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ABSTRACT

Phoebe bournei is a potential medicinal plant. Its essential oils (Eos) are mainly composed of sesquiterpenes that
has potential activities of anti-bacteria and anti-tumors. In this study, we evaluated the effects of compost and
compound fertilizer on the total amount and main components of Eos in P. bournei, we also studied the molecular
mechanism undergoing this process by deep sequencing the genes involved in the biosynthesis of sesquiterpenes.
Fertilization enhanced the total amount of main components in Eos from both leaves and twigs. Bicyclo-
germacrene, the primary sesquiterpene in the leaf EO, was significantly increased under compost treatment,
while bicyclogermacrene and -cadinene (the second most abundant sesquiterpene) were decreased under
compound fertilizer treatment. The two fertilizers had no significant effect on the abundance of the primary (+) -
§-cadinene in the twig EO, but had a positive effect on the second most abundant sesquiterpene copaene. Sig-
nificant differences were observed in the number of differentially expressed genes (DEGs) with the leaves
showing greater number of DEGs as compared to the twigs after compost treatment. Terpenoid backbone
biosynthesis (TBB) is a key pathway of sesquiterpenes synthesis. The expression of genes regulating several
important enzymes in TBB was altered after fertilization. After the compost treatment, the expression of the leaf
DXS gene (ACQ66107.1), being closely related to the sesquiterpene biosynthesis in P. bournei leaves, was
decreased. Compost and compound fertilizer altered the expression of the two important branch-point enzymes
(FPPS and GGPPS) genes (ART33314.1 and ATT59265.1), which contributed to the changes of the total amount
and components of P. bournei sesquiterpenes. This study provides a new insight into the future use of P. bournei
for Eos.

1. Introduction

potential inhibitory activity against the growth of leukemia, breast and
colon cancer cells as well as against Epidermophyton floccosum and

Phoebe bournei (Hemsl). Yang (Lauraceae) is a unique, valuable
timber, and ornamental tree species in China, and are mainly distributed
in the subtropical regions of China. The wood of P. bournei has been
considered a good timber for architecture, furniture, carving and ship-
building. However, it takes a long growing time for the wood of
P. bournei to meet the processing requirements, resulting in slow eco-
nomic benefits. In recent years, it has been found that P. bournei is also a
potential medicinal plant. The essential oils (EOs) of P. bournei had

* Corresponding authors.

Microsporum gypseum [1,2]. Therefore, the processing and utilization of
P. bournei Eos may become a potential development direction in the
future.

EOs are secondary metabolites of plants that are different from pri-
mary metabolites or intermediate metabolites and play an important
role in plant adaptation to biological and abiotic environments, such as
helping plants resist insect attacks or pathogenic microorganism inva-
sion [3-5] and protecting plants from damage caused by ozone,
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Fig. 1. Geographical location of test plot.

ultraviolet radiation or drought [6]. Eos also have many biological
functions, such as antioxidant [7], antibacterial [8], and tumor growth
inhibition [9] as well as defending against insects [10]. Nowadays, Eos
are widely used in the food and cosmetics industries and even have great
potential application value in the pharmaceuticals [11].

Eos are composed mainly of a variety of volatile organic compounds,
such as terpenoids (mainly monoterpenes and sesquiterpenes), alcohols,
ketones, and aldehydes [5,12-19]. Sesquiterpenes and monoterpenes

Table 1
Test result of elements in soil (The letters a, b and c represent the significant
difference of elements between different fertilization treatments).

Element Soil depth Fertilization treatment
(cm)
CK Compost Compound
fertilizer
Organic matter ~ 0-10 1.61 + 2.77 £0.02c  1.39 + 0.04a
(%) 0.03b
10-20 1.19 + 2.33 £ 0.09¢ 1.02 + 0.01a
0.02b
P (mg/kg) 0-10 21.83 + 254.47 + 38.23 + 0.42b
0.76a 4.62c
10-20 7.58 + 449.07 + 6.42 + 0.47a
0.29a 9.60c
K (mg/kg) 0-10 100.67 + 174.67 + 99.11 + 0.54a
1.53a 0.58c
10-20 70.53 + 90.83 + 100.53 + 1.80c
1.05a 1.11b
N (mg/kg) 0-10 75.93 + 121.72 + 77.77 £ 1.53a
0.88a 2.17b
10-20 63.55 + 137.06 + 65.19 + 0.80a
0.88a 1.79b

are synthesized by the terpenoid backbone biosynthesis pathway [20],
which consists of two metabolic pathways: the mevalonate (MVA)
pathway and the 2C-methyl-D-erythritol 4-phosphate (MEP) pathway
[21].

Nutrient enrichment is a common and effective method of increasing
plant biomass [22-24] and has a certain impact on the composition and
biological activity of plant Eos [25]. Fertilization can not only promote
the growth of plants but also modulate the composition of Eos, thus
changing the EO biological activity at some extent [26]. A variety of
methods and types of fertilization can be implemented, such as adding a
single element (nitrogen, sulfur, zinc) [27-29] or adding a mixed fer-
tilizer, such as compost [30].

In order to better understand the effects of nutrient enrichment on
P. bournei Eos, two common fertilizers (compost and compound fertil-
izer) were applied in the present study to investigate how the total
amount and composition of P. bournei Eos are regulated by the fertil-
ization, and differential expressed genes involved in the biosynthesis of
sesquiterpenes were identified to obtain a deep insight into the molec-
ular mechanism in response to fertilization.

2. Materials and methods
2.1. Plant samples
The twigs and leaves of P. bournei trees grown for 6 years were

collected from the domesticated clones of P. bournei plantation in the
Jindong Forest Farm of Yongzhou city, Hunan Province, China.
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2.2. Fertilization experiment

The P. bournei plantation was in Jindong Forest Farm (112°4'E,
26°18'N), Yongzhou city, Hunan Province, China, at an altitude of 195
m (Fig. 1). This area is part of the humid monsoon climate zone in the
central subtropical zone, with an average temperature of 18.0 °C and an
average annual precipitation of 1745 mm. The experimental trees of
P. bournei were planted in the spring of 2013, with a planting density of
2.5m x 2.5 m. On September 3, 2018, nine 20 m x 20 m sample plots in
each experimental site were established for the fertilization treatments,
including three groups treated with compost (organic matter 46%, 2.1%
of N, 1.7% of P,0s, 1.6% of K;0), the three ones treated with NPK
compound fertilizer (20%-20%-20%) and the rest with no fertilizer (the
control group). After 240 days post fertilization, on May 18, 2019,
P. bournei trees with similar height and diameter at breast height were
selected from each plot, and two-year-old twigs and one-year-old leaves
were collected. Soils under different fertilization treatment were
collected for the analysis of organic matter, P, N and K elements
(Table 1). The EO components of the twigs and leaves from each plot
were detected, and the samples randomly collected from each experi-
mental site for RNA extraction, which were immediately treated with
liquid nitrogen and then sent to Shanghai Majorbio Bio-pharm Tech-
nology for sequencing.

2.3. Distillation of essential oil

The extraction of Eos was performed according to a previous report
[31]. Briefly, fresh leaves/twigs (1000 g) were mixed with 3000 g water,
beat with beater for 2 min, and then distilled for 5 h. The total amount of
EO (%) was calculated as follows: mass of EO/sample fresh weight x
100%. The EO (10 pL) was diluted with 1 mL pure ethanol, dehydrated
with anhydrous sodium sulfate at room temperature (approximately
25 °C) for 2 h, and centrifuged, and the supernatant was used for the
detection of the components of the EO via gas chromatography mass
spectrometry by Agilent 7890B/5977 GC-MS.

2.4. Component analysis by GC/MS

The analysis method for the chemical components of the Eos in
P. bournei was performed according to previously reported methods
[1,32]. The GC detection conditions were as follows: the initial tem-
perature was 50 °C, the temperature was increased to 260 °C by 5 °C/
min, and the sample was injected into a HP-5 MS capillary column (30
m x 250 pm x 0.25 pm) at a split ratio of 10:1. The MS program in-
formation was input as follows: the scanning range was 30-550 AMU
(m/z), with an ionizing voltage of 70 eV and an ionization current of
150 pA of electron ionization (EI). The flow velocity of helium was 1.2
mL/min. The ion source temperature was 230 °C, and the quadrupole
temperature was 200 °C. The GC/MS ion chromatograms of P. Bournei
leaf and twig have been shown in Fig. S1.

2.5. Determination of essential oil components content
The volatile components of P. bournei Eos detected by GC / MS were

searched by NIST2.0 standard spectrogram library. Advanced qualita-
tive detection and identification technology of components was

Table 2
The total amount of Eos from leaves and twigs of P. bournei after fertilization.

Tissues Total amount (%)

Compost Compound fertilizer Control
Leaf 0.096 =+ 0.003* 0.109 + 0.012% 0.112 + 0.006*
Twig 0.128 + 0.006° 0.147 + 0.0317 0.135 + 0.013°

Note: The superscripted letters indicate the significance by least significance
difference (LSD) at 0.05 level.
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employed to fully scan the essential oil samples. Each peak was corre-
sponded to a full scan mass spectrum. After matching with the standard
NISTO08.L library, components with a matching degree of more than 95%
were obtained, such as some main components in the EOs of twigs and
leaves without fertilization were listed in Table S1. The relative contents
of volatile components in P. bournei Eos were calculated by peak area
normalization method. t-test was used to analyze the significance of the
difference between groups, P < 0.05 was significant; The results were
expressed as mean values + S.D.

2.6. RNA sequencing, data processing, and gene annotation

Total RNA from each sample was isolated from frozen tissues (leaves
and twigs) of P. bournei using TRIzol® reagent according to the manu-
facturer's instructions (Invitrogen, Carlsbad, CA, USA), and genomic
DNA was removed by using DNase I (TaKara). The integrity and purity of
the total RNA was determined by a 2100 Bioanalyzer (Agilent Tech-
nologies, Inc., Santa Clara CA, USA), and the quantity was measured
using an ND-2000 spectrophotometer (NanoDrop Thermo Scientific,
Wilmington, DE, USA) [33,34]. Library preparation and sequencing
were performed by Shanghai Majorbio Biopharm Technology Co.
(Shanghai, China) with sequence runs of 2 x 150-bp paired-ends (200
cycles). The raw reads have been deposited in the Short Read Archive
(SRA) of NCBI with the accession number PRINA771755.

Transcriptome assembly was performed using the Trinity method
[33]. The functions of P. bournei genes were annotated on the basis of
information from the following databases: National Center for Biotech-
nology Information (NCBI) nonredundant protein sequences (Nr) data-
base, the NCBI nonredundant nucleotide sequences (Nt) database, the
Gene Ontology (GO) database, the protein family (Pfam) database, the
Clusters of Orthologous Groups of proteins (KOG/COG) database, the
manually annotated and reviewed SwissProt protein sequence database,
the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, and
the KEGG Orthology (KO) database.

Gene expression levels were calculated using the fragments per
kilobase per million reads (FPKM) method in RSEM software [35].
Differentially expressed genes (DEGs) were analyzed using the DESeq R
package (1.10.1), and the genes with an adjusted g-value <0.05 iden-
tified by DESeq were considered differentially expressed.

2.7. Quantitative real-time PCR (qRT-PCR) verification

Based on the RNA-seq data, the expression of 13 genes were significantly
altered associated with TBB and STB after different fertilizer treatments. Of
which, five genes (TRINITY_DN60255_c0_g7, TRINITY DN61719 c0_gl.
TRINITY_DN79706_c2_g1, TRINITY DN76855_c1_g3 and TRINITY_DN679
62_c1_g3) were found to be important in the regulation of key enzymes and
branching enzymes during terpenes synthesis. To confirm the expression
profiles obtained from the transcriptome data, the expression levels of these
five relatively important genes were selected for real-time qPCR (RT-qPCR)
analysis. 18S rRNA were used as reference gene and its forward and revere
primers were listed in Table S2.

The following experimental reaction conditions were used: pre
denaturation at 95 °C for 5 min, and then run 35 cycles with each cycle
denaturation at 95 °C for 30s, annealing at 50 °C for 30s, and extension
at 72 °C for 1 min. The experiments were performed with three bio-
logical replicates and three technical replicates. The relative expression
levels of the selected unigenes were calculated using the 2"-AACt
method. The primer sequences used in this study are listed in Table S2.

2.8. Statistical analysis

All experiments were repeated at least three times. A probability
value of p < 0.05 was considered a significant difference.
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Fig. 2. Categories and main compounds of Eos from P. bournei leaves and twigs before and after fertilization. A and B show the categories of volatile components in
the Eos of leaves and twigs, respectively; C and D show the main components in the Eos of leaves and twigs, respectively. The letters a, b and c indicate the sig-
nificance by least significance difference (LSD) at 0.05 level. LCK, the leaf control samples; LOF, the leaf samples treated with compost; LCF, the leaf samples treated
with compound fertilizer; TCK, the twig control group; TOF, the twig samples treated with compost; TCF, the twig samples treated with compound fertilizer.

3. Results

3.1. Characteristics of the main components of P. bournei Eos after
fertilization

The total amount of Eos were 0.112% and 0.135% in the leaves and
twigs of P. bournei, respectively. These amount were not changed
significantly by the compost and compound fertilizer treatment
(Table 2). The GC/MS results showed that sesquiterpenes are the main
EO components in P. bournei leaves and twigs (Fig. 2-A and B), which are
counted for >95% of the total identified compounds. As shown in Fig. 2-
C and D, the most abundant component in the leaves was bicyclo-
germacrene, and its relative content was more than 20%; the most
abundant component in the twigs was (+)-6-cadinene, with a relative
content of more than 14%. The other main components (relative content
>3%) in the Eos of P. bournei were as follows: §-cadinene (leaf 9.21%,
twigs 14.54%), copaene (leaf 5.72%, twigs 12.70%), caryophyllene (leaf

3.09%, twigs 10.11%) and a-caryophyllene (leaf 3.46%, twigs 3.52%).
(—)-Allo-aromadendrene (6.54%) was detected only in leaves, while
B-eudesmol (6.20%), y-maaliene (6.37%) and a-bergamotene (6.73%)
were detected only in twigs. Under fertilization, the categories of com-
ponents in P. bournei Eos did not change significantly, but the contents of
some of the main components changed. After the application of the
compost, the content of bicyclogermacrene in the leaf EO was increased
significantly, while the content of other main components did not
change significantly (Fig. 2-C). Except a-bergamotene and y-maaliene
decreased significantly in the twig EO, other main components did not
change significantly (Fig. 2-D). After compound fertilizer treatment, the
contents of bicyclogermacrene, (+)-5-cadinene, (—)-allo-aromaden-
drene and a-caryophyllene in the leaf EO were significantly decreased,
and only germacrene B was significantly increased (Fig. 2-C); the con-
tent of copaene in the twig EO was significantly increased, while the
contents of f-eudesmol, y-maaliene and a-bergamotene were signifi-
cantly decreased (Fig. 2-D). In general, compost increased the content of
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Table 3
Summary of RNA-Seq data generated for control and treatment samples.
Parameters Leaf Twig
LCK LCF LOF TCK TCF TOF
Raw reads 54,961,676 54,893,979 50,462,023 55,167,518 52,387,199 55,604,949
Clean reads 54,372,442 54,296,221 49,863,531 54,385,905 51,757,063 54,799,294
Total mapped 98.93% 98.91% 98.81% 98.58% 98.80% 98.55%

Note: LOF, leaf samples treated with compost; LCF, leaf samples treated with compound fertilizer; TOF, twig samples treated with compost; TCF, twig samples treated

with compound fertilizer; LCK and TCK samples untreated with fertilization.
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Fig. 3. Scatter plot of gene expression in samples, each dot represents a specific gene, the red is upregulated and the green is downregulated after fertilization. LOF,
the leaf samples treated with compost; LCF, the leaf samples treated with compound fertilizer; TOF, the twig samples treated with compost; TCF, the twig samples
treated with compound fertilizer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the most abundant component in the leaf EO but had no significant ef-
fects on the other components, while compound fertilizer decreased the
content of the most abundant components in leaf and twig Eos.

3.2. Establishment and annotation of P. bournei transcriptomes

Raw data, generated by RNA-seq sequencing, were first cleaned up
and low-quality reads and reads with less than 20 bp were removed.

Finally, a total of more than 5.0 x 107 clean reads were obtained nearly
in each sample, accounting for more than 98% of the total sequencing
results (Table 3). The sequence data has been deposited in the NCBI
database (Access number: PRJNA771755). After blasting the public
databases (NR, Swiss-Prot, Pfam, COG, GO and KEGG), 87,595, 64,362,
62,401, 10,938, 54,370 and 42,768 unigenes were annotated respec-
tively. After removing the duplicate genes in each database, a total of
95,682 unigenes were annotated. For all the results of the three samples
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Fig. 4. The number of DEGs after fertilization. LOF, the leaf samples treated
with compost; LCF, the leaf samples treated with compound fertilizer; TOF, the
twig samples treated with compost; TCF, the twig samples treated with com-
pound fertilizer.

tested repeatedly in each group, the correlation coefficients of the
unigene expression in all samples were between 0.7-1, indicating that
the biological repeatability of the experiment was good and that the
sequencing data were accurate and reasonable (Fig. S2). Significant
differences were found in the number of DEGs (p < 0.05) with the leaves
and twigs after compost treatment showing greater number of DEGs as
compared to compound fertilizer treatment (Fig. 3). There were
2779-16,454 differentially expressed genes (DEGs) annotated in the
twig and leaf samples after the compost and compound fertilizer treat-
ments. There were 465 common DEGs in LOF, LCF, TOF and TCF, and
LOF had the greatest special DEGs, followed by TOF (Fig. 4).

3.3. Gene ontology annotation and KEGG pathway analysis of P. bournei

3.3.1. P. bournei GO functional annotation of DEGs

To study the functions of DEGs in the biosynthesis of Eos in
P. bournei, GO annotation was carried out on the DEGs in the twigs and
leaves of P. bournei under the fertilization treatments. The significant
differences were observed in the number of annotated DEGs in the GO
level 1 classification: cellular component (CC), molecular function (MF)
and biological process (BP) (Table S3). The total proportion of upregu-
lated and downregulated genes involved in CC was the highest in LOF,
LCF, TOF and TCF. For LOF, more upregulated genes were present in BP
and MF process, and almost the upregulated genes were the same as
much as the downregulated ones in CC process. As for LCF, the number
of up-regulated genes was nearly more twice that of down regulated
genes in BP, CC and MF. For TOF, the number of upregulated genes in CC
process was slightly less than that of downregulated genes, while there
was no significant difference between upregulated and down regulated
genes involved in BP and MF. It was different about TCF, the number of
upregulated genes was less than that of downregulated genes in BP, CC
and MF.

According to the GO classification of the DEGs (Fig. 5), more upre-
gulated and downregulated genes (p < 0.05) were involved in the pro-
cesses of binding, catalytic activity, cellular process, metallic process,
cell, cellular part and membrane in the twigs and leaves after the
compost treatment, compared with the compound fertilizer treatment.
The number of downregulated genes involved in the processes of bind-
ing, catalytic activity, metallic process, membrane part and membrane
were greater than that of upregulated genes in the leaves of P. bournei by
the compost treatment, but the opposite happened in the cellular pro-
cess, cell part and organelle (Fig. 5 - A). More downregulated genes
existed in the majority of processes in the leaves under compound
fertilization treatment (Fig. 5 - B), but a reverse result was observed in

Genomics 114 (2022) 110375

the twigs under compound fertilization treatment (Fig. 5 - D). The twigs
treated with compost was different from the leaves treated with
compost: the number of downregulated genes involved in binding, cat-
alytic activity, membrane part and membrane were less than that of
upregulated genes, but greater than that of upregulated genes in cellular
process, cell part, cell, and organelle. The common DEGs in LOF, LCF,
TOF and TCF were mainly existed in binding, catalytic activity, cellular
process, metabolic process, membrane and membrane part (A in
Fig. S3); the special DEGs of LOF and TOF were present in the same
processes except “cellular component or biogenesis™ instead of “nucleic
acid binding factor activity”, and the special DEGs of LCF and TCF were
absent in some processes such as signaling (B in Fig. S3).

3.3.2. Identification of DEGs in KEGG pathways

Sesquiterpenes were the major components in Eos extracted from
P. bournei (Fig. 3). The metabolic pathways directly related to their
synthesis are the terpenoid backbone biosynthesis (TBB, map00900),
sesquiterpenoid and triterpenoid biosynthesis (STB, map00909), and
glycolysis/gluconeogenesis (GG) and pentose phosphate (PPP). Because
the first four substrates (acetyl-CoA, acetoacetyl-CoA, pyruvate and D-
glyceraldehyde-3P) in the TBB process are produced by the metabolism
processes of the GG and PPP pathways (Fig. 6 and Fig. S4). Therefore,
TBB can be regarded as the core metabolic pathway (Fig. 6). Fertiliza-
tion had different effects on these metabolic pathways (Table 4). The
percentage of DEGs involved in the four pathways was relatively high in
the twigs and leaves under the compost treatment (Table 4).

TBB contains two metabolic pathways: the mevalonate (MVA)
pathway and the 2C-methyl-D-erythritol 4-phosphate (MEP) pathway
[21], and involves several important enzymes (Fig. 6). According to the
results of transcriptome analysis (Table 5), the expression of three genes
related to 1-deoxy-D-xylulose-5-phosphate synthase (DXS) was altered
in the leaves: one gene was upregulated (ART66978.1), and two genes
were downregulated (ART66976.1, ACQ66107.1). One gene
(LOC111436948) was probable a DXS gene. However, one down-
regulated DXS gene (ART66976.1) was only observed in the leaves
under the compound fertilizer treatment. If an enzyme is regulated by
two or more genes, these genes may belong to a multigene family or be
part of a larger gene [36]. The expression of DXS genes is usually divided
into three categories (DXS1, DXS2, DXS3), and most DXS genes are in the
DXS2 category, which regulates plant secondary metabolite biosynthesis
[37,38]. According to the SwissProt descriptions (Table 5), only the gene
(ACQ66107.1) was one of genes regulating DXS2, and it could be closely
related to the metabolism of sesquiterpenes in P. bournei (Fig. 6). The
expression of this gene was downregulated only in the leaves of
P. bournei treated with compost.

HMGCS is the first committed enzyme in the MVA pathway. The
change of HMGCS expression has an important impact on the production
of secondary metabolites [39]. The expression of two HMGCS genes
(LOC109728825 and LOC109838068) was upregulated in twigs under
both compost treatment and compound fertilization, and that of the
HMGCS gene (LOC109728825) was also upregulated in the leaves under
compost (Table 5).

Another important step in the MVA pathway is mevalonate synthesis
by 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGR) cata-
lyzing 3-hydroxy-3-methyl-glutaryl- CoA (HMG-CoA). The over-
expression of HMGR can promote the synthesis of sesquiterpenes in
plants [40]. HMGR is usually classified into HMGR1, HMGR2 and
HMGRS3 [41]. The overexpression of HMGR1 and HMGR3 can have a
positive effect on the synthesis of secondary metabolites [41,42]. The
expression level of the HMGR1 gene (AAY87014.1) was not altered
significantly among the twigs under different treatments but clearly
decreased in the leaves under the compost treatment. This indicated that
the compost treatment would reduce the total amount of sesquiterpenes
in P. bournei leaves. Similarly, the expression of the HMGR3 gene
(LOC107416066) was decreased only in the leaves of P. bournei treated
with compost and compound fertilizers (Table 5).



L. Liu et al. Genomics 114 (2022) 110375
] |
© 1000 —
>
c
800
> 5 R RIS SRR ) S AIDE L IV D EWHELRA DDA TS 5. -
G5 P P S S ST ST S Q~$ %\o‘ BN LESEE s b&%@\&i&%\ &.’\4\‘1\\4\ 3 \4@\?@' \4\6.‘
SEEEEESE @&b&@ SEE &:&“ LIS e S s ‘ff f§‘°<,°<\\<°f SN IR
ARSI NI NS TONICEORMINIS OO SO F G SIS S S w SO
W A PSS B RO SN ¥ s S S ST L LG
SO RIS SO U S Soev s SR NS N SN T BN & F LD
P FFE SIS OF ¥ FF P D S & EOESRORR IS
EF PSS LS ARSI S & & & FENL S SFSL B
<8 P SR © FOFARA 5 8 O AL F S S
<$ A S $¥ TR A 3 SRS YA >
OO TR 4P & ERS & & § £ LIS S D\ > 3
8 F S R D S NS & S P>
S & T & S H S SN
X O N < s
g O S N2 O S ©
S S F S § <
FES S& & ) §
_&e ® @Qi\"\m Q-\\o gé&
S IS & |
& & S &
N S & &
BP & cC &£ MF
S
Pathways
@
2 100
>
c 80
. Sogh & @ S @ S - S S -
qu? & 0@"@:":‘g—?&a?&f—?-\\o“-\\é‘i\é‘*\&@9&@\&O&e%&e%&e% ‘\e“éﬁ\e“&\ A B SNF S S \«5‘5&“&@4@4&\& ¥ 4@_4@4@@\0_ I
S S F gD D ST S TN R R R SIS S S S SS
G S Y S A ST S S S SE S ENEE SIS F LS
$ 2o & 950 ¥ oGS & LS ¥ &S NP ZNOES N & ¥ & S S
W PSSO ES O @ & ; & & & S P& 2N O °. F LS S
N FEFLFEIFINRY PF O T & £ PSSO TS
SR RO SO S QAN > & L FLELL TS PP S
S ST ST Sy & T IS & Lo
O @ TR EOFR LS TS © A SIEES S
SO0 SO WE F RS Y & & & IS SalesS ¥
S S S S & & & & :,o\'éo“’- SN e®
F&& 5SS J & T S FE e
& S SO DA & POE
o 59\ O Al 5\«&
™ S © S
§ B S
& & S L
» S &
£ o
BP ° CcC < MF
Pathways

Fig. 5. Functional annotation and classification of DEGs from P. bournei after fertilization (p-adjust <0.05). LOF, the leaf samples treated with compost; LCF, the leaf
samples treated with compound fertilizer; TOF, the twig samples treated with compost; TCF, the twig samples treated with compound fertilizer. The red columns
represent the number of DEGs whose expression was upregulated after fertilization, and the green ones represent the number of DEGs whose expression was
downregulated after fertilization. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Farnesyl pyrophosphate synthase (FPPS) is an important branch-
point enzyme whose activity can change the direction of isoprene
metabolism in the TBB pathway and plays an important role in isoprene
metabolism [43-45]. The expression of the FPPS gene (ART33314.1)
was downregulated in P. bournei leaves and twigs under the fertilization
treatment, but the most significant downregulation was present in the
leaves under the compost treatment (Fig. S5). The change in the
expression of the FPPS gene could be one main reason for the variation

in the main components of the Eos in P. bournei twigs and leaves. Ger-
anylgeranyl diphosphate synthase (GGPPS) is also an important branch-
point enzyme in terpenoid biosynthesis [39]. In contrast to the expres-
sion of the FPPS gene, the expression of the GGPPS gene (ATT59265.1)
was upregulated in both twigs and leaves under the compost treatment
(Fig. S5). Therefore, changes in the expression of FPPS and GGPPS genes
may be an important factor influencing the component species or con-
tents of Eos in P. bournei.
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Fig. 5. (continued).

In addition to the TBB pathway, the synthesis of volatile components
and their total amount in P. bournei Eos are also related to the GG and
PPP pathways (Fig. S4). After fertilization, the expression of many genes
regulating the two pathways were also affected. The above KEGG
enrichment results revealed that the number of downregulated genes
was higher than that of upregulated genes in all samples except the twigs
of P. bournei trees treated with the compound fertilizer. Pyruvate was
one of the important initial substrates in TBB pathway and was also
involved in the metabolism of GG and PPP pathways. There was a sig-
nificant difference in the number of DEGs regulating pyruvate with more
DEGs in leaves compared to twigs after compost treatment (Fig. S6).

Additionally, some genes existed in both twigs and leaves, but had
different changes, such as the genes ‘LOC105034612’ and
‘LOC109826803’ (Fig. S4). These genes should indirectly affect the total
amount and composition of P. bournei Eos. The expression of the two
genes (LOC110913581, AKQ19357.1) were significantly altered in STB,
and they are involved in the synthesis of (E,E-Farnesal and (—)-Germa-
crene D) whose content is relatively small in the essential oils and are not
listed here (Fig. 6).

3.3.3. Verification of genes expression
The experimental results showed that there were significant changes



L. Liu et al. Genomics 114 (2022) 110375

o MVA pathway R MEP pathway A

3 - ;
/-' Acetyl-CoA Acetoacetyl-CoA \|'\ Pyruvate D-Glyceraldehyde-3P !
/ ‘—’O I '\. O

LOC111436948

ART66978.1 DXS

|
1

1 1

1 1

1 1

1 1

LOC109838068 1 ACQ66107.1 1
I 1

I |

1 |

I |

|

|

ART66976.1

3-Hydroxy-methyl-glutaryl-CoA  (O)
et HVIGR

AAY87014.1

() 1-Deoxy-D-xylulose-
5p

Mevalonate ()
4-(Cytidine 5’-diphospho)-2-
C-Methyl-D-erythritol

Mevalonate-3P !
Mevalonate-5P| !
evalonate:SP() 2-Phosth-%l-(Cytidine 5’-
diphospha);2-C-Methyl-
D-erythritoli

Mevalonate-3,5PP () 2-C-Methyl-D-erythritol

Mevalonate-5PP

O 2,4-cyclodiphosphate
1-Hydroxy-2-methyl-2-
butenyl 4-diphosphate

Isopentenyl-PP
Dimethylallyl-PP

(E,E)-Farnesal

=
L
1
LOC110913581 (2,2)-Farnesyl-PP | i : GGPPS
). D
Sesquiterpenoid - :
andqtriter:))enoid (Z,E)-Farnesyl-PP L
------------- R .. 4
biosynthesis H O \ Geranyl-PP K
(-)-Germacrene D ! P L 26t
AKQ19357.1 |, (E,E)-Farnesyl-P ! FPPS : ;
i
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Table 4
Number of DEGs involved in sesquiterpene biosynthesis pathways after fertilization.
Groups Pathways
TBB STB GG PPP
DEGs percentage/% DEGs percentage/% DEGs percentage/% DEGs percentage/%
LOF 18 9.73 1 2.78 96 6.34 55 9.89
LCF 4 2.16 0 0 17 0.11 12 2.16
TOF 4 2.16 1 2.78 26 0.09 7 1.26
TCF 4 2.16 0 0 23 0.05 5 0.9

Note: LOF, the leaf samples treated with compost; LCF, the leaf samples treated with compound fertilizer; TOF, the twig samples treated with compost; TCF, the twig
samples treated with compound fertilizer; terpenoid backbone biosynthesis (TBB), glycolysis/gluconeogenesis (GG), pentose phosphate pathway (PPP), sesqui-
terpenoid and triterpenoid biosynthesis (STB).

in the expression of thirteen genes related to TBB and STB, and of which
the five genes (TRINITY_DN60255_c0_g7, TRINITY_DN61719 _c0_gl.
TRINITY_DN79706_c2_gl, TRINITY DN76855c1 g3 and TRINI-
TY_DN67962_c1_g3) were found to be important in the regulation of key
enzymes and branching enzymes during terpenes synthesis, and there-
fore they were selected for real-time qPCR (RT-qPCR) analysis. The re-
sults (Fig. 7) of the qRT-PCR analysis of the selected genes were nearly
consistent with the transcriptome data.

4. Discussion

4.1. The effect of nutrient enrichment on main sesquiterpenes of Eos in
P. bournei

Phoebe bournei is a potential medicinal plant. Its essential oils (Eos)
are mainly composed of sesquiterpenes with inhibitory activities against

certain bacterium and tumor [1,2]. Fertilization can affect the compo-
sition and content of plant essential oil [46]. A certain amount of ni-
trogen and sulfur fertilization can significantly increase the content of Z-
B-ocimene in Tagetes minuta L. essential oil [47]. Mineral fertilizer had a
strong effect on the volume of essential oil in Eryngium foetidum L. leaves
and roots [48]. The content of terpenoids in Tanacetum vulgare leaves
changed with mineral fertilizers variation, but the terpenoid concen-
trations of the roots were unaffected by fertilization [49]. Here no sig-
nificant changes were found in the component categories of the essential
oils in P. bournei leaves and twigs, that is, sesquiterpenes were still the
main components after the application of compost or compound fertil-
izer. However, compost with high organic matter content can increase
the primary sesquiterpene bicyclogermacrene of the essential oil in
P. bournei leaves. Compound fertilizer had a negative effect on bicy-
clogermacrene and the second most abundant sesquiterpene,
(+)-6-cadinene. Compost and compound fertilizer treatments had a
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Table 5
Information on the DEGs in ‘terpenoid backbone biosynthesis’ and ‘sesquiterpenoid and triterpenoid biosynthesis’.
Gene ID Gene symbol/ Swissprot Description Log2FC Pvalue Pajust Up/ Group
NCBI Down

TRINITY_DN79706_c2 gl =~ LOC109728825 Hydroxymethylglutaryl-CoA synthase 1.39516492 7.82E- 4.90E- up LOF
03 02

1.707138136 3.68E- 7.63E- up TOF
04 03

TRINITY_DN84575_c6_g2  LOC109838068 Hydroxymethylglutaryl-CoA synthase 2.150896458 1.68E- 2.41E- up TOF
03 02

2.493661561 2.26E- 1.19E- up TCF
04 02

TRINITY_DN56563_c0_g1  ART66978.1 1-deoxy-D-xylulose-5-phosphate synthase 1 (DXS1) 1.06898745 4.73E- 5.48E- up LOF
04 03

TRINITY_DN73974_ c0_g2  ART66976.1 1-deoxy-D-xylulose-5-phosphate synthase 1 (DXS1) —5.5884809 7.98E- 1.26E- down LOF
05 03

—4.21307726  5.45E- 1.31E- down LCF
06 03

TRINITY_DN60255_c0_g7  ACQ66107.1 1-deoxy-D-xylulose 5-phosphate synthase 2 (DXS2) —1.557267 2.84E- 2.25E- down LOF
03 02

TRINITY_DN70707_c0_g6  LOC111436948 Probable 1-deoxy-D-xylulose-5-phosphate synthase, 1.923531945 8.85E- 5.23E- up TOF
chloroplastic 07 05

TRINITY_DN83281 c2 g2  AAY87014.1 3-hydroxy-3-methylglutaryl-coenzyme A reductase 1 —1.92527724  9.50E- 2.87E- down LOF
(HMGR1) 07 05

TRINITY_DN76855_c1 g3  LOC107416066 3-hydroxy-3-methylglutaryl-coenzyme A reductase 3 -1.57011729  9.19E- 2.04E- down LOF
(HMGR3) 06 04

—1.34758953 1.21E- 4.35E- down LCF
03 02

TRINITY_DN61719 c0_g1  ART33314.1 Farnesyl pyrophosphate synthase 2 (FPPS2) —1.57943298  6.17E- 1.02E- down LOF
05 03

TRINITY_DN64139 c1 g1 XP_008384758.1 Probable phytol kinase 3 1.818575961 8.01E- 3.31E- up LOF
08 06

TRINITY_DN75454 c1 g3  LOC110913581 3 beta-hydroxysteroid dehydrogenase/Delta 5- > 4- 1.019357385 2.79E- 2.22E- up LOF
isomerase 03 02

TRINITY_DN67962_cl g3  ATT59265.1 Geranylgeranyl pyrophosphate synthase, chloroplastic 1.132667099 1.63E- 1.47E- up LOF
(GGPPS) 03 02

TRINITY_DN64565_c0_g4  AKQ19357.1 TPSGD_VITVI/Terpene synthase family (Pfam) —2.39226398  3.13E- 3.79E- down TOF
03 02

Note: LOF, the leaf samples treated with compost; LCF, the leaf samples treated with compound fertilizer; TOF, the twig samples treated with compost; TCF, the twig

samples treated with compound fertilizer.

positive effect on the abundance of the second most abundant sesqui-
terpene, copaene, in the twig and had no effect on the most abundant
sesquiterpene, (+)-8-cadinene. The soil fertility was improved after the
compost treatment with the contents of organic matter, N, P and K
significantly greater than those after compound fertilizer treatment, and
compared with the unfertilized group, slight changes occurred in these
elements after applying compound fertilizer [50]. The changes of these
elements seem to be greatly related to the synthesis of sesquiterpenes in
P. bournei after compost treatment [28,51], because nitrogen-containing
compounds are fundamental components of plant metabolism, including
plant secondary metabolites [52,53], but phosphonate is an inhibitor of
FPPS and HMGR [54-56], two important enzymes in the synthesis of
sesquiterpenes [57]. Thus, the increase of N and P elements in the soil
could probably have certain positive effects on the essential oils in
P. bournei leaves and twigs after compost treatment, and therefore, it is
necessary to implement an experiment of single nitrogen, phosphorus
and potassium for clarifying the role of a single element on the yield and
the components of P. bournei essential oils.

4.2. The effect of nutrient enrichment on the metabolism pathway of
P. bournei sesquiterpenes

TBB is the basic pathway during sesquiterpenes biosynthesis
[21,58,59]. 3-Hydroxy-3-methyl-glutaryl-CoA (HMG CoA) and 1-deoxy-
d-xylulose-5phosphate (DXP) are two key substrates for the synthesis of
sesquiterpenes (Fig. 6). DXP is produced by DXS catalyzing glyceralde-
hyde 3-phosphate (G3p) and pyruvate. DXS has been proven to be an
important rate-limiting enzyme in the MEP pathway [21,38]. DXS is
likely an important regulatory site for sesquiterpene biosynthesis in
P. bournei twigs and leaves. The expression of genes regulating DXS is

10

varied with the change of tissue type and environmental conditions
[38]. The compost decreased the expression of DXS2 gene
(ACQ66107.1) in the leaves [37,38]. The compost also decreased the
expression of the leaf HMGCS gene catalyzing acetyl-CoA and
acetoacetyl-CoA for the synthesis of HMG-CoA [60]. The expression of
DXS2 and HMGCS genes decreased should be one of important factors in
the decrease of the total amount of EOs in P. bournei leaf. In addition,
compost and compound fertilizer can also make the expression of the
two important branch-point enzymes (FPPS and GGPPS) genes changed
[39,43-45], which should be the important factor that the components
of P. bournei Eos were altered after fertilization treatments. The fertil-
ization treatments also affected the GG and PPP biosynthesis pathways
that provide the initial substrates for TBB biosynthesis. The number of
downregulated genes in the GG and PPP pathways was greater than that
of upregulated genes in all samples except the twigs under the com-
pound fertilizer treatment, which might have indirectly affected the
total amount and composition of Eos in P. bournei. Further experimental
verification may be made by knocking out the above key genes by using
some techniques such as CRISPR/cas [61,62,63].

5. Conclusions

In this study, the total amount and component changes of EOs and
responding molecular mechanism to fertilization treatments were firstly
identified in P. bournei. The total amount of EO was slightly decreased in
P. bournei leaves and twigs under the compost and compound fertilizer
treatments than that in the controls, but fertilization enhanced the total
amount of main components in Eos. The content of the primary
sesquiterpene, bicyclogermacrene, was increased in the leaves. The
fertilization treatments had no significant effects on the total amount of
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Fig. 7. qRT-PCR analysis of 5 DEGs in LCK, LOF, LCF, TCK, TOF and TCF. X-axis represents the different fertilization treatment: LCK, the leaf control samples; LOF,
the leaf samples treated with compost; LCF, the leaf samples treated with compound fertilizer; TCK, the twig control group; TOF, the twig samples treated with
compost; TCF, the twig samples treated with compound fertilizer. The left Y-axis represents the expression level of genes according to the FPKM value. The right Y-
axis represents the expression level (2°-AACr value) of genes. The black solid line represents the expression level of genes according to the FPKM value, and the blue
solid line represents the expression level (2"-AACr value) of genes using QRT-PCR. The qRT-PCR data are presented as the mean +/— SD of three biological replicates
(each of the values is derived from the mean of three technical replicates). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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EO in P. bournei twigs and had a positive effect on the abundance of the
second most abundant sesquiterpene, copaene, in the twigs. After the
compost treatment, the high content of organic matter, nitrogen and
phosphorus likely enhanced the biosynthesis of bicyclogermacrene in
the leaves. The compost had different effects on plant different tissues.
The experiment on the effects of single nitrogen, phosphorus and po-
tassium on the composition and yield of Eos will be further
implemented.

Abbreviations
EO essential oil
DEGs differentially expressed genes
TPS terpene syntheses
HMGR 3-hydroxy-3-methylglutaryl-coenzyme A reductase
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DXS 1-deoxy-D-xylulose-5-phosphate synthase
FPPS farnesyl pyrophosphate synthase
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FPKM fragments per kilobase of transcript per million mapped reads;
CRISPR / clustered regularly interspaced short palindromic repeats associated
cas nucleases.
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