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ABSTRACT 
Avocado fruit growth is the result of sustained cell division and cell expansion. Studies 
have revealed that cell division is the limiting factor in the control of fruit growth and that 
the endogenous cytokinin to auxin to abscisic acid ratio is critical in supporting 
continued fruit growth. Detailed biochemical studies have led to the proposal that 
cytokinin regulates auxin and abscisic acid metabolism by impacting on the 
molybdenum cofactor-requiring aldehyde oxidase, responsible for catalysing the 
conversion of indole-3-acetaldehyde to indole-3-acetic acid and abscisic aldehyde to 
abscisic acid. In order to evaluate in more detail the biochemical interrelationship 
between cytokinin, auxin and abscisic acid metabolism a number of enzymes involved 
in all three processes were evaluated in both normal Hass fruit and its small-fruit 
phenotype, together with a number of compounds that form the vital link between these 
three metabolic pathways. Results indicate that the cytokinin and auxin level relative to 
the abscisic acid level is lowered in small-fruit compared to normal fruit. 
 
INTRODUCTION 
The limiting factor in Hass avocado fruit growth has been found to be cell number 
(Cowan et al. 1997), which implies that any factor reducing cell division cycle activity will 
contribute to the development of the small-fruit phenotype. A crucial factor in the control 
of cell division and fruit growth appears to be the CK:ABA ratio, as evidence has been 
found that an imbalance in this ratio is pivotal in seed coat senescence and retardation 
of fruit growth (Moore-Gordon et al. 1998). Cytokinin and auxin are known to interact to 
control cell division (Coenen & Lomax, 1997) and thus the ratio of plant hormones 
controlling cell division can be extended to include auxin. As such, it is the ratio of CK 
and IAA to ABA that is postulated to play a key role in the control of fruit size. By 
studying hormone metabolism in the normal and small-fruit phenotype, the relationship 
between changes in the CK:IAA:ABA ratio can be evaluated in relation to fruit size. 
The importance of the CK:IAA:ABA ratio is further emphasised by the possible 
interaction of the cytokinin, IAA and ABA biosynthetic pathways (Figure 1).  
 



 
 
This interaction is thought to occur through the production of a molybdenum cofactor 
(MoCo), required by the enzyme catalysing the final step of both IAA and ABA 
biosynthesis. This cofactor is synthesised from GTP (Mendel, 1997), a precursor to 
purines and thus cytokinin biosynthesis. Changes in cytokinin metabolism will therefore 
impact on the levels of GMP and thus the rate at which the MoCo can be synthesised 
and utilized. This will in turn impact on the activity of the enzyme catalysing the final 
step of IAA and ABA biosynthesis and thus changes in cytokinin metabolism can be 
linked to changes in IAA and ABA biosynthesis. 
 
HORMONE HOMEOSTASIS IN HASS AVOCADO FRUIT 
In an attempt to verify that changes in CK metabolism do affect ABA levels, fruit were 
treated with two cytokinin analogues. Results indicate that overall ABA metabolism is 
enhanced by cytokinin analogues (Table 1).  
 

 
 



This is illustrated by the fact that ABA and its breakdown products, phaseic and 
dihydrophaseic acid, all increased in fruit treated with cytokinin analogues. This helps to 
partly confirm the theory that there is a link between the cytokinin and ABA biosynthetic 
pathways. 
Through the study of the enzymes involved in the biosynthetic pathways of CK, ABA 
and IAA in normal and small-fruit, an indication of how the CK:IAA:ABA ratio changes in 
these two fruit can be obtained. The enzymes chosen were 1) cytokinin oxidase (CK 
oxidase) and 2) aldehyde oxidase (AO). CK oxidase is responsible for the irreversible 
breakdown of cytokinins and as a result of this action it is thought to control the total 
cytokinin activity in tissues (Kaminek, et al. 1997). AO, on the other hand, is the enzyme 
responsible for catalysing the final steps of the biosynthesis of ABA (Walker-Simmons 
et al. 1989; Sindhu et al. 1990; Leydecker et al. 1995) and IAA (Koshiba et al. 1996; 
Lips et al. 1999). It is a molybdenum cofactor-requiring-enzyme and changes in CK 
metabolism are thought to impact on this enzyme (Cowan et al. 1999). 
There does not appear to be any significant difference in CK oxidase activity between 
normal and small-fruit (Table 2).  
 

 
 
In both cases CK oxidase activity was higher in the seed than in the mesocarp. The 
activity of the enzyme, catalysing the final step in ABA production (ABAId oxidase), was 
generally higher in small-fruit than normal fruit, whilst the enzyme, catalysing the final 
step in IAA production (lAAId oxidase), was lower in small-fruit than normal fruit. This 
suggests increased ABA levels, but decreased IAA levels in small-fruit compared to 
normal fruit. 
From the activity of these enzymes it is proposed that in normal fruit the CK and IAA 
level is elevated relative to the ABA level, whilst in small-fruit the CK and IAA level is 
reduced relative to the ABA level. The result of this is a favourable environment for cell 
division in normal fruit, but an unfavourable environment for cell division in small-fruit. 
 
ENDOGENOUS PURINE LEVELS 
If the proposed scheme of hormone interaction in Figure 1 is correct, then the change in 



hormone homeostasis, between small and normal fruit, should be reflected by a 
changed rate of purine metabolism and thus purine levels. 
Small-fruit had much lower adenine and xanthine levels than normal fruit, but much 
higher hypoxanthine, GMP and IMP levels (Table 3).  
 

 
 
The lower adenine and xanthine levels in small-fruit is indicative of increased purine 
metabolism, as xanthine is a substrate for the key enzyme in purine metabolism. On the 
other hand, the higher GMP and IMP levels in small-fruit is indicative of a greater 
potential for MoCo production, which could lead to elevated activity of the MoCo-
requiring enzymes, AO, xanthine dehydrogenase (XDH) and nitrate reductase (NR) in 
small-fruit. 
As XDH is the key enzyme in purine metabolism, changes in purine levels should be 
reflected in changed XDH activity. XDH activity was higher in small-fruit than normal 
fruit, which confirms the measured purine levels in small and normal fruit and the 
proposed increase in purine metabolism in this fruit (Figure 2). 
 

 
 



CONCLUSION 
To date, the control of hormone homeostasis, that will result in normal or reduced levels 
of cell division activity, is thought to occur as in Figure 3.  
 

 
 
A change in purine levels will impact on the level of MoCo precursors needed for the 
synthesis of the MoCo. If these MoCo precursors are increased then the size of the 
MoCo pool will increase, which can then be allocated to the MoCo-requiring enzymes, 
AO and XDH. Depending on the relative allocation of the MoCo to these enzymes, 
hormone homeostasis will be altered. If the CK and IAA levels increase relative to ABA, 
it is proposed that cell division will be sustained and normal fruit will result, but if the CK 
and IAA levels decrease relative to ABA, then it is proposed that cell division will be 
reduced and small-fruit will result. 
 
ACKNOWLEDGEMENTS 
The authors would like to thank the NRF and SAAGA for financial assistance. Everdon 
Estates and Mr Rusty Roodt are acknowledged for the contribution of fruit. 
 
LITERATURE CITED 
COENEN, C. & LOMAX, T.L. 1997. Auxin-cytokinin interactions in higher plants: old 

problems and new tools. Trends in Plant Science 2: 351-356. 
COWAN, A.K., CAIRNS, A.L.P. & BARTELS-RAHM, B. 1999. Regulation of abscisic 

acid metabolism: towards a metabolic basis for abscisic acidcytokinin antagonism. 
J. Exp. Bot. 50: 595-603. 

KAMINEK, M., MOTYKA, V. & VANKOVA, R. 1997. Regulation of cytokinin content in 



plant cells. Physiol. Plant. 101: 689-700. 
KOSHIBA, T., SAITO, E., ONO, N., YAMAMOTO, N. & SATO, M. 1996. Purification and 

properties of flavin- and molybdenum-containing aldehyde oxidase from coleoptiles 
of maize. Plant Physiol. 110: 781-789. 

LEYDECKER, M.T., MOUREAUX, T., KRAEPIEL Y., SCHORR, K. & CABOCHE, M. 
1995. Molybdenum cofactor mutants, specifically impaired in xanthine 
dehydrogenase activity and abscisic acid biosynthesis, simultaneously overexpress 
nitrate reductase. Plant Physiol. 107: 1427-1431. 

LIPS, S.H., OMAROV, R.T. & SAGI, M. 1999. Mo-enzymes at the crossroads of signal 
transmission from root to shoot. In press. 

MENDEL, R.R. 1997. Molybdenum cofactor of higher plants: biosynthesis and 
molecular biology. Planta 203: 399-405. 

MOORE-GORDON, C.S., COWAN, A.K., BERTLING, I., BOTHA, C.E.J. & CROSS, 
R.H.M. 1998. Symplastic solute transport and avocado fruit development: a decline 
in the cytokinin/ABA ratio is related to the appearance of the Hass small-fruit 
variant. Plant Cell Physiol. 39: 1027-1038. 

SINDHU, R.K., GRIFFEN, D.H. & WALTON, D.C. 1990. Abscisic aldehyde is an 
intermediate in the enzymatic conversion of xanthoxin to abscisic acid in Phaseolus 
vulgaris L. leaves. Plant Physiol. 93: 689-694. 

WALKER-SIMMONS, M., KUDRA, D.A. & WARNER, R.L. 1989. Reduced accumulation 
of ABA during water stress in a molybdenum cofactor mutant of barley. Plant 
Physiol. 90: 728-733. 


