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The nonvolatile organic acids in Bartlett pears stored at 31 ' F. for several months in five 
levels of CO, were studied both qualitatively and quantitatively. A quantitative method 
for use in comparative analyses of the major acids in plant tissues is outlined. The results o f  
the investigations show that the flesh tissue of Bartlett pears stored in high levels of CO, 
accumulate succinic and citric acids. Succinic acid increases significantly in the core tissue 
of CO?-stored pears. Inhibition of a 
succinic acid oxidase system i s  indicated. The increase in succinic acid i s  correlated 
with C02-induced core breakdown in the fruit. Pears from the 1960 harvest accumulated 
more succinic acid than those from the 1959 harvest, and considerably more CO, injury 
was found in the 1960 fruit. 

At the same time, however, malic acid decreases. 

! Presrnt addiras: C:i-ops Kcsrarcli IX\-i- 
c i o n .  U. S .  Depai tmmt  of .4yricdturc. 
\\'cnatchw. I\-ash. 

in,jury" or "bioi\  n core" occurs in prc- 
climacteric fruit stored in  C::): at inus-  
pheres sufficientl). hish IO r auw in,jur)-. 
'l'his in,jury is not sl\va!.s contilied to the  
core bur frrqucntly occurs in  the tlrci: 
tissue. Syncscrnt c o r e  brcakdo\\-n i a  
not related to a p ~ r t i d a r  ( : : I 2  stor<io,t. 
atmosphrrr but occui~s in postcliniactt.ric 
fruit. 

Methods ond Materials 

'l'hc nivthod us:d f o r  tht. orqaiiic acid 
analyses 1 v . i ~  a combination and iiiodi- 
fication of those rinplo).cxd by L . u ~ ~  
and Overell ( ( 7  / I .  Palmer ( / ? I .  Hulmi~ 
and \Vooltorton ( / 7 ) ,  and 1,amb / 3  . 

Linn.1 used in th is  rcscsrch during the, 
1959 and  1900 p r a r  $easonj \$-ere har -  
vested at  1- to 18 pounds pressure trst 
measured \\it11 a h~l~gness- ' l 'aylor presstire 
trster eq~iipped \vith a .> ;,;-inch plunger. 
'I'hey \\-rrc obt-rined from inaturt' 
trees locatrd on  the 1'rc.c Fruit Espeii- 
nient Station plots :it \ \ 'enitchci..  \ \ 7 a i h  
Pears \verr matched for size and  color. 
and onl?. the 21 2- t o  2' x-inch di3nieter 
fruit free of blemishes a n d  of lairl!, uni- 
form qrccn color \ \ere used in the e s -  
pcriments. l ' h e  frtlit \ct=rv transported 
to Pullm-1n. \\.ash.. b! t ruck  and placed 
in storage at 31' = 1' F. ' Ihe 1959 
fruit \vere harvested on .August 21. and 
controlled a i r  flo\vs o \ ~ r  the fruit \\-a'e 
begun on Scpteiiiber 10 ,  T h e  1960 
fruit \cere harvested on .August 18. and 
controlled air flo\cs \\-ert' startrd oil 
August 24. 'l'he pears icere stored in 
16-gall011 containers each holding. a fe\\. 
more than 200 f rui t .  'I'rn conraincry 
\\-ere used: and  duplicates of five con- 
tinuous flo\r. controlled atmospheres 

'The Barrlet: ;ie"'s (Pi , i i \  ~ f J t ~ l r ? l i l t l i \  

\\-ere rmployed. ' I  he sror*ge air  mis- 
tlurcs for the 1959 espcriinrnts consisted 
of duplicate atmospheres of eir. 2 . i .  
i. 10. and l.i?; CO,. I n  the 1960 
espcriinents. I\\ o 20$, C : o ,  atmospheres 
\\.ere substituted for the [ \ i o  2.5% CO? 
atmospheres. ' I  he i.linount of C:O: in 
the cantainrrs \cas checked lit intervals 
throughout the storaye period to ascer- 
t iin that the desired qas Icvi.1~ \ v e x  being 
rriainr iincd. 'l'he rate of air  Ao\v over 
the f r u i t  i n  elch container \\-as regulated 
b! nianonietcrs a t  1.3.0 to 1.3.- iiters per 
hour .  l h e  manometers ~ v c r e  similar 
to thosr describrd b! C~laqiool and 
Allrn (7). 

Fi\.c' color-matched fruit, from each 
of the controlled a tniospherc chambers 
~ v r r e  rrrnoved from storaqe rzch month.  
'The fruits \cere h,iived. cores removed 
\cith a h m d  prar-coring knife. and  coni- 
posited samples totaling 25 grams of core 
and 2.i qrdrns of flesh tisjue~rroiii the five 
fruit \vcre estr-cted in 200 ml. of 857; 
ethanol. Seeds \\'ere rcmo\-cd from the 
cores prior to estrsction. 'l'he pear 
h:?lvcs \cere peeled. and tissue surround- 
ing the core area \vas used for the flesh 
tissue estractions. On1)- health>--ap- 
pearin: tissue \\-as taken for all anal!-ses. 
The  same sainplinz procedures ~ v e r e  
uscd ivith the ripening fruit. except that 
after rrrnoval froin storage these fruit 
\\-ere held in a constant temperature 
ripening room (20' C . )  until the desired 
stage of ripeness for sampling. \vas 
reached. ~Thc  samples  \cere estracted 
for i minutes in a \V3riny Blendor \vith 
200 ml. of 85%; ethanol.  The slurry 
\\-as filtered through a \ \hat inan S o .  2 
filter paper in a Buchner funnel and 
brought to a final volume of 250 ml. 
\\-ith distilled {vater. .Fhe estracts \vert 
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Table I .  Percentage Recovery of Organic Acids from 
a Known Mixture 

sample Eluted from Dowex I X 4 Streaked Directly on Filter Pope r - ~ ~ _ _  - 
No. Succinic Malic Ciiric Succinic Malic Citric 

1 1 n I ' 7  9 3 1 Q2 '19 98 
- 101 'I4 94 I C I l l  103 96 

1- 3x 9- 

7 

3 100 9) 93  '1 3 l(Ji7 9(1 

stored at -31 1:. until analyzed. .i 
lOO-nii. aliqiiot representing 10 srams 
o f  pear tissue containing appro\irnsrely 
1.0 tneci. o f  total titratable acid calcu- 
lated as m;llic \vas placed into a 125-mi. 
srparatory i'unnel attached to a n  ion 
exchange rolumti ( 7  mm. X 1.5 c m . )  
ccrntaininq 2..5 nil. of \\.et Do\ve\; 1 X 4 
rrsin, 200 to 400 itirsl-i. in the formate 
korm. 1,:nouq.h resin for the entire 
rxpcriiiicnt \ \ 'LS  previousl>- converted 
10 the Eorniate form b>- passing 1 .\I 
sodium foimiare through i t  until the 
i%luatr \ vzs  free o f  chloridr 2s outlined 
13) Palmer (77) .  'l-hr alcohol estract 
\vas passed through thca column at a 
ratt' of 1 to 2 in]. per minute. The  
ccil~iini~s \vert thoroug-hiy xvashed \\-iIh 
.50 nil. of dTiublr distilled \vater? and the 
acids \very eluted from the resin ivith 20 
i n l .  of 6.\. lormic acid o r  until phosphate 
ion a p p c ~ ~ I e d  in the eluate. -['he eluate 
\ v a s  c(~iict7itratcd usin!; the method of 
Hulme and IVooltorton ( 7 7 )  to a 2-ml. 
vciluine. atid aliquots 01' from 0.1 to 0.3 
mi.. drprnding on the iiinount of acid 
pi'esenr. \\-ere streaked on  double acid- 
\cashed \\'hamian T o .  42 filter paper 
aiid dt.veloptd ii-irh thr orgznic phase 
01 a11 ,c-but.~nol~~formic acid-\vater 
(10:3:l(J v ,  v , )  so1vei:t system. . lhe 
paper: \\-ere steerned for 15 to 20 minutes 
to i'eino\.t' the formic acid. 'l'he guide 
s p i s  corresponding to the, location of the 
acid bands \\'ere sprayrd \cith brom- 
ptirnol blur acid-bise indicator. The 
bands \vere located arid cut from the 
paper. el t i red in distilled \\.ater. and 
titratcd to pH 8.1 \\.ith a Fischer 2uto- 
matic ritriinrter. Sinci free acids and 
their salts often appear as double spots 
on the p p r r .  and  the  rations lo\\-er the 
titration vzlties of the ;jcids. cetion-free 
re'iqents and acid-lvashed fiiter paper 

1 usrd. Blanks and  standards were 
r u n  with all analyses and duplicate 
chroniatog.i.anis \cere made on all 

['he precision of the method \cas 
checked by analyzing a kno\vn acid 
inizturc. ' l ' rn aliquots, each made up 

satnples. 
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Figure 1. 
core tissue during storage at 31 
cor 

Changes in succinic acid content of Bartlett pear 
F. in various levels of 

(Fruit w e r e  harvested on August 24 ,  1959) 

- 10 0% co ___ - 0 0370 co - 
2 5 % C O -  
5 0% co 

15 0% CO? _ _ _ _ _ -  _ _ - -  
_ _ _  

I O  a 100-1nI. volurrte. uf  a rtiixrtirr of 
malic. citric. succinic. and phosphoric 
acids \vcrc passed through sel~aratc' 
col~imtis as ourlined a b o w .  'l'hr acids 
\\-ere eluted from the roluni~is  until 
phosphate appeared in the eluate. 'l'he 
rluates \\-ere concentrated and strcaked 
in  d u p l i c ~ ~ t r  on sherrs of chromatography 
paper.  'l 'hr paprrs \vei.r developed and 
the individual acid h inds  titrated. l i t  
the samc time. I O  aliquots of thc kno\\-n 
acid rriisture \\-hich had n o t  been previ- 
oiisly passed through anion columns \ve~'c 
streaked in duplicaic: on filter paper. 
de\-eloped. elutrd.  and  titrated in the 
11s u a1 11x3 I1 ne I' .  

Experirnentol Results 

Recovery of Standards. The results 
o f  the rcxovrry trials on the  !ino\vn acid 
mixture are given in Table I .  The 
lllrall ]leI'cen!agt' recover> of the acids 
indicates that \vlien the samples \vci.e 
passed tfirouqfi the anion exchange 
c o l a ~ n n s .  parr o f  thr malic and citric 
acids \\ 'ere lost. Ey  p ? s  irig an addi- 
tional 5 ml. of 6.\- formic acid through 
rhr colu~niis after thc phosphate first 
appeared. sinal1 amounts  of malic and 
citric acids \vvre r lutcd.  Even rhough 
the reco\-cry \\'as not complete by the 
tiiiie phosphate apprared in  thr eluate. 
the a g r m n e n t  bet\vccn sainples ap- 
lieired good enough for the method to 
be used for comjii!rarive studies on the 
1 ]Ian t ins re r i a I ,  

Qualitative Identification of Acids. 
Acids which appeared o n  paper chroma- 
tograins from pear extracts \vere identi- 
fied by coclironiatoqraph>. Lvith knoxvn 
acids a11d b>- specific spot tests. Xcids 
f~nmd in a concentrated txtract from 10 
ei'ams of pear tissue tvei r : galacturonic, 
quinic. shikimic. citric. malic, chloro- 
genic? and succinic. 'I'he R .  va'ues of 
thrse acids are  given in l'able 11. 

Table II. R1 Values of Pear Acids 
and Standards on Chromatograms 
Developed in n-Butanol-Formic 

Acid-Water (10:3: 10 v./v.) 

Acid Acid R i R :  

Galacturonic 8 8 
(Juinic 23 2 3  
Plmsphoric 2')  78 
Shikimic i 1 37 
C:itric 44 45 

i? 5 2 .Lla!ic 
(:hlorogciiic 3 

0 - Lactic 
Siiccinic 

Fear Standard 

- -  ._ _ -  

- -  - -  
2 7 
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MONTHS IN STORAGE 

Figure 2.  Changes in malic acid content of Bartlett pear 
flesh (a) and core (b) tissues during storage at 31 ' F. in 
various levels of CO: 

(Fruii were harvested on August 24, 1959) 

----- 0.03% C O ?  

5 . 0 %  co, 

_ .  . ' - 10.0% co* 
15.0% COS _ _ _ - _ _  2 , 5 7 0  coz ---- 

- . - . -  

acids increased in Iruit stoicd in  ['le 
high C 0 2  atmospheres but appe ird to 
remain relatively constant or  to decrr se 
in fruit stored in air. Core tissue al- 
\va)s contained more quiiiic and less 
citric acid than flesh tissue. During- 
storage, malic acid appeired to dexe ise  
in the core and flesh tissiies of the fruit 
held in air and in all COz atmospheres. 
Citric: malic. and succinic acids in- 
creased slight1)- in the fruit during the 
first part of rhe ripening period. IVhen 
the fruit had softened to be:ow 5 pounds 
of pressure: these acids decreesed. Thc  
decrease in citric and malic acids \VdS 

greater than in succinic. The  amount 
of galacturonic acid increased slightly 
throughout ri pe ninz . 

Quantitative Changes i n  Succinic 
Acid. The hi51ier the percentage of 
COS i n  the storage atmosphere. the 
higher the concentration of succinic 
acid in the fruit. The  amounts of 
succinir acid found in the core tissue of 
the fruit from the 1959 harvest are  pre- 
sented in Figure 1 .  The succinic acid 
level in the flesh tissue followed the same 
trend as found in core tissue but was 
usually slightly lower in amount. Values 
for succinic acid in pears stored for 4 

Table 111. CO2 Injury in Bartlett Pears as Related to 
Storage Atmospheres and Succinic Acid 

7959 Fruit 1960 Fruit 

yo coz yo Mg. Succinic Acid per yo Mg.  Succinic Acid per 
in Storage con= 100 Grams Fresh Wt. con 100 Grams Fresh Wt. 

Atmosphere injury Core Flesh injury Core Flesh 

0 . 0 3  0 14.56 18.18 0 10.92 9.75 
2 . 5  0 19.08 21.10 . .  
5.0 3 25.78 23.64 16 2'8'.'13 22:48 

10.0 12 41.39 25.70 19 56.91 35.31 
15.0 15 43.18 31.78 35 77.02 36.91 
20.0 . .  * . .  . . .  55 103.71 49.73 
a Based on a 4 0 - h i t  sample. 

I 1 

\ 
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MONTHS IN STORAGE 

Figure 3. 
flesh (a) and core (b) tissues during srorage at 31 
various levels of CO, 

Changes in citric acid content of Bartlett pear 
F. in 

(Fruit were harvesied on August 24, 1959) 

. - 10.0% coz - .  . 0.03% C o n  
2 . 5 %  C O T  

-- 
15 .0% CO? _ _ _ _  - - ---- 

' - 5 , o y o  coi 

months in various atmospheres for the 
1959 and 1960 harvest are  shown in 
Table 111. There was more CO, 
injury in the fruit from the 1960 harvest 
than from the 1959 harvesi (Table 111). 
Succinic acid values mere in general 
higher for the 1960 than for the 1959 
fruit stored in C 0 2 .  Succinic acid dis- 
appeared rapidly from the COP-stored 
fruit Ivhen ripened a t  69' F. in air. 

Quantitative Changes in  Malic Acid. 
hfalic acid graduall) disappeared from 
both the flesh (Figure 2 a )  and core 
(Figure 2 b )  tissues during thr first part of 
the storage period. After the fourth 
month, ho\vever, there \vas a leveling 
off and even a slight increase in this 
acid in both the core and flesh tissues. 
The  amount of malic acid in the core 
tissue was nearly the same as that found 

in the flesh tissue. The  COn in the 
storage atmosphere appeared to retard 
the loss of malic acid in the fruit. The  
core tissue of the C02-stored fruit ap- 
peared to contain slightly more malic 
acid than did the air-stored fruit. There 
was only about one half as much malic 
as citric acid present in the Bartlett 
pears under study. 

Quantitative Changes in  Citric Acid. 
Citric acid \vas found to be the major 
acid present in Bartlett pears. Data 
for citric acid are presented in Figures 
3a and 3h.  There was considerably less 
citric acid in the core than in the flesh 
tissues. The  amount of COS in the 
storage atmosphere seemed to increase 
the citric acid in the flesh of pears stored 
in the 5, 10, and 15% CO2 atmospheres. 
However. there was a decrease in this 
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acid in the core of pears during storage 
in all atmospheres. The greatest effect 
of the COZ seemed to be in preventing 
the disappearance of the acid from the 
fruit during storage. By the end of the 
fifth month, the flesh tissue of the pears 
stored in CO:! was much higher in 
citric acid compared to that of the fruit 
stored in air. 

Discussion 

The acids sho\vn to be present in 
Bartlett pears in this research have also 
been reported in pears by other workers. 
.4s early as 1908, Chaubin et a l .  (4) 
found that pears contained citric acid. 
Nelson (76) reported that in Bartlett 
pears two parts of citric acid were pres- 
ent to one part malic acid. Tavernier 
and Jacquin (27) compared the amounts 
of citric and malic acids in various pear 
musts. 'They reported considerable dif- 
ferences in acid ratios among varieties. 
Dame et al .  (6) found citric acid to be 
the maior acid present in  Bartlett pears. 
Ulrich and Landry (23), using paper 
chromatograms developed in a n-butanol 
-formic acid-water solvent system to 
study the effect of COZ :;torage on the 
acids of Bartlett pear, did not mention 
the presence of citric acid in the fruit. 
The authors believe, because of the 
results in the present investigation and 
the reports of others coiicerning citric 
acid, that Ylrich and Landry (23) may 
have incorrectly identified the citric 
acid spot as malic acid. The  present 
work s h o w  that Bartlett pear flesh 
tissues increase in succinic and citric 
acids when stored in Con.  Core tissues 
increise in succinic, but decrease in 
citric acid during storage in CO?. 
In both core and flesh tissue of the CO2- 
stored fruit, the amount of malic acid 
decreased during storzge. 

The mechanism for succinic and citric 
acid accumulation in pear fruit can be 
best explained on  the assumption of a 
citric acid (Krebs) cycle in the tissue. 
The  presence of a Krebs cycle in p e x  has 
not been proved, but may be postulated 
on the basis of acids present in the fruit. 
The  accumulation of succinic acid and 
the disappearance of malic acid in pears 
stored in COz appears to be intimately 
associated Jvith the inhibition by COS 
of succinic acid oxidation. Ranson 
(78) stored carrot, oat, and Kalanchoe 
tissues in different COS levels and found 
that the one result common to all was 
an accumulation of succinic and a de- 

crease in malic acids in the tissues. 
Later, Ranson et a l .  (79) ,  using mito- 
chondrial preparations, concluded that 
the succinic oxidase system is sensitive 
to COz and is rapidly inhibited in 10 
to 20% COZ. They suggested that this 
inhibition may account for succinic 
acid accumulation in tissues held in 
high CO2. \York by Bendall et al. 
(2) with Ricinus mitochondria showed 
that 107, C o t  in the \Varburg reaction 
vessel strongly inhibited succinic acid 
dehydrogenase. I n  addition to the 
succinic dehydrogenase inhibition, the 
diphosphopyridine nucleotide, cyto- 
chrome C reductase, and cytochrome 
oxidase systems were inhibited, espe- 
cially in COz concentrations above 4OyG,. 
They state that all of these inhibitions 
are reversible in air. The  observations 
of these investigators seem to correlate 
lvith the changes observed in Bartlett 
pears stored in high COz in the present 
research. This is especially true since 
the highest accumulation of succinic 
acid occurred in storages a t  the 2070 
COZ level. The disappearance of suc- 
cinic acid from the fruit during ripening 
at 68' F. in air indicates that, here too, 
the inhibition is reversible. The ab- 
sence of labeled carbon in succinic acid 
in the experiments of Allentoff et al. 
( 7 )  and of Young and Riale (24) sug- 
gests that succinic acid does not arise 
from malic acid in the lemon and apple 
fruits when stored in CO2. Such 
evidence supports the theory that suc- 
cinic acid increases by some mech- 
anism other than by a reversal of the 
Krebs cycle. 

The data presented in Table 111 
show that the buildup of succinic acid 
in Bartlett pears is correlated with COz- 
induced core breakdown. it'hether the 
acid itself o r  some other metabolic 
change associated with succinic acid is 
responsible for the disorder remains 
to be determined. The work of Turner 
and Hanley (22), of Hulme (70), and 
of Neal and Hulme (75) on  the effects 
of succinic acid on plant respiration 
leads one to believe that the acid buildup 
could upset the normal metabolism 
in pear cells and result in their death. 
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