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Abstract-A large increase in the activity of hydroxy~innamyl CoA: quinate hydroxyc~namyl transferase (CQT) 
occurred in potatoes stored at 0 and 2” and such an increase was prevented by storage at either 5 or 10”. The increase 
was most rapid in potatoes stored at 0” where it reached a maximum after 28 days and then declined slowly during 
storage for up to 6 months. A~ompan~ng these changes in CQT were transito~ increases in ~~oumarate CoA 
ligase and PAL which occured during the first few weeks of storage at 0” and during this period there was nearly 
a two fold increase in the chlorogenic acid content of the tissue. The increase in chlorogenic acid did not occur at 
10” when the increases in PAL, ligase and CQT were also prevented. The increase in CQT was reversed when tuberi 
stored at 0” for 14 days were returned to 10” and this warming up period prevented further increase in CQT on 
return to 0”. The increase in CQT at 0” was prevented if the air in the storage atmosphere was replaced by N,, 1% 
0, or 1615% CO,. Similar increases in CQT, ligase and chlorogenic acid’occurred in sweet potatoes stored at 7.5” 
but were prevented by storage at 15”. The role of PAL, ligase and CQT in the control of chlorogenic acid accumula- 
tion in these commodities and the significance of changes in their activities in relation to physiological changes at low 
temperatures are discussed. 

In a previous paper on the changes in the activity of 
enzymes of phenylpropanoid metabolism in tomatoes 
stored at various temperatures [ 11, it was shown that an 
enzymeinvolved in chlorogenicacid metabolism hydroxy- 
cinnamyl CoA: quioate hydroxycinnamyl transferase 
(CQT) [2,3] increased markedly at low tem~ratures. 
The increase in activity occurred at temperatures below 
the threshold temperature (12-13”) for chilling injury 
in the tomato but did not occur at temperatures abo\ie 
this critical temperature. 

In the present paper, the behaviour of the enzyme in 
two further plant tissues stored at low temperatures was 
investigated. The sweet potato has a threshold tempera- 
ture for chilling injury of 10-12” [4] while the potato 
is generally considered to be insensitive to chilling injury 
[5]. However, physiolo~cal changes in the potato are 
known to occur at temperatures below 5” and particularly 
low temperature sweetening has been widely studied [6]. 
Other workers [7-91 have described a form of injury 
in the potato which occurs only at very low temperatures 
(below 2”). The injury leads to the formation of dis- 
coloured patches on the skin and of dark brown areas in 
the flesh. In the present work, in addition to changes in the 
level of CQT, the changes in the activity of phenylalanine 
ammonia lyase (PAL) and p-coumarate CoA ligase and 
in the concentration of chlorogenic acid in both sweet 
potato and potato were followed during storage at a 
range of temperatures. 

CQT from potatoes was purified by DEAE-cellulose 
chromatography by the method previously used for the 
tomato enzyme [3]. Table 1 shows some of the properties 
of the potato enzyme which catalyses both the synthesis 
and breakdown of chlorogenic acid. In the breakdown of 
p-coumarylquinic acid, the enzyme is specific for the 5 
isomer (IUPAC nomenclature). The enzyme fraction 
from DEAE has activity with shikimic acid giving 
16% of the rate with quinic acid. Neither glucose 
nor caffeic acid is a substrate for the enzyme. The K,s 
for caffeyl CoA and for 5’-p-coumarylquinic acid are very 
similar to the values obtained with the tomato CQT. 
However, the potato enzyme has a lower aDtinity for 
chlorogenic acid than the enzyme in tomato. 
Fig. l(a) shows that potatoes (var. Majestic), after a 

prelimina~ curing period at lo”, have a very low level 
of CQT activity which changes very little during storage 
at either 5 or 10” for up to 160days. However, if the cured 
potatoes are stored at 0 or 23 there is a major increase 
in activity during storage, the increase being greater at 
0 than at 2’. Fig. l(b) shows the early stages in the rise in 
CQT activity during storage at 0” with a lag phase of 
about 3 days before the rapid rise in activity which reaches 
a peak, eleven fold greater than the initial activity, after 
28 days [Fig. l(a)] and then decreases slowly. In these 
experiments the activities of PAL and g-coumarate CoA 
ligase were also followed. The levels of these two enzymes 
were initially low and rose to maximum levels of 0.27 
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Table 1. Properties of CQT prepared from potato tubers stored varieties, including King Edward, Homeguard and 
al 10” Desiree. 

pkat/mg 
protein K, (PM) 

DEGRADATION REACTION 
Chlorogenic acid + CoA 240 172 
5’-p-coumarylquimc acid + CoA 170 118 
4’-p-coumarylquinic acid + CoA 0 . 

3’-p-coumarylquinic acid + CoA 0 -. 

SYNTHETIC REACTION 
Caffeyl CoA + quimc acid 110 34 
Caffeyl CoA + shikimlc acid 18 
Caffeyl CoA + glucose 0 
Caffeic acid + quinic acid 0 - 

Fig. 2(a) shows changes in the levels of chlorogenic 
acid in potatoes which had received the same treatment 
as those in Fig. l(a). At 10” the level of chlorogenic acid 
is low (2.2 pmol/lO g fr. wt) and this decreases slowly 
during storage. At 0” there is a rise during the first 56 
days to a maximum, 1.8 times greater than the initial 
level, and then a steady decline. At 2” the level of chloro- 
genie acid rises 50 % during the first 84days of storage and 
then declines slowly. The extent of the increase in chloro- 
genie acid during storage at either 0 or 2” is considerably 
less than the rise in CQT activity. The rise in CQT 
activity seems to correlate in a general way with the 
accumulation of chlorogenic acid but the relationship 
does not appear to be very precise. As has been discussed 
before [3], the metabolic function of CQT is still to be 
defined as it can act both in the synthesis and cleavage 
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Fig. 1. Changes in the activity of CQT in potatoes (var. Majestx) 
stored at 0” (x -~~~~ x), 2’ (o- --~-o), 5” (A--~ -A) and 10 

(0 -m-f:) for up to 24 weeks (a) or for up to 14 days (b). 

and 0.53 nkat/lOg fr. wt respectively for PAL and 
ligase after 14 days storage at 0” and then decreased 
again to low levels. Smaller increases occurred during 
the first 14 days of storage at 2” while at 10” no increase 
was observed. The experiments described in this paper 
were carried out using potatoes of the variety Majestic. 
However, many other experiments have shown similar 
increases in CQT during low temperature storage ofother 
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Fig. 2. (a) Changes in the concentration of chiorogenic acid 
m potatoes (var. Majestic) stored for up to 24 weeks at 0 
(x --~-~x), 2’ (O--- -0) and 10 (U -~~a). (b) Changes m the 
concentration of chlorogenic acid in potatoes (var. Majestic) 
stored either at 0’ throughout i x -- -x ), 0” for 14 days 
followed by 21 days at 10” (O- 0) or 14 days at 0” followed 

by 21 days at lo” and a further 35 days at 0” (0 ~a) 
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of chlorogenic acid. The extent to which chlorogenic 
acid is an end product of the pathway and the degree to 
which it turns over in potato tissue has yet to be deter- 
mined. 

Figs 2(b) and 3 show data for changes in the CQT 
activity and the chlorogenic acid content of potatoes 
initially stored for up to 70 days at 0”. This shows the 
rise in CQT and the accompanying increase in chloro- 
genie acid over the first 28 days at 0”. If potatoes were 
transferred from 0 to IO” after 14 days, the CQT activity, 
after a lag phase of two days, declines steadily to reach a 
value after 21 days at lo” of only 20 y0 of that at the time 
of transfer. This fall in transferase is accompanied by a 
large fall in chlorogenic acid content [Fig. 2(b)]. If the 
potatoes after 21 days at 10” are again returned to 0”, 
there is very little increase in CQT activity but the con- 
centration of chlorogenic acid rises steeply to a level after 
35 days which is similar to that in potatoes stored at 0” 
throughout the experiment. This experiment shows that, 
although there is a general correlation between the 
changes in CQT activity and chlorogenic acid level 
during the transfers to 0” and from 0 to lo”, it is clear that 
in the subsequent transfer back to 0” the level of CQT 
activity does not control the biosynthesis of chlorogenic 
acid and other controlling factors must come into play. 

Table 2 shows that atmospheres of N, and 1% 0, 
completely prevent the increase in CQT which occurs 
when potatoes are stored at 0”. Similarly, 10 and 15% 

Days of storage 

Fig. 3. Changes in the activity of CQT in potatoes (var. 
Majestic) which were stored either continuously at 0” for up 
to 70 days ( x -~ x ), or for 14 days at 0” followed by 21 days 
at 10” (o-4) or for 14 days at 0” followed by 21 days at 

10” and a further 35 days at 0” (em--). 

CO, almost completely prevent the increase while 
S%CO, and 3-5 % 0, cause partial inhibition of the 
increase in activity. These results suggest that 
respiratory processes play some role in the rise in 
CQT even if this is indirect. In other results it was shown 
that if potatoes which had been stored at 0” for 21 days, 
and which had high CQT activity, were transferred to 
lo”, either in air or in 10 % CO,, the CO, atmosphere did 
not prevent the fall in CQT at 10”. 

Fig. 4(a) shows that sweet potatoes stored at 15” 
for up to 98 days show a steadily declining level of CQT 
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Fig, 4. Changes in the activities of CQT (a) and p-coumarate 
CoA ligase (b) and in the concentration of chlorogenic acid 
(c) in sweet potatoes stored for up to 98 days at either 7.5” 

(x---x)or 15”(0- ---O). 

Table 2. Effect of storage atmosphere on the increase in CQT activity in potatoes stored at 0 

Storage 
period 
at 0 

(days) Air N* 

CQT activity (nkat/lO g fresh weight) 
Storage atmosphere 

3 %Q, 5 %Q, 5 %CO, lO%CO, 15%CO, 

0 0.8 _. 

I 3.0 0.6 0.6 0.8 1.2 1.3 1.1 1.2 
14 13.0 0.7 1.0 3.4 5.1 4.3 1.1 1.0 
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activity while at 7.5’ there is a rapid rise reaching a 
maximal level 6.3 times the initial, after 90 days of 
storage. Similarly, p-coumarate CoA ligase [Fig. 4(b)] 
does not rise during storage at 15” while at 7.5” there is a 
rise to a peak after about 90 days following a lag phase 
of about 40 days. The levels of chlorogemc acid [Fig. 4(c)] 
rise during storage at 7.5” only after a long lag period 
while at 15” no increase in concentration during the 98 
days period of storage occurred. No increases in PAL 
level were found in either storage condition. Lieberman 
et al [lo] also showed that the level of chlorogenic acid 
rose in sweet potato tubers stored under temperature 
conditions inducing chilling injury but the lag phase 
before the level of chlorogenic acid rose was shorter than 
that observed in the present work. The kinetics of in- 
crease in CQT and p-coumarate CoA ligase are both 
somewhat different from the time course of increase in 
chlorogenic acid. Thus any relationship between the 
increased levels of enzymes and the accumulation of 
chlorogenic acid cannot be direct unless there is also a 
change of pattern of turnover of chlorogenic acid. 

There are a number of situations in which potato tuber 
tissues can be stimulated to accumulate chlorogenic 
acid. The most studied of these is the ageing of tissue 
slices in the light at 20” which Zucker [ll] showed 
greatly stimulated the accumulation of the product. 
Studies on the enzymes controlling this accumulation 
of chlorogenic acid showed that three enzymes, PAL 
[ll], CA4H [12] and p-coumarate CoA ligase [13], 
were induced during ageing and the idea of a ‘PAL 
operon’ controlling the induction of a few controlling 
enzymes was proposed by Zucker [14]. Although this 
concept was thought by later workers [15] to be too 
simple a mechanism to explain differential effects on the 
induction of PAL and CA4H, it is clear that the major 
control of the biosynthesis ofchlorogenic acid under these 
conditions is exerted by these three enzymes. The level 
of CQT does not change to any great extent during the 
agemg of disks of potato tuber in the light at 20” [16]. 
In the present work, in which treatment of whole tubers 
in the cold has been shown to induce chlorogenic acid 
accumulation, there are small increases in both PAL and 
p-coumarate CoA ligase which are of the order of 10 and 
30% respectively of the increase found dunng 24 hour 
ageing in the light at 20” [see 161. However, the increase 
in CQT occurring in whole tubers stored at 0” is more 
than 13 times that occurring in aged disks [see 161. 
The increase in chlorogenic acid content of potato 
disks during ageing in the light for 24 hr is about 3 fold 
[ 171 and this is of the same order as the increase of 1.8- 
1.9 fold found during storage of whole tubers at 0”. 
The mechanisms of control of chlorogenic acid bio- 
synthesis in the cold have yet to be elucidated but the 
initial findings suggest that these control mechanisms 
may be different from those controlling the synthesis of 
chlorogenic acid following mechanical damage m aged 
disks. 

The data given in this paper taken together with our 
previously published work [ 1] show that, in three tissues, 
there is a low temperature induced rise in CQT activity 
and that the critical temperatures below which an in- 
crease is stimulated during storage of the tissue varies 
from commodity to commodity. The threshold tempera- 
ture for increase in activity is between 11 and 13” for 
tomato (Rhodes and Wooltorton, unpublished data), 
between 7.5 and 15” for the sweet potato, and between 

2 and 5” in the potato. The temperature characteristics 
required to induce an increase in CQT activity in the 
potato seem very similar to the temperature requirements 
for the induction of low temperature sweetening [6]. 
Both low temperature sweetening and the rise in CQT 
activity are inhibited by low 0, atmospheres [present 
paper and 181. It is interesting to speculate whether these 
two phenomena are not different expressions of the same 
basic changes occurring in the physiology of potato tubers 
at a critical temperature between 2 and 5”. CQT is not the 
only enzyme of the potato which has been shown to be 
induced in the cold. Pressey and Shaw [19] showed that 
invertase increased in potatoes stored at 4” and dis- 
appeared when such potatoes were returned to 18”. 
These authors correlated the changes in invertase activity 
with the appearance and disappearance of a protein- 
aceous invertase inhibitor [20] during the transfer 
between the two temperatures. 

The significance of the rise in CQT in the three tissues 
studied in relation to low temperature metabolism is 
difficult to assess but in tomatoes and sweet potatoes it 
occurs at temperatures at which chilling injury [5] 
is also induced. In the potato, which is considered chilling 
insensitive, the rise in CQT and the accompanying rise 
in chlorogenic acid only occur at very low temperatures 
(about 2”). Rise in chlorogenic acid levels is often found 
in plants exposed to various types of stress [ 161 and here 
low temperature may exert a form of physiological stress. 
It seems likely that the rise in level of CQT may be a 
good indicator of metabolic changes under temperature 
stress conditions but the role the enzyme and its products 
play at these low temperatures requires further study. 

EXPERMENTAL 

Potatoes (var. Majesttc) were grown at Easton. Norfolk, 
harvested on 20 September 1976 and, after washing and grading. 
were stored at 10” for curing. For the various storage experi- 
ments, tubers were transferred to cabmets in rooms maintained 
at the required temp. A supply of fresh humtdtfted air was 
continuously passed through each chamber. When atmospheres 
other than au were used. these were \upphed from cylinders of 
the appropriate gas mixtures. At intervals, samples of 5-10 
tuber\ were taken, peeled and the flesh tt\sue frozen in liquid N,. 
The frozen tissue was ground to a homogenous powder at 
Itquid N, temperature usmg an Ultraturrax homogemaer. 
Aliquots of this powder, stored in hqutd NZT were used for the 
extraction and assay of both the enzymes of phenylpropanotd 
metabolism and the level of chlorogenic acid. Sweet potatoes 
were obtamed from a local suppher and were stored at 7.5 
and 15” for up to 9X days. At intervals samples of tissue were 
taken and homogemzed m hquid NZ m the same way as for the 
potato. In the study of both potato and sweet potato, undamaged 
tubers were selected for analysis at each stage. At 0 the potatoes 
showed damage to some tubers with symptoms stmtlar to those 
described by other workers [7.X], developmg after 2 3 month\, 
but this did not increase in incrdence with longer term storage. 
In the sweet potato no damage was observed except in the hnal 
samphng after 98 days at 7.5’. The methods for the purrhcation 
of CQT on columns of DEAE-cellulose [3] and for the prepara- 
tion of ttssue extracts [I] are as previously publtshed for the 
tomato The assay methods used for p-coumarate CoA ligase 
[ 131, PAL [ 1 l] and CQT [3] are also as prevrously descrrbed. 

Chlorogenic acid was extracted by three successive extrac- 
ttons of log aliquots of the frozen tissue powder with a total 
vol. of 80ml of 707” 2-propanol contaming 1 mM EDTA and 
5ml HOAc/l. The extract was evapd UI t’acuo to remove the 
f-propanol and the aq phase extracted twtce wtth 1 vol. Et,O. 
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The ether phase after separation was washed with 1 vol. of 7. Richardson, L. T. and Philips, W. R. (1949) Sci. Agric. 29, 
acidified H,O (1 ml 1N HOAc/l.) and the combined ether extrac- 149. 
ted aq. phase and washing were evapd rn racuo to 5 ml. The 8. Hruschka, H. W., Smtth, W. L. and Baker, J. F. (1969) 
extract was made to 15 ml and 0.25, 0.5 and 1 ml aliquots were Am. Pot. J. 46, 38. 
taken for the calorimetric esttmation of chlorogenic acid by a 9. Burton, W. G. (1972) Proc. 5 Triennial Conf. Europ. Ass. 
method [21] whtch was modified to give a final reaction vol. Potato Res., p. 63. 
of 3 ml. 10. Lieberman, M., Craft, C. C. and Wilcox, M. S. (1959) 

Proc. Am. Sot. Hort. Sci. 74, 642. 
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