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SUMMARY 

Countercurrent chromatomaphy (CCC) using the toroidal coil planet cen- 
trifuge was applied to the separation of plant hormones. Indole auxins were separated 
in either hexane-ethyl acetate-methanol-water (0.6: 1.4: 1.0: l-0) or chloroform-acetic 
acid-water (2:2:1)_ The latter solvent system was especially useful for the separation 
of abscisic acid from indole-3-acetic acid. Gibberellins (GA,, GA, and GA,) were 
separated from each other in ether-methanol-phosphate buffer (pH 7) (3: 12). The 
CCC method was suitable for the separation of four cytokinins in ethyl acetate- 
methanol-phosphate buffer (pH 7) (3:1:3)_ Abscisic acid from Zoysia grass seed was 
successfully analysed by CCC. The potential practical application of CCC to plant 
hormone analysis is discussed. 

INTRODUCTION 

Plant hormones and other growth substances that are present in plant tissues at 
ppm and ppb* concentrations regulate the growth and development in all higher 
plants. They are required to study several metabolic changes, and other biochemical 
and physiological impIications during the plant growth and developmental processes_ 
Because of their presence in trace amounts, it is often very difficult to analyze and 
monitor their levels. Several analytical approaches including cbromatographic spec- 
troscopic methods have heen suggested for their detection and analysis’_ Recently, 
high-performance liquid chromatography (HPLC), gas chromatography with an 

l Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the 
product by the U.S. Department of Agrictiture and does not imply its approval to the exclusion of other 
products that may also be suitable. : 

*f in this article, the American billion (lb) is meant. 
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electron-capture detector (GC-ECD) and selective ion monitoring (SIM) have been 
used to anal-22 \-tlrious groups of plant hormones. especially to detect abscisic acid 
( AB_A)* and indole-Sacetic acid (IAA). with reasonable success’4. However. there 
are some inherent difficulties in these methods_ Although HPLC has been found to be 
a superior method over other chromatographic systems, the choice of columns and 
solvent systems is limited_ especially for separations of polar compounds and. 
moreover. other purification methods are needed prior to HPLC use for the determi- 
nation or analysis of p!ant hormones from crude plant extracts. Both GC-ECD5-6 
and SI Xl method&’ are vee sensitive and can detect the trace substances at sub- 
nanogram Ic\-els_ Howe\-rr_ :o utilize these methods_ prior to introduction into the 
GC system. the compounds have to be converted into suitable derivatives in order to 
make them readily volatile and thus enable them to pass through the GC columns 
easil>-_ Additionall_v, for SIM anaI_vsis. a thorough knowledge of mass spectrometry. 
suitable internal standards and abose all a large investment of money in mass spectro- 
metric (SIS) instrumentation arc rcquircd. 

hs an on-going project. wc haw been invcsrigating analytical methods with ;1 
\ie~ to either relining the existing ones or developing new methods that Lvould be 
better suitrvf for plant hormone analysis. In this connection. \ve have esamined a 
rcu-entl- developed method. termed counter-current chromatography (CCC)‘. which 
is bassi on the principles of counter-current distribution (CCD) and liquid chromato- 
graphy (LC). This paper deals with the application of CCC to the separation of 
standard misturtx of plant hormones and other related compounds. 

XL-XTERLJ\LS AXD METHODS 

X simple tabletop model of the toroida1 coil planet centrifuge’.” w;1s used 
(Fig_ I )_ It has a rotar\- frame consisting of a pair of circular aluminum plates rigidly 
bridged with muitiple aluminum links. The rotary frame is driven by a motor around 
the stationaq pipe mounted on the central asis of the centrifuge and holds a pair of 
s_\-mmetricall_v spaced cyiindrical holders (10 cm from the central axis), one of which 
( 15 cm O-D_) has a coiled column while the other holder (IO cm 0-D.) carries a 
counterweight to balance the centrifuge system. Each holder is equipped with a plas- 
tic sear (Winfred N. Berg Inc.) which is coupled to an identical sun gear mounted 
around the central stationar?_ pipe_ This gear arrangement produces the desired 
planetary motion of the holders_ in’.. revolution around the central axis of the ap- 
paratus and rotation about its own axis at the same angular velocity in the same 
direction_ For mechanical stability of the centrifuge. the free end (right side) of the 
rotae frame is coasialIy connected to a short coupling pipe, xvhich is supported by a 
stationary wall member of the centrifuge through a ball bearing_ 

The separation column is prepared by windin, u PTFE tubing (Zeus Industrial 
Products_ Raritan_ NJ. U.S.A.) of 0.55 mm I.D. on to a flexible core which is again 

* _Abbre\htions: ABA = abscisic acid: GA, = gibbereIIic acid; GA, and GA, = @bbereIlins _A2 and 
A-: I-X% = indok-hcztic acid: IX = indole-3-xetmide; IAN = indole--3-acetonitrilc. I.&A = indole- 
xqlic acid: 1B.A = indole-3-buryic acid; ICA = indok-3-carboxylic acid: IPA, = indolc-j_propionic 
xi& Z = zeain; ZR =ze-atin riboside; IP = 4--isopentenyIadenintr 1P.A = 62sopenumyltldenosinr. 
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Fig. 1. A fahls-top model of the roroidal coil planet cmlrifugt. 

coiled around the holder to make a coiled helix or toroidal coil configuration (he 
diameter. 1.5 mm; total number of turns. S500: total capacity. 1 S ml: theoret 
plates. 2000-6000). A counter\veight is applied to the other holder to balance 

centrifuge_ The flow tubes from the column are first passed through the center of 
coil holder shaft and then led into the coupling pipe through ~1 side hole to enter 
opening of the stationary pipe. To pre\ent mechanical damage. the HOLY tubes 
lubricated (silicone grease) and protected \vith a piece of plastic tubing at each 5 
ported position_ The planetary motion produced by the gears permits the flon tL: 
simply to roll around themselves without t\\-istin,. * The re\ olutional speed is conti 
ously adjustable up to 1000 rpm (350 g) lvith a Motomatic speed control unit (E 
tro-Craft). 
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Operation 
The coiled column is first f&d with a stationary phase of the pre-equilibrated 

two-phase solvent with the aid of either a Chromatronix Cheminert metering pump 
or a Milton-Roy pump_ The test sample solution is introduced through a sample 
injection port and the mobile phase is pumped through the colunKat 2.4 ml/h while 
the apparatus is run at a desired revolutional speed (450-500 rpm)_ The eluate is 
continuously monitored with either an LKB Uvicord III or an LKB Uvicord S at 
206,260 or 280 nm, depending on the test samples, and then collected with a fraction 
collector. 

Sources of hormone samples 
All of the test compounds were obtained from several commercial sources and 

used without further purification. ABA-containing samples from Zoysia grass seeds 
were obtained by scarification of the seeds with alkali followed by extraction with 
diethyl ether-ethyl acetate (1 :I). The crude acidic extract was purified by HPLC on a 
reversed-phase column Bondapak Cls, (Waters Assoc.) using methanol-water (50r20) 
and a fraction corresponding to the retention volume of standard ABA sample was 
collected and analyzi?d by CCC. Final proof for ABA was obtained by GC-MS of 
its methyl ester. 

Partition coejjicients 
Partition coefficients were determined by adding a known amount of the test 

compounds in the- solvent systems used for each group of hormones. After 
thorouz&ly mixing the compounds in the desired solvent system; the two phases were 
separated and the absorbances measured at the desired wavelength (indoles and ABA 
at 280 nm, cytokinins at 260 run and gibberellins at 206 nm). The ratio of the absor- 
bance values of the samples from two phases gave their paitition coefficient (PC) in 
the Ttive solvent systems_ A typical procedure for determining the PC. of IAA in 
chlorofo_rm-acetic acid-water (29:l) is given here_ To a mixture of 2 ml of chloro- 
form. 2 ml of acetic acid and 1 ml of water were added 10 4 of IAA aqueous solution 
(concentration 20 p&d)_ The compounds and the solvents were mixed vigorously and 
two phases allowed to separate_ A l-ml volume of each phase was mixed with 3 ml of 
methanol and the absorbance was measured at 280 nm with a Beckman UV-visible 
spectrophotometer using a l-cm light-path quartz cell which gave readings of 0.382 
and 0.405 for the lighter phase (Lp) and the heavier phase (HP), respectively. Hence 
the PC_ of IAA is O-34 (LpjHp) for the above solvent system. 

RESLJLTS AND DISCUSSION 

Indde compounds 
Two chromatographic solvent systems, I (hexane-ethyl acetate-methanol- 

water, 0.6rlAsl:l) and II (chloroform-acetic acid-water, 2%l), were chosen for 
separation of several iudolic compounds by CCC, The partition coefficients (Table I) 
rauge from 0.26 to 3.83 in these two solvent systems_ The compounds studied either 
exhibit auxin activity or are the metabolic products of IAA- Becay of the inherent 
differences in their P-C-s in these solvent systems, one would expect these indoles from 
a mixture to separate into individual components by CCC. If the upper phase is kept 
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TABLE I 

PARTITION COEFFICIENTS OF INDOLES IN TWO DIFFERENT SOLVENT SYSTEMS 

Conlpound Abbre- 

riafion 
Concert- 

rration 

(lwP1) 

Partition coefjcient 

Sohent s_vstem 1 

LPI&J HPILP 

Soknt sr_stent II 

LPlffP HPILP 

Indole-3-acetic acid IAA 20 0.99 1.01 0.94 1.06 
Indole-3-acetamide IA 20 0.26 3.83 1.05 0.95 
Indole-3-acetonitrile IAN 70 3.00 0.33 0.39 2.55 
Indole-3carboxylic acid ICA 10 0.63 1.61 1.07 0.93 
Indole-3-acrylic acid IAcA 10 0.85 1.44 0.7s 1.25 
Indole-3-butjtic acid IBA 20 1.74 0.57 0.36 2.81 
Indolc-3-propionic acid IPA, 10 1.02 0.50 0.26 3.80 

Sollent system I. hexane-ethgl acetate-methanol-water (0.6:1.4:1 :I): solkent system II. chloroform-acetic 
acid-uater (3-3:1)_ Hp. heavier phase: Lp. lighter phase. 

stationary on rhe column and the lower phase is used to elute the column, the par- 
tition coefficients (Hp/Lp) for these compounds (Table I, columns 5 and 7) serve as a 
useful guide for predicting the order of elution for these compounds in a mixture. 
When the phases are reversed, one must then use columns 4 and 6 of Table I. As the 
elution pattern follows the decreasing order of P.C.s, the separation of the mixture 
begins wirh the highest P.C.-containin g compound followed by compounds with 
lower P.C.s. 

z 0.8 

c z 0.7 

s 0.6 

k? z 0.5 
z 0.4 

g 0.3 

z? 0.2 

0 5 10 15 

TIME (hours) 
Fis 2. Separation of indolr compounds by CCC in hexaneethyl acetate-methanol-water (0.6:1.4:1 :I); 
mobile phase: aqueous phase. 
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A mixture (25 pg) containing five indoles (MA, IA, IAN, ICA and IBA; 50 pg 
each) whose P_C.s vary from 0.33 to 3.83 were chromatographed in soIvent system I, 
keeping-the lighter (non-aqueous) phase stationary_ These compounds eluted in the 
order that one would predict: IA (P-C 3.83) eluted first foliowed by ICA (l-61), IAA 
(I-01), IBA (0.57) and IAN (0.33) with the lower phase as mobile phase (Fig. 2). In 
soivent system II, a mixture containing four indoles (ICA, IAcA, IBA and IPA,) and 
ABA was analyzed by CCC_ IA4 was not introduced in this mixture because it wouid 
obscure the resolution of ICA and IAcA peaks as it fails between the two peaks 
(resulting in poor resolution of peaks)_ Keeping the organic (heavier) phase 
stationary, al1 five compounds were separated with the lighter (aqueous) phase sol- 
vent (Fig 3). A small peak just before the ABA peak was observed and was identified 
as an impurity of the IPA, sample. ABA, which has a P.C. (Lp/Hp) of 0.56, eluted 
after IAcA (O-78)_ IAA and ABA were easily separated using the same conditions (Fig_ 
3) because of the dilferences in their P_C_s in the solvent system II_ These results 
clearly indicate that the indole compounds that are commonly found in plant tissue 
can be separated with solvent system I and/or IL Although IBA (0.57) and IPA, (0.50) 
could not be separated in solvent system I because of their close P.C.s, they were 
clearly resolved using solvent system II. ABA present in plant samples could also be 
detected and separated from IAA by CCC with solvent system II, which is especially 
useful for the separation of ABA from indoles (because of the difference in their 
P_C.s)_ These results suggest that, by a judicious choice of a solvent system, indole 
compounds as well as other plant metabolites can be readily separated in the presence 
of ABA_ 

5 10 15 20 

TIME (hours) 

Fig_ 3. CCC separation of a mixture of four indoliccarboxylic acids and akucisic acid in chlorofoyn-acetic 
zzcbS-~m(252zl~ regirrEnp a- &x&se Szmitz~- 
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Fig. 3. CCC separation of indole-3-acetic acid and abscisic acid in chloroform-acetic acid-water (212:l). 
retaining orgnic phase stationary. 

Gibberelhs 
As in HPLC, the separation of this goup of plant hormones presented prob- 

lems, mainly because of the lack of a proper detection system. None of the gib- 

berellins separated here showed UV absorption bctwcen 220 and 360 nm. How-ever, 
all of them had strong end absorption around 210 nm, which was used to monitor 
them with a UV detector. The choice of solvents was limited because gibberellins do 
not partition very well in the ordinarily employed solvent systems. A solvent system 
containing ethyl acetate-phosphate buffer (pH 7) was reported previously to be an 
ideal system in the countercurrent distribution of gibberellin' ‘_ As ethyl acetate (UV 
cut-off at 230 run) interferes with UV monitorin, 0 at 210 nm, diethyl ether was used in 

its place. The use of the diethyl ether-O.50 M phosphate buffer system’ had the dis- 
advantage that it has a very high interfacial tension, which creates a high .column 
pressure. 

This difficulty was eliminated by introducing methanol into the system. A 
solvent system containing diethyl ether-methanol-O.5 M phosphate buffer (pH 5.9) 
(3:1:2) was suitable for gibberellin separation_ A GA, and GA,-GA, mixture was 
used for separation work. With the lighter (organic) phase mobile, GA separation 
was achieved (Fig. 5). Under these conditions, GA, eluted first, followed by GA, and 
finally GA+ The total run took less than 8 h, although we allowed the chromatograph 
to run for 24 h. To confirm that the chromatographic peaks contain gibberellins, ail 
the fractions were bioassayed in a bean second internode test”, which showed ac- 
tivity for those fractions that represented the peaks. Thus, the correlation of the peaks 
with activity was made for the separated gibberellins. 
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Fi_e 5 Separation of jbbcrellins Aa. AJA, by CCC; solvent q-stem: ethyl acetate-methanol-O_> _W 

phosphate buff& pH 5.9 (3:12); mobile phase: organic phase. 

This method is especially useful for separation of cytokinins, namely for sep- 

arating a mixture of 2, ZR, IP and IPA, as they were well resolved in a solvent system 
containing ethyl acetate, methanol and phosphate buffer. A change of pH from 5 to 9 
affected their partition coefficients considerably when they were partitioned between 
ethyl acetate and OS M phosphate btier13_ For example, ZR showed a P-C_ (C,,/ 
C,,) range of S-10 whereas IPA has P.C.s of 0.060.1 in this solvent system. The 
sokent combination of our choice was ethyl acetate-methanol-OS M phosphate 
buffer (pH 7) (3:l r3) in which f&e desired range of P.C.s- (0.2-5.0) for these com- 
pounds was accomplished (Table II)_ The cytokinin mixture, when subjected to CCC 
separation keeping the oqqnic phase stationary, was dompletely resolved, according 
tothed ecreasing order of their PCs_ (C,,/C,J, - Le., ZR which has the highest P-C., 
eluted first, followed by Z, JPA and IP (Fig. 4)_ However, the Z and ZR peaks 
appeared too cIose, whereas Ip and its riboside (IPA) were separated fartfkr apart 
(because of the long retention times)_ The commercial samfiles of Z aqd ZR contained 

TABLE II 

PARTITION COEFFICIENTS OF CYTOKININS IN ETHYL ACETATE-METHANOL-OS M 
PHOSPHATE BUFFJZR @H 7) (32 13) 
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impurities which were found in the chromatogram before, after and between these 
peaks. In order to make the Z and ZR peaks well resolved one should adapt by either 
simply reversing the phase in the CCC run or choosing an entirely different solvent 
system, so that the P.C.s for these compounds appear below 1.0 and preferably 
around 0.5. We have chosen to use the same solvent system but simply to reverse the 
phase, whereby the change in PCs <C,,/C,,,) reverses the order of the elution pattern 
for these compounds (Fig. 7). In this way, IP, which had the longest retention time in 
the above situation (see Fig. 6), is now eluted with the shortest retention time whereas 
ZR had the longest retention time (Fi g. 7). Further, Z and ZR were well separated 
(AR, = 5 h) and thereby the impurities in the mixture did not interfere with the Z and 
ZR peaks. 

Fig. 6. Separation of zeatin and 6-isopentenyl adenine and their ribosides in ethyl acetate-methanol-05 A4 
phosphate buffer, pH 7 (3:1:3); stationary phase: non-aqueous phase. 

This approach demonstrates that (1) the partition coefficients either directly or 
inversely relate to the retention times measured from the solvent front and (2) reversal 
of the choice for the mobile phase gives the reciprocal values of the P.C_s and there- 
fore affects the retention times of the solute molecules. The approach has the follow- 
ing advantages_ (1) Changing the phase from stationary to mobile is very easy to 
perform in CCC. (2) If particular compound takes several hours to elute, changing 
the phase reduces the retention time considerably. (3) In plant sample mixtures (con- 
taining cytokinins), one could first separate the hormones from other undesired 
compounds by a process where they can be collected first (with shorter or long 
retention times) and later, by reversal of the phase in CCC_ one could obtain a pure 
compound_ 

Abscisic acid analysis 
In connection with our work on seed germination, we have investigated Zoysia 
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TtME (hours) 

Fig- 7. Scparaticn of cytokinins in ethyl acetate-methanol-O.5 _Cf phosphate buff&r_ pH 7 (3:1:3); sta- 
Gonary phase: aqueous phzise~ 

grass seed_ which has a tendency to remain dormant but scarification with alkali for a 
few minutes’* allowed the seed to germinate easily_ We extracted the scarified seed 
with diethyl ether-ethyl acetate and chromatographed the extract by HPLC. A frac- 
tion corresponding to the retention of standard ABA was collected and subjected to 
CCC separation_ This fraction showed a singIe peak that corresponded to the reten- 
tion time of the standard ABA_ Thus the confirmation for ABA in the plant extract 
was obtained by comparing it in two chromatographic systems followed by MS 
analysis of the corresponding methy ester. 

Advantages of CCC oser CCD and LC 

In comparison with CCD, CCC offers the following advantages: (1) much 
higher partition efficiency; (2) shorter separation times; (3) separation of small 
amounts of sampIes without much dilution; (4) little or no risk of emulsification; (5) a 
wide selection of soIvents which are required in relatively small amounts; (6) separa- 
tion of compounds whose P_C.s fall between O-2 and 5; (7) molecules of any size catl 
be separated; (8) the apparatus is much smaher and less expensive (ca. $5000); (9) 
sampIes are not exposed to the air and hence there is no deterioration of sensitive 
compounds; and (IO) continuous monitoring of the eluate is possible with a cpnven- 
tionaI UV detector_ The main disadvantage of CCC compared with CCD is that the 
sample sizes are Iimited to a few hundred rnilhgrams; unless larger bore coils are 
empIoyerIinCCC_ 

A few obvious advantages over LC a&( 1) sample loss is minimal and even the 
samples precipimted in the column can be recovered easily; (2) sample deterioration is 
minimal; (3) there is 110 tailing of the solute peaks due to the adsorption effects of t&e 
solid support; (4) there is no contamination due to the use of solid supports; (5) high 
reproducibility; (6) prediction of the Iocatiop of the sohrte peaks is possible simply by 
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measuring the P.C.s of the sample; (7) the system provides the choice of the mobile 
phase, either aqueous or non-aqueous and either upper or lower phase; (S) the large 
amount of the stationary phase allows 2 large sample loading capacity; and (9) the 
column is easily cleaned and can be reused almost indefinitely_ One major disadvan- 
tage of CCC over LC is the separation time, which is very long; it takes at least 10 h to 
yield several thousand theoretical plates, whereas HPLC can produce comparable 
separations in less than 1 h. Despite the limitation of long separation times, CCC 
appears to be useful for the separation of polar compounds from the crude mixtures. 
It will not replace conventional chromatographic methods such as TLC, GC and 
HPLC, but is complementary. When used alone or in conjunction with these meth- 
ods, CCC is of great help for the separation of plant hormones. 

CONCLUSIONS 

The limited work presented in this paper demonstrates that CCC appears to 
have great potential for the separation of plant hormones and other growth sub- 
stances in an efficient manner. Neither expensive columns nor costly instruments are 
required in this type of separation_ With the availability of different CCC prototypes, 
separation can be carried on on either an analytical or 2 preparative scale. When 
desired, gradient elution can be performed in 2 manner similar to HPLC. In retro- 
spect_ this method may have wide applicability for the tot21 hormonal analysis of 
plant samples after conventional extraction methods give acidic, basic and neutral 
fractions, each of which could be successfully analyzed following the procedures 
outlined above. 
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