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Abstract: Nitrogen (N) strongly affects plant growth and metabolism. For shikonin biosynthesis,
although the ammonium toxicity phenomenon has been reported, the effects of nitrogen on the shi-
konin synthesis remains obscure. In this study, we carried out four different concentrations of NH4*
treatments on Arnebia euchroma hairy roots (AEHR) to clarify the influence of NH4* on the growth
and shikonin accumulation in A. euchroma and the possible mechanism. The results showed that
compared with the 0% NHs4* treatment (only nitrate as nitrogen source), 10% NH4* treatment in-
creased the fresh weight and the dry weight of AEHR, and promoted the synthesis of shikonins;
20% NHa* treatment started to show the inhibition effects on growth and shikonin accumulation of
AEHR and 30% NHy* treatment exhibited the strongest inhibition effects. With increased percentage
of NH+*, AEHRs became shorter and thicker with more branches. To further elucidate the mecha-
nism, we analyzed the time-course of nitrogen assimilation, gene expression level of key enzymes
involved in the shikonin biosynthesis pathway, and contents of various endogenous hormones un-
der NH4* toxicity condition. Results indicated that auxin and cytokinin might regulate the growth
and architecture of AEHR under NHs4* toxicity, and jasmonate level was reduced along with the
inhibition of shikonin biosynthesis. This first comprehensive investigation into the effects of ammo-
nium/nitrate ratio on shikonin biosynthesis not only provided valuable data for optimizing the in
vitro culture and shikonin production in A. euchroma, but also suggested potential fertilizer strate-
gies for its cultivation.
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1. Introduction

Arnebia euchroma (Royle) Johnst., a species of Boraginaceae Arnebia, is one of the important re-
sources of traditional Chinese medicine Arnebiae Radix. Its major bioactive molecules are shikonin
and its derivatives, a class of compounds in most Boraginaceae plants, which process the activities of
anti-inflammatory [1], antiviral [2], antioxidant [3], anti-tumor [4], and the inhibitory effect on topoi-
somerase I [5]. Shikonin and its derivatives are red naphthoquinone pigments, which can be used in
textile dyeing, food and cosmetic industry with a high commercial value [6-8]. Tissue culture tech-
nology was used to produce shikonin since the 1970s, initially from Lithospermum erythrorhizon [9].
Compared to L. erythrorhizon, A. euchroma is a better source of shikonin-related compounds, harbor-
ing red naphthoquinone pigments [10]. While the wild resources of A. euchroma have become endan-
gered because of overexploitation, the artificial cultivation technology is still immature, making the
production of shikonin compounds by tissue culture necessary to meet market demand.

For in vitro production of shikonin, White medium without NH4* was firstly applied in the sus-
pension culture of L. erythrorhizon [11]. It was reported that when NHs* concentration was increased
up to 3% and 30% in the White medium, the synthesis of shikonin in L. erythrorhizon was completely
inhibited and more than half of the cell biomass was decreased. After that, medium without NHa4*
was widely used for shikonin production via in vitro cell, tissue, and organ cultures of L. erythrorhizon,
A. euchroma, and Onosma paniculatum et al. To optimize the culture conditions, the effects of variable
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medium compositions, abiotic/biotic elicitors, and signal transduction molecules on shikonin synthe-
sis of callus, suspension cells, and hairy root cultures have been widely studied [9,11-16]. However,
the effects of nitrogen on the shikonin synthesis remains elusive. In addition, there was no mechanism
research on NHs*inhibiting shikonin synthesis published.

Nitrogen is a primary nutrient essential for plant growth. Plants can absorb two types of inor-
ganic nitrogen from soil: nitrate-nitrogen (NOs-N) and ammonium-nitrogen (NH4*-N). Both the ab-
solute nitrogen amount and the ratio of ammonium to nitrate in soil can change nitrogen metabolism
in plants. The nitrogen contained organic compounds, nitrogen metabolism affects many physiolog-
ical metabolic activities by affecting the synthesis of many structural and functional bioactive mole-
cules, which is reflected in the growth, development, and also secondary metabolism of plants. It was
generally found that the nitrogen metabolism activity of crop was the strongest under the condition
of mixed ammonium nitrate nutrition and appropriate nitrogen application strategy can significantly
promote crop growth and effective compounds accumulation. For example, The nitrate reductase
(NR) and glutamine synthetase (GS) enzyme activity in Poncirus trifoliata (L.) Raf [17]. seedling root
was the strongest under the condition of NH+*:NOs=50:50, and the total organic acid, total alkaloid,
and adenosine amount of Pinellia pedatisecta was the highest under the condition of NH+*:NOs=75:25
[18].

In addition to being involved in nitrogen metabolism, NOs- can also act as a signaling molecule
to regulate many physiological processes, with a significant regulatory effect on the expression of
genes related to other metabolic pathways [19,20]. Although some studies have found that NH+-N
may also be a signaling molecule, more studies have verified that excessive NH4*-N can produce
significant toxic effects on plants in the following ways: i) absorbing process of NH4*-N will cause
environmental acidification and inhibit the absorption of other cations; ii) a large amount of free NHa*
will destroy transmembrane proton gradient and affect cell metabolism; iii) ineffective assimilation
to avoid free NH4* toxicity will consume lots of energy and carbohydrates, which break the carbon
and nitrogen metabolic balance and affect respiration and photosynthesis; iv) causing hormone me-
tabolism imbalance, etc.

Wild A. euchroma grows in alpine meadow soil rich in humus. We collected the inter-root soil of
A. euchroma and measured the contents of inorganic nitrogen NH4*-N and NOs-N inside, which con-
tained 17.384 mg/kg NH4*-N and 44.486 mg/kg NOs-N (unpublished). The natural high ratio of NHs*
(28%) moved us to explore what NH4* concentration was favorable for the growth and shikonin ac-
cumulation in A. euchroma.

In this study, we investigated the effects of NHa* on the growth and shikonin synthesis of A.
euchroma hairy root (AEHR), as well as the possible mechanisms which were of great importance for
the shikonin production in in vitro culture of A. euchroma, and also the fertilizer strategy for farming.

2. Materials and Methods

Material and regents

A. euchroma seeds for aseptic seedling were collected in Xinjiang, China. Agrobacterium Rhizogenes
(Strain C58C1) were provided by Resource Center of Chinese Materia Medica, China Academy of
Chinese Medical Sciences. AEHR was induced by C58C1 infected cotyledon of sterile plantlets of A.
euchroma as described previously [8]. The AEHR was cultured in MS ammonia-free liquid medium
(50 mL) for extended culture.

Both acetonitrile and methanol were LC grade, and were supplied from Merck Company. A
Water Purification System from Milli-Q (Millipore, Bedford, MA) was used to acquire ultrapure wa-
ter. The information of standards is shown in Supplemental data (Table S1).

Medium formulation

Based on MS medium, AEHR was treated with four nutrient solutions with different NH4* con-
centrations: 0% NH4", 10% NHas*, 20% NHs4*, and 30% NHs* under the premise of controlling total
inorganic nitrogen at 20 mM. To avoid the large differences of other major elements in nutrient solu-
tions with different NHs* concentrations, the formula of major elements in MS medium is optimized
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(Table S3). The trace elements, iron salts and organic components in each NH4* concentration nutrient
solution were the same as MS medium. All mediums were adjusted to pH = 5.80.

Experimental design

Long-term treatment for 15d

About 0.05g AEHR with the same growth status cultured in MS ammonia-free solid medium for
11days were separately transferred to 20mL different mediums with 0% ,10%, 20%, and 30% NHai".
AEHRs treated for 10d, 13d, and 15d were taken out for determination of fresh weight, dry weight
and content of shikonin compounds. AEHR treated for 15d was also used for determination of root
morphological indexes.

Short-term treatment for 48h

AEHR (0.2 g) with the same growth status cultured in MS ammonia-free solid medium for
11days were transferred to MS ammonia-free liquid medium (20 mL). After 8 days, removed original
medium and added 20 mL different mediums with 0%, 10%, 20%, and 30% NHai* subsequently. AEHR
was treated with different concentrations of NHafor Oh, 6h, 12h, 24h, 36h, 48h and harvested. One-
half of AEHR was used to determine the hormones content (fresh), quarter of AEHR was used to
determine the expression level of key enzyme genes in shikonin biosynthesis (fresh), the rest of AEHR
was used to determine the content of shikonin compounds. Short-term treatment was repeated, and
AEHR (0.10 g) was precisely weighed for the determination of nitrate nitrogen content and ammonia
nitrogen content (fresh).

Mass weight measurement and root morphology analysis

Dry the medium on the AEHR surface with absorbent paper, weigh the fresh weight, dry weight
at 40°C to constant weight, and calculate drying rate = (dry weight/fresh weight) x 100%. Carefully
separated AEHR with tweezers, collected images under the root scanner, and calculated the number
of branches of root length, root diameter, root surface area, and root volume with WinRHIZO soft-
ware (Regant, Canada). 3 biological replicates were taken from each treatment, and 3 complete
AEHRs were taken from each biological replicate to get those root morphological indexes.

Quantification of shikonin compounds

UPLC was carried out with a Waters Acquity UPLC-PDA system equipped with a Waters HSS
T3 column (2.1 mm x 100 mm, 1.8 pm) with absorbance at 516 nm. The column temperature was set
at 40°C. For shikonin content determination in hairy roots, about 20 mg of lyophilized hairy root was
extracted by ultrasonication in 1 mL of methanol. The mobile phase comprised acetonitrile (A) and
water (0.1% formic acid, B) at 0.5 mL min! with the following gradient program (0~2.0 min,
10.0%~55.0% A; 2.0~2.5 min, 55.0%~59.0% A; 2.5~7.0 min, 59.0%~65.0% A; 7.0~8.0 min, 65.0%~65.6%
A; 8.0~14.0 min, 65.6%~79.0% A; 14.0~14.1 min, 79.0%~98.0% A; 14.1~16.0 min, 98.0%~98.0% A;
16.0~16.1 min, 98.0%~10.0% A; 16.1~18.0 min, 10%~10% A).

Determination of NOs-N and NH2-N contents

Contents of NH2>-N were detected by using Plant Ammonia Nitrogen Assay Kit (Youxuan BIC,
Shanghai) and the NOs-N were measured with Plant Nitrate Nitrogen Assay Kit (Youxuan BIC,
Shanghai).

RNA extraction and qRT-PCR analysis

Total RNA of AEHR was extracted using GK reagent (Huayueyang, Beijing) following the man-
ufacturer’s instructions. After treatment with DNases, samples were fractionated on agarose gel to
analyze RNA integrity and genomic DNA contamination. First-strand cDNAs were synthesized with
the Primer Script First Strand cDNA Synthesis Kit with random primers and oligo (dT) at the same
time (TaKaRa). qRT-PCR was performed using the Power SYBR Green PCR Master Mix (Applied
Biosystems) and an Applied Biosystems 7500 real-time instrument [21]. The primers used are listed
in Supplemental Table 52. The 185 rRNA was used as the endogenous control to normalize expres-
sion data [22]. At least three independent experiments were performed for each analysis.
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Sample preparation for hormones determination

Powder samples ground in liquid nitrogen was extracted with isopropanol/hydrochloric acid
(10 mL) extraction buffer and of 1 ug/mL internal standard solution (8 pL) were added, and the sam-
ple was shaken at 4°C for 30 min. 20 mL dichloromethane was added to the sample and shaked at
4°C for another 30 min. Centrifuged at 13000 r/min for 5 min at 4°C, the lower organic phase was
taken and dried with nitrogen away from the light. Redissolved with 400 pL methanol (0.1% formic
acid), and tested by 0.22 um filter membrane before processed to the UPLC-MS/MS.

Quantification of hormones in AEHR

UPLC-MS/MS was carried out with a QTRAP 6500 mass spectrometer (ABSCIEX), connecting
with an Acquity UPLC system (Waters). The UPLC system equipped with poroshell 120 SB-C18(2.1
mmx150 mm,2.7 um) reversed phase column. The column temperature was set at 40°C. The mobile
phase comprised methanol (A) and water (0.1% formic acid, B) at 0.5 mL min-! with the following
gradient program (0~1.0 min, 20% A; 1.0~9.0 min, 20%~80% A; 9.0~10.0 min, 80% A; 10.0~10.1 min,
80%~20% A; 10.1~15.0 min, 20% A). The mass spectrometric parameters: curtain gas, 15 psi; spray
voltage, 4500 V; atomizer pressure, 65 psi; auxiliary gas pressure, 70 psi; atomization temperature,
400°C.

Statistical analysis

The statistical analysis of the obtained results was evaluated by One-Way ANOVA using LSD
test at a significance level of p <0.05. All statistical tests were performed using the SPSS 22.0 (Chicago,
IL, USA).

3. Results

3.1. Growth of AEHR in Response to Ammonium

Medium components in this study was based on MS medium with two types of inorganic nitro-
gen NHs"and NOs- (Table S3). When A. euchroma hairy roots (AEHRs) were cultured in mediums
with consistent total 20 mM nitrogen content but different percentage of NHa* (0%, 10%, 20%, 30%),
the AEHRs showed obvious differences in root characteristics including surface color (representing
the contents of shikonin, Figure 1).

AEHRs were harvested after being cultured for 10d, 13d, 15d. The fresh weight and dry weight
of each were measured (Figure 2). The amounts of biomass significantly increased from 0d to 15d and
the trend of changes varied with the NH4* concentrations. Compared to 0% NH4*, 10% NHs* highly
increased both fresh weight (1.58-1.97 folds) and dry weight (1.19-1.67 folds) of AEHR since cultured
for 10 days. 20% NHa* also significantly increased the fresh weight of AEHR, but the promotion effect
was relatively weaker than 10% NHs4*. There was only a promotion at 10d in dry matter accumulation.
When the NHs* concentration increased to 30%, it showed a stronger inhibition effect on dry matter
accumulation. Significant decrease in dry weight at 13d and 15d were observed, even though there
was a slight increase in fresh weight. It was interesting to notice that all the drying rate of 10% NHa4*
20% NHa" and 30% NHs* were significantly lower than 0% NHy, in spite of various effects on biomass
accumulation. Overall, with increasing ammonium concentration, the effect of NH4* concentration on
the growth of AEHR showed a promotion (especially 10%) followed by inhibition (30%).
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Figure 1. Continuous growth of AEHR in 15 days after treated by different concentrations of NH4*
(0%, 10%, 20%, 30%).
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Figure 2. Biomass differences of AEHR under different concentrations of NH4".Values given are
means + SE (n = 3 replicates). Significant differences (p<0.05) were indicated by different letters for
each variable.
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3.2. Accumulation of Shikonin in AEHR in Response to Ammonium

As typical pigments, the red color of the roots could roughly represent the accumulation of shi-
konin and its derivatives. It can be observed that the roots treated with 10%, 20% and 30% NH4*
turned red at 10d, 13d, and 15d respectively after transfer to fresh medium (Figure 1), while under
0% NHs* condition AEHR stayed red at 5d and 8d. The results observed indicated that NH4* concen-
tration affected the accumulation process and content of shikonin. The contents of 6 main shikonin
compounds in AEHR treated with different concentrations of NHs* for 10d, 13d and 15d were quan-
tified by UPLC (Figure 3). After 10 days treatment, except deoxyshikonin (DS), other 5 shikonin de-
rivatives in AEHR under 10% NHa* treatment were notably less than those in 0% NHa* and closed to
zero or non-detected in 20% NHs* and 30% NHa*. But the concentration of DS, the precursor substance
of other shikonin compounds, of 10% NHs* and 0% NHs* was comparable. After cultured to 13 days,
AEHR under 10% NHa* treatment reached the highest concentration of B-hydroxyisovalerylshikonin,
acetylshikonin and (3,3’-dimethacrylicalkannin (HIVS, AS and DAA), which was respectively 18.33%,
77.34%, 71.99% higher than 0% NHs* and 162.85%, 80.99%, 82.54% higher than 20% NHs. AEHR
treated with 20% NHs* began to accumulate shikonin components especially for DS, while accumu-
lation of all kinds shikonin derivatives in 30% NH4+* were still strongly suppressed except for a visible
increase in DS.

When processing to the end of 15 days, both 10% NH4* and 20% NHa* treatment promoted the
synthesis of shikonin compounds in AEHR compared with 0% NH4* treatment. In terms of the sum-
mation of 6 shikonin derivatives, 10% NHs* treatment had the strongest promotion effect reaching
8.59 mg/g dry weight, which was 2.17-fold than 0% NHs* treatment. The number of 20% NHa4* was
also significantly higher than that of 0% NH4+* (p<0.05), which was 0.90-fold than 0% NHas* (20% NHas*
reached 5.16 mg/g). For roots under 30% NHu" treatment, it was kept at very low level (less than 1
mg/g) until the 15d, which indicated a fierce inhibition of shikonin biosynthesis.

do0i:10.20944/preprints202304.0664.v1
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Figure 3. Effects of different concentrations of NHa* on synthesis of Shikonin within 15 days. Vertical
bars represent mean + SE (n = 3). (a) HIVS, B-hydroxyisovalerylshikonin; (b) AS, acetylshikonin; (c)
DS, deoxyshikonin; (d) AOIVA, -acetoxyisovalerylalkannin; (e) IBS, isobutyrylshikonin; (f) DAA,
[,p’-dimethacrylicalkannin.

3.3. Development and Morphology of AEHR in Reponse to Ammonium

The WinRHIZO root-scanning system was used to investigate the morphology characters of
hairy roots harvested at 15d(Figure 4a). The AEHR treated with 0% NHas* had the longest length (99.73
cm) and the smallest diameter (0.28 mm). With the increase of NH4* concentration, AEHR gradually
became shorter and thicker(Figure 4b, 4c). It was also reflected from the root length with the diameter
range from 0.00 mm to 0.25 mm (L1) and its percentage of total root length (PTL). They were
71.57+5.62 cm, 44.20+2.59, 32.60+7.26 and 25.68+9.04 cm in length (L1) and accounted for 71.76%,
59.82%, 47.05%, and 37.12% in PTL respectively under condition of 0% NHs*, 10% NHs4*, 20% NHx*,
and 30% NHs". Meanwhile, for the thicker roots, of which diameter range between 0.25 mm~0.50 mm
(L2), 0.50 mm~1.00 mm (L3) and 1.00 mm~1.50 mm (L4) PTL of different NHs* concentration group
showed almost the same trends, which was 0% NH4*<10% NHas'< 20% NH4*<30% NHa*(Figure 4h, 4i).

Although the root length varied, the root surface area (SA) and root projection area (PA) of
AEHR showed no significant difference under different NHs* treatments. What’s more, the root vol-
ume (V) increased with the increase of NHs*concentration, and 30% NHa* treatment was significantly
higher than 0% NHs" (p<0.05). The branch number (B) also increased with the increase of
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NHzs*concentration, and the branches of AEHR of 20% NHs4* were the most and significantly higher
than 0% NHas* (p<0.05,Figure 4d-4g).
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Figure 4. Morphology characters of AEHR after treated for 15 days with different NHas* concentra-
tions. (a) morphology characters of AEHR after treated for 15 days with different NH4* concentrations.
(b-c) average length and average diameter of AEHR. (d) the root surface area. (e) the root projected
area. (f) mean root volume. (g) branch number. (h-i) the AEHR length (L) within different diameter
ranges and its percentage of total root length (PTL). Different letters represent significant differences
(n=3, mean * SE, p<0.05).

3.4. Nitrogen Assimilation in AEHR under Short-term Ammonium Treatment

In general, NOs-N and NH>-N content in plants is directly related to the level of NOs-N and
NH4+*-N in the environment respectively. Since NOs absorption consumes more energy than NHs*
absorption, plants tend to absorb NHs4*. Studies have shown that the presence of NHs* inhibited NOs-
absorption [23,24]. Meanwhile, in order to avoid free ammonium toxicity, they rapidly assimilate
NH:«*-N into NH2-N. In order to investigate the possible mechanism of NHs* concentration affecting
AEHR growth and shikonin compounds production, we have conducted a short-term ammonium
treatment for 48h. The continuous contents of NOs-N and NH2-N in AEHR within 48h after treated
with different concentrations of NHs* were measured (Figure 5). Under 0% NHa* treatment within
48h, both NO3>-N and NH2-N contents in AEHR fluctuated slightly, which indicated that nitrogen
metabolism was relatively balanced. Compared with 0% NHa* treatment, all of 3 (10%, 20% and 30%)
NHy4¢* treatments inhibited NOs-N accumulation in AEHR, but increased NH2-N content in AEHR.
Under 10% NHs* treatment, the content of NH2-N in AEHR increased sharply within 12h and then
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maintained stable with a slight decline. For 20% NHs* and 30% NHs*, the content of NH2-N increased
sharply until 24h and then maintained a stable high level of around 4000 ug/g, which might cause

normal nitrogen metabolism and ammonium toxicity to inhibit the growth and shikonin synthesis of
AEHR.
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Figure 5. Contents of NOs-N and NH2-N in AERH with different NH4* concentration treatments
within 48h. Vertical bars represent mean + SE (n = 3).

3.5. Shikonin Biosynthesis in AEHR under Short-term Ammonium Treatment

The contents of 6 main shikonin derivatives in AEHR under short-term treatments of different
NH4* concentrations were measured by UPLC (Figure 6). Compared with AEHR at Oh (before being
transferred to a fresh medium), contents of shikonin derivatives in AEHR decreased with all NH4*
concentrations. This decrease is likely because it takes time for hairy roots to adapt to the fresh culture
medium and they prefer to nutrient growth rather than secondary production at the early stage of
the growth period. Another reason is that the shikonin derivatives is secreted to the root surface and
dispersed into the fluid medium. Compared with 0% NHs* treatment, 10% NH4* treatment showed
significantly increased contents of HIVS, AOIVA, and IBS at 36h, also HIVS and IBS at 48h (p<0.05).
Meanwhile, the inhibition effects of 20% NHas* and 30% NHas* treatment were not that obvious except
for DS and AS, which displayed a significant decrease (p<0.05) compare to 0% NHs". While compared
with 10% NHa* treatment, after treated for 48h, the contents of all the 6 shikonin derivatives decreased

at 20% NHas* and 30% NHutreatment, and there were significant differences in HIVS, IBS, DS and AS
(p<0.05).
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Figure 6. Effects of different concentrations of NHa* on synthesis of shikonin within 48 h. Vertical bars
represent mean + SE (n = 3). (a) HIVS, -hydroxyisovalerylshikonin; (b) AS, acetylshikonin; (c) DS,
deoxyshikonin; (d) AOIVA, -acetoxyisovalerylalkannin; (e) IBS, isobutyrylshikonin; (f) DAA, 3,4’-
dimethacrylicalkannin.

3.6. Gene Expression of Key Enzymes in Shikonin Biosynthesis Pathway

The biosynthesis pathway of shikonin has been well dissected [8,25,26]. AeHMGR, AePAL,
AePGT, and CYP76B74 were proven to be key enzymes regulating the accumulation of shikonin in
previous studies [8,26]. To reveal the effect of NHs* on shikonin biosynthesis at the gene expression
level, the time-course expression levels of them treated with the different NH+* concentration were
quantified with qRT-PCR (Figure 7). Compared with 0% NHs, 10% NHs* increased the expression
levels of AeHMGR, AePAL, AePGT and CYP76B74 after 6h treatment, while the relative expression
levels of the AeHMGR, AePAL, AePGT were down-regulated by 20% NHs* and 30% NHs* treatments.
After treated for 36h, expression levels of them appeared significant difference. The expression level
of AeHMGR, AePAL, AePGT and CYP76B74 treated with 10% NHs* were up-regulated about 1.36-
fold, 0.79-fold, 1.05-fold and 0.78-fold, respectively, more than 0% NHs*. These corresponding genes
treated with 30% NHs* were down-regulated 0.84-fold, 0.67-fold, 0.71-fold and 0.29-fold, respectively.
The 20% NHs+" also showed a down-regulated gene expression of AeHMGR, AePAL, AePGT, and
CYP76B74 compare to 0% NHs, but a higher gene expression level of AeHMGR, AePAL, AePGT but
CYP76B74 than 30% NHs*". The consistent results of gene expression and metabolite accumulation
under different NHs* conditions indicated that 10% and 30% NHs* influenced the accumulation of
shikonin compounds by regulating the gene expression involved in the biosynthesis pathway.
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Figure 7. Effects of different concentrations of NHs* treatment on the gene expression of key enzymes
from shikonin biosynthesis pathway within 36h. Vertical bars represent mean + SE (n = 3).

3.7. Hormone Metabolism of AEHR under NHa* Toxicity

NHa* toxicity is common in plants but the threshold for responding to it varies between species
[27]. Studies indicate that NHa* toxicity is associated with hormonal disruption in plants [28]. As a
plant sensitive to the toxicity of NH«*, 8 kinds of hormone in AEHR treated with 0% NHs* and 30%
NHy* for 48h were determined in this study, to profile the possible hormonal disruption of NH4*
toxicity in AEHR (Figure 6). Compared with 0% NHa*, 30% NHs* treatment promoted the synthesis
of endogenous cytokinin ZT and TZR, and auxin IAA, but not IPA. 30% NHas'treatment had a stronger
effect on cytokinin than auxin, and the contents of ZT were significantly higher than 0% NHa* at 12h,
36h, and 48h (p<0.05), and relevant contents of TZR were extremely significantly higher (p<0.01). For
endogenous auxin, there was no significant difference and consistent tendency between 0% NHa*and
30% NHs* treatment within 48h. The increased cytokinin might be responsible for shorter root length
and thicker diameter of AEHR under 30% NHs* treatment.
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Figure 8. Impact of 30% NHa* treatment on auxin and cytokinin in AEHR within 48h. (a) IAA, Auxin;
(b) IPA, Indolepropionic acid; (c) ZT, Zeatin; (d) TZR, trans-Zeatin-riboside; (€) GA4, Gibberellin4; (f)
ABA, Abscisic acid; (g) MeJA, (h) SA. Vertical bars represent mean + SE (n = 3).

Previous studies demonstrated that different exogenous hormones have various effects on shi-
konin accumulation. For instance, GA [29] and ABA have significantly negative impacts on shikonin
biosynthesis, while MeJA and SA [12,16,30,31]can effectively promote it. In our study, the content of
endogenous GAs in AEHR under 30% NHs* treatment did not change significantly within 48h, sug-
gesting that GA may not be involved in the regulation process of NHa4* toxicity in AEHR. As for ABA,
the contents in 30% NHas* treatment decreased rapidly and kept at a low and steady level till 24h as
well as 0% NH4*", which might be related to the adaptation of the hairy roots to the new medium.
Then, it began to rise after being treated for 36h, and reached a high level of 0.11 ng/g at 48h. It was
contrary to the trend of shikonin accumulation and the expression of key enzymes involved in shi-
konin biosynthesis pathway, indicating ABA as a negative regulator.

The contents of endogenous MeJA grew in pace until 24h after treated with 0% and 30% NH4*,
then the latter decreased and the former (0% NH4*) reached the highest level at 36h before decreasing.
The trends of SA treated with 0% NHa4* was similar with MeJA, keep increasing until 36h then de-
crease, while it decreased slowly before 24h and followed a little fluctuation with 30% NHai". The
content of SA in AERH treated with 0% NHa* at 12h, 24h and 36h were significantly (p<0.01) higher
than 30% NHa". These were consistent with the tendency of shikonin accumulation and relative gene
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expression. The inhibition of high concentration NHs* on shikonin production was likely associated
with the decrease of endogenous MeJA and SA, especially with SA.

4, Discussion and Conclusion

4.1. Arnebiae euchroma is an ammonium-sensitive species

Nitrogen is an essential element in the growth and development of plants. It was discovered in
1882 that ammonium can be toxic to plants, leading to a variety of issues such as stunted rhizomes,
shortened roots, yellowing leaves, and even death. Different species and varieties of plants have var-
ying levels of tolerance to ammonium. In this study, when the concentration of ammonium was
raised to 20% NH4* (4 mM), inhibition began to occur. Both the growth of AEHR and shikonin pro-
duction could be strongly inhibited by 30% NH4* (6 mM). These results demonstrated A. euchroma as
an ammonium-sensitive type, exhibiting similar ammonium sensitivity to other ammonium-sensitive
species which would display ammonium toxicity when exposed to concentrations of less than 10
mM, such as Arabidopsis, citrus, wheat, and L. erythrorhizon. Arabidopsis is a highly ammonium-
sensitive plant, 1 mM of ammonium was found to impede the growth of the taproot, as well as reduce
the expansion of cells and cell yield [32]. Furthermore, ammonium was also found to inhibit the ge-
otropism of roots. Citrus plants, exposed to high ammonium (8 mM), exhibited growth inhibition,
metabolic disorder, decreased biomass, abnormal morphology, and a reduced growth rate [33]. As
for wheat, the plant biomass, total root length, surface area, and root volume were significantly re-
duced by 5 mM ammonium [34]. Cell cultures of L. erythrorhizon, another closely related shikonin-
producing species with A. euchroma, were reported to be ammonium-sensitive. When NH4* concen-
tration was increased up to 3% and 30% in the White medium, the synthesis of shikonin was com-
pletely inhibited and more than half of the cell biomass was decreased respectively. Similar results
were obtained in the present study, both the growth and shikonin production of AEHR increased as
the NHs* proportion increased to 20% and 30%, but not as extremely sensitive as L. erythrorhizon.
Different from ammonium-sensitive plants, Spartina alterniflora is highly tolerant to ammonium and
this can even alleviate salt stress [35,36]. Additionally, ammonium nitrogen has been found to be
more beneficial for the growth and nutrient accumulation of Pinus massoniana (Masson’s pine) tissue
culture seedlings than nitrate nitrogen. Therefore, it is recommended to apply ammonium nitrogen
fertilizer when cultivating Masson’s pines seedlings. The preference of different species may be in-
fluenced by the ratio of ammonium+/nitrate - found in their native habitats, and the optimization
studies can facilitate the development of fertilization schedules for the cultivation process.

4.2. Compare to the sole nitrate nitrogen source, A. euchroma prefers an appropriate ammonium/nitrate ratio

For most plants, mixed nitrate and ammonium nitrogen source is superior to ammonium or
nitrate nitrogen sources alone in terms of plant growth and chemical component accumulation
[34,37,38]. The optimal ratio of ammonium/nitrate for plant growth depends on the plant species,
environmental conditions, developmental stage, and the total concentration of supplied nitrogen [39].
Ammonium nitrogen can promote the growth of aboveground parts of coffee plant, but an excessive
concentration of it (ammonium/nitrate ratio above 70:30) can decrease the chlorophyll content and
inhibit the growth of the aboveground parts. On the other hand, an increase in nitrate nitrogen is
beneficial for the growth of roots and underground parts, but it can have an adverse effect on the
growth of leaves, stems, and other aboveground parts. As a result, 50:50 ammonium/nitrate ratio
leads to higher biomass yield of coffee seedlings [40]. In the present study, it was clarified that 10%
NH4+* (2 mM) was beneficial for both growth of AEHR and the accumulation of shikonin compounds
compared to ammonium as the sole nitrogen source (0% NH4*), even though A. euchroma was an
ammonium-sensitive plant.

We listed the medium used for in vitro cultures of A. erchroma and L. erythorhizon from literature,
the concentrations of NH4* and NO3-, the total content of nitrogen, and the NH4*/NO3- ratio were
compared (Table 3). A two-step method is widely used for in-vitro cultures of L. erythorhizon, i.e. bio-
mass is first accumulated on growth medium, and then inoculated on shikonin-production medium
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for shikonin accumulation. That is because of the different nutrients necessary for two stages of L.
erythorhizon cultures, especially nitrogen. For in vitro cultures of A. erchroma, studies were mostly
performed in one-step medium. The total content of nitrogen varied from around 10 mM to 60 mM,
NH4+*/NO3- ratio from 0% to 34.34%, in which most studies used medium without NH4* to avoid
ammonium toxicity. In present study, the optimum ratio of NH4+/NO3- for both growth and shikonin
production is 10%, we highly recommended B5 and SH medium for in vitro cultures of A. erchroma,
especially for hairy roots.

Table 2. Mediums used for in vitro cultures of A. erchroma, L. erythorhizon and Onosma paniculatum
from literature.

Varieties Step Medium NH4*(mM) NO3(mM) Total content (mM) NH4*/NO3 ratio  Reference
L.erythorhizon.
suspension Two-step for LS 20.61 39.4 60.01 34.34% [11]
cell cultures growth
MG-5 6.25 54.22 60.47 10.34% [6]
Two-step for shi-  White 0 3.33 3.33 0.00% [11]
konin production M9 0 6.67 6.67 0.00% [11]
L. erythorhizon. hairy = Two-step for
B5 2.02 24.73 26.75 7.55% [16, 31]
roots growth
Two-step for shi-
. . M9 0 6.67 6.67 0.00% [16, 31]
konin production
A. erchroma suspension  One-step AG-7 7 18.79 25.79 27.14% [41,42]
cell cultures AG-7 7 18.79 25.79 27.14% [42]
Two-step  for | g 20.61 39.4 60.01 34.34% [43]
growth
MS 20.61 39.4 60.01 34.34% [44, 45]
M9 0 6.67 6.67 0.00% [42,46-51]
Two-step for shi-
. . M10 0 10.97 10.97 0.00% [43]
konin production
APM 0 17.74 17.74 0.00% [44,45]
A. erchroma hairy roots SH 2.61 24,73 27.34 9.55% [51]
SH without NH4* 0 24,73 24.73 0.00% [47,50,52]
MS without NH4* 0 18.79 18.79 0.00% [47,52]
B5 without NH4* 0 24,73 24,73 0.00% [47]
Two-step for .
growth 1/2MS without NH4* 0 9.395 9.395 0.00% [46,52]
LS without NH4* 0 18.79 18.79 0.00% [47]
MG-5 without NH4* 0 47.97 47.97 0.00% [52]
MS 20.61 394 60.01 34.34% [47]
B5 2.02 24.73 26.75 7.55% [49]
Two-step for shi-
. . M9 0 6.67 6.67 0.00% [47,50]
konin production
Onosma  paniculatum  Two-step for
i B5 2.02 24.73 26.75 7.55% [53]
suspension cell cultures  growth
Two-step for shi-
0 6.67 6.67 0.00% [53]

konin production

4.3. Auxin and cytokinin might requlate the growth and architecture of AEHR under NH4+ toxicity

Studies have demonstrated that NOs-and NH4+* are involved in hormone regulation of plant root
formation and leaf development. Compared with NOs, NHs* is more likely to cause imbalance of
plant hormone metabolism, which is one of the mechanisms of ammonium toxicity. Under NH4*
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toxicity, we found both growth and architecture changed. Compared with the sole nitrate nitrogen
source, AEHR in 30% NHa* treatment was shorter and thicker with more branches. These changes
were linked to alterations in hormonal balance. We speculated that it was linked to increased auxin
and cytokinin production in roots. Under ammonium toxicity, AEHR in this study showed significant
changes in both endogenous auxin (IAA, IPA) and cytokinin (ZT, TZR). Ammonium toxicity in-
creased IPA content at 6 h, and IAA, ZT and TZR contents at 12h, 36h, and 48 h. This was consistent
with the results of Yang et al. on Arabidopsis thaliana in a single ammonium nitrogen source using
matrix transcriptomes [54]. In the taproot grown in (NH4)25O4, the nutrient and metabolic imbalance
induced by ammonium was partially overcome by the increase of auxin level. Dziewit et al. [55] stud-
ied the temporal and spatial distribution of auxin in Arabidopsis thaliana under long-term ammonium
toxicity and found that auxin accumulated in leaves and roots, but not in root tips. The apparent
auxin pattern in tissues is associated with the developmental adaptation of ammonium-growing
plants with short branches and highly branched roots. Ammonium toxicity is known to affect auxin
activity, which serves as an important positive regulator of lateral root (LR) development [56]. In the
general NH4* toxicity research, it was suggested that more prolific root branching results from the
increased strength of the root tissue as a carbon sink under NHs* nutrition, which would facilitate
more auxin delivery to the root. The increased number of root tips, which has been often observed,
could then lead to increased production of cytokinins in ammonium-grown plants. The increased ZT
and TZR contents at 12h, 36h, and 48 h were in accord with this theory. The study of NHa4* toxicity
alleviation by Si also suggested that it was dependent on the increase in trans-ZT content in shoots.
In cytokinin-deficient plants, Si did not alleviate NH4* toxicity [57]. However, in some studies, the
cytokinin showed the opposite performance. Walch-Liu et al. reported that NH4* inhibition of plant
growth was associated with a sharp decline in cytokinin concentration [58].

4.4. Shikonin synthesis of AEHR under NH4+ toxicity and its possible hormones regulation mechanism

Plant hormones, especially MeJA and SA, play an important role in regulating plant secondary
metabolism and environmental response. Apart from the effect on growth, results of shikonin bio-
synthesis regulation were various according to different forms of auxin or cytokinin and different
plant species. It was reported that IAA could positively regulate shikonin accumulation in L. erytho-
rhizon, while IBA inhibited it in A. euchroma cells. Synthetic auxin 2,4-D and NAA had consistent
negative regulatory effects on the shikonin biosynthesis in cells of L. erythorhizon, A. euchroma, and O.
paniculatum [59,60]. Among the cytokinin, KT and 6-BA promoted the shikonin biosynthesis of L.
erythorhizon callus but showed inhibition in A. euchroma cells [59,61].

Studies have shown a consistent promotional effect for shikonin biosynthesis in L. erythorhizon,
A. euchroma [21], L. officinale [62], and O. paniculatum [63]. Exogenous MeJA promoted the accumula-
tion of shikonin derivatives, shikonofuran derivatives, and rosmarinic acid in the shikonin-profi-
ciency cells, and caused a rapid and massive increase in the expression of genes involved in the shi-
konin biosynthesis pathway, such as HMGR and PGT [21].Zhao et al. [16,31] overexpressed LeMYB1
in hairy roots of L. erythorhizon. The content of shikonin compounds increased significantly, and at
the same time expression of LeMYB1 showed the same positive response to JA. Additionally, the
endogenous JA content was significantly increased when the L. erythorhizon cell was transferred from
the B5 medium (for the growth step) to the M9 medium (for the shikonin production step)[64]. While
the responses to the exogenous SA were not as consistent as JA. Kumar et al. reported that exogenous
SA can inhibit the synthesis of shikonin in A. euchroma cells, i.e. 10 uM SA reduced nearly 80% of
shikonin production and 100 pM SA completely inhibited shikonin production. They found the ad-
dition of exogenous SA caused a decreased activity of PHB geranyltransferase, one of the key regu-
latory enzymes in shikonin biosynthesis [30]. In another study, Arghavani et al. reported higher en-
hancing effects of SA compared to JA [12]. There is no report on the relationship between the endog-
enous content of SA and shikonin production. It is clear that the SA could improve the enzyme activ-
ity of PAL in the phenylpropane pathway [30], where the p-hydroxybenzoic acid, one of the precur-
sors to form shikonin, is derived. In our study, the endogenous MeJA and SA were decreased by
30%NHa4* treatment within 48h, which might be related to the inhibition of shikonin biosynthesis.
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