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Abstract
Main conclusion  We identify two ferruginol synthases and a 11-hydroxyferruginol synthase from a traditional Chi-
nese medicinal herb Isodon lophanthoides and propose their involvement in two independent abietane diterpenoids 
biosynthetic pathways.

Abstract  Isodon lophanthoides is a traditional Chinese medicinal herb rich in highly oxidized abietane-type diterpenoids. 
These compounds exhibit a wide range of pharmaceutical activities, yet the biosynthesis is barely known. Here, we describe 
the screening and functional characterization of P450s that oxidize the abietane skeleton abietatriene. We mainly focused on 
CYP76 family and identified 12 CYP76AHs by mining the RNA-seq data of I. lophanthoides. Among the 12 CYP76AHs, 
6 exhibited similar transcriptional expression features as upstream diterpene synthases, including root or leaf-preferential 
expression pattern and highly MeJA inducibility. These six P450s were considered as first-tier candidates and functionally 
characterized in yeast and plant cells. In yeast assays showed that both CYP76AH42 and CYP76AH43 were ferruginol 
synthases hydroxylating the C12 position of abietatriene, whereas CYP76AH46 was characterized as a 11-hydroxyfer-
ruginol synthase which catalyzes   two  successive oxidations at C12 and C11 of abietatriene. Heterologous expression of 
three CYP76AHs in Nicotiana benthamiana resulted in the formation of ferruginol. qPCR analysis showed CYP76AH42 
and CYP76AH43 were mainly expressed in the root, which was consistent with the distribution of ferruginol in the root 
periderms. CYP76AH46 was primarily expressed in the leaves where barely ferruginol or 11-hydroxyferruginol was detected. 
In addition to distinct organ-specific expression pattern, three CYP76AHs exhibited different genomic structures (w or w/o 
introns), low protein sequence identities (51–63%) and were placed in separate subclades in the phylogenetic tree. These 
results suggest that the identified CYP76AHs may be involved in at least two independent abietane biosynthetic pathways 
in the aerial and underground parts of I. lophanthoides.

Keywords  Isodon lophanthoides · Cytochrome P450 · Ferruginol synthase · Methyl jasmonate · Secondary metabolism

Abbreviations
diTPS	� Diterpene synthase
(+)-CPS	� (+)-Copalyl diphosphate synthase
P450	� Cytochrome P450
MeJA	� Methyl jasmonate
GC–MS	� Gas chromatography–mass spectrometry
GGPP	� Geranylgeranyl diphosphate
GGOH	� Geranylgeraniol
TIC	� Total ion chromatogram

Communicated by Anastasios Melis.

 *	 Lili Huang 
	 lilihuang@gzucm.edu.cn

1	 Institute of Medicinal Plant Physiology and Ecology, 
School of Pharmaceutical Science, Guangzhou University 
of Chinese Medicine, Guangzhou 510006, China

2	 Key Laboratory of Bioorganic Synthesis of Zhejiang 
Province, College of Biotechnology and Bioengineering, 
Zhejiang University of Technology, Hangzhou, Zhejiang, 
China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00425-023-04125-z&domain=pdf
http://orcid.org/0000-0002-9154-9001


	 Planta (2023) 257:90

1 3

90  Page 2 of 11

Introduction

Isodon lophanthoides var. gerardiana is a traditional 
Chinese medicinal herb with a wide range of activities 
including anti-hepatitis, anti-jaundice and anti-microbial 
(Fig. 1a) (Lin et al. 2011). Highly oxidized abietane-type 
diterpenoids are the main bioactive constituents in I. 
lophanthoides (Sun et al. 2006; Liu et al. 2017). Among 
them royleanone-type diterpene quinones decorated with 
a hydroxy-para-quinone moiety in the ring C is one of 
the most abundant abietanes (Fig. 1b) (Yang et al. 2011; 
Ladeiras et al. 2016 ; Lin et al. 2016). Besides the quinon-
oid C ring, the abietane quinones in I. lophanthoides also 
have hydroxyl or carbonyl functionalities on C-7, C-15 
and C-17 (Fig. 1b). To date, most studies on I. lophan-
thoides have focused on its phytochemistry and pharma-
cology. However, the biosynthesis of these compounds in 
the native plant is poorly learned.

Plant diterpenoid biosynthesis is initiated with diTPS 
which catalyzes the first committed step to form the dit-
erpene scaffold (Chen et al. 2011). Our previous work 
revealed three diTPSs, including two (+)-copalyl diphos-
phate synthases ((+)-CPSs) and one miltiradiene synthase, 
which catalyze the formation of abietane carbon skeleton 
miltiradiene in I. lophanthoides (Yang et al. 2021). Next, 
various modifying enzymes decorate the diterpene scaf-
fold and among them oxidation typically comes first to 
provide anchoring points for multiple transferases (e.g., 

methyltransferases, glycosyltransferases and acyltrans-
ferases) (Zi et al. 2014; Mafu et al. 2017). In plants, most 
of the terpene oxidation reactions are catalyzed by P450s, 
while some can be carried out by dioxygenases or dehydro-
genases (Bathe and Tissier 2019a; Hansen et al. 2021). To 
date, a limited number of CYP families have been reported 
to be involved in specialized diterpene metabolism rep-
resented by CYP725 in taxane biosynthesis (Xiong et al. 
2021), CYP720B in conifer diterpene resin acid biosyn-
thesis (Ro et al. 2005; Hamberger et al. 2011), CYP714 in 
steviol glycoside biosynthesis (Brandle and Telmer. 2007; 
Ceunen and Geuns. 2013) and CYP76 in labdane-related 
diterpenoid biosynthesis (Bathe et al. 2019b).

Among them CYP76 is a major contributor in the oxida-
tion of diterpenoids in the Lamiaceae. One of the most well-
studied subfamilies is CYP76AH, which includes ferruginol 
synthase and 11-hydroxyferruginol synthase. The abietane 
skeleton miltiradiene undergoes spontaneous oxidation to 
form abietatriene. Ferruginol synthase then catalyzes a sin-
gle oxidative reaction at C12 position of abietatriene to form 
ferruginol, whereas 11-hydroxyferruginol synthase catalyzes 
two successive oxidations at C12 and C11 positions of abi-
etatriene, leading to the formation of 11-hydroxyferruginol. 
These enzymes have been identified in Salvia miltiorrhiza 
(‘danshen’ in Chinese) (Guo et al. 2013, 2016), rosemary 
(Rosmarinus officinalis) and Greek sage (S. fruticosa) (Zi 
and Peters 2013; Božić et al. 2015). Their involvements in 
the biosynthesis of phenolic diterpenoid tanshinone and 
carnosic acid have been well elucidated (Guo et al. 2016; 

Fig. 1   a Image of I. lophanthoides; b structures of reported oxidized abietane-type diterpenoids in I. lophanthoides 
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Ignea et al. 2016; Scheler et al. 2016). CYP76AH members 
from Coleus forskohlii are able to catalyze five successive 
oxidations on manoyl oxide to form important intermedi-
ate of bioactive diterpene forskolin (Pateraki et al. 2017). 
A closely related subfamily CYP76AK oxidizes a variety 
of diterpene substrates (e.g., miltiradiene, ferruginol, and 
11-hydroxyferruginol) at C20 position and was named C20 
oxidases (Ignea et al. 2016; Scheler et al. 2016). CYP76AM 
subfamily is involved in the biosynthesis of labdane-related 
phytoalexins in rice (Wang et al. 2012; Wu et al. 2013). 
Besides CYP76 family, a few members from CYP71 (e. g. 
CYP71D, CYP71Z and CYP71BE), CYP82 and CYP728 
are reported to oxidize the labdane-related diterpenoids (Wu 
et al. 2011; Ignea et al. 2016; Tu et al. 2020; Ma et al. 2021; 
Muchlinski et al. 2021; Hansen et al. 2022).

Our previous work showed distinct diterpenoid profiles 
in the root and leaf tissues from I. lophanthoides. The root 
contains a large amount of miltiradiene, abietatriene and 
ferruginol while mainly neoabietadiene with trace amounts 
of levopimaradiene and abietadiene were detected in the 
leaf (Yang et al. 2021). We also identified two (+)-CPSs 
with apparent root or leaf-preferential expression pattern 
and this attracted our interest to explore if different P450s 
are contributing to the biosynthesis of abietane diterpenoids 
in this plant. We mainly focus on CYP76 subfamily due to 
its predominant role in the biosynthesis of labdane-related 
diterpenoids. By mining previous transcriptomic data of I. 
lophanthoides roots and leaves, we identified 18 P450 can-
didates belonging to CYP76 subfamily. After two rounds of 
screenings, six CYP76AHs were considered as strong can-
didates. Functional characterization in yeast and plant cells 
demonstrates three of them are ferruginol or 11-hydroxyfer-
ruginol synthases. We further study the genomic structure 
and phylogeny of these three CYP76AHs and propose at 
least two independent abietane biosynthetic pathways repre-
sented by diTPSs and P450s in the above- and underground 
part of I. lophanthoides.

Materials and methods

Plant materials and sample preparations

For RNA-seq and tissue-specific expression pattern analy-
sis, leaf and root samples were collected from the Yaowang 
Mountain in Guangzhou University of Chinese Medicine 
(113° E, 23° N). For MeJA treatment, I. lophanthoides seeds 
were collected form Yaowang Mountain and sterilized with 
70% ethanol for 1 min followed by 10% sodium hypochlo-
rite (NaOCl) for 10 min. The sterile seeds were germinated 
on Murashige and Skoog (MS) media supplemented with 
3% sugar and 0.7% agar and grown in a growth chamber 
with a 12/12-h light/dark photoperiod at 24 °C. 40-day-old 

I. lophanthoides seedlings were sprayed with 100  μM 
MeJA (Sigma-Aldrich) (first dissolved in ethanol to make 
a 100 mM stock and then diluted to 100 μM with distilled 
water) and the ethanol solution was used as a mock. Leaf 
samples were harvested at 0 h, 6 h, 12 h, 24 h and 48 h after 
treatment and each time point included three independent 
biological replicates. For each replicate, 50 mg of young 
leaves from the apical top of a single I. lophanthoides seed-
ling was collected, immediately chilled in liquid nitrogen 
and stored at − 80 °C until use for total RNA extraction. For 
plant transient expression, N. benthamiana seeds were ger-
minated in soil and grown in a greenhouse with a 16/8-h 
light/dark photoperiod at 25 °C.

Quantitative real‑time PCR (qRT‑PCR)

Total RNAs were extracted using SteadyPure Plant RNA 
Extraction Kit (Accurate biotechnology) following the man-
ufacturer’s recommendations. Total RNAs were reverse tran-
scribed using the Evo M-MLV RT kit with gDNA clean for 
qPCR (Accurate biotechnology). qRT-PCR reactions were 
performed with SYRB Green Pro Taq HS qPCR premix 
(Accurate biotechnology) on a Bio-Rad CFX96 Real-time 
instrument using the two-step cycling parameters: 95 ℃ for 
30 s, followed by 40 cycles of 95 ℃ for 5 s, 60 ℃ for 30 s. 
Melt curve analysis was performed by increasing the tem-
perature from 65 to 95 ℃ in 0.5 ℃ increments. Relative 
transcript abundance was evaluated using ΔCT and ΔΔCT 
method based on an I. lophanthoides actin as reference gene. 
The fold change was presented as the mean ± SEM of three 
biological replications, with each replication performed in 
three technical replicates. All primers used for qRT-PCR are 
given in Table S2.

Cloning of full‑length P450 cDNA

P450 genes were cloned from cDNA generated from root or 
leaf total RNA using TransScript One-step gDNA removal 
and cDNA Synthesis SuperMix (Trans Gen). The full-length 
cDNAs were amplified with Phusion High-Fidelity DNA 
polymerase (New England BioLabs). FL cDNAs were then 
ligated into the HIS pESC yeast expression vector (Agilent 
Technology) and verified by sequencing. All primers are 
given in Table S2.

Functional characterization of P450s in engineered 
yeast cells

Yeast strain YS101 (MATα, gal80Δ::loxP, trp1-
289::PGAL1-tHMGR_PGAL10-BTS1-ERG20_TRP1, 
ura3-52::PGAL1-IlCPS3T87_PGAL10-IlKSL1T41_URA3, 
leu2-3/112, his3Δ1, MAL2-8c, SUC2) was constructed by 
overexpressing a truncated version of IlCPS3 and IlKSL1 
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based on strain YS100 (Yang et al. 2021). Specifically, the 
upstream and downstream homologous arms were cloned 
from strain BY4741 with the primers ura3-Up-F/tADH1-
ura3-Up-R and URA3-ura3-Down-F/ura3-Down-R, respec-
tively. URA3 was cloned from the pESC-URA vector with 
the primers tCYC1-pURA3-F/ura3-tURA3-R. The DNA 
fragment of PGAL1-IlCPS3T87_PGAL10-IlKSL1T41 was 
cloned from the construct pESC-URA::IlCPS3T87/IlK-
SL1T41 with the primers ura3-tADH1-F/pURA3-tCYC1-R. 
The DNA fragments above were integrated into the genome 
of YS100 as previously described (Yang et al. 2021). All 
primers used are listed in Table S2.

Plasmids encoding P450s were transformed into the yeast 
strain YS101 in combination with IlCPR1 by lithium acetate 
method (Gietz and Woods 2002). A 11-hydroxyferruginol 
synthase from R. officinalis (RoCYP76AH22, Scheler et al. 
2016) was used as reference gene. The diterpene products 
were collected by two-phase flask cultivation as previously 
described (Yang et al. 2021).

Transient expression of P450s in Nicotiana 
benthamiana

CYP76AH42, CYP76AH43 and CYP76AH46 were tran-
siently co-expressed in N. benthamiana with two diTPS 
(IlCPS3 and IlKSL1) and a P450 reductase gene (IlCPR1) 
from I. lophanthoides. Full-length cDNAs of these six genes 
were cloned into the pEAQ-HT expression vector (Sainsbury 
et al. 2009) and transformed into Agrobacterium tumefa-
ciens LBA4404-competent cells. Each of the Agrobacterium 
cultures were collected, washed and diluted to an optical 
density at 600 nm of 0.8 with Agrobacterium induction 
buffer (10 mM MES, pH 5.6, 10 mM MgCl2, 100 μM ace-
tosyringone). Different combinations prepared from equal 
volumes of each Agrobacterium cultures were infiltrated 
into the abaxial side of 6-week-old N. benthamiana leaves 
with a needleless 1-ml syringe. 100 mg leaf samples were 
harvested 5 days after infiltration, exacted with 3 ml hexane 
and analyzed by GC–MS.

GC–MS analysis

GC–MS analyses were performed in an Agilent 8890 GC 
machine (Agilent) equipped with an HP-5MS column 
(0.25  mm ID × 30  m, 0.25  μm film thickness, Agilent) 
and an Agilent 5977B mass selective detector with elec-
tron ionization (EI) source. One microliter of sample was 
injected into a splitless injection mode and the carrier gas 
was helium with a flow rate of 1.0 mL/min. The injection 
temperature was 250 ℃. The GC oven temperature was set 
at 50 ℃ for 2 min, followed by a 20 ℃/min ramp to 200 ℃, 
and then followed with a linear ramp at a rate of 5 ℃/min to 
280 ℃, held at 280 ℃ for 5 min. An alternative GC program 

is starting at 50 ℃ for 2 min, followed by an 8 °C/min ramp 
to 280 ℃, held at 280 ℃ for 5 min. Full mass spectra were 
generated for metabolite identification by scanning within 
the m/z range of 40–550. The identity of the resulting dit-
erpenoid was determined by comparison of product profiles 
with those of previously characterized plant P450s.

Phylogenetic analysis

Phylogenetic analysis was conducted from ClustalW align-
ments by the Neighbor-joining method using MEGA ver-
sion 11, based on the JTT substitution model (Tamura et al. 
2021). The bootstrap consensus tree was inferred from 1000 
replicates. A Solanum melongena CYP76A1 are used as out-
group. The abbreviations and accession numbers of protein 
sequences used are given in Table S3.

Statistical analysis

All experiments were repeated using at least three biological 
replicates. Data were presented as mean ± SEM. The rela-
tive transcript abundance of diTPSs and CYP76AHs in the 
control or MeJA-treated groups were subjected to unpaired 
Student’s t test for comparison (mock versus MeJA). Sta-
tistical significance is indicated by *P < 0.05; **P < 0.01; 
***P < 0.001. The Pearson correlation coefficient (Pearson’s 
r) was computed to access the similarity of transcriptional 
expression patterns between diTPSs and CYP76AHs after 
MeJA treatment.

Results

Screening of I. lophanthoides P450 candidates 
in abietane‑type diterpene biosynthesis

A cDNA library was constructed using total RNA from I. 
lophanthoides roots and leaves and sequenced by Illumina 
Hiseq 4000 platform. After removing adapter sequences 
and low-quality reads, 56,103,989 high-quality clean reads 
were obtained and de novo assembled into 46,787 unigenes 
(Yang et al. 2021). To identify the P450 genes involved in 
abietane-type diterpene biosynthesis in I. lophanthoides, 
we mainly focused on CYP76 family and identified 18 
CYP76 genes by homology searches. Among them, 12 
belong to the CYP76AH subfamily, indicating a high pres-
ence of CYP76AH transcripts in I. lophanthoides. The 12 
CYP76AHs were named as CYP76AH42-51 by the P450 
Nomenclature Committee (Table S1).qPCR analysis showed 
9 out of 12 CYP76AHs exhibit leaf- or root-preferential 
expression pattern, except for CYP76AH49 which was 
expressed in both tissues and CYP76AH47 and CYP76AH48 
which were barely expressed in neither tissue (Fig. 2a). 
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Specifically, among the nine CYP76AHs, three were mainly 
expressed in the root and six were mainly expressed in the 
leaves. Highest relative transcript abundance was detected 
with CYP76AH43 in roots and CYP76AH46 in leaves 
(Fig. 2a). This tissue-specific transcriptional expression pat-
tern of CYP76AHs is similar as upstream (+)-CPSs, which 
contains a leaf-preferential IlCPS1 and a root-preferential 
IlCPS3 (Yang et al. 2021).

Considering both of the leaf-preferential diTPS genes 
IlCPS1 and IlKSL1 are highly inducible by MeJA (Yang 
et  al. 2021), we treated the plants with 100  μM MeJA 
and measured the transcript levels of six leaf-preferen-
tial CYP76AHs by qPCR. We found four CYP76AHs 
(CYP76AH44, CYP76AH46, CYP76AH50 and CYP76AH52) 
were induced by MeJA and the highest transcript abundance 

reached at 6 h after MeJA treatment which was exactly same 
as IlCPS1 and IlKSL1 (Fig. 2b). Further, Pearson correla-
tion analysis demonstrated a strong correlation of transcrip-
tional expression patterns between these four CYP76AHs 
and both IlCPS1 and IlKSL1 after MeJA treatment (Pear-
son’s r > 0.80) (Fig. 2c). Notably, expression of CYP76AH44 
in both mock and MeJA-treated groups were induced and 
reached highest level at 6 h, indicating it may be stress-
responsive. For CYP76AH52, although it was significantly 
induced by MeJA, its native expression level was much 
lower than other CYP76AHs, making it a weak candidate. 
In conclusion, after two rounds of screening, six CYP76AHs 
including three leaf-preferential CYP76AHs (CYP76AH44, 
CYP76AH46 and CYP76AH50) and three root-preferential 
CYP76AHs (CYP76AH42, CYP76AH43 and CYP76AH51) 

Fig. 2   Transcriptional gene expression of candidate P450s in I. 
lophanthoides seedlings. a qRT-PCR analysis of relative transcript 
levels of P450 candidates in roots and leaves; b qRT-PCR analysis 
of relative transcript levels of diTPSs and P450s after 100 μM MeJA 
treatment. The transcript abundance was normalized to the internal 
reference actin gene. Data were presented as mean ± SEM based on 
triplicate measurements of three biological replicates. Statistically 

significant differences between the mock and MeJA-treated groups 
were calculated by Student’s t test and statistical significance is indi-
cated by *P < 0.05; **P < 0.01; ***P < 0.001; c Pearson correlation 
analysis of transcriptional expression patterns between diTPSs and 
CYP76AHs after MeJA treatment. IlCPS1 and IlKSL1 were used as 
queries, respectively. Pearson’s r values greater than 0.8 were high-
lighted in red



	 Planta (2023) 257:90

1 3

90  Page 6 of 11

were considered as first-tier candidates for abietane-type dit-
erpenoids biosynthesis in I. lophanthoides. The remaining 
six CYP76AHs were not completely excluded but consid-
ered as second-tier candidates.

In yeast functional characterization of I. 
lophanthoides CYP76AHs

Functional character ization of I.  lophanthoides 
CYP76AHs was carried out by heterologous expression 
in Saccharomyces cerevisiae. Each CYP76AH was com-
bined with an I. lophanthoides cytochrome P450 reductase 
(IlCPR1) and transformed into an engineered yeast strain 
YS101 which overexpressing yeast 3-hydroxy-3-meth-
ylglutaryl-CoA reductase (truncated version, tHMGR), 
farnesyl diphosphate synthetase (ERG20), geranylgeranyl 
diphosphate synthase (BTS1) and I. lophanthoides IlCPS3 
and IlKSL1 to allow for sufficient supply of precursor 
miltiradiene. After growth in flasks for 120 h (Peng et al. 

2017), the diterpene products were extracted and analyzed 
using GC–MS.

P450 activity was detected for CYP76AH42, 
CYP76AH43 and CYP76AH46 (Fig.  3a), while no 
products were found for CYP76AH44, CYP76AH50 
and CYP76AH51. Co-expression of IlCPR1 with either 
CYP76AH42 or CYP76AH43 resulted in a single peak 
with exactly same retention time and mass spectrum as fer-
ruginol (Fig. 3a, peak 5). Co-expression of CYP76AH46 
and IlCPR1 led to the formation of three products includ-
ing ferruginol, 11-hydroxyferruginol (Fig. 3a, peak 6) and 
its spontaneously oxidized product abietaquinone (Fig. 3a, 
peak 7), as identified by comparison to the known prod-
ucts of a 11-hydroxyferruginol synthase from R. officinalis 
(RoCYP76AH22, Scheler et al. 2016). In addition, we also 
tested the activities of 6 second-tier CYP76AH candidates 
and no new product was detected.

Fig. 3   Functional characterization of CYP76AH42, CYP76AH43 
and CYP76AH46 in yeast cells. a GC/MS analysis (TIC) of extracts 
from the yeast strain YS101 co-expressing indicated P450 and a P450 
reductase from I. lophanthoides (IlCPR1). A  CYP76AH22 from R. 
officinalis was used as reference gene. The labeled peaks correspond 

to GGOH (1, dephosphorylated derivative of GGPP), (+)-copalol 
(2, dephosphorylated derivative of (+)-CPP), miltiradiene (3), abi-
etatriene (4), ferruginol (5), 11-hydroxyferruginol (6) and abietaqui-
none (7); b mass spectra of the compounds identified in a 
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In plant functional characterization of three I. 
lophanthoides  CYP76AHs

In case the P450 product profiles may not be identical in 
microbial and plant cells, we investigated the in planta 
activity of three CYP76AHs by Agrobacterium-mediated 
transient expression in N. benthamiana leaves. Full-length 
CYP76AH42, CYP76AH43 and CYP76AH46 were cloned 
into the pEAQ-HT expression vector and co-expressed 
with IlCPS3, IlKSL1 and IlCPR1. GC–MS analysis showed 
extracts from N. benthamiana leaves overexpressing 
CYP76AH42, CYP76AH43 and CYP76AH46 all yielded a 
new peak identified as ferruginol (Fig. 4). No product of 
ferruginol was detected in the N. benthamiana leaves tran-
siently overexpressed the empty vector pEAQ-HT or the 
combination of IlCPS3, IlKSL1 and IlCPR1 (Fig. S1). The 

amount of ferruginol detected in the plant cells was signifi-
cantly lower compared to that in yeast cells. In addition, no 
11-hydroxyferruginol was detected in N. benthamiana leaves 
overexpressing CYP76AH46.

Phylogenetic analysis of CYP76AH subfamily in I. 
lophanthoides

We aligned the protein sequences of IlCYP76AH42, 
IlCPY76AH43 and IlCYP76AH46 with other functionally 
characterized CYP76 proteins for phylogenetic analysis. The 
results showed the phylogeny was clearly divided into two 
clades representing CYP76AH and CYP76AK subfamilies 
(Fig. 5). Two distinct subclades are apparent for CYP76AH 
clade. Both IlCPY76AH42 and IlCYP76AH43 belong to the 
first subclade that comprise known ferruginol synthases and 
11-hydroxyferruginol synthases. Specifically, CYP76AH42 
is most closely clustered with a ferruginol synthase from 
Isodon rubescens (Jin et al. 2017) and three 11-oxo-13R-
manoly oxide from C. forskohlii (Pateraki et  al. 2017). 
These five P450s form a single branch adjacent to the branch 

Fig. 4   Functional characterization of CYP76AH42, CYP76AH43 
and CYP76AH46 in plant cells. GC/MS analysis (selected m/z sig-
nals: 255, 257, 270, 272, 286, 300 and 302) of hexane exacts from N. 
benthamiana transiently expressing CYP76AH42, CYP76AH43 and 
CYP76AH46 in combination with IlCPS3, IlKSL1 and IlCPR1. The 
labeled peaks correspond to (+)-copalol (2, dephosphorylated deriva-
tive of (+)-CPP), miltiradiene (3), abietatriene (4) and ferruginol (5)

Fig. 5   Phylogeny of I. lophanthoides CYP76AH42, CYP76AH43 
and CYP76AH46. Neighbor-joining tree of three IlCYP76AHs with 
known CYP76AHs based on aligned protein sequences. A Solanum 
melongena CYP76A1 are used as outgroup. Branches with bootstrap 
support of > 80% (1000 repetitions) are showed. The scale bar indi-
cates 0.1 amino acid substitutions per site. Protein abbreviations and 
accession numbers are listed in Table S3
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comprising known ferruginol/11-hydroxyferruginol syn-
thases form rosemary, danshen and Greek sage (Guo et al. 
2013; Ignea et al. 2016; Scheler et al. 2016). IlCYP76AH43 
forms a separate branch adjacent to the branch containing 
IlCYP76AH42 (Fig. 5). Regarding CYP76AH46, despite the 
similar catalytic functions, it is not clustered with any known 
ferruginol or 11-hydroxyferruginol synthases. Instead, it is 
clustered with a 9-deoxydeacelylforskolin synthase and a 
coleorol synthase in forskolin biosynthesis (Pateraki et al. 
2017). These evidences suggest CYP76AH42/43 and 
CYP76AH46 are likely involved in two separate abietane 
biosynthetic pathways in I. lophanthoides.

Discussion

I. lophanthoides is a traditional Chinese herb and has a long 
history being used for treatment of hepatitis, jaundice and 
cholecystitis (Lin et al. 2011; Yang et al. 2011). Modern 
phytochemistry and pharmacology showed oxygenated abi-
etane-type diterpenes are the main active constituents in I. 
lophanthoides, yet the biosynthesis has not been elucidated. 
Here we report the screening and functional characteriza-
tion of three CYP76AHs encoding ferruginol synthases and 
11-hydroxyferruginol synthase in I. lophanthoides.

The biosynthesis of carbon skeleton of abietane diterpe-
noids in I. lophanthoides has been well established in our 
previous work (Yang et al. 2021). Three diTPSs including 
a leaf-preferential (+)-CPS (IlCPS1), a root-preferential 
(+)-CPS (IlCPS3) and a universal expressed miltiradiene 
synthase (IlKSL1) catalyze the formation of miltiradiene/
abietatriene in I. lophanthoides. To explore the downstream 
P450 genes we mainly focus on CYP76 family which is a 
predominant P450 family in specialized diterpenoid metabo-
lism. By mining the RNA-seq data of root and leaf (Yang 
et al. 2021), 12 CYP76AH genes were identified from 18 
CYP76 genes. Interestingly, we found 9 out of 12 CYP76AH 
candidates exhibit apparent root- or leaf-preferential tran-
scriptional expression pattern. This gives a clue that different 
P450s may be in charge of oxidation steps in different organs 
of I. lophanthoides, which is similar as upstream (+)-CPSs. 
We further narrowed down the six leaf-preferential candidate 
CYP76AHs by MeJA induction test according to the MeJA 
inducibility of upstream diTPSs. Finally, six organ-preferen-
tial or MeJA inducible CYP76s were considered as first-tier 
candidates and successfully led to the identification of two 
ferruginol synthases (CYP76AH42 and CYP76AH43) and 
one 11-hydroxyferruginol synthase (CYP76AH46).

It is worth mentioning that 11-hydroxyferruginol was 
only detected in the yeast cells overexpressing CYP76AH46, 
but not in the N. benthamiana leaves transiently overex-
pressing CYP76AH46. Previous studies have shown that 
endogenous modifying enzymes from N. benthamiana may 

interfere with the introduced pathway and resulted in poor 
yield of the target compounds. This has been demonstrated 
in the reconstitution of sesquiterpene and diterpene biosyn-
thetic pathways, e.g., artemisinin (van Herpen et al. 2010; 
Ting et al. 2013), parthenolide (Liu et al. 2014) and car-
nosic acid (Bath et al. 2019a). In our study, considering the 
amount of ferruginol detected in the exacts from N. bentha-
miana leaves was much lower than that in the yeast cells, it 
is reasonable to assume most of the ferruginol synthesized 
in the plant cells was likely modified by tobacco endogenous 
enzymes (e.g., glycosyltransferase and methyltransferase) 
and largely restricted the formation of 11-hydroxyferruginol. 
Regarding the three inactive first-tier CYP76AH candidates, 
there is a possibility that they may involve in the downstream 
oxidative reactions.qRT-PCR analysis revealed CYP76AH42 
and CYP76AH43 were mainly expressed in the roots of I. 
lophanthoides, which was consistent with the distribution 
of miltiradiene, abietatriene and ferruginol in the root peri-
derms (Yang et al. 2021). In contrast, although IlCPS1 and 
CYP76AH46 were  predominantly expressed in leaves, the 
corresponding products (e.g., miltiradiene and ferruginol) 
have not been detected in the aerial parts of I. lophanthoides 
(Yang et al. 2021). This suggests that these intermediates are 
likely further modified and transformed into more complex 
abietanes in the aerial parts of I. lophanthoides.

The involvement of ferruginol synthase and 11-hydroxy-
ferruginol synthase in the biosynthesis of tanshinone and 
carnosic acid have been well elucidated. In danshen, a fer-
ruginol synthase (CYP76AH1) and a 11-hydroxyferrugi-
nol synthases (CYP76AH3) catalyze the C12 and C7/C11/
C12 oxidation of abietatriene, respectively (Bathe et al. 
2019b). In rosemary, three 11-hydroxyferruginol synthases 
(CYP76AH4, CYP76AH22 and CYP76AH24) have been 
identified to catalyze the formation of important intermedi-
ate 11-hydroxyferruginol in the biosynthesis of carnosic acid 
(Ignea et al. 2016; Scheler et al. 2016). Scheler and cowork-
ers (2016) have reported the mutagenesis of three amino 
acid residues is sufficient to convert the ferruginol synthase 
CYP76AH1 (D301, N303 and V479) into a 11-hydroxyfer-
ruginol synthase (E301, S303 and F478), vice versa. The 
three positions are conserved in the ferruginol synthases 
and 11-hydroxyferruginol synthases isolated from danshen, 
rosemary and Greek sage (Scheler et al. 2016). Interest-
ingly, none of the three P450s identified in this study has 
exactly same residues in the corresponding positions. Both 
CYP76AH42 and CYP76AH43 have a glutamic acid at the 
position 301, which is identical to 11-hydroxyferruginol 
synthase (Fig. S2). For CYP76AH46, the corresponding 
residues at the three positions are E301, S303 and A478, 
respectively (Fig. S2). This indicated the critical amino acid 
residues determining the product specificity may vary in dif-
ferent species.
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Unlike the highly identical ferruginol/11-hydroxyferrug-
inol synthases in danshen (80%) or rosemary (88%-95%), 
CYP76AH42, CYP76AH43 and CYP76AH46 in I. lophan-
thoides share low protein sequence identities of 51–63% with 
each other (Fig. S3). Phylogeny reveals CYP76AH42/43 and 
CYP76AH46 are clearly located in two separate subclades 
within CYP76AHs. Both CYP76AH42 and CYP76AH43 
belong to the first subclade which comprising known 
ferruginol/11-hydroxyferruginol synthases. However, 
CYP76AH46 is not clustered with any known 11-hydroxyfer-
ruginol synthase, instead it is clustered with a CYP76AH11 
and a CYP76AH16 from C. forskohlii which oxidize manoyl 
oxide in forskolin biosynthesis (Pateraki et al. 2017). Based on 
the low protein sequence identity, separate phylogeny locali-
zation and distinct tissue-specific expression pattern between 
CYP76AH42/43 and CYP76AH46, it is reasonable to assume 
that independent biosynthetic ways of oxidized abietane dit-
erpenes may exist in the above and underground part of I. 
lophanthoides (Fig. 6). The aboveground pathway is repre-
sented by IlCPS1, IlKSL1 and CYP76AH42/43, while the 
underground pathway is represented by IlCPS3, IlKSL1 and 
CYP76AH46 (Fig. 6). Different biotic and abiotic factors con-
fronted by aerial and underground organs may be the driving 
forces lead to the two independent abietane diterpenes biosyn-
thetic ways in I. lophanthoides. The highly inducible diTPS 
and P450 genes in the aerial parts indicate the biosynthesis of 
oxidized abietane diterpenes might play an important role in 
plant defense under multiple stress conditions.

Although both CYP76AH42 and CYP76AH43 are root-
preferential expressed ferruginol synthases and belong to the 
same subclade in CYP76AHs, they do not cluster together in 
the phylogenetic tree (Fig. 5). CYP76AH42 is most closely 
clustered with a ferruginol synthase from I. rubescens (Jin 
et al. 2017) and three 11-oxo-13R-manoly oxide from C. 
forskohlii (Pateraki et al. 2017). These five P450s form a 
single branch adjacent to the branch comprising known 
ferruginol/11-hydroxyferruginol synthases. CYP76AH43 
form a single branch in the same subclade (Fig. 6). In addi-
tion, the genomic structure of CYP76AH43 is quine being 
intronless, while CYP76AH42 contains two exons and one 
intron which is similar as CYP76AH46 (Fig. S4). This indi-
cates CYP76AH42 and CYP76AH43 may have evolved 
from a same ancestor, but experienced different intron gain 
and loss events. The physiological roles and evolutions of 
these ferruginol synthases need to be further explored in 
future studies.

Conclusions

Here, we characterized three phytochrome P450s belong-
ing to the CYP76AH subfamily (CYP76AH42, 43 and 46), 
which oxidize the C11 or C12 position of abietane skeletons 

to form ferruginol or 11-hydroxyferruginol. Despite their 
similar biochemical function, they share distinct expression 
patterns, protein sequence identities and genomic struc-
tures. Together with the previously identified (+)-CPSs, 
we proposed at least two independent biosynthetic path-
ways of abietane diterpenoids in the aerial and underground 
parts of I. lophanthoides. The root-preferential expressed 
CYP76AH42 and CYP76AH43 would account for the accu-
mulation of ferruginol in the root periderms, while the prod-
uct of CYP76AH46 in the aerial parts would likely undergo 

Fig. 6   Biosynthetic pathway of abietane diterpenoids in I. lophan-
thoides. Green and pink background indicates two independent bio-
synthetic pathways of ferruginol and 11-hydroxyferruginol in aerial 
and underground parts of I. lophanthoides. Dashed arrows indicate 
reactions without experimental evidences
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further modification and form more complex abietanes. The 
physiological roles and evolution of these P450s need to be 
further explored.
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