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SHORT COMMUNICATION 

Calcium complexes in the xylem sap of apple shoots 

Summary 
Concentrations of total  calcium, ionic calcium, citric and malic acids have 

been measured in xylem sap extracted from apple shoots. Ionic calcium, as 
measured by an ion selective electrode, was about 50 per cent of the total  
calcium. The remainder of the soluble calcium was present as complexes with 
citric and malic acids. The implication of these findings on the mobili ty of 
calcium in the xylem is discussed. 

Introduction 

Calcium is strongly adsorbed in the xylem, initially by a reversible ion 
exchange process followed by an irreversible accumulation phase 1. I t  has 
been shown 2 that  movement  of calcium through bean shoots is increased in 
the presence of root exudates and it was concluded tha t  this was due to com- 
petition between calcium and other cations in the exudate for exchange sites 
in the xylem. However, i t  is also possible that  the mobility of calcium may be 
increased by the presence of compounds in the exudate, for example organic 
acids, with which it  might form either uncharged or negatively charged 
complexes thus reducing the degree of adsorption at  the negative exchange 
sites in the xylem vessels. Iron has been shown to be translocated as a nega- 
t ively charged citrate complex in the xylem exudate of soybean 8 but no 
similar relationship could be shown between calcium and citrate 4. The total  
concentration of cations present in xylem sap, extracted from the terminal 
shoots of apple trees, has previously been reported 5 but no work appears to 
have been carried out on the measurement of the fraction of the total  calcium 
which may be present as Ca 2+ ions. Also, little information is available on the 
concentration and the nature of organic acids which might be present, al- 
though succinic, malic and citric acids have been found in the exudate from 
excised maize roots 6. The object of the present study was to measure the 
concentration of Ca 2+ in xylem sap using a calcium ion selective electrode and 
to relate these measurements to the concentration of total calcium and of 
organic acids in the sap. 

Materials and methods 

Shoots, approximately 1 metre long with a base diameter of 10 mm, were 
cut from 2-year-old trees, cv. Cox on MM 106 rootstock, which had been 
grown in potting compost in pots of 240 mm diameter. Samples were taken at 
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weekly intervals from bud break until 7 weeks after petal fall and xylem sap 
was extracted using the method described by Bollards. Each sample con- 
sisted of 4 shoots; the extracted sap was bulked and yielded a sample volume 
of 15-20 ml. Samples of sap were stored in deep freeze until required for 
analysis. Total calcium and magnesium concentrations were determined by 
atomic absorption spectroscopy and ionic calcium (Caa+) measured by a PVC 
membrane calcium ion selective electrode 7. Citric and malic acids were deter- 
mined by enzymatic methods s. 

Results and discussion 
Ionic calcium, as measured by the electrode, was about 50 per cent of the 

total calcium in all the samples of apple xylem sap examined. The coincidence 
of the curves for total calcium concentration and total citric acid concentra- 
tion for the first 4 samples suggests that the remainder of the soluble calcium 
may be present as citrate complexes with a small amount present as the 
malate complex; in the later sampIes, malic acid appears to be the predomr- 
nant acid (Fig. 1). At the pH of the xylem sap (5.5 to 5.7) the predominant 
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Fig. 1. Concentrations of total calcium (x ), Caa+ (a), total citrate ( 0) and 
total malate (0) in the xylem sap of apple shoots at weekly sampling dates 

from bud break. 
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forms of citric acid present  will be HC 2- and C 3-, where I-I3C represents  
undissociated citric acid and possible calcium complexes  are CaHC and CaC-. 
The p redominan t  form of malic acid is M 2 - g i v i n g  a calcium complex  CaM. 
Magnesium would form similar  complexes.  F r o m  a knowledge of the  s tabi l i ty  
cons tants  of these complexes  a t  the  ionic s t rength  of the  xy lem sap, the  
dissociat ion constants  of citric and malic acids, the  p H  of the  sap and the  to t a l  
concent ra t ions  of calcium, magnesium,  citric and malic acids, i t  is possible to 
calculate  expec ted  values  for the  concent ra t ions  of Ca 2+, Mg 2+ and of var ious 
complexes of calcium and magnes ium wi th  citric and malic acids. (see Appen-  
dix) This has been carried out  for sap sample No. 2 (mouse ear s tage of bud break), 
when the  concent ra t ions  of calcium and citric acid were a t  their  max imum,  and 
the  results  are shown in Table  1. The  reasonably  good agreement  be tween  the  
calculated va lue  of the  propor t ion  of calcium present  as Ca 2+ (42 per  cent) 
and t h a t  measured by  the  electrode (50 per  cent) suppor t  the  suggestion t h a t  
about  half  of the  calcium in the  xy lem sap ex t rac ted  from these apple shoots 
m a y  be present  as c i t ra te  and ma la te  complexes.  

TABLE 1 

Forms of calcium and magnesium (as per cent Of total) 
present in apple xylem sap calculated from measurements of 
sap composition and known values of stability Constants of 

complexes and acid dissociation constants 

Ca 2+ 42 (50% measured by electrode) Mg~+ 70 
CaC: 34 MgC- 20 
CaHC 16 MgHC 2 
CaM 8 MgM 8 

H3C = citric acid; H~M = malic acid. 

The  presence of uncharged or nega t ive ly  charged complexes  of calcium in 
the  sap could reduce the  degree of adsorpt ion  of cMcium at  nega t ive ly  charged 
sites and p romote  its mobi l i ty  in the  xylem. The concent ra t ion  of o rgan ic  
acids ill p lants  is inf luenced by  nu t r i t iona l  t rea tments .  For  example,  i t  has 
been shown 6 t h a t  the  exuda te  from maize roots grown in a sulphate  nu t r i en t  
med ium conta ined much  higher  concent ra t ions  of organic acids than  those 
grown ill a chloride medium.  I t  has also been shown"  t h a t  t o m a t o  plants  
grown wi th  n i t rogen supplied as n i t ra te  had  higher  organic acid contents  t han  
those supplied wi th  n i t rogen as ammonium.  Therefore,  i t  seems possible t h a t  
the  mobi l i ty  of calcium in the  xy lem migh t  be p romoted  by nut r i t iona l  t rea t -  
ments  which increase the  concent ra t ion  of organic acids in the  sap and this 
field of inves t iga t ion  is being explored.  
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Appendix 

[CAT] = concentrat ion of total  calcium. 
[MgT] = concentrat ion of total  magnesium.  
[CT] = total  concentrat ion of citric acid. 
[MT] = total  concentrat ion of malic acid. 
[Ca 2+] = concentrat ion of ionic calcium. 
[CaC-] and  [CaHC] = concentrat ions of calcium citrate complexes. 
[CAM] = concentrat ion of calcium malate  complex. 
[Mg s+] = concentrat ion of ionic magnesium.  
[MgC-] and [MgHC] = concentrat ions of magnes ium citrate complexes. 
[MgM] = concentrat ion of magnes ium malate  complex. 
[Ca-], [HC 2-] and [H~C-] = concentrat ions of predominant  forms of citric acid present  at 

the pH of xylem sap. 
[M 2-] and  [HM-] = concentrat ions of forms of malic acid present.  
Kc , c - ,  KCaHC, KMge-, KMgHC = stabil i ty cons tan ts  of calcium and magnes ium com- 

plexes with citric acid. 
Kca~ and  KMg~ = stabil i ty cons tan ts  of calcimn and magnes ium complexes with malic 

acid. 
Ksc and Kac = acid dissociation cons tan ts  of citric acid. 
Kz~ = acid dissociation cons tant  of malic acid. 
The following equations may  then be writ ten: 
[CAT] = [Ca s+] + [CaC-] + [CaHC] + [CAM] 
[MgT] = [Mg 2+] + [MgC-] + [MgHC] + [MgM] 
[CT] = [C 8-] + [HC 2-] + [H2C-] + [CaC-] + [CaHC] + [MgC-] + [MgHC] 
[MT] = [M 2-] + [HM-] + [CAM] + [MgM] 

[CaC-] 
Kc~c- -- 

[Ca~+][Ca-] 

[CaHC] 
KCaHC 

[Ca2+][HC ~-] 

[CAM] 
KcaM = 

[Ca2+][M 2-] 

[MgC-] 
KM~c- - -  

[Mg2+][C a-] 

[MgHC] 
K~tg~c -- 

[MgZ+][HC ~-] 
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[MgM] 
KMg~ -- 

[Mg2+][M ~-] 

[HCS-] [H +] 
K3c 

[H3C-] 

[C~-][H+] 
K3c -- - -  

[HC 2-] 

[M3-][H+] 
K2~ 

[HM-]  

F r o m  these  th i r t een  equat ions ,  the  following th i r t een  u n k n o w n  va lues  were  ca lcu la ted  : 

[Ca~+], [CaC-], [CaHC], [CAM], [Mg2+], [MgC-],  [MgHC], [MgM], [Ca-], [He2 - ] ,  [H3C-],  

[M2-], [HM-I ,  since aII o ther  t e rms  in the  equa t ions  were  known .  For  sap  sample  No. 2 

these were  : 
[Caw] = 4.5 × 10 -S M,  [MgT] = 1.0 × 10 -3 M, [Cw] = 3.0 X 10 -3 M,  

[MT] = 1.1 x 10 -a M,  [H +] = 3.73 X I0 -6 M,  N e a t -  = 7.08 X 10 a, 

KC~HC = 1.00 X 103, KcaM = 4.17 × l0 s, KMgC- = 2.51 × 103, 

KMgHe = 91, KM~M = 2.33 × l0 s , Kec = 2.75 × 10 -5, 

Ksc  = 1.10 x 10 .8 , K3M = 1.26 × 10 .5 . 


