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Abstract 
Recently, endorhizospheric microbiota is realized to be able to promote the secondary metabolism in medicinal plants, 
but the detailed metabolic regulation metabolisms and whether the promotion is influenced by environmental factors are 
unclear yet. Here, the major flavonoids and endophytic bacterial communities in various Glycyrrhiza uralensis Fisch. roots 
collected from seven distinct places in northwest China, as well as the edaphic conditions, were characterized and ana-
lyzed. It was found that the soil moisture and temperature might modulate the secondary metabolism in G. uralensis roots 
partially through some endophytes. One rationally isolated endophyte Rhizobium rhizolycopersici GUH21 was proved to 
promote the accumulation of isoliquiritin and glycyrrhizic acid significantly in roots of the potted G. uralensis under the 
relatively high-level watering and low temperature. Furthermore, we did the comparative transcriptome analysis of G. 
uralensis seedling roots in different treatments to investigate the detailed mechanisms of the environment-endophyte-plant 
interactions and found that the low temperature went hand in hand with the high-level watering to activate the aglycone 
biosynthesis in G. uralensis, while GUH21 and the high-level watering cooperatively promoted the in planta glucosyl unit 
production. Our study is of significance for the development of methods to rationally promote the medicinal plant quality.

Key points
• Soil temperature and moisture related to isoliquiritin contents in Glycyrrhiza uralensis Fisch.
• Soil temperature and moisture related to the hosts’ endophytic bacterial community structures.
• The causal relation among abiotic factors—endophytes—host was proved through the pot experiment.

Keywords  Glycyrrhiza uralensis Fisch. · Secondary metabolite synthesis · Root-associated endophytes · 16S rDNA · 
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Introduction

Many plant roots are involved in the pharmaceutical and 
food industries due to their abundances of secondary metab-
olites with high pharmacological activities, such as ginseng 
(Riaz et al. 2019) and licorice (Jiang et al. 2020). Consid-
ering that the over-excavation of wild resources is caus-
ing habitat destruction and biodiversity wreck, people have 
started the domestic cultivation of medicinal plants to meet 
the increasing demand for their roots (Canter et al. 2005; Li 
et al. 2015). However, the annual yield of medicinal prod-
ucts originated from the roots of the cultivated species are 
generally limited, because medicinal plants are often diffi-
cult to breed (Wang et al. 2020a, b) and their roots’ quality 
is relatively low compared with the wild resources in gen-
eral (Murthy et al. 2018; Wang et al. 2018). Besides with 
the plant genotypes (Yuan et al. 2010; Wang et al. 2020a, 
b), climatic characteristics (Li et al. 2020a, b), soil physi-
ochemical properties (Miransari et al. 2021), and growth 
years (Bai et al. 2020), soil microbiomes (Shi et al. 2011) 
are expected to be significantly associated with the abun-
dances of the bioactive ingredients in roots. Soil microbes 
are known to be actively recruited via root exudates (Sasse 
et  al. 2018) and grow on plant-derived metabolites at 
the endorhizosphere. In return, some endorhizospheric 
microbes, namely endophytes, could improve their hosts’ 
growth, pathogen resistance, and abiotic stress tolerance 
during their symbiosis (Wani et al. 2015; Mukherjee et al. 
2021), while some of them could stimulate the in planta 
signal transduction-induced secondary metabolism of their 
host plants for the production of pharmaceutically impor-
tant compounds (Korenblum and Aharoni 2019; Ahmed and 
Hijri 2021; Chen et al. 2021). Pandey et al. (2018) found 
that, compared with the endophyte-free Withania somnifera, 
the ones inoculated with some endophytic individuals, being 
isolated from the leaves, roots, and seeds of W. somnifera 
and being unable to produce withanolides alone, had sig-
nificantly higher contents of the pharmaceutically active ste-
roidal lactones 12-deoxy withstramonolide and withanolide 
A in roots after a 3-month cultivation, which was probably 
due to the endophyte-associated increasing of in planta 
indole 3-acetic acid (IAA). Although certain advances have 
been made in medicinal plant-endophyte interaction, there 
remain a number of important questions in the direction. 
Accordingly, secondary metabolite production-promoting 
endophytes are obviously less reported than soil microbes 
with other functions (Mariotte et al. 2018), and thus the 
detailed mechanisms of endophyte-induced plant secondary 
metabolism are not declared yet. Meanwhile, considering 
that the plant–microbe symbiosis is significantly impacted 
by environmental conditions (Cheng et al. 2019), the per-
formances of secondary metabolite production-promoting 

endophytes in certain plants are inferred to be affected by 
various environmental factors, but it is seldomly investi-
gated yet.

Glycyrrhiza uralensis Fisch, which is a salt- and 
drought-tolerant legume, is natively grown or artificially 
planted in arid to semi-arid sandy soil in and around cen-
tral Asia (Jiang et al. 2020). Its roots are rich in pharma-
ceutically active flavonoids, some of which are unique to 
licorice (Zhou et al. 2020). For example, ILQ, a member 
of chalcone glycosides, is practically applied on various 
disease preventions and treatments due to its antidepres-
sant, anticancer, antioxidative, and anti-inflammatory 
activities (Zhou et al. 2017). The flavonoid contents in 
licorice are significantly influenced by the environmental 
factors (e.g., soil salt content, soil moisture, and sunshine 
duration) through the stress-induced phytohormone signal-
ing pathways (Yu et al. 2015; Xie et al. 2018; Wang et al. 
2021). Meanwhile, the endophyte-free G. uralensis roots 
were found to have significantly lower contents of bioac-
tive components than the normal ones after a 3-month pot 
cultivation (Yu et al. 2020), suggesting that endophytic 
microbiota could regulate the accumulation of secondary 
metabolites in licorice roots. Interestingly, the endophytic 
microbiota compositions were also significantly influenced 
by the environmental factors, as well as the content of total 
flavonoids in licorice roots (Dang et al. 2020). Therefore, 
the flavonoid biosynthesis and accumulation in G. uralen-
sis is inferred to be driven by the environment-endophyte-
plant interactions (Liu et al. 2021), but the detailed mecha-
nisms are undeclared yet.

Currently, there are few root-associated soil microbes 
with the function to promote root-associated secondary 
metabolite production in G. uralensis (Chen et al. 2017; 
Xie et al. 2018), and how endophytes promote the second-
ary metabolite accumulation in G. uralensis roots under 
different environmental variables is not clear. In the study, 
we collected 42 G. uralensis root samples from seven dis-
tinct places in northwest China and did the systematically 
bioinformatic analyses on the environmental factors of the 
sampling sites, root-associated flavonoid profiles, and the 
root-associated endophytic community compositions. Based 
on the Spearman correlation analyses, as well as the con-
ventional microbe screening, we rationally screened out a 
flavonoid accumulation-promoting endophytic bacterium 
candidate Rhizobium rhizolycopersici GUH21 from the G. 
uralensis root samples. The pot experiments of G. uralensis 
seedlings with or without R. rhizolycopersici GUH21 under 
different environmental conditions confirmed the bioin-
formatics prediction and elucidated the molecular mecha-
nism of the metabolic promotion. The isolation and deeply 
understanding of plant secondary metabolite-promoting 
endophytes would be significant for the development of 
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techniques in agriculture and pharmaceutical manufactur-
ing industry.

Materials and methods

Sampling of Glycyrrhiza uralensis Fisch. roots 
and ectorhizospheric soil

Triplicated G. uralensis roots and the responding ectorhizos-
pheric soil samples were collected from 14 sites in seven 
distinct places in the northwest China, including Hangjinqi 
(HJQ) in Inner Mongolia Province, Yanchi (YC) and Hong-
sipu (HSP) in Ningxia Province, and Minqin (MQ), Jiuquan 
(JQ), Yuzhong (YZ), and Zhangye (ZY) in Gansu Province. 
Some samples that were from the wild G. uralensis were 
named as “location abbreviation-W,” the samples that were 
from the 3-year-old-cultivated G. uralensis were named as 
“location abbreviation-C,” the samples that were from the 
7-year-old-cultivated G. uralensis were named as “loca-
tion abbreviation-C7,” and the samples that were from the 
9-year-old-cultivated G. uralensis were named as “location 
abbreviation-C9.” The names of all 14 groups and their geo-
graphical positions are as follows: HJQ-C (40.78 ̊N, 108.29 
̊E), HJQ-W (40.78 ̊N, 108.32 ̊E), YC-C (37.81 ̊N, 107.28 ̊E), 
YC-W (36.16 ̊N, 104.32 ̊E), HSP-C (37.38 ̊N, 106.08 ̊E), 
HSP-W (37.38 ̊N, 106.10 ̊E), JQ-C (40.15 ̊N, 99.06 ̊E), JQ-W 
(40.15 ̊N, 99.04 ̊E), MQ-C (38.55 ̊N, 102.66 ̊E), MQ-C7 
(38.54 ̊N, 102.69 ̊E), YZ-C (36.16 ̊N, 104.32 ̊E), YZ-W 
(36.16 ̊N, 104.32 ̊E), ZY-C9 (38.85 ̊N, 100.65 ̊E), and ZY-W 
(38.85 ̊N, 100.66 ̊E). The roots were washed by clean water, 
75% (v/v) ethanol, and sterilized water successively soon 
after they were digged up. Each group of root samples was 
divided into two parts for the storage: one part was kept at 
4 ̊C for endophyte isolation, and the other part was frozen 
with dry ice for endophytic microbial community sequenc-
ing and bioactive ingredient determination. The ectorhizos-
pheric soil samples were put in the sampling bags and then 
kept on ice for the further operation.

Determination of the edaphic parameters 
at the sampling sites

The in situ soil temperature was measured at the sampling 
sites using a soil thermometer TP101 (Haofei Instrument 
Technology Co., Ltd., Dongtai, P.R. China) soon after the 
digging processes. The other seven edaphic parameters of 
the sampling sites, including the soil moisture, pH, salti-
ness, total carbon content (TC), total nitrogen content (TN), 
organic carbon content (OC), and TC/TN, were measured in 
the lab as described in Methods S1.

Analysis of root‑associated secondary metabolites

The frozen G. uralensis root samples were dried in a vacuum 
freeze drier (Biocool, Beijing, P.R. China) and ground into 
powder using the mortar. The soluble ingredients in the 
powders were extracted by 100 mL of 70% (v/v) ethanol. 
The target compounds in the extracted solutions, includ-
ing liquiritigenin (LG), isoliquiritigenin (ILG), isoliquiritin 
(ILQ), licochalcone A (LCA), neohesperidin dihydrochal-
cone (NHDC), and glycyrrhizic acid (GL), were qualified via 
the high-performance liquid chromatography (HPLC 1260 
Infinity; Agilent, Santa Clara, CA, USA) according to Meth-
ods S2. To quantify these metabolites, a mixture of 0.28 g/L 
LG, 0.28 g/L ILG, 0.28 g/L ILQ, 0.28 g/L LCA, 0.28 g/L 
NHDC, and 4.08 g/L GL purchased from Shanghai yuanye 
Bio-Technology Co., Ltd (Shanghai, China) was utilized as 
the HPLC original standard solution.

Root‑associated endophytic bacterial community 
sequencing

The DNA in frozen G. uralensis root tissues (~ 100 mg each) 
was extracted using a FastDNA® Spin Kit for Soil (MP Bio-
medicals, Santa Ana, CA, USA) following the manufactur-
er’s introduction. The DNA concentration and quality were 
estimated using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA) and the electropho-
resis in 1% (w/v) agarose gel. The conserved V3-V4 region 
of the 16S rRNA gene from the qualified DNA samples was 
amplified by using the primer pair 338F (5′-ACT​CCT​ACG​
GGA​GGC​AGC​AG-3′) and 806R (5′-GGA​CTA​CHVGGG​
TWT​CTAAT-3′). The thermal cycling process of the poly-
merase chain reaction (PCR) is as follows: 95 °C for 3 min; 
27 cycles each of which contained the denaturation at 95 °C 
for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C 
for 45 s, 72 °C for 10 min; 4 °C forever. The PCR products 
were extracted from 2% agarose gel and purified using the 
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, 
Union City, CA, USA) according to manufacturer’s instruc-
tions and then quantified using the Quantus™ Fluorometer 
(Promega, Madison, WI, USA).

The purified PCR products were loaded on an Illumina 
MiSeq PE300 platform (Illumina, San Diego, USA) for 
DNA fragment sequencing according to the standard proto-
cols by Majorbio Bio-Pharm Technology Co. Ltd. (Shang-
hai, China). The raw 16S rDNA sequencing reads were 
demultiplexed, quality-filtered by fastp v 0.20.0 (Chen et al. 
2018), and merged by FLASH v1.2.7 (Magoc and Salzberg 
2011) with the following criteria: (1) the 300 bp reads were 
truncated at any site receiving an average quality score 
of < 20, and the truncated reads shorter than 50 bp and reads 
containing ambiguous characters were discarded; (2) only 
overlapping sequences longer than 10 bp with the overlap 
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region mismatching ratio ≤ 0.2 were assembled according 
to their overlapped sequence, and reads that could not be 
assembled were discarded; (3) sequences and their directions 
of each samples were distinguished according to the barcode 
and primers, and reads containing more than two nucleotide 
mismatch in primer matching were discarded. Clustering 
of operational taxonomic units (OTUs) with 97% similarity 
cutoff and the chimeric sequence filtering were simultane-
ously performed on UPARSE version 7.1 (http://drive5/com/
uparse). The taxonomy of each OTU representative sequence 
was analyzed via RDP Classifier version 2.2 (Wang et al. 
2007) against the 16S rDNA sequence Silva database (Quast 
et al. 2012) using the confidence threshold of 0.7.

Isolation and identification of endophytes from G. 
uralensis Fisch. roots

The G. uralensis root samples were kept at 4 °C and soaked 
in 3% (v/v) sodium hypochlorite solution for 5 min to radi-
cally kill microbes on root surface. The surface-clean roots 
were washed with the sterilized double distilled water 
(ddH2O) for three times and then mashed in a sterilized 
blender. The mashed root tissues were suspended in 10 mL 
0.9% (w/v) NaCl solution and filtered through sterile gauze. 
The filtrates were plated on different solid media as listed in 
Table S1 and then cultivated at room temperature to origi-
nally isolate the proposed root-associated endophytes. The 
developed colonies showing different morphological appear-
ance were selected and purified on a new plate containing the 
same media. The classifications of the purified isolates were 
tentatively identified based on their 16S rDNA sequences 
according to the standard procedure of Yanagi and Yamasato 
(1993). The identified endophytic strain R. rhizolycopersici 
GUH21 was deposited into the Chinese General Microbio-
logical Culture Collection Center (CGMCC) with the acces-
sion number of 24,152.

The pot experiments

One hundred and twenty G. uralensis seeds were succes-
sively soaked in 70% (v/v) ethanol for 10 min and 10% 
(v/v) hymexazol (C4H5NO2) for 2 h to kill microbes on 
the seeds according to the European Food Safety Author-
ity (European 2015) and Egamberdieva et al. (2021). The 
sterile seeds were evenly planted in 24 pots each con-
taining 0.5 kg sterilized organic active matrix (Ningxia 
Zhongqing Biotechnology, Ningxia, P.R. China) and 
300 mL sterilized ddH2O, and then the pots were kept at 
26 °C and 50% humidity until the germination (about one 
week). Soon after the tender buds could be observed, the 
seedlings in each of 12 pots were inoculated with 65 mL 
culture suspension of the plant secondary metabolite pro-
duction-promoting endophytic candidate (OD600 = 1.0), 
while the seedlings in the other 12 pots were irrigated 
with 65 mL sterilized ddH2O and termed as the controls 
(CKs). The 24 pots were kept at either low- or high-tem-
perature (21 or 26 °C) and watering amounts (ddH2O 270 
or 330 mL per pot once a week (mL/pot/we)) for 60 days. 
The experimental conditions for each treatment are listed 
in Table 1.

After the 60-day cultivation, the G. uralensis plants 
in each pot were dug up and were divided into two cop-
ies. One copy was used to determine the morphological 
characteristics of the harvested plants, including the dry 
weights of the aboveground and underground parts, the 
area of the apical leaves and the lateral leaves, the root 
lengths, and the root diameters, while the other copy was 
frozen with dry ice for RNA extraction and transcriptom-
ics analysis as described in the next section. The fresh 
roots after the samples’ morphological characteristics 
determination were frozen dried and processed to deter-
mine the contents of ILQ and GL according to the methods 
described in the previous section.

Table 1   The designed pot 
experiment for Glycyrrhiza 
uralensis Fisch. to identify the 
effects of endophyte candidates 
and key abiotic factors

a Each group had triplicates

Treatment label Groupa Endophyte inoculum Temperature 
(°C)

Watering amount 
(mL/pot/we)

21L CK - 21 270
GUH21 R. rhizolycopersici GUH21

21H CK - 21 330
GUH21 R. rhizolycopersici GUH21

26L CK - 26 270
GUH21 R. rhizolycopersici GUH21

26H CK - 26 330
GUH21 R. rhizolycopersici GUH21
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Transcriptome sequencing of the cultivated G. 
uralensis Fisch. roots

RNA from a weight of 50 mg surface-cleaned and frozen G. 
uralensis roots in each treatment was extracted using TRI-
zol™ Plus RNA Purification Kit for plant tissues (Thermo 
Fisher Scientific, Waltham, MA, USA) according to the 
manufacturer’s instructions and was purified using DNase 
I (TaKara Biomedical Technology Co., Ltd., Beijing, P.R. 
China). The RNA quality was determined by 2100 Bioana-
lyser (Agilent, Santa Clara, CA, USA) and quantified by 
the NanoDrop spectrophotometer ND-2000. Afterwards, 
1 μg of high-quality total RNA was processed using TruSe-
qTM RNA sample preparation Kit (Illumina, San Diego, 
CA, USA), and then messenger RNA (mRNA) was isolated 
according to poly A selection method by oligo(dT) beads, 
fragmented by fragmentation buffer, and then reverse tran-
scribed using a SuperScript double-stranded cDNA synthesis 
kit (Invitrogen, Carlsbad, CA, USA) with random hexamer 
primers (Illumina) to form the double-stranded cDNAs. The 
synthesized cDNA was subjected to end-repair, phosphoryl-
ation, and “A” base addition according to Illumina’s library 
construction protocol. Libraries were size selected for cDNA 
target fragments of 300 bp. The paired-end cDNA library 
was sequenced with the Illumina HiSeq xten/NovaSeq 6000 
sequencer. The raw reads were trimmed by SeqPrep (https://​
github.​com/​jstjo​hn/​SeqPr​ep) and Sickle (https://​github.​com/​
najos​hi/​sickle) with default parameters. Then clean reads 
were separately aligned to reference genome with orientation 
mode using HISAT2 (Kim et al. 2019). The mapped reads 
of each sample were assembled by StringTie (Pertea et al. 
2015). In addition, functional-enrichment analysis includ-
ing Clusters of Orthologous Genes (COG) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) annotation were 
carried out by BLASTp to the COG database (https://​www.​
ncbi.​nlm.​nih.​gov/​resea​rch/​COG) and KOBAS 3.0 (Xie et al. 
2011), respectively.

Statistical analysis

Shapiro–Wilk normality test was utilized to determine if data 
had a normal distribution. The Student’s t-test performed 
using the t.test function in Microsoft Excel Office2019 
(Microsoft, Redmond, WA, USA) was applied to determine 
the significance of the differences between two groups. The 
microbial diversity analyses of the root-associated endo-
phytic bacterial communities and the transcriptome dif-
ference analysis of the cultivated G. uralensis roots were 
performed using the R Project for Statistical Computing ver-
sion 4.1.2. The alpha diversity (Shannon–Wiener indices and 
Simpson indices) of the genus-level microbiota were esti-
mated using the shannon < -diversity and simpson < -diver-
sity functions, respectively, in the vegan package of R, while 

the beta diversity in terms of the Bray–Curtis dissimilar-
ity was calculated using the vegdist function. The principal 
component analysis (PCA) and redundancy analysis (RDA) 
were performed using the rda function in the vegan pack-
age of R, respectively. The Spearman’s rank correlation was 
calculated using the cor function in the stats package of R. 
For the transcriptomics analysis, the identification of the 
differentially expressed genes (DEGs) between two treat-
ments was performed using the DESeq2 package v 1.34.0 
(Love et al. 2014) in R, wherein the genes with the adjusted 
p-value < 0.05 and the |log2(fold change)|≥ 1 were consid-
ered to be DEGs.

Results

Differentiation of root‑associated flavonoid profiles 
relating to in situ abiotic environmental factors

In the study, 42 G. uralensis roots, as well as the rhizospheric 
soil, were sampled in June, 2020, from seven distinct places 
in northwest China, including HJQ, YC, HSP, MQ, JQ, YZ, 
and ZY. Excepting for the ones collected from MQ where 
no wild G. uralensis but the 7-year-cultivated G. uralensis 
(named as MQ-C7) were found, and the ones from ZY where 
no 3-year-cultivated G. uralensis but the 9-year-cultivated G. 
uralensis (named as ZY-C9) were available, the root samples 
in each site contained both wild and 3-year-cultivated G. 
uralensis and were named as “location abbreviation-W” and 
“location abbreviation-C”, respectively.

Contents of five major flavonoids in each G. uralensis 
root sample, including liquiritigenin (LG), isoliquiritigenin 
(ILG), isoliquiritin (ILQ), licochalcone A (LCA), and neo-
hesperidin dihydrochalcone (NHDC), were determined. As 
shown in Fig. 1, the inference that wild G. uralensis should 
have higher contents of root-associated bioactive compounds 
than the cultivated species was not suitable in our case, and 
the planting conditions were considered to be much more 
suitable than the wild environment for the flavonoid accumu-
lation in G. uralensis in some places, such as HJQ and HSP. 
On the other hand, ILQ was the predominant root-associated 
flavonoid in all samples, ranging from 2.848 ± 1.606 mg/g 
in ZY-C9 to 28.267 ± 19.459 mg/g in HJQ-C, but its content 
was significantly more varied than the other four flavonoids 
LG, ILG, LCA, and NHDC. This indicated that ILQ syn-
thesis metabolism was always more active and more easily 
influenced by environmental factors than the metabolic path-
ways of LG, ILG, LCA, and NHDC in G. uralensis,

To investigate the significances of abiotic environmental 
factors for in planta ILQ accumulation, the in situ edaphic 
conditions of the sampling sites, including soil temperature, 
pH, saltiness, moisture, TC, OC, TN, and TC/TN were meas-
ured (Table S2) and co-analyzed with the flavonoid profiles 
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using the linear regression (Table 2). Compared with other 
edaphic variables, the soil moisture had the highest abso-
lute correlation coefficient with ILQ (r = 0.3541), followed 
by the soil temperature (r =  − 0.2302). The linear equations 
reflected soil moisture had the positive association with ILQ 
content, and soil temperature had the negative correlation 
with ILQ content. Therefore, it was inferred that soil mois-
ture and temperature should be the most important factors 
for root-associated ILQ accumulation, and the higher the 

moisture content and the lower the temperature within limits, 
the higher ILQ content was in G. uralensis roots.

Differentiation of root‑associated endophytic 
bacterial communities relating to abiotic variables

According to the 16S rDNA amplicon sequencing, the 
endophytic bacterial communities in the 42 root samples 
contained 9,689,062 ~ 23,449,241 counts of amplicon 
sequences. The sequences were arranged into 696 genera 
and 2203 operational taxonomic units (OTUs) with a farthest 
neighbor jukes-Cantor distance of 0.03. In the genus level, 
Amycolatopsis, Steroidobacter, Caulobacter, and unclassi-
fied genera occupied ~ 70% of the endophytic bacterial com-
munities in general, but the detailed compositions varied 
dramatically among samples (Fig S1a). As shown in Fig. 2a, 
samples in ZY-W had relatively lower Shannon–Wiener 
index (H = 2.18 ± 1.99) than the other ones, especially lower 
than that in HJQ-W, HSP-W, MQ-C, YZ-W, and ZY-C9 
(p < 0.05). Similar results were obtained by using Simpson’s 
diversity index (Fig S1b). For the beta diversity analysis, 
the Bray–Curtis distances among the triplicates in ZY-W 
(BC = 0.28 ± 0.07) were relatively lower than the other ones, 
but the differences between ZY-W and other samples were 
not significant (p > 0.05) excepting for HJQ-W, JQ-W, and 
YC-W (Fig. 2b). These results indicated that the triplicates 
in ZY-W were differentially simple in the endophytic bac-
terial community composition, while the root-associated 
endophytic bacteria in HSP-W, MQ-C, YZ-W, and ZY-C9 

Fig. 1   The contents of five 
flavonoids in Glycyrrhiza 
uralensis roots collected from 
distinct places in northwest 
China. ###-W, wild G. uralensis 
collected from ###; ###-C, 
3-year-cultivated G. uralensis 
collected from ###; ###-C7, 
7-year-cultivated G. uralensis 
collected from ###; ###-C9, 
9-year-cultivated G. uralensis 
collected from ###; LG, liquir-
itigenin; ILG, isoliquiritigenin; 
ILQ, isoliquiritin; LCA, licoch-
alcone A; NHDC, neohesperi-
din dihydrochalcone
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Table 2   Linear regression analysis of the edaphic conditions and 
root-associated liquiritigenin (ILQ) content in sampling sites

a Saltiness, salt content in dry soil
b TC total carbon content in dry soil
c OC organic carbon content in dry soil
d TN total nitrogen content in dry soil
e Isoliquiritin content in dry root (mg/g) as the dependent variable

Independent variable Linear equatione Correlation 
coefficient r

Temperature (°C) y =  − 0.0005x + 0.0192  − 0.2302
pH y = 0.0031x − 0.0153 0.1616
Saltiness (mg/kg)a y = 0.0043x + 0.0099 0.0045
Moisture (%) y = 0.0006x + 0.0043 0.3541
TC (mg/g)b y = 0.2377x + 0.0058 0.1982
OC (mg/g)c y = 0.273x + 0.0061 0.2074
TN (mg/g)d y = 6.1667x + 0.0079 0.1844
TC/TN y =  − 2E-05x + 0.0111  − 0.1797
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samples were similarly abundant. Interestingly, this was par-
tially in accordance with the flavonoid composition results in 
Fig. 1, wherein roots in ZY-W had relatively lower contents 
of ILQ than those in HSP-W, MQ-C, and YZ-W, suggesting 
that endophytic bacterial community diversities might have 
the tight association with ILQ accumulation in G. uralensis 
in some places.

The PCA based on the genus-level endophytic bacterial 
community compositions showed that samples from adjacent 
locations tended to be clustered together (Fig S1c), indicat-
ing that environmental conditions played an important role in 
the assemblage of the root-associated endospheric bacterial 
communities. Therefore, the influences of the in situ edaphic 
variables and in vivo root-associated flavonoid contents on 
endophytic bacterial community compositions were evalu-
ated by using RDA. In the RDA plot (Fig. 2c), with 7.863% 

accountable variance for the first major principal component 
RDA1 and 7.176% for the second major principal compo-
nent RDA2, the most significant edaphic factor was soil tem-
perature (r2 = 0.40, p = 0.01), followed by TC/TN (r2 = 0.32, 
p = 0.02) and soil moisture (r2 = 0.21, p = 0.02), and the most 
significant flavonoids was LCA (r2 = 0.34, p = 0.02). These 
results suggested that the root-associated endophytic bacte-
rial communities in G. uralensis were significantly influenced 
by both edaphic conditions and the endospheric flavonoids.

Isolation and identification of the ILQ‑relating 
endophytic bacterium based 
on the environment‑endophyte‑plant interactions

Since the edaphic factors of soil moisture and soil tempera-
ture influenced both the root-associated ILQ accumulation 
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Fig. 2   Analysis of the root-associated endophytic bacterial com-
munity structures in the wild and cultivated G. uralensis from dif-
ferent places. a The box plot showing the Shannon–Wiener indices 
of the genus-level endophytic bacterial communities in each group; 
b the box plot showing the Bray–Curtis distances among the genus-
level endophytic bacterial community triplicates in each group; c the 

redundancy analysis (RDA) plot showing the influences of edaphic 
conditions (red) and root-associated flavonoid contents (purple) on 
the root-associated endophytic bacterial community compositions. 
The asterisk on top of boxes represents the differential significance of 
indices between the responding sample and ZY-W in Student’s t-test. 
*, p < 0.05; **, p < 0.01; ***, p < 0.005
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and endophytic bacterial community compositions accord-
ing to above findings, it was inferred that the influences of 
the soil moisture and temperature on the root-associated ILQ 
accumulation were partially performed through the endo-
phytes. To identify the endophytic members which might 
be the connection between environmental factors and G. 
uralensis ILQ metabolism, a Spearman rank correlation 
analysis between the 42 endophytic bacterial communi-
ties and each of the three abiotic factors, including the soil 
moisture, the soil temperature, and the root-associated ILQ 
contents, were processed. As shown in Fig. 3, there were 
166 endophytic genera showing the positive correlation 
with the ILQ contents (rILQ > 0.15), among which 51 gen-
era had the negative relationship with the soil temperature 
(rtemperature <  − 0.15), 54 genera had the positive relationship 
with the soil moisture (rmoisture > 0.15), and 34 genera had 
both the negative relationship with the soil temperature and 
the positive relationship with the soil moisture. These 34 
genera were expected to be the ones responding for in planta 
ILQ accumulation through the positive control of the soil 
moisture and the negative control of the soil temperature.

In order to obtain the endophytic strains of the 34 genera, 
fresh G. uralensis root samples were processed and placed 
on different culture media containing a slight amount of 
licorice root powder (Table S1). Dozens of microbial strains 

were isolated, and one of them was involved in the listed 
bacteria in Fig. 3. The strain was identified as Rhizobium rhi-
zolycopersici in Rhizobiales family based on its 16S rRNA 
sequence, with the name GUH21, and it was isolated from 
the HJQ-C root sample. The 16S rRNA gene sequence of R. 
rhizolycopersici GUH21 was submitted to GenBank (www.​
ncbi.​nlm.​nih.​gov) with accession number OQ338369.1.

The pot experiment showing the integrated effects 
of abiotic and biotic factors on G. uralensis growth 
and root‑associated secondary metabolite contents

To confirm the combined effects of R. rhizolycopersici 
GUH21 and key abiotic factors (i.e., soil moisture and 
temperature) on ILQ accumulation in G. uralensis, G. 
uralensis seedling pot experiments were performed as 
described in Table 1. As shown in Fig. 4a–c, the leaves 
and aerial stems of G. uralensis in R. rhizolycopersici 
GUH21 inoculated groups generally grew much better than 
those without the inoculation (CK), regardless of the cul-
tivation conditions (p > 0.05). For the underground parts, 
compared with the CK groups, R. rhizolycopersici GUH21 
significantly improved the rhizome biomass accumulation 
(Fig. 4d), root elongation (Fig. 4e), and root thickening 
(Fig. 4f) in the 21H groups, wherein the temperature was 
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Fig. 3   The integrated Venn diagram and correlation plot showing G. 
uralensis root-associated ILQ production-promoting endophytic spe-
cies candidates which had the negative Spearman’s correlation coef-

ficients (blue) with soil temperature and the positive correlation coef-
ficients (red) with soil moisture and ILQ
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21 °C and the watering amount was 330 mL/pot/we. Mean-
while, the bioactive ingredients in the roots were meas-
ured after the harvesting. As shown in Fig. 4g, the ILQ 
contents in CK roots in 21H (0.434 ± 0.034 mg/g) and 
21L (0.462 ± 0.009 mg/g), wherein the temperature was 
21 °C and the watering amount was 330 and 270 mL/pot/
we, respectively, were significantly higher than those in 
26H (0.066 ± 0.006 mg/g) and 26L (0.095 ± 0.003 mg/g), 
wherein the temperature was 26 °C. This suggested that G. 
uralensis roots preferred to accumulate ILQ under the rela-
tively low temperature. The promotion of low temperature 
was strengthened by R. rhizolycopersici GUH21 at the rela-
tively high-watering amounts in 21H (0.958 ± 0.191 mg/g) 
but severely weakened by the same species at the relatively 
low-watering amounts in 21L (0.105 ± 0.013 mg/g). For G. 
uralensis grown at 26 °C, the contents of root-associated 
ILQ in treatments with R. rhizolycopersici GUH21, ranging 

from 0.142 to 0.455 mg/g, were significantly higher than 
those in CK, no matter the watering amount was high (26H) 
or low (26L). These results indicated that R. rhizolycoper-
sici GUH21 had the capability to elicit the in planta ILQ 
accumulation in G. uralensis roots, and the performance 
was enhanced under the relatively low temperature and 
relatively high-level watering. Interestingly, glycyrrhizic 
acid (GL), the major terpenoid in G. uralensis roots, also 
increased in R. rhizolycopersici GUH21 inoculated groups 
compared with that in the CK groups, especially under the 
cultivation condition in the 21H group (Fig. 4h). These 
results suggested that R. rhizolycopersici GUH21 could 
help G. uralensis accumulate not only flavonoids but also 
terpenoids, and the abiotic and biotic factors performed the 
synergistic effects on root-associated secondary metabolite 
accumulation, which was in accordance with the previous 
findings in Table 2 and Fig. 3.
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Fig. 4   Histograms showing the physiological and biochemical char-
acteristics of the G. uralensis plant after a 60-day pot experiment. 
26H, plant grown at 26  °C with 330  mL/pot/we watering amount; 
26L, plant grown at 26  °C with 270  mL/pot/we watering amount; 
21H, plant grown at 21  °C with 330  mL/pot/we watering amount; 
21L, plant grown at 21  °C with 270  mL/we watering amount; CK, 
plant with the addition of ddH2O at the beginning of the experiment; 

GUH21, plant inoculated with Rhizobium rhizolycopersici GUH21 at 
the beginning of the experiment. The sample size of each group in 
a, d, g, and h was n = 3, respectively; The sample size of each group 
in b, e, and f was n = 10, respectively; the sample size of each group 
in c was n = 20. The data set in each group had a normal distribution 
according to the Shapiro–Wilk normality test. *, p < 0.05 in Student’s 
t-test, **, p < 0.01 in Student’s t-test; ***, p < 0.005 in Student’s t-test
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Transcriptome analyses on the 60‑day cultivated G. 
uralensis roots

To investigate the metabolic regulation of R. rhizolycopersici 
GUH21 and abiotic environmental factors on in planta ILQ 
and GL production, the comparative transcriptome analyses 
of high-throughput mRNA sequencing (RNA-seq) data sets 
profiling gene expression in the G. uralensis roots of each 
group were operated. The PCA plot, wherein the RNA-seq 
count data were normalized using the rlog function in the 
DESeq2 package, reflected that the transcriptomes of R. 
rhizolycopersici GUH21-inoculated roots in the 21H group 
(21H-GUH21) were clearly separated from those of other 
roots and so was the RNA-seq data of R. rhizolycopersici 
GUH21-inoculated roots in 21L (21L-GUH21), suggesting 
that R. rhizolycopersici GUH21 inoculation and the cultiva-
tion temperature greatly influenced the gene expression in 
G. uralensis roots (Fig. 5). Meanwhile, because the RNA-
seq data of CK roots in 21H (21H-CK) and 26H (26H-CK) 
were clustered in the beta quadrant of the PCA plot and 
clearly separated from the CK roots in 21L (21L-CK) and 
26L (26L-CK), it was considered that the gene expression in 
G. uralensis roots was also influenced by the water supply.

To identify the detailed influences of temperature, water-
ing, and R. rhizolycopersici GUH21 on gene expression in 
G. uralensis roots, differential expression gene analyses were 
performed using DESeq2. As shown in Fig. 6a, to explain 
why root-associated ILQ accumulated more at the relatively 
low temperature, the transcriptome comparison between CK 
roots cultivated under 21 °C (CK-21) and those under 26 °C 
(CK-26) were performed. Compared with CK-26, CK-21 
had 109 up-regulated DEGs and 216 down-regulated DEGs. 

According to the COG approach, the major DEGs were clas-
sified into the COG category S (function unknown) or were 
unable to be classified into the COG categories. The known 
functional categories containing the highest amount of up-
regulated DEGs were T (signal transduction mechanisms) 
and O (posttranslational modification, protein turnover, 
chaperones), and the one containing the highest amount of 
down-regulated DEGs was K (transcription), which indi-
cated that the low temperature actively induced signal-based 
transcriptional regulation in G. uralensis roots. As shown in 
Fig. 6b, to investigate why low-temperature roots had sig-
nificantly higher contents of ILQ and GL when the plantlets 
were watered by 330 mL/pot/we than those by 270 mL/pot/
we, the transcriptome comparisons of [21H-CK v.s. 21L-
CK] and [21H-GUH21 v.s. 21L-GUH21] were processed, 
followed by the DEG overlap identification. It was found 
that, in comparison with the transcriptomes of 21L-CK 
and 21L-GUH21, 21H-CK and 21H-GUH21 shared 139 
up-regulated DEGs and 227 down-regulated DEGs. With-
out considering the ones categorized in S and “others,” the 
up-regulated DEGs categorized in K and T and the down-
regulated DEGs classified in K and G (carbohydrate trans-
port and metabolism) were dominant, which suggested that 
watering actively elicited the plant transcriptional regulation 
and repressed the carbohydrate metabolism. As shown in 
Fig. 6c, to identify G. uralensis genes significantly influ-
enced by R. rhizolycopersici GUH21 to enhance the G. 
uralensis root-associated ILQ accumulation, the transcrip-
tome comparisons of [21H-GUH21 v.s. 21H-CK], [26H-
GUH21 v.s. 26H-CK], and [26L-GUH21 v.s. 26L-CK], fol-
lowed by the DEG overlap identification were performed. 
It was found that three gene transcripts were significantly 

Fig. 5   The principal compo-
nent analysis (PCA) plot of the 
normalized transcriptome count 
data sets in the 60-day-old G. 
uralensis roots cultivated under 
different abiotic and biotic 
conditions. ##-CK, treatment 
without R. rhizolycopersici 
GUH21 inoculum; ##-GUH21, 
treatment with the addition of R. 
rhizolycopersici GUH21. KMO, 
Kaiser–Meyer–Olkin measure 
of sampling adequacy; Approx. 
χ2 and P, approximate Chi-
square and the significance of 
count data, respectively, through 
the Bartlett’s test of sphericity
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up-regulated in ##-GUH21 groups than those in the respond-
ing CK groups, including Glyur000445s00019997, Gly-
ur002303s00038706, and Glyur000872s00034603. Among 
them, Glyur002303s00038706 encoding a copia-type retro-
transposon and Glyur000872s00034603 encoding proline-
rich cell water protein were identified as the down-regulated 
DEGs in [21L-GUH21 v.s. 21L-CK]. This trend coincided 
with the ILQ content data in Fig. 5g, suggesting that Gly-
ur002303s00038706 and Glyur000872s00034603 might be 
key genes involved in R. rhizolycopersici GUH21-induced 
ILQ accumulation. On the other hand, five genes were found 
to be significantly down-regulated in 21H-GUH21, 26H-
GUH21, and 26L-GUH21 than those in the responding CK 

groups, including Glyur004591s00045196, MSTRG.8617, 
Glyur000020s00001789, Glyur000966s00025849, and Gly-
ur000270s00013309. Among them, Glyur000966s00025849 
expressing aldehyde dehydrogenase (NAD+) and Gly-
ur000270s00013309 encoding the pathogenesis-related pro-
tein 1 (PR1) might be key genes involved in R. rhizolycoper-
sici GUH21-induced ILQ accumulation, because they were 
significantly up-regulated and down-regulated, respectively, 
in 21L-GUH21 than that in 21L-CK. All above DEG analy-
ses indicated that the significant improvement of second-
ary metabolism in 21H-GUH21 was due to a complicated 
metabolic regulation, and thus the regulatory network was 
predicted based on the detailed analysis in Discussion.
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Fig. 6   Identification of differential gene expression in the 60-day-old 
G. uralensis roots cultivated under different abiotic and biotic condi-
tions. a The volcano plot showing the differentially expressed genes 
(DEGs) between the CK roots cultivated under 21  °C (CK-21) and 
26 °C (CK-26), wherein the red dots represented genes whose expres-
sion abundances were significantly higher in CK21 than those in 
CK26 (fold change ≥ 2 and adjusted p-value < 0.05 in DESeq2) and 
whose COG functional categories were listed in the bottom right 
red bar chart, and the blue dots represented genes whose expres-
sion abundances were significantly lower in CK21 than those in 
CK26 (fold change ≤ 0.5 and adjusted p-value < 0.05 in DESeq2) 
and whose COG functional categories were listed in the bottom left 
blue bar chart. b The Venn diagrams showing the expressed genes 
being significantly higher (above) or lower (bottom) in 21H-CK and 
21H-GUH21 than those in 21L-CK and 21L-GUH21, respectively, 
wherein the bold red number in the above diagram represented the 

amount of DEGs being significantly higher in both 21-CK/21L-CK 
and 21H-GUH21/21L-GUH21 and their COG functional categories 
were on the right red bar chart, and the bold blue number in the bot-
tom diagram represented the DEGs being significantly lower in both 
comparison groups, and their COG functional categories were on the 
right blue bar chart. c The Venn diagrams showing expressed genes 
being significantly higher (left) or lower (right) in 21H-GUH21, 26H-
GUH21, and 26L-GUH21 than those in their responding CK groups, 
wherein the bold red number in the left diagram represented the 
amounts of up-regulated genes being shared by the three comparison 
groups and their gene annotation, as well as their relative contents in 
21L-GUH21/21L-CK, were listed in the bottom left table, and the 
bold blue number in the right diagram represented the amounts of 
down-regulated genes being shared by the three comparison groups, 
and their gene annotations and relative contents in the 21L compari-
son group were listed in the bottom right table
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Discussion

In our study, the bioinformatic analysis of the 42 G. 
uralensis root-associated flavonoid profiles and their 
responding edaphic factors and endophytic bacterial 

communities suggested that soil moisture and soil tem-
perature were key abiotic factors to influence the root-
associated ILQ accumulation (Table 2), and the influences 
might be partially performed through some endophytes 
(Fig. 2c and Fig. 3). The integrated effect of temperature, 

hv

CO2

Glc

Glc
EBF1 ANR1

ETH 
synthetic 

genes

PTEA

PGA

Pectin 

Degradation

ETH

ABI5

TAA1 IPM
IAA Biosynthesis

IAA
ARF5

bHLH135

Lateral Root Formation

ARF19

LBD29

NAC

NAC29
MYB61

CESA

Cellulose 

Biosynthesis

bHLH14

MYB85

KAN4

CHS

MYB39MYB4

4CL C4H

Early Flavonoid Backbone Biosynthesis

SFT

CYP86

WRKY9

Suberin 

Biosynthesis

TAT
Tyrosine 

metabolism

ERF2 CNGC CDPKERF9 wrbA
Oxidoreducion

MAN
Mannan 

Degradation

SOD

APX

CAT

R
O

S
 s

ca
v

en
g

in
g

 s
y

st
em

GST
Antioxidation

Transcriptional Regulation

Glc

NNHH33

pectin pectate

PTEA
D-galacturonate

PGA
UDP-glucuronateD-glucuronate-1P

USP

UTP PPi

UDP-glucose

2 NADH 2 NAD+

cellulose

CESA

D-glucose-1P UTP

PPi

Glc

glucose-6P

fructose-6P

1,4-β-mannan D-mannose

MANCell wall 

components

erythrose-4P glyceraldehyde-3P

PEP

pyruvate
chorismate

L-tryptophan

IAA

Indole-3-acetamide

AMI
NH3

Indole-3-pyruvate

TAA1
pyruvate

L-alanineIPM

prephenate

L-tyrosine

TAT

4HPP
L-glutamate

2-KG

L-phenylalanine

cinnamic acid

p-coumaric acid

PAL

C4H

coumaroyl-CoA

ILG

ILQ

4CL

CHS

CHR

UGT

3 malonyl-CoA

NADP+

NADPH

F3’H
butein

reduced 

ferredoxin 

oxidized 

ferredoxin

starch
Pi

PYG

DXP HMBDP DMAPP

reduced 

ferredoxin

oxidized 

ferredoxin

reduced ferredoxin

oxidized ferredoxin

acetyl-CoA

IPP GA

UDP-glucose

UGT GL

oxaloacetate L-aspartate

asparagine

AS
L-glutamine

L-glutamate

ETH

2-oxoisovalerate L-valine
BCAT2

3MOP
BCAT2

L-isoleucine

L-glutamate 2-KG

4MOP

BCAT2
L-leucine

L-glutamate 2-KG

NH3

ATPADP + PPi

long-chain fatty 

acid

CYP86
NADPH

NADP+

ω-hydroxy 

fatty acid

suberin

SFT

menaquinone

menaquinol

wrbAferulic acid
4CL

feruloyl-CoA
CoA

Primary cell wall 

components

UDP-glucose

Metabolic Level

L-glutamate 2-KG

L-glutamate

2-KG

Activation

Suppression

Catalysis

Up-regulated enzyme

Down-regulated enzyme

NotSig enzyme

Glycyrrhiza uralensis 
FFiisscchh..  rroooott  cceellll

SSooiill

Up-regulated TF

Down-regulated TF

NotSig TF

Relatively low temperature

Relatively high watering

R. rhizolycopersici GUH21

2682



Applied Microbiology and Biotechnology (2023) 107:2671–2688

1 3

soil moisture, and one key endophyte R. rhizolycopersici 
GUH21 on G. uralensis root-associated flavonoid accu-
mulation was confirmed in the pot experiment (Fig. 4g). 
Interestingly, the enhancement of GL production was also 
observed in the experimental seedlings (Fig. 4h), being 
in agreement with the study by Yu et al. (2015), which 
reported that GL content was positively correlated with 
flavonoid content in the 2-year-old G. uralensis roots. The 
differential gene expression analysis of the experimental 
and control G. uralensis roots indicated that the signifi-
cant improvement of secondary metabolism was due to a 
complicated transcriptional regulation. Considering that 
transcription factors (TFs) played the key roles during the 
plant transcriptional regulation, the TF-encoding DEGs 
being associated with secondary metabolism were paid 
much attention to. Their relationships with the upstream 
environmental elicitors (i.e., bacterial inoculum, tempera-
ture, and watering) and the downstream enzyme-encoding 
genes were drawn in Fig. 7 according to previous reports 
and our inference as described in the following para-
graphs. Generally, it was inferred that both the relatively 
high watering and the relatively low temperature should 
respond for the enhanced secondary metabolite backbone 
production through their hierarchical transcription acti-
vation of the flavonoid biosynthetic genes and the redox 
regulation genes, while both R. rhizolycopersici GUH21 
and the relatively high-level watering might respond for 
the recharge of UDP-glucose, which could be added on the 
secondary metabolite backbones to synthesize in planta 
bioactive glycosides, through their indirect inhibition of 
the secondary cell wall polysaccharide production and 
the lateral root formation in G. uralensis root cells. The 
detailed ratiocination to support the inference is described 
as follows.

Improvement of the aglycone biosynthesis in G. 
uralensis roots via the relatively low temperature

In our study, among the relatively low-temperature-induced 
DEGs between 21-CK and 26-CK (Fig. 6a), there was one 
TF-encoding DEG being associated with flavonoid biosyn-
thesis Glyur000281s00018236, which encoded a GAPR 
family transcriptional suppressor KANADI4 (KAN4) of 
early and late flavonoid biosynthetic genes such as chalcone 
synthase (CHS) (Gao et al. 2010). As shown in Fig. 7, it 
was down-regulated in 21-CK, suggesting that the tran-
scriptional suppression of KAN4 on CHS was weakened 
under the relatively low temperature. For the up-regulated 
DEGs induced by the low temperature, even though there 
was no secondary metabolism-associated TF-encoding 
DEGs, several genes involved in the redox regulation were 
identified, including MSTRG.335, which encoded cyclic 
nucleotide gated channel (CNGC) with the function of the 
pattern-triggered and effector-triggered immunity media-
tion in plants (Zhao et al. 2021), Glyur000254s00017611, 
which encoded calcium-dependent protein kinase (CDPK) 
with the function of increasing plant cold tolerance and root 
lengths by activating the reactive oxygen species (ROS)-
scavenging and stress-related genes (Dong et al. 2020), and 
Glyur000014s00002589, which encoded ethylene-respon-
sive transcription factor 9 (ERF9) with the function to acti-
vate the transcription of glutathione S-transferase (GST)-
encoding genes to detoxicate the oxidative stress (Zhang 
et al. 2022). Meanwhile, NAD(P)H dehydrogenase wrbA-
encoding gene Glyur002081s00034191, which catalyzed the 
oxidation of menaquinone via NAD(P)H, was significantly 
down-regulated in CK-21 (Fig. 7). Considering reduced fla-
vodoxins could work as the electron carriers by cytochrome 
P450s for the production of bioactive natural products 
(Mellor et al. 2019), the up-regulation of redox-regulating 
TF-encoding genes and the down-regulation of wrbA were 
reasonably associated with ILQ and GL accumulation in G. 
uralensis roots under the relatively low temperature in our 
study.

Inducement of the glucosyl unit accumulation 
and flavonoid backbone production in G. uralensis 
root cells via the relatively high‑level watering

For the high-level watering-associated DEGs (Fig. 6b), there 
were 13 down-regulated and 4 up-regulated TF-encoding 
DEGs in both 21H-CK and 21H-GUH21, indicating that 
the activity of transcription regulation in the seedlings 
might decrease when they were faced with the relatively 
high-level watering. Interestingly, among the 13 down-
regulated TF-encoding DEGs, nine genes were associated 
with drought and salinity stress responses via regulating the 
primary and/or secondary cell wall constituent biosynthesis: 

Fig. 7   The diagrams showing the integrated effects of the relatively 
low temperature, the relatively high-level watering, and R. rhizoly-
copersici GUH21 on ILQ and GL-related transcriptional regulation 
(upper) and metabolism (lower) in the 60-day-old G. uralensis roots. 
IAA, indole-3-acetate; ETH, ethylene; DXP, 1-deoxy-d-xylulose 
5-phosphate; HMBDP, 1-hydroxy-2-methyl-2-(E)-butenyl-4-di-
phosphate; GA, glycyrrhetinic acid; IPP, isopentenyl diphosphate; 
DMAPP, dimethylallyl diphosphate; 3MOP, (S)-3-Methyl-2-oxopen-
tanoic acid; 4MOP, 4-methyl-2-oxopentanoic acid; 2-KG, 2-ketoglu-
tarate; 4HPP, 4-hydroxyphenylpyruvate; PAL, phenylalanine ammo-
nia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate CoA 
ligase; CHR, chalcone reductase; CHS, chalcone synthase; UGT, 
UDP-glucosyltransferase; BCAT2, branched-chain amino acid 
aminotransferase 2; AS, asparagine synthetase; PTEA, pectinest-
erase; PGA, polygalacturonase; MAN, mannan endo-1,4-beta-
mannosidase; USP, UDP-sugar pyrophosphorylase; SFT, suberin 
feruloyl transferase; AMI, amidase; TAA1, L-tryptophan, pyruvate 
aminotransferase; IPM, indole-2-pyruvate monooxygenase; TAT, 
tyrosine aminotransferase; PYG, Alpha-1,4 glucan phosphorylase; 
GUS, β-glucuronidase; CESA, cellulose synthase; F3′H, flavonoid 
3′-monooxygenase; wrbA, NADPH dehydrogenase

◂
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Glyur000821s00020788 encoded WRKY9, the salt-induced 
transcriptional suppressor of suberin monomer biosynthetic 
genes to reduce the suberin lamellae in the inner face of 
the primary cell walls (Krishnamurthy et al. 2021); Gly-
ur000764s00026022 encoded WRKY47, the transcriptional 
activator of genes expressing extensin-like protein and 
wall-bound xyloglucan hydrolase, whose overexpression 
could increase the plant mineral tolerance (Li et al.); Gly-
ur006491s00044883 and Glyur000933s00028081 encoded 
the drought-, salt-, and/or phytohormone-inducible ERFs, 
being involved in the secondary cell wall biosynthesis and 
metabolic regulation (Zhai et al. 2013; Dharanishanthi and 
Ghosh Dasgupta 2018); Glyur006571s00047023, Gly-
ur000020s00001828, and Glyur000844s00023273 encoded 
NAC-domain containing proteins, which were reported to 
be the top-layer TFs for secondary wall formation (Zhong 
and Ye 2014); Glyur000022s00002063 encoded NAC29-
like, the phytohormone-induced transcriptional activator of 
MYB61 and then the secondary cell wall cellulose synthase 
gene (Huang et al. 2015); Glyur001506s00037429 encoded 
MYB85, the transcriptional activator of the lignin biosyn-
thetic genes during secondary cell wall formation and the TF 
gene MYB4 which could specifically inhibit flavonoid bio-
synthesis (Geng et al. 2020). Meanwhile, as shown in Fig. 7, 
several genes involved in pectin and starch degradation, such 
as Glyur000490s00023911 encoding polygalacturonase 
(PGA) and Glyur004265s00037613 encoding α-1,4 glucan 
phosphorylase (PYG), were found to be significantly up-reg-
ulated in both 21H-CK and 21H-GUH21. Ding et al. (2019) 
found that the promoters of cell wall degradation genes in 
papaya, such as pectinesterase (PTEA)-encoding genes and 
PGA-encoding genes, were transcriptional activated by the 
interaction of CpEBF1 and CpMADS1/3. Coincidentally, 
in our study, the transcription of MADS-box transcription 
factor (ANR1)-encoding gene Glyur000270s00013267 
and the ethylene-intensitive3 transcriptional factor (EIN3) 
binding F-box protein 1 (EBF1)-encoding gene Gly-
ur000445s00019997 were up-regulated by high water-
ing and R. rhizolycopersici GUH21, respectively (Fig. 7). 
Meanwhile, it was inferred that cellulose biosynthesis was 
suppressed in 21H-CK and 21H-GUH21 groups, since their 
top-layer transcriptional repressor IAA (Lee et al. 2019) 
was highly produced according to the following four facts: 
(1) the IAA synthetic gene Glyur000692s00016543 which 
encoded amidase (AMI) in tryptophan pathway was signifi-
cantly up-regulated in both 21H-CK and 21H-GUH21; (2) 
Glyur000270s00013267 encoding ANR1, which could posi-
tively influence the transcription of IAA biosynthetic and 
transport genes in lateral roots (Sun et al. 2018), was signifi-
cantly up-regulated in both 21H-CK and 21H- GUH21; (3) 
Glyur002876s00038790 encoding tyrosine aminotransferase 
(TAT) in the tyrosine metabolism, which competed with 
IAA and flavonoid biosynthesis for chorismite precursor, 

was down-regulated in both 21H-CK and 21H-GUH21; 
and (4) Glyur000605s00024921 encoding branched-chain 
aminotransferase 2 (BCAT2) in valine, leucine, and iso-
leucine biosynthesis and Glyur001058s00023536 encoding 
asparagine synthetase (AS) in alanine, aspartate, and gluta-
mate metabolism, which competed with the phenylalanine, 
tyrosine, and tryptophan biosynthesis for amino groups, 
were down-regulated in both 21H-CK and 21H-GUH21 
(Fig. 7). Also, the UDP-sugar pyrophosphorylase (USP) 
(Glyur001171s00030969), which could convert D-glucose-
1-phosphate to UDP-glucose precursor of ILQ and GL, was 
significantly up-regulated in both 21H-CK and 21H-GUH21. 
All above results reflected that, with the integrated effect 
of R. rhizolycopersici GUH21, G. uralensis roots tended to 
perform the plant secondary metabolite glycosidation rather 
than the cell wall structural polysaccharide production when 
the plant was not under the water deficit condition.

On the other hand, as shown in Fig. 7, several genes 
involved in the flavonoid backbone production, such as Gly-
ur001446s00035041 encoding cinnamate 4-hydroxylase 
(C4H) and Glyur000681s00027307 encoding 4-coumarate-
CoA ligase (4CL), were up-regulated in both 21H-CK and 
21H-GUH21. The up-regulation of these enzymatic DEGs 
was probably due to the enhanced expression of two TFs, 
including bHLH14 (Glyur000099s00014930) and MYB39-
like (Glyur000423s00024443), which were transcriptional 
activators of flavonoid biosynthetic genes, such as C4H and 
CHS (Zhang et al. 2015; Li et al. 2021). Meanwhile, ERF2 
(Glyur000067s00006346), a potential transcription activa-
tor of ROS scavenging genes (Yang et al. 2021), was sig-
nificantly up-regulated in both 21H-CK and 21H-GUH21, 
suggesting that the high watering amount had the function 
to regulate the redox balance in G. uralensis roots. However, 
the elicitors or upstream TFs of these up-regulated TFs are 
not clarified yet.

Promotion of the glucosyl unit accumulation in G. 
uralensis roots through the IAA signal transduction 
processes via R. rhizolycopersici GUH21

For the central DEGs identified to be associated with R. 
rhizolycopersici GUH21 (Fig. 6c), the ones involved in 
stress responses, including Glyur000270s00013309, which 
might be transactivated by stress-relating TFs to encode 
the pathogen defense signaling peptide PR1 (Almeida-
Silva and Venancio 2022), and Glyur000966s00025849, 
which encoded an important “toxic aldehyde scavenger” 
in stress response (Carmona-Molero et al. 2021), were sig-
nificantly down-regulated in ##-GUH21 groups, suggesting 
that R. rhizolycopersici GUH21 was not a pathogen for G. 
uralensis. Meanwhile, similar like the abiotic factor of high-
level watering, R. rhizolycopersici GUH21 was inferred to 
promote the ethylene and IAA production in G. uralensis 
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roots. This inference was based on the following three facts: 
(1) Glyur000445s00019997 encoding EBF1, which was 
reported to physically interacted with abscisic acid-insen-
sitive 5 (ABI5) to promote ethylene production in tomato 
and Fenjiao banana (Song et al. 2022), was significantly up-
regulated in ##-GUH21 groups; (2) ethylene signal could 
promote IAA production via the EIN3-based transcriptional 
activation of auxin biosynthetic genes (He et al. 2011); and 
(3) Glyur000020s00001789 encoding bHLH135, a key 
regulator of lateral root initiation with whose transcription 
being suppressed by IAA-inducible auxin response factor 5 
(ARF5) (Schlereth et al. 2010; Castelain et al. 2012), was 
down-regulated in ##-GUH21 groups (Fig. 7). Therefore, it 
is indicated that R. rhizolycopersici GUH21 might cooperate 
with the high-level watering to facilitate the glucosyl unit 
accumulation in G. uralensis roots through the IAA signal 
transduction processes.

Besides, the transactivation of different retrotransposons, 
which were genetic sequences in eukaryotes with the trans-
position capability through the DNA transcription followed 
by RNA reverse transcription in a new genome site, in G. 
uralensis roots was found to be modulated by R. rhizolyco-
persici GUH21, wherein the long-terminal repeated (LTR) 
copia-type retrotransposon (Glyur002303s00038706) was 
up-regulated and the long interspersed nuclear element 1 
(LINE1) retrotransposon (MSTRG.8617) was down-regu-
lated. This indicates that R. rhizolycopersici GUH21 should 
have the potential to facilitate the environmental adaption of 
G. uralensis by inducing the genetic variation manner modu-
lation in cells. Accordingly, LTR retrotransposons appear to 
be the major transposable element in plants, while LINE1 is 
the main retroposition player in mammals (Zhu et al. 2016).

The bi‑directional influences between plants 
and endophytes

Similar with our finding, Stringlis et al. (2018) found that 
a plant growth-promoting rhizobacterium (PGPR) Pseu-
domonas simiae WCS417 could promote the production 
of scopolin, a plant-derived coumarin, and the excretion of 
scopoletin, the aglycone form of scopolin, in roots of the 
model plant Arabidopsis thaliana by triggering the expres-
sion of root-specific TF MYB72 and the MYB72-regulated 
β-glucosidase BGLU42. In turn, the scopoletin exudation 
was found to inhibit the growth of soil-borne fungal patho-
gens and preserved P. simiae WCS417 in the rhizosphere of 
A. thaliana. These results indicated that P. simiae WCS417 
and the secondary metabolism of A. thaliana had virtuous 
interactions between each other. Analogously, the influences 
between R. rhizolycopersici GUH21 and the G. uralensis 
secondary metabolism were expected to be bi-directional. 
Accordingly, some flavonoids secreted from legume roots, 
such as 7,4′-dihydroxyflavone (Redmond et  al. 1986), 

2′-O-methylisoliquiritigenin (Masuo Ichimura 1997), nar-
ingenin (Novak 2002), and genistein (Li et al. 2016), could 
recruit soil-borne rhizobia into the plant nodules for the 
nitrogen fixation under the nitrogen-deficient conditions 
(Dénarié and Cullimore 1993; Roy et al. 2020). Therefore, 
it is expected that G. uralensis might use its special root 
flavonoid exudates to recruit the R. rhizolycopersici GUH21 
inoculum for the root nodulation and then nitrogen fixation 
to supply more ammonium (NH4

+) for plant growth and 
secondary metabolism. This hypothesis would be investi-
gated in our further study. Our finding enriches the beneficial 
plant–microbe interaction types and would be significant for 
the planting of high-quality medicinal plants in the future.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00253-​023-​12441-3.

Author contribution  CL and BH did the conceptualization and experi-
mental design. ZL and XL (Lv) collected plant root samples from the 
northwest China. ZL performed most parts of the sample original data 
acquisition and bioinformatics analyses with the association of NL. 
YM and XL (Li) did the visualization of the omics data. ZL and YM 
wrote the draft of the manuscript. JX, CL, and BH reviewed and edited 
the manuscript. CL and BH supervised the core team. BH acquired 
the financial support for the project. All authors read and approved the 
final manuscript.

Funding  The study was supported by the National Key Research and 
Development Program of China (2020YFA0908300), the National 
Natural Science Foundation of China (No. 22178024), and the Open 
Funding Project of the State Key Laboratory of Biochemical Engineer-
ing (No. 2020KF-05).

Data availability  The raw 16S rDNA amplicon data of the root-associ-
ated endophytic bacterial communities collected from different places 
were deposited into the National Microbiology Data Center (NMDC) 
with the accession number of NMDC10017952 (https://​nmdc.​cn/​resou​
rce/​genom​ics/​proje​ct/​detail/​NMDC1​00179​52). The RNA-seq raw data 
of the cultivated G. uralensis Fisch. roots were deposited into NMDC 
with the accession number of NMDC10017992 (https://​nmdc.​cn/​resou​
rce/​genom​ics/​proje​ct/​detail/​NMDC1​00179​92). 

Declarations 

Ethics approval  This article does not contain any studies with human 
participants or animals performed by any of the authors.

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

2685

https://doi.org/10.1007/s00253-023-12441-3
https://nmdc.cn/resource/genomics/project/detail/NMDC10017952
https://nmdc.cn/resource/genomics/project/detail/NMDC10017952
https://nmdc.cn/resource/genomics/project/detail/NMDC10017992
https://nmdc.cn/resource/genomics/project/detail/NMDC10017992
http://creativecommons.org/licenses/by/4.0/


Applied Microbiology and Biotechnology (2023) 107:2671–2688

1 3

References

Ahmed B, Hijri M (2021) Potential impacts of soil microbiota manipu-
lation on secondary metabolites production in cannabis. J Can-
nabis Res 3. https://​doi.​org/​10.​1186/​s42238-​021-​00082-0

Almeida-Silva F, Venancio TM (2022) Pathogenesis-related protein 1 
(PR-1) genes in soybean: genome-wide identification, structural 
analysis and expression profiling under multiple biotic and abiotic 
stresses. Gene 809:146013. https://​doi.​org/​10.​1016/j.​gene.​2021.​
146013

Bai C, Yang J, Cao B, Xue Y, Gao P, Liang H, Li G (2020) Growth 
years and post-harvest processing methods have critical roles on 
the contents of medicinal active ingredients of Scutellariabai-
calensis. Ind Crops Prod 158:112985. https://​doi.​org/​10.​1016/j.​
indcr​op.​2020.​112985

Canter PH, Thomas H, Ernst E (2005) Bringing medicinal plants 
into cultivation: opportunities and challenges for biotechnology. 
Trends Biotechnol 23:180–185. https://​doi.​org/​10.​1016/j.​tibte​ch.​
2005.​02.​002

Carmona-Molero R, Jimenez-Lopez JC, Caballo C, Gil J, Millan T, 
Die JV (2021) Aldehyde dehydrogenase 3 is an expanded gene 
family with potential adaptive roles in chickpea. Plants (basel) 
10(11):2429. https://​doi.​org/​10.​3390/​plant​s1011​2429

Castelain M, Le Hir R, Bellini C (2012) The non-DNA-binding bHLH 
transcription factor PRE3/bHLH135/ATBS1/TMO7 is involved in 
the regulation of light signaling pathway in Arabidopsis. Physiol 
Plant 145:450–460. https://​doi.​org/​10.​1111/j.​1399-​3054.​2012.​
01600.x

Chen M, Yang G, Sheng Y, Li P, Qiu H, Zhou X, Huang L, Chao 
Z (2017) Glomus mosseae inoculation improves the root system 
architecture, photosynthetic efficiency and flavonoids accumu-
lation of liquorice under nutrient stress. Front Plant Sci 8:931. 
https://​doi.​org/​10.​3389/​fpls.​2017.​00931

Chen S, Zhou Y, Chen Y, Gu J (2018) fastp: an ultra-fast all-in-one 
FASTQ preprocessor. Bioinformatics 34:i884–i890. https://​doi.​
org/​10.​1093/​bioin​forma​tics/​bty560

Chen Y, Hu B, Xing J, Li C (2021) Endophytes: the novel sources 
for plant terpenoid biosynthesis. Appl Microbiol Biotechnol 
105:4501–4513. https://​doi.​org/​10.​1007/​s00253-​021-​11350-7

Cheng YT, Zhang L, He SY (2019) Plant-microbe interactions facing 
environmental challenge. Cell Host Microbe 26:183–192. https://​
doi.​org/​10.​1016/j.​chom.​2019.​07.​009

Dang H, Zhang T, Li G, Mu Y, Lv X, Wang Z, Zhuang L (2020) 
Root-associated endophytic bacterial community composition and 
structure of three medicinal licorices and their changes with the 
growing year. BMC Microbiol 20(1):291. https://​doi.​org/​10.​1186/​
s12866-​020-​01977-3

Dénarié J, Cullimore J (1993) Lipo-oligosaccharide nodulation fac-
tors: a new class of signaling molecules mediating recognition 
and morphogenesis. Cell 74:951–954. https://​doi.​org/​10.​1016/​
0092-​8674(93)​90717-5

Dharanishanthi V, Ghosh Dasgupta M (2018) Co-expression network 
of transcription factors reveal ethylene-responsive element-bind-
ing factor as key regulator of wood phenotype in Eucalyptus ter-
eticornis. 3 Biotech 8. https://​doi.​org/​10.​1007/​s13205-​018-​1344-6

Ding X, Zhu X, Ye L, Xiao S, Wu Z, Chen W, Li X (2019) The interac-
tion of CpEBF1 with CpMADSs is involved in cell wall degrada-
tion during papaya fruit ripening. Hortic Res 6:13. https://​doi.​org/​
10.​1038/​s41438-​018-​0095-1

Dong H, Wu C, Luo C, Wei M, Qu S, Wang S (2020) Overexpression 
of MdCPK1a gene, a calcium dependent protein kinase in apple, 
increase tobacco cold tolerance via scavenging ROS accumula-
tion. PLoS One 15:e242139. https://​doi.​org/​10.​1371/​journ​al.​pone.​
02421​39

Egamberdieva D, Ma H, Alaylar B, Zoghi Z, Kistaubayeva A, Wirth 
S, Bellingrath-Kimura SD (2021) Biochar amendments improve 
licorice (Glycyrrhiza uralensis Fisch.) growth and nutrient uptake 
under salt stress. Plants 10:2135. https://​doi.​org/​10.​3390/​plant​
s1010​2135

European FSA (2015) Conclusion on the peer review of the pesticide 
risk assessment of the active substance flupyradifurone. EFSA J 
13:4020. https://​doi.​org/​10.​2903/j.​efsa.​2015.​4020

Gao P, Li X, Cui D, Wu L, Parkin I, Gruber MY (2010) A new domi-
nant Arabidopsis transparent testa mutant, sk21-D, and modula-
tion of seed flavonoid biosynthesis by KAN4. Plant Biotechnol 
J 8:979–993. https://​doi.​org/​10.​1111/j.​1467-​7652.​2010.​00525.x

Geng P, Zhang S, Liu J, Zhao C, Wu J, Cao Y, Fu C, Han X, He H, 
Zhao Q (2020) MYB20, MYB42, MYB43, and MYB85 regu-
late phenylalanine and lignin biosynthesis during secondary cell 
wall formation. Plant Physiol 182:1272–1283. https://​doi.​org/​
10.​1104/​pp.​19.​01070

He W, Brumos J, Li H, Ji Y, Ke M, Gong X, Zeng Q, Li W, Zhang 
X, An F, Wen X, Li P, Chu J, Sun X, Yan C, Yan N, Xie D, 
Raikhel N, Yang Z, Stepanova AN, Alonso JM, Guo H (2011) 
A small-molecule screen identifies L-kynurenine as a com-
petitive inhibitor of TAA1/TAR activity in ethylene-directed 
auxin biosynthesis and root growth in Arabidopsis. Plant Cell 
23(11):3944–3960. https://​doi.​org/​10.​1105/​tpc.​111.​089029

Huang D, Wang S, Zhang B, Shang-Guan K, Shi Y, Zhang D, Liu 
X, Wu K, Xu Z, Fu X, Zhou Y (2015) A gibberellin-mediated 
DELLA-NAC signaling cascade regulates cellulose synthesis 
in rice. Plant Cell 27(6):1681–1696. https://​doi.​org/​10.​1105/​
tpc.​15.​00015

Jiang M, Zhao S, Yang S, Lin X, He X, Wei X, Song Q, Li R, Fu 
C, Zhang J, Zhang Z (2020) An “essential herbal medicine”—
licorice: a review of phytochemicals and its effects in combina-
tion preparations. J Ethnopharmacol 249:112439. https://​doi.​
org/​10.​1016/j.​jep.​2019.​112439

Kim D, Paggi JM, Park C, Bennett C, Salzberg SL (2019) Graph-
based genome alignment and genotyping with HISAT2 and 
HISAT-genotype. Nat Biotechnol 37:907–915. https://​doi.​org/​
10.​1038/​s41587-​019-​0201-4

Korenblum E, Aharoni A (2019) Phytobiome metabolism: benefi-
cial soil microbes steer crop plants’ secondary metabolism. Pest 
Manag Sci. https://​doi.​org/​10.​1002/​ps.​5440

Krishnamurthy P, Vishal B, Bhal A, Kumar PP (2021) WRKY9 tran-
scription factor regulates cytochrome P450 genes CYP94B3 and 
CYP86B1, leading to increased root suberin and salt tolerance 
in Arabidopsis. Physiol Plant 172:1673–1687. https://​doi.​org/​
10.​1111/​ppl.​13371

Lee K, Du Q, Zhuo C, Qi L, Wang H (2019) LBD29-Involved auxin 
signaling represses NAC master regulators and fiber wall bio-
synthesis. Plant Physiol 181:595–608. https://​doi.​org/​10.​1104/​
pp.​19.​0014

Li X, Chen Y, Lai Y, Yang Q, Hu H, Wang Y (2015) Sustainable 
utilization of traditional Chinese medicine resources: systematic 
evaluation on different production modes. Evid Based Comple-
ment Alternat Med 2015:1–10. https://​doi.​org/​10.​1155/​2015/​
218901

Li B, Li Y, Wu H, Zhang F, Li C, Li X, Lambers H, Li L (2016) Root 
exudates drive interspecific facilitation by enhancing nodulation 
and N2 fixation. Proc Natl Acad Sci U S A 113(23):6496–6501. 
https://​doi.​org/​10.​1073/​pnas.​15235​80113

Li C, Jing Y, Jiang Y, Li S, Chen X, Gui X, Zhong J, Zheng A 
(2020a) A WRKY transcription factor confers aluminum tol-
erance via regulation of cell wall modifying genes. J Integr 
Plant Biol 62(8):1176–1192. https://​doi.​org/​10.​1111/​jipb.​
12888

Li Y, Kong D, Fu Y, Sussman MR, Wu H (2020b) The effect of devel-
opmental and environmental factors on secondary metabolites 

2686

https://doi.org/10.1186/s42238-021-00082-0
https://doi.org/10.1016/j.gene.2021.146013
https://doi.org/10.1016/j.gene.2021.146013
https://doi.org/10.1016/j.indcrop.2020.112985
https://doi.org/10.1016/j.indcrop.2020.112985
https://doi.org/10.1016/j.tibtech.2005.02.002
https://doi.org/10.1016/j.tibtech.2005.02.002
https://doi.org/10.3390/plants10112429
https://doi.org/10.1111/j.1399-3054.2012.01600.x
https://doi.org/10.1111/j.1399-3054.2012.01600.x
https://doi.org/10.3389/fpls.2017.00931
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1007/s00253-021-11350-7
https://doi.org/10.1016/j.chom.2019.07.009
https://doi.org/10.1016/j.chom.2019.07.009
https://doi.org/10.1186/s12866-020-01977-3
https://doi.org/10.1186/s12866-020-01977-3
https://doi.org/10.1016/0092-8674(93)90717-5
https://doi.org/10.1016/0092-8674(93)90717-5
https://doi.org/10.1007/s13205-018-1344-6
https://doi.org/10.1038/s41438-018-0095-1
https://doi.org/10.1038/s41438-018-0095-1
https://doi.org/10.1371/journal.pone.0242139
https://doi.org/10.1371/journal.pone.0242139
https://doi.org/10.3390/plants10102135
https://doi.org/10.3390/plants10102135
https://doi.org/10.2903/j.efsa.2015.4020
https://doi.org/10.1111/j.1467-7652.2010.00525.x
https://doi.org/10.1104/pp.19.01070
https://doi.org/10.1104/pp.19.01070
https://doi.org/10.1105/tpc.111.089029
https://doi.org/10.1105/tpc.15.00015
https://doi.org/10.1105/tpc.15.00015
https://doi.org/10.1016/j.jep.2019.112439
https://doi.org/10.1016/j.jep.2019.112439
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1002/ps.5440
https://doi.org/10.1111/ppl.13371
https://doi.org/10.1111/ppl.13371
https://doi.org/10.1104/pp.19.0014
https://doi.org/10.1104/pp.19.0014
https://doi.org/10.1155/2015/218901
https://doi.org/10.1155/2015/218901
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.1111/jipb.12888
https://doi.org/10.1111/jipb.12888


Applied Microbiology and Biotechnology (2023) 107:2671–2688

1 3

in medicinal plants. Plant Physiol Biochem 148:80–89. https://​
doi.​org/​10.​1016/j.​plaphy.​2020.​01.​006

Li X, Fan J, Luo S, Yin L, Liao H, Cui X, He J, Zeng Y, Qu J, Bu Z 
(2021) Comparative transcriptome analysis identified impor-
tant genes and regulatory pathways for flower color variation 
in Paphiopedilumhirsutissimum. BMC Plant Biol 21(1):495. 
https://​doi.​org/​10.​1186/​s12870-​021-​03256-3

Liu Y, Wang H, Peng Z, Li D, Chen W, Jiao S, Wei G (2021) Regu-
lation of root secondary metabolites by partial root-associated 
microbiotas under the shaping of licorice ecotypic differen-
tiation in northwest China. J Integr Plant Biol 63:2093–2109. 
https://​doi.​org/​10.​1111/​jipb.​13179

Love M I, Huber W, Anders S (2014) Moderated estimation of fold 
change and dispersion for RNA-seq data with DESeq2. Genome 
Biol 15. https://​doi.​org/​10.​1186/​s13059-​014-​0550-8

Magoc T, Salzberg SL (2011) FLASH: fast length adjustment of short 
reads to improve genome assemblies. Bioinformatics 27:2957–
2963. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btr507

Mariotte P, Mehrabi Z, Bezemer TM, De Deyn GB, Kulmatiski A, 
Drigo B, Veen GFC, van der Heijden MGA, Kardol P (2018) 
Plant–soil feedback: bridging natural and agricultural sciences. 
Trends Ecol Evol 33:129–142. https://​doi.​org/​10.​1016/j.​tree.​2017.​
11.​005

MasuoIchimura TFTT (1997) Enzymatic O-methylation of isoliquir-
itigenin and licodione in alfalfa and licorice cultures. Phytochem-
istry 6:991–995. https://​doi.​org/​10.​1016/​s0031-​9422(96)​00670-x

Mellor SB, Vinde MH, Nielsen AZ, Hanke GT, Abdiaziz K, Roessler 
MM, Burow M, Motawia MS, Møller BL, Jensen PE (2019) 
Defining optimal electron transfer partners for light-driven 
cytochrome P450 reactions. Metab Eng 55:33–43. https://​doi.​
org/​10.​1016/j.​ymben.​2019.​05.​003

Miransari M, Mahdavi S, Smith D (2021) The biological approaches of 
altering the growth and biochemical properties of medicinal plants 
under salinity stress. Appl Microbiol Biotechnol 105:7201–7213. 
https://​doi.​org/​10.​1007/​s00253-​021-​11552-z

Mukherjee A, Bhowmick S, Yadav S, Rashid M M, Chouhan G K, 
Vaishya J K, Verma J P (2021) Re-vitalizing of endophytic 
microbes for soil health management and plant protection. 3 Bio-
tech 11. https://​doi.​org/​10.​1007/​s13205-​021-​02931-4

Murthy HN, Dandin VS, Park S, Paek K (2018) Quality, safety and 
efficacy profiling of ginseng adventitious roots produced in vitro. 
Appl Microbiol Biotechnol 102:7309–7317. https://​doi.​org/​10.​
1007/​s00253-​018-​9188-x

Novak K (2002) Effect of exogenous flavonoids on nodulation of pea 
(Pisumsativum L.). J Exp Bot 53:1735–1745. https://​doi.​org/​10.​
1093/​jxb/​erf016

Pandey SS, Singh S, Pandey H, Srivastava M, Ray T, Soni S, Pandey 
A, Shanker K, Babu CSV, Banerjee S, Gupta MM, Kalra A (2018) 
Endophytes of Withaniasomnifera modulate in planta content and 
the site of withanolide biosynthesis. Sci Rep 8(1):5450. https://​
doi.​org/​10.​1038/​s41598-​018-​23716-5

Pertea M, Pertea GM, Antonescu CM, Chang T, Mendell JT, Salz-
berg SL (2015) StringTie enables improved reconstruction of a 
transcriptome from RNA-seq reads. Nat Biotechnol 33:290–295. 
https://​doi.​org/​10.​1038/​nbt.​3122

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies 
J, Glöckner FO (2012) The SILVA ribosomal RNA gene database 
project: improved data processing and web-based tools. Nucleic 
Acids Res 41:D590–D596. https://​doi.​org/​10.​1093/​nar/​gks12​19

Redmond JW, Batley M, Djordjevic MA, Innes RW, Kuempel PL, 
Rolfe BG (1986) Flavones induce expression of nodulation genes 
in Rhizobium. Nature 323:632–635. https://​doi.​org/​10.​1038/​
32363​2a0

Riaz M, Rahman NU, Zia-Ul-Haq M, Jaffar HZE, Manea R (2019) 
Ginseng: a dietary supplement as immune-modulator in various 

diseases. Trends Food Sci Technol 83:12–30. https://​doi.​org/​10.​
1016/j.​tifs.​2018.​11.​008

Roy S, Liu W, Nandety RS, Crook A, Mysore KS, Pislariu CI, Fru-
goli J, Dickstein R, Udvardi MK (2020) Celebrating 20 years of 
genetic discoveries in legume nodulation and symbiotic nitrogen 
fixation. Plant Cell 32:15–41. https://​doi.​org/​10.​1105/​tpc.​19.​
00279

Sasse J, Martinoia E, Northen T (2018) Feed your friends: do plant 
exudates shape the root microbiome? Trends Plant Sci 23:25–41. 
https://​doi.​org/​10.​1016/j.​tplan​ts.​2017.​09.​003

Schlereth A, Möller B, Liu W, Kientz M, Flipse J, Rademacher EH, 
Schmid M, Jürgens G, Weijers D (2010) MONOPTEROS controls 
embryonic root initiation by regulating a mobile transcription fac-
tor. Nature 464:913–916. https://​doi.​org/​10.​1038/​natur​e08836

Shi J, Yuan X, Lin H, Yang Y, Li Z (2011) Differences in soil proper-
ties and bacterial communities between the rhizosphere and bulk 
Soil and among different production areas of the medicinal plant 
Fritillariathunbergii. Int J Mol Sci 12:3770–3785. https://​doi.​org/​
10.​3390/​ijms1​20637​70

Song Z, Lai X, Yao Y, Qin J, Ding X, Zheng Q, Pang X, Chen W, Li X, 
Zhu X (2022) F-box protein EBF1 and transcription factor ABI5-
like regulate banana fruit chilling-induced ripening disorder. Plant 
Physiol 188:1312–1334. https://​doi.​org/​10.​1093/​plphys/​kiab5​32

Stringlis IA, Yu K, Feussner K, de Jonge R, Van Bentum S, Van Verk 
MC, Berendsen RL, Bakker PAHM, Feussner I, Pieterse CMJ 
(2018) MYB72-dependent coumarin exudation shapes root 
microbiome assembly to promote plant health. Proc Natl Acad 
Sci 115:E5213–E5222. https://​doi.​org/​10.​1073/​pnas.​17223​35115

Sun C, Yu J, Wen L, Guo Y, Sun X, Hao Y, Hu D, Zheng C (2018) 
Chrysanthemum MADS-box transcription factor CmANR1 modu-
lates lateral root development via homo-/heterodimerization to 
influence auxin accumulation in Arabidopsis. Plant Sci 266:27–
36. https://​doi.​org/​10.​1016/j.​plant​sci.​2017.​09.​017

Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naïve Bayesian clas-
sifier for rapid assignment of rRNA sequences into the new bacte-
rial taxonomy. Appl Environ Microbiol 73:5261–5267. https://​doi.​
org/​10.​1128/​AEM.​00062-​07

Wang C, Cai H, Zhao H, Yan Y, Shi J, Chen S, Tan M, Chen J, Zou 
L, Chen C, Liu Z, Xu C, Liu X (2018) Distribution patterns for 
metabolites in medicinal parts of wild and cultivated licorice. J 
Pharm Biomed Anal 161:464–473. https://​doi.​org/​10.​1016/j.​jpba.​
2018.​09.​004

Wang W, Xu J, Fang H, Li Z, Li M (2020) Advances and challenges in 
medicinal plant breeding. Plant Sci 298:110573. https://​doi.​org/​
10.​1016/j.​plant​sci.​2020.​110573

Wang X, Liu X, Ko Y, Jin X, Sun J, Zhao Z, Yuan Q, Chiang Y, Huang 
L (2020b) Genetic diversity and phylogeography of the important 
medical herb, cultivated Huang-Lian populations, and the wild 
relatives coptis species in China. Front Genet 11:708. https://​doi.​
org/​10.​3389/​fgene.​2020.​00708

Wang C, Chen L, Cai Z, Chen C, Liu Z, Liu S, Zou L, Tan M, Chen J, 
Liu X, Mei Y, Wei L, Liang J, Chen J (2021) Metabolite profiling 
and transcriptome analysis explains difference in accumulation 
of bioactive constituents in licorice (Glycyrrhizauralensis) under 
salt stress. Front Plant Sci 12:727882. https://​doi.​org/​10.​3389/​fpls.​
2021.​727882

Wani ZA, Ashraf N, Mohiuddin T, Riyaz-Ul-Hassan S (2015) 
Plant-endophyte symbiosis, an ecological perspective. Appl 
Microbiol Biotechnol 99:2955–2965. https://​doi.​org/​10.​1007/​
s00253-​015-​6487-3

Xie C, Mao X, Huang J, Ding Y, Wu J, Dong S, Kong L, Gao G, Li C, 
Wei L (2011) KOBAS 2.0: a web server for annotation and iden-
tification of enriched pathways and diseases. Nucleic Acids Res 
39:W316–W322. https://​doi.​org/​10.​1093/​nar/​gkr483

2687

https://doi.org/10.1016/j.plaphy.2020.01.006
https://doi.org/10.1016/j.plaphy.2020.01.006
https://doi.org/10.1186/s12870-021-03256-3
https://doi.org/10.1111/jipb.13179
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1016/j.tree.2017.11.005
https://doi.org/10.1016/j.tree.2017.11.005
https://doi.org/10.1016/s0031-9422(96)00670-x
https://doi.org/10.1016/j.ymben.2019.05.003
https://doi.org/10.1016/j.ymben.2019.05.003
https://doi.org/10.1007/s00253-021-11552-z
https://doi.org/10.1007/s13205-021-02931-4
https://doi.org/10.1007/s00253-018-9188-x
https://doi.org/10.1007/s00253-018-9188-x
https://doi.org/10.1093/jxb/erf016
https://doi.org/10.1093/jxb/erf016
https://doi.org/10.1038/s41598-018-23716-5
https://doi.org/10.1038/s41598-018-23716-5
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/323632a0
https://doi.org/10.1038/323632a0
https://doi.org/10.1016/j.tifs.2018.11.008
https://doi.org/10.1016/j.tifs.2018.11.008
https://doi.org/10.1105/tpc.19.00279
https://doi.org/10.1105/tpc.19.00279
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1038/nature08836
https://doi.org/10.3390/ijms12063770
https://doi.org/10.3390/ijms12063770
https://doi.org/10.1093/plphys/kiab532
https://doi.org/10.1073/pnas.1722335115
https://doi.org/10.1016/j.plantsci.2017.09.017
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1016/j.jpba.2018.09.004
https://doi.org/10.1016/j.jpba.2018.09.004
https://doi.org/10.1016/j.plantsci.2020.110573
https://doi.org/10.1016/j.plantsci.2020.110573
https://doi.org/10.3389/fgene.2020.00708
https://doi.org/10.3389/fgene.2020.00708
https://doi.org/10.3389/fpls.2021.727882
https://doi.org/10.3389/fpls.2021.727882
https://doi.org/10.1007/s00253-015-6487-3
https://doi.org/10.1007/s00253-015-6487-3
https://doi.org/10.1093/nar/gkr483


Applied Microbiology and Biotechnology (2023) 107:2671–2688

1 3

Xie W, Hao Z, Zhou X, Jiang X, Xu L, Wu S, Zhao A, Zhang X, 
Chen B (2018) Arbuscular mycorrhiza facilitates the accumula-
tion of glycyrrhizin and liquiritin in Glycyrrhizauralensis under 
drought stress. Mycorrhiza 28:285–300. https://​doi.​org/​10.​1007/​
s00572-​018-​0827-y

Yanagi M, Yamasato K (1993) Phylogenetic analysis of the family 
Rhizobiaceae and related bacteria by sequencing of 16S rRNA 
gene using PCR and DNA sequencer. FEMS Microbiol Lett 
107:115–120. https://​doi.​org/​10.​1111/j.​1574-​6968.​1993.​tb060​
14.x

Yang H, Sun Y, Wang H, Zhao T, Xu X, Jiang J, Li J (2021) Genome-
wide identification and functional analysis of the ERF2 gene fam-
ily in response to disease resistance against Stemphylium lyco-
persici in tomato. BMC Plant Biol 21. https://​doi.​org/​10.​1186/​
s12870-​021-​02848-3

Yu F, Wang Q, Wei S, Wang D, Fang Y, Liu F, Zhao Z, Hou J, Wang 
W (2015) Effect of genotype and environment on five bioactive 
components of cultivated licorice (Glycyrrhizauralensis) Popula-
tions in Northern China. Biol Pharm Bull 38(1):75–81. https://​doi.​
org/​10.​1248/​bpb.​b14-​00574

Yu M, Xie W, Zhang X, Zhang S, Wang Y, Hao Z, Chen B (2020) 
Arbuscular mycorrhizal fungi can compensate for the loss of 
indigenous microbial communities to support the growth of liq-
uorice (Glycyrrhiza uralensis Fisch.). Plants 9:7. https://​doi.​org/​
10.​3390/​plant​s9010​007

Yuan Q, Zhang Z, Hu J, Guo L, Shao A, Huang L (2010) Impacts of 
recent cultivation on genetic diversity pattern of a medicinal plant, 
Scutellariabaicalensis (Lamiaceae). BMC Genet 11:29. https://​
doi.​org/​10.​1186/​1471-​2156-​11-​29

Zhai Y, Wang Y, Li Y, Lei T, Yan F, Su L, Li X, Zhao Y, Sun X, 
Li J, Wang Q (2013) Isolation and molecular characterization of 
GmERF7, a soybean ethylene-response factor that increases salt 
stress tolerance in tobacco. Gene 513:174–183. https://​doi.​org/​10.​
1016/j.​gene.​2012.​10.​018

Zhang Y, Li W, Dou Y, Zhang J, Jiang G, Miao L, Han G, Liu Y, Li 
H, Zhang Z (2015) Transcript quantification by RNA-Seq reveals 
differentially expressed genes in the red and yellow fruits of Fra-
gariavesca. PLoS One 10:e144356. https://​doi.​org/​10.​1371/​journ​
al.​pone.​01443​56

Zhang Y, Ming R, Khan M, Wang Y, Dahro B, Xiao W, Li C, Liu J 
(2022) ERF9 of Poncirustrifoliata (L.) Raf. undergoes feedback 
regulation by ethylene and modulates cold tolerance via regu-
lating a glutathione S-transferase U17 gene. Plant Biotechnol J 
20:183–200. https://​doi.​org/​10.​1111/​pbi.​13705

Zhao C, Tang Y, Wang J, Zeng Y, Sun H, Zheng Z, Su R, Schneeberger 
K, Parker JE, Cui H (2021) A mis-regulated cyclic nucleotide-
gated channel mediates cytosolic calcium elevation and activates 
immunity in Arabidopsis. New Phytol 230:1078–1094. https://​doi.​
org/​10.​1111/​nph.​17218

Zhong R, Ye Z (2014) Complexity of the transcriptional network 
controlling secondary wall biosynthesis. Plant Sci 229:193–207. 
https://​doi.​org/​10.​1016/j.​plant​sci.​2014.​09.​009

Zhou Y, Li X, Gong W, Tian J, Gao X, Gao L, Zhang X, Du G, Qin 
X (2017) Protective effect of isoliquiritin against corticosterone-
induced neurotoxicity in PC12 cells. Food Funct 8:1235–1244. 
https://​doi.​org/​10.​1039/​C6FO0​1503D

Zhou Y, Jiao Y, Sun Y, Gao S (2020) In vitro production and distribu-
tion of flavonoids in Glycyrrhizauralensis Fisch. J Food Sci Tech 
Mys 57:1553–1564. https://​doi.​org/​10.​1007/​s13197-​019-​04191-w

Zhu Z, Tan S, Zhang Y, Zhang YE (2016) LINE-1-like retrotranspo-
sons contribute to RNA-based gene duplication in dicots. Sci Rep 
6:24755. https://​doi.​org/​10.​1038/​srep2​4755

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

2688

https://doi.org/10.1007/s00572-018-0827-y
https://doi.org/10.1007/s00572-018-0827-y
https://doi.org/10.1111/j.1574-6968.1993.tb06014.x
https://doi.org/10.1111/j.1574-6968.1993.tb06014.x
https://doi.org/10.1186/s12870-021-02848-3
https://doi.org/10.1186/s12870-021-02848-3
https://doi.org/10.1248/bpb.b14-00574
https://doi.org/10.1248/bpb.b14-00574
https://doi.org/10.3390/plants9010007
https://doi.org/10.3390/plants9010007
https://doi.org/10.1186/1471-2156-11-29
https://doi.org/10.1186/1471-2156-11-29
https://doi.org/10.1016/j.gene.2012.10.018
https://doi.org/10.1016/j.gene.2012.10.018
https://doi.org/10.1371/journal.pone.0144356
https://doi.org/10.1371/journal.pone.0144356
https://doi.org/10.1111/pbi.13705
https://doi.org/10.1111/nph.17218
https://doi.org/10.1111/nph.17218
https://doi.org/10.1016/j.plantsci.2014.09.009
https://doi.org/10.1039/C6FO01503D
https://doi.org/10.1007/s13197-019-04191-w
https://doi.org/10.1038/srep24755

	Abiotic factors and endophytes co-regulate flavone and terpenoid glycoside metabolism in Glycyrrhiza uralensis
	Abstract 
	Key points
	Introduction
	Materials and methods
	Sampling of Glycyrrhiza uralensis Fisch. roots and ectorhizospheric soil
	Determination of the edaphic parameters at the sampling sites
	Analysis of root-associated secondary metabolites
	Root-associated endophytic bacterial community sequencing
	Isolation and identification of endophytes from G. uralensis Fisch. roots
	The pot experiments
	Transcriptome sequencing of the cultivated G. uralensis Fisch. roots
	Statistical analysis

	Results
	Differentiation of root-associated flavonoid profiles relating to in situ abiotic environmental factors
	Differentiation of root-associated endophytic bacterial communities relating to abiotic variables
	Isolation and identification of the ILQ-relating endophytic bacterium based on the environment-endophyte-plant interactions
	The pot experiment showing the integrated effects of abiotic and biotic factors on G. uralensis growth and root-associated secondary metabolite contents
	Transcriptome analyses on the 60-day cultivated G. uralensis roots

	Discussion
	Improvement of the aglycone biosynthesis in G. uralensis roots via the relatively low temperature
	Inducement of the glucosyl unit accumulation and flavonoid backbone production in G. uralensis root cells via the relatively high-level watering
	Promotion of the glucosyl unit accumulation in G. uralensis roots through the IAA signal transduction processes via R. rhizolycopersici GUH21
	The bi-directional influences between plants and endophytes

	References


