220 V at  which vol tage  
the  l ight  in tens i ty  f rom orte l ight  inside the  cuve t te  was approx imate ly  8,000 
foot candles ( E E L  photoelectr ic  i l luminance meter) or 3.5 × 105 erg/cm2/sec 
(YSI Ke t t e r ing  Radiometer) .  

Outside air was passed into the  cuve t t e  th rough  the  root  chamber  which 
conta ined water.  Inl this way  the roots  were aera ted  and the  a tmosphere  of 
the  cuve t te  was sa tu ra ted  wi th  wa te t  vapour .  On leaving the  cuve t te  the  air- 
s t ream was passed through anhydrous  calcium chloride, anhydrous  mag-  
nesium perchlorate  and a scintered glass disc before being assayed for carbon 
dioxide con ten t  using a Uras  1 infra red gas analyser  ( H a r t m a n n  and Braun,  
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Frankfurt). Flow rates were measured with a Rotameter (ROTA, Oeflingen). 
The air flow rates and quanti ty of plant material were varied so that  photo- 
synthesis depleted the CO2 concentration by approximately 0.01~o. The 
ineasuring cuvette held between 1 and 4 plants depending Oll their size and 
age. Respiration was nleasured as the rate of gas exchange in the dark. For 
calculations of photosynthesis it was assumed that  the same rate of respi- 
ration occurred both in the light and in the dark. 

A number of experiments were conducted at Merbein, Victoria, using the 
infra red gas analysis assembly described in detail previonsly 10. ~VVith this 
apparatus it was possible to separately record gas exchange rates for either 
the whole plant or Mternatively for only the aerial portions. The cuvette in 
this case was illuminated by a combination of Inercury vapour and incan- 
descent lamps and could be Inaintained at temperatures of 20-29 -4- 0.1°C. 

(c) Chemical analyses 
P]ants were homogenized in a Serval Omnimix in 80% acetone. The 

homogenate was filtered through Whatman No. 1 filter paper, the filtrate 
assayed speetrophotometrically for chlorophy]l a and b 2. The acetone re- 
sidues were assayed for nitrogen following Kjeldahl digestion using a M~rk- 
harn still. 

EXPERIMENTAL RESULTS 

(z) EHect o] light, temperature and C 0 / c o n c e n t r a t i o n  on nett photo- 
synthesis 

The  n e t t  p h o t o s y n t h e s i s  of g lasshouse  g r o w n  full n u t r i e n t  p l an t s  

was  a s s a y e d  a t  a f a n g e  of v a r y i n g  t e m p e r a t u r e s  (10 to  40°C) l ight  

in tens i t ies  (0 to  30 × 104 erg /cm/ /sec)  a nd  C02 c o n c e n t r a t i o n s  (0 to  

500 ppm) .  

T h e  resul ts  of these  e x p e r i m e n t s  are  p r e sen t ed  in Figs.  1 a n d  2. I t  

can  be  seen t h a t  this  p l a n t  has  a fa i r ly  f la t  t e m p e r a t u r e  response  

cu rve  wi th  an  o p t i m u m  in the  genera l  reg ion  of 20 to  30°C. The  

response  of p h o t o s y n t h e s i s  to  changes  in l ight  i n t e n s i t y  was  such  
t h a t  o p t i m u m  ra tes  were  r e a c h e d  a t  a p p r o x i m a t e l y  10 × 104 erg/  
cm2/sec a n d  t h e r e a f t e r  r a t e s  were  u n a l t e r e d  to  30 × 104 erg/cm2/  

sec. F ina l l y  the  response  of this  p l a n t  to  changes  in C02 concen-  
t r a t i o n  was  also e x a m i n e d  a nd  was  f o u n d  to  be  l inear  up  to  300 p p m  
at  a l ight  i n t e n s i t y  equ iva l en t  to  10 × 104 ergs/cm2/sec.  

(2) Comparison o[ gas exchange rates o/ whole plants and o/shoots 
The  g a s - e x c h a n g e  d a t a  p r e s e n t e d  hefe  for  m ine ra l  def ic ient  p l an t s  

were  o b t a i n e d  b y  enclos ing  the  whole  p l a n t  in the  cuve t t e .  This  



4 2 8  D. E. BOTTRILL,  J .  ¥ .  POSSINGHAM, AND P. E.  K R I E D E M A N N  

75 

50 

25 

~g CO2/min/leaf 

0 I I I I 
10  2 0  30  4-0 

leaf temperature ° C  

Fig. I. Effect of temperature on the carbon dioxide uptake of a spinach 
leaf. Light intensity was maintained at 10 × 10 4 ergs/cm~/second. 

method of measurement was favoured as American Round Seeded 
spinach has a short and relatively tender hypocotyl so that  it is 
difficult to enclose only the shoots in the cuvette without damaging 
the plant. In addition this plant has a rosette habit of growth and is 
easily damaged when handled. 

A limited number of comparisons were made of the gas exchange 
rates of whole plants and of the shoots of the same plants. The 
plants used in these experiments were grown in nutrient culture 
solution but under spring glasshouse conditions. Plants 18 to 21 
days old and weighing approximately 15 g fresh weight were trans- 
ferred to the glass cuvette and measurements were taken of the gas 
exchange with whole plant and subsequently with only the shoots 
in circuit. 

The results of the experiments are given in Table 1 from which it 
can be seen that  there is a close correspondence between the photo- 
synthetic rates obtained by the two methods of measurement. Also 
it should be noted that  the amounts of C02 evolved in the dark by 
respiration are approximately one fifth of the amount of C02 fixed 
by photosynthesis. The rates of respiration of the roots which were 
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Effect of light intensity on the carbon dioxide uptake of a spinach 
leaf. Leaf temperature was maintained at 21°C. 

ob ta ined  by  difference have  also been given. Variat ion in C02 as- 
similation occurred between individual  plants  bu t  it should be no ted  
t ha t  the rates  of gas exchange due to roots were less t han  5 per  cent  
of the  to ta l  CO2 tu rnove r  of the plant .  

(3) E/]ect o~ macro- and micro-nutrient element deßciencies on plant 
growth and carbon assimilation 

The pho tosyn the t i c  ac t iv i ty  of mineral-deficient  and ful l -nutr ient  
exper iments  was compared  in a to ta l  numb e r  of 20 separate  experi- 
ments .  The work ex tended  over  a 12-months period and plants  
grown deficient in each of the  essential nu t r i en t  elements  except  
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T A B L E  1 

Pho to syn the s i s  * Resp i r a t i on  * 

P l a n t  Whole  p l a n t  Tops ' on ly  Whole  p l a n t  Tops  on ly  Roots  b y  
No. in Circui t  in  Cireui t  in  Circui t  in  Ci rcui t  Difference 

1 67.01 74.18 13.17 11.67 1.50 
2 77.01 75.18 8.33 7.33 1.00 
3 91.68 88.02 16.50 11.00 5.50 
4 52.18 55.51 9.17 7.33 1.84 

Mean * 72.01 73.18 11.79 9,33 2.46 

Mean + 70.16 71.82 7.86 9.23 4.97 

Mear~ ** 176.7 181.5 

* ~zg CO2 f ixed or evo lved  per  p lan t .  
+ ~xg COe f ixed or evo lved /min . /g ,  fresh wt.  

** ~g  CO2 f ixed /min . /mg ,  eh lorophyl l .  

chloride and cobalt were examined. All the plants for these experi- 
ments were grown in a controlled environment cabinet. At each 
harvest the rates of gas exchange and other growth characteristics 
of mineral-deficient plants were compared with those of control 
plants of the same age. The general experimental design involved a 
series of harvests of deficient and corresponding full-nutrient plants 
when the plants were between 14 and 21 days old. The first harvest 
was made when the first visual signs of deficiency symptoms were 
present and further harvests were made over the following 7 to 
14 days. The data obtained in this series of experiments ean be 
summarized as follows: 

(a) E f f e c t  of n u t r i e n t  d e f i c i e n c i e s  on p l a n t  g r o w t h  
Fignres 3 and 4 show the total fresh weight per plant of the plants 

used in these experiments. In all cases mineral-deficient plants 
weighed less than control plants of the same age. The supplementary 
levels of nutrient added to deficient cnltures were carefully selected 
so that  mineral-deficient plants were obtained that were in the 
general size range of control plants. Further, only plants displaying 
visual symptoms of nutrient deficiency were harvested. These pro- 
cedures helped to improve the uniformity of the plants that  were 
assayed. Accordingly for statistical analysis standard errors »vere 
averaged for the ealculation of least significant differences. A series 
of least significant difference values permitting comparison of con- 
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t rol  means  with t r e a tmen t  means  assembled f rom vary ing  numbers  
of replicates is provided.  

Changes occurred in the propor t ion  of p lant  fresh weight present  
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in shoots and roots (Table 2). The shoot-root ratio was increased by 
deficiencies of manganese and boron and decreased by deficiencies 
of nitrogen, phogphoru'~, potassium and molybdenum. Deficiencies 



N U T R I E N T  D E F I C I E N C I E S  A N D  P H O T O S Y N T H E S I S  I N  S P I N A C H  

T A B L E  2 

Effee t  of n u t r i e n t  def ic iencies  on the  g rowth  of sp inaeh  p l a n t s  
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Defic iency  Shoot  f. wt.  mg  insol.  N* ~g  ch lo rophy l l  Chlorophyl l  A 

Roo t  f. wt.  g f. wt .  g f. wt .  shoot  Chlorophyl l  B 

Contro l  2.10 
- - N  0.80 
- - P  0.72 
- - K  0.84 
- -  M g  1 . 6 4  

- -S  1.79 
- - C a  1.84 

- -  F e  1 . 9 0  

- - M n  3.76 
- -  C u  2 . 0 4  

-- B 3.32 
- -  Z I 1  1 . 7 9  

- -  M o  2 . 9 3  

LSD /:' = 0.05 for compar i son  
of 2 va lues  0.92 

3 va lues  
4 va lues  0.69 
5 va lues  0.63 
6 va lues  0.59 
8 va lues  0.54 
9 va lues  0.52 

12 va lues  0.47 
13 va lues  0.46 

(15) + 2.20 (13) + 546 (19) + 3.25 (15) + 
(4) 1.59 (4) 312 (5) 2.47 (4) 
(5) 2.06 (5) 764 (5) 2.67 (5) 
(4) 5.06 (4) 1353 (4) 2.60 (4) 
(5) 2.77 (5) 369 (5) 2.86 (5) 
(8) 1.93 (9) 270 (8) 2.44 (8) 

(12) 2.76 (12) 669 (12) 3.08 (12) 

(2) 2.49 (3) 253 (3) 3.58 (3) 
(6) 2.40 (6) 343 (8) 2.07 (6) 
(9) 2.82 (9) 604 (9) 3.35 (9) 

(13) 2.84 (13) 651 (13) 2.77 (13) 
(5) 1.91 (5) 417 (5) 2.77 (5) 
(5) 1.61 (4) 235 (5) 3.59 (5) 

of cont ro l  w i t h  means  

0.57 161 0.70 
0.51 143 0.62 
0.47 130 0.57 
0.44 -- 0.53 
0.40 109 0.48 
0.39 105 0.46 
0.36 96 0.43 
0.35 93 0.42 

* N i t rogen  inso luble  in 80% acetone.  
+ W i t h i n  b r a c k e t s  no. of va lues  used  for ca l cu l a t i on  of mean .  

of magnesium, iron, sulphur, calcium, copper and zinc had no effect. 
The insoluble nitrogen content of the plant was increased by de- 

ficiencies of potassium, magnesium, calcium, copper and boron and 
reduced by deficiencies of nitrogen and molybdenum. Phosphorus, 
iron, sulphur, manganese and zinc deficiencies had no effect on 
nitrogen content. 

The chlorophyll concentration or amount per unit fresh weight 
present in the leaves was increased by deficiencies of phosphorus, 
potassium, calcium and boron. Potassium deficiency elicited large 
changes in chlorophyll content. Nitrogen, magnesium, iron, sulphur, 
manganese, zinc and molybdenum deficiencies decreased the chloro- 
phyll content of leaves while copper deficiency had no effect. Sig- 
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T A B L E  3 

E f f e c t  of n u t r i e n t  def ic iencies  o n  the  p h o t o s y n t h e s i s  a n d  r e s p i r a t i o a  of s p i n a c h  p l a n t s  

Def i c i eney  P h o t o s y n t h e s i s  R e s p i r a t i o n  

Con t ro l  46 .0*  (15)++ 1 3 5 . 7 . *  (20)++ 8.3* (15)++ 

- - N  9.9 (4) 75.2 (5) 4.8 (4) 
- - P  17.3 (5) 55.1 (6) 4.5 (5) 
--K 32.7 (4) 56.1 (4) II.I (4) 
- - M g  21.6 (5) 94.7 (5) 6.4 (5) 

--S 13.7 (8) 73.2  (8) 4.9 (8) 
- - C a  43.0 (12) I00.8 (12) 7.1 (12) 

- - F e  26.6  (3) 124.5 (4) 6.6 (3) 

- - M n  11.5 (6) 50.4 (10) 3.5 (6) 
- - t u  24.2 (9) 61.8 (9) 6.8 (9) 

- -B  36.8 (13) 78.1 (13) 7.0 (13) 
- -  ZI~ 20.2  (5) 79.3 (5) 5.1 (5) 

- - M o  23.2  (5) 134.4 (5) 5.8 (5) 

4.01 + (16)++ 

3.37 (4) 
2.23 (5) 
2.23 (4) 
2.62 (5) 
2.62 (8) 
2.66 (12) 

2.77 (3) 
1.49 (7) 
2.50 (9) 
2.41 (13) 
2.85 (5) 
3.84 (4) 

L S D  P = 0.05 for  c o m p a r i s o n  of eon t ro l  w i t h  a meaR  
of 3 v a l u e s  11.3 - -  2.5 1.27 

4 v a l u e s  10.1 29.8  2 .2  1Ag 
5 v a l u e s  9.3 27.2 2.0 1.03 

6 v a l u e s  8.7 25.3 1.9 - -  

7 va lues  - -  - -  - -  0.91 
8 va lues  7.9 22.8  1.7 0.87 
9 v a l u e s  7.6 21.8 1.6 0 . 8 4  

10 va lues  - -  21.1 - -  - -  

12 va lues  7.0 19.9 1.5 0.77 
13 v a l u e s  6.8 19.4 1.5 0.75 

* ~ g  CO2 I ixed  or  e v o l v e d / m i n . / g  f. wt .  

** ~ g  f i x e d / m i n . / m g  c h l o r o p h y l l .  
+ ~ g  COg e v o l v e d / m i n . / m g  inso lub le  N.  

++ n n m b e r  of va lues  u s e d  for  c a l c u l a t i o n  of m e a n s .  

nificant changes in the ratio of chlorophyll A to B occurred in plants 
deficient in nitrogen, phosphorus, potassium, sulphur, manganese 
and boron. In each case there was a decrease in the ratio. 

(b) E f f e c t  of n u t r i e n t  d e f i c i e n c i e s  on p h o t o s y n t h e s i s  
a n d r e s p ir a t  i o n. All mineral-nutrient deficiencies except calcium 
reduced the rate of photosynthesis of spinach plants when carbon 
dioxide fixation rates were expressed per unit of fresh weight. On 
this basis plants deficient in nitrogen, sulphur, manganese, and 
phosphorus markedly reduced photosynthesis. However when CO2 
fixation rates were expressed on a per unit chlorophyll basis all 



NUTRIENT DEFICIENCIES AND PHOTOSYNTHESIS IN SPINACH 4 3 5  

deficiencies except iron and molybdenum reduced photosynthesis. 
On this basis the effect of calcium deficiency in depressing photo- 
synthesis was small while deficiencies of manganese, copper, phos- 
phorus and potassium had large effects. 

Respiration on a fresh-weight basis was markedly increased in 
potassium-deficient plants and was decreased in nitrogen-, phos- 
phorus-, sulphur-, manganese-, zinc-, and molybdenum-deficient 
plants. Deficiencies of magnesium, iron, calcium, copper and boron 
had no effect on respiration rate when calculated on a fresh weight 
basis. By  contrast only deficiencies of iron, molybdenum, and nitro- 
gen had no effect on respiration when expressed per unit of insoluble 
nitrogen while all other deficiencies resulted in reduced rates of 
respiration on this basis. The respiration data presented here are 
average values for whole plants. The method of measurement used 
in these experiments did not provide separate values for roots and 
shoots. 

DISCUSSION 

It is of interest to compare the photosynthetic and respiratory 
characteristics of spinach leaves recorded here with that  of other 
plants. Spinach generally has a high assimilation rate compared with 
citrus and deciduous tree species 10. The assimilation number (mg 
C02 Iixed/mg chlorophyll/hour), of between 8 and 11 measured in 
these experiments compares with 11.6 for glasshouse grown corn, 14 
for sunflower 10 and 10.8 previously reported for spinach 9 

The temperature response of spinach photosynthesis was similar 
to that  of many plants having an optimum in the range 20 to 30°C. 
Also the response of the plant to changes in light intensity was simi- 
lar to that  of a number of plants as it reaehed saturation at ap- 
proximately 2500 foot candles. 

Photosynthetic rates in these experiments have not been pre- 
sented on a leaf area basis as spinach plants have a rosette habit  of 
growth and relatively thick succulent leaves, which make accurate 
leaf area measurement almost impossible. Also it was felt that  more 
meaningful comparisons of photosynthesis could be obtained by  
presenting the gas-exchange rates on a per unit chlorophyll basis as 
this pigment is of course the principal receptor of the light energy 
used in photosynthesis and is known to vary in mineral-deficient 
plants 2o 
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Mention must be made of the measuring arrangement whereby 
the whole plant (shoots and roots) was placed in the assimilation 
chamber. The data of Table 1 indicate that  this method of measure- 
ment gave essentially the same values for photosynthesis as those 
obtained when the plant top was isolated from the roots. Initially it 
was thought that  the metabolism of micro-organisms present on root 
surfaces and variations in root size and respiratory capacity might 
introduce wide variations. However this did not occur mainly be- 
cause the roots provide less than 5 per cent of the total CO2 turnover 
of the plants used in these experiments. In older plants root respi- 
ration would have been a larger component. It  is considered that the 
differences in nett  photosynthetic rate expressed on a per unit chloro- 
phyll basis which occurred between the two measuring assemblies 
(Table 1) were largely attributable to differences in the Ilow rates. 
The higher values obtained (Table 1) are similar to the maximum 
rates previously reported 9. The lower rates measured in comparisons 
of the nutrient deficient plants (Table 3) would minimize the treat- 
ment differences. 

The basic design of the present experiments was one in which 
mineral-deficient plant displaying visual symptoms were compared 
with control plants of the same age. Earlier studies with isolated 
tomato chloroplasts indicated that  there can be a rapidly changing 
pattern with time in the degree of inhibition of photochemical re- 
actions in mineral-deficient plants 27. Similarly with intact plants 
there almost certainly is a changing pattern of inhibition of both 
photosynthesis and respiration as deIicient plants age. B o u m a  5 
has shown that the nett photosynthesis of sulphur deIicient clover 
plants was depressed relative to controls but  was constant for a 
period of over a week. By contrast he found marked changes with 
time in the photosynthetic rates of phosphorus-deficient plants. In 
unpublished experiments with manganese-deficient plants we found 
that there was a relatively rapid change in photosynthetic rate as 
deficient plants deviate from the control. Thereafter the relative 
difference between control and deficient plants was maintained for a 
period of over a week. 

In the present experiments we have averaged the data for both 
control and nutrient deficient plants and suggest that  these averages 
provide a general indication of those deficiencies which have a mai or 
inhibitory effect on photosynthesis or respiration. It is stressed that 
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the average values we have provided apply to plants displaying clear 
visual symptoms of mineral deficiency. We have not at tempted to 
provide information on the initial stages of the deficiency syndrome 
before visual symptoms of abnormality are established. Also all of 
the comparisons were made well before the terminal stages of nutri- 
ent-deficiency restraint which precedes death. 

The results we obtained for the effect of nutrient deficiencies on 
carbon assimilation in spinach were similar to those separate effects 
that  have been obtained for a range of other species 4 67 8 11 15 16 
The effects of the various deficiencies on the photosynthesis of intact 
spinach plants when expressed on a per unit chlorophyll basis bear a 
close correspondence to the inhibitory effects previously recorded 
for nutrient deficiencies on the Hill activity of isolated tomato 
chloroplasts. For example relative inhibitions due to deficiencies of 
manganese, phosphorus and sulphur were similar in all cases as was 
the lack of inhibitory effects with fron and molybdenum deficiencies. 
By contrast the respiratory data assembled in the present experi- 
ment are quite different to the values of the oxygen uptake of 
homogenates of mineral-deficient tomato leaf tissue Ia 

Although the present investigation was intended to document the 
broad effects of mineral-nutrient deficiencies the specific effects of 
three elements deserve attention. In the case of fron deficiency it 
appears that  overall photosynthesis was apparently limited by 
chlorophyll contents because on this basis the C02 fixation of fron 
deficient plants equalled that  of controls. A similar result was ob- 
tained in the case of molybdenum-deficient plants. The results ob- 
tained with manganese-deficient plants where the rates of CO2 fix- 
ation on a chlorophyll basis are low support the now well-docu- 
mented claim that  this element is required for specific reactions of 
photosynthesis s t718 

It  is suggested that  a majority of the effects of nutrient deficien- 
cies on photosynthesis and respiration are due to the influence spe- 
cific nutrient ions exert on particular biochemical reactions. We also 
consider that  at least some of the inhibitory effects we have observed 
may have been due to mineral-deficient plants having chloroplasts 
that  are structurally abnormal ~9 

Received December 19, 1968 
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