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Abstract-Following VI vitro infection of an aseptlc Catharanthus trichophyllus plant with Agrobacterium rhrzogenes 
(15834), six hairy root cultures were established. These were compared with normal root cultures, derived from the 
same plant, with respect to production of indole alkaloids. A rapidly growing hairy root line was used for fermenter 
(201) cultures. The alkaloid content of the roots obtained was examined Seventeen monomeric mdole alkaloids were 
purified and characterized, including five hitherto undescribed substances Normal root and hairy root lme cultures 
showed similar alkaloid composition. Analyses, performed at five-week intervals on five-week-old cultures showed 
variable alkaloid yields. 

INTRODUCTION 

Secondary metabohte production by plant cell cultures 
has been the SubJect of many investigations. Indole 
alkaloids such as aJmalicme, a cardio-vascular drug, or 
vmblastme and vmcristine, two antitumour dimeric com- 
pounds, produced by Catharanthus roseus are important 
in the pharmaceutical industry [l]. Cell cultures from the 
same plant species have been propagated m several 
laboratories because of the physiologically potent mdole 
alkaloids they are expected to produce [2]. Undlfferen- 
tiated cell lines producing high yields of aJmalicme, or 
serpentme, which can be easily converted mto aJmahcine 
by reduction, have been obtained by selection [3] How- 
ever, a substantial problem for the industrial exploitation 
of such cultures has been the variability of the pro- 
ductivity, inherent to undifferentiated cultures [4] This 
variability is attributed to somaclonal variation, de- 
scribed as the result of genetic or epigenetic instability of 
such cultures [S, 61. A straightforward solution to this 
problem would be to establish rn vttro cultures of differ- 
entiated tissues or organs. Root and/or shoot cultures of 
Scopolra parvrJlora [7], Dubowa species [8], Catharant- 
hus roseus [9-111, Papaver somnijerum [12] and Digit& 
species [13-161 were reported to have secondary meta- 
bolite compositions similar to those found m parent plant 
organs. In contrast, undifferentiated cell cultures of these 
same species had low amounts of secondary metabohtes 
or did not produce them. Because of the ease with which 
fast growing hairy root cultures can be obtained, several 
groups have investigated their potential for in vitro 
productlon of secondary metabohtes. Hairy roots were 
found to produce the same secondary metabolites as 
those usually synthetlzed in intact parent plant roots, 
with similar or higher yields [17-281. Hairy roots are 
induced upon maculation of the phytopathogen Agro- 
bacterwm rhizogenes to many dlcotyledons [29]. These 

roots can easily be cultured under aseptic condltlons. The 
molecular basis for hairy root IS the transfer to the plant 
genome of specific DNA segment(s), called T-DNA for 
transferred DNA, originally present on a plasmld in A. 
rhizogenes [30]. 

In order to study mdole alkaloid production, Cathar- 
anthus roseus G. Don [31,32] and C. trichophyllus (Bak) 
Plch. hairy root cultures were isolated from plants m- 
oculated with A. rhtzogenes. In the present paper, we 
compare the alkaloid content of in vztro cultured normal 
roots and hairy roots, and of roots from greenhouse- 
grown C. trtchophyllus plants. 

RESULTS 

One axenic normal root culture and six hairy root hnes 
(lines 2,4,5,9, 10 and 1 l), derived from independent root 
tips, were established from one inoculated C. trrchophyl- 
lus plant. The transformed nature of each hairy root line 
was checked by Southern hybrldlzatlon and dot blot 
hybridization with T-DNA probes (Shen et al, m prep- 
aration) The growth rate of normal root lme and hairy 
root lines was compared. Growth was measured as 
relative weight increase over a 40-day period. Lines 2,4,5 
and normal roots exhibited similar growth rates, lines 10 
and 11 grew twice as fast, whereas line 9 had a very 
reduced growth rate (Shen et al, in preparation). 

lndole alkaloid production by hairy rootfermenter cultures 

A rapidly growing hairy root line (line 10) was selected 
for culture m fermenters to examme its growth rate and 
alkaloid content. The results of two bloreactor runs (R, 
and R2) are presented. The fresh weight of hairy root lme 
10 increased from an original inoculum (10 g each) by 200 
(R,) and 250 (R2, Fig 1) times over 6.5-week and 9 5-week 
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Fig 1 Photograph showmg the densely packed biomass (diameter 23 cm, height 33 cm, 2 5 kg fr wt) of C 

tr~hophyllus hairy root hne 10 obtamed m a 20 1 fermenter (R, ) (See ExperImental for culture condltlons) 

Table 1 Alkaloid content m hairy root hne 10 fermenter cultures* 

Alkaloidt 
- 

mg 

Horhammerlcme (1) 88 
Vmdohnme (2) 10 
Lochnerlcme (3) 163 
Echltovemne (4) 44 
Ajmahcme (5) 20 
Tabersomne (6) 95 
Eplvmdohnme (7) 10 
Perlcallme (8) 8 
Akuammlcme (9) 16 
Akuamnugme (10) 13 
Mmovmcmme (11) 16 
Anthraserpme (13) 2 
Dtmethoxyanthraserpme (14) 13 
Pseudoanthraserpme (15) 1 
Desanthraserpldme (16) 1 
Dlmethoxydesanthraserpldme (17) 1 

Yield 

% total crude alkalord content: 
-___. 

2 73 

031 

5 06 

1 37 

0 62 

295 

031 

02s 

2 36 

040 

050 

006 

040 

003 

003 

003 

* Pooled biomass from R, and R, fermenters 

t Purified compounds 
$ The crude extract contamed umdentlfied components and large part of alkaloids was lost 

dunng successive purlficatlons 

culture periods,, respectively Harvested hairy roots from authentic samples. Serpentme (12) was also extracted but 
the two fermenters were freeze-dried, pooled and the was not Isolated, It was converted to ajmahcme 5 by 
alkaloids extracted m the classlcal manner The crude borohydrlde reduction In addltlon to the known com- 
alkaloid yield relative to dry matter was 092% The pounds 1 to 12, five novel alkaloids were Isolated. Two of 
mixture was then fractionated through a Sephadex LH20 them, anthraserpine (13) and dlmethoxyanthraserpme 
column. Fmal purlficatlon by CC on alumma and by (14) were found to contam the 1 l-methoxy epiallo-yohim- 
prep. TLC on slhca gel allowed the lsolatlon of 17 bme skeleton, esterlfied at C-18 with 2-acetamldo- 
alkaloids 1 to 17 (Table 1) These were characterized by benzolc aad and 2-acetamido-4,Sdlmethoxybenzoic and, 
their physlcal and spectral data and by comparison with respectively, on the basis of spectral data Isolated m trace 
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amounts, the gross structures of three other congeners of 
the same series, pseudoanthraserpme (15), desanthraser- 
pidine (16), and dimethoxydesanthraserpldlne (17), have 
been proposed [33]. Several yohlmbme-type bases and a 
number of minor unidentified components were also 
isolated. Tetrahydroalstonme (18), vmcaleukoblastme, 
cataphylline, vmdorosine and trlchophyllme, reported 
[34-371 in C. trichophyllus roots, were not detected. We 
examined also the alkaloid content of the growth medium 
after lo-, 20-, 30-, and 40-day periods, for several cultures 
of the same line The alkaloids were retained almost 
entirely m the root tissue, less than 0.01 g/l of crude 
alkaloids being released m the medium (data not shown). 

Alkaloid analyses of normal roots and hairy roots 

The major alkaloids l-6, 14, purified from fermenter 
cultures (see above), were used as internal standards for 
HPLC. The alkaloids 12 and 18 were available in our 

laboratory. The alkaloid content of roots of four green- 
house-grown plants (l-4) was examined (Table 2); they 
showed variable compositions. To avoid the genetic 
heterogeneity between different plants and m order to 
compare indole alkaloid production, of m utro normal 
root and hairy root cultures, we analysed the alkaloid 
content of five-week-old root cultures, derived from the 
same parent plant. Analyses were performed on three 
subcultures (A-C) for each root line, at five-week inter- 
vals. The results are given in Table 3. 

DISCUSSION 

Catharanthus trichophyllus plant roots and cultured 
roots showed similar alkaloid patterns They produced a 
rather broad alkaloid spectrum, usually found in C. 
trtchophyllus roots [34-373, with representatives from the 
corynantheme-heteroyohlmbme- (5, 10, 12), the yohlm- 
bme- (1s17), the vallesamme- (8), the strychnos- (9) and 

Table 2. Alkalmd content of greenhouse-grown plant roots (IV3 mg/g fr. wt) 

Plant roots 1 2 3 4 5 6 12 14 18 & 

1 80 115 10 119 126 28 41 63 I 589 
2 83 108 26 41 33 65 19 122 tr 491 
3 122 135 45 369 51 85 28 155 16 1006 
4 231 212 51 355 221 43 118 262 17 1522 

tr.: trace amounts (< 5). 
E: total of alkalmd (l-6, 12, 14, 18) amounts. 

Table 3. Alkaloid content of three ( A, B, and C) In ultra normal root and hairy root five-week-old cultures, at five-week intervals 
(10e3 mg/g fr. wt) 

Root system 1 2 3 4 5 6 12 14 & 

Normal root hne 
A 
B 
C 

Hairy root hnes. 

2 A 
B 
C 

4 A 
B 
C 

5 A 
B 

C 

9 A 
B 
C 

10 A 
B 
C 

11 A 
B 
C 

165 40 308 103 7 20 10 52 705 
96 149 13 26 tr 8 tr 53 405 

214 293 294 60 tr 1 tr 59 927 

158 30 125 65 tr 16 tr 15 409 
173 191 96 66 tr 17 5 128 616 
218 237 182 68 - 8 tr 83 796 

102 12 100 38 tr tr 24 216 
206 162 125 52 14 38 8 202 807 
161 161 109 33 tr 15 11 96 592 
253 26 161 68 tr 16 5 47 582 
108 61 20 22 7 5 64 281 
197 150 16 48 tr 19 9 91 590 
91 7 tr 6 5 tr tr 109 
51 5 5 8 tr 8 tr 32 115 
64 14 12 14 tr 15 10 128 251 

126 6 87 43 tr 19 tr 36 317 
130 93 22 36 tr 11 8 100 406 
155 71 35 40 tr 18 1 93 419 

109 8 115 72 8 50 10 55 427 
96 58 45 52 18 66 11 158 510 
183 126 114 45 tr 25 9 82 584 

-undetected; tr: trace amounts (< 5) 
E: total of alkaloid (14, 12, 14) amounts. 



the aspldospermme- (l-4, 6,7, 11) groups [38] Thus, m 
roots from this species, almost all the blogenetlc pathway 
of the monoterpenold mdole alkaloids IS functIonal 
Members of the Iboga-type representmg the last step of the 
mdole alkaloid biosynthesis evolution m Apocynaceae 
C39-401 were, however, not observed The yield of 
Corynanthr-type alkaloids (5, 12) was lower m cultured 
roots This difference could be due to the fact that VI t~tro 
cultured roots were grown m the hght Indeed, pro- 
ductlon of aJmahcme by C rmrus cell \uspenslons has 
been reported to be higher when these were grown m the 
dark rather than m the light [9]. In addition to already 
described alkaloids, we found five compounds that had 
not been observed previously They have been Identified 
as anthraserpme derivatives The presence of these m 
normal root cultures confirms that hairy root trans- 
formation does not Influence the pattern of alkaloid 
biosynthesis m C trlchopllpllus 

In this study we show that. except for one hne which 
grew poorly and showed marked tendency to callussmg, 
root cultures, normal or transformed, produce slmllar 
amounts of alkaloids This result suggests the expression 
of hairy root T-DNA has no direct Influence on second- 
ary metabohte production, although It may have an 
indirect one by controlhng the rate of growth This 
feature may be of Importance for many plant species for 
which fast-growing normal root cultures cannot be ob- 
tamed [32] Positive influence of growth rate on pro- 
ductivity of secondary metabohtes has been reported by 
others [26] 

In spite of research conducted over more than 30 years 
[41], the commercial feaslblhty ofsecondary metabohte 
production by UI zutro culture methods still has to be 
demonstrated However, we believe that root culture has 
an important potential Indeed measurements of second- 
ary metabohte production by hairy root cultures show 
that productlvlty of these IS within the range of that of 
roots taken from whole plants [ 17, 18. 22, 23, 25, 27 and 
this work] If varlablhty m yields ha\ been observed (this 
work), 0 LS encoluraging to note that this ~5 aLso well 
wlthm the variability range of whole plants and that the 
spectrum of metabohtes produced IS slmllar to that of 
whole plant% At thus pomt the numerau5 repnct5 pub- 
lished on the usefulness of hairy root cultures for second- 
ary metabohte production give a rather encouraging 
impression The varlablhty, from one hne to another [ 19, 
27j and wlthin di!Erent cultures of the same hne, 
although real IS certainly much less than for undlfferen- 
tlated cultures The fact that reproducible yields have been 
obtamed by some workers [19] suggests that varlablhty 
in yi&& EEL be contriltied by adjiSt&ng C&iliSf=Z pa- 

ameters 
These features of secondary metabohte production by 

root cultures probably reflect the fact that they are much 
closer to real plant organs than cultured cells to cells from 
whole plant\ Without engaging mto a complete dls- 
cussion of the differences between cell and root cultures 
we believe It IS fair to say that root cultures are genetically 
more stable than cell cultures We think that this IS due to 
the fact that the constraints of root merlstem neoforma- 
tlon, for which we have evidence that It IS a clonal process 
(Van Suys and Tern@ m preparation), efficlentfy achieves 
ehmmatlon of variant cells The first hairy root cultures 
were established some eight years ago [42] and by both 
criteria of opme production and T-DNA structure [43] 
they have proven to be perfectly stable over this period 

One important aspect of m IWY~ culture production 
that IS rarely dealt with m pubhcatlons, although It IS a 
real problem at the level of production, IS the poor 
compatlblhty between mass productlon techniques and 
maintenance of proper physlcal and physIologIcal state of 
cultured material. Avallablhty of nutrients m large scale 
suspension cultures is often a hmltmg lactor to which 
simple solutions hke increasing dgltatlon are not apph- 
cable because of the fragllrty of plant cells This problem 
has been dealt with mainly by modlfymg fermenter design 
or operation m order to mmlmlze damage to cells With 
this respect, root cultures appear to be particularly suited 
5mce It IS possible to obtain high yields of cultured 
material m a standard bloredctor designed for bacterial 
cultures Other workers have reported good adaptation 
of root cultures for fermenter productton [ZO, 261 The 
Important factors here appear to be the mechamcal 
strength of the roots and also their growth pattern With 
respect to this, ban-y roots may be dt advantage over 
normal roots because of their high r,itc of branchmg and 
eventually their lack of geotroplsm which WIJI allow 
efficient occupation of the bloreactor volume by a tridl- 
menslonal network of roots. It should, however, be kept m 
mmd that roots of some plants are d&cult to grow m 
liquid cultures and that therefore this solution may not be 
ofgeneral apphcablhty With this respect, c‘ trtchophyllus 

roots appear to be much better adapted to fermenter 
cultures than C. roseu~ roots whose fragility was a major 
problem 

Among the improvements to come we see genetic 
engineering as potentially the most successful Indeed 
clomng ofgenes encoding enzyme\ Involved m secondary 
metabohte synthesis [44] opens the way to genetic mam- 
pulatlon for higher productlon Double transformation 
strategies already available [45] would allow to obtain In 
one step genetically mampulated hairy roots 

EXPEKtMEhTAL 

Rucrerml \!rmn 4 rlll3lqm5 \trdln 15x34 cx!mc from 0°C 

collectron [46] The stram wa\ cultured on LB agar medium [37] 
at 28 for two day\ before moculat~on of plants 

Phf matrrrnl Nul ertCJH&!men.t IJ WY& plm1c m V&O C 

rr~hophq’lluc seeds used m thli study were Lolhxted from green- 

house-grown plants The orlgmal led stock was collected near 

lake Alaotra III Madagascar (Boltcnu K 3921) The seeds were 

surface slerlhzed by lmmerslon III d soln 0i(‘a((~C1)~ (gag. I) for 

30 nun followed by thorough rlnamg 111 \ter~le H,O Seeds were 
sown on MO agar medium [4hJ and mdmtamed at 22 under 

16 hr fluorescent hght 
E\r&il\:IffI<fr~ mru’ L&WY ,,!’ :rUIrJ, ,,,,,t ,&W\ r+rtic &K&t,~ 

were maculated IPI 1 I/W by sounding with d scalpel. previously 

dipped into a fresh culture of A rhr;o~rne~ stram 15834 Roots 

appeared at the moculdtlon bite dfter 4 weeks Different root tips 

were exclscd and mdlvldually plxed on Petri plates contammg 

MO agar medium with antibIotIc (cefotet‘m. ApacefH. 100 pg/ml) 

After 2 or 3 subcultures, root tips (2 cm long) of 6 hairy root hnes, 

selected by the highest growth rate and derived from the sdme 

parent plant were transferred to the same medium wlthout 

antlblotlc At 4- or 5-week Interval\, each hdlry root hne was 

transferred to MO agar medium m Pet11 dishes Other cultures 
were grown m hquld med~lum in Pctrl dishes d\ standing cuitures 

or m 200 ml flasks on dn arbltal shaker (I 50 rpm) 

Estahlrshrnenr ofnormul IOH c~lrurr An untransformed root of 

the C trrchoph~lh plant. used for the establishment of the SIX 

hairy root hne cultures. na5 excised and cultured III MO (agar) 
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medium. Normal roots were subcultured at 4- or S-week mter- 
vals. 

Hawy root fermenter cultures Two mocula were prepared by 
growmg 3 g fr. wt of hany root lme 10 m 200 ml MO medmm, for 
8 days at 22”. Roots (10 g fr wt) were transferred each to two 
Biolafitte bloreactors (R, and R2) containing 18 1 MO me&urn 
(pH 6). The fermenters were aerated at 18 l/mm and mamtamed 
under agltatlon (100 rpm/mm) at 25” m daylight Cultures were 
harvested after 6.5 and 9 5 weeks yielding, respectively, 2063 g 
and 2510 g fr wt or 149 2 g and 200 9 g dry wt after freeze-drying 

Zsolatmn ofalkalods. Extraction of freeze-dried hairy root line 
10 (350 g) m the classlcal manner gave 3 22 g of crude alkaloids 
which were dissolved m CHCI,-MeOH (3.7). The resulting soln 
was filtered through a Sephadex LH20 column Alkaloids were 
sepd and further punfied by CC on A1,OJ followed by prep. TLC 
on silica gel and crystalhzatlon. Structures were determined by 
use of spectrometnc data (UV, IR, MS, NMR) and confirmed by 
comparison with those of authentic samples. The maJor alka- 
loids, purified from these fermenter cultures, were used as 
standards for HPLC expts. 

Root cultures for alkalmd analysrs. For each lme studied, 5-week- 
old cultures were estabhshed m MO hquld medium (100 ml) m 
Petri dishes wIthout agtation at 22”, 16 hr photoperiod. Three 
cultures (A, B, and C) were carned out at 5-week Intervals 

Plant matermlfor alkalmd analysis. From seedlings, C. trtcho- 
phyllus plants were grown m Vermlcuhte under greenhouse 
conditions for one year. 

Alkaloid analysu Freeze-drted samples from root cultures and 
greenhouse-grown plants were extracted usmg standard pro- 
cedures by percolation with MeOH-NH,OH, followed by sepn 
of alkaloids mto acidic soln and re-extn mto basic soln with 
CH,Cl, Solvent was removed and the crude alkaloids (20 pg) m 
MeOH soln (1 mg/ml) were analysed by HPLC using an analyti- 
cal reverse-phase C, column (SFCC, Hypersill3 5 cm x 4.2 mm) 
The column was eluted with a binary solvent gradient of KCI 100 
mM (pH 2.2)/MeCN at a flow rate of lml/mm. The composition 
of the gradient was 3 1 to 1: 1 over 20 mm It was then held at 
1: 1 for 5 mm before re-eqmhbratlon with 9:31 and return to 
initial conditions before rerunning. The effluent from the column 
was monitored using a UV absorption detector set at 280 nm 
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