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SUMMARY 

A gas-liquid chromatographic method for the separation of a mixture of 
twenty organic acids is described. A column packed with Gas-Chroti Q (RIO-12g- 
mesh) coated with 4% XE-60 was empfoyed. Both TCA’ cycle acids as well as a 
number of important son-TCA cycle acids were separated satisfactorily with this 
column. Pine needle organic acids were separated and identified with this cohrmn. 
Quinic and shikimic acids were found to be the major constituents of pine t&die 
organic acids accounting for over 60% of the total peak area. 

INTRODUCFIOI’4 

This study was initiated to develop biochemical techniques to assess the impact 
of air pollutants on the organic acid metabolism iq forest vegetation, particularly in 
pine needle tissues. It is known that the organic’acid composition of conifersL*2 is 
different from that of common agricultural species. This prompted us to search for 
the most suitable and reliable method for the analysis of organic acids in pine treedIe 
tissues. 

Gas-liquid chromatography (GLC) is the most versatile, r&abIe and simple 
method to accomplish such an analysis. During the past two detides various GLC 
methods for the separation and quantifkation of naturally occur&g organ& acids, 
particularly the members of the TCA’ cycle, have been described3-5. Normahy~ the 
organic acids are first converted into either methyl esters or trimethylsi@E: G&B) 
derivatives to make them volatile under chromatographic conditions. Starting~with’ 
either of the derivatives, one can easily separate and quantify the organic acids in a 
biological preparation. Since conifers contain large amounts of shikimic and quinic 
acid@, we decided to study a number of columns with a view to Separating TCA 
cycle and non-TCA c+e acids on a sin&e cdumn. .whize OUT work was in proms, 

Phillips and Jennings6 reported that they encountered d.3Kculties in separating by 
GLC the TMS derivatives of shikimic, citric, and isocitric acids with either SE-30 or 
SE-52 columns. They reported6 a successful separation of citric, &citric, and shikimic 
acids on a 2% QF-1 column, but cis-aconitic acid could not be separated from citric 
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acid with this column. We describe in this paper a method for satisfactory separation 
of 20 organic acids UCA and non-TCA cycle acids) of plant origin, including the 
above four, without an apparent compromise in resolving ability. 

EXPERIMENTAL 

Reagents 
The organic acids were purchased from a number of suppliers including Sigma 

(St_ Louis, MO., U.S.A.), Aldrich (Milwaukee, Wise., U.S.A.), and K & K Rare and 
Fine Chemicals (Plainview, N-Y., U.S.A.). Hexamethyldis&za.ne (HMDS). trimethyl- 
chlorosilane . (TMCS), N,O-bis(trime&ylsilyl)acetamide (BSA), N,O-bis(trimethyl- 
silyl)trifluoroacetamide (BSTFA), and anhydrous pyridine were obtained from 
Fierce (Rockford, Ill., U.S.A.). Pyricline was distilled and stored over KOH pellets. 

Plant material 
Jack pine (Pinus banksiana Lamb.) seedlings were grown in styroblock trays 

as described previously ‘_ The seedlings were grown at 22-24O under 10,5OO-lx light 
source and 18-h photoperiod. Needles from 6-month-old seedlings were utilized for 
extraction of organic acids. 

Derivatization iif organic acids 
Each anhydrous organic acid standard (0.1 mmole) was dissolved in 5 ml of 

anhydrous pyridine and kept in a desiccator in a refrigerator. An exception was iso- 
citric acid (trisodium salt), which was dissolved in 5 ml of water. An aliquot of the 
isocitric acid solution was transferred to the react&vial and evaporated to dryness 
under a stream of dry N2 in a 60” oil bath. The residue was further dried by azeotropic 
removal of moisture with CH,Cl,. For derivatization, dried isocitric acid residue or 
an appropriate aliquot of the organic acid stock solution was mixed with anhydrous 
pyridine, HMDS, and TMCS in a reacti-vial. Regardless of the number of organic 
acids to be-derivatized, the ratio among pyridine, HMDS, and TMCS was always 
maintained at 4:2: 1, respectively. After the addition of the reagents into the reacti- 
vial, the screw cap with the PTFE septum was put on tightly, and the vial was shaken 
for 30 min on a wrist-action shaker. The mixture was then placed into an oil bath at 
60” fo; another 30 min. The precipitate that formed during the reaction was aRowed 

to settle in the reacti-vial cone for 30 min, after which an appropriate aliquot of the 
clear solution was injected into the GLC column. 

Two other silylating agents, BSA and BSTFA, were also tried for derivatizing 
the organic acids, but the results were not reproducible from one day to the next. We 
obtained more consistent results with a mixture of HMDS and TMCS. 

When the oxo-acids, a-oxoglutaric and oxaloacetic, were detivatized without 
the addition of hydroxy!amine hydrochloride, they produced multiple peaks. To 
obtain single peaks, 3 mg of hydroxylamine hydrochloride was added to the vid 
before adding HMDS and TMCS, as recommended by Horii et aL3. 

Extraction of organic acids from pine needles 
About 5 g of fresh pine needles were cut into small segments and dropped into 

a flask containing boiling 95% ethanol. After the ethanol boiled for 5 min, de flask 
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was akwed to cool down, and the tzquid was filtexyd under suction.:The ieedlgae 
was homogenized for -5 min in 50 ml -of 60% etbanor and-filtenzd throqk~l+Gcbne~ 
f~ntief, and the residue was washed with 60%.e~oI..The,pi~ents~wete~removed 
f:om the combiitsd 60% and 95 % ethaqof ~xtracts_with Ii&t petroIeum.(b.p, 3560”). 
After the removal of pigments, the extracCwas evaporated to ,drynes.s with a rqtaq 
evaporator- The residue was redissolved in~l0 ml water and ckrified by ceqtrifqation_ 
The phenolic compounds were removed from -the -supernatant with insoiuble $oly- 
vinyipyrrolidone, which was prrrified according: to McFarIane-and VadS. The 
phenol-free extract w&Cltered through a OX-~rn MilIipore f?Iter to obtain-a clear 
s&&ion. This sufution vm pas& first through a Dower MW:X8 (H? ; 20-50 me@ 
cation-exchan~ cokm~ and then a Dowex l-X8 (fotite, 20-50 .mesh) anion-. 
exchange column. After we had washed the anionexchange resin with w-aier to remove. 
jreuti comporuds, the organic acids were eluded with 2 N formic acid.>The elu$e 
was evaporated to dryness, and the residue was redissokd in- 5 n&water: An appro~ 
priate aliquot of this solution was transferred into a react&Gal and evapOratea- t+ 
dryness. TQ the residue was added 2 nmoIe of .gIutic acid as an interm+ standard 
fL§.), 0.4 ml anhvdporrs pyridine, 0.2 ml H&CDS, -and 0.1 ml of TMCS,! and the 
derivatization was carried out as described before. _ ,: 

_. : 

Gas-liquid chromatography 
Smpfes were ZFE&& in a HewIettkackard, model 583OA gas cbro&t& 

graph equipped with dual-f&me ionization .detectors and mrrIti&r@tion digital 
processor. Either l&cm or 366-cxn .gIzss CoIumn (2 mm LIB_) was-used to separate _ 
the organic acids. ,: __. 

A tota: of five kjuid phases were tested for thi separation’of o&c acids. 
Thesewere lQ%f3V-EE onfi‘lrromosorbW,fEO-i-20mesh;3~~OY~~on~omosorb 
W, 8t3-100 mesh; 3.5% OV-E m f&s-Chrom Q, 80-100 mesh; 10% silicone DC-560. 
on Chromosorb W, 80--IGO mesh; 4*A,XE-60 on Gas-Chrom Q; loO_120.mesh- The. 
cofunn length for these anaIyses was 183 cm. 

The m-60 cuEumn (366 cm) was conditioned at 250” for 3 days &.h anitrogen 
flow-rate of 25 mI/min to avoid coIumn. bkedin_e The cfiromatographi~. k-onditions 
were as folfows: temperature prom from 105 to 220” at 4~/min after an. initial hoId 
for 5 min at I&5”. The i+ctor and dete&o;temperatures were &at 265”_ The niti~gen 
carrier gas flow-rate was set at 24 mI/min and ff ame bydkgen and air flow-rates were 
set at 60 and 24 ml/tin, respectiveIy. 

RESULTS AND DISCEBSfON 

A mixture of eight or ten orga& acids contaiuing TCA c&e acids as we@ as. 
such non-TCA cycIe acids, as tartark, SW&C, quinic, pcoumaric, ferulic and tie& 
acids were analyzed on 0-H QV-3,8V-I and DC+0 c&mms~ The OW$ cohkm 
was found to be cq.qGeteIy unsuitable, whereas sqaratiqu characteristic of OV-3 
and OV-1 coIumnS were &mparz&veIy mucfi:.b&kr. 0.~ Oif-3 cofumk aIf -kit 
~hikimic and citric acids were separated reasonably weI& Whe.gs,- 01s. ti GV-1 
column, there was distin&. lack of_ sep&tign bet&& shikimic an@ c&c .kik and 
betweenpcoumaric and quinic acids. In view of our inab& to separate sbikkic and 
citric acids on either OV-3 (c$ SE-526~p@) or OY-1 (cf- SE-30tf-‘~ colirmn, hi‘ 

: 
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citric acid peak in the published gas chromatograms1’-‘6 could very well have been 
a combined signal from shikimic and citric acids. Reinvestigation would be required 
to shed light into this question. The DC-560 column proves useful when only TCA 
cycle acids” or non-TCA cycle acids18 are to be separated, but not a mixture of the 
two because shikimic and citric acids appear together. 

The problem of non-resolution between citric and shikimic acids on a SE-52 
column was pointed out first by Boland and Garner9, but they overcame the problem 
by using a second column of 3% XE-60. Recently, Phillips and Jennings6 were faced 
with a similar problem in separating isocitric, citric and shikimic acids on a SE-52 
column. In the SE-52 column all three acids eluted together as one peak. By employing 
a 27; QF-1 column, Phillips and Jennings were successful in separating citric and 
isocitric acids in the samples that did not contain shikimic acid. However, they were 
unable to separate citric and cis-aconitic acids. In view of the problem of non-sepa- 
ration of citric acid from shikimic acid and to a lesser degree the separation of 
aconitic acid from isocitric acid, advantage was taken ‘of rel&vely less polar charac- 
teristicsof shikimic acid and cis-aconitic acid compared to those of citric and isocitric 
aci.ds, respectively, and a column was packed with 4% XE-60, which is much more 
polar than other columns described above. 

The results in Fig. 1 show a very reasonable separation of a mixture of 20 
organic acids, inc!uding the four problem acids namely shikimic, citric, isocitric and 
aconitic acids. An attempt to separate cis- and trans-aconitic acids from. a mixture 
was, however, unsuccessful; both eluted at the same time. Boland and Gamer9 used 
an XE4O’column to separate shikimic acid from citric acid but they were unable to 
recognize- the versatility of XE-60 liquid phase as demonstrated in this paper. All the 
acids that they separated on an SE-52 column could be separated even better on an 
XE-Hl column. We were able to separate 20 difierent organic acids without any major 
comprdmise (Fi g. 1 and Table I)_ The XE-60 column was found to suit our needs 
and was, therefore, used to separate the organic acids from pine needle extracts. 

Separation of pine needle organic acids 
The results obtained with the silicone XE-60 column are shown in Fig. 2 and 

I 
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Fig. 1. Chromatogram of TlMS derivatives of 20 organic acids on the XL60 column. Chromato- 
graphic conditions are described in the text. 
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TABLE i 

RETENTION TXME AND RELATIVE MOLAR RESPONSE OF A MIXTURE OF 20 
ORCiANPC ACiDS ON THE XE-6V COLUMN 

Organic acid Refetztion time (m&a) Relative moiar response 

oxalic 4.53 0.38 
MaIonic 6.19 0.90 
SUcCiIIiC 8.61 1.07 
Fumaric 9.45 0.94 
Glutaric (Z.S.) 10.93 1.00 
Malic 11.67 1.27 
Tartaric 14.19 1.73 
a-Oxogiutaric 14.71 0.86 
p-Hydro.xybcnroic 15.88 I .27 
Quiaic 16.28 2.44 
Shikimic 17.52 2.05 
Citric 18.99 1.44 
Awnitic t9.57 1.13 
Isocitric 20.04 1.60 
Gallic 21.24 2.20 
Syringic 23.57 1.27 
p-wumtic 24.71 1.40 
Ferulic 27.95 1.68 
caffeic 28.96 1.22 
sinzpic 32.74 0.87 

Table 11. The pine needle extract contained three major componeats with retention 
times of 16.28, 17.53 and 20.70 min tb.~ accoun~d for about 80% of the total acids. 
The peak at 16.28 min ~2s idea5ied as quinic acids by enrichment with standard 
quinic acid and also the combined GLC-mass spect:_4 analysis. Using the same 
techniques, the Fk at 17.53 min was identified as shikimic acid. The peak at 20.70 
min could not be identified. As well as these three major peaks, pine needles also 
contained trace amounts of malic and syringic acids. Other smaller peaks were not 
identified. The presence of the above acids, along with tartaric, malonic and fumaric 
acids, in the needles of Pseudotmga qzenzietii, Picea abies, and Larlx decidua has 

0 5 10 15 20 2s 30(Min 1 35 

Fig. 2. Chromatogram of TMS derivatives of organic acids in pine needle tissues. 0.5 ~1 of the 
derivatives was injcctcd. Chromatographic cor.ditions were the same as described for Fig- 1. 
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RETENTION TIME, IDENTITY, AND AMOUNT OF ORGANIC ACIDS IN PINE NEEDLE 
EXTRACTS 

identity 

M alit 
Quinic 
Shikimic 
? 
Syringic 
-_-_-__~- 

Retention time (min) Amount (pmolejg dry wt.) 

11.67 1.32 
16.28 184.73 
17.53 148.77 
20.69 - 
23.50 8102 

._.__ __. ___._ ._ -_-- 

been reported by Oechssler I3 NeishZo has reported the presence of shikimic acid in . 
the leafy twigs of Picea pungens Engelm. and Picea giaucu (Moench) Voss. Shikimic, 
malic, citric and quinic acids were also found in Pinus syivestris needles by Muir et 01.~~. 
Most recently, Ishizaki and Hasegawa *Z have reported the ‘occurrence of oxalic, 
citr’,c, malic, quinic, shikimic, and succinic acids in Pinus Urrtnbergii Park and P. 
den.s$oora Sieb. et Zucc. 

The silicone XE-60 column that has been shown to be capable of separating 
20 different TCA and non-TCA cycle organic acids is currently being utilized to study 
the effect of SOZ on organic acid metabolism in pine seedlings. 
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