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The production of pharmaceutically important terpenoid indole alkaloids (TIAs) from
Catharanthus roseus is partly regulated at the transcriptional level. In this study, limitations
in TIA biosynthesis from C. roseus hairy root cultures were assessed through gene expres-
sion profiling and precursor feeding. The transcript levels of key TIA pathway genes (G10h,
Tdc, Str, and Sgd) and metabolite levels associated with the TIA pathway (tryptamine, loga-
nin, secologanin, strictosidine, ajmalicine, serpentine, and tabersonine) were monitored
using quantitative RT-PCR and HPLC, respectively. In cultures elicited with methyl jasmo-
nate (250 uM MeJA on day 21), G10h, Tdc, Str, and Sgd expression increased by 9.1, 3.1,
6.7, and 8.3-fold, respectively, after 24 h. Up-regulation of gene expression was followed by
a 160, 440, and 420% increase in strictosidine, ajmalicine, and tabersonine levels, respec-
tively, after 5 days. Precursors loganin, tryptamine, or their combination were fed to nonin-
duced and MeJA-induced cultures to complement the above studies. TIA production was not
significantly enhanced in either noninduced or MeJA-induced cultures with precursor feed-
ing. In noninduced cells, steps downstream of loganin and tryptamine were limiting (SLS,
STR, or SGD) because either loganin or tryptamine accumulated in the cells with precursor
feeding. These bottlenecks were partly overcome in MeJA-induced cultures as the expression
of Str and Sgd genes and TIA production increased. However, secologanin accumulated in
MeJA-induced cultures with precursor feeding, suggesting that STR was likely limiting under
MeJA-induced conditions. © 2009 American Institute of Chemical Engineers Biotechnol.
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Introduction

The Catharanthus roseus plant produces over 130 differ-
ent terpenoid indole alkaloids (TIAs).! Important TIAs from
this plant include vincristine and vinblastine (anti-cancer),
ajmalicine (anti-hypertensive), and serpentine (sedative).
Critical early steps in the biosynthesis of TIAs include the
reactions catalyzed by tryptophan decarboxylase (TDC), ge-
raniol 10-hydroxylase (G10H), and strictosidine synthase
(STR). TDC and G10H catalyze the first committed steps
towards TIA biosynthesis in the indole and terpenoid precur-
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sor branches, respectively (Figure 1). STR then condenses
tryptamine and secologanin to yield strictosidine, the common
backbone structure of the TIAs. Because yields from whole
plants are low and subject to weather conditions, cell and
organ cultures of C. roseus are being pursued as a means of
producing valuable TIAs. In this article, we are investigating
TIA production from C. roseus hairy root cultures, a differen-
tiated and genetically stable culture system.®’

One strategy for enhancing alkaloid production from plant
cell cultures is by using elicitors; these are compounds or
mixtures that induce plant stress responses leading to
enhanced gene expression and alkaloid biosynthesis.z’g’9
Common elicitors include methyl jasmonate (MeJA, a plant
stress hormone) and fungal homogenates.'%'? In C. roseus,
elicitors appear to regulate alkaloid production at the
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Figure 1. The biosynthesis of terpenoid indole alkaloids from the primary metabolic pathways (shikimate, mevalonate, and DXP pathways).”

The precursors tryptophan and geraniol are derived from the shikimate, mevalonate, and MEP pathways. Abbreviations of the enzymes are: DXS, 1-
Deoxy-D-xylulose 5-phosphate synthase; DXR, 1-Deoxy-D-xylulose 5-phosphate reductoisomerase; IPPI, Isopentenyl diphosphate isomerase; G10H,
Geraniol 10-hydroxylase; CPR, Cytochrome P450 reductase; SLS, Secologanin synthase; AS, Anthranilate synthase; TDC, Tryptophan decarboxyl-
ase; STR, Strictosidine synthase; SGD, Strictosidine f3-p-glucosidase; T16H, Tabersonine 16-hydroxylase. Single arrows represent single steps and
dotted arrows represent multiple or unidentified steps.

transcriptional level, that is, through inducing the expression jasmonates activate the transcriptional regulator protein
of genes that code for enzymes involved in TIA biosynthe- ORCA (octadecanoid-responsive Catharanthus AP2-domain
sis.>1%13 van der Fits and Memelink (2000) showed that protein) in C. roseus cell cultures. ORCA then induces the
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expression of multiple genes by binding to their promoter
regions, which ultimately increases TIA production.2’9 For
instance, the addition of MeJA to C. roseus cell suspension
cultures up-regulated upstream (G10h, Cpr, 10Hgo, Tdc, Str,
and Sgd) and downstream TIA pathway genes (T16h, Dat,
and D4h), as observed using Northern Blots.>'*!* Differen-
ces in the gene expression response to MeJA appear to
depend on cell line and conditions of elicitation.

In this article, limitations in TIA biosynthesis in C. roseus
hairy root cultures were investigated through profiling gene
expression and alkaloid production and through precursor
feeding. In the literature, precursor feeding is applied to
assess enzymatic bottlenecks to secondary metabolite pro-
duction.'>™" Transcript levels of TIA pathway genes, includ-
ing the critical early genes (i.e., GI0h, Tdc, Str, and Sgd),
were monitored through quantitative RT-PCR. Metabolite
levels of early TIA precursors (tryptamine, loganin, and
secologanin) and TIAs (strictosidine, ajmalicine, serpentine,
and tabersonine) were also monitored. Integrating the results
from gene expression, alkaloid profiling, and precursor feed-
ing implicated potential limitations in the TIA biosynthetic
pathway, which were partly overcome following MelJA
addition.

Materials and Methods

Maintenance of C. roseus hairy root cultures

C. roseus hairy root cultures were obtained from Dr. Jac-
queline V. Shanks (Iowa State University, Ames, IA) and
Dr. Ka-Yiu San (Rice University, Houston, TX). These hairy
roots were subcultured every 4 weeks in 250 mL Erlenmeyer
flasks as described by Morgan and Shanks (2000)"%; 50 mL
of media was inoculated with five 34 cm long root tips
(~0.04 g). These cultures were placed in a dark incubator-
shaker (Forma Scientific, Marietta, OH) maintained at 26°C
and agitated at 100 rpm. Growth media consisted of sucrose
(30 g/L, Sigma-Aldrich, St. Louis, MO), half-strength Gam-
borg’s B5 Basal Salt Mixture (1.55 g/L, Sigma-Aldrich), and
full-strength Gamborg’s Vitamin Solution (1 mL/L, Sigma-
Aldrich). Sterile water was added to the cultures every week
to compensate for evaporation loss.

Elicitation with methyl jasmonate (MeJA)

C. roseus hairy root cultures were elicited with 250 uM
MeJA (assay >95+%, SAFC, St. Louis, MO) on day 21
(late-exponential growth phase). Previously, maximum alka-
loid production was obtained under these elicitation condi-
tions.”° Stock solutions of MeJA (460 mM) were prepared in
ethanol (200 proof, ACS/USP grade, Pharmco-AAPER,
Brookfield, CT), and 27.2 ulL of the stock solution was
added to 50 mL of the media to achieve a final concentration
of 250 uM.

Cultures were harvested 0 and 24 h following elicitation
for RNA extraction because transcript levels reached maxi-
mum and remained constant after 8 h or increased gradually
between 8 and 24 h.*° Cultures were harvested 5 days fol-
lowing elicitation for alkaloid analysis, that is when maxi-
mum alkaloid levels were observed.”” The effect of MeJA
on gene expression and alkaloid production was reproduced
at least thrice. All statistical significance tests on gene
expression and alkaloid production were performed using the
Student’s t-test in Excel.
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Precursor feeding studies in MeJA-elicited and
non-induced cultures

Precursor feeding studies have been used to determine
the limiting branch in TIA biosynthesis in C. roseus cul-
tures.'>? Tryptamine, loganin, or a combination of both
precursors was added to MeJA-elicited and noninduced cul-
tures to assess the limiting branch of the alkaloid biosyn-
thetic pathway in C. roseus hairy root cultures. For the
precursor feeding experiment, 125 mL Erlenmeyer flasks
were inoculated with three 34 cm long root tips in 25 mL
of media. These cultures were elicited with 250 uM MeJA
on day 21 (late-exponential growth phase) and the precursors
loganin, tryptamine, or their combination were added to
MelJA-elicited and noninduced cultures on day 22.

Stock solution of tryptamine (250 mM, Acros Organics,
Morris Plains, NJ) was prepared in ethanol and 20 uL of the
stock solution was added to 25 mL of the media to achieve
a final concentration of 0.2 mM.'® Stock solution of loganin
(100 mM, Extrasynthese, France) was prepared in water and
100 uL. was added to 25 mL media to obtain a final concen-
tration of 0.4 mM.'® Similar tryptamine and loganin concen-
trations were used in precursor feeding studies performed
with other C. roseus cultures.'>'®"?

Monitoring gene expression using qRT-PCR

Hairy root cultures were flash-frozen in liquid nitrogen
upon harvesting, ground in liquid nitrogen using a mortar
and pestle, and extracted for RNA using the methods
described by Chang et al.?' RNA was quantified using a
NanoDrop spectrophotometer (ThermoScientific, Wilming-
ton, DE) and its integrity was verified by running a formal-
dehyde gel and visualized using a UV transilluminator
(FOTO/UV®15, Fotodyne Incorporated, Hartland, WI).
Extracted RNA (200 ng) was treated with DNase to remove
genomic DNA using a kit available from Invitrogen (Deoxy-
ribonuclease I Amplification Grade, Carlsbad, CA). cDNA
was synthesized from the DNase-treated RNA (8 L) using a
kit available from Invitrogen (SuperScript First-Strand Syn-
thesis System for RT-PCR).

The genes monitored in this study were GI0h, Tdc, Str,
and Sgd. Primer sequences for GI0h, Tdc, and Sgd were
designed using the database available from the National Cen-
ter for Biotechnology Information (www.pubmed.com) and
Integrated DNA Technologies (www.idtdna.com). Primer
sequences for St were obtained from Dutta et al (2005).22
The forward and reverse primers for G/0h, Tdc, Str, Sgd,
and Rps9 (the housekeeping gene2’14) are listed in Table 1.
Preparation for quantitative RT-PCR was performed using a
kit available from Stratagene (Brilliant SYBR Green QPCR
Master Mix, La Jolla, CA). The upstream and downstream
primer concentrations were optimized for each gene moni-
tored (Table 2, Supporting Information).

gqRT-PCR was performed using the ABI Prism 7700
Sequence Detection System (Applied Biosystems, Foster
City, CA). The initial thermocycler protocol set-up consisted
of a heating cycle at 50°C for 2 min and then 95°C for 10
min. The thermocycler was then set for 40 cycles; each cycle
consisted of (1) 30 s at 95°C, (2) 45 s at 60°C, and (3) 60 s
at 72°C. After 40 cycles, the extension step at 72°C was
repeated for another 3 min followed by a final cooling step
at 4°C for 2 min. The size of the RT-PCR products was veri-
fied by running the products on an agarose gel (Table 1).
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Table 1. Sequences for Forward and Reverse Primers of the TIA
Biosynthetic Pathway Genes Monitored (G10h, Tdc, Str, and Sgd)

Gene Primer Sequence

G10h
Forward primer TAGCAGGGACGGACACAACATCAA
Reverse primer TCACGTCCAATTGCCCAAGCATTC
Product size (bp) 304*

Tdc

Forward primer
Reverse primer

ACCTACGACCGTCGAAACGGATTT
AAACTCGGGACATATACAGGCGCT

Product size (bp) 232%

Str

Forward primer’ CCTTCCTATGCTCCGAATGC
Reverse primerT CCATCGTGCTCTTGAATCTG
Product size (bp) 836"

Sgd

Forward primer ATGAGAGCTCTTGTAGGAAGCCGT
Reverse primer GCGCACTTCCTTCCCATCAACTTT
Product size (bp) 210*

Rps9

Forward primer TCCACCATGCCAGAGTGCTCATTA
Reverse primer TCCATCACCACCAGATGCCTTCTT
Product size (bp) 203*

Rps9 was used as the housekeeping gene. Products were analyzed by
running the RT-PCR products against a DNA ladder on a 1% agarose
gel and verified by sequencing the recovered DNA.

*Product sizes were obtained from Integrated DNA Technologies
(www.idtdna.com) and confirmed using agarose gel electrophoresis and
DNA sequencing. ' Primer sequences for St were obtained from Dutta
et al (2005).%* The product size was verified using agarose gel electro-
phoresis and DNA sequencing.

The RT-PCR product was extracted from the gel using a
QIAquick Gel Extraction kit (QIAgen, Valencia, CA) and
was sequenced to confirm the formation of the correct prod-
uct at the Molecular Genetics Core facility (Children’s Hos-
pital, Boston, MA).

The amplification efficiency for G10h, Tdc, Str, Sgd, and
Rps9 was calculated using Ct values for different cDNA
dilutions and was ~100% for each gene monitored.”® Rps9
was validated as an appropriate housekeeping gene for the
MelJA-induced C. roseus hairy root cultures by verifying that
the Ct profile for Rps9 remained nearly constant over time in
cultures elicited with MeJA.

Extraction and analysis of alkaloids from hairy root
cultures using HPLC and MS

Frozen hairy root cultures were freeze-dried using a Flexi-
Dry MP Freeze-Dryer (Kinetics Thermal Systems, Stone
Ridge, NY) and then ground to a very fine powder using a
mortar and pestle. Dried crushed root powder (0.05 g) was
extracted using 5 mL of methanol twice>?; the pooled
extract was evaporated to dryness, redissolved in 1 mL of
methanol, and passed through 0.45 um filters (Millipore Mil-
lex Nonsterile Syringe Filters, Millipore, MA) before HPLC

analysis.

Alkaloids were analyzed using a HPLC system consisting
of Waters 2695 Separations Module, a Waters 996 Photo-
diode Array Detector, and Millennium 32 Software (Waters
Corp., Milford, MA). Separation of TIAs (strictosidine,
ajmalicine, serpentine, and tabersonine) was performed using
a reversed phase C18 column (Luna, 150 x 4.60 mm ID col-
umn, particle size of 5 um, Phenomenex, Torrance, CA);
separation of terpenes (secologanin) was performed using a
LiChrospher® 100 RP-18 column (250 x 4.00 mm ID col-
umn, particle size of 5 um, Agilent Technologies, Santa
Clara, CA). The sample injection volume was 10 uL.

Biotechnol. Prog., 2009, Vol. 25, No. 5

The HPLC mobile phase for TIA separation consisted of
water with 0.1% formic acid as the aqueous phase and aceto-
nitrile with 0.1% formic acid as the organic phase. This
HPLC protocol consisted of the following steps: (1) 10% or-
ganic as the initial condition, (2) gradient to 27% organic
over 40 min, (3) gradient to 100% organic over 20 min, (4)
100% organic for 20 min to wash the column, (5) gradient
to 10% organic over 10 min, (6) maintain at 10% organic
for 19 min to equilibrate the column for the next injection
(adapted from Lee-Parsons and Ertiirk, 200524). All the flow
rates were maintained at 1.0 mL/min.

The HPLC mobile phase for secologanin separation con-
sisted of an aqueous mixture containing 1% formic acid
(89.88%), acetonitrile (8.98%), and a 20% w/v trichloroace-
tic acid solution (1.14%) and acetonitrile with 0.1% formic
acid as the organic phase. This HPLC protocol consisted of
the following steps: (1) 100% aqueous mixture as the initial
condition, (2) isocratic at 100% aqueous over 40 min at 1.2
mL/min, (3) gradient to 100% organic over 20 min at 1.0
mL/min, (4) maintain at 100% organic for 20 min at 1.0
mL/min to wash the column, (5) gradient to 100% aqueous
over 10 min at 1.2 mL/min, (6) maintain at 100% aqueous
for 19 min at 1.2 mL/min to equilibrate the column for the
next injection (adapted from Dagnino et al, 1996%%).

Strictosidine (a gift from Dr. Sarah O’ Connor, Massachu-
setts Institute of Technology, Cambridge, MA) was moni-
tored at 274 nm; secologanin (Sigma-Aldrich), ajmalicine
(TCI America, Portland, OR), and serpentine (The Sigma-
Aldrich Library of Rare Chemicals, Milwaukee, WI) were
monitored at 254 nm; yohimbine (Tocris Bioscience, Ellis-
ville, MO), catharanthine, and tabersonine (both were gifts
from Dr. Martin Kuehne, University of Vermont, Burlington,
VT) were monitored at 329 nm. The retention times for
yohimbine, strictosidine, ajmalicine, catharanthine, serpen-
tine, tabersonine, and secologanin were ~15.3, 19.5, 22.8,
24.2, 25.5, 26.7, and 34.0 min, respectively. Peaks were col-
lected at the above respective wavelengths (i.e., 254, 274, and
329 nm) and identified by comparing retention time, UV ab-
sorbance spectra, and MS analysis with authentic standards.

MS analysis was performed using a Thermo Finnigan
LCQ Classic ion trap (San Jose, CA). MSn analysis was per-
formed on all standards in positive ESI mode using a custom
built nanospray interface as previously described.”> Stock
solutions of strictosidine, ajmalicine, serpentine, and taberso-
nine (1 mg/mL in methanol) were diluted to 10 ug/mL in
70:30:0.1% methanol:water:formic acid and infused at 10
uL/min. The flow was split using the nanospray interface to
a final flow rate of 300 nL/min and the emitter tip was a
metal distal coated tip (360 yum OD x 75 um ID and 10 um
tip, New Objective, Woburn, MA). The MS parameters were
as follows: ESI voltage = +2.0 kV, capillary temperature =
190°C, capillary voltage = 37.8 V, and tube lens offset =
0.0 V. For all MSn fragmentation experiments, the mass iso-
lation window was £1.0 Da and the relative collision energy
was set to achieve ~75% fragmentation of the selected ion.
The relative collision energy values typically ranged from
25-40%.

The presence of strictosidine, ajmalicine, serpentine, and
tabersonine in the C. roseus extracts was confirmed by com-
paring the MS? spectra of the collected peaks with those of
the standards. The presence of secologanin in the C. roseus
extracts was confirmed by comparing the MS/MS spectra of
the collected peak with that of the standard. No yohimbine
and catharanthine was produced by these hairy roots. The
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Figure 2. Increased transcript levels of GI10h, Tdc, Str, and
Sgd in C. roseus hairy root cultures 24 h following
MeJA elicitation.

Cultures were elicited with 250 uM MeJA on day 21 and har-
vested 24 h after treatment. Transcript levels of the target
genes were normalized relative to Rps9 as the housekeeping
gene. Fold differences are based on averages of two biological
replicates and error bars denote standard deviations. Signifi-
cance for the treated cultures was calculated relative to the fold
difference for the untreated cultures. All significance tests were
performed using the Student’s #-test in Excel (*denotes 0.05 <
P < 0.1.; **denotes P < 0.05).

MS/MS data for confirmation of the metabolites is available
in the Supporting Information section.

Results and Discussion

Monitoring TIA gene expression and TIA production in
MeJA-elicited C. roseus hairy root cultures

TIA gene expression and TIA production were monitored
in C. roseus hairy root cultures treated with MeJA at the op-
timum conditions of 250 uM on day 21 (late-exponential
growth phase).20 Rijhwani and Shanks (1998) also observed
maximum specific yields of ajmalicine, serpentine, lochneri-
cine, and horhammericine with 237 yM jasmonic acid added
on day 21 (also late-exponential growth phase).”® However,
so far, the effect of jasmonates on the expression of TIA bio-
synthetic pathway genes in C. roseus hairy root cultures has
not been investigated.

Transcript levels of G10h, Tdc, Str, and Sgd were moni-
tored 24 h after elicitation and are shown in Figure 2. When
compared with noninduced cultures at 0 h, G10h, Tdc, Str,
and Sgd were up-regulated by 9.1, 3.1, 6.7, and 8.3-fold,
respectively. Similarly, MeJA enhanced the expression of
these TIA pathway genes GI0h, Tdc, Cpr, Str, and Sgd in C.
roseus cell suspension cultures.>' Hence, MeJA increased
TIA gene expression in hairy root cultures similarly to that
observed in cell suspensions.

The increased expression of TIA genes with MeJA was
followed by enhanced TIA production as shown in Figure 3.
For instance, 5 days after elicitation, strictosidine, ajmali-
cine, and tabersonine levels in MeJA-elicited cultures were
16.2 £+ 2.2 mg/L, 3.4 + 0.59 mg/L, and 29.3 4+ 0.10 mg/L,
respectively, representing a 160, 440, and 420% increase
when compared with controls. No increase in serpentine
levels was observed in the MeJA-induced cultures, possibly
because the enzyme catalyzing the reaction between ajmali-
cine and serpentine is activated by light?” and these hairy
root cultures were grown in the dark. In Loyola-Vargas et al
(1992), serpentine accumulation increased by ~1,000%
when C. roseus callus cultures were transferred to white
light from the dark.?®

Increased alkaloid production following jasmonate elicita-
tion has been linked to enhanced transcript levels, suggesting
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Figure 3. Strictosidine, ajmalicine, serpentine, and tabersonine
production in C. roseus hairy root cultures treated
with MeJA.

Cultures were elicited with 250 uM MeJA on day 21 and har-
vested on day 26. Alkaloid levels are based on averages of two
biological replicates and the error bars represent standard devi-
ations. Strictosidine, ajmalicine, and tabersonine levels were
significantly higher in the MeJA-elicited cultures when com-
pared with noninduced cultures. All significance tests were per-
formed using the Student’s #-test in Excel (*denotes 0.05 < P
< 0.1.; **denotes P < 0.05).

that TIA production is partly regulated at the gene expres-
sion level.>!%!3 For example, Rischer et al (2006) observed
an enhanced expression of TIA pathway genes (GI0h,
10Hgo, Tdc, Sgd, and T16h but not Cpr, Sls, Mat, D4h, and
Dat) with an increased production of TIAs (ajmalicine, tab-
ersonine, and catharanthine) after MeJA addition."”® Simi-
larly, van der Fits and Memelink (2000) observed an
enhanced expression of the TIA pathway genes (GI0h, Cpr,
Tdc, Str, Sgd, D4h, and Dat) with a ~3.2-fold increase in
TIA levels (strictosidine, ajmalicine, and a lochnericine-like
TIA) with MeJA elicitation when compared with untreated
cultures.” In addition, Memelink’s group identified transcrip-
tional regulators known as ORCAs whose expression is
induced or whose existing proteins are activated in the pres-
ence of jasmonaltes.z‘9 The overexpression of ORCA3 coor-
dinately induced genes associated with the indole (Aso and
Tdc), DXP (Dxs), and TIA biosynthetic pathways (Cpr, Str,
Sgd, and D4h).>

Determining precursor limitations in C. roseus
hairy root cultures

In the previous section, addition of MeJA to the hairy root
cultures altered the expression of TIA pathway genes and
TIA production. In the following study, precursors loganin,
tryptamine, or their combinations were fed to noninduced
and MeJA-induced cultures to identify enzymatic limitations
in TIA biosynthesis. As in the previous section, C. roseus
hairy root cultures were elicited with 250 uM MeJA on day
21; precursors loganin (0.4 mM) and tryptamine (0.2 mM)
were added to noninduced and MeJA-induced hairy root cul-
tures on day 22 with cultures harvested on day 26.

Addition of loganin, tryptamine, or their combination did
not significantly increase strictosidine, ajmalicine, serpentine,
and tabersonine production in noninduced cultures (Figure
4), indicating that the supply of indole and terpenoid precur-
sors was not likely limiting in these cultures. In fact, loganin
or tryptamine accumulated in these cultures with individual
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Figure 4. Strictosidine, ajmalicine, serpentine, and tabersonine production in C. roseus hairy root cultures fed with loganin (L, 0.4

mM), tryptamine (T, 0.2 mM), or their combinations (LT).

Hairy root cultures were elicited with 250 uM MeJA on day 21, fed with precursors the following day, and harvested on day 26. Alkaloid levels are
based on averages of two biological replicates and error bars denote standard deviations. Statistical significance for the MeJA-elicited or noninduced
precursor-fed cultures was calculated relative to the nonfed cultures using the Student’s r-test in Excel. The C. roseus hairy root cultures in this
experiment was a sub-cell line derived from the original cultures investigated in Figure 3 and was pursued for these studies due to the unexpected

loss of the original cell line during the course of the study.

feeding, respectively (as observed from the HPLC chromato-
grams), suggesting that enzymatic steps downstream of these
precursors were limiting (i.e., SLS, STR, or SGD), resulting
in their accumulation.

In MeJA-induced cultures, loganin or tryptamine feeding
also did not significantly enhance strictosidine, ajmalicine,
serpentine, and tabersonine production (Figure 4). Only the

addition of both loganin and tryptamine enhanced ajmalicine
levels by 110% when compared with MeJA-induced nonfed
cultures. Unlike noninduced cultures, tryptamine did not
accumulate in the MeJA-induced cultures, even with the
tryptamine feeding. Loganin also did not accumulate in the
MeJA-induced cultures, except for one replicate fed with lo-
ganin; hence, SLS was not likely limiting.
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Hairy root cultures were elicited with 250 uM MeJA on day
21, fed with precursors the following day, and harvested on
day 26. If the fed loganin were completed converted by SLS,
the secologanin levels would be expected to reach 155 mg/L.
Secologanin levels are based on averages of two biological rep-
licates and error bars denote standard deviations. Significance
for the precursor-fed cultures was calculated relative to the
nonfed cultures using the Student’s #-test in Excel (*denotes
0.05 < P < 0.1.; **denotes P < 0.05).

Secologanin levels were then measured in MeJA-elicited
cultures to assess if the addition of loganin or loganin com-
bined with tryptamine resulted in secologanin accumulation
(Figure 5). If the fed loganin (0.4 mM) were completed con-
verted by SLS, the secologanin level would have reached
155 mg/L. Secologanin levels in MeJA-elicited cultures fed
with loganin, tryptamine, or their combination were 100.1,
112.0, and 151.1 mg/L, representing a 110, 135, and 220%
increase in levels when compared with nonfed MeJA-elicited
cultures. The accumulation of secologanin in MeJA-elicited
cultures with precursor feeding suggests that STR may be
limiting in the MeJA-elicited cultures. However, the accumu-
lation of secologanin (from the terpenoid precursor branch)
with tryptamine addition (from the indole precursor branch)
was unexpected.

In noninduced cells, steps downstream of loganin and
tryptamine were limiting (i.e., SLS, STR, or SGD) because
both loganin and tryptamine accumulated in cells with the
individual precursor feeding. But these bottlenecks were
partly overcome in MeJA-induced cultures as the expression
of Str and Sgd genes increased, TIA production increased,
and loganin or tryptamine did not accumulate. The enhanced
accumulation of secologanin in MeJA-elicited cultures with
precursor feeding when compared with nonfed cultures sug-
gests that STR was limiting in the MeJA-elicited cultures.

In Lee-Parsons and Royce (2005), the indole branch was
also not limiting in noninduced and MeJA-induced C. roseus
suspension cultures. However, the addition of loganin or a
combined feeding enhanced alkaloid levels (i.e., ajmalicine),
indicating steps downstream of loganin and tryptamine were
not likely limiting."”” In Morgan and Shanks (2000), the ter-
penoid branch was limiting in C. roseus hairy root cultures
during the late-exponential growth phase (day 21)."® How-
ever, in jasmonic acid-induced cultures, the addition of pre-
cursors loganin and tryptamine did not increase alkaloid
levels above jasmonic acid-induced cultures alone,'® similar
to this present study.

In conclusion, the addition of MeJA to these hairy root
cultures enhanced G10h, Tdc, Str, and Sgd levels which was
followed by an increase in alkaloid production in these cul-
tures. The combined gene expression, alkaloid profile, and
precursor feeding studies suggest that TIA biosynthesis was
likely limited (1) by the expression of SLS, STR, or SGD in

1295

noninduced cultures which were partly overcome following
MeJA addition and (2) by STR in MeJA-elicited cultures.
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