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Summary 

Three crisping potato cultivars, Record, Saturna and Hermes. were stored at 5 or 10 ~ in gas 
mixtures of either 0.5% CO 2 and 21.0% 02 (control) or 9.4, 6.4, 3.6 or 0.4% CO 2, all combined 
with 3.6% 02 . There was almost complete sprout inhibition, low weight loss and maintenance 
of a healthy skin for all cultivars stored in 9.4% CO, with 3.6% O, at 5 ~ for 25 weeks. When 
tubers from this treatment were stored for a further 20 weeks in air at 5 ~ the skin remained 
healthy and they did not sprout. The fry colour of crisps made from these potatoes was darker 
than the industry standard, but when they were reconditioned, tubers of cv. Saturna produced 
crisps of an acceptable fry colour while crisps from the other two cultivars remained too dark. 
Reducing sugar levels were related to fry colour both after storage and after reconditioning. 
The other gas combinations and the controls did not have the same effect on sprouting and 
none of the controlled atmosphere treatments controlled sprouting at 10 ~ 

Introduction 

Stor ing po ta toes  at low (2-5 ~ t e m p e r a t u r e s  results  in the accumula t ion  of  reducing 
sugars  which, when the tubers  are used for processing,  give the crisps an unaccep tab le  
da rk  brown colour  (Harr is ,  1992). S torage  at a h igher  t e m p e r a t u r e  (10 ~ reduces  
sugar  accumula t ion ,  but  tubers  need  to be t r ea ted  with a d i sease-cont ro l  chemical  
and a chemical  sprout  suppressan t  which is cur rent  s t andard  pract ice for po ta toes  
s to red  for process ing (Bur ton ,  1989: Khanba r i  & Thompson ,  1994). I she rwood  (1976) 
and Ir i tani  & Wel l e r  (1978) showed that  recondi t ion ing  at 20 ~ for at least  two weeks  
r emoved  most  of  the sugars  that  had deve loped  dur ing  low t e mpe ra tu r e s  s torage,  but 
the sugar  accumula t ion  as a result  of senescent  sweetening,  which can occur when 
tubers  have been  s to red  for long per iods ,  was i r revers ible .  Also  tubers  r econd i t ioned  
af ter  s torage  at 5 ~ ma in t a ined  higher  sugar  levels than tubers  s to red  at 10 ~ 
(Bur ton  1973: Schouten ,  1992: Smith,  1987: Reust  et al., 1984). Khanbar i  & 
T h o m p s o n  (1994) showed that  po ta to  tubers  s to red  in high CO 2 levels r e sponded  to a 
commerc ia l  r econdi t ion ing  t r ea tmen t  be t t e r  than those s tored  in air. 

Con t ro l l ed  a tmosphe re  s torage  to suppress  sprout ing  was r epo r t ed  to be unsui table  
for po ta toes  for table  use (Ryal l  & Lipton,  1979), as oxygen levels of  2.5% and be low 
increased  decay  (Lip ton ,  1967: Sherman  & Ewing,  t983', Schouten ,  1992). This  effect  
could be aggrava ted  by high carbon  d ioxide  levels ( W o r k m a n  & Twomey ,  1969). For  
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s torage  at  10 C ,  Bur ton  (1958) r e c o m m e n d e d  10% C O  2 and 11)% 0 2 but  this 
combina t i on  of gases was found to be ineffect ive lo~ long- term s to lage  (Khanbar i .  
1995). A t  8 ~ s torage  of  cv. Reco rd  for  6 months  in 10% CO, and low O ,  (be low 
3 % )  was not  sui table  because  of tissue b r e a k d o w n  (Khanba r i ,  1995). H a r t m a n s  et al. 
(1990) also showed par t ia l  de t io ra t i on  of  tubers  in 7% CO 2 dur ing  300 days  s torage  
at 4 C. S torage  t e m p e r a t u r e  of  2 to 4 C may be used with con t ro l l ed  a t m o s p h e r e s  to 
cont ro l  sprout ing ,  but resul ts  have been  var iable  and inconclusive ( l senberg ,  1979: 
Lougheed ,  1969). H o w e v e r  in la te r  work  Khanba r i  & T h o m p s o n  (1994) showed that  
at 4 ~C long- te rm s torage  was o p t i m u m  in CO 2 levels ol  9 -12% and 3 - 4 %  O, .  

The  p resen t  research  was conduc ted  to eva lua te  the effects of  ca rbon  d iox ide  in 
low oxygen  a t m o s p h e r e s  on long- te rm s torage  of  p o t a t o e s  and the i r  b e h a v i o u r  when 
s to red  in air  af ter  the  r emova l  from con t ro l l ed  a t m o s p h e r e  s torage.  

Material and methods  

T u b e r s  of  th ree  cr isping cult ivars .  Record ,  Sa turna  and Hermes .  grown in 
Not t ingham.  UK,  were  ha rves ted  on 27 S e p t e m b e r  1993 and cured  for  two weeks  at 
15 ~ and 90-95% re la t ive  humidi ty .  Tube r s  f rom each cul t ivar  were r andomh,  
se lec ted  and g rouped  into 80 lots. Each lot of  10 medium-s ize  tubers  (120 to 150 g 
each)  was p laced  in a net  bag.  The init ial  weight  of each bag of  tubers  was recorded .  
Eight  bags f rom each cul t ivar  were then p laced  r a n d o m l y  in each of ten air - t ight  75 
litre po lye thy lene  con ta ine r s  (Mode l  C217. Mai lbox  In te rna t iona l  Ltd,  Cheshi re ,  
UK).  The  conta iners  were  d iv ided  into two groups  of  five. and the groups  were  p laced  
in s epa ra t e  t e m p e r a t u r e - c o n t r o l l e d  rooms  ad jus ted  to 5 'C  and 10 C respcct ively .  
The  con ta ine r s  were  then connec t ed  to a c o m p u t e r - o p e r a t e a ,  gas f low-through 

Table 1. Effect of different controlled atmospheres on sprout weight per tuber ~1 tht cc 
crisping cultivars stored at 5 -C or 10 '(" for 25 weeks. 

~[Ol';Aot: 
tcmpcraturc Gas combinations 

5 'C 

I 0 'C 

Mean sprout weight per tuber (g) 

C'O, % 0 ,  % Recvrd ,c;al,rml ,r[r 

9.4 3.6 0.0 0.0 0.0 
6.4 3.0 4.5 1.9 1.6 
3.6 3.6 12.7 9.9 10.0 
0.4 3.6 10.1 8.4 15.6 
0.5 21.Oa 6.0 2.3 2.5 

9.4 3.6 5.1 5.8 5.8 
0.4 3.0 15.7 10.4 18.3 
3.6 3.6 17.3 13.3 16. I 
0.4 3.6 7.6 7.5 7.7 
0.5 21.0 a 6.5 3.1 2.6 

a Comrol 
LSD (P = 0.05) 4.26 for comparing any pairs of results. 
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controlled atmosphere system which was programmed to produce 5 different gas 
combinations (Table 1). The gas mixtures were passed through each container 
separately in each storage room. Details of the controlled atmosphere system used in 
this experiment have been described by Khanbari & Thompson {1994). The system 
was automatically operated for a total of 10Y., hours per day. This was spread into 
seven time intervals of 91) minutes each. During operation, the gases flowed through 
each storage container three times for 3 minutes each time. Gas levels were monitored 
by this operating procedure and the controlled atmosphere condition in each 
container was maintained within 0.1% of the set concentration for both CO 2 and O~. 

Assessment of tubers was made after 5. 15 and 25 weeks of storage when six bags 
from each controlled atmosphere combination (two bags of each cultivar) were 
removed and left at room temperature  (-20 ~ for two hours before the 
measurement  of weight loss. Tubers of one bag were assessed visually for rotting, 
using photographs and descriptions bv Snowdon (1991). The tubers from the 
remaining six bags were stored at 5 ~ in air for a further 20 weeks. The sprouting 
index was measured after 5, 15 and 25 weeks according to the method described bv 
Cunnington & Gerrish (1992) and details are given by Khanbari & Thompson (19t)4). 
Sprouts were then cut off and weighed. The control (0.5% CO 2 and 21% 02) and the 
samples stored in 9.4% CO 2 and 3.6% O 2 5 "C were all transfered to air and stored for 
a further 20 weeks also at 5 ~ to evaluate any residual effect on sprouting and tuber 
quality. From each of 10 tubers, two of the middle slices were taken and split into two 
groups. Slices of one group were washed under tap water, surface dried with paper 
tissues and ten were directly fried at 180-183 ~ for 3.5 minutes. From the other 
group, the middle sections were chopped and 11) g combined sample were frozen in 
dry ice, freeze dried using Edwards Serial No. 2165 freeze dryer (Edwards, Crawley. 
UK) and stored at -18 ~ for sugar analysis. Tubers from the second bag were 
reconditioned for two weeks in a temperature-controlled room, adjusted to 21) ~ and 
90-95% relative humidity before the assessment. The method for crisp colour 
measurement  was by the computer  vision system, previously described by Khanbari 
& Thompson (1994). 

To extract the sugars. 0.5 g of each of the combined freeze-dried samples of each 
potato cultivar were treated twice with 25 ml of 80% alcohol at 65 ~ for 30 minutes 
each time. Each extract was vacuum evaporated and re-dissolved in 5 ml distilled 
water. 0.5 ml were freeze dried for analysis. The method for sugar analysis was that 
described by Davies (1988) and Miller et al. (1975) with some modifications. This 
procedure includes formation of volatile trimethylsilyl (TMS) esters of the sugars and 
separation by gas-liquid chromatography. TMS-sugar esters were prepared bv 
dissolving the freeze-dried sugars in 100 ~tl BSTFA [bis (trimethylsilyl) 
trifluoroacetamide] containing 1% trimethylchlorosilane (Supelco, UK) and 400 ~tl of 
dimethylformamide (Fisons, UK). The content was agitated vigorously by an 
Autovortex Mixer SA2 (Stuart Scientific, UK.) for 30 seconds and was then allowed 
to stand at room temperature  for 30 minutes before injection. 1 lal of the solution was 
split-less injected into a Carlo Erba gas chromatograph Fractovap 4160 Series (Carlo 
Erba Strumentazione, Milano. Italy), equipped with a flame ionisation detector and 
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an injector operating at 220 ~ Separation of the TMS-sugars was accomplished in a 
30 m x 0,256 mm DB-1701 capillary column (J & W Scientific, USA) with film 
thickness of 0.15 pm. Hydrogen was used as the carrier gas at a flow rate of 40 cm3 
min-1. Sugars were separated using a temperature  programme of 140 ~ for 2 min, 
rising to 250 ~ at 20 ~ min-l. Identification of the sugars was made by means of a 
pre-calibrated data processor (DP 800, CE Instruments,  UK). 

Experiments  were factorial randomised block designs and results were analysed 
statistically using Genstat  5 (Copyright 1990, Lawes Agricultural Trust). 

Results and discussion 

Sprouting was consistently greater for tubers held at 10 ~ than at 5 ~ which is in 
accordance with previous work (Burton, 1989: Harris, 1992). There was a significant 
difference (P<0.05) in sprouting among the three cultivars studied with cv. Saturna 
significantly lower than cvs Record and Hermes  (Table 1 ). 

Sprouting was suppressed for all three cultivars stored for 25 weeks at 5 ~ in high 
CO2. There was some indication that the combination of 3.6% 0 2 with 0.4, 3.6 or 
6.4% CO 2 increased sprouting during storage at 10 ~ with a similar effect for 0.4 and 
3.6% CO 2 at 5 ~ (Table 1). Burton (1958) and Reust et al. (1984) recorded an 
inhibitory effect of CO 2 on sprout growth but only at concentrations of 15 or 20% 
CO 2 at 10 and 8 ~ respectively, Results of previous findings (Khanbari,  1995) at 8 ~ 
show that there was a cultivar difference in response to CO 2 and confirm for cv. 
Record the results of Burton (1958) and Reust et al. (1984). 

Throughout  storage cv. Hermes  generally showed the lowest sprouting, but the 
effect was more marked at 5 ~ than at 10 ~ At 5 ~ cvs Saturna and Record had 
similar levels of sprouting after 5 and 15 weeks (data not shown). The results were in 
agreement with those obtained for the cv. Record (Khanbari  & Thompson,  1994) at a 
storage temperature  of 4 ~ where some eyes failed to produce sprouts after 6 
months of controlled atmosphere storage. The results are also in accordance with 
previous findings, reviewed by Burton (1989), which showed that there was a genetic 
variation in potato dormancy. 

Weight loss of tubers during storage for 25 weeks was 2.3 to 3.7% at 5 ~ and 3.4 to 
6.6% at 10 *C. Subsequent weight losses during reconditioning were 2.8 to 4.1% and 
2.3 to 4.5% respectively. Full data are available in Khanbari  (1995). 

Rotting of tubers, identfied as gangrene (Phoma foveata) reached a maximum of 
7% after 25 weeks storage in one controlled atmosphere storage treatment (Table 2). 
Rotting occurred at both temperatures on all three cultivars and at all controlled 
atmosphere combinations. There was little indication that any treatment  was more 
prone to rotting although 4.2% of tubers stored at 10 ~ had rots while only 2.9% of 
tubers stored at 5 ~ showed signs of rotting, and the high CO 2 controlled atmosphere 
storage t reatment  at 10 ~ had the highest number  of rotting tubers. In previous 
work, observations on the effect of reduced 02 (below 3%) at high CO 2 levels 
showed an increased decay of long-term stored potatoes (Isenberg, 1979; Burton, 
1989; Schouten 1994). 
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Table 2. Effect of temperature and gas combinations on crisp lightness (fry colour) of potatoes 
stored for 25 weeks (data combined for 3 cultivars). 

Storage Gas combination Grey level Grey level after Tubers showing 
temperature directly after reconditioning rotting after 

storage a storage b 

5~ 

(Control) 

10 ~ 

(Control) 

LSD (P < 0.05) 
S.E. 

CO~% 02% 

9.4 3.6 132.4 155.8 3% 
6.4 3.6 130.5 155.2 3% 
3.6 3.6 134.3 153.6 3% 
0.4 3.6 144.1 155.6 2% 
0.5 21.0 135.8 149.8 2% 

9.4 3.6 144.6 157.2 7% 
6.4 3.6 141.7 153.5 4% 
3.6 3.6 146.6 154.8 1% 
0.4 3.6 149.9 157.6 4% 
0.5 21.0 149.7 153.0 4% 

2.70 2.57 
0.98 0.93 

Not analysed 

aGrey level of 148.7 or more was acceptable 
bMean of 90 tubers 

After 25 weeks all the tubers stored in 9.4% C O  2 and 3.6% 0 2 at 5 ~ had almost no 
sprouts, while tubers from the other treatments had all developed sprouts and were 
shrivelled. Samples of potatoes from the three cultivars which had been stored at 5 ~ 
in 9.4% CO 2 and 3.6% 0 2 for 25 weeks were left at 5 ~ together with the controls, in 
air for a further 20 weeks. At the end of this period, tubers which had been stored 
throughout the 45 weeks in air had shrivelled and sprouted and exhibited weight 
losses of 19.3% for cv. Record, 24.3% for cv. Saturna and 30.1% for cv. Hermes. The 
tubers stored in 9.4% CO 2 and 3.6% 0 2 followed by storage in air showed no sign of 
sprouts and tubers of all the cultivars maintained a healthy skin with weight losses of 
6.2% for cv. Record 8.8% for cv. Saturna and 7.1% for cv. Hermes after 45 weeks 
storage. Some indication of this residual effect of high CO 2 had been reported by 
Schmitz (1991) for cv. Cara and early work (Hill, 1913) decribed experiments on 
peaches stored in increased levels of CO 2. These showed that their respiration rate 
was reduced, not only during exposure, but also that respiration rate returned to the 
normal level only after a few days in air. This residual effect of CO 2 has implications 
for the potato storage industry since it opens up a possible storage method of 
exposing the tubers to high CO 2 followed by air storage, which may suppress 
sprouting without the use of chemicals. Further work is needed to determine the 
minimum period of exposure to high CO 2 and or low O 2 before this effect is obtained. 
This residual inhibition of sprouting could be explained either as the directly 
inhibiting effect of the  high CO 2 in the storage atmosphere (Schouten, 1992; Reust et 
al., 1984; Sherman & Ewing, 1983), or it could be that the high CO 2. to which the 
tubers had been exposed enhanced the accumulation of sprout-suppressing volatiles, 
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which car r ied  th rough  af ter  the 25 week  s torage  per iod .  The  changes  m chemical  
compos i t ion  of  po t a to  tubers  exposed  to increased  concen t ra t ions  of  CO 2 in the 
s to rage  a t m o s p h e r e  are  not  known in detai l  but  include accumula t ion  of sugars  
(Reus t  et al., 1984) and a lcohols  and a ldehydes  (Ulr ich  et al., 19521. Ulr ich and his co- 
workers  also r e p o r t e d  r educed  g rowth-subs tance  act ivi ty and r e duc e d  act ivi ty of 
pe rox idases  and oxidases ,  including tvrosinase.  A c c u m u l a t i o n  of  a lcohol  may be one 
means  by which a high concen t r a t i on  of  CO 2 suppresses  sprout ing.  The  inhibi tory  
effect  of  a lcohol  on sprou t ing  has been d e m o n s t r a t e d  by Bur ton  (19521 bv expos ing  
tubers  of  n o n - d o r m a n t  cv. Majes t ic  po t a toes  to amyl alcohol .  

Fo r  crisps p rocessed  from po ta toes  d i rec t ly  af ter  5 weeks  s torage  at 5 ~'C, all those 
from the con t ro l l ed  a t m o s p h e r e - s t o r e d  tubers  p r o d u c e d  e i ther  l ighter  or  s imilar  
co lou red  crisps to the control ,  while at 10 ~ there  was no significant d i f ference  
be tween  the con t ro l l ed  a t m o s p h e r e  and cont ro l  t r ea tmen t s  (Table  2). Af t e r  15 weeks  
tubers  s to red  in 5 ~ in the two lower  CO 2 levels had a l ighter  fry co lour  than the 
cont ro ls  while those  at the two h igher  C O  2 levels had  s imilar  fry colours .  At  10 ~ the 
two h igher  C O  2 levels had  significantly d a r k e r  fry colours  than controls .  A f t e r  25 

Table 3. Sugars (g 100g-1 dry weight) in tubers of three cultivars stored for 25 weeks under 
different controlled atmospheres at 5 ~ or 10 ~ and then reconditioned in air fur lwt) weeks at 
20 ~ 

Cultivars Gas combinations 5 ~ 10 ~ 

CO2% 0 2 % RS a TSb RS TS 

Record 9.4 3.6 0.216 0.973 0.490 1.400 
6.4 3.6 0.348 1.109 1.138 2.523 
3.6 3.6 0.534 1.156 0.749 2.340 
0.4 3.6 0.510 1.299 0.523 1.175 

(Control) 0.5 21.0 0.730 1.053 0.634 1.632 
Mean 0.4883 1.138 0.7117 1.816 

Saturna 9.4 3.6 0.324 1.221 0.233 (I.918 
6.4 3.6 0.612 0.993 0.240 0.883 
3.6 3.6 0.382 0.822 0.358 1.083 
0.4 3.6 0.220 0.511 0. 117 0.920 

(Control) 0.5 21.0 0.615 0.831 0.405 1.194 
Mean 0.473 0.907 0.271 1.000 

Hermes 9.4 3.6 0.480 0.851 0.219 0.475 
6.4 3.6 0.332 0.547 0.472 1.836 
3.6 3.6 0.735 1.229 0.267 1.149 
0.4 3.6 0.428 0.715 0.303 0.888 

(Control) 0.5 21.0 0.932 1.627 (1.510 1.127 
Mean 0,682 1.094 0.354 1.095 

a Reducing sugars 
b Total sugars 
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weeks storage at 5 ~ the three higher CO 2 levels all gave either darker crisps or had 
no effect. Those stored in 0.4% CO 2 with 3.6% 0 2 produced significantly lighter 
crisps than the control. At 10 ~ the three higher CO 2 levels also produced darker 
crisps than the control but 0.4% CO 2 with 3.6% 0 2 produced significantly (P<0.05) 
lighter crisps. After reconditioning, tubers stored at 5 ~ always had a significantly 
(P<0.05) lighter fry colour for those stored in controlled atmospheres compared to 
the control (Table 2). Tubers stored at 10 ~ showed no significant differences 
(P<0.05) between the controls and the controlled atmosphere stored tubers except 
after 25 weeks storage when those in 0.4% CO 2 with 3.6% 0 2 and 9.4% CO 2 and 
3.6% 0 2 produced significantly (P<0.05) lighter crisps. 

Low O 2 atmospheres which affect crisp lightness (2.5-3.0%) were reported to 
minimise or retard the build-up of reducing sugars during short term storage of 
potato (Lipton. 1967: Sherman & Ewing, 1983: Parkin & Schwobe. 1990). However, 
high levels of CO 2 during short-term storage was also reported to produce dark crisps 
when processed directly after storage (Mazza & Siemens, 1990). Fry colour was 
closely related to the reducing sugar content (Table 3) as previously reported by 
Burton (1989). 

All the tubers processed directly after 45 weeks storage produced unacceptably 
dark crisps (data not shown). Reconditioning of tubers at 20 ~ for two weeks 
resulted in decreases in sugar content and consequent lightening of crisps produced 
from the tubers of cv. Saturna (Table 4). However,  neither the tubers of cvs Record 
nor Hermes  produced acceptably coloured crisps after reconditioning. Several 
workers reported cultivar differences in the response to reconditioning after long- 
term storage of potatoes in air (Iritani & Weller, 1978: Coffin et al., 1987). Tubers of 
cv. Record were reported to recondition to an acceptable sugar content after a period 
of 4 to 6 weeks at 20 ~ (Williams & Cobb, 1992: Cunnington & Gerrish. 1992). 

Table 4. Sugar content and fry colour (grey level) of tubers from three cultivars stored for 25 
weeks in 9.4 % CO, and 3.6 % O, and a further 20 weeks in air all at 5 ~ and then 
reconditioned for two weeks at 20 ~ 

Tuber source Cultivars Type of sugar g 100g -I dry wt Grey level~, 

Processed directly 
after storage 

Processed after 
reconditioning 

Fructose Glucose Sucrose 

Record 0.778 0.847 0.520 130.3 
SaturJTa 0.660 0.685 0.540 136.8 
Hermes 0.980 1.120 0.564 122.9 

Record 0.628 0.563 0.897 132.7 
Saturna 0.381 0.343 0.489 151.8 
Hermes 1.030 1.127 1.133 123.6 

a Grey level of crisps processed from the potatoes above. 

Potato Research 39 (1996) 529 



O.S. KHANBARI AND A.K. THOMPSON 

Rotting levels remained low on tubers stored at 5 ~ for 25 weeks in 9.4% CO 2 with 
3.6% O 2 followed by 20 weeks in air. These tubers looked in good condition with a 
healthy skin and no internal rotting. The results indicate that there can be residual 
beneficial effects of controlled atmosphere storage of potatoes and demonstrate a 
way of overcoming the long term detrimental effects which could be applied to at 
least one cultivar. This raises the possibility of developing a long term storage system 
which would keep them in good quality without the use of chemical fungicides or 
sprout suppressants. 
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