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Abstract. Acidic indole auxins have been extracted from N. glauca, N. langsdorffii and
their 2 tumor-prone 4n- and 2n-hybrids. After purification of the extracts and thin-layer
chromatography, acidic indoles were subjected to esterification and gas chromatography. The
esters of 4 indole acids were detected and determined: indole-3-acetic acid, indole.3-carboxylic
acid, indole-3-propionic acid and indole-3-butyric acid. The indolic nature of fractionated
samples was confirmed by spectrophotofluorometry and the physiological significance of the
indole esters proven in a biotest. A substantial increase in extractable indole.3-butyric acid
in the tumor-prone hybrids suggests an additional pathway of auxin synthesis in these tissues.

An indole auxin, presumably indole-acetic acid
(IAA), was described as the main growth hormone
in several Nicotiana species, their hybrids and hvbrid
derivatives (2, 3, 4). Identification of IAA was
based on ether extraction and separation by paper-
and thin-layer chromatography, coupled with an
Avena biotest. A quantitative comparison of the
extracted acidic indole compound revealed a higher
content in the tumor-prone genotypes of Nicotiana,
as compared to their non-tumor forming parent
species. However, obtaining more detailed informa-
tion about other naturally occurring indole auxins in
the plant extracts was made difficult by the large
number of these substances and the minute concen-
trations in which they usutally occur.

Because of similarities in molectular structul-e
these indoles overlap on chromatograms or possess
similar RF values in the same partition solvent svs-
tems (24, 30). Therefore, a highly sensitive method
is necessary for a more detailed identification of
indole-auxins at physiological concentrations. Gas-
liquid chromatography and spectrophotofluorometry
have proven to be valuable for investigations of
synthetic indoles (6, 9, 1 5, 21, 27). The present com-
munication describes the application of these analvti-
cal procedures to biological material. Specificallv.
extracts of Nicotiana glautca, N. langsdorffii and
their tumor-prone 4n- and 2n-hybrids have been
examined for the occurrence of different acidic indole
auxins. The most striking aspect observed was an
unusually high level of indole-butyric acid in tumor-
prone hybrids.

1 This work was supported by USPHS Grants
CA-04890, CA-06927 and FR-05539 from the National
Cancer Institute and by an appropriation from the
Commonwealth of Pennsylvania.

Materials and Methods

Plant Material. Plants of N. glauca, N. langs-
dorffii and their 2 tumor-prone hybrids, the amphi-
diploid hybrid GGLL (4n) and the F1-hybrid GL
(2n) were grown in the greenhouse for 4 to 5 months.
Before the onset of flowering and tumor-formation,
the top 10 to 15 cm stems of the plants were excised,
the leaves removed and the pieces cut and frozen
immediately. For each extraction 30 g of tissue
(fr wt) from 4 to 5 plants xvas usied.

Preparation of Samnples for Gas Chromatography.
In *order to investigate indole containing samples in
the physiological range of concentrations bv gas
chromatography, a thorough and selective puirifica-
tion of tissuie extracts is essenitial to eliminate many
interfering substances (27). The sequence of steps
was as follows: A) fractionation of plant extracts
into major indole groups; B) thin-layer chroma-
tography of the acidic indole group on silica gel;
C) methvlation of acidic indoles; D) gas chroma-
tography; E) spectrophotofluoromnetrv; F) biotest.

Frozen tissuie samples were extracted for 20 hr
at 3° with cold, peroxide-free ether at pH 3.5. The
ether was evaporated and the extract taken to dryness
tunder reduced pressure. The fractionation scheme
described in detail by Powell (21) was used to
obtain the acidic indole fractions of the various
Nicotiana extracts. Any remaining non-indolic com-
pounds like phenols and phenol derivatives were
removed by partitioning the acidic indole-fraction
with 2% NaHCO3. The residue of the aqueous
indole-fraction was taken up in a known volume of
purified methanol and streaked on thin-layer chroma-
tographic sheets (Eastman Chromagram Sheet, tvpe
K301R, Silicagel). Chromatograms were run in
n-butanolwvater-ammonia (10:10:1, upper phase).
Four to 5 p.g of synthetic indole-3-acetic acid (IAA)

267



PLANT 'IIYXSIOLOGY

wvere runi as controls and the RF of IAA determined
by the method of Gordon and Weber (14) with ferric
chloride-perchloric acid. The dried chromatograms.
8 cni in length, were divided iiito 10 equal transverse
striPs and the RF sections corresponding to the loca-

tioni of synthetic TAA in conitrols and known to
contain- natural acidic incdole derivatives, were scraped

off and transferred to a millipore filter syringe. The
auixin containiing silica gel was eluited twice each
with m-l of metflilemie chlolride and1 lil of 10

methyl alcohol. Thle comhined eluates were theii
sulbjected to esterificatiomi, using diazoniletlivlatioii
(20,22) and a iiiicr-omuietliod describedl l) Powell
(21) for the niethilationi of s,iiiall indlole s.aimiiples.

-As refereilces for niaturallv occuirring iiidlole acids.
the following svyntlhetic inmdole acids w\ hich alre com-

merciallv available. were esterified 1\ the samne
methods: indole-acetic aci(l (IA A), iii(lole-carbox-
vlic aIcid (ICA), indole-propionic acid (IPA), in-
dole-butvric acid (JBA), iindole-lactic acid (ILA),
indole-acrvlic acid ( TAcA) a-ndl 5-livdrox-vindole-
-icetic acid (5-O1-TI\ ). Althoug-l the phvsio-
logical sigtiificamice of indole-pvrilvic acid as ali
ilitermediate pro(duict of TAA synthesis fromii try)to-
phan is recognize(l. tlis ii(lole coiil)ound couild not
be inlcluded in the lpreselit inivestigation because of
its rahpid decomposition in the alkalliie solvemit svsteni
(ni-hu)tat-iol-animiiionii a-wateri) tsed for thini-layer
chromatography (1, 23, 28). Ethlv indole-3-acetate
(IA A-FEE), obtained froiii coninierciatl souirces, was

selected as a standard since it lhas an interniediate
retenitioln volumne and is uiseful o\ier a \\i(le range of
colulniiii temileratures ( 27).

Gas Chlronimatogra phy/. The glas chromatograpli
iusedl was a Glowvall :Model 31O coiiiiecte(l to a l'hoto-
volt Chart Recor(ler. It was equipped with an

initerchangeabl e hydrogen flanie (letectol- amid rmul at
a 300 volt DC current. The coiled coluninmivsere

6 feet long- and had an imimier (diamieter of 6 mnil.
They were l)acked either with 3 % SE-30 (methyl
vimivl silicomle rubber, General Electric Comipanv) or

3 % siliconie QF-l (a D)ow-Cormiig Corporatioln
Fluorinated Silicomie). The columniin temiperature was

kept at 1900, the vaporizimig block temperature at
2°350 amiid the (letector oven iat 2550. Argoni was uise(d
ais the carrier gYas ait a flow rate of miihl/minii at
20 to 22 lb.s/im1' p)resslmre. Tv\\o to -5 /g. siiples of
esterified imidoles (dissolvedl ini aicetone \\were iii ected
iit(o the vaporizing block.

In ami attemiipt to amialyze fractions of the -as
churomnatographmed sampiles by spectrophotofluoromiietry

ii(l bioassay\, tIme hv\drogemi fltanme (letector- las re-

l)laced by ami argomi iomnizimng (hetector (rumitz oml 1000

DC volts; radiluml sourl-ce: 22'.5 MCtcuries) which al-

lows collection of fractionated saumples after passing

throughl the detector chamber. Sniall bore teflon
tubin,g was connected to the detector outlet and led
througlh an ice filled Dewer comitainier. Condensatiomi
of the indole esters occurred in the cooled teflon
tubimig which was consequently riinsed with acetone.
For the spectrophotofluoromiietric miieasuirements the

acetoine wvas evaporated and the residue dissolved in
I mnl of ethl alcolhol anid transferred to a quartz
cuv,ette. Readings were ma(le at ani activation wave-
lengtli of 280 nmMu and a flutorescenlce wavelen,gth of
3)60 niMi. 'T'lhese wavelengths are lnear- miiaximiia for-
milost iindoles (except fol 5-OH ildoles which are
activatec! at 295 imMu).

For hioassav the conldenised resi(luies from] thle
tefloni tuibing were riiise(l wxitlh ethaiiol water. trans-
ferred to agalr blocks (2. 5 2̂.5 X 1 .3 inm) and
stbl)ecte(l to an .-lzciia cuirvature test (2,4.2(6).

Results

A) G,as Chl roinatographly. Diazomethvlation
proved to be a stuccessfuil method for esterification of
naturally occturring indole acids. In recovery ex-
periments with sam)ples of synthetic indoles esterifi-
cation was nearly complete, i.e. 90 to 96 % was
recovered as methyl ester. These data are in agree-
ment w-ith those of Stowe and Schilke (27) anld
Grunwald ct al. (15)). Since paper- and tlhin-laver
clhromatogranis of som11e Nicotiana extracts had slig-
gested that other acidic growth hormones might be
concealed at the location of IAA (3, 4) a gas chro-
niatograpihic alllysis was performed of those acidic
in(loles w\\hich are of phlsiological interest aii(l which
sihow thle samiei or very similar RF4 values on lpalper-
ami( thin-layer chromatogramns (table I). Gas chro-
inaltographic dlata ohtained -with 2 to 5 pg samples
of methlvlated synthetic indole acids are sunmmiarized
in tahle rr ani,d calculated according to the recom-
mended practice for gas chromatography hby Ettre
(11). Relative retention values r are given with
respect to ethylindole-3-acetate and the resoltution is
exl)resse(d as effective plate niuhber N. All indoles
,gave respolises with the SE-30 and QF-1 columns.
Retenltioln tiiies xvaried hetween 5 min (IAA-MF,)
and 20 miin ( JAcA-MNIE). The crowding at the
beginnimnmg of the clironmatog-rami could liot be elimi-
nated hv lowering flow rates or 1b lowtering the
temperature. In the latter situation the substances
are insuifficiently volatile (27).

Gas chromatography of naturallv occuirrin!g imidole
esters in Nicotiania revealed several peaks which
coilnci(le(l in their location oii chromatogramns with
those of the synfthetic indole esters. Since these
suhstances were miot alwavs foutind in the extracts of
the iniivestigate(l Nicotiaiiaii phlalts, each experiment
was relpeate(l at least 12 tinmes and simultaneously

Tlab1e 1. RF-Values of Indole Acids on Thin-Layer-
(hro IImato(Jrmsli. Run in n-bittanol-HO-ammonia

(10:10:1 ), Ulpper P'hase

Substance RF

Indole-3-acetic acid 0.35
Indole-3-carboxylic acid 0.22
Indole-3-propionic acid 0.44
Indole-3-butyric acid 0.55
Indole-3-lactic acid 0.48
Indole-3-acrylic acid 0.45
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Table II. Coainparisopt of Retenttion Timiies (t'R), Relative Retention Timiies (r), anzd Effective Plate Valu(es (N)
of 2 to 5 lq Satlpies of Variouis Indolc Mcnthv/-Estcrs ont 3 % SE-30 anid Siliconie QF-1 C(lolumns

Column temperature: 1900; carrier gas flox- rate: 30 ml/min.

3 % SE-30 3 % Silicone QF-1
Indole esters t'1R r N t'R r N

Ethyl-indole-3-acetate 6.2 1.00 784 5.6 1.00 608
MIethyl-indoJe-3-acetate 5.1 0.82 816 4.6 0.82 336
Methyl-indole-3-carboxylate 5.6 0.90 784 5.6 1.00 480
Mlethyl-indole-3-propionate 8.0 1.30 688 6.6 1.18 352
Methyl-indole-3-butyrate 9.7 1.58 994 8.3 1.48 576
Methyl-indole-3-lactate 10.0 1.64 970 9.6 1.72 848
Mtethyl-inidole-5-lhydroxyacetate 14.6 2.37 784 16. 2.94 800
Methyl-indole-3-acrylate 17.1 2.82 702 20.8 3.71 752

compared with controls. In compensation experi-
ments Nicotiania indole esters and the methlvlated
synthetic controls were injected into the columns
simultaneously. Overlapping of peak areas was in-
dicative for the specificity of the extractable indole
acids.

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
LLI

cn

N. glauca x N. langsdorffii
2n- hybrid

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Retention Time, Minutes
FIG. 1. Gas chromatogram of methvlated indole acids

derived from thin-layer chromatogranms (run in n-buta-
nol-ammonia-water) at R,"'s 0.25 to 0.55 of Nicotiana
glautca and N. langsdorffii extracts. Column: 3 %
SE-30; temperature 1900. Argon flow rate: 30 ml/min.
IAA-ME: indole-acetic acid methyl ester; ICA-ME:
indole-carboxylic acid methyl ester; IPA-ME: indole-
propionic acid methyl ester; IBA-ME: indole-butyric
acid methyl ester; 5-OH-IAA-ME: 5-hydroxyindole-
acetic acid methyl ester.

In N. glauca anid N. laingsdorffii 4 different
methvlNated indole acids couild be identified. i.e.
ICA-ME. lAP-MIE.TPA-ME. IBA-ME (fig 1).
Thie corresponding acids are known to be of plant
physiological significance sinice they act either as
gcrrowth promloters in many lplant tissues or are inter-
ie(liates of TAX synthesis i.ii vivo (5,8, 10,25,30).

The TAA conitelnt in N. gltica anid N. lanigsdorffii
is rather low (the recordler responise indicates a con-
centrationi of about 0.7 ug IAA in 30 g fr tissue) but
tile inidole-aiuxins ICA. IPA, aild IBA are present at
concenitrations of abotut 1.0 sg each in 30 g tissule.
Tissues of tlle tulmiior-pr-one 4n- and 2n-hybrids, how-
ever. sliow a considerable increase in the auxin IBA,
the concentration of which lies arouind 1.8 to 2.2 Mug
per 30 g fresh tissuie (fig 2).

On thini-layer chromatograms with n-butanol-
T-i.(O-NH:. tihe RF of IBA lies considerably higher
than that of the other investigated indole acids, i.e.
at abouit 0.55 (table I). Therefore, purified frac-
tionis of 4n-hybrid extracts were divided into 2
groups. I containiing the Rp sections 0.25 to 0.45
containinig the indole acids ICA, IPA, and IAA
(fractionl 1): the other Rp fractioni 0.45 *to 0.65,
conltaininig IBA and possibly other. unidentified in-
dole comn)ounds (fraction II). Figure 3 shows the
gas chromatographlic separationi of the methyl esters
of these indole acids. IBA-ME is present in th.e
0.45 to 0.65 thin-layer chromatogram fraction,
whereas the otlher indole acids occur in the 0.25 to
0.45 fraction. Comilpouinids witlh Iiiglier retenltioni
times (t'i1) thani 9.7 (for IBA-ME) could be found
in all investigated tisssue extracts. Purification pro-
cedtires of the planlt extracts, thin-layer chromatog-
ral)phv and esterification of the fractionated samples
identifies tlhemii as in(lole esters. Tt niay be suspected
that broad l)eaks between retenltionl timees (W1) of
14 to 15 nmii (fig 2) represen-t the methyl ester of
naturally occutrrinig 5-OH-TAA. The low concen-
tration of this substance in the plant material used.
however, does inot permit a clear identification of
this auxin.

B) Spectrophotofliiorometry. If a suspected
acidic indole is separated and purified, spectrophoto-
fluorometry can be employed to confirm the indolic
nature of the compound (7, 16, 27). Therefore, col-
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4n -hybrid
gas Chromatogram of purified
esterified acetic fraction

(a) TLC fraction Rf 0.25-0.45
(n-butanol-ammonia-Hj0)

L 2
2

I~ Im

2 3 4 5 6 7 8 9 IO 11 12 13 14 15 16 17
.asL
- (b)TLC fraction
I Rf 0.45-0.6t

(n-butanol -ammonia
H20)

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Retention Time, Minutes

FIG. 2. Gas chromatograms of methylated indole acids,
derived from thin-layer chromatograms at RF'S 0.25 to
0.55 of N. glatuca X N. langsdorffii 4n and 2n hybrids.
Specifications as in figure 1.

lected fractions from the gas chromatograms were
transferred to quartz cuvettes and the measurenmenlts
carried out on an Aminco-Bowman instrument. All
investigated fractions had activation maxima in the
275 to 285 m,u range, with their major fluorescence
peaks between 360 and 375 m/i. As anticipated, the
spectrophotofluorometric spectra of the methyl esters

Gas-Chromatogram of purified
esterified acetic fractions from
Nicotiana glauca and N. Iangsdor-
ffii on 3% SE-30 column

TLC- Rf 0.25-0.55

< LJ LLg 2J2

QI

2 3 4 5 6 7 8 9 I0 11 12 13 14 15 16 17

Retention Time, Minutes
FIG. 3. Gas chromatogram of methylated indole acids,

derived from thin-layer chroinatograms of 4n hybrid ex-

tracts at a) RF 0.25 to 0.45, and b) RF 0.45 to 0.65.
Specifications as in figure 1.

studied here were found to be almost identical to the
indole acid spectra themselves. Spectrophotofluoro-
metric measurements, therefore, confirmed the indolic
nature of the isolated fractions. Actual identifica-
tion of the compounds, however, rests most securely
on the chromatographic properties cited above (15).

C) Bioassay. In several experiments, collected
fractions of 4n hybrid extracts were directly trans-
ferred to agar blocks and measured by an Avena
curvature biotest. Fraction I, containing the methyl
esters of ICA, IAA, and IPA, gave an average
coleoptile curvature of -8.5°, whereas the methyl
esters of fraction IT (containing IBA-ME) gave an
average curvature of -t5. The relatively weak re-
sponse of the Avenia coleoptiles to these otherwise
potent growth hormones is explained by the struc-
tural changes during methylation of these indole
acids, since it has long been known that esterification
of indole acids reduces their growth-promoting ac-
tivities (29). Nevertheless, the growth response of
Avena, coleoptiles shows the auxinic nature of the
investigated compounds.

Discussion

The gas chromatographic analysis of esterified
indole acids in Nicotiana plants revealed several
indole acids, IAA, ICA, IPA, and IBA. All 4 in-
doles could be isolated from Nl. glauca and N. laiigs-
dorffii extracts at low concentrations, whereas in
the tumor-prone 4n- and 2n-hybrids the content of
IBA was significantly increased. Although all iden-
tified indoles were present in the parental and the
4n hybrid tissues, 2n hybrids showed no detectable
ICA. The significance of this possible deficiency
remains to be studied in the future.

The synthesis of IAA from tryptophan is coIn-
sidered possibly to follow 2 different routes (10, 12)
which include such intermiediates as ICA anld IPA
together with several neutral indole comipounds. The
pathway of IAA synthesis in Nicotiana seems to
follow the same proposed reaction chains. A sepa-
rate pathway for the synthesis of ICA from trypto-
phan seems to be possible in some plant tissues, and
ICA has been found by Klamiibt (17) in wheat coleop-
tiles and by Clarke et al. (8) in tomato crown gall
tissue extracts. IPA with auxin activity in higher
plants has been described by Fischer (13). Linser
et al. (18) and Melchior (19).

Since the proposed pathway for IAA synthesis
froml tryptophan does not include IBA as an inter-
mediate it may be that this auxin is the product of
a separate auxin-producing pathway in Nicotiana. in
which case it may be a storage form of IAA. IBA
has been found to be a naturally occurrin,g auxin in
another one of the Solanaceae, that is, in Solanum
tuberosum ('(5). The evidence for the occurrence
of IBA in potato tissues was based onl paper-chroma-
tographic separations. The present identification of
IBA in Nicotiana suggests a wider distribution of
this auxin in higher plants.
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