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ABSTRACT
Background: Artemisinin, an antimalarial compound suggested by 
the WHO to treat drug‑resistant malaria, was obtained from Artemisia 
annua L. plants. However, due to the low level of artemisinin in the 
plant causes limitation to its commercialization, so to increase the 
concentration of artemisinin, two transgenic lines were developed by us, 
overexpressing the key genes of artemisinin biosynthetic pathway, namely, 
3 S‑hydroxy‑3‑methyl glutaryl‑CoA reductase (HMGR), amorpha‑4,11‑diene 
synthase  (ADS)  (Trans. 1) and HMGR, ADS, and CYP71AV1 (cytochrome 
P450 monooxygenase) (Trans. 2). Objectives: Our main aim for this study 
was to select the suitable reference gene for the normalization of reverse 
transcription‑quantitative polymerase chain reaction ( Reverse transcription 
RT‑qPCR) data in different tissues at various developmental stages in A. 
annua L. plants. Materials and Methods: Six candidate reference genes, 
namely; β‑actin (ACT), elongation factor 1‑alpha (EF1α), TAP‑42 interacting 
protein (TAP42), SAND family protein, β‑tubulin, and protein phosphatase 
2A (PP2A) for their expression stability in the root, stem, leaf, and flower of 
A. annua L. plants at vegetative, preflowering, and flowering stages were 
analyzed using geNorm, NormFinder and BestKeeper, the Excel‑based 
research tools. Results: The genes ACT/PP2A, PP2A/TAP42, and EF1α/
PP2A were appropriate as reference genes in the leaf tissues at vegetative, 
preflowering, and flowering stages, respectively. In addition, EF1α/PP2A 
genes at vegetative and flowering stage, while EF1α/TAP42 gene at 
preflowering stage was found suitable reference genes for normalization 
of expression data in the stem. In the root samples, ACT/EF1α, EF1α/
PP2A, and ACT/TAP42 sets were found to be reliable reference genes 
at vegetative, preflowering, and flowering stages, respectively, whereas, 
PP2A/TAP42 gene set was found suitable for flower tissues at flowering 
stage. Conclusion: These results will be helpful in the normalization of 
expression data in RT‑qPCR to find the reliable outcome.
Key words: Artemisia annua L., BestKeeper, geNorm, norm finder, 
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SUMMARY
•  The study provided suitable reference genes for reverse 

transcription‑quantitative polymerase chain reaction (RT‑qPCR) normalization 
and emphasized the importance of validating reference genes for gene 
expression analysis in Artemisia annua plants

•  Different reference gene sets were required for normalization of RT‑qPCR 
expression data in different tissues and developmental stages

•  The geNorm analysis shows that a minimal number of reliable pair of the 
reference gene for normalization of RT‑qPCR data also vary in different 
tissues and developmental stages.

Abbreviations used: HMGR: 3 S‑hydroxy‑3‑methyl glutaryl‑CoA 
reductase; ADS: Amorpha‑4,11‑diene synthase; CYP71AV1: Cytochrome 
P450 monooxygenase; ACT: β‑actin; EF1α: Elongation factor 1‑alpha; 
TAP42: TAP‑42‑interacting protein; SAND: SAND family protein; TUB: β‑tubulin; 
PP2A: Protein phosphatase 2A; TAIR: The Arabidopsis Information Resource; 
EST: Expressed sequence tag.
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INTRODUCTION
Artemisia annua L. plant  (Family: Asteraceae), a traditional Chinese 
medicinal herb, accumulates numerous pharmacologically active 
compounds.[1] Artemisinin is the most important therapeutic compound 
present in this plant. It is used in combination with other drugs for 
the treatment of malaria. Besides antimalarial property, artemisinin 
has antiviral,[2] anticancer,[3] and antischistosomal activities.[4] The 
concentrations of artemisinin vary widely depending on the genotype, 
growth conditions, and developmental stages of plants.[5] Due to its 
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unique antimalarial property, Artemisia has attracted immense scientific 
interests among plant breeders, agricultural scientists, developmental 
geneticists, and molecular biologists. Consequently, numerous studies 
are underway to know the artemisinin biosynthetic pathway and the 
mechanisms of its biosynthesis in this plant.
In the synthesis of artemisinin both pathways; plastidial 
2‑C‑methyl‑D‑erythritol‑4 phosphate and cytosolic mevalonate 
(MVA)[6] contribute carbon, but the major contributor of carbon (80%) 
is MVA pathway. The conversion of 3 S‑hydroxy‑3‑methyl 
glutaryl‑CoA  (HMG‑CoA) to mevalonate  (MVA) is catalyzed by 
3 HMG‑CoA Reductase  (HMGR) activity which is a rate‑limiting 
step in MVA pathway, thus limits the artemisinin biosynthesis and its 
accumulation in A. annua L. plants.[7] Further, mevalonate is converted 
to farnesyl pyrophosphate  (FPP) through a sequence of biochemical 
reactions. Amorpha‑4,11‑diene synthase  (ADS), thereafter, converts 
FPP to amorpha‑4, 11‑diene, the first committed precursor of 
artemisinin biosynthesis. This step hence links the mevalonate pathway 
to artemisinin biosynthesis. Amorpha‑4, 11‑diene, is then converted to 
artemisinic acid through two‑step reactions, and these steps are catalyzed 
by cytochrome P450 monooxygenase (CYP71AV1). Modulation of the 
expression of different genes of artemisinin biosynthesis pathway has 
been considered an important strategy to increase the concentration 
of artemisinin. In our laboratory, we, therefore, developed two 
transgenic lines of A. annua L. by transforming wild‑type plants with 
HMGR and ADS genes (Trans. 1) and HMGR, ADS, and CYP genes 
(Trans. 2), respectively, through Agrobacterium tumefaciens‑mediated 
genetic transformation. To understand the expression patterns of 
these genes, reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR) assays were carried out. This technique is commonly 
used due to its high sensitivity and specificity in the quantification of 
the transcriptional abundance of various individual genes. It also leads 
to synchronized quantification of gene expression in different samples, 
with a wide quantification range of up to several orders of magnitude 
in comparison to common techniques such as RT‑PCR or northern 
hybridization.[8] Hence, it is necessary to normalize the expression data 
of the target genes first by reference genes, since the expression stability 
of reference genes has a high impact on the expression levels of the target 
genes analyzed using RT‑qPCR.[9] It has been seen that the expressions 
of most commonly used reference genes themselves are influenced 
by a number of factors, namely across the tissue samples, growth and 
developmental stages of plants, different biotic and abiotic stresses, and 
other experimental conditions. This leads to the serious implications 
for the gene expression studies that have used invalidated reference 
genes. The significant downregulations of the actin and ubiquitin, 
two commonly used reference genes were reported in a transcriptome 
analysis of Arabidopsis infected by Agrobacterium.[10] It is thus necessary 
to demonstrate that the reference gene of choice is suitable for the 
experiment in question.[9] Suitable reference genes have been established 
for the various model, commercially and agronomically important 
plants such as rice,[11] Arabidopsis,[12] coffee,[13] carrot,[14] cotton[15] and 
tobacco.[16] This practice of gene normalization is, however, rare in 
medicinal plants. Further, the studies on gene expression in wild‑type and 
transgenic A. annua L. plants with RT‑qPCR have used actin, ubiquitin, 
16S rRNA, GAPDH, etc., as reference genes without establishing their 
suitability across different tissue samples, developmental stages, and 
different experimental conditions in order to get trustworthy data. In 
the present study, therefore, several software‑based algorithms, for 
instance, geNorm,[17] NormFinder,[18] BestKeeper,[19] and the delta Cq[20] 
were employed to assess the stability of six candidate reference genes in 
both wild‑type and transgenic A. annua L. plants. These algorithms have 
been used in previous studies, for normalization of the gene expression 
data.[12,21‑24]

MATERIALS AND METHODS
Plant materials
Two lines of transgenic plants of A. annua L.  (Trans. 1 and Trans. 2) 
were developed by Agrobacterium‑mediated transformation using strain 
EHA105 which contain recombinant pCambia expression vectors. 
Trans. 1 lines contain expression cassette comprised two genes, HMGR 
and ADS drove by ubiquitin and cauliflower mosaic virus  (CaMV) 
35S promoter, respectively, and Trans. 2 lines contain expression 
cassette comprised three genes; HMGR, ADS, and CYP71AV1 drove by 
ascorbate peroxidase (APX), CaMV 35S, and cassava vein mosaic virus 
promoters, respectively  (data not published). The transgenic plants 
were hardened and grown in Transgenic Containment Facility of Jamia 
Hamdard, New Delhi, India, under controlled conditions at 25°C ± 2°C 
for 16/8 h light/dark conditions with a light intensity of 300 µmol/m2/s 
and relative humidity of 60%–70%. Samples of different tissues from 
these transgenic as well as wild‑type plants were taken in triplicate. The 
stages of growth were considered from the date of transfer  (DOT) of 
hardened plants to the larger pots for growth and development. Samples 
were collected at vegetative (90 days from DOT), preflowering (180 days 
from DOT‑budding stage), and flowering stages (200 days from DOT) 
of growth. These tissue samples were frozen in liquid nitrogen before 
storage at −80°C for RNA extraction.

Total RNA isolation and first-strand cDNA synthesis
Total RNA extraction was performed using Plant RNeasy Mini kit 
(Qiagen, Germany) according to the manufacturer’s instruction from 
the frozen samples (100 mg each) of the root, stem, leaves, and flowers 
of the transgenic and wild‑type plants at vegetative, preflowering, and 
flowering stages. The extracted RNA samples may contain an impurity 
of genomic DNA which was removed by treatment with DNase I (Sigma 
Aldrich). The RNA quality was validated using NanoDrop  (ND1000) 
spectrophotometer and 1.5%  (w/v) agarose gel electrophoresis. 
First‑strand cDNA was synthesized from total RNA  (1 µg) through 
RT using 20 µl Verso cDNA kit  (Thermo Scientific), following the 
manufacturer’s protocol. cDNA was diluted in a 1:10 ratio, which was 
then used in the RT‑qPCR analysis. Six commonly used reference genes, 
β‑actin  (ACT), β‑tubulin  (TUB), elongation factor 1‑alpha  (EFI), 
protein phosphatase 2A  (PP2A), SAND family protein  (SAND) and 
TAP‑42 interacting protein (TAP42) were selected and their sequences 
were obtained from the The Arabidopsis Information Resource database 
(http://www.arabidopsis.org). The sequences of these reference genes 
identified have potential homologs, therefore, from the expressed 
sequence tag database (taxid: 35608) of A. annua L. from the NCBI were 
aligned using BLAST Sequence Alignment tool. Primers of these 
reference genes were designed using the Integrated DNA Technologies 
PrimerQuest tool (http://eu.idtdna.com/primerquest/home/index) 
and analyzed in OligoAnalyser  (https://eu.idtdna.com/calc/analyzer) 
according to the developer’s guidelines. The primer sequence along with 
their Tm  (°C) and amplicon size are provided in the table  [Table  1]. 
Amplicon specificity and size were verified by semiquantitative RT‑PCR 
and gel electrophoresis, respectively.

Real-time quantitative polymerase chain reaction
Real‑time‑qPCR was carried out in a 96‑well plate using SYBR Green 
I on a real‑time‑PCR Light Cycler® 480 System  (Roche Diagnostics). 
The RT‑qPCR experiment was designed according to the minimum 
information for publication of quantitative real‑time‑PCR experiment 
guidelines.[25] The 20 µL reaction mixtures consist of 10 µL SYBR 
Green I Mix, 2 µL diluted cDNA, double‑distilled water, and a final 
primer concentration of 0.4 µM. In Light Cycler following experimental 
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protocol was used; preincubation  (95°C for 10  min), amplification, 
and quantification program (94°C for 50 s, 60°C for 60 s, 72°C for 60 
s with a single fluorescence measurement) for 35 times; melting curve 
program  (55°C–97°C with a heating rate of 0.1°C/s and a continuous 
fluorescence measurement); and finally a cooling step to 37°C for 10 min.

Data analysis
Excel‑based softwares, geNorm,[17] NormFinder,[18] and BestKeeper,[17] 
were used to calculate the relative expression levels of reference genes. 
Data were used directly for stability calculations through BestKeeper, 
converted into relative quantities using the formula 2‑∆cq and then 
imported in geNorm and NormFinder. The geNorm algorithm first 
calculates an expression stability value  (M) for each gene, then the 
level of pair‑wise variation  (V) for each reference gene with others is 
calculated. Most stable expression of the reference gene is shown by 
the lowest value of M within the set of genes examined. NormFinder 
works in a similar manner as that of geNorm. It identifies the genes with 
optimal normalization among a set of different reference genes. Lowest 
stability value indicates the most stable expression within the set of genes 
examined. BestKeeper algorithm is based on the pair‑wise correlation 
analysis of raw Cq value and establishes the best‑suited reference gene.

Reference gene validation
The best and worst reference genes identified by software‑based tools 
were validated in the root, stem, and leaf of wild‑type and transgenic 
A. annua L. plants at the preflowering stage using them to normalize the 
expression data of the transgenes.

RESULTS
Quality control and selection of the candidate 
reference gene
Six potential candidate reference genes, namely, ACT, TUB, EF1, 
PP2A, SAND, and TAP42 were used for gene expression studies using 
RT‑qPCR in wild‑type and transgenic A. annua L. full‑length sequences 
were retrieved from A. annua L. transcriptome on account of homology 
analysis with Arabidopsis sequences. Specific primers for the candidate 
reference genes were designed and confirmed on the basis of the 
amplification specificity. The amplification of reference genes using these 
primers on PCR, yielded products of the expected sizes on 1.5% (w/v) 

agarose gel electrophoresis confirms the primer specificity [Figure 1a]. 
The presence of a single band in the agarose gel electrophoresis in each 
case and the single‑peak melting curves in all RT‑qPCR amplifications 
ruled out the presence of primer dimers [Figure 1b].

Variation in the expression level of the candidate 
reference genes
The extracted RNA samples, in triplicate from the root, stem, leaf, and 
flower of wild‑type and the transgenic lines of A. annua L. at different 
stages, namely, vegetative, preflowering, and flowering were used to 
synthesize cDNAs by RT approach. These cDNAs were further used 
as a template for RT‑qPCR analysis. The threshold cycle value  (Cq) 
denotes the expression level upon which the fluorescence signal reaches 
over the baseline threshold during the RT‑qPCR analysis of candidate 
reference genes. Baseline thresholds were standardized to mean 
75.55. The distribution of raw data is shown by a Box and Whiskers 
plot [Figure 2]. Higher Cq value corresponds to lower expression level 
and lower Cq value corresponds to higher expression level. Out of the 
selected candidate reference genes, at least two genes, ACT and EF1, 
showed the highest expression levels  (15<Cq<27), while genes TUB, 
PP2A, SAND, and TAP42 showed lowest expression levels (19<Cq<32). 
The genes ACT, TUB, EF1, and PP2A (standard deviation [SD] = 2.11–
2.72; Cq value varied from 15.75 to 32.74) showed maximum variability 
in their expression levels, but the genes SAND and TAP42 with Cq value 
varying from 20 to 28.90 showed minimum variability  (SD  =  1.55–
1.70). In the transgenic together with wild‑type A. annua L. plants, 
the expression profile of candidate reference genes was studied in 
various tissues and developmental stages  [Supplementary Figure S1]. 
The expression of ACT gene in the leaves of wild‑type and transgenic 
plants decreased from vegetative to flowering stage. The similar trend 
was also observed in the case of TUB gene expression in wild‑type 
plants. In transgenic plants, however, its expression decreased from 
vegetative to the preflowering stage and became almost constant at 
the flowering stage. Expression of EF1 decreased from vegetative to 
the preflowering stage and then increased in the flowering stage. The 
contrary result was, however, observed in the expression of SAND. The 
expression of TAP42 in wild‑type plants remained almost constant from 
vegetative to preflowering and then increased at the flowering stage. 
Instead, in transgenic plants, the expression of TAP42 increases in the 
leaves from vegetative to the preflowering stage but decreased afterward 

Table 1: Description of candidate reference gene primers used for the quantitative real-time polymerase chain reaction

Gene symbol Gene name Gene bank accession number Primer sequence Tm (°C) Amplicon size (bp)
ACT β‑actin gene EY039526.1 AGCTCCTGCTCATAGTCAAG

CCTATCTACGAAGGGTATGC
60.0 191

TUB β‑tubulin gene EY115109.1 CTTACAACGCCACCCTTTCT
TGGATTGGCGAGCTTTAGTG

60.0 116

EFIα Elongation factor 
1‑alpha gene

FJ874734.1 GCCACTACACCAAAGTACTCAA
GGGACTTTGTCAGGGTTGTATC

60.0 98

PP2A Protein phosphatase 
2A gene

EY073872.1 CGGCAGATTACCCAAGTGTATG
GCGCTGTAAGAGGAAGGTAATC

60.0 112

SAND SAND family 
protein gene

EY082985.1 CACTCTCATTCACCACCTCAC
CATCATCGTCATTCCTCCATACA

60.0 102

TAP42 TAP‑42‑interacting 
protein

EY039843.1 GAGTGGGAAGCAGATGAGAAAG
GAAGTGAGACAAGAGCGGTTAG

60.0 122

ADS Amorpha‑4,11‑diene 
synthase

AB530988.1 ATGAAGCACGCCAACTTG
CCCGTTCTTGTCCTTGTAG

60.0 219

CYP71AV1 Cytochrome P450 
monooxygenase

AB706288.1 AGCAATGGCACTCTCACTG
CTTTCTGGCTAAATCCCTAACC

60.0 190

ACT: β‑actin; TUB: β‑tubulin; EFIα: Elongation factor 1‑alpha; PP2A: Protein phosphatase 2A; SAND: SAND family protein; TAP42: TAP‑42 interacting protein; 
ADS: Amorpha 4,11‑diene synthase; CYP71AV1: Cytochrome P450 monooxygenase
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at the flowering stage. In the leaves of wild‑type plants, the expression 
of PP2A decreased from vegetative to the preflowering stage and then 
became almost constant. However, in the transgenic plants, the leaves 
have shown an unchanged expression level of PP2A from vegetative to 
preflowering, which later was decreased at flowering stage in the stem, 
the expression of ACT, TAP42, and PP2A decreased from vegetative to 
flowering stage in wild‑type and transgenic plants. Expression of TUB 
and EF1 decreased from vegetative to the preflowering stage and then 
increased. The expression of SAND in the wild‑type plants decreased 
from vegetative to flowering stage but increased from vegetative to 
the preflowering stage and remained almost constant at the flowering 
stage of transgenic plants. The roots have shown the similar trends in 
the expression levels of ACT, PP2A, EF1, SAND, and TAP42 in the 
wild‑type as well as transgenic plants. Conversely, from vegetative to 
preflowering, these genes have shown an increased level of expression 
which got decreased at the flowering stage. The expression of TUB 

gene in wild‑type plants decreased from vegetative to preflowering 
and remained constant at the flowering stage, whereas its expression 
increased from vegetative to preflowering and remained constant at 
flowering stage of the development in transgenic plants. In transgenic 
plants, the changes observed in some of the above‑mentioned 
reference genes could be due to the overexpression of genes involved 
in artemisinin biosynthesis. A  similar pattern of expression of the 
reference genes observed in transgenic plants in our study had also been 
reported earlier as well.[26]

geNorm analysis
The expression stabilities of the six candidate reference genes in different 
tissues of wild‑type and transgenic A. annua L. plants at various 
developmental stages were analyzed by a statistical algorithm, geNorm. 
geNorm calculates gene expression stability (M) as the average pair‑wise 
variation between all tested genes in a given set of samples. On account 
of geNorm analysis, the cutoff range of stability value (M) is <1.5, and the 
stability of reference genes is related inversely proportional to M value of 
that reference gene.[17] When “total sample” sets were considered, ACT 
and PP2A gene pairs were two most stable expressed reference genes 
out of all candidates, calculated by step‑wise exclusion of genes with 
a stability value of 1.11. Leaf samples in wild and transgenic plants at 
vegetative, preflowering, and flowering stages had M = 0.73, 0.36, and 
0.71 for ACT/PP2A, PP2A/TAP42, and EF1/PP2A, respectively. This 
gene sets, therefore, had the highest expression stability in the leaf tissue 
at various developmental stages of transgenic together with wild‑type 
A. annua L. plants. In the wild and transgenic A. annua L. plants, the 
lowest M values obtained for stem were 0.38 and 0.90 at vegetative and 
flowering stages, respectively, for the gene set EF1/PP2A. Furthermore, 
in the preflowering stage, it was 0.50 for the gene set EF1/TAP42. The 
most stable reference gene pair in the root of wild and transgenic plants 
was found to be ACT/EF1α with M value of 0.68 at vegetative stage, 
whereas at preflowering and flowering stages, the gene sets EF1α/PP2A 
and ACT/TAP42 had lowest M values (0.19 and 0.50 respectively). In 
the flowers, PP2A and TAP42 were highly stable reference genes in the 
flowers with an M = 0.78 [Figure 3]. Nonetheless, in all the developmental 
stages and in different tissues, the M values of selected reference genes 
were found to be less than one that indicates its relatively adequate 
range of expression stabilities. According to above geNorm analysis, it 

Figure 2: Quantitation cycle (Cq) values of the candidate reference genes 
in the experimental samples. Each box indicated 25–75 percentiles and 
the line across box depicts median values Whiskers represent percentiles 
from 5th to 95th and outliers by dots

Figure 1: Reverse transcription-quantitative polymerase chain reaction amplification specificity. (A) Agarose gel (1.5%) showing amplification of specific 
polymerase chain reaction products of the expected size. (B) The melting curve of six reference genes showing a single peak
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is clear that based on expression stability; different sets of genes could 
be taken as reference genes for different tissues as well as stages of the 
development. A pair‑wise variation (Vn/Vn + 1) was estimated in order to 
identify the minimal number of reliable pair of the reference gene. The 
accurate normalization of A. annua L. was obtained on the basis of the 
cutoff value of 0.15.
The pair‑wise variation at V2/3 was below 0.15 signifying that two 
reference genes are sufficient for normalization at the preflowering stage 
of leaf and the adding of the third reference gene had no noteworthy 
effect on the result. In all the other experimental sets, pair‑wise variations 
were >0.15 [Figure 4] and hence lowest Vn/Vn + 1 was selected as a minimal 
number of reference genes for normalization as reported by several other 
researchers.[27‑29] There were no significant differences found in our study 
in the stability of the expression of reference genes for the wild‑type as 
well as for the transgenic A. annua L. plants.

NormFinder analysis
In NormFinder, a Microsoft Excel‑based tool, the reference genes are 
ranked on the basis of their minimal combined inter‑  and intragroup 
variations of expression levels. Stable expression of the genes showed an 
inverse relation with the average expression stability of that gene. The 
wild‑type and transgenic A. annua L. plants, the samples were grouped 
in the total root, total stem, total leaf, total flower, and in individual, root, 
stem, and leaf at vegetative, preflowering, and flowering stages. The gene 
expression data without subgroupings were also separately estimated 
as “total samples”  (pooled root, stem, leaf, along with flower samples 
collected at various developmental stages) of wild type with transgenic 
A. annua L. plants [Table 2].
The grouping of samples was done as one main and several subgroups, 
moreover, TAP42  (stability value of 0.54) was best among all the 
reference genes if all the samples were gathered together. However, 
ACT was found to be the most stable if the study was carried out on 
individual groups including total leaf and flower samples. In total stem 
and root samples, TAP42 was categorized as the most stable reference 
gene. In the leaf samples of wild‑type as well as transgenic A. annua L. 
plants at the vegetative stage, PP2A gene whereas at preflowering and 
flowering stages TAP42 gene was found most stable reference gene. 
TAP42, EF1, and PP2A were found most stable genes at vegetative, 
preflowering, and flowering stages, respectively, in stem samples of 
wild‑type and transgenic A. annua L. plants. TAP42, EF1, along 
with TUB were most stable genes at vegetative, preflowering, and 
flowering stages, respectively, in the root samples of wild‑type as well as 
transgenic A. annua L. plants. Similar to the NormFinder, the stability 
ranking of reference was generated by the geNorm, but it was slightly 
different from the earlier as both the tools use a different algorithm as 
the mathematical approaches.[15,30] The above result suggests that the 
suitability of the reference genes vary in various developmental stages 
and in different tissues in the A. annua L. plants.

BestKeeper analysis
The raw Cq values were used to calculate inter‑ and intragene relation 
between the reference gene pairs by estimating the numerous pair‑wise 
correlation by the BestKeeper tool. The SD, the coefficient of correlation, 
and percentage covariance of individual reference gene were used to 
evaluate gene expression stability.

Figure  4: Pair-wise variation  (V) for the optimal number of reference 
genes for normalization in a different set of samples

Figure 3: M values of six reference genes in different sample groups by 
using geNorm analysis: Leaf: (a) vegetative (b) preflowering (c) flowering, 
Stem: (d) vegetative (e) preflowering (f ) flowering, (g) Flower total, root: 
(h) vegetative, (i) preflowering (j) flowering, (k) Total sample
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BestKeeper analysis showed that TAP42 is the gene with the least 
variation, while EF1 with the maximum variation in overall sample 
sets. TAP42, ACT, along with EF1 were found stable at vegetative, 
preflowering, and flowering stages, respectively, in the leaf samples of 
wild‑type as well as transgenic A. annua L. plants, whereas TAP42 gene 
was found to be stable in “total leaf ” and “total stem” samples. TUB gene 
was highly stable reference gene in the “total root” sample. In the stem, 
the PP2A reference gene was found to be stably expressed in at vegetative 
and flowering stages and EF1 at the preflowering stage. In root samples, 
TUB, EF1, and ACT were stably expressed at vegetative, preflowering, 
and flowering stages, respectively. TUB was found stably expressed 
reference gene in “total flower” samples of A. annua L. plants [Table 3].

Reference gene validation
The reference genes selected by geNorm and NormFinder algorithms were 
examined for its expression stability and the suitability by investigating the 
expression profiles of transgenes CYP and ADS in different tissues, namely, 
root, stem, and leaf in transgenic as well as wild‑type A. annua L. plants 
at preflowering stage. We have chosen the preflowering stage because of 
the maximum accumulation of artemisinin in the leaves at preflowering 
stage was reported earlier.[31‑34] The gene ADS was overexpressed in both 
Trans. 1 and Trans. 2 plants, whereas CYP was overexpressed only in 
Trans. 2 plants of A. annua L. geNorm and NormFinder determined 
similar expression stability ranking of the six candidate reference genes 
in the samples of different tissues collected at the preflowering stage of 
development. In the leaf samples, the expression of ADS and CYP were 
validated using the gene set PP2A/TAP42 and PP2A as best reference 
calculated by geNorm and NormFinder, respectively, while TUB as the 
worst reference gene. ADS gene showed a similar pattern of expression 
in both transgenic lines, whereas CYP showed higher expression in 
Trans. 2 as compared to Trans. 1 on normalization by the best reference 
genes (PP2A/TAP42 and PP2A), whereas, on normalization by the worst 
reference gene  (TUB), their expressions were increased several folds 
in both the transgenic lines. In the stem, the expression levels of the 
genes ADS and CYP, on normalization by gene set EF1/TAP42/ACT 
(determined by geNorm) and EF1  (by NormFinder) were almost 
similar, whereas, on normalization by TUB (the worst gene), these genes 
showed decreased expression levels in Trans. 1. In stem of Trans. 2, the 
expression of ADS and CYP was found higher in comparison to Trans. 
1 on normalization by EF1/TAP42/ACT (determined by geNorm) and 
EF1 (by NormFinder), but on normalization by TUB (the worst gene), 
the expression levels of ADS and CYP were found enormously enhanced 
by several folds. In root, at the preflowering stage, on normalization 
by gene set PP2A/EF1/ACT determined by geNorm and EF1 by 
NormFinder, ADS and CYP genes showed decreased expression when 
compared with the leaf of both transgenic lines, which is supported 
by the previous study.[35] On the other hand, when normalized with 
SAND  (the worst gene) determined by geNorm, the ADS and CYP 
genes showed higher expression in the root than the leaves, which is not 
expected [Figure 5].

DISCUSSION
During the past decades, different potent techniques have been developed 
to differentiate expression levels of genes among different tissues, 
organs, plant species, and under different experimental conditions. 
Among these, RT‑qPCR is an important technique due to its reliability 
and sensitivity, for quantification of gene expression covering different 
biological processes. However, to avoid biased quantification results, 
a set of reference genes is required to normalize the expression data. 
Therefore, for different experimental sets, each candidate reference genes 
requires its evaluation. In the present study, different software, namely, Ta
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geNorm, NormFinder, and BestKeeper were applied to determine the 
exact number of reference genes required, which expression is stable 
across experimental conditions. These selected reference genes were 
used for accurate normalization of gene expression data from A. annua L. 
Two transgenic lines developed by transforming with two different gene 
constructs one containing ADS and HMGR genes (Trans. 1) and second 
consist of ADS, HMGR, and CYP (Trans. 2) were analyzed for the gene 
normalization. In our study, we found that the suitable reference genes 
could vary among different developmental stages and tissues. However, 
the change in expression levels of reference genes between wild‑type 
and transgenic plants was statistically insignificant. For example, in 
leaf samples of A. annua L. plants, there is variation in gene expression 
of reference genes at all the three developmental stages, i.e., vegetative 
(ACT/PP2A), preflowering (PP2A/TAP42), and flowering (EF1/PP2A) 
stages but remain same in wild and transgenic plants.
The variations in reference gene expression in different tissues at different 
developmental stages have been reported earlier in Linum usitatissimum 
L. as well.[36] RT‑qPCR, arguably the most widely used molecular 
technique, is however far from being a “gold standard” because of the 
lack of standardization. The average difference in expression level of 
a gene of interest after normalization with any of the two randomly 
selected nonvalidated reference genes is between 3‑ and 6‑fold among 
10%–25% of the case studies.[37] Such variation makes it difficult to draw 
a conclusion with biological relevance. To avoid biased normalization, 
ideas of using multiple reference genes for analysis of gene expression 
data of target genes have picked up the pace among researchers. In our 
study, geNorm pair‑wise variation at V2/3 was found below 0.15 at the 
preflowering stage of leaf samples of A. annua L. which support the use 
of the two reference genes for attaining better accuracy in normalization. 
Hence, the addition of other reference genes would not affect the 
expression results in this case. However, for the remaining experimental 
sets, pair‑wise variation was >0.15, showed that it would require more 
than two reference genes for normalization. In Lipaphis erysimi and 
chicory plants under different experimental conditions, more than two 
reference genes were used earlier.[38,39] Gene normalization is incomplete 
without validating the best and the worst reference genes obtained by a 
different algorithm. Thus, we validated the best and the worst reference 
gene by normalizing the expression data of target genes, ADS and 
CYP in Trans. 1 and Trans. 2 of A. annua L. plant. In our study, PP2A/
TAP42 and PP2A, the best reference genes determined by geNorm and 
NormFinder, respectively, whereas, TUB the worst reference genes were 
used to validate the expression of the target genes  (ADS and CYP) in 
the preflowering stage of the leaf. The target genes, ADS and CYP, when 
normalized by reference genes PP2A/TAP42 and PP2A, indicated a 
similar pattern of overexpression of ADS in both transgenic lines (Trans. 
1 and Trans. 2), whereas the gene CYP which was overexpressed only in 
Trans. 2 showed higher expression in comparison to Trans. 1 as per the 
expectation. On the other hand, on normalization with TUB as reference 
gene (worst), ADS and CYP showed several folds enhanced expression. 
These transgenes, when normalized by the best reference gene in the 
root of A. annua L. the expression, was lower in comparison to leaf 
samples as per the expectation, whereas on normalization with worse 
reference gene, expression of these transgenes showed higher expression 
than leaf samples, thus validating our normalization results. To setup a 
standardized RT‑qPCR protocol with well‑characterized reference genes 
in A. annua L. will be beneficial in this area of research. In summary, 
easily available algorithms, namely, geNorm, NormFinder, BestKeeper, 
and delta Ct method were used to analyze the expression profile of six 
candidate reference genes in various tissues at different developmental 
stages of wild‑type and transgenic plants of A. annua L. In each 
experimental condition, different sets of reference genes were required, 
thus reestablish that in different tissues, experimental conditions, Ta
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developmental stage, etc., reference genes respond differently. These 
results, hence, implying that no single reference gene can be used as 
a universal reference gene for all the tissues, experimental conditions. 
Our study constitutes to setup a standardized RT‑qPCR protocol for the 
functional genomics research in A. annua L.

CONCLUSION
Artemisinin, the sole source of the antimalarial drug, makes A. annua L. 
plants an economically important crop. Hence, functional genomics and 
gene‑expression studies would continue to constitute an important 
part of the basic research on this plant. This work establishes the first 
thorough study for the validation of an optimal number of reference 
genes required to quantify the transcript levels in various tissues and 
developmental stages in transgenic and wild‑type plants of A. annua L. 
The six reference genes tested in our study showed that different organs 
and developmental stages affect the reference gene expression in 
A. annua L. plants, but in transgenic and wild‑type plants, the best 
reference gene selected by geNorm and NormFinder remains the same. 
Furthermore, the stability of the reference genes, irrespective of a 

different number of overexpressed genes in Trans. 1 (ADS and HMGR) 
and Trans. 2 (CYP, ADS, and HMGR), have no significant effect. In 
summary, selection of A. annua L. reference genes for gene expression 
studies in RT‑qPCR will facilitate more precise and reliable normalization 
of expression data, in this pharmaceutically and economically important 
plant.
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