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1 | INTRODUCTION

Huperzia serrata (H. serrata) belongs to the Huperzia genus,
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Abstract

Huperzia serrata (H. serrata) produces various types of effective lycopodium alkaloids,
especially Huperzine A (HupA), which is a promising drug for the treatment of
Alzheimer's disease. Numerous studies focused on the chemistry, bioactivities, toxi-
cology, and clinical trials of HupA; however, the public genomic and transcriptomic
resources are very limited for H. serrata research, especially for the selection of opti-
mum reference genes. Based on the full-length transcriptome datasets and previous
studies, 10 traditional and three new candidate reference genes were selected in dif-
ferent tissue of H. serrata. Then, two optimal reference genes GAPDHB and HisH2A
were confirmed by four analysis methods. In order to further verify the accuracy of
the two reference genes, they were used to analyze the expression patterns of four
HupA-biosynthetic genes (lysine decarboxylas, RS-norcoclaurine 6-O-methyl-
transferase, cytochrome P45072A1, and copper amine oxidase). The data suggested
that the expression pattern of HupA-biosynthetic genes was consistent with them in
transcriptome sequencing in different tissue of H. serrata. This study identified that
GAPDHB and HisH2A provides the reliable normalization for analyzing the HupA bio-
synthetic gene expression in different tissues of H. serrata on the transcriptional

level.
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since Chinese scientists isolated Huperzine A (HupA) from it during
the 1980s (Liu et al., 1986). HupA is a promising candidate drug for

treating Alzheimer's disease (AD), it could improve cognitive function,

Lycopodiaceae order. The whole plant of H. serrata has been used as
a medicine in China to treat different kinds of ailments, including
bruises, strains, swelling, rheumatism, schizophrenia, myasthenia
gravis, and fever since 739 (during the Tang Dynasty) (Ferreira
et al., 2016). H. serrata has been widely known as a medicinal plant

daily living activity and global clinical assessment in patients for AD
disease, with relatively few and mild adverse effects (Qian &
Ke, 2014; Yang et al., 2013). However, H. serrata is a scarce species
and grows very slowly in specialized habitats. Furthermore, the HupA
content is very low in H. serrata (Ma et al., 2007). At present, the
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rapidly growing demand has put H. serrata resources on the brink of
extinction. Although a lot of efforts have been focused on artificial
culture and tissues culture for H. serrata production, the outcomes
were unsatisfactory.

Now, researchers try to improve HupA content by studying the
gene information of HupA biosynthesis. However, the public genomic
and transcriptomic resources are very limited. Only two papers
focused on transcriptomic resources (André et al., 2010; Yang
et al., 2017). Real-time quantitative PCR (RT-qPCR) has been widely
used in gene expression measurement on transcriptional level. Identi-
fication of suitable reference genes (RGs) is pre-requisite for RT-
gPCR assays (Bansal et al., 2015; Vandesompele et al., 2002). Many
housekeeping genes have been used as RGs under different experi-
mental conditions, such as actin, tubulin, elongation factor (EF), 185
ribosomal RNA (18S rRNA), glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), histone, and ubiquitin (Fei et al., 2018). However,
there is no RG suitable to all biological systems based on previous
studies. So, researchers reach a consensus that specific RG for a
given species and treatment needs to be identified first (Bansal
et al., 2015). Unfortunately, the previously reported RGs are not suit-
able for the research of HupA-biosynthetic genes in our materials
(Yang et al., 2019).

In present study, in order to obtain the optimal RGs for studying
HupA-biosynthesis, we detected the concentration of HupA and car-
ried out full-length transcriptome sequencing for the different tissues
of H. serrata. Based on full-length transcriptome sequencing data and
previous studies, 13 candidate RGs were selected. Finally, GAPDHB
and HisH2A stood out among the 13 candidate RGs and became the
best combination for normalization in different tissues of H. serrata by
four analysis methods (geNorm, NormFinder, BestKeeper, and
RefFinder). Using GAPDHB and HisH2A as RGs, the expression profile
of four HupA-biosynthetic genes, lysine decarboxylase (LDC), RS-
norcoclaurine 6-O-methyltransferase (MET), cytochrome P45072A1

(CYP), and copper amine oxidase (CAO) showed the similar expression
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FIGURE 1 The content of HupA in different tissues of H. serrata.
The mean and standard deviation were calculated by three
independent biological replicates

trend between transcriptome sequencing and RT-qPCR. This result
further confirmed that GAPDHB and HisH2A were suitable for
HupA-biosynthetic gene expression normalization. This work provides
suitable RGs for the subsequent research of HupA-biosynthesis in

H. serrata.

2 | RESULTS

21 | The Hup A content analyses

HPLC-UV was performed to detect the HupA content in H. serrata.
Typical chromatograms from HupA standard and three tested samples
are shown in Figure S1, indicating that HupA was well separated from
different tissues. A linear relationship exists between the peak area
(measured at 308 nm) and the concentration of HupA in the sample
injected into the HPLC. The results showed that there was obvious
difference between the HupA content in different tissues. The highest
HupA concentration (72 pg/g) was obtained in the leaves of
H. serrata. The lowest content (19 pg/g) of HupA was found in root

tissues of H. serrata (Figure 1).

2.2 | The screening of candidate RGs

Given the variability of Hup A concentrations in different tissues, the
root, stem, and leaf samples were collected and applied to the full-
length transcriptome sequencing by Nanopore. After assembly,
43,443 unigenes were retrieved. CPM (counts per million) is the index
for measuring the expression of unigenes. Based on the CPM value
analysis, 19,400 genes were obtained with similar and stably expres-
sion in three tissues. Combining with reported literatures, 10 tradi-
tional and three new candidate RGs were chosen. The three new
candidate RGs were annotated as hypothetical or uncharacterized
proteins by NCBI Nr database, more importantly, they were never
used as RGs before. The detail information of total 13 candidate RGs
was showed in Table 1.

2.3 | Verification of the primer specificity and
RT-qPCR amplification efficiency

The primer information of 13 candidate RGs was given in Table 2.
Each primer pair was designed outside of the conserved domains to
secure the specificity (Figure S2). Initially, the agarose gel electropho-
resis yielded a specific fragment of expected size (Figure S3). Further,
the melting curve in the RT-qPCR reaction showed the single peak for
each primer pair indicating absence of non-specific amplification
(Figure S4). For all primer pairs, the amplification efficiencies were
spanning from 90.4% to 103.6%, and the correlation coefficient (R?
were greater than .990 (Table 2). Taken together, these results indi-
cated each primer pair was specificity and the RT-gPCR assays were

highly efficient.
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TABLE 2 Selected candidate RGs and target genes, primers, and amplicon characteristics
Name Sequence 5’ to 3’ Amplicon size (bp) Product Tm (°C) E (%) R?
Actin4-RT-F TGTCTCTAAAGTTTCTTGTAGCACC 174 77.5 99.6 997
Actin4-RT-R GCACAGCGGACAAGACTCTG
Actin7-RT-F AACCCTTATCTGTAGGCTTCTTG 139 78.5-79 95.7 .998
Actin7-RT-R TCATACACTGCACGTCAGGTAG
EF1dt-RT-F GACTGAGCAAATAAGAGGGG 213 75.5-76 91.7 997
EF1dt-RT-R CGATATTGCGGCTTTTAACA
EFTS-RT-F AAGTATCCTAATACAGGGTTGG 158 75-75.5 925 997
EFTS-RT-R AAAATTTGGTCTATCGCG
a-tub3-RT-F AAATCCAAACAATATGTATGAACAA 210 80-80.5 94.8 997
a-tub3-RT-R GCCAAGGGTTTCAATCTTCTA
GAPDHB-RT-F GCAAAGTATATGAAGATTAGGCTC 161 76.5-77.5 91.3 .998
GAPDHB-RT-R GCGTCCACCAACGAACA
HisH3.3-RT-F AACTTGGTCTTGCTATGAAACTAAC 212 77-77.5 90.4 .996
HisH3.3-RT-R CAAGTCAAGAAACTCAACACGA
HisH2A-RT-F CTTCCTGCTTTCATCACTTT 270 75.5-76 92.2 .994
HisH2A-RT-R GTCCCCAAGCCTTACATT
UBQ1-RT-F GTGGCGGTCACTTATAGAGAG 130 73-73.5 97.3 997
UBQ1-RT-R CTTCTGTAGTTCTGACATCAGTAAA
UBQ11-RT-F TCTGAAATGTCGCTTATCCG 174 76.5-77 97.4 .995
UBQ11-RT-R TCTGTTGGCGTCATTTGTTAG
10684-RT-F GCGCTTGATAAGTCACATGCTAC 253 76 94.3 .995
10684-RT-R GAAAAAAAAGATTGCCATAATAAGG
22608-RT-F TGGCGAATTTAGAGGGCAAT 198 77.5 95.1 .998
22608-RT-R CCTCAAGCCCATTTTAATTTCTCT
17784-RT-F AATATGCCCACAGGGTCACC 212 75 93.8 996
17784-RT-R GTTGACCACTTGGCTTCCTACC
LDC-F GTATAGCCAATTACTCTATCCTCC 155 73-73.5 91.6 997
LDC-R GTAACACCCATCCATTGTAGC
MET-F GCTCATCTCTGGGACATGG 237 80.5 98.2 996
MET-R ACCCGACACTGAATCCTCTAT
CYP-F AAGAGTCAGGCTCTACTGTGC 151 78-79 91.4 .998
CYP-R GCAAGGAAGAACGTCGAGA
CAO-F CAAAGCTTGGAATTACGCTT 174 81 94.7 997
CAO-R TTATATGTCTTGGCTAGTGTAAATG

Note: E represents amplification efficiencies, and R? represents correlation coefficient of RGs.

2.4 | Expression profiles of candidate RGs

The expression profiles of RT-gPCR products were shown in Figure 2.
The results illustrated that the mean Ct values of all RGs ranged from
24.04 to 29.43. Lower Ct value indicates the higher expression abun-
dance, conversely means the lower expression abundance. EF1dt and
UBQ1 were highly expressed with mean Ct values between 24.04 and
24.08, whereas EFTS was the least expressed gene on account of it's
the highest mean Ct value (29.43). All candidate genes showed
expression variability in different samples. GAPDHB and EFTS showed
relatively smaller variation (<2 cycles), whereas others like UBQ11 had

higher expression variation (3.07 cycles). The results indicated that
there was still variable expression even for relative stable housekeep-

ing genes.

2.5 | geNorm analysis

geNorm algorithm calculates the M values to evaluate the expres-
sion stability of each RG. The lower M value indicates the more sta-
ble gene expression, and vice versa. As Figure 3 shown, each M

value was less than 1.5, which demonstrated all candidate RGs were
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FIGURE 3 Average expression stability value (M) and ranking of the 13 candidate reference genes analyzed by geNorm. (a) All samples.
(b) Root. (c) Stem. (d) Leaf. The least stable genes are listed on the left, whereas the most stable genes are exhibited on the right

suitable for normalization in different tissues of H. serrata. Among 2.5.1 | NormFinder analysis
them, EF1dt, HisH2A and GAPDHB were the most stable genes in
each H. serrata samples, whereas HisH3.3 and EFTS were the least NormFinder evaluates the stability of each RG via the stability value.

stable genes. The smaller stability value, the more stable gene, and vice versa. As
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TABLE 3 Expression stability of candidate RGs as calculated by Normfinder
All Root Stem Leaf
Rank Gene name Stability value Gene name Stability value Gene name Stability value Gene name Stability value
1 GAPDHB .030 HisH2A .042 GAPDHB .045 EF1dt 014
2 HisH2A .044 a-tub3 .046 HisH2A .096 HisH2A .017
3 EF1dt .060 GAPDHB .086 EF1dt 131 GAPDHB 024
4 22608 .069 Actin4 .108 22608 156 22608 064
5 a-tub3 .077 22608 .108 10684 174 UBQ1 .083
6 10684 .077 UBQ1 0.109 a-tub3 .189 10684 .089
7 Actin4 .078 10684 113 UBQ11 .228 17784 .089
8 17784 .094 UBQ11 0.116 17784 241 Actin4 .090
9 UBQ1 104 17784 151 Actin7 .257 a-tub3 .165
10 UBQ11 0.109 EF1dt 167 Actin4 .280 HisH3.3 217
11 Actin7 .160 Actin7 211 EFTS 281 uBQ11 224
12 HisH3.3 166 HisH3.3 .287 UBQ1 .348 EFTS .305
13 EFTS 210 EFTS .506 HisH3.3 .358 Actin7 .364
TABLE 4 Expression stability of candidate RGs as calculated by BestKeeper
All Root Stem Leaf
Rank Gene cv SD Gene cv SD Gene cv SD Gene cv SD
1 GAPDHB 7.48 .07 HisH2A 4.99 .05 GAPDHB 5.36 .05 GAPDHB 8.38 .07
2 HisH2A 9.71 .09 UBQ11 6.14 .06 EF1dt 10.46 .09 EF1dt 9.59 .09
3 EF1dt 11.83 0.10 a-tub3 7.96 .07 HisH2A 10.83 .09 HisH2A 1.19 .09
4 a-tub3 12.44 0.11 22608 8.06 167 a-tub3 15.35 12 a-tub3 10.63 .09
5 22608 12.67 24 UBQ1 8.28 .07 22608 15.61 21 22608 10.69 .23
6 10684 12.97 .18 GAPDHB 8.57 .08 UBQ11 16.02 14 10684 10.73 .18
7 UBQ1 13.07 0.11 10684 9.17 21 10684 16.21 .20 Actin4 10.78 0.10
8 17784 13.14 19 17784 9.84 19 Actin7 16.86 0.13 17784 11.68 22
9 uBQ11 13.19 0.11 Actin4 9.94 .09 17784 16.95 17 UBQ1 12.17 0.10
10 Actin4 14.44 12 Actin7 13.63 0.11 EFTS 17.20 15 EFTS 14.85 0.13
11 Actin7 16.84 0.13 EF1dt 14.68 12 Actin4 18.36 14 UBQ11 16.04 0.13
12 EFTS 20.13 17 HisH3.3 25.81 .19 UBQ1 20.46 .16 HisH3.3 19.47 A7
13 HisH3.3 27.35 21 EFTS 26.12 .20 HisH3.3 28.66 .20 Actin7 20.31 16

Note: CV and SD represent coefficient of variation and standard deviation, respectively.

shown in Table 3, GAPDHB, HisH2A and EF1dt were the lowest stabil-
ity value almost in every sample, whereas EFTS, HisH3.3, and Actin7
were the highest stability value. The stability of some genes was vari-
able, such as a-tub3 and UBQ1. a-tub3 (stability value = .046) was the
one of the top three stable genes in root samples, but outside of top
three in other samples. UBQ1 (stability value = .348) was the lowest
stable genes in stem samples, but it was relative stable in other sam-
ples. Overall, by NormFinder analysis, GAPDHB, HisH2A and EF1dt
were the most stable genes, whereas EFTS, HisH3.3, and Actin7 were
the least stable genes in different tissues of H. serrata. This result was

similar with geNorm analysis.

2.6 | BestKeeper analysis

BestKeeper evaluates the expression stability of RGs via the CV and
SD. A lower CV value indicates more stable expression (Pfaffl
et al., 2004). The analytic results showed that GAPDHB, EF1dt and
HisH2A were the top three genes with lowest CV + SD values in all,
stem and leaf samples except in root samples (Table 4). In root sam-
ples, the top three genes were HisH2A, UBQ11 and a-tublin. However,
HisH3.3 was the least stable RG with higher CV £ SD value
(27.35 + .21, 25.81 +.19, 28.66 +.20 and 19.47 4+ .17) in every
samples. Taken together, by BestKeeper analysis, GAPDHB, EF1dt and
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HisH2A were the most stable genes, whereas HisH3.3 was the least

stable gene.

2.7 | RefFinder analysis

Although the results (geNorm analysis, NormFinder, and BestKeeper
analysis) were similar, it was not strictly consistent. Therefore, we
evaluated the comprehensive rank using RefFinder (Table 5). In root
tissues, the final ranking calculations based on the RefFinder found
HisH2A (GM = 1.67), GAPDHB (3.33) and a-tub3 (3.33) were the best
genes. For stem samples, the top three stable RGs were GAPDHB
(1.67), EF1dt (2.00) and HisH2A (3.67), whereas EF1dt (1.33), HisH2A
(2.00), and GAPDHB (2.33) in leaf samples. Across all samples, the top

" SOCIETY FOR EXPERIMENTAL BIOLOGY

three stable RGs were GAPDHB (1.67), HisH2A (1.67) and EF1dt
(2.33). On the other hand, HisH3.3 and EFTS were the least stable
genes (Table 5).

2.8 | Optimal number of RGs for normalization

One single and stable RG is sufficient for quantifying gene expression,
however, more than one RG for effective normalization is more
suggested (Vandesompele et al., 2002). Based on geNorm analysis,
the optimal number of RGs was determined by pairwise variation
Vn/n + 1. The threshold of Vn/n + 1 is 0.15. In our data, the pairwise
variation of V2/3 values was lower than 0.15 (Figure 4), which
suggested that two RGs were optimum number.

TABLE 5 Expression stability ranking of the 13 candidate RGs by RefFinder

All Root Stem Leaf
Rank Gene GM Gene GM Gene GM Gene GM
1 GAPDHB 1.67 HisH2A 1.67 GAPDHB 1.67 EF1dt 1.33
2 HisH2A 1.67 GAPDHB 3.33 EF1dt 2.00 HisH2A 2.00
3 EF1dt 2.33 a-tub3 3.33 HisH2A 3.67 GAPDHB 2.33
4 a-tub3 4.33 22608 4.00 22608 4.67 22608 5.00
5 22608 4.67 UBQ11 6.33 a-tub3 5.67 a-tub3 6.00
6 10684 6.67 EF1dt 7.33 UBQ11 5.67 Actin4 7.33
7 17784 8.00 UBQ1 7.33 Actin7 6.00 UuBQ1 7.67
8 UBQ1 8.67 17784 7.67 10684 7.00 10684 7.67
9 UBQ11 8.67 10684 8.00 17784 8.33 17784 8.00
10 Actin4 9.33 Actin4 8.67 Actin4 10.33 UBQ11 10.00
11 Actin7 9.33 Actin7 9.67 EFTS 11 Actin7 10.00
12 EFTS 12.33 EFTS 11 UBQ1 11.67 EFTS 11.33
13 HisH3.3 12.67 HisH3.3 12 HisH3.3 13 HisH3.3 11.67
Note: GM represents geometric mean.
0.09 - mV2/3 mV3/4 =V4/5 wuV5/6 =uV6T V7/8 =V8I9 V9/10 =V10A1 =V1112 =VI2A3
0.08
0.07 -
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c
K]
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&
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2
2
T
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o
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FIGURE 4 Pairwise variation (Vn/n + 1) of
13 candidate reference genes calculated by 0.01
geNorm. The threshold of determining the

optimal number of RGs for qRT-PCR
normalization is .15

All Samples

Root Leaf
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2.8.1 | Comprehensive stability analysis of RGs

Table 6 was used to compare the results of four analysis methods
(geNorm, NormFinder, BestKeeper, and RefFinder). The ranking of
stability based on four analysis methods were basically consistent. By
comprehensive analysis, GAPDHB and HisH2A were the best combina-
tion for normalization in different tissues of H. serrata. On the other
hand, HisH3.3 and EFTS were the least stable genes.

2.9 | RG validation

To demonstrate the utility of identified stable RGs, four HupA-
biosynthetic related genes LDC, MET CYP, and CAO were selected.
For comparison, expression values of target genes were normalized
with the most stable gene pair (GAPDHB and HisH2A) and the least
stable gene pair (EFTS and HisH3.3) in different tissues of H. serrata.
When normalized with the most stable genes, LDC, MET, CYP, and
CAO had tissue specific expression (over twofold) in leaf. Further-
more, the expression trend was consistent with that of trans-
criptome sequencing dates (Figure 5). By contrast, when normalized
using the least stable genes, the expression trend was not consis-
tent. The transcription level of MET and CYP were not up-regulated
(less than twofold) in stem and leaf tissues. The transcription level
of LDC was down-regulated (0.77-fold) in stem tissues, and the CAO
was down-regulated (0.67-fold) in leaf tissues. In all, the expression
of the most stable gene pair was more reliable than the least stable

gene pair.

3 | DISCUSSION

H. serrata has received extensive concern due to its ability to produce
lycopodium alkaloids, especially HupA (Christenhusz et al., 2011).
HupA was found to possess potent acetylcholine esterase inhibition
(AChEI) and had been clinically exploited for the treatment of
AD. More studies were focused on the isolation and identification of
compounds and endophytic bacteria (Wu et al., 2017), but little on the
transcription of HupA-biosynthetic genes. Especially for the selection
of optimum reference genes, little research has been reported. TATA
binding protein (TBP) and GAPDH were identified as reference genes
for H. serrata in Yang et al.'s (2019) report. Unfortunately, TBP gene
could not be amplified when we study the expression of HupA-
biosynthetic genes in our materials. So, in the present study, we
screened and selected the new optimal RGs based on full-length
transcriptome sequencing and previous researches. Based on the four
analysis methods, we obtained two optimal reference genes GAPDHB
and HisH2A for studying HupA-biosynthetic genes, and their reliability
was confirmed via testing the expression profile of four HupA-
biosynthetic genes (LDC, MET, CYP, and CAO). This study provides
suitable normalization for analyzing the expression of HupA-
biosynthetic gene. In addition, we found the expression trend of

HupA-biosynthetic genes correlated with the HupA production in

different tissues of H. serrata. This result will provide the information
for further studying the biosynthesis and transportation of HupA.

In general, the expression level of RGs should be constantly stable
in any physical conditions. However, there is no RG suitable to all bio-
logical systems. We had to screen the most suitable RGs for studying
the HupA-biosynthesis. Based on the CPM value of transcriptome
sequencing and reported literatures (Chen et al., 2019; Dudziak
et al., 2020; Wu et al., 2020), 10 traditional and three new candidate
RGs were chosen (Table 1). Especially for three new candidate RGs,
they had stable expression in full-length transcriptome sequencing
but have not been used as RGs before. This is a new attempt dis-
tinguishing from previous studies. Thirteen candidate genes were also
enough to ensure the experimental accuracy.

The primer specificity is the primary condition of RT-gPCR. The
ideal primers should cross intron regions to availably avoid genomic
contamination and cannot be set in conservative domain. First, each
primer pair was designed outside of the conserved domains
(Figure S2). Subsequently, the products of each primer pair were
detected by agarose gel electrophoresis (Figure S3) and melting cur-
ves (Figure S4). The results indicated that there were no primer dimers
and nonspecific amplification for each primer pair. Furthermore, the
E value of PCR varied from 90.4% to 103.6%, and all of the R? were
larger than .990 (Table 2), which were similar to previous literatures
(Liu et al., 2018). In conclusion, these results indicated each primer
pair had specificity and the RT-gPCR assays were highly efficient.

Based on four analysis methods (geNorm, NormFinder,
BestKeeper, and RefFinder), GAPDHB and HisH2A stood out among
the 13 candidate RGs, and became the best combination for normali-
zation in different tissues of H. serrata (Table 5). Many studies have
shown that GAPDH was often applied as stable RG in different tissues
or under various experimental conditions (Chen et al., 2017; Zhuang
et al., 2015). Especially for H. serrata, GAPDH also was proved as sta-
ble RG by Yang et al. (2019). TBP was also identified as stable RG for
H. serrata by Yang et al. (2019). Unfortunately, TBP gene could not be
amplified in our materials. This result indicated that expression level
of housekeeping gene was different even in the same species and
same tissues. Histone and elongation factor were reported as most
stable RGs in other species (Zhuang et al., 2015); however, HisH3.3
and EFTs were the most unstable RGs in different tissues of H. serrata
(Table 6). Interestingly, HisH2A and EF1dt were the top three stable
RGs (Table 6). Similar findings were in previous studies. The expres-
sion level of Actin2/7 was more stable than Actin11 in diverse tissues
of soybean (Jian et al., 2008). These results stated that the expression
level and stability of RGs from the same gene family may be different
in the same samples. Taken together, the results further proved the
necessity for screening suitable RGs in different tissues of H. serrata.

A proposed biosynthesis pathway for HupA and related lycopo-
dium alkaloids was reported (Ma & Gang, 2005). However, only two
enzymes, LDC and CAO have been proved to participate in the biosyn-
thesis of HupA (Bunsupa et al, 2012; Sun et al, 2012; Xu
et al., 2017). Three enzymes RS-norcoclaurine 6-O-methyltransferase
(MET) and cytochrome P45072A1 (CYP) (Luo et al, 2010; Xu
et al,, 2017), type lll polyketide synthase (PKS) (Wang et al., 2016),
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have been described to possibly involve in the biosynthesis of HupA.
In order to verify the accuracy of the stable RGs identified in this
paper, four HupA-biosynthetic genes, LDC, MET, CYP, and CAO were
tested. The results showed that using the combination of stable RGs
(GAPDHB and HisH2A), the consistent expressions trend of LDC, MET,
CYP, and CAO were obtained between transcriptome sequencing and
RT-gPCR (Table 1 and Figure 5). Conversely, using the most unstable
RGs (HisH3.3 and EFTS) may lead to declinational results (Table 1 and
Figure 5). The results further proved that GAPDHB and HisH2A were
suitable for gene expression normalization, especially for HupA-
biosynthetic genes. In addition, we tested the content of HupA in dif-
ferent tissues. The results indicated the content of HupA in root was
obviously lower than that in stem or leaf (Figure 1), which was consis-
tent with the previous studies (Ma & Gang, 2005; Wu et al., 2017).
Therefore, in order to protect the wild resources, we suggest picking
the aboveground parts instead of uprooting the whole plan when dig-
ging H. serrata. In addition, we found the expression trend of HupA-
biosynthetic genes were similar with the trend of HupA content in dif-
ferent tissue of H. serrata, which indicated that the biosynthesis of
HupA may happen in stem and leaf. This result will provide the infor-
mation for further studying the biosynthesis and transportation
of HupA.

4 | CONCLUSIONS
In the present study, based on full-length transcriptome sequencing
data and four analysis methods, we obtained two optimal reference

genes GAPDHB and HisH2A from thirteen candidate reference genes

Stem Leaf
CAO

in different tissue of H. serrata. The expression patterns of four
HupA-biosynthetic genes LDC, MET, CYP, and CAO further verified
that GAPDHB and HisH2A were suitable for the normalization of
HupA-biosynthetic genes. This work provides suitable RGs for the
subsequent research of HupA-biosynthetic and transportation in
H. serrata.

5 | MATERIALS AND METHODS

5.1 | Plant materials

H. serrata plants were collected from Hanzhong, Shaanxi, China
(107°09'/32°30'), in March 2018. All materials used in this study were
identified by phytotaxonomist. The plants were rinsed carefully by
running water. Root, stem, and leaves were collected in liquid nitrogen
and were immediately frozen at —80°C for RNA extraction. Other
plant materials were dried at 60°C and powdered for determining
HupA content.

5.2 | HPLC parameters and conditions

HupA were extracted from the different plant tissues as previously
described (Ishiuchi et al., 2013; Ma et al., 2005). After the plant mate-
rial was dried and milled, 100 mg each of powdered plant tissues was
extracted by adding 2% (2:100, w/v) aqueous tartaric acid (5 ml) for
overnight and then sonicating for 2 h at 25°C. Centrifuging for 30 min
at room temperature and the upper extraction solution was filtered
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into a 1.5 ml measuring flask through a 0.45-um filter. Finally, the fil-
tered solutions (10 pl) were injected into the HPLC system (LC-20AT,
Shimadzu, Japan) for detection of HupA content. Each experiment
comprised three independent biological replicates. The details are as
follows: The elution conditions: (flow rate, 0.8 ml/min; column tem-
perature, 28°C; injection volume, 10 pl; detection, the detection was
performed at the wavelength of 308 nm). The mobile phase was
methanol/acetonitrile/0.08-M (pH = 6)
(10:30:60). Chromatography was performed on a C-18 column
(Hypersil ODS2, China) of 250 x 4.6 mm dimensions and 5-pm

particle size.

ammonium acetate

5.3 | Candidate RGs selection and primers design

Candidate RGs for this study were selected from full-length trans-
criptome sequencing dates and previous studies. First, candidate
genes were screened based on the stable CPM value in root, stem,
and leaf samples. More appropriate genes were chosen by combining
previous studies in numerous candidate genes. Because housekeeping
genes have been used as RGs in many previous studies, 10 commonly
used housekeeping genes were chosen in numerous candidate genes.
Furthermore, three never reported genes were chosen as the candi-
date genes. The three new RGs candidate are as follows: ONT.10684
represented the high expression level (CPM over 100), EVM0022608
was the middle level (CPM 29-34), and EVM0017784 was the low
level (CPM less than 5). Thirteen candidate RGs (MH560040-
MH560049, MZ042627-MZ042629) were selected at last (Table 1).
Gene specific primers for each RG were designed using the Primer
5.0. Conserved domains of RGs were evaluated, and the primer bind-
ing positions were presented. Initially, primer specificity was verified
by RT-qPCR and confirmed with 2% (w/v) agarose gel electrophoresis

and melting curve.

5.3.1 | RNA extraction and cDNA synthesis

The total RNA was extracted according to the modified CTAB method
(Gasic et al., 2004). RNA samples were treated with DNase | (Ambion,
Waltham, MA, USA) to remove any DNA contamination. Using cDNA
synthesis kit (Roche, Basel, Switzerland), first strand cDNA was pre-
pared with 3-ug RNA as manufacturer’s instructions.

54 | RT-qPCR analysis

The RT-qPCR reactions were performed with FastStart Universal
SYBR Green Master (Roche, Basel, Switzerland) on a CFX-96
thermocycling system (Bio-Rad, Hercules, CA, USA). Each RT-qPCR
reaction was performed as described previously (Zhuang et al., 2015).
PCR amplifications were carried out by the following conditions: one
cycle at 95°C (180 s), followed by 40 cycles of denaturation at 95°C
(30 s), annealing at 58°C for 10 s and extension at 72°C for 20 s (Liu

et al., 2018). Finally, melt curve analyses were done by slowly heating
the PCR mixtures from 58 to 95°C. Amplification efficiencies (E) and
correlation coefficients (R?) for each primer pair were calculated by
LinRegPCR program (Ruijter et al., 2009). In the negative control
group, RT-gPCR was performed using water instead of cDNA as the
template. Three technical replicates were analyzed for each biological
sample, and each experiment comprised three independent biological

replicates.

5.5 | Data analysis of gene expression stability

Four analysis methods: geNorm (Vandesompele et al, 2002),
NormFinder (Andersen et al., 2004), BestKeeper (Pfaffl et al., 2004),
and RefFinder (Silver et al., 2006) were applied to determine the sta-
bility of RGs. For geNorm and NormFinder, the raw Ct values were
converted into the relative quantities using the formula 272¢t
(ACt = each corresponding Ct value — lowest Ct value). M value was
calculated the average expression stability, in geNorm algorithms. The
candidate RGs showing a higher M value (M > 1.5) are not considered
for normalization studies (Vandesompele et al., 2002). geNorm soft-
ware was also used to confirm the best numbers of RGs with Vn/Vn
+ 1 (n refers to the RGs number) (Vandesompele et al., 2002).
NormFinder can provide the stability value for each gene (Andersen
et al., 2004). The smaller stability value, the more stable gene, and
vice versa. For BestKeeper, the raw Ct values and amplification effi-
ciencies were used to calculate the coefficient of variation (CV) and
standard deviation (SD). The most stable genes are the lowest CV and
SD (CV + SD). The comprehensive ranking order was recommended
on the basis of geometric mean (GM) by RefFinder (Zhang
et al., 2018).

5.6 | Validation of RGs

The primer of four HupA-biosynthetic genes LDC (GO914645), MET
(GO914756), CYP (GO914428), and CAO (JN247732) (Luo
et al.,, 2010; Sun et al., 2012; Xu et al., 2017) were designed using the
Primer 5.0. The combination of the two best and worst RGs were
used to standardize the expression of four HupA-biosynthetic genes.
The target gene expression data were normalized using the geometric
mean values calculated for the RG pairs (Vandesompele et al., 2002).
Relative expression level and fold change were determined using the
comparative 2724t method (Pfaffl, 2001). One-way analysis of vari-
ance was performed using SPSS software (Version 16.0, SPSS Inc.,
Chicago, IL, USA).
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