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Abstract

The medicinal herb Artemisia annua L. is prized for its capacity to generate artemisinin, which is used to cure malaria.
Potentially influencing the biomass and secondary metabolite synthesis of A. annua is plant nutrition, particularly phosphorus
(P). However, most soil P exist as insoluble inorganic and organic phosphates, which results to low P availability limiting
plant growth and development. Although plants have developed several adaptation strategies to low P levels, genetics and
metabolic responses to P status remain largely unknown. In a controlled greenhouse experiment, the sparingly soluble P
form, hydroxyapatite (CasOH(PO,);/CaP) was used to simulate calcareous soils with low P availability. In contrast, the
soluble P form KH,PO,/KP was used as a control. A. annua’s morphological traits, growth, and artemisinin concentration
were determined, and RNA sequencing was used to identify the differentially expressed genes (DEGs) under two different
P forms. Total biomass, plant height, leaf number, and stem diameter, as well as leaf area, decreased by 64.83%, 27.49%,
30.47%, 38.70%, and 54.64% in CaP compared to KP; however, LC-MS tests showed an outstanding 37.97% rise in arte-
misinin content per unit biomass in CaP contrary to KP. Transcriptome analysis showed 2015 DEGs (1084 up-regulated
and 931 down-regulated) between two P forms, including 39 transcription factor (TF) families. Further analysis showed that
DEGs were mainly enriched in carbohydrate metabolism, secondary metabolites biosynthesis, enzyme catalytic activity,
signal transduction, and so on, such as tricarboxylic acid (TCA) cycle, glycolysis, starch and sucrose metabolism, flavonoid
biosynthesis, P metabolism, and plant hormone signal transduction. Meanwhile, several artemisinin biosynthesis genes were
up-regulated, including DXS, GPPS, GGPS, MVD, and ALDH, potentially increasing artemisinin accumulation. Furthermore,
21 TF families, including WRKY, MYB, bHLH, and ERF, were up-regulated in reaction to CaP, confirming their importance
in P absorption, internal P cycling, and artemisinin biosynthesis regulation. Our results will enable us to comprehend how
low P availability impacts the parallel transcriptional control of plant development, growth, and artemisinin production in
A. annua. This study could lay the groundwork for future research into the molecular mechanisms underlying A. annua’s
low P adaptation.
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Introduction

Recent attempts to integrate phosphorus (P) in terrestrial
biosphere models (Wang et al. 2010; Thum et al. 2019)
show that P is crucial for the Earth’s biogeochemical cycles,
particularly the carbon (C) cycle. P is a component of
membrane phospholipids and RNA, and its metabolic roles
include the transfer and storage of energy and energizing
binding sites for metabolic turnover (Rouached et al. 2010;
Veneklaas et al. 2012). P impacts the organisms at all levels
of the organization, from the individual to the community
(Vitousek et al. 2010). Despite being plentiful in soil, phos-
phate (P) mainly occurs as sparsely soluble phosphate com-
pounds via absorbing aluminum (Al) and iron (Fe) exposed
to the surfaces of soil elements in acidic soils or to calcium
(Ca) in calcareous soils (Wan et al. 2018). Plant bioavail-
ability of these insoluble phosphates is often poor (Behera
et al. 2014). P, a crucial macronutrient for plant growth
and development, is usually a limiting issue for plants due
to its inadequate availability in natural contexts (Augusto
et al. 2017), which is being acknowledged more and more
(Vitousek et al. 2010; Wieder et al. 2015; Vicca et al. 2018).
Inorganic soluble P fertilizer is typically the primary choice
to remedy soil P shortage to achieve high crop yields and
high-quality products (Jalali and Jalali 2020).

Certainly, a variety of adaptive strategies to cope with
P limitation have developed in plants, including root
structural specializations (Williamson et al. 2001; Hu et al.
2010) exudation of compounds (Ryan et al. 2001; Shen
et al. 2003), mycorrhizal symbioses (Smith and Smith
2011; Wan et al. 2018), modulation of C metabolism
bypassing steps that require P, perfusion of organic acids,
increasing production and secretion of phosphatase,
and enhancing Pi transporters expression (Raghothama
1999; Vance et al. 2003; Plaxton 2004), which leads to
an increase in the bioavailability of insoluble phosphate
to plants. In addition, plant bioavailability of insoluble
phosphate can also be affected by soil environmental
changes, such as changes in pH (Hinsinger 2001).
However, little is known about genetics and metabolic
mechanisms for low P adaptation in plants.

In recent years, different sequencing technologies sup-
ported us with essential knowledge about P starvation
and its responsive genes expression globally in several
plant species and organs, including Arabidopsis thali-
ana leaves, shoots, and roots (Hammond et al. 2003; Wu
et al. 2003; Misson et al. 2005), Lupinus albus proteoid
roots (Uhde-Stone et al. 2003), and Oryza sativa roots
and leaves (Wasaki et al. 2003a, 2006). According to tran-
scriptome analysis of barley, many genes were dramati-
cally up- or down-regulated by low P stress. The differ-
entially expressed genes (DEGs) were mainly involved in
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P metabolisms like phosphorylation/dephosphorylation,
post-transcriptional regulation, sucrose synthesis, hydroly-
sis of phosphoric enzymes, and phospholipid degradation
(Ren et al. 2018). Furthermore, under low-P treatment,
DEGs were used in the tricarboxylic acid cycle, oxida-
tion-reduction process, biosynthetic process, and the
carbohydrate metabolic process of oat roots (Chao et al.
2017). Transcriptome analysis was used to study DEGs
under low-P stress in different crops, such as soybean (Liu
et al. 2020), rice (Ding et al. 2016), and maize (Du et al.
2016) to better understand these processes. According to
the studies’ findings above, transcriptome analysis can
reveal additional details about the gene regulation behind
plants’ low P adaption.

Artemisia annua, also known as sweet wormwood, sweet
annie, sweet sagewort, annual mugwort, or annual worm-
wood, is an annual herb that produces artemisinin, a sesquit-
erpene molecule used to treat fever and malaria (Ma et al.
2007; Baraldi et al. 2008). It is prevalent throughout much
of China, particularly in the southwest (Zhang et al. 2017). It
has no particular nutritional needs and adapts well to many
soil types. However, even in small amounts, potassium (K)
and P supplies inhibited development (Miiller and Brandes
1997; Aftab et al. 2013). Optimizing P to A. annua is impor-
tant for increasing the output of artemisinin and/or dry mat-
ter (Todeschini et al. 2022). Numerous research studies have
investigated how plants can absorb P from different forms
that are sparingly soluble (Pearse et al. 2007; Lee et al. 2012;
Giles et al. 2014; Li et al. 2015; Bhattacharya 2019; Lambers
2022). Little effort is being made to comprehend how plants
adapt to decreasing P supplies. Todeschini et al. (2022) dem-
onstrated that P nutrition influences the biomass production
of A. annua and that the lowest amount of P results in the
maximum artemisinin concentration. For more knowledge
about the genetic behavior of our plant in response to low
P availability, a controlled greenhouse experiment was con-
ducted using sparingly soluble P form, calcium phosphate
hydroxyl apatite Cas(OH, F)(PO,);/CaP to simulate the cal-
careous soils with low P availability compared to the soluble
P form KH,PO,/KP as a control. Cas(OH, F)(PO,); is by far
the most abundant phosphate mineral in nature (Kumari and
Phogat 2008). As the rock phosphate (Cas;(OH, F)(PO,),) is a
relatively sparingly soluble (insoluble) material, its geometric
surface area has a significant bearing on its rate of dissolu-
tion in soil (Kumari and Phogat 2008). Then, we explored
the A. annua genetics and metabolic response to the spar-
ingly soluble P forms Ca;OH(PO,); via second-generation
sequencing analysis. This research can help us better under-
stand the genetic variety of A. annua in low-phosphorus envi-
ronments and offer ideas for how to increase their P usage
efficiency and produce more artemisinin and biomass with
less fertilizer.
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Material and method
Plant materials

The Artemisia annua seeds were gathered from the region
used for planting in the Guangxi Medicinal Botanical
Garden scientific research center in Nanning, China (108°23’
E, 22°51' N). A. annua seeds were planted in an acrylic
container (30 cm length X 20 cm width X 8 cm height) filled
with thoroughly cleaned driving sand. The sand was watered
every two days with distilled water to keep it moist during
germination at Guangxi Botanical Garden of Medicinal
Plants. Weekly seedlings were cultivated using 200 mL of
pH 6.5 half-strength Hoagland nutrition solution. The two
cotyledon seedlings were all of a similar size and awaited
two phosphorus treatments.

Different phosphorus treatments

In this investigation, two P sources were employed; an insol-
uble inorganic P source, calcium phosphate hydroxyapatite
(CasOH(PO,);/CaP), in which water solubility is only 0.3
mg/mL at 20 ‘C, and a soluble inorganic P source: monopo-
tassium phosphate (KH,PO,/KP), in which water solubility
is 222 mg/mL at 20 “C.The resulting two treatments were
replicated five times. The CaP was treated with decreased P
availability, while the KP served as the control group: five
copies of each group were made. In this experiment, rivers
were employed as cultivation substrates. Before the treat-
ment experiment, the river sand was sieved through a 2-mm
screen, rinsed with running water to remove nutrients, and
then autoclaved for 30 min to sterilize it. The flower pot,
which was intended to store river sand, had a diameter of
4 cm and a height of 12 cm. 162.19 mg Ca;OH(PO,); and
131.83 mg KH,PO, were added in powder form and appro-
priately blended with the cleaned river sand to make sure
each flower pot contained 30 mg P content. Following trans-
planting, every flower pot was placed in a greenhouse with
a day time light intensity of 300 mol m~2 s~!, a temperature
of 26 °C, and a relative humidity of 62%. To counteract the
effects of environmental variations, all of the flower pots
had their placements altered at random. Every two days,
adequate distilled water was provided to each flower pot, and
every week, 5 mL of Hoagland nutritional solution (0.5x,
without P) was added. Three months of P therapy was con-
tinued (Pearse et al. 2007; Wan et al. 2018).

Plant characteristic analysis and sample collection

The height, diameter of the stem, number of leaves, and
area of the leaves of each plant were all measured before

the seedlings were harvested after 90 days of two P source
treatments. The leaf area was calculated using ImageJ soft-
ware from the National Institutes of Health in the USA on
a digital picture. Each flower pot had three fresh leaves that
were taken out, wrapped in aluminum foil, promptly frozen
in liquid nitrogen for 3 to 5 min, and then stored at— 80 °C
until they could be utilized for RNA-Seq and real-time quan-
titative PCR (RT-qPCR). Following a 72-h drying period at
60 °C, the ultimate biomass of the roots, stems, and leaves
was calculated.

Isolation of artemisinin and analysis by LC-MS

The leaves were dried at 60 °C and prepared for artemisinin
analysis. Samples of 0.2 g dried A. annua leaves were ultra-
sonically extracted with 25 mL petroleum ether (boiling
point 30-60) for 40 min, filtered, transferred to a 100-mL
evaporation plate, and dried at 40 °C. Finally, we cover with
methanol again.

Store all solutions in volumetric flasks and measure up to
a fixed volume of 10 mL (Stringham et al. 2018). Samples
were fixed using an Agilent Eclipse system equipped with an
Acquity UPLC® XDB C18 column (5 pm, 4.6 X250 mm).
The mobile phase is 70% methyl (A), 30% water, and 0.1%
formic acid (B). The following eluent values were used at a
1.0 mL/min flow rate.

RNA extraction and transcriptome sequencing

Following the manufacturer's instructions, total RNA
was isolated from frozen materials using the RNA
prep Pure Plant Kit (TIANGEN, Beijing, China). The
purity of the RNA was evaluated using a Kaiao K5500®
Spectrophotometer (Kaiao, Beijing, China). RNA integrity
and concentration were assessed using the RNA Nano
6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). RNA degradation was observed
(El-Sappah et al. 2023).

Enrich mRNA was obtained from total RNA using oligo
(dT) magnetic beads to construct the cDNA libraries. The
fragmented mRNA was subjected to first-strand synthe-
sis using a random hexamer primer and RNase H. After
purification of the library fragments using QiaQuick PCR
kits and elution with EB buffer, terminal repair, A-tailing,
and adapter ligation were performed. Subsequently, sec-
ond-strand cDNA was synthesized using DNA polymer-
ase I, buffer, dANTPs, and RNase H. The resulting library
was amplified using PCR and assessed for quality using
an Agilent Bioanalyzer 2100 instrument. Six libraries
were sequenced by BioNovoGene Technology Co., Ltd.
(Suzhou, China) using an Illumina HiSeq 2500.
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Quantitative real-time PCR (qRT-PCR) analysis

EASYspin Plus Plant RNA Kit was used for total RNA
extraction from leaf samples, following the manufacturer’s
protocols. Then, 500 ng of total RNA, a gDNA eraser, and a
PrimeScript RT kit were used for synthesized cDNA, diluted
tenfold, and used as a qRT-PCR template (El-Sappah et al.
2021a). All primers, including B-actin as reference genes,
were designed with Primer Premier 5.0. Following the man-
ufacturer’s protocols, the QRT-PCR was performed using
TB Green (TaKaRa) on a CFX 96 real-time PCR system
(BioRad, Hercules, CA, USA). A 20-L volume was used
for PCR amplification, which included 100 ng cDNA, 0.6 L
of each primer with a total of 10 mol, and a 10 L PCR mix
(2). The following conditions for all reactions: 30 s/95 °C,
40 cycles of 10 s/95 °C, and 30 s/55 °C, and the melting
curve were generated to confirm the PCR specificity (El-
Sappah et al. 2021b).The non-treated control treatment was
used to standardize all samples, and the relative expression
levels were calculated using the 2 ~22 method (Livak and
Schmittgen 2001).

Statistical analysis

The one-way ANOVA was performed using the SPSS
Statistics 19.0 software (IBM Corp, Armonk, NY, USA), and
the Duncan test was used to determine significant differences
(P <0.05). Data were presented as mean + SD (standard
deviation). The sample was sequenced on the machine, and
the sequencing platform's software generated the raw data
(RAW Data) of FASTQ, which is the off-machine data. The
raw data from each sample was used for statistical analysis.
The 3’ end connector sequence was removed with Cutadapt,
and the filtered reads were compared to the reference
genome using the HISAT?2 software. The read distribution
was statistically divided into CDS (coding region), intron
(intron), and soon. The Read Count value on each gene was
compared to the gene’s original expression using HTSeq
statistics, which included three statistical schemes. RSeQC
was used to analyze expression saturation, while DESeq was
used to analyze gene expression differences and screen for
various genes. GO enrichment analysis was performed using
top-GO.

Results

Growth parameter assessment and artemisinin
concentration

Plant growth factors such as plant height, leaf number, leaf

area, and stem diameter were severely reduced by 27.49%,
30.47%, 38.70%, and 54.64%, respectively, under CaP
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treatment compared to KP (Fig. 1A-E). Additionally, CaP
resulted in significantly lower leaf, stem, and root biomass
compared to KP, leading to an overall reduction of 64.83% in
A. annua biomass (Fig. 1F). Interestingly, in contrast to KP,
the artemisinin content per unit biomass showed a significant
increase of 37.97% under CaP treatment (Fig. 1G).

Sequencing and differentially expressed gene (DEG)
analysis of transcriptomes

The A. annua leaves from the KP treatment, which served
as the control, and the CaP treatment, which resulted in low
P availability, were used to build the cDNA libraries for
creating the transcriptome sequences. From the KP and the
CaP, raw data from paired-end sequencing-by-synthesis pro-
duced 44, 281, 438, 47, 866, and 365 reads, respectively.
The most excellent read length for all samples was 7, 396,
967, and 700 bp. For subsequent assembly, 40,888,780 and
44,252,874 of the KP and the CaP, were kept after qual-
ity check and raw reading data processing. Using Trinity
with a hash size of 25, filtered readings were combined, and
transcripts were produced. The assembly acquired 39,065
transcripts for the KP vs. the CaP, with the average transcript
length for the KP vs. the CaP being 291.31 bp (Table S1).
The assembled transcript from different replicates had
varying numbers, which could be attributed to variable P
absorbed by the plants or noises caused by technology at
some stage during the sequencing process. Figure 2 shows
the distribution pattern of these transcripts. RNA-seq experi-
ment variability was evaluated using the principal compo-
nent analysis (PCA).

According to the PCA results (Fig. 2A), PC1 accounted
for 28.1% of the apparent transcript expression variance
across the three samples at the two treatments. Comparing
the KP and CaP yielded a total of 2015 DEGs (1084 up-
regulated and 931 down-regulated), which were then identi-
fied. Transcripts exclusive to the control treatment and the
low P availability therapy, as well as those that are down-
regulated and up-regulated, were analyzed for overlapping
to find common transcripts in DGE data (Fig. 2B).

Gene function annotation and classification

Using the COG databases, all DEGs were functionally
classified. Based on sequence homology, 1884 DEGs were
divided into 25 groups (Fig. 3). Among these categories, the
largest group was function unknown (457 DEGs, 20.99%),
followed by general function prediction only (419 DEGs,
19.25%), signal transduction mechanisms (225 DEGs,
10.34%), posttranslational modification, protein turnover,
chaperones (168 DEGs, 7.72%), transcription (129 DEGs,
5.93%), carbohydrate transport and metabolism (96 DEGs,
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Fig.1 Pant morphology and growth parameter assessment in
response to the insoluble phosphorus resource (CaP) compared to KP
as a soluble resource. A Plant morphology showed plant height under
CaP fertilizer. Plant morphology showed the B height of plant under

4.41%), and secondary metabolite biosynthesis, transport,
and catabolism (92 DEGs, 4.23%).

GO enrichment analysis showed that 1044 of 2015 DEGs
were assigned to 110 GO terms (P value <0.05), divided
into three categories: only 11 GO terms belonging to cellular
components, 47 to molecular function, and 52 to biological
process. The top 20 enriched GO terms are shown in (Fig. 4),
with the most significant GO term being catalytic activity
(GO: 003824) and the second GO term being ion binding
(GO: 0043167) from the molecular function category
(Table S2).
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Furthermore, the three GO terms within the biological
process were L-glutamate transport (GO:0015813), glu-
cosinolate metabolic process (GO:0019760), and glucose
transmembrane transport (GO:1,904,659). A study of KEGG
pathway enrichment was done to describe enriched biologi-
cal pathways (Fig. 5, Table S3).

In the KEGG annotated results, out of 2015 DEGs, 802
were annotated into 114 different biological pathways, cat-
egorized into five main categories and 19 subcategories.
The majority of the subcategories were related to carbohy-
drate metabolism (12.28%) and lipid metabolism (12.28%),
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J: Translation, ribosomal structure and biogenesis

A: RNA processing and modification

K: Transcription

L: Replication, recombination and repair

B: Chromatin structure and dynamics

D: Cell cycle control, cell division, chromosome partitioning
Y: Nuclear structure

V: Defense mechanisms

T: Signal transduction mechanisms

M: Cell wall/membrane/envelope biogenesis

N: Cell motility

Z: Cytoskeleton

W: Extracellular structures

U: Intracellular trafficking, secretion, and vesicular transport
O: Posttranslational modification, protein turnover, chaperones
C: Energy production and conversion

G: Carbohydrate transport and metabolism

E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

H: Coenzyme transport and metabolism

I: Lipid transport and metabolism

P: Inorganic ion transport and metabolism

Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only

S: Function unknown
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Fig.4 GO enrichment study of all DEGs associated with the CaP
phosphorus resource. The top twenty enhanced GO words are dis-
played. The horizontal axis represents the rich factor, while the ver-

followed by amino acid metabolism (9.65%), metabolism of
cofactors and vitamins (7.89%), and biosynthesis of other
secondary metabolites (6.14%). Figure 5 displays the top 20
abundant biochemical pathways with the respective numbers
of assigned DEGs. Among the DEGs showing significant
differential expression, several were involved in pathways
like glyoxylate and dicarboxylate metabolism (ko00630),
circadian rhythm-plant (ko04712), and flavonoid biosyn-
thesis (ko00941).

The results of COG, GO, and KEGG enrichment analyses
suggested that the DEGs between the CaP and the KP are
mainly related to genes involved in carbohydrate metabo-
lism, secondary metabolites biosynthesis, enzyme catalytic
activity, circadian rhythm-plant, and signal transduction, and
SO on.

Analysis of DEGs involved in carbohydrate
metabolism

The functions of genes differentially expressed between the
CaP and the KP were centered around carbohydrate meta-
bolic networks (Fig. 6).

Compared to the KP, 18 genes were significantly up-reg-
ulated in the CaP, including four BGL genes (beta-glucosi-
dase), one GUN gene (endoglucanase), one INV gene (fructan

tical axis represents the GO words. Number: the number of DEGS;
Padjust: the corrected P value

6-exohydrolase), two glgC genes (glucose-1-phosphate adeny-
lyltransferase), one gpml gene (2,3-bisphosphoglycerate-inde-
pendent phosphoglycerate mutase), one PGAM gene (2,3-bis-
phosphoglycerate-dependent phosphoglycerate mutase), one
ENO gene (enolase), one DLD gene (dihydrolipoamide dehy-
drogenase), one DLAT gene (dihydrolipoamide acetyltrans-
ferase), one CS gene (citrate synthase), three ACO genes (aco-
nitate hydratase), and one SUCB gene (succinate-CoA ligase).
Moreover, six genes were significantly down-regulated in the
CaP, such as two BAM genes (beta-amylase), one PYG gene
(glucan phosphorylase), one pfp gene (pyrophosphate-fructose
6-phosphate 1-phosphotransferase), one ALDO gene (fructose-
bisphosphate aldolase), and one PK gene (pyruvate kinase).

Analysis of DEGs involved in flavonoid biosynthesis

The transcript levels of flavonoid biosynthesis genes,
including one C4H gene (cinnamate-4-hydroxylase), two
CHS genes (chalcone synthase), and two CCOAOMT genes
(caffeoyl-CoA O-methyl transferase) were much higher in
the CaP than in the KP. Moreover, one PAL gene (pheny-
lalanine ammonia-lyase) was down-regulated in the CaP.
However, five HCT genes (shikimate O-hydroxycinnamoyl
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Fig.5 KEGG enrichment analysis of DEGs under CaP phosphorus
resource. The most enriched KEGG pathways at KP_vs_CaP are pre-
sented. The horizontal axis represents the rich factor, while the verti-

transferase) were significantly up-regulated or down-regu-
lated in the CaP and the KP (Fig. 7).

Analysis of DEGs involved in P metabolism

Four genes involved in P transportation, one PHT gene
(phosphate transporter), one SLC25A44 gene (solute carrier
family 25, member 44), and two SPX genes (SPX domain
protein) were significantly up-regulated in the CaP. In addi-
tion, nine genes encoding phosphomonoesterases, including
five PPA genes (purple acid phosphatase), two PLA genes
(phospholipase A), and two PLD genes (phospholipase D)
were all significantly up-regulated in the CaP.

Analysis of DEGs involved in hormone biosynthesis
and signal transduction

After CaP treatment, both RNA-Seq data and qRT-PCR
analysis revealed differential expression of several genes
involved in phytohormone, carotenoid, tryptophan, and lino-
lenic acid signaling (Fig. 8B, C).

DEGs 5, 7, and 4 exhibited differential expression in
the carotenoid, tryptophan, and linolenic acid metabolic
pathways. Within the tryptophan biosynthesis pathway,
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cal axis represents the pathway names. Number: DEGs number; Pad-
just: adjusted P value

the expression levels of YUCCA (CTI12_AA189550
and CTI12_AA526120) were up-regulated. Additionally,
the expression of AUX (CTI12_AA007170), involved in
auxin signal transduction, showed a significant increase in
plant cells. Furthermore, two SAUR (CTI12_AA189550
and CTI12_AA526120) were up-regulated, while the
three genes (CTI12_AA421350, CTI12_AA448510, and
CTI12_AA404350) were down-regulated (Fig. 6B, C). For
multiple type-B response regulators family (ARR-B) genes
involved in cytokinin (zeatin) signal transduction, one ARR-
B (CTI12_AA069810) was significantly down-regulated in
response to CaP stress. Also, BSK (CTI12_AA380960),
which is involved in brassinosteroid signal transduction
and mediates the signal transduction from the receptor
kinase BRII, was down-regulated. Furthermore, the three
abscisic acid-related genes PYL, PP2C, and ABF, which
are involved in signal transduction; COI and JAZ, which
are associated with jasmonic acid; and NPRI, which is
related to salicylic acid, all showed differential expression.
Two PYL (CTI12_AA441590 and CTI12_AA064610), two
PP2C (CTI12_AA621200 and CTI12_AA166960), one
ABF (CTI12_AA367130), two JAZ (CTI12_AA385850
and CTI12_AA276470), and one NPRI (CTI12_AA562790)
gene were significantly up-regulated in response to CaP
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stress. At the same time, one PYL (CTI12_AA335910) and
one COI (CTI12_AA380950) genes were down-regulated
in response to CaP stress. Finally, at diterpenoid biosyn-
thesis, three genes (CTI12_AA491890, CTI12_AA083800,
and CTI12_AA510120) showed high expression with CaP
treatments (Fig. 8).

Analysis of DEGs involved in the artemisinin
biosynthesis pathway

Our transcriptome analysis identified several differentially
expressed genes (DEGs), including those involved in arte-
misinin biosynthesis. Among the 31 artemisinin biosynthe-
sis-related structural genes analyzed, their expression profiles
were further investigated using qRT-PCR (Fig. 9).
Artemisinin biosynthesis occurs through two distinct
pathways: the mevalonate (MVA) pathway in the cytosol
and the methylerythritol phosphate (MEP) pathway in the
plastid (Fig. 9A). In the MEP pathway, the deoxy-D-xylu-
lose-5-phosphate synthase (DXS) (CTI12_AA379900) and
geranyl diphosphate synthase (GPPS) (CTI12_AA281200)
genes were significantly up-regulated. Conversely, the
4-hydroxy-3-methylbut-2-en-1-yl diphosphate reductase

(HMDR) showed down-regulation in response to CaP
treatments. In the MVA pathway, the diphosphomeva-
lonate decarboxylase (MVD) (CTI12_AA318610) and
geranylgeranyl diphosphate synthase (GGPS) (CTI12_
AA137060) exhibited up-regulation. Both pathways con-
verge when isopentenyl diphosphate (IPP) and dimethy-
lallyl diphosphate (DMAPP) combine to form farnesyl
diphosphate (FPP). Several genes, including those from
the cytochrome P450 monooxygenase (CYP) family, dis-
played differential expression under CaP treatment in the
processes leading from farnesyl diphosphate to artemisinin
synthesis. Eleven of CYP family (CTI12_AA566140,
CTI12_AA083800, CTI12_AA110770, CTI12_
AA329710, CTI12_AA078680, CTI12_AA111420,
CTI12_AA493230, CTI12_AA416010, CTI12_
AA510120, CTI12_AA491890, and CTI12_AA024600)
were significantly up-regulated while 14 of CYP family
such as CTI12_AA210550 and CTI12_AA005010 were
down-regulated. The aldehyde dehydrogenase (ALDH)
(CTI12_AA521530) enzyme catalyzes the conversion
from dihydroartemisinic aldehyde to dihydroartemisinic
acid was up-regulated (Fig. 9B, C).
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Fig.7 Flavonoid biosynthesis.
The red shapes represent experi-
mental up-regulation genes, the
blue shapes represent experi-
mental down-regulation genes,
and the yellow forms represent
both experimental and control
up-regulation genes
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Identification of TFs related to CaP treatment

There were 72 TFs that altered significantly in response to
CaP in order to better understand the mechanism governing
transcriptional regulation in A. annua under various phos-
phorus form treatments (Fig. 10A).

Using the Plant TFDB database, the 39 differentially
expressed TF families were divided into 18 down-regulated
TF families (Fig. 10C; Table S5) and 21 up-regulated TF
families (Fig. 10B; Table S4). Among these six-membered
transcription families, C3H and WRKY were the most
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notable up-regulated families. The two families with the
most members among the down-regulated TFs were MYB
and WRKY, which each had ten members (Fig. 10).

Discussion
In our study, the P source used in the CaP was calcium
phosphate hydroxyl apatite (Ca;OH(PO,);, which its water

solubility is only 0.3 mg/mL at 20 ‘C, while the P source
used in the KP was monopotassium phosphate KH,PO,,
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Fig. 10 TF family distribution. A The total distribution of TFs in A.
annua plant, where the horizontal axis represents the names of all 57
annotated TF families, while the vertical axis represents the number

which its water solubility is 222 mg/mL at 20 °C. Thus, the
P availability of the CaP is significantly lower than that of
the KP. Therefore, we also found that there were signifi-
cant decreases in morphological characteristics and growth
responses of A. annus grown in the CaP in contrast to the
KP (Fig. 1). The significant effects of P availability on plant
growth and development have been shown in a variety of
research (Malhotra et al. 2018; Todeschini et al. 2022) For
instance, the study of Todeschini et al. (2022) showed the
significant effect of different P nutrition in A. annua biomass
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production, which is similar to our findings. A particular
amount of P fertilizer treatment can also boost faba bean
output; however, going beyond that amount causes yield
reductions. Therefore, we conclude that differences in P
availability between the CaP and the KP are an essential
factor determining the growth and development of A. annus.

It has been well reported that P is one of the most impor-
tant nutrient elements involved in many biological processes
during plant growth and development (Kvakic et al. 2020;
Amarasinghe et al. 2022), such as the creation of nucleic
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acids (DNA and RNA), glycolysis, photosynthesis, enzyme
activation and inactivation, cellular signaling, and carbo-
hydrate metabolism (Vance et al. 2003; Shen et al. 2011;
Malhotra et al. 2018; Todeschini et al. 2022). However, very
little is known about the availability of various P and the
genes that control them in A. annua. Therefore, identify-
ing the genes under various P circumstances is extremely
important. Therefore, we conducted a transcriptome study to
learn more about the genetic behavior under the hardly solu-
ble P resource and identify the genes that are in charge of
these results. Then, 2015 DEGs in total (1084 up-regulated
and 931 down-regulated) were found in our study when the
CaP and KP were compared. The DEGs between the CaP
and the KP are primarily associated with genes involved
in glucose metabolism, enzyme catalytic activity, circadian
rhythm-plant, secondary metabolites biosynthesis, and sig-
nal transduction, according to our COG, GO, and KEGG
enrichment analyses.

Three primary mechanisms are involved in carbohydrate
metabolism: the tricarboxylic acid (TCA) cycle, glycolysis,
and starch and sucrose metabolism. Several enzyme genes
engaged in starch synthesis play crucial roles in starch and
sucrose metabolism. Up-regulation of glgC, a major enzyme
in starch synthesis, and down-regulation of PYG and BAM
indicate starch buildup in leaves under low P availability con-
ditions. Research studies on rice and other plants’ chloroplasts
have demonstrated starch accumulation under low P avail-
ability conditions (Fredeen et al. 1990; Qiu and Israel 1992;
Usuda and Shimogawara 1992; Ciereszko et al. 2001). It has
been proposed that starch accumulation in leaves under low
P availability is caused by the disruption of triose phosphate
export from the stroma due to decreased P concentration (Natr
1992). Natr (1992) also observed P release through enhanced
starch synthesis. Given that starch synthesis and P-utilizing
enzyme induction are synchronized, it is reasonable to specu-
late that starch accumulation in leaves with low P availability
results from maintaining internal P concentration. Moreover,
several up-regulated enzyme genes, such as BGL, GUN, and
INV, are involved in converting polysaccharides (glucoside,
cellulose, and sucrose) to glucose, which accelerates car-
bohydrate metabolism, leading to decreased carbohydrate
content and increased glucose content. Similar up-regulation
of enzyme genes associated with polysaccharide conversion
was observed in Scenedesmus sp. and Phaeodactylum tri-
cornutum under low P availability. Zhang et al. (2014) also
reported increased starch levels and decreased sucrose levels
in response to P deficit. These findings suggest that adap-
tations allowing leaves to sustain Pi levels under low phos-
phorus stress include storing starch in maize chloroplasts and
limiting sucrose synthesis.

The glycolysis process can transform glucose into acetyl-
CoA. As aresult, we discovered that the expression of genes
encoding pfp and ALDO reduced in the glycolysis pathway,

which may have indicated that the conversion of glyceralde-
hyde-3P to carbohydrates was repressed. While the expres-
sion level of genes encoding gpml, PGAM, ENO, DLAT,
and DLD increased, catalyzing acetyl-CoA formation. These
findings indicate that carbohydrate conversion to acetyl-CoA
might be promoted under conditions of low P availability.
While acetyl-CoA is the starting point for the TCA cycle, it
follows that the accumulation of acetyl-CoA in the glyco-
lysis pathway provides a substrate for the TCA cycle. We
also found that all enzyme genes in the TCA cycle were up-
regulated, including one CS gene, three ACO genes, and one
SUCB gene. Citrate synthase is the rate-limiting enzyme for
the condensation reaction of oxaloacetate and acetyl-CoA
(Fig. 7). This result is similar to previous results, that is, low
P availability induces the gene expression of key enzymes in
the TCA cycle (Wasaki et al. 2003b; Wang et al. 2012; Yang
et al. 2019). The up-regulated expression of these enzyme
genes involved in starch and sucrose metabolism, glycolysis,
and TCA cycle could lead to the control of energy metabo-
lism, which is well known to produce energy and NADPH.
Therefore, our results indicate that under low P availability
conditions, controlling energy metabolism in A. annua is
likely to be very important by increasing the supply of ATP,
NADH, and NADPH.

Our study conducted an enrichment analysis, revealing
that flavonoid biosynthesis was a significantly enriched path-
way in both CaP and KP treatments (Fig. 7). In response
to low P availability conditions, the transcription levels of
flavonol biosynthesis genes, including C4H, CHS, HCT, and
CCOAOMT, increased in the CaP treatment. This likely led
to an increase in flavonoid content in A. annua. Previous
research has also shown that P stress affects the expression
of genes related to flavonoid biosynthesis in apple trees. Fla-
vonoids are low molecular weight secondary metabolites
widespread in the plant community. Flavonols, a type of
flavonoid, play crucial roles in various biological processes
in plants, such as UV protection, resistance to pathogens,
regulation of plant growth, and protection against oxidative
stresses induced by drought (Nakabayashi et al. 2014), tem-
perature (Catala et al. 2011), and changes in nitrogen, P, or
carbon nutrition (Fei et al. 2014; Shi and Xie 2014). These
studies imply that flavonols are key regulators of plant bio-
function under stress conditions (Xu et al. 2014; Martinez
et al. 2016). Thus, A. annua responds to low P availability
by regulating the expression of genes and metabolites in the
flavonoid pathway to cope with the stress.

To cope with low P availability, plants can enhance P
absorption and internal P cycling by regulating the expres-
sion of genes and enzymes involved in P metabolism
pathways, such as phosphorus transporter, purple acid
phosphatase, phospholipid degradation, phosphorylation/
dephosphorylation, hydrolysis of phosphoric enzymes, and
posttranscriptional regulation (Ren et al. 2018). Phosphorus
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transport into and within plants is facilitated by phosphorus
transporter (PHT), which acts as a high-affinity P transporter
essential for maintaining P levels under low P availability
(Muneer and Jeong 2015; Del-Saz et al. 2018). As a cell
surface transporter, the SLC family plays a fundamental role
in P transport, including P absorption from interstitial fluid
(Ravera et al. 2007). Our transcriptomic analysis revealed
that a PHT gene and an SLC25A44 gene were up-regulated
in response to low P availability. This expression pattern is
consistent with PHT genes identified in Arabidopsis and rice
(Mudge et al. 2002; Paszkowski et al. 2002).For example, in
rice, the expression of OsPT2 and OsPT6 increases in leaves
under Pi starvation. Additionally, we observed significant
up-regulation of SPX domain protein transcripts under low P
availability. SPX domain proteins are involved in fine-tuning
P transport and starvation signaling in plants (Duan et al.
2008; Hiirlimann et al. 2009). Examples include Pho87,
Pho90, and Pho91, which are part of the regulon and medi-
ate Pi translocation under P-deficient conditions (Chiou and
Lin 2011). Moreover, the mRNA levels of OsSPX-MFS1,
which contains an SPX domain, are induced by Pi deficiency
and function as a P transporter in leaf P reallocation (Wu
et al. 2013). These observations suggest the involvement of
P transporter genes in regulating P in A. annua under condi-
tions of low P availability.

Purple acid phosphatase (PAP) and phospholipase (e.g.,
PLA and PLD) enzymes can regulate internal P cycling
by utilizing various organic P forms and facilitating inter-
tissue transport in plants (Tran et al. 2010). For instance,
AtPAPI10, AtPAP12, and AtPAP26 in Arabidopsis release
P from glycerol 3-phosphate, ADP, or DNA, respectively
(Wang et al. 2014). Our study observed significant up-reg-
ulation of five PAPs, two PLD, and two PLA genes under
low P availability, which aligns with findings in Arabidopsis
(Suen et al. 2015). The increased expression levels of PAP,
PLD, and PLA genes in A. annua suggest a physiological
response aimed at synthesizing phosphatase and phospholi-
pase enzymes to activate P recovery and intertissue transport
under P deficiency.

The GO enrichment analysis revealed that ‘Monooxyge-
nase activity’ and ‘Oxidation-reduction process’ were the
most highly enriched GO keywords (Fig. 4). Additionally,
several subcategories such as ‘Organic substance meta-
bolic process (GO:0071704),” ‘Primary metabolic process
(G0O:0044238),” ‘Cellular metabolic process (GO:0009812),
‘Organic cyclic compound binding (GO:0097159),” and
‘Heterocyclic compound binding (GO:1,901,363)’ showed
significant enrichment in the 1692 DEGs (Table S2). KEGG
pathway enrichment analysis indicated that ‘Plant hormone
signal transduction’ and ‘Flavonoid biosynthesis’ pathways
were notably enriched when comparing CaP to KP. These
results suggest that the regulation of artemisinin accumula-
tion in A. annua may be adversely affected by the limited use
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of phosphorus fertilizer. Moreover, some structural genes
involved in artemisinin production exhibited higher expres-
sion levels under CaP treatment.

Previous studies have shown that endogenous hormones
play a crucial role in plant growth and development (Pacif-
ici et al. 2015). Treatment with CaP resulted in changes in
the expression of several genes involved in the tryptophan,
carotenoid, and linolenic acid pathways, as observed through
RNA sequencing data and RT-PCR analyses. Specifically,
genes related to tryptophan, carotenoid, and linolenic acid
metabolic pathways were differentially expressed (5, 7,
and 4 DEGs, respectively). These DEGs are known to be
involved in plant development and stress tolerance, as noted
by Shi et al. (2020). Earlier research by Tafvizi et al. (2009)
and Chen et al. (2007) investigated differentially expressed
genes (DEGs) in the cytokinin (zeatin) and GA synthesis
pathways, respectively, affecting cotton plant development.
In the tryptophan biosynthesis pathway, YUCCA, AUX, and
SAUR expression levels were up-regulated, likely promoting
cell expansion and contributing to the increase in artemisinin
concentration. YUCCA proteins, a class of plant flavin
mono-oxygenases, oxidize tryptophan (Trp) to form IPyA,
which is further oxidized by YUCCA proteins to produce
IAA (Dai et al. 2013; Nishimura et al. 2014). YUC genes
have also been implicated in IAA biosynthesis in monocots
(Yamamoto et al. 2007; Fujino et al. 2008; Gallavotti et al.
2008). Additionally, AUX has been proposed to stimulate
root growth and lateral root proliferation in the presence of
P deficiency (L6pez-Bucio et al. 2002). SAURSs are the most
common family of early auxin response genes, playing a
key role in the regulation of plant growth and development
in response to hormones and environmental cues (Ren and
Gray 2015). Regarding gibberellin production, GID2 expres-
sion was increased. The F-box protein gibberellin-insensi-
tive dwarf2 (GID2) from rice is crucial for GA-mediated
degradation of the DELLA protein (Gomi et al. 2004). Our
study, on the other hand, discovered the down-regulation of
brassinosteroid-signaling kinase (BSK), which is involved in
brassinosteroid biosynthesis and may have a negative impact
on plant development. The BSK family of receptor-like cyto-
plasmic kinases (RLCK) plays an important role in the early
stages of BR signal transduction by activating downstream
phosphatase BSU1 (Kim et al. 2009).

As mentioned by Xie et al. (2016), the biosynthesis of
artemisinin involves several enzymatic steps in the ses-
quiterpene pathway. The biosynthesis of artemisinin is
supplied through two separate pathways: the methyler-
ythritol phosphate (MEP) pathway in the plastid and the
mevalonate (MVA) pathway in the cytosol, as illustrated in
Fig. 9A (Vranové et al. 2013). These pathways, along with
genes associated with MVA and MEP pathways, have been
extensively studied in numerous plants (Chang et al. 2013;
Vranova et al. 2013; Rodriguez-Concepcién and Boronat
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2015). In our transcriptome analysis, we identified several
genes that were differentially expressed and implicated in
artemisinin biosynthesis. Notably, the expression of DXS
and GPPS genes was significantly up-regulated in the MEP
pathway. Deoxy-D-xylulose-5-phosphate synthase (DXS)
is the first enzyme in the mevalonate-independent route
responsible for producing 1-deoxy-D-xylulose-5-phosphate
in plastids. DXS catalyzes the condensation of pyruvate and
D-glyceraldehyde-3-phosphate (Weathers et al. 2006).

When exposed to light stress, it has been noted that root
cultures of A. annua grown in light as opposed to dark sig-
nificantly enhanced DXS transcript accumulation (Souret
et al. 2003). To create geranyl diphosphate, GPPS catalyzes
the condensation of dimethylallyl diphosphate and isopente-
nyl diphosphate (Gilg et al. 2005). In the MVA pathway, the
MVD and GGPS were up-regulated and produced isopentyl
diphosphate and geranylgeranyl pyrophosphate, respectively
(Xie et al. 2016). Furthermore, the up-regulation of ALDH
was observed in our study. ALDHI was employed to design
artemisinin precursors in yeast and plants metabolically (Xie
et al. 2016). By including ALDH in modified yeast strains,
Paddon et al. (2013) successfully synthesized artemisinic
acid on an industrial scale. ALDHI was discovered to be
overexpressed in tobacco plants by Zhang et al. (2011). Even
when no artemisinic acid nor dihydroartemisinic acid was
present, transgenic plants were still able to produce dihy-
droartemisinic alcohol (Zhang et al. 2011). Additionally,
earlier transcriptional studies demonstrate a clear correla-
tion between the expression of ALDHI and the synthesis of
artemisinin in A. annua, indicating that ALDH ] participates
in the biosynthetic process (Dilshad et al. 2015; Xiang et al.
2015).

TFs (transcription factors) have been proposed to play a
crucial role in the regulation of gene expression by binding
to DNA regulatory elements (Mathelier et al. 2016; Hou
et al. 2019). Several studies (Nilsson et al. 2007; Wang et al.
2009; Secco et al. 2012; Castrillo et al. 2013) have provided
substantial evidence supporting the involvement of TFs in
phosphate homeostasis. Our investigation identified 39 TF
families, including WRKYs, MYBs, GATA, bZIPs, CO-
like, NACs, FAR1, and C2H2 zinc finger proteins, which
displayed differential expression when exposed to CaP
(Fig. 10A—C). These transcription factors were affected
by our treatment and played critical roles in enhancing
responses to P starvation, promoting phosphate acquisi-
tion, maintaining ROS homeostasis and root system, and
regulating the synthesis of artemisinin. In response to CaP
treatment, several TFs, including MYB (CTI12 AA068790)
and two MYB-related genes (CTI12 AA469700 and CTI12
AA366500), showed elevated expression levels. In contrast,
five MYB genes (CTI12 AA135050, CTI12 AA280420,
CTI12 AA321750, and CTI12 AA340370) and two MYB-
related genes (CTI12 AA398370 and CTI12 AA535620)

displayed down-regulation. These TFs are likely essential for
enhancing phosphate uptake, activating responses to P short-
ages, and regulating root architecture. Prior research on rice
revealed that OsSMYB2P-1 modulates downstream genes to
suppress or activate responses to P shortage and control root
architecture (Dai et al. 2012). Additionally, overexpression
of OsMYB4P may promote phosphate absorption by increas-
ing the expression of several Pht genes (Yang et al. 2014).

Our findings also indicated that WRKY TF members
expressed differently in response to CaP, with 5 WRKY
(CTI12 AA191430, CTI12 AA367540, CTI12 AA449960,
CTI12 AA505740, and CTI12 AA575820) down-regulated
and 3 WRKY (CTI12 AA402370, CTI12 AA424020, and
CTI12 AA498820) up-regulated. Our findings show that
these TF families perform as expected when faced with
phosphate deficiency.

Artemisinin biosynthesis in A. annua is regulated by
AaWRKY1, which is the first transcription factor identi-
fied and characterized in this plant (Shen et al. 2016). Addi-
tionally, MYB TFs AaMYB1, AaMIXTA1, and AaTAR2
have been found to be crucial for enhancing trichome ini-
tialization and artemisinin accumulation, as highlighted by
research conducted by Matias-Hern4ndez et al. (2017), Shi
et al. (2018), and Zhou et al. (2020). In a previous study
of Dai et al. (2016), it was revealed that WRKY74 plays
a role in altering rice’s susceptibility to phosphate short-
age. In our study, one C2H2 TF was up-regulated, and five
were down-regulated. These C2H2 TFs might be essential
in responding to P starvation. Wheat’s TaZATS8, a C2H2-
ZFP-type TF gene, has been demonstrated to mediate wheat
tolerance to phosphorus shortage by regulating phosphorus
absorption, ROS homeostasis, and root system development
(Ding et al. 2016). Furthermore, our research indicated the
overexpression of BHLH (CTI12 AA394200) and the down-
regulation of other BHLH (CTI12 AA385960). Prior studies
have shown that AaORA and AabHLH]1 positively regulate
artemisinin synthesis (Lu et al. 2013; Ji et al. 2014).

In our study, we observed diverse expression patterns
within the ERF family, with one member showing up-reg-
ulation and four showing down-regulation. In response to
phosphorus (P) stress, one member of the bZIP family was
up-regulated, while the other two were down-regulated.
Consequently, the ERF and BZIP families may play sig-
nificant roles in coping with P stress, potentially leading
to a substantial accumulation of artemisinin. AaERF1 and
AaERF2 were found to concurrently positively regulate
ADS and CYP71AV1, enabling the synthesis of artemisinin
and artemisinic acid in plants (Yu et al. 2012). However,
another study by Tan et al. (2015) identified TAR1 as a cru-
cial regulator of artemisinin biosynthesis, essential for the
growth of trichomes in A. annua plants. Additionally, trans-
genic A. annua plants overexpressing AabZIP1 displayed
elevated levels of ADS and CYP71AV1 expression, leading

@ Springer
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to enhanced artemisinin biosynthesis (Zhang et al. 2015).
Overall, our findings contribute to a better understanding of
how sparingly soluble phosphorus fertilizer influences the
simultaneous transcriptional regulation of artemisinin and
plant hormone transduction production in A. annua L.

Conclusion

The medicinal herb Artemisia annua L. is valued for its abil-
ity to produce artemisinin, which is used to treat malaria.
Plant nutrition, specifically phosphorus (P), can influence A.
annua biomass and secondary metabolite synthesis. How-
ever, most soil phosphates exist as insoluble inorganic and
organic phosphates, and low P availability in soils is always
a major abiotic factor limiting plant growth and develop-
ment. Although plants have evolved several adaptation strat-
egies to low P levels, the genetics and metabolic responses
to P status are largely unknown. In a controlled greenhouse
experiment, the sparingly soluble P form calcium hydroxide
phosphate (Ca;OH(PO,);/CaP) simulated calcareous soils
with limited P availability. In contrast, the soluble P form
KH,PO,/KP was a control. A. annua’s morphological traits,
growth, and artemisinin concentration were determined, and
RNA sequencing, clusters of orthologous genes (COG),
Kyoto Encyclopedia and Gene Ontology (GO) of genomes
(KEGG), and gene enrichment evaluations were used to
identify genes that are expressed differently (DEGs) under
two different P forms. Total biomass, plant height, leaf num-
ber, and stem diameter, as well as leaf area, decreased by
64.83%, 27.49%, 30.47%, 38.70%, and 54.64% in CaP com-
pared to KP, respectively; however, LC-MS tests revealed a
remarkable 37.97% increase in artemisinin content per unit
biomass in CaP versus KP. Transcriptome analysis revealed
2015 DEGs (1084 up-regulated and 931 down-regulated)
between two P forms, representing 39 TF families.

Further analysis revealed that DEGs were primarily
involved in carbohydrate metabolism, secondary metabo-
lite biosynthesis, enzyme catalytic activity, signal trans-
duction, etc. These pathways were primarily associated
with genes that encode key enzymes/proteins involved in
the tricarboxylic acid (TCA) cycle, glycolysis, starch and
sucrose metabolism, flavonoid biosynthesis, P metabolism,
and plant hormone signal transduction. Meanwhile, several
artemisinin biosynthesis genes were up-regulated, including
DXS, GPPS, GGPS, MVD, and ALDH, which could increase
artemisinin accumulation. Furthermore, 21 TF families,
including WRKY, MYB, bHLH, and ERF, were up-regulated
in response to CaP, demonstrating their importance in P
absorption, internal P cycling, and artemisinin biosynthesis
regulation. Overall, our study could pave the way for future
research into the molecular mechanisms that underpin A.
annua’s low P adaptation mechanism.
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