Online ISSN 1863-5474
Print ISSN 1863-5466

Plant Biotechnology Reports (2023) 17:561-571
https://doi.org/10.1007/511816-023-00840-x

ORIGINAL ARTICLE q

Check for
updates

Evaluation of reference genes for qRT-PCR studies in the colchicine
producing Gloriosa superba L.

Nekha Johnson'2 . Diana Rodriguez Diaz'? - Sivakumar Ganapathy' - John S. Bass' - Toni M. Kutchan* -
Abdul L. Khan' - Albert B. Flavier'

Received: 21 December 2022 / Revised: 28 April 2023 / Accepted: 9 May 2023 / Published online: 18 May 2023
© Korean Society for Plant Biotechnology 2023

Abstract

The flame lily, Gloriosa superba L., is one of the two primary sources of the anti-inflammatory drug, colchicine. Previ-
ous studies have shown that a higher level of colchicine production occurs in the rhizomes than in leaves and roots. Earlier
precursor feeding and transcriptome analysis of G. superba have provided a putative pathway and candidate genes involved
in colchicine biosynthesis. Comparative analysis of expression levels of candidate pathway genes in different tissues of G.
superba using quantitative real-time reverse transcription-polymerase chain reaction (QRT-PCR) can reveal highly expressed
genes in the rhizome compared to other tissues which could suggest roles of the gene products in colchicine biosynthesis.
Normalization is an important step in effectively analyzing differential gene expression by qRT-PCR with broader applica-
tions. The current study selected candidate reference genes from the transcriptome datasets and analyzed them to determine
the most stable genes for normalization of colchicine biosynthesis-related genes. Using RefFinder, one stable reference gene,
UBC22, was selected to normalize gene expression levels of candidate methyltransferase (MT) genes in the leaves, roots,
and rhizomes of G. superba. With UBC22 as reference gene, the methyltransferases, GsOMT1, GsOMT3, and GsOMT4
showed significantly higher expression levels in the rhizome of G. superba, while MT31794 was more highly expressed in the
roots. In conclusion, the current results showed a viable reference gene expression analysis system that could help elucidate
colchicine biosynthesis and its exploitation for increased production of the drug in G. superba.
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Introduction

The emergence of plant-extracted alkaloids in drug devel-
opment is promising in human medicine due to their
structural diversity and complex biological functions
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(Kishimoto et al. 2016; Mondal et al. 2019; Seca and
Pinto 2018). Gloriosa superba L., a member of the Col-
chicaceae family, is a commercial source of pharmaceuti-
cal colchicine, an amino acid-derived compound that has
anti-inflammatory functions and is approved by the US
Food and Drug Administration for treatment of gout flares
and familial Mediterranean fever (FMF) (Dubey et al.
2017; Leung et al. 2015; Sivakumar 2018). More recently,
because of its known activity in reducing production of
pro-inflammatory cytokines, colchicine’s use for COVID-
19 treatment has been proposed (Perricone et al. 2020).
Colchicine binds tubulin in mitotic cells, forming a com-
plex that interrupts microtubule polymerization. There-
fore, colchicine or its derivatives may also have promise
as a possible treatment for cancer (Bhattacharya et al.
2016; Kumar et al. 2017; Pathak et al. 2022; Wang et al.
2016). However, as the demand for colchicine in medicine
increases, the production of the natural isomer remains
expensive, labor-intensive, and low-yielding (Kumar et al.
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2017). Even with its prominent standing in human medi-
cine, there is still not a clear understanding of the biosyn-
thetic pathway of colchicine (Nett et al. 2020). To success-
fully establish alternative biomanufacturing platforms, the
colchicine pathway genes and mechanism of regulation in
G. superba must be clarified. One approach to identifying
genes involved in metabolite biosynthesis is to identify
genes that are differentially expressed in tissues that pro-
duce higher metabolite levels compared to other tissues
that produce lower levels of the metabolite. In G. superba,
it was shown that colchicine levels are higher in the rhi-
zome than in the leaf and root (Nett et al. 2020). RNA
Sequencing (RNA-Seq) data were used to identify meth-
yltransferases (MT) and cytochrome P450-encoding genes
that are upregulated in rhizome as compared to expression
levels in leaves, roots and stems. One N-methyltransferase
(GsNMT), four O-methyltransferases (GsOMT1-4), and
two P450 genes were highly expressed in rhizomes. Com-
binations of the cloned genes were transformed using
Agrobacterium tumefaciens into N. benthamiana Domin
and transiently co-expressed, whereby their enzymatic
roles in the biosynthesis of colchicine intermediates were
confirmed.

A second set of RNA-Seq results and contigs from
pooled tissues of G. superba and Colchicum autumnale
L. is publicly available in https://medplantrnaseq.org/. Our
preliminary RNA-Seq and BLAST2GO studies identified
additional MTs, P450s, and other genes (N-acetyltrans-
ferase, NAT) that could be involved in additional or paral-
lel steps in colchicine biosynthesis (S. Ganapathy, unpub-
lished results). Quantitative real-time polymerase chain
reaction (QRT-PCR) is the most effective method for gene
expression analysis, and normalization using suitable ref-
erence genes is essential in obtaining reliable gene expres-
sion results (Jose et al. 2020; Li et al. 2017; Sahoo et al.
2019; Yuan et al. 2014). The selection of internal control
genes is based on the consistency of expression across
all tissue samples and under different growth conditions.
Suitable control genes for this study would be housekeep-
ing genes—constitutive genes essential in maintaining
basic cellular functions (Yuan et al. 2014). This study
evaluated ten commonly validated reference genes from
Arabidopsis thaliana and X Doritaenopsis sp. (Table 1).
Reference genes from A. thaliana and X Doritaenopsis sp.
were compared using BLAST to G. superba cDNA contigs
(https://medplantrnaseq.org/) to identify the G. superba
orthologs. X Doritaenopsis belongs to the Orchidaceae
family; Orchidaceae and Colchicaceae belong to subclass
Petrosaviidae. Therefore, X Doritaenopsis sp. is more tax-
onomically related to G. superba, perhaps making it a bet-
ter source for identifying reference genes. The specificity
and stability of the reference genes were analyzed through
gRT-PCR, and the RefFinder software package was used
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to determine the most stable reference gene to normalize
gqRT-PCR data of candidate OMT genes in G. superba.

Normalized qRT-PCR data of the colchicine pathway
genes can be used for comparative analysis of gene expres-
sion in the leaf, root, and rhizome. These specific tissues are
tested to obtain a context-specific understanding of metabo-
lite production by comparing plant tissues that show differ-
ential expression of genes (Nett et al. 2020). Previous studies
showed that rhizomes contain the highest concentration of
colchicine (Nett et al. 2020), thereby proposing that candi-
date colchicine pathway genes will show a higher level of
gene expression in rhizomes. The correlation of differential
gene expression of methyltransferase genes by qRT-PCR
from this study and the RNA-Seq results from (Nett et al.
2020) are presented.

Materials and methods
Plant cultures and growth conditions

Gloriosa superba tissue samples were excised from cul-
tures in 2L balloon-type bubble bioreactors (Sivakumar
2018) and grown in small aseptic flask cultures with 50 ml
of Murashige and Skoog (MS) media solution supple-
mented with 3% sucrose, 0.6 g/LKNO;, 1.5 g/LL NH,NO;,
and indole-3-butyric acid, and adjusted to a pH of 6.0. The
flask cultures were placed on New Brunswick™ Innova®
2300 platform shaker set to 81 rpm for 24 h, 7 days a week
at 25-27 °C for 6 weeks until rthizome germination, and
shoots and roots formed. Tissue samples were collected from
two separate G. superba plant cultures and the biological
replicates designated as GS-1 and GS-2. One tissue sample
was extracted from young leaf, root, and rhizome from each
biological replicate. Each sample was weighed (80-120 mg),
put in microfuge tubes, and flash-frozen in liquid nitrogen.

RNA extraction and cDNA synthesis

mRNA was extracted using the TRIzol Plus RNA purifica-
tion system with PureLink RNA Mini Kit (ThermoFisher,
USA). Frozen tissue samples in 1.5 ml microfuge tubes were
homogenized in liquid nitrogen using RNase-free plastic
pestles and passed repeatedly through an 18-gauge syringe
needle before processing as per manufacturer’s instructions.
30 pl of RNase-free water was pipetted into the center of
the spin cartridge and centrifuged to elute mRNA into the
recovery tube. The concentration and purity of the isolated
mRNAs were measured on a NanoDrop 2000 Spectropho-
tometer. RNA purity was measured with an OD260/280
value between 1.9 and 2.0 and mRNA concentrations ranged
from 67 to 420 ng/pl. Quality of mRNA preparations were
examined on 2% agarose gel. The mRNA was stored at
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Table 1 Primer sequences of G. superba reference genes used for qRT-PCR experiments and their properties
Gene names Protein names Orthologs®  Primer sequences Amplicon (bp) Ampli-  Amplification
(5'-3' forward/reverse) conTm  efficiency (%)
°0)
elF2° Eukaryotic translation initiation At5g20920.3 GGTTCTGAGGGAAGGTAC 111 80.8 126
factor AAAG/CCCATCTCAGCA
AGCAAGAA
UBC22° Ubiquitin-conjugating enzyme 22 At5g05080.2 TGCATCTGTGTCTCTGAA 102 80.2 138
AGG/CCGTCCTTGTGATTC
GTAGAG
RPLI5® Ribosomal protein L At3g25920.1 CTGCTGGTTGCACTCTAACT/ 114 81.0 130
CAGCAACGGCTCTCTTCTT
PP2A Protein phosphatase 2A-4 At3g58500.1 GTGGTAACATGGCGGCTA 111 82.4
TAA/CTGGAGTCTTGCGAG
TTGTATC
ACT7® Actin 7 AY870652.1 AGCAGACCGTATGAGCAA 104 80.4 137
AG/ACCCTCCAATCCAGA
CACTA
EFI® Elongation factor KC153045 GCAAGGAAATTGAGAAGG 115 794 110
AGCC/CCTAGAGGAGGA
TATTCAGAG
ACT3 Actin 3 IN185657 TCTGTGGAGAAGAGCTAC 99 84.6
GA/GATCAAGGATGGCTG
GAAGAG
TUA® a-Tubulin IN185664 CGTGCATTTGTTCACTGG 109 80.6 170
TATG/CTGCTCCAACTTCCT
CATAGTC
TUB fB-Tubulin IN185665 CATGGACGAGATGGAGTT 119 82.6
CAC/CCTCCTCTTCCTCCT
CTTCATA
GADPH1 Glyceraldehyde 3-phosphate IN185660 GCGTCTTCACTGACAAGG 113 80.3
dehydrogenase ATAA/CTCGTTCACACCAAC
AACAAAC
GADPH? Glyceraldehyde 3-phosphate IN185660 CAATCACTGCCACTCAGA 94 80.9
dehydrogenase AGA/GTGCTGCTAGGAATG
ATGTTAAAG

#Accession numbers of orthologues used to BLAST reference genes from G. superba cDNA sequences

PReference genes used for determining amplification efficiency and stability

— 80 °C until use. cDNA synthesis was performed using
the reverse transcription protocol for SuperScript IV VILO
Master Mix with ezDNase enzyme. A total of 500 ng mRNA
per 20 pl reaction volume was reverse transcribed, diluted
fivefold with 80 pl nuclease-free water, and used for qRT-
PCR experiments.

gRT-PCR primer design and testing

A. thaliana and X Doritaenopsis sp. reference genes from
NCBI were compared using BLAST to G. superba cDNA
contigs obtained from https://medplantrnaseq.org/ to iden-
tify orthologs (Czechowski et al. 2005; Remans et al. 2008;
Yuan et al. 2014). Coding sequences in G. superba con-
tigs were identified and confirmed using BLASTX. Primers
synthesized by ThermoFisher were 20-25 base pair long
with 45-60% GC content, Tms of 58-63 °C, and amplicons

ranging from 94 to 119 bp nucleotides with melting tempera-
tures between 79.4 and 84.6 °C (Table 1). Master stocks of
100 mM were prepared from lyophilized forward and reverse
primers. 10 mM working stocks were then prepared as a 1:10
dilution of the master stock for all qRT-PCR experiments.

Primer efficiency

All experiments were performed using PowerUp SYBR®
Green Master Mix (Thermo Scientific, A25742) in 25 pl
reaction containing cDNA corresponding to 5 ng total RNA,
and no-template controls (water template) in 96-well plates
(Applied Biosystems MicroAmp Cat. 43-067-37). qRT-PCR
using Applied Biosystems QuantStudio 7 were run as fol-
lows: 96 °C denaturation for 6 min followed by 40 cycles of
30sat96 °C, 30 s at 55 °C, and 30 s at 72 °C. Fluorescence
was read following each annealing and extension phase. All
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runs were followed by melting curve analysis. The linear
range of template concentration to Ct value was determined
by performing a series of two-fold dilutions using purified
cDNA from three independent RNA extractions analyzed in
three technical replicates. Primer efficiencies for all primer
pairs were calculated using the standard curve method (Pfaffl
2001).

Gel extraction and sequencing

gqRT-PCR amplification products were loaded in 2% agarose
gel. The DNA bands that were confirmed to be the correct
amplicon size were then excised from the agarose gel and
stored at 20 °C before extraction with Zymoclean Gel DNA
Recovery Kit (Cat. No. D4001). Sanger sequencing using
ABI 3730x1 DNA Analyzer confirmed the sequence identity
and purity of all the amplified PCR products.

Quantitative real-time PCR of methyltransferase
genes

Quantitative real-time PCR (qQRT-PCR) reactions using Pow-
erUp SYBR Green (Applied Biosystems Cat. A25741) were
performed on the QuantStudio 7 Flex Real-Time PCR sys-
tem with optical 96-well plates. The QRT-PCR reaction mix-
tures consisted of 1 pl of 1:5 diluted cDNA samples (with
a concentration of approximately 5 ng mRNA/pl), 1.6 pl of
pooled forward and reverse primers (10 mM), 10 pl Pow-
erUp SYBR Green Master Mix (2 X), and 7.4 pl of water for
a 20 pl reaction. All samples had two biological replicates
and three technical replicates with a no-template control
(NTC). qRT-PCR was performed at a standard ramp speed
and continuous melt curve ramp increment. The protocol
consists of 15 s initial denaturation at 95 °C, 40 cycles of
95 °C for 15 s, and 60 °C for 1 min. The specificities of the
primers were verified using melting curve analysis where
the PCR products were heated from 60 to 95 °C (0.5 °C/5 s)
with fluorescence measured within 20 min after the last
qRT-PCR extension step. The raw Ct values were obtained
with the default parameters in the QuantStudio system.

Results
Selection of reference genes

A total of ten candidate reference genes were evaluated to
identify ideal reference genes for use in normalization and
validation of gene expression for qRT-PCR analysis of can-
didate colchicine pathway genes. The specificity of ampli-
fication of the reference genes was tested by conventional
PCR and qRT-PCR using a pool of cDNA samples from
the leaf, root, and rhizome of G. superba. The specificity of
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each primer pair was confirmed with the presence of single
peaks in the melt curve analysis and further validated with
the amplification of single PCR products of the expected
size using 2% agarose gel electrophoresis (not shown). At
least three sets of forward and reverse primers were tested
for each gene and one specific pair was chosen for each gene
(Table 1). Additional testing involved Sanger sequencing of
the gel-extracted PCR products to confirm the amplification
of the correct gene of interest. A two-fold cDNA dilution
series of mRNA was prepared to generate a standard curve
for estimation of amplification efficiency [E=(10e(— 1/
slope) — 1 X 100%] and correlation coefficient (R?), based
on the slopes of the curve (Fig. 3).

The candidate reference genes were selected based on
previous studies conducted in other plant transcriptomic
analysis (Jose et al. 2020; Li et al. 2017; Sahoo et al. 2019;
Yuan et al. 2014). They are traditional housekeeping genes
consistently expressed in most living cells. However, the
uniform expression of the genes across all sample tissue
types must be evaluated to deduce the most stable gene/s
to normalize qRT-PCR data in each new test organism.
Previous studies tested elF2, UBC22, RPL15, and PP2A
orthologs of A. thaliana for qRT-PCR in I indigotica (Li
et al. 2017). Their study concluded that RPL15 had the high-
est stability in expression in varying tissue samples based on
several factors, including the amplification specificity and
efficiency (E=1.05%), correlation coefficient (0.9920), and
low experimental variation. The average expression stability
value, calculated by the GeNorm software package, vali-
dated RPL15 as the most stable gene using stepwise exclu-
sion (M =0.06). Another similarly conducted study tested
several actin genes (ACT1, ACT2, ACT3, ACT4, ACT5),
TUA, TUB, and GADPH in Phalaenopsis cultivar Jiuhbao
Red Rose, ranking ACT2 and ACT4 as the most stable genes
based on amplification efficiencies of 0.99 and 1.00, correla-
tion coefficients of 0.997 and 0.997, and M values less than
1.5 (Yuan et al. 2014).

Reference gene expression profiling

The Ct values of the ten candidate reference genes ranged
from 19.42 to 34.98, with most values falling in the 22-28
range (Fig. 1). EF1, ACT7, and TUA showed the highest
gene expression levels, while PP2A and RPL15 showed the
lowest gene expression levels. The reference genes were
tested using six different tissue samples isolated from the
two biological replicates (GS-1, GS-2) with three technical
replicates, and no-template controls (NTC) to analyze the
variation of Ct values in the leaf, root, and rhizome in G.
superba. Narrow Ct variations were observed for UBC22,
EF1 and TUA, and wider Ct variations for PP2A, ACT3,
ACT7, and GADPH. The two sets of primers for GADPH
gave about the same range of Ct values.
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Fig. 1 Box plot of ten candidate reference genes showing Ct distribution in leaf, root, and rhizome tissues of G. superba. Whiskers are the lowest
and highest Ct values, boxes are the 25 and 75 percentiles, and the lines across each box are median values

RefFinder analysis

The expression stability of the ten selected reference genes
was further analyzed using the RefFinder software package
(Xie et al. 2012). RefFinder produces a comprehensive anal-
ysis of expression stabilities by using a combination of four
different software packages, including BestKeeper (Pfaffl
2001), GeNorm (Vandesompele et al. 2002), NormFinder
(Andersen et al. 2004), and Delta Ct (Silver et al. 2006). The
geometric mean values of cycle quantification (Cq) from the
four separate statistical algorithms are used to rank the refer-
ence genes from most stable to least stable genes in the final
output analysis. Based on the RefFinder comprehensive data
analysis of expression stability (Fig. 2), the ten reference
genes were ranked as follows: UBC22>TUA >TUB > elF
2>RPL15>EF1> ACT7> ACT3 > GADPH > PP2-A.
UBC22 and TUA were consistently ranked highest across
all expression analysis software packages. GADPH, which
had been widely used to normalize many earlier gRT-PCR
experiments, and PP2-A, consistently showed the low-
est expression stabilities. BestKeeper generated a slightly
modified ranking based on the standard deviation and Pear-
son’s correlation coefficient (Fig. 2). Genes with a stand-
ard deviation greater than one were considered unsuitable
for normalization; UBC22 was the only gene that met all
criteria. NormFinder also identified UBC22 as the most
stable, while UBC22 came second to TUA and TUB using
GeNorm. Using GeNorm, PP2-A and GADPHI1 exceeded
the M value cutoff of 1.5.

Amplification efficiency and specificity of six
candidate reference genes

Based on the calculated correlation coefficients and com-
puted stability ranking, six reference genes were chosen for
further analysis of expression stability—UBC22, TUA, elF2,
RPL15, EF1, and ACT7; TUB was left out by mistake. The
selected genes were tested by qRT-PCR using pooled leaf,
root, and rhizome cDNA template and negative controls.
The concentration of the templates was reduced by two-fold
serial dilutions with 5-6 measurement points from a starting
concentration of 10 ng mRNA/pl. Using the Ct data, a stand-
ard curve was generated to calculate the selected reference
genes’ amplification efficiencies and correlation coefficients
(Fig. 3). ACT7, RPL15, eIF2, UBC22, and TUA had R? val-
ues > 0.98 and PCR efficiencies of 126—-138%. Based on the
cumulative analysis of expression stability of the candidate
reference genes, UBC22 was selected to normalize expres-
sion data of candidate colchicine pathway genes.

Validation of UBC22 as reference gene using
colchicine biosynthesis genes

Nett et al. (Nett et al. 2020) used sequences in https://medpl
antrnaseq.org/ and their newly generated RNA-Seq data to
identify candidate colchicine pathway genes differentially
expressed in rhizomes versus leaves and roots. They dem-
onstrated that the transformation of some of those genes
in Nicotiana tabacum leaves by Agrobacterium infiltration
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mFinder, and GeNorm

led to production of various colchicine intermediates. In
this paper, the expression profiles of four methyltrans-
ferases studied by Nett et al. (2020), GsOMT1, GsOMT3,
GsOMT4 and MT2864, were examined in three different
plant tissues (Table 2) using qRT-PCR to see if the RNA-
Seq results could be validated using UBC22 as reference
gene for normalization. Using BLAST2GO, we identified
a second, longer methyltransferase contig, MT31794 (Sup-
plementary information), that aligns with MT2864 with
99% nucleotide sequence identity. Mismatches were due
to ambiguous sequence reads in the 5’ end of MT2864.
MT2864 is missing 117 bases from the start codon which
are present in MT31794. BLASTX analysis of the longer
MT31794 revealed a CDS that has 100% sequence cover-
age and 81.87% sequence identity with GsOMT4. MT31794
and MT2864 are likely sequences from the same gene and
MT31794 was designated as representing MT2864 in this
paper.

The specificity of amplification of the methyltransferase
genes was initially tested by conventional PCR and qRT-PCR
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using a pool of cDNA samples and further validated through
the presence of a single band in agarose gel, followed by DNA
sequencing. Gene expression was measured using two biologi-
cal replicates (GS-1 and GS-2), three technical replicates, and
no-template controls (NTC) for three tissue samples; leaf, root,
and rhizome. The raw Ct values, obtained by qRT-PCR, were
analyzed through the comparative AACt method (Pfaffl 2001).
The method normalized the values of the target gene against
the values of the reference gene. The relative expression of the
colchicine pathway genes in the different tissue samples was
calculated using the following formula:

ACt = [Ct (target gene) — Ct (reference gene)].

The relative expression fold change (FC) of rhizome and
root sample Ct values in comparison with the Ct values
obtained from the leaf samples were calculated as follows:

AACt = [ACt (thizome or root) — ACt (leaf)]



Plant Biotechnology Reports (2023) 17:561-571

567

Fig.3 Standard curve linear A
regression plot of Ct values of

six candidate reference genes at

different mRNA concentrations.

Data are from three technical

replicates from each of three §
biological replicates i
2

o

»

]

=

©

>

-

(&

73

o

=

©

>

-

(&)

30- elF2

294 R? 0.9880
logIC50 0.2418

284 P value 0.0931

2 4 6 8 10 12
mRNA concentrations (ng/ulL)

TUA

R2 0.9801
logIC50 0.3765
P value 0.3098

0 2 4 6 8 10 12
mRNA concentrations (ng/ul)

ACT7

i R2 0.9972
24 logIC50 -0.1331

P value 0.1819

0 2 4 6 8 10 12
mRNA concentrations (ng/ul)

Ct values

RPL15

R? .9902
logicso §32es
Pvalue 0.7456

0

Ct values

2 4 6 8 10 12
mRNA concentrations (ng/ul)

uBC22

R? 0.9825
logIC50 0.1921
P value 0.4846

304

28

26

Ct values

24

22+

mRNA concentrations (ng/ulL)

EF1

R? 0.9445
logIC50 .0.2396
Pvalue 0.9543

20
0

2 4 6 8 10 12
mRNA concentrations (ng/uL)

Table 2 G. superba methyl transferase primers used for qRT-PCR, contig numbers from https://medplantrnaseq.org/, amplicon lengths and melt-

ing temperatures

Gene Contig number Primer sequences (5'-3' forward/reverse) Amplicon (bp) Amplicon
Tm (°C)
OMTI 20120814146280 CTCCAAGTACCCTCACATCAAA/ACATGTCTCCTCCAATGTTCTC 101 78.2
OMT3 2012081412006 GAGGATCTCTGCATGTTGACTTA/GCACAAGCCACAACTTCAAA 113 79.2
OMT4 20120814116576 AGGTTCCTGACGAGGGATAA/CCTCTAGCACCGCATATTTCA 111 80.7
MT31794 20120814131794 GGACTGATGAGTGCTGCATAAA/CCGGGAGAATCGCTTCAATTA 93 76.6
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FC = 2—(AAC[)

Melt curve analysis after qRT-PCR provided additional
validation of the presence of single amplified PCR products
(Online Resource, Fig. S1).

gRT-PCR analysis of O-methyltransferase genes

Nett et al. (Nett et al. 2020) transiently expressed 11 putative
OMT genes by Agrobacterium tumefaciens infiltration of
N. benthamiana leaves and showed by liquid chromatogra-
phy—mass spectrometry (LC-MS) analysis that five OMTs
(GsNMT, GsOMT1, GsOMT2, GsOMT3 and GSOMT4)
were involved in the biosynthesis of the colchicine precur-
sor, N-formyldemecolcine. In contrast, six other OMTs
(including MT2864) did not seem to be involved. Nett et al.
(2020) also showed high accumulation of colchicine in the
rhizomes of G. superba relative to other tissues, which cor-
related with the differential expression levels of GsOMTs
1-4, therefore, lending additional support for their possible
role in the colchicine pathway.

To validate the suitability of UBC22 as reference gene
for qRT-PCR for looking at differential expression of colchi-
cine biosynthetic genes in rhizomes versus leaves and roots,
expression of GsSOMT 1, GsOMT3, GsOMT4, and MT31794
(=MT2864) was studied. qRT-PCR was performed using
GS-1 and GS-2 and produced melt curves showing single
amplification products, which were further confirmed by
Sanger sequencing. GsOMT1 was significantly upregulated
in the rhizome of G. superba (Fig. 4). There was an average
of 1416-fold change (FC) in gene expression in the rhizome
compared to the root and leaf (FC=1.53 and 1, respec-
tively). Ct values of GsOMTS3 also showed a consistently
high level of expression in the rhizome of the G. superba
plants (Ct~26) compared to the root and leaf (Ct~33)
(Fig. 4). The high average FC (FC =76.25) observed in
the rhizome and smaller FC observed in the root and leaf
(FC=0.27 and 0.24, respectively) indicate the high expres-
sion of GsOMT?3 in the rhizome. Normalization and com-
parative analysis of GSOMT4 also resulted in a significantly
high level of gene expression in the rhizome of G. superba.
The average expression fold change in the rhizome for the
two biological replicates is 41.11, while FC values for root
and leaf are 1.79 and 1.0, respectively.

MT31794 was included in this study, because the equiva-
lent in Nett et al. (2020), MT2864, did not show differen-
tial tissue expression in their work based on FPKMs (frag-
ments per kilobase million) and had a poor correlation with
GsOMT1 expression (r=0.56). Unlike the other OMTs,
MT2864 failed to catalyze the synthesis of colchicine pre-
cursors upon transformation into N. benthamiana. Thus,
it would be a desirable gene to use as negative control to
contrast with the rhizome-specific expression of GSOMT1,
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GsOMT3, and GsOMTH4. In this study, MT31794 was not
highly expressed in the rhizomes as compared to that in roots
and in leaves. Instead, MT31794 had the highest level of
expression occurring in roots and the lowest expression in
rhizomes (Fig. 4). The average FC in the rhizome, 0.15, was
considerably low compared to the roots’ 2.85. It is impor-
tant to note that fold increases determined by qRT-PCR and
RNA-seq are not always 100% correlated (R>=0.83 in Mar-
riott et al. 2016), with the fold change sometimes higher
for qRT-PCR than from RNA-Seq. RNA was also collected
from plants grown in solid substrate in (Nett et al. 2020),
while the present study used plants grown in liquid media
with shaking.

Discussion

Inclusion of a reference gene as internal control is a wide-
spread practice when using qRT-PCR for examining differ-
ential gene expression in plants (You et al. 2021; Sharma
et al. 2021; Mafra et al. 2012) and non-plants (Silver et al.
2006; Cankorur-Cetinkaya et al. 2012; Hu et al. 2016).
Reference gene readings are used to normalize Ct data for
possible analyst and other experimental errors especially
those that can skew the starting mRNA amounts (Chapman
and Waldenstrom 2015). An ideal reference gene should
be expressed stably in a broad range of treatment condi-
tions and/or tissues. In the present study, four algorithms
(geNorm, NormFinder, BestKeeper, and Delta Ct), followed
by RefFinder, were used to evaluate the stability of ten G.
superba housekeeping genes. With the exception of geNorm,
the other four programs identified UBC22 as the highest
scoring of the ten candidates, followed by TUA, TUB and
elF2. UBC22 was second best after TUA and TUB using
geNorm. UBC homologues worked best among tested refer-
ence genes, at least in certain conditions, in qRT-PCR stud-
ies done in many plants (Ye et al. 2018; Niu et al. 2015;
Taylor et al. 2016; Li et al. 2016; Chen et al. 2019), but not
in others (Czechowski et al. 2005; Qu et al. 2019; Li et al.
2019).

UBC22 was validated as a reference gene for examin-
ing differential gene expression of four G. superba meth-
yltransferases. GsSOMT1, GsOMT3 and GsOMT4 were
highly expressed, while MT31794 was poorly expressed
in colchicine-overproducing rhizomes compared to leaves
and roots. The results were consistent with the RNA-Seq
and heterologous colchicine pathway reconstitution stud-
ies done in N. benthamiana using those same four genes
(Nett et al. 2020). Using BLAST2GO on cDNA contigs,
we have identified additional candidate MT and cytochrome
P450 genes in G. superba (S. Ganapathy, unpublished)
that were not studied in Nett et al. (2020). A qRT-PCR
approach using UBC22 as reference gene would be used
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Fig.4 Comparative AACt analysis of methyltransferase genes in G.
superba tissues and melting curves of qRT-PCR amplicons. PCR
products were heated from 60 to 95 °C (0.5 °C/5 s) and fluorescence

to test rhizome overexpression of those remaining candi-
date genes. Genes that will show increased expression in
the rhizomes of G. superba, versus leaves or roots, would be

measured within 20 min after the last qRT-PCR extension step. 5 ng/
pl mRNA used per reaction

reasonable candidates for prioritizing functionality studies
in the colchicine biosynthetic pathway. Therefore, this study
is one step towards complete elucidation of the biosynthetic
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pathway in G. superba. Once gene expression is evaluated
and confirmed for the entire colchicine pathway, additional
studies to validate the exact biochemical contributions of the
enzyme products are necessary for laying a foundation for
synthetic biotechnology and possible large-scale production
of colchicine and its novel derivatives (Ghawanmeh et al.
2020) in heterologous systems like yeast. Plant biosynthetic
genes have been successfully engineered in yeast to pro-
duce pharmaceutical drugs or their precursors (Cravens et al.
2019; Ro et al. 2006; Galanie et al. 2015; Srinivasan and
Smolke 2020; Luo et al. 2019). In addition, overexpression
of pathway genes in transgenic G. superba or C. autum-
nale can further increase colchicine yield. In Papaver som-
niferum L., increased production of the alkaloids, morphine
and codeine, was achieved by constitutively expressing just
one protein in the pathway, codeinone reductase (Larkin
et al. 2007). In Panax ginseng C.A.Mey, over-expression
of squalene synthase increased levels of ginsenoside and
phytosterols (Lee et al. 2004). In Macleaya cordata (Willd.)
R.Br., overexpression of berberine bridge enzyme increased
production of benzylisoquinoline alkaloids (Huang et al.
2018). More recently, the production of anticholinergic and
arrhythmia alkaloid, hyoscyamine, was increased in Atropa
belladonna L. by using CRISPR/CAS?9 to inactivate a dioxy-
genase which converts hyoscyamine to an unwanted deriva-
tive (Zeng et al. 2021).

While using UBC22 for normalizing qRT-PCR readouts
of methyl transferase genes successfully produced results
consistent with differential FPKM patterns from RNA-Seq
data (Nett et al. 2020), more studies are needed to determine
if UBC22 could serve as an ideal reference for qRT-PCR
studies in G. superba beyond colchicine biosynthetic genes.
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